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INTRODUCTION 

During the last decade major efforts have been made to 
develop synthetic reagents that bind sequence specifically 
(or selectively) to double stranded DNA thereby in 
principle being mimics of DNA recognizing proteins such 
as gene repressors or transcription factors. Apart from 
the scientific importance of such reagents for understand- 
ing the molecular chemistry of DNA recognition, sequence 
specific DNA-recognizing ligands have obvious potentials 
for the development of gene-targeted drugs and molecular 
biology tools (1). 

Most success in this area has been obtained using 
oligonucleotides that bind to double-stranded DNA by 
triple helix formation (Figure 1) (2-7), and although a 
general solution for the problem of recognizing mixed 
purine-pyrimidine sequences is yet to come, major progress 
has been made in recent years (8-13). 

We decided to try exploiting the “triple helix principle” 
for constructing a fully synthetic DNA-recognizing ligand 
which would rely on hydrogen bondinglrecognition by 
heterocycles like the natural nucleobases. Especially, we 
wished to construct an oligomeric type of reagent in which 
the heterocycles were connected via a backbone not being 
composed of deoxy ribose phosphate esters. Thus, in 
essence we aimed a t  making a “DNA analogue” in which 
the backbone had been replaced by one which from a 
synthetic point of view (ease of synthesis and synthetic 
flexibility) would be more amicable. 

The new backbone was designed using computer model 
building combined with chemical “common sense” (14- 
15) to be structurally homomorphous to the deoxyribose 
phosphate backbone, synthetically accessible, and ame- 
nable to automated assembly synthesis. We decided to 
rely on the Merrifield solid-phase synthesis of peptides 
using the tert-butyloxycarbonyl (Boc) protection strategy. 
The resulting target molecule is composed of a backbone 
containing N-(2-aminoethyl)glycine units in which the 
nucleobase is attached to the glycine nitrogen via a 
methylene carbonyl linker (Figure 2) (14-19). Since we 
consider these molecules as chimera between nucleic acids 
(the nucleobases) and (pseudo)peptides (the backbone) 
we termed them peptide nucleic acid (PNA). We ac- 
knowledge that this is not strictly a chemically correct 
name, since PNA molecules are neither acids nor natural 
peptides. However, with the name we wished to emphasize 
that peptide chemistry is used for the oligomerization and 
that PNA is a very close analogue of nucleic acids. Some 
colleagues have suggested the name “polyamide nucleic 
acid analogue” be more appropriate. However, we still 
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Figure 1. Nucleobase triplets for oligonucleotide triple helix 
formation in the pyrimidine-purine-pyrimidine motif. Recog- 
nition of adenine and guanine by thymine and protonated 
cytosine, respectively. 

PNA DNA 
Figure 2. Chemical structures of 3 N A  and PNA. 
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Figure 3. Monomers used for the solid phase synthesis of PNA 
oligomers. 
prefer “peptide nucleic acid” a t  least for the type of 
compounds prepared so far. 

CHEMISTRY 
PNA oligomers are assembled from the protected 

monomers shown in Figure 3 (16-18). The primary amino 
group is protected with the tert-butoxycarbonyl (Boc) 
group, and the exocyclic amino groups of the nucleobases 
are protected with the benzyloxycarbonyl (2) group. The 
oligomer synthesis essentially follows the Merrifield solid- 
phase synthesis approach, and the Z groups used for 
protection of the exocyclic amino groups are removed 
during the cleavage from the support with hydrogen 
fluoride. 
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Figure 4. Examples of PNA backbone modifications. 

In our laboratories 10-20 mers containing all the four 
nucleobases are routinely synthesized from the now 
commercially available monomers. The coupling reaction 
yields are somewhat dependent on the sequence of the 
oligomer, but no definite pattern has been identified yet. 
The crude PNA-oligomers are purified by reversed-phase 
HPLC, and after freeze drying of the collected pure 
fractions the PNA-oligomer is ready for use in most cases. 

HYBRIDIZATION 
Although PNA was designed as a DNA major groove 

binding ligand it can also be regarded as a DNA analogue 
with the potential of sequence specific hybridization to 
Watson-Crick complementary oligonucleotides. 

In the field of antisense technology numerous DNA 
analogues with modified backbone have been prepared 
and examined in order to obtain medicinally useful 
antisense drugs. These modifications include among 
others analogues with backbones containing phospho- 
rothioates, methylphosphonates, phosphorodithioates, 
formacetal, or thioformacetal bridges (5, 20, 21). These 
are all structurally isomorphous, and their backbones have 
a high degree of chemical resemblance to the deoxyribose 
phosphate backbone. All these analogues have retained 
DNA-like hybridization properties, although the stability 
of the resulting duplexes varies significantly among the 
analogues. "Peptide nucleic acids" consisting of pseudo- 
peptides based on aminopentanoic or aminohexanoic acid 
(22) or serine (23) have been described, but their hybrid- 
ization properties have not been studied in any detail. 

PNA's based on the N -  (2-aminoethy1)glycine backbone 
proved to be very potent DNA mimics in terms of 
hybridization to complementary oligonucleotides. Thus, 
it was found that the T, of an all thymine PNA (H-Tlo- 
Lys-NHz') complexed with (dA)lo was 72 OC (16) compared 
to 23 OC for the corresponding (dTlo)/(dAlo) complex, and 
similar results were obtained for PNA containing both 
thymine and cytosine (17). The cause of the unprece- 
dented high thermal stability of these homopyrimidine 
PNA/DNA complexes turned out to be formation of 
(PNA)dDNA triplexes (16-18, 24) (quite logically in 
retrospect), where the DNA strand presumably binds two 
PNA strands, one by Watson-Crick and the other by 
Hoogsteen base pairing (Figure 1). These (PNA)dDNA 
triplexes are indicated by circular dichroism analyses to 
have a helical structure not drastically different from (poly 
d(T))dpoly d(A) (24). 

In accordance with these results, further experiments 
showed that pyrimidine-purine mixed PNAs bind to 
Watson-Crick complementary oligonucleotides (DNA or 
RNA) forming duplexes of higher thermal stability than 
the corresponding DNA/DNA or DNA/RNA duplexes (19). 
The results so far indicate a thermal stabilization of - 1 

The PNAs are written from the amino to the carboxyl terminal 
using conventional peptide nomenclature. 
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"C per base pair a t  physiological ionic strength (19 and 
unpublished results). 

Since the PNA backbone is achiral there is a priori no 
reason why PNA should only bind to complementary 
oligonucleotides in one orientation as is the case for DNA 
or RNA. Accordingly, experiments show that both with 
complementary DNA and RNA binding in the antiparallel 
(amino-terminal of the PNA facing the 3'-end of the 
oligonucleotide) as well in the parallel orientation is 
possible although the antiparallel complex is approxi- 
mately 1 "C per base pair thermally more stable than the 
parallel one for PNA/DNA (RNA) duplexes (19 and 
unpublished results). However, triplex complexes between 
PNA and DNA in the parallel orientation were found to 
be the more stable (17 and unpublished results). (Thus, 
it may be that the most stable (PNA)2/DNA complexes 
are formed with one PNA in the antiparallel (the Watson- 
Crick) and another with reverse polarity in the parallel 
(the Hoogsteen) orientation.) Finally, circular dichroism 
studies have indicated that PNA/DNA (or RNA) duplexes 
are helical with a geometry not drastically different from 
that of DNA/DNA or DNA/RNA duplexes. On the basis 
of the thermal hyperchromicity of PNA and on measure- 
ments of PNA-DNA hybridization kinetics it may even 
be inferred that single-stranded PNA is as structured as 
single-stranded DNA in terms of base stacking. Thus, 
PNA appears to be a very close structural mimic of DNA 
(19). These results also imply that the nucleobases play 
a significant role in determining the helical structure of 
DNA (and RNA). 

STRUCTURE/ACTIVITY STUDIES 

A few chemical modifications of the PNA backbone have 
been made so far to define the "structural window" that 
results in PNA's being good DNA mimics. For instance, 
extension of the backbone with a methylene group a t  any 
of the three linkers (Figure 4) results in PNA molecules 
with dramatically decreased binding affinity for comple- 
mentary DNA (25 and manuscript in preparation). How- 
ever, single units with such an extended backbone may be 
incorporated into PNA oligomers with the (aminoethyl- 
glycine) backbone, thereby providing a means of "fine 
tuning" the binding affinity (25 and manuscript in 
preparation). These results show that keeping the proper 
distances within the backbone and between the backbone 
and the nucleobases is critical. The effects of other changes 
of backbone which influence its rigidity/flexibility, hy- 
drophilicity, electric charge, etc., remain to be seen. 

STRAND DISPLACEMENT BINDING TO DSDNA 
Experiments designed to test the binding of PNA H-Tlo- 

Lys-NH2 to a double-stranded d(A)lo/d(T)lo target con- 
tained within a DNA restriction fragment showed unex- 
pectedly that the PNA did not bind by PNA/(DNA)z 
triplex formation but rather by strand displacement in 
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lished), or human (32 and Vickers et  al., manuscript in 
preparation) RNA polymerases is arrested a t  an occupied 
PNA binding site provided that the PNA is binding to the 
template strand. This is in contrast to oligonucleotide 
triple helix sites at  which transcription elongation arrest 
is only efficient if the oligonucleotide is covalently bound 
(e.g. by psoralen photocrosslinking) to the DNA template 
(34-36). Alternatively, the triple helix may be targeted 
to the promoter (37,38). 

The sensitivity of the displaced strand toward nuclease 
S1 can be exploited to target the S1 cleavage to double 
stranded DNA using PNA. In particular, when two 
neighboring PNA sites are present either on the same 
strand or even better on opposite strands, a PNA directed 
double strand DNA cleavage by S1 takes place and PNA 
may thus be used to target DNA restriction cleavage (39). 

I t  should be emphasized that in all of the above cases, 
the PNA-dsDNA complexes were formed prior to the 
enzyme experiments since the ionic strength of the buffers 
required for enzyme action is not compatible with the low 
salt conditions necessary for the formation of the PNA 
strand displacement complexes. However, once formed 
in low salt, the salt concentration can be raised to a t  least 
500 mM without disrupting the complexes studied so far 
(26,31,33 and unpublished results), i .e. the complexes are 
kinetically trapped. 

ANTISENSE ACTIVITY 
Although only very few results concerning the antisense 

action of PNA have been published, PNA appears to be 
a promising candidate for antisense drugs. Binding of 
PNA to ssRNA seems to parallel the binding to ssDNA 
except that the stability of PNA/RNA complexes is higher 
than that of PNA/DNA complexes (19). 
In uitro translation experiments have shown that a 

truncated protein product corresponding to translational 
elongation arrest a t  the PNA binding site is produced with 
a 20-mer PNA (32). This is interesting since targeting by 
phosphodiester or phosphorothioate oligonucleotides to 
sites within the mRNA does not cause translational 
elongation arrest. Therefore, the target has to be posi- 
tioned in a control region such as the ribosome binding 
site or the oligonucleotide/mRNA complex must be a 
substrate for RNase H. However, since the PNA used in 
this case contained 90 % pyrimidines, it has the propensity 
of forming (PNA)dRNA triplexes and this was not assayed. 
Thus, the PNA translational arrest may be a special 
property of triplex forming PNAs. 

The same authors also performed cell-microinjection 
experiments showing that a PNA targeted to the mRNA 
for the large T-antigen in cells transformed with an SV40 
vector could suppress the expression of this gene as 
measured by immunofluorescence microscopy (32). The 
necessity of employing microinjection is due to the 
apparent inability of the PNA’s tested so far to efficiently 
enter cells. 

Figure 5. Schematic models for the formation of a PNA-dsDNA 
strand-displacement complex. 

which the PNA binds to the complementary (A)-strand 
and thereby displaces the noncomplementary (T)-strand 
(14). This conclusion was initially based on enzymatic 
and chemical probing experiments showing that the 
T-strand became extremely susceptible to digestion by 
the single strand specific nuclease S1 and also to oxidation 
byKMn04 (14). The strand displacement mode of binding 
has subsequently been supported by electron microscopy 
and DNA unwinding studies (26). 

Recent results with cytosine- and thymine-containing 
PNA’s have revealed that the strand displacement binding 
of such PNAs is pH dependent in the pH 5-7 range and 
that N7 of guanines in the target DNA strand is protected 
from reaction with dimethyl sulfate (27). Both of these 
observations are fully consistent with a binding mode in 
which two PNAs are required for the formation of a stable 
strand displacement complex involving both Watson- 
Crick and Hoogsteen base pairing. Three different 
mechanisms can be envisaged for the formation of this 
complex (Figure 5). I t  may be formed either via an initial 
PNA/(DNA)2 triplex (routes a-c-d or a-c-b-d) or via a 
strand displacement complex with a single PNA (route 
a-b-d), but kinetic data are required to distinguish 
between these. We imagine that the displacement binding 
takes place via the dynamic breathing motion (base pair 
opening) of the DNA double helix. This mechanism is 
consistent with the observation that concentrations higher 
than 50 mM Na+ severly inhibit the binding of a t  least 
some PNAs  to dsDNA, presumably by stabilizing the 
double helix, which could reduce the probability for base 
pair opening. The triplex mechanism is also supported 
by the observation that so far strand displacement binding 
has only been observed with pyrimidine rich PNA’s, i .e.,  
those that form (PNA)z/DNA triplexes, and not with those 
PNAs  that only form PNA/DNA duplexes. 

MOLECULAR BIOLOGY 
Analogously to the triple helix forming oligonoucleotides 

(28-30), binding of PNA to a dsDNA target interferes 
with the binding of proteins which also recognize this 
target. For instance, cleavage of DNA by restriction 
enzymes is inhibited if an occupied PNA binding site is 
present proximal to (31) or overlapping (32) the restriction 
enzyme recognition sequence. 

Due to the high stability of the (PNA)z/DNA complexes 
transcription elongation by phage (33), E .  coli (unpub- 

ANTIGENE ACTIVITY 
The ability of PNA to cause transcription elongation 

arrest imply a very interesting potential for PNA as gene 
targeted drugs at  the dsDNA level, especially since 
oligonucleotide triplex formation is not able to arrest RNA 
polymerase unless the oligonucleotide is modified in a way 
that allows a covalent crosslink to the target to be formed 
(34-36). However, another aspect apart from the cell- 
uptake issue has to be considered before this may be reality. 
As mentioned earlier, strand displacement binding of 
PNAs Tlo, TdCTb, or TdCTzCT2 to dsDNA is inhibited a t  
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Na+ concentrations above 50 mM (26, 31) and thus 
presumably also a t  physiological conditions in the cell 
nucleus (although this has not been investigated). There- 
fore, PNAs with the propensity of binding to dsDNA under 
in vivo conditions should be investigated. 

EVOLUTION 

Fundamental questions concerning the evolution of the 
genetic material remain unanswered. For instance, was 
there a primordial genetic material different from DNA 
(or RNA), and if so, what was the structure, and why did 
nature settle on DNA as the universal genetic material? 
Studies on PNA may shed light on these questions (40). 

The finding that a t  least in principle it is possible to 
store genetic information in molecules that do not have 
a phosphate sugar backbone (like DNA or RNA) but for 
instance a peptide backbone (like PNA) is a conceptual 
leap since the number of possible structures one may 
suggest for primordial genetic material has increased 
dramatically. Thus, novel avenues for exploration have 
been opened (40). 
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PROSPECTS 

I t  should be clear from the above presentation that the 
development of PNA and the investigation of its physi- 
cochemical and biological properties is only in its infancy 
and that much work is still required to assess if it will be 
able to bear fruit in terms of new gene targeted drugs and 
reagents and give new insight into the physical and 
biological properties of DNA and maybe even evolution. 
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ARTICLES 

Oligonucleotide-Poly@-lysine)-Heparin Complexes: Potent 
Sequence-Specific Inhibitors of HIV- 1 Infection 

Genevitwe Degols,' Christian Devaux,? and Bernard Lebleu 

Institut de GBn6tique Mol6culaire Montpellier, CNRS-Universith de Montpellier, 1919 route de Mende, BP 5051, 
34033 Montpellier Cedex 01, France, and CRBM du CNRS, Centre de tri des mol6cules anti-HIV, Institut de 
Biologie, Universit6 de Montpellier, Bd Henri IV, 34060 Montpellier Cedex, France. Received July 29, 1993" 

Poly(L-lysine)-conjugated oligonucleotides complementary to the translation initiation region of the tat 
protein were tested for their capacity to inhibit HIV-1 replication in de novo infected cells. Sequence- 
specific antiviral effects were observed with these conjugates a t  0.5 pM; their activity was transient, 
and the viral production was only delayed for a few days. Interestingly, their efficiency was significantly 
increased by the addition of heparin, a sulfated polyanion that also presents antiviral properties against 
HIV-1. A single addition, a t  the time of virus exposure, of the ternary complex formed between 
oligonucleotide-poly@-lysine) (75 nM) and heparin (50 pg/mL) totally protects cells from HIV-1 infection. 
Primary interference with virus adsorption is essential for the strong antiviral effect. However, this 
protection remains strictly sequence specific as demonstrated in experiments performed with different 
HIV-1 isolates. As comparison, treatments that combine AZT and heparin at  the same concentrations 
did not promote such a complete protection. 

INTRODUCTION 
The urgent need for chemotherapy of AIDS has directed 

considerable research interest toward effective anti-HIV 
agents.1 A rational approach to inhibiting HIV-1 repli- 
cation involves the use of antisense oligomers that can 
selectively bind to complementary sequences of viral RNA 
(Uhlmann and Peyman, 1990). Oligomers with various 
targets and backbone modifications inhibit HIV infection 
although with little sequence specificity in de novo infected 
cells (for review: Matsukara (1993)). Indeed, the most 
efficient is a (dC)28 homopolymer with phophorothioate 
internucleotidic linkages (ECm = 0.5 pM) (Matsukura et 
al., 1987). Letsinger et al. (1989) have modified the 3'end 
of oligomers complementary to the splice acceptor site of 
HIV-1 with a cholesteryl group. This modification in- 
creased the antiviral properties of oligomers (ECm = 0.2 
pM for a 20-mer phosphorothioate derivative) but did not 
improve their sequence specificity. Recently, we have 
observed that PLL-conjugated oligomers complementary 
to the translation initiation region of the tat protein protect 
cells from the cytopathic effect of HIV-1 (Degols et al., 
1992). The ECm of these conjugates was around 0.15 pM, 
which represents a significant improvement as compared 
to nonconjugated oligomers with a natural phosphodiester 
backbone (EC60 ranging from 20 to 50 pM for various 
targets) (Goodchild et al., 1988). Interestingly, these PLL 
conjugates exhibit a sequence-specific antiviral effect in 
de novo infection assays. Unfortunately, a major drawback 
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of these PLL conjugates resides in their notable cytotox- 
icity against lymphoid cells. Previous work of Ryser and 
Shen (1978) has revealed that the cell growth inhibitory 
effect of methotrexate linked to PLL was markedly 
increased in the presence of heparin. This polyanion is 
known to form a very stable a helix with PLL (Gelman 
and Blackwell, 1973). Enhanced biological effects of poly- 
(r1)-poly(rC) were also observed in ternary complexes with 
PLL and (carboxymethy1)cellulose (Levy and Quinn, 
1985). Rettenmayer et al. (1986) even reported clinical 
trials of these complexes in the treatment of advanced 
ovarian cancer. Likewise, we have observed that the 
efficiency of PLL-conjugated oligomers was significantly 
increased when administered to cells in ternary complexes 
with polyanions such as heparin (Degols et al., 1991) and 
that this procedure reduced the toxicity of PLL (Morgan 
et al., 1988). 

Sulfated polyanions like heparin are of great interest 
since they are also potential chemotherapeutic agents 
against AIDS (Baba et al., 1988a). The antiviral activity 
of these compounds primarily results from the inhibition 
of virus adsorption to the cell membrane (EDm of heparin 
= 0.6 pg/mL) (Baba et al., 1988b). In the same concen- 
tration range, effects on viral RNase H activity have also 
been observed (Moelling et al., 1989). Sulfated polyanions, 
but not heparin, have also been shown to prevent syncytia 
formation in infected cells (Baba et al., 1990). 

In this paper, we have explored the potential of ternary 
oligomer-PLL-heparin complexes as inhibitors of HIV-1 
replication. Strong cooperative effects between heparin 
and antisense oligomers were observed since the treated 
cells appeared to be completely protected from infection. 
Particular attention has been made to ascertain the 
sequence specificity of the antisense oligomer in the overall 
effect of these complexes. 
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EXPERIMENTAL PROCEDURES 

Oligomer Synthesis and Covalent Linkage to PLL. 
Tat BRU (5'CTAGGATCTACTGGCTrA3'), tat random 
(5'CATCGGAGTCTCGATCrA3'), and tat ELI (5'TTAG- 
GATCTACTGGATrA3') oligomers were synthesized on a 
riboadenosine-derivatized support using a Biosearch Cy- 
clone automatic DNA synthesizer and purified by reversed- 
phase chromatography. Covalent linkage to PLL through 
a N-morpholine ring was achieved by periodic acid 
oxidation and borocyanohydride reduction of the 3' end 
ribose, as previously described (Leonetti et al., 1988). 

Cell Culture and Virus Isolates. MT4 cells (human 
T cell leukaemia virus type 1, transformed human leu- 
kaemic CD4+ cell line) (Harada et ai., 1985) were 
maintained at  37 "C/5% CO2 in RPMI medium supple- 
mented with 10% (vtv) fetal calf serum, 2 mM glutamine, 
100 pg/mL of penicillin, and 100 pg/mL of streptomycin. 
HIV-1 BRU (Barre-Sinoussi et al., 1983) and HIV-1 ELI 
(Alizon et al., 1986) isolates (provided by Dr. L. Montag- 
nier, Institut Pasteur) were propagated on CEM cells. 

Assay for HIV Inhibition. MT4 cells were harvested 
in the exponential growth phase (3 X lo6 cellstml) and 
infected with an equal volume of virus containing medium 
(0.01 moi). Polyanions were already added at this time 
of the assay. After 30 min incubation at  4 "C, cells were 
washed three times with RPMI medium, diluted to 3 X 
lO5cells/mL, and incubated at  37 "C with PLL conjugates 
or oligomer-PLL-polyanion complexes. Samples were 
removed from the cultures at various time intervals to 
determine cell count, cell viability (trypan blue exclusion), 
syncytia formation, and reverse transcriptase (RT) activity 
(Rey et al., 1984). Each experiment was made in duplicate 
and repeated at  least three times. A typical experiment 
is reported in Figures 1 and 2. 

Enzyme-Linked Immunosorbent Assay. ELISA 
plates were coated overnight with 10 pg/mL of inactivated 
virus in sodium carbonate buffer, pH 9.6. Plates were 
washed and saturated with phosphate buffer saline (PBS) 
containing 1% (w/v) bovine serum albumin. One hundred 
pL of monoclonal antibody a t  the appropriate dilution (as 
defined by lack of reactivity with uninfected CEM cells) 
was added, and the plates were incubated for 1 h at room 
temperature. Bound immunoglobulins were detected as 
previously described (Robert-Hebmann et al., 1992b) by 
adding 100 pL of goat-anti-mouse IgG H+L peroxidase 
conjugate (Immunotech) at a 103-fold dilution and o-phen- 
ylenediamine as a substrate. The anti-HIV core-protein- 
specific monoclonal antibodies (mAb) RL4-72-1, RL16- 
24-5, M01-34-1, and M09-42-2 used for these experiments 
have been described previously (Robert-Hebmann et al., 
1992a). Briefly, mAb RL4-72-1 and RL16-24-5 were 
obtained from mice immunized with HIV-1 NDK; mAb 
M01-34-1 and M09-42-2 were produced from mice im- 
munized with HIV-2 ROD. mAb RL16-24-5 reacts with 
an HIV-1 NDK p17 gag-strain specific epitope. mAb RL4- 
72-1 and Mol-34-1 react with different HIV subtype- 
specific markers. Finally, M09-42-2 reacts with both 
HIV-1 and HIV-2 p25 gag epitopes. 

PCR Analysis of HIV-1 DNA in Infected Cells. 
Total HIV-1 DNA production was evaluated by PCR, 
according to the following procedure. A total of 5 X lo5 
cells was washed four times in PBS. After centrifugation 
the pellet was resuspended in 50 pL of H2O and heated 
for 5 min at  95 "C. To this suspension was added an equal 
volume of the amplification mixture: 20 mM Tris-HC1, 
pH 8.3, containing 120 mM dNTPs, 1.5 mM MgCl2, 50 
mM KC1,0.005 % Tween 20,0.005 % NP40,0.001% gelatin, 
20 ng of each of the oligomer primers (S'CGTTTCAGAC- 
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Figure 1. Time course of HIV production in cells treated with 
oligomer-PLL conjugates. Oligomer-PLL conjugates or free PLL 
were inoculated at 0.5 pM and tat BRU oligomer at 40 pM. HIV-1 
BRU expression was followed by measuring RT activity a t  
indicated times after infection: untreated cells, 0; cells treated 
with PLL, 0; cells treated with tat BRU oligomer, A; cells treated 
with tat random oligomer-PLL conjugate, A; cells treated with 
tat BRU oligomer-PLL conjugate, 0. 

CCACCTCCCAATCCC3', nucleotides 7947-7981 sense 
and 5'GGGTTTTCTTTTAAAAAGTGGCTAAGATC3', 
nucleotides 8628-8656 antisense), and 2 units of Taq DNA 
polymerase. The mixture was submitted to a first dena- 
turation cycle for 5 min (92 "C) followed by primer 
hybridization for 3 min (53 "C) and polymerization for 3 
min (72 "C) in a thermal cycler. Thirty additional cycles 
were performed in the following conditions: 7 s/92 "C 
denaturation, 30 st53 "C hybridization, 3 mint72 "C 
polymerization (15 min for the last cycle). To control the 
reaction, a c-myc fragment was amplified in the same 
reaction mixture with primer oligomers 5'CGAGTTA- 

GCTCCCCTCCTGC3' (513-537). The amplified products 
(the 709 base pairs HIV fragment and the 120 base pairs 
c-myc fragment) were analyzed by electrophoresis through 
a 1.5% (w/v) agarose gel. 

RESULTS 
Transient Inhibition of HIV Multiplication with 

Oligomer-PLL Conjugates. Several studies have dem- 
onstrated that oligomers complementary to the translation 
initiation region of tat protein mRNA are good inhibitors 
of HIV in de nouo infection systems (Zamecnik et al., 1986). 
Accordingly, the 16-mer tat BRU oligomer (see Experi- 
mental Procedures for sequence) conjugated to PLL 
promotes a strong sequence-specific antiviral effect: more 
than 90% inhibition of RT activity was observed 4 days 
after infection with a single addition of oligomer-PLL at  
0.5 pM (Degols et al., 1992). 

Despite a strong initial reduction in virus production, 
tat BRU oligomer-PLL conjugates only delay virus 
multiplication by a few days (Figure 1). Likewise, pro- 
tection against the viral cytopathic effect in the oligomer- 
PLL-treated cells was only transient (data not shown). 
Temporary antiviral effects were also observed with single 
additions of nonconjugated tat BRU oligomer (Figure 1). 
In this case, however, the antiviral activity required much 
larger concentrations of antisense oligomers; moreover, 
no sequence-specific effect is observed in these conditions 
(Degols et al., 1992). 

The transient activity of PLL conjugates was not due 
t o  the emergence of a variant virus population escaping 
recognition by antisense oligomers. Indeed, the viral 

GATAAAGCCCCGAAAACC3' (417-436) and 5'TCCCTG- 
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Figure 2. Protection of MT4 cells against HIV-1 multiplication 
by oligomer-PLL-heparin ternary complexes. Cells were incu- 
bated with heparin (50 pg/mL) and 0.5 pM oligomer-PLL during 
virus adsorption. A second addition of ternary complex was made 
after cells were washed and transferred to 37 "C. RT activity 
was measured in the supernatant of the cultures a t  the indicated 
times: untreated cells, 0; cells treated with heparin, 0; cells 
treated with heparin and random oligomer-PLL conjugate, A; 
cells treated with heparin and tat BRU oligomer-PLL conjugate, 
0. 

population isolated from cells treated with oligomer-PLL 
conjugates after 6 days was found to be as sensitive as the 
initial viral population when MT4 cells were reinfected 
with these viruses in the presence of oligomer-PLL 
conjugates (data not shown). We have observed the same 
phenomenon with nonconjugated phosphodiester oligo- 
mers and phosphorothioate analogs (data not shown). 

Antiviral Activity of Oligomer-PLL Conjugates Is 
Enhanced by Sulfated Polyanions. The short life of 
the antiviral effects of PLL-conjugated or nonconjugated 
oligomers might be a major drawback to their use. 
Recently, we have observed that the efficiency of oligomer- 
PLL conjugates as antisense inhibitors of gene expression 
was significantly increased by the addition of polyanionic 
substances such as heparin (Degols et al., 1991). Since 
this sulfated polyanion also presents antiviral properties 
against HIV-1 (Baba et al., 1988a), we evaluated the 
efficiency of ternary complexes between oligomer-PLL 
conjugates and heparin on HIV-1 infected cells. Dose- 
dependent studies have demonstrated that the final 
concentration of heparin has to be higher than 20 pg/mL 
to improve the efficiency of oligomer-PLL conjugates in 
infected cells (datanot shown). This concentration is much 
higher than its ED50 against HIV-1 (ED50 = 0.6 pg/mL) 
(Baba et al., 198813). 

For the antiviral assays, ternary complexes were added 
to the cells during virus adsorption at  4 "C; a second 
addition was made immediately after cell transfer to 37 
"C (see Experimental Procedures for infection protocol). 
The cells were then diluted every 4 days without any 
further addition of ternary complexes. Under these 
conditions, a very strong antiviral effect was observed. No 
RT activity could be detected in the supernatants of 
infected cells treated with the tat BRU oligomer ternary 
complex for as long as 2 months while heparin alone or tat 
BRU oligomer-PLL conjugate only delayed HIV produc- 
tion (Figure 2). A ternary complex composed of heparin 
and an unrelated random oligomer-PLL conjugate be- 
haved like heparin alone in keeping with a sequence- 
specific effect of these complexes (Figure 2). The HIV 
infection of cells treated with ternary complexes was also 
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Figure 3. PCR amplification of HIV DNA in cells treated with 
ternary complexes. A 709 bp fragment of HIV DNA and a 120 
bp fragment of c-myc oncogene were coamplified by PCR (see 
Experimental Procedures) in cell lysates: 1, DNA molecular 
weight marker VI; 2, lysate of control cells 4 days after infection; 
3, lysate of uninfected cells; 4, lysate of cells treated with tat 
BRU oligomer-PLL (0.5 pM) and heparin (50 pg/mL) 30 days 
after infection. 
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Figure 4. Comparison of the antiviral activity of ternary 
complexes with AZT or with AZT and heparin. Cells were 
incubated with heparin (5Opg/mL) and oligomer-PLL conjugates 
(0.5 pM) or with AZT (0.5 pM) and heparin during virus 
adsorption; a second addition was made after transferring cells 
to 37 "C. Reverse transcriptase activities were measured at the 
indicated times: untreated cells, 0; cells treated with heparin 
and tat BRU oligomer-PLL conjugate, 0; cells treated with AZT, 
0; cells treated with AZT and heparin, A. 

followed by PCR. This analysis revealed the absence of 
HIV DNA even 1 month after infection (Figure 3). A 
complete suppression of virus production by these ternary 
complexes was observed a t  concentrations a t  tat BRU 
oligomer as low as 75 nM (data not shown). 

As a comparison, these tat BRU oligomer-PLL-heparin 
complexes inhibited HIV-1 multiplication more strongly 
than AZT (0.5 pM) or a combination of AZT (0.5 pM) and 
heparin (50 pg/mL) (Figure 4). 

As expected, the toxicity of PLL on lymphoid cells is 
reduced in these complexes. The cytotoxic dose of PLL 
is increased 20-fold in the presence of 50 pg/mL of heparin 
(CDa = 15 pM) (data not shown), so that temary complexes 
exhibit a therapeutic index higher than 200. 

Approaches to the  Mechanism of Action of Oligo- 
mer-PLL-Heparin Ternary Complexes. We tried to 
evaluate which part of the strong antiviral effect observed 
with these ternary complexes could be attributed to the 
oligomer-PLL conjugate or to the sulfated polyanion. We 
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Figure 5. Mechanisms of the antivirial activity of ternary 
complexes. A. Sequence-specific antisense activity: cells were 
incubated withpoly(L-glutamine) (50 pg/mL) and PLL conjugates 
(0.5rM) as described in Figure 4. Reverse transcriptase activities 
were measured at the indicated times: untreated cells, 0; cells 
treated with tat BRU oligomer-PLL conjugate, 0; cells treated 
with poly(L-glutamine), 0; cells treated with poly(L-glutamine) 
and tat BRU oligomer-PLL conjugate, A. B. Antiviral activity 
of heparin: cells were incubated with heparin (50 pg/mL) and 
oligomer-PLL conjugates (0.5 pM) either throughout the infection 
procedure (heparin, 0; tat BRU oligomer-PLL conjugate + 
heparin, A) or only after cell transfer at 37 "C (heparin, .; tat 
BRU oligomer-PLL conjugate and heparin, A). Reverse tran- 
scriptase activities were measured at the indicated times. 

have previously observed that nonsulfated polyanions, 
such as poly(L-glutamine), also enhanced the antisense- 
mediated biological activity of oligomer-PLL-conjugates 
in experiments targeting the c-myc oncogene (Degols et 
al., 1991). Poly@-glutamine) did not have any intrinsic 
antiviral effect as verified in Figure 5a. Only a slight 
increase in the efficiency of the PLL conjugate was 
observed with poly@-glutamine) a t  50 pg/mL: it delayed 
the appearance of RT activity for only 2 days more than 
oligomer-PLL conjugate alone (Figure 5a). 

Heparin has been shown to inhibit viral infection at  the 
stage of HIV-1 adsorption to cells (Baba et al., 1988b). 
However, in the concentration range we used, sulfated 
polyanions also inhibit RNase H activity (Moelling et al., 
1989). We observed that a single addition of ternary 
complexes after the cells were transferred to 37 OC strongly 
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Table 1. Characterization of the Virions Produced in 
Dually Infected Cells Treated with Ternary Complexes. 

antibody HIV-1 isolates 
used for 

cell infection oligomerb M01.34 RL4.72 M09.42 RL16.24 
- - BRU + + - 

ELI + + - 
BRU+ELI - + + + - 
BRU+ELI tatBRU+ - 
BRU + ELI tat BRU + + + - 
BRU + ELI tat ELI + + + - 

The nature of the virions produced was determined at the day 
of maximal RT activity by ELISA assay as described in the 
Experimental Procedures. The results are expressed with respect to 
the mean value of absorbance intensity at 492 nm for three 
independent experiments + refers to an ELISA positive reaction 
(absorbance higher than 0.5) and - refers to an ELISA negative 
reaction (absorbance lower than 0.5). M01.34 reacts with ELI isolate, 
RL4.72 reacts with BRU isolate, M09.42 reacts with both isolates, 
and RL16.24 presents no reactivity with BRU or ELI isolates. * Oligomer in the ternary complex formed with PLL and heparin. 

- - 
- - - 

tat ELI 

delayed HIV multiplication but did not allow complete 
protection against HIV infection (Figure 5b), in keeping 
with a heparin-mediated effect on viral adsorption. 

Sequence Specificity of the Activity of the Oligo- 
mer-PLL-Heparin Ternary Complexes. Although the 
antiviral effect of ternary complexes can be attributed in 
part to heparin, protection against HIV infection also 
depends on the sequence of the oligomer (see Figure 2). 
We have previously used HIV-1 isolates differing in their 
sequence at the oligomer target site to evaluate the 
sequence specificity of oligomer-PLL conjugates (Degols 
et al., 1992). For instance, HIV-1 BRU and HIV-1 ELI 
differ by only two nucleotides a t  the tat mRNA translation 
initiation target site. Ternary complexes directed to the 
HIV-1 BRU or to the HIV-1 ELI were tested in cells 
infected with each of these isolates. Complete inhibition 
of virus multiplication was only observed with the oligomer 
that perfectly hybridized the targeted sequence (data not 
shown), an observation that agrees with our previously 
reported data using oligomer-PLL conjugates (Degols et 
al., 1992). 

Antiviral assays were performed with cells infected 
simultaneously with the two HIV-1 isolates. Anti-HIV 
core protein-specific monoclonal antibodies that discrim- 
inate between HIV-1 BRU and HIV-1 ELI were used for 
this study. Cells infected with both isolates were totally 
protected from infection if they were treated with ternary 
complexes containing both tat ELI and tat BRU oligomer- 
PLLconjugates a t  0.5 pM (Table 1). We then investigated 
the behavior of cells infected with both isolates and treated 
with ternary complexes containing only one of the two 
antisense oligomers. If oligomers act specifically on tat 
mRNA expression it is expected that the tat protein 
produced by one isolate would rescue transcription from 
the other isolate. On the contrary, if oligomers act 
nonspecifically on HIV genome expression or inhibit the 
first stages of infection (e.g., reverse transcription or virus 
adsorption), no complementation is expected. Experi- 
mental data (Table 1) demonstrated that in cells treated 
with tat BRU or with tat ELI oligomers the progeny virions 
had characteristics of both HIV-1 BRU and ELI, whereas 
cells treated with both oligomers did not produce any virus. 

DISCUSSION 
We have attempted here to enhance the antiviral 

properties of antisense oligomers and to improve their 
specificity in de novo infected cells. Indeed, phospho- 
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diester oligomers, oligomer analogs, or PLL-conjugated 
oligomers only promote transient antiviral effects on HIV 
infection. The transience of these effects has rarely been 
discussed in the literature, since the antiviral effects of 
oligomers were generally measured at a single time point 
post infection. This point has been documented recently 
by Lisziewicz et al. (1992). They observed that de nouo 
infected cells treated every 3 or 4 days with phospho- 
rothioate oligomers directed against the gag gene or rev 
regulatory protein were totally protected from HIV 
multiplication for several weeks. However, HIV-1 pro- 
duction would resume rapidly after cessation of the 
treatment. As documented here, cells treated with oli- 
gomer-PLL conjugates specific to the tat protein mRNA 
were only protected from HIV cytopathic effects for 2 
days. The appearance of RT activity in the supernatant 
of treated cells was delayed for the same time and decreased 
rapidly as infected cells died. This is reminiscent of 
previous work by Rhodes and James (1990) who observed 
a transient inhibition of HIV infection in transfected cells 
constitutively expressing antisense RNAs. As it was also 
demonstrated in our case, transience did not result from 
mutations of the input virus. As suggested by the authors, 
a complete extinction of virus production might be difficult 
to achieve since HIV tat mRNA escaping from antisense 
inhibition will further stimulate regulatory protein syn- 
thesis. Alternative strategies attempting to target more 
than a single event in virus multiplication were therefore 
worth considering. 

In this respect, we have described in this study that the 
addition of heparin with oligomer-PLL conjugates con- 
siderably enhanced their antiviral activity. Cells were 
totally protected from infection using oligomer concen- 
trations in the complex as low as 75 nM. Interestingly, 
treatments that combined AZT and heparin at the same 
concentration did not promote such a strong protection. 
A part of this antiviral activity results from an enhance- 
ment of the antisense effect as previously described for 
polyanion ternary complexes directed to the c-myc mRNA 
(Degols et al., 1991). However, attempts to inhibit HIV 
infection with nonsulfated polyanions revealed only a slight 
increment in the antisense activity of oligomer-PLL 
conjugates. The anti HIV-1 activity of these ternary 
complex thus results to an appreciable extent from the 
antiviral properties of heparin itself. Indeed, as it was 
already shown for ternary complexes directed to the c-myc 
mRNA (Degols et al., 19911, high amounts of heparin (50 
pg/mL) are needed to improve the antisense properties of 
oligomer-PLL conjugates. At this concentration, heparin 
interferes with virus adsorption and can also inhibit RNase 
H activity (Baba et al., 198813; Moelling et al., 1989). Our 
experiments demonstrate that primary interference with 
virus adsorption is essential for the strong antiviral effect 
of the ternary complexes to be achieved. Indeed, a single 
addition of ternary complexes before HIV-exposed cells 
were transferred to 37 "C strongly delayed virus multi- 
plication but did not fully protect cells against infection. 
Most likely, cooperative effects between heparin and 
oligomer-PLL conjugates do occur. 

In the overall antiviral effect of theses complexes, the 
part due to the antisense oligomer remains sequence 
specific. Experiments performed with HIV isolates pre- 
senting sequence variability demonstrated that only two 
mismatches in the target site were responsible for a 
significant reduction of the antisense contribution to the 
antiviral effect of the complexes. 

An interesting observation came from experiments in 
which cells were infected simultaneously with two HIV-1 
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isolates. These cells were totally protected from infection 
when treated with complexes containing oligomers specific 
of each isolate. However, if these cells were treated with 
oligomer complexes targeted only at  one of these isolates, 
pseudotype virions presenting characteristics of the two 
isolates were recovered in the cell culture supernatant, as 
demonstrated by ELISA assays. The isolate which is not 
sensitive to the antisense oligomers treatment apparently 
complemented transcriptional defects of the other isolate 
by an unknown mechanism. Indeed, HIV-1 isolates cross 
interfere with each other so that HIV-1 producing cells 
cannot be superinfected by other HIV-1 isolates (Hard & 
Cloyd, 1990). However, Haseltine and co-workers (Helland 
et al., 1991) observed that the tat protein produced in one 
cell could activate HIV-1 promoter-directed gene expres- 
sion in adjacent cells. This indirectly provides information 
on the mechanism of action of the tat oligomers in this 
model. It is in line with a primary action of anti tat 
oligomer on the expression of this regulatory protein. 

Major advances have been made in cancer chemotherapy 
by combining agents that are active on cell proliferation 
through different mechanisms. Similar strategies have 
already been attempted to protect cells against HIV 
infections. For instance, treatments combining a-inter- 
feron and zidovudine have been tested both in vitro against 
HIV infected cells (Hartshorn et al., 1987) and in AIDS 
patients (Edlin et al., 1992). The potential of combined 
therapies is confirmed by our results. However, a major 
problem related to the anticoagulant activity of heparin 
remains if they are to be used in AIDS patients. Other 
sulfated polyanions with weaker anticoagulant activity 
should be tested in ternary complexes with oligomers in 
order to design complexes suitable for patient treatment. 
As the persistence of viral reservoirs is implicated in the 
progression of HIV infection, we also intend to further 
evaluate the potential of ternary complexes in chronically 
infected cells. 
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Derivatization of Yeast Cytochrome c Peroxidase with 
Pentaammineru t henium (111) t 
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Montreal, QuBbec, Canada H3G 1M8. Received April 27, 1993" 

Cytochrome c peroxidase (CCP) was derivatized using aquopentaammineruthenium(I1) [asRuI1H20] 
resulting in stable, covalently-linked derivatives that were purified by cation-exchange FPLC. 
Spectrophotometric determination of a5RuHis:heme ratios allowed identification of two derivatives 
containing one a5RuHis per CCP molecule. The histidine-specific reagent, diethyl pyrocarbonate (DEPC), 
which reacted with three histidine residues in native CCP (6,60,96) a t  pH 7, reacted with only two 
histidines in both asRuHisCCP species. X-ray crystallography showed that a5Ru is coordinated to 
His60 in one derivative [Fox et al. (1990) J. Am. Chem. SOC. 112, 74261; HPLC and mass spectral 
analysis of the tryptic peptides of the other derivative identified a peptide (MW = 1469 Da) corresponding 
to residues 1-12 of CCP plus asRu, indicating His6 as the site of modification. Mass spectral analysis 
of native CCP, asRuHisGOCCP, and the a~RuHis6 derivative yielded MWs of 33 536,33 717, and 33 901 
Da, respectively, revealing that a second site is ruthenated in the His6 derivative. Mass spectral analysis 
of a shoulder separated from the asRuHis6OCCP FPLC peak also indicated the presence of CCP with 
bound asRu (MW = 33 718 Da). Differential pulse voltammetry of this shoulder, which has negligible 
asRuHis absorption, gave a peak at  -68 mV (vs NHE) which is in the range expected for reduction of 
asRu"'(carboxy1ato) complexes, as well as a peak at  42 mV due to the presence of -20% asRuHis6OCCP. 
The extent of ruthenation at sites other than histidine was unexpected and illustrates that a5RuIIHzO 
is less specific for histidine than previously thought. Activity measurements and stability of enzyme 
intermediates were measured to further characterize the asRuCCP species and showed that the derivatives 
have similar properties to native CCP. 

Cytochrome c peroxidase (CCP),' which catalyzes the 
oxidation of ferrocytochrome c by hydrogen peroxide, has 
a single protoporphyrin IX heme noncovalently-bound to 
a polypeptide of 294 residues (Bosshard et al., 1991). Figure 
1 shows a computer graphics display of the C, backbone 
of CCP indicating the location of the heme and the surface- 
exposed histidines (6, 60, 96) that are the most likely 
candidates for modification by histidine-specific reagents. 
Of the three remaining histidines, His181 has a raised pK, 
of -8 due to hydrogen bonding with both heme propi- 
onate-7 and Asp37; His175 coordinates the heme FeIII, 
and His52 is buried in the distal pocket (Poulos & Finzel, 
1984). Diethyl pyrocarbonate (DEPC) reacts specifically 
with histidine residues and has proven to be a useful probe 
of protein structure and function (Miles, 1977) and of the 
number of modifiable histidines (Jackman et al., 1988a). 
A previous study of DEPC modification of CCP (Bosshard 
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differential pulse voltammetry; Fe"=O, oxyferryl iron; FPLC, 
fast protein liquid chromatography; HPLC, high-performance 
liquid chromatography. 
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Figure 1. Surface histidine residues and the heme of CCP 
superimposed on the C, backbone generated from the X-ray 
structure of CCP (Finzelet al., 1984) using Sybylsoftwareversion 
5.5 (Tripos Associates, Inc., St Louis, MI). 

et al., 1984) showed that His6, -60, and -96 are readily 
modified at  pH 7, as expected. At pH 8, His52 and -181 
also react with DEPC, presumably because the hydrogen- 
bonding network involving His181 is broken and access to 
the heme cavity is increased. Only His175 remains 
unmodified since its N(3) atom is coordinated to the heme 
FelI1 (Bosshard et al., 1984). 

The N-carbethoxyhistidine derivatives formed upon 
reaction with DEPC are unstable to hydrolysis and cannot 
be isolated. Aquopentaammineruthenium(I1) (&unHzO) 
is another reagent used extensively for histidine deriva- 
tization. Following oxidation of Ru" to Rum, the resultant 
a&uHis-protein complexes are stable, and such complexes 
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have been isolated and characterized for a large number 
of proteins including ribonuclease A (Matthews et al., 1978, 
1980), lysozyme (Recchia et al., 1982), a-lytic protease 
(Recchia et al., 1982), cytochromes c (Yocom et al., 1982, 
1983; Bowler et al., 1989), cytochrome c551 (Osvath et al., 
1988), cytochrome b5 (Jacobs et al., 19911, myoglobins 
(Crutchley et al., 1985; Casimiro et al., 1993), HIPIP 
(Jackman et al., 1988b, 1988c, Sola et al., 19891, azurin 
(Margalit et al., 19841, plastocyanin (Jackman et al., 1988d), 
and glucose oxidase (Degani & Heller, 1988). Several 
properties of a5RuHis-derivatized proteins have been 
investigated including catalytic activity, ligand binding, 
protein fluorescence, tertiary structure, reduction poten- 
tials of metal centers, and NMR spectra. Also, electron- 
transfer kinetics between the native redox and ruthenium 
centers have been examined in detail for the heme, blue 
copper, and iron-sulfur proteins listed above (Bowler et 
al., 1990). 

His6, -60, and-96 of CCP are expected to show relatively 
high reactivity with asRuIIH20 because of their accessi- 
bility. Computer graphic analysis indicates that the 
imidazole ring of His60 is highly solvent-exposed, and the 
N(3) atom is not within hydrogen-bonding distance of 
neighboring residues. His6 and -96 are less exposed and 
their N(3) atoms are within hydrogen-bonding distance of 
peptide oxygens, so these residues should be less reactive 
toward a5Rur1H20 than His6O. Modification of His181 
and His52 should only occur at pH 8, and the resultant 
derivatives should exhibit properties very different from 
native CCP (Bosshard et al., 1984). 

This paper reports the results of an investigation of the 
reactivity of CCP toward a5RunH20 under various reaction 
conditions. Derivatives were isolated by cation-exchange 
FPLC and characterized using absorption spectroscopy, 
AP-ESI mass spectrometry, DPV, and HPLC analysis of 
tryptic peptides. DEPC reactivity was used to confirm 
a5Ru coordination to histidine (Jackman et al., 1988a); 
enzyme activities and stabilities of enzyme intermediates 
probed the effects of a5Ru-coordination on CCP function. 
Mass spectral analysis revealed extensive derivatization 
of CCP with a5Ru at  sites other than histidine, and DPV 
confirmed this for one FPLC fraction. 
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followed by vigorous stirring. Note: this should be 
performed under a fume hood. The amalgam was rinsed 
with nanopure water, air dried, and stored at  room 
temperature. [a5RuH201 (PF& was prepared by the 
published procedure (Callahan et al., 1985) involving [as- 
RuClICl3 reduction over the amalgam and was stored at 
4 OC in a vacuum desiccator. Histidinepentaammineru- 
thenium(II1) chloride (a5RuHis) was also prepared by the 
published procedure (Sundberg & Gupta, 1973). 

CCPEnzymatic Activity and Compound I Stability. A 
spectrophotometric CCP assay using ferrocytochrome c 
as reducing substrate (Yonetani & Ray, 1965) was used to 
determine the enzymatic activity of native CCP and its 
derivatives. Compound I forms upon the reaction of ferric 
CCP with peroxides (Bosshard et al., 1991) and possesses 
an oxyferryl heme (FerV=O) which spontaneously decays 
to ferric heme. The rate of compound I decay was 
monitored spectrophotometrically a t  424 nm which is a 
maximum in the difference spectrum of ferric and oxyferryl 
CCP. 

Reactions of CCP with afiuIIHZO. CCP was exposed 
to 20-fold molar excess a5Ru11H20 under argon at  room 
temperature in 0.1 M phosphate (pH 7.0) for 3 h. In a 
typical preparation, 5-10 mg of CCP (0.2-0.4 mM) were 
deaerated by bubbling argon over the protein solution for 
1 h, and a5RuIIH20 in degassed buffer was transferred by 
gas-tight syringe to the vessel containing the protein. The 
reaction was terminated by loading the product mixture 
onto a G-25 gel filtration column (2.5 X 20 cm) equilibrated 
with reaction buffer. The products (0.1-1 mg in 25-500 
pL of 50 mM acetate buffer, pH 5.1) were separated on a 
FPLC HR 5/5 Mono-S column. 

Spectrophotometric Determination of afiuHis:Heme 
Ratios. The absorption maximum of a5RuHis (€303 = 2.1 
mM-' cm-') (Sundberg & Gupta, 1973) a t  pH 5 increases 
and red-shifts a t  pH 10 (€370 = 3.4 mM-l cm-') (Recchia 
et al., 19821, making spectrophotometric determination 
of the complex more sensitive at high pH. CCP is unstable 
above pH 8 (Dowe & Erman, 1985) but was stabilized by 
forming the cyanide complex (Erman, 1974) in 0.1 M CAPS 
buffer (pH 11) containing 10 mM KCN. Protein con- 
centrations were determined spectrophotometrically as- 
suming €422 = 103 mM-1 cm-' (Erman, 1974) for the cyanide 
adducts of both native CCP and its derivatives. The 
absorption spectrum of CCP-CN was subtracted from 
those of cyanide adducts of the major FPLC fractions. If 
a resultant difference spectrum had a broad band with 
A,, = 370 nm, the CCP species present was assumed to 
be modified at  a histidine residue, and a5RuHis:heme ratios 
were estimated using the extinction coefficients given 
above. 

DEPC Reactions. Concentrations (-0.1 M) of freshly 
prepared DEPC stock solutions in anhydrous ethanol were 
determined by adding known volumes to 1.0 mM histidine 
or imidazole solutions and measuring the absorbance 
increase at  240 nm (e = 3.2 mM-l cm-l) for the histidine 
and 230 nm (t = 3.3 mM-' cm-l) for the imidazole 
derivatives, respectively (Miles, 1977). DEPC is rapidly 
hydrolyzed in aqueous solution, having a half-life of 9 min 
in phosphate buffer a t  pH 7 (Miles, 19771, so following 
general practice >lO-fold excess was used. The concen- 
trations of native CCP and the a5RuHis derivatives were 
determined spectrophotometrically assuming E408 = 98 
mM-l cm-l (Yonetani & Anni, 1987). Since €408 = 0.25 
mM-l cm-l for the free a5RuHis complex (Sundberg & 
Gupta, 1973), its contribution to the absorbance at 408 
nm was not considered. Reactions of DEPC with histidine, 

EXPERIMENTAL SECTION 

Materials. CCP was isolated from bakers' yeast 
(English et al., 1986; Smulevich et al., 19891, cytochrome 
c (Type 1111, horse heart myoglobin (95-100% 1, lysozyme 
(chicken egg white, grade I), and trypsin (TPCK-treated) 
were obtained from Sigma, and horse skeletal muscle 
myoglobin (>98% ) was purchased from Calbiochem; all 
proteins were used without further purification. Reagent- 
grade chemicals were obtained from the following sourc- 
es: diethyl pyrocarbonate (DEPC); imidazole, L-histidine, 
potassium cyanide (Sigma); sodium dithionite, mercuric 
oxide, mossy zinc metal (Fisher); chloropentaammineru- 
thenium(II1) chloride [a5RuClICl3 (Strem); ammonium 
hexafluorophosphate (99 % ), 4,4'-bipyridine (Aldrich). 
Protein and buffer solutions were preparedusing nanopure 
water (Barnstead) and filtered using 0.2- and 1.2-pm 
Acrodisc filters (Gelman Sciences). Pharmacia was the 
supplier of the FPLC system and all chromatographic 
resins. Absorption spectra were obtained on a Hewlett- 
Packard 8451A diode-array spectrophotometer, and elec- 
trochemical measurements were performed on a BAS lOOA 
electrochemical analyzer. 

Methods. Preparation of Small Ruthenium Complex- 
es. Zn/Hg amalgam was prepared by slowly adding 
mercuric oxide to pieces of mossy zinc in 0.1 M H2SO4 
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asRuHis, CCP, and a5RuHisCCP in 0.1 M phosphate buffer 
(pH 7.0) were monitored spectrophotometrically at 240 
nm, and the number of histidines modified was determined 
from the final absorbance at  this wavelength. 

HPLC Analysis of Tryptic Digests. To identify sites 
of a5Ru attachment, 0.5-0.8 mg of the CCP samples in 0.1 
M NHdHC03, pH 8.0, were digested at 37 "C for 16 h at  
50:l (w/w) CCP:trypsin. Samples were applied to a 
reversed-phase Vydak C18 column (0.46 X 25 cm) equil- 
ibrated with 0.1 % TFA in water, and the peptides were 
eluted using a linear 0-60% acetonitrile gradient (0.5 % / 
min) at a flow rate of 1 mL/min and collected for amino 
acid and mass spectral analysis. Absorbances at  210,280, 
303, and 400 nm were monitored to detect peptide 
backbone, aromatic residues, a~RuHis, and heme, respec- 
tively. 

Desalting of Protein Samples Prior to Amino Acid and 
Mass Spectral Analyses. Native CCP was dialyzed using 
Spectrapor dialysis tubing (6000-8000 MW cutoff) against 
water for 6 h. Due to the smaller amounts of material 
available, all derivatized CCP species were passed over 
the C18 column equilibrated with 0.1% TFA and were 
eluted using a linear 10-70% acetonitrile gradient ( l % /  
min) a t  a flow rate of 1 mL/min. 

Amino Acid Analysis. HPLC-purified peptide and 
protein samples were dried by speed vacuum centrifugation 
in acid hydrolysis tubes. Samples were hydrolyzed (150 
"C for 1 h) and analyzed on a Beckman System 6300 high- 
performance analyzer according to the general procedure 
of Spackman et al. (1958) with modifications (Veeraraga- 
van, et al., 1990). 

AP-ESIMass Spectra of Protein and Peptide Samples. 
To confirm the presence of the ajRu group, derivatized 
protein and peptides were subjected to mass spectrometry 
on a SCIEX API I11 spectrometer operated in the positive 
ion mode for detection of protonated species (Covey et al., 
1988). The lyophilized samples were dissolved in 10% 
acetic acid (pH 2.2) prior to injection into the mass 
spectrometer. Egg white lysozyme and horse skeletal 
muscle myoglobin were used as molecular weight stan- 
dards. 

DPV of Fractions 4a and 4b. DPV was carried out on 
these fractions since sufficient sample was available. The 
electrochemical cell consisted of a 1-mm glassy carbon 
working electrode (Cypress Systems), a Ag/AgClreference 
electrode, and a Pt counter electrode. Protein samples 
were deoxygenated and blanketed with Nz during mea- 
surements. Addition of 4,4'-bipyridine, which was used 
as an electron-transfer promoter at gold electrodes for 
ruthenated heme proteins (Yocom et al., 1982; Crutchly 
et al., 1985), did not alter the voltammograms obtained at 
the glassy carbon electrode. 

RESULTS 

CCP Reaction with a&u11H20. The modification of 
CCP by a5Ru"HzO was attempted under a number of 
different reaction conditions. Reactions carried out a t  
pH 5 and 8 resulted in the precipitation of large amounts 
of protein. Furthermore, the products of the pH 8 reaction 
were highly cationic and required a salt concentration of 
21 M to be eluted from the cation-exchange column. The 
instability of the pH 5 and 8 reaction products is not 
surprising considering that native CCP is only stable 
between pH 4 and 8 (Erman, 1974; Dowe & Erman, 1985; 
Yonetani & Anni, 1987). Modification of CCP by 20-fold 
excess asRu"H20 at  pH 7.0 did not result in protein 
precipitation, and -95 % protein was recovered from the 
reaction mixture. 
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Figure 2. Cation-exchange FPLC (Mono S, HR 5/5 equilibrated 
with 50 mM acetate, pH 5.1) of 1 mg of (A) the CCP ruthenation 
reaction mixture, (B) band 4 from A, and (C) band 5 from A. 
Samples were eluted using the NaCl gradients in 50 mM acetate 
(pH 5.1) indicated by the dashed lines. Flow rate = 0.5 mL/min, 
fraction size (A) 0.5 mL, (B) and (C) 0.25 mL. 

Cation-Exchange FPLC. Native CCP has a PI of 5.28 
(Bosshard et al., 1991) and binds strongly to anion- 
exchange resins such as DEAE at neutral pH. Following 
removal of excess small reagents, the a5RuI1H20 reaction 
products also bound to DEAE at pH 7 but were eluted as 
asingle broad band (not shown). However, good separation 
was obtained by cation-exchange chromatography at pH 
5, and the FPLC Mono-S elution profile at NaCl I 0.2 M 
of the products was composed of a t  least five bands (Figure 
2A). Band 1 was eluted in the void volume like native 
CCP; rechromatography revealed that bands 2-5 could be 
further resolved. Band 4 separated into fractions 4a, 4b, 
and 4c under a shallower NaCl gradient (Figure 2B); when 
rechromatographed isocratically a t  the salt concentration 
corresponding to its peak position (70 mM NaCl), fraction 
4a was separated from its shoulder, fraction 4b. Similarly, 
band 5 was resolved in 3 fractions (Figure 2C), and fraction 
5b, the major component, was rechromatographed at 170 
mM NaCl without further separation. The percent yields 
of fractions 4a and 5b from the ruthenation reaction were 
estimated to be 7.0 and 0.5 % , respectively. As described 
below, fraction 4a was found to be a singly-derivatized 
CCP species with a5Ru coordinated to His60 whereas 
fraction 4b is thought to consist mainly of CCP derivatized 
at a carboxylate side chain. Fraction 5b is doubly- 
derivatized CCP with a5Ru bound to His6 and to a 
nonhistidine residue. 

Spectrophotometric Determination of a&uHis:Heme 
Ratios. The difference spectra (Figure 3), obtained on 
subtraction of the CCP-CN spectrum from those of the 
cyanide complexes of fractions 4a and 5b, show a positive 
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Figure 3. Difference spectra obtained by subtracting the 
spectrum of 10 pM CCP-CN from that of (A) a 1:l noncovalent 
mixture of 10 pM CCP-CN and abRuHis, (B) the cyanide complex 
of 10 pM fraction 4a, (C) the cyanide complex of 10 pM fraction 
5b. Spectra were recorded in 0.1 M CAPS buffer (pH 11.0) with 
10 mM KCN. 

Table 1. Characterization of CCP and a&PHzO Reaction 
Products 

tl/z for decay 

CCP" 0 100 f 6 5.5 f 0.8 (10)f 
band 1 0 101f9  NDS 
band 2 0 9 9 f 7  ND 
band 3h 0.80 f 0.12 8 8 f 9  ND 
fraction 4a 0.92 f 0.16 100 dz 5 3.0 f 0.6 (8) 
fraction 5b 0.97 f 0.30 93 f 5 2.9 f 0.8 (5) 

speciesa a5RuHis:Hemeb % activity of compd Id (h) 

0 Fractions purified by cation-exchange FPLC (see Figure 2). 
b Estimated from asRuHis and heme absorbances at 370 and 422 nm, 
respectively (see text). e Enzyme activity relative to native CCP. 
d Half-life obtained from semilog plot of the absorbance decrease at 
424 nm. e Native CCP that had not been exposed to the ruthenation 
procedure. f Number of measurements of tip. g ND = not determined. 
h Band 3 is a heterogeneous mixture (see Figure 2A). 

peak at 370 nm consistent with a5Ru-derivatization at 
histidine. Table 1 lists the a5RuHis:heme ratios of the 
FPLC bands in Figure 2 estimated from their relative 
absorbances at 370 and 422 nm. Band 1 in the void volume 
is assumed to be native CCP since it has no 370-nm 
absorption. Band 2 bound to the cation-exchange column 
but does not exhibit a5RuHis absorption. Band 3 appears 
to be a mixture of at  least four species of low abundance 
with an average a5RuHis:heme ratio of 0.8. Fraction 4a, 
and the less abundant 5b, exhibited average a5RuHis:heme 
ratios of >0.9, which strongly suggests that each of these 
derivative contains a5Ru bound to a single histidine 
residue. Fractions 4b and 5c, the shoulders separated from 
fractions 4a and 5b (Figure 2B and C), have insignificant 
370-nm absorption. 

0 400 800 1200 

Time (s) 
Figure 4. Reaction in 0.1 M phosphate buffer (pH 7.0) of 50- 
fold excess DEPC with (A) 100 pM histidine (0) and free 
%RuHis (0); (B) 10 pM native CCP (0) and fraction 4a (m); and 
(C) 10 pM CCP (v) and fraction 5b (v). The absorbance increase 
at 240 nm is expressed as the number of histidines modified per 
mole using Ac = 3.3 mM-1 cm-1. Fractions 4a and 5b are from 
the ruthenation reaction (Figure 2) and have &u bound a t  His60 
and His6, respectively. 

Enzymatic Activity and Compound I Stability. The 
major species isolated by FPLC retained the activity of 
native CCP (Table 1). Compound I spontaneously decays 
to ferric CCP with a half-life of 5 h for the native enzyme 
(Erman & Yonetani, 1975). Following addition of HzOz 
to fractions 4a and 5b, the absorbance decrease at  424 nm 
due to compound I decay was exponential over 6-9 h 
(correlation coefficients >0.99) with slightly shorter half- 
lives (3 h) than native CCP. 

DEPC Reactions. As can be seen from Figure 4A, 
addition of 50-fold excess DEPC to free a5RuHis gives rise 
to negligible absorbance increase at 240 nm compared to 
that observed for histidine. Thus, a5Ru coordination 
effectively blocks DEPC modification of free histidine as 
was observed previously for histidine residues in proteins 
(Jackman et al., 1988a). The reaction of 50-fold excess 
DEPC with native CCP resulted in the rapid modification 
of three histidines a t  pH 7.0 but modification of only two 
histidines in fractions 4a and 5b (Figure 4B and 4C). Also, 
the absorbance increase at 240 nm was reversed on addition 
of hydroxylamine (Miles, 1977) which removed the carb- 
ethoxygroup from the CCP species. These results confirm 
that a5Ru is coordinated to a reactive, surface histidine in 
fractions 4a and 5b. 

Identification of the a&u-Modified Histidines in 
Fractions 4a and 5b. X-ray structure determination 
showed that asRu is coordinated to His60 in fraction 4a 
(Fox et al., 1990). The crystal structure of fraction 5b 
could not be determined (S. Edwards, personal commu- 
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Table 2. Molecular Weights of a&PHzO Reaction 
Products 

Fox et al. 

MW of 33 800 f 4 Da which is 264 Da higher than native 
CCP making it difficult to speculate as to the identity of 
this species of low abundance. 

DPVof Fractions 4a and 4b.  Two peaks at  +42 and -68 
mV (vs NHE) appear in the DPV of fraction 4b (Figure 
6). The peak at 42 mV is assigned to the reduction of 
a5Ru"' coordinated to His60 since the single peak observed 
in the DPV of fraction 4a has the same potential within 
experimental error. From the observed peak currents, 
fraction 4b is estimated to contain -20% asRu(His60)- 
CCP consistent with negligible a5RuHis absorption at the 
protein concentration (10 FM) used to obtain difference 
spectra like those shown in Figure 3. The appearance of 
a second peak at negative potential in the voltammogram 
of fraction 4b suggests binding of a5Ru to an anionic ligand 
such as -COO- since this would stabilize the Ru"1 form of 
the complex (Lim et al., 1972). 

obsd calcd total 
sDecies MWa (Da) MWb (Da) asRuHis:hemec asRu:CCPd . .  

lysozyme 14 305 f 1 14 305 
myoglobiner 16 952 f 1 16 952 
CCPe 33 536 f 1 33 533 0 0 
hem# 616 616 
fraction 4ae 33 717 f 3 33 71gh 1 1 
fraction 4be 33 718 f 3 33 71gh 0 1 
fraction 5be 33 901 f 3 33 905 1 2 
fraction 5ce 33 800 f 4' 0 

a Determined by AP-ESI mass spectrometry. Calculated from 
sequence data or the chemical formula for protoporphyrin IX heme. 
Determined spectrophotometrically (see Table 1). Determined 

from the MW difference between apoCCP and each fraction. e MW 
of apoprotein is observed due to heme dissociation at low pH (see 
text). f Horse skeletal muscle myoglobin. g Protoporphyrin IX heme 
isolated by HPLC during desalting of CCP samples prior to mass 
spectral analysis. MW of apoCCP plus RuNsH~s (186 Da). Mass 
difference (264 Da) between fraction 5c and native CCP has not been 
assigned to a chemical species. 

nication) so it was necessary to carry out HPLC analysis 
of the tryptic peptides of this sample. The tryptic peptide 
map of CCP is complex yielding >60 peaks. A diode- 
array detector was used to identify peaks with no protein 
absorbance at 280 nm (since the tryptic peptides containing 
His6 and His96 contain no Tyr or Trp residues), but which 
possess the 303-nm absorbance expected for a5RuHis at 
low pH. Mass spectral analysis identified a peptide with 
a molecular weight of 1469 Da corresponding to residues 
1-12 plus a5Ru (TTPLVHVASVEK + RuNgH15, MW = 
1281 + 186 Da). In addition, a much less intense peak 
with MW = 1285 Da was assigned to peptide 1-12 that has 
lost a5Ru on ionization. Since no peak corresponding to 
residues 91-97 (FLEPIHK, MW = 884 Da) was observed 
in the mass spectrum, fraction 5b is assumed to contain 
a derivative with asRu bound to His6, and not His96, the 
other surface-exposed histidine in CCP (Figure 1). 

Mass Spectral Analysis of Ruthenated Protein and 
Peptide Samples. Table 2 summarizes the mass spectral 
data. Using lysozyme (MW = 14 305 Da) as a molecular 
weight standard, the mass spectrum of apoCCP (Figure 
5) yielded a MW of 33 536 Da compared to the value of 
33 533 Da calculated from the sequence. The heme 
removed during desalting by HPLC has a MW of 616 Da, 
as expected for protoporphyrin IX heme (FeC34N404H32). 
The mass spectrum of CCP desalted by dialysis was 
identical to that shown in Figure 5 except for an additional 
peak at  616 due to heme which dissociated from the 
polypeptide at the low pH (2.2) used to record the spectra. 
Horse skeletal muscle myoglobin, which also possesses a 
noncovalently-bound protoporphyrin IX heme, was found 
to have a molecular weight of 16 952 Da identical to that 
calculated for the polypeptide (16 952 Da) alone (Zaia et 
al., 1992). 

Until this point it was assumed that fractions 4a and 5b 
contained CCP derivatized only at His60 and His6, 
respectively. This was confirmed for asRuHis6OCCP (MW 
= 33 717 f 3 = 33 536 + 186 Da), consistent with the 
X-ray analysis. However, a MW of 33 901 f 3 (-33 536 
+ 2(186) Da) indicated that fraction 5b possesses two 
a5Ru groups per apoCCP. Since DEPC reacted with two 
of its three surface histidines (Figure 4C), the second 
aSRu must be attached at a site other than histidine. 

Mass spectra were also obtained for the fractions labeled 
4b and 5c in Figure 2B and C, respectively. Fraction 4b 
possesses one a5Ru group (MW = 33 718 f 3 Da) but has 
negligible a5RuHis absorption at  370 nm. Fraction 5c has 

DISCUSSION 

Extensive derivatization of CCP occurred when the 
protein was incubated with 20-fold excess a5Ru"HzO at 
room temperature for 3 h in phosphate buffer (pH 7.0). 
This reaction time is short compared to the 1-3 days 
required for ruthenation of horse heart cytochrome c 
(Yocom et al., 1982,1983) but longer than the 60 min for 
horse heart myoglobin (S. Marmor, unpublished results) 
or the 30 min for sperm whale myoglobin (Crutchley et al., 
1985). These reaction times mirror the accessibility of 
the histidine residues; both myoglobin and CCP have 
surface histidines, but in cytochrome c the histidines are 
buried within the protein matrix. 

Table 1 summarizes the properties of the various species 
isolated by cation-exchange chromatography from the 
reaction of asRuIIHz0 and CCP. Two a5RuHis-containing 
derivatives of CCP were purified to homogeneity; fraction 
4a has been identified by X-ray crystallography as 
a5RuHis6OCCP (Fox et al., 1990), and fraction 5b has been 
shown by peptide mapping to be CCP with asRu bound 
at His6. However, the mass spectral results revealed that 
fraction 5b and also fraction 4b possess coordinated a5Ru 
that was not detected by difference spectroscopy. Binding 
of a5Ru to cysteine, methionine (Kuehn & Taube, 1976), 
or carboxylate (Stritar & Taube, 1969) sidegroups of CCP 
is also possible. Since the single cysteine and five 
methionines in CCP are less solvent-exposed than the 
surface histidines, they are unlikely ruthenation sites. On 
the other hand, CCP carboxylates demonstrated high 
reactivity in crosslinking reactions with cytochrome c 
(Moench et al., 1987). Carboxylato complexes of a5Ru 
exhibit UV-vis spectra with A,, at  -290 nm (e = 1.5 
mM-l cm-') (Stritar & Taube, 1969). Weak absorption at  
this wavelength would be difficult to detect under the 
intense absorption of CCP centered at 278 nm (t = 75 
mM-' cm-') (Bosshard et al., 1991). However, the presence 
of a peak at -68 mV (vs NHE) in the DPV of fraction 4b 
is consistent with a5Ru coordination to a carboxylate side 
chain of CCP since anionic ligands shift a&Wnpotentials 
to negative values (Lim et al., 1972). Nevertheless, it 
should be noted that the redox properties of protein-bound 
Ru appear to be highly sensitive to the protein environment 
since the reported potentials vary by -70 
mV (Bowler et al., 1990). Similar variation may be 
anticipated for the redox properties of a5Ru bound at 
nonhistidine sites. 

As shown here (Figure 4) and previously (Jackman et 
al., 1988a), DEPC is an excellent probe of histidine 
modification by a5Ru. However, it is not a reliable 
indicator of the number of histidines that will react readily 
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Figure 5. AP-ESI mass spectrum of native CCP (25 p g )  dissolved in 50 pL of 10% acetic acid (pH 2.2) infused at a flow rate of 2 
pL/min. 
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Figure 6. Reduction of fraction 4b by differential pulse 
voltammetry: volts vs Ag/AgCl; l-mm glassy carbon electrode; 
pulse amplitude = 25 mV; scan rate = 5 mV/s; 0.16 mM ruthenated 
CCP in deoxygenated 70 mM NaC1, 10 mM 4,4'-bipyridine, 50 
mM acetate buffer pH 5.1. 

with asRuIIH20. For example, in horse heart myoglobin 
eight histidines are modified by DEPC in 20-30 min 
whereas only three surface histidines are ruthenated in 60 
min (S. Marmor, unpublished results). Konopka and 
Waskell (1988) obtained similar results and showed in 
addition that a t  DEPC:histidine ratios >55, all eleven 
histidines could be modified resulting in complete dis- 
sociation of the heme from the globin. The higher 
reactivity of DEPC with proteins is probably due to its 
hydrophobic nature which should allow it greater access 
to buried histidines than a5Ru"HzO. 

The crystal structure of the 1:l complex between CCP 
and cytochrome c (Pelletier & Kraut, 1992) reveals that 
the cytochrome binding domain is below the heme as the 
enzyme is depicted in Figure 1. Therefore, it is not 
surprising that a5RuHisGOCCP possesses enzyme activity 
comparable to native CCP or that DEPC modification of 
the surface histidines does not result in activity loss 

(Bosshard et al., 1984). Since a5RuHisGfiuCCP (fraction 
5b) also exhibits full activity, the nonhistidine site modified 
in this derivative must not fall within the cytochrome c 
binding region. The half-life for compound I decay in the 
absence of exogenous reductants is -5 h for native CCP 
and -3 h for fractions 4a and 5b. Recombinant CCP 
from E.  coli, which possesses a 3-D structure almost 
identical to yeast CCP (Wang et al., 19901, also has a half- 
life for compound I of - 3 h (Erman & Vitello, 1992); hence, 
minor structural changes can alter the stability of com- 
pound I. 

The reported activities of other ruthenated enzymes 
vary considerably. For example, lysozyme retains 70 % 
activity on binding a single asRu whereas a-lytic protease 
is completely inactive when its single histidine, which plays 
a key role in catalysis, is ruthenated (Recchia e t  al., 1982). 
Ribonuclease A retains 65 % activity when one &Ru center 
is attached but only 22% activity when two are present 
(Matthews et al., 1978, 1980). Glucose oxidase was 
ruthenated to promote electrochemical communication 
between its two FAD redox centers and electrode surfaces. 
The modification was carried out in 3 M urea and resulted 
in an average attachment of 14 ruthenium centers per 
enzyme molecule. Remarkably, this heterogeneous mix- 
ture of a5Ru-derivatized species retains 70% (Degani & 
Heller, 1988). 

In this study, mass spectral analysis identified two 
species (fractions 4b and 5b) with a5Ru attached to sites 
other than histidine. Thus, it appears that a s R ~ ~ ~ H 2 0  is 
less specific for histidine residues than previously thought. 
Consequently, determination of histidine-bound asRu only 
may lead to incomplete characterization of Ru-derivatized 
proteins. Without atomic absorption or mass spectral 
analysis other ruthenation sites may remain undetected 
which could pose problems in further studies. Atomic 
absorption has been commonly used to determine the 
extent of protein ruthenation (Yocom et al., 1983; Osvath 
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e t  al., 1988) but this technique is orders of magnitude less 
sensitive than AP-ESI mass spectrometry and often suffers 
from interferences due  to the  protein matrix. 

The preparation of a5RuHis derivatives has provided a 
useful probe for studying long-range electron transfer in  
CCP (Fox et al., 1990) and in a large number of metal- 
loproteins as reviewed by Bowler e t  al. (1990). Also, 
ruthenation has aided in assigning histidine signals in 
NMR (Yocom e t  al., 1983) and in estimating the contri- 
bution of individual tryptophans t o  protein steady-state 
fluorescence (Recchia e t  al., 1982; Fox e t  al., 1993). 
However, i t  is important to  consider t he  reactivity of 
a5RuIIHzO with sites other than histidine, and the  present 
study highlights the value of mass spectrometry in product 
characterization. 
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Molecular Modeling of Phytochrome Using Constitutive C-Phycocyanin 
from Fremyella diplosiphon as a Putative Structural Template 

William Parker,+ Peter Goebel,* Charles R. Ross, II,* Pill-Soon Song,+ and John J. Stezowski’J 

Department of Chemistry and Institute for Cellular & Molecular Photobiology, University of Nebraska, Lincoln, 
Nebraska 68508. Received January 28, 1993” 

Phytochrome, the ubiquitous photosensor in green plants, is similar to C-phycocyanin in a number of 
ways. We have produced a model of the phytochrome chromophore binding pocket based on the X-ray 
crystal structure of C-phycocyanin from Fremyella diplosiphon [Duerring et al. (1991) J. Mol. Biol. 
21 7,577-5921. Twenty residues around the chromophore binding site of C-phycocyanin were changed 
to the corresponding residues of Avena phytochrome A for the modeling. In the minimized model, 
Arg-318, Ala-319, the methylene of Ser-322, Leu-325, Gin-326, and Tyr-327 (using the numbering of 
the Avena sequence; Cys-323 is chromophore bound) form a pocket on one side of the chromophore. 
The other side of the chromophore lacks hydrogen-bond donors and is involved only in van der Waals 
contact with the chromophore. The overall structure of the model may be described as one peptide 
segment “anchoring” the chromophore hydrophobically, covalently, and electrostatically from several 
directions, while the other key peptide segment simply provides a hydrophobic surface for the chromophore 
to rest against. The red light absorbing (Pr) chromophore of the model is buried more deeply in the 
binding pocket than the far red light absorbing (Pfr) chromophore. This apparently reflects reduced 
compatibility of the chromophore with the pocket upon photoisomerization, which requires the insertion 
of hydrophilic parts of ring D into the hydrophobic core of the protein. This concept is consistent with 
the experimental evidence that photoisomerization of the Pr  chromophore is followed by movement 
of the chromophore from its binding pocket. In the proposed model, increased exposure of hydrophobic 
portions of the Pfr chromophore compared to the Pr  chromophore is consistent with the red shift 
observed in the first intermediate of the Pr  to Pfr photoconversion. The proposed model may be tested 
by mutation experiments, thus providing aviable model to foster the current rapid progress of molecular 
biology in this field. 

1. INTRODUCTION 
Phytochrome is the ubiquitous red-light sensor found 

in photosynthetic plants. The roughly 120 kDa protein 
adopts two distinct forms, a red-light-absorbing form (Pr) 
and the physiologically active far-red-light-absorbing form 
(Pfr). Phytochrome has been the subject of a large number 
of studies (Thomas and Johnson, 1991, for review). The 
protein is encoded by several genes which are expressed 
at  different times during plant development. Phyto- 
chrome can be obtained from dark-grown plants (so-called 
type I phytochrome, the p h y A  gene product) and from 
light-grown plants (so called type I1 phytochrome, for 
which at  least two different genes are expressed, p h y B  
and phyC).  The biochemical characteristics of type I 
phytochrome have been well-studied in Avena (oat) and 
to a lesser extent in Pisum (pea); the sequence of several 
phytochromes are known (for sequences and references 
see, Quail et al., 1991). Numerous spectral studies 
including UV-vis, fluorescence, fluorescence anisotropy, 
various types of Raman, circular dichroism, NMR, and 
infrared spectroscopy have revealed a great deal of detail 
about both the chromophore conformationlconfiguration 
and the peptide conformation (Thomas and Johnson, 1991, 
for review). Small-angle X-ray scattering (Tokutomi et 
al., 1989), as well as electron microscopy (Jones and 
Erickson, 1989), have yielded a low-resolution model of 
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phytochrome which entails a chromophore-containing 
domain of approximately 70 kDa connected by a linker 
region to a nonchromophore domain of about 50-55 kDa. 
Recently, transgenic phytochrome has been expressed in 
yeast (Deforce et al., 1991; Wahleithner et al., 1991) and 
products of mutated gene sequences are being charac- 
terized (Deforce et al., 1991; Cherry et al., 1992; Stockhaus 
et al., 1992; Edgerton and Jones, 1992). In spite of this 
progress, the tertiary structure of the phytochrome 
polypeptide and how it specifically interacts with its 
noncyclic tetrapyrrole chromophore is not known. 

The three-dimensional structure of the phytochrome 
chromophore and a segment of protein immediately 
surrounding the chromophore (the chromophore pocket) 
have recently been modeled using Chou-Fasman (Chou 
& Fasman, 1974) and GOR (Garnier et al., 1978) predic- 
tions as the starting point for calculating the protein 
conformation (Gabriel and Hoober, 1991). Although such 
modeling without a structural template having sequence 
homology is very unreliable, no other phytochrome model 
has been published. A more conventional approach to 
modeling would involve the use of homologous proteins as 
a starting point for protein conformation. There are, 
unfortunately, no proteins with high sequence homology 
to phytochrome for which the three-dimensional structure 
is known. It has been observed, however, that there are 
similarities between phytochrome and C-phycocyanin, a 
protein for which crystal structures of examples from 
several different sources have been determined at high 
resolution (Schirmer et al., 1985, 1986; Duerring et al., 
1991). 

C-phycocyanin, found in cyanobacteria (blue-green 
algae), cryptomonads, and eukaryotic red algae, is also a 
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light-harvesting pigment-protein adduct. The protein is 
found in water-soluble antenna complexes on the surface 
of thylakoid membranes. The functional unit of the light- 
harvesting complex, called a phycobilisome, is composed 
of a and @ C-phycocyanins [an (a@)6 dodecamerl (for 
review, see Huber, 1989). The a and j3 subunits have the 
same basic fold, which is related to the globin fold 
(Schirmer et al., 1985). There are nine helices, labeled X, 
Y, A, B, E, F’, F, G, and H (no @-sheet), involved in the 
C-phycocyanin fold (Schirmer et al., 1985). There are 
two chromophores covalently bound to the @ subunit (at 
residues @-84 and @-155) and one chromophore bound to 
the a subunit (at residue a-84). The a-84 and @-84 
chromophores are topologically equivalent and are co- 
valently bound to Cys-84, which is seven residues from 
the N-terminus of helix E. These chromophores are very 
nearly structurally identical to the phytochrome chro- 
mophore, the exception being an ethyl group in C-phy- 
cocyanin on ring D compared with a vinyl group in 
phytochrome (Lagarias and Rapoport, 1980; Figure 1). 
Apophytochrome is capable of binding the C-phycocyanin 
chromophore (Elichet al., 1988; Elich andLagarias, 1989). 

There are several additional similarities between phy- 
tochrome and C-phycocyanin. The red-light-absorbing 
Pr form of phytochrome and C-phycocyanin have very 
similar absorption spectra (Parker et al., 1950; Siegelman 
et al., 1966). C-phycocyanin (the a-84 and @-84 chro- 
mophores only; Arciero et al., 1988a-c) and apparently 
phytochrome (Elich & Lagarias, 1989; Deforce et al., 1991; 
Wahleithner et al., 1991) are able to incorporate chro- 
mophores without the aid of an enzyme. Also, the CD 
spectrum of phytochrome is consistent with a predomi- 
nantly a-helical protein (Sommer and Song, 1990; L. 
Deforce and P.-S. Song, unpublished results). 

The most striking sequence similarity between phyto- 
chrome and C-phycocyanin lies in a conserved arginine 
five residues N-terminal to the chromophore binding site. 
This corresponds to the second residue of helix E in 
C-phycocyanin (Partis & Grimm, 1990; Quail et al., 1991). 
This arginine, when present, is involved in interactions 
with the chromophore ring B propionate side chain 
(Schirmer et al., 1986; Duerring et al., 1991) of the a-84 
and/or @-84 chromophores, depending on the organism. 
In addition, phytochrome contains a conserved glutamine 
three residues C-terminal to the chromophore-bound 
cysteine. The corresponding position near the @-84 
chromophore in C-phycocyanin is occupied by an aspar- 
tate, which takes part in an important interaction with 
the ring B and ring C nitrogen atoms of the P-84 
chromophore. A similar structural role has been proposed 
for the glutamine three residues C-terminal to the phy- 
tochrome chromophore (Partis and Grimm, 1990). 

In light of the above similarities, several investigators 
in the phytochrome field have postulated that the protein 
structure of phytochrome may be structurally similar to 
that of C-phycocyanin (W. Rudiger, quoted by Quail et 
al., 1992; Quail et al., 1992; Partis and Grimm, 1990). 
Although there is clearly no strong sequence homology 
between phytochrome and C-phycocyanin, C-phycocyanin 
is currently the only protein with proposed structural 
similarity to phytochrome. Thus, a phytochrome model 
based on the phycocyanin structure is perhaps the best 
starting point for mutagenic work. In fact, such studies 
are now being pursued, although no model has yet been 
published (Deforce et al., 1994). 

We describe initial results of modeling studies on the 
chromophore and chromophore pocket of phytochrome 
based on the structure of the 6-84 chromophore (and the 
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surrounding pocket) of constitutive C-phycocyanin from 
Fremyella diplosiphon (Duerring et al., 1991). The 
suitability of the starting model was tested by constructing 
correlation diagrams (Argos et al., 1983) between the 
phytochrome chromophore-binding region and constitu- 
tive a and @ C-phycocyanins. Our goal was to derive a 
viable model as close as possible to experimental obser- 
vation. Consequently, we limited refinement of the model 
to energy-minimization techniques. The viability of the 
resultant model is discussed with respect to known physical 
properties of the phytochromes. 

2. METHODS 

(a) Correlation of Amino Acid Sequences. Se- 
quences were correlated using the method of Argos et al. 
(1983), which is designed to reveal and align structural 
and/or functional homology in amino acid sequences for 
which there is no direct sequence homology. Sequences 
were correlated by first representing amino acids with six 
selected physical parameters: the tendency to form a-helix, 
@-sheet, and turn, hydration potential, hydrophobicity, 
and polarity (Argos et al., 1983). Type I Avena phyto- 
chrome residues (Hershey et al., 1985) around the chro- 
mophore binding residue (Cys-323) were compared with 
both a and @ C-phycocyanin sequences. Sequences (Maze1 
et al., 1988; Fuglistaller et al., 1983) of both constitutive 
C-phycocyanins for which three-dimensional structures 
are known were used. The shorter phytochrome sequence 
fragment was moved along the phycocyanin sequences 
using a moving algorithm (Rose, 1978). A correlation value 
( C p ( i ) )  was obtained at  each window position ( i )  for each 
physical parameter (p), using the following cross-corre- 
lation function: 

where w is the size of the window (equal to the size of the 
phytochrome sequence), j is the position of a residue in 
window w, XPG) = xPG) - xp and Yp = y,G) - yp. These 
values xPG) and ypG) correspond to physical parameter 
values for sequences x and y at  residue position j .  The 
values xp and yp are the mean parameter values for 
sequences x and y at  residue position j .  The values xp and 
yp are the mean parameter values for all residues in 
sequences x and y ,  respectively. A window of five residues 
was used to smooth both the physical parameter profiles 
and the final correlation values. The correlations for all 
physical parameters were averaged for an overall corre- 
lation between sequences at  a given window position (Argos 
et al., 1983). 

In addition, the more recent method of Argos (Argos, 
1987) was also used. This method is an extension of the 
method described above. In addition to physical param- 
eters, a Dayhoff mutation matrix is used for the compar- 
ison. Also, sequences are aligned using a multiple 
windowing approach, where all parts of a given sequence 
are compared to all parts of another sequence. Window 
lengths from 5 to 35 were used in the comparison. 

(b) Oscillator Strength Ratio Determination. High- 
ly purified phytochrome (the purity index or SAR > 1.1) 
was isolated by a modification of the Vierstra & Quail 
(1983) and Chai et al. (1987b) methods as previously 
described (Sommer and Song, 1990). Spectra were re- 
corded with a Hewlett-Packard 8452 diode-array spec- 
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Figure 1. Pr (a,b and e) and Pfr (c and d) chromophores are shown in both the extended (a and c) and the semicyclic (b and d) 
conformations. The pyrrole rings and the C-5, C-10, and C-15 positions are labeled in a. All chromophores have a formal positive 
charge on the ring C pyrrole nitrogen atom. The propionate side chains on the rings B and C are not protonated. Chromophore 
conformations and configurations are as follows: (a) Cs-Z,anti, C1O-ZIsyn, C15-Z,antit (b) C&,syn, Clo-Z,syn, C15-Z,anti, (c) C&anti, 
Clo-Z,syn, Cla-E,anti, (d) C5-Z,syn, Clo-Z,syn, C15-E,anti, and (e) Cs-Z,anti, Clo-Z,syn, C15-Z,syn. 

trophotometer. Photoconversion was carried out using a 
Fiber-Lite Model 190 fiber optic illuminator from Dolan- 
Jenner Industries, Inc. (Woburn, MA). Irradiation was 
continued until no further photoconversion was observed. 
Red (660 nm) and far-red (730 nm) interference filters 
(halfband width = 10 f 2 nm) from The Optometrics 
Corporation (Ayer, MA) were used for wavelength selec- 
tion. 

The fitting of phytochrome spectra to Gaussian curves 
was performed on a SUN Spark Station 1 + GX using the 
spectral analysis program provided by General Electric 
NMR Instruments Corp. A baseline of Y = 0 was used for 
the curve fitting. Fits obtained for spectra in wavelength 
(nm) were converted to wavenumber (cm-') before inte- 
gration to yield oscillator strengths. The oscillator strength 
ratio (fdfuv) of the visible region divided by the near-UV 
or Soret region was determined from these Gaussian 
integrals. 

(c) Production of the Initial Phytochrome Model: 
The Chromophore. All modeling calculations were 
performed on a Silicon Graphics workstation IRIS 4D/ 
320 VGX using MOPAC 6l for the semiempirical and 

Discover2 for the force field algorithms. The program 
Insight I1 was used for graphics display and model building. 

We selected two representative conformations for the 
noncyclic tetrapyrrole phytochrome chromophore to insert 
into a model derived from the @ subunit extracted from 
the crystal structure of constitutive C-phycocyanin from 
Fremyella diplosiphon. The two chromophore confor- 
mations (Songet al., 1991 for review) chosen wereextended 
(anti-syn-anti; Figure la,c) and semicyclic (syn-syn-anti; 
Figure lb,d). Oscillator-strength ratios of the phyto- 
chrome spectra are consistent with a semicyclic confor- 
mation of the chromophore (Song et al., 1979; Song and 
Chae, 1979; see discussion below). However, the extended 
form of the chromophore (Figure la,c) is considered to be 
a viable option because of the similarities between 
phytochrome and C-phycocyanin. A third possible chro- 
mophore conformation, the semicyclic anti-syn-syn (Fig- 
ure le), was considered unlikely, since it would require 
the conjugated chromophore rings B, C, and D to be 

Available from QCPE (Bloomington, IN). 
* Discover and Insight I1 are distributed by Biosym Technol- 

ogies Inc., San Diego, CA. 
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extensively nonplanar, and is not consistent with oscillator- 
strength ratios or transition dipole angles (Song & Chae, 
1979). 

It appears that a 2 to E photoisomerization at C-15 
(ring D is turned; Figure 1) is the primarystructural change 
in the chromophore upon photoisomerization (Rudiger et 
al., 1983; Rudiger, 1987; Farrens et al., 1989; Fodor et al., 
1990). We have examined both2 (Pr chromophore; Figure 
la, lb)  and E (Pfr chromophore; Figure lc,ld) configu- 
rations at C-15 of the semicyclic and extended confor- 
mations. 

The chromophore structure present in P C-phycocyanin 
from the three-dimensional structure was used as the 
starting point for modeling the extended conformation 
(Pr form); the ethyl group of the C-phycocyanin was 
replaced by a vinyl group in the model. The starting 
geometries of the semicyclic chromophores and extended 
Pfr chromophore were derived from force field calculations 
using the Newton-Raphson algorithm starting from a 
planar geometry. This minimization routine was selected 
because it yielded excellent results on the extended 
conformation. For example, the root mean square (rms) 
deviation between the backbone of the minimized chro- 
mophore (extended) and the C-phycocyanin chromophore 
was 0.37 A using the Newton-Raphson algorithm. By 
contrast, force field calculations using steepest decent, 
conjugate graients (Fletcher & Reeves, 1964; Fletcher, 1980, 
for review), and quasi-Newton-Raphson (Fletcher, 1980, 
for reviews) algorithms, as well as MOPAC 6 (Stewart, 
1990) with AM1 parameterization (Dewar et al., 1985), all 
yielded structures which were considerably out of plane 
compared with that observed in the C-phycocyanin 
chromophore structure. 

(d) Production of the Initial Phytochrome Model: 
The Protein. We selected the P subunit of C-phycocyanin 
to model phytochrome. The P subunit was chosen over 
the a subunit because the P-84 chromophore contacts, 
unlike those for the a-84 chromophore, are confined to 
the monomer (Duerring et al., 1991). In addition, Arg-79 
is present in the P subunit but not in the a subunit in the 
Fremyella structure. Residues Arg-79 to Val-95 to the 
C-phycocyanin sequence were replaced by Arg-318 to Ile- 
334 of the Avena phytochrome sequence (Hershey et al., 
1985). (This sequence is identical to the Oryza and 
Cucurbita type I phytochrome sequences.) 

In native C-phycocyanin there is a tyrosine (Tyr-119) 
on the helix F side of the chromophore that is in hydrogen- 
bonding distance to Asp-87. This allows room for the Asp- 
87 in the C-phycocyanin to coordinate with the nitrogens 
of rings B and C of the chromophore. In the model 
structure, however, this tyrosine precludes interaction of 
the more bulky glutamine residue with the ring nitrogens. 
Further, since Asp-87 of C-phycocyanin is replaced by a 
Gln residue in the model, any hydrogen bonding at  position 
87 must be different in the model compared to C-phy- 
cocyanin. Rather than substantially reorient the tyrosine 
and possibly helix F, we developed our model using a 
phenylalanine in place of the tyrosine at  position 119. 

The replacement procedure used held backbone atoms 
constant. In addition, all torsion angles that the new 
residue had in common with the previous residue were 
maintained. After amino acid replacement, the semicyclic 
chromophore was superimposed on the C-phycocyanin 
tetrapyrrole using the ring B and ring C heavy atoms. 
After some minor readjustment of the linker group (both 
Cys-84 and the chromophore side chain) and modest 
adjustment of the model in the binding pocket, the 
chromophore was attached to the peptide backbone. All 
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calculations were performed with a 5.0-A sovlent shell 
around the protin monomer except a t  regions where 
contact with other subunits took place. Since calculations 
were performed on a single monomer, these subunit contact 
areas were constrained throughout the calculations. 

Myoglobin has a very similar fold around its heme group 
to that which C-phycocyanin has around its chromophore 
(Schirmer et al., 1985). The similar folding pattern 
between C-phycocyanin and myoglobin exists even though 
there is essentially no sequence homology. That is, the 
degree of homology between C-phycocyanin and myoglobin 
is not dramatically different than that between phyto- 
chrome and C-phycocyanin, even though considerable 
structural similarities have been demonstrated. Thus, we 
also examined myoglobin as a potential model for phy- 
tochrome. 

(e) Minimization. A conjugate gradient minimization 
(Fletcher and Reeves, 1964) was used for all models. A 
standard approach was adopted for the minimization 
process (Greer, 1991). All heavy atoms were initially 
constrained to their original position. Constraints on side 
chain atom movement were released after a few iterations 
(once the rms derivative dropped below 10 kcal mol-'A-l). 
After initial chromophore minimization within the pocket, 
its coordinates were fixed and the surrounding residues 
were released for refinement. This approach was devel- 
oped after initial unrestrained minimization of the entire 
pocket had yielded chromophore conformations that were 
considerably more out of plane than expected. Once a 
rms derivative of approximately 0.2 kcal mol-' A-l was 
reached, all restraints were removed from the chromophore 
and surrounding residues. Force constants between 100 
and 500 kcal mol-' A-l were used to contrain atoms to 
their original positions. Convergence was set a t  0.1-0.15 
kcal mol-' A-l rms derivative for all minimizations of 
phytochrome models. After minimization of the model, 
residues present in other phytochrome sequences not 
identical to the Avena sequence were introduced into the 
model using the replacement procedure described above 
(for sequences and references, see Quail et al., 1991) to 
assess the validity of the model. 

3. RESULTS 

(a) Correlation. The correlations (Argos e t  al., 
1983) between the  fragment  of phytochrome 
(-RAPHSC*HLQYMENMNSIASLVMA-; C* is chro- 
mophore bound) and the a and p subunits of C-phyco- 
cyanin are shown in Figure 2. There is a distinct maximum 
in the correlation near the chromophore binding pocket 
of C-phycocyanin. This alignment of the phytochrome 
fragment with C-phycocyanin is shown in Scheme 1. In 
contrast, the correlation achieved in the rest of the 
sequence is maximally 50% of that achieved at the 
chromophore binding pocket (Figure 2). The maximum 
correlation of the phytochrome fragment occurs a t  C- 
phycocyanin residue 74 of the 0 subunit and at residue 73 
of the a subunit (corresponding to the peaks in Figure 2). 
Perfect alignment of the chromophore binding cysteines 
would occur a t  a sequence alignment a t  residue 79 (Scheme 
I). 

Although the correlation using phytochrome residues 
Arg-318 to Ala-340 (Figure 2; numbering according to the 
Avena type I sequence is used throughout) is reasonably 
clear, there is no distinct correlation in the region 
immediately surrounding this area. This was demon- 
strated using the window approach of Argos (Argos, 1987). 
In the P-subunit, the alignment extended from phycocy- 
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Figure 2. Correlation diagram using the method of Argos et al. 
(1983) is displayed. The phytochrome sequence fragment 
RAPHSCHLQYMENMNSIASLVMA was correlated with both 
a C-phycocyanin (--) and 6 C-phycocyanin (-) sequences using 
different window positions ( x  axis) of the smaller phytochrome 
fragment. The best alignment occurred when the phytochrome 
fragment was within five or six residues of the chromophore 
binding site of both C-phycocyanins (maxima in figure). 

anin residue 81 to residue 103, but not beyond. In the 
aligned region, the alignment was 3.1 standard deviations 
above the mean alignment score. This lack of extended 
alignment is evident a t  helix F of C-phycocyanin, where 
there is close interaction with the chromophore. If an 
extended alignment of the two sequences is made starting 
from the chromophore binding pocket, the corresponding 
region of phytochrome (a) contains a proline in the center, 
(b) is very poorly conserved, and (c) contains deletions or 
additions in several of the known phytochrome sequences. 
For these reasons, we elected to model only the helix E 
region near the chromophore (residues 79-95). 

(b) Oscillator Strength Ratios. The spectra of the 
Pr and Pfr forms of phytochrome are shown in Figure 3. 
The sum of Gaussian distributions which produced the 
best fit is also displayed. The visible and Soret bands of 
the Pr  spectra were fit using three Gaussian distributions 
[ l ,  A = 35.7, W = 61.5, S = 375.1; 2, A = 58.4, W = 86.6, 
S = 630.3; 3, A = 97.5, W = 37.5, S = 667.1, where A = 
amplitude in molar extinction, W = width (in nm), and 
S = shift (in nm)]. The visible and Soret bands of the Pfr 
spectra were also fit using three Gaussian distributions (1, 
A = 34.0, W = 92.6, S = 400.7; 2, A = 36.7, W = 36.7, W 
= 129.8, 4 s  = 680.0; 3, A = 60.4, W = 59.3, S = 723.9). 
Integration of the Gaussian curves and division of the 
integral or oscillator strength of the visible region by the 
integral of the near-UV region or Soret band (ratio = fvid 
fu,) yielded results similar to previous work which did not 
utilize curve-fitting methods (Song et al., 1979; Song and 
Chae, 1979). A value of 0.88 was obtained for Pfr and 1.36 
was obtained for Pr. These values lie between ratios 
calculated for extended and cyclic chromophores (Table 
1) and are consistent with a semicyclic conformation for 
the phytochrome tetrapyrrole. 

(c) Phytochrome Models. Replacement of C-phyco- 
cyanin (Arg-79 to Val-95) with phytochrome residues (Arg- 
318 to Ile-334; numbering according to the Avena type I 
sequence; Hershey et al.,  1985) produced no bad contacts 
in the protein. Figure 4 illustrates the minimized structure 
of the C-phycocyanin ( f l  subunit) based model with the 
residues that were changed to the phytochrome sequence 
shown as CPK structures. The modified region of the 
C-phycocyanin comprises 10% of the fl  subunit (Figure 
4). The modified region interacts with the majority of the 
rest of the structure, with the exception of the X and Y 
helices (bottom of Figure 4). These helices are involved 

wavelength (nm) 

wavelength (nm) 

Figure 3. Spectra of (A) Pr and (B) Pfr phytochrome are shown 
(+++). The sum of the Gaussian curves used to fit the 
phytochrome spectra is also included (-). Data points in the 
UV region not used for the curve fitting are circled. The Pfr 
spectrum was obtained by subtraction of a 12% contribution of 
the Pr form to the photoequilibrated Pfr spectrum (Lagariaa et 
al., 1987). 

Table 1. Oscillator Strength Ratios (Visible over Soret or 
Near-UV; fd./f,,) of Several Chromoproteins and Free 
ChromoDhores 

chromophore or protein 
iaophorcabilin 
C-phycocyanin 
Pr phytochrome 
Pfr phytochrome 
denatured C-phycocyanin 
21,24-methanobilindione 

~~~~ 

chromophore conformation 
extended 
extended 
semicyclic?c 
semic y clic?c 
cyclic or cyclohelical 
cyclic 

fdfllv 
6.4" 
4.1b 
1.36d 
0.8ad 
0.43b 
0.15c 

Determined by Glazer and Hixon (1971). b Determined by Scheer 
and Kufer (1977). Unknown conformation. Determined by inte- 
gration of Gauasian curves obtained from the spectra in Figure 3. 
e Determined by Falk and Thirring (1981). 

in interaction with other subunits in the C-phycocyanin 
complex and not in monomer chromophore interaction. 

Most amino acid replacements filled the same space 
and were involved in the same interactions as were the 
corresponding original amino acids in the initial C-phy- 
cocyanin template. Two exceptions to this were the 
replacement of Ala-83 with serine, and the replacement 
of Asp-87 with glutamine. In the case of Asp-87 substi- 
tution, the model glutamine was initially placed so that 
the carbonyl of the side chain hydrogen bonded with the 
chromophore in a similar fashion as did the aspartate in 
the original C-phycocyanin structure. This was done in 
order to satisfy hydrogen-bonding requirements of the 
chromophore. An alternative and unexplored approach 
may be the inclusion of a water molecule in the chro- 
mophore pocket. It was also possible to initially position 
the Ala-83 replacement (serine) in one of two positions. 
The first, with the hydroxyl group exposed to solvent, 
seemed to be the less stable, as the serine in this position 
minimized to a second position, hydrogen bonded to the 
E-helic backbone at Arg-79. 

The myoglobin-based modeling attempt, unlike the 
C-phycocyanin-based system, did not give satisfactory 
results. Initial replacement of the heme group with the 
minimized phytochrome chromophore was accomplished 
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MLDAFAK WSQADARGEYLSGSQIDALSALVADGNKRMDVVNRITGNSSTIVANAARS 

LFAEQPGLIAPGGNAY TSRRM AACLRDMEIILRY VTY AFAGDASVLDDRCLNGLKET 

RAPHS~HLQYMENMNSIASLVMA 

YLALGTPGSSVAVGVQKMKDAALAIAGDTNGITRGDCASLMAEVASY FDKAASAVA 

Figure 4. Phytochrome model developed from the p subunit of 
C-phycocyanin is shown with all atoms of residues Arg-79 to 
Ile-95 shown as 1.0 X van der Waals radii CPK models. The 
chromophore is also displayed as a 1.0 X van der Waals radii 
CPK model. 

using superposition of rings B and C of the heme and 
phytochrome chromophore. Readjustment of the chro- 
mophore to allow for covalent attachment to helix E 
required a dramatic movement of ring A (7 A), but little 
movement of rings C and D. This resulted in a large hole 
in the center of the protein (several angstroms wide) that 
could not readily be filled by neighboring protein side 
chain atoms. Thus, a modeling approach based on 
myoglobin was not pursued. 

The rms deviation (in the final stages of minimization) 
between unconstrained backbone atoms of the model and 
the initial C-phycocyanin structure was 1.45 A for the 
extended chromophore conformation and 1.53 A for the 
semicyclic chromophore. The primary difference in 
backbone position occurred in the loop between helix F' 
and helix G. A similar difference was also noted upon 
minimization of the monomeric @-subunit of C-phycocy- 
anin. The rms deviation between the minimized and 
unminimized C-phycocyanin was 1.31 A (using all back- 
bone atoms which were not constrained in the final stages 
of minimization). The structural difference after mini- 
mization is probably, a t  least in part, a result from 
minimization of the /3 monomer in the absence of the rest 
of the (a/3)6 complex. In addition, the F helix is not well- 
resolved in the crystal structure, and may therefore have 
some flexibility. Regardless of the cause, similar confor- 
mational changes in the peptide backbone seen after 
minimization of the model occur during minimization of 
the native C-phycocyanin structure. 

The chromophore region of the phytochrome model 
developed using a semicyclic conformation of the chro- 
mophore is shown in Figure 5. The interactions of Gln-87 
with the ring B and ring C nitrogen atoms and the 
interactions between Arg-79 and the ring B propionic acid 
side chain are evident in the figure. Rings B and C are 
both within hydrogen-bonding distance to the Gln-87 side 
chain. The van der Waals contact between Tyr-88 of the 
model with ring A and the moiety linking the protein to 
the chromophore can also be seen in Figure 5 (bottom left 

Figure 5. Stereo pair of part of the phytochrome model using 
the semicyclic chromophore. The Pfr chromophore configuration 
(E  at  C-15) is shown in this model. Residues Arg-79 to Tyr-88 
are displayed with the chromophore in the foreground. The heavy 
atoms of the chromophore tetrapyrrole, heavy atoms of the vinyl 
and propionic acid side chains of the chromophore, heavy atoms 
of the Gln-87 side chain, and the hydrogens on the ring B and 
ring C nitrogens are shown as CPK structures with surfaces a t  
0.5 X van der Waals radii. Arg-79, Ser-83, and Tyr-88 are 
represented with a dotted surface at  1.0 X van der Waals radii. 

Figure 6. Stereo pair photograph of the phytochrome model 
taken using the semicyclic Pr  (2 at  C-15) chromophore confor- 
mation. Ring D is in the bottom front while ring A is in the 
background. Helix F is to the left of the chromophore and helix 
E is to the right of the chromophore. The surface of residues 
immediately surrounding the chromophore are represented with 
a dotted surface at  1.0 X van der Waals radii. Heavy atoms of 
the tetrapyrrole and heavy atoms of the vinyl and propionic acid 
chromophore side chains are shown as CPK models a t  0.5 X van 
der Waals radii. 
of figure). The out of plane geometry of ring A with respect 
to the rest of the chromophore in the semicyclic confor- 
mation is apparent in the figure. 

Figure 6 illustrates the semicycle chromophore in the 
binding pocket of the phytochrome model. The residues 
immediately surrounding the chromophore are highlighted 
a t  the van der Waals surface. In this stereoscopic 
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Figure 7. Superimposed extended Pfr and extended Pr models. 
The Pr chromophore is shown in yellow and the Pfr chromophore 
in blue. The ribbon of the Pr model is displayed. 

projection, helix E is on the right-hand side of the 
chromophore and helix F is on the left. Interaction of 
Arg-79 with the propionic acid side chain of ring B can be 
seen at the top right of the figure. This model contains 
two hydrogen bonds between this propionic acid and Arg- 
79. Arg-79 does not approach the ring C propionic acid 
side chain as closely. The apparent anchoring of the 
chromophore by helix E is also evident in Figures 6 and 
7. Both Gln-87 (from below) and Arg-79 (from above) 
appear to hold the chromophore in place. The side chain 
of Ser-83, between Arg-79 and Gln-87 in Figure 6, forms 
a hydrogen bond to the backbone of helix E in the model. 
Helix F (left side of the figure) appears to provide a 
hydrophobic surface for the chromophore to rest against 
(Figure 6). 

The chromophore pocket modeled using an extended 
chromophore conformation yielded a similar result as 
described above for the semicyclic chromophore. In both 
the semicyclic and extended models, the tetrapyrrole 
backbone of the chromophore is largely buried in the 
protein. However, the outside edge of rings C and D and 
the ring D vinyl group are relatively exposed to solvent. 
The ring B and ring C propionic acid side chains are also 
quite exposed and hydrogen bonded to solvent molecules 
in the model structure. 

It is interesting that ring D, which is significantly rotated 
during photoisomerization (2 to E configurational change 
at  C-15), is the most exposed to solvent. In this respect, 
the model is similar to the native C-phycocyanin structure, 
where ring D is not well anchored in the protein monomer 
and is often not resolved well in the crystal structure 
(Schirmer et al., 1985, 1986). The ring D exposure does 
allow for rotation during photoisomerization, and there 
are no hydrogen-bonding interactions of this ring with the 
surrounding protein. 

Figure 7 shows the extended Pr and Pfr chromophores 
superimposed on each other. All atoms were used for the 
superimposition calculation. It is evident that the Pfr 
chromophore (blue) is shifted out for the chromophore 
pocket relative to the Pr chromophore (yellow). The Pr 
chromophore has the hydrophobic side of ring D relatively 
deeply buried in the hydrophobic interior of the protein 
compared to the Pfr chromophore (blue). Ring D of the 
Pfr chromophore, on the other hand, is positioned such 
that the hydrophobic side that the hydrophobic side is 
exposed to solvent, while the hydrophilic side faces the 
hydrophobic interior of the protein. This repositioning 
of the hydrophobic and hydrophilic sides of ring D likely 
results in the shift of the Pfr chromophore out of the 
chromophore pocket. 

Figure 8 illustrates the semicyclic Pr (yellow) and Pfr 
(blue) chromophores. As was the case in the extended 

Figure 8. Superimposed semicyclic Pfr and Pr models. The 
Pfr chromophore is illustrated in blue and the Pr chromophore 
in yellow. The Pr ribbon is shown. 
models, the semicyclic Pr chromophore is more deeply 
buried in the protein pocket than the Pfr chromophore 
(Figure 8). The Pfr chromophore (blue) is positioned 
toward the top and further away from helix E compared 
to the semicyclic Pr chromophore (a viewed in Figure 8). 
On the other hand, the extended Pfr chromophore (Figure 
7, blue chromophore) is shifted to the left compared to the 
extended Pr chromophore (Figure 7, the same viewpoint 
is used as in Figure 8). 

4. DISCUSSION 
When Parker et al. (1950) first noted the spectral 

similarity between C-phycocyanin and phytochrome, they 
pointed out the possibility that phytochrome may also be 
an open chain tetrapyrrole, similar to C-phycocyanin. 
Given this and the similarities between the two proteins 
discussed by a number of authors, it is not surprising that 
the correlation of the phytochrome chromophore pocket 
with the C-phycocyanin sequence would yield some 
similarity near the chromophore pocket of C-phycocyanin. 
The correlation is shifted five or six residues to the 
N-terminus of the phycocyanin sequence (Scheme 1). This 
is the width of the smoothing window used and may have 
little significance. On the other hand, minimization of 
the phytochrome model has indicated that helix E of 
phytochrome may be several residues shorter than helix 
E of C-phycocyanin, thus accounting for the difference. 
This putative shortening of helix E may be caused by 
hydrogen bonding of Ser-83 to the peptide backbone, as 
indicated by force field calculations. 

The oscillator strength ratio of the visible over the Soret 
bands (fvislfuv) is considered to be a clear indicator of the 
conformation of a tetrapyrrole (Song et al., 1979; Scheer, 
1981), for review). Linear tetrapyrroles have a relatively 
largef~$fuv, as the spectra resemble that of a linear polyene. 
Cyclic tetrapyrroles, on the other hand, possess a much 
smaller fvie/fuv, as illustrated in Table 1. The Gaussian 
fitting of the phytochrome spectra (Figure 3) followed by 
determination of the fvi$fuv for both forms of phytochrome 
(Table 1) demonstrates that the fvia/fuv, and presumably 
the chromophore conformation of phytochrome, lie be- 
tween the extended and cyclic forms. MO calculations 
have been performed on a number of chromophore 
conformations in the past (Chae, 1977). These calculations 
on almost 30 chromophores yielded an average fis/fUv of 
17.3 for extended chromophores, 1.29 for semicyclic 
chromophores, and 0.21 for cyclic ones. These numbers 
are qualitatively consistent with phytochrome containing 
a semicyclic chromophore; experimental evidence has not 
yet been obtained. Also, the modeling results do not 
provide any clear indication as to whether the extended 
or semicyclic chromophore is more suitable. 
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Helix E in the chromophore pocket of C-phycocyanin 
is involved in anchoring the chromophore, similar to the 
model. In addition, helix F or C-phycocyanin, like the 
model, is acting much like a hydrophobic surface for the 
chromophore to rest against. HelixF is structurally critical 
for chromophore-protein interactions. There is, however, 
virtually no sequence conservation between the a and P 
subunits of C-phycocyanin in the helix F region. It appears 
that this structure (a hydrophobic surface) may be formed 
by a variety of sequences in C-phycocyanin and is therefore 
not conserved. If a predominantly structural rather than 
functional role of helix F is present in phytochrome, the 
possible implications are quite interesting. First, the exact 
sequence of helix F may not be critical to the chromophore 
conformation or the function of the chromophore and thus 
may not be highly conserved. A predominantly structural 
role of helix F would indicate that helix E has an important 
functional role during phototransformation. This must 
be the case if the model is valid, since the chromophore 
undergoes a 31' (or 149') movement during phototrans- 
formation (Sundqvist and Bjorn, 1983; Ekelund et al . ,  
1985). This chromophore movement would require con- 
siderable involvement of helix E in the model, since this 
helix is anchoring the chromophore (Figures 6 and 7). 

With this in mind, it is interesting to note that the 
semicyclic Pfr chromophore is shifted away from helix E 
compared to the Pr  chromophore (Figure 8). This is not 
the case for the extended chromophore-containing model 
(Figure 7). Both Pfr chromophores (semicyclic and 
extended) are considerably shifted out of the chromophore 
pocket compared to the Pr  chromophores (figures not 
shown). This results in a more solvent exposed Pfr 
chromophore. It is not likely that models using the same 
chromophore pocket can be viable for both the Pr and Pfr 
chromophores since the chromophore undergoes a sub- 
stantial movement upon photoconversion (31' or 149'; 
Sundqvist and Bjorn, 1983; Ekelund et al.,  1985). The 
chromophore is inserted in vivo in the Pr form. In addition, 
the Pr spectrum, not the Pfr spectrum, is similar to the 
C-phycocyanin spectrum. Thus, the present model based 
on the Pr  chromophore is more likely viable than the Pfr 
model. However, the initial photoisomerization from Pr 
to Pfr does not entail the Z to E isomerization at C-15. 
This is presumably followed by reorientation and exposure 
of the chromophore (movement from the Pr  pocket; Hahn 
et  al., 1984). The present model suggests a mechanism 
for this. The removal/exposure of the hydrophobic side 
of ring D toward the exterior and insertion of the 
hydrophilic side of ring D into the hydrophobic core of the 
protein may force the chromophore to move out of the 
pocket. This is consistent with the shifting of both 
extended (Figure 7) and semicyclic (Figure 8) model Pfr 
chromophores out of the chromophore pocket compared 
to the model Pr  chromophores. Our model also suggests 
an explanation for the red shift of the first intermediate 
upon conversion of Pr to Pfr. This spectral shift from 666 
to 700 nm involves 34 nm (Eifeld and Rfidiger, 1985). The 
model accounts for this initial shift, since exposure of the 
conjugated ring system (around ring D in the model) will 
cause a red shift of any absorbance band. The apparent 
compatibility of our model with both (a) a photoisomer- 
ization mechanism and (b) spectral qualities of the first 
Pr to Pfr intermediate adds credibility to the model as a 
basis for future experimental design. 

We take the fact that the initial replacement of 
C-phycocyanin residues with phytochrome residues pro- 
duced no bad contacts (even without torsion angle 
adjustment; data not shown) as a good indication that the 
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model is a viable one. This is especially true given the 
large volume of protein modified and the extensive 
interaction of that region with the rest of the protein 
(Figure 4). A further indication that the model is viable 
is the observation that other phytochromes, including type 
I1 phytochrome, contain differences in their sequences 
which still accommodate the backbone conformation and 
side chain positions of the model. All amino acid differ- 
ences which have been published (see Quail et al., 1991 
for sequences and references) were inserted into the 
minimized phytochrome model. No bad contacts were 
found (data not shown). This is to be expected for a valid 
model, since the conformations of different phytochromes 
should be highly conserved near the chromophore given 
the fairly high degree of primary sequence conservation 
in the molecule near that region. 

The sequence of Solanum (potato) type I phytochrome 
was reported recently by Heyer and Gatz (1992) and serves 
to strengthen the viability of the models developed here. 
This sequence has a tyrosine residue at position 322 which 
is immediately N-terminal to the chromophore attachment 
site. All other type I phytochromes have a serine at this 
position. Starting with the model developed from the 
C-phycocyanin structure and the Avena sequence (Figures 
4 and 6-8), we replaced the relevant serine (Ser-83) with 
a tyrosine. The resultant structure, after minimization, 
showed virtually no change in backbone conformation or 
chromophore position from the Avena model (rms devi- 
ation of all unconstrained residues = 0.012 A). In the 
potato model, the tyrosine residue is parallel to the 
chromophore at a van der Waals contact distance. In 
addition, there is a possible hydrogen bond between the 
tyrosine hydroxyl and the ring C propionate. 

There are a number of difficulties that must be hurdled 
before phytochrome can be crystallized. Not only is 
purification of native phytochrome difficult, but solubility 
is often poor, partially unfolded molecules as well as 
copurifying contaminants are generally present in prep- 
arations, multiple phytochrome genes are expressed in 
vivo, and purification of transgenic phytochrome has not 
been achieved. Although a crystal structure may seem 
out of reach at this time, transgenic studies on the 
phytochrome protein are proceeding at  a rapid pace 
(Deforce et al.,  1991; Wahleithner et al.,  1991; Cherry et 
al., 1992; Stockhaus et al., 1992). These developments 
necessitate a viable model on which to base intelligent 
decisions for mutant generation and analysis. We have 
used the known structure of C-phycocyanin to produce a 
resonable model of the phytochrome chromophore and 
surrounding pocket. This model has already been used 
to design mutagenesis experiments (Deforce et al., 1993). 
In particular, Arg-318, Ser-322, and Gln-326 (numbering 
according to the type I Avena sequence) interact closely 
with the chromophore of the model. Modification of one 
or more of these residues should produce considerable 
spectral and/or photochemical differences between the 
wild type and the modified protein in a t  least one form 
(Pr or Pfr). Other mutations, while perhaps less straight 
forward to interpret, may also serve to test the model. For 
example, the E helix, and therefore the chromophore 
pocket, should be disrupted by insertion of prolines 
between Ser-322 and Gln-332. The same effect is not 
expected in the region N-terminal to Ser-322. Modification 
of Tyr-327 to a smaller residue will generate a void in the 
center of the protein. This should destabilize the chro- 
mophore binding region without direct interaction with 
the chromophore. The use of multiple replacements at 
these positions would be an excellent test of the model. 
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The replacement of the entire region in phytochrome with 
C-phycocyanin residues would serve as the acid test. This 
would likely generate a stable Pr molecule, but without 
photoreversibility to another state. Specifically, Arg-86 
and Asp-87 bind the C-phycocyanin chromophore much 
more strongly than do their corresponding amino acids 
(Leu and Gln, respectively) in the phytochrome model. 

Experimental testing of the model, perhaps as described 
above, is necessary to verify its viability. The modeling 
we report is based on much less sequence homology than 
is necessary to yield a readily accepted model in the absence 
of supporting experimental evidence. Future experimental 
data may also result in improvement of the model by 
movement of side chains and/or by chromophore reori- 
entation. In addition, it is probable that “inverse folding” 
algorithms such as the one proposed by Jones et al. (1992) 
may also serve as a validity check of the model. Such a 
three-dimensional test may require the inclusion of 
multiple subunits in the analysis, since subunit contacts 
effect solvent accessibility in the phycocyanin structure. 
I t  is anticipated that the current work will catalyze further 
development of three-dimensional phytochrome models, 
using newly developed folding algorithms (Jones et al., 
1992, for example) and/or experimental results. 
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and Their 

We report the syntheses of two new fluorescein derivatives, 3‘,6’-dihydroxy-3-0~0-2- [ (phosphonothio)- 
acetyllspiro[isobenzofuran-1(3H),9’-9H-xanthene]-6-carboxylic acid hydrazide, disodium salt, a phos- 
phorothioate fluorescein, and 3’,6’-dihydroxy-3-oxo-2-(mercaptoacety1)spiro[isobenzofuran-1(3H),9’- 
9H-xanthene]-6-carboxylic acid hydrazide, a mercaptoacetyl fluorescein. The latter is derived from the 
first compound by hydrolysis of the phosphate. Direct nonenzymatic labeling of the maleimide-derivatized 
IgG molecule by the novel mercaptoacetyl fluorescein is discussed. We also present a new method of 
bioconjugating phosphorothioate-functionalized fluorophores to a maleimide-derivatized protein, based 
on the alkaline phosphatase-catalyzed hydrolysis of the S-P bond of the phosphorothioate and the 
concomitant liberation of the fluorophore thiolate. This last species reacts in  situ with the maleimide 
on the protein. A high degree of conjugation control is achieved in that modulation of the stoichiometry 
of the label and enzyme results in incorporation from seven to eight fluorophores per protein, depending 
on the ratio of the phosphorothioate fluorescein to alkaline phosphatase. The quantum yield of the 
mercaptoacetyl fluorescein relative to 6-carboxyfluorescein is 0.22 and A,,, = 494 nm and b,,, = 517 nm. 

INTRODUCTION 

The reaction of thiolate anion with a suitable electrophile 
is one of the most important methods of bioconjugation 
chemistry ( I ) .  In general, excellent results are obtained 
by functionalizing the first entity with an electrophilic 
reagent (Le., maleimide or haloacetyl) and a subsequent 
reaction with a thiolate functionalityon the second entity. 
The three reagents considered below are introduced 
through a nucleophilic attack by the amine of the protein 
or hapten on the carbonyl of the active ester of the 
thiolating reagent. The generation of thiolates on proteins 
is frequently achieved through a reduction of the intrinsic 
disulfide bonds (2).  However, cleaving the cystine bonds 
has the drawback of affecting the tertiary and quaternary 
structure of some proteins. Lately, the use of 2-imino- 
thiolane (3) has seen increased use, mainly because of the 
efficiency and high yield of the thiolations. While 2-imino- 
thiolane generates thiol functionality directly as a con- 
sequence of the ring opening of the Q-mercaptobutyr- 
imidate, SPDP’ (3) and SATA (4)  introduce thiols in a 
protected form as 2-pyridyl disulfide and thioacetyl 
moieties, respectively. Consequently, it is necessary to 
deprotect the thiols prior to the reaction with the thiol- 
reactive group. In the case of SPDP, this is accomplished 
by reductive cleavage of the 2-pyridyl disulfide group using 
DTT as a reducing agent. After reduction, DTT and 
pyridine-2-thione have to be removed from the reaction 
medium by chromatography or dialysis. Deprotection of 
the thiol of the SATA reagent calls for even harsher 
conditions of 0.2 N NaOH, aqueous NH3 (51, or hydroxyl- 
amine ( 4 )  which may be incompatible with base-sensitive 
haptens or proteins. While the coupling reagents men- 

@ Abstract published in Advance ACS Abstracts, December 
15, 1993. 

1 Abbreviations (in order of appearance in the text): SPDP, 
N-succinimidyl3- (2-pyridy1dithio)propionate; SATA, N-succin- 
imidyl S-acetylthioacetate; DTT, dithiothreitol; DMF, dimethyl- 
formamide; hCG, human chorionic gonadotropin; TNBS, 2,4,6- 
trinitrobenzenesulfonic acid; SEC, size exclusion chromatogra- 
phy; 6-CF, 6-carboxyfluorescein. 
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tioned above are most frequently used in the modification 
of proteins, they also may be applied for the modification 
of small molecules, i.e., haptens, fluorophores, chro- 
mophores, chemiluminophores, and drugs for the purpose 
of conjugating these entities to proteins. 

We have recently reported an efficient, high-yielding 
method of converting halides to mercaptans (6). The 
method consists of reacting an aliphatic or activated 
aromatic halide with 1 or 2 equiv of the sodium thio- 
phosphate tribasic dodecahydrate (Sigma) in methanol 
or aqueous DMF. The intermediate alkyl or aryl phos- 
phorothioate is hydrolized in situ over a broad pH range, 
4-7, yielding thiolate ion and phosphate. The latter is an 
innocuous byproduct which in most bioconjugations need 
not be removed, since it does not interfere in the reaction 
process or in the next step of conjugation. 

In this paper we describe the adaptation of this method 
to the synthesis of a novel thiolated fluorescein derivative 
and the use of this fluorophore in labeling of an immu- 
noglobulin, goat anti-hCG IgG. We also describe a new 
method of self-catalyzed conjugation of a novel fluorescein 
phosphorothioate to alkaline phosphatase, consisting of 
exposing in a buffered aqueous solution the fluorescein 
phosphorothioate to the action of bovine intestinal alkaline 
phosphatase suitably modified with maleimides. The 
principle is shown in Scheme 1. 

Alkaline phosphatase is first chemically modified by 
introduction of maleimide groups. This modification has 
minimal effect on the enzymatic activity. Alkaline phos- 
phatase catalyzes the hydrolytic cleavage of the sulfur- 
phosphorus bond of the phosphorothioate (7). The 
deprotected nucleophilic thiolate of the label molecule (in 
this work, a fluorescein derivative) reacts with the ma- 
leimides on the enzyme completing the conjugation. 

While most fluorescein labels are functionalized with 
electrophilic groups which may react with nucleophiles 
on the protein, very few fluorescein derivatives function- 
alized with nucleophilic groups have been reported. The 
most important examples are 4’-(aminomethyl)fluorescein 
(8) and 5- and 6-(aminomethyl)fluorescein (9). In this 
work we extend the repertoir of the nucleophilic fluorescein 
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Scheme 1 

Fluorescein Maleimide functionalized 
phosphorothioate alkaline phosphatase 

derivatives by disclosing thiolated and phosphate-pro- 
tected thiolated fluoresceins and describe methods of 
conjugating these new fluorophores to biologically im- 
portant molecules. The alternative methods relying on 
the reaction of iminothiolane nucleophile and iodoacetyl 
fluoresceins have the disadvantage of the required pre- 
functionalization of the protein with a thiolate which under 
many experimental conditions undergoes oxidative dimer- 
ization to disulfides and possibly undesirable crosslinking 
of the protein to be labeled with the fluorophore. The 
new nucleophilic fluorophores described in this paper avoid 
the above complications. A very useful feature of this 
chemistry is that it allows the quantitation of the male- 
imide functionalities introduced into a protein at  an 
intermediate stage of a bioconjugation. Since the fluo- 
rescein derivatives are highly chromogenic, the measure- 
ment of absorbance of the maleimide linker-functionalized 
protein after the reaction with the mercaptoacetyl fluo- 
rescein allows the quantitation of the introduced male- 
imides. 

EXPERIMENTAL PROCEDURES 
Materials. Except as noted, reagents were obtained 

commercially and used without further purification. All 
solvents were HPLC grade. Anhydrous DMF, Sephadex 
G-25 gel filtration packing, hydrazine hydrate, and silica 
gel 60 Merck 70-230 mesh were purchased from Aldrich 
Chemical Co. 6-Carboxyfluorescein N-hydroxysuccin- 
imide ester was obtained from Research Organics, Inc. 
Bromoacetic acid N-hydroxysuccinimide ester, sodium 
thiophosphate dodecahydrate, 2,4,6-trinitrobenzenesulfon- 
ic acid (TNBS), 5,5’-dithiobis(2-nitrobenzoic acid) (Ell- 
man’s reagent), p-nitrophenyl phosphate, and all buffer 
components were from Sigma Chemical Co. The extended 
heterobifunctional maleimide active ester, succinimidyl 
4- [ (N-maleimidomethyl) tricaproamido]cyclohexane- 1- 
carboxylate (30 atom linker), was prepared as previously 
described (IO). Bovine intestinal alkaline phosphatase, 
purchased from Boehringer Mannheim Co. as a 10 mg/ 
mL solution in triethanolamine, NaC1, MgC12, and ZnC12, 
was dialyzed against 0.1 M phosphate buffer pH 7.0 
containing 0.1 M NaC1,O.l M MgC12, and 0.1 M ZnClz and 
used as a 1 mg/mL solution. Anti-hCG IgG was from 
Abbott Laboratories. Determination of protein concen- 
trations was accomplished with Bio-Rad Protein Assay 
Kit, from Bio-Rad Laboratories. ’ 

General Procedures. Electronic spectra were recorded 
on a Hewlett-Packard 8452A diode array spectrophotom- 
eter. Nuclear magnetic resonance spectra were obtained 
on a Varian Gemini-300 instrument. Fluorescence spectra 
were recorded on a Hitachi F-3010 fluorescence spectro- 
photometer. HPLC analyses were performed on a Spectra- 
Physics instrument equipped with an SP8490 dual- 
wavelength detector. Elemental analyses were by Oneida 
Research Services Inc., Whitesboro, NY. 
3’,6’-Dihydroxy-3-oxospiro[isobenzofuran-1(3R),9’- 

9H-xant henel-6-carboxylic Acid Hydrazide (2). To a 
stirred solution of 6-carboxyfluorescein N-hydroxysuc- 
cinimide ester (1) (2.500 g, 5.29 mmol) in methanol (25 
mL) was added slowly dropwise a solution of hydrazine 

J 
Fluorescein-labeled 
alkaline phosphatase 

hydrate (0.270 g, 5.29 mmol) in methanol (5 mL). The 
solution was stirred for 1 h a t  room temperature and stored 
overnight a t  2 “C. The precipitated product was filtered 
and dried a t  reduced pressure: yield 1.50 g, 73 % ; lH NMR 
(300 MHz, DMSO-&) 6 4.59 (br, 2H), 6.57 (dd, 4 H, J = 
12 Hz), 6.70 (s,2H), 7.64 (5, 1 H), 8.06 (d, 1 H, J = 8 Hz), 
8.13 (d, 1 H, J = 8 Hz), 10.02 (br, 2 H); MS (FAB) m/z 391 
(M + H)+. 
3’,6’-Dihydroxy-3-oxospiro[isobenzofuran-l(3R),Y- 

9H-xant henel-6-carboxylic Acid (Bromoacetyl) hy- 
drazide (3). To a solution of bromoacetic acid N-hy- 
droxysuccinimide ester (0.582 g, 2.46 mmol) in dry DMF 
(20 mL) was added dropwise over 2.5 h a solution of 
hydrazide fluorescein 2 (1.000 g, 2.46 mmol) in DMF (50 
mL). The reaction mixture was stirred for a further 4 h 
and evaporated on the rotary evaporator. The product 
was chromatographed on silica gel using a 5-20 % gradient 
of methanol in methylene chloride as the eluant to yield 
0.500 g (40%) of 3. Silica TLC showed a single spot, Rf 
0.37 CH2C12/CH30H (4/1): ‘H NMR (300 MHz, DMSO- 
&) 6 3.95 (s, 2H), 6.59 (dd, 4 H, J = 8 Hz), 6.70 (s, 2 H), 
7.72 (s, 1 H), 8.12 (d, 1 H, J = 8 Hz), 8.18 (d, 1 H, J = 8 
Hz), 10.16 (s, 2 H); MS (FAB) m/z 513 (M + H)+. 
3’,6’-Dihydroxy-3-oxospiro[isobenzofuran-1(3R),Y- 

9H-xant henel-6-carboxylic Acid 2-( Mercaptoacety1)- 
hydrazide (5). To a solution of 3 (0.250 g, 0.490 mmol) 
in DMF (0.75 mL) was added a solution of sodium 
thiophosphate (0.182 g, 0.490 mmol) in water (3 mL). The 
mixture was stirred for 20 h after which the solvents were 
removed under reduced pressure. The residue was dis- 
solved in water (2 mL), diluted to 150 mL with ethanol, 
and cooled in the refrigerator. The precipitated solid was 
removed by filtration, and the filtrate was concentrated 
to 5 mL. Product was precipitated out by addition of 200 
mL of diethyl ether to yield 0.220 g (89%) of 5. TLC 
analysis revealed a single, fluorescent spot, Rf 0.40, CH1- 

2 H , J  = 9 Hz), 7.75 (s, lH), 8.08 (s, 2H); MS (FAB) m/z 
463 (M - H)+. Anal. Calcd for C23H16N207S-2H20: C, 
55.20; H, 4.02; N, 5.60. Found: C, 55.39; H, 4.02; N, 5.84. 

3’,6’-Di hydroxy-3-oxospiro[ isobenzof uran- 1 (3R),9’- 
9H-xant henel-6-carboxylic Acid 2-[ (Phosphonothio)- 
acetyllhydrazide, Disodium Salt (4). This compound 
was prepared like 5 except the mixture of 3 (0.100 g, 0.195 
mmol) and sodium thiophosphate dodecahydrate (0.0772 
g, 0.195 mmol) was stirred in aqueous DMF for only 20 
min. The solvents were removed under reduced pressure, 
and the residual solid was dissolved in 4 mL of MeOH, 
diluted to 200 mL with acetone, and cooled in an ice bath. 
The product was filtered out and dried under vacuum to 
yield 68 mg (0.063 mmol, 33%) of 4. Repeated recrys- 
tallization from a minimal volume of MeOH yielded sample 
used for elemental microanalysis. Silica TLC done in 
solvents of increasing polarity revealed a fluorescent spot 
a t  the origin, without any higher Rfcomponents: lH NMR 

4H, J = 12 Hz), 7.03 (d, 2H, J = 9 Hz), 7.75 (s, lH), 8.06 
(s, 2H); 31P NMR (CD30D) 6 18.12 (s), H3P04 as external 
standard; MS (FAB) m/z 465 (M - PO3)+; IR (KBr) 3240, 

CldCH30H (4/1), 1 % CH3COOH V/V: ‘H NMR (300MHZ, 
CD30D) 6 3.61 (s, 2H), 6.62 (d, 4H, J = 12 Hz), 6.92 (d, 

(300 MHz, CD30D) 6 3.44 (d, 2H, J = 15.4 Hz), 6.54 (d, 
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1570, 1460, 1385, 1120, 1090, 962 cm-l. Anal. Calcd for 
C23H15N20&3PNa2.4HpO.4NaBr: C, 25.85; H, 2.17; N, 
2.62. Found: C, 25.74; H, 2.20; N, 2.95. 

Labeling of Anti-hCG IgG with Mercaptoacetyl 
Fluorescein 5 .  (a)  Functionalization of  Anti-hCG IgG 
with 30-Atom Linker Maleimide. Anti-hCG IgG (1.3 mL 
of 6.6 mg/mL stock solution) was diluted to 2.0 mL with 
0.1 M phosphate buffer, pH 7.0. This solution was 
concentrated to 200 pL using an Amicon Centricon 
concentrator equipped witha 30 000 MW cutoff membrane 
and diluted with 2.0 mL of the buffer, and the procedure 
was repeated three more times to purify the protein. 
Protein concentration was 7.05 mg/mL as determined by 
the Warburg-Christian method (11). To that buffered 
pH 7.0 solution of IgG (1.13 mL) was added 0.720 mg (20 
equiv/protein) of the 30-atom maleimide linker in DMF 
(150 pL). The solution was incubated for 1 h at  room 
temperature while rotating at 100 rpm, after which the 
conjugate was chromatographed on a G-25 column using 
0.1 M phosphate buffer, pH 7.0. The fractions containing 
the protein were collected and pooled. 

( b )  Conjugation of  Mercaptoacetyl Fluorescein 5. To 
0.90 mL of pH 7.0 buffered 2.23 mg/mL solutions of the 
30-atom linker derivatized IgG were added 20,40, or 100 
pL of 2.0 mg/mL (5, 10, or 25 equiv/IgG) solutions of 5. 
The solutions were incubated overnight a t  5 "C while 
rotating at 100 rpm. The conjugates were chromato- 
graphed on a G-25 column using pH 7.0 phosphate buffer 
as eluant. Collected 25-drop fractions were examined at 
Apso and A490 for the presence of protein and fluorescein 
derivative, respectively. The appropriate fractions were 
pooled and examined by HPLC using a Bio-Rad Bio-Si1 
SEC-125 column. 

( c )  Determination of  the Number of  Fluorophore 
LabelslIgG by UVlvis Spectroscopy. IgG concentrations 
in the pooled fractions above were determined by Bio- 
Rad Protein Assay, based on the Bradford dye-binding 
procedure (12). From the standard curve of protein 
concentration vs absorbance, the value of IgG concen- 
tration of the pooled fractions was 0.43 mg/mL (2.9 X lo4 
M) for the 25 equiv of 5/IgG prep. From the plot of 
fluorophore concentration vs absorbance at X = 490 nm 
and the measurement of absorbance at  that wavelength 
of the pooled labeled protein fractions, the number of 
fluorophores/IgG was determined. 

(d )  Determination of the Number of Fluorophore 
LabelslIgG by Fluorescence Spectroscopy. Fluorescence 
measurements were made at  submicromolar concentra- 
tions of the fluorophore in order to avoid inner filter effect 
(1 3) .  The spectra were acquired at A,,, = 490 nm and A,, 
= 517 nm. From the standard plot of the fluorescence vs 
concentration of mercaptoacetyl fluorescein 5 and the 
measurements of the fluorescence of the pooled antibody 
fractions, the number of fluorophores/IgG was measured. 

Labeling of Calf-Intestinal Alkaline Phosphatase 
with Phosphorothioate Fluorescein 4. (a) Function- 
alization of Calf-Intestinal Alkaline Phosphatase with 
30-Atom Maleimide Linker. Calf-intestinal alkaline 
phosphatase (1.5 mL of 10 mg/mL solution) was diluted 
to 2.0 mL with pH 7.0 phosphate buffer containing 0.1 M 
NaC1, MgCl2, and ZnClp and concentrated down to 200 pL 
using an Amicon Centricon concentrator equipped with 
a 30 000 MW cutoff membrane, and rediluted to 2.0 mL 
with phosphate buffer, and the procedure was repeated 
two more times to purify the protein. Protein concen- 
tration was 9.00 mg/mL by the Warburg-Christian method 
(11). To 1.33 mL of the buffered solution of that protein, 
2.70 mg (50 equiv/enzyme) of the 30-atom maleimide linker 
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in 300 pL of DMF was added, and the solution was 
incubated for 1 h at  room temperature while rotating at 
100 rpm. The conjugate was then chromatographed on a 
G-25 column, and fractions containing protein were 
collected and pooled. Quantitation of TNBS reactive 
amines revealed that only seven amines were titratable in 
the linker-functionalized enzyme while 20 could be titrated 
in the native enzyme. 

( b )  Conjugation of  Phosphorothioate Fluorescein 4. To 
three aliquots of 30-atom maleimide linker functionalized 
alkaline phosphatase (1.40 mL of 2.5 mg/mL solutions) 
was added 0.686,1.37, or 2.06 mg of 4 in 900 pL of pH 7.0 
phosphate buffer (27, 55, or 82 equiv/protein). The 
solutions were incubated at  5 "C while rotating at  100 
rpm. After 48 h the material was fractionated on a G-25 
column. The fractions which showed absorbance at  both 
280 and 490 nm were collected, pooled, and examined on 
a size exclusion Bio-Rad Bio-Si1 SEC 400 HPLC column. 

( c )  Determination of the Number of  Fluorophore 
LabelslAlkaline Phosphatase by UV/v i s  Spectroscopy. 
Protein concentrations of the pooled fractions above were 
determined as for the case of IgG. From the standard 
curve of protein concentration vs absorbance, the values 
of alkaline phosphatase concentrations of the pooled 
fractions were 7.73 X lo4, 8.20 X lo4, and 6.93 X lo4 M 
for preps run with 27, 55, and 82 equiv of 4lalkaline 
phosphatase, respectively. From a standard plot of 
fluorophore concentration vs absorbance at  A,, = 490 
nm and the determination of the absorbance of the pooled 
labeled protein fractions at that wavelength, the number 
of fluorophores/alkaline phosphatase was determined. 

( d )  Determination of  the Number of  Fluorophore 
LabelslAlkaline Phosphatase by Fluorescence Spectros- 
copy. This was done following the same technique as 
described above for IgG labeling. 

Measurement of the Relative Quantum Yield of 5. 
The quantum yield of this fluorophore relative to 6-car- 
boxyfluorescein (6-CF) was determined by the quotient 
of the integrated emission intensities over all wavelengths 
of mercaptoacetyl fluorescein 5 and 6-CF (14) 

QFS/QF&cF = 15/16-CF(oD6-CF/oD5) 
where 15 and I6-CF refer to the integrated emission 
intensities of the sample and standard, respectively. All 
solutions were 0.10 M phosphate buffer, pH 7.0. 

RESULTS 
The synthesis of the novel fluorophores 4 and 5 is 

depicted in Scheme 2. Hydrazinolysis of 6-carboxyfluo- 
rescein N-hydroxysuccinimide ester 1 in methanol yielded 
hydrazide fluorescein 2, which was subsequently reacted 
with bromoacetic acid N-hydroxysuccinimide ester in dry 
DMF. The resulting (bromoacety1)hydrazide fluorescein 
3 was reacted with 1 equiv of sodium thiophosphate in 
aqueous DMF yielding phosphorothioate fluorescein 4. 
The cleavage of the phosphate was done by aqueous dilute 
acid at  pH 4-5 (6,15,16), by prolonged stirring in a neutral 
aqueous solution, or enzymatically by alkaline phos- 
phatase-catalyzed hydrolysis a t  pH 7.0. The resulting 
mercaptoacetyl fluorescein 5 was completely free of the 
difluorescein disulfide as demonstrated by the following 
experiments. When a 1:l aqueous methanolic solution of 
an aliquot of 5 was incubated with a 20-fold excess of 
N-ethylmaleimide for 1 h at  room temperature, TLC of 
the reaction solution revealed complete disappearance of 
the original single spot a t  Rf 0.40, CHpClp/CH30H (4/1), 
1% CH3COOH v/v, and concomitant appearance of a new 
fluorescent spot a t  Rf 0.72. In a second experiment, 
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Mercaptoacetyl fluorescein labeled 
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aqueous solution of 5 was oxygenated by bubbling air into 
the solution through a micropipette. After 24 h the starting 
material was almost completely oxidized; the new spot, Rf 
0.00 showed greatly diminished fluorescence. 

The compounds 4 and 5 were stored lyophilized at  room 
temperature for periods of several months without any 
decomposition, We have first exploited the nucleophilicity 
of the novel mercaptoacetyl fluorescein derivative 5 for 
labeling of a model IgG molecule, anti-hCG, prefunction- 
alized with extended length heterobifunctional maleimide 
active esters (30-atom linkers). In an earlier work we 
demonstrated that this extended length coupling agent, 
succinimidyl4- [ (N-maleimidomethyl) tricaproamido] cyclo- 
hexane-1-carboxylate, offers several advantages as a 

coupling agent over the shorter, more hydrophobic het- 
erobifunctional reagents used in the past (IO). Scheme 3 
shows the construction of the conjugate. 

IgG was first derivatized with a 20-fold molar excess of 
the 30-atom heterobifunctional maleimide succinimide 
active ester. The maleimide ring is known to be unstable 
a t  neutral or higher pH (I 7). Consequently, the maleimide- 
functionalized protein was never stored in buffered 
solution for longer than 24 h. Instead, it was chromato- 
graphed on a size-exclusion column in order to remove the 
unreacted heterobifunctional reagent and was used im- 
mediately in the thiolation step. In preliminary experi- 
ments (data not shown), we determined that a 25-fold 
molar excess of 5 over IgG resulted in optimal labeling. 
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Figure 1. Dependence of the absorption spectra of 1.0 X 10J 
M mercaptoacetyl fluorescein 5 upon the pH. The sigmoidal fit 
of the absorbances vs pH yielded a pK, value of 6.4 for the 
formation of the dianion of 5. 

This stoichiometry allowed a controlled labeling of protein 
by the fluorophores a t  the optimal 2:l ratio of the label 
per IgG, thus avoiding ambiguities associated with fluo- 
rophore self-quenching and impairment of the antibody- 
binding capacity observed with overmodification. Size- 
exclusion HPLC chromatogram of unlabeled and fluoro- 
phore-labeled anti-hCG IgG revealed two peaks, a t  7.74 
and 6.76 min, respectively. Integration of the peak areas 
at AZW showed 71% fluoresceinated IgG and 29% un- 
modified IgG. 

In a 0.1 M phosphate buffer a t  pH 7.0 and at  X 490 nm, 
5 has an apparent extinction coefficient e490 = 23 064 M-l 
cm-l. The dependence of the absorbance spectra of 1 X 

These spectral changes reflect the equilibria between 
the dianion and monoanion of the fluorescein derivative 
5 and are consistent with the data reported in the literature 
for other fluorescein derivatives (18,19). From the above 
data we determined the pK, for the formation of the most 
intensely chromophoric dianionic species of 5 to be 6.4, as 
compared to 6.5 of the carboxyfluorescein (19). 

This reagent is a strong fluorophore, with A,,, = 494 nm 
and A,, = 517 nm. The quantum yield of fluorescence of 
5 relative to 6-CF measured as described in the Experi- 
mental Procedures is QB/Q~-cF = 0.22. In order to study 
the effect of the mercaptan substituent of 5 on its 
fluorescence and extinction coefficient, 5 X 10-5 M pH 7.0 
solution of 5 was incubated with 5 X 10-3 M N-ethyl- 
maleimide. The solution was examined by periodic 
absorbance and fluorescence scans over a period of 24 h. 
There was no change in fluorescence or absorbance profiles 
of 5. Figure 2 depicts the plot of absorbances at and 
A490 of G-25 eluted fractions. Since the molar absorptivity 
of this fluorophore at  490 nm is four times larger than at 
280 nm, only 6% of the absorbance at  280 nm should be 
due to the conjugated fluorophore, the remaining 94% 
being attributable to the IgG in the fraction. The 
unconjugated fluorophore elutes a t  fraction number above 
20 (data not shown). 

Since our interest centers around the use of these novel 
mercaptofluoresceins as protein labels, we required a 
controlled conjugation of these fluorophores to the protein. 
In order to ascertain the fluorophore/IgG ratio, the 
quantitation based on absorbance measurements was 
compared with fluorescence determination. The mea- 
surements of the IgG concentrations using Bio-Rad Protein 
Assay were done by constructing a standard curve of A594 
us anti-hCG IgG which gave a linear fit (R2 = 0.996) over 
a 10-fold range of IgG concentrations and reading the 
unknown concentrations off the curve. On the basis of 

M 5 upon the pH is shown in Figure 1. 

Fraction Number 

Figure 2. Plots of absorbances at 280 and 490 nm of G-25- 
eluted fractions of 5/anti-hCG conjugates. IgG was prefunc- 
tionalized with 20 equiv of the 30-atom maleimide heterobi- 
functional linker and incubated at 5 OC with 4.0 X le7 M (25 
equiv) of 5. Fractions 10-12 were collected, pooled, and examined 
by HPLC. Integration for the peak areas at Am determined 
71 % fluoresceinated IgG and 29 % unmodified IgG. 

Table 1. Number of Fluorophore Labels Introduced into 
Two Different Proteins, Anti-hCG (Experiment 1) and 
Bovine Calf Intestinal Alkaline Phosphatase (Experiment 
2) as a Function of the Stoichiometry of 5 and 4 with 
Respect to Anti-hCG and Alkaline Phosphatase, 
Respectively, As Determined by Absorbance (A) and 
Fluorescence (F) Measurements 

experiment 1 experiment 2 

equiv of no. of 5/IgG equiv of no. of 4Jdk phos 
5/IaG used by A by F 4/alk Dhos used bv A bv F - 

5 0 1 21 7 4 
10 1 2 55 7 4 
25 2 3 82 8 5 

our determined value of the apparent extinction coefficient 
of 5 and the IgG concentrations, the number of fluoro- 
phores introduced per mole of IgG was calculated at  three 
different stoichiometries of 5/IgG. Similarly, a fluores- 
cence standard curve of 5 allowed the determination of 
the number of fluorophores per IgG. The results of the 
labeling of IgG by thiolated fluorophore are shown in Table 
1. Clearly, the level of the fluorescein incorporation into 
the protein increases as the number of equivalents of the 
fluorophore per mole of IgG is increases. When 5 equiv 
of 5 per IgG is used, only very low levels of fluoresceination 
is achieved. Increasing the ratio of 5/IgG to 10 or 25 results 
in introduction of one to three fluorescent labels per IgG. 

In the following text we show that the precursor of 5,  
3',6'-dihydroxy-3-oxo-2- [(phosphonothio)acetyll- 
spiro [isobenzofuran-l(3H),9'-9H-xanthenel-6-carboxyl- 
ic acid hydrazide, disodium salt, the phosphorothioate 
fluorescein 4, is also a very useful fluorophore marker of 
proteins. Scheme 1 summarizes the process of self- 
catalyzed labeling of a maleimide prefunctionalized al- 
kaline phosphatase by 4. We derivatized bovine alkaline 
phosphatase with extended length heterobifunctional 
maleimide active ester (30-atom linker) as described in 
the Experimental Procedures. The residual activity of 
the derivatized enzyme was 81% of the native alkaline 
phosphatase activity. When an aqueous solution of 4 is 
exposed at pH 7-9 to the action of the maleimide- 
derivatized alkaline phosphatase, the latter catalyzes very 
efficiently the hydrolysis of the sulfur-phosphorus bond 
of the phosphorothioate, generating mercaptoacetyl flu- 
orescein 5 described above. In preliminary experiments 
with several alkyl phosphorothioates we determined that 



36 Bloconjugate Chem., Vol. 5, No. 1, 1994 Bieniarz et al. 

1 8 1  

1 4 i  I \ l 

Fraction Number 
Figure 3. Plots of absorbances at 280 and 490 nm of G-25 eluted 
fractions of the fluorophore-labeled alkaline phosphatase. Al- 
kaline phosphatase was prefunctionalized with 50 equiv of the 
30-atom maleimide heterobifunctional linker and incubated at 
5 OC for 48 h with 1.9 X 10-6 mol (82 equiv) of 4 according to the 
method depicted in Scheme 1. Since the molar absorptivity of 
this fluorophore at 490 nm is four times larger than at 280 nm, 
17% of the absorbance at 280 nm should be due to the conjugated 
fluorophore, the remaining 83 % being attributable to the alkaline 
phosphatase in the fraction. The unconjugated fluorophore elutes 
at fraction number above 20. Fractions 8-11 were collected, 
pooled, and analyzed by HPLC. 

at pH 7.0 the half-life of the alkaline phosphatase-catalyzed 
release of thiolate is approximately 15 min while the 
controls in absence of enzyme revealed virtually no free 
thiols even after 1-2-h incubation. The resulting mer- 
captoacetyl fluorescein nucleophile reacts with the ma- 
leimide electrophile on the alkaline phosphatase, com- 
pleting the conjugation. We were interested in ascertaining 
the number of fluorophores which may be conjugated to 
alkaline phosphatase by this method without significantly 
compromising the catalytic activity of the enzyme, while 
simultaneously eliciting the highest possible fluorescent 
signal from the labels. We show in Table 1 that increasing 
the stoichiometric ratio of 4 to alkaline phosphatase 
resulted in higher levels of incorporation of the fluoro- 
phores. Interestingly, the conjugation of the fluorophore 
to the maleimide-derivatized enzyme caused more pro- 
nounced loss of enzymatic activity than the loss resulting 
from the derivatization of the enzyme with the 30-atom 
linker alone. Approximately 70% of the native enzyme 
activity was lost after 27, 55, or 82 equiv of 4 per alkaline 
phosphatase was used as compared to only 20 % loss upon 
derivatization with 30-atom linker. The extinction coef- 
ficient of 4 in 0.1 M phosphate buffer at pH 7.0 is €490 = 
53 636 M-l cm-l, 2.3 times higher than the value of the 
apparent extinction coefficient of 5. Under these condi- 
tions, A,,, = 496 nm and A,, = 517 nm. Figure 3 shows 
the plot of absorbances at and A490 of G-25-eluted 
fractions of the labeled alkaline phosphatase. 

Since the molar absorptivity of this fluorophore at  490 
nm is four times larger than at 280 nm, comparison of the 
values of the maxima in the plots of Figure 3 shows that 
17% of the absorbance at  280 nm should be due to the 
conjugated fluorophore, the remaining 83 % being attrib- 
utable to the alkaline phosphatase in the fraction. The 
unconjugated fluorophore elutes at fraction number above 
20 (data not shown). 

Fluorescence spectra of the compounds 4 and 5 at pH 
7.0 are shown in Figure 4. The relative fluorescence 
intensity 1 4 / 1 5  is 5.0. We interpret this markedly lower 
fluorescence of the mercaptoacetyl fluorescein 5 as com- 
pared to its phosphorothioate precursor 4 as well as the 

comparatively low apparent extinction coefficient of 5 in 
the Discussion below. 

Table 1 shows that the self-catalyzed functionalization 
of alkaline phosphatase (experiment 2) is a very efficient 
process. Between seven and eight fluorophores were 
introduced into the alkaline phosphatase, as determined 
by absorbance measurements. TNBS titration of the 
accessible amines of the native alkaline phosphatase 
evidenced 20 amines, while after the derivatization of the 
enzyme with the 30-atom heterobifunctional maleimide 
linker, only seven amines could be titrated. This implies 
that an average of 13 maleimide linkers were incorporated 
into alkaline phosphatase and up to 60% of these were 
labeled with the fluorophore 4. Fluorescence-based mea- 
surements were consistently lower than the absorbance 
readings, as opposed to experiment 1, where the absorbance 
readings were consistently lower than the fluorescence 
readings. This seeming discrepancy is explainable and 
will be addressed in the Discussion. 

DISCUSSION 

The two new fluorescein derivatives, phosphorothioate 
fluorescein 4 and mercaptoacetyl fluorescein 5,  allow 
nucleophilic attachment of the fluorescein molecules to 
the electrophile-functionalized proteins, thus enriching 
the repertoire of methods available to the chemist for 
fluorescence labeling of biologically relevant molecules. 
The labeling of proteins by thiolation of their lysines with 
iminothiolane followed by the reaction with iodoacetylated 
fluorescein has been used frequently in the past (20,21). 
However, that method does not allow spacial separation 
between the iminothiolane-derivatized protein and the 
fluorophore label. By functionalizing the protein with the 
extended arm 30-atom maleimide linker and building 
phosphate-protected thiolate into the fluorophore we 
achieved greater control of the distance between the label 
and the protein as well as improved control of the 
bioconjugation process. Often it is desirable to detect and 
quantitate the number of maleimide or haloacetyl linkers 
introduced into a protein in the first stage of the 
conjugation process. In the concluding paragraph of the 
Results we have demonstrated the utility of these fluo- 
rescein derivatives for that purpose. The derivative 4, a 
phosphate-protected mercapto fluorescein, is particularly 
useful in alkaline phosphatase-catalyzed deprotection and 
labeling, depicted in Scheme 1. We have been inspired in 
the design of this methodology by the reported excellence 
of alkyl and aryl phosphorothioates as substrates for 
alkaline phosphatase (7). Although thiols are classically 
protected as S-acetyl, S-benzoyl (221, unsymmetrical 
disulfides (23)) or thiosulfates (24), these methods, which 
originate from organic synthesis, require harsh deprotec- 
tion conditions and yield byproducts which have to be 
removed before reaction with the protein. In contrast, 
the phosphorothioates treated by buffered solutions of 
alkaline phosphatase yield thiolates very efficiently, as 
demonstrated by experiments summarized in Table 1. 
Moreover, the byproduct is an innocuous phosphate ion 
which need not be removed since it does not affect the 
conjugation process. 

We were interested in establishing the limits of con- 
jugation stoichiometry for the two fluorophores. Table 1 
summarizes the results of the direct labeling of the 
maleimide derivatized anti-hCG IgG with 5 (experiment 
1) and self-catalyzed labeling of alkaline phosphatase with 
4 (experiment 2). In experiment 1 we aimed at  labeling 
the IgG molecule with very few fluorophores so as not to 
impair the antibody binding capabilities. We found that 
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Figure 4. Excitation and emission spectra of 2.8 X lo4 M phosphorothioate fluorescein 4 (left) and 1 X lV M mercaptoacetyl 
fluorescein 5 (right). Both spectra were acquired in a 0.1 M phosphate buffer at pH 7.00. Relative fluorescence intensity Z,/Zs is 5.0. 

functionalization of IgG with 20 equiv of the 30-atom 
heterobifunctional maleimide active ester followed by 
conjugation with fluorophore 5 allows incorporation of 
one to three fluorophores per IgG depending on the ratio 
of fluorophore to IgG employed in each conjugation. 
Under the conditions of our experiments, absorbance- 
based determinations of the number of fluorophores per 
IgG yielded lower values than the fluorimetric determi- 
nation. This most likely is due to the error in the Bradford 
dye-binding procedure (12) because of reading very low 
absorbance values of the fluoresceinated antibody at 490 
nm and also possibly to the overestimate of the IgG 
concentration after its derivatization with the 30-atom 
heterobifunctional linker reagent. We showed that mer- 
captoacetyl fluorescein 5 was completely free from dimeric 
disulfide oxidation impurities as demonstrated by spot to 
spot TLC conversion of the compound 5 to its N-ethyl- 
maleimide adduct of higher Rf,  the oxidation of the 
compound 5 to a new compound of Rf 0.00, and very low 
fluorescence. Indeed, dimers of fluorescein linked through 
coupling arms possessing disulfides have been reported to 
have very low quantum yields, 0.11 and 0.17, for difluo- 
rescein disulfide and N,N’-difluorescein thiocarbamyl- 
cystamine, respectively, presumably due to internal 
quenching through aromatic stacking interactions (25) .  
Micromolar concentrations of fluorophores may be reliably 
determined fluorimetrically provided no inner filter effect 
or other forms of fluorescence quenching are present (26) .  

Thus, we believe that in case of low levels of fluorophore 
functionalization the fluorimetric determination is more 
reliable. In experiment 2, summarized in Table 1, we aimed 
at  maximal functionalization of the protein calf intestinal 
alkaline phosphatase with phosphorothioate fluorescein 
4. We found that the self-catalyzed labeling of alkaline 
phosphatase is an efficient process, seven to eight fluo- 
rophores being incorporated into the protein. We have 
previously determined that derivatization of this enzyme 
with 50 equiv of 30-atom maleimide heterobifunctional 
reagent causes only about 20% loss of the enzymatic 
activity. Since 30% of the native unlabeled alkaline 
phosphatase activity remained regardless of whether 27, 
55, or 82 equiv of 4 was employed, this invariance of the 

residual enzymatic activity on the stoichiometry of 4 used 
in the labeling suggests that the additional loss of the 
enzymatic activity most likely occurred as the result of 
covalent attachment of fluorophore to the enzyme. Unlike 
in experiment 1, in experiment 2 the fluorimetric deter- 
mination of the number of incorporated fluorophores 
yielded about 40% lower values as compared to the 
determinations done by absorbance. The number of 
incorporated fluorophores as measured fluorimetrically 
stays approximately constant yielding values between four 
and five fluorophores per protein. However, the deter- 
minations performed by absorbance reading yielded values 
of seven to eight fluorophores per protein. We attribute 
the discrepancy between the fluorescence and absorbance 
measurements to the concentration quenching of the 
fluorescein labels on the surface of the enzyme (26) .  Since 
the molecular radius of the alkaline phosphatase is 
approximately 30A ( 2 3 ,  eight molecules of 4 on the surface 
of the enzyme correspond to an effective molarity of the 
fluorophore of approximately 1.3 X lo4 M, aconcentration 
at  which the inner filter effect indeed should be expected 
to introduce significant errors in the measurements (28) .  
Thus, a t  higher concentrations of the fluorophores, we 
believe that the values determined by absorbance readings 
are more reliable. 

An intriguing feature of mercaptoacetyl fluorescein 5 is 
its markedly lower extinction coefficient as compared to 
the parent carboxyfluorescein at  pH 7.00. Thus, we 
measured the extinction coefficient of mercaptoacetyl 
fluorescein 5 to be 35% and 44% of the extinction 
coefficients of 6-CF and phosphorothioate fluorescein 4, 
respectively, a t  pH 7.00. Since our measurement of the 
pK, = 6.4 for the dianionic 5 is so close to the reported 
value of pKa = 6.5 for 6-CF, the differences in the values 
of the extinction coefficients cannot be explained in terms 
of differences in ionization of the xanthene phenols. It is 
also unlikely that this discrepancy is due to the formation 
of the spiro lactone of the phthalate carboxylate a t  C9’ in 
the compound 5 because the extinction coefficient of 4 at 
53 636 M-l cm-l is 2.3 times higher than the value of the 
apparent extinction coefficient of 5. We explain these 
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discrepancies in terms of the intermolecular dimerization 
of the compound 5 as depicted in the Scheme 4. 

The intermolecular nucleophilic attack of the side chain 
thiolate on C9’ tertiary carbonium ion is likely in view of 
the known and analogous reactivity of the nucleophiles a t  
C9’ in the acridinium series and the equilibrium between 
acridinium esters and their colorless, non-chemilumines- 
cent pseudobases (29, 30). The extent to which the 
equilibrium is shifted to the dimer pseudobase form should 
manifest itself in the correspondingly lower apparent 
extinction coefficient a t  490 nm and also proportional 
diminution of the fluorescence quantum yield of this 
fluorophore. The intramolecular thiolate addition to C9’ 
position can be discounted on steric and thermodynamic 
grounds. We obtained support for this interpretation by 
reexamining the MS FAB(-) spectrum of 5 in nitrobenzyl 
alcohol matrix, which showed weak ions at mlz 925 and 
947 corresponding to MW of 926 and 948 for the dimer of 
5 and its sodium salt. That these did not originate from 
the difluorescein disulfide was demonstrated in our TLC 
experiments which clearly indicated presence of free thiol. 
I t  is likely that during the isolation of the compound 5 
from methanolic ether the less soluble dimeric or even 
trimeric form of 5 crystallized out. On silica gel or in MS 
FAB only the monomeric 5 would be observed. The 
incubation of pH 7.0 solution of 5 with 100-fold molar 
excess of N-ethylmaleimide led to no change in the 
fluorescence intensity of 5. This suggests multimeric 
structure of 5 in which the inner filter effect quenching 
of the fluorescence would be responsible for the markedly 
depressed fluorescence of 5. Although several sulfur- 
containing fluorescein derivatives have been shown to have 
strongly reduced fluorescence due to collisional intramo- 
lecular quenching between the xanthene moiety and 
thiolate ion on the substituent chain-apparent quantum 
yields between 0.01 and 0.11 (25, 26)-this last factor 
probably plays a much smaller role in the reduced 
fluorescence of 5 as compared to the proximity effects of 
the fluorophores in the dimeric or trimeric form of 5. 

Since our structural data of this compound could not 
discern between monomeric, dimeric, or higher aggregates, 
we report our results in terms of the apparent extinction 
coefficient of 5. Thus, if the real structure of 5 is dimeric, 
the values in experiment 1 of Scheme 1 would be half of 
those reported. Although the present work describes a 
self-catalytic conjugation of a phosphorothioate derivative 
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of a fluorophore to alkaline phosphatase, we have exploited 
the use of alkaline phosphatase as catalyst in unmasking 
thiolate for subsequent conjugation of the thiolate to 
suitably derivatized biological compounds, i.e., antibodies, 
haptens, and other enzymes. This work is in progress and 
will be reported in due course. 
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An Immunotoxin with Increased Activity and Homogeneity Produced by 
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Pseudomonas exotoxin A (PE) is a protein composed of 613 amino acids arranged into three major, and 
one minor, domains. Immunotoxins (ITS) containing PE38, a mutant form of PE which lacks the cell 
binding domain (Ia, amino acids 1-252) and 16 amino acids from domain Ib (amino acids 365-380), are 
extremely potent cytotoxic agents which can cause a complete regression of various human carcinomas 
grown in nude mice. However, these ITS are a mixture of several different chemical forms since the 
coupling between the antibody and the toxin may occur between either the light or heavy chain of the 
antibody and one of the four primary amino groups present on the truncated toxin. To modify the toxin 
with heterobifunctional crosslinking reagents only at  specific sites, we replaced lysines 590 and 606 with 
glutamines and lysine 613 with arginine (PE38QQR). We also added two different peptide sequences, 
each containing a lysine residue, a t  the N-terminus of PE38. In one of these the sequence is ANLAEEAFK 
(“Lys” peptide), and in the other, the sequence is LQGTKLMAEE (“NLys” peptide). The mutant 
toxins were coupled using a thioether linkage to monoclonal antibody B3 which recognizes an antigen 
present in large amounts on many human cancers. PE38QQR-containing recombinant toxins can only 
be linked to an antibody through the N-terminal methionine or the lysine within the peptide. B3- 
LysPE38QQR and B3-NLysPE38QQR were four times more cytotoxic to target cells than the 
corresponding B3-LysPE38 and B3-NLysPE38 ITS. Furthermore, the antitumor effect of B3- 
NLysPE38QQR was significantly greater than that of B3-NLysPE38. We conclude that B3- 
LysPE38QQR and B3-NLysPE38QQR are more active because they are more homogenous components 
with all the antibody coupled to the N-terminus of the toxin and not some to the C-terminus, producing 
ITS with very low cytotoxic activity. 

INTRODUCTION 

Targeted toxins have been shown to be effective 
antitumor agents in animal models of solid human cancer 
(1). The usefulness of targeted toxins in clinical practice 
is in the initial phase of evaluation (reviewed in ref 1). As 
a prerequisite for clinical studies in humans, it is important 
to produce highly specific immunotoxins (ITS) that show 
antitumor activities in animal models. Furthermore, dose- 
limiting side effects of ITS administration are often due 
to the nonspecific toxicity of the toxin component (1). 
One way to minimize the nonspecific toxicity is to  decrease 
the amount of IT required to produce an antitumor effect. 
I t  is also important that ITS can be produced in high yields 
to supply the necessary amount of drug needed for 
treatment at a reasonable cost. 

Various toxins have been utilized to construct ITS (2). 
These toxins are either the purified natural products from 
plants and bacteria or they are made as recombinant 
proteins and produced in E. coli. Our laboratory uses 
Pseudomonas exotoxin A (PE) for chemical coupling to 
monoclonal antibodies (MAbs) or to make recombinant 
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immunotoxins with single-chain antibodies (3). P E  has 
a complex three-domain structure which reflects the 
multistep pathway by which PE kills eukaryotic cells 
(Figure 1). Domain Ia contains the receptor binding 
sequence (5-7), domain I1 is the site of a proteolytic 
cleavage and it is necessary for toxin translocation through 
an intracellular membrane into the cytosol (8,9), and 
domain I11 is the enzymatic domain which ADP-ribosylates 
elongation factor-2 (EF-2) leading to the irreversible arrest 
of protein synthesis and cell death (6,101. To kill a cell, 
PE must be cleaved by an intracellular protease between 
arginine 279 and glycine 280 to produce a 37-kDa C-ter- 
minal fragment (8). This 37-kDa protein, composed of all 
of domain I11 and a portion of domain 11, is capable of 
penetrating into the cytosol (Figure 1). The amino acids 
a t  the C-terminus of PE, REDLK, are absolutely necessary 
for the cytotoxic activity, and this sequence resembles the 
endoplasmic reticulum retention signal, KDEL (11). 
Chimeric toxins and ITS containing KDEL were con- 
structed and found to be more cytotoxic than molecules 
ending in REDLK (12; unpublished data). The REDLK 
and KDEL sequences are not necessary for the ADP- 
ribosylating activity of PE. 

To make conventional immunotoxins, we now use 
recombinant truncated forms of PE, such as PE40, which 
has domain Ia deleted, or PE38 which has domain Ia and 
16 amino acids from domain Ib (365 to 380 of PE) deleted 
(13,14). The ITS containing truncated PE are made using 
heterobifunctional cross-linking reagents which attach to 
amino groups on the N-terminal methionine of the toxin 
or on lysine residues. PE40 and PE38 have three lysine 
residues which are located in domain I11 at positions 590, 
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MATERIALS AND METHODS 

Bacterial Strains and Plasmids. Plasmids encoding 
various forms of recombinant truncated PE are indicated 
in Table 1. Plasmid pJBlPE38 encodes LysPE38, and it 
has been previously described (13). Plasmid pMS8-38 
encodes NLysPE38; it was prepared by subcloning a 1013 
bp fragment cut with SalI, EcoRI restriction enzymes from 
plasmid pJBlPE38 into a plasmid pWD402 (16) cut with 
the same enzymes. Plasmid pWD402-38, encoding 
LysPE38QQR, was formed by ligating a 460 bp DNA 
excised with BamHI and EcoRI from plasmid pWD402 to 
plasmid pJBlPE38 digested accordingly. Finally, plasmid 
pMS8-38-402, encoding NLysPE38QQR, was produced 
as plasmid pWD402-38 with a difference that the vector 
to which the BamHI, EcoRI 460 bp fragment was ligated 
derived from the plasmid pMS8-38. The cloning proce- 
dures for other plasmids encoding proteins listed in this 
work are available from the authors on request. The 
plasmids were propagated in the HBlOl strain of E. coli 
and expressed in strain BL21 (XDE3) as described (18). 

Expression and Purification of Recombinant PE38s. 
Bacteria of the BL21 (XDE3) which carry a T7 DNA- 
polymerase gene in a lysogenic and inducible form were 
transformed with plasmids encoding various forms of 
truncated PE. Transformed BL21 were grown in LB broth 
in small-scale cultures (5 mL) or in super-broth in cultures 
from 1 to 10 L. Cells were allowed to grow to absorbances 
of 0.5 (5-mL cultures) to 10.0 (fermentor runs) a t  650 nm 
when l-thio-@-D-galactopyranoside was added to a final 
concentration of 1 mM. Cells were harvested 90-120 min 
later and centrifuged to give a bacterial pellet. Then, the 
bacteria were osmotically shocked in order to prepare the 
periplasm in which all forms of PE38 were predominantly 
found. PE38s were purified using a Pharmacia fast protein 
liquid chromatography (FPLC) system as previously 
described (15) .  The toxins were purified to homogeneity 
and analyzed by sodium dodecyl sulfate/polyacrylamide 
gel electrophoresis (SDS-PAGE). The proteins were 
detected by staining with Coomassie-Blue or by immu- 
noblot analysis which was performed using polyclonal 
antisera to PE. 

Construction of Immunoconjugates. To make ITS, 
we used essentially the same protocol as previously 
described (15).  Briefly, monoclonal antibody B3 was 
modified with a 6-fold excess of 2-iminothiolane (2-IT) to 
provide sulfhydryl groups (19). The toxins were derived 
with a 10-fold excess of succinimidyl 4-W-maleimido- 
methy1)cyclohexane-l-carboxylate (SMCC) to provide 
maleimides ready to react with thiols present on the 
derivatized antibody (20). The ITS were purified by two- 
step liquid chromatography (13). 

Protein Synthesis Inhibition Assay. ITS were tested 
on the epidermoid carcinoma A431, breast carcinoma 
MCF-7, and several other carcinoma cell lines. Their 
activities were determined by measuring inhibition of [3H]- 
leucine incorporation into cells (6).  ID50 indicates the 
concentration of IT at which the isotope incorporation 
fell by 50% when compared to nontreated cells. 

ADP Ribosylation Assay. ADP ribosylation activity 
was assayed by the method of Collier and Kandel (21). 
Briefly, wheat germ extract was used as a source of EF-2. 
Samples of recombinant toxins were diluted 1:20 in PBS/ 
0.02 % BSA directly before the assay. [I4C] NAD provided 
labeled ADP ribose for transfer to EF-2. After 15 min of 
incubation, the samples were treated with trichloroacetic 
acid, and the precipitates were counted in a liquid 
scintillation counter. 

PE M 

PE38 

0 .  0.. 
NLysPE38 MLOGTKLMAEE ~ 5 ~ ~ * ~ ~ ~ 3 ~ ’ ~  

0 .  
NLysPE38- MLOGTKLMAEE a Q 590, 6 0 6 ~ 6 1 3  

QQR 

Residue that can react with cross-linkei 

Processing site in PE - -  
Figure I. Schematic drawing of Pseudomonas exotoxin A (PE) 
and ita truncated forms. Circles correspond to  the structural 
domains of PE: domain Ia is a binding domain (aa 1-252), domain 
I1 contains the site of proteolytic cleavage (aa 253-4041, and 
domain I11 is an ADP-ribosylating enzyme (aa 405-613). The 
dashed line indicates the cleavage site after arginine 279 in PE. 
N-terminal sequences, given in a single letter code, correspond 
to the amino acids added to the PE38 sequences. Also listed are 
the positions of the three lysine residues in domain I11 at positions 
590, 606, and 613; amino acid 613 is the last residue in PE. 

606, and 613 (4 ) .  An additional lysine residue has been 
introduced within a nine amino acid peptide (“Lys“ 
peptide) added to PE40 at its N-terminus to form LysPE40 
(13). LysPE40 is conjugated to antibodies more easily 
than PE40, and the resulting ITS are more active (13). 
Another version of the toxin has been recently made which 
has one lysine residue in a 10 amino acid peptide preceding 
PE40 (“NLys” peptide); it has been termed NLysPE40 
(15). 

To avoid chemical modification of domain I11 with cross- 
linking reagents, which should produce inactive or less 
active ITS by interfering with the ability of the 37-kDa 
fragment to be translocated to the cytosol, we changed 
the lysines at positions 590, 606, and 613 to other amino 
acids using site-directed mutagenesis. In studies with an 
antibody directed against the human transferrin receptor 
(HB21), PE40 with mutations in the lysines in the carboxyl 
terminal portion of the toxin was conjugated through a 
disulfide bond to HB21 and produced a more cytotoxic IT 
and at  higher yields (16). In addition, we noticed that 
some forms of the mutant PE40 molecules were produced 
in better yields in E. coli than others with lysine residues 
untouched. In the present work, we tested the following: 
(i) if the action of the ITS containing selectively modified 
forms of PE38 had a better antitumor activity in mice, (ii) 
whether the peptides added at the amino terminus of PE40 
and NLysPE40 (or PE38) and elimination of lysine 
residues in truncated toxins are responsible for their better 
expression in E. coli, and (iii) whether it is possible to use 
a thioether rather than a disulfide bond to combine the 
toxin with the antibody and to retain the higher cyto- 
toxicity of conjugates. 
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Figure 2. SDS-PAGE and immunoblot analysis of the truncated 
recombinant forms of P E  performed under nonreducing 
conditions: T, total cell pellet; P, periplasm. An equivalent 
amount of proteins was added on each lane: 2.4 hg for T and 1.4 
pg for P. 

Treatment of Nude Mice Bearing Human Epider- 
moid Carcinoma Tumors. A431 cells were injected 
subcutaneously on day 0 into female nude mice (four to 
five mice per group). Tumors developed in all injected 
animals, and the tumor size reached about 5 X 5 mm on 
day 4. The mice started to receive ITS intraperitoneally 
(ip) on day 4, and the treatment continued on days 6-9 
or the treatment started on day 5 and continued on days 
6-8. Tumors were measured with a caliper, and the 
formula for tumor volume calculation was as previously 
reported (13). LDm were established in FVB/NR and 
Balb/c female mice that received a single ip injection of 
ITS and were observed for 3 days afterwards. 

RESULTS 

Expression of Various Truncated Forms of PE in 
E. coli. We attempted to engineer recombinant forms of 
PE that would be expressed at  high levels, exported 
predominantly into the periplasm, and suitable for mod- 
ification with heterobifunctional cross-linking reagents a t  
specific sites in the process of conjugation with antibodies. 
The first form of PE40 we investigated, LysPE40, has a 
nine amino acid extension containing an additional lysine 
added at  its amino end to facilitate its chemical modifi- 
cation (13). It was expressed in E. coli together with a 
protein of molecular weight around 30 kDa which was not 
recognized by polyclonal antisera against PE and was 
probably p-lactamase (Figure 2). The same toxin but with 
amino acids 365-380 deleted, LysPE38 was expressed at  
lower levels than LysPE40. In both cases most of the 
toxin was exported into the periplasm. Interestingly, when 
the three C-terminal lysines were changed so that there 
were glutamines at  positions 590 and 606 and arginine at 
position 613, the expression of these toxins and the amount 
in the periplasm visibly improved (Figure 2). The QQR 
substitutions did change the mobility of the toxins on SDS- 
PAGE gel. Very little LysPE40QQR or LysPE38QQR 

appears in the medium (not shown). NLysPE40 and 
NLysPE38 which contain a different sequence at the amino 
terminus than LysPE4O or LysPE38 (Figure 1) are 
expressed a t  high levels, and most of the protein is exported 
into the periplasm. Thus, the addition of the N-terminal 
peptide preceding domain I1 and I11 in NLys-toxin 
(MLQGTKLMAEE; Figure 1) preserves its export into 
the periplasm. 

Growth of E. coli with PE38 Toxins and a Yield of 
Toxin. The differences in behavior in E. coli producing 
various PE38 toxins is summarized in Table 1. BL21 cells 
transformed with plasmids encoding LysPE38 and 
LysPE38QQR have doubling times of around 1 h. On the 
contrary, cells containing plasmids encoding NLysPE38 
and NLysPE38QQR have a doubling time of 34 and 30 
min, respectively. More importantly, we obtained much 
more purified NlysPE38QQR than LysPE38 from a typical 
fermentor run performed under identical conditions (Table 
1). 

Preparation of B3-PE38s ITS. It has been previously 
found that ITS made with PE38 are more active than those 
made with PE40 (unpublished data). Therefore, B3 was 
coupled to LysPE38, LysPE38QQR, NLysPE38, and 
NLysPE38QQR as described in the Materials and Meth- 
ods. All possible care was taken to maintain identical 
coupling and purification conditions to make all four ITS. 
The Mono-Q and TSK chromatography profiles of all four 
ITS were indistinguishable (data not shown). However, 
the final yield of IT tended to be higher for NLysPE38- 
and NLysPE38QQR-containing conjugates than that for 
the Lys-toxin counterparts (33 and 25% vs 20 and 18% 
of starting materials, respectively; Table 1). More ex- 
periments are needed to establish statistically meaningful 
differences between the yields of various ITS. It  is 
noteworthy that we could further improve the yield of IT 
up to 60% of the original material using NLysPE38QQR. 
The SDS-PAGE profiles of purified ITS were very similar 
for all the B3 ITS under both nonreducing and reducing 
conditions (data not shown). 

Cytotoxic Activities of B3 ITS. We compared the 
cytotoxic activities of B3 conjugates on A431 epidermoid 
carcinoma cells. As shown in Figure 3, B3-LysPE38 and 
B3-NLysPE38 were very active with an IDm of 4 ng/mL 
(21 pM). However, the two conjugates containing 
PE38QQR were even more active 0, < 0.02; n = 5-7; 
Student's t-test); the ID@ averaged 1 ng/mL (5.2 pM). 
These results show that eliminating lysine residues at  the 
C-terminus of the toxin increases significantly the cyto- 
toxicity of resulting ITS. Furthermore, this increased 
activity is not due to the precise sequence of amino acids 
a t  the amino terminus of PE38. 

Toxicity of B3-PE38s in Mice. We determined the 
LDm for the B3 ITS in mice (Table 1). We found that 
LDm for B3-LysPE38 and B3-NLysPE38 were 112.5 pg/ 
mouse and were not distinguishable from each other when 
given as a single ip injection. B3-NlysPE38QQR was more 
toxic to mice with an LDw of 87.5 pg/mouse (30 % increase). 

Antitumor Activities of B3-PE38 Immunotoxins. 
Since our goal was to prepare more active antitumor agents, 
we tested B3 coupled to two forms of NLysPE38 on A431 
solid tumor xenografts in nude mice. The mice were 
injected with A431 cells on day 0 and received treatment 
of five injections of 5, 7.5, and 10 pg per day of either 
B3-NLysPE38 or B3-NLysPE38QQR, starting on day 4 
when tumors reached 40-50 mm3 (Figure 4A). B3- 
NLysPE38 caused a significant antitumor effect a t  alldoses 
used, but it did not produce a complete regression of the 
tumors a t  up to 10 pg per day (5Opg total dose). In contrast, 
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B3 immunotoxins 
toxin doubling time of efficiency of expression, final yield, IDw on A431 

(plasmid) E. coli (min) (mg protein/OD x vol)b (% starting material) cells (ng/mL) L D d  (valmouse) 
LysPE38 60 
(~JBlpE38) 

2.6 20 4 112.5 

LysPE38QQR 60 18 1 
(pWD402-38) 
NLysPE38 34 33 4 
(pMS8-38) 
NLysPE38QQR 30 14.8 25 1 
(pMS8-38-402) 

FVB/NCR female mice; average from two experiments. OD: optical density. Vol: volume of culture. 

120 
0 B3-LysPE38 I 

100 

v, 

04 . -...... I . ....... I . ......9 
.1 1 10 100 

Concentration (ng/ml) 
Figure 3. Inhibition of protein synthesis in A431 cells by B3 ITS 
purified on a TSK size-exclusion column. The interrupted line 
shows 50% of [SHlleucine incorporation. Isotope incorporation 
was measured as described in the Materials and Methods. The 
points correspond to the average of determinations performed 
in triplicates. 

B3-NLysPE38QQR eliminated the tumors a t  a dose as 
low as 5 pg per day for 5 days (25 pg total dose). Injections 
of 7.5 and 10 pg per day also completely eliminated the 
tumors (not shown). This experiment demonstrated that 
B3-NLysPE38QQR had a greater antitumor potency than 
B3-NLysPE38. 

Since the conjugates with NLysPE38QQR exhibited 
higher toxicity in mice than those containing NLysPE38, 
we performed another experiment on A431 xenografts in 
which the doses of the ITS were established on the basis 
of their LDm values. The mice bearing the A431 tumors 
were injected with doses corresponding to 5,10, and 15% 
of their LDM (Figure 4B). When B3-NLysPE38QQR 
was injected for 4 days at 5% of the LDSO dose (4.4 pgI 
mouse/day; total dose 17.6 pg) complete tumor regression 
occurred in all animals. As expected, the higher doses of 
this IT produced the same effect, B3-NLysPE38 was a 
less potent antitumor agent. Even at  a dose of 15% of the 
LDm complete tumor regression occurred in only 80 % of 
the treated mice (16.8 pglmouselday; 67.2 pg total dose). 

Toxicities of the Toxins Containing "QQR" Mu- 
tations. To rule out the possibility that the amino acid 
changes at  the C-terminus of the PE38 toxins increased 
toxin activity directly instead of preventing coupling to 
the carboxyl terminal we performed several control studies. 
We tested the cytotoxicity of PElPE38 and their QQR 
derivatives on different cancer cell lines (Figure 5). PE  
and PEQQR had the same toxic activity on MCF-7 cells 
(Figure 5A). Similar results were obtained on CRL-1739 
gastric carcinoma and LNCaP prostate carcinoma cell lines 
(data not shown). Furthermore, LysPE38QQR and 
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Figure 4. Antitumor effect of B3-NLysPE38 (open symbols) 
and B3-NLysPE38QQR (full symbols) on A431 xenografts in 
nude mice. A431 cells were inoculated subcutaneously on day 
0 (3 X 1oB cells/mouse), and the mice were treated ip on the days 
indicated by the arrowheads. In A, equal amounts of B3- 
NLysPE38 and B3-NLysPE38 QQR were injected into animals, 
and the numbers (5,7.5,10) correspond to pg/mouse/day. SEs 
are shown as vertical bars for al l  data points with the exception 
of animals receiving 7.5 pglday of B3 IT. In B, the mice received 
equivalent doses (5,10,15%/mouse/day) according to the LDm 
values of both ITS. SEs are shown for the control animals and 
for 5% LDd/mouse/day of both B3-NlysPE38 and B3- 
NlysPE38QQR treated mice. 

NLysPE38QQR did not appear to show any greater 
nonspecific toxicity than that exhibited by LysPE38 and 
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Figure 5. Cytotoxicity and nonspecific toxicity in MCF-7 (A 
and B) and in A431 (C) cells of PE and various forms of PE38, 
respectively. The interrupted line shows 50 % [3Hlleucine 
incorporation. 

NLysPE38 on MCF-7 cells (Figure 5B). If anything, the 
QQR derivatives were slightly less cytotoxic. We evaluated 
the effects of the various toxins on the A431 cells which 
had been used in the antitumor experiment and found 
that PE  had the same activity as PEQQR and that 
NLysPE38 had the same activity as NLysPE38QQR 
(Figure 5C). We also found that in mice PE and PEQQR 
had the same LD60 and that  NLysPE38 and NLys- 
PE38QQR also had the same LD50 (17.5 kg/mouse). 
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Figure 6. ADP ribosylating activities of NLysPE38 and 
NLysPE38QQR. Eachresult is the mean of three determinations. 

ADP Ribosylating Activities of Toxins and ITS. 
Since the changes at  the C-terminus of PE38 might 
influence the ADP ribosylating activity of domain I11 we 
measured the ADP ribosylating activity of NLysPE38 and 
NLysPE38QQR. The toxins were used at  various amounts 
per reaction. We did not observe any appreciable dif- 
ference between the enzymatic activity of NLysPE38 and 
NLysPE338QQR (Figure 6). Since the coupling of 
NLysPE38QQR to MAb B3 may result in a different ADP 
ribosylating activity than that of NLysPE38 conjugated 
to B3, both B3 conjugates were tested for their ADP 
ribosylating activities and no differences were observed. 

DISCUSSION 
We have made ITS composed of MAb B3 coupled to 

various forms of recombinant PE38 with different N- and 
C-terminal ends. ITS containing forms of PE38 with lysine 
residues substituted with Gln at positions 590 and 606 
and Arg at position 613 at the C-terminus (QQR) were 
more cytotoxic to cancer cell lines than ITS containing a 
wild-type carboxyl terminus. On the other hand, changes 
in the extension peptide at the amino end of the toxin did 
not have any impact on the activity of the ITS. Moreover, 
the higher cytotoxicity of B3-NLysPE38QQR was trans- 
lated into a better antitumor effect in nude mice bearing 
human xenografts. 

Coupling of the N-Terminus of the Toxin to MAb 
Increases the Cytotoxic Activity of IT. When B3 was 
coupled to NLysPE38QQR through a noncleavable linker, 
the IT was more active than B3-NLysPE38 prepared in 
the same way. The same phenomenon was observed with 
a LysPE38 version of the toxin and found for other 
monoclonals, such as C242, directed against colorectal 
cancer and mono- and divalent versions of HB21 (15,22; 
unpublished observation). We have demonstrated that 
the QQR mutation at  the C-terminal end does not increase 
the cytotoxicity of PE, as has been observed with changes 
in the last five amino acids in PE (11). The most plausible 
explanation for higher cytotoxicity of ITS with QQR is 
that Lys- or NLysPE38QQR is chemically derived at  one 
site at the amino terminus prior to the processing site of 
PE which lies between amino acids 279 and 280 (Figure 
1). The proteolytic cleavage inside the cells produces a 
37-kDa (or 35-kDa in case of PE38) fragment which must 
be translocated into the cytosol. If the toxin is coupled 
to the light or heavy chain of the antibody by its carboxyl 
end, a large protein would be produced that would be 
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N-terminus of the toxin more similar to the classic pattern 
of signal sequences. The N-terminal amino acids in PE38, 
LysPE38, and NLysPE38, with the charged residues in 
bold type, are as follows: 

ACTIVE INACTIVE 
Figure 7. Schematic drawing of the structure of ITS composed 
of a MAb and either PE38 or PE38QQR MAb, Y letter; H, 
heavy chain; L, light chain. All other symbols are as in Figure 
1. Note that the toxin can also be linked to the light chain. 

difficult to translocate (Figure 7) even if larger, e.g., 62- 
kDa, proteins have been shown to translocate to the cytosol 
(23). In addition, coupling to the C-terminus may prevent 
the REDLK sequence from bringing the toxin to the 
endoplasmic reticulum. The 35-kDa fragment derived 
from NLysPE38QQR would be neither chemically changed 
nor attached to a chain of the antibody thus leaving the 
fragment free to reach the endoplasmic reticulum and 
translocate into the cytosol. Thus, because of the increased 
homogeneity, B3-NLysPE38QQR would be more active. 
On the contrary, B3-PE38s are a mixture of conjugates 
between the N- and C-terminal ends of the toxin and the 
antibody chains (Figure 7). 

"QQR" Mutations Increase the Cytotoxicity of ITS 
by a Mechanism Different from KDEL Mutations or 
Mutations that Eliminate the Need for Toxin Pro- 
teolysis. The increase in the potency of PE resulting 
from introducing the KDEL sequence at  its C-terminus 
makes PE-containing ITS more active in vitro but also 
more toxic in animals (R. Kreitman, L. Pai, and I. Pastan, 
unpublished results). Even though B3-NLysPE38QQR 
was somewhat more toxic to animals than B3-NLysPE38, 
its therapeutic efficacy was improved. One reason is that 
B3-NLysPE38QQR does not compete for B3 binding sites 
with inactive molecules of IT, as in the case of B3-LysPE38. 
B3-LysPE38 molecules that are inactive on tumor cells 
still may be toxic to the liver. 

PE38s need to be proteolytically processed inside cells 
(Figures 1 and 7). One may argue that by eliminating the 
need for the proteolysis step it would be possible to increase 
the supply and subsequent cytotoxicity of the cytosol- 
targeted fragment of the toxin. Our laboratory has recently 
engineered a PE35 molecule which like the Ricin A chain 
does not require proteolysis for activation and initiation 
of translocation (24). However, the cytotoxicities and 
antitumor activities of ITS containing PE35 or NLys- 
PE38QQR are similar (W. Debinski and I. Pastan, un- 
published results). Thus, the processing of PE38 attached 
to B3 is not a rate-limiting step in its cytotoxicity on several 
cancer cell lines tested. 

Export of Truncated PE Toxins into the Periplasm 
of E. coli May Be Related to a Negatively Charged 
N-Terminus. NLysPE38 and NLysPE38QQR are pro- 
duced in large amounts in E. coli and easily purified to 
near-homogeneity. It has been previously noted that PE40 
is almost completely exported into the periplasm (18). 
The N-terminal sequence of PE40 does not, however, 
resemble classic signal sequences that enable bacterial 
proteins to be exported out of the cytoplasm (25). 
Introduction of "Lys" and "NLys" peptides does make the 

NH, MAEGGSLAALTAHQACHLPL ... - PE38 

NH, MANLAEEAFKGGSLAALTAH ... - LysPE38 

NH, MLQGTKLMAEEGGSLAALTA ... - NLysPE38 

Thus, these PE38s have a negatively charged N-terminus, 
and the charge is confined to the amino end or to the 
middle of the first 20-25 N-terminal amino acids. Recent 
reports suggest that a single net negative charge present 
in leader sequences of venoms may play a role in their 
export (26). All our PE38 versions of PE also have a single 
net negative charge within their 25 amino-terminal amino 
acids, as did the first form of PE40 produced in this 
laboratory (18). All of them have glutamic acids present 
near the amino end. It has also been found that a glutamic 
acid neutralizing the positive charge of either arginine or 
lysine had a strongly beneficial effect on protein export 
in prokaryotes (27). This negative charge provided by 
the glutamic acid could represent a favorable feature for 
some proteins to be transported through the membranes. 

SUMMARY 

ITS containing selectively modified PE38, such as 
LysPE38QQR or NLysPE38QQR, are more active agents 
than their counberparts with a wild type c-terminus due 
to an increase in the specific potency of the IT. NLysPE38 
or NLysPE38QQR can be produced in large amounts so 
that material for clinical trials can be readily obtained. 
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(Aminomethy1)phosphonate Derivatives of Oligonucleotides 
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Oligothymidylate (aminomethy1)phosphonates have been prepared, and their enzymatic and physi- 
cochemical properties have been studied. The individual isomers of the protected dimers have been 
separated, characterized, and incorporated into oligonucleotides in which the backbone consists of 
alternating (aminomethy1)phosphonate and phosphodiester linkages. One of these net neutral, single 
isomer oligonucleotides forms a duplex with its complementary sequence which is more stable than the 
corresponding natural counterpart, whereas the other isomer is considerably less stable. Specificity of 
hybridization is maintained, as determined by the reduction in melting temperature observed upon the 
introduction of mismatches into the complementary strand of the duplex. The (aminomethy1)- 
phosphonate linkage is stable toward enzymatic degradation but can be hydrolyzed in aqueous solution 
at elevated temperature. 

INTRODUCTION 

Oligonucleotides offer the promise of an important new 
approach to the design of therapeutic agents, in which the 
biological target is RNA or DNA rather than conventional 
in vivo targets such as enzymes, proteins, or receptors. 
Natural oligonucleotides, however, suffer from a number 
of disadvantages, such as their relatively poor uptake into 
cells and lack of resistance to degradation by cellular 
enzymes. These disadvantages have stimulated efforts to 
prepare backbone-modified derivatives which are not 
subject to these limitations. Several reports have described 
backbone modifications in which one of the nonbridging 
oxygen atoms attached to phosphorus has been replaced 
by another atom while retaining the negative charge. 
Substitution of one oxygen atom by sulfur produces 
phosphorothioates, a class of compounds which has been 
widely studied and found to offer increased resistance to 
degradation as compared with natural oligonucleotides 
(Stein et al., 1988) while retaining the ability to stimulate 
endogenous cellular ribonuclease-H activity (Dagle et al., 
1990). This latter enzyme has been shown to degrade the 
RNA strand of a DNA/RNA duplex. Although phospho- 
rothioates are more stable than phosphodiesters, they are 
somewhat susceptible to degradation by nucleases and 
suffer from the further disadvantage that they are normally 
produced as complex mixtures of stereoisomers due to the 
chirality of the phosphorus atom and the lack of a 
convenient stereospecific synthetic procedure. Replace- 
ment of both nonbridging oxygen atoms attached to 
phosphorus produces phosphorodithioates (Marshall and 
Caruthers, 1993) which offer the advantage of being achiral 
at phosphorus, resistant to nuclease degradation, and 
capable of directing RNase-H-mediated cleavage of RNA 
in hybrid duplexes. 

A second approach to modification of the phosphodiester 
backbone is the replacement of the negatively charged 
oxygen by an uncharged group to produce a neutral species. 
This type of modification is best exemplified by meth- 
ylphosphonates, which have been shown to be transported 
into cells by endocytosis and are more resistant to 
degradation (Shoji et al., 1991). Methylphosphonates, 
however, suffer from the disadvantage of being relatively 
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insoluble in water and aqueous buffers. A variety of other 
neutral analogs, such as triesters and phosphoramidates, 
have also been previously described (Barrett et al., 1974; 
Dagle et al., 1991). 

A third approach is to replace the negatively charged 
oxygen with a cationic group. Cationic molecules have 
previously been used to enhance the delivery of conjugates 
into cells. The iron-transport protein transferrin, for 
example, has been conjugated to cationic molecules such 
as protamine or polylysine in order to transport nucleic 
acids (Wagner et al., 1990), and cationic lipids have been 
used in a liposome-mediated transfection protocol for the 
introduction of DNA into the nuclei of animal cells. The 
delivery of proteins and peptides such as albumin (Kum- 
agai et al., 1987) and enkephalin (Pardridge et al., 1987) 
across the blood-brain barrier has been enhanced by 
conjugation to cationic molecules such as hexamethyl- 
enediamine, and a variety of drugs, including methotrexate 
and daunomycin, have been conjugated to polylysine in 
attempts to improve their uptake and efficacy (Arnold, 
1985). Cationic molecules have also been attached to 
oligonucleotides in attempts to improve their activity in 
vivo. Conjugation of polylysine to oligonucleotides di- 
rected against VSV (Lemaitre et al., 1987) and HIV 
(Stevenson & Iverson, 1989) sequences has been shown to 
produce enhanced effects as compared with their unmod- 
ified counterparts. Polylysine is efficiently transported 
into mammalian cultured cells by nonspecific adsorptive 
endocytosis preceded by nonspecific interactions with 
negatively charged molecules on the surface of the cell 
(Leonetti et al., 19901, but it has also been shown to produce 
toxic effects a t  higher concentrations. 

A few oligonucleotides with cationic groups attached to 
the backbone via phosphoramidate linkages have been 
described (Letsinger et al., 1988). Under appropriate 
conditions these modified oligonucleotides bound more 
effectively than their natural counterparts to comple- 
mentary sequences and in addition showed unusual salt- 
dependent effects. Other examples of cationic oligonu- 
cleotides have not yet been reported. In view of the 
potential for enhancement of uptake by cationic moieties, 
we have developed methods for the synthesis of a series 
of backbone-modified oligonucleotides in which the neg- 
atively charged oxygen has been partially replaced by a 
positively charged aminomethyl group, and the enzymatic 
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and physicochemical properties of these compounds have 
been studied. The initial results are described below. 

Fathi et al. 

EXPERIMENTAL PROCEDURES 

Materials and Methods. Oligonucleotides were syn- 
thesized using an Applied Biosystems Model 394 DNA 
synthesizer. 5’-0-(dimethoxytrityl)thymidine, 1-(2,4,6- 
trimethylbenzenesulfony1)nitrotriazolide (MSNT), and 
0-(cyanoethyl) chloro N-diisopropylamino phosphite were 
purchased from Peninsula Laboratories, Inc. (Belmont, 
CA). Dimethyl (phthalimidomethy1)phosphonate was 
purchased from Lancaster Synthesis Inc. (Windham, NH). 
Silica gel for column chromatography (130-270 mesh) was 
obtained from Aldrich Chemical Co. Ultraviolet spectra 
were obtained with a Shimadzu UV 160U spectropho- 
tometer using 1-mL quartz cuvettes. Extinction coeffi- 
cients of oligonucleotides were determined using a pub- 
lished procedure (Rychlik and Rhoads, 1989). HPLC 
purifications were performed using a Waters 600E system 
controller equipped with a multisolvent delivery system 
and a Model 991 photodiode array detector. Reversed- 
phase HPLC was performed using a Waters RCM (8 mm 
x 10 cm) C4 column for analytical purposes and a C4 RCM 
(25 mm X 10 cm) column for preparative use. A gradient 
of 0.1 M triethylammonium acetate buffer pH 7.0 (TEAA)/ 
acetonitrile was generally employed. Anion-exchange 
chromatography was performed on a Dionex NucleoPac 
column (Dionex Corporation, Sunnyvale, CA) using a linear 
gradient of 25 mM Tris-HC1, pH 8.0, containing 5 % CH3- 
CN, increasing to 25 mM Tris-HCl/l M NHdCl, pH 8.0. 
NMR spectra were recorded using a Varian VXR-400- 
MHz spectrometer. Unless otherwise stated, 31P NMR 
were run in DMSO-&, broad band decoupled, and 
referenced to H3P04as an external standard, and lH NMR 
spectra were referenced to external tetramethylsilane as 
standard. Polyacrylamide gel electrophoresis was per- 
formed using a 15% acrylamide gel containing 7 M urea 
with 0.09 M trisborate/EDTA (1 X TBE) buffer, pH 8; 
bands were detected by UV shadowing. Molecular mod- 
eling simulations were performed on a Silicon Graphics 
Crimson system (Silicon Graphics, Inc., Mountain View, 
CA), using Biograf molecular modeling software from 
Molecular Simulations Inc., (Burlington, MA). The 
AMBER force field (Weiner et al., 1986) was used for 
molecular mechanics simulations. 

Preparation of the Triethylammonium Salt of 
(Phthalimidomethy1)phosphonic Acid (2). Dimethyl 
(phthalimidomethy1)phosphonate (1, Figure 1, 2.0 g, 7.4 
mmol) was dissolved in chloroform (15 mL), and bromo- 
trimethylsilane (2 mL, 15 mmol) was added dropwise to 
the solution. After 2 h the reaction mixture was concen- 
trated under reduced pressure, and the residue was 
redissolved in chloroform (8 mL) followed by dropwise 
addition of triethylamine (20 mL) with cooling in an ice 
bath. After being stirred at  room temperature for 2 h, the 
mixture was filtered and concentrated to dryness. The 
residue was dissolved in methanol (10 mL) and added 
dropwise to anhydrous diethyl ether (600 mL). The 
precipitate was filtered, washed with ether, and dried over 
P2O5 to yield 2.1 g (65%) of pure 2 as the triethylammo- 
nium salt. UV (H2O) max: 298 nm. lH NMR (DMSO- 
4 ) :  6 (ppm) 8.0 (m, 4H, aromatics), 3.8 (d, 2H, J = 11.0 
Hz, CH2), 2.96 (4, 2 H , J =  7.4, C2H5), 1.16 (t, 3 H , J =  7.3 
Hz, C2H5). 31P NMR: 6 11.0 (s). 

5’- 0- (Dimethoxytrity1)thymidine 3’- (Phthalimido- 
methy1)phosphonate (3). The triethylammonium salt 
of 2 (1.7 g, 5 mmol) was dried by coevaporation with 
pyridine (3 X 10 mL), dissolved in dry pyridine (40 mL), 
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Figure 1. Synthesis of dinucleotide (aminomethy1)phospho- 
nates. 
and treated with triisopropylbenzenesulfonyl chloride 
(TPS-C1, 3.0 g, 9.9 mmol) followed by a solution of 5’- 
0-(dimethoxytrity1)thymidine (2.0 g, 3.67 mmol) in dry 
pyridine (40 mL) which had also been previously dried by 
coevaporation with pyridine. The resulting mixture was 
stirred at room temperature overnight under a dry nitrogen 
atmosphere, diluted with aqueous sodium bicarbonate 
(374,350 mL), and extracted with ethyl acetate (3 X 150 
mL). The combined organic layers were dried over 
anhydrous magnesium sulfate and filtered, and the solvent 
was removed under reduced pressure. The residue was 
purified by silica gel column chromatography (100 g) using 
CH2Cl2/MeOH/EtsN (30:1:0.3,2.8 L followed by 30:2:0.3, 
1.1 L) as solvent. The appropriate fractions were collected 
and combined to yield 1.8 g (57 76 ) of pure 3 as a white 
foam. UV max (HzO): 270 nm. lH NMR (DMSO-&): 
6 (ppm) 7.8 (m, 4H, aromatic), 7.5 (d, lH,  Hs), 7.3-6.8 (m, 
13H, DMTr), 6.2 (t, lH,  HI.), 4.8 (m, lH,  H33,4.1 (m, lH ,  
H41), 3.7 (s, 6H, OMe), 3.5 (d, 2H, J = 11.0 Hz, CH2), 3.1- 
3.3 (m, 2H, H5!), 2.6 (9, 2H, C2H5), 2.4-2.2 (m, 2H, Hy), 
1.3 (d, 3H, CH3), 1.0 (t, 3H, C2H5). 31P NMR: 6 (ppm): 
11.0 (9). 

Preparation of 5’4 [ 5’- 0- (Dimethoxytrity1)t hymid- 
3’-yl] (pht halimidomet hyl) phosphonyllt hymidine (4). 
Compound 3 (2.0 g, 2.3 mmol) was dried by coevaporation 
with pyridine (3 X 15 mL), redissolved in dry pyridine (80 
mL), and treated with MSNT (0.75 g, 2.5 mmol) for 15 
min at room temperature . Thymidine (0.6 g, 2.3 mmol) 
was dried by pyridine coevaporation in the same way, 
dissolved in pyridine (15 mL), and added to the solution 
of 3. The reaction mixture was stirred at  room temperature 
under a dry nitrogen atmosphere for 2.5 h and then diluted 
with aqueous sodium bicarbonate (576, 300 mL) and 
extracted with ethyl acetate (3 X 200 mL). The organic 
layers were combined, dried over anhydrous magnesium 
sulfate, and concentrated under reduced pressure. The 
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residue was purified by column chromatography on silica 
gel (100 g) using CH&ldMeOH/Et3N (301:0.3) as solvent. 
Ten-mL fractions were collected. Fractions 120-126 
contained the faster eluting Sp isomer 4a, fractions 127- 
157 contained a mixture of both isomers, and fractions 
158-170 contained the slower eluting Rp isomer 4b. The 
appropriate fractions were collected, evaporated to dry- 
ness, and dried in vacuo over P2O5 to give 0.17 g of 4a, 0.2 
g of 4b, and 0.7 g of a mixture of isomers. TLC (silica gel 
60F-254, 10 X 10 cm, 0.2-mm thickness) CH2CldEtOH 
(15:l) Rf 0.41 (faster, Sp isomer) and Rf 0.34 (slower, Rp 
isomer). 

Separation of Isomers of 4 by HPLC. The mixture 
of isomers of 4 (2.64 g) was dissolved in 0.1 M TEAA/ 
acetonitrile ( l : l ,  36 mL) and injected in four separate 
aliquots onto a reversed-phase C4 Vydac column (5 X 25 
cm). The column was eluted with a linear gradient from 
35 to 80% acetonitrile in 0.1 M TEAA, and the Sp and Rp 
isomers were eluted at 37-43 and 45-48 min, respectively. 
The appropriate fractions were pooled, extracted with ethyl 
acetate (3 X 50 mL), evaporated to dryness, and dried in 
uacuo over P2O5. This procedure yielded 500 mg of the 
faster, Sp isomer 4a and 350 mg of the slower, Rp isomer 
4b, total yield 57 % . Analytical HPLC of the pooled 
fractions using a reversed-phase C4 column indicated that 
pure isomers were obtained in each case. 

31P NMR (DMSO de): 4a 6 (ppm) 20.8 (9); 4b 6 19.94 
(9). lH NMR (DMSO-de): 4a 6 (ppm) 7.73 (m, 4H, 
phthalimido), 6.8-7.37 (m, 15H, trityl, 2 X He), 6.22 (t, 
lH,  HI/), 5.90 (t, lH,  HI!), 5.21 (m, lH,  Hy), 3.71 (s, 6H, 
-OCH3),1.69 (s, 3H, CH3),1.42 (s, 3H, CH3); 4b 6 (ppm) 
7.76 (m, 4H, phthalimido), 6.79-7.73 (m, 15 H, tritylgroup; 
2 X He), 6.07 (t, lH,  Hit), 6.2 (t, lH ,  Hit), 5.23 (m, lH ,  
&),4.06 (d, 2H, J= 1 0 H ~ ,  CHzP), 3.72 (~,6H,-OCH3),1.65 
(9, 3H, CH3), 1.37 (9, 3H, CH3). 

5’-[ [ 5’- 0-( Dimethoxytrityl)thymid-3’-yl] (amino- 
methy1)phosphonyllthymidine (5a and 5b). A sample 
of 4a (52 mg, 0.05 mmol) was dissolved in acetonitrile (800 
pL) and treated with ethylenediamine (400 pL). After 6 
h at room temperature the reaction mixture was dried 
under vacuum and coevaporated with toluene (3 X 500 
pL) followed by absolute ethanol (3 X 500pL). The residue 
was purified on a C4 semipreparative HPLC column 
(Waters RCM, 25 mm X 10 cm) with a gradient of 3540% 
acetonitrile in 0.1 M TEAA. The desired material eluting 
at  7.13 min was collected and evaporated to dryness to 
give 5a as a white solid, 39.4 mg (90.6% ). 

IH NMR (DMSO-&): 6 (ppm) 7.44 (s , lH,  He), 7.42 (s, 
lH,  He), 7.19-7.34 (m, 9H, trityl), 6.84 (d, 4H, J = 8.12 Hz, 
trityl), 6.18 (t, lH,  HI(), 6.12 (t, lH,  J = 7.0 Hz, HI.), 5.1 
(m, lH, H3/), 3.8-4.3 (m, 5H, CH), 3.1-3.38 (m, 2H, H ~ J ) ,  
2.94 (d, 2H, J = 9.4 Hz, CHzP), 2.0-2.5 (m, 4H, H20, 1.7 

6 (ppm) 31.25 (s). 
An identical procedure was used to prepare 5b, 40.3 mg 

(92.6%). IH NMR (DMSO-&): 6 (ppm) 7.5 (s,lH,Hs), 
7.44 (s, lH,  He), 7.19-7.32 (m, 9H, trityl), 6.85 (d, 4H, J 
= 8.5 Hz, trityl), 6.2 (t, lH,  Hit), 6.12 (t, lH,  J = 7.2 Hz, 
HI<), 5.11 (m, 1H,H3?), 3.86-4.22 (m, 5H, CHI, 3.1-3.3 (m, 
2H, H5t), 2.9 (d, 2H, J = 9.8 Hz, CH2P), 2.0-2.5 (m, 4H, 

(ppm) 30.73 (s). 
5’-Thymid-3’-yl(aminomethyl)phosphonyl]-5’-thy- 

midine (6a, 6b). Compound 5a or 5b (25 mg, 0.025 mmol) 
was detritylated using 2 mL of 1% (v/v) dichloroacetic 
acid in CH2C12, and after 0.5 h the reaction mixture was 
dried in uucuo. The residue was diluted with 1 mL of 
water and extracted with ethyl acetate (4 X 1 mL). The 

(9, 3H, CH3), 1.34 (s, 3H, CH3). 31P NMR: (DMSO-&) 

Hy), 1.71 (9, 3H, CH3), 1.34 (s, 3H, CH3). 31P NMR: 6 
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aqueous layer was lyophilized to give a white solid which 
was dissolved in 0.1 M TEAA (1.5 mL) and purified on an 
analytical reversed-phase column. The column was eluted 
with a linear gradient of 5-25 % acetonitrile in 0.1 M TEAA. 

The Rp isomer 6b (11.3 mg) was obtained by collection 
of the peak which eluted after 10.85 min. ‘H NMR 

(t, 2H, 2 X HI!, J = 7.0 Hz), 4.98 (m, lH ,  Hy), 4.23 (m, lH,  
CH), 4.12 (m, 2H, 2 X H5’), 4.00 (m, lH,  CH), 3.89 (m, lH, 
CH), 3.56 (m, 2H, 2 X H53, 2.96 (d, 2H, CH2,J = 9.8 Hz), 
2.0-2.5 (m, 4H, 4 X H2.1, 1.75 (s, 3H, CH3), 1.73 (s, 3H, 
CH3). 31P NMR: 6 (ppm) 30.7 (s). 

The Sp isomer 6a (11.1 mg) was obtained by collection 
of the peak which eluted after 13.62 min. ‘H NMR 

(t, 2H, 2 X HI], J = 6.8 Hz), 4.98 (m, lH ,  H3!), 4.0-4.23 (m, 
4H, 2 X CH, 2 X H5’), 3.89 (m, lH,  CH), 3.56 (m, 2H, 2 X 
H53, 2.95 (d, 2H, CH2, J = 10.25 Hz), 2.0-2.5 (m, 4H, 4 X 

(ppm) 31.3 (s). 
Synthesis of 5’-[[5’- 0-(Dimethoxytrity1)thymid-3’- 

yl] (pht halimidomet hyl) phosphonyllt hymidine 3’- 
[cyanoethyl (N,N-diisopropy1amino)phosphorami- 
dite] (7a). A sample of 4a (470 mg, 0.47 mmol) was dried 
by coevaporation with pyridine, dissolved in dry aceto- 
nitrile (100 mL) under nitrogen, and treated with stirring 
with (2-cyanoethoxy)bis(N,N‘-diisopropylamino)phos- 
phine (0.37 mL, 1.18 mmol), diisopropylamine (0.09 mL, 
0.66 mmol), and tetrazole (33 mg, 0.47 mmol). After 1 h 
at room temperature, the mixture was partitioned between 
5% aqueous sodium bicarbonate and ethyl acetate (50 
mL of each). The aqueous layer was extracted with ethyl 
acetate (3 X 20 mL), and the combined organic layers 
were washed with water (2 X 50 mL) and dried over 
magnesium sulfate. The solids were removed by filtration, 
and the filtrate was concentrated to a gum which was 
purified by column chromatography on silica gel (45 g). 
The column was eluted with CH&12/MeOH/Et3N (100: 
1.67:1, 616 mL), and the appropriate fractions were 
combined and evaporated to yield 300 mg (53 9% ) of 7a as 
a white foam. An identical procedure was used to prepare 
7b from 4b. 

General Procedure for Oligonucleotide Synthesis 
and Deprotection. Oligonucleotides were prepared on 
aDNA synthesizer using the 1 pmol cycle. The alternating 
13-mers Sa and 8b (Figure 2) were synthesized using a 
standard phosphoramidite cycle with the dimer phos- 
phoramidites 7a and 7b, respectively (0.1 M in acetonitrile), 
and coupling times of 2 min per cycle. The oligonucleotide 
10, having one aminomethyl group at  the 3’-terminus, was 
synthesized by a combination of phosphoramidite and 
phosphotriester methods. The cycle for the first addition 
was modified to deliver TPS-Cl(O.3 M) in pyridine followed 
by 3 in a solution of N-methylimidazole (0.15 M) in 
pyridine, and the coupling time was increased to 9 min 
per cycle. After addition of the protected (aminomethyl)- 
phosphonate, the synthesis was completed using standard 
phosphoramidites, cycles, and reagents. Cleavage from 
the support and removal of the phthalyl group was 
accomplished by treatment of the solid support with 
ethylenediamine (500 pL) for 1 h at  55 “C. The super- 
natant was removed and evaporated to dryness in uacuo, 
and the support was washed with anhydrous ethanol (4 X 
200 pL) followed by 0.1 M TEAA (2 X 200 pL). The 
washings were combined with the residue from the 
supernatant and evaporated to dryness for purification. 

Oligonucleotide Purification. The tritylated oligo- 
nucleotide was loaded onto an analytical reversed-phase 

(DMSO-&) 6 (ppm) 7.66 (S, IH, He), 7.47 (S, IH, He), 6.16 

(DMSO-&): 6 (ppm) 7.66 (s, lH,  He), 7.51 (s, IH, He), 6.16 

H23, 1.76 (s, 3H, CH3), 1.73 (s, 3H, CH3). 31P NMR: 6 
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Figure 2. Structures of oligonucleotide (aminomethy1)phos- 
phonates. 

HPLC column in 5% acetonitrile/O.l M TEAA, washed 
with 50 mL of the same solvent, and eluted from the column 
with a linear gradient of 5-70% acetonitrile in 0.1 M TEAA 
over 45 min with a flow rate of 10 mL/min. The fractions 
containing the product were diluted with water and 
lyophilized, and the residue was dissolved in water and 
assayed by UV absorbance at  260 nm. Detritylation was 
accomplished by treatment with 0.1 M acetic acid (2 mL) 
for 2.5 h at room temperature. After lyophilization, the 
residue was taken up in water (1 mL) and purified by 
reversed-phase HPLC. The fractions containing the 
product were lyophilized, redissolved in water, and assayed. 
Desalting, if required, was carried out on a Cq HPLC 
column which was eluted with a gradient from 5 to 70% 
acetonitrile in water. 

Characterization of Oligonucleotides. NMR spec- 
troscopy was used for the characterization of modified 
oligonucleotides. The 31P NMR spectrum of the alter- 
nating (aminomethy1)phosphonate-phosphodiester oli- 
gonucleotide 8a, (Sp isomer) is shown in Figure 3. The 
spectrum consists of two peaks in a 1:l ratio, one due to 
the PO resonances and the other, downfield peak, due to 
the (aminomethy1)phosphonates as expected for an al- 
ternating oligonucleotide with six P-0 bonds and six 
P-CH2NH3+ bonds. The spectrum provides additional 
evidence that the P-C bonds survived deprotection of the 
phthalimido group. 

Oligonucleotides were also examined by gel electro- 
phoresis (Figure 4). The electrophoretic mobilities of the 
alternating (aminomethyl)phosphonate/phosphodiester 
oligonucleotides show an expected correspondence be- 
tween the degree of backbone substitution and electro- 
phoretic mobility. Thus, the alternating oligomer 8a (lane 
2) migrates only a small fraction of the distance traveled 
by the unmodified (phosphodiester) oligomer of the same 
size (lane 1). Presumably, the amino groups are partially 
ionized under the relatively high pH conditions of the gel 
so that the net charge of the modified oligonucleotide is 
slightly negative rather than zero. The purities of the 
oligonucleotides were also established by HPLC and 
quantified by UV absorbance at  260 nm after deprotection 
and detritylation. 

Thermal Denaturation Experiments. These exper- 
iments were carried out using a Gilford Response I1 
temperature-controlled spectrophotometer by monitoring 
the changes in absorbance at  260 nm versus temperature, 
with a heating rate of 1 "C/min from 0 to 60 "C. Extinction 
coefficients needed to calculate the molar ratios of 
oligonucleotides were obtained by the method of Rychlik 
and Rhoads (1989). Melting curves were obtained in both 
low salt (150 mM NaC1, 10 mM Na2HP04) and high salt 
(lMNaCl,lOmMNazHP04) conditionsatpH7. Samples 
were not heated prior to denaturation measurements in 
order to minimize hydrolysis of the (aminomethyl)- 
phosphonate linkages. Transition temperatures were 
obtained from the first-order derivative plot of absorbance 
versus temperature. For experiments involving dissoci- 
ation of triplex structures, 50 mM Tris, 20 mM MgClz, 0.1 
M NaC1, pH 7, was used as the buffer. 

Hydrolytic Stability of 6a and 6b. The dinucleotides 
6a and 6b were incubated at  pH 7.1 in TEAA buffer a t  37 
"C over 50 h. Aliquots were removed at  intervals and 
injected onto a C4 reversed-phase HPLC column, and the 
rate of degradation was determined by measurement of 
the area remaining under the peak corresponding to 
starting material. 

Incubation of 6a and 6b with Mung Bean and SI 
Nucleases. (a)  Mung Bean Nuclease. Solutions of the 
natural dimer d-TpT and aminomethyl-modified dimers 
6a and 6b (1 OD260) in 50 pL of buffer (30 mM sodium 
acetate, 50 mM sodium chloride, 1 mM zinc chloride, pH 
5,5% (v/v) glycerol) were equilibrated at  0 "C for 30 min 
and treated with mung bean nuclease (US. Biochemicals, 
50 units/pL, 5 pL), and the solutions were stored at  0 "C. 
Aliquots (5 pL) of the reaction mixture were injected onto 
an analytical reversed-phase HPLC column and eluted 
with a gradient of 5-70 % acetonitrile in 0.1 M TEAA buffer 
(pH 7.1). The area under the peak corresponding to 
starting material was plotted vs time to determine t1/2 
values. 

( b )  S1 Nuclease. Solutions of the natural dimer d-TpT 
and aminomethyl-modified dimers 6a and 6b (1 OD2w) in 
50 pL of buffer (50 mM sodium acetate, 250 mM sodium 
chloride, 1 mM zinc chloride, pH 4.6, containing 50 pG/ 
mL of bovine serum albumin) were equilibrated at  0 "C 
for 30 min and treated with 2 pL of S1 nuclease (US. 
Biochemicals, 263 units/ pL), and the solutions were stored 
at 0 "C. Aliquots (5 pL) of the reaction mixture were 
injected onto an analytical reversed-phase HPLC column 
and eluted with a gradient of 5-70% acetonitrile in 0.1 M 
TEAA buffer (pH 7.11, and the area under the peak 
corresponding to starting material was plotted versus time 
to determine t 1 / 2  values. 

RESULTS AND DISCUSSION 

Synthetic Strategy. Two general strategies can be 
envisaged for the synthesis of (aminomethy1)phosphonate 
derivatives of oligonucleotides, (a) the triester appproach 
involving a pentavalent phosphorus intermediate and (b) 
the phosphonamidite approach which uses trivalent phos- 
phorus chemistry. For the synthesis of dinucleotides or 
oligonucleotides with relatively few aminomethyl sub- 
stituents, the triester approach appeared to be the most 
convenient since suitable derivatives of (aminomethyl)- 
phosphonic acid are commercially available. For protec- 
tion of the amino group of (aminomethy1)phosphonic acid 
during oligonucleotide synthesis, an alkali-labile group was 
envisaged so that concomitant deprotection of the ami- 
nomethyl and the base-protecting groups could be ac- 
complished using ammonia. Protecting groups which are 
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Figure 3. NMR spectrum of the alternating lbmer 8a. 
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Figure 4. Polyacrylamide gel electrophoresis of 8a (lane 2, second 
from right) versus d-T(pT)12 (lane 1, second from left). Outside 
lanes are bromophenol blue and xylene cyano1 markers. 

potentially suitable for this purpose include trifluoroacetyl, 
(fluorenyloxy)carbonyl, and phthalimido, as well as a few 
other commonly used groups. Of these, the phthalimido 
group was selected since (a) it can be removed by either 
ammonia or ethylenediamine and (b) ita lipophilicity might 
be of value in chromatographic purification by reversed- 
phase HPLC. The benzyloxycarbonyl group has been used 
previously during the preparation of aminomethyl deriv- 
atives of mononucleotides (Gulyaev & Holy, 1972, Holy & 
Gulyaev, 1974) but since removal of this group required 
36% hydrogen bromide in acetic acid, it  would not be 
suitable for use with purine deoxynucleotides. 

Dinucleotide Synthesis. Reaction of commercially 
available dimethyl (phthalimidomethy1)phosphonate (1) 
(Figure 1) with trimethylsilyl bromide cleaved the methyl 
ester groups to give (phthalimidomethy1)phosphonate (2) 
which was isolated as its pyridinium or triethylammonium 
salt. Reaction of 2 with 5’-(dimethoxytrity1)thymidine 
using TPS-C1 as the condensing agent produced the 
monomer 3, which was purified by silica column chro- 
matography and isolated as its triethylammonium salt. 
The NMR spectrum of 3 indicated the presence of aromatic 
protons corresponding to the phthalimido group, and the 
phosphorus NMR indicated the presence of a singlet at 
6 11.0 due to the phosphonate phosphorus atom. 

Compound 3 was used to prepare the dinucleotide 
(phthalimidomethy1)phosphonate 4 by reaction with thy- 
midine using TPNT or TPS-C1 as the coupling agent. 
Examination of the reaction products by TLC indicated 
the presence of two isomers which were poorly resolved 
in all solvent systems employed. A partial resolution of 
the mixture could be achieved by silica column chroma- 
tography, although the bulk of the material was eluted as 
a mixture of isomers which required rechromatography. 
A more complete separation of the mixture could be 
achieved by reversed-phase HPLC, and using this pro- 

cedure several hundred milligrams of pure, single-isomer 
dinucleotides 4a and 4b could be obtained. The lH NMR 
of 4a showed two clearly resolved triplets corresponding 
to the anomeric protons of the sugar moieties as well as 
aromatic protons corresponding to the trityl and phthal- 
imido groups. The CH2P protons were partially obscured 
by the sugar proton resonances at around 4.1 ppm, but the 
methyl protons from the thymine residues were observed 
as sharp singlets at approximately 1.4 and 1.7 ppm. A 
similar spectrum was obtained for the Rp isomer 4b, except 
that the CH2P protons were clearly distinguishable as a 
doublet a t  4.0 ppm. In both isomers one Cy-H resonance 
was observed considerably downfield from the other, 
presumably due to the fact that one 3’-carbon is substituted 
with a phosphonate group whereas the other is unsub- 
stituted. In spectra of dried samples of 4a, a doublet a t  
5.4 ppm, which could be exchanged with DzO, indicated 
the presence of a secondary 3’-hydroxyl group. No 
impurities, such as 3’,3’-isomers, were detected. Presum- 
ably, the difference in reactivity between the 5’- and 3‘- 
hydroxyl groups is sufficent to ensure the regiospecificity 
of the reaction to form the 3’,5’-dimer. The 31P NMR 
spectra of both 4a and 4b showed singlet resonances 
downfield from those previously reported for the meth- 
ylphosphonate analogs (Seela and Kretschmer, 1991) due 
to the deshielding effect of the protonated aminomethyl 
group, a result consistent with the downfield shift observed 
for (difluoromethy1)phosphonate analogs (Bergstrom and 
Shum, 1988). 

Cleavage from the support and removal of the the 
phthalyl group were accomplished with ethylenediamine, 
since this reagent was previously found to be suitable for 
the deprotection of oligonucleotide methylphosphonates 
(Ebright et  al., 1988) which have been shown to be unstable 
to strongly alkaline conditions. Treatment of 4a with 
ethylenediamine gave the 5’-tritylated aminomethyl dimer 
5a (90% yield) as shown in Figure 5. Panel A shows an 
HPLC trace of the tritylated phthalimidomethyl dinu- 
cleotide 4a, and panel B is the reaction mixture after 
treatment with ethylenediamine for 6 h a t  room temper- 
ature, in which the deprotected dimer 5a elutes a t  6.5 
min. The unprotected monomer has been shown to elute 
at 2 min in this system, and the small peak at 1.5 min is 
probably material derived from the cleaved phthalimido 
group. This figure demonstrates the efficiency of the 
deprotection step and shows that cleavage of the backbone 
during deprotection is minimal. Similar results were 
obtained with 5b, which was obtained in 92.6 % yield from 
4b using the same procedure. 

These dinucleotides were isolated by HPLC and char- 
acterized by NMR. In contrast to those of 4a and 4b, the 
lH NMR spectra of 5a and 5b were very similar, both 
showing two clearly resolved triplets corresponding to the 
anomeric protons as well as sharp singlets for the thymine 
methyl groups. For both isomers the CH2P resonances 
were clearly distinguishable at 2.9 ppm. Detritylation was 
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Figure 5. Deprotection of the 5'-trityl phthalimidomethyl 
dinucleotide 4a. Panel A 4a. Panel B: reaction mixture after 
treatment with ethylenediamine for 6 h at room temperature. 

accomplished using dichloroacetic acid to give the com- 
pletely unprotected dimers 6a and 6b which were used for 
enzymatic studies as described below. Samples of both 
isomers of 4-6 were spotted onto a thin-layer silica plate, 
sprayed with ninhydrin, and heated to determine the 
presence or absence of amino groups. As expected, both 
isomers of 5 and 6 produced a purple coloration, indicative 
of the presence of amino groups, whereas the protected 
compounds 4a and 4b did not give a positive reaction. 

Oligonucleotide Synthesis. The protected dimers 4a 
or 4b could be converted into their corresponding 3'- 
(cyanoethyl (NJV-diisopropylamino)phosphoramidite) 7a 
or 7b and used to prepare oligonucleotide sequences 8a 
and 8b (Figure 2) in which the (aminomethy1)phosphonate 
moieties alternate with natural phosphodiester linkages. 
For coupling the dinucleotide phosphoramidite 7a or 7b 
was used a t  a concentration of 0.15 M and the coupling 
time was increased to 120 s; under these conditions a 
coupling yield of approximately 99% was normally ob- 
tained as determined by trityl assay. After cleavage of 
the tritylated oligonucleotides from the support, 8a and 
8b were partially purified by reversed-phase HPLC to 
remove failure sequences followed by detritylation using 
aqueous acetic acid and a second HPLC purification. This 
is exemplified by the synthesis and purification of 8a, which 
is shown in Figure 6. Panel A shows the quality of the 
crude tritylated oligonucleotide after synthesis, cleavage 
from the support, and removal of the phthalyl group by 
treatment with ethylenediamine; the main peak corre- 
sponding to tritylated oligonucleotide is eluted a t  ap- 
proximately 25 min, with the untritylated failure sequences 

11 10 

Figure 6. Synthesis and purification of the alternating 13-mer 
88. Panel A crude, tritylated (aminomethyl)-13-mer from the 
DNA synthesizer. Panel B: detritylation reaction mixture. Panel 
C: purified, deprotected oligomer 8a. 

being eluted at  13-15 min. Approximately 45 ODzm units 
of crude material were obtained from a 1 pmol scale 
synthesis. The crude material was purified by preparative 
HPLC, and the tritylated oligonucleotide was isolated and 
treated with aqueous acetic acid. Panel B shows the 
material obtained after detritylation, the detritylated 
oligonucleotide being eluted at  16 min with a residual 
amount of tritylated material eluting a t  approximately 25 
min. The detritylated material was again purified by 
HPLC, and the pure product 8a is shown in panel C. Using 
this procedure, 33 ODzm units of pure 8a were obtained 
from a 1 pmol synthesis, which demonstrates the efficiency 
of the deprotection and isolation procedures. Similar 
results were obtained for 8b. 



(Aminomethy1)phosphonate Derivatives of Oligonucleotides 

The monomer 3 was also used to introduce aminomethyl 
groups into specific sites of thymine-containing oligonu- 
cleotides by employing reactions similar to those employed 
for phosphotriester chemistry with 1-(triisopropylben- 
zenesulfonyl)-3-nitro-1,2,4-triazole or TPS-C1 as the cou- 
pling agent. Compound 3 was reacted with support-bound 
thymidine using a modified cycle on a DNA synthesizer, 
and after evaluation of various conditions the most 
effective coupling procedure employed a 0.15-0.18 M 
solution of 3 in pyridine containing N-methylimidazole, 
TPS-Cl(0.3 M), and a coupling time of 9 min. After this 
initial cycle, the oligonucleotide chain was extended using 
standard phosphoramidite chemistry to produce the 3'- 
end-capped thymine-containing dodecamer 10 (Figure 2) 
which was purified by HPLC as previously described for 
8. Although not studied in this work, this type of 3'-end- 
capped oligonucleotide could be of value in preventing in 
vivo degradation by 3'-exonucleases. The aminomethyl 
functionality could also be used for attachment of non- 
radioactive reporter groups such as biotin or fluorescein. 
A preliminary experiment indicated that biotin could be 
attached by reaction of 10 with biotin N-hydroxysuccin- 
imide ester. 

Assignment of Stereochemistry at Phosphorus. 
The stereochemical assignments for the isomers of the 
protected dinucleotides 4a and 4b were tentatively made 
based on phosphorus NMR data. A recent report 
(Loschner and Engels, 1990) described the determination 
of configuration of diastereomeric, protected dinucleoside 
methylphosphonates using a 2-D NMR ROESY technique. 
These authors observed that the Rp isomers always 
exhibited 31P NMR signals upfield from those of the Sp 
isomers. Other workers (Seela and Kretschmer, 1991) 
described data on 31P NMR chemical shifts of an extensive 
series of protected dinucleotide methyl phosphonates and 
H-phosphonates and also noted that in all cases the signals 
for the Rp isomers were upfield from the Sp isomers. It 
was also postulated by these authors that this correlation 
is a general phenomenon. By extrapolation to the pro- 
tected (aminomethy1)phosphonates 4a and 4b, the com- 
pound having the upfield resonance (4b) is considered to 
be the Rp isomer and the compound with the downfield 
resonance (4a) is assigned as the Sp isomer. 2-D NMR 
experiments are needed to provide a more conclusive 
determination of these stereochemical assignments. 

Hybridization Properties. The single isomer oligo- 
nucleotides 8a and 8b, having alternating (aminomethyl)- 
phosphonatelphosphodiester backbone moieties, were 
hybridized to complementary DNA or RNA sequences to 
study their ability to form duplexes and compared to the 
corresponding natural, all-phosphodiester sequence which 
was used as a control. Two other backbone-modified 
oligonucleotides of the same length were also prepared 
and examined: (a) an alternating methylphosphonatel 
phosphodiester oligonucleotide 11 and (b) an alternating 
phosphorothioatelphosphodiester oligonucleotide 12, these 
latter two oligonucleotides being mixtures of isomers, since 
the individual isomers could not be readily separated. For 
hybridization studies the modified oligonucleotide and 
its complementary sequence were mixed in an equimolar 
ratio, and the absorbance of the mixture at 260 nm versus 
temperature was measured from 0 to 60 "C. The rate of 
heating was maintained at 1 "Clmin, and the samples were 
not heat denatured prior to measurement in order to 
minimize hydrolysis a t  elevated temperatures (see below). 
At  the end of the experiment a sample was examined by 
HPLC to confirm that the extent of degradation was 
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Figure 7. Thermal denaturation of equimolar mixtures of 8a 
(-O-), 8b (...O...) , 11 (- - -0- - -), 12 ( - - -A- - - 1, and d-T(pT)iz 
(- - -A- - -) with d-A(pA)12 in 150 mM NaCl, 10 mM Na2HP04, 
pH 7. 

negligible. The results of these experiments are shown in 
Figure 7. When the individual isomers of the alternating 
aminomethyl oligonucleotides were hybridized to d- 
A(PA)IP they showed markedly different properties. The 
Sp isomer 8a was destabilized compared to the natural 
duplex whereas the Rp isomer 8b formed a duplex which 
was more stable than its natural counterpart. In com- 
parison, both the methyl phosphonate 11 and the phos- 
phorothioate 12, both of which were mixtures of isomers, 
were somewhat destabilized as compared with the natural 
duplex. A previous report (Lesnikowski et al., 1990) in 
which isomeric pairs of methyl phosphonate octamers were 
hybridized to d-pA16 also showed that the duplex with the 
Sp isomer was relatively unstable, whereas the duplex with 
the Rp isomer was much more stable than its natural 
counterpart. These findings emphasize the importance 
of using single isomers in physicochemical and biological 
experiments wherever possible, since hybridization to 
target is strongly dependent upon the isomer employed. 

When the salt conditions were varied in the above 
hybridization experiments, the alternating (aminomethyl)- 
phosphonatelphosphodiester 8b and the methylphospho- 
natelphosphodiester 1 l'showed less salt dependence than 
the fully anionic phosphodiester or the alternating phos- 
phorothioatelphosphodiester 12. This may be due to the 
fact that the negative charges are reduced in both 8b and 
11. A previous report of hybridization of another type of 
cationic oligonucleotide with more bulky phosphoramidate 
linkages (Letsinger et al., 1988) reported that the stability 
of a duplex of an alternating cationic/phosphodiester 
oligonucleotide with poly-dA was essentially independent 
of the salt concentration. These workers also investigated 
the effect of pH on the hybridization of an oligonucleotide 
with weakly basic morpholino groups attached to the 
phosphorus atoms and observed that the hybrid was 
stabilized by protonation. Although the pKs  of the 
aminomethyl oligonucleotides in the present study were 
not measured, it is anticipated that the aminomethyl 
groups will be fully protonated at  pH 7 based on previously 
reported pKmeasurements of (aminomethy1)phosphonate 
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Table 1. Hybridization of Modified Oligonucleotides to 
Complementary Sequence d-A(pA)Iz 

Fathl et al. 

melting temp ("C) 
modification at low high 

olieonucleotide DhosDhorus isomer salt' salt* 
d-T(pT)lz none n/ a 35 46 
8a aminomethyl Sp e10 15 
8b aminomethyl Rp 45 50 
11 methyl mixed 32 38 
12 thioate mixed 27 38 

150 mM NaCl, 10 mM NazHPO4. * 1 M NaCl, 10 mM NazHPO4. 

and its derivatives (Robitaille et al., 1991). A summary 
of these thermal denaturation experiments is shown in 
Table 1. 

Hybridization of the alternating sequences 8a and 8b 
to the oligoribonucleotide r-A(pA)lz revealed similar 
patterns, with the duplex of the Rp isomer being slightly 
more stable than the natural duplex and the Sp isomer 
being considerably less stable. In both cases the RNA- 
DNA duplex was slightly less stable than the corresponding 
DNA-DNA duplex as has previously been observed for 
poly-rA:poly-dT versus poly-dA:poly-dT (Chamberlin, 
1965; Riley et al., 1966). 

The alternating sequences 8a and 8b were each hy- 
bridized with d-A(pA),z in a 2:l ratio in order to examine 
the possibility of triplex formation. For these experiments 
a pH 7 buffer containing magnesium chloride was em- 
ployed, since this has previously been shown to stabilize 
triplexes of short oligonucleotides (Pilch et al., 1990). 
Hybridization of the Sp isomer 8a with d-A(pA)lz in a 2:l 
ratio showed only one transition at low temperature, 
presumably due to dissociation of the duplex. For the Rp 
isomer 8b a very broad transition was observed with a 
midpoint a t  approximately 21 "C, suggestive of dissociation 
of a triplex structure, followed by a sharp transition at  49 
"C corresponding to dissociation of the duplex. The 
melting profile of d-T(pT)lz with d-A(pA),z in a ratio of 
2:l under the same conditions showed a similar profile to 
that of 8b, with a broad transition centered at  21 "C 
corresponding to dissociation of the third strand followed 
by a sharper transition at 44 "C due to dissociation of the 
duplex. For the natural oligonucleotide, the triplex 
transition was determined from a first derivative plot, 
whereas with 8b an exact measurement could not be 
obtained. These thermal denaturation curves are shown 
in Figure 8. The results obtained with the natural triplex 
are similar to those previously reported for the natural 
decanucleotides d-T(pT),o and d-A(pA)lo (Pilch et al., 
1990). These authors also observed a broad transition for 
the dissociation of the triplex strand. 

The melting profile of 8a with d-A(pA)lz and d-T(pT)lz 
in a 1:l:l ratio was also examined. In this case the first 
transition was detected at  12 "C followed by a second 
transition at 44 "C. Presumably, the first transition is 
due to dissociation of 8a as the third strand, followed by 
dissociation of the natural duplex at higher temperature. 
Melting of 8b with d-A(pA)lz and d-T(pT)lz in a 1:l:l 
ratio showed well-defined transitions at  20 and 47 "C. In 
this case assignments for the transitions are not obvious 
since both d-T(pT)lz and 8b are capable of forming triplex 
structures. The transitions observed may well be due to 
melting of a mixture of structures in which both 8b and 
d-T(pT)12 are to some extent aligned in antiparallel fashion 
to form the duplex and in parallel to form the triplex. 
Further experiments are needed to more fully understand 
the structures involved in this process. A summary of the 
results of triplex formation is shown in Table 2. 
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Figure 8. Thermal denaturation of a 2:l mixture of 8a (...@...), 
8b (- - -0- - -), or d-T(pT)lz (-o-) vs d-A(pA)lZ in 50 mM Tris, 
20 mM MgClz, 0.1 M NaC1, pH 7. 

Table 2. Triplex Formation of Oligonucleotide 
(Aminomethyl)phosphonates* 

melting temp ( O C )  

first second 
oligonucleotides ratio transition transition 

d-T(pT)ldd-A(pA)lz 2: 1 21 44 
da/d-A(pA)lz 2: 1 12 
Wd-A(pA)iz 2: 1 -21 49 
sa/d-A(pA)lz/d-T(pT)lz 1:l:l 12 44 
8b/d-A(pA)lz/d-T(pT)iz 1:1:1 20 47 

In 50 mM Tris, 20 mM MgC12, 0.1 M NaC1, pH 7 buffer. 

Table 3. Hybridization of 9a and 9b to Complementary 
Sequences d-A(pA)lpX(pA)s Possessing a Mismatch 
Opposite to the Aminomethyl Group 

AT, ("0 melting temp ("C) vs matched 
oligonucleotide X = A X = T X = G X = C sequence 

d-T(pT)iz 35.5 23 23 23 12.5 
13.5 9a 30 

9b 37 25 25 25 12 
16.5 16.5 16.5 

Specificity of Hybridization. Since positively charged 
oligonucleotides such as (aminomethy1)phosphonates might 
potentially be able to bind in a nonspecific manner to the 
negatively charged phosphodiester backbone of a com- 
plementary DNA or RNA strand, we have investigated 
the specificity of binding of these compounds. For these 
experiments tridecanucleotides 9a and 9b, each with one 
aminomethyl group in the middle of the sequence, were 
synthesized and hybridized to a series of partially com- 
plementary sequences d-A(pA)5pG(pA)s, d-A(pA)SpT- 
(PA),, and d-A(pA),pC(pA), each having a mismatched 
base opposite to the aminomethyl group. The natural 
tridecanucleotide d-T(pT)lP was also used as a control. 9a 
and 9b were prepared by the phosphoramidite approach, 
with the dimer phosphoramidites 7a or 7b being used in 
the DNA synthesizer at the appropriate cycle of the 
synthesis. The melting temperatures of these pairs of 
oligomers are displayed in Table 3. For the natural duplex, 
introduction of a mismatch into the complementary strand 
(X = T, C or G) results in a 12.5 "C lowering of melting 
temperature as compared with the fully complementary 
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sequence. For the Rp isomer, which forms a more stable 
duplex as compared to the natural sequence, a reduction 
in Tm of 12 OC was observed for the mismatched hybrids, 
whereas for the less stable Sp isomer a corresponding 
reduction of 13.5 OC was observed. The similarities 
between the mismatch destabilization of the natural 
phosphodiester and that observed for the backbone- 
modified oligonucleotide indicates that the aminomethyl 
oligonucleotides retain their specificity of duplex formation 
to a degree comparable to their natural counterparts. 

Molecular Modeling. In order to gain further insight 
into the results of the hybridization experiments, duplexes 
of single isomer alternating (aminomethyl)phosphonate/ 
phosphodiester oligomers 8a or 8b with the natural 
phosphodiester oligonucleotide d-A(pA)lz as the comple- 
mentary strand were examined by molecular mechanics. 
The B' form duplex was used as the starting point, since 
previous workers have shown that this form is preferred 
over the B form for the d-pT1,:d-pAlS duplex (Saenger, 
1984). The B' form is slightly different from the B form, 
the rise and turn per unit base being 3.46 A and 37" versus 
3.38 A and 36" for the latter. An STO-3G basis set ab 
initio calculation was carried out prior to the minimization 
experiments to determine the atomic point charges of the 
aminomethyl groups; the Gaussian 90 program (Gauss, 
Inc., 4415 Fifth Ave. , Pittsburgh, PA 15123) was used for 
this calculation. These point charges were required for 
the electrostatic term in the potential energy function and 
were imported into the Biograf program. Dihedral angle 
space searches were then carried out to find the lowest 
energy starting conformation of the aminomethyl group. 
This was done by simultaneously rotating the C-P and 
N-C bonds of the aminomethyl phosphonate group in 
increments of 30" from 0 to 360" and identifying the 
conformation with the lowest energy. This lowest energy 
conformation was used as the initial conformation of the 
aminomethyl group. 

Since previous workers (Kollman et al., 1981; Van 
Gunsteren et al., 1986; Singh et al., 1985; Miaskiewicz et 
al., 1993; Seibel et al., 1985; Kollman et a1.,1982) have 
demonstrated that simulation of environmental effects 
such as water, sodium ions, and boundary conditions can 
significantly affect the results obtained from the modeling 
of DNA duplexes, sodium ions were added to neutralize 
the excess of negative charges due to the phosphate groups? 
the inital distance between the sodium ions, and the 
phosphate groups being 3.5 A. Two layers of water (5.6 
A thickness) were then introduced to solvate the duplex, 
and the water molecules were initially placed 2.8 A from 
the duplex. Since the water molecules introduced via the 
Biograf program were initially in a lattice arrangement, 
these water positions were minimized for 500 steps (250 
steps using the steepest descent method and then 250 steps 
using the conjugated gradient method) while keeping the 
B' form duplex geometry fixed. After this procedure, the 
duplex, water, and ions were allowed to move together in 
the second stage of the minimization (500 steps), which 
was used to remove all the unfavorable contacts between 
atoms. Adaptation of a previously reported method 
(Kollman et al., 1981) was used to calculate the strand- 
strand binding energy (SSBE) which is defined as the total 
energies of all the bases in the duplex minus the energies 
of the bases in the individual strands. Sugar and phosphate 
groups were not included in these calculations. The 
strand-strand binding energies were calculated for du- 
plexes of 8a and 8b with their natural complements as 
well as for the natural oligonucleotide duplex. The results 
are as follows: 
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duplex SSBE (kcal/mol) 
-495 
-486 
-492 

These results indicate that if the SSBE is the main 
determinant for the thermal stability of the duplex, the 
Rp isomer 8b would be expected to have the highest 
melting temperature, the Sp  isomer 8a should have the 
lowest melting temperature, and the natural duplex would 
be expected to be intermediate between the two isomers. 
The predicted stabilities are thus consistent with the 
observed data obtained by optical absorption experiments. 
Examination of the minimized structures reveals several 
features which may account for the predicted and observed 
stabilities. Duplexes of 8a and 8b with d-A(pA)lP, in which 
the aminomethyl groups are highlighted using a dot matrix 
surface, are illustrated in Figure 9. The model of the 
duplex with 8a (left panel) shows that the aminomethyl 
groups are turned towards the interior of the duplex, 
resulting in unfavorable steric interactions with the base 
and sugar moieties. The duplex with 8b, on the other 
hand (right panel), shows that the aminomethyl groups 
are projecting toward the exterior, thus reducing steric 
interactions with the base and sugar moieties and en- 
hancing favorable interactions with solvent. This differ- 
ence is more clearly visible in the end views of the duplexes 
(bottom panels). A detailed examination of the structures 
generated by molecular modeling indicates that the 
aminomethyl groups of the Sp isomer are likely to be 
relatively close (3.6A) to the methyl groups of the thymine 
bases, whereas for the Rp isomer these groups are predicted 
to be much further apart (7.5 A). Similar conclusions were 
reached for duplexes of isomers of oligonucleotide meth- 
ylphosphonates (Lesnikowski et al., 1990). The close 
contacts between the aminomethyl groups of the Sp isomer 
8a and the thymine methyl groups result in a significant 
propeller twist between the thymine-adenine base pairs, 
and this would be expected to significantly decrease the 
strength of the hydrogen bonding. This propeller twist 
also would be expected to produce some distortion of the 
backbone of the duplex. 

An analysis of the proximities of the aminomethyl and 
phosphodiester functional groups was also performed. The 
formation of weak intrastrand ionic bonds between the 
aminomethyl groups and the adjacent phosphate oxygen 
atoms is possible, since for both Rp and Sp isomers these 
groups were approximately 4.7-5.OA apart. The presence 
of intrastrand interactions between aminomethyl and 
phosphodiester groups might reduce interstrand repulsion 
due to the negative charges on the phosphate groups, and 
such a reduction in repulsion might contribute to the higher 
melting temperature of the 8b/d-A(pA)l2 duplex versus 
the natural duplex. The corresponding distances between 
the aminomethyl groups and the phosphodiester groups 
of the opposite strand were too far apart to be able to 
interact, so that interstrand duplex-stabilizing interactions 
of this kind would not be anticipated. 

Stability in Aqueous Solution. In order to study the 
stability of (aminomethy1)phosphonates in aqueous so- 
lution, the dinucleotides 6a and 6b were incubated in pH 
7.0 aqueous buffer a t  37 "C with thymidyl-3'-(meth- 
ylphosphonyl)-5'-thymidine being used as a control. Al- 
iquots were removed at various time intervals and injected 
onto a Cq reversed-phase column for quantification of the 
amount of starting material remaining. Under these 
conditions degradation of both 6a and 6b was detected; 
half lives of 42 h for the Sp isomer and 45 h for the Rp 
isomer were calculated from the plot of percent of 
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Figure 9. Conformations of duplexes between 8a (left panels) 
or 8b (right panels) and d-A(pA)lz. The aminomethyl substituents 
are highlighted using dot surface matrices. 

remaining starting material versus time. No degradation 
of the corresponding methylphosphonate was detected 
under the same conditions. Hydrolysis of the (amino- 
methy1)phosphonates 6a and 6b proceeded almost ex- 
clusively by P-0 bond cleavage to yield a mixture of 
thymidine-3’- and 5’-(aminomethy1)phosphonates and 
thymidine. One possible explanation for the greater 
lability of the (aminomethy1)phosphonate could be due to 
the greater inductive effect of the protonated aminomethyl 
group as compared to the methyl group, which would result 
in the phosphorus atom being more susceptible to attack 
by water or other nucleophiles. Alternatively, intramo- 
lecular attack on phosphorus by the amino group to give 
a three-membered cyclic intermediate followed by cleavage 
of the phosphorus-oxygen bond could be considered as an 
alternate possibility. Three membered ring compounds 
containing phosphorus, nitrogen, and carbon have pre- 
viously been isolated by Niecke et  al. (1983). Hydrolysis 
of the alternating sequences 8a and 8b was also examined 
under the same conditions, and a similar pattern of 
degradation was observed, the half lives of the Rp and Sp 
isomers both being 13 h. These results are summarized 
in Table 4. 

Enzymatic Studies. The enzymatic digestion of the 
dinucleotide (aminomethy1)phosphonates 6a and 6b was 
studied in an attempt to determine whether the (ami- 
nomethy1)phosphonate analogs are likely to be substrates 
for diesterases. At  the mononucleotide level Gulyaev and 
Holy (1972) have previously shown that both uridine and 
adenosine 5’-(aminomethy1)phosphonates were resistant 
to the action of bacterial alkaline phosphatase but that 
snake venom 5’-nucleotidase produced substantial cleavage 

Table 4. Stability of Oligonucleotide 
(Aminomethy1)phosphonates in Aqueous Solution 

tl/2 (h) 
oligonucleotide length 37 “C 25 “C 

6a dinucleotide 42 nd 
6b dinucleotide 42 nd 
Tp(Me)T dinucleotide stable nd 
8a 13-mer 13 70 
8b 13-mer 13 70 

to give the nucleoside and (aminomethy1)phosphonic acid. 
The enzymatic incubations of 6a and 6b were performed 
at  0 “C to minimize the hydrolysis which was observed at  
higher temperatures, and under these conditions neither 
isomer was degraded by mung bean or S1 nuclease under 
conditions which cleaved the natural dimer in 30 min. 
The residual activity of the enzyme in the incubation 
mixture after 24 h was assessed by adding 5 pL of the 
mixture to a sample of the natural dimer d-TpT followed 
by incubation and reinjection onto an HPLC column. 
Rapid cleavage of d-TpT demonstrated that the enzyme 
had lost only a few percent of its activity during the course 
of the original incubation with the dinucleotide (ami- 
nomethy1)phosphonate. 

CONCLUSIONS 

(Aminomethy1)phosphonates represent the simplest 
example of an interesting new class of cationic, backbone- 
modified oligonucleotides. Molecules with a net charge 
of zero can be prepared by alternating the (aminomethy1)- 
phosphonate and phosphodiester groups in the oligonu- 
cleotide backbone, and in contrast to other neutral, 
backbone-modified analogs such as methylphosphonates, 
(aminomethy1)phosphonates are very soluble in water. The 
individual isomers vary widely in their ability to form 
duplexes, with the Rp isomer being more stable than its 
natural counterpart and the Sp isomer being much less 
stable. Specificity of hybridization was retained as 
determined by Tm experiments with oligonucleotides 
possessing a mismatch opposite to the aminomethyl group. 
Evidence for triplex formation was observed for the Rp 
isomer although a sharp transition was not observed. 
(Aminomethy1)phosphonates are resistant to enzymatic 
degradation but can be hydrolyzed in aqueous solution at  
elevated temperature. Introduction of aminomethyl 
groups into oligonucleotides provides an opportunity for 
the attachment of nonradioactive reporter groups for 
diagnostic purposes. Studies on other examples of novel 
cationic oligonucleotides are in progress and will be 
described in the near future. 
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Immunoconjugates: Evaluation as a Potential Delivery System for 
Neutron Capture Therapy1i2 
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Boron neutron capture therapy (BNCT) is based on the nuclear capture reaction that occurs when 
boron-10, a stable isotope, is irradiated with low-energy or thermal neutrons (10.025 eV) to yield high 
LET a particles and recoiling 7Li nuclei [log + nth- P B I  - 4He(a) + 7Li + 2.39 MeV]. Approximately 
109 boron-10 atoms must be delivered to each target cell in order to sustain a lethal lOB(n,a)7Li reaction. 
If MoAbs are to be used for targeting boron-10, then it is essential that they recognize a surface membrane 
epitope that is highly expressed on tumor cells and that a large number of boron-10 atoms be attached 
to each antibody molecule. In order to heavily boronate MoAbs, we have utilized starburst dendrimers 
(SD), which are precise, spherical macromolecules composed of repetitive poly(amidoamin0) groups. 
Second- and fourth-generation dendrimers, having 12 and 48 reactive terminal amino groups and molecular 
weights of 2414 and 10 632 Da, respectively, were boronated using an isocyanato polyhedral borane, 
Na(CH3)aNBloHsNCO. The boronated starburst dendrimers (BSD), in turn, were derivatized with 
m-maleimidobenzoylN-hydroxysulfosuccinimide ester (sulfo-MBS). The MoAb IB16-6, which is directed 
against the murine B16 melanoma, was derivatized with N-succinimidyl3-(2-pyridyldithio)propionate 
(SPDP). The MBS-derivatized BSD and SPDP-derivatized MoAb were reacted to yield stable 
immunoconjugates. The in vivo distribution patterns of 1251-labeled native and boronated MoAb IB16-6 
and SD were studied in normal and tumor-bearing C57B1/6 mice carrying sc implants of the B16 melanoma. 
The data obtained demonstrated that SD have a propensity to localize in the liver and spleen and that 
the absolute amount appeared to be directly related to the molecular weight and number of reactive 
terminal amino groups. Further studies are required to determine whether the properties of the boronated 
dendrimers can be modified so as to reduce their hepatic and splenic localization. 

INTRODUCTION 
Boron neutron capture theory, which recently has been 

reviewed by us (1,2), is based on the nuclear reaction that 
occurs when a stable isotope, boron-10 P B ) ,  is irradiated 
with low-energy (10.025 eV) neutrons to yield high LET 
radiation consisting of a particles and recoiling 7Li nuclei 
[log + nth - [11B] - 4He(a) + 7Li + 2.39 MeV]. I t  has 
been estimated that -35-50 pg of 1OB must be delivered 
per gram of tumor in order to sustain a lethal 'OB(n,a)'Li 
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reaction (3) and, if this is extrapolated to the cellular level, 
that - lo9 boron-10 atomsmust be delivered to each tumor 
cell ( 4 ) .  The use of MoAbs for the delivery of radionuclides, 
drugs, and toxins for therapeutic purposes has been the 
subject of intensive investigation over the past decade (5). 
A few investigators, including ourselves, have focused on 
the possible use of MoAbs directed against tumor- 
associated antigens for targeting boron-10 to tumors (6- 
21 1. If boronated antibodies directed against tumor- 
associated antigens are to be used for targeting, then it is 
essential that they react with a surface antigen that is 
expressed with very high density (Le., >lo5 antigenic sites 
per cell) and that a large number of loB atoms (-2-5 X 
lo3) be attached to each antibody molecule (4 ,  IO). Using 
a high molecular weight macromolecule, poly-DL-lysine, 
and an isocyanatopolyhedral borane, Na(CH& NB1OH8- 
NCO, we have prepared a boronated polylysine containing 
23% boron by weight and having >1700 boron atoms per 
polymeric unit (13). This boronated macromolecule was 
then attached to MoAbs utilizing two heterobifunctional 
reagents, N-succinimidyl 3-(2-pyridyldithio)propionate 
(SPDP), which was used to introduce latent sulfhydryl 
groups into the boronated polylysine, and m-maleimido- 
benzoyl N-hydroxysulfosuccinimide ester (sulfo-MBS), 
which was used to introduce sulfhydryl-reacting maleimido 
groups into MoAbs (12,13). The resulting immunocon- 
jugates retained a high degree of in vitro immunoreactivity 
but had lost their in vivo tumor-localizing properties (14). 
There are several possible explanations for these results. 
The poly-DL-lysine used in these studies was not a uniform 
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macromolecular species, but rather a mixture of molecules 
whose weights averaged 35 kD. Following boronation, 
these differences in molecular weights were further 
increased, which raised the following questions. Was the 
decrease i n  vivo tumor localization and higher hepatic 
uptake attributable a t  least in part to the inhomogeneity 
of the boron-containing polymeric species that had been 
conjugated to the MoAbs? Or could these results be 
attributed to the high molecular weight of the polymer, 
its conformation and shape, and the chemical nature of 
the functional groups attached to it? In order to answer 
these questions, it  became apparent that an alternative 
approach was required to produce boron-containing im- 
munoconjugates that would retain both their immunore- 
activity and i n  vivo tumor-localizing properties. 

In contrast with our research, which has focused on 
boronating polymers prior to their incorporation into 
MoAbs, Varadarajan and Hawthorne have concentrated 
on the Merrifield solid-phase peptide synthesis as a means 
for generating precision macromolecules containing a 
predetermined number of boron atoms per oligomer (19). 
They have described a group of carboranyl compounds 
that can be linked to MoAbs (18-201, the first of which 
was a phenyl isothiocyanate derivative that could be 
directly reacted with antibody molecules (18). Although 
immunoreactivity and immunolocalization of the native 
MoAbs were retained, the number of boron atoms that 
could be attached per molecule of antibody was small. For 
this reason, they turned their attention to a carboranyl 
amino acid, 5-(2-methyl-1,2-dicarba-closo-dodecaboran- 
(12)-l-yl)-2-aminopentanoic acid, which was then em- 
ployed for the synthesis of a carboranyl peptide using solid- 
phase Merrifield methods (19). Conjugations of a dipeptide 
and undecapeptide were carried out by means of carboxyl 
activation with N-hydroxysulfosuccinimide and N,N- 
diisopropylcarbodiimide with antibody directed against 
carcinoembryonic antigen (19). As many as 9.4 molecules 
of the carboranyl peptide could be linked to each molecule 
of antibody, thereby meeting the requirement of attaching 
a large number of boron atoms per antibody molecule. 
Hydrophobic binding of the oligomers to the MoAbs was 
observed, although these could be removed by means of 
HPLC with nonionic detergents. This elegant work 
obviated the problem of heterogeneity of the boronating 
species. An alternative approach would be to boronate a 
uniform macromolecular species, and although there might 
be variations in the number of boron atoms attached to 
each macromole, the small size of the boronating species 
would reduce variations in molecular weight of the 
boronated polymer to a very narrow range. 

In the present report, we describe our efforts to prepare 
boron-containing immunoconjugates using a precision 
macromolecule consisting of repetitive poly(amidoamin0) 
groups arranged in a starburst pattern (22-24). The 
dendrimers are composed of an initiative core, interior 
layers of repetitive monomeric units, and outer functional 
groups that can be reacted with a variety of chemicals and 
ligands (24). They are referred to as “starburst dendrim- 
ers” because of their branching, treelike pattern (Figure 
l ) ,  and their synthesis has been described in detail by 
Tomalia et al. (22). Briefly, a primary amine is used for 
the initiative core, and following alkylation, monomeric 
amines were added on in a repetitive, stepwise fashion 
(23). Zero-generation dendrimers have a molecular weight 
of 360 Da and three reactive terminal amino groups. The 
dendrimers are doubled geometrically as they are increased 
in size from zero to fourth generation (221, the latter having 
a molecular weight of 10 632 Da and 48 terminal amino 
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NH2 NH2 

Initiator core 

Figure 1. (a) Schematic diagram of a starburst dendrimer. The 
example shown here is a second-generation dendrimer having 12 
reactive terminal amino groups and a molecular weight of 2414 
Da. (b) Structure of the methyl isocyanato polyhedral borane 
Na(CH3)3NBloHsNCO. 

groups. The dendrimers differ from other oligomeric 
macromolecules in their maximized telechelic functional 
density, high branching, and uniformity in size. For these 
reasons, we have chosen them as the macromolecular 
carrier for boron-10 in order to achieve the high levels of 
boronation of antibody molecules that are required to 
sustain a lethal lOB(n,a)’Li reaction a t  the cellular level. 
Following boronation and linkage of the starburst den- 
drimers to a MoAb, we have studied its i n  vivo pharma- 
cokinetics and compared this to native antibody and 
radiolabeled zero- through fourth-generation starburst 
dendrimers. 

EXPERIMENTAL PROCEDURES 

Reagents. Zero- (SD-0), first- (SD-11, second- (SD-21, 
third- (SD-3), and fourth-generation (SD-4) starburst 
dendrimers were generously provided by Polysciences, Inc., 
Warrington, PA, and the Michigan Molecular Institute, 
Midland, MI. The molecular homogeneity of the den- 
drimers was characterized by means of capillary electro- 
phoresis. Those obtained from the Michigan Molecular 
Institute were highly uniform and corresponded to a single 
molecular species for each generation (H. Brothers, 
personal communication). Electropherograms of den- 
drimers obtained from Polysciences, on the other hand, 
revealed some molecular heterogeneity, and for this reason, 
the distribution studies of radiolabeled dendrimers were 
carried out with those obtained from the Michigan 
Molecular Institute. Immunoconjugates were prepared 
using dendrimer preparations from both sources. The 
isocyanto polyhedral borane Na(CH&NBlOHaNCO (Fig- 
ure 1) was prepared in our laboratory, as previously 
described (13). Other reagents were purchased from 
commercial sources as indicated: sulfo-MBS, Pierce 
Chemical Co., Rockford, IL; SPDP, Sigma Chemical Co., 
St. Louis, MO; ABC vectastain kit, Vector Laboratories, 
Inc., Burlingame, CA; Bolton-Hunter reagent, ICN Bio- 
medicals Inc., Costa Mesa, CA; and iodogen, Pierce 
Chemical Co. The MoAb IB16-6 has been described in 
detail elsewhere (26,27). Briefly, it was produced against 
the murine B16-BL6 melanoma and reacts specifically with 
parental B16 cells, as well as with the B16-F1, B16-Fl0, 
B16-BL6, and B16-FlOFLR sublines (26). It is of the IgGa 
subclass, has an affinity constant (KA) that ranged from 
(5.6 to 9.4) X lo8 M-I, and recognizes an epitope expressed 
with a density of 4.8 X lo4 to 2.5 X lo5 antigenic sites per 
tumor cell (27). 
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The reaction mixtures were then concentrated on 
Centricon-3 concentrators (Amicon, Inc., Beverly, MA 
01915) and then loaded onto a Sephacryl S-300 column 
(1.2 X 19 cm) and eluted with 0.1 M Tris-HC1 buffer, pH 
8.6, containing 0.2 M NaC1. Occasionally, unconcentrated 
reaction mixtures were aliquoted and chromatographed 
on the Sephacryl S-300 column. Fractions of approxi- 
mately 1 mL were collected. Protein concentrations were 
determined by the Lowry method (29) and by radial 
immunodiffusion, and boron concentrations were deter- 
mined by DCP-AES (28). In order to determine whether 
aggregates were present in the immunoconjugate prepa- 
rations, apoferritin (MW 443 000 Da) was chromato- 
graphed on a Sephacryl S-300 column, and its elution 
pattern was compared to that of the immunoconjugates. 
The apoferritin was eluted five to six fractions earlier than 
the MoAb-BSD, thereby indicating that the immuno- 
conjugates consisted of nonaggregated MoAbs. 

Determination of Immunoreactivity of Boronated 
IB6-6. B16 melanoma cells were added in 100-pL aliquots 
containing 1.25 X 105 cells to each well of a 96-well microtest 
plate and incubated for 24 h a t  37 "C. Medium was 
removed, and 100 pL of formalin was added to fix the 
cells. After 10 min a t  ambient temperature, formalin was 
removed, and the wells were washed three times with PBS. 
Each well was then filled with 100 pL of PBS containing 
1-75 pg of IB16-6 or known amounts of boronated IB16-6 
with duplicates of each sample. The plates were incubated 
at 37 "C for 2 h, following which the samples were removed 
from the wells, and the plates were then washed three 
times with PBS. The ELISA was carried out using a 
Vectastain ABC kit. Biotinylated rabbit anti-rat IgG, 15 
mg/mL in 80 pL of PBS containing 1 ?6 rabbit serum, was 
added to each well, and plates were incubated for 20 min 
a t  37 "C. The biotinylated antibody was then removed, 
and the wells washed three times with PBS. Forty pL of 
avidin-biotin-horseradish peroxidase complex in 0.1 7% 
Tween 20 in PBS were then added to each well, and plates 
were incubated at 37 "C for 20 min. Supernatants were 
removed, the wells were washed five times with PBS, 100 
pL of 3 mg/mL of o-phenylenediamine in 0.02 96 hydrogen 
peroxide, 0.1 M citrate, and 0.2 M NaHP04, pH 5.5, were 
added to each well, and the color was allowed to develop. 
The reaction was terminated by the addition of 40 pL/ 
well of 6 M HC1, and the absorbance was read a t  492 nm 
with an ELISA microreader (Model 2550 EIA, Bio-Rad 
Laboratories; Hercules, CAI. 

Iodination of Starburst Dendrimers. Zero-, lo-, 2"-, 
3"-, and 4"-generation dendrimers having 3,6,12,24, and 
48 reactive terminal amino groups, respectively, and 
molecular weights ranging from 360 to 10 633 Da were 
radiolabeled using 1251-labeled Bolton-Hunter reagent (31). 
The specific activity was -4000 Ci/mmol, and 250 pCi 
were used for each dendrimer preparation. The Bolton- 
Hunter reagent was removed from the shipping vial with 
either a 10- or 25-pL Hamilton syringe and placed into a 
500-pL or 1-mL reaction flask depending upon the volume 
of dendrimer solution to be added. A gentle stream of 
nitrogen was then used to evaporate the residual benzene 
in the reaction flask, after which dendrimer solutions were 
added. For labeling, the amounts of dendrimer used were 
as follows: 0" generation, 8 mg; l o ,  4 mg; 2", 2 mg; 3", 1 
mg; and 4", 500 pg in PBS, pH 7.4. Reaction flasks were 
stirred overnight at ambient temperature. Alternatively, 
with dendrimers obtained from the Michigan Molecular 
Institute, dendrimers were added directly to the vials 
containing the Bolton-Hunter reagent and the reactions 
carried out in these vials. Mixtures were passed through 
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Figure 2. Conjugation of a boronated starburst dendrimer (BSD) 
to a MoAb utilizing the heterobifunctioniil reagents m-maleim- 
idobenzoyl N-hydroxysulfosuccinimide ester (sulfo-MBS) and 
N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP). 

Boronation of Starburst Dendrimer and Deriva- 
tization. One mL of either 2"- or 4"-generation starburst 
dendrimer suspension was adjusted to pH 9.0 with 1 M 
Na2COa/NaHC03 buffer, and to this was added 20 mg of 
solid Na(CH3)3NBloHaNCO, following which the mixture 
was stirred for 1-3 days a t  ambient temperature. At this 
point, derivatization of the BSD was carried out as follows. 
One mg (2 mmol) of sulfo-MBS was added to the boronated 
dendrimer suspension, and the mixture was allowed to 
stand for 30 min at ambient temperature and then passed 
through a Sephadex-G25 column (0.9 X 50 cm) and eluted 
with 0.1 M Tris-HC1 buffer, pH 8.6, containing 0.2 M 
NaC1. One-mL fractions were collected, optical density 
was measured a t  280 nm using a Beckman DU-6, spec- 
trophotometer (Beckman Instruments Inc., Irvine, CAI, 
and boron content was determined by means of DCP- 
AES, using an ARL Spectrospan VB spectrometer (Ap- 
plied Research Laboratories, Brea, CA), as described in 
detail elsewhere (28). Boron-containing macromolecule 
fractions were pooled and used for the preparation of 
immunoconjugates, as described below. Nonboronated 
dendrimers were derivatized using the same method. 

Preparation of Immunoconjugates. The synthetic 
scheme for preparation of the immunoconjugates is 
summarized in Figure 2. To a stirred solution containing 
5 mg (30 pmol) of IB16-6 MoAb in PBS, pH 7.4, was added 
2.5 mg (8 mmol) of solid SPDP in aliquots over 2 h at 
ambient temperature. The mixture was dialyzed at 4 "C 
against 4 L of PBS, pH 7.4, with three changes of PBS, 
and the sample was treated with 20 mmol of dithiothreitol 
a t  37 "C for 30 min. The absorbance at 343 nm, due to 
pyridine-2-thione released in deprotecting the thiol group 
(E = 8080), was measured with a Beckman DU-6 spec- 
trophotometer. The results indicated that an average of 
two thiol groups were introduced per antibody molecule. 
The derivatized MoAb was dialyzed at 4 "C against 4 L 
of PBS, pH 7.4, with two changes of PBS. It  was then 
dialyzed against 2 L of 0.1 M Tris-HC1 buffer, pH 8.6. 
The derivatized starburst dendrimer or boronated star- 
burst dendrimer was combined with the derivatized MoAb 
and allowed to stand for 24 h a t  ambient temperature. 
The volumes of the reaction mixtures ranged from 5 to 10 
mL, so that MoAb concentrations were -1 mg per mL 
during the reaction. 
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PD-10 disposable columns (Pharmacia-LKB Technology, 
Piscataway, NJ), and 1251 dendrimers were eluted with 
PBS. Fractions of approximately 1 mL were collected 
and assayed for lZ5I radioactivity in a Tracor Analytic y 
scintillation counter, Model 1185 (TM Analytic, Elk Grove, 
IL). Approximately 10 % labeling efficiency was achieved. 

Iodination of MoAbs and Boronated Starburst 
Dendrimers. Although B10H& can be directly iodinated 
(31), we have chosen an alternative approach to iodinate 
BSD, MoAbIB16-6, and boronated IB16-6 using the 
iodogen oxidation method (32). Twenty pg of iodogen in 
chloroform was evaporated to dryness in 10- X 75-mm 
soda lime glass tubes. One mg of BSD, MoAb, or conjugate 
was dissolved in 200 pL of sodium phosphate buffer, pH 
7.2, and added to the reaction tube. This was followed by 
the addition of 1 mCi of l%I sodium iodide (specific activity, 
100 mCi/mL Dupont-NEN Boston, MA). The reaction 
was allowed to proceed for 10 min, after which unbound 
1251 was removed from the radiolabeled substrate by 
Sephadex G-25 column chromatography using PD-10 
disposable columns. Labeling efficiency was N 10 5% for 
BSD and -30-40% for boronated IB16-6. The percentage 
of lZ5I bound to the protein was determined by instant 
thin-layer chromatography and trichloroacetic acid pre- 
cipitation. If the level of binding was <85%, the sample 
was further purified using a Centricon 10 microconcen- 
trator (Amicon, Danvers, MA) in order to eliminate the 
remaining unbound lZ5I. 

Biodistribution of 1251-Labeled SD, BSD, and Im- 
munoconjugates. C57B1/6 mice were purchased from 
Animal Production Unit, National Cancer Institute, 
Frederick, MD. They were placed on drinking water, 
supplemented with 0.1 % Lugol's iodine solution, 48 h prior 
to the initiation of and then for the duration of the 
distribution studies. Groups of four mice were used for 
each time point, and animals were injected ip with 10 pg 
of lZ5I-labeled test agents, as indicated in Figures 6-8. 
Animals were bled via the retroorbital sinus a t  varying 
time intervals, ranging from 1 to 72 h postinjection, and 
then were killed by cervical dislocation. Liver, spleen, 
and muscle samples were obtained, and radioactivity was 
determined by counting in a Tracor Analytic y scintillation 
counter. Distribution of the test agents was determined 
as percent of the total dose of radioactivity administered, 
which varied from agent to agent, and expressed as percent 
uptake per gram of tissue. For tumor localization studies, 
animals were implanted sc with B16 melanoma cells into 
the right flank, and the tumor was allowed to grow -4 mm 
in diameter a t  which time animals were injected ip with 
the test agents. 

Standard errors of mean uptake showed considerable 
variability and ranged from 5 % to 37 % and generally were 
smaller when larger amounts of radioactivity (Le., > lo% 
of injected dose) were detected in a particular organ site. 

RESULTS 

Boronation and Iodination of Dendrimers and 
Antibody. Chromatographic separation of the reaction 
mixture containing 4O-generation dendrimer (SD-4), Na- 
(CH&NBlOHSHCO, and sulfo-MBS on Sephadex G-25 
revealed that both the maximum amount of dendrimer 
and boron content were present in fractions 13-16 (Figure 
3). I t  was concluded that this fraction contained the 
derivatized BSD. Boronation of SD-4 yielded boron levels 
in the range of 250 to 1000 atoms of boron per molecule 
of dendrimer. This range in the degree of boronation was 
due to variation in the molar ratios of BSD to MoAb, as 
well as to the degree of boronation of the dendrimers. 
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Figure 3. Sephadex G25 column chromatographic profile of 
BSD. Fourth-generation starburst dendrimer was studied for 
1-3 days with Na(CH3)3NBloH&O at ambient temperature. 
Sulfo-MBS was added, and the mixture was incubated for 30 
min at ambient temperature. The BSD-sulfo-MBS mixture was 
passed througha Sephadex G-25 column (0.9 X 50 cm) and eluted 
with 0.1 M Tris-HC1 buffer, pH 8.6, containing 0.2 M NaC1. 
Fractions of - 1 mL each were collected, absorbance was measured 
at 280 nm, and boron values were determined by means of DCP- 
AES. 
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Figure 4. Sephacryl S-300 column chromatographic profile of 
BSD-MoAb conjugate. Sulfo-MBS-treated BSD was combined 
with the SPDP-derivatized IB16-6 antibody, allowed to incubate 
for 24 h, loaded onto a Sephacryl S-300 column (1.2 X 19 cm), 
and eluted with 0.1 M Tris-HC1 buffer, pH 8.6, containing 0.2 
M NaCl. Fractions of - 1 mL each were collected, absorbance 
was measured at 280 nm, and boron values were determined by 

Following conjugation of the BSD and MoAb IB16-6, 
chromatographic separation on Sephacryl S-300 yielded 
two boron peaks, fraction 15-18 and 35-40 (Figure 4). 
Protein content was associated with fractions 15-18, 
indicating that it contained the BSD conjugated to the 
MoAb. The ratio of MoAb determined the number of 
boron atoms per antibody molecule, and for BSD-IB16-6, 
which was used in localization experiments, there were 

DCP-AES. 
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Figure 5. Determination of immunoreactivity of boronated IB16- 
6. B16 melanoma cells were added to each well of a 96-well 
microtest plate and incubated for 24 hat 37 "C. Media was then 
decanted, cells were fixed with formalin, and then 1-75 pg/pL of 
either of IB16-6 or boronated IB16-6 was added, with duplicates 
of each sample. ELISA was carried out using a Vectastain ABC 
kit with biotinylated anti-rat IgG and avidin-biotin horseradish 
peroxidase complex. BSD-IB16-6 retained 82 % of the immu- 
noreactivity of the native antibody. 

1690 atoms per molecule of IB16-6. BSD'-IB16-6, which 
was produced by increasing the ratio of BSD to MoAb, 
had 8150 atoms of boron per molecule of antibody. Since 
the conjugation reaction was carried out at pH 8.6, there 
may have been covalent binding of the amino groups in 
the dendrimer to the MoAb in addition to linkage of MoAb 
and BSD via maleimide-sulfhydryl bridges. This would 
explain the higher than expected numbers of boron atoms 
that were detected, based on thiol groups per antibody 
molecule. As determined by ELISA, immunoreactivity 
of BSD-IB16-6 conjugate, which contained 2200 boron 
atoms per molecule of antibody, and native MoAb were 
compared at concentrations ranging from 1 to 75 pg of 
protein per sample (Figure 5). With 5 pg of each sample 
IB16-6 had an absorbance reading of 0.79 compared to 
0.65 for BSD-IB16-6, indicating that the conjugate retained 
82% (0.65/0.79) of the immunoreactivity of the native 
antibody. When boron atoms per molecule of antibody 
were increased to 5000, immunoreactivity of conjugate 
was 46% of the immunoreactivity of the native antibody. 

Biodistribution Studies. The distribution profiles for 
1261B16-6 and 12SI-BSD-IB16-6 immunoconjugates fol- 
lowing ip administration to C57B1/6 mice carrying the 
B16 melanoma are shown in Figure 6. Less than 0.6% of 
the radiolabeled native antibody localized in the liver at 
1 day (Figure 6A), and this rapidly decreased to <0.2% 
by 5 days. In contrast, 20% of the injected dose of BSD 
(Figure 6B) and 11 % of the 12SI-BSD-IB16-6 (Figure 6C) 
were present in the liver a t  1 day, and this decreased to 
13% (Figure 6B) and 8% (Figure 6 0 ,  respectively, a t  3 
days. The amount 12SI-IB16-6 localized in the tumor was 
0.4% a t  1 day (Figure 6A) and 0.2% at 5 days, indicating 
that although this MoAb was highly specific in vitro, it  
had poor in vivo tumor localizing activity. A 4-fold increase 
in the number of boron atoms to 8150 per molecule of 
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Figure 6. Distribution of 12SI-labeled MoAb immunoconjugates 
and dendrimer in B16 melanoma-bearing C57B1/6 mice (n = 4) 
(reprinted from Advances in Neutron Capture Therapy; copy- 
right Plenum Press, 1993). All test agents were iodinated using 
iodogen Na[1251]I. Boronated starburst dendrimer BSD (B) was 
prepared using Na(CH&NBloHsNCO as the boronating species 
and 4"-generation dendrimer. BSD was conjugated to MoAb 
IB16-6 using sufo-MBS and SPDP as the linkers (C). BSD'- 
IB16-6 (D) had 4 X  more boron per molecule of antibody than 
BSD-IB16-6 (C). Test agents were injected ip into C57B1/6 mice 
carrying sc implants of the B16 melanoma. 

dendrimer (Figure 6D) did not produce any biologically 
significant alterations in distribution compared to that 
seen with a conjugate containing 1690 atoms of boron per 
molecule (Figure 6C). Native IB16-6, radiolabeled with 
iodogen (Figure 7A), showed 6% uptake in the liver a t  1 
h, and this was reduced to 1.5 % a t  72 h. Splenic uptake 
was 1 2 %  at 1 h and 2% at 72 h. When 2 O -  (SD-2) and 
4O-generation (SD-4) dendrimers were linked to IB16-6 
MoAb and iodinated using the iodogen method (Figure 
7B and C), hepatic uptake a t  1 h was -5% for both 
conjugates, but at 72 h, IB16-6-SD-2 values were 0.6 5% 
whereas IB16-6-SD-4 were 2 % . Splenic values a t  1 h were 
5.5 % for IB16-6-SD-2 and 3.7 5% for IB16-6-SD-4, and a t  
72 h these values had declined to 0.2% and 0.7%, 
respectively. When IB16-6-SD-4 was iodinated using the 
Bolton-Hunter reagent (Figure 7D, E), both hepatic and 
splenic values were increased over those obtained with 
conjugates iodinated using iodogen (7A-C). The distri- 
bution profiles of immunoconjugates prepared from 4O- 
generation dendrimers obtained from Polysciences Inc. 
(Figure 7D) and those obtained from the Michigan 
Molecular Institute (Figure 7E) showed some differences. 
Hepatic and splenic localization of the former (7D) were 
greater than those observed with the latter (7E), although 
blood and muscle levels were identical for both immu- 
noconjugates. 

These observations led to the next series of experiments 
summarized in Figure 8. The distributions of 1261 labeled 
0"-, l 0 - , 2 O - ,  3°-,and40-generation,nonboronatedstarburst 
dendrimers (SD-0, SD-1, SD-2, SD-3 and SD-4), obtained 
from MMI, were studied in non-tumor-bearing C57B1/6 
mice. Animals were killed at 1, 6, 24, and 72 h following 
ip administration of the iodinated dendrimers. Six hours 
following injection, hepatic localization was 4.5 % for SD-0 
and ranged from 14.3 to 19.3% for SD-1, SD-2, SD-3, and 
SD-4. By 72 h, this had decreased to 1.2% for SD-0 and 
SD-1 and ranged from 14.1 to 23.3% for SD-2, SD-3, and 
SD-4. The amounts of SD-0 detected in the spleen ranged 
from 1.7% a t  6 h to 0.01% a t  72 h. SD-2 had a splenic 
value of 3.9% a t  6 h. Splenic values for SD-2, SD-3, and 
SD-4 were 4.4, 12.8, and 46%, respectively, a t  6 h and at 
72 h were 3.7, 12.1, and 4.3%, respectively. 
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Figure 7. Distribution of 126I-labeled MoAb and immunoconjugates in nontumor-bearing C57B1/6 mice (n = 4). Test agents with 
an asterisk after the 1261 were iodinated using iodogen, (A-C) and other test agents (D and E) were iodinated using the Bolton-Hunter 
reagent. SD-2 (B) and SD-4 (C, D) were obtained from Polysciences, Inc., and SD-4* was obtained from MMI. Test agents were 
injected ip into non-tumor-bearing C57B1/6 mice. 
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Figure 8. Distribution of '=I-labeled 0"-, lo-, 2 O - ,  3O-, and 4O-generation starburst dendrimers obtained from MMI. All dendrimers 
were iodinated using the Bolton-Hunter reagent. Test agents were injected ip into non-tumor-bearing C57B1/6 mice (n = 4). 

DISCUSSION 

In the present study, we have described a method for 
boronating SD with an isocyanato polyhedral borane, Na- 
(CH&NBloH8NCO, the isothiocyanato group of which is 
hydrolytically stable and reacts with free amino groups. 
This compound originally had been synthesized by us for 
the boronation of poly-DL-lysine (13), and using a method 
originally described by Tsukada et al. (33), it  is directed 
to a derivatized site on the antibody molecule, rather than 
randomly attached. This method had been employed 
successfully by us for the boronation of MoAbs (12-141, 
and despite the possibility of complicating cross-linking 
reactions, it  appeared to work quite well, as evidenced by 
the presence of a single homogeneous species following 
Sephacryl S-300 column chromatography. SD recently 
has been employed by Roberts et al. (34) to attach a large 
number of molecules of the chelating agent N-(4-ni- 
trobenzyl)-5-(4-carboxyphenyl)-lO,l5,20-tris(4-sulfo- 
pheny1)porphine to MoAbs. Copper-67 subsequently was 
incorporated into the immunoconjugates by reacting them 
with WuC12. The dendrimer-MoAb conjugates demon- 
strated high radiolabeling efficiency, but no mention was 
made of their in vitro immunoreactivity or in vivo tumor 
localizing properties. We report for the first time that 
BSD-MoAb immunoconjugates retained a high level of 

immunoreactivity in vitro but had a strong propensity to 
localize in the liver and spleen, the two major organs of 
the RES. Studies with nonboronated dendrimers revealed 
that this was directly related to the molecular weight and 
number of terminal amino groups of the macromolecule. 
SD-0, which has a MW of 360 Da and three terminal amino 
groups, had the lowest hepatic and splenic uptake, although 
this still was 1% and 0.01 % respectively, of the injected 
dose of radioactivity a t  72 h. The hepatic uptake of SD-2, 
SD-3, and SD-4 was N 5X greater than SD-0 and persisted 
a t  these high levels for a t  least 72 h. These findings provide 
an explanation for the high hepatic uptake of the conjugate 
BSD-IB16-6, which was observed in our immunolocal- 
ization studies (Figure 5). 

Although the MoAb IB16-6 has high in vitro affinity 
and specificity for the B16 melanoma, we previously had 
observed that this MoAb does not have high in vivo tumor 
uptake (35). This, however, is more representative of the 
distribution of mouse MoAbs administered to humans (5), 
where the percent injected dose localizing in a tumor may 
be even less than that which we observed with IB16-6. 
Discordance between in vitro reactivity and in vivo tumor 
uptake has been observed by others (36) and in part is 
probably related to the screening method that was used 
to select these hybridomas, i.e., i n  uitro immunoreactivity 
rather than in viuo tumor localization. I t  is noteworthy 
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that BSD-IB16-6 retained 82 % of the immunoreactivity 
of the native IB16-6, and this establishes that the 
methodology that we have employed to produce the 
immunoconjugates does not interfere with the combining 
site of the antibody molecule. Higher molecular weight 
SD may not be suitable for the preparation of immuno- 
conjugates that are to be used in vivo, unless the conjugate 
can be administered by a route that initially does not lead 
to the liver, such as sc or intracerebral. I t  is unlikely that 
the high hepatic and splenic uptake of the immunocon- 
jugates and 2O-, 3O-, and 4'-generation dendrimers were 
due to the ip route of administration. Several investigators, 
including ourselves, have shown that the distribution 
profiles and tumor uptake of ip-administered MoAbs are 
similar to those observed following iv administration, 
although there may be some initial delay in reaching the 
target site (37-39). The distribution profiles of dendrimers 
obtained from the MMI (Figure 8) and those obtained 
from Polysciences, Inc., which have been reported by us 
elsewhere (40), were remarkably similar despite the 
molecular heterogeneity of the latter. This suggests that 
the RES of mice injected with these dendrimers was 
incapable of detecting the molecular heterogeneity that 
was seen by capillary electrophoresis. 

MoAbs still remain an attractive system for delivering 
radionuclides, drugs, toxins, and loB to tumors, but the 
chemical linkage of these agents to the antibody molecule 
significantly alters its in vivo localizing properties. IB16- 
6-BSD-4, which had been iodinated using the Bolton- 
Hunter reagent, showed 2-3X greater hepatic uptake than 
that which had been labeled using iodogen and persisted 
a t  higher levels. Splenic uptake of IB16-6-BSD-4, labeled 
with Bolton-Hunter reagent, was even greater than hepatic 
uptake and was almost identical to that of 1251-labeled 
BSD-4. Since radiolabeled with the Bolton-Hunter re- 
agent covalently links an iodinated phenyl ring similar to 
tyrosine to amino side chains of lysine residues or to 
N-terminal amino groups of the protein (41), it is unlikely 
that the differences in vivo distribution of Bolton-Hunter- 
labeled IB16-6-BSD-4 versus iodogen-labeled IB16-6- 
BSD-4 were due to differences in the rate of dehaloge- 
nation. Hydrolysis or enzymatic degradation of the 
aromatic ring of tyrosine labeled by iodogen would be 
similar to that of the iodinated phenyl group of antibody 
labeled with the Bolton-Hunter reagent. However, since 
the Bolton-Hunter reagent would have radiolabeled the 
boronated starburst dendrimer attached to the antibody, 
in addition to the antibody itself, it is possible that the 
increased splenic and hepatic uptake of the immunocon- 
jugate labeled with it was due to the iodinated dendrimer 
alone, following enzymatic cleavage of the MoAb-BSD 
conjugate within the liver or spleen. A t  pHs below 8-9 
the dendrimers would become protonated but this would 
not occur if all of the other terminal amino groups were 
derivatized (D. A. Tomalia, personal communication). If 
there were anionic sites on Kuppfer cells of the liver, and 
cationic sites on the 1251-labeled dendrimers, this might 
provide a possible explanation for the hepatic and splenic 
accumulation that was observed. Clegg et al. have carefully 
studied the biodistribution patterns of branched polypep- 
tides having a poly-L-lysine backbone, but which differed 
in ionic charge, side-chain structure, and molecular size 
(42). Irrespective of their size or primary structures at  
branch sites, polycationic peptides were rapidly cleared 
from the circulation and accumulated in the liver and 
spleen. Although this may be useful for certain very 
specific reasons, i.e., targeting enzymes to the liver (43) or 
delivering antigens to  the RES system in order to stimulate 
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an immune response, it clearly is a major limitation if the 
goal is to target a tumor. 

Most recently, Hawthorne's group has produced im- 
munoconjugates using carboranyl peptides and peptide 
active ester reagents HHS and N,N-diisopropylcarbodi- 
imide (20). The resulting conjugates had as many as 490 
B atoms per molecule and retained their immunoreactivity, 
but there was a significant loss in tumor-localizing 
properties (23 % for native antibody compared to 4.4-5 % 
for the conjugates). It was concluded that random 
conjugation of large boron trailer reagents to MoAbs would 
be excessively cumbersome and that greater simplicity 
and structural certainty would be required in order to 
produce immunoconjugates that would meet all of the 
necessary requirements necessary for successful immu- 
notargeting. For these reasons, we (44) and others (45) 
have focused our interest on the development of bispecific 
MoAbs, one combining site of which would recognize a 
tumor-associated antigen and the other agent that is to be 
delivered to the tumor (45).  Since these antibodies are 
unmodified, they presumably would behave in a manner 
similar to the native MoAbs and have longer blood half- 
lives and better tumor-localizing properties. At  this point 
in time, we have succeeded in producing a MoAb directed 
against BSD (44) and now are in the process of identifying 
a suitable fusion partner that can be used to target gliomas. 
It remains to be determined whether this approach will 
be any more successful than the chemical methods that 
have been employed to link loB macromolecules to MoAbs. 
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Poly(pyrro1ecarboxamides) Linked to Photoactivable Chromophore 
Isoalloxazine. Synthesis, Selective Binding, and DNA Cleaving 
Proper ties 
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In an attempt to obtain DNA sequence-specific cleaving molecules, we have synthesized two types of 
hybrid groove binders composed of an isoalloxazine (flavin) chromophore linked through a polymethylenic 
chain to either a bis- or a tris(pyrro1ecarboxamide) moiety related to netropsin and distamycin, 
respectively. In both types of molecules, the polymethylenic chain is linked to the alloxazine ring either 
in the Nlo position or in the N3 position. As netropsin and distamycin, the hybrid derivatives preferentially 
bind to A + T-rich sequences and recognize sequences such as 5'-ATTT. Upon visible light irradiation 
the flavin moiety undergoes a redox cycling process generating superoxide anion and hydroxyl radical. 
Generation of oxy radicals appears to be more efficient with the hybrids in which the polymethylenic 
chain is linked at  the Nlo position. The generation of oxy radicals results in the occurrence of single 
strand break in supercoiled DNA. Breaks preferentially occur in the vicinity of A + T-rich sequences. 
The advantage of flavin relative to other oxy radicals generating compounds such as ferrous-EDTA is 
that it does not require chemical reduction but can be reduced either by visible light or by cellular 
enzymes, both conditions being compatible with pharmacological constraints. 

The design of sequence-specific cleaving molecules for 
double-helicalDNA requires the linkage of a DNA-cleaving 
moiety to a sequence-specific DNA-binding molecule. 
Targeted cleavage of double-helical polynucleotides by 
either complementary oligonucleotides (Moser and Der- 
van, 1987; Francois et al., 1988) or poly(pyrro1ecarboxa- 
mide) derivatives coupled to metal-chelating agents 
generating oxy radicals (Schultz et al., 1982; Youngquist 
and Dervan, 1985) has been attempted by several groups. 
It was found that these functionalized hybrid molecules 
may act as artificial nucleases and can serve as models for 
the design of molecules of pharmacological interest 
(Dervan, 1986). From this point of view, relevant inves- 
tigations should include the identification of suitable 
functionalizing moieties. Along this line, we have syn- 
thesized various molecules composed of either a bis- or a 
tris(pyrro1ecarboxamide) moiety related to netropsin and 
distamycin, respectively, linked to an isoalloxazine (flavin) 
chromophore. The rationale supporting the synthesis of 
such molecules is as follows: on one hand, netropsin and 
distamycin are natural antibiotics that recognize and 
specifically bind to A + T-rich nucleotide sequences in 
the minor groove of double-helical DNA (B-form) (Hahn, 
1975; Kopka et al., 1985; Zimmer, 1975). On the other 
hand, upon two-electron reduction, the flavin chromophore 
reoxidizes in the presence of molecular oxygen through a 
one-electron transfer process generating oxy radicals 
(Ballou et al., 1969; Misra and Fridovich, 1972; Michelson, 
1977) capable of DNA breaks (Korycka-Dah1 and Rich- 
ardson, 1980). In view of the potential pharmacological 
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relevance of such compounds and compared to other oxy- 
generating systems such as ferrous-EDTA, the major 
interest of the flavin chromophore is that this compound 
does not require chemical reduction but can be reduced 
either by visible light or by reduced nicotinamide adenine 
dinucleotides and intracellular reductase enzymes such 
as DT diaphorase. In the hybrid molecules, we chose to 
preserve the amidinium function of netropsin and dista- 
mycin that seems to be necessary for the efficient 
recognition of A + T-containing sequences (Debard et al., 
1989; Subra et al., 1991). Consequently, either the 
guanidinium function of the netropsin or the formamide 
group of the distamycin has been replaced by a poly- 
methylenic chain linked to an isoalloxazine nucleus either 
in the N3 position or in the Nlo position. The present 
paper describes the synthesis and the main properties of 
bis- and tris(pyrro1ecarboxamide)-flavin hybrid molecules 
in terms of selective DNA binding and cleaving properties. 

EXPERIMENTAL PROCEDURES 

Melting points were determined on a Maquenne ap- 
paratus and are uncorrected. The IR spectra were recorded 
on a Perkin-Elmer 157G spectrophotometer, and only the 
principal sharply defined peaks are reported. The 1H 
NMR spectra were recorded on a Bruker 250-MHz 
spectrometer. Mass spectra were determined either by 
FAB (fast atom bombardment) on a VG 70-SEQ (VG 
Analytical Ldt, G.B.) apparatus, source FAB (positive ions) 
with direct introduction using glycerol-thioglycerol(1:l) 
as a matrix, or by DCI/NH3 (desorbtion chemical ioniza- 
tion, ammonia as vector gas) on a Nermag R 10-1OC 
instrument. Thin-layer chromatography was carried out 
on Merck GF 254 silica gel plates. Flash chromatography 
was performed on silica gel (Lichroprep Si 60, Merck). 
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Ethyl 5-(7,8,1O-Trimethylisoalloxazin-3-yl)penta- 
noate (2). To a suspension of lumiflavin (1) (Kuhn and 
Weygand, 1934a) (10 g, 39 mmol) in dry DMF (800 mL) 
were added dry K2C03 (27 g, 195 mmol) and ethyl 
5-bromopentanoate (31 mL, 195 mmol), and the resulting 
mixture was stirred at  40 "C for 48 h. After DMF was 
distilled off, H2O (600 mL) was added. The residue was 
partitioned between H2O and CH2C12. The organic layer 
was evaporated in vacuo to give a solid that was triturated 
with ligroin, collected by filtration, washed with ligroin, 
and then purified by flash chromatography using CH2- 
Cl2-AcOEt (9.O:l.O) as an eluent to give 6.33 g (42%) of 
compound 2: mp 187 "C (EtOH); IR (KBr) 1695, 1730 
[v(CO)] cm-'; NMR (CDC13 6 1.19 (t, 3, CH~CHS), 1.68 
(m, 4, CHz(CH2)2CH2), 2.30 (t, 2, CH2CO), 2.40 (s, 3,7- 
CH3),2.50 (~,3,8-CH3),4.04 (m,7,NCH2,NCH3,OCHd, 
7.35 (s, 1, 9-H), 8.0 (s, 1, 6-H); attributions of 6-H, 9-H, 
7-CH3, and 8-CH3 were given according to Fory (1970); 
MS mlz 385 [(M + H)+]. Anal. (C20H24N404) C, H, N. 
5-(7,8,1O-Trimethylisoalloxazin-3-yl)pentanoic Acid 

(3). The ester 2 (1 g, 2.6 mmol) in 2 N HC1 (10 mL) was 
stirred under reflux for 2.5 h. After cooling, the precipitate 
was collected by filtration and washed with H20. It was 
purified by dissolution in a saturated NaHC03 solution 
and then by reprecipitation by the addition of 6 N HC1 
until a pH of 1 was reached to afford 0.853 g (92 % ) of 
compound 3: mp 250 "C; IR (KBr) 1710,1720 [v(CO)I, 
3500 [v(OH)I cm-l; NMR (MezSO-de) 6 1.52 (m, 4, 

(m, 8-CH3andMe2SO), 3.81 (t, 2, NCHd, 3.93 (s, 3, NCHd, 

mlz 357 [(M + H)+l. Anal. (C18H20N404) C, H, N. 
34 1-Methyl-4-[ 1-methyl-4-[ [4-(7,8,1O-trimethylisoal- 

loxazin-3-yl) butyl]carboxamido]pyrrole-2-carboxa- 
mido]pyrrole-2-carboxamido]propionamidinium 
Chloride (5a) and 1,3-Dicyclohexyl-l-[5-(7,8,lO-tri- 
methylisoalloxazin-3-yl)pentanoyl]urea (6). Acid 3 
(0.4 g, 1.12 mmol) was dissolved in DMF (15 mL), and to 
this were added DCC (0.46 g, 2.24 mmol) and amine 4a 
(Lown and Krowicki, 1985) (0.445 g, 1.12 mmol). After 4 
days at 20 "C, the solvent was removed under reduced 
pressure, and the residue was triturated with dry Et2O. 
The resulting solid was dissolved into the minimum of 
MeOH and was precipitated by adding dry Et2O. After 
filtration the compound was purified by flash chroma- 
tography (solvent: MeOH) to give 0.122 g (15%) of 
compound 5a. The washing layers and first fractions of 
flash chromatography contained many impurities and a 
secondary compound that was identified as 6 after 
purification of a small amount by flash chromatography 
[solvent: AcOEt-CH2C12 (8.0:2.0)1. 
5a: mp 210-211 "C; IR (KBr) 1580,1640 [v(CO)], 2950, 

3300 [v(NH)I cm-'; NMR (MezSO-ds) 6 1.47 (m, 4, 

(m, 8-CH3, CH2C(=+NH2)NH2 and Me2SO), 3.42 (quint, 

3, 10-CH3),6.80, 6.83,7.07,7.13 (4s,4X l,pyrrolicH), 7.77 
(s, 1,9-H), 7.90 (s, 1,6-H), 8.16 (t, 1, NHCHd, 8.80 (broad 

CHz(CH2)2CH2), 2.18 (t, 2,CH2CO), 2.35 (s, 3,7-CH3), 2.47 

7.72 (5, 1, 9-H), 7.88 (s, 1, 6-H), 11.92 (9, 1, COOH); MS 

CH2(CH2)2CHz), 2.20 (t, 2, CHzCO), 2.34 (~,3,7-CH3), 2.47 

2, NHCHz), 3.73 (s, 6, 2NCH3), 3.87 (t, 2, NCH2), 3.93 (9, 

9, 4, C(=+NHz)NH2), 9.73 (9, 1, NH), 9.81 (9, 1, NH); MS 
(FAB) 670.42 [(M - Cl)+]. 
6: mp 231 "C; IR (KBr) 1585 [v(CO) amide)] 1655,1700 

[v(CO)] ,  2930, 3300 [v(NH)] cm-l; NMR (CDC13) 6 1.21 
(m, 8H, CH2), 1.72 (m, 14H, CH2), 1.91 (m, 2H, CHd, 2.40 
(s, 3,7-CH3), 2.45 (t, 2, CHzCO), 2.51 (s,3,8-CH3), 3.62 (m, 
1, CH), 3.93 (m, 1, CH),4.02 (t, 2, NCHZ), 4.07 (s, 3, NCH3, 
7.36 (m, 1, NH), 7.39 (8, 1, 9-H), 8.0 (s, 1, 6-H); MS mlz 

3-[ 1-Methyl-4-[ 1-methyl-4-[ l-methyl-4-[[4-(7,8,10- 
563 [(M + H)+l, 438 [(M + 2H -CONHC6H11)+]. 
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trimethylisoalloxazin-3-yl) butyl]carboxamido]pyr- 
role-2-carboxamido]pyrrole-2-carboxamido]pyrrole- 
2-~arboxamido]propionamidium Chloride (5b). Acid 
3 (0.4 g, 1.12 mmol) was dissolved in DMF (28 mL), and 
to this were added DCC (0.46 g, 2.24 mmol), amine 4b 
(Lown and Krowicki, 1985) (0.55 g, 1.12 mmol) successively. 
After the solution was stirred at  20 "C for 90 h, amine 4b 
(0.05 g, 0.1 mmol) was again added. Twenty-four h later, 
after filtration, the mixture was evaporated to dryness 
under reduced pressure. The residue was dissolved in dry 
MeOH (20 mL) and precipitated by the addition of dry 
Et2O. The resulting solid was purified by flash chroma- 
tography using MeOH as an eluant to give 0.156 g (17%) 
of compound 5b. As in the synthesis of 5a, 6 was isolated 
as a secondary compound. 
5b: mp 262-264 "C dec; IR (KBr) 1585,1640 [v(CO)I, 

3320 [v(NH)] cm-l; NMR (MepSO-d6) 6 1.57 (m, 4, 
CHz(CH2)2CHz), 2.23 (m, 4, CH2CO; CH~C(=+NH~)NHZ), 
2.35 (s,3,7-CH3),2.45 (m,8-CH3 and Me2SO), 3.36 (m, 2, 

2, NCH2), 3.93 (s,3, lO-CHa), 6.80 (s,2, pyrrolic H), 6.97, 
7.07,7.13,7.16 (4s,4 X 1, pyrrolic H), 7.75 (s, 1,9-H), 7.88 
(4s, 1, 6-H), 8.10 (m, 2, 2NH), 9.73 (m, 1, NH), 9.83 (m, 
1, NH); MS (FAB) 793.2 [(M - C1+ HI+], 792 [ (M - Cl)+]. 
6-(7,8-Dimethylisoalloxazin-l0-yl)hexano~c Acid (8). 

6-(7,8-Dimethylisoalloxazin-lO-yl)hexanol(7) (Fory et al., 
1968) (2 g, 5.85 mmol) was added gradually a t  0 "C to a 
mixture of HN03, d = 1.38 (50 mL), and sodium nitrite 
(100 mg, 1.45 mmol). The temperature of the reaction 
was allowed to rise to obtain a clear solution. The solution 
was then immediately poured over ice, and the resulting 
precipitate was collected by filtration and washed with 
ice-water. It was then dissolved in a 5 % solution of sodium 
hydrogen carbonate and filtered, and the crude acid was 
precipitated from the filtrate by the addition of hydro- 
chloric acid and purified by dry flash chromatography 
[solvents: CHzClzMeOH (9.80.2) to (9.60.4)] to give 1.48 
g (71 %) of 8 (lit. (Fory et al., 1968) 67%): mp 276-277 "C 
dec; IR (KBr) 1640, 1715 [v(CO)I, 3160 [v(NH)l, 3500 
[v(OH)] cm-l; NMR (Me2So-d~) 6 1.42 (m, 2, CH3, 1.52 
(m, 2, CH2), 1.68 (m, 2, NCH2CH21, 2.18 (t, 2, CH2CO), 
2.35 (s, 3, 7-CH3), 2.45 (m, 8-CH3 and MezSO), 4.52 (m, 

11.96 (s, 1, COOH); MS mlz 357 [(M + HI+]. 
3- [ 1-Met hyl-4-[ 1-methyl-4-[ [ 5- (7,8-dimet hylisoal- 

loxazin- 10-yl) pentyl]carboxamido]pyrrole-2-carbox- 
amido]pyrrole-2-carboxamido]propionamidinium 
Chloride (9a). Compound 9a was prepared in the same 
manner as used for 5a from 6-(7,8-dimethylisoalloxazin- 
10-yl) hexanoic acid (8) (0.356 g, 1 mmol), DCC (0.406 g, 
2 mmol), and amine 4a (Lown and Krowicki, 1985) (0.397 
g, 1 mmol). After being stirred at 20 "C for 2 days, the 
reaction mixture was treated in the same manner as used 
for 5a and then purified by flash chromatography (sol- 
vent: MeOH) to give 0.24 g (34% ) of 9a. The first fractions 
contained some impurities and compound 10, identified 
by comparison with the compound isolated in the reaction 
of 8 with p-nitrophenol and DCC. 
9a: mp 225-227 "C dec; IR (KBr) 1580,1640 [v(CO)I, 

3290 [v(NH)I cm-'; NMR (Me$O-ds) 6 1.45 (m, 2, 
(CH2)2CH&H2)2), 1.80 (m, 4, CH~CH~CHZCH~CH~) ,  2.28 
(m, 4, CH2C(=+NHz)NH2and CH2CO), 2.33 (s,3,7-CH3), 
2.45 (m, 8-CH3 and Me2SO), 3.36 (NHCH2 and HzO), 3.75 

4 X 1, pyrrolic H), 7.71 (s, 1,9-H), 7.84 (s, 1,6-H), 8.08 (s, 
2,2 NH), 9.78 (m, 2,2 NH); MS (FAB) 670.43 [(M - C1)+1. 

3-[ 1-Methyl-4-[ 1-methyl-4-[ l-methyl-4-[5-(7,8-di- 
met hylisoalloxazin- 10- yl)pentylcarboxamido]pyrrole- 

NHCHz), 3.77 (9, 6, 2 NCHB), 3.80 (9, 3, NCH3), 3.86 (t, 

2, NCHZ), 7.72 (s, 1,9-H), 7.84 (s, 1,6-H), 11.27 ( ~ , l ,  NH), 

(s, 6, 2 NCH3), 4.51 (t, 2, NCH2), 6.77, 6.84, 7.09, 7.15 ( 4 ~ ,  
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2-carboxamido]pyrrole-2-carboxamido]pyrrole-2-car- 
boxamido]propionamidinium Chloride (9b). Acid 8 
(0.4 g, 1.12 mmol), DCC (0.46 g, 2.24 mmol), and amine 
4b (Lown and Krowicki, 1985) (0.55 g, 1.12 mmol) were 
stirred in DMF (30 mL) for 3 days. DCC (0.055 g, 0.22 
mmol) and amine 4b (0.054 g, 0.11 mmol) were again added, 
and stirring was continued for 3 more days. Treatment 
was the same as used for 5b, and purification was achieved 
by flash chromatography (solvent: MeOH) to give 0.138 
g (15%) of 9b: mp 264-268 "C dec; IR (KBr) 1580,1640 
[v(CO)], 3290 [u(NH)I cm-'; NMR (MezSO-d~) 6 1.42 (m, 
2, (CH2)2CH2(CH2M7 1.60 (m, 4, CH2CH2CH2CH2CHd, 
2.22 (m,4,CHzCO and CHzC(=+NH2)NH2), 2.31 (s, 3,7- 
CH3), 2.45 (8-CH3 and MezSO), 3.36 (NHCH2 and HzO), 
3.69 (m, 9 , 3 NCHB), 4.44 (t, 2, NCH2), 6.69, 6.75, 6.89, 
6.98,7.04,7.09 (6s, 6 X 1, pyrrolic H), 7.62 (s, 1,9-H), 7.72 
(s, 1,6-H), 8.01 (m, 2 , 2  NH), 9.69 (m, 2 ,2  NH); MS (FAB) 

1,3-Dicyclohexyl- 1-[ 6-(7,8-dimethylisoalloxazin- 10- 
yl)hexanoyl]urea (10). A mixture of acid 8 (0.2 g, 0.56 
mmol), p-nitrophenol(O.094 g,0.674 mmol), and DCC (0.14 
g, 0.674 mmol) in DMF (10 mL) was stirred for 24 h at 40 
"C. H2O was added, and the resulting precipitate was 
filtered, washed with H20, and then purified by flash 
chromatography using CH2C12-MeOH (9A0.2) as an 
eluent to give 0.192 g (61%) of 10 without traces of 
p-nitrophenyl ester. 

10: mp 204-208 "C; IR (KBr) 1580 [u(CO) amide], 1660, 
1700 [v(CO)l, 3040, 3160, 3300 [v(NH)I cm-l; NMR 
(CDCl3) 6 1.18 (m, 8, CH2), 1.62 (m, 14, CH2), 1.89 (m, 2, 

793.2 [(M - C1 + H)+]. 

CH2), 2.41 (9, 3, 7-CH3), 2.46 (t, 2, CHzCO), 2.53 (5, 3, 
8-CH3), 3.62 (q,l,  CHNH), 3.92 (t, 1, CH), 4.64 (t, 2, NCHz), 
6.83 (m, 1, CONH), 7.38 (9, 1, 9-H), 8.02 (s, 1, 6-H), 8.48 
(s, 1, NH); MS m/z 563 [(M + HI+], 438 [(M + 2H - 

DNAs and Polynucleotides. Preparation of pBR322 
DNA. E.  coli HBlOl transformed with the monomeric 
form of the plasmid pBR322 were grown to late log phase 
in LB media with ampicilline (100 pg/mL) before addition 
of chloramphenicol (150 pg/mL). After continued growth 
at 37 "C overnight, cells were harvested by centrifugation, 
and the covalently closed form of the plasmid was purified 
by centrifugation to equilibrium in cesium chloride- 
ethidium bromide with 1-butanol saturated with water, 
and the DNA was precipitated. Concentration of DNA 
was evaluated from UV absorption at  260 nm. 

Oligonucleotide Synthesis. The 25-base-pair oligonu- 
cleotide was synthesized on an oligonucleotide Applied 
synthesizer, purified by gel electrophoresis, and 5'-end- 
labeled by using polynucleotide kinase and 32P ATP 
(Amersham) according to an established procedure (Ma- 
niatis et al., 1989). 

Oxy Radical Production. ESR Spectroscopy. ESR 
spectroscopy was performed using a Brucker ER 100 D 
apparatus. Under the standard operating conditions, the 
microwave frequency was in the 9.670-GHz range, mod- 
ulation 1.25 G, and microwave power 100 mW. The 
production of oxy radicals upon visible light irradiation 
was assessed using the spin trap 5,5-dimethylpyrroline 
1-oxide (DMPO) as probe. 

Superoxide Dismutase (SOD)-Inhibitable Cytochrome 
c Reduction. Superoxide anion production was quanti- 
tated using the measurement of the reduction of cyto- 
chrome c FeIII to cytochrome c FeII a t  550 nm in the 
presence and in the absence of SOD according to the 
standard procedure (McCord et al., 1977). 

Circular Dichroism. CD spectra were recorded on a 
Roussel- Jouan dichrograph Mark IV. Samples were placed 

CONHCsH11)+]. 
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in a quartz cell (3 mL, 1-cm path length) thermostated at  
25 "C. In typical experiments, DNA concentrations were 
70 pM, and concentrations of the ligands were in the range 
from 1 to 7 pM. Data were stored in a Minc 11/23 computer 
and corrected for the dichroism of the buffer. CD signal 
intensities were recorded at 315 nm for netropsin and 
derivatives and at  330 nm for distamycin and derivatives. 
At  the equilibrium, the amount of ligand bound to DNA 
was estimated using the equation 

Cb = Ct(1- HJH,,) (1) 

were Ct is the ligand concentration (free plus bound), Hb 
the intensity of the induced CD signal at the equilibrium, 
and H,, the intensity of the CD signal when all ligand 
is bound to DNA. For every ligand concentration, H,, 
is obtained from the nonlinear regression fitting of the 
curve (rectangular hyperbola) which describes the variation 
of the CD signal as a function of DNA concentration. In 
the experimental conditions used, H,, is a linear function 
of Ct. The association constant values were estimated 
from the Scatchard equation 

Cb/Cf = K(n - Cb) (2) 
where Cb is expressed as ligand bound per nucleotide, Cf 
is the free ligand concentration, K the association constant, 
and n the Cb value obtained in the presence of saturating 
concentration of ligand. 

Viscometric Experiments. Viscometric measure- 
ments were performed at  25 "C in a semimicrodilution 
capillary viscometer linked to an IBM XT computer. The 
capacity of tested compounds to increase the length of 
sonicated calf thymus DNA was measured using standard 
operating conditions (Saucier et al., 1971). 

Footprinting Experiments. DNase I Footprinting. 
DNase I was obtained from Boehringer and prepared as 
a 3125 units/mL stock solution in 0.15 M NaCl containing 
1 mM MgC12. It was stored at  -20 "C and diluted to 
working concentration immediately before use. 

We prepared end-labeled 25-bp labeling the 5' end with 
radioactive phosphorus and purifying the labeled 25-bp 
fragment by electrophoresis on 5% acrylamide gel and 
electroelution. Samples (3.7 pL) of the labeled oligonu- 
cleotide (500 000 cpm), mixed with 28 ng of psP 65 DNA 
as carrier, were incubated with 5 pL of drug solution at  
4 "C for 1 h and then digested with 2 pL of DNase I (final 
concentration 0.3 units/pL). The reaction was allowed to 
run for 3 min and then quenched by adding 2.3 pL of 
AcONH4 (3 M) and EDTA (0.25 M). DNA samples were 
then ethanol precipitated at  -20 "C, isolated by centri- 
fugation, washed with cold 75% ethanol, dried using a 
speed-vac concentrator, and dissolved in formamide 
containing 0.1 % bromophenol blue. 

Gel Electrophoresis. DNA fragments were separated 
by electrophoresis in gels composed of 15 % polyacrylamide 
containing 8 M urea and Tris/borate/EDTA buffer. After 
3 h of electrophoresis at 1500 V, the gels were directly 
subjected to autoradiography at  -70 "C with an intensifying 
screen. 

Densitometry. Autoradiographs from the footprinting 
experiments were analyzed using a Joyce scanning mi- 
crodensitometer to produce profiles from which the relative 
intensity of each band was measured. These intensities 
were calculated in terms of fractional cleavage cf, = Ai/At 
were Ai is the area under band i and At the mean of the 
sum of the areas under all bands in the corresponding gel 
lane. Protection or enhancement in the presence of drug 
were expressed in percent of fractional cleavage compared 
to control. 
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DNA Strand Breakage. Strand breakage was mon- 
itored in phosphate buffer 0.05 M (pH 8.0) containing 1 
mM EDTA, plasmid pBR322 DNA, and compound to be 
tested. The mixtures were irradiated using a polychro- 
matic lamp with a energy of the incident light close to 1.5 
W.m-2.A). The cleavage products were separated on 7 5% 
agarose gel in a flat bed electrophoresis apparatus (15 X 
20 cm, gel thickness 4-5 mm) at  a field strength of 6-8 
V/cm. The electrophoresis buffer used was Tris-acetate 
0.04 M, EDTA 2 pM, pH 7.4. The gels were then stained 
under gentle shaking for 30 min with ethidium bromide 
and photographed for 1 min under 354-nm UV light on 
Polaroid 665 positive/negative film. For quantitative 
evaluation, the negatives were scanned with a gel scanner. 
The mapping procedure was performed essentially as 
described by Barton and Raphael (1985). DNA samples 

0 

10 

were electrophoresed in either 7 % (DNA degradation) or 
1 % agarose gel (mapping procedure). Gels were stained 
with ethidium bromide and scanned. When required, band 
sizes were quantitated by using markers of known mo- 
lecular weight. 

RESULTS AND DISCUSSION 
Chemicals. The synthesis of the hybrid compounds 

5a, 5b, 9a, and 9b required first the preparation of flavins 
with a polymethylenic carboxylic acid linker 3 and 8 and 
of the aminooligopyrroles bearing an amidinium function 
4a and 4b (Schemes 1 and 2). Compounds 4a and 4b were 
prepared from l-methyl-4-nitropyrrole-2-carboxylic acid 
(Bialer et al., 1978) following the reported multistep 
synthesis (Lown and Krowicki, 1985; Penco et al., 1967). 
In general, Lown's synthesis (1985) was applied with some 
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minor modifications except for the condensation of amines 
with l-methyl-4-nitropyrrole-2-carboxylic acid uia its acyl 
chloride. According to Lown (19851, the acid was converted 
into its acyl chloride by heating with a slight excess of 
thionyl chloride in THF for 5 min, avoiding longer heating 
which leads to side products. But in our hands, the reaction 
remained incomplete under these conditions and it went 
to completion after 75 min of heating (monitored by TLC). 
Interestingly, refluxing the acid for 1-2 h in an excess of 
thionyl chloride afforded a purer acyl chloride. Conden- 
sations of amines with acyl chloride according to Penco 
(1967) replacing benzene by dichloromethane (20 "C, 
aqueous solution of sodium bicarbonate, organic solvent) 
afforded purer compounds in better yields than conden- 
sations according to Lown (1985) (Hunig's base, -20 "C, 
THF). 

The acid 3 was prepared from lumiflavin (7,8,10- 
trimethylisoalloxazine) (1) (Scheme 1). The simplest of 
the previously described syntheses of lumiflavin involves 
reduction of 4,5-dimethyl-2-nitro-N-methylaniline and 
subsequent reaction of the amine thus obtained with 
alloxan. Reduction was done either by stannous chloride 
(Kuhn et al., 1934b; Kuhn and Reinemund, 1934c) or by 
catalytic hydrogenation either on charcoaled palladium 
using acetic acid as solvent (Grande et al., 1977) or on 
Raney nickel in ethanol (Hemmerich, 1958). We chose to 
reduce the nitro compound over palladium in ethanol to 
give the free base which was then condensed with alloxan 
in the presence of hydrochloric acid according to Kuhn 
(1934a). When condensation was carried out in acetic acid, 
reduction took place in this solvent and as aresult a mixture 
of lumiflavin (60 % ) and lumichrome (7,&dimethylallox- 
azine) (40%) was obtained (NMR titration). Such a 
demethylation was observed by Hemmerich when sodium 
3-amino-4-(methylamino) benzene sulfonate was taken as 
starting material (Hemmerich et al., 1960). We used the 
crude compound 1 for the subsequent step because of the 
tedious and unsuccessful purification of lumiflavin (Kuhn 
et al., 1934b; Kuhn and Reinemund, 1934c; Grande et al., 
1977). Reaction with ethyl 5-bromopentanoate in DMF 
in the presence of potassium carbonate gave 2 that was 
hydrolyzed to give the acid 3. 

The acid 8 was obtained by Fory (1968) in 65-75 76 yields 
by the oxidation of the corresponding alcohol 7 with nitric 
acid at 20 "C. But in our hands, this method gave a mixture 
of products. We found that addition of sodium nitrite to 
the reaction mixture a t  0 "C afforded 71% of 8 after 
purification. 

Several methods were examined to obtain the flavin- 
oligopyrrole-linked structure. Formation of peptide link- 
age by condensation of the amine, 4a, or 4b with the acyl 
chloride of 3 or 8 was unsuccessful because the acids did 
not react with either thionyl chloride or oxalyl chloride. 
Whereas such a reaction was claimed by Takeda (1987) 
in the case of other isoalloxazines with one to three 
methylene chains, condensation was achieved by using 
DCC in DMF. Hybrid compounds 5a, 5b, 9a, and 9b were 
formed along with additional byproducts which were 
identified as the products of reaction of the acid 3 or 8 
with DCC and subsequent transposition to give acylureas 
6 and 10, respectively. Formation of acylureas is known 
to be suppressed by carrying out the reaction in less polar 
solvents, e.g., dichloromethane (Ljunquist and Folkers, 
1988). In our case, we had to use DMF because of the 
insolubility of the acids in other suitable solvents. The 
reaction was also tried in DMF-dichloromethane (1:l) but 
the yields of desired compounds could not be improved. 
Contrary to Bialer (1980) product of condensation of DCC 
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with 4-aminopyrrole derivatives was not obtained. Other 
classical methods usually used in peptidic synthesis were 
unsuccessful. No reaction occurred in the presence of 
coupling reagents alone: HOBT, BOP (Castro et al., 1976), 
N,"-carbonyldiimidaole (Foryet al., 1968),p-nitrophenol 
trifluoroacetate (Castro et al., 1976). Presumably, diffi- 
culties to create these amide linkages are due, on one hand, 
to the poor reactivity of the acid functions of 3 and 8 
because of the chain folding back on the ring system (Fory 
et al., 1970) and, on the other hand, to the poor nucleo- 
philicity of the aromatic amines 4. We tried to prepare 
5a by another way: the condensation of the flavin 3 with 
the aminooligopyrrole bearing a nitrile chain and subse- 
quent Pinner's reaction. This way was not pursued because 
condensation of the acid 3 with this amine gave poor yields. 

The polar hybrid derivatives containing amidinium 
functions were readily analyzed for purity by TLC on silica 
gel with methanol as eluent, and acetic acid was necessary 
as a cosolvent. Also, for such polar compounds FAB-MS 
proved satisfactory for determining the molecular com- 
position. 

Binding to  Natural DNAs. Circular Dichroism. The 
question arises whether the structural modification of 
netropsin or distamycin resulting from the removal of 
either the guanidine moiety or the formyl function, 
respectively, and the linkage of the isoalloxazine chro- 
mophore could result in asignificant change in the selective 
binding to A + T-rich sequences. In order to estimate the 
binding preference of the hybrid molecules to A + T-rich 
containing DNA sequences, we have performed a circular 
dichroism (CD) study of the binding of netropsin, dista- 
mycin, and the synthesized compounds to natural DNAs 
extracted from clostridium perfringens (containing 68% 
A + T) and from micrococus lysodeikticus (containing 
72% G + C). We first recorded the CD spectra of these 
natural DNAs in the presence of increasing concentrations 
of netropsin and distamycin taken as control ligands. We 
obtained typical CD spectra as previously described in 
the literature (spectra not shown). It can be observed 
that the addition of netropsin in a solution containing 
clostridium DNA results in the appearance of an induced 
dichroic signal in the 315-nm range. In contrast and in 
agreement with the binding preference to A + T-rich 
sequences, similar amounts of netropsin produce a mark- 
edly weaker signal when added to the solution containing 
DNA purified from micrococus. In both spectra, the 
presence of an isoelliptic point suggests a single mode of 
binding between the ligand and the DNAs within the limits 
of concentrations used. Figure l a  and b shows the CD 
spectra of DNA from clostridium (a) and micrococcus (b) 
recorded in the presence of increasing concentrations of 
compound 5a. As in the case of netropsin, a new CD band 
is observed for the 5a-clostridium DNA complex in the 
vicinity of 315 nm whereas a very weak induced signal 
appears in the presence of micrococcus DNA. Figure 2 
shows, as an example, typical curves describing the 
variation of the ellipticity a t  315 nm as a function of the 
concentration of netropsin (a) and compound 5a (b). The 
same experiments have been further performed (spectra 
not shown) using the netropsin hybrid 9a, distamycin, 
and the distamycin hybrids 5b and 9b. In all cases, and 
for every tested compound, similar behavior as in Figure 
1 was observed except that in the presence of distamycin 
or distamycin derivatives the CD signal of the ligand- 
DNA complexes occurs in the 330-nm range. When the 
variation of CD-induced signal intensity upon the ligand 
binding is sufficiently high as it in the presence of DNA 
from clostridium (see Figure 2), the variation of the signal 
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Table 1. Comparative DNA Binding Parameters of 
Netropsin, Dietamyoin, and the Related Hybrid Molecules 

compd Kappa (M-') slope* 
netropsin 1.0 x 106 -0.03 
Sa 4.6 x 105 0.10 
9a 4.4 x 105 0.00 

distamycin 1.0 x 107 0.00 
5b 1.6 X lo6 0.15 
9b 1.2 x 106 0.05 

The association constants of the hybrid ligands for DNAs were 
estimated from CD spectra and Scatchard analysis as described in 
the Experimental Section. * Slope of the straight line given by the 
equation log v/u ,  = k log(1 + 2r) which account for the increase in 
the viscosity of sonicated DNA as function of the amount of ligand 
bound ( r ) .  In standard operating conditions, the experiments were 
performed in acetate buffer pH 5.0 containing 100 mM NaCl. 
intensity as a function of the concentration of compound 
present in the medium can be treated as a binding curve 
from which the amount of compound bound to the DNA 
can be calculated (see Experimental Section). Scatchard 
plots of these data allow one to estimate the association 
constant value Kapp. The values so obtained are indicated 
in Table 1 and show that the Kapp values of the respective 
hybrid molecules to clostridium remain in the same order 
of magnitude compared to netropsin and distamycin. 

Viscometric Data. Information on the nature of the 
binding to DNA (intercalation versus external binding) 
can be provided by the viscometric determination of the 
length increase of sonicated DNA (Saucier et al., 1971). 

In this technique, the theoretical treatment of viscosimetric 
data have shown that if log p / p o  is plotted vs log (1 + 2r) 
where p and p o  are the intrinsic viscosity of sonicated DNA 
in the presence and in the absence of the tested drug and 
r the number of molecules bound per nucleotides, the slope 
value of the straight line so obtained is expected to be 
near 2.2 for intercalating agents (Saucier et al., 1971). It 
was found that the slope values obtained upon binding of 
the tested compounds to DNA isolated from Clostridium 
are in the range of 0.10 to 0.20 (Table 1). These results 
indicate that for all tested molecules the isoalloxazine 
chromophore is not able to intercalate between DNA base 
pairs. 

Footprinting Experiments. According to quantitative 
footprinting data (Ward et al., 1988), it appears that 
netropsin preferentially protects the 5'ATTT sequence. 
We have therefore synthesized a 25-mer containing this 
target sequence included within a random sequence. 
Typical DNaseI-induced cleavage patterns for the 25-mer 
of the synthetic oligonucleotide fragment are presented 
in Figure 3. Experiments performed in the presence of 
netropsin or distamycin (from lo4 to 10-5M) show a very 
strong protection against cleavage located at  the target 
site 5'ATTT. It should be noticed that the adjacent 
5'CTGG sequence appears to be efficiently protected as 
well. This fragment corresponds to the binding site of the 
enzyme whose 3'- 5'processing is blocked by the presence 
of the ligand bound to the target site ATTT. In the 
presence of identical concentrations of tested compounds, 
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Figure 3. Autoradiogram of a DNase I footprinting experiment 
of 25 base-pair oligonucleotide in the absence and in the presence 
of netropsin, 9a, and 5a. Lane 1: oligonucleotide alone. Lanes 
5 and 8: DNase digest (3 and 5 min, respectively) of the 
oligonucleotide alone. Lanes 2-4 DNase I digests (3 min) in the 
presence of 1,5, and 10 p M  netropsin. Lanes 6 and 7: digests 
(3 min) in the presence of 5 and 10 p M  compound 9a. Lanes 9 
and 10: digests (3 min) in the presence of 5 and 10 p M  5a. In 
all experiments, DNA digestion was performed at  4 "C in working 
buffer (pH 7.0). 

Table 2. Protection against DNase I Digest (9%). 
sequence netropsin distamycin 5a 5b 9a 9b 

A 82 95 60 82 80 56 
T 100 100 70 100 100 72 
T 100 100 100 100 100 100 
T 94 100 85 100 89 100 
Protection against the DNase I digest of the A T T T  sequence in 

the presence of 1O-g M ligands. The extent of DNase I digestion was 
estimated by scanning the PAGE autoradiogram of the 5'-labeled 
25-mer digest as described in the Experimental Section. For each 
nucleotide, the percent of protection was calculated compared to the 
extent of DNase I digestion obtained in the absence of ligand. 

the target site appears to be markedly protected as well 
but to a lower extent. Table 2 summarizes the efficiency 
of protection of the target site against DNase1 expressed 
in percent. The values obtained show that all hybrid 
compounds display a similar pattern of protection, the 
adenine being the less protected base and the central 
thymine the most protected one. From these results it 
can be concluded and in agreement with CD data that 
despite the modification of the netropsin or distamycin 
moiety, the hybrid compounds have preserved the ability 
to selectively recognize A + T-containing sequences. 

Generation of Oxy Radicals upon Visible Light 
Irradiation. The generation of oxy radicals (superoxide 
anion and OH' radical) upon illumination of solutions 
containing flavin is known to occur through a redox cycling 

Table 3. Production of Oxy Radicals upon Illumination by 
Visible Light 

detection of production of 0 2 4  
compd DMPO-OH'" (nmol/min/nmol) 

5a 
9a 
5b 
9b 

+ + + + 

0.73 
1.67 
0.88 
4.10 

a Occurence of the ESR quartet signal of the DMPO spin adduct 
DMPO-O'H. Operating conditions were as described in the Exper- 
imental Section. Assay medium was composed of phosphate buffer 
0.05 M, pH 8.0 containing 1 mM EDTA, 10 pM drug, and 50 mM 
DMPO. Irradiation time was 5 min. In all cases, no signal can be 
detected in the presence of 10 pg of SOD. 02'- production was 
measured using SOD-inhibitable cytochrome c reduction. The assay 
medium was described as in the legend of Figure 4. 02'- production 
was calculated assuming that 1 mol of 02" reduces 1 mol of cytochrome 
c. The molecular extinction of cytochrome c FII at 550 nm was taken 
as 22 OOO M-l cm-*. 

process involving as an initial step the photoreduction of 
the flavin triplet state. This reaction is followed by the 
reoxidation of the reduced form of the flavin chromophore 
through one-electron transfer process to molecular oxygen 
(Ballou et  al., 1969). The photoreduction of flavin requires 
the presence of additional electron donor such as EDTA- 
or thiol-containing compounds. DNA and to a lesser extent 
RNA, have been suggested as well to act as electron donor 
in this reaction (Korycka-Dahl and Richardson, 1980). We 
have measured the flux of 02'- production using as a probe 
the superoxide dismutase-inhibitable cytochrome c re- 
duction (McCord et al., 1977), assuming that one molecule 
of 02.- is required to reduce one molecule of cytochrome 

Results in Figure 4b and Table 3 show that in our 
experimental conditions the irradiation of 5 pM of any 
tested compounds results in the production of 02'-. 
Clearly, the flux of 02'- is significantly higher using 
compounds 9a and 9b in which the side chain is attached 
in the Nlo position of the flavin chromophore as in the 
natural compound riboflavin. In order to test the further 
occurrence of hydroxyl-radical production we have per- 
formed a spin trapping experiment using DMPO as probe 
(Buettner and Oberley, 1978). As indicated in Figure 4a, 
the DMPO-O'H spin adduct (1:2:2:1 quartet, g = 2.007, 
U N  = 14.8 G) resulting from the reaction between OH* and 
the DMPO is generated upon light irradiation of compound 
9b taken as an example. The signal intensity is strongly 
decreased by the addition of SOD or catalase indicating 
that both 02'- and H202 are involved in the production 
of OH'. 

DNA Breaks. In the presence of molecular oxygen, 
the irradiation by visible light of a solution containing 5 
Fmol of the most efficient oxy radical generator, compound 
9b, 1 mM EDTA, and supercoiled DNA, yields nicked 
circular form I1 DNA. The kinetics of the appearance of 
single-strand break occurs according to a pseudo-first- 
order reaction with an apparent rate constant of 0.11 min-l 
(Figure 5a). For a given irradiation time, the extent of 
DNA cleavage increases as a function of ligand concen- 
tration as shown in Figure 5b. The generation of form I1 
is strongly inhibited by the addition of catalytic amounts 
of superoxide dismutase (SOD), whereas the addition of 
catalase or the OH radical scavenger mannitol result as 
well in a marked inhibition of the DNA strand breakage 
(data not shown). These observations are in agreement 
with the involvement of OH' radical as the main DNA 
breaking agent. Because of the marked inhibitory action 
of SOD, it is likely, as suggested by the spin-trapping 
experiments, that the production of OH* occurred through 

C. 
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Figure 4. Oxy radicals production upon irradiation of 9b by visible light. (A) ESR spectra of the spin trap DMPO. The assay medium 
was composed of 0.05 M phosphate buffer (pH 8.0) containing 1 mM EDTA, 50 mM DMPO, and 10 pM 9b. The spectra were recorded 
after a 5-min irradiation performed either in the absence (a) or in the presence (b) of 10 pg SOD. (B) Kinetics of 9b-mediated 
cytochrome c reduction. The assay medium was composed of phosphate buffer 0.05 M (pH 8.0) containing 1 mM EDTA, 0.1 mM 
cytochrome c, and 10 pM 9b. 0 indicates with irradiation alone, 0 with irradiation and in the presence of 0.5 pg/mL SOD, and A 
with irradiation and in the presence of 1 pg/mL SOD. 
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Figure 5. 9b-mediated single strand break of pBR322 plasmid upon visible light irradiation. Strand breakage was monitored in 
phosphate buffer 0.05 M (pH 8.0) containing 1 mM EDTA, 30 pM plasmid DNA, and various concentrations of 9b. The mixtures 
were irradiated using a polychromatic lamp yielding an energy of the incident light close 1.5 W.cm-*. (a) Kinetics of form I1 production 
upon irradiation of a mixture as indicated above, in the absence 0 or in the presence of 5 pM compound 9b 0. (b) DNA form I1 
production obtained after 30-min irradiation and in the presence of increasing concentrations of 9b. 0 indicates the standard conditions, 
A the presence of 0.5 pg SOD, 0 the presence of 1 pg SOD, and A standard conditions without light. 

Table 4. Extent of pBR322 Form I1 Generation upon Light 
Irradiation* 

compd production of form I1 DNA (%) 

5a 4.3 
9a 7.9 
5b 4.8 
9b 27.6 

0 Form I1 DNA was estimated from the fluorescent corresponding 
band intensity detected on gels stained with ethidium bromide as 
shown in Figure 5a. Form I1 production was estimated after 20-min 
light irradiation of solutions containing 5 pMof each tested compound. 

a classical Fenton reaction (Fee and Valentine, 1977). 
Similar behavior is obtained using compounds 5a, 9a, and 
5b. However, the extent of DNA breakage as measured 
in standard operating conditions appears to be related to 
the oxy radicals generating efficiency as shown in Table 
4. 

Mapping of the Strand Cleavage of pBR322 DNA. 
The experimental procedure used to map the single-strand 

cleavage sites of oxy radicals involves the following steps 
(Barton and Raphael, 1985): the remaining form I and 
nicked circles were linearized with restriction enzymes 
known to cleave the plasmid a t  only one site. Subsequent 
treatment of the linearized DNAs with nuclease S1 which 
is specific for single-stranded regions cleaved the DNA a t  
sites only opposite to the nick, producing a pair of linear 
fragments. This procedure yields distinct fragments only 
if single strand cleavage occurs a t  specific sites. Non- 
specific cleavage produces fragments of all sizes and hence 
a smear on the gel. 

The treatment of the mixture containing supercoiled 
and form I1 DNA by the restriction enzyme EcoRl yields 
complete linear digests as evidenced by the appearance of 
a single band of 4.4 kbp. The subsequent treatment of 
the linearized fragments from untreated DNA by nuclease 
S1 results, as expected, in no detectable change in the size 
and intensity of the single band of linear DNA. Similar 
treatment of the linearized DNA fragment from single- 



Flavin-Netropsin Conjugates 

Table 5. Mapping of the Strand Cleavage of the pBR322 
DNA Promoted by Compound 5a 

sequencea positionb approx size of the discrete bandsC 
AAAAAA 4113 4100 
AAAAAA 3697 3700 
TATTAATT 3536 3500 
AAAAAA 3107 3100 
AAAAA 2571 

243od 
AAAAA 2514 
AAAAAA 1929 1900d 

Main AT-rich sequences identified on pBR322. * Position of the 
AT-containing sequences on the plasmid starting from Eco RI site. 
‘Sizes of the discrete bands separated on agarose gel following 
linearization of the plasmid by Eco RI and subsequent treatment 
withnuclease S1 as described in the Experimental Section. Possible 
complementary bands resulting from breaks at either 1900 or 2500 
bP. 
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strand breaks containing DNA results in a strong decrease 
in the intensity of the  4.4 kbp band with the  appearance 
of discrete bands indicating that the  breaks occurred 
preferentially at the  level of defined sequences. In 
contrast, the  irradiation of mixtures containing DNA and 
concentrations of riboflavin leading t o  identical oxy 
radicals flux results in the  appearance of smear on the  gel 
as expected for randomly distributed DNA breakages (data 
not shown). T h e  sizes of the  bands obtained with the  
conjugates allow a rough estimation of the position of the 
cleavage. Table 5 summarizes the  results obtained in the  
presence of 5a. 

Five fragments of approximate size of 4100,3700,3500, 
3100, and 1900 b p  were clearly detected and correspond 
to breaks occuring in regions composed of at least five AT 
bp tracks (Table 5). This is in agreement with the selective 
binding of the hybrid ligands to  these sequences and the 
occurrence of breakages in the  vicinity of the binding sites. 
A very similar pattern of breakages was observed in the  
presence of the distamycin derivative 9b. 

In conclusion, the present work demonstrates the  
suitability of isoalloxazine chromophore in view of func- 
tionalization of selective DNA-binding ligands such as 
polypyrrolecarboxamide derivatives. T h e  conjugates so 
obtained remain able to bind to double-stranded DNA 
preferentially to A + T-rich regions. The isoalloxazine 
chromophore remains able to produce oxy radicals leading 
to single-strand breakage in the  vicinity of DNA-binding 
sites in operating conditions compatible with pharmaco- 
logicals constraints. This  approach can be extended to  
the functionalization of various DNA-binding ligands 
including to antisens and triplex-forming oligonucleotides. 
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Fibroblast growth factor receptors are highly expressed in a variety of cancer cells and activated 
vasculature. Using chimeric toxins targeted to cell-surface aFGF receptors, we have demonstrated 
specific cytotoxic activity to these cell types. These molecules, aFGF-PE40 and aFGF-PE4E KDEL, 
are fusion proteins containing acidic FGF and either a 40- or a 66-kDa binding defective form of 
Pseudomonas exotoxin, respectively. Both aFGF-toxin fusion proteins were able to inhibit protein 
synthesis in vitro in a variety of carcinoma cell lines. The half-life of aFGF-PE40 in serum was found 
to be 41 min when coadministered with heparin. Administration of aFGF-PE40 or aFGF-PE4E KDEL 
with heparin inhibits the growth of established KB and preestablished A431 epidermoid carcinoma 
xenografts in athymic mice. The antitumor activities of the two aFGF-toxin fusion proteins were 
equivalent against the KB tumor xenografts. While we were able to slow the growth of the KB tumor 
xenografts, we were unable to cause tumor regressions. Histochemical analysis of treated versus untreated 
tumor tissue revealed a difference in tumor size but not of vascularity. We conclude that aFGF-PE40 
and aFGF-PE4E KDEL have in vivo antitumor activity that targets the tumor cell mass rather than 
vascular structures in mice xenografted with human epidermoid carcinoma. 

INTRODUCTION 
Pseudomonas exotoxin (PE) is a single polypeptide 

made up of three structurally and functionally distinct 
domains (1 ,2 ) .  Domain I contains the cell-binding activity, 
domain I1 the translocation activity, and domain I11 the 
ADP-ribosylation activity. P E  kills cells by ADP- 
ribosylating elongation factor 2, resulting in inhibition of 
cellular protein synthesis. Alteration in the binding 
domain of P E  results in a loss of cytotoxic activity against 
cells displaying PE receptors (3-5). Replacing the lost 
binding activity with a growth factor through fusion with 
the mutant PE molecule restores its cytotoxic activity but 
redirects the toxin to a specific growth factor receptor 

We have recently reported on the cytotoxic activity of 
fusion proteins composed of acidic fibroblast growth factor 
(aFGF) and two mutant forms of Pseudomonas exotoxin 
A (PE) against a variety of cancer cell lines (9). FGF- 
toxin fusion proteins were produced to target FGF 
receptors that have been found in high numbers on cancer 
cells (10, 11). The specific aFGF-PE chimeric molecules 
were termed aFGF-PE40 and aFGF-PE4E KDEL. PE40 
is a truncated form of P E  that is missing the binding 
domain (domain I) but retains domains I1 and I11 (3,121. 
PE4E is a mutated form of P E  in which four glutamates 
in domain I have been substituted in place of four positively 
charged residues. This form of PE is the functional 
equivalent of PE40 (13) .  The KDEL sequence, which 
encodes the endoplasmic reticulum retention sequence, is 
substituted a t  the carboxyl end of aFGF-PE4E KDEL in 
place of the native REDLK residues to increase the 
cytotoxicity of the molecule (14,15).  Chimeric toxins of 

(6-8). 
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this type include TGFa-PE40, IGF TYPE I-PE40, and 
aFGF-PE40 (9,16-181, all employing Pseudomonas toxin, 
and EGF-DAB, utilizing a mutated form of Diphtheria 
toxin (19). 

Growth factor-toxins have been shown to be effective 
antitumor reagents against human tumor xenografts 
implanted in mice (20-22). In this report, we have explored 
the effects of the two aFGF-PE forms in the treatment 
of established and preestablished tumor xenografts in 
athymic mice. Our findings indicate that it is possible to 
target tumor cells for elimination using toxins directed at 
the aFGF receptor. 

EXPERIMENTAL PROCEDURES 
Animals and Cell Lines. For all experiments per- 

formed in animals, 6-week-old athymic mice weighing 16- 
20 g were used (strain BALB/c, Harlan Sprague-Dawley, 
Indianapolis, IN). MCF-7 (breast carcinoma cells) and 
A431 and KB (epidermoid carcinoma cells) were purchased 
from American Type Culture Collection (Rockville, MD). 
L2987 (lung carcinoma cells), A2780 (ovarian carcinoma 
cells), and RCA (colon carcinoma cells) were from I. 
Hellstrom (Bristol-Myers Squibb, Pharmaceutical Re- 
search Institute, Seattle, WA). 

Plasmids and Constructions. The plasmids pCS F40 
F(+)T and pCS F4K F(+)T were previously described 
(9). The plasmid pCS F4KD553 encodes a mutant form of 
aFGF-PE4E KDEL that has no ADP-ribosylation activity 
due to its single amino acid deletion a t  residue 553 
(glutamate) in the PE sequence (23, 24).  Plasmid pCS 
F4KD553 was prepared by digesting pCSF4K a t  its BamHI 
and EcoRI sites, removal of the resulting 0.45-kb fragment, 
and replacement with a similar 0.45-kb fragment from 
P C S F ~ O D ~ ~ ~  (9). 

Expression and Purification of aFGF-Toxins. 
Plasmids were transformed with bacterial strain BL21 
(XDE3) and cultured as previously described (9). The 
fusion toxins were induced a t  OD650 = 2.0 with 1 mM 
isopropyl 1-thio-P-D-galactopyranoside (IPTG) and har- 
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vested 90 min later. The protein was purified from 
inclusion bodies by denaturation in guanidine-HC1 and 
renaturation by rapid dissolution in phosphate-buffered 
saline supplemented with 0.4 M L-arginine. The renatured 
proteins were purified by a two-step chromatography 
procedure involving anion-exchange followed by heparin- 
affinity, as previously described (9). 

Protein Synthesis Inhibition Assay. The tumor cells 
were cultured in RPMI 1640 supplemented with 10 5% fetal 
bovine serum, 2 mM L-glutamate, and 50 units/mL of 
penicillin/streptomycin. The cell monolayers were plated 
into 96-well tissue culture plates at 1 X 104/well and allowed 
to adhere and grow for 16 h a t  37 "C. Chimeric aFGF- 
toxins were diluted in growth media and 0.1 mL added to 
each well for 20 h a t  37 "C. The cells (assay done in 
triplicate or quadruplicate) were pulsed with PHIleucine 
(1 &i/well) for an additional 4 h a t  37 "C. The cells were 
harvested using a 96-well automated system (Tomtec, 
Orange, CT) after freeze-thawing of the plate. Protein 
synthesis was determined by counting the incorporation 
of [3H]leucine into cellular protein using an LKB-Beta- 
Plate liquid scintillation counter. 

Serum Level of aFGF-PE40 (+ Heparin). Five pairs 
of athymic mice were injected intravenously with a single 
dose of aFGF-PE40 (0.5 mg/kg, 100 units/mL of heparin). 
At indicated time points, each pair of injected animals 
was bled (200 pL each bleeding). The blood was kept on 
ice for 15 min and centrifuged at 2000 rpm in a 4 "C 
microfuge. The serum was retained and tested in an 
inhibition of protein synthesis assay with MCF-7 breast 
carcinoma cells to determine the amount of aFGF-PE40 
protein present in each sample. The amount of protein 
synthesis inhibition found in the serum samples a t  various 
time points was compared to a standard curve of aFGF- 
PE40 (+ heparin) against the same MCF-7 cells. The 
protein synthesis assay was performed essentially the same 
as above. T 1 p ~  was calculated using the MKModel 
Version 4 software package (Biosoft, Milltown, N. J.). 

Lethality of aFGF-Toxins in  Athymic Mice. Groups 
of five mice were injected intravenously with either aFGF- 
PE40 or aFGF-PE4E KDEL. The aFGF-toxin protein 
was injected in PBS supplemented with 100 units/mL of 
heparin. The animals were observed for 21 days. 

Necropsy Analysis. Tissues from major organs, in- 
cluding lungs, kidney, liver, stomach, duodenum, ileum, 
cecum, and spleen were removed from sacrificed animals 
48 h after injection of 1.5 mg/kg of aFGF-PE40 in PBS 
supplemented with 100 units/mL of heparin. The tissues 
were fixed in 10% formalin, blocked in paraffin, sectioned 
at 5 pm, and stained with hematoxylin and eosin. 

Antitumor Activity of aFGF-PE40 and  aFGF-PE4E 
KDEL. KB and L2987 tumor fragments were implanted 
into female athymic mice (nu/nu) a t  4-6 weeks of age with 
tumor fragments maintained from serial in vivo passage 
of established xenografts. Approximately 2 weeks fol- 
lowing subcutaneous implantation of the tumor fragments 
onto the back of the mice, the mice were randomized for 
those with tumor sizes ranging from 75 to 100 mm3. The 
tumor-bearing animals were intravenously injected with 
the chimeric aFGF-toxins (with 100 units/mL of heparin) 
as per specific administration schedule via the tail vein. 
There were five animals in each treatment group, and 
tumors were measured on a 3-4-day regular schedule with 
calipers. A431 cells (1 X 109 weresubcutaneously injected 
into groups of athymic mice. For treatment a t  day 1 post 
implant, animals could not be randomized due to tumor 
size. A t  day 5 post implant, animals were randomized 

Slegall et al. 

Table 1. Cytotoxic Activities of aFGF-PE40 and 
aFGF-PE4E KDEL Chimeric Proteins on Various Cell 
Lines 

ECW.' ndmL 

cell line (type) 
A2780 (ovarian Ca) 
L2987 (lung Ca) 
KB (epidermoid Ca) 
A431 (epidermoid Ca) 
RCA (colon Ca) 
MCF-7 (breast Ca) 

aFGF- 
PE40 

60 
200 
60 
8 

15 
40 

aFGF- 
PE4EKb 

aFGF- 
PE4EKbDm PE 

40 
150 
50 
9 
10 
10 

>500 90 
>500 20 
>500 35 
>500 6 
>500 32 
>500 25 

ECm is the amount of aFGF-toxin needed to inhibit 50% of 
protein synthesis. K = KDEL. 

into groups of five based on the appearance of small A431 
tumor nodules. 

Histologic Examination of Treated and  Untreated 
Tumor Tissue. Athymic mice were implanted with KB 
tumor sections as described above. Mice (A treatment 
with aFGF-PE40 (+heparin), 0.3785 mg/kg, 1 d X 3) were 
sacrificed 24 days post-tumor implant, and the tumors 
were removed. The tumor tissue was rinsed with PBS 
and cut into three longitudinal sections which were then 
fixed in 10% formalin. The samples were blocked in 
paraffin, sectioned at 8 pm, and stained with hemotoxylin 
and eosin prior to being mounted onto slides and inspected 
with light microscopy a t  (13X and 1OOX). 

RESULTS 
In VitroProtein Synthesis Inhibition Activity. The 

sensitivity of a variety of cancer cells to aFGF-PE40 and 
aFGF-PE4E KDEL was assessed. The two forms of 
aFGF-PE were active in inhibiting protein synthesis in 
A431, L2987, RCA, A2780, MCF-7, and KB carcinoma 
cell lines (Table 1). A431 cells were the most sensitive of 
the cell lines to both aFGF-toxin forms. A mutant form 
of aFGF-PE4E KDEL, termed aFGF-PE4E KDEL D663, 
in which there is no ADP-ribosylation activity, did not 
inhibit protein synthesis (EC50 > 500 ng/mL) in any of the 
cell lines tested (Table 1). 

Serum Level Analysis of aFGF-PE40. Since heparin 
has been shown to potentiate the biological effects of aFGF 
(25-28) and potentiate the cytotoxic activity of aFGF- 
toxins (29), heparin was coinjected with aFGF-PE40 in a 
serum level assay. Acidic FGF-PE40, with 100 units/mL 
of heparin, was injected via the tail vein into athymic mice. 
Blood was obtained at various times following injection, 
and the serum was isolated as described in the Experi- 
mental Procedures. The serum was diluted in growth 
media and compared to known amounts of aFGF-PE40 
(and heparin) in a cytotoxicity assay against MCF-7 breast 
carcinoma cells. By comparing the protein synthesis 
inhibition activity of the serum samples with known 
amounts of aFGF-PE40, the amount of functional aFGF- 
PE40 present in the serum a t  different time points was 
determined. The data show that aFGF-PE40 can be 
recovered from blood when coadministered with heparin 
(Figure 1). The T1pa of aFGF-PE40, with heparin 
coadministration, is 41 min. At  6 h post administration, 
there was no aFGF-PE40 detectable in the serum. 

Lethality in  Athymic Mice. Before assessing the 
ability of aFGF-PE to inhibit tumor growth in uiuo, the 
maximum tolerated dose of the chimeric toxin was 
estimated by injecting the two different molecules intra- 
venously in groups of five athymic mice. Different 
administration schedules and dose regimens were tested, 
and the results are listed in Table 2. Acidic FGF-PE4E 
KDEL was approximately 2-3-fold more lethal to mice 
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within the liver sections analyzed. The spleen was 
enlarged, and there was excessive hematopoiesis. The red 
pulp was mildly congested, and the lymphoid follicles were 
enlarged as compared to nontreated mice. No toxicity 
was found in any of the other tissues analyzed. 

Antitumor Activity of aFGF-PE40. To assess the in 
vivo antitumor activity of aFGF-toxins, KB cells were 
xenografted into athymic mice. While KB cells were not 
the most sensitive cell line tested in this study, aFGF- 
toxin fusion proteins were still quite cytotoxic to the cells, 
with EC50 values of 50-60 ng/mL (Table 1). Additionally, 
when passaged into animals using trocar-implanted tumor 
tissue, KB tumor xenografts grew into highly vascularized 
tumors in a very tight size range making for extremely 
reproducible experiments. 

KB tumor cells were implanted into nude mice and 
allowed to grow until the tumor size was between 200 and 
400 mm3. The tumor xenografts were serially sectioned 
and passaged into additional mice using a trocar. When 
the tumor xenografts were established and vascularized 
(approximately 75-100 mm3, 15-17 days following im- 
plantation), the mice were randomized and set into groups 
of five per cage. Mice were treated with intravenous 
injections of chimeric toxin supplemented with 100 units/ 
mL of heparin, using a variety of administration schedules. 

Acidic FGF-PE4E KDEL or aFGF-PE40 was admin- 
istered using a treatment schedule of q l d  X 3 (Figure 2A 
and B), respectively. Higher doses of aFGF-PE40 were 
used, as it was less toxic to the mice (Table 2). In Figure 
2A, the experimental control was treatment with aFGF- 
PE4E KDEL D553, a noncytotoxic mutant form of aFGF- 
PE4E KDEL. In Figure 2B, untreated animals were the 
control. Tumor xenografts from these two control groups 
grew at essentially the same rate, indicating that the 
noncytotoxic aFGF-toxin form did not inhibit tumor 
growth. Administration of aFGF-PE4E KDEL a t  0.25 
mg/kg was able to inhibit tumor growth while a dose of 
0.125 mg/kg had very little antitumor effect (Figure 2A). 
Surprisingly, a t  the lower dose of aFGF-PE4E KDEL, 
there was a slight inhibition of tumor growth, matching 
that of the higher dose from days 33-40. Administration 
of aFGF-PE40 was able to generate a stronger antitumor 
response as compared to aFGF-PE4E KDEL (Figure 2B). 
Mice with the KB xenografts were injected with both 0.375 
and 0.25 mg/kg of aFGF-PE40, using the same q l d  X 3 
schedule. The antitumor effect was approximately the 
same for both doses. 

Higher doses of chimeric toxin could be administered 
to mice without toxicity by prolonging the time between 
doses. Figure 3 shows the effects of the fusion proteins 
using a q4d X 3 schedule. The antitumor activity of both 
aFGF-PE4E KDEL and aFGF-PE40 against the KB 
tumor xenografts was similar. With aFGF-PE4E KDEL 
a t  doses of 0.375 and 0.25 mg/kg, the antitumor activity 
was nearly identical (Figure 3A). The same was found for 
aFGF-PE40 (0.5 and 0.375 mg/kg) (Figure 3B). 

As shown in both Figures 2 and 3, the KB tumor 
xenograft growth was significantly retarded by the ad- 
ministration of aFGF-PE40 or aFGF-PE4E KDEL. The 
effect on the tumor was most profound during the course 
of administration and for a short period following the 
treatment. This usually was found between days 15 and 
30 post tumor implant. Following this period, the tumors 
grew back and had the appearance of a normal growing 
tumor. The most significant antitumor response came 
from the q4d x 3 administration of both aFGF-toxin forms, 

5 1 5  3 0  6 0  1 2 0  2 4 0  3 6 0  

TIME, min 

Figure 1. Serum levels and T 1 p  of aFGF-PE40inmice. Acidic 
FGF-PE40 levels were determined by measuring inhibition of 
protein synthesis with serum samples taken at various time points 
following injection of 0.5 mg/kg of aFGF-PE40 against MCF-7 
breast carcinoma cells. These data were compared to an 
inhibition of protein synthesis assay using known amounts of 
aFGF-PE40 against the same cell line. Heparin was added to 
the injected aFGF-PE40 fusion protein at 100 units/mL. The 
Tlpa for aFGF-PE40 was 41 min. 

Table 2. Maximum Tolerated Doses of aFGF-Toxin Fusion 
Proteins (Intravenous Injections) in Athymic Mice 

dose administrn total dose lethality (%) 
(mg/kg) schedule (mg/kg) (dead/total) 

aFGF-PE4E KDEL 
0.25 single dose 0.25 0 
0.375 single dose 0.375 0 

0.625 single dose 0.625 100 
0.25 qld x 3 0.75 0 

0.375 q4d X 3 1.125 0 
0.5 q4d X 3 1.5 80 

0.5 single dose 0.5 0 
1.0 single dose 1.0 0 
1.5 single dose 1.5 20 
2.0 single dose 2.0 80 
0.5 qld X 3 1.5 20 
1.0 qld X 3 3.0 80 
0.5 q4d X 3 1.5 0 

0.5 single dose 0.5 40 

0.375 qld X 3 1.125 40 

aFGF-PE40 

1.0 q4d X 3 3.0 60 

than was aFGF-PE40. No lethality was observed a t  single- 
dose amounts of 0.375 mg/kg for aFGF-PE4E KDEL and 
1.0 mg/kg for aFGF-PE40. Administration of larger total 
doses without lethality was possible using multiple in- 
jections of the aFGF-toxin fusion proteins (Table 2). 
Higher total doses of the fusion proteins could be given 
if an administration schedule of q4d X 3 was utilized rather 
than a schedule of q l d  X 3. 

Toxicity of aFGF-PE40 toward Mouse Tissue. The 
effects of aFGF-PE40 on normal cells was determined in 
mice since FGF receptors are widespread (30-32). Mice 
were injected with a single dose of a sublethal amount of 
aFGF-PE40 (1.5 mg/kg) and the mice sacrificed 48 h later 
so that necropsies could be performed. Histological 
analyses indicated significant organ damage in both the 
liver and spleen (data not shown). The liver cells showed 
marked polyploidy characterized by a wide variation in 
nuclear size and chromatin content. There were numerous 
mitotic figures, and many hepatocytes were binucleate. 
Additionally, there was a substantial number of nuclear 
and cytoplasmic remnants in a generalized distribution 
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Figure 4. Antitumor activity of aFGF-toxin fusion proteins in mice xenografted with (A) A431 epidermoid carcinoma cells and (B) 
L2987 lung carcinoma cells. In both models, aFGF-toxin fusion protein was administered intravenously with 100 units/mL of heparin: 
(A) aFGF-PE40 treatment (0.5 mg/kg, q2d X 3) was initiated day 5 post implant (A), day 1 post implant (A), nontreated controls 
(0); (B) aFGF-PE4E KDEL treatment was initiated day 14 post tumor implant using a schedule of q4d X 3,0.375 mg/kg ( O ) ,  0.25 
mg/kg (w), nontreated controls (0). 

underneath the highly vascularized edge. The central 
sections of the treated and untreated tumor mass had areas 
of necrosis (N), fibrosis (F), and a large infiltrate of 
polymorphonuclear cells (Figure 5, panels C and E). There 
appeared to be less microvasculature in the treated tumor 
samples; however, this was not quantitated. The untreated 
tumor contained more hemorrhagic areas. 

DISCUSSION 
We have prepared many growth factor-toxins using a 

variety of forms of Pseudomonas exotoxin. In this report, 
we compare two forms, aFGF-PE40 and aFGF-PE4E 
KDEL, and demonstrate that they both have antitumor 
activity against established human KB tumor xenografts 
and preestablished A431 tumor cells in athymic mice. The 
antitumor activity resulted in an inhibition of continued 
KB tumor growth during and for a short time following 
administration of the chimeric toxin. The treatment did 
not result in regression of the tumor xenografts (Figures 
2 and 3). While a more dramatic antitumor effect was 
found using A431 tumor cells in uiuo, these experiments 
used tumors that were not fully established (Figure 4A). 
Against established L2987 tumor xenografts that were 
weakly sensitive to the protein synthesis inhibitory effects 
of aFGF-toxin fusion protein in uitro there was no or 
minimal antitumor activity (Figure 4B). 

Heparin was coadministered (100 units/mL) with aFGF- 
toxins since it potentiates the effects of FGF on the growth 
of cells by prolonging its biological lifetime (25-28) as well 
as potentiating the cytotoxic effects of aFGF-toxin fusion 
protein (29). The serum half-life of aFGF-toxin fusion 
protein coinjected with heparin was 41 min (Figure 1). 

Acidic FGF-PE4E KDEL was devised to increase the 
cell-specific cytotoxic activity (14, 15), and as shown in 
Table 1, it is more cytotoxic on certain cell lines than 
aFGF-PE40 (Table 1). However, it also is more toxic to 
athymic mice (Table 2). In fact, it would appear that the 
therapeutic window with aFGF-PE40 is larger than the 
window with aFGF-PE4E KDEL against most carcinoma 
cell lines due to the increased toxicity of aFGF-PE4E 
KDEL. This type of difference was also found for another 
chimeric toxin which was composed of interleukin 6 and 
various forms of P E  (33) .  In the IL6 study, IL6-PE4E 

KDEL was a t  least 2-fold more toxic to animals than both 
IL6-PE40 and IL6-PE4E (C. B. Siegall, unpublished 
observation). Thus, it may not be advantageous to 
construct chimeric toxins in which KDEL is included a t  
the carboxyl end since although there is a slight increase 
in its cytotoxic effects against some cell lines the increase 
in the nonspecific i n  vivo toxicity may be greater. 

Acidic FGF-toxin molecules are not only cytotoxic to 
tumor cells but they also are cytotoxic to rapidly prolif- 
erating vasculature-bearing aFGF receptors (9). We have 
also found that aFGF-PE4E KDEL is cytotoxic to 
endothelial cells using an in vitro model of angiogenesis 
(34) .  In addition, aFGF-PE4E KDEL was cytotoxic to 
cardiac smooth muscle and endothelial cells isolated as 
primary culture from rats (35).  

In the current study, analysis of treated and nontreated 
KB tumor xenografts with histochemical techniques 
revealed that the tumor cells were affected by the aFGF- 
toxin treatment while the vascular tissue was not (Figure 
5). The vascular cells that supply the xenograft are of 
mouse origin, while the tumor tissue is of human origin. 
Acidic FGF binds to both human and mouse aFGF receptor 
and therefore should be able to target the actively 
proliferating vasculature that is supplying the tumor with 
blood. In contrast to antibody-toxin chimeric molecules 
in which the antibody binds to the human tumor xenograft 
and not to mouse tissue (361, growth factor-toxins such 
as aFGF-toxin fusion proteins are valid for use in mouse 
models, since aFGF-PE40 binds to both mouse and human 
aFGF receptor. 

We do not know whether i n  uiuo vasculature displays 
enough cell surface aFGF receptors to be sensitive to 
aFGF-toxin. Our previous results studying proliferating 
endothelial cells have shown that the endothelial cells are 
sensitive to the protein synthesis inhibition activity of 
aFGF-toxin chimeric molecules (35).  However, the levels 
that are needed to reach 50% of protein synthesis is 100 
ng/mL for endothelial cells in vitro. This level is slightly 
higher than the level of aFGF-toxin needed to affect KB 
tumor cells in culture (Table 1). It  is possible that at the 
administered dose the endothelial cells of the vascular 
tissue supplying the blood to the tumor xenografts were 
not sensitive to the aFGF-toxin. Alternatively, it is 
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Figure 5. Histologic examination of aFGF-PE40-treated and 
-untreated KB tumor tissue. Mice carrying KB tumor xenografts 
were either treated with aFGF-PE40 (0.375 mg/kg, Id X 3) or 
untreated and sacrificed 24 days post tumor implant. The tumors 
were removed, fixed in 10% formalin, blocked in paraffin, and 
sectioned at 8 pm. The tissue was stained with hematoxylin and 
eosin, mounted onto slides, and inspected under light microscopy. 
Nontreated tumors (A-C) measured 1.7 X 1.1 cm while treated 
tumors (D-F) measured 5 X 7 mm. Whole mounts (A, F), edge 
of tumor mass (B, D), center of mass (C, E). N = necrosis; F = 
fibrosis. Magnification: A, F = 13X, B-E = l00X. 

possible that reduced vascular development due to aFGF- 
toxin treatment could have resulted in reduced tumor 
growth. 

A similar type of growth factor-toxin molecule that is 
active against cells with FGF receptors is bFGF-SAP, a 
chemical conjugate composed of basic FGF and the plant 
toxin, saporin (37). This molecule is valuable in culturing 
pancreatic islet cells since bFGF-SAP can eliminate the 
fibroblast cells that frequently block initiation of islet cells 
in culture (38). Basic FGF-SAP is specifically cytotoxic 
to cells displaying bFGF-receptors (39) and can inhibit 
the growth of human tumor xenografts in nude mice (22). 

Treatment of metastatic tumors is one of the most 
important areas in cancer chemotherapy. There is adirect 
correlation between metastasis and tumor angiogenesis 
(40). Thus, we attempted to target both the tumor tissue 
and the vasculature with these aFGF-toxin molecules. 
Although we could not definitively show that aFGF-toxins 
were able to target the tumor vasculature in this model 
system (Figure 5), this type of investigation may lead to 
the discovery of new and powerful proteins and/or drugs 
that will be potent inhibitors of human tumor growth. 
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To synthesize a glucose-sensitive insulin-releasing protein device, insulin was esterified with methanol 
and connected to glucose oxidase with intervention of a disulfide compound, 5,5'-dithiobis(2-nitrobenzoic 
acid). On adding glucose to an aqueous solution containing the hybrid enzyme, the modified insulin 
was released. The amount of insulin released increased with increasing concentration of added glucose. 
The insulin release from the hybrid enzyme was specific to glucose. The activity of released insulin 
was about 80% of the unmodified insulin. 

INTRODUCTION 
The control of drug release in response to external 

signals, e.g., pH change, temperature change, solubility 
change, antigedantibody reaction, or electric potential, 
has been investigated (1-4). We have been interested in 
the synthesis of an insulin-releasing device in response to 
glucose concentration as one of the drug-delivery systems 
that are responsive to physiological substances. Toward 
this goal, we have synthesized a membrane device to which 
insulin was connected with an intervening disulfide linkage 
together with glucose dehydrogenase (GDH),' nicotina- 
mide adenine dinucleotide (NAD), and flavin adenine 
dinucleotide (FAD) (5 ) .  In the presence of glucose, 
electrons generated in the oxidation reaction of glucose 
catalyzed by GDH are transferred to the disulfide linkage 
via immobilized NAD and FAD and undergo a reductive 
cleavage of the disulfide bond to release insulin. 

In the present investigation, the improvement of the 
efficiency of insulin release from the membrane device 
was aimed at, and a protein device was synthesized, in 
which insulin was connected to an enzyme, glucose oxidase 
(GOD), with an intervening disulfide linkage as shown in 
Figure 1. In contrast to GDH, GOD possesses a coenzyme 
FAD and functions without demanding the addition of 
FAD. Therefore, a more efficient use of electrons in the 
reductive cleavage of a disulfide linkage in the protein 
device than in the membrane device was expected. 

MATERIALS AND METHODS 
Reagents. The enzyme GOD (EC 1.1.3.4) from As- 

pergillus niger (G-8135, type X, 128 IU/mg protein), insulin 
from bovine pancreas (1-5500, 24.4 IU/mg protein), and 
albumin of bovine origin (A-6003) were purchased from 
Sigma Chemical Co. (St. Louis, MO). 5,5'-Dithiobis(2- 
nitrobenzoic acid) (DTNB), l-ethyl-3-(3-(dimethylamino)- 
propy1)carbodiimide hydrochloride, which is a water- 
soluble carbodiimide (WSC), P-D(+)-glucose, galactose, 
maltose, urea, acrylamide, and a toluene solution of liquid 
scintillation were purchased from Nacalai Tesque Inc. 

~~~ ~~ ~ 
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Abbreviations: GDH, glucose dehydrogenase; NAD, nico- 
tinamide adenine dinucleotide; FAD, flavin adenine dinucleotide; 
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WSC, water-soluble carbodiimide; PBS, phosphate-buffered 
saline; GPC, gel permeation chromatography. 
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Figure 1. Insulin-releasing mechanism of the protein device in 
response to glucose addition, Ins representing insulin. 
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Figure 2. Synthetic scheme of the protein device. 

(Kyoto, Japan). 14C-Glucose (1-5 mCi/mmol) was pur- 
chased from DuPont (Wilmington, DE) and used for the 
measurement of biological activity of insulin. 

Phosphate-buffered saline (pH 7.0) was prepared by 
dissolving NaCl (8 g), KC1 (0.2 g), KHzP04 (0.2 g), Naz- 
HPO4 (1.15 g), MgC12 (0.1 g), and CaClz (0.1 g) into 1 L 
of distilled water. 

Synthesis of Insulin/GOD Hybrid. The insulin/ 
GOD hybrid was synthesized according to the scheme 
shown in Figure 2. First, in order to prevent inter- and 
intramolecular cross-linking reactions of proteins in the 
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WSC-activated reaction between insulin and DTNB or 
between DTNB-insulin and GOD, the carboxyl groups of 
insulin (500 mg) were esterified in 10% HC1-methanol 
(40 mL) a t  room temperature for 24 h (6). The insulin 
methyl ester was precipitated from the reaction solution 
by adding anhydrous ether. The precipitate was dissolved 
in PBS and purified by using a gel permeation chroma- 
tography (GPC) column packed with Sephadex G-15 
(eluent, PBS). The elution pattern was monitored with 
an absorbance a t  280 nm. The fractions of product, insulin 
methyl ester, were collected, desalted by dialysis, and 
finally freeze-dried. The product was a white powder (the 
yield was 99 % ) . 

The amount of carboxyl groups esterified with methanol 
was determined using 9-anthryldiazomethane (Funakoshi 
Co. Ltd., Tokyo). The dye (1 mg) was dissolved in 50 pL 
of acetone and diluted with 450 pL of methanol. The dye 
solution was added into a sample solution, and the mixture 
was allowed to stand a t  room temperature for 1 h. After 
the sample was purified with a G-10 GPC column, the 
amount of dye coupled to the sample was measured by 
fluorescence. The relative emission intensity a t  412 nm 
was recorded when the excitation wavelength was 365 nm. 

DTNB (1 g) was dissolved in water (50 mL) containing 
NazHP04 (0.827 g), and the solution was mixed with WSC 
(1 g). To the resulting solution was added insulin methyl 
ester (150 mg) dissolved in 50 mL of water, and the mixture 
was stirred at  4 OC for 20 h. The reaction product was 
precipitated in methanol and purified by the same method 
using the G-15 GPC column (eluent, PBS). After the 
product was desalted and freeze-dried, a white powder 
was obtained (the yield was 69 % 1. 

The insulin methyl ester modified with DTNB (DTNB- 
insulin) (20 mg), WSC (34.8 mg), GOD (16.15 mg), and 
urea (2 M) was dissolved in 10 mL (pH 5.5) of 0.1 M borate- 
buffered solution, and the resulting solution was stirred 
a t  4 "C for 20 h. The presence of urea was based on the 
fact that ferrocene derivatives were efficiently coupled 
into the GOD to be electron mediators in the presence of 
urea as reported by Degani and Heller (7). After the urea 
was removed by ultrafiltration (Milipore membrane), the 
reaction product was purified by a G-50 GPC column 
(eluent, PBS) to collect the insulin/GOD hybrid. After 
the product was desalted and freeze-dried, a white powder 
was obtained (the yield was 61 % 1. 

Release of Insulin from the Insulin/GOD Hybrid. 
An aqueous sugar (glucose, galactose, or maltose) solution 
was added to a PBS (5 mL) containing the insulin/GOD 
hybrid (10 mg) at  37 OC. A portion of the solution was 
taken out after 1 min, and the time-dependent amount of 
released insulin was determined on the basis of a 276-nm 
absorption intensity of the solution eluted through a 
reversed-phase column packed with a Biofine RPC-PO 
(JASCO, Tokyo, Japan). The determination was done 
with a calibration curve which was made by using known 
amounts of insulin. 

Biological Activity of Released Insulin. The bio- 
logical activity of insulin was assayed by the determination 
of the amount of glucose taken up by adipocytes (8). An 
albumin-containing Krebs-Ringer bicarbonate buffer so- 
lution (1 mL) was added to adipocytes (mouse origin), 
and the mixture was incubated for 2 h in the presence of 
glucose/14C-glucose (100/1 mol/mol, total concentration, 
8.3 pM, 100 pL) and an insulin derivative (12.5 mU/mL, 
20 pL). The culture was terminated by adding 8 N H2SO4 
(200 pL). Fat containing 14C-glucose, which was taken up 
by the cells, was extracted with a toluene liquid scintillation 
solution. The amount of 14C was determined by using an 
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Figure 3. HPLC diagrams of unmodified GOD (A), untreated 
insulin (B), insulin/GOD hybrid (C), and insulin/GOD hybrid + 
glucose (D): eluent, PBS (pH 7.0); column, Biofine RPC-PO 
(JASCO, Tokyo, Japan); flow rate, 0.5 mL/min; operating 
pressure, 30 kgf/cm2; detection, UV absorption at 276 nm. 

Aloka LSC 1000 scintillator (Tokyo, Japan) and compared 
with that in the incubation with native insulin to assess 
the relative biological activity of the insulin derivative. 

RESULTS AND DISCUSSION 

Synthesis of the Insulin/GOD Hybrid. By the 
esterification reaction 55 % of the carboxyl groups in insulin 
were esterified with methanol. This was less than the 
value reported previously (6) .  

When the DTNB was coupled to insulin, the elemental 
analysis of the reaction product of insulin and DTNB in 
a molar ratio of 1/5 gave the S content of 3.36%, indicating 
that two of the three amino groups in a molecule of insulin 
were used for the reaction with DTNB. 

When the DTNB-insulin was coupled to GOD, the 
elemental analysis of the reaction product of DTNB- 
insulin and GOD in a molar ratio of 1/1 showed the S 
content of 2.27 % , indicating that 20 mol % of GOD amino 
groups was used for coupling with DTNB-insulin and 5.8 
insulin molecules were included in the hybrid. On the 
other hand, by cleaving with 0.5 vol 5% of mercaptoethanol 
6.3 insulin molecules were released. The molecular weight 
of the hybrid was estimated to be 193 kDa by GPC 
(Cosmosil/Cosmogel made by Nacalai Tesque, Inc., Kyoto, 
Japan). This result indicates that 6.6 insulin molecules 
were linked to a GOD molecule. These results demon- 
strated that about six insulin molecules were linked to 
GOD through each disulfide bond of DTNB. 

Insulin Release upon Glucose Addition. High- 
performance liquid chromatography diagrams of aqueous 
solutions containing the insulin/GOD hybrid or unmod- 
ified insulin before and after glucose addition are shown 
in Figure 3. A new peak appeared on adding glucose in 
the solution containing the insulin/GOD hybrid. The 
retention time of the new peak almost agreed with that 
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Table 1. Biological Activities of Insulin Derivatives 
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Figure 4. Time-dependent insulin release from the insulin/ 
GOD hybrid in response to glucose addition (15 mM). 
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Figure 5. Release of insulin from the insulin/GOD hybrid in 
response to different concentrations of glucose added (0.15,1.5, 
15, 30,60, and 150 mM). 

for the unmodified insulin, although the new peak was 
not completely the same as that of the native insulin since 
the released insulin was methyl esterified and carried 
2-nitro-5-mercaptobenzonic acid. The retention times of 
both A and B chains of insulin, which were obtained by 
the degradation method reported previously (91, were 
markedly longer than that of the native insulin. These 
observations imply that the insulin/GOD hybrid released 
insulin upon addition of glucose without side reactions, 
e.g., a cleavage of disulfide linkages of insulin itself. This 
conclusion was also deduced from the biological activity 
described below. 

The time-dependent release of modified insulin from 
the insulin/GOD hybrid was measured, and the result is 
shown in Figure 4. The insulin was immediately released 
from the hybrid on adding an aqueous glucose solution. 

The amount of insulin released 30 min after the addition 
of glucose solution of varying concentrations was measured, 
and the data are summarized in Figure 5. The amount of 
released insulin increased with increasing concentration 
of glucose solution. However, the rate of insulin release 
was not controlled by the concentration of glucose added. 
It was considered that the insulin would have a maximal 
rate as long as the glucose concentration was higher than 
its K, with glucose oxidase. 

The number of modified insulin molecules released on 
oxidation of a glucose molecule was calculated to be 1.3 

re1 biological re1 biological 
insulin deriv activity’ (%) insulin deriv activity’ (%) 

native insulin 100 * 16 DTNB-Ins 73 * 20 
Me-Ins 95 9 released insulin 81 f 9 

native insulin as a standard, 100%. 
a The relative biological activity is normalized by the activity of 

x 10-3. This value is nearly 40-fold of 3.4 X which 
was the number of insulin molecules released per a 
molecule of glucose oxidized in the previously reported 
membrane device (5) .  The comparison shows that the 
protein device is more efficient in releasing insulin than 
the membrane device. 

Sugars other than glucose did not induce insulin release 
from the insulin/GOD hybrid. This result indicates a 
glucose specificity of the insulin/GOD hybrid. In addtion 
to the experiment with 2-mercaptoethanol, in order to 
confirm that the modified insulin was released after 
reductive cleavage of disulfide bond, NADH and FADHz 
instead of glucose were added to the solution containing 
the protein device. The modified insulin was also released 
by the addition of reducing agents. These observations 
were also previously reported with the membrane system 
using glucose dehydrogenase (5) .  

Biological Activity of Released Insulin. Biological 
activities of insulin methyl ester, DTNB-insulin, and 
insulin/GOD hybrid were determined by the 14C-glucose 
uptake method and are shown in Table 1 relative to that 
of unmodified insulin. The biological activity of insulin 
decreased slightly by the esterification with methanol and 
to 73 % by the connection of DTNB. The biological activity 
of the released insulin was 81% of that of unmodified 
insulin. The relative biological activities are comparable 
to those of insulins modified with sugars (IO). The 
different activities between the released insulin and the 
DTNB-insulin could be explained in terms of different 
bulkiness of substituents connected to amino groups of 
insulin. 

This hybrid is a prototype of a protein device working 
like a molecular machine. For practical use, this protein 
device will be encapsulated by a semipermeable membrane 
through which the released insulin can permeate, or will 
be modified with polyethylene glycol, thus being immu- 
noisolated from biocomponents such as immunoglobulin 
in the body. 
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Conjugates of IL-2 with the ribosome-inactivating protein gelonin were prepared using heterobifunctional 
reagents to link the proteins via disulfide, acid-labile, and noncleavable linkers. In each case, one 
protein was modified using 2-iminothiolane. The sulfhydryl groups so introduced were then reacted 
either with 2-nitro-5-dithiobenzoate groups or with iodoacetamido groups which had been introduced 
into the second protein. In the case of the acid-labile linkage, a reagent which forms a labile bond upon 
reaction with amino groups, 4-(iodoacetamido)-l-cyclohexene-1,2-dicarboxylic acid anhydride (its 
synthesis is described in this paper) was used to modify the toxin. The conjugates were separated from 
nonconjugated proteins by gel filtration on Sephadex GlOO (SF). Each was analyzed with respect to 
its ribosome-inactivating activity, its ability to bind to the IL-2 receptor, and its in vitro cytotoxicity. 
The ribosome-inactivating activity of gelonin was unaffected by modification with 2-iminothiolane and 
was retained in conjugates prepared using this ragent. Modification of the toxin with 4-(iodoacetamid0)- 
l-cyclohexene-1,2-dicarboxylic acid anhydride to form the acid-labile link drastically reduced the activity 
of the toxin. However, the activity of the toxin was recovered following acid treatment to release the 
native protein. Conjugates containing each type of linkage exhibited both specific binding and selective 
cytotoxicity toward cells expressing the IL-2 receptor. The most potent of these toxins, that containing 
the disulfide linkage, exhibited a cytotoxicity which was 2 orders of magnitude greater than that of 
unconjugated gelonin. 

INTRODUCTION 

A specific cytotoxic agent for selective killing of activated 
T cells would be of major therapeutic value in the treatment 
of T cell leukemia (Kronke et al., 1985, 1986) and 
autoimmune diseases such as rheumatoid arthritis (Paliard 
et al., 1991) and for the prophylaxis and treatment of graft- 
versus-host disease in tissue transplantation (Derocq et 
al., 1987; Vitetta and Uhr, 1984; Kupiec-Weglinski et  al., 
1988). Natural toxins from plants and bacteria, when 
conjugated to specific monoclonal antibodies, provide a 
powerful tool for selective elimination of particular pop- 
ulations of cells by allowing target-specific delivery of 
cytotoxins (Blattler et al., 1989; Vitetta et al., 1987). The 
ribosome-inactivating proteins (Olsnes and Pihl, 1982; 
Stirpe and Barbieri, 1986; Lambert et al., 1988) seem to 
be ideal toxic agents for this purpose. Most effort has 
been directed toward using the plant protein ricin (Olsnes 
and Pihl, 1982; Frankel et al., 1986; Vitetta et al., 1987). 
This protein consists of two nonidentical subunits (A and 
B chains) that are joined by a disulfide bond (Olsnes and 
Pihl, 1982). The B chain has the property of binding to 
cell surface carbohydrates and promotes the uptake of 
the A chain into cells. Entry of the A chain into the 
cytoplasm results in the death of the cell by catalytic 
inactivation of its ribosomes (Endo et al., 1987). 
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The single-chain ribosome-inactivating proteins have 
properties and characteristics similar to those of the ricin 
A chain alone (Stirpe and Barbieri, 1986; Endo et al., 1988). 
They are highly effective at  inactivating ribosomes in cell- 
free systems but are relatively nontoxic to intact cells 
because of lack of a B chain activity. These proteins are 
good candidates for the preparation of cytotoxic conjugates 
and have several advantages over ricin A chain: they are 
extremely stable proteins, resistant to proteolysis, and safe 
to purify without the extreme safety precautions necessary 
for work with ricin (Stirpe and Barbieri, 1986). They have 
been widely used in recent years for the preparation of 
immunotoxins (Thorpe et al., 1981; Lambert et al., 1985; 
Lambert et al., 1988; Vitetta et al., 1987). 

Ligands other than antibodies can be used in order to 
deliver toxins to defined cell populations. Indeed, cyto- 
toxic conjugates prepared using ligands such as thyrotro- 
pin-releasing factor (Bachaet al., 19831, insulin (Miskimins 
and Shimizu, 1979), chorionic gonadotropin (Oeltman, 
1985; Oeltman and Heath, 19791, leutenizing hormone 
(Singh et al., 1989), epidermal growth factor (Cawley et 
al., 1980; Shimizu et al., 1980; Simpson et al., 1982), 
transferrin (Raso and Basala, 1984), and cu2-macroglobulin 
(Martin and Houston, 1983) exhibit specific cytotoxicity 
toward cells expressing the relevant receptors. The 
availability of recombinant lymphokines has prompted 
us to consider the usefulness of one of these ligands as an 
agent for targeting ribosome-inactivating proteins to T 
cells. We describe here the preparation of conjugates 
consisting of the T-cell growth factor, interleukin-2 (Smith, 
1980), and the single chain ribosome-inactivating protein, 
gelonin (Stirpe et al., 1980). Conjugates were prepared 
using disulfide, acid-labile, and noncleavable linkages. 
Each conjugate was analyzed for its ribosome-inactivating 
activity, its ability to bind to the IL-22-receptor, and its 
in vitro cytotoxicity. 

0 1994 American Chemical Society 



Interleukln-2-Gelonln Conjugates 

EXPERIMENTAL PROCEDURES 
Materials. With the exception of the materials listed 

below, all reagents were obtained either from the sources 
described in the appropriate references or from Sigma 
Chemical Co., St. Louis, MO. 

Recombinant IL-2 (human) was generously supplied by 
Biogen, Inc., Cambridge, MA. 2-Iminothiolane was pur- 
chased from Pierce Chemical Co., Rockford, IL. Gelatin 
(EIA grade) was from Bio-Rad Laboratories, Richmond, 
CA. L- [U-l4C1 CysteineHCl (32.5 mCi/mol) was from 
Amersham Corp., Arlington Heights, IL, and was diluted 
to a specific radioactivity of 0.5 mCi/mmol with nonra- 
diolabeled cysteineeHC1 before use. Labeled Bolton- 
Hunter reagent (N-succinimidyl 3-(4-hydroxy-5- [125Il- 
iodopheny1)propionate; 2000 Ci/mmol) was also purchased 
from Amersham. [Methyl-3H] thymidine (4 Ci/mmol) was 
obtained from ICN Biomedicals, Inc., Costa Mesa, CA. A 
rabbit reticulocyte lysate system for cell-free protein 
synthesis, which included L- [3,4,5-3Hlleucine (specific 
radioactivity 146.5 Ci/mmol), was obtained from New 
England Nuclear, Boston, MA, as was Biofluor scintillation 
cocktail. Betafluor scintillation cocktail was from Na- 
tional Diagnostics, Somerville, NJ. N-Succinimidyl io- 
doacetate (which is available from Sigma Chemical Co.) 
was synthesized by Mr. B. Kuenzi in our laboratories. 

Seeds from Gelonium multiflorum were from United 
Chemical and Allied Products, 10 Clive Row, Calcutta-1, 
India, and were obtained through the Meer Corp., North 
Bergen, NJ. 

C57 BL/6 female mice and Lewis rats were purchased 
from Jackson Laboratories, Bar Harbor, ME. The animals 
were maintained in accordance with the guidelines of the 
Committee of Animal Care of the Dana-Farber Cancer 
Institute and those prepared by the Committee on Care 
and Use of Laboratory Animals of the Institute of 
Laboratory Animal Resources, National Research Council 
(DHEW publication No. [NIHI 78-23, revised 1978). Rat 
and murine splenocytes were prepared as described by 
Kleiman et al. (1984). 

The CTLL-2 cell line (Baker et al., 1979) was a generous 
gift of Dr. Kendall Smith, Darthmouth Medical School, 
Darmouth, NH. 

Synthesis of 4- (1odoacetamido)- 1-cyclohexene- 1,2- 
dicarboxylic Acid.3 1,4-Cyclohexadiene-l,2-dicarboxylic 
acid di-tert-butyl ester was prepared from butadiene and 
acetylenedicarboxylic acid di-tert-butyl ester as described 
by Weber et al. (1980) and was then subjected to a standard 
hydroboration reaction with diborane in tetrahydrofuran 
to give 4-hydroxy-l-cyclohexene-1,2-dicarboxylic acid di- 
tert-butyl ester: IH NMR (CDCl3) 6 1.50 (s, 18H), 1.66- 
2.62 (m, 7H), 3.95 (m, 1H); IR (neat) umax 3430,1710,1645. 
4-Amino-l-cyclohexene-l,2-dicarboxylic acid di-tert- 

butyl ester could be prepared from this alcohol in three 
steps: The alcohol (7.14 g, 23.9 mmol) and p-toluene- 
sulfonyl chloride (6.49 g, 33.5 mmol) were dissolved in dry 
pyridine (43 mL), and the solution was stirred at  ambient 
temperature overnight. Water was then added (0.66 mL), 
and stirring was continued for another 0.5 h. The solution 
was then concentrated in the cold under reduced pressure 
and the residue taken up into ether and washed succes- 
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sively with cold 1 M HzS04, 1 M NaHC03, and water. 
After drying and removal of the ether, the crude tosylate 
was dried under high vacuum for 4 h and then dissolved 
in dry acetonitrile (90 mL). Sodium azide (1.94 g, 200 
mmol) and 15-crown-5 (0.95 g, 4.3 mmol) were added, and 
the solution was refluxed overnight under Nz(g). The 
cooled solution was then filtered and concentrated to an 
oil which was redissolved in dry ether (100 mL) and 
subjected to a second filtration. Removal of the ether 
afforded a yellowish oil which was dissolved in dry 
methanol (75 mL) for the reduction of the azido group. 
1,3-Propanedithiol (6.49 g, 60 mmol) and triethylamine 
(6.07 g, 60 mmol, distilled from 1-naphthyl isocyanate) 
were added, and the mixture was stirred at  room tem- 
perature under Nz(g) for 40 h. The reaction mixture was 
then filtered and the filtrate concentrated on an aspirator 
with gentle heating, yielding an orange oil which was 
purified by flash chromatography on silica gel. The column 
(200 mL) was first washed with CHC13 (500 mL) and 
CHCl3-MeOH (955 v/v, 300 mL) and then eluted with 
CHC13-MeOH (80:20 v/v). The pure amine was recovered 
as a colorless oil in 56% yield (3.96 g, 13.3 mmol): 'H 
NMR (CDCl3) 6 1.50 (s, 18H), 1.6-2.6 (m, 8H), 2.97 (m, 
1H); IR (neat) umax 3360, 1710, 1650. 

The amine (297 mg, 1 mmol), iodoacetic acid (186 mg, 
1 mmol), and N-(ethoxycarbonyl)-2-ethoxy-l,2-dihydro- 
quinoline (250 mg, 1 mmol) were dissolved in dry dichlo- 
romethane (5 mL), and the solution was stirred under 
Nz(g) a t  room temperature overnight. The reaction 
mixture was then poured into cold 0.1 M HC1, and the 
product was extracted with ethyl acetate. The combined 
extracts were washed with water, dried, and concentrated 
yielding pure 4-(iodoacetamido)-l-cyclohexene-1,2-dicar- 
boxylic acid di-tert-butyl ester as an oil, which solidified 
to a brittle foam upon drying under high vacuum (452 mg, 
0.97 mmol): 'H NMR (CDC13) 6 1.50 (s,18H), 1.6-2.7 (m, 
7H), 3.66 (s, 2H), 6.26 (d, J = 8 Hz, 1H). The di-tert-butyl 
ester (0.412 mg, 0.88 mmol) was converted with trifluo- 
roacetic acid (4 mL) quantitatively into the diacid 4-(io- 
doacetamido)-l-cyclohexene-1,2-dicarboxylic acid: 'H 
NMR (MezSO-de) 6 1.2-2.8 (m, 7H), 3.6 (s, 2H), 8.3 (d, J 
= 8 Hz, lH),  9.7 (broad s, 2H). 

Preparation of Conjugates. IL-2 was supplied by 
Biogen, Inc., as a solution (0.91 mg/mL) in 50 mM sodium 
acetate buffer, pH 3.5. Prior to conjugation, this material 
was dialyzed exhaustively at  4 "C against distilled water 
and was then buffered by the addition of triethanolamine 
base, HC1, and disodium EDTA from stock solutions so 
that the final concentration of buffer was 20 mM at pH 
8.0 containing 1 mM EDTA. Gelonin was purified from 
the seeds of Gelonium multiflorum as described by Stirpe 
et al. (1980) and was stored frozen a t  -70 "C a t  a 
concentration of 5-6 mg/mL in 10 mM potassium phos- 
phate buffer, pH 7.2, containing NaCl(145 mM). Stock 
solutions of 2-iminothiolane were prepared as described 
previously (Lambert et al., 1978). 

Conjugates of IL-2 with gelonin (Figure 1) were prepared 
using the synthetic routes described below. With the 
exception of the reactions used to introduce the functional 
groups into the proteins, the procedure for conjugation of 
IL-2 with gelonin, and for the purification of the conjugate, 
was the same in each case and is described in detail only 
for conjugate A. 

Conjugate A (Disulfide Link). A solution of IL-2 
(0.8 mg/mL) in 20 mM triethanolamineeHC1, pH 8.0, 
containing EDTA (1 mM) was degassed and then treated 
with 2-iminothiolane (2 mM) at  0 "C for 45 min under 
nitrogen. The excess reagent was removed by gel filtration 

2 Abbreviations used: IL-2, interleukin-2; bicine, NJV-bis(2- 
hydroxyethy1)glycine; bis-Tris, 2-[bis(2-hydroxyethyl)aminol- 
2-(hydroxyethyl)propane- l,&diol; CTLL, cytolytic T lymphocyte 
line; DMEM, Dulbecco's modified Eagles medium; HEPES, N42- 
hydroxyethyl)piperazine-N-2-ethanesulfonic acid; MES, 2-(N- 
morpho1ino)ethanesulfonic acid; SDS, sodium dodecyl sulfate. 

Bltittler, W. A., and Lambert, J. M. (1988) U.S. Patent No. 
4,764,368. Acid-cleavable compound. 
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at  4 "C on Sephadex G25 (fine) equilibrated with 50 mM 
triethanolamine-HC1, pH 8.0, containing EDTA (1 mM). 
The conditions described here result in the addition of 
0.7-0.9 sulfhydryl groups per IL-2 molecule. Gelonin (5-6 
mg/mL) was diluted to 4 mg/mL with distilled water, 0.5 
M triethanolamine.HC1, pH 8.0, and 0.1 M disodium 
EDTA, pH 8.0, so that the final concentrations of trieth- 
anolamine and EDTA were 60 and 1 mM, respectively. 
The solution was degassed and then treated with 2-imi- 
nothiolane (1 mM) at 0 "C for 45 min under nitrogen. The 
excess reagent was removed by gel filtration at  4 "C on 
Sephadex G25 (fine) equilibrated with 5 mM bis- 
Tripacetate, pH 5.8, containing NaCl(50 mM) and EDTA 
(1 mM). Under these conditions, 0.6-0.8 sulfhydryl groups 
were introduced per gelonin molecule. The modified 
gelonin was treated with 5,5'-dithiobis(2-nitrobenzoic acid) 
(10 mM) at 4 "C for 30 min in order to form the mixed 
disulfide of the modified gelonin and 2-nitro-5-thioben- 
zoate. This material was purified by gel filtration at  4 "C 
on Sephadex G25 (fine) equilibrated with 50 mM 
triethanolamineHC1, pH 8.0, containing EDTA (1 mM). 
Conjugate A was prepared by incubating the mixed 
disulfide (0.3 mg/mL final concentration) with a slight 
molar excess of the modified IL-2 at 4 "C for 16 h under 
nitrogen, after which the reaction mixture was treated 
with iodoacetamide (1 mM) a t  4 "C for 1 h in order to 
block any remaining free sulfhydryl groups. The conjugate 
was purified by gel filtration at  4 "C on Sephadex GlOO 
(superfine) equilibrated with 20 mM bicineeNaOH, pH 
8.5, containing betaine (250 mM). Fractions containing 
pure conjugate were pooled and dialyzed against bicine. 
NaOH, pH 8.5, containing NaCl(150 mM). The conjugate 
was then concentrated to 0.12 mg/mL using a Millipore 
CXlO microconcentrator, frozen in small aliquots (250 pL) 
using liquid nitrogen, and stored at  -70 "C. 

Conjugate B (Acid-Labile Link). Sulfhydryl groups 
were introduced into IL-2 using 2-iminothiolane as de- 
scribed above. Gelonin was modified using 4-(iodoace- 
tamido)-l-cyclohexene-1,2-dicarboxylic acid anhydride. 
The reagent was prepared immediately before use by 
treating 4-(iodoacetamido)-l-cyclohexene-1,2-dicarboxylic 
acid (0.125 M) in dimethyl sulfoxide with dicyclohexyl- 
carbodiimide (0.15 M) at  25 "C for 1 h, and following 
filtration the solution was used without further purifica- 
tion. Gelonin (5-6 mg/mL), diluted to 4 mg/mL with 100 
mM sodium phosphate buffer, pH 7.0, containing EDTA 
(1 mM), was treated with the anhydride (312.5 pM, 
assuming complete reaction of the dicarboxylic acid) a t  25 
"C for 15 min. Excess reagent was removed by gel filtration 
at  4 "C on Sephadex G25 (fine) equilibrated with 50 mM 
triethanolamineeHC1, pH 8.0, containing EDTA (1 mM). 
Under these conditions, approximately 0.8 iodoacetamido 
groups were introduced per gelonin molecule. 

Conjugate C (Noncleavable Link). Iodoacetamido 
groups were introduced into IL-2 using N-succinimidyl 
iodoacetate. A solution of IL-2 (0.8 mg/mL) in 50 mM 
triethanolamineHC1, pH 8.0, containing EDTA (1 mM) 
was treated with N-succinimidyl iodoacetate (208 pM), 
added from a 40 mM solution in dioxane, a t  30 "C for 15 
min. The reaction was terminated by gel filtration at  4 
"C on Sephadex G25 (fine) equilibrated with 50 mM 
triethanolamineHC1, pH 8.0, containing EDTA (1 mM). 
About 0.9 iodoacetamido groups were introduced per IL-2 
molecule. Sulfhydryl groups were introduced into gelonin 
using 24minothiolane as described above. 

Conjugate D (Noncleavable Link: Toxin Inactive). 
Sulfhydryl groups were introduced into IL-2 using 2-im- 
inothiolane as described above. Gelonin (5-6 mg/mL) was 
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diluted to 4 mg/mL with 100 mM sodium phosphate buffer, 
pH 7.0, containing EDTA (1 mM) and was then treated 
with N-succinimidyl iodoacetate (200 pM) at  30 "C for 15 
min. Excess reagent was removed by gel filtration at 4 "C 
on Sephadex G25 (fine) equilibrated with 50 mM 
triethanolamineHC1, pH 8.0, containing EDTA (1 mM). 
The conditions described here result in the introduction 
of about 0.7 iodoacetamido groups per gelonin molecule. 

Measurement of Extent of Protein Modification. 
Sulfhydryl groups introduced into the proteins were 
quantified spectrophotometrically by the method of 
Ellman (1959). The incorporation of iodoacetamido groups 
into the proteins was measured by incubating samples of 
the modified proteins (0.2-1.2 mg/mL) with excess [14C] - 
cysteine (1.7 mM; 0.5 mCi/mmol) in 50 mM trietha- 
nolamine-HC1 buffer, pH 8.0, containing EDTA (1 mM) 
for 1 h at  25 "C. The labeled proteins were separated 
from [l4C1cysteine by gel filtration at  4 "C on columns (4 
mL) of Sephadex G25 (fine) equilibrated with 50 mM 
triethanolamine.HC1, pH 8.0, containing EDTA (1 mM). 
Fractions (0.2 mL) were counted in 4 mL of Biofluor 
scintillation cocktail using a Packard Tri-Carb Model 2000 
CA scintillation counter (efficiency for 14C was 90%). 

Polyacrylamide Gel Electrophoresis. Electrophore- 
sis in the presence of 0.1 % (w/v) SDS was carried out in 
acrylamide gel slabs (145 mm X 90 mm X 0.75 mm) 
prepared according to Laemmli (1970). Samples of protein 
in 25 pL of buffer, pH 8.5, were prepared for electrophoresis 
by mixing with urea (28 mg) and 3 pL of a solution of SDS 
(20 5% w/v) containing iodoacetamide (100 mg/mL) and 
incubating at  room temperature for 1 h. The urea was 
necessary to ensure complete denaturation of proteins in 
the absence of heating, and iodoacetamide was added to 
react withanyfreesulfhydrylgroups (Lambert et al., 1978). 
Proteins were stained with Coomassie Brilliant Blue R250. 

Measurement of Protein Concentration. Concen- 
trations of purified proteins were determined from their 
A2wnm, using ElWlcm values of 6.7 for gelonin (Stirpe et al., 
1980) and 7.0 for IL-2 [the latter value was measured in 
a solution of IL-2 whose concentration was determined by 
two different methods using bovine serum albumin as a 
standard (Lowryetal., 1951;Bradford, 1976)l. The protein 
concentrations of the purified conjugates were also esti- 
mated from their A2mnm, using an E1%lCm value of 6.8. 

Ribosome-Inactivating Activity of the Conjugates. 
The inhibitory activity of gelonin toward protein synthesis 
was measured in a rabbit reticulocyte lysate system. The 
assay was based on that of Pelham and Jackson (1976), 
using materials provided by New England Nuclear sup- 
plemented with additional reagents as described in detail 
previously (Lambert et al., 1985; Lambert and Blattler, 
1988). 

Binding Studies. IL-2 was labeled using the method 
of Bolton and Hunter (1973). IL-2 (5 pg) was reacted with 
250 pmol of N-succinimidyl 3-(4-hydroxy-5 [12511 iodo- 
pheny1)propionate in 10 pL of 0.1 M sodium borate buffer, 
pH 8.5, a t  0 "C for 15 min. In order to prevent the 
subsequent labeling of carrier proteins, the reaction 
solution was then treated at  0 "C for 15 min with 200 pL 
of 0.5 M glycine in 0.1 M sodium borate, pH 8.5. Labeled 
IL-2 was purified by gel filtration at 4 "C on Sephadex 
G25 (fine) equilibrated with 50 mM sodium phosphate 
buffer, pH 7.5, containing 0.25% (w/v) gelatin. The pure 
sample had a specific radioactivity of 18.8 pCi/pg. 

CTLL-2 cells were maintained in exponential growth in 
DMEM supplemented with 40% (v/v) conditioned me- 
dium (prepared using rat splenocytes as described by Gillis 
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Figure 1. IL-2-gelonin conjugates using different types of 
linkers. 

et al. (1978)), fetal calf serum (10% (v/v)), penicillin (100 
U/mL), streptomycin (100 pg/mL), and fungizone (0.25 
p g h "  

Binding assays were carried out in RPMI 1640 medium 
containing 25 mM HEPES buffer, pH 7.2, and 10 mg/mL 
of bovine serum albumin (assay buffer). CTLL-2 cells (70 
X 106 cells) were washed three times with 50 mL of assay 
buffer a t  room temperature, incubated with 50 mL of the 
buffer for 1 h at 37 "C, and then washed a further three 
times at  room temperature (Robb et al., 1981). Dilutions 
of IL-2 or of conjugate were prepared in final volumes of 
100 pL of assay buffer containing 5 X lo5 CTLL-2 cells 
and 7.0 fmol of 1251-labeled IL-2. The level of nonspecific 
binding was determined by including mixtures which 
contained an excess of unlabeled IL-2 (500 pmol). The 
mixtures were incubated for 1 h at  4 "C in 0.7 mL 
Eppendorf tubes after which 0.4 mL of assay buffer was 
added, and the cells were pelleted at 13 000 rpm for 2 min 
at  4 "C. The cells were washed twice with 0.5 mL of ice- 
cold assay buffer, and bound label was then measured 
using an LKB Model 1272 y counter. 

Proliferation Assays. Proliferation assays were car- 
ried out in 96-well flat-bottom microtiter plates in RPMI 
1640 medium supplemented with fetal calf serum (10% 
(v/v)), penicillin (100 U/mL), streptomycin (100 pg/mL), 
and fungizone (0.25 pg/mL). Dilutions of IL-2 or of the 
conjugates were prepared in triplicate in 200 pL of the 
above medium containing 0.5 X lo6 murine splenocytes 
and either concanavalin A (1 pg/mL) or lipopolysaccharide 
(1 pg/mL). Mixtures containing no added IL-2 or con- 
jugate were also prepared. The plates were incubated for 
48 h at  37 OC, and each well was pulsed with 1 pCi of 
[methyl-3H]thymidine for the final 4 h of the incubation. 
The cells were harvested on glass fiber filters using a PHD 
harvester (Cambridge Biotechnology, Inc., Cambridge, 
MA), and the incorporated label was counted in 4 mL of 
Betafluor scintillation cocktail. 

RESULTS 

Preparation and Purification of Conjugates. Four 
conjugates of IL-2 with gelonin (Figure 1) were prepared 
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Figure 2. Gel filtration of an IL-2-gelonin conjugation reaction 
mixture and analysis of the elution profile by SDS-polyacrylamide 
gel electrophoresis. IG2 and gelonin were conjugated as described 
in the Experimental Procedures for the preparation of conjugate 
D. Panel a: elution profile of the conjugation mixture (2.2 mg 
of protein in 2 mL) submitted to gel filtration through a column 
(99 cm X 1.6 cm) of Sephadex Gl00 (superfine) equilibrated with 
20 mM bicineNaOH buffer, pH 8.5, containing 250 mM betaine. 
Panel b 12.5% (w/v) SDS-polyacrylamide gel of samples taken 
from fractions of the elution profile shown in panel a. The gel 
was run under nonreducing conditions as described in the 
Experimental Procedures, and the calibration of M, was from 
the mobility of proteins of known subunit M, (Std): phospho- 
rylase b (93 OOO), glutamate dehydrogenase (53 OOO), ovalbumin 
(45 OOO), carbonic anhydrase (29 OOO), and lysozyme (14 300). 

using the synthetic routes described in the Experimental 
Procedures. In each case, the two proteins were modified 
to introduce complementary reactive groups and were then 
cross-linked in a reaction which gave only the heterodimer 
in high yield. 

In order to minimize the formation of high molecular 
weight polymeric conjugates, the proteins were modified 
to introduce on average only 0.6 to 0.9 reactive groups per 
molecule. The conditions required for the introduction 
of mercaptobutyrimidoyl groups into gelonin using 2-im- 
inothiolane have already been described (Lambert et al., 
1985). For each of the other modification reactions, 
preliminary experiments were carried out to determine 
the conditions required to introduce the appropriate 
number of reactive groups into either IL-2 or gelonin. 

Examination of the conjugation reaction mixtures by 
SDS-polyacrylamide gel electrophoresis (not shown) 
demonstrated that a major product of each reaction was 
a heteroconjugate (Mr -46 000) consisting of one IL-2 
molecule (Mr 15000; Liang et al., 1985) linked to one 
gelonin molecule (Mr 30 500; Thorpe et al., 1981; Lambert 
et al., 1988) as inferred from the mobility of the stained 
protein bands. Bands corresponding in apparent molec- 
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Figure 3. Effect of the modification of gelonin on its inhibitory activity toward protein synthesis in a cell-free system from rabbit 
reticulocyte lysates. Protein synthesis was measured by the incorporation of PHIleucine into protein precipitable with trichloroacetic 
acid as described the Experimental Procedures. The incorporation of radioactivity in the controls within 50 min was in the range 
of 500 000-700 000 cpm per assay (volume 27 rL) and was counted with an efficiency of 20-25% (Packard Tri-Carb Model 2000 CA 
scintillation counter). Samples of gelonin modified to introduce iodoacetamido groups and the corresponding control samples of 
nonmodified gelonin were treated with 2-mercaptoethanol(l mM) for 1 h at 25 "C before assay. All samples were maintained under 
reducing conditions prior to the assay by the inclusion of dithioerythritol(2 mM) in the sample buffer. Panel a: inhibition of protein 
synthesis by gelonin modified using 2-iminothiolane: (0) control assay; (0) assay that contained 20 pg of gelonin; (A, A, W) assays 
that contained 20 pg of gelonin modified with 2-iminothiolane to introduce 0.5 sulfhydryl groups per molecule of gelonin (A), 1.14 
groups per gelonin (A), or 2.93 groups per gelonin (m). Panel b: inhibition of protein synthesis by gelonin modified using 4-(iodoacetamido)- 
l-cyclohexene-l,2-dicarboxylic acid anhydride: (0) control assay; (0) assay that contained 20 pg gelonin; (A, A, W) assays that contained 
20 pg of gelonin modified with 0.49 iodoacetamido groups per molecule of gelonin (A), 0.66 groups per gelonin (A), or 1.90 groups per 
gelonin (m). Panel c: inhibition of protein synthesis by gelonin modified using N-succinimidyl iodoacetate: (0) control assay; (0) 
assay that contained 20 pg of gelonin; (A, A, W, 0) assays that contained 20 pg of gelonin modified with N-hydroxysuccinimidyl 
iodoacetate to  introduce 0.56 iodoacetamido groups per molecule of gelonin (A), 0.9 groups per gelonin (A), 1.38 groups per gelonin 
(m), or 2.69 groups per gelonin (0). 
ular weight to small amounts of IL-2-gelonin conjugates 
with IL-2 to gelonin stoichiometries of 1:2 and 2:l could 
also be seen in the gels. Other products of the conjugation 
reaction included small quantities of cross-linked gelonin 
and cross-linked IL-2 which likely result from the for- 
mation of protein-protein disulfide bonds following the 
modification of either IL-2 or gelonin using 2-iminothi- 
olane. In addition, IL-2 contains a nonbonded sulfhydryl 
group (Liang et al., 1985) which, although not sufficiently 
reactive to be of use in the preparation of conjugates (J.M. 
Lambert, unpublished results), may participate in the 
formation of disulfide cross-linked IL-2. 

The most effective way to obtain samples of pure IL- 
2-gelonin was found to be a single step of gel filtration on 
Sephadex GlOO (superfine). Under conditions of low ionic 
strength, there was a significant interaction between IL-2 
and gelonin which resulted in some contamination of the 
purified conjugate with unconjugated gelonin. This was 
minimized by the inclusion of 250 mM betaine in the buffer 
used for gel filtration. Figure 2a shows the elution profile 
obtained when the reaction mixture obtained in the 
preparation of conjugate D was purified in this manner. 
Similar profiles were obtained for each of the other 
conjugation reaction mixtures. Two incompletely sepa- 
rated peaks of protein were obtained. Analysis of the peaks 
by SDS-polyacrylamide gel electrophoresis (Figure 2b) 
showed that the first peak (fractions 45-53) consisted 
primarily of the IL-2-gelonin conjugate (M,  -46 000), 
although bands that may corresponds to small small 
amounts of IL-2 dimer and trimer contaminated the 
trailing and leading edges of the peak. The second peak 
consisted of unconjugated gelonin (peak fraction 58) and 
IL-2 (peak fraction, 61). 

The yields of conjugate, based on densitometric analysis 
of samples analyzed by SDS-polyacrylamide gel electro- 
phoresis, were in the order of 1 5 2 0 %  with respect to IL- 
2. Purified material for biological testing was obtained 
by pooling only those fractions which contained no 
contaminating proteins. This material, which represented 
less than 60% of the total conjugate formed, was at  least 
95 % pure as judged by SDS-polyacrylamide gel electro- 
phoresis. 

Effect of Modification of Gelonin on Its Ribosome- 
Inactivating Activity. The ability of gelonin to inac- 
tivate ribosomes was measured by dilution of samples into 
an assay of cell-free protein synthesis using the rabbit 
reticulocyte system. Figure 3 shows the effects of chemical 
modification on the ribosome-inactivating activity of 
gelonin. Under the conditions used, 20pg of native gelonin 
completely inhibited protein synthesis within 10-20 min. 
Modification of gelonin using 2-iminothiolane had little 
effect on the catalytic activity of the toxin (Figure 3a); 
even the introduction of 2.9 groups caused only a minimal 
reduction in the ribosome-inactivating activity of the 
protein. In contrast, modification with either 4-(iodoac- 
etamido)-l-cyclohexene-1,2-dicarboxylic acid anhydride 
(Figure 3b) or with N-succinimidyl iodoacetate (Figure 
3c) resulted in a significant decrease in the enzymatic 
activity of the protein. Comparison of these results with 
assays carried out with further dilutions of native gelonin 
indicated that the modification of an average of 1 residue 
per gelonin molecule using these reagents resulted in a 
50-7076 reduction in the activity of the toxin (this result 
indicated to us that it was possible that the modified 
molecules of gelonin were completely inactivated). 

Ribosome-Inactivating Activity of the Conjugates. 
The ribosome-inactivating activity of the purified con- 
jugates was also measured using the cell-free assay system. 
Both conjugates which had been prepared using gelonin 
modified with 2-iminothiolane (conjugates A and C) 
exhibited significant ribosome-inactivating activity, al- 
though the activity was reduced relative to that of native 
gelonin by about 60-80 % as estimated by comparison with 
assays carried out with serial dilutions of native gelonin 
(Lambert and Blattler, 1988). However, preincubation of 
the conjugate formed with a disulfide linkage (conjugate 
A) with dithioerythritol released fully active gelonin that 
was indistinguishable from native gelonin in its ability to 
inhibit protein synthesis in these assays (Figure 4a). As 
expected, the activity of conjugate C was unaffected by 
preincubation with dithioerythritol (result not shown). 

The ability of gelonin to inhibit protein synthesis was 
drastically reduced in purified preparations of both 
conjugate D and conjugate B. Whereas protein synthesis 
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Figure 4. Inhibition of protein synthesis in a cell-free system 
from rabbit reticulocyte lysates by gelonin or by conjugates of 
IL-2 with gelonin. Protein synthesis was measured by the 
incorporation of [3H]leucine into protein precipitable with 
trichloroacetic acid as described in the Experimental Procedures. 
The incorporation of radioactivity in the controls within 50 min 
was in the range of 350 000-900 000 cpm per assay (27 pL) and 
was counted with an efficiency of 20-25% (Packard Tri-Carb 
Model 2000 CA scintillation counter). Panel a: (0) control assay; 
(0) assay that contained 20 pg of gelonin; (A, A) assays that 
contained an amount of conjugate A (disulfide link) that contained 
20 pg of gelonin without (A) and with (A) pretreatment of the 
conjugate with dithioerythritol(20 mM) for 30 min at  30 "C; (W) 
assay that contained an amount of conjugate C (noncleavable 
link) equivalent to 20 pg of gelonin. Panel b: (0) control assay; 
(0) assay that contained 20 pg of gelonin; (A, A, .) assays that 
contained an amount of conjugate D (noncleavable link) equiv- 
dent  to 20 pg (A), 200 pg (A), or 2 ng (W) of gelonin. Panel c: 
(0) control assay; (0) assay that contained 20 pg of gelonin; (A, 
A, W) assays that contained an amount of conjugate B (acid- 
labile link) equivalent to 20 pg (A), 200 pg (A), or 2 ng (.) of 
gelonin. Panel d: (0) control assay; (0) assay that contained 20 
pg of gelonin; (A) assay that contained an amount of conjugate 
B equivalent to 20 pg of gelonin; (A, W) assays that contained an 
amount of conjugate B equivalent to 20 pg of gelonin after 
incubation of the conjugate (23 pg/mL) for 48 h a t  37 "C, either 
in 100 mM MES-HC1 buffer, pH 5.5, containing 0.1 mg/mL of 
bovine serum albumin (A) or in 100 mM sodium phosphate 
buffer, pH 7.2, containing 0.1 mg/mL of bovine serum albumin 
(.). 

was completely abolished in 10-15 min by 20 pg of native 
gelonin, an amount of conjugate D equivalent to 2 ng of 
gelonin failed to completely inhibit protein synthesis, even 
after 50 min (Figure 4b). Similarly, amounts of conjugate 
B (acid-labile link) corresponding to 2 ng of gelonin were 
required for complete inhibition of protein synthesis which 
was achieved only after about 40 min, while 200 pg of 
conjugated gelonin failed to cause any inhibition of protein 
synthesis in these assays (Figure 4c). In the case of the 
acid-labile conjugate B, however, the release of gelonin by 
incubation of the conjugate in MES.HC1 buffer, pH 5.5, 
at  37 "C for 48 h completely restored the ability of the 
gelonin to inhibit protein synthesis (Figure 4d). A control 
treatment of the conjugate a t  pH 7.2 and 37 OC for 48 h 
yielded less than 20 % of the ribosome-inactivating activity 
of native gelonin. 

Binding of the Conjugates to CTLL-2 Cells. The 
ability of the conjugates to bind to the IL-2 receptor was 

10.1' 10-10 10.9 10.8 

Protein Concentration (M) 
Figure 5. Competitive inhibition of the binding of 12S-I-labeled 
IL-2 to CTLL-2 cells by IL-2 or by conjugates of IL-2 with gelonin. 
Binding experiments were carried out a t  4 "C as described in the 
Experimental Procedures. Under the conditions of the assay, 
50% of the labelled IL-2 (3.5 fmol; 2200 cpm) bound to the cells 
in the absence of competing ligand. Nonspecific binding rep- 
resented 7 % of the total binding capacity of the cells. The curves 
show the inhibition of the binding to label to CTLL-2 cells by 
IL-2 (O) ,  conjugate A (O), conjugate B (A), conjugate C (A), and 
conjugate D (W). 

measured by competitive displacement of 12SI-labeled IL-2 
from CTLL-2 cells. Figure 5 shows a series of binding 
curves comparing the binding of the four conjugates with 
that of nonconjugated IL-2. Under the conditions used 
(see Experimental Procedures), 50% of the label specif- 
ically bound by the cells was displaced by 400 pM IL-2. 
The displacement curves for the conjugates indicate that 
the attachment of gelonin to IL-2 has reduced the binding 
affinity by about 1 order of magnitude, concentrations of 
conjugate of between 3 and 7 nM being required to displace 
50% of the label bound to the IL-2 receptor. 

Inhibition of T-cell and B-Cell Responses. The 
inhibition of lymphocyte proliferative responses, as mea- 
sured by the inhibition of incorporation of PHI thymidine 
relative to controls, was used as a measure of cytotoxicity. 
Concanavalin A was used as a T-cell mitogen. Conjugate 
A, in which IL-2 was linked to gelonin through a disulfide 
bond, clearly inhibited the proliferative response of murine 
splenocytes to concanavalin A (Figure 6a). The ICs0 of 
the conjugate, -500 pM, is 2 orders of magnitude lower 
than the ICs0 for native gelonin (50 nM). An admixture 
of IL-2 and gelonin showed only the same cytotoxicity as 
gelonin alone. The acid-labile and noncleavable conjugates 
were less effective than conjugate A. The ICs0 of the 
noncleavable conjugate C was only 10-fold lower than the 
IC50 of native glonin, and the effect of the acid-labile 
conjugate B on the T-cell response was indistinguishable 
from that of the unconjugated toxin. 

Concanavalin A induces expression of IL-2 receptors 
and production of IL-2 by mouse lymphocytes (Robb et 
al., 1981). Growth of the activated lymphocytes is 
maintained by stimulation of the cells by autocrine and 
paracrine IL-2. Under these conditions, it is possible that 
the IL-2-gelonin conjugates might inhibit the proliferative 
response of lymphocytes to concanavalin A by direct 
competition for binding to the IL-2 receptor rather than 
by the inhibition of protein synthesis. This possibility 
was examined using conjugate D in which the ability of 
gelonin to inhibit protein synthesis was reduced by several 
orders of magnitude. This conjugate showed no effect on 
the proliferative response of the lymphocytes a t  any 
concentration tested (Figure 6a), indicating that the effects 
of the other conjugates were dependent on the presence 
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Figure 6. Cytotoxicity of conjugates of IL-2 with gelonin. The inhibition of proliferative responses in lymphocytes as measured by 
the inhibition of the incorporation of [3H]thymidine relative to controls was used as a measure of cytotoxicity as described in Methods. 
Panel a: inhibition of T-cell response; murine splenocytes were stimulated with concanavilin A and incubated for 48 h in the presence 
of conjugate A (o), conjugate B (O), conjugate C (A), conjugate D (A), gelonin (w), IL-2 (O), or an admixture of IL-2 and gelonin (7). 
Panel b: inhibition of B cell response; murine splenocytes stimulated with lipopolysaccharide and incubated for 48 h in the presence 
of conjugate A (O) ,  conjugate B (O), conjugate C (A), conjugate D (A), or gelonin (W). 

of the ative toxin and were not simply due to competition 
of binding at  the level of the IL-2 receptor. 

In order to confirm the selectivity of the conjugates for 
cells expressing the IL-2 receptor, their effect on the 
proliferative response of lymphocytes to the B-cell mitogen 
lipopolysaccharide was examined. Figure 6b shows that 
the proliferative response of murine splenocytes to li- 
popolysaccharide was not affected by the acid-labile 
conjugate or by the two non-cleavable conjugates. The 
conjugate of IL-2 linked to gelonin through a disulfide 
bond did exhibit some toxicity in this assay system, but 
only over the range of concentrations at which native 
gelonin itself was toxic. 

DISCUSSION 
Studies with immunotoxins have established that the 

nature of the linkage used in the preparation of such 
conjugates, the amount of binding to the cell surface, and 
the extent of internalization of the conjugates are impor- 
tant factors influencing their cytotoxicity toward target 
cells (Lambert et al., 1985; Goldmacher et  al., 1989). Single- 
chain ribosome-inactivating proteins, such as gelonin, do 
not bind to the cell surface and rely on fluid-phase 
pinocytosis as their only mode for internalization (Gold- 
macher et al., 1986). When gelonin is conjugated to 
monoclonal antibodies that recognize antigens which are 
present in high numbers on the cell surface, and which are 
internalized efficiently, the cytotoxicity of the conjugates 
may be 2-4 orders of magnitude greater than that of the 
unconjugated toxin (Thorpe et  al., 1981; Lambert et al., 
1985; Lambert et  al., 1988; Goldmacher et  al., 1989). 

In this paper, we describe conjugates between IL-2 and 
gelonin prepared with disulfide, acid-labile, and non- 
cleavable linkers. The most potent of these conjugates, 
that containing a disulfide bond, exhibited a cytotoxicity 
which was 2 orders of magnitude greater than that seen 
with unconjugated gelonin, as judged by the effect of the 
conjugate on the proliferative response of murine sple- 
nocytes to concanavalin A. In  vitro assays showed that 
cleavage of the disulfide bond restored the full catalytic 
activity of the toxin which may account, in part, for the 
observation that the conjugate containing the disulfide 
bond (conjugate A) was more effective in inhibiting T cell 

function than that prepared using a noncleavable link 
(conjugate C). The cleavable disulfide linkage may also 
allow the toxin to escape more readily into the cytoplasm 
from the membrane-bound IL-2/IL-2 receptor complex. 

As previously reported (Lambert et  al., 19851, gelonin 
was not affected by modification with 2-iminotholane in 
its ability to inhibit protein synthesis. In contrast, 
modification of the toxin with either N-succinimidyl 
iodoacetate or with 4-(iodoacetamido)-l-cyclohexenyl-1,2- 
dicarboxylic acid anhydride resulted in a drastic reduction 
in its ability to inactivate ribosomes. The reason for the 
striking difference in the effects of modifying gelonin using 
these cross-linking reagents is not clear. One could 
speculate that these reagents react preferentially with 
different amino groups on gelonin, one of which is 
important for catalytic activity. Another factor is the 
preservation of the positive charge of amino groups upon 
reaction with 2-iminothiolane. If this were important for 
maintaining full catalytic activity, then modification with 
N-succinimidyl iodoacetate or with 4-(iodoacetamid0)-1- 
cyclohexenyl-1,2-dicarboxylic acid anhydride, each of 
which react with amino groups to form neutral amides, 
might be expected to inactivate the toxin. In this respect, 
it is interesting to note that modification of gelonin with 
other cross-linking reagents which form uncharged amide 
bonds, for example, N-hydroxysuccinimide esters such as 
N-succinimidyl3-(2-pyridyldithio)propionate, also reduce 
its ability to inactivate ribosomes (Thorpe et  al., 1981; 
Blattler et al., 1985; Senter et  al., 1985). 

The conjugate of gelonin coupled to IL-2 through a 
noncleavable thioether linkage (conjugate D) showed no 
cytotoxicity, as expected, since the catalytic activity of 
the toxin was almost completely abo ’shed. When gelonin 
was linked to IL-2 through the aci k labile linkage (con- 
jugate B) the ribosome-inactivating activity of the gelonin 
in this conjugate was also almost completely abolished. 
However, the catalytic activity of the toxin from conjugate 
B was fully restored following release of the native toxin 
by incubation under mildly acidic conditions (pH 5.5), as 
expected from previous work with analogous reagents 
(Kirbyand Lancaster, 1970; Blattler et  al., 1985). In spite 
of this, the cytotoxicity observed for conjugate B was no 
more than that seen with unconjugated gelonin, although 
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it is generally assumed that many ligands bound to cell- 
surface receptors are internalized into acidified vesicles 
(endosomes) (Mellman et al., 1986). However, the fact 
that any cytotoxicity is seen at all (comparison of conjugate 
B with conjugate D) indicates that some active (native) 
gelonin was indeed released from the conjugate, most likely 
in an acidic intracellular compartment. Whatever the 
explanation for the poor efficacy of this conjugate, these 
results with IL-2 conjugates suggested that gelonin is more 
readily released to the cytoplasm from a disulfide-linked 
conjugate than from a conjugate with an acid-labile linker. 

In the present study, at least three factors may have 
affected the efficiency with which the IL-2-gelonin con- 
jugates are internalized. Firstly, it is clear from binding 
studies that the attachment of gelonin to IL-2 decreases 
the affinity of the lymphokine for its receptor by about 
1 order of magnitude. Such a decrease in binding affinity 
has been reported for a number of hormone-toxin con- 
structs (Chang et al., 1977; Bacha et al., 1983) and may 
reflect the steric effects of attaching a protein toxin to a 
relatively small targeting vehicle, although we cannot rule 
out from these experiments an effect on binding due to 
the chemical modification itself. Secondly, although T 
lymphocytes express as many as 60 000 IL-2 receptors per 
cell, the efficient internalization of IL-2 occurs via a small 
population of high-affinity IL-2 receptors which are present 
on activated T-cells at a density of only 2000-4000 receptors 
percell(Robbetal., 1981; Weissmanetal., 1986). Thirdly, 
in the test system used, stimulation of lymphocytes by 
concanavalin A is known to result in the autocrine 
production of IL-2 (Robb et al., 1981), and the endogenous 
IL-2 produced may reduce the cytotoxicity of IL-2-gelonin 
conjugates by direct competition at  the level of the 
receptor. Clearly, these factors may limit the potential 
cytotoxicity of the IL-2-gelonin conjugates. 

The cytotoxicity of the IL-2-gelonin made with a 
disulfide linker for cells expressing the IL-2 receptor was 
similar to that of an immunotoxin prepared using the A 
chain of ricin and an anti-IL-2 receptor antibody (anti- 
Tac) which binds to an epitope found in the p55 subunit 
of both the high- and low-affinity IL-2 receptors (Kronke 
et al., 1986). However, these conjugates of single-chain 
ribosome-inactivating proteins targeting the IL-2 receptor, 
and other similar conjugates targeting other antigens, are 
far less potent than intact ricin (Goldmacher et al., 1989; 
Blattler et al., 1989). These observations have led to the 
suggestion that the B chain of ricin is not only responsible 
for binding to the cell surface but may also participate in 
the transport of the A chain across the membrane (Vitetta 
et al., 1983; Blattler et al., 1989) or may direct the A chain 
to a particular intracellular compartment from which the 
A chain can gain access to the cytoplasm (Goldmacher et 
al., 1992; Newton et al., 1992). Similar cell surface binding 
and transport functions have been ascribed to distinct 
portions of the bacterial toxins diphtheria toxin (Greenfield 
e t  al., 1987) and pseudomonas exotoxin A (Hwang et al., 
1987). The selective removal or modification of the binding 
domains of these proteins by protein engineering has 
resulted in the generation of toxins (Greenfield et al., 1987; 
Hwang et al., 1987) which may be more potent than 
proteins such as gelonin or ricin A-chain if they retain all 
the elements important for translocation or correct in- 
tracellular routing (Pastan et al., 1992). A number of 
genetic constructs have been reported in which such 
engineered proteins have been linked to hormones, and in 
particular, to IL-2 (Murphy et al., 1988; Pastan et al., 
1992). These constructs appear to show selective toxicity 
both in vitro (Lorberboum-Galski et al., 1988; Ogata et 
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al., 1988) and in vivo (Kelley et al., 1988; Case et al., 1989; 
Lorberboum-Galski et al., 1989; Pastan et al., 1992). 
Unfortunately, comparison of the potencies of conjugates 
of pseudomonas exotoxin A or diphtheria toxin with that 
of the IL-2-gelonin conjugate (disulfide link) is not possible 
owing to the wide variation in the biological test systems 
used in different laboratories. 

An alternative approach to the production of a more 
potent toxin for specific targeting has been to chemically 
modify the cell-surface binding sites of ricin in order to 
block the ability of the toxin to bind to cells, while retaining 
the B-chain functions that promote efficient A-chain 
translocation into the cytoplasm (Lambert et al., 1991a,b). 
I t  is likely that such modified toxins would also be highly 
effective reagents for the production of toxic conjugates 
using lymphokines such as IL-2. 
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TECHNICAL NOTES 

Carboxymethyldextran Lactone: A Preactivated Polymer for Amine 
Con jugations 

Ned D. Heindel,' Michael A. Kauffman, Eric K. Akyea, Stephanie A. Engel, Michael F. Frey, 
C. Jeffrey Lacey, and Roger A. Egolf 

Department of Chemistry & Institute for Health Sciences, Lehigh University, Bethlehem, Pennsylvania 18015. 
Received September 8, 1993@ 

The linking of amino haptens to carboxymethyldextran (CMD) requires carboxyl activation, for example, 
via carbodiimides. We have discovered that substantial N-acylurea, derived from these carbodiimides, 
can be trapped on the CMD backbone. As an alternative, CMD can be conveniently lactonized by 
heating in inert solvents, and this carboxymethyldextran lactone (CDL) can be employed directly for 
amine conjugation. 

Conjugates of various dextran derivatives (carboxy- 
methyldextran, polyaldehyde dextran, aminopropyl dex- 
tran, dextran hydrazide) have proven very useful for drug 
targeting, controlled release, and immunoconjugate spacer 
applications (1-4). In most cases the dextran derivative 
must be prepared de nova just prior to conjugation, 
requires the use of an activating catalyst (frequently a 
mixed anhydride or carbodiimide), or requires a post- 
conjugation reduction to stabilize a hydrolytically-labile 
imine bond. 

In particular, couplings to carboxymethyldextran (CMD) 
which frequently use a carbodiimide activation are espe- 
cially problematic because of the short half-life of the 
activating reagent in water, a necessary solvent for most 
such conjugates (5) .  Also, an equally serious problem 
during coupling is the established tendency of carbodi- 
imides to undergo 0- to N-acyl shifts to form the more 
stable N-acylureas thereby leading to nonproductive 
couplings (6). 

Interest of our group in tumor delivery of radiothera- 
peutic levels of l25I on biologically-stable carriers (7) 
prompted the synthesis of a dextran framework to which 
would be attached a highly reactive aromatic amine for 
electrophilic radioiodination. Using established carbo- 
diimide coupling techniques we coupled 4-methoxy- 
benzylamine to carboxymethyldextran (8). We were 
amazed, however, to observe that the degree of substitution 
determined by UV quantification (4 )  of our methoxy- 
benzylamine chromophore was in substantial disagreement 
with the degree of substitution determined by another 
commonly-employed technique which uses the 7% nitrogen 
analysis to determine drug load (9), in our case 4-meth- 
oxybenzylamine content. High resolution lH-NMR stud- 
ies soon demonstrated that our carboxymethyldextran 
conjugate contained an appreciable amount of bound 
N-acylurea derived from the carbodiimide. 

To address this problem we developed a readily- 
prepared, shelf-stable, preactivated dextran derivative 
which permits facile drug coupling without the use of small 
molecule promoters. This derivative, carboxymethyldex- 
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tran lactone (CDL), is obtained in high yield from the 
thermal cyclodehydration of carboxymethyldextran 
(Scheme 1). We have shown that CDL can be loaded with 
4-methoxybenzylamine, without activating catalysts 
(Scheme 21, in conversions superior to those obtained by 
conjugating the parent carboxymethyldextran to small 
molecules in more traditional fashions. 

EXPERIMENTAL PROCEDURES 

Materials and Methods. The dextran used in these 
studies was high-purity, clinical-grade 40-kD dextran 
produced by Pharmachem Corp., Bethlehem, PA. The 
carboxymethyldextran (CMD) employed herein was pre- 
pared by carboxymethylation of 40-kD dextran as de- 
scribed by Novak and analyzed for degree of substitution 
by the titration procedure described therein (10). The 
degree of substitution was 1.02 CHzCOOH groups per 
repeating glucose. Ho's lH-NMR method for determi- 
nation of carboxymethyl groups per glucose residue (by 
integration ratios of the grouping of multiple -0CH2- 
COOH's to the C1-H) gave a degree of substitution of 1.06 
on this sample (11). Infrared spectra were obtained as 
1% disks in potassium bromide on a Mattson Polaris high- 
resolution FTIR. Ultraviolet spectra were obtained in 
water on a Perkin-Elmer Lambda 5 UV-vis spectropho- 
tometer. Differential scanning calorimetry (DSC) was 
performed on a Perkin-Elmer 1020 Series DSC7 thermal 
analysis system. Combustion analyses were performed 
on a Perkin-Elmer Model 2400 combustion analyzer by 
QTI Corporation, Bound Brook, NJ, with pre- and postrun 
calibration for % N (using high purity acetamide standard) 
and a standard deviation from the calculated value of 
f0.02 7% on the calibration standard. 

Loading levels of agents onto the dextran were deter- 
mined by published techniques in which spectrophoto- 
metric quantification (by reference to a curve obtained 
from preprepared standard solutions) and combustion 
analyses for % nitrogen were employed (9, 12, 13). For 
the UV measurements, conjugates of 4-methoxybenzyl- 
amine were read at  272.6 Am=. 

Preparation of Carboxymethyldextran Lactone 
(CDL). Lactonization was effected by heating the CMD 
in a well-stirred suspension at  reflux in four different 

0 1994 American Chemical Society 



Technical Notes 

solvent systems, toluene (bp 109-110 "C), mixed xylenes 
(bp 138-144 "C), diglyme (bp 162 "C), and acetonitrile (bp 
82 "C). A typical procedure involved suspending 0.65- 
0.75 g of dried carboxymethyldextran in 15-30 mL of the 
anhydrous solvent in a round-bottomed flask. The con- 
tents were magnetically stirred at  reflux for 5 h, cooled to 
ambient temperature, and filtered. The white solid thus 
obtained possessed diminished water solubility and was 
vacuum dried to constant weight. DSC analysis showed 
no distinct phase transitions between 30 and 290 "C but 
evidenced a marked exothermic sample decomposition 
between 292 and 335 "C. Infrared analysis of the product 
showed a barely detectable absorption from the original 
carboxymethyldextran carboxylic acid C=O stretch at  
1734 cm-l constituting less than 10% of the integrated 
intensity of the entire C=O envelope. The major ab- 
sorption, the lactone carbonyl, appears a t  1755 cm-' in 
CDL. 

Condensation with 4-Methoxybenzylamine. Stan- 
dard conditions for lactone-opening (Scheme 2) with 4- 
methoxybenzylamine in toluene, xylene, diglyme, and 
acetonitrile were 6- to 10-fold mole excess of the amine 
per mole of available lactone residues in the dextran. 
Reactants were stirred at  reflux in a volume of solvent 
10-15 times the mass of the reactants for 5-20 h. This 
technique gave polyamides whose maximum degrees of 
substitutions (UV and 74 N analysis) fell between 60 and 
90 '35 of the originally available carboxyl concentrations. 

Specifically, when 0.62 g of CDL, 4.2 g (31 mmol) of 
4-methoxybenzylamine, and 50 mL of xylene were heated 
and stirred a t  90 "C for 20 h, the resulting yellow conjugate 
precipitate could be isolated by filtration, taken up in 
distilled water, and subjected to exhaustive dialysis to 
remove unbound drug (Spectrapor membrane dialysis bag, 
MW cutoff 12 000-14 000, dialyzed against distilled water 
for 5 days, two changedday). The contents of the bag 
were evaporated in uucuo to 20 mL and lyophilized to 
produce a fluffy white solid. By the ultraviolet measure- 
ment method, the degree of substitution of the methox- 
ybenzylamine on the dextran obtained on a sample which 
had been lyophilized and vacuum-dried to constant weight 
was 0.78 mol/mol of glucose units for the toluene-derived 
product, 0.62 mol/mol of glucose for the xylene-derived 
material, and 0.60 mol/mol for the diglyme-derived 
substance. The values for degree of substitution obtained 
by %N (combustion) analysis were within * 8 %  of the 
ultraviolet-quantification results. These conjugates de- 
composed above 250 "C and displayed characteristic 
infrared spectra: the amide I band at  1652 cm-l, the amide 
I1 band at  1562 cm-l, and the residual carboxyl absorptions 
at  1734 cm-l. There was a complete absence of the lactone 
absorption. 

Direct in Situ Lactonization-Conjugation. A 25- 
mL round-bottom flask was charged with 0.279 g of CMD 
(1.28 mmol of carboxyl residues), 1.00 g (8.02 mmol) of 
4-methoxybenzylamine, and 10 mL of anhydrous xylene. 
The reaction mixture was stirred and heated to 90 "C and 
maintained at that temperature for 20 h. Cooling the 
reaction mixture to room temperature was followed by 
the addition of 20 mL of distilled water which partitioned 
the product-conjugate into the aqueous layer. That layer 
was dialyzed as noted and lyophilized and a sample dried 
to constant weight. The degree of substitution was 
determined to be 0.56 amines/glucose residue by ultraviolet 
quantification. 

Carbodiimide-Activated Conjugation of CMD with 
pMethoxybenzylamine. To a solution of CMD (0.125 
g) dissolved in 50 mL of distilled water was added a single 
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portion of 4-methoxybenzylamine (0.60 g, 4.37 mmol). 
These reactant quantities represent a 6.2/1 molar ratio of 
amine to dextran-pendant carboxyls in the CMD. The 
same ratio of amine to lactone was employed in the 
standard coupling to CDL. The pH in the well-stirred 
solution was adjusted and maintained at  4.5 f 0.5 with 6 
N HCl or saturated aqueous sodium bicarbonate while a 
total of 206 mg (1.07 mmol) of N-[3-(dimethylamino)- 
propyl]-N'- ethylcarbodiimide hydrochloride (EDC) was 
added in five equal portions over a 3.5-h period. When the 
addition of the carbodiimide was complete the reaction 
mixture was stirred for 18 hours a t  ambient temperature, 
transferred to a Spectrapor membrane dialysis bag (MW 
cutoff 12 000-14 000), and dialyzed against distilled water 
(5 days, two changes/day). The contents of the bag were 
evaporated in uucuo to  20 mL and lyophilized to  produce 
a fluffy white solid whose degree of amide substitution 
was 0.24 by UV measurement at 272.6 nm. Three duplicate 
nitrogen combustion analyses gave values of 3.60 f 0.05 % . 
A IH-NMR obtained in DzO on a 360-MHz Bruker 
spectrometer revealed unexpected resonances a t  0.95 ppm 
consistent with pendant methyl moieties. 

RESULTS AND DISCUSSION 

The carboxymethyldextran lactone synthesized herein 
is structurally related to the previously reported so-called 
Sephadex lactone prepared by carbodiimide-induced 
dehydration of the highly cross-linked carboxymethyl- 
dextran (Sephadex) beads (14). Akanuma reports an 
absorption of 1735 cm-l for C=O in carboxymethyl 
Sephadex and 1760 cm-l for the C=O in carboxymethyl 
Sephadex lactone (14). A structurally similar &lactone 
was generated on ganglioside GM3 by acid-catalyzed 
internal cyclization of the sialic acid carboxyl with a C-2 
hydroxyl in the galactosyl residue; its carbonyl was assigned 
a t  1750 cm-l (15). While the main lactone absorption in 
CDL is at  1755 cm-l, expansion of the C=O spectral 
envelope reveals at  least eight distinct IR bands between 
1760 and 1744 cm-l. The parent carboxymethyldextran 
displays at  least three carboxyl bands between 1730 and 
1734 cm-I. 

Carboxymethyldextran with a degree of substitution of 
1.06 carboxymethyls/glucose would, of course, be expected 
to be a mixture of 0-substituted CH2COOH isomers. By 
careful lH-NMR peak assignments to the methylene 
resonances at 4.0-4.5 ppm in carboxymethylcellulose, Ho 
was able to distinguish substitution occurring a t  the C-2 
OH from the C-3 OH and from the C-6 OH (11). He 
observed a slight kinetic bias to carboxymethylation at  
the C-2 hydroxyl but with all possible isomers being 
formed, and he further reported that the ratio of the 
integrated methyleneoxy region to the C-1 H provided a 
reliable technique to determine degree of substitution. 
The carboxymethyldextran employed in our studies (which 
had a degree of substitution of 1.02 by titration) did display 
at  least three resolvable methyleneoxy resonances between 
4.0 and 4.5 ppm and a degree of substitution (by NMR) 
of 1.06. With multiple sites of carboxymethylation many 
possible internal lactones can result and the structure given 
in Scheme 1 is simply one illustration. Likewise, the ring- 
opening amide structure in Scheme 2 is just one of several 
alternative representations. 

While infrared spectra of lactonized product always 
showed a trace of carboxylic acid absorption, titration 
proved an unreliable way of determining the degree of 
lactonization since both lactone functions and nonlac- 
tonized carboxyl groups responded. The water-insoluble 
CDL reacted and dissolved upon mixing with standardized 



100 Bioconjugate Chem., Vol. 5, No. 1, 1994 Helndel et al. 

Scheme I 

1 t f " l  1 

1 I J n  'n  

Scheme I1 

t T a  I 

J n  I J n  1 

aqueous base. Inference of the number of accessible 
lactones could be deduced from the ring-opening exper- 
iments for which the maximum observed degrees of 
substitution reflected the maximum lactone concentration 
on the CDL. With 4-methoxybenzylamine and CDL by 
the conjugation method employed herein one could obtain 
up to 90% incorporation of amine with respect to original 
carboxylic content. Furthermore, while CMD and amine 
do not form amide in aqueous media without an activation 
promoter, we have found that they do couple in boiling 
xylene, presumably via in situ generation of lactone. 

Comparison of two methods for conjugating methox- 
ybenzylamine to carboxymethylated dextrans, direct cou- 
pling to CDL versus EDC mediated coupling to CMD, 
shows EDC to be inferior both in maximum load and in 
ease of quantification. Unproductive linking on the part 
of EDC led to the well-known, unreactive, N-acyl- 
rearranged products (5,6) which gave disparate analytical 
results for UV and % N  analysis. UV analysis of the 
chromophore of the EDC product revealed a degree of 
substitution of 0.24 and predicts nitrogen content to be 
1.34% of the total mass, while combustion analysis shows 
% N to be 3.60%. These data can be reconciled only if a 
second, nonchromaphoric source of nitrogen was coupled 
to the dextran. 'H-NMR analysis of the conjugate 
evidenced the presence of the urea at levels high enough 
to account for the increased nitrogen content. 

We believe that this novel reactive dextran lactone can 
be a useful polymeric drug carrier for clean, facile 
conjugations without the need for carbodiimide promoters 
which may subsequently leave N-acylurea residues. Ap- 
plications to couplings in aqueous media and to the 
conjugation of pharmaceutical entities are under study. 
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Labeling Monoclonal Antibodies with goYttrium- and ‘“Indium-DOTA 
Chelates: A Simple and Efficient Method 
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Yttrium-90 and indium-111 have been attached to a monoclonal antibody with a bifunctional chelating 
agent (DOTA-peptide). Using the unique features of this DOTA-peptide and its complexes with 
trivalent yttrium and indium, the bifunctional chelating agent was prelabeled with either radiometal 
and then conjugated to chimeric monoclonal antibody L6. Both radiolabeling procedures and yield are 
suitable for the practical preparation of radiopharmaceuticals. Biodistribution studies in tumor-bearing 
mice showed that, e.g., on day 3 after intravenous injection of a immunoconjugate, liver uptake was 
5.4 f 1.5% ID/g, bone uptake 2.0 f 0.5% ID/g, and tumor uptake 18.0 f 8.0% ID/g. 

Macrocyclic bifunctional chelating agents have been 
developed to tag monoclonal antibodies with radiometals 
for in vivo diagnosis and therapy (1-7); in particular, mAbs 
labeled with DOTAl derivatives incorporating yttrium- 
90 and indium-111 have shown excellent kinetic stability 
under physiological conditions (2,5, 7,8). However, the 
slow formation of yttrium-DOTA complexes (9-11) pre- 
sents a technical problem that can lead to low radiolabeling 
yields unless conditions are carefully controlled. 

The conventional labeling process involves conjugation 

+ University of California. * University of California Davis Medical Center. 
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1 Abbreviations used: DOTA, 1,4,7,10-tetraazacyclododecane- 

N,N’,N”,N”’-tetraacetic acid; DTPA, diethylenetriaminepen- 
taacetic acid; mAbs, monoclonal antibodies; TETA, 1,4,8,11- 
tetraazacyclotetradecane-N,N’,N’’,N”’-tetraacetic acid; 7% ID/ 
g, percent of injected dose per gram of tissue. 
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of the bifunctional chelating agent to the antibody, 
followed by labeling with the radiometal. An alternative 
method is prelabeling, in which the bifunctional chelating 
agent is first radiolabeled and then conjugated to the mAb. 
Prelabeling has been used to eliminate the nonspecific 
binding of 99mT~ to mAbs (12-14). Moi e t  al. initially 
used prelabeling to attach 67Cu to a mAb with the first 
macrocyclic bifunctional chelating agent, a TETA deriv- 
ative ( I ) ,  and recently Schlom e t  a l .  (15) employed such 
a procedure to label a mAb with a 177Lu-DOTA derivative. 

Prelabeling involves three steps: (1) radioactive chelate 
formation (in the absence of antibody), (2) chelate 
purification, and (3) antibody conjugation. It has several 
potential advantages: in step 1, metal chelate formation 
is easier to control because there is no competition from 
metal-binding sites on the protein, and the chelation 
conditions are not limited by the need to avoid denaturing 
the antibody; in step 2, excess chelating agent can be 
removed before the radioactive chelate is attached to the 
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Figure 1. Biodistribution of gOY-DOTA-Gly3-L-Phe-amide-thiourea-chimeric mAb L6 (3) in HBT tumor-bearing nude mice at days 
1.3. and 5. For each time Doint. data were acauired from seven animals. The values are given as average percent of injected dose per 
&am of tissue. Error bar; represent 1 standird deviation. 

protein, thus avoiding the production of multiply labeled 
immunoconjugates with unfavorable biological properties 
(16); in step 3, the antibody is chemically modified and 
radiolabeled in one step, minimizing chemical manipu- 
lation of the antibody and reducing losses. 

The medically useful radiometals have short half-lives 
(1 7); high efficiencies of both labeling and conjugation are 
important for practical applications. The prelabeling 
approach permits use of a large excess of bifunctional 
chelating agent to achieve a high chelation yield quickly 
in step 1, but requires a rapid purification method to 
remove unlabeled reagent in step 2. Here, we report an 
easy and efficient method for prelabeling a peptide-linked 
DOTA derivative with or lllIn and conjugating it to 
a mAb. 

The labeling procedure is outlined in Scheme 1. The 
bifunctional chelating agent DOTA-Gly3-L- (p-isothiocy- 
anato)-Phe-amide (1) was prepared by the method de- 
scribed recently (7). Carrier-free wy (DuPont NEN) in 
0.05 M HC1 was dried in a heating block under N2(g), and 
100 pL of 20 mM 1 in 0.2 M (CH&N+ acetate, pH 5.0, was 
added. The mixture was incubated at  37 "C for 30 min, 
followed by addition of 25 pL of 50 mM DTPA in 0.1 M 
(CH&N+ acetate, pH 6.0, for 15 min at  room temperature 
(to complex any remaining free yttrium). The solution 
was loaded onto an anion-exchange column,2 and the 
column was spun for 2 min at  - 2000 g, followed by elution 
with four 125-pL aliquots of H20 by centrifugation at 
-2000 g for 2 min each. Most of the radioactive 2 was 
recovered in the first four fractions (see Table 1). One- 
step elution with 0.5 mL of H20 was performed for 
comparison, but it gave 18 % lower recovery than stepwise 
elution. 

All the eluted fractions were collected and concentrated 
to - 15 pL with a speed-vac concentrator (Savant Instru- 
ments) without heating. (It should be possible to avoid 
this step when larger amounts of radioactivity are used, 
e.g., for clinical-scale preparations.) The concentrated 

The column had been prepared by filling a 1-mL disposable 
tuberculin syringe with 500 pL of DEAE cellulose anion-exchange 
resin (1 mequiv/dry g, Sigma Chemical Co.) and prespun for 3 
min at -2000 g. The resin had been converted to the acetate 
form prior to use. 

Scheme 1 
ycs 

1 
-0OcJ u L c o o -  

Step 1: Pre-labeling M3' (M "'ln) 1 

Step 2: Purification Anion-exchange I 
Step 3: Conjugation 1 NHy 

solution was mixed with 1 mg of chimeric mAb L6 (18 pL, 
56 mg/mL, Oncogen/Bristol-Myers) (18) in 0.1 M (CH3)4N+ 
phosphate, pH 9.0. The pH was adjusted to 9.5 using 
aqueous 2.0 M triethylamine. The mixture was incubated 
at  37 "C for 1 h, and 3 was isolated using a centrifuged 
gel-filtration column (19,ZO). Yields are listed in Table 
1. 

lllIn labeling was carried out similarly. 
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mAb, but practically all are radiolabeled; thus, the number 
of modified mAbs is significantly reduced, and the number 
of multiply-modified mAbs is essentially zero. The 
radiolabeled mAbs are fully immunoreactive and are 
expected to have more favorable biological properties, 
including less immunogenicity. Another reason for using 
DOTA-peptide is to reduce the accumulation of radio- 
activity in the liver by introducing a cleavable linker 
between the chelate and the mAb (7). 

To examine the properties of the conjugate in uiuo, WY- 
labeled 3 was injected into HBT tumor-bearing nude mice 
(22) for organ distribution and tumor uptake studies. The 
results of these animal studies (Figure 1) showed that the 
radioactivity level in the liver varied from 6.4 f 1.5% ID/g 
on the first day to 5.4 f 1.5% ID/g on the third day to 4.6 
f 1.9 % ID/g on the fifth day. The tumor uptake was 17.5 
f 8.0% ID/g on day 1,18.0 f 8.0% ID/g on day 3, and 
13.8% f 5.2% ID/g on day 5. The bone uptake was 2.1 
f 0.3% ID/g, 2.0 f 0.5% ID/g, and 1.8 f 0.2% ID/g on 
days 1, 3, and 5. The levels of radioactivity in liver and 
bone are satisfactorily low (8), and the tumor uptake is 
good. Coupled with its other expected advantages, these 
results indicate that prelabeling mAbs with metal com- 
plexes of 1 has considerable promise. 
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Table 1. Results for DOTA-Peptide Radiolabeling and 
Conjugation 

starting recovery recovery overall 
radioactivity, for for recovery,a 

radionuclide mCi (vol, bL) step 2,n % step 3,a % % 
yttrium-90 2.1-3.9 8 0 f 5  4 0 f 2  30h  4 

indium-111 4.9-6.2 7 0 h 9  7 3 f 3  4 2 f 4  
(2-5) 

(12-30) 
a Average recovered radioactivity f standard deviation, for 23  

runs. 

The radiochemical purity of both WY- and lllIn-labeled 
immunoconjugates 3 was determined to be >95 5% by gel 
filtration HPLC, cellulose acetate electrophoresis, and 
silica gel TLC (20). A solid-phase radioimmunoassay (21) 
was performed using 1251-labeled chimeric L6 as a standard. 
The immunoreactivity of gOY-DOTA-Gly3-~-Phe-amide- 
thiourea-chimeric L6 was 107 f 5% relative to 1251-labeled 
antibody. 

Compound 1 forms neutral complexes 2 with trivalent 
metals. The other important species in the chelation 
reaction mixture, such as excess chelating agents, com- 
plexes containing divalent metals, and DTPA complexes, 
are negatively charged. Thus, the DOTA-peptide com- 
plexes with trivalent metals can be filtered quickly through 
an appropriately designed anion-exchange column in H20 
to separate them from anionic species. The neutral chelate 
avoids the need for more complex processes in step 2, such 
as HPLC with mixed organic/aqueous solvents (15).  

In the chelation step, the yield after anion exchange 
was typically >70% of the starting radioactivity. Par- 
ticularly for WY solutions, the levels of metal impurities 
appear to vary with each batch of carrier-free radiometal. 
The identity of these impurities is difficult to determine, 
but most common metal contaminants are divalent ions. 
Prelabeling deals with the impurity problem by using a 
large excess of chelating agent and then removing the 
excess. This is preferable to using a large excess of chelate- 
tagged mAb conjugate, which cannot be fractionated later 
to remove unwanted contaminants. (Obviously, prela- 
beling does not eliminate trivalent metal complexes from 
the product.) 

In the conjugation step, a high concentration of mAb is 
desired, so that each chelate isothiocyanate will frequently 
encounter amino groups with which to react. For the small 
amounts of radioactivity used here, the radiolabeled 
bifunctional chelating agent was concentrated before 
adding it to the mAb to avoid dilution of the conjugation 
mixture. At  the chosen conjugation conditions (1 h 
incubation at  37 "C ,  pH 9.5, [mAbl I 20 mg/mL), the 
conjugation yield was over 40 7%. Longer incubation times 
would lead to higher conjugation yields, but we expect 
that for radioactivity levels appropriate for clinical use 
( -  100 mCi) radiolysis will become important a t  longer 
times. The isothiocyanate group on the bifunctional 
chelating agent is potentially subject to hydrolysis during 
labeling and conjugation, but control experiments showed 
loss of <5% of the isothiocyanate. 

In the conventional labeling method, the ratio of 
attached chelates to mAb is usually > 1 in order to provide 
enough chelating groups for a good radiolabeling yield. 
However, the chelates that are actually used for labeling 
comprise less than 5% of the total attached chelates on 
the mAb. The excess chelating groups may affect the 
biological properties of mAbs, e.g., by inducing an immune 
response (16), and impure metal solutions may require 
large amounts of immunoconjugate. With prelabeling, a 
far smaller number of chelates becomes attached to the 

NOTE ADDED IN PROOF 

Since submission of this paper, more yttrium-90 labeling 
experiments have been performed, and the labeling yield 
has been improved. For a total of nine experiments, the 
recovery for step 2 is now 75 f 8%, the recovery for step 
3 is 58 f 15%, and the overall recovery is 40 f 11 5%. 
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INTRODUCTION 

It is difficult to eradicate cancer cells in vivo because 
they share with normal cells, for the most part, the same 
biochemical machinery. There is no cytotoxic substance 
that is completely selective for malignant cells, and all 
those presently in use cause dose-limiting toxic side effects. 
For this reason there is a growing emphasis on targeting, 
i.e., selective deliveryof drugs to tumors in ways that bypass 
normal body tissues. 

Among the vehicles that can be used for this purpose 
is low-density lipoprotein (LDL), a normal blood constit- 
uent that is the body’s principal means for delivery of 
cholesterol to tissues. Cholesterol, a major constitutent 
of mammalian cell membranes, is obtained by cells either 
by making it themselves or by picking it up from LDL or 
both. Cancer cells, like all dividing ones, need large 
amounts of cholesterol because they are making new 
membrane. There is ample evidence that many types of 
cancer cells indeed have unusually great LDL require- 
ments. The evidence is %fold: measurements of LDL 
uptake by tumor cells and depletion of LDL in the blood 
of cancer patients resulting from high uptake by the tumor 
(vide infra). Thus, if LDL could be made to carry 
antitumor drugs, it would serve as a targeting vehicle. This 
concept was proposed in 1981-2 (1,2) and has been 
reviewed several times since then (3-7). 

LDL consists of spherical particles 220 A in diameter 
containing a nonpolar core of approximately 1500 mole- 
cules of cholesterol esterified with long-chain fatty acids 
such as oleate or linoleate. Around the core is a phos- 
pholipid oriented, like a micelle, with the polar ends 
outward and the lipophilic fatty acid chains inward. Mixed 
with the phospholipid is unesterified cholesterol, pre- 
sumably as a stabilizer, and also a single molecule per 
LDL particle of apoprotein B which binds to specific cell 
surface receptors. After binding, the receptors, which are 
grouped together in coated pits, are internalized by 
endocytosis and taken to lysosomes, where the cholesteryl 
esters are hydrolyzed, making free cholesterol available to 
the cell. The LDL receptors are then recycled to the cell 
surface. The half-life of LDL in the blood is measured in 
days, but after binding to fibroblasts, t 1 / 2  for internalization 
is only 10 min. The mechanism of the LDL system was 
elucidated by Brown, Goldstein, and co-workers (8-10). 

LDLUPTAKEBYCANCERCELLS 

I t  is not surprising that malignant cells have high LDL 
requirements because rapidly dividing cells do. Indeed, 
there is a tendency for growing cells to acquire cholesterol 
from without and for differentiated cells from within (11). 
The first report regarding cancer and LDL in 1978 was 
that human acute myeloid leukemia (AML) cells take up 
3-1OOX more LDL than normal cells (12). Human AML 
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take up 4-25X more LDL than normal white blood cells 
(131, and the high in vitro uptake of AML correlates with 
high in vivo uptake (14). Human monocytic (FAB-M5) 
and myelomonocytic (FAB-M4) leukemias and chronic 
myeloid leukemia in blast crisis (but not acute lympho- 
blastic leukemia [ALL]) take up much more LDL than 
normal mononuclear cells, peripheral granulocytes, or 
nucleated bone marrow cells (15). 

Some human solid tumors are also avid for LDL. 
Epidermoid cervical cancer EC-50 absorbs 15X more LDL 
than fetal adrenal tissue (which has exceptionally high 
uptake) and 50X more than normal gynecologic tissue. 
Endometrial adenocarcinoma AC-258 absorbs 1OX more 
than normal ( I ) .  EC-50 and four other gynecologic cancers 
have greater LDL uptake than normal cervical tissues (16). 
Gastric carcinoma and parotid adenoma exceed every 
normal cell type (1 7). Many brain tumors bind 2-3X more 
LDL than normal brain, especially medulloblastoma, 
oligodendroglioma, and malignant meningioma (18). In 
most of a group of nine patients, lung tumor tissue’s uptake 
exceeded that of neighboring normal lung by 1.5-3X (19).  
Other tumors, for which quantitative comparisons are 
lacking, have high LDL uptake: glioma V-251MG (20), 
G2 hepatoma (21, 221, squamous lung tumor (23),  and 
choriocarcinoma (24). Most human tumors have not yet 
been surveyed, so it is reasonable to suppose that many 
more will be found to have exceptionally high LDL 
requirements. This expectation is foreshadowed by the 
frequent finding of depletion of LDL in the blood of cancer 
patients, to be discussed subsequently. 

Mouse tumors have also been studied. Fibrosarcoma 
MS-2 takes up several times more LDL than normal tissue 
(liver, spleen, muscle, fat, heart) (251, and similarly for 
MAC 13 tumors as well as four others (26). 

The most sinister aspect of cancer is its tendency to 
spread, or metastasize, throughout the body. This is most 
often the cause of death, even after resection of the primary 
tumor, because mets are not only difficult to find but also 
to kill with standard chemotherapy. Therefore, partic- 
ularly noteworthy is the small but growing body of evidence 
that tumor cells that are exceptionally metastatic (27,28),  
aggressive (29-311, or undifferentiated (1  1,32,33) are also 
exceptional in their LDL requirements. If this is borne 
out in future studies, LDL-based therapy will be even more 
valuable than it presently appears. 

Some tumors, however, do not internalize great amounts 
of LDL, e.g., ALL (mentioned above) (15), chronic 
lymphocytic leukemia (CLL) (34),  several colon adeno- 
carcinomas (351, Lewis rat renal carcinoma (361, cervical 
cancer EC-168 ( 3 3 ,  epitheloid carcinoma A-431 (38), and 
guinea pig leukemic lymphocytes (39).  The latter three 
have plenty of LDL receptors, but internalization is 
deficient. Thus, it is important to show not only binding 

0 1994 American Chemical Society 



106 Bloconjugate Chem., Vol. 5, No. 2, 1994 

but also internalization of LDL before concluding that a 
given cell type is ripe for LDL targeting. 

Some noncancerous pathogens have also been found to 
have high LDL requirements and therefore are candidates 
for LDL-based therapy. These will be discussed at  the 
end of this paper. 

Firestone 

with time (49). Among 3091 Dutch men and women 
followed 28 years, the risk factor for gastrointestinal cancer 
(men only), years 3-15, was 4.2 for the lowest vis-&vis the 
highest cholesterol quintile, falling to ca. 1.0 after that. 
For lung cancer in men and GI cancer in women there was 
no association (50). In other cohorts of 7716 (colon, 
pharyngeal, oral, esophagal, liver) (51) and 1910 (52) 
patients, as well as several smaller studies, lowering of 
cholesterol close to diagnosis was observed for cervical 
(53),  colon (54),  prostate (551, stomach, bladder, CNS, 
and colorectal cancers (56).  

A more direct connection between cholesterol depletion 
in the patient and high LDL uptake by the cancer was 
made in a few studies. Lowered serum cholesterol in AML 
patients was closely correlated with high uptake by the 
AML cells of 14C-sucrose-loaded LDL in vivo and of 1251- 
LDL in vitro (14).  In 59 leukemia patients, blood 
cholesterol was inversely correlated with the rate of high 
affinity degradation of LDL by the leukemia cells (57). 

Inverse cancer-cholesterol correlations can be reversed. 
In the study just cited ( 5 3 ,  when the leukemia cell burden 
was reduced by chemotherapy, blood cholesterol rose. 
Similarly, only in AML patients with high leukemia cell 
counts was low cholesterol observed (47/85), which rose 
during remission (58). Patients with a variety of leukemias 
and lymphomas had reduced cholesterol levels which rose 
to that of normal controls after chemotherapy-induced 
response, but not if the therapy failed (59). In cancer 
patients who responded to chemotherapy, LDL increased 
as follows (no. of patients, % LDL increase): malignant 
lymphoma (17, 32%); small cell lung cancer (11, 7%); 
transitional cell carcinoma (7,7 % ); breast (16, no change) 
(60). 

Of special importance is the fact that the effect of cancer 
in lowering blood cholesterol is greatest with the most 
aggressive, metastasizing tumors, in accord with their 
greater LDL requirements (uide supra). In the cited study 
of hyperlipidemic men, the drop in serum cholesterol was 
seen especially with nonlocalized rather than localized 
cancer (45). In another study, 83% of cancer patients 
presented with hypocholesterolemia, which was most 
severe with the most undifferentiated morphology (61). 
An inverse colon cancer-cholesterol correlation was most 
marked with the most advanced cases, particularly for 
women (62). Plasma LDL was lowered with acute leu- 
kemia, bladder, and breast carcinoma, especially the most 
aggressively metastasizing cases (30).  LDL receptor 
activity in breast (29) and other (11,34) cancers is higher 
the greater the degree of malignancy. Tumors of low but 
not high differentiation have high LDL uptake (11,34) 
and reduce plasma cholesterol the most (32,61).  Survival 
time, a measure of tumor aggressiveness, is lowest with 
highest LDL uptake in breast cancer (29, 30) and with 
lowest serum LDL in AML, chronic myeloid leukemia 
(CML) (31),  and other types (42).  Metastatic prostate 
cancer is associated with lower cholesterol levels than 
nonmetastatic (55). 

There are many additional studies in which were seen 
an inverse relationship between plasma cholesterol and 
cancer of many types (63-69), as well as a few reporting 
no relationship (71-73). Diet is not responsible (74). The 
great preponderance of the evidence therefore favors the 
theory that the reduced cholesterol often observed in 
cancer patients is the result of uptake of LDL by the tumor 
and not the cause of the cancer (75). 

DEPLETION OF LDL IN T H E  BLOOD OF CANCER 
PATIENTS 

If tumor cells sequester abnormally large amounts of 
LDL, one would expect to see reduced levels of plasma 
cholesterol in cancer patients. This is indeed a well- 
documented phenomenon, first reported in 1939 when it  
was observed that leukemia patients had unusually low 
blood cholesterol (40). 

There was then a hiatus before the recent spate of papers, 
which was prompted by the question of what overall effects 
would ensue if people were to lower their cholesterol to 
improve cardiovascular health. As expected, comparison 
of blood cholesterol with mortality in large cohorts revealed 
a positive association, Le., high cholesterol correlates with 
highmortality, but a frequent and unexpected observation 
was a negative association, i.e., rise in mortality at the 
lowest cholesterol levels. Thus, there is an overall U- 
shaped relationship between cholesterol and mortality. 
The excess deaths at  very low cholesterol turned out to be 
due to previously undiagnosed cancer. Cause and effect 
were not immediately obvious, but it is now abundantly 
clear that it is cancer that brings about a reduction in 
cholesterol, and not low cholesterol that causes cancer. 

In the 1980 Whitehall study of 17 718 men followed 7.5 
years, a U-shaped curve was observed whose anomaly (the 
upward shift in mortality a t  lowest cholesterol levels) 
disappeared after subtraction of cancer cases (lung, 
stomach, colon) diagnosed within 2 years after the study 
began, suggesting that these men had undiagnosed early 
cancer which caused a drop in cholesterol level (41).  In 
a similar study of 7603 French men followed for 6.6 years, 
cancer patients undiagnosed at entry had reduced cho- 
lesterol (170 mg/dL), lowest with fastest-growing tumors, 
especially pancreas, larynx, esophagus, leukemia, stomach, 
and colon (42). A 10-year study of a 39 000 patient cohort 
in Finland found an inverse cancer-cholesterol correlation, 
especially stomach and lung, during the first years of 
followup (43). The lowest quintile of serum cholesterol 
among 160 000 men and women corresponded to elevated 
cancer of the lung, prostate, and colon for men and breast, 
uterus, colon, and lung for women during the first two 
years after cholesterol measurement (44). Among 3805 
hyperlipidemic men there was a drop in serum cholesterol 
between 8 months and 2 years prior to diagnosis (45).  
Among 10 295 men and women followed for 14 years, there 
was a sharp rise in cancer mortality at  the lowest cholesterol 
level, greatest at  <5 years followup and for older people 
(46).  A similar observation was made in a cohort of 7478 
men followed 17-20 years in which the inverse cancer- 
cholesterol correlation was diminished but not completely 
eliminated when deaths during the first five, and even 
more so 10, years were excluded (47) .  An inverse asso- 
ciation was observed between serum cholesterol and colon, 
but not rectal, cancer in 7926 Japanese-American men 
over a 20-year span, more pronounced <lo  years than > 10 
years before diagnosis, in the order Dukes B > C > A, D. 
The risk doubled for cholesterol e180 vs >200 mg/dL (48).  
In the MRFIT trial, 350 977 men were followed 1 2  years 
after cholesterol determination. Low cholesterol was 
associated with cancer of the liver, pancreas, lung, lym- 
phatic, and hemopoietic systems, the association fading 
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procedure which, however, gives lower carrying power (5- 
10 molecules drug/LDL particle) and drug yield (2.5%). 
There is greater carrying power (70 molecules/LDL) with 
the oleyl N-methylellipticinium 9-ester (89) and still 
greater (400 molecules) with improvements in reconsti- 
tution technique(90). 

Drugs can be chemically linked to LDL (81,91). This 
has the advantage that leakage will not occur. However, 
the carrying power is limited, and increasing the load 
reduces binding to the LDL receptor, presumably because 
derivatization of Apo B alters it. Also, unless the drug is 
released efficiently after endocytosis, its cytotoxic power 
may be lowered (91). Boronated LDL has been made, 
carrying enough boron for boron neutron capture therapy 
(921, but there are no data on receptor-negative cells or 
competition with native LDL. 

Finally, drugs can be associated with LDL by mixing 
them together in various ways. The advantage is that 
these procedures are very simple. The disadvantages can 
be low drug loading and leakage of drug from the complex, 
probably because some of it remains in the surface layer 
of the LDL and does not reach the core. LDL can be 
mixed directly with the drug (23,93-951, with the drug as 
adry film (96) (40 drug molecules/LDL can be incorporated 
but 78% is easily released in serum) (93,  or with a drug- 
cholesteryl ester microemulsion (88,89,98). Facilitated 
transfer (99) using natural transfer proteins has been tried 
(5, loo), giving 18 molecules/LDL (87). 

CYTOTOXICITY OF LDL-DRUG CONJUGATES 

The first cytotoxic compound incorporated into LDL 
was 25-hydroxycholesteryl oleate, in 1978 (101). This was 
followed by pyrene-cholesteryl oleate, a photosensitizer 
(102). 

We reported in 1984 a series of antitumor compounds 
reconstituted withLDL by the original method (103). Some 
compounds failed to reconstitute, others leaked out of the 
r-LDL, and still others reconstituted stably but had 
insufficient killing power. Two LDL anchors were required 
to prevent leakage. One drug, known as “compound 25”, 
met all criteria in that it afforded stable r-LDL that killed 
all the target cells a t  reasonable r-LDL concentrations, 
while r-Me-LDL was not cytotoxic. Excess native LDL 
abolished cytotoxicity. The results were the same in other 
hands using reconstitution by the microemulsion (104), 
but not the modified sucrose technique (105), presumably 
because less drug is carried when not all the core is removed. 
An increase in cytotoxicity was needed, and this has now 
been achieved in compounds 1 and 2 (1061, which have 
twice the number of warheads and twice the killing power. 
Apparently, in compound 25 the limit of enzymic car- 
bamate-hydrolyzing power had been reached. 

RECONSTITUTION OF LDL WITH CYTOTOXIC 
DRUGS 

In order to kill tumors with drugs that are targeted in 
LDL, the drugs must somehow be bound to the LDL in 
such a way that (1) they cannot escape from it while 
traveling in the blood enroute to the tumor, (2) their 
cytotoxicity is chemically or physically masked while LDL- 
bound, and then restored after entering the target cells, 
(3) in quantity X killing power there is enough drug to kill 
cancer cells contained in the reconstituted LDL (r-LDL), 
whose uptake is limited by the number of LDL receptors 
on the tumor cells and their rate of internalization, and 
(4) the presence of Apo B and its binding power to LDL 
receptors are retained. The ability of the drug, once 
released from its carrier, to escape from lysosomes must 
also be taken into account (76). 

Association of a drug with LDL may be stable or 
unstable. Any or several of the following experiments must 
therefore be done to ensure that the drug enters cells only 
viaLDL receptors. (1) Receptor-positive but not receptor- 
negative cells should be killed. (2) r-Me-LDL should be 
taken up by scavenger receptors (e.g., on macrophages) 
but not normal ones. Scavenger receptors take up 
damaged (methylated or acetylated) rather than normal 
LDL. Macrophages have many more scavenger than 
normal LDL receptors. (3) Saturability of uptake can be 
demonstrated by blockading LDL receptors with native 
LDL. It  should reduce r-LDL uptake and cytotoxicity, 
while Me-LDL should not. (4) Cytotoxicity in vitro may 
be stronger with r-LDL than with free drug, although this 
is not necessarily the case. In vivo results must be 
interpreted with care, since even leaky r-LDL might be 
superior to free drug given as a bolus, if leakage is slow 
and steady (depot effect). (5) Benzyl alcohol inhibits LDL 
uptake and is therefore a possible test for the mechanism 
of killing (77). 

The first published procedure was that of Krieger, in 
which LDL is isolated, lyophilized on potato starch, 
stripped of its core by heptane extraction, and reconsti- 
tuted by adding the drug in a nonpolar solvent which is 
then evaporated and replaced with aqueous buffer (78). 
Lipophilic groups (“LDL anchors”) on the drug, such as 
oleyl, linoleyl, retinyl, or cholesteryl, are required for 
successful, stable reconstitution (79). Since the entire core 
(which stabilizes the particle) is replaced, there is little 
tolerance for nonoptimal (Le., poorly anchored) structures, 
but the carrying power of the r-LDL is high. The principal 
problems are imperfect anchoring, which leads to leakage 
of the drug from the r-LDL or failure to reconstitute 
altogether, and the creation of aggregated r-LDL, which 
is rapidly cleared by the reticuloendothelial system (RES). 
Contamination by aggregate therefore requires an extra 
step to remove it and lowers the yield (80). 

The Masquelier procedure (81) differs in that sucrose 
is substituted for starch, and the core is not discarded. 
This makes for easier reconstitution without aggregation, 
and the r-LDL’s pharmacokinetics are close to that of 
native LDL, but its carrying power for drug is lower. 

In a more drastic process, LDL is taken apart with 
detergent (sodium deoxycholate, SDOC) and the Apo B 
reconstituted with drug and EPC (egg phosphatidyl 
choline) into a microemulsion. Yields and carrying power 
are high (82-86). In a comparison of these three procedures 
by another group, the first was favored (87). 

A modified microemulsion technique has been described 
by Samadi-Boboli and co-workers (88). 9-Methoxyellip- 
ticine-cholesteryl oleate-DMPC (dimyristoyl phosphati- 
dyl choline) microemulsion is incubated with LDL, a simple 

“Cpd 25“: n=l, R=H 
1 : n=l, R=CHzOCON(CH,CH,Cl), 
2 : n=3, R=CH,OCON(CH,CH,Cl), 

In addition to compound 25, Lundberg has also recon- 
stituted prednimustine in a microemulsion, achieving 338 
molecules/Apo B in particles 2.5X the diameter of native 
LDL that were stable for months (86). Activity was ca. 
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1.5X free drug, with the difference greatest at  low 
concentration. Receptor-negative cells were not used. 

Using their own modified method (Masquelier’s) ( 8 0 ,  
Vitols et  al. reconstituted LDL with the water-insoluble 
drug WB 4291 (1- Ibis( 2-chloroethyl)aminol-3-methyl- 
naphthalene), incorporating 1500 molecules/LDL (1 07). 
This r-LDL showed receptor-mediated cytotoxicity in vitro 
in that native but not methylated LDL abolished cyto- 
toxicity. Normal (receptor-positive) more than mutant 
(receptor-negative) cells were killed, but since the IDSO 
ratio was only 1:3, some leakage of drug out of the r-LDL 
was indicated. Clearance time in rabbits was longer for 
this r-LDL than that made by the Krieger (78) method. 
Median survival time (MST) of leukemic mice was 
prolonged 2.5X ip-ip with 40% survivors, but MST was 
increased only 1.42X iv-iv. LDL reconstituted with AD- 
32 (400-500 molecules/LDL) by Krieger’s method was 
taken up via LDL receptors, but leaky (108). Stability of 
the r-LDL was improved with combined linoleyl and retinyl 
anchors (100-200 molecules/LDL), giving rise to selectivity 
and cytotoxicity (109). 

Soula’s group reported binding and degradation of 
r-LDL bearing N-methylellipticinium-9-oleate to be nor- 
mal, saturable, and blocked by native but not Me-LDL 
(89). Macrophages absorbed r-LDL and LDL equally, and 
much less than acetyl-LDL, indicating normal behavior 
for the r-LDL. Drug uptake in r-LDL exceeded that of 
free drug. Cytotoxicity to L1210 was dose-dependent, 
greater than that of free drug, and blocked by native but 
not Me-LDL. Receptor-negative cells were not used. Loss 
of free drug in human serum plateaued a t  10%. These 
results show uptake of r-LDL via LDL receptors, but do 
not rule out some leakage. 

Uptake, cytotoxicity, and intracellular distribution of 
an LDL-daunomycin (DNM) complex (made by simple 
mixing) by lung cancer cells was equal to that of free DNM, 
although intracellular metabolism of DNM from the 
complex was slower, possibly because the presence of LDL 
upset lysosomal digestion of DNM; comparison with free 
DNM + LDL was not made (23). Receptor-mediated 
uptake of LDL-DNM was not demonstrated, either by 
suppression with free LDL or by lack of uptake by receptor- 
negative cells, so that leakage of DNM from the complex 
before uptake is possible. 

An estramustine-LDL complex (110) made by Mas- 
quelier’s procedure (81) (modified), containing 143 drug 
molecules/LDL, was lOOX less active than free drug against 
two cell lines, with no effect of native LDL (110). Dose- 
response persisted above LDL receptor saturation. Thus, 
nonspecific uptake of the complex or free drug played a 
major role. Similarly, prednimustine-LDL (163 mole- 
cules/LDL) had 1OX less cytotoxicity than free drug, not 
affected by native LDL (111). Conclusions are similar. 

Dioleyl floxuridine, incorporated into r-LDL by Krieg- 
er’s method (50-70 molecules/LDL), was taken up by Hep 
G2 cells via LDL receptors (although leakage was not ruled 
out) and had a serum half-life shorter than native but 
>6-9X longer than free drug (87). 

Vincristine-LDL (VC/LDL), prepared by Masquelier’s 
method, has been given to nine patients with ovarian or 
endometrial carcinoma (112). Uptake of r-LDL by the 
liver and adrenals was suppressed with chenodeoxycholic 
acid and prednisolone, respectively (uide infra). Side 
effects were peripheral neuropathy/paraesthesia (mild to 
severe, said to be less than with VCSOl alone), abdominal 
pain, and significant alopecia, showing that some if not 
most of the VC probably leaked out of the r-LDL. This 
is not surprising since VC has no good LDL anchors. 
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LDL can also be used to target photosensitizing drugs 
(1 13,114). Cytotoxicity then ensues only after irradiation. 
This has two potential advantages: toxicity can be 
postponed until after non-tumor-bound drug has been 
cleared from the body, and if the sensitizer operates 
catalytically, less drug is needed. In the first example, 
pyrene-cholesteryl oleate was targeted in r-LDL, exclu- 
sively via LDL receptors since receptor-negative cells were 
not harmed, inducing cell death after irradiation a t  300- 
400 nm (115). Porphyrins can be associated with LDL 
(130-250 molecules/LDL) without inhibiting LDL receptor 
binding (116) or processing (117), and uptake can be 
enhanced 1.5-1.8X by lovastatin, which upregulates LDL 
receptors by inhibiting cholesterol biosynthesis (118). A 
porphyrin derivative (BPD), associated with LDL by 
simple mixing, catalyzed photodynamic killing of cells 7X 
better than BPD alone a t  37 “C, and 6X better than a t  4 
“C showing the importance of internalization (119). 
However, porphyrins can exchange between LDL, other 
phospholipids, and cell membranes, reducing the targeting 
specificity. This might lead to long-lasting photosensi- 
tivity in patients (1 13). In vivo, hematoporphyrin is carried 
to a mouse tumor by LDL (120). Mixing LDL with BPD 
before injection improves the antitumor effect of light 
(121). 

UP- AND DOWNREGULATION OF LDL RECEPTORS 

It  is desirable to deliver the drug only to the tumor and 
to exclude it from nontumor sites. However, competing 
with the tumor for r-LDL are normal tissues and organs, 
particularly the liver because of its size and LDL receptor 
content, and the adrenals whose uptake/g is particularly 
high. Since the drugs to be targeted have some selectivity 
toward cancer cells, normal organs can take some hits, but 
protection of the liver and adrenals is nevertheless 
desirable. Bile acid feeding suppresses hepatic LDL 
receptor activity in dogs (1221, and a key paper reports 
that feeding of sodium taurocholate and hydrocortisone 
sodium succinate to tumor-bearing mice reduces LDL 
uptake in the liver by 36 % and in the adrenals by 59 % , 
with insignificant reduction in uptake by the tumor (123). 
Also reported to downregulate the liver’s uptake of LDL 
are feeding saturated fats (1241, cholesterol with hydro- 
genated coconut oil (124), and fasting (125) which is said 
to downregulate LDL receptors on healthy but not tumor 
cells (5). 

Another strategy for protecting the liver is based on the 
fact that normal LDL receptors do not bind to Ac-LDL, 
Me-LDL, or oxidized LDL (Ox-LDL), which instead are 
avidly taken up via scavenger LDL receptors, e.g., by 
macrophages (vide supra). Cholesterol liberated from Ac- 
LDL after endocytosis via scavenger receptors enters the 
metabolically active pool (126) and thus presumably 
functions normally in downregulating LDL receptor 
expression. Therefore, I propose that the liver, which is 
rich in scavenger (on sinusoidal epithelial and Kupffer 
cells) (127) as well as normal LDL receptors, might be 
downregulated by cholesterol-loaded Ac-LDL, Me-LDL, 
or Ox-LDL which would not downregulate LDL receptor 
expression on tumor cells. Sinusoidal epithelial cells of 
the spleen, bone marrow, adrenals, and ovaries also take 
up Ac-LDL (127) and might be downregulated at  the same 
time. 

Another way of protecting the adrenals arises from the 
fact that angiotensin I1 increases their LDL uptake and 
receptor number (128). I suggest that ACE inhibitors, 
which prevent angiotensin I1 formation, might then reduce 
LDL uptake by the adrenals. 
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down in the lumen or gut rather than lysosomes (155). 
Trichomonas vaginalis, a common human parasite, has 
high LDL requirements (156). Leishmania amastigotes 
residing in macrophages are killed 3X more efficiently by 
methotrexate (MTX)-maleyl BSA, via the Ac-LDL re- 
ceptor, than by free MTX (157). 

CONCLUSION 
In order to successfully treat cancer by means of LDL- 

mediated drug targeting, it is necessary to develop a 
method of securely associating drugs with LDL in such a 
way that they are released inside, and only inside, the 
target cells, find drugs potent enough to kill tumor cells 
when delivered in this way, and work out reliable and 
convenient ways to delipidate patients. All these things 
separately have been accomplished, if not to perfection at 
least in a practical way. Therefore, the path is now open 
to human trials. Although numerous potential tumor 
targets have already been identified, and presumably 
others yet unidentified will be uncovered, it seems to me 
that the best opportunity for the first strike is against a 
hematological malignancy such as AML because cure is 
presently very difficult, access of r-LDL to the target cells 
is unimpeded, and LDL uptake by this particular tumor 
is especially high. 
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up LDL via specific and saturable binding, breaking it 
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The blood-brain barrier (BBB) is impermeable to IgG. Therefore, a delivery strategy has to be applied 
in order to use monoclonal antibodies (mAb) as diagnostic or therapeutic agents in the brain. I t  has 
been demonstrated that cationization of IgG allows for the BBB penetration following peripheral 
administration. A cationized mAb against PA4-amyloid could be a sensitive and specific diagnostic tool 
for Alzheimer's disease (AD). The site-protected cationization and radiolabeling with lllIn of the specific 
anti @-amyloid mAb, AMY33, is described. The binding affinity of the antibody was retained after these 
procedures (& = 3.1 f 0.5 nM), as determined by solid-phase immunoradiometric assay and 
immunocytochemistry on AD brain sections. The in vitro binding by isolated brain capillaries indicated 
that the cationized antibody may be delivered to the brain in vivo. The ability of the modified antibody 
to detect cerebral &amyloid deposits in vivo can now be evaluated using single photon emission computed 
tomography (SPECT) and a suitable animal model for cerebral amyloidosis, such as non-human primates 
or aged canines. 

INTRODUCTION 

Vascular amyloid deposits and senile plaques are among 
the neuropathologic hallmarks of Alzheimer's disease 
(AD).2 The main constituent of these lesions is the 39-43 
amino acid 4.2 kD @ amyloid protein (pA4), which was 
originally characterized from meningeal blood vessels (1) 
and subsequently found in senile plaques (2)  and cerebral 
cortical microvessels (3) .  It  is derived from the amyloid 
precursor protein (APP) (4) ,  and PA4 derivatives are 
released in small quantities into biological fluids (plasma, 
cerebrospinal fluid) in vivo (5 ) .  The APP consists of 695- 
770 amino acids depending on whether the APP isoform 
contains a Kunitz protease inhibitor-like insert. Soluble 
forms of APP are released from the membrane-bound APP 
pool, but these soluble forms do not contain the intact 
PA4 peptide moiety, which is found in the full-length form 
of membrane-bound APP. The measurement in CSF of 
the nonamyloidogenic, secreted form of APP, which 
appears to be the main product of physiologic APP- 
processing, has recently been suggested as a potential 
diagnostic test for AD (6 ,7) .  However, despite the central 
role played by PA4 amyloid deposition in the etiology of 
Alzheimer's disease (491,  there is currently no noninvasive, 
in vivo diagnostic test for the presence of amyloid deposits 
within the central nervous system. 
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The availability of highly specific anti-PA4 monoclonal 
antibodies (10-13) suggests their use in a diagnostic method 
such as radioimmunoimaging, analogous to the immun- 
oscintigraphic methods in tumor diagnosis (14). Such a 
diagnostic method can be expected to be more specific 
and sensitive for AD than clinical criteria (15) or, e.g., the 
currently evaluated measurement of regional cerebral 
blood flow using 99mTc-HMPA0 single photon emission- 
computed tomography (SPECT) (15,16).  However, not 
only parenchymal PA4 but also the cerebrovascular 
amyloid are localized beyond the endothelial cells of 
cerebral vessels ( I  7), which comprise the blood-brain 
barrier (BBB) in vivo. Despite the demonstration of 
morphologic alterations of the BBB in AD (18,19), there 
is no convincing functional evidence for a significant 
leakiness of the BBB in this disease (19,20). Therefore, 
it cannot be anticipated that native antibodies or even 
Fab fragments will be useful in AD radioimaging (13), 
owing to the negligible transport of proteins through the 
brain capillary endothelial wall. On the other hand, it has 
been demonstrated that cationization of IgG allows for 
brain delivery of antibodies via absorptive-mediated trans- 
cytosis through the BBB following peripheral adminis- 
tration (21, 22). In the present paper we describe the 
cationization and in vitro characterization of the specific 
anti-PA4 monoclonal antibody, AMY33 (1 1). The cation- 
ized antibody was then radiolabeled with an isotope suit- 
able for SPECT, namely ll1In. The BBB permeability of 
the labeled cationized antibody was evaluated in vitro by 
measuring the uptake by isolated bovine brain capillaries, 
which represent an in vitro model of the BBB (23, 24). 

EXPERIMENTAL PROCEDURES 

Materials. /3A41-28 corresponding to the first 28 amino 
acids of the P-amyloid sequence as reported by Masters 
et al. (2) was synthesized using solid-phase methodology 
by the UCLA Peptide Synthesis Facility. Chromato- 
graphically purified mouse IgG (mIgG) and the mouse 
IgG1, mAb MOPC21 was purchased from Cappel 
(Durham, NC). Chloramine T was from MCB Reagents 
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(Cincinnati, OH). Cla-Sep Pak cartridges and Ultra-free 
30 000 PLTK filtration units were obtained from Millipore 
(Bedford, MA). Superose 12HR fast protein liquid 
chromatography (FPLC) columns, protein G-Sepharose 4 
fast flow, and ampholine PAG plate (pH = 3.5-9.5) 
isoelectric focusing (IEF) gels were purchased from 
Pharmacia (Piscataway, NJ). Maxisorp break-apart mod- 
ules were obtained from Nunc (Naperville, IL). Bio- 
tinylated horse anti-mouse IgG and Vectastain ABC-elite 
reagents were obtained from Vector Labs (Brulingame, 
CA). Na125I was purchased from Amersham (Arlington 
Heights, IL) and "lInC13 from New England Nuclear 
(Boston, MA). Hexamethylenediamine (HMD) and di- 
ethylenetriaminepentaacetic acid (DTPA) cyclic dianhy- 
dride were from Aldrich Chemical Co. (Milwaukee, WI). 
Centricon concentrators were supplied by Amicon (Dan- 
vers, MA). N-Ethyl-" [3-(dimethylamino)propyl]carbo- 
diimide (EDC), Pristane, and all other reagents were 
obtained through Sigma Chemical Co. (St. Louis, MO). 
Female BALB/c mice were obtained from the Department 
of Laboratory Animal Medicine (UCLA). 

Production of AMY33 Antibody. Pristane primed 
female BALB/c mice received lo7 AMY33 hybridoma cells 
per animal ip. The IgG fraction was purified from the 
harvested ascites by affinity chromatography on a protein 
G Sepharose 4 fast flow affinity column. The antibody 
was eluted from the affinity column with 0.1 M glycine a t  
pH 2.5 and immediately neutralized to pH 7 with 1 M Tris 
base. The elution from the column was monitored at  280 
nm, and the IgG-containing fractions were pooled and 
dialyzed against 20 mM phosphate bufferi0.15 M NaCl 
(PBS, pH = 7.4). Protein was measured by the method 
of Lowry (25), and SDS-PAGE of the purified mAb was 
performed under reducing conditions followed by Coo- 
massie blue staining. The nonspecific control IgGl 
antibody, MOPC21, was similarly affinity purified from 
ascites on protein G sepharose. 

Cationization of IgG. The cationization, as developed 
for albumin (24) and bovine IgG (211, was modified for the 
present experiments as follows: the IgG (AMY33, 
MOPC21, or nonimmune, chromatographically purified 
mouse IgG) was used at  a concentration of 1 mg/mL in 20 
mM PBS (pH = 7.4). Solutions of EDC (100 mg/mL, 0.52 
M) and 2 M HMD were prepared in H20. The HMD 
solution was adjusted to the desired pH for the cation- 
ization with concentrated HC1. The known amino acid 
composition of MOPC21 (26) was used to estimate the 
number of acidic amino acids (Asp, Glu) in the IgG 
molecules. There are 120 Asp and Glu residues per 
MOPC21 molecule. HMD and EDC were added to the 
IgG to give final molar ratios in the reaction mixture of 
HMD/EDC/COOH groups of 200:7:1 or 1000:35:1, respec- 
tively. The pH was adjusted to values of 7.8,6.8, and 6.0 
with 1 M HC1. Cationization was performed with or 
without site protection. Cationization under site protec- 
tion of the antibody was performed after an overnight 
preincubation of AMY33 in PBS, pH 7.4, with a 10-fold 
molar excess of the synthetic peptide PA41-28 at  4 "C. For 
purification, the crude pA41-28 peptide had been dissolved 
in 90% formic acid and evaporated to dryness. It was 
then redissolved in 5 M guanidine/l M acetic acid and 
injected onto a reversed-phase HPLC column (Vydac Cq, 
10 X 250 mm). Elution was performed with a linear 
gradient of acetonitrile in 0.1 7c trifluoroacetic acid at  a 
flow rate of 3 mL/min and was monitored at 214 nm. The 
peptide peak was pooled and lyophilized. The purity of 
the HPLC-purified peptide has previously been confirmed 
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by amino acid sequencing (27). In addition, HPLC analysis 
following radioiodination yields a single, sharp peak (27). 

The cationization was allowed to proceed for 3 h a t  room 
temperature under constant mixing, after which the 
reaction was quenched by the addition of a 20-fold (relative 
to EDC) excess of glycine (1 M in HzO, pH = 6.0 with 
HCl), followed by incubation for 1 h a t  room temperature. 
The final reaction volume was then adjusted to pH 2.5 
with 1 M HC1, filtered, and injected onto a Superose 12HR 
FPLC column. The elution was performed with 0.1 M 
glycine at  pH 2.5 a t  a flow rate of 0.5 mL/min. Elution 
under acidic conditions is required to separate the 
cationized AMY33 and the pA41-28 peptide. The elution 
was monitored at  280 nm, and the fractions corresponding 
to the molecular weight of IgG were immediately neu- 
tralized by the addition of an appropriate volume of 1 M 
Tris base. Isoelectric focusing (IEF) on polyacrylamide 
slab gels was used as described (21) to determine the 
isoelectric point (PI) of the native and cationized IgGs. 

Solid-Phase Immunoradiometric Assay (IRMA). 
The binding affinity of the native and cationized antibodies 
to pA41-28 was tested in a solid-phase IRMA. The binding 
of lz51-labeled AMY33 to the peptide antigen, which was 
absorbed to the surface of polystyrene microtiter wells, 
was competed with increasing concentrations of unlabeled 
IgG. Native AMY33, cationized AMY33 with and without 
site protection, native MOPC21, and cationized MOPC2l 
in concentrations between 0 and 67 nM were used as 
competitors. HPLC-purified /3A41-28 was coated to NUNC 
Maxisorp microtiter wells overnight at 4 "C with 50 pL 
per well of a 10 pg/mL peptide solution in 0.1 M NaHC03 
at  pH 9. The peptide solution was removed by aspiration. 
Blocking of nonspecific binding was performed by incu- 
bating the wells for 2 h at  room temperature with an 
aqueous 0.25% polylysine (126 kDa) solution. The wells 
were then washed three times with 200 pL of 10 mM PBS 
(pH = 7.4). 

Iodination of native AMY33 was achieved with a 
chloramine T technique: 20 l g  (0.13 nmol) of IgG in 50 
mM PBS (pH 7.4) was labeled with 0.5 mCi Na 1251 by 
addition of 2 X 0.85 nmol chloramine T in 1-min intervals. 
The total reaction volume was 40 pL. The reaction was 
stopped by addition of 2.5 nmol of NazSz05 in 10 pL of 
HzO. The iodinated antibody was purified by gel filtration 
on a 0.7- X 28-cm Sephadex G25 column and eluted with 
50 mM PBS containing0.01'36 bovine serum albumin. The 
specific activity of the tracer was calculated as 500 Ci/ 
mmol. 

For the binding experiments, the tracer was diluted to 
50 000 dpm per 50 pL (0.9 nM) in assay buffer (PBS with 
0.5% gelatin, 0.1 % Tween 20 and 10 U/mL heparin) and 
incubated in the microtiter wells in the presence or absence 
of unlabeled competitors overnight a t  4 "C. After aspi- 
ration of the tracer solution, the wells were washed five 
times with 200 pL of PBS, and the bound radioactivity 
was counted in a y-counter. The binding data were 
expressed as fraction of total tracer bound to the wells 
and were evaluated by nonlinear regression analysis. The 
computer program used for the regression analysis employs 
the BMDP 3R program (28). It was developed for the 
evaluation of ligand binding assays, and one specific 
binding site and nonspecific binding was assumed (29). 
Nonspecific binding and binding capacities were assumed 
to be independent of the ligand species but were rescaled 
within each experiment to account for minor differences 
in antigen plating density of the microtiter wells between 
assays. 

Immunocytochemistry on Alzheimer's Disease 



Cationized Monoclonal Antiamyloid Antibody 

Brain Sections. Immunocytochemistry on 5-pm paraffin 
sections of human AD brains were performed as described 
(30). Following deparaffinization in xylene and decreasing 
ethanol steps, the slides were incubated in 90% formic 
acid for 15 min followed by a tap water rinse (10 min) and 
treatment with 0.3 % H202 and again tap water for 5 min. 
After 5 min in TBS (50 mM Tris, pH 7.4,0.9% NaCl), the 
sections were covered with 3% normal horse serum for 
30 min. The excess serum was blotted from the sections, 
and the primary antibody was applied for 90 min at  room 
temperature in concentrations of 5,20, and 100 pg/mL in 
TBS. Biotinylated horse anti-mouse IgG was used as 
secondary antiserum at  a concentration of 50 pg/mL for 
30 min. The avidin-biotin-peroxidase complex (Vectastain 
ABC-Elite) was used according to the manufacturer's 
instructions. 3-Amino-9-ethylcarbazote (AEC) was used 
as a chromagen. 

DTPA Conjugation of Antibodies and Labeling 
with "'In. A modification of the method described by 
Sakahara et al. (31) was used. Native and cationized 
antibodies were dialyzed against 0.1 M NaHC03 and 
adjusted to a concentration of 1 mg/mL. DPTA cyclic 
dianhydride was dissolved in DMSO (5 pmol/mL) and 
added to the antibodies in a 30:l molar excess. After 60 
min at  room temperature, the free, unconjugated DTPA 
was removed by repeated ultrafiltration on Centricon 30 
filtration units (molecular weight cutoff 30 kDa). The 
initial reaction volume was concentrated to 10 % , diluted 
10-fold with 0.2 M Na citrate, and again concentrated to 
10%. The DTPA-conjugated IgG was finally taken up 
into 0.2 M Na citrate a t  a concentration of 1 mg/mL. 5 
mCi of ll1InC13 was diluted in 500 pL of Na-citrate and 
added to the DTPA-conjugated antibody (200-300 pg of 
IgG). After 60 min at  room temperature, free lllIn was 
removed by ultrafiltration on Centricon 30 concentrators 
as described above. 0.9 % NaCl with 0.1 % bovine albumin 
was used as a washing fluid. 

Binding Studies with Isolated Bovine Brain Cap- 
illaries. Bovine brain capillaries were isolated by a 
mechanical homogenization technique as described (32). 
The cortex of fresh bovine brains was scraped off after 
removal of the pial membrane. Following addition of a 
&fold volume excess of Ringer-HEPES buffer (10 mM 
HEPES, 151 mM NaC1, 4 mM KC1, 2.8 mM CaC12) 
containing 1% BSA, the tissue was homogenized with a 
hand-held Teflon homogenizer. The homogenate was then 
suspended in an equal volume 26% dextran (molecular 
weight = 60-90 kDa), followed by centrifugation at  5800g 
for 15 min at  4 "C. The vascular pellet was resuspended 
in buffer, and the microvessels were purified from nuclei 
and red cells by filtration over a 210-pm nylon mesh and 
passage over a glass bead filtration column. The mi- 
crovessels were finally resuspended in 0.25 M sucrose with 
0.02 M Tris (pH = 7.4) containing 2 mM dithiothreitol 
and stored in liquid nitrogen. The binding assays were 
performed as described (21). Isolated capillaries corre- 
sponding to approximately 200 pg of protein were incu- 
bated in a final volume of 450 pL of Ringer-HEPES buffer 
and 1 % BSA with 40 000 cpm radiolabeled antibodies a t  
37 "C for incubation times from 5 s to 30 min. At  the end 
of the incubation, the mixture was microfuged at  lOOOOg 
for 45 s. The supernatant was discarded, and the capillaries 
were solubilized in 0.5 mL of 1 M NaOH. Bound radio- 
activity was measured in a y counter, and protein meas- 
urements were performed by the method of Lowry (25). 

RESULTS 
A total of 50 mg of AMY33 antibody was obtained by 
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Figure 1. Coomassie blue staining of a polyacrylamide isoelectric 
focusing gel showing different degrees of cationization of AMY33 
(lanes 3 and 4) as obtained by the reaction conditions indicated 
in the inset. The molar ratios are based on the amino acid 
composition of the mIgGl mAb, MOPC21, and refer to the 
number of Asp and Glu residues in the antibody. The reaction 
time was 3 h a t  room temperature. PI standards (lane l), native 
AMY33 (lane 2). 

mL of ascites fluid produced in nine mice. SDS-PAGE 
confirmed the purity of the IgG by the demonstration of 
two sharp bands representing the heavy and light chain. 
The isoelectric points (PI) of native and cationized AMY33 
are shown in the IEF in Figure 1. Native AMY33 yielded 
two bands corresponding to a PI of approximately 7. 
Cationization at pH 7.8 with a 2007:l molar ratio of HMD/ 
EDC/COOH groups did not result in detectable cation- 
ization (data not shown). At  pH 6.8 and with the same 
molar ratios, a partial cationization was observed with PI 
values ranging from 7 to 8. In contrast, molar ratios of 
100035:l (HMD/EDC/COOH groups) at pH 6.0 led to a 
homogeneous cationization resulting in a PI of 9 (lane 4 
in Figure 1). These reaction conditions were applied in 
the subsequent experiments for AMY33, MOPC21, and 
the chromatographically purified mIgG. Cationization 
with or without site protection resulted in identical PI 
values. Native MOPC21 had a PI value of 6.5 and was 
cationized to a PI of > 9.5. Purified mIgG from mouse 
serum displayed a broad PI range between 5.5 and 7.5, 
which was converted by cationization to a homogeneous 
band corresponding to a PI of > 9.5. Purification of 
cationized AMY33, MOPC21, and mIgG on Superose 
12HR did not reveal the presence of a significant peak in 
the high molecular weight range, indicating that there was 
no formation of high molecular weight aggregates due to 
the cationization procedure. 95% of the IgG eluted in a 
peak between 12 and 15 mL, corresponding to the retention 
volume of native IgG, as determined in standard chro- 
matograms. In the case of the site-protected cationization 
of AMY33, the gel filtration chromatography also provided 
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(Figure 3B), and the immunocytochemical results obtained 
with the derivatized AMY33 were nearly identical to those 
described earlier with native AMY33 ( 1 1 ,  33). When 
compared to native AMY33, the staining intensity was 
slightly decreased. A concentration of 20 pg/mL of 
cationized AMY33 resulted in the same staining intensity 
as a concentration of 5 pg/mL of native AMY33. There 
was a moderate increase in diffuse nonspecific background 
staining with the cationized AMY33 (Figure 3B). A 
comparable level of nonspecific background staining was 
present in control sections stained with the DTPA- 
conjugated cationized mIgG. However, the nonimmune 
mIgG did not label any amyloid deposits. 

Incubation with lllh-labeled cationized AMY33 and 
cationized nonimmune mIgG with isolated bovine brain 
capillaries resulted in a time-dependent increase in tracer 
binding to the capillaries as compared to the native 
antibody (Figure 4). After 30 min, 71 % of the cationized 
mIgG and 26% of the cationized AMY33 were bound per 
mg protein compared to 6% of the native AMY33. 

A SOLID-PHASE IRMA 
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Figure 2. (A) Principle of the solid-phase IRMA used for the 
measurement of the binding affinity of native and cationized 
AMY33. (B) Competition curves in the solid-phase IRMA for 
12SI-AMY33 binding to synthetic pA41-28 peptide. SP and NSP 
refer to cationization of AMY33 with or without site protection, 
respectively. IgGl refers to the mAb MOPC21. Data points are 
means of duplicates, and the curves were fitted by nonlinear 
regression analysis. 

an efficient separation from the low molecular weight 
antigen /3A41-28, which eluted in a retention volume of 19 
mL. 

Figure 2A shows the principle of the solid-phase IRMA, 
and Figure 2B shows the competition curves of native 
AMY33, cationized AMY33, and control antibody, MOPC- 
21. The & of native AMY33 was 1.36 f 0.26 nM. 
Cationization of AMY33 with and without site protection 
resulted in Kd values of 3.06 f 0.49 nM and 4.20 f 0.67 
nM, respectively. Neither native nor cationized MOPC21 
inhibited the specific binding of the l25I-AMY33 tracer 
within the covered concentration range. 

111In labeling of the DTPA conjugated native and 
cationized antibodies resulted in specific activities of 1.5 
mCi/nmol IgG. Challenge of the complex binding of lllIn 
with an 18 000-fold molar excess of EDTA, followed by 
ultrafiltration on Ultrafree 30 000 PLTK filters, resulted 
in the recovery of less than 2.5% of the radioactivity in 
the ultrafiltrate. 

Immunocytochemistry on AD brain sections with the 
native AMY33 antibody resulted in a strong specific 
staining of vascular amyloid deposits a t  all three concen- 
trations of antibody used in these experiments. There 
was virtually no nonspecific background staining (Figure 
3A). DTPA-conjugated native AMY33 exhibited the same 
specific staining pattern as unconjugated AMY33 at the 
same concentration, indicating that the DTPA conjugation 
had no effect on the binding affinity of the antibody. With 
cationized AMY33 and DTPA-conjugated cationized 
AMY33, the same vascular amyloid deposits could be 
detected on serial sections as with the native antibody 

DISCUSSION 

In the present study the mouse mAb, AMY33, was used, 
which has been raised against a synthetic peptide corre- 
sponding to the first 28 amino acids of the PA4 sequence 
(2) .  The specificity of this antibody for @-amyloid protein 
in neuritic and diffuse plaques and cerebrovascular 
deposits has previously been demonstrated (11, 33). 
Sufficient quantities of the monoclonal antibody for the 
evaluation of the chemical modifications and subsequent 
in vivo studies were produced by ascites generation in 
pristane-primed mice, followed by affinity purification on 
protein G Sepharose. SDS-PAGE confirmed the purity 
of the obtained antibody. 

Cellular uptake of IgG in general and transcytosis 
through the BBB in particular can be considerably 
enhanced by cationization, i.e., an increase of the PI of the 
molecule into the basic range (21,221. Like other cationic 
proteins, such as cationized albumin (241, histone, and 
CD4 (34), cationized IgG penetrates the BBB by absorp- 
tive-mediated transcytosis. Cationized albumin also un- 
dergoes enhanced transport through the blood-cerebro- 
spinal fluid barrier (35). It  is apparently the process of 
cationization which enhances capillary uptake. In our 
experience, the absolute PI value alone is not crucial, but 
rather some structural modification introduced into the 
protein by cationization. As an example, there was no 
cellular uptake of a native mouse mAb generated against 
the ras oncogene, despite a PI of 8.8 (unpublished data). 
Therefore, even naturally basic antibodies cannot be 
expected to show BBB permeability, which may confound 
brain imaging attempts based on unmodified antibodies 
or Fab fragments (13). 

The degree of the cationization involving the conversion 
of EDC-activated carboxyl groups on the protein into 
extended primary amino groups by HMD depends on the 
pH of the reaction (36), the availability of surface carboxyl 
groups (34),  and the molar ratio of the reagents. In order 
to obtain significant cationization of AMY33, which has 
a neutral PI of 7, relatively higher concentrations of EDC 
and HMD and a lower pH value were required compared 
to the cationization of polyclonal bovine IgG (21). The 
number of amino groups added to the antibody molecule 
was not measured in the present study. However, esti- 
mates can be made based on the results obtained with 
another protein. The cationization of rat serum albumin, 
which resulted in a PI shift from 5 to 8.5 (comparable to 
the shift from 6.5 to  >9.5 for MOPC21), introduced 30 
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Figure 3. Immunocytochemistry on serial sections from AD brain with native AMY33 (A) and DTPA-conjugated cationized AMY33 
(B). The arteriole in the center shows circular amyloid disposition. Antibody concentration was 20 pg/mL in both samples. B was 
lightly counterstained with hematoxylin and A is without counterstain. Scale bar = 50 pm. 
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Figure 4. Binding of lllIn-labeled antibodies by isolated bovine 
brain capillaries (approximately 200 pg of capillary protein per 
tube). Time course of the binding of native AMY33, cationized 
AMY33, and cationized nonspecific mIgG in serum-free assay 
buffer. The binding is normalized to percent bound per mg 
capillary protein. Data are means of duplicates, and the SE was 
below 5 5%. 
new primary amino groups as determined with the amine 
detection reagent, 2,4,6-trinitrobenzene sulfonic acid (un- 
published results). 

Because the cationization is a random process which 
could potentially lower the affinity of the antibody in the 
presence of crucial Asp or Glu residues in the antigen 
binding site, the affinity of the cationized antibody has to 
be determined. It was necessary to develop the IRMA 
system with the unlabeled solid-phase absorbed antigen, 
pA41-28, because two alternative systems (solution phase 
RIA and ELISA, data not shown) proved to be unsuitable 
for this purpose. The solution-phase RIA experiments 

showed that AMY33 does not recognize the peptide when 
the peptide is 1251-labeled at  either the TyrlO with 
chloramine T or Lys16 with 1251-Bolton-Hunter reagent. 
Together with the previous finding that AMY33 has no 
cross-reactivity with the peptide fragments P A W 2  and 
PA411-28 (11) and with the fact that post-translational 
modifications of Asp1 or Asp7 of PA4 present in AD brain 
(37) apparently do not affect the recognition of PA4 by 
this mAb, this further proves the high specificity of AMY33 
against the midregion of PA41-28. The ELISA system 
resulted in high nonspecific background levels for the 
cationized IgG. This is due to nonspecific absorption of 
cationized proteins to solid-phase surfaces and has been 
described in other ELISA studies (38, 39). These high 
background levels prevented the quantitative evaluation 
of the ELISA for cationized AMY33. In contrast, non- 
specific binding of the cationized antibody should not 
significantly interfere with the evaluation of the solid- 
phase IRMA as applied here. The unlabeled native or 
cationized antibody competes for binding to the solid- 
phase absorbed synthetic peptide antigen with the iodine- 
labeled native AMY33 tracer. Nonspecific binding of the 
cationized unlabeled competitor would not affect the 
signal, as long as the total free concentration of the 
unlabeled competitor is not significantly lowered. In this 
case, the determination of the Kd value would under- 
estimate the true value. Therefore, the true & value of 
cationized AMY33 could be even closer to the & value of 
native AMY33. Site protection during the cationization 
reaction led to a decreased reduction of binding affinity 
compared to cationization without site protection (& 3.06 
f 0.49 nM versus 4.20 f 0.67 nM, respectively). In any 
case, the dissociation constant in the low nM range of the 
cationized AMY33 demonstrates that it is possible to 
cationize monoclonal antibodies without appreciable loss 
of affinity. Previously, this had only been demonstrated 
for polyclonal antibodies (40, 41). The beneficial effect 
of site-protection has to be evaluated for each individual 
monoclonal antibody. The relatively small & difference 
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between site-protected and non-site-protected cationiza- 
tion of AMY33 may be due to the absence of crucial 
carboxyl side chains in the antigen binding site. Similarly, 
cationization did not decrease the binding affinity of the 
monoclonal antibody MAbll l  against the rev-protein of 
HIV (42), while this procedure lead to a loss of antigen 
recognition of the mAb B72.3, which is directed against 
a colon carcinoma antigen (unpublished observations). 

The choice of "'In as radioisotope was based on its 
photon energy and half-life, which are suitable for SPECT 
imaging (43). Although the liver accumulation of lllIn 
and "'In-labeled antibodies may present problems in the 
imaging of abdominal organs (43), this would not interfere 
with the intended use for brain SPECT. Reaction 
conditions for the DTPA conjugation, such as those applied 
in the present study, have been shown to result in the 
incorporation of approximately one DTPA molecule per 
antibody molecule without affecting the antigen binding 
activity of monoclonal antibodies (31). Immunocytochem- 
istry on AD brain sections provided evidence for retained 
binding affinity of DTPA-conjugated cationized AMY33 
for tissue amyloid deposits. Therefore, the modified anti- 
amyloid antibody not only reacts with the synthetic peptide 
antigen pA41-28 but is also able to recognize the full-length 
PA4 protein, which will be the target in the in vivo 
application. 

Uptake of the radiolabeled antibodies by isolated bovine 
brain capillaries was used as an in vitro model system for 
the BBB uptake of cationized proteins. This system only 
indicates binding to and endocytosis by endothelial cells, 
but not transcytosis. Nevertheless, in all cases of cationized 
proteins investigated so far, isolated capillary studies were 
predictive of BBB transcytosis in vivo (21,24,34,44). The 
species from which the capillaries are isolated appears to 
be unimportant for binding experiments with cationized 
proteins, as can be concluded from studies with cationized 
rat serum albumin and isolated capillaries from rat or 
bovine brain (44). The binding values for native AMY33 
were in the range previously found for native IgG (21), 
and they can be explained by physical trapping of the 
tracer inside the patent vascular lumen (23). The results 
for the cationized AMY33 and the cationized nonspecific 
mouse IgG are consistent with the previous data with lZ5I- 
labeled cationized bovine IgG (21).  The cationized an- 
tibodies showed rapid initial binding to the capillaries 
which approximates a plateau after 30 min. The differ- 
ences in the uptake between cationized AMY33 and 
cationized mouse IgG can be attributed to a higher degree 
of cationization of the latter. Similarly, cationization of 
bovine serum albumin to PI 2 10 resulted in a 5-fold higher 
capillary uptake compared to mild cationization (PI = 8.5- 
9) (24).  The lower in vitro uptake of cationized AMY33 
may, however, not translate into a smaller brain uptake 
in an in vivo experiment. Tissue uptake in vivo is a 
function of both intrinsic organ clearance, represented by 
the permeability surface area (PS) product of the respective 
organ, and of the area under the plasma concentration- 
time curve (34).  Previous studies have shown that highly 
cationic proteins with pI values above 10 are rapidly cleared 
from the plasma compartment. This is mainly due to 
uptake by peripheral organs such as liver, kidney, and 
lung and results in low AUC values (34). 

In conclusion, the lllIn-labeled cationized AMY33 has 
been developed as a tool for radioimmunoimaging of 
cerebral amyloid deposits using SPECT technology. The 
feasibility of the approach may now be evaluated in aged 
canines (45) or nonhuman primates (461, which develop 
brain lesions morphologically equivalent to human AD. 
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Similarly, cationized mAb targeted against other APP 
domains or cytoskeletal proteins found in senile plaques 
of AD (47) may be evaluated as diagnostic tools. Cationized 
proteins administered to humans may be pathogenic based 
on the immunogenicity of these modified proteins (48). 
However, the pathogenicity of cationized proteins has been 
observed in heterologous systems, wherein a protein with 
preexisting immunogenicity is cationized. Our previous 
studies have shown that cationized homologous proteins 
are not pathogenic and are weakly immunogenic (44). 
Therefore, the "humanization" of murine monoclonal 
antibodies prior to mAb cationization may facilitate the 
use of these proteins as neurodiagnostic or therapeutic 
agents in humans (49). 
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Cysteine Analogs of Recombinant Barley Ribosome Inactivating Protein 
Form Antibody Conjugates with Enhanced Stability and Potency in 
Vitro 
Susan L. Bernhard,*J Marc Better,* Dianne M. Fishwild,t Julie A. Lane,t Ann E. Orme,+ 
Darryl A. Garrison,t Cynthia A. Birr,+ Shau-Ping Lei,$ and Stephen F. Carrollt 
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Antibody immunoconjugates were made with native and recombinant forms of the type-I ribosome 
inactivating protein from barley (BRIP) and with three recombinant BRIP (rBRIP) analogs engineered 
to contain a unique cysteine residue near the C terminus (at amino acid 256,270, or 277). rBRIP and 
all three cysteine analogs (rBRIPC256, rBRIPC270, and rBRIPc277) were produced in E. coli, with yields 
of soluble protein as high as 1 g/L, and were as active as native BRIP in inhibiting protein synthesis 
in vitro. Interestingly, the position of the engineered cysteine influenced not only the efficiency of 
conjugation to antibody but also the efficacy and disulfide bond stability of the immunoconjugates. 
AntLCD6 antibody conjugates prepared with native and rBRIP were relatively inactive against antigen- 
positive target cells, while the conjugate made with rBRIPC277 was 5-fold more cytotoxic. AntLCD7 
antibody conjugates made with rBRIPC277 or rBRIPc270 also exhibited improved potency and stability 
compared to the conjugate with native BRIP. These results indicate that engineering a cysteine residue 
into selected positions near the C-terminus of a type-I RIP such as BRIP can improve immunoconjugate 
yield, disulfide bond stability, and potency. 

INTRODUCTION 
Plant leaves and seeds often contain a variety of proteins 

for defense against invasion by pathogens. One class of 
such proteins is the ribosome-inactivating proteins (RIP)' 
which enzymatically inhibit protein synthesis by hydro- 
lyzing a single N-glycosidic bond in the 28 S rRNA of the 
eukaryotic ribosome (1,2). Type-I RIP contain a single 
catalytic subunit (A chain). In addition to an A chain, 
type-I1 RIP contain a cell-binding lectin (B chain). There 
is considerable homology among RIP, especially for 
residues believed to be involved in catalysis (3) .  Best 
characterized of all RIP is the type-I1 protein ricin, and 
the X-ray crystal structure of ricin A chain (RTA) has 
recently been described (3) .  

These naturally occurring cytotoxic agents can be 
chemically coupled to antibodies or other cell-targeting 
agents to generate immunoconjugates capable of selectively 
killing antigen- or ligand-positive cells. Many antibody- 
RIP immunoconjugates have been evaluated i n  vitro and 
in vivo as potential therapeutic agents for cancer and 
autoimmune disease in man (4-7). Typically, such im- 
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Abbreviations: RIP, ribosome inactivating protein(@; BRIP, 
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rBRIP, recombinant BRIP; PCR, polymerase chain reaction; 
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munoconjugates have been constructed with the A chains 
of type-I1 RIP (such as RTA), which can be specifically 
targeted to cells only if the B chains are removed or 
inactivated. 

Type-I RIP from cereal grains such as barley (BRIP) 
are attractive alternatives to the A chains of type-I1 RIP 
for the construction of targeted cytotoxic molecules. For 
example, BRIP is particularly nontoxic to intact cells (8) 
and is not glycosylated (9). This latter property may lead 
to reduced uptake and clearance by mannose receptors in 
the liver, resulting in prolonged serum residence time in 
vivo and, as a consequence, increased time to reach cellular 
targets. Moreover, BRIP conjugates of an IgG recognizing 
the transferrin receptor (10) and an IgG recognizing a 
melanoma antigen (1 1) are cytotoxic to antigen-positive 
human cell lines. 

An important consideration for immunoconjugate as- 
sembly is the nature of the linkage between antibody and 
RIP. A disulfide linkage is usually thought to be essential 
for maximal cytotoxicity (12). RTA contains a single 
available cysteine, which can directly form a disulfide bond 
with an activated antibody thiol via a disulfide-exchange 
reaction. Type-I RIP, including BRIP, typically lack an 
unpaired cysteine, so disulfide-linked conjugates require 
modification of both antibody and RIP with heterobi- 
functional reagents. Unfortunately, the biological activity 
of many RIP (10, 13, 14) is diminished or destroyed by 
modification with the most commonly employed reagents. 
To address this issue, we have cloned and expressed BRIP 
and engineered several analogs of rBRIP to contain unique 
free cysteine residues for direct conjugation to antibody. 

Three residues near the C-terminus of BRIP were 
selected as sites for amino acid substitution with cysteine. 
Comparison of the amino acid sequence of BRIP with the 
known primary and tertiary structure of RTA suggested 
that these sites should be on the surface of the molecule, 
and either a t  or proximal to the position of cysteine 259 
in RTA. The enzymatic activity of each BRIP analog 

0 1994 American Chemical Society 



Cysteine in rBRIP Improves Conjugate Potency 

with its uniquely placed cysteine was examined, as was 
the effect of the cysteine position on conjugation yield, in 
uitro disulfide bond stability, and immunoconjugate 
potency. 
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GAT-3’. The PCR product was treated with T4 poly- 
merase and cut with XhoI, and the 87-bp fragment was 
purified. Plasmid pING3322 was also cut with BamHI, 
treated with T4 polymerase, and cut with EcoRI, and the 
891-bp fragment containing the BRIP gene was purified. 
These two gene fragments were then assembled into 
pING3322 to generate pING3801. 

A plasmid for expression of a BRIP analog with Cys 
substituted for Ala at  position 270 (rBRIPc270) was also 
generated by using PCR to amplify a new 3’-end segment 
with an altered residue. pING3322 was the template for 
PCR amplification with 5’-CCAAGTGTCTGGAGCT- 
GTTCCATGCGA-3’ and 5’-CGTTAGCAATTTAACT- 
GTGAT-3’. The PCR product was treated with T4 
polymerase and cut with XhoI, and the 51-bp fragment 
was purified. This segment was cloned into pING3322 
with the internal BRIP restriction fragment from SstII to 
MscI (151 bp) and the vector piece cut with SstII and 
XhoI. The resulting plasmid was named pING3802. 

A plasmid capable of expressing a BRIP analog in which 
the Ser a t  position 277 was converted to a Cys residue 
(rBRIPc27,) was constructed by substituting the 3’-end of 
the BRIP gene in pING3322 with a DNA segment 
conferring this change. Oligonucleotides 5’-GCATTA- 

GCGCCTTGGCCACCGTC-3’were used to PCR amplify 
the BRIP gene. An 82-bp BamHI to XhoI fragment 
containing the 3’-end of BRIP with the altered amino acid 
was purified on a 5 % polyacrylamide gel, and this fragment 
was substituted into pING3322 in a three-piece ligation 
with the 891-bp EcoRI to BamHI fragment containing 
the BRIP gene and the EcoRI and XhoI cut vector. This 
generated pING3803. 

Purification of rBRIP and rBRIP Cysteine Ana- 
logs. rBRIP and rBRIP analogs were purified from 
concentrated bacterial fermentation broths. For rBRIP, 
concentrated broth from a 10-L fermentation batch was 
exchanged into 10 mM Tris-HCl,20 mM NaC1, pH 7.5, 
applied to an S-Sepharose column, and eluted with a 20- 
500 mM NaCl linear gradient. Pooled rBRIP was further 
purified by affinity chromatography on Blue Toyopearl 
(Supelco, PA), equilibrated in 20 mM NaC1, and eluted 
with a 20-500 mM NaCl gradient in 10 mM Tris-HC1, pH 
7.5. For the Cys analogs, concentrated fermentation 
broths were applied to a column of CM52 (Whatman) in 
10 mM Nap04 buffer, pH 7.5, and eluted with a 0.0-0.3 
M NaCl linear gradient. Further purification on Blue 
Toyopearl was as described above for rBRIP. 

Construction of BRIP Immunoconjugates. For 
conjugation to mAb, nBRIP or rBRIP (3 mg/mL) was first 
modified with 0.5 mM 5-methyl-24minothiolane (M2IT) 
(20) and 1 mM DTNB in 25 mM triethanolamine-HC1, 
150 mM NaC1, pH 8.0, for 3 h a t  25 “C. The derivatized 
BRIP-(M2IT)-TNB was then desalted on a column of 
GF-05LS (IBF Biotechnics), and the number of thiol 
groups introduced was quantitated by measuring absor- 
bance at  412 nm after the addition of 0.1 mM DTT. On 
average, each BRIP molecule contained 0.7 SH/mol. 4A2 
or H65 antibody (4 mg/mL) in the same triethanolamine 
buffer was similarly incubated with M21T (0.3 mM) and 
DTNB (1 mM) for 3 h at 25 “C. The modified antibody 
(for example, H65-(M2IT)-TNB was then desalted, and 
the TNB/antibody ratio was determined. Typically, the 
number of linkers per antibody was in the range of 1.7 to 
2. 

To assemble the conjugate: (1) activated BRIP-(M2IT)- 
TNB was first reduced to BRIP-(MBIT)-SH with 5 mM 

CATCCATGGCGGC-3’ and 5’-GATATCTCGAG?TAAC- 
TATTTCCCACCACACGCATGGAACAGCTCCA- 

EXPERIMENTAL PROCEDURES 

Bacterial and Mammalian Cells. The E. coli host 
for production of BRIP is an Ara- derivative of W3110 
(American Type Culture Collection no. 27325). HSB2 is 
a CD5+, CD7+ human T cell line (American Type Culture 
Collection CCL 120.1). PBMC were separated from whole 
blood of normal human donors by centrifugation through 
a discontinuous gradient (25). 

Antibodies H65 and 4A2. H65 is a murine IgGl/k 
mAb that recognizes the human CD5 antigen (15). 4A2 
is a murine IgG2a/k mAb that recongizes the human CD7 
antigen on T cells (16). Concentrations of antibodies were 
determined for 1 mg/mL solutions by absorbance at  280 
nm, using extinction coefficients of 1.25 for 4A2 and 1.30 
for H65. For calculations, an approximate molecular 
weight of 150 000 was used for each mAb. 

Purification of nBRIP from Barley Seeds. nBRIP 
(isoform 11) was purified from pearled barley flour by a 
modification of the protocol of Asano et al. (9). Four kg 
of barley flour was extracted with 16 L of 10 mM NaP04, 
25 mM NaC1, pH 7.2 (extraction buffer), for 20 h at  4 OC. 
The sediment was removed by centrifugation, and 200 
mL of packed S-Sepharose (Pharmacia, NJ) was added to 
adsorb the nBRIP. After 20 h at 4 “C with mixing, the 
resin was allowed to settle, rinsed several times with 
extraction buffer, and packed into a 2.6- X 40-cm column. 
The column was washed until the absorbance of the 
effluent approached zero. nBRIP was then eluted with a 
linear gradient of 0.025 to 0.3 M NaCl in extraction buffer. 
The nBRIP-containing fractions were pooled, concen- 
trated, and chromatographed on a 2.6- X 100-cm column 
of Sephacryl S-2OOHR (Pharmacia, NJ) equilibrated in 
10 mM NaP04,125 mM NaC1, pH 7.4 at 10 mL/h. The 
pure nBRIP was concentrated and stored at -70 OC. 

Cloning and Expression of rBRIP. A cDNA ex- 
pression library prepared from germinated barley seeds 
in X ZAP11 was purchased from Stratagene, La Jolla, CA. 
Approximately 700 000 phage plaques were screened with 
rabbit antibody raised against nBRIP, and six immu- 
noreactive plaques were identified. DNA from one clone 
was isolated and sequenced with Sequenase (USB, Cleve- 
land, OH). The cDNA contained therein was excised and 
subcloned into pUC18 (Pharmacia, NJ). 

The pUC 18 clone containing the BRIP cDNA, pBS1, 
was used to construct a bacterial secretion vector. This 
process involved (1) introduction of a unique XhoI 
restriction site downstream of the BRIP termination 
codon, (2) addition of the pelB secretion signal to the 5’- 
end of the gene (18) and (3) positioning the BRIP gene 
under the control of the inducible araB promoter (19). 
The resulting plasmid was named pING3322. Details of 
vector construction and a schematic view of the expression 
vector are shown in Figure 1. 

Construction of rBRIP Analogs with a Free Cys 
Residue. rBRIP analogs with introduced Cys codons were 
assembled by PCR amplification of the BRIP gene with 
mutagenic oligonucleotides followed by gene reassembly. 

A plasmid capable of expressing a BRIP analog with a 
Cys in place of Leu at  position 256 (rBRIPCZ56) was 
constructed using PCR to amplify the 3’-end of the gene 
while introducing an amino acid substitution. Plasmid 
pING3322 was amplified with 5’-TGTCTGTTCGTG- 
GAGGTGCCG-3’ and 5’-CGTTAGCAATTTAACTGT- 
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DTT for 1.5 h at 25 "C; (2) the reduced BRIP-(M2IT)- 
SH was desalted on GF-05LS to remove excess reducing 
agent and TNB leaving group, and (3) a 5-fold molar excess 
of BRIP-(M2IT)-SH was mixed with activated antibody- 
(M2IT)-TNB. After 3 h a t  25 "C and an additional 18 h 
at 4 "C, an equimolar amount of mercaptoethylamine was 
added for 15 min at  25 "C to quench any unreacted linkers. 
The quenched conjugate was promptly applied to an 
Ultrogel AcA44 (IBF Biotechnics) equilibrated in 10 mM 
Tris-HC1, 100 mM NaC1, pH 7. The partially purified 
material was subsequently diluted with Tris-HC1, pH 7, 
and applied to a Blue Toyopearl column equilibrated in 
10 mM Tris-HCl,20 mM NaC1, pH 7, and eluted with 10 
mM Tris-HC1,0.5 M NaCl, pH 8. Conjugates prepared 
in this manner contain two M2IT linkers and are denoted 
MM, for example, 4A2-MM-nBRIP. 

Prior to conjugation of the BRIP Cys analogs rBRIPc256, 
rBRIPc270, or rBRIPc277, each was treated with 50 mM 
DTT (2 h at 23 "C or 18 h at  4 "C) to expose the single 
sulfhydryl group and then desalted. Free sulfhydryl 
content was verified by reaction with DTNB as described 
above. To assemble each conjugate, M2IT-derivatized 
mAb was incubated with a 5-fold molar excess of freshly 
reduced rBRIP analog at  23 "C for 3 h and then 16 h at 
4 "C. After being quenched with mercaptoethylamine, 
each conjugate was purified by sequential size exclusion 
and affinity chromatography as described above. 

Samples of all immunoconjugates were examined by 
5 % SDS-PAGE under nonreducing conditions. Gels were 
stained with Coomassie R250 and scanned with a Shimadzu 
laser densitometer to quantitate the number of RIP 
molecules per mAb. The RIP to mAb ratio was 1.5 for 
4A2-M-rBRIPc256, 0.93 for 4A2-M-rBRIPc270, 1.77 for 
4A2-M-rBRIPc277, and 2 for 4A2-MM-nBRIP. The RIP 
to mAb ratio was 1.5 for H65-M-rBRIPc256,1.43 for H65- 
M-~BRIPc~~o,  1.9 for H65-M-rBRIPc277, and 1.1 for H65- 
MM-rBRIP. 

Preparation of H65-RTA and 4A2-M-RTAm. H65- 
RTA is an immunoconjugate composed of H65 mAb linked 
via SPDP to RTA (21,221. The RIP to mAb ratio was 1.9 
for H65-RTA. There was less than 5% free mAb in the 
H65-RTA preparation and no free RTA. 4A2-M-RTA30 
is an immunoconjugate composed of 4A2 mAb linked via 
M2IT to RTA30, the 30 kDa glycoform of RTA (16, 23). 
The RIP to mAb ratio was 1.1 for 4A2-M-RTA30. There 
was no detectable free mAb or RTA30 in the 4A2-M- 

Activities of RIP and Immunoconjugates. The 
ability of RIP to inhibit protein synthesis in a cell-free 
system was examined in the rabbit reticulocyte lysate assay 
(RLA; 23,24). The incorporation of 3H-Leu was measured 
as a function of RIP concentration, and the concentration 
of RIP (in pM) which inhibited protein synthesis by 50% 
(the IC50) relative to untreated controls was calculated. 
All samples were tested in triplicate. The cytotoxicity of 
immunoconjugates or RIP for HSB2 cells or PHA- 
activated human peripheral blood mononuclear cells 
(PBMC) were examined as described (25,261. Cells were 
incubated with increasing concentrations of immunocon- 
jugates for a total of 24 h (HSB2 cells) or 90 h (PBMC), 
and inhibition of macromolecular synthesis was quantified. 
By comparison with untreated controls, the concentration 
of immunoconjugate (or RIP) that inhibited protein 
synthesis by 50% (the IC50) was calculated. Results are 
expressed in pM RIP, after multiplying the IC50 (in pM) 
by the RIP to mAb ratio. 

HPLC Disulfide Bond Stability Assay. Immuno- 
conjugates (ca. 0.5 mg/mL) in 0.1 M NaP04,0.15 M NaCl, 

RTAso. 
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Table 1. Inhibition of Protein Synthesis in Vitro by BRIP 
and rBRIP Analogs 

cellular 
RLAa cytotoxicity b 

ICsoc (PM) Ic50 (PM) 
RTA3o 3.1 20 000 
nBRIP 15 170 000 

170 000 rBRIP 18 
rBRIPczM 23 260 000 
rBRIpcz70 20 300 OOO 
rBRIPcz77 24 >500 000 

Inhibition of protein synthesis in the cell-free rabbit reticulocyte 
lysate assay. Inhibition of protein synthesis in intact HSB2 cells by 
RIP. The IC50 is the concentration of RIP (in pM) that inhibits 
protein synthesis by 50%. 

1.5 mM EDTA, pH 7.5, were incubated at 37 "C for 1 h 
with increasing amounts of reduced GSH, (0.1-50 mM). 
A control reaction was incubated in the absence of 
reductant, and a 100% RIP release control sample was 
prepared by incubation in 60 mM 2-ME. The reduction 
was terminated by addition of iodoacetamide (final 100 
mM) and incubation at  37 "C for 20 min. Samples were 
filtered (0.45 pm) and analyzed on a Waters HPLC system 
equipped with a TSK-G2000 (30- X 0.78-cm) size-exclusion 
column and a 280-nm detector. The column was eluted 
with 0.1 M Na~S04, 0.02 M Na2P04, pH 6.8, at 0.7 mL/ 
min, and the absorbance of the effluent a t  280 nm was 
recorded. The amount of RIP released from each con- 
jugate after treatment with GSH was quantified by area 
integration and compared to a fully reduced (2-ME) 
sample. The percent of RIP released was plotted as a 
function of the log mM GSH concentration, and an RCm 
for each conjugate (the GSH concentration required to 
release 50% of the RIP) was calculated. The recovery of 
total RIP was consistently high (usually >80 % ) compared 
to the theoretical maximum calculated from the RIP to 
mAb ratios for each conjugate. 

RESULTS 
Characterization of nBRIP. nBRIP was purified 

from barley seeds to assess (i) its ability to inhibit protein 
synthesis in uitro and (ii) its properties when conjugated 
to mAbs that recognize surface antigens on human T cells. 
As previously demonstrated (8-10,27), nBRIP is a basic 
protein (PI = 9.7) with an apparent M, of 30 kDa, based 
upon its mobility when analyzed by SDS-PAGE (data 
not shown). Consistent with earlier reports ( 2 3 ,  the 
N-terminus of nBRIP was blocked. However, the amino 
acid sequence of BRIP fragments generated by limited 
proteolysis was consistent with that previously published 
(27) for isoform I1 from barley seeds. 

The enzymatic activity of nBRIP relative to RTA30 was 
examined in the RLA assay as shown in Table 1. In 
repeated assays nBRIP was about 5-fold less potent at 
inhibiting protein synthesis in uitro than was RTA30. Also 
shown in Table 1 is the nonspecific cytotoxicity of both 
nBRIP and RTA30, measured against intact human T cells. 
nBRIP was about 8-fold less cytotoxic to the HSB2 cell 
line than was RTABo. 

Cloning, Expression, and Activity of rBRIP. Al- 
though barley flour is readily available for the purification 
of nBRIP, we were interested in cloning the BRIP gene 
so that recombinant production and protein engineering 
of BRIP were possible. A BRIP cDN,A clone was identified 
directly from a barley cDNA library in a phage X vector. 
The DNA sequence of the BRIP cDNA we obtained was 
identical to the barley RIP isoform I1 cDNA ( I  7; Genebank 
Accession no. M36990) and encodes a protein of 280 amino 
acids. 
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Figure 1. Assembly of the rBRIP expression vector. A schematic 
view of the rBRIP expression vector pING3322 is shown. The 
relative positions of the tetracycline resistance gene (tet), the 
araC regulatory gene, and the pelB leader are indicated. Also 
shown are the positions of primers used for PCR amplification 
of the BRIP 3’-end and the restriction sites used for gene 
assembly: XhoI, NcoI, BamHI, EcoRI, SstI, SstII, and MscI. 
For vector assembly, the cDNA clone containing BRIP (pBS1) 
was cut with NcoI, treated with mung bean nuclease (MBN), and 
cut withBamH1, and the 760bp fragment containing the majority 
of the BRIP coding sequence was then purified. Concurrently, 
the 3’ end of the BRIP gene was amplified by PCR with the 
vector primer reverse (5’-AACAGCTATGACCATG-3’) and the 
specific primer BRIP 3’xho (5’-TGAACTCGAGGAAAACTAC- 
CTATTTCCCAC-3’). The reaction product was digested with 
BanHI and XhoI, and the 87bp fragment containing the 3’-end 
of the BRIP gene was purified on an 5% polyacrylamide gel. The 
two purified fragments were ligated adjacent to the peZB leader 
sequence from Erwinia carotauora (18) in pING1500, which had 
been cut with SstI, treated with T4 polymerase, cut with XhoI, 
and purified. The finalpeZB::BRIP expression vector, pING3322, 
was then assembled by placing the gene under the control of the 
inducible araB promoter (19). 

Once identified, the BRIP gene was expressed in E. coli 
under control of the aruB promoter by induction with 
arabinose. A schematic view of the recombinant BRIP 
expression vector is shown in Figure 1. The mature BRIP 
coding sequence was linked to a bacterial signal sequence, 
and the recombinant product could be purified directly 
from the E. coli culture supernatant. Induction of E. coli 
containing the plasmid pING3322 in a fermenter resulted 
in the production of soluble rBRIP at  a yield of about 1 
g/L. N-terminal sequence analysis of the purified protein 
demonstrated that the leader peptide was properly re- 
moved and that the N-terminus was not blocked (data not 
shown). 

E. coli-produced rBRIP exhibited the same molecular 
weight as nBRIP when analyzed by SDS-PAGE and 
reacted identically by ELISA and on Western blots with 
rabbit antisera raised against nBRIP (data not shown). n- 
and rBRIP also had comparable enzymatic activities in 
the RLA and the same low level of nonspecific cytotoxicity 
against HSB2 cells (Table 1). 

Cloning, Expression, and Activity of rBRIP Cys- 
teine Analogs. To explore the possibility of site-specific 
conjugation with rBRIP (which contains no Cys residues), 
three analogs were generated which contained a single 
Cys residue near the C-terminus, in place of Leu 256, Ala 
270, or Ser 277. These positions were chosen by com- 
parison of the amino acid sequence of BRIP with the known 
tertiary structure of RTA (3), which suggested that these 
three positions would be at  the surface of the molecule 
and therefore available for conjugation to antibody. 

MW 
std. 
(KD) 1 2 3 4  5 6  

180 

150 

Figure 2. Position of the introduced cysteine residue influences 
rBRIP conjugation yield. Activated H65 antibody (H65-M2IT- 
TNB) and BRIP-SH were incubated for 3 h a t  25 “C and an 
additional 18 h a t  4 “C. Aliquots of reaction mixtures were then 
analyzed by SDS-PAGE on 7.5 % gels without reduction. Shown 
are activated H65 antibody alone (lanes 1,3, and 5) or reaction 
mixtures containing activated H65 antibody and rBRIP-M2IT 
(lane 2), rBRIPc277 (lane 4), or rBRIPc270 (lane 6). 

The rBRIP Cys analogs were produced in the same 
expression system shown in Figure 1. They exhibited the 
same molecular weight as rBRIP when analyzed by SDS- 
PAGE and showed some tendency to form dimers in the 
absence of reducing agents (data not shown). Following 
reduction with DTT, the 1:l molar Cys content of each 
analog was confirmed by DTNB analysis (28). The ability 
of the rBRIP Cys analogs to inhibit protein synthesis in 
the RLA is shown in Table 1. Each analog was approx- 
imately as effective at  inhibiting protein synthesis as 
rBRIP. These data suggest that Cys substitution at  
positions 256,270, or 277 did not adversely affect rBRIP 
synthesis, structure, or catalytic activity. 

Cysteine Position Alters rBRIP Analog Conjuga- 
tion Yield. Antibody immunoconjugates were prepared 
with rBRIP and the three Cys analogs. Each conjugation 
reaction mixture was analyzed by densitometry of Coo- 
massie stained SDS polyacrylamide gels, in order to 
quantitate the conversion of free antibody to immuno- 
conjugate product. Figure 2 shows the unpurified mixtures 
of H65 conjugated to rBRIP-M2IT, rBRIPc270, or 
rBRIPc277, in which the average number of M2IT-TNB 
linkers on H65 was between 1.7 and 2. Effects of the BRIP 
cysteine position on conjugation yield are evident. While 
the conversion of H65 mAb to immunoconjugate was about 
30% with linker-modified rBRIP (lanes 1 and 2), con- 
version was enhanced with rBRIPc277 (78% lanes 3 and 
4) and diminished with rBRIPc270 (lo%, lanes 5 and 6). 
Not shown is the reaction with H65 and rBRIPc256, which 
yielded about 10 % conversion. 

There is a correlation between conversion efficiency and 
formation of multimeric conjugates. Thus, the reaction 
of H65 and rBRIP-M2IT (in lane 2) produced both mono- 
and diconjugates (one or two rBRIP per MAb). The 
reaction with rBRIPc270 (in lane 6) which was less efficient 
a t  promoting conjugation with H65 mAb made essentially 
monomer (one rBRIP per mAb). In contrast, the reaction 
of H65 conjugated with rBRIPc277 (in lane 4) produced a 
mixture of mono-, di-, tri-, and tetraconjugates (one to 
four rBRIP per mAb). 

Stability of BRIP Immunoconjugates to Reduction. 
The relative stability of the disulfide bond linking mAb 
and BRIP moieties was determined for a series of 
conjugates made with nBRIP, rBRIP, and the recombinant 
Cys analogs. The results are shown in Table 2; again, the 
position of the engineered BRIP Cys had a noticeable 
effect. Whereas 4A2 and H65 conjugates made with RTA, 
nBRIP, or rBRIP were all of similar stability (RC50s 3-7 
mM) , 4A2-M-rBRIPc270, 4A2-M-rBRIPc277, and H65- 
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Table 2. Disulfide Bond Stability of BRIP Conjugatesa 

Bernhard et al. 

conjugate RCm (mM GSH) conjugate RCm (mM GSH) 
4A2-M-RTA30 4.4 H65-RTA 7.0 
4A2-MM-nBRIP 3.3 H65-MM-rBRIP 2.8 
4A2-M-rBRIPc270 53.0 H65-M-rBRIPc277 196.0 
4A2-M-rBRIPc277 187.0 

0 The relative disulfide bond stability of a series of BRIP conjugates was determined by measuring the amount of RIP released after 1 h 
of incubation with increasing amounts of GSH. The RCm for each conjugate is the concentration of reducing agent (GSH) needed to release 
50% of RIP from a given conjugate (see also ref 29). A higher RCm indicates increased disulfide bond stability. 
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Figure 3. Cytotoxicity of BRIP immunoconjugates. The ability 
of several immunoconjugates to inhibit protein synthesis (in- 
corporation of SH-Leu) in HSB2 cells was measured as described 
in the Experimental Procedures. A representative assay is shown. 
The H65 conjugates are shown in panel A and the 4A2 conjugates 
in panel B. The H65-M-rBR1p~~~ and 4A2-M-rBRIPc2s 
conjugates were not tested in this assay. 

M-rBRIPc277 were 10-50 times more stable to reduction 
(RC~OS 50-200 mM). It is likely that small variations in 
RIP to mAb ratios would have little impact in this assay, 
since different lots of H65-RTA containing RTA to H65 
ratios between 1.0 and 3.0 gave identical RC50 values (data 
not shown). 
In Vitro Cytotoxicity of BRIP Conjugates. The 

4A2- and H65-BRIP conjugates were tested for specific 
cytotoxicity against the human T cell line HSB2, which 
expresses both CD5 and CD7 antigens. Dose-response 
titration curves are shown in Figure 3A and B, where BRIP 
immunoconjugates are compared to H65-RTA (15,251 or 
4A2-M-RTA30 (16) which are both cytotoxic to antigen 

positive T cells. The IC50 values and extend of kill are 
summarized in Table 3. Although 4A2-MM-nBRIP- 
inhibited protein synthesis in HSB2 cells with an IC50 of 
122 pM, it was about 10-fold less effective than 4A2-M- 
RTAso. 4A2 conjugates made with rBRIPc270 or rBRIPc277 
were 2- to 3-fold more potent than 4A2-MM-nBRIP. In 
contrast, the conjugate made with rBRIPcm was less active 
than the native BRIP immunoconjugate. 

The H65-MM-rBRIP conjugate was virtually noncy- 
totoxic to HSBB cells. At the highest concentration tested 
(1000 ng/mL), inhibition of protein synthesis was less than 
50 % . Two conjugates, H65-M-rBRIPc270 and H65-M- 
rBRIPc256, were likewise not very effective at inhibiting 
translation in HSBB cells. In contrast, H65-M-rBRIPc277 
showed enhanced potency toward the target cells, with an 
IC50 only 8-fold less than that of the H65-RTA control, 
and approached 70% inhibition, compared to 78% for 

These conjugates were tested in similar experiments 
against human PBMC. As shown in Table 3, there was 
a trend toward enhanced cytotoxicity with some of the 
rBRIP Cys analog conjugates. 4A2-M-rBRIPc277 and 
4A2-M-rBRIPc270 were, respectively, 10 and three times 
more cytotoxic than 4A2-MM-nBRIP. Both H65-M- 
rBRIPc270 and H65-M-rBRIPc277 were five times more 
cytotoxic than H65-MM-rBRIP. 

H65-RTA. 

DISCUSSION 

Nonspecific modification of proteins with cross-linking 
reagents can adversely affect their subsequent activity. 
Nevertheless, most immunoconjugates between antibodies 
and cytotoxic plant proteins such as the type-I RIP rely 
on chemical modification of both antibody and RIP lysine 
residues. Retention of biologic activity depends upon both 
the degree of modification and, unpredictably, the reac- 
tivity of active site or important structural amino acids. 
For example, modification of BRIP, the type-I RIP from 
barley, with 2-iminothiolane greatly inhibits its activity. 
An average of 1.4 thiols per BRIP was reported to reduce 
activity about 5-fold, while 4.0 thiols per molecule nearly 
abolished activity (10). Similar results have been observed 
with other cross-!.inking reagents and other type-I RIP 
including Bryodin, Gelonin, Momordin, Pokeweed anti- 
viral protein, Saporin, and Trichosanthin (14). Immu- 
noconjugates that result from such randomly derivitized 
RIP are heterogeneous with regard to the physical 
orientation of the two linked proteins. Thus, random 
derivitization of RIP can lead to decreased enzymatic 
activity and increased conjugate heterogeneity. 

The complex nature of the immunoconjugate pool can 
be simplified if a single amino acid in the cytotoxic subunit 
is linked to antibody. For example, disulfide-linked RTA 
conjugates can be assembled using the available Cys 
residue a t  position 259. In previous experiments (28), we 
found that by genetic manipulation of the fungal protein 
mitogillin to expose an accessible cysteine immunocon- 
jugates could also be generated without initial derivati- 
zation by nonspecific cross-linking agents. Like many 



Cysteine in rBRIP Improves Conjugate Potency 

Table 3. Cytotoxicity of BRIP Immunoconjugates for Human T CellsP 
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HSB2 cells PBMC 
conjugate IC50 (pM RIP) % inhibition IC50 (pM RIP) % inhibition 

4A2-M-RTA3o 1 5 f 3  95 34 (20-48) 89 
4A2-MM-nBRIP 122 f 6 85 744 80 
4A2-M-rBR1Pcz~ 464 f 92 72 ND ND 
4A2-M-rBRIPc270 46 f 3 85 226 (130-321) 80 
4A2-M-rBRIPc277 57 f 7 85 60 (45-74) 79 
H65-RTA 150 f 40 78 429 (46-1170) 70 
H65-MM-rBRIP >5000 <50 16 500 50 
H65-M-rBRIPc256 >5000 < 50 ND ND 
H65-M-rBRIPc270 > 5000 <50 2220 (358 - 22 000) 54 
H65-M-rBRIPcz77 1176 f 170 70 3040 (694 - 23 000) 62 

0 Cytotoxicity was measured as the inhibition of protein synthesis (incorporation of 3H-Leucine) in HSBZ cells or as the inhibition of DNA 
synthesis (incorporation of 3H-thymidine) in PBMC. Resulta are expressed in terms of pM RIP, in which the molar concentration of 
immunoconjugate that inhibited macromolecular synthesis by 50% (ICm) was multiplied by the RIP to antibody ratio. The ICw’s from 
representative HSBZ cell assays have been reported with the standard errors. For the PBMC assays, the median and range of ICs0 values 
have been tabulated, except in two cases where samples were tested once. The rBRIPc2M conjugates were not tested against PBMC (ND). 
The percent inhibition was determined relative to the maximal inhibition of macromolecular synthesis of 1 pg/mL immunoconjugate. 

type-I RIP, however, nBRIP does not contain any Cys 
free residues. 

Here we show that BRIP can be engineered near its 
C-terminus to contain a single free Cys residue for site- 
specific conjugation, that these rBRIP Cys analogs are 
efficiently produced in E. coli, and that they retain 
enzymatic activity in the RLA assay. Moreover, positions 
for Cys have been identified which resulted in BRIP anti- 
CD5 and anti-CD7 immunoconjugates that were more 
potent than were the corresponding conjugates made with 
linker-modified BRIP. These results clearly demonstrate 
that modification of RIP with cross-linking reagents 
adversely affects not only their enzymatic activity but also 
the cytotoxicity of immunoconjugates made from them. 
As a consequence, it is likely that the potencies of 
immunoconjugates made with other linker-modified type-I 
RIP have also been underestimated. 

Interestingly, immunoconjugates prepared with the 
rBRIP analog rBRIPc27, were not only more potent than 
the corresponding conjugates made with nBRIP or rBRIP, 
they were also more efficiently synthesized and more stable 
to reduction. Although enhanced immunoconjugate po- 
tency can be explained by the retention of enzymatic 
activity with the rBRIP Cys analog relative to linker- 
modified BRIP, improved conjugation and disulfide bond 
stability cannot. Similarly, the enhanced activity of 
rBRIPc277 conjugates compared to those made with other 
Cys analogs is not a reflection of their relative enzymatic 
activities. 

Several hypotheses can be proposed to account for the 
observed differences. For example, the environment 
surrounding the conjugate disulfide bond (charge, hydro- 
phobicity, etc.) may influence critical intracellular pro- 
cesses (reduction, trafficking, etc.) necessary for cytotox- 
icity. Alternatively, certain orientations of mAb and BRIP 
(such as those created with rBRIPc277) may more effec- 
tively present the RIP to cells, thereby facilitating access 
to the cytosol. Support for the latter view comes from the 
studies of Carayon et al. (301, who showed that variations 
in the cytotoxicity of anti-CD5 RTA conjugates resulted 
from different presentations of RTA epitopes to cells. I t  
is also possible that conjugate binding to antigen may be 
differently affected by the BRIP analogs. Resolution of 
these altneratives will require further study. 

Here we have shown that site-specific linkage of BRIP 
analogs to antibody affects conjugation yield, conjugate 
potency, and conjugate stability. Although we have 
focused on engineering Cys residues into the C-terminus 
of rBRIP, it is possible that introduction of a Cys at  other 

sites in rBRIP (or other RIP) may result in conjugates 
with even more desirable properties. Additionally, site- 
specific linkage of engineered RIP to antibody molecules 
via existing Cys residue(s) in the hinge region of antibody 
fragments (26), or via engineered surface-accessible Cys 
(31), should allow efficient production of homogenous 
immunoconjugates. 
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Modification of CD4 Immunoadhesin with Monomethoxypoly(ethy1ene 
glycol) Aldehyde via Reductive Alkylation 
Steven M. Chamow,**t Timothy P. KogantJ Michael Venuti*V2 Thomas Gadek,* Reed J. Harris,$ 
David H. Peers,? Joyce Mordenti,l Steven Shak,ll and Avi Ashkenaziv 
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CD4 immunoadhesin (CD4-IgG) is a chimeric glycoprotein molecule comprised of the gpl20-binding 
portion of human CD4 fused to the hinge and Fc portions of human IgG. As a candidate for human 
therapeutic use, CD4-IgG represents an important advance over soluble CD4, insofar as the systemic 
clearance in humans of CD4-IgG is significantly slower. In an effort to prolong its i n  vivo residence 
time even further, we have modified CD4-IgG chemically by attaching monomethoxypoly(ethy1ene 
glycol) (MePEG) moieties to lysine residues via reductive alkylation. We synthesized MePEG aldehyde 
and investigated reaction conditions for adding a range of MePEG moieties per protein molecule. At 
neutral pH in the presence of sodium cyanoborohydride, the reaction was sufficiently slow to allow for 
significant control over the extent of MePEGylation. Addition of 7.7 or 14.4 MePEG moieties to 
CD4-IgG resulted in an approximately 4- or &fold increase, respectively, in the persistence of the 
protein in rats, as compared with unmodified CD4-IgG. These results suggest that the therapeutic 
utility of a human receptor IgG chimera can be improved by MePEGylation technology, provided that 
the modified immunoadhesin retains its biological activity in vivo. Such modification can lead to a 
significant additional increase in the in vivo residence time of the protein. 

INTRODUCTION 
The value of a recombinant protein as a human 

therapeutic is determined, in significant part, by how 
rapidly the molecule is cleared from the body. Recom- 
binant receptors are currently of great interest as candi- 
dates for protein therapeutics. One such protein is CD4, 
the primary receptor for human immunodeficiency virus 
type 1. CD4 is an integral membrane glycoprotein on the 
surface of lymphocytes and monocytes. By truncating a 
full-length cDNA to encode only the ectodomain of the 
receptor, CD4 was produced in a recombinant, soluble 
form (Smith et al., 1987). s C D ~ ~  binds to gp120, the 
envelope glycoprotein of HIV-1, with high affinity and 
inhibits infectivity in vitro. However, the short in vivo 
half-life and rapid clearance of sCD4 limits its potential 
for therapeutic use (Schooley et al., 1990). 

To increase the i n  vivo residence time of sCD4, a human 
chimeric molecule, CD4 immunoadhesin, was designed 
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(Capon et al., 1989; Byrn et al., 1990; Chamow et al., 1992). 
In humans, this hybrid molecule was cleared from the 
blood approximately 25 times more slowly than sCD4 
(Hodges et al., 1991; Kahn et al., 1990). This slower 
clearance results, in part, from the larger size of the 
chimeric protein dimer (91 kDa) relative to monomeric 
sCD4 (41 kDa). The increase in size reduces the rate of 
clearance of the protein via glomerular filtration in the 
kidney (Venkatachalam and Rennke, 1978). Although the 
half-life of CD4-IgG is markedly longer than that of sCD4, 
it is shorter than the half-life observed generally for human 
IgG, suggesting that further extension of its half-life by 
chemical means might be possible. Construction of 
immunoadhesins of several other soluble receptors has 
now been reported (reviewed in Ashkenazi et al. (1993)). 

An additional means by which the i n  vivo residence 
time of proteins can be extended is by covalent modifica- 
tion with suitably activated hydrophilic polymers such as 
monomethoxypoly(ethy1ene glycol) (MePEG) (for a re- 
view, see Francis et al. (1992)). MePEGylation increases 
the Stokes radius, and thereby can be used to reduce the 
elimination of relatively small proteins via the kidney. In 
addition, MePEG can reduce the immunogenicity of 
modified proteins (Abuchowski et al., 1977a,b). The value 
of protein MePEGylation as a therapeutic design strategy 
is demonstrated by the clinical use of MePEG-modified 
adenosine deaminase for treatment of severe combined 
immunodeficiency disease caused by adenosine deaminase 
deficiency (Hershfeld et al., 1987). 

Despite the overall structural similarity between CD4- 
IgG and human IgG, the half-life of the former is 
significantly shorter, suggesting that additional clearance 
mechanisms may exist that are relatively more efficient 
in removing the immunoadhesin versus an IgG antibody. 
We reasoned that MePEG modification of CD4-IgG might 
mask potential clearance-receptor binding sites and thus 
reduce the rate of the protein’s clearance. To avoid 
excessive modification of CD4-IgG, which might compro- 
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Table 1. Activated Me-PEG Reagents That Are Reactive with Amines 

Chamow et al. 

activated MePEG structure of activated MePEG amine linkage ref 
MePEG-OH 

cyanur ylateb 

tresylate 

N-hydroxysuccinimide 

succinimidyl succinate 

succinimidyl glutarate 

succinimidyl succinamide 

succinimidyl carbonate 

phenylcarbonate 

imidazolyl formate 

a 

0 

m p o e N o 2  
0 

Alkylation 

secondary amine 

secondary amine 

Acylation 

amide 

amide 

amide 

amide 

carbamate 

carbamate 

carbamate 

Abuchowski et al., 1977a; Jackson et al., 1987; 
Koide and Kobayashi, 1983 

Nilsson and Mosbach, 1984; Delgado et al., 1990 

Buckmann et al., 1981 

Jopich and Luisi, 1979; Abuchowski et al., 1984 

Katre et al., 1987; Kitamura et al., 1991 

Boccu et al., 1983 

Zalipsky et al., 1992 

Veronese et al., 1985 

Beauchamp et al., 1983 

a Boxed structure is derived from MePEG; R = CHa(OCH&H& as defined in Figure 1. Asterisk indicates reactive center where nucleophilic 
attack by amine nitrogen occurs. Also reacts with Cys and Tyr. 

mise its biological activity, we sought a means of 
MePEGylation for which the extent of reaction could be 
controlled. 

Several chemistries have been described by which 
MePEG can be activated for protein modification (re- 
viewed in Zalipsky and Lee, 1992). For this purpose, the 
hydroxyl group of MePEG has been activated and then 
coupled, via alkylation or acylation, to nucleophilic sites 
on proteins. Amino groups are the preferred sites of 
modification. MePEG cyanurylate has been used most 
commonly, but a number of other methods have also been 
developed for coupling MePEG to protein amino groups 
(Table 1). Our experience with reductive alkylation of 
proteins led us to seek an alkylating reagent that would 
be both easy to make and highly selective and one for 
which the extent of reaction could be controlled, so that 
partial modification is possible. Building on the initial 
work of Wirth et al. (1991) who reported modification of 
horseradish peroxidase with an aldehyde derivative of 
MePEG, we describe a modified synthesis of this reagent, 
and we extend the use of MePEG aldehyde to modification 
of the immunoadhesin CD4-IgG by reductive alkylation. 

EXPERIMENTAL PROCEDURES 
Recombinant Proteins. CD4-IgG was constructed and 

expressed in Chinese hamster ovary cells and was purified 
as described (Byrn et al., 1990). rgpl20, a recombinant 

form of the envelope glycoprotein of HIV-~IIIB, was 
similarly expressed and purified as described (Leonard et 
al., 1990). 

Synthesis of MePEG Aldehyde. MePEG was oxi- 
dized using the Moffatt procedure (Figure 1) essentially 
as described by Harris et al. (1984) and Shak et al. (1989). 
Acetic anhydride (3 mL, 30 mmol) was added to dry DMSO 
(10 mL). In a separate stoppered flask, MePEG (10 g, 2 
mmol) and DMSO (10 mL) were warmed to 50-60 "C to 
give a homogeneous solution and, after cooling to near- 
room temperature, were added to the acetic anhydride/ 
DMSO solution. After the solution was stirred at  ambient 
temperature for 24 h, further portions of acetic anhydride 
(3 mL, 30 mmol) and triethylamine (5 mL) were added, 
and the solution was stirred at  room temperature for a 
further 24 h. Addition of ether (50 mL) and ethyl acetate 
(50 mL) and cooling the flask in the refrigerator resulted 
in precipitation of the product. The product was collected 
by filtration, triturated with ether (5X), and dried under 
vacuum. Extent of activation of the dried MePEG-CHO 
was quantitated by a colorimetric assay using alkaline 
4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Aldrich) 
to detect aldehydes (Avigad, 1983), with acetaldehyde as 
the standard. A standard 5 mM solution of acetaldehyde 
was prepared by periodate oxidation of L-rhamnose, as 
described (Avigad, 1983). Absorbance was read at  542 
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Acelic anhydride 
M e P E G 4 H  DMSO MePEG-CHO 0 

ROCH2-CH2-OH Triethy'am'ne 
H fi,.@h - ROCH2-C: 

R = CH,(OCH&H,),- 

Figure 1. Preparation of MePEG aldehyde (MePEG-CHO) from 
MePEG (MePEG-OH) via Moffatt oxidation. For MePEG-OH 
of MW = 5000, n = 110. 

nm. This assay method was linear in the range of 0.1-0.6 
mM of acetaldehyde. 

Conjugation of MePEG to CD4-IgG and Removal 
of Residual MePEG. Purified CD4-IgG (5  mg/mL; 0.055 
mM) was incubated with an approximately 100-fold molar 
excess of MePEG-CHO (5.2 mM), 20 mM NaCNBH3, in 
0.1 M HEPES pH 7.5, for various times at  0 or 23 "C; 
reactions were stopped by addition of ethanolamine to a 
final concentration of 50 mM. To recover MePEG- 
conjugated protein free of residual MePEG or MePEG- 
CHO, reaction mixtures were applied to IDA-Sepharose 
loaded with Cu2+ and equilibrated in 10 mM Tris pH 8.0, 
0.5 M NaC1. After the mixture was washed to remove 
residual MePEG and MePEG-CHO (Ingham and Ling, 
1978), bound MePEG-conjugated protein was recovered 
by elution with the same pH 8.0 buffer containing 50 mM 
imidazole. 

Characterization of MePEG-Modified CD4-IgG and 
Quantitation of MePEG. IDA-Sepharose pools were 
analyzed by SDS-PAGE, and the concentration of MePEG 
in each sample was determined by NMR (Jackson et al., 
1987). Protein concentration was determined by assay 
using bicinchoninic acid (Smith et al., 1985) with bovine 
serum albumin as standard. Absorption of the protein at 
280 nm (Ao.l% = 1.34) was also used to determine the CD4- 
IgG concentration. The concentrations determined by 
both methods agreed. For the NMR analysis, aqueous 
solutions (0.5 mL) were transferred to NMR tubes, diluted 
with D2O (0.2 mL), and placed in the instrument probe 
for 5 min at 20 "C prior to data acquisition. The intensity 
of the singlet MePEG signal a t  6 = 3.7 ppm was measured, 
and the concentration of MePEG in the sample was 
determined by comparing the signal intensity to intensities 
of known MePEG standards that were identically treated. 
The fraction of total amines in CDCIgG that are poten- 
tially reactive was quantitated by TNBS assay (Fields, 
1972). 

N-Terminal Sequence Analysis and Peptide Map- 
ping. Desalted aliquots of selected IDA-Sepharose pools 
were inserted into an Applied Biosystems Model 477A 
sequencer reaction cartridge atop a preconditioned PO- 
lybrene-coated filter. N-terminal sequence analysis was 
performed for five cycles using 500 pmol of CD4-IgG or 
MePEGs.s-modified CD4-IgG. Peptide mapping was 
performed on trypsin-digested S-carboxymethylated sam- 
ples as described (Harris et al., 1990). 

gp120 Binding. The ability of CD4-IgG and modified 
CD4-IgG to bind to rgpl20 was determined as described 
previously (Chamow et al., 1990). Briefly, CD4-IgG was 
immobilized onto microtiter wells coated with anti-IgG 
antibody. Then, CD4-IgG or MePEG-CD4-IgG conjugates 
were added simultaneously with 1251-labeled rgpl20 (HIV- 
~IIIB),  to determine the ability of added CD4-IgG (or 
derivatized CD4-IgG) to compete with the immobilized 
CD4-IgG for binding to labeled rgpl20. The assays were 
done in triplicate; nonspecific binding was determined by 
omitting the first addition of CD4-IgG. 

Determination of in Vivo Clearance. CD4-IgG, 
(MePEG)7.&D4-IgG, (MePEG)14.4-CD4-IgG, and human 
IgG (Jackson ImmunoResearch, West Grove, PA) were 
iodinated with Na[l25I] using immobilized lactoperoxidase 
(Enzymobeads, Bio-Rad). Twelve male Sprague-Dawley- 
derived rats (295-335 g) received approximately 95 pCi/ 
kg of labeled protein (specific activity 0.3 pCi/pg) as a 
bolus injection into a femoral vein catheter (three animals 
per group). Blood samples were collected from a jugular 
vein catheter a t  specified times over a 5-day period. The 
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Figure 2. Conjugation of MePEG-CHO to protein aminogroups 
via reductive alkylation. MePEG-CHO incubated with a protein 
a t  pH 6-9 results in reversible addition of MePEG to protein 
amino groups via Schiff s base formation. These linkages are 
converted to stable secondary amines by reduction with sodium 
cyanoborohydride. €-Amino groups of lysine residues, as well as 
the a-amino group a t  the N-terminus, are targets for modification. 
The net charge of the modified protein does not change 
appreciably as a result of MePEGylation by this method, since 
primary amines are converted to secondary amines. Boxed region 
represents atoms derived from MePEG. R group and * as defined 
in Table 1. 

area under the TCA-precipitable radioactivity versus time 
curve (AUC) from 0 to 120 h was determined for each 
animal. 

RESULTS 

Synthesis. MePEG-CHO was synthesized from com- 
mercially available monomethoxyPEG (5000 MW) via a 
Moffatt oxidation (Figure 1). The yield of MePEG-CHO 
was approximately 52 % when assayed against an acetal- 
dehyde standard. Thin-layer chromatography (3:17 CH3- 
OH/CH2C12) revealed a single spot with the same Rf as the 
MePEG-OH, implying that the remaining 48% was 
unoxidized MePEG-OH4 (which does not participate in 
the subsequent alkylation reaction). Therefore, the con- 
centration of MePEG-CHO was assumed to be 5.2 mM in 
a 10 mM solution of activated MePEG. 

Formation of Conjugates. MePEG-CHO was con- 
jugated to CD4-IgG via reductive alkylation to form a 
Schiffs base which, in the presence of NaCNBH3, was 
reduced to a stable secondary amine (Figure 2). Using 
the TNBS assay to quantitate primary amines, we 
determined that 34% of amino groups in CD4-IgG (26/ 

4 Because of the heterogeneous nature of this polymer and the 
lack of a definitive assay for MePEG-OH (one which does not 
detect the enol form of the aldehyde or entrapped water), we 
cannot say with complete certainty that the remaining 48% of 
MePEG in this preparation is MePEG-OH. However, this 
conclusion seems only reasonable, considering the predicted 
course of the Moffatt oxidation, the aldehyde colorimetric 
analysis, and the thin-layer chromatographic result. 
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Table 2. Quantitation of MePEG/CD4-IgG Ratio in 
Conjugates 

Chamow et al. 

Reaction time (h) 
~~~~~~ 

CD4-IgG MePEG 
timea (h) mg/mLb nmol mMC nmol MePEG/CD4-IgG 

0.5 1.24 9.54 0.040 28.1 2.9 
1 .o 1.87 14.38 0.073 51.2 3.6 
1.5 0.92 7.08 0.051 36.0 5.1 
2.0 1.78 13.69 0.114 79.9 5.8 
2.5 1.84 14.15 0.132 92.1 6.5 
3.0 1.69 13.00 0.137 95.8 7.4 

a Reaction mixture (22 "C) contained 5 mg/mL of CDCIgG, 5.2 
mM of MePEG-CHO, 20 mM of NaCNBH3,O.l M HEPES pH 7.5. 

Determined by bicinchoninic acid assay (Smith et al., 1985) using 
bovine serum albumin as standard. CD4-IgG was assumed to have 
a molecular weight of 91 000, the size of the disulfide-linked dimer. 
Therefore, the ratio shown is for MePEG per CD4-IgG dimer. 

Determined by NMR (Jackson et al., 1987). The slope of the line 
generated by the standard curve (Figure 3) was y = 0.000489~ + 
0.0118, where y = mM of MePEG and x = peak area. 
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Figure 3. Quantitative assay of MePEG using NMR. The 
amount of MePEG covalently attached to CDCIgG was deter- 
mined by measuring the concentration of MePEG in a modified 
protein solution, after removal of residual MePEG-CHO from 
the reaction mixture by metal chelate chromatography. The 
intensity of the singlet MePEG signal a t  6 = 3.7 was measured, 
and peak areas were recorded for a series of MePEG standards 
of known concentration from 0.1-0.5 mM. 

76)5 are available for reaction (data not shown). Initially, 
we attempted to quantitate the extent of MePEGylation 
by this same procedure. However, we found that quan- 
titation by NMR is a superior analytical method for this 
purpose. Among the reaction parameters that influenced 
the rate of MePEGylation of CD4-IgG were length of time, 
temperature of reaction, and molar excess of MePEG- 
CHO over protein. We found that in 0.5-3.0 h of reaction, 
a t  22 "C and a 100-fold molar excess of MePEG-CHO over 
CDCIgG, conjugates were produced with MePEG/CD4- 
IgG molar ratios ranging from 2.9 to 7.4 (Table 2). This 
represents reaction of 11-28% of the 26 available amino 
groups in CD4-IgG. Formation of MePEG-CD4-IgG 
conjugates generated after 0.5-3 h of reaction could also 
be followed by SDS-PAGE, a technique that we used to 
investigate molecular heterogeneity in reaction mixtures 
of modified CD4-IgG (Figure 4). Electrophoretic analysis 
indicated that MePEGylated forms of CD4-IgG began to 
appear after 0.5 h of reaction. At  this short time point, 
a single, predominant, new band was observed at  approx- 
imately 110 kDa, which presumably represents MePEG1- 
CD4-IgG. As the reaction time increased, we observed a 
shift toward the formation of higher molecular weight 
conjugates. At  3.0 h of reaction, a series of new high 
molecular weight species that stained intensely in the 130- 

Each CD4-IgG polypeptide contains 37 lysine residues (Harris 
et al., 1990); thus, the total number of amino groups per 
polypeptide is 38, or 76 amino groups per homodimer. CD4-IgG 
has a PI of 9.1. 
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Figure 4. SDS-PAGE analysis of MePEGCD4-IgG conjugates. 
CDCIgG (5 mg/mL; 0.055 mM) samples were incubated with 
MePEG-CHO (5.2 mM) and NaCNBH3 (20 mM) in 0.1 M HEPES 
pH 7.5 for 0-3.0 h a t  22 "C. Reactions were stopped, and samples 
were analyzed in 7.5% nonreduced gel, stained with Coomassie 
blue. Molecular weight standards in kDa are indicated a t  left. 
The designation "n" in "MePEGn-CD4-IgG" refers to the number 
of MePEG molecules incorporated into each polypeptide of CD4- 
IgG. 
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Figure 5. Reaction of MePEG-CHO with CDCIgG slows with 
temperature. CDCIgG (5 mg/mL; 0.055 mM) samples were 
incubated with MePEG-CHO (5.2 mM) and NaCNBH3 (20 mM) 
in 0.1 M HEPES pH 7.5 for different lengths of time a t  0 "C (0) 
and 22 "C (0). Reactions were stopped, and samples were 
recovered by metal chelate chromatography and analyzed to 
determine the extent of MePEG modification. The molar ratio 
of MePEG/protein, which is plotted on they-axis, was determined 
by measuring the concentration of MePEG using NMR and the 
concentration of protein using bicinchoninic acid assay, for each 
sample. 

250-kDa size range appeared, with a concomitant decrease 
in staining intensity of the CD4-IgG and MePEGl-CD4- 
IgG bands. Thus, electrophoretic analysis indicates that 
considerable heterogeneity is present in each reaction 
mixture, and that molecular heterogeneity of M e P E G  
CD4-IgG conjugates increases with increasing times of 
reaction. Molar ratios of MePEG/CD4-IgG, which we have 
derived from NMR and protein assay data (Figure 3 and 
Table 2), therefore represent an average degree of sub- 
stitution in a MePEG/CD4-IgG mixture. 

We investigated the effect of temperature on the reaction 
of MePEG-CHO with CD4-IgG and found that we could 
further reduce the amount of MePEG incorporated into 
CD4-IgG by lowering the temperature of reaction from 22 
to 0 "C (Figure 5). At 22 "C, the amount of MePEG 
incorporated into CD4-IgG increased steadily (from 0 to 
7.7 mol/mol) during the first 3.5 h of reaction, while after 
23 h of reaction, the MePEG/CD4-IgG ratio was nearly 15 
mol/mol (representing reaction of 55 % of the 26 available 
amino groups). In contrast, a temperature of 0 "C slowed 
the reaction almost 2-fold. During the first 3.5 h of 
reaction, a MePEG/CD4-IgG molar ratio of approximately 
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Table 3. N-Terminal Sequence Analysis of CD4-IgG and 
MePEGs.&D4-IgGa 
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recoveryb ( % )  

cycle no. residuec CD4-IgG MePEGs.a-CD4-IgG 
1 LYS 95 51 
2 LYS 114 125 
3 Val 104 115 
4 Val 102 105 
5 Leu 100 100 

0 500 pmol of CD4-IgG or MePEGs.a-CD4-IgG (prepared as 
described for 2.0 h at 22 OC; see Table 2) was inserted into an Applied 
Biosystems Model 477A sequencer, and the recoveries of the first 
five amino acid residues were determined for each. The values shown 
are relative recoveries of PTH-amino acids. Values are normalized 
to Leu-5 = 100%. Confirms amino acid sequence reported for CD4- 
IgG by Harris et al. (1990). 

4 was reached, with that ratio increasing to 6.5 after 24 h 
of reaction. A similar effect of temperature was seen for 
reductive methylation of albumin (Jentoft and Dearborn, 
1979). 

Sites of Modification on CD4-IgG. To determine the 
sites of modification, CD4-IgG containing an average of 
5.8 MePEG molecules per CD4-IgG molecule was analyzed 
(Table 3). N-terminal sequence analysis showed a 50% 
yield of PTH-Lys at  cycle 1, suggesting that 50% of Lys-1 
residues were MePEG-modified. We assume that the 
reactive site in Lys-1 is the a-amino group. Under the 
reaction conditions used (pH 7.5), the a-amino group of 
the N-terminus is near its pK, (-8.0) and thus a significant 
fraction is unprotonated and available for reaction, while 
the t-amino groups of Lys-1 and of lysine residues elsewhere 
in the protein remain almost completely protonated (pK, 
= 9.5). No tryptic mapping differences were observed 
between control CD4-IgG and MePEGs,g-CD4-IgG, sug- 
gesting that the approximately six MePEG attachment 
sites were otherwise evenly distributed throughout the 
molecule. (Modification of the N-terminus would not be 
detected in the tryptic map, as it is found within a Lys- 
Lys sequence where cleavage after either of these two 
residues could generate free amino acids that would elute 
in the chromatographic void.) Although some reaction 
with t-amino groups must occur to account for the observed 
molar ratios, there appear to be no other unique sites that 
react to an extent approaching that of the a-amino group. 
€-Amino groups of lysine residues in the protein appear 
to be indistinguishable in their reactivity with the MePEG- 
CHO reagent. 

Effect of MePEGylation on gp120 Binding. We 
investigated whether MePEGylation of CD4-IgG affects 
gp120 binding affinity. Using a solid-phase radioreceptor 
assay, we observed a decrease in the ability of the modified 
protein to bind to rgpl20 which correlates with the extent 
of MePEGylation (Figure 6). MePEGCD4-IgG modified 
with 3.6,7.7, and 14.4 mol of MePEG per mol of CD4-IgG 
displayed gp120 binding ability that was reduced to 42 % , 
19 % , and 5.5 % ,respectively, of unmodified CD4-IgG. This 
result was not unexpected; in fact, similar decreases in the 
activity of other MePEGylated proteins have been re- 
ported (see Discussion). 

MePEGylation Decreases the Rate of Clearance of 
CD4-IgG. To test whether the pharmacokinetic properties 
of CD4-IgG were affected by MePEGylation, the serum 
concentrations of radioiodinated CD4-IgG7 MePEG7.7- 
CD4-IgG, MePEG14.4-CD4-IgG7 and human IgG were 
measured for 5 days after intravenous injection into rats 
(Figure 7 ) .  As indicated by comparing the integrated area 
under the curve (AUC), the clearance rates of MePEG7.7- 
CD4-IgG and MePEG14.4-CD4-IgG were approximately 
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Figure 6. Binding of CD4-IgG conjugates to HIV-1 rgpl20. CD4- 
IgG and its MePEGylated derivatives were tested for their ability 
to compete with immobilized CD4-IgG for the binding of 1261- 
labeled rgpl2O. Plotted are points representing CD4-IgG and 
CD4-IgG modified with an average of 2.9, 3.6, 5.8, 6.5, 7.4, 7.7, 
and 14.4 MePEG molecules per CD4-IgG molecule. Percent 
rgpl20 binding reflects the relative amount of competing molecule 
required to inhibit 50 % of the binding to immobilized CD4-IgG. 
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Figure 7. MePEGylation decreases the serum clearance of CD4- 
IgG. Radioiodinated CD4-IgG (O) ,  human IgG (A), and CD4- 
IgG modified with an average number of 7.7 (B) or 14.4 (0) 
MePEG's per dimer, as determined by NMR quantitation, were 
injected intravenously into rats. Serum samples from three rats/ 
group were taken over a 5-day period, and TCA-precipitable 
counts were measured. Approximate AUC values (h-cpm/mL) 
were 1.96 X lo7, 7.90 X lo7, 8.18 X lo7, and 1.05 X 108, respectively. 

4- and 5-fold slower, respectively, than that of CD4-IgG. 
Indeed, the rates of clearance of MePEGylated CD4-IgG 
are slightly lower than that of human IgG in the rat. 

DISCUSSION 

Aldehyde groups react under mild aqueous conditions 
with aliphatic amines to form a Schiff's base (an imine) 
which can be reduced selectively by the mild reducing 
agent sodium cyanoborohydride to give a stable secondary 
amine (Jentoft and Dearborn, 1979). Although this 
method of amine modification (an alkylation) is not used 
in protein conjugations as frequently as the activated ester 
method (an acylation) (Bragg and Hou, 1975), it is mild, 
simple, and very effective. For these reasons, we chose to 
evaluate a MePEG aldehyde reagent for modification of 
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CD4-IgG. Using this reagent at  100-fold molar excess over 
protein (4-fold molar excess over amino groups), we were 
able to achieve modification of 11-55% of the available 
amino groups in CD4-IgG. 

An important goal of adding MePEG groups to a 
therapeutic protein is an extension of the protein’s 
persistence in circulating blood. Our results show that 
this indeed is the case for CD4-IgG, since the clearance of 
MePEGylated CD4-IgG (MePEG:protein = 7.7:l or 14.4: 
1) was 4- to 5-fold slower than that of unmodified CD4- 
IgG. The resulting rate of clearance is, in fact, slightly 
lower than that observed for human IgG. For comparison, 
Kitamura et  al. (1991) prepared a MePEG-modified 
monoclonal antibody (MePEG:protein = 5.1:l) and dem- 
onstrated less than 2-fold reduced clearance of the modified 
antibody in mice. The stabilizing effect of MePEGylation 
may be greater for the immunoadhesin, since its half-life 
prior to modification is shorter than that of the antibody. 
Notably, the more excessive modification (MePEG:protein 
= 14.4:l) resulted in only 20% further reduction in the 
rate of clearance. This result suggests that, at  least for an 
antibody-like molecule such as CD4-IgG, the additional 
reduction in clearance that can be achieved by progressive 
MePEGylation is diminished a t  high degrees of modifi- 
cation. 

By what mechanism might MePEGylation increase the 
i n  vivo residence time of CD4-IgG? We have determined 
that metabolic clearance of CD4-IgG occurs predominantly 
in the liver, and not in the kidney (J.M. and S.M.C., 
unpublished results). Clearance via glomerular filtration 
through the kidney is a principal route of elimination for 
globular proteins less than 60-70 kDa in size (Stokes radius 
of less than approximately 35 A) (Venkatachalam and 
Rennke, 1978). It is believed that MePEGylation of small 
proteins, such as IL-2 (Knauf et al., 19881, increases their 
circulatory lifetimes in vivo by increasing their effective 
size, thus reducing filtration through the kidney. This is 
not the case for CD4-IgG, since its size (91 kDa) is beyond 
the limit for kidney filtration. However, since CD4-IgG 
contains a functional immunoglobulin Fc domain, at  least 
some of its clearance may be caused by binding to Fc 
receptors on reticuloendothelial cells. MePEGylation of 
CD4-IgG, particularly at  sites in the lysine-rich Fc region, 
may impair the interaction of CD4-IgG with Fc receptors, 
thus prolonging the serum stability of the modified 
molecule. Kitamura et al. (1991) suggest that, rather than 
affecting Fc receptor binding, MePEG may shield the 
antibody molecule from proteolysis and thereby inhibit 
catabolism. At least some characteristics of the Fc domain 
are changed by MePEGylation; for example, we found 
that while CD4-IgG binds well to Staphyloccocus aureus 
Protein A, MePEGylated CD4-IgG binds only poorly to  
Protein A (data not shown). In addition, the binding of 
modified CD4-IgG to other chromatographic supports, 
such as ion-exchange media, is also adversely affected (data 
not shown). Similar changes in the physical properties of 
horseradish peroxidase were noted by Wirth et al. (1991) 
after modification of the protein with MePEG. 

As reviewed in Francis (19921, MePEG-modified pro- 
teins have shown a modest to marked reduction in 
biological or enzymatic activity, almost without exception. 
Mercuripapain (Boccu et al., 1983), a2-macroglobulin 
(Beauchamp et al., 1983), L-glutaminase-L-asparaginase 
(Abuchowski et al., 19811, ribonuclease (Veronese et al., 
1985), tissue plasminogen activator (Berger and Pizzo, 
1988), and elastase (Koide and Kobayashi, 1983) all lost 
more than 50% of their activity upon modification with 
MePEG. MePEG modification of IgG caused complement 

Bioconjugate Chem., Voi. 5, No. 2, 1994 Chamow et ai. 

binding to be reduced but not binding to antigen (Suzuki 
et al., 19841, while modification of granulocyte-macrophage 
colony stimulating factor did not affect colony stimulating 
activity but enhanced neutrophil priming activity (Knusli 
et al., 1992). 

We used an in uitro assay based on recombinant, soluble 
gp120 from the IIIB isolate of HIV-1 to evaluate the effect 
of MePEGylation on the ligand binding function of CD4- 
IgG. We observed a decrease in the ability of MePEG- 
modified CD4-IgG to bind to this form of gp120 that 
roughly correlates with the extent of MePEG modification. 
It should be noted, however, that this decrease in binding 
is not necessarily indicative of a decrease in the ability of 
modified CD4-IgG to neutralize HIV-1 i n  uiuo. For 
example, the amino acid sequence of gp120 varies dra- 
matically between different strains of HIV-1, and the 
changes in binding that we observe with gp120 from the 
IIIB strain may not be representative of other strains (Daar 
et al., 1990; Ashkenazi et al., 1991; Moore et  al., 1992). 
Moreover, the structure of recombinant, soluble gp120 in 
solution is monomeric, whereas on the surface of virions 
it is oligomeric. Thus CD4-IgG, as a homodimer, may 
bind bivalently to each gp120 oligomer, which might 
stabilize the binding. Perhaps relevant to this issue is the 
example of adenosine deaminase, where a decrease in in 
uitro activity did not correlate with a lack of efficacy in 
uiuo. MePEG-modified adenosine deaminase displayed 
a 40% decrease in enzymatic activity in uitro (Davis et al., 
19811, yet the modified protein has proved to be efficacious 
in uiuo (Hershfeld et al., 1987). Therefore, despite an 
apparent loss of rgpl20 binding i n  uitro, the extension in 
in vivo residence time observed for MePEGCD4-IgG may 
provide a significant therapeutic benefit. 

As to the site@) that may be responsible for this loss of 
binding activity, the rgpl20 binding activity resides in the 
N-terminal immunoglobulin-like domain (residues 1-98) 
of the extracellular portion of CD4. In particular, Lys-46, 
positioned within the Crr ridge of domain 1, is believed to 
be involved in such binding (Ashkenazi et al., 1990; Arthos 
et al., 1989; Brodsky et  al., 1990). Since this residue is 
exposed to solvent (Wang et al., 1990; Ryu et al., 1990), 
it is possible-although we did not demonstrate this 
directly-that several of the lysines in this region, including 
Lys-46, are partially modified such that rgpl20 binding 
is compromised. More generally, for proteins that do not 
contain active lysine residues, MePEGylation using this 
chemistry is less likely to compromise biological activity 
of the modified protein and, thus, may provide a greater 
therapeutic advantage. 

In  conclusion, we have applied a method of Me- 
PEGylation by reductive alkylation of amino groups to 
modification of an immunoadhesin. We synthesized an 
aldehyde derivative of MePEG and identified reaction 
conditions enabling the incorporation of MePEG into CD4- 
IgG in the range of approximately 3-15 mol of MePEG 
per mol of protein. MePEGylation resulted in a significant 
increase in the residence time of the protein in circulation, 
rendering it comparable to that of human IgG. While a 
reduction in i n  uitro binding of MePEG-CD4-IgG to 
soluble rgpl20 was observed, the biological activity against 
intact virions of clinical strains of HIV remains to be 
investigated. The more general implication of our results 
is that MePEGylation by reductive alkylation can be a 
useful strategy, especially for proteins in which amino 
groups are not critical for biological activity. 
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3-Azibutyl (2R*,3S*)-2,3-bis(4-hydroxyphenyl)pentyl sulfide (l), a photoaffinity labeling reagent for 
the estrogen receptor (ER), has been prepared in unlabeled and in high specific activity tritium-labeled 
form (32 Ci/mmol) and has been shown to undergo selective and efficient photocovalent attachment 
to rat uterine ER. Diazirine 1 demonstrates high binding affinity for ER, as determined by both a 
competitive binding assay and a direct binding assay (relative binding: estradiol = 100; (1) = 17. K d :  
estradiol = 0.19 nM; (1) = 0.98 nM, respectively). I t  is efficient in site-specific photoinactivation of 
ER, reaching the level of 31% after 5 min of irradiation at  >315 nm. The tritium-labeled diazirine 
[3H]-1 undergoes specific photocovalent attachment to ER with an attachment efficiency of 29% and 
a selectivity of 90 % . Both of these values are quite high for a photoaffinity reagent. SDS-polyacrylamide 
gel electrophoretic analysis of the photolabeled proteins shows specific labeling of a major species a t  
M ,  65 000, the same species that is labeled by F3H]tamoxifen aziridine, a well-characterized affinity 
label for ER. Hexestrol diazirine 1 is the first carbene-generating photoaffinity label that covalently 
labels ER with high efficiency and selectivity, and it should be useful in further studies on the hormone- 
binding domain of ER. 

INTRODUCTION 

Affinity labeling is a technique that can be used to obtain 
structural information about binding sites in biomolecules, 
through the use of photochemically reactive or electrophilic 
derivatives of ligands that are capable of covalent attach- 
ment to the proteins (1). This technique has been used 
to label many binding proteins, such as hormone receptors, 
enzymes, and immunoglobins (2); affinity labels have also 
been used to investigate membrane structures (3) .  

We have developed molecular probes to study the ligand- 
binding domain of the estrogen receptor (ER) through 
the use of photoaffinity labels containing a wide variety 
of photoreactive functionalities: diazo ketones (4 ) ,  aryl 
(I, 4a, 5), acyl (6) or alkyl (7) azides, a,&unsaturated 
ketones (8), aryl halides, (9) and nitro compounds ( 1 , 4 b ) .  
A photosensitive group that has not previously been 
employed in photoaffinity labels for ER is the diazirine 
heterocycle. Diazirines have shown favorable character- 
istics in many other photoaffinity labeling studies (10). 

Diazirines absorb a t  350-380 nm, well away from the 
absorption maxima of proteins (280 nm) and nucleic acids 
(260 nm) ( 1 2 ) .  (On the other hand, aryl azides, the most 
widely used photoactivatable group to date, absorb max- 
imally at  250 nm (12).) Irradiation of diazirines generates 
carbenes that have sufficient lifetime to undergo C-H bond 
insertion reactions (1 1 b) ,  forming stable covalent bonds 
with many types of functional groups found in proteins. 
Diazirines can also undergo photochemical rearrangement 
to diazo compounds, which upon protonolytic diazotization 
give carbocations that can form covalent bonds by nu- 
cleophile capture (11a,c). Certain other photoaffinity 
reagents which undergo covalent attachment to proteins 
do not give reagent-receptor bonds that are stable during 
the chemical manipulations required to identify the site 
of attachment (e.g., proteolytic and chemical cleavage to 
peptides and Edman degradation) (12). Photoaffinity 
labels with a diazirine functional group, on the other hand, 
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have been shown to modify amino acids in several proteins 
in such a manner that these proteins do not undergo 
significant loss of label during the residue identification 
processes (13). 

Both steroidal and nonsteroidal ligands for ER have 
been modified with photochemically reactive or electro- 
philic groups (I, 8, 14). Hexestrol (2), a nonsteroidal 
estrogen with a 3-fold higher affinity for ER than estradiol, 
has been functionalized with reactive groups as a biological 
probe for the ER, e.g., 3-azidohexestrol (3) (4, 15) and 
ketononestrol aziridine (4) (16). 3-Azidohexestrol(3) was 
found to have low photocovalent attachment to ER (ca. 
lo%) ,  and its labeling selectivity was poor (4 ) .  Ketonon- 
estrol aziridine (41, an electrophilic labeling agent, is 
limited to reaction with highly reactive nucleophilic amino 
acid residues (17) .  

Recently, Kuhn et al. (18) described the preparation of 
a photolabile thioglycoside containing a dialkyldiazirine 
(5 )  as an analog of N-acetylhexosaminides and used it to 
specifically label both subunits of the enzyme 8-hexos- 
aminidase. On the basis of this favorable approach, we 
undertook the preparation of a hexestrol derivative 
substituted on the side chain with the same diazirine 
functionality. We report here the synthesis of the hexestrol 
diazirine photoaffinity label in unlabeled (1) and in high 
specific-activity tritium labeled forms (ISH] -1). We have 
found that this hexestrol diazirine demonstrates highly 
efficient and selective photocovalent attachment to ER. 

EXPERIMENTAL PROCEDURES 
A. Chemical Procedures. Materials. The prepara- 

tion of 2(R*) ,3(S*)-bis [4- [ (tert-butyldimethylsilyl)oxy] - 
phenyllpentanethiol (6) was reported previously (16b). 
3-Azibutanol and its toluenesulfonate ester 7a were 
prepared according to the procedures of Church (19). Dry 
tetrahydrofuran (THF) was obtained by distillation from 
sodium benzophenone ketyl. All other chemicals and 
reagents were purchased from Aldrich Chemical Co. and 
were used without further purification. 

Methods. All reactions were carried out under nitrogen 
atmosphere. In most cases, a standard procedure for 
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product isolation and purification was used. Isolation 
consisted of quenching the reaction mixture in water or 
an aqueous solution, extracting with an organic solvent, 
drying over an anhydrous salt, filtering, and evaporating 
the solvent under reduced pressure. This is indicated in 
the text by the phrase "product isolation", which is followed 
by a list of the components in parentheses. The usual 
method for purification of reaction products consisted of 
flash chromatography performed according to standard 
methods (20) using Woelm 32-63-pm silica gel. This is 
indicated in the text by the phrase "purification", with 
the eluting solvent given in parentheses. Elemental 
analyses were performed by the Microanalytical Labo- 
ratory a t  the University of Illinois and are within f0.4% 
of theory. High-performance liquid chromatography 
(HPLC) was performed isocratically for the unlabeled 
hexestrol diazirine using column A (a Whatman Partisil- 
10 silica gel preparative column (30 cm X 4.6 cm)) with 
a UV variable-wavelength detector set a t  254 nm; the 
solvent system used was 35% CHZC12-i-PrOH (95:5) and 
65% hexane at  5 mL/min. HPLC of [3H]hexestrol 
diazirine was performed isocratically using column B (a 
Supelcosil LC-CN semipreparative column (5 pm, 25 cm 
X 10 mm) from Supelco, Inc., with a guard column packed 
with pellicular CN from Alltech) with a UV wavelength 
detector set a t  254 nm and a Packard Flo-one p radiomatic 
radiochromatography detector; the solvent systems used 
were 8% (2% MeOH-EtOAc) and 92% hexane (normal 
phase conditions using Flo-Scint I cocktail) and 30% or 
40 % water-MeOH (reversed phase conditions using Flo- 
Scint I1 cocktail). 

Chemical Synthesis of 3-Azibutyl 2,3-Bis(4-hy- 
droxypheny1)pentyl Sulfide. 3-Azi-1 -[(methylsul- 
fony1)oxylbutane (7b). 3-Azi-1-butanol, as well as its 
toluenesulfonate ester 7a, were prepared as previously 
reported (19). The methanesulfonate ester 7b was pre- 
pared as follows: 3-Azi-1-butanol (371 mg, 3.706 mmol) 
was dissolved in 7 mL of dry T H F  and cooled to 0 "C. 
Et3N (1.03 mL, 7.390 mmol) was added to the solution, 
followed by slow addition of CH3SOzCl (440 pL, 5.569 
mmol). A precipitate formed, and the solution turned a 
pale yellow. After the solution was stirred a t  0 "C for 1 
h, product isolation (H20, EtOAc, MgS04) and purification 
(50% EtOAc/Hex) afforded 578 mg (88%) of the meth- 
anesulfonate ester 7b as a clear oil: lH NMR (CDCl3) 6 

3.07 (s, 3H, OS02CH3), 4.14 (t, 2H, J = 6.3 Hz, CH20S02); 
mass spectrum (CI) mlz (relative intensity) 178 (8), 152 
(4), 111 (5), 109 (6), 97 (7), 67 (7), 55 (100). The molecular 
ion was too weak to be observed a t  high resolution. 

3-Azibutyl (2R*,35'*)-2,3-Bis[4-[(tert- butyldimeth- 
ylsilyl)oxy]phenyl]pentyl Sulfide (8). The oil was re- 
moved from -40 mg of KH (60% in oil, 5-10 fold excess) 
with dry THF, and the solid was cooled to -78 "C. erythro- 
Pentanethiol 6 (51.5 mg, 0.0996 mmol) and toluene- 
sulfonate 7a (30.7 mg, 0.1207 mmol) were dissolved in 1 
mL of dry THF, and the solution was added to the KH 
slowly. The mixture was allowed to warm to room 
temperature slowly. After the mixture was stirred for an 
additional 5 h, product isolation (5 5% aqueous Na2HP04, 
EtOAc, MgS04) and purification (5% EtOAc/Hex) af- 
forded 44.9 mg (75 % ) of the protected pentyl butyl sulfide 
8 as an oily white solid: mp 44-49 "C; lH NMR (CDC13) 
6 0.21 (s, 12H, (CH&Si), 0.53 (t, 3H, J = 7.3 Hz, CH~CHS), 

(CH3)3C), 1.2-1.5 (m, 4H, CH2CH3 and CH~CHZCN~) ,  1.97 
(t, 2H, J = 7.9 Hz, C H ~ C H ~ C N Z ) ,  2.4-2.47 (m, 2H, 

1.11 (s, 3H, CN~CHS), 1.80 (t, 2H, J = 6.2 Hz, CHZCN~),  

0.90 (5, 3H, CNZCH~),  0.98 (s, 9H, (CH3)3C), 0.99 (s, 9H, 

CHCHzS), 2.54 (dt, lH ,  J = 3.3, 10.6 Hz, CHCHzS), 2.79 

Bergmann et al. 

(dt, l H ,  J =  4.9,9.7, CHCH~CH3),6.75-7.05 (m, 8H,ArH); 
MS (FAB) m/z (relative intensity) 599 (M+ + 1, 2), 586 
(2), 483 (2), 349 (5), 279 (23), 261 (35), 249 (50), 223 (38), 
221 (25). Anal. Calcd for C ~ ~ H ~ ~ N Z O Z S S ~ ~ :  C, 66.17; H, 
9.08; N, 4.68. Found: C, 66.32; H, 9.25; N, 4.62. 

3-Azibutyl(2R*,3S*) -2,3-Bis(4-hydroxyphenyl)pentyl 
Sulfide (1). From the Bis(sily1)ether (8). To the solution 
of silyl-protected hexestrol diazirine 8 (17.7 mg, 0.0295 
mmol) dissolved in 5 mL of THF was added 120 pL of 
(n-Bu)4NF (0.120 mmol). After the solution was stirred 
for 30 min, a 10-fold excess of TsOH (56 mg, 0.294 mmol) 
was added to quench the phenolic ammonium salts. After 
being stirred 5 min, the solution was passed through a 
Si02 plug, and the solvent was dried with MgS04 and 
then was removed under reduced pressure. Purification 
(40% EtOAc/Hex) afforded 10.6 mg (97 % ) of the depro- 
tected diazirine 1 as a white solid. Further purification 
by HPLC was accomplished using column A (tR = 20.8 
min) before submission for binding analysis: mp 132-134 
"C dec; lH NMR (acetone-d6) 6 0.50 (t, 3H, J = 7.3 Hz, 
CH2CH3), 0.87 (s, 3H, CNZCH~),  1.2-1.5 (m, 4H, CHZCHB 
and CHZCH~CN~) ,  2.0 (t, 2H, J = 7.8 Hz, CH~CH~CNZ) ,  
2.45-2.5 (m, 2H, CHCHzS), 2.59 (dt, lH ,  J = 3.6,10.8 Hz, 

7.15 (m, 8H, Arm,  8.15 (s, 2H, ArOH); IR (KBr pellet) 
cm-l3302,2955,1599,1512,1236; UV (MeOH) nm (e) 206 
(26 500), 230 (20 goo), 282 (3900); MS (FAB) m/z (relative 
intensity) 371 (M+ + 1, 12), 279 (6), 261 (3), 250 (3), 235 
(3), 195 (4), 169 (8); HRMS calcdfor CZIHZ~NZO~S 371.1793, 
found 371.1785. Anal. Calcd C, 68.08; H, 7.07; N, 7.56; 
S, 8.65. Found: C, 68.04; H, 7.15; N, 7.52; S, 8.54. 

From Reaction with 3-Azi-1- [(methylsulfonyl)oxyl- 
butane (7b). The oil was removed from -15-20 mg KH 
(60% in oil, 5-10 fold excess) with dry THF, and the solid 
was cooled to -78 "C. erythro-Pentanethiol 6 (20.8 mg, 
0.0402 mmol) and methanesulfonate 7b (36 mg, 0.202 
mmol) were dissolved in 1 mL of dry THF, and the resulting 
solution was added to the KH slowly. The mixture was 
allowed to warm to room temperature. After the mixture 
was stirred for an additional 24 h, product isolation (5 % 
aqueous Na2HP04, EtOAc, MgS04) and purification (40 % 
EtOAc/Hex) afforded 5.4 mg (36%) of the deprotected 
pentyl butyl sulfide 1 as a white solid. 

From the tetraiodohexestrol (9). The starting tetra- 
iodide 9 (3.7 mg, 0.0042 mmol) was dissolved in 0.5 mL 
EtOAc. To the solution was added 5% Pd on alumina 
(22.5 mg) and Et3N (5 pL). The reaction was placed under 
hydrogen atmosphere. After 2.5 h, the solution was passed 
through a plug of Celite, and the solvent was removed in 
vacuo. Purification (40 '3% EtOAciHex) afforded 1.4 mg 
(89%) of the expected protio product 1 and 0.6 mg of the 
corresponding ketone 13 (obtained by over reduction and 
hydrolysis of the diazirine). 

3-Azibutyl (2R*,3S*)-2,3-Bis(3,5-diiodo-4-hydroxy- 
pheny1)pentyl Sulfide (9). The starting bisphenol 1 (11.4 
mg, 0.31 mmol) and molecular iodine (60 mg, 0.236 mmol) 
were dissolved in 2 mL of benzene. Morpholine (50 pL, 
0.573 mmol) was added to the solution, which turned from 
orange to clear. The mixture was allowed to stir a t  room 
temperature overnight. Product isolation (5 % HC1, 
EtOAC, 20 % aqueous Na2S203, MgS04) and purification 
(30% EtOAc/Hex) afforded 21 mg (78%) of the tetraiodo 
product 9 as a pale yellow solid: lH NMR (acetone-de) 6 

1.2-1.4 (m, 4H, contains (1.36, t,  2H, J = 7.3 Hz, CH2CH2- 
CN2) and CHZCH~),  2.13 (t, 2H, J = 7.7 Hz, CHZCHZCN~), 
2.546 (AB quartet, lH ,  J = 13.2 Hz, AV = 21.07 Hz, 
CHCHHS), 2.558 (AB quartet, l H ,  J = 13.3 Hz, Av = 

CHCHzS), 2.81 (dt, lH ,  J = 5.0, 8.6, CHCH2CH3), 6.75- 

0.55 (t, 3H, J = 7.4 Hz, CH~CHS), 0.92 (s, 3H, CNZCH~), 
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36.99 Hz, CHCHHS), 2.65-2.8 (m, l H ,  CHCHzS), 2.98 
(dt, lH,  J = 3.8,10.6 Hz, CHCHzCHs), 7.73 (s, 2H, ArH), 
7.76 (5, 2H, ArH); IR (KBr pellet) cm-I 3456, 2924, 1456; 
UV (MeOH) nm (e) 224 (56 goo), 292 (59001, 300 (5800); 
MS (FAB) mlz (relative intensity) 875 (M+ + 1, lo),  748 
(4), 419 (lo), 387 ( l l ) ,  359 (13), 345 (lo), 223 (25), 195 
(100); HRMS calcd for CzlH23NzOzSI4 874.7659, found 
874.7632. 

Radiochemical Synthesis of [3H]-3-Azibutyl 2,3- 
Bis(4-hydroxypheny1)pentyl Sulfide ([3H]-1). The 
conditions for tritiolysis of the tetraiodohexestrol diazirine 
9 were based on those used for the hydrogenolysis of 9, 
with the exception that the reaction time was doubled (to 
90 min) in the hopes of ensuring complete reduction. A 
sample of the Irhexestrol diazirine 9 (47.9 mg, 0.0548 
mmol), purified by flash chromatography, was sent to 
Amersham Corp. (Arlington Heights, IL) where the 
radiochemical incorporation was performed according to 
the reported procedure. 

"To a solution of 14-hexestrol 9 (47.9 mg, 0.0548 mmol) 
in 5 mL EtOAc was added 72 pL Et3N (0.514 mmol) and 
118 mg Pd on alumina (576, 0.05545 mmol Pd). The 
solution was exposed to carrier-free tritium gas for 90 min 
at  25 "C and atmospheric pressure. The solution was then 
filtered through a 2 cm plug of Celite to remove the Pd 
catalyst and the residue was washed with 60% EtOAc/ 
hexane (3 X 2 mL). The solvent was removed in vacuo 
using low heat (tepid bath). Exchangeable tritium was 
removed using standard solvent exchange-evaporation 
cycles, but avoided warming above 40 "C. The resulting 
crude product was dissolved in ethanol and stored a t  -20 
"C. The total amount of radioactivity produced was 1.75 
Ci (28% of theoretical)." 

The 100-mCi sample, obtained from Amersham, was 
examined by TLC and HPLC. Radio-TLC was difficult 
to interpret, and the reaction product was later determined 
to be unstable on silica. Analysis of the crude I3H1- 
hydrogenolysis products by normal and reversed-phase 
HPLC using cyanopropyl-substituted silica packing showed 
the presence of all iodinated intermediates, plus a small 
amount (<5 % ) of the fully triated product. A portion (ca. 
30 mCi) of the 100-mCi sample (8 mL of the 25 mL) was 
concentrated in the dark under a gentle stream of Nz and 
was taken up in 1:l EtOAc/hexane in order to load onto 
the HPLC system. Normal-phase HPLC using semi- 
preparative cyanopropyl column B with 8 % (5 % MeOH 
in EtOAc)/92% hexane as the eluent at  5 mL/min was 
used to isolate the radioactive iodinated species ([3H1- 
3H3]), for immediate further hydrogenation. These frac- 
tions (tR = 22-36 min) were collected, removing the 
unreacted 14-hexestrol diazirine (tR > 45 min), and most 
of the solvent was removed under reduced pressure using 
low heat. The activity was taken up in 3 mL of EtOAc, 
and to the solution was added 5 mg of Pd  catalyst (5 % on 
alumina) and 10 pL of Et3N. The solution was placed 
under a hydrogen atmosphere in the dark for 60 min, 
monitoring the reaction by HPLC (every 20 min) for 
disappearance of the radioactive iodinated species. The 
reaction was worked up by passing the mixture through 
a plug of Celite atop of silica, using 50% EtOAc/hexane 
as the eluting solvent. The solution was concentrated in 
vacuo, and the product was purified using the same 
conditions as before (cyanopropyl column, 8 7% (5 % 
MeOH/EtOAc) in 92% hexane as the eluent), giving -25 
mCi, which corresponds to a radiochemical yield of -80 5%. 

The specific activity of [3H] hexestrol diazirine 1, 
obtained from the tetraiodo precursor 9 by this two-stage 
tritiolysis-hydrogenolysis procedure, was determined to 
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be 32 Ci/mmol by Scatchard analysis (21). The radio- 
chemical purity was evaluated by reinjection onto HPLC 
using both normal- and reversed-phase conditions; these 
analyses indicated a single peak of radioactivity (>go%) 
with a retention time of 37 min for normal phase (same 
conditions) and 14 min for reversed phase (40% H2O in 
MeOH), identical to the retention time of the unlabeled 
standard. 

B. Biological Procedures. Materials. Biochemicals 
were obtained from the following sources: tritium-labeled 
estradiol ([6,7-3HlE2) (estra-l,3,5(10)-triene-3,17/3-diol), 
48 Ci/mmol, and PHItamoxifen aziridine (TAZ) ([r ing-  
3Hl 42)- [l- [4- [2-(N-aziridinyl)ethoxylphenyll I - 1,2-di- 
phenyl-1-butene), 20 Ci/mmol, were from Amersham 
Corp.; dextran, grade C, from Schwarz/Mann; 2-mercap- 
toethanol, ethylenedinitrilotetraacetic acid tetrasodium 
salt (EDTA), acrylamide, Photo-Flo 200, and N,N'- 
diallyltartardiamide were from Eastman Kodak Co.; Triton 
X-114 was from Chem Central-Indianapolis; bromophenol 
blue, N,N,N',N'-tetramethylethylenediamine (TEMED), 
sodium azide, and 1,4-bis(5-phenyloxazol-2-yl)benzene 
(POPOP) were from Aldrich Chemical Co.; sodium dodecyl 
sulfate (SDS) was from Matheson, Coleman, and Bell; 
ammonium peroxydisulfate and N,N-dimethylformamide 
(DMF) were from Fisher Scientific; periodic acid was from 
G. Frederick Smith Chemical Co.; unlabeled estradiol, 
leupeptin, phenylmethylsulfonyl fluoride (PMSF), acti- 
vated charcoal, Trizma base, ovalbumin (MW 44 600), 
bovine serum albumin (MW 67 000), phosphorylase B 
(MW 97 400), andp-galactosidase (MW 116 000) were from 
Sigma Chemical Co.; Coomassie Brilliant Blue R-250 was 
from Colab Laboratories, Inc.; and 2,5-diphenyloxazole 
(PPO) was from Research Products International Corp. 
Rat and lamb uterine cytosols were prepared and stored 
as previously described (22). All experiments were done 
in TEA buffer (0.01 M Tris-HC1, 0.0015 M EDTA, and 
0.02% sodium azide, pH 7.4 a t  25 "C). Leupeptin (0.1 
mg/mL) and PMSF (1 mM) were added to the cytosol to 
prevent proteolysis in samples for electrophoresis. The 
charcoal-dextran slurry used to remove unbound ligand 
was prepared as previously reported (15a) and was used 
a t  1 part to 10 parts of cytosol solution. 

Methods. Relative Binding Affinity (RBA) .  Assays 
were performed as previously reported using lamb or rat 
uterine cytosol diluted to - 1.5 nM receptor (15a). Cytosol 
was incubated with buffer or several concentrations of 
unlabeled competitor together with 10 nM [3Hlestradiol 
as tracer at  0 "C for 18-24 h. The unlabeled competitor 
was prepared in 1:l dimethylformamide (DMF)/TEA to 
ensure solubility. 

Scatchard Assay. Rat uterine cytosol was incubated a t  
0 "C for 4 h with various concentrations of [3Hlligand in 
the absence or presence of a 100-fold excess of unlabeled 
estradiol. Aliquots of the incubation solution were counted 
to determine the concentrations of total [3H]steroid. The 
incubation solutions were then treated with charcoal- 
dextran, and the bound l3H1steroid was determined. Data 
were processed according to the method of Scatchard (23). 

Specific Actiuity. A Scatchard plot for the [SHIdiazirine 
ligand plotting Ci/mL was employed to determine the 
specific activity (21). The X-intercept gave 6.347 X lo4 
Ci/mL. From the parallel incubation assay of [3H]estradiol 
with the same receptor preparation, it was determined 
that there were 1.938 nM receptor sites. If one assumes 
that both the hexestrol diazirine and estradiol bind to the 
same sites, this corresponds to a specific activity of 32 
Ci/mmol. 

Photolysis. Photolysis was routinely carried out at  >315 
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nm, using a 450-W mercury vapor lamp, Hanovia L679A, 
surrounded by a solution filter of saturated aqueous 
copper(I1) sulfate at  2-4 "C, employing Pyrex reaction 
vessels, as previously described (4b). 

Inactiuation Assay. Covalent binding of nonradioactive 
ligands was estimated by a photolysis-exchange assay 
previously described for the estrogen receptor (4b). 

Attachment Assay. Covalent binding of labeled ligands 
was measured directly by a filter disk assay previously 
described (24). 

Electrophoresis. SDS electrophoresis samples and gels 
were prepared as previously reported (5c) with standard 
proteins of 6-galactosidase (MW 116 000), phosphorylase 
B (MW 97 4001, bovine serum albumin (MW 67 000), and 
ovalbumin (MW 44 600) to establish a molecular weight 
curve. 

RESULTS 
Synthesis of Hexestrol Diazirine (1). The thioether 

linkage in the hexestrol diazirine derivative (1) could 
conceivably be formed from either side of the sulfur atom. 
However, since the protected erythro-pentanethiol6 was 
readily available (16b) and the 3-azibutanol derivative 7a 
had been previously synthesized (1 9), we selected the route 
shown in Scheme 1. Due to the low yields encountered in 
the preparation of 3-azi-1- [ (p-tolylsulfonyl)oxyl butane 
(7a), we also prepared the methanesulfonate derivative, 
7b. Activation of the alcohol was accomplished by reaction 
with methanesulfonyl chloride (MsC1) in Et3N to form 7b 
in high yield (88% 1. Coupling of the pentanethiol 6 with 
either of the activated azibutanols using KH as the base 
(Scheme 1) afforded either the protected thioether product 
8 (75% yield from toluenesulfonate 7a) or the deprotected 
product 1 (35% yield from the less reactive methane- 
sulfonate, 7b), the simultaneous deprotection in this case 
resulting from hydrolysis of the aryl silyl ethers during 
the more vigorous thioether synthesis. Deprotection of 
the aryl silyl ethers in 8 was accomplished by treatment 
with tetra-n-butylammonium fluoride (TBAF) to give the 
bisphenol diazirine 1 in 97% yield. 

Synthesis and Hydrogenation of Tetraiodohex- 
estrol Diazirine (10). The aromatic rings were selected 

as sites for radiolabeling of the hexestrol diazirine. 
Iodination of both unprotected phenolic rings in 1 using 
iodine in morpholine (25) gave the tetraiodo hexestrol 10 
in good yield (Scheme 2). During the course of the reaction 
(after 1 h), only one intermediate was observed by TLC 
analysis; it most likely contained a mixture of iodinated 
hexestrols (11-13 stage). Complete iodination to the 14 stage 
was achieved after 8 h. 

Palladium-catalyzed hydrogenolysis of aryl iodides is a 
standard method for tritiation of aromatic rings (16u, 17b,d, 
26). However, in our system, the potential sensitivity of 
the diazirine to reduction was a concern (10). Hydrogen- 
ation of the tetraiodo diazirine under standard conditions 
(5% palladium on alumina with Et3N to scavenge HI) 
afforded the protiodiazirine 1 in good yield within 1 h. 
Extended reaction times or increased quantities of catalyst 
led to the formation of the methyl ketone 13. In a time 
course study in which 1 mol % of palladium on alumina 
catalyst was used, the optimum reaction time for complete 
reduction of aryl iodide 9 without overreduction of the 
product diazirine 1 was 45 min. 

A possible mechanism for the transformation of the 
diazirine to the ketone is outlined in Scheme 3. The 
diazirine is first reduced to the diaziridine 10, which is 
cleaved to form the unstable a-diamine 11 that would 
undergo hydrolysis to form the ketone 13. Although 
hydrogenation with palladium on carbon is known to 
produce the alkyl amine and ammonia (27), we did not 
observe formation of the alkylamine 14 under our reduction 
conditions, indicating that the proposed imine interme- 
diate 12 undergoes hydration in preference to hydrogen- 
ation. 

Radiochemical Synthesis and Purification of [3H]- 
Hexestrol Diazirine ([3H]-1). A sample of the tetra- 
iodohexestrol diazirine derivative and the palladium on 
alumina catalyst we had used were sent to  Amersham Corp. 
to be labeled with carrier-free I3H1H2. While a 45-min 
reaction time had been optimal in our hands for hydro- 
genolysis, we recommended a 90-min reaction time for 
tritiolysis, in an attempt to compensate for an anticipated 
tritium isotope effect (26). 

The radiolabeled sample returned from Amersham was 
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Table 1. Relative Binding Affinities and Inactivation Efficiencies (PIE) of Some Hexestrol Affinity Labels and Related 
Compounds 

R" 

HO HO HO 

compd no. substituents RBA" Ez = 100% inactivation efficiencyb (%) 

1 R = S(CHz)zCNzCH3 
15d = S(CH&CH3 

n = 2  
n = 3  16be 

16ce n = 4  
16ae - s ( c H ~ ~ N ~  

178 = CHzOCOCHNz 
18e = COCHNz 

17 (20)' 
37 
5.8 
1.8 
0.30 

2.8 
55 

31 (29Y 

0 
60-100 
NDf 
ND 
ND 

3h R' = H , R " = H 3  69 9, 15 
19" R' = CHzCOCHNz, R" = H 1.8 15 

4 e  R"' . ( c H ~ , N ~  8.3 48-70 
20e = S(CH2)3CH3 44 
21dj = CHNz 10.5 40 
22' = CHzN3 38 ND 

a The receptor binding affinity (RBA) was determined in a competitive radiometric binding assay with [3H]estradiol (Ez) as the tracer. For 
further details, see the individual references designated. The inactivation was determined by an exchange assay. The aziridines inactivated 
the estrogen receptor via nucleophilic addition, whereas the others were photoactivated. The numbers in parentheses represent covalent 
photoattachment of the [3Hl-labeled derivative. K. E. Bergmann and J. A. Katzenellenbogen, unpublished results. e For preparation, see 
ref 16b. f ND = not determined. J. T. Park and J. A. Katzenellenbogen, unpublished results. h For preparation, see ref 15a,b. i Values for 
photoinactivation at >315 and 254 nm, respectively. j S. W. Landvatter and J. A. Katzenellenbogen, unpublished results. 
assayed by HPLC and was found to contain a mixture of 
all possible hydrogenolysis products: these include un- 
reacted tetraiodide starting material (I4), iodinated in- 
termediates (Il-13, seven of them are possible), and asmall 
amount of the expected tetratritiohexestrol diazirine 
product [3H]-1 (9a). No significant amount of the reduced 
diazirine was observed. In order to obtain the desired 
product with the highest possible specific activity, the 11- 
I3 species and the IO or 3H4 species (with a small amount 
of 11) were isolated as two separate fractions. Each of 
these fractions was exposed to hydrogen to complete the 
hydrogenolysis. The fraction with the mixture of 11-13 
species, which contained most (ca. 90%) of the total 
activity, was reduced smoothly, and the desired product 
was purified with high efficiency, by careful normal-phase 
HPLC on derivatized silica gel (see below). The fraction 
with the highest specific activity (10-11) (ca. 5% of the 
total activity), however, decomposed upon hydrogenation, 
and no expected product could be isolated. 

Traditional methods for determination of specific 
activity involve HPLC analysis. However, this could not 
be readily used for the [3H] hexestrol diazirine as its UV 
absorption a t  long wavelengths is too low to quantitate 
readily. The specific activity, determined indirectly by 
receptor binding analysis (see below), was 32.8 Ci/mmol, 
indicating an average of about one tritium atom per 
hexestrol molecule. 

Estrogen Receptor Binding Studies on Hexestrol 
Diazirines 1 and  [3H]-1. Relative binding affinities 

(RBA) of the hexestrol diazirine 1, four similar hexestrol 
aziridines (16a-c, 41, and some structurally related side 
chain-substituted photolabile hexestrols (diazoketones 17, 
18, and 21 and P-ketomethyl azide 22) for the estrogen 
receptor (ER) were determined by a competitive radio- 
metric binding assay with PHI estradiol as the radiotracer 
(15~). The data given in Table 1 are expressed relative 
to estradiol (100% ,Kd = 0.19 nM) (28). Hexestroldiazirine 
1 has a moderately high RBA of 17 '% , which is higher than 
the hexestrol aziridines (16 and 4) with similar structures 
(0.3-8.3 % ). The photolabile hexestrol derivatives (all 
except 15, 16, 4, and 20) exhibit a wide range of binding 
affinities, ranging from the diazomethyl ketone 18 (2.8%) 
to the more extended diazoacetate 17 (55 % 1. Placing a 
keto functionality a t  the C-2 position of hexestrol (29) has 
been shown to enhance binding affinity (butyl thioester 
20 = 44% vs butyl sulfide 15 = 37 % and C-2 diazomethyl 
ketone21 = 10.5% vs C-3 diazomethyl ketone 18 = 2.8%). 
However, even though a thioester linkage might increase 
the binding affinity of the hexestrol diazirine for the 
receptor, their hydrolytic lability compared to the sulfide 
linkage makes them less desirable. 

The binding affinity of [3H] hexestrol diazirine 1 to the 
estrogen receptor was determined directly using a binding 
titration assay. The direct binding plots for the PHI- 
hexestrol diazirine (Figure 1, panelB) show moderate levels 
of nonspecific binding. This is consistent with the higher 
lipophilicity of this compound (measured as the octanol- 
water partition coefficient, log P)  compared to estradiol: 
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Figure 1. Binding assay for [3H]hexestroldiazirine 1. Rat uterine 
cytosol was incubated at 0 "C for 4 h with various concentrations 
of tritium-labeled ligand ([3H]-1 or [3H]-E2) in the absence (for 
total binding) or presence (for nonspecific binding) of a 100-fold 
excess of unlabeled estradiol. Aliquots of the incubation solution 
were counted to determine the concentration of total tritium- 
labeled ligand present. The incubation solutions were then treated 
with charcoal-dextran, and the concentration of the bound 
tritium-labeled ligand was determined. Specific binding is the 
difference between total and nonspecific binding. Data are 
presented as Scatchard (panel A) or direct (panel B) plots. 
log P (estradiol) = 3.52; log P (1) = 4.63. A direct 
comparison of the specific binding curves for the PHI- 
hexestrol diazirine and for [3H]estradiol are presented as 
a Scatchard (23) plot (Figure 1, panel A). From this plot 
[3H]hexestrol diazirine 1 has an affinity of & = 0.98 nM 
for ER, or 20% that of [3H]estradiol. This value compares 
closely to that observed in the competitive binding assay 
(RBA = 17%). 

Solution Photolysis and Estrogen Receptor Pho- 
toinactivation by the Hexestrol Diazirine 1. A pre- 
liminary investigation of the time course of photolysis of 
the hexestrol diazirine in solution was effected by irra- 
diation with a mercury arc lamp through an aqueous CuSO4 
filter (effective X > 315 nm) (4b) .  Hexestrol was added 
as the internal standard, and the progress of the photolysis 
was monitored by HPLC a t  254 nm (Figure 2). Under 
these conditions, more than 70% of the diazirine has 
undergone photolysis by 5 min, with only 10% remaining 
a t  15 min. Two minor products which increased with time 
of photolysis (to 25-30% of the expected maximum) had 
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Figure 2. Time course of photolysis of hexestrol diazirine 1 
(lo4 M in 5% DMF/TEA buffer). Photolysis was at >315 nm 
at 0 O C ;  aliquots were removed at various time points and 
extracted with EtOAc, and the quantity of hexestrol diazirine 
remaining was determined by reference to the internal standard 
(hexestrol) by HPLC. 

retention times similar to  the hexestrol butenes that might 
be produced from the carbene intermediate by a 1,2- 
hydrogen shift (11) ,  but these were not identified defin- 
itively. No other significant products were observed. 
However, products that might have formed from insertion 
into water or buffer components might have been too polar 
to be observed under the normal-phase HPLC conditions 
we employed. 

To  investigate the photoinactivation efficiency (PIE) 
(4b)  of the hexestrol diazirine 1 in the binding site of the 
estrogen receptor (ER), we photolyzed (at >315 nm) a 
receptor cytosol preparation that had been preincubated 
with the hexestrol diazirine. Upon photocovalent attach- 
ment, the receptor-ligand complex loses its capability for 
reversible binding. This is measured by a radiotracer 
exchange assay together with certain controls: (1) to 
monitor the stability of ER under photolysis conditions, 
(2) to monitor the nonspecific component of photoinac- 
tivation, and (3) to ensure no photoinactivation results 
from the photolysis products. 

As shown in Figure 3, hexestrol diazirine reaches 31 ?4 
photoinactivation within 30 min of photolysis, and the 
receptor is stable under these photolysis conditions for up 
to 6 h. No photoinactivation is observed when the receptor 
is incubated with either estradiol or the prephotolyzed 
hexestrol diazirine. Photolysis for shorter periods showed 
that most of the photoinactivation occurs within the first 
5 min. (In order to determine the extent of photocovalent 
attachment of hexestrol diazirine to the ER and the extent 
of nonspecific attachment, i t  is necessary to study the 
photolysis with [3H] hexestrol diazirine 1; see below.) 
Inactivation efficiencies for hexestrol diazirine 1 and 
related hexestrol derivatives are given in Table 1. The 
percent inactivation of ER by hexestrol diazirine 1 (31 7% ) 
was greater than the inactivation with the other photo- 
activatable derivatives (aryl azide 3 (9-1576) and diazo 
ketone 19 (15%)), although it was not as high as the 
inactivation by the electrophilic aziridines (4 and 16b; 50- 
100% ) *  

Photolabeling of the Estrogen Receptor with Hex- 
estrol Diazirine [3H]-l. [3HIHexestrol diazirine 1 was 
photolyzed at >315 nm in rat uterine cytosol preparations, 
and the percent of specific and nonspecific attachment 
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Figure 3. Photoinactivation of ER by hexestroldiazirine 1 during 
6 h (panel A) or 30 min (panel B) of photolysis. Cytosol was 
incubated with diazirine 1 in the presence or absence of a 100- 
fold excess of estradiol for 1 h at 0 "C and then photolyzed at 
>315 nm for various times. Following charcoal-dextran treatment 
to remove free ligand, the cytosol was exchanged at room 
temperature for 20 h against [3H]estradiol. Photoinactivation of 
reversible binding is seen as a loss of exchangeable sites and 
plotted as a percent of initial binding before photolysis. The 
percent specific photoinactivation is shown as a vertical double 
headed arrow, with a value given in parentheses. Control 
experimenb included incubation with E2 alone to measure 
photodestruction of the protein and incubation with prephoto- 
lyzed 1 to measure inactivation by photoproducts. 

was examined by a filter disk-solvent extraction assay 
(24). The binding was done in the presence of DMF (5%) 
(5c, 30), and the sample was pretreated with charcoal to  
remove excess free reagent before photolysis. Low con- 
centrations of DMF reduce the extent of nonspecific 
binding of lipophilic ligands, thereby increasing the 
fraction of the ligand that is available for binding to the 
ER (30); this increases the extent and selectivity of ER 
labeling (5c).  Photoattachment efficiency is defined as 
the amount of ER covalently labeled after photolysis as 
a percent of ER occupied reversibly by the affinity reagent; 
photoattachment Selectivity is defined as the amount of 
ER labeled as a percent of the total protein covalently 
labeled upon photolysis (5c).  

The time course of specific covalent attachment is shown 
in Figure 4. The specific attachment rises with time of 
photolysis and levels off after -5  min. Diazirine 1 exhibits 
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Figure 5. Binding properties of [3H]hexestrol diazirine 1 and 
prephotolyzed [3H]hexestrol diazirine 1. A sample of [3H]- 
hexestrol diazirine 1 was prephotolyzed for 30 min at >315 nm 
in ethanol. Rat uterine cytosol was incubated for 1 h at 0 "C in 
the dark with [3Hl hexestrol diazirine 1 and the prephotolyzed 
sample in the presence and absence of a 100-fold excess of 
unlabeled estradiol. After charcoal treatment to remove reversible 
binding, a portion was photolyzed at >315 nm for 30 min and 
assayed for photoattachment by ethanol disk assay. 

moderate photoattachment efficiency (29 % ) and high 
photoattachment selectivity (90 % ) under these optimal 
conditions (5% DMF and charcoal treatment prior to 
photolysis). The attachment efficiency is comparable to 
the rate and extent predicted by the photolysis time course 
(Figure 2) and the photoinactivation assay (Figure 3,31% ), 
respectively. 

The extent of ER binding and photolabeling by the 
photoproducts of [3Hlhexestrol diazirine 1 was also 
examined (Figure 5 ) .  A prephotolyzed sample, prepared 
by irradiating [3H] hexestrol diazirine 1 in EtOH for 30 
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min in a Pyrex tube a t  X > 315 nm, showed reversible ER 
binding equivalent to [3Hlestradiol and PHI hexestrol 
diazirine 1 but gave negligible photoattachment. 

Characterization of the ER Covalently Labeled 
with [3H]Hexestrol Diazirine. SDS-polyacrylamide gel 
electrophoretic analysis of ER covalently labeled with PHI- 
hexestrol diazirine 1 in the presence and absence of excess 
estradiol, and with and without pretreatment with char- 
coal, is shown in Figure 6. The major peak migrates with 
a MI of -65 000 and corresponds to ER; a minor peak, a t  
a MI of -53 000, probably represents a proteolysis 
fragment of ER (31) (panel A). Similar results have been 
observed with PHItamoxifen aziridine, which is a well 
characterized electrophilic affinity label for the ER (panel 
B) ( 1  7u,b). The labeling of both fragments is blocked by 
addition of excess unlabeled estradiol. In the experiment 
in panel A, excess [3H]hexe~t r~ l  diazirine was removed by 
treatment with charcoal prior to photolysis. If free ligand 
is not removed, the extent of nonspecific labeling is much 
greater (panel C). 

DISCUSSION 
We have made a significant effort to develop affinity 

labeling agents for the estrogen receptor (ER) that will be 
efficient and selective in their labeling and will provide 
information about the composition of the ligand binding 
site of the receptor (4,5,8,15-17).  Such information is 
of great importance in elucidating structure-function 

relationships of these receptors and has proven to be very 
useful in the development of three-dimensional models 
for hormone binding domains of these receptors (32). 

The most successful affinity labeling agent for ER, 
prepared to date, is tamoxifen aziridine, an electrophilic 
derivative of an estrogen antagonist that labels ER with 
an efficiency approaching 100% and with selectivity as 
high as 90% ( 1  7u,b). The most promising photoaffinity 
label is a benzothiophene azide recently prepared by our 
group, which demonstrates high receptor binding affinity 
(66 9% ), high specific photoinactivation efficiency (55%), 
and good photocovalent attachment (25 % ) (5c). Despite 
this promise, the photocovalent link of this reagent with 
ER appears to be chemically unstable (K. E. Carlson, J. 
A. Katzenellenbogen, unpublished results). 

In this report, we present the synthesis and evaluation 
of a hexestrol-based photolabeling agent with a photo- 
sensitive diazirine group. Diazirines were initially devel- 
oped to overcome some of the deficiencies of nitrene- 
yielding aryl azides (12), and their increasing use reflects 
their synthetic accessibility, their chemical and thermal 
stability, and their efficient photolabeling reaction via 
highly reactive carbene intermediates ( 1 1 ) .  We chose to 
attach the diazirine function to the nonsteroidal estrogen 
hexestrol because several hexestrol derivatives, function- 
alized on the side chain, still exhibit relatively high affinity 
for ER (23, 29, 33). 

Hexestrol diazirine 1 showed a good binding affinity to 
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ER (17% that of estradiol) that was slightly less than a 
protioanalog (butylpentylsulfide 15,37 %),but  was higher 
than the aziridines of similar structure (16a-c,; 5.8 %,1.8%, 
0.3 96, respectively). The specific binding of PHI-1 to ER, 
relative to that of I3H1estradiol, determined by Scatchard 
analysis, was comparable a t  20 % . 

The photolysis of diazirine 1 proceeds smoothly and 
rapidly at long wavelengths (>315 nm), where ER appears 
to be very stable to photodegradation. The photoattach- 
ment efficiency of 13Hl diazirine 1 to ER (29 ?G ), determined 
directly, is almost exactly the same as the photoinactivation 
efficiency (31 % 1, determined indirectly on unlabeled 
diazirine 1 by a photolysis exchange assay. While, in 
principle, these efficiencies may be equal, we have rarely 
found the attachment efficiency of a photoaffinity labeling 
agent to be equal to its photoinactivation efficiency, since 
many processes other than covalent attachment may 
contribute to the loss of exchangable sites in the indirect 
photoinactivation assay (4b,  34). The 30% efficiency for 
I3H1-1 is also relatively high for steroid receptor photo- 
labeling agents, and with proper experimental protocols 
(charcoal pretreatment), the labeling of ER is also very 
selective, approaching 9076, in rat uterine cytosol prep- 
arations, despite the relatively high lipophilicity of diaz- 
irine 1. 

While competition for covalent labeling of ER by 
pretreatment with unlabeled estradiol is generally con- 
sidered a good criterion for receptor specific labeling, the 
charcoal pretreatment protocol compromises this and 
requires additional verification of this selectivity. SDS- 
polyacrylamide gel electrophoretic analysis of PHI diaz- 
irine 1 labeled ER shows a pattern equivalent to that 
obtained when ER is labeled with the well characterized 
electrophilic affinity labeling agent tamoxifen aziridine 
(1 7u,b). 

Although photoaffinity labeling agents have been used 
to identify binding site residues in the progesterone 
receptor and the glucocorticoid receptor (351, in ER the 
only sites identified have been two cysteine residues labeled 
by the electrophilic agent tamoxifen aziridine (17~). The 
aziridine function in this reagent is weakly electrophilic, 
so the reagent labels only the most nucleophilic residue, 
cysteine. In the development of diazirine 1 and its use to 
label ER, we hope to be able to identify additional residues 
in the ligand binding site. Such work is currently 
underway. 
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N-Hydroxysuccinimide Ester Functionalized Perfluorophenyl Azides as 
Novel Photoactive Heterobifunctional Cross-Linking Reagents. The 
Covalent Immobilization of Biomolecules to Polymer Surfaces 
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The synthesis of N-hydroxysuccinimide (NHS) functionalized perfluorophenyl azides (PFPAs) 2 and 
3 is described together with a general method for the covalent modification of polymer surfaces using 
heterobifunctional, photoactivable cross-linking reagents 1 and 3. The NHS-active ester group becomes 
covalently attached to the polymer surface via an efficient CH bond insertion reaction of the 
photogenerated, highly reactive nitrene intermediate derived from the PFPA. The NHS ester is capable 
of further reaction with a variety of primary amine-containing reagents including biomolecules by way 
of amide formation. The method is illustrated as follows. Photolysis of polystyrene (PS) and poly- 
(3-octylthiophene) (P30T) thin films spin-coated with NHS PFPA ester 1 or 3 gave films 8 or 9, 
respectively. Each film was then exposed to an aqueous solution of horseradish peroxidase (HRP), 
giving films 10 or 11, respectively. The amounts of HRP immobilized on PS  and P30T were calculated 
from enzyme activity assays to be 0.5 f 0.1 ng/mm2 for loa, 1.0 f0.2 ng/mm2 for lla, 0.2 f 0.1 ng/mm2 
for lob, 0.3 f 0.1 ng/mm2 for 1 lb. Using this surface functionalization methodology, biotin-streptavidin- 
biotin-HRP was constructed on the PS film. The storage stability of HRP thus immobilized through 
the extended linker, biotin-streptavidin-biotin, was enhanced as compared to that of HRP directly 
immobilized on the PS surface. 

INTRODUCTION 

The conjugation of biologicals such as enzymes (I), 
antibodies (21, DNA (3), and cells (4) to solid supports is 
of importance in the areas of nucleotide synthesis (5 ) ,  
molecular recognition (61, polymeric drugs (3, and bio- 
sensors (8). The presence of suitably reactive functional 
groups on the surface is an essential feature in many of 
these applications. Thus, we became interested in de- 
veloping a methodology for surface functionalization. 

A series of functionalized perfluorophenyl azides (PF- 
PAS) was developed in our laboratory (9,10) and elsewhere 
(11-13) as a new class of photolabeling reagents with 
improved CH insertion efficiency over their nonfluorinated 
analogs. By incorporating a PFPA within a molecule that 
also contained a protein reactive group, there resulted a 
new series of photoactivated cross-linking reagents for 
bioconjugation (14, 15). It occurred to us that function- 
alization of polymer surfaces ought to be possible through 
the use of a PFPA containing a second reactive functional 
group such as anN-hydroxysuccinimide (NHS) active ester 
elsewhere in the molecule. In the process of polymer 
surface modification, the NHS PFPA ester becomes 
covalently attached to the polymer surface by way of CH 
insertion of the highly reactive nitrene intermediate 
generated by photolysis of the PFPA. The covalently- 
attached NHS ester is then allowed to react with NHS- 
reactive groups such as primary amines in proteins or other 
biomolecules, resulting in the covalent immobilization of 
proteins or other biomolecules to polymer surfaces. 
Recently, we communicated the use of NHS-functionalized 
PFPAs for the surface modification of polymers (16). By 
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combining this methodology with either deep-UV or 
electron beam lithography it is possible to generate 
micrometer-scale patterns of immobilized biomolecules 
on the polymer surface (17). 

Herein, we detail the synthesis of NHS PFPA ester 2 
as well as 3, which has a six-atom spacer unit between the 
two reactive groups. We also detail the functionalization 
of polymer surfaces with 1 (9) and 3. The surface 

o\ R 
F’ 

F 

2 R = NHCH2CO-N 4 R = OCH, “9 0 

modification process involves a simple spin-coating tech- 
nique followed by photolysis, providing an attractive 
alternative to the series of treatments with chemicals as 
described in other surface functionalization processes (18). 
We also demonstrate the efficient immobilization of the 
active enzyme horseradish peroxidase (HRP) to polysty- 
rene (PS) and poly(3-octylthiophene) (P30T) surfaces. 

EXPERIMENTAL PROCEDURES 
General. Melting points were taken on a Mel-Temp 

melting point apparatus and are uncorrected. Preparative 
TLC was performed on Analtech GF precoated silica gel 
(1000 pm) glass-backed plates (20 X 20 cm). ‘H NMR 
spectra were recorded on a 300-MHz General Electric QE- 
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300. Chemical shifts are reported in 6 units referenced to 
residual proton signals of the deuterated solvents. Infrared 
spectra were obtained on a Nicolet 5DXB FT-IR spec- 
trometer. UV-vis spectra were obtained on a Perkin Elmer 
Lambda 6 UV/vis spectrophotometer. Mass spectra were 
recorded on a VG ZAB-2-HF mass spectrometer with a 
VG-11-250 data system in the electron ionization mode 
(70 eV). Microanalyses were performed by Desert Ana- 
lytics of Tucson, AZ. Spin-coating was performed with a 
Model l-EClOlD-R485 photoresist spinner (Headway 
Research Inc.) with the spin speed set at  1000 rpm. Baking 
was accomplished in an oven (Model 1410, VWR Scientific) 
preheated to 60 "C in air for 20 min. Photolysis was carried 
out at  ambient temperature in a Rayonet photoreactor 
with 254 nm lamps (400 W) for 5 min. 

Materials. Circular micro cover glasses (radius 10 mm) 
were purchased from VWR Scientific, Inc. Triethylamine, 
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide 
(NHS), glycine ethyl ester hydrochloride, and 5-amino- 
pentanoic acid were used as received from Aldrich. 
Polystyrene (PS) beads were used as received (MW 
125 000-250 000, Polysciences Inc.). Poly(3-octyl- 
thiophene) (P30T) was prepared following a known 
procedure (19). Horseradish peroxidase (HRP) was pur- 
chased as a salt-free powder (type IV-A, activity about 
1,000 units/mg) from Sigma and used without further 
purification. Bovine serum albumin (BSA) (fraction V 
powder) was used as received from Sigma. 2,2'-Azinobis- 
(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt 
(ABTS) was purchased from Sigma and was used without 
further purification. N-(5-Aminopentyl)biotinamide, 
streptavidin, and biotin-HRP conjugate were used as 
received from Molecular Probes, Inc. (Eugene, OR). 
Hydrogen peroxide (30% ) was used as received from J. T. 
Baker (20). NaHC03 buffer (0.1 M) was prepared by 
dissolving 8.4 g of NaHC03 in 1.0 L of doubly distilled 
water. Phosphate buffer (0.1 M, pH 7.0) was prepared 
from K H ~ P O ~ / K Z H P O ~  in doubly distilled water. Tet- 
rahydrofuran (THF) was dried over sodium/benzophenone 
ketyl. Dimethylformamide (DMF) was dried over mo- 
lecular sieves. Nitromethane and chloroform (CHC13) were 
dried over CaClz pellets (4-8 mesh). 
N-(4-Azido-2,3,5,6-tetrafluorobenzoyl)glycine Eth- 

yl Ester (5). A mixture of glycine ethyl ester hydro- 
chloride (217 mg, 1.55 mmol) and triethylamine (158 mg, 
1.56 mmol) in 7.0 mL of THF was stirred for 20 min. 
4-Azido-2,3,5,6-tetrafluorobenzoic acid (9) (369 mg, 1.57 
mmol) and DCC (324 mg, 1.57 mmol) were added, and the 
mixture was stirred overnight and filtered. The filtrate 
was evaporated, and the residue was treated with 20 mL 
of ethyl acetate. The mixture was filtered, and the filtrate 
was washed with 0.1 N HCl(2 X 10 mL). The solution was 
dried and evaporated to leave a solid which was purified 
by preparative TLC with 1:2 CHCl3-hexanes as the 
developing solvent to give 160 mg (32 '% ) of 5 as a colorless 
powder, mp 85-86 OC: lH NMR (CDC13) 6 1.32 (t, J = 7.1 
Hz, 3 H),  4.24 (d, J = 4.8 Hz, 2 H), 4.27 (9, J = 7.1 Hz, 
2 H), 6.54 (m, 1 H); FTIR 2128, 1744, 1686, 1649, 1523, 
1488, 1225, 1001 cm-'. Anal. Calcd for CllHgF4N403 C: 
41.26;H,2.52;N,17.50. Found: C,41.46;H,2.37;N,17.66. 
N-(4-Azido-2,3,5,6-tetrafluorobenzoyl)glycine (6). 

To a solution of 5 (60 mg, 0.19 mmol) in 0.5 mL of methanol 
was added 1 N NaOH (0.25 mL, 0.25 mmol), and the 
solution was stirred for 1 h. The solution was acidified by 
addition of 2 N HC1 to pH < 1, and the precipitate was 
filtered and dried to leave 23 mg of 6 as a white powder. 
The filtrate was extracted with THF/CHC13 (l:l, 3 x 3 
mL), and the extracts were combined and evaporated to 
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give another portion (32 mg) of 6 as a white powder 
(combined yield 55 mg, 99%), mp 147-148 OC: lH NMR 
(CDC13 + DMSO-&) 6 4.34 (d, J = 4.8 Hz, 2 H), 6.53 (m, 
1 H); MS 292 (2, M+), 264 (20, M+-N2), 190 (20, NC6F4- 
c o ) ,  162 (100, NC6F4). 
N-(4-Azido-2,3,5,6-tetrafluorobenzoyl)glycine N- 

Succinimidyl Ester ( 2 ) .  A solution of 6 (39.3 mg, 0.134 
mmol), DCC (29.3 mg, 0.142 mmol), and NHS (16.6 mg, 
0.144 mmol) in 0.5 mL of THF was stirred at  25 "C 
overnight. The resulting mixture was filtered, and the 
filtrate was evaporated to leave a solid which was redis- 
solved in 1.0 mL of CHzCl2 and filtered. The filtrate was 
evaporated to leave 42 mg (80%) of 2 as a white powder, 
mp 145-146 OC: lH NMR (CDC13) 6 2.88 (s, 4 H), 4.64 (d, 
J = 5.4 Hz, 2 H), 6.55 (m, 1 H); FTIR 2129,1792, 1748, 
1718,1699,1649,1520,1489,1204 cm-l; MS 389 (8, M+), 
275 (60, M+ - NHS), 247 (27, M+ - NHS - Nz), 218 (65, 
M+ - CONHS - N2 - H), 190 (45, NCGF~CO), 162 (100, 
NC6F4); high-resolution MS calcd for C13H~F4N505 
389.0382, found 389.0405. 
5-( 4-Azido-2,3,5,6-tetrafluobenzamido)pentanoic 

Acid (7). To a solution of 5-aminopentanoic acid (238 
mg, 2.03 mmol) in 5 mL of 1 N NaOH was added 4-azido- 
2,3,5,6-tetrafluorobenzoyl chloride (9) (239 mg, 0.942 
mmol). The mixture was stirred a t  25 "C for 20 min and 
acidified with 2 N HCl to pH < 1. The white precipitate 
was filtered, washed with 0.1 N HCl(5 X 3 mL) and water 
(4 X 3 mL), and dried under reduced pressure to give 273 
mg (87%) of 7 as a white powder, mp 160-161 OC: lH 
NMR (CDC13 + D M s 0 - d ~ )  6 1.44 (m, 4 H), 2.08 (t, J = 
6.9 Hz, 2 H), 3.15 (9, J = 6.0 Hz, 2 H), 7.87 (s, 1 H); MS 

NCsF&O), 162 (100, NCsF4); high-resolution MS calcd 
for C ~ ~ H I O F ~ N ~ O ~  334.0687, found 334.0710. 
N-Succinimidyl5-(4-Azido-2,3,5,6-tetrafluoroben- 

zamido)pentanoate (3). NHS PFPA ester 3 was pre- 
pared from 100 mg of acid 7 in a manner similar to 2 and 
was obtained as a white power (yield 112 mg, go%), mp 
93-95 OC: lH NMR (CDCl3) 6 1.77 (m, 2 H), 1.85 (m, 2 
H), 2.69 (t, J = 6.6 Hz, 2 H), 2.84 (s, 4 H), 3.51 (9, J = 6.2 
Hz, 2 H), 6.22 (m, 1 H); FTIR 2127,1817,1786,1742,1681, 
1649,1602,1526,1487,1260,1209,1069 cm-'; MS 431 (5, 

- NHS - Nz), 162 (100, NC6F4); high-resolution MS calcd 
for C16H13F4N505 431.0850, found 431.0866. 

Surface Modification of PS with 1 and 3 To Give 
Films 8a and 9a. PS beads (50.0 mg) were dissolved in 
1.0 mL of xylenes to form a colorless solution. Two drops 
of the solution was placed on the surface of a circular 
micro cover glass, and the glass was spun a t  1000 rpm for 
2 min to give a smooth PS thin film. A solution of 2.5 mg 
of NHS PFPA ester 1 (9) or 3 in 0.5 mL of nitromethane 
was prepared. About 40 pL of the solution was placed on 
top of the PS film, and the glass was spun at  1000 rpm for 
1 min. The resulting film was baked for 20 min in an oven 
preheated to 60 OC and was photolyzed with 254-nm lamps 
for 5 min to give film 8a or 9a. 

The decomposition of azide upon photolysis was mon- 
itored by FTIR using a NaCl disk as the support. The 
FTIR spectrum showed strong absorption a t  2128 cm-' 
due to the azide group after the solution of 1 or 3 was 
spin-coated on the PS film. This absorption completely 
disappeared after the film was irradiated with 254-nm 
lamps for 5 min. 

Surface Modification of P 3 0 T  with 1 and 3 T o  Give 
Films 8b and 9b. P30T (20.0 mg) was dissolved in 1.0 
mL of CHC13 to form a red solution. Four drops of the 
solution was placed on a circular micro cover glass and 

334 (5, M+), 317 (4, M+ -OH), 306 (40, M+ - Nz), 190 (15, 

M+), 403 (3, M+ - Nz), 317 (22, M+ - NHS), 289 (8, M+ 
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was spun for 2 min to give a red thin film. About 40 pL 
of a solution of 2.5 mg of 1 or 3 in 0.5 mL of methanol was 
placed on top of the P30T  film and was spun for 1 min. 
The resulting film was baked at  60 "C and photolyzed 
with 254-nm lamps for 5 min to give film 8b or 9b. 

A control experiment using a NaCl disk as the support 
and FTIR to monitor the decomposition of the azido group 
was performed in a similar manner as described above. 
The IR spectrum showed strong azide absorption at  2128 
cm-' after the solution of 1 or 3 was spin-coated on the 
P30T film and complete disappearance of this absorption 
when the film was irradiated with 254-nm lamps for 5 
min. 

Immobilization of HRP To Give Films 10 and 11. 
HRP (2.0 mg) was dissolved in 1.0 mL of 0.1 M pH 8.2 
NaHCO, buffer containing 10.0 mg of BSA to form a light 
brown solution (50 pM). The film obtained above (8 or 
9) was incubated under this solution at  25 "C for 3 h and 
was washed thoroughly with NaHC03 buffer followed by 
phosphate buffer to give film 10 or 11. 

Two control experiments using PS as the polymer 
substrate were conducted. In the first experiment, a 
circular micro cover glass was spin-coated with 5% PS 
solution in xylenes for 2 min (for details see the spin- 
coating procedure above). The film was baked, photolyzed, 
incubated in 50 pM HRP solution at 25 OC for 3 h and 
rinsed thoroughly with NaHC03 buffer followed by 
phosphate buffer. In the second control experiment, a 
circular micro cover glass was spin-coated with 5% PS 
solution in xylenes, then with a solution of 0.5 wt  % methyl 
4-azido-2,3,5,6-tetrafluorobenzoate (4) in nitromethane on 
top of the PS film. The film was baked, photolyzed, 
incubated in 50 pM HRP solution at 25 "C for 3 h, and 
rinsed thoroughly with NaHC03 buffer followed by 
phosphate buffer. 

A control experiment was performed using P30T as the 
support. A circular micro cover glass was spin-coated with 
2% P30T solution in chloroform for 2 min, baked, 
photolyzed, incubated in 50 pM HRP solution at 25 "C for 
3 h, and rinsed thoroughly with NaHC03 buffer followed 
by phosphate buffer. 

Preparation of PS-Biotin-Streptavidin-Biotin- 
HRP Conjugate. A circular micro cover glass was spin- 
coated as described above with 5 % PS solution in xylenes 
for 2 min and then with 0.5 wt % 1 solution in nitromethane 
on top of the PS film for 1 min. The film was baked and 
irradiated with 254-nm lamps for 5 min to give film 8a. 
N-( 5-Aminopenty1)biotinamide (2.0 mg) was dissolved in 
0.1 mL of DMF, and 0.5 mL of NaHC03 buffer was added 
to form a colorless solution. Film 8a was immersed under 
this solution at 25 OC for 5 h and washed thoroughly with 
NaHC03 buffer followed by phosphate buffer. The 
resulting film 12 was then incubated at  25 "C for 1 h in 
a premixed solution containing 2.6 pM streptavidin and 
0.52 pM biotinated HRP in pH 7.0 phosphate buffer (21). 
The film was washed thoroughly with phosphate buffer 
to give film 13. 

HRP Assays. All HRP solutions and the dilutions were 
made in pH 7.0 phosphate buffer containing 10.0 mg/mL 
of BSA. ABTS solutions were prepared in pH 7.0 
phosphate buffer and used at  a concentration of 1.0 mg/ 
mL throughout. Hydrogen peroxide was used at  a 
concentration of 0.28 % throughout. 

Activity of Native HRP. To a cuvette containing 2.0 
mL of ABTS solution and 50.0 pL of a HRP solution of 
various concentration was added 20.0 pL of H202 solution 
(final concentrations, 1.8 mM ABTS and 0.8 mM HzOz). 
The absorbance of the resulting solution at 420 nm after 
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incubation at  25 "C for 10 min was read against pH 7.0 
phosphate buffer. 

Assays for Immobilized HRP. To a dish containing 
10.0 mL of ABTS solution and film 10 or 11 or 13 was 
added 100.0 pL of Hz02 solution at  25 "C under stirring. 
Aliquots of about 2 mL of the resulting solution were taken 
at  about 1 min time intervals, and the absorbances at  420 
nm were recorded. Aliquots were returned to the dish 
after each measurement to keep the total volume constant. 

RESULTS AND DISCUSSION 
Syntheses of NHS PFPA esters 2 and 3 were accom- 

plished as shown in eq 1-3. Reaction of 4-azido-2,3,5,6- 

F*F + NH,CH,CO,Et 
F F 

I 
N3 

I 
N3 

5 R = E t  
6 R = H  NaOHIMeOHIH,O L 

'GF+ NH,(CHJ,CO,H - 1. NaOH '@: 
F F 

(2) 
2. HCI 

N3 N3 

7 

I 

N3 

2 n = 1  

3 n = 4  

tetrafluorobenzoic acid (9) and glycine ethyl ester hydro- 
chloride with DCC as the coupling reagent gave N-(4- 
azido-2,3,5,6-tetrafluorobenzoy1)glycine ethyl ester (5) in 
32 % yield. Hydrolysis of 5 with NaOH in methanol gave 
6 as a white powder in 99% yield (eq 1). Treatment of 
4-azido-2,3,5,6-tetrafluorobenzoyl chloride (9) with 5-ami- 
nopentanoic acid under basic conditions followed by 
acidification gave 5-(4-azido-2,3,5,6-tetrafluorobenzami- 
do)pentanoic acid (7) as a white powder in 87% yield (eq 
2). Reaction of 6 and 7 with NHS in the presence of DCC 
gave N-(4-azido-2,3,5,6-tetrafluorobenzoyl)glycine N-suc- 
cinimidyl ester (2) and N-succinimidyl5-(4-azido-2,3,5,6- 
tetrafluorobenzamido)pentanoate (3) as white powders in 
80% and 90% yields, respectively (eq 3). Reagents, 2,3, 
and N-succinimidyl4-azido-2,3,5,6-tetrafluorobenzoate (1) 
(91, form a series of NHS-functionalized PFPAs differing 
in the lengths of the linker between the PFPA and the 
NHS ester group. 

Surface modification of PS thin films with NHS- 
functionalized PFPA 1 and 3 was performed as follows. 
A circular micro cover glass was spin-coated with 5 % PS 
solution in xylenes. The thickness of the film was 
measured as 0.5 pm (22). Then a solution of 0.5 wt % 1 
or 3 in nitromethane (PS is not soluble in nitromethane) 
was spin-coated on top of the PS film. In the control 
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Figure 1. FTIR spectra of (a) a PS film, (b) a PS film spin- 
coated with 1 on top, (c) the resulting film baked at 60 "C for 
20 min, and (d) the baked film photolyzed with 254-nm lamps 
for 5 min to give film 8a. 

Scheme 1 

A 1. spin-coat 1 O r 3  

9 3. hu 254 nm 

a =  PS 

b = P30T 

9 F/ 'F 

a R =  

9 R =  NH(CH,),CO-N "9 0 

NH -HRP ;\it z N H /  \ C-X 

1 0  X=NH-HRP 

1 1  X = NH(CH,),CONH-HRP 

experiment using a NaCl disk as the support, an IR 
spectrum showed the azide absorption at  2138 cm-I after 
1 or 3 was spin-coated on the PS film (Figure l b  vs la). 
The film was then baked at  60 "C for 20 min. The baking 
process removed residual solvent present in the film and 
likely facilitated the diffusion of the surface-deposited 
NHS PFPA ester into the PS film, thus increasing the 
probability of CH bond insertion into the polymer surface 
of the nitrene intermediate generated in the next step. 
However, baking did not induce the thermodecomposition 
of the azide because the intensity of the absorption at  
2138 cm-1 after baking (Figure IC) was essentially the same 
as that before baking (Figure lb). Irradiation of the azide- 
containing film with 254-nm lamps for 5 min resulted in 
complete decomposition of the azide group in 1 or 3 as 
indicated by the absence of the 2138 cm-l absorption in 
the IR spectrum of the corresponding control sample 
(Figure Id vs IC). Photolysis of 1 and 3 generated the 
highly active nitrene intermediate (9, 11) which then 
underwent CH bond insertion into the PS  surface, giving 
films 8a and 9a, respectively (Scheme 1). Since an NHS- 
active ester group is present in 1 and 3, it also becomes 
covalently attached to the PS surface. 

As an example of the application of this surface 
functionalization technique for binding biomolecules to 

0.0 -1 
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Time ( m i d  
Figure 2. Time course of immobilized HRP reaction using 1 as 
the surface modification reagent. 1.8 mM ABTW0.8 mM HzOz 
in 0.1 M pH 7.0 phosphate buffer. A least-squares fit gives 
absorbance A = 0.0693 + 0.0746t, where t is the time. 

polymer surfaces, horseradish peroxidase (HRP) was 
immobilized on films 8a and 9a. The immobilization was 
accomplished viaamide formation between the NHS active 
ester group and an amino group present in HRP. Since 
the NHS ester is slowly hydrolyzed by water (231, dilution 
of the HRP solution will result in competition between 
coupling and loss of the NHS ester group by hydrolysis. 
A concentration of 50 pM HRP was used in order to 
minimize the loss of NHS ester caused by hydrolysis (24) .  
Since only the unprotonated amino groups in HRP are 
reactive in the coupling reaction, it is necessary to maintain 
an alkaline pH at which a significant number of amino 
groups are unprotonated. However, hydrolysis of the NHS 
ester becomes competitive above pH 9. A pH 8.2 NaHC03 
buffer was used since it was demonstrated to give excellent 
coupling results ( 2 4 ) .  

Immobilization of HRP on films 8a and 9a was carried 
out by separately incubating each film in a solution of 50 
pM HRP in NaHC03 buffer at  25 "C for 3 h. The resulting 
films were washed thoroughly with NaHC03 buffer 
followed by phosphate buffer to give films 10a and lla. 

In order to determine the immobilization efficiency, 
activities of the immobilized HRP and the native HRP 
were measured using the procedure of Groome ( 2 5 ) .  The 
activity of HRP was determined spectrophotometrically 
at  420 nm and 25 "C using 2,2'-azinobis(3-ethylbenzthi- 
azoline-6-sulfonic acid) diammonium salt (ABTS) and 
hydrogen peroxide (1.8 mM ABTW0.8 mM H.202). In a 
typical assay for immobilized HRP, film 10a or lla was 
immersed in 10.0 mL of ABTS solution in phosphate buffer 
(1.0 mg/mL), and 100.0 yL of H2Oz solution (0.28%) was 
added with stirring. Aliquots of about 2 mL of the solution 
were taken at  about 1-min time intervals, and absorbances 
at  420 nm were recorded. A representative curve for the 
immobilized HRP is shown in Figure 2. 

Assays of the native HRP were carried out by incubating 
various HRP solutions of known concentration with 1.8 
mM ABTS/0.8 mM HzO2 in pH 7.0 phosphate buffer. 
Absorbances at  420 nm after 10 min incubation were read 
against pH 7.0 phosphate buffer. Figure 3 shows a linear 
relationship between the absorbance and the concentration 
of HRP. Making the assumption that the immobilized 
HRP has the same activity as the native HRP ( 2 5 , 2 6 ) ,  the 
amounts of HRP immobilized can be calculated. For 
example, using 1 as the surface modification reagent, the 
absorbance at  10 min was calculated to be 0.816 (Figure 
2 ) ,  corresponding to a concentration of 18.1 ng/mL (Figure 
3). Since the total volume of the assay solution was 10.0 
mL, the amount of HRP immobilized on the circular micro 
cover glass (radius = 10 mm) was 181 ng. This corresponds 
to 0.58 ng/mm2 of surface area. 
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Figure 3. Relationship between absorbance and concentration 
of native HRP. 1.8 mM ABTS/0.8 mM HzOz in 0.1 M pH 7.0 
phosphate buffer. Cuvettes were incubated at 25 "C for 10 min 
before reading the absorbances at 420 nm against pH 7.0 
phosphate buffer blank. The least-squares fit gives absorbance 
A = O.O746C, where C is the concentration. 

From the four samples each of films 10a or l l a ,  the 
amount of HRP immobilized was calculated to be 0.5 f 
0.1 ng/mm2for film 10a and 1.0 f 0.2 ng/mm2 for film lla. 
The amount of HRP immobilized using 3 was twice as 
much as that using 1 as the surface modification reagent. 
In the case of 3-functionalized PS film 9a, the NHS ester 
group is separated from the polymer surface by four 
methylene units as compared to l-functionalized PS film 
8a. The NHS ester separated from the PS surface by an 
extended spacer would be expected to experience less steric 
interference by the PS matrix, and consequently the 
reaction with the large HRP molecules should be more 
efficient. 

A HRP molecule has been described as having an average 
molecular weight of 40 000 and a radius of 2.67 nm in the 
hydrated state (27). Considering a monolayer of densely 
packed HRP spheres on a flat surface, the maximum 
amount of HRP molecules laid on the surface is calculated 
to be 2.7 ng/mm2 (28). Therefore, the surface coverage of 
immobilized HRP is about 19 % of the maximum coverage 
calculated using 1 and about 37% using 3 as the surface 
modification reagent, indicating a reasonable immobili- 
zation efficiency. 

Two control experiments were carried out. In the first 
experiment, a PS film prepared by spin-coating 5% PS 
xylenes solution on a piece of micro cover glass was baked 
and photolyzed. After incubating in 50 pM HRP solution 
at  25 OC for 3 h and washing thoroughly with NaHC03 
buffer followed by phosphate buffer, the film was subjected 
to the enzyme assay as described above. The result showed 
no enzyme activity, indicating that there was no detectable 
nonspecific adsorption of HRP molecules on the PS 
surface. In the second control experiment, the methyl 
PFPA ester 4 instead of the NHS PFPA ester 1 or 3 was 
used as the surface modification reagent. A piece of micro 
cover glass was spin-coated with 5% PS xylenes solution 
and then witha solution of0.5 w t  % methyl4-azido-2,3,5,6- 
tetrafluorobenzoate (4) (9) in nitromethane on top of the 
PS film. The resulting film was baked, photolyzed, 
incubated in 50 pM HRP solution at  25 "C for 3 h, and 
rinsed thoroughly with NaHC03 buffer followed by 
phosphate buffer. No enzyme activity was detected, 
indicating that there was no reaction between the HRP 
molecule and the "unactivated" methyl PFPA ester- 
modified PS surface. Thus, HRP was likely immobilized 
on films 8a and 9a through covalent amide formation 
between the NHS active ester group and the amino group 
present in HRP. 
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Figure 4. Storage stability of immobilized HRP at 4 "C in pH 
7.0 phosphate buffer of film (a) loa, (b) lla, and (c) 13. 

The generality of this methodology for polymer surface 
modification was extended to an organic conducting 
polymer, poly(3-octylthiophene) (P30T). P30T was 
prepared chemically from 3-octylthiophene using Fee13 
according to a known procedure (19). The functional- 
ization of P30T surface was performed by spin-coating a 
circular micro cover glass with 2 %  P30T solution in 
chloroform followed by a solution of 0.5 wt % 1 or 3 in 
methanol on top of the P30T film. Methanol was used 
as the solvent because it spread on P30T film better than 
nitromethane and it does not dissolve the polymer film. 
In a control experiment using a NaCl disk as the support, 
the IR spectrum showed a strong azide absorption at  2138 
cm-l after spin-coating of 1 or 3 onto P30T. The film was 
then irradiated with 254-nm lamps for 5 min to give film 
8b or 9b. The IR spectra of the corresponding control 
samples showed the complete disappearance of the azide 
absorption in 8b and 9b. 

Immobilization of HRP on films 8b and 9b and the 
enzyme activity assays of the immobilized HRP on films 
10b and l l b  were carried out in the same manner as 
described above for films 8a, 9a and loa, 1 la. Similarly, 
by making the assumption that immobilized HRP has the 
same activity as the native HRP (25,26),  the amount of 
HRP immobilized was calculated as 0.2 f 0.1 ng/mm2 for 
film 10b and 0.3 f 0.1 ng/mm2 for film l l b .  Again, the 
latter was larger than the former, the same result as 
observed in the case of using PS as the polymer substrate. 
A control experiment was carried out to determine whether 
there was nonspecific adsorption of HRP molecules on 
the P30T surface. AP30T film prepared by spin-coating 
2 % P30T solution in chloroform was baked, photolyzed, 
and incubated in 50 pM HRP solution at  25 OC for 3 h. 
After being rinsed thoroughly with NaHC03 buffer 
followed by phosphate buffer, the film was subjected to 
the enzyme activity assay. No detectable enzyme activity 
was observed, indicating that there were no HRP molecules 
nonspecifically adsorbed on the P30T  film. 

The stability of HRP immobilized on the PS film upon 
storage was also studied. Films 10a and 1 la were stored 
at 4 "C in pH 7.0 phosphate buffer. HRP on film 10a lost 
essentially all of its initial activity after 1.8 days. HRP 
on film lla retained 100% of its initial activity after 1.8 
days but lost 31 % of its initial activity after 4.8 days (Figure 
4). I t  has been reported that enzymes tend to lose their 
biological activities after immobilization on solid matrices 
due to the masking of their active sites by the solid matrix 
or multipoint attachments which restrict the local move- 
ments necessary for the activities (29). In the case of film 
loa, there was only a short spacer between HRP and PS. 
The polymer matrix may mask the active sites and/or alter 
the three-dimensional structure of HRP at its active sites 



156 Bioconjugate Chem., Vol. 5, No. 2, 1994 

Scheme 2 

Yan et al. 

biotinated HRP. Some free streptavidin molecules are 
present in the solution of streptavidin-biotin-HRP and 
will not contribute to the activity of film 13 after 
conjugation. An enzyme activity assay of film 13 stored 
at 4 OC showed that HRP immobilized in this manner 
retained 100% of its initial activity after 6 days and 38% 
of its initial activity after 28 days (Figure 4). 

In conclusion, we present the synthesis of NHS func- 
tionalized PFPAs 2 and 3 and a general method using 
bifunctional cross-linking reagents such as 1 and 3 for the 
covalent modification of polymer surfaces. Application 
of this methodology for bioconjugation was demonstrated 
through covalently immobilization of HRP to the NHS 
PFPA ester-functionalized PS and P30T surfaces. Uti- 
lization of the multilayer system, biotin-streptavidin- 
biotin-HRP, greatly enhanced the storage stability of the 
immobilized HRP. This new bioconjugation strategy may 
find application for the construction of novel micrometer- 
scale biosensors based on field-effect transistors and optical 
waveguides. 
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by stretching the molecule. Multipoint attachment may 
also occur during the immobilization process; thus, the 
initial activity of the immobilized HRP was lower with 
10a compared to lla and the activity decreased rapidly 
over a 1-2-day period. In the case of film 1 la, HRP was 
separated from the polymer matrix by four additional 
methylene units. The four methylene units act as a spacer 
to reduce the chance of masking of the active sites by the 
polymer matrix, resulting in a higher initial activity and 
enhanced storage stability of the immobilized HRP. 

A multilayered system containing biotin-streptavidin- 
biotin-HRP was constructed on the PS surface in order 
to test whether further separation of HRP from the surface 
would lead to greater storage stability. Biotin (vitamin 
H) is known to bind strongly and specifically to the 
bacterial protein streptavidin with a binding constant of 
1015 M-1. The binding properties are only slightly influ- 
enced when biotin is functionalized (30). Since strepta- 
vidin has four binding sites for biotin situated on two 
opposite sides of the tetrameric protein, streptavidin can 
thus be used to link two different functions in the assembly 
(31). The PS-biotin-streptavidin-biotin-HRP assembly 
was constructed as shown in Scheme 2. Functionalization 
of the PS surface with 1 to give film 8a was performed in 
the same manner as described earlier. A solution of N45- 
aminopenty1)biotinamide in DMF (2.0 mg/O.l mL) was 
prepared and was added to 0.5 mL of 0.1 M pH 8.2 NaHC03 
buffer. Film 8a was immersed in the resulting solution at  
25 "C for 5 h. After thorough rinsing with NaHC03 buffer 
followed by phosphate buffer, the resulting film 12 was 
incubated at  25 "C for 1 h in a premixed solution of 2.6 
pM streptavidin and 0.52 pM biotinated HRP in pH 7.0 
phosphate buffer. The film was then rinsed with the buffer 
to give film 13. Using the same method as described above 
to obtain the linear relationship between absorbance and 
the concentration of biotinated HRP, the amount of 
biotinated HRP immobilized on film 13 was calculated to 
be 0.25 ng/mm2.1 The lower initial activity of film 13 as 
compared to that of film 10 is likely due to the fact that 
excess streptavidin was used in the conjugation step with 

1 A film was prepared in a similar manner as film 13 but using 
3 as the surface modification reagent. The amount of immobilized 
biot inal ted H R P  was calculated t o  be 0.63 ng/mm2. 
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Synthesis of 2,6 -Diazido - 9- ( p-D - ribof ur anos yl) purine 3’,5’-Bisp hosp hat e: 
Incorporation into Transfer RNA and Photochemical Labeling of 
Escherichia coli Ribosomes 
Jacek Wower,? Stephen S. Hixson,t Lee A. Sylvers,tr§ Yide Xing,tJ and Robert A. Zimmermann’,? 

Departments of Biochemistry and Molecular Biology and of Chemistry, University of Massachusetts, 
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2,6-Diazido-9-(@-~-ribofuranosyl)purine was prepared by the reaction of 2,6-dichloro-9-(@-~-ribofura- 
nosy1)purine with sodium azide. The nucleoside was bisphosphorylated with pyrophosphoryl chloride 
to form 2,6-diazido-9-(P-~-ribofuranosyl)purine 3’,5’-bisphosphate. This product was labeled with 32P 
using T4 polynucleotide kinase to exchange the 5’ phosphate with the y phosphate of [ Y - ~ ~ P I A T P .  
When yeast tRNAPhe containing 2,6-diazido-9-(P-~-ribofuranosyl)purine at the 3’ terminus was bound 
to the P site of the Escherichia coli ribosome in the presence of poly(U) and irradiated with 300-nm 
light, the photoreactive tRNA derivative became cross-linked exclusively to the 50s subunit. The label 
was attached to proteins L27 and L33 as well as to the 23s rRNA. 

INTRODUCTION 

2-Azidoadenosine (2N3A) and 8-azidoadenosine (8N3A) 
phosphates have been extensively used for photoaffinity 
labeling of nucleotide binding sites in proteins (1-3). 
Recently, 2N3A and 8N3A have been incorporated a t  a 
number of specific positions throughout the tRNA mol- 
ecule to probe the topography of tRNA binding sites on 
the ribosome (4-8). Such substitutions, which do not in 
general impair the biological activity of tRNA, yield 
derivatives that can be photoactivated with 300-nm light. 
Irradiation of tRNA-ribosome complexes at  this wave- 
length results in very short (2-4 A) cross-links between 
tRNA and ribosomes without adversely affecting ribosome 
activity (5).  The photoaffinity labeling of ribosomes with 
azidoadenosine-containing tRNAs led us to advance a 
model of the tRNA-ribosome complex during the elon- 
gation phase of translation (6-8). 

To gain additional information about the local envi- 
ronment of specific tRNA nucleosides on the ribosome, 
we have prepared 2,6-diazido-9-(P-~-ribofuranosyl)purine 
3’,5’-bisphosphate,’ a photoreactive purine nucleotide with 
azide moieties attached to both the 2 and 6 positions. Based 
on the spectroscopic properties of azidopurine bases (9) 
we expect tetrazole formation, which can reduce the 
efficiency of cross-linking at  neutral pH, to be less 
significant for p2,6-diN3Rp than it is for p2NsAp (3) .  A t  
the same time, the glycosidic bond of p2,6-diN3Rp should 
assume the usual anti conformation, rather than the syn 
_ _ _ _ _ ~ ~ ~ ~ ~  ~ 
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conformation adopted by p8NsAp. In this paper, we 
describe the synthesis of p2,6-diN3Rp, its incorporation 
into yeast tRNAPhe, and the cross-linking of [ 2,6-diN3- 
R76]tRNAPhe to the ribosome. 

EXPERIMENTAL PROCEDURES 
Materials. Yeast tRNAPhe, calf intestine alkaline 

phosphatase, and puromycin were purchased from Boe- 
hringer Mannheim. T4 RNA ligase and 3’-phosphatase- 
free T4 polynucleotide kinase were obtained from Phar- 
macia. Ribonuclease T1 was from Worthington. [ T - ~ ~ P I -  
ATP (6000 Ci/mmol) was from New England Nuclear. 
Ribosomes from E. coli K12 cells were prepared according 
to Rheinberger et al. (10). PEI-cellulose plates were from 
Macherey and Nagel. All other chemicals were of reagent 
grade. 

Preparation of 2,6-Diazido-9-(@-~-ribofuranosyl)- 
purine 3’,5’-Bisphosphate. 2,6-Diazido-9-(P-~-ribofura- 
nosy1)purine (2) was prepared by reaction of 2,6-dichloro- 
9-(P-D-ribofuranosyl)purine (1) (11) with sodium azide as 
described by Montgomery and Hewson (12) for the 
triacetate (Figure 1). Sodium azide, 256 mg (4.24 mmol), 
in 1.2 mL of H20 was added to a warm solution of 647 mg 
(2.02 mmol) of 2,6-dichloro-9-(~-~-ribofuranosyl)purine 
in 16 mL of ethanol. The reaction mixture was refluxed 
1 h, cooled, filtered, and concentrated in U ~ C U O  to a solid, 
which, upon crystallization from hot ethyl acetate, afforded 
223 mg of 2,6-diazido-9-(P-~-ribofuranosyl)purine as a 
white powder: mp 134-136 “C dec; IR (KBr) 3327,2170, 
2134,1612,1584,1378,1246,1083 cm-’; ‘H-NMR (DMSO- 

265, 294 nm; MS (electrospray) 335.1 (MH+). 
The nucleoside was bisphosphorylated with pyrophos- 

phoryl chloride according to Barrio et al. (13). After 
chromatography of the products on a DEAE-cellulose 
column, a mixture of 2,6-diazido-9-(~-~-ribofuranosyl)- 
purine 2’,5’- and 3’,5’-bisphosphates was obtained. The 
UV spectrum of p2,6-diN3Rp exhibited maxima at 244, 
265, and 294 nm at pH 7.6. The major peak of the 
electrospray mass spectrum was at  m/z 697.5 (calcd 697.6), 
corresponding to the (protonated) bis(trieethy1ammoni- 
um) salt. 

Preparation of [ 5‘-32P]p2,6-diN3Rp. The 5’-phos- 
phate of p2,6-diN3Rp was exchanged with the y-phosphate 
of [T-~~PIATP using 3’-phosphatase-free T4 polynucle- 

dg) 6 8.69 (s, 0.8, H-8); UV (CH30H) A,, 244 ( 6  19 000), 
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Figure 1. Synthesis of 2,6-diazido-9-(~-~-ribofuranosyl)purine 3’,5’-bisphosphate from 2,6-dichloro-9-(~-~-ribofuranosyl)purine: (1) 
2,6-dichloro-9-(~-~-ribofuranosyl)purine, (2) 2,6-diazido-9-(~-~-ribofuranosyl)purine, and (3) 2,6-diazido-9-(~-~-ribofuranosyl)purine 
3’,5’- bisphosphate. 

p2,6-diN3Rp - 

ATP- 

Origin- 

a b C d 
Figure 2. Preparation and photoreactivity of [5’-32P]p2,6-diN3- 
Rp. Aliquots of the exchange reaction mixture containing 
[Y-~~PIATP,  ADP, and p2,6diN3Rp (a, b) and samples of [Y-~~P]-  
ATP alone (c, d) were applied to a PEI-cellulose sheet. The 
material deposited at  the origins of lanes b and d was then 
irradiated at  300 nm for 5 min. The PEI-cellulose sheet was 
developed by ascending chromatography in 0.75 M KH2PO4, pH 
3.5 (14). 

otide kinase (4).  The products were analyzed by thin- 
layer chromatography on PEI-cellulose plates using 0.75 
M KH2P04, adjusted to pH 3.5 with HCl, as the mobile 
phase (14). 

Incorporation of [5’-32P]p2,6-diN3Rp into Position 
76 of Yeast tRNAPhe and Cross-Linking of [2,6- 
diN3R76]tRNAPhe to the Ribosomal P Site. The 3’- 
terminal adenosine at  position 76 of yeast tRNAPhe was 
replaced with 2,6-diN3R by ligation of [ 5’-32P] p2,6-diN3- 
Rp to tRNAPhe lacking A76 exactly as described by Wower 
et al. (5). The extent of incorporation of the photoreactive 
nucleotide was estimated by denaturing polyacrylamide 
gel electrophoresis. Noncovalent binding of the photo- 
reactive tRNA derivative to the ribosomal P site and 
irradiation of the complex with 300-nm light were carried 
out as previously described (5). 

RESULTS AND DISCUSSION 
2,6-Diazido-9-(~-~-ribofuranosyl)purine 3’,5’-bisphos- 

phate (3) was synthesized as depicted in Figure 1. 2,6- 

Wavelength (nm) 
Figure 3. UV spectra of p2,6-diN3Rp before and after photolysis. 
Solutions of p2,6-diN3Rp in 50 mM Tris-HC1, pH 7.6, were 
irradiated for 10 min at  4 “C in a Rayonet photochemical reactor 
(Model RPR-100) equipped with four RPR-3000-A lamps: (-) 
before irradiation; (- -) after irradiation. 

Dichloro-9-(P-D-ribofuranosyl)purine (1) was reacted with 
sodium azide to give 2,6-diazido-9-(P-~-ribofuranosyl)- 
purine (2) (11, 12). The IR and lH-NMR spectra of 2 
indicate that it exists predominantly in the azide form as 
had been previously found for the base, 2,6-diazidopurine 
(9). The nucleoside 2 was then bisphosphorylated with 
pyrophosphoryl chloride (13). The presence of the 3’,5’- 
bisphosphate 3 in the reaction mixture was confirmed by 
the observation that T4 polynucleotide kinase was able to 
catalyze the exchange of the 5’ phosphate with the y 
phosphate of [T-~~PIATP (Figure 2, lane a). The 2’,5’- 
isomer in the bisphosphate mixture does not interfere with 
this procedure as it is neither labeled in the exchange 
reaction catalyzed by polynucleotide kinase nor does it 
act as a donor in the RNA ligase reaction used for 
incorporation of the photoreactive nucleotide into tRNA 
(13). 

The photoreactivity of [5’-32P]p2,6-diN3Rp was assessed 
both by photolysis of the compound on a TLC plate and 
by spectrophotometry. In the first assay, [ 5’-32Pl p2,6- 
diN3Rp was applied to the origin of a PEI-cellulose plate, 
which was irradiated with 300-nm light for 5 min before 
development. This procedure led to the formation of two 
new products, one immobilized at the origin and a second 
which migrated more slowly than unirradiated [5’-32p]p2,6- 
diN3Rp (Figure 2, lane b). This result is similar to that 
obtained with photolyzed p2N3Ap (4). Irradiation of the 
p2,6-diN3Rp in solution for 10 min completely abolished 
the absorption maxima at  244,265, and 294 nm (Figure 
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Figure 4. Sucrose gradient analysis of cross-linked [ 2,6-diNsR76] tRNAphe-ribosome complexes. (a) Noncovalent P2P1 [2,6diNsR761- 
tRNAPhe-ribosome complexes were irradiated and centrifuged through 10-30 % sucrose gradients in 10 mM Tris-HC1, pH 7.6,50 mM 
KCl, 0.25 mM MgC12, and 0.05% 2-mercaptoethanol a t  40 000 rpm for 135 min a t  4 "C in a Beckman VTi50 rotor to resolve 50s and 
30s ribosomal subunits. (b) The distribution of the cross-link between the 23s rRNA and 50s subunit proteins was assessed by 
centrifugation of the cross-linked 50s subunits through 5-20 % sucrose gradients in a buffer containing 10 mM Tris-HC1, pH 7.6,lOO 
mM LiC1,0.25 mM EDTA, and 0.5% (wt/vol) SDS a t  40 000 rpm for 160 min a t  10 "C in a VTi50 rotor. 
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Figure 5. Electrophoretic and immunological analysis of the [ 2,6diNsR76] tRNAphe-protein complex. (a) Covalent tRNA-protein 
complexes, isolated from the sucrose gradient depicted in Figure 4b, were digested with RNase TI, electrophoresed through an SDS- 
polyacrylamide gel, and visualized by autoradiography. The positions of the 50s subunit proteins, revealed by staining with Coomassie 
blue, are indicated at the left side of the autoradiogram. (b) The labeled proteins were eluted from the gel and screened for reaction 
with antibodies to ribosomal proteins as indicated. Selection of antibodies was based on the observation that all of the labeled proteins 
migrated to the "northwest" of proteins L27, L28, L33, and L34 upon two-dimensional polyacrylamide gel electrophoresis (see refs 
5 and 7). 

3). [5'-32P]p2,6-diN3Rp was ligated to the 3' end of yeast 
and E. coli tRNAPhe lacking the A residue at  position 76 
with a yield of 24 % and 28 % , respectively. Neither of the 
photoreactive tRNA derivatives was able to serve as a 
substrate for the cognate aminoacyl-tRNA synthetases. 

When [32P] [2,6-diN3R76] tRNAPhe was incubated with 
poly(U)-programmed 70s tight-couple ribosomes at  a 
molar tRNA/ribosome input ratio of 1:4,62 % of the tRNA 
was noncovalently bound. Irradiation of the incubation 
mixture with 300-nm light for 10 min resulted in the 
covalent attachment of 10-16 % of the bound tRNA to the 
ribosome, as judged by retention of tRNA on nitrocellulose 

filters after dissociation of noncovalent complexes by 
exposure to low Mg2+ concentration (5). Centrifugation 
of the irradiated tRNA-ribosome complexes through a 
sucrose gradient revealed that the tRNA was cross-linked 
exclusively to the 50s subunits (Figure 4a). The 50S- 
subunit fraction was then subjected to a second round of 
sucrose-gradient centrifugation in the presence of SDS 
and LiCl to dissociate the 50s-subunit proteins from the 
23s rRNA. This analysis indicated that approximately 
48% of the cross-linked tRNA was associated with the 
3-5s protein fraction and 52% with 23s rRNA (Figure 
4b). 
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To characterize the cross-linked proteinb), the 3-53 
fraction was treated with RNase TI, and the proteins were 
resolved by SDS-PAGE. Autoradiography of the SDS- 
containing gel revealed two bands. The majority of the 
label migrated with a mobility corresponding to proteins 
L9, L11, L17, and L22 (Figure 5a). A smaller amount of 
the label migrated slightly slower than proteins L18, L23, 
and L27. Because a 32P-labeled pentanucleotide remains 
attached to the cross-linked protein(s) after RNase TI 
digestion, its mobility undergoes a significant shift relative 
to its unlabeled counterpart. As a result, reliable iden- 
tification of the labeled protein@) cannot be made on the 
basis of one-dimensional polyacrylamide gels alone. To 
determine the identity of the cross-linked protein(s) 
conclusively, an immunological approach was used in which 
antibodies directed against individual ribosomal proteins 
were immobilized on agarose and mixed with an aliquot 
of the RNase-digested tRNA-protein complex. The 
radioactivity associated with each antibody on the agarose 
gel was then monitored by scintillation counting (15). The 
results, presented in Figure 5b, show that L27 and L33 
were the proteins labeled by [2,6-diN3R761tRNAPhe. 

Protein L27 has previously been labeled from the P site 
by tRNAPhe derivatives containing either 2N3A or 8N3A 
at position 76 (5,6). Our present results add further 
evidence that L27 is a close neighbor of the 3‘ end of tRNA 
in the ribosomal P site. This protein is thus a likely 
structural and/or functional component of the peptidyl 
transferase center on the 50s subunit. Protein L33, on 
the other hand, has been cross-linked by tRNA probes 
bound to both the P and E sites (7, 16, 17). Labeling of 
protein L33 by [ 2,6-diN3R76]tRNAPhe is consistent with 
data on the relative positions of ribosomal proteins within 
the 50s ribosomal subunit (18,19) and further underlines 
the proximity of the P and E sites suggested by our earlier 
studies (5-7). 

Cross-linking of [2,6-diN3R761tRNAPhe to the 23s rRNA 
is of considerable interest in view of recent evidence 
suggesting that the peptidyl transferase activity of the 
ribosome may be attributable to 23s rRNA (20). We 
previously reported that [2N3A76] tRNAPhe labeled the 
23s rRNA nucleotide G1945 when bound to the P site (6). 
Since either of the azide groups of 2,6-diN3R can insert 
into adjacent bonds, we are characterizing the tRNA-23s 
rRNA cross-link described herein to further delineate 
nucleotides within the 23s rRNA that are in proximity to 
the 3’ end of tRNA and thus of potential structural or 
functional importance at the peptidyl transferase center 
of the ribosome. 

ACKNOWLEDGMENT 

We are grateful to Dr. Richard Brimacombe for per- 
forming the immunological analysis of the tRNA-protein 
complexes and to Dr. George Dubay for obtaining the mass 
spectra. S.S.H. thanks Prof. Ned Porter and his co-workers 
for the use of their facilities a t  Duke University. This 
work was supported by NIH Grant GM22807. 

LITERATURE CITED 

(1) Haley, B. E. (1983) Development and utilization of 8-azi- 
dopurine nucleotide photoaffinity probes. Fed. Proc. 42,2831- 
2836. 

(2) Cusack, N. J., and Born, G. V. R. (1976) Effects of photolysable 
2-azido analogues of adenosine, AMP and ADP on human 
platelets. Proc. R .  Soc. London 197, 515-520. 

(3) MacFarlane, D. E., Mills, D. C. B., and Srivastava, P. C. 
(1982) Binding of 2-azidoadenosine [@-3ZP]diphosphate to the 

Bioconjugate Chem., Vol. 5, No. 2, 1994 161 

receptor on intact human blood platelets which inhibits 
adenylate cyclase. Biochemistry 21, 544-549. 

(4) Sylvers, L. A., Wower, J., Hixson, S. S., and Zimmermann, 
R. A. (1989) Preparation of 2-azidoadenosine 3’,5’-[5’-s2P]- 
bisphosphate for incorporation into transfer RNA: photoaf- 
finity labeling of Escherichia coli ribosomes. FEBS Let t .  245, 

(5) Wower, J., Hixson, S. S., and Zimmermann, R. A. (1988) 
Photochemical cross-linking of yeast tRNAPhe containing 
8-azidoadenosine a t  positions 73 and 76 to the Escherichia 
coli ribosome. Biochemistry 27, 8114-8121. 

(6) Wower, J., Hixson, S. S., and Zimmermann, R. A. (1989) 
Labeling of the peptidyl transferase center of the Escherichia 
coli ribosome with photoreactive tRNAPhe derivatives con- 
taining azidoadenosine at the 3’ end of the acceptor arm: a 
model of the tRNA-ribosome complex. Proc. Natl .  Acad. Sei. 

(7) Wower, J., Scheffer, P., Sylvers, L. A., Wintermeyer, W., and 
Zimmermann, R. A. (1993) Topography of the E site on the 
Escherichia coli ribosome. EMBO J.  12, 617-623. 

(8) Wower, J., Sylvers, L. A., Rosen, K. V., Hixson, S. S., and 
Zimmermann, R. A. (1993) A Model of the tRNA Binding 
Sites on the Escherichia coli Ribosome, in The  Translational 
Apparatus (K. H. Nierhaus, F. Franceschi, A. R. Subramanian, 
V. A. Erdmann, and B. Wittmann-Liebold, Eds.), pp 455-464, 
Plenum, New York. 

(9) Temple, C., Jr., Kussner, C. L., and Montgomery, J. A. (1966) 
Studies on the azidoazomethine-tetrazole equilibrium. V. 2- 
and 6-azidopurines. J.  Org. Chem. 31, 2210-2215. 

(10) Rheinberger, H.-J., Geigenmuller, U., Wedde, M., and 
Nierhaus, K. H. (1988) Parameters for the preparation of 
Escherichia coli ribosomes and ribosomal subunits active in 
tRNA binding. Methods Enzymol.  164, 658-670. 

(11) Gerster, J. F., and Robins, R. K. (1966) Purine Nucleosides. 
XIII. The synthesis of 2-fluoro- and 2-chloroinosine and certain 
derived purine nucleosides. J.  Org. Chem. 31, 3258-3262. 

(12) Montgomery, J. A., and Hewson, K. (1968) A convenient 
method for the synthesis of 2-fluoroadenosine. J.  Org. Chem. 

(13) Barrio, J. R., Barrio, M. C. G., Leonard, N. J., England, T. 
E., and Uhlenbeck, 0. C. (1978) Synthesis of modified 
nucleoside 3‘,5‘-bisphosphates and their incorporation into 
oligoribonucleotides with T4 RNA ligase. Biochemistry 17, 

(14) Reeve, A. E., and Huang, R. C. (1983) Synthesis and affinity 
purification of @-32P-labeled [r-S]GTP. Anal. Biochem. 130, 

(15) Gulle, H., Hoppe, E., Osswald, M., Greuer, B., Brimacombe, 
R., and Stoffler, G. (1988) RNA protein cross-linking in E. coli 
50s ribosomal subunits; determination of sites on 23s RNA 
that are cross-linked to proteins L2, L4, L24 and L27 by 
treatment with 2-iminothiolane. Nucleic Acids Res. 16, 815- 
832. 

(16) Podkowinski, J., and Gornicki, P. (1989) Ribosomalproteins 
S7 and L1 are located close to the decoding site of E. coli 
ribosome-affinity labeling studies with modified tRNAs car- 
rying photoreactive probes attached adjacent to the 3‘-end of 
the anticodon. Nucleic Acids Res. 17, 8767-8782. 

(17) Podkowinski, J., and Gornicki, P. (1991) Neighbourhood of 
the central fold of the tRNA molecule bound to the E.  coli 
ribosome-affinity labeling studies with modified tRNAs car- 
rying photoreactive probes attached to the dihydrouridine loop. 
Nucleic Acids Res. 19, 801-808. 

(18) Walleczek, J., Martin, T., Redl, B., Stoffler-Meilicke, M., 
and Stoffler, G. (1989) Comparative cross-linking study on 
the 50s ribosomal subunit from Escherichia coli. Biochemistry 

(19) Redl, B., Walleczek, J., Stoffler-Meilicke, M., and Stoffler, 
G. (1989) Immunoblotting analysis of protein-protein crosslinks 
within the 50s ribosomal subunit of Escherichia coli. Eur. J .  
Biochem. 181, 351-356. 

(20) Noller, H. F., Hoffarth, V., and Zimniak, L. (1992) Unusual 
resistance of peptidyl transferase to protein extraction pro- 
cedures. Science 256, 1416-1419. 

9-13. 

U.S.A. 86, 5232-5236. 

33, 432-434. 

2077-2081. 

14-18. 

28,4099-4105. 



Key Group

Key Group

Key Group

Key Group



Key Group

Key Group

Key Group

Key Group





Key Group



Key Group



Bioconjugate Chem. 1994, 5, 167-171 167 

Synthesis of 3-Hydroxyestra-l,3,5( lO)-trien-17-one and 
3,17/3-Dihydroxyestra-1,3,5( 10)-triene Gar-N-(eBiotinyl)caproamide, 
Tracer Substances for Developing Immunoassays for Estrone and 
Est radio1 

Peter Luppa,*-+ Christian Birkmayer,l and Hagen Hauptmannl 

Institute for Clinical Chemistry, Klinikum rechts der Isar, Technical University Munich, 
D-81675 Munich, Germany, and Institute for Organic Chemistry, University Regensburg, 
D-93053 Regensburg, Germany. Received October 5,  1993" 

We describe the synthesis of 3-hydroxyestra-1,3,5(10)-trien-17-one Ga-N-(~-biotinyl)caproamide and 
3,17p-dihydroxyestra-1,3,5( 10)-triene 6a-N-(~-biotinyl)caproamide from 3-hydroxyestra-1,3,5( 10)-trien- 
17-one and 3,17p-dihydroxyestra-l,3,5(10)-triene, via the 6-keto estrogenic derivatives. The reductive 
amination of these compounds is an effective step toward an epimeric mixture of the respective amines, 
which are easily biotinylated by use of N-(e-biotinylcaproy1)-N-hydroxysuccinimide ester. The 6a- 
epimers could be isolated from the alp-composition by application of isocratic HPLC, and overall yields 
were about 20% for the epimeric end products. The structures of the stereoisomers could clearly be 
assigned through 1H NMR studies. The ratios of the respective isomers obtained from the reductive 
amination were found to be 3(a):2@). The biotinylated estrogens can be used as tracers in a novel 
immunoassay concept for the determination of these analytes in human serum. Ring position 6 was 
selected for derivatization because of its distance from the functionalized positions 3 and 17 and, therefore, 
of a negligible alteration of the tracer's structure in comparison to underivatized estrone or estradiol. 

INTRODUCTION 
Numerous immunoassays based on nonradioactive labels 

for the determination of steroids in serum or other human 
body fluids were created in the last decade (1-4). Most 
of the competitive assays use either enzyme- or substrate- 
labeled steroid tracers. These assays often lack analytical 
sensitivity and specificity due to an altered structure of 
the respective steroid tracers (5-10). This effect is 
observed in cases in which steroids have been derivatized 
a t  the ring positions 3 or 17. By introducing the label in 
the same position as was used for the conjugation of the 
hapten steroid to a carrier protein for the purpose of 
antibody production, nearly identical recognition sites for 
the antisteroid antibody can be achieved. 3-Hydroxyestra- 
1,3,5(10)-trien-17-one (estrone, E l )  and 3,17@-dihydroxy- 
estra-l,3,5(1O)-triene (estradiol, E2) are usually conjugated 
to carrier proteins via their benzylic 6-position using the 
O-(carboxymethy1)oximation (CMO) method (11-1 7). But 
little is reported about structural derivatizations at  that 
or the vicinal 7-position for the development of labeled 
steroidal tracers. 

Competitive nonradioactive immunoassays for E l  as 
well as E2 can be set up by using biotinylated estrogen 
tracers, which easily bind to a streptavidin reporter enzyme 
conjugate (18). With appropriate substrates, the enzyme- 
mediated signal subsequently indicates the concentration 
of the endogenous steroids of interest. The biotin residue 
must be attached via a defined spacer group to the steroid. 
According to ref 19, this is due to the importance of 
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f Technical University Munich. 
t University Regensburg. 
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15, 1994. 

diminishing sterical hindrances between the biotin moiety 
and the antiestrogen antibody. Additionally, the chemical 
structure of the spacer has a relevant impact on the 
antibody recognition: the structure must be similar to 
the O-(carboxymethy1)oxime linkage which is used in the 
immunization procedure. 

6-Aminoestrogens were previously described by Hama- 
cher and Christ (20, 21) and Chesne et al. (22) as 
intermediates for the synthesis of antineoplastics against 
the estrogen receptor. 6-Biotinylation of E2 was first 
reported by Tiefenauer and Bodmer, who described E2 
tracers with different spacer groups between the E2 
6-position and the biotin moiety and their potential use 
in enzyme immunoassays (19,23-25). The aim of our work 
was to develop efficient syntheses of 3-hydroxyestra-1,3,5- 
(lO)-trien-17-one 6a-N-(e-biotinyl)caproamide (Bio-El) 
and 3,17P-dihydroxyestra-l,3,5(10)-triene 6-N-(~-biotinyl)- 
caproamide (Bio-EB), including defined isolations and 
characterizations of the 6a-epimers, for establishing new 
immunoassays for E l  and E2. 

EXPERIMENTAL PROCEDURES 
General Methods. Melting points (uncorrected) were 

determined on a Reichert Thermovar. 'H NMR spectra 
were recorded on Beckman E 360 (60 MHz), Bruker AC 
250 F (250 MHz), and Bruker ARX 400 (400 MHz). Med- 
Si was used as the reference signal (6 0.00 ppm). IR spectra 
were obtained from KBr on a Beckman spectrophotometer 
24. UV spectra were measured in MeOH on a Hitachi 
spectrophotometer U 2000; dioxane was used for 11. MS 
analyses were performed for 70 eV E1 with a Varian MAT 
112s and for FAB/high-resolution MS with a Finigan MAT 
90. For column chromatography silica gel (grain 0.063- 
0.200) was used, and TLC was performed using silica gel 
60 F254 (0.2 mm); both silica materials were obtained from 
E. Merck (Darmstadt, Germany). The preparative HPLC 
system consisted of an HPLC pump Knauer 64, a Vertex 
column (250 mm, 16-mm diameter), filled with LiChrosorb 
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100 (5 pm), both from Knauer (Bad Homburg, Germany), 
and a UV detector ERC 7210 (ERC, Alteglofsheim, 
Germany). Chemicals were obtained from Merck, except 
for E l  and E2, which were purchased from Sigma 
(Deisenhofen, Germany), and N-(e-biotinylcaproy1)-N- 
hydroxysuccinimide ester from Boehringer Mannheim 
(Mannheim, Germany). 

Preparation of 3-Hydroxyestra-1,3,5( lO)-trien-l7- 
one 6-N-(e-Biotinyl)caproamide (6). 

3-Hydroxyestra-1,3,5( lO)-trien-l7-one 17-(cyclic 1,2- 
ethanediyl acetal) (2) was prepared from 1 according to 
ref 26 with a yield of 75%. Mp ("0: 180-182 (lit. 26 mp 

3-Hydroxyestra-1,3,5( lO)-trien-l7-one 3-acetate 17- 
(cyclic 1,2-ethanediyl acetal) (3) was prepared according 
to ref 27 with a yield of 70%. Mp ("C): 103-104 (lit. (27) 
mp ("C) 105-105.5). 
3-Hydroxyestra-1,3,5(lO)-triene-6,17-dione 3-Ace- 

tate 17-(Cyclic 1,2-ethanediyl acetal) (4). According 
to a method given by Garza and Rao (28), a stirred 
suspension of 2.8 g (28 mmol) of Cr03/50 mL of CH2Cl2 
was cooled t o 4 0  "C under N2. A 2.58-g (28 mmol) portion 
of 3,5-dimethylpyrazole was added. After 15 min, 1.00 g 
(2.81 mmol) of 3 in 10 mL of CHzClz was added. The 
solution was stirred for 6 h a t  -25 "C. The residue was 
chromatographed on silica gel/petroleum ether using a 
petroleum ether/ethyl acetate eluent (4:l v/v) (Rf = 0.2). 
A total of 518 mg (1.4 mmol, 50%) of the crude ketone was 
obtained. After recrystallization from MeOH, 310 mg (840 
pmol, 30%) of colorless ketone 4 was obtained. Mp (OC): 
161-163. IR (cm-l): 2945,2880 (CH); 1755 (aliphaticester 
C=O); 1675 (ketone); 1190 (cyclic ether (dioxolane)). MS 
(70 eV EI, m/z): 370 (100, M+). lH NMR (60 MHz, CDCl3, 
ppm): 7.6 (d, lH,  J = 8 Hz); 7.5-7.0 (m, 2H, 2,4 CH); 3.8 
(m, 4H, dioxolane CH); 2.2 (s, 3H, 17-OCOCH3); 0.83 (s, 
3H, 18-CH). UV: 245 nm, log e = 3.84; 297 nm, log t = 
2.74. Anal. Calcd: C, 71.33; H, 7.08; 0, 21.59. Found: 
C, 71.41; H, 6.84; 0, 21.08. 
6-Amino-3-hydroxyestra-1,3,5(lO)-trien-l7-one 17- 

(Cyclic 1,2-ethanediyl acetal) ( 5 ) .  A 370-mg (1 mmol) 
portion of the ketone 4 and 390 mg (6 mmol) of NaCNBH3 
were dissolved under N2 in 4.5 mL of buffer (40.5 g of 
dried NH40Ac in 150 mL of dry MeOH (24)) and refluxed 
at  65 "C for 48 h. The clear reaction solution was worked 
up by removing the solvent and treating the residue with 
saturated aqueous NaHC03 and diethyl ether. The 
combined aqueous phases were again extracted with 
diethyl ether. After the pooled ether phases were dried, 
the solvent was removed at  room temperature (rt). A total 
of 250 mg of a slightly yellow amorphous product was 
obtained, corresponding to a 75 % yield of the amine 5. IR 
(cm-I): 3340, 3320, 3260 (amine NH). MS (70 eV EI, 

CDCl3, ppm): 7.14-6.65 (m, 4H, 1-CH, 2-CH, 3-COH, 
4-CH); 3.97-3.44 (m, 5H, 6-CH, 17-C-dioxolane); 0.86,0.85 
(s, 3H, 18-CH) (a/@-ratio: k1.5; epimeric excess: 20%). 
UV: 282 nm, log 6 = 3.32; 218 nm, log t = 3.88. 

3-Hydroxyestra-1,3,5( lO)-trien-l7-one 6-N-(e-Bioti- 
ny1)caproamide (6). A 53-mg (160 pmol) portion of the 
amine 5, 87 mg (191 pmol) of N-(6-biotinylcaproy1)-N- 
hydroxysuccinimide ester, 32 mg (44 pL, d = 0.73, 320 
pmol) of triethylamine, and 1 mL of DMF were stirred 
under N2 for 24 h at rt prior to evaporation of the solvent. 
The residue was treated with 2 mL of dry saturated 
methanolic hydrochloric acid (pH = 2) for 24 h at  rt. All 
reaction compounds except 6 were removed by high 
vacuum. The substance was purified before HPLC on a 

("C) 182-185). 

m/z): 329 (13, M+); 312 (M+- NH3). 'H NMR (250 MHz, 
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silica gel/petroleum ether column using a MeOH/CH2C12 
(k4.5) (viv) eluent (Rf  = 0.5). 

Isolation of the 6a-Epimer 6a from the 6alB- 
Epimeric Mixture 6. Isocratic HPLC: eluent, 7% 
MeOH/93% CH2C12; flow rate, 10 mL/min. 6a: 13-14 
min. 6b: 14-20 min. 6a. MS: HR-MS (PI-LISIMS) 
(glycerin/MeOH): calcd for CaH49N405S (MH+) 625.3424, 
found 625.3420; difference, 0.6 ppm. IH NMR (400 MHz, 
CDC13, ppm): 9.70 (s, 1H); 7.26-6.69 (m, 3H, 1-CH, 2-CH, 

J N H - ~  = 9 Hz, J6-7 = 11.7 and 6.4 Hz, 60-CH); 0.89 (s,3H, 
18-CH). UV: 279 nm, log t = 3.54; 220 nm, log t = 4.26. 

Preparation of 3,17B-Dihydroxyestra-1,3,5( 10)- 
triene 6-N-(e-Biotinyl)caproamide (12). 
3,178-Dihydroxyestra-l,3,5(10)-triene 3,178-Diac- 

etate (8) was prepared from 7 according to the method 
of ref 29. The yield was 90%. Mp ("C): 121-123 (lit. (21) 
mp ("C) 123-125). 
3,17B-Dihydroxyestra-1,3,5( lO)-trien-6-one 3,17-Di- 

acetate (9). Preparation was performed analogous to that 
of 4 from 8 with similar yields. Mp ("C): 173 (lit. (21) mp 
("C) 173). 
3,17p-Dihydroxyestra-1,3,5( lO)-trien-6-one (10) was 

prepared from 9 according to ref 21 with a quantitative 
yield. Mp ("C): 276-279 (lit. (21) mp ("C) 282). 
6-Amino-3,17@-dihydroxyestra-1,3,5( 10)-triene (1 1) 

was prepared in a manner similar to the synthesis of 5 
from 10 with a yield of 85 7% of the 40-mixture. IR (cm-l): 
3420 (free OH); 3345, 3280 (amine NH); 2940 (CH 
aliphatic); 1600 (NHdef) (24). MS (70 eV EI, mlz): 287 (7, 

OD, ppm): 7.15-6.6 (m, 3H, 1,2,4-CH); 4.00 (m, lH,  6-CH); 
3.65 (m, lH,  17-CH); 0.81, 0.75 (s, lH,  18-CH) (24) (a/  
0-ratio: 1:2.3; epimeric excess, 40%). UV (dioxane): 280 
nm, log t = 3.38; 222 nm, log t = 4.03 (24). 
3,178-Dihydroxyestra-l,3,5(10)-triene Ga-N-(e-Bi- 

otiny1)caproamide (12). A 22-mg (76.7 pmol) portion of 
the amine 11,42 mg (92.5 Fmol) of N-(6-biotinylcaproy1)- 
N-hydroxysuccinimide ester, 18.25 mg (25 pL, d = 0.73) 
of triethylamine, and 1 mL of DMF were stirred under N2 
for 24 h at  rt prior to evaporation of the solvent. The 
residue was taken up with 1.5 mL of MeOH and purified 
on a chromatographic column filled with 7 g of silica gel/ 
petroleum ether, using a benzene/MeOH eluent (4:l v/v) 

Isolation of the 6a-Epimer 12a from the 648- 
Epimeric Mixture 12. Isocratic HPLC: eluent, 9% 
MeOH/91% CH2C12; flow rate, 9.5 mL/min. 12a: 17- 
17.75 min, 1.4 mg (2.23 pmol). 12b: 18.75-20 min, 1.7 mg 
(2.7 pmol). 12a: MS: HR-MS (PI-LISIMS) 
(glycerin/MeOH): calcd for CaH51N405S (MH+) 627.3581, 
found 627.3621; difference, 6.3 ppm; calcd for C34H50N405- 
SNa (MNa+) 649.3399, found 649.3408; difference, 1.3 ppm 
(23). lH NMR (400 MHz, CDC13, ppm): 9.43 (s, 1H); 
7.52-6.76 (m, aromatic CH, OH); 6.26 (d, lH,  JNH-B = 9 

= 9 Hz, J6-7 = 10 and 6 Hz, 60-CH); 0.77 (s, 3H, 18-CH). 
UV: 280 nm, log t = 3.13 (23). 
6-Amino-3,17B-dihydroxyestra-1,3,5( 10)-triene 178- 

Acetate (13) was prepared in a manner analogous to that 
of 5 from 9 with a yield of 70 7 % .  

Preparation of 3-Hydroxyestra- 1,3,5( lO)-trien-l7- 
one 6-Benzamide (14) and 3,178-Dihydroxyestra- 1,3,5- 
(10)-triene 178-Acetate 6-Benzamide 3-Benzoate (15). 
3-Hydroxyestra-1,3,5(10)-trien-17-one 6-benzamide 
(14). A 22-mg (67 pmol) portion of amine 5 and 40 mg 
(177 pmol) of benzoic anhydride were stirred in 1 mL of 
pyridine for 24 h at  rt. All reaction components except 
the steroid were removed by vacuum. The protecting 

4-CH); 6.37 (d, lH,  JNH-6 = 9 Hz, 6a-CNH); 5.24 (ddd, lH,  

M+), 270 (100, M+ -NH3) (24). 'H NMR (250MH2, CD3- 

(Rf  = 0.24). 

Hz, 6a-NH); 6.01 (t, lH,  J = 6 Hz); 5.22 (ddd, lH,  J N H - ~ ~  
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Scheme 1. Biotinylation of 3-Hydroxyestra-1,3,5( lO)-trien-l7-one and 3,17&Dihydroxyestra-1,3,5( 10)-triene in the 
6-Position 
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groups were then removed successively by a dry methanolic 
hydrochloride solution (pH = 2) and a NaOH/MeOH 
solution (3 mL of saturated aqueous NaOH and 1 mL of 
MeOH). 

Isolation of the Ga-Epimer 14a from the Sa/8- 
Epimeric Mixture 14. Isocratic HPLC conditions: 
eluent, 1% MeOH/CH2C12; flow rate, 10 mL/min. 14a: 
12.0-13.3 min, 1.196 mg. 14b: 14.5-16.5 min, 0.45 mg. 
14a: MS (70 eV EI, m/z): 389 (3, M+); 312 (3, M+ - Ph); 
286 (100, M+ - PhCONH2). UV: 278 nm, log t = 2.45; 219 
nm, log t = 3.41. lH NMR (400 MHz, CDC13, ppm): 7.77- 
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6.75 (m, 9H, 1-CH, 2-CH, benzoxy-aromate CH, OH); 6.35 
(d, 1H, JNH-~ = 9.5 Hz, NH); 5.55 (ddd, 1H, J~-NH = 9.5 

(400 MHz, CDsOD, ppm): 7.95-6.63 (m, 8H, 1-CH, 2-CH, 
4-CH, benzoxy-aromate CHI; 5.43 (dd, l H ,  5 ~ 7  = 6.1 and 

3,178-Di hydroxyestra- 1,3,5 ( 10) -triene 17B-Acetate 
6-Benzamide 3-Benzoate (15). A 53-mg (161 pmol) 
portion of 13 and 75 mg (332 pmol) of benzoic anhydride 
were stirred for 20 h at  r t  in 1 mL of pyridine. After the 
solvent was removed, the crude product was purified on 

Hz, Jg7 = 6.11 Hz, 6p-CH); 0.92 (9,3H, 18-CH). 'H NMR 

11.2 Hz, GP-CH); 0.96 (s, 3H, 18-CH). 
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a silica gel/petroleum ether column using petroleum ether/ 
ethyl acetate (1:l v/v), yielding 80 mg (150 pmol, 92%) of 
purified 15. IR (cm-l): 3065 (CH aromatic); 2920 (CH 
aliphatic); 1780 (3-benzoxyC=O); 1725 (17-acetoxy C=O); 
1685 (amide I); 1660 (amide 11). 

Isolation of the 6a-Epimer 15a from the 6a/p- 
Mixture 15. Eluent: 1.25% MeOH/CH2C12. Flow rate: 
10 mL/min. 15a: 8.0-9.5 min, 6.59 mg. 15b: 9.5-10.3 
min, 4.47 mg. 15a: MS (70 eV EI, 4 2 ) :  537 (0.02, M+(I)); 

- PhCONH2). 'H NMR (400 MHz, CDCl3, ppm): 8.13- 
6.74 (m, 13H, 1-CH, 2-CH, 4-CH, 3-benzoxy-H, 6-benza- 
mide aromate H); 6.32 (d, lH,  JNH-B = 9 Hz, NH); 5.52 (m, 

433 (2, M+(II)); 416 (2, M+ -PhCONH2); 312 (100, M+(II) 

1H); 4.69 (t, lH,  J = 8 Hz, 17-C-H); 2.06 (s, 3H, 
17-OCOCH3); 0.84 (s, 3H, 18-CH). 'H NMR (400 MHz, 
CD30D, ppm): 7.98-6.62 (m, 8H, 1-CH, 2-CH, 4-CH, 
6-benzamide aromate H); 5.39 (dd, lH,  J6-7= = 11 Hz, 

(9, 3H, 17-OCOCH3); 0.90 (s, 3H, 18-CH). UV: 277 nm, 
log e = 2.64; 233 nm, log t = 3.33. 

RESULTS AND DISCUSSION 

This paper describes the preparation of immunochem- 
ical tracer conjugates of estrogens by attaching biotin 
residues via a -NHCO(CH2)5NH- spacer arm to E l  and 
E2 at  C-6. The five-step syntheses of the tracer substances 
6 and 12 from the estrogens 1 and 7 are given in Scheme 
1. The overall yields are 15% for 6 and 20% for 12. 

On the basis of syntheses of Garza (28) and Tiefenauer 
(24), our synthetic approaches for 6 and 12 exhibit the 
following features: the extractive procedure for the 
isolation of the epimeric amino compounds 5 and 11, 
obtained by reductive amination of the respective 6-keto 
precursors, is convenient and simple. The biotinylation 
reaction was modified by employing approximately 
equimolar ratios of substrate and biotinylating agent with 
nearly quantitative yields. The separation of the respective 
biotinylated epimers was achieved by HPLC using an 
isocratic eluent system on a LiChrosorb 100 column. 

To identify the exact stereochemistry at  the benzylic 
ring position 6, HPLC-separable 6-benzamide derivatives 
14 and 15 were synthesized. In the course of NMR 
investigations of the amines 5, 11, and 13, we conclude 
that-in contrast to Tiefenauer et al. (24)-the reductive 
amination step is not characterized by a-stereospecificity. 
Epimeric excesses for the a-compounds of 5 and 11 were 
20% and 40% as determined from their C-18 signals. To 
prove our assumption and to confirm the configuration of 
the tracers 6 and 12, we set out to characterize the isolated 
6a-epimers by NMR spectroscopy. This approach is based 
on the work of Wintersteiner et al. (30), who found for the 
60-proton of the 3,6a,l7P-estratriol triacetate epimer the 
coupling pattern of an ABX system with coupling constants 
of 5.5 and 8.5 Hz, while the AB part of the 6a-proton's 
signal of the 6P-isomer gave the coupling constant of 3 Hz. 
The chromatographic separation of the amines was not 
feasible; therefore, we derivatized 5 and 13 with benzoic 
anhydride to obtain the stable benzamides 14 and 15. The 
respective NMR-pure a-epimers could be isolated by 
HPLC. We found that the amide proton also interacts 
with the 6-proton, thereby giving rise to complex signals. 
We removed the amide's interference by H/D exchange 
with CD30D. A first-order evaluation of the four-line 
pattern found for the 6P-proton of 14a and Ea, according 
to Wintersteiner, resulted in coupling constants of 6.1, 
11.3 Hz, and 6.6,11.4 Hz, respectively. Analogous values 
were found for the 6-biotinylated estrogens: 11.7, 6.4 Hz 
for 6a, as well as 6.0, 10.0 Hz for 12a. 

Jc7eq = 7 Hz, 6P-CH); 4.68 (t, lH,  J = 8 Hz, 17-CH); 2.04 

Luppa et al. 

In summary, we propose effective synthetic pathways 
of both 6a-biotinylated E l  and E2; the respective E l  
derivative has not been described in literature. 6-Bioti- 
nylated E2 compounds, however, were already reported 
by Bodmer and Tiefenauer. But in contrast to data for 
the synthesis of these tracers compounds given in 24, and 
for the respective HPLC purifications, described in 19, 
23, our synthetic pathway combined with the appropriate 
isocratic HPLC separation technique offers improved 
accessibility and yields stereochemical pure products. 

Concerning the ability of the new tracers for E l  and E2 
immunoassays, it must be considered that due to the mode 
of conjugation at  C-6, the structural determinants of Bio- 
E l  and Bio-E2 are nearly unchanged in comparison to 
unsubstituted E l  and E2, since the position 6 in the B-ring 
is most distant from the prominent positions 3 and 17. 
Thus, the antiestrogen antibodies are unable to distinguish 
between the tracers and the endogenous steroids E l  or 
E2. By use of these compounds, a novel competitive 
immunoassay concept for the determination of E l  and E2 
in serum could be realized. Results will be presented 
elsewhere. The E l  enzyme immunoassay is run with the 
following components: Bio-El tracer, polyclonal anti-El 
antibody, and reporter enzyme linked to streptavidin. In 
pilot experiments we checked the competitive character 
of the Bio-El tracer in competition to ring A-tritiated El .  
I t  could be demonstrated that Bio-El adequately displaces 
tritiated E l  from the antibody in the expected competitive 
way (data not shown). As shown in ref 19, the -NHCO- 
(CH&NH- spacer arm, linking biotin to the estrogen, 
satisfactorily fulfills the structural requirements of optimal 
antigen-antibody interaction. 

I t  is worth mentioning that biotinylated steroids, as 
stable immunochemical probes, in connection with strepta- 
vidin-conjugated reporter enzymes, should allow the 
development of a series of competitive immunoassays for 
the determination of the respective steroids in human 
serum as well as their potential application in steroid 
receptor studies. 
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Primary structures of proteins are being determined a t  
a significantly higher rate than are tertiary structures. 
Only a relatively small number of protein structures of 
importance to molecular biologists and medicinal chemists 
are presently available in experimentally determined form. 
This is one of the reasons for the increasing interest in 
theoretical modeling of protein structures (1-4). Computer 
workstations, high-resolution computer graphic displays, 
and computational methods have become more readily 
available and are now widely used in biological and 
chemical research environments. Less than a decade ago, 
access to such instrumentation and methodology was more 
or less limited to a small number of groups of computational 
chemists and protein crystallographers. Given the com- 
putational resources that  are currently available and the 
accessibility of protein sequences and three-dimensional 
structure data bases, computer modeling of proteins has 
become a fast and approachable technique for scientists 
who wish to use protein structure data for experimental 
design. How reliable is this discipline? How can structural 
models be assessed, analyzed, and used for the design and 
analysis of experiments? In this paper, we will discuss 
protein modeling methodology and, as a practical example, 
review recent work on P-selectin. 

PROTEIN MODELING STRATEGIES 
Protein modeling approaches can be divided into two 

classes. These are, first, methods that attempt the de 
nouo prediction of protein structures from sequence data 

* To whom correspondence should be addressed. 
+ Bristol-Myers Squibb. * University of Washington. 

(5 ,6)  and, second, methods that  try to identify and utilize 
experimentally determined structures as templates for 
model building (7,8).  This latter structure-based approach 
is often called homology modeling or comparative model- 
ing. 

Methods which attempt to predict the structure of a 
protein de novo (i.e., without the use of an experimental 
structure as template) often start from secondary structure 
predictions based on a single sequence or multiple sequence 
alignments of homologous proteins (6,9,10) which (on a 
per residue basis) have an accuracy of -70% (11, 12). 
Accurate predictions of the secondary structure elements 
in proteins have been reported for the CAMP-dependent 
protein kinase catalytic subunit (231, the Src homology 3 
domain (14), and interleukin-2 (25). The spatial assembly 
of predicted secondary structure elements (5,  16) is 
required if a three-dimensional model is to be derived 
using this approach, and there is no obvious route to do 

An alternative route to de novo tertiary structure 
prediction involves computer simulation of protein folding 
using lattice models. This approach does not start from 
secondary structure predictions but from a random coil 
representation of the protein on a lattice (17, 18). 
Theoretical models with protein backbone root mean 
square (rms) deviations of 2-3 A relative to crystallographic 
models have been derived using this methodology (18). In 
general, three-dimensional models derived using ab initio 
prediction methods can be regarded as “lower resolution” 
models. The objective of de novo predictions, however 
performed, is often to understand the overall folding of 
a protein with unknown structure. For example, it  may 

so. 
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be possible to understand that a protein has an all-helical 
structure and belongs to the four helix bundle folding type. 

In structure-based or comparative modeling the initial 
goal is to assign protein sequences to families of structurally 
related proteins for which a t  least one structure has been 
experimentally determined (8, 19). If more than one 
experimentally known template is available, structurally 
conserved regions can be identified by structural com- 
parison (19) .  The structure template to be used for 
modeling should be an experimental structure or a 
combination of the structurally conserved regions derived 
from several family members whose structures are known. 
Once the conserved protein core, which usually consists 
of well-ordered secondary structure elements, is defined, 
nonconserved loop regions are modeled by either incor- 
porating related loops of other crystal structures (20) or 
employing theoretical methods such as conformational 
searching (21) .  Side chain replacements can be carried 
out using libraries of experimental side chain conforma- 
tions (22)  and combinatorial techniques (23) .  Finally, 
computational refinement of the initially built protein 
model utilizing molecular mechanics or dynamics calcula- 
tions are employed to optimize the intramolecular contact 
and stereochemistry of the model. “Established” examples 
of comparative protein models with implications for 
inhibitor design include renin (24 ,25)  and HIV-protease 
(26,27). Comparative models are in general more accurate 
than ab initio models provided that  there is significant 
structural similarity between the template(s) and the 
protein which is modeled. In some cases, experimental 
accuracy may be approached (28,29) .  In others, it may 
not even be possible to attempt comparative model 
building due to insufficient structural similarity between 
potential templates and the protein to be modeled. Most 
importantly, comparative model building is, in contrast 
to ab initio methods, unable to predict completely novel 
protein structures. 

What are the more practical limitations of comparative 
protein models? The conformations of loop regions in 
protein models which cannot be assigned to known 
structural templates as well as the conformations of 
nonconservatively replaced side chains are usually the least 
reliable parts of the protein model. The overall quality 
of a model is dependent on the degree of structural 
similarity to the template structure and the template’s 
crystallographic resolution and degree of structural re- 
finement. 

Bajorath and Aruffo 

However, protein structures represent much more a 
continuum (34) than a discrete spectrum, and the clas- 
sification of structures into structure types or folds remains 
critically dependent on the criteria being applied. In any 
case, new folding motifs such as the recently described 
0-helix of pectate lyase C (35) are continuously being 
elucidated. 

It is evident that  the identification and assessment of 
structural similarities between proteins play a key role in 
protein modeling attempts that  aim a t  generating detailed 
protein models. How can three-dimensional structural 
similarity be detected? The identification of structures 
similar to the protein to be modeled is straightforward if 
significant sequence similarity (40 % or more) between 
the protein with unknown structure and the protein with 
known structure can be detected in sequence similarity 
searches and alignments. Significant sequence similarity 
directly correlates to structural similarity: The higher the 
sequence similarity, the more similar the three-dimensional 
structures (36).  Template structures can be selected based 
on sequence similarity. Early examples of protein families 
which have been the subject of comparative model building, 
such as antibodies or serine proteases (19) ,  usually show 
significant sequence similarity. 

It is generally true that  three-dimensional protein 
structure is significantly more conserved than sequence 
(36) .  In other words, sequences that fold into defined 
folding motifs, such as the immunoglobulin fold, may show 
great variability in their amino acid sequences. This means 
that  sequence similarities of 20% or less may still indicate 
significant structural similarity. This has, for example, 
been shown for the heat shock protein fragment HSC70 
and actin whose structures are very similar in spite of 
having less than 15% sequence identity (37). The three- 
dimensional structures of these proteins are also similar 
to hexokinase (38).  At the same time, sequence similarities 
of approximately 20% may also be found in rather distantly 
related structures having major differences in their top- 
ologies. The presence of such similarities may therefore 
not be sufficient for the selections of structural templates 
and detailed comparative modeling. The tenuous rela- 
tionship between structures having low sequence similarity 
and related tertiary structure requires that  more detailed 
studies be performed to evaluate the degree of structural 
similarity. 

In the case of moderate to low sequence similarity of 
approximately 25% or less, alignments of multiple se- 
quences based on available three-dimensional structure- 
(s) (39) ,  often called structure-based sequence alignments 
or sequence-structure alignments, are considerably more 
informative than sequence alignments alone. Three- 
dimensional constraints can now be taken into account, 
and the conservation of key residues important for a 
particular protein fold may be detected or excluded. 
Tolerated sequence variance a t  given spatial positions can 
be assessed. Using this approach, it was found that 60% 
of the residues in two variant surface glycoproteins of 
Trypanosoma brucei are structurally equivalent despite 
the fact that  there is only 16 5% sequence identity between 
these two molecules (40).  Sequence-structure alignments 
have also allowed the generation of a detailed model of 
the CD40 ligand based on the structure of tumor necrosis 
factor (41).  

In cases of very low or virtually no sequence similarity, 
structural similarity sufficient for the meaningful selection 
of template structures may still be detected using the so- 
called “inverse folding” methodology. This method evalu- 
ates the compatibility of protein sequences with a given 

PROTEIN SEQUENCES A N D  STRUCTURAL 
SIMILARITY 

Protein structure types, characterized by defined spatial 
arrangements of secondary structure elements, are called 
protein folds. A common fold is often a characteristic 
feature of a family of proteins such as the trypsin family 
of the serine proteases. An example of a recently described 
and previously unobserved protein fold is the structure of 
the calcium-dependent lectin domain of the mannose 
binding protein (MBP) which is shown in Figure 1 (top). 
How many protein folds are known? How many are 
unknown? According to a recent estimate, the maximum 
number of protein families may be 1000 (30).  Others have 
estimated that 500-700 protein folds with distinct topology 
may exist (31). Comparison of structures deposited in 
the Brookhaven Protein Data Bank (32,33) through April 
1992 has revealed the availability of approximately 150 
nonhomologous protein folds (34) .  On the basis of these 
numbers, it  may follow that  10-20% of the three- 
dimensional protein structure spectra are presently known. 
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Figure 1. (Top) stereo representation of the fold of lectin domain of the mannose binding protein (MBP) from rat (78). MBP was 
the first calcium-dependent (C-type) mammalian lectin domain whose structure was solved experimentally. The structure revealed 
a previously unobserved protein fold which is shown here in solid ribbon representation. The a helices in MBP are colored in white, 
and the B strands are colored in green. The view is along a helix 2 (lower left corner). As can be seen, one of the striking features of 
this protein fold is its unusually high content of non-a helical or p strand secondary structure. Prominent loop regions can be seen, 
for example, in the upper part of the structure, colored in red. The fold of this C-type lectin domain represents a structural prototype 
for the protein family of mammalian C-type lectins which includes the ligand binding domains of the selectins. The N- and C-termini 
of the lectin domain are in close proximity (at the bottom of the picture). This spatial arrangement of the termini explains why C-type 
lectin domains can, as independent folding units or modules, be part of many multidomain cell surface proteins. (Bottom) superposition 
of the MBP crystal structure (red) and the model structure of the P-selectin ligand binding domain (blue). The view of the stereo 
comparison is according to Figure 1 (top). The position of a calcium ion whose coordination sphere is conserved in MBP and in the 
selectins is depicted as a purple ball, and the calcium binding site special to MBP and predicted to be not present in the selectins 
is shown in lavender. Major structural differences between MBP and P-selectin occur in loop regions. In contrast, the core regions 
are conserved in these proteins. In a way, this represents a result typical of comparative model building. Alignments of the sequences 
of the selectins and MBP based on the MBP crystal structure (sequence-structure alignments) suggested that P-selectin displays, 
despite the relatively low sequence similarity of approximately 25 % , the same overall and previously unobserved fold as MBP. Figures 
1 (top and bottom) may be viewed with stereo glasses to obtain the three-dimensional effect. 

three-dimensional fold (42) by analyzing the residue 
environments in a three-dimensional structure (43,44) or 
by threading sequences onto folds (45-48), followed by 
analysis of pairwise residues interaction energies (49). This 
technique does not depend on the initial presence of any 
sequence similarity. It is possible to screen protein 
sequences against a database of three-dimensional struc- 
tures and vice versa to detect, for example, the structural 
similarities between HSC70, actin, and hexokinase, which 
as mentioned above, are structurally related. 

No matter how structural similarities between proteins 
with known and unknown structure are identified, the 
assessment of the degree of similarity and the identification 
of dissimilar regions in protein structures represents a 
very important stage of the model-building process. A 
critical analysis of these aspects largely determines whether 
a meaningful model can be generated and where the 
limitations in the use of the model lie. Using inverse folding 
techniques, the compatibility of each residue with its 
environment in a given three-dimensional model can be 
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calculated (50) .  The global incompatibility of sequence 
and structure and some local inconsistencies such as, for 
example, a buried charged residue, can be detected using 
these methods. This analysis also provides further means 
to assess the confidence level of a structural model. 
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amino terminal extracellular domain of P-selectin and its 
application. The selectin family of cell adhesion molecules 
includes P-selectin (63, 64) .  This lectin is in part 
responsible for the initial attachment of leukocytes to 
activated vascular endothelium (65)  which is one of the 
early events in an inflammatory response. The exact 
molecular nature of the physiological ligand of P-selectin 
is presently unknown. In vitro studies have shown that 
P-selectin is able to bind to Le” (661, sialylated Lex (67- 
691, sulfatide (701, sulfoglucoronyl glycosphingolipids (71), 
and a N 250-kDa glycoprotein expressed by leukocytes 
(72). Considerable interest has surrounded studies of E- 
and P-selectin as targets to  inhibit early events in the 
inflammatory responses such as the attachment of leu- 
kocytes to the vascular endothelium. Experimental 
structures (X-ray and/or NMR) of the selectin ligand 
binding domains have not yet been reported. We have 
focused our structure-function studies on P-selectin (73, 
74) .  Experiments by others on E- (75) and P-selectin (76)  
have provided essentially the same conclusions regarding 
the location of the ligand binding site in the selectins and 
the identification of residues within the binding site which 
are critical for binding. 

Identification of a Structural Template. Insight 
into the structural features of the lectin-like domain in 
P-selectin could not be obtained for a considerable time, 
since it was not possible to relate P-selectin to any known 
three-dimensional folds including plant lectins (77). This 
changed when the crystal structure of the lectin domain 
of a rat MBP, the first experimentally determined structure 
of a C-type lectin, became available (78) .  The sequence 
identity between the rat MBP and the selectin lectin 
domains is N 25 7%. Alignments of the selectin and MBP 
sequences relative to the crystallographic structure (74 ,  
78)  showed that residues in the hydrophobic core regions, 
the disulfide bonds, and the residues of a t  least one of the 
calcium binding sites in MBP are conserved in the selectins 
(78) .  This analysis strongly suggested the close similarity 
of the MBP and selectin structures. Figure 1 (top) outlines 
the previously unobserved fold of MBP which would have 
been hard, if not impossible, to predict from its amino 
acid sequence. 

Model Building. The starting point for modeling 
P-selectin ligand binding domain was the MBP structures 
solved at  2.5-A resolution. The  atomic coordinates for 
this structure were obtained from the prerelease section 
of the Brookhaven Protein Data Bank (ref 33, entry 
“1MSB”). The conserved core region in MBP and 
P-selectin, including the disulfide bonds, and one fully 
conserved calcium coordination sphere provided the basis 
for the modeling of P-selectin. The conformation of loop 
regions in P-selectin which could not be modeled from 
known crystallographic structures were approximated by 
conformational search calculations. Amino acid replace- 
ments were carried out via computer graphics as similar 
as possible to the original conformation or, alternatively, 
in low-energy rotamer conformations (22) .  The initial 
model was refined using energy minimization calculations 
with harmonic constraints applied to the protein backbone 
and with the conserved calcium coordination sphere held 
fixed in space. Figure 1 (bottom) shows a superposition 
of the P-selectin model on the MBP structure. This Figure 
shows that amino acid insertions and deletions occur in 
surface loops but not in the core regions of the proteins 
which display a conserved spatial arrangement. 

Model Assessment. Three-dimensional-profile analy- 
sis of the P-selectin model and its sequence relative to the 
MBP structure and its sequence showed that the sequence- 

PROTEIN MODELS TO AID DRUG DESIGN 

Advances in macromolecular structure determination 
by crystallography, NMR, and computational chemistry 
have made structure-based drug design one of the current 
focal points of pharmaceutical research (51,52). A number 
of three-dimensional structures are now available which 
are of interest as targets for drug design (53).  However, 
successes in structure-based drug design such as in the 
design and refinement of inhibitors of HIV protease (541, 
thymidylate synthase (55,56) ,  and influenza virus sialidase 
(57) are still the exception rather than the rule. Although 
computational methods for the de novo design of inhibitors 
based on structural templates have been developed (58, 
591, it remains a difficult task to create a chemical lead 
based on a three-dimensional structure. If no structures 
of complexes with ligands are available, potential ligand 
binding or catalytic sites in the protein may have to be 
localized and characterized by chemical residue modifica- 
tion or mutagenesis. Many parameters such as the 
desolvation free energy of potential inhibitors critically 
influence protein-ligand interactions, and the structural 
details of these interactions are hard to rationalize in the 
absence of experimentally determined complexes. Once 
an initial lead is somehow discovered, iterative cycles of 
complex crystallographic analysis and lead compound 
modification may be required (55) to design a potent in 
vitro inhibitor. 

Protein models are generally of lower accuracy than their 
crystallographic templates. If model structures are to be 
useful in the drug design process, a high degree of accuracy 
is essential as illustrated in studies on the design of renin 
inhibitors (25).  Approximate models may still allow the 
outline of potential ligand binding sites in a protein but 
are unlikely to meaningfully aid computational ligand 
docking studies (60) where steric and chemical comple- 
mentarity between binding sites in proteins and ligands 
are crucial criteria for the evaluation of test compounds. 

A recent study by Cohen and colleagues (61) has shown 
that comparative protein models of parasitic serine and 
cysteine proteases can successfully be used in combination 
with a computational docking and database searching 
technique (62) to identify inhibitory compounds which 
bind to the target protein in the micromolar range. The 
active site geometries of serine and cysteine proteases are 
known and well described. Therefore, carefully built 
model structures of the catalytic domain of these enzymes 
should have a relatively high accuracy. As demonstrated 
by Cohen and colleagues, such models can, in the absence 
of crystallographic data, be useful in the design of 
inhibitors. For the application of structural models in 
drug design, two aspects seem to be very critical. These 
are the integration of structural studies into an experi- 
mental drug discovery effort (51,521 and the development 
of an understanding of which questions may be answered 
based on the analysis of structural models and which ones 
may not. Such decisions have to be made on a case-by- 
case basis since established procedures are not yet avail- 
able. 

In the following text we will discuss a specific example 
which may illustrate the critical stages, opportunities, and 
limitations of protein modeling and its implications for 
drug design. This example is the molecular model of the 
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Figure 2. Ligand binding site in P-selectin. The P-selectin model structure is colored in silver and shown in the same orientation 
as in Figure 1. Residues important for ligand binding are shown in space-filling representation and color-coded according to their 
importance for binding to the cellular ligand of P-selectin on myeloid cells and for binding to sulfatide. The representation shows that 
the cellular ligand and sulfatide bind to an overlapping but not identical set of residues in P-selectin. The ligand binding site in 
P-selectin is located proximal to the conserved calcium position (shown as a red ball) which is functionally important and also thought 
to be vital for the structural integrity of the ligand binding domain. Residue asparagine 105 (N105), one of the residues of importance 
for the binding of both ligands, is part of the conserved calcium coordination s here. Lysine 113 (K113) is an important residue for 
the binding to both ligands. The side chain of this residue is approximately 10 f f r o m  the conserved calcium. The ligand binding site 
in P-selectin was identified based on the analysis of the P-selectin model. This analysis had led to an hypothesis regarding the location 
of the binding site region. On the basis of these studies, site-specific mutagenesis experiments revealed residues that are critical for 
binding of P-selectin to its cellular ligand (73). Subsequently, it was shown that the P-selectin binding sites for the cellular ligand and 
€or sulfatide are overlapping (74). 

structure compatibility of the P-selectin model is com- 
parable to the sequence-structure compatibility of MBP 
(73). The global stability of the P-selectin model was 
further confirmed by extensive molecular dynamics cal- 
culations where, after equilibration, correlated structural 
motions were observed equivalent to those found in 
simulations of MBP (79). The overall sequence-structure 
compatibility and stability of the P-selectin model is 
consistent with the proposed structure similarity between 
MBP and the selectins. 

Identification of the Ligand Binding Site. Inspec- 
tion of the P-selectin model suggested the presence of a 
shallow groove proximal to the conserved calcium binding 
site. This region of P-selectin was considered as a possible 
ligand binding site and subjected to site-specific mu- 
tagenesis experiments (73). The binding of wild-type 
P-selectin and P-selectin mutants to its cellular ligand on 
HL-60 cells was determined and compared. Mutation of 
amino acids within the putative ligand binding site of 
P-selectin resulted in the identification of a number of 
residues which when mutated significantly reduced or 
completely abolished binding of P-selectin to  HL-60 cells. 

In contrast, mutation of other residues on the surface of 
the P-selectin, distal to the putative binding site, had no 
effect on the binding of P-selectin to  HL-60 cells. The 
residues which were found to  participate in the formation 
of the P-selectin binding site for its cellular ligand are 
depicted in Figure 2. Residues Tyr 48, Tyr 94, and Lys 
113 were found to be especially important for binding. 
Any mutation of these residues, for example, the changes 
of Tyr 48 and 94 to Phe, removing a single hydrogen 
bonding donor/acceptor moiety, abolished binding com- 
pletely. 

In the next step, binding of sulfatide to P-selectin was 
examined using the panel of P-selectin mutants which 
mapped the cellular ligand binding site of P-selectin. The 
results of these experiments are shown in Figure 2. 
Sulfatide was found to bind to the same site in P-selectin 
as the cellular ligand, utilizing an overlapping but not 
identical set of residues (74). Lys 113 is critical for binding 
of P-selectin to both the cellular ligand and to sulfatide. 
In contrast, Tyr 48 and Tyr 94, crucial for binding to 
myeloid cells, are not critical for binding to sulfatide. Lys 
111, which was not critical for binding of P-selectin to  the 
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Figure 3. Schematic model of sialylated Lewis‘ (sLeX) binding to the P-selectin ligand binding site. P-selectin is colored in blue and 
shown in a closeup side view. This orientation is obtained from the previous orientation by approximately 90’ orientation around the 
y-axis. The carbohydrate ligand is shown with small spheres on its atoms and in standard atom coloring (carbon, green; oxygen, red; 
nitrogen, blue). The proposed “molecular anchors” in P-selectin are shown in space-filling representation and are colored in purple. 
These are the conserved calcium (on the left side of the picture) and residue lysine 113 (on the right side). These residues are spaced 
approximately 10 8, apart. We propose that the calcium interacts with the fucose moiety in sialylated Lewis‘ and that lysine 113 
interacts with the negatively charged sialic acid moiety in sialylated Lewis‘. The interaction between the calcium in P-selectin and 
the fucose was inferred from crystallographic data of MBP in complex with oligomannose (82). The interaction between the negatively 
charged sialic acid moiety and the positively charged lysine 113 was proposed based on mutagenesis experiments and based on the 
spatial separation of these potential molecular recognition sites. The use and the limitations of such schematic models are described 
in the text. 

cellular ligand, is equally as important as Lys 113 for 
binding to sulfatide. As expected, the binding of both 
ligands was found to be strictly calcium-dependent (74). 

In an independent study, the same region in E- and 
P-selectin was found to be responsible for binding of sLeX 
glycolipid (75). Recently, i t  has been reported that  sLeX 
significantly reduced lung injury in a rat  model of acute 
inflammation (80), presumably by blocking selectin func- 
tion. Taken together, these results suggest that  sLeX or 
related derivatives may provide a starting point for the 
design of specific selectin inhibitors which could be used 
in a clinical setting to block early events in inflammation. 

A Model of sLeX Binding to P-Selectin. Given the 
information regarding the location of the ligand binding 
site in P-selectin, can a model of the sLebP-selectin 
interaction be developed? The accuracy of current model 
building methodology is insufficient to predict protein- 
carbohydrate complexes a t  the atomic level of detail (81) 
even if crystallographic structures of carbohydrate-binding 
proteins are available as starting points. For example, i t  
is hard, if not impossible, to  predict the role of water 
molecules which play an important role in mediating 
protein-carbohydrate interactions (81, 82). The great 
conformational flexibility of many oligosaccharides makes 

it very difficult to approximate their binding conforma- 
tions. Therefore, predicted protein-carbohydrate com- 
plexes are usually approximate at best. 

In the case of P-selectin, further information has become 
available which allows a simple model of P-selectin-sLex 
interactions to  be constructed. Weis et al. (83) have 
determined the crystal structure of the C-type lectin 
domain of the rat MBP complexed with oligomannose. 
This structure revealed a previously unobserved mode of 
carbohydrate-protein interaction and explained the cal- 
cium dependence of carbohydrate binding to C-type 
mammalian lectins. It shows that a mannose residue 
directly coordinates with two equatorial hydroxyl groups 
to  the calcium ion by replacing a water molecule in the 
calcium coordination sphere (83). The fact that  this 
calcium binding site is rigorously conserved in the selectins 
suggests how a fucose residue, part of the sLeX ligand, can 
bind to the calcium in the selectins. An approximate 
conformation of sLeX can be modeled based on an NMR 
structure of Lex (84). In the modeled conformation, which 
uses the suggested calcium-fucose interaction as a mo- 
lecular anchor point, the sLeX can be readily docked into 
the ligand binding site of the P-selectin model. The 
intermolecular interactions are optimized by constrained 
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structural template can be for the success of a protein 
modeling and engineering project. 
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NOTE ADDED IN PROOF 
Recently, two publications have appeared which should 

be mentioned. The crystallographic structure of E-selectin 
(Graves e t  al. (1994) Nature 367,532-538) has confirmed 
the proposed structural similarity of the C-type lectin 
domain of the mannose binding protein and the selectins. 
The results of the mutagenesis experiments on E-selectin 
by Graves et al. are consistent with the P-selectin binding 
site analysis. Furthermore, an instructive example of 
structure-based drug design has been reported by Lam e t  
al. ((1994) Science 236,380-384). These researchers have 
designed novel inhibitors of HIV protease which include 
a mimic of a structural water molecule found in previously 
reported crystal structures of HIV protease-inhibitor 
complexes. 
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molecular mechanics calculations. This schematic model 
is shown in Figure 3. The calcium-fucose interaction limits 
the possible orientations of the ligand in the binding site. 
A striking feature of this model complex is that the 
negatively charged group of the sialic acid moiety in sLeX 
is in a suitable position for ionic interactions with residue 
Lys 113 in P-selectin which, as discussed earlier, has been 
found to be essential for the binding of the selectin ligands. 

This schematic model allows us to draw several conclu- 
sions about the interaction of P-selectin with one of its 
carbohydrate ligands. The mode of carbohydrate binding 
by P-selectin is different from previously reported car- 
bohydrate-protein interactions (83, 84). The complex 
must be stabilized a t  the surface of P-selectin rather than 
in a cavity or groove, and likely important molecular 
recognition sites such as the conserved calcium and Lys 
113 are -10 A apart. These predictions are consistent 
with results obtained in studies of the binding of E- and 
P-selectin to sLeX and its derivatives (75, 76, 85). Inter- 
estingly, only functional groups on one side of the ligand 
are involved in important contacts with the protein while 
the other side of the ligand remains completely exposed 
to solvent. In the absence of more detailed structural 
information, this limited model of selectin-carbohydrate 
binding can be applied to support inhibitor design. To 
take advantage of this model for the design of novel selectin 
ligands it should be understood that  the focus is the 
functional groups most likely to interact with the P-selectin 
binding site. The spatial separation of residues important 
for binding and their proximity to functional groups in 
the ligand should be taken into account in the design of 
selectin inhibitors. In addition, compounds which may 
specifically interact with additional residues proximal to 
the binding site, taking advantage of the chemical nature 
of the residue side chain, should show enhanced binding 
affinity. Binding studies with compounds generated using 
these criteria may lead to the preparation of new inhibitory 
compounds with predictable binding characteristics. 

CONCLUSIONS 

There is an ever-increasing interest in the prediction of 
three-dimensional protein structures and in the application 
of such protein models for the design of novel biologically 
active ligands. Fast computers and sophisticated computer 
graphic tools do not per  se increase the quality of models. 
Currently, the most reliable models are being generated 
by comparative rather than ab initio modeling techniques. 
Comparative model building requires extensive analyses 
of structural relations and similarities to known structures. 
Methods which allow structural comparison of proteins 
with moderate to low sequence similarities significantly 
enhance the ability to identify structural templates for 
comparative model building. Methods which assess the 
sequence-structure compatibility of structural models are 
essential to assign a global confidence level to these models. 
The meaningful use of protein models for protein engin- 
eering and, even more so, drug design studies requires a 
high degree of model accuracy. Although some successful 
studies have now been reported, the use of model structures 
for drug design applications requires many approximations 
and is still in its infancy. Studies on the ligand binding 
domain of P-selectin have shown that a protein model can 
successfully be used for the design of mutagenesis experi- 
ments and that  ideas for inhibitor design can be developed 
by rather simple and approximate model building of 
receptor-ligand complexes. This example also demon- 
strates how crucial the identification of a meaningful 
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Progestin Radiopharmaceuticals Labeled with Technetium and 
Rhenium: Synthesis, Binding Affinity, and in Vivo Distribution of a 
New Progestin N~S2-Metal Conjugate 

James P. O’Nei1,tJ Kathryn E. Carlson,? Carolyn J. Anderson,$ Michael J. Welch,g and 
John A. Katzenellenbogen’vt 

Department of Chemistry, University of Illinois, 600 South Mathews Avenue, Urbana, Illinois 61801, and 
Division of Radiation Sciences, Washington University Medical School, 600 South Kingshighway, 
St. Louis, Missouri 63110. Received December 27, 1993’ 

We have prepared and evaluated three metal conjugates of a progestin-monoamine-monoamide (MAMA’) 
bisthiol chelate system. These conjugates of rhenium and technetium-99 and -99m, are structural 
analogs of the bisamino-bisthiol (BAT) conjugates we have described recently, but the MAMA’ chelate, 
being more polar than the BAT system, gives a conjugate that is much less lipophilic, having an octanol- 
water partition coefficient that is nearly 80-fold lower. In competitive binding assays, the Re- and 
ggTc-MAMA’-progestin conjugates bind to the progesterone receptor with affinities greater than that 
of progesterone itself, and in a direct binding assay, the equilibrium dissociation constant (&) of the 
99mTc-MAMA’ conjugate was 0.97 nM. As is typical for llp-substituted progestins, these conjugates 
also have substantial binding affinity for glucocorticoid receptors. In tissue distribution studies in 
immature female rats, the pr~gestin-~~~Tc-MAMA’ conjugates show selective uptake for principal 
target tissue (such as uterus) over that of blood and nontarget tissue (such as muscle); these uptake 
ratios reach maximum levels of 5 and 4, respectively. Uptake by fat, liver, and kidney is quite high; 
however, only the uptake in uterus is displaceable upon coinjection of the selective progestin ORG2058. 
Metabolism studies show that the radioactivity in the uterus is essentially unmetabolized out to 4 h, 
while liver activity is completely due to metabolites. Other tissues show an intermediate fraction of 
unmetabolized conjugates that decreases with time. The in vivo behavior of the progestin-WmTc- 
MAMA’ conjugate is similar to that of the labeled BAT conjugate: its uptake selectivity is somewhat 
greater than that of the BAT conjugate, but its target tissue uptake is lower. Factors that may be 
responsible for limiting the target tissue uptake properties of these conjugates are their moderate 
affinity for progesterone receptor, their substantial binding to glucorticoid receptors, and their large 
overall molecular size. 

INTRODUCTION 
Because of its wide availability, convenient half-life, and 

appropriate y energy, technetium-99m is frequently the 
radionuclide of choice in the development of diagnostic 
imaging agents (1). Nevertheless, there are certain situ- 
ations in which it is difficult to utilize technetium-99m: 
being a metal, it requires a chelate system to form stable 
complexes (1, 2) and other systems of organometallic 
bonding, while intriguing in structure, are difficult to 
prepare at the no-carrier-added level, as is required for 
receptor-based imaging agents (3). Since the technetium 
complexes are large, generally having molecular weights 
in excess of 250, their incorporation into small ligands for 
receptors, such as steroid hormones and neurotransmitters, 
provides a formidable challenge: (1) metal complex 
substituents of this size can severely compromise the 
binding affinity of these receptor ligands, and (2) the bulk 
of these conjugates can alter the physicochemical proper- 
ties of receptor ligands to such an extent that their receptor- 
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mediated biodistribution is limited by permeability bar- 
riers or overwhelmed by nonspecific uptake. 

In a recent study in which we examined the receptor 
binding affinity of four progestin-metal conjugates, we 
reported the preparation of a conjugate I between a 
progestin related to the Roussel-Uclaf antiprogestin 
RU486 IV and a bisamine-bisthiol (BAT)-technetium 
complex that retained high affinity for the progesterone 
receptor (4).  While we could demonstrate nanomolar 
receptor binding of this conjugate in in vitro assays, its 
nonspecific binding was high and its tissue distribution in 
vivo showed high uptake by nontarget tissues (5). We 
postulated that the poor distribution properties of I might 
be largely due to the very lipophilic character of the 
bisamine-bisthiol (BAT) chelate system that was used. 
To lower lipophilicity, we considered other more polar 
metal chelate systems, and we have recently described the 
preparation of a smaller and considerably less lipophilic 
monoamine-monoamide-bisthiol-metal chelate system I1 
(MAMA’) that forms stable, neutral complexes with 
rhenium and technetium (6). The MAMA‘-metal chelate 
system is a structural isomer of the well known MAMA 
system (7, 8). 

In this present report, we describe the preparation of 
a conjugate I11 of the RU486-related progestin with this 
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Chart 1 

CH3 3 

I 
BAT Progestin Oxo 

Metal Complexes 

I I  111 
MAMA’ Oxo 

Metal Complexes 
MAMA Progestin Oxo Metal 

Complexes ( M = Re, Tc) 

RU486 IV Progesterone V 

new less lipophilic chelate system (9). The synthesis of 
the MAMA’-metal conjugates with rhenium and techne- 
tium-99 and -99m and an investigation of the progesterone 
receptor binding affinity, the measurement of lipophilicity, 
and the in vivo tissue distribution of these conjugates are 
presented. This new progesterone-metal conjugate rep- 
resents the first metal-labeled steroid that retains nano- 
molar binding affinity for its receptor and has typical 
steroid-like lipophilicity; the in vivo tissue distribution 
characteristics of the wmTc-MAMA’ conjugate I11 are 
improved and show a higher component of receptor- 
mediated uptake than do the more lipophilic BAT 
congeners I. 

MATERIALS AND METHODS 

Biological Procedures. Materials. Radioligands were 
obtained from the following sources: [17a-methyPH]- 
promegestone (R5020), 86 Ci/mmol, and [6-meth~l-~HI-  
llfl,l7fl-dihydroxy-6-methyl-l7a-( 1-propyny1)androsta- 
1,4,6-trien-3-one (RU283621, 77 Ci/mmol (DuPont New 
England Nuclear, Boston, MA). i3H1RU38486, 38 Ci/ 
mmol, was a gift from Roussel-Uclaf, Romainville, France, 
Unlabeled ligands: promegestone and RU28362 (DuPont 
New England Nuclear, Boston, MA); 16a-ethyl-21-hy- 
droxy-19-norpregn-4-ene-3,20-dione (ORG2058) (Organon 
Corp., Oss, The Netherlands); RU486 (RU38486; Roussel- 
Uclaf, Romainville, France); hydrocortisone (Sigma Chemi- 
cal Co., St. Louis, MO). Other chemicals were obtained 
from the following sources: activated charcoal, Trizma 
base, 3-(N-morpholino)propanesulfonic acid (MOPS), 
n-decylamine (Sigma Chemical Co., St. Louis, MO); 
dextran grade C (Schwarz/Mann, Orangeburg, NY); di- 
methylformamide (DMF) (Fisher Scientific, Fairlawn, NJ); 
(ethy1enedinitrilo)tetraacetic acid tetrasodium salt (EDTA) 
and sodium azide (Eastman Organic Chemicals, Rochester, 
NY); sodium molybdate (Mallinckrodt Inc., St. Louis, 
MO); Triton X-114 (Central Solvents and Chemicals Co., 
Bedford Park, IL); 2,5-diphenyloxazole (PPO) (Research 

R5020 VI OR02058 VI1 X = OH 
FENP Vlll X =  F 

Products International Corp., Mt. Prospect, IL); 1,4-bis- 
(5-phenyloxazol-2-y1)benzene (POPOP), 1-octanol (Ald- 
rich Chemical Co., Milwaukee, WI); protosol (DuPont New 
England Nuclear, Boston, MA). All in vitro assays were 
done in the following buffer: 0.01 M Tris, 0.0015M EDTA, 
0.02 % NaN3,20 mM Na molybdate, 20% glycerol, pH 7.4 
at room temperature. 

Cytosols. Cytosols were prepared and stored as previ- 
ouslyreported: ratPgR (IO), ratliver GuR (11), and human 
PR from T4,D tissue culture cells (12, 13). 

Relative Binding Affinity (RBA). Assays were per- 
formed as previouslyreported (14). Severalconcentrations 
of unlabeled competitor or buffer, together with 10 nM 
tritiated tracer, were incubated with cytosol at 0 OC for 
18-24 h. Unbound ligand was removed with charcoal- 
dextran. Competitor solutions were prepared in 1:l DMF/ 
buffer to ensure solubility. Progesterone receptor assays 
utilized either rat uterine cytosol from 3-day estrogen- 
primed immature rats or cytosol from T4,D tissue culture 
cells (- 1.5 nM receptor plus 1 pM hydrocortisone to block 
any glucocorticoid receptor) and [3HlR5020 as the tracer. 
Glucocorticoid receptor assays utilized liver cytosol from 
3-day adrenalectomized adult male rats ( w  1 nM type I1 
sites) with 13H]RU28362 as the tracer. 

Radioactivity was determined in a Nuclear Chicago 
Isocap 300 scintillation counter with adjustable windows, 
set to exclude 95% of the ~ T C  counts from the tritium 
channel. The 5% spill was subtracted from the tritium 
counts. 

Log PDeterminations. The log Pvalues were estimated 
as previously reported (15) from the log k’, values 
determined by HPLC chromatography, following the 
recommendations of Minick (161, using an HPLC equipped 
with an autosampler and Spectra System software (Ther- 
mo Separation Products, Warrenville, IL). 

Direct Binding Assays. Rat uterine cytosol containing - 1.5 nM progesterone receptor, preincubated with 1 pM 
hydrocortisone, was incubated with various concentrations 
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of [3Hl(R5020 or RU486) or 99mT~ (MAMA' or BAT) 
progestin, in the absence or presence of a 100-fold excess 
of unlabeled R5020 (R5020 is used to block the proges- 
terone receptor). Incubations were at  0 "C for 3-5 h. 
Unbound ligand was removed by charcoal-dextran. For 
all in vitro assays, the ggmT~ conjugate 7 was diluted with 
99Tc conjugate 6 to give a specific activity of -86 Ci/ 
mmol. 

The charcoal-dextran slurry used to remove unbound 
ligand was prepared as previously reported (14) and used 
in a ratio of 1 part charcoal-dextran slurry per 10 parts 
cytosol solution at  0 "C. Data were plotted according to 
the method of Scatchard (1 7). Radioactivity was deter- 
mined in a Nuclear Chicago Isocap 300 scintillation counter 
with adjustable windows, set to exclude 95% of the 99Tc 
counts from the tritium channel. The 5% spill was 
subtracted from the tritium counts. 
Animal Uptake Methods. Immature female Sprague- 

Dawley rats (25 days old, -50 g except where noted) were 
injected (IV, lateral tail vein), under methoxyflurane (2,2- 
dichloro-1,l-difluoroethyl methyl ether) anesthesia, with 
ca. 25 pCi of 99mTc conjugate 7 or 5 pCi of f3H1RU486 in 
a 4/ 1, physiological saline/ethanol solution. To ascertain 
whether the uptake was mediated by a high affinity, limited 
capacity system, in one set of animals 18 pg of unlabeled 
ORG2058 (RBA = 170% relative to R5020) was coinjected 
with the radiopharmaceutical. Animals were sacrificed 
by decapitation at  the times indicated, and samples of 
tissue and blood were weighed. Radioactivity in organ 
and standard samples was determined with a Beckman 
Gamma 8000 automatic well-type y counter (Beckman 
Instruments, Fullerton, CA) (5, 18) for 9gmTc, while 3H 
radioactivity was determined following digestion using a 
previously reported protocol (19). 
Metabolism Studies. The radiolabeled progestin 7 was 

extracted from blood or tissue samples a t  various time 
points with ethanol (15,20). Blood samples (100 pL) were 
obtained by cardiac puncture, while tissue samples were 
dissected from various organs directly after sacrifice. The 
blood or tissue samples were weighed and their radioac- 
tivity measured; the samples were then diluted with EtOH 
(500 pL) and homogenized. After centrifugation (5 min, 
2500 g), the pellet and supernatant were separated and 
counted. A 100-pL aliquot of the supernatant was analyzed 
by TLC (5% iPrOH/CH2Clz) with comparison to an 
authentic sample of radiolabeled progestin 7. No attempt 
was made to identify the specific metabolites. 

Chemical Procedures. Materials. Solvents and re- 
agents were purchased from various commercial sources, 
Aldrich, Mallinckrodt, Sigma, Fisher, Baker, Eastman, or 
Alfa, and were used as received, unless otherwise noted. 
NassmTc04 in saline solution was eluted from a 99Mo/ 
99mT~ generator purchased from DuPont or Mallinckrodt. 
I99Tc1 (n-Bu)4NTcOC14 was prepared as previously de- 
scribed (5 ) from [99Tc] (n-Bu)4Tc04 obtained from Alan 
Davison (MIT). 99mTc-glucoheptonate kits (Glucoscan 
kits) were purchased from Du Pont, N. Billerica, MA. 
General. Analytical thin layer chromatography (TLC) 

was performed using Merck silica gel F-254 glass-backed 
plates. Visualization was achieved by phosphomolybdic 
acid (PMA) or anisaldehyde spray reagents, iodine, or UV 
illumination. Flash chromatography refers to the method 
of Still et al. (21). Short silica plugs used Woelm silica gel 
(0.032-0.064 mm) or Merck silica gel (0.040-0.063 mm). 
High-performance liquid chromatography (HPLC) was 
performed isocratically with a preparative Si02 column 
(Whatman Partisil M-9,O.g cm X 50 cm). The eluate was 
monitored by UV absorbance at 254 nm and a sodium 
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iodide scintillation flow detector, where appropriate. 
Proton magnetic resonance (IH NMR) spectra a t  400 MHz 
are reported downfield from a tetramethylsilane internal 
standard (6 scale). Both low- and high-resolution fast atom 
bombardment (FAB) mass spectra were obtained employ- 
ing a dithiothreitol matrix. 

1 l p -  [a- [N- [[[[2- [( Triphenylmethyl)thio]ethyl]ami- 
nolcarbonyl]methyll -N- [2- [(triphenylmethyl)thiolet- 
hyllamino] -p- tolyl]- 17a-propynyl-17p-hydroxy-4,9- 
estradien-3-one (MAMA'-TrrProgestin Conjugate, 3). 
To a stirring solution of llp-[a-[(methylsulfonyl)oxyl- 
p-tolyl]-l7c~-propynyl-l7~-hydroxy-4,9-estradien-3-one ( 1) 
(4) (115.2 mg, 0.23 mmol) in CHzClz (3 mL) in a Reactivial" 
was added a solution of N-[[[2-[(triphenylmethyl)thiol- 
ethyl] aminolacetyll -S-(triphenylmethyl)-2-aminoethaneth- 
io1 (MAMA'-Trz) (2) (5) (332 mg, 0.49 mmol) in CHzC12 
(1 mL). The vial was flushed with nitrogen, sealed with 
a septum and cap, and placed in a 70 "C oil bath for 2 h. 
The crude reaction mixture was subjected to silica gel flash 
chromatography (2:l EtOAc/hexanes) to provide the thiol- 
protected progestin-ligand conjugate 3 (156.5 mg, 62%) 
as a white foam: 'H-NMR (CDCl3, 400 MHz) 6 7.55 (t, 
lH,  J = 5.7 Hz), 7.43-7.35 (m, 12 H, ArH), 7.25-7.13 (m, 
20H, ArH), 7.02 (d, 2H, J =  9 Hz), 5.75 (s, lH ,  4-CH), 4.33 
(d, lH,  7.1 Hz, lla-CH), 3.40 (q, 2H, J =  13.4 Hz, ArCHzN), 
3.10-2.89 (m, 2H), 2.86 (d, 2H, J = 4.2 Hz), 2.70 (dt, lH,  
J = 14.6, 5.1 Hz), 2.56-2.18 (m, 14H), 2.20-1.84 (m, 3H), 
1.91 (s, 3H, C=CCH3), 1.78-1.64 (m, 3H), 1.50-1.18 (m, 
2H), 0.46 (s,3H, l8-CH3); MS (LRFABMS) mlz (relative 
intensity) 1080 (281, 1079 (51), 1078 (611, 835 (131, 680 
(141, 679 (261, 591 (271, 399 (26); HRFAB calcd for 
C ~ ~ H ~ Z N Z O ~ S Z  (M + 1) 1077.5063, found 1077.5076. 

1 l p -  [a- [N- [[[(2-Mercaptoethyl)amino]carbonyl]- 
methyll -N- (2-mercaptoethyl)aminol-p-tolyl] -1 7a-pro- 
pyny1-17p-hydroxy-4,9-estradien-3-one (llp-MAMA'- 
Progestin Conjugate, 4). To a solution of MAMA'-Trz- 
progestin conjugate (3) (60 mg, 0.56 mmol) in ethyl acetate 
(1 mL) and ethyl alcohol (1 mL) was added a solution of 
Hg(0Ac)z (44.4 mg, 0.139 mmol) in ethyl alcohol (2 mL). 
The mixture was heated to reflux for 10 min and then 
cooled to room temperature. Gaseous HzS was bubbled 
through the solution until a dark black precipitate had 
formed, a t  which time the reaction vessel was capped and 
the solution allowed to stir for 5 min. The resulting 
heterogeneous mixture was filtered through Celite to 
remove the HgS residue, and the filtrate was concentrated 
to dryness in vacuo. Silica gel flash chromatography of 
the resulting yellow oil (EtOAc followed by 1:9 EtOH/ 
EtOAc) provided, after concentration in vacuo, free bisthiol 
conjugate 4 (12.2 mg, 37% ) as a colorless oil. A standard 
solution of this compound was also prepared in nitrogen- 
degassed EtOH at  a concentration of 1 mg/mL for use in 
the 99mT~ radiochemical labeling experiments. 

[ll p- [a- [N- [[[(2-Mercaptoethyl)amino]carbonyl] - 
methyl]-N-(2-mercaptoethyl)amino]-p-tolyl]-l7a-pro- 
pyny1-17/3-hydroxy-4,9-estradien-3-onato(4-)]oxorhe- 
nium(V) (MAMA'-Re(V)-Oxo-Progestin Conjugate, 5).  
To a solution of MAMA'-Trz-progestin conjugate (3) (150 
mg, 0.139 mmol) in EtOAc (4 mL) was added a solution 
of Hg(0Ac)z (11 mg, 0.034 mmol) in EtOH (3 mL). The 
mixture was heated to reflux for 20 min and then cooled 
to room temperature. Gaseous HzS was bubbled through 
the solution until a black precipitate had formed, a t  which 
time the reaction vessel was capped and the solution 
allowed to stir for 5 min. The resulting heterogeneous 
mixture was filtered through Celite to remove the HgS 
residue, and the filtrate was concentrated to dryness in 
vacuo to provide the bisthiol4 as a yellow oil. To the free 
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ligand 4, diluted with MeOH (5 mL), was added NaOAc 
(1 N in MeOH, 2 mL) followed by (PPh3)2Re(O)Cl3 (128 
mg, 0.153 mmol). The reaction mixture was heated to 90 
"C in a closed Reactivial" for 2 h and then cooled to room 
temperature. The resulting mixture was diluted with 
EtOAc (15 mL) and filtered through Celite. The purple 
solution was washed with water and the organic portion 
dried over MgS04, filtered, and concentrated in vacuo. 
Silica gel flash chromatography of the resulting oil 
(gradient elution from 2:l EtOAc/hexanes to 3:l EtOAc/ 
hexanes) provided 5 (33 mg, 0.067 mmol) as a purple solid. 
The two diastereomers about the tertiary amine of the 
ligand could be separated on the analytical scale by normal- 
phase HPLC (Whatman Si-5,4.6 mm X 25 cm, 50% (1:20 
iPrOH-CHzC12) 50 % hexanes). lH-NMR (CDCl3, 400 
MHz) 6 7.70-7.31 (m, 4H, ArH), 5.80 (s, lH,  4-CH), 5.06 
(d, lH,  J = 14.3 Hz), 4.96 (dd, lH,  J = 16.2,2 Hz, ArCHz), 
4.63 (d, lH,  J = 14.3 Hz), 4.58 (dd, lH,  J = 11.2,6.6 Hz), 

ArCHz), 3.69 (tt, lH,  J = 12.9, 2.7 Hz), 3.21 (m, 2H), 3.03 
(ddd, lH,  J = 12.0,9.5,3.2 Hz), 2.88 (dt, lH,  J = 13.4,4.4 
Hz), 2.78 (dq, lH ,  J = 14.9, 4.9 Hz), 2.61 (m, 2H), 2.50- 
2.18 (m, 6H), 2.12-1.15 (m, 10 H), 1.90 (s,3H, C=CCH3), 
0.45 (s,1.5H, one diastereomer 18-CH3), 0.44 (s,1.5H, other 
diastereomer 18-CH3); MS (LRFABMS) mlz (relative 
intensity) 794 (15) (M + 2), 793 (35) (M + 11,791 (22) (M 
+ 1, la5Re), 615 (15), 613 (33), 581 (18), 463 (28), 461 (42), 
459 (22), 309 (1001, 279 (100); HRFAB calcd for C34H42- 
N z 0 4 S ~ ~ ~ ~ R e  (M + 1) 793.2144, found 793.2130. 

[ l  10- [a- [N- [[[2-Mercaptoethyl)amino]carbonyl]- 
methyl] -N- (2-mercaptoethy1)aminol -p-tolyl] -1 7a-pro- 
pynyl-l7~-hydroxy-4,9-estradien-3-onato(4-)]oxo~Tc]- 
technetium( V) (MAMA'-PgTc] Tc( V)-Oxo-Progestin 
Conjugate, 6). Deprotection of the ligand system was 
performed in a manner similar to that described in the 
preparation of rhenium conjugate 5. Thus, bisthiol4 was 
prepared from protected compound 3 (44.6 mg, 0.41 mmol) 
and Hg(0Ac)z (26 mg, 0.081 mmol). To the crude ligand 
in MeOH (2 mL) was added solid (n-Bu)4NTcOC4 (15 
mg, 0.030 mmol) and NaOAc (0.400 mL, 1 N in MeOH). 
The mixture was allowed to react a t  room temperature for 
20 min before the soluble product was isolated by filtration 
through Celite with EtOAc and washed with water. The 
organic extract was dried with MgS04 and concentrated 
by solvent evaporation under a stream of nitrogen. Silica 
gel flash chromatography (2:l Et0Ac:hexanes) provided 
6 (16.6 mg, 78.3%) as a yellow solid. 'H-NMR (CDCl3, 
400 MHz) 6 7.39-7.30 (m, 4H, ArH), 5.81 (s lH,  4-CH), 
5.07 (d, lH,  J = 14.2 Hz), 4.95 (dd, lH,  J = 16.1, 1.5 Hz, 
ArCHZ), 4.63 (d, lH,  J = 14.2 Hz), 4.60 (dd, lH,  J = 10.7, 

= 16.1 Hz,ArCHz), 3.70 (tt, lH,  J =  13.2,3.2Hz), 3.23 (m, 
2H), 3.04 (ddd, lH,  J = 12.7, 10.3, 2.9 Hz), 2.90 (dt, IH, 
J =  13.7,4.4Hz),2.79 ( d q , l H , J =  14.9,4.9Hz),2.62 (bm, 
2H), 2.55-2.20 (m, 6H), 2.06 (dt, lH,  J = 12.9, 4.41, 1.95 
(m, lH),  1.91 (s, 3H, CECCH~), 1.81 (8, lH) ,  1.74 (m, 2H), 
1.65-1.18 (m, 5H), 0.46 (s, 1.5H, one diastereomer l8-CH3), 
0.45 (s, 1.5H, other diastereomer l8-CH3); MS (LR- 
FABMS) mlz (relative intensity) 706 (5) (M + 2), 705 (13) 
(M + l), 613 (7), 463 (5), 461 (8), 406 (5), 399 (71,391 (13); 
HRFAB calcd for C34H42Nz04Sz99Tc (M + 1) 705.1615, 
found 705.1632. 

[ l l p -  [a- [N- [[[2-Mercaptoethyl)amino]carbonyl]- 
methyl] -N- (2-mercaptoethy1)aminol -p- tolyl]- 17a-pro- 
pyny1-17/3-hydroxy-4,9-estradien-3-onato(4-)]oxo- 
Pgm Tc] t echne t iu m ( V) (MAMA'-PgmTc] Tc ( V)-Oxo- 
Progestin Conjugate, 7). Water (5 mL) was added to a 
Glucoscan kit (200 mg glucoheptonate, 0.06 mg SnCly 

4.10 (d, lH,  J =  5.9 Hz, lla-CH), 3.76 (d, lH,  J =  16.2 Hz, 

4.2 Hz), 4.48 (bd, lH,  J = 8 Hz, lla-CH), 3.77 (d, lH ,  J 
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2Hz0), swirled, and allowed to stand for 10 min at  room 
temperature. Na9gmTc(VII)04 (17.9 mCi) in saline (300 
pL) was added to 500 pL of the previously prepared 
glucoheptonate solution, swirled, and allowed to stand for 
15 min at  room temperature. A solution of 110-MAMA'- 
progestin (4) (40 pg, 0.068 pmol) in EtOH (800 pL) was 
added to the Tc-glucoheptonate solution and stirred for 
20 min at  room temperature. The reaction mixture was 
extracted with CHzC12 (3 X 1.5 mL), and the combined 
organic layers were dried over MgSO4 and filtered. The 
solvents were removed in vacuo, and the residue was 
redissolved in CHzClz and applied to a short (2 cm) silica 
pipet column. The labeled progestin was eluted from the 
column with CHzClz (2 mL) followed by 5% iPrOH/CHz- 
Clp (2 mL) and the solvent removed in vacuo. The residue 
was redissolved in 500 pL of 1/1 hexane/ ( 5  % iPrOH/CH2- 
Clz) and purified by normal-phase HPLC (Whatman M9, 
partisil5,9.4 mm X 50 cm), eluting with 160% (1:20 iPrOH- 
CHzC12)/40%) hexanes] toprovide5.47mCi (31%) of l l p -  
MAMA'-ghTc-progestin (7) (tR = 16.8 min) in a ligand- 
free form. This material (7) coeluted with the 99Tc analog 
(6) by both normal phase and reversed-phase (HzO- 
acetonitrile gradient on C-18 silica gel) HPLC. 

RESULTS 

Chemical Synthesis. The synthesis of compounds 3-7 
is shown in Scheme 1 and is described below. Each of the 
metal conjugates 5-7 was prepared from the same NZSZ 
(MAMA')-progestin conjugate (4). The progestin con- 
jugate 4 was prepared by N-alkylation of ligand 2 (4) with 
the methanesulfonate (mesylate) of the previously reported 
RU486 analog 1 (4), followed by removal of the triphen- 
ylmethane (trityl) sulfur-protecting groups. The metal 
conjugates 5 and 6, prepared at  macroscopic levels, were 
characterized by standard analytical techniques, while the 
99mT~ conjugate 7, which could only be prepared at  the 
tracer level, was identified by ita coelution upon HPLC 
analysis with the previously characterized 99Tc counterpart 
6. 

As was discussed in previous publications (4, 5), the 
insertion of a metal-oxo core into an NzSz ligand-progestin 
system can result in four diastereomeric products. These 
are denoted as the syn and anti diastereomeric pairs, where 
syn and anti are defined by the orientation of the 
N-progestin substituent relative to the metal-oxo bond. 
The syn diastereomeric pair is typically formed in far 
higher yield than the anti pair (4, 22); in fact, in these 
systems, the anti diastereomers could not be detected. All 
three metal-progestin conjugates 5-7 could be isolated in 
ligand-free form by normal-phase HPLC, since the metal 
conjugates elute far ahead of the free ligand 4. 

S- Trityl-MAMA'-Progestin (3). The conjugate 3 was 
prepared by N-alkylation of the MAMA' ligand system 
(5) with the benzylic 0-mesylate of the RU486 analog used 
in our previous work (4), under basic conditions provided 
by triethylamine. Extensive column chromatography was 
required to obtain analytically pure material, as the trityl 
protecting groups have a tendency to hydrolyze, thereby 
causing extensive streaking during chromatography. 

MAMA'-Progestin (4). S-deprotection of MAMA'- 
progestin 3 was accomplished by treatment with Hg(0Ac)Z 
to displace the trityl protecting groups and form the 
steroidal mercury salt, followed by protonation with 
hydrogen sulfide (23) to provide free ligand 4. As the 
MAMA'-progestin (4) is prone to disulfide formation 
under ambient conditions, this compound was used directly 
as described in the Chemical Procedures for the macro- 
scopic preparations (conjugates 5 and 6) or was prepared 
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Table 1. Binding Affinity of the Progestin-Metal Complexes and Related Ligands for the Progesterone Receptor (PR) and 
Glucocorticoid Receptor (GR) and Their Log P Values 

RBAa ( % ) 
PR (rat)b GR (rat)c PR (human)d log P 

compd (R5020 = 100) (dexamethasone = 100) (R5020 = 100) (from kb) 
progesterone (V) 1 3 f 1  1.08 f 0.46 9 f 3  3.87 
RU486 (IV) 170 f 5 319 f 67 24 f 7 4.69 
ORG2058 (VII) 198 f 39 1.98 f 0.42 87 f 3 4.21 
R5020 (VI) 100 2.81 f 1.60 100 4.34 
FENP (VIII) 697 f 88e 1.42 f 0.46 360 f 18 4.41 
BAT-BgTc complex I (syn pair) 25 f 1 56 f 21 8 f 3  6.41 
BAT-Re complex I 25 f 5f 31 f 8f 5 f 3  6.45 
MAMA-g9Tc complex 6 (syn pair) 35 f 8 100 f 15 1 6 f 3  5.25 
MAMA-Re complex 5 (syn pair) 45 f 8 117 f 2 7.9 f 0.1 4.90 

syn  A 28 f 8 113 f 46 not assayed not assayed 
syn B 52 f 26 101 f 65 not assayed not assayed 

a The receptor binding affinity is determined by a competitive radiometric binding assay. Values are the average of two or more determinations 
f range (n = 2) or SD (n 2 3) and are expressed on a percent scale relative to the affinity of the tritium-labeled tracer (14). Cytosol preparations 
were from estrogen-primed immature rat uterus, with [3HlR5020 as tracer (10). Cytosol preparations were from saline perfused liver of 3-day 
adrenalectomized mature male rats with [sH]RU28362 as tracer (11). Cytosol preparations were from human T47D breast cancer cells grown 
as previously described (13). e Data from ref 24. f Data from ref 4. 

as a standard solution in degassed ethanol and stored at  
-20 "C for use in the tracer-level preparation of conjugate 
7 .  

MAMA'-Re-Oxo Conjugate 5. The Re0 core was 
inserted into the MAMA'-progestin (4) through ligand 
exchange with (PhSP)zRe(O)Cla in basic (NaOAc) metha- 
nol. The product was purified by flash column chroma- 
tography and further examined by normal-phase HPLC. 
Only the syn diastereomeric pair could be detected. The 
two syn diastereoisomers could be partially separated by 
HPLC, but only at  long elution times which provided broad 
peaks. Thus, the two syn diastereomers could be isolated 
for in vitro binding assays, but not on a time or quantity 
scale that would have been practical for in vivo biological 
studies. 

MAMA'-99Tc-Oxo Conjugate 6. The TcO core was 
inserted into the MAMA'-progestin (4) through ligand 
exchange with an equimolar amount of (n-Bu)rN( [99Tcl- 
TcOCl4) in basic (NaOAc) methanol. The syn diastere- 
omeric pair was isolated by flash column chromatography 

and further purified by normal-phase HPLC. No attempt 
was made to separate the two syn diastereomers, as their 
separation in the case of the rhenium conjugate 5 had 
proved to be a tedious task; also, previous work (4,5) had 
shown that the ratio of in vitro binding affinities for the 
separate isomers is essentially equivalent for the Re and 
Tc compounds, and in our hands, the PR binding affinity 
of the two syn diastereomers of 5 differed by less than a 
factor of 2 (see below and Table 1). 

MAMA'99mTc-Oxo Conjugate 7. Technetium-99m- 
progestin 7 was prepared by a chelate exchange reaction 
with preformed mTc-glucoheptonate and the MAMA'- 
progestin (4) and was purified by normal-phase HPLC. 
Only the syn diastereomeric pair was detected, and these 
compounds were not separated (cf. discussion above for 
MAMA'-Re-progestin 5). In order to maximize the 
exchange process, reaction conditions were adjusted to 
provide a much more dilute reaction in both aqueous 
medium (i.e., dilution of the Glucoscan kit), as well as 
organic medium (Le., EtOH equal in volume to the aqueous 
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phase). Preparations were studied over a range of pH 
values (pH 4-11), and maximum incorporation was seen 
under slightly acidic conditions (pH 5), although for 
convenience the WTc-glucoheptonate obtained in kit 
form (pH 7) was found to provide satisfactory yields. 
Although the conjugate 7 was not formed as readily as the 
corresponding BAT--Tc compounds previously reported 
(5), the MAMA’ conjugate appeared to be more stable to 
aqueous conditions and to concentration in vacuo than 
were the BAT conjugates. 

The sample of conjugate 7 used for the in vivo and in 
vitro studies had a radiochemical purity in excess of 95 % , 
as determined by reversed-phase analytical HPLC. The 
specific activity of the preparation was estimated to be ca. 
100 Ci/mmol, based on the history of the 99Mo/99mTc 
generator which was used (5). In vitro binding experiments 
were conducted with material that was diluted with the 
99Tc-progestin 6 to a specific activity of 86 Ci/mmol. 

In Vitro Studies. Relative Binding Affinity of Metall 
Progestin Conjugates 111 for the Progesterone Receptor 
(PR) and Glucocorticoid Receptor (GR). The relative 
binding affinities (RBA) of the MAMA’-Re and -WTc 
conjugates 5 and 6 as well as previously prepared BAT- 
Re a n d - q c  conjugates ( 4 3 )  and some related compounds 
(cf. Scheme 1) to the progesterone receptor and the 
glucocorticoid receptor are shown in Table 1. The RBAs 
are determined by a competitive radiometric binding assay. 
Even though they are radioactive, the 99Tc conjugates can 
be assayed in this competitive binding assay with a tritium- 
labeled tracer, using standard dual label scintillation 
counting methods (5); the specific activity (SA) of wTc is 
low (0.0017 Ci/mmol) compared to the SAof tritiated tracer 
ligands (77-86 Ci/mmol), so the counts from the 99Tc 
conjugates are appreciable only at  the highest concentra- 
tions. 

The RBA value of the 99Tc conjugate 6 for the proges- 
terone receptor is similar to that of the analogous unlabeled 
Re conjugate 5. This was observed previously with the 
BAT conjugates I (4) and is expected, since the Re and 
Tc complexes are similar in size and electron density 
distribution (25, 26). Both the MAMA’-Re and -99Tc 
conjugates assayed as syn pairs have rat PR binding 
affinities that are ca. three times greater than that of 
progesterone itself (35-4576 vs 13%). When the syn 
diastereomers of the Re conjugate 5 are separated, one 
was found to have a binding affinity approximately two 
times greater than the other. The PR binding affinities 
of the MAMA’ conjugates 5 and 6 for rat PR appear to be 
equivalent or marginally higher than those of the cor- 
responding BAT conjugates I. 

Many progestins and antiprogestins have markedly 
different binding affinities to the PR from different species 
(27-29). Almost uniformly, the compounds presented in 
Table 1 show lower affinity to the human PR than to rat 
PR (relative to R5020). The studies presented in this paper 
use the rat as the animal model, but the ultimate goal is 
to design compounds for use in humans. Therefore, 
binding affinity measurements in both human and rat are 
important. 

In addition to PR, immature rat uterus contains 
substantial levels of glucocorticoid receptor (GR) and small 
levels of mineralocorticoid receptor (72 % and 5 % , relative 
to progesterone receptor = 100%) (K. E. Carlson, un- 
published). All in vitro binding studies with PR included 
1 pM of hydrocortisone to block these corticosteroid 
receptors. Since no attempt was made to block them in 
the in vivo tissue distribution experiments, this heter- 
ologous binding to other receptors may influence the results 
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Figure 1. Binding curves for mTc-MAMA’ (A), mTc-BAT 
(B), [3HlR5020 (C), and [aH]RU486 (D) in rat uterine cytosol. 
Shown is the total binding, the nonspecific binding (NS) (receptor 
blocked by lOOX excess unlabeled R5020), and specific binding 
(difference between total and NS), after 3 h incubation at  0 OC. 
For comparison, the mTc-BAT conjugate is included, using data 
adapted from ref 5. 

of the in vivo experiments. As shown in Table 1, the 99Tc- 
BAT conjugates I have GR affinities comparable to their 
affinities for PR, while the Re- and 99Tc-MAMA’ con- 
jugates 5 and 6 have GR affinities nearly three times higher 
than PR affinities. The GR affinities of these metal 
conjugates are - 10 times greater than those of the selective 
progesterone receptor ligands ORG2058 and R5020 but 
lower than that of the parent ligand, RU486. 

Lipophilicity Estimates (Log P) .  Octanol/water parti- 
tion coefficients (P) ,  as a measure of lipophilicity, have 
been shown to correlate well with the nonspecific binding 
of steroids (30). The chromatographic method of Minick 
(161, to measure log k’,, has been found to accurately 
reproduce octanol/water partition values measured with 
the shake flask method. The regression line relating the 
chromatographically determined log k’, values of the 
standards to their measured log P values shows very high 
statistical reliability (15) and was extrapolated to the high 
log k’, values of the progestin conjugates, although no 
standards existed in this range. As shown in Table 1, the 
MAMA’ conjugates have lower log P values than those of 
the corresponding BAT-substituted conjugates previously 
studied (4 )  and are in fact approximately 80 times less 
lipophilic. Unlike the BAT compounds, which show ca. 
100-fold higher lipophilicities than those of simple steroidal 
progestins, the MAMA’-metal conjugates have log Pvalues 
approaching those of the unsubstituted steroids themselves 
(V-VIII). 

Direct Binding Assays. The direct assay of progesterone 
receptor binding with the tritium-labeled ligands R5020 
(VI) and RU486 (IV) as well as 99mTc-MAMA’-progestin 
conjugate 7 and the previously prepared 99mTc-BAT 
conjugate I is shown in Figure 1. All four ligands show 
high affinity (& 0.46-2.74 nM)), saturable binding to PR. 
The extent of nonspecific binding in this assay is evident 
from the slope of the “nonspecific” binding curve. The 
lipophilic BAT conjugate I shows the highest nonspecific 
binding, as was expected, since nonspecific binding 
typically correlates with lipophilicity. The nonspecific 
binding of the MAMA‘ conjugate is somewhat less, being 
more comparable to that of R5020. 
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and 71 % at 1,3, and 6 h, respectively), suggesting that the 
uterine uptake is PR-mediated. In this blocking experi- 
ment, the statistical significance of the changes in the 
various tissues was calculated by student’s T-test (34),  n 
= 5; only the change in uterine activity is statistically 
significant a t  the 99% confidence level (0.01 > p > 0.001) 
(cf. Figure 5). Thus, it appears that we are observing PR- 
mediated uptake of conjugate 7 in the uterus, as ORG2058 
blocks PR, but is unlikely to block GR. The uterine uptake 
of the conjugate which cannot be blocked by ORG2058, 
however, might be due to its binding to GR, since the 
conjugate has substantial affinity for this receptor. 

In order to make a critical evaluation of the chemical 
structure components affecting the animal uptake, we also 
conducted uptake studies using r3H1RU486, which is the 
parent ligand for both the BAT and MAMA’ conjugates. 
The biodistribution of I3H1RU486 is presented in Table 
4; its comparison with the two gemTc systems at  3 h is 
shown in Figure 6. The efficiency of ovarian and uterine 
uptake of r3H1RU486 was 2.7-4.3 times as great as that 
of the 99mTc-MAMA‘ conjugate a t  3 h @I < 0.05). However, 
its uptake specificity (percent of uptake that can be 
blocked) is only marginally greater: 86% vs 60% at  3 h, 
respectively. Both of these properties are likely to be 
related to the binding affinity of the ligand to PR: RU486 
has a 4.8 times greater affinity than the Tc-MAMA‘ 
complex. The 99mTc-MAMA’ is retained longer in the 
target tissues than is RU486: a t  6 h, 35% of the initial 
99mT~ MAMA’ uptake remains in the uterus, while only 
18 % of the RU486 uptake remains. A slow clearance from 
the target tissues is a desirable characteristic for ligands 
designed for imaging (30). 

Perhaps the best overall comparison among the three 
compounds can be seen at  the 3 h time point shown in 
Figure 6. Here, the higher level of uterine uptake byRU486 
and the improveduterus to muscle uptake ratio are evident. 
Liver and fat uptake of RU486, however, are still high and 
comparable to those of the two conjugates, suggesting that 
the progestin portion of the conjugate is mainly responsible 
for this uptake, not the metal chelate. A comparison 
between the two 99mT~ conjugates (MAMA‘ 7 and BAT I) 
at  3 h is also seen in Figure 6; the uterine uptake by the 
BAT conjugate is greater, as is its uterine to blood ratio, 
but relative to muscle and fat, uterine uptake is the same 
as for the MAMA’ complex. The fraction of uterine 
activity displaced by ORG2058 is somewhat greater for 
the MAMA‘ 7 (70% at 6 h) compared to BAT I (63% at  
6 h), but this difference is not statistically significant. It 
is notable that all three of the PR ligands show uterine 
uptake that is lower and less selective than 21-fluoro-16a- 
ethyl-19-norprogesterone (FENP), where 1 h % ID/g levels 
are as follows: uterus, 6.43; muscle, 0.42; blood, 0.25; fat, 
3.56; and liver, 3.34 (24). 

Metabolism Studies. The in vivo stability of the 
99mTc-MAMA’-progestin conjugate 7 was investigated in 
immature rats. At various times after injection, blood 
and tissues were extracted with ethanol and the soluble 
activity analyzed by thin-layer chromatography to deter- 
mine the percent activity that is unmetabolized. Cor- 
rection is made for the extraction efficiency of the 9f”Tc- 
MAMA’-progestin conjugate 7, and the results are shown 
graphically in Figure 7. 

As has been noted with other receptor-binding radio- 
pharmaceuticals (15,19),  the activity in the target tissue 
remains largely the administered compound, even out to 
4 h, as receptor sequesters the tracer and prevents its 
metabolism. In contrast, even at  the earliest time (1 h), 
liver activity is almost exclusively due to metabolites, while 
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Figure 2. Data shown in Figure 1 converted to Scatchard plots, 
showing Kd values for RU486 = 0.409 nM, R5020 = 0.458 nm, 
mT~-MAMA’ = 0.965 nM, and mTc-BAT = 2.136 nM. 

When the binding data are expressed as Scatchard plots 
(Figure 21, it is clear that the metal conjugates bind to 
nearly the same number of sites as do R5020 and RU486, 
consistent with their binding only to PR (glucocorticoid 
receptor was blocked with hydrocortisone). The small 
differences observed in site concentration for the MAMA’ 
conjugate could be due to uncertainties in the estimated 
specific activities of the radioactive metals. The & for 
I3H1R5020 in these assays is 0.46 nM, while the Kd for 
99mTc-MAMA’ conjugate 6 is 0.97 nM. The ratio of the 
dissociation constants for the metal conjugate vs R5020 
(Kd(RS020)/Kd(conjug*~)) is analogous to an RBA value. For 
the gemT~ conjugate, this ratio is 47 5% , very close to the 
RBA value of 35% f 8 (Table 1). The concordance Of Kd 
ratios with RBA values for metal conjugates is particularly 
significant, as it verifies that the RBA values obtained in 
the competitive binding assay (with 99Tc and unlabeled 
Re) are those of the intact metal conjugates and not the 
decomplexed steroid. 
In Vivo Tissue Distribution of 9 9 m T ~  Conjugate 7. 

Tissue uptake studies were performed in immature female 
Sprague-Dawley rats, 21-25 days old, that were primed 
with estradiol to increase their uterine titer of PR (5 ,10 ) .  
The rats were injected IV (tail vein) with the radiophar- 
maceutical, and the uptake in various tissues was deter- 
mined at  the times indicated in Tables 2 and 3. Some rats 
were coinjected with a large dose (18 pg) of ORG2058 (RBA 
= 198% relative to R5020) to block PR sites. ORG2058 
is one of the most selective ligands for PR (cf. Table 1); 
it should not block other receptors (glucocorticoid, min- 
eralocorticoid) present in the rat tissues (11, 29). The 
tissue uptake data are presented as percent of injected 
dose per gram tissue (% ID/g) in Tables 2 and 3. Some of 
these data are shown in Figures 3-6. 

The principal target organ for these radiolabeled 
progestins is the uterus, and there is substantial uterine 
uptake for the MAMA’-99mTc conjugate (Table 2 and 
Figure 3). There is also high uptake in the nontarget organs 
(liver and kidney) involved in the metabolism and excretion 
of steroids. However, binding to GR may also account for 
some of the uptake into these organs, as they are rich in 
this receptor (29, 31-33). Fat also shows high uptake, 
suggesting that the nonspecific uptake may still be 
dominated by the lipophilicity of these metal conjugates. 
Nevertheless, the uptake in the uterus is higher than that 
in a nontarget tissue such as muscle, and the uterus to 
muscle ratio after 6 and 18 h is 4.1 and 2.9, respectively 
(Figure 4); uterus to blood ratios peak earlier, a t  3 h, at 
even higher ratios. 

When PR is blocked in vivo by coinjection of a large 
dose of ORG2058 (see Table 3 and Figure 5), only the 
uterus shows a significant decrease in uptake (55%, 60%, 
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Table 2. Biodistribution Data for 11&MAMA'-99mTc-Progestin 7 at 1,3, 6, and 18 h (% 

%ID/g f SD (n = 10) %ID/g f SD (n = 5) 

tissue l h  3 h  6 h  

blood 
lung 
liver 
kidney 
muscle 
fat 
uterus 
ovaries 

0.245 f 0.027 
0.655 f 0.078 
4.906 f 1.190 
1.963 f 0.259 
0.586 f 0.088 
1.094 f 0.525 
0.753 f 0.217 
0.674 f 0.181 

0.155 f 0.039 
0.300 f 0.046 
3.528 f 0.883 
1.830 f 0.194 
0.226 f 0.070 
0.817 f 0.270 
0.591 f 0.082 
9.535 f 0.213 

0.109 f 0.021 
0.166 f 0.032 
2.797 f 0.640 
1.751 f 0.475 
0.066 f 0.019 
0.203 f 0.104 
0.266 f 0.049 
0.161 f 0.063 

uterus/muscle 1.282 f 0.364 2.680 f 0.669 4.115 f 0.808 
uterus/ blood 3.166 f 0.736 5.006 f 1.111 2.529 f 0.384 

a % ID/g: percent injected dose/gram tissue. 

Table 3. Biodistribution Data for 
ll~-MAMA'-99mT~-Progestin 7 at 1,3, and 6 h (% ID/g)a 

%ID/g f SD (n = 10) 
tissue 1 h (block) 3 h (block) 6 h (block) 

blood 
lung 
liver 
kidney 
muscle 
fat 
uterus 
ovaries 

0.145 f 0.031 
0.479 f 0.145 
3.509 f 0.806 
1.453 f 0.305 
0.450 f 0.116 
0.747 f 0.173 
0.339 f 0.091 
0.461 f 0.126 

0.098 f 0.019 
0.209 f 0.058 
3.021 f 0.547 
1.362 f 0.289 
0.214 f 0.140 
0.438 f 0.074 
0.234 f 0.019 
0.210 f 0.028 

0.070 f 0.006 
0.097 f 0.016 
2.161 f 0.260 
1.394 f 0.352 
0.040 f 0.012 
0.125 f 0.046 
0.076 f 0.018 
0.077 f 0.018 

uterus/muscle 0.753 f 0.280 1.093 f 0.721 1.900 f 0.726 
uterus/blood 2.338 f 0.802 2.388 f 0.502 1.086 f 0.274 

a The rats used in these experiments were each coinjected with 18 
pg of ORG2058 (block). % ID/g: percent injected dose/gram tissue. 
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Figure 3. Biodistribution of mTc-progestin 7 in immature 
estrogen-primed female rats presented as percent injected dose/ 
gram (ASD) of tissue at  1,3,6, and 18 h following injection. Data 
are taken from Table 2 and are decay corrected. 

in the kidney and blood, the percent that is unmetabolized 
declines rather slowly from an initial value of 50%. This 
time course and pattern of metabolism is similar to that 
of the BAT conjugates (4). 

DISCUSSION 

In this paper, we describe the synthesis and evaluation 
of a new conjugate between a progestin with high affinity 
for the progesterone receptor (PR) and a new metal 
complex (MAMA'). This conjugate represents an exten- 
sion of our recent work in which we described the 
preparation of the first receptor ligand labeled with 
technetium-99m that retains nanomolar receptor binding 
affinity (4 ,5) .  While this first system, a p r o g e ~ t i n - ~ ~ ~ T c -  
BAT conjugate, displayed high receptor affinity, its 
nonspecific binding was high and its tissue distribution in 

18h ~- ~~ 
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Figure 4. Time course of the change in the ratio ( S D )  of target 
(uterus) to nontarget (blood or muscle) tissue uptake for mTc- 
progestin 7. Data are taken from Table 2 and are decay corrected. 
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Figure 5. Uptake of mTc-progestin 7 a t  6 h when unblocked 
or when the PR has been blocked by an excess of Org 2058, 
presented as percent injected dose/gram tissue (MD). Data are 
taken from Tables 2 and 3. 

vivo was not sufficiently selective for target tissues to be 
useful for imaging human breast tumors based on their 
content of steroid receptors (4, 5) .  

Because the BAT-metal conjugate system is very 
hydrophobic, we suspected that the high lipophilicity of 
this complex, which has an octanol-water partition coef- 
ficient nearly 100-fold higher than that of typical 
progestins, might be the principal reason for its reduced 
uptake selectivity. The progestin-MAMA'-metal con- 
jugate described here is our first attempt to effect a 
substantial reduction in the lipophilicity of these progestin 
metal conjugate systems. Relative to the BAT chelate, 
the MAMA' system has four fewer methyl groups and has 
a carbonyl function in place of one methylene group. 
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Figure 6. Comparison of the biodistribution at  3 h of -Tc- 
MAMA’7, ~Tc-BAT I (taken from ref 5) ,  and [3H]RU486 (IV). 
Data presented as percent injected dose/gram tissue (MD). 

In a recent publication, we have described the prepara- 
tion of the basic MAMA’-rhenium and -technetium 
chelates, and we have presented a detailed spectroscopic 
and structural analysis of both the syn and anti diaster- 
eomers of a simple N-benzyl derivative (6) .  This MAMA’ 
system has many features similar to those of other 
conjugates of the well-studied N2S2 class (7, 8). The 
preparation of the corresponding progestin-MAMA’ con- 
jugate proceeded in an analogous fashion to the preparation 
of the BAT conjugate and presented no particular dif- 
ficulties, and the rhenium and technetium-99, and -99m 
conjugates could be readily prepared and purified. With 
the MAMA’ conjugates, the syn diastereomers predomi- 
nated over the anti to an even greater extent than with the 
BAT conjugates, so that only the syn isomers could be 
isolated and characterized. 

The progestin-MAMA’-metal conjugates 5 and 6 have 
affinities for PR that are three to four times greater than 
the natural ligand (progesterone) for this receptor, as was 
also true for the progestin-BAT-metal conjugates I. With 
both of these systems, it is remarkable that a steroid 
conjugated to a metal complex of nearly equal size can 
retain such high affinity for receptor. It should be noted, 
however, that the affinity of these conjugates is lower than 
that of the synthetic ligands R5020, RU486, and ORG2058, 
a fact that may contribute to the moderate level of their 
receptor-mediated tissue distribution. 

Both in the BAT and the MAMA’ series, there is a 
significant reduction in affinity for human PR vs rat PR, 
relative to the tracer R5020. This is also true for 
progesterone and the synthetic ligands ORG2058 and 
RU486. Such species-dependent differences in PR ligand 
binding affinity and selectivity is well known (27-29), but 
the reason is unclear. The cDNA-deduced amino acid 
sequences for the rat and human PR ligand binding 
domains are 88-96% similar (35,36); on the other hand, 
it is known that even a single amino acid change in PR can 
result in a profound alteration in ligand binding specificity 
(37). 

There is considerable sequence homology between the 
hormone binding domains of PR and GR (38),  and these 
two receptors (together with the mineralocorticoid and 
androgen receptors) are considered to be within the same 
evolutionary family (39). This sequence/structural simi- 
larity is reflected in the tendency of ligands for these 
receptors to exhibit considerable “receptor cross-talkn or 
“heterologous binding” (40, 41). In fact, the synthetic 
progestins R5020 and ORG2058 are useful as selective 
tracers for PR in in vitro binding assays because of their 

high selectivity for PR vs GR, but this characteristic is not 
shared by most ligands with l l p  substituents, such as 
RU486 (28, 42). Both the BAT- and MAMA’-metal- 
progestin conjugates also demonstrate considerable bind- 
ing affinity for the GR. This too may be a factor 
compromising the selectivity of their in vivo distribution. 

One of our principal intents in developing the MAMA’- 
progestin conjugates was to create a system that would be 
similar to the BAT conjugates, but would have lower 
lipophilicity. We hoped that substitution of the MAMA’ 
for the BAT-metal chelate would accomplish this without 
compromising the high PR binding affinity of the BAT 
conjugates. This was, in fact, borne out by experiment, 
where as expected, the MAMA’ conjugates have octanol- 
water partition coefficients nearly 100-fold lower than 
those of the BAT systems, now being within the range 
that is typical for high affinity ligands for PR. This was 
achieved without a decrease in affinity for PR. 

The in vivo tissue distribution of the p roge~ t in -~~~Tc-  
MAMA’ conjugate was quite similar to that of the 
corresponding BAT complex. Displaceable (receptor- 
mediated) uptake was only observed in the principal target 
tissue the uterus, and activity in this tissue was greater 
than in blood or muscle, but fat uptake and activity in 
liver and kidney was very high. The 80-fold lower 
lipophilicity of the MAMA’ conjugate is not reflected in 
a dramatic way in its uptake behavior relative to the BAT 
complex: the uptake of the MAMA’ conjugate into fat is 
only half that of the BAT complex, but the uterine uptake 
is also reduced by a similar fraction. 

It is instructive to make a comparison of the tissue 
distribution of the BAT-and MAMA’-progestin conju- 
gates with that of RU486 and other labeled progestins 
that we have studied earlier (19 ,24 ,43) .  As a class, the 
progestins tend to have lower target tissue uptake than, 
for example, the estrogens, and their uptake by fat and 
tissues involved in metabolism and clearance (liver and 
kidney) is relatively high. Nevertheless, the BAT-and 
MAMA’-metal conjugates have target tissue uptake 
efficiency and selectivity a t  the low end of all the 
compounds we have studied. The role that lipophilicity 
plays in uptake behavior as evidenced with the BAT and 
MAMA’ conjugates does not seem to be a dominant one. 
The possibility that elevated liver uptake is due to their 
binding by GR in this tissue is unlikely, since metabolism 
studies on the two conjugates have shown that most of the 
activity in the liver is due to metabolites. Also, RU486, 
which has very high affinity for GR, does not show liver 
uptake that is very much greater than that of other PR 
tracers such as ORG2058, R5020, and FENP, which all 
have very low GR affinity. In fact, in other studies we 
have found that even tracers with very high GR binding 
affinity fail to show substantial receptor-mediated uptake 
by GR target tissues (44), indicating that the GR system 
itself may be poorly suited for selective ligand accumula- 
tion. 

Two other factors that may account for the uptake 
behavior of the metal conjugates are receptor binding 
affinity and overall molecular size. Even though the BAT 
and MAMA’ conjugates have nanomolar binding affinity 
for PR, exceeding that of progesterone several fold, their 
affinity for PR may still be too low to result in desirable 
distribution behavior. The affinity of progesterone itself 
is insufficient for target tissue uptake and retention, and 
it may be that affinities approaching those of FENP, 
ORG2058, and R5020 may be required. In fact, most 
progestins of moderate affinity for PR that we have studied 
have relatively poor target tissue uptake (5, 43, 45). 
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Table 4. Biodistribution Data for 3H-RU486 at 1,3, and 6 h (% ID/gP 
% ID/g f SD (n = 3) 

tissue lh 3h 6h 3 h (block) 
1 blood 0.550 f 0.080 0.410 f 0.140 0.390 f 0.130 0.230 f 0.100 
2 lung 0.980 f 0.360 0.440 f 0.170 0.240 f 0.040 0.190 f 0.030 
3 liver 5.240 f 0.960 3.020 f 0.890 1.140 f 0.040 1.130 f 0.230 
4 spleen 0.820 f 0.160 0.350 f 0.130 0.210 f 0.060 0.170 f 0.030 
5 muscle 0.940 f 0.200 0.350 f 0.100 0.190 f 0.010 0.200 f 0.070 
6 fat 4.000 f 1.600 2.270 f 1.250 1.220 f 0.200 1.570 f 0.250 
7 uterus 3.030 f 1.670 2.570 f 1.300 0.570 f 0.160 0.360 f 0.110 
8 ovaries 2.940 f 0.680 1.450 f 0.600 0.520 f 0.030 0.540 f 0.140 

9 uterus/muscle 3.223 f 1.904 7.534 f 4.377 3.000 f 0.857 1.800 f 0.836 
10 uterus/blood 5.509 f 0.582 6.268 f 3.825 1.462 f 0.637 1.565 f 0.832 

a One set of animals at 3 h was coinjected with 18 pg of ORG2058 (block). % ID/g: percent injected dose/gram tissue. 
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Figure 7. Metabolism of mTc progestin 7 in uterus and 
nontarget tissues, blood, kidney, and liver. 

Figure 8. Size comparison of FENP (upper left), RU486 (upper 
right), -Tc-BAT I (lower left), and mTc-MAMA’ 7 (lower 
right) using space-filling representations (46). 

Finally, the issue of molecular size may be involved: 
The BAT and MAMA’ conjugates as ligands for PR are 
nearly twice the size of a typical steroid, such as FENP, 
as shown in Figure 8. Differences in their transport and 
tissue permeability may compromise their target tissue 
uptake in ways that may not be apparent from a study of 
only steroid-sized ligands. The fact that RU486, which is 
a PR ligand midway in size between R5020 and the metal 
complex, has a target tissue uptake efficiency and selec- 

tivity that is also intermediate between that of the steroids 
and the metal conjugates, suggests that the size of the 
tracer may be important. 

In this study, we have determined that lipophilicity and 
heterologous binding to other receptors may be less 
important factors in tissue uptake than previously thought 
and the issues of overall molecular size and PR binding 
affinity more important. Our future investigations on 
technetium-labeled ligands for steroid receptors will 
address these considerations. 
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Electrospray ionization mass spectrometry (ESI-MS) has been used to characterize the covalent binding 
of different haptens to the enzyme glucose 6-phosphate dehydrogenase. The technique allows one to 
directly observe the relative amounts of each conjugated species present in a mixture, as well as the 
average hapten number. These measurements are useful for optimizing reaction conditions to yield 
a more precisely defined product for use in immunoassays. The results obtained show that ESI-MS 
with a quadrupole analyzer can be successfully used to analyze mixtures of derivatized proteins in the 
molecular weight range of 50-60 kDa, where the modifying hapten has a molecular weight as low as 130 
Da. 

INTRODUCTION 
There are numerous examples in protein chemistry 

where it is desirable to covalently modify the side chains 
of amino acid residues to give specifically derivatized 
macromolecules. For example, immunoconjugates com- 
prised of haptens linked to carrier proteins are useful for 
eliciting the production of specific antibodies for use in 
immunoassays, and hapten-modified enzymes form the 
basis of many types of enzyme immunoassays. Conjuga- 
tion of proteins with low molecular weight haptens gives 
a mixture of macromolecules that differ in the number 
and site of modified residues. The hapten number n 
describes the average number of covalently modified 
residues per protein and is a key parameter that must be 
carefully optimized when preparing enzyme tracers for 
use in immunoassays. 

A number of analytical methods have been described 
that allow the determination of an average hapten number. 
Classical methods include the use of absorption spectros- 
copy and radiolabeled hapten. These techniques, while 
simple to apply, give an average hapten number but do 
not provide information on the actual distribution of 
modified macromolecules. These techniques can also 
overestimate the hapten number if noncovalently bound 
hapten is present in the sample. In addition, these methods 
suffer from a number of other limitations. Absorption 
spectroscopy requires that the hapten have a significant 
extinction coefficient over a useful range of wavelengths 
and is subject to uncertainty about changes in the 
absorbance of bound chromophores. The use of radio- 
labeled haptens requires the preparation of labeled 
material with a high specific activity. 

Recently, matrix-assisted laser desorption ionization 
(MALDI) mass spectrometry has been used to estimate 
the hapten number of covalently modified proteins (1,2). 
While this methodology appears to be a substantial 
improvement over conventional assays, the low mass 
resolution of the technique limits it to the determination 
of an average hapten modification number. 
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In principle, electrospray mass spectrometer (ESI-MS) 
is an ideal technique for this type of problem (3). Since 
ESI-MS can be implemented on quadrupole or magnetic 
sector mass spectrometers, the increased resolution af- 
forded by these systems allows one to directly observe the 
relative amounts of each conjugated species present in a 
mixture, as well as the average hapten number. Knowing 
the amounts of each species present can help optimize 
reaction conditions to yield a more precisly defined product 
for use in immunoassays. 

We have explored the use of ESI-MS to characterize 
the stoichiometry of covalent binding of different haptens 
to the enzyme glucose 6-phosphate dehydrogenase (G6- 
PDH, EC 1.1.1.49). The homodimeric subunit of this 
enzyme has a molecular weight of 54.5 kDa and is widely 
used in enzyme-linked immunoassays. The results ob- 
tained show that ESI-MS with a quadrupole analyzer can 
be successfully used to analyze mixtures of derivatized 
proteins in the molecular weight range of 50-60 kDa where 
the modifying hapten has a molecular weight as low as 130 
Da. 

EXPERIMENTAL SECTION 
Materials and Methods. G6PDH was purchased from 

US Biochemicals. Digoxigenin 3-0-hemisuccinate suc- 
cinimide ester (Figure 1, structure 2) was obtained from 
Boehringer-Mannheim Biochemicals. Desaminothyroxine 
(structure I), 2,2-dipropylgutaric anhydride (structure 3), 
and 5- [N-(2’-carboxyethyl)carbamoylldibenz[b,flazepine 
(structure 4) were synthesized as previously reported (4- 
6) .  Tritiated 5- [N-(2’-carboxyethyl)carbamoylldibenz- 
[b,flazepine had a specific activityof 7 Ci/mmol. All other 
chemicals were reagent grade or better. 

Preparation of Immunoconjugates. The acidic hap- 
tens were activated for conjugation by formation of 
N-succinimidyl esters (7). Conjugation reactions were 
conducted in solutions containing 5 mg/mL of GGPDH, 
100 mM NaHC03 (pH 8.0), and 20% dimethylformamide 
(DMF). Activated hapten dissolved in DMF was added 
to the enzyme solution while the solution was stirred on 
ice. A 25-fold molar excess (relative to G6PDH subunit) 
of desaminothyroxine and 10-fold excesses of digoxigenin 
and 2,2-dipropylglutaric anhydride were used in the 
conjugations. For the 5-[N-(2’-carboxyethyl)carbamoyll- 
dibenz[b,flazepine conjugations, the molar excess was 
varied from 5-fold to 20-fold to achieve avariety of loadings. 
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Unreacted hapten was removed after 1 h by chromatog- 
raphy over Biogel P6-DG resin (Bio-Rad) in 10 mM 
ammonium acetate buffer (pH 6.7). Residual salts were 
removed from the samples of three cycles of (1) dilution 
to 2 mL with 10 mM ammonium acetate buffer and (2) 
concentration to approximately 100 p L  using Centricon- 
30 microconcentrators (Amicon). 

Labeling density of radioactive conjugates was deter- 
mined by conventional methods. Aliquots of the purified 
conjugates were diluted to approximately 10 pg/mL in 
water. Duplicate 800-pL samples were taken from these 
common solutions for use in scintillation counting and 
protein assay. Protein assays were performed according 
to the method of Bradford by adding 200 pL of dye reagent 
(Bio-Rad) to the samples and measuring absorbance at  
595 nm (8). Unmodified G6PDH was used to generate a 
standard curve. Radioactivity was measured by adding 
10 mL of Ready-Safe (Beckman) to each sample and 
counting on a Beckman scintillation counter. 
Mass Spectrometry. Electrospray ionization mass 

spectra were obtained using a Finnigan-MAT TSQ700 
(Finnigan-MAT) equipped with an electrospray ion source 
(Analytica of Branford). Samples were prepared at  
concentrations of 1-5 pmol/pL in 10 mM NH40Ac 
containing 20-50 % acetonitrile or methanol and infused 
directly into the source at  1-2 pL/min. Ion source 
operating conditions were as follows: cylindrical electrode, 
-3.0 kV; capillary voltage, +50 V; tube lens, 150-195 V; 
drying gas temperature, 130 OC; drying gas flow, ca. 6 
L/min. The instrument was scanned over the m/z range 
300-2000 in 3-9 intervals. All data were acquired in profile 
mode, and successive scans were averaged until the 
required signal-to-noise ratio was obtained. Typically, 
5-10-min averaging times were required to obtain useful 
data on samples a t  concentrations of 1-5 pmol/pL and an 
infusion rate of 1 pL/min, corresponding to 5-50 pmol of 
sample consumed for each measurement. 

Alternatively, samples in 0.05 % trifluoroacetic acid- 
water were electrosprayed using a sheathing flow of 
2-methoxyethanol (1 pL/min) and a nebulizing flow of 
nitrogen (600 mL/min). Operating conditions were similar 
to what was employed for methanol-water or acetonitrile- 
water solutions, except that a higher drying gas tempera- 
ture (255 “C) and drying gas flow rate (40 mL/min) were 
employed. These conditions are useful for analyzing 
modified proteins that have reduced solubility in metha- 
nol-water or acetonitrile-water, 

Multiply charged spectra were transformed to give 
molecular weights using the deconvolution program based 
on the algorithm described by Mann et a1 (9). An 
implementation of this algorithm is supplied with the 
“BioSoft” software on the TSQ700 data system. 

The hapten number (n) was calculated from the observed 
molecular weight distribution as the sum of the product 
of the intensities I of each species j - i and its hapten 
number n divided by the sum of the intensities for all 
components: 

1 

C n j I j  J=o 

C I j  

n=- 
i 

J’o 
RESULTS 

The general utility of ESI-MS for characterizing co- 
valently modified proteins is demonstrated by the results 
of experiments using the enzyme glucose 6-phosphate 
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R-2-o-a+ R-2-o-a+ 
Desaminothyroxine hapten 1 Am = 744 Da 

0 

Digoxigenin hapten 2 

Valproic Acid hapten 3 

Am = 472 Da 

Am = 198 Da 

Carbamazepine hapten 4 Am = 290 Da 

Figure 1. Structures of haptens used for conjugation with glucose 
6 phosphate dehydrogenase. Residue masses for each hapten 
following conjugation reaction are indicated. 

dehydrogenase (GGPDH). This enzyme is widely used in 
commercially available enzyme-linked immunoassays. 
This type of assay requires covalently binding hapten to 
an enzyme while minimizing loss of catalytic activity. 

A number of different G6PDH conjugates were prepared 
by using carboxylic acid-containing haptens with molecular 
weights of 300-700. The structures of these haptens are 
shown in Figure 1 and include analogues of thyroxin 
(structure 11, digoxigenin (structure 21, valproic acid 
(structure 31, and carbamazepine (structure 4). Covalent 
binding of these haptens to GGPDH, primarily by reaction 
with t-amino groups of lysine residues, yields a series of 
mixtures of modified proteins. Each of these proteins 
differs in molecular weight by the residue mass of the 
hapten. The corresponding residue mass differences for 
these haptens are 744 Da (thyroxin analogue), 472 Da 
(digoxigenin analogue), 198 Da (valproate analogue), and 
290 Da (carbamezepine analogue). 

When electrosprayed from a 30% methanol solution, 
GGPDH gives a typical ESI mass spectrum with a 
distribution of multiply charged species between +28 and 
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Figure 2. (A) ESI mass spectrum of GGPDH. (B) Deconvoluted 
spectrum obtained from data in A. 

+70, as shown in Figure 2A. The multiply charged species 
are well resolved in this spectrum, and transformation of 
the data to molecular weight can be carried out by 
inspection or by application of a suitable algorithm such 
as that described by Mann et al. (9). Application of this 
algorithm gives the data presented in Figure 2B, which 
show that a single component of MW 54477 f 5 Da is 
present. 

Modification of G6PDH by the thyroxin analogue 1 gives 
a mixture of proteins that yields an ESI mass spectrum 
in which each of the modified proteins independently 
contributes a series of multiply charged ions. The 
complexity of the resulting spectrum depends on both the 
modification number and the relative mass of the hapten. 
In the case of a low modification number and a large residue 
mass, the multiply charged ion series can still be resolved, 
and the deconvoluted spectrum shows a simple product 
distribution. For the thyroxin analogue, a mixture 
consisting predominantly of Thyro, Thyrl, and Thyrz is 
obtained, where n = 1.2 (Figure 3). As shown in Figure 
3A, the raw data for the thyroxin conjugate consist of three 
to four sets of superimposed multiply charged species. A 
molecular weight profile can be determined either by 
inspection or by application of a transformation function. 

As the mass of the hapten species decreases, the multiply 
charged species begin to overlap, eventually reaching a 
point where individual components can no longer be 
resolved. Simple inspection of the data is no longer 
sufficient for assigning multiply charged ions to the 
different series. This is shown by the data in Figures 4 
and 5. For the digoxigenin-labeled enzyme (residue mass 
472 Da; Figure 4), a series of products is obtained where 
n = 3-8. These products have an average modification 

‘1 55224 
I 

r 
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mw 

Figure 3. (A) ESI mass spectrum of GGPDH following conjuga- 
tion with thyroxine (analogue l). (B) Deconvoluted spectrum 
obtained from data in A. Hapten number of each component is 
indicated. 

number of 6.4. The mass difference between the com- 
ponents corresponds to 472 f 4 Da, as expected for this 
hapten. 

In the case of the valproate-labeled enzyme (Figure 51, 
the low residue mass (Am = 198) and increased degree of 
labeling results in significant overlap between the multiply 
charged species. Despite this overlap, complete decon- 
volution of the electrospray data to yield a molecular weight 
distribution is still possible, as shown in Figure 5B. In 
this example, components corresponding to n = 0-5 
haptens are present, with an average modification number 
of 2.1. Note that the mass differences between the adjacent 
peaks are within the expected error of 0.01 76. 

Heterogeneity in the enzyme or protein can cause 
additional complexity. A common source of such het- 
erogeneity is the partial removal of a methionine residue 
from the amino terminus of proteins that have been 
produced by recombinant techniques in bacteria, so that 
a mixture of two species differing by 131 Da is present. 
Figure 6, obtained from a digoxigenin analog-labeled 
G6PDH present in both Met and des-Met forms, is an 
example. The data shows that there are 10 species present, 
corresponding to five pairs of digoxigenin-labeled G6PDH 
where n = 1-5 with and without an N-terminal methionine. 

Comparison of Hapten Numbers Determined by 
ESI-MS and Radiolabeling. Labeling density for 
G6PDH-3H-5- [N- (2’-carboxyethyl)carbamoyll dibenz b,fl- 
azpeine conjugate was determined for three different 
loadings of the hapten both by ESI-MS and by scintillation 
counting. Measurement of radioactivity and protein 
concentration yielded 1.5,2.9, and 4.2 moieties per subunit 
for the three different conjugates A, B, and C. The 
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Figure 4. (A) ESI mass spectrum of GGPDH following conjuga- 
tion with digoxigenin (analogue 2). (B) Deconvoluted spectrum 
obtained from data in A. Hapten number of each component is 
indicated. 
respective labeling densities derived from the mass 
spectrometric determinations were 1.2,2.6, and 3.4 (Table 
1). 
DISCUSSION 

With a quadrupolar analyzer, a practical limit to 
analyzing these types of mixtures appears to occur for a 
55-kDa protein at a modification number of ca. 8 and a 
hapten mass of approximately 130 Da. Mixtures that are 
more complex than this result in a degree of overlap 
between the various multiply charged species such that 
transformation of the data to yield a molecular weight 
profile becomes impractical. 

Improved mass resolution is the most obvious way to 
extend these measurements to more complex mixtures. 
Coupling ESI to magnetic sector or ICR-type instruments 
should result in improved resolution of the multiply 
charged ions contributing to each series (10, 11). For a 
quadrupole analyzer, increasing mass resolution does not 
always yield substantial improvements in the deconvoluted 
data since the resulting decrease in sensitivity offsets any 
real gain in signal. It is sometimes possible to improve 
the quality of the data by employing conditions that result 
in a shift of the entire envelope of multiply charged ions 
to higher mlz (lower charge number), where the mlz 
difference between successive charged species is larger. 
For example, use of water containing 0.1 5% trifluoroacetic 
acid in combination with 2-propanol or 2-methoxyethanol 
as a sheathing liquid will shift the distribution of charged 
ions for GGPDH from +40 out to +30, with ions observed 
up to mlz 3500. This technique is limited by the decreased 
sensitivity and resolution of quadrupole systems above 
mlz 2000. 
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Figure 5. (A) ESI mass spectrum of GGPDH following conjuga- 
tion withvalproic acid (analogue 3). (B) Deconvoluted spectrum 
obtained from data in A. Hapten number of each component is 
indicated. 

In many instances, the major factor limiting resolution 
is not the analyzer performance but the presence of 
noncovalently bound adducts that contribute to broaden- 
ing and attendant overlap of the multiply charged sample 
peaks. Alkali cations, primarily sodium, are particularly 
troublesome is this respect. Removal of these interfering 
substances using purification techniques such as ultra- 
filtration is sometimes successful, but severe loss of sample 
by irreversible adsorption limits this approach with many 
conjugated proteins. 

The discrepancy observed between the hapten number 
as determined by the ESI-MS and radiolabeling meth- 
odologies can be attributed to the presence of nonco- 
valently bound hapten in the samples despite extensive 
sample purification. This discrepancy would result in an 
overestimation of conjugation by the radiolabeling tech- 
nique. -A similar overestimation of hapten number as 
determined by absorption spectroscopy was noted by 
Wengatz et al. in their description of the use of MALDI 
for characterizing modified proteins (I). While it is also 
possible that ionization efficiencies may differ for proteins 
with different modification numbers, the evidence to date 
suggests that this is not the case. For example, it  was 
observed during the course of these studies that the overall 
response factors for G6PDH modified with haptens 1-4 
were essentially equivalent, despite the diversity of these 
functional groups. Another possible source of error is that 
proteins that are heavily modified with nonpolar moieties 
could have reduced solubility in the solvent used for 
electrospray ionization, so that components with large 
values of n would be lost prior to analysis. For the 
carbamazepine hapten, loadings that resulted in hapten 
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The MALDI technique appears to be promising for 
determining the average modification number of conju- 
gates, although the low mass resolution inherent to this 
type of analyzer makes resolution of individual conjugated 
species impractical. While some information about the 
distribution of species in a mixture can be obtained from 
a consideration of the peak width of the resulting data, 
such measurements can be misleading since noncovalently 
bound gas-phase clusters derived from sample matrix or 
other contaminants can contribute to increased peak width. 
It is unlikely, for example, that the presence of a des-Met 
analogue as shown in Figure 6 could have been detected 
by the MALDI technique. 

In summary, ESI-MS is a relatively simple but powerful 
technique for characterizing covalently modified protein 
conjugates. Information can be readily obtained that 
describes both the average modification number as well 
as the relative amount of each species present in the sample. 
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Figure 6. (A) ESI mass spectrum of a mixed G6PDH with and 
without an N-terminal methionine following conjugation with a 
digoxigenin analogue. (B) Deconvoluted ESI mass spectrum 
obtained from data in A. The hapten number of each component 
is indicated; desMet-forms are indicated with asterisk. 

Table 1. Comparison of Hapten Numbers Determined by 
ESI-MS and Radiolabeling for Carbamazepine-Modified 
GGPDH 

method 
samplea ESI-MS scintillation counting 

A 1.2 
B 2.6 
C 3.5 

1.5 
2.9 
4.2 

@Samples with different hapten numbers were prepared as 
described in the Experimental Section. 
numbers greater than n = 6 resulted in a product mixture 
that precipitated in the presence of 30% acetonitrile or 
methanol. This can be guarded against by monitoring 
the absorbance of the solution after centrifugation or 
ultrafiltration to verify that the total protein concentration 
has not changed. 

Comparing the quality of the information obtained by 
ESI-MS with that afforded by conventional methods for 
determining hapten number is instructive. Absorption 
spectroscopy is restricted to haptens that absorb in a 
useable range of wavelengths, and the results are subject 
to uncertainty regarding changes in the extinction coef- 
ficient that bound material could undergo. As noted above, 
both absorption spectroscopy and the use of radiolabeled 
hapten can be complicated by the presence of nonco- 
valently bound hapten that is not removed by the usual 
size-exclusion techniques. While it is possible to employ 
conditions in electrospray ionization that will preserve 
noncovalent interactions, the methodology described here 
yields ions from covalently bound species only (12). 
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P. Kessler,'J F. Kotzyba-Hibert,t M. Leonetti,? F. Bouet,+ P. Ringler,e A. Brisson,e A. Mhnez,' 
M. P. Goeldner,i and C. Hir thl  

DBpartment d'Ing6nihrie et d'Etudes des Prothines (DIEP), CEA, C.E. Saclay, 91191 Gif-sur-Yvette Cedex, France, 
Laboratoire de Chimie Bio-organique, URA CNRS 1386, BP24, 67401 Illkirch Cedex, France, and LGME-CNRS, 
U184 INSERM, Institut de Chimie Biologique, FacultB de MBdecine, 11, rue Humann, 67085 Strasbourg Cedex, 
France. Received February 8, 1994" 

The regioselective modification of a snake curaremimetic toxin is described. Toxin-a from Naja nigricollis 
was derivatized with an electron-dense maleimido undecagold cluster 5. The cluster-bound obtained 
toxin 8 has a very high affinity for the cholinergic binding site (Ki = 70 pM) of Torpedo marmorata 
nicotinic receptor. I t  is harboring a compact heavy atom core of about 8 A which makes it very useful 
for electron microscopy experiments. 

INTRODUCTION 

The nicotinic acetylcholine receptor is a pentameric 
membrane protein composed of four subunits with the 
stoichiometry azPy6, arranged symmetrically around a 
central pit, proposed to form the ion channel (1-3). A 
recent 9-8, resolution three-dimensional structure was 
determined by analysis of cryoelectron images (4 ) .  This 
study revealed that the subunits are arranged around a 
central channel, with approximately 55% of the mass of 
each subunit emerging outside the membrane in the 
synaptic space. A variety of ligands are known to interact 
with exposed areas of the receptor inducing either opening 
of the channel or its blocking in a resting state. It is well 
established that cholinergic agonists and competitive 
antagonists mainly interact with the a-subunits (5, 6). 
However, a more precise three-dimensional localization 
of their interacting site is required for a better under- 
standing of their action. 

Some snake curaremimetic toxins are known to be 
efficient competitive antagonists for the ACh' binding sites 
(7,8). These are small proteins that bind quasiirreversibly 
to AChR (affinity dissociation constants approximately 
equal to 1 W O  M). The binding domain of snake curaremi- 
metic toxins with the AChR has been studied by chemical 
modifications (12-15), site-directed mutagenesis (15,16), 
and photoaffinity labeling (17). These studies have 
revealed that the toxin binding domain is composed of at 
least 10 amino acids belonging to two of the three adjacent 
loops that are present in snake toxins (12-16). However, 
the site to which the toxin binds remain unclear. Previous 
attempts have been made to localize, by electron micros- 
copy (9-111, the binding sites of such snake toxins. Such 
experiments made with native a-bungarotoxin provided 
weak signals, even with two-dimensional crystalline ar- 
rangements. Enhancement of the contrast was previously 
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attempted using a toxin coupled to a biotin-avidin complex 
(1 1); however, the modification was achieved randomly 
on all nucleophilic amino acids of the toxin, leading to a 
heterogeneous population of derivatized toxin molecules. 
Moreover, the size of avidin (50 kDa) made difficult a 
precise localization of the bound toxin. New tools capable 
of improving the signal are therefore needed. 

Here, we describe the synthesis of a toxin derivative in 
which a single and regioselected amino group (outside of 
the binding domain) was modified with an electron-dense 
undecagold cluster. This relatively small metal-containing 
cluster proved to be useful in low-dose electron microscopy 
experiments to localize cysteinyl residues on F-actin (18) 
and on cholera toxin (19). In this paper, we show that 
toxin labeling could be efficiently achieved in two steps. 
First, toxin derivatives harboring a single disulfide on 
various amino groups were generated. Second, the dis- 
ulfide of a selected toxin derivative was reduced and the 
resulting sulfhydryl reacted with a monomaleimido un- 
decagold cluster. The biological properties of the un- 
decagold-cluster-modified toxin are described. 

EXPERIMENTAL PROCEDURES 

Toxin-a was purified from Naja nigricollis venom 
(Pasteur Institute, Paris) and tritiated as previously 
described (20). SPDP was purchased from Pharmacia. 
Tri-p-tolylphosphine was purchased from STREM Chemi- 
cal Co. Affi-Gel401, Bio-Rex 70, and Bio-Gel P2 and P10 
were obtained from Biorad. Dimethylformamide was dried 
over phosphorus pentoxide, distilled under reduced pres- 
sure (p < 10 mbar), and kept on 4-8, molecular sieves. The 
other solvents were of commercial grade and used without 
further purification. NMR spectra were obtained on a 
BRUKER AC 200 spectrometer. Chemical shifts (6) are 
given in ppm. 
Tris(pcarboxypheny1)phosphine Oxide 1. Tri-p- 

tolylphosphine (10 g; 32.9 mmol) was oxidized with an 
excess of KMn04 (portions of 5 g were added until complete 
oxidation of the methyl groups was achieved) in a refluxing 
mixture of pyridine/water (100 mL:50 mL). The reaction 
was followed by TLC (eluent = AcOEt/acetone/water/ 
AcOH (70:26:3:1)). At the end of the reaction, MnOz was 
reduced with sodium disulfite in acidic conditions. The 
mixture was filtered and the precipitate washed with water 
and dried under vacuum to yield 8.1 g of a white solid 
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Chart 1. Structures of Monoamino Undecagold Cluster 3 and Monomaleimido Undecagold Cluster 5 

H 

A r =  w;,,,, 
X=HCO,' 

(60%). Mp: 340-357 "C (lit. (21) mp 347-357 "C). lH 
NMR (CD30D): ABX system (X = phosphorus) JAB = 
8.3 Hz, JAX = 2.6 Hz, JBX = 12 Hz, 6~ 7.80 (2 H, ArH ortho 
to P), 6~ 8.20 (2 H, ortho to COOH). 
Tris(pcarboxypheny1)phosphine 2. The phosphine 

oxide 1 (11.3 g; 27.5 mmol) was refluxed, under argon 
atmosphere, in 120 mL of dry toluene, in the presence of 
60 mL (21 equiv) of trichlorosilane. After 60 h, the solvent 
was evaporated and the phosphine dissolved in concen- 
trated ammonia. The mixture was filtered; the super- 
natant was acidified with concentrated hydrochloric acid 
to pH 1 and cooled in ice. The white precipitate was 
collected by filtration, washed with water, and dried under 
vacuum to yield 10.8 g (99.4% ) of phosphine 2. Mp: 310- 
318 "C (lit. (21) mp 270-274 "C). 'H NMR (CD3OD): 
ABX system (X = phosphorus) JAB = 8.2 Hz, JAX = 1.4 
Hz, Jsx  = 8.2 Hz, 6~ 7.40 (2 H, ArH ortho to P), 8~ 8.02 
(2 H, ortho to COOH). 

Monoamino Undecagold Cluster 3 (Chart 1). The 
synthesis was achieved as described by Safer et al. (22) on 
8.3 mmol of N-methyl-N-propylamine benzamide phos- 
phine mixture, exchanging the CN- ion in the gold clusters 
with C1- using DOWEX 1x2 resin. We used buffers with 
20% of methanol to avoid precipitation of clusters. The 
yield of cluster 3 was 13.5 % of the initial Au amount. lH 
NMR (CD3OD): 6 1.72 (t broad, central methylene of the 
propylene group), 2.64 (t broad, CH2 a to the amino group), 
2.87 (s broad, 3 H, CHd, 3.40 (t broad, CH2 a to the amido 
group), 7.30 (s broad, 4 H, ArH). 31P NMR (CD30D, 
external reference: NaH2P04 in D2O): 6 -54.3. Quantita- 
tive ninhydrin titration (23, 24): one amino group per 
gold cluster. Atomic absorption of gold: gold content = 
theoretical value obtained by UV spectrophotometry. The 
UV spectrum is in agreement with previous results (22). 
N-(Methoxycarbony1)maleimide 4. Compound 4 was 

synthesized as previously described (25) and was obtained 
with 65% yield. Mp: 64-67 "C (lit. (25) mp 61-63 "C). 
1H NMR (CDC13): 6 3.92 (s, 3 H, OCH3), 6.86 (8, 2 H, 
HC=CH). 

Monomaleimido Undecagold Cluster 5 (Chart 1). 
The reaction and the purification were done at  4 "C to 
minimize the hydrolysis of the maleimido group. Cluster 
3 (6 pmol, determined by UV spectrophotometry) was 
stirred for 25 min in a mixture of MeOH (250 pL) and 
saturated sodium hydrogenocarbonate (100 pL) in the 
presence of 90 equiv (85 mg) of the maleimide 4. The 
purification was done, as described earlier (221, in buffer 
A (0.03 M triethanolamine-HC1, pH 7,O.l M NaC1). The 
yield was estimated, as previously described (22), by 
binding of the cluster 5 to a freshly reduced thiopropyl- 
agarose Affi-Gel401 column (1 mL). Seventy-two percent 

I 0 

1. D l T  pH = 4.5 ~ 2. < N - [ G ]  5 

I 0 

- '  U 

of the cluster material remained covalently attached onto 
the resin. We observed a new resonance band at  6.8 ppm 
(singlet) in 1H NMR corresponding to the maleimido group. 

Monothiolated Toxin-a 6 (Scheme 1). Toxin-a was 
derivatized with SPDP using a method previously de- 
scribed (26). His-31 tritiated toxin-a (20) was added to 
the reactive medium (final specific radioactivity: 0.13 
Ci-mmol-l). The resulting derivatives were separated 
according to their isoelectric point by a cationic exchange 
chromatography (Bio-Rex 70, Na+) (Figure 2). The 
position of the modification for each monoderivative was 
determined by competition experiments using two toxin- 
specific monoclonal antibodies (13, 14) and by peptide 
sequencing. 

Selective reduction of this newly introduced disulfide 
bond was achieved as described earlier (27). The (2- 
pyridy1dithio)propionate moiety of the Lys-15 mono- 
modified toxin-a (35 nmol) was reduced at  room tem- 
perature, for 20 min, in 400 NL of buffer (0.1 M AcONa, 
pH 4.5, NaClO.1 M, DTT 25 mM). The reduced toxin 7 
was separated from the excess of reactant by gel filtration 
through a Bio-Gel P2 column eluted with degassed buffer 
(buffer B: 0.1 M Na2HPOdNaH2P04, pH 6, NaClO.1 M) 
and directly used for alkylation. 
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native toxin 
monomodified toxin 

dimodified toxin 

trimodified toxin 

Figure 1. Migration pattern of each Biorex eluted fraction on an isoelectrofocusing gel pH 3.5-10. 

Isoelectrofocusing. Ten pg of protein of each Biorex 
eluted fraction was applied to an 11-X 20-cm polyacryl- 
amide gel (8 % acrylamide, 0.2 % N,iV'-methylenebisacryl- 
amide, 12 % (w/v) sucrose, 2 % (v/v) pH 3.5-10 Ampholine 
(LKB) and 0.15 % ammonium persulfate). Electrophoresis 
was run at  4 "C for 75 min. Proteins were precipitated 
overnight with a trichloroacetic acid solution (20 % w/v). 
The gel was then stained in a 20% (w/v) trichloroacetic 
acid solution containing 0.1 % Coomassie blue. 

Toxin-a-Undecagold Cluster Covalent Complex 8 
(Scheme 1). Freshly reduced toxin (4 pM final concen- 
tration), in solution in buffer B, was alkylated by freshly 
prepared cluster 5 (250 pM final concentration), in solution 
in buffer A, for 2 h, at  room temperature and under argon 
atmosphere. The mixture was concentrated up to 300 pL, 
and the precipitate was centrifuged. The supernatant was 
applied on a Bio-Gel P10 column eluted with H20. The 
colored radioactive fractions were concentrated in a Speed- 
Vac apparatus. 

Biological Activity (Figure 5). The binding of toxin-a 
to solubilized AChR (28) was done in a Tris buffer (Tris- 
HC110 mM, pH 7.4, NaCl 10 mM, 1% Triton XlOO). A 
constant amount of radioactive toxin (60 nM for SPDP- 
derivatized toxin and 200 nM for cluster-bound toxin) 
was incubated in the presence of increasing amounts of 
acetylcholine receptor (28-350 nM) in a total volume of 
100 pL, for 2.5 h a t  room temperature. Fifty pL of the 
solution were deposited on cationic filters (DE-81, What- 
man). After 10 min, the filters were rinsed twice with Tris 
buffer, and the remaining radioactivity was measured on 
a liquid scintillation counter (LKB 1209 rackbeta). 

Apparent Dissociation Constant. The measurement 
of the apparent dissociation constant of the modified toxin 
was realized as described earlier (8). 

RESULTS 

Maleimido Undecagold Cluster 5. The maleimido 
undecagold cluster 5 was synthesized as previously de- 
scribed (22). We began the synthesis with tri-p-tolylphos- 
phine, which was oxidized to trig@-carboxypheny1)- 
phosphine 2 with an overall yield of about 60%. The 
melting point of this compound was found to be 40 "C 
higher as compared to the one reported earlier (21). Gold 
cyanide was then reduced by sodium borohydride in the 
presence of a 1/20 mixture of N-propylaminelN-methyl- 
benzamide-phosphines, obtained from 2 (22). Cluster 3 
was purified by gel filtration and ion-exchange chroma- 
tography and was obtained with an overall yield of about 
13 % , according to the initial gold amount. I t  was converted 
into cluster 5 with 72 % yield. The maleimido cluster was 
purified from excess of reactant by ion-exchange chro- 
matography and immediately used. 

The maleimido function is rather unstable in water 
solution, but the mixture can be precipitated by cold 
acetone and desalted by dissolving the clusters in MeOH. 
Component 5 can thus be conserved in a stable solid form 
in CH2C12 for months at  -80 "C. 

Monomodified Toxin-a. Due to the overlap of the 
UV spectra of the toxin and gold cluster, with a 15 times 
higher extinction coefficient for the latter, it  is difficult 
to distinguish, by spectrophotometric measurement, the 
free from toxin-bound clusters. To facilitate the char- 
acterization of the covalent complex, we therefore used a 
radiolabeled toxin. Toxin-a from Naja nigricollis was 
tritiated on His-31 with a specific radioactivity of 0.13 
Ciommol-1. 

Toxin derivatives harboring a single additional disulfide 
were prepared by acylating toxin amino groups with SPDP. 
Toxin-a bears seven amino groups: the terminal NH2 
group and lysines 15,25,26,46,50, and 58. The acylation 
of amino groups by SPDP induces an abolition of positive 
charges, and consequently the toxin isoelectric point 
decreases depending on the number of modified functions. 
The isoelectric point of the native toxin-cu is higher than 
10. Therefore, the resulting mixture was desalted and 
further submitted to chromatography on cation-exchange 
resin. 

In a preliminary analytical experiment, we identified 
the different derivatives by gel isoelectrofocusing (Figure 
1). The monomodified derivatives were found in four ion- 
exchange chromatography fractions. Their purity was 
checked by HPLC (data not shown). The first fraction 
was a mixture of two monoacylated toxins, whereas the 
three following fractions contained a single monomodified 
derivative. 

In a preparative-scale experiment (60 mg of toxin), the 
fractionation was clearly improved (Figure 2). The first 
fractions (I-VI) contained polyacylated derivatives. The 
monoacylated derivatives were resolved into five fractions 
(VII-XI)-instead of four in the analytical experiment 
described above-and the last peak (XII) contained the 
native toxin. The purity of the fractions VII-XI was 
confirmed by reversed-phase HPLC. Fractions VII-IX 
were characterized by competition experiments using two 
toxin-specific monoclonal antibodies whose binding to the 
toxins is affected by well-defined modifications (data not 
shown) (13, 14). They contained derivatives of toxin-a 
monoacylated at  Lys-50, Lys-46, and Lys-26, respectively. 
Fractions X and XI were shown by peptide sequencing to 
be the monoacylated derivatives respectively at  Lys-15 
(Figure 3) and at  the terminal NH2 group. 

Coupling of the Toxin with the Cluster. The Lys- 
15 monoacylated derivative 6 was chosen for further 
coupling experiments with the maleimido cluster because 
competition data showed that lysine 15 is excluded from 
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Fraction number 
Figure 2. Radioactive (- - -) and optical density (-) elution profiles of toxin derivatives modified with SPDP. Sixty mg of toxin was 
loaded on a Biorex 70 column (diameter: 2.5 cm, L = 46 cm; gradient NHdOAc, pH 7.7,0.05 to 0.4 M in 16 h; flow rate 1 mL-min-1). 
An aliquot (10 pL) was taken, and radioactivity was counted in a liquid scintillator (10 mL). Optical density was measured directly 
at 278 nm. 
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Figure 3. Lysine histogram of K15- and K26-SPDP-modified 
toxin. Microsequencing was done on 200 pmol of toxin. 
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Figure 4. Biogel P10 column: Radioactive (-) and optical 
density (- - -) elution profiles of cluster modified toxin-a 8. An 
aliquot (100 pL) was taken, and radioactivity was counted in a 
liquid scintillator (5 mL). Optical density was measured directly 
at 305 nm (c cluster = 100 000 M-l cm-1). 

the toxin-AChR interacting domain (12, 13). The gold 
cluster covalently linked to this residue is anticipated not 
to impair the toxin recognition to its ACh binding area. 

The disulfide bond introduced on Lys-15 was selectively 
reduced as described earlier (26). The toxin was separated 
from the excess of reactants by gel filtration (Biogel P2) 
and immediately coupled with a 60-fold excess of un- 
decagold cluster 5 to ensure rapid and quantitative reaction 
in the micromolar range. The new covalent complex was 
purified by gel filtration (Biogel P10) (Figure 4). The 
reaction was quantitative since only one radioactive 
fraction, absorbing at 305 nm, eluted from the column 
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Figure 5. Binding experiments of modified toxins on AChR: 
[SPDP-modified toxin] = 60 nM; [cluster-modified toxin] = 200 
nM; [AChRl = 28 nM to 350 nM. 

(the molecular weight of the cluster-bound toxin was 
approximately 12 kDa). The first nonradioactive fraction 
had a similar UV spectrum as that of the gold cluster, but 
this component was not identified. The excess of gold 
cluster was eluted in the third fraction (MW = 5.3 m a ) .  
The yield of recovery of modified toxin was approximately 
30%, the rest being essentially lost in the concentration 
step before the gel filtration, because the gold cluster is 
not soluble in high concentration in water media. Its 
precipitation dragged down a good part of the toxin-cluster 
complex. No attempts were made to recover it. The 
stoichiometry cluster/toxin, calculated from the ratio 
ODdgOnm/radioactivity, was found to be equal to 1. 

Binding of the Cluster-Bound Toxin to the Ace- 
tylcholine Receptor. Binding experiments (Figure 5) 
revealed that 86 % of the SPDP-derivatized toxin and 77 5% 
of the cluster-bound toxin bind to the acetylcholine 
receptor. We could thus assume that the biologic activity 
(active toxin amount)/(total toxin amount) of the two 
polypeptides were rather similar. The apparent dissocia- 
tion constant of the complex was found to be 70 pM. 

DISCUSSION 
Though regioselective introduction of a single label into 

a protein is usually a difficult task, successful mono- 
derivatizations of various snake toxin amino groups were 
previously reported, following a relatively simple procedure 
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(29, 30). Using an amino group specific reagent in 
appropriate stoichiometric conditions, a mixture of toxin 
derivatives can be generated and subsequently fractionated 
by ion-exchange chromatography, and series of mono- and 
polyderivatized toxins are thus readily separated (12). 
Following a similar approach and using SPDP as an amino 
group selective reagent we isolated, in a single step, five 
derivatives carrying each one additional disulfide at  
position 1,15,26,46, or 50 of toxin-a from Naja nigricollis 
(Figure 2). The terminal NH2 group is more embedded 
in the structure than the other amino groups, which could 
explain the low yield of modification. Lysines 15,46, and 
50 are well exposed to the solvent (31) and are equally 
modified. Lysine 26 was the most reactive residue, an 
observation which agrees with its low pK value (9.5) (32, 
33). Lysines 25 and 58 were not modified, but the reason 
for the lack of reactivity is unclear. The additional 
disulfides introduced by the modification are readily 
susceptible to reduction, even at  low pH (pH = 4.5), as 
compared to the four intrinsic toxin disulfides which 
require high concentration of reducing agents and higher 
pH (34). This property is due to the pyridyl moiety which 
is protonated at  low pH values and is therefore a good 
leaving group (27). Thus, a thiol group could be generated 
on different toxin positions providing selective reactive 
moieties for maleimide containing reagents. 

A monomaleimido undecagold cluster was synthesized 
according to a procedure previously described (22). We 
coupled this reagent with toxin-a derivatized with an 
additional thiol group at  lys-15. A quantitative introduc- 
tion of the undecagold cluster at  this position had little 
effect on the binding affinity of the toxin, since the Kd 
value for the cluster-bound derivative was equal to 70 pM 
instead of 20 pM for the native toxin. 

We now have a new quasiirreversible antagonist of the 
nicotinic acetylcholine receptor which possesses a heavy 
atom core about 8 A in diameter located at  approximately 
15-20 A from the surface of the toxin. The electron-dense 
core has a smaller size as compared to avidin (30 A) which 
was used as a contrast enhancer in previous electron 
microscopy experiments (11). Moreover, the label can be 
introduced at  four other positions widely spread at  the 
toxin surface. Two of them (positions 1 and 50), like 
position 15, are clearly excluded from the site by which 
the toxin interacts with the receptor (121, thus providing 
two possible additional derivatives with potential interest 
to study toxin-AChR complexes by electron microscopy. 

Reconstructed images with a resolution of 9 A were 
recently obtained with tubular crystalline arrangements 
of AChR (4) .  Such a resolution should allow a precise 
localization of our monomodified toxin on its binding site. 
Moreover, it could help us to elucidate respective positions 
of the high- and low-affinity ACh binding sites on the 
pentameric arrangement a2/3y8, as, for instance, by oc- 
cupying the high affinity site with modified toxin and the 
other with native toxin. 
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Much attention has been focused on the study of protein interactions with radioiodinated photo- 
crosslinking reagents, and pitfalls in using this methodology are discussed. A new photochemical and 
cleavable heterobifunctional crosslinking reagent, succinimidyl N-l4-(2-hydroxybenzoyl)-N-l1-(4- 
azidobenzoyl)-9-oxo-8,11,14-triaza-4,5-dithiatetradecanoate (SHAD) was prepared, and its potential as 
alabel transfer reagent was tested in model systems. SHAD was radioiodinated, and the labeled reagent 
(1251-SHAD) was converted to an amide (1251-HADM, as a mimicry of conjugation to protein 1) and 
photolyzed. When compared to the widely used SASD reagent (sulfosuccinimidyl2-[ [ (4-azidosalicy1)- 
aminolethyll-l,3-dithiopropionate, Pierce), SHAD has a number of decisive advantages. The amide 
of 1251-SASD (1251-ASDM) was generated and photolyzed, and it was found that a t  least 50% of the 
radioactivity is released from lZ5I-ASDM after 3 min of irradiation, whereas only approximately 10 % 
is liberated from 1251-HADM under similar conditions. Furthermore, lZ5I-HADM was photolyzed in the 
presence of excess amine (mimicry of crosslinking to protein 2), and the product was cleaved by reduction 
(mimicry of label transfer). The transformations in the course of photolysis were monitored by UV 
spectroscopy and TLC analysis, and a high degree of reagent cleavage upon reduction was demonstrated. 
1251-SHAD was used to crosslink Lys78-plasminogen and fibrin. 1251-SHAD was conjugated to Lys78- 
plasminogen in the dark. Fibrinogen and thrombin were added, and Lys78-plasminogen was crosslinked 
to the fibrin clot by exposure to light. Irradiation for 5 min caused very little labeling of fibrin not 
crosslinked to Lys78-plasminogen; the total recovery of radioactivity was high, and the efficiency of the 
crosslinking was 30%. Under reducing conditions, it was found that all radioactivity was depleted from 
the Ly~78-plasminogen-~~~I-HAD conjugates in the dark, and label transfer showed that the labeling 
of the a-chain was significantly higher than that of the 0- and y-chains. Analogous experiments with 
1251-SASD revealed that this reagent is much less suitable for photocrosslinking and label transfer 
studies than 1251-SHAD. The reactions were followed by polyacrylamide gel electrophoresis. 

INTRODUCTION 
Chemical crosslinking (irreversible formation of covalent 

bonds) has become increasingly popular in identifying the 
components of protein-protein interactions. The use of 
photoactivatable probes allows determination of the 
temporal course of dynamic protein interactions, and 
crosslinking with heterobifunctional reagents and subse- 
quent cleavage of the linker, resulting in label transfer, is 
a powerful tool in mapping macromolecular protein- 
protein interactions (Schwartz et al., 1982; Ji, 1983; Denny 
and Blobel, 1984; Wollenweber and Morrison, 1985; 
Sarensen et al., 1986). Label transfer from the primary 
protein to the secondary protein domain@) includes at 
least four successive steps: (1) introduction of the label 
into the reagent, (2) conjugation of the labeled reagent to 
the primary protein or ligand, (3) crosslinking to secondary, 
affinity protein@), and (4) cleavage of the linker to provide 
label transfer. In order to obtain meaningful results, it is 
of utmost importance that the affinity proteinb) or 
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ligand(@ are labeled by transfer from the reagent and not 
by unspecific labeling. The most widely used label is l%I, 
which is readily introduced in the reagent; the labeled 
ligands can conveniently be followed by autoradiography, 
and 1251 is easy to quantitate. 

The most widely used photochemical heterobifunctional, 
cleavable crosslinking reagents are l%I-labeled in an 
azidophenyl group. These reagents have recently been 
shown to have multiple drawbacks. The photocrosslinking 
efficiency of the aryl azide is low, and the radioiodo label 
of aromatic azido compounds is released during photolysis 
and incorporated into surrounding macromolecules in a 
diffusion-controlled, nonspecific manner. That is, mac- 
romolecules or macromolecular domains other than those 
involved in ligand-affinity interactions become labeled 
(Watt et al., 1989). Furthermore, nonspecific labeling of 
the ligands has also been observed prior to photolysis. 
This "dark-labeling" is mainly due to the widely adopted 
iodination procedure with Iodo-Beads and can be avoided 
by purification of the radiolabeled reagent prior to use. 

The photolability of the radioiodo label can be avoided 
(or significantly reduced) by separating the label site and 
the photoprobe (Henriksen and Buchardt, 1990). SHAD2 
(Scheme 1) was prepared, and its properties were examined 
and compared to those of the commercially available SASD 
reagent (Scheme 1) which has been used extensively in 
biological label transfer studies (Schwartz et al., 1982; 
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Wollenweber and Morrison, 1985; Srarensen et al., 1986). 
The design of SHAD and SASD is similar and the thermal 
probe and the cleavable linker are the same, but SASD is 
1251-labeled in the photoprobe, whereas SHAD is 1251- 
labeled exclusively in the hydroxyphenyl ligand. 

In order to obtain photoaffinity crosslinking with this 
type of reagent, several requirements must be met by the 
interacting proteins. The thermal probe is conjugated to 
proteins through lysine residues, and consequently, the 
primary protein must have an accessible lysine residue 
close to the binding domain but the residue must not be 
essential for the interaction studied. The photoprobe 
reacts with nucleophiles, and consequently, the secondary 
protein must have accessible nucleophilic side chains close 
to its binding domain. Furthermore, the time for the 
photocrosslinking reaction must be less than for dissocia- 
tion of the protein complex; otherwise only so called 
"pseudo photoaffinity crosslinking" is observed. Another 
shortcoming is that the linker is cleaved under reductive 
conditions that also cleave disulfide bridges in the proteins. 
Furthermore, the distance between the thermal probe and 
the photoprobe is crucial in some cases. It has been shown 
that polyfluorination of the photoprobe (the phenylazide) 
changes the photochemical behavior of the azide 
(Soundararajan and Platz, 1990). Polyfluorinated aryl 
azides react, contrary to their nonfluorinated analogues 
by C-H bond insertion, and this type of photoprobe is 
more effective when the binding site of the target protein 
consists of hydrophobic amino acid residues (Crocker et 
al., 1990; Drake et al., 1992). 

The fibrinolytic system (Thorsen, 1992) has been 
extensively studied. It has been demonstrated that Lys- 
Pg shows enhanced affinity for fibrin, compared to the 
native Glu-Pg, and has an important function in the t-PA- 
mediated conversion of plasminogen into active plasmin 
(Thorsen et al., 1984; Suenson and Thorsen, 1988; Nesheim 
et al., 1990; Suenson et al., 1990; Fredenburgh and 
Nesheim, 1992). Fibrin, contrary to fibrinogen, binds both 
t-PA and plasminogen and stimulates plasminogen acti- 
vation (Hoylaerts et al., 1982; Suenson et al., 1984; Bosma 
et al., 1988). The interaction between Lys-Pg and fibrin 
is consequently of great interest, and we used this system 
as a model for detailed testing of l25I-SHAD compared to 

EXPERIMENTAL PROCEDURES 
Materials and Met hods. SASD [sulfosuccinimidyl 

2- [ [ (4-azidosalicyl) amino] ethyl] -1,3-dithiopropionatel and 

1251-SASD. 

Koch et al. 

Iodo-Beads (N-chlorobenzenesulfamide immobilized on 
polystyrene) were purchased from Pierce Chemicals Co., 
Rockford, IL. Empore silica sheets were from 3M, St. 
Paul, MN. Silicagel, urea, SDS, and DTE were purchased 
from Merck, Darmstadt, Germany. Na1261 in sodium 
hydroxide pH 7-11 (84 pM, 100 mCi/mL, carrier free) and 
14C-methylated protein molecular weight markers were 
from Amersham, Buckinghamshire, England. Sephadex 
G 25F was from Pharmacia, Uppsala, Sweden. All 
standard chemicals were analytical grade and were used 
without further purification, except 3-aminopropanol 
which was distilled prior to use. TLC-solvents (v/v): 
solvent A, ethyl acetate/methanol 85/15; solvent B, 
chloroform/methanol/acetic acid 85/10/5. Phosphate 
buffer I: 6.93 mM, pH 8.00. Phosphate buffer 11: 52.8 
mM, pH 8.25. Phosphate buffer 111: 0.5 M, pH 7.0. 

Proteins. Preparations of human fibrinogen, thrombin, 
and Lys-Pg were those described previously. The con- 
centrations of Lys-Pg and fibrinogen were determined 
spectrophotometrically a t  280 nm (Suenson et  al., 1984; 
Suensen and Thorsen, 1988). Aprotinin (Trasylol) was 
from Bayer, Leverkusen, Germany. 

All manipulations with label transfer reagents were 
carried out in the dark, or with Kodak safe light filter No. 
6B. Photolysis was done with one UV tube (Amm 310 nm) 
"TL" 20W/12 (Phillips, Eindhoven, the Netherlands) a t  
a distance of 10 cm with Pyrex filter. UV spectra were 
recorded on a Hewlett-Packard diode array spectropho- 
tometer 8452 A. lH NMR spectra were recorded on a 
JEOL FX 9OQ spectrometer. Radiolabeled samples were 
counted in an LKB 1282 Compugamma. Autoradiography 
of TLC plates and polyacrylamide gels was done with Agfa 
Cuprix RP-1 films in Agfa Cuprix MR 400 cassettes and 
developed in a Kodak RP X-Omat processor. 

Succinimidyl salicylate was prepared from salicylic 
acid (5.0 g, 36.2 mmol), NHS (4.58 g, 39.8 mmol), and 
DCC (8.95 g, 43.4 mmol) in THF (80 mL) by a standard 
procedure (Koch et al., 1990). The product (7.81 g, 91 % ) 
was recrystallized from methanol: 'H NMR (CDC13) 6 
9.49 (8, 1 H), 7.99 (d, lH),  7.59 (t, 1 H), 7.07-6.88 (m, 2 H), 
2.90 (s, 4 H). 
N-64 2-Hydroxybenzoyl)-N-3-(4-azidobenzoyl)-3,6- 

diazahexanoic Acid. (Aminoethy1)glycine (Heimer et 
al., 1984) (6.58 g, 56 mmol) was dissolved in water, and 
triethylamine (23.5 mL) was added. After the mixture 
was cooled in an ice bath, succinimidyl salicylate (13.1 g, 
56 mmol) in THF (300 mL) was added during 1 h. 
4-Azidobenzoyl chloride (10.2 g, 56 mmol) in THF (100 
mL) was added dropwise, and the mixture was then 
evaporated to half volume. The pH was adjusted to 10, 
the mixture was filtered, and the byproducts were extracted 
with EtOAc. After acidification, the aqueous layer was 
extracted with three portions of EtOAc, and the combined 
extracts were evaporated after drying. The product (15.2 
g, 71 5% ) was dissolved in EtOAc and precipitated with 
petroleum ether: 1H NMR (DMSO-&) 6 12.2 (broad, 2 
H), 8.81 (broad, 1 H), 7.51 (t, 1 H), 7.42-6.80 (m, 8 H), 4.18 
(s, 2 H), 3.46 (m, 4 H); MS (EI) 383 (M+). 

Succinimidyl N-6-(2-hydroxybenzoyl)-N-3-(4-azi- 
dobenzoyl)-3,6-diazahexanoate was prepared as de- 
scribed for succinimidyl salicylate and used without further 
purification. 

N- 144 2-Hydroxybenzoyl)-N- 1 1 - (I-azidobenzoyl)-g- 
0~0-8,11,14-triaza-4,5-dithiatetradecanoic Acid. Suc- 
cinimidyl N-6-(2-hydroxybenzoyl)-N-3-(4-azidobenzoyl)- 
3,6-diazahexanoate (1 equiv) was dissolved in THF; 
7-amino-4,5-dithiaheptanoic acid (2 equiv) (Schnaar et 
al., 1985) and triethylamine (4 equiv) were added dropwise. 

Abbreviations used: DTE, dithioerythritol (erythro-1,4- 
dimercapto-2,3-butanediol); SASD, sulfosuccinimidyl 2-[ [ (4- 
azidosalicyl)amino]ethyl]-l,3-dithiopropionate; lZI-SASD, io- 
dinated sulfosuccinimidyl2- [[(4-azidosalicyl)aminolethyl]-1,3- 
dithiopropionate; 126I-ASDM, iodinated 2-[[(4-azidosalicyl)- 
amino]ethyl]-1,3-dithiopropanamide; SHAD, succinimidylN-14- 
(2-hydroxybenzoyl)-N-ll-(4-azidobenzoyl)-9-0~0-8,11,14-triaza- 
4,5-dithiatetradecanoate; 126I-SHAD, iodinated succinimidyl 
N -  14-(2-hydroxybenzoyl)-N- 11- (4-azidobenzoyl)-9-oxo-8,11,14- 
triaza-4,5-dithiatetradecanoate; '%I-HADM, iodinated N-14-(2- 
hydroxybenzoyl)-N-ll-(4-azidobenzoyl)-9-oxo-8,11,14-triaza-4,5- 
dithiatetradecanamide; NHS, N-hydroxysuccinimide; DCC, N,"- 
dicyclohexylcarbodiimide; THF, tetrahydrofuran; EtOAc, ethyl 
acetate; DMSO-&, hexadeuteriodimethyl sulfoxide; MeOH, 
methanol; STB, Tris-HCl(O.05 M), NaCl(O.1 M), pH 7.7; SDS, 
sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophore- 
sis; NIHu, National Institutes of Health units; Lys-Pg, LysTe- 
plasminogen, plasmin-modified plasminogen, mainly with N- 
terminal lysine (residues 78-790); Glul-Pg, native human 
plasminogen; t-PA, tissue-type plasminogen activator; K1+ 2 + 
3, K4, kringles 1-3 and kringle 4 of plasminogen; t-AMCA, trans- 
(4-aminomethyl)cyclohexanecarboxylic acid. 
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Scheme 1. Reaction Sequence for the Synthesis of 129-HADM and the Structure of SASD 

*)p-Azidobenzoyl chloride  OH 

n U '  
0 

H ~ N ~ O H  

.' 
0 

The mixture was stirred for 15 min, evaporated, and 
suspended in water. The pH was adjusted to 10 with 
triethylamine, and the byproducta were extracted with 
EtOAc. After acidification, the aqueous layer was ex- 
tracted with three portions of EtOAc, and the combined 
extracts were evaporated after drying and used without 
further purification. 

Succinimidyl N-14-(2-hydroxybenzoyl)-N-l I-( 4- 
azidobenzoyl)-9-oxo-8,11,14-triaza-4,5-dithiatetra- 
decanoate (SHAD) was prepared from N-1442-h~- 
droxybenzoyl)-N-ll-(4-azidobenzoyl)-9-oxo-8,11,14-triaza- 
4,5-dithiatetradecanoic acid (1.05 g, 1.92 mmol), NHS 
(0.243 g, 2.11 mmol), and DCC (0.475 mg, 2.30 mmol) in 
THF (20 mL) by the standard procedure. The product 
(0.674 g, 55 % ) was passed through a silica gel column 
(elution with EtOAc:MeOH, 98:2). The product should 
be stored a t  -20 OC: lH NMR (CDCld 6 7.55-6.88 (m, 8 
H), 4.08 (8, 2H), 3.71 (m, 6 H), 3.05 (s,4 H), 2.84 (s,4 H); 
MS (FAB+) 644 (M + 1). 

12510dination of SHAD. To SHAD (3.75 pmol) in 
acetonitrile (600 pL) was added sodium phosphate buffer 
I11 (3.75 pL), NaI (100 mM) in acetonitrile (75 pL), and 
Na1261 (84 pmol, 30 pL, 100 mCi/mL) in NaOH (pH 8-11). 
Chloramine-T (15 pmol) in acetonitrile (300 pL) was added, 
and the mixture was placed on a rocking table for 10 min 
at  room temperature. The iodinated reagent was purified 
by TLC on Empore Sheets (10 X 10 cm). A 330-pL portion 
of the reaction mixture was applied on each sheet in 
elongated bands, and the sheets were eluted with solvent 
A. The fastest moving band was cut out and extracted 
twice with EtOAc (10 mL). The extracts were combined, 
and the solvent was evaporated with a stream of nitrogen; 
63 76 was obtained as purified iodinated label transfer 
reagent, and 31 % of the total iodide used was incorporated. 
After evaporation the residue was dissolved in acetonitrile 
(1.5 mL). 

12510dination of SASD. To SASD (0.1 pmol) dissolved 
in acetonitrile (50 pL) was added phosphate buffer I11 (10 
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pL), sodium iodide (5 pL, 84 pM containing 30 pCi of 
Na1251), and 1 Iodo-Bead. The mixture was incubated for 
2 min at  room temperature. 

Preparation of 1251-HADM and Characterization 
of Its Transitions during Photolysis. To 1200 pL of 
the solution of 1251-SHAD was added 3-aminopropanol 
(200 pmol), and after 2 min the mixture was purified by 
Empore Sheets as described above (as eluent was used 
solvent B). The fastest moving band was excised, and 3.9 
pmol of purified material was isolated. 1251-HADM (0.15 
pmol) in acetonitrile (12 pL) was added to phosphate buffer 
I (1500 pL) and photolyzed. UV spectra were recorded, 
and aliquots (50 pL) were taken at  time intervals of 0, 10, 
20,40,60,120,180,240,600,1200,1800 s and applied on 
analytic TLC plates (eluent solvent B). The spots were 
excised and counted, and the total recovered radioactivity 
was calculated. 

Simulation of Label Transfer. 1251-SHAD was dis- 
solved in acetonitrile (500 pL, 0.1 mM), DTE (to 100 mM) 
was added, and the mixture was refluxed for 2 min. To 
1251-SHAD in acetonitrile (20 pL, 7.63 mM) was added 
acetonitrile (80 pL), sodium phosphate buffer I(1.4 mL), 
and 3-aminopropanol (2 pL). After 2 min, the mixture 
was irradiated for 4 min, DTE (to 100 mM) was added, 
and the mixture was refluxed for 2 min. The reaction was 
followed by TLC (solvent B). 

Conjugation of 1251-SHAD and 1251-SASD to Lys- 
Pg. To 1251-SHAD (76.3 nmol) in acetonitrile (10 pL) was 
added Lys-Pg (3.68 nmol) in sodium phosphate buffer I1 
(150 pL). The mixture was incubated for 30 min on a 
rocking table, purified by gel filtration on Sephadex G 25 
F (5 mL), and eluted with STB a t  10 mL/h; only 0.85% 
of the radioactivity was found in nonconjugated material. 
When 1251-SASD was conjugated in the same way, 5.6% 
of the radioactivity was found in the nonconjugated 
material. The specific radioactivity was 274 MBqlpmol 
for the L ~ s - P ~ - ~ ~ ~ I - H A D  conjugate and 418/pmol for the 
L~s-pg- l~~I-AsD conjugate. 

Crosslinking Assay. Aprotinin (5 pL 380 pM, plasmin 
inhibitor), L ~ s - P ~ - ~ ~ ~ I - H A D -  or L~s-pg- l~~I-AsD conju- 
gate (30 pL 1.5 pM), fibrinogen (60 pL 7.5 pM), and 
thrombin (25 pL 6 NIHu/mL) were mixed in STB (180 
pL). The mixture was incubated for 10 min in the dark 
at room temperature and irradiated for 5 min, and urea 
(to 6 M) and SDS (to 35 mM) were added to quench the 
reactions and dissolve the clot. 

The conjugation and crosslinking were analyzed by SDS 
(3-5%) PAGE (Weber and Osborn, 1975). The gels were 
autoradiographed (Weisel et al., 1994), and the bands were 
subsequently excised and counted. 

Label Transfer. Conjugation and crosslinking were 
performed as described above. Aliquots (100 pL) were 
taken, DTE (to 100 mM) was added, and the mixtures 
were refluxed for 2 min. The reactions were analyzed by 
SDS (7.5 % ) PAGE. The gels were autoradiographed, and 
the bands were subsequently excised and counted. 

RESULTS AND DISCUSSION 

Iodination of SHAD. The iodination was preferen- 
tially performed in organic solvents instead of water in 
order to minimize hydrolysis of the succinimidyl probe 
(Shephard et al., 1988). In pilot experiments, the degree 
of reagent iodination was judged from autoradiographs of 
TLC analyses of the reaction mixtures. Acetonitrile and 
acetone were compared as solvents, and Iodo-Beads and 
nonimmobilized chloramine-?' were compared as oxidizing 
agents. Optimal results were obtained using chloramine-?' 
in acetonitrile. Nonimmobilized chloramine-?' gave no- 

0.57 

0.20 

A 

1 

B 

Figure 1. Autoradiography of the TLC analysis inEtOAc/MeOH 
(85/15) of (A) I25I-SHAD (reaction mixture) after 10 min 
incubation a t  room temperature and (B) purified 1251-SHAD. 

1 2 3 4 5 6 7 8  
Figure 2. Autoradiography of the TLC analysis in CHCld 
MeOH/AcOH (85/10/5) of the time course of photolysis of l%I- 
HADM. Lane 1: 1251-HADM (0.15 pmol) in phosphate buffer I 
(1500 pL). Lanes 2-8 represent photolysis for 10,20,40,60,120, 
180, and 240 s, respectively. 

tably higher yields and fewer byproducts than Iodo-Beads. 
When iodide and chloramine-?' were present in equimolar 
concentrations, iodide was oxidized to iodine, and no 
reagent iodination was detected. Increasing the chlor- 
amine-?' concentration to a 2 M excess accomplished 
aromatic electrophilic substitution (iodination) by giving 
rise to a more highly reactive iodine species (iodine 
chloride). Iodination of SHAD on a preparative scale with 
nonradiolabeled NaI and chloramine-?' showed that no 
iodine is incorporated into the azidophenyl ligand and 
that the hydroxyphenyl ligand is iodinated almost exclu- 
sively in the 5-position. 1251-SHAD was purified after the 
iodination procedure to remove hydrolyzed reagent (the 
compound with Rf = 0.2 in Figure 1A) and excess of 
iodination reagent that otherwise will be directly incor- 
porated into tyrosine residues in a subsequent protein 
modification step. Autoradiography of the TLC analysis 
of 1251-SHAD is shown in Figure 1. Upon solvent 
evaporation and storage a t  -20 "C, the radiolabeled reagent 
is stable for a t  least 3 weeks. 

Reagent Photolysis and Resultant Deiodination. 
The photostability of the radioiodine substituent of 1251- 
SHAD was investigated and compared to that of lEI-SASD. 
In order to simulate label transfer conditions, 1251-SHAD 
was reacted with excess 3-aminopropanol prior to pho- 
tolysis in the aqueous system. The time course of 
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Figure 3. Recovered radioactivity: (0) total radioactivity 
recovered for 1261-HADM and its photolysis products. The spots 
displayed in Figure 2 were excised and counted. (A) Total 
radioactivity recovered for '=I-ASDM and its photolysis products 
from a similar experiment (the autoradiography is not shown). 
The results are representative of three trials. 

? 

1 2 3 4 5  
Figure 4. Autoradiography of the TLC analysis of simulated 
label transfer with '261-SHAD. Lane 1: nonphotolyzed 1251-SHAD 
in acetonitrile (0.1 mM, 500pL). Lane 2: nonphotolyzed reaction 
mixture containing 1251-SHAD (7.63 mM, 20 pL), acetonitrile (80 
pL), phosphate buffer I (1.4 mL), and 3-aminopropanol(2 pL), 
incubated for 2 min; this mixture is used in the following 
experiments. Lane 3: photolysis of the reaction mixture for 4 
min. Lane 4 nonphotolyzed reaction mixture after reduction 
with DTE (100 mM). Lane 5: reduction of the photolyzed 
reaction mixture with DTE (100 mM). 

photolysis was examined by UV spectroscopy (not shown) 
as well as by TLC analysis (Figure 2). UV spectroscopy 
showed typical azide photodegradation, yielding isosbestic 
points. These were maintained after 3-4 min of photolysis 
and thereafter slowly faded out. Photolysis was almost 
complete after 4 min, judging from both UV spectroscopy 
and TLC analysis. 

On the basis of the autoradiograms, the 1251 content in 
the organic species was determined (Figure 3). The 
radioactivity of the products and the unchanged amide 
during photolysis was determined and related to the 
activity of unphotolyzed amide. Eighty-five to 90% of 
the total reagent radioactivity is recovered in the products 
after 3-5 min of irradiation. Figure 3 shows that the 
deiodination is more pronounced in the initial minute of 
photolysis and decreases with product formation. The 
products may act as internal filters or quench the excited 
state that leads to deiodination, thus interfering with the 

b 4  

,7?*" - nL/F uw 

. .  
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Figure 5. PanelA autoradiographyof SDS (34%) PAGE under 
nonreducing conditions of Lys-Pg conjugated to 12SI-SASD (lanes 
with uneven numbers) or to 1251-SHAD (lanes with even numbers) 
and crosslinking of the Lys-Pg conjugates with fibrin. M,: 
reduced mixture of 14C-labeled protein molecular weight stand- 
ards (M, = 200,92.5,69, and 46 kDa). Lane 1: Lys-Pg-129-ASD 
conjugates, formed from 1251-SASD (73.9 nmol) and Lys-Pg (3.68 
nmol) in phosphate buffer I1 (150 pL) after 30 min incubation 
in the dark and purified by gel filtration. Lane 2: L~s -pg- l~~I -  
HAD conjugates, formed as described under lane 1. Lane 3: 
L~s -P~- '~~I -ASD conjugates irradiated for 5 min. Lane 4: Lys- 
Pg-1251-HAD conjugates irradiated for 5 min. Lane 5: Lys-Pg- 
1251-ASD conjugates (0.15 pM), aprotinin (6.3 pM), fibrinogen 
(1.5 pM), and thrombin (0.5 MIHu/mL) in STB (300 pL) 
incubated for 10 min in the dark. Lane 6: L~s -P~- '~~I -HAD 
conjugates, aprotinin, fibrinogen, and thrombin in STB as 
described under lane 5. Lane 7: the mixture described under 
lane 5 irradiated for 5 min. Lane 8: the mixture described under 
lane 6 irradiated for 5 min. nF-L Lys-Pg-1251-reagent-n fibrin 
complexes (n > 3). 3F-L Lys-'261-reagent-3 fibrin complexes. 
2F-L: Lys-Pg-1251-reagent-2 fibrin complexes. F-L: Lys-Pg- 
1251-reagent-fibrin complexes. nL/F: n Lys-Pg complexes or/ 
and fibrin (n > 3). 3L: Lys-Pg-'261-reagent trimer. 2L: Lys- 
Pg-1251-reagent dimer. L: L~s-Pg-l~~I-reagent conjugates. Panel 
A': as panel A but stained with Coomassie Brilliant Blue R250 
(only lanes 7 and 8 are shown). Panel B: autoradiography of 
SDS (7.5%) PAGE under reducing conditions. M,: reduced 
mixture of 1%-labeled protein molecular weight standards (M, 
= 200,92.5,69,46,30,21.5, and 14.3 kDa). The lanes correspond 
to those in panel A, except that all mixtures have been reduced 
with DTE prior to SDS-PAGE. L Lys-Pg. a-, 8-, and y-: the 
three polypeptide chains from reduced fibrin. Panel B': as panel 
B but stained with Coomassie Brilliant Blue R250 (only lanes 7 
and 8 are shown). 

photodeiodination. Furthermore, a small amount of 
diiodinated reagent is present, and this compound loses 
iodine much faster than the monoiodinated reagent 
(Davidson et al., 1984). We performed a similar experi- 
ment with 1251-SASD and found that after 2 min only 50 % 
was retained in the organic species. Further irradiation 
unexpectedly increased the recovered radioactivity by 
about 20%. This may be explained by massive initial 
1251-release (Watt et al., 1989) and subsequent photo- 
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Table 1. Recovered Radioactivity from SDS-PAGE of the Products from Crosslinking Lys-Pg and Fibrin with 'SI-SASD 
and 129-SATD. 

Koch et al. 

nonreducing conditions reducing conditions 
laneb nF-LC 2F-L nL F-L nL/F 3L 2L L totald frct 1-4e L a- i3- y-chain frct 12-13f totald 

1 1 4 49 56 
2 0.5 3 69 75 
3 5 3 2  2 4 3 6 2 9 5 9  
4 1.5 1 1  1 4  3 7 4 0 6 2  
5 0.5 2 1 4.5 64 74 
6 0.5 0.5 3.5 89 97 
7 15 7 2.5 10 2 0.5 1 16 56 
8 12 10 2 18 4 1.5 3 40 94 

6.5 
0.5 

2 11 
2 7 
1 7 0.5 

5 8.5 4 1 1 
5 8 6 1.5 1.5 

0.5 

1.5 10 
2.5 3 
2 17 
2.5 13 
1.5 12 
3.5 5 
2 23 
4 23 

a Percentage of the applied radioactivity corrected for gel background; the first part of the table is from SDS (3-5%) PAGE under nonreducing 
conditions, the second part from SDS (7.5%) PAGE under reducing conditions. The values given are from individual experiments, but the 
same trend was observed in a series of experiments. * The lanes correspond to those in Figure 5A and B. Corresponds to the complexes given 
in the legend to Figure 5. d Total recovered radioactivity form the lanes. e High molecular weight unidentified proteins. f Low molecular weight 
unidentified compounds. 

Scheme 2. Pathways for the Plasminogen and Fibrin Crosslinking Experiments 

Lys-Pg-'"I-HAD-Fibrin 

DTEi F 

Fibrin iJ 
Labeling of Fibrin 

chemical iodination of organic compounds in the reaction 
mixture, including photolyzed ASDM species and impuri- 
ties. 

Preparative photolysis of iodinated N-(4midobenzoyl)- 
tyrosine gave products with iodine retained (Henriksen 
and Buchardt, 1990), but a similar experiment with 
I-HADM revealed that iodine is released under these 
conditions. Furthermore, iodinated N-salicylyl-N'-(4- 
azidobenzoyl)-1,6-hexanediamine was photolyzed pre- 
paratively, and no iodine was observed in the products, 
indicating that it is the carbonyl group of the salicylyl 
ligand that is responsible for the deiodination on prolonged 
irradiation. 

Cleavage of 1251-HADM and thePhotolysis Products 
by Reduction. In order to simulate label transfer the 
reagent must be cleaved. This is in most cases done by 
adding mercapto compounds to the label transfer mixture. 
DTE was added to the native 1251-HADM and to the 
photolysis products (Figure 4). As seen from the auto- 
radiograms, the disulfides are readily cleaved, yielding 
compounds with a slightly higher Rf value. Apparently 
only one product is formed on photolysis in the presence 
of 3-aminopropanol (Figure 4, lane 3), which corresponds 

Lys-Pg-'"I-HAD-Lys-Pg 

D I DTE 

Lys-Pg c - 
Labeling of Lys-Pg 

to reaction of the initially generated dehydroazepine with 
the amino group of 3-aminopropanol (Nielsen and Bu- 
chardt, 1982; Shields et d., 1988; Henriksen and Buchardt, 
1990). 

Formation of Lys-Pg Conjugates with 1251-SHAD 
and 1251-SASD: Irradiation and Reduction of the 
Conjugates. Autoradiography of SDS-PAGE analyses 
of the reaction profiles is shown in Figure 5, lanes 1-4, and 
the recovered radioactivity is summarized in Table 1. 1251- 
SHAD and 1251-SASD were conjugated to Lys-Pg (reaction 
A in Scheme 2) and 72% of the applied radioactivity was 
found in the bands representing the Lys-Pg-l251-HAD 
conjugates, versus 54 % for the Lys-Pg-l25I-ASD conju- 
gates. Three to 4 % of the radioactivity was found in bands 
presumably representing two crosslinked Lys-Pg. This is 
unexpected since the conjugates were not exposed to light. 
Disulfide exchange may be responsible for this dimer 
formation, since it is known that disulfide interchange 
occurs spontaneously in neutral and alkaline solution and 
is promoted by thiols and thiourea (Eager and Savige, 
1963). After reduction of the L ~ S - P ~ J ~ ~ I - A S D  conjugates, 
6.5% of the radioactivity was still found in Lys-Pg 
indicating incomplete reduction or nonspecific labeling. 



Label Transfer: Plasminogen/Fibrin Interactions 

As expected, only 0.5 % was found in Lys-Pg after reduction 
of the Lys-Pg-1251-HAD conjugates (reaction B in Scheme 
2), indicating that the reduction of the disulfide is complete 
and that no nonspecific labeling of Lys-Pg occurs with 
this reagent. After irradiation of the L ~ S - P ~ - ~ ~ ~ I - H A D -  
and the L ~ s - P ~ - ' ~ ~ I - A S D  conjugates, 40 and 29%, re- 
spectively, of the radioactivity were still found in Lys-Pg, 
meaning that most of the photoprobes have reacted with 
the solvent, but complexes containing two (pathway C in 
Scheme 21, three, or more Lys-Pg were also observed, 
indicating a certain affinity between Lys-Pg molecules. 
After reduction, most of the recovered radioactivity was, 
as expected, found in Lys-Pg (reaction D in Scheme 2). 

Photocrosslinking of Fibrin and the Ly~-Pg-l~~1-  
HAD and Lys-Pg-lzaI-ASD Conjugates and Reduction 
of the Complexes (Label Transfer). Autoradiography 
of SDS-PAGE analyses of the reaction profiles is shown 
in Figure 5, lanes 5-8, and the recovered radioactivity is 
summarized in Table 1. The assignment of the bands was 
performed as described by Weisel et al. (1994). The Lys- 
Pg conjugates were mixed with fibrinogen in the dark, 
and clot formation was initiated with thrombin. A total 
of 93 % of the applied radioactivity was found in the Lys- 
Pg-125I-HAD conjugates, and no nonspecific labeling of 
fibrin was observed. After reduction, no significant 
radioactivity was observed in either Lys-Pg or the CY-, P-, 
and y-chains of fibrin. On the contrary, significant 
radioactivity was observed both in Lys-Pg and in the a-, 
P-, and y-chains when the Lys-Pg-1251-ASD conjugates 
were reduced in the presence of fibrin. 

Photocrosslinking was accomplished by irradiation of 
the clot, but approximately 45% of the radioactivity was 
still found in the L ~ s - P ~ - ' ~ ~ I - H A D  conjugates (40% in 
noncrosslinked Lys-Pg), and only approximately 40 % in 
the L~s-Pg-l~~I-HAD-fibrin complexes (pathway E in 
Scheme 2). The high percentage of radioactivity found in 
noncrosslinked Lys-Pg could be expected, since only 
photoprobes close to the fibrin binding site@) of Lys-Pg 
are effective in the crosslinking process. The K1 + 2 + 
3, K4, and Vala3-plasminogen domains are all modified 
with 125I-SASD (Weisel et al., 1994). Complex formation 
between modified Lys-Pg and fibrin is inhibited by 
t-AMCA, showing that lysine binding sites are involved 
in a photoaffinity crosslinking process (Weisel et al., 1994). 

Label transfer was then performed by reduction of the 
complexes (reaction F in Scheme 2), and 6 5% of the applied 
radioactivity was found in the a-chain, 1.6 5% in the @-chain, 
and 1.7% in the y-chain when 125I-SHAD was used as 
photocrosslinker. A total of 8% of the radioactivity was 
found in Lys-Pg (from cleavage of crosslinked Lys-Pg 
molecules). Similar results were obtained when 1251-SASD 
was used as crosslinker. The yield of label transfer to the 
a-, P-, and y-chains of fibrin is expected to be low since 
most of the radioactivity is found in Lys-Pg complexes 
before reduction. However, the observation that the 
labeling of the a-chain of fibrin is four times the labeling 
of the P- and y-chains is conclusive, since it was demon- 
strated that no nonspecific labeling of fibrin takes place 
when 1251-SHAD was used as photocrosslinker. 
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as well as removal of oxidant and free radioiodide from 
the reagent after iodination potentially inhibit non- 
crosslinker related direct incorporation of radioiodine into 
protein tyrosine residues. In theory, both methodological 
sensitivity and specificity are thus markedly increased for 
SHAD compared to SASD. These potential advantages 
hold in parallel protein crosslinking experiments, indicat- 
ing that the described TLC analyses of novel crosslinking 
reagents is highly advantageous in predicting their use in 
protein systems and in interpreting the results. 

Fibrin has binding sites for both plasminogen and t-PA. 
The latter is bound to fibrin a t  the distal end of the coiled- 
coil regions, connecting the D-domains with the central 
E-domain (Schielen et al., 19911, and it seems reasonable 
to assume that plasminogen binds to fibrin in the vicinity 
of the activator. Although the yield of label transfer is 
low, we conclude that the labeling of the a-chains of fibrin 
is significantly higher than for the 8- and y-chains, 
indicating that the plasminogen binding domain is located 
on the a-chain, close to the coiled-coil regions. 

CONCLUSION 

Substitution of the radioiodine into a separate hy- 
droxybenzoyl group, or better a hydroxyphenyl group, 
instead of the photoreactive phenyl azide of SASD radically 
decreases photoinduced liberation of radioiodine. The 
yield of reduction of the disulfide linker is almost 
quantitative, a feature that is essential for high method- 
ological sensitivity. Markedly reduced photodeiodination 
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Molecular modeling was used to build a three-dimensional model of the variable regions of the tumor- 
reactive monoclonal antibody BR96. An immunoconjugate of this antibody with the anticancer drug 
doxorubicin is currently in a phase I clinical trial for the treatment of solid tumors. A model structure 
of the BR96 variable fragment was generated to guide site-specific mutagenesis experiments and further 
improve the affinity of the antibody. The model displayed a distinct groove-type binding site which 
contained a significant number of aromatic residues. The dimensions and nature of the proposed 
binding site were consistent with the binding of the Ley tetrasaccharide which was found to bind to 
BR96. On the basis of the model, some BR96 residues are proposed to be crucial for antigen binding. 
BR96 and its complex with the Ley determinant have recently been crystallized, and structure 
determination is currently underway. Therefore, the detailed prediction of the BR96 combining site 
will soon be assessed, as a “blind test”, based on crystallographic data. 

INTRODUCTION 

The murine mAb BR96 was originally raised against 
human breast carcinoma cells and was found to bind to 
a Ley-related antigen (Hellstrom et al., 1990). The Ley- 
tetrasaccharide (or determinant) is found on a variety of 
glycoproteins and glycolipids. The BR96 antigen is 
expressed at elevated levels (>200 000 molecules/cell) on 
>80% of human breast, colon, lung, and ovarian carci- 
nomas and, a t  significantly lower levels, on some dif- 
ferentiated cells of the gastrointestinal epithelium and 
the pancreas (Hellstrom et al., 1990). Modified Ley’ 
antigens have been found associated with several human 
carcinomas (Hakamori et al., 1989). After binding to its 
antigen, BR96 is rapidly internalized into cells by receptor- 
mediated endocytosis and is ultimately degraded in 
endosomes and lysosomes (Garrigues et al., 1993). A 
chimeric form of BR96 was constructed by homologous 
recombination (Fell et al., 1989). The BR96 variable 
regions were cloned and sequenced, and the BR96 im- 
munoglobulin VL was identified as a member of the murine 
K class I1 family and the VH as a member of the V~7183 
gene family (McAndrew et al., to be published). A chemical 
conjugate of chimeric BR96 with the anticancer drug 
doxorubicin was prepared (Willner et al., 1993; Trail et 
al., 1993). This immunoconjugate was found to induce 
complete regression of human carcinoma xenografts 
growing subcutaneously in athymic mouse and rat models 
(Trail et al., 1993) and is currently the subject of clinical 
trials. 

Here, the generation and analysis of a three-dimensional 
BR96 model is reported. This model was generated using 
comparative model building (Greer, 1990; Bajorath et al., 
1993), canonical CDR loop conformations (Chothia et al., 
1989), and conformational search calculations (Bruccoleri 
et al., 1988). The aim of this study was (a) to predict, 
prior to crystallographic analysis, the three-dimensional 

@ Abstract publishedin Advance ACSAbstracts, April 1,1994. 
1 Abbreviations: A, angstrom; CDR, complementarity deter- 

mining region; Fv, variable fragment; FRD, framework deter- 
minant; Ley, Lewis-Y; mAb, monoclonalantibody; rms, root mean 
square; VH, variable heavy chain; VL, variable light chain. 

1043-1 802/94/2905-0213$04.50/0 

structure of a novel antibody combining site and (b) to 
characterize the geometry and chemical nature of the 
antigen binding site of BR96. This latter analysis has 
enabled us to select BR96 binding site residues thought 
be important for antigen binding and has provided the 
basis for mutagenesis studies. 

A detailed prediction of an antibody combining site 
requires a discussion of the principal opportunities and 
limitations of such modeling. Different variable light and 
variable heavy chain structures can be combined, as 
structural templates, on the basis of the presence of highly 
conserved residues at the VL-VH domain interface 
(Novotny and Sharp, 1992). The conformations of 
canonical CDR loops can be predicted with some confi- 
dence (Chothia et al., 1989), and, in some cases, confor- 
mational search has successfully been used to reproduce 
CDR loop conformations, including the noncanonical H3 
loop (Bruccoleri et al., 1988; Bajorath and Fine, 1992). In 
combination, these techniques allow an approximation of 
the architecture and nature of a novel antibody combining 
site to be made. At  the same time, current modeling 
methods are insufficient to allow the detailed prediction 
of antibody-antigen interactions or the assessment of 
conformational changes in antibodies upon antigen binding 
(Bhat et al., 1990, Wilson and Stanfield, 1993; Stanfield 
et al., 1993). 

The BR96 model structure shows that BR96 displays 
a very distinctive groove-type binding site architecture 
with a prevalence of aromatic residues. On the basis of 
the dimensions of the groove, all four monosaccharide units 
of the Ley tetrasaccharide are likely to be involved in the 
binding, and selected tyrosine residues in BR96 are thought 
to be crucial for the interaction with Ley. I t  is suggested 
that CDR loop L2 does not participate in antigen binding. 
Recently, X-ray suitable crystals were obtained for the 
BR96 Fab fragment and for its complex with the Ley 
tetrasaccharide (Chang et al., 1994), and refined crystal- 
lographic coordinates will soon become available (S. 
Sheriff, personal communication). This makes the pre- 
diction of the BR96 combining site particularly attractive 
since we expect to soon have the opportunity to directly 
assess this prediction by comparison with a crystal- 
lographic model. Such “blind tests” (Chothia et al., 1986; 
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Chothia et al., 1989; Eigenbrot et al., 1993) which are still 
rare in the field of antibody modeling make it possible to 
assess the quality of structural predictions and, therefore, 
contribute to the assessment and improvement of predic- 
tive methods. Equally important, it will be possible to 
answer the question whether the model-based analysis of 
the BR96 combining site and the conclusions regarding 
carbohydrate binding to BR96 were valid. 

METHODS 

The model structure of the BR96 variable regions was 
constructed using a strategy which included structure- 
based predictions and conformational search (Bajorath 
and Fine, 1992). In the first step, structural templates for 
the Fv framework regions were selected based on sequence 
similarity, and necessary residue replacements were carried 
out. In the second step, main-chain and side-chain 
conformations were included for those CDR loops which 
could unambiguously be assigned to known canonical 
conformations (Chothia et al., 1989). CDR loops which 
could not be modeled using known structural motifs were 
aproximated by conformational search calculations (Bruc- 
coleri et  al., 1988). Finally, the stereochemistry and 
intramolecular contacts of the initial model were refined 
by constrained energy minimization. This modeling 
protocol is not automated and requires interactive model 
building. In the following text, the different stages of the 
modeling procedure are described in more details. Rees 
and colleagues have developed an automated method 
(Martin et al., 1989; 1991) which also combines structure- 
based predictions of CDR loops with conformational 
search. The details of this method will be discussed later 
on. 

Computer graphic model building was carried out using 
Insight11 (Insight 11, Version 2.0.0, Molecular Modeling 
Program, Biosym Technologies, Inc., San Diego). For 
energy minimization calculations, the Discover program 
(Discover, Version 2.7, Molecular Mechanics Program, 
Biosym Technologies, Inc., San Diego) was used. Con- 
formational search calculations (Bruccoleri et al., 1988) 
were carried out with CONGEN (Vers. 2, R. E. Bruccoleri 
and Bristol-Myers Squibb Co., 1991). For modeling, the 
antibody combining site was divided into framework 
regions and the CDR loops according to Chothia and Lesk 
(Chothia and Lesk, 1987; Chothia et al., 1989). The 
confirmed sequence of the BR96 variable regions was made 
available by Dr. S. McAndrew, Bristol-Myers Squibb, 
Seattle. 

The Brookhaven Protein Databank (Bernstein et  al., 
1977), including prerelease entries, was searched for 
framework structures with high sequence similarity to the 
BR96 variable regions. The crystallographic resolution 
and the degree of refinement were considered as additional 
criteria for the selection of template structures. The VL 
and VH chains of different antibodies were selected and 
combined based on a superposition of the most conserved 
structural framework segments (Novotny and Sharp, 
1992). 

The conformations of five CDR loops (Ll-L3; the first, 
second, and third CDR loop of the VL chain; H1 and H2, 
the first and second CDR loop of the VH chain) were 
assigned to canonical structure types (Chothia et  al., 1989). 
On the basis of these assignments, canonical (crystal- 
lographic) CDR loop conformations were selected and 
included in the model using interactive computer graphics. 
Often, CDR loops of antibodies different from the chosen 
VH or VL template structures are selected. It is then 
required to splice the backbone of these CDR loops into 
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the adjacent framework regions. This is accomplished 
using the SpliceLoop feature of Insight’s Biopolymer 
module following superposition of the five N- and C- 
terminal framework residues of the loop on the cor- 
responding framework residues of the structural template. 
The conformation of the noncanonical H3 CDR loop was 
approximated by systematic conformational search using 
CONGEN. Due to possible canonical conformation 
ambiguity, alternative H2 loop conformations were gener- 
ated by conformational search using a previously described 
protocol (Bruccoleri et al., 1988). 

Side-chain replacements within framework regions were 
carried out in conformations as similar as possible. Side- 
chain replacements within the canonical CDR loops were 
modeled according to the side-chain conformations of 
residues a t  corresponding positions in other CDR loops 
belonging to the same canonical structure class. The side- 
chain conformations in the noncanonical H3 loop were 
modeled using iterative conformational search. The 
stereochemistry of the BR96 model structure was refined 
with a constrained energy minimization protocol using a 
distance-dependent dielectric constant (4r) and a 14-A 
cutoff distance for nonbonded interactions. Initially, 
harmonic constraints of 20 kcal/mol/A2 were applied to 
all protein backbone atoms but were subsequently reduced 
to 10 kcal/mol/A2. The minimization was carried out until 
the rms derivative of the energy function was ap- 
proximately 2 kcal/mol/A. At this stage of the minimiza- 
tion, the average protein backbone rms deviation from 
the template structures was less than 0.3 A. The H3 loop, 
which lacked any crystallographic template, was excluded 
from the rms comparison. The coordinates of the BR96 
model structure were deposited, prior to crystallography 
of BR96, with Dr. R. Stenkamp, Department of Biological 
Structure, University of Washington, Seattle, WA, and 
Dr. S. Sheriff, Department Macromolecular Crystal- 
lography, Bristol-Myers Squibb, Princeton, NJ. The a 
carbon coordinates for all 230 residues of the BR96 model 
are given in Table 1 (supplementary material). 

RESULTS 

The BR96 Model Structure. Structural templates 
for the BR96 V regions were selected based on sequence 
similarity searches in the Brookhaven Protein Data Bank. 
The VL chain of BR96 is closely related (-87 76 sequence 
identity) to the fluorescein binding mAb 4-4-20 (Herron 
et al., 1989) which is only available in complex with 
fluorescein. The 4-4-20 VL chain was used as template 
structure for VL chain modeling. Coordinates of 4-4-20 
refined to 1.75 A resolution were a generous gift of Dr. J. 
Herron. The VH chain sequence of BR96 was found to 
share -77% identity with the VH chain of 17/9 (Rini et  
al., 1992). The structure of 17/9 is available at 2.0-A 
resolution in uncomplexed form and at 2.7-A resolution 
in antigen-bound (peptide-bound) form. The unbound 
form was, therefore, selected as structural template for 
the BR96 VH chain. All parts of the crystallographic 
structure which were found to undergo some conforma- 
tional changes upon antigen binding (Rini et  al., 1992) 
were deleted prior to model building. On the basis of these 
selections, the BR96 model should, in principle, resemble 
the antigen-bound form of BR96 more closely than its 
uncomplexed form. The selected template structures were 
combined to a composite Fv template after superposition 
of the most conserved residues in antibody variable regions 
(Novotny and Sharp, 1992). Included in the superposition 
were the backbone of residues L40-L43, L91-L93, H36- 
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CDR loop  Framework 
residues res  i d - J  

CDR 

L1 26 27 28 29 30 31 a b c d e f 32 2 25 33 71 

BR9 6 S Q I I V H N N G N T  Y V S L F  
4-4-20 S Q S L V H S N G N T Y V S L F  

L2 50 5 1  52 4 8  64 

BR96 K V S  
4-4-20 K V S 

I G  
I G  

L3 91 92 93  94 95 96 90 

BR96 G S H V P F  
4-4-20 S T H V P W 

Q 
Q 

81 26 27 28 29 30 3 1  32 3 4  9 4  

BR96 G F T F S D Y  
1 7 / 9  G F S F S S Y  

M R  
M R  

71 H2 52a  b c 53 54 55 

BR96 Q G G D  
1 7 / 9  N G G G  

R 
R 

H3 95 96 97 98 99 1 0 0  a b 1 0 1  1 0 2  

BR9 6 G L D D G A  W F A  Y 
Figure 1. CDR loop sequences in BR96. The sequences of the five canonical CDR loops (Ll-L3, Hl-H2) (Chothia et al., 1989) and 
of the noncanonical H3 loop in BR96 are shown and numbered according to Kabat and Wu (1987). CDR loop H3 is defined according 
to Kabat and Wu (1987). The canonical CDR loops L1 to L3 in BR96 are aligned with the corresponding regions in 4-4-20 (Herron 
et al., 1989), and CDR loops H1 and H2 in BR96 are aligned with the corresponding loops in 17/9 (Rini e t  al., 1992). Structural 
determinant residues for canonical CDR loom in the framework regions (Chothia et al., 1989) are shown in italics. The single-letter 
code is used for the amino acid residues. 
H39, and H96-H98 in 4-4-20 and the corresponding set 
of residues in 17/9 (L35-L38, L86-L88, H36-H39, and 
H90-H92). The rms deviation for the superposition of 
these residues was 0.5 A. 

Figure 1 shows the sequences of the CDR loops in BR96 
according to the canonical structure model and the residues 
in the framework regions which are important for the 
conformation of single CDR loops (Chothia et al., 1989). 
The sequence of BR96 CDR loop L2 is identical to 
4-4-20. The CDR loop L3 displays a sequence motif 
consistent with canonical structure class 1 (Chothia et  al., 
1989) for both BR96 and 4-4-20. CDR loops L1 in BR96 
and 4-4-20 are unusually long but have the same length. 
BR96 displays structural determinant residues consistent 
with a canonical structure class 4 (Chothia et  al., 1989). 
The L1 loops in 4-4-20 and BR96 are, therefore, similar. 
I t  should be considered, however, that the conformation 
of the tip of such long L1 loops (here with a six residue 
insertion relative to canonical structure class 1) may not 
be predictable (Steipe et al., 1992) since structural 
stabilization of the framework-distant portion of these 
loops is essentially absent. The nonstabilized portions of 
these loops can be expected to be somewhat flexible in 
their conformation. The CDR loops H1 in 17/9 and BR96 
belong to canonical structure class 1. The four CDR loops 
L1-L3 and H1 could be unambiguously assigned to known 
canonical structure types. On the basis of the canonical 
assignments, it was possible to include the backbone of 
the three light chain CDR loops in 4-4-20 and the backbone 
of the H1 loop in 17/9 as templates for the corresponding 
CDR loops in BR96. Therefore, loop splicing was not 
required for these CDR loops in BR96. 

An unambiguous assignment to a known canonical 
conformation was not possible for CDR loop H2 in BR96 
although the loop is four residues long and displays a 
sequence motif consistent with a canonical conformation 
type 3 (Chothia et al., 1989). H2 loops belonging to this 
canonical structure type usually have a glycine residue at  
position 54 in the loop (capable of adopting unusual cpl+ 
torsion angles) and an arginine as structural determinant 
a t  position 71 in the framework. H2 in the crystallographic 
structure of 17/9 appears to adopt a canonical conformation 
type 3, although 17/9 has three glycine residues a t  positions 
53-55. BR96 has two glycines a t  positions 53 and 54, both 
of which may adopt unusual p/+ torsion angles and may 
have a local conformation different from the canonical 
structure. The backbone conformations of H2 in 1719 was 
included in the BR96 model as a first approximation, and 
an alternative BR96 conformation of H2, including the 
six VH residues 52-56, was generated using CONGEN 
conformational search calculations. The search produced 
36 H2 conformations with acceptable conformational 
energies, with three of these conformations being within 
2 kcal/mol of the energy minimum. The conformation 
with smallest solvent-accessible surface within this energy 
interval was selected. In contrast to the canonical 
conformation the selected conformation shows that the 
glycine at  position 54 is in acceptable cpl+ regions but that 
the glycine at  position 53 has usually unacceptable cpl+ 
torsional angles. This suggests the possibility of alternative 
H2 conformations in BR96. The backbone rms deviation 
between the H2 conformation found in 1719 and the 
CONGEN-generated H2 conformation in BR96 is rela- 
tively small, approximately 1.2 A. 
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The noncanonical H3 loop in BR96 was modeled using 
conformational searching. The conformational search over 
H3 was carried out as the final step of model building in 
the presence of the modeled framework regions and all 
CDR loops. A total of 145 conformations were generated 
but only two of these were within 10 kcal/mol of the energy 
minimum. The two loop conformations were similar 
(backbone rms of 0.35 A). The energy minimum confor- 
mation was included in the model. The stereochemistry 
and the nonbonded interactions in the initial model were 
improved by application of a constrained energy mini- 
mization protocol. In the final model, backbone rms 
deviations relative to the crystallographic templates, 
excluding the CDR loops, were less than 0.3 A. 

Proposed Architecture of the BR96 Combining Site. 
Figure 2 (top left) shows a stereo representation of the a 
carbon trace of the BR96 Fv model. The conformations 
of the single CDR loops can be seen and the geometry of 
the antigen-binding site proposed. The space-filling 
representation inFigure 2 (top right) emphasizes the most 
prominent feature of this combining site, the groove-type 
architecture. The architecture of the groove is determined 
by interactions of the CDR loops L1, L3, and H3. Residues 
of CDR loops H2, and to a lesser extent H1, form the 
bottom of the groove. BR96 has an average length H3 
loop (10 residues) and a long L1 loop (12 residues). 
Interactions between these loops significantly contribute 
to the gross architecture of the binding site. The other 
prominent feature of the BR96 binding site is the 
significant number of aromatic residues which participate 
in the formation of the groove. These residues are depicted 
in Figure 2 (bottom right). 

Implications for Antigen Binding. CDR loop L2 does 
not participate in the formation of the groove and is, 
therefore, not expected to be involved in antigen binding. 
We believe, as well as others (Bundle and Young, 1992), 
that the accuracy of current predictive methods is not 
sufficient to propose protein-carbohydrate complexes in 
detail. However, simple docking studies with model-built 
Ley conformers suggest that the BR96 binding site groove 
is sufficiently large to bind all four monosaccharide units 
of the Ley determinant. These studies also allow the 
identification of a number of residues in BR96 which may 
contact the carbohydrate. The following residues in BR96 
are proposed to be likely carbohydrate contact residues 
and, therefore, thought to be important for antigen 
binding: L1, His31, Asn3la, Asn3lb, Tyr32; L3, Phe96; 
H1, Tyr33, Tyr35; H2, Tyr50, Gln52a, Asp58; H3, Ala100). 
The analysis suggests that H3 residues in BR96 do not 
contribute significant side-chain contacts to the BR96- 
Ley interactions. Furthermore, it should be noted that 
four of the BR96 residues thought to be important for 
antigen binding (Tyr33H, Tyr35H, Trp50H, and Asp58H) 
are, according to the definition of Chothia and Lesk (19871, 
not CDR but framework residues. On the basis of the 
architecture of the BR96 binding site, these residues 
participate in the formation of the groove. The analysis 
of the three-dimensional model is essential for the selection 
of these residues. 
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by Chothia, Lesk, and colleagues (Chothiaand Lesk, 1987; 
Chothia et al., 1989) has much enhanced the ability to 
carry out knowledge-based predictions of antibody com- 
bining sites. Canonical CDR loop motifs represent defined 
classes of conformations which are found in antibody 
crystal structures and are determined by the presence of 
a few key residues within the loop or within the framework 
regions. These motifs have been shown to be largely 
insensitive to sequence variations a t  other positions 
(Chothia et  al., 1989). Therefore, five of six CDR loops 
in antibodies with unknown structure can frequently be 
assigned to known canonical conformations on the basis 
of the analysis of their sequences. In contrast, canonical 
conformations have not yet been identified for CDR loop 
H3. Approximation of H3 conformations in antibody 
modeling therefore remains usually dependent on the 
application of ab initio techniques such as conformational 
search. Major problems of structure-based CDR loop 
predictions presently include (a) the inability to identify 
canonical motifs for H3, (b) the remaining ambiguities in 
the assignment of sequences to known structural motifs, 
(c) the still limited database of crystallographic antibody 
structures refined to high resolution, and (d) the inability 
to take potential interactions between CDR loops into 
account. The major current problems of CDR loop 
predictions on the basis of conformational search are (a) 
the selection of the “right” conformation from an ensemble 
of generated conformations and (b) the computer time 
required for conformational search over longer loops. 

A fully automated method to model CDR loop confor- 
mations by combining structure-based predictions and 
conformational search has been introduced by Rees and 
co-workers (Martin et al., 1989; 1991). These researchers 
essentially use the (a  carbon distance matrix) loop search 
technique of Jones and Thirup (1986) to extract loop 
conformations from the Brookhaven Protein Data Bank. 
For conformational search the CONGEN program 
(Bruccoleri and Karplus, 1987; Bruccoleri et  al., 1988) is 
used. CDR loops consisting of up to five residues are 
modeled using CONGEN. CDR loops consisting of six or 
seven residues are modeled using the database loop search. 
For CDR loops of eight or more residues, database loop 
search is first applied, and then the midsection of the loop 
is remodeled with CONGEN. Generated conformations 
are filtered using solvent-modified potential functions 
(Martin et al., 1989). The approach depends on the 
assumptions (a) that the conformational space available 
to loops consisting of six to seven residues is sufficiently 
represented in the currently available protein structures, 
(b) that correct N- and C-terminal base segments for loops 
of eight or more residues can be extracted, and (c) that 
solvent-modified energy screening of generated conforma- 
tions is capable of selecting the “right” conformation. Rees 
and colleagues also suggest the selection of framework 
regions based on sequence similarity and, furthermore, 
the inclusion of the assignment of CDR loops to canonical 
conformations if possible (Martin et al., 1991). 

In the case of BR96, it was possible to identify structural 
templates for the framework regions which share signifi- 
cant sequence similarity. CDR loops L2, L3, and H1 were 
found to display well-established canonical conformations. 
Some uncertainty remains concerning the conformation 
of the distal part of CDR loop L1 (Steipe et  al., 1992) and 
the canonical assignment of H2 for which an alternative 
(albeit similar) conformation was generated. This un- 
certainty is in spite of the fact that both CDR loops L1 
and H2 are related to known structures. No H3 loop with 
identical length and significant sequence similarity to 

DISCUSSION 

The BR96 Fv fragment was modeled with an emphasis 
on preference for structure-based predictions. A confor- 
mational search has been applied to approximate the 
conformations of CDR loops only when the assignment to 
known conformations was potentially ambiguous (H2) or 
impossible (H3). The identification of canonical confor- 
mational motifs for five of the six CDR loops in antibodies 
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BR96 was found in the database of known antibody crystal 
structures, and therefore, conformational search calcula- 
tions were carried out. To evaluate the conformational 
space available to H3 as well as its spatial position, we 
have simulated the conformation of H3 within the 
structural context provided by the BR96 model. 

Crystallographic structures of the carbohydrate binding 
antibodies 5539 (Suh et al., 1986) and Se155-4 (Cygler et 
al., 1991) show characteristic cavities or grooves as a 
prominent feature of their binding sites. The groove-type 
architecture proposed for the BR96 combining site is 
consistent with these crystallographic structures and 
represents a prominent feature of the BR96 model. The 
accuracy of current model building methodology is insuf- 
ficient to explore the molecular details of antibody- 
carbohydrate interactions (Bundle and Young, 1992). This 
is primarily due to the conformational flexibility of 
carbohydrates and to the fact that the role of water 
molecules in carbohydrate-protein interactions (Vyas, 
1991; Cygler et al., 1991) is difficult, if not impossible, to 
analyze in the absence of high-resolution crystallographic 
data (Bundle and Young, 1992). Analysis of the BR96 
model strongly suggests a prevalence of aromatic residues 
involved in the formation of the binding site. Several of 
these residues, such as Tyr33H and Tyr50H, are very likely 
to represent carbohydrate contact residues. Such contacts 
suggest a different mode of carbohydrate binding than 
that frequently observed in other carbohydrate binding 
proteins, where charged and planar side-chains often 
dominate the interactions (Vyas, 1991). However, 
aromatic residue-carbohydrate interactions have been 
observed in the crystal structure of the Se155-4 antibody 
complexed with its carbohydrate epitope (Cygler et al., 
1991). Tyrosine residues are frequently found in CDR 
loops of antibodies (Padlan, 1991), possibly due to their 
versatility in forming hydrogen bonds, van der Waals 
contacts, and aromatic interactions, in addition to their 
moderate loss of conformational entropy upon antigen 
binding. The proposed importance of aromatic residues 
in the formation of the BR96 antigen binding site is another 
prominent feature of the BR96 model structure. 

The analysis of a proposed binding site can lead to the 
identification of residues crucial for antigen binding and 
may also allow conclusions regarding the nature of the 
antigen, if unknown, to be made. This was shown for the 
anticancer antibody L6 (Fell et al., 1992). The presence 
of a rather flat and irregular combining site was predicted 
for L6 (Fell et al., 1992). This led to the conclusion that 
L6 should recognize a protein surface rather than a 
carbohydrate epitope-a prediction that was subsequently 
experimentally confirmed (Fell et al., 1992). In contrast, 
BR96 is proposed to display a very distinct groove-type 
binding site architecture, consistent with the notion that 
it binds a carbohydrate antigen. 

Comparison of crystallographic structures of uncom- 
plexed and antigen-bound antibody fragments has shown 
that conformational changes occur in antibodies upon 
antigen binding (Bhat et al., 1990) which can be of 
significant magnitude (Wilson and Stanfield, 1993). These 
changes include segmental motions (Stanfield et al., 1990) 
and conformational changes of single (Rini et al., 1992) or 
several (Herron et al., 1991) CDR loops as well as changes 
in the relative VL-VH domain orientation (Herron et al., 
1991; Stanfield et al., 1993). The assessment of these 
possible conformational changes represents a major prob- 
lem for antibody modeling attempts. The possibility and 
magnitude of such effects remains unpredictable and can 
only be determined by direct comparison of uncomplexed 
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and complexed structures. In the case of BR96, we may 
soon have the opportunity to evaluate the detailed 
prediction of the antibody-combining site with the crys- 
tallographic structures of the complexed and uncomplexed 
antibody and to assess the magnitude of potential con- 
formational changes upon Ley binding. 
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Monoclonal Antibody Fab’ Fragment Cross-Linking Using Equilibrium 
Transfer Alkylation Reagents. A Strategy for Site-Specific Conjugation 
of Diagnostic and Therapeutic Agents with F(ab’)2 Fragments 

D. Scott Wilbur,’%+ James E. Stray,’ Donald K. Hamlin,+ Dena K. Curtis,$ and Robert L. Vessella* 

Department of Radiation Oncology and Department of Urology, University of Washington, 
Seattle, Washington 98195. Received September 22, 1993@ 

An investigation was conducted to evaluate the feasibility of site-selective addition of diagnostic and 
therapeutic agents to monoclonal antibody F(ab’)z fragments through cross-linking of antibody Fab’ 
fragments. In the investigation, trifunctional equilibrium transfer alkylation cross-link (ETAC) reagents, 
4- [2,2-bis[@-tolylsulfonyl)methyllacetyll benzoic acid, la, N-14- [2,2-bis[@-tolylsulfonyl)methyllacetyll- 
benzoyl] -4-(tri-n-butylstannyl)phenethylamine, 3a, and N- 14- [ 2,2-bis [ (p-tolylsulfonyl)methyl] acetyl] - 
benzoyll-4-[12~J311]iodophenethylamine, 3b, were synthesized. The ETAC derivatives were reacted 
with Fab’ fragments of an antirenal cell carcinoma antibody (A6H) produced from reduction of F(ab’):! 
using 1,4-dithiothreitol. Cross-linking of Fab’ was obtained to yield a radioiodinated modified F(ab’)z, 
[mF(ab’)zl, fragment. The cross-linking reaction produced mixed addition products, requiring the 
desired mF(ab’)z to be separated from radioiodinated Fab’ by size exclusion HPLC. Tumor cell binding 
immunoreactivities varied (60-90 % ) for five isolated mF(ab’)z preparations but were consistent with 
other radiolabeled antibody preparations tested on the same day. In vitro stability testing indicated 
that the mF(ab’)z was reasonably stable toward loss of the ETAC cross-linking reagent, except under 
strongly basic conditions. Under reducing sodium dodecylsulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) analyses, protein bands believed to be cross-linked heavy chain dimers were observed. 
Biodistribution of purified radioiodinated A6H mF(ab’)z was conducted in athymic mice bearing a renal 
cell carcinoma xenograft (TK-82). A nonmodified control A6H F(ab’)z, radioiodinated as a p -  [125J311]- 
iodobenzoyl conjugate, was coinjected for comparison. The radioiodinated mF(ab’)z had a similar 
distribution to the radioiodinated control at 3.5, 19, and 43 h postinjection. In another study, the 
distribution of radioiodinated A6H Fab’ was evaluated at  4 and 24 h to establish clearance and 
pharmacokinetics for comparison with the data obtained from the mF(ab’)z. The biodistribution data 
indicated that A6H mF(ab’)z was quite different from that of A6H Fab’. The results from this preliminary 
study suggest that it may be possible to attach (large polymeric) diagnostic or therapeutic agents to 
monoclonal antibody F(ab’)z fragments through the use of ETAC reagents. 

INTRODUCTION 
Monoclonal antibodies are being investigated as tumor- 

selective carriers of diagnostic reagents, such as radio- 
isotopes or MRI enhancing reagents, and therapeutic 
reagents, such as drugs, toxins, and radioisotopes (1-4). 
In order to utilize monoclonal antibodies as carriers of 
diagnostic and therapeutic agents, these chemical entities 
must be coupled, or conjugated, to the antibody in a 
manner that does not significantly alter their binding 
affinity to tumor antigens, normal biodistribution, or 
pharmacokinetics. Fortunately, many different methods 
of conjugating diagnostic and therapeutic reagents to 
antibodies have been described (5-8). The majority of 
the conjugation methods involve reactions of functional 
groups, such as lysine amines or cysteine thiols, present 
on the antibody’s polypeptide chain with a functional group 
present on the reagent to be conjugated. In general, such 
conjugations are nonspecific, leading to a mixture of 
antibody conjugates which have the reagent attached at 
a number of locations on the antibody. Although the 
reactions are not specific by nature, when one or two small 
molecules are conjugated the antibody’s immunoreactivity 
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is often retained. This may be due to a higher reactivity 
(perhaps due to availability) of some amines at a location 
distant from the antigen binding site. While immunore- 
activity is retained when nonspecifically conjugating a 
small molecule to an antibody, conjugation of several small 
molecules such as metal chelates or drug conjugates, or 
large molecules such as toxin conjugates or polymeric 
reagents, often results in loss of antibody immunoreac- 
tivity. Because of this problem investigators have sought 
to devise methods of site-specific conjugation of reagents 
to antibodies. 

One method that has been described for “site-specific” 
conjugation to monoclonal antibodies is the use of equi- 
librium transfer alkylating cross-link (ETAC)’ reagents 
(9). It has been reported that ETAC reagents can be site- 
selectively conjugated to intact antibodies through reaction 
with sulfhydryls produced by partial reduction of disulfide 
bonds in the hinge region of the antibody (10 , l l ) .  The 
ETAC reagents are unique among sulfhydryl reactive cross- 

Abbreviations used: ETAC, equilibrium transfer alkylating 
cross-link; mF(ab’)z, modified F(ab’)z; SDS-PAGE, sodium 
dodecylsulfate-polyacrylamide gel electrophoresis; PIB, N- 
succinimidyl p-iodobenzoate; PBS, phosphate-buffered saline; 
MeOH, methanol; HOAc, acetic acid; CHBCN, acetonitrile; 
DMSO, dimethyl sulfoxide; NCS, N-chlorosuccinimide; THF, 
tetrahydrofuran; DTT, dithiothreitol; &ME, 2-mercaptoethanol; 
ChT, chloramine-T; cpm, counts per minute. 
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linking reagents as they are reactive through a Michael- 
type addition reaction with an in situ generated a,@- 
unsaturated ketone intermediate. The reaction proceeds 
by a stepwise addition of sulfhydryls, making it possible 
in theory to control the addition of the second sulfhydryl 
through carefully controlling the reaction conditions 
employed. 

The unique trifunctional cross-linking nature of the 
ETAC reagents made them particularly attractive for 
application to conjugation of large peptides or polymers 
containing diagnostic or therapeutic agents. However, we 
were concerned that the method of conjugation previously 
described might not be applicable to large polymeric 
reagents due to the increase in antibody size (and shape), 
which could potentially affect the antibody’s antigen 
binding by altering its tertiary structure. We postulated 
that conjugation of polymeric reagents to antibody frag- 
ments would diminish the problems associated with 
increased molecular size. It seemed apparent that the 
antibody fragment of choice was the F(ab’)z fragment as 
the bivalent binding characteristics of the antibody would 
be retained, which results in maximizing the percent 
injected dose per gram (% ID/g) in the tumor. Thus, our 
hypothesis was that immunocompentent modified F(ab’)z 
fragments could be prepared by removal of the nonessential 
Fc portion of the antibody with subsequent conjugation 
of a polymeric diagnostic or therapeutic reagent in its place. 

Site-selective conjugation of reagents to F(ab’)2 frag- 
ments cannot be readily accomplished; however, site- 
selective conjugations with antibody Fab’ fragments are 
possible due to the fact that free sulfhydryls are generated 
in the reduction of the bridging disulfides in the hinge 
region (12). Therefore, site-specific conjugation of a 
reagent to an antibody F(ab’)z might be accomplished 
through site-selective cross-linking of two Fab’ fragments 
with a trifunctional reagent. A general graphic repre- 
sentation of the envisioned method for reagent conjugation 
to monoclonal antibody F(ab’)z fragments (of the IgGl 
subclass) is depicted in Figure 1. While not shown in Figure 
1, the trifunctional reagent would be attached to the 
diagnostic or therapeutic reagent prior to cross-linking of 
the Fab’s, such that the sulfhydryls present in the terminal 
protein segment (hinge region) would impart the site- 
specificity to the conjugation reaction. Since the methods 
of preparation of F(ab’)2 and Fab’ are fairly standardized, 
it appeared that the single most important factor in the 
conjugation scheme was the choice of an appropriate 
trifunctional cross-linking reagent. Trifunctional ETAC 
compounds appeared to be ideal for this application. 

Although the ultimate goalof our research was to develop 
a method for attaching large polymeric reagents to 
antibody F(ab’)z fragments, the goal of this initial inves- 
tigation was to ascertain whether the approach outlined 
in Figure 1 was feasible. We felt that feasibility of the 
approach could be established by demonstrating that 
reaction of Fab’ fragments with simple ETAC compounds 
would form immunocompetent F(ab’)2 fragments. Con- 
jugation of polymeric reagents is a complex problem that 
will require extensive studies for each specific reagent. 
Thus, reported herein is a preliminary investigation 
detailing the synthesis of a radioiodinated ETAC derivative 
(Figure 2) and the reaction conditions necessary to form 
a reannealed or modified F(ab’)g. Also reported are the 
results of in vitro and in uiuo evaluations of the radioio- 
dinated modified F(ab02 [hereafter designated mF(ab’)zl. 

EXPERIMENTAL PROCEDURES 
General. All chemicals purchased from commercial 

sources were analytical grade or better and were used 
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without further purification unless noted. HPLC solvents 
were obtained as HPLC grade and were filtered (0.2 pm) 
prior to use. p-(Tri-n-butylstannyl)phenethylamine, 2, 
was prepared and purified as previously described (13). 
Synthesis of the carboxyl ETAC reagent, 4-[2,2-bis[(p- 
tolylsulfonyl)methyllacetyll benzoic acid, la, was carried 
out as previously described (10). Sodium phosphate buffer, 
pH 6.8, was prepared by mixing equal quantities of 1 M 
solutions of Na2HP04 and NaH2P04 followed by adjust- 
ment of the pH with aqueous NaOH. Phosphate-buffered 
saline (PBS) was prepared by mixing 7.01 g of NaC1,3.44 
g of Na2HP04, and 0.79 g of KH2P04 per liter of aqueous 
solution. Saline was obtained from Lyphomed (Deerfield, 
IL) as 0.9% NaCl in HzO. Column chromatography was 
conducted with 70-230-mesh 60-A silica gel (Aldrich 
Chemical Co., Milwaukee, WI) or 40-km BAKERBOND 
C18 PrepLC reversed-phase packing (J.T. Baker, Inc., 
Phillipsburg, NJ). The monoclonal antibody A6H was 
obtained as previously described (14). Purification of 
radiolabeled A6H F(ab’)2 preparations was conducted by 
size exclusion gel chromatography using commercially 
available Sephadex G-25 (PD-10, Pharmacia) columns. 

Na[125111 and Na[l3lI1I were purchased from NEN/ 
Dupont (Billerica, MA) as high concentration/high specific 
activity radioiodide in 0.1 N NaOH. Measurement of 1251 
and l3lI was accomplished on the Capintec CRC-15R or 
a Capintec CRC-6A radioisotope calibrator. Tissue sam- 
ples were counted in a LKB 1282 y-counter with the 
following window settings: channels 35-102 and 165-185 
when and 1311 were counted together. N-Succinimidyl 
p-[125J3111iodobenz~ate, [125J3111PIB, was prepared from 
N-succinimidyl p-(tri-n-butylstanny1)benzoate as previ- 
ously described (15).  

Spectroscopic Data. ‘H data were obtained on either 
a Varian VXR-300 (300 MHz) or a Bruker AC-200 (200 
MHz). lH NMR data are referenced to tetramethylsilane 
as an internal standard (6 = 0.0 ppm). IR data were 
obtained on a Perkin-Elmer 1420 infrared spectropho- 
tometer and refer to absorptions of strong intensity unless 
otherwise noted for (m) medium intensity or (w) weak 
intensity. Mass spectral data (both low and high reso- 
lution) were obtained on a VG Analytical (Manchester, 
England) VG-70 SEQ mass spectrometer with associated 
112505 data system. FAB+ mass spectral data were 
obtained at  8 kV using a matrix of sodium salt of 
3-nitrobenzyl alcohol or thioglycerol. FAB- mass spectral 
data were obtained at  8 kV in a matrix of thioglycerol. 
LC-MS were obtained on a HP  5989 mass spectrometer 
coupled to a HP  1090 liquid chromatograph using negative 
chemical ionization with methane. 

Analytical Chromatography. HPLC separations of 
the nonradioactive and nonprotein compounds were 
obtained on either a Hewlett-Packard quaternary 1050 
gradient pumping system with a multiple wavelength UV 
detector (220, 254, and 280 nm) or a Hewlett-Packard 
isocratic system consisting of a 1050 pump, variable- 
wavelength UV detector, and a Hewlett-Packard 1047A 
refractive index detector. Analyses of the HPLC data 
were conducted on a Hewlett-Packard Vectra QS/16S 
computer employing Hewlett-Packard HPLC ChemSta- 
tion software. HPLC separations were conducted at  a 
flow rate of 1 mL/minon a 5-pm, 125- X 4-mm C-18 column 
(LiChrospher 100 RP-18). Compounds were evaluated 
on a gradient system using an initial mixture of 60% 
MeOH/40% of an aqueous 1% HOAc solution. The 
gradient was held at  the initial mixture for 3 min, increased 
to 100% MeOH over a 12-min period, and held at 100% 
MeOH for 10 min. Retention times for compounds using 
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these conditions: la = 1.4 min; 2 = 5.1 min; 3a = 13.5 min; 
3b = 3.0 min; 4a = 13.2 min; 4b = 2.4 min. 

HPLC conditions used in the HPLC-MS analysis of 
the mixture containing 3a and 4a were developed on the 
isocratic system described above. The optimized condi- 
tions employed an isocratic separation conducted on a 
5-pm (100- X 2.1-mm) ODS Hypersil column at  aflow rate 
of 0.35 mL/min employing a 1:l mixture of MeOH/l% 
aqueous HOAc. 

The reaction mixtures from the radioiodination of 3a 
were analyzed by HPLC using a 5-pm C-18 column 
(Partisphere C-18, Whatman) eluting at  a flow rate of 1 
mL/min with a gradient beginning with 50 % MeOH/50 % 
of an aqueous HOAc solution. The gradient was held at  
the initial mixture for 5 min, increased to 100% MeOH 
over a 10-min period, and held at  100% MeOH for 10 min. 
The HPLC equipment used in the analyses of radioiod- 
inated compounds (except proteins) consisted of two 
Beckman Model llOB pumps, a Beckman 420 controller, 

a Beckman Model 153 UV detector (254 nm), and a 
Beckman Model 170 radioisotope detector. Retention 
times from UV detection on this system for 3b and 4b 
were 13.2 and 12.4 min. Retention times for detection of 
radioactivity were increased by approximately 0.5 min due 
to location of detector. 

Proteins, including radiolabeled A6H F(ab’)z, were 
separated by size exclusion chromatography on a TSK- 
G2000-SW (7.5 X 60 cm, 10-pm particle size,TOSO HAAS) 
column. The column was equilibrated, and proteins were 
eluted with 0.1 M sodium phosphate, pH 6.8, buffer 
(containing 1 mM EDTA + 5 mM NaN3) at  a flow rates 
of 0.75 or 1.0 mL/min. Retention time for intact A6H 
F(ab’)z was 19.4 min, A6H Fab’ was 22.4 min, and small 
molecule (e.g., free iodide) retention was 33.0 min at  1 
mL/min. The mF(ab’)2 had the same retention time as 
the unmodified F(ab’)2. The HPLC equipment used in 
this analysis consisted of two Model 302 Gilson pumps 
with lOSC pump heads, an ISCO Model V4 UV detector 
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(280 nm), a Beckman Model 170 radioisotope detector, a 
Gilson 621 Data Master, and an IBM 386 with Gilson 715 
HPLC Controller software. 

Thin-layer chromatography (TLC) of radiolabeled A6H 
F(ab')2 was conducted on predried 1- X 6-cm silica gel 
impregnated glass-fiber strips eluting with 80 % MeOH. 
Small aliquots of the labeled antibody were placed on a 
premarked spot (origin). After elution, the TLC strip was 
cut into six approximately equal sections, put into plastic 
tubes (12 X 75 mm), and counted. The percent of protein 
bound radioactivity (and radiochemical purity) was es- 
timated from a calculation where the counts obtained from 
the origin section and two adjacent sections were divided 
by the cumulative counts from the entire plate (all six 
sections) multiplied by 100. 

N-[4-[2,2-Bis[ (ptolylsulfonyl)methyl]acetyl]ben- 
zoyl]-4-(tri-n-butylstannyl)phenethylamine, 3a. To 
a dry 10-mL round-bottom flask was added 100 mg (2.0 
mmol) of la and 0.5 mL of SOCl2 (0.89 g, 6.9 mmol). The 
solution was stirred at  room temperature under argon for 
24 h, and excess SOCl2 was removed with a stream of Ar 
(captured in dry-ice cooled isopropyl alcohol). [Note: 
three additions of 5 mL of CHCL followed by removal 
under Ar were conducted to completelyremove the SOC12.1 
The resultant crude solid, lb, was dissolved in 2 mL of 
anhydrous THF, and 50 pL of pyridine (0.69 mmol) was 
added. To this mixture was added 50 pL of neat 
stannylphenethylamine, 2 (0.12 mmol). The reaction 
mixture was stirred for 2 h and the THF removed under 
a stream of Ar. The residue was dissolved in 10 mL of 
CHCl3 and washed with 10 mL of 0.1 N HC1 and then 2 
X 10 mL of H2O. The CHC13 solution was dried over 
MgS04 and evaporated to yield 151 mg (85 % ) of a tacky 
yellow-orange material. Analysis of the crude product by 
HPLC indicated that a mixture of closely eluting materials 
had been obtained in a 3:97 ratio. The crude material was 
dissolved in 1 mL of CHsCN, and a few drops of H20 were 
added (to cloudiness). This solution was eluted on a 
disposable (2-18 column (Alltech Maxiclean, 300 mg) that 
had been pretreated with 10 mL of MeOH and then 10 mL 
of H2O. The effluent of the column was evaporated to 
yield 68 mg (38 % ) of a colorless tacky oil. HPLC analysis 
indicated that the proportions of the closely eluting peaks 
had changed to a 1:lO ratio. 

An alternative method for purification was developed 
to obtain an analytical sample. In that purification, the 
crude material was dissolved in 2 mL of 1% HOAc in 
MeOH and was eluted on a reversed-phase (3-18 column 
(5 g, 1 X 8 cm; preequilibrated with 1% HOAc in H20). 
Fractions were collected from the column after elution 
with increasing concentrations of MeOH (20 mL of 1% 
HOAc in H2O; 10 mL 80% H20/20% of 1 % HOAc in 
MeOH; 30 mL 50% H20/50% 1% HOAc in MeOH; 50 
mL 30% Hz0/70% of 1% HOAc in MeOH; 25 mL 5% 
H20/95% 1% HOAc in MeOH) and flushed with 1% 
HOAc in MeOH. Collected fractions (6 mL) were eval- 
uated by HPLC to assess purity. The fractions (32 and 
33) containing pure compound were concentrated to yield 
32 mg of a tacky colorless oil (no 4a present by HPLC): 
IR (neat) 3375 (w, broad), 2945,2915,2863 (m), 2845 (m), 
1687 (m), 1650,1592 (m), 1530,1312,1300,1145 (vs), 1134 
(m), 926 (w), 860 (w), 813 (m), 739 (w); 'H NMR (CDC13) 
7.7 (m, 8H), 7.4 4 (d, 2H, J = 7.7 Hz), 7.35 (d, 4H, J = 8.2 
Hz),7.20(d,2H, J=7.7Hz),6.29(t , lH,  J=5.6Hz),4.34 
(t, lH,  J = 6.2 Hz), 3.73 (dd, 2H, J = 6.8, 12.7 Hz), 3.61 
(dd, 2H, J = 6.6, 14.3 Hz), 3.48 (dd, 2H, J = 6.0,14.3 Hz), 
2.92 (t, 2H, J = 6.9 Hz), 2.47 (s, 6H), 1.54 (m, 6H), 1.34 
(m, 6H), 1.05 (m, 6H), 0.88 (t, 9H, J = 7.2 Hz); MS (FAB-, 
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isotopes, M - H) mass calcd for C ~ ~ H S ~ O ~ N S ~ S ~  888 (35), 
889 (36), 890 (73), 891 (56), 892 (loo), 893 (49), 894 (31), 
found 888 (321,889 (42), 890 (72), 891 (68), 892 (loo), 893 
(731,894 (46); MS (FAB+, M + Na) mass calcd for C4~H5906- 
NSzSnNa 916 (1001, Found 916 (100% ) (with appropriate 
isotope envelope); HRMS (FAB+, M + H) calcd for 

120) 894.2905,found (Sn 118) 892.2878, (Sn 119) 893.2895, 
(Sn 120) 894.2884. 

A 60-mg quantity of the (Maxi-Clean column) purified 
3a was dissolved in 2.4 mL of dry CH3CN. Aliquots of 40 
pL (1 mg) were placed into clean dry vials. The vials were 
placed in a vacuum desiccator, and the CH&N was 
removed under vacuum. The oily residue in the vials was 
placed under an Ar atmosphere, capped, covered with 
aluminum foil, and stored desiccated in a freezer. 

N-[4-[2,2-Bis[ (ptolylsulfonyl)methyl]acetyl]ben- 
zoyl]-4-iodophenethylamine, 3b. To a round-bottomed 
flask containing 80 mg (0.09 mmol) 3a in 3 mL of 5% 
HOAc/MeOH was added 15 mg (0.26 mmol) of NaI and 
then 36 mg (0.26 mmol) of N-chlorosuccinimide (NCS). 
The mixture turned dark immediately and cleared within 
30 s. After 30 min, the solvent was removed on a rotary 
evaporator. The residue was dissolved in 1 mL of 1% 
HOAc in MeOH, and a few drops of water were added 
until a cloudiness persisted. This material was added to 
the top of a C-18 reversed-phase column (5 g, 1 X 8 cm) 
that had been preequilibrated with 1% HOAc in H2O. 
Five-mL fractions were collected from the column eluting 
by step gradient from 1 % HOAc in H20 (solvent A) to 1% 
HOAc in MeOH (solvent B). The elution was done as 
follows: 20 mL of A; 10 mL of 90% A/10% B; 10 mL of 
80% A/20% B; 10 mL of 60% A/40% B; 10 mL of 40% 
A/60% B; 20 mL of 20% A/80% B; and 20 mL of B. 
Fractions 16 and 17 were combined to give 41 mg of the 
desired product by HPLC. The product, a white solid, 
had a faint alkyltin odor: 'H NMR (CDC13) 7.66 (m, 10 
H),7.35 ( d , 4 H , J =  8.2 Hz),6.99 ( d , 2 H , J =  8.3 Hz),6.40 
(t, lH,  J = 5.8 Hz), 4.36 (m, lH), 3.73-3.58 (m of d, 4H), 
3.51-3.45 (m of d, 2H), 2.89 (t, 2H, J = 7.3 Hz), 2.48 (s, 
6H) [lH NMR indicated that n-BusSnOH had coeluted 
with 4a as an impurity; HRMS (FAB+, M + H) calcd for 
C33H3306NS2I 730.0806, found 730.07941. 

Radioiodination of 3a, Preparation of [ 125JJ11]3b. 
To a reaction vessel containing 50 pL of a 1 mg/mL solution 
of 3a (50 pg, 5.6 X 10" mmol) in 5% HOAc/MeOH was 
added 20 pL (20 pg, 1.5 X lo4 mmol) of a 1 mg/mL NCS 
in MeOH solution and 10 pL of PBS (or 5 pL of sodium 
phosphate buffer, pH 6.45). To this mixture was added 
4-20 pL of the radioiodine solution (in 0.1 N NaOH). The 
reaction mixture was swirled and allowed to sit for 5 min. 
At that time, 20 pL of a 0.72 mg/mL aqueous solution of 
Na2S205 was added. Further workup included removal of 
part or all of the solvent under a stream of Ar. A 
representative HPLC radioactivity trace of a crude reaction 
mixture is shown in Figure 3. A compilation of the labeling 
yields for several experiments is given in Table 1. 

Stability and Reactivity of ETAC Reagents. (1) An 
experiment to study the stability of 3a in some solvents 
of interest was conducted by preparing 1 mg/mL solutions 
and evaluating the solutions by HPLC at  t = 0, 1,2,18-24 
h and then daily for up to 12 days. The solvents studied 
were DMSO, CHBCN, and a mixture of 5% HOAc in 
MeOH. A 10-pL aliquot of the mixture was evaluated by 
HPLC at  each time point, and the total area of the peaks 
was compared with the previous runs to account for 
changes in product composition or material lost to 
polymerization. 

C~.F,H~~O~NS~S~ (Sn 118) 892.2894, (Sn 119) 893.2907, (Sn 



224 Bioconjugate Chem., Vol. 5, No. 3, 1994 

(2) A NMR experiment was conducted to evaluate the 
production and nature of the minor HPLC component 
(presumed to be 4a). In the experiment, 25 mg (28 pmol) 
of purified 3a (by C-18 column) was dissolved in 1 mL of 
CDCl3. After an initial NMR (300-MHz) spectrum was 
obtained, a 100-pL aliquot of a 174 pL/mL solution (17.4 
pL, 12.6 mg, 125 pmol) of triethylamine in CDCl3 was 
added. NMR spectra were taken at 15 and 45 min 
postaddition. The contents of the NMR tube were then 
concentrated to an oil and dissolved in 2 mL of CH3CN. 
The reaction mixture was analyzed by HPLC (isocratic, 
254 nm; 87% MeOH/13% of a 1% HOAc aqueous 
solution). A 300-pL aliquot of a 60 mg/mL solution of 
N-acetylcysteine (18 mg, 99 pmol) in CH3CN was then 
added. The reaction mixture was stirred at  room tem- 
perature, and aliquots were taken at 5 min and 1 h for 
HPLC analysis. 

(3) An experiment was conducted to examine the relative 
reactivity of the two iodinated ETAC compounds (3b and 
presumably 4b) observed in the product mixture by HPLC. 
In that particular reaction the product mixture was taken 
to dryness under an Ar stream and was allowed to sit a t  
room temperature in a concentrated form overnight. After 
that time, the oily residue was dissolved in 50 pL of CH3- 
CN and was evaluated by HPLC. To the CH3CN solution 
was added 10 pL of a 1 M aqueous cysteine solution (1.2 
pg, pmol) a t  room temperature. The reaction mixture 
was monitored by HPLC to see how its composition 
changed with time (10 min, 58 min, and 90 min). The 
results are shown graphically in Figure 4. 

Antibody Fragmentation. Fragmentation of A6H was 
accomplished as previously described (14), except the 
reaction time was extended to 24 h. Briefly, purified A6H 
(1.67 mg/mL) was fragmented with pepsin (25 mg/mL) at  
37 “C for 24 h. The F(ab’)z was dialyzed and passed over 
a DEAE column for purification. HPLC and SDS-PAGE 
analysis indicated that the F(ab’)z was pure of other protein 
contaminants (Figure 5A). The F(ab’)2 was concentrated 
by ultrafiltration through PM-10 filters (Amicon) to 7.1 
mg/mL, divided into 500-pg quantities, and frozen at -80 
“C until used. 

Preparation of A6H Fab’. A frozen 500-pg (74 pL) 
aliquot of A6H F(ab’)2 was thawed to room temperature, 
and 16 pL of 0.1 M sodium phosphate, pH 6.8 containing 
1 mM EDTA was added. To this solution was added 10 
pL of 10 mM dithiothreitol (DTT) in 0.1 M sodium 
phosphate, pH 6.8 containing 1 mM EDTA. Reduction 
of the F(ab’)z was followed by HPLC analysis of the 
reaction mixture. Typically, reduction was >95 % com- 
plete within 2 h (see Figure 5C), and the reaction mixture 
was placed on ice. Separation of the generated Fab’ from 
small molecules (e.g., excess DTT) was accomplished by 
centrifugal gel filtration through a 0.6-mL polypropylene 
microcentrifuge tube packed with Sephadex G-25 and 
equilibrated with 0.1 M sodium carbonate buffer, pH 6.8. 
This procedure was used to prevent dilution of the Fab’ 
concentration by keeping the sample volumes small. 
Recovery of 70-80% (by weight) of the Fab’ was obtained. 
Concentrations of 3-4 mg/mL were obtained, resulting in 
350-400 kg of Fab’ in 90-130 pL. 

Cross-Linking Experiments. Cross-linking experi- 
ments were conducted on 175-200 pg of A6H Fab’ 
contained in 45-75 pL of 0.1 M sodium carbonate, pH 6.8. 
An aliquot of I, 5, or 10 pL of a solution containing 50 pg 
of the ETAC compound, 3a or 3b, in 25 pL of CH3CN (2 
pg/pL) was added to the Fab’ solution. Reactions were 
conducted at room temperature for varying periods of time, 
and the progress of the cross-linking reactions was followed 
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by UV and radioisotope detection on HPLC (see Figure 
5D-F). In several examples, purified mF(ab’)p was ob- 
tained by collection of samples from multiple injections 
of crude reaction mixture onto the HPLC. The mF(ab’)z 
collected in this manner was used without further puri- 
fication for in vitro and in vivo studies. 

Cross-Linking with Iodoacetamide Blocking. A 
1-mg quantity of A6H F(ab’)p in 60pL of PBS was brought 
toO.1 M Tris-HC1 by the addition of 6.6 pL of 1 M Tris.HC1, 
pH 8.8. To this solution was added 7 pL of a 200 mM 
iodoacetamide solution in 0.1 M Tris.HC1 and 1 mM 
EDTA, pH 8.8. The solution was incubated at  25 OC for 
30 min, and then 7.5 pL of a 20 mM solution of 
dithiothreitol (DTT) in 0.1 M phosphate buffer, pH 6.8, 
was added. The extent of reduction was measured after 
2 h and found to be incomplete (in contrast with 
unmodified F(ab’)p). The sample was stored cold over- 
night. The following day the buffer was exchanged to 0.1 
M sodium carbonate, pH 6.8, and the DTT concentration 
was increased to 5 mM. Reduction was complete within 
1 h. The sample was divided into two equal quantities. 
One sample (half-quantity) was desalted intoO.l M sodium 
carbonate buffer, pH 6.8, containing 1 mM EDTA. The 
other sample was treated with Tris.HC1, pH 8.8, to make 
it 0.1 M in that reagent, and was subsequently retreated 
with 10 mM iodoacetamide for 30 min. The second sample 
was desalted into 0.1 M carbonate buffer, pH 6.8, con- 
taining 1 mM EDTA. Both samples were subsequently 
reacted with [‘3lI13b. 
In Vitro Stability of A6H mF(ab’)t. Multiple in- 

jections of [131113b-cross-linked mF(ab’)p onto a size 
exclusion column (TSK G-2000; 7.6 X 600 mm) resulted 
in isolation of 89 pCi (3.3 MBq) in 1.7 mL of 0.1 M sodium 
phosphate buffer, pH 6 . W  mM EDTA. The isolated mF- 
(ab’)2 solution had a protein concentration of 46 pg/mL 
and a specific activity of 1.14 pCi/pg (42 kBq/pg). Aliquots 
(110 pL; 5 pCi or 0.19 MBq) of the isolated mF(ab‘)z were 
added to 100 pL of the following reagents: (1) 0.9% saline, 
(2) fresh human serum, (3) 1 M cysteine, (4) 1 M N-a- 
acetyl-L-lysine, and (5) 1 M sodium carbonate, pH 9.3. 
Tubes 1 and 2 were incubated at  37 OC, and tubes 3-5 
were incubated at  25 OC. TLC was performed on silica gel 
impregnated strips, eluting with 80% MeOH. 

Electrophoresis. Electrophoretic separations of pro- 
teins were conducted using conventional equipment (Ho- 
effer Scientific) or a PhastSystem (Pharmacia, Uppsala, 
Sweden). Separations (using conventional equipment) on 
one-dimensional sodium dodecylsulfate-polyacrylamide 
gels (SDS-PAGE) were performed essentially as outlined 
previously (16,17). Briefly, samples of purified mF(ab’)z 
(approximately 1 pg of protein) or reaction mixtures 
containing mF(ab’)e (approximately 20 pg of protein) were 
denatured by dilution in an equal volume of sample buffer 
containing 65 mM Tris-HC1, pH 6.8, 2% SDS, 10% 
glycerol, and 0.1 % bromophenol blue. Some of the samples 
were treated under reducing conditions, which were 
achieved by addition of 5 % 2-mercaptoethanol @-ME) to 
the sample buffer. Samples were allowed to stand at  room 
temperature for 10-30 min or were heated to 100 “C for 
3 min prior to loading onto the gel. Molecular weight 
marker proteins (BioRad, Hercules, CA); myosin (200 
kDa), P-galactoside (116 kDa), phosporylase-b (97 kDa), 
bovine serum albumin (66 kDa), egg white ovalbumin (45 
kDa), carbonic anhydrase (31 kDa), soybean trypsin 
inhibitor (22 kDa), and lysozyme (14 kDa) were treated 
with reducing denaturing conditions at  100 OC as described 
above. Samples were applied to the lanes of a 1.5-mm- 
thick 11% gel (30%T, 2.67%C), and electrophoresis was 
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carried out at constant current (25 mA stacking, 60 mA 
running) in Tris/glycine/SDS (3.0/14.4/1.0 g/L) buffer, pH 
8.3. Following electrophoresis, gels were fixed for 2 h in 
40% MeOH/10% HOAc and equilibrated for 1 h in 10% 
EtOH/5% HOAc. 

Proteins were stained with silver as previously described 
(18). Briefly, proteins were oxidized by soaking the gel in 
a freshly prepared solution of 3.4 mM KzCrzOd3.2 mM 
HN03 for 10 min at room temperature. The gel was rinsed 
in deionized H2O until the yellow color of the dichromate 
solution was removed. The gel was then soaked in a 
solution containing 0.25 AgN03 for 30 min, followed by a 
brief 2-min rinse in deionized HzO. To visualize the bands, 
protein-bound silver was precipitated by immersing the 
gel in a solution containing 0.28 M Na~C03/1% formal- 
dehyde. Gel staining was stopped by immersion in 5% 
HOAc, 4 % glycerol, after which they were dried on a heated 
vacuum manifold. Autoradiographic exposures were re- 
corded on X-OMAT/AR film (Eastman Kodak; Rochester, 
NY). Optimal exposure times varied depending on the 
specific activity of the proteins analyzed. Figure 6 shows 
an autoradiographic exposure of a SDS-PAGE gel of 
unaltered radioiodinated F(ab’)z. Figure 7 shows a silver- 
stained (A) and autoradiographic exposure (B) of a SDS- 
PAGE gel which compared crude reaction mixtures of 
radioiodinated mF(ab’)2 with purified mF(ab’)z. 

Proteins resolved on the PhastSystem were separated 
on 4-15 % gradient SDS-polyacrylamide gels. Proteins 
were denatured by mixing four volumes of pure mF(ab’)2 
(0.5-1 pg of protein) with one volume of concentrated 
sample buffer (5x1 containing 10% SDS, 0.125 M Tris- 
HC1 (pH 6.81, and 5 mM EDTA. Reducing conditions 
were achieved by addition of 25% @-ME to the sample 
buffer. Samples were allowed to stand at room temper- 
ature for 10-30 min or heated to 100 “C for 3 min prior 
to loading. Gels were prerun for 1 Vh (volt-hour) prior to 
loading, and then samples were loaded and resolved by 
applying a 10-mA current (<250 V) for 60 Vh at 15 OC. 
Gels were removed from the running chamber, placed 
immediately into the automated staining chamber, and 
silver stained. The PhastSystem gels were fixed in 12.5% 
freshly prepared glutaraldehyde, washed with Hz0, and 
oxidized with 0.5% AgN03. The gels were then washed 
with H20, developed in 2.5% NazC03/0.015% formalde- 
hyde, quenched in 10 5% HOAc/10 % glycerol, and air dried. 
Autoradiographic exposures were obtained as described 
above. An example of an autoradiographic exposure of a 
SDS-PAGE gel run on the PhastSystem is shown in Figure 
8. 

Antibody Cell Binding Assay. Tumor cell binding 
immunoreactivity assays of the radiolabeled A6H F(ab’)z 
were conducted as previously described (14). Briefly, each 
assay was conducted by addition of approximately 10 000 
counts per min (cpm) of the F(ab’)2 or mF(ab’)z preparation 
in 0.1 mL of 0.9% saline to 2 million trypsinized 7860 
renal cell carcinoma cells suspended in 1 mL of PBS 
containing 1 % BSA. (Trypsinization was carried out by 
treatment with 0.25 % trypsin/0.03% sodium citrate 
solution at  room temperature for 5 min). The actual 
number of cpm added to each tube was determined by 
quantification in a y-counter. Cells were incubated at  
room temperature for 1 h with constant rotary inversion 
mixing, pelleted by centrifugation, decanted to remove 
supernatant, and resuspended in 1 mL of PBS. The cell 
suspension was then transferred to a new tube and 
recounted. The immunoreactivity estimation was taken 
as the counts remaining divided by initial total counts 
multiplied by 100. 
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Animals and Tumor Model. Male athymic mice (nul 
nu), obtained from Simonson Laboratories (Gilroy, CA), 
were housed for 1 week in the isolator facility prior to 
beginning the study. Tumor pieces (5-10 mg) of TK-82 
renal cell carcinoma (19) were implanted subcutaneously 
above the right shoulder of the mice using a protocol 
approved by the Animal Care Committee a t  the University 
of Washington. In the Fab’ biodistribution study, the mice 
(n = 12) had an average weight of 26.6 f 2.2 g and the 
TK-82 tumor xenografts had an average weight of 50 f 19 
mg. In the m(Fab’)z biodistribution study, the mice (n = 
18) had an average weight of 24.4 f 2.1 g and the TK-82 
tumor xenografts had an average weight of 140 f 77 mg. 

Biodistribution Studies. For the biodistribution of 
radioiodinated mF(ab’)z, a 200-pL quantity of a mixture 
of [1251]PIB-labeled A6H F(ab’)z (1.4 pCi (52 kBq) of lZ6I 
on 6 pg) and [131113b-labeled A6H mF(ab’)z (1.2 pCi (44 
kBq) of 1311 on 8 pg) was injected into each of 18 athymic 
mice via the lateral tail vein. The actual amount of 
injectate administered to each animal was determined by 
weighing the administering syringe before and after 
injection. Six mice were sacrificed by cervical dislocation 
at  3.5,19, and 43 h postinjection. The data obtained are 
given in Table 2. The biodistribution of radioiodinated 
A6H Fab’ was conducted similarly, with approximately 
130 pL of a mixture of [13111PIB-labeled A6H Fab’ (10.1 
pCi (0.37 MBq) of 1311 on 11.2 pg) and 1251-labeled A6H 
Fab’ (17.4 pCi (0.64 MBq) of 1251 on 26 pg) being injected 
into each animal. Six mice were sacrificed at 4 and 24 h 
postinjection. The data obtained from this biodistribution 
are given in Table 3. 

In the biodistributions, tissues were excised, blotted free 
of blood, weighed, and counted. Calculation of the percent 
injected dose per gram (% ID/g) in the tissues was 
accomplished using internal standards to compensate for 
decay, and the lZ5I counts were compensated for spillover 
(14%) from 1311. 

RESULTS 

Preparation of ETAC Compounds. The synthetic 
steps involved in preparation of reagents and cross-linking 
of Fab’ are depicted in Figure 2. The synthesis of the 
requisite carboxy-ETAC molecule, la, was accomplished 
as previously described (10). Oxidation of the bis-sulfide, 
following the reaction conditions described, did not give 
complete conversion to the bis-sulfone. Attempts at 
purification of the mixture resulted in increasing the 
percent of bis-sulfide rather than bis-sulfone. After HPLC 
conditions were developed which allowed the reaction to 
be followed more closely, it was found that longer reaction 
times and addition of more reagents did not improve the 
percent conversion. Interestingly, it was found that a 
complete conversion of the bis-sulfide to bis-sulfone could 
be obtained if the reaction was carried out in a tightly 
sealed vial. 

Synthesis of the p-(tri-n-butylstanny1)phenethylamine 
adduct 3a was accomplished by reaction of 2 with crude 
acid chloride lb ,  formed by reaction of la with thionyl 
chloride. Attempts to isolate 3a from other impurities by 
silica gel chromatography resulted in a large loss of material 
and caused the product mixture to become more complex 
by NMR analysis. Therefore, the crude light yellow 
product, which was >97% pure by HPLC, was initially 
stored neat in the refrigerator. However, it was found 
that the crude material completely polymerized in the 
refrigerator within a month. Because of the difficulties 
encountered on silica gel chromatography, reversed-phase 
chromatography was used to purify the crude product. 
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Figure 2. Chemical reactions for preparation of ETAC compounds (3a and 3b) and their cross-linking of monoclonal antibody Fab’ 
fragments. 

Since only small quantities were needed, purification of 
the crude product was possible by elution through a 
disposable reversed-phase C-18 syringe column (Alltech, 
Maxi-Clean). This removed the colored impurities to give 
a colorless (tacky) product. Even after purification, 
preparations of 3a contained a closely eluting minor 
component by HPLC analysis. NMR data indicated that 
the major component was the desired adduct 3a, but 
identification of the minor component could not be 
obtained readily. An alternate reversed-phase column 
chromatography purification method provided a pure 
sample (free of the minor contaminate) for characteriza- 
tion, but it was obtained in low yield (18%). 

While the minor component present with 3a has not 
been unequivocally identified, it appears that it is the thiol- 
reactive a,p-unsaturated ketone containing compound 4a 
based on spectroscopic evidence and its chemical reactivity. 
Initally, the similar elution characteristics of the minor 
component on HPLC was somewhat troubling, as it seemed 
that the lipophilicity of 4a might be considerably different 
from that of 3a. However, it was found that the 3a could 
be converted to the minor component by making the 
solution basic. To assist in the characterization of the 
minor component, a NMR experiment was conducted 
reacting triethylamine with isolated (purified) 3a in a NMR 
tube. After addition of EtaN, the NMR spectrum of 3a 
was altered by a decrease in integral of two multiplets 
(two protons each) a t  3.48 and 3.61 ppm, with new singlets 
at 5.98 and 6.26 ppm being present, and with an increased 
complexity of peaks in the aromatic region (Le., 7.1-7.9 

ppm). Isolation of the reaction mixture from the NMR 
experiment and evaluation by (isocratic) HPLC analysis 
demonstrated that the minor component was present in 
approximately 1:2 ratio with 3a (from the starting ratio 
of 1:25). Stirring this mixture in CH&N with N-acetyl- 
cysteine over a 1-h period provided evidence that reaction 
(of the sulfhydryl containing reagent) occurs predomi- 
nately with the minor component, as might be expected 
for the a,p-unsaturated keto compound 4a. Development 
of HPLC conditions provided a base-line separation of 
the two closely eluting components, which afforded an 
opportunity to evaluate each components’ mass spectral 
characteristics by LC-MS analysis. The mass spectral 
data correlated well with the major peak being that of 3a 
(mass calcd 894; found 894) and the minor peak being 4a 
(mass calcd 738; found 738). 

The stability of the ETAC molecules was of paramount 
importance in the cross-linking experiments. Therefore, 
stability of the carboxyl-ETAC la and the stannylphen- 
ethyl-ETAC reactive intermediate, 3a, was studied in 
DMSO, CHaCN, MeOH, MeOH/5% HOAc, and the buffer 
medium used in cross-linking experiments. The ETAC 
molecules were converted very rapidly to other species 
when dissolved in the buffer used in protein conjugations, 
but little change was observed in the original compound 
composition (or total peak area) over a 24-h period in the 
other solvents. At longer periods of time a difference was 
observed for the rate of disappearance of the peak 
corresponding to 3s in the different solvents. It was found 
that 3a was most stable in CHsCN, having essentially no 
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Table 1. Reaction Product Ratios and Overall Yields for 
Reaction of 38. with Radioiodine and NCSb 

yielddve 

run of 3a (pg) radioiodinec quantity used (tota1)f 
quantity (7%) peak l/peak 2 
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1 50 20 pL, 1.17 mCi (43.3 MBq) 8/76 (84) 
2 50 4 pL, 3.31 mCi (123 MBq) 8/86 (94) 
3 5 5 pL, 2.10 mCi (77.8 MBq) 6/71 (77) 
4 50 10 pL, 5.67 mCi (210 MBq) 8/86 (94) 
5 50 5 pL, 5.77 mCi (214 MBq) 8/81 (88) 
6 50 5 pL, 5.34 mCi (198 MBq) 7/85 (93) 
7 50 4 pL, 0.370 mCi (13.7 MBq) 10176 (86) 
8 50 4 pL, 0.55 mCi (20.4 MBq) 8/80 (88) 

3a, N-  [4- [2,2-bis[ @-tolylsulfonyl)methyllacetyll benzoyl] -4-(tri- 
n-butylstanny1)phenethylamine. * NCS, N-chlorosuccinimide. 1311 
was used in all experiments except 1, where 1261 was used. d Deter- 
mined by HPLC. See Experimental Procedures for details. e All 
reaction product mixtures were used as obtained; runs 4-8 were 
concentrated under an Ar stream prior to reaction with A6H Fab’. 
f Percent of total radioactivity injected into HPLC. 

change in composition after 12 days. ETAC derivative 3a 
was least stable in 5% HOAc in MeOH and had an 
intermediate stability in DMSO. However, the stability 
was reasonably high even in 5% HOAc in MeOH as its 
peak area only decreased 25% in 3 days at  room tem- 
perature. Interestingly, as the peak area for component 
3a decreased, its ratio with the minor peak 4a did not 
change in these solvents, but a peak present in all 
chromatograms at 1.95 min, which may be the (p- 
methylpheny1)sulfinic acid, increased from 10 % of the 
total peak areas to 26% of the total peak area over the 
3-day period. No other new peaks were noted, suggesting 
perhaps that the intermediate formed might have po- 
lymerized. It was also noted that a sample had polymerized 
in acetone-& prior to obtaining an NMR. 

Evaluation of the cross-linking and stability of the ETAC 
molecules was facilitated by storing 1-mg samples of the 
stannylphenethyl-ETAC, 3a. This was accomplished by 
dissolving a quantity of purified 3a in dry CH&N and 
aliquoting a predetermined volume into clean dry vials. 
The vials were placed in a vacuum desiccator, and the 
CH&N was pulled off under vacuum. Argon was intro- 
duced into the desiccator, and after opening, the vials were 
capped and placed in an aluminum foil covered desiccator 
in the freezer. After 3 months storage under these 
conditions there did not appear to be any degradation of 
product by HPLC analysis. 

Iodination and Radioiodination. Iodination of 3a to 
form 3b was accomplished by reaction with N-chlorosuc- 
cinimide (NCS) and NaI in 5% HOAc/MeOH solution. 
These reagents and reaction conditions were chosen as 
they had been used successfully for many previous high 
specific activity radioiodinations of arylstannanes (8,20, 
21). Reaction of the stannyl derivative as a mixture of the 
two closely eluting peaks by HPLC gave a nearly identical 
mixture ratio of two less lipophilic peaks (minor peak at 
2.4 min and major peak at  3.0 min). Only the stoichiometry 
of reagents was changed for no-carrier-added radioiodi- 
nations, and a similar ratio of products was obtained. The 
radioiodination reactions were found to be quite facile, 
resulting in high overall yields (Table 1). A typical 
radioactivity trace is shown in Figure 3. A variance in the 
quantity of radioactivity used in the radioiodination 
reactions of 3a did not appreciably alter the amount of 3b 
obtained, except in the experiment where a much smaller 
quantity (i.e., 5 pg) of 3a was used (see run 3 in Table 1). 
Aliquots of the initial radioiodination reaction mixtures 
(runs 1-3, Table 1) were used directly in the cross-linking 
experiments. However, concerns about controlling the 
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Figure 3. Radioactivity trace for HPLC separation of compo- 
nents from radioiodination reaction of 3a (with some 3b present). 
The separation was conducted on a 5-pm (2-18 column eluting 
at  a flow rate of 1 mL/min using a gradient mixture. The initial 
solvent mixture of 50% MeOH/50% of a 1 %  aqueous HOAc 
solution was held for 5 min and then increased to 100% MeOH 
over a 10-min period and held a t  100 % MeOH for 10 min. HPLC 
retention times correlate with peak 1 being that of the unknown 
minor component (believed to be [1311]4b), peak 2 being that of 
[lS1I]3b. The product compositions (peak l/peak 2) for several 
radioiodinations are given in Table 1. For a description of the 
HPLC system used to separate (nonprotein) radioiodinated 
compounds see the Experimental Procedures. 

pH of the coupling reaction with the addition of HOAc 
present in the radioiodination mixture led to removal of 
solvent from the crude radioiodination reaction mixture 
under a stream of Ar (runs 4-8, Table 1) prior to use in 
cross-linking experiments. 

The radioiodinated product mixture was also evaluated 
for reaction with cysteine. In that experiment, the 
proportion of minor component had increased from <lo% 
to >70% after removing the solvent under a stream of Ar 
and allowing the resultant film to set overnight a t  room 
temperature. Reaction of this product mixture with an 
aqueous cysteine solution provided data which indicated 
that the earlier eluting peak (Figure 3, peak l ) ,  presumed 
to be 4b, is considerably more reactive with cysteine than 
is 3b (peak 2). The relative reactivities of the two 
components with cysteine, as determined by changes in 
the HPLC chromatogram, are plotted in Figure 4. 

Cross-Linking of Fab’ Using the ETAC Molecules. 
Studies of the cross-linking reactions of la, 3a (as a mixture 
with 4a), and 3b (as a mixture with 4b) were carried out. 
In the experiments the reagents were cross-linked with 
Fab’ a t  room temperature and 37 OC. Although a few of 
the coupling reactions were conducted at  different pH 
values, evaluation of the products was only done on 
conjugates which had been cross-linked at  pH 6.8 to assure 
that the primary reaction had been with the free sulfhydryl 
groups. The cross-linking of Fab’ was conducted using 
varying molar equivalents of the ETAC derivative, but 
the target amount was 0.5 equiv such that excess ETAC 
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Figure 4. Plot of the change in chemical components present 
in the HPLC radioactive trace in the reaction of [l3lI13b and 
[‘3lI]4b in CH3CN with 1 M aqueous cysteine as a function of 
time. HPLC retention times correlate with peak 1 being that of 
the unknown minor component (believed to be [‘3lI14b), peak 2 
being that of [‘3l1]3b, and peak 3 being a new (noncharacterized) 
cysteine reaction product. Figure 3 shows an example of a 
radioactivity trace similar to those obtained in the reaction with 
cysteine, but the percentages of peak 1 and peak 2 were as graphed. 
For a description of the HPLC system used to separate 
(nonprotein) radioiodinated compounds see the Experimental 
Procedures. 

reagent would not be present to promote undesired side 
reaction products (e.g., polymer or aggregate formation). 

The majority of cross-linking experiments were per- 
formed with 175-200 pg of freshly reduced A6H Fab’ 
contained in 75 pL of 0.1 M sodium carbonate, pH 6.8. To 
the buffered Fab’ solution was added a 1-, 5-, or 10-pL 
aliquot containing 3a and/or 3b in CH3CN. Reactions 
were allowed to proceed at room temperature or 37 O C  for 

A 

D 

various amounts of time, and the extent of cross-linking 
was determined by size-exclusion HPLC with UV and 
radioactivity detection. Coupling to Fab’ and cross-linking 
could readily be observed by HPLC (Figure 5D-F). Yields 
of the cross-linked mF(ab’)z ranged from 37 to 50% with 
most of the remaining radioactivity being associated with 
the Fab’ peak when conducted at  pH 6.8. The results 
obtained indicate that cross-linking of Fab’ can be effected 
with minimal aggregate formation. 

An experiment was conducted to determine if radio- 
iodinated 3b would react with Fab’ that had been 
previously treated with iodoacetamide for blocking sulf- 
hydryls. In that experiment A6H F(ab’)z was treated with 
iodoacetamide prior to reduction to the Fab’ to block any 
highly reactive functional groups (e.g., amines and sulf- 
hydryls) present. This was done to assure that the most 
reactive groups would be sulfhydryls in the hinge region 
(although there was no reaction of 3b with unmodified 
F(ab’)z or iodoacetamide treated F(ab’)d. The sample 
was then treated with DTT to form Fab’. After DTT 
treatment, half of that material was retreated with 
iodoacetamide to block the generated sulfhydryls and the 
other half was left untreated. Addition of the radioiod- 
inated 3b to DTT reduced Fab’ (treated prior to alkylation 
with iodoacetamide) resulted in cross-linking to form mF- 
(ab92 as in the untreated Fab’. However, the sample that 
had been treated with iodoacetamide after reduction to 
Fab’ did not add [‘3lI13b to the Fab’or cause cross-linking 
to form the mF(ab’)z. It must be emphasized that while 
these results support the site selective cross-linking shown 
in Figure 1, they do not unequivocally establish that the 
cross-linking occurs (exclusively) in the hinge region. 
In Vitro Properties of the Cross-Linked mF(ab’)a. 

Retention of the tumor cell binding of the mF(ab’)z was 
of paramount concern. Thus, cell binding assays were 
conducted on isolated preparations of mF(ab’)z. Tumor 
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Figure 5. Size-exclusion HPLC chromatograms of A6H F(ab’)* reduction to Fab’ (A-C) and of product mixture for cross-linking of 
A6H Fab’ with 3b (D-F): solid lines, obtained from UV detection; dashed lines, obtained from radioactivity detection. The HPLC 
pump wasrunat l.OmL/minfor chromatograms A-C and0.75mL/minfor D-F (resultingindifferencesinretentiontimes). Chromatograms 
were obtained from the following: (A) A6H F(ab’)z prior to reduction; (B) A6H F(ab’)z after partial reduction to Fab’; (C) A6H Fab’ 
after complete reduction of A6H F(ab’)z; (D) cross-linkjng.of A6H Fab’ with 3b after 5 min reaction time; (E) cross-linking of A6H 
Fab’ with 3b after 55 min reaction time; and (F) cross-linking of A6H Fab’ with 3b at  pH 6 for 24 h. For a description of the HPLC 
system used to separate radioiodinated proteins see Experimental Procedures. 
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Table 2. Distribution of Radioactivity for Coinjected [ 1311]ETAC-mF(ab‘)2- and [ lMI]PIB-Labeled A6H F(ab‘)a in Athymic 
Mice with TK-82 Xenografts’ 

3.5 h 19 h 43 h 
tissues 1311 ‘251 1311 1251 1311 1261 

blood 20.47 f 2.30 19.93 f 2.22 4.27 f 0.84 4.73 f 0.81 1.37 f 0.15 1.03 f 0.17 
tumor 58.59 f 5.97 53.69 f 6.54 51.97 f 3.27 80.38 f 7.00 46.43 f 1.69 63.17 f 3.77 
muscle 0.70 f 0.07 0.71 f 0.28 0.54 f 0.06 0.43 f 0.18 0.15 f 0.03 0.12 f 0.02 
lung 9.89 f 1.87 11.81 f 3.35 2.28 f 0.44 1.14 f 0.20 1.95 f 0.91 3.27 f 0.95 
kidney 11.15 f 1.09 6.47 f 0.90 4.29 f 0.70 3.44 f 0.73 2.02 f 0.23 1.08 f 0.13 
spleen 3.16 f 0.43 3.57 f 0.50 1.03 f 0.13 1.17 f 0.24 0.48 f 0.06 0.40 f 0.07 
liver 6.26 f 0.66 5.84 f 0.65 2.08 f 0.19 1.50 f 0.15 0.98 f 0.12 0.60 f 0.06 
intestine 8.30 f 2.06 3.23 f 0.92 3.24 f 1.20 1.34 f 0.46 0.56 f 0.06 0.26 f 0.06 

1.01 f 0.14 stomach 3.86 f 2.76 7.73 f 3.74 2.50 f 0.93 3.50 f 1.42 
neck 4.49 f 1.19 4.49 f 1.28 1.11 f 0.18 2.88 f 2.53 0.36 f 0.07 2.03 f 2.93 

0.75 f 0.32 

a Results were obtained for n = 6 mice at each time point and are given as mean f standard deviation of the percent injected dose/g (5% 
ID/g). 

Table 3. Distribution of Radioactivity for Coinjected 
[ 1311]PIB- and Na[12~I]I/ChT-Labeled A6H Fab‘ in Athymic 
Mice with TK-82 Xenografts. 

4 h  24 h 
tissues 1311 1251 1311 ‘251 

blood 7.52 f 0.46 6.07 f 0.34 0.41 f 0.03 1.18 f 0.12 
tumor 27.04 f 3.67 20.13 f 3.28 5.90 f 1.19 11.18 f 2.85 
muscle 0.47 f 0.08 0.47 f 0.08 0.06 f 0.01 0.18 f 0.03 
lung 5.38 f 1.83 2.87 f 0.31 0.45 f 0.15 0.82 f 0.08 
kidney 16.80 f 2.41 4.39 f 0.76 0.95 f 0.22 0.80 f 0.05 
spleen 7.15 f 0.66 1.15 f 0.10 1.24 f 0.35 0.37 f 0.05 
liver 6.77 f 0.65 1.60 f 0.15 1.17 f 0.21 0.33 f 0.05 
intestine 1.60 f 0.38 1.11 f 0.13 0.12 f 0.02 0.32 f 0.06 
stomach 3.36 f 1.11 2.65 f 0.61 0.20 f 0.07 2.91 f 1.04 
neck 1.67 f 0.57 1.40 f 0.44 0.40 f 0.38 1.24 f 1.70 

a Results were obtained for n = 6 mice at each time point and are 
given as mean f standard deviation of the percent injected dose/g 
(% ID/g). 
cell binding immunoreactivities of 60 % ,90 % ,77 % ,75 % , 
and 79 % were obtained for the isolated A6H mF(ab’)2 in 
five separate experiments. The measured cell binding of 
the radioiodinated preparations used in the biodistribution 
study (Table 2) were 69% for the [1311]PIB-labeled A6H 
F(ab’)2 and 75% for the [1251]3b-labeled A6H mF(ab’)2. 
The cell binding of radioiodinated preparations used in 
the Fab’ biodistribution study (Table 3) were 50% for 
[1311]PIB-labeled Fab’ and 51 % for ChT/Na[1251]I-labeled 
Fab’. 

An evaluation of the in vitro stability of cross-linked 
A6H mF(ab’)2 toward release of radioactivity (presumably 
radiolabeled small molecules) was conducted. Samples 
of HPLC purified mF(ab’)~ were incubated with fresh 
human serum (37 “C), 0.9% saline (37 “C), 1 M carbonate 
buffer, pH 9.3,l M N-a-acetyl-L-lysine, and 1 M cysteine 
for 16-19 h. The reactions were monitored by denaturing 
TLC (80 % MeOH), where protein-bound radioactivity 
remains at  the origin and released radiolabeled small 
molecules (including free iodide) migrate with the solvent 
front. At  16-19 h incubation time there was no apparent 
change in the protein bound activity for saline or cysteine 
challenges, but a degradation of approximately 10% in 
carbonate buffer and 25% with the lysine challenge was 
noted. The TLC data obtained from incubation in human 
serum was inconclusive as the TLC plate smeared. The 
results suggest that under neutral conditions, no revers- 
ibility of the adduct occurs as cysteine would be expected 
to rapidly add to the released alkene. However, under 
basic conditions (pH 9.3) some degradation of the mF- 
(ab’)2 occurred. Further, when the basic nucleophile lysine 
was present more degradation was noted, perhaps due to 
reaction with the a,@-unsaturated ketone intermediate 
prior to its reversible reaction with the Fab’ sulfhydryl 
groups. 
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Figure 6. Autoradiograph of A6H F(ab’)2 radiolabeled with 
chloramine-?’ (lanes 1 and 3) or N-succinimidyl p-iodobenzoate 
(lanes 2 and 4). Samples applied to lanes 1 and 2 had been treated 
with 2-mercaptoethanol (P-ME), whereas samples applied to lanes 
3 and 4 were not treated with @-ME. All lanes were loaded with 
approximately 20 pg of protein. Molecular weight markers were 
run to obtain estimations of sizes of proteins in the bands (see 
Experimental Procedures for description of markers). 

SDS-PAGE analyses were conducted with samples of 
crude and/or isolated, purified A6H mF(ab’)2, 5b. All 
SDS-PAGE analyses were conducted by treating the 
samples under nonreducing conditions (i.e., without 
2-mercaptoethanol (@-ME)) and reducing conditions (i.e., 
with @-ME). A SDS-PAGE gel analysis of radioiodinated 
F(ab’)2 labeled with ~hloramine-T/Nal~~I and [ 1311] PIB 
was conducted for comparison with the mF(ab’)2 gels. An 
autoradiographic exposure of that gel is shown in Figure 
6. Sample in lanes 1 and 2 were treated with @-ME. The 
reduced products had a masses consistent with heavy and/ 
or light chain fragments. Samples in lanes 3 and 4 were 
not reduced with @-ME. There was a fair amount of 
heterogeneity apparent in the nonreduced radiolabeled 
F(ab’)2, which was consistent with other F(ab’)2 fragments 
previously studied. 

A silver-stained SDS-PAGE gel which was run to 
compare crude cross-linking reaction mixtures containing 
mF(ab’)2 with isolated, purified mF(ab’)2 is shown in Figure 
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Figure 7. Silver-stained SDS-PAGE gel (A) and its autoradiograph (B) on which crude A6H m(Fab')2 reaction mixtures and purified 
mF(ab')2 was analyzed. Lanes 1-3 have been treated with 2-mercaptoethanol (@-ME), whereas lanes 4-6 have not been treated with 
@-ME. The samples applied to lanes 1,3,4, and 6 were obtained from cross-linking reactions conducted at 25 "C for 18 h, while samples 
applied to lanes 2 and 5 were from reactions run at 37 "C for 18 h. Lanes 1, 2,4, and 5 were each loaded with approximately 20 pg 
of protein (crude reaction mixtures), and lanes 3 and 6 were each loaded with 1 pg of protein (purified mF(ab')& The molecular weight 
markers (see Experimental Procedures) were run under reducing conditions and are marked on the reducing gel (A). The standards 
can serve only as a rough estimate of masses for the bands in the non-reducing gel (B). 
7A. The autoradiograph of that gel is shown in Figure 7B. 
Samples in lanes 1-3 were run under reducing conditions 
(@-ME added), whereas samples applied to lanes 4-6 were 
run under nonreducing conditions. All samples were 
subjected to heat denaturation (i.e., 100 "C for 3 min) 
prior to running on the gel. Samples in lanes 1,3,4, and 
6 were of reaction mixtures where the cross-linking was 
conducted a t  25 "C for 18 h, whereas samples in lanes 2 
and 5 were from reactions where the cross-linking was 
conducted at  37 "C for 18 h. The reducing gel (Figure 7; 
lanes 1-3) showed similar bands for all three samples. The 
crude reaction mixture applied to lane 1 (cross-linking at  
25 "C) had four principal bands, which were interpreted 
to be (bottom to top) radiolabeled small molecule, heavy 
and/or light chains, heavy chain-heavy chain dimer, and 
aggregate. The crude reaction mixture applied to lane 2 
(cross-linked at  37 "C) appeared very similar except only 
a minor amount of aggregate was present. The purified 
mF(ab')2 applied to lane 3 had only two bands present 
under reducing conditions. These bands were most likely 
heavy chain-heavy chain dimer and heavy and/or light 
chains. The lanes run under nonreducing conditions 
(Figure 7; lanes 4-6) had substantially different bands 
from the reducing gel (i.e., different MW fragments). The 
reaction mixture applied to lane 4 (cross-linked at  25 "C) 
had two principal bands, believed to be the (bottom to 
top) mFab' and mF(ab')2. The autoradiographic trace 
(Figure 7B) for that lane appears to indicate that there is 
more heterogeneity in the radiolabeled species. However, 
this could be due to the extent of exposure needed to 
visualize the purified mF(ab')2 in lanes 3 and 6 (only 1 pg 
of protein added vs 20 pg added in other lanes). While the 
silver stained and autoradiographic bands in lane 6 are 

faint, it  is important to note that the mFab' observed in 
the crude reaction mixtures was not present. 

Reducing and nonreducing SDS-PAGE gels were run 
on the purified radioiodinated mF(ab')2 that was used in 
the biodistribution study (PhastSystem). A autoradio- 
graphic exposure of the gels is shown in Figure 8. Samples 
applied to lanes 1 and 2 were run under nonreducing 
conditions (no @-ME), whereas samples in lanes 3 and 4 
were run under reducing conditions (with added @-ME). 
Samples in lanes 1 and 3 were held a t  25 "C prior to loading 
on the gel, but samples in lanes 2 and 4 were subjected to 
heat denaturation (100 "C for 3 min). The sample applied 
to lane 1 had the least manipulation (i.e., nonreducing 
conditions, no heat denaturation). The molecular weight 
markers on the gel indicated that the primary band in 
lane 1 was the mF(ab')a, but minor amounts of mFab' and 
other radiolabeled species were also present. The sample 
applied to lane 2 had been subjected to heat denaturation 
(100 "C) prior to loading. This treatment appeared to 
produce substantially more mFab', along with additional 
amounts of radiolabeled materials which are likely to be 
heavy chain-heavy chain dimer and heavy and/or light 
chain fragments. Lane 3 of the gel contained a sample 
which had not been denatured by heat but was run under 
reducing conditions. One major band was present in lane 
3. This band was thought to be the heavy chain-heavy 
chain dimer, although it was present a t  a slightly lower 
(apparent) molecular weight than seen in the heat dena- 
tured sample of lane 2. Minor bands in lane 3 indicated 
that mFab' and mF(ab')2 were also present. Lane 4 
contained a sample that had been denatured by heat (100 
"C) and run under reducing conditions. The autoradio- 
graph bands indicate that these conditions were harsh 
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Figure 8. Autoradiograph of a SDS-PAGE gel (from PhastSystem running 4-15% gradient) of isolated, purified A6H m(Fab’)z. 
Samples in lanes 1 and 2 were run under nonreducing conditions (i.e., no @-ME), and samples in lanes 3 and 4 were run under reducing 
coditions (i.e., treated with @-ME). Samples in lanes 1 and 3 were held at room temperature prior to loading, while those in lanes 2 
and 4 were heated to 100 “C for 3 min prior to loading. Each lane had approximately 1 pg of protein loaded. Molecular weight markers 
were run to obtain estimations of sizes of proteins in the bands (see Experimental Procedures for description of markers). 

enough to degrade the sample to heavy chain-heavy chain 
dimer and heavy/light chain fragments, and to even remove 
a small amount of the radiolabeled small molecule from 
the protein (band < 6 kDa). 
In Vivo Properties of A6H mF(ab’)t. Distribution 

and pharmacokinetics of the radioiodinated A6H mF(ab’)2 
were examined in athymic mice carrying human TK-82 
RCC tumor xenografts (19). Prior to administration to 
mice, the radioiodinated ETAC cross-linked mF(ab’)2 5b 
was purified by HPLC to remove the labeled monomeric 
mFab’ (and other contaminates such as aggregates). This 
separation was necessary as one of the primary reasons 
for i n  vivo analysis to ascertain if the mF(ab’)2 was 
dissociating to Fab’ in vivo. In the experiment, a control 
radioiodinated [ 1251] PIB-labeled A6H F(ab’)2 of similar 
quantity and specific activity was coinjected (15). Three 
groups of six male athymic mice were sacrificed a t  3.5,19, 
and 43 h postinjection in the dual label experiment. 

The results of the biodistribution are given in Table 2. 
The calculated percent injected dose per gram (% ID/g) 
of the two radioisotopes in the blood appears to be similar 
at the three sacrifice times. Similar pharmacokinetics were 
also obtained in muscle and spleen. Some differences in 
the distributions of the two radioisotopes were seen in the 
kidney, liver, intestine and stomach, perhaps reflecting a 
difference in excretion routes of the catabolites. A 
substantial difference in radioiodine activities was ob- 
served at  3.5 h in the kidney, possibly indicating that the 
ETAC cross-linked mF(ab’)2 may be more susceptible to 
formation of Fab’ than the native F(ab’)2 in vivo, or it may 
simply be reflective of the presence of a small amount of 
ETAC-conjugated Fab’ in the injectate. The somewhat 
higher concentrations of 1251 (from control [1251]PIB- 
labeled F(ab’)2) in the stomach were presumably brought 
about by contamination from free [1251]iodide in the 
preparation, as the neck (thyroid) accumulation is much 
higher a t  the later time points. The ETAC cross-linked 
A6H mF(ab’)2 appeared to target TK-82 xenograft tumors 
similar to that of A6H F(ab’)2, but the retention of 
radioactivity a t  the tumor was decreased at  19 h in contrast 

to the usual increase in accumulation observed with this 
antibody fragment and tumor system (14). 

A separate biodistribution experiment was conducted 
where A6H F(ab’)2 was reduced to Fab’ and radiolabeled 
with Na[ 1311]I/chloramine-T (ChT) and (separately) ra- 
diolabeled with [ 1251] PIB. No previous studies of radio- 
labeled A6H Fab’ had been carried out. The two methods 
of radioiodination were performed to provide labeled Fab’ 
for a dual label experiment. This was done so that the 
data obtained could be compared with that previously 
reported for radioiodinated Fab fragments (22). However, 
the primary purpose of the biodistribution experiment 
was to obtain data to compare the biodistribution and 
clearance kinetics of the Fab’ fragment with those of the 
F(ab’)2 fragment and the reconstituted mF(ab’)a. The 
biodistribution was evaluated in groups of 6 athymic mice 
sacrificed at  4 and 24 h postinjection. Data obtained from 
the biodistribution are tabulated in Table 3. 

DISCUSSION 
The ultimate goal of our research is to develop a general 

method for site-specifically attaching polymeric diagnostic 
and therapeutic agents to monoclonal antibodies in a 
manner which does not adversely affect antibody binding 
to tumor cell antigens. The objective of this study was to 
obtain preliminary data on the use of equilibrium transfer 
alkylation cross-link (ETAC) reagents as a method of site- 
specific attachment of molecules to antibody F(ab’)2 
fragments. The preliminary data sought included the 
following: (1) preparation of a radioiodinated trifunctional 
cross-linking reagent, p - [  125J311] iodophenethyl ETAC; (2) 
evaluation of reaction conditions necessary to achieve 
cross-linking of Fab’; (3) evaluation of the in vitro 
properties of the #generated modified F(ab’)2; and (4) 
evaluation of the in vivo properties of the modified F(ab’)2. 

Our strategy for constructing modified F(ab’)2 [termed 
mF(ab’)J fragments is shown in Figure 1. It was reasoned 
that a minimal detrimental affect might be expected when 
(large polymeric) diagnostic or therapeutic molecules were 
conjugated in place of the nonessential Fc portion of the 
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molecule. To accomplish the conjugation as depicted in 
Figure 1, a diagnostic or therapeutic reagent would have 
to be coupled with a trifunctional cross-linking reagent. 
Although a number of bifunctional cross-linking reagents 
have been described in the literature (23-251, few tri- 
functional cross-linking reagents have been described. It 
seemed that the reagent of choice should be heterobi- 
functional, containing one functional group that could be 
reacted with an amine containing compound and two 
functional groups that could subsequently be reacted with 
sulfhydryls on the Fab’ to reform the F(ab’)2 moiety. 
Trifunctional reagents such as tris-maleimido compounds 
(26,27) and tris(benzoy1 chloride) (28) did not fulfill the 
heterobifunctional requirements and might have been 
expected to form a trimer of Fab’. Heterotrifunctional 
reagents, such as bis(isocyantobenzoic acid) and its 
derivatives (29, 301, also did not fulfill the reagent 
requirements, as reactions with sulfhydryl groups were 
needed to impart a regiospecificity to the cross-linking 
process. At the time the study was initiated, the trifunc- 
tional cross-linking compounds that appeared to be most 
applicable were those described by Lawton et al. (9-1 1 )  
as equilibrium transfer alkylation cross-link (ETAC) 
reagents. The ETAC compounds were particularly at- 
tractive as the addition of Fab’s would be accomplished 
in a step-wise manner, potentially providing a means of 
forming bispecific F(ab’)z constructs in later studies. 

The carboxy-ETAC la (Figure 2) was chosen as the 
reagent for cross-linking of Fab’s. Reactions of la  with 
Fab‘ produced a small quantity of modified F(ab’)2 by 
HPLC analysis. This was encouraging as the Fab’ by itself 
did not recombine to form F(ab’)z under the same reaction 
conditions (datanot shown). However, it became apparent 
in initial studies that a radiolabeled version of the ETAC 
reagent was needed since it could not be determined 
unequivocally that the cross-linked Fab’ obtained from 
the study had come about from cross-linking with la 
(versus reformation of a disulfide bond) nor could it be 
determined that addition of la to the Fab’ had occured. 
The preparation of a radioiodinated ETAC molecule using 
an iodoaniline derivative had previously been described 
by Liberatore et al. (IO), but the described procedure 
required manipulation of radioactive compounds, and 
resulted in very low yields (1.3 7% ) of relatively low specific 
activity (50 pCi/pmo1;1.85 MBqlpmol) material. Thus, 
we chose to prepare a stannylphenethyl derivative of la  
as a precursor which could be radioiodinated. On the basis 
of previous radioiodination studies with arylstannanes (8, 
13-15) it was anticipated that a radioiodinated ETAC 
derivative could be prepared in high yield and high specific 
activity. Further, this approach wm particularly attractive 
as it would allow preparation of the radioiodinated ETAC 
derivative (3b) in the final step prior to conjugation with 
the Fab’ fragments. 

Due to the differences in the masses of the antibody 
Fab’ fragment (MW i= 50 000) and the iodinated ETAC 
reagent 3b (MW = 5821, radioiodinations to prepare 3b 
were conducted at no-carrier-added levels of radioiodine 
(1311 specific activity i= 1.3 mCi/10-3 pmol; 48 MBq/10-3 
pmol). This allowed evaluation of cross-linking reactions 
employing small amounts (Le., 200 pg; 4 X 10-3 pmol) of 
Fab’. The equivalents of 3b used in the cross-linking 
reactions were dependent on a number of factors, including 
the amount of radioactivity aliquoted (see Table l), actual 
specific activity of each particular radioiodine shipment 
and days from receipt before using (ranged from 1-1.6 
mCi/10-3 pmol; 37-59 MBq/10-3 pmol), and quantity of 
CH3CN solution containing the radioiodinated 3b used in 
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the coupling reactions. In most cross-linking reactions 10 
p L  (40%) of the (standardized) 25-pL CH3CN solution 
containing radioiodinated 3b was added to 75 pL of 
buffered Fab’ solution. It was not possible to calculate 
the exact number of equivalents of radioiodinated 3b 
employed due to uncertainties of introducing trace 
quantities of stable iodine, aliquoting, etc. However, an 
estimate of the equivalents of radioiodinated 3b used in 
most cross-linking experiments could be made based on 
the HPLC radioactivity traces (total percent yield in Table 
1) and the fact that 40% of the total radioactivity 
(radioiodine used in Table 1) was used in the reactions. 
As an example, in run 5 (Table 1) an estimated 88 % of the 
5.77 mCi (213 MBq) of 1311 used in the reaction, or 5.08 
mCi (188 MBq), was present as 3b (and 4b). Of that total, 
40% or 2.0 mCi (74 MBq) was aliquoted into the solution 
containing 200 pg of Fab’. Thus, the quantity of 3b 
aliquotted in that reaction was r1.5 X lo3 pmol (0.4-0.5 
equiv). However, since the reaction is a dimerization, 3b 
effectively contributes 0.8-1.0 equiv. 

The cross-linking reactions were monitored by HPLC 
using size-exclusion chromatography with both UV and 
radioactivity detection. The conversion of the monomeric 
Fab’ molecule to a mixture of radioiodinated Fab’ and 
radioiodinated mF(ab’)2 under the cross-linking reaction 
conditions could be readily seen on the HPLC traces (see 
Figure 5D-F). It was anticipated that when 1 equiv (0.5 
quantity) of 3b was used the radiotrace would be similar 
to the UV trace, with perhaps a somewhat larger Fab’l 
mF(ab’)z ratio in the UV trace than in the radioactivity 
trace, the expected differences being due to the fact that 
there should be some Fab’ molecules with radioiodinated 
3b conjugated and some with no radioconjugate. This 
was found to be the case; however, we were surprised to 
find that a similar result was obtained in an experiment 
which employed 0.1-0.2 equiv of radioiodinated 3b. This 
fact led us to examine the reaction of stannylphenethyl- 
amine-ETAC 3a with Fab’. On the basis of previous 
studies with arylstannane antibody conjugation reactions 
(15), it was believed that this very lipophilic compound 
would not be soluble enough to react in aqueous solution. 
However, reaction with 3a was found to result in cross- 
linking of Fab‘to form mF(ab’)z in approximately the same 
proportion as observed for the iodinated phenethyl 
derivative, 3b. With the prospect of reaction of Fab’with 
3a, an evaluation of the amount of this reagent present in 
the reaction mixtures becomes important. In most ra- 
dioiodination reactions, 50 pg (56 X 103 pmol) of the 
stannylphenethylamine-ETAC reagent 3a was used. Of 
that quantity, 40% or 20 pg (22 X pmol), or as many 
as 10 equiv, of 3a was available for reaction with the Fab’ 
in solution. The fact that reaction with 3a occurs, and 
that 3a is present in large excess, raised some questions 
about the cross-linking reactions. Of particular interest 
was the number of stannyl-ETAC molecules that have 
reacted with the Fab’. Another pertained to the location 
ofthe cross-linking if more than one ETAC molecule reacts 
with a Fab’ fragment. Unfortunately, answers to these 
questions could not be obtained from these initial studies. 

Site-specific cross-linking of an ETAC reagent with an 
antibody Fab’ fragment is possible through selective 
reaction of free sulfhydryl groups in the hinge region, as 
depicted in Figure 1. In concept, this approach might be 
applied to all antibodies. However, general application of 
such an approach presumes that a Fab’ can be prepared 
from any antibody, which is not the case. Immunoglo- 
bulins of the IgG class are globular in nature and contain 
inter- and intrachain disulfide bonds (31). Subclasses of 
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IgG molecules, and IgG molecules derived from different 
species, have differing numbers of interchain disulfide 
bonds. This difference in the hinge region disulfide bonds 
can affect the degradative enzymatic reactions used to 
prepare F(ab’)z fragments. For example, antibodies of 
the IgGl and IgGz, subclasses are generally degraded by 
the enzyme pepsin or thiol-free “preactivated” papain to 
form the F(ab’)z fragment (32), but antibodies of the IgGzb 
subclass are degraded by proteolytic enzymes (such as 
pepsin) to form the Fab fragment directly. Therefore, 
application of this approach may be limited to antibodies 
which can be enzymatically degraded to F(ab’)z fragments. 

The antibody used in this investigation was an antirenal 
cell carcinoma antibody of the IgGl subclass, designated 
as A6H (19,33-36). The schematic representation of the 
A6H antirenal cell carcinoma antibody in Figure 1 has 
been drawn with three disulfide bonds between heavy 
chains as mouse derived IgGl antibodies have that number 
of interchain disulfide bonds in the hinge region (31). It 
is not generally known how many of the disulfide bonds 
are retained after the pepsin digestion. For simplicity 
only one disulfide bond is depicted in Figure 1. It should 
be noted that an immunocompetent A6H F(ab’)z can be 
obtained from the pepsin digestion after only 2 h, but that 
F(ab’)z fragment, although indistinguishable by size 
exclusion HPLC from that obtained after 24 h digestion, 
was not readily reduced to Fab’ under the DTT reaction 
conditions employed in this investigation. The difference 
in DTT reactivity observed between the A6H F(ab’)z 
molecules may be indicative of the extent of digestion in 
the hinge region. 

A few cross-linking experiments were conducted at  37 
“C. In those experiments, roughly the same amount of 
cross-linking was observed as had been seen at  25 “C. Cross- 
linking experiments were also conducted at  lower pH values 
to determine what effect pH had on the cross-linking. At  
pH 6 (0.1 M sodium carbonate) about the same ratios of 
cross-linking occurred, but a large proportion of the 
radioactivity was present as radiolabeled small molecules 
(Figure 5F). At  pH 5 (0.1 M sodium carbonate) very little 
of the activity was associated with Fab’, and no cross- 
linking was seen. In the latter experiment, it appeared 
that the small amount of activity which was associated 
with protein might have come from reaction of the a,P- 
unsaturated keto ETAC molecule, [1311]4b, introduced as 
an impurity with E13lI13b. 

Some cross-linking experiments were conducted after 
pretreatment of the antibody fragment with iodoaceta- 
mide. These experiments were conducted to determine 
if sulfhydryl groups produced after reduction could be 
blocked, preventing addition of radioiodinated 3b. To 
ensure that only sulfhydryl groups produced from DTT 
reduction were present in the reactions, iodoacetamide 
capping (for preexisting sulfhydryl groups) was conducted 
prior to DTT treatment. The antibody F(ab’)z fragment 
was then reduced with DTT to form Fab’, and half of the 
quantity was treated a second time with iodoacetamide. 
The Fab’ which had not been treated with iodoacetamide 
after reduction with DTT reacted with radioiodinated 3b, 
whereas Fab’ treated with iodoacetamide after reduction 
did not react with 3b. 

The A6H mF(ab’)z had identical retention character- 
istics on size-exclusion HPLC analysis as that found for 
the A6H F(ab’)z. Isolation of radioiodinated mF(ab’)z was 
accomplished by collection of samples having the ap- 
propriate retention time from multiple injections (e.g., 2 
or 3) on an analytical size exclusion HPLC column. This 
provided samples for in vitro and i n  uiuo analysis of the 
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mF(ab’)z. Several isolated samples were analyzed for their 
immunoreactivity (tumor cell binding), and little decrease 
was noted. Although there was a considerable range of 
immunoreactivities obtained, the range was consistent with 
day-to-day variability of the analysis, and other radiola- 
beled antibodies examined on the same day had similar 
cell binding values. 

Results from SDS-PAGE analyses, which compared 
A6H F(ab’)z, crude A6H mF(ab’)z, and purified A6H mF- 
  ab')^, indicated that cross-linked mF(ab’)z was similar to 
unaltered F(ab’)z. The autoradiograph of purified radio- 
iodinated mF(ab’)z SDS-PAGE gel (Figure 7B) appeared 
to have more heterogeneity than seen on the silver-stained 
protein (Figure 7A). Although the observed differences 
in heterogeneity may simply be an artifact of the exposure 
time (i.e., overexposure may bring out minor bands), this 
observation raised a question of whether there were cross- 
linked mF(ab’)2 species of different stabilities present in 
the radioiodinated product mixture. On the basis of the 
reactivity of 3a, it seems possible that a mixture of 
conjugated stannyl-ETAC 3a and radioiodinated-ETAC 
3b species were formed in the cross-linking reactions. It 
is also possible that spontaneous reformation of disulfide- 
bonded F(ab’)z might occur under the reaction conditions, 
but the latter possibility is unlikely as no cross-linking 
was observed under the reaction conditions employed 
without ETAC molecules being present. 

Reversibility of addition is inherent in ETAC molecules 
and was of concern in our studies. Liberatore et al. were 
also concerned about reversible addition of ETAC mol- 
ecules to antibodies and evaluated the stability of reduced 
(NaCNBH3) and nonreduced forms of antibody adducts 
(IO). Those studies provided evidence that there was not 
a measurable difference in stability between the two. In 
our studies, we chose to evaluate the stability of the F(ab’)z 
adducts by subjecting them to chemical challenges (i-e., 
incubation with reagents). The challenge experiments 
demonstrated that the purified A6H mF(ab’)z was quite 
stable under neutral conditions (in saline) a t  physiological 
temperature (37 “C) for up to 20 h. The mF(ab’)z was also 
found to be quite stable in a 1 M aqueous cysteine solution, 
where a detectable loss of radiolabeled ETAC might have 
been expected. Some reversibility of the radioiodinated 
ETAC was observed at room temperature (10% at  16-19 
h) when mF(ab’)z was mixed with 1 M carbonate buffer 
(pH 9.3). A higher percentage was lost (25% at 16-19 h) 
when challenged with 1 M aqueous N-a-acetyllysine, a 
nucleophilic base. From these results it was concluded 
that the A6H mF(ab’)z, prepared by reaction with ETAC 
3b, was stable enough to use without post-cross-linking 
modification (e.g., NaCNBH3 reduction). 

A biodistribution of purified mF(ab’)z was conducted 
in athymic (nude) mice bearing a renal cell xenograft (TK- 
82) to ascertain how it compared in vivo with coinjected 
radiolabeled A6H F(ab’)z. The data obtained (Table 2) 
suggest that the ETAC cross-linked mF(ab’)z is nearly as 
stable as the F(ab’)z i n  uiuo, having a distribution more 
similar to a F(ab’)z than a Fab’ fragment (Table 3). Slightly 
higher concentrations of mF(ab’)z were seen in the kidney 
and intestines at the three time points, and somewhat 
lower concentrations were seen in the tumor, lung, and 
stomach. The data in Table 2 correlate well with data 
obtained in a previous biodistribution employing PIB- 
labeled A6H F(ab’):! as a control (14) and are quite different 
from data obtained from the radioiodinated A6H Fab’ 
biodistribution study (Table 3). 

In summary, we have found that trifunctional ETAC 
molecules can be readily prepared and modified for use 
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as Fab’ cross-linking reagents. As a method of following 
the cross-linking reaction, a radioiodinated ETAC deriva- 
tive, 3b, was prepared in good yield and high specific 
activity. It was found that the ETAC molecules used were 
relatively stable but had to be handled and stored with 
care to avoid polymerization. Cross-linking experiments 
conclusively demonstrated that Fab’ could be recombined 
to form mF(ab’)z in moderate yields (3040%). Since the 
cross-linking reactions did not go to completion, mF(ab’)z 
had to be separated from Fab’ prior to testing. The ETAC 
cross-linked mF(ab’)z was found to be reasonably stable 
in vitro under a variety of conditions. The ETAC cross- 
linked mF(ab’)z was also found to be reasonably stable in 
vivo as the distribution was similar to that of a co-injected 
iodobenzoyl labeled F(ab’)z. 

In this preliminary study, the conditions for radioio- 
dination of F(ab’)p via 3b were not optimized, as we were 
primarily interested in determining if cross-linking could 
be accomplished. The investigation included studies of 
the stability of ETAC reagent in a number of solvents. 
However, more extensive studies need to be conducted 
with derivatized ETAC compounds to determine how long 
the reagents can be stored and to determine the best 
conditions for storage. HPLC analyses of the radiolabeling 
of the stannylphenethyl-ETAC 3a indicated that it could 
be used in studies for up to 4 months, but it appeared that 
some of the radioactivity was being left on the HPLC 
column for the material stored over 1 month. 

Many different applications of the conjugation method 
shown in Figure 1 can be envisioned. Although a number 
of other conjugate methods of radioiodination have already 
proven to be adequate (8)) a polymeric reagent that has 
many sites for radioiodination is of interest. Such a reagent 
could be used to increase the specific activity achievable 
in therapeutic radiolabeling of antibody F(ab’)z fragments. 
Another application of interest is preparation of an 
antibody conjugate which is coupled to a boronated 
polymer for application to boron neutron capture therapy 
(37). Many additional studies will have to  be conducted 
before such goals can be realized. 
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The preparation and spectrophotometric characterization of (both Fez+ and Fe3+ forms) poly(ethy1ene 
glycol) (PEG; av FW 5000)-modified horse cytochrome c (cyt c(PEG),) with different degrees of 
modification (n, = 6,19) by UV-vis spectroscopy, circular dichroism spectroscopy, resonance Raman 
spectroscopy, and cyclic voltammetry are described. Extensive modification (nav = 19) of cyt c causes 
gross structural deformation of the heme as evidenced by major spectral changes in the UV-vis and 
circular dichroism spectral signatures of both the Fez+ and Fe3+ forms. Modification of cyt c by six 
PEG residues, however, produces a protein in which the heme active site is structurally and functionally 
intact (UV-vis, circular dichroism, and resonance Raman) and which exhibits a t  least quasireversible 
direct electron transfer ( E O ’  = 338 f 5 mV vs SHE; (2.1 f 0.6) X 10-3 cm/s) a t  bis(6pyridyl) disulfide- 
modified Au electrodes. 

INTRODUCTION 
Recently, a number of reports have appeared describing 

the preparation and study of poly(ethy1ene glycol) (PEG)- 
modified proteins (1-6). PEG-modified proteins have a 
number of unique properties that make them of interest 
in a rather diverse range of applications. First, PEG is 
nonimmunogenic. Modification of proteins by PEG can 
change the natural immunological properties of the protein, 
rendering it invisible in vivo, (7-10). Thus, selected 
proteins are of interest in, for example, artificial blood, 
enzyme therapy, etc. (7-1 1). Secondly, covalent modifi- 
cation of enzymes by PEG produces enzyme derivatives 
that are soluble in nonaqueous solvents such as benzene 
(12,13). Recently, enzymatic reactions have been shown 
to take place in organic solvents (14,15). In organic media, 
enzymes have been found to exhibit remarkable new 
properties such as increased thermal stability (16), dif- 
ferent substrate specificity (1 7), and novel chemo-(18,19) 
and enantioselectivity (20, 21). Consequently, PEG- 
modified enzymes are of interest in the developing field 
of nonaqueous enzymology (22-25). 

Limited spectroscopic characterization has been per- 
formed to date on PEG-modified proteins. I t  is likely 
that this is due to the highly heterogeneous nature of PEG- 
modified proteins (the size and conformation of the 
polymer, the uncertainty in the both the number of poly- 
(ethylene glyco1)s bound to the protein, and the identity 
of preferred protein binding sites). 

One method of pegylation involves reaction of the 
protein’s free amino groups with 2-methoxypoly(ethylene 
glycol)-substituted 4,6-di~hloro-s-triazine:~ 

O-PEG cy@-PEG + NH2protein Hqy + 2HC, 

HNprotein E-amino group from exposed lysine 
TN 

mPEG 

This approach is popular because pegylation can be 
accomplished readily under relatively mild reaction con- 
ditions (pH 9 at  room temperature) in one step using a 
commercially available reagent. However, cyanuric chlo- 
ride is toxic, partially inactivates some enzymes upon 

* Abstract published in Advance ACS  Abstracts, April 15, 
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coupling (26, 27), and has been shown to be somewhat 
promiscuous in its reactivity with functional groups other 
than amines (28). Recently, a number of other PEG-based 
reagents have been developed in an effort to circumvent 
these difficulties (29). Nonetheless, this strategy remains 
popular. 

Cyt c, a heme redox protein involved in electron transfer 
in the mitochondrial respiratory chain (30), represents an 
excellent model biomolecule with which to study the effects 
of pegylation. Physicochemical characterization of cyt c 
(including UV-vis, CD, RR, and CV) has been extensive 
(31). Horse heart cyt c, perhaps the best characterized 
cyt c protein, has 22 lysines located primarily on the protein 
surface near the heme crevice (32,33). Differences in the 
reactivity of singly substituted carboxydinitrophenyl 
(CDNP) cyt c derivatives, prepared by the chloroarylation 
of surface lysines, with cytochrome oxidase have been 
interpreted as evidence that these lysines play an impor- 
tant role in the electron-transfer activity of cyt c and have 
been used to define the effective domain of interaction 
between cyt c and cytochrome oxidase (34). For these 
reasons, horse cyt c represents an ideal model biomolecule 
with which to investigate the structural effects of pegy- 
lation. 

In view of the aforementioned need for structural studies 
of pegylated proteins, the popularity of pegylation using 
2-methoxypoly(ethylene glycol)-substituted 4,6-dichloro- 
s-triazine, and the attractiveness of cyt c as a model 
biomolecule, we wish to report our findings relating to the 
structure and reactivity in aqueous media of PEG-modified 
cyt c (both Fez+ and Fe3+ forms) with several degrees of 
modification by UV-vis spectroscopy (UV-vis), circular 
dichroism spectroscopy (CD), resonance Raman spec- 
troscopy (RR), and cyclic voltammetry (CV). 

MATERIALS AND METHODS 
Horse heart cytochrome c, type VI, Sigma Chemical Co. 

was purified in the usual manner by ion-exchange chro- 
matography (35) and subsequently desalted and repeatedly 
concentrated (more than five times-each time from an 
initial volume of 50 mL to a final volume of <5 mL) using 
an Amicon ultrafiltration cell (YM10 membrane) and 
distilled water. The purity of the cyt c was established by 
measurement of the ratio of the absorbance of Fe2+cyt c 
at  550 nm to that of Fe3+cyt c at  280 nm. Cyt c was deemed 
acceptable in this work if A550/AzN I 1.15. 
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The following materials were obtained commercially and 
used as received: sodium phosphate monobasic mono- 
hydrate (Baker), sodium phosphate dibasic (Fisher), 
potassium perchlorate (Mallinckrodt), bis(4-pyridyl) di- 
sulfide (BPD; Sigma), methoxypoly(ethy1ene glycol) (av 
FW 5000) activated with cyanuric chloride (Sigma), sodium 
tetraborate decahydrate (Aldrich), and Silanor dimethyl 
sulfoxide-d6 (MSD). 

Preparation of Cyt c(PEG)6. Commercial methoxy- 
poly(ethy1ene glycol) activated with cyanuric chloride (0.54 
g; 1.1 X lo4 mol) and purified horse cyt c (0.21 g; 1.7 X 
10-5 mol) were stirred together in 20 mL of 0.1 M borate 
buffer, pH 9.2 for 3 h a t  5 "C. The reaction was terminated 
by the addition of 50 mM phosphate buffer, pH 7.0, to the 
reaction mixture. Unreacted protein, PEG, and borate 
were removed by repeated concentration (more than five 
times-each time from an initial volume of 50 mL to a 
final volume of <5 mL) of the sample in an Amicon 
ultrafiltration cell (YM 30 membrane) using distilled water. 
The final solution (<5 mL) was subsequently dialyzed 
(SpectraPor 7 MWCO 25,000) overnight against 500 mL 
of distilled water. Modified cyt c in the dry state was 
prepared by the lyophilization of this solution after it was 
determined that the UV-vis spectrum of the lyophilized 
protein upon immediate dissolution in water was identical 
to that of modified protein which had not been lyophilized. 
Most notably for cyt c(PEG)s the UV-vis spectrum of the 
lyophilized protein exhibited the 695-nm band upon 
immediate dissolution in water. 

Preparation of Cyt c(PEG)19. Commercial methoxy- 
poly(ethy1ene glycol) activated with cyanuric chloride (0.60 
g; 1.2 X lo4 mol) and purified horse cyt c (0.05 g; 4.0 X 
104 mol) were stirred together in 20 mL of 0.1 M borate 
buffer, pH 9.2 for 3 h a t  5 "C. The reaction was terminated 
by the addition of 50 mM phosphate buffer, pH 7.0, to the 
reaction mixture. Unreacted protein, PEG, and borate 
were removed by repeated concentration (more than five 
times-each time from an initial volume of 50 mL to a 
final volume of <5 mL) of the sample in an Amicon 
ultrafiltration cell (YM 100 membrane) using distilled 
water. The final solution (<5 mL) was subsequently 
dialyzed (SpectraPor 7 MWCO 50 000) overnight against 
500 mL of distilled water. Modified cyt c in the dry state 
was prepared by the lyophilization of this solution. 

Optical Absorption and Circular Dichroism Mea- 
surements. UV-vis spectra were recorded at room 
temperature on a Perkin-Elmer Lambda 9 UV-vis/NIR 
spectrophotometer. Circular dichroism spectra were 
obtained on a JASCO 500C spectropolarimeter. Rect- 
angular Supracil cells (Hellma) of path length 0.1 and 1.0 
cm were used for both UV-vis and CD measurements, 
depending on the protein concentration. 

Raman Spectroscopy. Raman measurements were 
recorded on a home-built instrument. The system is based 
on a Coherent INNOVA 306 Argon ion laser, triplemate 
spectrometer (0.6 m, f/6.3), and a thermoelectrically cooled 
Princeton Instruments intensified PDA detector. A Spex 
80386 computer controls the data acquisition. An un- 
coated broadband depolarizer (Optics for Research) was 
used in all measurements. Samples, contained in Kimax 
melting point tubes (1-mm i.d.), were typically excited 
with 100 mW or less of 514.5-nm light. The resolution of 
the spectrometer is ca. 2 cm-' a t  the excitation wavelength 
used here. Fenchone was used to calibrate the Raman 
frequencies (36). All observed intensities are relative and 
not true intensities and have not been corrected for the 
spectral sensitivity of the instrument. 
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Figure 1. UV-vis spectra for native Fes+cyt c and Fes+cyt 
c(PEG), (n, = 6, 19) in 50 mM phosphate buffer, pH 7.0. (-) 

c(PEG)le. Inset shows 695-nm band for these proteins. 
12.5 pM cyt C; (- -) 87.5 pM cyt c(PEG)e; (- - -) 75.0 pM cyt 

Electrochemistry. Cyclic voltammetry measurements 
were made with a BAS lOOB electrochemical workstation. 
The electrochemical cells were of the conventional three- 
electrode design. A single junction Ag/AgC1(3.0 M NaC1) 
reference electrode, a BPD-modified Au foil working 
electrode, and a Pt-gauze counter electrode were used in 
all experiments. The BPD-modified Au electrode was 
prepared by soaking an electrochemically cleaned (37) Au 
foil electrode for 5 min in a freshly prepared 1 mM BPD 
solution. The BPD-modified electrode was then rinsed 
and air dried. CV measurements were made in quiescent 
solution at  room temperature 23 f 1 "C. The buffer 
solution was 50 mM sodium phosphate pH 7.0, saturated 
with KC104. All potentials are reported vs the standard 
hydrogen electrode (SHE). Background subtracted cyclic 
voltammograms (total current for all electroactive species 
minus current measured for buffer and electrolyte alone) 
were used in all quantitative analyses of the cyclic 
voltammetry data. 

Determination of Degree of PEG Modification. The 
average extent of modification of amino groups in cyt c by 
2-PEG-4,6-dichloro-s-triazine (av FW 5000) has been 
determined using a combination of UV-vis and 1H NMR. 
NMR spectra were recorded on a Varian XL-300 spec- 
trometer. A calibration curve relating the average con- 
centration of PEG (6 = 3.49 ppm) to that of the internal 
NMR standard tetramethylsilane, a t  constant known 
concentration, in D M s 0 - d ~  was prepared and used to 
determine the concentration of PEG in actual cyt c(PEG), 
samples. The average concentration of cyt c in the NMR 
samples was then determined by UV-vis, assuming that 
the molar absorptivities of the Soret and Q-bands, due to 
porphyrin-centered a- a* transitions (31 1, are unaffected 
upon modification by PEG. The average number of PEG'S 
per cyt c was then determined from the ratio of the 
concentration of PEG (from the NMR analysis) to the 
concentration of cyt c (from the UV-vis). We estimate 
uncertainty in n as determined by this method to be better 
than fl. 

RESULTS AND DISCUSSION 

Spectrophotometric Characterization of Cyt 
c(PEG),,in Aqueous Solution UV-vis. Figure 1 shows 
the UV-vis spectra for two poly(ethy1ene glycol) (av FW 
5000)-modified Fe3+cyt c's together with that for native 
cyt c. The absorption spectra of both pegylated derivatives 
exhibit the intense Soret (410 nm) and &-band (500-550 
nm) features, a -+ a* transitions characteristic of the cyt 
c heme active site. 



238 Bioconjugate Chem., Vol. 5, No. 3, 1994 

150000 1 

Mabrouk 

7 5 600001 '\ 

30000 1 It,,\ A*,L 

, 1 0 
400 450 500 550 600 650 

Wavelength (nm) 

Figure 2. UV-vis spectra for native Fe2+cyt c and Fe2+cyt 
c(PEG), ( R ,  = 6,19) in 50 mM phosphate buffer, pH 7.0 (-) 
8.3 pM cyt c; (- - -) 0.44 mM cyt c(PEG)s; (- - -1 22. pM cyt 
c(PEG)lg. The Fez+ form of these proteins was prepared by the 
addition of excess sodium dithionite. 

The UV-vis spectrum for Fe3+cyt c(PEG)e looks very 
similar to that of native ferricyt c both in terms of the 
energy and intensity of these absorption features. In 
addition, the UV-vis spectrum of cyt c(PEG)e shows the 
presence of the 695-nm band which is known to be a 
sensitive marker of cyt c conformation. 

However, significant changes are apparent in the UV- 
vis spectra when the degree of PEG modification becomes 
extensive (nav = 19). In particular, the Soret and Q bands 
shift to slightly higher energy and gain intensity. Her- 
skovits et al. (38 )  observed similar spectral changes in the 
Soret absorbance of cyt c in alcohol solutions. These 
spectral changes have previously been interpreted as 
evidence for loosening of the heme crevice and exposure 
of the heme to a more polar environment. In addition, in 
the UV-vis spectrum of c y t  c(PEG)lg, the intensity of the 
Q-bands decreases and the 695-nm band completely 
disappears. Loss of the 695-nm band is usually associated 
with weakening or rupture of the axial Met80-Fe3+ bond 
and an opening of the heme crevice (39 ,40 ) .  Thus, taken 
together, the aforementioned UV-vis spectral changes 
observed for cyt c(PEG)19 provide evidence that significant 
structural change has taken place in the heme active site 
of this pegylated derivative. Specifically, the spectral 
changes suggest that the axial Met80-Fe3+ bond has been 
broken and the heme crevice has opened exposing the 
heme active site to solution. 

The UV-vis absorption spectra for the Fez+ form of the 
cyt  c(PEG), derivatives were also investigated (Figure 2). 
The UV-vis spectra for the Fe2+cyt c(PEG),'s, prepared 
by chemical reduction in aqueous solution with either 
excess sodium dithionite or ascorbic acid, exhibited UV- 
vis spectra very similar to that of native ferrocyt c both 
in terms of the energy and intensity of the absorption 
features. The only detectable changes were observed for 
Fe2+cyt c(PEG)19; the Soret and &-bands appear a t  slightly 
higher energy than for the unmodified Fe2+cyt c. The 
similarity of the ferrous spectra for the pegylated deriva- 
tives to that of cyt c was not unexpected. The UV-vis 
spectrum for ferrous cyt c is known to be less sensitive to 
structural change than that of Fe3+ cyt c. For example, 
the addition of 6 mol % alcohol is known to produce 
significant changes in the UV-vis and CD spectra of Fe3+ 
cyt  c while the addition of >50 mol % alcohol is required 
to produce any change in either the UV-vis or CD spectra 
of Fez+ c y t  c (41, 42). 

CD. Figure 3 compares the visible CD spectra for two 
poly(ethy1ene glycol)-modified Fe3+ cyt c's (nav = 6, 19) 
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Figure 3. CD spectra for native Fe3+cyt c and Fes+cyt c(PEG), 
( R ,  = 6, 19) in 50 mM phosphate buffer, pH 7.0. (-) 14.2 pM 
cyt C; (- - -) 19.6 pM cyt c(PEG)& (- - -) 6.4 pM cyt c(PEG)19. 

with that of native cyt c. Significant changes in the CD 
spectra of cyt c(PEG), are apparent as the degree of 
modification by PEG becomes extensive. In particular, 
the positive features a t  490 and 530 nm and the negative 
troughs at  330,370, and 417 nm disappear upon extensive 
modification of the protein by PEG. 

To investigate whether the spectral changes observed 
in the CD spectrum of Fe3+ cyt c(PEG)6 are due to changes 
in local solvent polarity brought about by covalent 
attachment of the relatively hydrophobic PEG polymer 
to the protein, we prepared solutions of cyt c in 50 mM 
phosphate buffer containing different concentrations of 
PEG (5 mM-0.02 M). No detectable changes in energy 
or intensity of the Soret and Q-band features were observed 
in either the UV-vis or CD spectra (not shown) upon the 
addition of PEG to the protein suggesting that the 
differences in the Soret CD band shape observed for Fe3+ 
cyt c(PEG), reflect genuine structural changes in the heme 
active site induced by covalent PEG binding. Further- 
more, the observation of changes even in the CD spectra 
of cyt c(PEG)e suggests that the conformation of the cyt 
c heme active site may be affected by PEG modification 
even when the extent of pegylation is moderate. 

Resonance Raman. Figures 4-6 show the resonance 
Raman spectra (700-1700 cm-l) for native cyt c, cyt 
c(PEG)e, and cyt c(PEG)19 upon laser excitation at  514.5 
nm. At this excitation wavelength, resonant enhancement 
is expected primarily for in-plane heme vibrations in cyt 
c. The bands observed in the resonance Raman spectra 
for Fe3+ and Fe2+cyt c (top of Figures 4 and 5, respectively) 
are known to be due to resonant enhancement of in-plane 
porphyrin modes involving C-C and C-N stretching as 
well as C-H bending at  the methine bridges (43 ) .  The 
Raman data for Fe3+ and Fe2+cyt c(PEG)e excited at this 
wavelength (bottom of Figures 4 and 5,  respectively) appear 
remarkably similar to that of native cyt c both in terms 
of the frequencies and the relative intensity of the 
vibrational features observed for the native protein. 

Several bands known as the oxidation state, spin-state, 
and core size marker bands have been demonstrated to be 
useful structural markers for cyt  c (44 ) .  The so-called 
oxidation state marker band, principally an outer por- 
phyrin ring breathing mode, is relatively insensitive to 
the nature of the spin state of the iron. The frequency of 
the oxidation state marker is known to decrease from 1375 
cm-l for Fe3+ to 1360 cm-l for Fe2+. A second feature known 
as the spin state marker band, mainly a methine bridge 
mode, is extremely sensitive to the nature of the iron spin 
state and decreases in frequency from 1585 cm-1 for low- 
spin iron to 1555 cm-l for high-spin iron. A third useful 
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Figure 4. Resonance Raman spectra in 50 mM phosphate buffer, 
pH 7.0, of 7.0 r M  Fe3+cyt c (top) and 0.45 mM Fe3+cyt c(PEG)6 
(bottom). Spectral conditions: wavelength, 514.5 nm; power at 
sample, -100 mW; integration time, 5 s/scan. The spectra are 
composites of 200 scans. 
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Figure 6. Resonance Raman spectra of 0.3 mM Fe3+cyt c, pH 
12.3 (top) and 0.4 mM Fe3+cyt c(PEG)lg in 50 mM phosphate 
buffer, pH 7.0 (bottom). Spectral conditions: wavelength, 514.5 
nm; power at sample, -100 mW; integration time, 5 s/scan. The 
spectra are composites of 200 scans. 
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Figure 5. Resonance Raman spectra in 50 mM phosphate buffer, 
pH 7.0, of (top) 0.14 mM Fe2+cyt c; (top) and 0.45 mM Fe2+cyt 
c(PEG)e (bottom). Spectral conditions: wavelength, 514.5 nm; 
power at sample, -100mW;integration time, 5 s/scan. The spectra 
are composites of 200 scans. Excess sodium dithionite was added 
to ensure that the protein was in the reduced form. 

marker band typically appearing at 1578 cm-l is a useful 
predictor of changes in the porphyrin core size. 

Figures 4 and 5 show the key result that the frequency 
of the oxidation state marker band, the core size marker 

band, and the spin state marker band for cyt c(PEG)s are 
the same as that found for the native protein within 
experimental error. 

The most significant changes are differences in relative 
band in both redox forms of cyt c(PEG)6. For example, 
the intensity of the 1632 cm-l band for Fe3+ cyt c(PEG)6 
is attenuated compared to that for native Fe3+ cyt c. In 
addition, the intensity of spectral features a t  1361,1545, 
and 1580 cm-l of Fe2+ cyt c(PEG),j is somwehat greater 
compared to that for native Fe2+ cyt c .  These intensity 
differences suggest that there are apparent differences in 
the polarization properties of these bands and signal small 
but real differences in the active site structure of cyt 

Overall, the vibrational frequencies of the marker bands 
and the relative band intensities observed for cyt c(PEG)6 
provide strong evidence that the heme active site iron in 
cyt c(PEG)6 assumes a hexacoordinated low-spin structure 
similar to that found in the native protein. 

Figure 6 shows the resonance Raman spectrum for Fe3+- 
cytc(PEG)Igin 50 mM phosphate buffer, pH 7.0, and Fe3+- 
cytc a t  pH 12.3. These Raman spectra appear remarkably 
similar both in terms of the observed intensities and 
frequencies of the vibrational features suggesting that the 
heme active site structure is similar in both systems. In 
the alkaline form of cyt c at pH 12.3, the heme active site 
axial methionine-80 sulfur-to-iron bond is known to be 
broken. Kitagawa et al. (45) have shown that the increase 
in frequency of the 1565 cm- (Fe3+) Raman band and the 
decrease in the relative peak intensity of the 1636 cn-1 
line compared to that of the 1584 cm-l feature parallel the 
disappearance of the 695 nm band in the UV-vis spectrum 
of cyt c at alkaline pH and as such are useful indicators 
of the active site structural change. These spectral 
characteristics are observed in our Raman data for cyt 
c(PEG)19. Thus, our results provide strong evidence, in 

c(PEG)~. 
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Figure 7. Background-subtracted cyclic voltammetry of 1.31 
mM cyt c(PEG)e at a BPD-modified Au electrode in 50 mM 
phosphate buffer, pH 7.0 saturated with potassium perchlorate. 
Potential scan rates in mV/s are 50 (-e), 100 (- -), and 150 (-). 
Electrode area 0.70 cm2. The formal potential for cyt c(PEG)e, 
estimated from the cathodic and anodic peak potentials, is 338 * 5 mV vs SHE. 

agreement with our findings from UV-vis and CD 
spectroscopy, that the cyt c(PEG)le heme active site is 
non-native and similar to that in alkaline cyt c. 

Aqueous Direct Electrochemistry at Au. The direct 
electrochemistry of cyt c(PEG)6 at  BPD-modified Au 
electrode has been investigated in aqueous phosphate 
buffer, pH 6.97. Figure 7 shows typical background- 
subtracted cyclic voltammograms for cyt c(PEG)s as a 
function of scan rate. The electrochemical response for 
cyt c(PEG)6 at  Au shows a well-defined redox wave that 
is stable with continuous cycling for a t  least 2 h. The 
formal potential for cyt c(PEG)s, estimated from the 
cathodic and anodic peak potentials, is 338 f 5 mV vs 
SHE, 86 mV more positive than the value (252 f 5 mV) 
for cyt c. 

Between 10 and 250 mV/s, the peak-to-peak potential 
separations of the anodic and cathodic waves for the 
background subtracted data for cyt c(PEG)6 are dependent 
on scan rate and are ca. 100-125 mV compared to 60 mV 
for native cyt c. The ratio of the anodic and cathodic peak 
currents was found to be 0.89 f 0.08 based on all the scan 
rates studied. These data are consistent with a one- 
electron quasireversible diffusion-controlled electron- 
transfer process. Furthermore, both anodic and cathodic 
peak currents are linearly related to (scan rateY2 for cyt 
c(PEG)6 (Figure 8) as expected for a diffusion-controlled 
redox process. The average diffusion coefficient calculated 
from the slope of these plots is (1.4 f 0.4) X lo4 cm2/s. 
This value is in good agreement with the accepted value 
of Do for native cyt c (1.0 X 10-6 cm2/s) obtained by 
nonelectrochemical methods (46). The heterogeneous 
electron transfer rate constant was estimated by Nichol- 
son's method (47) to be (2.1 f 0.6) X cm/s. These 
results indicate that electron transfer between cyt c(PEG)6- 
and BPD-modified Au electrodes in aqueous media is 
quasireversible in an electrochemical sense. Furthermore, 
the heterogeneous electron transfer rate for the modified 
protein compares well with that previously reported for 
native cyt c a t  BPD modified Au electrodes (ca. 5 X le3 
cm/s) (48-50). These results suggest that moderate 
modification of cyt c by PEG does not adversely affect the 
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Figure 8. Potential scan rate dependence of anodic CV peak 
responses taken from the cyclic voltammetry of 1.31 mM cyt 
c(PEG)e at a BPD-modified Au electrode in 50 mM phosphate 
buffer, pH 7.0 saturated with potassium perchlorate. The dotted 
curve represents the best fit (Do = (1.4 f 0.4) X 1W cm2/s; r = 
0.99) to  the data. Error bars for individual points are smaller 
than the symbol size used. 

protein's ability to carry out its natural biological function, 
electron transport, a t  least a t  solid electrode surfaces. 

In summary, we have found that moderate modification 
of cyt c by PEG produces a protein that is structurally, 
as characterized by UV-vis, CD, and RR spectroscopy, 
and functionally, as evidenced by demonstration of facile, 
reversible direct interfacial electron transfer a t  BPD 
modified Au, intact but which exhibits novel differences 
in both protein structure and redox function. 

We have also shown that extensive modification ad- 
versely affects cyt c active site structure. Likely for cyt 
c this structural sensitivity toward pegylation is due to 
the location of the surface lysine residues available for 
pegylation near the heme active site. Studies are currently 
in progress to determine whether protecting the heme 
crevice during pegylation facilitates the preparation of 
derivatives in which the heme active site is structurally 
intact. 
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Synthesis of a Hybrid Protein Containing the Iron-Binding Ligand of 
Bleomycin and the DNA-Binding Domain of Hin 

Martha G. Oakley, Kenneth D. Turnbull, and Peter B. Dervan* 

Arnold and Mabel Beckman Laboratories of Chemical Synthesis, Division of Chemistry and Chemical Engineering, 
California Institute of Technology, Pasadena, California 91125. Received February 16, 1994@ 

The iron-binding and oxygen-activating domain of the natural product bleomycin [pyrimidoblamic 
acid-P-hydroxy-L-histidine (PBA-P-OH-His)] was attached to the NH2 terminus of the DNA binding 
domain of Hin recombinase (residues 139-190). This hybrid 54-residue protein PBA-P-OH-His-Hin- 
(139-190) binds specifically to DNA at four distinct Hin binding sites with affinities comparable to 
those of the unmodified Hin(139-190). In the presence of dithiothreitol, Fe(I1)ePBA-P-OH-His-Hin- 
(139-190) cleaves DNA with specificity remarkably similar to that of Fe(II)*EDTA-Hin(l39-190). 
Analysis of the cleavage patterns suggests that site-specific DNA cleavage is mediated by a localized 
diffusible species, in contrast with cleavage by bleomycin, which occurs through a nondiffusible oxidant. 
This has implications for the design of second-generation artificial sequence specific DNA cleaving 
proteins and defines limitations in current efforts to create atom-specific chemistry on DNA. 

INTRODUCTION 

Natural products have evolved over millions of years 
which are capable of high-yielding sequence-specific 
reactions at  single atoms on double-helical DNA, i.e., 
oxidation at  C(4’) by Fe(I1)-bleomycin, alkylation of N(3) 
of adenine by CC-1065, and phosphate hydrolysis by 
restriction endonucleases. The design of artificial se- 
quence-specific DNA-cleaving molecules requires the 
integration into a single molecule of two separate functions, 
recognition and cleavage. Early design of bifunctional 
molecules for sequence-specific oxidative cleavage of DNA 
relied on nonnatural cleaving moieties such as Fe- 
(1I)oEDTA which cleaves DNA by generating a diffusible 
species, most likely hydroxyl radical (1-4). It  is of interest 
in the design field to explore whether the architecturally 
more complex cleavage domains of natural products are 
useful for the construction of second generation hybrid 
molecules capable of atom-specific cleavage reactions 
within a ligand-DNA complex. 

The Dioxygen Activating Domain, PBA-P-OH-His. 
Bleomycin cleaves double-stranded DNA in the presence 
of oxygen and Fe(I1) at  5’-GC-3’ and 5’-GT-3’ sites (5, 6) 
by abstraction of the 4’-hydrogen of the pyrimidine 
deoxyribose (7). The bleomycin glycopeptide has tradi- 
tionally been divided into several structural and functional 
domains (5, 6). The tripeptide pyrimidoblamic acid- 
erythro-@-hydroxy-L-histidine (PBA-@-OH-His) is neces- 
sary for iron binding and dioxygen activation (Figure 1) 
(8-1 0). The carbamoyl disaccharide moiety increases the 
efficiency of DNA cleavage, although deglycobleomycin 
cleaves DNA with similar specificity to that of bleomycin 
(8, 11, 12). A peptide linker region separates the iron- 
binding domain from the bithiazole and the positively 
charged tail, which appear necessary for sequence-specific 
recognition of DNA (10). A synthetically simplified 
peptide ligand (PYML-6), modeled on the bleomycin metal 
binding core, was attached to distamycin. In the presence 
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Figure 1. Bleomycin Az. The highlighted segment is PBA-p- 
OH-His tripeptide. 

of Fe(II), this hybrid molecule cleaves DNA over several 
base pairs at  each A,T-rich binding site, similar to the 
cleavage patterns produced by Fe(I1)eEDTA-distamycin 
(13). To our knowledge, the tripeptide PBA-P-OH-His 
from the natural product, bleomycin, has never been 
attached to other DNA binding domains presumably due 
to the prior lack of an efficient synthesis. I t  has not yet 
been tested whether the iron-binding domain alone is 
capable of mechanistically similar cleavage to that effected 
by bleomycin when it is attached to a heterologous DNA 
binding domain in the minor groove. 

The DNA Binding Domain, Hin( 139-190). Because 
of the precise spatial requirements for DNA degradation 
by atom-specific chemistry, we chose a DNA-binding 
domain that has been shown to support oxidative cleavage 
of DNA by both a diffusible and nondiffusible mechanism 
in the minor groove. Hin recombinase binds as a dimer 
to a number of similar DNA sites with the consensus 
sequence5’-TTNTCNNAAACCA-3’(14,15). A52-amino 
acid peptide (residues 139-190) constitutes the sequence- 
specific DNA-binding activity of Hin (16). Attachment 
of Fe(I1)-EDTA to the NH2 terminus of Hin(139-190) 
affords specific oxidative degradation of the DNA at Hin 
binding sites via a diffusible oxidant proximal to the minor 
groove near the symmetry axis of Hin sites ( I  7). A binding 
model for Hin( 139-190) includes a helix-turn-helix-turn- 
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A. 
5' 3' 

B. 
5' 3' 

C 
5' ' 3' 

Figure 2. Schematic representations of models for hybrid proteins containing the Hin DNA-binding domain bound to one hixL 
half-site (IRLR). Putative a-helices are shown as cylinders with an arrow pointing from the NH2 to the CO2H terminus. (A) Fe- 
(II)-EDTA-Hin(139-190). (B) Ni(II)-GGH-Hin(l39-190). (C) Fe(II)~PBA-~-OH-His-Hin(139-190). 

helix structure in the major groove with the NH2 terminus 
extending across the phosphodiester backbone and resi- 
dues Gly139 and Argl40 making specific contacts in the 
minor groove (Figure 2A) (15,17, 18). 

Recently, the tripeptide Gly-Gly-His was also attached 
to the NH2 terminus of Hin(139-190) (Figure 2B) and 
shown to cleave DNA in the presence of Ni(I1) and peracid 
predominantly at a single deoxyribose position at  each 
Hin binding site (19,ZO). Thus, the DNA-binding domain 
of Hin can support DNA cleavage in the adjacent minor 
groove by a reactive metal complex that reacts with DNA 
through a nondiffusible oxidant. 

With the Hin DNA binding domain supporting both 
diffusible oxidant (EDTA-Fe/OdDTT) and nondiffusible 
oxidant (GGH*Ni/peracid) we are in a position to test 
mechanistically whether PBA-@-OH-His-Fe(II), when 
bound in the minor groove of DNA by Hin(139-190), 
cleaves by a nondiffusible species in the presence of 
dioxygen and reducing agent. We describe here the solid- 
phase synthesis and DNA-cleaving properties of a 54- 
residue hybrid protein, PBA-@-OH-His-Hin( 139-190), 
comprising the DNA-binding domain of Hin recombinase 
and the putative iron-binding and oxygen-activating 
domain of bleomycin, pyrimidoblamic acid-erythro-@- 
hydroxy-L-histidine. 

RESULTS 

Synthesis. Pyrimidoblamic acid-erythro-@-hydroxy- 
L-histidine was prepared in a diastereoselective synthesis 
according to the effective procedure recently described 
by Boger and co-workers (21). tert-Butyloxycarbonyl- 
protected (-)-pyrimidoblamic acid was prepared in eight 
steps from readily available starting materials and con- 
densed with the triphenylmethyl-protected methyl ester 
of erythro-8-hydroxy-L-histidine (prepared in seven steps) 
to afford PBA-@-OH-His dipetide la in 64% yield upon 
hydrolysis of the methyl ester. Dipeptide la was coupled 
to the NH2 terminus of resin-bound, fully protected Hin- 
(139-190) under standard peptide coupling conditions to 
afford 2 in 88 % yield (Figure 3) (4,17,18,22). The protein 
was deprotected and cleaved from the resin by treatment 
with anhydrous HF and purified by reversed-phase HPLC 
to afford PBA-P-OH-His-Hin( 139-190) (Figures 2C and 
3). The molecular weight of the hybrid protein was 
confirmed by laser desorption time-of-flight mass spec- 
trometry. As a control to ensure that the PBA-@-OH-His 

l a  (R=Boc, R=H, R"=CI'hd 
Ib (R=Boc, R=Me, R"=m3 
IC (R=H, R=Me, R"=H) 

1 DCC, HOW 

RAINKHEQEQ I SRLLEKGHPRQQ 
IIFGIGVSTLYRYFPISSIKKRMN 
PBA-P-OH-His-Hin(l39-190) 

Figure 3. Synthetic scheme for the attachment of the protected 
PBA-P-OH-His dipeptide la to the NH:! terminus of the Hin- 
(139-190) resin by solid-phase methods. 

dipeptide withstands HF treatment, the protected PBA- 
@-OH-His methyl ester, lb, was subjected to anhydrous 
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HF under the conditions used for peptide deprotection to 
afford IC in quantitative yield (Figure 3). 

DNA Binding and Cleaving Assays. The DNA- 
binding and -cleaving properties of PBA-@-OH-His-Hin- 
(139-190) were investigated by DNase I footprinting and 
affinity cleaving on a 32P-end-labeled DNA fragment 
containing five 13 bp binding sites for Hin: two dimeric 
binding sites, hixL and secondary, and a lower affinity 
site, termed tertiary (Figures 4 and 5 ) .  The individual 
half sites are designated IRL (left) and IRR (right). In 
the presence of dithiothreitol (DTT), Fe(I1)-PBA-@-OH- 
His-Hin(139-190) at 10 mM (room temperature, pH 7.5) 
cleaves the restriction fragment at  every Hin binding site, 
although with lower efficiency than Fe(I1)eEDTA-Hin- 
(139-190) (Figure 4C, lanes 11-14; Figure 5C,D). Ad- 
ditional cleavage is not observed at  Fe(I1)-bleomycin sites, 
indicating that the DNA-cleaving specificity of Fe- 
(II)-PBA-@-OH-His-Hin(139-190) is determined by the 
Hin DNA-binding domain alone (Figure 4C, lanes 17,18; 
Figure 5F). As is the case with Fe(II)*EDTA-Hin(l39- 
190), Fe(II)*PBA-@-OH-His-Hin( 139-190) cleavage occurs 
over several bases on each strand of DNA at each site. 
Relative association constants for Fe( 1I)aPBA-@-OH-His- 
Hin( 139-190) and PBA-@OH-His-Hin( 139-190) were 
compared with those for the unmodified Hin(139-190) by 
quantitative DNase I footprint titration analyses (23). The 
relative binding affinities for all three proteins at  four 
different sites are similar, indicating that the ligand-metal 
complex does not change the affinity or specificity of Hin- 
(139-190) (24). 

DISCUSSION 

The hybrid protein Fe(II)=PBA-@-OH-His-Hin( 139- 
190) containing the nonheme metal-binding and oxygen- 
activating domain of bleomycin and DNA-binding domain 
of Hin cleaves DNA with the sequence-specificity of Hin- 
(139-190). Cleavage at multiple nucleotide positions at  
each binding site is consistent with cleavage by a diffusible 
oxidant. Although a highly localized oxidant, such as a 
metal-oxo species, could react at  a number of nucleotide 
positions if it is located on a flexible segment of the DNA- 
binding molecule, available evidence indicates that the 
NH2 terminus of Hin(139-190) is anchored in the minor 
groove as in the case of Ni(II)*GGH-Hin(l39-190). No 
reduction of binding affinity or specificity is observed with 
Fe(1I)ePBA-@-OH-His-Hin( 13+190), implying that these 
contacts are not altered by the addition of the metal ligand. 

The DNA end products generated by Fe(I1)aPBA-@- 
OH-His-Hin( 139-190), analyzed by gel electrophoresis, are 
5'- and 3'-phosphate, consistent with oxidative degradation 
of the deoxyribose backbone (24). The appearance of 3'- 
phosphate termini in the absence of base treatment 
demonstrates that DNA oxidation by Fe(I1)-PBA-@-OH- 
His-Hin(139-190) does not proceed through the same 
reaction pathway as Fe(I1)ebleomycin. 

There are three possible mechanisms for cleavage by 
Fe(1I)ePBA-@-OH-His-Hin( 139-190) through a diffusible 
oxidant rather than through the localized oxidant found 
in bleomycin. (1) The PBA-0-OH-His ligand might be 
insufficient to form a stable iron-oxo complex. (2) The 
activated iron-oxo complex is formed but not held in the 
proper orientation to react as the nondiffusible oxidant 
with the deoxyribose backbone. Decomposition of a short- 
lived metal-oxo complex could then produce a diffusible 
oxidant which cleaves DNA proximal to the position of 
the metal complex. In this context, it will be interesting 
to reevaluate the importance of the dissacharide in the 
stability and lifetime of the metal-oxo species. (3) The 

A- , major, minor 

5'-TTNTCNNAAACCA-3' 
n 

B. 
Binding Site Sequence 
Consensus 5'-TTNTCNNAA?CCA-3' 
hix L IRL 5'-TTCTTGAAAACCA-3' 
hix L IRR 5'-TTATCAAAAACCT-3' 
secondary IRL 5'-TCTTCCTTACTCG-3' 

tertiary 5'-TTTTCTCATGGAG-3' 
secondary IRR 5 ' -TTCTCCTTTACAT-3 ' 

1 2 3 4 5 6 7 8 9 10'1112 13 14 15 16 1718' 

--- 

Figure 4. (A) Consensus half-site DNA binding sequence for 
Hin recombinase. Nucleotides implicated in major and minor 
groove contacts with the protein are printed in bold type (14- 
18). (B) Sequences of the five Hin half sites assayed. (C) 
Autoradiogram of a polyacrylamide gel showing DNase I foot- 
printing reactions for Hin(139-190) and PBA-@-OH-His-Hin- 
(139-190) and affinity cleaving reactions for Fe(II).PBA-P-OH- 
His-Hin(139-190), Fe(II)-EDTA-Hin(l39-190), Ni(II)*GGH- 
Hin(139-190), and Fe(I1)-bleomycin. Lanes 1,3,5-7,11,13,15, 
and 17 contain 5'-32P-end-labeled DNA; lanes 2,4,8-10,12,14, 
16, and 18 contain 3'-32P-end-labeled DNA. Lanes 1 and 2, intact 
DNA, lanes 3 and 4, Maxam-Gilbert G-specific sequencing 
reactions; lanes 5 and 8, DNase control lanes; lanes 6 and 9, DNase 
I cleavage protection by Hin(139-190) (5 mM); lanes 7 and 10, 
DNase I cleavage protection by PBA-0-OH-His-Hin( 139-190) 
(5 mM); lanes 11 and 12, Fe(II)~PBA-P-OH-His-Hin(139-190) 
at  10 mM; lanes 13 and 14, Fe(II)*EDTA-Hin(l39-190) at  5 mM; 
lanes 15 and 16, Ni(II)*GGH-Hin(139-190) a t  5 mM; lanes 17 
and 18, Fe(II)*bleomycin a t  2.5 mM. 
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hix L 4econdary r I J 1-1 
A. Hin(130.190) 

D. FdII) *EDTACABA-Hln(l30-190) 

I I 1  ll 
I I t  t' 

I F. FdlI)*BIeanydn 
1 1 1 

5 ' - Z T T A T T O O T m T ~ M ' P C C K ~ ~ G A C T - T ~ ~ C ~ A ~ - % T ~ - n ~  " 3 '-AAATAACCAAEAACmTOOTK-TAT E T T K ; D A O C T A C K m T O C T O A T m ~ T A C A C T A C A T T T C C ' P C m T A C T A C  "E A A  A 
Figure 5. Histogram representations of the data in Figure 4C. The sequence from left to right represents the data from the bottom 
to the middle of the gel. (A) Bars represent the extent of protection, derived from the ratio of cleavage at  each band compared to the 
control lane, from DNase I cleavage in the presence of 5 mM Hin(139-190) (Figure 4C, lanes 6 and 9). (B) Bars represent the extent 
of protection from DNase I cleavage in the presence of 5 mM PBA-P-OH-His-Hin(l39-190) (Figure 4C, lanes 7 and 10). (C) Arrows 
represent the extent of cleavage by 10 mM Fe(II).PBA-P-OH-His-Hin(139-190) (Figure 4C, lanes 11 and 12). (D) Arrows represent 
the extent of cleavage by 5 mM Fe(II).EDTA-Hin(l39-190) (Figure 4C, lanes 13 and 14). (E) Arrows represent the extent of cleavage 
by5 mM Ni(II).GGH-Hin(l39-190) (Figure4C, lanes 15and 16). (F) Arrows represent the extent ofcleavage by2.5mM Fe(II).bleomycin 
(Figure 4C, lanes 17 and 18). 

metal binding ligand has sequence-specific requirements 
for DNA cleaving that are not met by the five Hin minor 
groove sites. 

Retrospective Analysis. Future experiments on hybrid 
DNA-cleaving molecules containing the iron-binding 
domain of bleomycin might include a DNA binding site 
with bleomycin recognition sites proximal to the recogni- 

tion sequence of the DNA-binding molecule. It may be 
necessary to design a spacer domain for suitable orienta- 
t ion of the bleomycin-derived DNA-cleaving tripeptide 
metal complex in the hybrid molecule. This will require 
significantly more structural information on the natural 
product than is currently available. It emphasizes the 
fact that design of bifunctional molecules truly requires 
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three domains, i.e., spacer domains between recognition 
and cleavage functions for correct distance and orientation. 

Oakley et al. 

(1 mL). Ninhydrin analysis indicated 88% reaction with 
no further improvement in yield after 5 h. The resulting 
PBA-p-OH-His-Hin(13+190) was deprotected and cleaved 
from the resin by treatment with anhydrous HF and 
purified by preparative reversed-phase HPLC as previ- 
ously described (4,17,18,22) Laser desorption time-of- 
flight mass spectrometry (a-cyano-4hydroxycinnamic acid 
matrix, 70 % acetonitrile, 2 % TFA in HzO) was consistent 
with the desired structure (calcd mass, 6495.5, obsd, 
6493.3). A second, much smaller peak due to Hin(139- 
190) (calcd mass, 6036.1, obsd, 6035.6) was also apparent. 
Fe(II).PBA-P-OH-His-Hin(139-190) and Fe(II).EDTA- 
Hin( 139-190) were generated prior to use by equilibration 
of 250 mM protein with an equal volume of 250 mM ferrous 
ammonium sulfate for 15 min before dilution to the 
appropriate concentrations. 

DNA Manipulations. The 450 bp Xba I-Eco RI 
restriction fragment of the plasmid pMFB36 was labeled 
at  the 5' or 3' end and isolated by standard procedures. 
Maxam-Gilbert G-specific sequencing reactions were 
performed according to established protocols. All DNA- 
binding and -cleaving assays were performed at  room 
temperature. DNase I footprinting reaction conditions 
were 20 mM phosphate, 20 mM NaC1,lO mM MgC12,lOO 
mM DTT, 0.004 units DNase I, 100 mM calf thymus DNA, 
and-20 000 cpm labeled DNA, pH 7.5. The DNA binding 
hybrid proteins were allowed to equilibrate with the DNA 
for 15 min. Reactions were then initiated by the addition 
of a stock solution of DNase I, MgClz, and D" and allowed 
to proceed 10 min at  room temperature. Reactions were 
quenched by the addition of a 3 M ammonium acetate 
solution containing 250 mM EDTA followed by ethanol 
precipitation. 
Fe(II).PBA-~-OH-His-Hin(139-190) and Fe(I1)-EDTA- 

Hin(139-190) cleaving reactions were performed in 20 mM 
phosphate, 20 mM NaC1,5 mM DTT, 100 mM calf thymus 
DNA,'10 000 cpm labeled DNA, and 5 mM Fe(II).EDTA- 
Hin( 139-190) or 10 mM Fe(II).PBA-6-OH-His-Hin( 139- 
190), pH 7.5. Ni(II)-GGH-Hin(l39-190) cleavage reac- 
tions were performed in 20 mM phosphate, 20 mM NaCl, 
5 mM monoperoxyphthalic acid, 100 mM calf thymus 
DNA, -10 000 cpm labeled DNA, and 5 mM Ni(II).GGH- 
Hin, pH 7.5. Fe(II).bleomycin cleavage reactions were 
performed in 20 mM phosphate, 20 mM NaC1,5 mMDTT, 
100 mM calf thymus DNA, '10 000 cpm labeled DNA, and 
2.5 mM Fe(II).bleomycin, pH 7.5. All synthetic proteins 
were allowed to equilibrate with the DNA for 15 min before 
reactions were initiated with the addition of DTT or 
monoperoxyphthalic acid. Fe(II).EDTA-Hin(l39-190) 
and Ni( II).GGH-Hin reactions were allowed to proceed 
for 1 h, Fe(II).PBA-/3-0H-His-Hin(l39-190) reactions for 
6 h, and Fe(I1)mbleomycin reactions for 15 min before they 
were terminated by ethanol precipitation. Residues were 
dried and resuspended in 100 mM Tris-borate-EDTA/ 
80 % formamide loading buffer. Reaction products were 
analyzed by electrophoresis on 6 % polyacrylamide de- 
naturing gels (5% crosslink, 7 M urea). 

EXPERIMENTAL SECTION 

Materials. Asn-(pheny1acetamido)methyl (PAM) resin, 
N,N-dimethylformamide (DMF), diisopropylethylamine, 
dicyclohexylcarbodiimide (DCC) in dichloromethane, N -  
hydroxybenzotriazole (HOBt) in DMF, trifluoroacetic acid 
(TFA), and protected amino acid derivatives were pur- 
chased from Applied Biosystems. Boc-L-His(DNP) was 
obtained from Fluka. Doubly distilled water was further 
purified through the Milli Q filtration system from 
Millipore. Sonicated, deproteinized calf thymus DNA was 
purchased from Pharmacia. Enzymes were obtained from 
Boehringer-Mannheim or New England Biolabs and used 
with the buffers supplied. Deoxyadenosine 5'- [(U-~~PI - 
triphosphate and adenosine 5'-[y32P] triphosphate were 
obtained from Amersham. Bleomycin sulfate was pur- 
chased from Sigma, and solutions were prepared based on 
an extinction coefficient derived from an El% of 105 at  
292 nm and the molecular weight of bleomycin Az sulfate. 

'H and 13C NMR spectra were recorded on a QE-300 
NMR. Protein mass spectra were recorded at  the Bio- 
technology Instrumentation Facility of the University of 
California, Riverside, on a laser desorption time-of-flight 
mass spectrometer. High-resolution mass spectra for other 
compounds were recorded using fast atom bombardment 
techniques at  the Mass Spectrometry Facility of the 
University of California, Riverside. Optical rotations were 
measured on a JASCO DIP-180 digital polarimeter. 
Automated peptide synthesis was performed on an AB1 
430A peptide synthesizer. 
NB- [ 1 -Amino-3( S)- (4-amino-6- (amido-erythrefi-hy- 

droxy-L-histidine methyl ester)-5-methylpyrimidin- 
2-yl)propion-3-yl]-(S)-p-aminoalanine Amide (IC). 
Dipeptide l b  (21) (2.1 mg, 2.5 mmol), p-cresol (1 drop), 
and p-thiocresol (1 drop) were added to a Teflon tube 
equipped with a Teflon-coated magnetic stir bar. The 
reaction vessel was evacuated, cooled to -78 "C, and 
charged with HF (-2.0 mL). The mixture was allowed 
to stir a t  0 "C (1 h). HF was removed in uacuo, and the 
resulting yellow residue was taken up in HzO (0.5 mL). 
The aqueous portion was extracted with CHC13 (1 X 0.5 
mL), and the organic portion was washed with Hz0 (1 X 
0.5 mL). The combined aqueous portions were concen- 
trated in uucuo to afford an off-white foam. TLC 
(analytical RP-18, 5 X 10 cm, 0.25-mm thickness, 25% 
CH3CN/H20) afforded a white powder which was dissolved 
in H20 (1 mL) and filtered (0.2 mm) to remove particulate 
contaminants. Concentration in uucuo afforded IC (1.2 
mg, quantitative yield) as a white foam: [al26D = +12.2 

7.50 (8 ,  lH),  5.44 (d, J = 5.7 Hz, lH), 5.12 (d, J = 5.7 Hz, 
lH),4.51 (m,lH),4.41 (m,lH),3.78(~,3H),3.18 (m,2H), 
3.04 (m, lH), 2.84 (m, lH),  2.09 (s, 3H); IR (neat) 3384, 
1736,1664,1460,1380,850,698; FAB HRMS (SGly) mle 

Protein Syntheses. Hin(139-190) was synthesized by 
automated stepwise solid-phase chemical synthesis as 
previously reported (4, 17, 18,221. Resin-bound peptide 
(ca. 50 mg, ca. 100 mmol/g, total peptide ca. 5 mmol) was 
placed in a 12- X 80-mm reaction vessel. The terminal 
Boc protecting group was removed and the resin neutral- 
ized by standard procedures. Dipeptide l a  (21) (16.0 mg, 
20 mmol) and HOBt (5.5 mg, 42 mmol) were dissolved in 
DMF (1 mL), and DCC (4.6 mg, 22 mmol) was added. The 
solution was allowed to stir a t  room temperature for 30 
min and added to the peptidebesin with additional DMF 

(C 0.03, CH30H); 'H NMR (300 MHz, D2O) 6 8.73 (9, lH),  

493.2272 (calcd MH+, CleH2sNloOe, 493.2267). 
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Enhanced Stability in Vitro and in Vivo of Immunoconjugates Prepared 
with 5-Methyl-2-imino thiolane 
Stephen F. Carroll,' Susan L. Bernhard,t Dane A. Goff,+ Robert J. Bauer, Will Leach, and 
Ada H. C. Kung 
Departments of Biological Chemistry and Pharmacology/Toxicology, XOMA Corporation, 2910 Seventh Street, 
Berkeley, California 94710 . Received December 3, 1993" 

Substituted 2-iminothiolanes (X2ITs) are new heterobifunctional crosslinking agents designed for the 
preparation of disulfide-linked conjugates with enhanced resistance to reduction. Based upon 2-IT 
substituted at  the 4 and/or 5 position, these reagents appear to function by sterically protecting the 
conjugate disulfide bond from attack by thiolate nucleophiles. Here, we have used the X2ITs to prepare 
and evaluate a series of immunoconjugates (antibody-cytotoxin conjugates) between the murine 
monoclonal antibody 791/T36, which recognizes a 72-kDa surface antigen present on many human 
tumor cells, and RTA30, the naturally occurring 30-kDa glycoform of ricin A chain. The X2IT-linked 
conjugates were also compared to immunoconjugates prepared with N-succinimidyl3-(2-pyridyldithio)- 
propionate (SPDP) and 4- [(succinimidyloxy)carbonyll-a-methyl-cu-(2-pyridyldithio)toluene (SMPT), 
as well as with methyl- and dimethyl-substituted structural analogs of SPDP. In vitro, 791-(X2IT)- 
TNB model compounds exhibited a 6000-fold range of stabilities. In contrast, the corresponding 791- 
(X2IT)-RTA30 immunoconjugates were up to 20-fold more stable than conjugates made with unhindered 
linkages. These improvements resulted in immunoconjugates with prolonged serum half-lives in animals. 
Our data indicate that one of the crosslinking agents, 5-methyl-2-iminothiolane (MZIT), has optimal 
properties for the preparation of disulfide crosslinked immunoconjugates intended for therapeutic use 
in that (i) it  is highly water soluble and reacts rapidly with protein amino groups at  neutral pH, preserving 
the positive charge, (ii) it  forms conjugates with RTA30efficiently, and (iii) its conjugates exhibit enhanced 
disulfide bond stability in vitro and in vivo. The potential utility of M2IT and other X2ITs for the 
preparation of controlled release protein-drug conjugates is also discussed. 

INTRODUCTION 
Immunoconjugates (antibodies linked to cytotoxic pro- 

teins) represent a specialized class of protein-protein 
conjugates designed for therapeutic use (for a review, see 
refs 1 and 2). As such, they typically are prepared by 
covalently crosslinking an antibody molecule to a cytotoxin 
such as the A chain of ricin (RTA).' The antibody thus 
serves to target the action of the cytotoxic component to 
cells bearing the target antigen. Once internalized, the 
cytotoxin is released and then penetrates into the cytosol 
where it enzymically inactivates ribosomes, blocking 
protein synthesis and causing cell death. This approach 
for selective cellular elimination is currently being evalu- 
ated clinically for the treatment of autoimmune disorders 
and cancer (2-8). 

+ Current address: Chiron Corp., 4560 Horton Street, Em- 
eryville, CA 94608. * Current address: Gen Pharm Int., 297 N. Bernard0 Ave., 
Mountain View, CA 94043. 

Abstract published in Advance  A C S  Abstracts, March 15, 
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Abbreviations: 2IT, 2-iminothiolane; 2-ME, 2-mercapto- 
ethanol; 2TP, 2-thiopyridine; DTNB, dithionitrobenzoic acid; 
DTPO, 2,2'dithiobis(pyridine N-oxide); DTDP, 2,2'dithiodipy- 
ridine; GSH, reduced glutathione; HPSEC, high-performance 
size-exclusion chromatography; MSPDP, the methyl-SPDP 
analog N-succinimidyl 3-(2-pyridyldithio)butyrate; RTA, ricin 
toxin A chain; RTABo, the 30-kDa glycoform of RTA; SAMBA, 
the dimethyl-SPDP structural analog N-hydroxysuccinimidyl 
3-methyl-3-(acetylthio)butanoate; SMCC, succinimidyl 4-(N- 
maleimidomethy1)cyclohexane-1-carboxylate; SMPT, 4-[(suc- 
cinimidyloxy)carbonyl] -a-methyl-a-(2-pyridyldithio)toluene; 
SPDP, N-succinimidyl 3-(2-pyridyldithio)propionate; TNB, 
thionitrobenzoic acid; TPO, 2-thiopyridine N-oxide; XBIT, 
2-iminothiolane substituted at the 4 and/or 5 position. 
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Most of the RTA immunoconjugates prepared to date 
have utilized one of two crosslinking reagents, SPDP or 
2IT, to generate a disulfide bond linking antibody to 
cytotoxin. That a reducible bond is required for maximal 
expression of cytotoxic activity has been demonstrated 
by numerous studies (1, 2, 9). However, many such 
conjugates are unstable in animals (10, II), where cleavage 
of the disulfide bond regenerates free antibody and 
cytotoxin. For immunoconjugate therapy this deconju- 
gation has two important consequences. First, it reduces 
the effective concentration of circulating immunoconju- 
gate, and as a result, larger clinical doses may be required. 
Second, the released antibody may remain in circulation 
much longer than does conjugate, where it can compete 
for antigen binding sites on target cells. Thus, the disulfide 
bond linking antibodies to cytotoxin such as RTA must 
be sufficiently labile to facilitate intracellular cytotoxicity, 
but it must also be sufficiently stable to survive admin- 
istration and delivery in vivo. 

To address these issues, several new crosslinking 
reagents have been prepared and tested for immunocon- 
jugate preparation, and the in vitro and in vivo properties 
of such conjugates have been studied. Each of these 
reagents contains one (12,131 or two (14) methyl groups 
adjacent to the disulfide bond, and each has generated 
conjugates with enhanced stability (12-15) and improved 
efficacy (15) in animals. Thus, hindering accesa of reducing 
agents to the antibody-cytotoxin linkage results in im- 
munoconjugates with improved i n  vivo stability and 
potency. 

Recently, we described the synthesis and preliminary 
characterization of a new family of crosslinking reagents, 
termed X2ITs (16), which are based upon 2-iminothiolane 
(17). The X2ITs offer several advantages over other 
crosslinking reagents: (i) they react with primary amines 
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to form stable amidinium derivatives that retain the 
positive charge; (ii) inclusion of an aromatic disulfide (such 
as DTNB) in the reaction mixture both activates the newly 
exposed X2IT thiol and allows real-time spectrophoto- 
metric monitoring of the labeling reaction; and (iii) 
variation in the substituent a t  the 5-position (immediately 
adjacent to the linker thiol) alters the susceptibility of the 
resulting disulfide bond to reduction. For activated model 
compounds, these alterations in steric hindrance resulted 
in disulfide bonds that varied by over 4000-fold in their 
ability to be reduced by glutathione (16). The preparation 
and properties, both i n  vitro and in vivo, of RTA 
immunoconjugates prepared with the X2IT reagents are 
the subject of this report. 

EXPERIMENTAL PROCEDURES 
Materials. Solutions of DTNB (Sigma Chemical Co., 

St. Louis, MO) were prepared as described by Jocelyn 
(18). An ElmMlcm of 14.1 at  412 nm (19) was used to 
determine concentrations of the TNB anion. DTDP and 
DTPO were from Aldrich (Milwaukee, WI); the mM 
extinction coefficients (and wavelengths) used for 2TP 
(343 nm) and TPO (332 nm) were 7.06 and 4.16, respec- 
tively. Stock solutions of GSH (Sigma Chemical Co., St. 
Louis, MO) were prepared in PBS-EDTA (see below); 
prior to use, the concentration of free thiols was quantified 
by reaction with DTNB. DTT, 2-ME, Sephadex G25F, 
Phenyl-Sepharose (all from Sigma Chemical Co., St. Louis, 
MO), trisacryl GF-O5LS, and Ultrogel AcA44 (both from 
IBF Biotechnics, France) were purchased as indicated. 
All other reagents were of analytical grade. 

Crosslinking Reagents. 2IT, SMCC (both from Sigma 
Chemical Co., St. Louis, MO), and SPDP (Pierce Chemical, 
Rockford, IL) were obtained from the indicated sources. 
The X2IT crosslinkingreagents, which have the structures 
shown in Table 1, were synthesized as described previously 
(16). Stock solutions were prepared in water; concentra- 
tions were determined spectrophotometrically by using 
appropriate extinction coefficients a t  248 nm (16). In 
addition, three other crosslinkers were prepared for these 
studies. MSPDP and SMPT were synthesized according 
to Worrell et al. (12) and Thorpe et al. (13), respectively, 
with minor modifications. The structure of each linker 
was confirmed by lH NMR. N-Hydroxysuccinimidyl 
3-methyl-3-(acetylthio)butanoate (SAMBA), a dimethyl- 
substituted structural analog of SPDP, was prepared as 
follows: 3-Methyl-3-(acetylthio)butanoic acid (ref 10,2.17 
g, 12.3 mmol) in CHzClz (20 mL) was treated with 
N-hydroxysuccinimide (1.86 g, 16.2 mmol) and dicyclo- 
hexylcarbodiimide (3.34 g, 16.2 mmol) a t  room temperature 
for 66 h under N2. The reaction mixture was filtered, 
concentrated i n  vacuo, and then subjected to flash 
chromatography on Si02 with elution in hexane/EtOAc 
(80/20, v/v, then 50/50). The desired ester was obtained 
as a pale yellow oil (2.78 g, 82% yield) that gave a white 
solid upon standing at  room temperature: mp 63 "C; TLC 
(hexane/EtOAc, 80/20, v/v) Rf = 0.27; lH NMR (60 MHz, 
CDC13) 3.23 (s, 2H), 2.80 (8 ,  4H, NHS ester), 2.27 (8 ,  3H, 
SAC), 1.60 (s, 6H). 

Preparation of Linker-Modified Antibody. The 
murine IgG2b monoclonal antibody 791/T36 (791, M, ca. 
150000) was produced in an Accusyst hollow fiber 
bioreactor (Endotronics, Minneapolis, MN) and purified 
as described (20). The purified antibody was derivatized 
with each crosslinker so as to incorporate an average of 
1-1.5 linkers per mol of antibody. For modification with 
SPDP, MSPDP, SAMBA, or SMCC, 791 antibody at  2 
mg/mL in reaction buffer (0.1 M NaP04, 0.1 M NaC1, pH 
7.5) was first reacted with a 5- to 10-fold molar excess of 
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crosslinker (previously dissolved in absolute ethanol). 
Following a 20-min incubation at  20 "C, excess reagent 
and reaction byproducts were removed by size-exclusion 
chromatography on a GF-05LS column equilibrated in 
reaction buffer a t  4 "C. The number of crosslinkers 
introduced into the antibody was determined by spec- 
trophotometric analysis following DTT-induced release 
of the 2TP leaving group (21). For some experiments, the 
2TP leaving groups were replaced with TNB by mild 
reduction of the linker-modified antibody (0.1 mM DTT, 
30 min, 25 "C), followed by reaction with 2 mM DTNB 
(30 min, 25 "C). The TNB-activated antibody was then 
purified by size-exclusion chromatography on a column of 
G5-05LS equilibrated in phosphate buffered saline con- 
taining 1 mM EDTA, pH 7.4 (PBS-EDTA) and stored at  
4 "C. 

The reaction of 21T and the X2ITs with 791 antibody 
was monitored spectrophotometrically as follows (16): 791 
antibody (3 mg/mL; 20 pM) and DTNB (2.5 mM) in 
reaction buffer were equilibrated at  25 "C in a l-cm 
disposable cuvette and placed in a dual-beam spectro- 
photometer. An identical solution prepared without 
antibody was placed in the reference position. To initiate 
the reaction, X2IT (freshly dissolved in water) was rapidly 
added to each cuvette with mixing to a final concentration 
of 0.5 mM, and the absorbance at  412 nm was monitored. 
When the A412 reached a value of 0.28 (20 pM TNB, or 1 
mol of TNB per mol of 7911, the reaction mixture was 
rapidly desalted on a l-cm X 20-cm column of Sephadex 
G25F equilibrated at  4 "C in PBS-EDTA. The excluded 
protein peak was pooled and stored at  4 "C. The number 
of linkers introduced per mole of antibody was determined 
spectrophotometrically as follows: The A2, of the linker- 
activated protein was first measured. Then, following 
reaction with 2 mM DTT, released TNB was quantified 
at  412 nm. The corrected proteinA2, was calculated from 
the equation 

A,,(protein) = A,,(nonreduced) - (0.33A4,,(reduced)) 

and the concentration of 791 antibody was determined by 
using anElmMlCm of 179 at  280 nm (E1 mg/mllcm = 1.2). The 
linkedantibody ratio was then calculated from the molar 
values of TNB and protein. 

Preparation and Purification of Immunoconju- 
gates. Immunoconjugates containing SPDP-, SMPT-, 
and SMCC-activated 791 antibody and RTA30 (the 
naturally occurring 30-kDa glycoform of RTA) were 
prepared essentially as described (16,20). Briefly, linker- 
activated antibody (1-2 mg/mL) in PBS-EDTA was 
reacted with a 5-fold molar excess of freshly reduced 
RTA~o. The disulfide exchange (SPDP, SMPT) or ma- 
leimide-based (SMCC) conjugation reactions proceeded 
for 16 h a t  4 "C. For SAMBA-activated 791 antibody, the 
conjugation reaction proceeded differently. The free thiol 
on RTA30 (5 mg/mL in reaction buffer) was first activated 
by reaction with 2 mM DTNB, and the RTA30-SS-TNB 
was purified by size-exclusion chromatography on Sepha- 
dex G25F. SAMBA-modified 791 antibody was then 
treated with 50 mM hydroxylamine (pH 7.5) for 30 min 
at  25 "C to remove the S-acetyl protecting group, and 
conjugation was initiated by the addition of RTA30-SS- 
TNB (3-fold molar excess). 

Immunoconjugates were separated from excess RTAso 
and reaction byproducts by chromatography on a 1- X 
50-cm column of Ultrogel AcA44 equilibrated at 4 "C in 
reaction buffer. The number of RTA30 molecules 
crosslinked to antibody was determined by densitometric 
analysis of samples following sodium dodecyl sulfate 
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polyacrylamide gel electrophoresis in 5 % gels under 
nonreducing conditions (22)  and Coomassie blue staining. 
The monoconjugate species (1 RTA per 791 antibody) of 
selected immunoconjugates was purified by hydrophobic 
interaction chromatography on Phenyl-Sepharose (201, 
so as to remove residual free antibody and immunocon- 
jugates containing multiple RTA30 moieties. 

Disulfide Bond Stability Assay. The susceptibility 
of 791-RTA30 immunoconjugates to reduction in vitro was 
evaluated in a high-performance size-exclusion chromato- 
graphic assay (HPSEC) which quantifies physical disso- 
ciation of the antibody-RTA3o conjugate2 (23) .  Immu- 
noconjugates (0.23 mg/mL in PBS-EDTA) were incubated 
at 37 "C for 30 min with increasing concentrations of 
reduced glutathione (0-10 mM). Upon completion, free 
thiols were quenched by the addition of excess iodoacetic 
acid (pH 7.5; final concentration, 50 mM), and aliquots 
were chromatographed on a BioSil TSK-250 column 
(BioRad Labs, Richmond, CA) equilibrated at  25 "C in 50 
mM NaP04,lOO mM Na2S04, pH 6.8. The flow rate was 
1.0 mL/min, the column effluent was monitored at 280 
nm, and the amount of RTASO released was quantified by 
area integration. By comparison to samples incubated 
with 50 mM 2-ME (which resulted in 100% deconjugation), 
plots were constructed correlating percent RTAso release 
with the concentration of glutathione in the incubation 
mixture. That concentration of glutathione which released 
50% of the conjugated RTAN was termed the RC50. 

Cytotoxicity Assay. The cytotoxicities of 791-RTA30 
immunoconjugates were determined using the 791T/M 
osteosarcoma cell line, which expresses the antigen rec- 
ognized by 791 antibody (20) .  Cells (4 X 105/mL) were 
incubated in a humidified 5% COz incubator with in- 
creasing concentrations of immunoconjugates a t  37 "C. 
After 42 h, 3H-thymidine (1 pCi/well) was added, and 
incubation was continued for an additional 18 h. Upon 
completion, cell-associated radioactivity was determined 
by liquid scintillation counting. The IC50 was calculated 
as the concentration of immunoconjugate necessary to 
inhibit incorporation of radioactivity by 50% relative to 
untreated controls. These IC50 values were corrected for 
the number of RTA~o molecules conjugated to antibody 
for each preparation by multiplying the conjugate IC50 by 
the RTA/Ab ratio. These normalized values compensate 
for slight variations in the number of cytotoxins per 
antibody in the different preparations and are expressed 
in terms of pM RTA30. 

Pharmacokinetic Studies. Pharmacokinetic studies 
of selected immunoconjugates were performed in 5-week- 
old male Sprague-Dawley rats (Simonsen Laboratories, 
Gilroy, CA) weighing an average of 149 g (range 122-175 
g) at the initiation of dosing. All animals were delivered 
healthy to the XOMA animal care facility, where they 
were acclimated for a t  least 5 days prior to dosing, and 
were housed using standard NIH guidelines for husbandry 
procedures. 

Only purified monoconjugates were used in these studies. 
Each monoconjugate was radiolabeled with 1251 by the 
Iodogen method (24)  to a specific activity of 0.3-2 mCi/ 
mg and was injected intravenously (33-50 pg/kg) into 42 
rats per study (three rats per timepoint). A t  selected 
timepoints (0.05, 0.25, 0.5, 0.75, 2, 4, 8, 12, 18, 24, 36, 48, 
72, and 96 h), blood samples were collected via the orbital 
sinus, and serum aliquots were counted in an LKB y 

Carroll, S. F., Goff, D., Reardan, D., and Trown, P. W. (1989) 
Abstracts from the fourth international conference on monoclonal 
antibody immunoconjugates for cancer, San Diego, CA, p 161. 
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Table 1. Reaction of Substituted 2-Iminothiolanes with 791 
Antibody. 

reaction rate4 
linker substitution structure k X lo6 

21T (none) (") +NH2 
5.0 

M2IT 5-methyl "0 hi2 4.0 

Ph2IT 5-phenyl +NH2 8.8 

TB2IT 5-tert-butyl cF 7.4 
C% -7 -cs) fNH2 

cH3 
DMPIT 5-dimethyl 4.6 

SPIT 5-spiro 4.6 

R2IT 4,5-ring 5.6 

a Rates of reaction of X2ITs (0.5 mM) with 791 antibody (20 pM) 
as monitored by coupling the reaction with 2.5 mM DTNB in 0.1 M 
NaP04,O.l M NaCI, pH 7.5, and monitoring the change in absorbance 
at 412 nm. First-order rate constants were determined from the 
linear slopes of plots for log [XBIT] against time. 

counter. Serum samples from each timepoint were also 
analyzed by SDS-PAGE and autoradiography to deter- 
mine the fraction of intact monoconjugate prior to 
pharmacokinetic analysis (13) .  Pharmacokinetic param- 
eters were determined from a two compartmental analysis 
using the program PCNONLIN (Statistical Consultants, 
Inc., Lexington, KY). 

RESULTS 

Reaction of X2ITs with Proteins. The structures of 
the X2IT crosslinking reagents are summarized in Table 
1. Prior studies had shown that the reactivity of the X2ITs 
with the amino group of glycine was relatively unaffected 
by the X2IT ring substituent (16). We therefore examined 
the reactivity of the X2ITs with protein amino groups, in 
preparation for conjugate production. Each X2IT (0.5 
mM) was incubated at  pH 7.5 with the murine IgG2b 
monoclonal antibody 791 (20pM) in the presence of DTNB 
(2.5 mM), and changes in the absorbance at 412 nm were 
recorded. Following reaction of the X2ITs with the protein 
amino groups, DTNB undergoes disulfide exchange with 
the newly exposed X2IT thiol to yield a free TNB group 
(monitored at  412 nm) and an activated 791-(X2IT)-SS- 
TNB molecule. This coupling of the reactions between 
protein modification and TNB production simplifies the 
analysis of the rate and extent of the reaction. As was 
found for the reaction with glycine (16), reaction rates for 
the X2ITs with 791 antibody followed first-order kinetics 
and varied less than 2-fold for the entire series of 
crosslinkers (Table 1). Similar reaction conditions were 
therefore employed for the preparation of protein con- 
jugates utilizing each X2IT linker. 

Stability of Model Disulfides. The relative stability 
of X2IT model protein disulfides was assessed by mea- 
suring the rates of release of the TNB leaving group from 
791-(X2IT)-SS-TNB molecules following incubation with 
200 pM reduced glutathione (GSH). For comparison, two 
additional control analogs were examined. 791-(SPDP)- 
SS-TNB was prepared by derivatizing 791 antibody with 
the heterobifunctional crosslinking reagent SPDP and 
replacing the 2TP leaving group with TNB. A similar 
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Figure 1. Glutathione-induced release of TNB from 791-TNB 
analogs. Samples of activated conjugates (791-(X)-SS-TNB, 10 
pM) in PBS-EDTA were placed in a cuvette a t  25 "C, and at T 
= 0 "C, reduced glutathione was added to a final concentration 
of 200 pM. The release of TNB was monitored spectrophoto- 
metrically a t  412 nm for 500 s, and 2-ME was then added to a 
final concentration of 200 mM to determine maximal release of 
TNB. Results were normalized by quantifying percent maximal 
release, as determined by dividing the absorbance a t  any 
timepoint by that obtained with 200 mM 2-ME and then 
multiplying the product by 100. 

Table 2. Relative Stabilities of TNB-Activated 791 
Antibody Analogs 

stability increase 

analog (k X 104) 21Tb SPDP" 
TNB release ratea relative to 

791-(2IT)-SS-TNB 235 1.0 0.4 
791-(R2IT)-SS-TNB 21.7 10.8 4.7 
791-(M2IT)-SS-TNB 18.2 12.9 5.6 
791-(Ph2IT)-SS-TNB 11.5 20.4 8.9 
79 1-( TB2 IT)-S S-TNB 4.5 52.2 22.7 
791-(DM2IT)-SS-TNB 0.039 6030 2620 
79 1-( S 2 IT)-SS-TNB 0.036 6530 2830 

791-(SPDP)-SS-TNB 102 2.3 1.0 
791-(SMPT)-SS-TNB 14.7 16.0 6.9 

a Reaction mixtures contained 791-X-SS-TNB (20 pM) and 
reduced glutathione (40-103 mM) and were incubated at 25 "C and 
monitored at 412 nm. Plots of log [791-X-SS-TNB] vs time were 
linear for all analogs except 791-(SMPT)-SS-TNB. Pseudo-first- 
order reaction rates were calculated by computerized nonlinear curve 
fitting (GraF'it, version 2.0, Erithacus Software Ltd., Staines, U.K.). 

Relative increase in disulfide stability compared to the 21T analog. 
c Relative increase in disulfide stability compared to the SPDP analog. 

procedure was used to prepare 791-(SMPT)-SS-TNB, 
which incorporates the methyl-hindered crosslinking 
reagent developed by Thorpe et al. (13). Figure 1 indicates 
that the X2IT reagents create model protein disulfides 
which vary greatly in their susceptibility to reduction by 
GSH. However, each of the substituted X2ITs produced 
linkages that were significantly more stable than those 
produced by SPDP or 21T. At appropriate concentrations 
of reductant, pseudo-first-order rate constants for TNB 
release were calculated (Table 2). Relative to 2IT, the 
most stable linkages (DM2IT and SBIT) were more than 
6000-fold more resistant to reduction by GSH. The order 
from least to most stable was as follows: 21T < R2IT < 
M2IT < Ph2IT < TB2IT < DMBIT < SBIT. For the most 
stable analogs (those made with DMBIT and SBIT), 
prolonged incubation (30-60 min) with 200 mM 2-ME 
was required for complete release of TNB. In this assay, 
the stability of the SMPT analog was intermediate between 
those of M2IT and Ph2IT. 

a 
Q 4 -  
E '- 3 - b 
v 

- 200 
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(Ir- 90 

Figure 2. Conjugate formation by 791-TNB analogs. Each 791- 
(X2IT)-SS-TNB analog (1 TNB per 791 antibody) was incubated 
with a &fold molar excess of freshly reduced RTA30 in PBS- 
EDTA. The final concentration for both 791-(X2IT)-TNB and 
RTA30 was 1.6 mg/mL. After 16 h a t  4 "C, aliquots (10 pg) were 
analyzed by SDS-PAGE in a 5 %  gel under nonreducing 
conditions. Upon completion, the gel was stained with Coomassie 
blue. 

Preparation of RTA30 Immunoconjugates. Anti- 
body-RTA immunoconjugates are typically prepared by 
performing a disulfide-exchange reaction between the free 
-SH group of RTA and an activated linker disulfide present 
on the antibody. Because this exchange reaction (like the 
stability assay described above) is essentially a reductive 
cleavage of the activated linker-SS-TNB bond, variations 
might be expected in the efficiency with which the linker- 
activated antibody is converted to immunoconjugate. 
Activated 791-(X2IT)-SS-TNB antibodies (1.0-1.3 link- 
ers/Ab) were therefore individually reacted with a 5-fold 
molar excess of RTA30 for 16 h at  4 "C and then aliquots 
were analyzed by SDS-PAGE. The results (Figure 2) 
suggest an inverse correlation between disulfide bond 
stability and the efficiency of conjugation, as determined 
by either the disappearance of the free antibody band or 
by the appearance of higher molecular weight conjugate 
bands. Utilizing densitometry to quantify the conversion 
of antibody into immunoconjugate, we found that the 
efficiency of conjugation followed the order 21T > MBIT 
> R2IT = Ph2IT > TB2IT. Under identical conditions, 
SMPT-activated antibody was converted to immunocon- 
jugate roughly as efficiently as was TBBIT-activated 
antibody (data not shown). 

No immunoconjugates were detected in reaction mix- 
tures containing DM2IT- or S2IT-modified antibody, 
suggesting that RTA30 (like GSH and 2-ME) could not 
easily displace the TNB leaving group from these two 
linkers disubstituted at  the 5 position (immediately 
adjacent to the disulfide bond). Similarly, little or no 
conjugation was detected with DM2IT- or S2IT-modified 
antibody even following prolonged incubation with RTA3o 
for several months at  4 O C or after increasing the incubation 
temperature to 25 or 37 "C. Antibody activated by reaction 
with a dimethyl-substituted analog of SPDP (synthesized 
according to Worrell et al. (12)) was also incapable of 
making conjugates when incubated with an excess of RTA30 
(data not shown). 

Conjugation Efficiency Is Influenced by the Leav- 
ing Group. Because the reactions of RTA30 with DM2IT- 
, TNB- or S2IT-TNB-activated antibodies were not pro- 

ductive, the effect of alternate leaving groups on con- 
jugation efficiency was investigated. Initially, 791-(SP- 
DP)-SS-2TP was studied, together with SPDP linkages 
activated by two additional diary1 disulfides. As before, 
the 2TP leaving group,of SPDP was first removed by mild 
reduction, and the newly exposed linker thiol was then 
reacted with either DTNBor DTPO, thus generating 791- 
(SPDP)-SS-TNB and 791-(SPDP)-SS-TPO, re- 
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Figure 3. Glutathione-induced release of leaving groups from 
activated 791 antibody. Aliquota of 791-(SPDP)-SS-2TP were 
converted to the corresponding 791-(SPDP)-SS-TNB and 791- 
(SPDP)-SS-TPO analogs by mild reduction and subsequent 
reaction with the corresponding diary1 disulfide (DTNB and 
DTPO, respectively). The activated 791 antibodies were isolated 
by size-exclusion chromatography, and glutathione-induced 
release of the leaving groups was monitored as described in the 
legend for Figure 1. The final concentration of GSH in these 
assays was 40 pM. 

spectively. These compounds were then evaluated for their 
susceptibility to reduction by GSH. As shown in Figure 
3, the TPO derivative was most easily reduced, followed 
by TNB and then 2TP. On the basis of first-order rate 
constants, the release of TPO was &fold faster than TNB 
and 15-fold faster than 2TP. When these activated 
antibodies were reacted with RTAm, conjugation efficiency 
was also highest for the TPO analog, followed again by 
TNB and then 2TP (data not shown). Essentially identical 
results were obtained with the M2IT-activated 791 an- 
tibody (791 reacted with M2IT in the presence of DTDP, 
DTNB, or DTPO); i.e., the TPO derivative was most easily 
reduced and was most efficiently conjugated with R T A ~ o  
(data not shown). In fact, the conjugation efficiency of 
791-(M2IT)-SS-TPO exceeded 95%, even when only a 
3-fold molar excess of RTABo was used for conjugation. As 
before, however, no immunoconjugates were detected 
following reaction of 791-(DM2IT)-SS-TPO or 791- 
(S2IT)-SS-TPO with RTA~o under any of the reaction 
conditions tested. 

Disulfide Bond Stability and Cytotoxicity of 791- 
RTA30 Immunoconjugates in Vitro. The in vitro 
stabilities of 791-RTA30 immunoconjugates were analyzed 
directly by monitoring thiol-dependent release of RTA30. 
In addition to the conjugates described above, three 
additional immunoconjugates were also prepared, purified, 
and tested. 791-(MSPDP)-SS-RTA30 (which incorpo- 
rates a methyl-substituted analog of SPDP) and the 
thioether-linked conjugate 791-(SMCC)-CS-RTAm (which 
is not reducible) were prepared by standard reactions with 
linker-modified antibodies. The third conjugate was 
prepared in a effort to evaluate an immunoconjugate 
disubstituted at the carbon atom adjacent to the disulfide 
bond and, since conjugations with DM2IT- and S2IT- 
linked antibodies were unsuccessful, required alternate 
chemistries. An analog of SPDP was therefore prepared 
(SAMBA) which incorporated two methyl groups adjacent 
to the linker thiol and an S-acetyl protecting group instead 
of the usual 2TP moiety. Following reaction of the 

0 CH, 

0 y 3  
I1 

SAMBA @-NH - c - c H , - - C - - S S a  
I 

CH3 

Figure 4. Linkage structures formed by the different croaslinking 
agents. For the X2ITs, only M2IT is shown as an example. 

Table 3. Stability and Cytotoxicity of 791-RTAao 
Immunotoxins in Vitro 

stability increase 
relative to ICE4 

immunotoxin RCaa 21Tb SPDP' (pMRTAm) 
791-(21T)-SS-RTAso 1.9 1.0 0.6 70.6 
791-(R2IT)-SS-RTAm 11.8 6.2 3.7 65.8 
791-(M2IT)-SS-RTAm 26.2 13.8 8.3 69.0 
791-(Ph2IT)-SS-RTA30 16.5 8.7 5.2 94.6 
791-(TB2IT)-SS-RTA30 9.5 5.0 3.0 93.6 
79l-(SPDP)-SS-RTAso 3.2 1.7 1.0 89.1 
791-(MSPDP)-SS-RTA30 11.8 6.2 3.7 72.2 
791-(SAMBA)-SS-RTA30 32.9 17.3 10.4 89.6 
791-(SMPT)-SS-RTAso 5.7 3.0 1.8 76.1 

791-(SMCC)-CS-RTA30 nde 9949.5 
The concentration of reduced glutathione, in mM, that releases 

50% of the RTA3o from the immunotoxin. b Obtained by dividing 
the RCm for each conjugate by 1.9, the value for 791-(2IT)-SS- 
RTA~o. Obtained by dividing the RCw value for each conjugate by 
3.2, the value for 791-(SPDP)-SS-RTAm. The concentration of 
immunotoxin that inhibited protein synthesis in 791T/M cells by 
50%. The data are expressed in terms of RTAso equivalents. The 
RTA/Ab ratios varied between 1.1 and 1.5. Not determined. The 
amount of RTA~o released by reducing agents did not exceed 10%. 

SAMBA NHS ester with antibody amino groups, a free 
-SH group was exposed on the linker by treatment with 
hydroxylamine. Thiol-activated RTA30-SS-TNB was 
then added, and conjugation occurred via disulfide ex- 
change, thus producing 79l-(SAMBA)-SS-RTA30. The 
linkage structures of these and other immunoconjugates 
are shown in Figure 4 (note that the linkage made by 
SAMBA is identical to that which would have been made 
by dimethyl-SPDP). 

Following preparation and purification, the stability of 
the disulfide bond linking antibody and RTA30 to reduction 
with GSH i n  vitro was then examined. The calculated 
RCmvalues (the concentration of GSH causing 50% release 
of RTA30) for all immunoconjugates are shown in Table 
3. On the basis of these analyses, the dimethyl-substituted 
SAMBA conjugate was the most stable, followed closely 
by conjugates made with M2IT and Ph2IT. However, 
unlike the 791-TNB protein-leaving group compounds 
(which exhibited stabilities over an 6000-fold range), the 
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Figure 5. Stability of 791-RTA30 immunoconjugates in rats. 
1251-labeled immunoconjugate monoconjugates were injected iu 
into rats as described in the Experimental Procedures. As a 
function of time thereafter, serum samples were collected and 
analyzed by SDS-PAGE and autoradiography. The percentage 
of radioactivity in serum associated with intact immunoconjugate 
at each timepoint was then quantified by densitometry. 

increases in stability for the series of 791-RTA30 protein- 
protein conjugates varied by less than a factor of 20. In 
all cases, the 2IT-linked forms were the least stable. 

The cytotoxic activity of each 791 immunoconjugate 
was accessed against 791T/M cells in our standard 60-h 
assay (20). The IC50 values calculated for all conjugates 
are presented in Table 4. Despite the 20-fold range of 
stabilities in the i n  vitro disulfide stability assay, each of 
the conjugates was highly cytotoxic and of similar potency 
for antigen-bearing target cells. Not unexpectedly, the 
thioether-linked conjugate (791-(SMCC)-CS-RTA30) was 
much less cytotoxic (ca. 100-fold) than the disulfide-linked 
conjugates. 

Pharmacokinetics of 791-RTA30 immunoconju- 
gates. On the basis of the results of the in vitro stability 
studies, the two most stable (linked via SAMBA and M2IT) 
and the two least stable (linked via SPDP and 21T) 791- 
RTA~o  immunoconjugates were selected for pharmacok- 
inetic studies in rats. In order to simplify the interpre- 
tation of these studies, the monoconjugate species (1 RTA 
per antibody) of each immunoconjugate form was purified 
by hydrophobic interaction chromatography. Each mono- 
conjugate was then radiolabeled with 1251 and injected i u  
into groups of rats. As a function of time thereafter, serum 
samples were collected and radioactivities were deter- 
mined. 

Rat serum aliquots were also analyzed for the presence 
of intact immunoconjugate by SDS-PAGE, autoradiog- 
raphy, and densitometry. These data were used to identify 
the fraction of radioactivity at each time point that was 
associated only with the intact monoconjugates (the 
remaining bands were primarily free 791 antibody). Figure 
5 shows that the fraction of serum-associated radioactivity 
found in the immunoconjugate band varied greatly with 
the different conjugates. As was found in vitro, the 2IT- 
and SPDP-linked immunoconjugates appeared to decon- 
jugate more quickly i n  vivo, with the fraction of counts 
present in the immunoconjugate bands decreasing to 50 % 
within ca. 8 h. Similarly, the SAMBA- and M2IT-linked 
conjugates, which were significantly more stable in vitro, 
appeared to deconjugate more slowly in vivo. For these 
two conjugates, more than 50 % of the radioactivity present 
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Figure 6. Pharmacokinetic serum elimination curves for 791- 
RTAsO immunoconjugates. 125I-labeled immunoconjugates were 
injected iu into rats as described in the Experimental Procedures, 
and serum samples were collected as a function of time thereafter. 
The percent injected dose corresponding to intact immunocon- 
jugate was determined by y counting and correction, based upon 
the data in Figure 5. Results are expressed as concentration of 
the monoconjugates (in percent of dose per mL of serum) vs 
time. 

in the serum samples was still associated with intact 
immunoconjugate a t  30 h. 

The percentages of intact immunoconjugates at each 
time point, together with the total serum radioactivities, 
were then used to construct pharmacokinetic serum 
elimination curves for each of the immunoconjugates. As 
shown in Figure 6, two sets of clearance curves were 
obtained. The two conjugates most stable in vitro and in 
vivo (prepared with SAMBA and MBIT) were eliminated 
from the serum more slowly. Similarly, the two immu- 
noconjugates least stable in vitro and in vivo (prepared 
with 21T and SPDP) were cleared more rapidly. The 
pharmacokinetic parameters calculated from these data 
(Table 4) indicate that the conjugate serum mean residence 
times (sMRT) and AUCs were both increased by enhancing 
the stability of the linker. The elimination rate constants 
(CLc/Vc) of the SAMBA- and M2IT-linked immunocon- 
jugates (0.098 and 0.077 h-l, respectively) were decreased 
more than 2-fold relative to the 21T- and SPDP-linked 
immunoconjugates (0.20 h-l). 

DISCUSSION 
To be effective therapeutically, immunoconjugates made 

with cytotoxins such as RTA must possess two apparently 
conflicting properties; a labile disulfide bond linking the 
antibody and cytotoxin appears necessary for expression 
of full cytotoxic activity (1,2,9), but that disulfide bond 
must remain sufficiently stable i n  vivo to allow efficient 
delivery to target cells. Other studies have shown that 
reductive deconjugation of antibody-RTA immunocon- 
jugates can occur in animals (1 0,111 and that enhancing 
the stability of the linkage between antibody and cytotoxin 
improves immunoconjugate survival (12-15) and potency 
(15). The improved linkers used in these studies have 
had one (12,13,15) or two (14) methyl groups introduced 
immediately adjacent to the disulfide bond, suggesting 
that sterically hindering access to the antibody-cytotoxin 
linkage provides a simple means to enhance immunocon- 
jugate stability and efficacy i n  vivo. 

In an effort to more critically evaluate factors affecting 
immunoconjugate preparation and potency, we recently 
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Table 4. 
of 791-RTAso Immunotoxins into Male Sprague-Dawley Rats 

Carroll et al. 

Summary of Pharmacokinetic Parameters from a Two-Compartmental Analysis after Intravenous Administration 

Tip a h 2.3 h 0.36 2.4 h 0.26 3.2 h 0.57 3.2 f 0.50 
Tip P h 6.5 f 0.40 7.5 f 0.24 23.2 f 1.58 21.5 i 1.55 
AUC % d0seimL.h 31.1 f 1.26 34.3 i 1.27 60.7 h 2.08 76.8 f 2.93 

1.3 f 0.05 CLC mL/h 3.2 f 0.13 2.9 f 0.11 1.6 h 0.06 
vss mL 20.1 f 1.09 19.8 f 1.01 42.9 h 2.41 28.2 f 1.77 

13.3 f 0.88 VC mL 15.7 f 0.92 14.5 f 0.78 20.9 i 1.27 
sMRTR h 4.9 f 0.29 5.0 f 0.27 12.7 i 0.82 10.2 f 0.70 

21.7 h 0.98 bMRTb h 6.2 f 0.17 6.8 f 0.17 26.0 f 1.16 
a Serum mean residence time (sMRT): The average time a molecule (the drug) resides in serum. Serum MRT is also the time it takes to 

clear approximately 63% of the drug from the serum. *Whole body mean residence time (bMRT): The average time a molecule (the drug) 
resides in the body, assuming drug is eliminated only from the central compartment. Body MRT is also the time it takes to clear approximately 
63% of the drug from the body. 

developed a new series of heterobifunctional crosslinking 
reagents, which we termed X2ITs (16). Based upon the 
structure of 2IT, a variety of analogs with substituents a t  
the 4 and/or 5 position were synthesized, which, following 
reaction with an amino group and DTNB, places each 
substituent immediately adjacent to the linker-SS-TNB 
disulfide bond. For a series of model low molecular weight 
compounds (NHZ-(X~IT)-SS-TNB), stability to reduc- 
tion by GSH varied over 4000-fold; whereas linkages made 
with the parental 21T were the least stable, those produced 
by DM2IT and S2IT (both disubstituted on the carbon 
adjacent to the disulfide bond) were very difficult to reduce. 
Overall, the stability of the series increased with increasing 
bulk (H C methyl < tert-butyl < dimethyl), suggesting 
that the X2IT substituents function by sterically protect- 
ing the disulfide bond from attack by thiolate nucleophiles. 

The present studies have investigated the utility of the 
X2ITs to prepare protein-protein conjugates suitable for 
in vivo use. As was true for their reaction with glycine 
(16),  the X2ITs reacted rapidly and with equal rates with 
791 antibody, producing disulfide-activated 791-(X2IT)- 
SS-TNB analogs. And, like the small model analogs 
examined previously, the thiol-activated protein analogs 
also varied greatly (more than 6000-fold) in their suscep- 
tibility to reduction, with the DM2IT and S2IT analogs 
again being the most stable. In fact, activated disulfide 
bonds prepared with these two linkers required incubation 
with 200 mM 2-ME for more than 30 min to achieve 
maximal release of the TNB leaving groups. 

Although the overall magnitudes of the TNB release 
rates for the protein analogs studied here are similar to 
those reported earlier for the small model analogs (161, 
differences were noted between the two systems. For 
example, most of the protein-X2IT-TNB analogs exhib- 
ited glutathione-induced TNB release rates nearly 4-fold 
slower than those measured for the corresponding NH2- 
X2IT-TNB compounds. Not surprisingly, this result 
suggests that the enviroment of the disulfide bond in the 
protein-TNB conjugates, or its accessibility to glutathione, 
differs from that in the NH2-TNB compounds. 

The ability of the 791-(X2IT)-SS-TNB analogs to 
create immunoconjugate conjugates via disulfide-exchange 
reactions with RTA~o  was also markedly influenced by 
the nature of the X2IT substituent. Consistent with their 
relative ease of reduction, immunoconjugates were most 
easily produced with the parental 791-(2IT)-SS-TNB 
analog, whereas no conjugates were detected with either 
the disubstituted DM2IT or S2IT analogs. Even when a 
more efficient leaving group (TPO) was used in the 
conjugation reactions, no conversion of the DM2IT- or 
S2IT-activated antibodies to immunoconjugates were 
observed. High levels of conversion to immunoconjugate 

were also observed with analogs such as 791-(M2IT)-SS- 
TNB, and efficiencies approaching 100% could be achieved 
with the corresponding TPO-activated analog. Thus, 
increasing the intrinsic stability of the activated protein 
disulfide had a detrimental effect on conjugate formation 
and yield, but these negative effects could (for some linkers) 
be reversed by appropriate selection of the leaving group. 

Since immunoconjugates were not detected with the 
disubstituted X2IT-activated analogs, we prepared an 
immunoconjugate containing a new dimethyl-substituted 
analog of SPDP (SAMBA) and compared its properties 
to those of conjugates prepared with the remaining X2IT 
series, as well as to conjugates containing two other 
sterically hindered heterobifunctional crosslinkers, MSP- 
DP (12) and SMPT (13). In animal models, immuno- 
conjugates containing SMPT have exhibited improved 
potency, which has been attributed to their improved 
stability and prolonged serum half-lives (15).  For each of 
the disulfide-linked 791-RTA30 immunoconjugates, cy- 
totoxicity for antigen-bearing cells was relatively unaf- 
fected by the linker substituents, whereas the activity of 
a nonreducible thioether-linked conjugate was decreased 
100-fold. From these data we conclude that, as assayed 
herein, the linker substituents we have studied have little 
impact on the in vitro potency of the resulting immuno- 
conjugates. 

In contrast to the range of stabilities obtained with model 
791-TNB analogs, the stability of the different 791-RTA30 
immunoconjugates varied by less than 20-fold in vitro. 
Thus, although the 791-(SAMBA)-SS-TNB analog was 
2000-fold more resistant to reduction in vitro than was 
791-(SPDP)-SS-TNB, the corresponding RTA~o  immu- 
noconjugates (791-(SAMBA)-SS-RTA30 and 791-(SP- 
DP)-SS-RTAso) varied by only a factor of 10. Moreover, 
there was little difference between the relative stabilities 
of the SAMBA-linked and M2IT-linked conjugates (10.4- 
fold and 8.3-fold, respectively), whereas both the methyl- 
substituted SPDP conjugates (MSPDP and SMPT) 
appeared somewhat less stable. Clearly, adding a second 
methyl group immediately adjacent to the disulfide bond 
enhances the stability of model antibody-TNB compounds 
by more than 460-fold, whereas the corresponding anti- 
body-RTA30 immunoconjugates were much less affected 

Similar trends were observed in vivo, where the M2IT- 
linked and SAMBA-linked conjugates exhibited compa- 
rable stabilities and their serum elimination profiles were 
essentially equivalent. Moreover, both conjugates were 
more stable and persisted longer than the corresponding 
conjugates made with 21T and SPDP. Interestingly, the 

(1.3-fold). 

D. Fishwild and A. Kung, unpublished data. 
S.F. Carroll et  al., unpublished data. 
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serum elimination curves for the M2IT- and SAMBA- 
linked immunoconjugates closely approached that of 
nonreducible thioether-linked conjugates,2 and the im- 
provements (relative to the unhindered linkers) were 
comparable to those reported for MSPDP (12) or SMPT 
(13, 151, as well as those reported for the dimethyl- 
substituted reagent sNHS-ATMBA (14). Thus, enhanc- 
ing immunoconjugate disulfide bond stability beyond the 
level generated with M2IT would apparently provide little 
additional therapeutic benefit. Presumably, the differ- 
ential magnitudes of stability noted with the antibody- 
RTA~o conjugates reflect structural constraints imposed 
upon the linkages within protein-protein conjugates that 
are not present in the corresponding protein-TNB analogs. 

Taken together, our results suggest that increasing the 
steric bulk of the X2IT substituent adjacent to the disulfide 
bond beyond that of a single methyl group offers little 
improvement in the in vitro and in  vivo stability of protein- 
protein conjugates and that the stabilities of protein- 
protein conjugates (but not protein-TNB conjugates) to 
reduction in  vitro are good indicators of stability in  vivo. 
As a result of these evaluations, the M2IT crosslinker 
appears to possess many properties optimal for the 
preparation and therapeutic use of antibody-RTA im- 
munoconjugates. Indeed, preliminary studies in animal 
models suggest that M2IT-linked immunoconjugates are 
more potent than conjugates prepared with SPDP.3 
Moreover, although the present studies were conducted 
with a single murine IgG2b monoclonal antibody, essen- 
tially equivalent results have been obtained with other 
murine (IgG1, IgG2a) and mouse/human chimeric anti- 
bodies and antibody fragments (25) as well as with other 
cytotoxins (26) and ribosome-inactivating proteins.4 

It is noteworthy, however, that the therapeutic utility 
of MBIT (or the other X2ITs) is not limited to the 
preparation of protein-protein conjugates. For example, 
given the 6000-fold differences in stabilities noted with 
the antibody-TNB analogs, it should be possible to prepare 
protein-drug conjugates that exhibit a range of stabilities 
in vivo. Such conjugates may find use in the controlled, 
time-dependent release of active drug following systemic 
delivery or in the preparation of timed-release matrices 
for implantation. 
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Fluorinated proteins have been synthesized and characterized as potential in vivo l9F magnetic resonance 
imaging (MRI) and spectroscopy (MRS) agents. Proteins labeled with fluorine include bovine serum 
albumin, y-globulin, and purified immunoglobulin (IgG). The amino groups in proteins were selectively 
trifluoroacetylated using S-ethyl trifluorothioacetate to synthesize fluorinated proteins (TFA-protein; 
1-3). In another approach, trifluoroacetamidosuccinic anhydride has been used to prepare corresponding 
fluorinated derivatives of proteins (TFASA-protein; 4-6). The fluorinated proteins have been purified 
by exhaustive dialysis and isolated in good yields (55-76 7%). The fluorinated proteins exhibit useful 
NMR characteristics and the biocompatibility for in vivo studies. The initial investigations demonstrate 
the potential of these new fluorinated proteins as in vivo MRI/MRS probes. 

INTRODUCTION 
Macromolecular carrier systems have been developed 

in an attempt to optimize the delivery of antineoplastic 
agents to tumors (1). Indeed, conjugation of antineoplastic 
drugs to carrier polymers and proteins may improve the 
biodistribution and therapeutic efficacy of drugs (2).  

Macromolecules such as albumin, globulins, and syn- 
thetic polymers accumulate in tumor tissue because the 
vascular network shows both enhanced permeability of 
the neovasculature and lack of a lymphatic recovery system 
(3 ,4) .  Radionuclides have been attached to serum albumin 
in an effort to detect micrometastases using scintigraphy 
(5). In addition, lH NMR paramagnetic tissue contrast 
agents have been conjugated to albumin with considerably 
enhanced vascular retention and improved contrast (6). 
Polyclonal human nonspecific IgG has been used as a 
carrier molecule (lllIn-labeled) in clinical trials to detect 
areas of inflammation (7). Additionally, human polyclonal 
IgG attached to monodisperse iron oxides (MION) has 
been used to enhance MRI of inflammation (8). Kilbourn 
et. al. have labeled proteins (HSA and IgA) with 18F and 
suggested that these approaches could be used for 19F 
labeling of proteins (9). 

l9F NMR offers a unique quantitative means of imaging 
infused agents, as there is essentially no l9F background 
signal in tissue. We have been developing both novel 
fluorine-labeled molecular probes (IO,  11) and enhanced 
MR techniques to exploit the exceptional characteristics 
of fluorine (12, 13). Small fluorinated molecules, e.g., 
trifluoroacetylglucosamine, are subject to very rapid renal 
clearance (10). At  the other extreme of molecular size, 
perfluorocarbon emulsions (nanoparticles) are subject to 
extensive uptake by the liver and spleen and exhibit 
excessive tissue retention (14). The development of 
fluorine-labeled probes with prolonged retention in the 
vascular compartment should facilitate 19F NMR inves- 
tigations of lesions like tumor, ischemia, or inflammation. 
In addition, the fluorine-labeled proteins may permit 
quantification and characterization of the catabolic pro- 
cesses of proteins (15) in tissues in vivo that could not be 
achieved with conventional radiolabels. 

~~ 

* To whom correspendence should be addressed. 
+ Presented at the 204th ACS National Meeting (Division of 

Abstract published in Advance ACS Abstracts, April 1,1994. 
Medicinal Chemistry), Washington, D.C., Aug 23-28, 1992. 

The purpose of this study was to develop molecular 
probes with appropriate NMR characteristics and the 
biocompatibility for in vivo applications using magnetic 
resonance imaging (MRI) and spectroscopy (MRS). Al- 
bumin and the globulins have been used as model proteins 
for labeling with fluorine ('9F). The fluorine-labeling 
procedures and 19F NMR characteristics of fluorinated 
conjugates are reported together with preliminary exami- 
nations of their biological behavior, such as blood clearance 
and i n  vivo spectroscopy. 

EXPERIMENTAL PROCEDURES 

Reagents and Materials. Bovine serum albumin 
(BSA), y-globulin, and purified immunoglobulin (IgG) 
were purchased from Sigma Chemical Co. S-Ethyl tri- 
fluorothioacetate, sodium trifluoroacetate (CF&OONa), 
sodium fluoride (NaF), and sodium bicarbonate (NaHC03) 
were purchased from Aldrich Chemical Co. Trifluoro- 
acetamidosuccinic anhydride was synthesized by a lit- 
erature-reported procedure (16) and stored under dry 
conditions. Spectra Por dialysis tubings (Fisher Scientific) 
with molecular weight cutoff (MWCO) 6-8 K and 12-14 
K were used. All other reagents and solvents were reagent 
grade unless otherwise specified. Magnevist (Berlex 
Laboratories Inc., Wayne, NJ), a 0.5 M solution of 
N-methylglucamine salt of the gadolinium complex of 
diethylenetriamine pentaacetic acid (Gd-DTPA), was used 
as the paramagnetic relaxation agent. 

Equipment and Physical Measurements. 19F NMR 
spectroscopy was performed using a 7 T (300 MHz, lH) 
Oxford magnet under control of a Techmag console. 
Imaging ('9F and lH) experiments were performed using 
an Omega CSI 4.7 T system with actively shielded gradients 
(Acustar, Bruker Instruments, Inc.). Infrared spectra (IR) 
were recorded in KBr on a Mattson Galaxy (2000) FT-IR 
spectrometer. Gel permeation chromatography (GPC) was 
carried out using a Waters HPLC system. 

Fluorine Labeling Procedures. Reaction of S-Ethyl 
Trifluorothioacetate with Proteins. The appropriate 
protein (BSA, y-globulin, or IgG) (50-100 mg) was 
dissolved in 0.1 M NaHC03 (40-50 mL). S-Ethyl tri- 
fluorothioacetate (SETFA) (I 7) was added (50 molar 
excess) dropwise to the protein solution at  4 "C while a 
pH -8.0 was maintained (by adding NaHC03 solution). 

1043-1802/94/2905-025?$04.50/0 0 1994 American Chemical Society 
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The reaction was allowed to proceed overnight a t  room 
temperature. The reaction mixture was extensively 
dialyzed using MWCO 6-8-K and 12-14-K dialysis tubing 
(sequentially) against water to remove low molecular 
weight materials (excess of reagent) for not less than 72 
h. The solution was lyophilized to yield trifluoroacetylated 
protein derivatives (TFA-protein; 1 and 3). Reaction of 
y-globulin with SETFA resulted in water-insoluble product 
2, which was isolated by centrifugation. During reaction 
and purification the temperature was maintained at 4 "C 
for IgG. 

Reaction of Trifluoroacetamidosuccinic Anhydride 
with Proteins. The appropriate protein (BSA, y-globulin, 
or IgG) (50-100 mg) was dissolved in 0.1 M NaHC03 (40- 
50 mL). Trifluororoacetamidosuccinic anhydride (1 6) was 
added (50 molar excess) in small lots to the protein solution 
at  4 "C while a pH -8.0 was maintained (by adding 
NaHC03 solution). The reaction was allowed to proceed 
overnight at room temperature. The conjugate was 
extensively dialyzed using MWCO 6-8-K and 12-14-K 
dialysis tubing (sequentially) against water to remove low 
molecular weight materials (excess of reagent) for not less 
than 96 h. The solution was lyophilized to yield trifluo- 
rosuccinylated protein derivatives (TFASA-protein; 4-6). 
During reaction and purification the temperature was 
maintained at  4 "C for IgG. 

Gel Permeation Chromatography. Gel permeation 
chromatography (GPC) was performed using Waters 
ultrahydrogel columns at 25 OC. Phosphate buffer (2M) 
was used for elution at a flow rate of 0.8 mL/min with a 
Waters 484 (UV/vis) and 410 differential refractometer. 

19F NMR Spectroscopy and Sensitivity Measure- 
ments. Typically, fluorinated protein (viz. 1; -10 mg; - 0.28 M) was dissolved in water or fresh heparinized blood 
(-500 pL). The pH of the protein solution in water was 
adjusted to neutral (with NaOH solution) for NMR 
experiments. Sodium trifluoroacetate (CF3COONa; 0.46 
M) and sodium fluoride (NaF; 0.1 M) in water were used 
as chemical shift reference standards. 19F NMR detection 
sensitivity was estimated using NaF solution as an internal 
standard with relative sensitivity per mg material. 2'1 and 
Tz were estimated using standard pulse burst saturation 
recovery and Hahn spin-echo methods. 
In Vivo Evaluations. Blood Clearance Kinetics. 

TFA-albumin (1, 11.3 mg) was injected iv in a group of 
six Balb/C mice. Blood samples were drawn from pairs 
of mice at 5 min, 2 h, 5 h, 48 h or 1 h, 4 h, 72 hor  2 hand 
24 h to minimize blood volume loss for any given mouse. 
The concentration of fluorine in blood samples was 
estimated with 19F NMR spectroscopy by comparison with 
an external standard of NaF. 
In Vivo Spectroscopy. TFA-albumin (1) was admin- 

istered (iv) in two consecutive doses of 50 mg 2 h apart to 
a tumor-bearing mouse (Meth-A). The mouse was anes- 
thetized [ ketamine (100 mg/kg) + xylazine (5 mg/kg) (IM)], 
and a surface coil (1.8-cm diameter) was placed against 
the tumor. Spectra were acquired at  282.3 MHz using an 
80-ps pulse with 400 scans in 10 min and spectral width 
of 12 000 Hz. A 20-Hz exponential line broadening was 
applied prior to Fourier transformation. 

Phantom Imaging. The phantom comprised three 
glass vials containing 40 mg of TFA-albumin (1) in 1 mL 
of water each. In addition, two of the vials had, respec- 
tively, -5 and 10 mM Gd-DTPA. The phantom was 
placed in a 3-cm single turn solenoid lH/'9F tunable coil. 
lH images were obtained at  200 MHz using TR = 250 ms 
and TE = 8 ms with two acquisitions at  each of 64 
increments for a total imaging time of 32 s. 19F images 
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Scheme 1 
a 

PROTEIN - NH, * PROTEIN - NH -RI 

TFA - PROTEIN 

ALBUMIN (1) 
0 
I I  PROTEIN = GLOBULIN (2) 

R, = -C-CF, IgG (3) 

a Key: (a) 0.1 M NaHC03, EtSCOCF3. 

Scheme 2 
b 

PROTEIN - NH, t PROTEIN - NH - R, 

TFASA - PROTEIN 

0 
ALBUMIN (4) II 

diC -cFJ PROTEIN = GLOBULIN (5) 

IgG ( 6 )  R,= -C 

II  II 
0 0  

a Key: (b) 0.1 M NaHC03, trifluoroacetamidosuccinic anhy- 
dride. 

Table 1. Characteristics of Fluorinated Proteins 1-6 

fluorinated 

svnthesizeda sensitivityb IR (KBr). cm-1 % 
proteins 19F NMR yield: 

TFA-albumin (1) 10 mg/mg NaF 1658 (M), 1535 (NH) 76 
TFA-IgG (3) 15 mg/mg NaF 1641 (C=O), 1529 (NH) 55 
TFASA-albumin (4) 20 mg/mg NaF 1656 (C=O), 1539 (NH) 73 
TFASA-globulin (5) 28 mg/mg NaF 1647 (C==O), 1535 (NH) 64 
TFASA-IgG (6) 23 mg/mg NaF 1643 (C=O), 1531 (NH) 60 

a All fluorinated proteins except 2 were water soluble and had a 
l9F chemical shift coincident with CFsCOzNa and -44.10 ppm 
downfield from NaF at neutral pH (-7.0). * lBF MR sensitivities 
obtained under fully relaxed conditions with respect to NaF (internal 
standard) at neutral pH (&l5-20% error). Based on amount (mg) 
of protein recovered. 

were obtained with TR = 150 ms and TE  = 8 ms using a 
driven equilibrium sequence to enhance data collection 
efficiency (18) with 256 acquisitions at  each of 32 gradient 
increments for a total imaging time of 20 min. Images 
were processed with sin2 apodization prior to Fourier 
transformation. 

RESULTS AND DISCUSSION 
We have used proteins which are readily available and 

occur naturally a t  high concentration in the body. In 
addition, bovine serum albumin and immunoglobulins 
were cost-effective model proteins for the development 
and standardization of fluorine-labeling procedures. We 
adopted two approaches to the fluorination of these 
proteins. In the first approach, the amino groups in the 
proteins were selectively trifluoroacetylated using 5'-ethyl 
trifluorothioacetate (SETFA) (TFA-protein; 1-3) (Scheme 
1). 7-Globulin on reaction with SETFA produced a water- 
insoluble product (2). In an alternative approach we used 
trifluoroacetamidosuccinic anhydride (TFASAN) to pre- 
pare corresponding fluorinated derivatives of proteins 
(TFASA-protein; 4-6) (Scheme 2). The first approach, 
trifluoroacetylation of proteins, yielded products with 
higher fluorine labeling (i.e., proteins with higher 19F 
detection sensitivity) as compared to labeling with tri- 
fluoroacetamidosuccinic anhydride (Table 1). This may 
be due to the competing hydrolysis reaction of anhydride 
with trifluorosuccinylation of proteins in aqueous solution. 
The additional free carboxylic acid groups introduced in 
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fluorinated proteins 4-6 using TFASAN may alter the 
charge on proteins and favorably enhance the water 
solubility, as is evident from y-globulin derivative 5, which 
was obtained as a water-soluble product. For in vivo 
applications, it is desirable to minimize the injection 
volume. Usually, labeling of proteins with fluorinating 
agents involves the modification of amino acid side chain 
polar functional groups (e.g., NH2 groups), which in turn 
results in reducing hydrophilicity of derivatized products. 
The introduction of polar groups simultaneously with 
fluorine labeling will maintain or even enhance the 
solubility of derivatized products. 

The fluorinated proteins 1-6 were purified by exhaustive 
dialysis and isolated in good yields (55-76%; Table 1). A 
control experiment showed that dialysis successfully 
removed the reaction byproduct, trifluoroacetamidosuc- 
cinic acid (TFASA), from proteins. A sample of TFASAN 
was first hydrolyzed to TFASA by adding to 0.1 M 
NaHC03. The TFASA solution was dialyzed indepen- 
dently and also after adding to albumin solution. Lyo- 
philization of TFASA dialysate yielded no visible product. 
The dialysis solution containing albumin showed no 19F 
signal in the product obtained after lyophilization. 

To evaluate the product purity and integrity of the 
proteins following the reaction, gel permeation chroma- 
tography (GPC) was performed. Analyses of fluorinated 
proteins showed a smooth GPC profile without formation 
of additional low or high molecular weight products. The 
IR spectra of TFA-protein 1-3 and TFASA-protein 4-6 
showed two enhanced bands at 1641-1658 and 1529-1535 
cm-' and 1643-1656 and 1531-1539 cm-l, respectively, 
compared to native proteins besides a broad band (2900- 
3500 cm-l). The fluorinated proteins 1 to 6 exhibit asingle 
sharp 19F NMR signal as demonstrated in Figure 1 for 
TFA-albumin (1) and TFA-IgG (3) with a typical line 
width of -80-100 Hz. The chemical shifts of proteins 
1-6 are essentially coincident with CF3COONa and -44.10 
ppm downfield from NaF. l9F spin-lattice relaxation time 
Ti= 0.75-1.0 s and spin-spin relaxation time T2 i= 10-25 
ms were obtained at 7 T for derivatized proteins 1-6 (19). 
The line width as well as relaxation parameters of 
derivatized proteins were significantly different from small 
molecular weight fluorinated compounds (e.g., CF3- 
COONa, line width -20 Hz, TI -2.9 s, TZ -760 ms) (19). 
The conjugation of the fluorinated moiety to macromol- 
ecules (e.g., proteins) results in a reduction of the relaxation 
times TI and T2. Reduced 19F TI is favorable for imaging 
experiments. It permits rapid data acquisition and thus 
shortens imaging time without sacrificing resolution. The 
NMR characteristics exhibited by derivatized proteins 
together with the other methods of characterization 
described above confirm the purity and identity of 
fluorinated proteins. 

The observation of a single sharp l9F resonance for 
fluorine-labeled proteins 1-6 contrasts previous reports 
of protein labeling with fluorine (15), and facilitates 
imaging without chemical shift artifacts. We have de- 
termined the relative 19F NMR sensitivity of the fluori- 
nated proteins compared to sodium fluoride (NaF). In 
other words, the relative sensitivity is defined as the 
number of mg of fluorinated protein needed to give the 
same intensity of 19F NMR signal as that obtained with 
1 mg of NaF (Table 1). The NMR sensitivity provides an 
estimate for the relative efficiency of the labeling methods 
and in vivo NMR detectability of derivatized proteins. 

The 19F signals from fluorinated proteins were readily 
observed when added to whole blood as shown for TFA- 
albumin (1) andTFA-IgG (3) inFigure 1B,D. Theyexhibit 
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NaF 

TFA-aibumln (1) 

PHANTOM (A) 
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50.0 b.0 !,o.o $0.0 b . 0  '$0.0 !S.O 

19F CHEMICAL SHIFT (PPM) 
Figure 1. 282.3-MHz l9F NMR spectra of TFA-albumin (1) or 
TFA-IgG (3) and NaF. Fluorinated proteins 1 and 3 are shown, 
respectively, in water (A and C) and in whole rabbit blood (Band 
D). 1 and 3 both have a single sharp 19F signal, and there is no 
line broadening or change in chemical shift in blood. 

a single sharp resonance without any substantial line 
broadening, change in signal intensity, or chemical shift 
in blood. TFA-albumin (1) was also detectable as a single 
resonance in blood drawn from an animal following iv 
infusion and, indeed, was detectable in excised tissues (liver 
and tumor) 72 h after administration (48 mg) to a tumor- 
bearing mouse. 

The blood clearance kinetics of TFA-albumin (1) in 
mice were investigated for a period of 6 h following iv 
injection (11.3 mg). Clearance of the agent from the blood 
as measured by the decrease in the intensity of 19F signal 
is shown in Figure 2. The signal to noise ratio of 19F signal 
ranged from -11 to 6 for blood samples a t  5 min 
postinjection to 5 h. TFA-albumin (1) showed prolonged 
retention in the blood pool compared to monomeric 
molecules (10) and the half-life (4-5 h) is similar to Gd- 
DTPA-labeled albumin (20) and lsF-labeled human serum 
albumin (9). Clearance of TFA-albumin (1) appeared 
linear contrasting perfluorocarbon emulsions, which follow 
a nonlinear kinetic (21). Prolonged retention of TFA- 
albumin (1) in the intravascular space suggests enhanced 
probability of leakage of these agents into the tumor 
interstitium. 

Although no formal toxicity studies have been per- 
formed, we have injected 40-50 mg of TFA-albumin (1) 
iv in tumor-bearing mice (Meth-A; n = 3) without apparent 
acute toxicity. Similarly, in a rat there was no toxicity for 
72 h following administration of 300 mg by combination 
of iv and ip. The TFA-albumin (1) has significantly lower 
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Figure 2. Blood clearance profile of TFA-albumin (1) in Balb/C 
mice from 5 min to 5 h following iv injection (11.3 mg). 

TFA-Albumin (1) 

19F CHEMICAL SHIFT (p.p.m) 

Figure 3. 19F MR spectrum of a Meth-A tumor obtained using 
a surface coil following administration of two consecutive doses 
of 50 mg each of TFA-albumin (1) iv 2 h apart. Spectra were 
acquired a t  282.3 MHz using an 80-ps pulse with 400 scans in 10 
min and spectral width of 12 000 Hz. A 20-Hz exponential line 
broadening was applied prior to Fourier transformation. 

toxicity than observed for fluorinated polylysines (10) and 
could be used at  higher doses to provide the 19F NMR 
detection sensitivity for i n  vivo studies. 
In Vivo Spectroscopy. Preliminary experiments using 

localized surface-coil spectroscopy showed 19F NMR signal 
from TFA-albumin (1) in the Meth-A tumor in a mouse 
following successive iv infusions (Figure 3). The concen- 
tration of 1 in the tumor remained constant over a period 
of - 2 h as studied at  10-min intervals. This indicates the 
feasibility of in vivo investigations with fluorine-labeled 
proteins. 

Phantom Imaging. We have determined the 19F NMR 
spin-lattice relaxation time 2'1 -620 ms and spin-spin 
relaxation time 2'2 -70 ms for TFA-albumin (1) at  4.7 T 
(22 "C) to assess their imaging potential. Here, we show 
19F and corresponding lH MR images of a phantom of 
TFA-albumin (1) (Figure 4 (top and bottom)). 19F images 
were obtained with a S/N 10-20 using driven equilibrium. 
We have previously noted that addition of Gd-DTPA 
substantially reduces both 2'1 and 2'2 of the TFA-albumin 
(19). Use of driven equilibrium substantially enhances 
signal from the vial with longer 2'1 (no Gd-DTPA) but 
had relatively little effect on the two other vials (with 
Gd-DTPA). We note that reducing the 2'1 of TFA- 
albumin (1) with a paramagnetic contrast agent can have 
more significant impact on S/N than using driven equi- 
librium. However, excessive concentration of relaxation 
agent significantly shortens 2'2 (C) in Figure 4 (top and 
bottom), thereby reducing the benefits of the increased 
signal strength (22) caused by shortened 2'1 (B). 

TFA-albumin (1) has been evaluated as a prototype 
macromolecular agent, and although it may not prove to 
be the optimal agent, it does provide an opportunity to 
investigate the applications of an intravascular 19F agent 
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Figure 4. (Top) driven equilibrium fluorine (l9F) and (bottom) 
corresponding proton (lH) images of a phantom containing 40 
mg of TFA-albumin (1) in 1 mL of water (A). Magnevist (Gd- 
DTPA) 20 pL (- 5 mM) and 40 p1 (- 10 mM) has been added 
to B and C. 19F images were obtained with TR = 150 ms and T E  
= 8 ms using a driven equilibrium sequence to enhance data 
collection efficiency (18) with 256 acquisitions a t  each of 32 
gradient increments for a total imaging time of 20 min. Cor- 
responding lH images were obtained a t  200 MHz using TR = 250 
ms, T E  = 8 ms, and two acquisitions a t  each of 64 increments 
for total imaging time of 32 s. Images were processed with sin2 
apodization prior to Fourier transformation. 

for MRI. Recently, we successfully conjugated 19F pH 
sensor to carrier polymers (23) without loss in pH sensing 
capability, providing the opportunity for tissue targeting 
of 19F physiological markers. The optimal macromolecular 
19F agent must have appropriate NMR characteristics and 
prove to be safe and effective. The fluorinated macro- 
molecular agents will be useful in the evaluation of tissue 
perfusion and for the diagnosis of ischemic and neoplastic 
disorders. 

In summary, proteins have been successfully derivatized 
providing fluorine labeled biocompatible molecular probes 
with use€ul NMR characteristics. Our initial results 
demonstrate the potential of these new fluorinated proteins 
as MRI/MRS probes. However, more detailed studies with 
different proteins and fluorine labels involving biodistri- 
bution (plasma clearance and organ distribution), toxicity, 
metabolic fate, and immunologic consequences are neces- 
sary to establish their potential as i n  vivo MRI/MRS 
probes. 
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P-Lactamase from Enterobacter cloacae (PL) was conjugated to the Fab’z fragment of the monoclonal 
antibody L6 through a thioether linkage. Although LG-Fab’2-PL was capable of activating the antitumor 
prodrug, 7-(phenylacetamido)cephalosporin mustard, it was impaired in its ability to bind to antigens 
on the H2981 human lung adenocarcinoma cell line. As a result, studies were undertaken to prepare 
conjugates with preserved binding activities. LG-Fab’-PL and a dimeric conjugate consisting of two 
individual L6-Fab’ units linked to a single @L molecule (dimeric L6-PL) were prepared by linking 
L6-Fab’-SH to maleimide-substituted PL. Analysis of these conjugates by SDS-PAGE indicated that 
the linkage involved heavy-chain thiol groups on L6 that are most likely in the hinge region and are 
therefore removed from the antigen binding site of the antibody. Cell binding studies revealed that 
the monovalent conjugate LG-Fab’-PL bound as well as L6-Fab’. Dimeric L6-PL displayed slightly 
less binding than L6-Fab’z7 but bound substantially better than LG-Fab’z-PL. Lower concentrations 
of dimeric L6-PL compared to LG-Fab’z-PL were required to convert the prodrug 7-(pheny1acetamido)- 
cephalosporin mustard into the cytotoxic drug phenylenediamine mustard. Localization studies were 
performed in nude mice with H2981 subcutaneous tumor xenografts. A t  96 h post conjugate treatment, 
there was no significant difference in tumor concentration between LG-Fab’z-PL and dimeric L6-PL. 
In contrast, the blood and normal tissue levels of dimeric L6-PL were lower than LG-Fab’z-PL, resulting 
in improved tumor to blood and tumor to normal tissue ratios. Thus, the conjugation methodology 
described here may be of use for targeting strategies in which high tumor to nontumor conjugate ratios 
are required in order to minimize nonspecific toxicity. 

INTRODUCTION 
The efficacy of monoclonal antibody (mAb’ ) based 

strategies for the treatment and detection of cancer is often 
dependent on the ability of the mAb to localize in tumor 
masses and to achieve high tumor to non-tumor ratios (I). 
Many studies have demonstrated that valency, avidity, 
and molecular weight (2-4) can play important roles in 
mAb in vivo distribution. Consequently, a great deal of 
research has been directed toward optimizing these 
properties in order to enhance mAb and mAb-conjugate 
tumor localization, to accelerate clearance from the blood, 
and to minimize exposure to normal tissues (5,  6). For 
certain applications of mAb conjugates (6-81, these factors 
are critical. 

A number of recent reports have described the use of 
mAb-enzyme conjugates for the conversion of relatively 
noncytotoxic drug precursors (prodrugs) into active an- 
ticancer drugs (reviewed in refs 6 and 8). This is a two- 
step approach to cancer therapy in which a mAb-enzyme 
conjugate is administered, and after allowing enough time 
for tumor uptake and systemic clearance to take place, an 
anticancer prodrug is then given. The targeted enzyme 
converts the relatively nontoxic prodrug into an active 
anticancer drug. Considerable evidence has accumulated 
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Abbreviations used: PL, Enterobacter cloacae P-lactamase; 

dimeric mAb-@L, (mAb-Fab’)p-PL; DTT, DL-dithiothreitol; 
FITC, fluorescein isothiocyanate; IC50, concentration that gives 
50% cell kill; LFE, linear fluorescence equivalence; mAb, 
monoclonal antibody; PBS, phosphate-buffered saline, pH 7.4; 
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis; SMCC, N-succinimidyl4-(maleimidomethyl)cyclo- 
hexane-1-carboxylate. 
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suggesting that optimal effects require high tumor to blood 
conjugate ratios (8-1 O), which presumably can be affected 
by the chemistry used for conjugate preparation. 

Several groups have utilized P-lactamases for the 
activation of cephalosporin-containing prodrugs (1 1-13). 
Recently, we described the in vivo activities of a Fab’z 
conjugate of Enterobacter cloacae p-lactamase (PL) against 
a subcutaneous human tumor xenograft in nude mice (12). 
A significant level of antitumor activity was obtained in 
spite of the fact that the conjugate was impaired in its 
ability to bind to cell surface antigens. In this report, we 
describe new conjugation methodology that preserves mAb 
binding activity and correlate this with the ability of the 
conjugate to activate prodrug and specifically localize into 
subcutaneous tumors in vivo. 

EXPERIMENTAL PROCEDURES 

Materials. Crude E. cloacae penicillinase was obtained 
from Sigma Chemical Co., St. Louis, MO, and purified 
according to established procedures, using boronic acid 
affinity chromatography (12, 14). The synthesis of 
7-(pheny1acetamido)cephalosporin mustard has been re- 
ported elsewhere (15). Nitrocefin and PADAC were 
purchased from Beckton Dickinson Microbiology Systems, 
Beckton Dickinson and Company, Cockeysville, MD, and 
Calbiochem, La Jolla, CA, respectively. The mAbs L6 
and P1.17 are both of the IgGza isotype. L6 was purified 
by protein A chromatography from the supernatant of an 
L6-producing hybridoma cell line (16). P1.17 was purified 
from mouse ascites on a protein A column. L6 binds to 
antigens on a variety of human carcinomas, including the 
lung adenocarcinoma cell line H2981 (16). P1.17 shows 
no detectable binding to these cells. The Fab’n fragments 
of the mAbs were obtained by digestion with pepsinogen 
as described previously (15), and purified by affinity 
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chromatography on a protein A column and size-exclusion 
chromatography on Sephacryl S-300. L6-Fab' was ob- 
tained by reduction of the interchain disulfides of L6- 
Fab'2, followed by addition of 5,5'-dithiobis( 2-nitrobenzoic 
acid) (17). 

Conjugate Preparation. The preparation of mAb- 
Fab'z-OL conjugates has been described previously (12). 
Briefly, maleimide-substituted mAb (from reaction with 
N-succinimidyl 4-(maleimidomethyl)cyclohexane-l-car- 
boxylate, SMCC, Pierce Chemical Co., Rockford, IL) was 
allowed to react with PL that had been modified with 
2-iminothiolane to contain free sulfhydryl groups. The 
conjugate was purified using a two-step procedure that 
involved size-exclusion and boronic acid affinity chro- 
matographies. 

MAb-Fab'-PL and (mAb-Fab')n+L (dimeric mAb-PL) 
conjugates were prepared using a method based on 
previously published procedures (17, 18). SMCC was 
dissolved in dimethylformamide at  20.0 mM and added 
to PL solutions at  4-5 mg/mL in phosphate-buffered saline 
(PBS) to give a final SMCC concentration of 1.0 mM. The 
mixture was incubated for 30 min at  30 "C, followed by 
removal of unreacted SMCC and reaction byproducts by 
gel filtration chromatography at  4 "C through Sephadex 
G-25M (PD-10, Pharmacia, Piscataway, NJ), equilibrated 
in N2-purged 40 mM sodium phosphate, pH 7.4, containing 
0.6 M NaC1. 

DL-Dithiothreitol (DTT, Sigma Chemical Co.) was 
dissolved in PBS at  10.0 mM and added to solutions of 
mAb-Fab'z a t  5-10 mg/mL in PBS, containing 15 mM 
sodium borate, pH 8.0, to give a final DTT concentration 
of 0.5 mM. The solution was incubated for 60 min at  30 
"C, followed by purification of the reduced mAb by gel 
filtration at  4 "C on a PD-10 column which was equilibrated 
inN2-purged 40mM sodium phosphate (pH 7.4) containing 
0.6 M NaC1. The number of free sulfhydryl groups 
obtained using this procedure (determined using 5,5'- 
dithiobis(2-nitrobenzoic acid)) (19) was 3.8-4.4. 

The maleimide-substituted enzyme was added to the 
reduced mAb at a 1:2-3 molar ratio of pL:mAb-Fab'. The 
mixture was incubated at  ambient temperature for 60 min, 
followed by the addition of trans-4,5-dihydroxy-1,2- 
dithiane (Sigma Chemical Co.) dissolved at  60 mM in HzO 
(final concentration of 5 mM). Incubation was continued 
for 60 min at  ambient temperature and then 18 h at  4 "C. 
Subsequent manipulations were all carried out a t  4 "C. 
The conjugate was subjected to purification by affinity 
chromatography on a boronic acid affinity column of the 
hydrophilic type (L-type, 14), equilibrated in 20 mM 
triethanolamine hydrochloride at  pH 7.0, containing 0.5 
M NaC1, followed by washing of the column with the above 
buffer until A2m = 0. The bound material was eluted off 
with 0.5 M sodium borate a t  pH 7.0, containing 0.5 M 
NaC1. Fractions were analyzed for relative enzymatic 
activity, and those that eluted with sodium borate and 
had high enzymatic activities were pooled, concentrated 
by ultrafiltration, and applied to a Sephacryl S-300 
(Pharmacia) size-exclusion column (equilibrated in PBS). 
The fractions were analyzed by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and by 
their relative enzymatic activities. Two pools, consisting 
of the purified mAb-Fab'-PL and dimeric mAb-PL 
conjugates, were concentrated by ultrafiltration, filtered 
through 0.2-pm filters, and stored at  -70 "C. The 
concentrations of the preparations were determined spec- 
trophotometrically a t  280 nm using an E'% of 14.0 and 
15.3 (12) for the mAbs and the enzyme, respectively. 
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Enzyme Activity. Specific Activity. The enzymatic 
activities of the purified enzyme and the mAb conjugates 
were determined using either nitrocefin (12,20) or PADAC 
(18) as substrates. (1) Nitrocefin: PL-containing solutions 
(5.0 ng of enzyme/mL) in PBS containing 12.5 pg/mL 
bovine serum albumin were incubated with nitrocefin (50 
pM) in a cuvette a t  ambient temperature. The rate of 
hydrolysis was estimated from the increase in absorbance 
at 490 nm (Ae = 19 500 M-I cm-l) that occurs when the 
P-lactam ring is opened. (2) PADAC: PL-containing 
solutions (25-50 ng of enzyme/mL) in PBS/bovine serum 
albumin (as above) were incubated with PADAC (25 pM) 
in a cuvette a t  ambient temperature. Hydrolysis rates 
were estimated from the increase of absorbance at  450 nm 
(AE = 14 700 M-'cm-l). The specific activity of each 
conjugate was compared to the specific activity of the BL 
sample used for the conjugate preparation. The data 
represent the mean specific activity ratio from at  least 
three preparations of each conjugate, except in the case 
of P1.17-Fab'2-PL, which was only prepared once. 

Relative Activity. Fractions from boronic acid and size- 
exclusion chromatography were tested for relative enzy- 
matic activities. An aliquot of each fraction was diluted 
2000-8000-fold in a 0.1 mg/mL bovine serum albumin 
solution in PBS and incubated at  ambient temperature 
with nitrocefin (final concentration of 50 pM) in a 96-well 
microtiter plate. The absorbance at 490 nm (using 630 
nm as a reference wavelength) was read 5-10 min after the 
initiation of the reaction on an EL 312 Bio-Kinetics Reader 
(Bio-Tek Instruments, Inc.). Reaction conditions were 
chosen such that the value of the fraction with the highest 
absorbance fell within a range of 0.10-0.25. 

Cell Binding. L6-PL conjugates were tested for their 
abilities to bind to H2981 cells relative to L6-Fab'z and 
L6-Fab' in a competition assay (15). H2981 cells (0.5 X 
105) in Iscove's modified Dulbecco's medium with 10% 
fetal bovine serum were incubated with the test sample 
and fluorescein isothiocyanate labeled whole L6 (L6- 
FITC) such that the combined L6-Fab' concentration (test 
sample + L6-FITC) was 800 nM. The ratio of test sample 
to L6-FITC ranged from 0 to 1. After the sample was 
incubated for 30 min on ice, the cells were washed and 
analyzed on a fluorescence activated cell sorter. The mean 
channel number of fluorescence was converted into linear 
fluorescence equivalence (LFE) and percent of binding 
was calculated using the following formula: % binding = 
100 - 100[(LFEicm LG-FITC - LFE,,,id/(LFEicm LG-FITC 

In Vitro Cytotoxicity. H2981 cells in Iscove's modified 
Dulbecco's medium with 10% fetal bovine serum were 
plated out a t  8000 cells/well into 96-well plates and allowed 
to adhere overnight at 37 "C. The cells were incubated 
with varying concentrations of PL or PL conjugates for 
30-45 min at  4 "C. After unbound material was washed 
off, the cells were treated with 10 pM 7-(pheny1acetomido)- 
cephalosporin mustard for 60 min at  37 "C. The cells 
were then washed, and incubation was continued for 18 
h at  37 "C. This was followed by a 6-h pulse with 13H]- 
thymidine (1 pCi/well). The cells were washed with PBS, 
detached by treatment with trypsin/EDTA, harvested onto 
filtermats (LKB WALLAC 1295-001 Cell Harvester), and 
counted on an LKB WALLAC 1205 liquid scintillation 
counter. The incorporation of PHIthymidine was cal- 
culated as the percentage of treated cells relative to 
untreated controls. 
In Vivo Biodistribution. Radiolabeling of Conju- 

gates. LG-Fab'2-PL and dimeric LG-PL were labeled with 
lz51 using Iodogen (Pierce Chem. Co). Both conjugates 
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were separated from low molecular weight material by gel 
filtration on PD-10 columns equilibrated in PBS. Previous 
studies with such columns and elution conditions yielded 
90% protein recovery, which was therefore used as the 
assumed recovery of radiolabeled conjugates. The specific 
activities in terms of radioactivity were 1.6 pCi/pg for L6- 
Fab’2-PL and 0.9 pCi/pg for dimeric L6-PL. 

Immunoreactivity. The radiolabeled conjugates were 
tested for their abilities to bind to H2981 cells in a 
competition assay. Cells were grown to confluence in a 
96-well plate in Iscove’s modified Dulbecco’s medium 
supplemented with 10% fetal bovine serum. Each con- 
jugate was added to the cells a t  a constant concentration 
of conjugate, while the ratio of labeled to unlabeled 
material was varied. The cells were incubated for 30 min 
at 4 “C, washed with PBS, detached with trypsin/EDTA, 
and counted with a y-counter. 

In Vivo Distribution. In vivo studies were performed in 
6-10 week old female athymic nu/nu mice (Harlan- 
Sprague-Dawley, Indianapolis, IN). The mice were 
implanted subcutaneously with in vivo passaged H2981 
tumors. When tumor growth was established and the 
tumors had reached a size of 100-175 mg, groups of three 
to four mice were injected intravenously with radiolabeled 
conjugates at a dose of 0.5 mg (265-310 pCi) of L6 
component/kg (10 mL/kg), using 1.0 mg/mL bovine serum 
albumin in PBS as the diluent. At 96 h post conjugate 
treatment the mice were bled and sacrificed. Tissues were 
collected and weighed immediately following excision and 
then counted with a y-counter. 

Trichloroacetic Acid Precipitation. The in vivo stabili- 
ties of the radiolabeled conjugates in tumors and blood 
were monitored by trichloroacetic acid precipitation. 
Tumors were homogenized with a pestle, and protein was 
precipitated with 500 pL of a 10 % aqueous (wkvol) solution 
of trichloroacetic acid for 30 min at  ambient temperature. 
Plasma proteins were similarly precipitated. The samples 
were centrifuged, and the supernatant from each of these 
was removed. The pellets were resuspended in 500 pL of 
a 5 % solution of trichloroacetic acid. After centrifugation, 
the supernatants were pooled, and the pellets and super- 
natants were counted with a y-counter. 

RESULTS AND DISCUSSION 

Preparation and Structures of mAb-flL Conju- 
gates. LG-Fab’2-PL and P1.17-Fab’2-DL conjugates were 
prepared by linking the two proteins via a thioether bond 
as previously described (12). Briefly, this involved 
combining thiol-containing PL with mAb-Fab’2 that had 
been modified with maleimide groups. The conjugate thus 
formed was purified by size-exclusion and affinity chro- 
matograpy, using Sephacryl S-300 and immobilized bo- 
ronic acid, respectively. This conjugation method yielded 
1:l adducts (>95% purity) of mAb-Fab’2:PL with an 
apparent molecular weight of 150 kDa. The overall yield 
was 13-15 % , based on the amount of thiol-containing PL 
used for the preparation. Analysis of LG-Fab’2-PL for 
binding to L6 antigens on the H2981 human lung adeno- 
carcinoma cell line revealed a reproducible and significant 
loss in binding activity (12). This was in contrast to 
similarly prepared conjugates between L6-Fab’2 and 
Bacillus cereus 6-lactamase (11) (15), in which the binding 
activity of L6 was preserved (15). Consequently, studies 
were undertaken to prepare conjugates of PL having 
preserved binding activities. 

Conjugates of L6 and PL were prepared by reacting 
reduced L6-Fab’z with maleimide-substituted enzyme. 
SDS-PAGE analysis indicated that complete reduction 
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Figure 1. Purification of PL conjugates. (A) The unpurified 
conjugation mixture was loaded on a boronic acid affinity column, 
and bound material was eluted off with a sodium borate buffer 
(indicated by an arrow). Shaded area of protein peak shows the 
fractions that were pooled. (B) The conjugates were further 
purified by size-exclusion chromatography on an Sephacryl S-300 
column. Two pools were obtained (shaded). 

of interchain disulfides took place when DTT was used as 
the reducing agent (data not shown). The reduced mAb 
was reacted with maleimide-substituted enzyme at  an L6- 
Fab’:PL molar ratio of 2-3:l and then subjected to 
purification using a modification of a previously described 
two-step procedure (12). In the first step, the reaction 
mixture was applied to a boronic acid affinity column and 
eluted with sodium borate (Figure 1A). Analysis of the 
fractions for enzymatic activity indicated that most of the 
activity was present in the fractions that bound to the 
column and eluted with sodium borate. Fractions that 
had high enzymatic activity (fractions number 17-21, 
Figure 1A) were pooled and concentrated. SDS-PAGE 
analysis (data not shown) indicated the presence of 
material with distinct apparent molecular weights of 40, 
110, and 150 kDa, respectively. Adducts of higher 
molecular weights were also present. The concentrated 
pool was applied to a Sephacryl S-300 size-exclusion 
column (Figure 1B). Three peaks were obtained in the 
elution of the conjugate mixture, all of which had P-lac- 
tamase activity. SDS-PAGE analysis showed that the 
first two peaks (pools I and 11, Figure 1B) contained 
fractions with apparent molecular weights of 150 and 110 
kDa, respectively. The fractions that eluted immediately 
prior to pool I contained higher molecular weight adducts. 
The peak that eluted last had a molecular weight of 40 
kDa, which corresponds to unreacted PL. 

The pooled conjugate-containing fractions were analyzed 
by SDS-PAGE under nonreducing conditions, which 
showed that the conjugates were a t  least 90 % pure (Figure 
2A). LG-Fab’2-PL (Figure 2A, lane 5) had an apparent 
molecular weight of 150 kDa, corresponding to the expected 
molecular weight for a mAb-Fab’2 fragment attached to 
a single PL molecule. Pool I had the same apparent 
molecular weight (Figure 2A, lane 4). Pool I1 (Figure 2A, 
lane 3) had a molecular weight of approximately 110 kDa, 
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Figure 2. SDS-PAGE analyses (4-20 % ) of PL conjugates under 
nonreducing (A) and reducing (B) conditions: lane 1, whole L6; 
lane 2, L6-Fab’z; lane 3, LG-Fab’-PL; lane 4, dimeric L6-PL; lane 
5, LG-Fab’z-PL; lane 6, PL. Molecular weight markers (in kDa) 
are indicated on the left. 

which is close to the theoretical molecular weight (95 kDa) 
for a monomeric Fab’-PL adduct. 

Further structural information of the conjugates was 
derived by subjecting the conjugates to SDS-PAGE under 
reducing conditions. I t  was found that the heavy (30 kDa) 
and light (25 kDa) chains of LG-Fab’a could be distin- 
guished due to their different mobilities on the SDS gel 
(Figure 2B, lane 2). The two chains stained with ap- 
proximately the same intensity using Coomassie blue. 
Under the reducing conditions, both heavy and light chains 
were released from the LG-Fab’2-PL conjugate (Figure 
2B, lane 5). Most, if not all, of the PL was conjugated to 
the heavy chain, since there is approximately twice as much 
light chain released as heavy chain. The identity of the 
light chain released from the conjugate rests on the fact 
that it has the same apparent molecular weight as the 
light chains from either whole L6 or LG-Fab’a (Figure 2B, 
lanes 1 and 2). 

Pools I and I1 (Figure 1B) did not appear to contain 
disulfide-linked heavy chains that could be released upon 
reduction, indicating that the PL is attached only to the 
heavy chains of these conjugates. The structure of the 
conjugate obtained in pool I (Figure 1B) therefore is 
consistent with the covalent attachment of two individual 
L6-Fab’ fragments to maleimides on PL. The attachment 
is most likely through a heavy chain cysteine in the hinge 
region. Further evidence to support the proposed dimeric 
structure of this conjugate (chemically represented as (L6- 
Fab’)2-@L and designated as dimeric L6-PL) is based on 
the fact that it has the same apparent molecular weight 
as LG-Fab’2-PL under nonreducing conditions on SDS- 
PAGE (Figure 2A, lanes 4 and 5). Finally, similar analyses 
of pool I1 (Figure 1B) under both nonreducing (Figure 2A, 

L6- Fab‘, 
L6-Fab’ 

0 20 40 60 80 100 

% Test Sample 
Figure 3. Cell binding assay. H2981 cells were exposed to 
conjugated or unconjugated L6 in various mixtures with L6- 
FITC, while the L6-Fab’ concentration was kept constant a t  800 
nM. Fluorescence intensity was determined by fluorescence- 
activated cell sorter analysis. Dimeric L6-DL is represented as 
(L6-Fab’) Z-PL. 

lane 3) and reducing (Figure 2B, lane 3) conditons indicate 
that the conjugate is LG-Fab’-PL, in which the L6 heavy 
chain is linked to maleimides on the enzyme. Conjugates 
were also made with the control mAb P1.17 using the same 
methods as described above for L6. The purities and 
mobilities by SDS-PAGE were similar to that of the L6- 
PL conjugates. On the basis of the amount of maleimide- 
containing PL used in the conjugate preparation, the overall 
yields were 10-25 % for the mAb-Fab’-PL conjugates and 
8-13 % for the (mAb-Fab’)a-PL conjugates. 

Conjugate Activities. A competition assay was used 
to assess the effects that the different conjugation methods 
had on the binding characteristics of the PL conjugates to 
H2981 human lung adenocarcinoma cell surface antigens 
(Figure 3). Cells were incubated with conjugates or 
unconjugated mAbs in various mixtures with whole L6- 
FITC. It  was found that dimeric LG-PL was only slightly 
less effective than LG-Fab’a in competing for binding to 
cell surface antigens. The monovalent conjugate, L6-Fab’- 
PL, showed a substantially lower level of binding in this 
assay, but the level was identical to L6-Fab’. Since there 
was no differences in binding between the L6-Fab’ and 
the LG-Fab’-PL conjugate, it is likely that the enzyme is 
conjugated to a site on the L6 such that it does not interfere 
with the binding to cell surface antigens. In contrast to 
these two examples, LG-Fab’2-PL exhibited significantly 
impaired binding to H2981 cells compared to unmodified 
LG-Fab’2. This is consistent with previous findings (12), 
and is probably due to either the site a t  which E. cloacae 
PL binds to LG-Fab’2 and/or to interactions between the 
antigen binding site on L6 with the enzyme. P1.17 has 
been shown previously to give no detectable binding on 
H2981 cells. 

The PL conjugates were also tested for P-lactamase 
enzyme activites using either nitrocefin or PADAC as 
substrates. With nitrocefin, the specific activity of PL 
was 405 f 43 pmol/min/mg, and with PADAC, the activity 
was 23.1 f 1.9 pmol/min/mg. The results showed that the 
enzymatic activities of all the conjugates were similar to 
that of unconjugated PL (Table 1). Thus, it appears that 
the methods for conjugation and purification had little 
effect on enzyme activity. This is consistent with previous 
observations for a variety of P-lactamase conjugates (12, 
15, 18). 

In Vitro Prodrug Activation. To establish the effects 
that the conjugation methods had on in vitro prodrug 
activation, cytotoxicity studies were performed with the 
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Table 1. Enzymatic Activities of @L Conjugates 

conjugate 
re1 activity (% ) 

(no. of preparations) 
~ 

LG-Fab’-BL 
(L6-Fab’)2-BLb 
LG-Fab’2-BL 
P 1.17-Fab’-OL 
(P1.17-Fab’)2-BLb 
P1.17-Fab’2-@L 

108 f 12 (5) 
107 f 12 (4) 
110 f 17 (3) 
119 f 24 (4) 
124 f 33 (4) 
lloc (1) 

=The activity of each conjugate is expressed relative to the 
particular PL sample that was used for the conjugate preparation. 
The numbers in parentheses indicate the number of independently 
prepared conjugates that were tested. b These are referred to in the 
text as dimeric mAb-BL conjugates. No standard deviation was 
obtained, since this conjugate was only prepared once. 

’“r A 
- 

7 5 1 %  hW 

25 

0.01 0.1 1 10 100 

Concentration (nM) 
Figure 4. In vitro prodrug activation. H2981 cells (L6 positive, 
P1.17 negative) were exposed to varying concentrations of PL 
conjugates or unconjugated PL, washed, and treated with 
7-(phenylacetamido)cephalosporin mustard (10 pM). Cell vi- 
ability was measured by [3H] thymidine incorporation and is 
expressed as a percentage of untreated control cells. The dimeric 
conjugates are represented as (mAb-Fab’h-PL. 

conjugates in combination with 7-(pheny1acetamido)- 
cephalosporin mustard, a prodrug that was previously 
shown to be a substrate for PL (12). Upon enzymatic 
hydrolysis of the P-lactam ring of the prodrug, the cytotoxic 
agent phenylenediamine mustard is released (15). H2981 
cells were incubated with various concentrations of PL- 
containing conjugates or unconjugated enzyme. The cells 
were washed and then incubated with a nontoxic con- 
centration (10 pM) of 7-(phenylacetamido)cephalosporin 
mustard. The highest degree of immunospecific activation 
was obtained with the dimeric mAb-PL conjugates, in 
which there was an 80-fold difference between the L6 and 
P1.17 conjugates (Figure 4). In this respect, the dimeric 
LG-PL conjugate was superior to LG-Fab’-PL and L6- 
Fab’2-PL, which had smaller degrees (20-fold) of im- 
munologically specific activation. The finding that both 
L6- and P1.17-Fab’2-PL conjugates showed a greater 
degree of prodrug activation compared to their respective 
mAb-Fab’-PL counterparts (Figure 4) may be attributable 
to a slightly higher degree of non-specific binding to H2981 
cells. 

\ M 2 F A  T 0 LG-Fab’,-PL 
El (LG-Fab’),-PL 

”1 B 
U 
0 p 3 
VI VI .- 

I- 

O LG-Fab’,-PL 
0 (LG-Fab’),-PL 

0 

Tissue 
Figure 5. In vivo biodistribution. LG-Fab’z-PL and (L6-Fab’)~ 
PL (dimeric L6-PL) were labeled with 1251 and administered to 
nude mice with subcutaneous H2981 xenografts. At 96 h post 
treatment, the mice were bled and sacrificed. The data were 
calculated as a percentage of the injected dose per gram tissue 
(A) and as tissue to blood concentration ratios (B). 

Since the conjugates had similar enzymatic activities 
(Table l ) ,  the level of prodrug activation was expected to 
be dependent on the amount of conjugate that bound to 
cells. Therefore, higher concentrations of conjugates would 
be needed to activate the prodrug, if the conjugate is 
impaired in its ability to bind to cell surface antigens. 
Dimeric LG-PL effected prodrug activation a t  the lowest 
concentration compared to the other conjugates (Figure 
4). The concentration of dimeric L6-PL needed to achieve 
an IC50 value with the prodrug (0.1 nM) was 4 and 10 
times lower than LG-Fab’2-PL and LG-Fab’-PL, respec- 
tively (Figure 4A). 

In Vivo Biodistribution. The in vivo distribution of 
LG-Fab’z-PL and dimeric L6-PL to H2981 tumors was 
investigated in mice with subcutaneous H2981 tumor 
xenografts. The conjugates were radiolabeled ( 1251) with- 
out any loss of immunoreactivity, as measured by a 
competition cell binding assay. Autoradiograms from 
SDS-PAGE analysis of the radiolabeled materials sug- 
gested that the conjugates were homogeneously labeled 
and stable to the radiolabeling procedure (data not shown). 
At  96 h post conjugate administration, tissues were 
removed and counted for radioactivity. Additional ex- 
periments confirmed that >90 % of the radioactivity 
measured was precipitable with trichloroacetic acid and 
was therefore associated with protein. 

Figure 5A shows the concentration of the conjugates in 
various tissues 96 h post conjugate administration. This 
particular timepoint was chosen since it coincides with 
the schedule used in a previously reported in vivo 
therapeutic efficacy study involving LG-Fab’2-PL and was 
determined to be an appropriate time for prodrug ad- 
ministration in mice receiving this conjugate (12). Analysis 
of the tissue to blood concentration ratios (Figure 5B) 
indicated that dimeric LG-PL had a 50 % higher tumor to 
blood ratio than LG-Fab’2-PL (Pvalue of 0.03). The tumor 
levels of dimeric LG-PL and LG-Fab’2-PL were not 
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statistically different ( P  value of 0.17) even though the 
blood concentration of dimeric LG-PL was half that of 
LG-Fab’z-PL (P value of 0.01). In all other tissues 
examined, the amount of radioactivity associated with 
dimeric LG-PL was lower than that of LG-Fab’z-PL (Figure 
5B). Thus, a modest, but significant, improvement in 
conjugate tumor to blood ratio is achieved with dimeric 
LG-PL compared to L6-Fab’2-PL, and this is accompanied 
with reduced conjugate levels in nontarget tissues. On 
the basis of this, we are now utilizing dimeric mAb-PL 
conjugates in combination with anticancer prodrugs for 
in vivo therapy studies. 
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CONCLUSION 

LG-Fab’-PL and dimeric LG-PL conjugates were con- 
veniently prepared by linking one and two individual L6- 
Fab’ units to maleimide-substituted PL, respectively. 
Analyses of these conjugates by SDS-PAGE indicated that 
linkage occurred through heavy-chain thiols on L6 that 
are most likely located in the hinge region of the mAb and 
are removed from the antigen binding site. A greater 
degree of control was therefore used in the preparation of 
these conjugates compared to L6-Fab’2-PL, which was 
prepared by random modification of L6-Fab’z with 
maleimide groups. As a result, the dimeric LG-PL 
conjugate displayed better binding characteristics, in- 
creased potency in prodrug activation, and improved in 
vivo localization characteristics compared to L6-Fab’z- 
PL. Although the absolute amount of intratumoral 
conjugate was not increased using dimeric L6-PL relative 
to L6-Fab’2-PL the amount in the blood and in nontarget 
tissues was reduced. This constitutes an improvement 
for the targeting strategy described here, in which high 
tumor to nontumor conjugate ratios are required to 
minimize toxicities due to adventitious drug release. 
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A chemical method for labeling of oligonucleotide probes with europium chelates is presented. A 
modified deoxycytidine phosphoramidite is used to introduce multiple reactive amino groups to the 
oligonucleotide during the synthesis phase. Upon deprotection and purification of the modified 
oligonucleotide, an isothiocyanate derivative of a stable Eu chelate is reacted with the primary amino 
groups. The labeling technology enables the coupling of a high number of Eu chelates to a single probe. 
The melting temperatures and hybridization efficiencies of the oligonucleotides are not significantly 
altered by the labeling process. However, hybridization kinetics of the oligonucleotides are affected 
by the introduction of multiple modified deoxycytidine residues. In a solid-phase hybridization assay, 
up to 107 target molecules can be detected. 

INTRODUCTION 

Synthetic oligonucleotides have become important tools 
in both research and diagnostic applications as probes for 
the detection of specific nucleic acid sequences. Oligo- 
nucleotides are easy to produce and use, and as a result 
of the recent development of highly efficient in vitro 
amplification methods, such as the polymerase chain 
reaction (PCR) (1, 21, oligonucleotides have become 
popular as hybridization probes. Most commonly, oli- 
gonucleotides are labeled with radioactive labels, such as 
32P. However, due to the health hazards and short shelf- 
lives associated with radioactive labels, several alternative 
nonradioactive labeling methods have been developed. 
Oligonucleotides can be directly labeled with enzymes, 
fluorophores, or chemiluminescent markers (3-5). Indirect 
labeling procedures including biotin and hapten labels 
have also been described (6, 7). 

Time-resolved fluorometry (TRF) is a nonradioactive 
measurement technology that enables the sensitive detec- 
tion of lanthanide chelates (for review see ref 8). The 
TRF technology has been used in DNA hybridization 
assays in a wide variety of applications (9-18). Several 
methods of directly labeling oligonucleotides with lan- 
thanide chelates have been presented (13, 16, 17). 

Here we describe in detail a method for the preparation 
of Eu-labeled oligonucleotides. This method involves the 
use of a 1,6-diaminohexane-modified deoxycytidine phos- 
phoramidite which is coupled in a multiple fashion to the 
oligonucleotide. Upon deprotection and purification of 
the modified oligonucleotide, the primary amino groups 
are labeled with Eu in a reaction with an isothiocyanate 
derivative of a stable Eu chelate (13). Thus a high number 
of Eu chelates can be conjugated to one oligonucleotide. 
We have investigated the effect of various degrees of 
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modifications on the dissociation temperatures (Td’S) and 
on the hybridization properties of the Eu-labeled probes. 

MATERIALS AND METHODS 

Synthesis of Diaminohexane-Modified Deoxycy- 
tidine Phosphoramidite. Diaminohexane-modified 
deoxycytidine phosphoramidite was synthesized as de- 
scribed earlier (4 )  with some modifications. The hydroxyl 
groups of deoxycytidine hydrochloride (5.27 g, 20 mmol) 
were protected with 1,3-dichloro-1,1,3,3-tetraisopropyld- 
isiloxane (8.2 g, 26 mmol) in dry pyridine (200 mL). The 
protected deoxycytidine was tosylated (19) as follows. 
Toluene-4-sulfonyl chloride (6.1 g, 32 mmol) and dry 
diisopropylethylamine (5.5 mL, 32 mmol) were added. The 
reaction mixture was stirred a t  room temperature over- 
night, and the red mixture was poured into saturated 
NaHC03 and extracted with CHCl3 (3 X 200 mL). The 
organic phase was evaporated and coevaporated with 
toluene. The residue was then purified by short silica gel 
(40-63 pm, Merck G60) column chromatography using 
2 % ethanol in CHC13 in the mobile phase. The product, 
4-N- (p-tolylsulfonyl)-3’,5’-0- (1,1,3,3-tetraisopropyldisilox- 
ane-1,3-diyl)deoxycytidine, has an Rj value of 0.60 using 
thin-layer chromatography on precoated silica gel plates 
(60F254, Merck) with a MeOH/CHC&, 10/90 (v/v), solvent 
system. Yield: 10.25 g (82% ). IH-NMR (CDCls): 1.00- 
1.10 (m, 28 H); 2.26 (dd, J = 7.0, 13.1 Hz, 1 H); 2.42 (9, 3 
H); 2.48-2.57 (m, 1 H); 3.75-3.79 (m, 1 H); 4.00 (dd, J = 
2.7,13.4Hz,lH);4.14(d, J =  13.4Hz, 1 H);4.36-4.43 (m, 
1 H); 5.98 (d, J = 6.1 Hz, 1 H); 7.30 (2 X d, J = 7.9 Hz, 
4 H); 7.82 (d, J = 7.9 Hz, 2 H); 7.84 (d, J = 7.9 Hz, 2 H). 
Anal. Calcd for C28H45N307SSi2: C, 53.91; H, 7.28; N, 
6.74; 0, 17.96; S, 5.13; Si, 8.98. Found: C, 53.79; H,  7.47; 
N, 6.56. The synthesis was continued by protecting the 
aliphatic primary amino group with trifluoroacetic an- 
hydride and deprotecting the hydroxyl groups with 
tetrabutylammonium fluoride. Subsequently, the hy- 
droxyl group in the 5’-position was protected with 4,4’- 
dimethoxytrityl chloride, and the 3’-hydroxyl group was 
phosphitylated according to standard procedure 
(20) to give 4-N- [6-(trifluoroacetamido)hexyl] -5’-0-(4,4’- 
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Biotinylation of Oligonucleotide N39C1. Ten nmol 
of the oligonucleotide N39C1 (5' NH2CAGCAGC- 
TTCAGTCCCTTTCTCGTCGATGGTCAGCACAGC3') 
containing a single NH2C base at the 5' end was biotin- 
ylated as described earlier (14). 

Preparation of Radioactive Oligonucleotides. The 
oligonucleotides were enzymatically labeled to 1.0 x lo9 
cpm/pg using [ T - ~ ~ P I A T P  (Amersham) and T4 polynucle- 
otide kinase (21). 

Fluorescence Measurements. The Eu fluorescence 
was measured in a 1232 DELFIA fluorometer (Wallac Oy) 
from microtitration plates in a 200-pL volume of DELFIA 
enhancement solution (Wallac Oy) after a 25-min shaking 
a t  room temperature (RT). 

Hybridizations. The hybridizations were performed 
on streptavidin-coated microtitration strips (14) as follows. 
The biotinylated target oligonucleotide N39ClBio 
(amounts as indicated) was immobilized onto the surface 
of microtitration strip wells in a 2-h incubation a t  R T  
with shaking in 200 pL per well of DELFIA assay buffer 
(Wallac Oy). The hybridization solution was obtained by 
mixing DELFIA assay buffer (50 mM Tris-HC1 pH 7.75, 
0.9 % NaC1, 0.5% bovine serum albumin, 0.05% bovine 
globulin, 0.05 % NaN3, 20 pM diethylenetriaminepen- 
taacetic acid, 0.01 % Tween-20), supplemented with 1 M 
NaC1, with an equal volume of water. The actual 
hybridization was carried out using Eu-labeled oligo- 
nucleotides a t  5 x 1010 molecules per reaction (200 pL per 
well). The hybridization temperature was 35 "C for N14 
probes and 45 "C for N18, N21, and N28 probes. The 
strips were washed six times using DELFIA wash solution 
(10 mM Tris-HC1 pH 7.75, 0.9% NaC1, 0.005% Tween- 
20,0.05 % NaN3; Wallac Oy) a t  R T  in a DELFIA 1294-024 
platewasher (Wallac Oy), and the Eu fluorescence was 
subsequently measured as mentioned above. 

Dissociation Temperature Analysis. The biotin- 
ylated target oligonucleotide N39ClBio (5 X 1O1O molecules 
per well) was hybridized to Eu-labeled probes (5 X 1Olo  
molecules per well) on streptavidin-coated strips a t  45 "C 
(N14 probes a t  32 "C) for 1 h. After being washed a t  R T  
the hybrids were washed by stepwise increasing the 
temperature (3 x 5 min at  each temperature) and using 
prewarmed wash buffer, 50 mM HEPES pH 7.5 containing 
15 mM NaC1,lOO pM EDTA, and 0.05% Tween-20. The 
N14 probes were washed with the same wash buffer but 
containing 150 mM NaC1. At each temperature the 
remaining Eu-probe was determined by measuring the 
Eu fluorescence. 

When 32P-labeled probes were used, the procedure was 
identical, but the individual wells were counted in a 
scintillation counter (1219 Rackbeta, Wallac Oy) after they 
were dissolved in LipoLuma scintillation solution (Lumax, 
Landgraaf, The Netherlands). 
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Figure 1. Structure of the diaminohexane-modified deoxycy- 
tidine phosphoramidite. 
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Figure 2. Structure of the Eu chelate for labeling oligonucle- 
otides. 

dimethoxytrity1)deoxycytidine 3'- (2-cyanoethyl)-N,N-di- 
isopropylphosphoramidite (Figure 1) with a total yield of 
35%. 

Syntheses and Europium Labeling of Oligonucle- 
otides. Diaminohexane-modified deoxycytidine phos- 
phoramidite was used for DNA synthesis (scale 0.2 pmole) 
in the Gene Assembler Plus (Pharmacia LKB Biotech- 
nology, Uppsala, Sweden) a t  0.1 M concentration in 
acetonitrile according to standard procedures. The oli- 
gonucleotides containing the diaminohexane-modified 
deoxycytidine base (NH2C) were deprotected in concen- 
trated ammonia at  55 "C overnight. Purification of these 
oligonucleotides was done on a 10% urea polyacrylamide 
gel (21). The buffer of the eluted pure oligonucleotide 
was changed to water by gel filtration. 

The probing sequences of the oligonucleotides were 
selected from the exon V region of human a-1-antitrypsin 
gene: 14mers (N14), ATCGACGAGAAAGG; 18mers 
(N18), CCATCGACGAGAAAGGGA; 2lmers (N21), AC- 
CATCGACGAGAAAGGGACT; 28mers (N28), CTGAC- 
CATCGACGAGAAAGGGACTGAAG. A series of oligo- 
nucleotides (Table 1) were synthesized containing 10 (ClO), 
25 (C25), and 40 (C40) NH2C's a t  the 5' end. These 
oligonucleotides were labeled with europium as follows. 
One to 4 nmol of the purified oligonucleotide was dried 
and resuspended in 50 pL of H2O. The pH was adjusted 
to 9.5 by adding Na2C03 to a final concentration of 50 
mM. Eu chelate of 4-[2-(4-isothiocyanatophenyl)ethyll- 
2,6-bis[ [N,N-bis(carboxymethyl)aminolmethyllpy- 
ridine (12, 13) (Figure 2) (Wallac Oy, Turku, Finland), 
which contains an isothiocyanate as the reactive group, 
was added in a 10 molar excess over available NH2C's 
(unless otherwise stated). The reaction was allowed to 
proceed overnight a t  4 "C. The final product was purified 
on a Sephadex G-50 DNA Grade column (50 X 1 cm) using 
10 mM Tris-HC1 pH 7.5, 50 pM ethylenediaminetet- 
raacetic acid (EDTA) as elution buffer. The fractions 
containing the labeled oligonucleotide were pooled. The 
Eu concentration was measured in a time-resolved fluo- 
rometer, 1230 Arcus (Wallac Oy) against a EuC13 standard. 
The amount of oligonucleotide was determined at  260 nm 
using a correction factor for the absorption of Eu chelate 
a t  that wavelength. The extinction coefficient a t  260 nm 
for the reacted Eu chelate is 16 600. 

RESULTS 

Syntheses of Europium-Labeled Oligonucleotide 
Probes. The diaminohexane-modified deoxycytidine 
phosphoramidite was coupled in the oligonucleotide 
synthesis with high efficiency (98% or higher), fully 
comparable to unmodified phosphoramidites as judged 
by monitoring the dimethoxytrityl release. Oligonucle- 
otides, with 10 and 25 NHzC's a t  the 5' end, were made 
at  the 0.2 pmol scale with good yields, i.e., 6-20 nmol of 
pure oligonucleotide (Table 1 ). It is noteworthy that the 
oligonucleotides containing 40 NH2C's were synthesized 
with low yields even though the coupling efficiencies and 
the UV-shadowing inspection during purification indicated 
otherwise. 
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Table 1. Synthesized and  Labeled Oligonucleotides 

Dahlh et al. 

Table 2. Properties of Eu-Labeled Oligonucleotides 
length of 1 ab e 1 in g 

probing NHzC synthesis degree 
name sequence tail yielda (nmol) (Eu/oligo) 

N14ClOEu8 14 10 20 8 
N14C25Eu20 14 25 1 2  20 
N18 18 22 
N18ClOEu2 18 10 20 2 
N18ClOEu5 18 10 5 
N18ClOEulO 18 10 10 
N18C25Eu9 18 25 6.1 9 
N18C25Eu14 18 25 14 
N18C25Eu25 18 25 25 
N18C40Eu23 18 40 1.0 23 
N21ClOEulO 21 10 22 10 
N21C25Eu20 21 25 8.9 20 
N21C40Eu22 21 40 1.0 22 
N28ClOEu10 28 10 19 10 
N28C25Eu20 28 25 9.9 20 
N28C40Eu26 28 40 4.5 26 

a The amount of synthesized oligonucleotides before Eu labeling. 

The number of Eu chelates that  could be coupled to the 
oligonucleotides was studied by varying the molar excess 
of the chelate in the labeling reaction. The oligonucleotide 
with a probing sequence of 18 nucleotides and a tail of 10 
NHzC's was labeled using a 0.5-, 2-, and 10-fold molar 
excess of the chelate per NHzC, giving incorporations of 
two (N18ClOEu2), five (N18ClOEu5), and 10 (N18C10- 
EulO) Eu chelates, respectively. The oligonucleotide with 
a tail of 25 NHzC's was reacted with a 1-, 10- and 20-fold 
molar excess of the chelate per NH&, resulting in the 
coupling of nine (N18C25Eu9), 14 (N18C25Eu14), and 25 
(N18C25Eu25) chelates, respectively. Thus, it was possible 
to label all available primary aliphatic amino groups when 
the length of the NHzC tail was 10 or 25. However, 
oligonucleotides with 40 NHzC's were not completely 
labeled (maximum 26 Eu/oligo, Table 1). 

Properties of Eu-Labeled Oligonucleotides. To 
study the effect of Eu labeling on the properties of the 
oligonucleotide probes, oligonucleotides carrying probing 
sequences of 14,18,21, and 28 bases were made (Table 1). 
Each probe was synthesized containing a tail of 10, 25, 
and 40 NHzC's. In addition, 18mer probes containing a 
varying number of Eu chelates (but otherwise identical) 
were made (N18ClOEu2, N18ClOEu5, N18ClOEulO and 
N18C25Eu9, N18C25Eu14, N18C25Eu25). We studied 
the dissociation temperatures (Td's) and hybridization 
properties of the Eu-labeled oligonucleotides. 

The melting temperature analysis could not be carried 
out by UV hyperchromicity measurement due to the strong 
UV absorbance of Eu chelate. Therefore, we performed 
the dissociation temperature experiments by washing 
immobilized hybrids a t  increasing temperatures in mi- 
crotitration wells. The remaining probe was measured in 
a time-resolved fluorometer. In order to ensure that the 
biotinylated target oligonucleotide was not released from 
the streptavidin-coated surface in the T d  experiments, the 
solid phase was subjected to a washing test performed 
under stressed conditions. After the first hybridization 
of Eu-labeled oligonucleotide to the biotinylated target 
the obtained specific signal was 51735 cps (100%). After 
washing a t  70 "C, reprobing gave 98% of the previous 
specific signal. After an additional washing (70 "C) and 
hybridization the specific signal was 103 % of the specific 
signal obtained in the first hybridization. To verify that 
the Eu-labeled probe was removed during the washes a t  
70 "C, the remaining probe was measured after two cycles 
of hybridization/washing (70 "C), and only 3% was still 
hybridized to the biotinylated target oligonucleotide. In 

kineticsb hybridization 
tm% sensitivity bgd efficiency 

name T d n  ("C) (min) (molecules) (cps) ( % )  

N14ClOEu8 41 14 5 x 107 509 20 
N14C25Eu20 41 23 1 X lo7 846 18 
N18 (44) 
N18ClOEu2 42 18 4 X  lo7 397 27 
N18ClOEu5 42 18 3 X  lo7 412 29 
N18ClOEulO 43 (44) 18 3 X lo7 520 25 
N18C25Eu9 44 20 3 X lo7 542 25 
N18C25Eu14 43 23 2 X lo7 660 28 

N18C40Eu23 42 42 2 X lo7 1388 24 

N21C25Eu20 49 1 X lo7 831 31 
N21C40Eu22 49 1 X lo7 1587 35 
N28ClOEu10 25 3 X  lo7 1149 31 
N28C25Eu20 37 2 X  lo7 1511 30 
N28C40Eu26 43 3 X lo7 2333 30 

T d  values were determined a t  15 mM NaCl with the exception 
of N14ClOEu8 and N14C25Eu20, which were washed in 150 mM 
NaC1. The values in parentheses were obtained using 32P as a label. * N14 probes were hybridized at 35 "C, N18 and N28 probes at 45 
"C. The amount of immobilized target N39ClBio was 5 X 10'0 
molecules per well. The Tms value expresses the time when 50% 
of maximum signal has been achieved. The amount of immobilized 
biotinylated target oligonucleotide that could be detected. Sensitivity 
limit was determined as 2 X background. Background, no target 
immobilized on the surface, expressed as counts per second. e The 
hybridization efficiency calculation was based on the obtained specific 
signal (from 1 X lo9 target molecules on the standard curve) on a Eu 
standard and taking into account the Euioligo ratio. 
addition, oligonucleotides labeled with 32P (N18, N18C- 
10Eul0, and N21ClOEulO) were used in T d  experiments 
and measured in a scintillation counter, in order to 
establish the validity of our T d  measurement experimental 
setting. Theoretical T ,  values were calculated (22) to be 
41,43, and46 "C for 14mer, 18mer, and 2lmer, respectively. 
Our results showed that neither the tail of NHzC's nor the 
Euloligo ratio affected the Td's of the probing sequences 
(Table 2). 

The hybridization kinetics of the Eu-labeled oligo- 
nucleotides were studied in a solid-phase system. As shown 
in Table 2, the length of the NHzC tail affected the 
hybridization kinetics of the probe: the rate of hybridiza- 
tion decreased as the length of the tail increased. Oli- 
gonucleotides differing only in regard to the number of 
the coupled Eu chelates (N18ClOEu2, N18ClOEu5, 
N18ClOEulO and N18C25Eu9, N18C25Eu14, N18C25- 
Eu25) hybridized at  the same rate. 

The hybridization efficiency of Eu-labeled probes can 
be calculated if the Euloligo ratio of the probe and the 
amount of target on the solid support are known. The 
14mers and 18mers showed hybridization efficiencies of 
about 20% and 25 % , respectively, and those of the 2lmers 
and 28mers were about 30% (Table 2). We observed some 
variation in the hybridization efficiencies between oligo- 
nucleotides of the same probing sequence length. How- 
ever, there was no clear tendency indicating that the 
hybridization efficiency of the oligonucleotides was af- 
fected by the length of the NHzC tail or by the number 
of incorporated Eu chelates. 

With a view to investigating the smallest detectable 
amount of Eu-labeled oligonucleotides, these were diluted 
in 200 pL/microtitration well of DELFIA enhancement 
solution and measured by T R  fluorometry. The detection 
limit was directly dependent on the Eu/oligo ratio. Two 
attomol of oligonucleotide with 25 Eu chelates (N18C25- 
Eu25) could be detected (data not shown). 

The practical detection limit of Eu-labeled oligonucle- 
otides was studied in a solid-phase hybridization assay. 

N18C25Eu25 44 20 1 x 107 715 21 

N21ClOEulO 47 (46) 2 x 107 544 29 
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Figure 3. Standard curves of N18C25 oligonucleotides with 
different Eu incorporation. N18C25Eu9 (circles), N18C25Eu14 
(squares), and N18C25Eu25 (triangles) were hybridized at 10 
ng/mL against varying amounts of immobilized N39ClBio. 
Backgrounds (542 cps, 660 cps, and 715 cps for N18C25Eu9, 
N18C25Eu14, and N18C25Eu25, respectively) were subtracted 
from the obtained cps values. 

The best sensitivity obtained was lo7 target molecules 
(Table 2 and Figure 3). All the probes showing this high 
sensitivity contained a t  least 20 Eu chelates. Another 
important factor affecting the detection limit was back- 
ground. Eu-labeled oligonucleotides exhibited a very low 
nonspecific binding (about 1/10’ of the added probe). 
However, as shown in Table 2, the background was slightly 
elevated when oligonucleotides with a high Eu/oligo ratio 
were used. Eu-labeled oligonucleotides also gave a linear 
response in hybridization assays making quantitative 
analysis possible (Figure 3). 

DISCUSSION 

The development and a closer characterization of a 
labeling method for the direct coupling of europium 
chelates to oligonucleotides was the initiative of this study. 
Directly Eu-labeled oligonucleotides are well-suited for 
many applications, e.g., as Eu-labeled hybridization probes 
and PCR primers (14, 23).  

The synthesis of diaminohexane-modified deoxycytidine 
phosphoramidite is straightforward. A similar product 
has been described (41, but although most of the synthetic 
steps were identical, the present work utilized the relatively 
stable N-4-tosyl nucleoside as an intermediate for the 
introduction of a diaminohexane moiety (19). Due to its 
stability, large amounts of N-4-tosyl nucleoside could be 
prepared and stored as starting material. 

The use of diaminohexane-modified deoxycytidine 
phosphoramidite allows preparation of multiply labeled 
oligonucleotides and insertion of NHzC a t  any position(s) 
in the sequence during synthesis. Oligonucleotides with 
an NH2C tail were synthesized with good yields with the 
exception of oligonucleotides with a tail of 40 NHzC’s. 
The reason for the low overall yield of oligonucleotides 
with 40 NH~C’S is not known. I t  is noteworthy that the 
methodology described herein can be used with commercial 
supports according to standard protocols. Alternatively, 
it is possible to use a modification of the phosphoramidite 
described by Nelson et al. (24) ,  which is the UniLink 
aminomodifier (Clontech, Palo Alto, CA), for introduction 
of multiple amino groups to the oligonucleotide. 
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An important factor contributing to the high sensitivity 
of the presented labeling technology is the fact that several 
Eu chelates can be coupled to a single probe. In this study 
we were able to add up to 26 Eu chelates to an oligo- 
nucleotide. The Eu/oligonucleotide ratio could potentially 
be increased by adding a larger excess of Eu chelate to the 
labeling reaction when labeling oligonucleotides containing 
40 NH2C’s. Using conventional fluorophores, such as 
fluorescein, it  is not advantageous to employ multilabel 
procedures due to self-quenching (25). For europium 
chelates, which have a large Stokes’ shift, self-quenching 
is not a problem. The hybridization sensitivity of Eu- 
labeled oligonucleotides (107 target molecules) is a t  least 
as high as with other oligonucleotide-based detection 
systems ( 4 ) .  

The properties of Eu-labeled oligonucleotides were 
investigated in relation to dissociation temperature as well 
as hybridization kinetics and efficiency on solid support. 
The labeling procedure caused no apparent change in the 
Td’S of the Eu-oligonucleotides. This was interesting since 
the molecular weight of the largest introduced modification 
in oligonucleotides used in the T d  analysis was in total 
about 30 000. Oligonucleotides labeled with the enzyme 
alkaline phosphatase have been reported to show a decrease 
of 5-10 “C in the melting temperature ( 3 ) .  The solid- 
phase hybridization kinetics of Eu oligonucleotides were 
affected. One possible explanation is that the increased 
molecular size affects the diffusion of the Eu-oligonucle- 
otide to the surface of the well. However, closer examina- 
tion of oligonucleotides differing only in the number of 
incorporated Eu chelates suggests that the higher mo- 
lecular weight is not the main reason for slower hybridiza- 
tion kinetics. For example, the molecular weights of 
N18ClOEu2 and N18ClOEulO are 11 000 and 17 000, 
respectively. Despite the considerable difference in the 
molecular weights, these two oligonucleotides hybridized 
a t  the same rate. Oligonucleotides N18C25Eu9 and 
N18C25Eu25 (molecular weights 22 000 and 33 000, 
respectively) were also kinetically similar with each other. 
A more plausible explanation is the effect of the total 
number of nucleotides in Eu-labeled oligonucleotides, that 
is the sequence complexity. As the total number of 
nucleotides in the probing sequence and NH2C tail 
increased, the hybridization rate decreased. This is in 
agreement with the knowledge of the effect of sequence 
complexity on the hybridization kinetics (26). 

The hybridization efficiency of Eu-labeled oligonucle- 
otides was not detectably altered by the labeling process. 
I t  was evident that  the length of the probing sequence was 
reflected in the hybridization efficiency. Eu-labeled 
oligonucleotides with a probing sequence of 21 or 28 
nucleotides (N21 and N28) hybridized more efficiently 
than shorter ones. Additionally, the hybridization tem- 
perature (45 “C) for the longer probes (N28) was not 
optimum and thus the hybridization efficiencies achieved 
with the longer probes were not the actual best efficiencies 
obtainable with these probes. 
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TECHNICAL NOTES 

Peroxidase Labeling of IgMs Fragment of AB0 Blood Group Specific 
Mouse Monoclonal IgM 
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A method for peroxidase labeling of the monomeric subunit (IgMs) of AB0 blood group specific mouse 
monoclonal IgM is described. IgM was purified from a commercial monoclonal anti-B blood grouping 
reagent by a combination of salt precipitation, euglobulin precipitation, and gel filtration. IgM was 
mildly reduced with L-cysteine to yield SH-bearing IgMs. Finally, IgMs was conjugated to horseradish 
peroxidase, into which SH-reacting maleimide groups had been introduced using N-succinimidyl 
6-maleimidohexanoate, through the selective reaction between SH of IgMs and maleimide groups of 
peroxidase. 

INTRODUCTION 
Being produced under the requirement for efficient 

hemagglutination activity, most commercial monoclonal 
AB0 blood grouping reagents are of the IgM class. By 
combining ABO-specific mouse monoclonal IgM with an 
enzyme-labeled (anti-mouse IgM) IgG, forensic and medi- 
colegal investigators developed many indirect enzyme 
immunoassays for ABH blood group substances in body 
fluids (1-3), and these have been proven to work quite 
accurately and reliably (4, 5). The encouraging results 
achieved by the indirect enzyme immunoassays evoked 
expectations for a simpler and more convenient direct 
enzyme immunoassay employing enzyme-labeled ABO- 
specific monoclonal IgM. This prompted us to develop a 
peroxidase-labeling method suitable for ABO-specific 
monoclonal IgM. 

EXPERIMENTAL PROCEDURES 
Scheme 1 illustrates the principle of the method. Mouse 

IgM consists of five monomeric subunits (IgMs, H2Lz)l 
and one J chain joined by disulfide bonds at  the pen- 
ultimate cysteine of the H chain (6). The J chain, which 
accounts for approximately 2% of the total molecular 
weight of IgM (7), is not depicted in the scheme. 

Throughout the experiments, column chromatography 
(gel filtration) was performed at  room temperature. 
Buffers used for equilibrating and running columns were 
degassed by an aspirator vacuum under sonication for 15- 
20 min. The other buffers were not degassed. 

Purification of Monoclonal IgM. Mouse monoclonal 
IgM was purified by a combination of neutral salt 

@ Abstract published in Advance ACS Abstracts, April 15, 
1994. 

'Abbreviations used: IgMs, monomeric subunit of IgM pen- 
tamer; H and L, heavy and light (chains); Tris, tris(hydroxy- 
methy1)aminomethane; EDTA, ethylenediaminetetraacetate; 
PBS, phosphate-buffered saline (10 mmol/L sodium phosphate 
buffer, pH 7.3, containing 0.145 mol/L NaC1); NC membrane, 
nitrocellulose membrane; Tween 20, polyoxyethylene sorbitan 
monolaurate; SDS-PAGE, sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis. 
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precipitation, euglobulin precipitation upon dialysis under 
very low ionic strength conditions, and gel filtration 
described by Hayzer and Jaton (8). The amount of IgM 
was calculated from the absorbance at  278 nm by taking 
the extinction coefficient to be 1.35 g1.L.cm-l (9). 

One hundred mL of Bioclone anti-B (Lot No. BBB512D- 
1, Ortho Diagnostics, Raritan, NJ) was precipitated with 
20 g of NaZS04. The precipitate was dissolved in 4.0 mL 
of 0.155 mol/L NaCl and then thoroughly dialyzed against 
distilled water a t  4 "C. The precipitate which formed was 
dissolved in 3.0 mL of 50 mmol/L tris(hydroxymethy1)- 
aminomethane Tris-HC1 buffer, pH 8.0, containing 0.5 
mol/L NaCl and subjected to gel filtration on a column 
(1.6 X 70 cm) of Ultrogel AcA 22 (IBF biotechnics, 
Villeneuve-la-Garenne, France) using the same buffer 
(Figure 1). The amount of IgM obtained was 6.1 mg. 

Preparation of Maleimide-Peroxidase. Maleimide 
groups were introduced into peroxidase using N-succin- 
imidyl6-maleimidohexanoate according to Hashida et al. 
(10). The amount of maleimide-peroxidase was calculated 
from the absorbance a t  403 nm by taking the extinction 
coefficient and the molecular weight to be 2.275 
g-1.L.cm-l and 40 000, respectively (11). 

Horseradish peroxidase (6.7 mg, Grade I, Boehringer- 
Mannheim GmbH, Mannheim, FRG) in 1.0 mL of 0.1 
mol/L sodium phosphate buffer, pH 7.0, was mixed with 
0.10 mL of 27.5 mmol/L N-succinimidyl6-maleimidohex- 
anoate (Dojindo, Kumamoto, Japan) in N,N-dimethyl- 
formamide. After incubation at  30 "C for 45 min, the 
reaction mixture was subjected to gel filtration on a column 
(1.0 X 30 cm) of Sephadex G-25 medium (Pharmacia Fine 
Chemicals AB, Uppsala, Sweden) using 20 mmol/L sodium 
phosphate buffer, pH 6.8, containing 0.14 mol/L NaCl 
and 2 mmol/L ethylenediaminetetraacetate (EDTA). The 
average number of maleimide groups introduced per one 
peroxidase molecule was 1.5 (11). 

Mild Reduction of IgM To Yield Monomeric Sub- 
unit (IgMs). IgM was mildly reduced with L-cysteine to 
yield IgMs according to Hashimoto et al. (12). The amount 
of IgMs was calculated from the absorbance at  280 nm by 
taking the extinction coefficient and the molecular weight 
to be 1.29 gl-L-cm-l (13) and 180 000 (121, respectively. 

0 1994 American Chemical Society 
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IgM (5.0 mg) in 1.2 mL of 0.2 mol/L Tris-HC1 buffer, 
pH 8.6, was mixed with 0.12 mL of 550 mmol/L L-cysteine 
(Nacalai Tesque Ltd., Kyoto, Japan) in the same buffer.2 
After incubation at  27 "C for 10 min, the reaction mixture 
was cooled on ice and immediately subjected to gel 
filtration on a column (1.5 X 45 cm) of Ultrogel AcA 34 
(IBF biotechnics) using 20 mmol/L sodium phosphate 
buffer, pH 6.8, containing 0.14 mol/L NaCl and 2 mmol/L 
EDTA at  a flow rate of 21 mL/h (Figure 2). Fractions 
containing IgMs were pooled, concentrated with an 
ultrafiltration membrane (Diaflo PM-30, 25 mm in 
diameter, Amicon Corp., Danvers, MA), and immediately 
subjected to conjugation to maleimide-peroxidase. The 
amount of IgMs obtained was 1.7 mg. 

Conjugation of IgMs to Maleimide-Peroxidase. 
IgMs was reacted with maleimide-peroxidase to produce 
IgMs-peroxidase conjugate. The amount of IgMs-per- 
oxidase conjugate was calculated from the absorbance at  
280 nm and 403 nm (1 I) by taking the extinction coefficient 
of IgMs (1.29 g-l-L-cm-l a t  280 nm) (13) together with the 
molecular weight of IgMs (180 000) (12) and the extinction 
coefficient of peroxidase (0.73 g-l-L-cm-l at 280 nm and 
2.275 gl.L.cm-' a t  403 nm) together with the molecular 
weight of peroxidase (40 000) (11). 

IgMs (1.7 mg) in 1.5 mL of 20 mmol/L sodium phosphate 
buffer, pH 6.8, containing 0.14 mol/L NaCl and 2 mmol/L 
EDTA was mixed with maleimide-peroxidase (1.1 mg) in 
0.43 mL of the same buffer and then concentrated at  4 OC 
with a microconcentrator (Centricon 30, Amicon Corp.) 
to a final volume of 0.26 mL. The concentration of IgMs 
and maleimide-peroxidase in the reaction mixture were 
30 pmol/L and 90 pmol/L, respectively. After incubation 
at  4 "C for 16 h, the reaction mixture was subjected to gel 
filtration on the Ultrogel AcA 34 column (1.5 X 45 cm) 
using 100 mmol/L sodium phosphate buffer, pH 6.5. 
Fractions containing immunoreactive IgMs-peroxidase 
(Figure 3, fractions 35-48), which were determined as 
described below, were pooled. The amount of IgMs- 
peroxidase obtained was 1.5 mg (1.01 mg as IgMs and 0.51 
mg as peroxidase). The molar ratio of peroxidase to IgMs 
in the conjugate was hence calculated to be 2.3. 

Dot Immunoblotting. Fractions containing immu- 
noreactive anti-B IgMs-peroxidase conjugate from gel 
filtration on an Ultrogel AcA 34 column were determined 
using the dot immunoblotting method (31, with modifica- 
tions. Saliva from a blood group B ABH-secretor was 
diluted 100- to 3000-fold with phosphate-buffered saline 
(PBS), and 2 pL of the diluent was applied on a 
nitrocellulose (NC) membrane (0.45 pm, Bio-Rad labo- 
ratories, Richmond, CA). After blocking with a commercial 
buffer solution for an enzyme immunoassay containing 
casein (Block Ace, Snow Brand Co. Ltd., Sapporo, Japan), 
the NC membrane was incubated with anti-B IgMs- 
peroxidase conjugate from each fraction (3.0 pg/mL as 
peroxidase) in Block Ace diluted 10-fold with distilled 
water a t  room temperature for 1 h. After the NC 
membrane was washed three times with 50 mmol/L Tris- 
HC1 buffer, pH 7.5, containing 0.5 mol/L NaCl and 0.1 % 
Tween 20 (polyoxyethylene sorbitant monolaurate), per- 
oxidase activity bound on the NC membrane was visualized 
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with a commercial immunostain kit for peroxidase (Konika 
HRP, Konika Corp., Tokyo, Japan).3 

After the fractions containing immunoreactive an t iB 
IgMs-peroxidase conjugate (Figure 3, fractions 35-48) were 
pooled, the antigen-binding activity of the an t iB  IgMs- 
peroxidase conjugate was compared with that of the initial 
anti-B IgM by the dot blotting method. Blood group 0, 
A, B, and AB ABH-secretor saliva samples diluted with 
10- to 30 000-fold with PBS were used as antigens. As for 
the anti-B IgMs-peroxidase conjugate, the procedure was 
the same as described above, and the concentration of 
IgMs-peroxidase conjugate was 5.9 pg/mL as IgMs or 3.0 
pg/mL as peroxidase. As for anti-B IgM, an indirect 
method, in which IgM was used as primary antibody and 
affinity-purified goat (anti-mouse IgM) IgGperoxidase 
conjugate (Tago, Inc., Burlingame, CA) was used as 
secondary antibody, was adopted. The concentration of 
IgM was 5.9 pg/mL and the dilution of IgG-peroxidase 
conjugate was 1/500. The incubation times of the first 
incubation (IgM) and the second incubation (IgGper- 
oxidase) were both 1 h. 

Purity and Stability of IgMs. IgMs prepared from 
another lot of Bioclone anti-B (100 mL, Lot No. BBB- 
533A21, Ortho Diagnostics) was used for characterizing 
IgMs. In this lot, 2.3 mg of IgMs was obtained from 4.8 
mg of IgM. 

The purity of IgMs was assessed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
under reducing conditions (14). The separation on an 
8-25% gradient gel followed by staining with Coomassie 
Brilliant Blue was performed using Phast System (Phar- 
macia Fine Chemicals AB). The gel was scanned at  660 
nm using a Beckman spectrophotometer (DU-65) with 
Soft-Pac modules for determination of area and molecular 
weight (Beckman Instruments, Inc., Fullerton, CA). 

SH content and elution profile of gel filtration were 
examined for assessing the stability of IgMs in 20 mmol/L 
sodium phosphate buffer, pH 6.8, containing 0.14 mol/L 
NaCl and 2 mmol/L EDTA. IgMs eluted from an Ultrogel 
AcA 34 column (1.5 X 45 cm) at  a flow rate of 21 mL/h 
(Figure 5a, fractions 40-5014 were pooled (0.24 mg/mL), 
concentrated to a volume of 1.5 mL (1.5 mg/mL), and 
then left standing on ice for 6 h, during which time the SH 
content in the IgMs was determined using 4,4'-dithio- 
dipyridine (11, 15) as described below. Finally, the 
concentrated IgMs was mixed with N-ethylmaleimide (5 
mmol/L in the mixture, NacalaiTesque Ltd.) for blocking 
the remaining SH groups and subjected to gel filtration 
on the same column at  the same flow rate. 

Twenty pL of 5 mmol/L 4,4'-dithiodipyridine (Nacalai 
Tesque Ltd.) was added to 0.6 mL of the pooled IgMs 
before (0.24 mg/mL) and after concentration (rediluted 
to a concentration of 0.19 mg/mL from 1.5 mg/mL) in 20 
mmoVL sodium phosphate buffer, pH 6.8, containing 0.14 
mol/L NaCl and 2 mmol/L EDTA or to the same buffer 
as a reference. After 10 min incubation at  30 OC, the 
absorbance at 324 nm was measured and the number of 

%Cysteine solution was prepared just prior to use by dissolving 
L-cysteine (not L-cysteine monohydrochloride monohydrate) in 
0.2 mol/L Tris-HC1 buffer, pH 8.6. The pH of the solution was 
not measured. 

dark blue color was developed by the heterocouplingreaction 
between a naphthol derivative and an aromatic amine derivative 
under the presence of H202. The exact chemical formulas of the 
derivatives were not available to the users. 

*IgMs was eluted more rapidly from a column of Ultrogel AcA 
34 purchased recently (57% of the column volume, Figure 5) 
than from that purchased a few years before (65 75, Figure 2). 
Although this difference might be inevitable variation in gel 
fitration, we felt that some physicochemical properties of Ultrogel 
AcA 34 had been modified as we had similar experiences for 
Ultrogel AcA 44. 
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Figure 1. Elution profile of crude IgM on an Ultrogel AcA 22 
column (1.6 X 70 cm). IgM was eluted in the second peak (fractions 
40-47). 

SH groups per one IgMs molecule was calculated by taking 
the molar extinction coefficient of 4-mercaptopyridine to 
be 19 800 (15). The initial IgM was also examined and 
found to have no free SH groups. 

RESULTS AND DISCUSSION 
Development oft he Method. Ishikawa and co-workers 

(16, 17) established an excellent method, the so-called 
“hinge method”, for the labeling of IgG with enzymes 
through the selective reaction between SH in the hinge of 
the Fab’ fragment of IgG and maleimide groups introduced 
into enzymes. A similar strategy was used for the coating 
of liposome with IgG by Martin and Papahajopoulos (18). 
They introduced maleimide groups into the liposome 
membrane and coupled the liposome to the Fab’ fragment 
of IgG. By the replacement of Fab’ with the monomeric 
subunit (IgMs) of IgM, Hashimoto et al. (12,19) were able 
to coat liposome with monoclonal IgM. The present 
method has been developed from a modification of these 
methods (Scheme 1). 

Monoclonal IgM. After enrichment by physicochem- 
ical means, the final purification of IgM was performed 
by gel filtration on an Ultrogel AcA 22 column. IgM was 
eluted in the second peak (Figure 1). IgM was subjected 
to mild reduction without further purification. 

Preparation of Monomeric Subunit (IgMs) of IgM. 
IgMs was prepared from IgM by mild reduction with 
L-cysteine, followed by gel filtration on an Ultrogel AcA 
34 column. IgMs was eluted in the second peak (Figure 
2). Hashimoto et al. (12) stated that it was necessary to 
seek the optimal concentration of IgM or L-cysteine in 
order to achieve a good yield of IgMs for each monoclonal 
IgM. In this experiment, the yield of the IgMs was 34772, 

Ig Ms-peroxidase conjugate 

0.4 lgMs 

Fraction No. ( 1 .O mL /tube 1 
Figure 2. Elution profile of mildly reduced IgM on an Ultrogel 
AcA 34 column (1.5 X 45 cm). IgMs was eluted in the second peak 
(fractions 48-57). 

v 

Fraction No. ( 1 .O mL I tube ) 9 
Figure 3. Elution profile of the reaction mixture of IgMs and 
maleimide-peroxidase on an Ultrogel AcA 34 column (1.5 X 45 
cm). Fractions 35-48 contained immunoreactive IgMs-peroxidase 
conjugate. 

which was lower than that previously obtained (50 7% ) (12) 
but was sufficient for performing conjugation. Thus, we 
did not optimize the reducing conditions with trial and 
error. 

Purity and Stability of IgMs. SDS-PAGE of IgMs 
under reducing conditions showed H and L chain migrating 
at molecular masses of 79 and 27 kDa, respectively, which 
were similar to those (80 and 25 kDa) reported by Knutson 
et al. (20), and one contaminant migrating at a molecular 
mass of 58 kDa (Figure 4). The nature of the contaminant 
was unknown. By densitography, the purity of the IgMs 
(H and L chains) was estimated to be 91-92 9%. 

The stability of IgMs before conjugation was assessed 
as follows. (1) Fractions containing IgMs eluted from an 
Ultrogel AcA 34 column (Figure 5a) were pooled and 
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Figure 4. SDS-PAGE of IgMs under reducing conditions using 
an 8-2576 gradient gel. Lanes 1, 2, and 3: IgMs (1, 2, and 3 pg 
per lane, respectively). Lane 4: markers. For 1 pg of IgMs, the 
areas of H chain (H), L chain (L), and a contaminant (C) on the 
densitogram comprised 61.7 % , 31.0%, and 7.3 % , respectively, 
and the purity of IgMs was hence calculated to be 92 % . Almost 
the same value (91%) was obtained for 2 pg, but a somewhat 
lower value (87%) was obtained for 3 pg probably due to a 
nonlinear increase in the areas. 

I ce 

0.10 

0.05 

0.00 
20 70 

Fraction No. ( 1 .O mL / tube ) 
Figure 5. Changes in elution profile of IgMs after 6 h storage 
(b). IgM was mildly reduced and subjected to an Ultrogel AcA 
34 column (1.5 X 45 cm), and fractions containing IgMs (40-50) 
(a) were pooled and concentrated. After being left on ice for 6 
h, the concentrated IgMs was resubjected to the same column 
(b). 

concentrated to a volume suitable for conjugation. The 
number of SH groups per one IgMs molecule was 7.2 for 
the pooled IgMs and was decreased to 6.6 after concentra- 
tion. The concentrated IgMs was then left standing on 
ice for 6 h, during which time the values were found to 
remain essentially unchanged (6.5-6.7). (2) After 6 h of 
standing on ice, the IgMs was resubjected to gel filtration 
on the Ultrogel AcA 34 column (Figure 5b). The chro- 
matogram showed a major peak corresponding to IgMs 
and a minor peak with larger molecular mass. The areas 
of the major and the minor peaks comprised 79% and 
21 % , respectively. These results (1 and 2) indicated that 
IgMs was relatively stable, though some IgMs seemed to 
reassemble by oxidation. 

The number of SH per IgMs (H2L2) were larger (6.6- 
7.2) than that (2) expected from Scheme 1. Part of the 
difference (two SH per IgMs) seemed to be well explained 
by Clem and co-workers’ observations (21,22) that IgMs 

D i r e c t  
OSe 

ASe 

BSe a 
a & %  ABSe 

I n d i  rect 
OSe 

ASe 

0.01 0.03 0.1 0.3 1 3 10 30 

D i l u t i o n  ( x 10 - f o l d  ) 3 

Figure 6. Direct dot immunoblotting for 0, A, B, and AB ABH- 
secretor saliva samples (OSe, ASe, BSe, and ABSe) using anti-B 
IgMs-peroxidase conjugate (top) and indirect dot immunoblot- 
ting for the same samples using the initial anti-B IgM with (anti- 
mouse IgM) IgGperoxidase conjugate (bottom). Dilutions of 
saliva samples were from 10- to 30 000-fold. The detection limits 
both by the direct method and those by the indirect method were 
approximately 3000-fold dilution for BSe and 1000-fold dilution 
for ABSe. 

prepared by mild reduction of IgM consisted of two 
covalent H-L chain halfmers which were noncovalently 
bound together. Cleavage of disulfide bonds within and 
between the H and L chains with resultant formation of 
smaller fragments (e.g., H2L) might also contribute to the 
difference. 

IgMs-Peroxidase Con jugate. IgMs was conjugated 
to maleimide-peroxidase through the selective reaction 
between SH of IgMs and maleimide groups of peroxidase 
and then subjected to gel filtration on an Ultrogel AcA 34 
column. IgMs-peroxidase conjugate (the first broad peak) 
was separated from unconjugated peroxidase (the second 
peak) but not separated from unconjugated IgMs (Figure 
3). The antigen-binding activity of IgMs-peroxidase 
conjugate tended to be less in the lower half section from 
the top (fraction 49) of the first broad peak. This decrease 
might be due to less or nonimmunoreactive complexes 
(e.g., H2L-peroxidases) with smaller sizes than IgMs 
(H2La)-peroxidase conjugate. The fractions from the 
upper half section (fractions 35-48) were pooled and used 
in the following experiment in order to confirm the 
conservation of antigen-binding activity of anti-B IgMs- 
peroxidase conjugate. 

Antigen-Binding Activity of IgMs-Peroxidase Con- 
jugate. Blood group 0, A, B, and AB ABH-secretor saliva 
samples were diluted 10- to 30 000-fold with PBS and were 
then subjected to both a direct dot immunoblotting using 
anti-B IgMs-peroxidase conjugate and an indirect dot 
immunob1ot:ing using the initial anti-B IgM with (anti- 
mouse IgM) IgG-peroxidase conjugate. There was no 
significant difference between the detection limits by the 
direct method and those by the indirect method (Figure 
6). This indicated that no significant decrease in antigen- 
binding activity occurred for most part of the monoclonal 
anti-B IgM during conjugation. 

Fujiwara et  al. (21) succeeded in @-galactosidase-labeling 
of monoclonal anti-Lewisx IgM, in which maleimide groups 
were introduced into IgM by the use of amino groups of 
IgM and then reacted with SH of @-galactosidase. The 
random use of amino groups, however, may possibly cause 
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a decrease in antigen-binding activities of some monoclonal 
IgM due to the modification of amino groups which are 
located within or in close proximity to antigen binding 
sites (22). In the present method, although precise 
locations of SH groups used for conjugation were not 
determined, the SH groups released from disulfide bonds 
between monomeric subunits (IgMs) seemed much more 
accessible to maleimide-peroxidase than those released 
from other disulfide bonds (e.g., SH groups released from 
disulfide bonds between two H-L chain halfmers seemed 
hidden by noncovalent association of the two halfmers). 
Antigen-binding activities of most monoclonal IgM would 
thereby be conserved, and we hope the present method is 
applicable to other AB0 blood group specific monoclonal 
IgM. 

Anti-A IgMs-Peroxidase Conjugate. Mouse mono- 
clonal anti-A IgM purified from Bioclone anti-A (Lot No. 
BAA 116G-1, Ortho Diagnostics) also could be labeled 
with peroxidase, and the results were briefly described. 
Anti-A IgM (7.9 mg) was reduced with L-cysteine at  27 “C 
for 10 min, in which the concentrations of IgM and 
L-cysteine were 3.8 mg/mL and 50 mmol/L, respectively. 
All IgMs obtained (3.6 mg) were reacted three times 
(mol/mol) with maleimide-peroxidase and resulted in 2.2 
mg of immunoreactive anti-A IgMs-peroxidase conjugate 
(1.41 mg as IgMs and 0.76 mg as peroxidase). The molar 
ratio of IgMs to peroxidase in the conjugate was hence 
calculated to be 2.4. 
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Two different kinds of europium(II1) chelates, luminescent and nonluminescent, were prepared. The 
chelates were coupled to bioanalytical reagents, such as antibodies, after activations of the amino group 
on the chelates with thiophosgene, 2,4,6-trichloro-1,3,5-triazine, or iodoacetic anhydride. The reactivities 
of the activated luminescent chelates in the labeling of antibodies as well as the effects of both the 
coupling ratio and the linkage group to the luminescence quantum yield of the antibody-bound chelate 
were studied in aqueous buffer solution. 

INTRODUCTION 
Due to their unique luminescence properties lanthanide 

chelates have recently been developed and used as labels 
both in immunological and in DNA hybridization assays 
(1,2). The types of chelates synthesized include lanthanide 
cryptates (3), macrocyclic Schiff bases (41, and polyami- 
nopolycarboxylates (2, 5-11 ). 

The commonly used commercial system, DELFIA 
(Wallac Oy, Turku, Finland), is based on the use of non- 
luminescent europium(II1) chelates (2,5-7) as the labels. 
After completion of the specific binding reaction the 
lanthanide ions are dissociated from the nonluminescent 
transporting chelates, and the luminescence is enhanced 
in a micellar chelating environment. In DELFIA-type 
immunoassays, the label is a lanthanide (Eu(III), Sm(III), 
or Tb(II1)) chelate of N-(isothiocyanatobenzy1)diethyl- 
enetriamine-N,N’,N”,N’’-tetrakis(acetic acid) (5)  whereas 
in DNA hybridization assays the chelate is composed of 
2,2’,2”,2’”- [ [4- [2-(4-isothiocyanatophenyl)ethyllpyridine- 
2,6-diyll bis(methylenenitrilo)ltetrakis(acetic acid) (loa in 
Scheme 1) because that chelate better tolerates conditions 
used in hybridization (6, 7). 

The marker release prohibits the application of DELFIA 
labels in areas where the luminescence signals have to be 
localized, e.g., in situ immunostaining, in situ and Southern 
blot nucleic acid hybridization, DNA sequencing, or in 
cytofluorometry. The other way to utilize lanthanide 
chelates is to use a free luminogenic ligand as a label and 
saturate the ligand afterwards with the ion (12). There 
are, however, numerous reasons why a stable luminescent 
chelate would be preferred. The ligands which can be 
used as luminogenic labels are generally only three dentate, 
and before measurement the surface has to be dried to 
avoid aqueous quenching (13). In addition, the use of free 
ligand requires an additional step in the indirect staining 
process to avoid ligand contamination with endogenous 
ions originating from the sample and the final luminescence 
depends, amongst other things, on the chelate stoichi- 
ometry and humidity of the surface. A stable, multiden- 
tate, luminescent chelate would eliminate all these prob- 
lems and make the staining simple and the response 
quantitative. 

+ Wallac Oy and Centre for Biotechnology. * Wallac Oy and University of Turku. 
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1994. 

A large number of ligands capable of forming stable and 
luminescent complexes with lanthanides have been pre- 
pared (14-18). As a part of these studies, the europium- 
(111) chelate of 2,2’,2”,2”’- [ 14- [ (4-isothiocyanatopheny1)- 
ethynyl]pyridine-2,6-diyll bis(methylenenitri1o)l- 
tetrakis(acetic acid) (13a in Scheme 1) was used as a 
luminescent label in time-resolved fluorescence microscopy 
for localization of antigens, mRNAs and gene sequences 
on the cell and tissue level (9). 

As yet, though, a good preparation method of the 
europium(II1) chelate 10a (DELFIA DNA labeling chelate) 
has not been reported, and the only reported synthesis of 
ligand 8 contains many steps (19). The present work 
describes in detail the preparation of 13a and gives a simple 
method for the synthesis of 10a from the same key 
intermediate 6 (18). In the present work we have also 
used different activation methods including 2,4,6-trichloro- 
1,3,5-triazine (DTA) and iodoacetic anhydride (I-Acet) in 
addition to thiophosgene (NCS) for coupling the chelates 
to biomolecules. The effect of both coupling ratio (chelates 
per biomolecule) and the chemical linkage between the 
chelate and a biomolecule to luminescence properties were 
studied by conjugating luminescent chelates 13a-c to an 
antibody, rabbit anti-mouse IgG. 

EXPERIMENTAL PROCEDURES 
General Comments. All reagents were purchased from 

Aldrich-Chemie GmbH & Co.KG, Steinheim, and used 
without further purification. The solvents employed were 
of reagent grade and were used as received. lH NMR 
spectra were recorded a t  400 MHz on a Jeol-GX-400 
spectrometer with TMS as a standard. UV and IR spectra 
were recorded on Shimadzu-UV-2100 and Perkin-Elmer 
1600 FTIR spectrophotometers, respectively. Elemental 
analyses were recorded on the Perkin-Elmer 2400 CHNS/O 
elemental analyzer. 

Tetra ( tert-b ut y 1) 2,2’,2”,2”’- [ [ 4- [ 2- (4-Aminopheny l ) - 
et hyl]pyridine-2,6-diyl]bis(methylenenitrilo)]tetrakis- 
(acetate) (7). A mixture of tetra(tert-butyl) 2,2’,2”,2”’- 
14- [(4-aminophenyl)ethynyllpyridine-2,6-diyll- 

bis(methylenenitrilo)ltetrakis(acetate) (18) (6; 3.45 g, 5.00 
mmol), 10% Pd on carbon (0.5 g), and MeOH (40mL) was 
stirred in a hydrogen atmosphere (0.69 MPa) for 6 h. After 
filtration, the filtrate was evaporated and the residue 
purified by flash chromatography on silica gel by eluting 
with petroleum ether (40-60 “C)/ethyl acetate (53) to give 
7 (3.10 g, 89%). IR (film): 1716, 1368, 1157 cm-1 v(C=O 
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and CO). UV (EtOH): 294,271 (sh), 239 nm. ‘H NMR: 
6 (DMSO-&) 1.42 (36 H, s), 2.66-2.72 (2 H, m), 2.74-2.80 
(2 H, m), 3.39 (8 H, s), 3.85 (4 H, s), 4.83 (2 H, s), 6.47 (2 
H, d, J = 8.6 Hz), 6.85 (2 H, d, J = 8.6 Hz), 7.24 ppm (2 
H, s). Anal. Calcd for C39H~N40rHzO: C, 64.09; H, 8.55; 
N, 7.67. Found: C, 64.10; H, 8.48; N, 7.59. 

2,2’,2”,2”’-[ [ 4 4  2- (4-Aminopheny1)et hyllpyridine- 
2,b-diylIbis (met hylenenit rilo)] tetrakis (acetic acid) 
(8). A solution of compound 7 (3.15 g, 4.4 mmol) in 
trifluoroacetic acid (120 mL) was stirred for 1.5 h a t  room 
temperature. After evaporation, the residue was triturated 
with diethyl ether and filtered to give 8 (3.50 g, 96% 1. IR 
(KBr pellet): 1735, 1671, 1413,1197 v(C=O, CO), 1197 
cm-l v(CF). UV (HzO): 268 (sh), 261 nm. lH N M R  6 
(DMSO-&) 2.84-2.92 (2 H, m), 2.97-3.05 (2 H, m), 3.57 
(8 H, s), 3.89 (4 H, s), 4.18 (2 H, s), 6.82 (2 H, d, J = 7.8 
Hz),7.07 (2 H, d, J = 7.8 Hz), 7.57 ppm (2 H, s). Anal. 
Calcd for C Z ~ H Z ~ N ~ O ~ ~ C F ~ O O H :  C, 41.94; H, 3.76; N, 
6.75. Found: C, 41.64; H, 3.96; N, 6.28. 

Synthesis of Europium(II1) Chelates 9 and 12. 
Tetraacid (8 or 11 (18), 6.7 mmol) was dissolved in water 
(75 mL) and pH was adjusted to 6.5 with solid NaHC03. 
Europium(II1) chloride (2.7 g, 7.4 mmol) in water (30 mL) 
was added over 15 min and the pH was maintained in the 
range 5-7. After the mixture was stirred for 1.5 h, the pH 
was raised to 8.5 with 1 M NaOH and the precipitate was 
filtered off. Acetone was added, and the precipite was 
filtered and washed with acetone. 

Europium(II1) Chelate of 2,2”2”,2’”-[[4-[2-(4-Ami- 
nophenyl)ethyl]pyridine-2,6-diyl]bis (methyleneni- 
trilo)]tetrakis(acetic acid) (9). Yield: 82%. IR (KBr 
pellet): 1602,1403 cm-l v(C=O and CO). UV (HzO): 263, 
235 nm. Anal. Calcd for C Z ~ H Z ~ N ~ O ~ E U N ~ . ~ H Z O - ~ N ~ C ~ :  
C, 31.24; H, 4.10; N, 6.34. Found: C, 31.85; H, 3.37; N, 
6.36. 

Europium(II1) Chelate of 2,2”2’”2’”-[[4-[ (4-Ami- 
nophenyl)ethynyl]pyridine-2,6-diyl]bis( met hylene- 
nitrilo)]tetrakis(acetic acid) (12). Yield: 77 % . IR 
(KBr pellet): 2196 v(C=C), 1597,1406 cm-l v(C=O and 
CO). UV (HzO): 341,261 nm. Anal. Calcd for Cz3HzoN4- 
OsEuNa.7Hz0*2NaC1: C, 30.75; H, 3.81; N, 6.24. Found: 
C, 30.24; H, 3.32; N, 6.61. 

Synthesis of Chelates 10a and 13a. An aqueous 
solution (15 mL) of amino chelate (9 or 12,0.91 mmol) was 
added over 15 min to a mixture of thiophosgene (115 pL, 
3.66 mmol), NaHC03 (380 mg, 4.57 mmol), and CHC13. 
After the mixture was stirred for 0.5-1 h, the phases were 
separated and the water phase was washed with CHC13 (3 
X 15 mL). The aqueous solution was extracted with phenol 
(about 3 g), and the phenol phase was treated with water 
(3 mL) and diethyl ether (60 mL). The water phase was 
separated and washed with diethyl ether (15 mL). The 
pH was adjusted to 7 with 1 M acetic acid, and acetonitrile 
was added (HzO/MeCN, 1:2). The mixture was filtered 
through silica gel by elution with HZO/MeCN (1:2). The 
solution was evaporated to 1-2 mL and treated with 
acetone. The precipitate was filtered and washed with 
acetone. 

Europium(II1) Chelate of 2,2’,2”,2”’-[[4-[2-(4-Isothio- 
cyanatophenyl)ethyl]pyridine-2,6-diyl]bis(methyl- 
enenitrilo)]tetrakis(acetic acid) (loa). Yield: 69%. 
IR (KBr pellet): 2115 v(SCN), 1618, 1401 cm-’ u(C=O 
and CO). UV (HzO): 278 (sh), 268,223 nm. Anal. Calcd 
for C Z ~ H Z Z N ~ S O ~ E U N ~ . ~ H Z O :  C, 35.61; H, 4.23; N, 6.92. 
Found: C, 35.51; H, 3.82; N, 7.06. 

Europium(II1) Chelate of 2,2’,2”””’-[[4-[ (4-Isothio- 
cyanatophenyl)ethynyl]pyridine-2,6-diyl]bis(meth- 
ylenenitrilo)]tetrakis(acetic acid) (13a). Yield: 73 % . 
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IR (KBr pellet): 2190 v(C=C), 2096 v(SCN), 1610, 1405 
cm-1 v(C=O and CO). UV (HzO): 334,321,300 (sh), 285 
(sh), 225 nm. Anal. Calcd for C Z ~ H ~ ~ N ~ S O ~ E U N ~ . ~ H Z O :  
C, 35.79; H, 3.75; N, 6.96. Found C, 36.19; H, 3.65; N, 
6.79. 

Synthesis of Compounds 10b and 13b. A solution of 
2,4,6-trichloro-1,3,5-triazine (18 mg, 0.1 mmol), acetone 
(1.0 mL) and water (1.0 mL), was added to a solution of 
amino chelate (9 or 12,O.l mmol) and 0.1 M NaOAc (1.5 
mL, pH 4.9). After being stirred for 30 min, the reaction 
mixture was treated with acetone, and the precipitate was 
filtered and washed with acetone. 

Europium( 111) Chelate of 2,2’,2””’’’-[ [ 4-[ 2-[4-[ (4,6- 
Dichloro-l,3,5-triazin-2-yl)amino]phenyl]ethyl]pyri- 
dine-2,6-diyl]bis(methylenenitrilo)]tetrakis(acetic 
acid) (lob). Yield: 72%. IR (KBr pellet): 1601, 1400 
cm-l v(C=O and CO). UV (H20): 270 nm. Anal. Calcd 
for C Z ~ H Z ~ C ~ Z N ~ O ~ E U N ~ . ~ H Z O :  C, 34.11; H, 3.85; N, 10.71. 
Found C, 34.75; H, 3.68; N, 10.17. 

Europium(II1) Chelate of 2,2’,2”””’-[ [4-[ [4-[ (4,6- 
Dichloro-1,3,5-triazin-2-yl)amino]phenyl]et hynyll- 
pyridine-2,6-diyl]bis(methylenenitrilo)]tetrakis- 
(acetic acid) (13b). Yield 78%. IR (KBr pellet): 2208 
v(C=C), 1601, 1405 cm-l v(C=O and CO). UV (H20): 
325 nm. Anal. Calcd for C Z ~ H ~ ~ C ~ Z N ~ O S E U N ~ - ~ H Z O :  C, 
34.26;H,3.43;N,10.76. Found: C,34.14;H,3.74;N,10.95. 

Europium(II1) Chelate of 2,2’,2””’-[[4-[[4-(Iodoac- 
etamido)phenylethynyl]pyridine-2,6-diyl]bis( meth- 
ylenenitrilo)]tetrakis(acetic acid) (13c). A solution 
of iodoacetic anhydride (165 mg, 0.47 mmol) and CHCl3 
(1.5 mL) was added to a solution of chelate 12 (51 mg, 
0.078 mmol), N,N-diisopropylethylamine (81 pL, 0.47 
mmol), and water (1.5 mL). After the mixture was stirred 
for 1 h, the phases were separated and the water phase 
was washed with CHC13 (2 X 4 mL). The aqueous solution 
was treated with acetone, and the precipitate was filtered 
and washed with acetone. Yield: 65 mg (90% ). IR (KBr 
pellet): 2207 v(C=C), 1600, 1406 cm-l v(C=O and CO). 
UV (HzO): 317 nm. Anal. Calcd for C26H21- 
IN409EuNa.6HzO: C, 32.24; H, 3.57; N, 6.02. Found: C, 
32.06; H, 3.33; N, 5.65. 

Conjugation of the Europium(II1) Chelates 13a-c 
to an Antibody. The IgG fraction of rabbit anti-mouse 
IgG (Dako, Copenhagen, Denmark) was coupled with 
increasing amounts of the chelate 13a by incubating the 
protein with the chelate a t  different molar ratios in 
carbonate buffer, pH 9.3, a t  room temperature for 16 h. 
The protein-chelate conjugates were purified by gel 
chromatography and the labeling ratio analyzed by 
DELFIA system (20). The labeling efficiency test was 
performed by using fixed concentrations of the chelates 
13a-c (at a 35-fold molar excess) during the labeling. 

Luminescent Properties of the Antibody Conju- 
gates. Luminescent properties (excitation and emission 
spectra, decay times, and emission intensities) of the Eu- 
labeled antibodies were investigated using a Perkin-Elmer 
Model LS 5 spectrofluorometer (Beaconsfield, UK). The 
luminescent properties were analyzed in an aqueous buffer, 
Tris-HC1 buffer, pH 7.5. 

RESULTS AND DISCUSSION 
Europium(II1) chelates 9 and 12 were prepared according 

to the routes shown in Scheme 1. The synthesis of the 
common intermediate, tetra(tert-butyl) 2,2’,2”,2”’- [ [4-(4- 
aminophenyl)ethynyllpyridine-2,6-diyll bis(methy1eneni- 
trilo)ltetrakis(acetate) (6) (181, started from 4-hydroxy- 
pyridine-2,6-dicarboxylic acid (11, which reacted with 
phosphorus pentabromide to yield 4-bromopyridine-2,6- 
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dicarboxylic dibromide (21,22).  Treatment with EtOH 
generated the corresponding ester 2. Reduction with 
sodium borohydride resulted in the bis(methano1) 3, and 
bromination with phosphorus tribromide gave the bis- 
(bromomethyl) derivative 4. After ita reaction with di- 
(tert-butyl) iminobis(acetate), the 4-bromo atom of com- 
pound 5 reacted with 4-aminophenylacetylene in the 
presence of a palladium catalyst and copper(1) iodide. The 
triple bond was easily reduced with hydrogen and pal- 
ladium on carbon. The reduction of the triple bond of 
compound 6 can be seen from the disappearance of u- 
( C d )  a t  about 2210 cm-' in the IRspectra. This synthesis 
of compound 7 is much more convenient and shorter than 
the previously reported method (19). Moreover, we can 
prepare both the luminescent (12 and 13a-c) and nonlu- 
minescent chelate (9 and loa-b) from the same interme- 
diate 6. 

The ester groups of compounds 6 and 7 were hydrolyzed 
with trifluoroacetic acid. Finally, europium(II1) chelates 
9 and 12 as well as their activated products 10 and 13 with 
thiophosgene, iodoacetic anhydride (51, and 2,4,6-trichloro- 
1,3,5-triazine (1 1) were prepared in accordance with 
standard methods. According to TLC, the activated 
reactions were nearly quantitative. After the activation 
reaction with thiophosgene, the products were purified 
from inorganic salts by phenol extraction (23). Usually, 
activated chelates contain inorganic impurities and are 
difficult to purify. We found that simple phenol extraction 
can be used for desalting the chelates. The formation of 
an isothiocyanato group can be seen from the appearance 
of u(S=C=N) a t  about 2100 cm-l in the IR spectra. After 
the activation of chelate 12, the products 13a-c gave strong 
red luminescence both in solution and on TLC. Phenol 
extraction cannot be done with chelates activated by 2,4,6- 
trichloro-1,3,5-triazine because of the high reactivity of 
the products. 

The efficencies of the activated groups in forming 
covalent bonds with a protein were elucidated by labeling 
of a model antibody. The dichlorotxiazinyl group produced 
clearly the most efficient labeling reagent with a labeling 
level of 12 Eu/IgG, the isothiocyanato group yielded under 
same conditions 6.5 Eu/IgG, and the iodoacetamido group 
yielded 1.2 Eu/IgG. Another important factor relating to 
the choice of reaction is its effect on the affinity and 
nonspecific binding properties of the used antibodies, 
which has to be elucidated for each particular antibody 
to be labeled. The most strongly reactive intermediate, 
dichlorotriazinyl activated chelate, may also cause de- 
creased affinities when used in high excess conditions. 

I t  is generally assumed that, because of the very long 
Stokes' shift of the chelates, there is no problem of inner- 
filter quenching. This was verified by labeling IgG with 
up to 25 chelates per IgG and studying the respective 
luminescence quantum yields. As shown in Figure 1, the 
increasing amount of chelates in a protein does not have 
any major effect on quantum yield. Accordingly, the total 
luminescence can be increased by more efficient labeling 
as long as immunoreactivity is retained. 

The effect of different activated groups and different 
linkages between the chelate and the protein on the 
luminescent properties of Eu-chelates is shown in Table 
1. Only the isothiocyanato group has a slightly negative 
effect on luminescence quantum yield and decay time. 
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Figure 1. Effect of labeling level (Eu3+/ IgG) to total lumines- 
cence intensity (A) (arbitrary units) and to luminescence quantum 
yield (0). 

Table 1. Effect of Linkage Group on the Luminescence of 
Eu Chelates (13) Coupled to an Antibody 
chelate active group &., nm 7 , ~ s  c@ @ 

13 NCS 330 380 550 0.025 
13b DTA 341 400 1100 0.05 
130 I-Acet 330 395 1150 0.05 
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Stabilization of L-Asparaginase Modified with Comb-Shaped 
Poly(ethy1ene glycol) Derivatives, in Vivo and in Vitro 
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L-Asparaginase from Escherichia coli was coupled with two types of comb-shaped copolymer of poly- 
(ethylene glycol) derivative and maleic anhydride (activated PM), having molecular weights of 13 000 
and 100 000 (activated PM13 and PMlW, respectively) with multivalent reaction sites. After single 
intravenous injections of PMlm-asparaginase and nonmodified asparaginase into rats, the enzymic 
activity of PMlm-asparaginase in serum was well retained for at  least 11 days, and the serum L-asparagine 
concentration remained undetectable for 27 days. The half-lives of PMlm-asparaginase and nonmodified 
asparaginase were 50 and 1.5 h, respectively. Stabilization of L-asparaginase toward heat, urea, and 
acidity was caused by modifying the enzyme with activated PM13 and PMlm. Especially, PMlm- 
asparaginase retained high enzymic activity toward heat and urea, compared with PM13-asparaginase. 
I t  was suggested that these modifiers with a comb-shaped form and with multivalent reactive sites cover 
the whole surface of the asparaginase molecule and stabilize its conformation possibly through multiple 
covalent bindings and through various noncovalent interactions. 

L-Asparaginase from Escherichia coli has been used 
clinically for the therapy of acute lymphocytic leukemia 
and lymphosarcoma (1, 2).  The disadvantage of this 
therapy lies in short circulation time in blood and in 
immunological side effects ranging in severity from mild 
allergic reactions to anaphylactic shock, as the enzyme is 
a protein foreign to humans. To overcome these draw- 
backs, L-asparaginase was modified with poly(ethy1ene 
glycol) derivatives with a chain-shaped form (3-5) or a 
comb-shaped form (6). PEGz-asparaginase' lost its im- 
munoreactivity with retention of its enzymic activity ( 4 )  
and also caused the prolongation of clearance time in blood 

* To whom correspondence should be addressed. Fax: +81- 

e Abstract published in Advance ACSAbstracts, June 15,1994. 
45-972-5972. 
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(7). This manipulation of protein modifications could 
improve the properties of native proteins. Recently, we 
explored comb-shaped copolymers of a poly(ethy1ene 
glycol) derivative and maleic anhydride with molecular 
weights of 13 000 (activated PM13) and 100 000 (activated 
PMlm) as modifiers (6). This concept was further extended 
to biotechnological process. PM13-lipase was soluble and 

~ ~~ 

Abbreviations: activated PM13, copolymer of poly(oxyeth- 
ylene) allyl methyl diether and maleic anhydride (13 kDa); 
activated PMlm, copolymer of poly(oxyethy1ene) 2-methyl-2- 
propenyl methyl diether and maleic anhydride (100 kDa); PEG, 
poly(ethy1ene glycol); activated PEGI, 2-[O-methoxypoly(eth- 
ylene glycol)] -substituted 4,6-dichloro-s-triazine; activated PEG2, 
2,4-bis[O-methoxypoly(ethylene glycol)]-substituted 6-chloro- 
s-triazine. 
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Figure 1. Structures of activated PEGs and PMs: activated 
PEG1, 2-[O-methoxypoly(ethylene glycol)]-substituted 4,6- 
dichloro-s-triazine; activated PEG2,2,4-bis[O-methoxypoly(eth- 
ylene glycol)]-substituted 6-chloro-s-triazine; activated PM13, 
copolymer of poly(oxyethy1ene) allyl methyl diether and maleic 
anhydride; activated PMlm, copolymer of poly(oxyethy1ene) 
2-methyl-2-propenyl methyl diether and maleic anhydride. The 
values of n and m were calculated from the average molecular 
weights of the PEG monomer (MW 5000 for activated PEGs, 
1500 for PM13, and 1900 for PMlm) and of the copolymer (MW 
13 000 for PM13 and 100 000 for PMlm), respectively. 

Activated PM,, 
O(C2H40),CH3 ,,, m-50, n-40, R=CH3, 100 kDa 

Kodera et al. 

active in organic solvents and catalyzed the reverse 
reactions of hydrolysis, ester synthesis, and ester exchange 
reactions with high enzymic activity in benzene (8). The 
present paper deals with the stabilization of L-asparaginase 
by the modification with comb-shaped copolymers, acti- 
vated PM13 and PMlm, i n  uiuo and in vitro. 

L-Asparaginase from E. coli has 92 amino groups in the 
molecule with a molecular weight of 136 000 and consists 
of four identical subunits (9). Figure 1 shows the structures 
of activated PMi3 and PMlm together with activated PEG1 
and PEG2. Amino groups in the asparaginase molecule 
were reacted with acid anhydrides in activated P M  
molecules to form amide bonds.2 The degrees of modi- 
fication of the amino groups in L-asparaginase molecule 
were 50% for PMl3-asparaginase and 34% for PMlm- 
asparaginase. The enzymic activity of PM13- and PMlm- 
asparaginases were 91 IU/mg and 168 IU/mg, respectively. 
As activated P M  has many reactive sites in a molecule, a 
protein can be modified with activated P M  through 
multipoint attachments between amino groups in the 
protein molecule and acid anhydrides in the modifier. 

In our previous study, it was reported that E.  coli 
L-asparaginase modified by activated PEG2 with a chain- 
shaped form and with a monovalent reactive site does not 
cross-react with antiasparaginase serum in the precipita- 
tion reaction (4 ) .  The half-lives of the modified and 
nonmodified asparaginases were 56 and 2.9 h, respectively, 
after each asparaginase was intraperitoneally injected into 
rats (7). Quite recently, we reported that PMloo-aspara- 
ginase retained its enzymic activity (85.3 % of the original 
activity) very well, even when its immunoreactivity was 
completely lost (6). 

Figure 2a shows the clearance time of PMlm-aspara- 
ginase and nonmodified asparaginase administered in- 
travenously into rats. After PMlm-asparaginase was 
injected, the enzymic activity was retained a t  lease 11 days 
in blood circulation (curve A) and the L-asparagine 
concentration in serum remained undetectable (limit of 

Crystallized L-asparaginase (EC 3.5.1.1) from E .  coli (specific 
activity, 200 IU/mg of protein) and two types of comb-shaped 
copolymers, activated PM13 and PMlm, were gifts from Kyowa 
Hakko Kogyo Co. (Tokyo, Japan) and from NOF Co. (Tokyo, 
Japan), respectively. PM13- and PMlm-asparaginases were 
prepared as described previously (6). Protein concentration was 
determined by the biuret method (10). 

Table 1. Activity, Immunoreactivity, and Half-life in 
Blood of E. coli L-Asparaginase Modified with Activated 
PEGs and PMs 

degree of enzymic immuno- half-life 
modificn activity reactivity in blood 

modifying reagent (mw) (%)  (% ) (% ) (h) 
nonmodified asparaginase 0 100 100 1 . 5 , O  2.9* 
activated PEG1 (5000) 79 0.9 0 
activated PEG2 (10 000) 57 11.0 0 56b 
activated PM13 (13 000) 50 45.5 0 
activated PMlm (100 000) 34 85.3 0 500 

nvbThe half-lives of the enzyme in blood were measured after 
intraperitoneal (7) and intravenous injections into rats, respectively. 

detection: 5 pM) for 27 days. After 27 days, the 
concentration of L-asparagine in serum was markedly 
increased with time (curve B). . In the case of nonmodified 
asparaginase, its enzymic activity was kept for less than 
1 day (curve C), during which time L-asparagine was not 
detected in serum. After 1 day, the L-asparagine con- 
centration in serum was sharply increased with time (curve 
D). Figure 2b shows semilogarithmic plots of the enzymic 
activity of modified (curve A) and nonmodified (curve B) 
asparaginases against time after the injection. From the 
figure, the half-lives of the modified and nonmodified 
asparaginases were calculated to be 50 and 1.5 h, respec- 
tively. 

Table I shows the summary of properties of asparagi- 
nases modified with PEG derivatives with a chain-shaped 
form (activated PEG1 and PEG21 and with a comb-shaped 
form (activated PM13 and PMlm). In Table 1, the degree 
of modification of amino groups in the asparaginase 
molecule, enzymic activity, immunoreactivity toward 
antiasparaginase serum and half-life in the blood circula- 
tion are included. From the results obtained in previous 
( 3 , 4 ,  6, 7) and the present studies, it  is concluded that 
PMlm-asparaginase has a reduced immunoreactivity with 
a lower degree of modification (34%) and with higher 
enzymic activity (85.3 % ) in comparison with PM13- and 
PEG-asparaginases. Furthermore, the half-life of as- 
paraginase was prolonged by modification with both 
activated PEG2 and PMlm. 

The effect of the modification with activated PM13 and 
PMlm on the stabilization of asparaginase was tested, in 
vitro, toward heat, urea, and acidity. The results are shown 
in Figure 3. In the heat-stability test a t  65 "C (Figure 3a), 
the enzymic activity of nonmodified asparaginase was 
completely lost after a 30-min incubation (curve C). On 
the other hand, PM13- and PMlm-asparaginases retained 
their enzymic activities of 35% and 9092, respectively, a t  
the same incubation time a t  65 "C (curves B and A). I t  is 
well-known that urea with a high concentration disrupts 
the higher-order structure of protein molecules. Using 
4.0 M urea, the stabilities of modified and nonmodified 
asparaginases were tested, which are shown in Figure 3b. 
Although nonmodified asparaginase almost lost the en- 
zymic activity with 4.0 M urea in 10 min (curve C), PM13- 
and PMlm-asparaginases retained 70% and 85% of the 
initial activities, respectively (curves B and A). The 
stabilization test was also performed with acidity (Figure 
3c). A t  pH 4.0, the enzymic activity of nonmodified 
asparaginase decreased markedly to 10 % of the original 
activity by the 60-min incubation. The PM13- and PMlm- 
asparaginases retained approximately 80 73 of their en- 
zymic activities as shown by curves B and A, respectively. 
In the case of PEGZ-asparaginase, similar stabilizing 
phenomena toward high temperature and acidity were 
never observed (12), probably because activated PEG2 is 
a chain-shaped form with a monovalent reactive site. 
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These results mentioned above indicate that the sta- 
bilization of asparaginase is caused by the modification 
with activated PMs. This may be due to the interaction 
with covalent bonds andlor noncovalent bonds between 
PMs and the protein molecule. The former is amide bonds 
probably with multipoint attachments between carboxyl 
groups in activated PMs and amino groups in the enzyme 
molecule. The latter is various noncovalent bonds between 
many PEG chains in PMs and the protein surface; ionic 
bonds between negative charges of carboxyl groups in PMs 
and positive charges in the enzyme molecule may also 
contribute to the stabilization. Therefore, the comb- 
shaped modifiers, activated PMs, may cover the whole 
surface of the asparaginase molecule having four subunits. 
Resistance of PMlm-asparaginase toward heat or urea 
denaturation was superior to PMla-asparaginase. The 
lengths of the main chain of activated PM13 and PMlm are 

calculated to be 4 and 26 nm, respectively. The value of 
26 nm is enough to cover the whole surface of the 
asparaginase molecule (8.7 X 6.3 X 5.8 nm) (131, if the 
main chain of the modifier is stretched. The same effective 
modification with activated PMlw was also demonstrated 
to reduce the immunoreactivity of bovine serum albumin 
(14) with a molecular weight of 67 000 and with a ellipsoid 
form (14 X 4 nm) (15). Although PM-asparaginase 
exhibits prominent properties in comparison with non- 
modified enzyme, problems yet remain to be clarified: 
identification of binding sites between acid anhydrides in 
PMs and amino groups in a protein molecule and pos- 
sibility inter- or intramolecular bindings between protein 
molecules through the activated PM molecule. 

Since Abuchowski et al. (16, 17) had reported the 
modification of bovine serum albumin and catalase by 
activated PEGl with the purpose of the reduction of 
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immunoreactivity in 1977, the same line of work has 
markedly developed for application to  biomedical and 
biotechnological processes. In fact, PEGadenosine deam- 
inase (18) is the first PEGprote in  drug, which gained 
Food and Drug Administration approval in 1991. The 
technique of PEG-modification has been further expanded 
by us since 1984; as PEG is an  amphipathic macromolecule, 
PEG-enzymes become soluble in organic solvents and 
exhibit the enzymic activity in them (19). A mutant of 
purine nucleoside phosphorylase, in which three arginine 
residues were substituted with lysine residues by genetic 
engineering, exhibited the enhanced epitope-shielding 
effect of the PEG-modification (20). Its effective process 
would be replaced by the chemical modification with 
activated PMs, as activated PM has many PEG chains 
with a comb-shaped form and also with multivalent 
reactive sites. 

Experiments are now in progress to  clarify the physi- 
cochemical properties of PMs-modified proteins in relation 
to  their functions. We believe that this novel technique 
may open a new avenue to  biomedical and biotechnological 
fields. 
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The mammalian hematopoietic system is composed of 
multiple cell types that provide vital infection-fighting, 
blood-clotting, and oxygen-carrying abilities to the body. 
These cells arise in the bone marrow and migrate to the 
periphery as they mature. The hematopoietic system 
represents a spectrum of differentiation encompassing, a t  
one end, mature, morphologically identifiable cells that 
have little or no ability to divide. At  the opposite end is 
a rare, but self-sustaining population of stem cells that 
have the ability to give rise to cells of all the hematopoietic 
lineages. In between these two extremes are cells termed 
progenitor cells which, although committed to a specific 
lineage, are functionally immature and retain a limited 
capacity for proliferation. 

The antigenic profile of hematopoietic cells changes 
during the course of differentiation, with some antigens 
lost and others gained (Beverley et al., 1980; Fitchen et al., 
1981; Civin and Loken, 1987). This heterogeneity enables 
one to discriminate among and isolate cells a t  different 
points in the continuum, paving the way to a variety of 
research and clinical applications for the various subsets 
of cells. This review will focus on methods, especially 
immunologically based techniques, for the isolation of 
human hematopoietic stem and progenitor cells and will 
summarize clinical experience using these cells for bone 
marrow transplantation and gene therapy. 

BONE MARROW TRANSPLANTATION 
Approximately 25 years ago, E. Donnall Thomas and 

colleagues pioneered bone marrow transplantation to 
reconstitute the hematopoietic system of patients exposed 
to myeloablative doses of chemotherapy and/or radiation 
for the treatment of malignancy (reviewed by Thomas et 
al. (1975)). Today, two types of bone marrow transplan- 
tation are practiced, autologous and allogeneic. In an 
autologous transplant, a portion of the patient’s own 
marrow is removed prior to myeloablation, stored frozen, 
and reinfused at  the completion of the patient’s treatment. 
In an allogeneic transplant, marrow is obtained from a 
donor, usually a relative and preferably one whose HLA 
type matches that of the transplant recipient, and infused 
into a patient whose own marrow has been destroyed by 
radiation andlor chemotherapy. 

The application of allogeneic bone marrow transplanta- 
tion has been limited by the inability to transplant across 
a major histocompatibility barrier and by the occurrence 
of severe, often life-threatening graft versus host disease 
(GVHD) in approximately one-third to one-half of trans- 
plant recipients. The severity of GVHD, which is caused 
at least in part by T cells present in the graft, is directly 
related to the degree of mismatch between donor and 
recipient. The availability of potent immunosuppressive 
drugs, such as cyclosporine, has helped to control the 
incidence and severity of GVHD, but it has not eliminated 
the problem. 

1043-1 a0219412905-02a7$04.5010 

Autologous transplantation does not suffer from these 
limitations; however, it may not always be an alternative, 
especially in patients whose tumor involves the bone 
marrow. With improved methods of detection, such as 
immunocytochemical staining, it has become clear that 
tumor cell contamination of the marrow is more common 
than was thought when diagnosis was made by routine 
histology. For example, marrow metastases have been 
detected in 1 7 4 4 %  of patients with solid tumors whose 
marrows appeared histologically normal a t  the time of 
harvest (Berendsen et al., 1988; Cote et al., 1988; Porro et 
al., 1988; Moss et al., 1991). 

Bone marrow is obtained by aspiration from the pelvis 
or sternum of anesthetized patients or donors. Between 
5 and 25 mL of marrow are removed at  each aspiration, 
with the needle moved to a new site between aspirations. 
A typical transplant involves collecting 1-2 L of marrow 
and processing that by centrifugation to yield 200-500 
mL of buffy coat. Until relatively recently, this entire 
volume of buffy coat was then infused into the patient. 
Although only the stem cells in marrow are necessary for 
engraftment and although these constitute only a small 
fraction (less than 1%) of the total cells in marrow, there 
was no clinically practicable method to identify and isolate 
these rare cells from among the much larger number of 
unnecessary cells. 
Human Stem Cell Markers. A cell surface marker 

unique to human hematopoietic stem cells has not yet 
been discovered, but several markers are known to be 
shared among stem cells and early progenitor cells. One 
such marker, the CD34 antigen, identifies a population of 
cells capable of mediating sustained reconstitution of the 
hematopoietic system. A large number of monoclonal 
antibodies have been identified that collectively define at  
least three epitopes on the human CD34 antigen (Civin et 
al., 1984; Tindle et al., 1984, 1985; Andrews et al., 1986; 
Fina et al., 1990). These epitopes are distinguished by 
their sensitivity to various enzymes (Sutherland et al., 
1992). 

The CD34 antigen is a 115 kDa glycoprotein present on 
1-3 % of human bone marrow cells, including virtually all 
committed progenitor cells, as well as more primitive 
progenitors, such as the long-term culture-initiating cell, 
detected by in vitro assays. It is not expressed at  detectable 
levels on mature blood cells, including lymphocytes, 
granulocytes, erythrocytes, and platelets, nor is it expressed 
on most malignant cell types, with the exception of certain 
leukemias (reviewed in Sutherland and Keating, 1992). 
The CD34 antigen shows no sequence homology with any 
other previously described molecules a t  either the protein 
level (Sutherland et al., 1988) or the DNA level (Simmons 
et al., 1992), and little is known about its function in the 
cell membrane. 

Berenson and colleagues, working initially in a baboon 
model (Berenson et al., 1988) and subsequently in humans 
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I 
Figure 1. CD34 antigen expression in hematopoiesis. The CD34 antigen is a 115 kDa glycoprotein which is expressed on pluripotent 
stem cells and committed progenitor cells in human bone marrow (depicted in the left-hand box). The level of CD34 expression 
gradually declines as cells differentiate along a given lineage, such that mature cells in the blood (right-hand box) are uniformly CD34 
negative. 

(Berenson et al., 1991; Shpall et al., 1992a,b), were the 
first to show that CD34+ cells could reconstitute the 
hematopoietic system following myeloablative treatment. 
These i n  vivo studies were critical to the validation of 
CD34 as a stem cell marker, as there is no definitive in 
vitro assay for the human stem cell. 

Sources of CD34+ Cells. Bone Marrow. The bone 
marrow is a particularly rich source of CD34+ cells. Figure 
1 shows a schematic representation of the distribution of 
the CD34 antigen on hematopoietic cells in the bone 
marrow. The majority of these CD34+ cells are committed 
progenitors, rather than true stem cells. True stem cells 
probably represent only about 1 in lo5 bone marrow cells. 

The fact that the CD34 antigen identifies both the stem 
cell and progenitor populations is an advantage for clinical 
applications such as bone marrow transplantation. Several 
studies in mice have shown that engraftment is delayed 
when marrow depleted of progenitor cells is transplanted, 
thus placing the recipient at increased risk of bleeding 
and infectious complications (Jones et al., 1989, 1990). 
These same studies demonstrated that transplantation of 
marrow lacking stem cells leads to rapid, but transient, 
engraftment. Thus, stem cells as well as progenitor cells 
are necessary to accomplish both rapid and sustained 
engraftment of transplant patients. Since CD34 marks 
both populations, it is an ideal antigen for therapeutic 
protocols. 

Peripheral Blood. Numerous studies in animals (Cavins 
et al., 1964; Nothdurft et al., 1977; Fliedner et al., 1979; 
Storb et al., 1977; Carbonell et al., 1984) and man (Korbling 
et al., 1981,1986; Reiffers et al., 1986) have demonstrated 
that hematopoietic stem cells circulate in peripheral blood 
and can reconstitute hematopoiesis completely and per- 
manently. The number of stem cells normally present in 
the peripheral circulation is small compared with marrow 
(Kessinger et al., 1986; Bell et al., 1986; Bender et al., 
1991). However, their number can be increased dramati- 

cally by pretreatment with an agent that mobilizes stem 
and progenitor cells from the bone marrow. G-CSF 
(Duhrsen et al., 1988), GM-CSF (Gianni et al., 1989), and 
cyclophosphamide (Siena et al., 1989; To et al., 1989) have 
all been used successfully to increase the CD34 content of 
peripheral blood. Consequently, it  is now possible to 
isolate by an apheresis procedure sufficient quantities of 
engrafting cells from the peripheral blood to transplant 
myelosuppressed or ablated patients (Korbling and 
Martin, 1988). 

UmbilicaZ Cord Blood. CD34+ stem and progenitor 
cells have also been obtained from umbilical cord blood 
at parturition (Broxmeyer et al., 1989,1991, 1992). The 
use of cord blood CD34+ cells for transplant is attractive 
because the material is readily available and matching of 
donor and recipient may be less important than when adult 
cells are employed. 

Several groups have reported success in treating children 
with malignant (Vilmer et al., 1992; Wagner et al., 1992) 
and nonmalignant diseases (Gluckman et al., 1989) using 
these cells. More recently, two children with severe 
combined immunodeficiency disease (SCID) have been 
transplanted with cord blood stem cells genetically modi- 
fied to express adenosine deaminase (ADA), the enzyme 
missing in this disease (Kohn et al., 1993). Several groups 
have advocated the banking of cord blood for future use 
in transplantation or gene therapy (Wagner, 1993). 

METHODS OF CELL SELECTION 

Methods for fractionating heterogeneous mixtures of 
cells into subpopulations include techniques based on the 
cells’ physical properties, such as size and density, and 
specific binding methods, in which cells are identified by 
their expression of surface markers. The technique of 
choice for a given application is dictated by the frequency 
of the cells of interest in the starting population, the degree 
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of enrichment required, the desired yield, and the intended 
use of the selected cells. 

Selection of hematopoietic stem and progenitor cells is 
a particularly demanding application of cell selection 
technology because these cells are so rare in the tissues 
from which they are typically isolated. The less frequently 
a cell type occurs in a given tissue, the larger the amount 
of that tissue which must be processed in order to obtain 
a desired number of the target cell type. In order to obtain 
an engrafting dose of CD34+ cells, approximately 20 billion 
nucleated marrow cells must be processed. 

It is also self-evident that in any cell fractionation 
procedure there is a trade-off between purity and yield 
which must be balanced. In the stem cell transplant 
setting, there is probably a threshold number of CD34+ 
cells below which the recipient will not engraft in a clinically 
acceptable time frame. However, for ethical reasons, the 
expected dose-response relationship has been difficult to 
demonstrate in humans. In clinical transplantation studies 
with CD34-selected cells, engraftment has been seen with 
as few as 0.5 X lo6 CD34-selected cellslkg (Shpall et al., 
1994), but it is likely that the actual threshold dose is even 
lower. In the mouse, where there are fewer ethical 
constraints, studies indicate that the LDm for survival of 
lethally irradiated animals is approximately 30 “true” stem 
cells (Spangrude et al., 1988). 

Both the number and the nature of nontarget cells 
contaminating a target cell preparation are important in 
a cell selection process where the cells are to be used 
clinically. The number of CD34-negative cells which can 
be tolerated in a CD34-selected preparation is dependent 
on whether or not those CD34-negative cells are clinically 
neutral. If they are clinically neutral, a relatively high 
proportion of them may be tolerated in the enriched 
product. In the allogeneic stem cell transplant setting, 
for example, the presence of granulocytes in the CD34- 
enriched fraction is clinically inconsequential. However, 
contamination of this fraction with T lymphocytes is highly 
significant, as these cells contribute to the development 
of GVHD in the recipient and thus influence clinical 
outcome. 

Physical Separation Methods. Physical methods of 
cell separation include velocity sedimentation, density 
gradient centrifugation, counterflow centrifugal elutria- 
tion, and related techniques (reviewed in Kumar and 
Lykke, 1984). Velocity sedimentation, using automated 
or semiautomated cell-separating centrifuges, has been 
used to separate the red cells and plasma from the 
nucleated cells in marrow (Gilmore et al., 1983; Faradji et 
al., 1988) and peripheral blood (Korbling and Martin, 1988; 
Williams et al., 1990). This technique reduces the volume 
of material by about 10-fold and recovers 60-80% of 
nucleated cells. Density gradient separations can also be 
accomplished on these machines (English et al., 1989; 
Humblet et al., 1988). 

Human hematopoietic stem cells, as assayed by their 
ability to form colonies in methyl cellulose, are lighter 
(1.060-1.070 g/mL) than most other mononuclear cells in 
bone marrow (Lasky and Zanjani, 1985; Francis et al., 1983; 
Ellis et al., 1984). Thus, a density separation method can 
afford a modest (2- to 10-fold) enrichment of colony- 
forming cells relative to other cells in the marrow. Colony- 
forming cells in cord blood are thought to be more dense 
than those in marrow (Broxmeyer et ai., 1991; reviewed 
in Flomenberg and Keever, 1992); hence, use of the typical 
density media (Ficoll, Percoll) to fractionate cord blood 
may result in loss of 50-90% of committed progenitor 
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cells (Broxmeyer et al., 1989, 1990, 1991; Nakahata and 
Ogawa, 1982). 

In counterflow centrifugal elutriation, a cell suspension 
is pumped into a spinning chamber in a direction opposite 
to the centrifugal field. Either the pump speed or the 
rotor speed is varied gradually, causing cells of increasing 
sedimentation rate to elute out of the chamber in a 
centripetal direction. Studies by Noga and colleagues have 
shown that when this technique is applied to human bone 
marrow, CD34+ cells are recovered predominantly in the 
100 mL/min and rotor-off fractions, where the majority 
of CFU-GM are also found (Gao et al., 1987; Noga et al., 
1986a,b). Unfortunately, the majority of lymphocytes are 
found in these same fractions, making elutriation of limited 
utility for the purification of allogeneic marrows, because 
the T cells that mediate GVHD are enriched to ap- 
proximately the same extent as the stem and progenitor 
cells. 

Generally speaking, the degree of purification of stem 
cells achieved with physical separation methods is low 
(<1-1.5 logs) compared to that which can be achieved by 
specific binding methods (2.5-3 logs). Consequently, 
physical separation methods are used most often as 
adjuncts or preenrichment steps to specific binding 
methods. By performing a physical preenrichment step, 
the volume of marrow or blood that must be processed is 
reduced, simplifying handling and reducing the amount 
of specific binding agent needed for subsequent enrichment 
steps. However, multiple preenrichment steps are un- 
desirable, as some loss of target cells, due to physical 
heterogeneity among the cells or to nonspecific binding to 
glass or plastic, is unavoidable a t  each step. 

Specific Binding Methods. Specific binding methods, 
based on the affinity of a receptor for a ligand on the cell 
surface, can be used to select cells from a heterogeneous 
population on either a negative or a positive basis. In a 
negative selection method, the cells of interest (the target 
cells) are excluded from the specific binding reaction, while 
in a positive selection method, the target cells are included 
and nontarget cells are excluded. Although antibody1 
antigen pairs are the most widely used in specific binding 
reactions, many other ligandlreceptor interactions have 
been employed, including lectin agglutinability (Edelman 
et al., 1971; Hellstrom et al., 1976), erythrocyte rosette 
formation (Bianco et al., 1970; Wormmeester et al., 1984), 
and growth factorlreceptor interactions (Juckett and 
Hultquist, 1983). 

Positive selection methods intuitively afford a higher 
degree of enrichment for the target cells than negative 
selection methods. This is because the nontarget cells do 
not usually represent a single cell type, but many cell types 
that are heterogeneous with respect to the properties used 
to select them. Hence, the degree of depletion that can 
be attained in a single negative selection step is generally 
much less than the degree of enrichment that can be 
attained in a single positive selection step. However, if it 
was practical to select against every nontarget cell type in 
a cell suspension, negative selection could yield, in theory, 
the same degree of enrichment as positive selection. 

Negative selection methods are placed at  an even greater 
disadvantage relative to positive selection methods when 
the frequency of the target cell in the starting population 
is low. This occurs for two reasons. First of all, a large 
quantity of specific binding agent@) is necessary to ensure 
depletion of a significant fraction of the nontarget cells. 
Secondly, assuming that two selection methods, one 
negative and one positive, are equivalent in efficiency of 
capture and recovery, the negative selection method will 
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yield a less enriched product than the positive selection 
method when the target cells are much less frequent than 
the nontarget cells. This is because the number of cells 
bound in a single selection step represents a smaller 
fraction of the total cells in the population undergoing 
fractionation. 
Flow Cytometry. Flow cytometry has proven to be an 

extremely useful tool for the analysis and separation of 
heterogeneous mixtures of cells. It has been applied 
extensively to the study of hematopoietic stem cells from 
several species, including rat (Goldschneider et al., 1980; 
Castagnola et al., 1981; McCarthy et al., 19851, mouse 
(Visser et al., 1984; Spangrude et al., 19881, monkey 
(Gerritsen et al., 1988), and human (Beverley et al., 1980; 
Bodger et al., 1981; Andrews et al., 1983; Griffin et al., 
1983; Civin and Loken, 1987; Visser, 1990; Civin and Gore, 
1993). 

Since flow cytometry techniques have been reviewed 
recently (Bauer et al., 19931, they will not be discussed in 
detail here. Suffice it to say that cells can be labeled with 
multiple antibodies, each bearing a different fluorescent 
tag, allowing them to be analyzed on the basis of their 
level of expression on multiple antigens at  the same time. 
The cells’ light scatter properties can also be analyzed 
simultaneously, providing information regarding cell 
volume and complexity, in addition to antigen expression. 
DNA binding dyes can be utilized to provide information 
on ploidy. Other fluorescent dyes can be used to assess 
viability, calcium flux, and mitochondrial activity. By 
electrically charging those droplets which contain 
fluorescence, labeled cells can be sorted from unlabeled 
cells, allowing the isolation of essentially pure populations 
of cells. 

Using these techniques, we know that the most primitive 
stem cells in human bone marrow are small, relatively 
agranular cells which are CD34-bright, CD38-dull and, 
HLA-DR-dull, while the more mature progenitor cells are 
CDBCbright, CD38-bright, and HLA-DR-bright (Civin et 
al., 1987; Andrews et al., 1989; Civin and Gore, 1993). 
Heterogeneity of expression by CD34+ cells for other 
markers, such as CD45 (Lansdorpet al., 1990), rhodamine- 
123 (Udomsakdi et al., 1990), and CD33 (Andrews et al., 
1989; Bender et al., 1991), has also been shown by flow 
cytometry. 

Flow cytometry is an exquisitely sensitive analytic tool 
because it looks at one cell a t  a time, but it is not a clinically 
practicable method for the isolation of stem cells from 
blood or marrow for transplantation. This is because of 
the length of processing time required, the complexity of 
the equipment, and the difficulty of sterilizing the 
instrument between patient samples. To process the 
approximately 20 billion nucleated cells present in a typical 
marrow harvest would require about 1 month of sorting 
time at generally attainable sorting rates of 2500-5000 
cells/s. Even with the development of high-speed sorters 
(Van den Engh and Stokdijk, 1989), capable of processing 
two to four times as many cells, sorting times will still 
exceed 400 h per marrow or apheresis product. This is 
clearly an impractical technology for the clinic. 

Solid-Phase Methods. Specific binding methods in 
which the antibody is immobilized on a solid phase offer 
the potential for processing larger numbers of cells in 
substantially shorter times than can be accomplished by 
flow cytometry. Furthermore, it is more feasible to develop 
single-use devices which can be disposed after use, thus 
reducing or eliminating infection-control and cross- 
contamination concerns that are important in a clinical 
setting. 
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The major disadvantage of solid-phase methods is the 
difficulty of removing the target cells from the solid phase 
when positive selection is employed. Solvent, pH, and 
chaotropic elution methods may work well for soluble 
protein antigens, which are reversibly denatured by these 
agents, but they are generally unsuitable for the elution 
of specifically bound cells because they result in unac- 
ceptable losses of viability and biological activity. To 
circumvent this problem, linkers which can be cleaved, 
either chemically (Bonnafous et al., 1983; Thomas et al., 
1989) or enzymatically (Civin et al., 19901, as well as 
supports that can be melted or dissolved (Gold et ai., 1974; 
Haas and von Boehmer, 1978) have been employed. 
However, less complicated options, such as ligand elution 
(Wofsy et ai., 1971; Cammisuli and Wofsy, 1976; Wofsy et 
al., 1978) and simple mechanical release (Juckett and 
Hultquist, 1983; Berenson et al., 1986; Colter et al., 1992), 
can also be used with comparable or better efficiency and 
with substantially less risk of damage to the cells than 
denaturing methods of release. 

Specific binding techniques using immobilized ligands 
have been reviewed recently (Hermanson et al., 1992). 
Briefly, major technical considerations include the choice 
of support material, the chemistry immobilizing the ligand 
to the support, flow rates and incubation times, and the 
method of elution of the cells from the support (positive 
selection mode). Solid phases employed in specific binding 
methods include various chromatographic media (such as 
beaded agarose, polystyrene, polyacrylamide, and copoly- 
mers thereof), formed surfaces (such as Petri dishes, 
dipsticks, microtiter wells, microscope slides, and tissue 
culture flasks), magnetic beads, and microfiltration mem- 
branes. Immobilization chemistries employed to bind the 
antibody or ligand to the solid phase include both covalent 
and noncovalent methods. Among the various functional 
groups exploited for covalent immobilization are carbo- 
hydrate groups, amine, carboxylate, and sulfhydryl groups. 
For the most part, solid-phase binding techniques have 
been developed using soluble, rather than cell-associated 
antigens. However, the same considerations generally 
apply to both, except that the range of options is more 
limited in the case of cells. This is particularly true with 
regard to the method of elution. 

Several solid-phase methods of selecting CD34+ cells 
from marrow or blood have been described. These include 
a magnetic bead method (Civin et al., 1990; Hardwick et 
al., 1992; Hardwicket al., 1993; Lawet al., 19931, apanning 
method (Lebkowski et al., 1992; Okarma, 1992; Okarma 
et al., 19921, and an avidin-biotin column chromatography 
method (Berenson et al., 1986,1987,1992). However, only 
the column chromatography method has been reported to 
have been applied clinically (Berenson et al., 1991; Sphall 
et al,, 1992a,b, 1994). 

Auidin-Biotin Column Chromatography. This method 
utilizes immobilized avidin and directly or indirectly 
biotinylated antibody to enrich antigen-positive cells from 
bloodor marrow (Berenson et al., 1986; Lemoli et al., 1988, 
1989). In this method (Figure 2), a bone marrow buffy 
coat is incubated with a biotinylated anti-CD34 antibody 
(12.8) and then passed through a column of avidin-coated 
polyacrylamide or agarose beads. The column is washed 
to remove unbound cells, and then the bound CD34+ cells 
are eluted by mechanical agitation of the column bed, 
using a magnetically driven stirring bar. 

Because of the high binding affinity between avidin and 
biotin, the chromatographic separation step can be 
performed under continuously flowing conditions that 
minimize nonspecific binding without compromising the 
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that they are neither inhibited nor stimulated by the 
quantity of antibody used to bind them to the support (L. 
S. Davis et al., unpublished results). Positively-selected 
CD34 cells also behave normally, as shown by their ability 
to grow in i n  vitro colony forming assays and to repopulate 
marrow in vivo. 

From a practical standpoint, the entire marrow pro- 
cessing procedure takes less than two hours from collection 
of the marrow to elution of the CD34+ cells, while the 
actual column chromatography step takes only about 30 
min. Operation of the column chromatography system is 
computer-controlled, and the columns themselves are 
single-use disposable items, each capable of processing at  
least 60 billion cells. 

To date, more than 200 patients worldwide have been 
transplanted with CD34+ cells enriched using this system. 
The system has been used to select CD34+ cells from 
growth factor-primed peripheral blood (Heimfeld et al., 
1992,1993; Shpall et al., 1992a), bone marrow (Berenson 
et al., 1991; Shpallet al., 1992a,b), and unbilical cord blood 
(Hervatin et al., 1993; DeBruyn et al., 19931, and has been 
used in both the allogeneic (Noga et al., 1993) and 
autologous transplant settings to treat breast cancer 
(Shpall et al., 1992a,b, 1994), neuroblastoma (Berenson et 
al., 1991), nomHodgkin's lymphoma (Douay et al., 1993), 
and chronic myelogenous leukemia (Deisseroth et al., 1992, 
1993). 

Immunomagnetic Separation. In the magnetic bead 
method, a mononuclear cell fraction of marrow or blood 
is incubated with an antLCD34 antibody (Civin et al., 
1990). After the cell fraction is washed to remove excess 
antibody, the antibody-labeled cells are mixed with 
paramagnetic (ferric oxide-treated polystyrene) beads 
coated with sheep anti-mouse Ig. The resultant mixture 
is separated into rosetted (CD34+) and nonrosetted 
(CD34-) populations by applying magnets to the sides of 
the vessel in which the cells are contained. The non- 
rosetted cells are washed out of the vessel by gravity flow, 
while the rosetted cells are pulled to the container's walls. 
After a series of washing steps, the rosetted cells are 
released from the beads, using the protease chymopapain 
to effect release. This method has been used to enrich 
CD34+ cells from growth factor-primed peripheral blood, 
marrow, and umbilical cord blood (Law et al., 1993). 
However, there are no published reports of transplantation 
and engraftment of patients with CD34+ cells isolated by 
this method. 

There are two concerns with immunomagnetic enrich- 
ment of cells intended for clinical application. The first 
is the magnetic beads. These must be completelyremoved 
from the cells prior to reinfusion or they will be removed 
from the circulation by the reticuloendothelial system, 
preventing engraftment (Kemshead, 1991). Free beads 
which elude the reticuloendothelial system can lodge in 
the capillaries, where there is a theoretical possibility that 
they may lead to the formation of emboli. The beads are 
also potentially subject to movement from one location in 
the body to another if the patient is placed in a magnetic 
field, such as in magnetic resonance imaging. Since the 
beads are not biodegradable, the potential for them to 
cause side effects in the patient continues indefinitely. 
Immunomagnetic beads have been used for negative 
selection for many years with no reports, to our knowledge, 
of adverse events; this suggests that the reinfusion of free 
beads can be controlled to an extent sufficient to prevent 
significant side effects. Insufficient data are available at 
present on the likelihood and severity of side effects which 
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Figure 2. Direct avidin-biotin immunoadsorption. A buffy coat 
is prepared from bone marrow (step l), and the resultant cell 
suspension is incubated with a biotinylated, mouse monoclonal 
antibody to the CD34 antigen (step 2). The cell suspension is 
then passed through a column containing 40 mL of polyacrylamide 
beads to which avidin has been covalently attached (step 3). 
CD34+ cells adhere to the beads by virtue of the biotinylated 
antibody with which they are labeled, while CD34- cells flow 
through the column without binding (step 4). The contents of 
the column are agitated using a magnetically-driven stirring bar 
to release the bound CD34+ cells from the beads, and these cells 
are washed out of the column and collected (step 5). 

capture of CD34+ cells. Mechanical release of the bound 
cells has little or no effect on viability and, more 
importantly, on repopulating ability of the CD34+ cells. 
This has been shown by both i n  vitro assays of colony- 
forming ability and i n  vivo transplantation studies. 
Furthermore, the bound cells are eluted largely free of 
antibody. This is believed to be due to the tight binding 
between avidin and the biotin groups on the antibody, 
resulting in breakage of the chain attaching the cells to 
the solid phase at  the chain's weakest link, that is, between 
antibody and antigen. That the CD34 antigen remains on 
the cell surface is evidenced by the ability to restain the 
selected cells with an anti-CD34 antibody. 

With any positive selection method, there is a potential 
concern that binding of antibody to the cell surface may 
activate or inhibit the cells in ways which are undesirable. 
However, recent studies using avidin-biotin column 
chromatography to positively select T cell subsets from 
human blood diminish this concern. These studies show 
that such positively-selected T cells behave normally in 
i n  vitro assays of activation and proliferation, suggesting 
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Figure 3. Comparison of stem cell selection technologies. Six different methods of stem cell selection are ranked, relative to each 
other, with respect to cell yield, cell purity, speed of processing, ease of use, ease of scaling up to clinically relevant volumes, and ability 
to support engraftment (clinical outcome). 

may be associated with the reinfusion of cells positively 
selected using immunomagnetic beads. 

The second concern is the effect of chymopapain 
treatment on the enriched cells. Chymopapain alters the 
cell surface and may compromise the functional activity 
of the cells upon transplantation (Lansdorp and Thomas, 
1991), affecting their homing properties, their response to 
growth factors, and their adhesion properties, among 
others. Enzyme-digested cells may also be less tolerant 
of freezing, a potential problem in the autologous trans- 
plant setting where the cells are stored prior to reinfusion. 
The capacity of chymopapain-treated CD34+ cells to 
generate colony forming cells in vitro does not appear to 
be impaired (Silvestri et al., 1992). However, the more 
critical test, whether or not the cells can engraft in uiuo, 
has yet to be published. 

Punning. CD34+ cells have also been enriched from 
marrow by panning, a technique originally described by 
Wysocki and Sat0 (1978) and Mage et al. (1977) for the 
enrichment of lymphocyte subsets. A two-step procedure 
has been described in which bone marrow mononuclear 
cells are panned with a soybean agglutinin (SBA)-coated 
polystyrene flask, followed by panning of the SBA-negative 
fraction with anti-CD34 antibody (ICH3)-coated flask 
(Okarma, 1992; Okarmaet al., 1992; Lebkowskiet al., 1992). 
The bound CD34+ cells are mechanically released from 
the flask. This method has been applied to peripheral 
blood as well as marrow, but there are, as yet, no published 
reports of transplantation and engraftment of patients 
with CD34+ cells isolated by this method. 

The major limitation to panning methods of cell selection 
is the large amount of surface area required to process 
clinically useful quantities of cells. Consequently, two 
preenrichment steps, a density gradient separation and a 
negative lectin adherence step, are performed prior to 
CD34 selection in order to reduce the volume of marrow 
cells that must be processed. Whether this magnitude of 
manipulation will be acceptable in the clinical setting 
remains to be tested. More importantly, the multiplicity 
of steps performed is expected to result in a comparatively 
lower yield of CD34+ cells, since there is inevitably cell 
loss a t  each step. However, yield data are not always 
reported for CD34+ selection because of the low frequency 
of CD34+ cells in the starting material and the weak 
staining intensity of the cells (Lebkowski et al., 1992). 

Figure 3 compares counterflow centrifugal elutriation, 
flow cytometry, avidin-biotin column chromatography, 
immunomagnetic separation, and panning with respect 

to a number of practically important considerations for 
the selection of CD34+ cells from marrow or blood. The 
comparisons are subjective because patient-to-patient 
variability and differences in the scale on which marrow 
has been processed make quantitative comparisons mean- 
ingless. Nonetheless, the various methods are clearly 
differentiated from each other in clinical practicality, 
including ease of use, speed, and adaptability to collections 
of clinically meaningful quantities of cells. 

CLINICAL EXPERIENCE WITH STEM CELL 
TRANSPLANTS 

Rationale for CD34 Selection. Isolating CD34+ stem 
and progenitor cells has numerous clinical benefits in the 
field of transplantation. In the autologous setting, CD34 
selection may result in depletion of tumor cells, often to 
levels undetectable by immunocytochemical staining 
(Shpall et al., 1994). This is accomplished without resort 
to pharmacologic agents, such as 4-hydroperoxycyclo- 
phosphamide (4-HC) or immunotoxins, which may damage 
engrafting cells as well as tumor cells (Shpall et al., 1992b; 
Vredenburgh et al., 1992). However, i t  should be noted 
that some acute leukemias are CD34+, in which case CD34 
selection will not result in tumor depletion, but may rather 
result in tumor enrichment. A further advantage of CD34 
selection with respect to depletion of CD34- tumor cells 
relates to the reduction in volume of the material to be 
transfused. This means that additional, post-positive- 
selection, purging steps are more feasible, because the total 
number of cells which must be manipulated is now much 
smaller. Hence, one can envision a stem cell selection 
system in which CD34+ cells are positively selected from 
marrow or blood in a first step and purged of tumor cells 
by negative selection, in a second step, using a cocktail of 
antibodies reactive with a given tumor. 

Transplantation of CD34+ cells also has the potential 
to reduce the infusional toxicity experienced by autologous 
transplant patients. The majority of infusional toxicity 
is believed to be attributable to the use of the cryoprotective 
agent dimethyl sulfoxide (DMSO) to preserve the patient's 
marrow. When the marrow is thawed, the DMSO in which 
it was frozen is infused along with the cells, potentially 
causing nausea, vomiting, headaches, hypertension, and 
bradycardia. More significant complications, such as 
serious cardiac arrhythmias, renal failure, and respiratory 
decompensation can also occur (Davis et al., 1990, Stroncek 
et al., 1991; Smith et al., 1987). Removal of DMSO by 
washing the thawed cells is not usually considered an 
option, because of the loss of stem cells that inevitably 
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Peripheral Blood Stem Cell Transplantation. 
Transplantation of stem and progenitor cells enriched from 
peripheral blood is an attractive alternative to bone marrow 
aspiration. The latter is an unpleasant and expensive in- 
patient procedure performed under general anesthesia. 
By contrast, one or two apheresis collections can yield 
sufficient CD34+ cells from growth factor-mobilized 
peripheral blood for transplantation of an average 70 kg 
adult. A t  present, nearly one-half of all stem cell 
transplants performed in Europe use peripheral blood stem 
cells. The number is smaller in the US., but is growing 
rapidly. 

Recent data suggest that hematologic recovery may be 
faster in patients transplanted with CD34+ peripheral 
blood stem cells than in patients transplanted with CD34+ 
cells derived from marrow (Heimfeld et al., 1993; Shpall 
et al., 1992a; Shpallet al., 1994). Median time toneutrophil 
engraftment was approximately the same (10-11 days) in 
patients who received G-CSF post-transplant and either 
peripheral blood CD34+ cells (7 patients) or marrow 
CD34+ cells (10 patients). Median time to platelet 
recovery, however, was significantly shorter in the cohort 
which received peripheral blood CD34+ cells (10 days) 
versus the cohort which received marrow CD34+ cells (23 
days) (Shpall et al., 1994). If this trend is supported by 
studies of larger numbers of patients, peripheral blood 
stem cell transplants may well replace marrow transplants 
entirely. 

Multiple Cycles of High-Dose Chemotherapy with 
Stem Cell Support. Bone marrow suppression is the 
major dose-limiting toxicity of most chemotherapeutic 
regimens. Consequently, chemotherapy is administered 
in cycles, comprised of a treatment period and a withdrawal 
period, the latter designed to allow the bone marrow time 
to recover (Figure 4). Unfortunately, the malignant cells 
also recover during the withdrawal period. Data are 
accumulating that suggest the likelihood of achieving a 
cure of the patient’s cancer would be substantially 
increased, if chemotherapy could be given in larger doses 
and/or shorter cycles (Vose et al., 1992; Antman et al., 
1992). 

Autologous stem cell support, combined with growth 
factors, may enable high-dose chemotherapy to be ad- 
ministered safely, by promoting the recovery of peripheral 
blood cell counts. This cannot be accomplished with 
growth factors alone, since growth factors are only effective 
if they have enough progenitor cells on which to act. It is 
now feasible to collect and freeze sufficient CD34+ cells 
from one or two apheresis procedures to support multiple 
cycles of high-dose therapy. 

Stem Cells as Targets for Gene Therapy. Gene 
therapy is a viable option for treating many single gene 
diseases, such as ADA deficiency, Gaucher’s disease, and 
@-thalassemia and has been proposed for the treatment of 
various malignancies and viral diseases as well (reviewed 
by Karlsson (1991) and Gutierrez et al. (1992)). The ideal 
target cell for gene therapy is widely agreed to be the 
hematopoietic stem cell because of its transplantability; 
stem cells can continuously renew themselves and dif- 
ferentiate into a much larger number of circulating progeny 
cells. Gene therapy is also more practical using CD34- 
selected cells because smaller volumes of viral supernatant 
can be used for transfection. 

CD34+ cells selected by avidin-biotin column chro- 
matography have been transfected with viral vectors 
expressing the genes for glucocerebrosidase, the defective 
enzyme in Gaucher’s disease (Nimgaonkar et al., 1993), 
ADA, the defective enzyme in severe combined immu- 

accompanies the washing steps. Since the amount of 
DMSO used to preserve a marrow is proportional to its 
volume, the smaller the volume in which the cells are stored, 
the less the likelihood of serious infusional toxicity. 

Infusional toxicity is also believed to be due to lysis of 
red blood cells and aggregation of granulocytes which occur 
during the freeze-thaw cycle. Since these cells are depleted 
by the CD34 selection, the patient can be expected to 
experience less hemoglobinuria, due to red cell lysis, and 
fewer pulmonary emboli, due to granulocyte clumps, after 
infusion. 

Volume reduction is also an important consideration in 
and of itself, regardless of its effect on infusional toxicity. 
As the number of autologous transplants increases, the 
demand for frozen storage space becomes critical. CD34- 
selected cells can be frozen in a single 5-mL vial, versus 
the 100-200-mL bags in which unselected marrow is frozen. 
If in the future cord blood is banked for transplantation, 
the importance of volume reduction will continue to grow. 

In gene therapy, retrovirus-mediated transfection is 
facilitated by selection of CD34+ cells. Transfection of 
unfractionated marrow requires as much as 80 L of 
retroviral supernatant, while the smaller volume in which 
CD34+ cells are contained can be transfected with as little 
as 1-2 L of supernatant (Cassel et al., 1993). Transduction 
efficiency has also been reported to be higher for CD34+ 
cells than for unfractionated marrow (Cassel et al., 1993). 

In the allogeneic transplant setting, an important 
advantage of CD34 selection is the depletion of T cells 
which contribute to GVHD. This effect has been shown 
already in non-human primates (Andrews et al., 1991) and 
is currently being studied in humans, using CD34 cells 
selected by avidin-biotin column chromatography. Other 
methods of T cell depletion, such as negative selection, 
complement-mediated lysis, and counterflow centrifugal 
elutriation, have been complicated by graft failure and/or 
an increased rate of relapse. It has been suggested that 
positive selection for CD34+ cells may avoid these 
problems, while retaining the clinical benefit of T cell 
depletion (Martin, 1990, 1992). 

Transplantation of Autologous CD34-Selected Cells 
from Marrow. A pilot study was performed in which 
nine patients (seven with stage IV breast cancer and two 
with stage IV neuroblastoma) were transplanted after 
marrow ablative therapy with autologous CD34+ cells, 
selected from bone marrow using the avidin-biotin column 
chromatography method. All evaluable patients in this 
study engrafted (Berenson et al., 1991). On the basis of 
these results, a Phase 1/11 clinical study was initiated. 

In this study, 43 patients with poor-prognosis breast 
cancer were transplanted, after marrow ablative therapy, 
with autologous CD34+ cells, selected from marrow (25 
patients), peripheral blood (7 patients), or both (11 
patients), using the avidin-biotin column chromatography 
method. All but two patients achieved trilineage engraft- 
ment, as defined by recovery of peripheral blood counts, 
similar to historical controls who received marrow buffy 
coats. Two patients experienced delayed platelet en- 
graftment, one of whom died of recurrent disease and the 
other of whom remained platelet-dependent, despite 
infusion of her backup marrow. There were no late 
engraftment failures (median followup 9 months, longest 
followup 24 months), and no acute toxicity was observed 
in any of the study participants. In addition, from one to 
greater than four logs of breast cancer cell depletion was 
observed in the CD34+ fraction, for patients in whom 
tumor was initially detected (Shpall et al., 1994). 
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Figure 4. Conventional chemotherapy. Most chemotherapeutic agents are toxic to the bone marrow as well as to tumor cells. 
Therefore, chemotherapy is generally given in cycles, each cycle consisting of a period of treatment (h), followed by a period of 
withdrawal or rest. During the treatment period, both the tumor cells and the white blood cells decline in number, the decline in the 
latter putting the patient a t  risk for infection and bleeding. The rest period permits the white blood cells to recover, but a t  the price 
of the cancer cells recovering as well. With time, chemotherapy becomes progressively less effective, killing fewer tumor cells as they 
develop resistance, until eventually the patient relapses. 

nodeficiency disease (Kohn et al., 1993), and with various 
marker genes, useful for determining the source of relapse 
in cancer patients treated by bone marrow transplantation 
(Deisseroth et al., 1992, 1993). 

FUTURE CLINICAL APPLICATIONS OF ENRICHED 
CELLS 

Stem Cell Expansion. The ability to select CD34+ 
cells from marrow or blood makes it feasible to consider 
expanding these cells in culture. Previously, the presence 
of inhibitory accessory cells in marrow or blood limited 
the degree of expansion in the progenitor compartment 
which could be attained ex vivo. Also, practical consid- 
erations, such as the large volume of cells which had to be 
handled and the quantities of medium and growth factors 
necessary for their maintenance, adversely impacted the 
prospects for ex vivo expansion. 

There are several reasons why stem cell expansion might 
be important. The most obvious is that it  should be 
possible to achieve an engrafting dose of cells from a much 
smaller initial harvest. Presumably, the ability to donate 
cells without having to undergo the discomfort and 
inconvenience of a full marrow harvest or apheresis 
procedure would expand the potential donor pool. 

Transplantation of ex vivo expanded cells may lead to 
faster hematologic recovery because of the higher content 
of committed progenitor cells in the graft. Mice trans- 
planted with bone marrow that had been expanded ex 
vivo recovered peripheral blood counts more rapidly than 
animals transplanted with bone marrow that had not been 
expanded, and fewer expanded cells were necessary for 
engraftment than unexpanded cells (Muench and Moore, 
1992). 

It has also been postulated that ex vivo culture of marrow 
stem cells differentially supports the growth of normal 

progenitors, while inhibiting the growth of malignant cells. 
This phenomenon has been demonstrated in CML (Barnet 
et  al., 1989; Coulombel et  al., 1983) and acute non- 
lymphocytic leukemia (Chang et al. 1989; Eaves et al., 
1987). 

Lineage-directed, ex vivo expansion of CD34+ cells is 
also possible, a t  least in theory. The goal of this work 
would be to generate mature cells to help the patient 
through the post-transplant period of pancytopenia. Of 
particular interest in this regard is the generation of 
neutrophils and platelets, since the majority of post- 
transplant morbidity and mortality in the autologous 
setting is due to infection and bleeding episodes. Cur- 
rently, the average time to neutrophil recovery in a patient 
undergoing bone marrow transplantation and receiving 
post-transplant growth factors is 10 to 19 days (Nemunaitis 
et al., 1991; Devereaux et al., 1989) and for platelet recovery, 
26 to 40 days (Sheridan et al., 1992; Nemunaitis et al., 
1991). 

Stem cell expansion is also important in gene therapy, 
both for the initial transfection and subsequently for the 
selection of transfected cells. Gene transfer using viral 
vectors occurs more readily in cells that are cycling than 
in non-cycling cells. Even at  high efficiencies of trans- 
fection, there will inevitably be some cells that have not 
taken up the gene. A post-transfection selection for those 
cells which have taken up the gene, followed by ex vivo 
expansion of this population, may improve the outcome 
of gene therapy by increasing the likelihood that patients 
will be repopulated with stem cells expressing the intro- 
duced gene. 

Stem Cell Therapy of Autoimmune Diseases. It is 
possible that marrow ablation of individuals with 
autoimmune conditions, to eliminate autoreactive lym- 
phocytes and their precursors, will be curative when 
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hope that they will sustain an effective cell-mediated 
immune response. 

Rare Cell Diagnostics. The ability to identify and 
capture rare cells also enables the development of new 
methods for prenatal and cancer diagnosis. Prenatal 
diagnosis currently involves obtaining fetal cells by 
amniocentesis or chorionic villus sampling. These are 
invasive procedures which entail a measurable risk of fetal 
injury or spontaneous abortion. It has been known for a 
number of years now that fetal cells circulate in maternal 
peripheral blood (Schroder, 1975; Schroder and de la 
Chappelle, 1972; Schroder and Herzenberg, 1979). How- 
ever, the frequency of these cells is so low, about one in 
1 million, that it has not been clinically practicable to 
isolate them. Cell selection technology, using antibodies 
which bind preferentially to fetal cells, can be used to 
capture these extremely rare fetal cells from the maternal 
circulation. Circulating tumor cells can also be enriched 
from peripheral blood using cell selection technology (Hall 
et al., 19931, enabling early diagnosis of hematologic 
malignancies, detection of metastasis, and determination 
of chemosensitivity of the tumor in vitro. 

followed by reconstitution with CD34-selected stem cells. 
However, there are conflicting data on the role of bone 
marrow transplantation in the management of auto- 
immune diseases. In some cases, marrow transplantation 
has been reported to transfer autoimmunity from the donor 
to the recipient, suggesting an underlying defect in the 
stem cell compartment (reviewed by Marmont (1992) and 
Van Bekkum (1993)). In other cases, allogeneic bone 
marrow transplantation, performed for a coexisting, life- 
threatening condition, has been reported to cure such 
autoimmune phenomena as psoriasis (Eedy et al., 1990; 
Liu Yin and Jowitt, 1992), ulcerative colitis (Liu Yin and 
Jowitt, 1992), and rheumatoid arthritis (Jacobs et al., 1986). 

There are several reasons to think myeloblation followed 
by autologous stem cell transplantation will cure a t  least 
certain autoimmune diseases. Hematopoietic reconstitu- 
tion is probably oligoclonal, so even if autoimmunity is 
due to an underlying stem cell defect, there is a reasonable 
likelihood that the offending clones will not be reconsti- 
tuted following transplantation. Furthermore, it is 
possible that the agent which incited the autoimmune 
response initially will no longer be present in the patient’s 
environment and thus disease will fail to develop, regard- 
less of the pattern of reconstitution. 

Tolerization of Solid Organ Graft Recipients Using 
Enriched Stem Cells. More than 10 thousand solid organ 
grafts are performed in the United States every year. 
Although the development of immunosuppressive drugs, 
especially cyclosporine, has enhanced graft survival, it is 
estimated that 20% of kidney allografts still fail within 
the first year post-transplant and that 80% fail within 10 
years. Furthermore, chronic administration of immuno- 
suppressive drugs can lead to toxicity, increased incidence 
of infections, and malignancy in the host. 

Studies performed about 40 years ago demonstrated 
that tolerance to allografts could be induced in fetal and 
neonatal animals by exposure to donor lymphoid cells, 
this exposure leading to a state of mixed chimerism (Owen, 
1945; Billingham et al., 1953). These studies provided the 
impetus for numerous attempts to induce antigen-specific 
tolerance in adult allograft recipients by means of donor 
bone marrow transfusions (Barber, 1990; Barber et al., 
1991). 

It is possible that solid organ graft recipients can be 
made tolerant to donor antigens using CD34-selected bone 
marrow to establish a mixed chimeric state, thus prolonging 
graft survival and reducing or eliminating the need for 
chronic immunosuppressive treatment. This approach 
offers several theoretical advantages. Since CD34+ stem 
cells are capable of self-renewal, they should sustain a 
long-term state of mixed chimerism. Furthermore, by 
virtue of their ability to give rise to all of the mature 
elements of the hematopoietic system, stem cells should 
be able to mediate tolerance by more than one mechanism. 
Finally, by transfusing only CD34-selected cells, which 
are functionally immature, the possibility of sensitizing 
the host and precipitating acute graft rejection is dimin- 
ished, as is the likelihood of eliciting GVHD, both these 
phenomena being mediated by mature cells. 

Other Rare Cell Therapies. The technologies de- 
veloped for CD34 selection are also applicable, with minor 
modifications, to the selection of other cell types that may 
be useful for therapy or diagnosis. Therapeutic applica- 
tions include the selection of tumor-specific or virus- 
specific T-cells from tumor-bearing or virus-infected 
patients; these cells can be activated and expanded ex 
vivo and ultimately reinfused into the patient with the 

CONCLUSIONS 

Bone marrow transplantation has been an accepted 
treatment modality for a number of malignant diseases, 
as well as other disorders in which bone marrow function 
is abnormal, for many years now. The transplantation of 
hematopoietic stem and progenitor cells, enriched from 
marrow or peripheral blood, represents the next logical 
step in the evolution of this therapy. 

The CD34 antigen is a convenient marker for the 
selection of these cells, as it identifies both the pluripotent 
stem cell and committed progenitor cells, enabling rapid 
hematologic recovery as well as long-term reconstitution. 
Several methods of selecting CD34+ cells have been 
developed, one of which has been successfully implemented 
in the clinic. 

The advantages which flow from transplantation with 
CD34 selected cells, such as reduced infusional toxicity, 
volume reduction, and potential reductions in tumor cell 
burden and GVHD, have widened the applications for 
stem cell transplants in support of high-dose chemotherapy 
and in gene therapy of congenital disorders. In the future, 
cell selection technology can be expected to lead to 
additional advances in cancer therapy and diagnosis, 
prenatal diagnosis, and therapy of organ failure and 
autoimmune diseases. 
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Biotinylation of an Enkephalin-Containing Heptapeptide via Various 
Spacer Arms. Synthesis, Comparative Binding Studies toward Avidin, 
and Application as Substrates in Enzymatic Reactions 
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The preparation of an enkephalin-containing heptapeptide of the sequence Tyr-Gly-Gly-Phe-Leu- 
Arg-Arg-OH with a biotinyl moiety linked to the carboxy terminus is described. A series of biotinylated 
derivatives, each containing a different linker (LC) moiety between the biotin function and the carboxy- 
terminal Arg residue, were synthesized by solution-phase chemistry following the coupling of the side 
chain protected peptide with previously prepared appropriate biotinylamine derivative. Both linear 
and flexible spacer arms of variable chain lengths [LC = (CHz),, x = 2, 4, or 61 as well as semirigid 
cyclohexyl spacers (racemic 1,2-cyclohexane, cis or trans) were incorporated. The relative binding 
aptitudes of these molecules toward the glycoprotein, avidin, either in immobilized form or in solution 
were compared using both lZ5I-labeled and unlabeled peptide derivatives and were found to be in the 
following order, trans I 6C > 4C > 2C > cis. The potential application of these materials as substrates 
for enzymatic analysis is illustrated for one of the derivatives, namely the LC-2C analogue. 

INTRODUCTION 

The remarkably high affinity (& = 10-15 M-I) of the 
vitamin biotin for the glycoprotein avidin has been 
exploited as a powerful tool in a wide variety of bioana- 
lytical applications (reviewed in 1-3). These include 
studies involving cytochemical localization, isolation of 
receptor, affinity chromatography, radioimmunoassay and 
molecular biology techniques. The usefulness of the 
biotinlavidin system is based upon the fact that if one 
modifies chemically any biologically active target molecule 
through biotinylation, the biological and physiological 
properties of the conjugate will not be changed signifi- 
cantly, thereby allowing unimpeded interaction with 
avidin. An extensive number of biotinylating agents are 
now commercially available for the covalent attachment 
of the biotin moiety to protein and peptides (2) mostly at  
a free amino group. 

Recently, we have developed a solid-phase assay for 
detecting minute levels of endopeptidase activities using 
radiolabeled immobilized peptide derivatives (4). This 
approach was further extended by incorporating to a 
peptide containing a radiolabeled NHz-terminal Tyr 
residue a biotinyl function through coupling to the eNH2 
group of a carboxy-terminal Lys residue (5). Both methods 
are based on the release of a free radiolabeled peptide 
fragment into solution following proteolytic digestion. In 
an effort to further pursue and expand this approach, we 
have constructed a series of Leu-enkephalin-containing 
heptapeptide derivatives of the type Boc-Tyr-Gly-Gly- 
Phe-Leu-Arg-Arg-LC-biotin where LC represents linear 
carbon chains containing two, four, or six carbons or 
semirigid 1,2-tram- and 1,2-cis-cyclohexane rings as spacer 
molecules. The present paper describes their synthesis, 
chemical characterization, and comparative avidin binding 
properties; in addition, the proposed use of one analog in 
the context of enzymatic assays is also described. 
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EXPERIMENTAL PROCEDURES 

All amino acid derivatives (L-form) and the peptide 
coupling reagents were purchased from Institut Armand 
Frappier (Laval, Quhbec, Canada) and Chemical Dynamics 
Corporation (South Plainfield, NJ). All solvents were 
freshly distilled over nitrogen. Silica gel (column chro- 
matography, 230-400 mesh) and (+)-biotin were from 
Aldrich (Milwaukee, WI) and Sigma (St. Louis, MI) 
Chemical Companies, respectively. 'H-NMR spectra 
(done in DMSO-& unless otherwise mentioned) and FAB- 
MS were recorded on Varian Associate Bruker 400 MHz 
and MS-50 HMTCTA (FAB or CI mode) instruments, 
respectively. Melting points, determined in open capil- 
laries with a digital apparatus (electrothermal), were 
uncorrected. Amino acid analyses following 18 h hydrolysis 
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in 5.7 N HC1 at 110 OC in uacuo were obtained using a 
modified Beckman 120C autoanalyzer equipped with a 
Varian DS 604 integrator/plotter. Reversed-phase high- 
pressure liquid chromatography was performed with an 
analytical Vydac 218TP510 c18 column (The Separation 
Group, Hesperia, 25 X 0.5 cm). The buffer system 
consisted of an aqueous 0.1 % (V/V) TFA solution and an 
organic phase made of acetonitrile also containing 0.1 % 
TFA (V/V). In all cases, the elution was carried out using 
a linear gradient from 5 9% to 60 5% organic phase in 55 min, 
a t  a flow rate of 1 mL/min; elution was monitored using 
UV absorbance at  225 nm. TLC was performed on silica 
gel precoated (0.25-mm thickness) aluminum sheets 
(Kiesel gel, Merck Co.) with the following solvent sys- 
tems: (A) CHCldMeOH (4:1), (B) CHCldMeOH (6:1), 
(C) EtOAc/MeOH (2:3), (D) EtOAc/MeOH (1:2), (E) 
nBuOH/HOAc/HzO (4: 1: l), (F) nBuOH/HOAc/HzO/Py 
(15:3:12: lo), and (G) nBuOH/HOAc/H2O/Py (30:3: 12: 10). 
The peptide spots were revealed under illumination by 
UV or by spraying the TLC plates with ammonium 
molybdate/sulfuric acid, ninhydrin, or p-DACAlsulfuric 
acid reagent (6). 

Synthesis of the Various Biotinyl-LC-NHz Deriva- 
tives. (+)-Biotin (244.3 mg, 1 mmol) was dissolved by 
warming in DMF (5 mL) and then brought back to ambient 
temperature. NHS (127 mg, 1.1 mmol) and DCC (226 mg, 
1.1 mmol) were then added. The mixture was stirred for 
30 min at  0 "C and then for 3 h a t  ambient temperature. 
The insoluble dicyclohexylurea was filtered off, and the 
filtrate was added slowly (over a 10 min period) to a solution 
of the appropriate diamine (1.1 mmol) in DMF (5 mL). 
The reaction was stirred for 3 h at ambient temperature, 
and the precipitated white material was collected by 
filtration. The filtrate was diluted with excess diethyl 
ether (100 mL), resulting in the production of another 
crop of precipitate. The combined solid was dissolved in 
methanol (70 mL) and purified by silica gel column 
chromatography (18 X 2 cm). Elution of the column with 
MeOH/CHC13 (1:l) yielded the side product, bis-biotinyl- 
LC-diamide, with a 20-25 % yield. Subsequent elution 
with MeOH/CHC13 (2:l) furnished the sought after biotin- 
LC-NH2 derivatives (65-75 % ). Representative IH-NMR 
data are given for the biotinyl derivative (I) whereas, in 
the case of mass spectra, the value of each analog molecular 
ion observed together with its theoretical value is given. 
N-(6-Amino-n-hexyl)-l-biotinamide (I):mp 207-209 

"C dec; TLC homogenous, Rf 0.56 (D); lH-NMR 6 7.74 (1 

H-l), 4.30 (1 H, dd, J=  5.3 Hz, H-3a), 4.12 (1 H, m, H-6a), 
3.38 (2 H, m, H-6', 3.09 (1 H, m, H-4), 3.0 (2 H, q, J = 6.6 

H, t, J 5.5 Hz, CONH), 6.44 (1 H, S, H-3), 6.37 (1 H, S, 

Hz, H-1'), 2.81 (1 H, dd, J1 = 5.1 Hz, J 2  = 12.4 Hz, H - ~ c Y ) ,  
2.55 (1 H, d, J = 12.5 Hz, H-6@), 2.04 (2 H, t, J = 7.4 Hz, 
biotin side chain aH), 1.65-1.40 (6 H, m, biotin side chain 
PySH), 1.40-1.20 (10 H, br m, 2',3',4', 5' H + NHd; CI-MS 
mlz 342 (M)+ (theor 342.55). 

N -  (4-Amino-n- butyl) -1 - biotinamide (II): mp 220-223 
"C dec; TLC homogenous, Rf0.49 (D): FAB-MS: mlz 315 
(M + H)+ (theor 314.49). 

N-(2-Aminoethyl)-l -biotinamide (111): mp 235-237 
"C dec; TLC homogenous, Rf  0.41 (D); CI-MS mlz 286 
(MI+ (theor 286.43). 

trans-N- (1 -Aminocyclohexyl)-2-biotinamide (IV): mp 
265 OC dec; TLC homogenous, Rf  0.58 (D), 0.49 (C); CI- 
MS mlz 341 (M + H)+ (theor 340.53). 

cis-N-(1 -Aminocyclohexyl)-2-biotinamide ( V): mp 
127-129 "C dec; TLC homogenous, Rf  0.57 (D); CI-MS 
mlz 341 (M + H)+ (theor 340.53). 
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Synthesis of the Heptapeptide Boc-Tyr-Gly-Gly- 
Phe-Leu-Arg-Arg-OH (VIII). The synthesis of the Boc- 
Tyr-Gly-Gly-Phe-Leu fragment was conducted in steps 
by solution-phase chemistry following either carbodiimide 
or mixed anhydride mediated coupling reactions as 
previously described (7); therefore, only the last three steps 
yielding VI11 are described. The lH-NMR data as well 
as the fragmentation pattern observed in mass spectrom- 
etry are not described but are entirely consistent with the 
proposed structures. Some of the coupling reactions are 
accompanied by a small amount of racemization which, as 
estimated by lH-NMR, never exceeded 10%. 

Z-Arg(NO2) -Arg(NOz) - COOBz ( VI) was prepared by 
coupling Z-Arg(NOz)-OH with H-Arg(NOz)-COOBz.2Tos 
with DCC/HOBT: mp 129-132 "C; TLC homogenous, Rf 
0.28 (B); FAB-MS mlz 645 (M + H)+ (theor 642.59). 

Boc- Tyr(0Bz)- Gly- Gly-Phe-Leu-Arg(N02) -Arg(NO2) - 
COOBz ( VIn .  Z-Arg(NOz)-Arg(NOz)-COOBz (270 mg, 
0.42 mmol) was deprotected with 32 % HBr/HOAc (7) and 
coupled to the protected pentapeptide Boc-Tyr(0Bz) -Gly- 
Gly-Phe-Leu-OH (228 mg, 0.31 mmol) in 5% DMF/THF 
(3.2 mL) using IBC (42 mg, 0.31 mmol) and NMM (31 mg, 
0.31 mmol) at -20 "C in Nz atmosphere (6). Column 
chromatography (silica gel, 23 X 2.5 cm) yielded a white 
crystalline solid (eluted with 25% MeOH/CHCld, 205 mg 
(54% yield): mp 127-129 "C; TLC homogenous, Rf 0.48 
(A), 0.38 (B); amino acid analysis Tyr0.95 (11, Gly2.w (21, 
Phe1.w (11, Leuo.% (l), Arg1.83 (2); FAB-MS mlz 1147 (M+ 
- Bz) (theor 1146.31). 

Boc- Tyr- Gly- Gly- Phe- Leu- Arg- Arg- OH ( VIII). The 
protected heptapeptide ( V I n  (190 mg, 0.164 mmol) 
following hydrogenolysis with Pd-black (200 mg)/Hz in 
0.5% HOAc/DMF (5 mL) yielded on silica gel column 
chromatography (23 X 2 cm) a white solid [eluted with 
CHC13/MeOH/HOAc (25:25:0.1)1,141 mg (88% yield): mp 
245-247 "C; TLC homogenous, Rf 0.11 (E); amino acid 
analysis Tyro.dl), G1~2.19(2), P h e l d l ) ,  Leu 0.93(1), Arg1.78- 
(2); FAB-MS mlz 969 (M + H)+ (theor 968.10). 

Synthesis of the Boc-peptidyl-LC-biotinyl Deriva- 
tives (IXa-IXe). The heptapeptide VIII (50 mg, 0.044 
mmol) was coupled to the various biotinyl-LC (I-V, 0.05 
mmol) using IBC/NMM (each 0.044 mmol). The product 
Boc-peptidyl-LC- biotin derivative was recovered by silica 
gel column chromatography (24 X 2 cm) upon elution with 
25% MeOH/CHC13 in 40-5576 isolated yield. The 'H- 
NMR data and the observed fragmentation patterns were 
in full agreement with the proposed structures. 

Boc- Tyr- Gly- Gly- Phe-Leu- Arg- Arg- CONH- (CH2)6- 
NHCO- biotin: TLC homogenous, Rf 0.75 (F); 'H-NMR 
6 9.28 (lH, m, Tyr OH), 8.70 (lH, m, CONH), 8.50 (lH, 
m, BCONH), 8.39 (2H, m, BCONH), 8.24 (2H, m, SCONH), 
8.2-8.1 (2H, m, 2CONH), 8.2-7.3 (lOH, m, Gn NH), 7.32- 
7.18 (5H, m, aromatic), 7.0 (2H, d, J = 8.6 Hz, Tyr2,C H), 
7.05 (lH, m, Boc NH), 6.67 (2H, d, J = 8.6 Hz, Tyr3,5 H), 
6.44 (lH, s, biotin H-3), 6.39 (lH, s, biotin H-1), 4.55 ( lH,  
m, Leu aH), 4.4-4.25 (3H, m, 2Arg a H  + biotin H-3a), 
4.20 (lH, m, Tyr aH), 4.14 ( lH,  m, biotinH-6a),3.78 (lH, 
m, Phe aH), 3.61 (4H, m, 2Gly aH), 3.10 (4H, finely splitted 
d, J = 6.0 Hz, 2Arg 6H), 3.0 (2H, m, Tyr pH), 2.90-2.70 
(2H, m, Phe PH), 2.81 (lH, dd, J1 = 5.05 Hz, Jz = 12.43 
Hz, biotin H-Ga), 2.57 (lH, d, J = 12.2 Hz, biotin H-6/3), 
2.29,2.04 (2H, t, J = 7.2 Hz), 1.91 (6H, s, 20Ac), 1.30 (9H, 
s, Boc), 1.85-1.20 (25H, m, biotin 14H + Arg,Leu, PyH), 
0.89 (3H, q, J = 6.4 Hz, yCH3 Val), 0.87 (3H, t, J = 6.3 
Hz, y 'CH3 Val); FAB-MS mlz 1293 (M + H)+ (theor 
1292.64); RP-HPLC tR 37.2 min (42% CH3CN). 



C-Terminal Blotlnylation of an Enkephalin Analog 

Boc- Tyr- Gly- Gly-Phe-Leu- Arg- Arg-CONH- (CH2)4- 
NHCO-biotin: FAB-MS mlz 1265 (M + H)+ (theor 
1264.58); RP-HPLC t R  39.1 min (44% CH3CN). 

Boc- Tyr-Gly-Gly-Phe-Leu-Arg-Arg-CONH-(CH2)2- 
NHCO-biotin: FAB-MS mlz 1237 (M + H)+ (theor 
1236.51); RP-HPLC t R  36.9 min (42% CHsCN). 

Boc- Tyr- Gly- Gly- Phe- Leu- Arg- Arg- CONH-trans- 
1,2-diamidocyclohexyl-NHCO- biotin: FAB-MS mlz 1063 
(M- biotin)+ (theor 1063.42); RP-HPLC t R  37.7 min (43 % 

Boc- Tyr- Gly - Gly - Phe - Leu- Arg- Arg- CONH-cis-l,2- 
diaminocyclohexyl-NHCO- biotin: FAB-MS mlz 1063 
(M - biotin)+ (theor 1063.42); RP-HPLC t R  38.9 (44% 

Radiolabeling of Boc-Tyr-Gly-Gly-Phe-Leu-Arg- 
Arg-LC-biotin. All the biotinyl peptide derivatives were 
radiolabeled with 1251 using a modified chloramine T 
method (5) .  The radiolabeled products were recovered 
from the iodination mixture by elution from a Sep-Pak 
cartridge with 60% CH&N/HzO (2 mL) directly into a 
tube containing some free biotin (50 pg) in order to 
minimize oxidation of the biotin function. 

Binding Studies of Biotinyl Peptide Derivatives 
to Avidin. Three separate methods were used in order 
to investigate the avidin binding profile of the biotinylated 
peptide analogs. 

(a) In the first method, each biotinylated peptide 
derivative (20 pg, 14-18 nmol) was dissolved in 4.4% 
DMSO in 100 mM potassium phosphate, pH 7.4 (400 pL) 
and shaken in a rotary shaker with immobilized avidin 
(avidin-agarose gel, 200 pL packed gel capable of binding 
41 nmol of biotin) for 1 h at  ambient temperature. The 
suspension was then centrifuged for 10 min at  3000 rpm, 
and a constant aliquot of the supernatant (100 pL) was 
injected into an analytical RP-HPLC column. The rate 
of disappearance of the peptide peak provided a direct 
measurement of the avidin binding capacities of the various 
analogs. 

(b) In an alternate method, the avidin binding capacity 
was measured following displacement of the dye, HABA, 
previously bound to immobilized avidin as described (8, 
9). 

(c) The binding was followed by measuring the amount 
of radioactivity retained on a fixed quantity of avidin- 
agarose gel upon incubation with radiolabeled biotinyl 
peptide derivatives as a function of time. 

Enzymatic Assays. All enzymatic assays and analysis 
of the resulting digests were conducted according to 
procedures described previously ( 4 , 5 ) .  

RESULTS 
Synthesis of Biotinyl-LC-Leu-enkephalin Deriva- 

tives. The heptapeptide, Tyr-Gly-Gly-Phe-Leu-Arg-Arg- 
OH, was selected as a model peptide since, in the past, 
similar peptide analogues have been shown to be excellent 
substrates for a large number of endopeptidases, especially 
the serine proteinases (4, 5 ) .  This peptide was obtained 
following liquid-phase chemistry as the Boc N-terminally 
blocked form. The various biotinylamines were prepared 
by reacting the respective diamines with freshly made 
biotin-N-hydroxysuccinimide. The latter reaction was 
accompanied by the formation of the bis-biotinyldiamide 
derivative as a major secondary product. However, its 
formation can be kept a t  a minimimum level (less than 
30 5%) by adding slowly the preformed solution of biotinyl 
succinimide ester to the solution of the diamine in 
equimolar quantities. Each biotinyl-LC-amine was next 
coupled to the Boc-protected Leu-enkephalin heptapep- 

CH3CN). 

CHaCN). 
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Boc-Tyrdly-Gly-Phe-Leu-Arg-Arg-CO-NH-LC-NH-CO- 

Blotln - CO-NH-LC-NH-CO-Blotln 

(X) 

I 
” ‘‘‘“el d, 

Figure 1. Structures of the various biotinyl derivatives prepared 
in this study. 

tide via its carboxy terminus using the mixed anhydride 
chemistry. The overall yield for the latter step was found 
in all cases to be between 55 and 65 % . 

Chemical Characterization of the Biotinyl Pep- 
tides. All the biotinylated peptide analogs exhibited the 
correct amino acid composition. Furthermore, the pres- 
ence of the biotin function was clearly established by 
positive color reaction withp-DACA (6)  and their binding 
ability to immobilized avidin. In addition, these analogs 
were further characterized by ‘H-NMR where the char- 
acteristic signals for the biotinyl moiety, mostly unaffected 
following conjugation, are consistent with those reported 
previously ( 1 0 , l l ) .  In addition, the signals for the protons 
belonging to the peptide chain were easily identified and 
also remained unaffected upon coupling to the respective 
spacer arms. 

While some of the biotinyl peptide derivatives displayed 
sharp molecular ion peaks, others failed to show any such 
peaks, as, for example, the LC-trans analog. However, 
their characteristic fragmentation patterns observed in 
mass spectrometry greatly facilitated their characteriza- 
tion. 

Comparative Studies of the Biotinyl Peptide De- 
rivatives Binding to Avidin. Three separate procedures 
were used to explore the relative binding capacities toward 
avidin of the various biotinyl derivatives, whose structures 
are summarized in Figure 1. These include (i) monitoring 
spectrophotometrically the displacement of the dye HABA 
from its 1:l complex with avidin, (ii) following by RP- 
HPLC the gradual disappearance of the biotin containing 
sample upon incubation with immobilized avidin, and 
finally (iii) measuring the radioactivity bound on 
immobilized avidin upon incubation with a known quantity 
of radiolabeled biotinyl sample. 

As indicated in Table 1, it is apparent that while the 
unmodified peptide failed to displace any significant 
amount of HABA from its complex with avidin, all the 
biotinyl peptides as well as biotin itself and bis-biotinyl 
derivatives were able to displace the dye from the complex 
in a quantitative fashion. The bis-biotinyl derivatives were 
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Table 1. Displacement of HABA from Preformed 
Avidin-HABA Complex by Various Synthetic Biotinyl 
Derivatives 

Basak et al. 

~ 

spacer half-maximal displacement 
compd arm (LC) valuea (nmol) 
biotin 
VI11 
IXa 
IXb 
IXC 
IXd 
IXe 
Xa 
Xb 
x c  

8.1 

25.5 
15.2 
11.9 
39.6 
12.5 
9.3 
9.6 
8.3 

0 The amounts shown represent the amount of peptides (nmol) 
necessary to displace 50% of the HABA bound to the immobilized 
avidin. 

found to be almost as potent as biotin itself with a half- 
maximal value of between 8.3 and 9.6 nmol compared to 
8.1 nmol for biotin. Though less potent, all the biotinyl 
peptides derivatives exhibited half-maximal values ranging 
from 11.9 to 39.6 nmol. Among the five derivatives tested, 
the LC-6C analogue (IXc) emerges as the most potent 
whereas the LC-cis-cyclohexyl analogue (IXd) is the least. 

Similar conclusions were also reached from RP-HPLC 
analysis following incubation with a constant amount of 
immobilized avidin. Thus, under conditions where biotin 
binding is optimal, less than 9% of the underivatized 
peptide (VIII) binds to the immobilized avidin. Under 
identical conditions, 54 % of the LC-cis-cyclohexyl (IXd) 
and 74% of the LC-2C (IXa) derivatives were bound to 
immobilized avidin whereas the three other analogs (IXb, 
IXc, and IXe) were all bound in excess of 90% (data not 
shown). It is worth noting that, for example, using the 
LC-2C derivative (IXa), the extent of binding to 
immobilized avidin can be increased from 25% to a 
maximum of 65 % by addition of higher amount of avidin- 
agarose gel (from 250 pL to 2.0 mL) (data not shown). 

Finally, considering that such compounds were designed 
for application in enzymatic assays, their binding proper- 
ties were further verified following radiolabeling. Under 
the conditions where less than 7% of radiolabeled 
unmodified peptide bound to immobilized avidin, the LC- 
6C (IXc) and LC-trans-cyclohexyl (IXe) derivatives 
displayed the highest affinity toward immobilized avidin 
when compared to the rest of the derivatives (Figure 2). 
This result appears to confirm the assumption that no 
significant changes on the affinity is introduced upon using 
the iodination procedure outlined in the previous section. 
Indeed, when 200 pL of avidin-agarose gel (capable of 
binding 0.1-0.2 pmol biotin/mL) was shaken with an 
identical amount of 1251-biotinylated peptides (- 15 ng, 
300 000 cpm), between 25% to 72% of the radioactivity, 
depending on the derivatives used, was retained by the gel 
even after extensive washing. 

Application of Biotinyl-LC-Leu-Enkephalin Pep- 
tide as Enzyme Substrate. In order to investigate the 
usefulness of these biotinyl peptide derivatives as enzyme 
substrates either in solution or in solid-phase, the LC-2C 
(IXa) derivative was incubated in the presence of trypsin. 
Upon digestion, besides the unreacted material ( t ~  = 36.9 
min in RP-HPLC), two major products identified by amino 
acid composition as Boc-Tyr-Gly-Gly-Phe-Leu-Arg-OH 
( t ~  = 32.4 min) and Arg-CONH-CH2-CHz-NH-biotin ( t ~  
= 20.4 min) were obtained, the identity of the latter being 
further confirmed by its strong avidin binding property 
(data not shown). It is important to note that a longer 
related peptide, acetyl-Tyr-Gly-Gly-Phe-Leu-Arg-Arg- 
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Figure 2. Time-dependent binding of the radiolabeled biotinyl 
peptide derivatives to immobilized avidin. In each case, the 
amount of immobilized avidin used was 200 WL and the amount 
of radioactivity used corresponded to 300 OOO cpm. Each line 
represents the biotinyl peptide derivative identified as described 
in Table 1 and the Experimental Procedures. 

Phe-Leu-Lys, prepared by solid-phase synthesis and 
containing a biotinyl moiety linked to the t-amino group 
of Lys, was cleaved carboxy-terminal to either of the Arg 
residues (5) contrary to what is observed here as the 
cleavage appears to be solely restricted to the site in 
between the two basic residues. Identical results were 
obtained upon digestion of 1261-labeled material ( t ~  = 39.3 
min), in which case a single other radioactive peak in 
addition to the remaining undigested starting material 
appearing at t R  = 34.9 min is generated. 

Alternatively, the incubation with the enzyme can be 
accomplished by using the immobilized substrate. Thus, 
when the same biotinyl LC-2C peptide analog with or 
without labeling with I25I was immobilized on avidin- 
agarose and the resulting gel was incubated with trypsin, 
the amino-terminal peptide Boc-Tyr-Gly-Gly-Phe-Leu- 
Arg-OH was released into the medium as identified by 
RP-HPLC using either UV (data not shown) or radio- 
activity measurement (as shown in Figure 3). These results 
are similar to those reported earlier (4 ) .  In all our 
conditions, no leakage of the biotinyl substrate from the 
bound solid matrix was observed, thus permitting sensitive 
assay of proteolytic activity by direct measurement of the 
released fragment in the supernatant and identification 
of the cleavage site following RP-HPLC. 

DISCUSSION 
In the past, researchers have routinely employed a six- 

atom (amino caproyl) linker chain between the biotin and 
peptide moiety in various biochemical applications with 
great success (1-3). Consequently, biotinylation reagents 
incorporating such a linker are commercially available as 
they allow relatively easy modification of any free amino 
function. On the other hand, preparation of C-terminally 
biotinyl peptides was comparatively less easy as it 
frequently involved either incorporation of an extra 
C-terminal Lys residue so as to allow the use of the biotinyl- 
N-hydroxysuccinimide ester reagent, as we have done in 
the past (5) ,  modification of the free COOH group with 
a suitable biocytin reagent (12), or coupling biocytinamide 
through the use of an enzyme such as carboxypeptidase 

TIME (HRS) 
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forward manner to most peptides by modifying specifically 
any amino or carboxyl group with biotin. 
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Figure 3. RP-HPLC chromatogram of the digestion products 
obtained following an overnight incubation of 125I-labeled 
analogue IXa immobilized on avidin-agarose (0.5 mL of gel 
containing 3 X lo6 cpm) with trypsin a t  25 “C. The major peak 
corresponds to the elution position of 1261-labeled Boc-Tyr-Gly- 
Gly-Phe-Leu-Arg. 

Y (13). Here, we decided to use a fragment condensation 
approach which allowed us to modify the sole free 
C-terminal residue present in the fully side-chain protected 
peptide which is coupled in solution with a preformed 
appropriate biotinyl-linker synthesized independantly. 
Such fully side chain protected peptides can be obtained 
by liquid phase synthesis but also, nowadays, by synthesis 
on special resins such as the Rink, the HMPB or the Sasrin 
resins (reviewed in 14). As shown herein, this approach 
is efficient even though it does suffer from two inherent 
problems. Firstly, as mentioned, coupling between the 
preformed biotinyl-linker and the peptide chain must be 
carried out prior to deprotection of the peptide if it contains 
internal Asp or Glu residues since side chain biotinylation 
might occur in addition to C-terminal modification. 
Secondly, because coupling is carried out in solution and 
with activating agents such as IBC, racemization is likely 
to happen though in variable amounts a t  the site of 
coupling. In this instance, the residue occupying the 
C-terminus, namely the Arg7, could indeed racemize since 
this residue is activated for coupling to the biotinyl-linker. 

Using linkers of different chain length and/or flexibility, 
we were able to demonstrate that for optimal binding 
between a carboxy-terminally biotinyl peptide and avidin, 
one requires a chain length of a t  least four-carbon atoms 
or that the peptide backbone and the biotin moiety are 
spatially disposed anti to one another. Thus, for sensitive 
application such as enzymatic assays, the ones with 
optimum binding capacity such as the LC-trans-cyclohexyl 
or LC-6C derivatives are preferred. Finally, while these 
compounds were studied, Ghealen et al. (15) described a 
general procedure for preparation of peptides biotinylated 
at  the C-terminus which essentially offers a solution to 
problems noticed during the present study. Another solid- 
phase approach for COOH-terminal biotinylation of 
Met-enkephalin via a six-carbon spacer was also reported 
(1 6) .  It thus appears now that the usefulness of the biotin/ 
avidin methodology can be extended in a rather straight- 
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Asialoorosomucoid-polylysine (ASOR-PL) conjugates have been recently developed as carriers of 
electrostatically bound DNA for targeted delivery to the hepatic asialoglycoprotein receptor (ASGPr) 
for gene therapy. Using acid-urea gel electrophoresis we have found that previously reported procedures 
for the fractionation of ASOR-PL conjugates do not efficiently remove noncovalently bound polylysine 
(PL) from ASOR-PL. DNA complexes prepared with these conjugates have low solubilities, which 
limits their usefulness for subsequent experimentation, particularly in uiuo. For ASOR-PL made by 
carbodiimide-mediated crosslinking with 5-kDa PL, dialysis against 1 M guanidine hydrochloride is 
effective to remove the low molecular weight unbound PL. Dialysis is not feasible when using higher 
molecular weight PLs, but preparative elution acid-urea gel electrophoresis was used to isolate crude 
ASOR-PL fractions free of unbound PL. ASOR-PL freed of PL by dialysis or electrophoresis was 
further fractionated by cation-exchange HPLC on carboxymethyl-functionalized columns eluted with 
a mixed pH-salt gradient. Early-eluting ASOR-PL fractions isolated by a combination of preparative 
elution acid-urea gel electrophoresis and cation-exchange HPLC were found to be preferred for the 
formation of soluble DNA complexes. 

INTRODUCTION 

The transfer to human cells of DNA containing thera- 
peutic genes (gene therapy) has undergone a transition in 
recent years from a laboratory technique to a variety of 
experimental applications in the clinic (1 ,2) .  Most of the 
gene-transfer protocols that have been developed are based 
on the use of retroviral vectors to transfect cells outside 
of the patient. The modified cells are subsequently 
transferred back to the patient after transfection. Amidst 
concern over the complexity and efficacy of these strategies, 
researchers have investigated ways to introduce thera- 
peutic DNAs directly into patients in the manner of a 
more traditional pharmaceutical agent such as by intra- 
venous injection. To improve the efficiency of this strategy 
techniques have been developed to use receptor-mediated 
endocytosis to carry DNA into cells (3, 4 ) .  

The liver has been recognized as a useful site for highly 
hepato-selective targeted delivery via the asialoglycopro- 
tein receptor (ASGPr)’ for over a decade (5).  Early 
experiments focused on the delivery of agents covalently 
bound to asialoglycoproteins such as asialofetuin (6-8) 
and asialoorosomucoid (9) or galactose-terminated neogly- 
coproteins ( 1 0 , l l ) .  ASGPr-mediated endocytosis of the 
glycoproteins carried the bound agent into cells. More 
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recently, this strategy has been expanded to the use of 
asialoorosomucoid-polylysine (ASOR-PL) conjugates to 
carry DNA into hepatocytes as a strategy for gene therapy 
(5). DNA is bound in a tight electrostatic complex by 
ASOR-PL. The ASGPr recognizes the ASOR in the 
complex, binds and internalizes the ASOR, and brings the 
DNA into the cell at the same time. This technique has 
been used successfully for the delivery of DNAs containing 
a variety of genes in vitro (12-15) and in uiuo (16-20) 
including the gene for the low-density lipoprotein receptor 
(LDLr) in Watanabe rabbits. Expression of the delivered 
LDLr gene resulted in transiently lowered serum choles- 
terol levels (19). 

ASOR is readily available by isolation of orosomucoid 
(OR, also referred to as al-acid glycoprotein) from human 
plasma (21) followed by desialylation to expose penulti- 
mate galactosyl groups. Orosomucoid is quite a robust 
protein and can be desialylated by acid treatment with 
heating thus avoiding the expense of using neuraminidase 
to cleave sialic acid residues (22). Poly-L-lysine (PL) is 
available commercially with varying molecular weight 
ranges. Conjugates formed by crosslinking PL with 
proteins have been reported using carbodiimide-mediated 
amide bond formation (14,151 and thiol reagents (12,13, 
23). The product mixtures obtained in the formation of 
conjugates of this type are both very heterogeneous and 
highly charged. Previously described methods for the 
preparation of ASOR-PL for targeted delivery to the 
ASGPr-bearing cells have used dialysis (91, gel filtration 
(9, 12), and ion-exchange HPLC (14, 23) for purification 
of the conjugate from reaction byproducts and uncon- 
sumed starting materials. To be able to conduct gene 
delivery experiments in uiuo, both larger quantities of 
targeting conjugates and higher concentrations of com- 
plexed DNA are needed in comparison with the usual 
experiments conducted in vitro. We have found ASOR- 
PL conjugates prepared by the previously detailed methods 
to be of variable quality with respect to the solubility of 
DNA complexes made with them. When solubility of 
complexed DNA is low it is not practical to inject animals 
with sufficient DNA to observe gene expression in a 
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reproducible manner. In this study we report our inves- 
tigation of the use of the combination of acid-urea gel 
electrophoresis and cation-exchange chromatography to 
analyze and purify ASOR-PL conjugates to be used in the 
formation of soluble targetable DNA complexes. 
EXPERIMENTAL PROCEDURES 

General. Human plasma was obtained from the 
American Red Cross Blood Services, Farmington, CT. 
DEAE-cellulose was purchased from Sigma. Poly-L-lysine 
was obtained from Sigma, and 1- [ 3-(dimethylamino)- 
propyl]-3-ethylcarbodiimide (EDC) was from Aldrich. 
MWs of PL are expressed as the average MW determined 
by viscosity measurements. Agarose for electrophoresis 
was from International Biotechnologies, Inc. Water was 
purified with a Barnstead Nanopure System. DNA 
plasmid pSVHBV2 containing the gene for hepatitis B 
virus surface antigen was provided by Dr. Henry Chiou 
(TargeTech, Inc.). Assays for surface antigen expression 
were performed using the correspondng Abbott Auszyme 
monoclonal antibody assay kit according to the manu- 
facturer's instructions. Concentrations of DNA were based 
on an extinction coefficient of 20 mL mg '  cm-' at 260 nm, 
and agarose gel electrophoresis of DNA was performed as 
described by Sambrook (24). Dialysis tubing (12-14 kDa 
MWCO) was from Spectrum. Dialyses were performed in 
20-L tanks of water for 2 days at  4 "C with one change of 
water after 1 day. 

Orosomucoid (a1-Acid Glycoprotein). OR was iso- 
lated using an adaptation of a previous report (21). Buffers 
used in this isolation were made up to the stated 
concentration in sodium acetate (NaOAc) with glacial 
acetic acid added to obtain the desired pH: buffer 1,0.05 
M NaOAc, pH 4.5; buffer 2,O.lO M NaOAc, pH 4.0; buffer 
3, 0.05 M NaOAc, pH 3.0. DEAE-cellulose (84 g) was 
suspended in water, allowed to swell for 1 2  h, and then 
washed successively with 0.5 N HC1, 0.5 N NaOH, and 
0.01 M EDTA (25).  The DEAE-cellulose was poured to 
a bed volume of 5 cm X 25 cm in a Waters AP-5 column. 
Using a peristalic pump (10 mL/min flow rate) the column 
was equilibrated with buffer 1 until the pH of the column 
eluate was 4.5. 

Pooled human plasma (4 units, - 1.2 L) was transferred 
to dialysis tubing (12-14 kDa MWCO) and dialyzed 
overnight a t  4 "C against 20 L of buffer 1. The dialyzed 
plasma was then centrifuged at  14 000 rpm in a Beckman 
JA-14 rotor (30000g) for 10 min at  4 "C. The supernatant 
was then filtered through Whatman 514 paper, and the 
precipitate was discarded, followed by an additional 
filtration through a 0.2-pm filter (Zapcap, Schleicher & 
Schuell). The dialyzed and filtered plasma was applied 
to the DEAE-cellulose column which was then washed 
with buffer 1 until the eluate had an absorbance at  280 nm 
of less than 0.10. The column was then eluted with buffer 
2. The eluate was collected starting when the A280 began 
to increase and ending after the A2w had peaked and was 
<0.10. After the orosomucoid-rich fraction had been 
eluted and collected, the column was washed with buffer 
3 (1 L) and reequilibrated with buffer 1. 

The orosomucoid-rich eluate was brought to 50 % 
saturation with ammonium sulfate (313 g/L of eluate) and 
stirred overnight a t  4 "C. This solution was then 
centrifuged in the JA-14 rotor (14 000 rpm x 15 min, 4 "C) 
and the supernatant retained. Ammonium sulfate (320 
g/L of 50% saturation supernatant) was slowly added to 
bring the solution to 92% saturation. This solution was 
then stirred for at least 4 h a t  4 "C and then centrifuged 
(14 000 rpm X 30 min, 4 "C). The pellet was retained and 
dissolved in a minimal volume of water and transferred 
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Table 1. 
A. Solution To Prepare for Use in Casting Acid-Urea Gels 

8 M urea 
Running gel buffer (RGB) 

48 g plus HzO to 100 mL 
48 mL of 1 M potassium 

hydroxide 
17.2 mL of glacial acetic acid 
water to 100 mL 
1.34 g of potassium hydroxide 
2 mL of glacial acetic acid 
water to 100 mL 
311.8 g of j3-alanine 
80.4 mL of acetic acid 
water to 1 L 
30 g of acrylamide 
0.8 g of bisacrylamide 
100 mL of HzO 
100 mg in 1 mL of HzO 
0.1 % methyl green in 1:3 

(4XSB:8M urea) 
1 g/L in 40% ethanol, 10% acetic 

acid in HzO 
10% ethanol, 7.5% acetic 

acid in HzO 

4X sample buffer (4XSB) 

1OX running buffer (10XRB) 

30% bis/acrylamide 

10% ammonium persulfate 
methyl green stock 

Coomassie stain 

destaining solution 

B. Gel Recipe (for 10% Running Gel, 4% Stacking Gelp 
running gel (mL) stacking gel (mL) 

30 % bidacrylamide 13.3 1.3 
buffer 5 RGB 
8 M urea 20 5 
HzO 1.2 1.3 
10 % ammonium persulfate 0.3 0.1 
TEMED 0.2 0.012 

stacking gels, respectively. 

2.54XSB 

Proportions of solutions in A to use for casting running gels and 

to dialysis tubing, leaving a 3-fold volume for expansion 
of the dialysate, and dialvzed for 2 days at  4 OC against 
20 L of water (the water was changed after 1 day). The 
resulting dialysate was lyophilized and stored at  -20 "C. 
The OR was run on SDS-PAGE and showed a single band 
at an apparent MW of 44 kDa. OR has a MW of 36 800 
as determined by mass spectrometry (26) but runs on SDS- 
PAGE with a higher apparent MW (27,28).  The typical 
yield of lyophilized salt-free OR using this procedure is 
400 mg. 

Asialoorosomucoid (22). OR (10 mg/mL) isolated as 
above was dissolved in water. An equal volume of 0.1 N 
HzS04 was added to the OR solution, and the resulting 
mixture was heated at  80 OC for 1 h in a water bath to 
hydrolyze sialic acids from the protein. The acidolysis 
mixture was removed from the water bath, neutralized 
with NaOH, dialyzed against water for 2 days, and then 
lyophilized. The thiobarbituric acid assay of Warren (29) 
or of Uchida (30) was then used to verify desialylation of 
the OR. Samples used for thiobarbituric acid assay were 
subjected to the same acid hydrolysis conditions as used 
to form ASOR. A standard reference curve was prepared 
using sialic acid samples subjected to the same conditions. 
Targetability of ASOR samples was verified by labeling 
with lZ5I and measuring liver uptake in mice (16). 

Analytical Acid-Urea Gel Electrophoresis (31,32). 
Analytical gels (15 cm H X 17.5 cm W plates with 2-mm 
spacers) were prepared using the recipe in Table 1. Prior 
to the addition of TEMED, all acrylamide solutions were 
degassed under vacuum (-20 mmHg) for 10 min. Samples 
were prepared in 8 M urea-4X sample buffer (3:l v/v) and 
loaded on previously cast gels. Electrophoresis was run 
from anode to cathode (electrodes connected in reverse 
polarity from the norm) with 1X running buffer. Voltage 
was at  90-150 V. Methyl green can be used as a tracking 
dye in these gels although we usually omit it. Gels were 
stained with 0.1% Coomassie Brilliant Blue R250 in 
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ethanol-acetic acid-water (40:10:50 v/v) and destained 
with ethanol-acetic acid-water (10:7.5:82.5). 

Preparative Acid-Urea Gel Elution Electrophore- 
sis. Preparative gels were cast and run in the Bio-Rad 
Model 491 Prep Cell apparatus (gel recipe, Table 1) in a 
manner similar to that used for analytical gels and as 
described in the directions for the apparatus. Running 
gel solutions were degassed under vacuum, poured into 
the gel holder, and allowed to stand overnight to ensure 
full polymerization. Stacking gel solutions were degassed 
under vacuum and allowed to polymerize for 30 min. After 
assembly of the elution electrophoresis apparatus with 
the electrodes connected in reverse polarity, the elution 
chamber was eluted with 1X running buffer at 1 mL/min 
using a peristaltic pump. Lyophilized crude ASOR-PL 
was dissolved in 8 M urea-4X sample buffer (3:l v/v) with 
a total sample volume equal to one-half the stacking gel 
volume. Sample was loaded and electrophoresis conducted 
at  11 W for small (40-mL) gels and 22 W for large (80-mL) 
gels. The eluate was passed through a UV detector 
operating at  280 nm. Fractions (10 mL) were collected 
starting after the ion front (first sharp peak) was eluted 
from the gel. 

Cation-Exchange HPLC Fractionation of ASOR- 
PL. CEHPLC was performed in a manner similar to that 
described previously using a 1 cm D X 10 cm L Waters 
AP-1 column filled with Waters CM 15HR packing 
material (14). The gradient described in Table 2 was used 
to chromatograph ASOR-PL mixtures that had been freed 
of noncovalently bound PL by preparative electrophoresis 
or dialysis. Fractions of interest were eluted after the 
buffer pH was lowered to 2.3 and the salt concentration 
was initially increased. The first major peak observed 
under these conditions from the first conjugate peak off 
the preparative gel had the best properties for DNA 
binding, resulting in high recoveries of ASOR-PL-DNA 
complexes after filtration. 

ASOR-PL Conjugate Synthesis. Carbodiimide- 
mediated coupling of ASOR with PL was performed in a 
manner similar to a previous description with important 
changes (18). A typical synthesis of an ASOR-PL 
conjugate used weight ratios of AS0R:PL:EDC of 1.0: 
0.22:0.45. ASOR (165.7 mg) was dissolved in water (5 mL), 
and the solution was filtered through a 0.45-pm syringe 
filter (Acrodisc, Gelman). The filter was washed with water 
(5 mL), the filtrates were combined, and the pH was 
adjusted to 7.4 with 0.1 N NaOH. Poly-L-lysine (36.6 mg, 
25 Kd, as the HBr salt) was dissolved in water (5 mL), and 
the pH of the solution was adjusted to 7.4 with 0.1 N NaOH. 
EDC (25 mg) was dissolved in water (0.33 mL) and added 
directly to the ASOR solution. The PL solution was added 
to the ASOR-EDC solution, and the pH was readjusted 
to 7.4 with 0.1 N NaOH. The reaction mixture was covered, 
stirred, and maintained at 37 "C. Two additional aliquots 
of EDC (25 mg) were dissolved in water (0.33 mL) and 
added at  2.3 h and 3.2 h. After 72 h a t  37 "C the reaction 
mixture was transferred to 12-14-kDa MWCO dialysis 
tubing and dialyzed at 4 "C against water (20 L) for 2 days 
with one change of water. The dialysate was lyophilized, 
and the recovered material (169 mg) was preparatively 
electrophoresed through an 80-mL preparative acid-urea 
gel with a 10-mL stacking gel (Figure 1). The two large 
peaks eluting after the polylysine-ion front were collected, 
dialized, and lyophylized as above. Both front and back 
peaks (27.0 mg and 42.8 mg) were then fractionated by 
cation-exchange chromatography (Figure 2). The resulting 
fractions were then dialyzed and lyophilized as above and 
analyzed by acid-urea gel electrophoresis (Figure 3). 

McKee et al. 

Gel Retardation Assay. Different amounts of purified 
conjugate were added to 1 5 - ~ g  aliquots of plasmid DNA 
(300 pg DNA/mL and 0.15 M NaCl final concentrations) 
to result in conjugate-to-DNA ratios (wt/wt) of 4.0, 3.5, 
3.0, 2.5, 2.0, 1.5, 1.0, and 0. After a 15-min room-tem- 
perature incubation, the eight samples were run on a 1 % 
agarose gel in 1 X  TPE at  50 V for 45 min. The optimum 
conjugate:DNA ratio for complex formation was deter- 
mined as the lowest ratio that gave near to full retardation 
of DNA in the wells (Figure 4A) (13). 

DNA-Conjugate Complex Formation. An ASOR/ 
PL/DNA complex was formed at  a 3:l conjugate:DNA 
ratio, as determined by gel retardation assay, by slowly 
adding 3.0 mg of purified conjugate (as a 5 mg/mL aqueous 
solution) to 1 mg of of pSV-HBV2 DNA (300 pg DNA/mL 
and 0.15 M NaCl final concentrations). After complete 
addition the complex was filtered through a 0.45-pm filter 
(Acrodisc, Gelman Sciences), and the concentration was 
found to be 251 pg/mL by UV absorbance. An aliquot of 
the complex was then run on an 1 % agarose gel to confirm 
full retardation of the DNA (Figure 4B). 

DNA Expression in Vivo (15). BALB/c mice (Harlan 
Sprague Dawley) were pretreated intraperitoneally with 
chloroquine (800 pg) and colchicine (15 pg) and after 1 h 
injected with complexed DNA in a volume of 1 mL via the 
tailvein. Blood samples were obtained periodically and 
assayed for HBV surface antigen expression. 
RESULTS AND DISCUSSION 

Previous reports on the preparation of ASOR-PL 
conjugates have referred to the use of neuraminidase- 
treated OR to prepare ASOR. A well-documented prop- 
erty of OR is its relative stability to low pH and elevated 
temperature to allow acidolytic cleavage of sialic acid 
residues (22). We have used ASOR prepared in this 
manner exclusively and encountered no problems in using 
it alone or in a conjugate as a ligand for targeting to the 
ASGPr. Preparation of ASOR by acidolysis of OR is much 
more convenient than using neuraminidase digestion. Care 
should be exercised, however, in not overexposing OR to 
low pH and heat as the remaining carbohydrate moieties 
of ASOR may be damaged providing a less effective ligand 
to the ASGPr. For those unfamiliar with the Warren and 
Uchida assays for sialic acid it is important to remember 
that these assays are for free sialic acid. Prior to conducting 
an assay for removal of sialic acid from OR, the protein 
has to be subjected to acid hydrolysis (or neuraminidase 
treatment) to liberate any protein-bound sialic acid. 

Using the previously reported protocol (14) for cation- 
exchange chromatography of ASOR-PL mixtures we found 
the major portion of the product mixture to be strongly 
retained on the column and eluted at low pH with little 
resolution. We ascribed our differing results to column- 
to-column variation in manufacturing or prior use: As an 
alternative HPLC method we developed a mixed pH-salt 
gradient (Table 2) to elute ASOR-PL in several well- 
resolved peaks. Even with these HPLC "purified" frac- 
tions we experienced variability in the DNA-binding 
properties of different samples of ASOR-PL and the 
solubility of the resulting DNA complexes. Using analyti- 
cal acid-urea gel electrophoresis we were able to observe 
that CEHPLC alone was incomplete a t  separating free 
PL from ASOR-PL (data not shown). Attempts to 
improve resolution of PL from ASOR-PL with different 
buffer and gradient conditions have so far been unsatis- 
factory. The presence of free PL in ASOR-PL fractions 
was worrisome since complexes of DNA formed with PL 
alone have lower solubility than those made with ASOR- 
PL suggesting that the presence of free PL in ASOR-PL 
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Figure 1. Elution profile from PEAUGE. The sample was a 
crude product mixture (169 mg) from the coupling of ASOR and 
25-kDa PL with EDC as described in the text. Fractions (10 mL) 
were collected starting between peaks 1 and 2. Peaks 2 (fractions 
5-17,27.0 mg) and 3 (fractions 19-43,42.8 mg) were collected, 
pooled, dialyzed against water, and lyophilized before further 
fractionation by CEHPLC. 

Table 2. 
HPLC gradient0 HPLC gradienta 

t(min) % A  % B  % C  % D  t(min) % A  % B  % C  % D  
~ ~ _ _ _ _ _ _ ~  

0 25 0 75 0 50 0 25 65 10 
8 25 0 75 0 51 0 25 60 15 
9 0 25 75 0 65 0 25 60 15 

20 0 25 75 0 66 0 25 55 20 
21 0 25 70 5 80 0 25 55 20 
35 0 25 70 5 81 0 25 25 50 
36 0 25 65 10 95 0 25 25 50 

a For cation-exchange chromatography on Waters CM 15HR 
packing in a 10-mm-diameter X 100-mm-length column. Flow rate 
= 1.8 mL/min. Buffers: (A) 0.4 M sodium acetate, pH 5.0; (B) 0.4 
M sodium acetate, pH 2.3; (C) water; (D) 2 M NaC1. buffers are 
made up to the stated concentration in sodium acetate. pH is adjusted 
by adding HC1. 

Table 3. Comparison of DNA-Complex Solubilities with 
Various ASOR-PL Fractions and PL Alone 

theoretical final % recovery 
ratio (pg) concn concn of DNA 

polycation DNA (pg/mL) (pg/mL) onA2m 
po1ycation:pg of DNA of DNA based 

69-kDa PL 0.41 685 177 26.9 
peak 1, Figure 2A 3.01 300 251 83.8 
peak 2, Figure 2A 1.3:l 300 157 52.3 
peak 3, Figure 2A 1.3:l 300 113 37.8 

was deleterious to the formation of soluble ASOR-PL- 
DNA complexes (Table 3). Having observed that analyti- 
cal acid-urea gels could resolve PL from ASOR-PL we 
attempted preparative electrophoresis for this purpose 
using a commercially available elution electrophoresis 
apparatus in which a flow-cell allows recovery of fractions 
as they elute from an electrophoresis gel (Figure 1). Indeed, 
using this technique we were able to preparatively isolate 
ASOR-PL fractions free of unbound PL (Figure 3). Pooled 
ASOR-PL isolated by preparative electrophoresis was still 
somewhat heterogeneous, and we used ion-exchange 
chromatography to further fractionate this material 
(Figure 2). Thus, by subjecting crude ASOR-PL mixtures 
to a combination of preparative electrophoresis to remove 
free PL and partially fractionate the ASOR-PL, followed 
by ion-exchange HPLC to further purify ASOR-PL, we 
were able to obtain ASOR-PL fractions with reduced 
heterogeneity that formed soluble DNA complexes with 
high recoveries (Table 4). Important to the preparation 
of these preferred ASOR-PL fractions is the removal of 

J 

10 20 30 40 50 60 70 80 I 
Time (min) 
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3 

Figure 2. CEHPLC chromatograms of ASOR-PL from (top) 
peak 2 of Figure 1 and (bottom) peak 3 of Figure 1 (see Table 
2 for HPLC gradient conditions). 

A 1 2 3 4 5 6 7 8  

Figure 3. Analytical acid-urea gel electrophoresis of peaks 
collected from PEAUGE and CEHPLC (Figures 1 and 2). Lane 
A is a mixture of ASOR and 41-kDa PL. Lanes 1 and 5 correspond 
to prep gel peaks 2 and 3, respectively, in Figure 1. Lanes 2,3, 
and 4 correspond to HPLC peaks 1,2, and 3, respectively, in 
Figure 2A. Lanes 6,7, and 8 correspond to CEHPLC peaks 3,4, 
and 5 in Figure 2B. All samples are free of noncovalently bound 
PL, and the amount of material streaking to the top portion of 
the gel increases with HPLC retention times. 

free PL and the more highly cross-linked ASOR-PL 
components that have lower mobility in the gels and 
chromatography. 

An alternative approach to the removal of free PL is 
dialysis, and this procedure is feasible only for those 
reactions in which a low average MW PL is used so that 
the higher MW PLs in the MW distribution of the PL are 
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(A) 
1 2 3 4 5 6 7 8  

Figure 4. (A) Gel retardation assay of the binding of ASOR-PL 
synthesized and purified as described in the text in complex with 
plasmid DNA. Lane 1 is plasmid in the absence of conjugate. 
Lanes 2-8 contain weight ratios of ASOR-PL to DNA of 1.0,1.5, 
2.0, 2.5, 3.0, 3.5, and 4.0, respectively. (B) Agarose gel electro- 
phoresis of an ASOR-PL-DNA complex prepared a t  a ratio of 
3:l as described in the text showing fully complexed DNA. 

Table 4. Expression of HBV Surface Antigen (HBsAg) in 
Mice Resulting from Injection of ASOR-PL-Complexed 
pSVHBV2 Plasmid 

mouse no. ASOR-PL DNAdose HBsAg: 
1 peak 1” 251 Pg 0.266b 
2 peak 1” 251 Pg 0.067 
3 peak la 251 Pg 0.012 
4 peak 2c 157 Pg 0.023 
5 peak 2c 157 Pg 0.011 
6 peak 2c 157 Pg 0.004 

a Peak 1 fraction from CEHPLC of the leading ASOR-PL peak 
obtained following PEAUGE (see Figure 2A). Arbitrary units from 
HBsAg assay, the cutoff for positive gene expression in these 
experiments was a value of 0.033. Peak 2 fraction from CEHPLC 
(see Figure 2A). 

A 1 2  
I 

ASOR - 

- I 
I 

Figure 5. Acid-urea gel electrophoresis of a crude product 
mixture between ASOR and 5-kDa PL before (lane 1) and after 
(lane 2) guanidine dialysis. Lane A; ASOR and PL mixture. 
small enough to be resolved from the other components 
of the reaction product mixture. Dialysis against water 
of an ASOR-PL product mixture based on a 5-kDa PL 
was ineffective as removing the unbound PL. We reasoned 
that electrostatic interactions between PL and ASOR in 
low ionic-stength solution might be responsible for this 
result. On inclusion of 1 M guanidine hydrochloride in 
the dialysis buffer, however, we were able to remove the 
unbound PL (Figure 5). Further fractionation of the 
resulting dialyzed product mixture by ion-exchange af- 
forded PL-free conjugate suitable for formation of DNA 
complexes. SDS-PAGE analysis of this material (Figure 

PL - 

1 2  3 4 5 6 7 8 9 10 

200 Kd - 
97 Kd - 
46 Kd - 
30 Kd - 

21.5 Kd - 
14.3 Kd - 

Figure 6. SDS-PAGE. Lane 1, MW standards; lane 2, ASOR 
lane 3, Figure 1, peak 2; lane 4, Figure 2A, peak 1; lane 5, Figure 
2A, peak 2; lane 6, Figure 2A, peak 3; lane 7, Figure 1, peak 3; 
lane 8, Figure 2B, peak 3; lane 9, Figure 2B, peak 4; lane 10, 
Figure 2B, peak 5. 

6) reveals a mobility for the main ASOR-PL fraction 
corresponding to a MW of 46 kDa (globular protein MW 
standards). The “tethered” nature of a 2:l (ASOR)2-PL 
species may allow greater mobility in electrophoresis gels, 
and resolution of this question will require further 
investigation. Crosslinking of the macromolecular com- 
ponents of ASOR-PL conjugates results in product 
mixtures that are inherently heterogeneous. This het- 
erogeneity is exacerbated by the polydisperse nature of 
the PL prepared by polymerization by standard methods. 
To maintain reasonable yields of ASOR-PL, any practi- 
cally useful preparation will have to contain a moderate 
degree of heterogeneity. 

The suitability of the more soluble DNA complexes for 
delivery of functional DNA is illustrated by the results 
presented in Table 4. The data show levels of gene 
expression obtained using ASOR-PL fractions corre- 
sponding to peaks 1 and 2 in Figure 2A. The peak 1 
material resulted in observable gene expression in two out 
of three mice. In the mouse expressing the higher level 
of surface antigen, expression above background was 
detected out to 15 days. In the three mice that received 
DNA complexed with peak 2 material there was no gene 
expression detectable above the background level of the 
assay. 
SUMMARY 

With the techniques described here, we routinely 
prepare ASOR-PL based on different MW PLs purified 
by PEAUGE and CEHPLC. For the purpose of forming 
soluble targetable DNA complexes, ASOR-PL isolated in 
the two steps as the first ASOR-PL peak off of the prep 
gel, and the first ASOR-PL peak off of the ion-exchange 
column is a preferred fraction. This material is charac- 
terized by an intermediate band position on analytical 
gels of approximately one-third of the separation from 
ASOR to PL (an Rf of 0.45 overall where free PL is a t  1.0). 
DNA complexes prepared with this ASOR-PL fraction 
have good solubilities and effectively deliver functional 
plasmid DNA (as measured by protein expression, data 
not shown) in experiments comparable to those previously 
reported (12-14,16). Further details of the use of ASOR- 
PL conjugates prepared in this manner will be reported 
elsewhere (H. C. Chiou, J. R. Merwin, and G. L. 
Spitalny, unpublished results). 

There is considerable flexibility within the general 
procedures detailed above. We have prepared conjugates 
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using PLs over a wide range of average molecular weights 
(4-58 kDa) with similar results in DNA binding and 
delivery. The ratios of the ASOR, PL, and EDC in the 
reaction mixture can be widely varied as well. We have 
recently used an AS0R:PL:EDC ratio of 1:1:0.45 in 
reactions conducted at  pH 6.0 for 2 h with good results 
(M. E. DeRome and M. A. Findeis, unpublished data). 
Proper purification of the ASOR-PL from these reaction 
product mixtures is important to allow the formation of 
a soluble DNA complex. For applications in uiuo, the 
ASOR-PL should be free of both unbound PL and the 
highly crosslinked ASOR-PL species which migrate more 
slowly in the acid-urea gels. ASOR-PL purified in this 
manner allows the formation of DNA complexes at a 
concentration suitable for intravenous injection into 
experimental animals (typically 0.25-0.50 mg/mL DNA). 
For in uitro experimentation complexes can be made up 
at  lower concentrations and it is possible (though not 
preferable) to use less rigorously purified ASOR-PL to 
prepare soluble targetable complexes. Complexes of 
oligonucleotides (14) are more soluble (to greater than 10 
mg/mL oligonucleotide) than those of plasmid DNAs and 
also may be prepared with less highly purified ASOR-PL. 
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Preparation of Vitamin &-Conjugated Peptides at the Amino Terminus 
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A series of N-(4’-pyridoxyl)peptides has been made by standard Fmoc chemistry and a solid-phase 
coupling procedure. The last Fmoc group of the peptide was removed on the synthesizer, and the free 
amino group was then condensed with pyridoxal. The Schiff base formed was selectively reduced using 
sodium cyanoborohydride. The product was cleaved from the resin using a standard procedure. No 
deleterious effects were found when using the protected amino acids Fmoc-L-Ala, Fmoc-L-Arg(Pmc), 
Fmoc-L-Asp(OtBu), Fmoc-L-His(Trt), Fmoc-L-Ser(tBu), Fmoc-L-Thr(tBu), and Fmoc-L-Cys(Trt) for 
peptide synthesis. A vitamin Be-peptide-oligonucleotide conjugate could be synthesized using a cysteinyl 
peptide and a suitably activated oligonucleotide. 

INTRODUCTION 
In contrast to attaining a pharmacologic response by 

binding to an extracellular receptor, certain compounds 
may require access to intracellular compartments. Co- 
transport of a compound as a conjugate with vitamin Bg 
has been shown to be an attractive option (I). Virtually 
all eukaryotic cells have a receptor-mediated transport 
system for vitamin Be, which also accepts secondary amine 
conjugates at position 4 of pyridoxal ( I ) .  Following uptake 
into the cytosol, the conjugate can be enzymatically altered 
by phosphorylation and oxidation to release pyridoxal 
phosphate and the original amine-containing compound. 
In previous studies ( I ) ,  several amines were reacted with 
pyridoxal to form the Shiff base, which was subsequently 
reduced with sodium borohydride. These compounds were 
able to effectively compete for binding to the vitamin Be 
receptor and be taken up by cells in culture. 

We are interested in using vitamin Be to facilitate the 
cell uptake of peptides and peptide-oligonucleotide 
conjugates. A convenient solid-phase synthesis of N-(4’- 
pyridoxy1)peptide at  the amino terminus has been estab- 
lished. A series of N-(4’-pyridoxyl)peptides has been made 
by standard Fmocl chemistry and a solid-phase coupling 
procedure prior to cleavage from the resin. It was then 
possible to covalently link a suitably activated oligonucle- 
otide to the vitamin &-peptide conjugate using a previ- 
ously developed procedure (2). 

EXPERIMENTAL PROCEDURES 
Reagents. N-a-Boc-L-ornithine and (benzotriazol-l- 

yloxy)tris(dimethylamino)phosphonium hexafluorophos- 
phate (BOP reagent) were from Bachem (Torrance, CA). 
Most peptide synthesis reagents were from Milligen/ 
Biosearch (Burlington, MA). Anisole, ethanedithiol, 
1-hydroxybenzotriazole hydrate (HOBt), N- [ (9-fluore- 
nylmethoxycarbonyl)oxyl succinimide (Fmoc reagent), tri- 
fluoroacetic acid (TFA), pyridoxal hydrochloride, and 
sodium cyanoborohydride were from Aldrich (Milwaukee, 

@ Abstract published in Advance ACSAbstracts, June 15,1994. 
Abbreviations: Boc, tert-butyloxycarbonyl; BOP, (benzo- 

triazol-l-yloxy)tris(dimethylamino)phosphonium hexafluoro- 
phosphate; tBu, tert-butyl; OtBu, tert-butyl ester; Fmoc, 9-fluo- 
renylmethoxycarbonyl; HOBt, hydroxybenzotriazole hydrate; 
Pmc, 2,2,5,7,8-pentamethylchroman-6-sulfonyl; TFA, trifluoro- 
acetic acid; Trt, trityl. 
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WI). Water was purified by a Milli-Q Water System from 
Millipore. N-a-Boc-N-6-Fmoc-L-ornithine was prepared 
by the method described previously (3). 

Peptide Synthesis. The peptides were synthesized in 
a Milligen/Biosearch Model Excel1 instrument. The N-a- 
Boc-N-6-Fmoc-L-ornithine cartridge was packed with N-a- 
Boc-N-6-Fmoc-L-ornithine (227 mg, 0.5 mmol), BOP 
reagent (221.3 mg, 0.5 mmol), and HOBt (67.5 mg, 0.5 
mmol). The PAL support for peptide amide (0.1 mmol 
synthesis) was used to synthesize the carboxy-terminal 
amide, and Fmoc-L-Lys(Boc) PAC support was used for 
preparing the carboxy-terminal acid. Fmoc-L-amino acid/ 
BOP + HOBt cartridges such as Fmoc-L-Ala, Fmoc-L- 
Arg(Pmc), Fmoc-L-Asp(OtBu), Fmoc-L-His(Trt), Fmoc- 
L-Ser(tBu), Fmoc-L-Thr(tBu), and Fmoc-L-Cys(Trt) were 
used. The recommended conditions were followed, except 
that the coupling time for the ornithine derivative was 
extended to 90 min. The last protecting Fmoc group on 
the N-terminal residue of each peptide was removed. The 
peptides synthesized for these studies were (6-Orn),-Cys- 
NH2, where n = 1, 3, 8, 12, and Ala-Arg-His-Thr-Asp- 
Tyr-Lys-OH. 

Solid-Phase Coupling of Pyridoxal to Peptide 
(Scheme 1 ). The peptide-resin in the synthesis cartridge, 
after removal of the final Fmoc protecting group, was 
removed from the machine and swelled with DMF for 10 
min. Then 0.5 mmol of pyridoxal hydrochloride, dissolved 
in 5 mL of DMF and adjusted to pH 8 with 1 N NaOH, 
was added. The pyridoxal solution was added to the solid 
support cartridge by syringe, and the reaction was carried 
out overnight a t  room temperature. Excess pyridoxal was 
removed by syringe, and the solid support was washed 
three times with 5 mL of DMF and once with 5 mL of 
methanol. The solid support was swelled with DMF again 
and reacted with 0.5 mmol of sodium cyanoborohydride, 
dissolved in 5 mL DMF, and adjusted to pH 3-4 with 2 
N HCl. The reduction reaction was at  room temperature 
for 7 h (the yellow color of the solid support faded). The 
excess sodium cyanoborohydride was removed by syringe, 
and the solid support was washed three times with 5 mL 
of DMF and three times with 5 mL of methanol. The 
solid support was dried under vacuum, and the peptide 
was cleaved with 5 mL of TFA containing 20 pL of 
ethanedithiol for 3 h at room temperature. The solid 
support was filtered though a Pasteur pipet filled with 
glass wool and washed with 1 mL of TFA. The filtrate 
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Scheme 1. Solid-Phase Synthesis of Pyridoxylpeptide 
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was collected and blown to near dryness under nitrogen. 
The oily residue was precipitated by adding ethyl ether. 
The precipitate was filtered with a 10-15 M sintered glass 
filter and washed thoroughly with ethyl ether to obtain 
the dry product. 

Purification of Vitamin Ba-Peptide Conjugates. 
The conjugates were purified by HPLC on a Vydac 
(Hesperia, CA) 218TP1022, lO-pm, reversed-phase C-18 
column (2.2 X 25 cm) using a gradient of 0-10 min 100% 
A and 10-45 min from 100% A to 75% A at  a flow rate 
of 4 mL/min. Mobile phase A was 0.1% TFA in water, 
mobile phase B was 0.1 % TFA in acetonitri1e:isopropanol: 
water (70:20:10). The yield of vitamin &-peptides was 
about 90% by weight. The structure of each peptide was 
confirmed by fast atom bombardment mass spectrometry 
and one of them was by lH-NMR. 

Preparation of N-(4'-Pyridoxyl)peptide-Oligonu- 
cleotide Conjugates (Scheme 2). These conjugates could 
be prepared by reaction of an iodo group on the oligo- 
nucleotide and a thiol group on the peptide (2). Oligo- 
nucleotide with 5' amino linker (4 units, and 2 mg 
of N-iodoacetoxysuccinimide, dissolved in 50 pL of DMSO, 
were mixed in 100 pL of 0.1M sodium bicarbonate solution 
for 2 h. The unreacted N-iodoacetoxysuccinimide and 
byproducts were removed by anion-exchange chromatog- 
raphy on a Nucleogen 60-7 DEAE column (4 X 125 mm) 
from the Nest Group (Southboro, MA). Mobile phase A 
was 60% 20 mM sodium acetate, pH 6.5, and 40% 
acetonitrile. Mobile phase B was mobile phase A con- 
taining 0.7 M lithium chloride. The gradient was 100% 
A for 10 min, 100% A to 88% A for 20 min and 88% A 
to 50% A in 1 min. The flow rate was 1 mL/min. The 
eluent corresponding to the peak at 35 min, which was 
iodo-activated DNA (iodoacetyl-DNA), was collected. 
About 2 mg of pyridoxyl(&Orn)&ys-NH2 dissolved in 

Scheme 2. Synthesis of Pyridoxylpeptide- 
Oligonucleotide Conjugate 

3' 
H2N- CATITClTTA'IT 

sH 
Pyridoxyl(S-Om).Cys-NH1 

t 
0 3' II 

fCH,-C- HN- CATITCTITATT 

Fyridoxyl(60m).Cys-mz 

water was added into the iodoacetyl-DNA solution from 
the anion-exchange chromatography. The mixture was 
reacted for 12  h at room temperature and then put under 
vacuum to remove acetonitrile. The product, N-(4'- 
pyridoxy1)peptide-oligonucleotide, was isolated by anion- 
exchange chromatography using the same column and 
mobile phase, but the gradient was I% B/min. The flow 
rate was 1 mL/min. The final product was desalted by 
reversed-phase chromatography on a PRP-1 column (4.1 
X 150 mm) from VWR (Piscataway, NJ) using a gradient 
of acetonitrile in 0.1 M trietkylammonium acetate, pH 
9.7. After the buffer was removed under vacuum overnight, 
the conjugates were redissolved in water. The yield was 
55% based on A260 (2.2 units). 

Polyacrylamide Gel Electrophoresis (PAGE). The 
pyridoxylpeptide-oligonucleotide and peptide-oligonucle- 
otide conjugates were analyzed on a native 20% poly- 
acrylamide gel. The running buffer was 40 mM MOPS 
and 10 mM sodium acetate (pH 7.0, adjusted with sodium 
hydroxide). The samples were suspended in 20 fiL of 
loading buffer (99% formamide), heated to 90 "C for 2 
min, chilled on ice, and loaded on the gel. The pictures 
were taken by Polaroid 667 film under UV shadowing using 
a green filter from Eastman Kodak Co. (Rochester, NY). 

RESULTS 
Vitamin B6 can be appended to the amimo-terminus of 

a peptide prior to cleavage from the solid support. The 
advantage of this approach is that only the amino-terminal 
amine is free to condense with pyridoxal, while the other 
potentially active side chain groups are still protected. 
The Shiff base was formed and then selectively reduced 
to the stable secondary amine with sodium cyanoboro- 
hydride. To test the utility of this approach, a trial of the 
synthesis was carried out to construct a pyridoxyl-&Om- 
Cys-NH:! conjugate. Excess pyridoxal and sodium cy- 
anoborohydride were readily removed by filtration in the 
synthesis cartridge using a syringe. Following cleavage of 
the peptide from the resin and removal of protecting groups 
by TFA, the vitamin B6-containing peptide was analyzed 
by reversed-phase HPLC (Figure 1). The modified peptide 
eluted from the column as a single major peak, accounting 
for >93% of total peak area at  220 nm. Analysis of the 
peptide by FAB-MS (M + 1) revealed the expected mass 
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Figure 1. HPLC chromatography of pyridoxyl-6-Om-Cys on a 
Vydac C18 column. 

(calcd 386, fourld 386.2). The structure of the conjugate 
was also assigned on the basis of its lH-NMR spectrum 
for pyridoxyl-6-Om-Cys-NH2 (CD30D): 6 = 1.9-2.1 (b, 
4H), 2.69 (s, 3H, CH3), 2.85-3.0 (m, 2H), 3.15-3.2 (m, 2H), 
3.95-4.1(b,lH),4.45-4.6 (m,3H),4.8 (s,2H),8.2 (s, 1H). 
These data indicate that the vitamin B6 group had been 
linked to the peptide in the expected way and remained 
stably attached and unmodified during synthesis, cleavage, 
and deprotection. The result showed that condensation 
can be performed under biphasic conditions. 

A series of similar isopeptides with different lengths of 
the ornithine chain was attempted and each gave the 
correct product according to FAB-MS (M + 1) pyridoxyl- 
(6-Orn)&ys-NH, (calcd 614, found 614.3), pyridoxyL(6- 
Orn)&ys-NH2 (calcd 1184, found 1184.5), pyridoxyL(6- 
Orn)12-Cys-NH2 (calcd 1641, found 1640.8). Next a model 
peptide with aliphatic, aromatic, basic, acidic, and hy- 
droxyl-containing side chains, Ala- Arg-His-Thr-Asp-Tyr- 
Lys, was attempted. The usual amino acid protecting 
groups, -tBu, -OtBu, -Trt and -Pmc were used. Vitamin 
B6-linked Ala- Arg-His-Thr- Asp-Tyr-Lys was prepared and 
found to have the expected mass (M + 1) (calcd 1041, 
found 1041.5). Furthermore, the UV spectra demonstrated 
the presence of the pyridoxyl group (Figure 2). Thus, this 
method for coupling vitamin B6 to a peptide prior to 
cleavage from the solid support is generally applicable for 
the synthesis of vitamin Be-peptide conjugates. 

A model pyridoxylpeptide-oligonucleotide conjugate, 
pyridoxyl(6-Orn)&ys-CATTTCTTTATT, was synthe- 
sized by conjugation of the pyridoxylpeptide with the 
oligonucleotide. The purification was by anion-exchange 
chromatography. Excess pyridoxyl(6-Orn)&ys-NH2 was 
eluted within the void volume, and the N-(4’-pyridoxyl)- 
peptide-oligonucleotide conjugate peak was at 30 min. 
This conjugate had the characteristic UV spectrum for 
both DNA and vitamin B6 (not shown). The conjugate 
was also analyzed by PAGE. The mobility of pyridoxyl- 
peptide-oligonucleotide conjugate was retarded by the 

c 0.30 .- 0 

F 
c 

(I) g 0.20 

200 240 280 320 360 4 

Wavelenth (nm) 

IO 

Figure 2. UV spectra of pyridoxylpeptide conjugates. B, 
pyridoxyl-6-Om-Cys-NH2; D, pyridoxyl(6-Orn)&ys-NH2; F, py- 
ridoxyl(6-Orn)8Cys-NH2; H, pyridoxyl(6-Orn)&ys-NH2; J, py- 
ridoxyl- Ala- Arg-His-Thr- Aps-Tyr-Lys- OH. 

1 2 3  

Figure 3. Electrophoretic analysis of conjugates. Lane 1 is 12- 
mer DNA with 5’ amino linker. Lane 2 is (6-Orn)&ys-NH, (5’ 
12-mer DNA). Lane 3 is pyridoxyl(6-0rn)8Cys-NH2 (5’ 12-mer 
DNA). 

positively charged peptide, although it migrated slightly 
faster then a similar peptide-oligonucleotide conjugate 
without the pyridoxyl group (Figure 3). 

DISCUSSION 
Transmembrane delivery into cells of certain pharma- 

cologic compounds may be achieved through utilization 
of unrelated transport mechanisms. According to this 
approach, a conjugate of the pharmacologic compound 
and the delivery vehicle is prepared. Generally, the vehicle 
represents a ligand that binds to a cell surface receptor 
which is internalized through an endocytic pathway. 
Examples include cellular uptake of ricin A-chain coupled 
to human chorionic gonadotropin (4),  asialoglycoprotein- 
polylysine conjugates for delivery of DNA into hepatocytes 
(5), mannose 6-phosphate for uptake of low density 
lipoproteins (6), and cholera toxin binding subunit for 
transport of insulin (7). The problem of lysosomal 
entrapment of the pharmacologic agent has been addressed 
by the use of transferrin-adenovirus-polylysine conjugates 
for gene delivery (B), based on the lysosomal disruption 
ability of adenovirus. 



Preparation of Vitamin BB Conjugated Peptide 

Cellular uptake of low molecular weight compounds, 
such as water-soluble vitamins, is by a process referred to 
as potocytosis, as opposed to endocytosis (9). This 
mechanism has been examined for folate uptake (IO), and 
it may also be applicable to vitamin Bg. McCormick and 
colleagues have suggested the utilization of the uptake 
system for several vitamins, including riboflavin, ascorbic 
acid, biotin, and vitamin B6 (I). In their studies on the 
vitamin Be adducts, it was suggested that positively 
charged groups should be placed near the pyridoxyl group 
to enhance receptor binding and internalization. Accord- 
ingly, the polyornithine bridge between the oligonucleotide 
and pyridoxyl portion of our conjugate may play a 
beneficial role. In conclusion, our procedure for conjugat- 
ing vitamin B6 specifically a t  the amino-terminus of 
peptides, especially the possibility of reduction with 
tritiated cyanoborohydride, provides a foundation for 
studying the cellular uptake, intracellular localization, and 
metabolism of such conjugates. 
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Platinum(I1)-Adenosine Phosphothiorate Complexes: Kinetics of 
Formation and Phosphorus-31 NMR Characterization Studies 
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Reactions of chloro(diethylenetriamine)platinum(II) chloride with adenosine 5'-O-thiomonophosphate, 
adenosine 5'-0-(2-thiodiphosphate), and adenosine 5'-0-(3-thiotriphosphate) yielded exclusively 
(phosphothiorato)platinum(II) complexes. Phosphorus-31 NMR data for the coordinated phospho- 
thiorate phosphorus atom exhibited about 15-20 ppm upfield chemical shift compared to chemical 
shifts for, free nucleotides. Uncoordinated phosphate groups exhibited insignificant changes in the 
chemical shift upon complexation. Likewise, proton NMR data indicate no significant changes in 
chemical shift for the purine or ribose protons. Reactions between phosphothiorates and the platinum 
complex predominately take place through a second-order process, first order with respect to each of 
the reactants indicating that the aquated pathway contributes insignificantly toward complexation. 
The second-order rate constants, 1.9 f 0.1 M-' s-l for the AMP-S, 2.4 f 0.2 M-l s-l for the ADP-p-S, 
and 2.7 f 0.2 M-' s-1 for the ATP-7-S reactions were evaluated at pH 6.5 and at  25 "C. These rate data 
were compared with those reactions of adenosine 5'-monophosphate (AMP) and guanosine 5'- 
monophosphate (GMP) with the same platinum(I1) complex. These reactions proceed through the 
direct interaction between the starting platinum complex and nucleotides as well as through the reaction 
between the aquaplatinum complex and nucleotides. The rate constant for the aquation process was 
evaluated to be (2.0 f 0.1) X lo4 s-1 for both AMP and GMP reactions. Second-order rate constants 
for the direct reaction with the chloro complex were calculated to be (1.5 f 0.1) X M-ls-l for the 
GMP and (6.0 f 0.3) X lo3 M-ls-l for the AMP reaction at 40 OC. 

INTRODUCTION 
A great deal of effort has been devoted to understanding 

the role of metal ions in phosphate hydrolyses catalyzed 
by many metalloenzymes-ranging from phosphokinases 
to polymerases (1-5). Inert metal ions such as Cr(III), 
Co(III), and Rh(II1) have been utilized to understand the 
roles played by metals in ATP hydrolysis (1-5, 6, 7). All 
these metal ions promote hydrolysis in highly basic 
solutions, but none of these metals catalyze hydrolysis 
significantly a t  or near physiological pH (6). Earlier, we 
showed that platinum(I1) catalyzes the hydrolysis of 
inorganic polyphosphates in acidic solutions (8). Recently, 
it has been demonstrated that platinum complexes 
promote hydrolytic cleavages of peptides (9). Since 
platinum(I1) aqua complexes are fairly acidic, presumably 
these hydrolyses are initiated through the hydroxyl 
transfer reactions from the metal center to the phosphate 
moiety. These coordinated acidic water molecules offer 
a unique advantage over the other tripositive inert metal 
centers in that mechanistic ambiguities between the 
coordinated hydroxyl transfer and involvement of the free 
hydroxide can be removed. Platinum(II), however, cannot 
be utilized in promoting the hydrolysis of NTP since 
nitrogen of the purine and pyrimidine bases favor coor- 
dination over the phosphate and coordination to the 
phosphate moiety is a prerequisite for hydrolysis. In order 
to circumvent the base coordination, a phosphothiorate 
group can be introduced to the adenosine nucleoside to 
facilitate platinum binding through the sulfur atom. Here, 
we report the kinetics of formation and the phosphorus- 
3 1 NMR characterization of platinum(I1)phosphothiorato 
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@ Abstractpublished in Advance ACSAbstracts, June 15,1994. 

complexes utilizing AMP-S, ADP-8-S, and ATP-$3 
(Figure 1) and compare these rate data with those of AMP 
and GMP coordinations. 
Platinum(I1)-phosphothiorate chemistry has been ex- 

ploited in several areas of cell and molecular biology. 
Lippard and co-workers (IO) have explored the application 
of platinum-bound phosphothiorate nucleotides for DNA 
sequencing by using electron microscopy. Chou and Orgel 
(11) have used trans-diamminedichloroplatinum(I1) to 
cross-link double-stranded oligonucleotides. These work- 
ers also used PtC1d2- to promote covalent cross-linking 
between double-stranded DNA and protein. The extent 
of platinum(I1)-phosphothiorate complex formation and 
the roles played by this metal center to cross-link proteins 
and nucleotides are not understood. Phosphorus-31 NMR 
presented here would be useful to characterize platinum- 
phosphothiorate complexes, and their possible roles in 
cross-linking oligonucleotides and nucleotide-protein can 
be explored. 

EXPERIMENTAL METHODS 

Reagents. Chloro(diethylenetriamine)platinum(II) chlo- 
ride was synthesized following the literature method (23). 
The corresponding aqua complex was prepared in situ by 
adding 2 equiv of AgN03 or AgC104. This aqua complex 
was generated in acidic solution (pH - 2) to avoid 
dimerization. All nucleotides, AMP, GMP, AMP-S, ADP- 
0-s, and ATP-7-S (Sigma) were of the highest quality 
available and used without further purification. Nuclear 
magnetic resonance experiments were carried out in DzO 
(99% atom) (Sigma). Sodium perchlorate was prepared 
by neutralization of HC104 with Na~C03. 

Physical Measurements. Rate Measurements.  Re- 
actions between nucleotides and platinum complexes were 
followed on a UV-vis spectrophotometer (Perkin-Elmer, 
Lambda 600) at 260 and 300 nm. The temperature was 

1043-1~02/94/2905-0316~04.50/0 0 1994 American Chemlcal Society 
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Table 1. Rate Data. for the Reaction of Pt(dien)Cl+ with 
Adenosine Phosphothiorateb Nucleotides 

thio-nucleotide [Ptl, mM [Nul, mM kp, M-l s-l 

0- 

H+$JH 

I I 
PO-P-O-  

0 0  
I I A-oc; 

O ?d 3‘ 2 

OH OH 

( C )  
Figure 1. Structures of the phosphothiorato analogues of 
adenosine nucleotides: (A) adenosine 5’-O-thiomonophosphate 
(AMP-S), (B) adenosine 5’-0-(2-thiodiphosph) (ADP-I%), and 
(C) adenosine 5’-0-(34hiotriphosphate) (ATP-?-SI. 

kept constant a t  25.0 f 0.1 OC by an Isotemp thermostat 
(Fisher). Reactions were followed under both pseudo- 
first- and -second-order conditions utilizing excess nucle- 
otides over the platinum complex. For the first-order 
kinetic curves, the rate constants were evaluated from an 
iterative nonlinear least-squares fit of absorbance as a 
function of time according to the equation 

A = ( A ,  - A,)e-kot + A ,  (1) 

where A,, A ,  and A ,  are absorbances at  time t  = 0, a t  time 
t ,  and at  infinite time, respectively, and k ,  is the first- 
order rate constant. For the second-order reactions, eq 2 

k 2 [ B ]  ( A  - A,) e-(k2[B1 -kZ[A])t - 1 
m 

A = A , +  (2) 
k, [Bl  ekZfBlt - k 2 [  A 1 

was utilized to fit the absorbance-time data. Platinum 
and nucleotide concentrations are expressed by [AI and 
[ B ] ,  and k2 is the second-order rate constant. 

N M R  Measurements.  Nuclear magnetic resonance 
spectra were obtained on a GE 300-MHz (GN 300) 
instrument. Proton signals were internally referenced with 
respect to the H-O-D resonance at  4.67 ppm, and the 
P-31 signals were referenced with respect to 85% H3P04. 
For a typical P-31 experiment, usually a 90’ pulse for 25 
ps was applied with a delay time interval of 1.0 s. 
Frequency windows of 4000-10 000 Hz with 8-16 K data 

AMP-S 1.0 
2.0 
2.0 

ADP-8-S 2.0 
2.0 
5.0 

ATP?-S 2.0 
2.0 
5.0 

4.0 
4.0 
6.0 
4.0 
4.0 

15.0 
4.0 
6.0 

15.0 

1.7 
2.0 
1.9 
2.5 
2.2 
2.6 
2.7 
2.6 
2.8 

Determined by a nonlinear least-squares computer fit of eq 2. 
*At pH 6.8, T = 25.0 O C ,  p = 0.50 M NaClOd. 

Table 2. Rate Dataa for the Reactions of Pt(dien)Cl+ with 
AMP and GMP at 40 OC, pH = 6.8, p = 0.50 M (NaClO4) 

nucleotide [nucleotide], X 109 M k. X l(r, s-l 
AMP 

GMP 

10.0 
20.0 
30.0 
10.0 
20.0 
30.0 

2.7 
2.9 
3.5 
3.8 
4.9 
6.4 

DPlatinum concentrations lie in the range (1.0-2.0) X 1W M. 
Nucleotide concentrations were a t  least 10-fold excess over the 
platinum complex. 

points were selected. Acquisition times lie in the range 
200-500 ms, and 500 transients were usually necessary to 
observe a signal with S/N > 10 using 2.0 mM nucleotide 
solutions. A line-broadening factor of 2 or 3 Hz was 
introduced before Fourier transformation. A much longer 
delay time between pulses was employed to ensure >95% 
relaxation when P-31 resonances were subject to integra- 
tion. For the proton spectra, smaller pulse widths of 12 
ps with a narrower window of 2000 Hz were utilized; 32-64 
accumulations were sufficient to generate spectra of S/N 
> 10 for solutions containing 2.0 mM nucleotides. 

The pH of the reaction mixture was adjusted with dilute 
NaOD and DN03 solutions in D2O. The pH correction 
was made by applying the relationship (14) pH = pD + 
0.4, where pD is the pH meter reading in D2O solution 
consisting of 99% deuterium atom. 

The pK, values of thionucleotide complexes were 
estimated from the pH-6 profile according to (15) 

(3) 

where 6 is the observed chemical shift, and 61 and 62 are 
the chemical shifts of the protonated and deprotonated 
forms. Equation 3 was derived assuming a monoprotic 
behavior (15). 

RESULTS 
Reactions of Pt(dien)Cl+ with AMP-S, ADP-84, and 

ATP-7-S exhibited increases in absorbance at  300 and 
260 nm. The absorbance-time traces with 2-3-fold excess 
of thionucleotides over the platinum complex can be 
adequately fitted to the second-order rate expression, eq 
2. Second-order rate constants (Table 1) for the phos- 
phothiorate reactions with the platinum complex are 
evaluated to be 1.9 f 0.1 M-l s-l, 2.4 f 0.2 M-ls-l, and 2.7 
f 0.2 M-l s-1 for the AMP-S, ADP@, and ATP-+ 
reactions. 

Reactions of Pt(dien)Cl+ with AMP and GMP were 
carried out under pseudo-first-order conditions utilizing 
excess nucleotide. First-order rate constants, k,, as 
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Table 3. Phosphorus-31 Chemical Shifts for the Pt(dien) 
(AMP-S) Complex as a Function of pH 
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Figure 2. (a) Proton-decoupledphosphorus-31 NMR (121.5 Mz) 
spectrum of a reaction mixture containing 4.0 mM [Pt(dien)- 
ClIC1 and 6.0 mM AMP-S at pH 6.5 after 10 min of mixing. The 
signal B is for the free AMP-S and A is for the Platinum(I1)- 
S-AMP complex. (b) Spectrum of the same reaction mixture at 
equimolar concentration (10 mM each). Note that no unreacted 
AMP-S remained as evidenced by the complete depletion of the 
signal B. Platinum-195 satellites are exhibited around A. 

functions of [AMP] and [GMP] exhibited a familiar two- 
term rate law 16 

k, = k, + k2[Nul (4) 

where [Nu] represents the nucleotide concentration. The 
value of k, obtained for the AMP reaction, (2.0 f 0.1) X 
10-4 s-1, agrees closely with the same value evaluated for 
the GMP reaction. The constant, k,, can be taken as the 
rate constant for the equation of the platinum complex. 
The values of the second-order rate constants (k2) for GMP 
and AMP reactions, (1.5 f 0.1) X s-1 and (6.0 f 0.3) 
X 10-3 M-1 s-1 were evaluated. Note that the value of k2 
for the GMP reaction is about 2.5 times higher than that 
of the AMP reaction. 

The magnitude of the second-order rate constant for 
the thionucleotide is about 50 times greater than that for 
the GMP and AMP reactions. Since kpl [thionucleotidel 

chemical shift of coordination chemical 
PH the complex, ppm shift," ppm 
1.04 40.85 -19.04 
1.10 40.68 -18.40 
1.30 40.44 -17.71 
1.70 40.05 -17.09 
2.08 37.45 -17.63 
2.96 33.43 -20.72 
4.30 32.64 -19.60 
5.79 32.70 -15.10 
6.23 32.70 -13.70 
7.34 32.71 -13.30' 
9.14 32.17 -13.30' 

Coordination chemical shift = 6,,,1,, - 8fTw ligand. Free ligand 
appeared as a broad signal. 

at  its lowest concentration is greater than k, by a factor 
of 30, inclusion of a parallel first-order path contributes 
insignificantly to the data-fitting procedure outlined 
earlier. 

Products were characterized by proton and phosphorus- 
31 NMR spectroscopy. The proton NMR spectrum of 
GMP exhibits a signal a t  8.02 ppm for the H(8) of the 
purine ring. When the reaction of Pt(dien)Cl+ with GMP 
was followed at various time intervals, a new signal a t  8.56 
ppm grew initially a t  the expense of the peak at 8.02 ppm 
and then leveled off after 6 h. This new signal a t  8.56 ppm 
is taken as evidence of GMP coordination through N7 of 
the purine ring (17). Similarly, AMP complexation is 
accompanied by the appearance of a new resonance at 
8.76 ppm for the H(8) of the coordinated AMP molecule 
at the expense of the H(8) resonance of free AMP at 8.15 
PPm. 

The reactions of phosphothiorate were essentially over 
in the time required to mix the reactants, place samples 
in the NMR tube, and record spectra. Free AMP-S 
exhibits a P-31 resonance at  46.40 ppm at  pH 6.63 (Figure 
2a). When 10.0 mM Pt(dien)Cl+ was mixed with equal 
concentration of the phosphothiorate, a new signal a t  32.70 
ppm appeared, and no unreacted nucleotide was observed 
by P-31 spectroscopy (Figure 2b). When a 2-3-fold excess 
of nucleotide over the platinum complex was employed, 
no additional resonances for the product other than the 
one at  32.70 ppm were observed (Figure 2a). Furthermore, 
integrated peak areas indicate that the reaction essentially 
follows 1:l stoichiometry. The proton NMR spectra 
recorded at regular time intervals did not exhibit any 
alteration of the H(8) signal. No changes in chemical shifts 
of ribose protons were apparent during the reactions. 
Furthermore, a direct coordination through the phosphate 
oxygen in a monodentate fashion can be ruled out since 
such a coordination is accompanied by a 4-10 ppm 
downfield shift of the P atom of the coordinated phosphate 
group (18). Proton and phosphorus NMR data indicate 
that nitrogen atoms of the purines are not involved in 
coordination. The signal a t  32.70 ppm can be attributed 
to the Pt(dien)-S-AMP complex in which the nucleotide 
is coordinated through the sulfur atom. The chemical 
shift of the P-31 resonance of Pt(dien)-S-AMP complex 
decreases with pH up to pH 5 but levels off above pH 5. 
These data were utilized to estimate the K, value of the 
complex by using eq 3. The pH chemical shift data are 
shown in Table 111. 

Figure 3 shows the P-31 spectrum recorded for ADP- 
p-S (6 mM) and Pt(dien)Cl+ (5 mM) 10 min after mixing. 
Two doublets, A and B, a t  37.8 and -8.6 ppm are for the 
p- and a-phosphorus atoms of the unreacted nucleotide, 
and C and D at  20.23 and -9.09 ppm are the corresponding 
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Figure 3. Protondecoupled 121.5MHzphosphorus-31 spectrum 
of [Pt(dien)Cl]Cl (5.0 mM) and ADP-fi-S (6.0 mM) reaction 
mixture at pH 6.5. Doublets A and B are for the free ligands, and 
C and D are for the Pt(I1)-S-ADP complex. 

doublets for the complex. Like the AMP-S system, 
coordination through the sulfur atom has shifted the 
resonance of the /?-phosphorus atom about 17 ppm upfield. 
Very little change in the chemical shift of a-phosphorus 
atom is observed since this phosphate group did not 
coordinate the platinum and was virtually unaffected by 
the /?-phosphothiorate coordination. We were unable to 
determine the pH-chemical shift profile for this complex 
owing to the precipitation at  pH < 4 due to its limited 
solubility. 

The reaction of ATP-y-S also afforded a complex in 
which the sulfur atom of the phosphothiorate group is 
coordinated to platinum(I1) as evidenced by P-31 NMR 
data (Figure 4). Free ATP-y-S exhibits two doublets a t  
37.57 and -8.08 ppm for the y- and a-phosphorus atoms 
a t  pH 7.0. The /?-phosphorus atom shows doublet of 
doublets centered at  -19.43 ppm due to the coupling with 
both a- and y-phosphorus atoms. As for the AMP-S and 
ADP-/?-S reactions with Pt(dien)Cl+, the signals for the 
coordinated y-phosphorus atom shifted 18 ppm upfield 
to 20 ppm. The a- and /?-phosphorus atoms show about 
1 ppm upfield shift as well. 

DISCUSSION 
The complexations of AMP and GMP with Pt(dien)Cl+ 

follow the familiar two-term rate law (eq 4), consistent 
with a sequence of reactions shown in eqs 5-7: 

k, 
Pt(dien)Cl+ + H20 - Pt(dien)(H20I2+ (5) 

fMt 
Pt(dien)(H20)2+ + Nu - Pt(dien)(Nu) (6) 

ka 
Pt(dien)Cl+ + Nu - Pt(dien)(Nu) (7) 

The value of k, was determined to be (2.0 f 0.1) X 1V 
s-1 for both the AMP and GMP reactions at  40 "C. This 
value can be compared with 5 X 106 s-l a t  25 OC reported 
by Belluco et al. (16). The magnitude of k2 for the GMP 
reaction is about 2.5 times larger than that for the AMP 
reaction which is consistent with the established kinetic 
preference toward guanine bases in DNA binding to 
platinum(I1) (17). 
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Figure 4. Proton-decoupled 121.5-MHz phosphorus-31 NMR 
spectrum of [Pt(dien)Cl]Cl (5.0 mM) and ATP-y-S (6.0 mM) 
reaction mixture at pH 6.5. Peaks A, B, and C are for the y-, a-, 
and &phosphorus atoms of free ligand. Doublets D and E and 
doublet of doublets F are for the y-, CY-, and j3-phosphorus atoms 
of ATP-y-S bound to platinum(I1). Note that Pt-195 satellites 
are barely visible near the base of peak D. Peak G is due to an 
unidentified hydrolyzed product. The inset exhibits the expansion 
of signals abbreviated by B and E. 

In principle, phosphothiorate complexation should 
follow the same reactions as shown in eqs 5-7. However, 
these complexes are formed mainly through the direct 
reactions with the chloro complex. The contribution from 
the aquated pathway is insignificant, as can be judged by 
comparing the relative magnitudes of k,  and k2. The values 
of k2 for all phosphothiorates lie in the range 1.9-2.7 M-l 
s-l. These values are close to those found for the cysteine 
and glutathione reactions with the same platinum(I1) 
complex (19). It is interesting to note that the value of 
k2 is largest for ATP-y-S complexation. This relatively 
higher reactivity may be associated with a higher nucleo- 
philicity of the phosphothiorate group in the ATP-y-S 
due to significant deprotonation of the triphosphate 
moiety. Reactions a t  lower acidities would have helped 
us to understand how deprotonated oxygens modulate the 
reactivity of the phosphothiorate group. Unfortunately, 
precipitation of the (phosphothiorato)platinum complexes 
at  lower pH prevented us from establishing a pH-rate 
profile. All phosphothiorato complexes exhibited 15-20 
ppm upfield chemical shifts compared to free nucleotides. 
This upfield shift of the coordinated phosphothiorate 
group may be due to the d?r-d?r Pt - S backbonding which 
in turn enriches the electron density around the phos- 
phorus atom. There were no significant changes in the 
chemical shift of purine or ribose protons upon complex- 
ation with Pt(I1). This is primarily due to the fact that 
remote phosphothionate coordination has little or no 
influence to the electronic environment of these protons. 

In conclusion, the present study establishes that plati- 
num(I1) exclusively coordinates to the phosphothiorate 
group of thionucleotides even when purine nitrogens are 
available for coordination. This selectivity toward phos- 
phothiorate groups can be exploited in elucidating mecha- 
nisms of intramolecular hydroxyl transfer reactions by 
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utilizing platinum(I1) complexes that offer coordinated 
water molecules adjacent to the Pt-S bond. 
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B3(Fv)-PE38 is a recombinant single-chain immunotoxin in which the Fv region of monoclonal antibody 
B3 is connected to a truncated form of Pseudomonas exotoxin. I t  would be desirable to use the lysine 
residues of the molecule for chemical modification so that it can be derivatized with poly(ethy1ene 
glycol) to achieve reduced immunogenicity or with the Bolton-Hunter reagent for biodistribution studies. 
We found that derivatizing lysine residues of B3(Fv)-PE38 causes a marked loss of specific target cell 
cytotoxicity and/or immunoreactivity. Here we show that two lysine residues in the antibody-combining 
region of B3(Fv)-PE38 can be replaced with arginines, with only a small loss of cytotoxicity and no 
change in specificity. This mutant molecule is 3-fold more resistant to inactivation by derivatization 
with succinimidyl4-(N-maleimidomethyl)cyclohexane l-carboxylate (SMCC) or Bolton-Hunter reagent. 

INTRODUCTION 

B3(Fv)-PE38 is a recombinant single-chain immuno- 
toxin composed of the variable regions from the heavy 
and light chains of the B3 monoclonal antibody connected 
by a flexible peptide linker and joined to a truncated form 
of Pseudomonas exotoxin A (I). B3(Fv)-immunotoxins 
bind to a carcinoma-associated carbohydrate antigen 
present on many human breast, colon, gastric, lung, and 
other carcinomas and specifically kill carcinoma cells in 
vitro and cause complete regression of tumor xenografts 
in athymic mice. Thus, they are potential agents for cancer 
therapy in humans (2).  To improve these immunotoxins 
for future therapeutic applications, we plan to modify 
B3(Fv)-PE38 by attaching poly(ethy1ene glycol) (PEG)' 
to reduce its immunogenicity and to prolong its survival 
in the circulation. Attachment of PEG commonly targets 
the a amino group of the lysines either directly, using 
activated PEG, or following chemical modification of the 
lysine with a heterobifunctional reagent. We have found 
that directly coupling PEG onto B3(Fv)-PE38, or modi- 
fying B3(Fv)-PE38 with the heterobifunctional reagent 
SMCC for subsequent PEGylation, resulted in the inac- 
tivation of the immunotoxin. We observed a similar 
inactivation when we attempted to label B3(Fv)-PE38 
with radioactive Bolton-Hunter reagent for biodistribution 
assays. These results suggest that chemical modification 
of some of the lysine residues in B3(Fv)-PE38 with large 
molecules such as PEG (MW 6000) or even with small 
molecules such as SMCC or Bolton-Hunter reagent (MW 
380) may be deleterious to one or more of its biological 
functions. There are 14 lysine residues in B3(Fv)-PE38; 
three of these are in the C-terminus of PE38, and 11 are 
in the B3(Fv) portion of which two are in the binding 
region of B3(Fv). One is in CDRB of VH, and the other 
is in CDRB of VL. Both of these lysines are probably 
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exposed on the surface of the protein and therefore are 
good targets for chemical derivatization. Modification of 
these lysines in the binding region could account for the 
loss of binding and activity of BB(Fv)-immunotoxins either 
because the lysines directly contribute to antigen binding 
or because such a modified lysine interferes with antigen 
binding in another part of the binding cleft. Also, lysines 
in the toxin moiety of the immunotoxin, particularly near 
or a t  the C-terminus, might cause reduced immunotoxin 
activity if they become modified. This paper evaluates 
these possibilities by making mutant immunotoxins in 
which the lysines in PE are mutated to glutamines and/or 
the Fv CDR lysines are mutated to arginines. 

EXPERIMENTAL PROCEDURES 

Materials. Succinimidyl4-(N-maleimidomethyl)cyclo- 
hexane-l-carboxylate (SMCC) was obtained from Pierce 
(Rockford, IL). Oligodeoxynucleotides were obtained from 
BioServe Biotechnologies (Laurel, MD). Other reagents 
were obtained from standard sources. 

Construction of Plasmids for Expression of B%(Fv)- 
PE38 Derivatives. Plasmid pULI7 encodes the parental 
B3(Fv)-PE38 single-chain immunotoxin. The schematic 
structure of pULI7 and the amino acid sequence of B3(Fv)- 
PE38 are described in Figure 1. Lysine codons that were 
mutated in this work are in boldface in Figure lB, with 
the replacing residues indicated below them. All the 
plasmids encoding B3(Fv)-PE38 derivatives were obtained 
either by site-specific mutagenesis according to Kunkel 
(3) using single-stranded pULI7 DNA as template or by 
subcloning (4 ) .  All the mutations were confirmed by DNA 
dideoxy sequencing (5). In plasmid pULI26, lysine codon 
66 in VH CDR2 and lysine codon 190 in VL CDR2 were 
changed to arginine codons. The encoded protein is named 
B3(Fv)-PE38RR. In plasmid pULI14, PE38 lysine codons 
575 and 591 were mutated to glutamine codons, and the 
3' end lysine codon 598 was mutated to an amber (TAG) 
stop codon. The encoded protein is named B3(Fv)- 
PE38QQA. Plasmid pITA27 carries the Fv CDR lysine 
to arginine mutation derived from pULI26 and the PE38 
lysine to glutamine mutations and 3' end lysine-stop codon 
mutation derived from pULI14. The protein it encodes 
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is named B3(Fv)-PE38RRQQA. A scheme of the plasmids 
and their respective encoded proteins is given in Figure 
1c. 

Expression and Purification of Recombinant Pro- 
teins. Expression plasmids encoding B3(Fv)-PE38 or its 
mutated derivatives were introduced into E.  coli strain 
BL21 (XDE3) (6) by transformation, and the recombinant 
proteins were expressed as inclusion bodies as described 
( I ) .  The single-chain immunotoxins were obtained by 
solubilization and refolding of inclusion body protein as 
described (8). Properly refolded proteins were separated 
from contaminating proteins and aggregates by ion- 
exchange chromatography on Mono Q (Pharmacia) fol- 
lowed by size exclusion chromatography on a TSK 
G3000SW (TosoHaas) column. 

Derivatization of Immunotoxins. Purified immuno- 
toxins stored in phosphate-buffered saline were derivatized 
with a 30-fold molar excess of SMCC for 1 h a t  25 "C. 
Typically, 200 pg of protein was mixed with 30 pg of SMCC 
(Pierce) in a 1-mL reaction. Following derivatization, the 
immunotoxins were desalted, and aggregates were removed 
by size exclusion chromatography on a TSK G3000SW 
(TosoHaas) column. Fractions containing monomeric 
immunotoxin were pooled and used for further analysis. 
To estimate the number of derivatized residues per toxin 
molecule, aliquots of the SMCC-derivatized proteins were 
reduced with a 30-fold molar excess of 2-mercapto ethanol 
for 60 min a t  37 OC, which was followed by determination 
of free sulfhydryl using Ellman's reagent (Pierce) (9). 

Antigen Binding and Cytotoxicity of Recombinant 
Immunotoxins. Relative binding affinities of the im- 
munotoxins were determined by competition against ['%I]- 
labeled B3 IgG for binding to A431 adenocarcinoma cells 
a t  4 "C. Cells [in RPMI media (GIBCO) supplemented 
with 5% fetal calf serum] were plated a t  1 X lo6 cells/well 
in 24-well plates on the day prior to assay. Cells were 
washed with RPMI, 1% BSA, 50 mM BES, pH 7.0 and 
then blocked with 5 % BSA in RPMI, 50 mM BES, pH 7.0 
for 30 min. After the blocking solution was washed off, 
competitors and labeled tracer (0.01 pCi, 10 fmol labeled 
with monoiodo [12611-Bolton-Hunter reagent (New Eng- 
land Nuclear, Boston, MA) were added in a total volume 
of 100 pL and rocked gently for 2 h at 4 "C. Unbound 
tracer was removed by washing the cells twice with RPMI/ 
BSA/BES. Cells were lysed with 0.5% SDS in 10 mM 
Tris-HC1,l mM EDTA, pH 8.0, and the total lysate was 
counted in a Beckman Model 5500B y counter. The 
cytotoxic activities of B3(Fv)-PE38 and mutated deriva- 
tives were tested by determination of their ability to inhibit 
protein synthesis in cultured cells as described ( I ) .  

Immunoreactivity of [ 1251]-Labeled Immunotoxins. 
The immunoreactivity of [l26I1-labeled B3(Fv)-PE38 and 
B3(Fv)-PE38RRQQA were tested by binding to A431 
adenocarcinoma cells a t  4 OC. Cells [in RPMI media 
(GIBCO) supplemented with 5% fetal calf serum] were 
plated a t  2 X lo4, 5 X lo4, 1 X 106, 2 X lo6, 5 X 106, 7.5 
X lo6, and lo6 cells/well in six-well plates on the day prior 
to assay. Cells were washed with RPMI, 1 % BSA, 50 mM 
BES, pH 7.0 and then blocked with 5 %  BSA in RPMI, 
50 mM BES, pH 7.0 for 30 min. After the blocking solution 
was washed off, labeled immunotoxins (0.01 pCi, 3.3 fmol) 
labeled with monoiodo [l25II -Bolton-Hunter reagent (New 
England Nuclear, Boston, MA) according to the suppliers' 
recommendations were added in a total volume of 250 pL 
and rocked gently for 2 h a t  4 "C. Unbound immunotoxin 
was removed by washing the cells twice with RPMI/BSA/ 
BES. Cells were lysed with 0.5% SDS in 10 mM Tris- 
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Figure 1. Expression of B3(Fv)-PE38. (A) The expression 
plasmid pULI7 was derived from PULI9 (IO) by replacing the 3' 
end sequence encoding the KDEL C-terminus with a sequence 
encoding the wild-type C-terminus of PE, REDLK. T7P is a T7 
promoter, L is the (gly4ser)XB linker, C is the C3 connector, T 
is a transcription terminator, and F+ is a filamentous phage 
origin of replication. (B) Amino acid sequence of B3(Fv)-PE38. 
The Fv sequence is double spaced and the PE38 sequence is 
single spaced. The six CDRs are underlined. Lysines that were 
mutated in this study are in bold type with the replacing residue 
indicated below them. (C) Scheme showing the plasmids and 
their respective encoded B3(Fv)-PE38 derivatives used; shown 
are the positions of the mutated residues and the corresponding 
replacing residues. 

HC1,l mM EDTA, pH 8.0, and the total lysate was counted 
in a Beckman Model 5500B y counter. 

RESULTS 
Plasmid Construction and Production of Mutated 

Derivatives of B3(Fv)-PE38. The parental plasmid, 
pULI7 (Figure lA), encodes B3(Fv)-PE38 (Figure lB), a 
single-chain immunotoxin composed of the B3 heavy-chain 
variable domain linked via a (Gly4Ser)a peptide linker to 
the B3 light-chain variable domain, which is fused through 
a C3 connector to PE38, a truncated form of Pseudomonas 
exotoxin. B3(Fv)-PE38 is almost identical to B3(Fv)- 
PE38KDEL (I), except that the carboxyl terminus ends 
with the REDLK (the wild-type Pseudomonas exotoxin 
carboxyl terminus) instead of the mutant KDEL sequence. 
I t  has a molecular weight of 63 kDaand contains 598 amino 
acids. Other plasmids used in this study are all pULI7 
derivatives (Figure 1C). In pULI26, VH CDR2 lysine codon 
66 (Figure lB, line 2, in boldface) and VL CDR2 lysine 
codon 190 (Figure lB, line 4, in boldface) were mutated 
to arginine codons. Arginine was chosen as the replacing 
amino acid in order to maintain the charge of the molecule. 
In pULI14, PE38 lysine codons 575 and 591 (Figure 1B 
bottom line in boldface) were mutated to glutamine codons, 
and the 3' end lysine codon 598 (codon 613 in native PE) 
was mutated to an amber (TAG) stop codon. This 
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Figure 2. Cytotoxicity of B3(Fv)-PE38 and ita mutants toward 
two B3 antigen-positive human carcinoma cell lines: (A) A431, 
(B) MCF7. Assays were performed as described in the Experi- 
mental Procedures. 

combination of carboxyl-terminal replacements was pre- 
viously shown by Chaudhary et al. (7) to preserve the 
cytotoxic activity of Pseudomonas exotoxin. Plasmid 
pITA27 carries the mutations of both pULI26 and 
pULI14 and thus has no lysine in the PE portion and the 
two CDR lysines of the Fv mutated to arginines. 

Cultures of BL21(XDE3) (6) transformed with each 
plasmid were used to produce immunotoxins. Following 
IPTG induction, the overproduced proteins accumulated 
in inclusion bodies. These were isolated, and the recom- 
binant protein was solubilized, reduced, and refolded as 
previously described (8). Active immunotoxins were 
recovered from the refolded proteins by ion exchange and 
size exclusion chromatography, as described in the Ex- 
perimental Procedures. 

Specific Binding and Specific Cytotoxicity of 
B3(Fv)-PE38 and B3(Fv)-PE38RR. The cytotoxic 
activity of B3(Fv)-PE38 and of its mutated derivatives 
was measured by incubation of various human carcinoma 
cell lines with serial dilutions of the immunotoxin in PBS 
containing 0.2 % BSA and measuring the incorporation of 
I3H1leucine as previously described (10). As shown in 
Figure 2, B3(Fv)-PE38 has an IC50 of 1.0 ng/mL on A431 
cells and 1.2 ng/mL on MCF7 cells. Both are B3 antigen 
expressing cells. The mutant B3(Fv)-PE38RR had the 
same cytotoxic activity on these cells. B3(Fv)-PE38QQA 
and B3(Fv)-PE38RRQQA appear to have slightly lower 
cytotoxicities than B3(Fv)-PE38. B3(Fv)-PE38QQA and 
B3(Fv)-PE38RRQQA have cytotoxicities similar to each 
other. 

To test whether mutating CDR residues caused a change 
in specificity, the same assays were done on additional 
cell lines. As shown in Figure 3 and Table 1, both B3(Fv)- 
PE38 and B3(Fv)-PE38RR had the same spectrum of 
recognition and cytotoxicity against the cell lines used. 
These cell lines differ in their level of B3 antigen expression 
(11). This result indicates that the antigen-binding 
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Figure 3. Specific cytotoxicity of B3(Fv)-PE38 and B3(Fv)- 
PE38RR towards different cell lines (see Table 1). The cyto- 
toxicity of B3(Fv)-PE38 (A) or B3(Fv)-PE38RR (B) was tested 
on B3 antigen strongly positive (A431, MCF7), weakly positive 
(LNCaP), or negative (OVCAR3, KB3-1, HUTlOQ, and L929) 
cell lines. 

Table 1. Cytotoxicity of Recombinant B3(Fv) 
Immunotoxins toward Various Cell Lines 

cytotoxicity ICwa ng/mL 
B~(Fv)- B~(Fv)- 

cell lineb B3 antigen source expression PE38 PE38RR 
A431 epidermoid carcinoma +++ 0.6 0.9 
MCF7 breast carcinoma +++ 2.0 2.9 
LnCap prostate carcinoma + 8.0 17.0 

24.0 70.0 OVCAR3 ovarian carcinoma 
KB 3-1 cervical carcinoma >lo00 >lo00 
HUT102 T-cell leukemia >lo00 >lo00 
L929 mouse fibroblast >lo00 >lo00 

Cytotoxicity data are given as ICs0 values, the concentration of 
immunotoxin that causes a 50% inhibition of protein synthesis 
following ita incubation on the cells for 16 h. Expression level 
estimation of the B3 antigen is based on immunofluorescence: +++, 
strong; +, weak, -, not detected. b All the cell lines except L929 are 
of human origin. 

- 
- 
- 
- 

specificity of the B3(Fv) was not altered by mutating the 
CDR lysines to arginines. The specific antigen binding of 
B3(Fv) immunotoxins was further analyzed by determi- 
nation of the binding affinity of B3(Fv)-PE38 or BB(Fv)- 
PE38RR to the B3 antigen by a competition assay in which 
increasing concentrations of either immunotoxin were used 
to compete out binding of iodinated B3 IgG to A431 cells 
a t  4 "C. As shown in Figure 4A, both B3(Fv)-PE38 and 
B3(Fv)-PE38RR competed for the binding of ['26II-B3 
antibody to A431 cells by 50% at  about 1.1 MM. This 
result implies that the antigen-binding affinities of the 
two Fv parts of the two immunotoxins are similar and 
that antigen binding is not impaired by the lysine to 
arginine CDR mutations. 
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Figure 4. Inhibition of B3 IgG binding to antigen positive A431 
cells by competing immunotoxins. Iodinated B3 IgG was bound 
to cells in the presence of varying concentrations of competitors 
as described in the Experimental Procedures. (A) Competition 
with B3(Fv)-PE38 or B3(Fv)-PE38RR. (B) Competition with 
unmodified or SMCC-modified B3(Fv)-PE38. (C) Competition 
with unmodified or SMCC-modified B3(Fv)-PE38RR. 

Activities of SMCC Derivatized Immunotoxins. To 
determine the effect of modifying lysine residues and other 
amino groups on activity, the B3(Fv)-PE38 immunotoxins 
were derivatized with a 30-fold molar excess of SMCC as 
described in the Experimental Procedures. This ratio was 
chosen to achieve a 2-3 SMCC to 1 lysine ratio because 
using a lower ratio (Le., 10-15-fold) resulted in a low level 
of derivatization and lower inactivation of the immuno- 
toxins. For example, using &fold SMCC over protein to 
modify B3(Fv)-PE38 resulted in derivatization of two to 
three lysines and 3-fold loss in cytotoxicity. The mutant 
B3(Fv)-PE38RR was not inactivated at  all a t  that level 
(data not shown). Thus, 6-10 residues per protein 
molecule were modified when a 30-fold molar excess of 
SMCC over protein was used (data not shown). Deriva- 
tization with SMCC resulted in a moderate amount of 
aggregation (5-10 % of the protein). Such aggregates form 
when B3(Fv)-PE38 immunotoxins are incubated at 37 "C 
in buffers of low ionic strength. These were removed by 
size exclusion chromatography. Fractions containing 
monomeric proteins were pooled and 'used for further 
analyses. The recovery of monomer was 80-90% of the 
input protein. As shown in Figure 5, nonreducing SDS- 
PAGE shows that pure monomers were obtained. 

Samples from- SMCC-derivatized proteins were tested 
for cytotoxic activity as described above. Underivatized 
proteins were subjected to the same treatment, excluding 
the SMCC, and were tested in parallel. The results are 
presented in Fi'gure 6. Derivatized B3(Fv)-PE38 and 
B3(Fv)-PE38QQA retained 8-10 % of their cytotoxic 

64 k D b ,  

1 2  3 4 5  6 
Figure 5. SDS-PAGE of SMCC derivatized B3(Fv)-PE38 
derivatives. B3(Fv)-PE38, B3(Fv)-PE38RR, and B3(Fv)- 
PE38RRQQA were derivatized with a 30-fold molar excess of 
SMCC, as described in the Experimental Procedures. Following 
derivatization, both unmodified and modified proteins were 
subjected to size exclusion chromatography to isolate the 
monomer fraction. Since improperly refolded B3(Fv) immuno- 
toxins have a strong tendency to aggregate (3, monomers obtained 
by size exclusion are predominantly of the correct active 
conformation. Lane 1: B3(Fv)-PE38. Lane 2: B3(Fv)-PE38- 
SMCC. Lane 3: B3(Fv)-PE38RR. Lane 4 B3(Fv)-PE38RR- 
SMCC. Lane 5: B3(Fv)-PE38RRQQA. Lane 6: B3(Fv)- 
PE38RRQQA-SMCC. 

N MCF7 cells % ' o  
& z 3  
._ 3 :  
0 ' Z  2 

g o )  
$ 7 3  
$ C l  

u " =  

.- 

v 
m 
m 

I m m u n o t o x i n  
Figure 6. Effect of SMCC derivatization on the cytotoxicity of 
B3(Fv)-PE38 and its mutated derivatives. Immunotoxins were 
treated with a 30-fold molar excess of SMCC and purified as 
described in Experimental Procedures. The cytotoxicities of the 
derivatized immunotoxins were compared to their respective 
activities in the unmodified form. 

activity relative to their corresponding underivatized 
proteins. In contrast, B3(Fv)-PE38RR and B3(Fv)- 
PE38RRQQA retained 30-40 % of their cytotoxic activity 
relative to their corresponding underivatized proteins. In 
another experiment, immunotoxins were incubated with 
a 30-fold molar excess of 2-mercaptoethanol following 
SMCC derivatization. This was done in order to block 
the reactive groups introduced by SMCC onto the im- 
munotoxins, thereby preventing them from making non- 
specific interactions with media components or cells. 
However, there was no difference in the activity of the 
SMCC-derivatized immunotoxins with or without the 
subsequent 2-mercaptoethanol treatment. 

SMCC Derivatization Causes a Loss of Antigen 
Binding, but Not Specificity. B3(Fv)-PE38 and 
B3(Fv)-PE38RR, both underivatized or derivatized with 
a 30-fold molar excess of SMCC as described above, were 
also tested for binding in competition assays. As shown 
in Figure 4B, SMCC derivatization caused a loss of more 
than 100-fold in antigen binding by B3(Fv)-PE38. How- 
ever, as shown in Figure 4C, the loss in antigen binding 
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with arginine residues did not result in any significant 
changes in antigen binding, specificity, or specific cyto- 
toxicity of the mutated immunotoxin. 

Chemical conjugation is a well-established method of 
producing antibody-toxin conjugates (12 and references 
cited therein) or for conjugation of other macromolecules 
to antibodies or to their fragments (13-15). In some cases, 
chemical modification has led to loss of antigen binding 
by the modified antibody (16,17). Chemical conjugation 
was used to prepare the first-generation immunotoxin B3- 
PE38, in which the whole B3 IgG which contains lysine 
residues was conjugated to PE38. This conjugate binds 
almost as well as the underivatized antibody to target cells 
and is very active (18). Radioiodination of proteins for 
use in a wide variety of basic and clinical investigations 
is another example of chemical modification of proteins 
(19,20). We have routinely labeled the B3 IgG tQ be used 
as a tracer in our antigen-binding competition assays, with 
retention of about 60-70% of the immunoreactivity.2 It 
is thus evident that the whole antibody and PE38 are 
relatively resistant to chemical modification. B3(Fv)- 
PE38, however, contains only the Fv part of the IgG, so 
it is more likely that a functionally important lysine will 
be modified following chemical derivatization with a 
possible loss of activity. Because general chemical modi- 
fication is a-priori not usually position-specific (21), 
emphasis should be placed on modifying proteins on a 
predetermined position using site-directed mutagenesis. 
We have found that the single-chain immunotoxin B3(Fv)- 
PE38 can be site-specifically modified on cysteine residues 
that replace surface-exposed residues in either domain I1 
or 111 of PE38.3 Among residues replaced and derivatized 
without activity loss were lysine 575 and lysine 591. In 
this study they were replaced with glutamine because 
previous data indicated that such replacements would not 
impair the immunotoxins' cytotoxicity (7). Also it has 
been shown that the C-terminal lysine of Pseudomonas 
exotoxin can be deleted or replaced with arginine without 
significant activity loss, but replacement with other amino 
acids reduces activity (7). Therefore, chemical modifica- 
tion of the C-terminal lysine could interfere with the toxin's 
activity. The similar sensitivity of B3(Fv)-PE38 and 
B3(Fv)-PE38QQA to inactivation following chemical 
derivatization on the one hand, and the similar resistance 
of B3(Fv)-PE38RR and B3(Fv)-PE38RRQQA on the 
other hand, implies that loss of activity does not result 
from chemical modification of the PE38 part of B3(Fv)- 
PE38. The same results further suggest that the immu- 
notoxins' sensitivity to such inactivation resides mainly 
in one or both of its CDR lysines. The modification of 
framework lysines in the Fv or of the amino terminal 
a-amino group may also interfere with the formation of 
the optimal configuration for antigen binding or, indirectly, 
with the antigen binding itself, as implied by the resid- 
ual loss of activity of B3(Fv)-PE38RR and B3(Fv)- 
PE38RRQQA following SMCC treatment or radioiodi- 
nation. However, most of the interference with antigen 
binding following chemical derivatization of B3(Fv)-PE38 
results from the fact that either the CDR lysines are 
directly involved in antigen binding or the bound reagent 
sterically hinders a binding interaction between a neigh- 
boring CDR residue and the B3 antigen. The fact that 
both lysines can be mutated to arginines without a 
significant activity loss suggests that the latter is the more 
likely explanation. Both lysine 65 in VH CDR2 (Kabat 
No. 64) (22) and lysine 190 in VL CDR2 (Kabat No. 50) 
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Figure 7. Profile of TSK G3000SW chromatography of Bolton- 
Hunter labeled immunotoxins. Labeled immunotoxins were 
mixed with gel-filtration molecular weight standards (Bio-Rad), 
whose sizes and elution positions are indicated above the 
chromatograms. 

of B3(Fv)-PE38RR was about 8-fold. SMCC-derivatized 
B3(Fv)-PE38RR was also tested for specificity by cytotoxic 
assays on cell lines which differ in their sensitivity to 
B3(Fv)-PE38 due to different levels (high to none) of the 
B3 antigen. B3(Fv)-PE38RR and SMCC-derivatized 
B3(Fv)-PE38RR had the same spectrum of activity on 
the various cell lines used (data not shown). 

Immunoreactivity of Bolton-Hunter Labeled Im- 
munotoxins. To determine the effect of modifying 
B3(Fv)-PE38 lysine residues with the Bolton-Hunter 
reagent on immunoreactivity, B3(Fv)-PE38 and B3(Fv)- 
PE38RRQQA were labeled with the Bolton-Hunter 
reagent as described in the Experimental Procedures. Like 
SMCC, Bolton-Hunter reagent targets amino groups. 
Aliquots of labeled immunotoxins were subjected to 
analytical gel filtration on a TSK G3000SW (TosoHaas) 
column in order to determine whether the treatment 
caused aggregation. As shown in Figure 7, both labeled 
proteins eluted from the column as a monomeric peak 
with a leading shoulder, indicating that little aggregation 
occurred. The immunoreactivities of [12511-B3(Fv)-PE38 
and [125II-B3(Fv)-PE38RRQQA were tested by checking 
their respective binding to A431 cells a t  4 "C as described 
in the Experimental Procedures. The immunoreactivity 
of [1251]-B3(Fv)-PE38 was 4-6 % , whereas that of [lz5I]- 
B3(Fv)-PE38 RRQQA was 10-17%. For each labeled 
immunotoxin, the binding was maximal and similar for 
the three highest cell densities used, indicating that antigen 
was in excess over immunotoxin for those densities. Under 
similar radioiodination conditions, B3 IgG has 60-70 % 
immunoreactivity. Thus, B3(Fv)-PE38 is about 10-fold 
more sensitive to loss of immunoreactivity than the whole 
IgG, whereas B3(Fv)-PE38RRQQA is 3-4-fold more 
sensitive to loss of immunoreactivity than the whole IgG. 
Therefore, it is also about 3-fold less sensitive than the 
wild-type B3(Fv)-PE38 immunotoxin. 

DISCUSSION 
In this study we have constructed a mutated form of the 

single-chain immunotoxin B3(Fv)-PE38 in which the only 
two lysines in the CDR regions were mutated to arginines. 
Additionally, we found that while the parental molecule 
is 90% inactivated by both treatment with the bifunctional 
reagent SMCC or by iodination with the Bolton-Hunter 
reagent, the mutated form is more resistant to such 
inactivation. We found that replacing the CDR lysines 

2 Benhar and Webber, 1993 (unpublished data). 
Benhar et .  al., 1993 (manuscript in preparation). 
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(22) are on the framework-CDR boundary and are 
conserved in murine immunoglobulin genes belonging to 
the same structural group (22). This suggests that they 
may not be directly involved in antigen binding but rather 
have a structural role so that they can be replaced with 
arginine residues that have properties similar to the original 
lysines. 
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DNA-Linked RNase H for Site-Selective Cleavage of RNA? 
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A DNA-linked RNase H (Hybrid Enz-1) (Kanaya e t  al. (1992) J. Biol. Chem. 267,8492-8498), in which 
dGTCATCTCC was attached to E. coli RNase H via a covalent linker of 21 A, was altered to improve 
the site-specific RNA cleavage by increasing the linker length. The sizes of the linkers on these hybrid 
enzymes (Hybrid Enz-2, -3, and -4) differed by 3 A, the axial rise of the DNA/RNA hybrid, to give 18-, 
24-, and 27-1\ lengths. The conjugate with a size of 27 A was able to cleave a synthetic 22mer RNA 
(5’-rAAGAUGUCUACGGAGAUGACCA-3’), containing the complementary Smer RNA sequence 
(underlined), a t  one position, A16-Ul7. The kinetic parameters of Hybrid Enz-1, -2, -3, and -4 were 
examined using a Smer RNA target. The results showed that longer linkers produced higher K,, kcat, 
and kcatlKm values, and the kcaJKm value of the conjugate with the 27-A linker reached 83% of that 
of the wild-type RNase H. Hybrid Enz-4 was found to be useful as an RNA restriction endonuclease. 

To cleave RNA site-specifically, investigators have 
reported several methods. These include chemical cleav- 
age, with compounds such as Fe(I1)-bleomycin (Carter et 
al., 1990), and enzymatic cleavage with ribozymes (Symons, 
1992), staphylococcal nuclease-DNA conjugate (Zucker- 
mann et al., 1988; Zuckermann and Schultz, 19891, and 
RNase A-DNA conjugate (Zuckermann and Schultz, 1988). 
In the approaches using RNase H,’ short oligodeoxy- 
nucleotides or modified oligonucleotides, such as 2‘- 
modified oligonucleotides (Hayase et al., 1990; Monia et 
al., 1993) and mixed-phosphate-backbone oligodeoxy- 
nucleotides (Agrawal et al., 1990), were used as the 
complementary strand. 

RNase H, which participates in DNA replication and 
repair (Crouch and Derksen, 1982; Crouch, 1990), endo- 
nucleolytically degrades the RNA moiety of a DNA/RNA 
hybrid, in the presence of Mg2+ or Mn2+, to produce 5’- 
phosphates a t  the hydrolysis sites (Miller et al., 1973; 
Berkower et al., 1973). The enzyme consists of a single 
polypeptide chain with 155 amino acid residues (Kanaya 
and Crouch, 1983), and the sequence is similar to the RNase 
H domains of the reverse transcriptases from retroviruses, 
including human immunodeficiency virus (Johnson et al., 
1986; Doolittle, 1989). Site-directed mutagenesis experi- 
ments and computer analysis of the homology of the amino 
acid sequence between RNase H and the C-terminal 
domains of the reverse transcriptases from many species 
suggest that the residues of the active site are Asp-10, 
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Glu-48, and Asp-70. The three-dimensional structure of 
RNase H was determined by X-ray crystallographic studies 
(Katayanagi et al., 1990; Yang e t  al., 1990) and showed 
that Mg2+ binds close to the three acidic amino acids within 
the active site. 

RNase H has a slight specificity for the base sequence 
of the hybrid. For cleavage of RNA a t  single site, a DNA- 
linked RNase H (Hybrid Enz-1) (Kanaya et al., 1992) has 
been constructed using the mutant RNase H (C135/RNase 
H) (Kanaya et al., 1990) in which all three Cys residues 
were replaced by Ala, and Glu-135 was replaced by Cys. 
The Smer DNA (dGTCATCTCC) was linked with a 21-A 
covalent linker including maleimide a t  the 5’-terminus of 
the DNA and then attached to Cys-135 of the mutant 
RNase H. In the conjugate, the DNA portion plays the 
role of cleavage site recognition and the RNase H portion 
catalyzes the hydrolysis of the RNA that hybridizes with 
the DNA portion. In the presence of the Smer DNA, the 
wild-type enzyme and C13WRNase H cleaved the Smer 
RNA (rGGAGAUGAC) a t  the A5-U6 and U6-G7 positions 
and the 22mer RNA (5’dAGAUGUCUACGGAGAUG- 
- ACCA-3’) containing the complementary Smer RNA 
sequence (underlined) a t  the A16-Ul7 and U17-Gl8 
positions (corresponding to the Smer RNA). On the other 
hand, Hybrid Enz-1 with the Smer DNA attached via a 
21-A linker cleaved the complementary Smer RNA a t  a 
single site (A5-U6) and cleaved the 22mer RNA a t  two 
positions (A14-Gl5 and A16-Ul7). Cleavage by Hybrid 
Enz-1 a t  A14-Gl5, the site the nonconjugated enzymes 
did not cleave, was thought to be caused by the shorter 
linker length. 

In this study, the linker length was altered by 3 A, which 
is equal to the axial rise of a DNA/RNA hybrid (Saenger, 
W., 1984), and three hybrid enzymes with linkers of 
different lengths (18, 24, and 27 A) were constructed. 
Hybrid Enz-4 (Figure l), whose linker size was 6 8, (the 
axial rise of two bases) longer than that of Hybrid Enz-1, 
was found to cleave the 22mer RNA almost site-selectivity 
a t  A16-U17. The effect of the linker length on the activity 
was examined by measuring the kinetic parameters ( K ,  
and Kcat values) for the cleavage of the Smer RNA. 

0 1994 American Chemical Society 



328 Bioconjugate Chem., Vol. 5, No. 4, 1994 Uchiyama et al. 

using GMBS plus aminolink 2 and EMCS plus aminolink 
2, respectively. 

The 5'-end amino group was introduced into the Smer 
DNA (dGTCATCTCC) in the last step of the DNA 
synthesis. After the protecting groups were removed, the 
product was then allowed to react with the bifunctional 
reagent in dimethylformamide in the presence of 50 mM 
phosphate buffer, pH 7.5, a t  room temperature for 1 h. 
The product was purified by gel filtration on Sephadex 
G-25 in water. The purity was checked by reversed-phase 
HPLC. Elution was performed with a linear gradient of 
acetonitrile in 0.1 M triethylammonium acetate buffer, 
pH 7.0, from 0 to 38% (v/v) over 25 min at a flow rate of 
1.0 mL/min at 50 "C. The retention times of the linker- 
DNAs were 21.5 min for HybridEnz-l,l9.6 min for Hybrid 
Enz-2,21.2 min for Hybrid Enz-3, and 23.1 min for Hybrid 
Enz-4. 

The coupling reaction of the mutant RNase H, the C135/ 
RNase H (10 nmol), and the linker-9mer DNA (10 nmol) 
was carried out in 100 pL of Tris-HC1 buffer, pH 7.0, at 
room temperature for 1 h. The resultant hybrid enzymes 
were purified by cation-exchange HPLC on an Asahipack 
ES 502C column (7.5 mm X 100 mm) from Asahi Chemical 
Industries Co., Ltd. The column was equilibrated with 20 
mM sodium phosphate buffer, pH 6.5, and elution was 
performed by a linear gradient from 0.0 to 0.3 M Nazi304 
in 20 mM sodium phosphate buffer, pH 6.5, over 30 min. 
The retention times were 22.8 min for Hybrid Enz-l,23.2 
min for Hybrid Enz-2, 22.8 min for Hybrid Enz-3, and 
22.4 min for Hybrid Enz-4. 

Assay for Hybrid Enz-1, -2, -3, and -4. The substrate 
for the wild-type and C135/RNase H was either a Smer 
RNA/9mer DNA or a 22mer RNA/9mer DNA hybrid 
duplex, and that of the hybrid enzymes was either a single- 
stranded Smer RNA or 22mer RNA. 

The substrate (10 pmol) was hydrolyzed with enzymes 
(0.02 pmol) a t  30 "C for 15 min in 10 pL of 10 mM Tris- 
HCl buffer, pH 8.0, containing 10 mM MgC12,50 mM NaCl, 
1 mM 2-mercaptoethanol, and 0.01 % bovine serum 
albumin. The reaction was stopped by the addition of 20 
pL of loading buffer (10 M urea, 50 mM EDTA), and the 
hydrolysates were fractionated on polyacrylamide se- 
quencing gels (19: 1 acrylamide/bis(acrylamide)) with 7 M 
urea (0.3 mm X 40 cm). A 20% gel was used for the Smer, 
and a 15% gel was used for the 22mer. They were 
identified by comparing the degraded products with those 
of a 32P-5'end-labeled Smer RNA treated with snake venom 
phosphodiesterase (Jay et al., 1974). The amount of each 
hydrolysate was directly quantitated by measuring the 
radioactivity with a Fujix BAlOOO bioimage analyzer. 

Determination of the Kinetic Parameters of Hybrid 
Enz-1, -2, -3, and -4 with Smer RNA. The hydrolysis 
was carried out a t  30 "C in the same buffer solution as 
described. The substrate concentrations were varied from 
0.2 to 20.0 pM, and the hydrolysate concentration was 
< lo% of the original Smer RNA. 

(CH2)5 
I 
c=o 0 I II 5' 3' 
NH-(CH&-O-P-O-dGTCATCTCC 

I 
0-  

Figure 1. Model of Hybrid Enz-4. @-Strands and a-helices are 
represented by arrows and cylinders, respectively. The three acidic 
residues required for activity are shown by solid circles with 
residue numbers. 

MATERIALS AND METHODS 

Materials. Aminomodifier I1 (N-Fmoc-Ol-(dimethox- 
ytrity1)-02- [ (cyanoethoxy) (diisopropylamino)phosphinyl] - 
3-amino-1,2-propanediol) was purchased from Clontech 
Co., Ltd., and aminolink 2 (N-(trifluoroacety1)-O-[meth- 
oxy(diisopropylamino)phosphinyll-6-aminohexan-l-ol) was 
from Applied Biosystems Inc. N-[(t-Maleimidocaproy1)- 
oxylsuccinimide (EMCS) and N- [(r-maleimidobutyry1)- 
oxylsuccinimide (GMBS) were purchased from Dojindo 
Laboratories. Crotalus durissus phosphodiesterase was 
purchased from Boehringer Mannheim. The Smer RNA 
(rGGAGAUGAC) and the Smer DNA (dGTCATCTCC) 
have been described previously (Kanaya et al., 1992). 

Synthesis of the 22mer RNA (rAAGAUGUCUACG- 
GAGAUGACCA). Oligonucleotides were synthesized on 
an Applied Biosystems 394 DNA/RNA Synthesizer using 
the standard phosphoramidite method (Caruthers, 1985) 
with commercially available reagents (MilliGen Biosearch 
for RNA). The products were deprotected and purified 
to give single peaks on reversed-phase and anion-exchange 
HPLC. Reversed-phase HPLC was carried out on an 
Inertsil ODS-2 column (4.6 mm X 250 mm) from GL 
Sciences Inc. For the 22mer RNA, elution was performed 
with a linear gradient of acetonitrile in 0.1 M triethyl- 
ammonium acetate buffer, pH 7.0, from 9.0 to 14% (v/v) 
over 25 min at a flow rate of 1.0 mL/min a t  50 "C. The 
retention time was 14.7 min. Anion-exchange HPLC was 
carried out on a DEAE 2SW column (4.6 mm X 250 mm) 
from Tosoh Co., Ltd. Elution was performed with a linear 
gradient from 0.4 to 0.9 M ammonium formate in 20% 
acetonitrile for 25 min at a flow rate of 1.0 mL/min a t  50 
"C. The retention time was 20.2 min. 

Labeling of the 5'-Ends of the Smer and 22mer 
RNAs. The 5'-ends of the Smer and 22mer RNAs were 
32P-labeled with T4 polynucleotide kinase from E. coli 
strain A19 and [Y-~~PIATP and were purified on a 
NENSORB 20 column (DuPont). 

Preparation of Hybrid Enz-1, -2, -3, and -4. Hybrid 
Enz-1 (dS-ClSB/RNase H) with a 21-Alinker was prepared 
as described (Kanaya et al., 1992). Hybrid Enz-2 with an 
18-A linker was prepared by the same procedure used for 
Hybrid Enz-1, except GMBS and AminoModifier I1 were 
used. Hybrid Enz-3 (24 A) and -4 (27 A) were prepared 

RESULTS 
Preparation of Hybrid Enzymes. Hybrid enzymes 

with different linker lengths (Figure 2) were constructed 
by the procedure used for the previously described 21-A 
linker Hybrid Enz-1. The linker len h was changed by 
two-atom increments, with a size of 3 f The linker length 
containing the maleimide group was calculated assuming 
that all distances between two atoms were 1.5 8, and a 
linker arm extended. The maleimide group of the linker 
was attached to the unique Cys135 of the mutant enzyme, 
Cysl3WRNase H (Kanaya et al., 1992). 
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Hybrid Enz-1 Linker length 

CH2OH 0 
II I II 5'  3' 

(dS-Cl35IRNase H) 0 

N-(CH2),-C-NH-CH2-CH-O-P-O-dGTCATCTCC 2 1 A 

0 
4 0- 

Enz-S 

Hybrid Enz-2 
CHpOH 0 

II I II 5'  3' 
0 

N- (CH&-C-N H-CH2-CH-0-P -0-dGTCATCTCC 

0 

1 8 A 4 0- 

Enz-S 

0 0 
It I1 5' 3' 

N-(CH2)3-C-NH- (CH&-0-P-0-dGTCATCTCC 24A 

Hybrid EnZ-3 4 0- 

Enz -S 

0 

Hybrid Enz-4 
0 

II II 5'  3' 
0 

N-(CH&-C-NH-(CH&-O-P-O-dGTCATCTCC 27A 

0 
4 0- 

Enz-S 

Figure 2. Structures of the four hybrid RNase H proteins with linkers of different lengths. Hybrid Enz-1 is identical to d9-C135/RNase 
H (Kanaya et al., 1992). 
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Figure 3. SDS-PAGE of the four hybrid RNase H proteins 
after HPLC. Samples (0.1 pg) were subjected to electrophoresis 
on a 15% polyacrylamide gel and silver stained: lane 1, SDS- 
PAGE low molecular weight standards (Bio-Rad Laboratories) 
containing phosphorylase b (98k), bovine serum albumin (66k), 
ovalbumin (43k), carbonic anhydrase (31k), trypsin inhibitor 
(22k), and lysozyme (14k); lane 2, unmodified C135/RNase H; 
lane 3, purified Hybrid Enz-1; lane 4, purified Hybrid Enz-2; 
lane 5, purified Hybrid Enz-3; lane 6, purified Hybrid Enz-4. 

After the cross-linking reaction, the resultant hybrid 
RNase H proteins were purified by cation-exchange HPLC. 
The materials in the 23-min retention time peak gave a 
single band of 23 kDa on SDS-PAGE, as shown in Figure 
3. (The material in the 30-min time peak was identified 
as the unmodified enzyme, which gave a band of 20 kDa 
on SDS-PAGE.) 

Cleavage of Smer RNA with Hybrid Enz-2, -3, and 
-4. Complete cleavage of the Smer (rGGAGAUGAC) RNA 
was observed under the described conditions. The (C1351 
RNase H) cleaved at  the two positions, A5-U6 and U6- 
G7. All of the hybrid enzymes cleaved at one position, 
A5-U6. Regardless of the linker length, no change in 
specificity for the hydrolysis of the Smer RNA was observed 
(Figure 4). 

Cleavage of 22mer RNA with Hybrid Enz-1, -2, -3, 
and -4. The unmodified enzyme (C135/RNase H) cleaved 
the 22mer RNA (rAAGAUGUCUACGGAGAUGACCA) 
containing the Smer sequence (underlined) in the presence 
of the complementary Smer DNA at  two positions, A16- 
U17 and U17-Gl8, which were the same positions as in 

Figure 4. Cleavage pattern of the Smer RNA. Autoradiograph 
of cleavage reactions: lane 1, partial digest of the Smer RNA 
with snake venom phosphodiesterase; lanes 2 and 3, the duplex 
of the Smer RNA/9mer DNA (dGTCATCTCC) and the single- 
stranded Smer RNA treated under reaction conditions without 
enzyme, as described in the Materials and Methods; lane 4, 
hydrolysates of the duplex of Smer RNA/9mer DNA with the 
C135/RNase H (unmodified); lane 5, the single-stranded Smer 
RNA with C135/RNase H (unmodified); lane 6, the single- 
stranded Smer RNA with Hybrid Enz-l(dS-C135/RNase H); lane 
7, the RNA with Hybrid Enz-2; lane 8, the RNA with Hybrid 
Enz-3; lane 9, the RNA with Hybrid Enz-4. 

the case of the Smer RNA. The hybrid enzymes cleaved 
the 22mer RNA at  two positions, A16-Ul7 (corresponding 
to A5-U6 in the 9mer) as the major site and A14-Gl5 
(corresponding to A3-G4 in the 9mer) as the minor site, 
in a different manner from C135/RNase H (Figure 5). 
The percentages of cleavage at A14-Gl5 in each hybrid 
enzyme are shown in Figure 5. The amounts of the A14- 
G15 product in the reaction with the four hybrid enzymes 
were different. The yield of the minor product decreased 
as the linker length increased (33% for Hybrid Enz-1 to 
6.0% for Hybrid Enz-4). The linker length affected the 
cleavage pattern of the 22mer RNA. The ratio of the major 
product to the minor product in Hybrid Enz-4 with the 
27-A linker was 8.3-fold higher than Hybrid Enz-1, and 
Hybrid Enz-4 cleaved the 22mer RNA almost exclusively 
a t  a single position (A16-U17). 

Kinetic Parameters (Km and kcat) of Hybrid En- 
zymes for the Smer RNA. Since the four hybrid enzymes 
with linkers of different sizes cleaved the Smer RNA a t  
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5 ' - r A A G A U G U C U A C G  G A G A U G A C C A - 3 '  

4 Total cleavage A14-Gl5 cleavage 
C135/RNase H (unmodified) t ("A) in total cleavage ("YO) 

Hybrid Enz-1 (dg-ci35) c t  18 33 (1.0) 

Hybrid Enz-4 A t 35 6.0 (0.18) 

Hybrid Enz-2 4 t  15 27 (0.82) 

Hybrid Enz-3 4 t 23 18 (0.55) 

Figure 5. Cleavage pattern of the 22mer RNA. (Top) autoradiograph of cleavage reactions: lane 1, partial digest of the 22mer RNA 
with snake venom phosphodiesterase; lanes 2 and 3, the duplex of 22mer RNA/Smer DNA (dGTCATCTCC) and the single-stranded 
9mer RNA treated under reaction conditions without enzyme, as described in the Materials and Methods; lane 4, hydrolysates of the 
duplex of 22mer RNA/Smer DNA with the C135/RNase H (unmodified); lane 5, the single-stranded 22mer RNA with C135/RNase 
H (unmodified); lane 6, the single-stranded 22mer RNA with Hybrid Enz-l(dS-C135/RNase H); lane 7, the RNA with Hybrid Enz-2; 
lane 8, the RNA with Hybrid Enz-3; lane 9, the RNA with Hybrid Enz-4. (Bottom) illustrations of cleavage patterns. The cleavage 
percentages are shown at the arrows. 

Table 1. Summary of the Kinetic Parameters. 

wild type 
C135/RNase H 
Hybrid Enz-1 (dS-C135/RNase H) 
Hybrid Enz-2 
Hybrid Enz-3 
Hybrid Enz-4 

0.67 f 0.04 (1.0) 

0.42 f 0.01 (0.63) 
0.24 f 0.02 (0.36) 
1.0 * 0.04 (1.5) 
1.4 f 0.1 (2.1) 

11 f 2.1 (16) 

a Values are from the mean of four experiments. Relative value 
the same position, the net effect of the linker length could 
be examined independent of the base sequence. It was 
reported that the hydrolysis rates of different homopoly- 
meric RNA/DNA hybrids varied (Berkower et al., 1973). 
The A5-U6 cleavage reaction of the Smer RNA (rGG- 
AGAUGAC) with the hybrid enzymes followed Michaelis- 
Menten kinetics. The kinetic constants of A5-U6 cleavage 
were obtained from the Lineweaver-Burk plots using the 
procedure described for C135/RNase H and Hybrid Enz-1 
(Kanaya et  al., 1992). The Km value of the hybrid enzyme 
increased as the linker length increased (0.42 pM for 
Hybrid Enz-1 to 1.4 pM for Hybrid Enz-4) (Table 1). The 
RNA substrate-binding of Hybrid Enz-4 was only 0.3-fold 
of that of Hybrid Enz-1. The kat values of the hybrid 
enzymes increased as the linker length increased (160 min-l 
for hybrid Enz-1 to 880 min-l for Hybrid Enz-4) (Table 

7.5 x 102 (1.0) 5.0 X lo2 i (3 X 10) (1.0) 
1.5 X lo3 f (3 X lo2) (3.1) 
1.6 X lo2 i 3 (0.31) 
5.1 X 10 f 4 (0.10) 
4.9 X lo2 f (2 X 10) (0.98) 
8.8 X lo2 f (6 X 10) (1.8) 

1.4 X lo2 (0.19) 
3.8 X lo2 (0.50) 
2.1 X lo2 (0.28) 
4.9 X lo2 (0.63) 
6.3 X lo2 (0.83) 

are in parentheses. 
1). The turnover number of Hybrid Enz-4 increased to 
5.5-fold of the Hybrid Enz-1 value. The Km/lzm+, values of 
the hybrid enzymes increased as the linker length increased 
(380 min-l pM-l for Hybrid Enz-1 to 630 m i d  pM-l for 
Hybrid Enz-4) (Table 1). The catalytic efficiency of 
Hybrid Enz-4 was 1.7-fold higher than Hybrid Enz-1 and 
83% of that of the wild-type enzyme, which should be 
sufficient for most practical purposes. 

DISCUSSION 
The wild-type enzyme and Cysl35/RNase H cleaved 

the Smer RNA a t  A5-U6 and U6-G7 and the 22mer RNA 
a t  A16-Ul7 and U17-G18. The hybrid enzymes cleaved 
the Smer RNA a t  one position, A5-U6. However, they 
cleaved the 22mer RNA a t  two positions: A16-Ul7 as the 
major site and A14-Gl5 as the minor cleavage site, which 
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et al., 1990; Yang et al., 1990); however, no crystals of the 
complex of DNA/RNA and the enzyme, or of the hybrid 
enzyme, have been obtained. Models of hydrolysis with 
these complexes will provide some structural information 
on the mechanism of RNA cleavage by RNase H. 

Staphylococcal nuclease-DNA and RNase A-DNA 
conjugates were designed for site-specific endoribonu- 
cleases, but they were shown to degrade the substrate in 
a manner reflecting the nonspecific natures of staphylo- 
coccal nuclease and RNase A (Zuckermann and Schultz, 
1988; Zuckermann et al., 1988; Zuckermann and Schultz, 
1989). On the other hand, Hybrid Enz-4 cleaved the RNA 
at single site within the target region. Ribozymes were 
shown to cleave RNA site-specifically (Symons, 1992). 
However, Hybrid Enz-4 was catalytically more active, with 
a kcat value of 750 min-l, as compared to that of a ribozyme, 
with a kcat value of less than 1 min-1 (Haseloff and Gerlach, 
1988). 

In conclusion, Hybrid EnZ-4 with the 27 A linker was 
found to cleave RNA site-selectively and with high 
efficiency. This kind of hybrid RNase H will provide 
sequence specific cleavage of RNAs as a restriction enzyme 
for RNA and, because the cleavage reaction does not need 
the addition of DNA splints, the product purification may 
be easier. The hybrid RNase H can be useful to study the 
structure and function of RNAs. In addition, a hybrid 
RNase H, consisting of a thermostable mutant and a linked 
DNA, may be useful for cleavage of RNAs a t  high 
temperatures, where RNA secondary and tertiary struc- 
tures can be melted. 

is different from the minor site cleaved by the noncon- 
jugated enzymes. When the longer RNA was used as the 
substrate, the minor cleavage product increased. When 
the linker length was increased by 3 A, the amount of the 
minor product (A14-Gl5 cleavage) decreased. The linker 
of Hybrid EnZ-4 is 27 A, which is about 6 A longer (equal 
to the axial rise of two bases of a DNA/RNA hybrid) than 
that of Hybrid Enz-1, and the amount of the A14-Gl5 
product with Hybrid Enz-4 cleavage of the 22mer RNA 
was 6.0% of the total cleavage (Figure 5). The hybrid 
enzymes with shorter linkers seem to enforce cleavage a t  
A14-G15, but in Hybrid Enz-4 there is little cleavage 
restraint. The hybrid enzymes did not cleave at U17-Gl8 
in the 22mer and U6-G7 in the Smer, which is in contrast 
to the nonconjugated enzymes. The linkers in these hybrid 
enzymes were not long enough for the linked DNA to bind 
the RNA for cleavage a t  these positions. I t  seems that the 
27-A linker anchored the duplex to enable the specific 
hydrolysis. Linkers with a certain length seem to be 
required for selective cleavage. It appeared that the Smer 
RNA was too short to be cleaved a t  the A3-G4 site 
(corresponding to A14-Gl5 in the 22mer RNA). The 
substrate RNA apparently requires about four or five bases 
in the 5’-region of the cleavage site (data not shown). The 
132mer RNA containing the complementary Smer RNA 
sequence was also cleaved with Hybrid Enz-1 (d9-C135/ 
RNase H). Although a difference between the cleavage 
patterns of the Smer and that of the 22mer RNA was 
observed, it was found that the cleavage site of the 132mer 
RNA was the same as that of the 22mer RNA (Nakai et 
al., 1994). The model of RNase H complexed with a 2lmer 
DNA/RNA hybrid duplex, which was built based on the 
X-ray crystallography, NMR, and site-directed mutagen- 
esis experiments, shows that the interface of the enzyme 
covers roughly two turns of a double helix (Katayanagi et 
al., 1992). This indicates that the length of the RNA that 
interacts with RNase H and affects the specificity is less 
than the 22mer RNA. Therefore, the 22mer RNA was 
long enough for the characterization of the site specificity 
of the enzymes. 

The effects of the linker length on the cleavage rate of 
the hybrid enzymes were examined by measuring the 
kinetic parameters (K ,  and kcat values). The K,  values 
of the hybrid enzymes may be affected by the following 
factors: the interaction of a substrate RNA with the DNA 
attached to the enzyme and the binding of the duplex 
with the enzyme protein. The Smer DNA linked to the 
enzyme is thought to have increasing flexibility as the 
linker length is increased. This may result in larger K,  
values for the hybrid enzymes with longer linkers. The 
kcat values of the hybrid enzymes reflect the turnover 
number. The hybrid Enz-4 with a long linker may release 
the product more easily, thereby increasing the turnover 
number of the enzyme for the substrate. Consequently, 
the kcat value was increased. 

The longer the linker length, the higher the kc&m value 
obtained for these four hybrid enzymes, and it was revealed 
that the linker length had a greater effect on the turnover 
of the enzyme than on the affinity for the substrates. The 
kcat/Km value of the Hybrid Enz-4 was 83 % of that of the 
wild type and 1.7-fold higher than that of Hybrid Enz-1. 

If the hybrid enzyme reaction is bimolecular, there may 
be two sites of cleavage for the Smer RNA, as found with 
the unmodified enzyme. Since these hybrid enzymes 
cleaved the Smer RNA a t  a single site, the reaction seems 
to be unimolecular. 

The three-dimensional structure of RNase H from E. 
coli was determined by X-ray crystallography (Katayanagi 
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A new approach is described for linking, through a thioether bond, the C-terminus of one unprotected 
polypeptide with the N-terminus of another. Homocysteine thiolactone is attached to the C-terminus 
of one polypeptide by reverse proteolysis and provides through hydroxylamine treatment a free sulfhydryl 
group. The cy-amino group of a second polypeptide is selectively iodoacetylated by reaction with iodoacetic 
anhydride at  pH 6.0 or the N-hydroxysuccinimide ester derivative at  pH 7.0. Coupling of the two 
modified fragments occurs in a spontaneous alkylation reaction under mild conditions. After preliminary 
experiments with small peptides, this approach was extended to large protein fragments derived from 
recombinant analogs of G-CSF by enzymatic digestion. This approach provides a means of making 
head-to-tail protein chimeras or introducing noncoded structural elements into a protein. 

INTRODUCTION 

In recent years several chemical or chemoenzymatic tools 
have been successfully developed for the construction of 
protein analogs and the introduction of noncoded struc- 
tural elements as a means of modulating protein stability 
and activity. Those approaches that show the most general 
applicability involve the use of nonpeptide links formed 
by the spontaneous and specific reaction of two functional 
groups that have been introduced at the end of the 
fragments to be joined. For example, formation of a 
hydrazone bond was shown to be a powerful way to site- 
specifically relink protein fragments resulting from the 
enzymatic digestion of a recombinant analog of G-CSF 
(Gaertner et al., 1992) or to incorporate a synthetic peptide 
into the protein backbone (Gaertner et al., 1994). Other 
means already investigated for the construction of protein 
chimaeras or analogs involve relinking through a disulfide 
bridge which is a procedure used since the beginning of 
synthetic studies on proteins (Humphries et al. and 
references cited therein, 19911, an oxime bond (Rose, 19941, 
or a thioester or a thioether bond (Schnolzer and Kent, 
1992,1993). However, in the case of Schnolzer and Kent's 
analogs of HIV-1 protease both fragments were made by 
total synthesis so that the positioning of the reactive groups 
was not a problem. 

In this paper, we describe an approach for relinking 
unprotected protein fragments through a stable, thioether 
bond, using as an example the two polypeptides resulting 
from enzymatic cleavage of tailored recombinant analogs 
of G-CSF containing a single lysine residue at  specified 
positions (Gaertner et al., 1992). This strategy involves 
two distinct modifications. In one, a reactive cysteine 
derivative, homocysteine thiolactone, was introduced a t  
the C-terminal lysine of the terminal fragment by reverse 
proteolysis, using the same enzyme as was used for cleavage 
of the tailored analog at  that point. The grafted residue 
is subsequently opened with hydroxylamine to liberate a 
thiol group ready for alkylation. For the second modi- 
fication, an a-haloacetyl moiety is specifically grafted to 
the N-terminus of the second fragment, owing to the 
absence of any €-amino group. To exemplify the method, 
we describe the conjugation of two small peptides bearing 

these functional groups at  the ends to be joined and the 
extension of this chemistry to larger polypeptides for the 
construction of several protein analogs of G-CSF. 

EXPERIMENTAL PROCEDURES 

Materials and General Methods. Iodoacetic anhy- 
dride was from Aldrich Chemical Co. and Ser-Leu-Leu 
from Bachem (Bubendorf, Switzerland). Boc-GlyONSu, 
iodoacetate, bromoacetate, sodium lauroyl sarcosinate 
(Sarcosyl), and homocysteine thiolactone (HCTL) were 
purchased from Fluka (Buchs, Switzerland). Achromo- 
bacter Zyticus protease (lysyl endopeptidase) was from 
Wako Pure Chemical Co., Osaka, Japan. 

Boc-Gly-HCTL was synthesized by adding 82 mg of Boc- 
Gly-ONSu (300 pmol) to 50 mg of HCTL (325 pmol) 
dissolved in 1 mL of anhydrous DMSO. N-methylmor- 
pholine was added to an apparent pH of 9.0 (measured 
externally using pH paper prewetted with water). After 
3 h at  room temperature, the reaction mixture was diluted 
with 25 volumes of 0.1% TFA and applied on a Chro- 
mabondCB cartridge, bed volume 2 mL, previously washed 
with MeOH and equilibrated with 0.1 5% TFA. After the 
Chromabond was thoroughly washed with 0.1% TFA 
containing 5% acetonitrile, the product was eluted with 
25 mL of 0.1 % TFA containing 50% acetonitrile and dried 
under vacuum (weight, 66 mg; yield, 80%). The product 
was characterized by electrospray ionization mass spec- 
trometry (ESI-MS) (calcd M + H, m / z  275.2, found m / z  
275.3). 

ICHzCOONSu was obtained by reaction of 1 equiv of 
ICH2COOH with 1 equiv of N-hydroxysuccinimide (NSu) 
and 1 equiv of dicyclohexylcarbodiimide dissolved in a 
small volume of ethyl acetate. After 4 h incubation, 
dicyclohexylurea was discarded by filtration and the 
solvent evaporated. An analogous procedure was used to 
prepare the bromoacetyl derivative. HPLC was performed 
on a Waters 625 LC system equipped with a Wisp 712 
sample processor and a Model 441 UV detector. For 
analytical work, a column 250 X 4 mm i.d. (Nucleosil300-A 
5-pm C8, Macherey Nagel, Oensingen, Switzerland) was 
used at  a flow rate of 0.6 mL/min and the effluent 
monitored at  214 nm. For preparative work, a column 
250 X 10-mm i.d. of Nucleosil 300-A 5-pm C4 or C8 
(Macherey Nagel) was used at  a flow rate of 3 mL/min. 

0 1994 American Chemical Society 
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three 60-pL additions of iodoacetic anhydride (0.25 M in 
dry THF) at 3-min intervals. The reaction was stopped 
after 10 min at  0 OC by the addition of 2 equiv of acetic 
acid and the product purified by HPLC on the 250 X 10- 
mm i.d. column using a flow rate of 3 mL/min and a linear 
gradient of 20-40% (by vol) B over 20 min. The product 
gave the expected molecular weight, as detemined by FAB- 
MS (calcd M + H, m/z 500.3, found m/z 500.6). 

The protein fragments 76-174 and 99-174 were dissolved 
(2 mg/mL) in a 0.1 M sodium phosphate buffer (pH 7.0) 
in the presence of 0.3 % Sarcosyl and were modified with 
the N-hydroxysuccinimide ester of iodo- or bromoacetic 
acid, since the derivatization with iodoacetic anhydride 
was in this case inefficient, as monitored by analytical 
HPLC using a linear gradient of 50%-80% (by vol) B 
over 30 min in the case of fragment 76-174 and 45 % -85 % 
B over 40 min in the case of fragment 99-174. Eight to 
10 additions of 5 equiv of the active ester were made over 
30 min to the fragment solution at  0 "C and the reaction 
stopped after 45 min. In the case of 76-174, this was done 
by desalting the derivatized fragment on a 10-mL Biorad 
column packed with Biogel P6 and equilibrated in 0.1 M 
sodium phosphate pH 8.0 in the presence of 0.1 % Sarcosyl. 
The excluded protein fraction was used for the alkylation 
reaction after concentration on a Centricon 100 concen- 
trator to about 2 mg/mL. In case of a-haloacetylated 99- 
174, which is less soluble than derivatized 76-174, the 
reaction was stopped by a pH shift to 5.3 with acetic acid 
and the excess of reagent removed by dialysis against a 20 
mM NaOAc buffer, pH 5.3, containing 0.1% sarcosyl 
during 7 h. Since working up the iodoacetylation reaction 
as quickly as possible was found to be essential, as already 
reported (Wood & Wetzel, 1992b), HPLC purification 
would have been the best way to isolate the iodo- or 
bromoacetyl products. However, the very low recoveries 
with this method, probably due to the high hydrophobicity 
of these particular compounds, led us to adopt the 
alternative conditions of purification described. The 
condensation reaction was started without delay. 

Condensation Reaction. In the case of model peptides, 
equimolar amounts of Boc-Gly-HCTL and ICH&O-Ser- 
Leu-Leu were mixed to obtain a 1 mM solution in 0.1 M 
sodium phosphate, pH 8.0, which was brought to 0.1 M 
NHzOH and incubated at  room temperature. The con- 
jugation was followed by analytical HPLC, using a linear 
gradient of 10% to 50% (by vol) B over 40 min, and all 
the peaks were collected and characterized by electrospray 
ionization mass spectrometry. In the case of coupling the 
iodoacetyl tripeptide to the C-terminal-derivatized frag- 
ment 1-75 from TG117, a 2-fold molar excess of the 
alkylating peptide over the latter compound was used. In 
case of derivatized protein fragment, conjugation was 
carried out with a 2-3-fold excess of HCTL-derivatized 
N-terminal fragment (2 mM in water, initially) over the 
a-haloacetylated C-terminal fragment in a 0.1 M sodium 
phosphate buffer, pH 8.0, and brought to 1 mM EDTA 
and 0.1 M NHzOH. The 99-174 derivative which was 
previously dialyzed against 20 mM NaOAc buffer, pH 5.3, 
was mixed with a 1/10 volume of 1 M sodium phosphate 
buffer, pH 8.0, and the pH adjusted to 8.0 with NaOH 
before the addition of the other reagents. After 15 h 
incubation at  room temperature, the reaction mixture was 
analyzed by SDS-PAGE under reducing conditions and 
the coupled product was separated from unreacted frag- 
ments and side products by reversed-phase HPLC using 
a linear gradient from 50 % to 80 % B over 30 min in case 
of the TG117 analog and 45% to 70% B over 50 min in 
case of the TG47 analog. 

Scheme 1. Construction of the Thioether Analog of 
G-CSF 

CO-CH,-I 

Lys-NH-CH-(CHJ,-S-CH,-CO 
CONHOH 

Solvent A was 1 g of trifluoroacetic acid (Pierce) added to 
1 L of water (MilliQ system). Solvent B was prepared by 
adding 1 g of trifluoroacetic acid to 100 mL of water and 
making up to 1 L with acetonitrile (Lichrosolv, Merck). 

The N-terminal fragments (1-62, 1-75, 1-98) and 
C-terminal fragments (63-174, 76-174, 99-174) were 
obtained by enzymatic digestion with Achromobacter 
protease of three recombinant analogs of G-CSF produced 
in E.  coli as previously described (Gaertner et al., 1992). 
These analogs are known as TG116 (Cys 17 - Ser; Lys 16, 
23, 34,40 - Arg; Ser62 - Lys), TG 117 (Cysl7 - Ser; 
Lysl6,23,34,40 - Arg; Leu75 - Lys), and TG47 (Cysl7 - Ser; Lysl6, 23, 34, 40 - Arg; Glu98 - Lys). Each 
contains a single lysine residue for proteolytic cleavage, 
and ligation of resulting large protein fragments can be 
achieved, as already shown with TG116 and TG117 
fragments, through a hydrazone linkage (Gaertner et al., 
1992). 

Enzymatic Coupling of Homocysteine Thiolactone. 
HCTL was attached to fragments 1-75, 1-62, and 1-98, 
all of which have a C-terminal lysine, by reverse reaction 
of Achromobacter protease. A solution of HCTL (0.5M) 
was prepared in 80% butanediol, and the apparent pH 
was adjusted to 5.5 with N-methylmorpholine using an 
uncorrected glass electrode calibrated with aqueous 
standards. The protein fragment was dissolved in the 
HCTL solution at 20 mg/mL. Achromobacter protease 
was added as a freshly prepared solution in water (20 mg/ 
mL) at  an enzyme/substrate ratio of 1:20 (w/w) and the 
sample incubated at room temperature for 3 h. The extent 
of modification was followed by analytical HPLC of 
samples quenched in excess 0.1 % TFA using a linear 
gradient from 40% to 60% B over 40 min for fragments 
1-75 and 1-62 and 45% to 65 % B over 40 min for fragment 
1-98. In both cases, the HCTL derivative eluted later 
than the unmodified fragment. The modified fragment 
was recovered by acidification with two volumes of pure 
acetic acid and dilution with 10 volumes of 0.1% TFA 
followed by adsorption to a Sep-Pak CIS cartridge, 
previously washed with methanol and equilibrated with 
0.1 % TFA. After being washed with 5 mL of 0.1 % TFA 
containing 20% CHsCN, the sample was eluted with 5 mL 
of 0.1% TFA containing 80% CH3CN. Solvent was 
removed in the vacuum centrifuge and the mixture of 
modified and unmodified fragments lyophilized and taken 
up in water a t  a 2 mM concentration for the condensation 
reaction. 

Iodoacetylation and Bromoacetylation. Derivati- 
zation of the tripeptide Ser-Leu-Leu with iodoacetic 
anhydride was performed according to the method of Wood 
and Wetzel(1992a). Briefly, to 1 mL of Ser-Leu-Leu (10 
mM in a 0.1 M 2-(N-morpholino)ethanesulfonic acid 
(MES) buffer a t  pH 6.0) were added under vortex mixing 
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coupling reaction proceeds cleanly. A 1-h preincubation 
of the HCTL derivative with NHzOH (0.1 M) at  pH 8.0, 
which releases a free sulfhydryl group at  the C-terminus 
(Figure lA), is in fact not necessary to carry out the 
alkylation; this procedure only improves the rate of the 
coupling reaction, which is almost complete after 5 h 
incubation at  room temperature (results not shown). The 
same profile was obtained when NHzOH treatment and 
alkylation were carried out a t  the same time (Figure 1B) 
with a 15 h incubation in a 0.1 M sodium phosphate buffer, 
pH 8.0, containing 0.1 M NH20H. These conditions were 
expected to reduce the occurence of unwanted side 
reactions (i.e., disulfide formation or disulfide bond 
exchange) when conjugation involves polypeptides con- 
taining either cysteine residues or disulfide bridges. 

The conjugation product had the expected molecular 
weight, as determined by FAB-MS (calcd M + H m/z 
679.32, found mlz 679.26). The earlier-eluting product 
( t R  = 32 min), was identified by FAB-MS as the N- 
alkylated derivative of Gly-HCTL (calcd M + H mlz 
546.25, found mlz 546.31). This side product could be 
detected under all conditions of conjugation tried and was 
shown to be especially prominent when the concentration 
of NHzOH was verylow (<20 mM). The coupling reaction 
is pH dependent: while no coupling occurred at  pH 6.0, 
a maximum coupling yield was obtained at  pH 8.0 in the 
presence of 0.1 M NH20H. 

Enzymatic Coupling of Homocysteine Thiolactone. 
The high resistance of G-CSF analogs to organic solvents 
(Gaertner et al., data not shown) and the ability to obtain 
a solution of homocysteine thiolactone at a relatively high 
concentration (0.5 M) in butane 1,4-diol allowed us to 
explore enzymatic coupling by reverse proteolysis (Offord, 
1990) as a means of appending a masked thiol group to the 
C-terminus of isolated protein fragments 1-62,l-75, and 
1-98. HCTL was considered as the most appropriate 
reagent to site-specifically introduce a masked sulfhydryl 
group in the protein fragment while avoiding side reactions 
that might occur with unmasked thiol derivatives when 
used at  high concentration. Though HCTL has a rather 
high pK value when compared to hydrazides, a satisfactory 
conjugation yield could be still obtained at  pH 5.5 owing 
to the presence of a high proportion of organic solvent in 
the medium. Attempts to shift the equilibrium even more 
toward synthesis by further increasing the pH resulted in 
HCTL precipitation and thiolactone hydrolysis. The use 
of pH values lower than 5.5 led to esterification of the 
fragment with butane-1 ,4-diol. 

When the reaction was carried out in the presence of 
80 96 butane-1,Cdiol as cosolvent a t  an enzyme:substrate 
ratio of 1:20 (w/w), equilibrium in the coupling reaction 
was reached within 2-3 h with a conjugation yield of 
approximately 70 96. Figure 2A, which is in fact a control 
of the next step of construction, reflects the extent of 
enzymatic coupling. The product was characterized by 
ESI-MS (calcd mlz 8277.6, found mlz 8278.1 f 0.5). 
Prolongation of the incubation time should be avoided, so 
as to preclude the formation of overreaction products which 
were eluted at the same time as the expected product and 
were identified by ESI-MS as 1-75-(Hcys)2 and 1-75- 

This specific derivatization does not require isolation 
of the coupled product from uncoupled fragment as this 
latter is not able to react with the iodoacetylated peptide. 
Adsorption on to a C18 Sep-Pak cartridge, which separates 
the excess of HCTL from protein fragment, was therefore 
sufficient. 

( HCYS) 2-HCTL. 

0 10 20 30 40 

Time (min) 
Figure 1. Reversed-phase HPLC chromatograms of (A) the 
reaction mixture of Boc Gly-HCTL preincubated 1 h with 0.1 M 
NH2OH and iodoacetylated Ser-leu-Leu at pH 2.0 and (B) the 
reaction mixture of iodoacetylated Ser-Leu-Leu and Boc-Gly- 
HCTL after 15 h incubation at pH 8.0, in the presence of 0.1 M 
NH20H. The conjugation product elutes at t~ = 40 min while the 
peak that eluted at t R  = 32 min corresponds to the side product 
of the coupling reaction. In A, Boc-Gly-HCTL and ICHzCO- 
Ser-Leu-Leu elute at t~ = 26 and 35 min, respectively, and the 
NH2OH-opened thiolactone derivative at 22 min. 

SDS-PAGE. SDS-PAGE under reducing conditions 
(5 % , by volb-mercaptoethanol) was performed on a Phast- 
System electrophoresis apparatus (Pharmacia) using 20 96 
polyacrylamide gels. Proteins were applied to the gel for 
90 Vh at  15 "C and visualized by silver staining. Protein 
standards were from Pharmacia: phosphorylase b (94 
kDa), albumin (67 kDa), ovalbumin (43 kDa), carbonic 
anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa), 
and a-lactalbumin (14.4 kDa). 

Mass Spectrometry. The molecular weight of the 
different derivatives obtained at  each step of the con- 
structions was measured by mass spectrometry. Equip- 
ment and operating conditions were as previously de- 
scribed (Gaertner et al., 1992). 

RESULTS AND DISCUSSION 
Peptide Coupling through a Thioether Linkage. 

Homocysteine thiolactone was chemically attached to Boc- 
Gly in order to introduce a thiol functionality a t  the 
C-terminus and study the site-specific conjugation with 
iodoacetylated Ser-Leu-Leu. This stategy of conjugation 
through a thioether bond involves two reaction steps, the 
deprotection of the masked sulfhydryl group and its 
subsequent alkylation. As shown in Figure lB, the 
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Figure 2. HPLC chromatograms of coupling between fragment 
(1-75)-HCTL and iodoacetylated Ser-Leu-Leu. Panel A reaction 
mixture of ICHzCO-Ser-Leu-Leu (a) and (1-75)-HCTL (c) at pH 
2.0. Panel B: reaction mixture of ICH2CO-Ser-Leu-Leu (a) and 
(1-75)-HCTL (b) at pH 8.0 after 15 h at room temperature, in 
the presence of 0.1 M NH20H. ICHZCO-Ser-Leu-Leu (a), 
fragment 1-75 (b), (1-75)-HCTL (c), and the thioether derivative 
(d) elute at 6.5, 33.0, 34.0, and 35.0 min, respectively. 

Iodoacetylation and Bromoacetylation of the Pro- 
tein Fragment N-Terminus. Fragments 76-174 and 99- 
174 were iodoacetylated specifically at  the N-terminus 
upon addition of at  least a 50-fold molar excess of the 
N-hydroxysuccinimide ester derivative over the fragment 
in a 0.1 M sodium phosphate buffer a t  pH 7.0. ICH2- 
CO-(76-174), which eluted later than the unmodified 
fragment, could be characterized by ESI-MS (calcd m/z 
10 917.2, found m/z 10 916.0 f 1.9). 

In the case of fragment 99-174, iodoacetylation and 
bromoacetylation were run in parallel under the same 
conditions as previously described. Modified fragments 
were purified by dialysis, and the two resulting derivatives 
were compared in the conjugation reaction. 

Conjugation of Protein Fragments. Reactions with 
protein fragments were carried out at  lower concentrations 
than when linking two small model peptides. Perhaps as 
a consequence, it was found that conjugation of ICH2- 
CO-Ser-Leu-Leu to fragment 1-75-HCTL only occurred 
efficiently if the alkylation was performed at  the same 
time as sulfhydryl deprotection. Moreover, all solutions 
were previously flushed with N2 to avoid disulfide forma- 
tion. Under these conditions, when using a 2-fold excess 
of ICH2CO-Ser-Leu-Leu over (1-75)-HCTL in the 
presence of 0.1 M NH20H, a high coupling yield could be 
obtained (Figure 2B). The conjugation product (1-75)- 
NH-CH( CONHOH) (CH2)2SCH&O-Ser-Leu-Leu was iso- 
lated andcharacterized by ESI-MS (calcd m/z 8682.1, 
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Figure 3. SDS-polyacrylamide gel electrophoresis of coupling 
between fragment (1-75)-HCTL and iodoacetylated fragment 
76-174: lane 1, G-CSF analog TG 117; lane 2, fragment 1-75; 
lane 3, fragment 76-174; lane 4, incubation of ICH2CO-(76-174) 
with (1-75)-HCTL after 15 h; lane 5, (1-75)-(76-174) thioether 
analog after HPLC purification; lane 6, protein markers. 

found m/z 8682.1 f 0.8) which is consistent with NH2- 
OH-promoted thiolactone ring opening and formation of 
the thioether linkage at the C-terminus of the protein 
fragment. 

The same reaction was carried out with ICH2-C0-(76- 
174) by using a 2-3-fold molar excess of the HCTL 
derivative over the iodoacetylated fragment. As shown in 
Figure 3, the coupling reaction led to a G-CSF protein 
analog containing a thioether bond, which is supported by 
ESI-MS data (calcd m/z 19 099.9, found m/z 19 103.1 f 
3.5). However, the conjugation reaction also resulted in 
some byproducts with defined masses (18 432.4 f 2.0; 
15 211.0 f 7.3), which must involve splitting of one of the 
initial derivatized fragments. The structure of these 
polypeptides was not further investigated. 

According to the HPLC profile, the reaction yield was 
estimated to be about 50%. The coupling efficiency is 
likely to be related to the accessibility of the activated end 
groups. Indeed, our attempts to recouple fragments 1-62 
and 63-174 resulting from the enzymatic digestion of 
TG116 were disappointing (yield <lo%), whereas the (1- 
62)-NHCH(CONHOH)(CH2)2SCH2CO-(76-174) analog 
lacking the disulfide loop could be constructed with a high 
yield (results not shown) and characterized by ESI-MS 
(calcd m/z 17 855.5, found m/z, 17 861.8 f 3.8). In the 
same way, as shown in Figure 4, this procedure gave quite 
high coupling yields in the conjugation of 1-98-HCTL and 
ICHzC0-(99-174). Similarly, at least 70 % coupling yield 
based on BrCH&O-(99-174) was obtained, indicating that 
both iodo- and bromoacetylated derivatives are efficient 
for protein fragment conjugation. In both cases, some 
side products could be detected by overloading the gel 
(results not shown), so both were equally suited for the 
coupling step. The resulting thioether analog was char- 
acterized by ESI-MS (calcd m/z 19084.1, found m/z 
19 088.9 f 6.6). 

This strategy of ligation involves the insertion of 
-NHCH(CONHOH)CH2CH2SCH2CO-, which has to be 
taken into account in the design of the product to be 
assembled. The stable thioether bond introduced might 
exhibit higher flexibility between the joined fragments 
than does the hydrazone bond (Gaertner et al., 1994). 

With respect to the biological response, the specific 
activity of the thioether analog of TG117 (Table 1, sample 
6) in the in vitro assay, was comparable to that of the 
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Figure 4. Conjugation reaction of fragment (1-98)-HCTL with 
either iodoacetylated or bromoacetylated fragment 99-174 lane 
1, G-CSF analog TG47; lane 2, fragment 1-98; lane 3, fragment 
99-174; lane 4, incubation of ICHzCO-(99-174) with (1-98)-HCTL 
after 15 h; lane 5, incubation of BrCH&0-(99-174) with (1- 
98)-HCTL after 15 h; lane 6, (1-98)-(99-174) thioether analog 
after HPLC purification; lane 7, protein markers. 

Table 1. Biological Activity (Units/mg Protein) of G-CSF 
Recombinant Proteins, Their Fragments, and Recoupled 
Thioether Analogs 

sample specific activity 
1. TG 117 
2. TG 47 

3. (1-75) + (76-174) from TG 117 
4. (1-62) + (76-174) from TG 116 and TG 117 
5. (1-98) + (99-198) from TG 47 

6. (1-75)-NHCH(CONHOH)CH2CH2- 

7. (1-62)-NHCH(CONHOH)CH&H2- 

8. (1-98)-NHCH(CONHOH)CH&H2- 

SCH2CO- (77-174) 

SCH&O-(77-174) 

SCH&O-(99-174) 

a The values are means &SD (n = 4). 

1.5 (zk1.0) x 105 
5.3 (zkO.9) x 106 

trace 
0 
trace 
1.3 (zk0.5) X lo5 
1.8 (zk1.2) x 105 

5.8 (35.0) X lo5 

starting protein. While initial fragments had no activity 
of their own (Table 1, samples 3-5) the regain of activity 
was of the same order of magnitude as that obtained for 
fragments joined by a hydrazone bond (2.0 ( f0.4) X lo5, 
Gaertner et al., 1994). The same feature is observed for 
the thioether analog lacking the disulfide loop 
(Table 1, sample 7) when compared to (1-62)-NHN= 
CHCO- (77-174) and corresponding carbo and adipo 
hydrazone (Gaertner et al., 1994). The thioether analog 
of TG47 (Table 1, sample 8) exhibits a specific biological 
activity which is only 1 order of magnitude lower than 
that of the initial protein. But it is important to bear in 
mind that biosynthetic mutation of G1ug8 to Lys has already 
produced a decrease of 1-2 orders of magnitude in the 
specific activity of the mu',ant form TG47. 

These preliminary results illustrate the potential ap- 
plications of this approach for fragment coupling or 
introducing segments containing unusual residues. 

CONCLUSION 

The procedure described here provides a new means to 
construct analogs of proteins which either naturally or 
through engineering contain a single lysine residue. The 
two fragments obtained by enzymatic cleavage of such a 
protein with the lysine specific protease from Achromo- 
bacter Lyticus are relinked through a thioether bond. This 
approach involves the site-specific modification of the ends 
to be joined so that the ligation reaction occurs unambi- 

gously. For this purpose, reverse proteolysis was shown 
to afford a unique way to append a protected sulfhydryl 
group at  the C-terminus of one fragment. Specific 
N-terminal modification with an a-haloacetyl moiety was 
easily achieved with a protein fragment having a unique 
reactive amino group. However, the very different basic 
strength of a- and eamino groups (Means & Feeney, 1990) 
allows proteins containing lysine residues to be more or 
less selectively derivatized through their N-terminal amino 
groups by means of acylation reactions in slightly acidic 
media and/or use of certain types of reagents (Wetzel et 
al., 1990). Indeed, such a selectivity has already been 
demonstrated with peptides bearing both a- and eamines 
via pH-controlled modification with iodoacetic anhydride 
(Wood & Wetzel, 1992a,b). 

The chemoselective ligation, which constitutes the 
second step of this strategy, takes advantage of the high 
reactivity of iodo- or bromoacetamido groups toward 
sulfhydryl anions in neutral or slightly basic media when 
compared to that of the side-chain nucleophilic groups of 
Met, His, Lys, and Arg. This technique has already been 
investigated in order to prepare conjugates involving 
peptides (Bernatowitcz & Matsueda, 1986; Wood & Wetzel, 
1992a). Our experiments show that this strategy is also 
powerful for the site-specific ligation of large protein 
fragments. One of the major limitations of this approach 
is the overall low conjugation yield which is due to the 
instability of iodoacetylated fragments during isolation 
at neutral pH but is easily overcome for modified fragments 
soluble a t  acidic pH. Unfortunately, the derivatized 
fragment used in excess cannot be recycled as it is in the 
case of ligation through a hydrazone bond (Gaertner et 
al., 1992). Nevertheless, this technique seems particularly 
appropriate for the incorporation of small unprotected 
building blocks into the polypeptide chain and extends 
the range of tools already available for protein backbone 
engineering (Balaram, 1992; Gaertner et al., 1994). But 
in all cases these constructions take advantage of a careful 
design of the sequence by site directed mutagenesis 
techniques. 
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Functionalized Derivatives of Hyaluronic Acid Oligosaccharides: Drug 
Carriers and Novel Biomaterials 
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Oligosaccharides derived from hyaluronic acid (HA), a naturally occurring linear polysaccharide composed 
of repeating disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid, can be chemically 
modified to introduce a pendant amine-like functionality (patent application pending). Covalent 
attachment of steroidal and nonsteroidal antiinflammatory drugs to functionalized HA oligosaccharides 
was accomplished with the incorporation of hydrolytically labile bonds. Further derivatization of the 
pendant group with homobifunctional crosslinkers allowed the introduction of covalent crosslinks. 
Chemically-modified HA oligosaccharides were unambiguously characterized in solution by high- 
resolution 'H NMR spectroscopy. 

INTRODUCTION 

Hyaluronic acid (HA) is a viscoelastic biomaterial 
composed of repeating disaccharide units of N-acetyl-D- 
glucosamine (GlcNAc) and D-glucuronic acid (GlcUA) 
(Figure 1). It is a major component of the extracellular 
matrix, and has been recently shown to participate in a 
number of important biological processes such as cell 
motility (I), cell differentiation (2), wound healing (3), 
and cancer metastasis (4).  Its biocompatibility, high 
viscoelasticity, and nonimmunogenicity make it a medi- 
cally important biomaterial. Highly-purified, high mo- 
lecular weight (MW) HA sodium salt, often referred to as 
sodium hyaluronate or hyaluronan, is currently used in 
viscosurgery and viscosupplementation (5). HA is fre- 
quently used as a surgical aid in ophthalmic surgery, where 
advantage is taken of its lubricating and shock-absorbing 
properties (6). The use of hyaluronate as a potential 
therapy for osteoarthritis has shown beneficial effects in 
humans (7, 8). 

The importance of hyaluronate as a potentially useful 
biomedical polymer has elicited research directed toward 
developing methodology for its chemical modification. For 
example, covalently-crosslinked derivatives of hyaluronate 
(hydrogels) could show enhanced rheological and me- 
chanical properties and increased resistance to degradation 
by hyaluronidases. The covalent attachment of drugs to 
HA in order to create polymeric prodrugs has also received 
considerable attention. HA would be an excellent can- 
didate as a drug-delivery agent. In addition to being both 
biocompatible and nonimmunogenic, it is also subject to 
degradation by enzymes widely distributed throughout 
the body. Moreover, both carboxyl and hydroxyl groups 
offer potential sites for covalent modification. 

Efforts a t  chemical modification of hyaluronate have 
targeted both the hydroxyl and the carboxylate function- 
alities. Crosslinked derivatives of HA have been prepared 
by reaction with divinyl sulfone (9) and homobifunctional 
glycidyl ethers (IO) under highly basic conditions. Es- 
terification of HA salts with alkyl halides in organic media 
has resulted in the production of modified HA species 
showing altered physical characteristics (11). The genera- 
tion of a free amino group on HA has also been the subject 
of much research. Hydrazinolysis of high MW HA resulted 
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Figure 1. Structure of hyaluronic acid (HA) showing two 
disaccharide repeat units. 

in N-deacetylation and the generation of a free amino group 
on the HA backbone; however, extensive degradation of 
HA was observed under the experimental conditions 
employed (12, 13). None of the heterogeneous final 
products of these chemical modifications were fully 
characterized by spectroscopic analysis. We reasoned that 
a mild and versatile chemical methodology was stillneeded. 
Such a methodology would (a) allow coupling of phar- 
macophores under mild, aqueous conditions, (b) allow 
crosslinking under mild conditions, (c) preserve the 
molecular size distribution of the HA used, and (d) produce 
materials that could be characterized spectroscopically. 

We first focused our attention on the preparation of 
HA bearing a spacer with a terminal hydrazido group. 
The pendant hydrazido group would offer a highly versatile 
and sterically accessible functional group for further 
coupling and crosslinking (Figure 2). Initial studies were 
performed with HA oligomers of defined length ranging 
in size from 2 to 20 disaccharide units in order to facilitate 
unambiguous characterization of the resultant modified 
HA species by solution lH NMR. We planned to extend 
this methodology to high MW HA (1.5 X lo6 Da) following 
optimization of the chemistry. 

In earlier work, solid-state NMR analysis of the reaction 
products obtained from the reaction of high MW hyalu- 
ronate with isotopically-labeled 1-ethyl-3- [3-(dimethyl- 
amino)propyllcarbodiimide (EDC) showed the production 
of two isomeric N-acylureas in unequal amounts (14). This 
confirmed earlier results obtained during unsuccessful 
attempts to couple diamines to HA using EDC (15). The 
putative 0-acylurea intermediate rearranged in preference 
to trapping by the diamine nucleophiles. To take ad- 
vantage of the presence of this reactive intermediate for 
the further functionalization of HA, a different strategy 
was required. Dihydrazides, by virtue of the low pK,values 
(2.0-3.0) of their conjugate acids, maintain their nucleo- 

0 1994 American Chemical Society 
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Figure 2. General strategy for generating functionalized derivatives of HA. 

philicity at pH = 4.75 relative to normal protonated 
aliphatic or aromatic diamines with pK, values above 9. 
The hydrazido NHz could add to the 0-acylurea inter- 
mediate to provide hydrazido-functionalized HA deriva- 
tives (16,17). We report the preparation and character- 
ization of HA oligosaccharides functionalized with three 
commercially-available dihydrazides. We demonstrate the 
versatility of the linker in allowing further coupling by 
covalent attachment of steroidal and nonsteroidal anti- 
inflammatory drugs and by the introduction of covalent 
crosslinks. 

EXPERIMENTAL PROCEDURES 

General. High-resolution 1-D and 2-D lH spectra were 
recorded on a Bruker AMX-600 MHz spectrometer. 
Chemical shifts are given in ppm using residual Hz0 (4.80 
ppm) as an internal standard, unless otherwise indicated. 
Water suppression was achieved by low-power selective 
irradiation of the H2O resonance for 1.5-2.0 s. Phase- 
sensitive DQF-COSY spectra (18) were acquired in TPPI 
mode with standard-phase cycling schemes. In the F1 
and F2 dimensions, 256 and 1024 data points were used, 
respectively. Hyaluronic acid (Amvisc), obtained as its 
sodium salt (sodium hyaluronate), was provided by 
MedChem Products, Inc. (Woburn, MA). Ibuprofen, 
hydrocortisone-hemisuccinate, and hyaluronidase (type 
VI-S) were purchased from Sigma Chemical Co. (St. Louis, 
MO). Adipic dihydrazide, succinic dihydrazide, dicyclo- 
hexylcarbodiimide (DCC), 1-ethyl-3- [3- (dimethylamino)- 
propyl] carbodiimide (EDC), and N-hydroxysuccinimide 
(NHS) were obtained from Aldrich Chemical Co. (Mil- 
waukee, WI). Suberic dihydrazide was purchased from 
Lancaster Synthesis, Inc. (Windham, NH). Homobifunc- 
tional crosslinkers bis(sulfosuccinimidy1)suberate (BS3), 
3,3'-dithiobis(su1fosuccinimidy1 propionate) (DTSSP), 
dimethyl suberimidate.2HCl (DMS), and ethylene gly- 
colbis(sulfosuccinimidy1 succinate) (sulfo-EGS) were ob- 
tained from Pierce Chemical Co. (Rockford, IL). All 
solvents used were Optima (HPLC grade), obtained from 
Fisher Chemical Co. (Pittsburgh, PA). HA fragments of 
defined length were generated by either limited or 
exhaustive digestion with testicular hyaluronidase and 
were separated, purified, and characterized according to 
published procedures (19-21). HA oligosaccharides were 
assayed using the carbazole method (22) with glucurono- 
lactoneas thestandard. BiogelP-2 (fine), Biogel P-G(fine), 

and Biogel P-30 (superfine) were purchased from Bio- 
Rad Laboratories (Richmond, CAI. 

General Procedure for Coupling of HA with Di- 
hydrazides. Fragments of hyaluronate (typically 10-15 
mg) were dissolved in water to a concentration of 4 mg/ 
mL. To this mixture was added a 20-40-fold molar excess 
of dihydrazide. The pH of the reaction mixture was 
adjusted to 4.75 by addition of 0.1 N HC1. A 4-fold molar 
excess of EDC was dissolved in ca. 1 mL of water and 
added to the reaction mixture. An increase in pH was 
typically observed after addition of the carbodiimide. The 
pH of the reaction was consistently maintained at  4.75 by 
addition of 0.1 N HC1, and the reaction was allowed to 
proceed at  room temperature for 2 h or until no further 
change in pH was observed. The pH of the reaction 
mixture was then adjusted to 7.0 with 0.1 N NaOH, 
concentrated by rotary evaporation, redissolved in 1.5 mL 
of H20, and applied directly to a column of Biogel P-2 (30 
X 1.5 cm). The mixture was separated by gel filtration 
chromatography using water as eluant at a flow rate of 30 
mL/h. Typically, 40 fractions of 2 mL each were collected 
and assayed for glucuronic acid content using the carbazole 
method. Fractions that tested positive were pooled and 
lyophilized and subsequently analyzed by high-resolution 
lH NMR spectroscopy in D20. 

Coupling Products of HA Fragments with Dihy- 
drazides (la-c). The above-described general procedure 
was adopted in preparing the hydrazide-functionalized 
HA derivatives. The details of selected individual reac- 
tions and the analytical results are given below for several 
different HA oligosaccharides. 

Succinyl Derivative la. HA tetrasaccharide (15 mg, 
0.036 mmol) was subjected to the coupling reaction. The 
molar ratio of HA tetrasaccharide:succinic dihydrazide 
was 1:30, and the ratio of HAEDC was 1:3. The reaction 
was conducted at 50 "C to improve succinic dihydrazide 
solubility in water. The recovery of modified HA after gel 
filtration was 13.0 mg (86% recovery); 2 mg of la was 
dissolved in 500 pL of DzO for lH NMR. Proton resonances 
were assigned by comparison of the modified HA spectrum 
to unmodified HA and to an admixture of unmodified HA 
and the succinic dihydrazide reagent alone: 'H NMR 
(D2O) 6 2.50-2.80 (m, 4H, -NHNHC(O)CH2CH2C(O)- 

Adipic Dihydrazide Derivative lb. HA hexasaccharide 
(10 mg, 0.025 mmol) was subjected to the coupling reaction 
at room temperature. The molar ratio of HA hexasac- 

NHNH2). 



Chemical Modiflcation of HA Oligosaccharides 

charide:adipic dihydrazide was 1:40, and the ratio of HA: 
EDC was 1:4. The recovery of modified HA after gel 
filtration was 8.0 mg (80% recovery). 'H NMR assign- 
ments were made as described for la: 'H NMR (D2O) 6 

(t, 2H, J = 6.4 Hz, -NHNHC(O)CHz), 2.11-2.15 (m, 2H, 
-CH2C(O)NHNH2), 1.53-1.54 (m, 2H, -CHZCH~CH~- 
C(O)NHNH2), 1.55 1.57 (m, 2H, -CHZCH~C(O)NHNH~). 

Suberic Dihydrazide Derivative IC. HA octasaccharide 
(10 mg, 0.025 mmol) was subjected to the coupling reaction. 
The molar ratio of HA octasaccharide:suberic dihydrazide 
was 1:40, and the ratio of HA:EDC was 1:4. The reaction 
was run at 70 "C to promote the solubility of suberic 
dihydrazide in water. The recovery of modified HA after 
gel filtration was 8.0 mg (80% recovery). 'H NMR 
assignments were made as described for la  and lb: 'H 

CHr) ,  2.11-2.15 (m, 2H, -CH&(O)NHNHd, 1.53-1.58 
(m, 2H, -NHNHC(O)CH,CH2), 1.49-1.51 (t, 2H, J = 7.5 
Hz, -CHZCH~C(O)NHNH~), 1.24-1.27 (m, 4H, CH2CH2- 

Synthesis of N-Succinimidyl Ibuprofen (2). Ibu- 
profen (100 mg, 0.48 mmol) was dissolved in 2 mL of dry 
glyme. To this mixture was added an equimolar amount 
of NHS (56.0 mg, 0.48 mmol). The reaction mixture was 
cooled to 4 OC, and DCC (99.0 mg, 0.48 mmol) was added. 
A white precipitate formed, and the reaction was allowed 
to stir overnight a t  4 "C. The reaction mixture was filtered 
and then concentrated by rotary evaporation to give 120 
mg of the NHS ester of Ibuprofen. The compound was 
used without further purification in the coupling reaction 
with hydrazido-modified HA: 'H NMR (300 MHz, CDC13) 
6 7.12-7.20 (dd, 4H, ArH), 3.90-4.08 (9, lH,  CHCOOH), 

CHCOOH), 1.80-1.90 (m, lH,  (CH3)2CHCH2-), 1.60-1.63 

2.29-2.31 (t, 2H, J =  6.3 Hz, -NHNHC(O)CHz), 2.16-2.25 

NMR (D2O) 6 2.25-2.28 (t, 2H, J = 7.3 Hz, -NHNHC- 
(O)CHr), 2.16-2.25 (t, 2H, J = 7.4 Hz, -NHNHC(O)- 

CHzCHzC (O)NHNH2). 

2.78, (9, 4H, C(O)CH2CHzC(O)), 2.43-2.45 (d, 3H, CH3- 

(d, 2H, (CH&CHCH2-), 0.85-0.89 (d, 6H, (CH3)zCH- 
CHz-). 

Synthesis of N-Succinimidyl Hydrocortisone- 
Hemisuccinate (4). Hydrocortisone-hemisuccinate (100 
mg, 0.216 mmol) was dissolved in 2 mL of dimethyl 
formamide (DMF). To this mixture was added NHS (25.0 
mg, 0.216 mmol). Next, DCC (45.0 mg, 0.216 mmol) was 
added to the mixture, and the reaction was allowed to stir 
at room temperature for 16 h. The precipitated dicyclo- 
hexylurea was removed by filtration, and the mixture was 
concentrated by rotary evaporation. The NHS derivative 
was used without any further purification in the coupling 
reaction with hydrazido-functionalized HA lb. 

General Procedure for Coupling of N-Hydroxy- 
succinimide Derivatives of Hydrocortisone-Hemi- 
succinate and Ibuprofen to HA Functionalized with 
Adipic Dihydrazide lb. HA fragments of defined length 
functionalized with adipic dihydrazide as described above 
were dissolved in 0.1 M NaHC03 buffer (pH = 8.50) to a 
concentration of 5 mg/mL. To this mixture was added 
the NHS ester dissolved in sufficient DMF to give a 
homogeneous solution. The reaction was stirred at room 
temperature for 18 h, concentrated by rotary evaporation, 
redissolved in 2 mL of H20, and subjected to gel filtration 
on a column of Biogel P-2 (30 cm X 1.5 cm) using water 
as eluant a t  a flow rate of 30 mL/h. Typically, 40 fractions 
of 2 mL each were collected and assayed for glucuronic 
acid content. The fractions that tested positive were 
pooled, lyophilized, and analyzed spectroscopically by 
high-resolution lH NMR in D2O at  600 MHz. 

Coupling Products of Adipic Dihydrazide-Func- 
tionalized HA with NHS-Ibuprofen and NHS-Hy- 
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drocortisone-Hemisuccinate. The general procedure 
above was used for the coupling of Ibuprofen and 
hydrocortisone-hemisuccinate to adipic dihydrazide func- 
tionalized HA. The details of the individual reactions 
and the spectroscopic results follow. 

Ibuprofen-HA 3 (Scheme 2) .  Hydrazido-functionalized 
HA octasaccharide (5.0 mg, 0.013 mmol) was coupled with 
NHS-Ibuprofen (18.0 mg, 0.063 mmol) dissolved in 2 mL 
DMF. The molar ratio of hydrazido-HANHS-Ibuprofen 
was 1:5. The recovery of Ibuprofen-linked HA after gel 
filtration chromatography was 3.0 mg (60 % recovery). The 
modified sample was dissolved in 500 pL of D2O; diagnostic 
peaks that do not overlap with the HA and linker 
resonances are reported: 'H NMR (D20) 6 7.20-7.30 (dd, 
4H,ArH), 2.50 (m, 2H, -CH2C(O)NHNH-), 1.60-1.70 (m, 

CHCHZ), 0.90 (d, 6H, -CH(CH&); UV (0.1 M NaHC03) 
A,, 266 nm. 

Hydrocortisone-HA 5 (Scheme 3). Hydrazido-func- 
tionalized HA decasaccharide (3.0 mg, 0.008 mmol) was 
allowed to react with NHS-hydrocortisone-hemisuccinate 
(42.0 mg, 0.075 mmol) dissolved in 1 mL of DMF. The 
molar ratio of hydrazido HA:NHS-hydrocortisone-hemi- 
succinate was 1:lO. The recovery of hydrocortisone-linked 
HA after gel filtration was 2.80 mg (93% recovery): 'H 
NMR (D2O) 6 5.80 (s, lH,  C(O)CH=C), 1.65-1.80 (m, 4H, 
linker @CH2 groups), 1.45 (s,3H, CH3 of hydrocortisone), 
0.90 (s,3H, CH3 of hydrocortisone); UV (0.1 M NaHC03) 
A,, 246 nm. 

General Procedure for Crosslinking of Hydrazido- 
Functionalized HA with Homobifunctional Crosslink- 
ers. Hydrazido-functionalized HA fragments were dis- 
solved in 0.1 M NaHC03 buffer (pH = 8.50) at  a 
concentration of 8 mg/mL. To this mixture was added a 
slight molar excess of the homobifunctional crosslinker in 
solid form. The structures of the four crosslinkers 
employed (BS3, DMS, DTSSP, sulfo-EGS) are shown in 
Scheme 4. The homogeneous reaction mixture was allowed 
to stir at room temperature for 16-18 h. The reaction 
mixture was applied directly to a column of Biogel P-2 (30 
X 1.5 cm) and chromatographed using water as eluant a t  
a flow rate of 30 mL/h. Typically, 40 fractions of 2 mL 
each were collected and assayed for glucuronic acid content 
using the carbazole method. Fractions that tested positive 
were pooled, lyophilized, and subsequently analyzed 
spectroscopically by 'H NMR in D2O at  600 MHz. 

Crosslinked Products of Adipic Dihydrazide Func- 
tionalized HA with Homobifunctional Crosslinkers 
(Scheme 5). The procedure described above was em- 
ployed to prepare crosslinked derivatives of HA from adipic 
dihydrazide-functionalized HA lb. The details of the 
individual reactions and the spectroscopic results follow. 

BS3 -HA (6) .  Hydrazido-functionalized HA oligosac- 
charide (6.0 mg, 0.02 mmol) was dissolved in 1 mL of 0.1 
M NaHC03 (pH = 8.50). The molar ratio of hydrazido- 
HA:BS3 was 1.0:7.0. The recovery of crosslinked HA after 
gel filtration was 4.8 mg (80% recovery). The sample was 
dissolved in 500 pL of D2O for spectroscopic analysis. 
Diagnostic peaks from the crosslinker that do not overlap 
with the HA resonances are reported: 'H NMR (DzO) 6 
2.25-2.50 (m, 12H, all CH&(O)NHNH, (Y-CHZ groups of 
linker and crosslinker), 1.60-1.80 (m, 12H, all CHZCHZ- 
CH&(O)NHNH-, p-CH2 groups of linker and crosslinker), 
1.35-1.43 (m, 4H, ~ C H Z  groups of crosslinker). 

DMS-HA ( 7). Hydrazido-functionalized HA oligosac- 
charide (3.8 mg, 0.10 mmol) was subjected to the crosslink- 
ing reaction. The molar ratio of hydrazido-HA:DMS was 
1.0:3.5. The recovery of crosslinked HA after purification 

4H, CHZCH~CH&(O)NHNH-), 1.55 (d, 2H, (CH3)2- 
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was 3.0 mg (79% recovery): 'H NMR (D20) 6 2.25-2.56 
(m, 12H, all CH2C(O)NHNH and -CH&(NHz+), a-CH2 
groups of linker and crosslinker), 1.69-1.77 (m, 12H, all 
CH2CH&H&(O)NHNH-, P-CH2 groups of linker and 
crosslinker), 1.31-1.48 (m, 4H, 7-CH2 groups of cross- 
linker). 

DTSSP-HA (8). Hydrazido-functionalized HA oli- 
gosaccharide (4.0 mg, 0.10 mmol) was dissolved in 0.5 mL 
of 0.1 M NaHC03 buffer. The molar ratio of hydrazido- 
HA:DTSSP was 1.0:3.5. The recovery of crosslinked HA 
after purification was 3.20 mg (80% recovery): 'H NMR 
(D20) d 2.38-2.49 (m, 8H, (r-CH2 groups of linker), 1.69- 
1.79 (m, 8H, P-CH2 groups of linker). 

EGS-HA (9).  Hydrazido-functionalized HA oligosac- 
charide (3.5 mg, 0.009 mmol) was subjected to the 
crosslinking reaction. The reaction mixture was allowed 
to stir a t  room temperature for 3 h. The molar ratio of 
hydrazido-HA:sulfo-EGS was 1.0:4.5. The recovery of 
crosslinked HA after purification was 2.8 mg (80% 
recovery): 'H NMR (D2O) 6 2.62-2.79 (m, 12H, a and 
@CH2 groups of crosslinker), 2.36-2.52 (m, 8H, a -CH2 
groups of linker), 1.63-1.76 (m, 8H, P-CH2groups of linker). 

RESULTS 

Preparation of HA Oligosaccharides. Hyaluronate 
fragments of defined length were generated primarily by 
digestion of high MW HA (1.5 X 106 Da) with testicular 
hyaluronidase. This enzyme degrades HA to generate a 
series of even-numbered oligosaccharides with the N- 
acetylglucosamine moiety placed at  the reducing terminus 
(23). Incubation of a solution of 1.0 g of high MW HA in 
0.05 M NaOAc buffer in 0.15 M NaCl (pH = 5.50) with 
testicular hyaluronidase for 24 h at 37 "C resulted in the 
formation of a nonviscous mixture of HA oligosaccharides. 
These digestion conditions were optimal for the formation 
of oligosaccharides ranging in size from two to six 
disaccharide units. 

The HA oligomers were separated by gel filtration 
chromatography on Biogel P-6 (240 X 1.5 cm) using 
pyridinium acetate (pH = 6.50) as eluant (29). The 
fractions were assayed for glucuronic acid content by the 
carbazole method using glucuronolactone as the standard. 
A column profile was generated based on these data (Figure 
3a), and the fractions corresponding to each number of 
disaccharide units were pooled. Further characterization 
of the fragments was accomplished by HPLC on an amino- 
modified silica gel column using 0.1 M KHzPO~ buffer 
(pH = 4.75) as the mobile phase (21). This column allows 
the separation of HA fragments up to six disaccharide 
units. The HPLC traces of the pooled fractions (compared 
with those of known standards) verified the length of the 
oligosaccharides and indicated that the fragments exhib- 
ited a high degree of homogeneity. The HPLC trace of 
a purified HA octasaccharide (i.e., four disaccharide units) 
is depicted in Figure 3b. 

Functionalization of HA Fragments. The prepara- 
tion of tethered HA derivatives is outlined in Scheme 1. 
HA fragments of defined length were dissolved in water 
to a concentration of 4 mg/mL, and a 40-fold molar excess 
of dihydrazide was added. The pH of the reaction mixture 
was adjusted to 4.75 by addition of 0.1 N HC1. Next, a 
four-fold molar excess of solid EDC was added to the 
reaction, and an increase in pH was observed corresponding 
to proton uptake. The pH of the reaction mixture was 
maintained at  4.75 by addition of 0.1 N HCl, known to be 
optimal for carbodiimide coupling reactions. The reaction 
was allowed to proceed for 2 h or until no further increase 
in pH was observed. The reaction mixture was concen- 
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Figure 3. (A) Gel filtration elution profiie of HAoligoaaccharidea 
generated by exhaustive digestion with testicular hyaluronidase. 
(B) HPLC trace of a purified HA octasaccharide. 

trated in uacuo, redissolved in 1.5 mL HzO, and separated 
by gel filtration on a column of Biogel P-2. The collected 
fractions were assayed for glucuronic acid content, and 
positive fractions were pooled and lyophilized. The 
modified HA fragments were isolated as white fibrous 
materials in approximately 80-86 5% yield. 

Three commercially-available dihydrazides (succinic, 
adipic, and suberic) were attached to the HA backbone in 
this study (Scheme 1). Since the optimal results were 
obtained with adipic dihydrazide, this example is described 
in detail first. HA hexasaccharide and a large excess of 
adipic dihydrazide were reacted in the presence of EDC 
as described above. The equivalency ratio of HA:adipic 
dihydrazide:EDC was 1:40:4. The purified product was 
studied by lH NMR spectroscopy in DzO at  600 MHz. 
Analysis of the 'H NMR spectrum of HA-adipate lb  
(Figure 4) suggested that adipic dihydrazide was covalently 
bound to the HA backbone without any appreciable 
crosslink formation. This conclusion was reached by 
examining the changes in the NMR resonances of the 
methylene protons of the hydrazide linkers as discussed 
below. 

The admixture of HA hexasaccharide with adipic 
dihydrazide in the absence of carbodiimide showed two 
broad multiplets in a 1:l ratio. The upfield multiplet 
contained the internal methylene (H-2, H-3) protons of 
adipic dihydrazide, while the downfield multiplet com- 
prised the H-1 and H-4 methylene protons. Upon covalent 
attachment to the HA backbone, splitting of these peaks 
was observed: the H-1 methylene protons in the dihy- 
drazide linkage became distinguishable from the terminal 
methylene protons (H-4). Moreover, the H-1 protons 
become diastereotopic as a result of restricted rotation. 
The upfield multiplet, centered at  6 = 1.55 ppm, also lost 
its degeneracy and resolved into separate resonances for 
the H-2 and H-3 methylenes. These assignments could 
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Figure 4. (A) lH NMR spectrum of native HA hexasaccharide mixed with adipic dihydrazide in DzO at 600 MHz. (B) 1H NMR 
spectrum in of HA hexasaccharide covalently bound to adipic dihydrazide lb  in DzO at 600 MHz. 

Scheme 1. Coupling of HA Oligosaccharides to Aliphatic Dihydrazides 
PN=C=N/V"' 

0 \ O  
w NH- N H k  NH- ''2 

H A - C m H  + NH,--NH+NH-NH~ 0 pH = 4 75 - 
n = 1, succinic dihydrazide 

n = 2, adipic dihydrazide 

n = 3, suberic dihydrazide 

be made unambiguously by observing cross peaks in a 
double-quantum filtered COSY experiment (24). The 
absence of symmetrical peaks at  a detectable level strongly 
suggested that crosslinking did not occur during the 
hydrazide functionalization, which was confirmed by 
subsequent chemical reactions as described below. The 
degree of coupling was determined by integration of the 
linker methylene signals (H-4) using as an internal 
standard the methyl resonances (6 = 1.85-1.95 ppm) of 
the acetamido moiety of the N-acetyl-D-glucosamine 
residue of known fragments of HA. NMR integration 
shows that 56 5% coupling of adipic dihydrazide to the HA 
hexasaccharide had occurred under these conditions. That 
is, approximately 1.6 out of 3.0 carboxylates per hexa- 
saccharide were modified. 

Suberic dihydrazide was coupled to an HA octasaccha- 
ride at  70 "C to increase the solubility of the reagent. 
Purification of the complex IC was accomplished by gel 
filtration chromatography. Analysis of the lH NMR 
spectrum in DzO at 600 MHz showed univalent attachment 
of suberic dihydrazide to the HA backbone. The proton 
NMRspectrum (Figure 5a) of the HA-suberic dihydrazide 
mixture shows three symmetrical multiplets for the three 
sets of methylene protons in the reagent. By contrast, 
Figure 5b clearly shows that all methylene protons acquire 
different chemical shifts upon covalent attachment to the 

U 

n = 1, HA-succinate, la 
n = 2. HA-adipate. lb 

n = 3, HA-suberate, 

HA backbone. The terminal methylene protons (H-1 and 
H-6), which appear as a distinct triplet at  6 = 2.15 ppm 
in suberic dihydrazide, split into two separate sets of peaks 
upon binding to HA. The H-1 methylene protons appear 
as two adjacent triplets, suggesting that the two protons 
are now diastereotopic in a manner similar to that observed 
with lb. The H-6 methylenes appear as a multiplet at  6 
= 2.12 ppm. The methylene protons of H-2 and H-5 that 
appear as a multiplet centered a t  6 = 1.50 ppm are split 
into two distinct multiplets upon univalent binding of 
suberic dihydrazide to the HA backbone. The assignments 
of H-2 and H-5 were made by observing crosspeaks in a 
double-quantum filtered COSY experiment (24). The 
methylene protons corresponding to H-3 and H-4 appear 
as a multiplet in suberic dihydrazide; however, this 
multiplet (6 = 1.25 ppm) becomes significantly broadened 
upon binding of suberic dihydrazide to the HA oligosac- 
charides. The amount of coupling, estimated by NMR 
integration of the H-6 linker methylenes against the 
N-acetyl methyl peaks (6 = 1.85-1.95 ppm) of the HA 
octasaccharide as an internal standard, was approximately 
46%. 

Succinic dihydrazide was coupled to the HA tetrasac- 
charide at  50 "C to promote its solubility in water. The 
molar equivalency ratio of HAsuccinic dihydrazide:EDC 
was 1:30:3. The HA-succinate complex la was purified 
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Figure 5. (A) lH NMR spectrum in of native HA octasaccharide mixed with suberic dihydrazide in DzO at 600 MHz. (B) lH NMR 
spectrum of HA octasaccharide covalently bound to suberic dihydrazide IC in D20 at 600 MHz. 

by gel filtration chromatography. Characterization of the Scheme 2. Covalent attachment of Ibuprofen to 
HA-succinate derivative la  was achieved in a manner 
similar to that described for lb and IC. The 'H NMR 
spectrum of IC in D2O at  600 MHz is denoted by the 

of coupling was estimated to be 30% by NMR integration 
under the experimental conditions employed. 

Drug Attachment to Functionalized HA. Ibuprofen 
was selected as a model nonsteroidal antiinflammatory 
drug. Reaction of Ibuprofen with NHS in the presence 
of the coupling agent DCC resulted in the preparation of 

HA lb in 0.1 M NaHC03 buffer a t  pH = 8.50 using DMF 

using water as eluant (Scheme 2) provided Ibuprofen 
linked to HA 3 through a hydrazide bond. The Ibuprofen- 
HA complex 3 was characterized by 'H NMR in D20 at 
600 MHz. The characteristic phenyl peaks of Ibuprofen 
were observed in the lH NMR spectrum at  6 = 7.25 ppm 
providing unambiguous proof for the formation of the 
covalent Ibuprofen-HA adduct 3. The UV spectrum of 
the complex showed a A,, at  266 nm. The degree of 
coupling of Ibuprofen to HA was determined to be 24% 
based on NMR integration of the phenyl protons against 
the hyaluronate GlcNAc methyl peaks (6 = 2.0 ppm). 

Hydrocortisone was selected as a prototypical steroidal 
antiinflammatory drug, and the hemisuccinate derivative 
allowed preparation of the metabolically-labile form of 
the drug using an activated ester. Thus, the terminal 
carboxylate of hydrocortisone hemisuccinate was con- 
verted to the NHS-ester derivative 4 by reaction with 
NHS in the presence of DCC in DMF at  room temperature. 
The hydrocortisone hemisuccinate-NHS-ester derivative 
4 was then coupled to hydrazido-HA lb in 0.1 M NaHC03 

Hydrazido-HA. 

appearance of a multiplet a t  6 = 2.50-2.80 ppm. The degree & NHS 4 C DCC 16h Glyme - h 0 - P  

2 

I b  0 1 M NaHCO, / DMF (1 2) 1 the derivative NHS derivative of Ibuprofen 2 in quantitative was then coupled yield (25). to hydrazido- The NHS 

as a cosolvent. Purification by gel filtration on Biogel P-2 

NH - . H & N H - N H a  CH3 \ 

HA IbupfrofenG Complex 3 

aThe arrow indicates the site for release of free drug by 
chemical or enzymatic hydrolysis. 

buffer (pH = 8.50) using DMF as a cosolvent (Scheme 3). 
The HA-hydrocortisone complex 5 was purified by gel 
filtration chromatography on Biogel P-2 and studied by 
lH NMR in D2O at  600 MHz. Peaks that are characteristic 
of the hydrocortisone moiety appear a t  6 = 0.90,1.41, and 
5.80 ppm. The UV spectrum of the complex 5 shows a 
A,, at  246 nm. The amount of hydrocortisone attached 
to the HA backbone was estimated by UV to be 25%. 

Crosslinking of HA. The presence of a reactive 
hydrazido moiety on the HA backbone enabled the 
introduction of a variety of covalent reversible and 
irreversible crosslinks between individual HA strands using 
commercially-available amine-specific homobifunctional 
crosslinkers (Scheme 4). Hydrazido-HA lb was dissolved 
in 0.1 M NaHC03 buffer (pH = 8.50) a t  a concentration 
of 8 mg/mL. This concentration was chosen to maximize 
the number of interstrand crosslinks as opposed to 
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Scheme 3. Covalent Attachment of hydrocortisone to Hydrazido-HA. 
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NHS, DCC. DMF 
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RT, 16 h 

lb ,  0.1 M NaHC03/DMF (12 )  

I hydrocortisone-hemisuccinale 

0 H A .  hydrocortisone Complex 5 

a The arrow indicates the site for release of free drug by chemical or enzymatic hydrolysis. 

Scheme 4. Homobifunctional Crosslinking Reagents 
Used for Generating Crosslinked Derivatives of HA 

sulfc-EGS 

DMS 

intrastrand crosslinks that would be favored under more 
dilute conditions. To this mixture was added a slight 
excess of the homobifunctional crosslinker in solid form. 
The equivalency ratios of hydrazido-HA:crosslinker were 
typically 1:3.5. The reaction was allowed to proceed at 
room temperature for 16-18 h, and the mixture was then 
directly applied to a column of Biogel P-2 for purification 
using H2O as eluant. The crosslinked HA complexes 6-9 
(Scheme 5) were characterized by lH NMR in D20 at  600 
MHz. A common feature of the lH NMR spectra is the 
downfield shift of the multiplet a t  6 = 2.15 ppm that is 
assigned to H-4 in lb. Upon covalent binding of the 
terminal hydrazido group to the homobifunctional 
crosslinkers, the H-4 methylene protons become chemical 
shift equivalent with H-1 protons, and these peaks now 
appear as a broad multiplet centered at  6 = 2.50 ppm. The 
upfield region of the lH NMR spectrum of hydrazido-HA 
crosslinked with dimethyl suberimidate (DMS) 7 in D20 
is shown in Figure 6. The significant line broadening 
observed in the region of the sugar ring protons (6 = 3.20- 

w 2.5 2 0  1 5  

Figure 6. Upfield region of the lH NMR (600 MHz) spectrum 
of crosslinked HA 7 (HA-DMS) in D20. 

4.20) ppm also suggested the formation of a high MW 
species as anticipated if extensive interstrand crosslinks 
had formed. 

DISCUSSION 
The major objective of this study was the development 

of a convenient methodology for the covalent attachment 
of a pendant hydrazido group on the HA backbone. The 
approach described in this paper was based on an 
observation made earlier in our laboratory. We noticed 
that attempted coupling of aliphatic and aromatic di- 
amines to the HA carboxylate group (MW = 1.5 X 106Da) 
using EDC as an activating agent a t  pH = 4.75 had resulted 
only in the formation of N-acylurea adducts of HA and 
EDC (15). On the basis of these results, we documented 
that the putative 0-acylurea intermediates rapidly rear- 
ranged to the more stable N-acylurea isomers (14). A 
similar phenomenon was observed at  the oligomer level 
using HA fragments ranging in size from two to six 
disaccharide units (24). To take advantage of the high 
reactivity of HA toward EDC, we refocused our attention 
on the aliphatic dihydrazides as linkers for HA. The low 
pKa values of 2.0-3.0 for the protonated forms of these 
dihydrazides meant that over 99 9% of the hydrazide amino 
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Scheme 5. Crosslinked Derivatives of Hydrazido-HA 
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groups would be present as unprotonated nucleophiles a t  
the coupling pH value of 4.75 (25). When present in 
sufficient excess, the dihydrazides could add to the 
electrophilic 0-acylurea in competition with intramolecu- 
lar rearrangement to the more stable N-acylurea. Thus, 
the success of this approach would be attributed to 
increasing the rate of intermolecular coupling to obtain 
the desired tethered HA derivatives with a reactive 
hydrazido group. 

The presence of a pendant hydrazido group on the HA 
molecule at defined positions offers a number of advan- 
tages. The low pK, of the protonated form of the pendant 
hydrazido group allowed subsequent coupling and cross- 
linking reactions to be conducted under conditions of 
neutral pH that were not detrimental to the MW integrity 
of the HA molecule. Furthermore, the pendant hydrazido 
moiety was highly reactive toward a number of amine- 
specific probes that were commercially available or that 
could be readily prepared in the laboratory. The presence 
of the four-, six-, or eight-carbon spacer ensured the steric 
accessibility of the pendant groups for further reactions. 
Due to its superior solubility properties in water, adipic 
dihydrazide became the linker of choice for further 
modifications of HA. 

The pendant hydrazido group was next exploited for 
the covalent attachment of drugs to the HA backbone 
through the intermediacy of hydrolytically and/or enzy- 
matically labile bonds. This approach would allow the 
preparation of controlled-release HA-drug formulations 
for the potential treatment of osteoarthritis. Currently, 
local injections of high MW native HA in its noninflam- 
matory form into the joint are used in the treatment of 
osteoarthritis. Combinations of corticosteroids and native 
HA injections have been used in veterinary medicine for 
the treatment of joint dysfunction in race horses (26). 
Covalent attachment of drugs to polymeric supports is 
known to retard drug release, and especially in the case 
of topical applications can provide highly improved 
therapeutic benefits (27, 28). Given the history and 
potential of HA in the treatment of joint dysfunction and 
arthritis, Ibuprofen and hydrocortisone were selected as 
models for steroidal and nonsteroidal antiinflammatory 
drugs for attachment to the HA backbone. Ibuprofen was 
linked to hydrazido-HA lb  through a hydrazide bond. 
Hydrocortisone was linked to the HA backbone through 
the intermediacy of a hydrolytically labile ester linkage. 

These model reactions demonstrate the feasibility of 
covalent drug attachment to the modified HA through 
the intermediacy of a variety of bond types. 

Crosslinked derivatives of HA have a wide range of 
potential biomedical applications. The introduction of 
covalent crosslinks between the individual strands of HA 
molecules could lead to the production of “hydrogels”, 
i.e., macromolecular networks swollen in water (29). These 
hydrogels could have great value as biomaterials for a 
variety of applications such as sustained drug delivery 
and for the prevention of postsurgical adhesions. The 
reaction of hydrazido-functionalized HA lb  with the 
commercially-available homobifunctional crosslinkers de- 
picted in Scheme 4 led to the isolation of crosslinked HA 
derivatives 6-9, which were characterized by ‘H NMR. 
The different types of linkers provide aseries of crosslinked 
HA derivatives with different physical properties that 
could degrade in response to a variety of biological stimuli. 
Recently, inflammation-responsive HA gels, which degrade 
in response to the presence of the hydroxy radical produced 
as a result of the onset of the inflammatory state, have 
been reported (30). 

CONCLUSIONS 

Hydrazido-HA allows the attachment of carboxyl- 
containing drugs and for the introduction of covalent 
crosslinks into the HA molecule. This methodology is 
versatile in permitting a number of manipulations on the 
HA molecule from a single precursor that can be readily 
prepared in one step. Furthermore, the mild reaction 
conditions prevent the degradation of HA, which is known 
to be unstable and undergo extensive degradation below 
pH 4 and above pH 9. Unlike previous modifications of 
HA, this approach offers the advantage that the modified 
species have been characterized by high-resolution 1H 
NMR methods. 

We have thus presented a convenient and versatile 
method for the chemical modification and functionaliza- 
tion of HA that facilitates subsequent attachment of 
antiinflammatory drugs and the introduction of covalent 
reversible and irreversible crosslinks. We have extended 
this crosslinking methodology to high MW hyaluronate 
(1.5 X 106 Da) to prepare a series of novel hydrogels. These 
results will be described in detail elsewhere. 
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A Sensitive Assay for Maleimide Groups 
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A sensitive spectrophotometric assay has been developed for maleimide groups incorporated into proteins. 
The assay involves the reaction of maleimide with an excess of cysteine and quantitation of the remaining 
cysteine using an enzymatic assay that is based on the stoichiometric conversion of an inactive disulfide 
form of papain to the active enzyme. The restored enzymatic activity is then measured using a 
chromogenic substrate. The amount of maleimide is calculated as the difference between the amounts 
of initial cysteine and assayed remaining cysteine. The limits of detection of this assay are about 0.1 
nmol maleimide in a final assay volume of 1.2 mL. This assay is about 100-fold more sensitive than 
a similar assay using Ellman's reagent. 

INTRODUCTION 
Maleimide groups rapidly and selectively react with 

thiols, forming stable thioether bonds. This characteristic 
has led to their widespread use in the formation of stable 
protein conjugates (1,2). Maleimide groups are typically 
incorporated in proteins by random modification of their 
lysine amino groups. Sensitive assays of maleimide and 
thiol groups are required for the efficient conjugation of 
proteins that are expensive and available only in small 
amounts. 

Maleimides can be directly assayed spectrophotometri- 
cally at 302 nm, having an extinction coefficient E302nm of 
620 M-' cm-l (3). However, the small €3&'nm renders this 
assay not very sensitive, and the assay is further compli- 
cated by the protein absorbance at  the same wavelength. 
Indirectly, maleimide groups can be assayed by first 
reacting them with a known amount of thiol present in 
excess and then assaying the remaining unreacted thiol 
using Ellman's reagent (2,4,5). The amount of maleimide 
is calculated as the difference between the initial amount 
of thiol and the amount of unreacted thiol after complete 
reaction of all maleimide groups. The sensitivity of this 
indirect assay is limited by that of the Ellman's assay ( ~ 1 2 ~  
= 14 150 M-' cm-l) (6, 7); this assay reaches its limit of 
accurate detection for large proteins (e.g., antibodies, M, 
160 000) modified with an average of one maleimide group, 
requiring concentrations of greater than 1 mg/mL to 
measure a change in the absorbance of 0.1 unit (in a cuvet 
of 1-cm pathlength). 

We have previously described an enzymatic assay for 
thiol groups that is based on the stoichiometric activation 
of papain-SSCHa and that is about 100-fold more sensitive 
than Ellman's assay (8). In this paper we extend the use 
of this assay to the measurement of maleimide groups 
incorporated into proteins. 

EXPERIMENTAL PROCEDURES 
Materials. Papain (EC 3.4.22.2; 2 X crystallized 

suspension in 50 mM sodium acetate, pH 4.5, containing 
0.01% thymol), avidin (egg white), 4-(N-maleimidometh- 
y1)cyclohexane-1-carboxylic acid N-hydroxysuccinimide 
ester (SMCC), N;ethylmaleimide, and N-benzoyl-L-argi- 
nine-p-nitroanilide, hydrochloride were purchased from 
Sigma (St. Louis, MO). The murine monoclonal antibody 
anti-B4 (IgG1, M, 160 000; A0.l%1,, = 1.4 a t  280 nm) was 
purified from hybridoma culture supernatants by affinity 
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chromatography on protein A followed by ion-exchange 
chromatography. All other reagents were of commercial 
reagent grade. The compositions of buffers frequently 
used were as follows: buffer A (10 mM potassium 
phosphate, 150 mM NaC1,l mM EDTA, pH 7.2); buffer 
B (5 mM sodium acetate, 50 mM NaC1,0.5 mM EDTA, 
pH 4.7); buffer C (50 mM sodium phosphate, 1 mM EDTA, 
pH 7.0). 

Papain-SSCH3 was prepared as described before (8). 
Commercial papain contains about 90 % inactive mixed 
disulfide papain-SS-cysteine (8). Briefly, homogeneous 
samples of papain-SSCH3 were prepared by first reducing 
commercial papain with cysteine and then treating with 
methyl methanethiosulfonate. Such preparations of 
papain-SSCH3 were used in the experiments described 
below and in Figure 1. Other experiments were performed 
with mixtures of papain-SS-cysteine and papain-SSCH3 
that had been obtained by reaction of commercial papain 
with methyl methanethiosulfonate. Although the results 
were found to be similar using either preparation, we 
recommend usage of the homogeneous preparation of 
papain-SSCH3 (8). 

Modification of Proteins with Maleimide Groups. 
A 0.6 mM solution of SMCC in ethanoVwater ( l / l ,  v/v) 
was freshly prepared by first dissolving SMCC in ethanol 
using sonication and then adding water. The concentra- 
tion of maleimide in the solution was determined by 
measuring its absorbance at  302 nm (€302 = 620 M-l cm-1) 
(3). A 1.5 molar excess of SMCC (135 p L  of the above 
solution, 81 nmol) was added to a prewarmed antibody 
solution 1715 pL of an antibody solution in 50 mM sodium 
phosphate, 50 mM NaC1, pH 7; 8.5 mg IgG1,53 nmol] a t  
30 "C (9). After incubation at  30 OC for 30min, the reaction 
mixture was purified by gel filtration using a Sephadex 
G-25 (fine) column equilibrated with buffer A. The 
concentration of pooled antibody fraction was determined 
from its absorbance at  280 nm. This modification resulted 
in an average incorporation of 0.9 maleimide group per 
antibody molecule (Table 1 1. 

Assay for Maleimide Groups Using Cysteine and 
Papain-SSCH3. All solutions were degassed as described 
before (8). Typically, protein samples containing 
maleimide in the range 0.7-0.3 nmol (based on estimate 
from Ellman's assay) were incubated with a 2- to 5-fold 
molar excess of cysteine (Table 1). In a test sample the 
maximum theoretical amount of maleimide can also be 
estimated from the molar excess of SMCC used during 
modification. In the experiment described below, for the 
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smallest measurement of maleimide in this study, the test 
samples (in quadruplicate) contained 10 pL of the sample 
(1.66 mg/mL maleimide-modified antibody in buffer A; 
17 pg or 0.1 nmol antibody, -0.1 nmol maleimide) and an 
excess of cysteine (9 pL of a 0.097 mM solution in buffer 
B; 0.87 nmol). Separate tubes containing standard samples 
of cysteine (0.29,0.58,0.87, and 1.17 nmol) were prepared 
by addition of cysteine [3,6,9 (in two tubes, equal to the 
initial amount of cysteine in test sample), and 1 2  pL, 
respectively, of a 0.097 mM solution of cysteine in buffer 
B] followed by addition of 10 pL of buffer A. Blanks (in 
triplicate) contained only 10 pL of buffer A and no cysteine. 
To all tubes was then added 240 pL of 40 mM sodium 
phosphate, 2 mM EDTA, pH 7.6. Buffer B was then added 
to bring the total volume in each tube to 262 pL. The 
tubes were then incubated for about 40 min. The value 
of the pH during the initial incubation of maleimide sample 
with excess cysteine was -7.6. 

Papain-SSCH3 (0.25 mL of a 1.18 mg/mL solution in 
5 mM sodium acetate, 50 mMNaC1, pH 4.5; 0.3 mg papain- 
SSCH3,12.6 nmol) (8) was then added, and the tubes were 
further incubated for about 40 min (pH -7.6). Substrate 
(0.7 mL of a 3.4 mM N-benzoyl-L-arginine-p-nitroanilide 
solution in 50 mM bis-Tris-HC1, 1 mM EDTA, 5% v/v 
DMSO, pH 6.3) was then added at  1-min intervals between 
successive tubes. The value of pH during the incubation 
with substrate was -6.3. The absorbance values (410 nm) 
of all samples were measured at  about 1 h after the addition 
of substrate, at the same 1 min intervals between successive 
tubes. 

The value of absorbance for the blank was subtracted 
from those for the cysteine standards and for the test 
samples. The AAllOnm values for the cysteine standard 
solutions were then plotted us the amounts of cysteine 
initially added. The remaining cysteine in the test samples 
was then determined using this standard curve. The 
amount of maleimide in the test samples was calculated 
as the difference between the amount of initially added 
cysteine and that of the remaining cysteine (Figure 1). 

The final substrate concentration was 2 mM; the final 
volume was 1.2 mL. All volume measurements of <25 pL 
were performed using a Gilson positive-displacement pipet. 
All incubations were done at  room temperature. 

Assay for Maleimide Groups Using Cysteine and 
Ellman’s Reagent. Two tubes were each set up with 800 
pL of a 1.66 mg/mL solution of maleimide-modified 
antibody (1.33 mg, 8.31 nmol antibody) in buffer A, and 
to each tube was added 100 pL of a 0.4 mM solution of 
cysteine (40 nmol) in buffer C. In two separate tubes, 800 
pL of buffer A was incubated with 100 pL of a 0.4 mM 
cysteine solution in buffer C. Another tube containing 
800 FL of buffer A and 100 FL of buffer C served as the 
blank. All tubes were incubated at  30 “C for 5 min and 
then at room temperature for 15-20 min. 

Ellman’s reagent (100 pL of a 5 mM solution in buffer 
C, freshly prepared from a 100 mM stock in DMSO) was 
added to all tubes, a t  1-min intervals between successive 
tubes. The absorbance values a t  412 nm of all solutions 
were measured at 1-min intervals, about 8-10 min after 
the addition of Ellman’s reagent. The value of the 
absorbance of the blank tube was subtracted from the 
values of absorbance of all tubes. The average values of 
AA were calculated for the tubes containing cysteine and 
for those initially containing cysteine and maleimide- 
modified antibody. The value of maleimide in the 
antibody sample was calculated from the difference in the 
average values of AA for the above two sets of tubes. The 
value of AA was corrected for the trace absorbance at 412 
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nm of the maleimide-modified antibody solution (before 
addition of cysteine and Ellman’s reagent). 

Kinetics of Reaction between Thiols and N-Eth- 
ylmaleimide. The reactions of several thiols and N- 
ethylmaleimide (NEM) in 0.2 M sodium acetate, 0.5 mM 
EDTA, pH 5.0, were studied at  22 OC by measuring the 
rate of decrease of absorbance at  302 nm (CNEM = 620 M-’ 
cm-’) (10). The initial concentrations (c, 0.4-1.5 mM) of 
thiol and NEM were set to be equal, and the apparent rate 
constant (k,,, M-’ min-l) was calculated using the 
integrated second-order rate equation: kapp = (l/cfid - 
l/chi,itia)/t (11). The values of absolute rate constants (kw-, 
M-l min-l) based on thiolate concentration were then 
calculated using published pK, values of thiols (cysteine 
methyl ester, pKa 7.3; cysteamine, PKa 8.46; cysteine, pK, 
8.54; ,6-mercaptoethanol, pK, 9.61; 3-mercaptopropanoic 
acid, pKa 10.84) (12, 13) and the equation kw- = k,,[l + 10(pK.-pH)l (14). ABrernsted plot was established for log 
kw- us pK, of thiol, and a linear equation (R2 = 0.989) was 
obtained: log kw- = 2.118 + O.534pKa. This Brernsted 
correlation was similar to that obtained by Bednar (IO). 

RESULTS 

A Sensitive Assay of MaleimideUsing Cysteineand 
Papain-SSCH,. The values of maleimide for several 
maleimide-modified protein samples and for samples of 
N-ethylmaleimide were determined by addition of a known 
amount of cysteine present in excess and then assaying 
the remaining cysteine using an enzymatic assay based on 
stoichiometric regeneration of active papain (papain-SH) 
from its inactive mixed disulfide (papain-SSCH3) (Table 
1). Typically, assay samples containing about 17-80 pg 
of protein were used. The concentration of each stock 
solution of maleimide was also determined by an assay 
using cysteine and Ellman’s reagent (Table 1). The assay 
using Ellman’s reagent required a significantly larger 
amount of protein (about 0.6-1.3 mg) than that using 
papain-SSCH3. 

The concentration of a stock solution of N-ethyl- 
maleimide (NEM) was determined by assaying a sample 
containing about 8 nmol of maleimide using Ellman’s 
reagent. Two samples of NEM (0.30 and 0.60 nmol, based 
on Ellman’s assay) from the same stock solution were then 
assayed using papain-SSCH3. The values of maleimide 
obtained using papain-SSCH, (0.31 f 0.01 nmol and 0.61 
f 0.02 nmol, respectively) were similar to those expected 
from Ellman’s assay (Table 1). Furthermore, the con- 
centration of the NEM stock solution could also be 
determined from its absorbance at  302 nm using an 
extinction coefficient of 620 M-l cm-l (3) and was found 
to be in agreement with the results of the above two assays. 

All maleimide assays for the maleimide-modified an- 
tibody and maleimide-modified avidin samples using 
papain-SSCH3 gave results similar to those obtained using 
Ellman’s reagent (Table 1). A stock solution of maleimide- 
modified antibody was assayed by Ellman’s reagent using 
about 1.3 mg of antibody. From the same stock solution 
of maleimide-modified antibody, the smallest sample that 
was then assayed using papain-SSCH3 contained 17 pg of 
antibody (0.10 nmol maleimide, based on Ellman’s assay). 
The result obtained using papain-SSCH3 (0.09 f 0.01 nmol 
maleimide) was similar to that expected from Ellman’s 
assay of the stock solution (Table 1). The determination 
of maleimide by the assay using papain-SSCH3 was 
therefore sensitive, accurate, and precise. 

Comparison of Sensitivities of Maleimide Detection 
Using Papain-S-SCH3 vs That Using Ellman’s Re- 
agent. For each maleimide determination with the new 
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Table 1. Assay of Maleimide by Addition of Excess Cysteine and Estimation of Remaining Cysteine Using Papain-SSCHa or 
Ellman's Reagent 

maleimide 
(based on papain 

sample assay)a (nmol) 
N-ethylmaleimide 0.31 f 0.01 

0.61 f 0.02 

antibody-maleimideh 0.28 f 0.01 
0.48 f 0.02 

antibody-maleimide' 0.34 f 0.01 
0.67 f 0.01 

avidin-maleimidd 0.33 f 0.01 
0.64 f 0.01 

antibod y-maleimidd 0.09 f 0.01 

maleimide 
(based on Ellman's 

assay)b (nmol) 
0.30 
0.60 
0.10 
0.27 
0.51 
0.33 
0.66 
0.35 
0.70 

u 4 1 0 n m c  
(papain assay, 

1 h) 
0.34 
0.66 
0.09 
0.36 
0.61 
0.42 
0.82 
0.42 
0.83 

u 4 1 2 n m d  
(Ellman's assay, 

calcd values) 
0.004 
0.007 
0.001 
0.003 
0.006 
0.004 
0.008 
0.004 
0.008 

sensitivity ratio* 
(AA(papain)/ 
AA(E1lman)) 

100 
100 
8W 

110 
100 
110 
110 
100 
100 

0 The values of maleimide were determined by assaying unreacted cysteine (after the initial incubation of excess cysteine and maleimide) 
using papain-SSCHs. For the maleimide-modified protein samples, about 20-80 pg of protein was typically used in the assay. Each value 
is an average of at  least three experiments, and standard deviations are given. The concentration of the stock solution of maleimide was 
determined by the assay using Ellman's reagent in a separate experiment using a significantly large amount of protein (about 1.3 mg of 
maleimide-modified antibody or about 8 nmol maleimide in a final assay volume of 1 mL). The AA41- values in the papain assay were 
determined 1 h after the addition of 2 mM substrate. The u 4 1 -  values (decrease in absorbance due to loss of thiol) from Ellman's assay 
are hypothetical values calculated for the same amount of sample as used in the papain assay in the same final volume (1.2 mL), assuming 
€41- = 14 150 M-1 cm-l. e The sensitivity ratio is calculated as the ratio of A-441- of the papain assay (1 h after addition of substrate) and 
the calculated AA41pnm value for Ellman's assay. f Antibody (IgG1) was modified at  a concentration of 10 mg/mL (pH 7) using a 1.5-fold molar 
excess of SMCC (30 min, 30 "C), resulting in an average of -0.92 maleimide group per antibody molecule (based on Ellman's assay). 8 The 
AAll- values in this papain assay were measured 53 min after the addition of 2 mM substrate. Antibody was modified at  a concentration 
of 9.5 mg/mL (pH 7) using a 1.4-fold molar excess of SMCC (30 min, 30 "C), resulting in an average of -0.94 maleimide group per antibody 
molecule (based on Ellman's assay). Antibody was modified at  a concentration of 9.5 mg/mL (pH 7) using a 2.1-fold molar excess of SMCC 
(30 min, 30 "C), resulting in an average of - 1.35 maleimide groups per antibody molecule (based on Ellman's assay). j Avidin (M, 68 OOO; 
tetramer; AOJ%lem = 1.57 at  280 nm) was modified at  a concentration of 5 mg/mL (pH 7.6) using a 1.4-fold molar excess of SMCC (30 min, 
30 "C), resulting in an average of -0.81 maleimide group per avidin tetramer (based on Ellman's assay). 

papain-SSCH3 assay, the expected value of AA41znm from 
the assay using Ellman's reagent was calculated. Table 
1 shows that the experimentally observed changes in 
absorbance with the papain-SSCH3 assay (1 h after the 
addition of substrate) are about 100-fold higher than the 
theoretically achievable values with the Ellman's assay. 
The determination of maleimide using papain-SSCH3 is 
therefore significantly more sensitive than that using 
Ellman's reagent. 

Estimation of Incubation Times far the Assay of 
Maleimide Using Cysteine and Papain-SSCHs. The 
assay of maleimide is based on the complete reaction of 
maleimide with cysteine (or another thiol of known pK,) 
and then the complete reaction of the remaining cysteine 
with papain-SSCH3. The necessary reaction times for 
both conversions can be calculated using the values of 
apparent rate constants for the reactions. 

On the basis of the Bransted plot and the equations 
described in the Experimental Procedures, the apparent 
rate constant (kapp) for the reaction of cysteine and 
N-ethylmaleimide at  pH 7.6 was calculated as 4.9 X lo5 
M-1 min-l (22 "C). On incubation of 0.10 nmol(0.38 pM 
= Bo) of maleimide and 0.87 nmol of cysteine (3.3 pM = 
Ao) in a volume of 0.26 mL at  pH 7.6, the time for 95% 
completion of reaction (i.e., Bt = 0.019 pM, and At = 2.94 
pM) was calculated using the integrated second-order rate 
equation: t = ~ l n ~ ~ A t B ~ ~ / ~ A ~ ~ ~ l l / ~ ~ A ~ - B ~ ~ l z , ~ ~ l  (10. The 
time ( t )  for 95% completion of the reaction between 
maleimide and cysteine was therefore calculated as 2 min. 

In the following incubation of the remaining cysteine 
(0.77 nmol; 1.5 pM = Bo) with papain-SSCH3 (12.6 nmol; 
24.7 pM = Ao) at  pH 7.6 in a volume of 0.51 mL (lzaPp = 
lo4 M-l min-l) (15, 161, the reaction should be 95% 
complete (Le., Bt = 0.075 pM and At = 23.3 pM) in 13 min. 
In the experiments described here and for routine assays, 
we chose incubation times of 40 min at room temperature 
for both reactions. 

DISCUSSION 
In our experiments on conjugation of proteins using thiol 

and maleimide groups as the reactive moieties (19, we 

1 . 2 ,  I 

Cysteine, nmol 
Figure 1. Standard plot of changes in absorbance at 410 nm us 
initial amounts of cysteine incubated with papain-SSCHa. A 
sample of maleimide-modified protein was initially incubated 
with a known amount of cysteine present in excess, and the 
amount of unreacted remaining cysteine was determined using 
this standard plot. The amount of maleimide was calculated as 
the difference between the amounts of initial cysteine and assayed 
remaining cysteine (see Experimental Procedures for details). 

were often at  the limit of sensitivity of detection of these 
functional groups. We therefore devised a sensitive assay 
for the thiol group based on the stoichiometric reactivation 
of inactive papain (8). In this paper, we have developed 
a similar assay for maleimide groups by quenching it with 
a known amount of cysteine present in excess, and 
determining the remaining unreacted cysteine using the 
papain-based assay. 

Proteins are subject to proteolytic cleavage by papain 
during the assay. The assay of thiols using papain-SSCH3 
was, however, unaffected by the addition of a significant 
amount (160 pg) of unmodified antibody (8), and we 
concluded that the activity of papain toward the chro- 
mogenic substrate (N-benzoyl-L-arginine-p-nitroanilide) 
is not inhibited by antibody. We recommend that before 
assaying new maleimide-modified proteins, similar control 
experiments should be done to demonstrate that the 
protein itself does not interfere in the assay of cysteine 
using papain-SSCH3. We have also used an alternative 
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approach, in which the unmodified protein was added to 
the tubes containing cysteine standards and to the blank 
without cysteine, a t  an amount equivalent to that of the 
modified protein in the test sample. 

The amplified response of this assay is due to the 
catalytic activity of papain that is regenerated by the 
reaction of thiol with the inactive mixed disulfide of papain 
(8). The signal obtained in the assay can be increased by 
(i) increasing the time of incubation with substrate and 
(ii) increasing the concentration of substrate (18). The 
assay has been shown to be linear for 2 h after the addition 
of substrate (8). In the experiments described here, the 
values of absorbance of all samples were measured 1 h 
after the addition of substrate, so that the maximum 
changes in the absorbance were less than 1.5 unit (Figure 
1). Small amounts of maleimide (0.1 nmol) in a sample 
of antibody were measured accurately and precisely (Table 
1). We recommend the lower limit of 0.1 nmol for the 
assay because of the cumulative errors possible (i) in 
volume measurements and (ii) in estimation of the 
difference between the amounts of cysteine initially added 
to the maleimide sample and of the remaining cysteine. 
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Improved Synthesis of N-Succinimidyl44 18F]Fluorobenzoate and Its 
Application to the Labeling of a Monoclonal Antibody Fragment 
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Our previously reported method for the 18F labeling of antibodies using N-succinimidyl 4-[18F]- 
fluorobenzoate (SFB) involved a rather long synthesis time. Here we present an improved method for 
the synthesis of SFB which reduces the synthesis time by about 45 min. A reaction time of 5-8 min 
(versus 25 min for the original procedure) was sufficient in the fluorination step to form 4-[lsF]- 
fluorobenzaldehyde in high yield. In the original method, 30-35 min was necessary to convert 4- [ lSF] - 
fluorobenzoic acid to SFB using dicyclohexylcarbodiimide and N-hydroxysuccinimide. When N,N'- 
disuccinimidyl carbonate was used, facile conversion of 4-fluorobenzoic acid to SFB was seen at  a 
micromolar level. At  a tracer level, no product was formed at  room temperature; however, complete 
consumption of starting material was observed. Heating at  150 O C  resulted in the formation of SFB 
in more than 80 % yield in 1-3 min. HPLC purification of SFB was necessary since use of crude SFB, 
or SFB purified using a silica solid-phase cartridge column, resulted in lower protein coupling yields. 
Furthermore, use of crude SFB resulted in cross-linking and lower immunoreactivity of antibody. Largely 
as a result of the considerable reduction in total labeling time, these modifications have increased the 
amount of 1sF-labeled antibody available per 100 mCi of ['BFIfluoride by 30-35%. 

INTRODUCTION 

Monoclonal antibodies (mAbs)l labeled with radionu- 
clides have been used extensively for diagnostic and 
therapeutic applications (1). In general, radioimmunos- 
cintigraphy has been successful in detecting greater than 
70% of lesions (2,3). However, less favorable results have 
been observed for smaller tumors and when lesions are 
located in regions with high normal tissue uptake. 
Utilization of tomographic imaging methods is one of the 
approaches to improve radioimmunodetection. For ex- 
ample, encouraging results were obtained in clinical 
investigations using single photon emission computed 
tomography (SPECT) with l23I-1abeled anticarcinoem- 
bryonic antigen mAb fragments (4 ) .  Further improve- 
ments in tumor detection might be achieved by combining 
the potential tumor specificity of mAbs with the imaging 
advantages of positron emission tomography (PET). 

Of the several positron-emitting nuclides available, 18F 
is attractive because of its routine availability and 
widespread clinical use. Several methods have been 
reported for the lSF labeling of proteins in general, and 
mAbs in particular (5-9). We recently reported a method 
for labeling mAbs with 18F using N-succinimidyl4- [ leF] - 
fluorobenzoate, SFB (10 , l l ) .  This method offers several 
advantages in comparison to other methods for labeling 
proteins with 1SF. First, it yields a labeled template on 
the mAb that is structurally analogous to iodo- and 
astatobenzoates which have been developed for the 
radioiodination and astatination of mAbs (12,13). Second, 
mAb fragments labeled with 18F using this method exhibit 

* Abstract published in Advance ACS Abstracts, June 1,1994. 
Abbreviations: SFB, N-succinimidyl 4-[18Flfluorobenzoate; 

DCC, dicyclohexylcarbodiimide; NHS, N-hydroxysuccinimide; 
DSC, N,"-disuccinimidyl carbonate; mAb, monoclonal antibody, 
TSTU, N,",N'-tetramethyl(succinimido)uronium tetrafluo- 
roborate; SFBS, N-~uccinimidy18-[(4'-[18F]fluorobenzyl)amino]- 
suberate; SPECT, single photon emission computed tomography; 
PET, positron emission tomography; sFv, single-chain antibody 
fragment. 
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better tumor to normal tissue ratios as a consequence of 
lower normal tissue uptake (1 1 ). However, labeling mAbs 
using SFB required a longer time for preparation of the 
labeled mAb than desirable for use with 2-h half-life 18F. 
For this reason, we sought to make the SFB method more 
amenable to clinical evaluation by attempting to reduce 
the total synthesis time in order to increase the available 
level of 18F-labeled mAb fraction. 

EXPERIMENTAL PROCEDURES 

Materials and Methods. All reagents were purchased 
from Aldrich Chemical Co. Mel-14 F(ab')z was obtained 
as a gift from Dr. Dare11 Bigner of the Department of 
Pathology, Duke University Medical Center. This mAb 
is an IgGz, and is reactive with the tumor-associated 
chondroitin sulfate proteoglycan present in melanomas, 
gliomas, and medulloblastomas (14). Thin-layer chro- 
matography (TLC) was performed using EM Science silica 
gel analytical plates. Melting points were determined on 
a Fischer-Johns melting point apparatus and are uncor- 
rected. The NMR spectrum was recorded on a General 
Electric Midfield GN-300 spectrometer. Tetramethylsi- 
lane was used as an internal reference (6 = 0.00). The 
mass spectrum was obtained on a JEOL SX-102 high- 
resolution mass spectrometer. High-pressure liquid chro- 
matography (HPLC) was conducted with two LKB Model 
2150 pumps, a LKB Model 2152 control system, a LKB 
Model 2138 fixed-wavelength (254 nm) UV detector, and 
a Beckman Model 170 radioisotope detector (the detectors 
were connected in series in that order). Peak analysis was 
performed using a Nelson Analytical software package on 
an IBM computer. Normal-phase HPLC was performed 
using an Alltech silica gel column (Partisil silica 10 pm, 
250 X 4.6 mm) eluted with hexane:ethyl acetate:acetic acid 
(70:30:2 v/v/v) a t  a flow rate of 1 mL/min. Gel filtration 
HPLC was performed using a Bio-Rad TSK column (300 
X 7.5 mm) and eluted with phosphate-buffered saline, pH 
7.2 at  1 mL/min. 
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Synthesis of NSuccinimidyl 4-[ 18F] Fluorobenzoate 

Preparation of [ 18F]Fluoride Ion. [l8FIFluoride ion 
was produced using the 180(p,n)18F reaction by irradiating 
[180lH20 in a small volume (300 pL) silver target (15). 
The activity was delivered to a solution of Kryptofix (10 
mg in 1 mL of CH3CN) and potassium carbonate (1 mg 
in 5 pL water) in a glass tube and then evaporated in an 
automated drying unit. The dried activity was resolu- 
bilized in 100-200 pL of dry DMSO. 

Disuccinimidyl Carbonate-Mediated Microscale 
Synthesis of N-Succinimidyl 4-Fluorobenzoate. So- 
lutions (0.1 M) of each 4-fluorobenzoic acid, disuccinimidyl 
carbonate, and pyridine were prepared in Sure Seal 
acetonitrile (Aldrich). The esterification reaction was 
conducted by mixing 10 pL each of the above solutions in 
a Reacti vial and left a t  room temperature. The reaction 
was followed by TLC (5050 ethyl acetate:hexane; Rf of 
SFB = 0.4) and normal-phase HPLC ( t R  of SFB = 14-15 
min) and was complete in 10 min. The product formed 
in this reaction was isolated by preparative thick-layer 
chromatography and characterized. The melting point 
and the mixed melting point with the SFB prepared using 
N-hydroxysuccinimide/DCC route were identical to that 
of the latter: lH-NMR (CDC13) 6 2.91 (s, 4H), 7.19 (m, 
2H), 8.18 (m, 2H); MS (CI, NH3) m/z 255 (M + NHd)+, 
238 (MH+), 140,123; HRMS (FAB+) calcd for CllHgFN04- 
(MH+) mlz 238.0515, found 238.0525. 

N-Succinimidyl 44 '8F]Fluorobenzoate. The first 
two steps involved for the preparation of the title 
compound were similar to those reported earlier (10). The 
yield for the fluorination of 4-formyl-N,N,N-trimethyla- 
nilinium triflate to form 4- [18Flfluorobenzaldehyde was 
essentially complete using a reaction time of only 5-8 min. 
To the acid (0.1-40.0 mCi) in a Reacti vial were added 100 
pL of Sure Seal acetonitrile followed by 30 pL each of 0.1 
M DSC and pyridine in acetonitrile. The vial was tightly 
capped and placed on a hot plate kept a t  150 "C. The 
yield of the reaction was determined at 1,3, and 5 min by 
injecting an aliquot onto HPLC (normal phase). The 
product was purified either by HPLC or by using a Waters 
silica gel Sep Pak cartridge column. For HPLC, aceto- 
nitrile from the reaction mixture was evaporated using a 
stream of argon, and the activity was reconstituted in a 
small volume (50-100 pL) of ethyl acetate. For the solid- 
phase extraction, the residual activity after removing 
acetonitrile was taken in about 100 pL of 70:30:2 (v/v/v) 
hexane:ethyl acetate:acetic acid and loaded onto the Sep 
Pak cartridge. The activity was eluted with the same 
solvent. A 2-mL fraction and several 1-mL fractions was 
collected. The fractions containing the ester activity were 
identified by HPLC. Generally, the ester activity elutes 
in fractions 3-7. 

For mAb labeling, the organic solvents were evaporated 
from the appropriate HPLC or Sep Pak fractions con- 
taining the SFB activity to a small volume. This solution 
was transferred to a 0.5 dram vial and evaporated to 
dryness. In the case of crude activity, the acetonitrile 
from the reaction mixture was removed by evaporation 
with argon. The activity was transferred to another 0.5 
dram vial with 70:30:2 (v/v/v) hexane:ethyl acetate:acetic 
acid solvent. The solvents were evaporated to dryness. 

Coupling of SFB with Mel-13 F(ab')z. Either the 
crude, the Sep Pak-purified, or the HPLC-purified SFB 
activity was used for the coupling reaction. To the activity 
(0.3-7.0 mCi) contained in a 0.5 dram vial was added 50 
pL of Mel-14 F(ab')z in 0.1 M borate buffer (6 mg/mL). 
This mixture was incubated at  room temperature for 15 
min. The coupling was stopped by the addition of 300 pL 
of 0.2 M glycine in borate buffer. The labeled mAb was 
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Scheme 1. Synthesis of SFB. 

" F e C O H  c " F e C O N H S  - 

NHS = N-Hydroxyruccinimidyl 

Key: (a) [lBF]KF, Kryptofix, DMSO, 150 "C, 5-8 min (25 
min); (b) KMnOd, NaOH, 150 "C, 3 min; (c) DSC, pyridine, 
CH&N, 1-3 min, 150 "C (NHS, DCC, THF, room temperature). 

purified by passing through a G-25 Sephadex column 
eluted with phosphate-buffered saline. When crude and 
Sep Pak-purified SFB were used, coupling yields were 
based on the amount of SFB activity, determined by 
HPLC, present in the mixture. 

In Vitro Analyses of 18F-Labeled mAb Fragment. 
The protein-associated activity was determined by 20 5% 
trichloroacetic acid precipitation. The homogeneity of 
the labeled mAb was determined by gel filtration HPLC. 
In vitro specific binding was determined using a single- 
point assay (10). About 100 ng of labeled mAb was added 
in triplicate to 250 mg of both antigen-positive D-54 MG 
human glioma and antigen-negative rat liver or brain 
homogenates. After a 90-min incubation at  room tem- 
perature, the homogenates were washed three times and 
counted for '8F activity in an automated y-counter. 
Specific binding is defined as the percentage of activity 
bound to tumor minus the percentage bound to control 
homogenates. 

Biodistribution of 18F-Labeled Mel-14 F(ab')z. Tis- 
sue distribution of Mel-14 F(ab')z labeled with '8F using 
both crude (A) and HPLC-purified SFB (B) was compared 
in mouse. Mice, weighing 20-25 g, were injected via the 
tail vein with 3-4 pg (5 pCi) of B and another group of 
mice with 20-21 pg (5 pCi) of A. A half hour after injection, 
the mice (five in each group) were killed with halothane 
overdose. After dissection, the tissues of interest were 
removed, washed with saline, and counted for '8F activity. 

RESULTS AND DISCUSSION 
With the generation of smaller mAb fragments such as 

sFv (16-18) and the renewed interest in labeled peptide 
imaging (191, the potential of 18F as a protein and peptide 
label for PET has increased significance. Because 18F has 
a half-life of only 110 min, it is important that the labeling 
methods for this nuclide be fast and of high yield. Three 
aspects of the original method for preparing SFB (Scheme 
1) were investigated in order to reduce the total time of 
synthesis. These were the fluorination step, esterification 
step, and purification of SFB. In our original method, we 
adapted the conditions reported by Haka et al. (20) for 
the fluorination. These investigators used a period of 25 
min for this reaction. However, the yield obtained by 
conducting the reaction for 5-8 min was similar to that 
obtained for a 25-min reaction, resulting in a saving of 
about 20 min in the synthesis time. 

In the original method, we utilized the DCC-mediated 
coupling of N-hydroxysuccinimide to convert 4- [l8F1- 
fluorobenzoic acid to SFB. A yield versus esterification 
time study revealed that a reaction time of 30-35 min was 
necessary to achieve an optimum yield. Generally, DCC- 
mediated esterification is slow, needing 15-20 h for the 
preparation of unlabeled SFB. Alternative approaches 
such as the use of disuccinimidyl carbonate (21) or 
N,N,",N'-tetramethyl(succinimido)uronium tetrafluo- 
roborate (TSTU; 22) for the preparation of N-hydrox- 
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Scheme 2. Possible Pathway for the DSC-Mediated 
Conversion of 4-Fluorobenzoic Acid to SFB. 

Vaidyanathan and Zalutsky 

d/ I 
I b  I 

a Key: (a) DSC/pyridine/acetonitrile; (b) 150 "C. 

ysuccinimide esters have been reported. These methods 
require only very short reaction periods. Our attempts to 
prepare labeled SFB using TSTU were not successful. 

Initially, we evaluated the utility of the DSC-mediated 
approach in the preparation of unlabeled SFB at  a 
micromolar scale. The reaction was essentially complete 
in 10 min. Encouraged by this result, we adapted the 
DSC method for the preparation of no-carrier-added SFB. 
Analysis of the reaction mixture by HPLC showed the 
complete disappearance of the starting material, 4- ['BFI- 
fluorobenzoic acid ( t ~  = 8-9 min), in as early as 5 min; 
however, no formation of SFB ( t ~  = 15.0-15.5 min) was 
observed. Most of the activity was associated with a 
rapidly eluting peak in HPLC ( t ~  = 6.5-7.0 min). It was 
reasoned that the intermediate carbonate shown in Scheme 
2 was formed but was not converted to the product a t  
tracer level. To demonstrate that the intermediate is 
indeed the carbonate, a method was sought to prepare it. 

An ideal reagent for the conversion of 4-fluorobenzoic 
acid to this carbonate would be N-succinimidyl chloro- 
formate. A literature search revealed that not only has 
this reagent been made but also that it has been used to 
convert N-protected amino acids to the type of mixed 
carbonate discussed above (23). Further, the same authors 
report that heating of the intermediate converted them to 
N-hydroxysuccinimidyl esters. Encouraged by this, the 
esterification reaction was conducted at  150 "C which 
resulted in the conversion of the intermediate to SFB. A 
typical HPLC profile of this reaction mixture is shown in 
Figure 1. A study of the effect of time on yield (Figure 
2) showed that only 1-3 min was required for more than 
80% conversion of the acid to the ester. While our work 
was in progress, Guhlke et al. also reported on the 
preparation of active esters of 18F-labeled carboxylic acids 
using DSC and other similar agents (24). 

The hypothesized carbonate intermediate was not stable 
in carrier level reactions, yet it was difficult to convert it 
to SFB at  a no-carrier-added level. The most probable 
mechanism for the formation of SFB from this intermedi- 
ate is by the nucleophilic attack of N-hydroxysuccinimide 
(a byproduct formed in the first step) a t  the benzoyl 
carbonylcarbon (Scheme 3). The difference in the results 
at carrier level and no-carrier-added level is most likely 
related to concentration-dependent kinetics. Due to the 
large amount of DSC present in the reaction mixture, 

b d Radioactivity Profile 
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Figure 1. UV and radioactivity HPLC profiles of the reaction 
of mixture of [lsF1SFB preparation: (a) 4- [1sF]flurobenzalde- 
hyde; t R  = 5-6 min; (b) mixed carbonate intermediate; t R  = 7 
min; (c) 4-[16Flfluorobenzoic acid; t R  = 8-9 min; (d) ['SFISFB; 
t R  = 15-16 min; (e) carrier SFB; t R  = 14-15 min. 
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Figure 2. Yield as a function of time in the DSC-mediated 
formation of SFB. 

Scheme 3. Proposed Mechanism for the Conversion of 
the Mixed Carbonate to SFB 

p N-OH 1. , 

I U 

conversion of 4- ['SF] fluorobenzoic acid to the mixed 
carbonate might not have been a problem. On the other 
hand, subsequent conversion of the carbonate to SFB 
might be difficult as both the carbonate and N-hydrox- 
ysuccinimide were available only in trace amounts. At- 
tempts to force this conversion by use of excess N-hy- 
droxysuccinimide (addition after 1-min reaction) in the 
reaction mixture were not successful. However, one should 
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with crude SFB. I t  is not clear why the high molecular 
weight species did not alter the liver, spleen, and blood 
uptakes. The difference in the kidney uptake could very 
well be explained as a result of high molecular weight 
species. Generally, molecules of the size of Fab and F(ab’)n 
are cleared through the kidney whereas IgG are not (25). 
The higher molecular weight species, formed when crude 
SFB was used, should have a molecular weight equal to 
or higher than that of an IgG and hence cannot accumulate 
in renal cells. 

When silica Sep Pak-purified SFB was used, no high 
molecular weight species was formed. However, the 
coupling efficiency was rather poor with this method of 
purification. This could have been caused by some 
impurity which might not have been separated from the 
activity by this mode of purification. Moreover, using 
this purification method, there was no improvement in 
the percent specific binding of the labeled mAb either. 
These results confirm the need to purify SFB by HPLC 
for better coupling efficiencies and immunoreactivities. 

In conclusion, we were able to reduce the total synthesis 
time of pure SFB by about 45 min, increasing the amount 
of available l8F-labeled mAb by about 35%. Although 
crude SFB could be coupled to mAbs, this is accompanied 
by reduced coupling yields and poor quality of labeled 
mAb. The additional time needed for HPLC purification 
will result in the loss of about 12 5% of the total activity by 
decay. On the other hand, HPLC purification of SFB 
increases the available activity by 47 % , because of higher 
coupling efficiency, and provides a good quality labeled 
mAb. Using this improved method, we have labeled a 
chemotactic peptide (26) and are currently evaluating its 
potential in the PET imaging of bacterial infections. 
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Figure 3. Uptake of Mel-14 F(ab’)z labeled with 1BF using HPLC- 
purified and crude SFB in mouse liver, kidney, blood, and spleen. 

Table 1. Effect of SFB Purification Method on Labeling 
Mel-I4 F(ab’)S with 18F 

mode of coupling specific high mol w t  
purification yield (7%) binding ( 7 % )  species present 
none 27 17 29.5 1.6 10-15% 
Sep Pak 13-17 30.0 * 2.2 none detected 
HPLC 51 * 6 50.7 0.8 none detected 

realize that excess N-hydroxysuccinimide may also prevent 
the formation of the intermediate itself. HPLC analysis 
of the above reaction mixture showed the presence of the 
intermediate and acid in about 60:40 ratio. We also tried 
unsuccessfully to couple the intermediate directly to mAb 
fragment. Attempts to prepare the carbonate intermediate 
or its N-hydroxyphthalimido analog from 4-fluorobenzoic 
acid and N-succinimidyl or phthalimidyl chloroformate 
were not successful either. Formation of SFB in these 
reactions was noticed by TLC. 

Purification of SFB using HPLC requires an additional 
15-20 min of preparation time. For this reason, the 
possibility of coupling crude SFB, or SFB purified by a 
silica solid-phase extraction cartridge columm, was in- 
vestigated. The results of these studies are summarized 
in Table 1. Irrespective of the quality of SFB, the protein- 
associated activity, determined by trichloroacetic acid 
precipitability, of the labeled mAb was more than 96% in 
all cases. Compared to HPLC-purified SFB, the coupling 
efficiency of crude SFB to mAb was generally lower. 
Immunoreactivity of the labeled mAb was also lower when 
crude SFB was used. Furthermore, with the crude SFB- 
labeled mAb, protein cross-linking (low tR shoulder in gel 
filtration HPLC; about 10-15 % ) was observed, presumably 
caused by unreacted DSC. Garg et al. (9) have shown 
that it is necessary to purify the 18F labeling agent SFBS 
by HPLC in order to obtain good quality of labeled mAb 
in good coupling yields. Labeling of an antimyosin Fab 
with crude SFBS provided a labeled mAb preparation 
with about 15 5% of highmolecular weight impurities which 
in turn resulted in higher liver and spleen uptake and 
lower blood pool activity. 

The quality of the mAbs labeled using crude and HPLC- 
purified SFB was further evaluated by performing a tissue 
distribution in mice. As shown in Figure 3, no significant 
(p > 0.05) difference in liver uptake (an indicator of cross- 
linking) was observed. The uptake was also similar in 
most other organs except in the kidney, where a substantial 
reduction in uptake was seen for the fragment labeled 
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Monoclonal Antibodies to Thioguanine: Influence of Coupling Position 
on Fine Specificity 
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Thioguanine derivatives with reactive ester groups at  positions 6,7, or 9 of the purine ring were synthesized 
and coupled to a protein carrier. The purified protein derivative of tuberculin was used as the carrier 
for immunizing bacillus Calmette-Guerin primed mice. This led to high antibody titers against the 
homologously coupled hapten, and spleen cells from the immunized mice were used to produce monoclonal 
antibodies against thioguanine. All monoclonal antibodies were selected for their ability to recognize 
free thioguanine and were analyzed for their fine specificity by inhibition experiments with a panel of 
thiopurine derivates. The specificity of the monoclonal antibodies showed a strong dependence on the 
coupling position of the thioguanine. Within each group of monoclonal antibodies, raised against one 
of the three different conjugates, there was a high degree of heterogeneity, with antibodies differing 
in their binding according to the substitution on the thioguanine analogues used in the inhibition 
experiments. This panel of antibodies may be used for quantitative assays of thiopurines and their 
metabolites in patients undergoing treatment with thioguanine, 6-mercaptopurine, and azathioprine. 

INTRODUCTION 
The thiopurines azathioprine (6-((l-methyl-4-nitroimi- 

dazol-5-yl)thio)purine), thioguanine (2-amino-6-purineth- 
ione), and 6-mercaptopurine (6-purinethione) are used for 
the treatment of systemic connective tissue diseases, 
leukemia, and lymphomas. Catalyzed by the hypoxan- 
thine guanine phosphoribosyl transferase these antime- 
tabolites are converted to thioguanine nucleotides which 
mediate the cytotoxic effect of the thiopurines through 
incorporation into DNA and RNA. In addition, the 
thiopurines inhibit de-novo purine synthesis, thus en- 
hancing the incorporation of thioguanine nucleotides 
through the purine salvage pathway (Tidd et al., 1974). 
Treatment with thiopurines may, however, cause certain 
side effects, most of which are dose-related (McCormack 
and Johns, 1990). 

It is therefore of clinical interest to establish quantitative 
assays, not only for thioguanine itself, but also for 
thioguanine metabolites in blood samples from patients 
undergoing treatment with thioguanine. Current methods 
are mostly based on the extraction of thioguanine from 
plasma or blood, followed by HPLC analysis, and they are 
thus both cumbersome and time consuming (Bruunshuus 
and Schmiegelow, 1989). An attractive alternative would 
be to set up assays based on the use of immunological 
reagents, provided antibodies can be prepared that 
recognize intact thioguanine. Also, antibodies that rec- 
ognize relevant metabolites of thioguanine would be useful. 

From an immunological point of view, thioguanine is a 
hapten (MW 167 Da) and has to be coupled onto an 

immunogenic carrier protein in order to be recognized as 
an antigen. A reactive linking group therefore must be 
introduced which can subsequently be employed for the 
coupling reaction. The coupling of the hapten to the carrier 
must be strong and stable, and the position of the reactive 
group may influence the fine specificity of the resulting 
antibodies. 

We have used three different coupling positions on 
thioguanine to obtain series of monoclonal antibodies 
against this hapten, and we have analyzed the reactivity 
of these antibodies to thioguanine and a series of 6-pu- 
rinethiono and 6-purinethiolo derivatives. 

EXPERIMENTAL PROCEDURES 

Materials and Methods. Chemicals for syntheses were 
obtained from Aldrich, Steirheim, Germany. Chemicals 
for conjugations were obtained from Merck. The protein 
carrier PPD’ and rabbit antibodies against OA were from 
Statens Seruminstitut, Copenhagen, Denmark, and OA 
was from Sigma, St. Louis, MO. Compounds used for the 
screening of antibody specificity were obtained from Sigma 
or prepared as described. The derivatives are listed in 
Scheme 1 and Chart 1. Peroxidase-labeled rabbit anti- 
mouse immunoglobulin and antibodies for mouse immu- 
noglobulin subclass determination were from DAKO, 
Ballerup, Denmark, and Zymed, San Francisco, CA, 
respectively. Microtiter plates (Maxisorp) were from 
NUNC, Roskilde, Denmark. 
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The Panum Institute. 
1 The University Hospital. 
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Scheme 1. Reaction Pathways for the Syntheses of Thioguanine Derivatives 
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Chart 1. Structures of the Compounds. Used in the 
Inhibition Assay to Characterize Reactivity of the mAbs 
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6-Purinethione (13), 6-purinethione riboside (14), 6-thio- 
xanthine (15), 6-(methy1thio)purine riboside (16) and 2-amino- 
6-(methylthio)purine (17). 

UV spectra were recorded on a Hewlett-Packard 8452A 
diode array spectrophotometer, NMR spectra a t  90 MHz 
on a JEOL FX-9OQ spectrometer, and mass spectra on a 
VG Masslab 20-250 quadropole spectrometer. Elemental 
analyses were performed on a Perkin-Elmer 240 elemental 
analyzer. 

Nerstrom et al. 

%-Amino-9-( carboxymethyl)-6-chloropurine (3) and 
2-Amino-7-(carboxymethyl)-6-chloropurine (4). Bro- 
moacetic acid (3.0 g, 21.7 mmol) and anhydrous K2C03 
(8.3 mg, 60 mmol) were mixed in anhydrous DMF (30 mL) 
with stirring, and 2-amino-6-chloropurine (2) (3.1 g, 18.1 
mmol) was added. After 3 h a t  room temperature, water 
(ca. 100 mL) was added to give a clear solution. The 
g-(carboxymethyl) isomer 3 (2.4 g, 10.55 mmol, 58%) was 
precipitated by adjusting the pH to 3 with concentrated 
HC1. Further addition of water with cooling caused 
precipitation of the 7-(carboxymethyl) isomer 4 (0.5 g, 2.2 
mmol, 12 %) contaminated with a small amount of 3.4 can 
be separated from 3 on a silica gel column. Elution with 
a gradient of EtOAc 0-50 7% in MeOH provided 3 followed 
by 4: MS (FAB+) mlz 228 (M + 1). Anal. Calcd for 

Found: C, 35.51; H, 2.69; N, 28.90; C1, 15.07. 
2-Amino-9-(carboxymethyl)-6-purinethione (5). 

2-Amino-9-(carboxymethyl)-6-chloropurine (3) (410 mg, 
1.8 mmol) and thiourea (137 mg, 1.8 mmol) were mixed 
in EtOH (20 mL) and refluxed for 1 h. The resulting 
product 5 (350 mg, 1.56 mmol, 86%) was isolated after 
cooling and suspended in water (25 mL), and solid NaHC03 
was added. The solution was filtered and acidified to pH 
3 with concentrated HC1, and the product was collected: 
MS (FAB+) mlz 226 (M + 1). Anal. Calcd for 

Found: C, 35.29; H, 3.15; N, 29.92; S, 13.82. 
Succinimidyl Thioguanin-9-ylacetate (7). 2-Amino- 

9-(carboxymethyl)-6-purinethione (5) (225 mg, 1 mmol) 
and NHS (138 mg, 1.2 mmol) were dissolved in anhydrous 
DMF (5 mL). DCC (247 mg, 1.2 mmol) was added, and 
the mixture was left overnight a t  room temperature. After 

C7H&lN50~0.5H20: C, 35.53; H, 2.98; N, 29.59; C1,14.98. 

C7H7N502S-0.5H20: C, 35.89; H, 3.44; N, 30.03; S, 13.69. 
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filtration, the product was precipitated with ether, col- 
lected, and washed with MeOH and ether (155 mg, 0.48 
mmol, 48% ). The compound could not be purified further 
because of hydrolysis: MS (FAB+) m/z 323 (M + 1). 

2-Amino-7- (carboxymethyl)-6-purinethione (6) was 
prepared from 2-amino-7-(carboxymethyl)-6-chloropurine 
(4) (595 mg, 2.62 mmol) and thiourea (239 mg, 3.14 mmol) 
as described for 5 (450 mg, 2 mmol, 77%): MS (FAB+) 
m/z 226 (M + 1). Anal. Calcd for C7H7NsOzS.0.5H20: 
C, 35.89; H, 3.44; N, 30.03. Found: C, 35.94; H, 3.21; N, 
29.78. 

Succinimidyl Thioguanin-7-ylacetate (8) was pre- 
pared from 2-amino-7-(carboxymethyl)-6-purinethione (6) 
(123 mg, 0.55 mmol), NHS (76 mg, 0.66 mmol), and DCC 
(135 mg, 0.66 mmol) as described for 7 (45 mg, 0.14 mmol, 
26%): MS (FAB+) m/z 323 (M + 1). 
S uccinimidyl 4- (Bromomet hyl) benzoate. 4- (Bro- 

momethy1)benzoic acid (1.18 g, 5.5 mmol) and NHS (0.76 
g, 6.6 mmol) were dissolved in anhydrous dioxane (15 mL). 
DCC (1.35 g, 6.6 mmol) was added, and the mixture was 
left overnight a t  room temperature, filtered, and evapo- 
rated to dryness. The product (1.21 g, 3.9 mmol, 71%) 
was recrystallized from 2-propanol: lH NMR (CDC13) 6 
8.11 (d, 2 H, J = 8 Hz), 7.53 (d, 2 H, J = 8 Hz), 4.50 (s, 
2 H), 2.90 (s, 4 H). 

Succinimidyl 4 4  ((2-Amino-6-puriny1)thio)meth- 
y1)benzoate (9). Succinimidyl4-(bromomethyl)benzoate 
(343 mg, 1.1 mmol), thioguanine (1) (167 mg, 1 mmol), and 
excess Et3N were mixed in anhydrous DMF (5 mL) with 
stirring. After 3 h at  room temperature, the mixture was 
filtered, and the product was precipitated with ether, 
collected, and washed with CHCl3 (300 mg, 0.75 mmol, 
75%): MS (FAB+) m/z 399 (M + 1). Anal. Calcd for 

Found: C, 45.84; H, 4.34; N, 18.73; S, 7.19. 
2,4-Diamino-5-acetamido-6-hydroxypyrimidine (loa) 

and 2,4-diamino-5-benzamido-6-hydroxypyrimidine 
(lob) were prepared as previously described (Wilson, 
1948). 
2-Amino-6-chloro-8-methylpurine (lla). 2,4-Diami- 

no-5-acetamido-6-hydroxypyrimidine (loa) (986 mg, 5.39 
mmol) was refluxed in POC13 (25 mL) for 5 min, benzyl- 
triethylammonium chloride (2.46 g, 10.4 mmol) in MeCN 
(25 mL) was added, and refluxing was continued for 4 h. 
The mixture was evaporated to an oil, poured on ice- 
water, neutralized with concentrated ammonium hydrox- 
ide, and boiled for 5 min. The product (500 mg, 2.75 mmol, 
51%) was precipitated by adjusting the pH to 3 with 
concentrated HC1, collected, and used without further 
purification. 
2-Amino-6-chloro-8-phenylpurine (llb). 2,4-Diami- 

no-5-benzamido-6-hydroxypyrimidine (lob, 826 mg, 3.37 
mmol) was refluxed in Poc13 (15 mL) for 1 h, benzyltri- 
ethylammonium chloride (1.54 g, 6.76 mmol) was added, 
and refluxing was continued for 1 h. The product was 
collected after cooling, suspended in water, neutralized 
with concentrated ammonium hydroxide, boiled for 5 min, 
chilled, collected, and used without further purification 
(480 mg, 1.96 mmol, 58%) (modification of the method by 
Elion et al., 1951). 
2-Amino-8-methyl-6-purinethione (12a) was pre- 

pared from 2-amino-6-chloro-8-methylpurine (1 la) (260 
mg, 1.42 mmol) and thiourea (129 mg, 1.7 mmol) as 
described for 5, except that Na2C03 was used in the 
purification instead of NaHC03 (193 mg, 1.07 mmol, 
75%): MS (FAB+) m/z 182 (M + 1). ( l la  has been 
prepared previously by different methods (Daves, Jr., e t  
al., 19601.) 

C17H14N604S.2.5H20: C, 46.05; H, 4.32; N, 18.95; S, 7.23. 
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2-Amino-8-phenyl-6-purinethione (12b) was pre- 
pared from 2-amino-6-chloro-8-phenylpurine (1 lb) (150 
mg, 0.61 mmol) and thiourea (56 mg, 0.73 mmol) analo- 
gously to 12a (100 mg, 0.41 mmol, 68%): MS (FAB+) m/z 
244 (M + 1). 

Conjugation of Activated Thioguanine Derivatives 
to Carrier Proteins. The activated thioguanine deriva- 
tives 7-9 were dissolved in DMSO at  40 mg/mL and were 
conjugated with PPD and OA. The protein solutions were 
adjusted to 1 mg/mL and dialyzed against 0.1 M NaHC03, 
pH 8.3. Ten pL of thioguanine derivative was added per 
milliliter of protein solution and allowed to react for 2 h 
at  room temperature under gentle mixing. The conjugate 
was finally dialyzed against PBS, pH 7.2, for 24 h with 
three buffer changes. 

Immunization Procedure. The thioguanine-PPD 
conjugates were adsorbed onto an Al(OH)3 suspension to 
give a vaccine that contained 10 pg of PPD and 1 mg of 
A1 in 0.5 mL of vaccine. CFlxBALB/c mice that had been 
sensitized with two human doses of BCG 1 month 
previously were injected intraperitoneally with 0.5 mL of 
vaccine per immunization. Five mice were immunized 
with each conjugate. After 2 weeks, they were reimmu- 
nized with the same dose, and mouse sera were assayed 
for antibody levels 10 days after the second immunizations. 
Four days prior to fusion the mice received a final 
intraperitoneal boost with the same vaccine. 

Fusion and Screening Procedure. Fusions were 
performed essentially as described by Kohler and Milstein 
with slight modifications (Kohler and Milstein, 1975; 
Reading, 1982). The spleen cells from immunized mice 
were fused with the myeloma cell line X63.Ag8.653. 
Selected clones were recloned by limiting dilution at  least 
three times to ascertain monoclonality. 

Culture supernatants were screened for antibody activity 
against thioguanine by a capture ELISA, in which mi- 
crotiterplates were coated with a rabbit antiserum to OA, 
at  10 pg/mL in 0.05 M sodium carbonate buffer, pH 9.6, 
followed by the respective thioguanine derivative coupled 
to OA at  10-50 ng/mL in dilution buffer (PBS, pH 7.2 
containing 1 % w/v bovine albumin and 0.05 % v/v Triton 
X-100). This was followed by incubation with dilutions 
of culture supernatant, horse radish peroxidase-labeled 
rabbit anti-mouse immunoglobulin (Code P260) diluted 
1:1000, and finally with H202 and OPD substrate solution 
in phosphate-acetate buffer, pH 5.0. (Engvall and Per- 
lmann, 1971; Tijssen, 1985). Culture supernatants which 
tested positive in the above system were immediately 
assayed for inhibition of the reaction with free thioguanine, 
and only those cultures whose reactions could be inhibited 
were further propagated. 

Assay for the Fine Specificity of the Monoclonal 
Antibodies. The fine specificities of the monoclonal 
antibodies were analyzed by inhibition experiments with 
a series of thiopurines (depicted in Chart 1). The density 
of the thioguanine-OA conjugates on rabbit anti-0A- 
coated plates was adjusted to give a maximal signal of 
about 3.5 OD at  490 nm in ELISA. Variations in titers 
of the monoclonal antibodies were adjusted by diluting 
the individual culture supernatants to give an OD signal 
of 2.0. The monoclonal antibodies were incubated over- 
night with varying concentrations from 3 X 10-5 to 6 X 
leg M of the respective thiopurines before the mixture 
was transferred to the antigen-coated ELISA plate. The 
further procedure was as described above. The inhibitory 
potential was calculated as inhibition (7% = ((ODcontrol - 
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Table 1. IH NMR and UV Data of 2-Aminopurines 

Nerstr~m et at. 

compd X Y ba (X or N(l)Hb) 6 (YP H-P (2)NHza X-C 

3 c1 CHzCOOH (9)CHz: 4.88 s 8.10s 6.96 243; 310 
4 c1 CHzCOOH (7)CHz: 5.13 8.32s 6.65 243; 320 
7 SH CHzCONHS 11.98 (9)CHz: 5.40 7.98s 6.92 256; 344 

8 SH CHzCONHS 12.1 (7)CHz: 5.97 8 8.28s 6.58 262; 348 

9 SCHzCsH4CONHS H CHz: 4.67s 12.5 7.90s 6.43 242; 314 

NHS, C2H4: 2.82 s 

NHS, C2H4: 2.80 s 

CeH4: 7.76 d; 8.03 d (J = 8 Hz) 
NHS, CzH4: 2.89 s 

a &values in DMSO-&. For 7 and 8. nm in MeOH. 

OD,,,~)/OD,,tr,,~)lOO. Subclasses of individual monoclonal 
antibodies were determined by ELISA using a commercial 
kit. 

RESULTS 

Chemical Synthesis of Thioguanine Derivatives for 
Coupling to Proteins. The reaction sequences are shown 
in Scheme 1 and described in the Materials and Methods. 
Alkylation of 2-amino-6-chloropurine with bromoacetic 
acid resulted in a mixture of 9- and 7-carboxymethyl 
isomers with 2-amino-9-(carboxymethyl)-6-chloropurine 
(3) as the major product. The assignment, 7- or 9-isomer, 
was done by lH NMR and UV spectroscopy (Table 1). 
The signals from H(8) and N-CHz are shifted upfield for 
the 9-isomers relative to the corresponding signals from 
the 7-isomers, whereas the (2)NHz signals appear a t  lower 
field for the 9-isomers (Kjellberg and Johansson, 1986; 
Green et al., 1990). The longest wavelength absorption 
maximum in the UV spectra exhibits a bathochromic shift 
for the 7-isomers compared to the 9-isomers (Green et al., 
1990). 

The 6-chloro substituent of purines is exchangeable with 
nucleophiles, and treatment of the 9- and 74carboxym- 
ethyl) isomers with thiourea gave the corresponding thiono 
derivatives 5 and 6. The reactive succinimidyl esters, 7 
and 8, were then obtained by reacting 5 and 6 with NHS 
and DCC. 

Attempts to react 2-amino-6-chloropurine (2) or thiogua- 
nine (1) directly with succinimidyl bromoacetate failed, 
but reaction of thioguanine with the less reactive succin- 
imidyl4-(bromomethyl)benzoate led to a usable thiogua- 
nine derivative reactive at  position 6 (9 in Scheme 1). 

Immune Responses to the Thioguanine Conjugates. 
All three conjugates of the differently activated thiogua- 
nine derivatives induced a high antibody response (Figure 
1). When defined as the reciprocal of the dilution giving 
half maximum signal value, the mean titers for five mice 
from each group were 150 000, 320 000, and 640 000 for 
the 7-, 9-, and S-substituted thioguanines, respectively. 

Monoclonal Antibodies against S-Substituted 
Thioguanine (the 138 Series). Sixty-eight positive 
clones were found, of which around 30% produced 
antibodies inhibitable with free thioguanine. Fourteen of 
these mAbs were selected, nine of which were analyzed in 
detail for their fine specificity. 

The pattern of cross-reactivities for this series of mAbs 
is displayed in Figure 2, showing the results for three 
representative antibodies, all of the IgG2a subclass. The 
antigen used for immunization was conjugated through 
the sulfur atom and could be regarded as a sustituted thiol 
(structures c and d in Scheme 2), but screening was 

Arbitrary units 

100 - 

7s - 

so - 

25 - 

0 
4: 8 

0 - 
Serum dilution x 10-3 

Figure 1. Immune response against thioguanine conjugated to 
a carrier protein through three different positions as measured 
in ELISA. Each curve represents mean responses in groups of 
five mice. Arbitrary units of 100 represent maximum response 
in the individual ELISA assays. A: 7-conjugated thioguanine. 
0: %conjugated thioguanine. 0: S-conjugated thioguanine. 

performed with thioguanine, which is best represented by 
the thiono form (structure a or b in Scheme 2). Both 
6-thiono- and 6-thio10 derivatives &e., (methy1thio)- 
guanine (17)) are thus recognized by this series of 
antibodies. Changes at  position 2 have varying effects on 
reactivity. Exchange of the amino group with hydrogen 
(Le., 6-purinethione (13)) or introduction of oxygen at 
position 2 (i.e., 6-thioxanthine (15)) only affected the 
reactivity of antibody 138-7 marginally, whereas it com- 
pletely abolished the reactivity of the other two antibodies. 
Compounds with substituents a t  positions 7,8, or 9 were 
markedly restricted in their reactivity with these antibod- 
ies, but to varying degrees. Thus, substitution at position 
7 (6) hardly affected the reactivity of 138-6, whereas 138-2 
lost most and 138-7 part of their reactivities. Substitution 
at position 8 (12a and 12b) diminished reactivity depending 
on the substituent. Substitution at  position 9 further 
diminished reactivity of 138-7; compare 13 with 14. 

Monoclonal Antibodies against 9-Substituted 
Thioguanine (the 125 Series). One fusion gave a yield 
of 600 antigen-specific hybridomas, which were all inhib- 
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Thiopurines 

Figure 2. Cross-reactivity pattern for three representative 
monoclonal antibodies raised against thioguanine conjugated to 
the carrier protein at position 6. The numbers are the different 
thioeuanine analogues 13 X 106 M) used in the inhibition assay 
andiefer to Chart 1. 

Scheme 2 
S 

SH 

itable by free thioguanine. Six clones were subjected to 
repeated reclonings, and the resulting antibodies were 
analyzed for their fine specificity in the inhibition assay. 
The cross-reactivity patterns for this group of monoclonal 
antibodies is shown in Figure 3, where three antibodies, 
all of the IgG2a subclass, have been selected to represent 
the observed patterns of binding specificity. It appears 
that reactivity was primarily dependent on the structure 
of the pyrimidine ring. The S-substituted derivative (17) 
had markedly reduced reactivity. Changes at position 2 
interfered with reactivity: exchange of the amino group 
with hydrogen (13) diminished the reactivities of the three 
antibodies, and introduction of oxygen at  position 2 (15) 
practically abolished reactivity with antibodies 125-3 and 
125-5, whereas antibody 125-4, as an exception, maintained 
some reactivity. Substitution at  position 7 (6) did not 
influence reactivity, whereas substitution at  position 8 
appeared to affect the reactivity differently (compare the 
reactivity of 12a and 12b for the three antibodies 
mentioned). Substitution with ribose at  position 9 (14) 
seemed almost to restore the reactivity lost by removal of 
the amino group (13) but did not restore the reactivity 
lost by S-substitution (16). 

Monoclonal Antibodies against 7-Substituted 
Thioguanine (the 144 Series). Fusions gave avery large 
number of positive clones, of which almost all the 
antibodies could be inhibited by free thioguanine. Sixteen 

1 1 7  1 3  1 5  6 1 Z a  12b 1 4  1 6  

T h i op u r i n e s 

Figure 3. Cross-reactivity pattern for three representative 
monoclonal antibodies raised against thioguanine conjugated to 
the carrier protein in position 9. The numbers are the different 
thioguanine analogues (3 x 10-8 M) used in the inhibition assay 
and refer to Chart 1. 

% Inhibition 
ion . 

rr-rrr I. . . .  I...rl..._.r r... -r.1.-.1-11 80 

60 

40 

20 

0 
1 1 7  1 3  1 5  6 12a 1 Z b  1 4  

TI1 i opu ri n es 
Figure 4. Cross-reactivity pattern for two representative 
monoclonal antibodies raised against thioguanine conjugated to 
the carrier protein in position 7. The numbers are the different 
thioguanine analogues (3 X 106 M) used in the inhibition assay 
and refer to Chart 1. 

mAbs were selected and further analyzed. This group of 
mAbs showed a higher degree of homogeneity than the 
two other. The general pattern of reactivity is represented 
by 144-4 (IgG1) and 144-5 (IgG2a) in Figure 4. 

The binding activity for the 144 series was mostly 
influenced by the structure of the pyrimidine ring. Thus, 
S-substitution (17) profoundly reduced reactivity, and 
changes at  position 2 diminished reactivity, either slightly 
when the amino group was exchanged with hydrogen (13) 
or more profoundly with 6-thioxanthine (15). 

Substitution in the imidazole ring seemed to be less 
important. Compound 6 with substitution at position 7 
inhibited just as well as thioguanine, as might be expected 
from the fact that this is the site of substitution in the 
immunizing conjugate. With substitution at  position 8, 
the reactivity depended on the substituent (compare 12a 
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and 12b), and substitution at  position 9 did not seem to 
have much impact on reactivity (compare 13 and 14). 

Antibody 144-5 from this series showed a somewhat 
extraordinary reactivity pattern, in that almost all the 
thiopurines possessed some reactivity, though with dif- 
ferent affinities. 

Nerstrom et al. 

DISCUSSION 

When the reactive thioguanine derivatives were allowed 
to react with free amino groups on a carrier protein (PPD), 
immunogenic hapten-carrier conjugates were obtained 
that led to the production of antibodies which recognized 
derivatives of thioguanine differentially depending on the 
structure of the exposed part of the molecule. 

Previous experience suggests that immunization of 
animals pretreated with live BCG vaccine with hapten 
conjugated to PPD gives rise to a remarkably potent carrier 
effect (Lachmann et al., 1986). This has been demon- 
strated when merthiolat was used as hapten2 and also in 
systems involving peptides (Lussow et al., 1991) or low- 
immunogenic  protein^.^ The mechanism is presumed to 
involve the induction of a strong T-cell immunity to 
mycobacterial antigens by the BCG treatment, followed 
by the exploitation of these educated T cells as T helper 
cells in the subsequent proliferation of specific B cells 
presenting the hapten linked to fragments of mycobacterial 
protein (PPD). In the present experiments, BCG-pre- 
vaccinated mice responded after only two immunizations 
with antihapten antibody titers high enough to warrant 
cell fusion after a final boost. 

The initial screening of the mouse sera was performed 
with the homologous thioguanine derivative coupled onto 
an irrelevant carrier, OA. Thus, a t  this stage, we did not 
analyze whether the antibody response was directed 
against free or coupled forms of thioguanine. However, 
during the screening of hybridomas secreting antibodies 
against the homologous hapten-carrier conjugate, we 
immediately selected those for which antibody binding to 
the solid phase was completely inhibited by free thiogua- 
nine in solution. 

Several types of tautomerism have been proposed for 
thioguanine and related compounds (Pullman and Pull- 
man, 1973; Elguero et al., 1976). The most important ones 
are shown in Scheme 2, Le., 9-7 tautomerism, e.g., a + b, 
and thiono-thiolo tautomerism, e.g., a +. c. Thioguanine 
has primarily the thiono structure (a or b), both in the 
solid state and in solution. A pronunced difference is 
observed in the UV spectra of thiono (Am= = 350 nm) and 
thiolo forms (A,,,= = 320 nm) (cf. Table 1; Elion et al., 
1959). Thioguanine is best represented by the canonical 
form b in the solid state (Bugg and Thewalt, 1970). Little 
is known about the 9-7 tautomerism in solution, but 
thioguanine is probably best represented by a mixture of 
the canonical forms a and b in solution, by analogy with 
guanine (Pfleiderer, 1961). 

The fine specificity of the selected monoclonal antibodies 
was analyzed through inhibition experiments with a series 
of thiopurine derivatives, substituted at  various positions. 
The specificity was strongly dependent on the position 
used for coupling to the carrier molecule. 

When the S-position was chosen as the coupling site, 
the reactivity of the resulting antibodies was not influenced 

* Klausen, J., Weiss Bentzon, M., and Koch, C. Immunization 
of BCG-pretreated mice with merthiolate conjugated to Purified 
Protein Derivative (PPD) of Tuberculin gives rise to high titre 
antibodies. (Manuscript in preparation). 

3 Unpublished observation. 

by substitution at  the sulfur atom. The reactivities of 
these antibodies were strongly influenced by the sub- 
stituents a t  positions 2, 7, 8, and 9. When the 7- or 
9-positions were used for conjugation, the reactivities of 
the resulting antibodies were mostly dependent on the 
structure of the pyrimidine ring and less influenced by 
substitutions at  positions 7, 8, and 9. 

However, for all three series of mAbs we observed a 
high degree of heterogeneity, i.e., the influence of sub- 
stitutions at  various positions varied from no inhibition 
to complete inhibition of the homologous interaction with 
the antigen used for immunization. 

Among the structures used to define the fine specificity 
of the thioguanine-specific antibodies are some which are 
known to be metabolites of thioguanine in man and 
experimental animals after the injection or therapeutic 
use of thioguanine as an antimetabolite. The finding that 
such metabolites are recognized differently by the mono- 
clonal antibodies that we have obtained provides the 
opportunity to measure thioguanine and certain of its 
metabolites in clinical samples. The present series of 
antibodies will therefore be employed in assays to monitor 
the treatment of patients with thioguanine. 
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%Substituted Thioadenine Nucleoside and Nucleotide Analogues: 
Synthesis and Receptor Subtype Binding Affinities (1) 

Ahmad Hasan,**+ Tahir Hussain,* S. Jamal Mustafa,* and Prem C. Srivastavas 

Health Sciences Research Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6229, 
and Department of Pharmacology, School of Medicine, East Carolina University, 
Greenville, North Carolina 27858. Received February 4, 1994" 

The design, synthesis, and receptor subtype binding affinities of several 2-substituted thioadenosine 
nucleoside and nucleotide analogues are described. Alkylation of 2-thioadenosine (1) with iodopen- 
tenylboronic acid followed by iododeboronation gave 2-((E)- 1-iodo-1-penten-5-y1)thioadenosine (9). 
Compound 1 on treatment with 4-nitrobenzyl bromide and propargyl bromide furnished compounds 
3 and 5, respectively. The 5'-monophosphate analogues of compounds 3, 5, 7, and 9 were prepared 
similarly using 24hioadenosine 5'-monophosphate (2). Treatment of 1 with bromoethylamine 
hydrobromide provided 2-[(aminoethyl)thiol adenosine (1 1) which on coupling with N-succinimidyl 
3-(4-hydroxyphenyl)propionate gave 2-[ [[3-(4-hydroxyphenyl)propionamido]ethyl] thioladenosine (12). 
Iodination of 12 gave 2-[[[3-(4-hydroxy-3-iodophenyl)propionamido]ethyllthio]adenosine (13). Com- 
pounds 3-13 were evaluated for their affinities toward AI and A2 adenosine receptors in rat brain cortex 
and striatum, respectively using [3HlDPCPX and l3H1 CGS 21680 as ligands. The nucleotide analogues 
4 , 6 , 8 ,  and 10 inhibited binding of [3HlDPCPX by 10-20% and of r3H]CGS 21680 by 40-50% at a 
concentration of 100 pM suggesting weak affinity toward adenosine receptors. The nucleoside analogues 
3,5,7,9,12, and 13 inhibited the A2 receptor binding of PHICGS 21680 with Ki values of 1.2-3.67 pM, 
while A1 receptor binding of [3HlDPCPX was inhibited with Ki values 10-17 pM. The AdA2 ratios 
suggest 4-8-fold A2 receptor selectivity. 

INTRODUCTION 

Adenosine is an effective mediator of a wide variety of 
physiological functions including vasodilation, cardiac 
depression, inhibition of platelet aggregation, inhibition 
of lymphocyte functions, inhibition of insulin release and 
potentiation of glucagon release in the pancreas, and 
inhibition of lipolysis (2).  Many of these effects are 
mediated by extracellular receptor subtypes, A1 and A2, 
linked to adenylate cyclase in an inhibitory and stimulatory 
manner, respectively. These two receptor subtypes can 
be distinguished on the basis of structure-activity rela- 
tionships (3-5) using receptor binding assays (6, 7 ) .  

Substitutions on the adenine base have been found to 
alter the affinity of adenosine for its receptors (8-14). For 
example, W-cyclopentyladenosine (8, 9) is a potent and 
selective agonist a t  the A1 adenosine receptor (7,lO).  The 
availability of W-substituted adenosine analogues has 
aided in the development of models for the A1 adenosine 
receptor (10,15),  and also for the A2 adenosine receptor 
(16, 17),  and a large number of W-substituted purine 
nucleosides have been prepared. Even though several early 
studies of adenosine receptor of the platelet (18-20) and 
the coronary artery (21,22) indicate greater selectivity of 
2-substituted adenosine analogues as agonist at  the A2 
subtype, the synthesis and biological evaluation of this 
class of compounds has been less vigorously pursued. 
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Several 2-CH-, 2-0-, 2-NH- , and 2-S-alkyl-, and aryl- 
modified adenine nucleosides have been reported (18- 
30). The aralkoxy substitution at  the 2 position of 
adenosine appears to enhance the A2 receptor affinity. 
The A2 receptor affinity of phenethoxy adenosine has been 
further optimized by substitution of the phenyl ring with 
F, C1, CH3 and CH30- functional groups (26). This led us 
to synthesize the new 2-substituted thioadenine nucleoside 
and nucleotide analogues for biological evaluation de- 
scribed in this paper. 

EXPERIMENTAL PROCEDURES 
General Methods. All solvents, chemicals, and re- 

agents were analytical grade and were used without further 
purification unless otherwise indicated. The melting 
points (mp) were determined on a Thomas-Hoover ap- 
paratus in open capillary tubes and were uncorrected. 'H 
spectra were recorded on a Varian Gemini-200 spectrom- 
eter and reported in ppm downfield from the internal 
tetramethylsilane (TMS = 0) standard. The signals are 
expressed as s (singlet), d (doublet), t (triplet), m (mul- 
tiplet), or br (broad). The presence of exchangeable 
protons was confirmed by treatment with deuterium oxide 
followed by reintegration of the NMR spectrum. UV 
spectra were recorded on Beckman DU-64 spectropho- 
tometer. Baker analyzed silica gel (60-200 mesh) was used 
for column chromatography. Thin-layer chromatography 
(TLC) was performed using 250-pm layers of silica gel GF 
precoated glass plates (Analtech, Inc.). Spots on the TLC 
plates were detected by visualization under short wave 
ultraviolet (UV) light, exposure to iodine vapors, or heating 
the chromatogram at 100 "C after spraying with a solution 
of 5 96 sulfuric acid in methanol. The TLC solvent systems 
used were (A) isobutyric acid:water:concd ammonium 
hydroxide (33:17:0.5 v/v), (B) methano1:chloroform (1:5 
v/v), (C) ethyl acetate:2-propanol:water (7:1:2 v/v, top 
layer), and (D) methano1:chloroform (2:8 v/v). The paper 
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chromatography was performed using Whatman no. 1 
cellulose paper in an ascending technique with solvent 
system A. The elemental analyses were determined by 
Galbraith Laboratories (Knoxville, TN), and the results 
are within f 4 %  of the theoretical value except where noted. 

2-[ (4-Nitrobenzyl)thio]adenosine (3). Compound 3 
was prepared by slight modification (NaH and DMF) of 
literature procedure (18) in 46 % yield, mp 152 "C [(shrinks 
at  126-127 "C (lit. (18) 130.5-132 "C)]. 'H NMR (DMSO- 
&): 6 8.27 (s, lH,  H-8), 8.15 (d, J = 8.5 Hz, 2H, Ar-H), 
7.78 (d, J = 8.8 Hz, 2H, Ar-H), 7.46 (s,2H, NHd, 5.87 (d, 

(d, J = 5.9 Hz, l H ,  OH), 5.06 (t, J = 5.5 Hz, lH,  OH), 4.5 
(m, lH,  H-2'),4.12 (m, lH,  H-3'),3.96 (d, J = 3.66 Hz, l H ,  
H-4'),3.60 (m, 2H, H-5'), 3.14 (s,2H,-CH2-). Anal. Calcd 
for (C17H18N606S-CH30H): C, 46.35; H, 4.72; N, 18.03. 
Found: C, 46.66; H, 4.89; N, 17.78. 
2-[ (4-Nitrobenzyl)thio]adenosine 5'-Monophosphate 

(4). Sodium methoxide (540 mg, 10 mmol) was added to 
a suspension of 2-thioadenosine 5'-monophosphate (32) 
(1.0 g, 2.6 mmol) in methanol (200 mL) under an argon 
atmosphere. The reaction mixture was stirred at  room 
temperature for 30 min after which 4-nitrobenzyl bromide 
(570 mg, 2.6 mmol) was added, and the stirring was 
continued for 10 h at  room temperature. Solvents was 
removed under reduced pressure, and the residue was 
dissolved in water. The solution was adjusted to pH 2 
with 2 N hydrochloric acid. The crude product was 
collected by filtration, washed withcold water, and purified 
by dissolution in 1 N sodium hydroxide followed by 
adjusting the solution to pH 2 with 1 N hydrochloric acid. 
The mixture was kept at room temperature overnight, 
and the crystalline solid that separated was collected by 
filtration to yield 4 (570 mg, 42%), mp 192-194 "C. lH 

2H, Ar-H), 7.79 (d, J = 7.89 Hz, 2H, Ar-H), 6.02 (d, J = 
4.48 Hz, lH,  H-1'1, 4.42 (m, 2H, H-2', H-3'),4.15 (bs, 2H, 

Anal. Calcd for (C17H&&kW2H20): C, 37.09; H, 4.18; 
N, 15.27. Found: C, 36.94; H, 3.90; N, 15.06. 
2-[ (Propargyl)thio]adenosine (5). Sodium hydride 

(40 mg, 1 mmol, 60% suspension in oil) was added to a 
suspension of compound 1 (299 mg, 1 mmol) in anhydrous 
DMF (10 mL) under an argon atmosphere. The mixture 
was stirred at  room temperature until evaluation of 
hydrogen gas ceased (-25 min). A solution of propargyl 
bromide (2 mL, 80% solution in toluene) in anhydrous 
DMF (5 mL) was added to the reaction mixture, and 
stirring was continued overnight. Solvent was removed 
under reduced pressure, and the residue was triturated 
with water, filtered, and washed with cold water. The 
crude product was purified by silica gel column chroma- 
tography. The column was eluted with ethyl acetate 
followed by 5 % methanol in ethyl acetate, and the fractions 
(Rf  = 0.46, silica gel TLC in solvent C) containing the 
major product were combined, and solvent was removed 
to yield 5 (277 mg, 82%), mp 121 "C (78-80 "C shrinks). 

J = 5.6 Hz, lH,  H-l'), 5.45 (d, J = 5.86 Hz, lH,  OH), 5.20 

NMR (DMSO-&): 6 8.4 (s, lH,  H-8), 8.17 (d, J =  7.86 Hz, 

-CH2-), 4.01 (bm, 3H, H-4', H-5'). UV (pH 1): Am, 269. 

'H NMR (CDCl3 + CD3OD): 6 7.94 (s, lH,  H-8), 5.8 (d, 
J = 6.06 Hz, lH,  H-l'), 4.79 (t, J = 5.5 Hz, lH,  H-2'), 4.37 
(m, lH,  H-39, 4.2 (m, lH,  H-49, 3.79 (m, 2H, H-59, 3.40 
(s, 2H, -CH2-), 2.25 (t, J = 2.6 Hz, l H ,  C=CH). Anal. 
Calcd for (C13H15N504SCH30H): C, 45.53; H, 5.15; N, 
18.97. Found: C, 45.82; H, 4.90; N, 19.12. 
2-[ (Propargy1)thioladenosine 5'-Monophosphate (6). 

Compound 6 was prepared following the procedure 
described for 4, using 2 (230 mg, 0.6 mmol), sodium 
methoxide (125 mg, 2.3 mmol), and propargyl bromide 
(250 mg, 80% wt solution in toluene) in methanol a t  60 
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OC for 12 h. The residue was dissolved in water (2 mL), 
and the solution was adjusted to pH 2 with dilute 
hydrochloric acid. The crude product was collected by 
filtration, washed with water, dried under vacuum, and 
crystallized from water to yield 6 (75 mg, 30%), mp 218- 

4.18-4.0 (m, 5H, H-3', H-4', and H-5'),3.9 (s,2H, -CH2-), 
2.5 (t, J = 1.75 Hz, lH,  HCEC). UV (pH 1): A,, 269.6. 
Anal. Calcd for ( C ~ ~ H ~ ~ N ~ O ~ S P - H Z O ) :  C, 35.86; H, 4.14; 
N, 16.09. Found: C, 35.85; H, 3.96; N, 16.07. 

2-[ ((E)-l-Borono-l-penten-5-yl)thio]adenosine (7). 
Compound 7 was prepared following the procedure 
described for 5, using 1 (299 mg, 1 mmol), sodium hydride 
(40 mg, 1 mmol, 60% dispersion in oil), and (1-iodo-5- 
penten-5-y1)boronic acid (242 mg, 1 mmol) in DMF. The 
residue was dissolved in hot water and filtered. The 
solution was adjusted to pH 5.5 with glacial acetic acid. 
The solvent was evaporated to dryness, and the residue 
was purified by silica gel column chromatography. The 
column was eluted with 8-12 % methanol in ethyl acetate, 
the fractions (Rf  = 0.27, silica gel TLC in solvent C) were 
collected, and solvent was removed to yield 7 (238 mg, 
58%), mp 229-233 "C. 'H NMR (DMSO-&): 6 8.19 (s, 
lH,  H-8), 7.4 (bs, 2H, NHz), 6.65 (bm, l H ,  HC=CH), 6.12 
(d, J = 14.1 Hz, lH,  HC=CH), 5.64 (d, J = 5.2 Hz, lH,  
H-l'), 3.5 (m, 2H, CHz), 2.55 (m, 2H, CH2), 1.89 (m, 2H, 
CH2). UV (pH 1): Am, 268. Anal. Calcd for (C15H22- 
BN*506S): C, 43.80; H, 5.35; N, 17.03. Found: C, 44.16; 
H, 5.22; N 17.44. *N: calcd 17.03, found 17.44. 
2-[ ((E)-1-Iodo- 1-penten-5-yl)thio]adenosine (9). 

Compound 7 (155 mg, 0.37 mmol) was dissolved in 50% 
aqueous THF (4.0 mL). Sodium iodide (84 mg, 1.5 equiv) 
was added followed by addition of a solution of chloram- 
ine-T (126 mg, 0.55 mmol) in 50% aqueous THF (2 mL). 
The reaction mixture was stirred in the dark at room 
temperature for 1 hand quenched with a saturated solution 
of sodium thiosulfate (50 mg in 0.5 mL water). The solvent 
was evaporated, and the residue was dissolved in water 
(10 mL) and extracted with ethyl acetate (5 X 20 mL). 
The ethyl acetate portion was dried (sodium sulfate), 
filtered, and evaporated. The crude product was crystal- 
lized from hot methanol to yield 9 (145 mg, 78%), mp 
89-91 "C (methanol and water). TLC: Rf = 0.68, silica 
gel, solvent C. lH NMR (DMSO-&): 6 8.23 (8, lH,  H-8), 
7.38 (bs, 2H, NHz), 6.66 (dt, J = 14.2 and 7.1 Hz, lH,  
HC=CHI),6.2 ( d , J =  14.3 Hz, lH,HC=C), 5 .81(d ,J=  

220 "C. 'H NMR (DMSO-&): 6 8.44 (9, lH,  H-8), 5.9 (d, 
J = 5.49 Hz, lH,  H-l'), 4.65 (t, J = 4.8 Hz, lH,  H-2'), 

5.5 Hz, lH,  H-l'), 4.61 (d, J = 6.3 Hz, lH,  H-2'), 4.1 (d, 
J = 4.8 Hz, lH,  H-3'), 3.9 (d, J = 3.1 Hz, lH,  H-4'), 3.5 
(m, 2H, H-5'1, 3.18 (d, J = 5.1 Hz, 2H, CHz), 2.15 (m, 2H, 
CH2), 1.75 (m, 2H, CH2). UV (pH 1): Am, 268.8. Anal. 
Calcd for (C15HzoIN504S.O.5HzO): C, 35.85; H, 4.18; N, 
13.94. Found: C, 35.93; H, 4.30; N, 13.91. 
2-[ ((E)-l-Borono-l-penten-5-yl)thio]adenosine 5'- 

Monophosphate (8). Iodopentenylboronic acid (37.6 mg, 
0.16 mmol) was added to a mixture of 2 (50 mg 0.13 mmol) 
and sodium methoxide (27 mg, 0.5 mmol) in DMF (2 mL) 
under an argon atmosphere. The mixture was stirred at 
room temperature for 18 h. The solvent was removed 
under reduced pressure and the residue was dissolved in 
water (-2 mL). The solution was adjusted to pH 2 with 
2 N hydrochloric acid. The mixture was passed through 
a column (1 X 10 cm) packed with AG50 WX1 resin. The 
column was eluted with water (75 mL) followed by 45% 
acetic acid in water. The fractions (Rj = 0.44, paper 
chromatography in solvent A) were combined, and the 
solvent was evaporated to yield 8 (27 mg, 42 % 1, mp >300 
"C. The compound was highly insoluble in deuteriosol- 
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vents a t  a suitable concentration for NMR; hence, NMR 
data is not included for this compound. Anal. Calcd for 

Found: C, 35.60; H, 4.81; N, 13.69. 
24 ((E)-l-Iodo-l-pentend-yl)thio]adenosine 5’-Mon0- 

phosphate (10). A solution of chloramine-T (17.3 mg, 76 
pmol) in aqueous THF (1 mL) was added to a mixture of 
8 (25 mg, 50 pmol) and sodium iodide (11.4 mg, 76 pmol) 
in 50% aqueous THF (2 mL). The reaction mixture was 
stirred at room temperature for 24 h in the dark and 
quenched by addition of a saturated solution of sodium 
thiosulfate ( N 1 mL). The solvent was removed under 
reduced pressure, and the residue was dissolved in water 
(2 mL) and filtered. The filtrate was adjusted to pH 2 
with 2 N hydrochloric acid. The crude product separated 
as a solid was filtered and washed with cold water. The 
crude product was crystallized from a mixture of water 
and ethanol to yield 10 (18 mg, 62%), mp 169-171 OC. 
TLC: Rf = 0.76, paper chromatography, solvent A. lH 

and 7.0 Hz, lH,  HC=CHI), 6.3 (d, J = 14.33 Hz, lH,  
HC=CHI),5.9 ( d , J =  5.2Hz71H, H-l’),2.5 (m,2H,CH2), 
2.2 (m, CHd, 1.82 (m, 2H, CH2). UV (pH 1): A,, 268. 
Anal. Calcd for ( C ~ ~ H ~ ~ I N S P O + ~ . ~ H ~ O ) :  C, 29.56; H, 4.11; 
N, 11.49. Found: C, 29.42; H, 3.99; N, 11.26. 
24 (Aminoethy1)thioladenosine (1 1). Compound 11 

was prepared following the procedure described for 5, using 
1 (448.5 mg, 1.5 mmol), sodium hydride (60 mg, 1.5 mmol, 
60 % dispersion in oil), and 2-bromoethylamine hydro- 
bromide (307 mg, 1.5 mmol) in DMF. The residue was 
dissolved in water and adjusted to pH 8 with 1 N sodium 
hydroxide. The solvent was evaporated to dryness, and 
the residue was purified by silica gel column chromatog- 
raphy. The column was eluted with 6-10% methanol in 
chloroform and the fractions (Rf = 0.46, TLC in solvent 
B) were combined. The solvent on evaporation gave 11 
(380 mg, 74%), mp 198-205 OC dec. ‘H NMR (CDBOD): 

= 5.4Hz7 lH,  H-2’),4.38 (m, lH,  H-3’), 4.15 (m, lH,  H-49, 
3.85 (m, 2H, H-5’1, 3.4 (bm, 4H,(CH2)2). 
2-[ [[3-(4-Hydroxyphenyl)propionamido]ethyl]thio]- 

adenosine (12). A solution of N-succinimidyl 344- 
hydroxypheny1)propionate (65.3 mg, 0.25 mmol) in DMF 
(1 mL) was slowly added to a solution of 11 (85.5 mg, 0.25 
mmol) in DMF (2 mL). The reaction mixture was stirred 
at  room temperature for 24 h. The solvent was removed 
under reduced pressure, and the mixture was purified using 
preparative TLC (solvent D). The UV-vis band (Rf = 
0.46, silica gel TLC in solvent D) was scrapped and eluted 
with a solution of chloroform and methanol. The solvent 
was evaporated to yield 12 (35 mg, 29%), mp 110 “C 
(methanol). ‘H NMR (CDzOD): 6 8.23 (s, l H ,  H-8),7.01 
(d, J = 8.4 Hz, 2H, Ar-H), 6.68 (d, J = 8.4 Hz, 2H, Ar-H), 

(C15Hp,BN509SP-H20): C, 35.36; H, 4.91; N, 13.75. 

NMR (DMSO-de): 6 8.28 (s, lH,  H-8), 6.55 (dt, J = 14.2 

6 8.25 (s, lH,  H-8), 6.0 (d, J = 6.2 Hz, l H ,  H-l’), 4.7 (t, J 

6.0 (d, J = 5.7 Hz, lH,  H-l’), 4.7 (t, J = 5.33 Hz, l H ,  OH), 
4.4 (t, J = 3.58 Hz, lH, H-2’), 4.18 (t, J = 2.55 Hz, lH,  
H-37, 3.85 (m, 2H, H-4’ and OH), 3.5 (m, 2H, H-5’), 3.55 
(m,2H,CH2),3.2(t7 J=6.6Hz,2H7CH2),2.75(t ,J=7.24 

268.6. The compound was analyzed as the corresponding 
iodo derivative 13. 
24 [ [3-(4-Hydroxy-3-iodophenyl)propionamido]eth- 

yl]thio]adenosine (13). Sodium iodide (53 mg, 0.35 
mmol) was added to a solution of 12 (172 mg, 0.35 mmol) 
in 50% aqueous THF (5 mL). Subsequently, a solution 
of chloramine-?’ (80 mg, 0.35 mmol) in THF (1 mL) was 
added, and the reaction mixture was stirred in the dark 
for 1 h. A solution of sodium thiosulfate (50 mg in 0.5 mL 
water) was added, and the solvent was removed under 

Hz, CH2), 2.46 (t, J= 7.02 Hz, 2H, CH3. UV (pH 1): A,, 
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reduced pressure. The resulting residue was extracted 
with chloroform and washed with water. The organic layer 
was dried (sodium sulfate) and filtered, and the residue 
obtained after evaporation of the solvent was purified using 
preparative TLC (solvent C). The major band visible 
under UV light was scrapped and eluted with a solution 
of chloroform and methanol (1:l v/v). The solvent was 
removed to yield 13 (150 mg, 56% 1. A portion of this was 
crystallized from a mixture of water and ethanol to yield 
an analytical sample, mp 190-192 OC. lH NMR (CD3- 
OD): 6 8.23 (s, lH,  H-8), 7.53 (d, J = 2.2 Hz, lH,  Ar-H), 
6.99 (dd, J = 8.2 and 2.1 Hz, lH,  Ar-H), 6.77 (d, J = 8.2 
Hz, lH,  Ar-H), 6.04 (d, J = 5.6 Hz, lH,  H-1’1, 4.42 (t, J 

(m, 3H, H-4’ and H-5’),3.53 (m, 2H, CH2), 3.23 (t, J = 5.5 
Hz, 2H, CH2), 2.7 (m, 2H, CH2), 2.39 (m, 2H, CH2). Anal. 
Calcd for (C21H25IN60&-2H20): C, 38.65; H, 4.45; I, 19.48; 
N, 12.88. Found: C, 38.48; H, 4.33; I, 19.41; N, 12.76. 
Biological Studies. Membrane Preparation. The 

membranes from male Wistar rat (170-200 g) cerebral 
cortex and striatum were prepared as described (33). 
Protein was measured according to the method described 
by Bradford (34). 

Radioligand Binding Assays. Radioligand binding of 
A1 receptors from rat cortical membranes was measured 
as described (35) for the AI antagonist r3H1DPCPX. [3Hl- 
CGS 21680 was used to measure A2 receptor binding in rat 
striatal membranes (36) containing approximately 100 pg 
of protein in a total volume of 250 pL at 25 OC. Cold 
(R)-PIA (10 pM) and CGS 21680 (10 pM) were used to 
define the non specific binding for AI and A2 receptor, 
respectively. The values of inhibition constant (Ki) were 
calculated using EBDA computer program. This program 
uses the IC5,, values for calculating Ki according to the 
equation of Cheng and Prusoff (37). 

= 3.58 Hz, lH,  H-2), 4.19 (d, J = 3.11 Hz, lH,  H-3’),3.86 

RESULTS AND DISCUSSION 
Chemistry. The viable intermediate compounds, 2-thio- 

adenosine (1) and 2-thioadenosine 5’-monophosphate (21, 
were prepared as reported (31,321, starting with adenosine 
and adenosine 5’-monophosphate, respectively. Boronovi- 
nyl (Scheme 1) and phenol (Scheme 2) moieties were 
introduced in 2-thioadenosine substrate sites for selective 
and easy iodination and potentially for radioiodination 
for receptor characterization studies. Alkylation of the 
sodium salt of 2-thioadenosine with (iodopentenyl) boronic 
acid (38) in anhydrous DMF gave 7. The S-alkylation was 
supported by UV spectrometry (21). Iodination of 7 with 
sodium iodide and chloramine-T in anhydrous THF 
furnished 2-[ ((E)-l-iodo-l-penten-5-yl)thioladenosine (9) 
in 78 5% yield. Our attempts to directly phosphorylate (39- 
42) the 5’-OH of either 7 or 9 were futile, and unchanged 
starting material was recovered in each case. It is possible 
that the steric nature of the 2-substituent obscures the 
nucleoside conformation making selective phosphorylation 
impossible. This led us to investigate an alternate route 
for the synthesis of compounds 8 and 10. Treatment of 
2 with (iodopenteny1)boronic acid in the presence of 3.1 
molar equiv of sodium methoxide in DMF gave 2-[((E)- 
l-borono-l-penten-5-yl) thio] adenosine 5‘-monophosphate 
(8). Iododeboronation of 8 with sodium iodide and 
chloramine-T gave 2- [((E)-l-iodo-l-penten-5-yl)thiolad- 
enosine 5’-monophosphate (10). The E-isomeric configu- 
ration of the vinylic iodide moiety in compounds 9 and 10 
was established on the basis of lH NMR spectroscopy. In 
the ‘H NMR spectrum of 9, the signals for the vinylic 
protons appeared as a doublet a t  6 6.20 (J = 14.3 Hz) ppm 
and a set of triplets a t  6 6.66 (J = 14.20 and 7.10 Hz) ppm, 
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consistent with the literature report (38). Treatment of 
compounds 1 and 2 with 4-nitrobenzyl bromide under basic 
conditions (NaH) gave compounds 3 (18) and 4 in 46% 
(lit. (18) 36%) and 42% yield, respectively. Similarly, 
alkylation of 1 with propargyl bromide (80% solution in 
toluene) in the presence of sodium hydride gave 2-[(pro- 
pargy1)thioladenosine (5). Compounds 3-6 were prepared 
as precursors for iodination. Our attempts to convert 
compound 5 to the corresponding tributyltin derivative 
following the literature procedure (43) resulted in de- 
sulfurization. 

The synthesis of a phenyl-substituted 2-thioadenosine 
analogue (13) containing a larger carbon chain interposition 
between the terminal phenyl group and the C-2 subregion 
of purine is outlined in Scheme 2. Reaction of 1 with 
2-bromoethylamine hydrobromide in the presence of 
sodium hydride in DMF gave 2-[ (aminoethy1)thiol- 
adenosine (1 1) in 74 % yield. Coupling of 11 with N-suc- 

OH 13 
cinimidyl 3- (4-hydroxypheny1)propionate in DMF gave 
12. The incorporation of the phenolic moiety in compound 
12 was confirmed by the lH NMR spectrum in which the 
signal for aromatic protons (phenyl ring) appeared as 
doublets a t  6 7.01 (J = 8.40 Hz, 2H) and at  6 6.68 (J = 8.4 
Hz, 2H) ppm. Iodination of 12 with sodium iodide and 
chloramine-?' in THF gave 2- [ [[3-(6hydroxy-&iodophen- 
yl)propionamidolethyllthioladenosine (13) in 56% yield. 
In the lH NMR spectrum of 13 the signals for aromatic 
protons (phenyl ring) appeared as a doublet a t  6 7.53 (J 
= 2.2 Hz, 1H) ppm, a set of doublets a t  6 6.98 (J = 8.2 and 
2.1 Hz, 1H) ppm, and another doublet a t  6 6.77 (J = 8.2 
Hz, 1H) ppm. 

Biological Evaluation. The effects of a series of 
2-substituted thioadenosine nucleoside and nucleotide 
analogues were evaluated on the adenosine receptors using 
radioligand binding in competition assays, and the results 
are given in Table 1. Affinities for A2 receptors were 
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Table 1. Ki Values for A1 and A2 Receptor Binding 
Affinities for 2-Substituted Thioadenine Nucleoside and 
Nucleotide Analogues. 

Ki (PW, Ki (PM), selectivity 
compd A2 bindingb A1 binding AilAz 

@)-PIA 0.4 f 0.06 0.0013 f 0.00042 0.0032 
CGS 21680 0.011 f 0.0009 1.4 f 0.92 127 
3 2.4 f 0.16 15.7 f 1.3 6.5 
5 2.0 f 0.10 9.2 f 1.2 4.6 
7 3.67 f 0.30 15.0 f 1.4 4.1 
9 3.67 f 0.25 17.2 f 2.5 4.6 
12 2.04 f 0.08 16.0 f 1.0 7.8 
13 1.2 f 0.09 10.0 f 0.9 8.3 

(I The assays were performed three times in triplicate and values 
represent mean f SE. (R)-Phenylisopropyladenosine (@)-PIA) and 
2-[[4-(2-Carboxyethyl)phenethyl]amino]adenosine 5’-N-ethylu- 
ronamide (CGS 21680) were used at 10-11-104 M while compounds 
were used at lO-9-lV M for the competitionexperiments. * [SHICGS 
21680. [3H]8-Cyclopentyl-l,3-dipropylxanthine ( [3HlDPCPX). 

Hasan et al. 

1231 for receptor imaging application by single photon 
emission computed tomography. 

In summary, the binding affinities observed for 2-sub- 
stituted thioadenine nucleoside and nucleotide analogues 
indicate that introduction of the sulfur atom at the C-2 
position of adenine does not contribute toward the affinity 
or selectivity of these compounds. However, the presence 
of a hydrophobic group a t  the C-2 position appears to 
increase the A2 receptor selectivity. 

determined in radioligand assays for the receptors of rat 
striatum using f3H1CGS 21680 as the radioligand. Af- 
finities for A1 receptors were determined in radioligand 
competition assays for the receptors of rat cortex using 
[3HlDPCPX as radioligand. CGS 21680and (23)-PIA were 
used as reference compounds, for A2 and AI, respectively. 

The Ki values of @)-PIA and CGS 21680 for A1 and A2 
receptors, respectively, were found in accordance with the 
earlier reports (44)  suggesting the validity of the receptor 
binding assays. The nucleotides 4, 6, 8, and 10 exhibited 
poor affinities for both A1 and A2 receptors (10-20% 
inhibition of PHI DPCPX binding and approximately 40- 
50% inhibition of PHICGS 21680 binding) at  100 pM 
concentrations. It could be expected since the nucleotide, 
AMP, had been reported earlier to be a less potent on 
adenosine receptors (45).  Compounds 3, 5, 7, 9, 12, and 
13 have Ki 1.2-3.6 pM for the A2 receptor and 10-17 pM 
for the A1 receptor suggesting low affinities but with 4-8- 
fold higher selectivity for A2 as compared to AI. The A2 
selectivity of these compounds was apparently based on 
the accepted notion (46) that adenosine with N6 sub- 
stituents is more selective for A1 receptor while those with 
the C-2 substituents are more selective for A2 receptor. 
However, the difference in A2 selectivity of compounds 12 
and 13 (8-fold) and compound 3 (6-fold) may be explained 
on the basis of the carbon chain length and the nature of 
substituents on the phenyl ring. The presence of a phenyl 
group increases the hydrophobicity of these compounds 
resulting in higher selectivity. The decrease in hydro- 
phobicity of compounds 5,7, and 9 compared to compounds 
3, 12, and 13 led to a slight attenuation in A2 selectivity 
(4-fold). The presence of a boronic acid moiety in 
compound 7 or iodine in compound 9 apparently made no 
significant difference in either the affinity or selectivity 
of these compounds. Also, it appears that alkylvinyl and 
alkyl phenyl moieties seriously perturb the adenosine 
molecule and impair its ability for A1/A2 receptor selectiv- 
ity. The agonist activity of these compounds was tested 
in isolated rat aortic rings (for A2 response in terms of 
vasorelaxation) and left atria (for A1 response in terms of 
inotropic effect) using the organ bath technique (47). 
Compound 3 produced vasorelaxation with an IC50 of 7.5 
pM. The force of contraction (inotropic effect) was 
inhibited by 20 % at 100 pM concentration of compound 
3. These data suggest that the compound exhibits the 
agonist activity as well as the A2 selectivity. A similar 
pattern of agonist activity and selectivity was observed 
with other compounds. These preliminary data did not 
support pursuing radiolabeling of these compounds with 
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TECHNICAL NOTES 

Biotinylated Hyaluronic Acid: A New Tool for Probing 
Hyaluronate-Receptor Interactions 

Tara Pouyani and Glenn D. Prestwich’ 
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Hyaluronic acid (HA) is a linear polysaccharide composed of repeating disaccharide units of D-glucuronic 
acid (GlcUA) and N-acetyl-D-glucosamine (GlcNAc). Hyaluronate plays an important role in many 
biological processes as mediated by its interactions with a number of HA-binding proteins (the 
“hyaladherins”) and with the cell surface HA-receptor, CD44. Studies of hyaluronate-hyaladherin 
interactions would be greatly facilitated by the availability of molecular probes derived from HA. We 
recently reported a convenient chemical modification of hyaluronate that introduces multiple pendant 
amine functionalities onto the HA carboxylate residues. We now report the preparation of biotinylated 
hyaluronic acid (molecular weight = 1.2 X lo6 Da) as a probe for histochemical and immunochemical 
characterization of HA-binding proteins. Approximately one-third of the available HA glucuronate 
residues could be readily biotinylated in high molecular weight HA. 

INTRODUCTION 
Modification of biopolymers with reporter groups has 

become a powerful research tool in immunology, cell 
biology, and histochemistry (1).  Generally, this strategy 
involves binding small molecules with specific reporter 
properties, e.g., fluorophores, antigens, or radioisotopes, 
to the biopolymer. The targeted biological macromolecule 
often has primary amino (NHz), thiol (SH), or other 
pendant functionality that is readily derivatized with 
group-specific reagents. 

Hyaluronic acid (HA), usually isolated as sodium 
hyaluronate, is a biologically important biopolymer (Figure 
1) that plays important roles in diverse processes such as 
cell motility (21, wound repair (31, and cancer metastasis 
(4 ) .  The availability of hyaluronate probes would greatly 
facilitate the study of the interactions of HA with its 
binding proteins (hyaladherins) and could potentially allow 
the localization of these proteins. Ideally, one would want 
to use either HA oligosaccharides or high molecular weight 
HA, and one would want precise control of the degree and 
chemistry of derivatization. A number of research groups 
have reported the use of biotinylated HA as a probe for 
HA binding proteins. However, a reliable and versatile 
method for preparing biotinylated HA probes is currently 
unavailable ($6) .  Three methods are currently used. First, 
biotinylated HA was prepared by modification of a small 
number of putative free amino groups believed to be 
present on native hyaluronate (7). A second approach for 
the preparation of polysaccharide probes used cyanogen 
bromide activation of the hydroxyl groups. This has the 
disadvantage that it introduced random modifications 
along the polymer backbone (8). Third, HA has one 
“reducing-end” sugar per molecule; this could be reduc- 
tively coupled to a diamine and used to prepare HA probes. 
Unfortunately, derivatization of a single reporter group 
to a M ,  1.5 X lo6 Da molecule gave a probe with low 
sensitivity of detection (9). 

* Abstract published in Advance ACS Abstracts, May 1,1994. 
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Figure 1. Structure of hyaluronic acid (HA) showing two 
disaccharide repeat units. 

We recently described a convenient methodology that 
allows the controlled attachment of a pendant hydrazido 
moiety to the glucuronic acid residues of the HA backbone 
via a variable-length spacer (Figure 2) (10-12). We now 
report extension of this methodology to prepare biotiny- 
lated native HA ( M ,  = 1.2 X lo6 Da) through the reaction 
of the pendant hydrazido group with sulfo-NHS-biotin. 
The technique is general and can be applied to HA 
oligosaccharides in any size range. 

EXPERIMENTAL PROCEDURES 
Materials. Sodium hyaluronate (Cristalhyal) was 

provided by Collaborative Laboratories, Inc. (East 
Setauket, NY). Adipic dihydrazide and l-ethyl-3-[3- 
(dimethylamino)propyl]carbodiimide (EDC) were pur- 
chased from Aldrich Chemical Co. (Milwaukee, WI). 
Sulfo-NHS-biotin, 2-(4’-hydroxyphenylazo) benzoic acid) 
(HABA), and avidin were purchased from Pierce Chemical 
Co. (Rockford, IL). Spectrapor membrane tubing 
(MWCutoff = 3500 Da) was obtained from Fisher Chemical 
Co. (Pittsburgh, PA). 

Preparation of Hydrazido-HA (1).  Sodium hyalu- 
ronate (200 mg, 0.50 mmol) was dissolved in water such 
that the concentration of the HA solution was ap- 
proximately 4 mg/mL. To this mixture was added a 30- 
fold molar excess of adipic dihydrazide (3.5 g, 20 mmol). 
The pH of the reaction mixture was then adjusted to 4.75 
using 0.1 N HCl. To this mixture was added EDC (382 
mg, 2.0 mmol) in solid form. The pH of the reaction 

1043-1802/94/2905-0370$04.50/0 0 1994 American Chemical Society 



Technical Notes Bioconjugate Chem., Vol. 5, No. 4, 1994 371 

0 
II 

NH-NH-Probe 

Probe-NHS 

< -  pH = 7.0.8.5 f l  

Probe = Biotin 

Figure 2. General strategy for generating molecular probes of hyaluronate. 

mixture was maintained at  4.75 by addition of 0.1 N HC1. 
The reaction was allowed to proceed for 2 h or until no 
further rise in pH was observed. The pH of the reaction 
mixture was then raised to 7.0 by addition of 1 N NaOH. 
For purification, the reaction mixture was transferred to 
the prewetted dialysis tubing and was dialyzed exhaus- 
tively against water. The clear and viscous final mixture 
was placed on the lyophilizer for 48 h. 

Preparation of Biotinylated Hyaluronate (3). Hy- 
drazido-HA (1) (11 mg, 0.028 mmol) was dissolved in 0.1 
M NaHC03 to a concentration of 7 mg/mL. To this 
solution was added sulfo-NHS-biotin (2) (50 mg, 0.11 
mmol) in solid form, and the resulting turbid reaction 
mixture was stirred for 18 h at  ambient temperature. The 
mixture was then diluted 10-fold with water, transferred 
to pretreated dialysis tubing, and dialyzed exhaustively 
against water. The biotinylated hyaluronate probe 3 was 
isolated as a white fiber after lyophilization. 

The degree of substitution was determined by a 
displacement assay according to the manufacturer’s 
protocol (Pierce). Briefly, 900 p L  of avidin-HABA reagent 
was placed in a 1-mL cuvette. The absorbance at  500 nm 
was recorded. To this mixture was added 100 pL of a 0.25 
mg/mL sample of biotin-HA (3) in phosphate-buffered 
saline. After thorough mixing the absorbance at  500 nm 
was recorded. These data were used to calculate the degree 
of substitution using the reported value for the extinction 
coefficient of biotin (34 pmol/mL). An average value of 
0.33 mol of biotin/mol of HA was obtained from three 
separate measurements on a single preparation. 

RESULTS 

Native hyaluronate was dissolved in water to a final 
concentration of 4 mg/mL, and adipic dihydrazide was 
added in 20-50-fold excess. The pH of the reaction mixture 
was adjusted to 4.75, and the coupling reagent EDC was 
added to the mixture in solid form. The pH of the reaction 
was maintained at  4.75 by addition of 0.1 N HC1 and was 
allowed to proceed for 2 h or until no further increase in 
pH was observed. The mixture was dialyzed exhaustively 
against water, and hydrazido-HA 1 was isolated as a white 
fiber after lyophilization. 

The hydrazido-modified HA 1 was then dissolved in 0.1 
M NaHC03 at  a concentration of 7 mg/mL. Sulfo-NHS- 
biotin (2) was added to this clear solution in solid form. 
After the reaction mixture was stirred for 18 h at ambient 
temperature, the mixture was diluted 10-fold with water 
and dialyzed exhaustively against water. The biotinylated- 
HA probe 3 (Scheme 1) was isolated in quantitative yield 
after lyophilization. The degree of substitution was 
determined by a spectrophotometric displacement assay 
to be 0.33 mol biotin/mol of HA. 

DISCUSSION 

The major objective of this paper is to present a 
convenient and reproducible method for the preparation 
of a biotinylated-HA probe. Methodology that we had 

Scheme 1. Preparation of Biotinylated Hyaluronic Acid 

1 2 

0.1 M NaHC03 
pH = 8.50 

previously developed for HA oligosaccharides of defined 
length was extended to high molecular weight hyaluronate 
(1.2 X lo6 Da) to provide hydrazido-HA (1). The pendant 
hydrazido group represents a highly versatile functionality 
that can react with a number of commercially-available 
amine-specific reagents with reporter functions. Reaction 
of the hydrazido-functionalized HA 1 with sulfo-NHS- 
biotin (2) in 0.1 M NaHC03 (pH = 8.50) resulted in the 
formation of the HA-biotin complex (3). 

We have described a coiivenient, simple, and reproduc- 
ible method for preparing biotinylated HA (3). This 
technique has five important advantages over earlier 
methods. First, all reaction components are water-soluble, 
eliminating the need for the use of cosolvents. Second, all 
reactions are conducted between pH 4.75 and 8.5; these 
mild reaction conditions prevent the degradation of HA. 
Third, the presence of the six-carbon spacer of the adipate 
moiety further ensures the availability of biotin to the 
binding site of avidin, affording increased sensitivity of 
detection. Fourth, the degree of substitution can be readily 
varied by keeping a large excess of dihydrazide relative to 
HA and varying the proportion of EDC to HA during the 
initial coupling reaction. Finally, this methodology allows 
the introduction of high levels of biotin since there are 
multiple attachment sites on the HA backbone. Up to 
one-third of the glucuronate moieties could be derivatized 
using this method. Alternatively, reducing the modifica- 
tion of the HA would provide a lower loading of biotin 
groups. 
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Routine Preparation of Thiol Oligonucleotides: Application to the 
Synthesis of Oligonucleotide-Peptide Hybrids 
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Oligonucleotide-peptide hybrids have potential for use as antisense inhibitors of gene expression, with 
the peptide helping to increase the intracellular concentration of the active oligonucleotide. The 
preparation of such hybrids can be achieved by the coupling of thiol-derivatized oligonucleotides with 
maleimido-peptides. We have developed reliable methods for preparing 5'-thiol oligonucleotides in 
good yields using phosphoramidite chemistry and coupling 6-(tritylthio)hexyl phosphoramidite as the 
5'-terminal residue. The use of highly pure thiol phosphoramidite as well as a manual iodine treatment 
after this coupling were found to be important. Oligonucleotide-peptide hybrids were prepared in high 
yield (85 5% ) by reacting freshly purified 5'-thiol oligonucleotides with peptides derivatized at  their 
N-terminus with a maleimido functionality. 

INTRODUCTION 
Synthetic oligonucleotides are useful tools in molecular 

biology as probes and as antisense inhibitors of gene 
expression (1-3). For the latter application, the oligo- 
nucleotide must enter the cell and bind to its target mRNA 
to inhibit its translation. However, oligonucleotides do 
not cross cell membranes readily, and it is thus difficult 
to achieve high intracellular concentrations. We have 
devised a novel series of oligonucleotide-peptide hybrid 
molecules in which the peptide segment is designed to 
enhance the ability of the oligonucleotide to enter the cell. 
In a previous report we described a total synthesis method 
of preparing oligonucleotide-peptide hybrids on a con- 
trolled pore glass (CPG) solid-phase support (4). The 
peptide is synthesized first, a derivatized linker attached, 
and the oligonucleotide assembled onto the linker by 
standard DNA synthesis methods. However, this method 
is unsuitable for the preparation of some oligonucleotide- 
peptide molecules in good yield. Therefore, we have 
investigated methods for the specific linking of peptides 
and oligonucleotides, prepared and purified separately. 

Conjugation of DNA and peptide synthons can be 
achieved if the 5'-terminus of the synthetic oligonucleotide 
is derivatized with a thiol group (5-9). The thiol group 
is introduced at  the 5' terminus during the solid-phase 
synthesis procedure by reaction with commercially avail- 
able thiol-linker phosphoramidites. Peptides can be 
synthesized separately containing the thiol-reactive ma- 
leimido group. 

Our initial attempts to conjugate thiol oligonucleotides 
to maleimido-peptides by this approach were not satisfac- 
tory. However, we have now developed improved pro- 
cedures for the preparation of large amounts of thiol 
oligonucleotides and their conjugation to maleimido- 
derivatized peptides to give oligonucleotide-peptide hy- 
brids in high yield. 

MATERIALS AND METHODS 
All melting points are uncorrected. lH NMR spectra 

were recorded at  300 MHz on a Brucker AM300 spec- 
trometer. 3lP NMR spectra were recorded at  121.5 MHz 
on the same spectrometer. Amino acid analyses were 

Abstract published in Advance ACSAbstracts, May 15,1994. 

performed on a Beckman System 6300 analyzer after the 
samples had been hydrolyzed in vacuo for 24 h at  130 "C, 
with HC1/0.1% phenol. High-performance liquid chro- 
matography (HPLC) was performed on a Waters liquid 
chromatography system, consisting of a Waters 600 
multisolvent delivery system with a variable-wavelength 
detector. The thiol-oligonucleotide and hybrid molecules 
were purified using one of the following Synchrom 
columns: RP CIS 250 X 4.6 mm (column A), Cq 250 X 10 
mm (column B), or CIS 250 X 21.2 mm (column C). Buffer 
A was 0.1 M triethylammonium acetate (TEAA) in water, 
buffer B CHsCN, and a gradient of 0-5076 B over 30 min 
with flow rates of 1.5,3, or 10 mL/min for columns A, B, 
and C, respectively, were used with detection at  260 nm. 
Peptides were purified using a Vydac Cq 250 X 10 mm 
reversed-phase column (cat. no. 214TP1010) buffer A water 
(0.1% TFA); buffer B CH3CN (0.1% TFA) with a flow 
rate of 3 mL/min and detection at  214 nm. The purity of 
both peptides was confirmed with a Vydac analytical Cla 
column, 250 X 4.6 mm (cat. no. 218TP54) buffer A water 
(0.1% TFA); buffer B CH&N (0.1% TFA) with a flow 
rate of 1.0 mL/min and detection at 214 nm. Flash 
chromatography was carried out using silica gel 60,4043 
pm (230-400 mesh) (E. Merck cat. no. 9385) using solvent 
systems indicated in the text. Analytical thin-layer 
chromatography (TLC) was performed on Merck SG-60 
precoated plastic plates. 

Chemicals. Unless otherwise stated, solvents were 
BDH analytical grade. Dimethylformamide (DMF) and 
trifluoroacetic acid (TFA) were of peptide synthesis grade 
(Auspep, Melbourne, Australia). Maleic anhydride was 
obtained from Pierce Chemicals, &alanine from BDH, 
dicyclohexylcarbodiimide (DCC), l-hydroxybenzotriazole 
(HOBt), trinitrobenzenesulfonic acid (TNBSA), thio- 
anisole, and diisopropylethylamine (distilled from CaHz 
prior to use) from Fluka, N-Hydroxysuccinimide (NHS), 
(benzotriazol-l-y1oxy)trispyrrolidinophosphonium hexa- 
fluorophosphate (pyBOP), O-benzotriazolyl-N,N,N',N'- 
tetramethyluronium hexafluorophosphate (HBTU) from 
Auspep, 4-methylmorpholine (NMM) from E. Merck, and 
triphenylmercaptan, 6-chlorohexanol, and 2-cyanoethyl 
N,N-diisopropylchlorophosphoramidite from Aldrich 
Chemical. 

Succinimido 3-Maleimidopropanoate (3). The 
method of Nielsen and Buchardt (10) was adapted. Thus, 
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Table 1. Characterization Data 

Ede et al. 

HPLC yield oligonucleotide/ 
compd t R  (min) (%) amino acid analysis peptide ratio 

peptide 1 27.94O 90e Ala 3.03 (3) Leu 6.07 (6) Arg 2.90 (3) 
peptide 2 

conjugate 9 29.1gC 84f Ala 2.93 (3) Leu 6.10 (6) Arg 2.97 (3) 0.98 

21.206 78e Asn 1.13 (1) Thr 2.00 (2) Ser 1.16 (1) Thr 4.07 (4) Pro 0.80 (1) 
Val 1.04 (1) Tyr 0.92 (1) Phe 0.88 (1) Arg 1.99 (2) 

conjugate 10 16.98d 85f Asn 1.06 (1) Thr 1.96 (2) Ser 1.00 (1) Thr 4.29 (4) Pro 0.92 (1) 1.09 
Val 0.92 (1) Tyr 1.00 (1) Phe 0.93 (1) Arg 1.92 (2) 

0 Vydac analytical Cia, 250 x 4.6 mm, buffer A water (0.1% TFA); B CH3CN (0.1% TFA), &100% B over 30 min. * Vydac analytical Cia, 
250 X 4.6 mm, buffer A water (0.1 % TFA); B CHaCN (0.1 % TFA), &50% B over 30 min. Synchrom C4 250 X 10 mm, buffer A (0.1 M TEAA); 
B CH3CN &50% B over 30 min. d Synchrom Cl* 250 X 4.6 mm, buffer A (0.1 M TEAA); B CHsCN &50% B over 30 min. e Based on weight 
of crude isolated peptide. f Based on amount of pure thiol oligonucleotide read at 260 nm. 

/3-alanine (0.91 g, 10 mmol) was added to a solution of 
maleic anhydride (1.00 g, 10 mmol) in DMF (12 mL) and 
the mixture stirred for 2 h. The resulting solution was 
cooled in an ice bath, and N-hydroxysuccinimide (1.44 g, 
12.5 mmol) was added followed by DCC (4.12 g, 20 mmol). 
After approximately 5 min the ice bath was removed and 
the solution stirred overnight. The resulting dicyclo- 
hexylurea (DCU) was filtered and the filtrate poured into 
water (60 mL) and extracted with CHzClz (3 X 20 mL). 
The organic phase was washed with water (20 mL), 5% 
NaHC03 (2 X 20 mL), and brine (20 mL) and dried (Naz- 
Sod). The solution was filtered and the solvent evaporated 
(reduced pressure). The residue was dissolved in CHzClz 
(3 mL), andaddition of petroleum ether precipitated 3 as 
a white solid (1.10 g, 41%): mp 162-163 "C (lit. (10) 164- 
166 "C). 

6-(Tritylthio)hexanol (5). The method of Connolly 
and Rider (5) was adapted. Sodium hydroxide (0.88 g, 22 
mmol) was dissolved in water (5 mL) and added to a 
mixture of triphenylmercaptan (5.52 g, 20 mmol) in ethanol 
(30 mL) with stirring. Following this, 6-chlorohexanol 
(1.25 mL, 11 mmol) was added and the mixture stirred at  
room temperature overnight. I t  was then filtered, the 
filtrate collected, and the solvent removed (reduced 
pressure). The residue was redissolved in CHzC12 (50 mL) 
and washed with water (3 X 30 mL). The organic extract 
was dried (NazS04) and evaporated (reduced pressure) to 
yield an oil which was flash chromatographed (CHCl3) to 
yield a clear oil which crystallized from ethedpetroleum 
ether to give 5 as a white solid (1.25 g, 30%): mp 68-69 
"C (lit (11) 70-72 "C). No starting material could be 
detected by lH NMR: TLC (CHCl3) Rf = 0.30; lH NMR 
(CDC13) 7.40 (15H, m, ArH), 3.58 (2H, t, J = 6.58 Hz, 
OCH2), 2.15 (2H, t, J = 7.25 Hz, SCH2), 1.53-1.22 (8H, m, 
CH2). 

6-(Tritylthio)hexanol, 2-Cyanoethyl N,N-Diiso- 
propylphosphoramidite (6). The method of Connolly 
and Rider (5) was adapted. 6-(Tritylthio)hexano1(5) (0.70 
g, 1.86 mmol) was coevaporated twice with 10% pyridine 
in CHzClz (10 mL) and dried overnight under vacuum. 
Under argon, distilled diisopropylethylamine (1.30 mL, 
7.44 mmol) was added followed by CHzClz (5 mL). The 
resulting solution was cooled in an ice bath, and 2- 
cyanoethyl N,N-diisopropylchlorophosphoramidite (1.04 
mL, 4.65 mmol) was added (by syringe). After 2 h the 
solvent was evaporated by bubbling argon. The residue 
was dissolved in ethyl acetate (20 mL) and washed with 
5% NaHC03 (2 X 20 mL) and water (2 X 20 mL). The 
organic phase was dried (Na2S04) and the solvent evapo- 
rated (reduced pressure) to yield a clear oil. The product 
was then purified according to the method of Sinha and 
Striepeke (11). A flash column was packed with silica gel 
using 25 % ethyl acetate in hexane containing 5 % pyridine. 
The column was first washed with one volume of 25% 
ethyl acetate in hexane. The crude product was loaded 

dissolved in 50% ethyl acetate in hexane and the column 
eluted with 30% ethyl acetate in hexane to yield pure 6 
as a clear oil (0.92 g, 86%): TLC (ethyl acetatdhexane, 
50/50) Rf = 0.75; 31P NMR (CDzClz) 6 147.63. 

Peptide Synthesis. Continuous flow solid-phase pep- 
tide synthesis was carried out using a CRB manual 
Synthesizer on Pepsyn KlOO resin (CRB). An internal 
standard (glycine) and an acid-labile handle ((hydroxy- 
methy1)phenoxyacetic acid, from Novabiochem) were 
attached before peptide synthesis was commenced. Fmoc 
amino acids were obtained from Auspep. Standard solid- 
phase peptide synthesis protocols for Fmoc/t-Bu chemistry 
were employed (12). All couplings were carried out in 
DMF using a 3-fold excess of amino acid, HBTU (peptide 
l), or pyBOP (peptide 2) and HOBt. A 5-fold excess of 
NMM was used. The maleimido reagent 3, with an 
equimolar amount of HOBt, was coupled to the N-terminus 
of the resin-bound peptides to give (after cleavage, 
deprotection, and purification) peptides 1 and 2. The 
peptide-resins were cleaved at  room temperature for 3 h 
with 95 % trifluoroacetic acid/5 % thioanisole. The cleav- 
age mixture was filtered, and the volume of the filtrate 
was reduced to approximately 2 mL (reduced pressure). 
The crude peptides were precipitated by the addition of 
cold ether. After the peptides were stored overnight a t  0 
"C the ether was decanted and the peptides washed with 
fresh ether (3 X 20 mL). After the final decantation of 
ether, the peptides were dissolved in 25% aqueous CH3- 
CN and freeze-dried. After dissolution of the peptides in 
65% CH3CN (3 mL) they were purified by HPLC, using 
gradients of 0-100% B (peptide 1) or 0-50% B over 30 
min (peptide 2). The purity of all peptides was confirmed 
by analytical CIS HPLC (see Table 1 for conditions) and 
amino acid analysis. 

Thiol Oligonucleotide Synthesis. Oligonucleotides 
7 and 8 were synthesized on an Applied Biosystems 380A 
DNA Synthesizer using standard 8-cyanoethyl-protected 
phosphoramidites (Applied Biosystems, Foster City, CA) 
(13) on a 10 pmol scale. The thiol linker phosphoramidite 
6 (50 mg, 85 pmol) was dissolved in the appropriate volume 
of acetonitrile for the program being used, e.g., 1.5 mL for 
a 10 pmol scale, and attached to a spare port on the DNA 
synthesizer. The amidite was then applied to the reaction 
column using a 10 pmol program. The coupling was 
followed by an acetonitrile wash and reverse flush, the 
column was removed immediately, and the resin was 
transferred to a sintered reaction vessel. I t  was then 
treated with iodine (0.05 M in THF:pyridine:water 7:1:2) 
for 30 s, washed with CH3CN (3 X 20 mL), and dried under 
a stream of argon. The oligonucleotide was immediately 
cleaved by treatment with 30% ammonia for 6 h and the 
resulting solution heated at 50 "C for 18 h to effect base 
deprotection. The ammonia was removed by a stream of 
argon and the resulting aqueous solution purified im- 
mediately by HPLC using column C. Fractions containing 
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Figure 1. Oligonucleotide-peptide synthesis via the thiol 
oligonucleotide and maleimido-peptide conjugation reaction. 

the pure trityl-ON oligonucleotide were pooled and freeze- 
dried. The trityl group was removed after purification 
according to published methods (5). Thus, trityl-ON 
oligonucleotide 7a (10 mg, 333 OD units) was dissolved in 
0.1 M TEAA (20 mL), 1 M silver nitrate (2.1 mL) added, 
and the mixture vortexed and allowed to react for 30 min. 
Following this, 1 M dithiothreitol (DTT, 2.5 mL) was added 
and the reaction mixture vortexed and allowed to react 
for a further 20 min. The yellow mixture was centrifuged 
and the supernatant collected. The precipitated silver 
salt was washed twice more with 0.1 M TEAA and 
centrifuged and the supernatants were pooled. The thiol 
oligonucleotide/DTT mixture can be stored frozen until 
the conjugation experiment. 

Oligonucleotide-Peptide Hybrid Synthesis. The 
previously prepared and purified peptide maleimides were 
reacted with thiol oligonucleotide immediately after 
removal of the excess DTT by HPLC. A sample synthesis 
follows. Trityl-ON thiol oligonucleotide 7a (3.0 mg) was 
deprotected as described in the previous section. Excess 
DTT was removed by HPLC (column B) to give pure thiol 
oligonucleotide 7b with a retention time of 15.24 min, 2.56 
mg as read at 260 nm. The purified thiol oligonucleotide, 
still in HPLC buffer (-7 mL), was reacted immediately 
with peptide maleimide 1 which was dissolved in 20% 0.1 
M TEAA/acetonitrile (1 mL). The molar ratio of peptide 
to oligonucleotide was 1O:l. The mixture was incubated 
at 37 OC for 2 h, after which time an analytical HPLC 
indicated complete reaction. The mixture was purified 
by HPLC (column B) immediately and dialyzed (Spec- 
trapor 6 dialysis tubing, MW cutoff 2000) against 0.1 M 
NaCl (4 X 3 h) and water (4 X 3 h) to give the desired 
hybrid 9, retention time 29.19 min, 2.16 mg (85% yield) 
as read at  260 nm. Analytical data are shown in Table 1. 

RESULTS AND DISCUSSION 

Our primary objective is to develop oligonucleotide- 
peptide hybrids as antisense agents. In order to prepare 
these hybrids efficiently, we have investigated methods 
for conjugating separately prepared peptides and oligo- 
nucleotides. The conjugation of a 5'-thiol oligonucleotide 
with a peptide containing a maleimide functionality a t  
the N-terminus, reported by Eritja et al. (6), was a logical 
route to these hybrid molecules. The conjugation of these 
two motifs is shown in Figure 1. The conjugation of an 
oligonucleotide to a peptide can also be achieved by 
derivatizing the 5'-terminus of the oligonucleotide with a 
maleimido group and reacting this with a cysteine- 
containing peptide (9). 

The incorporation of a thiol group into oligonucleotides 
is achieved commonly with 6-(tritylthio)hexyl phosphor- 

Scheme 1. Synthesis of Maleimido Reagent 3. 

I DMF 

r o  1 

l a  
n 0 

1 N-CHp-CHp-CONHS + cH 
NH-CH2-CH2-CONHS c 0 0 

3 4 
a Key: (a) N-hydroxysuccinimide (NHS), DCC, DMF. 

amidite 6. This reagent is available commercially and is 
coupled to the 5'-terminus of the oligonucleotide as the 
last coupling. The retardation of the resulting trityl- 
containing oligonucleotides on RP HPLC facilitates 
purification. The trityl group is removed by reaction with 
silver nitrate and the product isolated by RP HPLC after 
treatment with dithiothreitol (DTT). The process has 
been reported to work well for short oligonucleotides 
(12mers) but yields decrease significantly for the prepara- 
tion of longer thiol oligonucleotides (5, 8). 

In this report we describe the preparation of conjugates 
composed of either a 20mer sequence antisense to human 
immunodeficiency virus (HIV-1) (14) or a 20mer antisense 
to rat a-fetoprotein (rAFP) (15). The peptides that were 
conjugated to these oligonucleotides include the a-helical 
peptide 1 (1 6) and an F, receptor binding peptide 2 derived 
from the putative receptor binding site of rat IgG y2b 
(residues 289-302) ( I  7). The corresponding sequence in 
the human IgG c H 2  domain has high binding affinity for 
the Fc receptor (18). 

Preparation of maleimidopeptides. For the synthesis 
of peptides 1 and 2, standard solid-phase peptide synthesis 
methodology for Fmoclt-Bu chemistry was employed (12). 

1 N-CH2CHZ-C-Leu-Ala-Arg-Leu-Leu-Leu.Ala-Arg.Leu-Leu-Ala-Arg-Leu-OH 

0 6 :  1 

0 
2 

The maleimido reagent 3 was synthesized by adapting the 
method of Nielsen and Buchardt (10) (Scheme 1). We 
found it necessary to include a base wash to remove any 
uncyclized maleimido intermediate 4. The presence of 
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Scheme 2. Synthesis of Protected Thiol Linker Reagent 
6. 

Ph3C-SH + CI-(CH2)uOH 

PhSC-S-(CH2),yOH 

5 

Ph&-S-(CH2)6-O-P‘ ‘ 
I 

OCHpCHpCN 

6 

a Key: (a) NaOH, EtOH; (b) CIP(OCH2CH2CN)N(iPr)2, 
(iPrz)NEt, CHZC12. 

this byproduct was confirmed by lH NMR. The maleimide 
reagent 3, with an equimolar amount of l-hydroxy- 
benzotriazole (HOBt), couples to the N-terminus of the 
peptide-resin within 20 min (as judged by the TNBSA 
test (19)). The crude (isolated peptide) yields of peptides 
1 and 2 were 90 and 78% respectively. For both peptides, 
purity of the crude cleaved product was good (285% ) and 
amino acid analysis gave satisfactory ratios (Table l ) ,  
including a peak for &alanine, derived from the maleimido 
reagent 3. The maleimido containing peptides are stable 
if stored dry. 

Preparation of Thiol-Containing Oligonucleotides. 
The successful preparation of large amounts (>1 mg) of 
thiol oligonucleotides depends largely on the purity of the 
(trity1thio)hexyl phosphoramidite 6 and to a lesser extent 
on the workup procedure used. Most laboratories require 
only small amounts of thiol oligonucleotide for labeling 
studies and use the commercially available reagent. 
However if larger amounts are required, for example, for 
antisense studies, then it may be more economical to 
undertake synthesis of the reagent 6. 

The preparation of 6-(trity1thio)hexanol ( 5 )  and the 
corresponding phosphoramidite 6 was adapted from the 
method of Connolly and Rider (5) and is outlined in 
Scheme 2. We found that reacting approximately equi- 
molar amounts of triphenylmercaptan with 6-chlorohex- 
an01 resulted in substantial amounts of 6-chlorohexanol 
being retained in the final product. The product 5 and 
6-chlorohexanol coeluted by TLC but the presence of the 
starting material could be clearly seen by IH NMR. To 
ensure complete conversion of 6-chlorohexanol to the 
product 5 a 2-fold excess of triphenylmercaptan was used. 
1H NMR confirmed the purity of 5. The synthesis of the 
phosphoramidite was relatively straightforward, but the 
purity of this product is important to the success of thiol 
oligonucleotide synthesis. The purification method de- 
scribed by Sinha and Striepeke (11) was found to give the 
cleanest product. The purified phosphoramidite 6 was 
stored under argon at  -20 OC. 

Our early attempts a t  thiol oligonucleotide synthesis 
were not successful. For the HIV-1 thiol oligonucleotide 
7, the apparent “trityl ON” material 7a coeluted with 
unmodified “trityl OFF” oligonucleotide (this had been 
previously synthesized), suggesting the absence of the trityl 
group. The isolated product (after treatment with silver 
nitrate and DTT) was not reactive to maleimido peptide 
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1, suggesting that the 5’-terminus did not contain a thiol 
functional group. Yields for the preparation of thiol 
oligonucleotides utilizing phosphoramidite chemistry have 
been reported to be low (5 ,8) .  Dimerization of the thiol 
oligonucleotide has been considered as a cause for the low 
yields, although attempts to reduce the dimer back to a 
reactive thiol with DTT were not successful (8). In the 
present study, treatment of the unreactive thiol oligo- 
nucleotide with DTT resulted in no change in maleimido 
peptide reactivity, suggesting that the low yields were not 
related to dimerization but more likely resulted from 
chemical modification of the 5’-thiol terminus. 

Phosphorus NMR spectroscopy of the amidite 6 used 
in the synthesis indicated that approximately 5 % hy- 
drolysis had occurred. The amidite reagent was repurified, 
the homogeneity confirmed by 31P NMR, and the thiol 
oligonucleotide resynthesized. A hi.gh yield of “trityl ON” 
thiol oligonucleotide 7a was obtained, validating the 
importance of the purity of phosphoramidite 6. The yield 
is further improved by executing the final iodine oxidation 
manually. This improves the yield (for a lOpmol synthesis) 
by another 20-3076. This iodine oxidation was done 
manually to ensure that all the resin received an equally 
short treatment since, for a 10 pmol column, this is not 
possible when using the synthesizer. After manual oxida- 
tion the resin was washed with acetonitrile and cleaved 
with aqueous ammonia immediately. This results in 
substantial amounts (>60% ) of the required “trityl ON” 
thiol oligonucleotide. 

The exact effect of the impure (85-95% purity) phos- 
phoramidite 6 on coupling efficiency is unclear. Even 
though HPLC analysis of the crude cleaved oligo- 
nucleotides indicates no “trityl ON” material, small-scale 
experiments on the prepared resin suggest otherwise. 
Addition of TFA to trityl oligonucleotide which is still 
resin-bound liberates a bright yellow color (presumably 
the trityl cation) into solution. In addition, after attach- 
ment of the tritylthio phosphoramidite 6 with no capping 
step,  further nucleoside phosphoramidite couplings are 
completely negative. This is indicative of full coupling of 
the amidite 6. These results suggest that loss of trityl 
group occurs postsynthesis. 

Immediately following iodine oxidation, the resins were 
washed and dried before being treated with 30 % aqueous 
ammonia at  room temperature for 6 h. The cleaved 
oligonucleotide was deprotected by heating at  55 “C 
overnight. Purification by preparative HPLC was always 
carried out immediately following resin cleavage and base 
deprotection. The HPLC-purified trityl S-oligo- 
nucleotides 7a and 8a were treated with silver nitrate to 
cleave the trityl group, followed by DTT to liberate the 
free thiol oligonucleotides. When working with larger 
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Figure 2. Time course of the reaction between the dimer from 
thiol oligonucleotide 8b (19.80 min) and dithiothreitol to give 
monomer 8b (18.39 min): *, unknown impurity. 

amounts of thiol oligonucleotide (>2-3 mg), dilution of 
the silver nitrate reaction mixture with 0.1 M TEAA (up 
to 25 mL) is essential to prevent precipitation of the thiol 
oligonucleotide silver salt (a white solid). Liberation of 
the free thiol oligonucleotide can be as low as 15% if the 
oligonucleotide is not in solution. The thiol oligo- 
nucleotide/DTT mixture can be stored until all or some 
of the thiol oligonucleotide is required. 

Preparation of the Oligonucleotide-Peptide Hy- 
brids. Thiol oligonucleotides 7b and 8b were stored in 
the DTT solution and can be separated from excess DTT 
by HPLC. The peptide conjugation must be performed 
immediately following this step because the purified free 
thiol forms a dimer in the HPLC eluent within 1-2 h. This 
was evident from some early experiments with 8b in which 
the purified thiol oligonucleotide was freeze-dried in order 
to reduce the volume for the conjugation reaction. This 
resulted in no reaction with maleimido-peptides taking 
place. Addition of DTT to the purified unreactive thiol 
oligonucleotide resulted in conversion of the dimer back 
to the free thiol oligonucleotide. This is evidenced by a 
shorter HPLC retention time as shown in Figure 2. The 
dimer has a retention time of 19.80 min whereas the 
reduced monomer elutes a t  18.39 min. Purification and 
reaction of this converted dimer (to free thiol oligo- 
nucleotide 8b) with maleimido peptide 2 resulted in full 
conjugation to give conjugate 10. The conjugate prepared 
from the reduced dimer had an identical HPLC retention 
time to conjugate prepared from thiol oligonucleotide that 
had not previously dimerized. 

The maleimido peptides (dissolved in 0.1 M TEAA/ 
CHsCN, 60:40) must be directly added to the HPLC eluent 
containing the thiol oligonucleotide, the volume of which 
has no significant effect on the conjugation reaction. In 
each oligonucleotide-peptide conjugation the peak cor- 
responding to the starting oligonucleotide disappears and 
a new peak appears with a different retention time. The 
time required for complete reaction is dependant on the 
nature of the peptide. The conjugations of the thiol 
oligonucleotides 7b and 8b with the a-helical and Fc 
peptide maleimides 1 and 2, respectively, are shown in 
Figures 3 and 4. The oligonucleotide-peptide hybrids 9 
and 10 (Figure 5 )  were obtained after HPLC purification 
and were characterized spectrophotometrically and by 
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Figure 3. Conjugation of thiol oligonucleotide 7b (retention 
time 15.24 min) with maleimido-peptide 1 to give conjugate 9 
(retention time 29.13 min): A, purified 7b (no peptide); B, reaction 
mixture after 1.5 h. 
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Figure 4. Time course of the reaction between thiol oligo- 
nucleotide 8b (retention time 16.28 min) and maleimido-peptide 
2 to give conjugate 10 (retention time 16.98 min). 

N - CH 2CH2 - $ '""9 0 0 

9 

10 
Figure 5. Oligonucleotide-peptide hybrid molecules prepared. 
HIV-1 is the 20mer oligonucleotide from 7a and AFP the 2lmer 
oligonucleotide from 8a. The peptides are those derived from 1 
and 2. 

amino acid analysis. The conjugation reactions have yields 
of greater than 8074, based on the amount of the starting 
thiol oligonucleotide. These yields include HPLC puri- 
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fication and dialysis. Results for the conjugation reactions 
are shown in Table 1. 

Ede et al. 

CONCLUSION 

In this study, we have developed improved methods for 
preparing and reacting thiol oligonucleotides. The 6-(trit- 
y1thio)hexyl phosphoramidite must be pure in order to 
obtain any significant “trityl ON” product. Due to the 
inherent design of the automated DNA synthesizer, a 
manual iodine treatment of the resin is advisable to 
improve the yield of the tritylated oligonucleotide. The 
purified thiol oligonucleotide must be reacted with a thiol 
reactive molecule as soon as it is eluted from the HPLC 
column to avoid formation of the unreactive dimer. The 
protocol described here has been found to preceed 
efficiently for several other examples of oligonucleotide 
and peptide combinations and provides a practical and 
reliable method for the synthesis of hybrids in high yield. 
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Human hemoglobin, modified with poly(ethy1ene oxide) with average molecular weight of 3500 (PEO- 
Hb) was dissolved in PEOzoo (molecular weight of 200) containing 0.5 M KC1. A quasi-reversible redox 
reaction of the PEO-Hb was found in PEO oligomers by alternatingly changing the potential polarity 
( f1 .2  V vs Ag). The PEO-Hb showed redox reactions in PEOzoo even at 120 "C. PEO modification 
was concluded to  give the thermal stability in some extent. In phosphate buffer a t  70 "C, the 
electrochemical redox reaction of native Hb was not observed spectroscopically, but that of PEO-Hb 
was detected. The most effective factor was, however, concluded to be the use of PEO oligomers as a 
solvent. The molecular motion of PEO oligomers should be milder than that of water a t  higher 
temperature. This lower molecular motion was suggested to keep the redox activity of PEO-Hb in 
the PEO oligomer at  120 "C. However, the PEO-Hb in PEOzoo was stable in the oxidized form at  30 
"C; it was reduced without giving potential a t  120 "C. Cyclic voltammetry revealed that this 
autoreduction was attributed to  the shift of redox potential with elevating temperature. 

There have been various studies on the direct electron 
transfer to  heme proteins with the aim of some applica- 
tions to biomaterials i n  vitro (1  1. While the electrochem- 
istry of electron transport proteins such as cytochrome c 
has been reported (2-4) ,  there are only a few reports of 
direct electron transfer reactions of other heme proteins 
besides cytochrome c. Recently, the quasi-reversible 
redox reaction of horse heart myoglobin at  an indium tin 
oxide coated glass electrode was reported (5 ,  6). A new 
attempt was reported to  control the electrochemical 
response of proteins in a solid film (7). The solid-state 
electrochemistry of heme proteins would also attract 
considerable attention from the viewpoint of molecular 
devices . 

* To whom correspondence should be addressed. 
Abstract published in Advance ACS Abstracts, July 1, 1994. 
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Poly(ethy1ene oxide)-modified hemoglobin (PEO-Hb) is 
a typical bioconjugate which has been designed as an 
artificial blood component (8). On the other hand, poly- 
(ethylene oxide) (PEO) is known as a nontoxic synthetic 
polymer but also a typical base material for ion conduc- 
tive polymers. As counterion migration is required to  
compensate the charge change of the substrate for the 
electron transfer reaction in solid state, we expected that 
PEO-modified heme protein would exhibit the redox 
reaction in ion conductive polymers as well. Indeed, 
myoglobin and hemoglobin were soluble in PEO oligo- 
mers after PEO modification and were redox active in 
PEO derivatives (9-11). We report here the first dem- 
onstration of excellent thermal stability and quasi- 
reversible redox reaction of PEO-modified hemoglobin in 
PEO with molecular weight of 200 (PEOzoo) up to 120 
"C. 

0 1994 American Chemical Society 
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Figure 1. Visible spectra of PEO-modified Hb (PEO-Hb) (1.0 
x M) in PEOzoo containing 0.5 M KC1 at different 
temperatures. (a, dotted line) oxidized form of PEO-Hb; (b, solid 
line) reduced form of PEO-Hb which was obtained after reduc- 
tion by applying -1.2 V (vs Ag) to an indium tin oxide (IT01 
glass electrode. The cell temperature was controlled by circu- 
lating hot water up to 80 "C. For experiments above 80 "C, a 
sample-containing quartz cell was heated in an oil bath for 20 
min and immediately put in a cell holder to measure the visible 
spectra. 

PEO-Hb (8) was a gift from Ajinomoto Co. Ltd. PEO 
was activated with N-hydroxysuccinimide to react with 
amino groups on the surface of hemoglobin. We used 
PEO-Hb having six PEO chains with a molecular weight 
of 3500. The redox reactions of PEO-Hb were analyzed 
spectroscopically. Potential was given until no visible 
spectral change was found using a thin-layer cell (light 
path length: 150 pm) composed of an indium tin oxide 
(ITO) glass electrode as working electrode under potential 
(9). Ag and Pt wires were used as reference and counter 

a b 
80°C 

60°C 

400 500 600 

electrode, respectively. Negative potential was applied 
on IT0 glass electrode until PEO-Hb was reduced 
completely. All experiments were carried out under 
nitrogen gas atmosphere to avoid the contribution of 
oxygen to form an oxygen adduct. 

The maximum absorption intensity (Amm = 403.4 nm) 
for oxidized PEO-Hb (Figure l a )  was gradually decreased 
and that for reduced PEO-Hb (Ibmm = 423.4 nm) (Figure 
lb)  was increased in PE02.00 by applying -1.2 V (vs Ag). 
Several isosbestic points were found during reduction, 
suggesting a single electron transfer reaction forming no 
oxygen adduct. Visible spectral change for electrochemi- 
cal reduction of PEO-Hb in PEOzoo was also seen by 
applying -1.2 V (vs Ag) at  50,80, and 100 "C (Figure 1). 
It is remarkable that PEO-Hb was reduced in PEO a t  
even 100 "C. The reduction rate seemed to be accelerated 
by elevating the temperature. 

Native hemoglobin (Hb) was also electrochemically 
reduced by applying negative potential in phosphate 
buffer a t  various temperatures. Native Hb shows no 
characteristic spectrum in phosphate buffer above 60 "C 
because of thermal denaturation and precipitation (Fig- 
ure 2a). PEO-Hb was cross-linked by pyridoxalated 
5-phosphate (PLP) to avoid Hb from dissociating into 
subunits (8). PLP bridges were initially considered to  
be one of major factors to improve the thermal stability 
of PEO-Hb in PE02.00. However, the thermal stability of 
the pyridoxalated hemoglobin without PEO modification 
was almost the same as  that of native Hb in phosphate 
buffer (Figure 2b). The oxidized PEO-Hb (,Imm = 405.2 
nm) in phosphate buffer was also reduced by applying 
negative potential to  show the absorption maximum at 
430.0 nm. The thermal stability of PEO-Hb was slightly 
improved over that of Hb. The visible spectral change 
was found in phosphate buffer a t  even 70 "C, but the 
absorbance was, however, reduced (Figure 2c). Neither 
Hb nor PEO-Hb was stable in phosphate buffer a t  80 "C. 
Only PEO-Hb was stable and redox-active at  100 "C in 
PEOzoo (Figure 1). 

The visible spectra of PEO-Hb in PEO2.00 containing 
0.5 M KC1 were also measured after heating at  tempera- 
tures above 100 "C. The absorption maximum at  418.4 
nm was observed after heating at  120 "C for 20 min 
without applying a potential (Figure 3a). A new absorp- 
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80°C q 

60°C 

... 
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Wavelength (nm) Wavelength (nm) Wavelength (nm) 
Figure 2. Effect of temperature on the visible spectra of hemoglobin (2.0 x M) in 0.1 M phosphate buffer (pH 7.0) containing 
0.2 M KCl. (a) native hemoglobin; (b) pyridoxalated hemoglobin; and (c) PEO-modified hemoglobin. Dotted line: oxidized form of 
heme protein. Solid line: reduced form of heme protein which was obtained by applying -0.8 V (vs Ag). 
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membrane proteins in a dry film at  140 "C reported by 
Shen et al. (16). The present study might be a model for 
functionalization of proteins in polymer solvents and 
showed an effectiveness of the polymer solvents for 
biomaterials a t  higher temperatures. 
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The introduction of genes into cells of various origins 
is a major technique of cell biology research. Gene 
transfer indeed is the most straightforward way to study 
gene and protein function and regulation, from an in vitro 
isolated cell context up to in vivo multicellular processes 
such as embryogenesis or through the creation of animal 
models of human diseases. Besides being a powerful 
research tool, transfection also has important economic 
implications through the genetic engineering of micro- 
organisms, plants, and animals, for the production of 
proteins as well as for crop and livestock improvement. 
The diversity of gene transfer uses has resulted in the 
development of a variety of artificial techniques, such as 
direct DNA microinjection, DNA coprecipitation with 
inorganic salts or with polycations, DNA encapsulation 
into liposomes, and cell membrane perturbation by 
chemicals (organic solvents, detergents, polymers, en- 
zymes) or by physical means: mechanic (particle gun), 
osmotic, thermic, and electric (electroporation) shocks. 

This sustained interest in gene transfer techniques has 
recently exploded with the advent of gene therapy. As a 
conceptually new therapeutic approach, gene therapy, 
besides raising an unprecedented media interest, is 
intellectually appealing to a very widespread population 
of scientists and clinicians, who join their efforts for the 
development of techniques that can be used in humans. 
Indeed, the weak link of gene therapy paradoxically is 
the vehicle rather than the “drug’’ itself. Many ongoing 
clinical protocols (1) make use of recombinant retrovi- 
ruses which are by far the most efficient vehicles to  
integrate foreign DNA into the genome of dividing cells. 
On the other hand, adenoviral vectors have been shown 
recently to efficiently transfect a large variety of post- 
mitotic cells. These and other currently developed 
biological vectors (HSV, AAV), however, raise unassess- 
able long term risks and have a limited capacity to  carry 
foreign genetic material. 

In addition to these natural vectors, designed synthetic 
vectors are being developed (2-41, which in principle 
could solve the aforementioned questions, provided they 
are efficient enough in vivo. Two classes of molecules 
have been described so far: 

Cationic polypeptides chemically linked to  cell surface- 
binding ligands such as asialoorosomucoid, insulin, or 
transferrin bind ionically to DNA and trigger targeted 
cell entry of the complex (4 ) .  Receptor-mediated endocy- 
tosis, however, leads to low transfection efficiencies since 
DNA remains essentially entrapped (or is degraded) in 
endosomes. This technique has greatly improved with 
the addition of endosomolytic components such as inac- 
tivated viruses or fusogenic peptides, leading to synthetic 
virus-like particles (4 ) .  Other related cationic peptides 
(5)  or dendrimeric polymers (6) also have been used to  
efficiently transfect eucaryotic cells in vitro. 

Cationic amphiphiles do not require a specific cell 
surface receptor. These transfection vehicles are most 
often erroneously called “cationic liposomes”, and al- 
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though many true liposome-based DNA delivery systems 
have been described (7, 81, the latter do not compare 
favorably with cationic amphiphiles (9) unless viral fusion 
proteins are included (10). “Cationic liposomes’’ is a 
confusing term, since it implicitly suggests both the 
occurrence during transfection of lipid particles with an 
aqueous interior and a DNA encapsulation step, none of 
which is needed. Rather, cationic amphiphiles bind 
cooperatively to  DNA and coat it with a cationic layer 
which in turn interacts with anionic residues on the cell 
surface. Subsequent cell membrane destabilization is an 
intrinsic property of the amphiphilic gene carrier. This 
mechanism will be discussed in detail below, following a 
chronological description of the various systems which 
have been developed up to now. 

Various Cationic Amphiphile Structures Trans- 
fect Cells. The rational design of such synthetic gene 
carriers is recent (3, 41, and within a few years, several 
groups reported on the synthesis or the use of already 
commercially available cationic, DNA binding, am- 
phiphiles for gene transfer purposes. 

Felgner and co-workers synthesized the quaternary 
ammonium amphiphile DOTMA ((dioleoyloxypropy1)- 
trimethylammonium bromide, see Chart 1) and were the 
first to describe DNA (11) as well as RNA (12) transfer 
into eukaryotic cell lines following mixing of the nucleic 
acid with a cationic lipid (as opposed to encapsulation 
into a liposome). This new technique was shown to be 
up to 100-fold more efficient than calcium phosphate or 
DEAE-dextran coprecipitation. DOTMA was commer- 
cialized (Lipofectin, GIBCO-BRL) as a one to one mixture 
with dioleoylphosphatidylethanolamine (DOPE) and has 
been widely used since to transfect a large variety of 
animal and plant eukaryotic cells (13-31). Our own 
Chart 1 

-0 - A 3 ; h 3  - DOTMA 

efforts were directed toward the design of cationic am- 
phiphiles able to compact genomic DNA, namely, li- 
popolyamines (32). The metabolizable parent lipids 
DOGS and DPPES (see Chart 2) were shown to transfect 
(2 orders of magnitude better than Ca phosphate) estab- 
lished cell lines as well as primary neuronal cultures. 
Most importantly, DNA coating with excess cationic lipid 
(rather than liposome binding to the nucleic acid) and 
subsequent binding of the resulting particle to the 
negatively charged cell surface via ionic forces was 
inferred (33). Such an excess of lipid cationic charges 
over the DNA anionic phosphates is a general require- 
ment for optimal in vitro transfection with cationic lipids 
(see below). DOGS also has been commercialized (Trans- 
fectam, Promega) and has been shown to  transfect many 
animal cells very efficiently (33-53). 
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Kunitake et al. (54) synthesized a whole series of 

lipophilic glutamate diesters with pendent trimethylam- 
monium heads (Chart 3). Whereas transfection proper- 
ties were similar for dodecyl and tetradecyl esters, they 
decreased drastically as the link between the lipidic and 
cationic moieties increased. C12GluPhCZN+ was as ef- 
ficient as Lipofectin. 

In an effort to reduce the cytotoxicity of DOTMA, 
Silvius et al. (55) synthesized a series of metabolizable 
quaternary ammonium salts, some of which (DOTB, 
DOTAP dioleoyl esters, Chart 4) had efficiencies compa- 
rable to that of Lipofectin when dispersed with DOPE. 
Mixtures with cholesterol-derived cations (ChoTB, Cho- 
SC) and, most surprisingly, the dioleoyl ester with a 
slightly longer head group spacer (DOSC) were much less 
efficient. DOTAP also is now available (Boehringer, 
Mannheim). 

Huang et al. (56) thought along the same lines and 
synthesized DC-Chol (Chart 5) having a hydrolyzable 
dimethylethylenediamine headgroup. DOPEDC-Chol 
one to one mixtures were able to transfect several cell 
lines, with efficiencies slightly better than with Lipofec- 
tin. The same group also reported about lipophilic 
polylysines (LPLL) (57), which were up to %fold more 

0 
C14GluC,Nt 

n=2,6,11 

efficient than Lipofectin, but only when the fibroblast 
cells were mechanically scraped following the transfection 
period. 

Meanwhile, biologists had discovered that some com- 
mercial cationic detergents, when mixed with true lipids, 
could also function as transfection agents. Loyter et al. 
(58) showed that DEBDA hydroxide (Chart 6) added to  
excess phosphatidylcholine/cholesterol is able to intro- 
duce tobacco mosaic virus-RNA into tobacco and petunia 
protoplasts. Unfortunately, no comparison was made 
with the classical calciudpoly(ethy1ene glycol) technique 
for transfection of plant protoplasts. 

Huang et al. (59) compared the transfection properties 
of several quaternary ammonium detergents (Chart 7) 
on fibroblasts and found that CTABDOPE mixtures were 
the most eflicient, although somewhat less than Lipo- 
fectin. 

Yagi et al. (60) used a lipophilic diester of glutamic acid 
(TMAG, Chart 8) with DOPE and found i t  to be as 
efficient as calcium phosphate for fibroblast transfection. 

Rose et al. (61) compared commonly used detergents 
of diverse structures: CTAB, DEBDA (see structures 
above), DDAB (Chart 9), and stearylamine in admixture 
with phosphatidylethanolamine. Comparative transfec- 
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tion efficiencies were highly variable with the cell line; 
DDAB (which was shown earlier to be efficient (33), albeit 
very toxic) seemed to be the most promising, and the 
DDABDOPE formulation was patented (TransfectACE, 
GIBCO BRL). 

Comparative Efficiencies. The level of transfection 
is best assessed by using a gene which is absent from 
the cells to be transduced (reporter gene), driven by a 
strong viral promotedenhancer element. Normally, this 
exo-gene must reach the eukaryotic cell nucleus where 
it is transiently transcribed; alternatively, “stable” ex- 
pression may be selected out from a subpopulation of 
daughter cells. In any case the net result is the synthesis 
of a foreign protein, which may be detected immunologi- 
cally or enzymatically. Widely used reporter genes 
include those for the following enzymes: 

(1) the bacterial chloramphenicol-acetyltransferase 
(CAT) with either radioactive or fluorescent detection of 
acetylchloramphenicol or immunochemical ELISA quan- 
titation of the CAT protein; (2) the bacterial P-galactosi- 
dase (P-Gal), sometimes bearing a nuclear localization 
signal, which is mostly used for in vivo histochemical 
visualization of transfected cells: a synthetic substrate 
(X-Gal) is diffused into the fixed tissue, leading to 
precipitation of a deep blue product in cells expressing 
high levels of P-Gal; and (3) the firefly luciferase (Luc) 
which is quantitated in the cell extract by photon 
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Table 1. Gene Transfer Efficiencies of Various Cationic Amphiphiles 

cationic amphiphile reporter genen cell type f ratiob efficiency ref 
lipid 

DOTMA CAT CV1, COS7 ... '2 5-1OOx DEAE dextran 11 

DOGS CAT primary neurons, CHO, S49 ... 4 > l o x  calcium phosphate 33 

DDAB CAT primary neurons 3 <DOGS 33 
CiZGluC2N+ cyt  c5 cos1 22 -DOTMA 54 

LPLL CAT L929, HeLa ... 6 3x DOTMA 57 

Neo LMTK, ~2 ... 10-3Ox calcium phosphate 

DHFR CHO- ... 10-1OOx calcium phosphate 

DOTAP CAT CV1,3T3 2.5 20-2OOx DEAE dextran, -DOTMA 55 

detergenb'neutral lipid 
DEBDA 1Aecithin 1.3/Chol. 0.7 TMV-RNA tobacco, petunia protoplasts > 10 58 
DC-Chol l/DOPE 1 CAT A431, L929 ... -1 2xDOTMA 56 
CTAB l/DOPE 4 CAT L929 -1 <DOTMA 59 
TMAG 1Aecithin 4 P-Gal cos1 3 -calcium phosphate 60 
DDAB 1 P E  2 VSV-G protein VTF 7-3 infected HeLa, BHK' 1.5 -DOTMA 61 

CAT (chloramphenicol-acetyltransferase), Neo (neomycin), DHFR (dihydrofolate reductase), Cyt c5 (cytochrome 4, TMV (tobacco 
mosaic virus), p-Gal (b-galactosidase), VSV (vesicular stomatitis virus). The molar ratio of cationic amphiphile to anionic DNA phosphate, 
as estimated from concentration data given in the corresponding reference. These cells express bacteriophage T7 RNA polymerase in 
their cytoplasm. 
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Figure 1. Comparison of transfection eficiencies of various commercially available cationic lipids to that of the calcium phosphate 
method. 3T3 (murine fibroblasts), HepG2 (human hepatoma), and K562 (human leukaemia) derived cell lines (ca. lo5 cellsA5 mm 
well) were transfected with 2 pg of pGL2-Luc plasmid (Promega) and a 4-fold charge excess of cationic lipid, following essentially the 
manufacturer's protocol. Control values (250 RLU for DNA alone) were substracted; the bars are the mean of three experiments. 

counting of a phosphorescent product it catalytically 
generates; this technique has by far the highest dynamic 
range (ca. 7 orders of magnitude). 

Besides the vehicle and the nucleic acid, transfection 
also depends to a large extent on the cell type as well as 
on many other (often unpredictable) factors (37, 57). 
Efforts to draw up a hit-parade of gene transfer vectors 
seem therefore hopeless. The best transfection experi- 
ments described with each of the cationic amphiphiles 
mentioned above have nonetheless been summarized in 
Table 1, for several pertinent conclusions emerge from 
such an overview. 

The extent of electrical neutralization of DNA anionic 
charges by the cationic amphiphile has been calculated 
from the concentration data given for each system (& 
ratio in Table 1). It shows that regardless of the 
structure and number of charges borne by the molecule, 
in vitro transfection becomes really efficient only when 
the nucleolipidic particles have a net mean positive 
charge (33). Transfection efficiency increases with the 
cationic lipid/DNA ratio up to the onset of cytotoxicity. 
Bilayer-disrupting detergents and DDAB are among the 
most toxic, which limits their performances. 

True double chain cationic lipids (upper part of Table 
1) are active by themselves, whereas cationic detergent- 
like molecules require an additional excess of neutral 
lipid; the detergenuipid ratio is such that nonmicellar 
structures prevail. Such a behavior suggests that  cat- 
ionic amphiphiles act as gene transfer vectors by provid- 
ing a cationic multimolecular surface which glues anionic 
DNA to the anionic cell surface (see next paragraph). 

A dangling cationic head seems to  be a penalty for a 
vector, as seen in the series C12GluPhCnN+, C14GluCnN+, 
and DOTBiDOSC, where the shortest spacers lead to the 
highest surface charge density, hence the best transfec- 
tion efficacy. 

The new vectors have been compared to popular 
techniques such as calcium phosphate or DEAE-dextran 
coprecipitation or to the widely distributed DOTMA 
(Lipofectin). Efficiencies are at least that of classical 
coprecipitation techniques, and most often raise 1-2 
orders of magnitude over that of calcium phosphate. Sur- 
prisingly, several compounds of quite different structures, 
including DOTMA, seem roughly equivalent to each other 
(see Table 1). In order to check whether this truly 
reflects an upper limit to  the transfection level obtainable 
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Figure 2. “Doubly faced sticky tape” hypothesis of anionic DNA 
binding to the anionic cell surface. 

with the cationic lipid method (rather than saturation 
of the detection method which was used), several com- 
mercially available compounds were compared using the 
luciferase reporter gene which has a very extended 
measurement range. Results (62) obtained with various 
cell types (Figure 1) favor the second hypothesis: relative 
efficiencies now are split indeed over more than 1 order 
of magnitude. The order of efficiencies varies with the 
cell type, emphasizing the precautions already mentioned 
above, yet invariably the DNA-compacting lipopolyamine 
is found to be at least as efficient as the quaternary 
ammonium lipids (notice the efficiency scale is logarith- 
mic). These results shed some light on the way cationic 
lipids help a gene to enter a cell. 

Gene Transfer Mechanism. Broadly speaking, a 
gene is a huge piece of DNA, typically of micron size and 
lo4 anionic charges, which gives i t  two good reasons not 
to enter a cell of comparable size surrounded by an itself 
negatively charged lipid bilayer. Consequently, a syn- 
thetic gene transfer vector should be designed to compact 
DNA and to bind i t  to the cell surface in such a way as 
to favor membrane destabilization or endocytosis. As 
schematically depicted in Figure 2, aggregated cationic 
lipids could provide a kind of “doubly-faced sticky tape” 
to glue the anionic DNA to the anionic cell surface. 

Our own efforts toward the development of synthetic 
gene carriers were directed along the following lines 
(33): The simplest natural organic cations able to 
condense DNA are the polyamines spermidine and sper- 
mine. Regardless of its size, DNA is condensed into 
toroids and rods of ca. 70-100 nm with stoechiometric 
amounts of spermine in low salt (63). Under physiologi- 
cal conditions, however, this interaction is quickly re- 
versed. We therefore designed lipopolyamines, i.e., am- 
phiphiles with a self-aggregating hydrocarbon tail linked 
to a polycationic DNA-compacting headgroup, and showed 
them to be able to stably condense DNA into discrete 
particles (32). Particularly when DNA is mixed with an  
excess of lipopolyamines such as DOGS and DPPES, the 
nucleic acid is condensed into ca. 100 nm size nucleoli- 
pidic particles surrounded by a lipid bilayer, as confirmed 
by electron microscopy (64) and quasielastic light scat- 
tering (65) (Figure 3). Such particles are clearly not 
liposomes since their interior is composed of several 
compacted plasmid molecules glued together with the 
li popol yamine. 

The lipid composition of cytoplasmic membranes is 
highly variable, yet natural lipids are either zwitterionic 
or anionic, never cationic. I t  is therefore conceivable that 
submicron size particles with a high cationic surface 
charge density bind cooperatively to anionic residues on 
the cell surface (Figure 4). This hypothesis (38) would 
explain the common transfection property shared by 

polvanionic 

ca. Ip 

a 

cationic lipid-coated particle 
ca. 0 . 1 ~  

Figure 3. Upper part: lipopolyamines condense several ex- 
tended plasmids into a small nucleolipidic particle. Lower 
part: electron microscopy picture of nucleolipidic particles bound 
to the cytoplasmic membrane of a human meninx cell (64); 
scale: 80 nm for 1 cm. 

lipopolyamine 
-coated DNA o// 

Figure 4. Spontaneous “zipper” engulfment of a rigid cationic 
particle. 

vehicles as different as high molecular weight cationic 
polymers (DEAE-dextran, polybrene), a mineral cationic 
particle (asbestos fiber), alkaline-earth insoluble salts 
(e.g., calcium phosphate), and aggregated cationic am- 
phiphiles: they all can provide a cationic surface for 
binding DNA to the cell membrane. There, a combina- 
tion of lateral diffusion of cellular lipids with cytoplasmic 
membrane deformability (as opposed to the hard cationic 
particle) results in engulfment of the latter (3 )  (Figure 
4). Subsequent cell entry may then depend on many 
factors such as cell type or the particle nature and size. 
Cationic lipid-coated particles may take either of two 
routes reminiscent of viral infection (66): membrane 
fusion at the most curved edge of the cell surface in 
contact with the particle or, more probably, spontaneous 
endocytosis. The intracellular fate of the DNA-containing 
particles is even more obscure (but see below); however, 
some of the nucleic acid must reach the nucleus and 
become uncoated at some stage, since active exogene 
transcription is observed. 

This rather putative view of the mechanism by which 
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the nucleolipidic particles enter a cell is consistent with 
the aforementioned general observations (i.e., the re- 
quirement for positively charged particles, and the in- 
ability of cationic detergents to promote transfection by 
themselves). Furthermore, lipids with other strong DNA- 
binding heads (see Chart 10) which either intercalate 
between base pairs (1) or fill the minor groove (2) are 
unable to transfect cells (65). 

More speculative arguments go along the same lines: 
DOGS-, DDAB-, and oleoyl-containing lipids (DOTMA, 
DOPE, DOTAP, LPLL) do not form stable bilayer lipo- 
somes in the presence of DNA and in high salt physi- 
ological media; a similar behavior probably holds for 
cationic detergents/DOPE mixtures. This property favors 
several independent lipidic structures initially bound to 
a plasmid (as dewdrops on a spider’s thread) to  merge 
into a lipid-coated DNA particle. I t  also may destabilize 
cytoplasmic and internal endosomal and nuclear mem- 
branes, thus helping the particles t o  sequentially reach 
the cytoplasm and the nucleus. There, uncoating may 
simply be the result of a competitive distribution of the 
cationic lipid between DNA from exogeneous plasmids 
and that from a large pool of chromatin. 

The consistently higher transfection efficiency observed 
with lipopolyamines, as compared to quaternary am- 
monium-bearing lipids (Figure 1) may be a consequence 
of the high charge density of NH+ as compared to  the 
more diffuse N(CH&+ cation where the charge is spread 
over some 10 aliphatic hydrogens (hence a weaker 
interaction of the latter with the cell membrane phos- 
phate or carboxylate groups). Furthermore, the least 
basic secondary amine of DOGS (pK4 ca. 5.4) is able to 
buffer acidic lysosomes (as dendrimeric polymers prob- 
ably do (611, thus protecting DNA from degradation. 
Finally, polyamines, in contrast to the other cationic 
headgroups, possess the unique property of DNA com- 
paction (DOTMA, although coating DNA, seems to do so 
without significant size reduction (67)). 

Conclusion. Cationic lipid-mediated gene transfer 
has become a very attractive alternative to other in vitro 
techniques: it is as straightforward as calcium phosphate 
coprecipitation (requiring only mixing of DNA with the 
lipid); it  is of general use with respect to  cell type and 
DNA size, since it is entirely driven by nonspecific ionic 
interactions; and it may be of low toxicity if the carrier 
is designed to be biodegradable. As such, cationic lipids 
are being widely used in cell biology research as well as  
in gene therapy protocols where ex vivo transfection is 
possible (13-31, 33-53). 

Efficient in vivo gene transfer with amphiphilic vectors 
is a much harder task to achieve: the nucleolipidic 
particles interact with circulating serum proteins (hep- 
arin, albumin, ... ) as well as with the anionic tissue 
matrix, and except for endothelial cells, particles must 

hQw.tY Function 
Sper4+ DNA condensation core particle 
(Gab receptor binding cell targeting 
(N-t-HA) peptide fusogenic cytoplasm entry 
(NLS-SV40) peptide nuclear localization caryophily 

> DNA 
Figure 5. Self-assembly of several “programmed lipids with 
DNA leads to a transfecting particle having the useful properties 
of a virus. N-t-HA, N-terminal peptide of hemagglutinin; NLS- 
SV40, nuclear localization signal of SV40 large T antigen. 

penetrate a tissue. In spite of several successful reports 
(35,40, 68-80), real advances in this field will probably 
arise from novel formulations of already existing mol- 
ecules, or from vectors based on a different principle. The 
several orders of magnitude wide gap between the 
efficiencies of viruses and that of synthetic vectors 
remains a challenge to chemists (3 ,4 ) .  One way to take 
up this challenge is to  develop a modular transfection 
system, where each molecular component is in charge of 
a key step of viral entry. 

Such a system is still based on a (neutral) lipopolyamind 
DNA core particle (Figure 5) .  Self-aggregation and 
intermixing of lipids allows one to  add new properties to 
this particle via other lipids: Hepatic cell targeting has 
been achieved recently with an additional oligogalactose- 
bearing lipid (81). Virus-derived fusion and nuclear 
localization peptide headgroups should help the particles 
to cross the cytoplasmic and nuclear membranes. Thus, 
upon mixing these various lipids with a gene, only the 
lipopolyamine component will interact with DNA and 
condense it. Concentrated at  the resulting particle’s 
surface will be molecular signals for cell targeting, entry 
into the cytoplasm, and finally trafficking toward the 
nucleus, a process reminiscent of programmed molecular 
self-organization (82) leading to a virus. 
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ARTICLES 

Conjugates of Double-Stranded Oligonucleotides with Poly(ethy1ene 
glycol) and Keyhole Limpet Hemocyanin: A Model for Treating 
Systemic Lupus Erythematosus 

David S. Jones,* John P. Hachmann, Stephen A. Osgood, Merle S. Hayag, Paul A. Barstad, 
G. Michael Iverson, and Stephen M. Coutts 

La Jolla Pharmaceutical Company, 6455 Nancy Ridge Drive, San Diego, California 92121. Received 
March 22. 1994@ 

Two types of oligonucleotides were synthesized with linker groups attached at  the 5’-end. Both were 
repeating dimers of deoxyribocytidine and deoxyriboadenosine. A 20-mer was prepared with a thiol- 
containing linker, masked as a disulfide, and a 50-mer was prepared with a vicinal diol-containing 
linker. A tetraiodoacetylated poly(ethy1ene glycol) (PEG) derivative was synthesized and reacted with 
the thiol-containing 20-mer to provide an oligonucleotide PEG conjugate of precisely four oligonucle- 
otides on each PEG carrier. The vicinal diol on the 50-mer was oxidized to an aldehyde and conjugated 
to keyhole limpet hemocyanin (KLH) to provide an oligonucleotide-KLH conjugate by reductive 
alkylation. The conjugates were annealed with complementary (TG), strands. While the double- 
stranded oligonucleotide-KLH conjugate is an immunogen, eliciting the synthesis of antibodies against 
oligonucleotides, the PEG conjugate has the biological property of specifically suppressing (tolerizing) 
B cells which make antibodies against the immunizing oligonucleotide. 

INTRODUCTION 

Multiple copies of a hapten attached covalently to a 
nonimmunogenic polymeric backbone can down regulate, 
or tolerize, B cells which produce antibody toward the 
hapten, rendering them nonresponsive to haptenated 
immunogens (Nossal et al., 1973; Liu et al., 1979). The 
result is a decrease in the amount of antibody produced 
against the hapten. Molecules such as these, which 
suppress antibody production by B cells, are called 
toleragens. For example, 2,4-dinitrophenyl (DNP) groups 
attached to D-lysine-containing polymers can suppress 
IgG production in animals which have been immunized 
with DNP-derivatized proteins. Such findings suggested 
a therapeutic approach for treatment of autoimmune 
disorders by tolerizing B cells. Systemic lupus erythe- 
matosus (SLE) is characterized by antibodies to a number 
of nuclear antigens. Specifically, antibodies to double- 
stranded DNA (anti-ds-DNA) are thought to cause lupus 
nephritis (Smeenk et al., 1988). We have shown that 
synthetic double-stranded oligonucleotides (ds-ON) cross 
react with anti-ds-DNA (Conrad and Coutts, 1994). Our 
approach toward a therapy for SLE involves the use of 
ds-ON conjugates with nonimmunogenic carriers to  
inactivate B cells which synthesize anti-ds-DNA. 

Conjugates of synthetic oligonucleotides with both 
large and small molecules have been reported. Oligo- 
nucleotides have been modified at  the 5’-end with a 
carboxylic acid or aldehyde and attached to latex micro- 
spheres containing hydrazide residues (Kremsky et al., 
1987). Oligonucleotides were attached to  biotin qnd 
fluorophores a t  the 5’-end, using either an oxidation af a 
5’-ribouridine moiety with periodate followed by reduc- 
tion in the presence of biotin hydrazide or attachment of 
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a fluorenylmethoxycarbonyl amino group at  the 5’-end 
(Agrawal et al., 1986). Similarly, oligonucleotides have 
been attached to antibodies (Kuijpers et al., 1993). 
Oligonucleotides were attached to poly-I,-lysine using 
oxidation of a 3’-ribonucleotide followed by reductive 
amination (Leonetti et al., 1988). Amino and, subse- 
quently, thiol groups have been introduced at  the 5’-end 
of oligonucleotides (Gaur, 1991). Trityl-protected thiols 
have been attached to the 5’-end of oligonucleotides using 
phosphoramidite chemistry, with subsequent detrityla- 
tion using silver nitrate (Connolly, 1985; h s o r g e  et al., 
1987; Sproat et al., 1987). Thiols have been generated 
at  the 3’-end of oligonucleotides by reduction of a disulfide 
bond, generating a 3‘4inked thiol which was used, 
subsequently, to attach the oligonucleotide to alkaline 
phosphatase (Li et al., 1987). Similarly, Thuong reported 
the preparation of an oligonucleotide with a 3’-linked 
thiol (Asseline et al., 1992). 

We have developed two new types of ds-ON conjugates 
to study the tolerization, or suppression, of an anti-ds- 
DNA immune response. The first conjugate, in which 
multiple oligonucleotides are attached to an immunogenic 
protein, keyhole limpet hemocyanin (KLH), was synthe- 
sized to provide a reagent for eliciting an antibody 
response in immunized mice. DNA does not contain T 
cell activating structures (epitopes), and alone will not 
provoke an antibody response. When DNA is attached 
to a protein, which contains T cell epitopes, it becomes 
immunogenic. We developed such a conjugate in which 
the oligonucleotide is attached to lysine €-amino groups 
on KLH, via a new vicinal diol linkage, which is attached 
to  the 5’-end of an oligonucleotide in the last step of an 
automated synthesis. This linker can be used, in theory, 
to attach oligonucleotides to  any amine-containing com- 
pound. The 5’-end is desirable for modification, because 
only full length oligonucleotides will receive the linker. 
The vicinal diol is oxidized with periodate prior to 
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conjugation, resulting in the formation of an aldehyde 
on the linker and the loss of formaldehyde, which is 
removed by alcohol precipitation. The aldehyde-contain- 
ing oligonucleotide is then treated with pyridine-borane 
complex in the presence of KLH. This results in a stable, 
single-stranded oligonucleotide-KLH conjugate by re- 
ductive alkylation of the lysine €-amines with the alde- 
hyde linker. Finally, a complementary oligonucleotide 
is annealed to  the conjugate to form a double-stranded 
oligonucleotide-KLH conjugate. This conjugate was 
used to immunize mice, eliciting an antibody response 
against the ds-ON. A conjugate of oligonucleotides with 
the 60/40 copolymer of D-glutamic acid and D-lysine (D- 
EK) was also prepared using the same methodology as 
the KLH conjugate. After a complementary strand was 
annealed, the resulting double-stranded conjugate ( U P  
105) was used in an antibody-forming cell assay. 

The second type of conjugate was developed in which 
precisely four oligonucleotides are attached to a poly- 
(ethylene glycol) (PEG) backbone. This conjugate is 
prepared using a new thiol-containing linker. Thioether 
formation between thiols and haloacetyl groups is known 
to be facile and capable of high yields (Bernatowicz and 
Matsueda, 1986; Inman et al., 1991). We chose to avoid 
the silver-assisted detritylation of a trityl-protected thiol 
and rely instead on the reductive cleavage of a disulfide, 
linked to the 5’-end, to generate the thiol after automated 
synthesis. The linker is attached to  the 5‘-end of the 
oligonucleotide as a disulfide in the last step of an 
automated synthesis. The disulfide is subsequently 
reduced to a thiol, which is reacted with haloacetyl 
groups in a modified PEG derivative, to form a stable 
conjugate in which the oligonucleotides are attached to 
the modified PEG uia thioether bonds. A complementary 
oligonucleotide is annealed to the conjugate to  form a 
double-stranded oligonucleotide-PEG conjugate U P  249 
(compound 21), which is used to  tolerize ds-ON im- 
munized mice. 

EXPERIMENTAL PROCEDURES 

Imidazole, 5-hexen-1-01, tert-butyldimethylsilyl chloride 
(TBDMSCl), N-methylmorpholine N-oxide (NMMO), os- 
mium tetraoxide (2.5% in tert-butyl alcohol), benzoyl 
chloride, tetrabutylammonium fluoride (TBAF), tetrazole, 
0-cyanoethyl N,N,”,”-tetra isopropylphosphorodiamid- 
ite, 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, 
6-chloro-l-hexanol, thiourea, iodine, triphenylmethyl 
chloride (trityl chloride), 3,5-diaminobenzoic acid, dicy- 
clohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), 
and iodoacetic anhydride were purchased from Aldrich 
Chemical Co. Nucleoside phosphoramidites (dA, dC, dG, 
and dT) and derivatized controlled pore glass (CPG) 
supports were purchased from Milligen. Keyhole limpet 
hemocyanin (KLH) was purchased from Pacific Bio- 
Marine, Venice, CA. D-EK, the copolymer consisting of 
40% D-lysine and 60% D-glUtamiC acid, was purchased 
from Damon Biotech, Inc., Needham Heights, MA (ac- 
quired by Abbott Laboratories, Abbott Park, IL). All 
solvents and reagents were used as received from the 
manufacturer unless otherwise specified. 

Silica gel (230-400 Mesh ASTM) was purchased from 
Baxter. Basic alumina (aluminum oxide, activated, basic, 
Brockman I) was purchased from Aldrich Chemical Co. 
Q-Sepharose was purchased from Pharmacia. Fractogel 
EMD-DEAE 650(S) (particle size 0.025-0.040 mm) was 
purchased from EM, a subsidiary of E. Merck. Sephacryl 
S-200 was purchased from Pharmacia. Macro-Prep High 
Q was purchased from BioRad. The GEN-PAK FAX 
HPLC column was purchased from Waters. TLC was 
performed on silica gel TLC plates (5554) manufactured 
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by EM Separations. Phosphate-buffered saline (PBS) 
was prepared by dissolving 175 g of NaC1,6.5 g of NaHz- 
POd.Hz0, and 40.9 g of NazHP04*7Hz0 in HzO and 
diluting to a final volume of 20 L. 

Melting points are reported uncorrected. NMR spectra 
were recorded on a Bruker AC-300 spectrometer with 
broad band probe. DNA synthesis was performed on a 
Milligen 8800 Prep Scale DNA synthesizer following the 
manufacturer’s protocols for DNA phosphoramidite syn- 
thesis. UV absorbances were made on a Perkin-Elmer 
Lambda 4 spectrophotometer. Quantities of oligonucle- 
otides and oligonucleotide conjugates were estimated by 
absorbance at  260 nm.’ Melt curves and hyperchromicity 
were determined on a Varian Cary 3E spectrophotometer. 
Elemental analyses were performed by Desert Analytics 
of Tucson, AZ. Mass spectra were obtained from the 
Mass Spectroscopy Lab, Department of Chemistry, Uni- 
versity of California, Berkeley, CA. 
O-(tert-Butyldimethylsilyl)-5-hexenol, 1. To a so- 

lution of 12.5 mL (10.4 g, 104 mmol) of 5-hexen-1-01 in 
104 mL of DMF was added 15.7 g (230 mmol) of imidazole 
and 20.0 g (130 mmol) of TBDMSC1. The mixture was 
stirred at  room temperature for 4 h and partitioned 
between 200 mL of EtOAc and 100 mL of saturated 
NaHC03 solution. The EtOAc layer was washed with 
100 mL of saturated NaHC03 solution, 100 mL of 
saturated NaCl solution, dried (MgS04), filtered, and 
concentrated to  a volume of approximately 100 mL. 
Distillation under vacuum provided 70.1 g (90%) of 1: bp 
130-143” 100 mmHg; IH NMR (CDCl3) 6 0.11 (s, 6H), 
0.95 (s, 9H), 1.48 (m, 2H), 1.57 (m, 2H), 2.11 (dt, 2H), 
3.66 (t, 2H), 5.03 (m, 2H), 5.86 (m, 1H); 13C NMR (CDCl3) 

138.92. Anal. Calcd for ClzH260Si: C, 67.22; H, 12.22. 
Found: C, 66.96; H, 12.16. 
1-0-(tert-Butyldimethylsilyl)-1,5,6-hexanetriol, 2. 

To a solution of 9.86 g (46.0 mmol) of 1 in 92 mL of 
acetone was added a solution of 6.46 g (55.2 mmol) of 
NMMO in 23 mL of HzO. To the mixture was added 443 
pL of a 2.5% solution of Os04 in tert-butyl alcohol (360 
mg of solution, 9.0 mg of Os04, 35 pmol) and 50 pL of 
30% HzOz. The mixture was stirred for 16 h, and a 
solution of 474 mg of sodium dithionite in 14 mL of HzO 
was added. After another 0.5 h the mixture was filtered 
through Celit. The filtrate was dried with MgS04 and 
filtered through 1 in. of silica gel in a 150-mL Buchner 
funnel using 250-mL portions of EtOAc. Fractions 
containing product were concentrated to provide 11.0 g 
(96%) of 2 as a viscous oil: TLC Rf 0.2 (1:l hexane/ 

(m, 4H), 1.55 (m, 2H), 3.41 (dd, 2H), 3.62 (t, 2H), 3.71 
(m, 1H); 13C NMR (CDC13) 6 -5.23, 18.42, 21.91, 26.02, 
32.68, 32.81, 63.16, 66.74, 72.24; HRMS (FAB, MH+), 
calcd for C12H2903Si 249.1886, found: 249.1889. 
5,6-Di-O-benzoyl-l-O-(tert-butyldimethylsilyl)-l,5,6- 

hexanetriol, 3. To a solution of 5.29 g (21.3 mmol) of 2 
in 106 mL of pyridine was added 6.18 mL (7.48 g, 53.2 
mmol) of benzoyl chloride. The mixture was stirred for 
18 h and concentrated on the rotory evaporator. The 
mixture was partitioned between 100 mL of cold 1 N HC1 
and 100 mL of EtOAc. The pH of the aqueous layer was 
checked to make sure it was acidic. The EtOAc layer was 
washed successively with 100 mL of HzO and 100 mL of 
saturated NaC1, dried (MgS04), filtered, and concentrated 

6 -5.25, 18.40, 25.21, 26.01,32.35, 33.60, 63.09, 114.40, 

EtOAc); ‘H NMR (CDC13) 6 0.05 (s, 6H), 0.89 (s, 9H), 1.25 

1 Single-stranded oligonucleotides were estimated to contain 
33 pg of oligonucleotide in 1 mL of solution which has unit 
absorbance in pH 7.2 PBS. Double-stranded oligonucleotides 
were estimated to contain 50 pg of oligonucleotide in 1 mL of a 
solution which has unit absorbance in  pH 7.2 PBS. 
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to provide 10.33 g (99%) of 3 as a viscous yellow oil: TLC 
Rf 0.45 (1:4 EtOAckexanes); 'H NMR (CDC13) 6 0.05 (s, 
6H), 0.88 (s, 9H), 1.59 (m, 4H), 1.85 (m, 2H), 3.14 (t, 2H), 
4.49 (dd, lH),  4.59 (dd, lH), 5.54 (m, lH), 7.45 (m, 4H), 
7.58 (m, 2H), 8.05 (m, 4H). 
5,6-Di-O-benzoyl-l,5,6-hexanetriol, 4. To a solution 

of 2.62 g (5.36 mmol) of 3 in 10.9 mL of THF was added 
10.7 mL (10.7 mmol) of a 1 N solution of TBAF in THF. 
The mixture was allowed to stir for 16 h. The mixture 
was partitioned between 25 mL of saturated NaHC03 
solution and 3 x 25 mL of EtOAc. The combined EtOAc 
extracts were washed with saturated NaCl solution, dried 
(MgS04), filtered, and concentrated to a viscous oil which 
was purified by silica gel chromatography (1:l hexane/ 
EtOAc) to provide 823 mg (41%) of 4 as a viscous oil: Rf 
0.14 (1:l hexane/EtOAc); lH NMR (CDC13) 6 1.58 (m, 2H), 
1.68 (m, 2H), 1.88 (m, 2H), 3.68 (t, 2H), 4.52 (dd, lH), 
4.62 (dd, lH), 5.56 (m, lH), 7.46 (m, 4H), 7.58 (m, 2H), 
8.05 (m, 4H); 13C NMR (CDCls) 6 22.08, 31.20, 31.30, 
32.88,62.92,66.17, 72.63, 128.93, 130.19, 130.57, 133.62, 
166.72, 166.86; HRMS (FAB, MH+) calcd for CzoHzs05 
343.1545, found: 343.1553. 
l-O-[5,6-Bis-O-(benzoyloxy)hexyl] l'-O'-(2'-Cyano- 

ethyl) NJV-Diisopropylphosphoramidite, 5. To a 
solution of 1.02 g (2.98 mmol) of 4 and 255 mg (1.49 mg) 
of diisopropylammonium tetrazolide (prepared by mixing 
acetonitrile solutions of diisopropylamine and tetrazole 
in a 1:1 mole ratio and concentrating to a white solid) in 
14.9 mL of CHzClz was added a solution of 989 mg (3.28 
mmol) of 0-cyanoethyl Nfl," ,"-tetraisopropylphospho- 
rodiamidite in 2.0 mL of CHzClZ. The mixture was 
stirred for 4 h and partitioned between 25 mL of CH2C12 
and 25 mL of chilled saturated NaHC03 solution. The 
CHzClz layer was washed with saturated NaCl solution, 
dried (NazSOJ, filtered, and concentrated. Purification 
by filtration through a 2-in. plug of basic alumina in a 
25-mm column, eluting with 9:1 EtOAc/EtsN, provided 
1.5 g (93%) of 5 as a viscous oil: 'H NMR (CDC13) 6 1.19 
(m, 12H), 1.62 (m, 2H), 1.73 (m, 2H), 1.90 (m, 2H), 2.62 
(dd, 2H), 3.53-3.92 (m, 6H), 4.53 (dd, lH), 4.62 (dd, lH), 
5.58 (m, lH),  7.48 (m, 4H), 7.60 (m, 2H), 8.09 (m, 4H); 
31P NMR (CDClB with 15% H3P04 internal standard) 6 
148.2; HRMS (FAB, MH+) calcd for CZ&LOO~N~P 543.2624, 
found 543.2619. 

Coupling of 5 to (CA)25 as the Final Step of 
Automated Synthesis: Synthesis of 6. Forty-nine 
sequential steps were carried out using alternating dC 
and dA phosphoramidites beginning with 10 g of DMT- 
d-bzA-CPG support (Milligen) with a nucleoside loading 
of 30 pmol/g. The DMT blocking group was removed, and 
40 mL of activator solution (Milligen, Cat. No. MBS 5040) 
and 800 mg of 5 were added to  the reaction mixture. The 
suspension was mixed for 8 min by argon ebullition and 
subjected to the usual oxidation step. The support-bound 
oligonucleotide was removed from the reaction vessel, air 
dried, and treated with 100 mL of concentrated ammonia 
for 40 h at  55 "C. When cool, the mixture was filtered 
through a 10-pm polypropylene filter, and the filtrate was 
then purified by ion-exchange chromatography on Q 
Sepharose (gradient, 0.4 M NaCl adjusted to pH 12 with 
NaOH to 1.0 M NaCl adjusted t o  pH 12 with NaOH). 
Fractions which absorbed a t  260 nm were further ana- 
lyzed by polyacrylamide gel electrophoresis after Ls2P1 3'- 
labeling (Cozzarelli et al., 1969), and those containing 
pure product were combined and precipitated with 2-pro- 
panol to  provide 510 mg (31.9 pmol, 10%) of 6. 

Synthesis of Single-Stranded Oligonucleotide- 
KLH Conjugate, 7a. A 500-pL aliquot (100 pmol) of a 
200 mM solution of NaI04 was added to  a solution of 1.0 
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g (estimated to be 400 mg of full length, 25 pmo1)2 of 6 in 
19.5 mL of HzO at  0 "C in the dark. The mixture was 
kept a t  0 "C for 40 min, and 50 mL of EtOH was added. 
The mixture was kept a t  -20 "C for 30 min and 
centrifuged for 5 min at  2000 rpm. The supernatant was 
discarded, and the pellet was dried under vacuum. The 
pellet was dissolved in 3.3 mL of HzO, and to the 
resulting solution was added a solution of 166 mg (1.66 
pmol) of KLH in 8.5 mL of 0.5 M NaHC03 and 2.0 mL of 
pH 8.0 0.5 M sodium borate. To the resulting solution 
was added 250 pL (50 pmol) of a 0.2 M solution of 
pyridine-borane complex in MeOH, and the mixture was 
kept a t  37 "C for 4 days. The product was purified by 
chromatography on Sephacryl S-200 (isocratic, 10 mM 
pH 8 sodium borate) to give 200 mL of a solution of 7a 
which contained 85 mg of DNA as determined by absor- 
bance at  260 nm. The ratio of DNA molecules to KLH 
molecules was determined to be approximately 5:l from 
the ratio of absorbance a t  230 nm to absorbance at 260 
nm, assuming a molecular weight of lo6 Da and compar- 
ing to  the 230-nml260-nm absorbance ratios of standard 
mixtures of unconjugated (CAI25 and KLH. The yield of 
7a was calculated to be 140 mg (46%). 

Hybridization of 7a with (TG)25, Sa. The synthesis 
of (TG)25 was carried out in a manner essentially the 
same as for the synthesis of (TG),,. A solution of 140 
mg of 7a in 200 mL of 10 mM pH 8.0 sodium borate was 
added to 89 mg (5.5 pmol) of (TG)25 and the mixture was 
heated at  85 "C for 10 min and allowed to  cool to room 
temperature over 1 h. The double-stranded conjugate, 
Sa, contained a total of 174 mg of DNA; T,  79", hyper- 
chromicity 28% (PBS, pH 7.2). 

Synthesis of Single-Stranded Oligonucleotide- 
D-EK Conjugate, 7b. A 1.00-mL aliquot (200 pmol) of 
a 200 mM solution of NaI04 was added to  a solution of 
2.01 g (estimated to be 803 mg of full length, 50 pmol) of 
6 in 35 mL of HzO and 4.01 mL of 1 M pH 7.5 sodium 
phosphate solution at  0 "C in the dark. The mixture was 
kept a t  0 "C for 40 min, and 40 mL of isopropyl alcohol 
was added. The mixture was kept a t  -20 "C for 30 min 
and centrifuged for 20 min at  3000 rpm. The superna- 
tant was discarded, and the pellet was dried under 
vacuum. The pellet was dissolved in 11.8 mL of HzO, 
and to the resulting solution was added a solution of 86.3 
mg (5.0 pmol) of D-EK3 in 1.15 mL of HzO and 0.80 mL 
of pH 8.0, 1.0 M sodium borate. This was followed by 
the addition of 500 pL (100 pmol) of a 0.2 M solution of 
pyridine-borane complex in MeOH, and the mixture was 
kept a t  37 "C for 48 h. The product, 7b, was purified by 
chromatography on Sephacryl S-200 (isocratic, 10 mM 
pH 8 sodium borate) to give single-stranded conjugate, 
which contained 306 mg of DNA, as determined by 
absorbance at 260 nm,l a t  a concentration of 0.81 mg/ 
mL. Amino acid analysis of the conjugate, was used to  
determine the amount of lysine and glutamic acid in a 
sample containing 50 pg (3.25 x mol) of oligonucle- 
otide: lysine, 15.9 x mol; and glutamic acid, 23.7 x 

mol. The ratio of oligonucleotide t o  D-EK was 

The estimated yield of full length oligonucleotide with linker 
is 40% based on 50 steps of approximately 98% efficiency. The 
remaining 600 mg is comprised mostly of failure sequences 
which do not contain the linker on the 5'-end. 

3 D-EK was purified on a Bio-Gel P-100 column (BioRad) 
eluting with pH 8.0 50 mM sodium borate, 100 mM NaC1. The 
leading edge of the peak detected at 220 nm was discarded, and 
the first half of the peak was collected and dialyzed against HzO. 
The resulting solution was lyophilized to a white solid. The 
average molecular weight was determined to be 17 200 by 
sedimentation equilibrium. 
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calculated to be approximately 11:l using an average 
molecular weight of 17 200 for D-EK. 
Hybridization of 7b with (TG)2a 8b (LJ" 105). A 

solution of 306 mg of 7b in 378 mL of 10 mM pH 8.0 
sodium borate was added to 306 mg of (TG)z5, and the 
mixture was heated to 90 "C and allowed to cool to room 
temperature. The double-stranded conjugate was pre- 
cipitated by adding 42 mL of 3 M NaCl and 420 mL of 
isopropyl alcohol. The mixture was kept a t  -20 "C for 1 
h and centrifuged at  3000 rpm for 20 min. The pellet 
was dissolved in 0.5 x PBS to give 756 mg of U P  105 at  
a concentration of 100 mg/mL; T, 77 "C, hyperchromicity 
29% (PBS, pH 7.2). 
S-(6-Hydroxyhexyl)isothiuronium Chloride, 9. To 

a solution of 16.6 mL (20.0 g, 146 mmol) of 6-chlorohex- 
anol in 49 mL of ethanol was added 11.1 g (146 mmol) of 
thiourea, and the mixture was refluxed for 24 h. The 
mixture was cooled to 0 "C and the product crystallized. 
The crystals were collected by vacuum filtration and 
dried to give 28.4 g (92%) of 9 as a white solid: mp 122- 
124 "C; 'H NMR (DMSO) 6 1.40 (m, 4H), 1.65 (m, 2H), 
3.21 (t, 2Hl3.41 (t, 2H), 9.27 and 9.33 (overlapping broad 
singlets, 4H). Anal. Calcd for C7H17C1NzOS: C, 39.51; 
H, 8.06; N, 13.17; S, 15.07. Found: C, 39.69; H, 8.00; N, 
13.01; S, 15.16. 
6-Mercaptohexan-l-ol,10. To a solution of 17.8 mg 

(83.6 mmol) of 9 in 120 mL of HzO and 120 mL of EtOH 
was added 9.25 g of NaOH pellets. The mixture was 
refluxed for 4 h. The mixture was carefully concentrated 
to approximately 75 mL, and the concentrate was puri- 
fied by vacuum distillation to provide 7.4 g (66%) of 10: 
bp 95-105 "C (5 mmHg); lH NMR (CDCl3) 6 1.41 (m, 
9H) 2.59 (dt, 2H), 3.69 (t with underlying brd s, 3H); 13C 
NMR (CDC13) 6 24.5, 25.2, 28.0, 32.5, 33.9, 62.7. Anal. 
Calcd for C6H140S: C, 53.68; H, 10.51; S, 23.89. Found: 
C, 53.35; H, 10.72; S, 23.60. 
Bis(6-hydroxyhexyl) Disulfide, 11. To a solution of 

4.26 g (31.7 mmol) of 10 in 10 mL of MeOH and 13.7 mL 
(9.97 g, 98.5 mmol) of Et3N under Nz atmosphere and 
cooled in an ice bath was added dropwise over 10 min a 
solution of 4.02 g (15.8 mmol) of 12 in 90 mL of MeOH. 
The cooling bath was removed, and the mixture was 
stirred at  room temperature for 4 h. The mixture was 
concentrated on a rotory evaporator and purified by silica 
gel chromatography (1: 1 hexane/EtOAc) to  provide 3.12 
g (73%) of 11 as a pale yellow solid: TLC Rf 0.18 (1:l 
hexane/EtOAc); mp 38-48 "C; lH NMR (CDCl3) 6 1.15- 
2.20 (m, 16H), 2.73 (t, 4H), 3.70 (t, 4H). Anal. Calcd for 
CI~HZ~SZOZ: C, 54.09; H, 9.84; S, 24.06. Found: C, 54.85; 
H, 9.86; S, 24.11. 
Mono-O-(triphenylmethyl) Bis(6-hydroxyhexyl) 

Disulfide. Trityl chloride (60 g, 0.21 mol) was added to 
a solution of 57 g (0.21 mol) of compound 11 in 60 mL of 
pyridine. The mixture was stirred at  room temperature 
for 16 h. The mixture was filtered, and the filtrate was 
diluted with 300 mL of CHzClz and extracted with 200 
mL of saturated sodium bicarbonate. The CHzClz layer 
was dried (Na2SO4), filtered, and concentrated to an oil. 
Purification by silica gel chromatography (gradient, 9/1 
hexane/EtOAc to 3/1 hexane/EtOAc) yielded 55 g (50%) 
of 12 as a viscous oil: TLC Rf 0.36 (1/1 heptane/EtOAc); 
lH NMR (CDC13) 6 1.38 (m, 8H), 1.63 (m, 8H), 2.66 (m, 
4H), 3.04 (t, 2H), 3.62 (t, 2H), 7.25 (m, 9H), 7.42 (m, 6H); 

38.9, 39.0, 62.7, 63.4, 66.2, 126.7, 127.6, 128.3, 144.4; 
HRMS (FAB, M+) calcd for C31H400zSz 508.2470, found 
508.2482. 
1-0-[ 14-(triphenylmethoxy)-7,8-dithiatetrade- 

cy11 1'-0-(9'-Cyanoethyl) NJV-Diisopropylphosphor- 
amidite, 13. To a solution of 10 g (19.7 mmol) of 12 and 

I3C NMR (CDCl3) 6 25.3,25.8,28.2,28.3,29.1,29.8,32.5, 
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6.3 mL (36.2 mmol) of diisopropylethylamine in 90 mL 
of CHzClz a t  0 "C under argon was slowly added 4.5 mL 
(20.2 mmol) of 2-cyanoethyl Nfl-diisopropylchlorophos- 
phoramidite. The mixture was stirred for 90 min and 
extracted twice with 100 mL of saturated sodium bicar- 
bonate solution. The combined CHzClz layers were dried 
(Na2SO4), filtered, and concentrated to an oil. hr i f ica-  
tion by basic alumina chromatography (75/24/1 hexanes/ 
EtOAdtriethylamine) provided 11.3 g (81%) of 13 as a 
viscous oil: 'H NMR (CDCl3) 6 1.18 (m, 12H), 1.13 (m, 
8H), 1.62 (m, 8H), 2.60 (m, 6H), 3.04 (t, 2H), 3.60 (m, 
4H), 3.82 (m, 2H), 7.26 (m, 6H), 7.44 (m, 9H); 31P NMR 
(CDC13) 6 147.9; HRMS (FAB, MH+) calcd for C40H5&03- 
PSZ 709.3626, found 709.3621. 
3,5-Bis(iodoacetamido)benzoic Acid, 14. To a 

stirred suspension of 572 mg (3.76 mmol) of 3,5-diami- 
nobenzoic acid in 19 mL of dioxane a t  room temperature 
under Nz atmosphere was added 2.93 g (8.28 mmol) of 
iodoacetic anhydride. The mixture was stirred in the 
dark for 20 h and partitioned between 50 mL of EtOAc 
and 50 mL of 1 N HC1 solution. The EtOAc layer was 
washed with brine, dried (MgSO4,, filtered, and concen- 
trated under vacuum to give a tan solid. Purification by 
silica gel chromatography (94/5/1 CHzC12/MeOH/HOAc) 
yielded 992 mg (54%) of 14 as a white solid: mp >220 
"C dec; 'H NMR (DMSO) 6 3.84 (s,4H), 7.91 (s, 2H), 8.14 
(s, lH), 10.56 (s, 2H). Anal. Calcd for CllH10N20412: C, 
27.07; H, 2.06; N, 5.74; I, 52.01. Found: C, 26.55; H, 2.23; 
N, 5.29; I, 52.71. 
3,5-Bis(iodoacetamido)benzoic Acid, N-Hydrox- 

ysuccinimidyl Ester, 15. DCC (309 mg, 1.5 mmol) was 
added to a solution of 488 mg (1.0 mmol) of 14 and 126 
mg (1.1 mmol) of NHS in 10 mL of anhydrous THF. The 
mixture was stirred for 2.5 h, and eight drops of acetic 
acid was added. The mixture was kept in a -20 "C 
freezer for 16 h, and the solids were removed by filtration. 
The filtrate was concentrated to give 722 mg of yellow 
foamy sold. Purification by silica gel chromatography 
(gradient 50/50/1 EtOAcfhexanedHOAc to 75/25/1/EtOAd 
hexanesiHOAc) yielded 511 mg of foamy solid. Recrys- 
tallization from EtOAdhexanes gave 385 mg (66%) of 16 
as a white powdery solid: mp 146-147 "C dec; lH NMR 
(MeOH) 6 2.90 (s, 4H), 3.88 (s, 4H), 8.1 1 (8 ,  2H), 8.26 (6, 
1H). Anal. Calcd for C15H13N3061~: C, 30.79; H, 2.24; 
N, 7.18; I, 43.38. Found: C, 30.46; H, 2.62; N, 6.81; I, 
43.08. 
NJV'-Bis[3,5-bis(iodoacetamido)benzoyll Deriva- 

tive of a,wBis[N-(2-aminoethyl)carbamoyllpoly- 
(ethylene glycol), 17. A solution of 335 mg (0.10 mmol, 
3350 g/mol) of a,w-bis[N-(2-aminoethyl)carbamoyllpoly- 
(ethylene glycol) (Sigma), 16, and 16.8 mg (0.20 mmol) 
of NaHC03 in 1.0 mL of HzO was cooled to 0 "C. A 
solution of 146 mg (0.25 mmol) of 15 in 0.5 mL of dioxane 
was added, followed by 0.5 mL of EtOH. The resulting 
slurry was stirred for 1 h at  0 "C, and 10 mL of 2 N HZ- 
SO4 was added. The mixture was extracted with two 10- 
mL portions of CHZCIZ. The CHzClz layers were dried 
(Na2SO4), filtered, and concentrated to yield 442 mg of 
crude solid. Purification by chromatography on silica gel 
(step gradient 8/92 MeOWCHzClz to 14/86 MeOWCH2- 
Clz) yielded 239 mg (54%) of 17 as a white solid: 'H NMR 
(CDC13) 6 3.40 (bd m, 8H), 3.59 (bd s, (CHzCHzO),, 
integral too large to  integrate in relation to other 
integrals), 3.80 (bd m, 4H), 3.91 (s, 8H), 7.49 (bd m, 2H), 
7.77 (bd m, 2H), 7.82 (bd s, 4H), 8.27 (bd s, 2H), 8.90 (bd 
m, 4H). Iodoacetyl determination (Thorpe et al., 1984): 
calcd, 0.92 mmol/g, found 0.96 mmol/g. Anal. Calcd for 
C ~ Z ~ H ~ Z ~ N ~ O ~ Z I ~ :  C, 48.32; H, 7.51; N, 2.56. Found: C, 
48.42; H, 7.61; N, 2.54. 
Coupling of 13 to (CA)lo as the Final Step of 
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Automated Synthesis: Synthesis of 18. Nineteen 
sequential steps were carried out using alternating dC 
and dA phosphoramidites beginning with 10 g of DMT- 
d-bzA-CPG support (Milligen) with a nucleoside loading 
of 30.0 pmoVg. The DMT blocking group was removed, 
and 45 mL of activator solution (Milligen, Cat. No. MBS 
5040) and 385 mg of 13 were added to the reaction 
mixture. The suspension was mixed for 8 min by argon 
ebullition, and the oligomer was subjected to the usual 
oxidation step. The support bound oligonucleotide was 
removed from the reaction vessel, air dried, and treated 
with 100 mL of concentrated ammonia for 16 h at  55 "C. 
When cool, the mixture was filtered through a 10-pm 
polypropylene filter, and the filtrate was then purified 
by ion-exchange chromatography on Q Sepharose (gradi- 
ent, 0.2 M NaCl adjusted to pH 12 with NaOH to 1.3 M 
NaCl adjusted to  pH 12 with NaOH). Fractions which 
absorbed at  260 nm were [32P] 3'-labeled and analyzed 
by polyacrylamide gel electrophoresis followed by auto- 
radiography. Fractions containing pure product were 
combined and precipitated with 2-propanol to provide 498 
mg (62.2 pmol, 20%) of 18. 

Synthesis of Single-Stranded Oligonucleotide- 
PEG Conjugate, 20. A solution of 500 mg (78 pmol) of 
18 in 12.5 mL of water was treated with 388 pL (315 mg, 
1.56 mmol) of tributylphosphine for 1 h at  room tem- 
perature with agitation. The reduced oligonucleotide was 
precipitated by adding 1.39 mL of 3 M NaCl and 17.5 
mL of isopropyl alcohol. The mixture was kept a t  -20 
"C for 1 h and centrifuged at  5 "C for 20 min at  3000 
rpm. The supernatant was removed, and the pellet was 
dissolved in 8.44 mL of water. A second precipitation 
was performed with 937 pL of 3 M NaCl and 11.82 mL 
of isopropyl alcohol. The mixture was kept a t  -20 "C 
for 1 h and centrifuged at  5 "C for 20 min at 3000 rpm. 
The supernatant was removed, and the oily pellet was 
placed under vacuum for 16 h to  give crude 19 as a foamy 
solid, which was dissolved in 4.5 mL of helium sparged 
water. The mixture was kept under Ar, and 500 pL of 
pH 7.8 1 M sodium phosphate buffer and 555 pL of MeOH 
were added. To the stirred solution was added a solution 
of 57 mg (13 pmol) of 17 in 0.55 mL of MeOH, and the 
mixture was stirred for 22 h. The mixture was purified 
by chromatography on Macro-Prep High Q (gradient, 0.45 
M NaC1, 10% MeOH, adjusted to pH 11 with NaOH to 
0.70 M NaCl,lO% MeOH, adjusted to pH 11 with NaOH), 
and the fractions were combined which were pure as 
evidenced by polyacrylamide gel electrophoresis after 
[32P] 3'4abeling and by HPLC on a GenPAK FAX column 
(gradient, A 0.01 M pH 7.5 sodium phosphate, 10% 
MeOH; B 0.01 M pH 7 . 5  sodium phosphate, 1 M NaC1, 
10% MeOH; 30% B to 70% B; 1 mumin; retention time 
15.0 min). The pure fractions were combined and pre- 
cipitated with an equal volume of isopropyl alcohol a t  -20 
"C. The pelleted precipitate was dialyzed against PBS 
to  give 6.7 mL of a solution of 20 (74 mg) at  a concentra- 
tion of 11 mg/mL. 

Hybridization of 20 with (TGIlo, To Yield 21 (LJF 
249). ( T G h  was synthesized by standard phosphora- 
midite chemistry. The protecting groups were removed, 
and the product was liberated from the CPG solid phase 
by treatment with concentrated NH40H at 55 "C for 16 
h. The full length oligonucleotide with trityl protecting 
groups on the 5'-end was purified by ion-exchange 
chromatography on Q Sepharose (gradient; 0.8 M NaCl 
adjusted to pH 12 with NaOH to  1.2 M NaCl adjusted to 
pH 12 with NaOH). Fractions containing product were 
identified by HPLC on a Gen-PAK column (0.75 mumin; 
260 nm; gradient, A 0.05 M ph 7.5 sodium phosphate, 
10% MeOH; B 0.05 M pH 7.5 sodium phosphate, 1 M 
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NaC1, 10% MeOH; 0-25 min, 20-80% B; retention time 
17.0 min) and precipitated with an equal volume of 
isopropyl alcohol. The solid, which was collected by 
centrifugation and decantation of the supernatant, was 
dried under vacuum and treated with 80/20 HOAc/H20 
for 20 min to remove the trityl protecting groups. Two 
precipitations from 0.3 M NaCl using isopropyl alcohol 
yielded (TG)lo. A 5% excess (69.3 mg) of (TG)lo was added 
to a solution of 66 mg of 20 in 9.8 mL of PBS. The 
mixture was heated at 90 "C for 10 min and allowed to 
cool to room temperature over 1.5 h. Precipitation with 
isopropyl alcohol yielded 135 mg of 21 (LJP 249); T, 68.1 
"C, hyperchromicity 25.0% (0.15 M NaC1,O.Ol M sodium 
citrate, pH 6.8). 

Immunization and Tolerization of Mice. Female 
C57BV6 mice, 6-8 weeks of age, were obtained from 
Jackson Laboratories and housed in accordance with NIH 
guidelines. The mice were primed as previously de- 
scribed (Iverson, 1986). Briefly, mice were injected, ip, 
with 100 pg of compound 8a precipitated on Alum 
(aluminum hydroxide gel) along with 2 x lo9 B. pertussis 
organisms (obtained from Massachusetts Department of 
Public Health, State Laboratory Institute, Boston, MA) 
as an adjuvant. Three weeks after priming with com- 
pound 8a, the mice were divided into groups and injected, 
ip, with graded doses of 21 (LJP 249). One group was 
treated with saline and served as the nontreated control. 
For serological experiments the mice were divided into 
groups of five mice per group and for plaque-forming cell 
(pfc; equivalent to antibody-forming cells) experiments 
they were divided into three mice per group. Five days 
after treatment with the toleragen 21 ( U P  249) all of 
the mice, including the controls, were boosted with 50 
pg of 8a. For serological experiments the mice were bled 
from the tail 7 days after the boost. For pfc experiments 
the mice were sacrificed 4 days after the boost. 

Biological Activity Assays. For serological experi- 
ments the sera were analyzed for anti-ds-ON antibodies 
by the Farr assay (Garvey et al., 1977) a t  a final antigen 
concentration of M. A 5'-hydroxyphenyl containing 
(CA)25 oligonucleotide strand was prepared as described 
(Fontanel et al. 1993) and annealed with a complimen- 
tary (TG)25 strand. The duplex was radiolabeled with lZ5I 
as also described by Fontanel. Antigen binding capacity 
was determined as described (Mitchison, 1971). For pfc 
experiments spleens were analyzed for the number of IgG 
anti-ds-ON antibody-forming cells by a standard indirect 
plaque forming cell assay (Henry, 1980). Indicator cells 
were prepared, as described (Henry, 1980), by coating 
sheep red blood cells (SRBC) with LJP 105 using 1-[3- 
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo- 

The convention used herein to describe repeating dimers of 
deoxyribonucleotides is exemplified as follows. The 20-mer ON, 
(CA)lo, is an alternating sequence of deoxycytidine and deoxy- 
adenosine with deoxycytidine at the 5'-end. The 50-mer ON, 
(CA)25, is an alternating sequence of deoxycytidine and deoxy- 
adenosine with deoxycytidine at the 5'-end. Similarly, (TG)lo is 
a 20-mer ON with deoxythymidine at the 5'-end, and (TG)25 is 
a 50-mer ON with deoxythymidine at the 5'-end. 

Experiments with different sequences of synthetic oligo- 
nucleotide duplexes demonstrated sequence-dependence on 
binding to anti-ds-DNA from lupus mice and humans, as 
detected by competitive inhibition assays with high molecular 
weight DNA. This is apparently related to the stability of the 
duplex and its propensity to assume the B DNA conformation. 
The duplex formed from (CAI25 and (TG)25 assumes the B DNA 
conformation as  evidenced by CD spectroscopy. There is also a 
modest length dependence on the ability of a B DNA duplex to  
bind anti-ds-DNA. The IC50 in the 40-mer duplex (CA)Z~(TG)~O 
is five times smaller than the IC50 in the 60-mer duplex (CA)3o- 
(TG)30. 
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Scheme 1. Synthesis of Vicinal Diol Containing 
Phosphoramidite" - OH a - -  OTBDMS 

1 
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Toleragens having varying lengths of duplexes of 
repeating CA units and repeating TG units on nonim- 
munogenic carriers, including conjugate 21 (LJP 2491, 
were designed, synthesized, and studied in the im- 
munized mouse model. These studies indicated that 
there was little length dependence on the ability of these 
conjugates to  tolerize, as evidence by their ability to  
suppress antibody titers, and that conjugates containing 
oligonucleotides of 20-50 base pairs are essentially 
equivalent (data not shown). Conjugates containing 
duplexes of 20 base pairs are biologically active and 
thermally stable, having T,'s > 65 "C (pH 6.8, 0.15 M 
NaC1). 

The synthesis of the dibenzoylated vicinal diol-contain- 
ing phosphoramidite, 5,  is diagramed in Scheme 1. 
Protection of the hydroxyl group of 5-hexen-1-01, as its 
tert-butyldimethylsilyl (TBDMS) ether, was accomplished 
using TBDMSCl and imidazole in DMF to provide 
compound 1. Hydroxylation of 1 with N-methylmorpho- 
line N-oxide and a catalytic amount of osmium tetraoxide 
in aqueous acetone led to  vicinal diol 2, which was 
benzoylated by treating with benzoyl chloride in pyridine 
to give 3. The TBDMS protecting group was removed 
with tetrabutylammonium fluoride in THF to provide the 
alcohol 4. Finally, the phosphoramidite, 5,  was prepared 
using 0-cyanoethyl N,N,","-tetraisopropylphospho- 
rodiamidite and diisopropylammonium tetrazolide in CH,- 
Clz (Caruthers et al., 1987; Nielsen et al., 1986). 

The syntheses of the KLH conjugate, 8a, and the D-EK 
conjugate, 8b (LJP 105), are diagramed in Scheme 2. In 
the final step of automated synthesis, phosphoramidite 
5 was added, instead of a nucleoside phosphoramidite, 
to  the alternating (CA)25 chain. After standard oxidation 
with iodine and treatment with ammonia to  remove 
protecting groups and cleave the oligonucleotide from the 
solid support, compound 6 was obtained and partially 
purified by ion-exchange chromatography. Oxidation of 
6 with periodate, followed by treatment with a 1:l 
complex of pyridine and borane in the presence of KLH, 
yielded single-stranded conjugate 7a. Purification was 
accomplished by gel filtration. Polyacrylamide gel elec- 
trophoresis of [32P] 3'-labeled material, followed by au- 
toradiography, was used to monitor the conjugation 
reaction and purification (see Figure 1). Analysis by W 
absorbance ratio A26dA230 indicated a ratio of five oligo- 
nucleotides to one molecule of KLH. The conjugate was 
annealed with a second oligonucleotide consisting of 
alternating (TG)25 to provide 8a. 

An oligonucleotide D-EK conjugate, 8b (LJP 1051, was 
prepared in an essentially similar manner to  the KLH 
conjugate. The single-stranded conjugate, 7b, was puri- 
fied by gel filtration. Polyacrylamide gel electrophoresis 
of 32P 3'-labeled material, followed by autoradiography, 

HoLOTBDMS 

OBz 

3 
B Z O A O T B D M S  

2 

OB2 N(i-Pr)z 
e B z o A / w o - p  

I d  
OB2 

B Z 0 A O H  
4 5 04CN 

a Key: (a) TBDMSCl, imidazole, DMF; (b) N-methylmorpho- 
line N-oxide, Os04 (cat.), acetone, HzO; (c) benzoyl chloride, 
pyridine; (d) tetrabutylammonium fluoride, THF; (e) 2-cyano- 
ethyl N,iVfl,"-tetraisopropylphosphorodiamidite, diisopropyl- 
ammonium tetrazolide, CH2ClZ. 

ride (Aldrich). Spleen cells, from individual mice, were 
mixed with indicator cells, rabbit anti-mouse immuno- 
globulin, and guinea pig serum as a source of comple- 
ment. This mixture was then placed in a Cunningham 
chamber and incubated for 1 h at 37 "C and the number 
of plaques were counted by light microscopy. Each spleen 
cell preparation was also tested against SRBC that had 
not been coated with WP 105. This number of nonspe- 
cific plaques, always less than 1% of the number of 
specific plaques, was subtracted to give the number of 
ds-ON specific IgG plaque forming cells. Knowing the 
number of spleen cells in the mixture allowed a deter- 
mination of the number of IgG anti-ds-ON antibody 
forming cells per lo6 spleen cells. The percent reduction 
in anti-ds-ON antibody forming cells was determined by 
subtracting the number of pfc in the experimental group 
from those of the control group, followed by division by 
the number of pfc in the nontreated control group and 
multiplying by 100. 

RESULTS AND DISCUSSION 

A conjugate of double-stranded oligonucleotides on 
KLH, 8a, was designed to  immunize mice to elicit 
antibodies against double-stranded DNA. A duplex 
consisting of 25 repeating CA4 units and 25 repeating 
TG units was used, based on the ability of unconjugated 
duplexes t o  bind human SLE serum and murine (MRL) 
serum (Conrad & Coutts, 1994).5 The vicinal diol linker 
was designed to  attach oligonucleotides to polymers or 
proteins with multiple amino groups. The availability 
of 8a enabled the development of an immunized mouse 
model and the testing of nonimmunogenic conjugates for 
tolerance. 

Scheme 2. Synthesis of KLH Conjugate" 

5. 
a, b, c - 

1 I 
0 I n  - 7 1 I J n  

0. 

& R = KLH, n = 5 
@ (LJP 105) R = D-EK, n = 11 

a R = KLH, n = 5 
B R = o - E K , n = l l  

a Key: (a) (CA)z&PG, tetrazole, CH&N; (b) Iz, pyridine, HzO, THF; (c) concd NHdOH; (d) NaI04, HzO; (e) keyhole lipet hemocyanin 
(KLH or D-EK); (0 BHdpyridine, NaHC03, HzO; (g) (TG)zb. 
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Figure 1. Assay of fractions containing single-stranded con- 
jugate 7a from a Sephacryl s-200 column. Autoradiogram of an  
8% polyacrylamide gel, 3'-end labeled with 32P and terminal de- 
oxytransferase: far right lane, crude compound 6 as  used in 
conjugation reaction (arrow indicates 50-mer); lanes under 
bracket 1, conjugate 7a; lanes under bracket 2, mostly uncon- 
jugated oligonucleotide. Bands between bottom third and top 
third are unidentified. 

was used to monitor the conjugation reaction and puri- 
fication (see Figure 2). The fractions which contained 
higher molecular weight conjugate, region A in Figure 
2, were combined as purified 7b. A ratio of 11 oligo- 
nucleotides to one D-EK molecule was determined from 
the absorbance at 260 nm and amino acid analysis. The 
conjugate was annealed with a second oligonucleotide 
consisting of (TG)Ps to provide WP 105, which was used 
as the antigen in the antibody-forming cell assay. 

The rational for choosing to attach four copies of the 
oligonucleotide to the nonimmunogenic carrier was based 
on the strategy of cross linking surface antibodies on B 
cells. While an oligovalent conjugate was desired, the 
valency was limited by the need to synthesize a discrete, 
isolatable compound. Since there are possible side reac- 
tions in the conjugation step, the more reactive attach- 
ment points there are, the more difficult it becomes to 
achieve a reasonable yield of fully substituted and fully 
characterizable material. By branching each end of PEG, 
we were able to attach four copies of oligonucleotides. 

PEG was chosen as a molecular platform because it is 
nonimmunogenic, nontoxic, and water soluble. A di- 
amino-substituted PEG (molecular weight 3350 Da), 
compound 16, is commercially available and a convenient 
starting material for attachment of a branching moiety 
a t  both ends of the polymeric chain, via an amide bond. 
Iodoacetylated 3,5-diaminobenzoic acid was selected as 
the branching functionality, because its carboxylic acid 
provided a facile coupling moiety to the terminal amines 

A 

B 

I y 
Figure 2. Assay of fractions containing 7b from a Sephacryl 
S-200 column. Autoradiogram of an  8% polyacrylamide gel, 3'- 
end labeled with 32P and terminal deoxytransferase: far left 
lane, crude compound 6 a s  used in conjugation reaction (arrow 
indicates 50-mer); lanes under bracket 1, conjugates of decreas- 
ing molecular weight from left to right; region A, fractions of 
7b used to prepare U P  105; region B, less substituted conju- 
gates; left lane under bracket 2, unconjugated oligonucleotide; 
right lane under bracket 2, irrelevant. 

Scheme 3. Synthesis of Disulfide-Containing 
Phosphoramidite" 

a Key: (a) thiourea, EtOH, reflux; (b) NaOH, EtOH, reflux; 
(c) 12, E t a ,  MeOH; (d) trityl chloride, pyridine; (e) 2-cyanoethyl 
NJV-diisopropylchlorophosphoramidite, diisopropylethylamine, 
CH2C12. 

on the PEG and because it is analogous to iodoacetylated 
4-aminobenzoic acid (IAB), which has been used to attach 
sulfhydryl containing molecules to proteins (Weltman et 
al., 1983). 

The synthesis of the PEG conjugate, 21 (LJP 249) 
(Scheme 51, began with the synthesis of the disulfide- 
containing phosphoramidite 13, which is diagramed in 
Scheme 3. Reaction of 6-chlorohexan-1-01 with thiourea 
provided the isothiuronium salt 9. Alkaline hydrolysis 
of 9 provided the mercapto alcohol, 10, which was 
subsequently converted to the symmetrical disulfide, 11, 
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Scheme 4. Synthesis of Iodoacetylated PEG" 
a ICH2CONH lCH2CONHD9 - 

b \ C-0-N - diamino benzoic acid - 
ICH2CONH - ICH2CONH B o  

H .NHCOCH,I 
I .  

a Key: (a) iodoacetic anhydride, dioxane; (b) NHS, DCC, THF; (c) H2N(CH2)2NHC02(CH2CH2O)nCH2CH2O2CNH(CH2)2NH2 
(compound 16, average n = approximately 76, synthesized from PEG of average MW 3350), NaHC03, H20, dioxane, EtOH. 

0' 18 

a Key: (a) (CA)lo-CPG, tetrazole, CH3CN; (b) 12, pyridine, H20, THF; (c) concd m 0 H ;  (d) tributylphosphine, pH 5 100 mM sodium 
acetate; (e) 17, pH 7.8 0.1 M sodium phosphate, 10% MeOH; (f) (TG)lo. n = approximately 76 (derived from an average molecular 
weight of 3350 @mol for PEG). 

by oxidation with methanolic iodine. Treatment of 11 
with a limited amount of trityl chloride in pryidine 
provided a mixture from which the monotritylated com- 
pound, 12, was isolated. Phosphitylation of 12 was 
accomplished using 0-cyanoethyl Nfl-diisopropylchlo- 
rophosphoramidite and diisopropylethylamine in CH2C12 
to provide phosphoramidite 13. 

PEG of average molecular weight 3350 g/mol and 
derivatized with amino containing end groups, 16 (Sigma), 
was modified to produce a tetraiodoacetylated species, 
17, as shown in Scheme 4. Thus, 3,5-diaminobenzoic acid 
was iodoacetylated with iodoacetic anhydride in dioxane 
to provide compound 14. Treatment of compound 14 with 
NHS and DCC provided the N-hydroxysuccinimidyl ester, 
15. Acylation of 16 with 15 in the presence of NaHC03 
in aqueous dioxane provided compound 17, a tet- 
raiodoacetylated PEG derivative. 

The conjugate of four oligonucleotides on a PEG 
platform was prepared as described in Scheme 5. The 
disulfide-containing phosphoramidite, 13, was attached 
to the 5'-end of the oligonucleotide in the last step of an 
automated synthesis. The usual iodine oxidation step 
was followed by removal of protecting groups and cleav- 
age from the support with ammonia to provide 18. 
Compound 18 was reduced to thiol 19 with tributylphos- 

A B C C D E  

phine, and l7 was added to equiv of in Figure 3. Autoradiogram of an 8% polyacrylamide gel, '$-end 
pH 7.8 phosphate buffer to provide the single-stranded 
conjugate 20- Purification was accomplished by ion- 
exchange chromatography. Polyacrylamide gel electro- 
phoresis of [32P] 3'-labeled material (Cozzarelli e t  al., 

labeled with 32p and terminal deoxytransferase: lane A, com- 
pound 18; lane B, (TG)lo; lane C, disulfide dimer (formed by 
oxidative dimerization of 19); lane D, purified conjugate, 20; lane 
E, crude conjugate. 
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Table 1. Reduction in the Serum Antibody Levels of 
Mice Treated with Compound 21 (LJP 249) 

Jones et al. 

antigen binding capacity (ABC)" 
doseb (nmol) mean (SDY reduction (%I 
none 5.75 (1.88) 
4.383 2.91 (0.81) 66.8* 
1.461 2.29 (0.46) 81.4* 
0.487 3.23 (1.77) 59.3 
0.162 2.88 (0.83) 67.5* 
0.054 3.19 (1.59) 60.2 
0.018 4.93 (1.54) 19.3 

".All sera were tested at  three dilutions. The ABC was 
calculated for each dilution, and the mean ABC was determined. 
bDose of 21 (UP  249) per mouse (average molecular weight 
calculated to be approximately 57 000 g/mol. The data were 
analyzed by analysis of variance (ANOVA). The groups that were 
significantly different from the control group are marked with an 
*; P = 0.002. 

Table 2. Reduction in the Number of Double-Stranded 
Olignonucleotide Specific, IgG, Antibody-Forming Cells 
in Mice Treated with Compound 21 (LJP 249) 

on a sulfhydryl linker a t  the 5'-end of an oligonucleotide 
which reacts with iodoacetylated amino groups on the 
carrier to  form conjugates through a thioether bond. This 
method was used to prepare a well-defined conjugate of 
four (CA)lo oligonucleotides attached to one modified PEG 
carrier. The other method utilizes a vicinal diol linker 
which is oxidized to  an aldehyde and reacts with amines 
under reducing conditions to form conjugates through 
reductive alkylation. This method was used to  prepare 
a conjugate of approximately five (CAI25 oligonucleotides 
attached to each molecule of KLH. Both conjugates were 
annealed with a complementary TG strand to  provide 
double-stranded oligonucleotide conjugates. The double- 
stranded KLH conjugate was used to immunize mice to 
elicit antibodies against the synthetic oligonucleotides. 
The double-stranded PEG toleragen, U P  249 (compound 
211, was used to suppress the anti-ds-ON response as a 
model for down regulating anti-DNA antibodies in lupus 
patients. 

antibodyforming cells per lo6 spleen cells" LITERATURE CITED 
expt lC expt 2' 

doseb (nmol) mean (SD) reduction mean (SD) reduction (%) 

none 6223 (2425) 3616 (305) 
4.383 2873 (657) 53.8* 1395 (332) 61.4* 
1.461 2322 (1282) 62.7* 2273 (416) 37.1* 
0.487 2566 (237) 58.8" 1558 (743) 56.9* 
0.162 4182 (766) 32.8 1910 (599) 47.2* 
0.054 5364 (1051) 13.8 3159 (130) 12.8 
0.018 4838 (1644) 22.2 2993 (252) 17.2 
0.006 6020 (1627) 3.3 4309 (213) -19.0 

a The number of ON-specific antibody-forming cells was deter- 
mined in two separate experiments. Dose of 21 (UP  249) per 
mouse (average molecular weight calculated to  be approximately 
57 000 g/mol. The data were analyzed by analysis of variance 
(ANOVA): The groups that were significantly different from the 
control group are marked with an *. For experiment 1, P = 0.0117, 
and for experiment 2, P = 0.0001. 
1969), followed by autoradiography, was used to  monitor 
the conjugation reaction and purification (see Figure 3). 
Annealing with a second strand of (TG)lo provided the 
double-stranded conjugate 21 (LJP 249). 
In vivo Biology. Mice (C57BId6) were immunized 

with KLH conjugate 8a and 3 weeks later were inject- 
edwith 21 ( U P  249). A control group was injected with 
saline after the immunizations. Five days later mice in 
both groups were boosted with compound 8a. Seven days 
later the mice were bled and their sera analyzed for anti- 
ds-ON antibodies. The results are shown in Table 1. The 
amount of anti-ds-ON antibodies was significantly re- 
duced in the mice which were treated with 21 ( U P  249), 
as compared to the saline-treated control group. How- 
ever, the anti-KLH response was not reduced (data not 
shown), demonstrating the specificity of the intervention. 
This experiment was repeated, with the exception that 
the number of anti-ds-ON antibody forming cells was 
determined, rather than the serum levels of anti-ds-ON 
antibodies, to rule out the possibility that 21 (LJP 249) 
was merely adsorbing the serum antibody. The results, 
shown in Table 2, show that the treatment of mice, which 
were immunized with 8a, with 21 (UP 249) significantly 
reduced the number of anti-ds-ON antibody-forming cells 
in a dose-dependent manner. Thus, these mice were 
rendered unresponsive (tolerant) to further challenge 
with an immunogenic form of the oligonucleotide. 

SUMMARY AND CONCLUSIONS 
Two methods of attaching oligonucleotides to a common 

carrier molecule have been developed. One method relies 
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Fluorescent Derivatives of Diphenyl 
[ 1-(N-Peptidylamino)alkyl]phosphonate Esters: Synthesis and Use 
in the Inhibition and Cellular Localization of Serine Proteases 

Ahmed S. Abuelyaman, Dorothy Hudig,t Susan L. Woodard,t and James C. Powers* 

School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332-0400, and 
The School of Medicine and The College of Agriculture, Howard Building, University of Nevada, 
Reno, Nevada 89557-0046. Received April 5, 1994@ 

Three fluorescein- and one Texas Red-labeled derivatives of [ 1-(N-dipeptidylamino~alkyllphosphonate 
diphenyl esters were synthesized and evaluated as inhibitors of serine proteases. The two fluorophores, 
FITC and TXR, were attached to the peptide phosphonates via an 6-aminocaproyl unit that acts as a 
spacer group and facilitates the binding of the phosphonate inhibitor to  the targeted enzymes. These 
derivatives are potent and specific inhibitors of chymotrypsin, porcine pancreatic elastase (PPE), and 
human leukocyte elastase (HLE). FTC-Aca-Phe-Leu-PheP(OPh)z (3) inhibited chymotrypsin very 
potently (kobsd/[I] = 9500 M-l s-l) and 600-fold better than it did PPE (kobsd/[I] = 16 M-l s-l). FTC- 
Aca-Ala-Ala-MetP(OPh)z (1) was a more effective inhibitor of chymotrypsin (kobsd/[I] = 190 M-I s-l) 
than PPE and HLE (kobsd/[I] = 13 and 22 M-l s-l, respectively). Only HLE and PPE were inhibited 
by FTC-Aca-Ala-Ala-AlaP(OPh)z (2 )  (kobsd/[I] = 41 and 22 M-l s-l, respectively). The specificity of 
these inhibitors toward the targeted serine proteases depends on the sequence of the tripeptide portion 
and was not affected by the presence of the fluorescent label. Trypsin, for instance, was not inhibited 
by any of these compounds. In some cases, the inhibitory potency was increased by the fluorescent 
label. For example, chymotrypsin was inhibited by the fluorescent compounds, FTC-Aca-Ala-Ala- 
MetP(OPh)z (1) and FTC-Aca-Phe-Leu-PheP(OPh)z (3), more potently than by the nonfluorescent 
compounds, Boc-Ala-Ala-MetP( 0Ph)z ( 5 )  and Z-Phe-Leu-PheP(OPh)z (7). Initial experiments with 
cytotoxic lymphocytes indicate that FTC-Aca-Ala-Ala-MetP(OPh)z labels discrete granule-like regions 
where the serine proteases of the NK cell line, RNK-16, are stored. 

INTRODUCTION 

The lymphocyte serine proteases, which are also known 
as granzymes, are a group of proteolytic enzymes found 
in specialized granules of natural killer (NK)l cells and 
cytotoxic T lymphocytes (Tschopp et al., 1988). Studies 
with synthetic substrates revealed that at least five 
different substrate specificities are present among these 
proteases, namely, tryptase (trypsin-like, cleaving after 
arginine or lysine), Asp-ase (cleaving after aspartic acid), 
chymase (chymotrypsin-like, cleaving after phenylala- 
nine, tryptophan, or tyrosine), Met-ase (cleaving after 
methionine), and Ser-ase (cleaving after serine) (Hudig 
et al., 1991). Upon killing, T and NK lymphocytes release 
the pore-forming protein, perforin, and several serine 
proteases which are believed to be essential for lympho- 
cyte-mediated cytolysis. It is not clear if all the granzymes 
are involved in lymphocyte-mediated cytolysis, but in- 
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Abbreviations: Ac, acetyl; Aca, 6(or 6)-aminocaproyl; Boc, 
tert-butyloxycarbonyl; DCC, N,N '-dicyclohexylcarbodiimide; DCU, 
dicyclohexylurea; DMF, N,N-dimethylformamide; FAB, fast 
atom bombardment; FITC, 5-fluorescein isothiocyanate; FTC, 
5-fluoresceinyl(thiocarbamoyl); Hepes, N-(2-hydroxyethyl)pip- 
erazine-N '-2-ethanesulfonic acid; HLE, human leukocyte elastase; 
HOBt, 1-hydroxybenzotriazole; Me, methyl; MeO, methoxy; Mez- 
SO, dimethyl sulfoxide; NK, natural killer lymphocyte; NMM, 
N-methylmorpholine; Ph, phenyl; pNA, p-nitroanilide; PPE, 
porcine pancreatic elastase; rt, room temperature; SUC, succinyl; 
T cell, thymus-derived lymphocyte; TEA, triethylamine; TXR, 
Texas Red, 9-[2(or 4)-(chlorosulfonyl)-4(or 2)sulfophenyl]-2,3,6,7,- 
12,13,16,17-0ctahydro-lH,5H, 1 lH,15H-~antheno[2,3,4-&5,6,7- 
i 3 ']diquinolizin-18-ium hydroxide, inner salt; TLC, thin layer 
chromatography; Z, benzyloxycarbonyl. 
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vestigations with inhibitors showed that the chymo- 
trypsin-like proteases of the lymphocyte granules play 
an important role in perforin-dependent cytolysis (Ewoldt 
et al., 1992; Hudig et al., 1993). However, despite a 
considerable amount of research effort, the exact role of 
the serine proteases in cytolysis is unknown. In this 
paper, we report several fluorescent derivatives which 
should be useful in elucidating the biological role of 
granzymes in cytolysis. 

Diphenyl [1-(N-peptidylamino)alkyl]phosphonate es- 
ters are potent irreversible serine protease inhibitors 
(Oleksyszyn and Powers, 1991). In these inhibitors, the 
scissile peptide bond of a substrate is replaced by a 
diphenyl phosphonate functional group (Figure 1). Pep- 
tide phosphonates are highly specific inhibitors since 
proper interactions with the S1 pocket of the target serine 
protease are prerequisites for nucleophilic attack by the 
active site serine hydroxyl group on the phosphorus atom. 
This attack gives, via a pentacovalent intermediate, a 
very stable phosphonyl derivative (Powers et al., 1993). 
The selection of the right peptide sequence in these 
inhibitors produces an important direct effect on the 
specificity and the rate of their interactions with serine 
proteases. For example, Z-PheP(OPh)z and Suc-Val-Pro- 
PheP(OPh)z inhibited chymotrypsin potently with kohsd/ 
[I] of 1200 and 44 000 M-l s-l, respectively, but they did 
not inhibit porcine pancreatic or human leukocyte elastase 
(designated PPE or HLE, respectively) (Oleksyszyn and 
Powers, 1991). The unaffected elastases cleave after Val, 
Leu, or Ile. The inhibitor Boc-Val-Pro-ValP(OPh)z, on the 
other hand, inhibited PPE with an inhibition rate of 
11 000 M-l s-l and HLE with 27 000 M-' s-l, but did 
not inhibit chymotrypsin. Phosphonate inhibitors also 
have a number of other advantages. They are unreactive 
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cell hybridoma 3A1 antibodies. Both fluors were then 
detected together on individual cells indentified as  si- 
multaneous, two-color fluorescent events using dual- 
parameter flow microfluorometry (Titus et al., 1982). 

In this paper we report the synthesis of several 
tripeptide phosphonate inhibitors labeled with FITC or 
TXR and the kinetics of their inhibition of several serine 
proteases. The fluorophores were coupled to the peptidyl 
phosphonates using an eaminocaproyl unit as a spacer 
group between the peptide and the fluorophore. We 
expected that the spacer would prevent unfavorable steric 
interactions between the fluorophore and the active site 
of the protease. We found that the four new inhibitors 
with the fluor-spacer-peptide-phosphonate structure 
are reactive and selective among serine proteases of 
different specificities. In addition, we report that FTC- 
Aca-Ala-Ala-MetP(OPh)2 irreversibly labels discrete gran- 
ule-like regions of the NK cell line, RNK-16. The 
properties of these fluorophores indicate that these 
peptide phosphonates will be excellent tools for the study 
of the distribution of serine proteases in lymphocytes and 
their role during killing. Use of these inhibitors with 
different peptide sequences with varying specificities and 
different fluorophores will allow the simultaneous detec- 
tion of different proteases in cytotoxic lymphocytes as 
well as in other biological systems. 

MATERIALS AND METHODS 

Materials. 5-Fluorescein isothiocyanate (FITC), sul- 
forhodamine 101, 6-aminocaproic acid (Aca), and all 
common reagents and solvents were purchased from 
Aldrich Chemical Co., Milwaukee, WI. Porcine pancre- 
atic elastase (PPE) was obtained from United States 
Biochemical Corp., Cleveland, OH. Human leukocyte 
elastase (HLE) was obtained from Athens Research and 
Technology, Inc., Athens, GA. Hepes was obtained from 
Research Organics, Inc., Cleveland, OH. Bovine trypsin 
was purchased from Sigma Chemical Co., St. Louis, MO. 
Preparative thin-layer chromatography was performed 
with plates precoated with 2 mm of silica gel G.F. and 
were obtained from EM Separations, Gibbstown, NJ 
08027. NMR spectra were recorded on a Varian GEMINI 
300. Elemental analyses were performed by the Atlan- 
tic Microlabs, Atlanta, GA. Diphenyl [ 1-(N-dipeptid- 
ylamino)alkyl]phosphonate esters were synthesized as 
previously described (Oleksyszyn and Powers, 1991; A. 
Abuelyaman, D. Jackson, D. Hudig, and J .  Powers 
(unpublished results)). The sulfonyl chloride of sulfo- 
rhodamine 101 (Texas Red) was prepared as previously 
described (Titus et al., 1982) and was used without 
further isolation in coupling reactions. 
6-[6-Fluoresceinyl(thiocarbamoyl)aminolcap- 

roic Acid [FTC-Aca-OH]. 5-Fluorescein isothiocyanate 
(0.20 g, 0.51 mmol) was dissolved in 5 mL of DMF. A 
solution of methyl 6-aminocaproate (0.15 g, 1.03 mmol) 
in 1 mL of DMF was added at  rt, and the mixture was 
stirred for 0.5 h. The solvent was removed in uucuo. The 
residue was purified on a silica gel column eluted with 
CHC13:MeOH (4:l). Fractions with Rf = 0.38 were 
collected and concentrated to give a dark orange oily 
residue which was triturated with HzO to  give FTC-Aca- 
OMe as an orange sheetlike solid: yield 88%; one spot 
on TLC (Rf= 0.70, CHC13:MeOH:HOAc, 16:3:1); ‘H NMR 
(DMSO-d6) 6 10.38-10.05 (m, 3H), 8.32 (bs, lH), 8.24 (s, 
lH), 7.73 (dd, lH), 7.16 (dd, lH), 6.70-6.52 (m, 6H), 3.59 
(s, 3H), 3.47 (bs, 2H), 2.32 (t, 2H), 1.65-1.50 (m, 4H), 
1.40-1.25 (m, 2H); high-resolution FAB-MS, mle (M + 
H) calcd 535.1539, found 535.1560. Anal. Calcd for CZS- 

Found: C, 60.53; H, 5.11; N, 5.05; S, 5.73. 
HzsNz07S.HzO: C, 60.86; H, 5.11; N, 5.07; S, 5.80. 
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Figure 1. Comparison of the structure of a peptide substrate 
for a serine protease and a peptidyl phosphonate inhibitor (top) 
and illustration of the inhibitor-enzyme complex formed with 
compound 3 (bottom). In the top illustration, the arrow indicates 
the scissile bond of the substrate. The phosphorus atom in the 
phosphonate is shown in bold throughout. The tetracovalent 
bond between the phosphonate and the enzyme active site serine 
in the enzyme-inhibitor complex is shown in bold. The interac- 
tions between the peptide amino acid residues and the enzyme 
sites SI, Sz, and Ss are numbered using the nomenclature of 
Schechter and Berger (Schechter and Berger, 1967). 

toward most other nucleophiles, nontoxic to  cells, stable 
under physiological conditions, and form stable phospho- 
nylated enzyme derivatives upon reaction with serine 
proteases. 

Fluorescent derivatives of proteins, synthetic peptides, 
and inhibitors are important tools for the detection, 
localization, and quantification of numerous cellular 
constituents in biological systems. For example, fluoro- 
chrome-labeled gene probes are used for the rapid and 
quantitative detection of homologous RNA a t  the single 
cell level (Pachmann et al., 1991). Proteins and antibod- 
ies labeled with fluorescein isothiocyanate (FITC) and the 
sulfonyl chloride of sulforhodamine 101 (commercially 
designated as  Texas Red) have been used to study the 
distribution of the receptors for IgE and IgG on basophilic 
leukemia cells (Titus et al., 1982). In many cases, 
proteins and synthetic peptides did not lose their biologi- 
cal activity after being labeled with FITC and Texas Red 
(TXR). These two fluorophores have the advantage that 
the excitation and emission spectra of their conjugates 
are widely separated from each other, a characteristic 
that permits them to  be detected simultaneously. For 
example, to  determine that T cells have Ig receptors, 
human peripheral blood leukocytes were treated with 
unlabeled normal rabbit IgG, washed, and then treated 
with Texas Red-conjugated goat anti-rabbit IgG antibod- 
ies together with FITC-conjugated mouse anti-human T 
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A solution of 1 N NaOH (3.0 mL) was added to FTC- 
Aca-OMe followed by a minimum of MeOH to give a clear 
solution that was stirred a t  rt for 1 h. Most of the MeOH 
was removed in vacuo, and the aqueous solution was 
placed in an ice bath. Drops of concentrated HC1 were 
added with stirring until the mixture became just acidic 
(pH = 3-4). The orange suspension that formed was 
cooled for 3 additional h. The solid was isolated by 
vacuum filtration and dried to give FTC-Aca-OH as an 
orange solid: yield 95%; one spot on TLC (Rf = 0.51, 
CHC13:MeOH:HOAc, 16:3:1); 'H NMR (DMSO-&) 6 12.00 
(bs, lH), 10.15 (s, 2H), 9.90 (bs, lH), 8.30 (s, lH), 8.15 
(bs, lH), 7.80 (d, lH), 7.20 (d, lH), 6.75-6.52 (m, 6H), 
3.60-3.40 (bs, 2H), 2.25 (t, 2H), 1.62-1.48 (m, 4H), 1.42- 
1.27 (m, 2H); MS (FAB+) mle 521 (M + 1). Anal. Calcd 
for CZ~HZ~NZO~S.O.~HZO: C, 61.24; H, 4.76; N, 5.29; S, 
6.05. Found: C, 61.42; H, 4.58; N, 5.14; S, 6.00. 

Diphenyl [ 1-[ [ [ [6-[5-Fluoresceinyl(thiocarbamo- 
y1)aminol caproyl] alanyl] alanyl] amino1 -34methyl- 
thio)propyl]phosphonate [FTC-Aca-Ala-Ala-MetP- 
(OPh)2, 11 (General Procedure). FTC-Aca-OH (0.13 
g, 0.25 mmol) and the hydrochloride of H-Ala-Ala-MetP- 
(0Ph)z (0.13 g, 0.25 mmol) were dissolved in 25 mL of 
DMF followed by addition of 1 equiv of TEA. The 
solution was stirred in an ice bath for 15 min, and then 
DCC (0.05 g, 0.25 mmol) was added and the mixture was 
stirred a t  0 "C for 4 h and at  rt for 48 h. The solvent 
was removed in vacuo, and the residue was purified on 
a silica gel column eluted with CHC13:MeOH (9:l). 
Fractions containing product were combined and con- 
centrated in vacuo to give a yellow oil that was triturated 
with water to give a bright yellow solid: yield 25%; 'H 

(d, lH), 8.25 (s, lH), 8.18-7.98 (m, 3H), 7.73 (d, lH),  
7.49-7.35 (m, 4H), 7.36-7.10 (m, 7H), 6.73-6.52 (m, 6H), 
4.89-4.67 (m, lH),  4.42-4.20 (m, 2H), 3.58-3.42 (bs, 
2H), 2.72-2.32 (m, 2H), 2.22-1.92 (m and s, 7H), 1.63- 
1.42 (m, 4H), 1.38-1.10 (m, 8H); MS (FAB+) mle 1004 
(M + Na). Anal. Calcd for C ~ ~ H ~ ~ N ~ O ~ ~ P S Z . ~ . ~ H Z O :  C, 
58.32; H, 5.49; N, 6.94; S, 6.35. Found: C, 58.43; H, 5.72; 
N, 6.68; S, 6.01. 

Diphenyl [ 1-[ [ [ [6-[5-Fluoresceinyl(thiocarbam- 
oyl)amino]caproyl]alanyllalanyllaminolethyll- 
phosphonate [FTC-Aca-Ala-Ala-AlaP(OPhh, 21. The 
general procedure for compound 1 was used, starting 
with H-Ala-Ala-AlaP(OPh)z. Crude product was purified 
on a silica gel preparative TLC plate using CHC13:MeOH 
(85:15) as the eluant solvent to give a yellow solid: yield 

9.85 (bs, lH), 8.55 (t, lH), 8.25 (s, lH), 8.18-7.95 (m, 
3H), 7.75 (d, lH), 7.48-7.32 (m, 4H), 7.28-7.08 (m, 7H), 
6.75-6.52 (m, 6H), 4.78-4.55 (m, lH), 4.45-4.18 (m, 2H), 
3.58-3.38 (m, 2H), 2.12 (t, 2H), 1.62-1.05 (m, 15H); MS 
(FAB') mle 921 (M). Anal. Calcd for C47H48N5011- 
PS.HzO: C, 60.06; H, 5.37; N, 7.50; S, 3.40. Found: C, 
60.04; H, 5.35; N, 7.36; S, 3.39. 

Diphenyl [ 1-[[[ [6-[5-Fluoresceinyl(thiocarbam- 
oyl)amino]caproyl]phenylalanyllleucyllaminol -2- 
phenylethyllphosphonate [FTC-Aca-Phe-Leu-PheP- 
(OPh)2, 31. The general procedure for compound 1 was 
used, starting with H-Phe-Leu-PheP(OPh)z: yield 36%; 

(d, lH), 8.77 (d, lH), 8.25 (s, lH), 8.10-7.90 (m, 3H), 7.75 
(d, lH), 7.45-7.05 (m, 21H), 6.72-6.52 (m, 6H), 4.92- 
4.75 (m, lH), 4.62-4.32 (m and m, 2H), 3.50-2.55 (m, 
6H), 2.09-1.92 (m, 2H), 1.60-0.90 (m, 9H), 0.85-0.65 
(m, 6H); MS (FAB') mle 389.9 (loo%, M' - fluoresceinyl- 
NHCS), 1116 (20%, M + 1). Anal. Calcd for C62H62- 

Found: C, 65.98; H, 5.68; N, 6.21; S, 2.80. 

NMR (DMSO-&) 6 10.15 (s, 2H), 9.95-9.82 (bs, lH), 8.45 

35%; 'H NMR (DMSO-&) 6 10.30-10.05 (bs, 2H), 9.98- 

'H NMR (DMSO-dtj) 6 10.15 (s, 2H), 9.85 (bs, lH), 8.87 

Ns011PS.HzO: C, 65.66; H, 5.69; N, 6.17; S, 2.82. 

Abuelyaman et al. 

6-[4(or 2)-[9-[2,3,6,7,12,13,16,17-octahydro-lH,5H,- 
1 lH, 15H-xantheno[2,3,4-i:5,6,74 y 'I diquinolizinyl- 
18-ium]]3(or 5)-sulfo-l-phenylsulfonamidolcaproic 
Acid, Hydroxide, Inner Salt [TXR-Aca-OH]. The 
intermediate TXR-Aca-OMe was synthesized from a 
freshly prepared dry Texas Red solution in CHC13 (Titus 
et al., 1982) and 1 equiv of 6-aminocaproic acid methyl 
ester in the presence of 1 equiv of NMM. After being 
stirred at  0 "C for 0.5 h and at  rt overnight, the mixture 
was concentrated in vacuo to give a dark solid that was 
purified on a silica gel preparative plate using CHCl3: 
Me0H:HOAc (16:3:1) to  give TXR-Aca-OMe: yield, 67%; 
one spot on TLC (Rf = 0.71, CHC13:MeOH:HOAc, 16:3: 
1); IH NMR (DMSO-&) 6 8.42 (d, lH), 7.98-7.85 (m, 2H), 
7.35 (d, lH), 6.52 (s, 2H), 3.60-3.40 (s and m, l lH) ,  3.05- 
2.95 (m, 4H), 2.92-2.80 (m, 2H), 2.67-2.55 (m, 4H), 2.27 
(t, 2H), 2.11-1.75 (m, 8H), 1.55-1.18 (m, 6H); high- 
resolution FAB-MS, mle (M + H) calcd 734.2570; found 
734.2568. Anal. Calcd for C38H43N308Sz-2.5H20: C, 
58.60; H, 6.21; N, 5.39; S, 8.23. Found: C, 58.41; H, 5.83; 
N, 5.33; S, 8.09. 

An excess solution of 1 N NaOH was added to TXR- 
Aca-OMe followed by a few drops of MeOH. The mixture 
was stirred at  rt for 2 h and then cooled in an ice bath. 
Concentrated HC1 was added carefully until a dark solid 
completely precipitated. The solid was isolated by vacuum 
filtration and then purified on a preparative plate to  give 
TXR-Aca-OH: yield, 85%; one spot on TLC (Rf = 0.55, 
CHC13:MeOH:HOAc, 16:3:1); lH NMR (DMSO-&) 6 8.40 
(d, lH), 8.05-7.88 (m, 2H), 7.37 (d, lH),  6.50 (s, 2H), 
3.60-3.40 (m, 8H), 3.05-2.95 (m, 4H), 2.90-2.80 (m, 2H), 
2.68-2.58 (m, 4H), 2.10-1.95 (m, 6H), 1.90-1.78 (m, 4H), 
1.50-1.15 (m, 6H); high-resolution FAB-MS mle (M + 
H) calcd 720.2435; found 720.2413. 

Diphenyl [1-[[[[6-[4(or 2)-[9-[2,3,6,7,12,13,16,17-0~- 
tahydro-lH,,SH,l lH,lSH-xanthen0[2,3,4-@5,6,7-i 3 'I- 
diquinolizinyl-l8-iumll-3(or 5)-sulfo-l-phenylsul- 
fonamidolcaproyl] phenylalanyl]leucyl]amino] -2- 
phenylethyllphosphonate, Hydroxide, Inner Salt 
[TXR-Aca-Phe-Leu-Phep(OPh)2, 41. This compound 
was prepared from TXR-Aca-OH (0.084 g, 0.12 mmol) and 
H-Phe-Leu-PheP(OPh)2 hydrochloride (0.084 g, 0.13 "01) 
using the DCC/HOBt method in the presence of TEA. The 
reaction was carried out in CHC13 at  0 "C for 2 h and at  
rt for 48 h. The crude product was purified on a silica 
gel preparative TLC plate using CHC13:MeOH:AcOH (16: 
3:l) as the eluting solvent. The isolated product was 
dissolved in 20 mL of CHC13 and extracted twice with 
10 mL of 5% aqueous NaHC03 and then with 10 mL of 
HzO. The organic layer was dried (Na2S04) and then 
concentrated to  give a dark purple solid: yield, 25-35%; 
one spot on TLC, Rf = 0.79, CHC13:MeOH:AcOH (16:3: 
1); NMR spectrum was recorded and was consistent with 
the proposed structure; high-resolution FAB-MS, mle (M + H) calcd 1315.501, found 1315.495. Anal. Calcd for 

Found: C, 63.62; H, 6.03; N, 6.39; S, 4.87. 
Enzyme Assays. The hydrolysis of peptide p-nitro- 

anilide substrates, catalyzed by chymotrypsin, PPE, 
HLE, and trypsin was measured in 0.1 M Hepes and 0.5 
M NaCl (0.01 M CaClz for trypsin), pH 7.5 buffer 
containing 5-10% MezSO at  25 "C. Stock solutions of 
substrates were prepared in MezSO (20 mM) and stored 
at  -20 "C. Final substrate concentrations were 0.24 mM. 
Chymotrypsin activity was assayed with Suc-Val-Pro- 
Phe-pNA (Tanaka et al., 1985). PPE was assayed with 
Suc-Ala-Ala-Ala-pNA (Bieth et al., 1974). HLE was 
assayed with MeO-Suc-Ala-Ala-Pro-Val-pNA (Nakajima 
et al., 1979) and trypsin was assayed with Z-Arg-pNA 
(Kanaoka et al., 1977). The initial rates of hydrolysis 

C ~ ~ H ~ ~ N ~ O ~ Z P S Z . ~ H ~ O :  C, 63.98; H, 6.18; N, 6.22; S, 4.74. 
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were measured a t  410 nm (€410 = 8800 M-' cm-l (Er- 
langer et al., 1961)) on a Beckman 35 spectrophotometer 
after 25-50 pL of an enzyme stock solution was added 
to a cuvette containing 2.0 mL of buffer and 25 pL of 
substrate. 

Inhibition Kinetics-Incubation Method. Each 
inhibition reaction was initiated by adding a 50-pL 
aliquot of inhibitor (100-5000 pM in MeZSO) to 0.5 mL 
of a 0.1 M Hepes, 0.5 M NaCl(O.01 M CaClz for trypsin), 
pH 7.5 buffer containing 50 pL of a stock enzyme solution 
at  25 "C. The enzyme stock solutions were 20 pM 
chymotrypsin, trypsin, and PPE in 1 mM HCl (pH 3) and 
0.4-4 pM HLE in 0.25 M NaAc and 1 M NaCl a t  pH 5.5. 
All the enzyme stock solutions were stored at  -20 "C 
prior to use. Aliquots (25 pL) were withdrawn at  various 
intervals, and the residual enzymatic activity was mea- 
sured spectrophotometrically as described above. Pseudo- 
first-order inactivation rate constants (kobsd)  were ob- 
tained from plots of In u Ju, vs time and had correlation 
coeficients greater than 0.98. Each Kobsd was calculated 
from 5-10 activity determinations which extended to 
2-3 half-lives. Control experiments were carried out in 
the same way as described above except MeZSO was 
added in place of the inhibitor solution in MeZSO. The 
initial rates of substrate hydrolysis did not change during 
the first 60 min of incubation. These initial rates were 
used as u, in the calculation of the inhibition rate 
constants. 

Cell Labeling and Imaging. Cells of the NK line 
RNK-16 (Ward and Reynolds, 1983) were labeled as live 
cells, washed, treated with methanol as a fixative and 
permeabilizing agent, and then examined by confocal 
microscopy. The cells were treated at  1 x lo7 cells/mL 
in RPMI 1640 culture media (Sigma Chemical Co., St. 
Louis, MO) containing 10 mM Hepes with 0.1 mM FTC- 
Aca-Ala-Ala-MetP(OPh)z for 30 min at  37 "C. Control 
cells were treated with the same volume of DMSO 
required to deliver the inhibitor (typically 1% final 
concentration). Cells were then washed several times 
with phosphate-buffered saline (PBS) to remove excess 
inhibitor. They were suspended overnight in cold 80% 
methanol to permeabilize the membrane. The cells were 
washed free of MeOH into PBS and fixed onto poly-L- 
lysine (Sigma) coated microscope slides using 3% para- 
formaldehyde. Fixed slides were washed in PBS, coated 
with Vectashield (Vector Laboratories, Inc., Burlingame, 
CA) to prevent fluorescence fading, and topped with a 
coverslip. Fluorescent laser scanning confocal microscopy 
was done with a Bio-Rad MRC 600 confocal system 
utilizing a Zeiss Axiophot microscope and equipped with 

Bioconjugate Chem., Vol. 5, No. 5, 1994 403 

N=C=S SOPCl 

0 & 
HO 

TXR FITC 

Figure 2. Structures of fluorescein isothiocyanate (FITC) and 
Texas red (TXR). 

a mixed-gas argonkrypton ion laser using 488-nm exci- 
tation for fluorescein. 

RESULTS AND DISCUSSION 

Synthesis. Three fluorescein labeled and one Texas 
Red labeled diphenyl tripeptidylphosphonate esters were 
synthesized. They were made by joining two synthetic 
intermediates: a fluorophore-6-aminocaproic acid unit 
and a tripeptide phosphonate. The 6-aminocaproyl acts 
as a spacer group to  facilitate the correct binding of the 
phosphonate inhibitors to the targeted serine proteases. 
The fluorophores, FITC and TXR (Figure 21, were incor- 
porated into the .+caproyl units as follows. In the case 
of the FTC derivatives, commercially available fluores- 
cein isothiocyanate, FITC, was coupled to  methyl 6-ami- 
nocaproate, followed by saponification of the ester group 
to give FTC-Aca-OH. The TXR derivative, TXR-Aca-OH, 
was obtained from coupling the sulfonyl chloride func- 
tional group in Texas Red with methyl 6-aminocaproate 
in presence of 1 equiv of TEA. Hydrolysis of the methyl 
ester resulted in TXR-Aca-OH. The procedure we used 
in preparing these two intermediates was very efficient 
and resulted in high yields (70-80%). Both FTC-Aca- 
OH and TXR-Aca-OH were then coupled to  the hydro- 
chloride salts of tripeptidyl phosphonates using the DCCI 
HOBt method in the presence of TEA (Figure 3). The 
products were purified on silica gel preparative plates. 
The final products were characterized by NMR, mass 
spectroscopy and elemental analysis. The isolated Texas 
Red derivative compound (4) was initially isolated as a 
mixture of the zwitterionic form and as an acetate salt 
mixture, a result that was evident from the NMR and 
elemental analysis. Pure zwitterionic form was obtained 
after dissolving the crude product in CHC13 and then 
extracting with 5% aqueous NaHC03. 

Kinetic Studies. The specificity of these phosphonate 
inhibitors is dependent upon the amino acid sequence in 

Synthesis of the Fluorescent e-Aminocaproic Acid Intermediates 

FTC-Aca-OH 1. H,N(CH,),COOMe 
+ FITC or TXR or 

2. OH, H30' 
TXR- Aca-OH 

Attachment of the E-Aminocaproic Acid Units to Peptide Phosphonates 

Fluor-Aca unit i peptide phosphonate - Fluor-Aca-peptide phosphonate 

Ala-Ala-MetP(OPh), 1 FTC-Aca-Ala-Ala-MetP(OPh), 
FTC-Aca-OH + Ala-Ala-AlaP(OPh), - 2 FTC-Aca-Ala-Ala-AlaP(OPh)2 

Phe-Leu-PheP(OPh), 3 FTC-A~a-Phe-Leu-Phe~(0Ph)~ 
or 

TXA-Aca-OH + Phe-Leu-Phe'(OPh), - 4 TXR-Aca-Phe-Leu-PheP(OPh)2 

Figure 3. Scheme for the synthesis of FITC and TXR labeled peptidyl phosphonates. 
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Table 1. Inhibition of Serine Proteases by Fluorescent 
Peptide Phosphonatep 

chyme- 
inhibitor [IIOtM) trypsin PPE HLE 

FTC-Aca-Ala-Ala-MetP0Ph)z (1) 8.3 190 13 22 
FI'C-Aca-Ala-Ala-AlaP(OPh)2 (2) 8.3 NIb 22 41 
FI'C-Aca-Phe-Leu-PheP(OPh)z (3) 8.3 9500 16 252 
TXRAca-Phe-Leu-PheP(OPh)2 (4) 8.3 15 11 96 

Z-Ala-Ala-AlaP(OPh)2 (6) 41.7 NI 30 38 
Z-Phe-Leu-PheP(OPh)2 (7) 10.4 110 NI 27 

a Inhibition kinetics were measured in 0.1 M Hepes, 0.5 M NaCI, 
pH 7.5 buffer, 5-1096 MezSO and a t  25 "C. No inhibition after 
40 min of incubation of inhibitor and enzyme. No inhibition was 
observed with trypsin after 1 h of incubation of the enzyme and 
the inhibitor in 0.1 M Hepes, 0.01 M CaC12, pH 7.5. 

Boc-Ala-Ala-MetP(OPh)2 (5 )  210 3 3 2 

the tripeptide portion of the inhibitor. In each case, the 
amino acid sequence was chosen based on the specific 
sequence of a good substrate or inhibitor for the target 
enzyme. For example, previous studies showed that 
human Q31 chymase, cathepsin G, and related chymo- 
trypsin-like enzymes have significant hydrolysis activity 
toward Suc-Phe-Leu-Phe-SBzl and were potently inhib- 
ited by the corresponding peptide chloromethyl ketone, 
Suc-Phe-Leu-Phe-CH2C1 (Odake et al., 1991 1. Likewise, 
the p-nitroanilide substrates Suc-Ala-Ala-Ala-pNA and 
Boc-Ala-Ala-Ala-pNA were hydrolyzed effectively by PPE 
(Bieth et al., 1973, 1974) and peptide chloromethyl 
ketones such as Ac-Ala-Ala-Ala-AlaCHaCl are good in- 
hibitors of HLE (Tuhy and Powers, 1975). 

The fluorescent compounds were evaluated as inhibi- 
tors of chymotrypsin, PPE, and HLE and were found to 
be potent and very specific with inactivation rate con- 
stants (k,hd[I]) as high as 9500 M-l s-l (Table 1). For 
instance, the Phe derivative, compound 3, inhibited 
chymotrypsin very potently (ko&IJ = 9,500 M-l s-l) and 
600 times faster than it inhibited HLE (kob&I] = 16 M-' 
s-l). Chymotrypsin was also inhibited by FTC-Aca-Ala- 
Ala-MetP(OPh)2 (1) more effectively (kobsd[I] = 190 M-' 
6-l) than HLE and PPE (kob,&] = 22 and 13 M-' s-l, 
respectively). Compound 2, FTC-Aca-Ala-Ala-AlaP(O- 
Ph)2, inhibited PPE and HLE with &,&I] of 22 and 41 
M-l s-l, respectively, but did not inhibit chymotrypsin. 
As expected, none of these phosphonates inhibited trypsin. 

The presence of the fluorescein fluorophore in these 
inhibitors resulted in either better or the same inhibitory 
potency compared to their nonfluorescent analogs. For 
example, with chymotrypsin, the presence of the fluoro- 
phores increased the potency of these inhibitors. The 
fluoresceinylated Phe analog 3 inhibited chymotrypsin 
very potently with kobsd[I] of 9500 M-l s-l, while the 
nonfluoresceinylated analog, Z-Phe-Leu-PheP(OPh)2 (71, 
inhibited chymotrypsin but less potently with ko~sd[Il of 
110 M-l s-* (A. Abuelyaman, D. Jackson, D. Hudig, and 
J. Powers (unpublished results)). Compound 1, FTC-Aca- 
Ala-Ala-MetP(OPh)2, was found to be a better inhibitor 
of chymotrypsin and HLE, hobsd[I] = 190 and 22 M-' s-l 
respectively, than Boc-Ala-Ala-MetP(OPh)2 (51, hobsd[Il= 
3 and 2 M-l s-l, respectively. In contrast to FTC 
enhancement of the inhibitory potency of the chymo- 
trypsin-directed inhibitors with chymotrypsin, the pres- 
ence of FTC did not alter the efficacy of the elastase- 
directed inhibitor with the two elastases. FTC-Aca-Ala- 
Ala-AlaP(OPh)2 (2) and its analog Z-Ala-Ala-AlaP(OPh)2 
(6) inhibited HLE with almost equal rate constant values, 
kobdI1 = 38 and 41 M-' s-l, respectively. Compound 2 
also showed similar efficacy with PPE as compound 6, 
kobsd[I] = 22 and 30 M-' s-l, respectively. Fluorescent 

Figure 4. RNK-16 cytotoxic lymphocytes labeled with FTC- 
Aca-Ala-Ala-MetP(OPhh. 

Met and Phe derivatives 1 and 3 are better inhibitors of 
PPE (kO&I] = 13 and 16 M-l s-l, respectively) compared 
to their nonfluorescent analogs, compounds 5 ( k o ~ s ~ 1 3  = 
3 M-' s-l) and 7 (no inhibition). The fluoresceinylated 
Ala analog, compound 2, on the other hand, showed 
almost the same inhibitory effect with PPE as did its 
nonfluorescent analog, Z-Ala-Ala-AlaP(OPh)2 (61, kobsd[I] 
= 22 and 30 M-l s-l, respectively. 

Addition of the Texas Red fluorophore resulted in a 
less effective compound in comparison with an analogous 
compound with the FTC-fluorophore. The TXR-labeled 
derivative, TXR-Aca-Phe-Leu-PheP( OPh)2 (4), showed less 
inhibition with all three enzymes compared to FTC-Aca- 
Phe-Leu-PheP( OPh)2 (3). However, when TXR-Aca-Phe- 
Leu-PheP(OPh)2 (4) was compared with nonfluorescent 
Z-Phe-Leu-PheP(OPh)2 (7), the effects varied with the 
different enzymes. Inhibition of chymotrypsin was less 
with TXR-Aca-Phe-Leu-PheP(OPh)2 (4) while inhibition 
of HLE and PPE was greater (Table 1). 

From the results discussed above, i t  can be concluded 
that attaching the fluorophores in these phosphonate 
inhibitors resulted in either a similar or equal inhibitory 
potency with HLE and PPE. In the case of chymotrypsin, 
the presence of the FTC fluorophore increased the 
potency of these inhibitors substantially, an observation 
that implies interactions between this fluorophore and 
chymotrypsin. I t  is also clear that the specificities of 
these fluorescent compounds are parallel to those of 
nonfluorescent analogs and are dependent on the se- 
quences of the peptide portions. 

Cell Labeling. Fluorescent peptide phosphonates 
inactivated and labeled intracellular granzymes. They 
traversed the membranes of living cells and of their 
granules and irreversibly labeled the cells for subsequent 
analyses. The inhibitor FTC-Aca-Ala-Ala-MetP(OPh)2 
reacted with distinct, granule-like regions of the cytotoxic 
lymphocytes cell line RNK-16 (Figure 4), similar to 
granules as observed in living cells by diffential interfer- 
ence contrast microscopy (Yannelli e t  al., 1986). Exami- 
nation of individual sections through the cells (not 
illustrated) indicated that these fluorescent regions are 
interspersed in the cytoplasm. The fluorescent regions 
had a granule-like morphology similar to that detected 
by granzyme reactivity with the reversible serine pro- 
tease inhibitor soybean trypsin inhibitor (Burkhardt et 
al., 1989). In the latter experiments, the cells were fixed 
and permeabilized before the macromolecular inhibitor 
was used. Thus, the fluorescent phosphonate compounds 
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offer technical advantages over previous approaches. The 
new reagents also have far greater specificity: soybean 
trypsin inhibitor inactivated both tryptases and chymases 
of cytotoxic lymphocytes (Hudig et al., 1987) whereas the 
FTC-Aca-Ala-Ala-MetP(OPh)2 inactivated RNK-16 chy- 
mase and little Asp-ase or tryptase granule protease 
activities (Woodard et al., unpublished results). 

SUMMARY 

The synthesis of four different peptidyl phosphonates 
labeled with two fluorophores, TXR and FITC, was 
accomplished from two synthetic intermediates. The 
intermediates TXR-Aca-OH and FTC-Aca-OH were pre- 
pared and then coupled to  tripeptidyl phosphonates using 
the DCC method. The inhibitory potency of these com- 
pounds, as serine protease inhibitors, was evaluated 
using inactivation rate constants (kobsd/[II) with the 
representative enzymes chymotrypsin, PPE, and HLE. 
These inhibitors were found to be very potent and specific 
irreversible inhibitors. The most potent inhibitor- 
enzyme interaction was between FTC-Aca-Phe-Leu-PheP- 
(0Ph)z (3) and chymotrypsin (kobsd/[I] = 9500 M-' s-l). 
Specificity was indicated by the observation that chy- 
motrypsin was inhibited 600 times faster than HLE by 
this inhibitor (3). FTC-Aca-Ala-Ala-AlaP(OPh)z, on the 
other hand, inhibited only HLE and PPE and did not 
inhibit chymotrypsin. None of these compounds inhibited 
trypsin. It is also noteworthy that the specificity of these 
inhibitors was unaffected by the presence of the fluores- 
cent tags. Initial experiments with the inhibitor, FTC- 
Aca-Ala-Ala-MetP(OPh)2, and rat RNK-16 cytotoxic lym- 
phocytes indicate that granzymes can be labeled within 
living cells. Thus, these compounds are expected to be 
excellent reagents for the identification of fully mature 
cytotoxic lymphocytes within tissues and for the com- 
parison of the granzyme contents of individual cells. 
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Biotinylation of phosphodiester oligodeoxynucleotides (PO-ODN) allows for conjugation to  avidin- 
based transcellular delivery systems. In addition, biotinylation of PO-ODN at  the %-terminus provides 
complete protection against serum 3‘-exonuclease degradation. The present study was undertaken 
to determine if antisense 3’-biotinylated PO-ODN-avidin constructs are able to recognize and inactivate 
the target mRNA through RNase H-mediated degradation. A 21-mer antisense PO-ODN comple- 
mentary to  the tat gene encompassing nucleotides 5402-5422 of the HIV-1 genome was synthesized 
with biotin conjugated to the 3‘-terminus (bio-tat). Gel mobility assays using [5’-32P]-labeled bio-tat 
ODN and avidin showed that the bio-tat ODN was fully monobiotinylated. Aliquots of [32P]-labeled 
sense or antisense tat RNA (337 and 351 nucleotides, respectively) were prepared from transcription 
plasmids and were preincubated with an excess of bio-tat ODN with or without avidin constructs and 
digested with RNase H. Products were resolved with sequencing gel and analyzed by autoradiography. 
Complete conversion to  predicted RNA fragments resulting from RNase H digestion of the RNA- 
ODN duplex (53 and 263 nucleotides) was observed when [32P]-tat sense RNA was incubated with 
antisense bio-tat ODN or conjugated to avidin or an avidin-cationized human serum albumin (cHSA) 
complex. Conversely, no degradation of [32Pl-tat-antisense RNA was observed after incubation with 
antisense bio-tat ODN and RNase H. In addition, the avidin-cHSA complex significantly increased 
(84-fold) the uptake of [32Pl-internally labeled bio-tat ODN and its stability against cellular nuclease 
degradation in peripheral blood lymphocytes. In conclusion, biotinylated antisense ODN-avidin 
constructs induce complete inactivation of target mRNA by RNase H. Therefore, 3‘-biotinylated PO- 
ODNs have the advantages of (a) resistance to  serum and cellular 3’-exonuclease, (b) conjugation by 
avidin-based transcellular delivery systems, and (c) inactivation of target mRNA via RNase H 
degradation. 

INTRODUCTION 
Antisense oligodeoxynucleotides (ODN) are potential 

therapeutics for the treatment of cancer, viral infections, 
and other pathological disorders (1 -3). A principal 
mechanism of action by which phosphodiester ODN 
(PO-ODN) inactivates the target mRNA is through 
degradation of an antisense ODN-RNA duplex by acti- 
vation of RNase H, an intracellular enzyme (4, 5) .  
However, the efficacy of antisense ODN in vivo is limited 
by the minimal transcapillary transport or cellular 
uptake of these highly charged molecules and the rapid 
degradation by serum nucleases (6, 71, which are mainly 
comprised of 3’-exonucleases (8, 9). Modification of the 
ODN backbone, such as with methylphosphonate 
(MP-ODN) or phosphorothioate (PS-ODN) oligomers 
provides resistance to  nuclease degradation (8, 10, 11 1. 
However, MP-ODN-RNA duplexes are unable to activate 
RNase H (12, 13) and exhibit weaker affinity for RNA 
(14). PS-ODNs are inhibitors of RNase H activity a t  
PS-ODN concentrations above 100 nM, resulting in 
protection of the complementary RNA from degradation 
(5, 15). 

The optimal ODN therapeutic may be one in which the 
ODN is both protected from 3’-exonuclease and is able 
to activate RNase H without inhibition; in addition, it is 
desirable to  conjugate the ODN to  a transcellular delivery 
system (16, 17). These three goals may be achieved by 
the use of 3’-biotinylated PO-ODNs coupled to  conjugates 
of avidin and transcellular delivery vectors. The latter 
are monoclonal antibodies or proteins that undergo 
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receptor- or absorptive-mediated transcytosis through 
capillary endothelium and endocytosis into target cells. 
The use of avidin-based cell delivery systems for ODN 
therapeutics is optimized by biotinylation of the 3‘- 
terminus of the PO-ODN. Recent studies have shown 
that 3’-biotinylation affords complete protection from 
serum 3’-exonuclease (9). Similarly, incorporation of 
phosphodiester linkages (for example, hexanol or acri- 
dine) (18) or phosphopropylamine (19) at the 3’-terminus 
protects ODNs against serum 3’-exonuclease degradation. 
However, to  date it is not known whether 3’-biotinylated 
PO-ODN, conjugated to avidin-based vectors, will acti- 
vate RNase H at  high molar ratios of oligomers. This 
was investigated in the present studies using the tat 
mRNA of human immunodeficiency virus (HIV)-l as a 
model target mRNA (20). The cleavage of this mRNA 
by RNase H was measured in the presence of a 3‘- 
biotinylated 21-mer PO-ODN coupled to a conjugate of 
avidin and cationized human serum albumin (cHSA). The 
latter is a modified protein that undergoes absorptive- 
mediated endocytosis and serves as a transcellular 
delivery system (21). In addition, the effect of the 
avidin-cHSA complex on the uptake and stability of 3’- 
biotinylated ODN was also investigated in human pe- 
ripheral blood lymphocytes. 

EXPERIMENTAL PROCEDURES 

Materials. [y-32Pladenosine 5’-triphosphate (ATP) 
(3000 CUmmol) and [a-32P]uridine 5’-triphosphate (UTP) 
(800 CUmmol) were purchased from Dupont-NEN (Bos- 
ton, MA). T4 polynucleotide kinase, RNasin, and E.  coli 
RNase H were obtained from Promega Corp. (Madison, 
WI). T7 and T3 RNA polymerase and the plasmid 
Bluescript M13+ were obtained from Stratagene (San 
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Diego, CA). Restriction endonucleases EcoRI and 
HindIII were obtained from United States Biochemical 
(Cleveland, OH). Sephadex G-25 spin columns and 
RNase free/DNase I were purchased from Broehringer 
Mannheim (Indianapolis, IN). Competent E. coli DH5a 
cells and low molecular size RNA ladders were obtained 
from BRL Life Technology (Bethesda, MD). Low melting 
point agarose NUSIEVE-GTG was obtained from FMC 
Bioproducts (Rocklin, ME). Acrylamide, N,"-methyl- 
enebisacrylamide, urea, and ammonium persulfate were 
purchased from StewartsNann Biotech. (Cleveland, OH). 
Avidin and all other reagents were obtained from Sigma 
Chemical Co. (St. Louis, MO). The plasmid pUC18 
containing the HIV-1 tat designer gene in E .  coli DH5a 
(catalog no. 827) was obtained from the AIDS Research 
and Reference Reagent Program, NIAID (Rockville, MD). 
Customized oligodeoxynucleotides were obtained from 
Genesis Biotechnologies, Inc. (The Woodlands, TX). 

Biotinylated Oligodeoxynucleotides. A 21-mer 
antisense PO-ODN complementary to the tat gene and 
nucleotides 5402-5422 of the HrV-1 genome (20) was 
synthesized with a 3'-amino modifier CPG [[l-dimeth- 
oxytrityl)oxy]-3-[(fluorenylemethoxycarbonyl)amino]- 
propan-2-succinoyl]-long chain alkylamino-CPG (Glen 
Research, Hendron, VA) and was biotinylated with 
N-hydroxysuccinimide ester-= (X = 6-aminohexanoyl) 
of biotin (Glen Research) by the manufacturer as previ- 
ously described (9). This yielded the following 
oligodeoxynucleotide: 5'-TACTGGCTCCA!M"GCTC- 
biotin-3' (bio-tat ODN). The size of this oligodeoxy- 
nucleotide was determined by the manufacturer by 
comparing migration distances with that of the parallel 
oligodeoxynucleotide standard using a 20% polyacryl- 
amide/7 M urea gel electrophoresis. The 3'-biotinylated 
oligodeoxynucleotide was purified by high-pressure liquid 
chromatography using a 5-pm C18 reversed phase col- 
umn (9). In addition, the bio-tat ODN 5'-GACTGGTTC- 
CATGGCAGGTAA-biotin-3' complementary to nucle- 
otides 5-25 of the HIV-1 tat designer gene was also 
synthesized as described above. 

Preparation of [32Pl-Labeled Oligodeoxynucle- 
otide and Gel-Shift Mobility Assay. In order to 
determine if the bio-tat ODN was fully biotinylated, gel- 
shift mobility assays were performed with 5'-[32Pl-3'-bio- 
tat ODN and avidin. Aliquots of 15 pmol bio-tat ODN 
were labeled a t  the 5'-end with 50 pCi of [Y-~~PIATP and 
T4 polynucleotide kinase as previously described (91, to 
a specific activity = 1.25 pCi/pmol. For the [32P10DN 
mobility assays, 14.5 fmol (= 40 000 dpm) of 5'[32Plbio- 
tat ODN was incubated with an excess of avidin (25 pmol) 
in a total volume of 12 pL of PBS (PBS = 10 mM Naz- 
HP04, pH 7.5/150 mM NaCl) containing 0.8 mg/mL of 
tRNA for 10 min at  room temperature. Following the 
addition of glycerol to a final concentration of 5%, 
samples were resolved in a 4% nondenaturing polyacry- 
lamide gel electrophoresis (PAGE) for 2 h at  400 V. 
Autoradiograms were performed overnight a t  room tem- 
perature with Kodak-XOmat AR film. In order to disrupt 
any possible secondary structure of the bio-tat ODN, the 
5'-[32P]bio-tat ODN was incubated for 2 min at  98 "C 
followed by 2 min on ice immediately before the experi- 
ment. 

Synthesis of Sense and Antisense [32P]-tut-RNA. 
To synthesize [32P]-labeled tat sense or antisense mRNA, 
a DNA fragment corresponding to the entire tat open 
reading frame was subcloned in the plasmid bluescript 
using standard cloning techniques described elsewhere 
(22). Briefly, the 288 base pair (bp) tat cDNA was 
released from the HIV-1 tat designer gene pUC18 plas- 
mid by double digestion with EcoRI and HindIII. The 
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T3 Hind I11 Eco RI 
49nt , tat 288 nt (337 nt) 

1 bio-tat 

5' I I 3' 

r 21 mer antisense 3 

A. 

I RNase H 
'I c* ~VI-: 7 1 3 '  

53 nt 263 nt 
Figure 1. Strategy for RNase H assays. (A) tat sense RNA 
(337 nt) is comprised of 288 nucleotides corresponding to  the 
HindIIUEcoRI tat cDNA fragment and 49 nucleotides of the 
plasmid multiple cloning site. T3 denotes the T3 RNA poly- 
merase promoter region. (B) The 21-mer antisense Y-biotiny- 
lated tat ODN (bio-tat) is complementary to nucleotides 54-74 
of the synthetic tat sense RNA. (C) Following annealing of tat 
sense RNA with bio-tat ODN, RNase H treatment will produce 
two RNA fragments of 53 and 263 nucleotides, respectively. 

DNA fragment was isolated by 2% low melting point 
agarose gel electrophoresis, phenolkhloroform extraction, 
and ethanol precipitation as previously described (22). 
Ligation into EcoRVHindIII-digested Bluescript was 
performed overnight a t  15 "C in a total volume of 10 pL 
of ligation buffer (50 mM Tris pH 7.6,lO mM magnesium 
chloride, 5 mM DTT, 0.1 mM spermidine, 0.1 mM EDTA, 
1 mM ATP) containing 2 units of T4 ligase. Following 
transformation of E. coli DH5a cells with the newly 
synthesized plasmid, the plasmid DNA was isolated by 
the alkaline method (23) and characterized by restriction 
mapping. For the synthesis of [32Pl-labeled sense and 
antisense RNA, the plasmid was linearized with EcoRI 
and HindIII and RNA was synthesized with T3 and T7 
RNA polymerase, respectively. The labeling reaction was 
performed in a 25-pL volume containing 40 mM Tris (pH 
= 81, 8 mM magnesium chloride, 2 mM spermidine, 50 
mM sodium chloride, 0.4 mM of each ATP, CTP, and 
GTP, 40 pM UTP, 50 pCi [a32PlUTP, 30 mM DTT, 40 
units of RNasin, and 25 units of T3 or T7 RNA poly- 
merase for 30 min at  37 "C. The reaction was stopped 
by the addition of 10 units of RNase free/DNase I and 
incubation for 15 min at  37 "C. [32P]-RNA was purified 
by electrophoresis on a 5% denaturing PAGE17 M urea 
gel and recovered by passive elution for 5 h at  room 
temperature as previously described (9). The percentage 
of incorporation was determined by absorption to  DE-81 
filters (Whatman International, Ltd., Mainstone, En- 
gland) as reported previously (9). The specific activity 
of the [32P]-labeled RNA, calculated as the amount of 
radioactivity used @Ci) x number of UTP residues (71 
and 88 for sense and antisense, respectively)/mass of UTP 
in the reaction (pmol), was 3.6 and 4.4 pCilpmol for the 
sense and antisense RNA, respectively. 

RNase H Assays. The strategy for RNase H assays 
is summarized in Figure 1. The synthetic sense mRNA 
contains 337 nucleotides (nt) with 288 tat RNA nt and 
49 n t  of the multiple cloning site of the vector. The 21- 
mer tat antisense ODN hybridizes to nucleotides 54-74 
of the entire synthetic mRNA, which corresponds to 
nucleotides 5-25 of the actual tat mRNA. The synthetic 
antisense mRNA contains 351 nt with 288 tat RNA nt 
and 63 nt of the multiple cloning region. Aliquots (4.5 
fmol, approximately 40 000 cpm) of [32P]-labeled sense 
or antisense tat RNA were preincubated with or without 
an excess of bio-tat ODN (30 pmol) for 2 min at  65 "C 
followed by 5 min at room temperature in a total volume 
of 7.3 pL containing 100 mM potassium chloride/O.l mM 
EDTAI20 units of RNasin. Following hybridization, 2 
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units of RNase H were added in 40 pL of 50 mM Tris pH 
7.5180 mM potassium chloride112.5 mM magnesium 
chloridell.25 mM DTT1625 pg1mL BSA, and incubated 
for 30 min a t  37 “C. The reaction was stopped by 
incubation for 5 min at 95 “C and 2 min on ice. Following 
extraction with pheno1:chloroform ( 1: 1) (22), samples 
were precipitated with ethanol (22) and resolved in a 
sequencing gel (5% polyacrylamide17 M urea). Auto- 
radiograms were performed as described previously (9). 
For the avidin-construct experiments, bio-tat ODN was 
preincubated with 15 pmol of avidin or avidin-cHSA for 
5 min a t  room temperature prior to hybridization with 
[32P]-labeled RNA. Avidin was conjugated to cHSA with 
a thiol-ether linkage as previously described (21 ), and 
the number of sites available for biotin binding was 
determined to be 2.8 per avidin-cHSA conjugate (21). 
The unmodified avidin tetramer has four biotin binding 
sites (24). 

Stability and Uptake of Bio-tat-ODN in Cells in 
Vitro. In order to determine if avidin-cHSA increases 
uptake and protects 3’-biotinylated PO-ODNs against 3’- 
exonuclease in cultured cells, 3’-bio-tat and non-bio-tat 
PO-ODNs that were 32P-labeled were incubated overnight 
in primary cultures of human peripheral blood lympho- 
cytes (PBLs) in the presence or absence of avidin-cHSA. 
However, 5’-[32PJ-labeling of the PO-ODN may lead to 
removal of the 32P by cell phosphatases. Therefore, 
internally [32P]-labeled bio-tat ODN was prepared (19). 
The 21-mer bio-tat ODN was labeled with [32Pl a t  the 5‘ 
end with T4 polynucleotide kinase as described above. 
This 5’-[32P]-bio-tat ODN and a second antisense 15-mer 
PO-ODN complementary to nucleotides 5422-5437 of the 
tat gene (5’-CTCTAGGCTAGGATC-3’, DNA Interna- 
tional Inc., Lake Oswego, OR) were hybridized to a third 
36-mer synthetic single stranded template PO-ODN 
corresponding to the sense nucleotide sequence of both 
15-mer and 21-mer 3’-bio-tat, for 2 min a t  95 “C and 5 
min a t  room temperature. The 36-mer template was 
synthesized by Keystone Labs (Menlo Park, CA) with the 
following nucleotide sequence: 5’-TTACCTGCCATG- 
GAACCAGTCGATCCTAGCCTAGAG-3’. Following liga- 
tion with 2 units of T4 ligase overnight at 15 “C, single- 
stranded internally labeled bio-tat ODN was isolated 
from the template by a 12% sequencing17 M urea gel and 
passive elution as described above. 

Aliquots of the [32P211bio-tat ODN (0.50 pCi) with and 
without avidin-cHSA (2.6 pg) were incubated with 2 x 
lo6 peripheral blood lymphocytes in 125 pL of RPMI for 
24 h at 37 “C. Media was removed by centrifugation, 
and cells were washed once in cold PBS buffer (10 mM 
phosphate, pH = 7.410.15 M NaCl) and lysed in 200 pL 
of 10 mM Hepes, pH 7.413 mM magnesium chloride/5% 
glycerol/l% NP40. Aliquots of media and cell lysates 
were collected for trichloroacetic acid (TCA) precipitation 
and determination of cellular uptake. The percent of 
medium [32P] CPM taken up per lo7 cells was calculated, 
and this “total uptake” value was multiplied by the 
percent TCA-precipitable cell radioactivity to give the 
“corrected uptake” per lo7 PBLs. 

[32P]-labeled ODNs present in the cells at the end of 
the incubation were analyzed by ureaPAGE. The final 
cell lysates were heated for 5 min at 95 “C and cooled 2 
min on ice, nucleic acids were precipitated with ethanol, 
and samples were resolved in a 12% sequencing17 M urea 
gel, as described previously (9). For comparison, parallel 
experiments were also performed with the [32P]-labeled 
nonbiotinylated 36-mer template. Autoradiograms were 
performed using a PhosphoImager (Molecular Dynamics, 
Sunnyvale, CAI for 4 days a t  room temperature. Area 

15’-3?’13’-bio-oligo 
avidin 

- -  
4 ‘b PAGE 

m 

Figure 2. Shift mobility assay of [32P1bio-tat ODN. The bio- 
tat ODN was labeled a t  the S-end with [ Y - ~ ~ P ~ A T P  and T4 
polynucleotide kinase, and incubated in the presence or absence 
of avidin for 10 minutes at room temperature. Samples were 
resolved in a 4 6  non-denaturing PAGE gel for 2 h at 400 V. 
Autoradiogram was performed overnight a t  room temperature. 

and integrated density were obtained using the NIH 
Image 1.45 program. 

RESULTS 
Gel Shift Mobility Assays. To determine whether 

the bio-tat ODN was fully biotinylated, labeled bio-tat 
ODN-shift mobility assay was performed with avidin and 
the result from a representative autoradiogram is de- 
picted in Figure 2. Incubation with avidin induced a 
complete shift in the mobility of the 5’-(n2P] 3j-bio-tat 
ODN. Similar results were obtained with the 3’-bio ODN 
to the HIV-tat designer gene (data not shown). On the 
other hand, parallel experiments performed with a non- 
biotinylated ODN showed no shift in the mobility of [32P]- 
ODN in the presence of avidin (data not shown). 

RNase H Assays. RNase H induced no degradation 
of either [:$2PP]-tat sense RNA incubated without bio-tat 
ODN (lane 1, Figure 3), or [32P1-tat antisense RNA 
incubated with or without the bio-tat ODN (lanes 7 and 
8, Figure 3). Bio-tat ODN converted the labeled tat sense 
RNA to the predicted RNA fragments (Figure 1) after 
RNase H digestion of the RNA-ODN duplex (lane 2, 
Figure 3). Similarly, complete formation of the 263 and 
53 nt  tat RNA fragments was observed in samples 
incubated with both avidin (lane 3, Figure 3) and avidin- 
cHSA conjugate (lane 5, Figure 3). In addition, no 
degradation of [32PJ-tat sense RNA was seen by incuba- 
tion with avidin (lane 4, Figure 3) or cHSA-avidin (lane 
6, Figure 31, without bio-tat ODN. The formation of two 
intermediate additional bands of RNA was observed in 
samples incubated with bio-tat ODN-avidin complexes 
(Figure 3, lanes 3 and 5). The 51 nt fragment observed 
following incubation of bio-tat ODN with [32PJ-sense tat 
RNA was probably due to the presence of a -2 nt  [32Pl- 
target RNA. 

Stability and Uptake of ODN in PBL. To deter- 
mine the effect of the avidin-cHSA complex on the 
uptake and stability of 3’-bio-tat ODN in primary cultures 
of PBL cells, both the internally labeled [32P21 ]-3’-bio-tat 
PO-ODN and a nonbiotinylated [32P10DN were incubated 
with and without avidin-cHSA in PBL cells for 24 h. The 
avidin-cHSA complex significantly increased (-6-fold) 
the cellular uptake of [32P]bio-tat ODN compared to the 
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Figure 3. Effect of avidin and avidin-cHSA on RNase H 
cleavage of tat sense or antisense mRNA. [32Pl-sense (lanes 
1-6) and antisense (lanes 7 and 8) tat RNA were incubated with 
or without antisense 3’-biotinylated-tat PO-ODN (21-mer anti- 
bio-tat ), avidin, or cHSA-avidin conjugate. Following treatment 
with RNase H, RNA was extracted with phenollchloroform, 
ethanol precipitated, and resolved in a 5% polyacrylamide/7 M 
urea gel; lane 1, sense RNA; lane 2, sense RNA + anti-bio-tat 
ODN; lane 3, sense RNA + anti-bio-tat ODN + avidin; lane 4, 
sense RNA + avidin; lane 5, sense RNA + anti-bio-tat ODN + 
avidin-cHSA; lane 6, sense RNA + avidin-cHSA; lane 7, 
antisense RNA control; lane 8, antisense RNA + anti-bio-tat 
ODN. Autoradiogram was performed overnight at room tem- 
perature. The predicted RNA fragments resulting from RNase 
H digestion of RNA-ODN duplex (Figure 1) are depicted on the 
left- and right-hand sides. The size of the RNA fragment was 
estimated by comparing fragment mobility to the migration of 
an RNA size ladder (530,400,280, and 160 nucleotides), as  well 
a s  the migration of xylene cyano1 and bromophenol blue dyes, 
which migrate as 132 and 27 nucleotides, respectively, in a 5 8  
sequencing gel (22). 

Table 1. Effect of Avidin-cHSA on PBL Uptake of 
[s2P]ODNs“ 

%total %corrected 
avidin- cellular uptake per uptake per 

ODN cHSA 96 TCA 10’ cells 10’ cells 
[ 32P]0DN36 - 17.7 f 1.2 6.24 f 0.16 1.10 f 0.08 
[32P30DN36 + 19.1 f 0.8 7.36 f 0.64 1.41 f 0.14 
[32P3bio-ODN36 - 17.7 f 0.8 7.20 f 0.48 1.27 f 0.10 
[32P]bio-ODN36 + 34.0 f 1.ti6 18.32 f 0.966 6.22 f 0.436 

O Mean f SE (n = 4). Corrected uptake = [(% cell TCA)(% total 
uptake)V100. Analysis of variance, Scheffe’s test, p < 0.001. 
bio-tat ODN alone measured as trichloroacetic precipi- 
table material (Table 1). On the contrary, the avidin 
vector induced no changes in the uptake of [32P]-non- 
biotinylated ODN, and the cell uptake values were 
comparable to the low percentage of uptake of [32PJbio- 
tat ODN without vector. Autoradiograms of sequencing 
gels showed no ethanol-precipitable degradation products 
in the medium a t  the end of the incubation (data not 
shown). The ethanol-precipitable cell associated [32P J- 
labeled ODNs were examined; as shown in Figure 4, the 
size of labeled ODNs in these samples was identical to 
the respective [32P ]-labeled control. Although degrada- 
tion products were observed in cell lysates of samples 
incubated with [32P]bio-tat ODNIavidin-cHSA (Figure 4, 
lane 5), the integrated density obtained for the intact 36- 

Figure 4. Effect of avidin-cHSA on the cellular uptake and 
stability of 132P 1-labeled bio-tat and nonbiotinylated tat ODN 
in peripheral blood lymphocytes (PBL). [:p2P9-labeled ODNs were 
incubated with PBL cells for 24 h, media were removed by 
centrifugation and washing, and cell extract was resolved in 1 2 8  
sequencing7 M urea gel. Autoradiogram obtained using a 
PhosphoImager is shown: lane 1, 5’-I:v2P1 36-mer nonbiotiny- 
lated ODN control (this ODN was slightly contaminated with 
up to -4 nucleotide fragments); lane 2, [:v2P211-internally labeled 
36-mer 3’-bio-tat ODN standard; lane 3, cell extract of 5’-I:y2Pl- 
non-bio 36-mer plus avidin-cHSA; lane 4, cell extract of 5’-PPl- 
non-bio 36-mer alone; lane 5, cell extract of [32P21 lbio-tat ODN 
plus avidin-cHSA; lane 6, cell extract of 132P211bio-tat ODN 
alone. There was a consistent slightly slower migration of 
labeled products through the gel in samples obtained from cell 
extracts. 

mer was 84.5-fold greater in the bio-tat ODNIavidin- 
cHSA complex compared to the bio-tat ODN alone 
(arbitrary densitometric units: 1.69 versus 0.02, respec- 
tively). The amounts of [32P]-labeled ODN in lanes 3,4, 
and 6 of Figure 4 are identical and may represent [3”PJ- 
labeled ODN derived from medium contamination of the 
washed cellular lysate. 

DISCUSSION 

The present investigation, using the HlV-tat gene as 
a target model, demonstrates that the complexes of PO- 
ODN biotinylated at the %-terminus and avidin (avidin 
alone or avidin-cHSA) are able to recognize and com- 
pletely inactivate the target mRNA through RNase 
H-mediated activation. In addition, these complexes of 
bio-tat ODN and avidin appear to be more effective in 
regard to inducing RNase H-mediated digestion of the 
labeled tat mRNA, as compared to the bio-tat ODN alone, 
which induced incomplete RNase H-degradation of tat 
mRNA (Figure 3). It is possible that avidin samples were 
contaminated with other ribonucleases (i.e., RNase A). 
However, the reaction tubes contained 20 units of the 
ribonuclease inhibitor RNasin, and incubation with either 
avidin or avidin-cHSA without bio-tat ODN induced no 
degradation of tat mRNA (Figure 3). Therefore, avidin 
may induce conformational changes in the target RNA, 
possibly due to the cationic nature of avidin (241, that 
makes the RNA molecule more susceptible to RNase H 
activation. This is supported by the formation of 2 
additional RNA bands exclusively in samples incubated 
with bio-tat-ODN-avidin complexes (Figure 3, lanes 3 
and 5). 

PS-ODN may inhibit mRNA expression and increase 
its degradation at low concentrations through a sequence- 
specific mechanism (15). However, when PS-ODN are 
used in excess molar concentrations relative to the target 
RNA, these molecules inhibit RNase H activation, pro- 
tecting the complementary RNA from degradation (15, 
25). In the present study, a 6000-fold molar excess of 
PO-ODN-avidin vector conjugates over target RNA was 
employed in order to ensure full inactivation of the tat 
mRNA, resulting in complete inactivation of complemen- 
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tary RNA. Interest ingly,  neither inact ivat ion of RNase 
H n o r  recognition of nonspecific nucleotide sequence was 
observed. F o r  example,  incubat ion of [32P]-antisense tat 
RNA with severalfold excess of bio-tat ODN induced n o  
RNase H-mediated degradat ion of RNA (Figure 3, lane 
8).  

The avidin-cHSA complex markedly  increased the 
cellular uptake of [32Pl-bio-tat ODN, and this effect was 
specific for the biotinylated oligomer (Table 1 and Figure 
4). On the basis of the TCA a s s a y  (Table 11, the avidin- 
cHSA vector increased cell uptake 6-fold, and based on  
the autoradiography (Figure 4), the vector increased cell 
u p t a k e  84.5-fold. However, the ac tua l  increase in cell 
up take  caused by  the avidin-cHSA vector m a y  have been 
greater since the a m o u n t  of ODN associated with the cell 
ex t rac t  in the absence of the vector was very low (Table 
1, Figure 4) and m a y  represent medium contaminat ion 
of the cell extract .  Even t h o u g h  the great majori ty  of 
the cellular [32P]-bio-tat ODN was found t o  be in the 36- 
mer form at 24 h of incubat ion with the avidin-cHSA 
vector (Figure 4, lane 5), the presence of some degrada-  
t ion  products  was observed in cell extracts ,  suggesting 
that the 3’-bio-tat ODN m a y  be subject t o  endonuclease 
and/or 5’-exonuclease activity in peripheral  lymphocytes. 

In summary, the present  invest igat ions extend previ- 
o u s  studies with serum in vi t ro  (9) t o  cul tured cells a n d  
show that 3’-biotinylation a n d  binding t o  an avidin- 
cHSA complex results in protection of PO-ODNs against 
cellular 3’-exonucleases, a n d  in a marked increase in 
cellular uptake. Similarly, o ther  3’-modifications protect 
PO-ODNs in cul tured cells (18). However, the use of 3‘- 
biotinylation has the advantage  of facilitating the con- 
juga t ion  of the PO-ODN t o  avidin-based vectors which 
have the dual capacity t o  fully act ivate  RNase H (Figure 
3) and t o  mediate t ranscel lular  delivery (Figure 4, Table 
1). 
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A site-specific immunoconjugate was prepared between an F(ab')z-like fragment of the monoclonal 
anti-CEA murine IgGl A5B7 and a mutant of the dimeric enzyme carboxypeptidase G2 possessing 
an N-terminal Thr in place of Ala. First an aldehyde was introduced at  the N-terminus of the enzyme 
by mild periodate oxidation and a residue of carbohydrazide was specifically introduced at the 
C-terminus of the truncated heavy chain of the F(ab')z-like fragment by reverse proteolysis. Then 
the two modified proteins were conjugated by the formation of a hydrazone bond between the hydrazide 
and the aldehyde groups. The conjugate obtained retained both enzymic activity and antigen-binding 
capacity. The antigen-binding capacity was better than that of a similar conjugate made conventionally 
by random reaction with side chains. 

INTRODUCTION 

Antibody-directed enzyme prodrug therapy (ADEPT)I 
is a technique which uses a conjugate consisting of an 
antibody (or antibody fragment) bound to an enzyme to 
enhance the therapeutic benefit of chemotherapy by 
converting in situ a nontoxic prodrug to a toxic drug (for 
a recent review, see Senter et al. (1993)). At present, 
most immunoconjugates are prepared by introducing 
complementary reactive groups into the protein partners 
via acylation of lysine side chains with heterobifunctional 
reagents (for a recent review of this technology, see 
Brinkley (1992)). By controlling the extent of acylation 
and then purifying the conjugate according to  its size, 
useful heterodimers can be prepared. However, the 
conjugates obtained through this approach consist gener- 
ally of a mixture of isomers each linked through different 
residues, and each isomer may potentially have a differ- 
ent biological activity. Recently, techniques have been 
described which permit the introduction of a hydrazide 
group selectively at  C-termini of proteins by reverse 
proteolysis (Rose et al., 1991; Fisch et al., 1992) and the 
introduction of an aldehyde group at  the N-terminus of 
a protein (when this is occupied by Ser or Thr, see 
Scheme 1) through mild periodate oxidation of the 1,2 
amino-ol characteristic of these residues when in the 
N-terminal position (Geoghegan and Stroh, 1992, and 
references cited therein). As shown in Scheme 2, hy- 
drazide and aldehyde groups are able to react specifically 
with each other to give a hydrazone, and this can be 
exploited in the construction of protein conjugates (Rose 
et al., 1991). The combination of these two techniques 
allows the construction, via hydrazone formation, of 

t Centre Medical Universitaire. * Zeneca Pharmaceuticals. 
8 PHLSKAMR. 
@ Abstract published in Advance ACS Abstracts, July 15, 

1994. 
1 Abbreviations: ADEPT, antibody-directed enzyme prodrug 

therapy; DAI, des-AlaB30 porcine insulin; CPG2, carboxypepti- 
dase G2; ESMS, electrospray ionization mass spectrometry; 
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis; AU, absorption unit; MES, morpholino ethyl sul- 
fonate; CEA, carcino embryonic antigen; PCR, polymerase chain 
reaction. 

1043-1 802/94/2905-0411$04.50/0 

homogeneous proteins with a new backbone (Gaertner 
et al., 1992) by head-to-tail conjugation without the need 
of any protecting groups. In the present paper, we have 
applied this approach to the preparation of a conjugate 
designed for ADEPT. We describe the conjugation of an 
F(ab')z-like fragment of the monoclonal anti-CEA IgGl 
murine antibody A5B7 to the enzyme carboxypeptidase 
G2 (CPGB), which is known to be able to convert nontoxic 
prodrugs into toxic drugs (Bagshawe et al., 1988). Con- 
jugates of these two proteins have already been shown 
to be of interest for ADEPT (Sharma et al., 1991). 
Conjugation is achieved via the formation of a hydrazone 
bond between the C-terminus of the truncated heavy 
chain of the F(ab')z and the N-terminus of a mutant of 
the carboxypeptidase having an N-terminal threonine. 

MATERIALS AND METHODS 

Materials .  Except where otherwise specified, solvent 
and reagents were of analytical grade or better, were 
obtained from commercial sources, and were used with- 
out further purification. The pH of solutions was ad- 
justed at  room temperature (about 22 "C). Urea was 
purified by passing an 8 M solution through a column 
packed with Serdolit MB3 (Serva) just prior to use. Lysyl 
endopeptidase (2.3 U/mg, amidase activity using Nu- 
benzoyl-DL-lysine-p-nitroanilide as substrate) from Ach- 
romobacter lyticus was obtained from Wako Pure Chemi- 
cal Co (Neuss, Germany). The A5B7 IgGl murine 
antibody was obtained from CRC (Sutton, U.K.) as a 5.4 
mg/mL solution in phosphate-buffered saline. 

General  Methods. The enzymic activity of CPG2 was 
assayed as previously described (Sherwood et al., 1985) 
except that the reaction was carried out a t  room tem- 
perature. 

The binding activity of the conjugate was measured 
in a competitive binding assay using an alkaline phos- 
phatase-labeled A5B7 standard. Briefly, 96-well ELISA 
plates were coated with CEA (0.1 pglwell) followed by 
the addition of mixtures of conjugate (10-0.5 pg/mL) and 
labeled A5B7 (1 pg/mL). After 90 min unbound antibody 
was removed and the amount of labeled A5B7 bound was 
determined by addition ofp-nitrophenyl phosphate (Sigma) 
and measurement of the absorbance at  405 nm. The 
ability of the conjugate to compete with the labeled A5B7 
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Scheme 1 
HO-CHR 

Werlen et al. 

+ N H ~  + 103 + RCHO 

(R = H, Ser; R = CH3, Thr) 

Scheme 2 
PROTE/IVI-CONH-NH~ + O=CH-f‘ROTElN2 + fROT€INl-CONH-N=CH-fROTEIN2 + H20 

for binding to CEA was compared to intact unlabeled 
A5B7 to give a percent binding activity relative to 
unconjugated antibody. 

Protein solutions were concentrated on Centriprep 10 
or Centricon 10 devices following the instructions of the 
manufacturer (Amicon). Since glycerol could interfere 
with periodate oxidation, when necessary, the glycerol 
present as protecting agent for the membrane was 
removed by rinsing the concentrator three times with 
water and three times with the buffer to be used for the 
concentration and then by passing fresh buffer through 
the membrane twice prior to the concentration step. 

Electrophoresis on polyacrylamide gels in SDS (SDS- 
PAGE) was performed on Pharmacia Phast system using 
8-25% gradient gels, and proteins were detected with 
the silver nitrate procedure according to the recom- 
mendations of the manufacturer. 

Desalting was performed on a Pharmacia FPLC system 
using a HR10/10 fast desalting column. The same system 
was used for gel filtration using a Superose 12 HR 10130 
column and for ion exchange chromatography with a 
Mono S HR515 column. 

The samples for electrospray ionization mass spec- 
trometry (ESMS) were dialyzed against 10 mM dithio- 
threitol. ESMS was performed as previously described 
(Vilaseca et al., 1993). 

Preparation of the Threonine N-Terminal CPG2. 
The N-terminal Ala was replaced by a Thr using standard 
PCR technology (McPherson et al., 1993) with two 
mutagenic oligonucleotides: a 26bp oligonucleotide comple- 
mentary to the DNA sequence immediately downstream 
of the CPG2 translational terminus, which introduced a 
mutagenic Hind I11 restriction site, and a second 30bp 
oligonucleotide complementary to the nucleotide se- 
quence of the 5’ end of CPG2 gene, which coded for the 
Ala to Thr codon change and also introduced a Sca I 
restriction site across the DNA coding for the peptidase 
cleavage site of the immature CPG2 (see Figure 1). The 
presence of these two unique restriction enzyme sites 
facilitated the cloning of the 1.15 kb (threonine mutant) 
CPG2 gene into the Nae I-Hind I11 sites of a specifically 
designed secretion vector: pMTL3223 (manuscript in 
preparation) to give the recombinant vector pCPS3. The 
mutant CPG2 was expressed in E. coli MC1061 trans- 
formed with pCPS3. Cultures were grown overnight in 
1 L of Ebroth containing 30 pg/mL of chloramphenicol. 
The cells were harvested by centrifugation (6000g for 20 
min) and then resuspended in 10 mL of 10 mM sodium 
acetate pH 5.5 and sonicated (MSE soniprep 150,3 x 20 
s, amp 18 pm). The cell debris was removed by centrifu- 
gation (17000g for 45 min) and the supernatent contain- 
ing CPG2 collected for further purification. 

Purification of Mutant CPG2. The enzyme was 
purified to homogeneity, as judged by SDS-PAGE (Fig- 
ure 2, lane 81, from the cell supernatant by a two-step 
ion-exchange chromatography method. The obtained 
mutant enzyme had a specific activity indistinguishable 
from the wild-type enzyme (manuscript in preparation). 
The presence of the threonine N-terminus was confirmed 
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Figure 1. Insertion of the mutated CPG2 gene into an E. coli 
expression vector: A, the position of the mutagenic PCR primers 
to the CPG2 gene and the nucleotides involved in the mutation 
of Ala (wild-type) to Thr; B, restriction enzyme map of the 
expression vector pMTL3223 indicating the insertional sites of 
CPG2 gene. 

by pulsed liquid phase N-terminal sequencing on an AB1 
477 sequencer. The mass observed by ESMS was 
41 727.29 Da f 3.47 (expected 41 725.8 Da). 

Periodate Oxidation of N-Terminal Threonine. 
The carboxypeptidase G2 mutant possessing N-terminal 
threonine was buffer-exchanged into freshly made 0.1 M 
NH4HC03 by gel filtration on a fast desalting column or 
a NAP-5 column (Pharmacia). It was then concentrated 
on a Centriprep 10 concentrator (extensively washed; see 
General Methods) to about 8.4 mg/mL. All estimates of 
CPG2 concentrations and quantities given in this paper 
are based on optical density at 280 nm, assuming an 
absorption of 0.4 AU for a 1 mg/mL solution. A concen- 
tration of 8.4 mg/mL corresponds to about 200 pmoVL 
N-terminal Thr. Thirty equiv of methionine (0.2 M in 
water) were added followed by 10 equiv of periodic acid 
(20 mM in 0.1 M NH.J-IC03). After 10 min at room 
temperature, the reaction was stopped by addition of 0.5 
M 1,3-diaminopropan-2-01 (in 90% 1,4-butanediol) to give 
a final concentration of 50 mM. After a further 20 min 
at room temperature, the protein was separated from 
excess reagents and small molecular weight aldehydes 
by gel filtration on a fast desalting column in 0.1 M 
sodium acetate pH 4.6 (0.1 M sodium acetate, pH 
adjusted to 4.6 with acetic acid). The aldehydic protein 
was then concentrated to 10 mg/mL and could be kept 
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Figure 2. SDS-PAGE analysis of the oxidation of CPG2 and 
i t s  conjugation with DAI-carbohydrazide: lane 1,75 pM CPG2, 
20 equiv of periodate, 10 min; lane 2 ,78  pM CPG2, 10 equiv of 
periodate, 20 min; lane 3, 78 ,uM CPG2, 10 equiv of periodate, 
10 min; lane 4 ,78  pM CPG2, 10 equiv of periodate, 5 min; lane 
6, 75 pM CPG2, 20 equiv of periodate, 10 min; lane 7, 80 pM 
CPGB not oxidized incubated with 20 equiv of DAI-carbo- 
hydrazide; lane 8,80 p M  CPGB not oxidized. Lanes 2-6: CPGB 
was incubated with 20 equiv of DAI-carbohydrazide after 
oxidation. 

at 4 "C from 1 to 14 days until needed for the conjugation. 
The mass of the aldehydic protein observed by ESMS was 
41 713.44 f 7.37 (see Discussion). 

The reactivity of the aldehyde was checked by incuba- 
tion of 1 to 2 pL of sodium acetate pH 4.6 containing 
about 0.1 nmol of oxidized CPG2 (8.4 pg of protein, 0.2 
nmol of aldehyde as the protein is a homodimer (Sher- 
wood et al. 1985)) with 4 pL of the same buffer containing 
1 nmol per pL of de~-Ala~~~- insu l in  carrying a carbo- 
hydrazide group on the C-terminus of the B chain (DAI- 
carbohydrazide). The DAI-carbohydrazide was prepared 
by reverse proteolysis as previously described (Rose et  
al., 1991). f i r  20 h at 37 "C, the samples were analyzed 
by SDS-PAGE, and the degree of conjugation between 
the oxidized enzyme and the insulin derivative gave a 
measure of the aldehydic reactivity of the former. 

Digestion with Lysyl Endopeptidase. Four 1-mL 
portions of the A5B7 solution (see Materials) were buffer- 
exchanged into 50 mM Tris pH 8.4 (pH adjusted with 
HCl) by gel filtration on a fast desalting column and then 
concentrated on a Centriprep 10 to a final concentration 
of about 5 mg/mL (the concentration of A5B7 antibody 
and of its fragments was estimated from the optical 
density at 280 nm assuming an absorption of 1.25 AU 
for a 1 mg/mL solution). Lysyl endopeptidase (10 mg/ 
mL in water) was added to give a 3% w/w enzyme- 
substrate ratio and the mixture incubated at 37 "C for 
about 20 h. 

Ion-Exchange Chromatography. After centrifuga- 
tion in a bench-top centrifuge to remove some precipitate 
the digest was diluted with 4 volumes of 50 mM sodium 
acetate pH 4.6 (adjusted with HCl) and loaded on a SP- 
trisacryl column (10- x 1.5-cm diameter) equilibrated in 
the same buffer. The column was washed with the same 
buffer and developed with a 400-mL salt gradient from 
0 to 400 mM NaCl, still in the same buffer, at a flow rate 
of 0.34 mumin. The fractions containing F(ab')2 were 
pooled, concentrated, buffer-exchanged into 10 mM 
TrisHCl pH 8.0 on the fast desalting column, and 
concentrated again. The typical yield of this preparation 
was 35-40% of the theoretical maximum for F(ab')2. 

Reverse proteolysis. Solid carbohydrazide was added 
to the purified F(ab')p (typically about 5 mg protein in 

700 ,uL 10 mM tris pH 8.0) to get a final carbohydrazide 
concentration of 2.5 M. The pH was then lowered to 5.5 
by addition of glacial acetic acid prior to addition of lysyl 
endopeptidase ( 10 mg/mL in water, enzyme:F(ab'k ratio 
of 5% w/w). The amounts of carbohydrazide and acetic 
acid were calculated as follows: the sum of the volumes, 
in pL, of the F(ab')2 and of the enzyme solutions was 
multiplied by 0.265 to obtain the amount of carbo- 
hydrazide (in mg) and by 0.023 to obtain the amount of 
acetic acid (in pL) required. These quantities had been 
determined by tests on larger volumes without protein 
and take into account the volume increase due to carbo- 
hydrazide. The mixture was allowed to stand at room 
temperature for 3 h whereupon the reaction was stopped 
by addition of trasylol ( 100 mg/mL in water, 30-fold mass 
excess over the lysyl endopeptidase). The mixture was 
then gel-filtered on a Superose 12 column in 0.1 M 
sodium acetate pH 4.6 (adjusted with acetic acid) at a 
flow rate of 0.6 mumin. The peak corresponding to 
F(ab')2 was collected in a tube containing Trasylol (10- 
fold mass excess over the quantity of peptidase used for 
the reverse proteolysis), concentrated, and made 10 mM 
in urea by adding 1 M urea in water. After 1 h at room 
temperature, the sample was desalted on a fast desalting 
column equilibrated in the same sodium acetate buffer. 
The protein recovery was quantitative. 

The incorporation of carbohydrazide was quantified by 
incubating 100 pg of F(ab')2-carbohydrazide with 5 nmol 
of O=CHCsH4-m-CH=NOCH2CO-ferrioxamine labeled 
with 55Fe, as described by Fisch et al. (1992). 

Conjugation (Hydrazone Formation). The F(ab')2- 
carbohydrazide obtained as described above was mixed 
with the aldehydic CPG2 (0.8 mg of CPG2 for 1 mg of 
F(ab')2-carbohydrazide, which corresponds to about four 
aldehyde groups per hydrazide). The mixture was con- 
centrated in a Centriprep 10 concentrator to a final 
volume of about 700 pL and was then allowed to stand 
at room temperature for about 60 h, after which time i t  
was gel filtered (in two portions) on Superose 12 in 
phosphate-buffered saline (PBS: 8 g/L of NaCl, 0.2 g/L 
of KCI, 1.44 g/L of NazHP04-2H20, 0.2 g/L of KH2P04, 
pH 7.4) at a flow rate of 0.4 mumin. The fractions 
containing the conjugate were pooled and concentrated 
in a Centriprep 10 concentrator. The conjugate can be 
stored at -20 "C. The yield of the conjugation was 
typically about 33%. The overall yield of the conjugate 
preparation was 10-15% based on starting I& and 30% 
based on starting CPG2. 

RESULTS AND DISCUSSION 

Preparation of Aldehydic CPG2. An aldehyde 
group was introduced a t  the N-terminus of carboxypep- 
tidase G2. The homodimeric mutant, which had threo- 
nine N-terminal, was subjected to mild oxidation at pH 
8.3 (the pH of freshly prepared 0.1 M NH4HC03) with 
10 molar equiv of periodic acid per N-terminal Thr (i.e., 
20 equiv per molecule of the dimeric enzyme). The 
presence of the aldehyde was detected by the formation 
of a hydrazone with DAI-carbohydrazide: after 20 h at 
pH 4.6 and 37 "C, analysis by SDS-PAGE shows that 
while in a nonoxidized control, the enzyme still migrates 
as a single band at 41 kDa (Figure 2, lane 71, reaction 
with oxidized enzyme leads to two bands (lane 2-61, the 
lower band representing less than 50% of the staining 
intensity, corresponds to the unconjugated enzyme, while 
the upper band corresponds to the CPG2-DAI conjugate. 
This result shows that N-termini of both subunits of 
CPG2 are accessible to the oxidation and hydrazone 
formation with DAI-carbohydrazide. 



414 Bioconjugafe Chem., Vol. 5, No. 5, 1994 Werlen et al. 

The enzymic activity of CPG2 was not altered by the 
oxidation of N-terminal threonine: the specific activity 
of the oxidized enzyme was found to be 126 U/mg which 
is not significantly different from the 131 U/mg of the 
unoxidized mutant enzyme. It is thus possible to intro- 
duce an aldehyde a t  the N-terminus of the CPG2 without 
altering its activity. 

Both oxidized and unoxidized enzymes were analyzed 
by ESMS. For the unoxidized mutant enzyme, the 
observed mass (41 727.29 Da f 3.47) was in agreement 
with the expected mass (41 725.8 Da). For the oxidized 
enzyme, the observed mass (41 713.44 Da f 7.37) was 
significantly higher than the expected mass for the 
aldehydic protein (41 680.8 Da) and for the hydrated 
aldehyde (41 698.8), but was in agreement with the mass 
expected for the methanol hemiacetal of the aldehydic 
enzyme (41 713.8 Da). The hemiacetal was seen instead 
of the aldehyde because for ESMS analysis the samples 
were diluted to produce a solvent mixture containing 
water/methanoYacetic acid (49.5:49.5: 1, by volume). The 
oxidation of the N-terminal Thr to an aldehyde could thus 
be achieved without affecting other groups in the protein. 

Geoghegan and Stroh (1992) studied the oxidation of 
a peptide containing Tyr, His, Met, and Trp at slightly 
basic pH, such as we use: only methionine was seen to 
be affected, and that only to a very slight degree. 
Cysteine was not tested, but is not of interest here since 
CPG2 does not contain cysteine. To protect the six 
methionine residues contained in CPG2 (Minton et al., 
19841, the oxidation was performed in presence of a 30- 
fold excess of methionine. There were thus five molecules 
of free methionine for each methionyl residue in the 
protein and 3 mol of methionine per mole of periodate 
added. This tactic has been shown to prevent oxidation 
of the Met residues of G-CSF under similar conditions 
to those described here (Gaertner et al., 1993). 

It is important to avoid contamination of the oxidation 
solution by the glycerol present as a preserving agent on 
the concentrator membrane. The extensive washing 
procedure described is sufficient for this purpose, in that 
oxidation succeeded where it had previously failed with- 
out the wash. 

In other experiments (data not shown), variations in 
protein concentration (40 to 200 pmoVL in terms of 
N-terminal Thr), and excess of periodate (5 to 20-fold) 
gave similar results in the conjugation test with DAI- 
carbohydrazide and had no effect on the enzymic activity 
of the oxidized enzyme. The procedure described in the 
Experimental section was found to work routinely leading 
to a conjugation with DAI-carbohydrazide close to 90% 
as determined by SDS-PAGE. 
Preparation of F(ab)2-Carbohydrazide. The A5B7 

antibody, which is a murine IgGl K,  can be slowly 
digested to a F(ab‘)2 fragment with lysyl endopeptidase 
a t  pH 8.4. I t  is important to remove intact antibody at 
this stage because it is more difficult to remove it from 
the final conjugate. The F(ab’)e was thus purified by 
cation-exchange chromatography. After purification, the 
F(ab’)2 was transferred to a buffer with low salt to avoid 
any interference of sodium ions (from the salt gradient) 
with the reverse proteolysis: sodium ions are known to 
inhibit cleavage by lysyl endopeptidase (Ki = 15 mM, 
technical information sheet from Wako) even if this effect 
has not been proven for reverse proteolysis. 

Reverse proteolysis was then performed as described 
in the Experimental Section. The conditions are the 
optimal conditions of (Fisch et al., 1992). I t  is important 
to keep the F(ab‘)2-carbohydrazide, once isolated, in the 
presence of a large excess of Trasylol to avoid the action 
of traces of lysyl endopeptidase which would cleave the 
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Figure 3. SDS-PAGE analysis of the conjugation of F(ab’)2- 
carbohydrazide with oxidized CPGB: lane 1, F(ab’)p-carbo- 
hydrazide with unoxidized CPGB; lane 2, control F(ab’)2 (reverse 
proteolysis with Trasylol instead of lysyl endopeptidase) with 
oxidized CPGB; lane 3, F(ab72-carbohydrazide with oxidized 
CPGB; lane 4, F(ab’)p; lane 5, IgG; lane 6, purified conjugate; 
lane 7, oxidized CPGB incubated with 1 equiv of carbohydrazide. 

carbohydrazide once the conditions forcing the equilib- 
rium in favor of synthesis (pH 5.5 and 2.5 M carbo- 
hydrazide) no longer remain. 

Typically, the incorporation of carbohydrazide obtained 
with antibody A5B7 is about 0.5 carbohydrazide per 
F(ab’)2, as determined by incorporation of “Fe labeled 
aldehyde. If, as expected, the distribution of F(ab’)2, 
F(ab’)2-carbohydrazide, F(ab‘)2-(carbohydrazide)2 fol- 
lows a binomial distribution, this corresponds to 56% of 
unmodified F(ab‘)e,37% of F(ab’)2-carbohydrazide, and 
6% F(ab’)2-(carbohydrazide)2. The species we are most 
interested in is the monocarbohydrazide derivative be- 
cause it should lead to a single conjugate with a mono- 
valent partner (see later). The yield of this species would 
be optimal a t  1 carbohydrazide per F(ab‘)2, but then the 
proportion of dicarbohydrazide derivative would be 25%. 
In principle, the unmodified F(ab)’2 can be recycled 
(recoupled with carbohydrazide) but this was not at- 
tempted. 

IgG, F(abY2, and F(abY2-carbohydrazide were analyzed 
by ESMS after reduction of disulfide bridges by dialysis 
in 10 mM dithiothreitol. In all three samples, two main 
signals were obtained corresponding to the light and 
heavy chain. The light chain had the same mass in all 
three samples (23 189-23 194 Da) indicating that the 
light chain is not modified by this procedure. The heavy 
chain mass was 26 416 Da in the F(ab)’a and 26 489 Da 
in the F(ab)’Z-carbohydrazide. The 73-Da difference 
between the two heavy chains is in agreement with the 
72-Da increment expected by the incorporation of one 
carbohydrazide. 
Conjugation. SDS-PAGE (see Figure 3, lane 3) 

shows that a conjugate with a mass of 147 kDa is 
produced when F( ab’)2 after reverse proteolysis is incu- 
bated with 1 equiv of oxidized mutant CPGB dimer (i.e., 
4 aldehyde per hydrazide) at pH 4.6 for 60 h at room 
temperature. In contrast, no conjugate is formed when 
the same F(ab’)2 is incubated with unoxidized CPG2 (lane 
1) or if oxidized CPG2 is incubated with F(ab’)2 that has 
been incubated in 2.5 M carbohydrazide as for reverse 
proteolysis but with the lysyl endopeptidase replaced by 
Trasylol (lane 2). 

When analyzed by gel filtration, the conjugation mix- 
ture gives the profile shown in Figure 4a: a shoulder (A) 
and three peaks (B-D). Gel electrophoresis of these 
fractions (Figure 4b) shows that peak B corresponds to 
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Figure 4. (a) Purification of the F(ab’)2-CPG2 conjugate on 
Superose 12: A, shoulder containing aggregated material and 
conjugates of higher molecular weight; B, peak containing the 
F(ab’12-CPG2 conjugate; C, peak containing unreacted F(ab)2 
and CPG2; D, Trasylol. (b) SDS-PAGE analysis of the Superose 
12 fractions of the conjugation: lane 1, peak C; lane 2, peak B; 
lane 3, shoulder A; lane 4, CPG2; lane 5, F(ab’)2. 

the conjugate (lane 2: observed 147 f 8 kDa, expected 
153 kDa). Since one of the two enzyme subunits is 
noncovalently linked to the conjugate, the other major 
band in lane 2, corresponding to free enzyme, was to be 
expected. Peak C corresponds to unreacted F(ab1’2 and 
CPG2 (lane 1). Electrophoresis for a shorter time (not 
shown) indicated that peak D contains the Trasylol 
(approx. 6 kDa) which was present to prevent the 
F(ab1’2-carbohydrazide being converted back to F(ab)’2 
by residual traces of protease. The shoulder A (lane 3) 
also contained a little conjugate and we suppose that it 
might in addition contain more complex conjugates 
where, for instance, two F(abY2 are linked to a CPG2 
dimer (or two CPG2 dimers linked to one F(abY2). 

If one incubates the oxidized enzyme with 1 equiv of 
carbohydrazide at pH 4.6, a new band is seen, cor- 
responding to an apparent M, of 83 kDa (Figure 3, lane 
7). The simplest explanation of this band is that  two 
aldehydic subunits (42 kDa) have been covalently linked 
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Figure 5. Characterization of the F(ab’)2-CPG2 conjugate by 
SDS-PAGE: lane 1, CPG2; lane 2, reduced and carboxy- 
methylated F(ab’)2; lane 3, reduced and carboxymethylated 
conjugate; lane 4, reduced and carboxymethylated I@; lane 5, 
reduced and carboxymethylated molecular weight markers. 

through hydrazone bonds by a single carbohydrazide 
molecule. Since the new component elutes from Superose 
12 under nondenaturing conditions at a position cor- 
responding to approximately 160 kDa, the most likely 
hypothesis is that it consists of two dimers linked by a 
single covalent bond: dissociation in SDS would then give 
both the 83-kDA and the 42-kDa band, which is what is 
seen. 

SDS-PAGE analyses of early preparations of the 
conjugate showed the same 83-kDa band to a quite 
significant extent (data not shown), and we concluded 
that some carbohydrazide had been introduced in the 
conjugate reaction mixture, having been noncovalently 
bound to the F(abY2-carbohydrazide sufficient tightly to 
accompany it on gel filtration. The experiment described 
in the previous paragraph shows that very small quanti- 
ties of carbohydrazide would be enough to promote the 
formation of the cross-linked byproduct. The noncovalent 
binding must be quite strong, since repeated gel filtration 
did not suffice to solve this problem. Therefore, based 
on the structural similarity between carbohydrazide (CO- 
(NHNH2)2) and urea, we sought to displace the carbo- 
hydrazide by pretreatment of the F(abY2-carbohydrazide 
with a dilute solution of urea (10 mM). This operation 
had the hoped-for result, effectively abolishing the 83- 
kDa band in analyses of the conjugate. I t  was essential 
to carry out this urea treatment, since the cross-linked 
enzyme coelutes with the conjugate on gel filtration (data 
not shown) and it would have persisted as a contaminant. 

Characterization of the Conjugate. The purified 
conjugate was also analyzed by reducing SDS-PAGE 
(Figure 5). On reducing SDS-PAGE (Figure 5 lane 3) 
the conjugate shows, as expected, four bands: one at 70 
f 5 kDa corresponding to the truncated heavy chain 
linked to a CPG2 subunit, a second a t  41 kDa cor- 
responding to the noncovalently bound CPG2 subunit, a 
third a t  28 f 2 kDa corresponding to the unconjugated 
truncated heavy chain (present in reduced F(ab‘)2, lane 
2, but not in reduced IgG, lane 41, and a fourth at 26 f 
2 kDa corresponding to the intact antibody light chain 
(present in reduced F(ab’)2 and in reduced IgG). 

The majority of the conjugate appears to have the 
wanted structure of one F(ab’)z linked to one CPG2 dimer. 
On strong overloaded nonreducing gels, (a faint band 
seen a t  185 kDa indicates some small quantities of larger 
structures (two molecules of F(ab’)2 or two of CPG2 
dimer). Given the fact that there are two aldehydic 
groups per CPG2 dimer (one per subunit) and some 
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Figure 6. Stability of the F(ab'I2-CPG2 conjugate. The 
conjugate (1.4 mg/mL in PBS, pH 7.4) was incubated at 37 "C 
for the indicated time and then analyzed on Superose 12. 
F(ab')2 molecules have two carbohydrazide groups, it is 
not surprising to see them. That they are found in only 
relatively small amounts is probably due to steric hin- 
drance between the close pairs of identical reactive 
groups. 

Figure 6 shows the stability of the conjugate when 
incubated at 37 "C at pH 7.4. Peak B (the conjugate with 
the one F(ab')z linked to one CPGB dimer stucture) 
diminishes slowly in favor of the shoulder, suggesting 
that an equilibrium exists between the wanted conjugate 
and conjugates of higher molecular weight. After 1 day 
or more, both peak B and the shoulder decrease in favor 
of peak C suggesting that the hydrazone bond is very 
slowly hydrolyzed. No significant changes are seen on 
SDS-PAGE after up to 24 h at pH 7.4 and 37 "C (data 
not shown). The rate of decomposition is slow enough 
not to be an obstacle to the use of the conjugate in 
ADEPT. Indeed, preliminary experiments in the nude- 
mouse xenograft system (data not shown) show a clear 
therapeutic effect of this conjugate. 
As a confirmation of the proposed structure of the 

conjugate, Figure 7 shows that the bond between the 

1 2 3  

-coni. 

-F(ab')t 

-CPG2 

Figure 7. SDS-PAGE analysis of the digestion of the conju- 
gate. F(ab'k-CPG2 (1.2 mg/mL) was incubated with lysyl- 
endopeptidase (1% w/w) in PBS (pH 7.4) at 37 "C: lane 1, 60 
min; lane 2,30 min; lane 3, undigested conjugate. 

F(ab')2 and the CPGB is the one most susceptible to lysyl 
endopeptidase in the conjugate: it can be cleaved by 1% 
Achromobacter protease in 30 min before the CPGB is 
degraded. Under these conditions, the F(ab')p is resistant 
to proteolysis. 

The enzymic activity of the conjugate was found to be 
45 U/mg conjugate which corresponds to 101 U/mg CPG2. 
This represents 75% of the activity of the unmodified 
mutant CPG2. 

The binding activity of the conjugate was found to be 
122 f 43% (mean f SD for 4 conjugate samples) in a 
competitive binding assay where the ability of the 
conjugate to compete with binding of an A5B7-alkaline 
phosphatase conjugate to CEA is compared with intact 
A5B7. Thus, the A5B7 F(ab')2-CPG2 conjugate prepared 
by reverse proteolysis retains full binding activity. Simi- 
lar conjugates prepared using conventional linker tech- 
nology only retain approximately 70% binding activity 
in this assay suggesting that the head-btail conjugation 
described here leads to improved retention of antigen 
binding activity over conventional linker technology. 

CONCLUSION 
The linking of a large antibody fragment to a homo- 

dimeric enzyme can potentially yield a very complex 
mixture of products. Restriction of protein modification 
to the C-terminus of the heavy chain of the antibody 
fragment, and to the N-terminus of the enzyme subunit, 
limits the number of possible products and permitted us 
to prepare a head-to-tail immunoconjugate between a 
F(ab')z-like fragment of the monoclonal anti-CEA murine 
IgGl A5B7 and a mutant of carboxypeptidase G2 with 
retention of both the antigen binding and the enzymic 
activity. 
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Glutaramyl-/?-alanyl Spacer Group for Haptenic Coupling to 
Proteins. Preparation of Immunogens for Antibody Production 
against Polychlorinated Biphenyls 
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By use of a glutaramyl-P-alanyl spacer group, a hapten for the polychlorinated biphenyl, 2,2',4,4',5,5'- 
hexachlorobiphenyl (l), viz., 2-amino-2',4,4',5,5'-pentachlorobiphenyl(2), was successfully conjugated 
to carrier proteins to provide immunogens with high haptedprotein molar substitution ratios (MSRs). 
The procedure allows for the incorporation of P-L3H1-alanine into the immunogen, thereby providing 
an accurate radiochemical method for the quantitative assessment of MSR. The use of the glutaramyl 
spacer group was prompted by the observation that the corresponding succinamyl group was subject 
to side reactions manifested by succinimide formation during the carboxyl activation step to  an 
activated ester for subsequent coupling to proteins, thus severely compromising the coupling yields. 
The glutaramyl-P-alanyl spacer group should be generally applicable for protein conjugation of any 
hapten with an amino functional group in the molecule. 

INTRODUCTION 
Polychlorinated biphenyls (PCB's), dioxins, and dichlo- 

rodiphenyltrichloroethane (DDT) are ubiquitous envi- 
ronmental contaminants that have very long elimination 
half-lives in animals and humans. Exposure to these 
compounds therefore results in an accumulated body 
burden that persists for months to years (1, 2). Since 
these PCB's are not only toxic (3, 4 ) ,  but induce the 
hepatic microsomal enzymes that metabolize xenobiotics 
(5 ) ,  their presence in tissues may lead to  adverse drug 
reactions andor premature inactivation of drugs in 
therapeutic use. It is anticipated that understanding the 
mechanisms responsible for the long elimination half- 
lives of PCB's and their toxicologic consequences may aid 
in the development of new strategies for diagnosis a n d  
or treatment of excessive exposure. 

We therefore wished to prepare PCB-specific antibody 
Fab fragments as pharmacokinetic probes to  study the 
redistribution of tissue-deposited 2,2',4,4',5,5'-hexachlo- 
robiphenyl (1, Chart 1). It has been reported that the 
succinamylated hapten 2, viz., N-(2',4,4',5,5'-pentachlo- 
robiphenyl-2-y1)succinamic acid (3), was successfully 
conjugated to  human serum albumin using a water- 
soluble carbodiimide to produce antibodies specific to 1 
(6). Using this procedure, we coupled 3 to  bovine serum 
albumin (BSA) and, after vigorous purification to remove 
low molecular weight products, attempted to  estimate the 
extent of hapten incorporation into BSA by UV spec- 
trometry as reported (6), but were unable to distinguish 
any differential UV absorption due to  overlapping bands. 
Moreover, when rabbits were immunized with this 
antigen, serum antibody titers to 1 were marginal, as 
determined in vitro by competitive ELISA and by bioas- 
say in rats. 
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nesota. 
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1994. 

We therefore studied this reaction in detail and found 
that difficulties are encountered in the use of the succi- 
namyl spacer group to link 2 to BSA. This was shown 
to be due to the propensity of the succinamyl group to  
side reactions during the coupling procedure, thus lower- 
ing the coupling yields or nullifying it entirely. These 
inherent problems with the succinamyl linker have not 
previously been described, and we wish to  alert other 
readers of this Journal of this potential pitfall. 

In its stead, we introduce the glutaramyl-P-alanyl 
spacer group for the successful conjugation of hapten 2 
to carrier proteins. The @-alanyl spacer not only extends 
the linker by four atoms but also allows for the incorpor- 
ation of radioactivity into the immunogen using P-[3H]- 
alanine, thereby providing an accurate quantitative 
measure of haptedprotein molar substitution ratios 
(MSRs). 

EXPERIMENTAL PROCEDURES 

Melting points were determined using a Fisher-Johns 
melting point apparatus and are uncorrected. 'H NMR 
spectra were recorded on either a Varian T-60A, Nicolet 
NT-300WB, or a Varian Gemini 300 spectrometer. IR 
spectra were recorded on Bio-ramigilab FTS-40 or 
Nicolet 740 FT-IR spectrometers, and a Kratos MS 25 
mass spectrometer was used to record the mass spectra. 
Elemental analyses were performed by Galbraith Labo- 
ratories, Inc., Knoxville, TN, or  M-H-W Laboratories, 
Phoenix, AZ. 

The following chemicals were purchased from commer- 
cial vendors: 2,4,5-trichloroaniline, 1,2-dichlorobenzene, 
anhydrous toluene, anhydrous acetonitrile, anhydrous 
ethyl acetate, 1,3-dicyclohexylcarbodiimide (DCC), glu- 
taric anhydride, N-hydroxysuccinimide, and p-alanine. 
Succinic anhydride was purified by sublimation before 
use. Bis(trimethylsily1)trifluoroacetamide (BSTFA) was 
purchased from Sigma Chemical Co., St. Louis, MO, and 
,B-[3-3H]alanine from DuPont NEN Research Products, 
Boston, MA. Silica gel GF plates (Analtech, Inc.) were 
used for TLC analyses. 2-Amino-2',4,4',5,5'-pentachlo- 
robiphenyl (2) was synthesized using procedures pat- 
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terned after those described by Newsome and Shields (6). 
Thus, 2,3',4,4',5-pentachlorobiphenyl was prepared by 
diazotization of 2,4,5-trichloroaniline and subsequent 
coupling to 1,2-dichlorobenzene and then nitrated to  give 
2-nitro-2',4,4',5,5'-pentachlorobiphenyl. The latter was 
reduced to  2 using stannous chloride and hydrochloric 
acid and isolated and purified by preparative TLC. 
N-(2',4,4',5,5'-Pentachlorobiphenylyl-2-yl~succi- 

namic Acid (3). To a solution of 2 (138.5 mg, 0.406 
mmol) and anhydrous toluene (8 mL) was added succinic 
anhydride (44.6 mg, 0.446 mmol), and the mixture was 
heated and stirred under reflux for 26 h. Since TLC 
analysis (methylene chloride:hexane, 1: 1) showed con- 
siderable unreacted amine remaining, additional succinic 
anhydride (42.2 mg, 0.442 mmol) was added, and the 
reaction was allowed to proceed for another 18 h. The 
solvent was then evaporated in vacuo to  give 236 mg of 
solids which contained succinic anhydride (by NMR 
analysis). This was removed (34.2 mg) by sublimation 
at 74 "C (50 mm Hg). The residual solids were recrystal- 
lized from ethyl acetate-hexane to give 104 mg (58.0% 
yield) of 3: mp 185-7 "C; IH NMR (CDC13, 300 MHz) 6 
8.38 (s, 1 H), 7.63 (s, 1 H), 7.38 (s, 1 H), 7.22 (s, lH), 7.01 
(s, 1 H), 2.72 (t, J = 6.3 Hz, 2 H), 2.50 (t, J = 6.3 Hz, 2 
H); IR (KBr) 3091, 1709, 1566, 1504, 1452 cm-'. Anal. 
Calcd for C I ~ H ~ ~ N O ~ C ~ ~ :  C, 43.53; H, 2.28; N, 3.17. 
Found: C, 43.47; H, 2.24; N, 3.17. A second crop, 49.7 
mg, had mp 185-7 "C (85.7% total yield). 
N-(3,4-Dichlorophenyl)succinamic Acid (9). A 

mixture of 3,4-dichloroaniline (0.64 g, 4.0 mmol), succinic 
anhydride (0.42 g, 4.2 mmol), and anhydrous toluene (20 
mL) was stirred and heated under reflux for 1.5 h. Most 
of the solids dissolved within the first 15 min of reflux, 
and the product precipitated soon thereafter. After the 
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mixture was cooled to  room temperature, the crude 
product (1.03 g) was collected and recrystallized from 
ethyl acetate-hexane (decolorized with C) to give 0.88 g 
(84% yield) of 9: mp 164-5.5 "C; IR (KBr) 3290, 3097, 
1699, 1666, 1589 cm-l; lH NMR (acetone-&, 300 MHz) 
6 9.52 (s, 1 H), 8.11 (s, 1 H), 7.53 (m, 2 H), 2.72 (s, 4 HI. 
Anal. Calcd for CloHgN03C12: C, 45.83; H, 3.46; N, 5.34. 
Found: C, 45.96; H, 3.58; N, 5.37. 
Reaction of N-(3,4-Dichlorophenyl)succinamic 

Acid (9) with DCC. A solution of 9 (0.26 g, 0.99 mmol) 
and anhydrous acetonitrile (20 mL) was cooled in an ice 
bath, and DCC (0.23 g, 1.1 mmol) was added all a t  once. 
Within 1 min following dissolution of the DCC, the 
reaction mixture became cloudy. The reaction mixture 
was stirred for 2 h in the ice bath and at  room tempera- 
ture for 15 min. The solids (dicyclohexylurea, DCU) were 
collected (0.17 g, 77% yield, mp 224-230 "C), the filtrate 
was concentrated in vacuo, and the residue was crystal- 
lized from ethyl acetate-hexane (additional 0.02 g of 
insoluble DCU was removed) to  give 0.12 g of crude 11; 
mp 180-7 "C; IR (Kl3r) 1708 cm-l (imide C=O). Further 
recrystallization from ethyl acetate-hexane gave 11 in 
two crops 0.04 g; mp 189-190 "C, and 0.06 g, mp 194-6 
"C (lit. (7) mp 194-6 "C, lit. (8) mp 171-2 "C); IH NMR 
(CDCl3, 300 MHz) spectra of both crops were identical 6 
7.53 (m, 2 H), 7.22 (m, 1 H), 2.92 (s, 4 H); EIMS mlz  = 
243 (MO+) with isotopic cluster consistent with two C1 
atoms (9); CIMS mlz  = 244 (MH+) with isotopic cluster 
consistent with two C1 atoms. Anal. Calcd for C10H7- 
N02C12, C, 49.21; H, 2.89; N, 5.74. Found: C, 49.41; H, 
2.96; N, 5.75. 
Reaction of N-(2',4,4',5,5'-Pentachlorobiphenyl-2- 

y1)succinamic Acid (3) with DCC. A solution of 3 
(58.0 mg, 0.131 mmol) in anhydrous acetonitrile (10 mL) 
was cooled in an ice bath, and DCC (30.5 mg, 0.148 mmol) 
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was added. After the mixture was stirred in the cold for 
1.5 h (a  white precipitate formed within the first 0.5 h) 
and at  room temperature for 2 h, the precipitate of DCU 
was collected, 21.2 mg (72% yield). The filtrate was 
concentrated in vacuo, and the residue was triturated 
with ethyl acetate. Additional DCU which did not 
dissolve (3.0 mg) was removed, the concentrated filtrate 
was applied to  a preparative TLC plate, and the plate 
was developed in chloroform. Visualization with UV (254 
nm) light showed three fluorescence quenching spots, one 
of which was at  the origin. Each band was removed and 
extracted with ethyl acetate, and the extract was con- 
centrated in vacuo. The most mobile band yielded 26.3 
mg of a solid which on recrystallization from ethyl 
acetate-hexane gave 18.6 mg of the succinimide 4: mp 
182-3 "C;l IR (KBr) 1722 (imide C=O), 1487,1456,1393 
cm-l; 'H NMR (CDC13, 300 MHz) 6 7.52 (s, 1 H), 7.48 (s, 
1 H), 7.40 (s, 1 H), 7.31 (s, 1 H), 2.69 (m, 4 H); EIMS 
isotopic cluster consistent for five C1 atoms (9) with the 
most intense peak at mlz  = 423 [(M + 2Yl; CIMS (iso- 
butane): isotopic cluster consistent for five C1 atoms with 
the most intense peak a t  mlz 424 [(MH + 2)+1. Anal. 
Calcd for C16HsN02C15: C, 45.38; H, 1.90; N, 3.31. 
Found: C, 45.65; H, 1.90; N, 3.32. The second most 
mobile band yielded 18.9 mg of solids which, on recrys- 
tallization from ethyl acetatehexane, gave 11.5 mg of 
compound 5: mp 195-9 "C; IR (KBr) 3014,2932,2853, 
1677, 1648 cm-l; 'H NMR (CDC13,300 MHz) 6 8.39 (s, 1 
H), 7.63 (s, 1 H), 7.56 (s, 1 H), 7.38 (s, 1 H), 7.22 (6, 1 
H),6.55 (s, 1 H), 2.69 (t, 2 H), 2.56 (t, 2 H), 1.48 (m, 22 
H); EIMS isotopic cluster consistent with five C1 atoms 
(9) with the most intense peak at  mlz  522 [(M + 2 - 
C6H11"l)'+]; CIMS (isobutane) isotopic cluster consis- 
tent with five C1 atoms (9) with the most intense peak 
at  m lz 523 [(MH + 2 - C6H11NCO)+]; FABMS (glycerol) 
isotopic cluster (5 C1) with most intense peak at  mlz 648 
[(MH + 2)+]. The third band at  the origin gave 4.4 mg 
of a white solid which was not characterized. 
N-(2',4,4',5,5'-Pentachlorobiphenyl-2-yl)gluta- 

ramic Acid (6). A solution of 2 (261 mg, 0.472 mmol) 
and glutaric anhydride (59.0 mg 0.518 mmol) in anhy- 
drous toluene (8 mL) was heated under reflux with 
stirring for 24 h. Solids formed when the reaction 
mixture was allowed to stand overnight at room tempera- 
ture. After the mixture was cooled in an ice bath, the 
solids were collected and dried in a vacuum desiccator 
to give 152 mg of crude 6. Recrystallization from ethyl 
acetate-hexane yielded 113 mg (52.6% yield) of 6: mp 

(s, 1 H), 7.38 (s, 1 H), 7.22 (s, 1 H), 6.81 (s, 1 H), 2.39 (t, 
J = 7 Hz, 2H), 2.30 (t, J = 7 Hz, 2 H), 1.93 (m, 2 HI. 
Anal. Calcd for C17H12N03C15: C, 44.82; H, 2.66; N, 3.07. 
Found: C, 45.02; H, 2.73; N, 2.97. 

N-(  2',4,4',5,5'-Pentachlorobiphenyl-2-yl)gluta- 
ramic Acid N-hydroxysuccinimide Ester (7). To an 
ice-cooled solution of 6 (80.3 mg, 0.176 mmol) in anhy- 
drous acetonitrile (10 mL) was added with stirring DCC 
(40.4 mg, 0.196 mmol) followed 5 min later by N- 
hydroxysuccinimide (22.6 mg, 0.196 mmol). Solids ap- 
peared within 10 min after the addition of the N-hydrox- 
ysuccinimide. After 110 min, the solids were collected 
and washed with ethyl acetate (1 mL) to give 12.8 mg of 
DCU. The combined filtrate and wash were concentrated 

141-2 "C; 'H NMR (CDC13,300 MHz) 6 8.39 (s, 1 H), 7.63 

Goon et al. 

on a rotary evaporator to  give 141 mg of solid residue, 
which on recrystallization from ethyl acetate-hexane 
(additional 27.8 mg of DCU was removed giving a total 
of 41.6 mg or 94.5% yield) gave 86.1 mg of 7 (88.5% 
yield): mp 188-191 "C; lH NMR (CDC13,300 MHz) 6 8.35 
(s, 1 HI, 7.60 (s, 1 HI, 7.37 (s, 1 HI, 7.30 (s, 1 HI, 7.20 (s, 
1 H), 2.80 (s, 4 H), 2.61 (m, 2 H), 2.33 (t, 2 HI, 2.11 (m, 
2 H). 
N-(2',4,4',5,5'-Pentachlorobiphenyl-2-yl)glu~amyl- 

@-alanine (8). A mixture of ,8-alanine (10.8 mg, 0.121 
mmol), BSTFA (35 mL, 0.13 mmol), and anhydrous 
acetonitrile (5 mL) was heated under reflux with stirring 
for 0.5 h. Additional BSTFA (35 mL) was added, and 
the reaction was allowed to proceed for another 40 min. 
After the mixture was cooled in an ice bath, a solution of 
the N-hydroxysuccinimide ester 7 (50.0 mg, 0.0905 mmol) 
in anhydrous ethyl acetate (6 mL) was added all a t  once, 
and the reaction mixture was stirred with cooling for 1 
h and at  room temperature for 1 h. Solids (4.1 mg) which 
had formed were removed by filtration, and the filtrate 
was concentrated in vacuo to give 102 mg of a slightly 
yellow oil. To this was added water (5 mL), and the 
mixture was stirred for 1 h to solvolyze the silyl ester 
and then extracted with ethyl acetate (3 x 10 mL). The 
extract was dried (NazS04) and concentrated in vacuo to 
give 69.9 mg of solids mixed with oil. Recrystallization 
(twice) from ethyl acetate-hexane gave 34.8 mg of 8 
(73.0% yield): mp 202-204 "C; IH NMR (300 MHz, CD3- 
OD) 6 7.89 (s, 1 H), 7.74 (s, 1 H), 7.52 (s, 1 H), 7.44 (s, 1 
H), 3.39 (t, 2 H), 2.48 (t, 2 H), 2.24 (t, 2 HI, 2.13 (s, 2 HI, 
1.79 (m, 2H). Anal. Calcd for C Z O H ~ ~ N Z O ~ C ~ ~ :  C, 45.61; 
H, 3.25; N, 5.32. Found: C, 45.79; H, 3.50; N, 5.35. 
N-(2',4,4',5,5'-Pentachlorobiphenyl-2-yl)glutaramyl- 

/l-[3-3Hlalanine. @-[3-3Hl-Alanine (0.0540 pmol, 92.60 
Ci/mmol) in 2% aqueous ethanol (5.0 mL) was mixed with 
unlabeled @-alanine (10.7 mg, 0.120 mmol), and the 
mixture was lyophilized. The coupling procedure above 
was followed except that HzO (3 mL) and 10% aqueous 
Na~C03 (3 mL) were used to solvolyze the intermediate 
silyl ester for approximately 15 min. The mixture was 
then adjusted to  pH 2 with 2 M HC1 and worked up as 
above. Recrystallization of the crude product from ethyl 
acetate-hexane gave 23.9 mg of radioactive 8 (50.1% 
yield, sp act = 4.35 mCi/mmol). A second crop, 9.9 mg 
(20.8%), was obtained by concentration of the filtrate. 
TLC (n-PrOH:HZO (7:3) or CHCl3:HOAc (4:l)) showed 
only one spot for both crops. 

RESULTS AND DISCUSSION 

Spacer groups are often used to separate a xenobiotic 
hapten from the carrier protein in order to  facilitate the 
production of antibodies to the xenobiotic substance (1 0). 
The function of such groups is to hold the hapten away 
from the protein to  which it is covalently bonded so that 
the lymphocytes can distinguish this antigenic determi- 
nant from the protein, thus producing antibodies specific 
to  the epitope. The succinamyl group is one such 
commonly used linking group (11-14), and we have 
alluded to our unsuccessful attempts to prepare anitbod- 
ies against 1 using the succinamyl linker group to join 
the hapten 2 to serum albumin. 

At that juncture, we envisioned that extension of the 
succinamyl spacer group with a @-alanyl linker might 
achieve two goals, viz., (a) a more potent immunogen 
might result due to this four-atom extension, and (b) 
radioactivity could be incorporated into this extended 
linker for the quantitative assessment of the degree of 
conjugation to  carrier protein. Since the multistep 
synthesis of hapten 2 (6) was labor intensive and its 
supply was limited, N-(3,4-dichlorophenyl)succinamic 

A succinimide, ostensibly compound 4, was reported to be 
produced when 2 was reacted with succinic anhydride in the 
presence of H&04 (6). However, no physical chemical properties 
of this succinimide were reported. In fact, these authors actually 
prepared 3 by hydrolysis of the succinimide with methanolic 
NaOH. 
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acid (9, Chart 1) was prepared as a model compound 
(albeit with a less sterically hindered amino group) to 
work out the chemical procedures involved. However, 
several attempts to prepare the N-hydroxysuccinimide 
ester of compound 9 (for subsequent coupling to /?-ala- 
nine) by reacting it with DCC in the presence of N- 
hydroxysuccinimide had either very limited success or 
failed to yield the desired ester. Reactions between 
compound 9 and 1-hydroxybenzotriazole in the presence 
of DCC in acetonitrile or dimethylformamide also failed 
to  yield the desired ester. Activation of compound 9 with 
isobutyl chloroformate using triethylamine or 4-(di- 
methy1amino)pyridine as base followed by reaction with 
trimethylsilylated p-alanine was also not successful in 
yielding the desired compound 10. Small-scale attempts 
to prepare the N-hydroxysuccinimide ester of the succi- 
namylated PCB hapten 3 also failed. 

It was observed that when DCC was added to a 
solution of compound 9 in acetonitrile, solids formed 
within minutes after mixing even before the addition of 
N-hydroxysuccinimide. These solids were identified to 
be dicyclohexylurea (DCU) on the basis of the melting 
point and IR spectrum, suggesting that DCC was effect- 
ing the cyclodehydration of the succinamylated compound 
9. Indeed, workup of the filtrate gave a solid whose IR, 
NMR, and mass spectra were consistent with the suc- 
cinimide 11. When 3 was treated similarly with DCC 
in acetonitrile, the succinimide 4 as well as the N- 
acylated dicyclohexylurea 5 were produced. These prod- 
ucts were isolated by preparative TLC and characterized 
by their IR, NMR, and mass spectra and also by elemen- 
tal analyses for 11 and 4. 

The IR spectra of compounds 11 and 4 exhibited 
intense carbonyl bands at  1708 and 1722 cm-', respec- 
tively, characteristic of succinimides, while their NMR 
spectra showed marked shifts in the positions of some of 
the aromatic protons relative to the parent succinamic 
acids as might be expected by their proximity to  the 
succinimide carbonyls. Finally, the E1 and GI mass 
spectra of compounds 11 and 4 showed the correct 
calculated molecular ions and characteristic isotopic 
clusters near their molecular ions due to  the presence of 
multiple chlorines (9); moreover, the E1 mass spectrum 
of 11 was in good agreement with a published spectrum 
(8) .  

The mechanism of formation of these products is 
outlined in Scheme 1. It is generally accepted that the 
initial adduct between DCC and the carboxylic acid t o  
be activated is an 0-acylisourea (step a), but 0,N- 
intramolecular acyl migrations to  produce N-acylureas 

5 

+ 

0 
4 0 1  11 DCU 

(step b, compound 5) have also been shown to occur (15). 
However, succinimides such as 11 and 4 have not been 
reported as byproducts of the reaction of carbodiimides 
with succinamylated compounds (11, 13, 14). We recog- 
nize, of course, that these succinimides can only be 
formed from hemisuccinylated primary amines. It is 
likely that the formation of the stable succinimides 11 
and 4 from 9 and 3 during the carboxyl activation step 
abrogated the formation of the desired activated N- 
hydroxysuccinimide esters and, by analogy, may have 
interfered in the coupling of the succinamylated hapten 
3 with BSA. 

Having recognized this unique problem with the suc- 
cinamyl spacer group, we investigated the use of the 
homologous glutaramyl spacer group and found that 
under similar conditions the glutaramylated model com- 
pound 12 readily coupled to ,&alanine in good yield. 
Application of this reaction to 6 yielded the glutaramyl- 
/?-alanyl-extended hapten 8 which when coupled to  car- 
rier proteins by use of a water-soluble carbodiimide 
resulted in the preparation of highly potent immunogens 
(16). 

Thus, 2-amino-2',4,4',5,5'-pentachlorobiphenyl(2) was 
condensed with glutaric anhydride to give the glutaramyl 
derivative 6. Compound 6 was treated with DCC and 
N-hydroxysuccinimide to give the activated ester 7, which 
in turn was reacted with trimethylsilylated p-alanine 
or 3H-labeled /?-alanine to  produce the unlabeled or 
radiolabeled compound 8. These reactions proceeded in 
acceptable to excellent yields. When radiolabeled com- 
pound 8 was conjugated with keyhole-limpet hemocyanin, 
thyroglobulin, and BSA, MSRs of 371:1, 39:1, and 29:1, 
respectively, were achieved. The use of these immuno- 
gens to  prepare antibody Fab fragments and application 
of the latter in the study of the pharmacokinetics of the 
redistribution and urinary excretion of PCB 1 in rats are 
being reported elsewhere (I 6). 

In summary, we have shown that the glutaramyl-P- 
alanyl spacer group is a highly satisfactory linker arm 
with general applicability for the conjugation of haptens 
that contain an amino functional group to carrier proteins 
and is amenable to  incorporation of radioactivity in the 
linker for the quantitative assessment of the degree of 
conjugation. The succinamyl group, on the other hand, 
can lead to  byproduct formation during the activation/ 
coupling step which obviates the formation of viable 
coupling products. 
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Characterization of Ribosome-Inactivating Proteins Isolated from 
Bryonia dioica and Their Utility as Carcinoma-Reactive 
Immunoconj ugates 
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Two ribosome-inactivating proteins (RIPs) were isolated and characterized from the roots of Bryonia 
dioica. One of these was a novel 27-kDa protein termed bryodin 2 (BD2), while the second was a 
previously reported RIP, referred to here as bryodin 1 (BD1). The amino-terminal sequence obtained 
for BD2 was similar, but distinct from BD1, ricin A chain, trichosanthin, and momorcharin. BD2- 
specific monoclonal antibodies were generated and found not to react with BD1 or ricin A chain. 
Purified BD1 and BD2 RIP inhibited protein synthesis in a cell-free in vitro translation assay at  ECb0 
values of 7 and 9 pM, respectively. Intravenous administration of BD1 was less toxic to mice than 
BD2, with LDb0 values of >40 for BD1 and 10-12 mgkg for BD2. Primary human endothelial cells 
were 5-8-fold less sensitive to BD1 and BD2 than compared to ricin A chain. BD1 and BD2 were 
constructed as immunoconjugates with the chimeric form of BR96 (chiBR961, a carcinoma-reactive, 
internalizing antibody. ChiBR96-BD1 and chiBR96-BD2 were found to bind to and kill BR96 antigen- 
positive carcinoma cells while not killing antigen-negative carcinoma cells. Bryodins represent RIPs 
that may be useful in constructing immunotoxin conjugates with reduced toxicity and vascular 
sensitivity, as compared to ricin A chain immunotoxins. 

INTRODUCTION 
Plant ribosome-inactivating proteins (R1Ps)l have been 

placed into two groups based on their structure (1, 2). 
Type I RIPs (Le., gelonin, saporin, and trichosanthin) 
contain a single chain that has enzymatic activity but 
no binding domain. Type I1 RIPs (i.e., ricin and abrin) 
contain two chains, an A chain that is catalytically active 
and a B chain that contains a cell binding domain and 
lectin properties, and are thereby cytotoxic to many cell 
types. Both types of RIPs inhibit protein synthesis by 
inactivating the 60s subunit of eukaryotic ribosomes 
through cleavage of the N-glycosidic bond of adenine at  
position 4324 of 28s rRNA (3-6). 

The ribosome-inactivating protein bryodin (BD) was 
initially identified as a 30-kDa type I RIP isolated from 
the plant Bryonia dioica (7). Three additional species 
from the plant family Cucurbitaceae have also been found 
to contain RIPs, Momordica charantia (8-101, Tricho- 
santhes kirilowii (11-15), and Luffa cylindrica (16-18). 
The RIPs identified from these plants include a- and 
P-momorcharin (a-MMC, P-MMC) from Momordica cha- 
rantia; trichosanthin (TCS), a-trichosanthin (a-TCS), and 
trichokirin from Trichosanthes kirilowii; and a-luffin, 
luffin-a, and luffin-b from Luffa cylindrica. All of these 
proteins display properties that are characteristic of Type 
I RIPs, namely a single-chain protein of approximately 
25-30 kDa, and an isoelectric point ranging between 9.0 
and 10.0 (1,2). 

The linkage of toxic proteins including ribosome- 
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inactivating proteins isolated from plants and bacterial 
toxins with antibody molecules results in antigen-specific 
cytotoxic agents referred to as immunotoxins (19). Im- 
munotoxins have been prepared using a variety of RIPs, 
including BD (7,20-22), ricin (23,241, saporin (25), and 
pokeweed antiviral protein (26). Type I RIPs offer 
advantages over Type I1 RIPS or bacterial toxins such 
as diphtheria toxin or Pseudomonas exotoxin A in that 
removal of the toxin-binding domain is not required to 
gain target selectivity (27). 

Ricin has been the most widely employed RIP for 
immunotoxin clinical trials. Despite the significant 
antitumor responses obtained in trials using ricin-based 
immunotoxins (281, there are still difficulties in admin- 
istering these reagents. One such difficulty is vascular 
leak syndrome, a common toxicity associated with ricin 
A chain-immunotoxins (29). Thus, the isolation of new 
RIPs that are less harmful to human vasculature may 
be useful in preparing immunotoxins that either cause 
no or reduced vascular leak syndrome. 

In this report, we describe the characterization of two 
novel RIP activities from the roots of Bryonia diozca. One 
of these, a newly isolated BD form referred to as BD2, 
was compared to  the previously identified form referred 
to as BD1 regarding N-terminal amino acid sequence and 
reactivity to  a BD2-specific monoclonal antibody. Ad- 
ditionally, i n  vitro protein synthesis inhibition activity 
(cell-free), in vitro endothelial cell sensitivity, and in vivo 
toxicity were determined for BD1, BD2, and the RIPs 
ricin A chain, pokeweed antiviral protein, and gelonin. 
Lastly, cell-killing activity in the form of BD1 and BD2 
immunotoxin conjugates with a carcinoma-reactive an- 
tibody were determined against four human carcinoma 
cell lines. 

EXPERIMENTAL PROCEDURES 

Reagents. 4-[(Succinimidyloxy)carbonyl]-a-methyl-a- 
(2-pyridyldithio) toluene (SMPT) and 2-iminothiolane (2- 
IT) were purchased from Pierce Chemical Corp. (Rock- 
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ford, IL). Hypoxanthine-aminopterin-thymidine was 
purchased from Sigma Chemical Corp. (St. Louis, MO). 
Gelonin, pokeweed antiviral protein-& and ricin A chain 
were purchased from Inland Laboratories, Inc. (Austin, 
TX). ABC immunoblot kits were purchased from Vector 
Laboratories (Burlingame, CA). Goat anti-mouse HRP 
was purchased from Tag0 (Camarillo, CAI. L3H1Leucine 
was purchased from New England Nuclear (Boston, MA). 
Gamma Bind Plus, CM-Sepharose, Blue-Sepharose, and 
S-Sepharose were purchased from Pharmacia (Uppsala, 
Sweden). TSK-3000 columns were purchased from Toso- 
Haas, Inc. (Philadelphia, PA). Chimeric BR96 mono- 
clonal antibody (chiBR96) was provided by Drs. I. and 
K. E. Hellstrom (30). 

Cell Lines and Culture Conditions. H3396 human 
breast carcinoma cells and H3747 and H3719 human 
colon carcinoma cells were provided by Drs. I. and K. E. 
Hellstrom, Bristol-Myers Squibb Pharmaceutical Re- 
search Institute (Seattle, WA). H3396 cells were derived 
from a metastatic human breast carcinoma. H3747 and 
H3719 cells were established from primary human colon 
carcinomas. The three tumor cell lines were established 
at  Bristol-Myers Squibb (Seattle, WA) and cultured as 
monolayers in IMDM supplemented with 10% FBS and 
1% penicillidstreptomycin. MDA-MB-453 human breast 
carcinoma cells were purchased from the American Type 
Culture Collection (Rockville, MD). Human aortic 
(HAEC), pulmonary artery (HPAEC), and umbilical vein 
(HUVEC) endothelial cells were purchased as primary 
cultures from Clonetics, Inc. (San Diego, CA) and cul- 
tured in endothelial growth medium (EGM). EGM is 
composed of modified MCDB 131 media, 10 ng/mL of 
EGF, 1.0 pg/mL of hydrocortisone, 2% FBS, 0.4% bovine 
brain extract, 0.05 mg/mL of gentamycin, 0.05 pg/mL of 
amphotericin-B. 

Purification of Plant Protein. Bryonia diozca roots 
were purchased from Poyntzfield Herb Nursery in Black 
Isle by Dingwall, Ross-shire, U.K. Total root protein was 
obtained from the roots of Bryonia dioica through a series 
of four steps: (1) the cleaned root sample was peeled, 
shredded, and homogenized in PBS (1 L per 550 g of plant 
material), (2) the slurry was stirred at  low speed for 16 
h at  4 "C and strained through cheesecloth, (3) the sample 
was centrifuged a t  5000g for 15 min at  4 "C to  remove 
large particulates followed by a second centrifugation at  
50000g for 20 min t o  clarify, and (4) the sample was 
filtered through a sterile 0.22-pm filter and dialyzed 
against 5 mM sodium phosphate buffer, pH 6.5. 

Plant proteins were purified based on charge and size 
differences using a five-step procedure: (1) the protein 
was applied to CM-Sepharose equilibrated with 5 mM 
sodium phosphate, pH 6.5, and eluted with a 0-0.3 M 
NaCl gradient, (2) chromatography fractions were evalu- 
ated by electrophoresis using 12% SDS-PAGE, (3) frac- 
tions containing 27-30-kDa protein bands were pooled 
and concentrated using a Centriprep 10 column (Amicon, 
Bedford, MA) to less than 8 mL, (4) the sample was 
applied to  a TSK-3000 column (size-exclusion) in an 
isocratic fashion using PBS as eluant, and ( 5 )  fractions 
were analyzed by electrophoresis using 12% SDS-PAGE. 
The fractions associated with 29- and 27-kDa bands were 
pooled and quantitated. 

The highest yield of intact BD RIPS was isolated when 
using younger root sections (root diameter 1 3  cm) and 
starting with approximately 235-652 g of root material. 
Elution of protein from CM-Sepharose resulted in ap- 
proximately 100-mg (fractions containing BD1 and BD2). 
A final yield of 10.5-21.6 mg of BD1 and 13.4-35.7 mg 
of BD2 was obtained following size-exclusion chromatog- 
raphy. 

Siegall et al. 

Amino Acid Sequence Analysis. Proteins were 
recovered from SDS-polyacrylamide gels by electroblot- 
ting onto a Problott membrane (Applied Biosystems, 
Foster City, CA) using a Mini-Transblot electrophoretic 
transfer cell (Bio-Rad Laboratories), as previously de- 
scribed (31). The membrane was stained with Coomassie 
brilliant blue and then destained, and the 29- and 27- 
kDa bands were excised for subsequent amino terminal 
sequence analysis. 

Samples were sequenced in a pulsed-liquid protein 
sequencer (Model 476A, Applied Biosystems) equipped 
with a vertical cross-flow reaction cartridge using manu- 
facturer-released cycle programs. (Pheny1thio)hydantoin 
amino acid derivatives were analyzed by reversed-phase 
HPLC with a PTH C18 column (Applied Biosystems) 
using a sodium acetateltetrahydrofuradacetonitrile gra- 
dient for elution (32). Data reduction and quantitation 
were performed using Model 610A chromatogram analy- 
sis software (Applied Biosystems). 

Generation of Monoclonal Antibodies to Bryodin 
Proteins. Four- to  six-week old female BALB/c mice 
were initially immunized with two subcutaneous injec- 
tions (0.1 mL) and one intraperitoneal injection (0.2 mL) 
of a 5050 mixture of purified BD protein (BD1 and BD2; 
200 pg total protein) and Ribi adjuvant (Ribi Immu- 
nochemical, Hamilton, MT), with Montanide ISA 50 oil 
(Seppic, Pans, France) followed by a 0.3-mL intraperi- 
toneal injection of BD protein, 60 pg, in ISA 50 oil on 
week 4 and then another 0.3-mL intraperitoneal injection 
of 60 pg of RIP protein on week 7 to boost immunization. 
Spleen cells from an immunized mouse were removed 3 
days after the final immunization and fused with the 
myeloma, Ag8.653, a t  a ratio of 3:l with 40% poly- 
(ethylene glycol) 1450. The fused mixture was plated in 
HAT (hypoxanthine-aminopterin-thymidine) medium with 
approximately 2 x lo6 thymocytes/mL (BALB/c) a t  0.2 
muwell into 10 96-well plates. 

Positive hybridomas were selected by ELISA. Briefly, 
Immulon I1 plates (Dynatech, Chantilly, VA) were coated 
with 0.3 pg/mL of BD1 or BD2 overnight a t  4 "C in 0.1 
muwell of carbonate buffer (0.1 M sodium carbonate/ 
sodium bicarbonate, pH 9.6). Plates were washed with 
phosphate-buffered saline (PBS), blocked with 200 pL/ 
well of specimen diluent (Genetic Systems Corp., Red- 
mond, WA) for 2 h a t  4 "C, and rewashed with PBS. 
Sample supernatant and specimen diluent (0.05 mL each) 
were added to each well, incubated a t  4 "C for 2 h, and 
washed three times in PBS. Goat anti-mouse HRP (0.1 
mL/well), used at  1:3000 dilution in conjugate diluent 
(Genetic Systems Corp.), was incubated for 1 h at  room 
temperature and washed four times before addition of 
0.1 muwell of substrate (TMB chromogen in buffered 
substrate; Genetic Systems) and further incubated for 10 
min. The reaction was stopped with 0.1 muwell of 1.3 
M HzS04 and the 0.d. quantified at  450 nm on a Biotek 
microplate reader (Winooski, VT). 

Positive hybridomas were cloned by two rounds of 
limiting dilution and retested for reactivity by ELISA as 
described above. Hybridomas that tested positive for 
BD2 were cultured in IMDM, 10% FCS, 1% penicillin/ 
streptomycin. Antibodies were purified from culture 
supernatant by affinity chromatography using Gamma 
Bind Plus antibody purification columns (Pharmacia). 
Protein concentration was determined by ODzso. 

Immunoblot analysis was used t o  confirm the specific- 
ity of purified anti-BD2 antibody 50-44-3. SDS-PAGE 
of BD1, BD2, ricin A chain, and gelonin was performed 
in duplicate using 12% gels. One of the gels was stained 
with Coomassie brilliant blue, and the other was trans- 



Characterization of Bryodins 

ferred to  nitrocellulose, probed with 1 pg/mL 50-44-3 
mAb, and detected using a mouse Vectastain ABC kit. 

In Vitro Protein Synthesis Inhibition Assay. In- 
hibition of protein synthesis was determined using a cell- 
free rabbit reticulocyte lysate translation system (Prome- 
ga Biotec, Madison, WI). Briefly, toxin proteins were 
mixed in a volume of 25 pL with rabbit reticulocyte lysate 
(70% of reaction volume), a mixture of all amino acids 
(minus leucine) a t  1 mM, 0.5 mCi/mL of [3H]leucine, and 
Brome Mosaic Virus RNA (33) as substrate (0.5 pg). The 
reaction was incubated at  30 "C for 5 min and terminated 
by adding 1 M NaOH, 2% HzOz. The translation product 
was precipitated using ice-cold 25% trichloroacetic acid 
(TCA) and 2% casamino acids on ice for 30 min. The 
radiolabeled proteins were harvested on glass fiber filters, 
rinsed with 5% TCA, rinsed with ethanol, dried, and 
quantitated using a scintillation counter. 

Toxicity of RIPs in Mice. Six- to eight-week old 
female athymic mice (ndnu)  were purchased from Har- 
lan Sprague-Dawley (Indianapolis, IN). Toxicity of BD1, 
BD2, ricin A chain, gelonin, and pokeweed antiviral 
protein was determined by intravenous (via the tail vein) 
administration. The purified RIPs were diluted in PBS 
to reach final administered doses of 1-40 mgkg, depend- 
ing on RIP used. Animals were monitored for a t  least 7 
days following injection of RIP. For comprehensive 
necropsy analysis, animals were intravenously injected 
with 20 mgkg BD RIP and sacrificed after 24 h and the 
tissues analyzed using gross and microscopic techniques 
by Dr. Denny Liggitt, University of Washington, Seattle, 
WA, Department of Comparative Medicine. 

Human Endothelial Cell Sensitivity to RIPs. 
Inhibition of protein synthesis by BD1, BD2, gelonin, 
pokeweed-antiviral protein, and ricin A chain on human 
endothelial cells was studied. Endothelial cells (lo5 cells/ 
mL) in EGM were added to 96-well flat bottom tissue 
culture plates (0.1 muwell) and incubated at  37 "C for 
16 h. Dilutions of RIPs (BD1, BD2, gelonin, pokeweed- 
antiviral protein, and ricin A chain) were made in EGM, 
and 0.1 mL was added to each well for 20 h at  37 "C. 
Each dilution was done in triplicate. The cells were 
pulsed with [3H]leucine (1 pCi/well) in leucine-free RPMI 
with 10% FBS, for an additional 8 h at  37 "C. They were 
then lysed by freeze-thawing and harvested using a 
Tomtec cell harvester (Orange, CT). Incorporation of [3H]- 
leucine into cellular protein was determined using an 
LKB Beta-Plate liquid scintillation counter. ECb0 is the 
amount of RIP required to inhibit 50% of protein syn- 
thesis as determined by L3HIleucine incorporation into 
cellular protein and represent averages of two to  three 
experiments done in triplicate. 

Immunotoxin Construction, Purification, and 
Binding Analysis. Chimeric BR96 (15.6 mg/mL) (30, 
34,351 was thiolated by addition of a 3-fold molar excess 
of 2-IT in 0.2 M sodium phosphate buffer (pH 8.0),1 mM 
EDTA for 1 h a t  37 "C. BD1 and BD2 (4.6 mg/mL) were 
derivatized with a %fold molar excess of SMPT in 0.2 M 
sodium phosphate buffer (pH 8.01, 1 mM EDTA at  room 
temperature for 60 min, and conjugation was done as 
previously described (36). 

Immunotoxin conjugates were applied to size-exclusion 
columns (TSK-3000) and separated from free toxin. The 
immunotoxin (180 kDa) and free antibody (150 m a )  
eluted together and were further purified by Blue- 
Sepharose affinity chromatography in 0.1 M sodium 
phosphate pH 7.0 (wash buffer) and adsorbed to  Blue- 
Sepharose (5 mL of resid5 mg of conjugate) for 16 h at  
4 "C. The mixture was packed in a 5-mL Econocolumn 
(Bio-Rad, Richmond, CA), and 1-mL fractions were eluted 
with a two-step gradient of increasing NaCl concentra- 
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tions in wash buffer (400 mM NaC1, step 1; 800 mM 
NaCI, step 2). Immunotoxin conjugates were quantitated 
at  OD280 (1.4 = 1 mg/mL) and analyzed by nonreducing 

BR96 immunoconjugates were tested for their ability 
to  bind BR96 antigen using H3396 human breast carci- 
noma cell membranes as previously described (37). 

Cytotoxicity Analysis of chiBR96-BD RIP Immu- 
notoxins. Tumor cells were plated onto 96-well flat 
bottom tissue culture plates (1 x lo4 cells/well) and kept 
a t  37 "C for 16 h. Dilutions of immunoconjugate or 
immunoconjugate components were made in culture 
media, and 0.1 mL was added to each well for 96 h at 37 
"C. Each dilution was done in triplicate. After treat- 
ment, the wells were washed twice with PBS, 200 pL/ 
well of 1.5 pM calcein-AM (Molecular Probes Inc., Eu- 
gene, OR) was added, and the plates were incubated for 
40 min a t  room temperature. Hydrolysis of calcein-AM 
by intracellular esterases yields the fluorescent product 
calcein. Following incubation with calcein-AM, fluores- 
cence was determined using a fluorescence concentration 
analyzer (Baxter Heathcare Corp., Mundelein, IL) a t  
excitatiodemission wavelengths of 485/530 nm. The 
results are presented as percent cell killing for each 
treatment [lo0 - [(sample signal - background signal)/ 
(maximal signal - background signal) 10011. The back- 
ground signal was measured from cells treated with 
Triton X-100, and the maximal signal was measured from 
nonimmunotoxin-treated cells. 

RESULTS 
Purification of 29- and 27-kDa Proteins from 

Bryonia dioica. Roots from Bryonia dioica were ho- 
mogenized in PBS and clarified by centrifugation and 
filtration. The total root protein was chromatographed 
using CM-Sepharose, and fractions were evaluated by 
SDS-PAGE (Figure 1 (left)). Fractions containing pro- 
teins migrating at  27-29 kDa were pooled (fractions 
9-15) and applied to a TSK-3000 column (Figure 1 
(right)). The peak fractions associated with the 29- and 
27-kDa bands were separated (fractions 58 and 63, 
respectively) and quantitated. SDS-PAGE was visual- 
ized with Coomassie-blue staining. 

Amino Acid Sequence of Bryodin Proteins. The 
amino terminal sequence of the 27- and 29-kDa proteins 
was determined. The 29-kDa protein had the same 
N-terminal sequence as previously reported for bryodin 
(71, herein referred to as bryodin 1 (BDl), while the 
sequence of the 27-kDa protein encoded the sequence of 
a novel RIP which we call bryodin 2 (BD2). Figure 2 
shows a comparison of the N-terminal amino acid se- 
quence of BD2 with previously identified plant RIPs. The 
N-terminus of BD2 has 48.3% homology with the A chain 
of the plant RIP ricin in a 29 amino acid overlap (BD2 
residues 1-29 and ricin A residues 7-35). BD2 is 
slightly less related to  BD1 and trichosanthin (TCS), with 
a 46.4% homology (amino acids 2-29 of BD2 and 1-28 
of both BD1 and TCS). Additionally, BD2 shares 39.3% 
homology with both a-momorcharin (a-MMC) and luffin 
a (Figure 2). 

Generation of mAbs Specific for BD2. BALB/c 
mice were immunized and boosted over a 7-week span 
with a mixture (5050) of BD1 and BD2, as described in 
the Experimental Procedures. Briefly, spleen cells were 
removed from an immunized animal, fused with Ag8.653 
myeloma cells, and plated in HAT medium. Hybridomas 
secreting anti-BD RIP antibodies were selected by ELISA 
using plates coated with BD1 or BD2. Two BD2-reactive 
antibodies were cloned by two rounds of limiting dilution 
and purified by antibody affinity chromatography. We 

SDS-PAGE . 
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Figure 1. Chromatography and SDS-PAGE analysis of protein isolated from Bryonia dioica. (Left) CM-Sepharose chromatography 
(0-0.3 M NaCl gradient) and Coomassie blue stained, 12% SDS-PAGE (reducing). Fractions containing 27 and 29 kDa protein 
bands were pooled (fractions 9-15) and concentrated. The smooth line tracing corresponds to eluted protein and the dashed line 
corresponds to the NaCl graient. (Right) TSK-3000 chromatography and analysis of concentrated 27- and 29-kDa protein. Absorbance 
a t  280 nm was determined. 

BD2 V D l N F S  L I G A T G A T Y K  T F l R N  
BD1 D V S F R  L S G A T  T T S Y G V F I K N  
R A  I F P K Q Y P  I l N F T  T A G A T  V Q S Y T  N F l R A  
a- MMC D V S F R  L S G A D  P R S Y G M F I K D  
TCS D V S F R  L S G A T S S S Y G  V F I S N  
Luffin a O V R F S  L S G S S  S T S Y S  K F l G D  

Figure 2. Amino acid sequence of 27-kDa (BD2) and 29-kDa 
(BD1) proteins isolated from Bryonia dioica. N-Terminal se- 
quences were determined from electroblotted plant protein, a s  
described in the Experimental Procedures. Comparison of BD2 
amino acid sequence with other plant RIPs sequences: RA = 
ricin A chain; a-MMC = a-momorcharin; TCS = a-trichosanthin. 

could not identify any BD1-reactive antibodies from the 
same fusion. 

Once antibodies were isolated that were reactive to 
BD2, the specificity of this interaction was investigated. 
One of the BD2 reactive antibodies (50-44-3) was tested 
by immunoblot analysis against BD1, BD2, ricin A chain, 
and gelonin. The 50-44-3 anti-BD2 antibody only recog- 
nized BD2, as determined by positive immunoblot stain- 
ing (Figure 3). A second antibody (50-43-1) that reacts 
similarly was also isolated, although 50-44-3 has a 
slightly higher level of reactivity with BD2 than does 50- 
43-1 (data not shown). 

Protein Synthesis Inhibition Activity of BD RIPS. 
Both isolated protein toxins, BD1 and BD2, were tested 
for inhibition of protein synthesis using a cell-free, rabbit 
reticulocyte lysate assay in which an exogenously added 
RNA transcript (Brome Mosaic Virus RNA) was used as 
a translation template for protein synthesis. BD1 and 
BD2 were found to be potent inhibitors of protein 
synthesis with EC5o values of 7 and 9 pM, respectively 
(Table 1). Three other plant ribosome inhibitory proteins 
were tested for protein synthesis inhibitory activity, 
gelonin, pokeweed antiviral protein, both type 1 RIPS 
similar to BD1 and BD2, and ricin A chain. These RIPs 
inhibited cell-free protein synthesis with EC50 values of 
42, 6, and 3 pM, respectively. 

A 
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Figure 3. SDS-PAGE (12%) and immunoblot analysis of BD 
RIPs (A) stained with Coomassie brilliant blue or (B) transferred 
to nitrocellulose and probed with anti-BD2 antibody 50-44-3: 
lanes 1, molecular weight marker; lanes 2, BD1; lanes 3, BD2; 
lanes 4, ricin A chain; lanes 5, gelonin. 

RIP Toxicity in Mice. The toxicity of BD1 and BD2 
was determined by intravenous administration into 
female athymic mice. Following administration, the 
animals were monitored for survival. The single dose 
LD50 for BD1 and BD2 was determined to be >40 mgkg 
and 10-12 mgkg, respectively (Table 1). For compari- 
son, the single-dose LDso was also determined for ricin 
A chain (5 mgkg), pokeweed antiviral protein (2.5 mg/ 
kg), and gelonin (>40 mgkg). 

Comprehensive necropsy revealed that liver toxicity 
was the cause of death in mice receiving lethal admin- 
istration (20 mgkg, i.v.) of BD2. Histopathologic analysis 
of tissue from injected animals showed liver lesions and 
elevated serum glutamic-oxaloacetic transaminase (SGOT) 
and serum glutamic-pyruvic transaminase (SGPT), in- 
dicative of liver damage (data not shown). No other 
toxicity was identified. 

Endothelial Cell Sensitivity to BD RIPs. Since 
ricin A chain is toxic to vascular endothelium, a finding 
which has been suggested to explain the vascular leak 
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Table 1. Protein Synthesis Inhibition and in Vivo 
Toxicity of Various RIPsa 
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BD1 7 > 40 
BD2 9 11 
RA 3 5 
GM 42 > 40 
PAP-s 6 2.5 

" I n  vitro protein synthesis inhibition in a cell-free rabbit 
reticulocyte translation assay. EC50 represents the amount of RIP 
required to  inhibit 50% of protein synthesis as determined by 
[3Hlleucine incorporation versus nontreated translation products. 
The EC50 results represents averages of two to three experiments 
done in duplicate. For LD50 determination, animals (20-25 g) 
were observed for survival for '7 days following intravenous 
injection of RIPS (in PBS vehicle). For each LD50 value, 10-40 
animals were used. RA = ricin A chain (from Ricinus communis; 
GM = gelonin (from Gelonium multiflorum); PAP-S = pokeweed 
antiviral protein-seeds (from Phytolacca americana). 

Table 2. Inhibition of Protein Synthesis in Primary 
Human Endothelial Cellsa 

EC50 OcM) 
RIP HPAEC HAEC HUVEC 

BD1 > 3  1.3 2 
BD2 1.65 1.3 1.5 
RA 0.38 0.24 0.4 
GM > 3  2.9 1.7 
PAP-s 2.3 0.2 0.4 

a HPAEC = human pulmonary artery endothelial cells; HAEC 
= human aortic endothelial cells; HUVEC = human umbilical vein 
endothelial cells. 

syndrome seen in patients given ricin A-immunotoxins 
(291, we determined the cytotoxic effects of BD1, BD2, 
gelonin, pokeweed antiviral protein, and ricin A chain 
against human endothelium. Cultured primary aortic, 
pulmonary, and umbilical vein endothelial cells (Clonet- 
ics, San Diego, CA) were exposed to  RIPS for 20 h, washed 
free of toxin, and pulsed with L3H1leucine for 8 h to  
measure cellular protein synthesis. The most potent 
RIPs at  inhibiting protein synthesis in endothelium were 
ricin A chain (0.24 pM) and pokeweed antiviral protein 
(0.2 pM), both against human aortic endothelium (Table 
2). BD1, BD2, and gelonin were able to inhibit cellular 
protein synthesis in endothelial cell cultures, but with 
5-8-fold less potency than ricin A chain or  pokeweed 
antiviral protein (Table 2). Comparing the five RIPs 
tested, BD1 and gelonin were overall the least potent in 
inhibiting protein synthesis in endothelial cell cultures. 

Binding of chiBR96-Immunoconjugates to H3396 
Membranes. Antigen binding activity of chiBR96-BD1 
and chiBR96-BD2 immunotoxin conjugates was studied 
using H3396 membranes. Bound chiBR96-immunotoxin 
was detected by goat anti-human antibodies as previously 
described (37). Both chiBR96-BD1 and chiBR96-BD2 
conjugates bound to H3396 membranes similarly to 
unconjugated chiBR96 antibody (Figure 4). A slightly 
increased binding activity in the conjugate may be due 
to the presence of chiBR96 aggregates caused by the 
conjugation procedure, since it has previously been shown 
that increased binding activity can be associated with 
dimers of chiBR96 (38). 

Cytotoxicity Analysis of chiBR96-BD Immuno- 
conjugates. Cell-killing activity of chiBR96-BD1 and 
chiBR96-BD2 immunoconjugates was determined by 
fluorescent measurement of calcein that is produced 
following a 96 h incubation of the immunotoxins with 
cells as described in the Experimental Procedures. Chi- 
BR96-BD1 and chiBR96-BD2 were found to be equally 
cytotoxic toward BR96 antigen positive H3396 and MDA- 
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Figure 4. Binding analysis of BR96-immunoconjugates. Bind- 
ing of BR96-immunoconjugates was determined using H3396 
cell membranes. Specific antigen binding was detected with goat 
anti-human IgG HRP. Data represents average of duplicate data 
points: D, chiBR96; 0, chiBR96-BD2; A, chiBR96-BD1. Ab- 
sorbance was measured at 405 nm. 
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IMMUNOCONJUGATE CONCENTRATION (pM) 

Figure 5. Cytotoxicity of BR96-BD1 and BR96-BD2 immu- 
noconjugates. Cell killing was determined following incubation 
of BR96-BD1 and BR96-BD2 immunoconjugates with H3396 
and MDA-MB-453 breast carcinomas (antigen positive), H3747 
colon carcinoma (antigen positive), and H3719 colon carcinoma 
(antigen negative) cells for 96 h. Cell killing was determined 
by measuring calcein-AM hydrolysis into fluorescent calcein: 0, 
chiBR96-BD2; A, chiBR96-BD1. 

MB-453 human breast carcinoma cells (EC5o = 100 pM 
and 600 pM, respectively) and H3747 human colon 
carcinoma cells (E& = 4000 pM) (Figure 5) .  H3719 
colon carcinoma cells, displaying undetectable levels of 
BR96 antigen, were relatively insensitive to both chi- 
BR96-BD1 and chiBR96-BD2 (E& > 5 x lo4  pM) 
(Figure 5). The cell lines tested were not sensitive to  
native BD1 and BD2 at  amounts > 1 x lo4 pm (data not 
shown). 

DISCUSSION 

The plant RIP bryodin, referred to as BD1 in this 
paper, was previously isolated and partially characterized 
from Bryonia dioica of the Cucurbitaceae family (7). It 
was found to be a single-chain Type I RIP of ap- 
proximately 30 kDa in size with an LD50 in mice of 12.1 
mgkg (39). Bryodin has been reported to inhibit the 
growth of HIV infected cells and to reduce HIV produc- 
tion (40). The N-terminal amino acid sequence of BD has 
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homology with other RIPs of the Cucurbitaceae family, 
specifically TCS and a-MMC (41). In this paper, two 
similar but distinct RIPs, BD1 and BD2, were identified 
and characterized from Bryonia dioica. 

Since BD2 was chromatographically separated from 
BD1, we were able to accurately evaluate the biological 
activities of both proteins. The N-terminal amino acid 
sequence of BD2 is more similar to ricin A chain than to  
BD1. Antibodies were generated that were specific for 
BD2 and not reactive with BD1 or ricin A chain (Figure 
3). This further demonstrated the uniqueness of BD2, 
since BD1 would have stained positive in Western 
analysis using the anti-BD2 mAb 50-44-3 if BD2 was a 
processed fragment of BD1. 

We determined that BD1, BD2, pokeweed antiviral 
protein, and ricin A chain were within %fold in terms of 
potency in inhibiting cell-free protein synthesis (Table 
1). In contrast, gelonin was more than 5-fold less potent. 
Pilot toxicology studies performed in mice determined 
that BD1 and gelonin were the least toxic RIPs tested. 
In fact, we were unable to establish an LD50 value for 
BD1 and gelonin with administrations up to 40 mgkg. 
An LD50 value of 10-12 mgkg was established for BD2 
(Table 11, with toxicity most likely due to  liver damage 
as seen histochemically by liver lesions and by increased 
liver protein in a blood chemistry screen (data not 
shown). Similar liver necrosis was also found in toxicity 
studies with other type I RIPs (22). Ricin A chain and 
pokeweed antiviral protein were considerably more lethal 
to mice than BD1, gelonin, or BD2 (Table 1) and, as a 
result, may be less desirable to utilize in immunoconju- 
gates constructed for clinical use. 

Vascular leak syndrome has been an obstacle in human 
clinical trials of immunotoxins. While it cannot be 
excluded that complications due to vascular leak are 
sometimes caused by antibody-mediated immunotoxin- 
binding to endothelial cells (or neutrophils releasing 
vasoactive substances), it has been demonstrated that 
ricin A chain is toxic to cultured endothelial cells and 
that this toxicity may cause vascular leak in vivo (29). 
The isolation of RIPS or toxins that have less direct effects 
on endothelial cells may reduce the toxicity of immuno- 
toxins. In cellular protein synthesis inhibition studies, 
BD1 and BD2 (and gelonin) were found to be ’5-fold less 
active versus cultured aortic endothelial cells than ricin 
A chain and pokeweed antiviral protein (Table 2). Con- 
tinued examination of BD1, BD2, and other RIPs or 
toxins, as well as the immunotoxins themselves, as to  
their effects on human endothelium, may ultimately 
enable immunotoxins to  be constructed with minimum 
possible side effects, especially vascular leak syndrome. 

Conjugates between chiBR96-BD1 and chiBR96-BD2 
were constructed using hindered disulfide linkers. Both 
immunoconjugates were purified and found to  be equally 
active in killing human carcinoma cells that display BR96 
antigen (Figure 5). Since the in vitro potency of BD1 and 
BD2 was similar, it was not unexpected that the conju- 
gates would have similar activity. Chimeric BR96 has 
previously been conjugated with a binding defective form 
of Pseudomonas exotoxin A (421, LysPE40, and found to  
inhibit protein synthesis in tumor cell lines that display 
BR96 antigen. BR96 has also been prepared as a single- 
chain immunotoxin fusion protein with PE40 (37,43,44)  
and as a drug conjugate with doxorubicin (45). 

Immunotoxin conjugates of BD1 and BD2, and ulti- 
mately antibody-BD1 or -BD2 fusion proteins con- 
structed by recombinant technology, perhaps requiring 
an appropriate translocation domain for activity, are of 
interest for therapeutic application in preclinical in vivo 
models. Both BD RIPs are less toxic in vivo than many 
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other RIPs including ricin A chain and pokeweed anti- 
viral protein, and they are more potent a t  inhibiting 
protein synthesis once inside cells than other RIPs 
including gelonin. This may provide for wider therapeu- 
tic windows than are possible with immunoconjugates 
using more commonly available toxins such as ricin A 
chain and pokeweed antiviral protein. 
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Targeting Glucose Oxidase at Aspartate and Glutamate Residues 
with Organic Two-Electron Redox Mediators 
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The bimolecular rate constants for the reactions of five organic two-electron redox mediators with 
reduced glucose oxidase (GOx) were determined by measuring voltammetric electrocatalytic currents 
at glassy carbon electrodes in the presence of excess glucose under anaerobic conditions. The mediators 
studied were thionine, brilliant cresyl blue, azure A, daunomycin, and dopamine, and the bimolecular 
rate constants for electron transfer between GOx and the oxidized mediator (M-l s-l) are 1.6 x lo4, 
4 .0  x lo2, 9.8 x lo2,  9.0 x lo3, and 1.2 x lo6, respectively. GOx was covalently derivatized using 
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide and N-hydroxysulfosuccinimide to  form amide bonds 
between the aliphatic primary amine groups on daunomycin and dopamine and carboxylate side chains 
of aspartate and glutamate residues. Derivatives with 2.5 i 0.1 daunomycin groups and 4 & 1 
dopamine groups were obtained, with activities of 50% and 75%, respectively, relative to native GOx 
in a dye-peroxidase assay. Although the daunomycin derivative did not show measurable intramo- 
lecular electron-transfer rates, the dopamine derivative rapidly transfers electrons from active-site 
FADHz groups to the oxidized (quinone) form of dopamine. Because the heterogeneous oxidation of 
dopamine is relatively slow, the currents measured at  +0.75 V vs Ag/AgCl were not a t  their limiting 
(plateau) values, and only a minimum value of the intramolecular rate constant (4.5 s-l) could be 
determined. This value is =- 20 times larger than values obtained for GOx-ferrocene derivatives in 
which surface lysine residues were covalently modified using identical coupling reagents and similar 
reaction conditions. This work shows that targeting GOx carboxylate groups with electron-transfer 
mediators may represent a promising approach to the design of reagentless glucose biosensors. 

INTRODUCTION 

Quantitative in vivo applications of amperometric 
oxidase-based biosensors generally involve the detection 
of HzO2 produced by oxidation at  high potential (-0.7-1 
V vs Ag/AgCl). Possible interference from species such 
as ascorbic acid in biological fluids is of a major concern 
at  such high potentials, and suitable membranes are used 
to prevent access of interfering species to  the electrode 
surface (1). However, this generally results in a decrease 
in the efficiency of HzOz oxidation at the electrode surface 
and escape of HzOz into the surrounding medium, which 
may be harmful over time. A second, more recent 
approach has been aimed a t  replacing oxygen as an 
electron acceptor by small molecular weight mediators 
such as ferrocenes which are readily oxidized at  lower 
potentials. For in situ applications two problems are 
foreseen using this approach. One is the containment 
of small freely-diffusing mediators while allowing access 
of the substrate, and the second is competition with 
molecular oxygen present in the sample. For glucose 
oxidase (GOx), the first problem has been addressed by 
binding the redox mediators either to an immobilized 
polymer (2) or directly to the enzyme (3-6). To circum- 
vent the second problem, it is necessary that the medi- 
ated reaction be rapid with respect to  the reaction with 
oxygen (6). 

Our studies toward reagentless glucose sensors based 
on GOx have focused on protein derivatization (6). GOx 
covalently modified with one-electron mediators, such as 
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ferrocenes (FC), undergoes anaerobic electrocatalytic 
oxidation in the presence of glucose according to  Scheme 
1: 

Scheme 1 

ki 
GOx-FAD-(FC), + glucose + H 2 0  - 

GOx-FADH,-(FC), + gluconic acid (1)  

GOx-FADH,-(FC), =+ 

GO~-FADH,-(FC),-,(FC+) + e- (2) 

k2 

GO~-FADH~-(FC),-,(FC+) - 
GOx-FADH*-(FC), + Hf (3) 

GOx-FADH*-(FC), == 
GOX-FADH*-(FC),-,(FC+) + e- (4) 

k3 

GOX-FADH*-(FC),-~(FC~) - GOx-FAD-(FC), + H+ 
( 5 )  

In this scheme, the fully reduced enzyme, GOx-FADH2- 
(FC),, undergoes two one-electron oxidations of the flavin 
adenine dinucleotide (FADHz), first to the semiquinone 
(FADH*) and then to  the quinone form (FAD), following 
one-electron electrochemical oxidation of a bound fer- 
rocene (FC) to ferricinium (FC+). In the presence of 
excess glucose, limiting electrocatalytic currents, i,,, are 
measured as a function of enzyme concentration to  
determine the intramolecular electron-transfer rate con- 
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stant, k ,  according to6 
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where F is Faraday's constant, A the electrode area, 
[GOXI* the total modified enzyme concentation, D w x  the 
diffusion coefficient of the modified enzyme, and k = k&J 

Targeting of GOx a t  lysine residues with carboxylic 
acid derivatives of ferrocene resulted in catalytically 
active products capable of intramolecular mediation6 
However, the observed intramolecular electron-transfer 
rate constants ( ~ 0 . 2  s-l) are 3 orders of magnitude too 
low to overcome the bimolecular reaction with oxygen. 
With these derivatives, the rate-limiting step involves 
electron transfer from the active-site flavin to  bound 
ferricinium groups; this conclusion was reached because 
electrocatalytic waves observed in the presence of excess 
glucose show facile heterogeneous electron transfer and 
well-defined plateau currents. The crystal structure of 
deglycosylated GOx (7) reveals large distances (223 A) 
between active-site FADFADH' prosthetic groups buried 
within the 160 kD homodimer and the 30 lysine residues 
located mainly on the hydrophilic surface of the enzyme, 
consistent with the slow intramolecular mediation ob- 
served for the lysine-targeted derivatives. 

Each GOx monomer possesses 66 amino acid residues 
with carboxylate side chains (aspartate and glutamate). 
Ten of these are located less than 16 A from the active- 
site flavin (7), so derivatization of GOx at  carboxylate 
groups with facile redox mediators should result in 
mediated FADHz oxidation rates that are faster than the 
competing bimolecular reaction with oxygen. 

We began our work toward carboxylate modification 
by measuring bimolecular electron-transfer rate con- 
stants for the oxidation of FADHz groups in GOx by 
mediators containing quinone or phenoxazine structures. 
Kulys and Cenas (8) have studied quinoidal mediators, 
and their work shows a linear relationship between the 
logarithm of the bimolecular rate constants for GOx 

and formal redox potential (quinone mediators with E"' 
values between 0.02 and 0.36 V vs NHE were studied); 
however, none of these mediators possesses functional 
groups that would allow covalent binding to GOx car- 
boxylate groups. The mediators studied in this work are 
shown in Figure 1; all possess primary amino groups that 
could be used to form amide bonds with protein carboxylic 
acid groups, and all undergo two-electron redox reactions 
in aqueous media. Two of these mediators, daunomycin 
and dopamine, were subsequently used for the covalent 
modification of GOx. The modified enzymes were char- 
acterized by measuring mediator:enzyme stoichiometry, 
aerobic activity relative to  native GOx, and anaerobic 
electrocatalytic behavior in the presence of excess glucose. 
Our results indicate that intramolecular electron transfer 
from FADHz to  the oxidized mediator is rapid in the case 
of dopamine-modified glucose oxidase; however, hetero- 
geneous electron transfer from enzyme-bound dopamine 
to  the glassy carbon electron surface is slow. 

EXPERIMENTAL SECTION 

Materials and Instrumentation. Glucose oxidase 
(Grade 11, E.C. 1.1.3.4 fromA. niger) was obtained from 
Boehringer Mannheim. Peroxidase (E.C. 1.11.1.7 from 
horseradish), l-ethyl-3-[3-(dimethylamino)propyllcarbo- 
diimide (EDC), and o-dianisidine dihydrochloride were 
obtained from Sigma. Daunomycin, dopamine, thionine, 
azure A, brilliant cresyl blue, and a-D-ghCOSe were 

(k2l'' + k3"')'. 

oxidation (ranging from 1.5 x lo3 to  1.5 x lo6 M-l s-l 1 

Dopamine 

HO 

W C H ,  Daunomycin 

\ / 

0 ti0 0 
I 

uac(i9 OH 

Figure 1. Structures of the two-electron mediators used in this 
work. 

purchased from Aldrich. N-Hydroxysulfosuccinimide 
(NHS) was obtained from Pierce. BioRad supplied 
Coomassie Brilliant Blue G-250 protein assay dye re- 
agent, sodium dodecylsulfate polyacrylamide gels (7.5%), 
bromophenol blue, and protein molecular weight mark- 
ers. Potassium phosphate (mono- and dibasic), anhy- 
drous FeC13, and platinum wire for auxilliary electrodes 
(0.5" diameter) were purchased from Fisher. Potas- 
sium citrate was obtained from Mallinckrodt. Glassy 
carbon working electrodes (0.30-cm diameter), AglAgC1 
reference electrodes, and polishing alumina (0.3 pm) were 
obtained from Bioanalytical Systems. Ultrafiltration 
membranes (YM 30, 30 000-MW cutof0 and cells were 
purchased from Amicon, and Sephadex G-15 gel filtration 
resin (5 1500 MW fractionation range) was obtained from 
Pharmacia. All solutions were prepared using nanopure 
water (Barnstead). 

UV-vis absorption spectra were recorded on a Cary 1 
double-beam spectrophotometer (Varian). A BAS-100A 
potentiostat (Bioanalytical Systems) and a conventional 
thermostatted (25 "C) three-electrode cell were used for 
voltammetric experiments. SDS-PAGE was done using 
a Mini-Protean I1 Cell (BioRad). 

Methods. Voltammetry. Immediately following gel 
filtration on a 1.5- x 10-cm column, 500 p L  of GOx 
solution (native or modified) was transferred to the 
electrochemical cell and deoxygenated under Nz. Deoxy- 
genated, mutarotated glucose solutions and deoxygenated 
solutions of free mediator, where required, were added 
to the cell with a gas-tight syringe. Voltammograms 
were recorded from 0.0 to  0.8 V vs AglAgC1 at  2 mV1s 
under a continuous Nz purge. Glassy carbon working 
electrodes were polished with an alumina slurry and 
sonicated prior to each run. 

Bimolecular rate constants were determined by 
voltammetry following consecutive dilutions of a solution 
of GOx, mediator, and 0.1 M glucose in 0.1 M phosphate 
buffer, pH 7.0, with a solution of 0.1 M glucose in the 
same buffer. For freely-diffusing, two-electron redox 
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mediators, the electrocatalytic plateau current, i,,, is 
related to the concentrations of mediator and GOx as 
shown below (9) 

Battaglini et al. 

Characterization of Covalently Modified GOx. Total 
protein concentrations were determined following gel 
filtration, using the Coomassie Blue dye-binding assay 
(13), with native GOx as a calibration standard, following 
the procedure recommended by BioRad. Mediator:GOx 
stoichiometries were determined spectrophotometrically. 
In the case of daunomycin-modified GOx, the molar 
absorptivities of free daunomycin at  476 nm (9620 M-l 
cm-'1 and 550 nm (5560 M-l cm-l) were used, and 
measurements were made on Nz-purged solutions of 
modified enzyme in 0.1 M glucose to  eliminate absor- 
bance due to FAD. Dopamine was determined at  584 nm 
(178 M-' cm-l) following color development in the reac- 
tion with the Fe(II1)-citrate complex;14 dopamine quan- 
titation was done after protein quantitation, so that 
dopamine calibration standards could be prepared with 
the same concentration of native GOx. In this assay, 100 
pI. of a stock solution containing 0.015 M FeC13 and 0.37 
M citrate (pH 7.0) was combined with 900 pL of a 
standard containing a known dopamine concentration 
and added native GOx in 0.1 M phosphate buffer, pH 7.0; 
after 5 min, A584 was measured. A typical dopamine 
calibration curve followed the equation A584 = 178- 
[dopamine] + 0.027, with R = 0.991. The catalytic 
activities of the modified GOx species were determined 
relative to native GOx, using the coupled peroxidase-o- 
dianisidine assay (15) in 02-saturated 0.1 M phosphate 
(pH 7.0) a t  23 "C. SDS-PAGE was used to  confirm that 
no crosslinking of GOx occurred during modification. 
Electrophoresis of samples (modified and native GOx) 
containing the tracking dye bromophenol blue was per- 
formed for 30 min a t  100 V, and the gels were stained 
with Coomassie Blue. 

i,, = ~FA[MI(D,~',,,[GOX])~'~ (7) 

where [MI and DM are the concentration and diffusion 
coefficient of the mediator, k'obs is the bimolecular rate 
constant for the two-electron oxidation of active-site 
FADH2 by mediator, and [GOxl is the concentration of 
catalytically active FAD (measured by UV-vis difference 
spectroscopy of the oxidized and fully reduced enzyme 
(10)). 

Rate constants for the intramolecular oxidation by 
covalently-bound mediator of active-site FADHz in GOx 
derivatives were determined as described above, but in 
the absence of free mediator. For rate-limiting intra- 
molecular electron transfer following the two-electron 
electrochemical oxidation of bound mediator (MHZ), eq 
11 describes the dependence of electrocatalytic current 
on enzyme concentration 

GOx-FAD-(MH,), + glucose + H,O - ki 

GOx-FADH,-(MH,), + gluconic acid (1) 

GOx-FADH,-(MHZ), == 

GOx-FADH,-(MH,),-,(M) + 2Hf + 2e- (8) 

k3 

GOX-FADH*-(MH~),-~(MH*) -.+ GOx-FAD-(MH,), 
(10) 

i,,, = ~FA[MGOX~(D,,J~,,,)~" (11) 

where MGOx is the covalently modified enzyme, D G O ~  is 
the diffusion coefficient of the enzyme, and hobs = kzkd 
( k z  + k3). Although the studied mediators are all capable 
of accepting two electrons in a single step, individual one- 
electron transfers are considered because the semi- 
quinone, FADH*, is known to exist (11). The derivation 
of this expression is very similar to  that reported for eq 
6.6 

Covalent Modification of GOx. ( a )  Daunomycin. To 
15 mL of 0.25 mM daunomycin and 10 pM GOx in 0.1 M 
phosphate buffer, pH 7.0, were added 300 mg of EDC and 
16 mg of NHS, yielding final concentrations of 100 mM 
EDC and 5 mM NHS. After the mixture was stirred at  
4 "C for 4 h, excess reagents were removed by ultra- 
filtration, followed by gel filtration on a 1.5- x 40-cm c01,- 
umn with 0.1 M phosphate buffer. The modified enzyme 
eluted in the first band, an aliquot of which was im- 
mediately studied by voltammetry, and the remainder 
stored at  4 "C. 

(b )  Dopamine. The same procedure was used for GOx 
modification with dopamine, except that the final reagent 
concentrations were 5 mM dopamine, 50 pM GOx, 100 
mM EDC, and 10 mM NHS, and the reaction was allowed 
to continue at  4 "C for 12 h. 

For both modification procedures, control reactions 
were carried out in the absence of EDC and NHS. These 
reactions were necessary to test for the adsorption of 
mediator to GOx, since this is known to  occur with 
hydroquinone sulfonate (12). 

RESULTS AND DISCUSSION 

Bimolecular rate constants for the reaction of native 
GOx with five two-electron mediators were determined 
so that a facile mediator could be chosen for the covalent 
modification of GOx. Voltammetric dilution experiments 
performed on anaerobic solutions containing excess glu- 
cose yielded a linear dependence of i,,/[M] on  GOX XI^'^, 
as expected from eq 7. Figure 2 shows these plots for 
dopamine and thionine, and the bimolecular rate con- 
stants for all five mediators are given in Table 1, along 
with their formal redox potentials and the potentials a t  
which i,, values were measured or estimated. The 
quinone form of dopamine is clearly the best mediator of 
the five, with a rate constant 2-4 orders of magnitude 
larger than the other mediators. At pH 7, however, E"' 
for dopamine is 0.17 V but a measurable current is 
observed only at  potentials '0.5 V, revealing irreversible 
electrochemical behavior indicative of slow heterogeneous 
electron transfer. Nonetheless, the broad electrocatalytic 
wave observed in the presence of GOx and glucose 
(Figure 3) approaches a diffusion-limited plateau a t  the 
measurement potential of +0.70 V, allowing a lower limit 
of 1.2 x lo6 M-l ssl to be estimated for k'obs using eq 7. 
More precise determinations of voltammetric plateau 
currents, and hence of klobs, would require applied 
potentials extreme enough to  oxidize amino acid and 
carbohydrate residues present in GOx. 

GOx was covalently modified with dopamine and 
daunomycin by amide bond formation between GOx 
carboxylates and the aliphatic primary amino groups 
present on the mediators. The activities and mediator: 
enzyme stoichiometries of these derivatives were mea- 
sured, and the results are summarized in Table 2. 
Control reactions performed in the absence of the EDC 
and NHS coupling reagents yielded active enzyme with 



Targeting GOx at Aspartate and Glutamate Residues Bioconjugafe Chem., Vol. 5, No. 5, 1994 433 

0.00 ’ I I I 

[GOx]”*, pM”* 

Figure 2. Plots of normalized voltammetric plateau current 
(immiIMl) against [GOx11/2 according to  eq 7: (W) [dopaminey 
[GOXI = 5.9, initial [GOxl = 20 pM; (A) [thioninel/[GOxl = 6.3,  
initial [GOXI = 23 pM. Voltammograms (2 mV/s) were recorded 
in 0.1 M phosphate buffer, pH 7.0, containing 100 mM glucose. 
The diffusion-limited electrocatalytic plateau was not reached 
using dopamine as a mediator, so i,, was approximated by the 
current measured at +0.70 V (see text). 

Table 1. Observed Bimolecular Rate Constants for the 
Oxidation of GOx by Freely-Diffusing Two-Electron 
Mediators (k’obs)” 

k’obs EO‘, V vs working potentiald 
mediator (M-I s-l) Ag/AgCl V vs Ag/AgCl 

brilliant cresyl blue 4.0 x lo2 -0.27b -0.15 
azure A 9.8 x 102 -0.22b -0.25 
thionine 1.6 x 104 - 0 . w  -0.10 
dopamine 1.2 x lo6 +0.17C +0.70 
daunomycin 9.0 103 + o w  +0.60 

Experimental conditions: 0.1 M phosphate buffer, pH 7.0; 
initially, [MI RZ 1.0 x M; scan rate 
= 2 mV/s; T = 25 “C; k’obs from eq 7. Values were estimated from 
the average of the anodic and cathodic peak potentials in aqueous 
phosphate buffer (0.1 M, pH 7.0) in the absence of Gox. Reported 
by Tse and Kuwana (17). Voltammetric electrocatalytic plateau 
currents (i”) were observed at  these working potentials for all 
the mediators except dopamine (see text). 

no detectable mediator following gel filtration, indicating 
that neither daunomycin nor dopamine adsorb to GOx, 
unlike hydroquinone sulfonate (12). SDS-PAGE showed 
that no crosslinking of GOx occurred during the coupling 
reactions. Attempts to modify GOx with the phenoxazine 
mediator thionin in a similar reaction were unsuccessful, 
probably because the aromatic amine group of thionin is 
a poor nucleophile. Only strong nucleophiles, such as 
aliphatic primary amines, are reactive toward the NHS 
ester intermediate formed in the GOx coupling reaction. 

It is interesting to compare the extent of GOx carboxy- 
late derivatization with amine-containing mediators to 
results obtained previously for the targeting of lysines 
with carboxylate-containing mediators, since the same 
coupling chemistry was used in both studies. Our 
previous work showed that ferrocenemonocarboxylic acid 
can be covalently bound to 12 of the 32 primary amino 
groups present in GOx (61, whereas this work shows that 
under similar conditions, dopamine binds to an average 
of only four of the 132 carboxylate-containing Asp and 

M and [GOxl RZ 1.0 x 
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Figure 3. Voltammogram (2 mV/s) of 100 pM dopamine in  the 
presence of 20pM GOx and 100 mM glucose in 0.1 M phosphate 
buffer, pH 7.0. 

Table 2. Stoichiometries and Activities of Covalently 
Modified GOx 

mediator mediator:GOx stoichiometrp relative activityb 
none 0 100 
daunomycin 2.5 f 0.2 50 
dopamine 4 f l  73 

Determined as outlined in the Experimental Section. Homo- 
geneous activity with oxygen mediation as measured by the 
coupled peroxidase-o-dianisidine activity assay (15). 

Glu residues in the enzyme. A previous study of GOx 
carboxylate modification with glycine methyl ester has 
shown that extreme conditions are required to achieve 
significant levels of modification (250 mg of EDC and 1 
g of glycine methyl ester in 15 mL of 40 pM GOx yields 
38% derivatization) (16). Our results with dopamine and 
daunomycin demonstrate the lack of reactivity of GOx 
carboxylates toward amide bond formation. 

Although the dopamine derivative of GOx has 4:l 
stoichiometry while the daunomycin derivative has a 
lower degree of substitution at  2.51, the dopamine 
derivative shows significant greater activity in the dye- 
peroxidase assay, with oxygen as cosubstrate. Deriva- 
tization of carboxylate residues in or near the substrate 
access channel could conceivably account for this differ- 
ence in activity, since a larger group such as daunomycin 
would more effectively block the substrate channel. 

Figures 4 and 5 show the results of voltammetric 
dilution experiments on anaerobic solutions of dopamine- 
modified GOx. The electrocatalytic wave observed in the 
presence of glucose (Figure 4) occurs a t  a more positive 
potential in the dopamine-GOx derivative than with free 
dopamine and native GOx, probably because of the 
reduced electron-donating ability of the dopamine sub- 
stituent following amide bond formation. Electrocatalytic 
currents were measured at  +0.75 V rather than at  +0.70 
V as in the case of free dopamine and were used to 
construct the plot of il[MGOxl vs [MGOX]~’~ shown in 
Figure 5. The normalized electrocatalytic current does 
not increase with increasing enzyme concentration as is 
observed in the presence of freely-diffusing mediators 
(Figure 2). In fact, the slight decrease in normalized 
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irreversible electrochemical behavior of dopamine as 
discussed above. In a scheme involving this type of 
electrochemical behavior, kobs will be less than k z k d k z  
+ 123) (9); thus, the lower limit for k z  or k~ for active-site 
FADHz intramolecular oxidation by enzyme-bound me- 
diator is 4.5 s-l. Nonetheless, even this minimum value 
is >20 times larger than the value of 0.17 s-l obtained 
for ferrocene-GOx conjugates prepared by targeting 
lysine residues using EDC and NHS (6). 

The targeting of carboxylate groups in GOx may be an 
appropriate strategy for the development of a reagentless 
glucose sensor. GOx derivatization at lysine residues 
resulted in facile electrochemical kinetics for the genera- 
tion of ferricinium groups but slow intramolecular elec- 
tron transfer from the active site to  surface-bound 
mediators (6). The results of this study show that fast 
intramolecular electron transfer can be obtained follow- 
ing derivatization at  carboxylate groups, although dopa- 
mine electrochemical oxidation is slow. Work is now in 
progress toward GOx derivatization with transition metal 
complexes that undergo facile electrochemical kinetics as 
well as rapid intramolecular electron transfer following 
GOx carboxylate derivatization. 

0 ‘  I 
I I I 

0 0.2 0.4 0.6 0.8 

Figure 4. Voltammogram (2 mVh) of 75 pM dopamine- 
modified GOx (MGOx) in 0.1 M phosphate buffer, pH 7.0, in 
the absence (- -1 and presence (-1 of 100 mM glucose. 

E, V vs AgiAgCl 

3/ 

1 4 I 5 6 

[MGOX]’”, (MiRx103 

Figure 5. Plot of normalized voltammetric current, i ,  measured 
at +0.75 V (vs Ag/AgCl) against the square root of the dopamine- 
modified GOx concentration [MGOX]”~ in 0.1 M phosphate 
buffer, pH 7.0, with 100 mM glucose. Diffusion-limited elec- 
trocatalytic plateau currents (imm) were not obtained using GOx- 
bound dopamine as a mediator, so the currents measured a t  
+0.75 V (see text) were used as  estimates of imm. 

current with increasing MGOx concentration observed 
in Figure 5 is attributed to protein aggregation as was 
seen previously for GOx modified with ferrocenes (6). 

Under saturating glucose, the electrocatalytic activity 
is dependent on the rates of the heterogeneous (eq 8) and 
the homogeneous intramolecular electron transfers in eqs 
9 and 10. The average value of k&s calculated from eq 
11 is 4.5 s-l, and as in the case of free dopamine, this 
value represents a lower limit for kobs since limiting 
currents were not observed in Figure 4 due to  the 
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Synthesis and Characterization of Conjugates Formed between 
Periodate-Oxidized Ribonucleotides and Amine-Containing 
Fluorophores 
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The synthesis and purification of new fluorescently labeled derivatives of GDP and ATP are described. 
The fluorescent groups are coupled initially through amine-containing linker arms to periodate-oxidized 
nucleotides. Reduction of the initial product yields primarily a six-membered morpholine-like ring. 
Fluorescein-labeled GDP, rhodamine-labeled GDP, and fluorescein-labeled ATP were characterized 
by absorbance spectroscopy and TLC. NMR and FAB-MS studies were carried out on a single 
nucleotide derivative formed by reacting periodate-oxidized guanosine and benzylamine with 
subsequent reduction to  establish the modification to  the ribose moiety. The synthesis of the 
guanosine-benzylamine conjugate led to a mixture of products that were separated. The predominant 
product (70%) resulted in conversion of the ribose moiety to  a six-membered morpholine-like ring 
having no hydroxyl group, and the minor product (30%) resulted in an open ring structure having 
one hydroxyl. When NaCNBH3 was used as the sole reductant, only the product with the morpholine- 
like ring was formed. These probes were prepared for use in solution studies of the interactions of 
eukaryotic initiation factor-2 with other components of mammalian protein synthesis initiation. 

INTRODUCTION 

Fluorescent dyes have been used extensively as probes 
to study the microscopic environment of proteins ( 1  -3).  
In mammalian protein synthesis, the protein eIF-2I plays 
an essential role in initiation. Its function has been 
characterized using radioactive filter assays ( 4 ,  5 ) ,  and 
it is known to be required for both ternary (eIF-2GTP.Met- 
tRNApt) and 405 complex (40S.mRNA.Met-tRNApt) 
formation. 

Our interest in monitoring the behavior of eIF-2 in 
solution and in quantitating the interaction of eIf-2 with 
other components of the protein synthesis initiation 
process prompted our attempts to label eIF-2 directly 
with the 5(and 6)-N-hydroxysuccinimidyl ester of rho- 
damine. This labeling resulted in inactivation of the eIF- 
2. Since eIF-2 is known to bind GDP and had been 
reported to bind ATP with high affinity (6),  we opted to  
attach a dye to these nucleotides and label the eIF-2 
indirectly. Previous investigators had reported that 
modification of the ribose has no apparent effect on the 
binding of these nucleotides to various proteins. For 
example, the 2’,3’-0-(2,4,6-trinitrocyclohexadienylidene)- 
adenosine derivatives have been characterized to act as 
substrates for adenosine deaminase, alkaline phos- 
phatase, adenylate kinase, myosin subfragment 1, and 
gastric H+,K+-ATPase (7-10). The natural product gua- 
nosine 3’,5’-bispyrophosphate has been implicated to act 
as a competitive inhibitor for enzymes involved in 
prokaryotic protein synthesis, in both the initiation and 

* Author to whom correspondence should be addressed. 
@ Abstract published in Advance ACS Abstracts, August 1 ,  

1994. 
Abbreviations: GDP*F, fluorescein-labeled GDP; GDP*FH, 

fluorescein hydrazine-labeled GDP; ATP*F, fluorescein-labeled 
ATP; GDP*R, rhodamine-labeled GDP; oxG, periodate-oxidized 
guanosine; oxGDP, periodate-oxidized GDP; oxATP, periodate- 
oxidized ATP; GBA, the adduct(s) formed from the synthesis 
using oxG and benzylamine; GDP-BA, the adduct formed 
between oxGDP and benzylamine; eIF-2, eukaryotic initiation 
factor-2; Tris, tris(hydroxymethy1)aminomethane. 
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Figure 1. Previously proposed structures formed by the 
reaction of a periodate-oxidized nucleotide with (A) an amine 
with subsequent reduction and (B) a hydrazine without subse- 
quent reduction. 

elongation steps (1 1, 12). Moreover, periodate-oxidized 
guanine nucleotides have been shown to bind to  the 
prokaryotic elongation factor G (EF-G) and the 70s 
ribosome (13). GTP labeled by dansyl through the 2’ (and 
3‘) ribose hydroxyl has been shown to  bind to eIF-2 and 
histone H1 proteins (14 ) .  

Formation of Schiff base adducts by the reaction of 
periodate-oxidized ribonucleotides (or polyribonucle- 
otides) with amines (or hydrazines) has been previously 
reported (15-17). No structural studies were carried out 
to  clarify the modification at  the ribose ring. On the 
other hand, Khym (18) reported that the reaction of 
methylamine with periodate-oxidized adenosine and 
subsequent borohydride reduction yielded a 6-membered 
morpholine derivative with a hydroxyl group a t  the 2’ 
position (Figure 1A). Girshovich et al. (19) proposed an 
alternative structure having a hydroxyl group at both the 
2‘ and 3’ positions when periodate-oxidized GTP and 
2-nitro-4-azidobenzoylhydrazine are reacted in the ab- 
sence of reducing agents (Figure 1B). Hansske et al. (20) 
also proposed that a morpholine-like structure having 2’- 
and 3’-hydroxyl groups resulted from the reaction of 
periodate-oxidized adenosine or adenosine monophos- 
phate with carboxylic acid anhydrazides in the absence 
of reducing agents (Figure 1B). 

We report here the synthesis of GDP- and ATP- 
fluorescein (GDP*F1 and ATP*F, respectively) and GDP- 
rhodamine (GDP*R) prepared by reducing the Schiff base 
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Fluorescence anisotropy measurements were made 
using the method of Meuser and Parkhurst (24),  a 
modification of the Desa and Wampler method (22) with 
modulation of the exciting light. The same fluorimeter 
described above was used with a Lexel Model 75 argon 
ion laser (Palo Alto, CA) with 488-nm light as the 
excitation light source. A photoelastic modulator (Model 
01 01 PEM 80, Hinds International, Inc., Portland, OR) 
was positioned between the laser and the cuvette in order 
to modulate the excitation light (24). The laser power 
supply was set between 5.5 and 6.5 A. 

For each emission anisotropy measurement 100 data 
points were collected in 1 s, first for unmodulated 
excitation, followed immediately by modulated excitation, 
with the emission monochromator set a t  518 nm for 
fluorescein or 575 nm for rhodamine. The PEM 80 dial 
setting was 595.4 nm (retardation 1.2227 radians, since 
the instrument setting corresponds to ,I in nm for n 
retardation). Each set of points was fit by linear regres- 
sion analysis; the last point of the fitted line was recorded 
as the emission intensity for the unmodulated reading, 
and the first point of the fitted line was used for the 
second, modulated, case. The very slight effect of pho- 
tobleaching of the fluorescein by the exciting light was 
thus essentially eliminated. The cuvette holder was 
thermostated at  15 “C (Lauda K-2R constant tempera- 
ture circulating bath). Typically, 250 pL of the fluorescein- 
labeled material was thermally equilibrated in the 
cuvette, and three to five anisotropy measurements were 
taken, recorded, and averaged. The corrections to  the 
anisotropy due to scattering were calculated as described 
earlier (14) and were found to be negligible (less than 
0.001). 

( 2 )  Synthesis of Fluorescein-Labeled GDP. (A) A modi- 
fication of the method of Ingham and Brew (22), which 
describes a method for labeling the periodate-oxidized 
sialic acid moiety of glycoproteins with dansylethylene- 
diamine, fluoresceinamine, or dansylhydrazine, was used 
for the synthesis of GDP*F. Our conditions reflect those 
that were found to be optimal in that work (22). Pre- 
liminary PepRPC 10/10 chromatography (conditions de- 
scribed below) of oxGDP was done to ascertain purity; 
four peaks were obtained (relative amounts given in 
parentheses) based on the absorbance at  280 nm: oxGDP 
(83%), oxGMP (9%), oxG (8%), and unknown (‘0.4%). 
The third chromatographic peak of oxGDP had the same 
retention time as oxG (Sigma) under the same conditions, 
and the second peak was thus assumed to  be oxGMP. 
All reactions were carried out a t  room temperature and 
in the dark to  minimize photobleaching. Eighteen pmol 
of 5-((2-aminoethyl)thioureidyl)fluorescein (8.7 mg) dis- 
solved in 0.4 mL of DMF was added at  once to 6 pmol 
(3.0 mg) of periodate-oxidized GDP dissolved in 0.8 mL 
of 100 mM sodium phosphate buffer, pH 7.1, while 
stirring. The reaction mixture was stirred for 30 min at  
room temperature in a fume hood. After the addition of 
120 pmol (7 .5  mg) of solid NaCNBH3, the solution was 
stirred another 30 min followed by the addition of 120 
pmol of NaBH4 (120 pL of a freshly prepared 1 M NaBH4 
solution in 10 mM NaOH) for a final NaBH4 concentra- 
tion of 90 mM. The solution was stirred for 1 h at  room 
temperature and then acidified to  pH 5.0 to remove any 
excess NaCNBH3 and NaBH4 by the addition 150 pL of 
1.0 M acetic acid. The pH was then adjusted to 7.8 with 
1 M Tris base, and the solution was left overnight on ice 
in order to fully oxidize any remaining trace amounts of 
NaCNBH3 and NaBH4. 

In our modification, the reaction mixture was loaded 
onto a PepRPC 10/10 column (0.5 mL for each sample 
injection) previously equilibrated with 1% (w/v) potas- 

formed in the reaction of the 2’,3’-dialdehyde of a perio- 
date-oxidized nucleotide with amino derivatives of the 
dyes. In order to understand the structure of the labeled 
nucleotides, specifically, the nature of the ribose ring 
following the incorporation of the dye derivative, we 
synthesized a guanosine benzylamine derivative (GBA). 
The synthesis of this material was entirely analogous to 
that for the labeled nucleotides but gave NMR and mass 
spectra that were significantly simpler to  interpret. 

EXPERIMENTAL PROCEDURES 

Materials. The reactive fluorophores purchased from 
Molecular Probes (Eugene, OR) were 5-((2-aminoethyl)- 
thioureidyl)fluorescein2 (catalog no. A-458), 5-((2-((car- 
bohydrazinomethy1)thio)acetyl)amino)fluorescein ((2-3561, 
and Xand 6)-((N-(5-aminopentyl)amino)carbonyl)tet- 
ramethylrh~damine~ “rhodamine cadaverine” (A-1318). 
Periodate-oxidized GDP, ATP, and guanosine, as well as 
NaCNBH3, trichloroacetic acid, NjV-dimethylformamide, 
sephadex G-25 superfine, DEAE-sephacel, and the colo- 
rimetric inorganic phosphorus determination kit were 
from Sigma (St. Louis, MO). Silica gel 60 f254 TLC plates 
were from EM Science (Darmstadt, Germany), extra fine 
Biogel P-2 was from BioRad (Richmond, CA), and NaBH4 
and benzylamine were from Aldrich Chemical Co. (Mil- 
waukee, WI). All other materials used were reagent 
grade or better. 

Buffers used: buffer A, 10 mM TrisCl, pH 8.0; buffer 
B, 20 mM TrisC1, pH 7.8, 100 mM KCl, 5 mM p-mer- 
captoethanol, and 10% (v/v) glycerol; buffer C ,  50 mM 
TrisC1, pH 7.8, 100 mM KC1, 1 mM MgC12, 5 mM 
P-mercaptoethanol, and 10% (v/v) glycerol. 

Instrumentation and Data Analysis. All purifica- 
tion was done using an FPLC system that consisted of 
an LCC-500 Plus gradient programmer, two P-500 pumps, 
P-1 peristaltic pump, UV-1 monitor, FRAC-100 fraction 
collector and REC 481 chart recorder (Pharmacia, Upp- 
sala, Sweden) unless otherwise noted. The Pharmacia 
columns used were Mono-Q HR 5/5, PepRPC 5/5 or  10/ 
10, and G-25 SF HR10/10 fast desalting columns. Ab- 
sorbance measurements were made using a Hewlett- 
Packard photodiode array spectrophotometer HP 8452A 
(Palo Alto, CAI. 

All NMR and FAB mass spectra were obtained from 
the instrument facilities a t  the University of Ne- 
braska-Lincoln Chemistry Department. The NMR spec- 
tra were acquired using a General Electric Omega-500 
NMR system operating at  500.1 MHz for proton observa- 
tion. The mass spectra were obtained using an Analyti- 
cal Instruments VG ZAB-T BlElBzEz configured mass 
spectrometer with a Cs-Ion gun for FAB desorption or a 
Kratos MS50 ElBEz configured mass spectrometer with 
an Ar-Ion Saddle-Field gun for FAB desorption. The 
matrix used was either 5050 (v/v) 3-nitrobenzyl alcohol: 
glycerol or 1% (v/v) trifluoroacetic acid in glycerol. 

For steady-state measurements, the fluorimeter (Al- 
phaScan, Photon Technology, Inc.) with single excitation 
and emission f4.4 ruled monochromators was fitted with 
a 150-W Xenon compact arc lamp and a Lexel Model 75  
Argon ion laser as light sources with a reference cell 
quantum counter. Emission scans were collected through 
PTI’s Alphascan software (version 2.060). The back- 
ground fluorescence from the buffer alone was subtracted 
for all data reported. Each scan was corrected for 
dilution when necessary. 

Fluorescein, 2-(3,6-dihydroxy-9H-xanthen-9-yl)benzoic acid. 
Tetramethylrhodamine, N-[9-(2-~arboxypheny1)-6-(dimethy- 

lamino)-3H-xanthen-3-ylidene]-N-methylaminium chloride. 
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sium acetate in water, pH 7.8 at  6 "C. A 10-mL linear 
gradient of 0 - 45% methanol in 1% (w/v) potassium 
acetate in water was run, followed by a 40-mL linear 
gradient of 45 - 90% methanol in 1% (w/v) potassium 
acetate in water, a t  a flow rate of 0.5 mumin. Unlabeled 
GDP was eluted at  0% methanol in potassium acetate, 
free fluorescein at  approximately 45% methanol and 
fluorescein-labeled GDP at approximately 75% methanol. 
One-mL fractions were collected, and an absorbance 
spectrum from 230-650 nm was obtained for each 
fraction. The concentrations of GDP and fluorescein were 
calculated using the following extinction coefficients: 
GDP, pH 7.8,13.7 mM-l cm-I a t  252 nm (231, fluorescein, 
pH 7.8, 72.6 mM-' cm-l at 492 nm, and 32.3 mM-l cm-' 
a t  252 nm. The extinction coefficient for fluorescein a t  
252 and 492 nm were calculated for pH 7.8 buffer using 
the extinction coefficients of 75 mM-l cm-I a t  492 nm in 
20 mM TrisCl, pH 9.0 (24).  All fractions with a mole 
ratio of GDP to fluorescein between 0.9 and 1.5 were 
dried by vacuum centrifugation, weighed (approximately 
1 mg product was obtained), and redissolved in a mini- 
mum volume of HzO (total of 0.2 mL) and stored at  -80 
"C. A 20-21% yield was achieved based on the initial 
moles of oxGDP and calculated from the ratio of the 
product absorbance to that of the starting material a t  
252 nm (for oxGDP) correcting for the contribution of *F 
(for GDP*F) to the absorbance. For the molar absorp- 
tivity of oxidized nucleotides in the 252-nm region, we 
used the values for the intact nucleotides. The spectra 
of oxGDP and GDP could be scaled to overlay exactly 
throughout this region. The labeled GDP was stored 
frozen a t  -80 "C and remained stable for a t  least 4 
months through repeated freeze-thaw cycles. 

(B) A second procedure for preparing fluorescein- 
labeled GDP was developed for the 5-((2-((carbohydrazi- 
nomethy1)thio)acetyl)amino)fluorescein (*FH, hydrazine 
derivative of fluorescein) that followed closely the pro- 
cedure of Wells and Cantor (25) who describe the 
preparation of dansyl-labeled tRNA but only used dialysis 
to purify the labeled material. The motivation for this 
alternative method was to  improve the product yield 
since the hydrazine moiety forms the relatively stable 
hydrazone intermediate (compared to the relatively 
unstable Schiff base formed from amines) (24). Purifica- 
tion was performed using silica gel TLC and size- 
exclusion chromatography instead of reversed-phase 
chromatography as in the GDP*F synthesis described in 
procedure 1A. All reactions were carried out a t  room 
temperature in a fume hood and in the dark. Twelve 
pmol of fluorescein hydrazine (6 mg, weighed on an 
analytical balance) were added to  8 pmol (4 mg) of 
periodate-oxidized GDP dissolved in 2 mL of 100 mM 
sodium phosphate buffer, pH 7.1. The reaction was 
monitored by TLC using silica gel 60 f254 plastic-backed 
plates and 80% acetonitrile in water as the solvent. A 
new fluorescent spot appeared at  Rf = 0.15 as the 
reaction progressed. The optimal reaction time (room 
temperature) for maximum product formation was 4.5 
h. A 10-fold molar excess (NaCNBH3:fluorescein) of solid 
NaCNBH3 (7 mg) was added a t  once, and the reaction 
mixture was stirred for 1 h and then stored at 4 "C 
overnight before preparative TLC purification was car- 
ried out. 

Using 25- x 25-cm Kieselgel-60 0.2-mm coated plastic 
TLC plates, 0.4-0.5 mL of the above reaction mixture, 
which was stored overnight, was applied by repeated 
applications followed by drying under a stream of nitro- 
gen. The plates were developed using a 20% water/80% 
acetonitrile mixture. The newly appearing band (Rf = 
0.15, visualized by room light or  a 365-nm lamp) was cut 
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out from each plate with a razor blade and scraped into 
a 30-mL siliconized Corex tube. UV-vis absorption 
measurements later showed that this band corresponded 
to 1: l  guanosine nuc1eotide:fluorescein. Fluorescent 
bands (and the relative amounts estimated visually given 
in parentheses) were observed at  Rf = 0.15 (40%), 0.3 
(20%), 0.5 (20%), 0.68 (lo%), and 0.75 (10%). Elution of 
the GDP*FH was performed using four successive ex- 
tractions using 5 mL of 20% water in acetonitrile followed 
by centrifugation at 2000 rpm for 5 min in an SA-600 
rotor (DuPont). No visible fluorescein remained in the 
gel after the fourth extraction. The pooled material was 
dried to completion by vacuum centrifugation, resus- 
pended in a minimum volume of water (0.75 mL), and 
loaded onto a 1- x 60-cm Biogel P-2 column preequili- 
brated with sterile water. A P-1 pump (Pharmacia) was 
used to maintain a flow rate of 0.02 mL/h while collecting 
1-mL fractions. The major fluorescein-containing peak 
eluted in the void volume of 21 mL and was dried by 
vacuum centrifugation and weighed. The material was 
dissolved in 1 mL of water, and an absorbance spectrum 
was obtained from 230 to 550 nm. The concentration of 
GDP was calculated from the absorbance at  252 nm, 
correcting for the contribution of fluorescein at that 
wavelength and using the extinction coefficients given 
in procedure 1A. Based on the absorbance at  252 nm 
(for GDP), 38% of the initial oxGDP was recovered as 
GDP*FH. The material was stored at  -80 "C. 

(2 )  Synthesis of Fluorescein-Labeled ATP. The quality 
of the oxATP starting material was ascertained by 
PepRPC 10/10 chromatography; two peaks were obtained 
(relative amounts given in parentheses) based on the 
absorbance at 280 nm: oxATP (98%), unknown (2%). This 
synthesis was identical to that used for GDP*F, proce- 
dure A, through the step calling for the solution to  be 
stored overnight on ice to ensure complete oxidation of 
any remaining borohydride. A different chromatographic 
method was used, however, since ATP*F and free fluo- 
rescein nearly coelute on the PepRPC 5/5 column under 
the conditions for the fluorescein-GDP preparation. 
First, nearly all the free fluorescein was removed as 
follows. The solution (after sitting on ice overnight) was 
diluted to 100 times the reaction volume by the addition 
of water to 200 mL and loaded onto a 1.0- x 7.0-cm 
gravity flow DEAE-Sephacel anion exchange column 
preequilibrated with buffer A (10 mM TrisC1, pH 8.0). 
The column was washed at a flow rate of 0.5 mumin with 
buffer A until no absorbance at  492 nm could be detected 
(approximately 50 mL of buffer A was required). Both 
the ATP*F and unlabeled ATP were then eluted with 0.4 
M NaCl in buffer A by batch elution. The eluant (3 mL 
total) was loaded in separate runs (0.5 mL for each 
sample injection) directly onto a PepRPC 5/5 column 
preequilibrated with 1% (w/v) potassium acetate in water 
and washed with 5 mL of the same solution. A 70-mL 
linear gradient from 0 to 80% methanol in 1% (wlv) 
potassium acetate solution at  a flow rate of 0.2 mL/min 
was used and resulted in four major peaks at  the 
following methanol concentrations: 0% (reduced ATP), 
60% (free fluorescein), 70% (ATP*F), and 85% (unknown, 
fluorescein:ATP ratio approximately 4: 1 based on absor- 
bances at  492 and 258 nm). One-mL fractions were 
collected and an absorption spectrum obtained for each 
from 230 to  650 nm. The ratio of ATP to fluorescein was 
calculated using the following extinction coefficients. The 
concentration of ATP was determined from the absor- 
bance at  258 nm, using €258 nm (pH 7.8) of 15.4 mM-l cm-' 
(23),  and the concentration of fluorescein from the ab- 
sorbance at 492 nm, using €492 nm (pH 7.8) of 72.6 mM-l 
cm-' and 6258 nm of 28.3 mM-' cm-l. The extinction 
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coefficients for fluorescein at  258 and 492 nm were 
determined as before in the GDP*F preparation using 
75 mM-l cm-l a t  492 nm in pH 9.0 (24). Fractions that 
eluted at  70 f 1% methanol in 1% (w/v) potassium 
acetate solution and that had a molar ratio of ATP: 
fluorescein from 0.9 to 1.5 were pooled, dried by vacuum 
centrifugation, weighed (approximately 1 mg of product), 
and redissolved in a minimum volume of sterile water 
(0.2 mL). A 24% yield was calculated based on the initial 
amount of oxATP, with e o d p  = EATP a t  258 nm. The 
material was stored at  -80 "C and was stable for up to 
4 months through repeated freeze-thaw cycles. 

(3) Synthesis of Rhodamine-Labeled GDP. This syn- 
thesis followed the same protocol used to prepare ATP*F, 
with the following exceptions: A 2-fold molar excess of 
tetramethylrhodamine cadaverine to oxGDP (12 and 6 
pmol, respectively) was used. A 1.0- x 5.0-cm gravity 
flow DEAE-Sephacel column was equilibrated with buffer 
A, the sample was applied, and the absorbance of the 
eluant was monitored at  556 nm to determine when the 
unreacted rhodamine had been nearly all removed (ap- 
proximately 25 mL was required) before elution of the 
product, as in procedure 2 above. Purified rhodamine- 
GDP was obtained by PepRPC 5/5 chromatography. The 
column was preequilibrated with 5% methanol in 1% (w/ 
v) potassium acetate in water, and the total sample (2 
mL) was loaded. A 40-mL linear gradient of 5 - 95% 
methanol in 1% (w/v) potassium acetate solution at  a flow 
rate of 0.4 mumin  was used. Under these conditions, 
two peaks were obtained from the column. Unlabeled 
GDP does not bind and elutes in the void volume, and 
GDP*R elutes a t  approximately 40% methanol. The 
fractions containing GDP*R were determined by absorp- 
tion spectroscopy, using values for €556 nm of 70 mM-' cm-l 
(24) and 6252 nm of 25.9 (pH 7.8) for rhodamine and a value 
for 6252 nm of 13.7 mM-' cm-l for GDP (23). These 
fractions were pooled, dried by vacuum centrifugation, 
and redissolved in a minimum volume (0.4 mL) of 10% 
ethanol in HzO. The purified material was stored frozen 
at  -80 "C. 

(4) Synthesis of the Guanosine-Benzylamine Deriva- 
tive. (A) This synthesis was similar to that used for 
GDP*F, procedure 1A. Ten mg of oxG (33 pmol) was 
dissolved in 1 mL of 100 mM sodium phosphate buffer, 
pH 7.1, and added to  36 pL (330 pmol) of benzylamine 
mixed into 2 mL of the same buffer. This resulted in a 
solution that was 110 mM in benzylamine and 11 mM 
in oxG (lO:l, benzy1amine:oxG). While the solution was 
stirring, the progress of the reaction was monitored by 
spotting 2-5 pL a t  20-min intervals on silica gel 60 f254 
plastic-backed TLC plates, using an 80% (v/v) acetonitrile 
in water as the mobile phase. A new spot was observed 
using a 254-nm lamp at  Rf = 0.78 (Rf values for oxG and 
benzylamine were 0.52 and 0.42, respectively). After the 
solution was stirred for 1 h, 10 mg of NaCNBH3 was 
added and the solution stirred for 1 h. Ten mg of NaBH4 
was added and the solution stirred for another 1 h. The 
solution was acidified to pH 6.0 (measured by the color 
change after spotting 5 pL on pH paper) by the addition 
of 50 pL of 4 M acetic acid and stirred for 10 min and 
the pH adjusted to pH 9.5 (also measured by pH paper) 
with 75 pL of 1 M NaOH. 

Reversed-phase chromatography using the PepRPC 101 
10 column was performed using a 0 - 100% methanol 
gradient in water over 40 mL while 1-mL fractions were 
collected at  a flow rate of 1 mumin. Six runs (0.5 mL 
each) were required to apply the total sample of 3 mL. 
As shown in Figure 2, three major peaks were obtained 
by monitoring absorbance at  280 nm, corresponding to 
reduced oxG at  20% methanol, benzylamine at  50% 

I 
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Figure 2. Reversed-phase chromatography of the crude gua- 
nosine-benzylamine mixture using a PepRPC loll0 column as 
described in the Experimental Procedures. The relative absor- 
bance is shown as a solid line and the percent methanol as a 
dotted line. 
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Figure 3. Separation of the two major products formed during 
the guanosine-benzylamine synthesis using a Biogel P-2 col- 
umn. 

methanol, and guanosine-benzylamine at 70% methanol, 
as identified by the Rf values on silica TLC of an aliquot 
from each fraction. Five fractions from each of the six 
runs that eluted between 65-75% methanol (total vol- 
ume 30 mL) were pooled and concentrated to approxi- 
mately 2 mL by vacuum centrifugation. This solution 
(1 muinjection) was rechromatographed on the same 
column using a linear gradient from 0 to  40% methanol 
in water over 5 mL followed by a 40 - 90% linear 
gradient over 70 mL at  a flow rate of 2.0 mumin. 
Elution was monitored by absorbance at  280 nm, and 
1-mL fractions were collected. The predominant absor- 
bance peak occurred at 70 f 1% methanol, and these 
fractions were spotted and checked for purity on silica 
TLC. The four fractions that yielded a spot a t  Rf = 0.78 
were pooled, dried by vacuum centrifugation, and redis- 
solved in 0.5 mL water, and the absorption spectrum was 
obtained. A 38.3% yield was achieved based on the initial 
oxG, calculated from the absorbance at  254 nm for 
guanosine (€254 nm = 13.7 mM-' cm-l) and benzylamine 
( E ~ ~ ~  nm = 1.2 mM-' cm-l, (26)). 

The results of the initial lH NMR analysis suggested 
that two different products were present. Two peaks 
(which when integrated) with a ratio of 7:3 were seen 
for the characteristic guanylyl H-8 downfield chemical 
shift (approximately 8 ppm) as well as for the anomeric 
ribosyl H-1' (approximately 5.7 ppm). Further purifica- 
tion was obtained by Biogel P-2 size-exclusion chroma- 
tography. The total sample (0.5 mL) was applied to a 
1.5- x 25-cm column previously equilibrated with water. 
Fractions of 1 mL each were collected a t  a flow rate of 
0.08 mumin and were analyzed by absorbance scans 
from 230 to 350 nm. Two major peaks were observed in 
the chromatogram when monitored at  254 nm: the first 
(I) eluted at  24 mL and the second (11) a t  46 mL water 
(see Figure 3). The fractions eluting at  20-23 mL were 
pooled, and fractions eluting at  45-49 mL were pooled 
and labeled as GBA (I) and GBA (II), respectively. The 
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Table 1. Summary of TLC Resultsa 
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Figure 4. (A) Absorption spectra of the Biogel P-2-separated 
components of the guanosine benzylamine (GBA) synthesis. 
GBA I (solid line) and GBA I1 (dotted line) correspond to the 
major product (peak I) and the minor product (peak 111, 
respectively. (B) Absorption spectra of ATP*F. The y-axes units 
are mM-l cm-l. 

two small peaks eluting in fractions 34 to 44 mL were 
discarded. The U V  absorption spectra are shown in 
Figure 4. Both GBA (I) and (11) were submitted for NMR 
and FAB-MS analysis. 

(B) In a second procedure, the synthesis of the gua- 
nosine-benzylamine derivative was carried out with the 
following changes to procedure 4A. The reaction was 
carried out using 100 mM sodium phosphate buffer, pH 
6.5, and NaBH4 was omitted. Following PepRPC 10/10 
chromatography, the predominant peak material occur- 
ring at  approximately 70% methanol was submitted for 
FAB-MS analysis. 

(C) In a third procedure, to determine whether phos- 
phates were lost during the reaction, oxGDP was reacted 
with benzylamine and the resulting product used for 
phosphate analysis. The same procedure described in 
section 1A for the synthesis of GDP*F was used with the 
following changes. In order to obtain sufficient product 
for analysis, both the volume and amount of reactants 
were scaled up. Benzylamine (300 mmol) dissolved in 4 
mL of DMF was added at  once to 60 mmol of oxGDP 
dissolved in 8 mL of 100 mM sodium phosphate buffer, 
pH 7.1, while stirring. Similarly, the amounts of reduc- 
tants added were scaled up, using 1.2 mmol of solid 
NaCNBH3 and 1.2 mmol of NaBH4 (1.2 mL of a 1 M 
NaBH4 solution in 10 mM NaOH). The GDP-BA deriva- 
tive was isolated as a single peak a t  approximately 60% 
methanol from the PepRPC 10/10 chromatography. The 
product was dried by vacuum centrifugation and redis- 
solved in 4 mL of HzO. 

Silica gel TLC of the nucleotide derivatives was 
extremely useful during the synthesis to  check the 
progress of reaction and after each chromatographic step 
t o  check the purity. Table 1 summarizes the R, value(s) 
for each material and the method of detection used to 
visualize the plate. 

Inorganic Phosphorus Determination. The GDP- 
BA derivative prepared in section 4C above was subjected 
to acid and enzymatic hydrolysis in order to release 
inorganic phosphorus as follows. To 124.8 nmol of GDP- 
BA (determined from the absorbance at  254 nm) was 
added HzS04 to a final concentration of 0.5 M in a total 
volume of 1.30 mL and the mixture incubated at  100 "C 
for 1 h. Acid hydrolysis of 1 mol of GDP results in 1 mol 
of guanine, 1 mol of ribose 5-phosphate, and 1 mol of 
inorganic phosphorus (23). After treatment, the acid- 
hydrolyzed sample was analyzed using the colorimetric 
inorganic phosphorus kit by comparison with a KHzP04 
standard curve. Measured at  660 nm, for each inorganic 
phosphate standard (0, 65.1, 130.2, 195.3, 259.9, and 
325.5 nmol, each in 2.625 mL) the absorbance values 
were 0, 0.0841, 0.1762, 0.2671, 0.3556, and 0.4465, 
respectively. The acid-hydrolyzed GDP-BA sample re- 

Rf value(s) 
detected by detected by 

compd 365-nm excitation 254-nm excitation 
oxGDP 0 
oxATP 0 
oxG 0.52 
*F 
*FH 
*R 0.19 0.54 0.63 
benzylamine 0.42 
GDP*F 0.15 
GDP*FH 0.15 
GDP*R 0.15 
ATP*F 0.10 
GBA(1) 0.78 
GBA(I1) 0.13 

mobile phase. 

0.18 0.30 0.55 0.68 0.72 0.75 
0.18 0.30 0.55 0.68 0.72 0.75 

a All values were observed using acetonitrile/water 8:2 as the 

sulted in an A660 nm value of 0.1729. The sample was 
compared to the standard curve (correlation coefficient, 
r,  of 0,9999). 

Purification of eIF-2. The preparation of both four- 
(eIF-2 containing the 67-kDa subunit in addition to the 
three subunits, a, P, and y )  and three-subunit eIF-2 was 
described earlier (5, 27). 

Labeling eIF-2 with Fluorescein-GDP or Fluo- 
rescein-ATP. The eIF-2 preparations were labeled 
with a dye-labeled nucleotide by adding a 30-fold molar 
excess of fluorescein-labeled GDP (GDP*F) or ATP*F to  
eIF-2 as follows. Ten or 20 pL of 1.5 mM ATP*F in water 
was added to  0.5 or 1.0 nmol (72 or 144 pg) of eIF-2 in 
buffer B (20 mM TrisC1, pH 7.8, 100 mM KC1, 5 mM 
P-mercaptoethanol and 10% (v/v) glycerol), respectively, 
in a total volume of 0.2 mL, and incubated for 15 min at  
37 "C in the dark. All subsequent steps were carried out 
a t  6 "C. The incubation mixture was centrifuged at  
15 000 rpm for 10 min and loaded onto a Sephadex G-25 
10/10 superfine fast desalting column equilibrated with 
buffer C (50 mM TrisCl, pH 7.8, 100 mM KC1, 1 mM 
MgC12,5 mM P-mercaptoethanol, and 10% (dv) glycerol) 
a t  a flow rate of 0.2 mumin. The eluant was collected 
in 0.5-mL fractions and monitored for absorbance at  280 
nm. Fluorescently labeled ATP*F.eIF-2 or eIF-2.GDP*F 
eluted in the void volume of 4.5 mL, well separated from 
the peak of excess ATP*F or GDP*F which eluted at  12- 
13 mL. Although near-base-line resolution was obtained 
based on the chromatogram (monitored at  280 nm), the 
fluorescence intensity was commonly 10% above back- 
ground in the interpeak fractions. The labeled eIF-2 was 
freshly prepared at  the beginning of each set of fluores- 
cence experiments. The portion of material not used 
immediately was kept on ice and used within 2-3 h or 
discarded. 

Attempts were made to  optimize the labeling procedure 
by varying the incubation conditions: time, temperature, 
and nucleotidelprotein concentrations. A n  increase in 
steady-state anisotropy ((r))  of the chromatographic peak 
from the gel filtration separation was used as the 
criterion to  determine the optimal conditions. Incubation 
with greater than a 30-fold molar excess of GDP*F or 
ATP*F over eIF-2 reduced the resolution of the chroma- 
tography. Typical ( r )  values ranged from 0.1 to 0.15 for 
ATP*F labeling when a 60-fold molar excess was used, 
approximately 40% less than the optimal 0.205. Using 
less than a 30-fold excess only reduced the yield of labeled 
eIF-2. When a 10-fold molar excess of ATP*F was used 
over eIF-2, the measured IF value was approximately 50% 
less than that obtained for a 30-fold excess, but the 
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anisotropy was normally greater than 0.160. Millipore 
filtration assays were performed to measure eIF-2 ter- 
nary complex activity. When eIF-2 was incubated a t  37 
"C for 1 h, then used to form ternary complex by addition 
of GTP and L3%1Met-tRNAf as described elsewhere (51, a 
30% loss of ternary complex activity was observed 
(compared to a control where the same eIF-2 was stored 
on ice for the same time period). Thus, to maintain eIF-2 
activity, incubation times greater than 15 min at  37 "C 
were not tried for labeling. When the temperature was 
lowered to 0 "C, long incubation times could be tried 
without harm to eIF-2 activity. However, incubation of 
a 30-fold molar excess of ATP*F over eIF-2 for 12 h on 
ice resulted in essentially no binding, with ( r )  = 0.060. 

RESULTS 
Synthesis of Nucleotide Conjugates. Reaction of 

amine-containing dyes with periodate-oxidized nucle- 
otides with subsequent reduction produced nucleotide 
labeled through the ribose (rather than the base). The 
absorption spectra of the benzylamine derivatives of 
guanosine and a representative dye-labeled nucleotide 
(ATP*F) synthesized at  pH 7.1 using both NaCNBH3 and 
NaBH4 reductants are shown in Figure 4. The absorp- 
tion spectra of both Biogel P-2-purified GBA (I) and (11) 
are essentially identical. The GDP*F, GDP*FH, and 
GDP*R spectra are very similar to that of ATP*F and 
are therefore not shown. A 1:l molar ratio was calculated 
for fluorescein:ATP based on the absorbance values a t  
492 and 258 nm. When the reductive amination was 
carried out with only NaCNBH3 at  pH 6.5 (see Experi- 
mental Procedures section 4B), only one product was 
obtained corresponding to GBA (I). 

Inorganic Phosphorus Determination. To address 
the possibility of base-catalyzed p-elimination of the 
phosphate moiety, a GDP-BA derivative was isolated 
and analyzed using a quantitative inorganic phosphorus 
colorimetric method. Analysis of the acid hydrolysis of 
125 nmol of GDP-BA yielded a value of 127 nmol of 
inorganic P from the standard curve. 
FAB-MS Analysis. For GBA (I), positive ion low- 

resolution FAB in 5050 (vlv) 3-nitrobenzyl alcohol: 
glycerol showed mlz = 357. Identification of the molecu- 
lar ion species was accomplished after doping the matrix 
with Na2C03 for which mlz = 379 for (M + Na)+. For 
GBA (11), low-resolution FAB in both 5050 (vlv) 3-ni- 
trobenzyl alcoho1:glycerol and 1% (vlv) trifluoroacetic acid 
in glycerol showed mlz = 375. Similarly, identification 
of the molecular ion species was accomplished after 
doping (separately) the matrix with Na2C03 and KI for 
which mlz = 397 (M + Na)+ and mlz = 413 (M + K)+, 
respectively, Two separate high-resolution FAB-MS 
analyses for each GBA (I) and (11) were performed using 
CsI as the standard. A search for C, H, 0, and N- 
containing compounds within 10 ppm of the observed 
mass was also done to obtain the following: GBA (I), 
(M + H)+ = 357.168 30 and 357.166 90, predicted formu- 
la C17H21N603 (calculated mass = 357.167 513 745, de- 
viation = 2.2 ppm and -1.7 ppm, respectively) and 
C19H23N304 (calculated mass = 357.168 856 435, devia- 
tion = -1.5 ppm and -5.4 ppm, respectively); GBA (111, 
(M + HI+ = 375.176 60 and 375.178 30, predicted formu- 
la C17H23N6O4 (calculated mass = 375.178 078 459, de- 
viation = -3.9 ppm and 0.5 ppm, respectively) and 
C I ~ H ~ ~ N ~ O ~  (calculated mass = 375.179 421 149, devia- 
tion = -7.5 ppm and -2.9 ppm, respectively). 

The low-resolution FAB-MS analysis of the GBA 
derivative synthesized at  pH 6.5 using only NaCNBH3 
resulted in a (M + H)+ of 357.2, corresponding to GBA 
(I) from the synthesis a t  pH 7.1 with both reductants. 

I 
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Figure 5. 'H-COSY spectrum of Biogel P-2 purified GBA (I) 
in DzO. 

Table 2. Measured Steady-State Anisotropy Values of 
the Free Labeled Nucleotides and after Binding to 
3-Subunit eIF-2a 

material measured anisotrotw ." 
GDP*F 0.050 i 0.001 
GDP*R 
ATP*F 
eIF-2-GDP*F 
eIF-2-GDP*R 
eIF-2-ATP*F 

0.055 i 0.002 
0.045 i 0.001 
0.103 i 0.005 
0.110 i 0.004 
0.172 i 0.007 

a Excitation was 488 nm for both *F and *R, emission was 
detected at 518 nm for *F and 575 nm for *R. The sample volume 
was 250 p L  for all measurements. 

No GBA (11) product was detected from the modified 
synthesis procedure. 

NMR Analysis. The proton assignments for the one- 
dimensional lH NMR spectra of GBA (I) and (11) in D2O 
are as follows. GBA (I): 6 (ppm) 7.94 (s, 1 H, guanylyl 
H-8), 7.48-7.38 (m, 5 H, benzyl H), 5.73 (d, J = 10.5 Hz, 
1 H, ribosyl H-1'),4.04-4.01 (m, 1 H, ribosyl H-4'),3.89- 
3.55 (bm, 4 H, ribosyl H-5' CH2 and benzylamine CHZ), 
3.15 (d, J = 12.1 Hz, 1 H, ribosyl H-2', equatorial), 2.96 
(d, J = 12.5 Hz, 1 H, ribosyl H-3', equatorial), 2.73 (t, J 
= 10.9 Hz, 1 H, ribosyl H-2', axial), 2.30 (t, J = 11.7 Hz, 
1 H, ribosyl H-3', axial). GBA (11): 6 (ppm) 7.96 (s, 1 H, 
guanylyl H-81, 7.48-7.38 (m, 5 H, benzyl H), 5.38 (d, J 
= 10.5 Hz, 1 H, ribosyl H-1'1, 4.28-4.26 (m, 1 H, ribosyl 
H-4'1, 3.92-3.46 (bm, 6 H, ribosyl H-5' CH2, H-2' CH2, 
and benzylamine CHz), 3.02-2.99 (dd, J = 2.8 Hz, 1 H, 
ribosyl H-3'),1.93 (s, 1 H, ribosyl H-3'). The assignments 
for the ribosyl protons were made possible from the lH- 
COSY NMR spectrum (Figure 5) of GBA (I) which was 
used to  further characterize the material. 

Labeling eIF-2 with GDP*F, GDP*R, and ATP*F. 
The fluorescent nucleotide derivatives synthesized have 
been demonstrated to bind to  3-subunit eIF-2. Both 
GDP*F and ATP*F have also been shown to  bind 
4-subunit eIF-2 (28). Incubation using a 30-fold molar 
excess of labeled nucleotide over eIF-2 and subsequent 
size-exclusion chromatography to  remove unbound la- 
beled nucleotide resulted in a significant increase in 
anisotropy above that for the labeled nucleotide (see 
Table 2). 

DISCUSSION 

Initially, PepRPC 10l10-purified GDP*F and Biogel 
P-%purified GDP*FH were submitted for analysis by 
NMR. The spectra obtained were complex and ambigu- 
ous with regard to the nature of the ribose ring and the 
position of the dye. The three main factors contributing 
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to  the complexity were as follows: (1) the peaks were too 
crowded, overlapped, and not sufficiently resolved, (2) the 
'H NMR spectrum of *F alone (not shown) integrated to 
a total of 28 protons, when only 13 would be expected 
for *F in DzO (this indicated that *F was impure), TLC 
analysis of *F (Table 1) showed several fluorescent 
species of different mobilities (a spectrum of pure *F was 
needed to facilitate analysis of GDP*F), and (3) the 
GDP*F (and *F) NMR spectra showed a large number 
of aromatic and heteroaromatic proton peaks between 8.3 
and 6.4 ppm as well as a-monosubstituted aliphatic 
proton peaks between 4.4 and 2.4 ppm, making it difficult 
to  identify the guanylyl H-8 peak at  -8 ppm and any 
ribosyl protons in the anticipated morpholine-like struc- 
ture (expected between 5 and 2 ppm). 

A similar synthesis using periodate-oxidized guanosine 
and benzylamine was chosen for the following reasons: 
(1) the chemistry of the synthesis was expected to  be very 
similar since the pKa of benzylamine and the fluorescein 
amine derivative are approximately equal (pKa x 91, (2) 
both benzylamine and the fluorescein amine derivative 
have similar solubility properties, (3) the expected prod- 
uct would have a relatively small molecular weight, 
facilitating FAB-MS studies, (4) benzylamine can be 
obtained in much greater purity than the fluorescein 
amine derivative, and (5) p-elimination of the phosphates 
need not be considered. 

Periodate-oxidized nucleotides can undergo p-elimina- 
tion, a reaction catalyzed by base (29-31). Near pH 7, 
however, p-elimination can be prevented (32). Lowe and 
Beechey (33) have reported no loss of inorganic P over a 
period of 1 h when at  pH 8-9 during the NaBH4 
reduction of oxATP. Hansske et at!. (20) measured the 
half-lives of oxAMP decomposition (due to  p-elimination) 
a t  4,20 ,  and 37 "C (pH 7) to be 17 days and 45 and 15 h, 
respectively. In our procedure, reaction materials are a t  
pH 7.1 at  room temperature for no more than 90 min, 
through the final reduction. Inorganic phosphorus analy- 
sis of the purified GDP-BA product synthesized at  pH 
7.1 yielded 2 mol of Pi per mole of GDP-BA. Thus, 
p-elimination appears t o  be insignificant under our 
conditions. 

The guanosine-benzylamine derivative gave signifi- 
cantly simpler NMR and mass spectra from which we 
have drawn several conclusions. 

(1) Following the described synthesis and purification 
procedure to the PepRPC 10/10 stage leads to  a mixture 
of products (Experimental Procedures section 4A). The 
mixture was separated using a Biogel P-2 size-exclusion 
column. By comparing the total absorbance (at 254 nm) 
found in peak I (GBA I) and peak I1 (GBA IIj, the mixture 
was calculated to be 73% I and 27% 11. The two relatively 
insignificant peaks eluting before GBA (11) were not 
included in GBA (11) or in the above percentages. In a 
modified synthesis (Experimental Procedures section 4B) 
where only NaCNBH3 was used in the reaction at  pH 
6.5, only one product was synthesized, corresponding to 
GBA (I). Fluorescent dyes have been coupled as the 
amine (15) or as the thiosemicarbazide ( I  7) to  oxidized 
polyribonucleotides without subsequent reduction. Al- 
though there are several reports that describe the use of 
only NaBH4 during the reduction step (18,30,31,34,35),  
the synthesis method we chose to follow was based on 
the use of NaCNBH3 and NaBH4 (22). When Ingham and 
Brew (22) used only NaBH4 during the reduction step, 
they obtained low yields of a relatively unstable product, 
but when both NaCNBH3 and NaBH4 were used, a 
greater yield of a thermally stable product was obtained. 
Other authors have also reported the use of both NaBH4 
and NaCNBH3 in similar reductive amination procedures 
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Figure 6. Proposed structures for GBA (I) and GBA (11) from 
the synthesis starting from periodate-oxidized guanosine and 
benzylamine. 

(32,36).  Wells and Cantor (25) described a procedure to 
label periodate-oxidized tRNA with dansyl hydrazine 
using only a single reductant, NaCNBH3. Stirchak et aZ. 
(37) used (NH4jB407, also with only NaCNBH3, to  form 
a morpholine nucleoside for incorporation into nucleoside 
oligomers. Our observations show that the use of both 
NaCNBH3 and NaBH4 results in formation of a second 
product, GBA (11). 

(2) On the basis of the high-resolution FAB mass 
spectra, GBA (I) had a molecular ion mass consistent 
with two possible (M + HI+ formulas for GBA (I), 
C17H2103N6 and CIgHz304N3, the latter of which is not 
possible from the synthesis because of the two additional 
carbon atoms. Similarly, GBA (11) had a molecular ion 
mass consistent with two possible (M + H)+ formulas, 
C17Hz304N6 and ClgHZ503N5, the latter of which is again 
not possible because of the two additional carbon atoms. 
These results suggest one structure for the major product 
GBA (I) in which the ribose moiety has been converted 
to  a morpholine ring structure (Figure 6). The two 
possible isomers for the minor product, GBA (II), that 
are consistent with the predicted formula are also shown 
in Figure 6. 

(3) The predominant product, GBA (I), as well as  the 
minor product, GBA (111, contained one guanosine per 
benzylamine based on lH NMR analyses. No free alde- 
hyde group remained on the ribose moiety, indicated by 
the absence of the characteristic downfield chemical shift 
for aldehydic protons at  9-10 ppm. 

(4) Further analysis performed on GBA (I) using COSY 
lH NMR (Figure 5) was used to assign chemical shift 
values to each proton and was completely consistent with 
the structure proposed from the high-resolution FAB- 
mass spectra analysis of GBA (I). The diagonal peaks 
(from the lower left to upper right corners) represent the 
one-dimensional spectrum. The guanylyl H-8 (-8 ppm, 
region not shown) is expected to  appear downfield since 
it is on a carbon adjacent to two electronegative nitrogen 
atoms which would deshield the proton. The ribosyl H-1' 
peak (5.7 ppmj is correlated to two cross-peaks at 3.1 and 
2.7 ppm which must therefore correspond to the two 
nonequivalent ribosyl H-2' protons. Furthermore, since 
the cross-peak at 2.7 ppm is larger, we may assign it as 
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whether only one or both forms are recognized by the 
eIF-2 nucleotide binding site. The form in which the 
ribose ring remains open, however, is expected to have 
added flexibility compared to the morpholine-like closed 
ring derivative, and could facilitate binding. These 
fluorescent nucleotide derivatives have been very useful 
probes for studies involving eIF-2 interactions with 
several of the components necessary for the initiation of 
eukaryotic protein synthesis using steady-state fluores- 
cence anisotropy (28). 
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Figure 7. Proposed structures of GDP*R and ATP*F cor- 
responding to GBA (I). 

the axial H-2’ proton and the 3.1 ppm cross-peak as the 
equatorial H-2’ proton. The peak at 4.0 ppm was 
assigned as  the H-4’ proton since it would be deshielded 
by the adjacent oxygen (thus shifted downfield) and 
would be expected to show complex splitting patterns due 
to the adjacent H-3’ and H-5’ protons. Indeed, the peak 
at  4.0 ppm (x-axis) in the one-dimensional spectrum has 
cross-peaks that connect peaks in the one-dimensional 
spectrum (y-axis) both in the 3.9-3.6 ppm range (as- 
signed as the two ribosyl H-5’ protons) as well as the 2.3 
ppm peak (assigned as the axial H-3’ proton because of 
the large cross-peak size). The smaller cross-peak to the 
equatorial H-3’ is not seen due to suppression of axial 
peaks. However, the H-3’ peak at  2.3 ppm has a cross- 
peak to 3.0 ppm, which was thus assigned as the 
equatorial ribosyl H-3’ proton. The assignments given 
for the H-2’ and H-3’ protons are reinforced by the fact 
that they show the same splitting patterns: H-2’) doublet 
and triplet (3.1 and 2.7 ppm, respectively); H-3’, doublet 
and triplet (3.0 and 2.3 ppm, respectively). 

In contrast to  previously reported work involving 
periodate-oxidized nucleotides and their reactions with 
amines (18) or carboxylic hydrazides (19,20) the ribose 
moiety of the major product, following reduction, does not 
contain a hydroxyl on either the 2’ or 3’ carbon. The 
minor product, however, does contain one hydroxyl group. 

By inference, we propose that the structure(s) of the 
fluorescent nucleotide conjugates are the same as for that 
of the guanosine benzylamine conjugate(s1 in regard to 
the modification at the ribose ring. In Figure 7, we show 
putative structures for GDP*R and ATP*F corresponding 
to GBA (I). Since a mixture of products was obtained 
from the guanosine benzylamine synthesis with two 
reductants, we also infer that a similar mixture is 
obtained for the fluorescent nucleotide conjugates. Simi- 
larly, we presume that only the ring structures shown 
in Figure 7 should be formed when only the single 
reductant NaCNBH3 is used. It is unknown at  this point 
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A series of double-stranded, cyclic oligodeoxynucleotides with non-nucleotide bridges have been 
synthesized, and their physicochemical properties and susceptibility to enzymes have been investigated. 
These bridged duplexes are of potential interest for their binding properties to transcription factors 
and other DNA-binding proteins. Triethylene glycol has been employed as the bridge to alter the 
lipophilicity of the duplex and avoid the potential for enzymatic cleavage. The synthetic route involved 
the synthesis of a 3'-phosphorylated, nicked double-stranded precursor with the final internucleotide 
bond being formed chemically using a water soluble carbodiimide. These bridged duplexes have high 
thermal dissociation temperatures, and the T, for a triethylene-bridged 20 base pair duplex was higher 
than that for the corresponding pentathymidylate-bridged duplex. EcoR I endonuclease cleaved a 
ligated, bridged duplex a t  a slower rate than the corresponding unmodified duplex, whereas the 
unligated, bridged duplex was cleaved more rapidly. Sufficient amounts of the bridged octamer and 
dodecamer were prepared for proton NMR spectroscopic studies, and 2D COSY and NOESY spectra 
were obtained. The results indicate that the ligated duplex has a B-form conformation. 

INTRODUCTION 

Oligonucleotide-based therapeutics are of considerable 
interest as a potentially new approach to drug design. 
Although the most common oligonucleotide-based ap- 
proaches involve the targeting of RNA (the antisense 
approach) or DNA (the antigene or triplex approach), a 
less explored route is to target essential DNA-binding 
regulatory proteins, such as transcription factors, with 
short sequences of double-stranded oligonucleotides. 
Since unmodified oligonucleotides are rapidly degraded 
in serum and cell extracts ( I ,  2 ) ,  the attachement of non- 
nucleotide linkers to the ends of a duplex might provide 
an advantage by reducing the rate of degradation, 
especially by exonucleases. A further advantage might 
be that the enhanced thermal stability of these bridged 
duplexes as compared with their natural counterparts 
ensures that relatively short recognition sequences are 
more effectively held in a duplex conformation and thus 
available for recognition. In this report we describe 
methodology for the synthesis of examples of these 
compounds, together with a brief study of their physico- 
chemical properties. 

The earliest report of the study of the properties of a 
double-stranded cyclic oligonucleotide or dumbbell was 
described by Schemer et al., who investigated the physi- 
cal properties of a series of linear and cyclic d(AT) 
oligomers and showed that the circular molecules pos- 
sessed unexpectedly higher thermal denaturation tem- 
peratures (3). Wemmer and Benight (4 )  subsequently 
described the preparation of a duplex bridged by two 
tetranucleotide loops and again showed that the closed, 
circular duplex exhibited considerably greater stability 
than the unligated sequence. Erie et al. (5)  reported the 
synthesis of a covalently closed, double-stranded se- 
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quence by enzymatic ligation of a nicked duplex using 
Tq DNA ligase, with five thymidylate residues being 
employed for each of the bridges or loops. Previous work 
by the same group (6)  showed that a similar sequence 
with only four thymidylate residues in each bridge could 
not be enzymatically ligated. A related approach was 
taken by Ashley and Kushlan (7) who synthesized double- 
stranded cyclic oligonucleotides with four thymidylate 
residues in the bridges using a purely chemical route. 
Ligation was found to  be most effective for 3'-phospho- 
rylated nicked sites flanked by two purine bases. Cir- 
cular oligonucleotides which are capable of forming triple- 
stranded structures by binding single-stranded DNA or 
RNA have also been reported (8,9), and in these se- 
quences the bridges were constructed either from a 
sequence of natural nucleotides or from hexaethylene 
glycol linkers. More recently, a series of 17 DNA dumb- 
bells were constructed with duplex regions ranging in 
length from 14 to 18 base pairs, linked at  the ends by 
four thymidylate residues as bridges. The thermal 
denaturation profiles of members of this series of oligo- 
nucleotides were investigated in a study of nearest 
neighbor interactions (10). The stability of dumbbell 
DNA in serum has been studied, and it was shown that 
the nucleotides in the single-stranded loops were pref- 
erentially nicked ( 2 1 ) .  The regulation of specific gene 
expression by double-stranded dumbbell oligonucleotides 
possessing pentathymidylate loops has been reported (12) 
and a report of bridged RNA duplexes with nucleotide 
and non-nucleotide bridges has also recently been pub- 
lished (13). 

Several groups have described the synthesis of hairpin 
molecules with non-nucleotide bridges. An oligonucle- 
otide hairpin containing a hexaethylene glycol bridge has 
been reported (141, and its properties were compared to 
an oligonucleotide in which the hexaethylene glycol was 
replaced by four thymidine residues and to a duplex of 
the same sequence without the bridge. An aromatic 
terephthalimide group has been used as a bridge to  
connect two complementary oligonucleotide strands, and 
a marked increase in the stability of the duplex was 
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observed with this conjugate as compared to  the same 
duplex without the bridge (15). Two thymidylate strands 
connected by this type of linker also showed enhanced 
affinity for oligo(dA) strands, presumably by triplex 
formation. 

Glycol or propanediol linkers have been used to connect 
noncomplementary oligonucleotide sequences (16, 17). 
These molecules were used as probes to  bind to  two 
separate, noncontiguous regions of an RNA target mol- 
ecule. Doubly bridged molecules containing terephthal- 
imide or hexaethylene glycol bridges have also been 
prepared (15,18). In both cases, the oligonucleotide was 
able to fold back on itself twice to form a triple helix a t  
low temperature. A recent report described the synthesis 
of a series of hammerhead-like synthetic RNA molecules 
containing glycols in one of the loops, some of which were 
shown to possess catalytic, ribozyme-like activity (19). 
Only two examples of a doubly bridged duplex containing 
non-nucleotide bridging groups have been described. In 
the first example the molecule was linked via disulfide 
bridges attached to  the bases rather than the phosphodi- 
ester backbone (20), and in the second example RNA 
molecules with glycol bridges were obtained by enzymatic 
ligation (13).  

Since DNA-binding proteins such as transcription 
factors provide an attractive target for binding by modi- 
fied, double-stranded oligonucleotides we describe the 
synthesis and physicochemical properties of DNA du- 
plexes in which the termini of the phosphodiester back- 
bones are connected by triethylene glycol bridges, to- 
gether with an initial study of their physicochemical and 
enzymatic properties. 

Gao et al. 

EXPERIMENTAL PROCEDURES 

Materials and Methods. Oligonucleotides shown in 
Figure 1 were synthesized using an Applied Biosystems 
Model 390B or 394 DNA synthesizer using a 1 pmol 
synthesis cycle (trityl-on mode). Unmodified oligos were 
purified by reversed-phase HPLC on a CIS column, 
lyophilized, and detritylated using 0.1 M aqueous acetic 
acid for 30-40 min, extracted with ethyl acetate (3x) 
followed by ether (3x), lyophilized to  dryness, and 
converted into the sodium form. The chemical phospho- 
rylation reagent and the triethylene glycol phosphora- 
midite were purchased from Glen Research. HPLC 
purifications were performed using a Waters 600E sys- 
tem controller equipped with a multisolvent delivery 
system and a Model 991 photodiode array detector. 
Unless otherwise stated, analytical reversed-phase HPLC 
was performed using a Waters Delta-Pak C4 cartridge 
(8 x 100 mm, 15 pm, 300 A), and a Delta-Pak C4 cartridge 
(25 x 100 mm, 15 pm, 300 A) was employed for prepara- 
tive use. A linear gradient of 0.1 M triethylammonium 
acetate buffer pH 7.0 (TEAA, solvent AYacetonitrile 
(solvent B) was employed for all reversed-phase separa- 
tions. Unless otherwise stated, anion exchange chroma- 
tography was performed on a Dionex NucleoPac PA-100 
column (4 x 250 mm, Dionex Corporation, Sunnyvale, 
CA) using a linear gradient of 25 mM Tris-HC1, pH 8.0 
containing 0.5% CH&N (solvent A), increasing to 25 mM 
Tris-HCVlM NH4C1, pH 8.0 containing 0.5% CH3CN 
(solvent B), with a flow rate of 1.5 mL/min. Ultraviolet 
spectra were obtained with a Shimadzu UV 160U spec- 
trophotometer using 1-mL quartz cuvettes. Unless oth- 
erwise stated, polyacrylamide gel electrophoresis (PAGE) 
was performed using a 12% polyacrylamide gel contain- 
ing 7 M urea with 0.09 M Tris borate/EDTA ( l x  TBE) 
buffer, pH 8; bands were detected by UV shadowing. 
Oligonucleotides were converted into their sodium salts 

by passage through a short column of Dowex AGSOW- 
X8 resin, sodium form. 

Synthesis of the Unligated Dodecamer Duplex 1. 
Fourteen syntheses were carried out on a 1 pmol scale 
(trityl-on) and combined for purification purposes. The 
3'-phosphate was introduced using (2-cyanoethoxy)[2-[[2'- 
[ (O-4,4'-dimethoxytrityl)oxy]ethyl]sulfonyllethoxyl(iV~- 
diisopropy1amino)phosphine as the phosphoramidite (21), 
the reagent being coupled directly to  controlled pore glass 
solid support to which a deoxycytidine residue was 
attached (i,e,, a C-column). After addition of the required 
nucleotides using conventional cyanoethyl phosphora- 
midites, the triethylene glycol bridging groups were 
introduced using [ [[(4,4'-dimethoxytrityl)oxyltriethylene]- 
oxy](2-cyanoethoxy)(iV~-diisopropylamino)phosphine (14) 
a t  the appropriate positions. After completion of the 
synthesis and cleavage from the solid support, the 
aqueous ammonia solution of the crude oligonucleotide 
from the synthesizer was heated at  55 "C for 15 h to 
remove the protecting groups, and ammonia was removed 
by passing a stream of nitrogen over the solution. The 
solution was lyophilized, and the residue was dissolved 
in 0.02 M triethylammonium bicarbonate, pH 7.6. The 
crude, trityl-on oligonucleotide was purified by prepara- 
tive reversed-phase HPLC, gradient 2-15% B over 4 min 
and then 15-40% over 45 min, followed by 40-80% B 
over 3 min. The peak eluting between 26 and 33 min, 
corresponding to the tritylated oligonucleotide, was col- 
lected and lyophilized to remove buffer, detritylated by 
treatment with 0.1 M acetic acid solution for 40 min at  
room temperature, and extracted with ethyl acetate (3x) 
followed by ether (6x1. After lyophilization to dryness, 
the residue was converted into the sodium salt. The 
eluate was evaporated to dryness to  give the unligated 
oligonucleotide 1, 628 OD260. Anion exchange HPLC 
analysis (gradient: 15-30% B over 1.5 min and then 30- 
80% B 2-27 min) showed a single peak with a retention 
time of 16.5 min. 

Formation of the Bridged Duplex 2. The unligated 
oligonucleotide 1 (Figure 11, 100 OD260 units, was dis- 
solved in sodium 4-morpholinoethanesulfonate buffer 
(MES, 0.05 M, pH 6.0, 30 mL) containing 20 mM 
magnesum chloride and treated with 1-[3-(dimethylami- 
no)propyl]-3-ethylcarbodiimide hydrochloride (EDC, 2 g). 
The mixture was briefly vortexed, stored at  4 "C for 3 
days, and analyzed by HPLC using a Waters C4 column 
(Delta Pak 5 pm, 300 A, 3.9 x 150 mm). Buffer A: 0.1 
M TEAA pH 7. Buffer B: CHsCN, flow rate 1.5 mumin, 
gradient 2-15% B over 20 min, then 15-20% B from 21- 
24 min. Virtually no starting material remained after 3 
days. Using a similar procedure, an additional 116 OD260 
units of 1 were ligated with similar results. These two 
reaction mixtures were combined, evaporated to dryness, 
precipitated from ethanol, and purified on a C4 prepara- 
tive reversed-phase column using a linear gradient of 0.1 
M TEMCHsCN, with the concentration of B being 
varied from 2 to 15% over 40 min. The product peak 
eluting between 10 and 13.5 min was collected, lyophi- 
lized to dryness, and converted into the sodium salt. The 
eluate was evaporated to dryness to give the ligated 
oligonucleotide 2, 122 OD260. Analysis by 15% PAGE 
showed a single band with higher mobility than the 
starting material 1. 

Synthesis of the Unligated Octanucleotide Du- 
plex 3. Twenty syntheses (1 pmol scale) were performed 
with trityl-on and auto cleavage as the ending method. 
After storage in concentrated aqueous ammonia at  55 "C 
for approximately 8 h, the ammonia was removed by 
partial evaporation, and the resulting aqueous solution 
was filtered through a 0.22-pm Millex filter unit which 
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was rinsed with water (0.5 mL). The filtrate and wash- 
ings were combined and purified by reversed-phase 
HPLC using a Hamilton PRP-1 preparative column (21.5 
x 250 mm). Gradient: 20-30% B over 24 min then 30% 
B over 40 min, flow rate 10 mumin. The eluate contain- 
ing the desired component, which eluted at  18 min, was 
collected and evaporated, and the residue was detrity- 
lated by treatment with 6% acetic acid for 10 min. The 
solution was washed with ethyl acetate and the aqueous 
layer was evaporated to dryness. The residue was 
purified by reverse phase HPLC using a Hamilton Semi- 
Prep PRP-1 column (10 p, 7 x 305 mm), flow rate 1.5 
mumin, gradient: 2-80% B. The desired component, 
which eluted after 19 min, was collected, evaporated, and 
desalted over BioRad P2 gel (2 x 82 cm, 0.001 M Na2- 
HP04). The fraction containing the desired oligomer was 
collected and evaporated to  give 400 OD260 units of 3. 
Analysis by 15% PAGE showed a single band with higher 
mobility than the starting material 1. A sample was 
lyophilized twice from DzO for NMR purposes. 

Chemical Ligation of 3. A solution of oligonucleotide 
3 (202 OD260) in MES buffer pH 6.0 (0.05 M, 40.4 mL) 
containing 20 mM MgClz was cooled on ice and treated 
with EDC (6.06 g) with stirring. The reaction was stirred 
at  4 "C for 3 days, and oligonucleotide was precipitated 
by addition of absolute ethanol (180 mL) followed by 
storage overnight a t  -80 "C. The solid was collected by 
centrifugation at  -5 "C, dissolved in a minimum amount 
of water and filtered through a 0.22-pm filter. The eluate 
was purified by HPLC using a Hamilton semipreparative 
PRP-1 column, and the fractions containing ligated 
material, which eluted at  17 min, were combined, evapo- 
rated, and desalted (2 x 82 cm, 0.001 M Na2HP04) to 
obtain a pure ligated material 4 (100 ODzso). The purity 
of a sample was analyzed by PAGE and HPLC. For 
NMR, a sample was lyophilized twice with 0.4 mL of D2O 
and dissolved in DzO (0.4 mL) containing 10 mM phos- 
phate and 100 mM NaC1, pH 7.4. 

Synthesis of the 20-mer Duplexes 5,6,11, and 12. 
Synthesis and HPLC purification of the unligated 20-mer 
duplex 5 were similar to the procedures described for the 
unligated dodecamer duplex 1. The product 5 was 
analyzed by PAGE, and a single band was detected by 
U V  shadowing. The unligated oligonucleotide 5 (23 
OD260) was dissolved in 50 mM MES-NaOH, pH 6.0,20 
mM MgClz (2 mL), and after addition of EDC (0.2 g) the 
resulting mixture was stirred a t  4 "C for 3 days. A 
further portion of EDC (0.15 g) was added, and after 
reaction for an additional 3 days, analysis by PAGE 
indicated that most of the starting material ('90%) was 
converted into a faster migrating, ligated oligonucleotide 
6. The product was separated by PAGE and extracted 
from the gel by crushing the frozen gel slice, followed by 
soaking overnight in 0.3 M sodium acetate (0.5 mL) 
containing 2 mM EDTA (1 mL, pH 8.0). The mixture 
was filtered, and the solids were washed with 2 mM 
EDTA (1.5 mL). The filtrate and washings were com- 
bined, concentrated to dryness, precipitated from ethanol, 
and converted into the sodium form to give 6 (4 OD260). 

The unligated oligonucleotide 11 was synthesized and 
purified as described for 5 ,  except that five additions of 
thymidine phosphoramidite were substituted for each 
addition of the triethylene glycol phosphoramidite. The 
ligation of 11 was carried out as described for 5. 

Thermal Denaturation Experiments. These were 
performed on a Gilford Response I1 temperature-con- 
trolled spectrophotometer by monitoring the changes in 
absorbance at  260 nm versus temperature, with a heating 
rate of 1 "/min from 25 to  100 "C. Extinction coefficients 
used to calculate the molar ratios of oligonucleotides were 
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obtained by the method of Rychlik and Rhoads (22). 
Melting curves were determined in 10 mM Na2HP04, pH 
7.0. Transition temperatures were obtained from the 
first-order derivative plot of absorbance versus tempera- 
ture. 

Enzyme Digestion to Monomers. Each oligomer 
(0.5 OD260 units) was dissolved in water (66 pL), and 0.1 
M Tris-HC1 buffer, pH 7.5 (0.2 pL) and MgClz (1.2 pL) 
were added. The solution was treated with crude snake 
venom diesterase (0.037 units in 3.6 pL) and alkaline 
phosphatase (0.5 units in 5.8 pL) and incubated for 12 h 
a t  37 "C. The reaction was centrifuged, and the super- 
natant was filtered through a 0.22-pm filter membrane 
and analyzed by HPLC using a Beckman C18 reversed- 
phase column (5 pm, 0.46 x 25 cm) with a flow rate of 
1.5 mumin. Gradient: 1-10% B from 0-15 min, then 
10-20% B over 10 min, followed by 20-100% B over 10 
min. 

Incubation of Dodecamers with EcoR 1 Endonu- 
clease. Samples of the oligonucleotides 1, 2, and 7 (1 
OD26o) were each dissolved in buffer (50 mM NaC1, 100 
mM TrisHC1, 10 mM MgC12, 0.025% Triton X-100, pH 
7.5, 540 pL) and treated with EcoR 1 restriction endo- 
nuclease (60 pL, 20 units/pL, New England BioLabs, 
Beverly, Ma). Each solution was incubated at  37 "C, and 
aliquots were removed, quenched by addition of 0.5 M 
EDTA, and heated at  75 "C for 15 min to  destroy the 
enzyme. Each aliquot was extracted with phenol/ 
chloroform (l:l, pH 8), chloroform, and ether, concen- 
trated to dryness, and precipitated from ethanol. The 
products were examined by 20% PAGE. 

NMR Studies. The proton one-dimensional spectra, 
the two-dimensional pure absorption-phase NOESY spec- 
tra, and the two-dimensional double quantum-filtered 
COSY (DQF-COSY) spectra were acquired on a General 
Electric GN-400 or a Varian XL-400 instrument. The 
proton spectra were referenced to sodium 34trimethyl- 
silyl)propionate-2J,3,3-d4 (TSP; from MSD Isotopes) a t  
0 ppm. The 'H one-dimensional spectra of the dodecam- 
ers and octamers were acquired with a sweep width of 
4000 Hz and 32K data points, with a relaxation delay of 
3.0 s. The data were processed with a line broadening 
of 0.5 Hz. 

The two-dimensional pure absorption phase NOESY 
spectra of the dodecamers and octamers were acquired 
at  two mixing times (500 and 150 ms) for the assignment 
of the proton NMR spectra. The NOESY spectra were 
acquired with a sweep-width of 4000 Hz in both the tl 
and tz dimensions. The spectrum was collected as 512 
FID's ( t l )  by 1024 complex points ( td .  A relaxation delay 
of 4.5 s was used. Sixteen transients were collected for 
each of the tl values. The experiments were processed 
with 2K of zero-filling in the t z  dimension and 1K of zero- 
filling in the tl dimension for a final matrix size of 1K x 
1K. A Gaussian apodization function was applied in both 
the t l  and tz dimensions to  generate resolution enhance- 
ment. The spectra were collected without spinning the 
sample. The HDO solvent signal was saturated with the 
decoupler during the recycle delay. 

The DQF-COSY spectra were acquired to  assign the 
H6-& cytosine protons through their COSY coupling 
crosspeaks. The DQF-COSY spectrum was measured 
with a sweep-width of 4000 Hz in both the tl and t2 
dimensions. The spectrum was collected with 1024 
complex points in tz and 128 tl values. Eight transients 
were collected for each tl value, and a relaxation delay 
of 2 s was used. The spectra were collected without 
sample spinning. The spectra were zero-filled to 4K in 
the tl  dimension and 2K in the t z  dimension for a final 
matrix size of 2K x 2K. Spectra were apodized using a 
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Figure 1. Structures of oligodeoxynucleotide duplexes, the 
triethylene glycol bridges are indicated by the open circles. 

sine-bell function in both the tl and t 2  dimensions to 
enhance resolution. 

RESULTS AND DISCUSSION 

Synthetic Strategy. The basic strategy for the 
synthesis of these double-stranded, circular molecules 
relies on the chemical ligation of an open chain, double- 
stranded (nicked dumbbell) precursor. This strategy was 
followed by Ashley and Kushlan (7) in the synthesis of 
dumbbells with pentathymidylate loops and takes ad- 
vantage of the fact that part of the sequence acts as a 
template for the nucleotides adjacent to  the site to  be 
ligated. The nicked dumbbell precursor 1 (Figure 1) was 
prepared on a DNA synthesizer using the phosphoryla- 
tion reagent of Horn and Urdea (21) to generate a 3'- 
phosphate upon cleavage from the support and depro- 
tection. Positioning of the phosphate a t  the 3'-terminus 
allowed for the dimethoxytrityl to be retained at  the 5'- 
terminus, thus facilitating purification by conventional 
reversed-phase trityl-on HPLC. The full length tritylated 
oligonucleotide was well separated from failure sequences 
on a Cd column and was collected and detritylated using 
dilute acid. The unligated material was converted into 
the sodium salt in order to remove the bulky triethylam- 
monium cations which might potentially interfere with 
ligation. 

Ligation employed the water-soluble carbodiimide EDC 
as the condensing agent, and the preferred conditions 
employed a large excess of condensing agent and a 
reaction time of 3 days. Repeated addition of smaller 
amounts of EDC was found to be less effective, and this 
reagent was found to be more satisfactory than others 
such as cyanogen bromidelimidazole. Ligation was very 
efficient under these conditions since an analysis of the 
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Figure 2. HPLC chromatograms of the unligated and ligated 
duplexes. Panel A unligated duplex 1. Panel B: ligation 
reaction mixture. Panel C: purified, ligated duplex 2. 

crude reaction mixtures by gel electrophoresis usually 
showed that only small amounts of starting material 
remained. The ligated material was isolated by reversed- 
phase HPLC using a Cq column, although a polystyrene- 
based reversed-phase column was also found to  be 
suitable for separation of 2 from unligated material. 
Figure 2 shows HPLC traces of the unligated oligonucle- 
otide 1 (panel A), the ligation reaction mixture (panel B), 
and the ligated material 2 (panel C). The synthesis and 
purification of the octamer duplex 3 closely paralleled the 
procedure for the dodecamer except that a polystyrene- 
based HPLC column was employed for purification. The 
ligation reaction also paralleled that for 1 and yielded 
approximately 100 OD260 units. 

The 20 base pair duplex examined in this study 
corresponds to  the DNA binding site of the p53 tumor 
suppressor gene (23) and consists of two copies of the 10 
base pair motif PuPuPuCATGPyPyPy. The synthesis of 
this oligonucleotide closely parallelled that for 2, except 
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Figure 3. Thermal dissociation curves of dodecamer duplexes 
in 10 mM Na2HP04. Unmodified duplex 7: -0-. Unligated 
duplex 1: -A--. Ligated duplex 2: -0-. 

that the separation of the ligated duplex 6 from unreacted 
starting material 5 was not possible by HPLC. The 
reaction mixture was therefore purified by preparative 
gel electrophoresis, since the ligated material could be 
clearly observed as a faster migrating band which was 
well separated from starting material. Elution of the gel 
slice provided suficient material for enzymatic and 
thermal dissociation experiments. The corresponding 
sequence with pentathpidylate bridges (compound 12) 
was prepared by a similar method. 

Thermal Denaturation Experiments. The thermal 
denaturation profiles of the unligated and ligated oligo- 
nucleotides were determined in sodium phosphate buffer 
and compared to  those of the unmodified duplexes. The 
denaturation of the unmodified duplex of the dodecamer 
7 showed a biphasic rather than a standard sigmoidal 
curve, due to transitions involving duplex, hairpin, and 
single-stranded structures as  has been previously de- 
scribed (24). The unligated duplex l was considerably 
more stable than its unmodified counterpart 7 and gave 
a monophasic curve with a T,  of 59.5 "C in 10 mM Naz- 
HP04. The increase in melting temperature is similar 
to those previously reported for thymidylate bridged 
sequences versus sequences without bridges (4 ,5 ,25) .  A 
further, large increase in dissociation temperature to 
approximately 93 "C was observed for the ligated, bridged 
duplex 2, and the plateau corresponding to the fully 
dissociated form was not reached a t  100 "C. The melting 
curves for these three oligonucleotides are shown in 
Figure 3. The biphasic nature of the curve for 7 presum- 
ably represents formation, then melting, of a hairpin 
conformation of this self-complementary sequence as has 
been previously described (24). Similar melting curves 
have been reported for other self-complementary se- 
quences (4) .  Melting curves were also obtained for the 
octamer duplexes 3 and 4, with an especially large 
increase in T,,, of over 50 "C being observed for the ligated 
species versus the natural duplex. The results are 
summarized in Table 1. 

Since a number of duplexes with thymidylate bridges 
have been previously described and shown to be quite 
stable toward thermal denaturation, it was of interest 
to investigate the difference in thermal stability between 
a duplex with triethylene glycol bridges versus the same 
sequence with nucleotide bridges. This comparison was 
investigated for the 20 base pair duplexes 5 and 6 having 
triethylene glycol bridges versus 11 and 12 possessing 

A 

d A  

B C 

Figure 4. HPLC chromatograms of the products of digestion 
of oligonucleotide duplexes with snake venom phosphodiesterase 
and bacterial alkaline phosphatase. Panel A: natural duplex 
8. Panel B: unligated duplex 3. Panel C: ligated duplex 4. 

Table 1. Comparison of Thermal dissociations of 
Bridged Duplexes vs Their Unmodified Counterparts 

compd 
7 
1 
2 
8 
3 
4 
9 + 10 
6 
6 
11 
12 

oligonucleotide 
natural (unbridged dodecamer) 
unligated dodecamer 
ligated dodecamer 
natural (unbridged) octamer 
unligated octamer 
ligated octamer 
natural (unbridged) 2Omer duplex 
unligated 2Omer 
ligated 2Omer 
unligated 2Omer, Ts bridges 
ligated 2Omer, T5 bridges 

T, ("C) in 
10 mM NaZHP04 

39.5 
58.5 
93 
22 
32 
77.5 
62 
68 
89.5 
61.5 
82.5 

pentathymidylate bridges. In both cases the duplexes 
with triethylene glycol bridges exhibited greater stability 
than those with the pentathymidylate bridges, with the 
melting temperature differential between the two being 
approximately 7 "C. Although the magnitude of this 
difference is probably not of significance for longer 
sequences, the greater stability of the triethylene glycol 
bridges might be more important for stabilization of short 
duplexes. 

Enzyme Degradation. Samples of the octamers 3 
and 4 were digested to monomers using a mixture of 
crude snake venom phosphodiesterase and bacterial 
alkaline phosphatase in order to confirm that the mono- 
mer components and the backbone had not been unex- 
pectedly modified under the conditions of synthesis. A 
digestion of the natural sequence 8 served as the control. 
Aliquots were examined by HPLC, and the results are 
displayed in Figure 4. Digestion of the unmodified 
sequence 8 produced four peaks corresponding to  the 
component nucleosides (dC, dG, dT and dA, panel A), 
whereas digestion of 3 or 4 produced five peaks (panels 
B and C), four corresponding to  the standard nucleosides 
together with a later eluting peak presumably due to  the 
monomer to which the triethylene glycol linker is at- 
tached. Evidence for the identity of the later eluting peak 
was obtained by the synthesis of the dimer d-Gp- 
triethylene glycol-pC followed by enzyme degradation 
with snake venom diesterase and alkaline phosphatase. 
HPLC analysis showed that the the retention time of the 
later eluting peak from the digestion of 3 or 4 was 
identical to that from the digestion of dGp-triethylene 
glycol-pdC. Since snake venom is known to  cleave 
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Figure 5. Treatment of 1, 2, and 7 with EcoR 1 restriction 
endonuclease. Lanes 1 and 12: bromophenol blue and xyle- 
necyanol dye markers. Lane 2: 1. Lanes 3 and 4: 1 + EcoR 1 
overnight, 3 h, respectively. Lane 5: 2. Lanes 6 and 7: 2 + 
EcoR 1 overnight, 3 h. Lane 8: 7. Lanes 9 and 10: 7 + EcoR 
1 overnight, 3 h, respectively. Lane 11: 12-mer marker. 

phosphodiesters to produce 5'-monoesters, the later elut- 
ing cleavage product is expected to be dG3'-phosphoryl- 
ethylene glycol. Similar enzyme degradation experi- 
ments (not shown) were performed on the dodecamers 
1, 2, and 7, with identical results. 

Cleavage by EcoR I Restriction Endonuclease. 
EcoR I is a restriction endonuclease which cleaves double- 
stranded DNA between the G and A residues of the 
recognition site GAATTC. Since such a recognition site 
exists in the dodecamers 1 ,2 ,  and 7, it was of interest to 
examine the effect of the enzyme on these oligonucle- 
otides, especially in view of the potential constraint 
introduced by the triethylene glycol bridges. When the 
natural duplex of 7 was incubated with EcoR I and the 
products examined by gel electrophoresis (Figure 51, the 
starting material was partially degraded after overnight 
incubation to give a faster running species (lane 9), which 
would be expected for symmetrical cleavage between the 
G and A residues, together with a slower species of 
unknown origin. It should also be noted that the mobility 
of 7 (lane 8) is faster than that of a random sequence 
12-mer (lane 111, which suggests that the former exhibits 
secondary structure even under the denaturating condi- 
tions of the gel. 

When the unligated, bridged duplex 1 was treated 
under the same conditions, virually no starting material 
remained and three faster running species were produced 
(lane 3). Cleavage between the G and A residues of both 
strands of the molecule would be expected to give 12- 
mer and 10-mer hairpin sequences, whereas cleavage of 
only one strand would give rise to 14-mer and 10-mer 
structures. In the former case, the dinucleotide AA would 
also be generated by cleavage between the G and A 
residues adjacent to the nick; this dimer was not ob- 
served, presumably because of migration off the gel. 
Thus, the gel results indicate that the presence of the 
glycol bridges has no inhibitory effect on enzymatic 
cleavage and that both single- and double-strand cleavage 
occurs. The ligated oligonucleotide 2 was less readily 
degraded but could be cleaved slowly to give a single new 
species (lane 61, which would be expected because of the 
symmetry of the starting material and cleavage of both 
strands. The structure of this new species was confirmed 
as the expected 12 base hairpin with one triethylene 
glycol loop by independent synthesis and comparison by 
gel electrophoresis. One possible reason for the much 

slower cleavage of 2 may be related to its resistance to 
denaturation, so that partial unwinding or "breathing" 
to allow for binding to the active site of the enzyme is 
less likely. A second possibility is that the helix may be 
distorted, and the NMR spectrum of 2 does in fact provide 
evidence for distortion in the region of the bridges. 

Nuclear Magnetic Resonance Studies. 1D Spec- 
tra. The one-dimensional spectra in D20 of the aromatic 
protons of the self-complementary duplex 8 and its 
bridged derivatives 3 and 4 are shown in Figure 6. The 
spectrum of the bridged, unligated octamer duplex 3 is 
the broadest and most complex at lower temperature 
compared to the natural duplex 8 and the ligated duplex 
4. This is indicative of asymmetry of the structure and 
the possible presence of multiple equilibria between 
unpaired, partially base-paired, and fully paired species. 
The unligated compound is asymmetric because of the 
the CGAA and TTCG segments, this asymmetry being 
removed upon ligation. Similar results (not shown) were 
obtained with the natural 12-mer duplex 7 as compared 
with the unligated analog 1. 

2D Spectra. The COSY spectrum of 8 (not shown) 
was used for the assignment of cross peaks following 
previous approaches (26-28). The pyrimidine bases were 
readily identified by the off-diagonal cross peaks of the 
aromatic protons since the only aromatic scalar-coupled 
protons in the molecule were the Hg and H6 of cytosine. 
Hence, the two strong aromatic cross peaks immediately 
identified the H5 and H6 protons of two cytosines in this 
sequence. The weak cross peak connecting the 7 ppm 
region to the 1 ppm region was the result of four-bond 
coupling between the methyl and H6 protons and served 
to identify the protons of the two thymine residues. 
Thus, the two cytosine and two thymine residues in the 
sequence could be identified through the COSY spectrum. 
The remaining peaks in the aromatic region of the 
spectrum were from the purines, i.e., guanine Hg and 
adenine Hs and H2. The couplings among the sugar 
protons were also clearly seen in the COSY spectrum and 
grouped the sugar protons into sets belonging to a single 
residue. Each HI. in the 5.4 to 6.2 ppm region coupled 
to H r  and Hy. Similarly, each H r  proton was scalar- 
coupled to its H4t proton, which, in turn, was coupled to 
the Hg' and H r  protons, which were poorly resolved and 
overlapped the chemical shifts of Hc protons. Thus, the 
COSY spectrum permitted the grouping of resonances 
according to the base, or to a single sugar, without giving 
any information about the position of these residues in 
the sequence. 

The NOESY spectrum of d(CGAAn'CG)z 8 is pre- 
sented as a contour plot in Figure 7. In right-hand helical 
DNA, the purine Hs or pyrimidine H6 is close to the HI. 
proton of its own sugar and to the HI. of the 5-terminal 
sugar of each strand. This provides a way to connect 
adjacent residues. In addition, the Hy proton of the 5- 
terminal residue is also close to the of the 3. 
terminus of the same strand. The two thymine methyl 
resonances at 1.28 and 1.53 ppm represent a convenient 
starting point for the sequential assignments. The H6 
protons of thymine to which a given methyl group belongs 
were revealed through the weak four-bond scalar cou- 
pling to the CH3 resonance. Thus, the 7.16 and 7.44 ppm 
aromatic protons were the Hs protons of the two thym- 
ines, with the 7.16 ppm H6 weakly coupled to the higher 
field (1.28 ppm) methyl group. The assignments of the 
scalar-coupled H6 and CH3 pairs to their specific thymine 
residues were based on the fact that one of the methyl 
resonances generated NOESY cross peaks to both thym- 
ine Hs protons whereas the other thymine CH3 cross- 
saturated its own H6 and another aromatic resonance at 
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Figure 6. 1D 400-MHz NMR spectra of the octamer 8 duplex and its bridged and ligated derivatives 3 and 4 as a function of 
temperature. 
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Figure 7. PD-NOESY NMR spectrum a t  400 MHz of the 
duplex of the natural octamer 8. The boxed region highlights 
the Hy, Hyt-base interactions. 

8.14 ppm. The only neighbors of the thymine in the 
duplex were the 114, and the absence of any scalar 
coupling involving the 8.14 ppm resonance identified it 
as an Ha of adenine, The fact that the T5 aromatic proton 
was near both the T5 and T6 methyls independently 
established that the helix was right-handed without any 
prior assumptions. Having identified the H6 and methyl 
resonances of T5 and Tg, one can proceed along the helix 
in either direction using the HI, proton to aromatic proton 
NOE's to complete the assignments. It should be noted 
that the NOESY spectrum of 8 showed clear evidence 
for the existence of a duplex, even though the tempera- 

ture of the NMR experiment (approximately 25 "C) is 
close to  its dissociation temperature as determined by 
UV measurement. Presumably, the much higher con- 
centration of sample used in the NMR experiment as 
compared with the very dilute sample in the thermal 
denaturation experiment was sufficient to  favor forma- 
tion of the duplex rather than the single-stranded form. 

Once the base and HI, protons have been assigned, the 
COSY spectrum generally sufficed to  assign all of the 
remaining sugar protons. Both Hy and Hy protons were 
strongly coupled to their HI,; however, any given Hy was 
nearer to its HI, than is Hy and, hence, gave a much 
stronger NOESY cross peak, which made the 2, and 2,. 
relatively easy to distinguish. Since the sugar proton Hy/ 
Hy resonances in two thymines were heavily overlapped, 
it was not possible to  assign their chemical shifts by the 
NOE cross peaks between base protons and Hy/Hy in 
the 5' end, even though this distance was about 2.2 A in 
B-form DNA. The distance between Hy/Hy to the methyl 
group at  the 3' end was used as an alternative, this 
distance being about 2.9-3.4 A. As can be seen from 
Figure 7, well-resolved cross peaks between the methyl 
and Hy/H2,, protons were observed. Since the chemical 
shifts of Hr and H 2  of Tg and T6 were almost overlapped, 
the cross peaks between methyl and Hr/Hy, protons 
could be used to make these assignments (Figure 7). 

Comparison of the 2D-NOESY Spectra of 4 and 
8. The expanded regions of the deoxyribose-base inter- 
actions of the unmodified octamer 8 (panel A) and the 
ligated duplex 4 (panel B) are shown in Figure 8. A 
comparison of the two revealed a few obvious differences. 
It is remarkable that 19 peaks were unaltered in position, 
although their intensities may have changed. Five 
speaks were clearly shifted; the two indicated by solid 
arrows represent the C1 cross peaks, indicating that the 
chemical shift of H6Cl has changed from 7.51 ppm to  7.08 
ppm. The two cross peaks indicated by open arrows arose 
from a shift of the Hs proton of GF, (from 7.87 to 7.99 ppm). 
Remarkably, the only major shifts were associated with 
C1 and Gs, a t  the termini where the bridges were 
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would indicate that no major conformational change has 
occurred, and thus it can be deduced that the ligated 
duplex 4 is likely to  possess a B-form structure. The 
cross peaks associated with %-T5 interactions were either 
absent or much weaker in the spectrum of the unligated 
sample (not shown), and might indicate the absence of 
strong interactions between & and T5 due to breathing 
at  the nick site. A spectrum obtained a t  600 MHz (not 
shown) of the reaction mixture from the ligation reaction 
of the unbridged unligated dodecamer 1 to give the 
bridged duplex 2 gave results consistent with the above 
analysis for the 400-MHz 2D-NOESY spectrum of the 
ligated octamer 4, including the presence of CI- and Glz- 
shifted resonances. 
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Fluorogenic N-Nitrosoamides: Active-Site Labeling Reagents for 
Chymotrypsin-like Proteases 
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Two fluorogenic N-nitrosoamides, N-nitroso-N-(( 7-methoxycoumarin-4-yl)methyl)-N'-isobutyrylalani- 
namide (6a) and N-nitroso-N-((6-methoxyquinolin-2-yl~methyl)-N'-isobutyrylalaninamide (6b), were 
synthesized. Both N-nitrosoamides inhibited a-chymotrypsin irreversibly; they show promise as 
labeling reagents for the active sites of chymotrypsin-like proteases. 

INTRODUCTION 
N-Nitrosoamide derivatives of amino acids are active- 

site-directed enzyme-activated inhibitors ("suicide inhibi- 
tors") for hydrolytic enzymes (White et al., 1975; 1977a; 
1977b; 1981; 1990; Donadio et al., 1985; White and Chen, 
1993). Because of the extremely high reactivity of the 
carbocations (White et al., 1968; 1973; 1978) released 
during enzyme-catalyzed hydrolyses, they can serve as  
relatively undiscriminating active-site labeling reagents 
(eq 1, Scheme 1). The alkylation by the carbocations can 
occur a t  the amide linkages as well as the side chains 
(except alkyl groups) within the active site of a targeted 
enzyme (Donadio et al., 1985; White et al., 1990). No 
other affinity or "suicide" reagents, except photoaffinity 
labeling reagents (White et al., 1978), have comparable 
reactivity. We report here the synthesis of two fluoro- 
genic labeling reagents for chymotrypsin-like proteases 
based on the nitrosoamide functional group. Upon 
enzymatic activation (hydrolysis), these reagents deliver 
fluorescent labels (methoxycoumarin or  quinoline moi- 
eties) to the amide linkages andor the side chains of 
amino acid residues in the active site (eq 1). The 
identification of the alkylated sites should be facilitated 
by the facile detection of fluorescent peptides produced 
in a subsequent hydrolysis of the inhibited (labeled) 
enzyme. 

RESULTS AND DISCUSSION 
The general synthetic route employed is outlined in 

Scheme 2. 
In the "b' series, the bromomethyl intermediate re- 

quired (2b) was obtained through bromination of 6-meth- 
oxyquinaldine (lb) with N-bromosuccinimide (NBS) in 
CC14. In addition to the desired mono-a-bromination, 
ring- and presumably di-a-bromination also occurred. 
The bromination was terminated, therefore, before the 
latter side reactions became important. In the se- 
cond step of the synthesis, only the mono-a-brominated 
compound (2b) reacted with hexamethylenetetramine 
(Blazevic et al., 1979) to form a complex salt (3b), which 
precipitated as a white powder in rather pure form. 

The salts 3a,b, formed upon reacting 2a,b with hex- 
amethylenetetramine, were hydrolyzed (Nodiff et al., 
1974; Blazevic et al., 1979) to give the amines 4a,b in 
high yields (-90%). The subsequent coupling reactions 

~ 
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between the amines 4a,b and isobutyrylalanine were 
effected by using 1-(3-(dimethylamino)propyl)-3-ethyl- 
carbodiimide hydrochloride (EDC) (Sheehan et al., 1965). 
In attempts to make optically pure 5b, however, a 
racemized product was obtained. This was first detected 
by the unusually small values of the optical rotation for 
the amides formed: D-5b, [a123.5~ -1.5" (c 4.08, CHC13); 
~-5b,  [a]23,5D +0.6" (c 2.14, CHCl3). The racemization was 
confirmed via the 'H-NMR spectrum of D-5b in the 
presence of a chiral shift reagent, tris[3-((trifluorometh- 
y1)hydroxymethylene)-D-camphoratoleuropium(III) de- 
rivative (Goering et al., 1974); two methoxy peaks of 
approximately equal intensity were observed. It has been 
reported that carbodiimide type coupling reagents can 
lead to a substantial amount of racemization of the 
peptides formed (Anderson and Callahan, 1958; Williams 
and Young, 1963). 

In the nitrosation step (Scheme 2) (White, 1955), 
approximately equal amounts of the mononitroso (6a,b) 
and dinitroso (7a,b) products were formed. It appears 
that the difference in steric hindrance between the two 
potential nitrosation sites is not large enough to sub- 
stantially reduce the formation of the dinitroso com- 
pounds. The mono and dinitroso compounds, however, 
were readily separated on silica gel columns. 

In the EDC coupling step to make the quinoline amide 
(5b), it was found that when the reaction mixture was 
not protected from air and the reaction time was long 
(33 h) the initially formed amide 6b underwent an 
oxidation reaction to give compound 8 with an imide 
grouping (eq 2). lH-NMR spectra showed that the signal 

for the two methylene protons in 5b (4.71-4.65 ppm) 
disappeared as a result of the oxidation, while the signal 
for one of the amide protons shifted from 7.52 ppm to  
10.93 ppm. The mass spectrum was even more informa- 
tive (Figure l); in addition to the parent ion at  mlz 343, 
it showed fragmentation peaks at  230,229,202,186,158, 
and 114. 

Preliminary labeling tests with a-chymotrypsin showed 
that 40% of the enzyme was irreversibly inhibited (or 
labeled) by a 70-fold molar excess of 6b, where time- 
dependent inhibition was clearly demonstrated (Figure 
2). There appears to be no doubt that the enzyme was 

0 1994 American Chemical Society 
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Scheme 1 
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Figure 1. MS cracking peaks for imide 8. 
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irreversibly inhibited; no regeneration of enzyme activity 
was observed during an incubation period of -10 h. With 
the same amount of 6a, 10% of the enzyme was labeled 
(Figure 3). It is assumed that in both cases only the 
D-isomers would be responsible for the observed inhibi- 
tion, according to a previous study by White et al. (1977a). 
That is, in reality, the "active" nitrosoamidelenzyme ratio 
used was 35 rather than 70. Since 6a and 6b contain 
aromatic groups at  the P1 position and since it is 
expected that they will not be highly selective (no group 
is present beyond P2), it is reasonable for us to speculate 
that these two compounds would also label other pro- 
teases that have a specificity for aromatic side chains 
similar to that of chymotrypsin. 

. 
0 40 80 120 160 & 

Time 
Figure 2. Inhibition of chymotrypsin with 6b. The inhibitor 
(70-fold total molar excess) in acetonitrile was divided equally 
into two portions and added dropwise at 0 and 46 min, 
respectively. The arrows indicate the beginning of each addi- 
tion. The activities shown are corrected for the activity loss due 
to autolysis (control run). 

EXPERIMENTAL PROCEDURES 

Materials and Methods. 7-Methoxy-4-(bromometh- 
yl)coumarin, 6-methoxyquinaldine, and 1-(3-(dimethyl- 
amino)propyl)-3-ethylcarbodiimide hydrochloride (EDC) 
were obtained from Aldrich Chemical Co. a-Chymo- 
trypsin (type I-S) was purchased from Sigma Chemical 
Co. All other reagents were of the highest purity avail- 
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[ a Iz7~ :  +32.5" (c 0.080, EtOH). L-Isomer: mp 147-149 

DL-N-( (7-Methoxycoumarin-4-yl)methyl)-N'-isobu- 
tyrylalaninamide (5a). To 10 mL of CHzClz was added 
compound 4a (150 mg, 0.621 mmol), N-isobutyryl-DL- 
alanine (101 mg, 0.635 mmol), EON (9OpL, 0.647 mmol), 
and EDC (133 mg, 0.645 mmol). After being stirred at 
room temperature for 24 h, the reaction mixture was 
mixed with another 20 mL of CHzClz and then washed 
with HzO (2x), 3% HC1, 5% NaHC03, and HzO, respec- 
tively. The washed solution was dried over anhydrous 
Na2SO4, and the solvent was removed to  give 145 mg 
(0.419 mmol, 67.5%) of crude product as a yellowish solid, 
which was recrystallized (90%) from ethyl acetatehexane 
for use in the next step, mp 205 "C dec. NMR (CDC13): 

"C. [a Iz3~:  -33.2" (C 0.266, EtOH). 

6 7.7 (s, 1 H), 7.48 (d, 1 H, J =  8.8 Hz), 6.85 (dd, 1 H, J1 
= 8.8 Hz, J2 = 2.5 Hz), 6.79 (d, 1 H, J =  2.5 Hz), 6.4 (d, 
1 H, J = 7 Hz), 6.16 (s, 1 H), 4.64 (m, 2 H), 4.51 (m, 1 H), 
3.87 (s, 3 H), 2.41 (m, H), 1.41 (d, 3 H), 1.14 (t, 6 H, J = 
7.0 Hz). IR (KBr): 3278, 1726, 1637, 1618, 1542, and 
1292 cm-'. Anal. Calcd for C18HzzO~Nz.0.25HzO: C, 
61.63; H, 6.42. Found: C, 61.74; H, 6.22. 
Nitrosation of ~~-N-((7-Methoxycoumarin-4-yl)- 

methyl)-N'-isobutyrylalaninamide (5a). Coumarin 
amide 5a (24.5 mg, 0.071 mmol) was dissolved in a 
mixture of acetic acid (306 pL, 5.39 mmol) and acetic 
anhydride (1.52 mL, 16.1 mmol), and the solution was 
cooled in an ice-water bath. Sodium nitrite (114 mg, 
1.65 mmol) was added to the amide solution at  once with 
strong magnetic stirring. M e r  the starting material had 
disappeared (-60 min; TLC), the reaction mixture was 
diluted with 20 mL of CHzClz and then washed with cold 
5% NaHC03 solution (2x) and HzO. The washed solution 
was dried over anhydrous NazS04, and the solvent was 
removed in vacuo. The residue was applied in ethyl 
acetate to  a short silica gel column; elution occurred with 
ethyl acetateihexane (1/2, v/v). The fast-moving yellow 
band (6 mg, 21%) (Rf= 0.7) was found to be the dinitroso 
compound (7a); no NH signals were observed in the 'H- 
NMR spectrum (CDC13): 6 7.44 (d, 1 H, J = 8.8 Hz), 6.88 

6.03 (9, 1 H, J =  7.0 Hz), 5.51 (s, 1 H), 4.95 (AB quartet, 
J1 = J Z  = 16 Hz), 3.88 (s, 3 H), 3.78 (m, 1 H), 1.47 (d, 3 H, 
J = 7.0 Hz), 1.26 (d, 3 H, J = 6.9 Hz), 1.23 (d, 3 H, J = 
6.8 Hz). After the first band had been collected, ethyl 
acetate was used to  elute the desired mononitroso 
compound 6a (Rf =. 0.4). Extra pressure was employed 
during the separation to  ensure that the whole process 
was complete within 10-15 min, as longer times led to 
decomposition of the nitroso compounds. After removal 
of the solvents, a yellow oil (6a) was obtained (6.8 mg, 

(dd, 1 H, J1 = 8.8 Hz, Jz = 2.5 Hz), 6.83 (d, J =  2.5 Hz), 

26%). 'H-NMR (CDC13): 6 7.37 (d, 1 H, J = 8.8 Hz), 6.81 
(dd, 1 H, J1 8.8 Hz, J z  = 2.5 Hz), 6.76 (d, 1 H, J =  2.5 
Hz), 6.18 (d, 1 H, J = 7 Hz), 5.77 (m, 1 HI, 5.51 (s, 1 HI, 
4.95 (s, 2 HI, 3.81 (s, 3 H), 2.42 (m, 1 HI, 1.55 (d, 3 H, J 
= 7.2 Hz), 1.14 (d, 3 H, J = 6.9 Hz), 1.13 (d, 3 H, J = 7.0 
Hz). 

Nitrosations were also conducted at -13 "C [same ratio 
of acetic anhydridelacetic acid (vlv) as used above: 5/11, 
as well as a t  different ratios of acetic anhydride/acetic 
acid such as 2/1 and 1/1(0 "C), in an attempt to  minimize 
the amount of dinitroso compound. Under these condi- 
tions, however, the product distribution was essentially 
the same; i.e., the mononitroso/dinitroso ratio was -1. 
2-(Bromomethyl)-7-methoxyquinoline (2b) and 

24 (Hexamethylenetetraminiumyl)methyl)-6-meth- 
oxyquinoline Bromide (3b). To 434 mL of CC14 was 
added 6-methoxyquinaldine (lb) (7.24 g, 41.8 mmol), 
NBS (7.44 g, 41.8 mmol), and benzoyl peroxide (290 mg, 

i 
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Figure 3. Inhibition of chymotrypsin with 6a. The inhibitor 
(70-fold molar excess) in acetonitrile was added dropwise over 
a 45-min period. The arrow indicates the beginning of the 
addition. The activities shown are corrected for the activity loss 
due to autolysis (control run). 

able. Melting points were measured on a Thomas/Hoover 
Unimelt apparatus and were not corrected. 

'H- and 13C-NMR spectra were acquired on a Varian 
Associates XL-400 NMR spectrometer. Tetramethylsi- 
lane (TMS) was used as an internal reference in organic 
solvents. Infrared spectra were recorded on a Perkin- 
Elmer 1600 Series FTIR spectrometer. A Beckman 
Model 25 UV-vis spectrophotometer was used for re- 
cording UV-vis spectra. Mass spectra of organic com- 
pounds were acquired on a VG 7 0 3  mass spectrometer. 
4-((Hexamethylenetetra"yl)methyl)-7-meth- 

oxycoumarin Bromide (3a). Hexamethylenetetramine 
(HMTA) (0.527 g, 3.76 mmol) in 80 mL of CHC13 and 15 
mL of acetone was added dropwise into a solution of 
compound 2a (1.011 g, 3.76 mmol in 500 mL of acetone) 
within a period of -20 min at  room temperature. About 
10 min after the complete addition of the HMTA solution, 
the reaction mixture turned cloudy and a white precipi- 
tate began to form. The reaction solution was stirred for 
4 h at  room temperature and then allowed to stand 
overnight. A white fine powder (1.37 g, 3.35 mmol, 89%) 
was obtained, mp 200 "C dec. 'H-NMR (DMSO-&): b 
8.08 (d, 1 H, J =  8.8 Hz), 7.14 (d, 1 H, J =  2.5 Hz), 7.07 

6 H), 4.54 (AB quartet, 6 H, J1 = J Z  = 12.6 Hz), 4.22 (s, 
2 H), 3.90 (s, 3 H). IR (KBr): 1718, 1613, 1300, 1148, 
and 1010 cm-l. 
4-(Aminomethyl)-7-methoxycoumarin Hydrochlo- 

ride (4a). Compound 3a (500 mg, 1.22 mmol) was 
suspended in 27 mL of concd HC1 in EtOH made up in a 
1/15 ratio (v/v). The reaction mixture was refluxed for 
2.5 h and then cooled to room temperature. Fine white 
crystals formed at  room temperature; they were collected 
by filtration to yield the product (280 mg, 95%), mp 234 
"C dec. NMR (DMs0-d~):  6 8.75 (s, 3 HI, 7.72 (d, 1 H, J 

(dd, 1 H, J1 = 8.8 Hz, Jz = 2.5 Hz), 6.60 ( s ,  1 HI, 5.20 (s, 

= 8.8 Hz), 7.07 (d, 1 H, J = 2.5 Hz), 7.1 (dd, 1 H, J1 = 
8.8 Hz, Jz = 2.5 Hz), 4.36 (s, 2 H), 3.88 (s, 3 H). IR 
(KBr): 3030 (broad), 1731, 1682, 1618, 1405, and 1149 
cm-'. Anal. Calcd for CllHlzN03C1*0.5Hz0: C, 52.71; 
H, 5.23; N, 5.59. Found: C, 52.98; H, 5.06; N, 5.96. 
N-Isobutyrylalanine. The title compound was syn- 

thesized according to the procedures of Doherty and 
Popenoe (1951). 'H-NMR (DMSO-ds): 6 8.00 (d, 1 H, J 
= 7.2 Hz), 4.17 (m, 1 H), 2.41 (m, 1 H), 1.25 (d, 3 H, J =  

Racemate: mp 124-126 "C (lit. (Doherty and Popenoe, 
1951) mp 129-130 "C). D-ISOmer: mp 150-152 "C. 

7.3 Hz), 0.99 (dd, 6 H, J1 = 7.0 Hz, Jz = 6.8 Hz). DL- 
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1.20 mmol), and the mixture was refluxed for 2 h. After 
the reaction mixture was cooled to room temperature, the 
succinimide formed and unreacted NBS were removed 
by filtration. Removal of CC4 yielded a brown oil, which 
was dissolved in 45 mL of CHCl3. TLC [silica gel; ethyl 
acetatehexane, 1 4 ,  (v/v)] showed that four compounds 
were present in the solution with R p  of 0.18, 0.27, 0.51, 
and 0.60. The compound with Rf 0.27 fluoresced very 
strongly; it was shown to be the starting material (lb). 
The compound with Rf0.51 appeared initially as a strong 
dark spot which quickly turned strongly fluorescent, 
suggesting that it was the desired product (2b). The spot 
with Rf 0.18 was very weak and never became fluores- 
cent, indicating a possible ring bromination. The spot 
with Rf 0.60, almost equally weak, quickly turned fluo- 
rescent suggesting a possible dibromination on the meth- 
yl group. It has been known that an introduction of 
heavy atoms such as  bromine into a fluorescent chro- 
mophore results in loss of fluorescence (heavy atom effect) 
(Wehry, 1973). Apparently, the bromination on the ring 
or a t  the a position had the same effect in terms of 
quenching the fluorescence. The mixture was also ana- 
lyzed by HPLC b-Bondapak C-18 column under isocratic 
conditions: 50% A solution (0.1% TFA in acetonitrile) and 
50% B solution (50% MeOH in HzO)] with U V  detection 
at  333 nm; two peaks were observed at  Rf 3.7 and 4.6 
min, respectively, with a relative ratio of 3/1. The 
relative area of the peak at  Rf4.6 min represented a 25% 
yield of compound 2b. Thus, to the above mixture was 
added 1.46 g of hexamethylenetetramine (25% x 41.8 
mmol) in 30 mL of CHCl3. The resulting mixture was 
heated at 52 "C for 5 min; a white precipitate formed, 
which was collected by filtration (1.94 g). Condensation 
and cooling of the mother liquor yielded another 1.53 g 
of the white solid. Therefore, a total of 3.47 g of 3b was 
obtained (21% yield from compound lb), mp 172 "C 
dec. lH-NMR (DMSO-&): 6 8.41 (d, 1 H, J = 8.4), 8.00 
(d,lH,J=9.2Hz),7.62(d,lH,J=8.4H~),7.50-7.47 
(m, 2 HI, 5.23 (s, 6 HI, 4.52 (AB quartet, 6 H, J1 = JZ = 
12.6 Hz), 4.26 (s, 2 HI, 3.92 (s, 3 HI. IR (KBr): 1620, 
1500, 1266, 1241, 999, and 812 cm-l. Anal. Calcd for 
C1,HzzN~0Br0.25Hz0: C, 51.46; H, 5.72; N, 17.65. 
Found: C, 51.42; H, 5.59; N, 17.97. 

The bromination of lb with NBS was also tried in 
CHC13, instead of CCl4. After being refluxed for 4 h, the 
reaction solution was checked by TLC; it showed a strong 
nonfluorescent spot a t  Rf 0.18 (a ring bromination 
product) and a very weak spot a t  Rf0.51(2b), in addition 
to the strong fluorescent spot of the starting material lb 
at Rf 0.27. Therefore, the bromination of lb in CHC13 
appeared to favor ring bromination over bromination at  
the a position; it was thus not useful for the desired 
synthesis. 
2-(Aminomethyl)-6-methoxyquinoline (4b). Using 

a method similar to that used for the synthesis of 4a, 
compound 3b (3.47 g, 8.85 mmol) was dissolved in 195 
mL of a solution of concd HCl in EtOH (1/15, v/v), and 
the solution was refluxed for 1.5 h. The precipitate 
formed was collected by filtration (2.36 g); lH-NMR 
spectrum showed that it contained 87% of the desired 
compound (corresponding to  an 89% yield) and 13% of 
NH4C1 (w/w). 'H-NMR (DMSO-&): 6 8.93 (s, 3 H, br), 
8.61 (d, 1 H, J = 8.4 Hz), 8.10 (d, 1 H, J = 9.2 Hz), 7.87 
(d, 1 H, J = 8.4 Hz), 7.58-7.55 (m, 2 H), 7.43 (t, 4 H, J 
= 50 Hz, NH4C1), 4.46 (s, 2 H), 3.90 (s, 3 HI. This solid 
(2.18 g) was dissolved in 20 mL of HzO and 2 N NaOH 
was used to adjust the solution to pH 14. The basic 
solution was extracted with CHzClz (4 x , 150 mL total) 
and the extract was dried over KOH. Removal of CH2- 
Clz yielded 1.18 g of amine (6.28 mmol, 71% from 3b), 
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mp 74 "C (began to decompose), 97 "C (crystals collap- 
sed and turned opaque), 119 "C, full melting. 'H-NMR 

9.2 Hz), 7.55 (d, 1 H, J = 8.4 Hz), 7.38-7.32 (m, 2 H), 
3.92 (s, 2 H), 3.87 (s, 3 H). IR (KBr): 3351, 1622, 1601, 
1501, and 1233 cm-l. 

N-(  (6-Methoxyquinolin-2-yl)methyl)-N'-isobu- 
tyrylalaninamide (5b). The DL isomers were synthe- 
sized from 4b and DL-isobutyrylalanine following the 
same method outlined for Sa. In attempts to synthesize 
optically pure 5b, D- and L-isobutyrylalanines were 
utilized in lieu of the DL racemate. Both D-5b and ~ - 5 b ,  
giving identical lH NMR spectra to that of DL-Bb, had 
very low values of optical rotation. D-5b. [a]23,5~: -1.5" 

(DMSO-&): 6 8.19 (d, 1 H, J =  8.4 Hz), 7.85 (d, 1 H, J=  

(C 4.08, CHC13). L-5b. +0.6" (C 2.14, CHCl3). 'H- 
NMR (CDC13): 6 8.03 (d, 1 H, J = 8.6 Hz), 7.94 (d, 1 H, 

J z  = 2.8 Hz), 7.28 (d, 1 H, J =  8.6 Hz), 7.08 (d, 1 H, J =  
J = 9.2 Hz), 7.52 (s, 1 H, br), 7.38 (dd, 1 H, J1 = 9.2 Hz, 

2.8 Hz), 6.24 (d, 1 H, J = 6.8 Hz), 4.71-4.65 (m, 3 HI, 
3.94 (s, 3 H), 2.43 (m, 1 H), 1.47 (d, 3 H, J = 7.2 Hz), 
1 .190(d ,3H,J=6.8Hz) ,1 .186(d ,3H,J=6.8Hz) . IR 
(KBr): 3270,1639,1547,1501,1235, and 832 cm-l. The 
elementary analysis for D-5b was satisfactory. Anal. 
Calcd for C18HZ3N3O3: C, 65.63; H, 7.04; N, 12.76. 
Found: C, 65.63; H, 7.06; N, 12.38. 

DL-N- ( (6-Methoxyquinolin-2-yl)carbonyl)-N-isobu- 
tyrylalaninamide (8). In an attempted synthesis of DL- 
5b during which the reaction was carried out in air for a 
prolonged time (33 h), it was found that a fluorescent side 
product was formed [Rf 0.78 on a silica gel TLC plate 
eluted with BuOWAcOWHzO (4/1/1, v/v/v); compound DL- 
5b had an Rf of 0.37 under the same conditions]. The 
side product was separated from DL-5b on a silica gel 
column (elution was carried out with ethyl acetate until 
the first compound was eluted and then with acetone). 
'H-NMR and EIMS spectra indicated that this side 
product stemmed from the oxidation of the 2-methylene 
carbon of the quinoline moiety. lH-NMR (CDC13): 6 
10.93 (s, 1 H), 8.28 (d, 1 H, J = 8.4 Hz), 8.24 (d, 1 H, J 
= 8.4 Hz), 8.05 (d, 1 H, J = 9.2 Hz), 7.47 (dd, 1 H, J1 
9.2 Hz, J2 = 2.8 Hz), 7.14 (d, 1 H, J =  2.8 Hz), 6.29 (d, 1 
H, J = 6.8 Hz), 5.47 (m, 1 H), 3.98 (s, 3 H), 2.45 (m, 1 H), 
1.54 (d, 3 H, J = 6.8 Hz), 1.21 (d, 3 H, J = 6.8 Hz), 1.20 
(d, 3 H, J = 6.8 Hz). EIMS: m/z 343 (15, M+), 230 (331, 
229 (321, 202 (201, 186 (401, 158 (loo), and 114 (13) 
(Figure 1). 

Nitrosation of Quinoline Amide DL-5b. The pro- 
cedure described for the nitrosation of coumarin amide 
5a was followed. Dinitroso- (7b) and mononitrosoquino- 
line amides (6b) were formed in approximately equal 
quantities and separated on a silica gel column as 
described for 7a and 6a. Dinitroso 7b. NMR (CDC13): 
6 7.96 (d, 1 H, J = 8.4 Hz), 7.84 (d, 1 H, J = 9.0 Hz), 7.32 

Hz), 7.01 (d, 1 H, J = 2.6 Hz), 6.08 (9, 1 H, J = 6.8 Hz), 
5.15 (AB quartet, 2 H, J1 = J z  = 15.2 Hz), 3.91 (s, 3 H), 
3.80 (m, 1 H), 1.50 (d, 3 H, J = 6.8 Hz), 1.24 (t, 6 H, J = 
7.0 Hz). Mononitroso 6b. NMR (CDC13): 6 7.98 (d, 1 H, 

(dd, 1 H, J1 = 9.0 Hz, J z  = 2.6 Hz), 7.08 (d, 1 H, J = 8.4 

J = 8.5 Hz), 7.77 (d, 1 H, J =  9.2 Hz), 7.30 (dd, 1 H, J1 
= 9.2 Hz, J z  = 2.8 Hz), 7.14 (d, 1 H, J =  8.5 Hz), 7.02 (d, 
1 H, J = 2.8 Hz), 6.32 (d, 1 H, J = 7.0 Hz), 5.99 (m, 1 H), 
5.21 (AB quartet, 2 H, J1 = Jz = 15.5 Hz), 3.91 (s, 3 HI, 
2.48 (m, 1 H), 1.68 (d, 3 H, J =  7.0 Hz), 1.21 (d, 3 H, J = 
7.0 Hz), 1.22 (d, 3 H, J = 7.0 Hz). 

Inhibition of a-Chymotrypsin with Coumarin 
Inhibitor 6a. Chymotrypsin (12 mg, 4.8 x mmol) 
was dissolved in 3.24 mL of pH 7.8, 50 mM phosphate 
buffer with gentle magnetic stirring at  23 "C and the 
resulting solution was designated the "enzyme solution". 
Coumarin inhibitor 6a (10 mg, 2.7 x mmol) in 0.3 
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mL of acetonitrile was then added to 2.70 mL of the 
“enzyme solution” (containing 10 mg of chymotrypsin, 4.0 
x mmol) over a 45-min period. At the same time a 
control solution was prepared by mixing 0.27 mL of 
“enzyme solution” with 0.03 mL of acetonitrile. Aliquots 
(5 pL) were taken from both the inhibition and control 
solutions for enzymatic activity assay (Hummel, 1959) 
(Figure 3). 

Inhibition of a-Chymotrypsin with Quinoline 
Inhibitor 6b. Chymotrypsin (5 mg, 2 x mmol) was 
dissolved in 1 mL of pH 7.8, 50 mM phosphate buffer 
with gentle magnetic stirring at  25 “C. After the enzyme 
had dissolved, three 5-pL aliquots were taken and added 
to three 1-mL volumes of pH 3 HC1 for the enzymatic 
activity assay (Hummel, 1959). Quinoline nitrosamide 
6b (5 mg, 1.4 x mmol) was dissolved in 0.111 mL of 
acetonitrile, and half of the solution was added to  the 
enzyme solution over a period of 4 min. The remaining 
half of the inhibitor solution was added 46 min later 
(inhibitodenzyme = 70). The decreasing enzymatic 
activity was followed by assaying aliquots (5 pL) from 
the inhibition solution (Figure 2). A 10-fold molar excess 
of DFP (10 pL of 0.2 M solution in acetonitrile) was added 
70 min after the second batch of 6b had been added. 
Immediately prior to the addition of DFP, two aliquots 
were taken out of the enzyme solution, and they were 
allowed to  stand at 25 “C for another 8 h and then 
assayed. A control run in the absence of 6b was 
performed a t  the same time. The DFP-treated 6b- 
inhibited enzyme was gravity filtered through Whatman 
#1 filter paper to yield a clear, strongly fluorescent 
solution. The filter paper was washed with -0.5 mL of 
water, and the washing solution was combined with the 
enzyme filtrate. The filtrate was transferred to  dialysis 
tubing with a molecular weight cutoff of 3500 and 
dialyzed against pH 3 HC1 solution for 40 h at  4 “C with 
four bath changes (500 mL every 10 h). The dialyzed 
enzyme solution was still strongly fluorescent. 
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Immunoassay Reagents for Thyroid Testing. 1. Synthesis of 
Thyroxine Conjugates 

Maciej Adamczyk,* Lynnmarie Fino, Jeffrey R. Fishpaugh, Donald D. Johnson, and 
Phillip G. Mattingly 

Divisional Organic Chemistry Research, Diagnostics Division, Abbott Laboratories, DSNM, Building AP20, One 
Abbott Park Road, Abbott Park, Illinois 60064-3500. Received April 5, 1994@ 

Immunoreagents were designed to improve the performance of a commercial fluorescent polarization 
immunoassay for thyroxine. The thyroxine immunogen was prepared by selective coupling of N-acetyl- 
L-thyroxine to BSA via an aminocaproic acid spacer arm. The fluorescent tracer was prepared by a 
multistep reaction sequence which relied on extensive use of orthogonol protecting groups. 

INTRODUCTION 

The amino acid 3,5,3’,5’-tetraiodo-~-thyronine (thyrox- 
ine or T4, 11, is the predominant iodothyronine secreted 
from the thyroid gland. T4 is responsible for regulating 
diverse biochemical processes throughout the body, which 
are essential for normal metabolic and neural activity. 
The measurement of serum T4 concentration has become 
the common initial test in the diagnosis of altered thyroid 
function ( I ) .  

The concentration of thyroxine in the bloodstream is 
extremely low and can only be detected with very 
sensitive techniques. Approximately 0.05% of the total 
circulating thyroxine is physiologically active (i.e., free 
thyroxine). The remaining circulating thyroxine is bound 
to  proteins, primarily thyroxine binding globulin (TBG). 
Thyroxine will also bind to other binding proteins, 
particularly, thyroxine binding prealbumin and albumin 
(1). 

Radioimmunoassay (RIA) has proved to be a sensitive, 
specific technique for measuring T4 ( 2 , 3 ) .  More recently, 
fluorescent polarization immunoassay (FPIA) has been 
used to assay for T4 (4 ) .  Fluorescent polarization tech- 
niques are based on the principle that a fluorescent 
labeled compound when excited by linearly polarized 
light will emit fluorescence having a degree of polariza- 
tion inversely related to its rate of rotation. Therefore, 
when a fluorescent labeled tracer-antibody complex is 
excited with linearly polarized light, the emitted light 
remains highly polarized because the fluorophore is 
constrained from rotating between the time light is 
absorbed and emitted. When a “free” tracer compound 
(Le., unbound to an antibody) is excited by linearly 
polarized light, its rotation is much faster than the 
corresponding tracer-antibody conjugate and the mol- 
ecules are more randomly oriented; therefore, the emitted 
light is depolarized. Thus, fluorescent polarization pro- 
vides a quantitative means for measuring the amount of 
tracer-antibody conjugate produced in a competitive 
binding immunoassay (5) .  

FPIA has advantages over RIA in that there are no 
radioactive substances to  dispose of and the assay is 
homogenous and can be easily automated. However, it 
has been reported that in isolated individuals, the 
commercially available Abbott TDx T4 FPIA (6)  assay 
resulted in a low T4 value which did not conform to  RIA 
measurement and the clinical symptoms of hypothyroid- 
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ism (7). It was postulated that the FPIA tracer used in 
the assay might be binding to endogenous immunoglo- 
bulin G in the patient sample. 

In this work we present the synthesis of new thyroxine 
conjugates which served in the development of a new 
TDxAMx Total T4 FPIA which more closely correlates 
with RIA and clinical symptoms (8, 9). 

EXPERIMENTAL PROCEDURES 

General Comments. All reagents were purchased 
from Aldrich Chemical Go., Inc., Milwaukee, WI, and 
were used without further purification, except where 
noted. Solvents employed were of reagent or HPLC grade 
and were used as received. lH NMR spectra were 
recorded at  200 MHz on a Chemagnetics A-200 spec- 
trometer or a t  300 MHz on a Varian Gemini 300 in CDC13 
with TMS as a standard. Mass spectra were recorded 
on a Nermag 3010 MS-50 mass spectrometer. HPLC was 
carried out using a Waters RCM C18 (8 x 10) reversed 
phase column eluting at  1 mumin with the solvent 
indicated. 

Synthesis of the L-Thyroxine Immunogen (8). 
L-Thyroxine (1) as the sodium salt, pentahydrate (10 g, 
11 mmol) was nearly completely dissolved in ethanoU2 
N ammonium hydroxide (111, v/v, 400 mL) and filtered 
and the filtrate poured into 5% HC1 (425 mL). The 
resulting precipitate was isolated by vacuum filtration 
and dried under high vacuum to afford a white solid. This 
material was dissolved in dimethylformamide (160 mL); 
acetic anhydride (100 mL, 1.06 mol) was added. The 
reaction mixture was stirred for 1.5 h, diluted with water 
(850 mL), and allowed to stand at  4 “C for 16 h. The 
resulting precipitate was isolated by filtration, dissolved 
in ethanol (350 mL) containing 1 N NaOH (41 mL), and 
stirred for 2.5 h. HC1 (5%, 680 mL) was added and the 
mixture allowed to stand at  4 “C for 16 h. The resulting 
precipitate was isolated by vacuum filtration and dried 
under high vacuum to  yield 8.1 g (90%) of the desired 
N-acetyl-L-thyroxine ( 5 )  ( I O )  as a white solid: ‘H NMR 

(m, lH), 2.8-3.0 (m, 2H), 2.0 (s, 3H); MS (FAB) (M + 
H)+ mlz 820. 

N-Acetyl-L-thyroxine (5 )  (1.0 g, 1.2 mmol) was dissolved 
in tetrahydrofuran (50 mL). N-Hydroxysuccinimide (170 
mg, 1.5 mmol) and 1,3-dicyclohexylcarbodiimide (300 mg, 
1.5 mmol) were added and the reaction stirred under 
nitrogen for 3 days. The reaction mixture was then 
vacuum filtered to remove insoluble urea, affording 40 
mL of filtrate. Half the filtrate volume (20 mL, 0.6 mmol) 
was combined with 6-aminocaproic acid (80 mg, 0.6 

(200 MHz, CD30D) (6) 7.8 (s, 2H), 7.1  ( s ,  2H), 4.6-4.7 
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mmol). The pH was adjusted to 9 with triethylamine, 
and the reaction was allowed to stir under nitrogen for 
2 days. The solvent was then removed in vacuo and the 
crude product purified by chromatography [Chroma- 
totron, Harrison Research, Palo Alto, CAI, eluting with 
methylene chloride/methanol/acetic acid (90/10/0.2, v/v), 
t o  yield 300 mg (54%) of the desired product (6) as a 
yellow oil: MS (FAB) (M + H)+ m/z 933; lH NMR (200 

(t, lH,  J = 13 Hz), 3.32-2.80 (m, 4H), 2.25 (t, 2H, J = 
13 Hz), 1.99 (s, 3H), 1.70-1.20 (m, 6H); HPLC (Waters 
p-Porasil, 3.9 x 150; 6% methanol in methylene chloride; 
254 nm; 1 mL/min) retention time 8.07 min, 98.9%. 

The acid 6 (300 mg, 0.322 mmol) was dissolved in THF 
(25 mL); N-hydroxysuccinimide (45 mg, 0.39 mmol) and 
1,3-dicyclohexylcarbodiimide (80 mg, 0.39 mmol) were 
added and the reaction mixture stirred for 16 h under 
nitrogen. The reaction mixture was then vacuum filtered 
to remove insoluble 1,3-dicyclohexylurea, affording 16 mL 
of filtrate. Then 4 mL (0.08 mmol) of the filtrate 
containing the active ester (7) was added to a stirred 
solution of bovine serum albumin (250 mg, 0.0037 mmol) 
dissolved in 0.05 M sodium phosphate (10 mL, pH = 8.0) 
and DMF (10 mL). After being stirred for 3 days the 
reaction was dialyzed against 0.05 M sodium phosphate 
(4 L, pH = 8.0) for 24 h and then water (4 L) for 24 h. 
The dialyzed solution was then lyophilized to  afford the 
desired L-thyroxine immunogen (8)  (297 mg). 

Synthesis of the L-Thyroxine Tracer (16). L- 
Thyroxine (1) sodium salt, pentahydrate (22.0 g, 24.7 
mmoi) and sodium carbonate (7.85 g, 74.1 mmol) were 
stirred in THF/water (Vl, v/v, 960 mL). 9-Fluorenylm- 
ethyl chloroformate (7.04 g, 27.2 mmol) was added, and 
the reaction mixture was stirred for 30 min. The reaction 
mixture was then diluted with 1 N HC1 (170 mL) and 
extracted with ethyl acetate (3 x 700 mL). The organic 
extracts were combined, dried over anhydrous Na2S04, 
filtered, and evaporated in vacuo to afford N-FMOC-L- 
thyroxine (9,26.3 g) as a beige solid: lH NMR (300 MHz, 
DMSO-&) 6 9.29 (s, lH), 7.08-7.89 (m, 12H), 4.19-4.29 
(m, 4H), 3.06-3.16 (m, lH), 2.82 (t, lH, J = 13 Hz); MS 
(FAB) (M + Na)+ calcd for C30Hz1N0614Na 1021.7441, 
found 1021.7448; HPLC (15:85:0.4 water:methanol:acetic 
acid; 220 nm) retention time 10.4 min, 98.9%. 

N-FMOC-L-thyroxine (9, 26.3 g, 23.2 mmol) was dis- 
solved in THF (150 mL) and treated with acetic anhy- 
dride (3.28 mL, 34.8 mmol) and 4-(Nfl-dimethylamino)- 
pyridine (283 mg, 2.32 mmol). The reaction was stirred 
under nitrogen for 45 min and then poured into water 
(400 mL) and extracted with chloroform (3 x 400 mL). 
The chloroform extracts were combined, dried over 
anhydrous NazS04, filtered, and evaporated in uacuo. The 
residue was then purified by silica gel column chroma- 
tography, eluting with methylene chloride/methanol/ 
acetic acid (90/10/0.4, v/v), to yield 0-acetyl-N-FMOC-L- 
thyroxine (10, 21.95 g, 91%) as a beige solid: lH NMR 
(300 MHz, DMSO-&) 6 7.12-7.91 (m, 12H), 4.07-4.31 
(m, 4H), 3.07-3.19 (m, lH), 2.82 (t, lH,  J = 13 Hz), 2.29- 
2.40 (m, 3H); MS (FAB) (M + Na)+ m/z 1064; HPLC 
(Waters RCM p-porasil 8 x 10; 9550.2 methylene 
ch1oride:methanol:acetic acid; 240 nm) retention time, 
4.54 min, 90%. 

0-Acetyl-N-FMOC-L-thyroxine (10,21.70 g, 19.17 "01) 
was dissolved in methylene chloride (250 mL), cooled to 
0 "C, and treated with 0-tert-butyl-NJV'-diisopropyli- 
sourea (11, 12) (19.20 g, 95.85 mmol) in methylene 
chloride (50 mL) dropwise. The reaction mixture was 
stirred overnight under nitrogen, a t  room temperature, 
and vacuum filtered to remove insoluble impurities, and 
the filtrate solvent was removed in uacuo. The resulting 

MHz, CDCldCD30D, 9:l) 6 7.81 (s, 2H), 7.13 (s, 2H), 4.54 

Adamczyk et al. 

residue was stirred in ethyl acetatehexane (300 mL, 40/ 
60, v/v) for 4 h and vacuum filtered to remove insoluble 
impurities, and filtrate solvent was removed in vacuo. 
The residue was then purified by silica gel column 
chromatography, eluting with ethyl acetatehexane (40/ 
60, v/v), to afford tert-butyl 0-acetyl-N-FMOC-L-thyroxine 
(11,9,64 g, 46%) (2) as a beige solid: lH NMR (300 MHz, 
CDC13) 6 7.18-7.82 (m, 12H), 4.21-4.57 (m, 4H), 3.05 
(s, 2H), 2.39 (s, 3H), 1.33-1.54 (m, 9H); MS (FAB) (M + 
H)+ m/z 1098; HPLC [Waters RCM p-Porasil8 x 10; 20: 
80 ethyl acetate:hexane; 256 nml retention time, 9.13 
min, 89%. 

tert-Butyl 0-acetyl-N-FMOC-L-thyroxine (11, 9.59 g, 
8.04 mmol) was dissolved in dimethylformamide (40 mL), 
triethylamine (1.12 mL, 8.04 mmol) was added, and the 
reaction mixture was stirred overnight under nitrogen. 
Ethyl bromoacetate (1.78 mL, 16.1 mmol) followed by 
triethylamine (1.12 mL, 8.04 mmol) were added. The 
reaction mixture was stirred an additional 2 h under 
nitrogen and then poured into water (200 mL) and 
extracted with ethyl acetate (3 x 200 mL). The ethyl 
acetate extracts were combined, dried over anhydrous 
MgS04, and evaporated in vacuo. The resulting oil was 
purified initially by silica gel column chromatography, 
eluting with ethyl acetatehexane (40/60, v/v), and then 
purified a second time by preparative silica gel HPLC, 
eluting with ethyl acetatehexane (20/80, v/v), to yield 
tert-butylO-acetyl-N-(carbethoxymethyl)-L-thyroxine (13, 
3.77 g, 49%) as a white solid: 'H NMR (300 MHz, CDCl3) 
6 7.75 (s, 2H), 7.19 (s, 2H), 4.20 (q,2H, J = 5 Hz), 3.39- 
3.49 (m, 3H), 2.80-2.98 (m, 2H), 2.39 (s, 3H), 1.42 (s, 
9H), 1.27 (t, 3H, J = 5 Hz); MS (FAB) (M + H)+ calcd for 
C26H28N0714 961.8040, found 961.8046; HPLC [Waters 
RCM p-Porasil 8 x 10; 30:70 ethyl acetate:hexane; 260 
nm, 1.5 mumin] retention time, 6.8 min, 98%. 

The ethyl ester intermediate (13, 3.73 g, 3.88 mmol) 
was dissolved in methanol (85 mL) containing 10% 
sodium hydroxide (12.4 mL, 31 mmol). The reaction 
mixture was stirred for 40 min and poured into water 
(250 mL). The pH of the solution was adjusted to 4 with 
1 N HC1 and then extracted with ethyl acetate (3 x 250 
mL). The ethyl acetate extracts were combined, dried 
over anhydrous MgS04, and evaporated in uacuo to afford 
tert-butyl N-(carboxymethyl)-L-thyroxine (14,3.29 g, 95%) 
(3)  as a white solid; 'H NMR (300 MHz, DMSO-&) 6 7.81 
(s, 2H), 7.07 (s, 2H), 3.52 (m, lH), 3.32 (s, 2H), 2.89- 
2.98 (m, 1H), 2.20-2.31 (m, lH), 1.32 (s, 9H); MS (FAB) 
(M + H)+ calcd for C21H22N0614 891.7621, found 891.7622; 
HPLC [20:80:0.4 water:methanol:acetic acid; 240 nml 
retention time, 7.3 min, 95%. 

tert-Butyl N-(carboxymethyl)-L-thyroxine (14, 1.78 g, 
2.00 mmol) was dissolved in dimethylformamide (20 mL) 
and treated with N-hydroxysuccinimide (230 mg, 2.00 
mmol) and 1,3-dicyclohexylcarbodiimide (413 mg, 2.00 
mmol). The reaction mixture was stirred for 16 h under 
nitrogen and then vacuum filtered. The filtrate was 
combined with 5-(aminomethyl)fluorescein hydrobromide 
(13) (884 mg, 2.00 mmol) and triethylamine (1.8 mL, 13 
mmol), and the reaction was stirred for 16 h, under 
nitrogen, in the dark. The solvent was removed in vacuo, 
and the residue was purified by preparative reversed 
phase C18 HPLC, eluting with water/methanol/acetic 
acid (25/75/0.4, v/v), to  afford 1.51 g (61%) of the desired 
tert-butyl ester protected tracer as an orange solid: 'H 

8.43 (m, lH), 7.85 (s, lH) ,  7.83 (s, 2H), 7.68 (d, lH ,  J = 
5 Hz), 7.12-7.28 (m, 2H), 7.07 (s, 2H), 6.68 (s, 2H), 6.54 
(s, 4H), 4.36-4.61 (m, 2H), 3.26-3.50 (m, 3H), 2.94-3.04 
(m, lH), 2.71-2.82 (m, lH), 1.33 (s, 9H); MS (FAB) (MI+ 
calcd for C42H34N201014 1234.8466, found 1234.8465; 

NMR (300 MHz, DMSO-ds) 6 10.13 (s, 2H), 9.29 (s, lH), 
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Scheme 1" 
HO 

I I 
HO 
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OH 
BSA 

a Key: (a) AczO; (b) DCC, NHS, 6-aminocaproic acid; (c) 
EDAC, NHS; (d) BSA. 

HPLC [20:80:0.4 water:methanol:acetic acid; 240 nml 
retention time 12.7 min, 98%. 

The tert-butyl ester protected tracer (15, 1.464 g, 1.19 
mmol) was dissolved in methylene chlorideltrifluoroacetic 
acid (30 mL 1/1, v/v) and stirred for 5 h, and the solvent 
was removed in vacuo. The crude product was purified 
by preparative reversed phase C18 HPLC, eluting with 
waterlmethanollacetic acid (2517510.4, vlv) to yield 1.01 
g (72%) of the desired L-thyroxine tracer (16) as an orange 
solid: 'H NMR (300 MHz, DMSO-de) 6 10.0-10.3 (broad 
s, 2H), 8.31 (t, lH,  J = 2 Hz), 7.86 (s, 2H), 7.83 (s, lH), 
7.64 (d, lH,  J = 7 Hz), 7.15-7.30 (m, 2H), 7.08 (s, 2H), 
6.68 (s, 2H), 6.55 (s, 4H), 4.31-4.59 (m, 2H), 3.28-3.55 
(m, 3H), 2.82-2.99 (m, 2H); MS (FAB) (M + H)+ calcd 
for C38H27N201014 1178.7840, found 1178.7834; HPLC [25: 
750.4, water:methanol:acetic acid; 240 nm] retention 
time 8.1 min, 99%. 

RESULTS 
The first step toward improvement of the T4 immu- 

noassay was to  prepare a well-defined immunogen (14, 
15). This was accomplished by the selective conjugation 
of L - T ~  to BSA through the carboxyl group. Initially, the 
a-amino group of T4 was acetylated to give compound 5. 
Activation of the carboxyl group with DCC and NHS 
followed by coupling to 6-aminocaproic acid resulted in 
L - T ~  hapten 6. The terminal carboxyl group of the L-T4 
hapten was finally activated with a water soluble car- 
bodiimide (EDAC), and NHS in DMF then conjugated to  
BSA to  produce the desired immunogen, 8. Analysis by 
TNBS titration showed 48% of the available amino 
groups of BSA had been substituted by the hapten (1 6). 

Contrary to the obvious practice of using an analogous 
tracer, the L - T ~  tracer was prepared by conjugating the 
fluorescent label through the amino group of L-T~,  not 
through the carboxyl group as done in the immunogen 
preparation. 

The multiple step synthesis of the L-T4 fluorescent 
tracer is shown in Scheme 2. The first step was the 
selective protection of the amino group with fluoromethyl 
chloroformate (FMOC-CI) to give N-FMOC-L-T~, 9. The 
phenolic group was acetylated with acetic anhydride and 
the carboxyl group protected as the tert-butyl ester to give 
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Scheme 2" 

R R '  R l  

9 H  FMOC OH 

c 1 0  COCH, FMOC OH 

c l l  COCH, FMOC 0-1-C,H, 

G 1 2  COCH, H 0-1-C,H, 

e c 1 3  COCH, CHzCOzCzH5 O.t-C,H, 

fL1, H CHzCOzH O-t-C,H, 

a (a) FMOC-Cl, NaZC03, H20PTHF; (b) AczO, DMAP, THF; 
(c) 0-tert-butyl-N,"-diisopropylisourea, CHzClz (d) EtsN, DMF; 
(e )  BrCHzCOzEt, Et3N, DMF (0 10% NaOH, MeOH (g) NHS, 
DCC, DMF; (h) 5-(aminomethyl)fluorescein HBr, EtsN, DMF; 
(i) TFA, CHZC12. 

11. Next the FMOC group was selectively removed by 
triethylamine in DMF. The unmasked amino group was 
alkylated in situ with ethyl bromoacetate to  produce 
compound 13. Simultaneous removal of the acetyl and 
ethyl ester protecting groups was achieved in methanolic 
sodium hydroxide. tert-Butyl N-(carboxymethyl)-~-T4,14, 
was conjugated to 5-(aminomethyl)fluorescein (13) and 
the tert-butyl ester subsequently removed in the presence 
of trifluoroacetic acid to give the tracer, 16. 

DISCUSSION 
When preparing specific antibodies and complementary 

labeled haptens, one needs to consider the chemical 
structure of both the immunogen used to elicit the 
antibody response and the labeled hapten. Traditionally, 
one attaches the hapten to  the carrier protein through a 
site on the hapten that is remote from the unique 
features of the hapten that are critical for achieving 
selective antibodies. Likewise, when preparing a labeled 
hapten able to  bind to  such antibodies, it is customary 
to attach the label to the hapten through the same site 
as the carrier protein. The immunogen and tracer 
prepared by this design are homologous. One reason for 
choosing the homologous approach in immunoreagent 
design is that the carrier protein sterically blocks access 
of the immune system to  that part of the hapten closest 
to the point of attachment. Normally, the complementary 
labeled hapten is synthesized by attaching its label to 
the same site on the hapten as the immunogen uses for 
attachment of its carrier protein, so as not to  interfere 
with antibody binding to the critical features of the 
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hapten. In the case of T4 the unique feature important 
for antibody recognition is the tetraiodosubstituted diphe- 
nyl ether system. 

A second approach to immunoreagent design is the 
heterologous approach. In this approach, the immunogen 
and tracer do not share a common point of attachment 
on the hapten. The heterologous approach has some- 
times been used successfully to improve assay perfor- 
mance (17). A heterologous free T4 assay has recently 
been described (18). 

The reason that this approach is superior only in some 
cases has not been fully elucidated. One rationalization 
might be that in some homologous systems the antibody 
binds the tracer too tightly, preventing effective competi- 
tion with the analyte to be measured. A heterologous 
tracer which does not share the same hapten as the 
immunogen would be expected to  bind less tightly, 
restoring effective competition and improving the assay 
performance. 

The Abbott TDx T4 FPIA, used in the Levine (7) report, 
was developed using an antibody to  an immunogen 
represented by structures 2-4, the result of a nonspecific 
coupling of L-T4 through both the carboxyl and amino 
groups to the carrier protein, bovine serum albumin 
(BSA). The FPIA was optimized using D-T, tracer 17. 
In a sense this tracer was heterologous to  all the 
immunogen structures produced, since the D enantiomer 
was used. 
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thyroxine. We have successfully utilized these two 
reagents in the development of a new FPIA (9) on the 
TDx analyzer which has replaced the assay used in the 
Levine study and alleviates the problem noted in that 
study. We will describe the full details of the assay 
optimization and performance elsewhere. 
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In the present work, the immunogen of structure 8 was 
produced in which the amino group of L-T4 was perma- 
nently blocked with an acetyl group. Thus, two modifica- 
tions to the parent L-T4 structure were introduced in 
making the immunogen; Le., the carboxylic acid was 
converted to an amide and the amino group was acety- 
lated. Neither modification alters the critical tetraiodo- 
substituted diphenyl ether system. The tracer 16 was 
prepared from L-TI through a multistep sequence result- 
ing in the fluorescent label attached to the a-amino group 
via a carboxymethyl spacer arm. 

Thus, in this paper we have described the synthesis of 
a new immunogen 8 and fluorescent tracer 16 for 
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Use of Psoralens for Covalent Immobilization of Biomolecules in 
Solid Phase Assays 
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The ability of compounds to adsorb passively to hydrophobic polymer surfaces composed of, e.g., 
polystyrene generally is restricted to limited types of molecules such as proteins. Some proteins, 
many peptides, polysaccharides, oligonucleotides, and small molecules as well as pro- and eucaryotic 
cells cannot adsorb directly to  such surfaces. Also, solid phase adsorbed antigens, antibodies, or gene 
probes may not be recognized by its corresponding ligand due to denaturation or steric hindrance of 
the molecular tertiary structure. Covalent binding, on the other hand, orientates all immobilized 
compounds in a defined way on the solid phase, thereby exposing the interacting sites on the enzymes, 
antibodies, gene probes, etc. Here we describe a method for modifying a polymer surface by contacting 
the polymer with derivatives of psoralen under irradiation with long-wavelength UV light. The 
psoralen derivatives were immobilized covalently on the polymer surface by this process. The psoralen 
molecules was conjugated to appropriate chemical linkers, incubated in aqueous solutions, and 
irradiated with UV light. This resulted in solid phase introduction of functional groups such as, e.g., 
amino groups on the polystyrene surface. The functional groups could subsequently be used for 
immobilization of biomolecules using conventional cross-linker technology. The method only involved 
premodification of the psoralens to  be immobilized whereas no pretreatment of the polymer was 
required. Psoralen modified microtiter plates seems to have future application for the development 
of solid phase hybridization and immunoassays. 

INTRODUCTION 

The usual way to immobilize biomolecules such as 
antibodies or protein antigens in solid phase assays is 
by passive adsorption on, e.g., polystyrene or poly(viny1 
chloride) surfaces (1). Many molecules, microorganisms, 
and cells cannot, however, be immobilized by this method. 
Polysaccharides, peptides, gene probes, small organic 
molecules, viruses, and pro- and eukaryotic cells gener- 
ally have to  be immobilized by other techniques. Fur- 
thermore, passive adsorption is not an irreversible pro- 
cess (2), which may affect the reproducibility of the 
immunoassays, especially when the antigedantibody 
coated solid phase is stored in dry form. 

The nature of passive adsorption predominantly in- 
volves multiple hydrophobic interactions between the 
solid phase and the biomolecule. Passive adsorption may 
therefore interfere with the structure and function of 
adsorbed antigens and antibodies (3 ,4 ) .  Also, solid phase 
adsorbed antigen may not be recognized by its cor- 
responding antibody due to denaturation of the antigen 
tertiary structure (5, 6) .  Epitopes of, e.g., peptides may 
be hidden and prevented from recognition by antibodies 
(7), and the biological activity of passively adsorbed 
antibodies or enzymes may decline with time (8). 

Covalent binding, in contrast to  passive adsorption, 
orientates all immobilized compounds in defined ways 
on the solid phase, thereby exposing defined areas on, 
e.g., antigens, antibodies, or enzyme catalytic sites to the 
fluid phase. The antigen epitopes or active sites on these 
compounds will therefore probably be more conserved. 
Irreversible immobilization of molecules may furthermore 
be advantageous in relation to storge of the immobilized 
compounds. 

In order to  immobilize biomolecules covalently on 
microtiter wells, these surfaces must posses some kind 
of functional groups. Methods to  introduce amino groups 

@ Abstract published in Advance ACS Abstracts, August 1, 
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have been described previously (9), but large scale 
production of modified microtiter plates using these 
methods generally has been impractical. Here we de- 
scribe a method for covalent immobilization of biomol- 
ecules on polystyrene microtiter wells, which can be used 
for immobilization of many kinds of molecules. Func- 
tional groups on the polymer surface are introduced by 
contacting the polymer with derivatives of psoralen under 
irradiation with long-wavelength UV light. 

The herein described method for introducing secondary 
amino groups on polystyrene surfaces is currently being 
used by Nunc M S  (Roskilde, Denmark), and microtiter 
plates are being marketed under the name CovaLink. 
Several papers reporting the usefulness of these plates 
have been published. 

EXPERIMENTAL PROCEDURES 

Materials and General Procedures. All chemicals 
for preparation of buffers were of analytical grade unless 
noted, and chemicals for synthesis were standard com- 
mercial. Elemental analyses were performed at the 
Microanalytical Laboratory of The H. C. 0rsted Institute 
a t  The University of Copenhagen. Thin-layer chroma- 
tography was performed on silica gel 60 Fz54 precoated 
aluminum sheets (layer thickness, 0 . 2  mm) from E. 
Merck, Darmstadt, Germany. The plates were visualized 
by W light (254 nm). IH-NMR were recorded at  90 MHz 
on a Jeol FX 90 Q spectrometer. Chromatography was 
performed on a 60 x 1.5 cm column using silica gel grade 
60 from E. Merck, Darmstadt, Germany. Polystyrene 
microtiter plates (Maxisorp) were from Nunc M S ,  Rosk- 
ilde, Denmark. All experiments have been performed at  
least three times in duplicate, and the values shown in 
Figures 1-5 are mean values. 

NJV-Dimethyl-N- [3-( psoralen-8-yloxy)propyl] -N'- 
(tert-butoxycarbony1)hexanediamine (I). 3-Bromo- 
l-(psoralen-8-yloxy)propane (10, 11 ), (2.3 g, 8.2 mmol) 
and N-( tert-butoxycarbony1)-NjV-dimethylhexanediamine 
(12) (1.75 g, 8.2 mmol) were mixed in acetone (100 mL) 

0 1994 American Chemical Society 
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with potassium carbonate (2.7 g) and refluxed for 72 h, 
whereupon the mixture was filtered and evaporated in 
vacuum. The residue was purified on a silica gel column 
using methanol in methylene chloride as eluent giving 
rise to I(1.7 g, 3.5 mmol, 43%). lH NMR (CDCl3): 7.73- 
6.17 (5H, m, psoralen), 4.44 (2H, t, OCHZ), 3.54 (2H, q, 
CH2), 3.07 (4H, q, CHz), 2.70 (3H, s, CH3), 2.53 (4H, m, 
CHd, 2.25 (2H, m, CHd, 2.13 (3H, s, CHd, 1.90 (4H, m, 
CHd, 1.35 (9H, s, Boc). Anal. Calcd for C27H38NzOs: C, 
66.66; H, 7.82; N, 5.76. Found: C, 66.57; H, 7.88; N, 5.77. 
TLC: Rf = 0.25,10% CH30H in CH2C12. 
N,W-Dimethyl-N-[3-(psoralen-8-yloxy)propyll hex- 

anediamine (11). I(1.7 g, 3.5 mmol) was suspended in 
hydrochloric acid (35 mL, 4 M), and after 1 h the solution 
was evaporated in vacuum, and the main product (11) 
was purified on a silica gel column using triethylamine 
and ethanol as eluent (1.4 g, 28 mmol, 77%). IH NMR 
(DzO, DC1): 7.73-6.09 (5H, m, psoralen), 4.32 (2H, t, 
OCHd, 3.45-2.97 (6H, m, CH2), 2.86 (3H, s, CH3), 2.65 
(3H, s, CH3), 1.99-1.41 (lOH, q, CHZ). Anal. Calcd for 
Cz~H30N204: C, 68.39; H, 7.78; N, 7.26. Found: C, 68.16; 
H, 7.82; N, 7.04. 
N(CH3CHd3. 

N,W-Dimethyl-N-[3- (psoralen-8-yloxy)propyl] -W- 
biotinylhexanediamine (111). I1 (0.62 g, 1.34 mmol) 
was solubilized in DMF whereupon triethylamine (1 mL, 
7.2 mmol) and N-hydroxysuccinimide-biotin (0.46 g, 1.34 
mmol) were added under stirring. The next day the 
solution was evaporated in vacuum, and the main 
product (111) was purified on silica gel as described above 
(0.4 g, 0.60 mmol, 45%). 'H NMR (DMSO): 8.24-6.40 
(5H, m, psoralen), 4.60 (2H, t, OCHZ), 4.55-4.01 (2H, m), 
3.50-2.93 (9H, m), 2.81 (3H, s, CH3), 2.77 (3H, s, CH3), 
2.19-1.01 (18H, m). Anal. Calcd C32HaN406S: C, 66.73; 
H, 7.19; N, 9.15. Found: C, 65.97; H, 7.43; N, 9.06. 

Photochemical Modification of Polystyrene. (a) 
Binding of NJ7-Dimethyl-N-[3-(psoralen-8-yloxy)propyl]- 
N-biotinylhexanediamine (HI) to Microtiter Wells. A 
stock solution of I1 (10 mg/mL in DMSO) could be stored 
for months at -4 "C. Ten-fold dilutions in distilled water 
were made from this stock in concentrations ranging from 
0.1 to 1000 pg/mL, and 100 &/well of each dilution was 
added to the wells of polystyrene microtiter wells. The 
wells were then irradiated for 2 h a t  room temperature 
with long-wavelength (A > 350 nm) W light from a 
Phillips TL 20W/09N lamp placed 20 cm above the 
microtiter wells. Subsequently, the wells were washed 
three times with 200 pL of washing buffer (pH, 7.2, 0.1 
M phosphate, 0.5 M NaCl (PBS), 1% Triton X-100). The 
same experiment was done without irradiation. For 
detection of immobilized biotin on the solid phase, a 
solution of 100 &/well of horse radish peroxidase con- 
jugated avidin (HRP-avidin, Sigma, St. Louis, MO) was 
added to  the wells (25 pg of HRP-avidin, 100 mg of BSA, 
10 mL of washing buffer) and incubated at  37 "C for 1 h. 
The wells were then washed three times with washing 
buffer and 100 $ / w e l l  of a solution of the chromogenic 
substrate 0-phenyldiamine (OPD, 10 mg) and hydrogen 
peroxide (1 pL, 35%) in citrate/phosphate buffer (0.1 M, 
10 mL, pH 5.0) was added. After approximately 3 min 
the colored reaction was stopped with sulfuric acid (100 
pL, 1 M), and the optical density (OD) was read on a 
Titertek Multiscan ELISA-photometer. 

(b) The Influence of Irradiation Times on the Solid- 
Phase Binding of N,"-Dimethyl-N-[3-(psoralen-8-yloxy)- 
propyl/-N'-biotinylhexanediamine (III). A stock solution 
of I11 (10 mg/mL, DMSO) was diluted in water to  a 
concentration of 10 pg/mL and 100 pg/mL, respectively. 
One hundred pL/well of each dilution was transferred to 

TLC: Rf = 0.30, 50% CH30H, 50% 

TLC: Rf = 0.90, 50% CHBOH, 50% N(CHsCH&. 
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microtiter wells, W-irradiated for different time periods, 
and subsequently treated as described above. 

(c) Binding of NN-Dimethyl-N-[3-(psoralen-8-yloxy)- 
propyllhexanediamine (I& to Microtiter Wells. A solution 
of I1 (500 pglmL) in phosphate-buffered saline (0.1 M, 
pH 8.2,2 M NaC1) was made. One hundred pL per well 
was added, and the microtiter plates were irradiated for 
1 h as described above. Each well was washed three 
times with demineralized water, and solutions of N-hy- 
droxysuccinimide-biotin (NHS-biotin, Hoechst, lot no. 
410074, Calbiochem) in carbonate buffer (pH 9.6, 0.005 
M) was then added in 2-fold dilution series starting a t  
125 pglmL. Subsequently, the microtiter wells were 
incubated for 2 h at room temperature, and each well 
was washed three times with washing buffer. The 
coupling efficiency of biotin was visualized using HRP- 
avidin as described above. 

(e) Binding of 5-[(Trimethylammoni0)[~Hlmethyl1-8- 
methoxypsoralen Bromide of Microtiter Wells. Aqueous 
solutions of 5-[(trimethylamm0nio)[~H]methyl]-8-meth- 
oxypsoralen bromide (13) were added to  polystyrene 
microtiter wells (100 pL, 1 mg/mL, 3 800 000 cpm) and 
diluted 10-fold in distilled water to  a final concentration 
of 0.01 pg/mL. The wells were then irradiated for 2 h a t  
room temperature and washed eight times with 200 pL 
of washing buffer. The same experiment was performed 
without U V  irradiation. The wells were emptied, sepa- 
rated mechanically, and transferred to scintillation vials. 
Ten mL of scintillation fluid (Instagel, Pachard) was 
added, and the samples were analyzed in a scintillation 
counter (Beckman LS7000). 

(d)  Treatment of Microtiter Wells with N-(4-Azido-2- 
nitrophenyl)-N'-[3-(biotinylamino)propyll-N'-methyl-1,3- 
propanediamine (Photobiotin). It was also attempted to  
biotinylate polystyrene using N-(4-azido-2-nitrophenyl)- 
N'-[3-(biotinylamino)propyl]-N'-methyl- 1,3-propanedi- 
amine) (photobiotin, Sigma cat. no. A 7667). This reagent 
contains a photoreactive aryl azide group connected t o  a 
chemical linker similar to the one used for 111. 

The Stability of the Psoralen-Modified Surface. 
One hundred pL of the following aqueous solutions were 
added to  microtiter wells modified with I1 as described 
above: 1 M NaOH; 1 M HC1; 1% Triton X-100; 10% acetic 
acid; 0.1 M citrate, pH 5.5; 0.1 M PBS pH 7.2, 0.1 M 
Carbonate buffer pH 9.6, 10% ethanol; 10% methanol; 
1% DMSO, 1% DMF, water, washing buffer, and absolute 
ethanol. After 2 h the wells were emptied and washed 
five times with water. Detection of secondary amino 
groups on the surface was performed as described above. 

RESULTS 
Preparation of Derivatives of S-(Propyloxy)pso- 

ralen. Three psoralen derivatives were synthesized 
starting from 3-bromo-l-(psoralen-8-yloxy)propane and 
N-(tert-butoxycarbonyl)-NJV'-dimethylhexanediamine, one 
derivative with a Boc-group (I), one with a secondary 
amine (II), and one conjugated to  biotin (111) (Scheme 
1). I1 and I11 were used for photomodification of poly- 
styrene surfaces. All three compounds were character- 
ized by elemental analysis, TLC, and H1 NMR. 

Photobinding of N,"-Dimethyl-N-[3-(psoralen- 
8-yloxy)propyl]-W-biotinylhexanediamine (111) to 
Microtiter Wells. By using HRP-avidin it was shown 
that I11 bound to  polystyrene under irradiation of W 
light. When no W light was used no significant binding 
of I11 could be observed (Figure 1). The amount of 111 
that could be detected depended on the added amount, 
and this relationship was almost linear in concentrations 
of ranging from 0 to  1 mg/mL. The influence of the UV 
irradiation time was most pronounced in a time range 
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Scheme 1. Synthesis of NJ”-Dimethyl-N-[3-(psoralen-8-yloxy)propyll-N’-(tert-butoxycarbonyl)hexanediamine (I), 
NJV’-Dimethyl-N-[3-(psoralen-8-yloxy)propyllhexanediamine (111, and NJ”-Dimethyl-N-[3-(psoralen-8-yloxy)pro- 
pyll- N’-biotinylhexanediamine (111) 
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Figure 1. Binding of N,”-dimethyl-N-[(3-psoralen-8-yloxy)- 
propyl]-N-biotinylhexanediamine (111) to microtiter wells with 
(0) and without irradiation (0) of U V  light. 

from 0 to 90 min (Figure 2). Longer irradiation periods 
did not increase the amount of immobilized biotin, 
although the used amount of I11 influenced the maximal 
amount of biotin which could be detected. 
Photobinding of N,iV’-Dimethyl-N-(3-psoralen-8- 

y1oxy)hexanediamine (111) to Microtiter Wells. A 
clear correlation could be demonstrated between the 
added amounts of N-hydroxysuccinimide-biotin and the 
signal level obtained with HRP-avidin on microtiter 
wells modified with this psoralen derivative (Figure 3). 
Addition of N-hydroxysuccinimide-biotin (125 pglmL) to 
nonmodified wells gave an average signal level of only 
0.077 OD units. 
Photobinding of 5-[(TrimethyIammonio)[’H3- 

methyI]-8-methoxypsoralen Bromide to Microtiter 
Wells. Using a solution of 1 mg/mL of 5-[(trimethyl- 
ammoni0)[~H]methyl1-8-meth0q~p~0ralen bromide, it could 
be demonstrated that 87 ng were photochemically im- 
mobilized on the polymer surface, whereas only 17 ng 
were immobilized in nonirradiated wells. When using a 
concentration of 5-[(trimethylammoni0)[~HImethyl]-8- 
methoxypsoralen bromide of 100 ,uglmL, 48 ng were 
immobilized to the solid phase whereas nonirradiated 
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Figure 2. Influence of irradiation time on the binding of N,”- 
dimethyl-N-[3-(psoralen-8-yloxy)propyll-~-biotinylhexanedi- 
amine (111) to microtiter wells using concentrations of 100 ,ug/ 
mL (0) and 10 pg/mL (01, respectively. 

wells showed near-background values (12 ng) (Figure 4). 
At concentrations lower than 100 pglmL no significant 
immobilization of 5-[(trimethylammonio)[1Hlmethyll-8- 
methoxypsoralen bromide could be detected (Figure 4). 
Binding of Photobiotin. The same experiments 

were performed as for 111, but no biotinylation of the 
polystyrene solid phase could be detected. 
The Stability of the Psoralen-Modified Surface. 

Treatment of microtiter wells modified with I1 using 
different buffers and solvents had no significant effect 
on the amount of secondary amino groups which subse- 
quently could be detected on the surface (Figure 5). 

DISCUSSION 
We describe here an easy method for introduction of 

functional groups on polymer surfaces. Such groups were 
introduced using the psoralen derivative as the surface 
reactive compound. Secondary amino groups were im- 
mobilized on the surface through an appropriate linkage 
to the psoralen moiety, and these functional groups could 
subsequently be used for chemical coupling of, e.g., 
activated biotin. 
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Figure 4. Binding of 5-[(trimethylammonio)[’H]methyl1-8- 
methoxypsoralen bromide to microtiter wells with (0) and 
without irradiation (0) of UV light. 
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l e 5  1 .o t 
Figure 5. Treatment of psoralen-modified surfaces with 1 M 
NaOH (11, 1 M HCl(2), 1% Triton X-100 (31, 10% acetic acid in 
water (41, 0.1 M citric acid buffer pH 5.5 (51, 0.1 M PBS pH 7.2 
(6), 0.1 M carbonate buffer pH 9.6 (71, 10% ethanol in water 
(81, 10% methanol in water (9), 1% DMSO in water (101, 1% 
DMF in water (ll), water (la), washing buffer (131, absolute 
ethanol (141, no treatment (15). 

A clear correlation between the added amounts of I11 
and the detectable amounts of solid phase immobilized 
biotin was seen after irradiation with W light (Figure 
1). Without irradiation only a small amount of biotin 
could be detected, showing that the surface modification 
of polystyrene was coursed by a photochemical reaction. 
The process depended on the amounts of psoralen deriva- 
tive used and on the irradiation time. When using 
concentrations of 100 and 10 pglmL, respectively, the 

amounts of immobilized psoralen derivative were in 
linear proportion to the irradiation time in an interval 
from 0 to  90 min (Figure 2). 

A psoralen derivative containing a secondary amine 
I1 was synthesized for purpose of introduction of second- 
ary amines on the polystyrene surface using the same 
protocol as for photobinding of 111. These amino groups 
could be confirmed using an active ester of biotin and 
HRP-avidin. A dose-dependent relation was seen be- 
tween the added amounts of NHS-biotin and the im- 
mobilized peroxidase activity, and as expected NHS- 
biotin itself was not able to react with nonmodified wells 
(Figure 4). 

The amount of psoralen derivative immobilized by the 
method was estimated using radioactively labeled 5- 
[(trimethylammonio)[ 1H]methyll-8-methoxypsoralen bro- 
mide. The maximum amount, which could be immobi- 
lized of this compound-although different from I1 and 
111-was 87 ng/well (0.28 nmovwell) when using a solu- 
tion of 1000 ,ug/mL (Figure 5). At concentrations less 
than 100 ,ug/mL no significant immobilization of 5-[(tri- 
methylammonio)[ 1H]methyl]-8-methoxysoralen bromide 
could be detected. The amount of secondary groups 
introduced on polystyrene with I1 has also been deter- 
mined using a colorimetric method (14). Approximately 
the same result was obtained corresponding to  about 1014 
amino groups per well. 

The psoralen-modified surfaces were treated with 
different strong aqueous eluents in order to examine the 
nature of binding to  the surface. Neither detergents, 
strong acid, strong base, buffers, high salt concentrations, 
alcohols, 1% DMSO, nor 1% DMF in water were able to 
remove the introduced secondary amino groups (Figure 
5). This suggest that the mechanism of binding involves 
covalent bonds between the psoralen derivative and the 
polystyrene surface. 

It is well known that psoralens are able to  photoreact 
with DNA through a cycloaddition between the double- 
bond of the coumaridfuran in the psoralen molecule and 
the 5,6 double bond in thymine (15). It has recently been 
shown that psoralens are capable of making photocy- 
cloaddition to pyrimidine (16). These reactions take place 
under irradiation of long-wavelength UV light, and since 
we previously have shown that this wavelength interval 
also is optimal for the herein described method (data not 
shown), it seems likely that the observed photobinding 
of the psoralen derivatives to  polystyrene was established 
through a similar mechanism. Perhaps a photocycliza- 
tion takes place between the coumaridfuran part of a 
psoralen molecule and a styrene group on the polymer 
surface. Two psoralen molecules are furthermore able 
to react with each other under formation of dimers (1 7) 
resulting in further modification of the surface. 

Others have premodified polystyrene surfaces with W 
light (18, 19) and with W light in combination with 
cerium ammonium nitrate (20). The nature of the 
introduced functional groups was, however, not charac- 
terized, and the mechanisms seemed to  be entirely 
different from the herein described method, where the 
introduced functional groups were known to be secondary 
amino groups. This enables the use of crosslinking 
reagents for subsequent, well-defined immobilization of 
biomolecules. 

A known photoreactive derivative of biotin, in which 
the active compound was arylazide (21), was also exam- 
ined. This compound did, however, not bind to polysty- 
rene, which may be due to an immediate reaction 
between the photoreactive azide and the aqueous solvent. 
Psoralens, on the other hand, do not react with water. 
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Psoralen-modified surfaces containing secondary amines 
were shown to be able to react with a succinimide ester 
of biotin, but other active compounds have been shown 
by others to react with this surface. Crosslinking re- 
agents such as l-[3-(dimethylamino)propyll-3-ethylcar- 
bodiimide (EDC) and succinimidyl4-(N-maleimidomethyl)- 
cyclohexane-1-carboxylate (SMCC) have been shown to 
react selectively with the modified surface (22). Oligo- 
nucleotides (23), peptides (22,24), and biotin (22) have 
been immobilized on I1 modified surfaces using EDC as 
the coupling reagent. The immobilized oligonucleotides 
could subsequently be used in solid phase hybridization 
assays where it was possible to detect very low amounts 
of hybridized DNA (23). Peptides were immobilized with 
EDC on the same surface for the development of an 
ELISA for detection of peptide antibodies (24), and an 
even smaller molecule (a steroid) could be immobilized 
on I1 modified microtiter wells (25) and subsequently 
detected with antibodies. 

Photomodification of microtiter wells using derivatives 
of psoralen may solve many of the problems concerning 
immobilization and detection of small molecules. These 
surfaces may furthermore have many future interesting 
applications within the field of automated solid phase 
DNA hybridization. 
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Synthesis of Oligoarginine-Oligonucleotide Conjugates and 
Oligoarginine-Bridged Oligonucleotide Pairs 
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Conjugates consisting of oligoarginine peptides linked to oligodeoxynucleotides have been synthesized, 
including a new type of conjugate, in which a pair of oligonucleotides is bridged by a cationic peptide. 
Two different 9-mer oligonucleotides were conjugated to the terminal cysteine residues of the peptide 
series H-Cys-(Arg),-Cys-NHz (n = 3,5,7). Different thiol protecting groups were utilized on the amino- 
and carboxy-terminal cysteine residues of the peptide to  allow selective attachment to  the 3'- or 5'- 
terminus of each specific oligonucleotide. The conjugates containing oligoarginine peptides were 
purified by anion-exchange chromatography, and their structures were confirmed by polyacrylamide 
gel electrophoresis and amino acid analysis. 

INTRODUCTION 

Synthetic oligonucleotides provide a new approach for 
controlling cellular or viral gene expression at  the 
transcription or translation level (reviewed in 1-3). 
However, oligonucleotides are highly sensitive to nu- 
cleases and ineffective in passing through the cellular 
membrane. In order to meet the requirements for 
therapeutic applications, chemically modified oligonucle- 
otides have attracted great interest (4 ,  5 ) .  

One form of modification is to append non-nucleic acid 
moieties to the oligonucleotides. For example, oligo- 
nucleotides have been conjugated to different peptides, 
such as cationic polylysine (6) or hydrophobic polytryp- 
tophan (71, to enhance cellular uptake. Metal chelate 
peptides have been appended to generate specific cleav- 
age of nucleic acids (8). Multifunctional polyamides have 
been incorporated for attaching labels and reporter 
groups (9). Recently, non-nucleic acid moieties have been 
used to link short oligonucleotides to alter their hybrid- 
ization properties (10-12). These tethered oligonucle- 
otides were made by machine synthesis using phosphor- 
amidite chemistry. The tethers were constructed from 
poly(phosphodiester) or poly(ethy1ene glycol) units, which 
were either negatively charged or neutral. Automated 
synthesis with standard protecting schemes, however, 
limited the range of functional groups which could be 
introduced on the tethers. Such functional groups might 
be useful for altering the properties of this class of 
compounds. 

In recent years, arginine-rich motifs have been found 
in many RNA binding proteins, such as antiterminators, 
Gag proteins, ribosomal proteins, and human immuno- 
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Abbreviations: Arg, arginine; BOP, (benzotriazol-1-y1oxy)- 

tris(dimethy1amino)phosphonium hexafluorophosphate; BusP, 
tributylphosphine; Cys, cysteine; DMT, dimethoxytrityl; DTNB, 
5,5'-dithiobis(2-nitrobenzoic acid); Fmoc, 9-fluorenylmethyloxy- 
carbonyl; HOBT, 1-hydroxybenzotriazole hydrate; MOPS, 3-(N- 
morpho1ino)propanesulfonic acid; NHS, N-hydroxysuccinimide; 
Pmc, 2,2,5,7,8-pentamethylchroman-6-sulfonyl; S-t-Bu, tert- 
butyl thiol; TFA, trifluoroacetic acid; Trt, trityl. 
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deficiency virus (HIV) Rev protein (13). In one example, 
the arginine-rich region of Tat specifically binds a 
3-nucleotide bulge structure in the stem-loop region of 
TAR RNA of HN-1  (14, 15). Small arginine-containing 
peptides and even arginine itself showed specific TAR 
RNA recognition (16). The group I self-splicing intron 
of Tetrahymena pre-rRNA has been reported to ste- 
reospecifically bind arginine in a competitive manner a t  
the guanosine nucleotide binding site (17). Random 
oligonucleotides selected for arginine binding activity 
revealed three additional small RNA motifs capable of 
binding to arginine but without homology to the arginine 
binding site of group I introns (18). Physical evidence of 
such arginine-RNA interaction was also found in the 
cocrystal structure of glutaminyl tRNA synthetase- 
tRNA (19). Arginine residues play important roles in the 
activity of nucleases and other enzymes and were found 
in the active sites of staphylococcal nuclease (20), lactate 
dehydrogenase (21 1, and yeast inorganic pyrophosphatase 
(22). Arginine peptides are expected to have strong 
interaction with the phosphate groups and the bases of 
nucleic acids (16). Highly specific and strong binding of 
an oligoarginine-oligonucleotide conjugate might be 
useful for antisense inhibition of certain RNA targets. 
Here, we report a general method for synthesizing single- 
linked oligoarginine-oligonucleotide conjugates and oli- 
gonucleotide pairs bridged by oligoarginine peptides, 
using the peptide series H-Cys-(Arg),-Cys-NHz as the 
bridge. The C-terminal and N-terminal cysteines provide 
for selective attachment of the peptide to two different 
oligonucleotides having any desired sequences. 

EXPERIMENTAL PROCEDURES 

Materials. TFA and 5'-amino-modifier-CG-TFA were 
from Applied Biosystems (Foster City, CAI. Iodoacetic 
acid, B u ~ P ,  anisole, ethanedithiol, and lithium chloride 
were obtained from Aldrich Chemical Co. (Milwaukee, 
WI). Fmoc-L-Cys(S-t-Bu)-OH and Fmoc-D-Arg(Pmc)-OH 
were from Bachem California (Torrance, CA). Acetic 
acid, sodium acetate, and sodium bicarbonate were from 
EM Science (Gibbstown, NJ). The ISS oligo staining 
system was from Integrated Separation Systems (Natick, 
MA). Acetonitrile and methylene chloride were from J. 
T. Baker (Philipsburg, NJ), and triethylamine and ethyl 
ether were from Fisher Scientific (Springfield, NJ). 
DMT-C6-3'-amino-ON CPG was from Clontech Labora- 
tories (Palo Alto, CA). BOP, HOBT, PAL support (0.1 
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compds name overall charges tRa (min) t R b  (min) 
oligonucleotides 

5’-TAA TGT GAT-3’ with 5’ amino linker 
5’-GAC TAG GTG-3’ with 3’ amino linker 
acetylated 9-mer I, or 9-mer 11 

Cys-(~-Arg)&ys-9-mer I 
Cys-(~-Arg)s-Cys-9-mer I 
Cys-(~-Arg)7-Cys-g-mer I 

bridged oligonucleotide pairs 
%mer II-Cys-(~-Arg)3-Cys-9-mer I 
%mer II-Cys-(L-Arg)s-Cys-g-mer I 
%mer II-Cys-(~-Arg)7-Cys-9-mer I 
$mer II-CyS-L-Arg-D-Arg-L-Arg-cyS-9-mer I 
9-mer II-Cys-(L-Arg-D-Arg)Z-L-Arg-cys-g-mer 1 
%mer I-Cys-(~-Arg)3-Cys-Cys-(~-Arg)3-Cys-9-mer I 

single-linked conjugates 

-8 
-8 
-9 

-5 
-3 
-1 

-14 
- 12 
-10 
-14 
-12 
-10 

29 21 
29 21 
30 25-26 

25 
23 31 
21 

35 
33 
32 
35 25-26 
33 
32 

Retention time on a Nucleogen DEAE! 60-7 column. Gradient: 100% A for 5 min, 100% A to 60% A in 40 min. * Retention time on 
a Hamilton PRP-1 column. Gradient: 100% A for 5 min, 100% A to 80% A in 40 min. 

mmol each) as well as Fmoc-L-Cys(Trt)-OH/BOP+HOBT 
and Fmoc-L-Arg(Pmc)-OH/BOP+HOBT cartridges (0.5 
mmol each) were from Milligefliosearch (Milford, MA). 
NHS, 6 N hydrochloric acid, and dimethyl sulfoxide were 
from Pierce Chemical Co. (Rockford, IL). DTNB was 
from Sigma Chemical Co. (St. Louis, MO); MOPS and 
glycerol were from United States Biochemical Gorp. 
(Cleveland, OH). 

Preparation of H-Cys(S-t-Bu)-(Arg),-Cys-NHz. The 
peptides, having a free amino-terminus but an amidated 
carboxy-teminus, were synthesized in a 9400 Excel1 
peptide synthesizer (MilligedBiosearch, Burlington, MA) 
using the Fmoc chemistry on a 0.1 mmol scale. Pre- 
packed amino acid cartridges were used directly, except 
for Fmoc-L-Cys(S-t-Bu)-OH (215.8 mg, 0.5 mmol) and 
Fmoc-D-Arg(Pmc)-OH (331 mg, 0.5 mmol), which were 
packed with BOP reagent (221.3 mg, 0.5 mmol) and 
HOBT (67.5 mg, 0.5 mmol) separately before use. After 
synthesis, the peptides were cleaved from the resin with 
5 mL of TFNanisoleIethanedithiol (951411, vlv), precipi- 
tated from ethyl ether, and purified by reversed-phase 
HPLC on a Vydac 218TP1022,lO pm, Cle column (2.2 x 
25 cm) (Separation Group, Hesperia, CA) using a gradi- 
ent of acetonitrile in 0.1% trifluoroacetic acid at a flow 
rate of 4 mumin. The structures of the purified peptides 
were verified by fast atom bombardment mass spectros- 
COPY (FAB): H-Cys(S-t-Bu)-(Arg)~-Cys-NH2, 781 (M + 1); 
H-C~S(S-~-BU)-(A~~),-C~S-NH~, 1093 (M + 1); H-Cys-(S- 
t-Bu)-(Arg)7-Cys-NH2, 1405 (M + 1). Ellman assay with 
DTNB (23) showed 0.9 mol of free thiol group per mole 
peptide, based on peptide weight. 

Preparation of Oligonucleotides. The oligonucle- 
otides were synthesized by phosphoramidite methodology 
using a Model 380B DNA synthesizer (Applied Biosys- 
tems, Foster City, CA) on a 1 pmol scale. The DNA 
9-mers were coupled to amino linkers a t  either the 5’ or 
3‘ terminus with either 5’-amino-modifier-C6-TFA or 
DMT-C6-3’-amino-ON CPG on the synthesizer. The 
9-mer with a 5‘-amino linker (9-mer I, Table 1) was 
purified by anion-exchange chromatography on a Nu- 
cleogen DEAE 60-7 column (4 x 125 mm) (Nest Group, 
Southborough, MA). The product was desalted by re- 
versed-phase chromatography on a Hamilton PRP-1, 10 
pm, Cl8 column (4.1 x 150 mm) (VWR Scientific, Piscat- 
away, NJ) using a gradient of acetonitrile with aqueous 
0.1 M triethylammonium acetate, pH 7.0 at  a flow rate 
of 1 mumin. Trityl-on and Trityl-off two-step purifica- 
tions (24) on the PRP-1 column were done for 9-mer I1 
(Table 1) using a similar acetonitrile gradient. 

Synthesis of Iodoacetylated Oligonucleotides. 
Iodoacetic acid and N-hydroxysuccinimide were used to 

synthesize N-[(iodoacetyl)oxy]succinimide (25). Oligo- 
nucleotide 9-mer I (5 units, A260) in 100 pL of 0.1 M 
NaHC03 and 2 mg of N-[(iodoacetyl)oxy]succinimide (150 
equiv) in 100 pL of dimethyl sulfoxide were mixed and 
reacted in the dark at  room temperature for 2 h. The 
mixture of unreacted and iodoacetylated oligonucleotide 
was freed of unreacted N-[(iodoacetyl)oxy]succinimide by 
anion-exchange chromatography on a Nucleogen DEAE 
60-7 column. Mobile phase A was 60% 20 mM sodium 
acetate (pH 7.01, 40% acetonitrile. Mobile phase B was 
mobile phase A containing 0.7 M lithium chloride. The 
flow rate was 1 mumin. The gradient was 100% A for 5 
min, 100% A to 88% A in 30 min, 88% A to  50% A in 1 
min. The eluent a t  35 min was collected and put under 
vacuum for 20 min to evaporate acetonitrile and was then 
ready for conjugation to the peptide. 

Iodoacetylated 9-mer I1 was prepared in a similar 
manner, except that sodium bicarbonate (NaHC03) was 
added to a final concentration of 0.1 M after acetonitrile 
was removed under vacuum. 

Synthesis of Oligoarginine- Oligonucleotide Con- 
jugates. Thc synthesis scheme is outlined in Figure 1. 
Iodoacetylated 9-mer I in eluent buffer was reacted 
overnight with 1 mg of H-Cys(S-t-Bu)-(Arg)3-Cys-NH2 (25 
equiv) dissolved in 50 pL of water under nitrogen, in the 
dark, a t  room temperature. The reaction mixture was 
diluted and purified on a Nucleogen DEAE 60-7 column 
in two or three purification runs (Figure 2, A). Mobile 
phase A was 20 mM sodium acetate (pH 7.01, 40% 
acetonitrile. Mobile phase B was buffer A containing 0.7 
M lithium chloride. The gradient was 100% A for 5 min 
and 100% A to  60% A in 40 min at  a flow rate of 1 m u  
min. The chromatogram showed a new major peak 
(peptide-9-mer I conjugate, referred to as &I), as well 
as small peaks at  29 min (unreacted 9-mer I) and 30 min 
(unreacted iodoacetylated 9-mer I). The unreacted pep- 
tide eluted with the solvent front a t  1.5 min, as detected 
by UV absorption and Ellman’s reagent (DTNB). The 
new major peak was collected and reduced in volume to  
200 pL under vacuum and was then ready for conjugation 
to the 9-mer 11. In another preparation, the peptide-9- 
mer I was also desalted on the PRP-1 column. Mobile 
phase A was 95% 0.1 M triethylammonium acetate (pH 
8.0), 5% acetonitrile. Mobile phase B was 5% 0.1 M 
triethylammonium acetate (pH 8.0),95% acetonitrile. The 
gradient was 100% A for 5 min and 100% A to  80% A in 
40 min a t  a flow rate of 1 mumin. The peak at  31 min 
was collected and dried, giving a 60% yield (3 units, A260). 

Synthesis of Oligoarginine-Bridged Oligonucle- 
otide Pairs. RJ conjugate (3 units, A2601 in 200 pL of 
concentrated eluent buffer (from the Nucleogen DEAE 
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Cys(StBu)-(Arg(Pmc)],-Cys(Trt)---PAL resin 

TFA/anisole/ethanedithiol 
(95/4/1) 

1 
H-Cys(StBu)-(Arg),-Cys-NHz 

I 

6-0. 
0 I ICHzCOOH 

0 

OCOCHzI 0 
0 

NHz- 5'-TAA TGT GAT-3' 
(9-mer I )  ICHzCONH- 5'-TAA TGT GAT-3 

1 
SCH2CONHmcr 5'-TAA TGT GAT-3' 

I 
H-Cys(S tBu)-(Arg),-Cys-NHz 

( R J ,  n=3, 5 ,  7) 

B u ~ P  / CHzCl;? 
6 O C O C H z I  

0 
I I 5'-GAC TAG GTG-3- NH2 

5'-GAC TAG GTG-3'- NHCOCH2I 
(9-mer 11) 

t 
5'-GAC TAG GTG-3'- NHCOCH2S S C H 2 C O N W  5'-TAA TGT GAT-3' 

I I 
H-Cys-( Arg),-Cys-NH2 

( IIR,I ,  n=3, 5. 7) 

Figure 1. Synthesis scheme for oligoarginine-oligonucleotide conjugates and oligoarginine-bridged oligonucleotide pairs. 

60-7 column) was adjusted to pH 8.3 (final concentration 
of 0.1 M NaHC03), and then stirred vigorously with 10 
pL of Bu3P (1300 equiv) (26) in 200 pL of methylene 
chloride under nitrogen a t  room temperature for 4 h to  
cleave the tert-butyl thiol protecting group on cysteine. 
The iodoacetylated 9-mer I1 (3 units, A260, 1 equiv), in 
800 p L  of eluent buffer containing 0.1 M NaHC03, was 
added, and the reaction mixture was stirred overnight 
under nitrogen, in the dark, a t  room temperature. The 
aqueous layer was then separated and washed four times 
with 0.5 mL of methylene chloride. The aqueous phase 
was diluted and resolved by ion-exchange chromatogra- 
phy in several purification runs, as above (Figure 2B). 
The R31 peak, $mer I1 peak (29 min) and iodoacetylated 
9-mer I1 peak (30 min) were all small. A new later- 
eluting peak was collected, dried, and desalted on the 
PRP-1 column. The major peak (25-26 min) was dried, 
giving a 50% yield of IIR3I (3 units, The bridged 
oligonucleotide pairs IIRBI, IIR71, IIDILR~I, and IIDLR~I 
(see Table 1) were prepared similarly as above. 

Control Experiments. The disulfide-linked dimer, 
IR&I, was synthesized for comparison using a method 
similar to the above, but with the following modifications. 
After the tert-butyl thiol group was removed from cys- 
teine on RBI, the aqueous phase was washed with 
methylene chloride and stirred overnight to allow disul- 
fide bond formation. The purification step was the same 
as that for bridged oligonucleotide pairs. A peak at  32 
min was observed on the Nucleogen DEAE 60-7 column 
(50% yield). When R31 conjugate, without removing the 

tert-butyl thiol group, was stirred with a second io- 
doacetylated 9-mer overnight, no reaction occurred, as 
indicated by ion-exchange chromatography. 

Polyacrylamide Gel Electrophoresis (PAGE). The 
oligonucleotide conjugates and pairs were analyzed on a 
native 20% polyacrylamide gel. The running buffer was 
40 mM MOPS and 10 mM sodium acetate (pH 7.0, 
adjusted with sodium hydroxide). The samples (0.01 
units, A2601 were suspended in 20 pL of loading buffer 
(30% glycerol) and heated at  90 "C for 2 min. Other lanes 
were loaded with 20 p L  of 30% glycerol, 0.05% xylene 
cyanol, and 0.05% bromophenol blue as markers. The 
bands were visualized by silver staining with an ISS oligo 
staining system kit. The gel was photographed with 
Polaroid film (Figure 3). 

Amino Acid Analysis. The samples (0.1 units, &so) 
were hydrolyzed in 6 N hydrochloric acid4% thioglycolic 
acid in the gas phase in a vacuum desiccator a t  110 "C 
for 24 h, as described (27). Amino acid analysis was 
based on reverse phase separation on a Chromega Bond 
MC-18, 3 pm column (4.6 x 100 mm), followed by 
o-phthaldialdehyde (OPA) postcolumn derivatization (27). 

RESULTS 

Synthesis of Polyarginine- Oligonucleotide Con- 
jugates and Polyarginine-Bridged Oligonucleotide 
Pairs. In the synthesis scheme, two cysteines with two 
different protecting groups, trityl (cleavable by TFA) and 
tert-butyl thiol (cleavable by Bu~P) ,  were utilized t o  
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1 2  3 4 5  6 7 8  9 1 0  
. .--mL-L----- 

13 

0 7 5  min 
Figure 2. Chromatography on a Nucleogen DEAE 60-7 
column: (A) purification of R31 conjugate; (B) purification of 
IIRJ bridged oligonucleotide pair; (C) coinjection of five com- 
ponents, (1)  R31 (25 min), (2) 9-mer I(29 min), (3) iodoacetylated 
9-mer I (30 min), (4) IR3R3I (32 min), ( 5 )  IIR3I (35 min). 
Chromatographic conditions are given in the Experimental 
Procedures. Detection was at 260 nm. 

control the selective attachment of oligonucleotides to the 
peptide (Figure 1). Each peptide was deprotected in "FA/ 
anisole/ethanedithio1(95/4/1) (28). This condition did not 
lead to reduction of the tert-butyl thiol-protected cysteine, 
which is resistant to acids like TFA and bases, but 
cleavable by mild reagents such as thiols or phosphines 
(29). In the absence of 1% ethanedithiol scavenger, the 
desired product cannot be obtained, and an unidentified 
product with a mass of 82 greater and nonreactive in the 
Ellman assay for thiols was found to be formed. The 
synthesis of peptide-9-mer I conjugate was performed a t  
neutral pH in order to prevent the loss of the tert-butyl 
thiol protecting group. However, a basic pH (0.1 M 
NaHC03) was found to be necessary for high yields of 
bridged oligonucleotide pairs. If only the single-linked 
oligoarginine-oligonucleotide conjugate is desired, there 
is no need for the peptide to contain N-terminal cysteine, 
which is necessary for the synthesis of bridged oligo- 
nucleotide pairs. 

Oligonucleotides can be prepared with amino groups 
at either the 5' or 3' end for attachment to the peptide. 
The primary amine groups on oligonucleotides are con- 

Figure 3. Photograph of a native 20% polyacrylamide gel after 
silver staining: (1)  9-mer I, (2) RRI, (3) RsI, (4) RyI, (5) IIR31, 
(6)  IIkI ,  (7) IIRTI, (8) IID~LRBI, (9) IIDKR~I, (10) ClSmer (its 
sequence is the combination of 9-mer I and 9-mer 11, 5'-TAA 
TGT GAT GAC TAG GTG-3'). 

verted to the iodoacetamide moiety by iodoacetylation 
and are readily reacted with the free thiol group on the 
peptide. The single-linked oligoarginine-oligonucleotide 
conjugate can be simply achieved this way. Then, the 
other cysteine on the peptide is deprotected and reacted 
with the second oligonucleotide to achieve the oligoargi- 
nine-bridged oligonucleotide pair. 

All conjugation reactions were performed in lithium 
chloride salt solution because peptide-9-mer I conjugates 
have low solubility in water due to strong interaction of 
arginine side chains and phosphate groups. In salt 
solution, this interaction is weakened, making the con- 
jugate readily soluble. The bridged oligonucleotide pairs 
can be readily dissolved in water because they have an 
excess of phosphate groups compared to arginine resi- 
dues. 

A sequential one-pot method, which was used in 
quantitative reduction (with Bu3P) and alkylation of wool 
(30,31), as well as conjugation of synthetic peptides to 
proteins (32), was applied to the synthesis of these 
peptide-bridged oligonucleotide pairs. First, the peptide 
in the conjugate was reduced. Subsequently, the alky- 
lating agent was added to the reaction bath in the 
presence of excess reducing agent. I t  was found to be 
necessary to allow the initial reduction step to go to 
completion, since iodoacetic acid and its amides react 
with Bu3P to form a quarternary phosphinium salt, which 
is much less reactive than Bu3P (26). 

The reducing reagent Bu3P has two advantages over 
the widely used dithiothreitol (DIT) in this application. 
First, DTT must be removed after reduction of the 
disulfide bond, which requires an additional separation 
step. Second, a substantial amount of the disulfide- 
linked dimer side product, 9-mer I-peptide-peptide-9-mer 
I, was found to be formed in the DTT procedure. The 
presence of Bu3P during this Conjugation prevented this 
undesirable dimer formation, thereby increasing the yield 
of the final product. A large excess of Bu3P was used, 
since it is readily oxidized in air. Due to the limited 
aqueous solubility of Bu~P,  a two-phase reaction was 
performed, and the organic phase containing most of the 
Bu3P was removed after the reaction was completed. 

Chromatographic Purifications. The purification 
of conjugates was successfully achieved by anion-ex- 
change chromatography on a Nucleogen DEAE 60-7 
column (Figure 2). The separations are based on the 
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interaction of the negative charges on short oligonucle- 
otides with the positive charges on the column packing. 
The fractionation of the mixture components is governed 
by the difference in their net charges. Organic solvent 
in the eluent (40% acetonitrile) minimized nonionic 
interactions between the oligonucleotides and packing 
materials. Figure 2 shows the purification chromato- 
gram of IIR31 conjugate. The retention time of the 9-mer 
with an amino linker (with an overall charge of -8) was 
29 min. After iodoacetylation, the new molecule eluted 
1 min later, a t  30 min. This was possibly due to the 
elimination of one positive charge on the primary amino 
group by amide bond formation. After conjugation to the 
peptide containing three arginine residues, which had 
four positive charges, the R31 (with an overall charge of 
-5) eluted much earlier, a t  25 min (Figure 2A). The 
IIR31 oligonucleotide pair, comprised of two 9-mers and 
one peptide (with an overall charge of -14), eluted at  35 
min (Figure 2B). The control compound, IR3R3I disulfide- 
linked dimer, comprised of two 9-mers and two peptides 
(with an overall charge of -10) eluted at  32 min. Thus, 
the retention times of the conjugates are proportional to 
their net negative charges (Figure 2C). The single-linked 
conjugates R31, R51, and R71 eluted at  25,23, and 21 min, 
respectively. The bridged oligonucleotide pairs IIR3I 
(and IIDLR~I), IIRJ (and IIDLR~I), and IIR7I eluted at  
35, 33, and 32 min, respectively. The relative elution 
times are consistent with the overall charge of each 
compound. In all cases, the products are well resolved 
from the reactants. The retention times of all the 
compounds are included in Table 1. 

The conjugates were desalted on a Hamilton PRP-1 
column using a TEAA buffer system. Certain separations 
can also be achieved on this reversed-phase column, but 
purification of single-linked conjugates from reaction 
mixtures cannot be performed by reversed-phase chro- 
matography due to  precipitation of the conjugates in the 
column in the presence of a large excess of positively 
charged peptides. In the anion-exchange column, this 
problem is solved because peptides elute with the solvent 
front. The bridged oligonucleotide pairs have almost the 
same retention times as acetylated 9-mers and, therefore, 
cannot be purified on the reversed-phase column, either. 
Therefore, the Fmoc-oflmoc-off purification step we 
previously developed (33, 34) is not applicable for this 
purpose. 

Gel Electrophoresis. Gel electrophoresis allows 
separation of macromolecules according to charge and 
size. Each conjugate gave only one band on the gel, 
confirming its purity (Figure 3). The gel was run at  
neutral pH to  maintain the negative charges on the 
oligonucleotides and positive charges on the peptides. The 
peptide-9-mer I conjugates migrated much more slowly 
than 9-mer I, due to the influence of the positive charges 
on the peptide. The positions of peptide-9-mer I conju- 
gates were dependent on their charges. R31 had two less 
positive charges than RsI and four less than R7I and 
migrated faster than &I, which migrated faster than RJ. 
&I, having only one net negative charge, barely moved 
in the gel. Such an effect was also found in oligonucle- 
otides bearing positively charged w-aminohexyl groups 
(35). The bridged oligonucleotide pairs ran faster than 
peptide-9-mer I and had the same order of electrophoretic 
mobility as single-linked conjugates. Although the bridged 
oligonucleotide pair has a larger size, the additional 
negative charges have a greater influence on migration. 
The stereoisomer pairs, IIR31 and IIDLR~I, as well as 
IIRJ and IIDLR~I (Table l), migrated to the same 
positions. Compared with an unmodified 18-mer (C18- 
mer), the oligonucleotide pairs had slower mobility 
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because of the positive charges of the peptides. The 
disulfide-linked dimer IR&I, had an even slower mobil- 
ity than R31, due to  increased molecular size (data not 
shown). In summary, the electrophoretic migration order 
is 9-mer > C18-mer > bridged oligonucleotide pair > 
single-linked conjugate > disulfide-linked dimer (for each 
peptide). Thus, gel electrophoresis shows striking varia- 
tions in mobility among the set of conjugates and is a 
powerful tool for distinguishing these compounds. 

Amino Acid Analysis. The amount of each oligo- 
nucleotide was determined by absorption at 260 nm 
based on the extinction coefficient calculated from dimer 
and monomer values by using the nearest-neighbor 
method (36,37) .  The amount of peptide was determined 
by amino acid analysis of an acid hydrolysis. The 
peptide-9-mer I and the disulfide-linked dimer, 9-mer 
I-peptide-peptide-9-mer I, should give 1:l molar ratio of 
9-mer to  peptide, whereas the oligonucleotide pairs 
should give 2:l ratio of 9-mer to  peptide. The measured 
values of 9-mer to  peptide from R31, R51, R71, IR&I, 
IIRSI, IIRBI, and IIR7I were 1.0, 1.0, 1.0, 0.9, 1.9, 1.9, 
and 1,9, respectively, within experimental error of the 
expected integer ratios. Unmodified oligonucleotide hy- 
drolysates were found to generate a single peak at the 
glycine position. It has been found that a glycine peak 
is derived from deoxyadenosine hydrolysis by amino acid 
analysis (38).  Hydrolysates of 9-mer I with 5' amino 
linker and 9-mer I1 with 3' amino linker had extra peaks 
at  23.0 and 11.8 min, respectively, derived from the 
amino linkers. An S-(carboxymethy1)cysteine peak ap- 
peared at  6.8 min (Figure 4A) in the hydrolysate of the 
single-linked conjugate R3I. The S-(carboxymethyl)- 
cysteine peak released upon acid hydrolysis was previ- 
ously reported for quantitating the coupling ratio of 
synthetic peptides to  carrier proteins (26). The arginine 
peak (23.8 min) was from the conjugated peptide. As 
shown in Figure 4A, the R31 conjugate gave four peaks: 
glycine, 5'-(carboxymethyl)cysteine, 5'-amino linker, and 
arginine in amino acid analysis. The bridged oligonucle- 
otide pair IIR3I generated one more peak at  11.8 min 
(Figure 4B), which was from the 3'-amino linker on 9-mer 
11. The relative ratios of these peaks were consistent 
with the structures of the single-linked conjugates and 
bridged oligonucleotide pairs. 

DISCUSSION 

We have developed a convenient method for synthesiz- 
ing and purifying oligoarginine-oligonucleotide conju- 
gates and oligonucleotide pairs containing positively 
charged peptides as the bridge. This pathway can be 
applied to  synthesize conjugates linked or bridged by a 
peptide, pseudopeptide, or polyamine containing one or 
more positive charges. Similarly, conjugates linked or 
bridged by negatively charged components should also 
be amenable to  the anion-exchange purification proce- 
dure, since there is a change in net charges of the 
compounds. 

The properties of arginine-containing oligonucleotide 
conjugates and pairs are the subject of a forthcoming 
article (39). In summary, we have found that there is 
an increase of 2.0 "C in T, per arginine residue in the 
duplex of R,I with a complementary single-stranded DNA 
in a buffer of 10 mM sodium phosphate (pH 7.0) contain- 
ing 100 mM sodium chloride and 0.1 mM EDTA. Hy- 
bridization of compounds of the class IIRJ were shown 
to  bind in a cooperative manner to  complementary single- 
stranded DNA or RNA. Enhanced thermal stability of 
the complex between IIRJ and complementary single- 
stranded DNA results, in part, from favorable interac- 
tions between the negatively charged nucleic acid target 
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and the positively charged peptide bridge. Our data 
suggest the usefulness of these compounds in antisense 
strategies. 
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Antitumor Combilexin. A Thiazole-Containing Analogue of 
Netropsin Linked to an Acridine Chromophore 
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We report the synthesis, DNA-binding properties and antitumor activity of ThiaNetGA, a hybrid 
molecule in which are conjugated a thiazole-lexitropsin and an intercalating anilinoacridine 
chromophore. This combilexin molecule binds to DNA via a bimodal process involving minor groove 
binding of the lexitropsin moiety and intercalation of the acridine moiety. The uptake and distribution 
of the hybrid in L1210 leukemia cells were investigated by ESR spectroscopy using a spin-labeled 
derivative. The nitroxide-containing conjugate accumulates preferentially in the cell nuclei and rapidly 
saturates the nuclear receptor sites. Both in vitro and in vivo assays indicate that the drug is 
practically nontoxic but exhibits moderate antitumor activity against P388 leukemia cells in mice. 

In recent years the concept of synthesizing biconjugates 
having mixed DNA-binding functionalities has attracted 
growing interest. The antiviral antibiotics netropsin and 
distamycin which bind to the minor groove of DNA have 
served as lead compounds for extensive chemical modi- 
fications intended to  modulate their sequence selectivity, 
hopefully to confer higher pharmacological activities. 
Essentially two different drug design strategies have 
been undertaken: the first is the lexitropsin approach 
pioneered by Dickerson (1) and extensively exploited by 
Lown (2) and others (3) which deals with the replacement 
of the pyrrole rings of netropsin and distamycin by other 
heterocycles including imidazole, thiazole, oxazole, pyra- 
zole, and pyridine. The second strategy involves equip- 
ping the oligo-N-methylpyrrolecarboxamide moiety with 
a reactive group capable of reacting irreversibly with 
DNA (4) andor with an intercalating chromophore (5) 
intended to  confer higher affinity for DNA and to  
facilitate the penetration and transport of the drug into 
cells. This latter approach has been actively pursued in 
our laboratory with the design of so-called combilexin 
molecules (6). Here we report the synthesis, DNA- 
binding properties, intracellular distribution, and anti- 
tumor activity of a hybrid molecule, ThiaNetGA, in which 
are conjugated a minor groove-binding thiazole-contain- 
ing analog of netropsin ThiaNet and an intercalating 
glycyl-anilino-9-amino-acridine chromophore GA (Figure 
1). This bifunctional molecule thus combines features 
of both the lexitropsin and combilexin approaches. 
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H2N 
Figure 1. Structure of the hybrid ThiaNetGA. 

EXPERIMENTAL PROCEDURES 
The IR spectra were obtained on a Perkin-Elmer 177 

spectrophotometer in KJ3r pellets. IH-NMR spectra were 
recorded on a Bruker AM 400 WB spectrophotometer. 
Chemical shifts are reported in ppm from tetramethyl- 
silane as  an internal standard and are given in 6 units. 
FAE! mass spectra were determined on a Kratos MS-50 
RF mass spectrometer arranged in an EBE geometry. 
The sample was bombarded using a beam of xenon with 
a kinetic energy of 7 keV. The mass spectrometer was 
operated at  8 kV accelerating voltage with a mass 
resolution of 3000. Glycerol, thioglycerol, or nitrobenzyl 
alcohol were used as matrices. Thin layer chromatog- 
raphy (TLC) was carried out using Merck 60F-254 silica 
gel (0.25 mm thick) precoated UV-sensitive plates. Spots 
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were visualized by inspection under UV light a t  254 nm 
and after exposure to  vaporized 12 andor ninhydrin. 
Kieselgel 60 (230-400 mesh) from Merck was used for 
column chromatography. 

Synthesis. To synthesize the hybrid ThiaNetGA, the 
N-protected [(aminobutyryl)amino]bis-thiazolecarboxylic 
acid moiety (7) was coupled with the anilinoacridine 
chromophore (8) in the presence of dicyclohexylcarbodi- 
imide and 44dimethylamino)pyridine as catalyst. 449- 
Acridinylamino)-N-[2-[[[2'-[(4-aminobutyryl)amino]thiazol- 
4'-ylcarbonyl]amino]thiazol-4-ylcarbonyl]glycylaniline, 
dihydrobromide (ThiaNetGA): mp 211-213 "C; IH-NMR 
(MezSO-ds) 6 1.73 (m, 2H, CHZ), 2.35 (m, 2H, CHzCO), 
2.84 (m, 2H, CH2NH3+), 4.19 (m, 2H, CHd, 7.45-8.00 (m, 
15H, 12CHAr, NH3+, 8.21 (m, 2H, NH), 7.92, 8.31 (2s, 
2H, 2CHThz), 10.45 (s, lH,  CONH), 12.00 (s, lH, CONH), 
12.51 (s, lH,  CONH), 14.02 (s, lH,  NH+); MS (FAB+) 680 
(M+ + 1). Anal. Calcd for C ~ ~ H ~ I B ~ Z N ~ O ~ S Z :  C, 47.10; 
H, 3.71; N, 14.98. Found: C, 47.35; H, 3.60; N, 14.95. 

Drugs. Netropsin was purchased from Serva (Heidel- 
berg, Germany). Hoechst 33258 and ethidium bromide 
were purchased from Sigma Chemical Co. Fluorouracil 
was purchased from Laboratories Roche (France). 
Amsacrine (m-AMSA) was obtained by a modification of 
the original procedure (8). The syntheses of compounds 
GA, ThiaNet, and NetGA together with complete spectral 
characterization has been described previously (7-9). 
Drug concentrations were determined spectroscopically 
in 10 mm pathlength quartz cuvettes using the following 
molar extinction coefficients (in M-' cm-'): 21 500 for 
netropsin at  296 nm; 12 000 for amsacrine at  434 nm; 
6300 for ethidium bromide at  480 nm; 42 000 for Hoechst 
33 258 at  338 nm; and 10 900 for ThiaNetGA at  440 nm. 
All other chemicals were analytical grade reagents, and 
solutions were prepared with doubly distilled water. 

DNA and Restriction Fragments. Calf thymus (CT) 
DNA (highly polymerized sodium salt) was purchased 
from Sigma Chemical Co., deproteinized twice with 
sodium dodecyl sulfate (SDS), and precipitated with 
ethanol. DNA concentrations were determined applying 
a molar extinction coefficient of 6600 M-I cm-I a t  260 
nm. The restriction fragments used in the footprinting 
experiments were prepared as follows: the 160 base pair 
tyr T DNA was obtained by digestion of the plasmid 
pKMA-98 (10) with EcoRI and AvaI; the 117-mer and 
265-mer fragments were obtained by digestion of the 
plasmid pBS (Stratagene, La Jolla, CA) with EcoRI and 
PvuII. All three DNA fragments were 3'-[32Pl-end labeled 
using a-[32Pl-dATP (6000 Cilmmol, New England Nuclear) 
and AMV reverse transcriptase (Pharmacia). The diges- 
tion products were separated on a 6% polyacrylamide gel 
under native conditions. After autoradiography, the 
band containing DNA was excised, crushed, and soaked 
in elution buffer (500 mM ammonium acetate, 10 mM 
magnesium acetate) overnight at 37 "C. This suspension 
was filtered through a Millipore 0.22 pm filter, and the 
DNA was precipitated with ethanol. Following washing 
with 70% ethanol and vacuum drying of the precipitate, 
the labeled DNA was resuspended in 10 mM Tris 
adjusted to pH 7.0 containing 10 mM NaC1. 

Fluorescence measurements were carried out on a 
Jobin-Yvon J-Y-3 spectrofluorimeter. All measurements 
were made using a 10 nm lightpath cuvette in a 0.01 M 
ionic strength buffer (9.3 mM NaC1, 2 mM Na acetate, 
0.1 mM EDTA) using 20 pM DNA and 2 pM ethidium 
bromide or Hoechst 33258 (11). The DNA-ethidium 
complex was excited at  546 nm and the fluorescence 
measured at  595 nm. For Hoechst 33258, excitation was 
at  353 nm and fluorescence was measured at  465 nm. 

Electric Linear Dichroism (ELD). This electro- 
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optical method exploits the fact that, under the influence 
of a short electric field pulse, the DNA molecules become 
oriented, rendering the solution optically anisotropic. 
Measurements were carried out as previously described 
(12). The optical set-up consisting of a high sensitivity 
T-jump spectrometer equipped with a Glan polarizer was 
used under the following conditions: bandwidth 3 nm, 
sensitivity limit 0.001 in M A ,  response time 3 ps .  
Electric field pulses in the range 0-13 kV/cm were 
applied to the samples in a 10 mm optical pathlength 
Kerr cell with a distance between the platinum electrodes 
of 1.5 mm. The pulse duration was carefully adjusted to 
reach the steady-state orientation of the molecule (50- 
100 p s ,  depending on the electric field strength) without 
degrading or denaturing it. Sample heating under the 
electric pulses was negligible. Linear dichroism AA is 
defined as the difference between the absorbance for light 
polarized parallel (All) and perpendicular (A,) to the 
applied field a t  a given wavelength. The reduced 
dischroism is M A  = (All - A U A ,  where A is the isotropic 
absorbance of the sample measured in the absence of field 
a t  the same wavelength and with the same pathlength. 
Because of axial symmetry around the electric field 
direction, the changes in absorbance AAII = All - A and 
AAl = A, - A are related by Mil = 2AAl; thus, 
measurement of AAll or AAll or AAl alone suffices for the 
calculation of the reduced dischorism M A .  AAll was 
chosen for its higher sensitivity. When DNA solutions 
are exposed to the electric field pulses, the absorbance 
of 260 nm light polarized parallel to the electric field 
vector is lower than the absorbance of light polarized 
perpendicularly (All < AJ, indicative of a negative dichro- 
ism. Similar negative signals are observed with inter- 
calator-DNA complexes in the absorption band of the 
ligand. In contrast, when rectangular electric pulses are 
applied to a solution of a minor groove ligand bound to 
DNA, the change of the absorption of light in the ligand 
absorption band is different (All > Al) indicative of a 
positive dichroism of the complex. Therefore, on the basis 
of the sign and the amplitude of the observed signals, 
this technique can reveal the binding mode of the ligand 
via an estimation of its orientation with respect to the 
helical axis. All experiments were conducted in 1 mM 
sodium cacodylate buffer adjusted to pH 6.5, a t  room 
temperature (20 "C). The conductivity of all the solutions 
was measured directly in the electro-optical cell with 
Metrohm conductimeter Model E527 and never exceeded 
2 mS. 

DNAase I Footprinting and Electrophoresis. 
Cleavage reactions (total volume 10 pL) catalyzed by 
DNAase I were performed essentially according to the 
original protocols (13). Samples (3 pL) of the labeled 
DNA fragment were incubated with 5 pL of the buffer 
solution containing the desired drug concentration. After 
30-60 min incubation at  37 "C to  ensure equilibration 
of the binding reaction, the digestion was initiated by the 
addition of 2 pL of the endonuclease solution whose 
concentration was adjusted to limit the digestion t o  less 
than 30% of the starting material so as to minimize the 
incidence of multiple cuts in any strand ("single-hit" 
kinetic conditions). Optimal enzyme dilutions were 
established in preliminary calibration experiments. Typi- 
cally, DNAase I experiments included 0.01 unit/mL of 
enzyme, 20 mM NaCl, 2 mM MgC12, 2 mM MnC12, pH 
7.3. At the end of the reaction time (routinely 3 min at  
room temperature), the digestion was stopped by freeze- 
drying. After lyophilization the sample was washed once 
with deionized water and then lyophilized again prior to  
resuspending in 3 pL of an 80% formamide solution 
containing tracking dyes (0.1% bromophenol blue-xylene 
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trypan blue and counted. Assays were carried out in 
triplicate and the results averaged. 

Toxicity Studies and Antitumor Activity. Toxicity 
studies were performed in healthy female Swiss mice 
(median weight: 30 g, range 28-31 g). The drug was 
administered ip in 0.4 mL of sterile physiological saline. 
The drug was tested by daily administration (25 mg/kg/ 
day) from day 1 to day 5. Toxicity was evaluated both 
by the evolution of animal weights and by 30 day 
survival. Antitumor activity was evaluated in P388- 
bearing DBN2 female mice (Charles River, France) 
(median weight: 24 g, range 23-25g). Mice were housed 
six per cage, with free access to food and water. Inoculum 
consisted of 0.1 mL of diluted (sterile physiological saline) 
ascitic fluid containing lo6 leukemic cells drawn from a 
leukemic mouse. The day of ip tumor inoculation was 
designated as day 0. The drug was administered ip (25 
mg/kg/day) in 0.2 mL of sterile physiological saline from 
day 1 to  day 5. Untreated controls and positive controls 
were performed by ip administration of sterile physi- 
ological saline (0.2 mL, day 1 to day 5) and 5-fluorouracil 
(20 mg/kg/day) in 0.4 mL, day 1 to day 5, respectively. 
Median and range of survival time were reported for each 
group. Antitumor activity was evaluated by calculating 
T/C% = (test group median survival time/control median)- 
100. Comparison between groups was performed using 
the nonparametric Mann-Whitney U-test. 

RESULTS AND DISCUSSION 
Interaction with DNA. Upon binding to DNA, the 

absorption spectrum of the ligand underwent a hypo- 
chromic shift in the 250-280 nm band and also in the 
acridine band centered at  430 nm, together with a 3-5 
nm red shift in the latter band which is indicative of an 
increased delocalization of the n-electrons in the ligand 
as a consequence of its interaction with the double helix. 
No isosbestic point was observed upon titration of the 
drug with DNA suggesting that different types of binding 
sites exist. We sought for means to verify that both parts 
of the combilexin molecule are involved in the binding 
to DNA. It is known that netropsin and its thiazole 
analogue diminish the fluorescence of Hoechst 33258 
bound to DNA complex which thus can serve to probe 
for minor groove binding. It is also known that amsa- 
crine competes with ethidium for binding to DNA which 
can serve accordingly as a probe for intercalative binding. 
On this basis we examined the ability of the combilexin 
to affect the fluorescence of these two probes. Figure 2 
shows typical fluorescence quenching curves obtained 
under high DNA-low fluorophore conditions (1 1) for the 
hybrid and each of its constituents. The conjugate 
strongly reduces the fluorescence of both Hoechst 33258 
and ethidium bound to DNA, consistent with the belief 
that each part of the hybrid does indeed participate in 
the binding reaction. 

Further evidence that both linked functionalities of the 
hybrid are engaged in the binding reaction comes from 
electric linear dichroism experiments. This electro- 
optical method has proved most useful as a means of 
determining the orientation of drugs bound to DNA and 
has the additional advantage that it senses only the 
orientation of the polymer-bound ligand: free ligand is 
isotropic and does not contribute to the signal (12). 
Figure 3 reports the wavelength and the field-strength 
dependence of the reduced dichroism AA/A for the 
ThiaNetGA-DNA complex. Such an ELD spectrum is 
characteristic of a bimodal binding process, with the 380- 
490 nm negative band due exclusively to  the acridine 
moiety of the hybrid and the 300-330 nm positive band 
due to  the bis-thiazole moiety, with a minor contribution 

cyano1 purchased from Sigma). Samples were generally 
electrophoresed immediately, but they can be stored (at 
4 "C for about 24 h) prior to  resuspending in the dye 
solution. Samples were heated to 90 "C for 4 min and 
then chilled in an ice-bath just before being loaded on to 
a sequencing gel capable of resolving DNA fragments 
differing in length by one nucleotide. The chemical 
identities of the digestion products were assigned by 
coelectrophoresis of dimethyl sulfatdpiperidine G mark- 
ers. Cleavage products were separated on 0.3 mm thick, 
8% (w/v) polyacrylamide gels containing 8 M urea. After 
2 h electrophoresis in TBE buffer (89 mM Tris base, 89 
mM Boric acid, 2.5 mM Naz EDTA, pH 8.3) a t  60 W, the 
gels were soaked in 10% acetic acid for 15 min, trans- 
ferred to Whatman 3MM paper, dried under vacuum at  
80 "C, and subjected to autoradiography a t  -70 "C. 

Spin-Labeling, Cell Fractionation, and Electron 
Spin Resonance (ESR). The spin-labeled derivative 
SL-ThiaNetGA was synthesized by coupling the nitroxide 
moiety with the hybrid ThiaNetGA. A solution of 3-car- 
boxy-2,2,5,5-tetramethyl-l-pyrrolidinyloxy (3-carboxy- 
PROXYL, Aldrich) (10 mg; 0.054 mmol) in dimethylfor- 
mamide was mixed with solutions of dicyclohexyl carbo- 
diimide (12 mg, 0.058 mmol) and hydroxybenzotriazole 
(9 mg, 0.058 mmol) in dimethylformamide/CHzClz (1:1, 
v:v, 5 mL). The reaction mixture was stirred for 2 h a t  
0 "C to  form the HOBt-activated ester of the spin-label 
derivative. The hybrid ThiaNetGA (45 mg, 0.054 mmole) 
was dissolved in dimethylformamide (10 mL) in the 
presence of triethylamine (15 pL, 0.108 mmole) and then 
added directly to  the reaction vessel, and stirring was 
continued for 2 h in ice. The reaction, followed by TLC, 
was allowed to take place for 12 h a t  room temperature. 
The organic solvents were evaporated to dryness, and the 
spin-label conjugate SL-ThiaNetGA was purified by flash 
chromatography using MeOWCHC13 (20:80, v:v) as elu- 
ent (Rc 0.41). 4-(9-Acridinylamino)-N-[2-[[2'-[[4-[[(2,2,5,5- 
tetramethyl-l-pyrrolidinyloxy)-3-carbonyl]amino]but~ll- 
amino]thiazol-4'-ylcarbonyl]amino]thiazo1-4-y1- 
carbonyl]glycylaniline, dihydrobromide (30 mg, 65% 
yield): mp > 250 "C; MS (FAB+) 849 (M+ + 2). 

SL-ThiaNetGA was added to 50 mL cell cultures a t  a 
final concentration of 25 pM for various incubation 
times. At intervals, cells were collected by low-speed 
centrifugation, and the pellet was washed twice with 30 
mL of NaCl solution (9 g/L). Cell disruption was effected 
with a Dounce homogenizer. Cell fractionations were 
performed as previously described (14). The purity of the 
nuclear and cytoplasmic fractions was assessed by both 
morphological examination under an electron microscope 
and by appropriate marker enzyme activities: 5'-nucle- 
otidase, glucose-6-phosphatase, and catalase markers, 
respectively, for the plasma membrane, endoplasmic 
reticulum, and peroxisomes-lysosomes. ESR measure- 
ments were recorded on a Varian E109 X-band spectrom- 
eter with an E238 cavity operating in the TMllO mode. 
A 100 KHz high frequency modulation was used with 20 
mW microwave power. The samples were examined in 
a flat quartz cell. 

Cell Cultures and Growth Inhibition. L1210 Leu- 
kemia cells were grown in suspension culture in RPMI 
1640 medium supplemented with 10% fetal calf serum 
(v:v) in a humidified atmosphere of 5% carbon dioxide in 
air a t  37 "C. Fresh aliquots, stored in liquid nitrogen, of 
cells were frequently thawed. Cultures used to assess 
drug effects were in exponential growth (doubling time 
15-18 h). The drug at  the appropriate concentration was 
added to cell cultures (5 mL) for 4 days without renewal 
of the medium. Every day, the cells were diluted with 
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Figure 2. Percent quenching of fluorescence intensity of (top) 
ethidium- and (bottom) Hoechst 33258-DNA complexes by the 
hybrid ThiaNetGA (0) compared to its constituents ThiaNet (W), 
and the anilinoacridine derivative GA (A). Experimental condi- 
tions: 20 pM calf thymus DNA, 2 pM ethidium bromide (A,,, = 
546 nm, Aem = 595 nm) or 2 pM Hoechst 33258 (A,,, = 353 nm, 
,Iem = 465 nm) in 0.01 M ionic strength buffer (9.3 mM NaCl, 2 
mM Na acetate, 0.1 mM EDTA) (8). 

from the anilinoacridine moiety. The field strength 
dependence at  310 nm is identical for the hybrid 
ThiaNetGA and its parent compound ThiaNet. This 
implies that the acridine portion of the conjugate does 
not impede minor groove binding of the attached bis- 
thiazole unit. By contrast, the reduced dichroism mea- 
sured at  440 nm with the hybrid is much lower than that 
obtained with the anilino-9-aminoacridine compound. 
The reduced dichroism of the DNA bases a t  260 nm in 
the absence of ligand was found to be -0.45 (at 13 kVl 
cm). The value for the compound GA bound to DNA 
( M A  = -0.43 at  430 nm and under the same electric 
field) is nearly the same as that of the DNA bases 
indicating that the transition moment, located in the 
plane of the acridine chromophore, lies parallel to  the 
plane of the DNA base pairs, as expected for an inter- 
calating agent. For the hybrid, the maximum ELD value 
at  430 nm was found to  be -0.2 which corresponds to an 
orientation inclined at  about 65" to  the helix axis.' A 
similar tilt of the acridine ring with respect to the plane 
of the base pairs was noticed previously with a netrop- 
sin-acridine hybrid (15). Thus, the ELD experiments 
reveal that the hybrid molecule interacts with DNA in a 
geometrically well-defined fashion, placing its thiazole- 

Concentration (pM) 

The angle is estimated from a comparison of the reduced 
dichroism at 13 kV/cm for the DNA bases and for the hybrid in 
their respective absorption bands, assuming a theoretical angle 
of 90" for the DNA bases with respect to the orientation axis of 
the particles. The angle is 62" assuming an experimental angle 
of 72" for the DNA bases. Details in ref 12a. 
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Figure 3. (Top) electric linear dichroism spectrum of the 
ThiaNetGA-DNA complex at 13 kVicm. (Bottom) electric field 
dependence of the reduced dichroism ( M A )  measured for calf 
thymus DNA alone at 260 nm (0) compared t o  that of its 
complex with ThiaNetGA at 440 nm (0) and 310 nm (0) or with 
ThiaNet at 310 nm (W) or compound GA at 440 nm (A). 
Experimental conditions: drug-DNA ratio of 0.1; 1 mM Na 
cacodylate buffer, pH 6.5. 

containing netropsin moiety in the minor groove and with 
the acridine chromophore oriented at  an angle consistent 
with its insertion into a distorted DNA structure. Indeed, 
in the crystal structure of the anilinoacridine chro- 
mophore the plane of the anilino group is oriented at  
about 70" to  the plane of the acridine ring (16), so when 
the ThiaNet moiety of the hybrid is lodged within the 
minor groove full intercalation of the acridine ring could 
well be precluded on steric grounds. The short size of 
the glycyl linker between the two moieties of the conju- 
gate may also serve to constrain the acridine ring to  
intercalate only partially between the DNA base pairs, 
leaving a part of the tricyclic nucleus outside the DNA 
helix. This model in which the acridine ring partially 
protrudes outside the intercalation site would account 
satisfactorily for the linear dichroism measurements, and 
was predicted in a molecular modeling analysis of the 
complex between DNA and the netropsin-acridine hybrid 
which bears exactly the same anilinoacridine moiety (15). 
Moreover, studies on the DNA binding properties of a 
distamycin-ellipticine hybrid (1 7) have revealed that in 
this case also the ellipticine chromophore is associated 
with significant bending of the helix a t  the intercalation 
site such that the ellipticine ends up inclined at  about 
65" with respect to  the macromolecular axis.2 

Attempts were made to determine if the combilexin 
molecule might bind to specific sequences in DNA. The 
thiazole lexitropsin ThiaNet is known to be capable of 
selectively recognizing alternating purine-pyrimidine 
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sequences containing both A.T and G C  base pairs (19). 
Two different footprinting methodologies, using DNAase 
I and MPE-Fe" as DNA cleaving agents, and three DNA 
fragments of varied composition (117 and 265 base pair 
fragments from plasmid pBS and the 160 base-pair tyr 
T DNA fragment containing the tyrosine tRNA promoter) 
were tested but in all cases the hybrid failed to inhibit 
the cleavage of DNA in such a manner as to  yield 
identifiable footprints. Thus, the sequence preferences 
(if any) associated with binding of the hybrid combilexin 
to DNA cannot readily be determined by these means, 
in common with the antitumor-active parent compound 
amsacrine and other anilinoacridines (20). 

Cellular Distribution. DNA may be expected to 
serve as a critical target for the biological actions of the 
hybrid providing that the drug can effectively reach the 
genome in the cell nuclei. It is worth mentioning that 
netropsin exhibits no antitumor properties but its toxicity 
is increased by a factor of 200 when the cell membrane 
is permeabilized; it then becomes as toxic as the clinically 
used anticancer drug actinomycin (21). Netropsin pen- 
etrates slowly into cells (22) and that surely constitutes 
a limiting factor which prevents the antibiotic exerting 
its potential cytotoxicity. Given the expected relationship 
between the ability of the drug to penetrate into cells and 
its probable efficacy we chose to study the uptake and 
cellular distribution of the conjugate by electron spin 
resonance (ESR) spectroscopy using a spin-labeled de- 
rivative of the hybrid, SL-ThiaNetGA, which can easily 
be detected withn cells. The ESR spectrum of a nitroxide 
spin-label reflects its rotational motion, and the con- 
straints upon that motion produced by the immediate 
environment are readily discernible. Figure 4 shows a 
series of ESR spectra of the spin-labeled hybrid in 
different environments. The ESR spectrum of the free 
drug in solution is isotropic (UN = 15 G) and results from 
the anisotropic hyperfine interaction between the un- 
paired electron and the nuclear spin of the nitrogen atom. 
In the presence of a large excess of purified calf thymus 
DNA, the ESR spectrum remains essentially isotropic 
indicating that the trailing nitroxide attached at  the very 
end of the aminobutyrylamino side chain is still free to 
rotate when the drug is bound to DNA. However, the 
broadening of the bands and the significant decrease in 
the intensity of the low field band attest to  a certain 
degree of restricted motion of the spin label. Such a 
spectrum is consistent with location of the spin label 
group in the minor groove, which is expected to  reduce 
but not block the rotation of the paramagnetic nitroxide. 
For the spectra shown in Figure 4c and d SL-ThiaNetGA 
was incubated with L1210 leukemia cells for various 
lengths of time. At intervals cells were collected and 
fractionated, and the ESR spectra of the drug-containing 
cytoplasmic and nuclear fractions were recorded. Ap- 
propriate controls were performed to  verify negligible 
redistribution of spin-labeled drug during the separation 
process (14a). The spectra of the cytoplasmic fractions 
always consisted of a triplet of weak intensity even after 
12 h incubation (Figure 4c). This indicates that the drug 
penetrates into cells but does not accumulate in the 
cytoplasm. The ESR spectra of the nuclear fraction 
obtained after 1-12 h of incubation with the drug are 
characteristic of the presence of two different species: (i) 
unrestricted molecules which give rise to a triplet as  

Despite the commonly held view that the base pairs are 
essentially orthogonal to the helical axis of B-form DNA, linear 
dichroism measurements have shown that the bases in natural 
DNAs do not lie perpendicular to the helix axis, not even in the 
B-form. The angles of base inclination vary from 16" to 25" (18). 

1 h 

Figure 4. ESR spectra of (a) SL-ThiaNetGA in solution, (b) 
SL-ThiaNetGA-DNA complex at a calf thymus DNNdrug ratio 
of 120, (c) the cytoplasmic fraction, and (d) the nuclear fraction 
of L1210 leukemia cells incubated with the spin-labeled drug. 
Incubation times are indicated. Instrumental conditions: field 
set 3375 G, scan range 100 G; time constant 0.25 s; modulation 
amplitude 8 G; modulation frequency 100 KHz; microwave 
power 10 mW, microwave frequency 9.44 GHz; receiver gain (a) 
4 x lo3, (b) 1 x lo4, (c) 4 x lo4, (d) (spectra 1-4) 4 x lo4, 
(spectrum 5) 2.5 x lo4. 

observed for the cytoplasmic fractions and (ii) completely 
immobilized molecules characterized by a powder-type 
spectrum. Such a broad ESR signal reflects spin-spin 
interactions due to the close proximity of clustered spin- 
labeled molecules. The drug molecules must either 
condense to  form intranuclear aggregates or be closely 
stacked in association with some kind of macromolecular 
support such as a membrane or part of the cytoskeleton. 
In view of the isotropic spectrum obtained for the drug- 
DNA complex, it is unlikely that the powder-type spec- 
trum simply reflects the formation of drug-chromatin 
complexes. The penetration of the drug into L1210 cells 
is fast since an anisotropic spectrum is obtained after 
only 1 h of incubation. By comparison with previous 
studies, the kinetics of penetration and nuclear translo- 
cation of SL-ThiaNetGA are much faster than found for 
netropsin (22) and comparable to the rates observed with 
the netropsin-acridine hybrid (23). These data reinforce 
the view that the acridine chromophore serves as a 
powerful vector to  carry the minor groove binding entity 
to the nuclear receptor sites (6). An effect of this sort 
has been well characterized with oligonucleotide-acri- 
dine conjugates (24). 
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Figure 6. Antitumor effect in vivo of (b) ThiaNetGA at 25 mgl 
kg/day ( N  = 6) compared to (c) 5-fluorouracil at 20 mg/kg/day 
( N  = 6), relative to (a) untreated animals ( N  = 6). DBN2 female 
mice were inoculated ip with 0.1 mL of diluted ascitic fluid 
containing lo6 P388 leukemic cells (day 0). The drug was 
administered ip from day 1 to day 5. Median and range of 
survival times were recorded for each group. Comparison 
between groups was performed using the nonparametric Mann- 
Whitney U-test. 

Antitumor Activity. L1210 leukemia cells were also 
used to  evaluate the cytotoxic properties of the hybrid 
i n  vitro. Under the conditions used, an IC50 value of 10 
pM was measured for ThiaNetGA while, under the same 
conditions, values of 0.5 and 2.5 pM were obtained for 
amsacrine and compound GA, respectively. The thiazole- 
containing netropsin ligand ThiaNet was totally inactive 
(IC50 =- 100 pM). The hybrid is thus weakly toxic for 
L1210 leukemia cells. To screen the antitumor potency 
of the hybrid drug in vivo P388 leukemia cells were 
inoculated intraperitoneally into DBN2 mice and grown. 
The sensitivity of the leukemia to the hybrid can be seen 
in Figure 5. At 25 mgkglday of ThiaNetGA, a noticeable 
increase in life span was observed, expressed by a % TIC 
(test group median survival timelcontrol median) of 140. 
The hybrid exhibits improved antitumor activities over 
the netropsin-acridine hybrid NetGA (TIC = 132, (15b)) 
although it still falls short of what can be achieved with 
amsacrine in a comparable assay (TIC = 178 at  8.9 mgl 
kg/dose (25)). However, it is very important to emphasize 
that the hybrid drug is safe since it has not revealed any 
type of toxicity to  healthy mice (at the same dose and by 
the same ip route). Thus, in respect to  its activities i n  
vivo the ThiaNetGA hybrid successfully combines the 
desired properties of its parent compounds without their 
major defects, viz. the antitumor activity of the acridine 
moiety (the ThiaNet compound has none) plus the low 
toxicity of the thiazole lexitropsin (as opposed to the 
toxicity of the acridine compound GA toward mice which 
has precluded assessment of its potential antitumor 
activity). 

CONCLUSION 

The combilexin molecule ThiaNetGA clearly exhibits 
potentially useful antileukemic properties i n  vivo. It is 
likely that the capacity of the hybrid to  bind to DNA and 
perhaps to some other constituents of the nucleus con- 
tributes significantly t o  its biological properties. Other 
targets such as topoisomerases may well be involved in 
the whole mechanism of action of the drug. On the basis 
on these data, further hybrid molecules are now being 
synthesized with the aim of finding congeners endowed 
with superior antitumor properties but remaining as 
nontoxic as the conjugate reported here. Evaluation of 
their therapeutic potential will demand consideration of 

both range of activity and cytotoxicity for each tested 
compound. These first combilexin results reported here 
encourage us to believe that this new approach to DNA- 
targeted pharmacology has the potential to  yield impor- 
tant developments in the search for new and better 
anticancer drugs. 
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A strategy is described for the site-specific conjugation of alkaline phosphatase to the Fc region of 
immunoglobulins. Mild oxidation of immunoglobulins by sodium periodate followed by reductive 
amination with excess cystamine and sodium cyanoborohydride covalently attaches cystamine 
specifically to the oligosaccharide chains of the antibody’s Fc region. The disulfide bonds of the 
conjugated cystamine moieties are then reduced to  free thiols with a low concentration of dithiothreitol. 
The thiol-modified antibodies (typically containing three to four thiols per Fc region) are then brought 
into contact with maleimide-functionalized alkaline phosphatase to form antibody-alkaline phos- 
phatase conjugates. The Fc site-specific conjugation methodology was optimized and successfully 
applied to a number of different monoclonal and polyclonal antibodies. The conjugates prepared show 
assay performances superior to those prepared by more conventional means. Evidence obtained 
indicates that this superior conjugate performance results from total retention of the antibody’s antigen 
binding activity following the Fc site-specific conjugation procedure. 

INTRODUCTION 

The ability to  produce active and stable enzyme- 
antibody and enzyme-antigen conjugates is of para- 
mount importance in immunoassays. Several methods 
for covalently coupling enzyme labels to antibodies are 
known (1-3). The majority of these coupling methods 
fall in two categories, (i) periodate coupling procedures 
and (ii) coupling procedures based on the use of bifunc- 
tional cross-linking reagents. In the periodate method 
carbohydrate chains on the surface of enzymes are 
oxidized by treatment with sodium periodate to generate 
aldehyde groups. The oxidized enzyme is allowed to react 
with antibody resulting in the formation of Schiff s bases 
between aldehyde groups on the enzyme and amino 
groups on the antibody. The coupling is stabilized by 
reduction of the initially formed imine to  the secondary 
amine with sodium borohydride or sodium cyanoborohy- 
dride. The periodate method has been used with horse- 
radish peroxidase (4) ,  glucose oxidase (5), and alkaline 
phosphatase (6). 

Bifunctional cross-linkers are extremely useful for 
protein structural studies and for the coupling of small 
molecules such as haptens and peptides to  carrier 
proteins, as well as for the linking of enzymes labels to 
Igs.’ Glutaraldehyde, an amine reactive homobifunc- 
tional cross-linker, has been extensively used to  couple 
enzymes to antibodies (7-9). However, because control 

t This paper is dedicated to the memory of our friend and 
colleague, Dr. Howard E. Bond. 
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Abbreviations: SDS-PAGE, sodium dodecyl sulfate poly- 
acrylamide gel electrophoresis; DTNB, 5,5’-dithiobis(2-nitroben- 
zoic acid); EDTA, ethylenediaminetetraacetic acid; HPLC, high- 
performance liquid chromatography; DTT, dithiothreitol; TEA, 
triethanolamine; NEM, N-ethylmaleimide; DMF, dimethylfor- 
mamide; SMTCC, succinimidyl 4-[(N-maleimidomethyl)trica- 
proamidolcyclohexane-1-carboxylate; PBS, phosphate-buffered 
saline; MEIA, microparticle capture enzyme immunoassay; 
CEA, carcinoembryonic antigen; Ig, immunoglobulin; IgG, im- 
munoglobulin G; Fc, crystallizable fragment; CA19-9, carbo- 
hydrate antigen recognized by the monoclonal antibody, 19-9; 
Alk Phos, alkaline phosphatase; mAb, monoclonal antibody. 
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of intra- versus intermolecular cross-linking is very 
difficult to  achieve with glutaraldehyde and other homo- 
bifunctional cross-linkers, the products are generally 
heterogenous, high molecular weight aggregates with 
greatly reduced enzyme and antibody activities. In 
recent years, the use of heterobifunctional cross-linkers 
has greatly increased, mainly to fulfill the need for more 
controlled coupling between two different biomolecules, 
such as antibody and enzyme, without formation of 
homodimers and oligomers. 

Heterobifunctional cross-linkmg reagents having reac- 
tive groups with different selectivities a t  each end of the 
molecule provide greater control of the coupling reaction 
so as to enhance the yield of the heteroconjugates, such 
as antibody-enzyme conjugates. The vast majority of 
heterobifunctional cross-linking reagents contains a pri- 
mary amine-reactive group and a thiol or a thiol-reactive 
group. Heterobifunctional linkers which are frequently 
used for the purpose of introducing thiol, protected thiol, 
and thiol-reactive groups into proteins include Traut’s 
reagent (iminothiolane) (10,11), succinimidyl (acetylthiol- 
acetate (SATA) (12,13), succinimidyl3-(2-pyridyldithio)- 
proprionate (SPDP) (14, 151, and succinimidyl truns-4- 
(N-maleimidylmethy1)cyclohexane-1-carboxylate (SMCC) 
(13, 16). One major problem with the use of these 
heterobifunctional linkers, however, is the random dis- 
tribution of amino groups throughout the entire Ig 
molecule including the antigen binding region. Thus, 
these cross-linking agents may react with Ig at  a site 
close to the antigen binding region and, thus, interfere 
with the binding of IgG. Therefore, coupling methods 
that utilize amine-reactive heterobifunctional cross-link- 
ing reagents yield heterogeneous immunoconjugates with 
either partial or complete loss of antigen binding activity 
(1 7,18). In contrast, carbohydrate moieties of antibodies, 
which are located away from the antigen binding region, 
can be modified by periodate treatment without signifi- 
cant impairment of the antigen binding function (1  7,19, 
20). The use of carbohydrate moieties for site-specific 
labeling has been exploited in spin-labeling work for Ig 
structural studies (21 ), to  prepare mAb-drug conjugates 
for chemotherapeutic applications (19,22,23), and only 
on a limited basis for labeling Ig with enzymes (24). The 
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site-specific labeling of Ig by oxidation of their carbohy- 
drate moieties with periodate followed by reaction of the 
exposed aldehyde groups with an amine on the enzyme 
label under reducing conditions has been reported for the 
labeling of rabbit and goat IgG molecules with lysozyme 
and horseradish peroxidase (24). Although the use of 
rabbit anti-human IgG-peroxidase Fc conjugate pre- 
pared by this method for the detection of human IgG by 
enzyme immunoassay was demonstrated (24), no data 
were reported on comparison of the Fc conjugate with 
conjugates prepared by conventional methods. It should 
be noted that formation of IgG-IgG oligomers is a serious 
drawback of the direct Fc coupling method (24). A 40- 
fold molar excess of peroxidase was required to minimize 
the Schiff's base formation between IgG molecules (24). 
The use of such a large excess of enzyme label renders 
the direct Fc coupling method very cost ineffective and 
purification of conjugate by gel filtration very cumber- 
some, particularly with phosphatase as the label. The 
carbohydrate-based site-specific labeling of Igs has been 
reviewed by O'Shannessy and Quarles (25). The increas- 
ing role of immunoconjugates in diagnostic and thera- 
peutic applications has created a need for methods of 
labeling antibodies that will yield well-defined conjugates 
with minimal effect on immunoreactivity. 

In this paper we describe a method for site-specific 
labeling of Igs with calf intestinal alkaline phosphatase 
by introducing thiols in the Fc region of Igs and subse- 
quently reacting site-specifically thiolated Igs with the 
enzyme suitably modified with maleimides. The site- 
specific thiolation of an Ig consists of periodate oxidation 
of the oligosaccharide moiety located in the Fc region, 
subsequent reaction of the aldehyde groups with cysta- 
mine, and reduction of the resultant imine with sodium 
cyanoborohydride to yield cystamine-functionalized Ig. 
The cystamine-derivatized Ig with cystamine covalently 
bound to  the Fc region is finally subjected to mild 
reduction with a low concentration of dithiothreitol to  
yield the site-specifically thiolated Ig. We have success- 
fully used the method for site-specific thiolation of a 
number of polyclonal and monoclonal Igs and their 
subsequent conjugation to calf intestinal alkaline phos- 
phatase. The functionalization procedure was shown to 
have no effect on the immunochemical reactivity of the 
modified antibody, and conjugates prepared by this site- 
specific conjugation procedure usually gave assay per- 
formance superior than those prepared by conventional 
methods. The work presented in this paper has recently 
been disclosed in a U.S. patent (26). 

EXPERIMENTAL PROCEDURES 

Materials. Cystamine dihydrochloride, L-cystine, so- 
dium periodate, sodium cyanoborohydride, 5,s-dithiobis- 
(2-nitrobenzoic acid), p-nitrophenyl phosphate bis(2- 
amino-2-ethyl-l,3-propanediol) salt, and bovine serum 
albumin were obtained from Sigma (St. Louis, MO). 
Oxidized glutathione, N-ethylmaleimide, Sephadex G-25 
(100-300 pm), and dithiothreitol were obtained from 
Aldrich (Milwaukee, WI). 2-Iminothiolane was pur- 
chased from Pierce (Rockford, IL). Calf intestinal alka- 
line phosphatase (EC 3.2.1.23., enzyme immunoassay 
grade) was obtained from Boehringer Mannheim (India- 
napolis, IN). Centricon-30 microconcentrators ( M W  cut- 
off 30 kDa) were purchased from Amicon Corp. (Danvers, 
MA). The extended heterobifunctional maleimide active 
ester, succinimidyl4-[(N-maleimidomethyl)tricaproami- 
do]cyclohexane-1-carboxylate (SMTCC linker) was pre- 
pared as previously described (27).  Complete Freund's 
adjuvant was obtained from DIFCO Laboratories (De- 
troit, MI). The monoclonal antibody against the tumor- 
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associated carbohydrate antigen, CA 19-9, was obtained 
from Centocor (Malvern, PA). 

Isolation and Purification of Anti-CEA IgG. Puri- 
fied carcinoembryonic antigen (CEA) (20-50 pglmL) in 
PBS buffer 1 (10 mM sodium phosphate, 0.15 M NaC1, 
pH 7.2) was emulsified with 1 mL of Freund's complete 
adjuvant and was injected subcutaneously in the axillary 
and inguinal regions of goats. A second injection was 
administered 30 days later and a third injection given 
30 days after that. Two weeks after the third injection, 
a blood sample was drawn and the serum tested for the 
presence of anti-CEA IgG. When the antibody titer 
reached an acceptable level, the goat was put on a 
production bleeding schedule and the serum was pooled. 
The purification was accomplished as follows. The pooled 
serum was subjected to  ammonium sulfate fractionation, 
and the precipitate containing the IgG fraction was 
suspended in and extensively dialyzed against PBS buffer 
1. The dialyzed IgG fraction was then applied over a 
CEA-specific affinity column which was washed with PBS 
buffer 1 until the absorbance of the effluent a t  280 nm 
was zero. Anti-CEA antibody was eluted with 0.1 M 
sodium citrate, pH 3.0, and the absorbance of each 
fraction was monitored at  280 nm. The eluted IgG 
fractions were pooled, immediately neutralized, and 
dialyzed overnight against PBS buffer 1. The protein 
concentration was calculated from the absorbance at  280 
nm using an extinction coefficient (Elcml%) of 13.9 (28), 
and the antibody was stored at  -20 "C until used. 

Preparation of the Conventional Conjugates Us- 
ing Iminothiolane and SMTCC Linker. CEA- and 
CA19-9-specific IgGs (5 mg, 33.3 nmol) in 1 mL of PBS 
buffer 2 (0.1 M sodium phosphat,e, 0.1 M NaC1, pH 7.0) 
were treated with 50- and 15-fold molar excess of SMTCC 
linker, respectively. After 30 min of incubation at 
ambient temperature, derivatized IgGs were recovered 
by gel filtration with a Sephadex G-25 column (1 x 45 
cm) equilibrated with PBS buffer 2. 

The phosphatase (6 mg, 40 nmol) in 1 mL of PBS buffer 
3 (0.1 M sodium phosphate, 0.1 M NaC1, 1 mM MgC12, 
0.1 mM ZnClz, pH 7.0) was thiolated by treatment with 
a 500-fold molar excess of iminothiolane (184 p L  of a 15 
mg/mL solution in PBS buffer 2) for 30 min at  ambient 
temperature. The derivatized phosphatase was recov- 
ered by gel filtration with a Sephadex G-25 column (1 x 
45 cm) equilibrated with PBS buffer 3. The concentration 
of the enzyme was calculated by its absorbance at  280 
nm using an extinction coefficient (Elcml%) of 10 (29). Prior 
to activation and coupling to  CEA specific IgG, the 
phosphatase was modified as follows. The enzyme was 
treated with 20 mM sodium periodate in 0.2 M sodium 
acetate-0.2 M sodium phosphate buffer, pH 4.5, contain- 
ing 0.1 M NaC1, 1 mM MgC12, and 0.1 mM ZnClz. After 
3 h of gentle stirring at  ambient temperature in the dark, 
the enzyme was dialyzed against 10 mM sodium acetate, 
pH 4.5, containing 0.1 M NaCl, 1 mM MgC12, and 0.1 
mM ZnClz. The pH of the dialyzed enzyme was raised 
to  about 9.0, and ethanolamine (40 mM) was added to 1 
mM final concentration. The resulting solution was 
gently stirred for 5 h at  ambient temperature and then 
extensively dialyzed against PBS buffer 2 to remove 
excess ethanolamine. The pretreatment of the phos- 
phatase was found to  be necessary in order to overcome 
the nonspecific background observed with some patient 
samples. 

Thiolated phosphatase was combined with maleimide- 
functionalized CEA and CA 19-9 specific IgGs at  a molar 
ratio of 1.5:1 and 1:1, enzyme to  antibody, respectively, 
and incubated 18 h at  2-8 "C. Unreacted thiol groups 
were then capped by addition of 5 mM NEM to 0.3 mM 
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final concentration in order to prevent any undesirable 
cross-linking. 

Fc Site-Specific Conjugation of Alkaline Phos- 
phatase to IgGs. The antibodies were activated by 
introducing thiol groups site-specifically in the Fc region 
as follows. The antibody (5 mg, 33.3 nmol) in 1 mL of 
0.1 M triethanolamine (TEA) buffer, pH 8.0, containing 
0.16 M sodium chloride was placed in an amber vial. A 
freshly prepared solution of sodium periodate in the TEA 
buffer (200 mM, 110 pL) was added, and after 1 h at  5 
"C, the reaction mixture was gel filtered with a Sephadex 
G-25 column (1 x 45 cm) equilibrated with PBS buffer 
2. The fractions containing the oxidized antibody were 
pooled and concentrated to  1 mL using Centricon-30. 
Aliquots of cystamine dihydrochloride (0.75 M in PBS 
buffer 2, 250 ,uL) and sodium cyanoborohydride (0.3 M 
in PBS buffer 2,65 pL) were added to  the antibody pool 
in that order, and the resulting solution was incubated 
overnight a t  ambient temperature. The cystamine- 
derivatized antibody was recovered by gel filtration with 
a Sephadex G-25 column (1 x 45 cm) equilibrated with 
PBS buffer 4 (0.1 M sodium phosphate, 0.1 M NaC1, 2 
mM EDTA, pH 7.0). The fractions containing the anti- 
body were pooled, concentrated to  1 mL as before, and 
then treated with DTT (40 mM in PBS buffer 4, 50 pL; 
final concentration 2 mM) for 15 min at  ambient tem- 
perature. EDTA was included in the buffer during 
reduction to chelate any metal ions that might catalyze 
the oxidation of free thiol groups (30).  The activated 
antibody containing thiol groups in the Fc region was 
recovered by gel filtration with a Sephadex G-25 column 
(1 x 45 cm) equilibrated with PBS buffer 4. The fractions 
containing the reduced antibody were pooled and the 
concentration of the antibody in the pool was calculated 
from its absorbance at  280 nm (28). The activated 
antibodies were stored on ice and used for conjugation, 
usually within 30 min. No significant decrease in the 
thiol content was observed during storage as judged by 
the reaction of modified antibodies with DTNB. 

The maleimide derivatization of phosphatase (6 mg, 
40 nmol) in 1 mL of PBS buffer 3 was accomplished by 
treatment with a 30-fold molar excess of SMTCC linker 
(in 150 pL of DMF) for 30 min at  ambient temperature. 
The derivatized enzyme was recovered by gel filtration 
with a Sephadex G-25 column (1 x 45 cm) equilibrated 
with PBS buffer 3. The phosphatase coupled to  CEA 
specific IgG was pretreated prior to  activation as de- 
scribed above. 

The maleimide functionalized phosphatase was com- 
bined with Fc thiolated CEA and CA 19-9 specific IgGs 
at  molar ratios of 2:l and 1.51, enzyme to  antibody, 
respectively, and incubated overnight a t  2-8 "C. Unre- 
acted thiol groups were capped with NEM as mentioned 
above. 

Assay Performance of Conjugates: The assay 
performance of the Fc as well the conventional conjugates 
was evaluated with the Abbott IMx automated immu- 
noassay analyzer based on the microparticle capture 
enzyme immunoassay (MEIA) technology (31), generally 
used for assays of high-molecular-mass analytes. In the 
MEIA technology, antibody-coated microparticles capture 
the analyte and are then reacted with an alkaline 
phosphatase labeled antibody conjugate, which completes 
the ((sandwich". The nonfluorescent substrate, 4-methy- 
lumbelliferyl phosphate, is added, and the rate of the 
appearance of the fluorescence signal due to  formation 
of the fluorescent product (methylumbelliferone) is mea- 
sured. Six CEA (0, 4, 10, 60, 100, and 200 pg/mL) and 
six CA 19-9 (0, 30, 90, 180, 320, and 500 units/mL) 
standards were used to generate standard curves for 
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concentration vs the rate of fluorescence increase ex- 
pressed in arbitrary units of counts/s/s. The CA19-9 unit 
is an arbitrary activity corresponding to approximately 
0.8 ng of purified antigenic material (32). 

Immunoreactivity of the Native and the Fc- 
functionalized Anti-CA 19-9 IgG. The effect of the 
site-specific Fc functionalization procedure on the im- 
munoreactivity of anti-CA 19-9 antibody was determined 
by competitive inhibition assays performed using an 
Abbott IMx immunoassay analyzer. The sequence of 
steps performed by the instrument was as follows. The 
F calibrator, containing 500 units of human CA 19-91 
mL, the specimen diluent, and the anti-CA 19-9 IgG- 
coated microparticles were combined in the reaction cell. 
An aliquot of the reaction mixture containing the anti- 
body-antigen complex bound to the microparticles was 
transferred to  the glass fiber matrix. The microparticles 
bound irreversibly to the glass fiber matrix which was 
washed to remove unbound materials. A limiting and 
fixed amount of anti-CA 19-9 IgG-alkaline phosphatase 
conjugate with varying amount of the native or  the Fc- 
functionalized anti-CA 19-9 IgG was dispensed onto the 
matrix. The matrix was washed to remove unbound 
materials. The substrate, 4-methylumbelliferyl phos- 
phate, was added to  the matrix, and the rate of fluores- 
cent product formation was measured in arbitrary units 
of countslsls. Each point was run in duplicate, and the 
mean value was used in the plot. 

Quantitation of Thiol and Maleimide Groups. 
The thiol group content of proteins was quantitated 
spectrophotometrically by reaction with DTNB (33) using 
the experimentally determined molar extinction coef- 
ficient of 13 000 M-l cm-l with cysteine at  pH 7.0. For 
the quantitation of maleimide groups, samples of the 
derivatized alkaline phosphatase were incubated with 50 
pM 2-mercaptoethylamine in a final volume of 1 mL of 
PBS buffer 4 at  ambient temperature. After 15 min of 
incubation, the remaining thiol content was measured 
by the method described above. 

Alkaline Phosphatase Assay. The enzymatic activ- 
ity of alkaline phosphatase and the antibody-alkaline 
phosphatase conjugates was assayed spectrophotometri- 
cally by following the hydrolysis of 0.1 mM p-nitrophenyl 
phosphate in 0.5 M diethanolamine, 1 mM MgC12, 0.1 
mM ZnClz, pH 10.2, a t  410 nm. 

RESULTS 
Site-Specific Thiolation of Antibodies. The ap- 

proach used for the site-specific introduction of thiols in 
the Fc region of Igs and the subsequent coupling of the 
thiolated Igs to  the maleimide derivatized calf intestinal 
alkaline phosphatase is depicted in Scheme 1. Igs were 
oxidized under mild conditions and then subjected to  
reductive amination in the presence of excess cystamine 
and sodium cyanoborohydride. A series of experiments 
was carried out using varying concentrations of periodate 
and cystamine, pH, and incubation times during this 
procedure to determine the conditions required to achieve 
a minimum incorporation of 1-2 cystamineAg without 
any adverse effect on immunoreactivity. The size-exclu- 
sion HPLC profiles of the native and the cystamine- 
derivatized Igs were identical, indicating the absence of 
oligomerization due to intermolecular cross-linking (data 
not shown). The large excess of cystamine, in addition 
to  driving the amination reaction, serves to block the 
aldehydes from attacking lysine residues on adjacent Ig 
molecules, which would be an undesirable reaction. The 
cystamine-modified Igs were finally treated with 2 mM 
DTT generating covalently bound thiols from reduction 
of the cystamine disulfide bonds. No thiols were gener- 
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Scheme 1 
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ated in a control experiment when anti-CA19-9 IgG was 
treated with cystamine and DTT but without prior 
oxidation with periodate. These results suggest that the 
generation of thiols is related to  incorporation of cysta- 
mine into IgG during Fc-functionalization instead of 
reduction of intrinsic disulfide bonds. Higher concentra- 
tion of DTT (25-50 mM) and longer incubation periods 
(30-60 min) are required to  reduce the intrinsic disulfide 
bonds. 

The Fc site-specific functionalization procedure was 
successfully used to derivatize about a dozen different 
antibodies, including both monoclonal and polyclonal 
types. Typically, three to four thiols were incorporated 
per IgG molecule. However, in a few cases, the thiol 
content was as high as eight to  ten groups per IgG 
molecule. The derivatized anti-CA 19-9 and anti-CEA 
antibodies contained four and seven thiol groups per 
molecule, respectively. 

Determination of Antibody Activity. A competitive 
binding assay was used to establish how effectively the 
Fc-functionalized anti-CA19-9 IgG could bind to the 
multiepitopic CA19-9 antigen already captured by anti- 

CA19-9 IgG immobilized on microparticles. In this 
assay, microparticles/anti-CAl9-9 IgG/CA19-9 antigen 
complex was exposed to different ratios of the Fc- 
functionalized or unmodified antibody and anti-CA19-9 
IgG-alkaline phosphatase conjugate. The data pre- 
sented in Figure 1 show that the Fc-functionalized and 
unmodified anti-CA19-9 IgGs were virtually equal in 
their ability to compete with anti-CA19-9 IgG-alkaline 
phosphatase conjugate. 

Introduction of Maleimide Groups into Calf In- 
testinal Alkaline Phosphatase. Initially, in order to  
establish the conditions required for the controlled 
introduction of maleimide groups into alkaline phos- 
phatase, identical aliquots of the enzyme were treated 
with different concentrations of the 30-atom maleimide 
linker. The extent of the modification was followed by 
treatment of the derivatized enzyme with excess cys- 
teamine, followed by titration of the unreacted thiol 
groups with DTNB (33). The effect of the linker deriva- 
tization on the enzyme activity was also evaluated. It 
can be seen from the results presented in Table 1 that 
the number of maleimide groups incorporated into alka- 



486 Bioconjugate Chem., Vol. 5,  No. 5,  1994 

0.10 

0.05 

0 

Husain and Bieniarz 

v, Native En, IgG b 
1 i 

- 

- 

1 nn 

0.1 1 10 100 1000 

Antibody Concentration (kg/ml) 

Figure 1. Effect of Fc-functionalization on the immunoreac- 
tivity of CA 19-9 specific IgG. Inhibition by unmodified 
(squares) and Fc functionalized antibody (circles). 

Table 1. Number of Maleimide Groups Introduced into 
Calf Intestinal Alkaline Phosphatase as a Function of 
the SMTCC Linker and the Enzyme Stoichiometry 

equiv of the maleimide groups 8 starting 
linkedenzyme used introduced activity retained 

15 
30 
45 
60 

3 
6 
8 

12 

93 
93 
90 
80 

line phosphatase was directly dependent on the amount 
of linker used, varying between three and 12 groups per 
enzyme molecule a t  linker to enzyme ratios of 15 and 
60, respectively. Analysis of the activity of the linker- 
derivatized alkaline phosphatase showed that introduc- 
tion of up to  eight maleimide groups per molecule had a 
small effect on enzymatic activity, and even at  13 
maleimide groups per molecule, the loss observed was 
only 20% of the starting activity. A linker to  alkaline 
phosphatase ratio of 30 was found to be optimum for the 
preparation of Fc site-specific IgG-alkaline phosphatase 
conjugates as judged by the absence of undesirable high 
molecular weight aggregates generally observed with 
conventional conjugates, as well as the overall assay 
performance. 

Preparation and Characterization of Site-Spe- 
cific Anti-CA19-9 IgG-Alkaline Phosphatase and 
Anti-CEA IgG-Alkaline Phosphatase Conjugates. 
Anti-CA 19-9 and anti-CEA IgGs were covalently and 
Fc site-specifically coupled to alkaline phosphatase through 
stable thioether bonds (Scheme 1). This was achieved 
by combining site-specifically thiolated IgGs with the 
enzyme prefunctionalized with 30-atom extended length 
heterobifunctional maleimide active ester (SMTCC linker). 
In an earlier work we demonstrated that this extended 
length coupling agent, succinimidyl 4-[(N-maleimidom- 
ethyl)tricaproamido]cyclohexane- 1-carboxylate, offers sev- 
eral advantages as a coupling agent over the shorter, 
more hydrophobic heterobifunctional reagents used in the 
past (27). The general procedure described in the Ex- 
perimental Section for the preparation of anti-CA19-9 
IgG-alkaline phosphatase and anti-CEA IgG-alkaline 
phosphatase site-specific conjugates as well as other site- 
specific IgG-alkaline phosphatase was developed such 
that 80-90% of the starting IgG was consumed during 
coupling reaction. 

Alkaline phosphatase was first derivatized with a 30- 
fold molar excess of SMTCC linker, and following removal 
of the unreacted linker by size exclusion chromatography, 
the derivatized enzyme containing five to  six maleimide 
groupsfenzyme was stored on ice until conjugation. 
However, because the maleimide ring is known to  have 
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Figure 2. Analytical size-exclusion HPLC profiles of the site- 
specific anti-CA 19-9 antibody-alkaline phosphatase conju- 
gates (a) immediately after the two activated proteins were 
combined and (b) after 18 h of incubation at 2-8 "C. Size- 
exclusion HPLC analyses were performed on a Spectra-Physics 
instrument equipped with a SP8490 dual-wavelength detector 
using a Bio-Rad Bio-Si1 SEC 400 column (7.8 x 300 mm) fitted 
with a Bio-Rad Bio-Si1 guard column (7.8 x 80 mm). The 
columns were equilibrated and eluted with PBS buffer 2 at a 
flow rate of 1 mumin,  and absorbance was monitored a t  280 
nm. 
limited stability at neutral pH (341, the maleimide- 
functionalized enzyme was never stored longer than a 
few hours. Anti-CA19-9 IgG, site-specifically thiolated 
as described above, was recovered from size exclusion 
chromatography following DTT reduction, the last step 
in the Fc functionalization procedure, and was im- 
mediately reacted with the maleimide-derivatized en- 
zyme. The reaction of the freshly thiolated anti-CA19-9 
IgG with DTNB indicated incorporation of three to  four 
thiolsAgG. The coupling reaction of the thiolated anti- 
CA19-9 IgG with the maleimide-derivatized alkaline 
phosphatase was monitored by size-exclusion HPLC. 
Figure 2, panel a, is an HPLC profile of the derivatized 
enzyme and IgG immediately after they were combined 
in a molar ratio of 1.5:1, respectively. The peak a t  11.8 
min corresponds to both the unconjugated, derivatized 
IgG and the enzyme; both calf intestinal alkaline phos- 
phatase and IgG are known to  exist as 150 kDa proteins. 
The small leading shoulder just ahead of the free enzyme 
and the antibody peak indicates the start of the coupling 
reaction. The conjugation reaction between anti-CA19-9 
and alkaline phosphatase proceeds relatively slowly, 
requiring several hours for completion. Figure 2, panel 
b, is an HPLC profile after 18 h when the conjugation 
reaction was complete. The peak corresponding to  the 
free enzyme and the antibody is considerably diminished, 
and new peaks at  about 9.8 and 10.3 min are observed 
corresponding to enzyme-IgG conjugates with molecular 
weights ranging between 300 and 700 kDa. The major 
peak at about 15 min in both panels a and b is an artifact 
related to the presence of EDTA, MgC12, and ZnClz in 
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PBS buffers 3 and 4, used for the activation of enzyme 
and antibody, respectively. From the relative areas of 
the proteins peaks, the yield of the conjugation reaction 
was estimated to be 67%. Coupling a t  higher molar 
ratios of enzyme to antibody, such as 2: l  and 3:1, results 
in higher amounts of the free enzyme present a t  the end 
of reaction, as judged by the size-exclusion HPLC and 
SDS-PAGE data (not shown). 

As mentioned above, site-specific thiolation of anti-CEA 
IgG leads to introduction of six to seven thiolsAgG, 
considerably higher than a typical incorporation of three 
to four thiolsAgG, observed with the majority of IgGs 
used, including anti-CA19-9 IgG. When the thiolated 
anti-CEA IgG was reacted with the maleimide-function- 
alized alkaline phosphatase, the conjugation reaction, as 
monitored by size exclusion HPLC, proceeded at  a much 
faster rate than that observed between anti-CA19-9 IgG 
and alkaline phosphatase. Figure 3, panel a, is an HPLC 
profile of the derivatized enzyme and IgG, immediately 
after they were combined together in a molar ratio of 
2: 1, respectively. Clearly, a considerable amount of 
coupling between the two activated proteins took place, 
as indicated by the broad shoulder associated with the 
free enzyme and IgG peak. After 90 min of mixing 
(Figure 3, panel b), about 80% of the starting enzyme 
and the IgG were consumed in conjugation reaction. 
Finally, after 18 h, nearly all the starting enzyme and 
the IgG were consumed in conjugation (Figure 4, panel 
c). Furthermore, as indicated by the broad and complex 
profile, the final conjugation product consisted of mostly 
high molecular weight adducts of the enzyme and the 
IgG, a considerable amount eluting in the void volume. 

The performance of anti-CA19-9 IgG/alkaline phos- 
phatase and anti-CEA IgGIalkaline phosphatase conju- 
gates prepared by the site-specific and conventional 
conjugation methods were evaluated with IMx, an auto- 
mated immunoassay analyzer, using microparticle cap- 
ture enzyme immunoassay technology (MEIA) and a 
direct sandwich-type assay format (31). According to this 
assay format, latex microparticles covalently coupled with 
capture antibody are incubated first with sample con- 
taining known or unknown amounts of analyte and then 
with alkaline phosphatase-labeled antibody conjugate. 
Unadsorbed materials are removed at each step by 
capillary action and buffer washes. Following the re- 
moval of unbound conjugate, the enzyme substrate 
methylumbelliferyl phosphate is added and the increase 
in the rate of fluorescence due to the alkaline phos- 
phatase-catalyzed formation of the product, 4-methylum- 
belliferone, is measured. 

The data in Figure 4 compare the performance of the 
Fc site-specific anti-CEA IgG-alkaline phosphatase con- 
jugate prepared as described above with that of the 
conventional conjugate prepared by combining imino- 
thiolane-activated enzyme with SMTCC linker-activated 
antibody. Six IMx CEA calibrators (0,4,10,60,100, and 
200 ng1mL) were used to generate the standard curves 
for concentration vs the signal measured as rate of 
fluorescence increase in arbitrary units of countslsls due 
to methylumbelliferone formation. The substrate, 4- 
methylumbelliferyl phosphate, is dephosphorylated to 
4-methylumbelliferone by alkaline phosphatase. Ap- 
proximately a 200% increase in signal is observed with 
the Fc site-specific conjugate at 0.5 pg1mL compared to 
conventional conjugate a t  1.0 pglmL, generating an 
improvement in overall assay performance of approxi- 
mately 400%. 

Figure 5 shows standard curves which were generated 
with the Fc site-specific and conventional anti-CA19-9 
IgG/alkaline phosphatase conjugates, a t  final conjugate 
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Figure 3. Analytical size-exclusion HPLC profiles of the site- 
specific anti-CEA antibody-alkaline phosphatase conjugates (a) 
immediately after the two activated proteins were combined (b) 
after 90 min of incubation at  2-8 "C, and (c) after 18 h of 
incubation a t  2-8 "C. The analyses were performed as de- 
scribed in the legend to Figure 2. 

concentrations of 1 and 4 pglmL, respectively, using the 
six IMx CA19-9 calibrators (0,30,90,180,320, and 500 
unitdml). The results demonstrate approximately 600% 
improvement in an overall assay performance with the 
Fc site-specific conjugate compared to the conventional 
conjugate. 

DISCUSSION 

Because most of the diagnostic and therapeutic ap- 
plications of immunoglobulins (Ig) require their conjuga- 
tion to other substances, there is a continuing need for 
improved methods of covalent modifications that will 
allow labeling of a wide variety of Igs without compro- 
mising their antigen binding activity as well as the 
activity of the labeling agent. The Fc site-specific Ig 
labeling methodology described here offers several ad- 
vantages. (1) The methodology is based on the chemistry 
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Figure 4. Comparison of the standard curves obtained using 
conventional and Fc site-specific anti-CEA antibody-alkaline 
phosphatase conjugates: Fc site-specific at  0.5 pg/mL (squares) 
vs conventional a t  1.0 pg/mL (circles). The rate of fluorescence 
increase is expressed in arbitrary instrument units of counts/ 
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Figure 5. Comparison of the standard curves obtained using 
conventional and Fc site-specific anti-CA19-9 antibody- 
alkaline phosphatase conjugates: Fc site-specific at  1 pg/mL 
(squares) vs conventional at  4pg/mL (circles). The CA19-9 unit 
is an arbitrary activity corresponding to approximately 0.8 ng 
of purified antigenic material. 

that is targeted at  the carbohydrate moieties of Ig, 
localizing the site of modification away from the antigen 
binding region, with no effect on the antigen binding 
activity. Conversely, conventional methods which are 
usually based on chemistries that utilize lysine residues 
randomly distributed throughout the entire Ig molecule, 
including the antigen binding region, often compromise 
the immunoreactivity. (2) Unlike conventional conjuga- 
tion methods that lack site specificity and generate 
heterogeneous products with respect to  site of coupling, 
the method presented here allows Fc site-specific labeling 
of Igs. (3) Use of the extended arm 30-atom maleimide 
linker for functionalization of proteins, such as antibod- 
ies, has been shown to  significantly improve the signal 
in the immunoassays, presumably by reducing the steric 
hindrance. (4) The labeling method generates Fc site- 
specifically thiolated Ig as an intermediate which can be 
coupled to a wide variety of molecules after their ap- 
propriate derivatization with either maleimide or a-ha- 
locarbonyl functionalities. In the work presented here, 
however, we have focused on the use of the Fc site-specific 
conjugation methodology for labeling Igs with calf intes- 
tinal alkaline phosphatase. (5) The site-specific meth- 
odology exploits thiol and maleimide-based chemistry 

which is clearly superior to other conjugation chemistries 
with respect to specificity, rate and stoichiometry of 
reaction, and stability of the reactive groups in aqueous 
solvents, as well as the stability of the thioether bond 
formed as result of the reaction between a thiol and a 
maleimide group (35, 36). Additionally, although the 
work presented here focuses on the use of cystamine and 
SMTCC linker for the site-specific labeling, these re- 
agents can be substituted with a variety of diamino 
disulfide compounds and heterobifunctional cross-linkers, 
thereby providing a high degree of freedom in the design 
of labeled Igs. (6) Finally, because carbohydrate moieties 
of Igs are a t  least in part believed to participate in Fc 
receptor interactions, conjugates prepared by the Fc 
conjugation methodology may help reduce the “nonspe- 
cific” assay background observed with some patient 
samples. 

We have used the Fc site-specific conjugation meth- 
odology to  couple calf intestinal alkaline phosphatase to  
about a dozen different monoclonal and polyclonal IgG 
molecules using the method described in the Experimen- 
tal Section for the preparation of Fc site-specific anti- 
CA 19-9 IgG/alkaline phosphatase conjugate. Although 
the possibility of an Ig, particularly the monoclonal type, 
without any carbohydrate moiety exists, we were able to  
thiolate each Ig by the Fc functionalization procedure, 
as judged by reaction of the derivatized Igs with Ellman’s 
reagent. Additionally, the thiolation of Ig was found to 
be dependent on prior oxidation of Ig with periodate, 
clearly indicating the crucial role of the carbohydrate 
moiety in the generation of thiols during the Fc func- 
tionalization of Ig. The degree of thiolation following Fc 
derivatization varies considerably, ranging from 3-4 mol 
of thioldmol Ig observed with the majority of the Igs that 
were subjected to the Fc functionalization, to  as many 
as 8-10 mol of thiols with some Igs. As expected, the 
Igs with the higher thiol content react with maleimide 
derivatized alkaline phosphatase at  a much faster rate 
than Igs with lower thiol content. 

An important objective of the present study was to 
compare conjugates prepared by the Fc site-specific 
conjugation methodology (Fc conjugates) with those 
prepared by conventional methods (conventional conju- 
gates). Conventional conjugates were prepared by the 
following two methods: (1) by activation of alkaline 
phosphatase and Igs with iminothiolane and SMTCC 
linker, respectively, followed by coupling as described in 
the experimental section and (2) by oxidation of alkaline 
phosphatase with periodate, subsequent incubation with 
Ig, followed by reduction of the resultant imine group 
with sodium cyanoborohydride. The conditions for the 
preparation of conventional conjugates were optimized 
with each individual Ig with respect to the overall assay 
performance. In general, the Fc conjugates exhibited 
sensitivity 200-400% higher than conventional conju- 
gates. Because of the high potency, Fc conjugates could 
be used in assays at  much lower concentration without 
sacrificing the signal. This often resulted in lowering of 
the nonspecific assay background and consequently 
considerable improvement in analytical sensitivity. In 
a few cases, however, the performance of the Fc conjugate 
was equivalent to  that of conventional conjugate. 

The use of a low molecular weight reagent such as 
cystamine, which can be used a t  high concentration to  
drive the covalent modification was very advantageous 
for our strategy. Only oxidized cystamine could be 
utilized for the Fc-functionalization of Igs. When cys- 
teamine (reduced cystamine) was used, the functionalized 
Ig could not be conjugated to the maleimide-derivatized 
alkaline phosphatase, most probably due to the formation 
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of thiazolidine ring (37). We also examined the use of 
cystine and oxidized glutathione in the Fc-functionaliza- 
tion of Igs. Both reagents were effective, in that the site- 
specific conjugates prepared with cystine and oxidized 
glutathione gave assay performance nearly equivalent to  
those prepared with cystamine. 

The increasing role of antibodies as highly specific 
reagents for delivering toxins, drugs, or radiolabels to a 
variety of cell populations including tumors, as well as 
for many diagnostic applications, calls for conjugation 
methods that will not only preserve the full antigen 
binding activity and specificity of antibody but also 
reduce the nonspecific binding problems. We believe that 
the approach described here for the Fc site-specific 
labeling of antibodies is of fairly general applicability, 
and we hope that it will help many research endeavors. 
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TECHNICAL NOTES 
Improved Method for Preparing N-Hydroxysuccinimide 
Ester-Containing Polymers for Affinity Chromatography 
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N,N,","-Tetramethyl(succinimid0) uronium tetrafluoroborate is proposed as a reagent of choice for 
the activation of carboxyl groups and formation of N-hydroxysuccinimide esters on polymers. Unlike 
conventional methods which generate unstable gels, the reaction is appropriate for hydroxy-containing 
resins like Sepharose, cellulose, and dextran. The yields of activation and subsequent coupling capacity 
for ligands and proteins are very high. The respective columns can be used for affinity chromatography 
and immobilization of proteins. 

INTRODUCTION 

N-Hydroxysuccinimide (NHS) esters are widely used 
as coupling agents for protein modification (1,2) and as 
a means to immobilize ligands containing amino groups 
(e.g., proteins) onto solid supports for affinity chroma- 
tography (3 ,  4).  NHS-activated polymers are commer- 
cially available and commonly used. 

Several years ago (51, we demonstrated that the 
standard procedure to prepare NHS esters (namely 
N-hydroxysuccinimide and carbodiimides) leads to the 
formation of unstable immobilized compounds on poly- 
mers that also contain hydroxyl groups. This phenom- 
enon is due to the formation of a p-alanine derivative 
which binds to the hydroxy-containing polymer, resulting 
in an unstable bond (5). In the latter study, we suggested 
alternative approaches to  overcome this problem, includ- 
ing a two-step procedure and the use of trifluoroacetyl- 
NHS (6). In all cases, however, reduced yields of NHS 
ester were obtained. 
N,N,","-Tetramethyl(succinimido)uronium tetrafluo- 

roborate (TSTU) was recently introduced as a reagent 
to produce NHS esters for carboxamide formation (7,8) 
without accompanying side reactions. In the present 
study we adapted TSTU for the rapid activation in high 
yields of carboxyl groups on Sepharose and other carriers, 
which also contain hydroxyl groups. The resultant 
columns are appropriate for use in affinity chromatog- 
raphy and protein immobilization. The reaction proceeds 
without the side reactions which characterize classical 
methods. 

EXPERIMENTAL PROCEDURES 

Materials. N,N,","-Tetramethyl( succinimido)uro- 
nium tetrafluoroborate (TSTU) and 4-(dimethylamino)- 
pyridine (DMAF') were obtained from Fluka (Buchs, 
Switzerland). N,N-Dimethylformamide (DMF) and 1,4- 

dioxane were from Merck (Darmstadt, Germany). C1- 
Sepharose 4B-+amino caproic acid was prepared as 
described previously (5). 

Activation Procedure. C1-Sepharose 4B-+amino- 
caproic acid was washed with 0.3 N HC1 and water and 
dehydrated gradually by increasing concentrations of 
dioxane (25%, 50%, and 100%). The filtered gel was 
found to  contain about 50 pmol of carboxyl groups per 
gram, as determined by amino acid analysis (€-amino- 
caproic acid) after total hydrolysis. 

The dehydrated gel (1 g) was suspended in 0.1 M TSTU 
in DMF (0.5 mL). DMAP was added dropwise (0.1 M in 
DMF, 0.5 mL), and about 2 mL of additional solvent 
(DMF or dioxane) was then added. The reaction mixture 
was stirred for 1 h at  room temperature, filtered, and 
washed successively with DMF, methanol, and isopro- 
panol. The gel was stored in 2-propanol a t  4 "C. 

The yield of activation was quantitative (49-55 pmoll 
g) as determined by spectroscopic titration (9). After total 
hydrolysis, the sole amino acid observed was €-amino- 
caproic acid; no P-alanine could be detected. 

Coupling of Proteins. A suspension of the activated 
gel (containing about 1 g of filtered gel) was washed with 
cold water to remove the 2-propanol. The gel was then 
added immediately to  a solution of protein (between 1-10 
mg in 0.1 M phosphate buffer, pH 7.0) and shaken 
overnight a t  4 "C. The conjugate was filtered and washed 
extensively with phosphate buffer. 

The amount of coupled protein was determined either 
by amino acid analysis or spectroscopically by assessing 
the amount of uncoupled protein after acidification of the 
resin. The yields were very high-usually over 90%. For 
example, 5-7 mg of avidin could be coupled per g of wet 
gel. Depending on their solubility, low-molecular-weight 
ligands were coupled either in organic solvents or in 
buffer. 

RESULTS AND DISCUSSION 

@ Abstract published in Advance ACS Abstracts, August 1, 
1994. 
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The structure of TSTU and its interaction with a 
carboxyl group for peptide synthesis was originally 
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Scheme 1. Activation of Carboxyl Group by TSTU (A) and Its Use in Coupling of Proteins (B) 
A. Activation 8 .  Cowing 

Wilchek et al. 

described by Knorr et al. (7,8). The reaction is depicted 
in Scheme 1. 

In order to  apply TSTU on polymeric carriers for 
immobilization purposes, experiments were performed 
using different reaction conditions and different concen- 
trations of reagents. Optimization experiments demon- 
strated that a 1-h reaction period a t  room temperature, 
using a ratio of carboxy1:TSTU:base of l:l:l, gives 
quantitative yields of NHS ester. 

We recommend using DMAP as base, since diisopro- 
pylethylamine or triethylamine caused extensive discol- 
oration of carriers such as Sepharose. After coupling of 
protein or ligand, a small amount of black residue was 
left in solution. On the other hand, when the base was 
DMAP, white (colorless) gels were obtained. 

Recently, it was shown that NHS esters can also be 
prepared in a mixed aqueouslorganic solvent system 
using TSTU (8). This makes the system even more 
attractive since the solvents do not have to be dehy- 
drated. 

The method was also applied to prepare NHS esters 
in high yields on other polymers which contain carboxyl 
and hydroxyl groups, such as (carboxymethy1)cellulose 
and (carboxymethy1)dextran. NHS esters of poly(ethy1- 
ene glycols), which contain carboxyl groups, were also 
prepared by this method, but we found that for isolation 
purposes, the conventional approach using N-hydroxy- 
succinimide and diisopropylcarbodiimide is preferable in 
this case. 

Due to  the high yield of activation, efficient coupling 
of proteins and ligands was obtained. When reacted with 

1-5 mg of protein per g (wet-weight) of gel, coupling 
yields of about 90% for proteins were easily obtained with 
near-complete retention of biological activity. 
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New Amphipatic Polymer-Lipid Conjugates Forming 
Long-Circulating Reticuloendothelial System-Evading Liposomes 
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Lipid-conjugates of two amphipatic polymers, poly(2-methyl-2-oxazoline) (PMOZ) and poly(2-ethyl- 
2-oxazoline) (PEOZ) (degree of polymerization = 50) were synthesized by linking glutarate esters of 
the polymers to distearoylphosphatidylethanolamine (DSPE) or alternatively by termination of the 
polymerization process with DSPE. Surface-modified liposomes (90 f 5 nm) prepared from either 
conjugate (5 mol % of total lipid) were injected into rats and followed by blood level and tissue 
distribution measurements. Both polymers PEOZ and PMOZ were found to convey long circulation 
and low hepatosplenic uptake to liposomes to the same extent as polyethylene glycol (PEG), the best 
known material for this purpose. This is the first demonstration of protection from rapid recognition 
and clearance conveyed by alternative polymers, which is equal to the effect of PEG. 

Suppression or evasion of biological recognition mecha- 
nisms is of primary importance for successful use of 
implant devices and macromolecular or particulate drug 
delivery systems. Specifically, in the case of liposomal 
drug delivery, until recently, most applications were 
hampered by very short blood lifetimes of conventional 
lipid vesicles, their preferential accumulation in organs 
of the reticuloendothelial system (RES'), mainly liver and 
spleen, and dose-dependent pharmacokinetics. In the 
last few years several liposomal surface modifiers were 
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introduced, which addressed these problems to some 
extent. Among the various lipid derivatives used to 
prepare surface modified vesicles were dicarboxylic acid- 
lipid adducts, synthetic polymer conjugates, and natural 
(e.g., GM1) and synthetic glycolipids (for recent reviews 
see refs 1 and 2). Best RES-avoiding vesicles were 
obtained when poly(ethy1ene glycol) (PEG)-lipids (3) 
were incorporated into liposomes (4-12). Such liposomes 
exhibit dose-independent pharmacokinetics accompanied 
with remarkable persistence in vivo (tllz 2 48 h in 
humans). While several manuscripts attempted to ex- 
plain this phenomenon (9-12), heretofore no other lipo- 
somal surface modifiers were identified that are as  
efficient as PEG in producing these beneficial properties. 
We report here for the first time dramatic RES-evasion 
and prolonged circulation effects brought about by the 
incorporation of lipid conjugates of two amphiphatic 
polyoxazolines into liposomes. Furthermore, the effect 
produced by both polymers described in this paper, poly- 

0 1994 American Chemical Society 
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Scheme 1. Preparation of Poly(oxazo1ine) Conjugates 
of DSPE" 

TsO-CHI 0 
R q N >  - 

n-1 moles '0, 

DSPE I TEA I 
H 2 0  * 

1. DCC I HOSu 
2. DSPE I TEA I 

Key: R = CH3 for PMOZ; R = CzHs for PEOZ; DP = n * 
50. 

(ethyloxazoline) (PEOZ) and poly(methyloxazo1ine) 
(PMOZ), are quantitatively comparable to the effect of 
PEG. 

The synthesis of POZ-lipid conjugates is shown in 
Scheme 1. The polymers were prepared by methyl 
p-toluenesulfonate-initiated reactions of 2-methyl- and 
2-ethyl-2-oxazolines following the previously published 
procedures (13-1 7). Since oxazoline polymerization is 
known to proceed via a cationic ring-opening mechanism 
yielding living polymers (for a review see ref 131, we used 
initiator -monomer ratios of 150,  aiming for the same 
degree of polymerization as PEG of molecular weight 
2000 (DP x 46). The latter polymer was previously 
identified as  optimal for preparation of long-circulating 
liposomes (5). Hydroxyl-terminated POZs of low disper- 
sity (MwlMn x 1.1-1.4) were obtained after aqueous 
workup, followed by dialysis and lyophilization. The 
molecular weights of the polymers used in conjugation 
with lipid were 4000 for PMOZ and 5000 for PEOZ, as 
determined by GPC using PEG molecular weight stan- 
dards (18). Pyridine-catalyzed reaction of PEOZ with 
glutaric anhydride in refluxing benzene was used to 
introduce the carboxylic acid end-group onto the polymer. 
Since PMOZ is insoluble under these conditions (Table 
I), acetonitrile was used as a solvent for preparation of 
PMOZ-glutarate under otherwise same conditions. The 
glutarate derivatives of POZs2 were converted into reac- 
tive succinimidyl esters and then coupled with di- 
stearoylphosphatidylethanolamine (DSPE) in chloroform 
in the presence of triethylamine (TEA). To assure 
complete conversion of DSPE into the conjugates the 

Glutarates of POZs obtained by terminating 2-oxazoline 
polymerization with glutaric acid were described by Miyamoto 
et al. (29). 

Table 1. Comparative Solubility of PEG, PEOZ, and 
PMOZ" 

solvent polarity index* PEG PEOZ PMOZ 
petroleum ether 
benzene 
ethyl ether 
n-butanova-propanol 
tetrahydrofuran 
chloroform 
ethyl acetate 
acetonitrile 
dimethylformamide 
water 

0.1 
2.7 
2.8 
3.9 
4.0 
4.1 
4.4 
5.8 
6.4 

10.2 

Solubilities of the polymers (DP x 45-50) were tested 
qualitatively. Key: +, soluble; -, insoluble; f, soluble only upon 
warming, yet remain in solution a t  25 "C. Taken from ref 30. 

reactive polymers were used in slight excess to DSPE3. 
Taking advantage of very low critical micelle concentra- 
tion of distearoyl lipids, the conjugates were purified by 
removing excess of free polymer and other reactants by 
dialysis through 300 000 MWCO membrane (7, 19). 

An alternative approach to POZ-DSPE conjugates 
involved direct termination of living oxazolinium-termi- 
nated polymers obtained in chloroform (14-16) with 
DSPE in the presence of TEA. This unoptimized proce- 
dure, while considerably simpler, was accompanied by 
very low recoveries of conjugates (yields 5 5%). However, 
the purified conjugates (characterized by NMR and TLCI3 
obtained by both methods produced equivalent results 
in animal experiments with liposomal formulations de- 
scribed below. 

Liposomes containing POZ-DSPE conjugates (or for 
comparison PEG-DSPE), egg phosphatidylcholine (EPC), 
and cholesterol were prepared as described previously (5, 
6), labeled with 67Ga, and injected intravenously into rats 
(20). Each liposomal preparation contained 5 mol % of 
the corresponding polymer-lipid conjugate. Figure 1 
illustrates the persistence of the 67Ga-labeled liposomes 
in the bloodstream. The behavior of a conventional 
liposomal preparation containing (for the total charge 
equivalence) egg phosphotidylglycerol (EPG) instead of 
polymer-lipid conjugate is also shown. The performance 
of both POZ-grafted liposomes (tl,z 2 15 h) was similar 
to PEG-DSPE-containing vesicles. A striking similarity 
was also observed in biodistribution data (Figure 2). Low 
uptake by the liver and spleen was observed for the 
polymer-grafted liposomes with the largest portion of the 
dose remaining in the bloodstream after 24 h, in sharp 
contrast to  the control preparation of conventional lipo- 
somes. Of the three polymer grafted vesicles compared 
here, PMOZ-containing liposomes produced slightly bet- 
ter results (Figures 1 and 2). However, the relative 
superiority of one polymer over another could be formu- 
lation dependent; e.g., each of the polymers might have 
a different optimal molecular weight. Therefore, a 
definite statement on this point has to be delayed until 
our ongoing studies fully examine the interrelationship 
of all the relevant formulation variables. 

The ability of PEG to elicit its beneficial effect when 
grafted onto the surface of liposomes has been explained 
by its chains' high mobility associated with conforma- 

The conjugation reactions were followed by TLC on silica 
gel G (for PMOZ derivatives: CHC13/EtOW30% aqueous am- 
monia 3:7:1; for PEOZ CHCl&IeOWwater 80:18:2; and 130: 
70:8 for derivatives of both POZs). Being only slightly soluble 
in chloroform, DSPE completely dissolved in the process of the 
polymer coupling reaction. Characteristic signals of both poly- 
mer and lipid components were clearly identifiable on H-NMR 
(CDC13) spectra of the purified POZ-DSPE conjugates. 
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Figure 1. Blood lifetimes of 67Ga-labeled liposomes (90 f 5 
nm) prepared (5,  20) from the EPC, cholesterol, and DSPE 
conjugate of either PEG, PMOZ, or PEOZ, or as a control EPG, 
in a molar ratio of 1.85:1:0.15. Four Sprague-Dawrey rats were 
injected with each liposomal preparation via the tail vein. 
Samples obtained by retro-orbital bleeding at various time 
points were used to determine radioactivity in the blood. 
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Figure 2. Selected tissue distribution at 24 h. The atlLnals 
treated as described in legend for Figure 1 were sacrificed after 
24 h and tissues removed for determination of radioactive 
content. Ratio of summed liver and spleen to blood levels (L + 
S/B) is a commonly used measure for RES uptake (5,  6 ,  8). 

tional flexibility and water-binding ability-all of which 
contribute to the so-called steric stabilization effect, 
which results in the well-known propensity of PEG to 
exclude proteins, other macromolecules, and particulates 
from its surroundings (9-12). Taking advantage of these 
properties, PEG grafting has been widely used in other 
systems as a method for reduction of various undesirable 
consequences of biological recognition manifested by 
immunogenicity and antigenicity in the case of proteins 
(21 -23), and thrombogenicity, cell adherence, and pro- 
tein adsorption in the case of artificial biomaterials (24, 
25). 

Polyoxazolines, despite their low toxicity and superb 

chemical versatility (13) have been considerably less 
studied than PEG, and only a few biomedical applications 
of these polymers were heretofore contemplated (26-29). 
However, the above-mentioned properties thought to be 
responsible for the “PEG-effect” could be reasonably 
attributable to the POZs as well. For example, similar 
to PEG, they have carbon-carbon-heteroatom repeating 
units, with tendency to be engaged in hydrogen bonds, 
which explains similarity in solubility properties of PEG 
and the two PEOZs (see Table 1). 

The PEOZ and PMOZ conjugates described in this 
paper are the first polymers to be able to convey long 
circulation and low hepatosplenic uptake to liposomes to 
the same extent as PEG. Since previous efforts to 
identify liposomal surface modifiers other than PEG to 
exert measurable protection from biological recognition 
had only very limited success (1, 2, 4), our findings not 
only have important practical implications, but they 
should also help to advance the understanding of the 
properties that these amphiphatic polymers exert on the 
surfaces modified by them. 
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Inducible and selective alkylation of DNA was accomplished under neutral conditions by use of a 
silyl-protected phenol that served as a precursor for a highly reactive quinone methide. As expected, 
addition of fluoride triggered reaction of a model compound, 3-(tert-butyldimethylsiloxy)-4-[(p- 
nitrophenoxy)methyl]benzamide, and its oligodeoxynucleotide conjugate. Surprisingly, the silyl phenol 
was also specifically yet more slowly activated by the environment of duplex DNA in the absence of 
fluoride. This alternative process was associated with the hybridization of probe and target strands, 
and single-stranded DNA was unable to induce a similar activation. Therefore, DNA appears to effect 
its own alkylation by promoting the formation of an electrophilic and nondiffusible intermediate. 

DNA alkylation is central to the action of many 
anticancer therapeutics despite its inherent lack of 
specificity. Most efforts to enhance the selectivity have 
relied on the technique of affinity modification (1 -3) in 
which an electrophile is attached to a DNA-binding 
ligand. Much greater specificity would be possible through 
the use of mechanism-based inactivation. In this case, 
selective modification could be controlled by the binding 
and catalytic properties of a target as widely applied in 
enzymology (4). Extension of this to the field of nucleic 
acids is currently restricted by the limited reactions 
catalyzed by this class of molecules. For DNA, only the 
hydrolysis of benzo[alpyrenediol epoxide has been inves- 
tigated repeatedly (5-8), but other reports now indicate 
that DNA can also chemically activate the antitumor 
antibiotics CC-1065 (9, 10) and neocarzinostatin chro- 
mophore (11). For RNA, splicing reactions (12-14) and 
most recently esterase activity (15, 16) have received 
considerable attention. This letter reports the discovery 
of a silyl phenol ether that is converted by the environ- 
ment of duplex DNA to a reactive electrophile available 
for alkylation of a target sequence. 

Quinone methide formation is often employed in the 
design of enzyme inactivators (17-20) and is also associ- 
ated with the biological activity of DNA-targeted drugs 
such as mitomycin (21 -24) and anthracyclins (25-27). 
Our laboratory has recently studied model systems that 
form related intermediates under control of local pH (28, 
29), reducing agents (301, and near-UV irradiation (30). 
A silyl-protected phenol provided a complementary source 
of quinone methide (Scheme 1). Stability of such a 
precursor is greatest a t  physiological pH (311, and 
quinone methide generation is easily triggered by addi- 
tion of fluoride (32). Affinity modification based on this 
chemistry exhibited the expected properties: (a) only a 
target sequence of DNA was alkylated; (b) modification 
was initiated by fluoride; and ( c )  the alkylating species 
was produced transiently (33). Surprisingly, target 
modification was also evident when fluoride was replaced 
with chloride, bromide, phosphate, or perchlorate (33). 
This result has since been investigated below and shown 
to  depend uniquely on the duplex formed by hybridization 
of probe and target strands. 
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To distinguish between the intrinsic and inducible 
reactivity of the silyl phenol ether, its stability and 
modification were examined first in the absence of DNA, 
and then attached to a single-stranded oligodeoxynucle- 
otide, and finally held adjacent to duplex DNA. In each 
system, the fluoride-dependent activity served as a 
positive control for generating the quinone methide 
(Scheme 1). In the presence of 4 mM KF, desilylation of 
the low molecular weight model la  occurred with a half- 
life of 4 min as observed by lH NMR (Figure 1). The 
resulting phenol lb was moderately stable under these 
conditions and could even be isolated after silica gel flash 
chromatography albeit in low yield (unoptimized, 9%).l 
Elimination of nitrophenol (tl/z > 60 h) and addition of 
water to form Id proceeded slowly under conditions 
equivalent to those of Figure 1.2 Thus, as expected, the 
silyl phenol moiety was chemically competent for fluoride- 
induced reaction in the absence of DNA. 

'Synthesis and characterization of la, lb, and Id are 
included in the supplementary material. Preparation of 2a was 
reported previously (33). 
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Figure 1. Fluoride dependent reaction of la. Conversion of 
la to lb was monitored by integrating the NMR signals of the 
benzylic protons of these compounds (5.21 and 5.16 ppm, 
respectively). Remaining starting material was determined as 
the fraction of la/(la + lb) and this was fit to a first order 
process using nonlinear regression (-). Reaction was initiated 
by adding 4 mM KF to a solution of la (0.5 mM), 70 mM 
morpholinoethansulfonate (MES) and 2.5 M CD3CN in D20 pD 
6.5 at 20 “C. 

The fluoride-initiated activity of the oligonucleotide 
conjugate 2a alone and in complex with a complementary 
target, 3,5’-d(AGTGCCACCTGACGTCTAAG), was also 
consistent with the activation process outlined in Scheme 
1. In the absence of a target strand, the electrophilic 
intermediate 2c was consumed via solvent, and possibly 
intramolecular, reaction. This process was illustrated by 
treating 2a with fluoride for 1-30 min and then observ- 
ing the mixture’s diminished ability to form interstrand 
cross-links upon subsequent addition of 3 (Figure 2A). 
Both the decomposition of single strand 2a and the cross- 
linking of duplex 2a + 3 (Figure 2B) were induced by 
fluoride with similar efficiency. This suggests the com- 
mon transformation of 2a to 2c controlled both reactions 
independent of the surrounding DNA structure. 

In contrast, neither the model silyl phenol (la) nor its 
single-stranded derivative (2a) exhibited any intrinsic or 
ion-inducible reactivity in the absence of fluoride. Com- 
pound la did not undergo modification when another salt 
such as LiC104 (4-100 mM) replaced KF under the 
conditions described in Figure 1. NMR analysis of such 
incubations revealed that la persisted beyond 10 days 
(20 “C) without change, and no trace of desilylation or 
substitution was detected. A related model lacking the 
carboxamide group was also inert in the presence of 100 
mM LiC104 or NaCl(34). Similarly, these salts did not 
promote any of the possible solvent and intramolecular 
reactions that consumed the single-stranded reagent 2a 
after its exposure to KF. Incubation of 2a with NaCl in 
place of KF did not diminish its later ability to alkylate 
3 (Figure 3A). Consequently, the silyl-protected phenol 
of 2a expressed no spontaneous reactivity as a single 
strand. 

Reaction of the model lb proceeded more slowly than the 
related reaction of 2b, oligodeoxynucleotide cross-linking, in part 
due to solvent effects (Q. Zeng, unpublished observations). The 
solubility of 1 was limited under aqueous conditions, and 
therefore, a mixed organidaqueous system was used during its 
investigation. The oligodeoxynucleotide derivative 2 was exam- 
ined under aqueous conditions. 

(A) stability of 

2a + KF 

incubate 1-30 min 

assay (rx with 3) 

(B) alkylation of 
probe strand target strand 
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U incubate 1-30 min 

2a + 3 + KF 
11 

min 1 10 20 30 1 10 20 30 

x-link 

iane 1 2 3 4 5 6 7 8  

Figure 2. Autoradiograms of denaturing polyacrylamide (20%) 
gels used to monitor nonproductive consumption of single- 
stranded 2a vs interstrand cross-linking of 2a + 3 in the 
presence of fluoride. For lanes 1-4,2a (9 nM) was preincubated 
with 200 mM KF in 1 mM MES pH 7 for the indicated times 
before addition of 5’-[32Pl-3 (9 nM). These final solutions were 
quenched after 30 min. For lanes 5-8, oligodeoxynucleotides 
2a and 5’-[32P]-3 (9 nM each) were hybridized for one min in 1 
mM MES pH 7 before addition of 200 mM KF. Samples were 
then incubated under ambient temperature and quenched (33) 
a t  the indicated times. 

(B) alkylation of (A) stability of 
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Figure 3. Autoradiograms of denaturing polyacrylamide (20%) 
gels used to monitor nonproductive consumption of single- 
stranded 2a vs interstrand cross-linking of 2a + 3 in the 
presence of NaCl. For lanes 1-6,2a (9 nM) was preincubated 
with 200 mM NaCl in 1 mM MES pH 7 for the indicated times 
before addition of 5’-[32Pl-3 (9 nM). These final solutions were 
quenched after 240 min. For lanes 7- 12, oligodeoxynucleotides 
2a and 5’-[32P]-3 (9 nM each) were hybridized for one min in 1 
mM MES pH 7 before addition of 200 mM NaC1. Samples were 
then incubated under ambient temperature and quenched (33) 
at the indicated times. 

Duplex formation played an obligatory role in the 
activation of the phenol derivative when fluoride was 
excluded. Hybridization of 2a and its complement 3 
effected strand cross-linking under conditions that did 
not promote any reaction of single-stranded 2a (Figure 
3A vs 3B). Probe-target modification was observed in the 
presence of NaCl (Figure 3B) albeit at a rate lower than 
that induced by KF at equivalent ionic strength. Ulti- 
mately, both conditions produced the same yield of cross- 
linking (ca. 30%) (33). 

These results are not consistent with simple affinity 
modification since la and 2a exhibited no intrinsic 
reactivity that could be directed to a DNA sequence. 
Furthermore, a mechanism involving direct displacement 
could not explain both the similar reactivity of 2a and 
2a + 3 in the presence of fluoride and the dissimilar 
reactivity of 2a and 2a + 3 in the absence of fluoride. 
Instead, the structure established by 2a + 3 most likely 
converted the attached silyl phenol ether into an elec- 
trophilic intermediate for target alkylation. This trans- 
formation could mimic the fluoride-dependent mechanism 
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by effecting loss of the silyl group and formation of the 
quinone methide (Scheme 1). Such an analogous path- 
way would also account for the similarity in cross-linking 
yields induced by fluoride and strand hybridization. 

Selective modification of DNA is traditionally based on 
preferential binding and orientation of reactive functional 
groups (35). However, the intrinsic activity of such 
groups often causes in vivo modification of nontargeted 
components of a cell or organism. The inducible alkyla- 
tion demonstrated here should now minimize these 
undesirable events since the reactive species is generated 
only after target recognition (Scheme 2). 
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Synthesis and Primer Properties of Oligonucleotides Containing 
3’-Deoxypsicothymidine Units, Labeled with Fluorescein at the 
1’-Position 
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Several analogues of the standard M13 sequencing primer that contain up to five 3’-deoxypsicothy- 
midines, or one or two such units labeled with fluorescein a t  the 1‘-position, have been prepared. All 
these oligonucleotides have been shown to prime the DNA-polymerase-catalyzed synthesis of DNA. 

Oligonucleotide conjugates bearing reporter groups 
have recently found an increasing number of applications 
as versatile tools in basic research in molecular biology 
(1,2), as diagnostic probes (2), and as regulators of gene 
expression (3,  4) .  Usually aminoalkyl tethers are em- 
ployed to  introduce reporter groups a t  the 5’- or 3’- 
terminus of the oligonucleotide (1 - 3 , 5 ) ,  at  heterocyclic 
nucleic bases (6,7), or a t  internucleosidic phosphodiester 
bonds (8). All these methods suffer from some shortcom- 
ings. 3‘- and/or 5‘-terminal conjugate groups prevent the 
enzymatic extension or ligation of the labeled oligonucle- 
otide. Tethers attached to  the nucleic bases sometimes 
weaken the base-pairing (9), and substitution of the 
phosphodiester bond gives rise to two diastereomers 
about phosphorus, which are not always easily resolved 
(10). Recently, several groups have reported on prepara- 
tion of sugar moiety tethered oligonucleotides that upon 
hybridization place the reporter group at  the minor 
groove (11-15). This approach leaves all the ionic and 
tautomeric properties as well as the functional groups 
of 2’-deoxynucleoside units unchanged and minimizes the 
steric hindrance for duplex formation. Manoharan et al. 
( 1 1 )  and Sproat et al. (12) attached a linker to the 2’- 
position of a ribonucleoside unit and used the tether for 
subsequent labeling of the oligonucleotide. Matsuda et 
al. (13,141 employed 3’-deoxypsicouridine (1’-(hydroxym- 
ethyl)-2’-deoxyuridine) for the same purpose. Both ap- 
proaches involve a multistep preparation of the phos- 
phoramidite building block, carrying the protected 
aminoalkyl linker a t  the sugar moiety, and subsequent 
use of these monomers in the solid phase DNA synthesis. 
We have previously reported on derivatization of the 1’- 
position of 3‘-deoxypsicothymidine (1’-(hydroxymethyll- 
2‘-deoxythymidine) (1 6) during the course of oligonucle- 
otide synthesis (15). This approach is advantageous, 
since a normal thymine base is used instead of uracil (13, 
14), and the length and reactivity of the linker may be 
adjusted according to the requirements of the further 
derivatization without synthesis of new building blocks. 

The present report describes the synthesis of oligo- 
nucleotides containing up to five 3’-deoxypsicothymidine 
units Il (oligonucleotides 1-4) or up to two such units 
labeled with either an aminoalkyl group (nl, oligonucle- 
otides 6, 7 )  or fluorescein at the 1’-position (n2, oligo- 
nucleotides 8,9). Moreover, their ability to  prime DNA- 
polymerase-catalyzed synthesis of DNA is demonstrated. 
All the oligonucleotides were analogues of the standard 
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M13 primer 5, which is widely used in DNA sequencing 
(17) (Figure 1). 

We have described previously the preparation of build- 
ing block 10 (Figure 2) derived from 3’-deoxypsicothy- 
midine and demonstrated its efficiency in the oligonu- 
cleotide condensation (15).  However, since the 
introduction of several modified units may bring ad- 
ditional sterical hindrance in the growing oligonucleotide 
chain, and hence decrease the coupling efficiency, the AB1 
392 DNA synthesizer was programmed to use a longer 
coupling step (180 s) when the oligonucleotide chain was 
elongated with 10. The coupling yield of each psicothy- 
midine unit proved to be about 98%, as determined by a 
trityl assay. After the chain assembly was completed, 
oligonucleotides 1-4 were deblocked in the conventional 
manner. Modified oligomers 6 and 7 were obtained as 
follows. The reaction columns were removed from the 
synthesizer upon completion of the chain elongation 
(DMTr-On synthesis) (18), 1’-0-levulinyl groups were 
cleaved (151, and the reaction columns were reinstalled 
to the synthesizer. The aminoalkyl phosphate groups 
were introduced using a commercial Aminolink-2 and a 
prolonged coupling step (180 s) as part of the standard 
protocol (18). For the preparation of 6 one coupling was 
sufficient. To obtain 7 ,  two couplings, separated by 
acetonitrile wash and argon flush, were applied. Upon 
iodine oxidation, 6 and 7 were deblocked in a usual 
manner. All oligonucleotides prepared were isolated by 
successive anion exchange and reversed phase HPLC and 
finally desalted by gel filtration (15). The HPLC analysis 
of the oligonucleotides 1-4, 6, and 7 ,  digested with a 
mixture of phosphodiesterases I and I1 in the presence 
of alkaline phosphatase (151, verified the presence of 
expected nucleosides in the correct ratio. Oligonucle- 
otides 6 and 7 were finally reacted with FITC using two 
different methods. In method A the labeling was per- 
formed in a sodium carbonate buffer a t  pH 10.3 under 
standard conditions (13). The isolated yield of monola- 
beled oligonucleotide 8 was repeatedly 50-60% and that 
of the double labeled 9 30-40%. In method B acetylated 
long chain (alky1amino)-CPG was used as  a carrier of 
oligonucleotides. Compounds 6 and 7 (2-3 OD) were 
dried in the presence of the carrier (2-3 mg), and the 
labeling was performed with a 3% solution of FITC in a 
mixture of pyridine -NJV-diisopropylethylamine-water 
(8:1:1, 100 pL). After the reaction was completed (12 h, 
rt), the carriers and the adsorbed oligonucleotides were 
washed with dioxane (1.5 mL), dioxane-pyridine (19:1, 
5 x 1.5 mL), and finally with ether (1.5 mL). Labeled 
oligonucleotides were then dissolved in water, purified 
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n =  SO" 
I I 0- 

Flu = Fluorescein 
Figure 1. Structures of oligonucleotides 1-9. 

Thy = thymine- 1 -yl; DMTr = 4,4'-dimethoxytrityl; Lv = levulinyl. 

Figure 2. Structure of the building block 10. 

A B C D E F G H I  J K  
Figure 3. Autoradiogram of 20% PAGE: lines A, K, 32P-labeled 
commercial 17nt standard M13 sequencing primer 5; lines B-E, 
32P-labeled 1-4; line F, enzymatic elongation of 32P-labeled 
commercial standard M13 sequencing primer 5 on 27nt matrix; 
lines G-J, enzymatic elongation of 32P-labeled 1-4 on 27nt 
matrix. 

by a successive anion exchange and reversed-phase 
HPLC, and finally desalted. The isolated yield of 8 was 
80-90% and that of double labeled 9 was 70-80% 
repeatedly. The UV-vis absorption spectra of the labeled 
8 and 9 exhibited the characteristic fluorescein absorp- 
tion at  490 nm and oligonucleotide absorption at  260 nm, 
the ratio A (490 nm)/A (260 nm) observed with 9 being 
approximately 2-fold compared to that of 8. 

Matsuda et al. (13, 14) have shown that oligonucle- 
otides containing a 1'-derivatized 3'-deoxypsicouridine 
unit hybridize with complementary DNA strands. The 
aim of this work was to test the ability of the oligonucle- 
otides 1-4, as well as that of the FITC-labeled 8 and 9, 

Figure 4. Photograph of 20% PAGE under the long wavelength 
W. lines A, B, 8 and 9; lines C, D, enzymatic elongation of 8 
and 9 on 27nt matrix. The arrow on the left indicates the 
position of 32P-labeled commercial 17nt standard M13 sequenc- 
ing primer 5; the arrow on the right indicates the position of 
enzymatically elongated 32P-labeled commercial standard M13 
sequencing primer 5 on 27nt matrix. 

to prime the DNA-polymerase-catalyzed reaction and to 
compare their priming ability to that of commercial 
standard M13 sequencing primer 5. 5'-32P-Labeled (19) 
derivatives 1-4 and FITC-labeled 8 and 9 were annealed 
to the synthetic 27-nt. complementary strand, and the 
polymerase reaction, employing Sequenase version 2.0, 
was perf0rmed.l The products were analyzed with 
PAGE. Figure 3 shows the autoradiography of PAGE, 

~~ 

The elongation reaction mixtures contained the following: 
1.25 pmol of 32P-labeled 1-5, annealed to an equal amount of 
synthetic matrix 5'- GTTTTACAAC GTC GTGACTGGGAAAAC - 
3'; 1-2 units of Sequenase version 2.0; 0.06 M 1,4-dithio-~,~- 
threitol; 75 ,uM each 2'-deoxynucleoside 5'-triphosphate, 40 mM 
Tris-HC1 pH 7.5; 20 mM MgC12; 50 mM NaC1. The chain 
elongation reaction of FITC-labeled primers contained 60 pmol 
of 8 and 9 and an equal amount of synthetic matrix. After 10 
min a t  37 "C reactions were stopped by 10 times dilution with 
"stop-solution7' (95% formamide, 20 mM EDTA, 0.05% bro- 
mophenol blue, 0.05% xylenecyanol). Products of the chain 
elongation reactions were analyzed with 20% PAGE. 
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referring to the experiment with primers 1-5. Figure 4 
demonstrates the photograph of PAGE taken under the 
long wavelength UV and referring to the DNA-poly- 
merase reaction with luminescent primers 8 and 9. It is 
clearly seen that oligonucleotides containing up to five 
3’-deoxypsicothymidine units are all able t o  serve as  
efficient primers in the DNA-polymerase synthesis of 
DNA, analogously to the commercial M13 sequencing 
primer 5. The attachment of one or two fluoresceine 
molecules via (aminoalky1)phospho-linker to the 1’-posi- 
tion of 3‘-deoxypsiconucleoside still does not prevent the 
oligonucleotide analogues to hybridize with the comple- 
mentary DNA and prime the enzymatic reaction. 

In summary, the introduction of 1‘-modified nucleo- 
sides and the subsequent tethering may easily be per- 
formed on an automated DNA synthesizer. Neither 
several 3’-deoxypsicothymidine units nor their deriva- 
tives tethered with bulky substituents a t  0-1’ abolish the 
ability of modified oligonucleotide to hybridize the comple- 
mentary DNA strand and prime the polymerase reaction. 
The data presented demonstrate an alternative approach 
for the labeling of DNA with reporter groups. 
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Site-Specific Conjugation of a Temperature-Sensitive Polymer to a 
Genetically-Engineered Protein? 
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A genetically-engineered mutant of cytochrome b5, incorporating a unique cysteine residue, was 
conjugated to maleimide-terminated oligo(N-isopropylacrylamide). The conjugation of the protein by 
reaction of the cysteine residue, precisely positioned by site-directed mutagenesis techniques, with 
an activated oligomer containing only one reactive end group in the oligomer chain permits the site- 
specific and stoichiometric conjugation of the oligomer with the protein. The protein-oligomer 
conjugate was shown to  exhibit lower critical solution temperature (LCST) behavior, similar to the 
free oligomer. Furthermore, the LCST behavior of the protein-oligomer conjugate is reversible and 
allows selective precipitation of the conjugate above its LCST. 

Poly(N-isopropylacrylamide) (poly(N1PAA.M)) is a tem- 
perature-sensitive polymer that exhibits lower critical 
solution temperature (LCST) behavior in water. Below 
its LCST of 32 "C, poly(N1PAA.M) is readily soluble in 
water, while above its LCST the polymer sheds much of 
its bound water and becomes hydrophobic, which leads 
to collapse and aggregation of the polymer chains and 
subsequent precipitation of the polymer (2). This phe- 
nomenon is reversible and occurs within a sharp transi- 
tion range (typically 1-2 "C) (1). The LCST behavior of 
poly(N1PAA.M) is fully maintained upon conjugation to 
proteins (2), making such protein-polymer conjugates 
attractive for affinity separations and immunoassays (3- 
8). 

Conventional protein-polymer conjugation schemes 
utilize the reactive amino group of lysine residues to 
attach proteins to activated soluble polymers. Limita- 
tions in controlling the conjugation chemistry frequently 
arise because the number and location of lysine residues 
vary greatly in natural proteins and because the location 
of reactive groups along the polymer chain is random. 
Thus, the stoichiometry of the protein-polymer conjugate 
and the attachment site(s) of the polymer to  the protein 
cannot be precisely controlled, factors that may have 
important implications for protein stability and function. 
These limitations may be circumvented by appropriate 
design of both the protein and the activated polymer. 

Protein engineering techniques permit the design of 
unique attachment sites on the protein surface for 
polymer conjugation. The synthesis of a polymer with 
one activated group per polymer chain, and at  one end 
of the molecule, then allows the stoichiometrically-precise 
attachment of the polymer to the protein of interest. 
Furthermore, genetic engineering techniques allow the 
attachment site to be precisely defined on the protein 
molecule using site-directed mutagenesis techniques. 
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We report here the stoichiometrically-precise, site- 
specific attachment of oligo(N1PAA.M) by one end group 
only to a genetically-engineered protein containing a 
unique thiol functionality at  a defined surface site. The 
protein is conjugated by reaction of the protein sulfhydryl 
group with a polymer containing a single maleimide end 
group. The protein selected for these experiments is 
cytochrome bg, a small (molecular mass: -11 000 Da), 
bis-imidazole-ligated heme protein (9-1 1). The absence 
of cysteine residues in the native protein, and the 
availability of detailed structural information for this 
protein (12, 13), make it an attractive candidate for the 
design of site-directed cysteine mutants. Furthermore, 
the unique electronic and optical properties associated 
with the heme prosthetic group provide a convenient 
spectroscopic probe to monitor the thermally induced 
reversible precipitation of the protein-polymer conjugate 
(1 4). 

A unique thiol group was introduced by the replace- 
ment of a threonine residue at  amino acid position 8 with 
a cysteine utilizing site-directed mutagenesis (T8C) (15, 
16). The maleimide (MI)-terminated oligo(N1PAA.M) 
(MI-oligo(N1PM.M))' was conjugated to  T8C in solution; 
the reaction scheme is shown in Figure 1.2 Native 
cytochrome b5 did not react with MI-oligo(N1PAA.M) 

The maleimide-terminated oligo(N1PAAM) [MI-oligo- 
(NIPAAM)] was synthesized as follows: first, the amino- 
terminated oligo(N1PAAM) [A-oligo(NIPAAM)] with a molecu- 
lar weight of 1900 was synthesized by free radical polymeriza- 
tion of NIPAAM using 2,2'-azobisisobutyronitrile and 2-amino- 
ethanethiol hydrochloride as initiator and chain transfer re- 
agent, respectively, at 60 "C for 4 h. Then, the amino end group 
was reacted with succinimidyl4-(N-maleimidomethyl)cyclohex- 
ane-1-carboxylate, resulting in MI-oligo(N1PAAM). 

The following procedure was performed to conjugate T8C 
to MI-oligo(N1PAAM). Typically, 160 pL of a 1 mM protein 
solution in 50 mM phosphate, 1 mM EDTA buffer, pH 8.0 was 
reduced with 1 mM dithiothreitol (DTT) for 10 min at 4 "C. The 
mixture was passed over a Sephadex G-25 gel filtration column 
equilibrated with the same buffer to recover the protein free of 
DTT. The protein band was collected in a 15 mL centrifuge tube 
containing a 10-fold molar excess of MI-oligo(N1PAAM). The 
reaction was allowed to proceed for 4 h at room temperature 
with gentle shaking to ensure complete mixing of the reactants. 
The T8C/MI-oligo(NIPAAM) conjugate was separated from 
unreacted T8C by the following procedure: 10% (vh)  saturated 
(NH&S04 was added to  the mixture to depress the LCST from 

0 1994 American Chemical Society 
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Figure 1. Reaction scheme of stoichiometrically-precise conjugation of a protein to activated poly(N1PAAM) by reaction of the 
protein sulfhydryl group with a maleimide group, located at one end of the polymer chain. 

under the reaction conditions ~ t i l i zed ,~  indicating that 
the maleimide end groups react selectively with thiol 
groups in the protein. Given the presence of only one 
thiol group in T8C, these results strongly suggest a 1:l 
stoichiometry of protein and oligomer in the T8C-oligo- 
(NIPAAM) conjugate. 

These conclusions are supported by matrix-assisted 
laser desorption ionization-time of flight (MALDI-TOF) 
mass spectrometry (MS).4 MALDI-TOF MS of T8C/MI- 
oligo(N1PAAM) conjugate showed a peak a t  -11 000 Da 
[(M + H)+], and a minor peak at  -13 000 Da. The latter 
peak was not observed in the spectrum of protein alone 
(native b5, T8C) or the spectrum of a physical mixture 
of native b5 and MI-oligo(N1PAAM). The MALDI-TOF 
MS spectrum of MI-oligo(N1PAAM) displays a range of 
peaks differing by 113 Da, suggesting that they can be 
assigned to [nM + HI+ ions where M is the monomer 

32 "C to -20 "C, and the reaction mixture was warmed to 37 
"C (> LCST) to selectively precipitate the TSC/MI-oligo- 
(NIPAAM) conjugate. The precipitate was then separated by 
centrifugation (lOOOOg, ambient temperature) to produce a pink- 
colored pellet. The pellet was redissolved in buffer, and the 
precipitation step was repeated twice to ensure complete 
removal of the unreacted T8C. There is probably some unreacted 
oligo(N1PAAM) that is precipitated along with the T8C/MI- 
oligo(N1PAA.M) conjugate. 

One hundred pL of 0.84 mM native cytochrome bg was mixed 
with a 10-fold molar excess of MI-oligo(N1PAA.M) following the 
same procedure as for T8C conjugation. No conjugation of MI- 
oligo(N1PAA.M) with native b5 was achieved, based on the 
absence of a visible peak at 412 nm in the redissolved pellet, 
indicating that no protein was entrapped in the precipitated 
polymer. 

4MALDI-TOF mass spectra were acquired on a Finnigan 
MAT LaserMAT LD-TOF instrument. Samples were prepared 
by depositing -1 pL of sample on the center of a gold-plated 
metal target. All samples were at 5-10 pm concentration in 
distilled, deionized water except the T8C/MI-oligo(NIPAAM) 
conjugate, which was at a concentration of 1 pM. The matrix 
used was 2,5-dihydroxybenzoic acid, dissolved in 60% acetoni- 
trile, 40% 0.1% TFA at a concentration of -5-10 mg/mL. The 
molar ratio of analyte to matrix was typically 1:lO 000. The 
samples were allowed to air dry and placed in the spectrometer. 
Multiple laser shot spectra were acquired after spectral opti- 
mization, which involved determining the minimum laser power 
density required to observe analyte ions from one of four 
predefined target positions. The instrument was calibrated 
using sperm whale apomyoglobin as a calibrant. 

(minus the maleimide endgroup). The observation of 
these peaks is consistent with the distribution of oligomer 
chain lengths expected from free radical polymerization. 
More importantly, however, the molecular weight distri- 
bution of the oligomer is centered a t  -1900 Da, which is 
consistent with the difference in mass of the protonated 
protein and the unique peak at  -13 000 Da (11 000 + 
1900 Da) observed only in the spectrum of the conjugate. 
These results strongly support an o1igomer:protein stoi- 
chiometry of 1:l. We note that, given the distribution of 
oligomer chain lengths, we would expect a series of peaks 
corresponding to oligomers with different chain lengths 
conjugated to T8C but the low signal to noise in the mass 
spectrum of the conjugate precludes their assignment. 

The LCST of the T8C/MI-oligo(NIPAAM) conjugate in 
water, determined spectrophotometrically by cloud point 
mea~urement,~ was 32 "C, which is in agreement with 
the free oligomer LCST. The reversible precipitation of 
the TSC/MI-oligo(NIPAAM) conjugate, monitored by the 
solution absorbance of the heme group at  412 nm, is 
shown in Figure 2.6 The T8C/MI-oligo(NIPAAM) con- 
jugate was cooled at  4 "C, and the absorbance at  412 nm 
was measured to determine the concentration of the 
conjugate (cooling cycle 1, filled bar). TheTSC/MI-oligo- 
(NIPAAM) conjugate was then heated at  37 "C for 5 min, 
followed by centrifugation at room temperature at  lOOOOg 
for 10 min to precipitate the T8C/MI-oligo(NIPAAM) 
conjugate. The fraction of unprecipitated T8C/MI-oligo- 
(NIPAAM) conjugate was then determined by measuring 
the absorbance at  412 nm of the supernatant (heating 
cycle 1, filled bar). A mixture of T8C and amino- 
terminated oligo(NIPAAM) [A-oligo(NIPAAM)] was simi- 

The cloud point of the T8C/MI-oligo(NIPAAm) conjugate 
was measured spectrophotometrically in deionized-distilled 
water with a temperature rate increase of 0.4 "C min-l. The 
temperature a t  90% light transmittance (at 500 nm) was defined 
as the cloud point. Because (NH4)2S04 depresses the LCST of 
the conjugate, and the presence of free oligomer (precipitated 
and collected along with the conjugate by thermally-induced 
precipitation and centrifugation at 37 "C) can interfere with the 
measurement of the LCST of the protein-oligomer conjugate, 
(NH4)2S04 and unreacted MI-oligo(N1PAAM) were removed 
from the TSC/MI-oligo(NIPAAM) conjugate by ultrafiltration 
through a 10 000 MW cutoff filter (Amicon). 
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Figure 2. Concentration of the T8C/MI-oligo(NIPAAM) con- 
jugate (filled bars) and the control, a mixture of T8C and 
A-oligo(N1PAA.M) (hatched bars) plotted versus cycle number. 
For the cooling cycles 1-3, the sample was assayed below the 
LCST, and for heating cycles 1 and 2, the sample was assayed 
above its LCST (see footnotes 6 and 7 for details). 

larly assayed7 as a control for the effect of physical 
coprecipitation of the protein due to the presence of 
A-oligo(N1PAAM) and (NH4)2S04 (1 7) (hatched bar, 
cooling cycle 1 and heating cycle 1, respectively). This 
process was then repeated twice to examine the revers- 
ibility of this phenomenon and the short term stability 
of the protein-oligomer conjugate. 

Three important observations can be derived from 
these data. First, the TSC/MI-poly(NIPAAM) conjugate 
can be precipitated above the LCST of the protein- 
oligomer conjugate. Below its LCST, the protein-oligo- 
mer conjugate is soluble (cooling cycle 1, filled bar). Upon 
heating at  37 "C the conjugate precipitates, which is 
shown by the significantly lower concentration of the 
conjugate in the supernatant (heating cycle 1, filled bar). 
This process is -90% efficient in selectively fractionating 
the protein-oligomer conjugate from the aqueous phase, 
as shown by the difference in the concentration of soluble 
protein-oligomer conjugate in cycles 2 and 3 (filled bars). 
Second, this behavior is fully reversible, shown by the 
repeated cycling of the same sample between the hy- 
drated, water-soluble state and the precipitated, insoluble 
state. Third, this phenomenon requires covalent conju- 
gation of the oligomer and protein, as shown by the much 
lower (< 10%) degree of precipitation of a physical mixture 
of protein (T8C) and A-oligo(NIPAAM), even with added 

6 A  0.95 mL portion of 0.8 ,uM T8C/MI-oligo(NIPAAM) 
conjugate in 50 mM phosphate, 1 mM EDTA, pH 8.0 buffer with 
10% (vh)  (NH&S04 was cooled at 4 "C for 5 min. The saturated 
(NH&S04 (10% v/v) was added to prevent resolubilization of 
the conjugate during centrifugation at room temperature. A 0.5 
mL portion of this solution was pipetted into a cuvette, and the 
absorbance at 412 nm was determined spectrophotometrically 
(cooling cycle 1, filled bar). The T8C/MI-oligo(NIPAAM) con- 
jugate solution was then carefully removed from the cuvette and 
added back to the original sample. The sample was then warmed 
to 37 "C for 10 min to precipitate the conjugate, followed by 
centrifugation at room temperature. A 0.5 mL portion of the 
supernatant was assayed spectrophotometrically a t  room tem- 
perature to determine the concentration of the conjugate that 
remained in solution (heating cycle 1, filled bar). The superna- 
tant was then added back to the original sample and the 
conjugate was redissolved by cooling to 4 "C, and the process 
was repeated twice to monitor the reversible precipitation of 
the protein-oligomer conjugate (cycles 2 and 3). 

A physical mixture of 1 mg of A-oligo(N1PAAM) and 50 pL 
of 1 mM T8C in 1 mL of buffer (50 mM phosphate, 1 mM EDTA, 
pH 8.0) with 10% (v/v) saturated (NH&S04 was similarly 
assayed (hatched bars, Figure 1) as in footnote 6. 

(NH4)2S04. Finally, we note that the degree of conjuga- 
tion required for precipitation of protein-poly(N1PAAM) 
conjugates has, heretofore, been difficult to control, 
largely due to the inherent lack of control in the number 
and location of the active sites on the oligomer chains 
and their subsequent reaction with native proteins. The 
results in this study provide clear evidence that a 1:l 
conjugation of poly(N1PAAM) with an average molecular 
weight approximately 6-fold smaller than the protein is 
sufficient to allow efficient (> 90%) and reversible pre- 
cipitation of the protein-oligomer conjugate. 
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The synthesis of three new photoactive RNA phosphoramidites, 5-bromouridine, 5-iodouridine, and 
04-triazolouridine, is reported. The 5’ OH of bromouridine and iodouridine were protected as 
dimethoxytrityl ether using dimethoxytrityl chloride and pyridine. Selective protection of 2‘ OH was 
achieved as the corresponding tert-butyldimethylsilyl ether. Protected ribonucleosides were converted 
to phosphoramidites using 2-cyanoethyl N,N-diisopropylchlorophosphoramidite. 04-Triazolouridine 
phosphoramidite monomer was prepared in one step from uridine phosphoramidite. These phos- 
phoramidites were used to incorporate photoprobes a t  any chosen sites in the RNA sequences during 
chemical syntheses. The modified monomers were incorporated into RNA oligomers with coupling 
yields >98%. After chemical synthesis, 04-triazolouridine was converted to 4-thiouridine by the 
addition of thiolacetic acid during standard deprotection methods. The extent of thiation and 
incorporation of modified nucleotides into RNA sequences were confirmed by nuclease digest, HPLC, 
and gel electrophoresis. 

RNA plays a central role in cellular processes, includ- 
ing regulation and catalysis. Since the discovery of RNA 
enzymes, there has been an increasing interest in RNA 
structure ( I ) .  The multiple functions of RNA must reflect 
diversity in its three-dimensional structure. Despite the 
importance of RNA function, very little is known about 
its structure. Knowledge of the three-dimensional struc- 
ture and general rules for RNA folding will be valuable 
to infer a more detailed mechanism of RNA function. 
X-ray crystallography provides high-resolution struc- 
tures, and a few crystal structures of RNA have been 
determined (2, 3). Recently, high-resolution NMR tech- 
niques have been developed to elucidate RNA structures 
in solution (4) .  There is a need for new methods to  
determine higher order RNA structure under physiologi- 
cal conditions (5, 6). 

Recent advances in chemical synthesis of DNA have 
opened a new field of DNA applications as structural 
probes and inhibitors. Oligonucleotides can be covalently 
linked to a dye, enzyme, or other biological macro- 
molecule (for a recent review on chemically modified DNA 
see ref 7). Important biomedical applications of modified 
oligonucleotides include the detection and localization of 
messenger RNA, detection of bacterial or viral sequences, 
inhibition of RNA translation, and control of DNA 
replication. Recently, Xu et al. (8) described a strategy 
for postsynthetic modification of DNA at  the 4-position 
of thymine. There is a variety of modified monomer 
phosphoramidites commercially available for automated 
synthesis of DNA. On the other hand, chemical synthesis 
of RNA is a much more challenging task due to  the 
presence of a 2’-hydroxyl group. During chemical syn- 
thesis of RNA, the 2’-hydroxyl group has to be protected 
until all other protecting groups have been removed. Due 
to the synthetic difficulties, modified monomers for 
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chemical synthesis of RNA are not common for structural 
studies. 

Photochemical cross-linking has been widely used to 
study RNA-RNA and RNA-protein interactions (9-13). 
Recently, Ebright and co-workers have exploited photo- 
crosslinking reactions mediated by site-specifically placed 
bromouracil to  identify an amino acid-base contact in 
GCN4-DNA and Myc-DNA complexes (14,15). Photo- 
chemical crosslinking can trap transient association of 
macromolecules, which might not be possible by available 
physical methods. In the case of dynamic structures such 
as ribozyme-substrate interactions, these methods are 
extremely valuable. However, this technique faces the 
challenge of how to site-specifically incorporate photo- 
probes into the internal sequences of RNA. To meet this 
challenge, we have synthesized phosphoramidites of 
5-bromouridine, 5-iodouridine, and 04-triazolouridine. 

These new phosphoramidites were used to incorporate 
photo probes at  chosen sites in the RNA sequence during 
chemical syntheses. The following four sequences were 
synthesized on an automated DNA synthesizer: (1) 5’- 

CUThiOU G-3’; and (4) 5’-GCC GUU UUU UC-3’ (unmodi- 
fied control sequence). RNAs containing bromouridine 
and iodouridine were cleaved from the support, depro- 
tected, and desalted according to standard procedures. 
Modified RNA phosphoramidites were incorporated into 
RNA oligomers with more than 98% coupling efficiencies. 
After chemical synthesis, 04-triazolouridine was con- 
verted to 4-thiouridine by the addition of thiolacetic acid 
during deprotection methods. To analyze the stability 
of RNA, crude modified oligoribonucleotides were 5‘ 
labeled with 32P and run on 20% polyacrylamide-8 M 
urea gels. Results of this analysis are shown in Figure 
1. Three crude sequences containing modified monomers 
gave single bands on the gel, indicating that modification 
or deprotection conditions had no effect on the stability 
of RNA (lanes 2-4, Figure 1). One unmodified control 
sequence was synthesized and deprotected under similar 
conditions. Stability of control sequence is shown in lane 

AUU AAU UBrAG-3’; (2) 5’-CGC UGU’ CA-3’; (3) 5’-AUU 

0 1994 American Chemical Society 
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1 2 3 4  

Figure 1. Analysis of the chemically synthesized crude RNA 
sequences by 8 M urea-20% polyacrylamide gel electrophoresis. 
All RNA sequences were labeled at the 5’ end with 32P. Labeling 
reactions were carried out a t  rt for 30 min in a mixture 
containing 10 pM RNA, 10 mM MgC12,0.5 pM [ Y - ~ ~ P ]  ATP (6000 
Cilmmol), and 4 units of T4 polynucleotide kinase in 50 mM 
Tris-HC1 (pH 7.4). Autoradiogram of a typical gel is shown: 
unmodified control sequence, 5’-GCC GUU ULTU UC-3’ (lane 
1); bromouridine containing sequence, 5’-AUU AAU UBrAG-3’ 
(lane 2); iodouridine containing sequence, 5’-CGC UGUI CA-3’ 
(lane 3); and RNA sequence modified with 4-thiouridine, 5’-AUU 
CuThiOU G-3’ (lane 4). 

-I 12.5 

0 5 10 15 20 25 

Time (min) 
Figure 2. HPLC profile of crude RNA modified with 04- 
triazolouridine. RNA sequence, 5’-AUU C P O U  G-3’, was 
deprotected as described in the Experimental Procedures and 
chromatographed on a c8 reversed phase column (Zorbax 300 
SB, 4.6 mm x 25 cm). A 25 min linear gradient, from 0.1 M 
triethylammonium acetate in 5% acetonitrile, pH 6.4, to 12.5% 
acetonitrile, was used with a flow rate of 1.0 mumin.  The shape 
of the solvent gradient is shown by the dashed line. Retention 
time of the major peak at 15.58 min is also indicated. 

1, Figure 1. These results clearly indicate that there 
were no significant degradation products during depro- 
tection procedures of modified RNA sequences. 

During the development of postsynthetic RNA modi- 
fication methods, the major concern was the stability of 
RNA toward nonconventional deprotection conditions. To 
address this question, we synthesized sequence 3 and 
modified the 4-position of uridine by postsynthetic 
substitution. After deprotection, the RNA oligomer was 
analyzed by HPLC. The presence of 4-thiouridine in 
deprotected sequence 3 was confirmed by monitoring at 
335 nm. As shown in Figure 2, crude sequence 3 RNA 
gave only one major peak with retention time of 15.58 
min. The extent of thiation was calculated by measuring 
the absorbance of sequence 3 at 330 and 260 nm, which 
showed 97% transformation of 04-triazolouridine into 
4-thiouridine. Incorporation of 5-bromouridine and 
5-iodouridine in oligomers was assessed by nuclease 
digest analyses. Quantification of HPLC data showed 

1.0 nucleoside of 5-bromouridine and 0.92 nuceoside of 
5-iodouridine in sequences 1 and 2, respectively. 

The synthetic methodology presented in this report is 
the first example of chemical synthesis of RNA containing 
bromouridine, iodouridine, and 4-thiouridine at a pre- 
determined site and postsynthetic substitution of RNA. 
An important application of single site RNA modification 
is the use of these photoprobes for structural studies of 
ribozymes. Synthesis of RNA with longer sequences can 
be accomplished by using T7 RNA polymerase in vitro 
with oligonucleotide DNA templates (1 6). Site-specifi- 
cally modified RNA can be prepared by synthesizing short 
sequences of modified RNA on automated synthesizer 
and ligating it into longer pieces of RNA with the use of 
bacteriophage T4 DNA ligase (17). By the use of this 
method, RNA can be labeled with photoprobes at pre- 
determined sites in the ribozyme and substrate se- 
quences. 

EXPERIMENTAL PROCEDURES 

(-)-5-Bromouridine, (-)-5-iodouridine, uridine, di- 
methoxytrityl chloride (DMTCl), tert-butyldimethylsilyl 
chloride (t-BDMSCl), 2-cyanoethyl NJV-diisopropylchlo- 
rophosphoramidite, 1,2,4-triazole, phosphorus oxychlo- 
ride, triethylamine, tetrabutylammonium fluoride (1 M 
solution in THF), 2,4,6-collidine, thiolacetic acid, DBU, 
anhydrous N-methylimidazole, dry THF, and pyridine 
were purchased from Aldrich. 2,4,6-Collidine was dried 
over 4 A molecular sieves. The CPG linked monomers 
and the chemicals for synthesizer were obtained from 
Glen Research (VA). Sep Pak Clg plus cartridges were 
purchased from Waters (Millipore). Snake venom phos- 
phodiesterase 1(1 mg/0.5 mL) and alkaline phosphatase 
(1000 U/mL) were obtained from Boehringer Mannheim 
(Indianapolis, IN). Solvents were HPLC grade and were 
degassed immediately before use. 

lH NMR spectra were recorded at 200 MHz on a 
Gemini 200 spectrometer (Varian). All spectra were 
taken in CDC13. Mass spectra were recorded using fast 
atom bombardment (FAB) ionization. TLC were per- 
formed with precoated 0.2 mm silica gel 60 F-254 TLC 
plates (EM Reagents, Darmstadt, FRG). Plates were 
visualized under short wave U V  light and with iodine 
vapors. Dimethoxytrityl-containing compounds were 
visualized by exposing the TLC plate to concentrated HCl 
vapors. Column chromatography was performed with 
silica gel (70-230 mesh, 60 A) purchased from Aldrich. 
Reversed-phase HPLC analysis of oligomers was carried 
out on Beckman 344 with a variable wavelength detector 
(Beckman Model 165). Reagent grade chemicals were 
used without purification unless otherwise stated. All 
the reactions involving (-)-5-bromouridine and (-)-5- 
iodouridine were performed in the dark. 

Synthesis of (-)-5-Bromouridine Phosphoramid- 
ite (4). The synthesis of phosphoramidite 4 is delineated 
in Scheme 1. The 5’ OH of bromouridine 1 was protected 
as DMT ether 2 using DMTCl and pyridine, followed by 
selective 2’ OH protection as the corresponding t-BDMS 
ether 3 using Ogilvie’s method (18). Finally, nucleoside 
3 was converted to the phosphoramidite 4 using 2- 
cyanoethyl N,N-diisopropylchlorophosphoramidite (19). 
5‘-0-[(4,4’-Dimethoxyphenyl)methyl]-(-)-5-Bromo- 

uridine (2). To a solution of (-)-5-bromouridine (323 mg, 
1 mmol) in dry pyridine (4 mL) was added DMTCl(350 
mg, 1.03 mmol) and the reaction mixture was stirred 
overnight under NZ atmosphere. Methanol (1 mL) was 
added, and after 15 min the solution was concentrated 
to dryness under reduced pressure. A 5% NaHC03 
solution (10 mL) was added, the resulting solution was 
extracted with ethyl acetate (2 x 15 mL), and the organic 
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Scheme 1 
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H N k "  
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layer was dried over molecular sieves and reconcentrated 
to yield a gum, which was purified by column chroma- 
tography (ethyl acetate). Nucleoside 2 was obtained as  
a white solid (413 mg, 0.66 mmol; 66%). lH NMR (CDCl3) 
6 (ppm): 8.09 ( lH,  s, H6), 7.41-7.17 (9H, m, aromatic), 
6.82 (4H, d, aromatic, J = 8.7 Hz), 5.90 (lH, d, HI,, J = 
4.04 Hz), 4.46 ( lH,  dd, Hy, J = 4.2 Hz), 4.41 (lH, t, H3,), 
4.23 (lH, d, Hc, J = 3.08 Hz), 3.75 (6H, S, OCHs), 3.40 
(2H, br s, Hg, and Hs,). MS (NaI + MNBA): mle 647 (M 
- H + Na)+. TLC (ethyl acetate): Rf 0.33. 
5'-0-[(4,4'-Dimethoxyphenyl)methyl]-2'-O-(tert- butyl- 

dimethylsilyl)-(-)-5-bromouridine (3). To a solution of 
nucleoside 2 (312 mg, 0.5 mmol) in dry THF (5 mL) was 
added dry pyridine (0.4 mL, 5 mmol) and silver nitrate 
(102 mg, 0.6 mmol). The reaction mixture was stirred 
for 15 min, followed by the addition of tert-butyldimeth- 
ylsilyl chloride (98 mg, 0.65 mmol). Stirring was con- 
tinued for an additional 2 h, followed by filtration into 
5% NaHC03 solution (10 mL). The aqueous layer was 
extracted with ethyl acetate (3 x 10 mL), dried over 
molecular sieves, and evaporated under reduced pres- 
sure. Column purification (ethyl acetate:benzene 1:9) 
provided 2'-silylnucleoside as a white solid (249 mg, 0.33 
mmol, 67.5%). lH NMR (CDCl3) 6 (ppm): 8.17 ( lH,  s, 
HC), 7.45-7.23 (9H, m, aromatic), 6.85 (4H, d, aromatic, 
J=8 .78H~) ,6 .01 (1H,d ,H1 , , J=5 .16H~) ,4 .51 (1H, t ,  
Hy, J = 5.14 Hz), 4.32 (lH, q, Hy, J = 4.04 Hz), 4.19 
(lH, d, Hq, J =  3.14Hz), 3.80 (6H, S, OCH3), 3.44 (2H, d, 
Hg' and HE,, , J = 2.12 Hz), 0.93 (9H, s, t- butyl), 0.17 
(6H, s, CH3). MS (NaI + MNBA): mle 761 (M - H + 
Na)+. TLC (ethyl acetate:benzene 1:l): Rf 0.83. 

5'- 0-[(4,4'-Dimethoxyphenyl)methyl]-2'-O-(tert- butyl- 
dimethylsilyl)-(-)-5-bromouridine 3'-0-[2-~yanoethyl N,N- 
(diisopropylamino)phosphoramidite] (4). To a stirred 
solution of nucleoside 3 (200 mg, 0.27 mmol) in dry THF 
(5 mL) was added dry 2,4,6-collidine (0.26 mL, 2.02 
mmol), followed by N-methylimidazole (0.01 mL, 0.135 
mmol). 2-Cyanoethyl N,N-diisopropylchlorophosphor- 
amidite (45 pL, 0.20 mmol) in dry THF (1 mL) was added 
dropwise over a period of 5 min at  rt. Stirring was 
continued for 1 h at  rt. The reaction mixture was worked 
up by diluting it with ethyl acetate (25 mL) and washing 
the organic phase with 5% NaHC03 solution (5 mL) and 
brine (5 mL). Evaporation followed by column purifica- 
tion (ethyl acetate:benzene 1:9, 0.05% Et3N) yielded 
phosphoramidite 4 as a white solid (215 mg, 0.22 mmol, 

85%). 'H NMR (CDC13) 6 (ppm): 8.15 ( lH,  s, HG), 7.39- 
7.24 (9H, m, aromatic), 6.83 (4H, d, aromatic, J = 8.83 
Hz), 5.99 (lH, d, H1,), 4.61-4.44 (2H, m, Hs. and HT), 
4.29-4.00 (3H, m, Hg and OCHZ), 3.77 (6H, s, OCH3), 
3.61-3.29 (4H, m, Hs, HE,, and 2CH), 2.75 (2H, t, CH2- 
CN J = 6.22 Hz), 1.27 (12 H, m, isopropyl), 0.88 (9H, s, 
tert -butyl), 0.10 (6H, s, CH3). MS (NaI + 2-hydroxyethyl 
disulfide): mle 963 (M + Na)+. TLC (ethyl acetate: 
dichloromethane 1:4): Rf 0.73,0.58 (two diastereomers). 

Synthesis of (- )-5-Iodouridine phosphoramidite 
(8). The synthesis of phosphoramidite 8 is outlined in 
Scheme 1. The 5' OH of iodouridine 5 was protected as 
DMT ether 6 using DMTCl and pyridine, followed by 
selective 2' OH protection as the corresponding t-BDMS 
ether 7. Finally, nucleoside 3 was converted to the 
phosphoramidite 8 using 2-cyanoethyl N,N-diisopropyl- 
chlorophosphoramidite. 

5' - 0 -[(4,4'- Dime t hox y p  he n y 1) met h y I/- ( --) - 5 - iod o - 
uridine (6). A solution of (')-5-iodouridine (370 mg, 1 
mmol) and DMTCl (340 mg, 1 mmol) in dry pyridine (4 
mL) was stirred for 6 h a t  rt. Methanol (1 mL) was 
added, and after 15 min the solution was concentrated 
to  dryness under reduced pressure. A 5% NaHC03 
solution (10 mL) was added, the resulting solution was 
extracted with ethyl acetate (2 x 15 mL), and the organic 
layer was dried over molecular sieves and reconcentrated 
to yield a gum, which was purified by column chroma- 
tography (ethyl acetate:benzene 1:l) to  yield 5'-DMT 
ether 6 as a white solid (417 mg, 0.62 mmol, 62%). 'H 
NMR (CDCl3) 6 (ppm): 8.10 ( lH,  s, &), 7.44-7.18 (9H, 
m, aromatic), 6.83 (4H, d, aromatic, J = 8.8 Hz), 5.94 

4.42 (lH, t, H3,, J = 4.46 Hz), 4.22 ( lH,  br s, H~J ) ,  3.73 
(6H, s, OCH3), 3.40 (2H, br s, Hg, and Hv). MS (NaI + 
MNBA): mle 695 (M + Na)+. TLC (ethyl acetate): Rf 
0.42. 
5'-0-[(4,4'-Dimethoxyphenyl)methyl]-2'-0-(tert- butyl- 

dimethylsilyl)-(-)-5-iodouridine (?). To a solution of 
nucleoside 6 (269 mg, 0.4 mmol) in dry THF (5 mL) was 
added dry pyridine (0.16 mL, 2.0 mmol) and silver nitrate 
(82 mg, 0.48 mmol). The reaction mixture was stirred 
for 15 min, followed by the addition of tert-butyldimeth- 
ylsilyl chloride (79 mg, 0.52 mmol). Stirring was con- 
tinued for an additional 2 h, followed by filtration into 
5% NaHC03 solution (10 mL). The aqueous layer was 
extracted with ethyl acetate (3 x 10 mL), dried over 
molecular sieves, and evaporated under reduced pres- 
sure. The 2'-t-BDMS ether 7 was obtained as a white 
solid (270 mg, 0.34 mmol, 85.5%) after column purifica- 
tion (ethyl acetate:benzene 1:9). IH NMR (CDC13) 6 
(ppm): 8.23 (lH, s, HG), 7.47-7.25 (9H, m, aromatic), 6.87 
(4 H, d, aromatic, J = 8.82 Hz), 6.05 (lH, d, HI,, J = 5.4 

3.94 Hz), 4.21 (lH, br s, Hc), 3.81 (6H, s, OCHs), 3.50 

0.94 (9H, s, tert-butyl), 0.16 (6H, s, CH3). MS (NaI + 
MNBA): mle 809 (M + Na)+. TLC (benzene:ethyl acetate 

5'-0-[(4,4'-Dimethoxyphenyl)methyl]-2'-O-(tert- butyl- 
dimethylsilyl)-(-)-5-iodouridine 3'-0-[2-Cyanoethyl (N,N- 
diisopropylamino)phosphoramidite] (8). To a stirred 
solution of nucleoside 7 (78 mg, 0.1 mmol) in dry THF (2 
mL) was added dry 2,4,6-collidine (0.1 mL, 0.75 mmol), 
followed by N-methylimidazole (4 pL, 0.05 mmol). 2- 
Cyanoethyl N,N-diisopropylchlorophosphoramidite (45 
pL, 0.20 mmol) in dry THF (1 mL) was added dropwise 
over a period of 5 min a t  rt. Stirring was continued for 
1 h at  rt. The reaction mixture was worked up by 
diluting it with ethyl acetate (25 mL) and washing the 
organic phase with 5% NaHC03 solution (5 mL) and brine 

( lH,  d, His, J 4.18 Hz), 4.50 (lH, t, Hz,, J = 4.46 Hz), 

H~) ,4 .52 (1H, t ,Hz . , J=5 .12H~) ,4 .30 (1H,q ,H3 , , J=  

(2H, d, Hy, J = 9.36 Hz), 3.40 (2H, d, HE", J = 9.78 Hz) 

1:l): Rf 0.76. 
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using standard protocols. All the monomers of (2- 
cyanoethy1)phosphoramidites were obtained from Glen 
Research. The fully protected (with 5'-DMT removed) 
sequence 3, 5'-AUU C P a z U  G-3' attached to the CPG 
support was treated with 10% thiolacetic acidacetonitrile 
(1 mL) overnight a t  rt. Resin was filtered, washed with 
excess acetonitrile, and dried. Cleavage from the support 
and deprotection was carried out with 10% DBUl 
methanol (1 mL) for 16 h at rt. Product was filtered and 
purified by Sep Pak cl8 cartridge by standard methods. 
Purified and 2'-protected RNA was dried and further 
treated with 0.5 mL of TBAF' (1.0 M solution in THF) 
for 24 h at  rt. The reaction was quenched with 1.0 mL 
of 0.1 M TEAA, pH 7.0, and dried to  a total volume of 
1.0 mL. Desalting was achieved by Sep Pak cartridge 
purification. The other three sequences of RNA were 
deprotected using 10% DBU/methanol (1 mL) followed 
by TBAF treatment and purification as described above. 

Enzymatic Digestion of Oligonucleotides. Enzy- 
matic digestion was carried out by incubating 0.M260 unit 
of purified oligonucleotide at  37 "C overnight with 6 pL 
(12 pg) of snake venom phosphodiesterase and 2 pL (2 
units) of alkaline phosphatase in a total volume of 78.2 
pL of 32 mM Tris, pH 7.5, and 15 mM MgClz (21). 
Nucleosides were recovered by adding 10 pL of 3 M 
NaOAc, pH 5.2, and 234 pL of 95% ethanol, mixing and 
chilling to -80 "C for 30 min. After centrifugation at  
13 000 rpm for 20 min at  4 "C, the supernatent was taken 
and dried in Speed-Vac (Savant) and redissolved in 200 
pL of water for HPLC analysis. 

HPLC Analysis of Oligonucleotides. Nucleosides 
were chromatographed on a cl8 reversed phase column 
(Beckman 5 pm 4.6 mm x 25 cm, Ultrasphere). Solvent 
A: 97.5% 0.01 M KHzPO4 (pH 5), 2.5% methanol; Solvent 
B: 80% 0.01 M KHzPO4 (pH 5.1),20% methanol. Gradi- 
ent: a t  0 min, 0% B; a t  7 min, start ramp to  10% B over 
5 min; a t  12 min, start ramp to  25% B over 3 min; a t  15 
min, start ramp to 60% B over 5 min; a t  20 min, start 
ramp to 62% B in 2.5 min; a t  22.5 min, start ramp to 
100% B over 6 min; at 28.5 min, continued 100% B for 
10 min. UV absorbance of nucleosides was monitored 
a t  254 nm. Retention times for ribonucleosides (in min) 
were as follows: C, 7.19; U, 10.44; G, 22.47; 5-bromo-U, 
24.9; 5-iodo-U, 28.14; A, 31.25. Quantitation of HPLC 
data was performed by comparison to authentic nucleo- 
side standards and integration of the absorbance as 
described by Eadie et al. (21). 

Scheme 2 
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(5 mL). Evaporation followed by column purification 
(ethyl acetate:benzene 2:8, 0.05% EtsN) yielded phos- 
phoramidite 8 as a white solid (78 mg, 0.8 mmol, 80%). 
lH NMR (CDC13) 6 (ppm): 8.18 (lH, s, H6), 7.35-7.26 
(9H, m, aromatic), 6.83 (4H, d, aromatic, J = 7.7 Hz), 
5.99 (lH, m, HI,), 4.61-4.35 (2H, m, HS. and Hy), 4.21- 
4.03 (3H, m, Hc and OCHZ), 3.77 (6H, s, OCHs), 3.50- 
3.15 (4H, m, HE', HV and 2CH), 2.80-2.55 (2H, m, 
CHzCN), 1.27 (12 H, m, isopropyl), 0.88 (9H, s, tert 
-butyl), 0.05 (6H, s, CH3). MS (NaI + MNBA): mle 1010 
(M + Na)+. TLC (ethyl acetate:dichloromethane 3:7) Rf 
0.62, 0.50 (two diastereomers). 

Synthesis of 04-Triazolouridine Phosphor- 
amidite (10). The synthesis of triazolouridine phos- 
phoramidite 10 is outlined in Scheme 2. Triazolouridine 
phosphoramidite (10) was obtained from commercially 
available uridine phosphoramidite 9 by using triazole, 
POC13, and triethylamine (20). 
5'-O-[(Dimethoxyphenyl)methyl]-2'-O-(tert-butyldimeth- 

ylsily1)triazolouridine 3'-0-[2-Cyanoethyl N,N-(diiso- 
propylamino)phosphoramidite] (1 0). To an ice-cooled 
stirred suspension of 1,2,4-triazole (209 mg, 3.03 mmol) 
in dry acetonitrile (4 mL) was added POC13 (0.06 mL), 
followed by dry Et3N (0.45 mL). After 30 min a solution 
of nucleoside 9 (43 mg, 0.05 mmol) in dry acetonitrile (1 
mL) was added over a period of 15 min and stirring 
continued for 2 h. The reaction was stopped with 
saturated NaHC03 solution (5 mL), the aqueous layer 
extracted with ethyl acetate (3 x 10 mL), the organic 
layer washed with saturated NaHC03 (5 mL) and brine 
(5 mL) and dried over molecular sieves, and solvent 
removed under reduced pressure. The crude compound 
thus obtained was purified by column chromatography 
(ethyl acetate:benzene 8:2). Yield: 28 mg, 0.03 mmol, 

8.22 (2H, s, aromatic), 7.36-7.19 (9H, m, aromatic), 
6.86-6.80 (4H, m, aromatic), 6.68-6.38 (lH, m, Hv), 
6.05-5.80 ( lH,  m, H5), 4.70-4.06 (5H, m, Hz,, HY, OCHz 
and Hc), 3.90-3.30 (4H, m, 2CH, Hg, and Hv), 3.79 (6H, 
s, OCH3), 2.80-2.50 (2H, m, CHzCN), 1.30-1.20 (12 H, 
m, isopropyl), 0.91-0.74 (9H, m, tert-butyl), 0.22-0.03 
(6H, m, CH3). MS (NaI + 2-hydroxyethyl disulfide): mle 
937 (M + Na + Hz)+. TLC (ethyl acetate:dichlo- 
romethane 2:3): Rf 0.46, 0.35 (two diastereomers). 

RNA Synthesis and Deprotection. All RNA syn- 
theses were performed on AI31 synthesizer Model 392 

62%. 'H NMR (CDCl3) 6 (ppm): 8.82-8.52 (lH, m, H6), 
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The antitumor antibiotic bleomycin (BLM) has now 
been the focus of structural ( l ) ,  synthetic (2-7)) mecha- 
nistic (8-101, and therapeutic studies (11, 12) for 30 
years. At a biochemical level, the most intensively 
studied property of bleomycin is its ability to  mediate the 
oxidative destruction of DNA, a transformation that 
involves several steps including metal ion binding, di- 
oxygen binding and activation, DNA binding, and the 
actual chemical transformation of DNA in a sequence- 
selective fashion (8-10). 

Detailed analysis of the structural elements in bleo- 
mycin responsible for the individual steps leading to DNA 
degradation have made it clear that BLM is a bioconju- 
gate; as indicated in Figure 1, the N-terminus of this 
polypeptide-derived antibiotic is responsible for metal 
binding as well as oxygen binding and activation, while 
the C-terminus participates in DNA binding (8-10). The 
disaccharide moiety may also provide a metal ligand (10) 
and may possibly be involved additionally in cell surface 
recognition by bleomycin. At the level of noncovalent 
binding, BLM also participates in the formation of other 
conjugates, i.e., with metal ions such as Fe and Cu, with 
0 2 ,  and ultimately with its polynucleotide substrates. 

While early mechanistic studies considered several 
potential therapeutic targets for bleomycin, including 
DNA and RNA polymerases, DNA ligase, and DNA and 
RNA nucleases (13-16)) the discovery that BLM could 
mediate DNA cleavage both in vitro (8-10) and in vivo 
(1 7-19) led to increasing efforts in the characterization 
of this facet of bleomycin action. The subsequent finding 
that DNA cleavage was sequence-selective, and could 
result in both single- and double-stranded breaks, 
prompted intensive efforts to  understand the molecular 
basis for this sequence-selective cleavage. It has seemed 
reasonable to assume that the principles so derived could 
be used for the design of new structural classes of 
antitumor agents that employ the same biochemical 
strategy as bleomycin. 

An inevitable consequence of the focus on DNA as a 
therapeutic target for bleomycin is that less attention has 
been given to  other biochemical and biological effects of 
the drug. For example, BLM mediates lipid peroxidation 
(20-23), a logical consequence of its characterized prop- 
erties in small molecule oxidatiodoxygenation (24-26). 
It has also been shown that a bleomycin analog rendered 
dysfunctional for DNA cleavage by chemical modification 
was able to inhibit the growth of cultured mammalian 
cells in the presence of the local anesthetic dibucaine (27). 

Of special interest in this regard are studies of RNA 
degradation by bleomycin. Early studies failed to detect 
RNA cleavage by bleomycin (28-32). In retrospect, this 
is not entirely surprising as much of this work was done 
before it was appreciated that BLM-mediated polynucle- 
otide degradation requires a metal ion cofactor and 
oxygen. Also noted was the inability of certain RNA's to 
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Figure 1. Struc ture  of bleomycin Az. The  funct ional  domains 
of the  molecule are indicated. 

inhibit BLM-mediated DNA degradation, suggesting that 
bleomycin did not bind to  RNA (32). 

The first evidence in support of the ability of FeBLM 
to degrade RNA was reported by Magliozzo et al. (33). 
They demonstrated that titration of solutions containing 
20 pM bleomycin with tRNA or DNA (0.2-0.6 mM) gave 
comparable quenching of the fluorescence of the bithia- 
zole moiety of bleomycin, indicating that BLM would bind 
to tRNA. At a high (0.3 mM) concentration of activated 
FeBLM, limited degradation of yeast tRNAphe and a few 
other tRNA isoacceptors was noted. 

A SURVEY OF RNA CLEAVAGE BY BLEOMYCIN 
Transfer RNA's and tRNA Precursor Transcripts. 

The first systematic study of RNA cleavage by BLM was 
carried out by Carter et al. (34-361, using Fe(II).BLM 
A2 that was activated aerobically in the absence of any 
added reducing agent. A survey of several tRNA precur- 
sor transcripts and mature tRNA's indicated that most 
were not cleaved by activated FeBLM; however, a 118- 
nucleotide Bacillus subtilis tRNAHis precursor transcript 
was cleaved efficiently in the presence of 3 pM Fe(II).BLM 
Az, Le., under conditions comparable to those required 
to  produce DNA damage. Relative to the cleavage of 
B-DNA by Febleomycin, which is selective for S-G-pyr- 
3' sites, but typically results in the production of many 
DNA lesions with varying efficiencies even in duplexes 
of modest length, the cleavage of the tRNAHis precursor 
was remarkable in two ways. First, the RNA was cleaved 
only at  a single site a t  the lowest concentration of FeBLM 
employed; even at  higher concentrations of added drug, 
cleavage at  this site predominated. The other unusual 
feature associated with this substrate became apparent 
when the site of cleavage was identified by RNA sequence 

0 1994 American Chemical Society 
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Figure 2. Structures of Bacillus subtilis tRNAHis precursor (left) and Escherichia coli tRNA% precursor (right). The major FeBLM 
cleavage site is denoted with an arrow, the minor sites with asterisks. 

analysis. As illustrated in Figure 2, the primary site of 
cleavage was at  uridiness. While this nucleotide was part 
of a 5'-GU-3' cleavage site, it was in a region of the 
molecule believed to be single-stranded, by analogy with 
the folding of other structurally characterized tRNA's. 
Further, the minor sites of cleavage in the tRNAHis 
precursor substrate exhibited no clear sequence selectiv- 
ity. Treatment of tRNAfis precursor with BLM congeners 
that produce more DNA damage than BLM Az, such as 
BLM Ag, gave enhanced cleavage of tRNAHis precursor 
and resulted in the appearance of a few additional minor 
sites. Otherwise, these species produced the same effects 
as BLM A2 ( C .  E. Holmes and S. M. Hecht, unpublished 
data). 

In comparison with the tRNAHiS precursor, an in vitro 
RNA transcript corresponding to Escherichia coli tRNA% 
precursor was refractory to cleavage by activated FeBLM 
(34).  In spite of the ostensible structural similarities 
between these two tRNA precursor transcripts (Figure 
2), only minimal damage was noted for the tRNA% 
precursor, even when the BLM:tRNA ratio was 5000-fold 
greater than that required to produce cleavage of tRNAHiS 
precursor (C. E. Holmes and S. M. Hecht, unpublished 
data). That this apparent difference in susceptibility to  
BLM was not an experimental artifact was verified by 
repeating the cleavage experiment using a reaction 
mixture that contained both tRNA precursor transcripts; 
again, only tRNAHiS precursor was cleaved. 

Numerous additional tRNA precursor transcripts and 
mature tRNA's have now been tested as substrates for 
cleavage by Fe*bleomycin. Those species that were 
cleaved included a Schizosaccharomyces pombe amber 
suppresser tRNAser construct and mature E. coli tRNAIHis 
(Figure 3) (37),  as well as E. coli tRNASeCys precursor 
construct (37) and a yeast cytoplasmic tRNAASp precursor 
construct (C. E. Holmes and S. M. Hecht, unpublished 
data). Hiittenhofer et al. (38) have reported their find- 
ings using yeast tRNAPhe as a substrate for Fe-BLM and 
have also reported that an E.  coli tRNA@ precursor 
transcript and E. coZiZLeU were cleaved, although the sites 
of cleavage for the last two RNAs were not given. 

A comparison of the sites cleaved in these substrates 
indicated that cleavage involved 5'-GN-3' sites, but that 
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Figure 3. Structures of Schizosaccharomyces pombe amber 
suppressor tRNASer construct (top) and mature E. coli tRNAIHis 
(bottom). The major sites of FeBLM-induced cleavage are 
indicated by arrows, the minor sites by asterisks. 

other sequences (notably 5'-UU-3' in E. coli tRNAIHiS (37) 
and 5'-UG-3' in yeast tRNAPhe (38))  were also cleaved. 
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1 2 3  

Figure 4. Bleomycin-mediated cleavage of an RNA transcript 
corresponding to the 5’-end of HIV-1 reverse transcriptase 
mRNA. The 5’-32P end-labeled RNA was prepared by in vitro 
transcription of a Scu I-linearized DNA plasmid; lane 1, RNA 
alone; lane 2,100 pM Fe(1I)BLM Az; lane 3,500 pM Fe(1I)BLM 
A2. 

As in the case of B. subtilis tRNAHis precursor, a number 
of cleavage sites were located at  positions believed to 
occur at a junction between single- and double-stranded 
regions of the molecule, but some cleavage sites (see, e.g., 
Figure 3) were in regions that are nominally single- 
stranded. 

Other RNAs. Although most of the work reported to  
date has involved transfer RNAs and tRNA precursor 
constructs prepared by in vitro transcription, other types 
of RNA substrates have also been studied. This included 
a substrate 347 nucleotides in length corresponding to 
the %-end of HIV-1 reverse transcriptase mRNA that was 
prepared by in vitro transcription from an expression 
plasmid following linearization of the plasmid with 
restriction endonuclease Sca I (34) .  As shown in Figure 
4, this RNA was cleaved at  least in four places by Fe- 

Recently, Dix et al. (39) have utilized activated FeOBLM 
as a reagent for characterizing structural changes in the 
iron regulatory element (IRE) of ferritin mRNA from 
bullfrog. The wild-type RNA was cleaved at  a single site 
(Ul,) within the IRE, at a 5’-GU-3’ sequence believed to 
be at  the junction between a single- and double-stranded 
region in the stem-loop structure. Interestingly, a mu- 
tant substrate associated with decreased translational 
regulation by the endogenous regulatory protein, in 
which the flanking region contiguous with the IRE was 
altered by disrupting a phylogenetically conserved triplet 
set of base pairs, was cleaved at  A10 and A11 by Fe-BLM, 
rather than U17. The latter two sites were the first two 
bases within the double-stranded region on the opposite 

(IIPBLM A2. 

A I I I I I I I I I  

CGGCGUUGG5’ 

I 2 3 4 5 6 7 8 9 1 0  

Figure 5. Fe(I1)bleomycin A2-mediated cleavage of yeast 5s 
ribosomal RNA. The secondary structure of the yeast 5s rRNA 
is shown at the top of the figure, with the three sites of cleavage 
shown by arrows. The polyacrylamide gel at the bottom il- 
lustrates the cleavage of the 5’-32P end-labeled RNA lane l, 
rRNA alone (-1 pM final nucleotide concentration); lane 2,250 
pM Fe(I1)BLM A2; lane 3,125 pM Fe(I1)BLM A2; lane 4, alkali- 
treated RNA, lane 5, G-lane, lane 6, A > G lane; lane 7, U + A 
lane; lane 8, 250 pM Fe(II).BLM A2 + 100 mM NaC1; lane 9, 
250 pM Fe(I1)BLM A2 + 5 mM Mg2+; lane 10, 250 pM 
Fe(IIpBLMA2 + 1 mM Mg2+. 

side of the stem-loop structure from that cleaved in the 
wild-type IRE. 

The cleavage of yeast 5s ribosomal rRNA by Fe- 
(IIPBLM A2 has also been studied. This substrate was 
of interest both because it represented a member of the 
third major class of RNA molecules and also because the 
structure has been conserved evolutionarily and charac- 
terized in detail using chemical and enzymatic probes. 
As shown in Figure 5, treatment of this rRNA with Fe- 
(IIPBLM A2 afforded three cleavage bands. RNA se- 
quence analysis indicated that all three sites of cleavage 
involved the uridine nucleotide in a 5’-GUA-3’ sequence; 
all of these sequences also have a one-base bulge one or 
two nucleotides to the 3’-side of the cleavage site. It is 
interesting that the sites in the 5s rRNA cleaved by 
Feobleomycin represent three of the four 5’-GUA-3’ 
sequences in the RNA, all three are believed to be present 
within helical regions of the RNA and to contribute to 
stabilization of RNA tertiary structure (37, 40). 

One additional RNA substrate of special interest is an 
RNA-DNA heteroduplex, a species that is formed during 
both forward and reverse transcription. An RNA-DNA 
heteroduplex suitable for study was prepared by reverse 
transcription of E. coli 5s rRNA using a suitable DNA 
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primer. The RNA and DNA strands of the heteroduplex 
were uniquely end labeled in parallel experiments so the 
cleavage of each could be studied. Treatment with Fe- 
(1I)BLM under aerobic conditions resulted in cleavage 
of both the RNA and DNA strands at  a limited number 
of sites and at  comparable concentrations. Further, the 
sites of cleavage of the RNA strand of the heteroduplex 
were different than those of the rRNA from which it was 
formed by reverse transcription, indicating that cleavage 
of the RNA strand involved recognition and cleavage of 
the heteroduplex per se (41). 

Characteristics of Bleomycin-Mediated RNA 
Cleavage. At a descriptive level, there are several facets 
of BLM-mediated RNA strand scission that are worth 
noting. In addition to the observation made initially, Le., 
that not every RNA studied has been a substrate for 
cleavage by bleomycin, none of the substrate RNA’s have 
been cleaved at  large numbers of sites. Further, unlike 
DNA (oligonucleotide) substrates for Febleomycin, to 
date no RNA substrate has undergone double-strand 
cleavage or cleavage toward the end of an RNA strand 
(vide infra). Although most of the survey work carried 
out in the Hecht laboratory has employed relatively high 
concentrations of bleomycin to facilitate the identification 
of authentic substrates, not all of the substrate RNA’s 
so identified exhibit comparable susceptibility to cleav- 
age. Three RNA’s studied thus far, including B. subtilis 
tRNAHi8 precursor, yeast 5s rRNA, and the RNA-DNA 
heteroduplex formed by reverse transcription of E. coli 
5s rRNA, were found to undergo cleavage readily a t  1-3 
pM FeBLM concentrations when the final RNA nucle- 
otide concentrations were -1-5 pM. The sensitivity of 
these RNA’s to FeBLM was thus a t  least several-fold 
greater than that of the other RNA substrates. 

The experiments carried out with RNA have employed 
conditions less complex than those which obtain in a 
cellular environment. In order to ensure that the obser- 
vations made in these experiments could be obtained 
under physiological conditions, the effects of agents such 
as NaCl, spermidine, and MgCl2 on BLM-mediated RNA 
cleavage have been studied (37, 42). It was found that 
the cleavage of most RNA’s diminished sharply in the 
presence of cations such as spermidine and Mg2+; the 
structural basis for this is discussed below. However, the 
three RNA’s that had been found to act as efficient 
substrates for FeBLM (vide supra) were still cleaved 
efficiently even at  > 1 mM Mg2+ concentration. Remark- 
ably, as demonstrated convincingly for some RNA sub- 
strates (see, e.g., Figure 5), the presence of salt and Mgz+ 
actually further increased the selectivity of RNA cleavage 
by bleomycin. While no study of the intracellular cleav- 
age of RNA has been reported thus far, it seems likely 
that it may prove to be a highly selective process. 

THE CHEMISTRY OF RNA CLEAVAGE BY BLEOMYCIN 

Several lines of evidence suggest that the mechanism 
of Fe(1I)BLM-mediated RNA strand scission, like that 
of DNA, involves oxidative transformation of the poly- 
nucleotide. These include the observations that RNA 
cleavage by bleomycin was supported by Fe(II), but not 
Fe(III), and that cleavage was potentiated by reducing 
agents such as ascorbate and dithiothreitol (37).  In 
common with DNA cleavage, Fe(I1)BLM-mediated RNA 
strand scission also required 0 2 .  It has been shown by 
several investigators that Fe(II1)bleomycin can be acti- 
vated for DNA strand scission via the agency of HzOz in 
a process formally analogous to the peroxide shunt 
mechanism established for cytochrome P450 (8-10). RNA 
cleavage was also observed following admixture of Fe- 
(1II)BLM and HzOz; the sequence selectivity was the 

Hecht 

same as that noted following aerobic activation (C. E. 
Holmes and S. M. Hecht, unpublished data). 

Product Analysis. The actual chemical products of 
bleomycin-mediated RNA degradation have been shown 
to include the nucleic acid bases adenine and uracil, as 
shown by TLC (33) and HPLC analyses (34). By the use 
of a tRNAHis precursor transcribed in the presence of [3Hl- 
UTP and then 5’-32P end labeled via the agency of [y-32Pl- 
ATP + polynucleotide kinase, it has been shown that 
strand breaks at  U35 (34-37) were roughly stoichiometric 
with the release of free [3H]uracil (R. J. Duff, C. E. 
Holmes, and S. M. Hecht, manuscript in preparation). 

During the studies of bleomycin-mediated DNA deg- 
radation, one particularly effective tool involved the use 
of oligonucleotide substrates that underwent oxidative 
transformation at  one site, or a small number of sites, 
thereby facilitating product analysis (8-10). This was 
especially true for substrates that underwent cleavage 
near the ends of the oligonucleotide strand, as low 
molecular weight products amenable to  direct analysis 
were thereby obtained (43,441. For example, by the use 
of this strategy, the self-complementary octanucleotide 
5’-CGCTAGCG-3’ was found to undergo FeBLM-medi- 
ated degradation almost exclusively at  deoxycytidines and 
deoxycytidine,; strand scission at  the former position 
afforded the dinucleotide CPGPCH~COOH, in which the 
glycolate moiety must have been derived from C-4‘ and 
(2-5’ of the sugar moiety of deoxycytidines (Scheme 1). 
As noted in Scheme 1, Febleomycin-mediated DNA 
degradation also results in the formation of base prope- 
nals, which in this case is believed to  contain C-l’, C-2‘, 
and C-3‘ of the sugar moiety of deoxycytidines. As 
indicated, it is possible to rationalize the formation of 
these products as arising from initial abstraction of C-4‘ 
H of deoxyribose (8-10). Another set of products involves 
the formation of a (2-4‘ OH apurinic acid (the alkali labile 
lesion (45-47)) with concomitant release of free base 
(Scheme 2). It may be noted that the latter pathway does 
not lead directly to  strand scission; an additional chemi- 
cal treatment is required to obtain cleavage (8-10, 45- 
47).  

Although the strategy outlined in Scheme 1 has worked 
well for the analysis of BLM-mediated DNA cleavage 
products, to  date no RNA substrate has been observed 
to undergo cleavage near the end of an oligonucleotide, 
thus precluding the use of this approach for the analysis 
of the chemistry of RNA cleavage. In order to  determine 
whether a ribonucleoside could undergo FeBLM-medi- 
ated oxidative damage analogous to that observed for 
deoxyribonucleosides, the chimeric oligonucleotides shown 
in Figure 6 were employed as  substrates for Fe(1I)BLM 
Az. As illustrated in Scheme 3, both of these oligonucle- 
otides afforded CPGPCH~COOH, suggesting strongly that 
both had undergone oxidative transformation initiated 
by abstraction of C-4‘ H from the sugar moiety of ribo- 
cytidines and ara-cytidines, respectively (34). It may be 
noted that no base propenal formation was detected 
following tRNA degradation (33, 34), as expected. The 
hydroxylated base propenal, whose formation might have 
been anticipated following the degradation of the chi- 
meric oligonucleotides shown in Figure 6, has not been 
detected. This is not entirely unexpected, as the hy- 
droxylated base propenal might be anticipated t o  be 
unstable, undergoing facile hydrolysis to afford the free 
nucleic acid base. In fact, the appearance of free bases 
has been reported (33,34); as noted above for B. subtilis 
tRNAHis precursor, the formation of uridine was roughly 
stoichiometric with tRNA cleavage at  uridines:, (C. E. 
Holmes, R. J. Duff, and S. M. Hecht, manuscript in 
preparation). In the case of the chimeric oligonucleotides, 
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Scheme 1. Strand Scission Products Resulting from Treatment of CGCTAGCG with Fe-Bleomycin 
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Scheme 2. Alkali-Labile Lesion Resulting from Treatment of CGCTAGCG with FeBleomycin 
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the amount of free cytosine released was in excess of that 
anticipated from the characterized oligonucleotide cleav- 

age mechanisms (8-10, 43-47) and was studied further 
(vide infra). 
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Figure 6. Self-complementary chimeric octanucleotides used 
as substrates for Fe(I1)bleomycin. 

As noted above, FeBLM-mediated DNA strand scission 
produces alkali-labile lesions in addition to strand breaks 
(45-47); both sets of products are believed to derive from 
a common C-4‘ deoxyribose radical (8-10). Because the 
strand scission products formed from RNA appear to be 
analogous to those formed from DNA, it is logical to think 
that RNA degradation may also proceed via a C-4‘ ribose 
radical. The possible existence of a second set of RNA 
products, analogous to the alkali lesion in DNA, seems 
not unlikely, but has not yet been demonstrated experi- 
mentally due to the inherent lability of RNA to treatment 
with alkali. 

Cleavage of Double-Labeled Ribosomal RNA. 
Although no detailed structural analysis of the FeBLM- 
mediated cleavage of any RNA molecule has been re- 

ported to date, some useful data fully consistent with the 
chemistry outlined in Scheme 3 have been obtained using 
yeast 5 s  ribosomal RNA. 

As shown in Figure 5, the cleavage of this rRNA by 
activated Febleomycin was carried out using both 5’- and 
3’-end-labeled rRNA’s in parallel experiments. In addi- 
tion to verifying the absence of double-strand cleavage 
of this substrate (371, the analysis indicated that each of 
the three cleavage sites was a primary site. This experi- 
ment also provided some information about the chemical 
nature of the cleavage products. 

Scheme 4 illustrates the nature of the products that 
would form as a result of cleavage of the 5 s  rRNA at  
uridines0 if the chemical mechanism of cleavage were 
analogous to  that which is obtained for DNA (cf. Schemes 
1 and 3). In particular, it would be anticipated that the 
5’-end-labeled rRNA would afford a product having a 
phosphoroglycolate moiety at  the 3’-terminus (34). If 
actually formed as a reaction product, this species would 
migrate farther on a polyacrylamide gel than the cor- 
responding band in the sequencing lane which has a 2’,3’- 
cyclic phosphate a t  its 3‘-terminus. As shown in Figure 
5, this was actually observed. Likewise, cleavage of the 
3’-32P end-labeled rRNA by Fe-BLM gave bands that 
migrated slightly faster than the corresponding bands 
in the U-lane of the sequencing gel, the latter of which 
are known to have 5’-OH termini. As shown in Scheme 
4, this is entirely consistent with cleavage of the RNA 
by the same oxidative mechanism as DNA, which is 
known to afford 5’-phosphate termini (8-1 0). 

Oxidation of RNA at C-1’ of Ribose. Prior to  the 
definitive characterization of C-4‘ of deoxyribose as the 
site of oxidation of DNA by activated FeaBLM, it was 
suggested that oxidation of C-1’ was reasonable from a 
chemical perspective and could potentially explain some 

Scheme 3. Oxidative Degradation of Chimeric Octanucleotides Initiated by Abstraction of C-4 H 

I _  

0zp-o 
n G 

+ 6n 
o=P-6 

I 
q A G C G  - - 

b 

Criegee -type 

rearrangement 
b 

asp-0 

OCH,COOH 



Reviews 

Scheme 4. Putative Chemistry of 55 rRNA Cleavage 
by Fe(II).Bleomycin, Illustrated for the Lesion 
Produced at Uridines0 
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formed from that substrate upon treatment with bleo- 
mycin. Because the amount of free cytosine released 
upon treatment of C3-ara CGCTAGCG was greater than 
would have been anticipated from the degradation pro- 
cesses shown in Schemes 1 and 2, and because this 
oligonucleotide is known to have a conformation different 
from that of B-DNA (55), we explored the possibility that 
it might undergo oxidation at (3-1'. The strategy, outlined 
in Scheme 5, involved capture of putative intermediate 
i ,  which would form via Criegee-type rearrangement of 
a C-1' hydroperoxide intermediate, with diaminobenzene. 
In fact, the derived quinoxaline was shown to form, as  
judged by HPLC comparison with an authentic synthetic 
standard. Further verification of the structure of the 
bleomycin-induced product, as well as quantification of 
the amount of quinoxaline formed, was accomplished 
both by analysis of the UV spectrum of the product, which 
has a Am= a t  320 nm ( E  59001, and also by the use of El4C1- 
l,2-diaminobenzene of known specific activity. It was 
found that the pathway outlined in Scheme 5 afforded 
58% of the products derived from degradation of cytidines 
in Cj-ara CGCTAGCG and about 10% of those produced 
from C3-ribo CGCTAGCG (56). 

Not yet resolved experimentally is the issue of whether 
C-1' oxidation is also accompanied by formation of a C-1' 
hydroxide intermediate analogous to  that depicted in 
Scheme 2, as originally suggested for oxidative damage 
to DNA (48). 

ribonuclease Phy M t 
50 
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of the experimental observations that had been made 
(48). In fact, this site has subsequently been shown to 
be oxidized by other DNA damaging agents (49-51). On 
the basis of the earlier observation (52) that poly- 
(dA>poly(rU) gave more free adenine production (relative 
to adenine propenal) than would have been expected from 
oxidation of C-4' H of deoxyribose with bleomycin, as 
might be anticipated from analogous oxidation processes 
operating at  C-1' (48) (cf. Schemes 1 and 2), Absalon et 
al. (53) studied the possible involvement of C-1' chemistry 
in DNA degradation. For the substrates studied, they 
excluded the involvement of C-1' chemistry convincingly. 

Recently, Long et al. (54) have shown that structural 
alteration of a DNA substrate, in a fashion that leads to 
altered conformation, can alter the ratio of products 

POLYNUCLEOTIDE BINDING AND DEGRADATION 

In spite of the fact that bleomycin-mediated polynucle- 
otide degradation has been studied intensively for a 
number of years, surprisingly little is known about the 

Scheme 5. Oxidative Degradation of Chimeric Octanucleotides Initiated by Abstraction of C-1' H 
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strategy employed by BLM to select and destroy its 
polynucleotide substrates. Although the preferential 
cleavage of DNA, and to  some extent RNA, at  certain 5’- 
Gpyr-3’ sites has been well documented (8-10, 57-59), 
it is uncertain why those preferred sites are chosen. 
Further, while FeBLM-mediated damage to  DNA occurs 
in the minor groove (8-10), it is still not certain whether 
the mode of association of RLM with DNA involves minor 
groove binding (60), intercalation (61 -63), or both. 

Nonetheless, on the basis of the accumulated data, a 
number of inferences can be drawn about the way in 
vhich BLM selects its preferred binding sites and as- 
sociates with them prior to their oxidative destruction. 
On the assumptioii that the recognition and binding of 
RNA by BLM is fundamentally analogous to  that of DNA 
(vide infra), recent experiments with RNA allow further 
observations to be made. 

Characteristics of Polynucleotide Binding by 
Rleomycin. The equilibrium binding constant for the 
association of bleomycin and certain metallobleomycins 
*vith DNA is on ihe order of lo5 M-I, as demonstrated 
under a variety of experimental conditions (10). The 
lifetimes of the DNA complexes have been measured for 
Cu(II).BLM and Fe(III).BLM; they were 0.1 and 22 s, 
respectively (64). (Metal1o)bleomycins can unwind DNA 
and cause helix elongation, although it is not certain 
whether this results from (partial) intercalation of the 
bithiazole moiety, ionic interactions between bleomycin 
and the phosphate ester backbone of DNA, or both (65). 

The preference of bleomycin for cleaving DNA at  5’- 
GC-3’ and 6’-GT-3’ sites has been attributed to a specific 
hydrogen bonding interaction between the bithiazole 
moiety of BLM and the guanine nucleotide at the 
cleavage site (60). However, recent studies of the intrin- 
sic preference 3f thc bithiazole moiety for specific sites 
on DNA suggest that it has little sequence specificity and 
that any preference that it may have is unlike that of 
bleomycin (66, 67). Further, a t  least three lines of 
evidence suggest strongly that it is the metal-binding 
domain of BLM that is responsible for the sequence 
selectivity of DNA cleavage by bleomycin. These include 
(i) the observation that BLM congeners having the same 
C-terminus, but altered metal-binding domains, exhibited 
altered strand selectivity of DNA cleavage (441, (ii) the 
finding that a series of deglycobleomycin analogs in which 
the metal-binding domain and bithiazole moiety was 
separated by semirigid spacers of increasing length all 
cleaved DNA substrates the same site, albeit with 
varying efficiencies (68),  and (iii) the discovery that 
PMAH, a model for the metal-binding domain of BLM, 
exhibited similar sequence selectivity of DNA cleavage 
to that of RLM itself (69). It may be noted, however, that 
other analogs having metal-binding domains similar to 
that of BLM failed to produce sequence selective cleavage 
(7, 70). 

In the context of the foregoing observations, it may be 
pertinent to  note that 5’-Gpyr-3‘ sequences constitute the 
widest part of the minor groove of B-DNA (71), which is 
the preferred substrate for BLM (8-10, 72). Molecular 
modeling studies in the Hecht laboratory suggest that 
the chelated metal binding domain of bleomycin may be 
somewhat too large to  fit within the (unperturbed) minor 
groove of B-form DNA; the somewhat greater width of 
the minor gToove at  GC as compared with AT sequences 
(-6 A vs 4 A, respectively) could well facilitate the DNA 
binding of the BLM metal binding domain at  5’-GC-3’. 
Consistent with this suggestion were the observations 
that FeBLM cleaved DNA preferentially a t  the sites of 
bulges (73) and (partially) perturbed duplexes (74) re- 
gardless of DNA sequence, as such sites would necessarily 
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have somewhat wider minor grooves. As noted above, a 
number of the sites a t  which activated FeBLM has been 
noted to  cleave RNA involve one-nucleotide bulges (37) 
or the junction between single- and double-strand re- 
gions; the “minor groove” of RNA in such regions is also 
very likely to be somewhat wider than that of a normal 
A-form duplex. 

Factors That Limit the Efficiency of Cleavage of 
DNA and RNA by Bleomycin. Depending on the way 
that individual experiments are performed, any of several 
factors can limit the amount of polynucleotide damage 
mediated by bleomycin. These include the omission, or 
use of a suboptimal amount, of some cofactor required 
for cleavage such as metal ions, oxygen, or a reducing 
agent (8-10, 75). The facility of substrate degradation 
can also be influenced by factors such as pH (75, 76), 
temperature (35, 36, 761, and the timing and order of 
addition of reagents (77). Ironically, it has also been 
shown that large amounts of DNA substrate can inhibit 
cleavage by bleomycin (75, 78-82 1, apparently reflecting 
the fact that activation of Fe(II).BLM under aerobic 
conditions occurs more readily in solution before the 
activated species binds to  DNA (81). 

Even under conditions optimal for substrate degrada- 
tion, one or more steps must limit the efficiency of the 
overall process. A few lines of evidence suggest that one 
of the limiting steps involves the actual chemical trans- 
formations that lead to  DNA and RNA degradation. 
These include the observations that (i) some polynucle- 
otide substrates are cleaved with efficiencies much 
greater than others of ostensibly similar structure (34, 
37,43,44), (ii) there is a primary isotope effect associated 
with the abstraction of C-4’ H from deoxyribose by 
FeBLM (82) which can vary from site to  site on DNA 
(83), (iii) the associatioddissociation of BLM from DNA 
would seem to be fast relative to cleavage (641, and (iv) 
there appear to  be BLM molecules bound to DNA at  sites 
that do not lead to (efficient) DNA degradation (84, 85). 

Recently, we carried out an experiment to  define the 
reasons for the greater selectivity of RNA cleavage by 
BLM as compared with DNA cleavage; the results were 
surprising and provided important insights into the 
nature of BLM-polynucleotide interaction. 

Cleavage of a tRNA Precursor and Its Corre- 
sponding tDNk The initial observation that B. subtilis 
tRNAHis precursor was cleaved at  a single major site by 
activated FeBLM, and that a number of other tRNA’s 
and tRNA precursor constructs were not cleaved at  all, 
suggested that bleomycin-mediated cleavage of RNA 
must differ fundamentally from that of DNA. The results 
of the survey of RNA cleavage summarized above have 
tended to  lessen the distinction, as both DNA and RNA 
are cleaved primarily at 5’-Gpyr-3’ sites, but the cleavage 
of RNA clearly does occur in a much more highly selective 
fashion than that of DNA. 

While it seemed at  first that the differences in bleo- 
mycin-mediated cleavage must be due to the fact that 
DNA and RNA are constituted from different types of 
mononucleotides, it was also recognized that DNA’s do 
not ordinarily assume secondary and tertiary structures 
analogous to  those believed to obtain for the tRNA’s and 
tRNA precursors that had been studied most intensively 
as substrates for Fe-BLM. Accordingly, we prepared a 
DNA identical in primary sequence with B. subtilis 
tRNAHls precursor. 

Although there was no direct evidence for the second- 
ary and tertiary structure of either of these species, it 
seemed highly likely that they would be quite similar 
based on reports of the behavior of pairs of tRNA’s and 
tDNA’s studied earlier. For example, E. coli tRNAfMet 
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Figure 7. Comparison of the cleavage of tRNAHis and tDNAHis 
precursor substrates by Fe(II).BLM. The reactions were run with 
the tRNA and tDNA substrates at 7-8 pM nucleotide concen- 
trations; lane 1, tDNA only; lane 2,1.25 pM BLM A2; lanes 3-8, 
0.25,0.5,1.25,2.5,25, and 250 pM Fe(II).BLM A2, respectively; 
lane 9, tRNA only; lane 10,1.25 pM BLM Az; lanes 11-16,0.25, 
0.5, 1.25, 2.5, 25, and 250 pM Fe(II).BLM A2, respectively. 

and its corresponding tDNA, the latter of which contained 
a 3'-terminal riboadenosine, were both substrates for 
methionyl-tRNA synthetase (86). It was also shown that 
tDNA analogs of E. coli tRNAPhe and tRNALys were 
capable of inhibiting tRNA activation by the cognate 
aminoacyl-tRNA synthetases, and also acting as sub- 
strates for the same activating enzymes (87). 

Initially, B. subtilis tRNAHis precursor and its cor- 
responding tDNA were treated with Fe(II).BLM A2, under 
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aerobic conditions. Cleavage of the tDNA was detected 
readily following treatment with 500 nM Fe(II).BLM A2; 
tRNAHis cleavage was slightly less facile, being detectable 
at 1.25 pM concentration and readily apparent a t  2.5 pM 
(Figure 7). Remarkably, at low concentrations of added 
Fe-BLM, cleavage of the tDNA occurred predominantly 
at a single site, identical with the primary site of cleavage 
of tRNAHis precursor (42)! This observation argues 
strongly that the recognition of DNA and RNA by 
activated Fe*BLM must be fundamentally analogous and 
relies primarily on recognition of nucleic acid structure 
and conformation, rather than the nature of the constitu- 
ent mononucleotides. 

Treatment of the tDNA with higher concentrations of 
Fe(II).BLM A2 resulted in increasing amounts of degra- 
dation and the appearance of additional cleavage bands. 
The additional sites of cleavage, summarized in Figure 
8, reinforce the view that cleavage of the tDNA was 
analogous to that of tRNAHis precursor, as several of the 
additional sites of cleavage of the tDNA were identical 
to the minor sites of cleavage of tRNAEis precursor. Also 
similar was the inhibition of cleavage of the tDNA and 
tRNA substrates upon admixture of Mg2+, demonstrating 
that nucleic acid secondary and tertiary sti-uzt me deter- 
mine the susceptibility of a BLM substrate to inhibition 
by Mg2+ (42). 

The cleavage of the tDNA and tRNA did differ in one 
important respect, however, i.e., in the results obtained 
when higher concentrations of Fe-BLM were employed. 
As shown in Figure 7, the tDNA (present at 7-8 pM 
nucleotide concentration) was consumed completely in 
the presence of 2.5 pM Fe(II).BLM A2; even more exten- 
sive degradation was apparent at 25 pM FeBLM. In 
comparison, the extent of tRNAqi3 cleavage obtained 
using 2.5 pM Fe(II).BLM did not change dramatically in 
the presence of greater concentrations of the drug, even 
when 250 pM Fe(II).BLM was employed (42). 

In the belief that this difference must reflect the 
greater affinity of Fe*BLM for the tDNA, a competition 
experiment was carried out. In this experiment radio- 
labeled tDNA or tRNA substrates having the same 
specific activity were treated with Fe(II).BLM A2 in the 
presence of varying concentrations of anlabeled tRNAHis 
or tDNA. Unexpectedly, unlabeled tRNAHis was much 
more effective than unlabeled tDNA in inhibiting the 
FeBLM-induced degradation of both radiolabeled sub- 
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Figure 8. Structures of B. subtilis tRNAHis precursor and a tDNA arbitrarily folded in the same secondary structure. In addition 
to the major sites of cleavage at U 3 5  (T35), denoted by large arrows, other significant sites of tDNA cleavage are indicated by small 
arrows. Minor sites of cleavage of both substrates are denoted by asterisks. 
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Figure 9. Structures of 5’-CGCGAATTCGCG-3’, a B-DNA (88), and 5’-GGGGCCCC-3’, an  A-DNA (89). Both species are viewed 
along the minor groove at the site of cleavage actually established for the dodecanucleotide (left) in comparison with the corresponding 
GC sequence for the octanucleotide (right). The relevant C-1’ H’s are shown in red; the C-4‘ H’s are in blue. 
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Figure 10. Structure of yeast cytoplasmic tRNAASp (90) with 
Febleomycin (92) bound in an  orientation consistent with the 
observed chemistry of C-4’ H abstraction. 

strates. Unless the kinetics of binding are dramatically 
different for the two substrates, or there is some RNA- 
specific mechanism for BLM deactivation, the inescapable 
conclusion is that Fe*BLM binds more tightly to the RNA 
substrate than to its DNA counterpart. 

Why Is the Cleavage of RNA More Selective Than 
That of DNA? Given the likelihood that bleomycin 
actually binds more tightly t o  RNA than to  DNA, the 
observation that RNA cleavage occurs less frequently is 
intriguing. There are two possible explanations for this 
phenomenon, either or both of which could account for 
the experimental observation. The first is that FeBLM 
produces RNA damage much of which does not lead to 
RNA strand scission. The second is that bleomycin binds 
to  RNA in an orientation not conducive to the production 
of strand breaks. 

Much of what is known about the actual chemistry of 
RNA cleavage at  present relies on the experiments 

described above involving the use of C3-ribo CGCTAGCG 
as a substrate for Fe-BLM. Assuming that this is a valid 
model for RNA degradation, RNA strand scission results 
from initial abstraction of C-4’ H of ribose, i.e., the same 
mechanism employed for DNA strand scission. RNA may 
also be degraded by a process involving initial abstraction 
of C-1’ H of ribose, but this would probably not lead 
directly to strand scission (Scheme 5) .  Both of the 
mechanisms for octanucleotide degradation that have 
been established experimentally involve hydroperoxy 
intermediates (cf. Schemes 1 and 5). For DNA, the 
initially formed C-4‘ radical resulting from H abstraction 
can also be converted to a C-4’ OH intermediate, which 
is believed to lead to the formation of the alkali labile 
lesion (Scheme 2) (8-10). In principle, C-4‘ and C-1’ 
ribose radicals in RNA could also afford the respective 
hydroxylated ribose intermediates. Collapse of such 
species would presumably occur without RNA strand 
scission (cf. Scheme 2 and ref 48); the unmasking of these 
possible lesions in BLM-treated RNA is complicated by 
the intrinsic lability of the RNA backbone to reagents 
such as alkali. 

At present, it  is difficult to assess the extent to which 
the apparent selectivity of RNA cleavage by BLM may 
reflect the production of lesions that do not lead to strand 
scission. However, one may note that three of the 
foregoing four mechanisms for RNA degradation are 
predicted to afford free nucleic acid bases concomitant 
with production of the lesion, and the fourth (Scheme 3) 
would also do so by hydrolysis of a putative hydroxylated 
base propenal, which is anticipated to be unstable. 
Therefore, if the extent of strand breakage is compared 
with base release, the importance of lesions that do not 
lead to strand scission can be estimated. This has been 
done both for B. subtilis tRNAHis precursor and for C3- 
ribo CGCTAGCG. In both cases, the strand scission 
product would seem to be the major product (R. J. Duff, 
C. E. Holmes, and S. M. Hecht, manuscript in prepara- 
tion) arguing that selectivity of RNA cleavage is not due 
primarily to the formation of lesions that do not lead to 
strand scission. On the other hand, given the conforma- 
tional variability of RNA, it may be the case that some 
sites susceptible t o  Fe-BLM-mediated oxidation do not 
produce strand breaks. 

The second possible reason for selectivity of RNA 
cleavage, i.e., the inability of BLM t o  oxidize the RNA 
substrate from the orientation in which it is bound, is 
supported by a few experimental observations. These 
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Figure 11. Model of the Zn(II).BLM &-d(CGCTAGCG)Z complex. BLM (light blue) is positioned in the minor groove of the B-form 
octamer (red). The six intermolecular NOES are shown as  yellow lines; the apparent length differences are due to pergpective only. 
H bonding contacts are shown as yellow arrows pointing toward the hydrogen atoms. The metal ion (gold ball) is 3.3 A from the C7 
H4‘ (red ball). 

include the evidence that certain metallobleomycins bind 
to DNA at more sites than those at which they produce 
oxidative damage (84, 85). The finding of a primary 
isotope effect associated with the abstraction of C-4’ H 
from deoxyribose (82, 83) also argues that chemical 
transformation of the DNA substrate is rate-limiting. I t  
would not be surprising if RNA cleavage exhibited the 
same characteristics, limiting the amount of products 
that can be formed. 

In this context, i t  may be noted that RNA exists in an 
A-form conformation, which could be less conducive to 
oxidative transformation than B-DNA. This is illustrated 
in Figure 9, which shows the X-ray crystallographic 
structures determined for 5’-CGCGAATTCGCG-3’ (88), 
a B-DNA structure, and 5’-GGGGCCCC-3’ (89), an A- 
DNA structure. The structure of the dodecanucleotide, 
which is cleaved by FeBLM at cytidines and cytidine11 
(M. Morgan, unpublished results), highlights the nature 
of the minor groove at the site actually cleaved by 
Fe-BLM; both the C-4’ H (blue) and C-1’ H (red) atoms 
are clearly accessible within the minor groove, although 
BLM apparently abstracts only C-4’ H (8-10, 53). In 
comparison, the minor groove of 5’-GGGGCCCC-3’ at the 
analogous GC site is wider and shallower but has C-4’ H 
displaced out of the groove where it may be more difficult 
for BLM to abstract. Interestingly, C-1’ H is still 
prominent within the minor groove of this A-DNA and 
presumably also within A-RNA helices as well. Although 
the susceptibility of the C-1’ H to abstraction by BLM is 
clearly less than that of C-4’ H where both are available 
in the minor groove (8-10, 53), the lesser accessibility 

of C-4’ H in the minor groove of A-DNA and RNA might 
permit the (occasional) abstraction of C-1’ H. This would 
be entirely consistent with the observation (vide supra) 
that Fe-BLM afforded a product from C3-ribo and C3-ara 
CGCTAGCG whose formation must involve abstraction 
of C-1’ H from the sugar moiety of cytidines (56). 

X-RAY CRYSTALLOGRAPHICALLY DEFINED RNA 
SUBSTRATES FOR BLEOMYCIN 

An important goal in the study of bleomycin-mediated 
RNA degradation is better definition of the way in which 
the antitumor agent binds to RNA. In addition to more 
detailed structural analysis of known RNA substrates for 
bleomycin, it would also be helpful to determine whether 
Fe-BLM can mediate the cleavage of RNA’s whose 
structures are known at high resolution. In this regard, 
the recent report by Huttenhofer et al. (38) is of special 
interest, as i t  identifies two major sites of cleavage of 
yeast tRNAPhe by Fe-BLM. 

In collaboration with the laboratory of Prof. Richard 
Giege, Universite Louis Pasteur, we have shown that 
yeast cytoplasmic tRNAASp is cleaved at a single major 
site, cytidine67, by FeOBLM. On the basis of this observa- 
tion, as well as a consideration of the locations at which 
BLM cleaves a number of other tRNA and tRNA precur- 
sor substrates, we have constructed a model that provides 
a working hypothesis for the way in which FeBLM might 
bind to tRNAASp. As shown in Figure 10, this model 
employs the X-ray crystallographic coordinates for yeast 
tRNAAsp (90) and a structure for FeeBLM based on a set 
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of metal binding ligands described by Oppenheimer et 
al. (91). FeBLM was docked to the “minor groove” 
formed by the TVCG stem-loop structure, adjusting the 
interaction to permit potential hydrogen bonding interac- 
tions between the bithiazole N-atoms and N2 H of gua- 
nosine, as well as electrostatic interaction between the 
dimethylsulfonium moiety of the BLM A2 C-substituent 
and a phosphate oxygen anion. This orientation would 
permit the abstraction of (2-4‘ H from the ribose moiety 
of cytidines, in a spatially reasonable fashion (92). 
Although the structure proposed in Figure 10 is not 
supported at  present by direct physical measurement, the 
essential correctness of the mode of interaction is sug- 
gested by the recent report of the solution structure of 
Zn(I1)bleomycin AS bound to the DNA octanucleotide 
duplex 5‘-CGCTAGCG-3‘ (Figure 11) (93). The latter 
complex was characterized structurally using two- 
dimensional NMR experiments and molecular dynamics 
calculations. 
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RNA AS A THERAPEUTICALLY RELEVANT TARGET 
FOR BLEOMYCIN 

Bleomycin is commonly thought to  exert its therapeutic 
effects a t  the level of DNA degradation. In fact, treat- 
ment of cultured mammalian cells with bleomycin causes 
extensive DNA damage, growth inhibition, and dimin- 
ished clonigenic potential; these effects all increase with 
increasing amounts of BLM employed, or as the time of 
treatment is lengthened (17-19, 94). On the basis of 
numerous studies, it seems clear that DNA constitutes 
a critical locus for the therapeutic action of bleomycin. 

However, there are a number of observations that seem 
difficult to reconcile with the action of bleomycin at  this 
single locus. These include the relatively poor correlation 
between the extent of BLM-induced DNA damage and 
growth inhibition of KB cells for a series of BLM 
congeners (94) and the remarkably facile cellular repair 
of bleomycin-mediated damage to chromatin (94). 

The possible effects of the cell membrane on the 
expression of cytotoxicity by bleomycin are also of inter- 
est. Poddevin et al. (95) demonstrated that introduction 
of bleomycin into cultured Chinese hamster fibroblast 
cells by electropermeabilization greatly enhanced the 
cytotoxic potential of bleomycin. In addition to the 
implication that the nuclear membrane could also con- 
stitute a barrier to bleomycin, suggesting the involvement 
of some cytoplasmic target, the finding that bleomycin 
crosses the cell membrane inefficiently raises the pos- 
sibility that the drug may actually react with the 
membrane. In fact, bleomycin has been shown to  medi- 
ate lipid peroxidation, an effect that could contribute to  
cytotoxicity (20-23). It has also been shown that the 
local anesthetic dibucaine, which increases membrane 
fluidity, rendered cultured KB cells susceptible to  inhibi- 
tion by a bleomycin congener dysfunctional in DNA 
degradation (27). 

In this regard, RNA represents a potentially attractive 
therapeutic target for bleomycin for several reasons. 
RNAs are present in the cytoplasm of eukaryotic cells, 
where they would be more accessible to exogenous agents; 
representative examples of all three major classes of 
RNA’s, as well as an RNA-DNA heteroduplex, have been 
shown to act as substrates for cleavage by activated 
FeSBLM. RNA cleavage by bleomycin is more highly 
selective than that of DNA and is anticipated to  be even 
more so under physiological conditions due to  the effects 
of Mg2+ and polyamines noted above. In addition, the 
apparent paucity of mechanisms for RNA repair suggests 
that damage to one or more RNAs essential for cell 

function could create an insufficiency of an RNA, or some 
derived protein, required for cell viability. 

At present, it is not known whether the cytotoxic effects 
of bleomycin are mediated (in part) via oxidative damage 
to  RNA. While the studies carried out to date in cell free 
systems have been helpful in defining the parameters 
conducive to RNA degradation, it is essential that the 
effects of BLM on RNA in cultured mammalian cells be 
determined. Likewise, since mRNA can undergo cleav- 
age by bleomycin, it is also possible that the cellular level 
of proteins whose turnover is fast relative to mRNA 
production could also be reduced. This possibility should 
also be addressed experimentally. 
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We have synthesized a vinyl monomer having a psoralen moiety, which can form a photoadduct with 
double-helical DNA. The monomer 1 was proved to have an ability to crosslink DNA double strands 
through a photochemical reaction when irradiated by U V  light. The resulting DNA having vinyl groups 
was copolymerized with a comonomer such as acrylamide and N-isopropylacrylamide to  give rise to 
a DNA-vinyl polymer conjugate. A conjugation based on covalent bondings was verified by using gel 
electrophoresis; the conjugation efficiency was found to be dependent upon concentration of the 
monomer which had been used in the antecedent photochemical reaction. This monomer will be a 
useful tool when anchoring double-helical DNA on polymeric materials for separating and sensing 
DNA-binding substances. 

INTRODUCTION 
Hybridization of biological macromolecules with syn- 

thetic polymers has received considerable attention in 
view of modulation and utilization of the biological 
functions (1 1. For example, modification of proteins by 
connecting with poly(ethy1ene glycol) made the proteins 
nonimmunogenic (2). A conjugate between protein and 
poly(N-isopropylacrylamide) (polyNIPAAM) was demon- 
strated to have temperature-responsive functions due to 
the polyNIPAAM chains (3). 

However, there have been no reports on such a semi- 
synthetic conjugate which comprises DNA as a counter- 
part. Recently, we reported the first example of DNA- 
containing semisynthetic conjugates: double-helical DNA 
modified with vinyl polymers. A DNA-intercalative 
molecule having a polymerizable vinyl group was em- 
ployed to connect DNA with vinyl polymers (4) .  The 
conjugation between DNA and polymer chains was 
confirmed to  be based on noncovalent, intercalative 
binding (5) .  The conjugates exhibited a peculiar migra- 
tion behavior in gel electrophoresis due to the modifying 
polymer chains, as was visualized by fluorescence mi- 
croscopy (6). The conjugate comprising polyNIPAAM 
chains was exploited for the thermally-induced “affinity” 
separation of a DNA-binding protein (7). 

In the present paper, we describe a vinyl monomer 
having a psoralen moiety, which can form a photoadduct 
with double-helical DNA (8); the monomer 1 was de- 
signed to  be bound covalently to DNA, endowing a 
polymerizable function to  it (Scheme 1, c ) .  The resulting 
DNA furnished with vinyl groups can be copolymerized 
with a comonomer to give rise to a DNA-vinyl polymer 
conjugate (Scheme 1, d). In contrast to the DNA- 
intercalative monomer which has been adopted in our 
previous studies (4-7), the present monomer endorses a 
stable conjugation. Therefore, the psoralen-containing 
monomer will be a useful tool for anchoring double-helical 
DNA on polymeric materials when applying the DNA as 
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an affinity ligand for bioseparation and bioanalysis. In 
addition, conjugation of DNA with vinyl polymers which 
carry reporter groups such as biotin would be promising 
for highly sensitive detection of DNA, since the present 
method should allow a large number of labels on DNA. 

EXPERIMENTAL PROCEDURES 

Materials. Acrylamide (AAm) was obtained from 
Wako Pure Chemicals (electrophoresis grade) and used 
without purification. N-Isopropylacrylamide (NIPAAM) 
was obtained from Tokyo Kasei Kogyo and recrystallized 
from a mixture of benzene and hexane. pBR322 DNA 
was purchased from Takara Shuzo. A Phage DNA and 
Hind I11 were purchased from Nippon Gene. Trioxalen 
was obtained from Aldrich. 

Synthesis of Psoralen-Containing Monomer 1. 4‘- 
[[N-(2-Aminoethyl)aminolmethyll-4,5’,8-trimethylpsor- 
alen (0.40 g, 1.33 mmol), which was synthesized accord- 
ing to a method described by Lee et al. (91, was reacted 
with 0.25 g (1.34 mmol) of N-methacryloyl succinimide 
(Tokyo Kasei Kogyo) in pyridine-DMF (1:7, v/v) for 1 d 
at  ambient temperature. After evaporation of the sol- 
vent, the diethyl ether soluble fraction of the residue was 
subjected to column chromatography (silica gel; eluent, 
CHC13-MeOH in which MeOH content was varied from 
0 to  20%). The main fraction was collected and evapo- 
rated to give a slightly-yellowish residue. The residue 
was washed with ethyl acetate-hexane (1:2, v/v) and 
dried in vacuo to give a white powder (yield: 41%). The 
product showed a single spot on a thin-layer chromato- 
gram (silica gel, Rf 0.35 for CHC13-MeOH (9:1, v/v)). 
Mp: 124-126 “C. Anal. Found: C, 66.31; H, 6.35; N, 
7.24. Calcd for C21H24N304 + 0.67HzO: C, 66.29; H, 6.36; 
N, 7.36. lH NMR (400 MHz, CDC13) 6: 7.61 (s, arom 
H-51, 6.40 (bs, amide NH; DzO exchange), 6.22 (d, J = 
0.92 Hz, arom H-3), 5.58 (s, trans HC=), 5.25 (t, J = 1.22 
Hz, cis HC=), 3.92 (s, 4’-CHzN), 3.44 (9, J = 5.50, 5.80 
Hz; t,  J = 5.80 Hz on DzO exchange; CHz-amide side), 
2.84 (t, J = 5.80 Hz; CHz-amine side), 2.54 (s, 5’-CH3), 
2.49 (m, 4-CH3 and 8-CH3), 2.28 (bs, amine NH; DzO 
exchange), 1.88 (t, J = 1.22 Hz; CHsC=C). 
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Scheme 1. Conjugation of Double-Helical DNA with Vinyl Polymers with the Aid of a Psoralen-Containing Vinyl 
Monomer 1" 
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a Key: (a) double-helical DNA, (b) intercalative binding, (c) light-induced crosslinking, (d) conjugation with vinyl polymers 

Since 1 was poorly soluble in water, an ethanol solution 
of 1 (10 mM) was diluted with TE buffer (10 mM Tris- 
HC1, 1 mM EDTA, pH 7.9) to give a stock solution (100 
pM) containing 1 vol % of ethanol. A PE (8 mM Na2- 
HP04,2 mM NaH2P04,l mM EDTA, pH 7.4) solution of 
1 was prepared similarly. 

Photoreaction of 1 with DNA. Plasmid pBR322 
DNA was linearized with Hind 111, and the DNA was 
purified by phenol extraction, followed by ethanol pre- 
cipitation and resuspension in TE buffer at 100 pg/L. To 
2 pL of the DNA solution in a micro test tube (Eppendorf, 
1.5 mL) was added a TE solution of 1 from the stock. 
The total volume was 12 pL. The final concentration of 
the DNA was 51 pM (in nucleotide). The concentration 
of 1 was varied in the range of 1.7 and 83 pM. Each 
solution was irradiated (ca. 60 mW/cm2) on an ice bath 
with a 500-W ultra-high-pressure Hg lamp equipped with 
a high-pass filter (Toshiba, UV-31) for 10 min. 

To the reaction mixture was added 3 pL of aqueous 
NaOH (1.2 M) in order to make the DNA denatured, and 
then the mixture was analyzed by gel electrophoresis: 
the mixture was combined with 3 pL of gel-loading 
solution consisting of glycerin and water (7:3, v/v). The 
mixture was loaded on a 1% agarose gel, and the gel 
electrophoresis was performed at 7 V/cm for 1 h in TAE 
buffer (80 mM Tris-acetate, 1 mM EDTA, pH 7.6). After 
electrophoresis, DNA in the gel was stained by ethidium 
bromide. 

Polymerization. Before polymerization, photoreac- 
tion was made as follows: in a micro test tube were 
charged a TE solution of d DNA (150 pg/mL; 5 pL) and a 
PE solution of 1 (100 pM; 1-10 pL). With the addition 
of PE buffer, the total volume was made to be 20 pL; the 
concentrations of DNA and 1 were 115 and 5-50 pM, 
respectively. Then the mixture was irradiated by UV 
light in a manner similar to that described above. The 
reaction mixture was extracted twice by chloroform- 
isoamyl alcohol (3-methylbutanol) (24:1, v/v) in order to 
remove 1 which was not covalently bound to the DNA. 

After the photoreaction, a PE solution of AAm (0.35 
M; 40 pL), a PE solution of N,N,W,W-tetramethylethyl- 
enediamine (TEMED), and aqueous ammonium peroxo- 
disulfate were succesively introduced to the mixture 
under nitrogen atmosphere. The total volume of the 
reaction mixture was 0.1 mL (TE:PE = 1:19, v/v) with 
the addition of PE buffer. At the polymerization, the 

concentration of the respective component was as fol- 
lows: DNA, 22.5 pM (in nucleotide); AAm, 140 mM; 
ammonium peroxodisulfate, 0.3 mg/mL; TEMED, 10 mg/ 
mL. The reaction was carried out at 24 "C for 1 h. 

After the polymerization, the mixture was analyzed by 
gel electrophoresis: a 10 pL portion of each of the sample 
solutions was combined with 8 pL of gel-loading solution 
consisting of glycerin and water (l:l,  v/v). The mixture 
was loaded on a 0.5% agarose gel, and the gel electro- 
phoresis was performed at 7 V/cm for 1 h in TBE buffer 
(89 mM Tris-borate, 2.5 mM EDTA, pH 8.0). After 
electrophoresis, DNA in the gel was stained by ethidium 
bromide. 

Modification with PolyNIPAAM. The polymeriza- 
tion of NIPAAM was carried out similarly, except that 
gel electrophoresis for the analysis was performed at 10 
"C since precipitation of polyNIPAAM and its conjugates 
takes place from aqueous glycerin (25%) at ambient 
temperature (7). Another difference in the polymeriza- 
tion procedure for NIPAAM was that an extraction of the 
post-polymerization mixture was made by chloroform in 
order to remove the vinyl polymers which were not 
covalently bound to DNA the reaction mixture just after 
polymerization (0.1 mL) was combined with 0.1 mL of 
chloroform. After vortex-mixing, the mixture was cen- 
trifuged (10 000 rpm, 1 min), and the aqueous phase was 
collected to be subjected to gel electrophoresis. The DNA 
band having the same mobility as native d DNA was 
evaluated by scanning densitometry to give a modifica- 
tion efficiency. 

In addition, the post-polymerization mixture from d 
DNA and NIPAAM was examined from a viewpoint of 
thermally-induced precipitation. The mixture was cen- 
trifuged (15000 rpm, 30 min) at 35 "C in order to 
precipitate the DNA-polyNIPAAM conjugates. After 
centrifugation, the supernatant was collected and sub- 
jected to gel electrophoresis. The DNA band having the 
same mobility as the native one was evaluated by 
scanning densitometry in order to estimate a precipita- 
tion efficiency. 

RESULTS AND DISCUSSION 

Light-Induced Binding of 1 with DNA. It was 
reported that psoralens intercalate into DNA double 
strands in the dark and form covalent bonds at their 3,4 
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1 2 3 4 5 6 7  

Figure 1. DNA crosslinking by the psoralen-containing mono- 
mer 1. Linear pBR322 DNA (51 pM) was irradiated by W light 
in the presence of increasing amounts of 1. Samples are alkali 
denatured and then loaded on a nondenaturing gel from 1% 
agarose: lane 1, [ l l  = 0; lane 2, [ l ]  = 1.7 pM; lane 3, [l] = 8.3 
pM; lane 4, [11=. 16.7.pM; lane 5, [13 = 83 pM; lane 6, [13 = 83 
pM, but no W irradiation; lane 7, DNA alone, but no alkali 
denaturation. 

1 2 3 4 5 6 7 8 9  

Figure 2. Gel electrophoresis of DNA-polyAAm conjugates. 
1 DNA (115 pM) was irradiated by W light in the presence of 
1. After unbound 1 was removed, samples were coincubated in 
the polymerization mixture of AAm and then loaded on 1% 
agarose gel: lanes 1 and 9, DNA alone (control); lane 2, [11= 0; 
lanes 3 and 6, [ l l  = 5 pM; lanes 4 and 7,111 = 20 pM; lanes 5 
and 8, [ 13 = 50 pM. For lanes 6-8, no polymerization was made. 
The concentrations of 1 ([ll) represent those a t  the antecedent 
photochemical reaction. 

and 4’,5’ double bonds with pyrimidines upon nea r -W 
irradiation (8). If both sites of the psoralen are reacted, 
the result is an interstrand DNA crosslink; both strands 
are connected to each other. The ability of 1 to form DNA 
crosslinks (Scheme 1, b to c) was tested according to the 
literature (IO) by reacting linear double-stranded plasmid 
DNA with 1 and near-UV light. 

The photoreacted DNA was alkali denatured and 
loaded onto a nondenaturing agarose gel. Crosslinked 
DNA immediately renatures in the neutral gel buffer (pH 
7.6) and runs as the double-stranded form, while non- 
crosslinked DNA remains single-stranded and runs with 
greater mobility. As seen in Figure 1, an increasing 
amount of 1 resulted in increased levels of crosslinking 
after UV irradiation (lanes 2-5), while even the highest 
concentration of 1 produced no crosslinking in the 
absence of light (lane 6). Thus, the monomer 1 was 
proved to be bound covalently to double-helical DNA 
through a photochemical reaction when irradiated by W 
light. 

Modification of DNA with Polyacrylamide. il 
DNA which had been reacted photochemically with 1 was 
coincubated in the polymerization system of acrylamide 
(Ah) (Scheme 1, c to d). The gel electrophoresis of the 
product showed retarded migration as well as broadening 
of the DNA band, as seen in Figure 2, lanes 3-5. The 
degree of retardation appears to increase with increasing 
concentration of 1 in the photoreaction mixture. In 

contrast, as seen in lanes 6-8, the light-induced binding 
of 1 with il DNA did not affect the migration significantly 
in the concentration range examined here. Since the 
mobility in gel electrophoresis is primarily a function of 
size and charge, the retarded migration is ascribed to the 
increase in size or the “fattening” of the migrating species 
brought about by the modification of DNA with nonionic 
polyAAm chains. 

On the other hand, lane 2 for the control in which the 
DNA was not derivatized with 1 showed no retardation 
af‘ter the polymerization; the migration profile of the DNA 
was the same as that for native DNA (lanes 1 and 7). 
This indicates that the control sample was a simple 
mixture of DNA and the homopolymer of AAm; direct 
conjugation of vinyl polymers on DNA does not take 
place. Thus, the vinyl-derivatized DNA incubated in the 
polymerization system of AAm is concluded to be conju- 
gated with polyAAm by means of 1 residues, which had 
been previously introduced in the DNA and then took 
part in copolymerization with AAm. 

It  should be noted that, in lanes 3 and 4, some portion 
of DNA was seen at the same mobility as native one. This 
indicates that the post-polymerization mixture contained 
DNA strands which were not conjugated with polyAAm 
chains; a part of the vinyl-derivatized DNA did not take 
part in the polymerization. The population of the unpo- 
lymerized DNA is discussed below. 

Modificaton with PolyNIPAAM. Modification of 
DNA with poly(N4sopropylacrylamide) (polyNIPAAM) 
was also possible; il DNA which had been reacted 
photochemically with 1 was coincubated in the polym- 
erization system of NIPAAM. The gel electrophoresis of 
the product showed migration behaviors quite simlar to 
those in Figure 2. 

Since polyNIPAAM is somewhat more hydrophobic 
than polyAAm and is soluble in chloroform, an additional 
experiment was conducted for NIPAAM after polymeri- 
zation; an extraction of the post-polymerization mixture 
was made by chloroform in order to separate the unpo- 
lymerized DNA. When the post-polymerization mixture 
was combined with chloroform, the NIPAAM polymers 
which were not covalently bound to DNA should transfer 
to chloroform phase. At the same time, white turbid was 
found to appear a t  the interface. This is ascribed to 
DNA-polyNIPAAM conjugates which gathered or “an- 
chored at  the interface; it was dissolved again in aqueous 
phase when the chloroform phase was carefully removed. 

From the two-phase system was collected the aqueous 
phase, which was then subjected to  gel electrophoresis. 
As a result, the DNA bands having the same mobility as 
native il DNA were observed; the bands are due to the 
DNA strands which were not conjugated with poly- 
NIPAAM chains. The result is in accord with the case 
of modification by polyAAm as described above; there 
remained unmodified DNA. The bands due to the 
unmodified DNA were evaluated by scanning densitom- 
etry, and the percentage with respect to the DNA initially 
added was plotted against the concentration of 1 at  the 
photochemical reaction (Figure 3). The amount of the 
unmodified DNA is seen to be dependent on the modifi- 
cation conditions; it decreased with increasing concentra- 
tion of 1 in the a3tecedent photoreaction mixture. The 
modification efficiency of DNA with polyNIPAAM was 
85% when 50 pM of 1 was used; more than 80% of DNA 
strands initially fed took part in the polymerization, being 
conjugated covalently with polyNIPAAM. 

The modification of DNA with polyNIPAAM should 
make the conjugate temperature-responsive since poly- 
NIPAAM as the modifying chains has a property to 
precipitate from aqueous media above the transition 
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Table 1. Temperature-Responsiveness of 1 
DNA-PolyNIPAAM Conjugates 

Maeda et al. 

[l] at photoreaction" b M )  precipitation 8 f SEM (n = 4)b 

5 
25 
50 

48.3 f 12.1 
45.6 f 9.9 
57.5 f 11.2 

a The concentration of 1 at the photochemical reaction with i 
DNA (115 uM) prior to copolymerization with NIPAAM. The 
polymerization mixture was centrifuged at  35 "C,  and the super- 
natant was analysed by gel electrophoresis to estimate the amount 
of unprecipitated DNA, which was then converted to  the percent 
of precipitation of the conjugates. 
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Figure 3. Amount of i DNA which was not covalently bound 
to polyNIPAAM; amount of the DNA released from the conju- 
gates upon chloroform extraction, expressed in percent to the 
DNA originally added, is plotted against the concentration of 1 
at the antecedent photochemical reaction. 

temperature around 31 "C. Such temperature-responsive 
bioconjugates would be useful as intelligent biomaterials 
(3) .  A preliminary experiment was made to evaluate the 
temperature-responsiveness of the present conjugates; 
the reaction mixture after polymerization was centrifuged 
at  35 "C so that the precipitation of the DNA-poly- 
NIPAAM conjugate should take place. The supernatant 
was analyzed by gel electrophoresis to estimate the 
amount of unprecipitated DNA. As seen in Table 1,45- 
58% of DNA was found to acquire the temperature- 
responsive property when 5-50 pM of 1 was used at  the 
photochemical reaction. However, the values for four 
experiments had considerable variation. In addition, the 
yield of temperature-responsive DNA was smaller than 
that expected from the result of the modification ef- 
ficiency in Figure 3. The reason for this is not clear at  
present. Structural polydispersity of the conjugates in 
terms of number and length of the modlfylng polyNIPAAM 
chains may account for the result. More intensive study 
on conditions of modification as well as thermally-induced 
separation should be required before practical application 
of the conjugate is available. 

Photoreaction of 1-AAm Copolymer with DNA. 
Copolymerization of the 1-derivatized DNA with some 
reporter monomers is of much interest since this makes 
it possible to put a large number of labels on DNA; 
monomers which carry a conventional label such as 
fluorescent dyes, electrochemical probes, and affinity 
ligands like biotin may be used for highly sensitive 
detection of DNA. For practical purposes, however, a 
more convenient way for a user is to obtain a copolymer 
of 1 with such a reporter monomer and apply it to  various 
DNA of one's interest, if the copolymer can react with 
DNA photochemically to give a conjugate. 

In order to know the feasibility, copolymerization of 1 
with AAm was carried out in the absence of DNA and 
the resulting copolymer was examined whether it is 
bound to DNA when irradiated by U V  light. However, 

the conjugate formation was not observed for the copoly- 
mers which had been prepared by using 1 with the 
concentration between 5 and 100 pM in the copolymer- 
ization mixture (the concentration of AAm was 140 mM); 
the photoirradiation of the copolymers with 1 DNA (22.5 
pMj did not make any retardation of the DNA band on 
gel electrophoresis (results not shown j. A n  explanation 
may be that 1 moieties in the copolymer are rather 
hydrophobic and are surrounded by polyAAm chains. 
This structure should prevent the interaction of 1 with 
DNA, resulting in no conjugation. 

Synthetic Scheme for DNA-Vinyl Polymer Con- 
jugate. Although the experiment described in the previ- 
ous subsection was not successful, it in fact proved that 
the prior introduction of 1 t o  DNA (Scheme 1, a to  b) is 
a prerequisite for obtaining DNA-vinyl polymer conju- 
gates. It should also be noted that a conjugate formation 
does not take place when the copolymerization of 1 with 
a comonomer is carried out in the presence of 1 DNA 
under similar concentration conditions (results not shown); 
gel electrophoresis of the mixture did not show any 
detectable retardation of DNA bands when 1 had not 
been reacted photochemically with DNA prior to  polym- 
erization. Although the psoralen-containing monomer 1 
should be bound to  the DNA by intercalative binding 
(Scheme 1, a to b) and some of these intercalating 
monomers on the DNA may take part in copolymerization 
with the comonomer, a conjugate thus formed seems t o  
be very weak and dissociable upon gel electrophoresis. 
The light-induced derivatization of DNA by 1 prior to  
polymerization (Scheme 1, b to c) is concluded to  be 
essential to obtain a stable conjugate. Thus, the syn- 
thetic procedure shown in Scheme 1 is exclusive for the 
monomer 1 to  give DNA-vinyl polymer conjugates. 

In conclusion, we have developed a synthetic method 
to semisynthetic bioconjugates from DNA and vinyl 
polymer by taking advantage of the psoralen-containing 
monomer 1 which consists of a psoralen moiety, con- 
nected to  polymerizable vinyl group by a positively 
charged linker. 1 was proved to retain an ability due to  
its psoralen moiety to crosslink double-helical DNA 
through a photochemical reaction when irradiated by UV 
light. The resulting DNA having vinyl groups was 
copolymerized with a comonomer such as acrylamide or 
N-isopropylacrylamide to  give rise to  a DNA-vinyl 
polymer conjugate. A conjugation based on covalent 
bondings was verified by using gel electrophoresis; the 
conjugation efficiency was found to be dependent on the 
concentration of the monomer used in the photochemical 
reaction. 

The psoralen-containing monomer should be a useful 
tool for immobilizing or anchoring double-helical DNA 
on polymeric materials with the intention of separating 
and sensing DNA-binding substances (21,121. Conjuga- 
tion of DNA with vinyl polymers carrying reporter groups 
would serve as a highly efficient method of DNA labeling. 
In addition, the DNA-polyNIPAAM conjugate presented 
here seems promising for separating a DNA-binding 
protein by the thermally-induced affinity precipitation. 
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Analysis of Sequences Required for the Cytotoxic Action of a 
Chimeric Toxin Composed of Pseudomonas Exotoxin and 
Transforming Growth Factor a 
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Chimeric toxins composed of transforming growth factor a fused to mutant forms of Pseudomonas 
exotoxin bind to  the EGF receptor and kill cells bearing these receptors. In early experiments, the 
binding domain of Pseudomonas exotoxin was deleted and replaced with TGFa to make TGFa-PE40. 
This chimeric toxin required proteolytic processing within the target cell to be converted to its active 
form (Siegall et al .  (1989) FASEB J .  3,  2647-2652). Subsequently, recombinant toxins that do not 
require proteolytic processing were constructed by inserting TGFa near the carboxyl terminus of 
domain I11 and deleting toxin residues up to the processing site a t  position 280. In addition, the 
carboxyl terminus of this toxin was converted from REDLK to D E L  to  increase its activity. 
Recombinant toxins of this type, termed PE37PTGFaKDEL, are about 100-fold more potent than TGFa- 
PE40. To determine if other sequences can be removed from such chimeric toxins to  make a smaller 
molecule that can penetrate tissues better, we have carried out a deletion analysis of sequences present 
within domains I1 and Ib. We find that all of domain Ib and a portion of domain I1 can be deleted 
without significant loss of cytotoxic activity, but larger deletions extending further into domain I1 
lose cytotoxic activity. We also find that inserting a small linking peptide (GlykSer between residual 
sequences in domain I1 and domain 111, in molecules with diminished cytotoxic activity, enhances 
cytotoxicity suggesting that one role of domain Ib is to prevent undesirable interactions between 
domains I1 and 111. These new chimeric toxins are very active on A431 epidermoid carcinoma cells 
which contain many EGF receptors. One of these was also tested in animals and showed strong 
antitumor activity against A431 tumors growing in nude mice. 

INTRODUCTION 

Recombinant toxins are chimeric proteins composed of 
a targeting domain and a cytotoxic domain (1). The 
toxins used to make recombinant toxins are Pseudomonas 
exotoxin A (PE) and diphtheria toxin. Both are bacterial 
toxins. To make a recombinant toxin, the binding 
domain of the toxin is deleted and it is replaced by a 
growth factor, an antibody combining site, or another 
targeting molecule (1, 2) .  The chimeric gene encoding 
the chimeric toxin is then expressed in E. coli when the 
recombinant protein is produced. Native PE is composed 
of three domains and has a molecular weight of 66 kDa 
(3) .  One of the earliest chimeric toxins produced is 
composed of transforming growth factor a (TGFa) fused 
to  a truncated form of PE termed PE40 to reflect its 
molecular weight of 40 kD (4, 5). TGFa-PE40 was 
shown to  be very cytotoxic to  cell lines displaying large 
numbers of EGF receptors and had very little cytotoxic 
activity toward cell lines without EGF receptors. TGFa 
contains three disulfide bonds, and PE40 contains two 
additional disulfide bonds. In PE40, one disulfide bond 
lies in domain I1 (amino acids 253-364), which is the 
translocation domain (6). The other lies in domain Ib 
(amino acid 365-399). This domain has no known 
function. Domain I11 (amino acids 400-613) is the ADP- 
ribosylation domain and has no disulfide bonds. When 
TGFa-PE4 is produced in E.  coli, some improper disul- 
fide bonds form diminishing the binding of TGFa to its 
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receptor (5). Therefore, a modified molecule, TP40, was 
constructed in which both disulfide bonds are removed 
by substituting alanine for cysteine residues at  positions 
265,287,372, and 379. TP40 is also selectively cytotoxic 
to cells bearing EGF receptors (7). TP40 is active in 
animals and has been shown to cause regression of EGF 
receptor-bearing tumors growing in nude mice. These 
include an epidermoid carcinoma, a prostate carcinoma, 
and a glioblastoma (8, 9). 

Bladder cancer is the fourth most frequent cancer in 
American males in the United States. Fifty thousand 
patients annually develop this form of cancer (10). The 
current therapy of human bladder cancer includes the 
administration of chemotherapeutic agents and immu- 
nomodulators. Bacillus Calmette-Guerin (BCG) is an 
effective treatment in patients with superficial bladder 
cancer and is the treatment of choice for carcinoma in 
situ (111, but not all superficial bladder cancers are 
controlled by BCG. Furthermore, all drugs, including 
BCG, that are used for intravesical therapy have side 
effects that necessitate their judicious application to 
patients (12). An alternative treatment for bladder 
cancer is to target the epidermal growth factor receptor 
(EGFR) which is present on normal urothelium and in 
increased amounts in bladder cancer. Epidermal growth 
factor is a protein mitogen excreted in the urine at  very 
high levels (13). The density of the receptor for EGF is 
closely related to  tumor grade and is present on both 
“premalignant” and neoplastic urothelium (15). On the 
basis of these findings, a phase I trial was carried out in 
which TP40, which targets the EGF receptor, was infused 
weekly for 6 weeks into the bladder of patients with 
superficial bladder carcinomas (16). 

1994 by American Chemical Society Not subject to US. Copyright. Published 
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Table 1. Oligonucleotides Used in Polymerase Chain Reactions for Two Linker Inserted Deletion Toxins (AllL2 and 
A12L2) 

A1 
A2 
A3 
A4 
A5 

5’ TAA TAC GAC TCA CTA TAG GGA GAC CAC AAC 3’ 
5’ ACT TCC GCC ACC TCC GGA GCC GCC ACC TCC GCG GAT CAC CTG GTC GAC CTG G” C3 ’ 
5’ ACT TCC GCC ACC TCC GGA GCC GCC ACC TCC CTG CTC GCG GAT CGC TTC GCC CAG G 3’ 
5’ GGA GGT GGC GGC TCC GGA GGT GGC GGA AGT CCC ACT GGC GCG GAG TCC CTA GGC GAC 3’ 
5’ AGG CTC GAG CGC GGC ACA TAG ACC CGC AGC 3’ 

One of the difficulties that must be overcome in using 
cytotoxic proteins for cancer treatment is the inability 
of these large molecules to  penetrate into tissues and 
solid cancers (1 7). It is well known that large molecules, 
such as IgM, leave the circulatory system extremely 
slowly and that even immunoglobulins (MW 165 000) 
penetrate tissues and tumors slowly and poorly (18). In 
general, the smaller the protein the better its tissue and 
tumor penetration (17-19). TP40 (MW 46 000) is much 
smaller than an antibody and therefore should penetrate 
into tumors better. Yet it would be desirable to have an 
even smaller molecule to  enhance tissue and tumor 
penetration. One way that this could be accomplished 
is to delete all unnecessary residues within TGFa-PE40 
or  TP40. 

In order to  kill target cells, TP40 and other chimeric 
toxins must be internalized by endocytosis, proteolytically 
processed to an active form and carried to  the right 
compartment where translocation into the cytosol can 
occur. In the case of PE, the proteolytic step is a cleavage 
between amino acids 279 and 280 in domain I1 (20). The 
carboxyl terminal fragment that is generated then ap- 
pears to be carried to  the endoplasmic reticulum from 
which it translocates to the cytosol (21,22). To circum- 
vent the need for proteolytic cleavage, we have synthe- 
sized a new recombinant form of PE which begins a t  
amino acid 280, the site of proteolytic processing, and 
also contains a deletion of a portion of domain Ib (23). 
To direct this molecule to the EGF receptor, TGFa was 
inserted at  the end of domain I11 just prior to the carboxyl 
terminus (23, Figure 1). This molecule (PE35PTGFaI 
KDEL) was extremely cytotoxic to target cells. In the 
current study, we have continued our efforts to make as 
small a cytotoxic molecule as possible by deleting ad- 
ditional sequences from domain Ib and domain I1 and 
replacing these sequences with a linker peptide in order 
to enable domains I1 and I11 to fold and function 
independently. 

MATERIALS AND METHODS 
Materials. Restriction endonucleases were obtained 

from New England Biolabs (Beverly, MA). As a template 
DNA, PE35PTGFaIKDEL (pCT12) was a giR from Charles 
Theuer (Torrance, CA). Oligonucleotide-directed mu- 
tagenesis was carried out by a modification of the method 
of Kunkel(24). Oligonucleotides with one mutation each, 
with a new restriction site introduced, were synthesized 
by Bioserve Biotechnology (Laurel, MD). Single-stranded 
DNA prepared from first cycle phage in uridine-contain- 
ing medium was used as a template for in vitro mutagen- 
esis. To insert two linkers such as (GGGGS)z, PCR 
technique was used (25). PCR was carried out using 10 
ng of pCT12 as template and reagents as per the 
manufacturer’s instruction (Gene Amp; Perkin-Elmer 
Cetus Instruments), and 100 pmol of primer’s Al, A2, 
A3, A4, and A5 (Table 1). Each polymerase chain 
reaction totaled 30 cycles consisting of denaturation a t  
94 “C for 1 min, annealing at  50 “C for 90 s and 
polymerization at  72 “C for 2 min in each cycle. The 
amplified fragments were purifed on 1.5% low melting 
point agarose (Seaplaque, FMC). The sequences of all 
mutant plasmids were confirmed by DNA sequencing. 
The A431 cell line was previously described (4). 

Plasmids. All the plasmids utilize a lactose-inducible 
T7 promoter expression system (26). Mutant plasmids 
were directly expressed in the T7 promoter based expres- 
sion system in BL21 as previously described unless 
otherwise stated. Cells were incubated for 90 min 
following induction with isopropyl 1-thio-P-D-galactopy- 
ranoside. The fusion proteins were purified from inclu- 
sion bodies. 

Protein Purification. Inclusion bodies were dis- 
solved in guanidine and renatured by rapid dilution into 
phosphate-buffered saline. Proteins were purified by 
sequential use of Q-Sepharose, Mono Q HR5/5 (Pharma- 
cia LKB Biotechnology, Inc.) and TSK-250 columns (27). 
SDS-PAGE was used to analyze column fractions. All 
proteins were at  least 95% homogeneous (Figure 2). 

Protein Synthesis Inhibition Assay. Cytotoxic 
assays were generally performed as described previously 
(28). Cells were placed 24 h prior to  toxin addition to 
16 000 cells/well in 96-well plates. Toxins or control 
proteins diluted in 0.2% human serum albumin-phos- 
phate-buffer saline were added to a final volume of 200 
pLJwell. After a 16-20 h incubation with toxins, [3H]- 
leucine (2 pCi per well) was added for 90-120 min, and 
incorporation into cellular protein was measured. Data 
were obtained from the average of triplicates, which 
varied from the mean by 5-10%. Results were calculated 
by a percentage of incorporated cpm of cells incubated 
without toxin. 

ADP-Ribosylation Assay. ADP-ribosylation activity 
of protein samples was measured by the procedure of 
Collier and Kandel using wheat germ extract enriched 
in elongation factor 2 (29). 

PII-EGF Displacement Studies. A431 cells were 
plated a t  8000 cells/well in 1 mL of medium in 24-well 
plates. After 24 h, the cells were washed twice with 
binding buffer (Dulbecco’s modified Eagle’s medium) 
containing 50 mM BES (pH 6.8) and 1 mg/mL of bovine 
serum albumin and treated with 200 pl of binding buffer 
containing 0.5 ng (0.05 pCi) of [1251]-EGF, combined with 
either 0, 0.8, 4, 20, or 100 pmol of chimeric toxin. After 
equilibration for 90 min on a rocker a t  4 “C, the cells were 
washed with binding buffer, lysed with 10 mM Tris-HC1 
(pH 7.4) containing 0.5% SDS and 1 mM EDTA, and 
bound ligand counted with a y detector (30). 
In Vivo Study. Four- to six-week old female athymic 

nude mice were supplied by the Frederick Cancer Re- 
search Center, National Cancer Institute. LD50 studies 
were performed by the tail vein injection, and the number 
of dead animals was determined daily for 7 days following 
immunotoxin administration. 

Osmotic Pumps. Miniosmotic pumps (Model 1007, 
delivering 0.5 pL/h for 7 days) were obtained from Alza 
Corp. and used as recommended by the manufacturer. 
Pumps were filled with a solution containing TGFa 
chimeric toxins a t  different concentrations in sterile 
phosphate-buffered saline containing 0.2% human serum 
albumin in sterile phosphate buffer or  phosphate- 
buffered saline alone. 

Surgical Procedure. Animals were anesthetized 
with Metofane (methoxyflurane). The skin was cleaned 
with 70% alcohol (v/v), and a midline incision less than 
1 cm long was made in the lower abdomen. The perito- 
neal cavity was opened carefully, and a filled pump was 
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Figure 1. Structures of TGFa-PE40, TP40, PE35/TGFaIKDEL, and PEA53M'GFaIKDEL. 

inserted. The musculoperitoneal layer was closed with 
4-0 silk sutures, and the skin was closed with two wound 
clips. The procedure was performed in a laminar flow 
hood under stringent sterile conditions. 

Stability of TGFa Chimeric Toxins at 37 "C. 
Chimeric toxins were analyzed for their stability at 37 
"C prior to the initiation of its use in animal experiments. 
A solution containing TGFa chimeric toxins at 100 pg/ 
mL and 0.2% human serum albumin was kept at 37 "C 
for 7 days. A small aliquot was taken daily and analyzed 
for its cytotoxic activity on A431 cells. 

LD50 for TGFa Chimeric Toxins in Nude Mice. 
Osmotic pumps containing escalating doses of TGFa 
chimeric toxins calculated to deliver 40, 80, and 100 pg/ 
kg/day were placed i.p. as described in groups of two mice. 
The number of dead animals was determined on days 2, 
4, 6, 8, and 10. 

Antitumor Activity of Chimeric Toxins in Nude 
Mice Bearing Human Carcinoma. A431 cells (3 x 
109 were injected S.C. on day 0 into female nude mice, 
and tumors about 50 mm3 in size reproducibly developed 
in all mice by day 5. Treatment of mice with chimeric 
toxins was started on day 5 after tumor implantation. 
Each group consisted of five animals. Tumors were 
measured with a caliper every 2 days, and the volume of 
the tumor was calculated by using the following: 

tumor volume (in mm3) = length x (width)2 x 0.4 

AI1 statistical comparisons were made using the Wilcoxon 
rank sum test. Error bars are standard deviation, and 
we used five mice for each point. To ensure that tumors 
were uniform at the beginning of treatment, extra mice 
were injected with tumors and only mice with tumors 
very similar in size were used. SD = [(V - A)2 + (V - 
B)2 + (V - C)2 + (V - D)2 + (V - E)2]1/2/5 where Vis the 
average size and A-E are individual tumor sizes. 

RESULTS 
Figure 1 shows the structure of TGFa-PE40 and its 

analog TP40 which is missing two disulfide bonds as well 
as the structure of a variety of mutant molecules in which 
TGFa is inserted near the carboxyl terminus and the 
toxin begins at amino acid 280. Theuer et al. had 
previously shown that PE35/TGFa/KDEL is a very potent 
cytotoxic agent when tested on cell lines with EGF 

receptors (31). Using this molecule as a starting point, 
we made a series of deletions removing increasing 
amounts of the carboxyl end of domain Ib. It had been 
previously shown using PE and TGFa-PE40 that a large 
portion of domain Ib could be deleted without loss of 
activity but that larger deletions caused significant loss 
of activity (33). We found it was possible to delete amino 
acids up to position 395 without a significant loss in 
cytotoxic or ADP-ribosylation activity. However, dele- 
tion of amino acids 395-400 led to a molecule with very 
low cytotoxic activity, even though ADP-ribosylation 
activity remained at 80%. We also made a series of 
deletions extending toward the amino end of the molecule 
and found that sequences up to position 365 could be 
deleted without loss of cytotoxic activity (Table 2). This 
indicates that a large part of domain Ib is not required 
for the cytotoxic activity of these molecules. However, 
when the deletion extended one or six amino acids 
further, a very large loss of cytotoxic activity was 
observed. These data indicate that a large part of domain 
Ib can be deleted without loss of cytotoxic activity. 

Construction with Peptide Linker Insertions. 
Because domain Ib connects domain I1 to domain 111, we 
reasoned that deletion of domain Ib may lead to mol- 
ecules in which domains I1 or I11 are folded improperly 
or interact in some abnormal manner. Therefore, we 
chose the three molecules shown in Table 2 with deletions 
within domain Ib and I1 in which to insert a short flexible 
linking peptide. The sequence GGGGS was chosen 
because it is flexible and its estimated length which is 
13.5 would permit domains on either side of it to fold 
independently. Furthermore, it would minimize their 
interactions with each other. Each of these molecules 
was expressed in E.  coli and purified to near homogeneity 
(Figure 2). In each case the introduction of a linking 
peptide increased activity. In the case of A3, which is 
already an extremely active molecule (IC50 -0.004 ng/ 
mL), the increase in activity was only about 2-fold. In 
the case of A53 (IC50 0.05 ng/mL), the increase in activity 
was about 11-fold, and in the case of A13 the increase in 
activity was about 7-fold. We also found that introduc- 
tion of the linking peptide increased the ADP-ribosylation 
activity measured in cell free extracts using wheat germ 
EF2 as an acceptor molecule (Table 2). These results 
indicate that direct fusion of domain I1 to domain I11 
results in a molecule with diminished cytotoxic activity. 
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Table 2. ADP-Ribosylation and Cell Killing Activity of Various Mutant Forms of PE35/"GFaKDEL 
amino acids deleted in Pseudomonas IC50 on A431 re1 ADP-ribosylation 

plasmid exotoxin in region from 280 to 613 (ng/mL) activity (%) 

PE35/TGFc(/KDEL 
A3 
A9 
A4 
A5 
A53 
A13 

with a peptide linker 
A53L 
A17L 
A14L 
A16L 
A15L 
A13L 
A12L 

A12L2 
AllL2 

365-380 
365-394 
365-399 
360-386 
349-386 
350-394 
344-394 

350-394/GGGSS 
350-395/GGGGS 
350-397/GGGGS 
349-394jGGGGS 
347-394/GGGGS 
344-394/GGGGS 
333-394lGGGGS 

333-3944 GGGGS)B 
3 14-394( GGGGS)2 

kD STD 1 2  3 4 5 6 7 8 9 1 0  

68 ---- 
43 

29 

Figure 2. SDS-PAGE (14% reducing) of various deletion 
mutant proteins stained with Coomassie blue. The position of 
standards is indicated in the left margin: lane 1, STD; 2, PE35/ 
TGFa/KDEL; 3, A l ;  4, A3; 5, A5; 6, A9; 7, A13; 8, A53L; 9, A17L; 
10, Al2L2; 11, AllL2. 

Deletions Extending into Domain 11. We next 
made a series of large deletions, most of which started 
at  amino acid 395 at  the carboxyl end and extended into 
domain 11. The longest of these terminated at  amino acid 
313. In all of these a GGGGS linking peptide was 
inserted in place of the deleted sequences. As shown in 
Table 2, amino acids 350-394 could be deleted without 
significant loss of activity. However, when the deletion 
extended to amino acid 346 as in A15L, a 10-fold loss in 
activity was noted. Nevertheless, this molecule is very 
active with an IC50 on A431 cells of 0.025 ng/mL. 
Extending the deletion further into domain I1 resulted 
in molecules with much less activity (see A13L and 
A12L). We also attempted to increase the length of the 
linker to determine if this would increase the activity of 
molecules with relatively low cytotoxicity. However, in 
the case of A12L2 the longer peptide led to a decrease in 
cytotoxic activity and also loss of ADP-ribosylation activ- 
ity. Furthermore, molecules beginning at amino acid 313 
and ending a t  395 which contained a longer linker also 
had very low ADP-ribosylating activity and very little 
cytotoxicity. These last two results suggest that  the 
longer linker either itself or in concert with the remaining 
portion of domain I1 interacts with domain I11 in such a 
manner that EF2 or NAD cannot bind to domain 111. 

EGF Receptor Binding. A loss of cytotoxicity can 
be due to diminished binding to the EGF receptor, failure 
of the molecule to be transported to the right compart- 
ment for translocation, or a defect in translocation itself. 
To assess the effect of the various mutations on binding, 
we carried out displacement assays on A431 cells with 
two of the chimeric toxins using [125]I-EGF as a ligand. 
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The results of these binding studies are shown in Figure 
3 and are summarized in Table 3. In the two cases 
examined, A13L and A53L, the presence of the linking 
peptide led to an increase in the binding of the chimeric 
toxin to the EGF receptor. The increase was about %fold 
in the case of A13 and about 4-fold in the case of A53. 

Toxicity and LD50 of Chimeric Toxins. Minios- 
motic pumps have been used to successfully administer 
a wide variety of biological agents (32). Preliminary 
experiments have shown that half of the animals died 
when given a single i.v. injection of 50 pglkg of A53L. To 
determine how much chimeric toxin could be given to  
mice by continuous infusion, these toxins were delivered 
over 7 days by osmotic pumps implanted in the peritoneal 
cavity at doses of 40, 80, and 100 pglkg/day. Table 4 
shows that half of the animals died when given ap- 
proximately 90 pg/kg/day of A53L. This result shows that 
when using osmotic pumps, more recombinant toxin can 
be given than by a single injection. 

Antitumor Experiments with A53L. Having es- 
tablished the LD50, A53L was tested for its ability to 
inhibit the growth of A431 tumors growing in nude mice. 
On day 5 ,  after tumor implantation subcutaneously, 
miniosmotic pumps were placed in the mice. At this 
time, the tumor size was approximately 50 mm3. In the 
control group in which the pumps were filled with PBS, 
the tumors grew rapidly and reached 1800 mm3 by day 
20-22 (Figure 4). In the group treated from days 5-11 
with A53L, there was a definite antitumor effect that was 
dose related over the dose range 20-80 p&g/day without 
any animal deaths. TP40 a t  400 pglkglday also showed 
an antitumor effect but this was less than A53L a t  20 
pgYkg/day, despite the fact that the concentration of TP40 
used was 80% of the LD50. 

DISCUSSION 

To determine the function of sequences present in 
domains Ib and I1 of PE and to make a small molecule 
with potentially improved tissue penetration, we per- 
formed a deletion analysis on a very active chimeric toxin, 
P E 3 7 / T G F m E L .  As described previously, deletion of 
various regions in domain I1 results in loss of cytotoxicity 
indicating that domain I1 is essential for full expression 
of cytotoxicity (33). In contrast, deletion of the amino 
terminus of domain Ib (amino acids 365-380) indicates 
domain Ib is not essential for the cytotoxic effect of 
TGFa-PE40. On the basis of these results, we made a 
variety of new deletion mutants and made these in a 
molecule that did not require proteolysis for activation 
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Table 3. Relative Inhibition of EGF Binding by Various 
Deletion Mutantsa 

proteins re1 binding (%I 
PE35/TGFa/KDEL 100 
A 1 3  58 
A13L 138 
A53 63 
A53L 230 

a The data are derived from Figure 3. The concentrations of 
each protein that gives a 50% inhibition of binding are compared 
with PE35PTGFa/KDEL, which is set at  100%. 

Kihara and Pastan 

of its cytotoxic activity. Thus, any effects of mutations 
on the proteolytic processing step are excluded from our 
analysis. We find that all of domain Ib and a portion of 
domain I1 can be deleted without significant loss of 
cytotoxic activity (Figure 1). However, deletions which 
remove large amounts of domain I1 have significantly 
diminished cytotoxic activity (Table 2). Examination of 
the three-dimensional structure of PE reveals that 
domains I1 and I11 are intimately related to each other 
with many interacting amino acids (3) .  Deletion of 
residues within domain Ib and the carboxyl end of 
domain I1 produce molecules in which the relationship 
with domain I1 to domain 111 is disrupted. Therefore, 
we chose two deletions (A53 and A131 to  determine 
whether insertion of a flexible linking peptide that might 
allow the two domains to fold independently and interact 
with less strain would affect the cytotoxicity of the 
recombinant toxins. As shown in Tabl? 2, the introduc- 
tion of sequences that are about 13.5 A in length led in 
each case to  an increase in cytotoxic activity. The 
increase in activity ranged from 7-fold (A13) to 12-fold 
(A53). This suggested that deletion of amino acids from 
Ib without the insertion of a linking peptide did create 
abnormal interactions between domains I1 and 111. 
However, abnormal folding could also interfere with the 
ability of TGFa to  fold properly to interact with this 
reaction. Thus, we measured the binding of these 
chimeric toxins to  the EGF receptor in a competition 
assay format and observed up to  a 3-fold change in 
binding (Figure 3 and Table 3). The molecules containing 
a linking peptide had better binding than the parental 
molecules. The increase in binding was not sufficient to 
account entirely for the increase in cytotoxicity in A13L 
and A53L. Therefore, the introduction of the linker 
probably has two effects. One is to increase binding of 
TGFa to  its receptor. The second is to  enable domains 
I1 and 111 to interact in a favorable manner to  allow 
optimal expression of their cytotoxic activity. 

Size and Antitumor Activity of Recombinant of 
Toxins. It has been emphasized by Dedrick (18) and 
Yokota (17) that the penetration of proteins into tissues 
is strongly dependent on their molecular weight. To 
enable recombinant toxins to penetrate tumors more 
effectively, it is desirable t o  produce molecules with as 
small a molecular weight as possible. Therefore, we have 
attempted to  delete all unnecessary sequences from 
recombinant toxins. We have used TGFa containing 
toxins as a model for this study. We have previously 
shown that increased cytotoxicity could be produced by 
inserting TGFa near the carboxyl terminus of domain 
I11 and deleting amino acids 1-279 of PE. This chimeric 
toxin has a molecular weight of 41.0 kD. We next 
analyzed the function of sequences between domains I1 
and 111. Beginning with a molecule which has a partial 
deletion of Ib, termed PE35/TGFaKDEL, we have made 
a series of larger deletions. We find that we can delete 
amino acids 350-394 without significant loss of cytotox- 

120 
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1 1 0  1 0 0  1 0 0 0  
nM of Toxin 

120 
B 

1 1 0  1 0 0  1 0 0 0  
nM of Toxin 

1 1 0  1 0 0  1000 

nM of Toxin 
Figure 3. Displacement of [WI-EGF by various deletion 
mutant proteins. Protein concentrations were estimated by 
Bradford assay. [ W - E G F  bound to A431 cells was measured 
as cpm and expressed as percentage of cpm of cells incubated 
without toxin. Key: (A) TP40 (+), PE35/TGFa/KDEL (0). A13 
(O), A53 (A); (B) PE35mGFaIKDEL (01, a13 (a), D13L (i); ( C )  
PE35PTGFaIKDEL (01, A53 (A), D53L (A). 

Table 4. LDso of PEA63UTGFaIKDEL Delivered i.p. by 
Osmotic Pump 

dose (uglkglday no. deathlno. mice 
for 7 days) day2 day4 day6 day8 day10 

PEA53LITGFmEL 
40 012 012 012 012 012 
80 012 012 012 012 012 
100 012 012 112 212 012 

icity, if replaced by the linker, GGGGS. The molecular 
weight of this molecule (A53L) is 38.4 kD, and it is 17% 
smaller than TP40 and 6.4% smaller than PE35PTGFaf 
KDEL. TP40 is the TGFa-containing recombinant toxin 
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Figure 4. Effect of PEA53Lfl'GFaKDEL on the growth of 
A431 tumors in nude mice. Animals received injections of 3 x 
lo6 cells on day 0. Osmotic pumps were placed i.p. on day 5 to 
deliver PEA53LTGFafKDEL 20 pgkglday (0),40 pgkglday (01, 
80 pgkglday (A), and TP40 400 pgkglday (+I for 7 days. The 
control groups received phosphate-buffered saline (0). Bars, 
standard deviation. 

that is currently undergoing clinical evaluation in bladder 
cancer. Not only is A53L significantly smaller than 
TP40, but it is also 125 times more active on A431 cells 
(Table 2). To determine if A53L was active on animals, 
it was administered intraperitoneally to  mice bearing 
A431 tumors. A clear dose dependent antitumor effect 
was observed over the range of 20-80 pglkglday (Figure 
4). Even at  the 20 pglkglday level, A53L was more active 
than TP40 given at  400 pglkglday. 

Conclusion. In this paper we have been able to delete 
all of domain Ib (amino acids 365-394) and retain very 
high cytotoxic activity. Deletion of additional sequences 
in domain I1 results in a loss of activity but this loss of 
activity can be partly prevented by placing a flexible 
linker GGGGS, about 13.5 in length between the two 
molecules. These findings must be considered when 
trying to assign a specific function to each domain of PE 
and its chimeric derivatives. One difference between 
conventional cytotoxic drugs and recombinant toxins is 
size. Conventional drugs penetrate into tumors rapidly 
whereas proteins do not. Although the decrease in size 
of the molecules described here is relatively modest, the 
change in size may be nevertheless useful. Furthermore, 
the approach taken to decrease size may be extended to 
other toxins. 
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DNA encoding ADPGH6G was fused to the 5’-end of RTB DNA and subcloned as a BamHI-EcoRI 
DNA cassette into the baculovirus transfer vector, pAcGP67A. Spodopteru frugiperda Sfs cells were 
cotransfected with ~AcGP~~A-ADPGH~G-RTB DNA and BaculoGold AcNPV DNA, and recombinant 
baculovirus was isolated by two cycles of limiting dilution assay followed by dot blot analysis with 
32P-dCTP random primer labeled RTB DNA. Recombinant virus was purified and amplified to obtain 
stocks at titers of lo7 infectious particledml. Sf9 cells grown in serum-free medium were then infected 
at  an moi of 3 in the presence of 25 mM a-lactose. After 5 days, supernatants and cell pellets were 
harvested and assayed by an asialofetuin ELISA for recombinant RTB protein. Fusion RTB protein 
was produced in the supernatant a t  5 mg/L and in the cell pellet a t  1 mgL. Recombinant protein 
was purified to ’80% homogeneity using either a monoclonal antibody affinity matrix with alkaline 
elution or a Ni2+-NTA matrix with imidazole elution. The purified protein bound asialofetuin similarly 
to plant RTB. N-terminal sequencing confirmed the oligohistidine tag. SDS-PAGE confirmed the 
1,000 Da increase in mass relative to “wild-type” recombinant RTB produced in Sfs cells. Immunoblots 
confirmed reactivity with polyclonal and monoclonal antibodies to  plant RTB. The fusion protein 
reassociated with plant RTA similarly to plant RTB. The recombinant reassociated heterodimer not 
only demonstrated cytotoxicity to HPB-MLT human leukemia cells (ID50 10-l2M) similar to ricin 
and reassociated plant RTA-plant RTB but also bound Ni2+-NTA resin, suggesting preservation of 
function of RTA, RTB, and the new ligand fused to  RTB. Thus, the recombinant fusion of new ligands 
to RTB may represent a novel and practical method for developing new immunotoxins. 

INTRODUCTION 

An immunotoxin is a conjugate of a targeting ligand 
(e.g., antibodies, cytokines, etc.) covalently linked to a 
moiety which intoxicates the targeted cell (I). For 
example, ricin toxin A chain (RTA) has been conjugated 
t o  an antibody directed against the lymphocyte surface 
marker CD22 to produce an immunotoxin targeting B 
lymphocytes (2), and Pseudomonas exotoxin (PE) has 
been linked to OVB3, a monoclonal antibody directed 
against a cell surface antigen on ovarian carcinomas (3) .  
The ID50 (concentrations of immunotoxin which reduce 
cellular protein synthesis by 50%) for anti-CD22-RTA on 
the Daudi B lymphoma cell line was M, which was 
similar to the ID5o of ricin on Daudi cells M). 
Similarly, the ID50)s of OVB3-PE and PE were both 10-l2 
M on the OVCAR3 ovarian carcinoma cell line. Many 
immunotoxins with i n  vitro activity have also demon- 
strated preclinical in vivo activity. SCID mice bearing 
human Daudi tumors were treated with four intravenous 
injections of anti-CD22-RTA. Survival was doubled from 
45 to 87 days representing a four log kill of tumor cells 
(4 ) .  Nude mice with growing human OVCAR-3 ascites 
tumors were given three intraperitoneal injections of 
OVB3-PE (3) .  Median survival was quadrupled from 
50 to 193 days. 

Several immunotoxins with demonstrated preclinical 
activity have also been evaluated in humans with con- 
sistently less encouraging results than seen in animal 
models. Extending the previously cited examples, two 
to 12 doses of anti-CD22-RTA were infused intrave- 
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nously into patients with refractory B-cell lymphoma (5). 
One complete response and five partial responses oc- 
curred out of 24 patients but the responses were transient 
lasting 1-3 months and the dose-limiting toxicity, vas- 
cular leak syndrome, was observed early. Twenty-three 
patients with refractory ovarian cancer were treated with 
intraperitoneal escalating doses of OVB3-PE (6). No 
responses were seen, and dose-limiting toxic encephalo- 
pathy occurred in three patients. Many factors were 
postulated to bear influence on these observed clinical 
outcomes, including (a) limited tumor penetration due 
to  the large sizes of the immunotoxin conjugates (7), (b) 
cross-reactive, nonspecific binding of the ligand or toxin 
moieties to  bystander cells with consequent damage to 
normal tissues (5, 6,8), (c) conjugate heterogeneity due 
to varying chemical modifications (91, and (d) altered 
toxin structure in the conjugate, causing diminished 
cytosolic translocation efficiency (10). 

In the setting where both toxin and ligand are peptides 
(as in the above examples), one approach to overcoming 
some of these barriers is to genetically engineer an amide 
linkage between the two moieties. Such a recombinant 
gene not only allows for expression of a homogeneous 
product (a “fusion toxin”) but also provides a base line 
model for pursuing systematic investigation of mutations 
which might improve targeting specificity, translocation 
efficiency, or other pharmacologic parameters. Examples 
of fusion toxins developed to  date include the diphtheria 
toxin (DT) fusions with IL-2 (DB486IL-2 and DB3891L- 
2) (11,121 and PE with the single chain antibody to  the 
IL-2 receptor (anti-Tac(Fv)-PE40) (13). DAB4861L-2 and 
DAB3dL-2 had an ID50 of lo-” M on the human T 
leukemia cell line, HUTlO2. Similarly, anti-Tac(Fv)- 
PE40 had an ID50 of 10-l2 M on HUT102 cells. In 
contrast, anti-Tac monoclonal antibody chemically linked 
to PE40 or RTA had IDSO’s of M on the same 
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HUT102 cells (13,14). Thus, this fusion protein was 10- 
100-fold more potent in vitro than its chemically coupled 
conjugate counterpart. Few comparisons have been 
made between fusion toxins and antibody-toxin chemical 
conjugates in animal models (15-18). Nude mice bearing 
human epidermoid carcinoma cells transfected with a 
plasmid encoding the IL-2 receptor a subunit (4 days 
postinoculation) were treated with three daily doses of 
anti-Tac(Fv)-PE38KDEL or a chemical conjugate be- 
tween anti-Tac(1gG) and truncated PE. The fusion toxin 
was able to cure mice whereas the chemical conjugate 
had much less antitumor activity. C57BIJ6 mice inocu- 
lated with murine CP3 leukemia cells were treated 24 h 
later with 10 daily doses of DAB4861L-2 or DAB389IL-2. 
DAB486IL-2 doubled mean survival time from 30 to 60 
days, while DAB3891L-2 cured 90% of the animals. Using 
a different animal model for anti-CD25-RTA, the L540 
human Hodgkin’s disease cell line was inoculated into 
SCID mice, followed by anti-CD25-RTA treatment 24 h 
later. This regimen resulted in a cure rate of 70%. Small 
phase H I  clinical trials have been conducted with DAB486- 
IL-2, DAB3891L-2, and anti-CD5-RTA in cutaneous T cell 
lymphoma (CTCL) and with anti-Tac-PE in adult T cell 
leukemia (ATL). Again, better activity was observed with 
the fusion toxins. DAB4861L-2 given by five daily intra- 
venous boluses to patients with CTCL produced one 
complete response and two partial responses in five 
patients lasting 4 months to over 3 years (19). DAB389- 
IL-2 given similarly produced five partial responses in 
11 patients with CTCL (20). The chemical conjugate 
anti-CD5-RTA was given daily intravenously for 10 days 
to CTCL patients (21). Only four of 14 patients showed 
partial responses lasting 3-8 months, and toxicity re- 
lated to  vascular leak syndrome was significant. Anti- 
Tac antibody conjugated to  PE yielded no responses in 
four patients and produced early dose-limiting hepato- 
toxicity (22). 

Fusion toxins based on ricin may have advantages over 
DT- and PE-based fusion proteins. Ricin is a class I1 
ribosome inactivating protein naturally found in the 
castor bean seed of the plant Ricinus communis. The 
toxin is a heterodimer consisting of an enzymatically toxic 
A chain (RTA) disulfide-linked to  a lectin B chain (RTB) 
which has two galactose-specific binding sites (23). The 
mechanism of ricin cytotoxicity, namely the N-glycosyl- 
ation of the 28s ribosomal RNA at  the binding site for 
elongation factors (24), is distinct and independent from 
that of DT and PE (ADP-ribosylation of elongation factor 
2 (25)). Thus, ricin-based fusion toxins are non-cross- 
resistant with DT- and PE-based chimeric proteins. 
Additionally, ricin-based fusion toxins should not exhibit 
a similar immunogenicity profile as compared with fusion 
proteins containing either DT or  PE. 

DNA encoding the ricin gene was simultaneously 
isolated from both a genomic library and a cDNA library 
(26,27). Preproricin DNA has no introns, thus simplify- 
ing construction of gene expression vectors. RTA has 
been expressed in bacteria (28) and yeast (291, while RTB 
has been expressed in bacteria (301, yeast (31 1, Xenopus 
oocytes (32), mammalian COS cells (33), and recently, 
Spodoptera frugiperda Sf9 insect cells (34). Ricin-based 
fusion toxins developed to data include RTA fused to 
protein A (35), RTA-IL-2 (36), and proricin containing 
an alternate Factor X cleavable linker peptide (37). 
Problems encountered with ricin-based fusion toxins thus 
far have included inadequate intracellular heterodimer 
cleavage and poor production yields. 

We have approached the design of ricin-based fusion 
toxins by production and modification of recombinant 
RTB (rRTB) which can be reassociated with native RTA. 
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The recombinant heterodimer can then be purified and 
tested. To this end, we subcloned the RTB gene into a 
baculovirus expression vector a t  the 3’ end of the gp67 
signal peptide leader DNA (34). rRTB was isolated in 
Sf9 culture supernatant a t  3 mgL. Purification was 
performed by means of an immunoaffinity matrix. The 
purified rRTB bound galactose and reassociated with 
plant RTA to form heterodimers equally cytotoxic as 
native ricin. 

We now describe the introduction of a new ligand at  
the N-terminus of RTB by genetic modification. This site 
was chosen because X-ray crystallographic studies of ricin 
show the N-terminus of RTB to lie in disordered structure 
(accessible to the solvent) and without apparent inter- 
action with either the RTA-RTB interface or the galac- 
tose-binding sites on RTB (38). To be potentially useful, 
any introduced ligand must retain its original function, 
and thus for our first such construction we chose a ligand 
whose function would be simple to test and simulta- 
neously might demonstrate the applicability of a purifi- 
cation method for RTB-based chimeric proteins distinct 
from the usual immunologically based approaches. This 
report documents the production of ADPGHsG-RTB 
(oligohistidine-tagged or His-tag RTB) a t  a level compa- 
rable to that of rRTB and also demonstrates preservation 
in His-tag RTB-RTA of both cytotoxicity and ligand- 
binding functions (oligohistidine affinity for nickel as well 
as  RTB affinity for galactose). These results not only 
suggest a novel and practical method for developing 
recombinant ricin-based immunotoxins but also demon- 
strate that the oligohistidine-nickel affinity system can 
be used in the purification of such toxins. 

EXPERIMENTAL. PROCEDURES 

Reagents. Materials used for construction and char- 
acterization of pAcGP67A-GHsG-RTB were the same 
as those used for construction and characterization of 
pAcGP67A-RTB (34). Additionally, Ni2+-NTA resin 
was obtained from Qiagen (Chatsworth, CA), and imid- 
azole was obtained from Sigma (St. Louis, MO). TFTBl 
hybridoma producing monoclonal antibody to RTB was 
obtained from the American Type Culture Collection 
(Rockville, MD). 

Construction of pAcGP67A-GHBG-RTB. A bacu- 
lovirus transfer vector was prepared containing DNA 
encoding a gp67 signal peptide followed by ADPGH6G- 
RTB. The construction was based on the previously 
described baculovirus transfer vector pAcGP67A-RTB 
(34). To construct the RTB variant DNA, a polymerase 
chain reaction (PCR) was performed as previously de- 
scribed (34) using two oligonucleotide primers (5’- 

ACCACGGAGCTGATGTTTGTATGGAC-3’ and 5‘-GAG- 
TTn”rGGT“GCCGGGTCCCAG-3’) which introduce 
sequences encoding GH6G at  the 5’ end and sequences 
encoding two stop codons and an EcoRI site a t  the 3’ end. 
Oligonucleotides were synthesized on an Applied Biosys- 
tems 380B DNA synthesizer and desalted with n-butanol. 
The PCR product was purified and EcoRIIBamHI- 
restricted according to the manufacturer’s instructions 
and then subcloned into pAcGP67A. This DNA was then 
transformed into INVaF cells, and clones were selected 
on LB-ampicillin plates. Dideoxy sequencing confirmed 
the correct construction. pAcPG67A-GH6G-RTB DNA 
was then purified by cesium chloride density gradient 
centrifugation. 

Construction, Isolation, and Amplification of 
Recombinant Baculovirus. As previously detailed for 
pAcGP67A-RTB (34), standard techniques were used in 
the maintenance of an Sf9 cell line as well as construction 

GCTCATGAGGATCCCGGGCATCATCACCACC- 
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and isolation of recombinant baculovirus by homologous 
recombination between pAcGP67A-GHGG-RTB and Bac- 
uloGold DNA. In dot blot assays of limiting dilutions, 
positive wells were identified and the corresponding 
supernatants reassayed by limiting dilution until all 
wells were positive up to a dilution. Recombinant 
virus in supernatants was then amplified by infecting Sf9 
cells a t  a multiplicity of infection (moi) of 0.1 and 
collecting supernatants a t  day 7 for another round of 
amplification. Three rounds of amplification were per- 
formed. 

Expression and Purification of His-tag RTB. 
Amplified virus a t  a titer of 107/mL was added to Sf9 cell 
cultures (moi = 1.5-3) in a manner identical to that done 
previously for the expression of rRTB (34). Also, methods 
detailed previously for harvesting, concentration, and 
dialysis of rRTB culture supernatant as well as lysing 
and storage of cell pellets (34) were again used, without 
alteration, in this work with His-tag RTB. Immuno- 
affinity column preparation (monoclonal anti-RTB anti- 
body P2) was also identical. Of note, just as found for 
rRTB (34),  His-tag RTB eluted with 0.1 M triethylamine 
pH 11.0 (and was immediately neutralized with 1/10 
volume of 1 M sodium phosphate pH 4.8). RTB protein 
concentration was determined by absorbance at  280 nm 
based on an absorbance of 1.44 for a 1 mg/mL solution 
of plant RTB and a 1 cm pathlength. 

Characterization of His-tag RTB. Except for nickel 
affinity testing, all characterization of His-tag RTB and 
reassociated His-tag RTB-RTA heterodimer was per- 
formed as described previously for rRTB (34). The 
molecular weight of His-tag RTB was determined by 15% 
reducing SDS-PAGE. The N-terminal sequence of His- 
tag RTB was determined by Edman degradation. Im- 
munological characterization was performed by immu- 
nofluorescent microscopy (monoclonal anti-RTB antibodies 
P2 and P10) and immunoblots (polyclonal anti-RTB 
antibodies and monoclonal anti-RTB antibodies P2, P10, 
and TFTB1). Lectin activity was tested via the previ- 
ously described asialofetuin ELISA (34) as well as pas- 
sage over a lactosyl acrylamide matrix (elution performed 
with NTEA buffer (50 mM NaC1, 25 mM Tris pH 8, 1 
mM EDTA, 0.01% sodium azide) plus 50 mM a-lactose, 
also as previously described for rRTB (34)).  Eluted 
fractions were assayed for optical density a t  280 nm and 
binding to asialofetuin by the same ELISA assay as 
referenced above. To assess immunoreactivity under 
nondenaturing conditions, an ELISA was performed 
identically to the asialofetuin ELISA except the plate coat 
was done with monoclonal antibody (P2, P10, or TFTB1) 
at  10 pglmL. To characterize His-tag RTB-RTA hetero- 
dimer reassociation, 30 pg of His-tag RTB, rRTB, or plant 
RTB (pRTB) was mixed with 90 pg of plant RTA in NTEA 
plus 50 mM lactose and placed on an orbital shaker for 
4 h a t  room temperature. The reaction mixture was then 
analyzed by a ricin ELISA as previously described (34). 
Heterodimer cytotoxicity to HPB-MLT human T leuke- 
mia cells was then assessed via a standard L3H]1eucine 
incorporation-based assay as described previously (341, 
using dilutions of ricin, plant RTA (pRTA)-pRTB, rRTB- 
pRTA, His-tag RTB-pRTA, or pRTA or His-tag RTB 
alone. Wells receiving dilutions of media alone served 
as controls. All assays were performed in triplicate. In 
some experiments, duplicate samples were incubated in 
the presence of 50 mM a-lactose. The ID50 was the 
concentration of protein which inhibited protein synthesis 
by 50% compared to control. 

Nickel-Binding of rRTB, His-tag RTB, and Re- 
combinant Heterodimers. Media supernatants from 
Sf9 cells infected with RTB or His-tag RTB encoding 
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recombinant baculovirus were collected, adjusted to 
0.01% sodium azide, concentrated by vacuum dialysis, 
dialyzed against 1 M NaC1, 25 mM Tris pH 8, 0.01% 
sodium azide, and 25 mM a-lactose (HNTAL-"H" for 
high salt concentration). Samples were then ultracen- 
trifuged at 1OOOOOg for 1 h and adjusted to 5 mM 
P-mercaptoethanol and 1% Tween-20. 

rRTB-pRTA and His-tag RTB-pRTA reassociated 
heterodimers were diluted into 5 mL of HNTAL and 
adjusted to 1% Tween-20. 

Four 1 mL Ni2+/nitrilotriacetic acid (NTA)/agarose 
matrices were prepared per supplier's instructions and 
equilibrated with 10 mL of HNTAL. Supernatants or 
recombinant reassociated heterodimers were passed over 
the columns four times, and then the columns were 
washed with 10 mL of HNTAL. Nickel-binding proteins 
were then eluted with HNTAL containing 10,20,30,40, 
50,100,200,500, and 1000 mM imidazole. Eluates were 
assayed for RTB or heterodimer by the asialofetuin 
ELISA or ricin ELISA, respectively. Immunoblots of 
eluate fractions from rRTB and His-tag RTB super- 
natants were performed as described above. 

RESULTS 
Production of Recombinant Baculovirus. 

pAcGP67A-GHGG-RTB DNA was cotransfected with 
BaculoGold AcNPV DNA into Sf9 insect cells. Day 5 
supernatants had a viral titer of 105/mL by limiting 
dilution assay. Supernatant was selected from a positive 
well a t  dilution, and the limiting dilution assay was 
repeated to yield a titer of 107/mL . Virus amplification 
was then performed on a positive well a t  dilution. 
Supernatants collected from all three stages of virus 
amplification (5,50, and 150 mL) continued to  show virus 
titers of 107/mL. 

Expression of His-tag RTB. Day 5 supernatants 
from Sf9 cells infected at  an moi of 1.5-3 were assayed 
by the asialofetuin ELISA. His-tag RTB was present a t  
5.8 pg/mL. Cell lysates yielded 1.4 pg of His-tag RTB/ 
mL cell culture. Immunofluorescent staining of 48 h 
postinfection Sf9 cells revealed intracellular accumula- 
tion of His-tag RTB (Figure 1). 

purification and Characterization of His-tag RTB. 
The total concentration of protein in the Ex-Cell 400 Sf9 
postinfection supernatants was 6 mg/mL, and His-tag 
RTB represented 0.1% of the total protein. We initiated 
a purification scheme to enrich the recombinant product 
nearly 1000-fold. First, the supernatants were concen- 
trated 10-fold by vacuum dialysis with 10 000 M,-cutoff 
membranes. Yields of His-tag RTB after vacuum dialysis 
were close to 100%. After dialysis into NTEA plus 25 
mM a-lactose and ultracentrifugation, 80% of the recom- 
binant protein remained soluble and biologically active. 
Binding of His-tag RTB to  the P2 monoclonal antibody 
affinity matrix was then tested. Less than 5% of the 
recombinant protein loaded remained in the column flow- 
through. His-tag RTB eluted with pH 11 triethylamine 
and was neutralized with sodium phosphate buffer. 
Approximately 200-400 pg of His-tag RTB from 100 mL 
of supernatants was recovered after immunoaffinity 
chromatography. Thus, the yield of His-tag RTB from 
starting supernatants was 60-80%. The protein re- 
mained biologically active stored at  -20 "C in the 
triethylamine-sodium phosphate buffer. SDS-PAGE 
showed His-tag RTB as the major band with minor bands 
corresponding to the P2 monoclonal antibody heavy and 
light chains which eluted to a minor degree from the 
matrix (Figure 2). Purity was in excess of 75% for each 
preparation based on densitometry performed on Coo- 
massie-stained SDS-PAGE gels. 
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Figure 1. Immunofluorescence of Sf9 insect cells infected with 
AcNPV baculovirus or recombinant baculovirus. Cells were 
attached to poly-lysine coated tissue culture dishes and fixed 
with 3.7% formaldehyde in PBS followed by 0.1% Triton X-100 
in PBS, washed with 2 mg/mL of BSA in PBS and then PBS 
plus BSA plus monoclonal antibody P10 a t  10 &mL. The cells 
were then washed with PBS and incubated with affinity purified 
goat anti-mouse Ig coupled to rhodamine (Jackson ImmunoRe- 
search) at 25 ,ug/mL, rewashed, and postfured in 3.7% formal- 
dehyde in PBS. Sf9 cells infected with AcNPV baculovirus 
showed no fluorescence (data not shown). (A) Sf9 cells infected 
with recombinant baculovirus examined at 200 x under phase 
contrast. (B) Sf9 cells infected with recombinant baculovirus 
examined for fluorescence. 

The molecular weight of insect His-tag RTB was 34 500 
Da based on reducing Coomassie-stained SDS-PAGE 
gels and the prestained low molecular weight protein 
standards from BioRad. This compares with a molecular 
weight of 33 500 Da for insect rRTB. The N-terminal 
sequence of the His-tag RTB was shown to be ADPGHs- 
GA. Immunoblots of His-tag RTB, rRTB, and pRTB with 
polyclonal rabbit antiricin antibody (Figure 2B) and 
murine monoclonal antibodies P2, P10, and TFTB1 all 
yielded a single strong band at molecular weight of 
34500 Da (data not shown). An ELISA testing the 
immunoreactivity of each of pRTB, rRTB, and His-tag 
RTB with each of P2, P10, and TFTBl showed that P2 
bound His-tag RTB 46% and 71% as well as pRTB or 
rRTB, respectively. The relative binding affinities for 
P10 were 41% and loo%, respectively, and for TFTB1, 
10% and 22% (data not shown). 

His-tag RTB bound asialofetuin and lactose on a molar 
basis 80-100% as well as pRTB. Asialofetuin binding 
was assessed by ELISA, lactose binding was measured 
by yields of His-tag RTB in fractions from the lactosyl 
acrylamide matrix. Fifty percent of pRTB or His-tag RTB 
bound to immobilized lactose and was eluted with 50 mM 
lactose. 

Characterization of Recombinant Heterodimers. 
Incubation of His-tag RTB at M with pRTA at 3 x 

M for 4 h at room temperature yielded 50% re- 
associated heterodimer. Similar levels of reassociation 
were seen using pRTB or rRTB with pRTA at the same 
concentrations. The heterodimer concentrations were 
quantitated by ricin ELISA. 

The ID50)s of ricin, reassociated pRTB-RTA, reassoci- 

Figure 2. 15% reducing SDS-PAGE of immunoafinity puri- 
fied His-tag RTB and rRTB. Recombinant protein for His-tag 
RTB was prepared as  described in the text. rRTB protein was 
isolated as  previously described (33). (A) Coomassie stained gel. 
Lane 1: BioRad prestained low molecular weight protein 
standards (106, 80, 49.5, 32.5, 27.5, and 18.5 kDa). Lane 2: 
rRTB. Lane 3: His-tag RTB. (B) Immunoblot using rabbit 
polyclonal antiricin antibody. Lane 1: BioRad prestained low 
molecular weight protein standards. Lane 2: rRTB. Lane 3: 
His-tag RTB. The double-band appearance of rRTB and His- 
tag RTB on Coomassie stained gels reflect two major glycosyl- 
ation patterns of RTB produced in Sf9 cells (33). The Coomassie 
stained gel shows the approximately 1000 Da increase in mass 
of His-tag RTB relative to rRTB. The faint band in both 
Coomassie stained gels and immunoblots at approximately 
60 000 Da represents homodimers resulting from incomplete 
reduction during incubation with P-mercaptoethanol-containing 
sample buffer prior to SDS-PAGE. The monoclonal antibody 
immunoblots gave similar patterns as  the polyclonal antibody 
immunoblot (data not shown). 

ated rRTB-RTA, and reassociated His-tag RTB-RTA 
were all approximately 7 x M, with a two-log 
increase in ID50 seen in each case in the presence of 50 
mM a-lactose (Figure 3). His-tag RTB alone was com- 
pletely nontoxic at the concentrations tested. 

Nickel-Binding of His-tag RTB and Recombinant 
Heterodimers. Day 5 supernatants of Sf9 cells infected 
with recombinant baculovirus encoding rRTB or His-tag 
RTB were harvested, vacuum concentrated, dialyzed into 
HNTAL, and ultracentrifuged. Supernatants were then 
adjusted to 1% Tween-20 and 5 mM @-mercaptoethanol, 
passed four times through Ni2+-NTA agarose, washed, 
and eluted with increasing concentrations of imidazole. 
Asialofetuin ELISA (Figure 4), Coomassie-stained gels, 
and immunoblots demonstrated complete binding of His- 
tag RTB to the Ni2+-NTA matrix and elution with 20 
mM imidazole or greater. The greatest yield was at 30 
mM imidazole, and the highest purity (95%) was at 40- 
100 mM imidazole. In contrast, rRTB from supernatants 
failed to bind to Ni2+-NTA and was not observed in 
fractions eluted with 20 mM or greater imidazole. 

In recombinant heterodimer testing, 200 pg of His-tag 
RTB-RTA or rRTB-RTA was diluted into separate 5 mL 
quantities of HNTAL with 1% Tween-20 (but without 
B-mercaptoethanol) and passed four times over freshly 
prepared nickel affinity matrices. After each matrix was 
washed with HNTAL, elutions were again performed 
with increasing concentrations of imidazole. His-tag 
RTB-RTA bound identically to His-tag RTB, while 
rRTB-RTA behaved similarly to rRTB and failed to bind 
to the nickel matrix (Figure 5). 
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HPB-MLT Cell Cytotoxicity 
Assorted ricin variants with and without lactose 

10 1 
0 4 

-13.00 -12.00 -1 1 .oo -10.00 -9.00 -8.00 
Toxin Concentration (log M) 

0 Ricin 
0 His-RTBIRTA 
A RTA RTA w/ lactose 
V His-RTB 

Ricin w/ lactose 
His-RTB/RTA w/ lactose . His-RTB w/ lactose 

Figure 3. HPB-MLT cell cytotoxicity. 2 x lo5 cells were incubated with varying concentrations of heterodimers, RTA, or His-tag 
RTB in the presence or absence of 50 mM a-lactose for 20 h at  37 “C, 5% COz, and then 1 pCi/well of [3H]leucine was added for 4 h. 
Cells were harvested on glass fiber filters and washed. Filters were dried and counted in a liquid scintillation counter: 0, ricin; 0, 
His-tag RTB-RTA, A, RTA, V, His-tag RTB; ., ricin plus 50 mM a-lactose; 0, His-tag RTB-RTA plus 50 mM a-lactose; A, RTA plus 
50 mM a-lactose; V, His-tag RTB plus 50 mM a-lactose. 

DISCUSSION 

Recombinant baculovirus encoding His-tag RTB was 
isolated after only two rounds of selection. The rapid 
generation and selection of recombinant baculovirus was 
facilitated by using an AcNPV derivative with a deletion 
in ORF1629 (39). The transfer vector contains sequences 
which complement the essential downstream gene, and 
thus only recombinant baculoviruses are viable. We 
observed similar efficient selection for recombinant bacu- 
lovirus encoding RTB (34).  

Levels of expression and secretion of His-tag RTB into 
infected insect cell supernatants were comparable to that 
previously observed with rRTB and far higher than 
previously reported levels of recombinant RTB from 
eukaryotic expression systems including yeast, monkey 
kidney, and Xenopus (32-33). The 4-fold higher level of 
His-tag RTB in media versus intracellular levels suggests 
efficient secretion and processing of the recombinant 
protein with the gp67 leader peptide and minimal pro- 
teolytic degradation in the medium after release. Also, 
the N-terminal sequence of His-tag RTB was ADPGHs- 
GA. These results further support eEcient and proper 
processing of the gp67 leader peptide, as the predicted 
cleavage site a t  the C-terminal end of this leader is 
between the adjacent alanines in HSFAADP. These 
results agree with those observed for rRTB (34). The 
oligohistidine tag did not alter the stability or proteolytic 
sensitivity of the recombinant product. 

Immunoaffinity chromatography was used as a single 
step purification method for His-tag RTB. The high 
overall yields and homogeneity of the product suggest 
that monoclonal antibody affinity matrices are well suited 
for isolation of recombinant proteins from baculovirus- 
infected insect cell supernatants. Alkaline conditions for 

elution were also found optimal for purification of rRTB 
(34) and may be generally useful for proteins with low 
PI’S. 

The observed molecular weight of 34 500 Da cor- 
responds to  the predicted molecular weight of 34 478 Da, 
consisting of ADP-RTB, two MangGlcNacz oligosaccha- 
rides, and the GHsG N-terminal peptide sequence. 

Reducing SDS-PAGE was performed using equivalent 
amounts of His-tag RTB, rRTB, and pRTB. The proteins 
were transferred to nitrocellulose and probed with poly- 
clonal antibody to ricin and three different monoclonal 
antibodies to RTB. Immunoreactivity of His-tag RTB 
was minimally different from pRTB or rRTB. Further, 
ricin ELISA yielded similar reading on equivalent amounts 
of pRTB-RTA, rRTB-RTA, and His-tag RTB-RTA. 
These results suggest His-tag RTB is folded similarly to 
rRTB and pRTB. The only secondary structural elements 
in RTB are R-loops and are formed within each sub- 
domain of RTB. They consist of compact, contiguous 
peptide segments with a “loop-shaped path in three- 
dimensional space. The R-loops are stabilized by sets of 
hydrogen bonds between the backbone nitrogen and 
carbonyl oxygen atoms. Q-loops in the a and p sub- 
domains have disulfide bonds securing the neck of the 
loops. RTB also has a core with residues contributed by 
hydrophobic residues from each subdomain. All of the 
amino acid residues critical both to core formation and 
Q-loop stabilization are distant from the N-terminus. The 
oligohistidine tag comprising the N-terminus was not 
expected to interrupt RTB folding and the evidence 
supports this prediction. 

The lectin activity of His-tag RTB was similar to rRTB 
and pRTB. Again, the sugar binding sites in subdomains 
la and 2 y  of RTB are structurally distant from the 
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Nickel Affinity: His-tag RTB vs. rRTB 
Asialofetuin ELISA 

Pre FT W 10 20 30 40 50 100 200 500 1000 
Eluate FractiordImidazole Conc. (mM) 

M His-tag RTB 0 rRTB 

Figure 4. Binding of recombinant lectins to Ni2+-NTA-agarose. Supernatants from Sf9 cells infected with recombinant baculovirus 
encoding His-tag RTB or rRTB were concentrated, dialyzed into HNTAL, ultracentrifuged, adjusted to 1% Tween-20 and 5 mM 
B-mercaptoethanol, and passed four times over a 1 mL Ni2+-NTA-agarose column. The column was washed with HNTAL and 
then eluted with increasing concentrations of imidazole in HNTAL. Total RTB in the different fractions was measured by the 
asialofetuin ELISA described in the text. Lightly shaded bars are rRTB fractions. Darkly shaded bars are His-tag RTB fractions: 
Pre, material prior to passage on the matrix; FT, flowthrough or material which did not bind the nickel matrix, W, HNTAL wash 
following passage of recombinant protein; 10-1000,5 mL eluates from the nickel matrix with the specified imidazole concentration 
(mM). 

Nickel Affinity of Heterodimers 
Asialofetuin ELISA 

Pre FT W 10 20 30 40 
.J- 

IO0 
, I I 

200 500 1000 
Eluate FractiodImidazole Conc. (mM) 

His-tag RTB-RTA 17 rRTB-RTA 

Figure 5. Binding of recombinant heterodimers to Ni2+-NTA-agarose. Two hundred pg each of His-tag RTB-RTA and rRTB- 
RTA were separately diluted into 5 mL of HNTAL, adjusted to 1% Tween-20, passed through 1 mL of Ni2+-NTA-agarose columns, 
washed with HNTAL, and eluted with increasing concentrations of imidazole in HNTAL. Total heterodimer concentration in the 
different fractions was measured by the ricin ELISA described in the text. Lightly shaded bars are rRTB-RTA fractions. Darkly 
shaded bars are His-tag RTB-RTA fractions: Pre, material prior to passage on the matrix, FT, flowthrough or material which did 
not bind the nickel matrix; W, HNTAL wash following passage of recombinant protein; 10-1000 5 mL eluates from the nickel matrix 
with the specified imidazole concentration (mM). 

N-terminus. Thus, the addition of 11 amino acid residues 
to the N-terminus should not modify lectin activity, and 
our results support this hypothesis. Accurate measure- 
ments of sugar binding affinity require 10-1000 ,ug of 

protein for equilibrium dialysis measurements or the 
BIAcore surface plasmon resonance system (40). With 
scaleup of the recombinant baculovirus-Sf9 expression 
system, adequate quantities of recombinant RTB proteins 
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are now available for comparative studies in different 
laboratories and potentially for efforts to crystallize the 
proteins and determine structure-function relationships. 

Plant RTA reassociated equally well with His-tag RTB, 
rRTB, and pRTB. Amino acid residues critical for 
interaction of RTB with RTA include C4, which forms a 
disulfide bridge with C259 of RTA. The disulfide bond 
functions to maintain chain association at  very low toxin 
concentrations. The ability of the ricin ELISA to measure 
intact His-tag RTB-RTA at  ng/mL concentration and the 
cytotoxicity of His-tag RTB-RTA to HPB-MLT cells a t  

M suggests the disulfide bond is intact in the 
recombinant heterodimer. Most of the interactions of 
RTB and RTA are due to hydrophobic interactions 
between aliphatic sidechains and aromatic rings, al- 
though some polar contacts are made. Interface RTB 
residues include Al ,  D2, D94, V141, F140, K219, F218, 
N220, P260, and F262, all of which are preserved in His- 
tag RTB. The first three amino acid residues of RTB in 
ricin crystals have less ordered structure and spend a 
significant fraction of time floating in the solvent. The 
11 amino acid oligohistidine tag was expected to remain 
free in the solvent and not bond with amino acid residues 
in the area of contact with RTA. The similar free energy 
for the association of His-tag RTB with RTA and pRTB 
with RTA corroborates these hypotheses. 

The potent cytotoxicity of His-tag RTB-RTA suggests 
that the fusion of the oligohistidine peptide to the 
N-terminus of RTB did not affect cell intoxication. Since 
the translocating and enzymatic domains of ricin appear 
to reside on RTA (23,41), we anticipated full cytotoxicity 
for the His-tag RTB-RTA heterodimer. The lower 
potencies for Xenopus proricin with a factor X cleavage 
site, E. coli RTA with a diphtheria toxin disulfide loop 
fused to protein A, and E. coli RTA fused directly to 
protein A was likely due to  poor cleavage and release of 
RTA intracellularly (35-37). In contrast, the linkage of 
RTA to His-tag RTB uses the native disulfide bond and 
RTA-RTB interface and displays cytotoxicity similar to  
native ricin. Further, the recombinant protein expressed 
within insect cells is recovered at much higher yields than 
Xenopus proricin. 

Potentially useful fusion ricin toxins must demonstrate 
the new ligand specificity on the heterodimer. We tested 
His-tag RTB alone, rRTB alone, His-tag RTB-RTA, and 
rRTB-RTA for binding to a nickel affinity matrix. Both 
free His-tag RTB and His-tag RTB-RTA bound nickel 
and were eluted with 20-100 mM imidazole buffers. In 
contrast, rRTB and rRTB-RTA, which lack oligohistidine 
sequences, failed to  bind nickel. These observations are 
similar to  other insect-derived recombinant proteins 
with introduced oligohistidine tags (42, 43). Taken 
together, these results suggest that, as with the oligo- 
histidine tag reported here, a new N-terminal ligand is 
likely to be free in the solvent and accessible for novel 
binding specificities. These results also suggest that 
oligohistidine-tagging of an N-terminal RTB fusion pep- 
tide might provide a purification method (nickel affinity) 
which may be particularly useful if RTB mutants are 
engineered which fail to bind both sugar and the common 
anti-RTB antibodies. The preparation of milligram 
quantities of fully active ricin fusion protein with intact 
novel specificity makes possible genetic engineering of 
ricin similar to that reported previously for DT (12) and 
PE (13). Other peptide ligands can be substituted for 
the oligohistidine tag (or interposed between the oligo- 
histidine tag and RTB) and the fusion protein reassoci- 
ated with pRTA or rRTA to  provide a smaller and more 
homogeneous product for therapeutic studies. 
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Arabinogalactan, a polysaccharide from the tree L a r k  occidentalis, has been purified and its biological 
and physical properties described. Intravenous injection of radiolabeled arabinogalactan (4 mgkg) 
in rats resulted in 52.5% of the dose being present in the liver, while prior injection of asialofetuin 
(100 mgkg) reduced hepatic radioactivity to 3.54%. Gel chromatography indicates arabinogalactan 
is a single species of 19 kDa, while light scattering gave a molecular weight of 40 kDa. Glycosyl 
linkage analysis of arabinogalactan is consistent with a highly branched structure comprising a 
backbone of 1,3-linked galactopyranose connected by 1,3-glycosidic linkages, comprised of 3,4,6-, 3,6-, 
and 3,4- as well as 3-linked residues. In the carbon-13 NMR spectra, the major resonances of 
arabinogalactan are assigned to P-galactopyranose, P-arabinofuranose, and P-arabinopyranose. 
Arabinogalactan produced no adverse reactions in single intravenous dose (mouse, 5000 mgkg) and 
repeat dose toxicity studies (rats, 500 mgkg/day, 90 days). When tritiated arabinogalactan was 
injected, radioactivity cleared from the liver with a half-life of 3.42 days. Arabinogalactan has 
properties that make it suitable as a carrier for delivering diagnostic or therapeutic agents to 
hepatocytes via the asialoglycoprotein receptor. 

INTRODUCTION 

Delivery of diagnostic or therapeutic agents to hepa- 
tocytes has often been achieved by attachment of the 
agent to carrier molecules that bind the asialoglycopro- 
tein receptor (1). Carriers have included asialoglycopro- 
teins of natural origin, synthesized neoglycoproteins, and 
synthetic polymers modified to  contain galactose residues 
(2-6). Another approach in the design of carriers binding 
the asialoglycoprotein receptor involves the synthesis of 
low molecular weight compounds containing multiple 
galactose residues (7,8). Recently, it was reported that 
a superparamagnetic iron oxide covered with arabinoga- 
lactan, a polysaccharide from the plant L a r k  occidentalis, 
was removed from blood by the asialoglycoprotein recep- 
tor of hepatocytes (9). This observation suggested that 
arabinogalactan might serve as a carrier for targeting 
diagnostic or therapeutic agents to the liver. 

While preclinical research on targeted drug delivery 
can be conducted with a variety of carriers, many carriers 
are not fully satisfactory for clinical applications. For 
example, a conjugate of adenine arabinoside monophos- 
phate with lactosylated albumin, designed to be taken 
up by the asialoglycoprotein receptor, has been tested for 
the treatment of hepatitis B in humans (3) .  However, 
conjugates utilizing protein-based carriers have deficien- 
cies. Chemical modification of plasma proteins like 
albumin can make them susceptible to  uptake by scav- 
enger receptors on cells other than the hepatocyte (10). 
Immunogenicity and the formation of hepatic vacuoles 
have also been reported with lactosylated albumin (11, 
12). Problems of protein carriers for drug delivery have 
been recently reviewed (13). 

In this paper we demonstrate that a naturally occur- 
ring polysaccharide, purified arabinogalactan, can serve 
as a carrier for the delivery of a model compound, a cobalt 
chelate of diethylenetriamine pentaacetic acid, to  the 
liver via the asialoglycoprotein receptor. Our results with 
purified arabinogalactan and the asialoglycoprotein re- 
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ceptor suggest that naturally occurring polysaccharides 
can be used for the receptor-mediated delivery of diag- 
nostic and therapeutic agents. 

The eventual use of purified arabinogalactan as a 
carrier for the delivery of diagnostic or therapeutic agents 
in humans requires a clear understanding of its physical 
and chemical properties. Unfortunately, as described 
below, the properties of materials referred to as “ara- 
binogalactan” in the literature vary significantly. There- 
fore, we undertook the characterization of the purified 
arabinogalactan used in these studies. 

EXPERIMENTAL PROCEDURES 

All materials were obtained from common commercial 
sources unless stated otherwise. 

1. Demonstration of Receptor Interaction: Bio- 
distribution and Receptor Binding Studies with 
Purified Arabinogalactan. Purification of Arabinoga- 
lactan. Arabinogalactan was purchased from Champion 
Corp. (Tacoma, WA) as Stractan 2. In a typical purifica- 
tion, crude arabinogalactan (100 g) was dissolved in 2 L 
of water and purified by ultrafiltration with 100 000 and 
10 000 Da membranes. The concentrated solution was 
filtered through a 0.22 pm filter and lyophilized. Eighty- 
five g of purified arabinogalactan, denoted pAG, was 
obtained. 

Synthesis of Arabinogalactan-DTPA. pAG (20.0 g, 
0.50 mmol based on a molecular weight of 40 kDa, see 
below) and the dianhydride of diethylenetriaminepen- 
taacetic acid (2.15 g, 6.02 mmol) were dissolved in 
dimethyl sulfoxide (200 mL) at  60 “C. After 0.5 h, the 
clear solution was added to 500 mL of HzO. The solution 
was filtered on a YM3 ultrafiltration membrane (Amicon, 
Beverly, MA) and washed with water (2 x 400 mL). The 
retentate, about 70 mL, was lyophilized to yield a white 
powder (18.8 g). Titration of an aqueous solution of this 
conjugate with 0.01 N NaOH indicated the presence of 
0.117 mmol of DTPA per gram of product, corresponding 
to the presence of 4.68 DTPA’s per mole of pAG. 

Synthesis of 57Co-DTPA. A solution of Na5DTPA (4.75 
mM, 0.20 mL, pH 9.8) was added to  a sterile, graduated 
centrifuge tube. 57C~C12 solution in 0.1 N HCl(O.11 mL, 
128 pCi/g, 100 pg/mL) was added. 57C0C12 was obtained 

0 1994 American Chemical Society 



548 Bioconjugafe Chem., Vol. 5, No. 6, 1994 

from Amersham (Arlington Heights, IL). The solution 
was adjusted to  pH 6.85 with NaOH and diluted to 2.0 
mL with saline. 

Synthesis of Arabinogalactan-57Co-DTPA. A solution 
of 57C0C12 (see above, 0.31 mL, 40 pC) was added to 
arabinogalactan-DTPA (16.7 mg, 1.95 pmol DTPA) in 
saline (1.0 mL). The solution was adjusted to pH 6.87 
with NaOH and the volume raised to 4.0 mL with saline. 
The molar ratio of pAG, 57C0, and DTPA is 1.0:0.0012: 
4.68. The conjugate assumes a negative charge at  
physiological pH, due to the negative carboxyl groups of 
DTPA. 

Stability of Arabin~galactan-~~Co-DTPA in Rat  Se- 
rum. The stability of the AG-57Co-DTPA conjugate was 
evaluated by incubation of the conjugate in rat serum at  
37 "C, followed by analysis on Sephadex G-50 (9.5 x 300 
mm; 0.1% NaN3 at  0.33 mumin flow rate). 

Biodistribution of Arabin~galactan-~~Co-DTPA and 
57Co-DTPA. The rats used in all studies were male Crl: 
CD-BR from Charles River Laboratories, Wilmington, 
MA. Six rats weighing between 330 and 389 grams were 
anesthetized with Inactin (100 mgkg body weight, 
Promonta, Hamburg, Germany). The femoral artery and 
vein were exposed and the animal received via femoral 
vein injection 4 mgkg body weight of arabinogalactan- 
57Co-DTPA (9.5 pCi 57C0). Two additional groups of 
three rats each were anesthetized and prepared as above. 
The first group of animals was injected with 100 mgkg 
body weight asialofetuin (type 11, Sigma Chemical Co., 
St. Louis, MO), an asialoglycoprotein receptor ligand, 5 
min prior to administration of 4 mgkg of arabinogalac- 
tan-57Co-DTPA. The second group of rats was injected 
with 57Co-DTPA, 0.48 pmol of Na5DTPA/kg body weight 
(7 pCi 57Co/kg), which is the amount of chelate injected 
with the 4 mgkg body weight of arabin~galactan-~~Co- 
DTPA. After 90 min, a blood sample was collected by 
syringe and 26 gauge needle, and the animals were 
exsanguinated via the cut femoral artery and vein. 
Aliquots of the liver, spleen, and the bladder content, also 
collected by syringe and 26 gauge needle, were placed 
into tared snap-cap polyethylene vials and weighed. All 
samples were counted in a GammaTrac 1193 counter 
(TM Analytical, Inc., Elk Grove, IL). A weighed aliquot 
of injectate was counted to serve as a standard for 
calculation of the percent of the injected dose present in 
the tissues. 

Receptor Assay. Asialoglycoprotein receptor from rat 
liver was isolated following the method of Hudgin et al. 
(14) and stored frozen until used. The tracer, a tyramine 
derivative of arabinogalactan (hereafter tyramine-ara- 
binogalactan), was prepared by activating arabinogalac- 
tan with cyanogen bromide (15), followed by reaction with 
tyramine. The tyramine-arabinogalactan was then ra- 
dioiodinated with chloramine T to  give a specific activity 
of about 20 mCi/mg (16). The iodinated material was 
purified on a Sephadex G-25 column (Pharmacia LKB 
Biotechnology, Piscataway, NJ). 

To perform the assay, samples and standards were 
dissolved in 0.01 M phosphate buffer (pH 7.4) containing 
0.1% bovine serum albumin and 0.1% sodium azide. 
Sample or standard (0.1 mL) was added to [12511tyramine- 
arabinogalactan (0.4 mL containing 100 000 dpm per 
tube), followed by receptor sufficient to produce between 
15 and 20% binding of total counts. The solutions were 
incubated for 25 min at  25 "C and transferred to an ice 
bath for 5 min. Next, 0.5 mL of 20% poly(ethy1ene glycol) 
(dissolved in 0.5 M phosphate buffer containing 0.15 M 
sodium chloride and 0.1% bovine gamma globulin) was 
added, and the tubes were chilled t o  4 "C, vortexed, and 
incubated at  4 "C for 5 min. The samples were trans- 

Groman et al. 

ferred onto 0.22 pm filters presoaked with assay buffer, 
and liquid was removed by suction. The filters were 
washed three times with assay buffer, and the radioac- 
tivity retained on the filters was quantitated by y 
counting. 

2. Chemical Characterization of pAG. Size Exclu- 
sion Chromatography and Light Scattering. Solutions of 
pAG, dextran T-10, and dextran T-40 (Pharmacia, Pis- 
cataway, NJ) were prepared in a buffer of 20 mM 
potassium phosphate, 150 mM sodium chloride, and 0.1% 
sodium azide, pH 7.2 to give a final concentration of 15- 
30 mg/mL. Samples were filtered (0.45 pm) and injected 
into a CL-300 Cellufine column (0.5 x 30 cm, Amicon 
Corp., Beverly, MA). For determination of molecular 
weight by size exclusion chromatography, a flow rate of 
0.3 mumin was used with detection by a differential 
refractometer. The molecular weight of pAG was esti- 
mated using dextran standards (Pharmacosmos, Viby Sj. 
Denmark). 

For light scattering measurements, samples were 
chromatographed on the CL-300 Cellufine column above, 
and refractive index and molecular weight were obtained 
by passing the eMuent through a differential refracto- 
meter and a flow cell light scattering detector (Precision 
Detectors, Amherst, MA). The molecular weight a t  the 
peak of refractive index was then calculated using the 
Precision detector software taking a value of 0.145 as the 
refractive index for pAG. 

The monosaccharide composition of pAG was deter- 
mined at  the University of Georgia Center for Carbohy- 
drate Research (Athens, GA). Compositional analysis, 
the alditol acetate method, and the trimethylsilyl (TMS) 
methylglycoside method were minor modifications of 
previously described procedures ( I  7). 

Alditol Acetate Assay. pAG (300 pg), spiked with 100 
nmol of inositol internal standard, was hydrolyzed in 2 
M trifluoracetic acid for 2 h at  120 "C. The acid and 
water were removed under a stream of nitrogen, and the 
glycosyl residues were reduced to  the corresponding 
alditols with the addition of sodium borohydride. The 
alditols were per-0-acetylated to  the corresponding al- 
ditol acetates by treatment with acetic anhydride in 
pyridine. The alditol acetates were then extracted into 
methylene chloride. Methylene chloride was removed by 
evaporation and the solid residue dissolved in acetone. 
The alditol acetates were analyzed by GCNS using an 
SP2330 capillary column (Supelco, Bellefonte, PA). 

Trimethylsilyl (TMS) Methylglycoside Assay. pAG (300 
pg), spiked with 100 nmol of inositol internal standard, 
was hydrolyzed in 1 M hydrochloric acid in methanol for 
15 h at  80 "C. This reaction converts the polysaccharide 
to methyl glycosides. After removal of hydrochloric acid 
by evaporation, the methyl glycosides were silylated with 
hexamethyldisilane and trimethylchlorosilane in pyridine 
at  80 "C for 20 min. The products, a- and P-trimethylsilyl 
methylglycosides, were extracted into hexane for analysis 
by GCNS using a 30 m capillary DB1 column (J & W 
Scientific, Folsam, CAI. 

Endotoxin Determination. Endotoxin levels were de- 
termined using the Limulus amoebocyte lysate (LAL) 
assay kit (Associates of Cape Cod, Falmouth, MA). 

Elemental Analysis. Elemental analysis (C, H, N), 
heavy metals (As, Pb, Hg), and ash content were deter- 
mined by Galbraith Laboratories, Inc. (Knoxville, TN). 

Amino Acid Analysis. Amino acid analysis was per- 
formed at AAA Laboratories, Mercer Island, WA. Samples 
containing a crystal of phenol were hydrolyzed for 20 h 
in 6 N HC1 with 0.05% mercaptoethanol a t  115 "C. 

Carbon-13 NMR.  Fourier transform 'H (300 MHz) and 
I3C(lH} NMR (75 MHz) spectra of pAG were measured 
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in DzO solution using a Varian a 3 0 0  spectrometer 
(Varian Corp., Palo Alto, CA) at  21 f 1 "C. Chemical 
shifts were referenced to internal 1% DSS (sodium 2,2- 
dimethyl-2-silapentyl sulfonate). 

FTIR. Fourier-transform infrared spectroscopy spectra 
were measured using a Galaxy 5020 spectrometer (Matt- 
son Instruments, Madison, WI). Samples were mixed 
with KBr, ground with an agate mortar and pestle, and 
dried for 1 h at  110 "C before they were transferred to  a 
Harrick Praying Mantis diffuse reflectance cell (Harrick 
Corp., Ossining, NY). Spectra were recorded over the 
frequency range from 400 to  4000 cm-l (256 scans a t  2 
cm-l resolution). The spectra were ratioed against KBr. 

Lectin Binding Assay. pAG (0.1 g), dissolved in 0.02 
mL of 0.01 M potassium phosphate, 0.15 M sodium 
chloride a t  pH 7.4 (PBS), was applied to  a 1 mL Ricinus 
communis agglutinin affinity column (Sigma, St. Louis, 
MO) equilibrated with PBS. A total of 14 1 mL fractions 
were collected and assayed for carbohydrate using the 
phenolsulfuric acid method (18). 

Linkage Analysis. The linkage analysis procedure was 
a modification of York (17). pAG (0.5 mg) was dissolved 
in 0.5 mL of DMSO, butyllithium reagent (Aldrich 
Chemical, Milwaukee, WI) was added, and the mixture 
was stirred for 4 h a t  room temperature. Methyl iodide 
reagent (0.5 mL) was added and again stirred for 18 h 
at  room temperature. Methyl iodide was removed under 
a stream of nitrogen, and the procedure was repeated, 
starting with the addition of butyllithium. The final 
product mixture was placed on a C-18 Sep-Pak Column 
(Millipore Bedford, MA), washed with water, and then 
eluted with acetonitrile. The solvent was removed by 
evaporation under a stream of nitrogen gas. The per-0- 
acetylated polysaccharide was then converted to alditol 
acetates as described above. The partially per-0-methy- 
lated alditol acetates were then analyzed by GCIMS, 
using a Supelco SP2300 column, to identify and provide 
peak areas for each of the components. 

3. Metabolic and Toxicological Studies of pAG. 
Synthesis of [3HlpAG. pAG (10 g) was dissolved in 50 
mL of 0.1 M sodium phosphate buffer, pH 6.0. Galactose 
oxidase (225 units) dissolved in 2.5 mL of the same buffer 
was added. The reaction was allowed to proceed for 24 
h at  25 "C. Catalase (20 mg) was added to the reaction 
solution and incubated for 12 h. Mixed bed ion exchange 
resin (10 g) was added to the reaction solution and mixed 
for 60 min. The resin was removed by filtration. The 
product was purified by ultrafiltration (YM-3 membrane, 
Amicon, Beverly, MA), and the polyaldehydic pAG was 
isolated by ethanol precipitation. The polyaldehydic pAG 
(5 g) was dissolved in deionized water (15 mL) and cooled 
to 0 "C. Sodium borotritide (5  mCi, 490 mCi/mmol) in 
cold 0.01 M sodium hydroxide (2 mL) was added, and the 
reaction was stirred a t  25 "C. Thirty min after the 
borotritide addition, sodium borohydride (500 mg) was 
added and reacted for 2 h. The reaction was quenched 
by the addition of 1 mL of acetone. The product was 
purified by repeated ultrafiltration and isolated by lyo- 
philization. 

Clearance of [3HlArabinogaZactan from the Liver. Rats 
were injected via the tail vein with 5 mg and 0.54 pCi 
[3H]arabinogalactan per kg body weight. Initial weights 
were chosen so that a t  the time of sacrifice the rats were 
between 300 and 400 grams. After 30 min, 1 ,3 ,5 ,7 ,14,  
or 28 days postinjection, three animals a t  each time 
period, with the exception of the 30 min period (n  = 4), 
were anesthetized with 35 mgkg body weight sodium 
pentobarbital, the animals were exsanguinated, and the 
livers were removed and weighed. Approximately 100 
mg aliquots of tissue were added to tared glass scintil- 
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lation vials containing 1 mL of 0.5 M tissue solubilizer 
solution (Solvable, NEN Research Products, Boston, MA) 
and weighed. The samples were incubated for 3 h at  50 
"C in a shaking water bath. The digest was decolorized 
with 0.3 mL of 30% HzOz added to  each sample and 
incubated an additional hour. Samples were cooled, and 
15 mL of scintillation cocktail (Aquasol, NEN Research 
Products, Boston, MA) was added. Finally, 0.5 mL of 0.5 
N HC1 was added to minimize chemiluminescence. All 
samples were counted in a Packard liquid scintillation 
counter (Packard Instruments, Inc., Downers Grove, IL). 
A weighed aliquot of injectate was processed similarly 
to serve as a standard for calculation of the percent of 
the injected dose present in the tissues. Counting 
efficiency was determined using r3H1toluene as an inter- 
nal standard. 

The half-life disappearance of 3H from the liver was 
calculated according to the general first order equation 

MA, = e-kt 

where AIA, is the calculated fraction of the injected 
radioactivity remaining in the liver a t  any time ( t )  
postinjection and k is the first order rate constant. 

Acute Toxicity of pAG in the Rodent. pAG was admin- 
istered to female CD-1 mice (n  = 5, Charles River 
Laboratories, Wilmington MA, approximately 25 g body 
weight) and male CD rats (n = 5; 225-300 g body weight) 
intravenously via the tail vein at  a dose level of 5000 mgl 
kg body weight. The animals were observed for clinical 
signs and symptoms of toxicity for up to 48 h post- 
treatment. The signs and symptoms recorded included 
respiration, neurological function (e.g., motor, convul- 
sions), autonomic nervous system function (e.g., saliva- 
tion, defecation), and behavior. All animals were sacri- 
ficed by COZ asphyxiation and exsanguination at study 
termination. 

Repeat-Dose Toxicity in Rats with pAG. pAG was 
administered over 90 days to the rat by intravenous 
injection via the tail vein. Three groups of 10 male rats 
per group were administered pAG at  dose levels of 31.25, 
125, and 500 mgkglday. A control group of 10 rats 
received 0.9% saline at  a dose volume of 10 mug lday .  
All animals were observed daily for clinical signs and 
symptoms of toxicity. Body weights were obtained upon 
study initiation, weekly thereafter, and at  study termina- 
tion. At the conclusion of the treatment period, all 
animals were anesthetized with an intraperitoneal injec- 
tion of sodium pentobarbital and exsanguinated. Gross 
necropsies were conducted on each animal by trained 
personnel using procedures approved by a board-certified 
pathologist, and organ weights (brain, heart, liver, spleen, 
kidney, adrenals, and testes with epididymides) were 
obtained. Gross necropsy included examination of the 
external surface, all orifices, the cranial cavity, carcass, 
external surface of the brain and spinal cord, cut surfaces 
of the brain, the thoracic, abdominal, and pelvic cavities 
and their viscera, and the cervical tissues and organs. 
Tissues retained for possible future evaluation were 
preserved in 10% buffered formalin. The livers from the 
control (saline treated) group and the high dose group 
(pAG at  500 mgkglday) were evaluated by microscopic 
examination for pathological changes. The histopathologal 
evaluation of the livers was performed by Lynd L. Pippin, 
D.V.M., of Pathology Associates, Inc., Frederick, MD. Two 
sections from each of the livers of the 10 control rats and 
the 10 rats receiving 500 mglkgfday were trimmed and 
processed as above. 

Hepatotoxicity ofpAG. pAG (50 mg1mL in 0.9% saline) 
was administered intravenously via the tail vein at  a dose 
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level of 500 mgkg body weight to  both male CD-1 mice 
and male CD rats. Twenty-four hours postinjection, all 
animals were sacrificed by COz asphyxiation and exsan- 
guination. The livers were excised and preserved in 10% 
buffered formalin. The histopathological evaluation of 
the mouse livers was performed by Lynd L. Pippin, 
D.V.M., of Pathology Associates, Inc., Frederick, MD. Two 
sections from each of the livers of the three mice receiving 
500 mgkglday were trimmed, processed through paraffin, 
cut a t  approximately 6 pm, stained with hematoxylin and 
eosin, and examined microscopically. 

The histopathological evaluation of the rat livers was 
performed by Roderick T. Bronson, D.V.M., of Tufts 
University, School of Veterinary Medicine, Veterinary 
Diagnostic Laboratory, North Grafton, MA. Two or more 
sections from each of the livers of the six rats receiving 
500 mgkglday were trimmed and processed as above. 

RESULTS 

1. Demonstration of Receptor Interaction: Bio- 
distribution and Receptor Binding Studies with 
Purified Arabinogalactan. The fate of pAG after 
intravenous injection into rats was examined by obtain- 
ing the biodistribution of the arabin~galactan-~lCo- 
DTPA conjugate 90 min after injection. Arabinogalactan- 
57Co-DTPA was present in the liver (52.5% of injected 
dose) and urine (30.0% injected dose); see Table 1. When 
asialofetuin was coinjected with arabin~galactan-~~co- 
DTPA, hepatic uptake decreased to  3.54%. For compari- 
son, 57Co-DTPA undergoes largely renal elimination, 
with 1.22% accumulating in the liver. Thus, the attach- 
ment of 57Co-DTPA to pAG affected a 40-fold increase 
in hepatic biodistribution (52.511.22). 

The stability of the arabin~galactan-~~Co-DTPA con- 
jugate in rat serum was examined as shown in Figure 1. 
Under these conditions, the retention times for the 
arabin~galactan-~~Co-DTPA conjugate, 57Co-DTPA, 
and Co(I1) were 17, 35, and 53 min, respectively. Inte- 

0 

17 h curves were 

Table 1. Biodistribution of 
Arabin~galactan-~~Co-DTPA and 57Co-DTPA Percent 
Injected Dose in Selected Organs" 

arabinogalactan- 
arabinogalactan- 57Co-DTPA + 

tissue 57Co-DTPA asialofetuin 57Co-DTPA 
liver 52.5 (5.8) 3.54 (1.0) 1.22 (0.19) 
spleen <1 < l  <1 
urine 30.0 (4.4) 39.8 (5.1) 83.1 (6.5) 
blood <1 18.8 (2.7) 1.9 (0.2) 

90 min post iv injection, n = 6 ,  standard error in parentheses. 
Table 2. Binding of Ligands to Purified 
Asialoglycoprotein Receptor 

compd IC50 (MI 
arabinogalactan (pAG) 2.0 x 10-6 

lactosylated BSA 1.9 x 10-7 
galactan 10-4 
galactose > 2  x 10-2  

T-40 dextran 26.4 10-4  

asialofetuin 1.3 x 

arabinogalactan-DTPA 2.6 x 

gration of the curves showed < 10% and 75% 57Co-DTPA 
after 1.0 and 17 h in rat serum, respectively. A peak at  
53 min (11%) was present in the 17 h sample, due to a 
very low molecular weight, nonchelated form of cobalt. 
Figure 2 shows the chromatograms of the urine from rats 
on which biodistribution data was obtained (Table 11, 
using the same chromatographic system as for Figure 1. 
With or without asialofetuin, radioactivity was seen at  
the retention times of arabin~galactan-~~Co-DTPA and 

The interaction of pAG with the asialoglycoprotein 
receptor was examined with an in vitro assay using a 
purified preparation of the asialoglycoprotein receptor. 
Table 2 compares the ability of arabinogalactan and other 
ligands to  inhibit the binding of [1251]tyramine arabinoga- 
lactan to the receptor. Data in Table 2 are expressed as 

the molar concentration necessary to displace 50% 

57C~-DTPA. 
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Figure 2. Chromatograms of rat urine samples after injection with arabin~galactan-~~Co-DTPA, with and without asialofetuin, 
and Wo-DTPA. Values are averages for six, three, and three rats, respectively, in each group. 

Table 3. Linkage Analysis of Purified Arabinogalactan" 
linkages mol O/o 

3,4,6- 2.2 f 0.3 
2,3,6- 1.6 f 0.1 
3,6- 30.7 i 0.8 
3,4- 2.3 f 0.3 
6- 19.4 f 0.6 
3- 1.6 fO.l 
terminal pyranose 26.8 i 0.9 

galactose 

9% total of galactose 
arabinose 

84.5 i 1.34 

furanose 3- 3.9 f 0.1 
terminal furanose 7.4 f 1.0 
terminal pyranose 5.2 & 0.3 

9% total of arabinose 15.5 f 1.4 

a n = 15; values & 1 standard deviation. 

of the tracer from the receptor. When pAG was reacted 
with DTPA, the resulting molecule had a slightly higher 
IC50, indicating that the reaction with DTPA does not 
greatly alter interaction with the receptor. Asialofetuin 
and lactosylated bovine serum albumin have about a 
&fold lower IC50 than arabinogalactan, while with the 
galactan and galactose, 50% displacement of the P I ] -  
tyramine derivative of arabinogalactan could not be 
achieved at  the highest concentration that could be 
employed. 

2. Chemical Characterization of pAG. Size exclu- 
sion chromatography of pAG yields a single peak cor- 
responding to a molecular weight of 19 kDa using dextran 
standards. Molecular weight determinations of pAG 
using static light scattering methods generated a mo- 
lecular weight of 40 kDa. 

The TMS methylglycoside assay to determine glycoside 
composition indicated the only residues detected in pAG 
were arabinose and galactose. On the basis of the 
detection limits of the assay, these two sugars account 
for greater than 99% of the total glycosyl content. The 

ratio of galactose to arabinose determined from 15 
determinations was 5.45 f 0.6. With the alditol acetate 
method the only residues detected were galactose and 
arabinose, and the ratio of galactose to arabinose was 
5.13 & 1.7. 

The carbon-13 spectrum of pAG is shown in Figure 3. 
Resonances were assigned by comparison with published 
data (19-24). The major resonances are assigned to 
P-galactopyranose, P-arabinofuranose, and P-arabinopy- 
ranose. Minor resonances (<ca. 10%) attributable to  
a-conformers were also observed. Treatment of pAG with 
NaBH4 did not affect the a-conformers. This observation 
is in accord with the FTIR spectrum of pAG, which 
contained characteristic P-pyranose ring deformation 
modes at  ca. 882 and 775 cm-l(25). The 300 MHz proton 
NMR spectrum of pAG showed no evidence of noncarbo- 
hydrate substituents such as acetyl, pyruval, or fatty acyl 
groups. 

Elemental analysis ( C ,  H, N) revealed trace amounts 
of nitrogen ('0.01%) and less than 1 ppm of lead, 
mercury, and arsenic, while the ash content was less than 
0.1%. No amino acids were detected in three prepara- 
tions of pAG. Three preparations of pAG showed less 
than 0.03 endotoxin unitdmg (EU/mg) of pAG. 

To further assess homogeneity, pAG was applied to  a 
Ricinus communis agglutinin (RCA lectin) affinity col- 
umn. Less than 0.1% of the total carbohydrate eluted 
after two column volumes, demonstrating the preparation 
was uniform with respect to lectin binding. The RCA 
lectin has a specificity for terminal galactose residues and 
has been reported to bind arabinogalactans (26). 

Glycosyl linkage analysis was performed by per-0- 
methylation followed by hydrolysis, borohydride reduc- 
tion, and then alditol acetylation (Table 3). Our data are 
consistent with a structure of pAG with a backbone of 
1,3-linked galactopyranose connected by 1,3-linked gly- 
cosidic linkages, comprised of 3,4,6-, 2,3,6-, 3,6-, 3,4-, and 
3-linked residues. These residues comprise 38.4 mol % 
(2.2 + 1.6 + 30.7 + 2.3) of the total glycosyl residues in 



552 Bioconjugate Chem., Vol. 5, No. 6, 1994 Groman et al. 

C 1 /O-Gal. / I  

(1 05.960) i- 
p-Araf: P -Amp * 

C 1 //%Gal, 

C5/P-Gal 
(77.726) 

p-Araf, P -Amp * 

(1 05.960) 

I 

Figure 3. 

Table 4. Summary of Physical Properties of Purified 
Arabinogalactan 

NMR spectrum of purified arabinogalactan. 

/ 
C5/P-Gal 
(77.726) 

I 

properts result 
nitrogen content, % 
endotoxin unitsfmg 
size, chromatography, kDa 
size, light scattering, kDa 
branching 

I3C-NMR 

galactose/arabinose ratio 

galactose/arabinose ratio 

RCA lectin binding, % 

alditol method 

TMS glycoside 

X O . 0 1  
<0.03 
19 
40 
high, terminal galactoses and 

arabinoses (Figure 3, Table 3) 
galactose and arabinose exclusively 

(Figure 3) 

5.13 f 1.7 

5.45 f 0.6 
'99.9 

purified arabinogalactam. Of these backbone residues, 
essentially all have a branch point. Terminal glycosyl 
residues consist of arabinofuranose and galactopyranose, 
comprising 38.4 mol % (26.8 + 7.4 + 4.2) of total residues. 
The 6-linked galactopyranose and 3-linked arabinofura- 
nose connect terminal sugars to the backbone. These 
residues comprise 23.3 mol % (19.4 + 3.9) of the total 
residues. 

A summary of the physical properties of pAG is 
presented in Table 4. 

3. Metabolic and Toxicological Properties of 
pAG. Clearance of [3K1Arabinogalactan. To be practical 
as a carrier for the delivery of diagnostic or therapeutic 
agents to the liver, the carrier must be readily degraded 
and cleared from the liver. To examine the clearance of 
pAG after hepatic uptake, we injected [3H]pAG into rats. 

After intravenous injection of 5 mgkg of E3H]pAG, 
radioactivity decreased from the blood with a half-life of 
3.8 min (data not shown). At 30 min postinjection 31.1% 
of the injected dose was found in the liver, 39.3% in the 
bladder urine, and less than 0.1% in the spleen. The 
radioactivity remaining in the liver after injection of 
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Figure 4. Elimination of hepatic radioactivity after injection 
of 3H-purified arabinogalactan. 

tritiated pAG is shown in Figure 4. Hepatic radioactivity 
declined following first order kinetics with a half-life of 
3.42 days. 

Acute Toxicity Studies. pAG did not cause mortality 
in either the rat or mouse during the 48 h observation 
period following the intravenous administration of 5000 
mgkg, nor were there signs or symptoms of toxicity 
evident in either species during the in-life phase of the 
study. 

Repeat-Dose Toxicity. There were no overt clinical 
signs or symptoms of toxicity related to test material 
administration, excluding an irritability postinjection 
exhibited by the high dose group. All animals gained 
weight over the 90-day dosing period with no difference 
observed among the four groups; however, there was 
some short-term weight loss during the course of the 
study in three animals in the control group, two in the 
31.25 mgkglday dose group, and four each in the 125 
and 500 mgkglday dose groups. Any demonstrated 
weight loss was regained during the following week. 
Gross necropsy showed no abnormalities in any animal. 
No differences between treatment groups were observed 
in the mean organ weights. All liver sections from the 
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The urine of the rats from the biodistribution study 
(Table 1) was obtained and subjected to chromatographic 
analysis as shown in Figure 2. When arabinogalactan- 
57Co-DTPA conjugate was injected, urinary radioactivity, 
30% of the injected dose, had the retention time of the 
conjugate. When 57Co-DTPA was injected, urinary 
radioactivity, 83.1% of the injected dose, had the reten- 
tion time of the chelate. Thus, when either the ara- 
bin~galactan-~~Co-DTPA conjugate or the 57Co-DTPA 
were injected, urinary 57C0 was associated with the intact 
chelate. 

The interaction of arabinogalactan with the asialogly- 
coprotein receptor was also evident with in vitro receptor 
binding studies. Though asialofetuin and lactosylated 
bovine albumin interact about 5- 10 times more strongly 
with the receptor than arabinogalactan-DTPA (Table 21, 
the interaction of arabinogalactan-DTPA with the re- 
ceptor was sufficient to permit 52.5% of the arabinoga- 
la~tan-DTPA-~~Co to be taken up by the liver (Table 
1). Galactan did not interact detectably with the recep- 
tor. Though galactan is a high molecular weight polymer 
of galactose, the galactose residues are not in an ap- 
propriate configuration to bind the receptor. As expected 
based on the results of Lee et al. (341, galactose interacted 
weakly with the receptor. We characterized the interac- 
tion of dextran with the receptor because of a recent 
report that the hepatic uptake of dextran was inhibited 
by galactosyl-bovine serum albumin, suggesting that 
dextran might interact with this receptor (27). The 
interaction of dextran with the receptor was weak. 

2. Chemical Characterization of pAG. pAG had 
a molecular weight of 19 kDa by size exclusion chroma- 
tography and 40 kDa by light scattering. Molecular 
weight determinations by light scattering are indepen- 
dent of a molecular conformation (281, while gel filtration 
estimates of molecular weight depend upon the radius 
of gyration of the molecule and, hence, conformation (29- 
31). The discrepancy in the estimates of molecular 
weight between the two methods suggests that ara- 
binogalactan is a more compact molecule than dextran, 
which would be expected from the highly branched 
structure proposed for arabinogalactan. 

The chemical properties of materials described as 
arabinogalactan vary considerably in the scientific lit- 
erature. This may result in part from different sources, 
since arabinogalactans are present in a wide variety of 
plants, or from different methods of purification. How- 
ever, there are literature reports for the arabinogalactan 
from L a r k  occidentalis, the source of pAG, at  variance 
with our results. Larch arabinogalactan has been often 
reported to consist of two components of different mo- 
lecular weights, while in contrast pAG consists of a single 
molecular weight species. A review of the literature by 
Clarke and co-workers states: “The larch arabinogalac- 
tans generally occur as  two components, one high M w  
with values recorded in the range of 37 000-100 000 
(70-95%) and a second component with a lower MW with 
values in the range 7500-18 000 (5-30%)” (32). Given 
that the molecular weight of pAG was quite different 
from earlier materials described as larch arabinogalac- 
tan, studies on the composition and structure of pAG 
were conducted. 

pAG is composed of two glycosides, D-galactose and 
L-arabinose, in a ratio of 5.45 by the TMS glycoside assay 
and 5.13 by the alditol method. 13C NMR spectra failed 
to  demonstrate other glycosides, consistent with the 
presence of only galactose and arabinose in pAG. Our 
linkage data (Table 3) are consistent with a structure 
where arabinogalactan has a backbone of (1-3) linked 
galactose, evident from the 38.4 mol % of the total 
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acute dose toxicology mouse, 5000 mgkg 
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rat; 500 mgkgj 
90 days 

rat, 500 mgkg 

clearance 
to liver, 
urine 

strong 
hepatic 

no effect 
no effect 
no effect 

no effect 
no effect 

clearance 

Table 1 

Table 2 
Figure 4 

text 
text 
text 

text 
text 

control and high dose groups examined microscopically 
for histopathological changes were considered to be 
within normal limits. 

Hepatotoxicity. There were no overt signs of toxicity 
during the 24 h postdosing in the mice and rats receiving 
500 mg of pAG/kg. There was no evidence of hepatic 
damage or alteration, in particular, abnormal vacuoliza- 
tion, in either the rat or mouse livers. 

A summary of the biological properties of pAG is 
presented in Table 5. 

DISCUSS ION 

In this paper we describe the biological and chemical 
properties of purified arabinogalactan, denoted pAG, a 
polysaccharide of interest because it exhibits many 
properties of asialoglycoproteins. 

1. Demonstration of Receptor Interaction: Bio- 
distribution and Receptor Binding of Purified 
Arabinogalactan. The biodistribution of pAG was 
determined as the presence of W o  in tissues after the 
injection of arabinogalactan 57Co-DTPA (Table 1). At 
90 min postinjection, arabinogalactan was present in the 
liver (52.5% injected dose), with less than 1% in the 
spleen, consistent with uptake being due to the uptake 
of arabinogalactan 57Co-DTPA by the asialoglycoprotein 
receptor of hepatocytes. The injection of asialofetuin (100 
mgkg) with arabin~galactan-~~Co-DTPA decreased he- 
patic uptake from 52.5 to 3.54%, a decrease of more than 
90%, indicating that the hepatic clearance of 57C0- 
DTPA-arabinogalactan was mediated by the asialogly- 
coprotein receptor. It can be inferred that a t  least 48% 
(52.5-3.54%) of the 57C0 remained associated with ara- 
binogalactan for this result to have been obtained. 
Asialofetuin also increased blood radioactivity (1% to 
18.8% j, which resulted in increased urinary elimination 
(30.0 to 39.8%) due to  the presence of increased conjugate 
in the blood. 

Also shown in Table 1 is the biodistribution of 57C0- 
DTPA, which undergoes rapid renal elimination. By 
comparing the biodistribution of 57Co-DTPA and ara- 
bin~galactan-~~Co-DTPA, the effect of attaching 57C0- 
DTPA to  arabinogalactan is illustrated. That is, hepatic 
radioactivity increased from 1.22 to  52.5% of the injected 
dose or approximately 40-fold. 

The stability of the arabin~galactan-~~Co-DTPA is 
shown by incubating the conjugate in rat serum followed 
by chromatographic analysis (Figure 1). After 1 h in rat 
serum, greater than 90% of the radioactivity was found 
to  have a retention time of 17 min, the retention time of 
arabin~galactan-~~Co-DTPA. After 17  h, the predomi- 
nate species was 57Co-DTPA, reflecting hydrolysis of the 
ester formed when the anhydride of DTPA reacts with 
the hydroxyl groups of pAG. A small amount of radio- 
activity was seen at 53 min, the retention time of aqueous 
Co(I1). 
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glycosyl residues that are linked a t  the 3 position of 
galactose. A highly branched structure is apparent from 
the 38.4 mol % present as  terminal galactose or arabi- 
nose. Our results are consistent with the structure for 
arabinogalactan from Lark occidentalis used elsewhere; 
see Figure 2 of the review by Clarke (32). Another 
reported variation in arabinogalactans concerns the 
presence of amino acids. Arabinogalactan can exist as 
an arabinogalactan protein, with covalently attached 
amino acids (32, 33). On the basis of the lack of 
elemental nitrogen and amino acid analysis, pAG lacks 
amino acids. The composition and structure of pAG are 
consistent with earlier reports, while the molecular 
weight and molecular weight distribution differ from 
earlier reports. 

A number of observations suggest that the arabinoga- 
lactan prepared here is highly pure. Carbon-13 and 
proton NMR spectra of pAG provided no evidence of 
acetyl, pyruvyl, or lignin residues. NMR acquisition 
times and sample concentrations were adjusted to detect 
less than 0.5% by weight of these impurities in our pAG 
preparation. Greater than 99.9% of the applied pAG was 
retained by the RCA lectin affinity support, which 
recognizes terminal galactose residues. The nitrogen 
content of pAG was less than 0.01%, while the endotoxin 
was less than 0.03 EU/mg. The nitrogen and endotoxin 
levels in pAG are similar to those in clinical grade 
dextran T-40 (less than 0.005% nitrogen and 0.05 EU/ 
mg). The levels of these contaminants in pAG are 
sufficiently low to permit its use in parenteral pharma- 
ceutical applications. 

The reason for the strong interaction of arabinogalac- 
tan with the asialoglycoprotein receptor may lie in its 
highly branched structure and numerous terminal ga- 
lactose and arabinose residues. Since arabinose also 
interacts with the asialoglycoprotein receptor (34),  all 
terminal sugars on pAG contribute to its receptor bind- 
ing. On the basis of a molecular weight of 40 kDa, there 
are approximately 68 terminal galactose and 19 terminal 
arabinose residues per mole of pAG. Closely spaced, 
terminal monosaccharide residues may form clusters 
similar to  those found in natural asialoglycoproteins; 
such clusters possess a high affinity for the asialoglyco- 
protein receptor (8). Supporting this interpretation is the 
fact that galactan, a linear polymer of galactose, fails to 
interact with the receptor (Table 2). 

The presence of 87 terminal residues on each molecule 
of pAG (68 + 19, see above) may be why pAG tolerates 
covalent modification, such as the reaction with DTPA 
or tyramine, with retention of receptor binding. For 
example, attachment of 4.68 DTPAs per molecule of pAG, 
the number attained in this paper, leaves 82 terminal 
residues unmodified. 

3. Metabolic and Toxicological Studies of pAG. 
Thirty min after intravenous injection of [3HlpAG, 31.1% 
was found in the liver, while bladder urine had 39.3%. 
The renal elimination obtained was consistent with the 
molecular weight of pAG, which was 19 and 40 kDa by 
chromatography and light scattering, respectively. Ninety 
min after the injection of arabin~galactan-~~Co-DTPA, 
52.5% was found in the liver, while bladder urine had 
30.0% of the radioactivity. The negatively charged 
arabin~galactan-~~Co-DTPA is expected to have a some- 
what lower glomerular filtration rate, and higher hepatic 
uptake, than neutral L3H]pAG, due to the role of charge 
in determining glomerular filtration rate (36). Ara- 
bin~galactan-~~Co-DTPA is negatively charged because 
of the many DTPA groups are not chelated with 57C0, 
see above, while pAG is assumed to be neutral based on 
its composition exclusively of arabinose and galactose. 

Groman et al. 

For dextrans of a given volume, modification to make 
them negatively charged decreased glomerular filtration 
rate, while modification to make them positively charged 
increased glomerular filtration rate (36). 

The hepatic radioactivity resulting from the injection 
of [3HlpAG decreased with a half-life of 3.42 days, Figure 
4, indicating pAG is eliminated from the liver after 
uptake. The catabolism of pAG may be faster than 3.42 
days, with the half-life obtained reflecting the loss of [3H]- 
pAG degradation products from the liver. Alternatively, 
the catabolism of pAG may occur more slowly than 3.42 
days, with the half-life obtained reflecting the transport 
of pAG from the liver by some mechanism. 

pAG has low toxicity as shown by single and repeated 
dose studies in rats and mice. Administration of pAG 
produced no signs of hepatotoxicity upon histopathologi- 
cal examination. 

It might be argued that pAG is of little interest as a 
carrier for hepatic delivery because the hepatic ac- 
cumulation of arabin~galactan-~~Co-DTPA is less than, 
and urinary elimination greater than, that achieved with 
asialoglycoproteins or neoglycoproteins. For arabinoga- 
la~tan-~~Co-DTPA hepatic uptake was 52.5% and uri- 
nary elimination 30.0%. The hepatic uptake achieved by 
lactosylated human serum albumin was 75%, with less 
than 1% urinary excretion (4 ) .  Similarly, with [3H]pAG, 
hepatic uptake was only 31.1% and urinary excretion was 
39.3%. In spite of the urinary elimination of arabinoga- 
lactan, we believe it is of interest as a carrier for 
delivering agents to  the asialoglycoprotein receptor for 
the reasons given below. 

First, as indicated by Table 1, the attachment of 
57Co-DTPA to  arabinogalactan effected a 40-fold increase 
in the hepatic accumulation of chelate (52.5h.22). The 
increase in the hepatic uptake of 57Co-DTPA suggests 
that therapeutic agents with properties similar to  S7c0- 
DTPA, i.e., low molecular weight and high water solubil- 
ity, a combination which favors renal elimination, should 
undergo increased hepatic uptake by virtue of their 
attachment to  pAG. An example of such a therapeutic 
agent would be an antiviral nucleotide vidarabine 
(araAMP); see ref 3. However, the renal elimination of 
some fraction of injected drug, as might occur if araAMP 
were attached to  pAG, does not present a problem in 
pharmaceutical development, provided the basic criteria 
of drug safety and efficacy are met. 

Second, if pAG is used as a carrier in hepatic drug 
delivery, the biodistribution obtained is that of the 
conjugate not pAG. In some cases molecular weight will 
be greatly increased by the chemistry employed, prevent- 
ing urinary excretion. Arabinogalactan has been em- 
ployed as a carrier for delivering a superparamagnetic 
iron oxide colloid as an asialoglycoprotein receptor di- 
rected MR contrast agent to hepatocytes (9). Since the 
arabinogalactan covers iron oxide crystals about 5 nm 
in diameter, the arabinogalactan covered iron oxide is 
too large for glomerular filtration and is retained in the 
vascular compartment until taken up by the liver. A 
second strategy for decreasing urinary elimination is the 
production of negatively charged conjugates of pAG, as 
explained above. 

Third, hepatic uptake may depend on dose, with higher 
doses producing higher levels of receptor saturation and 
smaller percentages of the injected dose going to  the liver. 
Doses of ligand for the asialoglycoprotein receptor vary 
widely with application. With scintigraphic labels small 
amounts of carrier are used, e.g., 0.05 mg of lactosylated 
albumin per kg (4).  When the antiviral nucleotide 
araAMP is attached t o  the same carrier, and used in 
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humans, a dose of 35 mgkg was used (3) .  Our studies 
utilized 4 mgkg (Table 1). 

Finally, it should be noted pAG binds the asialoglyco- 
protein receptor in its naturally occurring form, and in 
manner that is sufficiently strong to be useful in the 
hepatic delivery of diagnostic (9) and possibly therapeutic 
agents (see above). Currently used protein-based carriers 
for the asialoglycoprotein receptor require the synthetic 
attachment of saccharides, to make so-called neoglyco- 
proteins, or removal of sialic acid, to make asialoglyco- 
proteins. The fact that pAG binds the receptor in its 
naturally occuring form may lead to substantial cost 
savings, important in those applications where carrier 
usage is high. 

On the basis of these studies, pAG has properties that 
make it suitable as a carrier for targeting diagnostic or 
therapeutic agents via the asialoglycoprotein receptor to  
hepatocytes. pAG is pure and homogeneous and there- 
fore suitable for use as a raw material in the synthesis 
of parenteral pharmaceutical products. The increase in 
hepatic uptake of 57Co-DTPA afforded by attachment to  
pAG suggests that coupling therapeutic agents to  ara- 
binogalactan will increase their hepatic biodistribution 
significantly. pAG is nontoxic and leaves the liver after 
hepatic uptake. Thus, pAG has an array of properties 
that make it suitable for hepatic drug delivery. 
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Synthesis and Characterization of Oligomeric nido-Carboranyl 
Phosphate Diester Conjugates to Antibody and Antibody Fragments 
for Potential Use in Boron Neutron Capture Therapy of Solid 
Tumors 

Charng-Jui Chen,? Robert R. Kane,* F. James Primus,+ Gy6rgy Szalai,’ M. Frederick Hawthorne,$ and 
John E. Shively*,+ 

Division of Immunology, Beckman Research Institute of the City of Hope, Duarte, California 91010, and 
Department of Chemistry and Biochemistry, University of California, 
Los Angeles, California 90024. Received July 22, 1994@ 

Antibodies conjugated to oligomeric carboranyl compounds have a high potential as target species for 
boron neutron capture therapy (BNCT) of solid tumors. As a first step toward developing conjugates 
with BNCT capabilities, an oligomeric nido-carboranyl phosphate diester (Kane, R. R., Dreschel, K., 
and Hawthorne, M. F. (1993) J .  Am. Chem. SOC. 115,8853-88541, CBlO (10 nido-carboranes containing 
90 boron atoms) with a pseudo-5’-terminal amino group, was conjugated to the anticarcinoembryonic 
antigen antibody T84.66 and its F( ab’) fragment. The homobifunctional linker disuccinimidyl suberate 
(DSS) was coupled to CBlO via its 5’-terminal amino group followed by removal of excess linker with 
organic solvent extraction and conjugation with intact antibody. Similarly, the heterobifunctional 
linker, m-maleimidobenzoyl-N-hydroxysuccinimide (MBS), was coupled to  CBlO and conjugated to 
the hinge region sulfhydryl of the F(ab’) fragment of T84.66. The extent of reaction was monitored 
by the mobility shift of CB10-antibody conjugate on native polyacrylamide gels and the increased 
susceptibility of the CB10-antibody conjugate to  staining with silver nitrate. CBlO was also labeled 
with radioiodine (I3lI) in a solid phase reaction with iodogen and used in double-label studies with 
lz5I-1abeled antibody. Although free CBlO bound very tightly to gel filtration media such as Sephadex 
G-25, the CB10-antibody conjugate passed through freely. After separation of CB10-antibody 
conjugate from free CBlO on Sephadex G-25, molar incorporations of CBlO were calculated. At a 
molar ratio of 1O:l (CBlO:T84.66), greater than 90% of T84.66 and 30% of its F(abY fragment were 
conjugated to  CB10. The amount of CBlO covalently incorporated into mT84.66 ranged from 1.2 to 
6.2 (moles per mole), with retention of immunoreactivity in the range of 80-90%. Biodistribution 
studies in Balb/C mice revealed high uptake of free CBlO or CB10-mT84.66 conjugate in the liver 
followed by rapid clearance presumably via a dehalogenation or biliary clearance mechanism. Tumor 
uptake at  48 h was 6.6% ID/g for CB10-mT84.66 conjugate compared to  33% ID/g in mT84.66 controls. 
These studies demonstrate reliable methods for the routine conjugation of oligomeric nido-carboranyl 
phosphate diesters to both antibody and antibody fragments, but suggest that the resulting conjugates 
are captured by the liver rendering them inefficient for tumor-targeting. Current chemical studies 
are being directed toward the synthesis of a variety of oligomeric carboranyl phosphate diester trailers 
expected to provide more acceptable biodistributions. 

INTRODUCTION 

Antibody-targeted boron neutron capture therapy is a 
binary approach to  cancer therapy based on the concept 
that a tumor-specific antibody can deliver selectively 
large amounts of the stable isotope boron-10 to the 
targeted tumor. Boron-10 has a great propensity to 
capture thermal neutrons resulting in the emission of 
high energy, cytotoxic particles (log (n, a) 7Li, 2.3 MeV). 
Since the emitted helium and lithium nuclei have a 
translational path of about one cell diameter, high 
selectivity is expected following the deposition of signifi- 
cant amounts of boron in the tumor mass. It has been 
estimated that approximately 10-30 pg of boron-lO/g of 
tumor is needed to attain an acceptable therapeutic 
advantage (1 1. Therefore, a successful approach requires 
an efficient tumor-specific antibody carrying large num- 
bers of boron-10 nuclei. We have chosen an antibody 

(mT84.66)l directed to  carcinoembryonic antigen (CEA), 
a well-characterized human tumor marker antigen which 
has been widely used for the in vitro diagnosis of human 
colon cancer (2). The mT84.66 has a high affinity 
constant for CEA, K,R = 2.6 x 1 O 1 O  M-I (3), and when 
radiolabeled with lllIn can provide up to 35% ID/g uptake 
in tumors in a human xenograft nude mouse model (4 )  
and 48% sensitivity in presurgical imaging of human 
colon cancers (5). We have also generated a mouse/ 
human chimeric antibody, cT84.66, which bears the 
mT84.66 variable region joined to human constant re- 
gions for use in human cancer diagnosis and therapy (6). 
In previous studies we have demonstrated the conjuga- 
tion of up to 600 boron atoms to mT84.66 using homo- 
geneous nido-carborane-containing peptides (Figure 1A). 
These conjugates exhibited high liver and low tumor 
uptake compared to  unmodified antibody when tested in 
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Figure 1. Structure and mass spectrometric analysis of CB10. A. Structure of carboranyl peptide. B. Structure of carboranyl 
oligophosphate C. MALDI-TOF mass spectrometric analysis of carboranyl oligophosphate (CB10). The mass spectrum shows the 
doubly charged (MH2-), singly charged (MHl-1, and singly charged dimer (mlz = 7600) species. 

an animal model (7-9). The hydrophobicity of the boron 
cages present in the peptide reagent was believed to 
adversely affect the conjugates’ biodistributions. In order 
to increase the hydrophilicity of the boron-rich conjuga- 
tion reagents, nido-carborane cages were coupled using 
phosphate diesters as the linking groups (Figure 1B). 
Homogeneous oligomeric phosphate diesters containing 
up to 400 boron atoms have been synthesized, and these 
highly charged species exhibit extensive water solubility 
(20). The present report describes the preparation and 
characterization of the nido-carboranyl phosphate di- 
ester-whole antibody conjugates as well as related 
F(ab’)-conjugates. The biodistribution of a oligomeric 
nido-carboranyl oligophosphate diester-whole antibody 
conjugate in an animal model is also described. 

EXPERIMENTAL PROCEDURES 

General. An oligomeric nido-carboranyl phosphate 
diester (Figure lB, hereafter called “CB 10”) containing 
a pseudo-5’-terminal amino group was synthesized by 
Midland Certified Reagent Company, Midland, TX, as 
described previously (10). The ammonium salt was 
converted to the sodium form by passage over Dowex 
50W-A2 (sodium form) and dried in 200 nmol aliquots. 
Anti-CEA monoclonal antibody (mT84.66) was purified 

from ascites by 40% ammonium sulfate precipitation and 
protein A affinity chromatography. Anti-CEA chimeric 
antibody, cT84.66 (61, was produced in a Unisyn biore- 
actor and purified by ion-exchange and protein G affinity 
chromatography. Disuccinimidyl suberate (DSS), male- 
imidobenzoic acid N-hydroxysuccinimide ester (MBS), 
Iodogen, and Ellman’s reagent were purchased from 
Pierce Chemical Co. Cysteine, silver nitrate, and N,”- 
dimethylformamide (DMF) were obtained from Sigma. 
Ethyl acetate was supplied from Burdick & Jackson Labs. 
Mass Spectrometry. Matrix-assisted laser desorp- 

tion-time of flight mass spectrometry (MALDI-TOF) was 
performed on a Kratos Kompact I11 mass spectrometer. 
The sample (dissolved in water, 10 pmol in 0.5 pL) was 
applied to the metal stage, mixed with 0.5 p L  of matrix 
(a saturated solution of 3-hydroxypicolinic acid in 30% 
acetonitrile/70% water containing 0.1% TFA), and ana- 
lyzed in the negative ion mode according to Wu et al. (11). 
The MH- and (MH#- peaks of an oligonucleotide were 
used to calibrate the instrument (mlz = 5735, 2867). 

Silver Nitrate Spot Test. Samples containing CBlO 
(2 pL, 1.0 mM) were spotted on Whatman 3 filter paper 
and air dried. Five pL of 10% silver nitrate solution 
prepared in 30% ammonium hydroxide were added to  the 
same spot. In the presence of nido-carborane derivatives, 
brown color develops within 1 min. 
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Introduction of Linker Groups into CB10. The 
CBlO oligomer was dissolved in 50 mM sodium borate 
buffer, pH 7.0, to a final concentration of 1 mM. Bifunc- 
tional linkers (DSS or MBS) were dissolved in ice cold 
DMF to a final concentration of 100 mM. Fifty pL of 1 
mM CBlO was incubated with 25 pL of 100 mM bifunc- 
tional linker at  room temperature for 2 h with occasional 
stirring. The excess unreacted bifunctional linker was 
removed by three extractions with 750 pL of ethyl 
acetate. The aqueous phase, containing linker-activated 
CB10, was used for conjugation with whole antibody or 
an antibody fragment. 

Preparation of CB10-mT84.66 Conjugate. Vari- 
ous amounts of DSS-CB10 were mixed with mT84.66 
(1 mg/mL in PBS) a t  room temperature for 2 h. The 
reaction was terminated by the addition of one-tenth 
volume 1 M Tris buffer, pH 8.0. The control reaction was 
carried out under the same conditions except the DSS- 
CBlO was quenched by reaction with Tris (10 pL of 1 M 
Tris-HC1, pH 8) for 30 min prior to the addition of 
mT84.66. 

Preparation of F(ab)’ and CB10-Fab’ Conjugate. 
Anti-CEA cT84.66 (30 mg in 10 mL of 0.1 M sodium 
acetate, pH 4.2 buffer) was digested with pepsin employ- 
ing an antibody to pepsin ratio of 100:30 (w/w) at 37 “C 
for 4 h. The reaction was terminated with 2 mL of 2 M 
Tris base. The F(ab’)z fragment was purified on a 
Pharmacia Superose 12 column equilibrated in PBS and 
concentrated by ultrafiltration with an Amicon mem- 
brane to  a final concentration of 10 mg/mL. The F(ab’) 
fragment was prepared by reduction of F(ab’)z with 10 
mM cysteine in 40 mM ammonium carbonate, pH 8.0, 
at  37 “C for 2 h. The reduced F(ab’) was purified by a 
Sephadex G-25 column equilibrated in 50 mM am- 
monium citrate, pH 6.3, containing 2 mM EDTA and 100 
mM NaC1. The free sulhydryl content was quantitated 
with Ellman’s reagent according to the manufacturer’s 
instructions (Pierce). Maleimide groups in samples of 
CBlO activated with MBS were determined by reacting 
an aliquot of the sample with a fixed amount of cysteine 
(in excess) and back-titrating the residual sulfhydryl 
groups with Ellman’s reagent. All buffers used for the 
preparation of F(ab’) were thoroughly degassed and 
saturated with nitrogen. The reduced F(ab’) was mixed 
with MBS-CB10 at  a molar ratio of 1 : l O .  The conjuga- 
tion reaction was carried out under a nitrogen atmo- 
sphere for 2 h at  room temperature and subsequently 
terminated with a 10- fold excess of iodoacetamide. 

Analysis of Conjugation Reactions. An aliquot 
from each reaction mixture was analyzed by gel electro- 
phoresis on a Pharmacia Phastsystem using 7.5% or 10- 
15% gradient native or SDS polyacrylamide gels. Gels 
were stained for protein with Coomassie Blue only or 
stained briefly with silver stain (Pharmacia kit) for 
carboranes followed by protein staining with Coomassie 
Blue. The staining procedures were carried out manually 
following the manufacturer’s instructions. 

Radioiodination of CBlO and Antibodies. Radio- 
iodination of CB10, mT84.66, and cT84.66 F(ab’) was 
performed as follows: The sample (10-20 pg of protein 
or oligomeric carboranyl phosphate diester in 10-20 pL 
of PBS) was added to a 1.2 mL polyethylene tube coated 
with 10-50 pg of Iodogen (10-50 pL of 1 mg/mL reagent 
in chloroform, vacuum dried and rinsed with 10-50 pL 
of PBS). The tube was enclosed in a 4 mL Reacti-Vial 
(Pierce) and sealed with a silicone septum. The radio- 
iodine (0.5-1.0 mCi in 5-10 ,uL of PBS; lZ5I or 1311) was 
injected into the vial using a Hamilton syringe and 
allowed to react for 2 min at room temperature. The 
radiolabeled sample was removed with a syringe along 
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with two to three rinses of 20 pL each of PBS and, in the 
case of antibody or its fragments, further purified by gel 
filtration on a Pharmacia PDlO column in PBS. Radio- 
labeled CBlO was not further purified because of its high 
binding to Sephadex G25 and other gel permeation 
media. 

Purification of CB10-mT84.66 Conjugate. In a 
typical experiment, 5 pL of the 1251-CB10-antibody 
conjugate or control reaction were loaded onto 100 pL of 
Sephadex G-25 gel packed in a small pipette tip. The 
sample was eluted with 250 pL of PBS, followed by 
another 200 pL of PBS containing 0.05% Triton X-100 
in PBS. Fractions (50 pL) were collected and counted. 
For the preparation of larger amounts of conjugate, a 1 
mL Sephadex G-25 column was used to remove the free 
CB10. 

Determination of CBlO Content in CB10-mT84.66 
Conjugates. Variable amounts of DSS-1311-CB10 were 
mixFd with a fixed amount of lZ5I-mT84.66 (1 mg/mL) at 
room temperature for 2 h. The reaction mixture was 
terminated by adding 1/10 volume of 1 M Tris buffer, pH 
8.0. The control reaction was carried out under the same 
conditions except the DSS-CB10 was inactivated with 
Tris-buffer, pH 8, for 30 min before mixing with antibody. 
An aliquot from each control and conjugation reaction 
mixture was analyzed on a Phastsystem 7.5% native or 
SDS polyacrylamide gel. The CBlO content of the CB10- 
antibody conjugate was determined by differential moni- 
toring of radioactivity of the conjugated band cut from 
the SDS gel. The remainder of the reaction mixture was 
loaded onto a Sephadex G-25 column and eluted with 
PBS. The radioactivity of the eluate was measured and 
calculated as the percentage of total input. 

Immunoreactivity of CB10-mT84.66 Conjugates. 
CEA coupled to Sepharose 4B (0.5 mL) was equilibrated 
in PBS in a spin column. The double-labeled conjugate 
(1311-CB10, lZ5I-mT84.66, or lz5I-cT84.66 F(ab’)) or the 
control samples purified from Sephadex G-25 were loaded 
to each column, incubated for 15 min at  37 “C, and 
washed three times with PBS containing 1% BSA. The 
percent of the reactivity was calculated as the percentage 
of the counts bound to the column to the total number of 
counts added. 

Biodistribution Studies. Biodistribution studies 
were carried out in female athymic nude mice (NCr-nu, 
Simonsen, Gilroy, CAI under approval of the Institutional 
Research Animal Care Committee. Animals were in- 
jected sc with 1 x lo6 LS-174T colon carcinoma cells 
(ATCC, Rockville, MD). Seven days after tumor inocula- 
tion, approximately 4 pCi of dual 1311- and lz5I-labeled 
control or conjugate preparations were administered by 
tail vein injection. Animals were euthanized at  24 and 
48 h after injection of the radioiodinated preparations 
and blood, tumor, and normal tissues were removed. 
Radioactivity was determined in a multichannel y counter 
with counts appearing in the lZ5I channel corrected for 
I3lI cross-over. 

RESULTS 

Characterization of CB10. CBlO is an oligomeric 
nido-carboranyl phosphate diester with an amino group 
a t  the pseudo-%-terminus and a thymidine at  the pseudo- 
3’-terminus (Figure 1B). It was synthesized by adding 
10 carboranyl monomers, followed by a hexylamine linker 
residue, to a thymidine-derivatized resin using standard 
phosphoramidate chemistry on a DNA synthesizer (10). 
The oligomer was removed from the resin and depro- 
tected by treatment with concentrated ammonium hy- 
droxide (30 min at  80 “C). The ammonium hydroxide 
treatment also converted the closo-carborane structure 
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to the corresponding anionic nzdo-cage. The initially 
isolated ammonium salt of CBlO was converted to its 
corresponding sodium salt on Dowex 50W-A2 resin 
(sodium form) and was used directly for coupling to 
crosslinkers. Both the sodium and ammonium salts of 
CBlO were extremely water soluble. 

The mass of CBlO as determined by negative ion 
MALDI-TOF MS was 3669 (Figure IC). The predicted 
mass of fully protonated CBlO is 3514.9 while that of its 
sodium salt is 3956.5. The intermediate value of 3669 
probably corresponds to a mixture of species differing in 
their relative contents of sodium and proton neutralized 
structures. The unusual peak width may be due to this 
phenomenon as well as the abundant (20%) loB isotope. 

Coupling of Linkers to CB10. Because of difficulties 
in purifying CBlO or CB10-linker conjugates (CB10 
bound strongly t o  dextran and polyacrylamide-based gel 
permeation media as well as silica-based C18 media), a 
simple organic solvent extraction method was developed 
to separate excess linker from free or linker-coupled 
CB10. The efficiency of the extraction of the MBS 
bifunctional linker with ethyl acetate was tested by back 
titration of underivatized cysteine with Ellman’s reagent 
after a fured amount of cysteine was allowed to react with 
MBS in the aqueous phase (1:3 molar ratio of MBS to 
cysteine). After three extractions with ethyl acetate (10 
vol), MBS was completely removed. The recovery of 
CBlO during extraction was monitored either by a silver 
nitrate spot test or by counting of radiolabeled CB10. The 
recovery of CBlO was ’95%. The bifunctional linker 
DSS was also removed eficiently by ethyl acetate extrac- 
tion. The aqueous phase which contained CB 10-coupled 
linker was used for whole antibody or antibody fragment 
conjugation. 

Preparation and Analysis of CBlO-F(ab’) Con- 
jugate. The F(ab’12 fragments were generated by pepsin 
treatment of cT84.66 and reduced with 10 mM cysteine 
for 2 h at 37 “C. Excess reducing reagent was removed 
by gel filtration. Greater than 90% of F(ab’)2 fragments 
were reduced to F(ab‘) when analyzed by nonreducing 
SDS gel electrophoresis. The reduced F(ab’) fragment 
contained 1.8 equiv of the sulhydryl function per mole of 
F(ab’) fragment as measured by Ellman’s reagent. The 
sulfhydryl content decreased significantly upon storage 
(50% in 2 days), but remained in a monomeric F(ab’) form 
when analyzed by SDS polyacrylamide gel electrophore- 
sis. The CBlO-F(ab’) conjugate was prepared by the 
addition of MBS-CB10 at a molar ratio of 1O:l to F(ab’) 
(2 mg/mL) immediately after the removal of excess 
reducing agent and analyzed by SDS gel electrophoresis. 
The CBlO-F(ab)’ conjugate migrated more slowly than 
the unconjugated F(ab)’ during SDS gel electrophoresis 
(Figure 2A). When the gel was stained briefly with silver 
nitrate followed by Coomassie Blue, the CBlO-F(ab)’ 
stained intensively as a broad brown band immediately 
above the blue band corresponding to the unconjugated 
F(ab)’ fragment. Unconjugated CBlO migrated at the 
dye front as one or two bands. The best yield for the 
conjugation of CBlO t o  F(ab)’ was about 30% as judged 
by the Coomassie Blue staining (Figure 2, Panel A, lane 
2). Although a wide variety of conditions were explored 
to increase the conjugation efficiency, including higher 
concentrations of F(ab‘) and higher molar ratios of CBlO 
to F(ab’), the maximum yield obtained was about 30%. 
The low conjugation efficiency might be a result of the 
tendency of the F(ab’) fragment to form intramolecular 
disulfide bonds, as judged by its rapid loss of free 
sulfhydryl content without F(ab’)z fragment formation. 

Preparation and Analysis of CB10-mT84.66 Con- 
jugate. A 5-15-fold molar excess of DSS-CB10 was 
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Figure 2. Dual stain analysis of the CBlO-F(ab’) conjugate 
on SDS gel electrophoresis. F(ab’j(2 mg/mLj prepared from anti- 
CEA cT84.66 was mixed with MBS-CB10 a t  a molar ratio of 
1:lO. The conjugation reaction was carried out in the presence 
of 50 mM ammonium acetate, pH 6.3, containing 2 mM EDTA, 
100 mM NaCl for 2 h at room temperature. Lane 1: control 
reaction, F(ab’) was alkylated with iodoacetamide prior to 
mixing with MBS-CB10. Lane 2: conjugation reaction. Panel 
A: staining with Coomassie Blue. Panel B: the gel was stained 
briefly with silver nitrate and followed by Coomassie Blue 
staining. The upper arrow indicates the CBlO-F(ab‘) conjugate, 
which was detected as a broad brown band on the top of the 
unconjugated F(ab’) band. The bottom arrow indicates free 
CB10. 

incubated with mT84.66 (1 mg/mL) in PBS at room 
temperature for 2 h. When an aliquot of the conjugation 
mixture was analyzed by SDS polyacrylamide gel under 
nonreducing conditions, no significant difference in mo- 
bility was observed between conjugated and unconju- 
gated antibody (data not shown). However, when the 
CB10-mT84.66 conjugation mixtures were analyzed on 
a native gel, the mobility of the CB10-mT84.66 conjugate 
was markedly retarded (Figure 3, lanes 2-4). Uncon- 
jugated CBlO migrated at the dye front. At higher molar 
ratios (15:l) of DSS-CB10 t o  mT84.66 the conjugate 
exhibited less retardation compared to free mT84.66 
(Figure 3, lane 2). The reason for the lessened mobility 
shift a t  higher CBlO incorporation levels is not clear. 
When the gel was stained briefly with silver nitrate prior 
to Coomassie Blue, the CB10-mT84.66 conjugate stained 
brown and unconjugated antibody stained blue, similar 
t o  the pattern observed for the CBlO-F(ab)’ conjugate. 
This staining pattern is due to the facile reduction of 
silver ion by incorporated CB 10 (under these conditions 
proteins are not stained with silver nitrate). The mobility 
shift together with the unique silver staining pattern 
provided a convenient method with which to monitor the 
conjugation reaction. As shown in Figure 3, lane 2, when 
the DSS-CB10 to mT84.66 ratio increased to  15:1, more 
than 90% of the mT84.66 was conjugated to  CB10. 

Partial Purification of CB10-mT84.66 Conjugate. 
In preliminary experiments, we investigated the use of 
gel filtration media to remove excess unconjugated CBlO 
from CB10-antibody conjugate. Since we already knew 
that low concentrations of CBlO bind tightly to  Sephadex 
G-25, we reasoned that excess CBlO would be bound to 
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Figure 3. Analysis of the CB10-mT84.66 conjugate by native 
polyacrylamide gel electrophoresis. The CB10-mT84.66 conju- 
gate and the control reaction mixtures were analyzed by 
electrophoresis on a Phast-system 7.5% native polyacrylamide 
gel. The gel was stained briefly with silver stain and followed 
by Coomassie Blue stain. Lane 1: Control reaction. Lane 2-4: 
the conjugation reactions were carried out at a DSS-CBlOI 
antibody molar ratio of 15 (lane 2), 10 (lane 3), and 5 (lane 4). 
The top left arrow indicates the CB10-antibody conjugates. The 
bottom left arrow indicates free CB10. The right arrow indicates 
unconjugated antibody. 

the column, while conjugated CBlO would be eluted with 
the antibody. To test this possibility, five ,uL of the la51- 
labeled CB10-antibody conjugate reaction mixture was 
loaded onto a 100 ,uL bed volume of Sephadex G-25 in a 
micropipette tip and was eluted with PBS followed by 
PBS containing 0.05% Triton X-100. Two control reac- 
tions were carried out under the same conditions, one 
with 1251-CB10 only, and another with a mixture of 
inactivated 1251-CB10 and antibody. When CBlO alone 
was loaded to the column, about 15% of the radioactivity 
was eluted from the column, while 85% was bound to the 
resin. The addition of Triton X-100 did not improve the 
dissociation of CBlO from the Sephadex G-25 once the 
CBlO had bound (Figure 4). When the conjugation 
reaction mixture was loaded onto the Sephadex G-25 
column, approximately 40% of the labeled CBlO eluted 
from the column, while 53% bound to  the column. An 
additional 7% was eluted by 0.05% Triton X-100 in PBS. 
The control mixture containing unconjugated CBlO and 
antibody gave 23% of the counts in the eluate, an 8% 
increase over the CBlO only control. These results 
indicate that CBlO can noncovalently bind t o  mT84.66, 
thus complicating the analysis of the reaction mixture 
by Sephadex gel filtration. Furthermore, it is possible 
that a small percentage of the CB10-mT84.66 conjugate 
was irreversibly bound to the column. In order to  
investigate this possibility, double labeled CB10-mT84.66 
conjugate was prepared in which mT84.66 was la51 
labeled, and the CBlO was 1311 labeled. As shown in 
Figure 5 ,  greater than 98% of the doubled labeled 1311- 
CB10-1251-mT84.66 conjugate passed through the column. 
The remaining counts bound to the column were solely 
due to free l3lI-CBIO. This was further confirmed by 
analysis of the conjugation reaction mixture before and 
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Figure 4. Analysis of 1251-CB10-mT84.66 conjugate by Sepha- 
dex G-25 chromatography. DSS-1251-CB10 was mixed with 
mT84.66 (1 mg/mL in PBS) at a molar ratio of 1 O : l .  After 2 h of 
incubation, 5 pL of the conjugation mixture was loaded onto a 
100 pL Sephadex G-25 column and was eluted with 250 pL of 
PBS, followed by 200 pL of PBS containing 0.05% Triton X 100. 
Tris buffer inactivated DSS- 1251-CB10 was used in the control 
reaction. Counts for each fraction (50 pL) and counts irreversible 
bound to the column (B) were measured and plotted as  the 
percentage of the total input. 
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Figure 5. Profile of double-labeled CB 10-mT84.66 conjugate 
on Sephadex G-25. The experimental procedures were the same 
as described in Figure 4 (CB10 to antibody molar ratio of lO:l), 
except that mT84.66 was labeled with 1251 and CBlO with 1311. 
The control and conjugation reaction mixture was loaded onto 
a Sephadex column and eluted with PBS. The counts for each 
fraction (50 pL) and the counts irreversibly bound to the column 
(B) were measured and plotted as the percentage of the total 
input. Upper panel: 1251 counts (mT84.66). Lower panel: 1311 
counts (CB10). 

after passing through Sephadex G-25 resin by SDS gel 
electrophoresis followed by the autoradiography (Figure 
6). These results show that the gel filtration purified 
sample contains no unconjugated CBlO and confirm that 
gel filtration is an appropriate method for the removal 
of excess CBlO from CB-mT84.66 conjugate. 

Determination of CBlO Content in Conjugates. 
Double-labeled CB10-mT84.66 conjugate was used for the 
determination of the nonspecific binding of CBlO and 
quantitation of the incorporation of CBlO into mT84.66. 
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1 7  
1 L 

Figure 6. SDS-PAGE analysis of 1251-CB10-mT84.66 conju- 
gate before and after Sephadex G-25 filtration. The unfraction- 
ated conjugation mixture and the second fraction of eluate from 
the Sephadex G-25 column (Figure 4) were analyzed on a 
Phastsystem 10-15% gradient SDS gel, followed by autorad- 
iography. Lane 1: the conjugation reaction mixture of 1251-CB10 
and antibody. Lane 2: the peak fraction eluted from the 
Sephadex G-25 column. Upper arrow indicates the radioactive 
band which corresponds to the CBlO conjugated antibody. The 
lower arrow indicates free CB10. 

Increasing amounts of DSS-CB10 were incubated with 
a fixed amount of mT84.66 at  room temperature for 2 h. 
An aliquot from each control and conjugation reaction 
mixture was analyzed by electrophoresis on a 7.5% native 
and SDS polyacrylamide gel. The rest of the reaction 
mixture was partially purified by passing through a 1 
mL Sephadex G-25 column. The calculated CBlO incor- 
poration of control and CB10-mT84.66 conjugates after 
removal of free CBlO is shown in Table 1. The moles of 
CBlO incorporated per mole into mT84.66 was dependent 
on the molar ratio of CBlO to mT84.66 used in the 
conjugation reaction. When the molar ratio of CB10/ 
mT84.66 in the conjugation reaction was increased from 
5 to 25, the amount of CBlO incorporated into mT84.66 
was increased from 2.4 to 11.3 mol/mol of mT84.66. 
However, the nonspecific binding also increased from 1.2 
to 5.1 mol of CBlO/mol of mT84.66. Thus, the moles of 
CBlO covalently incorporated into the CB10-mT84.66 

conjugate ranged from 1.2 to  6.2 (difference between 
conjugate and control). In addition, the control and 
conjugate were analyzed by SDS polyacrylamide gel 
electrophoresis by excising and counting the gel bands 
corresponding to conjugated and unconjugated mT84.66 
(Table 2). The calculated CBlO incorporation for both 
the nonspecific binding control and specific binding 
conjugate were lower but comparable with the CBlO 
content measured from the Sephadex G-25 gel filtrate. 

Immunoreactivity of CB10-mT84.66 Conjugate. 
After removal of excess CBlO from the conjugate by 
Sephadex G-25 chromatography, the immunoreactivity 
of the modified antibodies was tested by binding to a 
CEA-Sepharose 4B spin column. The double labeled ( 1311- 
CB10, 1251-mT84.66, or 1251-F(ab>’) conjugates and the 
control samples (mixture of inactivated CBlO and mT84.66 
purified from Sephadex G-25) were loaded onto the CEA 
affinity column, and washed three times with PBS 
containing 1% BSA. The percent immunoreactivity was 
calculated as the percentage of the counts bound to the 
column over input counts. As shown in Table 3, the 
immunoreactivity of the control sample was 92%. This 
suggests that the nonspecific association of CBlO with 
antibody did not alter its immunoreactivity. The CB10- 
mT84.66 conjugate retained greater than 80% of immu- 
noreactivity even for the highest levels of CBlO incorpo- 
ration. The CBlO-F(ab’) conjugate gave essentially the 
same immunoreactivity (ca. 60%) as control F(ab’). In 
this case, the loss of immunoreactivity was due to 
radioiodination conditions. 

Biodistribution of CB10-mT84.55 Conjugates. Be- 
cause the yields of Fab’ conjugates were low, biodistri- 
bution studies with double-labeled whole antibody con- 
jugates were carried out in tumor-bearing nude mice. 
Radioiodinated whole mT84.66-CB10 conjugate was 
prepared as described above using a 151 ratio of 1251- 
labeled CBlO to l3l1-mT84.66. A control preparation 
consisting of a mixture of radioiodinated CBlO and 
mT84.66 was also produced as described above. The CEA 
binding properties of the control and conjugate prepara- 
tions were very similar to that shown in Table 3. The 
distribution of mT84.66 and CBlO in blood and selected 
tissues a t  24 h after injection is shown in Figure 7. The 

Table 1. CBlO Incorporation into the CB10-mT84.66 Conjugate after Separation by Sephadex G-25 Filtrationu 

l3lI-CB 10 eluatehnput (%) 1251-mT84.66 eluatehnput (%) CBlO/mT84.66 output molar ratio 
input molar ratio control conjugate control conjugate control conjugate 

5 
10 
15 
20 
25 

~ ~~ 

23 48 97 
19 45 95 
19 46 97 
20 46 98 
20 44 96 

~ 

99 
96 
96 
96 
97 

1.2 
2.0 
2.3 
4.1 
5.1 

2.4 
4.5 
7.2 

10.0 
11.3 

a The antibody was 1251 labeled and CBlO was 1311 labeled and reacted with DSS as described in the Experimental Procedures. m e r  
mT84.66 and DSS-CB10 were reacted a t  the indicated input molar ratios (CBlO/mT84.66; column l) ,  conjugate was separated from 
unconjugated material on a 1 mL Sephadex column and output molar ratios were calculated (columns 6 and 7). Controls are treated in 
the same way, except that the DSS-CB10 was treated with Tris base to prevent covalent coupling to mT84.66. 

Table 2. CBlO Incorporation into CB10-mT84.66 Conjugate after Separation by SDS Polyacrylamide Gel 
Electrophoresis” 

1311-CB lO-mT84.66Anput (%) 1251-mT84.66/input (%) CBlO/mT84.66 output molar ratio 
input molar ratio control conjugate control conjugate control conjugate 

5 
10 
15 
20 
25 

21 
20 
16 
14 
15 

27 81 
24 80 
23 79 
28 82 
33 81 

~ 

82 
81 
82 
76 
81 

~ 

1.2 
2.0 
2.7 
3.7 
5.2 

1.5 
3.1 
5.1 
6.3 

10.0 

a The double-labeled sample was prepared as described in Table 1 and analyzed by SDS gel electrophoresis under nonreducing conditions. 
The gel bands corresponding to antibody were excised and the radioactivity for each band was measured. The percentage of the radioactivity 
compared to the total input was calculated. CBlO incorporation into the antibody was calculated based on the measurement of the ratios 
of 1251 to 1311 in the excised conjugate band (columns 6 and 7). 
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Table 3. I2%mT84.66 or F(ab) Binding 
(Immunoreactivity) and 1311-CB10 Binding to a CEA 
Affinity Column" 

input molar ratio 
CB 10-mT84.66 

immunoreactivity (%I 
control conjugate 

~ 

5 93 82 
10 104 85 
15 92 90 
20 100 86 
25 102 84 

a The conjugates were synthesized with 1251-mT84.66 or F(ab') 
and 1311-CB10. The immunoreactivity was calculated as the 
percentage of the 1251 counts bound to a CEA-Sepharose 4B spin 
column. The control was 1251-labeled mT84.66 or the F(ab') 
fragment. The input ratio for F(ab') was 10 with 61% immunore- 
activity for the control and 64% for the conjugate. 
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Figure 7. Biodistribution of CB10-mT84.66 conjugate in 
athymic nude mice bearing LS-174T colon carcinoma xenografts. 
The control group consisted of animals injected with a mixture 
of I3lI-labeled antibody plus 1251-labeled CB10. The conjugate 
was prepared with 1251-labeled CBlO and 1311- labeled antibody, 
and purified by gel filtration. Measurement of (A) antibody and 
(B) CBlO distribution 24 h after injection. 

level of circulating mT84.66, as indicated by 1311 activity, 
was markedly reduced in animals receiving the conjugate 
as compared to the control preparation (Figure 7A). 
Depressed levels of mT84.66 in normal tissues was also 
evident in animals injected with the conjugate. By 
contrast, animals injected with either the control or 
conjugate had similar elevated levels of CB10, as indi- 
cated by 1251 activity, in the liver followed by spleen and 
large intestine (Figure 7B). Blood levels of CBlO were 
very low in both animal groups. Uptake of either 
mT84.66 or CBlO in other normal tissues such as heart, 
muscle, stomach, and small bowel was unremarkable and 
is not shown for clarity. An identical distribution pattern 
was observed at  48 h (data not shown). The elevated 
level of CBlO in the livers of mice injected with the 
conjugate suggests that the low level of circulating 
antibody observed in this group (Figure 7A) was due to  
the liver-mediated clearance of the conjugate. While it 
might be expected that the 1311 labeled antibody in the 
conjugate should follow the 1251 -labeled CBlO levels in 
the liver, this was not observed, and was probably due 
to dehalogenation of radioiodine from the antibody in the 
liver. Dehalogenation of 1251 labeled CBlO did not occur 
in the liver, suggesting that radioiodine attached to CBlO 
is metabolically stable. Since CBlO was not covalently 
attached to mT84.66 in the control preparations, the liver 
uptake of CBlO in the control group did not affect the 

Table 4. Tumor Localization of CBlO Following 
Injection of Whole CB10-mTS4.66 Conjugate" 

% iniected doselg 
time (h) group mT84.66 (1311) CBlO (1251) tumor wt (g) 

24 control 37.23 f 3.86b 1.16 f 0.09 0.16 f 0.03 
conjugate 5.32 f 0.31 0.89 f 0.06 0.22 f 0.07 

48 control 33.71 f 3.47 0.83 f 0.06 0.42 f 0.07 
conjugate 6.61 f 0.54 0.88 f 0.06 0.23 f 0.04 

a Athymic nude mice bearing LS-174T colon carcinoma xe- 
nografis were injected iv with a mixture (control) of 1311-labeled 
antibody + 1251-labeled CBlO or the double labeled CB10-mT84.66 
conjugate. Mean f SEM. 

clearance of antibody from the blood. Mice injected with 
antibody alone had similar levels of circulating antibody 
as compared to the control group (data not shown). 

The tumor localization of antibody and CBlO in the 
control and conjugate groups is depicted in Table 4. At 
both time points, accumulation of antibody in control 
group tumors was five to seven times higher than that 
in tumors from animals injected with conjugate. The 
reduced tumor targeting of the conjugate reflects its more 
rapid elimination from the blood (Figure 7A). Tumor 
uptake of CBlO was low and did not differ between the 
two groups at  both time points. 

DISCUSSION 

A method has been developed to rapidly synthesize 
oligomers of carboranyl phosphate diesters which mimic 
nucleotides and contain multiple nido-carborane cages 
(1-20 or more) (IO). Starting with appropriately pro- 
tected carboranyl monomers, the oligophosphate synthe- 
sis was performed on a standard automated DNA syn- 
thesis instrument with no modifications to the standard 
reagents or procedures. For convenience, the oligomers 
begin with a 3'4hymidine (which also contributes U V  
absorbance at  260nm), while the 5' terminal group is a 
hexylamine moiety to allow crosslinking to proteins. 
During deprotection with ammonium hydroxide the 
protecting groups are removed and each closo-CB cage 
is converted to the corresponding nido-structure. Thus, 
the CB oligomers are more negatively charged (two 
negative charges per CB) than their oligonucleotide 
counterparts (one negative charge per nucleotide). This 
property has made it difficult to analyze the CB oligomers 
by conventional positive ion mass spectrometry. How- 
ever, we were able to confirm the mass of a CB2Omer 
(IO) and the CBlO used in this work by negative ion 
electrospray mass spectrometry and MALDI-TOF, re- 
spectively. Although the CB oligomers are very water 
soluble they exhibit some unusual properties, such as 
high binding to gel filtration media and anion exchangers 
(they are not bound to cation exchangers). In this work, 
attempts to purify CBlO by reversed phase HPLC in 0.1% 
TFA-acetonitrile were unsuccessful because the sample 
became hydrophobic after elution from the C18 column. 
We attribute this property to the expected increase in 
hydrophobicity of the fully protonated oligomer. Due to 
this problem, we decided to couple CBlO to antibody and 
then purify the conjugate by gel filtration. 

Two cross-linking agents were studied, MBS for con- 
jugation of the amino-CB10 to the sulfhydryl group of 
an F(ab') antibody fragment and DSS for conjugation of 
amino-CB10 to whole antibody (via the +amino group of 
lysine). An organic extraction procedure was shown to 
successfully remove excess crosslinker from CB 10 with 
no loss of the carborane oligomer. Conjugation of CBlO 
to either whole antibody or F(ab') fragment resulted in 
a product which was retarded relative to the protein on 
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polyacrylamide gel electrophoresis in the presence or 
absence of SDS. Free CBlO migrates near the dye front 
on gel electrophoresis, consistent with its highly nega- 
tively charged nature. Thus, it appears that the anionic 
nature of CBlO was not sufficient to increase the elec- 
trophoretic mobility of the protein but, in fact, actually 
retarded its migration. The conjugates were stained with 
a silver nitrate stain, specific for the carborane, and with 
Coomassie Blue, specific for the protein. The double 
staining pattern clearly revealed that the conjugate was 
retarded relative to the unmodified protein. The whole 
antibody conjugate could be purified by gel filtration with 
irreversible binding of free CBlO to  the gel filtration 
media. In this case, the strong binding characteristic of 
the CBlO to gel filtration media was overcome by its 
conjugation to antibody. Analysis of the double-labeled 
purified conjugate by SDS gel electrophoresis revealed 
that the conjugate contains no free CB10. Analysis of 
the doubly labeled conjugate revealed a specific incorpo- 
ration of 1-10 CBlOmers per antibody molecule, cor- 
responding to 90-900 boron atoms per antibody. In 
addition, the purified conjugate retained over 80% of its 
immunoreactivity as measured against a radiolabeled 
antibody control. 

When the purified conjugate was injected into animals 
bearing a CEA positive tumor xenograft, a large portion 
of the Conjugate (20-25% ID/g at  24 h) biodistributed to  
the liver. The tumor uptake was reduced from 30-40% 
ID/g in antibody controls to 5 7 %  ID/g in conjugate 
injected animals. These results are almost identical to  
those we obtained for carboranyl peptides attached to 
antibody (8). In those studies up to 600 boron atoms were 
attached per antibody, with retention of 80-90% immu- 
noreactivity, and in biodistribution studies gave 15-25% 
ID/g in liver and 4-5% ID/g in tumor. 

Recently, Barth et al. (12) conjugated highly boronated 
“starburst dendrimers” to the antimelanoma antibody 
IB16-6 using MBS and SPDP crosslinkers. Preparations 
with up to 2200 boron atoms per antibody molecule 
retained up to 82% immunoreactivity. However, in 
biodistributions studies, 11% ID/g was localized in the 
liver and only 0.4% ID/g in tumor xenografts. These 
results are similar to  ours for liver uptake, but 10 times 
lower than ours for tumor accretion. Thus, three very 
different approaches to generate boron rich oliogmers 
have been devised, as well as conjugation methods 
leading to  antibodies which retain high immunoreactivi- 
ties. In spite of this exciting progress, all of the boron 
rich oligomers have dramatically altered the antibody- 
targeting characteristics by increasing liver uptake at  the 
expense of tumor targeting. It is possible that these 
compounds bind to an as yet unidentified receptor in the 
liver. Further studies are needed to understand the 
nature of the liver uptake so that a rational approach 
can be used to overcome this problem. We continue to  
be optimistic about this approach, since the formidable 
problems of chemical synthesis and antibody conjugation 
have been solved. It is reasonable to assume that further 
modifications of the carboranyl oligomers will reduce liver 
uptake. 

Chen et al. 
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We have developed a method for attachment of the macrocyclic chelating agent 1,4,7,10-tetraaza- 
cyclododecane N,N,N“,N“‘-tetraacetic acid (DOTA) to proteins by activation of a single carboxyl group 
with N-hydroxysulfosuccinimide (sulfo-NHS). The sulfo-NHS active ester of DOTA was prepared in 
a single step using 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC), and DOTA conjugates of 
cytochrome c and the anti-carcinoembryonic antigen chimeric monoclonal antibody cT84.66 were 
prepared by adding the DOTA active ester reaction mixture to the proteins a t  pH 8.5-9.0. Mass 
spectrometry of the cytochrome c conjugates showed that as the molar ratio of DOTA active ester to 
protein in the reaction mixture was increased from 1 O : l  to  100:1, the average number of chelators 
attached to the protein molecule increased from 2.64 to 8.79. When DOTA active ester reacted with 
the antibody at  a molar ratio of 100:1, the conjugate averaged 3.8 chelates per antibody. Immuno- 
reactivity of the antibody conjugate radiolabeled with lllIn(III) and gOY(III) remained quantitative. 
Variation of the DOTAsulfo-NHS:EDC activation stoichiometry from 2:2: 1 to 10: 10: 1 revealed that 
the kinetic stability of the radioconjugates increased as the molar ratio of carbodiimide, relative to  
DOTA and sulfo-NHS, was decreased. Radiolabeling of the protein conjugates with lllIn(III) and 
gOY(III) proved to be sensitive to pH, buffer, and temperature effects. The optimum pH for the labeling 
reaction was different for each protein and may be related to the isoelectric point of the protein. 
Radiometal incorporation at  high specific activity was accomplished in acetate and Tris buffers, but 
the presence of citrate inhibited the labeling reaction. Increasing the temperature of the radiolabeling 
reaction from 25 to 43 “C greatly increased both the efficiency of radiometal incorporation and the 
kinetic stability of the radioconjugates. Stability studies of the conjugates in human serum and in 
the presence of a 5000- to 250 000-fold excess of diethylenetriaminepentaacetic acid (DTPA) 
demonstrated that the radiolabeled proteins are kinetically inert under physiological conditions. In 
serum, the lllIn(III)-labeled antibody showed a rate of radiometal loss of approximately 0.08% per 
day. In the presence of excess DTPA, both conjugates lost lllIn(III) a t  a rate of about 0.3% per day. 
No loss of gOY(III) from the conjugates was observed in serum, but in excess DTPA, both gOY(III) labeled 
proteins showed a rate of radiometal loss of approximately 0.2% per day. Therefore, kinetic analysis 
of metal loss from a radiolabeled immunoconjugate in the presence of a vast excess of DTPA may 
provide a better indication of the in vivo stability of that immunoconjugate than serum stability studies. 

INTRODUCTION 

Labeling of monoclonal antibodies (mAbs) with radio- 
active metals for cancer diagnosis and therapy has 
usually been accomplished by the use of bifunctional 
chelating agents, which contain both a reactive function- 
ality for covalent attachment to proteins and a strong 
metal-binding group capable of forming a physiologically 
stable complex with the radionuclide (1 -3). Radiometals 
such as  l1lIn(I1I), 67Ga(III), and 99mTc(VII) have physical 
properties which are well suited for tumor imaging with 
mAbs, while gOY(III), 67Cu(II), la6Re(V1I), and 177Lu(III) 
have cytotoxic properties which can be exploited for 
therapy by antibody-directed tumor targeting (2-6). 
Bifunctional chelating agents which form physiologically 
stable complexes with metal ions are desirable for ra- 
dioimmunoscintigraphy and radioimmunotherapy in or- 
der to reduce radiation damage and toxicity to normal 
organs and tissues (7). One class of chelating agents that 
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has shown great promise for monoclonal antibody ap- 
plications are the polyazamacrocyclic polycarboxylate 
ligands (8-23), and one of these compounds, 1,4,7,10- 
tetraazacyclododecane N,N””’,N”’-tetraacetic acid 
(DOTAl), has become a subject of widespread interest 
because it forms extremely stable complexes with a wide 
variety of metals (24-29). 

Conjugation of monoclonal antibodies to  DOTA usually 
involves the use of a bifunctional derivative of the 
chelating agent that is the product of a nontrivial, 
multistep synthetic route (9, 12, 16-19). Considerable 

Abbreviations: DOTA, 1,4,7,10-tetraazacyclododecane 
N,N’,N”,N”’-tetraacetic acid; DOTA-OSSu, N-hydroxysulfo- 
succinimide ester of DOTA, sulfo-NHS, N-hydroxysulfosuccin- 
imide; EDC, 1-ethyl-3-[3-(dimethylamino)propyllcarbodiimide; 
DTPA, diethylenetriaminepentaacetic acid; EDTA, ethylenedi- 
aminetetraacetic acid; TFA, trifluoroacetic acid; PBS, phosphate- 
buffered saline; HSA, human serum albumin; CEA, carcino- 
embryonic antigen; cT84.66, humadmurine chimeric anti-CEA 
mAb; cytochrome c-DOTA, cytochrome c conjugated t o  DOTA, 
cT84.66-DOTA, cT84.66 conjugated to DOTA, cT84.66-DTPA, 
cT84.66 conjugated to DTPA, MALDITOF MS, matrix assisted 
laser desorption ionization time of flight mass spectrometry; ESI 
MS, electrospray ionization mass spectrometry. 
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effort has been devoted to simplifying and scaling up 
these synthetic procedures (20,21). Yet difficulties have 
been encountered in the radiolabeling of DOTA-conju- 
gated mAbs because of the slow rate of formation of metal 
ion-DOTA complexes (30) and the presence of trace 
metals which can compete effectively for the ligand (27). 
Often the use of radiolabeling procedures which have 
been established for mAbs conjugated to other chelating 
agents results in low radiochemical yields when applied 
to mAb-DOTA conjugates (31). In order to utilize 
carrier-free radiometal solutions and minimize radiation 
damage to the protein, the formation of the radiolabeled 
immunoconjugate should be rapid and efficient. 

This paper describes a facile and water-soluble method 
for the modification of proteins with DOTA using com- 
mercially available reagents. In situ formation of the 
N-hydroxysulfosuccinimide ester of DOTA allows a bi- 
functional chelating agent to be generated in one step 
and added immediately to a protein for rapid preparation 
of a DOTA conjugate. The reaction is expected to occur 
a t  the +amino group of lysine residues, in the process 
converting one carboxyl group of DOTA to  an amide 
functionality. 

Cytochrome c was used as a model protein for this 
modification, and the conjugation chemistry was subse- 
quently applied to the mAb cT84.66 (32), a human/ 
murine chimeric anti-carcinoembryonic antigen antibody. 
Carcinoembryonic antigen is a well-characterized human 
tumor marker found in a variety of solid tumors including 
carcinomas of the colon, breast, and lung. Conditions 
utilizing elevated temperature, optimized pH, and ap- 
propriate buffers for the reactions of the protein-DOTA 
conjugates with the radiometals lllIn(III) and gOY(III) 
were explored in order to achieve rapid and efficient 
radiolabeling. The radioconjugates prepared with the 
DOTA active ester were incubated a t  physiological 
temperature in serum and in the presence of a large 
excess of DTPA to assess their kinetic stabilities under 
physiological conditions. 

Derivatives of the acyclic chelating agent DTPA are 
among the most widely used compounds for the attach- 
ment of radiometals to  monoclonal antibodies. The first 
mAb-DTPA conjugates were prepared with the bicyclic 
anhydride of DTPA (33, 34). Subsequently, DTPA was 
conjugated to antibodies using a mixed anhydride (35) 
or active ester (36, 37) of the chelating agent as the 
reactive species. The third generation of bifunctional 
DTPA compounds developed for antibody conjugation 
were the p-isothiocyanatobenzyl derivatives (38, 39). A 
conjugate of the mAb cT84.66 prepared with p-isothio- 
cyanatobenzyl-DTPA (39) has been employed in human 
imaging and therapy trials with lllIn and respec- 
tively. The kinetic stabilities of the lllIn-labeled and 
labeled cT84.66-DOTA conjugate in human serum and 
in excess DTPA were compared to those of the cT84.66- 
DTPA conjugate labeled with the same radiometals. 

EXPERIMENTAL PROCEDURES 

General. DOTA internal salt and trisodium salt were 
purchased from Parish Chemical Co. (Orem, UT). Sulfo- 
NHS, EDC, and triethylamine (Sequanal Grade) were 
purchased from Pierce. Horse heart cytochrome c was 
obtained from Sigma Chemical Co., and mAb cT84.66 was 
prepared as previously described (32). cT84.66-DTPA 
was prepared according to  the method of Westerberg et 
al. (39). DTPA was purchased from Fluka, and EDTA 
was purchased from Aldrich. Human serum albumin 
(25% (w/v), USP) was obtained from Armour Pharma- 
ceutical Co. Normal saline (0.9% sodium chloride, injec- 
tion, USP) was purchased from American Regent Labo- 
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ratories, Inc., and Baxter Healthcare Corp. Sodium 
bicarbonate, dibasic potassium phosphate, sodium citrate, 
and citric acid were purchased from Mallinckrodt. Chel- 
ex 100 (Biotechnology Grade, 100-200 mesh, sodium 
form) was obtained from Bio-Rad. Sodium acetate tri- 
hydrate (99+%) and ammonium acetate (99.999%) were 
purchased from Aldrich, ultrapure Tris base was pur- 
chased from Boehringer Mannheim, and all buffers were 
passed over a Chelex 100 column (1 x 15 cm) before use 
in radiolabeling reactions. Glacial acetic acid (Optima) 
was purchased from Fisher. Ultrapure water (18 MQ- 
cm) was used for all procedures. Cobalt powder (99.995%) 
and yttrium chloride hexahydrate (99.999%) were pur- 
chased from Aldrich. 1111nC13, 'OYC13, and 57C0C12 were 
obtained from Amersham, Nordion, and ICN, respec- 
tively. 

HPLC was performed at  room temperature on a 
Beckman System Gold chromatograph or a Spectra- 
Physics system (SP8800 pump, SP4400 ChromJet inte- 
grator, WINnerI386 data acquisition system). The col- 
umns, solvent systems, and gradients used are described 
below. U V  detection was accomplished at 214 nm or 280 
nm using a Shimadzu SPD-6A or Spectra-Physics Spectra 
100 detector. Radioactivity detection was accomplished 
using a Technical Associates PRS-5 analyzing miniscaler/ 
ratemeter. TLC was performed on EM Science plastic- 
backed silica gel plates (Kieselgel 60 F ~ 5 4 ,  0.2 mm layer 
thickness), using 10% (w/v) aqueous ammonium acetate 
(Fisher HPLC Grade):methanol(l:l) as the mobile phase. 
Radiation counting of TLC plates was performed with a 
Packard Cobra Auto-Gamma Model 5003 counting sys- 
tem or with a Beckman LS 6000IC liquid scintillation 
counter. 

Laser desorption mass spectra were recorded on a 
Kratos Kompact MALDI I11 spectrometer, using a-cyano- 
4-hydroxycinnamic acid as  the matrix. Low mass 
MALDITOF mass spectra were recorded in reflectron 
mode and calibrated with an external standard contain- 
ing DOTA internal salt and a synthetic peptide (TQLP- 
NEVDA, m / z  = 1009.04 (M + Na)+). High mass 
MALDITOF mass spectra were recorded in linear mode 
and calibrated with an internal standard of soybean 
trypsin inhibitor. Electrospray mass spectra were re- 
corded on a Finnigan MAT TSQ-700 triple quadrupole 
instrument equipped with an electrospray ion source and 
on-line microcapillary HPLC system (40,411. The HPLC 
column, solvent system, and gradient employed are 
described below. 

Concentrations of antibody were determined by UV 
spectrophotometry, measuring the absorbance at 280 nm 
(A280 a t  1 mg/mL = 1.42, within 5% of the concentration 
determined by amino acid analysis). UV measurements 
were obtained on a Pharmacia LKB Ultrospec I11 spec- 
trophotometer, using a 1-cm sample cell. 

Preparation of DOTA N-Hydroxysulfosuccin- 
imide Ester. To a.solution of 60.0 mg (128 pmol) of 
trisodium DOTA and 27.7 mg (128 pmol) of sulfo-NHS 
in 960 pL of HzO, cooled to 4 "C, was added 49 pL (2.45 
mg, 12.8 pmol) of EDC, freshly prepared in HzO (50 mgl 
mL) at  4 "C. The reaction mixture was stirred at  4 "C 
for 30 min, after which it was used immediately, without 
purification, to prepare the DOTA-conjugated proteins. 
The theoretical concentration of active ester in the 
reaction mixture was 12.7 mM. 

Preparation of Cytochrome c-DOTA Conjugate. 
Cytochrome c was dissolved at 5 mg/mL in 20 mM DTPA, 
pH 5.0, and the resulting solution was allowed to  stand 
at  4 "C for a t  least 18 h. The protein was purified by 
reversed phase HPLC using a Brownlee Cq column 
(Aquapore Butyl (BO3-GU) 7 pm, 300 A, 4.6 x 30 mm) 
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labeling ratio labeling specific 
radiometal (mCi/mg) labeling buffer T ("C) time ( m i d  efficiency (%) activity (mCi/mg) 

"1In 11.0 0.25 M NH~OAC, pH 7.0 37 45 97.7 10.7 

9Oyb 18.6 0.25 M Tris-OAc, pH 7.0 43 60 90.1 16.8 
90yb 20.1 0.25 M Tris-HC1, pH 7.0 43 60 84.5 17.0 

9Oyb 20.1 0.25 M NH~OAC, pH 7.0 43 60 93.9 18.9 

a Average number of chelators per protein = 2.57. Radiometal solution was dried in U ~ C U O  and redissolved in labeling buffer before 
being added to  the conjugate. 

Table 2. Radiolabeling Conditions for cT84.66-DOTAa 
labeling labeling specific 

radiometal ratio (mCi/ma) labeling buffer T ("C) time ( m i d  efficiencv (%) activitv (mCi/me) 
11lIn 5.00 0.25 M NH~OAC, pH 6.0 
90Y 5.00 0.25 M NH~OAC, pH 5.0 

Average number of chelates per d b  = 3.8. 

and a linear gradient from 0% to 100% solvent B (solvent 
A, 0.1% TFA, solvent B, 0.1% TFA/9O% CH3CN) in 30 
min, beginning 10 min after injection. The cytochrome 
c peak, eluting with a retention time of 21 min, was 
collected, lyophilized, and dissolved in HzO. A solution 
containing 3.6 mg (0.29 pmol) of cytochrome c in 720 pL 
of HzO was cooled to  4 "C, and 231 pL (2.91 pmol 
theoretical) of the DOTA-OSSu reaction mixture was 
added. The pH of the reaction mixture was adjusted to 
9.0 with 5% aqueous triethylamine, and the reaction 
mixture was incubated on a tube rotator for 18-24 h at  
4 "C. The cytochrome c-DOTA conjugate was purified 
by reversed phase HPLC using a Vydac Protein C4 
column (5 pm, 300 A, 4.6 x 250 mm) and a linear 
gradient from 2% to  100% solvent B in 60 min. The peak 
containing the cytochrome c-DOTA conjugate, eluting 
at  25.4 min, was collected, lyophilized, and dissolved in 
HzO at  a concentration of 2 mg/mL for use in radio- 
labeling reactions. 

Preparation of cT84.66-DOTA Conjugate. An 
aliquot of 0.5 mL of cT84.66, 10.76 mg/mL in PBS, pH 
7.4, was diluted with normal saline to  give a solution 5 
mg/mL in antibody. This solution was dialyzed against 
1 L of 0.25 M ammonium acetate/20 mM DTPA, pH 7.0, 
for 24 h at 4 "C, then against 1 L of 0.25 M ammonium 
acetate over Chelex 100 for 24 h at  4 "C, and finally 
against 1 L of 0.1 M NaHCOdO.1 M KZHP04, pH 8.5, over 
Chelex 100 for 18-24 h at  4 "C. To 4.47 mg (29.8 nmol) 
of cT84.66 in 0.75 mL of 0.1 M NaHCOd0.1 M KzHPO4, 
pH 8.5, was added 235 pL (2.98 pmol theoretical) of the 
DOTA-OSSu reaction mixture a t  4 "C, and the pH of the 
reaction mixture was adjusted to 8.5 with 1 M NaOH and 
1 M HC1. The reaction mixture was incubated on a tube 
rotator for 18-24 h at  4 "C, after which it was dialyzed 
against 1 L of 0.25 M ammonium acetate/20 mM DTPA, 
pH 7.0, for 24 h at  4 "C. The conjugate was then dialyzed 
against 1 L of 0.25 M ammonium acetate over Chelex 
100 for 143 h at  4 "C, with four buffer changes, and the 
final solution of cT84.66-DOTA was centrifuged at  
16 OOOg to  remove any aggregates or particulate matter. 

Radiolabeling of Cytochrome c-DOTA. The cy- 
tochrome c-DOTA conjugate was labeled with the ra- 
diometals illIn(III) and gOY(III). Labeling conditions are 
given in Table 1. In the lllln labeling reaction, 2.2 mCi 
of 1111nC13 in 125 pL of 0.04 N HC1 was added to  200 pL 
of the labeling buffer. Then 100 pL (0.2 mg) of the 
cytochrome c-DOTA solution was added, and the reac- 
tion mixture was incubated as described in Table 1. The 
radiolabeled conjugate was challenged with the addition 
of 47.2 pL of 10 mM EDTA, pH 6.5, and the reaction 
mixture was incubated at  37 "C for 15 min. The lllIn- 
labeled cytochrome c was purified by size exclusion HPLC 

~ ~ ~ ~~ ~~~~~ 

43 45 84.4 4.22 
43 60 59.3 2.97 

using a TosoHaas TSKgel G2000 SW column (10 pm, 7.5 
x 300 mm) and an isocratic mobile phase of normal 
saline. The cytochrome c peak, eluting at  11.5 min 
retention time, was collected in 0.5-mL fractions contain- 
ing 1 drop of 25% (w/v) HSA each. 

1.49 mCi 
of 90YC13 in 25 pL of 0.05 N HC1 was dried in uucuo at  37 
"C for 1 h, after which it was dissolved in 128 pL of 
labeling buffer. Then 40 pL (80 pg) of the cytochrome 
c-DOTA was added, and the resulting mixture was 
incubated as  described in Table 1. The goY-labeled 
protein was challenged with the addition of 18.7 pL of 
10 mM DTPA, pH 6.0, and the reaction mixture was 
incubated at  37 "C for 15 min. The radiolabeled conju- 
gate was purified by size exclusion HPLC in the same 
manner as the lllIn-labeled cytochrome c. 

Radiolabeling of cT84.66-DOTA. The cT84.66- 
DOTA conjugate was labeled with ll'In(III) and gOY(III) 
according to the conditions given in Table 2. For the 
iilIn(III) labeling reaction, 1 mCi of 1111nC13 in 54.6 pL 
of 0.04 N HC1 was added to  75 pL of the labeling buffer, 
followed by 37.2 pL (0.2 mg) of the cT84.66-DOTA 
solution. The reaction mixture was incubated as de- 
scribed in Table 2, after which the radiolabeled conjugate 
was challenged with the addition of 18.5 pL of 10 mM 
EDTA, pH 6.5, and incubated at  37 "C for 15 min. The 
lllIn-labeled antibody was purified by size exclusion 
HPLC using a TosoHaas TSKgel G2000 SW column (10 
pm, 7.5 x 300 mm) and an isocratic mobile phase of 
normal saline. The d b  peak, eluting at  8.3 min 
retention time, was collected in 0.5-mL fractions contain- 
ing 1 drop of 25% (w/v) HSA each. 

labeling reaction, 1 mCi of 90YC13 in 12.5 pL 
of 0.05 N HC1 was added to 75 pL of the labeling buffer. 
Then 37.2 pL (0.2 mg) of cT84.66-DOTA was added, and 
the reaction mixture was incubated as described in Table 
2. The radiolabeled antibody was challenged with the 
addition of 13.9 pL of 10 mM DTPA, pH 6.0, and the 
resulting mixture was incubated at  37 "C for 15 min. The 
goY-labeled conjugate was purified by size exclusion 
HPLC in the same manner as the lllIn-labeled antibody. 

Immunoreactivity Determination. Dilutions of the 
purified cT86.66-DOTA conjugate labeled with "'In and 

containing approximately 100 000 cpm of radioactiv- 
ity in 100 pL, were applied to 2-mL CEA-Sepharose 4B 
spin columns preequilibrated with 1% HSA in PBS, pH 
7.2. The spin columns were incubated at  37 "C for 15 
min with continuous end-over-end mixing, after which 
the total amount of radioactivity in each column was 
measured by radiation counting. The columns were then 
drained by centrifugation at  3000 rpm for 1 min and 
washed three times with 1% HSA in PBS. The columns 

For labeling cytochrome c-DOTA with 

In the 
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were resuspended in 600 pL of 1% HSA, and the amount 
of radioactivity remaining in each column was measured 
again by radiation counting. Immunoreactivity was 
calculated as the percentage of the total radioactivity 
bound to  the CEA-Sepharose 4B column after elution. 

Serum Stability Studies. An aliquot (10-50 pL) of 
the radiolabeled conjugate containing approximately 8 
x lo6 cpm of lllIn radioactivity or 2 x lo7 cpm of 
radioactivity was added to 1.1 mL of fresh human serum 
containing 10 pL of 10% NaN3. The mixture was 
incubated a t  37 "C throughout the study, during which 
time 100-pL samples of serum were analyzed by gel 
filtration HPLC on two Pharmacia Superose 12 HR lo/ 
30 columns (1 x 30 cm) in series, using an isocratic 
mobile phase of 0.05 M NaZS04,0.02 M NaH~P04,0.05% 
NaN3, pH 6.8. Serum samples were analyzed at  intervals 
ranging from 15 to 72 h for 10 days to  determine 
conjugate stability. 

DTPA Stability Studies. An aliquot (10-50 pL) of 
the radiolabeled conjugate having approximately 8 x lo6 
cpm of "'In radioactivity or 2 x lo7 cpm of radio- 
activity was added to 1.1 mL of 1 mM DTPA in normal 
saline containing 1% HSA, pH 6.0. Under these condi- 
tions, the ratio of DTPA to protein-conjugated DOTA 
ranged from approximately 5000: 1 to approximately 
250 0OO:l.  This solution was incubated at  37 "C through- 
out the study, during which time 100-pL aliquots of the 
mixture were analyzed by size exclusion HPLC on a 
TosoHaas TSKgel G2000 SW column (10 pm, 7.5 x 300 
mm) using an isocratic mobile phase of 0.05 M NazS04, 
0.02 M NaHzP04, 0.05% NaN3, pH 6.8. Samples were 
analyzed at  intervals ranging from 0.5 to 72 h during a 
10-day period to  determine conjugate stability. 

0 Y 
0 20 40 60 80 100 

DOTA-0SSu:Cytochrome c 

Figure 1. Average number of DOTA molecules conjugated per 
molecule of cytochrome c, determined by MALDITOF MS, as a 
function of DOTA-0SSu:cytochrome c reaction stoichiometry. 

RESULTS 

Preparation of DOTA N-Hydroxysulfosuccin- 
imide Ester. The preparation of the N-hydroxysulfo- 
succinimide ester of DOTA is shown in Scheme 1. DOTA- 
OSSu active ester was prepared by a method for water- 
soluble activation of carboxylic acids commonly used in 
peptide synthesis and protein modification (42-44). 
While the DOTA-OSSu active ester was not isolated prior 
to conjugation to proteins, the reaction was examined by 
mass spectrometry. A n  equimolar mixture of DOTA, 
sulfo-NHS, and EDC was incubated at  4 "C for 45 min, 
and subsequent analysis by MALDITOF MS identified 
the monofunctionalized active ester as the only product 
observed, a t  mlz  = 582.26 (M + H)' in positive ion mode 
(calcd for CZoH32N5013S, 582.56) and at  mlz  = 580.82 (M 
- HI- in negative ion mode (calcd for CZOH~ON~O~~S,  
580.55). This result was consistent with experiments in 
which potentiometric titration of DOTA with 4 equiv of 
EDC resulted in the uptake of only 1 equiv of protons 
(data not shown). 

Conjugation of Cytochrome c and cT84.66 with 
DOTA-OSSu. The reaction of DOTA-OSSu with pro- 
teins is expected to produce an amide bond between the 
activated carboxyl group of DOTA and the €-amino group 
of lysine residues (Scheme 1). Since the active ester of 
DOTA was not isolated, the theoretical concentration of 
the reagent, based on EDC as the limiting reactant, was 
used to define the DOTA-0SSu:protein reaction stoichi- 
ometry. To quantitate the degree of covalent modifica- 
tion as a function of the amount of activated DOTA 
added, cytochrome c was conjugated at DOTA-OSSu: 
protein molar ratios of l O : l ,  20:1, 50:1, and 100:1, and 
the purified conjugates were analyzed by MALDITOF 
MS. The mass of each conjugate was determined from 
the average of two m l z  values for the (M + 2H)2+ ion, 
using soybean trypsin inhibitor as an internal standard. 
The mass of unconjugated cytochrome c, determined from 
the m IZ  ratio for the (M + 2H)2+ ion, was then subtracted 
from the mass of each conjugate. To determine the 
average number of DOTA groups per cytochrome c 
molecule, the mass increase measured for each conjugate 
was divided by the calculated increase of 386 mass units 
afforded by the formation of an amide bond between 
DOTA and a lysine residue. Figure 1 shows that reaction 
of DOTA-OSSu with cytochrome c a t  a molar ratio of 1 O : l  
produced a conjugate with an average of 2.64 chelating 
groups per protein molecule, while increasing the con- 
jugation ratio to  20:1, 50:1, and 1OO:l gave conjugates 
with 4.27, 6.78, and 8.79 chelators per cytochrome c, 
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Figure 2. Electrospray ionization mass spectrum of cytochrome c-DOTA, conjugated at  a DOTA-0SSu:protein molar ratio of 1O:l. 
An aliquot of 16 pmol of the conjugate was injected onto a CIS microcapillary column (5 pm, 300 A, 0.25 x 150 mm) and eluted with 
a linear gradient from 2% to 92% solvent B (solvent A, 0.1% TFA; solvent B, 0.07% TFA in 90% CH3CN) in 45 min at a flow rate of 
2 pL/min. ESI MS scans were averaged over the entire cytochrome c-DOTA peak, eluting a t  20 min retention time. 

respectively. The cytochrome c-DOTA produced at  a 
conjugation ratio of 1O:l was also analyzed by ESI MS 
(Figure 2). ESIMS revealed that the conjugate contained 
no detectable unmodified protein, but was a mixture of 
cytochrome c-DOTA species with one (mlz = 12 751.0 
(M + H)+, calcd 12 747), two (mlz  = 13 136.0 (M + H)+, 
calcd 13 1331, and three (mlz  = 13 526.0 (M + HI+, calcd 
13 519) DOTA molecules covalently attached to the 
protein. The peaks in the electrospray mass spectrum 
of cytochrome c-DOTA at  mlz  = 12 819.0 and 13 205.0 
represent trisodium adducts of the conjugate species, 
while the peaks a t  mlz = 12 945.0 and 13 332.0 cor- 
respond to species with one noncovalently associated 
anion of sulfo-NHS present. 

The activation stoichiometry of DOTAsulfo-NHS:EDC 
was vaned from 2:2:1 to 4:4:1 to 1O:lO:l prior to  conjuga- 
tion to  cytochrome c at  a DOTA-0SSu:protein molar ratio 
of 1O:l. Analysis of these cytochrome c-DOTA conju- 
gates by MALDITOF MS showed that in each case the 
cytochrome c was modified with an average of ap- 
proximately 1.6 DOTA molecules per protein molecule. 
The purified conjugates were then labeled with gOY(III) 
a t  a ratio of 22.6 mCi/mg, and the kinetic stabilities of 
the radiolabeled cytochrome c preparations were evalu- 
ated in the presence of 1 mM DTPA at  37 "C (Figure 3). 
After 159 h in 1 mM DTPA at  37 "C, the cytochrome c 
conjugates prepared from DOTA activated at 2:2:1 and 
4:4:1 stoichiometries had lost 11.0% and 7.3%, respec- 
tively, of the initial radiometal label, while the cyto- 
chrome c conjugate prepared from DOTA activated at  a 
1O:lO:l stoichiometry showed essentially no loss of 

After activation of the chelating agent a t  a DOTAsulfo- 
NHS:EDC ratio of lO:lO:l, the anti-CEA mAb cT84.66 
was conjugated with DOTA-OSSu at  an active ester: 
protein ratio of 1OO:l. The average number of DOTA 
chelates attached to  the antibody was determined by a 
modification of a 57C0(II) binding assay (45). The cT84.66- 
DOTA conjugate was incubated at  43 "C in 0.25 M 
ammonium acetate with a 10-fold excess of a standard- 
ized 57C0C12 solution for 24 h, after which the mixture 
was made 1 mM in DTPA and incubated a t  37 "C for 15 
min. TLC analysis showed the conjugate to be modified 
with an average of 3.8 chelates per mAb. An analogous 
assay using a standardized 90YC13 solution gave a value 
of 3.1 chelates per mAb. Size exclusion HPLC of cT84.66- 
DOTA showed that no aggregates were formed in the 
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Figure 4. (Top) percentage of incorporation into cytochrome 
c-DOTA, after 1 h incubation at 25 "C, as a function of pH of 
the sodium acetate labeling buffer. (Bottom) percentage of 
incorporation into cT84.66-DOTA, after 1 h incubation at 43 
"C, as a function of pH of the ammonium acetate labeling buffer. 

Table 3. Buffer Effects on the Boy Radiolabeling of 
Cytochrome c-DOTAa 

time labeling 
protein buffer T ("C) (min) eficiency (8) 

HzO 25 60 100 
0.1 M sodium citrate, pH 6.0 25 60 0 
0.1 M sodium acetate, pH 6.0 25 60 100 

a Average number of chelators per protein = 6.7. 

When cytochrome c-DOTA, conjugated with an average 
of 6.7 chelating groups per protein molecule, was dissolved 
in 0.1 M sodium citrate, pH 6.0, and incubated with 
90YC13 in 0.1 M sodium acetate, pH 6.0, no incorporation 
of the radiometal into the conjugate was observed. In 
contrast, quantitative labeling with was obtained 
under the same conditions when this conjugate was 
dissolved in HzO or 0.1 M sodium acetate, pH 6.0. 

labeling of cytochrome c-DOTA was most efficient 
when the 90Yc13 solution was dried to remove HC1 and 
reconstituted with the labeling buffer prior to being 
incubated with the protein conjugate for 1 h at  43 "C. 
Labeling of cytochrome c-DOTA with was best in 
0.25 M ammonium acetate (ambient pH .O), but the use 
of 0.25 M Tris acetate, pH 7.0, and 0.2 8 M Tris hydro- 
chloride, pH 7.0, also gave high percentages of 
incorporation (Table 1). 

Labeling conditions, radiometal incorporation, and 
specific activities for the cT84.66-DOTA radioimmuno- 
conjugates are given in Table 2. 1111nC13 in 0.04 N HC1 
and cT84.66-DOTA in 0.25 M ammonium acetate were 

added sequentially to 0.25 M ammonium acetate, pH 6.0, 
and the reaction mixture was incubated at  43 "C for 45 
min. "'In incorporation into the antibody conjugate was 
determined to be 84.4%, resulting in a specific activity 
of 4.22 mCi/mg for the purified ll'In-labeled mAb. 

Labeling of cT84.66-DOTA with 'OYCl3 in 0.05 N HC1 
proved to  be quite sensitive to  pH. Unlike the 
labeling of cytochrome c-DOTA, the most efficient 
incorporation of occurred after 1 h at  43 "C in 0.25 M 
ammonium acetate, pH 4.5-6.0 (Figure 4 (bottom)). The 
highest efficiency of labeling for cT84.66-DOTA was 
obtained in 0.25 M ammonium acetate, pH 5.0, affording 
a purified goY-labeled mAb with a specific activity of 2.97 
mCi/mg. At the extremes of the pH range studied, low 
efficiencies of incorporation were obtained, 8.25% at  
pH 4.0 and 16.1% at  pH 7.0. When the 90Yc13 solution 
was dried and redissolved in 0.25 M ammonium acetate, 
pH 7.0, the amount of incorporation into the antibody 
conjugate dropped to approximately half that obtained 
under the same conditions when the HC1 was not 
removed (data not shown). 

Immunoreactivity of Radiolabeled cT84.66- 
DOTA. The immunoreactivity of lllIn-labeled and 
labeled cT84.66-DOTA was evaluated by a solid-phase 
assay using Sepharose 4B resin derivatized with CEA 
(46). The binding percentage for a 1:800 dilution of the 
purified lllIn-labeled mAb was 98.6%. Immunoreactivity 
of a 1:400 dilution of the purified goY-labeled mAb was 
determined to be 102.1%. When the affinity of cT84.66- 
DOTA was compared to  that of unconjugated cT84.66 
using a Pharmacia BIAcore Biosensor, no difference in 
the association constant, dissociation constant, or affinity 
constant was observed between the DOTA-conjugated 
mAb and the unconjugated mAb (data not shown). 

Stability of Cytochrome c-DOTA and cT84.66- 
DOTA in Excess DTPA. To assess the kinetic stabili- 
ties of the cytochrome c-DOTA and cT84.66-DOTA 
conjugates, the I1lIn-labeled and goY-labeled proteins 
were evaluated in the presence of a large excess of DTPA. 
In each DTPA stability study, the radiolabeled protein 
was incubated at  37 "C in 1% HSNnormal saline 
containing 1 mM DTPA. The molar ratio of DTPA to  
protein-conjugated DOTA ranged from 5000: 1 to 250 000: 
1, depending on the concentration and specific activity 
of the radioconjugate. Each mixture was analyzed by size 
exclusion HPLC with radioactivity detection, and areas 
of the radioactive peaks corresponding to the proteins 
were divided by the total areas of the radioactive protein 
and DTPA peaks to determine the percentages of radio- 
metal bound to  the protein-DOTA conjugates. A com- 
parison of the kinetic stability of goY-labeled cytochrome 
c-DOTA in excess DTPA after otherwise identical ra- 
diolabeling reactions at  25 and 37 "C is shown in Figure 
5 (top). Under the conditions employed in the radiola- 
beling reactions, the efficiency of incorporation into 
cytochrome c-DOTA was 21.0% at  25 "C, but a t  37 "C 
incorporation of increased to 54.6%. When these 
conjugates were incubated in 1 mM DTPA for 240 h at 
37 "C, the total loss of radiometal from the cytochrome 
c-DOTA labeled at  room temperature was 8.80%, while 
the cytochrome c-DOTA labeled at  37 "C lost only 1.88% 
of its chelated Incubation of lllIn-labeled cytochrome 
c-DOTA in 1 mM DTPA at  37 "C (Figure 5 (bottom)) 
revealed that the protein-DOTA indium chelate is 
slightly less stable than the corresponding yttrium che- 
late, as the total loss of lllIn from the radioconjugate was 
2.68% after 240 h. 

The kinetic stabilities of ll'In-labeled and 'OY-labeled 
cT84.66-DOTA in excess DTPA were compared to  those 
of cT84.66 conjugated with p-isothiocyanatobenzyl-DTPA 
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Figure 5. (Top) percentage of bound to cytochrome 
c-DOTA as a function of time of incubation in 1 mM DTPA a t  
37 "C, determined by size exclusion HPLC. Radiolabeling was 
performed a t  25 "C (W) and a t  37 "C (a). (Bottom) percentage of 
lllIn bound to cytochrome c-DOTA as a function of time of 
incubation in 1 mM DTPA at  37 "C, determined by size exclusion 
HPLC. Radiolabeling was performed a t  37 "C. 

and labeled with the same radiometals. When the 'llIn- 
labeled antibody conjugates were incubated a t  37 "C in 
1 mM DTPA (Figure 6 (top)), cT84.66-DTPA lost 9.74% 
of its initial radiometal label after 240 h. Loss of lllIn 
from cT84.66-DOTA was more rapid than from cT84.66- 
DTPA during the first 48 h of incubation in excess DTPA, 
but no further loss of radiometal occurred for the re- 
mainder of the incubation, and at  240 h the total amount 
of "'In lost from the mAb-DOTA chelate was 3.33%. The 
goY-labeled antibody conjugates were incubated in 1 mM 
DTPA at 37 "C for 240 h (Figure 6 (bottom)), during 
which the cumulative loss of radiometal from the mAb- 
DOTA chelate was 1.76%. In contrast, the mAb-DTPA 
chelate lost a total of 63.2% of the initial label over 
the same period of time. 

Serum Stability of Cytochrome c-DOTA and 
cTS4.66-DOT& The kinetic stabilities of the "'In- 
labeled and goY-labeled protein-DOTA conjugates were 
also determined in fresh human serum at  37 "C. These 
mixtures were analyzed by gel filtration chromatography 
with radioactivity detection, and the areas of the radio- 
active peaks corresponding to the protein conjugates were 
divided by the total areas of all radioactive peaks to 
determine the percentages of radiometal bound to  the 
DOTA-conjugated proteins. 

The serum stabilities of cytochrome c-DOTA labeled 
with lllIn and could not be evaluated conclusively 
because of the rapid formation of higher molecular weight 
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Figure 6. (Top) percentage of IllIn bound to cT84.66-DOTA 
as a function of time of incubation in 1 mM DTPA (a) and in 
human serum (W) at 37 "C, compared to the percentage of lllIn 
bound to cT84.66-DTPA as a function of time of incubation in 
1 mM DTPA (0) and in human plasma (0) a t  37 "C. (Bottom) 
percentage of bound to cT84.66-DOTA (a), compared to 
cT84.66-DTPA (MI, as function of time of incubation in 1 mM 
DTPA at  37 "C. 

complexes which obscured regions of the chromatogram 
where transferrin or albumin were expected to elute. The 
retention times of these serum complexes, however, did 
not correspond to  that of either major serum protein. No 
low molecular weight radioactive species were observed 
when the lllIn-labeled and goY-labeled cytochrome c- 
DOTA radioconjugates were incubated in serum. 

The serum stability of lllIn-labeled cT84.66-DOTA 
was compared to that of cT84.66-DTPA (Figure 6 (top)). 
After incubation in human serum for 240 h, the cT84.66- 
DOTA conjugate showed a cumulative loss of 0.824% of 
the initial "'In label. The ll'In-labeled cT84.66-DTPA 
conjugate lost 13.0% of its initial radiolabel in plasma 
during the same period of time. The small fraction of 
"'In which was lost from cT84.66-DOTA was observed 
as a low molecular weight species, most likely generated 
by cleavage of the chelate from the antibody by hydrolysis 
(22,477 or proteolysis. When the mAb-DOTA and mAb- 
DTPA conjugates were labeled with and incubated 
in human serum, no loss of radiometal was observed for 
either conjugate. The amount of bound to the 
antibody conjugates remained at  100% for 288 h at  37 
"C (data not shown). 

DISCUSSION 
Because DOTA forms extremely stable chelate com- 

plexes with a wide variety of metals (24-29), numerous 
derivatives of DOTA have been investigated for use in 
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magnetic resonance imaging, radioimmunoscintigraphy, 
and radioimmunotherapy. Several groups have reported 
the synthesis of backbone-substituted and side arm- 
substituted bifunctional polyazamacrocycles, including 
DOTA (9, 12,16-19). Preparation of these derivatives, 
however, usually involves a nontrivial synthetic route 
comprised of a t  least 10 steps. Li and Meares reported 
the attachment of DOTA to a protein-reactive functional- 
ity via an amide bond to a carboxyl group of DOTA (22)) 
using a less complicated eight-step synthetic route. To 
circumvent the need for lengthy organic synthesis in 
order to attach DOTA to monoclonal antibodies, we chose 
to  develop a new method for facile modification of 
proteins with an active ester of DOTA. The process of 
converting one carboxyl group of DOTA to an amide 
group by this reaction has the potential to afford protein- 
DOTA conjugates that exhibit relatively rapid metal ion 
complexation rates while retaining high kinetic stability 
under physiological conditions. Furthermore, the direct 
attachment of DOTA to an amino acid side chain pro- 
duces a minimal conjugate structure in close proximity 
to the peptide backbone of the protein, which could 
possibly minimize the chemical immunogenicity of the 
protein-DOTA conjugate. 

Covalent attachment of DOTA to amines by acylation 
with the isobutyl formate mixed anhydride of the chelat- 
ing agent has been employed to synthesize a variety of 
monofunctionalized DOTA amides. Wu et al. (48) con- 
jugated DOTA to biotin in this manner and studied the 
serum stabilities of ll1In-labeled and goY-labeled DOTA- 
biotin-avidin conjugates. Sherry et al. (49) used the 
same method to  synthesize the Gd(II1) complex of the 
monopropylamide of DOTA, a model for magnetic reso- 
nance imaging contrast agents consisting of monoconju- 
gated DOTA macromolecules. Covalent modification of 
the +amino groups of polylysine with DOTA isobutyl 
formate anhydride was reported by Sieving et al. (50) in 
the preparation of a protein conjugate containing a 
Gd(II1)-DOTA polychelate manifold for magnetic reso- 
nance imaging. 

While the isobutyl formate mixed anhydride could be 
used to prepare antibody conjugates of DOTA, prepara- 
tion of the reactive intermediate is usually performed in 
DMSO or freezing acetonitrile. Because exposure to  
these organic solvents might result in denaturation, 
diminished recovery, or loss of biological activity of the 
conjugated protein, we decided to  investigate the utility 
of water-soluble carbodiimide chemistry for direct modi- 
fication of proteins with DOTA. Previously, a derivative 
of 1,4,8,1l-tetraazacyclotetradecane bearing a carboxyl 
side chain had been activated with N-ethyl-N'-[3-(diethyl- 
amino)propyl]carbodiimide and N-hydroxysuccinimide 
(511, and subsequently with EDC and sulfo-NHS (52), 
prior to conjugation of the macrocycle to  an anti-CEA 
d b  and radiolabeling with 67Cu(II). These methods 
afforded conjugates with up to 5.6 chelators per antibody 
at  1igand:mAb reaction ratios as high as 408:1, while 
preserving the immunoreactivity of the modified antibody 
at  >go%. 

We examined the reaction between the tetracarboxylic 
acid DOTA and EDC in HzO at  room temperature and 
discovered that titration of DOTA with 4 equiv of EDC 
produced a pH increase consistent with the uptake of only 
1 equiv of protons, suggesting that the monoactivated 
DOTA-EDC intermediate was formed preferentially. 
Mass spectrometric analysis of the reaction of DOTA, 
sulfo-NHS, and EDC in equimolar amounts and with 2 
equiv of EDC showed that the monofunctionalized active 
ester of DOTA was the only detectable product. At room 
temperature and at  4 "C, no evidence for multiple 
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activation of DOTA or rearrangement of the DOTA-EDC 
intermediate to  the N-acylurea was obtained by mass 
spectrometry. 

However, it is possible that during the preparation of 
the DOTA-OSSu active ester, these side reactions might 
occur to a degree below the limits of detection by mass 
spectrometry or potentiometric methods. Potential reac- 
tion byproducts such as the bis-active ester of DOTA and 
the active ester of DOTA-EDC N-acylurea are likely to 
exhibit reduced chelate stability, and any multiply 
activated DOTA species could mediate protein cross- 
linking. In order to minimize the effect of attachment 
of DOTA byproducts on radioconjugate stability, the 
activation stoichiometry of D0TA:sulfo-NHS:EDC was 
varied in the conjugation of cytochrome c. An excess of 
DOTA over EDC should discourage multiple activation 
of the tetracarboxylic acid, and an excess of sulfo-NHS 
might allow the DOTA-EDC intermediate to be con- 
verted more efficiently to the active ester before rear- 
rangement to  the N-acylurea. As the amount of carbo- 
diimide was decreased relative to the other two reactants, 
the kinetic stability of the cytochrome c-DOTA conjugate 
increased. This increase in kinetic stability may be 
attributable to a decrease in the presence of a minute 
amount of a side reaction product. Such a byproduct, 
even in quantities too small to  be detected by analytical 
methods, could have a disproportionate destabilizing 
effect on the radiolabeled protein, since both the rates of 
metal complexation of and loss of metal from a compro- 
mised DOTA species are expected to be greater than 
those of the desired monoamide of DOTA. 

Additional evidence for a small amount of multiple 
activation of DOTA was observed in the conjugation of 
cT84.66 with DOTA-OSSu, as approximately 6% of the 
mAb was converted to dimers. These dimers were easily 
removed from the conjugate during purification of the 
radiolabeled mAb, and the immunoreactivity of cT84.66- 
DOTA remained quantitative. The kinetic stabilities of 
lllIn-labeled and goY-labeled cT84.66-DOTA in serum 
and in excess DTPA were much higher than those of the 
corresponding DTPA-conjugated antibody, suggesting 
that the formation of undesirable DOTA byproducts had 
been minimized in the conjugation process. The initial 
loss of approximately 3% of the "'In label from the 
DOTA-conjugated mAb during the first 48 h of incubation 
in 1 mM DTPA might indicate the presence of a small 
population of less stable chelates, but the overall kinetic 
stability of lllIn-labeled cT84.66-DOTA is still signifi- 
cantly better than that of cT84.66-DTPA. 

In an effort to  minimize the rate of hydrolysis of the 
N-hydroxysulfosuccinimide ester of DOTA, all protein 
conjugations with DOTA-OSSu were performed at  4 "C. 
However, the reaction is equally efficient a t  room tem- 
perature. Two experiments were performed in which the 
chelating agent was activated with a D0TA:sulfo-NHS: 
EDC ratio of 1O:lO:l a t  4 "C and at  room temperature, 
and then the active ester was added to  cytochrome c in 
a 1 O : l  molar ratio a t  4 "C and room temperature, 
respectively. After purification, MALDITOF MS revealed 
that both cytochrome c-DOTA conjugates were modified 
with an average of 2.57 chelating groups per protein 
molecule. 

Radiolabeling of antibodies conjugated to DOTA with 
In(II1) and Y(II1) has usually been accomplished by 
prolonged incubation of the conjugate with a radiometal 
solution at  room temperature (22, 47, 53). Exposure of 
a d b  to a relatively concentrated solution of the high- 
energy ,E emitter for an extended period of time is 
likely to result in significant radiolysis of the protein. 
Therefore, rapid and efficient incorporation of into 
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DOTA-conjugated antibodies is desirable in order to 
afford a high yield and specific activity for the radiola- 
beled immunoconjugate. The chelation of metal ions by 
DOTA is often a two-step process in which a rapidly 
formed initial adduct slowly tranforms to the final 
complex (54,55). Kodama et al. reported that the pseudo- 
first-order rate for Y(II1)-DOTA complex formation is 
nearly 1600 times slower than that for Y(II1)-DTPA (30). 
Slow formation of Y(II1)-DOTA complexes presents a 
challenge not only to achieving high radiolabeling yields 
in a short time, but also to obtaining a radioconjugate 
exhibiting high chelate stability. If postlabeling treat- 
ment with a large excess of free chelating agent fails to 
remove the radiometal rapidly from DOTA adducts which 
are not fully complexed, then subsequent loss of metal 
from these adducts could contribute to  reduced radio- 
conjugate stability. 

By performing the radiolabeling reactions of the pro- 
tein-DOTA conjugates a t  elevated temperatures, two 
important goals were achieved. First, increasing the 
temperature from 25 to  37 "C increased the efficiency of 
gOY(III) incorporation into cytochrome c-DOTA by a 
factor of 2.6 during a 1-h incubation. At 43 "C, the 
amount of gOY(III) incorporation was nearly 4-fold com- 
pared to  the reaction performed at  25 "C. Second, the 
kinetic stability of the cytochrome c-DOTA labeled with 

at  elevated temperatures was significantly greater 
than that of the radioconjugate labeled at  room tempera- 
ture. Desreux (56) postulated that the rigid conforma- 
tional properties of lanthanide-DOTA complexes at  low 
temperatures might account for the slow kinetics of 
formation of these compounds and concluded from NMR 
studies that the macrocyclic ligand is less rigid at  higher 
temperatures, a t  which the kinetics of complexation are 
much faster. The use of higher temperatures in the 
radiolabeling of protein-DOTA conjugates is expected to 
impart higher ground-state energies to the reactants and 
a greater degree of conformational flexibility to the 
macrocyclic chelating agent, thereby accelerating not only 
the rate of formation of the initial, loosely associated 
metal ion-DOTA adduct, but also the considerably 
slower rate of formation of the final, fully coordinated 
chelate complex. Challenging the radiolabeled protein- 
DOTA conjugates with a high concentration of exogenous 
EDTA or DTPA a t  37 "C further ensures that the 
radioconjugate will contain only stable, fully coordinated 
DOTA chelates. Thus, the use of elevated temperatures 
in the radiolabeling of cytochrome c-DOTA produced a 
conjugate with both higher specific activity and greater 
chelate stability than when the radiolabeling reaction 
was performed at  room temperature. 

The efficiency of gOY(III) incorporation into cytochrome 
c-DOTA was directly proportional to the pH of the 
labeling buffer over the pH range studied. The best 

labeling results for that conjugate were obtained 
when the HC1 was removed by evaporation from the 
radiometal solution, which was reconstituted with pH 7.0 
labeling buffer. However, when the mAb conjugate was 
mixed with 90YC13 which had been dried and redissolved 
in the same labeling buffer, the amount of incorpora- 
tion was only about 8% of the total. A study of the pH 
dependence of the labeling reaction of cT84.66-DOTA 
was undertaken, and it was discovered that efficient 
radiometal incorporation occurred in 1 h at  43 "C over a 
buffer pH range of 4.5-6.0, with a maximum at  pH 5.0. 
At the extremes of the buffer pH range studied, pH 4.0 
and 7.0, the efficiency of incorporation dropped 
precipitously. Such a pH profile for the labeling of 
the mAb conjugate may be related to the isoelectric point 
of the protein. The PI of cT84.66 (6.40-6.65) is consider- 
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ably lower than the PI of cytochrome c (10.4), and the 
optimum pH for labeling the DOTA conjugates of these 
proteins with follows the same trend. The pH 
dependence of the reaction of cT84.66-DOTA and gOY(III) 
may reflect a balance in the ionization states of nega- 
tively charged amino acid side chains, which could serve 
as nonspecific metal ion binding sites, and positively 
charged residues, which could possibly form ion pairs 
with the protein-conjugated DOTA sites and inhibit the 
chelation reaction. Efficient labeling of cT84.66-DOTA 
with "'In was accomplished under similar pH conditions, 
using a slightly higher pH buffer to  offset the greater acid 
load presented by the less concentrated l"InC13 solution. 

proved 
Bo be efficient in ammonium acetate, Tris acetate, and 
Tris hydrochloride buffers at pH 7.0. On the other hand, 
when even heavily conjugated cytochrome c-DOTA was 
dissolved in citrate buffer, which has weak chelating 
properties, no incorporation was observed. Identical 
results were obtained with DOTA-conjugated d b .  These 
buffer effects suggest that the presence of citrate is 
detrimental to the labeling of protein-DOTA conju- 
gates, yet the presence of acetate is not necessarily 
essential for an efficient reaction. Clearly, the scope of 
buffer conditions for the radiolabeling of antibody-DOTA 
conjugates needs to  be explored further. 

The conversion of one carboxylic acid of DOTA to  an 
amide results in the introduction of a weaker metal 
coordination group and might be expected reduce the 
stability of the chelate complex. Sherry et al. (49) 
measured the conditional stability constant for the 
Gd(II1) complex of DOTA-propylamide to be 104.5 times 
lower at  pH 7.4 than that for the DOTA complex. 
However, they observed that the conversion of a single 
carboxyl group t o  an amide did not increase the number 
of inner-sphere water molecules and suggested that the 
amide functionality occupies a metal coordination site. 
Further evidence for coordination of Gd(II1) by the amide 
functionality of a DOTA monoamide derivative was 
obtained by Aime et al. (57), who determined from an 
X-ray structure that the Gd-0 distance of the carboxa- 
mide group was very similar to the Gd-0 distances of 
the three carboxylates. Y(II1) has coordination properties 
which are in many ways similar to those of the trivalent 
lanthanide ions, and it is reasonable to expect that the 
amide group of a protein-conjugated DOTA monoamide 
species would participate in metal binding. Riesen et al. 
(58) determined from the X-ray structure of the In(II1) 
complex with 1,4,7,1O-tetraazacyclododecane N&',N''- 
triacetic acid that the chelate has a relatively sym- 
metrical, compact, heptadentate structure that is suffi- 
cient for coordinative saturation and stabilization of 
In(II1). These investigators also found an insignificant 
difference in the serum stabilities of ll'In-DOTA and the 
lllIn compound lacking the fourth carboxyl group, con- 
cluding that this site can be used instead as a point of 
attachment for proteins. 

Kinetic stabilities of radiometal chelates and conju- 
gates under physiological conditions have traditionally 
been estimated by incubation in serum or  plasma at  37 
"C. The relatively high concentrations of metal-binding 
proteins such as transferrin and albumin, compared to  
the concentrations of the radiometal and chelating agent 
of interest, make it unlikely that any metal lost from the 
complex will be recaptured by the chelating agent. In 
this study, the kinetic stability of l1l1n-labeled cT84.66- 
DOTA in human serum was significantly better than that 
of the same antibody conjugated with p-isothiocyanato- 
benzyl-DTPA, and the minute amount of lllIn lost from 

Radiolabeling of cytochrome c-DOTA with 
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the mAb-conjugated DOTA chelate was insufficient to  
produce detectable transchelation by transferrin. When 
the goY-labeled cT84.66 conjugates were incubated in 
serum, no loss of radiometal was observed for either 
cT84.66-DOTA or cT84.66-DTPA during a 12-day pe- 
riod. 

Because serum studies did not reveal any differences 
in the kinetic stabilities of goY-labeled cT84.66-DOTA 
and cT84.66-DTPA, we decided to investigate the be- 
havior of these radioimmunoconjugates in normal saline 
containing 1% human serum albumin and a vast excess 
of DTPA. Subramanian et al. (59) used a similar system 
to examine the kinetic stability of an lllIn-labeled mAb 
conjugated to  a bifunctional bis-DTPA compound. When 
free DTPA is present in concentrations lo3- to 105-fold 
higher than the concentration of protein-conjugated 
chelating agent, any metal lost from the radiolabeled 
protein should be effectively scavenged by DTPA and 
unable to return to the conjugated chelator. 

The kinetic stabilities of cytochrome c-DOTA and 
cT84.66-DOTA in the presence of excess DTPA were 
nearly identical for both lllIn and The stability of 
the ll'In-labeled cT84.66-DTPA conjugate under these 
conditions was quantitatively similar to its stability in 
plasma. The lllIn-labeled cT84.66-DOTA conjugate was 
slightly less stable in excess DTPA than in serum, 
suggesting that free DTPA captures metals lost from 
radiolabeled proteins more effectively than the metal- 
binding proteins in serum. Incubation of goY-labeled 
cT84.66-DOTA and cT84.66-DTPA in the presence of 
excess DTPA revealed a drastic difference in the kinetic 
stabilities of the two protein-conjugated chelates. In 10 
days, the majority of bound to  cT84.66-DTPA dis- 
sociated from the mAb conjugate and was trapped by the 
free DTPA. In contrast, cT84.66-DOTA lost only a very 
small percentage of its label during the same period 
of time in excess DTPA. Kinetic analysis of metal loss 
from a radioimmunoconjugate in the presence of a vast 
excess of DTPA may therefore give a better indication of 
the in vivo stability of that conjugate than its serum or 
plasma stability. Preliminary studies of the biodistri- 
bution of goY-labeled cT84.66-DOTA in non-tumor- 
bearing mice suggest that the deposition of in the 
liver, bone, and bone marrow is significantly less than 
that for the DTPA-conjugated mAb. 

a t  
43 "C under optimum pH conditions affords kinetically 
inert radioimmunoconjugates with specific activities in 
a range sufficient for practical clinical use of a high 
affinity mAb. Since patient doses for radioimmuno- 
scintigraphy and radioimmunotherapy with this antibody 
are typically on the order of 5 mg, it is necessary to 
achieve high specific activity radiolabeling with both lllIn 
and The elevated temperature employed for radio- 
metal incorporation into cT84.66-DOTA also enables the 
rapid preparation of radiolabeled antibody for immediate 
patient infusion. 

A potential advantage of the use of an active ester of 
DOTA for direct attachment to the amino acid framework 
of an antibody may be a reduction in the immunogenicity 
of the macrocyclic chelate. Conjugation of DOTA to mAbs 
using 2-iminothiolane and a linker-substituted bifunc- 
tional chelating agent has resulted in the development 
of an immune response directed against the macrocyclic 
ring structure (60). Immune responses to benzyl-DTPA 
have also been observed in patients treated with intra- 
venous Il1In-labeled cT84.66-DTPA, and these responses 
appear to involve the aromatic thiourea linker and not 

Pant, K. D., and Raubitschek, A. (unpublished results). 

The labeling of cT84.66-DOTA with lllIn and 
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solely the chelate.2 Use of the active ester for attaching 
DOTA to antibodies produces a minimal conjugate struc- 
ture, containing no potentially immunogenic aromatic 
moiety, and ensures that the macrocyclic chelate will 
reside close to the peptide backbone of the protein, 
making it less likely to be presented effectively as a 
hapten on a carrier protein. 

A simple water-soluble chemical procedure has been 
developed for conjugation of DOTA to proteins. The use 
of elevated temperature, optimum pH, and appropriate 
buffer conditions allows rapid and efficient labeling to 
high specific activity with both lllIn(III) and gOY(III) in 
the preparation of radioimmunoconjugates suitable for 
tumor imaging and therapy, respectively. The radiola- 
beled products show superior kinetic stabilities in serum 
and excess DTPA, compared to the corresponding mAb- 
DTPA conjugates. We are now testing the use of the 
radiolabeled cT84.66-DOTA conjugate in tumor-bearing 
animal models in preparation for human clinical trials. 
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Temperature-Responsive Bioconjugates. 3. 
Antibody-Poly(Wisopropylacry1amide) Conjugates for 
Temperature-Modulated Precipitations and Affinity 
Bioseparations? 

Yoshiyuki G. Takei, Miki Matsukata, Takashi Aoki, Kohei Sanui, Naoya Ogata, Akihiko Kikuchi,* 
Yasuhisa Sakurai,* and Teruo Okano",' 
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Immunoglobulin G (IgG) has been modified by poly(N-isopropylacrylamide) (PIPAAm) to create a novel 
bioconjugate which exhibits reversible phase transition behavior at 32 "C in aqueous media. A terminal 
carboxyl group introduced into PIPAAm molecule by polymerization of IPAAm with 3-mercaptopro- 
pionic acid was used for conjugation to IgG via coupling reaction of activated ester with protein amino 
group. These conjugates exhibited rapid response to changes in solution temperature and significant 
phase separation above a critical solution temperature corresponding to  that for the original PIPAAm. 
These conjugates bound to antigen quantitatively in aqueous system, and antigen-bound complex 
also demonstrated phase separation and precipitation above a critical temperature. Precipitate was 
reversibly redissolved in cold buffer. Though particular conjugate which includes 12 molecules of 
PIPAAm with 6,100 molecular weight suppressed more than 95% of Fc-dependent binding with protein 
A, it retained approximately 60% of original specific antigen binding activity. It was manifested that 
polymer content of conjugate was 20-30 wt% for the case of 6,100 molecular weight of PIPAAm to 
demonstrate specific antigen binding activity most effectively and to reduce Fc-dependent binding 
with protein A. IgG-PIPAAm conjugates were soluble in water and formed antigen-bound complex 
in homogeneous solution system below a critical temperature. These conjugates were separated from 
solution and other solutes corresponding to PIPAAm nature and scarcely bound to antigen above a 
critical temperature. It is revealed that temperature-responsive PIPAAm conjugated to biomolecule 
operated as a switching molecule. These phenomena are attractive for not only reversible bioreactors 
and protein separations but also carrier substrate to localize biomolecules such as drugs, peptides 
and hormones in a living body. 

INTRODUCTION 

In 1977, Abuchowski and coworkers demonstrated that 
covalent attachment of poly(ethy1ene glycol) (PEG) to a 
protein leads to minimal loss of activity and decreases 
protein immunogenicity and antigenicity entirely (1,2). 
Since this time, many investigators have used PEG- 
modified biomolecules for chemical, biotechnological and 
biomedical applications, termed PEG-ylation (3). Bioac- 
tivity of PEG-modified proteins has been investigated and 
correlated to their structures. Bioactivities were strongly 
affected by the conjugated polymer chain mobility, cor- 
responding to PEG polymer chain length (4-6). While 
PEG-ylation modifies biomolecule interface, it does not 
introduce any stimuli-response into these biomolecules 
to control the activity of biomolecules using external 
stimuli. 

It is well-known that poly(N4sopropylacrylamide) (PI- 
PAAm)' exhibits a remarkable phase transition in aque- 
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ous media in response to changes in temperature, dem- 
onstrating a lower critical solution temperature (LCST) 
(7-9). The temperature-responsive phase transition 
behaviors of these networks have been investigated and 
utilized for drug delivery systems (10-13), cell culture 
substrates (14, 15), and immobilized enzymes (16, 17). 
Hoffman and co-workers have reported the synthesis and 
characterization of PIPAAm-biomolecule conjugates as 
devices for affinity immunoassay and bioseparation (1 8- 
22). In these biomolecule conjugates, N-(acry1oxy)suc- 
cinimide was used for conjugation of biomolecules to 
PIPAAm. Therefore, the characteristic of the conjugate 
is multipoint binding between biomolecule and the 
copolymer. It is sometimes difficult to control the 
solubility because of the formation of the crosslinking of 
the conjugate, and multipoint conjugation may also lead 
denaturalization of biomolecules. 

We previously reported the synthesis of temperature- 
responsive PIPAAm with a carboxyl group at  one end 
(semitelechelic PIPAAm) by polymerization of IPAAm 
using 3-mercaptopropionic acid as a telogen (23).  We 
demonstrated that the number of conjugated PIPAAm 
per biomolecule affected the temperature-responsive 
behavior of the conjugate and the energy required to 
dehydrate the whole conjugate (24). PIPAAm-biomol- 
ecule conjugates using semitelechelic PIPAAm as a phase 
transition inducer achieved both rapid responses to 
changes in temperature and drastic phase separation. 
These conjugates were conveniently separated from reac- 
tive products and other solutes with small temperature 
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Table 1. Preparation and Analysis of IgG-PIPAAm Conjugates 

Takei et al. 

molecular wt of 
activated conjugates ( x  lo3) PIPAAm content PIPAAmU 

code IeG (moVmol IgG) HPSECb titrationC moVmol IgGC wt %d LCST ("C) 
G-0 nonspecific 0 150 
G-3 10 167 
G-13 25 220 
G-21 50 264 

AG-0 anti-HSA 0 150 
AG-4 10 169 
AG-12 25 212 
AG-20 50 245 

a PIPAAm with M ,  = 6100 in ref 23. Determined by HPSEC. 
fluorescamine. (wt P I P W w t  conjugate) 100. 

increases (23-25). It is reasoned therefore that conjuga- 
tion of semitelechelic PIPAAm to IgG molecules would 
not only maintain high IgG-antigen binding activity 
associated with IgG conjugation to one reactive end group 
per polymer but also decrease protein immunogenicity 
with local and large steric hindrance due to the inher- 
ently high mobile nature of polymer free-end. 

In this paper, the preparation of immunoglobulin G 
(1gG)-PIPAAm conjugates using semitelechelic PIPAAm 
with a carboxyl end group is described. Effect of the 
number of conjugated PIPAAm molecules on both tem- 
perature-responsive phase transition behavior and spe- 
cific antigen binding activity of these conjugates is 
reported. In addition, the IgG Fc region demonstrates 
biological activity characteristic of immunoglobulins and 
their subclasses such as complement fixation. One of the 
major problems is that cellular Fc receptors exhibit 
undesirable entrapment of conjugate and interfere with 
binding specificity with particular antigens in vivo. 
Fluorescein isothiocyanate-labeled human serum albu- 
min (FITC-HSA) was used as a model antigen, and 
specific antigen binding activity of the conjugate was 
estimated by measuring FITC fluorescence. Antigen 
binding activity was investigated by fluorescence spec- 
troscopy, and the Fc-dependent binding activity was also 
estimated from the suppression of binding to protein A. 
The potential value of PIPAAm with a carboxyl end group 
as switching molecule for reversible bioreactors and 
temperature-modulated biochemotherapy is indicated. 

EXPERIMENTAL PROCEDURES 

Preparation of Polymers and Biochemicals. Semi- 
telechelic poly(N-isopropylacrylamide) (PIPAAm) with a 
carboxyl end group was synthesized by polymerization 
of IPAAm with 3-mercaptopropionic acid as a chain 
transfer agent in N,N-dimethylformamide (DMF) as 
described in our previous work (23). PIPAAm molecules 
of mol wt ca. 6100 (MJM,  = 1.22), one carboxyl group 
per polymer chain, and exhibiting LCST near 32 "C were 
used for conjugation with IgG. Anti-human serum 
albumin goat IgG (AG) and fluorescein isothiocyanate- 
labeled human serum albumin (FITC-HSA) were pur- 
chased from Cappel Research Products, USA, and used 
as received. Goat IgG reagent grade (G) and fluores- 
camine were obtained from Sigma Chemical Co. Ultra- 
pure water used for sample solutions was provided by a 
commercial water purification device (LV-lOT, Toray, 
Japan). All other reagents were from Wako Pure Chemi- 
cals Co., Japan. Solvents were reagent grade and puri- 
fied by conventional methods. 

Conjugation of PIPAAm to IgG. PIPAAm with a 
carboxyl end group was activated by N-hydroxysuccin- 
imide with dicyclohexylcarbodiimide in dry ethyl acetate 
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Estimated by consuming residual primary amino groups using 

a t  4 "C for 16 h in a molar ratio of 1:2:2, respectively. 
After filtration and concentration, the reactant was 
poured into diethyl ether to precipitate activated-PI- 
PAAm. Activated PIPAAm was purified by reprecipita- 
tion with ethyl acetate/diethyl ether twice. Activated 
ester group was confirmed by infrared and ultraviolet 
spectroscopy (26). IgG-PIPAAm conjugates were syn- 
thesized following the protocol of Biickman et al. with a 
weight feed ratio of PIPAAm to  IgG of 10-50 (27). The 
reaction solution was adjusted to and maintained at  pH 
8.5 during the course of the reaction, and all steps were 
carried out a t  4 "C. The IgG was dissolved in 0.1 M 
carbonate-bicarbonate buffer (0.15 M NaCl, pH 8.51, and 
the IgG concentration of the solution was adjusted to 2 
mg/mL. Activated-PIPAAm was dissolved in 4 mL of dry 
DMF and added to the IgG solution. This protocol was 
repeated four more times at  30 min intervals. Total 
reaction time was 8 h with gentle stirring at  4 "C. The 
solution was then dialyzed against phosphate buffer 
solution (PBS; 0.15 M NaC1, pH 7.4) using cellulose 
porous membrane tubing (50 000 molecular weight cutoff, 
Spectrum Medical Industries, USA) for 24 h at  4 "C and 
then lyophilized. The IgG-PIPAAm conjugates were 
stored at  -20 "C in a biofreezer, and the IgG concentra- 
tion was determined by the biuret method (28). Similar 
methods were also used to prepare the conjugates using 
anti-human serum albumin goat IgG for the antigen 
binding-activity measurement. The number of PIPAAm 
conjugated to IgG was estimated by measuring the 
amount of amino groups consumed during the conjuga- 
tion process using fluorescamine-based assay as follows 
(29, 30). A series of conjugate solutions was prepared 
with PBS at  the following concentrations: 0,0.7, 1.2, 1.6, 
and 2.5 pg/mL. Fluorescamine (0.3 mg/mL) in acetone 
(0.5mL) was added to each 1.5 mL Eppendorf tube 
containing 1 mL of sample solution while vortexing, and 
then solutions were incubated for 10 min at  4 "C. The 
fluorescence of the solution was measured on a spectrof- 
luorometer using a microvolume observation cell (0.8 mL 
maximum) with an excitation wavelength of 390 nm and 
emission a t  475 nm. Preparation and analysis of IgG- 
PIPAAm conjugates are summarized in Table 1. 

Molecular Weight Measurement. Molecular weights 
of the resulting IgG-PIPAAm conjugates were measured 
by high-performance size-exclusion chromatography 
(HPSEC; HLC-802, equipped with TSK-G-3000SW, Toso, 
Japan) using sodium azide-containing PBS (0.15 M NaC1, 
3 mM NaN3, pH 7.4) as a mobile phase at 4 "C. A 
calibration curve for globular proteins was obtained by 
the retention of standard proteins, obtained from Boe- 
hringer Mannheim Biochemica, including /3-galactosidase 
(MI = 465 OOO), IgG ( M ,  = 150 000), IgG-Fab fragment 
(M,  = 50 000), myoglobin (MI = 17 OOO), and Gly-Tyr (M,  
= 238). 



Temperature-Responsive Bioconjugates 

Transmittance Measurements. Optical transmit- 
tance of IgG-PIPAAm conjugate aqueous solutions in 
PBS (pH 7.4, 1 mg/mL) at  various temperatures was 
measured at  500 nm using a spectrophotometer (UV-240, 
Shimadzu, Japan). The observation cell was thermo- 
stated using a circular water jacket. AG-PIPAAm and 
HSA (used as antigen) mixture solutions were also 
measured. The procedure was performed as follows: 
AG-PIPAAm conjugate solution was prepared in PBS 
(pH 7.4) a t  the concentration of 1 mg/mL. FITC-HSA 
was dissolved in PBS to the concentration of 100 pg/mL. 
FITC-HSA solution (500 pL) was added to 500 pL of 
AG-PIPAAm conjugate solution in a 1.5 mL Eppendorf 
tube and incubated for 1 h a t  4 "C to  allow specific 
complexation. Then optical transmittance of mixture was 
measured a t  various temperatures using a microvolume 
observation cell (0.8 mL maximum). Complexation of 
AG-PIPAAm conjugate with FITC-HSA was deter- 
mined by the method described in the following section. 

Elutability Measurement of IgG-PIPAAm Con- 
jugates. Measurement of Fc-dependent binding activity 
of IgG-PIPAAm conjugates was performed by complex- 
ation with protein A. Five hundred p L  of I g G - P I P M  
PBS solution (10 pg/mL) was applied to  a protein 
A-immobilized prepacked column (approximately 2.5 mL 
bed volume, Protein A Sepharose CLdB, Pharmacia LKB 
Biotechnology, Sweden). One hundred mL of PBS was 
then passed through the column to elute unbound 
conjugates. Bound conjugates were then eluted using 
100 mL of PBS containing 8 M urea. UV absorbance of 
the elution at  280 nm was continuously recorded on a 
chart as a function of elution volume. All steps were 
carried out a t  4 "C. Elutability was defined by the 
following equation: 

elutability (%) = 
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(100) 
amount of unbound conjugates 

total amount of protein 

Fluorescence Measurement for Antigen Binding 
Activity. Fluorescence spectra were recorded on a 
spectrofluorometer (FP-770, JASCO, Japan). The tem- 
perature of the water-jacketed cell holder was controlled 
with a thermostated circulating bath to 20 "C. An 
excitation wavelength, 490 nm, and an emission wave- 
length, 520 nm, were used for the FITC emission mea- 
surement. Antigen binding activity was measured as 
follows: FITC-labeled HSA (FITC-HSA) was used as 
antigen to AGs. A series of FITC-HSA solutions was 
prepared with PBS at  the following concentrations: 0, 
4.1, 12.0,20.2,50.2,100.0, and 480 pglmL. AG-PIPAAm 
conjugate was dissolved in PBS at  a concentration of 1 
mg/mL. Five hundred pL of FITC-HSA solution was 
added to 500 pL of AG-PIPAAm conjugate solution in a 
1.5 mL Eppendorf tube and incubated for 1 h at 4 "C to 
allow specific complexation. The mixture was then 
heated to 37 "C for 8 min to precipitate the polymer. The 
precipitate was collected by centrifugation at  4000g for 
12 min a t  37 "C. The supernatant was withdrawn, and 
the precipitate was redissolved in 1 mL of cold PBS. The 
temperature was heated to 37 "C again to precipitate the 
polymer, the precipitate was collected by centrifugation, 
the supernatant was withdrawn, and finally the precipi- 
tate was redissolved in 200 pL of cold PBS. One hundred 
pL of the solution was diluted into 900 p L  of PBS, and 
the fluorescence was measured in a fluorophotometer. 
Fluorescence measurements were made on both super- 
natant and the precipitate for the assay of the conjugates. 
The complex formation of AG-0, i.e, native anti-human 
serum albumin goat IgG, with FITC-HSA was deter- 
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Relative retention volume (V/Vo) 
Figure 1. High-performance size exclusion chromatography 
elution patterns of IgG-PIPAAm conjugates. 

mined by high-performance liquid chromatography. AGO 
was incubated with FITC-HSA solution in a same 
manner with other AGs, and then the mixture solution 
was applied in HPLC equipped with TSK gel-G-3000-SW 
(Toso, Japan). PBS (pH 7.4,0.15 M) was used as mobile 
phase at  a flow rate of 1.0 mL/min. Fluorescence 
intensity of FITC-HSA was detected by fluorimeter (FS- 
8010, Toso, Japan) with excitation wavelength at  490 nm 
and emission wavelength at  520 nm. Percentage of 
immune complex formation was defined by the ratio of 
two areas corresponding to fluorescence from immune 
complex-formed HSA and free HSA. 

All fluorescence measurements were performed at  a 
concentration low enough so that the fluorescence inten- 
sity of the FITC was proportional to its concentration. 
Antigen binfing activity of IgG-PIPAAm conjugate was 
expressed by the ratio of fluorescence intensity cor- 
responding to IgG-PIPAAm/HSA complex and that of 
native IgGMSA complex. 

RESULTS AND DISCUSSION 
Structure of IgG-PIPAAm Conjugates. IgG- 

PIPAAm conjugates were prepared by coupling the 
activated ester of semitelechelic PIPAAm with amino 
group of IgG. Preparation and analysis of resulting 
bioconjugates are summarized in Table 1. The number 
of conjugated PIPAAm molecules was controlled by 
changing the molar ratio of IgG and semitelechelic 
PIPAAm in each preparation. IgG-PIPAAm conjugates 
are described by two sequential codes, such as AG-12, 
where AG refers to anti-HSA goat IgG and 12 to the 
number of PIPAAm molecules grafted per conjugate. The 
number of grafted PIPAAm molecules was estimated by 
measurement of primary amino group content using 
fluorescamine (29, 30). PIPAAm content was also de- 
termined by the data from HPSEC, which were in 
agreement with the results obtained by fluorescamine- 
based assay. All conjugates were soluble in water and 
saline solution (physiological pH and ionic strength) a t  
room temperature. The results of molecular weight 
measurement by HPSEC are shown in Figure 1. As can 
be seen in Figure 1, IgG-PIPAAm conjugates were 
observed to elute earlier through the column than IgG 
(G-0). Elution time retarded with decreasing the amount 
of PIPAAm conjugated. 

Fc-dependent binding of IgG-PIPAAm conjugates was 
estimated by elutability from the column corresponding 
to the complexation of the IgG Fc region with column- 
bound protein A at  4 "C. The result is shown in Figure 
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Figure 2. Elutability of IgG-PIPAAm from protein A-im- 
mobilized column as a function of PIPAAm content (0, G series; 
0, AG series). 

2. Fc-dependent complexation with protein A decreased 
significantly with increasing amounts of PIPAAm mol- 
ecules conjugated with IgG, with the highest conjugate 
showing less than 10% of the binding which unconjugated 
IgG demonstrates. When PIPAAm content exceeds 30 
wt % in the conjugate, free chain end mobility of the 
terminally grafted PIPAAm suggested prevention of Fc- 
dependent binding to protein A. 

Many investigations have described the conjugation of 
polymers coupled with primary amines corresponding to  
lysine residue in biomolecules. Alterations in secondary 
and tertiary structures of biomolecule were often evalu- 
ated by circular dichroic spectra. Polymer-protein con- 
jugation in mild conditions leads to  no disruption of IgG 
native structure, and IgG molecules maintain their 
antigenic properties to some degree through the conjuga- 
tion (5, 6 ,31) .  These results and our own data support 
our contention that PIPAAm molecules are bound in the 
outer, exposed surface of globular IgG molecules and little 
disorganization of IgG structure occurred through con- 
jugation. The Fc region of IgG strongly relates to the 
complement activation as  well as the binding t o  Fc 
receptor on plasma membrane surface of leukocytes in 
vivo. The suppression of conjugate binding to  protein A 
observed in Figure 2 suggests that Fc-dependent immu- 
nogenicity of conjugates decreases significantly when the 
conjugates are administered in vivo. 

Temperature-Responsive Polymers for Modulat- 
ing Soluble-Insoluble Changes of the Protein Con- 
jugates. Transmittance changes in PBS solutions of 
IgG-PIP- conjugates are shown in Figure 3. Intact 
IgG in PBS solution is transparent a t  temperatures up 
t o  50 "C (data not shown in Figure 3). IgG-PIPAAm 
conjugates exhibit reversible phase transitions; soluble 
a t  lower temperature and insoluble a t  higher tempera- 
ture. Semitelechelic PIPAAm bound to outer surfaces of 
IgG molecules collapse with increasing solution tempera- 
ture. It is thought that the biomolecules and PIPAAm 
molecules in the conjugate form an immiscible structure. 
Therefore, the segregated conformation of the conjugates 
provides rapid responses to changes in temperature and 
a corresponding, complete phase separation due to the 
highly mobile nature of polymer free-end. IgG-PIPAAm 
conjugates exhibit LCSTs ranging from 33.6 to 34.4 "C. 
It has already shown that conjugates constructed by 
water-soluble biomolecules and temperature-responsive 
polymers alter the PIPAAm dehydration mechanism and 
increase the energy required for precipitation (24). Con- 
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Figure 3. Temperature dependence of optical transmittance 
for IgG-PIPAAm aqueous solutions (0, G-3; A, G-13; W, G-21; 
0, AG-4; A,  AG-12; 0,  AG-20; /z = 500 nm). 
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Figure 4. Temperature dependence of optical transmittance 
for IgG-PIPAAm conjugate/HSA complex in PBS (0, AG-0; 0, 
AG-4; A, AG-12; 0, AG-20). 

jugate dehydration increases with an increase in the 
amount of PIPAAm molecules in the conjugate, and 
precipitated conjugates strongly aggregate with each 
other in aqueous media above the LCST. The amount 
of PIPAAm molecules is likely to produce slight shift in 
the LCST. 

Temperature-Modulated Precipitations and Af- 
finity Separation. Antigen binding activity of AG- 
PIPAAm conjugates using FITC-labeled HSA as a model 
antigen was studied. First, the ability of AG-PIPAAm 
conjugates to precipitate and to  separate antigen- 
bioconjugate complexes from solution was investigated. 
Optical transmittance changes of PBS solution mixtures 
of A G - P I P h  and HSA as a function of temperature 
are shown in Figure 4. Specific antigen-antibody com- 
plexation is confirmed by the data from HPSEC elution 
volume. While specific antigen-AG complexation still 
occurred, the sample AG-0 showed no transmittance 
changes in all temperatures examined because it lacks 
molecules of PIPAAm. A G - P I P h  conjugates, how- 
ever, reacted with antigen and showed transmittance 
changes. Sample AG-4 exhibited, however, only slight 
transmittance changes compared t o  AG-12 and AG-20 
and was unable to collapse completely with temperature. 
As mentioned above, the amount of P I P h  molecules 
in the conjugate dominates the aggregation behavior of 
the entire conjugates. AG-4 contained an average of 4 
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Figure 5. Relative antigen binding activity of IgG-PIPAAm 
conjugates as a function of PIPAAm content. (HSA concentra- 
tion: 0, 1.52 ,umol/L; 0, 7.29 pmol/L). 

molecules of PIPAAm per IgG; the amount of PIPAAm 
molecules was 11.2 wt % of the conjugate as shown in 
Table 1. PIPAAm content of the resulting AG-4/HSA 
complex was calculated to be 8.1 wt %. Therefore, weak 
aggregation force of the AG-4MSA complex produces 
insufficient precipitation. Complexes of antigen and AGs, 
AG-12 and AG-20, showed drastic changes in transmit- 
tance within a narrow temperature range. This result 
indicates that the transmittance change of the antigen- 
antibody complex can also be controlled by the amount 
of PIPAAm molecules conjugated. 

Specific antigen binding activity of AG-PIPAAm con- 
jugates against HSA as the model antigen was examined 
as a function of PIPAAm content. The results are shown 
in Figure 5. AG-PIPAAm conjugates in this experiment 
formed antigen-antibody complexes with FITC -HSA. At 
HSA concentration of 1.52 pmollL, and with increasing 
PIPAAm content, antigen binding activity of AG-PI- 
PAAm conjugates decreases. A significant decrease in 
antigen biding activity was observed for over 30 wt % of 
PIPAAm conjugated. A G - P I P h  conjugates with PI- 
PAAm contents of about 4-12 molecules per IgG retained 
about 60% antigen binding activity a t  this concentration 
(recall that Fc-dependent binding activity was abolished 
at  the same PIPAAm content). At higher HSA concen- 
tration (7.29 pmol/L), AG-4 retains almost same antigen 
binding activity and other AGs also keep relatively high 
antigen binding. Notable decreases in specific antigen 
binding activity observed in AG-20 might be due to the 
fact that excessive attachment of PIPAAm molecules 
yielded a steric hindrance of the IgG active binding site 
due to the free chain end mobility of the grafted polymers. 

Increasing polymer chain length and degree of substi- 
tution are likely to enhance the solution temperature- 
response due to the increase in the temperature- 
responsive sequences of PIPAAm associated with the 
conjugates. Although there remains the possibility that 
long polymer chain mobility and high degree of substitu- 
tion may denature biomolecule structure or destroy 
bioactivity due to steric hindrance, there should exist an 
optimum amount of polymer grafts for each biomolecule. 
We have collected data for temperature-responsive bio- 
conjugates such as  atelo collagen ( M ,  = 300 000) (231, 
bovine serum albumin ( M ,  = 66 OOO), bovine plasma 
fibrinogen ( M ,  = 340 000) (24) and pseudomonas lipase 
(M,  = 33 000) (25) using PIPAAm with a carboxyl end 
group as a modifier. These investigations suggest that 
temperature-responsive behavior of bioconjugates de- 
pends on the molecular size of the biomolecules and their 
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Figure 6. Relationship between antigen binding activity and 
phase transition of IgG-PIPAAm conjugate, AG-12. 

respective hydration correlated to  the substitution degree 
with polymer. Moreover, the mobility of the long polymer 
chains in aqueous medium may also elicit some effect on 
the bioactivity of the biomolecule conjugate. Chiu et al. 
reported substrate-size-dependent enzyme specificity cor- 
responding to the ability of the polymer chains to exclude 
proteins and ligands from its surroundings using PEG- 
modified chymotrypsin (32). From these results, an 
optimal amount of PIPAAm grafts of approximately 6100 
molecular weight is predicted to be 20-30 w t  % for 
temperature-modulated precipitations and affinity bio- 
separations to reduce undesirable or conflicting biological 
reactions. 

Temperature-Responsive PIPAAm as Thermal 
Switching Sequences. AG-12 was used to compare the 
antigen binding activity of AG-PIP& conjugates with 
HSA to the phase transition of AG-PIPAAm at  each 
temperature. Figure 6 shows the relationship between 
relative fluorescence changes upon precipitation and 
optical transmittance changes for mixed aqueous solu- 
tions as a function of temperature. Transmittance 
changes for solution mixtures are observed at  tempera- 
tures ranging from 32.8 to 34.0 "C. On the other hand, 
relative fluorescence changes upon precipitation are 
observed at  temperatures ranging from 32.8 to 33.4 "C. 
Once phase transition of bioconjugate occurred in re- 
sponse to changes in solution temperature, specific 
antigen binding activity decreases drastically to less than 
10% of that observed below the critical temperature. 
IgG-PIPAAm conjugates are soluble in aqueous milieu 
and readily form specific antigen-bound complexes in 
homogeneous solution below the critical temperature. 
These conjugates can be separated from solution and 
other solutes, depending on PIPAAm content and size, 
and remain unable to  bind antigen above the critical 
temperature. It is proposed that grafted PIPAAm mol- 
ecules contribute two features to the IgG bioconjugates: 
(1) as a thermally induced phase transition inducer and 
(2) as a switching molecule to control bioactivity and 
affinity in response to  changes in temperature. 

CONCLUSIONS 

IgG-PIPAAm conjugates were prepared by the cou- 
pling reaction of the activated ester of semitelechelic 
PIPAAm with the amino group of IgG. These conjugates 
exhibit a rapid response to changes in temperature and 
significant phase separation above the critical solution 
temperature. Amounts of PIPAAm in the conjugates 
determine the magnitude of bioconjugate aggregation and 
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precipitation in response to temperature changes. It is 
conceivable from the results presented in this paper that 
the conjugation of PIPAAm to IgG leads the reduced Fc- 
dependent immunogenicity in vivo, while conjugates 
retained specific antigen binding activity. Temperature- 
responsive behavior of PIPAAm imparts solubility changes 
to the conjugate in response to small temperature 
changes in aqueous media. Semitelechelic PIPAAm is 
highly efficient for temperature-modulated affinity bio- 
separations due to  the highly intrinsic mobile nature of 
the polymer free-end. 
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Molecular Characterization of Surface Topology in Protein Tertiary 
Structures by Amino-Acylation and Mass Spectrometric Peptide 
Mapping 
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Amino-acetylation and -succinylation reactions in combination with mass spectrometric peptide 
mapping of tryptic peptide mixtures have been employed for surface topology-probing of lysine residues 
in bovine ribonuclease A, lysozyme, and horse heart myoglobin as model proteins of different surface 
structures. Direct molecular weight determinations identifying the precise number of acyl groups in 
partially modified proteins were obtained by electrospray and 252Cf-plasma desorption mass 
spectrometry. Electrospray mass spectra of multiply protonated molecular ions and deuterium 
exchange experiments provided a relative conformational characterization of protein derivatives and 
enabled the direct determinations of intact, partially acylated heme-myoglobin derivatives. Tryptic 
peptide mapping analysis, using plasma desorption and fast atom bombardment mass spectrometry, 
ascertained by mass spectrometric characterization of HPLC-separated modified peptides, yielded 
the exact identification of acylation sites. Relative reactivities of the amino acylation were derived 
from the peptide mapping data and from quantitative estimations of modified peptides upon acetylation/ 
trideuteroacetylation and provided direct correlations with the relative surface accessibilities of lysine- 
€-amino groups taken from X-ray crystallographic structure data of the proteins. The reactive lysine- 
41 residue in ribonuclease A which is part of the substrate binding site was directly identified from 
the mass spectrometric data. These results indicate tertiary structure-selective acylation combined 
with mass spectrometric peptide mapping as an efficient approach for the molecular characterization 
of surface topology and reactive fundamental lysine residues in proteins. 

INTRODUCTION 

Despite the rapid development of powerful methods for 
determining protein tertiary structures and dynamics 
from crystals and in solution (1-5),  there is a consider- 
able need for experimental approaches that can provide 
molecular information on chemical reactivities in pro- 
teins, which are complementing X-ray crystallography 
and multidimensional NMR (6). Both methods have 
limitations, particularly in the characterization of chemi- 
cal properties of specific amino acid residues. Protein- 
chemical modification reactions have long been employed 
in structure-function studies such as modifying enzy- 
matic properties, immunological reactivity, and pro- 
teolytic digestion (7, 8). However, classical character- 
ization methods generally require laborious analytical 
procedures (radioactive labeling) which in many cases do 
not provide an unambiguous identification of modification 
sites (9). 

The development of efficient “soft” desorption-ioniza- 
tion methods of mass spectrometry (MS) has led to a 
recent breakthrough in the direct, molecular character- 
ization of biopolymers, particularly polypeptides and 
proteins (10-12). Fast atom bombardment (FABMS) and 
252Cf-plasma desorption (PDMS) enable accurate molecu- 
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lar weight determinations of polypeptides and small 
proteins (approximately 530 kD) (10, 13), while electro- 
spray (ESMS) and matrix-assisted laser desorption 
(LDMS) yield access to large (> 100 kD) proteins (14,15). 
Furthermore, the feasibility of mass spectrometry to the 
direct analysis of multicomponent proteolytic peptide 
mixtures (peptide mapping) has been demonstrated as a 
powerful method in several applications, such as the 
identification of covalent post-translational modifications 
(16, 17). Mass spectrometric peptide mapping (e.g., by 
FAB- or PDMS) has been shown to be well suited for the 
unequivocal characterization of multiple chemical modi- 
fication sites in proteins (18, 19). The combination of 
limited, tertiary structure-selective chemical modification 
and mass spectrometric peptide mapping has been de- 
veloped as a new approach, both for the molecular 
characterization of the selectivity and the determination 
of relative reactivities a t  specific modification sites (20). 
In the general analytical procedure (schematically de- 
picted in Figure l), the precise number of modifications 
introduced and their distribution in partially modified 
proteins are first determined by direct mass spectromet- 
ric molecular weight determinations. Assignments of the 
reactivities of modification sites are then derived from 
peptide mapping data using PDMS and/or FABMS (21). 
This method has been successfully employed in proteins, 
as well as in small peptides, with several specific 
modification reactions such as amino-acylation, tyrosine- 
iodination and -nitration, carboxylate-amidation, and the 
bifunctional cysteine-modification by phenyl arsinoxide 
(22,23) .  In the present study, acetylation and succiny- 
lation of amino groups have been investigated in model 
proteins of different surface structures (hen egg-white 
lysozyme; bovine ribonuclease A; myoglobin). Mass 
spectrometric peptide mapping analyses of tryptic pro- 
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Figure 1. General analytical scheme of protein structure 
characterization by selective chemical modification combined 
with mass spectrometric peptide mapping. 

teolytic mixtures provided direct information of specific 
reactivities which showed a clear correlation with the 
surface topology of lysine residues. 

EXPERIMENTAL PROCEDURES 
Materials. Henn egg-white lysozyme (HEL), bovine 

ribonuclease A (RNAse A), and horse heart-myoglobin 
(Myo) were obtained from Sigma (St. Louis, MOKJSA) 
and were analyzed for molecular homogeneity by SDS- 
polyacrylamide gel electrophoresis and by ESMS. The 
ES mass spectrum of Myo in 2 mM ammonium acetate 
(pH 6) yielded a single most abundant [M + 9H19+ 
molecular ion of the intact heme-protein (24), while a t  
the pH 3 employed for the ES mass spectrometric 
determination of acetylated myoglobin the molecular ions 
of the dissociated apoprotein forms are obtained (see 
below). Acetic anhydride (Riedel de Haen, Seelze, FRG), 
hexadeuterioacetic anhydride (Fluka, Buchs, Switzer- 
land), and succinic anhydride (Fluka, Buchs, Switzer- 
land) were of analytical grade. Bovine trypsin was 
obtained from Sigma. Dithiothreitol (DTT), 4-vinylpy- 
ridine (4-Vp), and iodoacetamide were purchased from 
Merck (Darmstadt, FRG) and Sigma. 

Protein Amino-Acetylation, -Trideuteroacetyla- 
tion, and -Succinylation. Acetylation and succinyla- 
tion of lysine-€-amino and N-terminal amino groups were 
performed as previously described (20,25,26), with a 10- 
1000-fold molar excess of acyl anhydride/amino group 
added to  0.5 mL of protein solutions (10 pg/pL) in 0.1 M 
NH4HC03. Reactions were carried out for 30 min at  23 
"C at  pH 6.5,  maintained by addition of 25% NH3 which 
is required to  prevent the pH decrease due to  the 
anhydride hydrolysis. A two-step acetylatiodtrideu- 
teroacetylation was employed for the quantitative esti- 
mation of relative reactivities of aminoacetylation. First 
a 10-100-fold excess of acetic anhydride was used for 
partial modification at  the reaction conditions described 
above. The reaction was stopped by dropping the pH to 
5.5 and lyophilization. Complete modification was sub- 
sequently obtained by reaction of the redissolved protein 
with a 300-fold molar excess of hexadeuterioacetic an- 

hydride. Acylated proteins were dialyzed against 0.1% 
trifluoroacetic acid (TFA) or 0.01 M ammonium acetate, 
lyophilized, and redissolved in 0.01 M ammonium ac- 
etate. 

Disulfide Reduction and Alkylation of Proteins. 
Reduction of disulfide bonds was carried out with solu- 
tions of protein derivatives (ca. 100 pg) in 200 pL of 0.1 
M NH4HC03, pH 8 (containing 6 M guanidine hydro- 
chloride), to which a 10 mM solution of DTT (50-fold 
molar excess) in 0.1 M NH4HCO3 was added. The 
reaction mixture was kept for 1 h at 57 "C and then was 
cooled to  20 "C, and a 10 mM solution of 4-Vp (2.2-fold 
molar excessiDTT) in 0.1 M NH4HC03 was added. The 
alkylation was carried out for 20 min at  23 "C and 
stopped by acidification with glacial acetic acid to  pH 3. 
Alkylated proteins were dialyzed against 0.1% TFA and 
lyophilized. 

Proteolytic Digestion. Tryptic digestion in solution 
was carried out with 50 pg of alkylated protein deriva- 
tives dissolved in 100 pL of 0.1 M NH4HC03 (pH 81, to 
which a solution of trypsin (1 pg/pL in 0.1 M NH4HCO3; 
E:S ratio, 1:lOO) was added. The digestion was per- 
formed for 4 h a t  37 "C and stopped by freeze-drying, 
and peptide mixtures were reconstituted in 0.1% TFA for 
mass spectrometric and HPLC analysis. In the case of 
myoglobin, tryptic digestion was carried out in the 
presence of 6 M urea. Urea was removed before HPLC 
separations of the tryptic peptides by filtration through 
Sep-Pak cartridges (Millipore Corp.) following the sup- 
pliers' instructions. 
In-Situ Tryptic Peptide Mapping Analysis. Mass 

spectrometric peptide mapping analysis in-situ on the 
nitrocellulose (NC) target was performed as previously 
described (27). Protein derivatives (15 pg) were adsorbed 
on the NC surface, and disulfide bridges were cleaved 
by addition of 5 pL of 10 mM DTT solution in 0.1 M NH4- 
HC03. After 20 min reaction at  37 "C, the target was 
spin-dried and excess reagent removed by washing with 
20 pL of 0.1 M NH4HC03. Proteolytic digestion was 
performed for 30 min a t  37 "C by addition of 5 ,uL of 
trypsin solution (1 pg/pL in 0.1 M NH4HC03) under a 
microscope coverslip. The target was then prepared for 
PDMS analysis by spin-drying. 

Mass Spectrometry. NC surfaces for sample adsorp- 
tion in PDMS were prepared by electrospraying as 
described (28). Proteins (5-15 pg) were allowed to adsorb 
for 2-3 min, followed by washing with 50 pL of 0.1 M 
NH4HC03. PDMS analyses were performed with a Bio- 
Ion 20 K (Bio-Ion, UppsaldSweden) time-of-flight mass 
spectrometer equipped with a 10 pCi 252Cf primary source 
(29), using an accelerating voltage of 16 kV. ESMS was 
performed on a Vestec-201A (Vestec, Houston, TX) quad- 
rupole mass spectrometer equipped with a nozzlehkim- 
mer electrospray interface (30). Solutions of protein 
samples (0.01-0.1 ,pg/pL) in 2% acetic acid (pH 3) or 2 
mM ammonium acetate (pH 6) containing 10% methanol 
were delivered to  the ion source at  2-4 pL/min with a 
Harvard Apparatus microinfusion pump by injection of 
5 pL solutions with a Rheodyne microloop injector, using 
a self-built 150 pm fused silica insertion probekheath 
flow system (31). Spectra were obtained at  a spray- 
desolvation temperature of 47 "C. FABMS analyses were 
performed on a Finnigan MAT-312/AMD-5000 modified 
double-focusing magnetic sector instrument, equipped 
with a 20 kV caesium primary ion source. Glycerol was 
used as matrix. 

HPLC. Peptide separations were carried out on a 
MilliporeNaters M510/M45 system equipped with a 
490-E variable absorbance detector. A 250 x 4 mm, 7 
pm C18-nucleosil column (Macherey-Nagel, Diiren/FRG) 
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Figure 2. Positive ion ES mass spectra of acetylated and succinylated bovine ribonuclease A derivatives. A unmodified RNAse 
A molecular weight determined as 13682 Da. B: partially acetylated RNAse A using a 10-fold molar excess of acetic anhydride/ 
amino group. C: RNAse A succinylated with 10-fold molar excess of anydride/amino group. Positive charge numbers denote multiply 
protonated molecular ions; numbers in parentheses denote the number of acetyl and succinyl groups introduced. 2% acetic acid 
with 10% methanol (pH 3) was used as solvent. 

was used. The flow rate was adjusted to  1 mumin. 
Linear gradient elution was performed with 0.04% aque- 
ous TFA (solvent A) and 0.03% TFA in acetonitrile 
(solvent B), starting at  10% B and increasing to 60% B 
over 50 min. Peptide fractions for mass spectrometric 
analysis were collected with a Gilson CPR-45500 fraction 
collector. 

Protein Structure Examination. The structures of 
HEL, bovine RNAse A, and Myo were examined using 
the corresponding files of the Brookhaven Laboratory 
protein data bank on a Silicon Graphics workstation with 
the Biosym Insight IYDiscover and Biopolymer software. 

RESULTS AND DISCUSSION 
Molecular Weight Determination and Structural 

Characterization of Acylated Protein Derivatives. 
Acylation reactions of proteins were carried out in 
ammonium bicarbonate-buffered solution with the pH 
maintained at  6.5 (see Experimental Procedures) with 
up to 104-fold molar excess of acyl anhydrides, and the 
extent of modifications were determined by direct PD and 
ES mass spectrometric molecular weight analyses of the 
protein derivatives (Figures 2 and 3). ES mass spectra 
of RNAse A derivatives partially acetylated and succi- 
nylated with a 10-fold molar excess of acyl anhydride1 
amino group are shown in Figure 2, in comparison to  the 
spectrum of unmodified native RNAse A. For both 
protein derivatives, series of multiply protonated [M + 
nHIn+ molecular ions were obtained identifying the 
number of acyl groups introduced. The molecular ion 
series were partly resolved for the acetylated RNAse A 
derivatives (Am: 42 amdacetyl group) but were com- 
pletely resolved for the partially succinylated proteins 
(Am: 100 amdacetyl group). The charge distributions 
of [M + nHIn+ ions for the acetylated proteins were 
similar to those of unmodified RNAse A with the most 
abundant [M + 9HI9+ ion, indicating that a sufficient 
number of protonable sites remains available upon 
modification. The reduced protonation (reduction of 
charge states) found in the succinylated proteins is well 
explained by the negatively charged succinyl carboxylate 
groups introduced. Conversion of the lysine-amino groups 
by succinylation results in a corresponding PI change of 
the protein, which showed in model experiments a good 
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Figure 3. Amino-acetylation and -succinylation of RNAse A, 
HEL, and horse heart myoglobin as a function of molar excess 
acyl anhydride. The percentage of acylated amino groups 
(average numbers), relative to the total number of amino groups 
in the protein, was determined by ES and PD mass spectro- 
metric molecular weight determinations of partially modified 
proteins. Boxed numbers denote the total numbers of amino 
groups of each protein. 

correlation with the charge state reduction a t  the pH 3 
employed (data not shown). However, no significant 
differences in the distributions of modifications were 
found for a given charge state, within the mass range 
(range of charge states) amenable to the quadrupole 
instrument employed (mlz 2000); this might be different 
for lower charge state ions of succinylated protein deriva- 
tives. 

ESMS analyses of acylated proteins after deuterium- 
exchange (32) showed a degree of deuterium incorpora- 
tion similar to  that of unmodified RNAse A (47 vs 49%; 
30 mid .  Furthermore, PD mass spectra of acylated 
proteins yielded molecular ion abundances and distribu- 
tions comparable to the native proteins (data not shown), 
while strongly suppressed or undetectable molecular ion 
desorption has been demonstrated as a characteristic 
feature in PD spectra of denatured proteins (20). At the 
solvent conditions generally employed for molecular 
weight determinations of acylated protein derivatives (2% 
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Table 1. Identification of Lysine-Succinylated Tryptic Peptides in Partially Modified RNAse A Using a 40-fold Molar 
Excess of Succinic Anhydride by PDMS Peptide Mapping 

Glocker et al. 

lysine residue 
tryptic [acylated] peptidea mol weightb [M + HI' modified unmodified 
[Sucz-K1,,,,Suc-K7l-(1- 10) 1150 1453 Kla,Kle,K7 

[Suc-K7I-(2-10) 1022 1125 K7 
(2-10) 1022 1025 K7 

(11-31) 2412d 2415 K3 1 
(11-33) 2656d 2658 K3 1 
(11-33) 267ad 2680' K3 1 
(34-61) 3130 3133 K37,K41,K61 
(34-61) 3152 315F K37,K41,K61 

[S~c-K~~I-(34-61) 3130 3234 K4 1 K37,K61 
(38-66) 3188 3191 K41,K61,K66 
(62-85) 3000d 3003 K66 
(62-85) 3022d 3025" K66 

[Suc-Kg1I-(86-98) 15512~ 1654 K91 K98 
(92-98) 962d 965 K98 
(99-104) 66 1 663 K104 
(105-124) 2270 2272 
(105-124) 2292 229P 

a Lysine-succinylated tryptic peptide. b Molecular weight of unmodified tryptic peptide. Sodium adduct. 4-VP alkylated. 

acetic acid:methanol, 9: 1; pH 3), the ES mass spectra of 
acylated myoglobin showed the [M + nHln+ ions of the 
dissociated apoprotein forms. By contrast, a t  conditions 
that prevent dissociation (0.01 M ammonium acetate, pH 
6) [M + nHIfl+ ions of the intact heme-protein complex 
were obtained (32). Furthermore, myoglobin derivatives 
were found to retain full immunological reactivity toward 
a human anti-Myo monoclonal antibody up to a consider- 
able extent of acetylation (14 of 21 amino groups) (22). 
These results, and previous studies showing no detectable 
structural changes by ORD/CD upon lysine-acetylation 
of HEL (33), are consistent with a native-like structure 
maintained in the acylated protein derivatives. 

The average numbers of acyl groups introduced were 
determined from the molecular weight increase by both 
PD and ES mass spectrometry and yielded consistent 
results for the acylated protein derivatives. The number 
of acyl groups introduced as a function of molar excess 
of reagent is compared in Figure 3 for the three model 
proteins. A gradual increase of acetylation was found 
up to the total number of amino groups (lysine-+amino 
groups and N-terminus) in HEL, RNAse A, and Myo (7, 
11, and 20 amino groups, respectively). By comparison, 
considerably slower acylation rates were found for the 
modification by succinic anhydride, with approximately 
50% succinylation of RNAse A at  a 100-fold molar excess 
of anhydride. However, a t  the reaction conditions used, 
selective N-acylation was ascertained in all cases by 
identification of the modification sites (see below), and 
additional 0-acylation was only observed at  > 10 000-fold 
molar reagent excess. By contrast, a considerable extent 
of concomitant 0-acylation at  serine and tyrosine resi- 
dues has been observed at  strongly acidic reaction 
conditions (34).  

Determination of Acylation Sites and Relative 
Reactivities. The sites of N-acylations were identified 
by peptide mapping analyses of the reduced and alky- 
lated protein derivatives by (i) in-situ trypsin digestion 
on the NC-sample target and PDMS and (ii) PDMS and 
FABMS analyses after tryptic digestion in solution (see 
Experimental Procedures). In addition, the modification 
sites were ascertained by HPLC isolation of acylated 
tryptic peptides and separate mass spectrometric iden- 
tification. 

The identification of acetylation sites by PDMS tryptic 
peptide mapping analysis is illustrated in Figure 4 (A, 
B) for two partially acetylated RNAse A derivatives, and 
the complete identification of tryptic peptides and suc- 

t kll 

1000 mlz 3500 

Figure 4. PD mass spectrometric peptide mapping analyses 
of peptide fragments after in-situ trypsin digestion of partially 
acetylated RNAse A (see Experimental Procedures). A: RNAse 
A acetylated with 10-fold excess anhydride/NHz-group (5.6-fold 
acetylated). B: RNAse A acetylated with 40-fold excess anhy- 
dride (9.8-fold acetylated). Acetylated peptides are denoted by 
asterisks with the corresponding sequence positions of lysine 
residues. 

cinylation sites is shown in Table 1. At low reagent 
excess, only the amino groups with the highest relative 
accessibilities (Lys-1, -7, and -104) were found to be 
initially acetylated (Figure 4A). The corresponding ions 
of modified peptides were found with increasing relative 
abundances at  higher (40-fold) reagent excess (Figure 
4B). However, a remarkably high reactivity was also 
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Table 2. Relative Reactivities of Amino Groups in the 
Acetylation of RNAse A (HEL and Myoglobin Determined 
by Plasma Desorption Mass Spectrometric Peptide 
Mapping) 

relative 
reactivity lysine residues, <-amino groups 

NH2 groupsn RNAse A HEL myoglobin 

B 5; 

l l  

C 

22 23 24 25 26 27 28 29 
time [min] 

Figure 5. PD-mass spectrometric identification of amino- 
acetylated peptides in partially acetylated myoglobin after 
tryptic digestion. A: HPLC separation of tryptic peptides from 
myoglobin after limited acetylation with 60-fold molar excess 
of anhydride (see Experimental Procedures). B, C: PDMS 
analyses of isolated fractions F18 and F20. Acetylated peptides 
and sequence positions are denoted as in Figure 4. 

observed for the Lys-41 residue of low accessibility (see 
below) as is evident from the unmodified tryptic peptide 
(40-61) in Figure 4A, which is no longer observed and 
completely replaced in Figure 4B by the monoacetylated 
peptide ion at  mlz 2449 (40-61). No cleavage by trypsin 
was found at  the L y ~ ~ l - P r o ~ ~  bond in the unmodified 
RNAse A, hence the acetylation at  Lys-41 was monitored 
by the peptide fragment (40-61) and, thus, is indepen- 
dent of the lack of tryptic cleavage a t  this bond. The 
molecular ions of the unmodified tryptic peptides 67-85 
and 105-124 were only partially resolved by PD mass 
spectrometric peptide mapping. However, this does not 
affect the identification of acylation sites a t  Lys-91 and 
Lys-98 residues, within the peptide sequence (86- 104). 
The monoacylation at  Lys-91 and the nonacetylated site 
Lys-98 were clearly identified from the tryptic peptide 
(86-98) which was found throughout the course of the 
acylation (and hence showed unacetylated Lys-981, while 
the accessibility a t  Lys-91 was gradually reduced due to 
acylation at  this site. A considerably higher reactivity 
a t  Lys-91 compared to Lys-98 was derived from this 
peptide, e.g., the monosuccinylated tryptic fragment (86- 
98) a t  mlz 1654 (Table 1). 

The partial acetylation and tryptic digestion of myo- 
globin yielded a complex mixture of modified peptide 
fragments, from which several partial sequences with 
closely spaced lysine residues could not be directly 
assigned from the mass spectrometric peptide mapping 
data. Therefore, HPLC separation and mass spectro- 
metric analysis of isolated fractions were additionally 
used for peptide identification. The acetylation sites were 
assigned by comparison to the tryptic cleavage pattern 
as illustrated in Figure 5 by the partial sequence 32- 
50, in which only acetylation at  Lys-42 was ascertained 
by the monoacetylated fragment at mlz 2359, in contrast 

a-NH2 a-NH2 

1 41,104 97,33 a-NH2 45,63, 77, 79,145,147 

2 1, 7,  37 1 16, 42, 87 

3 31,61,91 13,116 56, 50, 62, 78, 102 

4 66,98 96 96, 47, 87, 133,b 118b 

a Lysine residues are grouped by relative reactivities estimated 
from increasing abundances of acetylated peptide ions and de- 
creasing abundances of ions of unmodified peptide fragments. b No 
or only very small abundances of modified peptide ions detected 
by mass spectrometric peptide mapping analysis. 

600 1000 m/z 1400 

Figure 6. Quantitative estimation by FAB-mass spectrometric 
tryptic peptide mapping of the extent of amino-acylation in 
partially acetylated HEL by acetylation (30-fold molar excess 
of anhydride) and subsequent complete trideuteroacetylation 
using 200-fold molar excess of hexadeuterioacetic anhydride (see 
Experimental Procedures). Acetylated peptides are denoted by 
asterisks with the corresponding sequence positions of lysine 
residues as in  Figures 4 and 5. 

to tryptic cleavage found at  the Lys-47 and Lys-45 
residues (fractions 18 and 20). 

Sequences of the relative reactivities of the lysine-€- 
amino groups toward acylation were derived from the 
increase in abundances of acylated peptide ions, as 
compared to the decrease in abundances of unmodified 
tryptic peptides (Table 2) (20). The relative intensities 
of molecular ions generally are different in peptide 
mapping experiments of mixtures of unmodified and 
acetylated peptides, although large differences were 
found primarily between smaller oligopeptides but not 
for larger peptide fragments. Therefore, only a relative 
scaling of reactivity differences of acylation was derived 
by evaluation of abundance changes for modified vs 
unmodified peptides, as summarized in Table 2. Fur- 
thermore, quantitative estimations of the extent of acy- 
lation were obtained from FABMS analyses of protein 
derivatives which were (i) first partially acetylated and 
(ii) subsequently subjected to complete acetylation with 
hexadeuterioacetic anhydride (21 ). This procedure re- 
sulted in doublets of [M + HI+ ions of acetylated 
trideuteroacetylated tryptic peptide fragments as illus- 
trated in Figure 6 by the corresponding FAI3 mass 
spectrum of tryptic peptides of acetylated HEL. Each 
modification site is unequivocally assigned by this dif- 
ferential labeling procedure, e.g., yielding doublet and 
triplet molecular ions for mono- and diacetylated pep- 
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Table 3. Comparison of Relative Reactivities of Amino 
Groups in the Acetylation of RNAse A with Surface 
Accessibility and pKllz Values 

Glocker et al. 

I rRNAseA m H E L  

relative reactivity lysine 
NHz groups residue SAa pKiiza 

1 

a-NH2 0.82 7.8 

41 0.15 9.6 
104 0.89 10.6 

2 1 0.95 10.5 
37 0.91 10.4 
7 0.74 10.3 

3 61 0.95 10.5 
91 0.61 10.5 
31 0.52 10.6 

4 66 0.61 11.0 
98 0.40 10.0 

SA values and pK1iz values according to  ref 37. 

tides, respectively, but only single [M + HI+ ions for 
unmodified peptides. The results obtained were in good 
agreement with mass spectrometric peptide mapping 
data showing, e.g., the higher reactivity of Lys-116 
compared to Lys-13 (Figure 6) which have comparable 
surface accessibilities (20). 

The sequences of relative reactivities of Lys-residues 
derived for the three model proteins are summarized in 
Table 2. In contrast to these defined reactivity differ- 
ences, tryptic peptide mapping analyses after acetylation 
of irreversibly denatured (DTT reduced and carboxym- 
ethylated) HEL and RNAse A derivatives did not show 
characteristic reactivity differences and did not reveal 
any similarities to  the reactivities of amino groups in 
Table 2 (data not shown). These results are also in 
accord with previous spectroscopic studies of acetylated 
HEL (33) and confirm that intact globular structures are 
required for the reactivity differences observed. 

Comparison of Relative Reactivities and Surface 
Accessibilities of Protein Amino Groups. Possible 
structural parameters for correlation with the relative 
reactivities of amino-acylation are pKl,z values of protein 
amino groups (35) and relative (static) surface acces- 
sibilities (SA values) defined at  a 1.4 A van der Waals 
sphere of solvent accessibility (36) which were obtained 
from the crystal structure data. SA values (relative to 
the tripeptide, Ala-Lys-Ala) and pKl,z values of lysine-€- 
amino groups are compared in Table 3 with the relative 
reactivities for the acetylation for RNAse A. Ionic effects 
as derived from pK values did not indicate significant 
differences with the reactivities of lysine residues, in 
contrast to the most rapid N-terminal acylation which 
can be readily explained by the high nucleophilicity of 
the a-amino group (37). An exception is the acetylation 
at  the Lys-1 residue of HEL which has been previously 
shown to proceed in a rapid consecutive a- and E-N- 
acetylation, due to the very low accessibility and shielding 
effect of the a-amino group (20). The reaction sequence 
of the 2-fold acetylation was examined by HPLC separa- 
tion of the Lys-1-monoacetylated N-terminal BrCN- 
fragment 1-12 of HEL (38, 39). Examination of this 
peptide by combined Edman degradation and PDMS 
analysis of the coupling and cleavage products revealed 
that approximately 90% of the peptide was blocked, thus 
demonstrating predominant a-N-acetylation as the first 
step (data not shown). These results were corroborated 
by molecular modeling studies of the a- or +amino- 
monoacylated protein derivatives, using the correspond- 
ing structure file (7LYZ) of HEL in the Brookhaven 
protein data bank. 

.- c. 
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Figure 7. Correlation of relative reactivities of amino-acety- 
lation in hen egg-white lysozyme (H) and bovine ribonuclease 
A (A), as a function of static surface accessibilities. Surface 
accessibilities were determined according to refs 36 and 37. 
Relative reactivities are depicted in arbitrary values. Numbers 
denote sequence positions of lysine residues. 
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Figure 8. Tertiary structure scheme of bovine RNAse showing 
the lysine-41, €-amino group together with the His-12 and His- 
119 residues of the hydrolytic substrate binding site. 

Evaluation of the relative reactivities of Lys-€-amino 
groups yielded a defined correlation with their SA-values 
for the three model proteins investigated as shown in 
Figure 7 for RNAse A and HEL. These results provided 
evidence that the relative reactivities of acylation from 
the mass spectrometric peptide mapping data generally 
correlate with the accessibilities of lysine residues on the 
protein surface. However, a significant deviation was 
found for the Lysdl  residue in RNAse A, which is part 
of the active hydrolytic center of the enzyme. This 
residue showed high reactivity in spite of close, partly 
shielding contact (SA, 0.15) to the adjacent Gln-11-amide 
group which has been inferred from the crystal structure 
(40). The lysine-41 residue is schematically shown in the 
tertiary structure (Figure 8) of RNAse together with the 
His-12 and His-119 active site residues and has been 
found to possess a significantly lower pKI,z value in the 
intact (phosphate-free) protein (40). This residue did not 
reveal any preferential reactivity in the acylation of the 
irreversibly denatured (reduced) enzyme. 

CONCLUSIONS 

In the present study, mass spectrometric peptide 
mapping has been used as an efficient and sensitive 
approach for the direct, molecular assignment of modi- 
fication sites and relative reactivities in the amino- 
acylation of proteins. The characteristic proteolytic 
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pattern, shown here with trypsin upon acylation of lysine 
residues, which become inaccessible to proteolytic diges- 
tion as a result of the modification, can be readily 
employed in other site-specific modifications. The same 
principle applies, e.g., to the digestion by the Glu-, Asp- 
specific s. Aureus V8-protease upon modification of 
carboxylate side chains (22). The unequivocal identifica- 
tion of modification sites by direct mass spectrometric 
peptide mapping may be limited in the case of partial 
sequences with closely spaced Lys-residues, which may 
require additional HPLC separation and separate mass 
spectrometric analysis. However, mass spectrometric 
peptide mapping generally appears to be a powerful tool 
for the molecular identification of initially, partially 
modified protein derivatives, which are most important 
for structure-reactivity correlations (41 1. The clear 
correlation of relative reactivities with surface acces- 
sibilities, obtained with model proteins of different 
surface structures, indicates the potential of mass spec- 
trometric peptide mapping for probing the surface topol- 
ogy of amino groups in intact tertiary structures and 
enabled the direct detection of the unusually reactive 
active-site lysine-41 residue in RNAse A. 

Applications of this mass spectrometric approach to 
surface topology-probing by amino-acylation of a-helical 
polypeptides, such as leucine zipper proteins (42) and 
corresponding complexes with oligonucleotides, are being 
carried out a t  present in our laboratory. A further, 
particular advantage is the possibility for direct deter- 
mination of molecular weight and extent of modification 
of protein derivatives by electrospray mass spectrometry, 
due to the capability of the ES method of providing 
information about relative conformational differences for 
unmodified in comparison to  partially modified proteins 
(32). Such information about a “native-like’’ conformation 
maintained upon selective, partial modification has been 
frequently missing or fraught with uncertainty in previ- 
ous classical approaches of analyzing protein-chemical 
modifications (41 1. According to the general analytical 
scheme (Figure 1) it will be interesting to explore this 
feature of ESMS in the characterization of protein- 
chemical modifications. 
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Multivalent Melanotropic Peptide and Fluorescent Macromolecular 
Conjugates: New Reagents for Characterization of Melanotropin 
Receptors? 

Shubh D. Sharma,* Michael E. Granberry,s Jinwen Jiang,l  Stanley P. L. Leong,§ 
Mac E. Hadley,lJ' and Victor J. Hruby*" 

Departments of Chemistry, Surgery, Anatomy, and Molecular and Cellular Biology, University of Arizona, 
Tucson, Arizona 85721. Received April 8, 1994@ 

Radioreceptor binding studies have documented the presence of melanotropin receptors on some but 
not all of the various human melanoma cell lines that have been studied. Using a newly developed 
class of multivalent fluorescent melanotropin-macromolecular conjugates, we have demonstrated for 
the first time the presence of specific melanotropin receptors on all of the melanoma cell lines, both 
mouse and human, melanotic as well as amelanotic, that were investigated. The conjugates developed 
by us consisted of multiple copies of both a potent melanotropin analogue and a fluorophore, both 
arranged in a pendent fashion on a biologically inert macromolecule. While the multivalency of these 
conjugates may have established stronger binding with the melanotropin receptors on the cell surface 
(perhaps by establishing simultaneous multiple interactions), the presence of multiple copies of the 
fluorophore also greatly increased the level of detection in fluorescence labeling experiments. 
Membrane receptor-hormone-associated phenomena, such as capping and internalization of the 
receptor-ligand complex, also were observed. The details of these methods are described using B-16 
mouse melanoma cells as a model system. The demonstration of MSH receptors as a common marker 
for melanoma suggests that this methodology might be employed for early clinical detection and 
anatomical localization of melanoma. These results also offer the possibility that substitution of the 
fluorophore in these conjugates by a chemical agent of (chemo-)therapeutic relevance may provide a 
powerful tool for site specific (tumor) targeting and cytotoxicity. 

INTRODUCTION 

a-Melanocyte stimulating hormone (MSH, a-melano- 
tropin),l a tridecapeptide, Ac-Ser-Tyr-Ser-Met-Glu-His- 
Phe-Arg-Trp-Gly-Lys-Pro-Val-NHz, is the physiologically 
relevant hormone that controls skin pigmentation of the 
skin in most vertebrates (1). This systemic hormone is 
derived from the pars intermedia of the pituitary gland. 
Although adult humans do not possess a pars intermedia 
(I), there is ample evidence that a melanotropin [either 
a-MSH or ACTH, (2)] increases melanin pigmentation 
of the skin under certain pathological conditions (3). 
Injections of a-MSH and its potent analogues into 
humans increase melanin pigmentation of the skin (3- 
5). These observations suggest that human epidermal 
melanocytes possess melanotropin receptors. 

It has long been speculated that, like mouse melanoma 
cells and human epidermal melanocytes, human mela- 
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noma cells may also possess receptors for melanotropic 
peptides. Radioreceptor binding assays and autoradiog- 
raphy techniques have been used to identify melano- 
tropin receptors in mouse (6-12) and several human 
melanoma cell lines (13-16). These studies, however, 
revealed extremely varied results. Interestingly, the 
demonstration of the presence of MSH receptors was 
found to  be dependent on the type of radiolabeled 
melanotropin analogue used in these studies. For ex- 
ample, Libert et al. (13) using radioiodinated a-MSH 
showed that specific binding could be demonstrated only 
in four out of 10 human melanoma cell lines studied. The 
use of radioiodinated [Nle4-~-Phe71-a-MSH, on the other 
hand, established the presence of MSH-receptors in six 
out of the same 10 cell lines (13). In spite of this 
dependence on the radioligand, investigations by various 
other workers also have substantiated the finding that 
not all human melanoma cell lines possesses melanotro- 
pin receptors (7, 13, 16). We have utilized [Nle4-~-Phe71- 
a-MSH, a more stable, potent, and enzymatically resis- 
tant analogue of a-MSH developed in our laboratory 
(1 7-20), to synthesize macromolecular conjugates (21). 
These conjugates consisted of a biocompatible carrier 
macromolecule to which multiple copies of this peptide 
as well as multiple copies of a reporter group (a fluoro- 
phore) were covalently attached. The fluorescent mel- 
anotropin macromolecular conjugate was used to  visu- 
alize melanotropin receptors on mouse and human 
melanoma cells. 

EXPERIMENTAL PROCEDURES 

Fluorescein isothiocyanate-isomer I (FITC), (N&- 
dimethy1amino)pyridine (DMAP), and poly(viny1 alcohol) 
(average molecular weight 110 000) were obtained from 
Aldrich Chemical Co. (St. Louis, MO). Dithiothrietol 
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(DTT), mercaptoethanol, 4-(p-maleimidophenyl)butyric 
acid N-hydroxysuccinimide ester, and 3-(2'-pyridyldithio)- 
propionic acid N-hydroxysuccinimide ester were obtained 
from Sigma Chemical Co. (St. Louis, MO). Tissue culture 
media and fetal calf serum were obtained from GIBCO. 
Protected amino acid derivatives were obtained from 
Bachem California (Torrence, CAI. The binding buffer 
for fluorescence labeling experiments was a low ionic 
strength (15 mM) buffer made isotonic by the addition 
of glucose and sucrose (22). The composition of this 
buffer was as follows: triethanolamine (0.015 M), glycine 
(0.24 MI, sucrose (0.009 M), glucose (0.025 M), potassium 
acetate (0.004 M), and calcium chloride (0.0003 M). 
Acetic acid was used to adjust the pH of the buffer to  5, 
and if necessary the osmolarity was adjusted to 0.310 
osmol using sucrose. The concentrations of all the 
conjugates were calculated from their initial amounts and 
measurements of the volumes of the preparations after 
dialysis. 

Cell Cultures. All cells were grown in Falcon 75-cm2 
tissue culture flasks at 37 "C in a humidified atmosphere 
of 5% COZ and 95% air. 

Mouse and Human Melanoma. The B16/F10 mouse 
melanoma cell line was originally provided by Dr. A. 
Overjera of the Frederick Cancer Center, Frederick, MD. 
The human melanotic cell line A375P was obtained 
through the American Type Culture Collection (ATCC). 
The other human melanoma cells were obtained from 
Arizona Cancer Center Tissue Culture Core Facility, 
University of Arizona, Tucson, AZ. The cell lines were 
maintained in monolayer cultures and were grown in 
Ham's F-10 medium with NaHC03 (1.2 g/L) supple- 
mented with 10% horse serum and 2% fetal calf serum 
(both heat-inactivated at  56 "C for 30 min) and 1% 
penicillin-streptomycin (100 units/mL, 100 pg/mL, re- 
spectively). Cells were subcultured weekly and were 
maintained in a monolayer culture for only 10 passages 
to avoid phenotypic drift that is often observed in long- 
term cultures. 

Other Cell Lines. A human small cell lung cancer cell 
line (NCI-N592) was obtained from Dr. Tom Davis, 
Department of Pharmacology, University of Arizona. The 
NCI-N592 line grows as floating aggregates in Ham's 
F-10 medium supplemented with 10% heat-inactivated 
fetal calf serum and 1% penicillin-streptomycin. The 
human breast cancer MCF-7 cell line was obtained from 
Dr. D. Blask, Department of Anatomy, University of 
Arizona. The mammary cancer cells were maintained 
in monolayer culture and grown in Ham's F-10 medium 
supplemented with 10% heat-inactivated fetal calf serum 
and 1% penicillin-streptomycin. 

Peptide Synthesis. The three peptides used in this 
study, namely Na-desacetyl-Na-(3'-mercaptopropionyl)- 
[Nle4-~-Phe7]-a-MSH [I], [W-( 3'-mercaptopropiony1)-Lysl3]- 
dynorphinl-13-amide [II], and Na-(3'-mercaptopropionyl)- 
substance-P [III], were synthesized by solid-phase methods 
of peptide synthesis (23) on a p-methylbenzhydrylamine 
resin (substitution 0.51-0.72 mequiv of amine/g of resin) 
using a VEGA 250 semiautomated peptide synthesizer. 
A 4-fold excess of appropriate Nu-Boc-protected amino 
acid was used at  each coupling step. Couplings were 
performed by using diisopropylcarbodiimide-N-hydroxy- 
benzotriazole (DIC-HOBt) as coupling reagent and were 
monitored by the Kaiser test (24) in all cases except when 
the incoming amino acid was coupled to  the proline 
residue. In this instance the Chloranil test (25) was 
performed to ascertain the progress of the coupling. A 
mixture of trifluoroacetic acid-dichloromethane-anisole 
(TFA-DCM-anisole, 50:48:2) was used to deblock the 
Boc group after each coupling step. The following three 
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fully protected peptide-resins corresponding to peptides 
1-111 were synthesized: Na-Boc-Ser(Bzl)-Tyr(BzlCl&Ser- 
(Bzl)-Nle-Glu(OBzl)-His(Bom)-D-Phe-Arg(Tos)-Trp-Gly- 
Lys(ZC1)-Pro-Val-resin [Ivl, Na-Boc-Tyr(BzlClz)-Gly-Gly- 
Phe-Leu-Arg( Tos)-Arg( Tos)-Ile-Arg(Tos)-Pro-Lys( ZC1)- 
Leu-Lys(N'-Fmoc)-resin [VI, and Na-Boc-Arg(Tos)-Pro- 
Lys(ZC1)-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-resin [VI]. 
The Na-Boc groups from IV and VI and N6-Fmoc group 
on the thirteenth amino acid residue in V were cleaved, 
respectively, by the treatment of IV and V with TFA- 
DCM-anisole (50:48:2) and VI with 20% piperidine in 
N-methylpyrrolidinone for 20 min. To each of the result- 
ing peptide resins 3'-(S-(p-methylbenzyl)thio)propionic 
acid was individually coupled using DIC-HOBt. The 
dried peptide resins were individually treated with HF- 
thioanisole for 45 min at  0 "C and the resulting crude 
peptides purified by HPLC and characterized by fast 
atom bombardment mass spectrometry and amino acid 
analysis. Analytical HPLC was performed on a Cls 
column (Vydac 218TP104,25 cm x 4.6 mm). Thin layer 
chromatography (TLC) was performed on Baker 250-nm 
analytical silica gel glass plates in the following solvent 
systems: (A) 1-butanoUacetic acid/pyridine/water (5:5: 1:4 
v/v), (B) 2-propanol/25% aqueous ammonidwater (3:l:l 
v/v), (C) ethyl acetate/pyridine/acetic acidwater (55:  1:3 
v/v), and (D) 1-butanol/acetic acidwater (4:1:5). The 
peptides were visualized by ninhydrin and iodine vapor. 
Analytical data for peptides: I: mass (M) = 1692.6 (calcd 
1692.97); a z 3 ~  = -50.6" (c 0.41, 10% aqueousAcOH); 
HPLC K' = 7.02 (gradient of 10%-40% acetonitrile in 
0.1% aqueousTFA completed in 30 min at  1.5 mL/min); 
TLC Rfvalues = 0.33 (A), 0.61 (B), 0.0 (C), 0.02 (D). 11: 
mass = 1691.5 (calcd 1691.13); a Z 3 ~  = -28.1' (c 0.33, 10% 
aqueous AcoH); HPLC R = 5.17 (gradient of 15%-45% 
acetonitrile in 0.1% aqueous TFA completed in 30 min 
a t  1.5 mumin); TLC Rfvalues = 0.71 (A), 0.80 (B), 0.54 
(C), 0.40 (D). 111: mass = 1434.9 (calcd 1434.78); a23D = 
-37.2' (c 0.41, 10% aqueous AcoH); HPLC R = 5.6 
(gradient of 10%-40% acetonitrile in 0.1% aqueous TFA 
completed in 30 min at  1.5 mumin); TLC Rf values = 
0.53 (A), 0.75 (B), 0.64 (C), 0.36 (D). 

Synthesis of Fluorescent-Macromolecular-Pep 
tide Conjugates. Three types of macromolecular con- 
jugates were synthesized: (A) conjugates containing 
multiple copies of fluorescein on the one hand and 
multiple copies of one of the three peptides synthesized 
above on the other (Scheme 1); (B) conjugates bound only 
to  fluorescein; and (C) conjugates consisting only of the 
peptide component. The conjugates with only one of the 
two components present were synthesized for use in 
control experiments. 

[Fluorescein/,-PVA MI]. Ten mg (9.1 x mol) 
of poly(viny1 alcohol) (PVA, average MW 110 000) was 
dissolved in 4 mL of HEPES buffer (50 mM, pH 7.5). It 
was mixed with a mixture of fluorescein isothiocyanate 
(FITC, 1.77 mg, 4.55 x mol) and (Nfl-dimethyl- 
amino)pyridine (DMAP, 0.5 mg, 4.55 x mol) dis- 
solved in 1 mL of DMF. The resultant clear solution was 
mixed by shaking in the dark for 12-18 h. The reaction 
mixture was then placed in a dialysis bag (MW cutoff 
10 000) and dialyzed extensively against 50 mM HEPES 
(pH 7.5) to remove the unconjugated FITC. The final 
volume of the resulting dialysate was measured. Spec- 
trophotometric measurements at  l. 492 for FITC ( E  = 
78 000) (26) indicated substitution of 12-18 FITC mol- 
ecules per molecule of PVA in different preparations. This 
preparation was dialyzed extensively against the binding 
buffer for its use in the receptor binding experiments 
described below. 
PVA-[(Maleimidophenyl)butyrate], [VIII]. Twenty- 
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Scheme 1. Synthetic Routes for the Fluorescent Macromolecular Conjugates in which the Ligand Is Either 
Linked to the Polymer through a Thioether W, XVI, XVIII] or a Disulfide Bond [XVJ 

m e t i c  route for + CH,-CH + Polyvinyl alcohol 
disulfide-linked conjugate [PVAI I AH 

Sunthetic route for 
thioether-linked conjugate 

\ 
I \ 

0 
R 

1 
[FITCI, - PVA - [-C-(CH2)z-S-S- 0 Ligand 1, [FITCI, - PVA - [ - C - ( C H & G N >  

S-Ligand In 0 [ FITC, - PVA .I S-S- Ligand, ] 

[XVI 

HSLigand is : HS-(CH2),-CO-[N1e4,D-Phe7]-a-MSH, [I]; 

[L~S(N~(CO-CH~CH~-SH)J’~]-D~~O~~~~~,.,~-NH,, (111; 

HS-(CH,),-CO-[Nle”]-Substance-P, (1111; and 

HS-CHz-CHz-OH 

five mg (2.27 x moles) of PVA (average MW 110 000) 
was dissolved in 9 mL of HEPES buffer (50 mM, pH 7.5). 
The solution was added to a mixture of 4-(p-maleimi- 
dopheny1)butyric acid N-hydroxysuccinimide ester (4.02 
mg, 1.13 x 
mol) dissolved in 1 mL of DMF. The resultant clear 
solution was mixed by shaking for 12-18 h. The reaction 
mixture was then placed in a dialysis bag (MW cutoff 
10 000) and dialyzed extensively against 50 mM HEPES 
(pH 7.5) to remove the unconjugated maleimide and the 
resulting volume of the dialysate measured. Spectro- 
photometric measurements at  A 255 (measured E = 215) 
(27) indicated a substitution of 10- 16 maleimidophenyl 
moieties per molecule of PVA in various trials. Alterna- 
tively, the substitution was measured spectrophotometri- 
cally by reacting this product with thiophenol (&fold 
molar excess) for 5 h, followed by extensive dialysis to 
remove unreacted thiophenol [A 269 ( E  = 700) (2811, and 
the same substitution levels were obtained. 
PVA-[(Pyridyldithio)propionate], [IX]. Twenty-five 

mg (2.27 x mol) of PVA (average molecular weight 
110 000) was dissolved in 9 mL of HEPES buffer (50 mM, 
pH 7.5). It was mixed with a mixture of 3-(2’- 
pyridyldithio )propionic acid N-hydroxysuccinimide ester 
(3.53 mg, 1.13 x mol) and DMAP (1.38 mg, 1.13 x 

mol) dissolved in 1 mL of DMF. The resultant clear 
solution was mixed by shaking for 12-18 h. The reaction 
mixture was then placed in a dialysis bag (MW cutoff 
10 000) and dialyzed extensively against 50 mM HEPES 
(pH 7.5) to remove the unconjugated reagent and the 
resultant volume of the dialysate measured. Spectro- 
photometric measurements done at  A 255 (measured E = 
215) (29) indicated substitution of 10-16 pyridyl moieties 
per molecule of PVA in different trials. Alternatively, 
the substitution was also measured spectrophotometri- 

mol) and DMAP (1.38 mg, 1.13 x 

[ FITC, - PVA - S -S - Ligand, ] 

[ XIV, XVI - XVIII 1 

cally by reacting this product with mercaptoethanol (5- 
fold molar excess) for 5 h, followed by direct measure- 
ments at A 343 ( E  = 8080) for the 2-thiopyridine (30) that 
is released in this reaction. The same values for levels 
of substitution were obtained. 
[FITClm-PVA-[(Maleimidophenyl)butyrateln [XI. A 

sample of 10 mg (9.1 x mol) of VI11 (ca. 4 mL in 50 
mM HEPES buffer, pH 7.5) was added to a mixture of 
FITC (1.77 mg, 4.55 x mol) and DMAP (0.5 mg, 4.55 
x moles) dissolved in 1 mL of DMF. The resultant 
clear solution was mixed in the dark by shaking for 12- 
18 h. The reaction mixture was then placed in a dialysis 
bag (MW cutoff 10 000) and dialyzed extensively against 
50 mM HEPES (pH 7.5) to remove the unconjugated 
FITC. Spectrophotometric measurements done as above 
at  A 492 ( E  = 78 000) (26) indicated substitution 11-16 
FITC moieties per molecule of PVA. 
[FITClm-PVA-[(Pyridyldithio)propionateln [XI]. A 

sample of 10 mg (9.1 x mol) of M (ca. 4 mL in 50 
mM HEPES buffer pH 7.5) was added to a mixture of 
FITC (1.77 mg, 4.55 x mol) and DMAP (0.5 mg, 4.55 
x mol) dissolved in 1 mL of DMF. The resultant 
clear solution was treated in the same manner as 
described under the synthesis of X to give a similar 
substitution value. 

Synthesis of PVA-[-S-MSHI,, [XI11 and P V A I - S S -  
MSHI,, [XIIII. Treatment of 2 mg of the derivatized 
polymer VI11 or M in 1.5-2.0 mL of 50 mM HEPES (pH 
7.5) with a 2-4-fold molar excess of I dissolved in DMF 
(0.3 mL) was accomplished at  room temperature for 2-5 
h. The conjugate was dialyzed extensively, and the 
degree of ligand substitution calculated spectrophoto- 
metrically at  A 280 nm ( E  = 4840) to be between 10 and 
16 MSH molecules per molecule of the polymer. These 
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Table 1. Results Demonstrating Specific Fluorescence Labeling of Melanotropin Receptors on Various Melanoma Cell 
*Des by Fluorescent MSH-Macromolecular ComDosites 

Sharma et al. 

malignant cell types 

normal 

cancer cancer mouse 

human 
lung breast cell types 
~- melanoma 

conjugate B-l@ JHb LH164ga LR165@ LR1714" WCb KE" A375Fsc NCI-N417 MCF-7 Spleen Liver 

mouse 
melanoma 

- - - - - - -  - - - - - FITC-PVA [VI11 
FITC-PVA-S-MSH BIVl ++ ++ ++ ++ ++ ++ ++ ++ 
FITC-PVA-SS-MSH [xvl ++ ++ ++ ++ 
FITC-PVA-SS-MSH Lxv] + DTT - 
FITC-PVA-S-MSH BIVl + DTT ++ ++ ++ ++ 
FITC-PVA-ME [XVIII] 
FITC-PVA-S-DYN MI 
FITC-PVA-S-SP M I ]  

- - - - 

- - - 

- - - - - - 
- - - - 
- - - - - 

a Melanotic cell lines. b Amelanotic cell lines. c Similar positive responses were obtained with all other human melanoma cells that 
were assayed (> 17 cell lines). ++, indicates strong fluorescence labeling. -, indicates no fluorescence labeling. 

preparations were dialyzed against the binding buffer for 
their use in the binding experiments with the cultured 
cells. 

Synthesis of  [FITCIm-PVA-[-S-MSH/, [XTVI, 

dynorphin], [XVI], [FITC/,-PVA-[-S-substance PI, 
[XVII], and [FITC/,-PVA-[-ME], [XVIII]. Treatment 
of 2 mg of the derivatized polymer X or XI in 1.5-2.0 
mL of 50 mM HEPES (pH 7.5) with a 2-4-fold molar 
excess of I, 11,111, or mercaptoethanol (ME) dissolved in 
DMF (0.3 mL) was accomplished as described above 
under XI1 and XIII. The conjugate in each case was 
dialyzed extensively and the degree of ligand substitution 
calculated spectrophotometrically. The substitution in 
each case was found to range between 10 and 16 
molecules of the ligand per molecule of the polymer. All 
these preparations were dialyzed against the binding 
buffer for this compatibility in the binding experiments 
with the cultured cells. 

Fluorescence Labeling of Melanotropin Recep- 
tors. One million cells of each type (Table 1) per test 
tube were treated individually with conjugates VI1 and 
W - X V I I I  a t  various concentrations (0.5 mg/mL was 
the best concentration) for various lengths of time (15 
min incubations were found to  be best) at  room tempera- 
ture in the dark. The cells were then washed in the test 
tube with the binding buffer (3 x 1 mL). The final cell 
pellet was resuspended in 0.5 mL of buffer. About 30 
pL of the resulting cell suspension was dropped onto a 
glass slide and mixed with the same volume of glycerin. 
Samples were examined under an fluorescence micro- 
scope for visualization of cellular fluorescence. The 
specimens were first photographed by phase contrast and 
then under fluorescence conditions. 

[FITCIm- PVA-[-SS-MSHl, [ xv] , [FITC/,- PVA-[-S- 

RESULTS 
Conjugate Synthesis. PVA of average molecular 

weight 110 000 has 2500 hydroxy groups that could be 
derivatized for the synthesis of multivalent conjugates 
(Scheme 1). However, the limiting factor in these 
conjugation experiments turned out to be the water 
solubility of the resulting products at  physiologically 
acceptable pH values. In general, all attempts to make 
more highly substituted conjugates, both in terms of the 
number of FITC and the number of ligand molecules per 
PVA monomer, were met with limited success. From a 
practical standpoint, introduction of 10- 16 ligand mol- 
ecules and almost the same number of the FITC mol- 
ecules per polymer molecule yielded conjugates that were 
soluble in buffers of low ionic strength, pH 6. When 
transferred to buffers at  physiological ionic strength, e.g., 
phosphate-buffered saline (150 mM), the conjugates 

slowly precipitated. Once precipitated these conjugates 
would not go back into solution even in the binding buffer 
of low ionic strength. For these reasons all the interme- 
diates as well as the final conjugates were stored as 
solutions. The preparations were observed to  be stable 
for up to 2 months when stored a t  4 "C. 

Conjugate Binding to Mouse and Human Mela- 
noma Cells. Binding of the conjugates with cell mem- 
brane receptors was established within 15 min (Figures 
1-4). Binding was extremely strong so that all the 
incubations and washing protocols could be performed 
at  room temperature. In addition, the binding buffer of 
pH 5 was utilized to  remove any nonspecific binding. This 
pH had no effect on the specific binding that existed in 
all the positive controls. This strong binding probably 
resulted due to  the fact that a single assembly of the 
conjugate is able to interact with more than one receptor 
on the cell membrane. This phenomenon of cooperative 
affinity that results in stronger binding properties as- 
sociated with multivalent ligands has been documented 
previously in the literature (31, 32). Certain classes of 
polyvalent antibodies that also are capable of establishing 
multiple interactions also exhibit much higher binding 
affinities as the result of cooperative affinity (33). 

Specificity of Binding. Cleaving the Disulfide Link- 
age (by Treatment with 2-ME or DTT). The disulfide- 
linked melanotropin conjugate offered the best possibility 
of a control experiment to  establish the specificity of the 
fluorescence labeling by the MSH-containing conjugates. 
Agents such as dithiothreitol (DTT) are able to reduce 
the S-S bond and therefore release hormone. FITC- 
PVA-MSH (XV) was incubated with DTT (final 
concentration: 50 mM) for 1 h at  room temperature with 
constant shaking. The DTT- or 2-ME-treated conjugate 
when incubated with B16/F10 mouse melanoma cells 
failed to label these cells (Table 1). This experiment 
indicates the specific labeling of melanotropin receptors 
by FITC-PVA-MSH. When a similar amount of DTT 
was included in the binding experiment using the thio- 
ether linked MSH macromolecule XTV (which is stable 
to  DTT treatment) there was no effect on the fluorescence 
labeling (Table 1). This ruled out receptor inactivation 
by DTT during the labeling experiment in the earlier 
case. 

Preincubation in the Presence of Unconjugated Free 
Ligand ("Swamp Out"). It was interesting to note that 
the binding established between the MSH-containing 
macromolecules X W  or XV with the melanoma cells was 
so strong that the presence of even millimolar amounts 
of free ligand [Nle4-~-Phe7]-a-MSH as competitor for the 
receptors caused no effect on the fluorescence intensity. 
However, when the cells were pretreated with the free 



Melanotropic Peptide Multivalent Fluorescent Conjugates Bioconjugate Chem., Vol. 5, No. 6, 1994 595 

Figure 1. Fluorescence labeling of mouse B16F10 melanoma cells by fluorescent melanotropin macromolecular conjugate (FITC- 
PVA-S-MSH, Xnr). Top: phase contrast micrograph. Bottom: fluorescent micrograph. Arrows illustrate the capping phenomenoa 
exhibited by cells. 

ligand (1 x M) for 1 h before their exposure to the 
fluorescent macromolecular ligand XIV, a very dramatic 
loss of the fluorescence intensity was observed (data not 
shown). This suggests that either the receptor is blocked 
(occupied) or it  is internalized. Though we do not have 
direct evidence for which is the case, the results do 
strongly indicate that the MSH conjugates are highly 
specific for the melanotropin receptors that interact with 
[ N1e4-o-Phe7]-a-MSH. 

Binding Studies Using FITC-PVA NII]. This conju- 
gate that lacked any melanotropic ligand failed to bind 
to any type of cells used under all binding conditions 
(Table 1). This negative control established the biological 
inactivity of the fluorescent macromolecular carrier 
molecule (Figure 5). 

Other Peptide Conjugates (e.g., Dynorphin, Substance- 
P, and Mercaptoethanol). These three ligands were 
chosen to act as negative controls to prove the point that 

the binding seen with the MSH conjugate is specific for 
melanotropin receptors. All three of these nonmelano- 
tropic ligands containing fluorescent conjugates (XVI, 
XVII, and XVIII) failed to label B-16 mouse melanoma 
cells (Table 1). 

Cellular Specificity (Other Cell Types). A few cell types 
of nonmelanogenetic origin (Table 1) were included in this 
study to act as negative controls for the demonstration 
of melanoma-specific melanotropin receptors. As is 
evident from the results, human small cell lung cancer 
(NCLN592) and breast cancer cells (MCF-7) did not 
exhibit any fluorescent labeling after incubation with the 
fluorescent MSH conjugate (Table 1). Normal mouse 
liver, kidney, and spleen cells also failed to exhibit 
fluorescence following incubation with the conjugate. 

Homogeneity of Conjugate Binding to Melanoma 
Cells and CappingDnternalization of the Ligand. 
During the fluorescence labeling experiments it was 
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Figure 2. B-16/F-10 mouse melanoma cells showing capping (or internalization) of MSH receptors visualized by specific binding of 
FITC -PVA-SS-MSH [xvl. Top: phase contrast micrograph. Bottom: fluorescent micrograph. 

evident that all the cells in each and every melanoma 
cell line were uniformly labeled by the melanotropin 
conjugates XI1 or XI11 (Figures 1-5). This suggests 
cellular homogeneity of all the melanoma cell lines with 
respect to melanotropin receptor expression. Some of the 
cells (in the case of both mouse and some human 
melanomas) that were oriented favorably (microscopi- 
cally) t o  the observer exhibited capping of the receptors 
(Figures 1, 2, and 4). In certain instances the fluores- 
cence appeared to be located intracellularly suggesting 
internalization of the receptor-ligand (macromolecule) 
complex (Figures 2 and 4). These observations are 
consistent with earlier experiments with fluorescence 
labeling of MSH-receptors using fluorescent tobacco 
mosaic virus-MSH peptide conjugates (32, 34). The 
capping and internalization phenomena were further 
examined using the disulfide-linked melanotropin mac- 
romolecular conjugate X V .  In a fluorescence labeling 
experiment using this ligand a portion of the labeled cells 

was incubated for 30 min in the binding buffer at pH 7.2 
that also contained 50 mM DTT. As DTT cleaved the 
disulfide linkage, thereby removing the MSH molecules 
from the polymer, cell membranes were expected to  lose 
the fluorescence. In the case of cells showing intra- 
cellular fluorescence, no loss of the fluorescence was 
observed. This clearly was indicative of the internalized 
receptor ligand complex. 

DISCUSSION 
The studies reported here using fluorescent microscopic 

visualization methods demonstrate specificity of the 
fluorescent melanotropin-PVA macromolecular conju- 
gate (MSH-PVA-FITC) for melanotropin receptors as- 
sociated with melanoma cells (Table 1). The specificity 
of receptor-mediated binding was demonstrated by the 
following observations: (1) The positive control, mouse 
B16/F10 melanoma cells (known to express MSH recep- 
tors), strongly bound the conjugate. (2) The negative 
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L I 
Figure 3. Binding of FITC-PVA-S-MSH [XIV] to an amelanotic human melanoma cell line (JH) showing cellular homogeneity of 
MSH receptors. Top: phase contrast micrograph. Bottom: fluorescent micrograph. 

control, MCF-7 human breast cancer cells and NCI-N592 with micromolar concentrations of [Nle4-~-Phe71-a-MSH 
small cell lung cancer cells (both assumed not to express effectively blocked the binding of the fluorescent conju- 
MSH receptors), failed to bind to the conjugate. In gate XlV to the binding sites on the melanoma cell 
addition, a number of other cell lines of nonmelanocytic membrane (data not shown). 
origin did not bind to the conjugate (data not shown). 3) Receptor internalization is one of the processes by 
Incubation of FITC-PVA alone (no hormone attached), which cells recycle (or degrade) receptors. Internalization 
or incubation of a fluorescent dynorphin or substance-P has been observed for several different types of receptors 
conjugate, did not result in binding of the conjugates to (e.g., 35-37). The "capping" phenomenon is believed to 
the cells (Table 1). (4) Pretreatment of XV, a disulfide indicate receptor internalization (endocytosis). Similar 
linked melanotropin-conjugate (MSH-SS-PVA-FITC), receptor aggregation has been observed for some other 
with reducing agents (dithiothreitol or 2-mercaptoetha- polypeptide hormones (e.g., 38-40). For example, Jarett 
nol), resulted in cleavage of the bond between the PVA and Smith (38) found insulin receptor aggregation on 
backbone and the hormone, and this treatment resulted adipocyte plasma membranes by using a ferritin-insulin 
in a conjugate (now lacking ligand) that did not bind to conjugate in conjunction with transmission electron 
receptors. (5) If binding is specific to melanotropin microscopy. De Priester et aZ. (39) reported capping of 
receptors, one would expect that the presence of the concanavalin (Con A) receptors on Dictyostelium cell 
conjugated analog would compete with the unbound membranes after incubation of cells with fluorescent Con 
ligand ([Nle4-~-Phe71-a-MSH) for receptor binding. In A. 
competition experiments preincubation of melanoma cells This capping phenomenon was also observed using our 
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Figure 4. Capping of MSH receptors observed upon specific binding of FITC-PVA-S-MSH [XIVI with MSH receptors in a human 
melanoma cell line (LR 1649). TOD: Dhase contrast micromaDh. Bottom: fluorescent micrograph. Arrows illustrate the capping 

L A  - -  
phenomena exhibited by cells. 

fluorescent conjugate (Figures 1, 3 and 4) and was 
observed on the surface of some cells of all human 
melanoma cell lines (Figure 4). The results suggest that 
capping may be a phenomenon involving one or more 
focal aggregates of receptors. These observations suggest 
that MSH receptors become internalized. These observa- 
tions thus provide further evidence for the presence of 
melanotropin receptors on the cell surface of human 
melanoma cells. The observation of melanotropin- 
receptor internalization was first reported by Varga et 
al. (41). By using a fluorescent-labeled P-MSH, the 
authors found that the hormone was internalized at  a 
physiological temperature in Cloudman (murine) mela- 
noma cells. Later, Lerner et al. (42), using ferritin- 
labeled P-MSH, found that some of the internalized 
hormone may be further translocated to premelanosomes. 
Recently, Orlow et al. (43) demonstrated that receptor 
internalization resulted in translocation of the hormone 

t o  internal binding sites within the cells. In these latter 
experiments the authors used 1251-labeled P-melanotropin 
(P-MSH) and sucrose density centrifugation techniques 
to determine the internal binding sites for MSH. Garcia- 
Borron et al. also have provided data that [1251]-[Nle4-~- 
Phe7]-a-MSH is internalized in B16/F10 mouse mela- 
noma cells (10). 

In our experiments, we did not investigate the time 
course for the formation and the duration of capping on 
the cell surface. This future study should provide more 
information as to the kinetics of the capping phenomenon 
and, therefore, may help us to better understand the 
metabolism or recycling of melanoma melanotropin re- 
ceptors. Our unique and relatively simple methods for 
the visualization of ligand-receptor membrane capping 
may prove to be a useful tool for the study of other cell 
types and their specific hormone receptors. 

Our results are consistent, in part, with previous work 
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A addition, these previous radioligand technologies may not 
be sensitive enough for those cells with a low number of 
receptors or low numbers of cells actually expressing 
receptors at the time (cell cycle) of the experiment. 
Hence, it appears that our visualization methods may 
offer a unique advantage over other presently used 
methods to study the homogeneity or heterogeneity of 
melanotropin receptor distribution. 

Several previous reports have indicated that melano- 
tropin receptors may also exist in some tissues other than 
cutaneous tissue. Tatro and Reichlin (12) showed that 
MSH receptors were widely distributed in vivo in the 
tissues of rodents including glandular organs, adipose 
tissues, and bladder. However, in our experiments, the 
melanotropin-macromolecular conjugates failed to bind 
to a number of nonmelanotic cells, such as human small 
cell lung cancer cells, endometrial carcinoma (data not 
shown), breast cancer MCF-7 cells and some normal 
mouse cells, such as spleen cells as well as liver cells 
(Table 1). Similar results were reported by Siegrist et 
al. (7) where melanotropin receptors were‘found to be 
specifically present in human and mouse melanoma cells, 
but not in five other human neuroblastoma or glioma cell 
lines. The discrepancy between our results and others 
as to melanotropin receptor distribution in different 
tissues remains to be clarified. 

It has been suggested by one research group that MSH 
receptors are predominantly expressed in the G2 phase 
of the cell cycle (41,44). Other investigations have been 
unable to confirm such G2 restriction (45, 46). In the 
present studies we noted that our melanotropin conju- 
gates were bound to every individual mouse or human 
melanoma cell. Since the cells were not synchronized, 
it is assumed that binding (30 min incubation) to the cells 
occurred during each phase of the cell cycle. It was also 
reported earlier that at least some of the responses to 
MSH (increased cyclic AMP production and tyrosinase 
activity) occur in the G2 phase of the cell cycle (47), the 
reasons being that the receptors for MSH are most active 
at this time in the cycle. In fact, it is claimed that 
melanoma cells “regulate their response to MSH by the 
discontinuous appearance of receptors for the hormonal 
signal” (48). Although our results do not restrict the 
ability of cells to bind MSH to the G2 phase of the cycle, 
the data provides no information on the functional ability 
(to transduce signals and effect second messenger forma- 
tion) of melanotropin receptors throughout the cycle. 

Figure 5. FITC-PVA-S-MSH [XIV] binds to human melan- 
otic melanoma cell line (A375P). A Phase contrast micrograph. 
B: Fluorescent micrograph. C: FITC-PVA MI], a conjugate 
that lacks [Nle4-~-Phe7]-a-MSH does not bind to A375P cells. 
Bar = 100 pm. 

reported by a number of other investigators. Ghanem 
et al. (15) found that three out of eight human melanoma 
cell lines displayed specific binding of [ 1251]-a-MSH to the 
cells. Siegrist et al. (7) reported that 10 out of 12 human 
melanoma cell lines showed specific binding sites for 
[1251]-a-MSH. Using an in situ binding technique to 
demonstrate melanotropin receptors in surgical speci- 
mens of human melanoma, Tatro et al. (16) reported that 
among the melanoma specimens from 11 patients, three 
of them showed a high level of specific binding, five a 
low level binding, and another three no detectable 
binding. Although the radioligand binding technique 
allows indirect estimation of binding sites for radiolabeled 
agents in target cells or tissues, the results generated 
from the binding assay are in general based upon the 
mass binding of the radioactive probe to a population of 
cells. This technique is unable to provide information 
about the receptor status of an individual single cell. In 

SUMNLARY AND PERSPECTIVES 
We have designed a new class of multivalent peptide 

hormone macromolecular composites which may serve as 
powerful diagnostic, imaging, and therapeutic tools. 
Composites have been synthesized in which multiple 
copies of a biospecific ligand (e.g., a hormone) were 
covalently attached to a biologically compatible but inert 
polyfunctional macromolecule. In addition, the conjuga- 
tion of multiple copies of a fluorophore directly to the 
macromolecule provided an  enhanced visual means of 
detection of ligand-macromolecular conjugates bound to 
target cells in in vitro binding assays. A fluorescent 
melanotropin macromolecular conjugate has been syn- 
thesized and used to demonstrate the presence of specific 
melanotropin receptors on various human melanoma cell 
lines. 

Most importantly, every cell of every melanoma cell 
line possessed melanotropin receptors as visualized by 
fluorescence microscopy. Cells of nonmelanocyte origin 
did not exhibit such receptors. These cell specific mel- 
anotropin receptors may serve as cell surface markers 
for melanoma. Fluorescent melanotropin conjugates 
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should be useful in determining whether  all (pr imary and 
metastat ic)  tumors possess such  receptors. These recep- 
tors  may provide targets for the identification, localiza- 
tion, and chemotherapy of melanoma (49). For example, 
a fluorescent melanotropin conjugate could be used t o  
visually identify metastatic melanoma (particularly amel- 
anot ic  melanoma)  cells of lymph nodes following elective 
lymph node dissection. 

Sharma et al. 

LITERATURE CITED 

(1) Hadley, M. E. (1992) Endocrinology, 3rd ed., Prentice-Hall, 
Inc., Englewood Cliffs, NJ. 

(2) Hadley, M. E. (1988) The Melanotropic Peptides, Vol. I: 
Source, Synthesis, Chemistry, Secretion, and Metabolism (M. 
E. Hadley, Ed.) CRC Press, Boca Raton, FL. 

(3) Lerner, A. B., and McGuire, J. S. (1961) Effect of alpha and 
beta melanocyte stimulating hormones on the skin colour of 
man. Nature 185, 176-179. 

(4) Lerner, A. B., and McGuire, J. S. (1964) Melanocyte- 
stimulating hormone and adrenocorticotrophic hormone: Their 
relation to pigmentation. N .  Engl. J .  Med. 270, 539-546. 

(5) Levine, N., Sheftel, S. N., Eytan, T., Dorr, R. T., Hadley, 
M. E., Weinrach, J. C., Ertl, G. A., Toth, K., McGee, D. L., 
and Hruby, V. J .  (1991) Induction of skin tanning by the 
subcutaneous administration of a potent synthetic melano- 
tropin. J .  Am.  Med. Assoc. 266, 2730-2736. 

(6) Panasci, L. C., McQuillan, A., and Kaufman, M. (1987) 
Biological activity, binding, and metabolic fate of Ac-[Nle4- 
~-Phe~l-MSH4-11-NHz with the F1 variant of B16 melanoma 
cells. J.  Cellular Physiol. 132, 97-103. 

(7) Siegrist, W., Solca, F., Stutz, S., Giuffre, L., Carrel, S., 
Girard, J., and Eberle, A. N. (1989) Characterization of 
receptors for a-melanocyte stimulating hormone on human 
melanoma cells. Cancer Res. 49, 6352-6358. 

( 8 )  Siegrist, W., Ostreicher, M., Stutz, S., Girard, J . ,  and Eberle, 
A. (1988) Radioreceptor assay for a-MSH using mouse B16 
melanoma cells. J .  Receptor Res. 8, 323-343. 

(9) Solca, F., Siegrist, W., Drozdz, R., Girard, J., and Eberle, 
A. N. (1989) The receptor for alpha-melanotropin of mouse 
and human melanoma cells: application of a potent photo- 
affinity label. J .  Biol. Chem. 264, 14277-14281. 

(10) Garcia-Borron, J. C., Solano, F., Martinez-Liarte, J. H., 
Jara ,  J. R., Lozano, J. A., and Ghanem, G. (1993) Binding 
and subcellular distribution of [1251]-[Nle4-~-Phe7]a-MSH in 
B16/F10 mouse melanoma cells. (Private communication). 

(11) Tatro, J. B., Watson, M. L., Lester, B. R., and Reichlin, S. 
(1990) Melanotropin receptors of murine melanoma charac- 
terized in cultured cells and demonstrated in experimental 
tumors in situ. Cancer Res. 50, 1237-1242. 

(12) Tatro, J. B., and Reichlin, S. (1987) Specific receptors for 
a-melanocyte-stimulating hormone are widely distributed in 
tissues of rodents. Endocrinology 121, 1900-1907. 

(13) Libert, A., Ghanem, G., Amould, R., and Lejeune, F. (1989) 
Use of a n  alpha-melanocyte- stimulating hormone analogue 
to  improve alpha-melanocyte stimulating hormone receptor 
binding assay in human melanoma. Pigment Cell Res. 2,510- 
518. 

(14) Legros, F., Coel, J . ,  Doyen, A,, Hanson, P., Van Tieghem, 
N., Vercammen-Grandjean, A., Fruhling, J., and Lejeune, F. 
J. (1980) a-Melanocyte-stimulating hormone binding and 
biological activity in a human melanoma cell line. Cancer Res. 

(15) Ghanem, G. E., Communale, A., Libert, A., Vercammen- 
Granjean, A., and Lejeune, F. (1988) Evidence for alpha- 
melanocyte-stimulating hormone (a-MSH) receptors on hu- 
man malignant melanoma cells. Int. J .  Cancer 41, 248-255. 

(16) Tatro, J .  B., Atkins, M., Mier, J. W., Hardarson, S., Wolfe, 
H., Smith, T., Entwistle, M. L., and Reichlin, S. (1990) 
Melanotropin receptors demonstrated in  situ in human 
melanoma. J .  Clin. Inuest. 85, 1825-1832. 

(17) Sawyer, T. K., Sanfilippo, P. J., Hruby, V. J.,  Engel, M. 
H., Heward, C. B., Burnett, J. B., and Hadley, M. E. (1980) 
[Nle4-D-Phe7]a-melanocyte stimulating hormone: a highly 

41, 1539-1544. 

potent a-melanotropin with ultralong biological activity. Proc. 
Natl. Acad. Sci. U.S.A. 77, 5754-5758. 

(18) Hadley, M. E., Abdel-Malek, Z., Marwan, M. M., and 
Kreutzfeld, K. L. (1985) [Nle4-~-Phe71a-MSH: a superpotent 
melanotropin that “irreversibly” activates melanoma tyrosi- 
nase. Endocr. Res. 11, 157-170. 

(19) Abdel Malek, Z., Kreutzfeld, K. L., Manvan, M. M., Hadley, 
M. E., Hruby, V. J., and Wilkes, B. L. (1985) Prolonged 
stimulation of S91 melanoma tyrosinase by [Nle4-D-Phe7]a- 
MSH-substituted a-melanotropins. Cancer Res. 45, 4735- 
4740. 

(20) Hruby, V. J., Sharma, S. D., Toth, K., Jaw, J. W., Al-Obeidi, 
F., Sawyer, T. K., and Hadley, M. E. (1993) Design, synthesis, 
and conformation of superpotent and prolonged acting mel- 
anotropins. Ann. N.Y. Acad. Sci. 680, 51-63. 

(21) A previous preliminary account of some of this research 
has appeared. Sharma, S. D., Hruby, V. J., Hadley, M. E., 
Granberry, M. E., and Leong, S. P. (1992) Multivalent ligands 
for diagnosis and therapeutics. In Peptides: Chemistry and 
Biology, Proceedings of the Twelfth American Peptide Sym- 
posium (J. A. Smith and J. E. Rivier, Eds.) pp 599-600, 
ESCOM, Leiden, The Netherlands. 

(22) Zeiller, K., Pascher, G., and Hannig, K. (1972) Preparative 
electrophoretic separation of antibody forming cells. Prepar. 
Biochem. 2, 21-37. 

(23) Hruby, V. J., Wilkes, B. C., Hadley, M. E., Al-Obeidi, F., 
Sawyer, T. K., Staples, D. J . ,  deVaux, A. E., Dym, O., 
Castrucci, A. M. L., Hintz, M. F., Riehm, J. R., and Rao, R. 
(1987) Alpha-Melanotropin: The minimum active sequence 
in  the frog skin bioassay. J.  Med. Chem. 30,2126-2130. 

(24) Kaiser, E., Colescott, R. L., Bossinger, C. D., and Cook, P. 
I. (1970) Color test for detection of free terminal amino groups 
in  the solid phase synthesis of peptides. Anal. Biochem. 34, 
595-598. 

(25) Christensen, T. (1979) A chloranil color test for monitoring 
coupling completeness in solid phase peptide synthesis. In 
Peptides, Structure and Biological Function (E. Gross and J .  
Meienhofer, Eds.) pp 385-388, Pierce Chemical Co., Rockford, 
IL. 

(26) Haugland, R. P. (1991) Fluorescent labels. In Biosensors 
with Fiberoptics (D. L. Wise and L. B. Wingard, Eds.) pp 85- 
109, Humana Press. 

(27) Kitagawa, T., and Aikawa, T. (1976) Enzyme coupled 
immunoassay of insulin using a novel coupling reagent. J .  
Biochem. 79, 233-236. 

(28) Silverstein, R. M., Bassler, G. C., and Morrill, T. C. (1981) 
Spectrometric Identification of Organic Compounds, 4th ed., 
p 322, John Wiley and Sons, New York. 

(29) Carlsson, J., Drevin, H., and h e n ,  R. (1978) Protein 
thiolation and reversible protein-protein conjugation: N- 
succinimidyl 3-(2-pyridyldithio)propionate, a new hetero- 
bifunctional reagent. Biochem. J.  173, 723-737. 

(30) Stuchbury, T., Shipton, M., Norris, R., Malthouse, J .  P. G., 
Brocklehurst, K., Herbert, J. A. L., and Suschitzky, H. (1975) 
A reporter group delivery system with absolute and selective 
specificity for thiol groups and an improved fluorescent probe 
containing the 7-nitrobenzo-2-oxa-l,3 diazole moiety. Bio- 
chem. J .  151, 417-432. 

(31) Schwyzer R., and Kriwaczek, V. M. (1981) Tobacco mosiac 
virus as a carrier for small molecules: Artificial receptor 
antibodies and superhormones. Biopolymers 20,2011-2020. 

(32) Wunderlin, R., Sharma, S. D., Minakakis, P., and 
Schwyzer, R. (1985) Melanotropin receptors 11. Synthesis and 
biological activity of a-melanotropidtobacco mosiac virus 
disulfide conjugates. Helv. Chim. Acta 68, 12-22. 

(33) Greenbury, C. L., Moore, D. H., and Nunn, L. A. C. (1965) 
The reaction with red cells of 7 s  rabbit antibody, its subunits 
and their recombinants. Immunology 8, 420-431. 

(34) Schwyzer, R., Kriwaczek, V. M., and Wunderlin, R. (1981) 
A method for mapping peptide receptors. Naturwissenschaften 
68, 95-96. 

(35) White, J. G., and Escolar, G. (1990) Induction of receptor 
clustering, patching, and capping on surface-activated plate- 
lets. Lab. Invest. 63, 332-340. 

(36) Keller, G. A,, Siegel, M. W., and Caras, I. W. (1992) 
Endocytosis of glycophospholipid-anchored and transmem- 



Melanotropic Peptide Multivalent Fluorescent Conjugates 

brane forms of CD4 by different endocytic pathways. EMBO 
J .  11, 863-874. 

(37) Weintraub, W. H., Negulescu, P. A., and Machen, T. E. 
(1992) Calcium signaling in endothelia: Cellular heterogene- 
ity and receptor internalization. Am. J.  Physiol. 263C, 1029- 
1039. 

(38) Jarett,  L., and Smith, R. M. (1974) Electron microscopic 
demonstration of insulin receptors on adipocyte plasma 
membranes utilizing a ferritin-insulin conjugate. J .  Biol. 
Chem. 249, 7024-7031. 

(39) dePriester, W., Bakker, A., and Lamers, G. (1990) Capping 
of Con A receptors and actin distribution are influenced by 
disruption of microtubules in Distyostelium discoideum. Eur. 
J .  Cell Biol. 51, 23-32. 

(40) Orci, L., Rufener, C., Malaisse-Lagae, F., Blondel, B., 
Amherdt, M., Bataille, D., Freylet, P., and Perrelet, A. (1975) 
A morphological approach to surface receptors in  islet and 
liver cells. Isr. J .  Med. Sci. 11, 639-655. 

(41) Varga, J. B., Dipasquale, A., Pawelek, J., McGuire, J. S., 
and Lerner, A. B. (1974) Regulation of melanocyte stimulating 
hormone action at the receptor level: Discontinuous binding 
of hormone to synchronized mouse melanoma cell cycle. Proc. 
Natl. Acad. Sci. U.S.A. 71, 1590-1593. 

(42) Lerner, A. B., Moellmann, G., Varga, J. M., Halaban, R., 
and Pawelek, J. (1979) Action of melanocyte-stimulating 
hormone on pigment cells. In Cold Spring Harbor Conference 
on Cell Proliferation (G. H. Soto, A. B. Pardee, and D. A. 

Bioconjugate Chem., Vol. 5, No. 6, 1994 601 

Sirbascu, Eds.) Vol. 6, pp 187-197, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY. 

(43) Orlow, S. J.,  Hotchkiss, S., and Pawelek, J. M. (1990) 
Internal binding sites for MSH: analyses in wild-type and 
variant Cloudman melanoma cells. J.  Cell. Physiol. 142,129- 
136. 

(44) McLane, J .  A., and Pawelek, J. M. (1988) Receptors for 
P-melanocyte-stimulating hormone exhibit positive cooper- 
ativity in synchronized melanoma cells. Biochem. 27, 3743- 
3747. 

(45) Fuller, B. B., and Brooks, B. A. (1980) Application of 
percent labeled mitoses (PLM) analysis to the investigation 
of melanoma cell responsiveness to MSH stimulation through- 
out the cell cycle. Exp. Cell Res. 126, 183-190. 

(46) Shimizu, N., Shimizu, Y., and Fuller, B. B. (1981) Cell- 
cycle analysis of insulin binding and internalization on mouse 
melanoma cells. J.  Cell Biol. 88, 241-244. 

(47) Wong, G., Pawelek, J., Sansone, M., and Morowitz, J. 
(1974) Response of mouse melanoma cells to melanocyte 
stimulating hormone. Nature 248, 351-354. 

(48) Pawelek, J. (1976) Factors regulating growth and pigmen- 
tation of melanoma cells. J .  Invest. Dermatol. 66, 201-209. 

(49) Bard, D. R., Knight, C. G., and Page-Thomas, D. P. (1990) 
Targeting of a chelating derivative of a short-chain analog of 
a-melanocyte stimulating hormone to Cloudman S91 mela- 
nomas. Biochem. SOC. Trans. 18, 882-883. 



602 Bioconjugate Chem. 1994, 5, 602-61 1 

Synthesis and Characterization of Carbohydrate-Linked Murine 
Monoclonal Antibody K20-Human Serum Albumin Conjugates 

L. H. Kondejewski, J. A. Kralovec, A. H. Blair, and T. Ghose* 

Departments of Biochemistry and Pathology, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4H7. 
Received April 22, 1994@ 

Efficacy of antibody mediated targeting depends on retention of immunoreactivity in conjugates. 
Retention can be improved by site-specific linkage of drugs or drug-loaded carriers to residues that 
are located well away from the antigen-binding sites. In this study we describe the site-specific linkage 
of a potential drug carrier, human serum albumin (HSA), t o  the carbohydrate residues in Dal K20, a 
murine IgGl monoclonal antibody (mAb) against human renal cell carcinoma, using disulfide exchange 
between 3-(2-pyridyldithio)propionic acid succinimidyl ester (SPDP)-derivatized HSA and 11-[[3-(2- 
pyridyldithio)propionyllaminolundecanoic acid hydrazide (AUPDP)-derivatized mAb Dal K 20. AUPDP 
gave a higher yield of the conjugate than a functionally analogous 3-(2-pyridyldithio)propionic acid 
hydrazide (HPDP), suggesting that the extra length of the former facilitated the linkage. The 
conjugates were found to be unstable without reduction of the hydrazone linkage using sodium 
cyanoborohydride. Stabilized 1: 1 HSA:K20 carbohydrate-linked conjugates were isolated and compared 
with non-site-specific 1:l  conjugates in which HSA was conjugated to amino groups in mAb Dal K20. 
The yield and stability of the two conjugates were comparable, but the site-specific conjugate was 
found to  retain three times more antibody activity than the non-site-specific conjugate. 

INTRODUCTION 

Cancer chemotherapeutic agents have been conjugated 
to antibodies in an effort to  make these agents more 
specific for cancer cells and to reduce their systemic 
toxicity (1-3). Both high drug loadings as well as the 
retention of immunoreactivity are important for the 
synthesis of potent and tumor-specific conjugates. A 
number of anticancer drugs have been conjugated directly 
to  amino groups of immunoglobulins, but the general 
finding has been that in these conjugates immunoreac- 
tivity of the antibody is reduced, probably due to the 
direct modification of residues in the antigen binding site 
and/or changes in tertiary structure following derivati- 
zation of the antibody (3). In order to achieve higher drug 
loadings while retaining immunoreactivity, carriers have 
been loaded with drug molecules and then linked to  
antibodies (4-7). The linkage of drug-loaded carriers to  
a single or a very small number of sites in an antibody 
molecule may allow higher molar incorporation of the 
drug (e.g., 210) with retention of antibody activity, but 
linkage to residues such as amino groups that are present 
throughout the antibody molecule, including the antigen 
binding sites, has the inherent risk of interference with 
antibody activity. In recent years, the carbohydrate 
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Abbreviations: AUPDP, 1 l-[[3-(2-pyridyldithio)propionyll- 
aminolundecanoic acid hydrazide; DMF, dimethylformamide; 
DNP-AU-hydrazide, ll-[(2,4-dinitrophenyl)aminolundecanoic 
acid hydrazide; DNP-AU-OMe, 11-[(2,4-dinitrophenyl)amino]- 
undecanoic acid methyl ester; DNP-IgG, 11-[(2,4-dinitrophenyl)- 
aminolundecanoic acid hydrazide-modified IgG; DTT, dithio- 
threitol; GMBS, y-maleimidobutyric acid N-hydroxysuccinimide 
ester; HPDP, 3-(2-pyridyldithio)propionic acid hydrazide; HSA, 
human serum albumin; HSA-K20, conjugate consisting of HSA 
coupled to mAb Dal K20; IgG, immunoglobulin G; mAb, mono- 
clonal antibody; MTX, methotrexate; NRG, normal rabbit 
globulin; PAGE, polyacrylamide gel electrophoresis; PBS, phos- 
phate buffered saline (0.01 M phosphate in 0.15 M sodium 
chloride, pH 7.2); SPDP, 3-(2-pyridyldithio)propionic acid suc- 
cinimidyl ester; SDS, sodium dodecyl sulfate. 
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residues of IgGl antibodies have become the preferred 
site for IgG modification because the majority of the 
carbohydrate residues in IgG are located in the hinge 
region of the molecule, well away from the antigen- 
binding site. Indeed, antibodies have been modified at  
their carbohydrate residues with low molecular weight 
drugs (2,8-10), liposomes (111, toxin molecules (121, and 
radionuclides (13) with full retention of antibody activity 
in many cases. The specific modification of carbohydrate 
residues involves the oxidation of immunoglobulin car- 
bohydrates with sodium periodate to  generate aldehyde 
groups, followed by reaction with suitable hydrazides, 
resulting in the formation of a hydrazone bond. 

We have used HSA as a model carrier protein and 
conjugated it to the carbohydrate moiety of a murine 
monoclonal antibody against a human renal cell carci- 
noma antigen, i.e., mAb Dal K20, using two different 
cross-linkers. HSA was selected primarily because of its 
well elucidated structure and anticipated lack of signifi- 
cant immunogenicity in patients. We also investigated 
the stability of the hydrazone bonds in these conjugates. 
In this study we report on the synthesis, stability, and 
immunoreactivity of carbohydrate-linked HSA-Dal K20 
conjugates and compare them to a non-site-specific 
conjugate in which HSA was linked to  amino groups in 
mAb Dal K20. 

MATERIALS AND METHODS 

The antibody used in these studies was mAb Dal K20, 
a murine IgGIK monoclonal antibody directed against a 
human renal cell carcinoma associated cell surface 
antigen (14). mAb Dal K20 was produced by standard 
hybridoma methods and purified from mouse ascites by 
protein A chromatography (Bio-Rad, Richmond, CA) 
following the instructions of the manufacturer. NRG was 
used to standardize some conjugation procedures and was 
isolated from rabbit serum using caprylic acid (15). HSA, 
2,2’-dipyridyl disulfide, 3-mercaptopropionic acid, 5,5‘- 
dithiobis(2-nitrobenzoic acid), Extravidin-peroxidase, bi- 
otin hydrazide, dicyclohexylcarbodiimide, and hydrazine 
were from Sigma (St. Louis, MO). 11-Aminoundecanoic 
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acid and N-hydroxysuccinimide were from Aldrich Chemi- 
cal Co. (Milwaukee, WI). PDG desalting columns, Bio- 
Gel P10, Bio-Gel P300, and goat anti-mouse IgG- 
peroxidase were from Bio-Rad (Richmond, CA). Sulfo- 
succinimidyl 6-(biotinamid0)hexanoate was from Pierce 
(Rockford, IL). 

Thin layer chromatography was performed on silica gel 
60 F 254 plates (Merck, Darmstadt, FRG) using 9:l 
chlorofordmethanol (system A) or 19:l chloroform/ 
methanol (system B). IH NMR spectra were recorded in 
CDCl3 on a Nicolet NT360NB spectrometer with shifts 
reported relative to tetramethylsilane. Melting points 
were determined with an Electrothermal 9100 melting 
point apparatus. 

Buffer A, 0.1 M sodium acetate, pH 4.0; buffer B, 0.1 
M sodium phosphate, pH 7.2, containing 1 mM ethyl- 
enediaminetetraacetic acid. 
3-(2-Pyridyldithio)propionic Acid Succinimidyl 

Ester (la). SPDP was synthesized by the method of 
Carlsson (16): yield 1.5 g, 56%; Rf 0.84 (A); lH NMR 6 
2.83 (s, 4H), 3.13 (m, 4H), 7.13 (m, lH),  7.69 (m, 2H), 
8.50 (m, 1H). 
3-(2-Pyridyldithio)propionic Acid Hydrazide (lb). 

To SPDP (1.0 g, 3.2 mmol) dissolved in 20 mL of methanol 
was added hydrazine (160 pL, 4.8 mmol) in 5 mL of 
methanol. The solution was stirred at  room temperature 
for 15 min, methanol removed under reduced pressure, 
the oil taken up in methylene chloride, washed with 
saturated sodium bicarbonate and then water, and dried 
with sodium sulfate, and the methylene chloride evapo- 
rated. The product was crystallized from diethyl ether 
to  give a fine white powder: yield 0.63 g, 85%; Rf 0.41 
(A); mp 91.5-92.5 "C; 'H NMR (CDC13) 6 2.62 (t, 2H), 
3.10 (t, 2H), 3.98 (s, 2H), 7.14 (m, lH), 7.62 (m, 2H), 8.24 
(s, lH), 8.52 (m, 1H). 

1 l-[[3-(2-Pyridyldithio)propionyllaminol- 
undecanoic Acid (2a). To 1 l-aminoundecanoic acid 
(129 mg, 0.64 mmol) and sodium bicarbonate (108 mg, 
1.28 mmol) dissolved in 2 mL of a water-ethanol mixture 
(2:l) was added SPDP (200 mg, 0.64 mmol) dissolved in 
4 mL of ethanol. The solution was stirred at  room 
temperature for 1 h, adjusted to pH 7.0 with 1.0 M HCl, 
and the solvent removed under reduced pressure. The 
residue was distributed between water and chloroform, 
extracted with water, and dried over sodium sulfate. 
Chloroform was evaporated to give a white powder: yield 
232 mg, 91%; Rf 0.46 (A). 

1 l-[[3-(2-Pyridyldithio)propionyllaminol- 
undecanoic Acid Hydrazide (2c). To compound 2a 
(232 mg, 0.58 mmol) dissolved in 5 mL of methylene 
chloride was added N-hydroxysuccinimide (73 mg, 0.64 
mmol) and dicyclohexylcarbodiimide (131 mg, 0.64 mmol). 
The mixture was stirred for 2 h at room temperature and 
cooled to -20 "C, the dicyclohexylurea removed by 
filtration, and methylene chloride evaporated. The ob- 
tained 11-[[3-(2-pyridyldithio)propionyl]amino]udecanoic 
acid succinimidyl ester (2b), Rf 0.64 (A) (284 mg, 0.58 
mmol), was dissolved in 5 mL of methanol and treated 
with hydrazine (37 pL, 1.16 mmol) dissolved in a small 
amount of methanol for 1 h at  room temperature. 
Methanol was removed by evaporation, the residue taken 
up in methylene chloride, washed with saturated sodium 
bicarbonate and with saturated NaC1, dried over sodium 
sulfate, and evaporated, and the solid washed with ether 
to give a white powder: yield 160 mg, 61%; mp 105 "C; 

(p, 2H), 2.50 (t, 2H), 2.60 (t, 2H), 3.08 (t, 2H), 3.26 (q, 
2H), 3.96 (bs, 2H), 6.50 (s, lH),  7.13 (q, lH), 7.20 (s, lH), 
7.66 (m, 2H), 8.45 (m, 1H). 

1 1- [ (2,4-Dinitrophenyl) amino] undecanoic Acid 

Rf 0.32 (A); 'H NMR 6 1.22 (s, 12H), 1.51 (p, 2H), 1.62 
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Methyl Ester (3a). To 4 mL of methanol at  -10 "C was 
added thionyl chloride (1040 pL, 14 mmol) followed by 
the slow addition of ll-aminoundecanoic acid (800 mg, 
4 mmol) while stirring. The mixture was stirred at  room 
temperature for 1 h, and then two volumes of diethyl 
ether were added and the precipitated 1 l-aminounde- 
canoic acid methyl ester hydrochloride was washed with 
ether and collected by filtration. To ll-aminoundecanoic 
acid methyl ester hydrochloride (150 mg, 600 pmol) and 
triethylamine (167 pL, 1.2 mmol) in 10 mL of DMF was 
added l-fluoro-2,4-dinitrobenzene (68 pL, 540 pmol) and 
the solution stirred a t  room temperature for 1 h. DMF 
was removed by evaporation, the residue taken up in 
chloroform, extracted with 0.1 M HC1, washed with 
saturated NaC1, and dried with sodium sulfate, and the 
solvent evaporated. The product was azeotroped with 
ether to give a yellow powder: yield 155 mg, 75%; Rf 0.96 
(B); 'H NMR 6 1.29 (s, 12H), 1.46 (m, 2H), 1.78 (p, 2H), 
2.33 (t, 2H), 3.44 (9, lH), 3.68 (s, 3H), 6.94 (d, lH), 8.28 
(d, lH), 8.58 (bs, lH), 9.15 (t, 1H). 
ll-[(2,4-Dinitrophenyl)aminolundecanoic Acid Hy- 

drazide (3b). To compound 3a (130 mg, 341 pmol) in 
50 mL of methanol was added hydrazine (5.2 mL, 166 
mmol) and the reaction mixture stirred for 16 h at  room 
temperature. Methanol was removed by evaporation and 
the residue taken up in chloroform, extracted with 
saturated sodium bicarbonate, dried with sodium sulfate, 
and evaporated to give a yellow powder: yield 117 mg, 
90%; Rf 0.17 (B); mp 119-121 "C; Y,, = 360 nm, 6 = 
17 000 M-l cm-l; lH NMR 6 1.29 (s, lOH), 1.46 (m, 2H), 
1.60 (m, 2H), 1.78 (p, 2H), 2.33 (t, 2H), 3.44 (9, 2H), 3.68 
(s, 3H), 6.94 (d, lH), 8.28 (d, lH), 8.58 (bs, lH), 9.15 (t, 
1H). 

Oxidation of IgG and Reaction with HPDP or 
ATJPDP. To mAb Dal K20 (10 mg/mL, 1.0 mL) in 0.1 M 
acetate buffer, pH 5.5, containing 0.15 M NaCl at  0 "C 
was added sodium periodate (23.4 mg in 0.1 mL) drop- 
wise while stirring to  give a final periodate concentration 
of 100 mM. After 20 min at  0 "C in the dark, the solution 
was desalted into 0.1 M sodium acetate, pH 4.0 (buffer 
A) and DMF added slowly while stirring to a concentra- 
tion of 15% (v/v). HPDP or AUPDP dissolved in DMF 
was added to give a 100-fold molar excess of hydrazide 
spacer over mAb K20 and a final DMF concentration of 
25% (v/v). After 2 h at  room temperature the solutions 
were desalted into 0.1 M sodium phosphate, 1 mM EDTA, 
pH 7.2 (buffer B). The number of pyridyldithio groups 
incorporated into mAb Dal K20 was determined in the 
presence of 0.1 M DTT, using E = 8080 M-l cm-l at  343 
nm for released pyridine-2-thione (16). Protein concen- 
tration was determined by absorbance at 280 nm (1.0 mg/ 
mL = 1.4) with correction for pyridyldithio contribution 
using the fOI-mula A280 due t o  I& - A280 measured - (5100 
[PDT]), where [PDT] is the molar concentration of pyri- 
dine-2-thione. 

Pilot Studies with NRG To Determine Conditions 
for Spacer Incorporation and Hydrazone Bond 
Stabilization. (i) Oxidation Conditions. To NRG 
(8.7 mg/mL, 0.45 mL) in 0.1 M acetate buffer, pH 5.5, 
containing 0.15 M NaCl a t  0 "C was added a 0.1%-1.0% 
aqueous solution of sodium periodate (0.55 mL) dropwise 
while stirring to give periodate concentrations in the 
range of 0.26-260 mM. After 20 min, reaction mixtures 
were desalted into buffer A and reacted with AUPDP, 
and the number of pyridyldithio groups incorporated was 
determined as described above. (ii) Incorporation of 
DNP-AU-hydrazide. To NRG (25 mg, 1.47 mL) at  0 
"C in 0.1 M sodium acetate buffer, pH 5.5, containing 
0.15 M NaC1, was added sodium periodate (100 mg in 
0.8 mL dHzO) with stirring. After 20 min in the dark at  

- 
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0 "C the solution was desalted into 3.2 mL of buffer A 
and 0.56 mL of DMF added followed by DNP-AU- 
hydrazide (6.4 mg in 0.63 mL of DMF). After 16 h a t  
room temperature the solution was desalted into buffer 
A. The number of DNP-AU-hydrazide groups incorpo- 
rated into the protein was determined using E = 17 000 
M-' cm-' at  360 nm (18) and protein concentration was 
measured by the Lowry assay using NRG as the stan- 
dard. Control reactions were carried out in which (i) a 
100-fold molar excess of DNP-AU-OMe was added to  
oxidized NRG in buffer A, and (ii) a 100-fold molar excess 
of DNP-AU-hydrazide was added to  nonoxidized NRG in 
Buffer A. After 4 h at  room temperature the mixtures 
were desalted into buffer A and the incorporation of DNP 
groups/NRG determined. (iii) Stabilization of Hydra- 
zone Bonds between IgG and DW-AU-hydrazide 
with Sodium Cyanoborohydride. NRG derivatized 
with DNP-AU-hydrazide in buffer A prepared as de- 
scribed above, at  a concentration of 1.2 mg/mL, was 
incubated in the presence of 15 mM sodium cyanoboro- 
hydride or 15 mM sodium borohydride. After 48 h, the 
solutions were desalted into buffer A. A third sample 
was treated in the same way but received no reducing 
agent. After desalting, aliquots of cyanoborohydride- 
treated, borohydride-treated, and untreated protein were 
dialyzed against buffer A at  37 "C for 11 days. Periodic 
samples were taken, and the number of DNP groups per 
NRG was determined. A second group of aliquots of 
DNP-AU-hydrazide-derivatized NRG in buffer A were 
incubated with a 10 000-fold molar excess of propanal (80 
mM), and after 48 h, the solutions were desalted into 
buffer A and the incorporation of DNP-AU-hydrazide in 
NRG was determined. To determine the effect of cy- 
anoborohydride treatment prior to  reaction with DNP- 
AU-hydrazide, oxidized NRG at a concentration of 4.1 mg/ 
mL in buffer A was incubated with a molar excess of 
sodium cyanoborohydride ranging from 0 to  4000 (0-110 
mM). The reaction mixtures were left at  room tempera- 
ture for 45 h after which time they were desalted into 
buffer A and reacted with DNP-AU-hydrazide, and the 
incorporation of DNP-AU-hydrazide into NRG was de- 
termined as described above. 

Coupling of SPDP and GMBS to IgG. mAb Dal 
K20 was derivatized with SPDP or GMBS by reaction of 
mAb K20 at  10 mg/mL in PBS with a 5-fold molar excess 
of either SPDP or GMBS dissolved in a small volume of 
DMF for 30 min. The solutions were then desalted into 
buffer B. Incorporation of pyridyldithio groups was 
determined as described above, and incorporation of 
maleimide groups was determined using N-(2,4-dinitro- 
phenyl)-L-cysteine (1 7). The latter compound was pre- 
pared from N,N-bis(2,4-dinitrophenyl)-~-cystine by re- 
duction with an excess of /3-mercaptoethanol. 

Labeling of mAb Dal B O  with Biotin Hydrazide 
or Biotin Succinimidyl Ester. mAb Dal K20 was 
labeled with either sulfosuccinimidyl 6-(biotinamid0)- 
hexanoate or biotin hydrazide. Non-site-specific mAb Dal 
JS2O-biotin was prepared by treating mAb Dal K20 (2.4 
mg, 0.6 mL) in PBS with a 10-fold molar excess of 
sulfosuccinimidyl6-(biotinamido)hexanoate (90 pg in 25 
pL of DMF) and desalting the solution into PBS after 1 
h. For the preparation of site-specifically modified mAb 
Dal K20-biotin, oxidized mAb K20 in buffer A was 
reacted with a 100-fold molar excess of biotin hydrazide 
dissolved in a small amount of DMF. The solution was 
left for 4 h a t  room temperature and then sodium 
cyanoborohydride added to a concentration of 13 mM and 
the solution desalted into PBS after 1 h. 

Digestion of Biotin-Labeled mAb Dal K20 with 
Pepsin. To mAb K20 (10 pL, 25 pg) in PBS modified 
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either site-specifically with biotin hydrazide or non-site- 
specifically with sulfosuccinimidyl 6-(biotinamido)hex- 
anoate was added 30 p L  of 0.1 M sodium citrate buffer, 
pH 3.5, and 5 pL of pepsin (0.25 pg, 10 pglmg IgG) in 
citrate buffer. The digestion mixture was incubated at 
37 "C for 30 min, at  which time 4 pL of 2.0 M Tris/HCl, 
pH 9.0, was added, and aliquots mixed with equal 
volumes of SDS-PAGE sample buffer and samples were 
analyzed by SDS-PAGE. 

Localization of Sites of Biotin Reactivity by 
Western Blotting. Site-specific Dal K20-biotiq non- 
site-specific Dal K20-biotin, and their pepsin digests 
prepared as above were separated on SDS-PAGE in 
duplicate. Gels were transferred to nitrocellulose and 
either stained for total protein using India ink or probed 
for biotin using Extravidin-peroxidase. The composition 
of the transfer buffer was 50 mM Tris, 380 mM glycine, 
0.1% SDS, and 20% methanol, and the transfer conditions 
were 85 V (constant) for 1.5 h at  4 "C. For total protein 
staining, blots were washed in PBS containing 0.4% 
Tween 20 (PBS/Tween) with two changes of 5 min each, 
stained with 0.1% (v/v) India ink in PBSmween for 30 
min, and destained in PBS. For biotin-specific staining, 
blots were rinsed with PBS, blocked with 2% BSA in PBS 
(PBSBSA) for 1 h, and incubated with Extravidin- 
peroxidase diluted to 1 pg/mL in PBS/BSA for 1 h. Blots 
were washed with PBS/BSA and peroxidase detected 
with substrate solution consisting of 7 mg/mL of 4-chloro- 
1-naphthol in PBS containing 20% methanol and 0.03% 

Activation of HSA for Reaction with mAb Dal 
BO-Spacer. 1. HSA-SPDP-SH. To HSA at 10 mg/ 
mL in PBS was added a &fold molar excess of SPDP with 
stirring at  room temperature. The SPDP had been 
dissolved in an amount of DMF that did not exceed 20% 
of the volume of the HSA solution. After 30 min, the 
solution was desalted into 0.1 M acetate buffer, pH 4.5, 
containing 0.1 M NaC1, and DTT added to give a 
concentration of 10 mM. After 20 min at  room tempera- 
ture, the DTT-treated mixture was desalted into buffer 
B. The number of pyridyldithio groups incorporated into 
HSA was determined as described for IgG above with the 
exception that protein was measured by the Lowry assay. 
2. HSA-SH. HSA in PBS at a concentration of 10 mg/ 
mL was reduced by the addition of a 20-fold molar excess 
of DTT (3 mM) for 20 min and desalted into buffer B. 
The number of thiol groups generated was determined 
with 5,5'-dithiobis(2-nitrobenzoic acid) (18). 

Conjugation of HSA to Spacer-Modified mAb Dal 
K20. For the preparation of site-specific conjugates, mAb 
Dal K20 in buffer B (2.0 mg/mL, 1.0 mL) derivatized with 
HPDP (3.8 HPDP/mAb Dal K20) or AUPDP (4.6 AUPDP/ 
mAb Dal K20) was mixed with HSA-SPDP-SH or HSA- 
SH in buffer B to give a 4: 1 molar ratio of HSA over mAb 
Dal K20 in a final volume of 1.5 mL. For the preparation 
of non-site-specific conjugates, mAb Dal K20 (3.6 mg/mL, 
3.0 mL) in buffer B derivatized with SPDP or GMBS 
(approximately 2.5 SPDP or GMBS/mAb Dal K20) was 
mixed with HSA-SPDP-SH in buffer B at a 4:l molar 
ratio of HSA over mAb Dal K20 in a final volume of 6.2 
mL. All reaction mixtures were stirred briefly and left 
a t  room temperature for 16 h a t  which time thiols were 
blocked by the addition of a 20-fold molar excess of 
N-ethylmaleimide over mAb Dal K20. Some site-specific 
conjugates were prepared on a 20 times larger scale, 
desalted into buffer A, and treated with 15 mM sodium 
cyanoborohydride for 90 min to reduce hydrazone bonds. 
The reactions were monitored by both SDS and native 
PAGE under nonreducing conditions (7% gels). 

Purification of Dal K20-HSA Conjugates. Dal 

(v/v) HzOz. 



Carbohydrate-Linked Antibody-Albumin Conjugates 

K20-HSA conjugates were purified by gel filtration 
chromatography on Bio-Gel P 300 (2.5 cm x 90 cm) 
equilibrated with PBS using an upward flow system with 
a flow rate of 7.5 m u .  Fractions containing purified 
1:l HSA-Dal K20 conjugates were pooled, concentrated 
by precipitation with ammonium sulfate (60% satura- 
tion), desalted into PBS, and stored a t  4 "C. 

In certain experiments, Dal K20-HSA conjugates were 
isolated from native PAGE gels in which SDS was 
omitted. Conjugates were separated by native PAGE on 
5% gels in a Bio Rad Mini-Protean I1 apparatus with gels 
of 0.75" thickness. Samples containing between 150 
and 260 pg of mAb Dal K20 were mixed with an equal 
volume of sample buffer and loaded onto gels using a 
preparative comb. After electrophoresis, a narrow strip 
from the edge of the gel was cut out, stained, and used 
as a reference to cut out the remaining conjugate- 
containing band from the gel. The electroelution ap- 
paratus consisted of two reservoirs connected by dialysis 
bags in each reservoir and a bridge between the two bags. 
The reservoir, dialysis bags, and bridge were filled with 
50 mM TrisMC1, pH 8.6, with the gel-containing bag in 
the cathode compartment. Elution conditions were 100 
V for 7 h, after which the collection bags were removed 
and eluted conjugates dialyzed against 50 mM NH4C03, 
lyophillized, and analyzed by SDS-PAGE. 

Immunoreactivity of mAb Dal K20 and Its Con- 
jugates. lZ5I-mAb K20 (3.38 pCi/pg, 0.52 pg) in PBS 
containing 0.1% (w/v) BSA (PBSBSA) was mixed in 
duplicate with dilutions of either native mAb Dal K20 
or conjugated mAb Dal K20 in a volume of 0.3 mL in PBS/ 
BSA. Caki-1 cells (8) were removed from flasks by 
treatment with 0.02% (w/v) EDTA in Hank's buffered 
saline solution, washed with PBS, and resuspended in 
PBSBSA and 5.0 x lo5 cells in 0.1 mL added per tube. 
Cells were incubated at  4 "C with occasional shaking and 
after 2 h were washed three times with PBSBSA and 
the tubes counted for radioactivity. The percent inhibi- 
tion of lZ5I-Dal K20 binding was determined using the 
formula [l - (cpm bound in presence of noniodinated 
mAb Dal K20/cpm bound in absence of noniodinated mAb 
Dal K20)llOO. Percent activity of mAb Dal K20 conju- 
gates was determined using the formula (IC50 native mAb 
Dal K2O/IC50 conjugated mAb Dal K20)100, where IC50 
is the concentration of noniodinated Dal K20 required 
to give 50% inhibition of iodinated Dal K20 binding. 

Other Methods. Concentrations of unconjugated 
proteins were determined using the Lowry assay with 
HSA and NRG as protein standards (19) or by absorbance 
at  280 nm using = 1.4 for 1.0 mg/mL of IgG. For 
purified 1:l HSA-Dal K20 conjugates, the protein con- 
centration was determined by the Lowry assay using a 
1:l molar mixture of IgG and HSA as the standard. mAb 
Dal K20 was radiolabeled with 1251 using the chloram- 
ine-T method (20). SDS-PAGE was carried out accord- 
ing to the method of Laemmli (21). Samples were 
desalted using either disposable PDG columns or columns 
containing Bio-Gel P 10. 

RESULTS 

Synthesis of HSA-Dal K20 Conjugates. Synthesis 
of Site-Specific Heterobifunctional Cross-Linkers. The 
heterobifunctional spacer AUPDP was designed to con- 
tain an aldehyde-reactive hydrazide group and a thiol- 
reactive pyridyl disulfide group. In our first attempt to 
synthesize AUPDP 2c, the methyl ester of ll-aminoun- 
decanoic acid was reacted with SPDP la (Figure 1). 
Treatment of the resulting methyl ester of 2a with a 20- 
fold excess of hydrazine led to release of pyridine-2- 
thione. However, when SPDP was reacted with 11- 

Bioconjugate Chem., Vol. 5, No. 6, 1994 605 

I 

la :  R =  0 - N  5 
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2b: R = 0 - N  3 
2c : R = "Hl 

3a:  R =WH3 

3 b : R = " H 2  

4 

Figure 1. Structures of the cross-linkers 3-(2-pyridyldithio)- 
propionic acid succinimidyl ester (SPDP, la), 3-(2-pyridyldithio)- 
propionic acid hydrazide (HPDP, lb), 11-[[3-(2-pyridyldithio)- 
propionyllaminolundecanoic acid hydrazide (AUPDP, 2c), the 
hydrazone stability probe 1l-[(2,4-dinitrophenyl)aminolunde- 
canoic acid hydrazide (DNP-AU-hydrazide, 3b), and y-maleimi- 
dobutyric acid sucinimidyl ester (GMBS, 4). 

aminoundecanoic acid, the product 2a was obtained 
which was then converted to the succinimidyl ester 2b. 
Active ester 2b was then treated with hydrazine to  
smoothly give the hydrazide derivative 2c. A 1.5-2.0- 
fold excess of hydrazine over the succinimidyl ester was 
important in preventing the formation of side products. 
A similar sensitivity toward hydrazine was observed 
when defining optimal conditions for SPDP conversion 
to HPDP. 

Introduction of Pyridyldithio Spacers into mAb Dal 
K20. mAb Dal K20 was oxidized with sodium periodate 
to render it reactive toward the hydrazide group of HPDP 
or AUPDP. IgG is typically oxidized with periodate using 
concentrations between 1 and 10 mM at pH 5.5 for 20 
min at  0 "C for subsequent reaction with hydrazide- 
containing spacers (12,22-24). However, we found that 
under these conditions few cross-linkers were incorpo- 
rated into mAb Dal K20. We therefore investigated the 
effect of the NRG oxidation level on subsequent reactivity 
toward AUPDP. As shown in Figure 2, the use of 1 or 
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Figure 2. Effect of oxidation level on incorporation of AUPDP 
into NRG. NRG in 0.1 M sodium acetate, pH 5.5,0.15 M NaC1, 
was oxidized with an excess of sodium periodate indicated. After 
20 min at 0 "C, samples were desalted into 0.1 M sodium 
acetate, pH 4.0, DMF added to a concentration of 15%, and a 
50-fold molar excess of AUPDP dissolved in DMF added to give 
a final DMF concentration of 25%. Samples were desalted into 
0.1 M sodium acetate, pH 4.0, after 3 h and the incorporation 
of AUPDP into NRG determined as described in the Materials 
and Methods. 

10 mM periodate resulted in the incorporation of 0.6 or 
1.4 AUPDPDgG, respectively. By increasing the excess 
of periodate over IgG, we were able to incorporate up to 
five spacers, i.e., when IgG was oxidized with 260 mM 
periodate. Approximately four pyridyldithio groups were 
routinely introduced into NRG or mAb Dal K20 using a 
periodate concentration of 100-150 mM. An average of 
three to four cross-linkers per IgG was found to be best 
for the subsequent reaction with thiol-containing HSA. 
It was also necessary to include DMF at a concentration 
of 25% during coupling to prevent cross-linker precipita- 
tion. Neither oxidation with periodate nor incubation in 
25% DMF impaired antibody-binding activity. However, 
the incorporation of four AUPDP/mAb Dal K20 did result 
in a loss of 35% activity. 

For the synthesis of non-site-specific conjugates, mAb 
Dal K20 was derivatized with the heterobifunctional 
cross-linkers SPDP (la) or GMBS (4). Typically, a &fold 
molar excess of SPDP or GMBS over IgG resulted in the 
incorporation of 2.5 cross-linkers/&$. mAb Dal K20 was 
found to be sensitive to amino group modification as the 
incorporation of 2.5 SPDP/mAb Dal K20 resulted in the 
loss of 60% binding activity. The incorporation of GMBS 
into DalK20 resulted in comparable loss of binding 
activity. 

Conjugation of HSA with mAb Dal D O .  In order to 
compare the two site-specific cross-linkers, we examined 
their ability to form conjugates between HSA and mAb 
Dal K20. mAb Dal K20 which had been derivatized with 
either HPDP (3.8 HPDP/Dal K20) or AUPDP (4.6 AUPDP/ 
Dal K20) was reacted with either HSA-SH which was 
obtained by reduction of HSA directly with DTT (2 thiols/ 
HSA) or with HSA-SPDP-SH, obtained from HSA which 
had been modified with SPDP and then reduced with 
DTT (2.5 thiols/HSA). The HSA-SPDP-SH gives an 
increase in the total spacer length between Dal K20 and 
HSA. Conjugate formation was monitored by native 
PAGE, and the yield of the conjugate with HSA-SH was 
found to be much greater with AUPDP-derivatized 
DalK20 than with HPDP-derivatized DalK20 (lanes 6 
and 4, respectively, Figure 3). Irrespective of whether 
HSA-SPDP or DTT-reduced HSA was used for conjuga- 
tion, Dal K20-AUPDP gave a higher yield of the conju- 

1 2 3  4 5 6  
Figure 3. Analysis of site-specific conjugation yields by native 
PAGE. HSA or SPDP-HSA were reduced with DTT and reacted 
with mAb K20 derivatized with AUPDP or HPDP as described 
in the text. Following conjugation, an aliquot of each reaction 
mixture was subjected to native PAGE; lane 1, HPDP-Dal K20; 
lane 2, AUPDP-Dal K20; lane 3, HPDP-Dal K20 + HSA- 
SPDP-SH; lane 4, HPDP-Dal K20 + HSA-SH; lane 5, AUPDP- 
Dal K20 + HSA-SPDP-SH; lane 6, AUPDP-Dal K20 + HSA- 
SH. 

+conjugate 

+mAb K20 

4- HSA 

1 2 3 4 5 6 7  

Figure 4. SDS-PAGE analysis of conjugates eluted from 
native PAGE gels. HSA-Dal K20 site-specific conjugates were 
prepared with either HPDP or AUPDP and non-site-specific 
conjugates with SPDP or GMBS as described in the Materials 
and Methods. Each conjugation mixture was subjected to 
preparative native PAGE, and conjugates were eluted from the 
gels and analyzed by SDS PAGE: lanes 1, 4, and 7, mAb Dal 
K20; lane 2, AUPDP conjugate; lane 3, HPDP conjugate; lane 
5, SPDP conjugate; lane 6, GMBS conjugate. 

gate than did Dal K20-HPDP (lanes 5 and 6 vs lanes 3 
and 4). These results suggest that the ability to link HSA 
to the carbohydrate of mAb Dal K20 is dependent on the 
length of spacer or spacers between the two proteins 
(Figure 3). 

Non-site-specific Dal K20-HSA conjugates synthesized 
using SPDP were isolated in pure form by gel filtration 
with no contamination by free HSA or mAb Dal K20. In 
contrast, gel filtration of site-specific conjugates synthe- 
sized using HPDP or AUPDP showed free HSA and mAb 
Dal K20 at  the elution position for the conjugate, indicat- 
ing partial breakdown of these conjugates. Figure 4 
shows an experiment in which the site-specific conjugates 
were purified from reaction mixtures by native PAGE 
and bands corresponding to Dal K20-HSA conjugates 
eluted from the gels. When material from these bands 
was subjected to SDS-PAGE, there were substantial 
amounts of material that migrated to positions expected 
for free mAb Dal K20 and HSA (Figure 4, lanes 2 and 
3), indicating instability of the hydrazone bond in the site- 
specific conjugate. In contrast, non-site-specific conju- 
gates of HSA and Dal K20 prepared using SPDP or 
GMBS as the bifunctional linking reagent showed very 
little of the unbound components (lanes 5 and 6). 
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Table 1. Reduction of IgG Aldehydes by Sodium 
Csanoborohsdridea 
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molar molar 
excess of DNP groups excess of DNP groups 

NaCNBH3 (mol DNP/mol IgG) NaCNBH3 (mol DNP/mol IgG) 
0 6.2 2000 0.8 

500 1.0 4000 1.2 
1000 1.0 

a NRG was oxidized with sodium periodate and treated with a 
molar excess of sodium cyanoborohydride (0-110 mM) for 48 h a t  
pH 4.0. Samples were desalted into 0.1 M sodium acetate, pH 
4.0, and reacted with a 100-fold molar excess of DNP-AU- 
hydrazide for 4 h. Unreacted DNP-AU-hydrazide was removed 
by gel filtration and the incorporation of DNP groups into IgG 
determined as described in the Materials and Methods. 

Stabilization and Isolation of Conjugates. Model 
Stabilization Studies with DNP-AU-hydrazide. King et 
al. (25) demonstrated that hydrazone bonds in conjugates 
could be stabilized by cyanoborohydride reduction. To 
assist in defining conditions for stabilization, a chro- 
mophoric DNP-hydrazide was synthesized (3b, Figure 1). 
DNP-AU-hydrazide was expected to display similar 
reactivity toward oxidized IgG as AUPDP because both 
compounds possess an identical undecanoic acid hy- 
drazide moiety. Retention of DNP groups in the protein 
was used to monitor stability of the hydrazone bonds 
instead of monitoring the pyridyldithio groups donated 
by AUPDP because the latter were susceptible to disul- 
fide reduction by cyanoborohydride. DNP-AU-hydrazide 
was incorporated into NRG following the oxidation. 
Control reactions in which oxidized NRG was treated 
with DNP-AU-OMe or where nonoxidized NRG was 
treated with DNP-AU-hydrazide showed no incorporation 
of DNP into NRG, indicating the specificity for reaction 
between oxidized NRG and hydrazide. 

We first examined whether we could prevent incorpo- 
ration of DNP-AU-hydrazide into oxidized IgG by reduc- 
tion of IgG aldehydes with cyanoborohydride prior to 
reaction with the DNP-probe. Table 1 shows that IgG 
which had been oxidized and reacted with DNP-AU- 
hydrazide incorporated 6.2 DNP groups/IgG. IgG which 
was treated with an excess of cyanoborohydride prior to 
reaction with probe showed that approximately 1 DNP 
group/IgG was introduced, demonstrating that the ma- 
jority of aldehydes generated by periodate oxidation of 
IgG carbohydrate were also sterically accessible to reduc- 
tion by cyanoborohydride. 

In order to  evaluate the stability of the hydrazone 
bonds formed between IgG aldehydes and the hydrazide 
3b, DNP-IgG was dialyzed at  37 "C against 0.1 M acetate 
buffer, pH 4.0. Figure 5 shows that approximately 60% 
of probe in both untreated and borohydride-treated DNP- 
IgG was lost after 11 days. In contrast, DNP-IgG which 
had been treated with cyanoborohydride showed reten- 
tion of 80% of the DNP moiety after the same period of 
time, indicating that a proportion of the hydrazone bonds 
had been stabilized by cyanoborohydride. 

To further confirm the stabilization of hydrazone bonds 
by cyanoborohydride reduction, we treated DNP-IgG with 
an excess of propanal. As shown in Table 2, IgG which 
was initially derivatized with 7.9 DNP groups retained 
only 1.8 DNP/IgG after treatment with propanal for 48 
h. DNP-IgG which had been treated with cyanoborohy- 
dride prior t o  aldehyde treatment retained substantially 
more DNP residues, Le., 4.5 DNPAgG. Data obtained 
from this competition system suggested that treatment 
of DNP-IgG with 15 mM cyanoborohydride at  pH 4.0 for 
1.5 h is sufficient to reduce the majority of hydrazone 
bonds. 

2ol 
O l  
0 2 4 6 8 1 0  

dialysis time (days) 

Figure 5. Stabilization of hydrazone-linked DNP reporter 
groups by sodium cyanoborohydride. DNP-NRG was treated 
with 15 mM sodium cyanoborohydride (open circles), 15 mM 
sodium borohydride (open squares), or not treated (filled circles) 
as described in the Materials and Methods. Samples were 
dialyzed against 0.1 M sodium acetate, pH 4.0, at 37 "C, aliquots 
were taken at the times indicated, and the number of DNP 
groups bound to NRG was determined. 

Table 2. Competition of Hydrazone-Linked DNP 
ReDorter GrouDs with an Excess of ProDanal" 

~ ~ ~ ~~ ~~ ~ 

DNP groups % DNP 
treatment of DNP-IgG (mol DNP/mol IgG) remaining 
start 7.9 100 
after NaCNBH3 5.1 65 
control 7.0 89 
NaCNBH3 + aldehyde 4.5 57 
control + aldehyde 1.8 23 

a Periodate oxidized NRG in 0.1 M sodium acetate, pH 4.0, was 
reacted with a 100-fold molar exess of DNP-AU-hydrazide for 4 h 
and desalted into the same buffer. Samples were either treated 
with 15 mM sodium cyanoborohydride (NaCNBH3) or received no 
treatment (control). After 48 h, samples were desalted into 0.1 
M sodium acetate, pH 4.0, and treated with a 10 000-fold molar 
excess of propanal (80 mM) for 48 h at  room temperature, desalted, 
and the number of DNF' reporter groups bound to NRG determined 
as described in the Materials and Methods. 

Stabilization and Isolation of Carbohydrate-Linked 
HSA-Dal K20 Conjugates. Conjugates between mAb 
Dal K20 and HSA were synthesized as shown in Scheme 
1. AUPDP was incorporated into mAb Dal K20 by 
reaction with oxidized carbohydrate residues, and AUPDP- 
derivatized mAb K20 reacted with HSA-SPDP-SH. Fol- 
lowing conjugation, reaction mixtures were treated with 
cyanoborohydride under the conditions determined with 
the DNP-probe in order to stabilize hydrazone bonds, and 
the conjugate was purified from the reaction mixture by 
gel filtration chromatography. As shown in Figure 6A 
(lane 4), the carbohydrate-linked conjugate could now be 
isolated without contamination by free HSA or mAb K20, 
indicating that the hydrazone bonds in the conjugate had 
also been reduced by cyanoborohydride. The yield of mAb 
K20 in conjugate form was on average 15%. A non-site- 
specific mAb K20-HSA conjugate prepared by reaction 
of SPDP-derivatized mAb K20 with HSA-SPDP-SH was 
also synthesized and purified for subsequent comparison 
with the site-specific conjugate (lane 3, Figure 6A). 
Recovery of mAb K20 in the non-site-specific conjugate 
was comparable to that of the site-specific conjugate, with 
20% average recovery. These numbers represent yield 
of the two conjugates from the clean fractions only and 
do not include conjugates in unresolved fractions which 
were not rechromatographed. Rechromatography is likely 
to improve the yield. 
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Scheme 1. 
K20-HSA Conjugates 

Synthesis of Carbohydrate-Linked mAb 

4 AUPDP 

SPDP 1 

I NaCNBH3 

"r 
Characterization of HSA-Dal K20 Conjugates. 

The conjugates shown in Figure 6A were analyzed by 
SDS-PAGE under reducing conditions. It can be seen 
that they were reduced to the components expected from 
disulfide-linked conjugates (Figure 6B, lanes 3 and 4), 
i.e., both contain IgG heavy and light chains as well as 
HSA. The migration position for 1:l HSA-IgG conju- 
gates was confirmed by a dual labeling experiment in 
which HSA was labeled with 1251 and an NRG prepara- 
tion with 1311. Conjugation was carried out by incorpo- 
rating GMBS into the IgG followed by reaction with 
directly reduced HSA-MTX as described in the Materials 
and Methods. The conjugate preparation was subjected 
to SDS-PAGE and stained with Coomassie Blue. The 
band migrating directly above IgG itself contained 1251 
and 1311 in a ratio of 0.88 f 0.10. 

To further investigate the site-specific nature of the 
linkage, we designed an experiment in which a low 
molecular weight probe, biotin hydrazide, was reacted 
with periodate-treated mAb Dal K20. We also reacted 
a sample of mAb Dal K20 non-site-specifically with a 
succinimidyl ester derivative of biotin, and each conjugate 
was digested with pepsin. Analysis under nonreducing 
conditions (Figure 7A) showed that the samples were 
completely digested and the labels were incorporated into 
both samples; however, only the non-site-specifically 
labeled mAb Dal K20 (lane 6) contained the biotin label 
in the F(ab')2 portion (lanes 5 and 6). The cleavage site 
for pepsin is below the interchain disulfide bonds joining 
the two heavy chains (26) and gives rise to F(ab')2 and a 
number of small fragments since the Fc portion is 
degraded by pepsin. The lack of staining of the site- 
specific F(ab')Z is consistent with labeling of the carbo- 
hydrate moiety, the location of which is known to be 
below the pepsin cleavage site (27). Analysis under 

A. 

1 

B. 
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Figure 6. SDS-PAGE comparison of purified HSA-Dal K20 
site-specific and non-site-specific conjugates. HSA-Dal K20 
conjugates were synthesized using the non-site-specific cross- 
linker SPDP or with the site-specific cross-linker AUPDP as 
described in the Materials and Methods and the 1:l HSAmAb 
Dal K20 conjugates purified by gel filtration chromatography. 
Purified conjugates were analyzed by SDS-PAGE under non- 
reducing (A) or reducing (B) conditions. A lanes 1 and 5,  mAb 
Dal K20; lane 2, HSA, lane 3, purified non-site-specific HSA- 
Dal K20 conjugate; lane 4, purified site-specific HSA-Dal K20 
conjugate. B: lanes 1 and 5, HSA, lanes 2 and 6, mAb Dal K20; 
lane 3, purified site-specific HSA-Dal K20 conjugate; lane 4, 
purified non-site-specific HSA-Dal K20 conjugate. 

reducing conditions showed that the label was present 
on both heavy and light chains in the non-site-specifically 
modified sample, this being consistent with a random 
modification of amino groups by succinimidyl esters. 
Selective heavy chain reactivity was exhibited by biotin 
hydrazide, again indicating selective carbohydrate label- 
ling by hydrazide compounds (Figure 7B). 

The retention of antigen-binding activity in the two 
types of HSA-Dal K20 conjugates was assayed as shown 
in Figure 8. The site-specific HSA-Dal K20 conjugate 
and the non-site-specific HSA-Dal K20 conjugate re- 
tained 30% and 10% activity, respectively, of the parent 
mAb. 

DISCUSSION 
Our results provide a method for the synthesis of 

structurally well-defined conjugates of antibodies with 
other macromolecules. We used HSA as a prototype 
multivalent carrier that may furnish the basis for 
production of active drug-HSA-mAb ternary conjugates. 
Although there are reports of site-specific conjugation of 
various unloaded (e.g., poly-g-glutamyl hydrazide (30)) 
or drug-loaded macromolecules (e.g., methotrexate-HSA 
(4), bleomycin-dextran (31), methotrexate-dextran (32)) 
to  IgG, a successful site-specific linkage of HSA to IgG 
has not been reported. An advantage of HSA is that its 
discrete molecular weight helped significantly in the key 
purification step, i.e., fractionation of the reaction mix- 
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Figure 7. Localization of site-specific and non-site-specific 
biotin labels on mAb Dal K20. mAb Dal K20 was labeled site- 
specifically with biotin hydrazide (s) or non-site-specifically with 
sulfosuccinimidyl 6-(biotinamido)hexanoate (n), digested with 
pepsin, and separated by SDS PAGE under nonreducing (7% 
gels, A) or under reducing conditions (12% gels, B). Gels were 
run in duplicate, transferred to nitrocellulose, and either stained 
for total protein with India ink (left panels) or for biotin with 
Extravidin-peroxidase (right panels). For the lane number in 
the text the lanes are counted from left to right. 

1 10 

concentration of mAb Dal K20 (pg/mL) 
Figure 8. Retention of antigen binding activity in HSA-Dal 
K20 conjugates. 1251-mAb Dal K20 was mixed with native mAb 
Dal K20 (open squares), site-specific HSA-Dal K20 conjugate 
(filled circles), or non-site-specific HSA-Dal K20 conjugate (open 
circles) and the inhibition of 1251-mAb K20 binding to Caki-1 
cells determined as described in the Materials and Methods. 
Each value is the mean and range from duplicate samples. 

ture on Bio-Gel P-300, leading to the isolation of the 1:l 
HSA’K20 conjugate. 
Our method of conjugation is based on hydrazone bond 

formation between the oxidized carbohydrate moiety of 
IgG and HSA via a tandem of two heterobifunctional 
cross-linking spacers (AUPDP and SPDP). HPDP was 
selected originally as the site-specific linker bearing the 
hydrazide group, but the yield of conjugate was low. Our 

perception was that insufficiency in the length of that 
spacer was responsible, and indeed, its replacement with 
AUPDP, carrying an extra 12 atoms of chain length, led 
to much better conversions. These findings can be 
attributed to steric restriction arising from the attach- 
ment of the carbohydrate at  conserved Asn 297 residues 
of both heavy chains (28), lying between the two C H ~  
domains of IgG (33,34). A similar dependence on chain 
length has been observed in conjugating toxins to IgM 
(12). 

To prevept denaturation of IgG but at  the same time 
promote the coupling reaction, it was important to 
restrict the incorporation ratio of AUPDP to a relatively 
narrow range, established in preliminary tests. Parallel 
considerations applied to introduction of the thiol into 
HSA. Defining these incorporation ratios served to favor 
the production of 1:l conjugates over conjugates with 
multiple IgG or HSA units, thus making it possible to 
carry out purification by gel filtration. 

Synthesizing 1: 1 conjugates by these spacer-containing 
crosslinkers entailed limiting the number of hydrazone 
bonds between HSA and IgG. A potential consequence 
of this limitation is that the conjugate will be less stable 
than one linked by multiple hydrazones, and such 
instability was observed in our site-specific conjugates 
a t  the stage of hydrazone bond formation. However, 
cyanoborohydride reduction resulted in the stabilization 
of a significant proportion of hydrazone bonds, and this 
made it possible to isolate the conjugates. It is interest- 
ing that, in the stability evaluation experiment in which 
DNP-AU-hydrazide was used instead of AUPDP to act 
as a probe, we were unable to remove all DNP reporter 
groups either by dialysis or by competition with propanal. 
This indicates that a fraction of the hydrazone bonds 
formed between oxidized IgG and DNP-AU-hydrazide 
were stable without reduction. Formation of stable 
hydrazone bonds under comparable conditions has also 
been observed by others (2,24) and could be attributed 
to the microenvironment of individual bonds. 

The disulfide bond between HSA and mAb may not be 
adequately stable in vivo because disulfide bonds are 
subject to reduction by various serum and tissue com- 
ponents, e.g., glutathione. A thioether bond between 
HSA and mAb may be more appropriate for the construc- 
tion of drug-HSA-mAb ternary conjugates. One of the 
ways to introduce a thioether linkage would be to replace 
SPDP, the agent modiwng 11-aminoundecanoic acid, by 
a maleiimido group-containing spacer, e.g., by succinim- 
idyl y-maleiimidobutyrate. On the other hand a number 
of disulfide-linked immunotoxins have been found to be 
several times more potent then their thioether-linked 
counterparts (28) because dissociation of the toxin is 
essential for its translocation to intracytoplasmic target 
sites. If necessary, the disulfide bond in site-specific 
immunotoxins produced by our method can be rendered 
more stable by the introduction of “hindered disulfide 
bonds” using crosslinking agents such as 4-[(succinim- 
idyloxy)carbonyl]-a-methyl-a-(2-pyridyldithio)toluene (29) 
or derivatives of iminothiolane in which methyl groups 
are incorporated on the carbon atom adjacent to the 
disulfide bond (28). 

The isolation of well-defined 1:l HSA-K20 conjugates 
allowed comparison of the immunoreactivity of the site- 
specific and non-site-specific forms that were free of 
unreacted mAb and other high molecular weight conju- 
gates. The site-specific HSA-K20 conjugate retained 
three times the antibody activity compared to cor- 
responding non-site-specific conjugates, showing that the 
greater retention of activity was due to specific attach- 
ment of HSA to the carbohydrate of mAb K20. Non-site- 
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specific HSA-mAb conjugates obtained by others (4 ,  6 )  
have been reported to retain 30% immunoreactivity but 
the preparations tested might have contained unreacted 
mAb which would be predicted to increase their apparent 
immunoreactivity. 

In our study, site-specific derivatization of mAb Dal 
K20 with AUPDP led to 35% loss of its antibody activity. 
In synthesizing non-site-specific counterparts, incorpora- 
tion of 2.5 thiol groups into mAb Dal K20 using SPDP 
led to 60% loss. The further losses in antibody activity 
in both the site-specific and non-site-specific forms were 
most likely due to steric factors imposed by the relatively 
large HSA molecule. The presence of HSA linked to the 
C H ~  domain of mAb K20 may sterically interfere with the 
flexibility of the antigen binding sites and antigen- 
binding capacity (35, 36). 

Increasing the chain length in the linking spacer 
improved conjugation, but further studies will be re- 
quired to define the optimal length. Also, other factors, 
e.g., lipophilicity, could have played a significant role, 
influencing steric orientation of the spacer and therefore 
its ability to  react with thiols introduced into HSA with 
SPDP. A problem encountered with AUPDP was its 
limited solubility. This could have led to the tendency 
toward precipitation observed after the incorporation of 
AUPDP in IgG (Scheme 1) and therefore contribute to 
low yield of the conjugate. A more appropriate cross- 
linker of the required length may be one which is derived 
from an oligopeptide into which hydrophilic groups are 
introduced to confer increased solubility. 

This study has shown that site-specific synthesis in 
conjugation with reductive stabilization can produce a 
stable, well-defined HSA-mAb conjugate with greater 
retention of antibody activity than that synthesized non- 
site-specifically. This site-specific approach utilizing 
carbohydrate residues in the immunoglobulin should be 
applicable to conjugation of other proteins including 
toxins and enzymes. 
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Targeted Delivery of DNA Using YEE(GalNAcAH)3, a Synthetic 
Glycopeptide Ligand for the Asialoglycoprotein Receptor 
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I n  vivo gene therapy shows promise as a treatment for both genetic and acquired disorders. The 
hepatic asialoglycoprotein receptor (ASGPr) binds asialoorosomucoid-polylysine-DNA (ASOR-PL- 
DNA) complexes and allows targeted delivery to hepatocytes. The tris(N-acetylgalactosamine 
aminohexyl glycoside) amide of tyrosyl(glutamy1) glutamate [YEE(G~~NACAH)~] has been previously 
reported to have subnanomolar affinity for the ASGPr. We have used an iodinated derivative of YEE- 
(GalNAcAH13 linked to polylysine and complexed to the luciferase gene (pCMV-Luc) in receptor- 
binding experiments to establish the feasibility of substituting ASOR with the synthetic glycopeptide 
for gene therapy. Scatchard analyses revealed similar & values for both ASOR and the glycopeptide. 
Binding and internalization of 1251-S~~-YEE(GalNAcAH)3 were competitively inhibited with either 
unlabeled ASOR or glycopeptide. The reverse was also true; lZ5I-ASOR binding was competed with 
unlabeled YEE(GalNAcAH)3 suggesting specific binding to the ASGPr by both compounds. Examina- 
tion of in  vivo delivery revealed that the lZ5I-labeled glycopeptide complex mimicked previous results 
observed with lZ5I-ASOR-PL-DNA. CPM in the liver accounted for 96% of the radioactivity recovered 
from the five major organs (liver, spleen, kidney, heart, and lungs). Cryoautoradiography displayed 
iodinated glycopeptide complex bound preferentially to hepatocytes rather than nonparenchymal cells. 
I n  vitro, as well as in vivo, transfections using the glycopeptide-polylysine-pCMV-luciferase gene 
complex (YG3-PL-Luc) resulted in expression of the gene product. These data demonstrate that 
the YEE(GalNAcAH)3 synthetic glycopeptide can be used as a ligand in targeted delivery of DNA to  
the liver-specific ASGPr. 

INTRODUCTION 

The introduction of exogenous genes into cells is the 
basis for gene therapy. This expanding area of research 
encompasses widespread opportunities to treat both 
genetic and acquired disorders. Most of the gene therapy 
protocols currently in the clinic utilize an engineered viral 
vector andor ex vivo manipulation of autologous cells 
followed by reintroduction into the donor (reviews, 1-5). 
The lack of cellular specificity and the impracticality of 
treating large populations with ex vivo protocols indicate 
the need for improved gene-transfer technologies. Tar- 
geted delivery of therapeutic genes via receptor-mediated 
endocytosis has the potential to address these concerns 
(6, 7). 

Ehrlich conceptualized targeted delivery and coined the 
term “magic bullet” early in the 20th century as a result 
of his pioneering research in immunology and medicinal 
chemistry (8). However, it was not until the 1980’s that 
this principle was extended to targeted delivery of DNA. 
Research in this area was initiated by Wu and Wu (9) 
using the asialoglycoprotein receptor (ASGPrIl which is 
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asialoorosomucoid; ASOR-PL-DNA, asialoorosomucoid-poly- 
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unique to  hepatocytes and binds branched galactose- 
terminal glycoproteins, such as asialoorosomucoid (ASOR, 
10). Liganareceptor complexes have been shown to 
internalize via receptor-mediated endocytosis engaging 
the endosomal-lysosomal pathway (11). I n  vitro DNA 
delivery has been accomplished by targeting the more 
ubiquitous transferrin receptor (12, 13). Previous re- 
search has also included in  vitro gene transfer using 
insulin-polylysine conjugates that are internalized by 
hepatocytes (14) and antibody conjugates specific to 
antigen-bearing cells (15). In general, the complex used 
for delivery consists of a covalently linked ligand- 
polycation conjugate which binds DNA in an electrostatic 
manner (1 6). To substantiate transcription and transla- 
tion, the gene product of choice was measured. These 
gene products included membrane bound, intracellular, 
or secreted proteins (17-19). 

Recently reported synthetic ligand-based conjugates for 
targeted delivery of DNA have demonstrated the viability 
of using galactose-containing ligands smaller than pro- 
teins to achieve receptor binding and internalization of 
the ligand-bound DNA (20,21). The use of synthetic and 
semisynthetic ligands in DNA delivery is a relatively 
unexplored field. We show herein that the use of the 
synthetic peptide YEE(GalNAcAH)3 parallels the biologi- 
cal activity of ASOR (a natural ligand for the ASGPr) in 
binding, uptake, and competition studies. We have also 
demonstrated in  vitro and in  vivo targeting and gene 
expression using a YEE(GalNAcAH)3-polylysine-DNA 
complex (YG3 -PL-DNA). 

EXPERIMENTAL PROCEDURES 

Synthesis. General. Poly-L-lysine and human serum 
albumin (HSA; -97% pure) were purchased from Sigma, 
and l-(3-(dimethylamino)propyl)-l’ethylcarbodiimide 
(EDC) was purchased from Aldrich. Synthetic Cluster 

0 1994 American Chemical Society 
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A. SDS-PAGE Table 1. List of Compounds and Their Descriptions" 
1 2 3 4 5 

/ *  

compd explanation 

c 

E. ACID UREA GEL C. RETARDATION GEL 
1 2 3 4  1 2 

.) 

Figure 1. Electrophoresis of material. (A) 4-20% gradient 
SDS-PAGE: lanes 1 and 5, molecular weight markers 200, 
97.4, 69, and 46 kD (small arrows); lane 2, YEE(GalNAcAH)s; 
lane 3, PL-HSA-Suc-YEE(GalNAcAH)3; lane 4, HSA. (B) 
Acid-urea gel: lane 1, 4 kD polylysine; lane 2, purified PL- 
HSA-Suc-YEE(GalNAcAH)s conjugate; lane 3, HSA, lane 4, 
ASOR. (C) Gel retardation assay: lane 1, DNA alone (ar- 
rowhead); lane 2, purified DNA fully retarded in the well due 
to complexation with conjugate (arrow). 

Ligands. The synthesis (22) and an alternative stepwise 
synthesis of YEE(GalNAcAH)3, along with the synthesis 
of succinyl-YEE(GalNAcAH)3 (23), have been described. 
Polylysine -HSA -Suc - YEE(GalNAcAH)3. SUC -YEE - 
(GalNAcAH)3 (25 mg, 17.3 pmol) and HSA (50 mg) were 
dissolved in 10 mM MES Biological Buffer (EM Scientific 
Corp.), pH 5 .  EDC (33 mg, 172 pmol) was added and 
the resulting mixture stirred for 2 h at room temperature 
(rt). Polylysine (4 kD average MW, 50 mg) and additional 
EDC (25 mg) were added to the reaction mixture which 
was stirred for an additional 2 h. The reaction mixture 
was dialyzed sequentially: two times against 1 M guani- 
dine hydrochloride, one time against 1 M NaC1, two times 
against water, and then lyophilized. The final lyophilized 
yield was 53.6 mg (-43% of reactants). An amino acid 
analysis revealed an average of 6.9 mol of YEE(Ga1- 
NAcAH)dmol HSA and 0.7 mol of PUmol of HSA. A 
4-20% gradient SDS-PAGE was performed on Suc- 
YEE (GalNAcAH)3, purified PL -HSA- Suc -YEE( Gal- 
NAcAH)~ conjugate, and HSA (Figure 1A). Suc-YEE- 
(GalNAcAH)3 ran through the gel due to its small MW 
(-1400 D; lane 2); while HSA alone displayed a promi- 
nent band at -65 kD as well as higher molecular weight 
bands suggesting impurities in the HSA sample (lane 4). 
The PL-HSA-Suc-YEE(GalNAcAH)3 conjugate, due to 
the high positive charge and possible aggregation, re- 
mains primarily at the top of the gel (lane 3). A small 
amount of conjugate entered the gel and is shown at -70 
kD which would be the expected MW when considering 
the addition of Suc-YEE(GalNAcAH)3 and polylysine to 
HSA. Due to the difficulty in deciphering the conjugate 
on SDS-PAGE, it was necessary to perform acid urea 
gel electrophoresis on free polylysine, the purified con- 

YEE( GalNAcAH)3 basic triantennary cluster ligand 
Suc-YEE(GalNAcAH)s cluster ligand plus succinyl group 
HSA-Suc-YEE(GalNAcAH)3 cluster ligand plus human serum 

albumin linked via succinyl group 
Luc-PL-HSA-Suc-YEE- cluster ligand plus human serum 

(GalNAcAH)3 abbreviated albumin linked via succinyl group, 
as YG3-PL-Luc polylysine covalently linked to 

HSA, and complexed plasmid 
DNA (pCMV-LUC) 

ASOR-PL-LUC asialoorosomucoid plus polylysine 
and complexed plasmid DNA 
(pCMV-Luc) (positive control) 

a The basic cluster ligand is used as the core molecule with 
additions of 1251, a succinyl group, human serum albumin, polyl- 
ysine, pCMV-Luc, or a combination thereof. 

jugate, HSA, and ASOR (Figure 1B). This protocol, as 
described by McKee et al. (24), separates bands primarily 
on the basis of charge as well as size, due to the high 
concentration of urea and the acidic conditions. As a 
result, the ASOR molecule (lane 4), which is acidic in 
nature, does not migrate into the gel as far as HSA (lane 
3). The rationale for this procedure was to determine 
the purity of the conjugate as far as the amount of free 
polylysine remaining in the conjugate sample. The arrow 
points out the prominent band for the purified conjugate 
(lane 2). A small amount of free polylysine within the 
sample appeared at the bottom of the gel (lane 1, 
arrowhead). The high MW banding pattern of the 
purified conjugate (lane 2) is similar to that of HSA alone 
(lane 3 and Figure 1A) which may be due to the 
impurities of the HSA sample as well as cross linking of 
the molecules. However, they do not appear to interfere 
with the ability of the conjugate to complex DNA. The 
asialoorosomucoid-polylysine conjugate was prepared as 
described previously using 5 kD MW polylysine (24). 

Plasmid Construct. pCMV-Luc was a kind gift from 
Dr. James Economou (UCLA Medical Center, Los Ange- 
les, CA). This plasmid contains the firefly luciferase gene 
derived from plasmid pXPl(25) under the control of the 
cytomegalovirus immediate early promoter. The plasmid 
was maintained and propagated in E. coli strain DH5a. 
Isolation of plasmid DNA was accomplished by standard 
alkaline/detergent lysis of saturated bacterial cultures 
grown in Terrific Broth (26). Supercoiled plasmids were 
then purified by double banding on cesium chloride 
gradients. All DNAs were EtOH precipitated and stored 
in 100 mM Tris pH 7.5, 10 mM EDTA at 4 "C. 

Complex Formation. A YG3-PL-DNA complex 
was formed as described (24). Briefly, 3.0 mg of purified 
conjugate (as a 5 mg/mL aqueous solution) was slowly 
added to 1 mg of pCMV-Luc DNA resulting in 300 pg of 
DNA/mL in 0.15 M NaC1. The complex was then filtered 
through a 0.45 pm filter (Acrodisc, Gelman Sciences), and 
the final concentration was found to be 177 pg/mL by U V  
absorbance. An aliquot of the complex was then run on 
an 1% agarose gel to confirm full retardation of the DNA 
(Figure IC). Once the DNA is fully complexed with 
conjugate, the DNA will retard in the well and not enter 
the gel bed (lane 2, arrow). This sample retarded at a 
3: 1 conjugate:DNA weight:weight ratio. A complete list 
of compounds used in our experiments is shown in Table 
1. 

Cell Surface Binding Analyses. Binding Studies. 
HUH-7 human hepatoma cells (generous gift of Dr. T. J. 
Liang, Massachusetts General Hospital, Boston, MA) 
were plated at 0.25 x lo6 cells/well in 24 well plates and 
grown overnight ( O N )  to -75% confluence in MEM 
medium with 10% fetal calf serum. Suc-YEE(Ga1- 
NAcAH)~ was iodinated as described (27,28). Half of the 
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a. OH 

NH-0 AcH& 

OH 

0 

1, R = H : YEE(GalNAcAH)3 

2, R = COCH2CH,CO2H : Suc-YEE(GalNAcAH), 

b. 

Figure 2. Chemical structures. (A) Structure of the trivalent cluster glycoside YEE(GalNAcAH)3 (1) and its N-succinyl derivative 
(2). (B) Structure of polylysine-HSA-Suc-YEE(GalNAcAH)s. The number of equivalents of cluster ligand (XI and polylysine (y) 
bound to HSA will vary with the conditions under which the cross linking reactions are conducted. 

samples were pretreated with 150-fold molar excess 
unlabeled Suc-YEE(GalNAcAH)3 for 1 h at 4 "C enabling 
us to ascertain nonspecific binding. The cells were 
incubated with varying amounts of 1251-Suc-YEE(Gal- 
NAcAH)~ (specific activity = 1.5 x 1O1O CPWpmol) in 
serum-free medium for 2 h a t  4 "C. Free ligand was 
removed from the cells with three washes of phosphate 
buffered saline (PBS) and the cells lysed with 0.5 mL of 
0.2 N NaOH. The lysate was measured for radioactivity 
in a y counter. Similar analyses were performed on 
ASOR to compare the binding properties of both ASGPr 
ligands in our hands. Internalization Studies. To dis- 
tinguish endocytosed from externally bound ligand, the 
cells were incubated with 0.1 pM radiolabeled YGS-PL- 
DNA complex (specific activity = 1.7 x lo6 CPWpg DNA) 
for up to 3 h in serum-free medium containing 3.8 mM 
Ca2+ at  37 "C. The negative control was 1251-orosomucoid 
which does not bind the ASGPr. The monolayers were 
rinsed three times with PBS and incubated with 10 mM 
EDTMBS, pH 2.5 for 5 min at  rt to dissociate externally 
bound ligand (29, 30). Background binding was deter- 
mined by preincubating cells with 0.1% sodium azide for 
1 h at  4 "C to inhibit internalization and then treating 

the cells with the experimental ligand for an additional 
hour a t  the same temperature. Samples were washed, 
and externally bound receptorAigand complexes were 
dissociated as stated above. The remaining background 
counts were subtracted from the total radioactivity and 
the final value considered as ligand taken up by the cells. 
Competition Studies. To determine receptor specificity, 
HUH-7 cells were incubated simultaneously with 1 pM 
radiolabeled YEE(GalNAcAH13 plus varying concentra- 
tions of unlabeled glycopeptide or ASOR for 2 h a t  4 "C. 
The reverse experiment was also performed using radio- 
labeled ASOR and increasing amounts of unlabeled YEE- 
(GalNAcAH)3. Representative experiments are shown in 
the figures; however, binding, internalization, and com- 
petition studies were repeated using triplicate samples 
in three or more assays. 
In Vivo Targeting and Clearance. Balb/C mice 

were tail vein injected with lo6 CPM of lZ5I-YG3-PL- 
Luc complex in 0.5 mL of PBS. Animals were sacrificed 
by cervical dislocation 5 min post-injection. Major organs 
were excised and, along with the remainder of the 
carcass, were counted in the y counter to determine the 
amount of radioactivity distributed throughout the body. 
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Figure 3. ASGPr/glycopeptide binding analyses. Binding studies were performed in which half of the samples were pretreated 
with 150-fold molar excess unlabeled ligand and then incubated with various concentrations of 1251-S~~-YEE(GalNAcAH)3 (A) or 
1251-ASOR (B) as described in the Experimental Procedures. Free ligand was removed, the cells lysed, and radioactivity counted. 
The data revealed dose-dependent binding curves which approached saturation of receptors. Scatchard plots are shown in the insets. 

Cryoautoradiography. Frozen Section Preparation. 
1251-YG3-PL-Luc complex (4 x lo6 CPM) in 0.5 mL of 
PBS was tail vein injected into Balb/C mice which were 
sacrificed 5 min post-injection. The liver was perfused 
with 3% paraformaldehyde, excised, cut into 2-3 mm 
pieces, and post fixed in the same fixative for 30 min at 
rt. The tissue was rinsed two times with PBS and 
infused with 0.5 M sucrosePBS O/N at 4 "C for cryopro- 
tection, after which it was infiltrated with two parts 20% 
sucrose/PBS to one part OCT embedding medium (Miles, 
Diagnostic Division, Elkhart, IN) in a cryomold for 30 
min at rt.  The tissue was rapidly submerged in liquid 
nitrogen cooled isopentane and stored at  -80 "C until 
sectioned at  3 pm on a cryostat, mounted onto chrom 
aludgelatin subbed slides, air dried a t  rt, and stored at  
4 "C until used. 

Autoradiography. Under safelight conditions, the 
slides were dipped vertically into Kodak NTB-3 liquid 
emulsion film (International Biotechnologies, Inc., New 

Haven, CT) at 43 "C, after which the backs of the slides 
were wiped clean. The slides were air dried for 1.5 h and 
placed into black slide boxes containing tissue-wrapped 
desiccant. The boxes were sealed with black electrical 
tape and stored on end with the emulsion facing upward 
a t  4 "C for 3-7 days. After exposure, the slides were 
developed under red safelight conditions in Kodak Dektol 
(1:1 with distilled water) for 2 min, submerged in Kodak 
fix for 5 min, and rinsed with distilled water for 5 min 
(all a t  14 "C). The slides were air dried in a dust free 
environment followed by staining with 0.5% toluidine 
blue in 1% benzoic acid for 1-2 min, rinsed three times 
in distilled water, and air dried. Coverslips were mounted 
onto slides with Cytoseal60 (Stephens Scientific, River- 
dale, NJ)  and the slides viewed under a microscope. 
Negative controls consisted of livers excised from normal 
mice which were handled and treated in the same 
manner as experimental samples. 
In Vitro Transfections. HUH-7 hepatocytes were 
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Figure 4. Internalization study. HUH-7 cells were incubated with 0.1 pM iodinated Suc-YEE(GalNAcAH)3 complex for increasing 
time periods. External receptor-bound ligand was dissociated and nonspecific background binding subtracted. (A) The assay revealed 
that YG3-PL-Luc complexes were taken up by the cell with the amount internalized increasing over time. (B) After 3 h of incubation, 
the amount of internalized YEE(GalNAcAH)3 complex was '3.5 times background. 

seeded at  1.25 x lo6 celldl00 mm tissue culture dish and 
grown O/N to 40-50% confluence in MEM medium with 
10% fetal calf serum. The monolayers were rinsed three 
times with PBS and incubated in medium containing 100 
pM chloroquine for 1 h a t  37 "C and the rinse step 
repeated. Chloroquine is a lysosomatropic agent which 
has been shown to enhance the efficiency of receptor- 
mediated gene transfer in vitro (31). Fresh medium 
containing YG3-PL-Luc complex (12 pg of DNA) was 
added. The concentration of CaClz was increased to 3.8 
mM as the transfections are mediated via receptor 
binding and endocytosis which is a calcium-dependent 
process. After 1.5-3 h, the cells were washed two times 
in PBS and the medium changed. At 48 hr  the cells were 
harvested for quantitation of luciferase expression (32) 
using an AutoLumat Luminometer LB953 (EG & G 
Berthold, Pittsburgh, PA). 
In Vivo Gene Expression. One h prior to IV injection 

of YG3-PL-Luc complex, Balb/C mice were treated with 
colchicine and chloroquine by ip injection (0.75 and 40 
mgkg, respectively). Intravenous injection of YG3-PL- 
Luc complex was performed via the tail vein with a 

standard dose of 300 pg complexed DNA in 1 mL of saline 
containing 0.15 M NaC1. Three days post-injection, the 
mice were sacrificed. Approximately 0.4 g of liver was 
excised, homogenized, and processed, and the quantity 
of intracellular luciferase was determined as stated above 
(32). 

RESULTS AND DISCUSSION 

YEE(GalNAcAH)s Synthesis and Formation of the 
DNA Complex. The cluster glycoside YEE(GalNAcAH)3 
(Figure 2A) is the highest affinity synthetic ligand of the 
ASGPr reported to  date (22). In binding assays using 
rat hepatocytes, this compound was reported to effect a 
50% inhibition a t  a concentration of 0.2 nM of ASOR 
binding (22). Lee and Lee obtained this high specificity 
through the use of N-acetylgalactosamine as the carbo- 
hydrate moiety which has higher affinity for the receptor 
in comparison with galactose. The use of a flexible 
branched peptide backbone provides a triantennary array 
of GalNAc groups to allow tight binding to the multiva- 
lent ASGPr. In light of the demonstrated affinity of this 
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Figure 5. Competition studies. HUH-7 cells were incubated 
with 1 pM iodinated Suc-YEE(GalNAcAH)3 and varying con- 
centrations of unlabeled glycopeptide or ASOR (A). The reverse 
competition study was also performed (B) using IZ5I-ASOR 
competed with 300-fold molar excess unlabeled Suc-YEE- 
(GalNAcAH13 which is the same maximum molar increase used 
in A. 

compound for the ASGPr, we sought to evaluate it as a 
ligand for targeted delivery to liver cells. 

To facilitate the formation of conjugates between YEE- 
(GalNAcAHI3 and amine-containing macromolecules, the 
N-succinyl derivative, SUC--YEE(G~~NACAH)~, was pre- 
pared by reaction of the tyrosyl N-terminal amino group 
with succinic anhydride. The free carboxyl group allows 
carbodiimide-mediated cross linking in aqueous solution 
between the fully deprotected cluster glycoside and 
polylysine or HSA. Polylysine-HSA-Suc-YEE(Ga1- 
NACAH)~ was used directly to form a targetable electro- 
static complex with DNA (Figure 2B). 

Binding Analysis. To address whether YEE(Ga1- 
NACAH)~ could replace ASOR as an ASGPr ligand, a 
series of binding studies were performed. lZ5I-Suc- 
YEE(GalNAcAH13 was shown to  bind to HUH-7 hepato- 
cyte monolayers in a dose dependent manner approach- 
ing saturation of receptors a t  2 pM (Figure 3A). Non- 
specific background binding determined by incubation 
with 150-fold excess unlabeled peptide was subtracted 
from total binding. Duplicate experiments were per- 
formed using lZ5I-ASOR (Figure 3B). Scatchard analy- 
ses of both 1251-S~~-YEE(GalNAcAH)3 and lZ5I-ASOR 
binding revealed similar results; namely, Kd values of 6 
x and 2 x M, respectively (Figure 3A,B). Lee 
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Figure 6. In vivo targeting and clearance analyses. lo6 CPM 
of 1251-Suc-YEE(GalNAcAH)3 complex was tail vein injected 
into Balb/C mice. The major organs were removed at 5 min post- 
injection and radioactivity counted to determine percent of 
labeled complex targeted to the liver. The remaining carcass 
was dissected and counted to analyze total biodistribution. 

and Lee (22) have shown that the glycopeptide without 
a succinyl group exhibited subnanomolar affinity for the 
ASGPr; however, we observed nanomolar range affinities 
for both ASOR and Suc-YEE(GalNAcAH)3. The differ- 
ences in binding affinities may be attributed to the 
experimental protocol as well as the culture systems used 
(human hepatocyte cell line used in house versus freshly 
isolated hepatocytes or soluble ASGPr; 22). The object 
of this project was to compare Suc-YEE(Ga1NAcAH)B to 
ASOR using both in vivo and in vitro assays. While the 
affinity of Suc-YEE(GalNAcAW3 for ASGPr appears to 
be less than previously reported, our data aErm that 
Suc-YEE(GalNAcAH)3 possesses similar ASGPr binding 
properties compared to  ASOR in our hands. 

Incubating the ASGPr-negative hepatocyte cell line, 
SK-Hep-1, with 1251-Suc-YEE(GalNAcAH~3 resulted in 
only minimal binding. In competition studies using 100- 
fold molar excess unlabeled Suc-YEE(GalNAcAH)3, no 
change was seen in the SK-Hep-1 binding results, sug- 
gesting nonspecific binding rather than ASGPr engage- 
ment (data not shown). 

Internalization Studies. In order to validate YEE- 
(GalNAcAH)3 usage as a ligand for targeted delivery of 
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Figure 7. Hepatocyte localization of iodinated glycopeptide. Perfused livers were removed from Balb/C mice injected with 4 x lo6 
counts of iodinated YG3-PL-Luc complex and processed for autoradiography as stated in the Experimental Procedures. Staining 
of negative control livers was negligible (B) while 1251-Suc-YEE(GalNAcAH)~ complex injected livers exhibited positive silver grains 
located in the parenchymal hepatocytes (C, D). A section from the same liver was processed for immunofluorescence and stained 
with an antibody specific to Kupffer cells. Vascular cells gave no evidence of iodinated glycopeptide uptake (C). V = vasculature, P 
= parenchyma, arrows = endothelial cells. Original magnification (A, B, C) = 600 x , (D) = 1000 x . 

DNA to the ASGPr, it was necessary to establish that 
the glycopeptide-PL-DNA complex was able to be taken 
up by hepatocytes. We established internalization by 
incubating HUH-7 cells with iodinated YG3-PL-Luc 
complex. Following incubation, half of the samples were 
treated to dissociate external ligandlreceptor binding. As 
seen in Figure 4A, there was an escalating amount of 
internalization of complex over time. After 3 h of 
incubation, the amount of complex taken up by the cell 
was 3.5-fold (Figure 4B). Iodinated orosomucoid was 
used as a negative control and was not internalized by 
the hepatocytes. Our results verify that Suc-YEE- 
(GalNAcAH)3 complexes were capable of binding the 
ASGPr and being endocytosed. 

Competition Studies. To demonstrate receptor speci- 
ficity, competition assays were performed using HUH-7 
cells incubated with 1251-S~~-YEE(GalNAcAH)3 and 
increasing concentrations of unlabeled Suc-YEE(Ga1- 
NAcAH)~ or ASOR (Figure 5A). As shown, both the 
unlabeled peptide and native ligand were able to compete 
for ASGPr binding with 1251-Suc-YEE(GalNAcAH)3. The 
reverse experiment, unlabeled peptide competing with 
iodinated ASOR, confirmed ASGPr specific binding (Fig- 
ure 5B). 
In Vivo Targeting and Clearance. I n  vivo studies 

demonstrated highly selective targeting and clearance of 
the 1251-YG3-PL-Luc complex to the liver. Within 5 
min post-injection, -96% of the radioactivity recovered 

from the five major organs was located in the liver: lungs 
= 1.2%, heart = 0.3%, spleen = 1.7%, and kidneys = 0.7% 
(Figure 6A). The remainder of the carcass contained 
minimal amounts of the radioactivity recovered from the 
body (= -94% of total radionucleotide injected; Figure 
6B). 

These in vivo data corroborate our i n  vitro results 
showing 1251-S~~-YEE(GalNAcAH)3 complex uptake via 
the liver specific ASOR receptor. Cryoautoradiography 
was used to visualize labeled complex within the liver 5 
min post-injection. Positive silver grains were observed 
located in and surrounding hepatocytes (Figure 7C,D) 
while nonparenchymal endothelial cells (arrows, Figure 
7C) and control cultures (Figure 7B) exhibited only 
background amounts of radioactivity. In order to dis- 
tinguish nonparenchymal Kupffer cells from hepatocytes, 
sections from the same liver were stained with antibodies 
specific for this macrophage. A representative photo- 
graph shown in Figure 7A revealed a pattern of staining 
markedly different from that of the silver grains which 
depicted localization of the YG3-PL-Luc complex in 
liver parenchyma. 
In Vitro Transfections. In order to show that YEE- 

(GalNAcAH)3 could be used for gene therapy, we trans- 
fected cells with a YG3-PL-Luc complex to demonstrate 
expression of the transfected gene. ASOR-PL-Luc 
transfections constituted the positive control while 
ASGPr-negative 3T3 fibroblasts from ATCC were used 
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cell type YG3-PL-Luc ASOR-PL-pCMV-Luc 
HUH-7 197 319 

228 873 
667 077 
515 464 

3T3 69 51 
91 63 

a HUH-7 cells and ASGPr-negative 3T3 fibroblasts were trans- 
fected with both YG3-PL-Luc and ASOR-PL-Luc. Values from 
the 3T3 cells were at  background levels (-50 RLU). 

Table 3. In Vivo Expressiona 
animal RLU 

mouse 1 
mouse 2 
mouse 3 
mouse 4 

8836 
12 097 

1943 
116 772 

a Four mice were injected with YG3-PL-Luc complex and the 
livers excised 3 days later. Luciferase activity was measured from 
each animal with detection of gene expression in all cases 
(background -50 RLU). 

as the negative control. The results, presented in Table 
2, revealed positive transfections by both YG3-PL-Luc 
and ASOR-PL-Luc complexes. Values equaling back- 
ground were observed with the receptor-minus fibroblast 
cells. A 3T3 cell line stably transformed with the ASGPr 
(33) was also used for in vitro transfections and resulted 
in positive transfections by both ASOR and YEE(Ga1- 
NAcAH)~ complexes. However, the values for the trans- 
formed 3T3 fibroblasts were lower than the HUH-7 
hepatocytes (data not shown). We have shown, herein, 
that YEE(GalNAcAH13 can substitute for ASOR in a 
ligand-PL-DNA complex for in vitro delivery of DNA 
to hepatocytes via the ASGPr. 
In Vivo Gene Expression. To further illustrate the 

use of YEE(GalNAcAH13, we injected the YG3-PL-Luc 
complex into mice. Two days later, the livers were 
removed and homogenized, followed by determination of 
luciferase activity. As shown in Table 3, all four mice 
were positive for luciferase activity. Mouse 4 expressed 
an unusually high value, while mice 1-3 are within a 
6-fold difference in RLU. 

Summary. We have demonstrated the use of the 
synthetic glycopeptide YEE(GalNAcAHl3 as a ligand for 
targeted delivery of DNA via the ASGPr. Specific binding 
to this receptor has been validated by binding, competi- 
tion, and internalization studies. Functional confirma- 
tion was provided by in vitro transfections as well as in 
vivo targeting, cryoautoradiography, and expression stud- 
ies. YEE(GalNAcAH)3 complexed to  DNA was able to 
duplicate the results obtained in similar experiments 
using ASOR-PL-DNA. Taken together, these data 
demonstrate the use of the synthetic cluster ligand, YEE- 
(GalNAcAHI3, for the delivery of DNA specifically to 
hepatocytes via the ASGPr. 
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Conjugates of cis-4-Hydroxy-~-proline and Poly(PEG-Lys), a Water 
Soluble Poly(ether urethane): Synthesis and Evaluation of 
Antifibrotic Effects in Vitro and in Vivo 
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Synthetic approaches for the preparation of macromolecular conjugates of the antifibrotic agent cis- 
4-hydroxy-~-proline (cHyp) were explored, and the efficacy of the conjugates in inhibiting collagen 
accumulation was investigated in vitro and in vivo. In one approach, poly(PEG-Lys), an alternating 
copolymer of poly(ethy1ene glycol) (PEG) and lysine, was used as the carrier. To prepare pendent 
chain systems, cHyp was attached to poly(PEG-Lys) through an amide linkage [poly(PEG-Lys-cHyp 
amide)] or through an ester linkage [poly(PEG-Lys-cHyp ester)]. In an alternative approach, cHyp 
was incorporated into the backbone of a linear copolymer consisting of PEG, succinic acid, and cHyp 
units [poly(PEG-succinate-cHyp)]. Bioactivity in vitro was assessed by the ability of the cHyp 
conjugates to  inhibit growth of cultured smooth muscle cells (SMC) and rat lung fibroblasts (RLF). 
Cell numbers were compared to control experiments in the presence of biologically inactive truns-4- 
hydroxy-L-proline (tHyp). After a 5 day period, the presence of 8 pglmL of cHyp delivered by poly- 
(PEG-Lys-cHyp amide) resulted in a 47% reduction in the number of SMC ( p  < 0.05), the presence of 
36 pglmL of cHyp delivered by poly(PEG-Lys-cHyp ester) resulted in a 38% reduction in the number 
of SMC ( p  < 0.051, while the presence of 118 pg/mL of cHyp delivered by poly(PEG-succinate-cHyp) 
resulted in a 31% reduction in the number of cells ( p  < 0.05). An identical trend was observed for the 
inhibition of RLF growth. In general, poly(PEG-Lys-cHyp amide) was most active, followed by poly- 
(PEG-Lys-cHyp ester) and the backbone system, poly(PEG-succinate-cHyp). Specifically, poly(PEG- 
Lys-cHyp amide) was over 100-fold more active in inhibiting cell growth than free cHyp. Bioactivity 
in vivo was evaluated by measuring collagen accumulation in subcutaneously implanted poly(viny1 
alcohol) sponges in rats. Among the tested conjugates, poly(PEG-Lys-cHyp amide) was most active, 
reducing collagen accumulation in the sponge by 33% after 14 days relative to controls ( p  < 0.05). 
This result indicates that the covalent attachment of cHyp to  poly(PEG-Lys) carriers may be a useful 
strategy for the local inhibition of collagen accumulation in tissues. 

INTRODUCTION 

The use of water soluble polymers in drug delivery has 
been investigated in detail. Available evidence indicates 
that polymeric carriers can modify the body distribution 
of a therapeutic agent, the mode of cell uptake, drug 
permeability through physiological barriers, and the rate 
of excretion from the body (1 -5).  To achieve either a 
“targeting effect” or a “sustained release” effect, polymeric 
carriers have been suggested that contain drug moieties 
as terminal groups, as part of the backbone, or as pendent 
groups on the polymer chain (Figure 1). 

Recently, the preparation and potential utility of the 
PEG-Lys copolymer system as a new, water-soluble 
polymeric carrier has been described (6, 7). In this 
system, low molecular weight chains of poly(ethy1ene 
glycol) (PEG)’ are copolymerized with the natural amino 
acid L-lysine to form a water soluble poly(ether urethane) 
backbone which has free carboxylic acid pendent groups 
at each monomeric repeat unit (Figure 2). This polymeric 
carrier exhibits many of the advantageous properties of 
PEG (low toxicity, ready excretion, lack of nonspecific 
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uptake by liver or eIements of the reticuloendothelial 
system), while providing multiple attachment points for 
the covalent linkage of spacers and/or drugs. The 
covalent attachment of various antibiotics (7) and the 
anticancer agent doxorubicin (8) to the poly(PEG-Lys) 
backbone by biostable and biodegradable linkages has 
been described. Furthermore, the attachment of the 
naturally occurring amino acid cis-4-hydroxy-~-proline 
(cHyp) has been explored in a series of preliminary 
reports (9-11). 

cHyp inhibits the biosynthesis of collagen and has been 
identified as a potential antifibrotic agent (12). Previ- 

Abbreviations: PEG, poly(ethy1ene glycol); Lys, L-lysine; 
cHyp, cis-4-hydroxy-~-proline; tHyp, trans-4-hydroxy-~-proline; 
Boc, tert-butoxycarbonyl; (Boc)zO, di-tert-butyl carbonate; DCC, 
1,3-dicyclohexylcarbodiimide; DMAP, 4-(dimethylamino)pyriri- 
dine; DIPC, 1,3-diisopropylcarbodiimide; DPTS, 44dimethy- 
1amino)pyridinium 4-toluenesulfonate; NHS, N-hydroxysuccin- 
imide; DMF, dimethylformamide; EDTA, ethylenediamine- 
tetraacetic acid; SMC, smooth muscle cell; RLF, rat lung 
fibroblast; MIC, minimum inhibitory concentration; FBS, fetal 
bovine serum; IU, international units; GPC, gel permeation 
chromatography; M,, weight average molecular weight; Mn, 
number average molecular weight; (Mw/Mn), polydispersity; rt, 
ambient temperature; NMR, nuclear magnetic resonance; ppm, 
parts per million; MHz, megahertz. 

0 1994 American Chemical Society 
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Figure 1. Three different system configurations for the design 
of macromolecular drug conjugates: (a) drug molecules as 
terminal groups of a polymeric carrier; (b) drug molecules 
incorporated into a polymeric backbone; (c) drug molecules as  
pendent chains, attached to a polymeric backbone through 
linking groups and/or spacers. The symbol AA represents a 
polymer backbone, - represents a linking group or spacer, and 
the encircled word drug represents a drug molecule. 

0 0 
Bis( succinimidy1carbonate)PEG 

1 L-lysine 

r 1 

L OH J 

oYN70 
1 

poly( PEG-Lys-NHS) 
(VI) 

Figure 2. Preparation of poly(PEG-Lys) (111) from bis(succin- 
imidyl carbonatel-PEG of molecular weight 2000 and L-lysine, 
followed by the activation of the free carboxylic acid pendent 
chains as the N-hydroxysuccinimidyl active esters (VI). Detailed 
reaction schemes have been reported previously (23). 

ously, administration of cHyp t o  rodents with experi- 
mental pulmonary fibrosis (13, 14) and pulmonary hy- 

pertension (15,16) has been shown to  attenuate collagen 
accumulation in tissues. However, when injected in its 
free form, cHyp is too toxic to be considered as a potential 
clinical agent for the treatment of fibrotic disorders of 
the lung (16,17) due primarily to  its systemic effects on 
noncollagen proteins (18). To decrease the toxicity of free 
cHyp, liposomal delivery systems have been formulated 
and tested (17). As an alternative approach, cHyp has 
been attached in various configurations to  the backbone 
of the poly(PEG-Lys) carrier (9-11). These delivery 
strategies have been developed to deliver cHyp to specific 
sites of active collagen formation, with the potential of 
maximizing the local concentration of cHyp relative to 
endogenous proline. In this context, the prevention of 
surgical adhesions, the reduction of scar formation during 
wound healing, and the treatment of fibrotic lung disor- 
ders are possible therapeutic applications. 

This paper describes in detail the synthetic strategy 
utilized to  obtain covalently bound conjugates of poly- 
(PEG-Lys) and cHyp and reports on their biological 
activity. Results from i n  vitro studies on RLF and SMC 
as well as in vivo studies in a rat model indicated that 
high molecular weight conjugates of poly(PEG-Lys) and 
cHyp exhibit significantly improved and sustained anti- 
fibrotic effects as compared to monomeric cHyp. 

MATERIALS AND METHODS 

Materials. Reagents for Conjugate Synthesis. PEG 
of high purity and narrow molecular weight distribution 
(M,  = 2000 g/mol) was obtained from Fluka Chemical, 
Buchs, Switzerland. tHyp was from Sigma Chemical Co., 
St. Louis, MO. cHyp was obtained from Peptide Inter- 
national, Louisville, KY. All solvents were purified by 
distillation following standard methods, and all other 
reagents were synthesis grade. 

I n  Vivo and in Vitro Studies. Six-week-old male 
Sprague-Dawley rats (Crl:CD[SDlBR), weighing 180- 
200 g, were obtained from Charles River Laboratories, 
Wilmington, MA. Penicillin G, streptomycin, gentamicin, 
ascorbic acid, and trypan blue were from Sigma Chemical 
Co., St. Louis, MO. Collagen (type I from rat tail) was 
from Collaborative Biomedical Products, Bedford, MA. 
Medium 199 with Earl's salts and fetal bovine serum 
(FBS) was purchased from ICN Biomedicals, Inc., Costa 
Mesa, CA. Trypsin-EDTA was from Gibco-BRL, Grand 
Island, NY. Poly(viny1 alcohol) (IVALON) was from 
Unipoint Industries, Inc., High Point, NC. 

Instrumental. Amino Acid Analyses. Samples were 
hydrolyzed in sealed tubes a t  110 "C for 48 h in 6 N HCl 
containing 0.1% phenol. Amino acid analyses were 
performed at  the Rockefeller University Protein Sequence 
Facility, New York, NY. 

Nuclear Magnetic Resonance. IH and 13C NMR were 
recorded at  199.98 and 50.29 MHz, respectively, on a 
Varian Gemini 200 in 5 mm tubes using 7% wuwt 
solutions in deuterated solvents. Chemical shifts were 
reported in ppm. 

Molecular Weight Analysis. Molecular weights were 
determined by GPC using a Perkin-Elmer Model 410 
pump, a Waters 410 differential refractometer detector, 
and the Perkin-Elmer 2600 chromatography software. 
Two TSK columns (G2000SW and G4000SW) were oper- 
ated in series at a flow rate of 1 mumin using sodium 
acetate buffer (0.1 M, pH 5.0) as the eluent. Molecular 
weights were calculated relative to  poly(ethy1ene oxide) 
standards without further corrections. 

Synthesis. Unless otherwise noted, all procedures are 
described for the cis-derivative. However, the procedures 
are generally applicable to both cHyp and tHyp. Roman 
numerals refer to  the compounds shown in Figures 2-5. 



Conjugates of cHyp and Poly(PEG-Lys) 

Preparation of Monomeric Derivatives of cHyp. Protec- 
tion of the C- or N-Terminus. cHyp-OMe (I) was prepared 
by reaction of cHyp with thionyl chloride in methanol 
(19). I was then Boc protected by reaction with di-tert- 
butyl dicarbonate using a common procedure (20). N- 
Boc-cHyp-OMe (11) was obtained in an overall yield of 
84%: mp 82-83 "C; 13C NMR (CDC13, ppm) 28.2 [C(CH&] 
,37.2 (P-CH2), 54.9 (6-CHz), 55.5 (CO2CH3), 57.9 (a-CHI, 
70.6 +CHI, 81.1 [C(CH3)31, 155.0 (NC=O), 176.2 (a- 
C=O). Likewise, cHyp was directly reacted with di-tert- 
butyl dicarbonate to  yield N-Boc-cHyp (VII) in a yield of 
90%, mp 140-141 "C. 

Preparation of 5-Aza-2-oxa-3-oxobicyclo[2.2. llheptane 
(Hyp-lactone) (mj. The procedure of Papaioannou was 
modified (21). In the first step, the Boc-protected lactone 
VI11 was formed, followed by removal of the Boc group, 
to yield the free lactone HC1 salt M. This reaction 
scheme is applicable to  the cis-derivative only. 

To a 250 mL flask was added 2.0 g (8.7 mmol) of VII, 
10.4 mg (0.87 mmol) of 4-(dimethylamino)pyridine, and 
150 mL of acetonitrile. The resulting solution was cooled 
to -5 "C, followed by the addition of 2.1 g (10.4 mmol) of 
1,3-dicyclohexylcarbodiimide. After 5 h at  ambient tem- 
perature, the reaction mixture was filtered to remove the 
precipitate of 1,3-dicyclohexyl urea. The clear filtrate 
was evaporated to dryness. The crude N-Boc-Hyp- 
lactone (VIII) was redissolved in methylene chloride and 
extracted with water, saturated MSO4 solution, and 
saturated NaCl solution. The organic phase was dried 
over anhydrous NazSO4, and VI11 was isolated after 
filtration and evaporation of the filtrate. For final 
purification, flash chromatography on silica gel with 
methylene chloride as the eluent was employed. VI11 
was obtained as a white, crystalline solid: yield 0.65 g 
(35% theoretical), mp 112-113 "C (lit. mp 109-111 "C). 

Next, the Boc group was removed by acidolysis under 
strictly anhydrous conditions. A 440 mg (2.1 mmol) 
portion of VI11 was dissolved in 2 mL of 1,4-dioxane and 
treated for 30 min with 2 mL of 4 N HC1 in 1,4-dioxane. 
M was precipitated from diethyl ether. Three hundred 
mg (97%) of M was obtained: mp 210-212 "C; 13C NMR 
(CDCl3, ppm) 39.8 (CHCHzCH), 56.3 (CHZNH), 61.7 

Preparation of 4-Succinyl-N-(tert-butoxycarbonyl)pyr- 
rolidinecarboxylic Acid (0-Suc-N-Boc-Hypj (XU. To a 50 
mL flask was added 1.5 g (6.5 mmol) ofN-Boc-Hyp, 0.85 
g (8.5 mmol) of succinic anhydride, 0.80 g (6.5 mmol) of 
4-(dimethylamino)pyridine, and 1.8 mL (13.1 mmol) of 
triethylamine in 25 mL of tetrahydrofuran. The reaction 
mixture was allowed t o  stir a t  room temperature for 15 
h. The solvent was removed under reduced pressure and 
redissolved in water and the pH adjusted to 5 with 1 M 
M S 0 4 .  XI was isolated by extraction with methylene 
chloride, followed by drying over anhydrous MgS04 and 
solvent removal under reduced pressure: 13C NMR 
(CDC13, ppm) 28.2 [C(CH&I, 28.8 (CHZCOZH), 29.2 (CHZ- 

(a-CH of Hyp), 72.5 (6-CH of Hyp), 80.7 [C(CH&I, 171.4 
(NC=O), 177.4 (CO2CH), 178.7 (HOzCCH2), 179.2 (a- 
C=O of Hyp). 

Preparation of Poly(PEG-Lysj. Poly(PEG-Lys) (111) and 
the NHS active ester derivative poly( PEG-Lys-NHS) (VI) 
were prepared as previously described from PEG of 
molecular weight 2000 and L-lysine (7,23). The molecu- 
lar weight of poly(PEG-Lys) preparations differed slightly 
from batch to batch. For this study, batches were 
selected that had a weight average molecular weight of 
approximately 50 000 g/mol and a polydispersity of 
approximately 1.6 (Table 1). 

(CHC=O), 72.0 (OCH-CHz), 175.5 (C=O). 

COzCH), 36.7 (P-CHz of Hyp), 51.6 (6-CHz of Hyp), 57.3 
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Preparation of "Ester-Linked" Conjugate, Poly(PEG- 
Lys-cHyp ester) Wj. To a solution of 5 g (2.3 mmol) of 
I11 in 350 mL of methylene chloride was added 1.13 g 
(4.6 mmol) of I1 and 0.61 g (2.3 mmol) of 4-(dimethy- 
1amino)pyridine. The solution was cooled to 4 "C, and 
0.61 g (3.0 mmol) of 1,3-dicyclohexylcarbodiimide was 
added. Stirring was continued for 1 week a t  ambient 
temperature. The reaction mixture was concentrated to 
100 mL by rotary evaporation, cooled to -25 "C to  allow 
maximum precipitation of 1,3-dicyclohexylurea, and fil- 
tered. The clear filtrate was precipitated into cold (-5 
"C) diethyl ether, isolated by suction filtration, rinsed 
with several portions of cold diethyl ether, and vacuum 
dried a t  room temperature. Yield of the Boc-protected 
conjugate (IV): 5.0 g (90% theoretical). The degree of 
cHyp attachment was determined by amino acid analysis. 

Next, the Boc group was removed by acidolysis under 
strictly anhydrous conditions. A 2.0 g portion of IV in 6 
mL of 1,ldioxane was treated for 2 h with 3 mL of 4 N 
HC1 in 1,ldioxane. V was precipitated by the addition 
of diethyl ether, reprecipitated from 2-propanol, and 
vacuum dried, yield 1.77 g (90%). The degree of cHyp 
attachment was determined by amino acid analysis (see 
Table 1): 13C NMR (DzO, ppm) 21.8 (y-CHz of Lys), 28.9 
(d-CHz of LYS), 31.5 (P-CHz of LYS), 36.2 (P-CHz of Hyp), 
40.0 (E-CHZ of LYS), 52.3 (6-CH2 of Hyp), 52.7 (-0CH3 

63.5-72.4 (PEG), 75.5 (y-CH of H n ) ,  155.7 (C=O of E-NH 
ester of Hyp), 53.5 (a-CH of Lys), 58.3 (a-CH of Hyp), 

urethane), 156.3 (C=O of a-NH urethane), 171.6 (a-C=O 
of Hyp), 174.6 (a-C=O of Lys). 

Preparation of the "Amide-Linked Conjugate, Poly- 
(PEG-Lys-cHyp amide) (Xj. To a 500 mL flask was added 
4.0 g (1.7 mmol) ofVI and 300 mL of methylene chloride. 
A clear solution formed to which was added with stirring 
520 mg (3.5 mmol) of M and 0.70 mL (5.0 mmol) of 
triethylamine. The reaction mixture was stirred for 6 
days at  ambient temperature. A precipitate formed 
which was removed by filtration. The filtrate was 
evaporated to  dryness. The crude product was redis- 
solved in 50 mL of water, the pH was adjusted to 8.5 with 
solid NaHC03, and the mixture was stirred for 3 h a t  
ambient temperature to hydrolyze the lactone ring. 
Then, conjugate X was extracted into methylene chloride. 
The organic phase was dried over NazS04 and concen- 
trated to  a final volume of 15 mL. X was precipitated 
from 2-propanol and vacuum dried, yield 2.3 g (60% 
theoretical). The degree of cHyp attachment was deter- 
mined by amino acid analysis (see Table 1): I3C NMR 
(DzO, ppm) 25.2 (y-CHz of Lys), 31.5 (6-CHz of Lys), 34.5 

55.8 (a-CH of Lys), 57.6 (6-CHz of Hyp), 59.6 (a-CH of 

of NH urethane), 161.4 (a-C=O of NH urethane), 175.7 
(a-C=O of amide), 182.1 (C=O of Hyp). 

Preparation of "Backbone-Linked" Conjugate, Poly- 
(PEG-succinate-cHypj (XIIIj. The procedure of Moore 
and Stupp was modified (24) as follows. To a 50 mL flask 
was added 2.4 g (1.2 mmol) of PEG (azeotropically dried 
with toluene) and 35 mL of methylene chloride. To this 
solution was added 397.2 mg (1.2 mmol) of XI, 141.3 mg 
(0.5 mmol) of 4-(dimethylamino)pyridinium 4-toluene- 
sulfonate, and 605.6 mg (4.8 mmol) of 1,3-diisopropyl- 
carbodiimide. The solution was stirred a t  ambient 
temperature for 48 h. The precipitate of 1,3-diisopropy- 
lurea was removed by filtration. The filtrate was con- 
centrated to 10 mL, and the product was precipitated into 
diethyl ether. Reprecipitation from 2-propanol, followed 
by filtration and vacuum drying, afforded poly(PEG- 
succinate-N-Boc-Hyp) (XII), yield: 2.1 g (76% theoreti- 
cal). 

(P-CHz of LYS), 39.5 (P-CHz of Hyp), 43.2 (E-CHZ of LYS), 

Hyp), 63.4-72.6 (PEG), 74.8 (y-CH of Hm), 160.8 (E-C=O 
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Table 1. Physical Data of the Polymeric Carriers Used 

Poiani et al. 

M ,  ( 104)” loading 
compd (dmol) M d M n  (cHypLys) 

poly(PEG-Lys) 4.25 1.66 
poly(PEG-succinate-tHyp) 5.46 1.57 
poly(PEG-succinate-cHyp) 5.29 1.59 
poly(PEG-Lys-cHyp amide) 3.82 1.58 0.14b 
poly(PEG-Lys-cHyp ester) 7.77 1.83 0.63b 

Weight average molecular weight as determined by GPC 
relative to poly(ethy1ene oxide) standards. Loading was deter- 
mined by amino acid analysis and is expressed as the ratio of cHyp 
to Lys. A ratio of 1 would indicate attachment of cHyp to  all 
available pendent chains. 

Next, the Boc group was removed by acidolysis under 
strictly anhydrous conditions. A 1.5 g portion of XI1 in 
2 mL of l,4-dioxane was treated for 4 h with 6 mL of 4 N 
HC1 in 1,4-dioxane. XI11 was precipitated into diethyl 
ether, filtered, rinsed with several portions of diethyl 
ether, and vacuum dried. The degree of cHyp incorpora- 
tion was determined by amino acid analysis (see Table 
1). For the cis-derivative: 13C NMR (CDCl3) 28.5 

CH2 of Hyp), 51.1 (6-CHz of Hyp), 58.3 (a-CH of Hyp), 
(-0zCCHzCH2COz-), 28.7 (-0zCCHzCHzC02-), 34.9 (p- 

63.8-71.7 (PEG), 72.3 (1/-CH of Hyp), 168.4 (PEG- 
OC=O), 170.9 (CHZCHZCO~CH), 172.0 (NHCHC=O). 

Biological Studies. Cell Culture. SMCs and RLFs 
(1 x lo6 cells) from fetal rats (American Type Tissue 
Culture, Rockville, MD) were grown in medium 199 
containing 10% FBS, 100 IU/mL of penicillin G, 100 pg/ 
mL of streptomycin, 50 pglmL of gentamicin, and 50 pg/ 
mL of sodium ascorbate a t  pH 7.4 on 25 cm2 plastic tissue 
culture flasks (Corning Glass Works, Corning, NY) a t  37 
“C. Cells were grown under 95% air, 5% CO2, harvested 
with trypsin-EDTA after the fourth passage, seeded (1 
x lo5 cells/dish) onto polystyrene dishes (35 mm diam- 
eter, 10 mm depth, Corning), and grown in the above 
medium with 0.5% FBS for 24 h. Cells were placed in 
fresh medium containing 10% FBS to  stimulate growth, 
and the test substance was added. Cells were grown 
without changing the medium for 6 days. Cell number 
was counted with a hemocytometer a t  regular intervals. 
Cell viability was assayed by trypan blue exclusion. 

In  Vitro Assay of the Antifibrotic Effect of Test Com- 
pounds. Antifibrotic effects were tested by measuring 
inhibition of SMCs and RLFs grown on collagen-free 
plastic culture dishes in the presence of the test com- 
pounds. This assay is based on the principle that cells 
grown on plastic dishes must secrete a collagenous 
protein to attach and grow (25). Cell growth on collagen- 
free tissue culture dishes was compared to cell growth 
on plates precoated with type I rat tail collagen in the 
presence of the same test compound. This comparison 
made it possible to  exclude cytotoxic effects and to check 
for specificity of inhibition of collagen secretion. The 
percent growth inhibition was determined relative to cell 
growth in the presence of biologically inactive tHyp using 
the following equation: 

growth inhibition (%) = 
[(cells in presence of tHyp) - 

(cells in  presence of test compound)1100/ 
(cells in presence of tHyp) 

The “minimum inhibitory concentration” (MIC) was 
defined as that concentration of test compound which 
inhibited cell growth by 50 f 10%. 

In all assays, test or control compounds were added to  
the tissue culture medium at  known concentrations at  
day 0 and cell numbers were monitored daily for up to 6 

days. For macromolecular conjugates, the amount of 
cHyp contained per gram of conjugate was calculated 
based on the known chemical composition of the conju- 
gate (Table 2). 

In  Vivo Antifibrotic Effect of the Compounds. The 
ability of the test substance to inhibit collagen accumula- 
tion in sponges implanted in rats was used as an index 
of the in vivo antifibrotic effect. Poly(viny1 alcohol) 
sponges, 1.6 cm3 in size, were impregnated with the 
appropriate test compound dissolved in 1.0 mL of phos- 
phate-buffered saline (0.1 M, pH 7.4) such that a cHyp 
content of 0.741 mghponge was achieved (Table 3). Each 
sponge was implanted subcutaneously in the dorsal 
thorax of rats anesthetized by intraperitoneal injection 
of 0.4 mL of ketamine solution (26). After 14 days, the 
rats were sacrificed, and the sponges were removed. 
After loose fibrinous material was removed from the 
surfaces of the sponge, the entire sponge was hydrolyzed 
in 6 N HC1 for 48 h at  116 “C. The hydrolysate was 
evaporated, the residue suspended in water, and an 
aliquot assayed in triplicate for hydroxyproline using the 
method of Kiviriko et al. (27). Total protein content was 
determined in triplicate using the ninhydrin method (28) 
with leucine as the standard. The results were expressed 
as collagen content per gram of sponge and as total 
protein content per gram of sponge. 

Statistical Analysis. Data were analyzed by two-way 
analysis of variance using a statistical software package 
((1982) SAS User’s Guide, Statistics, pp 119-137, SAS 
Institute: Carey, NC) followed by Duncan’s post-hoc test 
(29). A p  value < 0.05 was considered significant. 

RESULTS AND DISCUSSION 
Synthetic Aspects of Carrier Design. It is well 

established that the biological activity of a drug carrier 
critically depends upon its molecular architecture. There- 
fore, two distinctly different synthetic strategies (Figure 
1) were used in the design of cHyp conjugates. In one 
strategy, cHyp was attached as a pendent chain via 
covalent linkages to the poly(PEG-Lys) backbone. By 
varying the linking bond from ester (Figure 3) to amide 
(Figure 4), the effect of different rates of hydrolytic 
cleavage of the drug from the polymeric backbone could 
be explored. The corresponding conjugates were desig- 
nated as poly(PEG-Lys-cHyp ester) (V) and poly(PEG- 
Lys-cHyp amide) (XI, respectively. In a second approach, 
cHyp was incorporated via hydrolytically labile bonds 
into the polymeric backbone itself (Figure 5). Thus, free 
cHyp was expected to  be liberated upon backbone deg- 
radation. The corresponding conjugate was designated 
as poly(PEG-succinate-cHyp) (XIII). 

For the construction of the pendent chain systems, the 
previously described poly(PEG-Lys) was used as the 
backbone. As shown in Figure 2, this backbone can be 
regarded as a poly(ether urethane) which in previous 
studies (7) appeared to be nondegradable under physi- 
ological conditions. The poly(PEG-Lys) backbone was 
prepared by published procedures, and the molecular 
weight of all batches was characterized by GPC. Next, 
cHyp was attached to  the polymeric backbone via ester 
or amide bonds, using the reactions outlined in Figures 
3 and 4, respectively. Since different batches of poly- 
(PEG-Lys) were used as starting materials in these 
reactions, some variations in the length of the backbone 
were unavoidable (Table 1). In general, the molecular 
weights were in the range of 50 000 glmol, as determined 
by GPC relative to poly(ethy1ene oxide) standards. 

The success of the attachment reactions was ascer- 
tained by amino acid analysis after total hydrolysis of 
the conjugate. Briefly, a ratio of 1:l between Lys and 
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Table 2. Molecular Coniugates Tested in Vitro 

compd 

~~ ~ 

growth inhibition aRer 5 daysC (%) conjugate CHYP 
concnQ @g/mL) concnb (ug/mL) SMC RLF 

poly(PEG-succinate-cHyp) 1000 

poly(PEG-Lys-cHyp amide) 1000 
poly(PEG-Lys-cHyp ester) 1000 
poly(PEG-Lys) + ~ H y p  

2000 

943 + 57 

59 
118 

8 
36 
57 

13d 
25e 
47' 
3 8e 
4d 

< Id  
3 le 
4 9  
1 7e 
3d 

a Concentration of the test compound added to the tissue culture medium. Corresponding concentration of polymer-bound cHyp @g/ 
mL). Growth inhibition (%I = [(cells in presence of tHyp) - (cells in presence of test compound)1100/(cells in presence of tHyp). Difference 
in growth in presence of tHyp is not statistically significant (p > 0.05). e Difference in growth in presence of tHyp is statistically significant 
( p  < 0.05). 
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HCI/l ,)-dioxane 1 
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Figure 3. Synthetic scheme for the preparation of poly(PEG- 
Lys-cHyp ester) (VI. 

cHyp would indicate the quantitative attachment of cHyp 
to all available pendent chains. As shown in Table 1, 
this ideal situation was not achieved by the currently 
available reaction schemes. The differences in loading 
between individual conjugates were taken into account 
by calculating the amount of polymer-bound cHyp con- 
tained per gram of each conjugate (Table 2). 

Crosslinking of two pendent carboxylic acid groups by 
DCC-mediated anhydride formation represented the most 
significant side reaction during the preparation of the 
conjugate V (Figure 3). The temporary formation of 

""'QCOzH 

DCCtDMAP I 
O P111) 

Figure 4. Synthetic scheme for the preparation of poly(PEG- 
Lys-cHyp amide) (XI. 
anhydrides could be observed by I3C NMR and by the 
gellation of the reaction product due to  crosslinking. 
Fortunately, the anhydrides were readily hydrolyzed 
during the aqueous work up of the conjugate, thereby 
regenerating a freely soluble product with "unoccupied" 
carboxylic acid pendent groups. No loss of the covalently 
attached cHyp was observed during this step. In ac- 
cordance with this mechanism, the degree of attachment 
of cHyp during preparation of the poly(PEG-Lys-cHyp 
ester) conjugate could be increased by increasing the 
molar excess of the protected cHyp derivative I1 in the 
coupling mixture. Striking a balance between the need 
to avoid unnecessary losses of cHyp and the need to  
achieve high loading, a 2-fold molar excess of I1 in the 
reaction mixture was selected. This resulted in an 
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-(PEGO~CH,CH~~! 

HCI 
Figure 5. Synthetic scheme for the preparation of poly(PEG- 
succinate-cHyp) (XIII). 

attachment yield of 63%; i.e., cHyp was linked to 63% of 
all available pendent chains. 

The attachment of cHyp during the preparation of poly- 
(PEG-Lys-cHyp amide) proceeded with an attachment 
yield of only about 14%; Le., cHyp was linked to 14% of 
all available pendent chains. The low attachment yield 
was related to  the surprisingly sluggish reaction of 
lactone M with poly(PEG-Lys NHS) (VI), the activated 
succinimidyl ester of poly(PEG-Lys). In previous studies, 
VI reacted rapidly and at  high yield with amine-contain- 
ing ligands (7, 23). The low yield of the attachment 
reaction was likely due to  the limited solubility of lactone 
M in methylene chloride. 

Treatment of poly(PEG-Lys-cHyp amide) during the 
final workup with aqueous base (pH 8.5) assured both 
the complete ring-opening of the attached lactone as well 
as the hydrolysis of any remaining succinimidyl pendent 
groups to free acid. One may therefore expect that any 
“unoccupied” pendent chains in the poly(PEG-Lys-cHyp 
amide) conjugate existed as free carboxylic acid groups. 

In more recent studies, dimethylformamide (DMF) was 
used in place of methylene chloride. This change in- 
creased the cHyp attachment yield to 65%. However, this 
recently synthesized material was not available when the 
biological studies (see below) were performed. 
In Vitro Antifibrotic Activity. As reported previ- 

ously (251, the ability of RLFs and SMCs to produce a 
collagenous extracellular matrix is a requirement for cell 

6.0 

5.0 

4.0 

3.0 

2.0 

I .o 

Time (days) 

Figure 6. Control experiments (n = 5) showing the absence of 
growth inhibition for tHyp, PEG (M,  = 20001, and unloaded 
poly(PEG-Lys) at a concentration of 1 mg/mL in RLF cultures 
using uncoated (collagen-free) plates. The growth of quiescent 
cells was stimulated by addition of 10% FBS (day zero), and 
cells were counted daily. There were no statistically significant 
differences. Similar results were obtained in cultures of SMCs. 

growth on tissue culture plates. Therefore, in collagen- 
free tissue culture plates, test substances that inhibit 
collagen synthesis also inhibit cell growth. This principle 
has been used for the development of an in vitro assay 
for collagen inhibition (17,25). The assay can distinguish 
between a specific collagen synthesis inhibitory effect and 
nonspecific cytotoxicity. When tissue culture plates are 
precoated with collagen, cells do not have to  synthesize 
their own collagen and will grow normally in the presence 
of a specific collagen synthesis inhibitor but will not grow 
in the presence of a cytotoxic agent. One limitation of 
the assay is that the test period is restricted to a 
maximum of 6 days due to the limited viability of RLF 
or SMC cultures. By defining the “minimum inhibitory 
concentration” (MIC) as that concentration resulting in 
50 f 10% cell growth inhibition (see Materials and 
Methods), previous studies had established a MIC of 1 
mg per mL of cell culture medium for free cHyp (1 7). On 
the basis of these prior observations, test compounds 
were usually dosed at  1 mg/mL and cell growth was 
monitored over a 6 day observation period in all assays. 

A number of control experiments were conducted, using 
both uncoated and collagen-precoated tissue culture 
plates. At 1 mg/mL, tHyp, PEG (M,  = 2000 g/mol), and 
“unloaded poly(PEG-Lys) had no inhibitory or cytotoxic 
activity in either RLF or SMC cultures (Figure 6). Using 
collagen-precoated plates, the macromolecular conjugates 
[poly(PEG-Lys-cHyp amide) (X), poly(PEG-Lys-cHyp es- 
ter) (VI, and poly(PEG-succinate-cHyp) (XI1113 were 
further tested for nonspecific cytotoxic effects in RLF and 
SMC cultures a t  an increased concentration of 2 mg/mL. 
Even a t  this higher dose, there was no growth inhibition 
(data not shown), indicating the absence of nonspecific 
cytotoxic effects. 

Then, the same macromolecular conjugates [poly(PEG- 
Lys-cHyp amide) (X), poly(PEG-Lys-cHyp ester) (V), and 
poly(PEG-succinate-cHyp) (XIII)] were tested in uncoated 
plates. Under these conditions, a statistically significant 
inhibition of cell growth (relative to cell growth in the 
presence of inactive tHyp) was observed. 
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Figure 7. Inhibition of the growth of SMCs in uncoated plates 
by the macromolecular pendent chain systems poly(PEG-Lys- 
cHyp amide) (X) and poly(PEG-Lys-cHyp ester) 0, as compared 
to cell growth in the presence of biologically inactive tHyp 
(control). The growth of quiescent cells was stimulated by 
addition of 10% FBS (day zero), and cells were counted daily. 
The macromolecular conjugates were added at a concentration 
of 1 mg/mL. On the basis of their respective loading, the content 
of cHyp varied for each conjugate (see Table 2). Data points 
represent the mean of five repetitions. Error bars are the 
standard error of the mean. * indicates that the data point is 
significantly different from the tHyp control, and # indicates a 
significant difference between the amide-linked (X) and ester- 
linked (V) conjugates ( p  < 0.05). 

In one set of experiments (Figure 7), the number of 
SMCs was significantly reduced in the presence of 1 mg/ 
mL of the amide- and ester-linked pendent chain systems 
(X and VI. Under identical experimental conditions, 
statistically significant growth inhibition was also ob- 
served in cultures of RLF (Figure 8). Since cHyp is bound 
to conjugates with different chemical structures, each 
type of polymeric conjugate contains a different quantity 
of bound cHyp per unit weight. In this situation, one 
could base the experimental design on keeping the 
amount of bound cHyp constant, which would require the 
use of varying quantities of cHyp-conjugates. Alterna- 
tively, one could keep the amount of drug conjugate 
constant, resulting in variations in the amount of bound 
cHyp. Since clinicians often think in terms of dosage, 
we chose to  keep the amount of drug conjugate constant, 
using 1 mg/mL as  the standard concentration in all 
comparative experiments (Table 2). On the basis of the 
experimentally determined loadings of the amide- and 
ester-linked pendent chain systems (X and V) the cor- 
responding concentrations of polymer bound cHyp were 
8 and 36 ,ug/mL respectively (Table 2). 

Initial experiments were conducted to  develop dose- 
response correlations. For pendent chain systems X and 
V no inhibition of growth was observed for either SMC 
or RLF at  0.5 mg/mL, while significant inhibition of 
growth was observed a t  1 mg/mL. On the basis of the 
data collected in Table 2, the MIC of poly(PEG-Lys-cHyp 
amide) (X) could be estimated to be about 8 pg of bound 
cHyp per mL while the MIC of poly(PEG-Lys-cHyp ester) 
(V) was in the range of 36 pg of bound cHyp per mL. 
Thus, for the amide-linked conjugate, polymer-bound 
cHyp had a MIC that was about 100-fold smaller than 
the MIC of free cHyp (1 mg/mL) (17), while for the ester- 

+ poly(PEG-Lys-cHyp amide) 
+ poly(PEG.Lys-cHyp ester) 

5.04 

0.0 \ 1 I I 1 I I I 
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Figure 8. Inhibition of the growth of RLFs in uncoated plates 
by the macromolecular pendent chain systems poly(PEG-Lys- 
cHyp amide) (X) and poly(PEG-Lys-cHyp ester) 0, as compared 
t o  cell growth in the presence of biologically inactive tHyp 
(control). For experimental details, see legend to Figure 7. * 
indicates that the data point is significantly different from the 
tHyp control, and # indicates a significant difference between 
the amide-linked (X) and ester-linked 0 conjugates ( p  < 0.05). 

I 1  10.0 , 
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Figure 9. Dose-response studies for poly(PEG-succinate- 
cHyp) (XIII) in RLF cultures on untreated (collagen-free) plates. 
For experimental details, see legend to Figure 7. Data points 
representing statistically significant growth inhibition relative 
to the tHyp control ( p  0.05) are marked by *. 

linked conjugate, polymer-bound cHyp had a MIC that 
was about 20-fold smaller than the MIC of free cHyp. 

The backbone-linked system, poly(PEG-succinate- 
cHyp) (XIII), exhibited a reduced level of bioactivity 
relative to the pendent-linked systems. Dose-response 
studies showed that statistically significant growth in- 
hibition required a dose of a t  least 2 mg/mL of conjugate, 
corresponding to 118 pg/mL of polymer-bound cHyp. 
Experimental data for poly(PEG-succinate-cHyp) in cul- 
tures of RLF are summarized in Figure 9. Similar results 
were obtained for SMCs. 
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Table 3. Results of Poly(viny1 alcohol) Sponge Studies in Vivo 

Poiani et al. 

amount absorbed in sponge prior to implantation sponge contents after explantation 
test c m  total protein contentc collagen contentd 

compd compda (mg) contentb (mg) (mg/g of sponge) (mglg of sponge) 
controls 

phosphate buffered saline NIA NIA 56 i 4 1.9 i 0.1 
poly(PEG-Lys) + ~ H y p  99.26 + 0.74 0.741 58 f 4 1.9 i 0.1 
poly(PEG-succinate-tHyp) 12.60 0 58 f 5 2.0 f 0.1 

poly(PEG-Lys-cHyp ester) 20.58 0.741 1.9 f 0.1 

test compounds 
poly(PEG-succinate-cHyp) 12.56 0.741 55 5 1.8 f 0.1 

poly(PEG-Lys-cHyp amide) 92.63 0.741 58 f 1 1.3 f O . l e  

a Amount of macromolecular conjugate in 1.0 mL of phosphate-buffered saline (0.1 M, pH 7.4) used to  saturate one poly(viny1 alcohol) 
Measured as sponge. Calculated cHyp content of a single sponge. Measured based on leucine aRer total hydrolysis of the sponge. 

tHyp after total hydrolysis of the sponges. e Statistically significant (n = 5, p < 0.05) compared to all other groups. 
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Figure 10. Growth inhibition of RLF cultures in the presence 
of a physical mixture of 943 ,&mL of poly(PEG-Lys) and 57 
pglmL of cHyp. These proportions correspond to the theoretical 
composition of the pendent chain systems (V) and (XI. For 
experimental details, see legend to Figure 7. There was no 
significant difference between growth in the presence of the 
mixture of poly(PEG-Lys) and cHyp and growth in the presence 
of tHyp. 

In view of the lack of growth inhibition in collagen- 
coated plates, the results illustrated in Figures 7-9 
indicate that the three tested macromolecular conjugates 
had a specific, inhibitory effect on the biosynthesis of 
collagen. Compared to free cHyp (MIC = 1 mg/mL), the 
bioactivity of polymer-bound cHyp was markedly in- 
creased. Furthermore, all macromolecular conjugates 
exhibited an inhibitory effect throughout the 6 day period 
of cell viability, while for free cHyp growth inhibition was 
observed for up to  4 days only (1 7). 

To study the factors that led to the significant increase 
in the bioactivity of the macromolecular conjugates 
relative to free cHyp, the possibility of synergism between 
poly(PEG-Lys) and cHyp was explored. A synergistic 
effect could conceivably be caused by the ”disruption” of 
the cell membrane by poly(PEG-Lys), resulting in en- 
hanced cellular uptake of cHyp in a nonspecific manner 
(30). Therefore, a physical mixture of “unloaded” poly- 
(PEG-Lys) and cHyp in proportions identical to the 
theoretical composition of the covalently linked pendent 
chain conjugates (V and X) was tested (Table 2 and 
Figure 10). The absence of any growth inhibitory effect 
in either RLF or SMC cultures excluded a synergistic 
effect between the unloaded carrier and cHyp. Thus, a 

covalent linkage between the polymeric carrier and cHyp 
appeared to be a necessary requirement for the observed 
enhancement of the inhibitory activity. 
In Vivo Antifibrotic Effect of the Test Com- 

pounds. The antifibrotic effect of several cHyp conju- 
gates in vivo was investigated using the subcutaneous 
implantation of porous poly(viny1 alcohol) sponges in rats 
as a model system (26). After implantation of these 
sponges, fibroblasts infiltrate into the sponge resulting 
in the accumulation of extracellular matrix proteins in 
the interior of the sponge. 

In our preliminary screening experiments, sterile, dry 
sponges were impregnated with sterile PBS solutions 
containing known quantities of control and test com- 
pounds (Table 3). Two weeks postimplantation, the 
sponges were retrieved, freed of externally adhering 
fibrinous tissue, and hydrolyzed under conditions which 
led to  the complete hydrolysis of all proteins contained 
within the sponge. Next, the amount of leucine (Leu), 
tHyp, and cHyp present in the hydrolysate was deter- 
mined by amino acid analysis. Leu served as a marker 
for the total protein content of the sponge (28), while tHyp 
was taken as a marker for collagen content (27). cHyp 
served as an indicator for the presence of residual 
conjugates after 14 days of implantation. The ratio of 
“collagen content” to “total protein content” can be 
regarded as an approximate indicator of the level of 
collagen accumulation by cells residing within the poly- 
(vinyl alcohol) sponge. 

Three different control substances were used (Table 
3): phosphate-buffered saline solution (pH 7.4), a physi- 
cal mixture of unloaded poly(PEG-Lys) and cHyp in 
proportions corresponding to  the theoretical composition 
of the pendent chain conjugates (V and X), and poly(PEG- 
succinate-tHyp), the backbone-linked conjugate contain- 
ing biologically inactive tHyp instead of cHyp. 

Fourteen days post implantation, these control sponges 
contained (per gram of sponge) about 58 mg of protein 
and about 1.9 mg of collagen (Table 3). Among sponges 
impregnated with the three macromolecular conjugates, 
poly(PEG-Lys-cHyp amide) (XI, poly(PEG-Lys-cHyp es- 
ter) (V), and poly(PEG-succinate-cHyp) (XIXI), only those 
treated with poly(PEG-Lys-cHyp amide) contained sig- 
nificantly less collagen ( p  -= 0.05). Compared to control 
sponges, poly(PEG-Lys-cHyp amide) suppressed the ac- 
cumulation of collagen by 33%. Since there was no 
reduction in the total protein content of poly(PEG-Lys- 
cHyp amide)-treated sponges, the effect of poly(PEG-Lys- 
cHyp amide) seemed to be specific for inhibiting the 
biosynthesis of collagen. 

It is noteworthy that cHyp could not be detected in the 
hydrolysates. This indicated that no detectable amounts 
of defective collagen (collagen containing cHyp) and n o  
residual polymer-linked cHyp remained in the sponges. 
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CONCLUSION 

Among the different molecular architectures for mac- 
romolecular conjugates (Figure 11, the “pendent chain 
systems” had the most pronounced growth inhibitory 
effect. Both poly(PEG-Lys-cHyp ester) and poly(PEG- 
Lys-cHyp amide) showed prolonged inhibition of cell 
growth throughout the entire duration of the assays (6 
days) a t  substantially lower doses than free cHyp. In 
comparison, the “backbone system”, poly(PEG-succinate- 
cHyp), exhibited a less marked enhancement of bioac- 
tivity relative to free cHyp itself. The absence of cell 
growth inhibition on collagen-precoated tissue culture 
plates provided evidence that the observed growth inhibi- 
tion was due to  the specific inhibition of collagen syn- 
thesis. 

Our results further indicated that a simple synergistic 
effect between poly(PEG-Lys), the “unloaded carrier”, and 
cHyp can be excluded as a possible mechanism for the 
observed enhancement of the bioactivity of cHyp upon 
attachment to  the polymeric carrier. The higher activity 
of the hydrolytically stable poly(PEG-Lys-cHyp amide)  
conjugate as compared to the less stable poly(PEG-Lys- 
cHyp ester) further strengthened the conclusion that a 
hydrolytically stable linkage between cHyp and the 
polymeric backbone is needed to maximize the antifi- 
brotic activity of these conjugates. Since the biosynthesis 
of collagen occurs within the cytoplasm, the increased 
inhibitory effect of the macromolecular pendent chain 
systems could be an indication of the improved cellular 
uptake of the macromolecular conjugate as compared to  
free cHyp. This observation could have far-reaching 
implications since the efficacy of a wide range of drugs 
could be increased by improved cellular uptake. 

A statistically significant antifibrotic effect of poly- 
(PEG-Lys-cHyp amide) was also observed i n  vivo. Poly- 
(vinyl alcohol) sponges impregnated with poly(PEG-Lys- 
cHyp amide) had a 33% decrease in collagen accumulation 
14 days after subcutaneous implantation as compared to  
control sponges. These results are of a preliminary 
nature since the release kinetics of these conjugates from 
the sponge were not determined and no attempt was 
made to optimize the amount of test conjugate incorpo- 
rated into the sponge. In spite of these shortcomings, 
the demonstration of an antifibrotic effect in vivo pro- 
vided the first experimental evidence that “pendent 
chain-type” macromolecular conjugates of cHyp may be 
clinically useful as antifibrotic agents. By facilitating 
local, sustained release of cHyp, these conjugates may 
provide new treatment options in fibrotic disorders which 
produce scarring in humans. 

The scope of this paper was limited to  the synthesis of 
a new class of drug carriers and the evaluation of their 
in vitro and in vivo bioactivity. The observed bioactivity 
profiles pose a number of intriguing questions relating 
to the mode of action of the poly(PEG-Lys) system. To 
further study the mechanism of cellular uptake, radio- 
actively labeled derivatives of all drug conjugates have 
been prepared. The results of these mechanistic studies 
will be reported in a future publication. 

Bioconjugate Chem., Vol. 5, No. 6, 1994 629 

LITERATURE CITED 

(1) Duncan, R., and Kopecek, J. (1984) Soluble synthetic 
polymers as potential drug carriers. Adv. Polym. Sci. 57,53- 
101. 

(2) Drobnik, J. (1989) Biodegradable soluble macromolecules 
as drug carriers. Adv. Drug Del. Rev. 3, 229-245. 

(3) Li, X., Bennett, D. B., Adams, N. W., and Kim, S. W. (1991) 
Poly(a-amino acidbdrug conjugates. Polymeric Drug and 
Drug Delivery Systems (R. L. Dunn, and R. M. Ottenbrite, 
Eds.) pp 101-116, American Chemical Society, Washington, 
DC. 

(4) Yokoyama, M., Inoue, S., Kataoka, K., Yui, N., Okano, T., 
and Sakurai, Y. (1989) Molecular design for missile drug: 
Synthesis of adriamycin conjugated with immunoglobulin G 
using poly(ethy1ene glycol)-block-poly(aspartic acid) as inter- 
mediate carrier. Macromol. Chem. 190, 2041-2054. 

(5) Caliceti, P., Monfardini, C., Sartore, L., Schiavon, O., 
Baccichetti, F., Carlassare, F., and Veronese, F. M. (1993) 
Preparation and properties of monomethoxy poly(ethy1ene 
glycol) doxorubicin conjugates linked by an amino acid or a 
peptide as spacer. I1 Farmaco 48, 919-932. 

( 6 )  Nathan, A., Zalipsky, S., and Kohn, J. (1990) Polyethylene 
glycol-lysine copolymers: New biocompatible polymers for 
biomedical applications. Am.  Chem. SOC., Polym. Preprints 
31,213-214. 

( 7 )  Nathan, A., Zalipsky, S., Ertel, S. I., Agathos, S. N., 
Yarmush, M. L., and Kohn, J. (1993) Copolymers of lysine 
and polyethylene glycol: A new family of functionalized drug- 
carriers. Bioconjugate Chem. 4, 54-62. 

( 8 )  Nathan, A., Zalipsky, S., and Kohn, J. (1994) Strategies for 
covalent attachment of doxorubicin to poly(PEG-Lys), a new 
water-soluble poly(ether urethane). J .  Bioact. Compat. Polym. 
9, 239-251. 

(9) Gean, K. F., Messinger, J. A., Poiani, G. G., Riley, D. J., 
and Kohn, J. (1992) New polymeric carriers of 
cis-hydroxy-L-proline: Potential agents for the inhibition of 
collagen synthesis. Am. Chem. SOC., Polym. Preprints 33,51- 
52. 

(10) Gean, K. F., Kantor, S. A., Poiani, G. J., Riley, D. J., and 
Kohn, J. Polymeric carriers of cis-hydroxy-L-proline with 
improved antifibrotic activity. 20th International Symposium 
on Controlled Release of Bioactive Materials, pp 152-153, 
Controlled Release Society, Washington, DC, 1993. 

(11) Kohn, J., Gean, K. F., Nathan, A., Poiani, G. J., Riley, D. 
J., and Zalipsky, S. (1993) New drug conjugates: Attachment 
of small molecules to poly(PEG-Lys). Proc. Am. Chem. SOC., 
Diu. Polym. Mat. Sci. Eng. pp 515-516, American Chemical 
Society, Washington, DC. 

(12) Uitto, J., and Prockop, D. J. (1975) Inhibition of collagen 
accumulation by proline analogues: the mechanism of their 
action. Collagen metabolism in  the liver (M. P. K. Becker, Ed.) 
pp 139-148, Stratton Intercontinental Medical Book Corp., 
New York. 

(13) Riley, D. J., Kerr, J. S., and Berg, R. A. (1981) Prevention 
of bleomycin-induced pulmonary fibrosis in the hamster by 
cis-4-hydroxy-l-proline. Am. Rev. Respir. Dis. 123,388-393. 

(14) Riley, D. J., Berg, R. A., Edelman, N. H., and Prockop, D. 
J. (1980) Prevention of collagen deposition following pulmo- 
nary oxygen toxicity in the rat by cis-4-hydroxy-L-proline. J.  
Clin. Invest. 65, 643-651. 

(15) Kerr, J. S., Ruppert, C. L., Tozzi, C. A., Neubauer, J. A,, 
Frankel, H. M., Yu, S. Y., and Riley, D. J. (1987) Reduction 
of chronic hypoxic pulmonary hypertension in the rat by an 
inhibitor of collagen production. Am. Rev. Respir. Dis. 135, 
300-306. 

(16) Poiani, G. J., Tozzi, C. A., Choe, J. K., Yohn, S. E., and 
Riley, D. J. (1990) An antifibrotic agent reduces blood 
pressure in established pulmonary hypertension. J .  Appl. 
Physiol. 68, 1542-1547. 

(17) Poiani, G. J., Gean, K. F., Fox, J. D., Kohn, J., and Riley, 
D. J. (1993) Antifibrotic effect of a proline analogue delivered 
in liposomes to cells in culture. Amino Acids 4,  237-248. 

(18) Eldridge, C. F., Bunge, R. P., and Bunge, M. E. (1988) 
Effects of cis-4-hydroxy-L-proline, an inhibitor of Schwann 
cell differentiation, on the secretion of collagenous and 
noncollagenous proteins by Schwann cells. Exp. Cell. Res. 174, 
491 -501. 

ACKNOWLEDGMENT 

This work was supported by the Research Service of 
the Department of Veterans Maim, a Johnson & Johnson 
Focused Giving Award, and a Glaxo Cardiovascular 
Discovery Grant. We thank Dr. Holly Strong for as- 
sistance with the poly(viny1 alcohol) sponge studies and 
Mr. Samuel Kantor and Mr. Jeffrey Messinger for their 
assistance with the synthesis of some of the polymeric 
conjugates. 



630 Bioconjugafe Chem., Vol. 5, No. 6, 1994 

(19) Greenstein, J. P., and Winitz, M. (1961) Chemistry ofthe 
Amino Acids, pp Illustrative procedure 10-51, 927, John 
Wiley and Sons, New York. 

(20) Perseo, D. G., Rani, S., and Castiglione, R. (1983) Prepara- 
tion and analytical data of some unusual t-butoxycarbonyl- 
amino acids. Znt. J .  Peptide Protein Res. 21, 227-230. 

(21) Papaioannou, D., Stavropoulos, G., Karagiannis, K., Fran- 
cis, G., Brekke, T., and Aksnes, D. (1990) Simple synthesis 
of cis-4-hydroxy-L-proline and derivatives for use as inter- 
mediates in peptide synthesis. Acta. Chem. Scand. 44, 243- 
251. 

(22) Bowers-Nemia, M. M., and Joullie, M. (1983) A short 
improved synthesis of N-substituted 5-aza-2-oxa-3-oxo-bicy- 
cl0[2.2.11 heptanes. Heterocycles 20, 817-828. 

(23) Nathan, A., Bolikal, D., Vyavahare, N., Zalipsky, S., and 
Kohn, J. (1992) Hydrogels based on water-soluble poly(ether 
urethanes) derived from L-lysine and poly(ethy1ene glycol). 
Macromolecules 25, 4476-4484. 

(24) Moore, J. S., and Stupp, S. I. (1990) Room temperature 
polyesterification. Macromolecules 23, 65- 70. 

Poiani et al. 

(25) Kao, W. W.-Y., and Prockop, D. J. (1977) Proline analogue 
removes fibroblasts from cultured mixed cell populations. 
Nature 266, 63-64. 

(26) Dayan, D., and Shosban, S. (1982) The effect of cis- 
hydroxyproline on de-novo synthesized collagen in subcutane- 
ously implanted polyvinyl sponges in rats. Cell. Molec. Biol. 
28,217-219. 

(27) Kiviriko, K. I., Laitinen, O., and Prockop, D. J. (1967) 
Modifications of a specific assay for hydroxyproline in urine. 
Anal. Biochem. 19, 249-255. 

(28) Moore, S., and Stein, W. H. (1948) Photometric ninhydrin 
method for use in the chromatography of amino-acids. J .  Biol. 
Chem. 176, 367-388. 

(29) Duncan, D. B. (1975) t-Tests and intervals for comparisons 
suggested by the data. Biometrics 31, 339-359. 

(30) Jayasuriya, N., Bosak, S., and Regen, S. (1990) Design, 
synthesis, and activity of membrane-disrupting bolaphiles. 
J .  A m .  Chem. Soc. 112, 5844-5850. 



Bioconjugafe Chem. 1994, 5, 631-635 631 

Characterization of Protein-Hapten Conjugates. 1. Matrix-Assisted 
Laser Desorption Ionization Mass Spectrometry of Immuno 
BSA-Hapten Conjugates and Comparison with Other 
Characterization Methods1 
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Several different low molecular weight haptens were conjugated to BSA to  produce immunogens useful 
for antibody development. The extent of BSA modification due to covalent attachment of hapten was 
estimated by matrix-assisted laser desorption ionization mass spectrometry. The average number of 
hapten incorporated to  immunogen was determined from the difference in the measured molecular 
weights of the conjugate from nonmodified BSA. The results from mass spectrometry were compared 
with results obtained from other more traditional methods of immunogen characterization (W analysis, 
trinitrobenzenesulfonic acid titrations, and gel electrophoresis). In each case we were able to calculate 
the average number of hapten covalently bound to BSA for each synthetically prepared immunogen 
using matrix-assisted laser desorption ionization mass spectrometry. The other methods presented 
limitations in certain cases. 

INTRODUCTION 

Immunogens are structurally complex high molecular 
weight materials which evoke an immune response in 
host animals leading to antibody production. Small 
molecules (haptens < 1000 Da) generally do not, as such, 
trigger an immune response since their low molecular 
weight and simplicity is not sufficient to  trigger a 
recipient’s immune system. However, it is possible to 
elicit antibodies with affinity to such haptens by conju- 
gating to a carrier protein forming an immunogen (1). 
Two very common carrier proteins employed are bovine 
serum albumin (BSA) and keyhole limpet hemocyanin 
(KLH) (2). BSA is well suited as a carrier protein due to 
its high solubility in various aqueous buffers, moderate 
molecular weight (-66 kDa), and high content of avail- 
able primary amines (59 lysines plus the terminal amine) 
which facilitate easy attachment of hapten. The popu- 
larity of BSA is further enhanced by its availability from 
several different manufacturers in large quantities, 
reasonable cost, and high purity. Resulting immunogens 
are generally easy to reproduce and characterize using 
a variety of methods. Immunogens based on KLH have 
been frequently used; however, they are difficult to  
characterize due t o  poor solubility, variable mass (4.5 x 
105-1.3 x 10’) of the starting protein, and inconsistencies 
in the purity of the KLH between manufacturers and 
manufacturing lots. Chemistries used for covalent at- 
tachment of haptens to  the carrier protein have been well 
established for many functional groups available on 

@ Abstract published in Advance ACS Abstracts, October 1, 
1994. 

Abbreviations: BSA, bovine serum albumin; DMF, dimeth- 
ylformamide; equiv, molar equivalent; GMP, good manufactur- 
ing practice; ISO, International Organization for Standardiza- 
tion; kV, kilovolts; MALDI, matrix-assisted laser desorption 
ionization mass spectrometry; SDS, sodium dodecyl sulfate; 
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis; TFA, trifluoroacetic acid; TNBS, trinitrobenzene- 
sulfonic acid. 
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polypeptides. This process may be accomplished either 
by direct conjugation between an existing functional 
group on the hapten and the protein carrier (3)  or by more 
complex methods involving modification of the hapten 
andlor insertion of linker arms to present a certain 
molecular feature (4,  5). 

A fundamental characteristic of an immunogen is the 
number of hapten covalently attached to the carrier 
protein which can be determined from the new molecular 
weight of the modified protein. The optimal number of 
hapten attached to  the carrier protein has been debated 
concerning relevance t o  immunogenicity directed to the 
newly created epitope (6-8). Several methods have been 
used to determine the extent of hapten incorporation. The 
W absorbance spectrum of the synthesized conjugate is 
commonly used when the hapten or linker has a strong 
chromophore which differs from the carrier protein (9). 
If the haptedinker’s chromophore is similar, a dif- 
ferential W spectrum obtained by subtraction of the 
nonconjugated protein spectra from conjugated protein 
spectra has been employed (10). When immunogens are 
obtained by modification of the reactive free amines 
(lysine) of the polypeptide, the degree of incorporation 
can be estimated as a difference between the number of 
reactive groups before and after conjugation by titration 
with TNBS (11, 12). When available, employment of 
radiolabeled haptens can permit determination of hapten 
associated with protein (13). Gel electrophoresis has also 
been found to have some utility. SDS-PAGE, which 
separates proteins on the basis of molecular size, has 
been useful when small proteins (520 000 Da) are 
conjugated with larger haptens (’800 Da) (14). More 
recently reported is the use of isoelectric focusing elec- 
trophoresis of protein-ligand conjugates where the sepa- 
ration method is based on charge (PI) which will change 
when amines or carboxylic acids of the polypeptide are 
modified by conjugation with hapten (9, 15). 

Matrix-assisted laser desorption ionization mass spec- 
trometry (MALDI) has been effectively utilized in the 
molecular weight determination of various proteins with 

0 1994 American Chemical Society 
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a claimed limit of 500 000 Da (16). The practical limit 
for routine analysis of proteins is approximately 300 000 
Da with a sensitivity in the low pmol range and an 
accuracy of up to f0.1% (17). There are a few published 
reports employing MALDI for the characterization of 
protein-hapten conjugates (18-22). Wengatz et al. 
analyzed various conjugates by MALDI and compared the 
results to W analysis which revealed discrepancy be- 
tween the two methods (17). Siege1 et al. measured the 
amount of attached anticancer drugs and sugars conju- 
gated to human serum albumin and found these values 
to be in close agreement, in some cases, with data 
obtained by W spectrometry (22). In light of these 
findings we were interested in investigating MALDI 
characterization of immunogens and comparing the 
results against commonly used methods: colorimetric 
titration with trinitrobenzenesulfonic acid (TNBS), UV 
analysis, and gel electrophoresis. 

Adamczyk et al. 

1 mM EDTA, 2.5% SDS, and 5.0% P-mercaptoethanol, 
pH 8.0) to 1 mg/mL and heated to 100 "C for 5 min. Gels 
were loaded with 2-3 p L  of sample and run under 
denaturing conditions using the manufacturer's protocol. 
Upon completion, the gels were stained with Coomassie 
Blue using a standard developing routine from the 
manufacturer. 

UV absorption spectra were recorded on a Beckman 
640 UV spectrophotometer. Conjugates and nonmodified 
BSA (0.1-0.5 mg/mL in deionized water) were scanned 
from 200 t o  500 nm. The number of hapten attached to 
BSA was calculated from the intensity of a difference 
spectra obtained by subtracting nonmodified BSA from 
the conjugates (10). Molar extinction coefficients for 
hapten were taken from the literature for 1-6 (26) and 
were determined for homovanillic acid (7), estradiol 
carboxymethyl oxime (81, and 3a-hydroxy-5-androsten- 
17-one hemisuccinate (9) by W titration of the hapten 
in water. 

Analysis by matrix-assisted laser desorption ionization 
mass spectrometry employed a Bruker Reflex (Bruker 
Instruments, Billerica, MA) time-of-flight mass spec- 
trometer equipped with a nitrogen laser (337 nm). The 
crystal matrix, sinapinic acid (Aldrich Chemical Co., 
Milwaukee, WI), was prepared at  a concentration of 15 
mg/mL in acetonitrile. Protein samples were typically 
10-50 pmoL'pL in 2:l water:acetonitrile solution. Sample 
and matrix solutions were mixed in equal volumes 
(typically 1.5 pL each) directly on the stainless steel probe 
tip (target) and allowed to dry (-10 min) in a fume hood 
at  room temperature. The crystallized analyte-matrix 
sample was then rinsed with 0.1% TFA solution by 
placing approximately 2 pL of the solution on the probe 
sample at  room temperature, allowing it to stand for 
about 5 s, and then gently drying the crystals with a 
stream of nitrogen. Spectra were recorded at  a threshold 
laser irradiance for 50-150 shots in the linear mode a t  
30 kV. The resulting data were analyzed using XMASS, 
ver. 2.0.0, the post acquisition software supplied with the 
spectrometer. 

RESULTS AND DISCUSSION 

Immunogens were prepared by covalent attachment of 
haptens 1-9, containing a terminal carboxylic group, to 
the free-amino groups (lysine residues and N-terminal 
amine) of BSA. In each case the carboxylic group of the 
hapten was activated by formation of the N-hydroxy- 
succinimidate ester using 1,3-dicyclohexylcarbodiimide 
(see Materials and Methods). Resulting conjugates were 
freed of unbound hapten by extensive dialysis in aqueous 
buffer and then lyophilized. Conjugates in this study 
were characterized by the following four methods: 
MALDI, differential UV analysis, titration with TNBS, 
and gel electrophoresis. In addition, the immunogens 
prepared were used for the immunization of animals and, 
in each case, resulted in the production of antibodies with 
affinity to the specific hapten. 

Table 1 lists the results of conjugate characterization 
by MALDI, UV, and TNBS. All of the results are 
reported as percent modified free amines (60 total, 59 
lysines plus N-terminal amine) in BSA by the hapten. 

Molecular weight determination of proteins by MALDI 
is becoming a routine procedure. Typically, 10-50 pmol 
of a sample is cocrystallized with sinapinic acid and then 
irradiated with a high intensity pulsed laser beam to 
generate, intact, gas-phase molecular ions of the intact 
protein. A molecular weight of 66 521 Da was observed 
for nonmodified BSA which is within 0.2% of the mo- 
lecular mass (66 430 Da) based on the complete amino 
acid sequence (27). The observed value for BSA was used 

MATERIALS AND METHODS 

Haptens for desipramine, doxepin, and nortriptyline 
(1-5) were prepared using previously described methods 
(4, 5, 9, 23, 24).  The remaining haptens, 6-9, were 
purchased: 6, 3-methoxy-4-hydroxyphenylglycol, and 8, 
17P-estradiol 6-(O-carboxymethyl) oxime (Sigma Chemi- 
cal Go., St. Louis, MO); 7, homovanillic acid (Aldrich, 
Milwaukee WI); and 9, 3a-hydroxy-5-androsten-17-one 
hemisuccinate (Steraloids, Wilton, NH). All other chemi- 
cals were of the purest grades commercially available. 
All solutions were prepared using water from a Millipore 
water system (Millipore, Marlborough, MA). Dialysis 
tubing (MW cutoff 15 000 Da) was obtained from Spec- 
trum Medical Industries, Inc. (Los Angeles, CA). 

Hapten was conjugated to BSA by activation of the 
carboxylic group of the hapten to a reactive ester using 
the following general procedure (4,  5,25). Each hapten 
was dissolved in DMF (1.0 mg/mL), 1.1 equiv of N- 
hydroxysuccinimide and 1.1 equiv of 1,3-dicyclohexyl- 
carbodiimide were added, and the solution was stirred 
for 24 h. The reaction mixture was filtered through a 
glass pipette equipped with a cotton plug, and the 
resulting filtrate was combined with 0.026 equiv of a BSA 
solution (46 mg/mL in 4:l pH 7.8, 100 mM phosphate 
buffer:DMF) and stirred overnight. The protein solution 
was placed into cellulose dialysis tubing and dialyzed 
against 2 L of 0.1 M sodium phosphate (pH 7.8) for 4 h 
and then against water (2 L) with changes every 2 h for 
a total of seven changes. The resulting dialyzate from 
the dialysis tubing was lyophilized and the conjugate was 
sealed in amber vials under argon and stored at  -20 "C 
(conjugation of hapten 3 required additional protection/ 
deprotection steps which are described in detail in ref 
5 ) .  

TNBS titrations were carried out by adding to  0.5 mL 
of a BSA or  conjugate solution (1.0 mg/mL) in a glass 
vial, 1.0 mL of 4% sodium bicarbonate, and 1.0 mL of a 
0.1% TNBS solution. The vials were incubated for 2 h 
a t  37 "C in a water bath, and then 1.0 mL of a 10% SDS 
solution was added followed by 0.5 mL of 1 M HC1. UV 
absorbence were measured at  342 nm (a sample which 
contained 0.5 mL water instead of protein was used as a 
blank). Each sample was tested in triplicate, and the 
results were averaged. The calculated percent of hapten 
bound to  BSA was derived from the extent of BSA free 
amine modification (11). 

Gel electrophoresis employed a Pharmacia Phast- 
System (Piscataway, NJ) utilizing 12.5% polyacrylamide 
SDS-PAGE precast gels (PhastGel). Conjugates were 
dissolved in SDS-PAGE sample buffer (10 mM TrisMCl, 
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Table 1 
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Hapten Incorporation2 
Hapten Hapten 

Mol. MS uv TNBS 
Wt.' 

324.42 28% 2 1% 31% 
I, (71,808) 

430.51 9% 4% 32% 
(68,704) 

I 

400.49 19% 21% 13% 
(70,999) 

365.47 45% 25% 64% 
(76,038) 

100% 
(89,893) 

-OH 

N /  
I 

5 321.41 42% 22% 40% 
(74,365) 

6 CW&H 242.22 16% ND 20% 
(68,646) 

0 (8 1,99 5) 
O V H  100% 

182.17 18% ND 37% ' MPmoH HO (68,923) 

@ (69,305) 

8 359.42 13% 34% 11% 

HO 

N ' O v o H  0 

388.50 38% >loo% 48% 
(75,048) 

9 

0 

1. Hapten mol wt. decreases by 17 mass units upon conjugation to BSA. 

2. All substitution values are based on the number of primary amines (lysine and 
N-terminus) which have been modified. 
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Conjugates of tricyclics antidepressant drugs 1-5 were 
soluble, yet 4 and 5 produced slightly turbid appearance 
in water, the solvent used for analysis. Evaluation was 
not performed on the conjugates 7 and 9 which lacked 
solubility in water. The remaining conjugates 6 and 8 
exhibited good solubility. Analysis was performed using 
conjugate/water solutions (0.5 mg/mL) by measuring the 
absorbence at  a known chromophore and subtracting out 
the contribution from BSA. The ratio of hapten to  free 
amines in BSA was determined from the ratio of calcu- 
lated hapten molarity to the molar concentration of lysine 
amines in nonmodified BSA (0.46 mM, at  0.5 mg/mL). 
The range of estimated hapten incorporation was 4% for 
2 to 100% for 9 with only three conjugates (1-3) having 
values similar to the MALDI analysis. Wengatz et al. 
observed higher values from UV analysis when compared 
with MALDI (18). They proposed that noncovalently 
bound hapten was associated with their conjugates 
resulting in the higher values. We observed higher UV 
values for immunogens 8 and 9, and it is possible that 
these conjugates have noncovalently bound hapten which 
was not completely removed by dialysis. On the other 
hand, we observed low UV values (when compared with 
MALDI) for immunogens 4 and 5 and attribute the 
results to limited solubility of these conjugates. 

Analysis of immunogens by W has a number of 
routinely applied assumptions such as the following: all 
noncovalently bound hapten (including salts and buffers) 
are removed, the immunogen is completely soluble in the 
matrix used for analysis, and the chromophores of BSA 
and hapten do not change upon conjugation. In reality 
these assumptions outline the deficiencies and dificulties 
associated with W analysis of immunogens since the 
perfect situation is virtually impossible to  achieve. 

Titrations of immunogens using TNBS is a popular 
colorimetric method used to determine the number of free 
amino groups in proteins and peptides (11). This method 
is specific for primary amines producing trinitrophenyl 
derivatives which are easily quantified using a W-vis  
spectrophotometer (28). As with the W analysis, solu- 
bility of the conjugates is critical for obtaining useful 
results. Conjugates 1-9 were all solubilized at  room 
temperature (1 mg/mL) by the addition of 10% SDS (11). 
TNBS results were in close agreement with MALDI 
estimates except for conjugates 2 and 7 where the 
titration greatly overestimated the number of hapten. As 
with UV analysis, similar problems are associated with 
this method which are difficult to control. It is presup- 
posed that the TNBS reagent reacts with all non-modified 
free amines of a given protein. However, folding/unfold- 
ing and aggregation between proteins could hinder some 
nonmodified amines from reacting with the reagent and 
result in overestimation of amine modification. 

Gel electrophoresis of our immunogens yielded limited 
information about their molecular weight. We encoun- 
tered difficulties of immunogen solubility in the SDS- 
PAGE buffer gel along with precipitation of the conjugate 
on the gel during electrophoresis. In addition, bands on 
the gel associated to the immunogens were often smeared, 
which suggested heterogeneous distribution of hapten but 
prevented accurate assessment of the immunogen mo- 
lecular weight. The accuracy of SDS-PAGE is poor 
(>5%) when compared with MS techniques (29). 

We needed valid methods for characterization of hap- 
ten-protein conjugates prepared in our labs to  meet the 
high demands of quality policies (GMP and ISO) being 
implemented by governments worldwide (30, 31 1. Each 
procedure presented here has its own advantages. We 
found analysis using MALDI to be very useful, it being 
the only method which directly measures the conjugate's 
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Figure 2. Mass spectrum of immunogen 6. 

in the following equation to determine the percent of 
modified BSA free amino groups. 

% modification = 
(conjugate mol wt) - (BSA mol wt) 

(loO)(hapten mol wt) (total BSA free amines) 

We successfully obtained spectra for all immunogens 
discussed in this paper (Figure 1 illustrates an repre- 
sentative example). Each spectrum contained at  least 
two peaks which represent singly (M+) and doubly (Mf2) 
charged states. The molecular weight of each conjugate 
was calculated from the peak centroid using the software 
supplied with the instrument. Experimentation with 
different concentrations of the conjugate were found to 
be an important factor for successful generation of a MS 
spectrum (see Materials and Methods). In addition, an 
enhancement of the ion generated signal was observed 
by washing the sample-matrix crystals with a weak 
solution of TFA just prior to analysis. It is presumed 
that washing removes residual salts from the sample 
which had precipitated out during crystallization of the 
matrix. It was very interesting to observe additional 
peaks of low ion abundance for conjugates 4 and 6 (Figure 
2) which represent the maximum number of hapten that 
could be introduced onto the free amines of BSA. These 
peaks represent different populations of hapten incorpo- 
ration. Circumstances behind distinct populations could 
be a phenomenon of folding/unfolding of BSA during 
conjugation, hapten type and size, conjugation conditions, 
and/or coupling reagents used. Distinct populations of 
hapten within immunogens would effect immunological 
response. It has been reported that immunogens con- 
taining high incorporation of hapten generally result in 
poor immunogenicity or antibodies of the IgM type with 
low binding affinity to  the antigen (7, 8). On the other 
hand, some evidence has been provided that low incor- 
poration of hapten triggers a thymus dependent immuno 
response giving rise to  high affinity antibodies of the IgG 
type (7). 

UV analysis was limited to those conjugates which 
were water soluble and possessed a usable chromophore. 
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molecular weight. Unlike the other methods assessed, 
MALDI is not limited by rigid solubility constraints, has 
a high tolerance for impurities such as saltlbuffers used 
in immunogen preparation, and is not dependent on the 
physicalhhemical composition of the hapten. TNBS 
titrations were surprisingly close to the MALDI esti- 
mates. UV analysis had the most limitations in our 
hands giving results which did not correlate well with 
the other methods. Electrophoresis was found to have 
limited utility in this study. 

MALDI is also not without its own demands. Our 
initial attempts to obtain spectra of the immunogens 
were challenging. We found it necessary to test different 
conditions of sample concentration and sample prepara- 
tion. An improvement of the ion generated signal was 
obtained by treating the sample-matrix crystals with a 
TFA solution. Such optimization might be necessary 
with any immunogen. Our work was limited to small 
haptens conjugated to  BSA under very similar conditions. 
It may be necessary to investigate other variables such 
as crystal matrixes to obtain useful spectra for other 
hapten-protein conjugates. Further work is needed to  
determine the scope and limitations of MALDI in this 
area. 

In summary, we have demonstrated that MALDI can 
be very useful for the analyses of synthetically prepared 
immunogens to  determine the number of covalently 
bound hapten. This tool is particularly useful due to the 
discovery of multiple populations of hapten incorporation 
observed for some immunogens. Such information is 
advantageous in determining the possible impact an 
immunogen may have on antibody development. Fur- 
thermore, the results of this work illustrate the power 
of physicalkhemical methods of characterization of or- 
ganic compounds which for many years was reserved only 
for small molecular weight haptens. 
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High Yield, Site-Specific Coupling of N-Terminally Modified 
P-Lactamase to a Proteolytically Derived Single-Sulfhydryl 
Murine Fab’ 
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The preparation of bispecific protein conjugates capable of performing diverse biological functions is 
an area of active investigation. Such conjugates are routinely prepared using techniques which employ 
random derivatization of lysine residues, but the overall utility of these methods is limited due to  
poor yields and heterogeneous conjugates. In this report we describe the development of site-specific 
linkage methodology for the chemical synthesis of a homogeneous enzyme-antibody Fab’ conjugate 
with coupling efficiencies of a t  least 72%. The N-terminal threonine residue of p-lactamase from the 
P99 strain of Enterobacter cloacae was oxidized to  an aldehyde functional group under mild conditions 
with a 5-fold molar excess of sodium periodate. The murine Fab‘ with a single sulfhydryl a t  the hinge 
region was generated by further digestion of the peptic Fab’ fragment with lysyl endopeptidase to 
remove a decapeptide containing two of the three cysteine residues. Coupling of the two modified 
proteins was accomplished through a bifunctional coupling reagent containing maleimide and aminooxy 
functional groups. Synthesis of the linker is described. Yields of 1:l enzyme-Fab’ were at  least three 
times higher than for comparable random derivatization methods. Immunoreactivity and enzymatic 
activity were unaffected. Biodistribution studies showed a more favorable tumor t o  blood ratio with 
the site-specifically linked conjugate. 

INTRODUCTION 

Most schemes to synthesize enzyme-antibody conju- 
gates for therapeutic applications begin with the random 
derivatization of lysine €-amino groups with bifunctional 
reagents designed to  impart new functionality to the 
protein. Reagents such as SMCCl contain an N-hydroxy- 
succinimidyl ester to react with lysine €-amino groups 
and a maleimide functional group for subsequent reaction 
with thiols (1).  When not naturally present (2) ,  free 
thiols on the second protein can be created either by 
partial reduction of endogenous disulfide bonds (3, 4) or 
by derivatization of lysines with reagents such as SPDP 
or 2-iminothiolane (Traut’s reagent) (5-8). 

In our laboratories and others, Fab’ fragments of 
monoclonal antibodies have been substituted for intact 

* Author to whom correspondence should be addressed. 

’ Hybritech Incorporated. * Lilly Research Laboratories. 
5 Centre M6dical Universitaire. 
@ Abstract published in Advance ACS Abstracts, October 15, 

1994. 
Abbreviations: SMCC, N-succinimidyl-N-[(4-carboxycyclo- 

hexy1)methyllmaleimide; SPDP, N-succinimidyl 34pyridyldi- 
thio1)propionate; sulfo-SMCC, N-sulfosuccinimidyl-N-[(4-car- 
boxycyclohexyl)methyl]maleimide; PL, p-lactamase; MES, 2-(mor- 
pho1ino)ethanesulfonic acid; DTT, dithiothreitol; EDTA, ethyl- 
enediaminetetraacetic acid, anti-CEA, anti-carcinoembryonic 
antigen; anti-TAG-72, antitumor-associated glycoprotein-72; 
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antibodies to reduce the overall size of the conjugate for 
better biodistribution (9) as well as improved blood 
clearance for better tumorhlood ratio (10, 11). Fab’ 
fragments have the added advantage of a specific coup- 
ling site a t  the hinge region sulfhydryl groups. For this 
reason the enzyme portion of the conjugate has been the 
primary focus for site-specific modification. 

In previous work sulfo-SMCC was used to  couple the 
enzyme p-lactamase to the free Fab’ sulfhydryl groups 
of anti-CEA, anti-TAG-72, and antihapten antibodies (12, 
13). Problems common to this mode of conjugation 
include heterogeneous derivatization of lysines by SMCC 
which results in limited control of the subsequent coup- 
ling reaction and yields typically 20% or less (5, 7,8, 12). 
For any sample with an average of 1 SMCC per protein 
molecule there exists 0, 1, 2, or more SMCC molecules 
attached to any single protein molecule in the population. 
While the average distribution range of SMCC per 
protein in the reaction mixture e.g. ,  0-2, 2-4, etc., can 
be influenced by controlling reaction conditions such as 
time of incubation, pH, and reagent concentration, the 
presence of multiple lysine residues on the surface of 
proteins precludes the possibility of selectively modifying 
any single lysine under normal circumstances. 

An added complication of working with Fab’s is that, 
while coupling is generaLLy site-specific, murine Fab’s 
contain three closely spaced cysteine residues in the 
hinge region (14),  giving rise to the potential for the 
attachment of three maleimide-modified enzyme mol- 
ecules per Fab’. This problem is minimized by maintain- 
ing an excess of Fab’ over enzyme (121, but this approach 
wastes material in the coupling step and still requires 
the removal of unacceptable levels of 2:l conjugate 
formed during the reaction, i .e.,  conjugate composed of 
two P-lactamases attached to a single Fab’. The overall 
effect of the above limitations is to  reduce formation of 
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the desired 1: l  conjugate in favor of either conjugate 
ratios greater than 1:l or unreacted monomer. 

In the present work a single site for coupling was 
created on each of the proteins investigated. In the case 
of p-lactamase, advantage was taken of an N-terminal 
threonine which was converted to an aldehyde by mild 
treatment with sodium periodate. The conversion of 
amino alcohols to aldehydes has been well studied (15- 
18, and references cited therein). The particular dif- 
ficulty of quantitatively assessing the degree of protein 
aldehyde formation in the current study was addressed 
by development of an HPLC method capable of resolving 
oxidized and unoxidized PL after treatment with a 
commercially available aldehyde-selective reagent. The 
ability to quantitatively measure protein aldehyde for- 
mation as  a function of reactivity toward a model 
hydrazide proved to be the most effective method of 
optimizing the procedure. In addition, we have found 
that further digestion of the pepsin-derived Fab' with the 
lysyl endopeptidase from Achromobacter lyticus removes 
a decapeptide from the C-terminus of the truncated heavy 
chain, leaving only one of the three hinge region cysteine 
residues on the Fab'. Conversion to the single-sulfhydryl 
Fab' was monitored by HPLC after reaction with a 
fluorescent thiol reagent. 

The ease of use and high coupling efficiencies achieved 
by development of this site-specific methodology should 
prove useful for both small and large scale construction 
of protein conjugates. 

EXPERIMENTAL PROCEDURES 
Preparation of /3-Lactamase. Purified PL was ob- 

tained by passage of a crude extract of Enterobacter 
cloacae strain P99 over an agarose affinity column 
derivatized with aminophenylboronic acid prepared ac- 
cording to the method of Cartwright (19). The bacterial 
cell paste was mixed thoroughly with an equal volume 
of buffer consisting of 20 mM MES, 0.5 M NaCl pH 6.5 
and then frozen in an acetoneldry ice bath, thawed in a 
warm water bath, and centrifuged at  l2000g for 25 min. 
The supernatant solution was removed, an additional 
volume of MES buffer was added, and the process 
repeated four more times for a total of five extractions. 
The supernatant solutions were combined and applied 
directly to a 2 cm x 15 cm bed volume of the affinity resin 
a t  a flow rate of 1 mumin at  4 "C. The column was then 
washed with approximately 400 mL of the above buffer 
until the 280 nm absorbance eluting from the column 
leveled off a t  a minimum. PL was then eluted with the 
above MES buffer with added 0.5 M borate, pH 6.5. The 
PL was concentrated by ultrafiltration to 5-10 mg/mL 
and dialyzed against 50 mM borate, 100 mM NaCl pH 
8.0 for storage. The yield was 1-2 mg of PL per gram of 
cell paste starting material. 

Periodate Oxidation of /3L and HPLC Detection. 
The optimum procedure for producing PL aldehyde is 
described below. The results of variations on this pro- 
cedure are given in the Results and Table 1, PL at  a 
concentration of 10 mglmL was dialyzed against 40 mM 
sodium phosphate pH 6.5. Sodium periodate was freshly 
prepared in water and added with mixing at  a 5-fold 
molar excess over PL. The extinction coefficient a t  280 
nm determined in this laboratory for a 1 mg/mL solution 
of PL was 2.2, and the molecular weight of PL was 39.2 
kDa (see Results). The PL and periodate were allowed 
to  react a t  room temperature for 8 min, and then the 
reaction was quenched with a 7-fold excess of DTT over 
periodate (one mole of periodate was found to oxidize 
approximately 5 mol of DTT). PL contains no cysteine 
residues (20). Quenching agents such as 1,3-diamino- 
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propan-2-01 or ethylene glycol can be substituted if DTT 
is undesirable for any reason. 

In order to determine the percentage of N-terminal 
aldehyde formed during this step an aliquot of the PL 
mixture was removed and mixed with an equal volume 
of 100 mM sodium acetate pH 4.5. A freshly prepared 
solution of 100 mM MBTH (Aldrich Chem Co., Milwau- 
kee, WI), prepared in the same buffer, was added at  100- 
fold molar excess over PL and allowed to react for a t  least 
15 min before dilution in elution buffer A for injection 
on the HPLC. A Bio-Rad HPLC Model 800 with dual 
gradient pumps, a scanning TJV-vis Bio-Dimension 
detector, and a refrigerated Model AS100 autosampler 
was employed. Resolution of the PL from PL-MBTH was 
achieved by hydrophobic interaction chromatography on 
a PolyLC 4.6 x 250 mm, 1000 A pore size polypropyl 
aspartamide column (distributed by Western Analytical, 
Temecula, CAI. Buffer A was 1.2 M sodium sulfate, 20 
mM sodium phosphate pH 6.3, and buffer B was 50 mM 
sodium phosphate, 5% 2-propanol pH 7.3. The flow rate 
was 1 mumin. Sample was injected at  100% buffer A, 
and peaks were eluted with a gradient of 0-20% B over 
5 min and 20-40% B from 5-15 min. Approximately 
20 pg of BL was injected per run, and the eluent was 
monitored simultaneously at  280 nm and 350 nm. 

Digestion of Fab-3SH to Single-Sulfhydryl Fab. 
F(ab')z fragments of the murine IgGl anti-CEA antibody, 
ZCE025 ( I  1 ), were prepared by pepsin digestion of intact 
antibody for 2 h a t  37 "C in 100 mM sodium citrate pH 
3.5 with 3% pepsin (w/w) (14). F(ab')z was reduced to 
Fab' by incubation with 20 mM cysteine for 10 min at  
37 "C at pH 8. Excess cysteine was removed by gel 
filtration over a small Bio-Rad P-6 sizing column equili- 
brated with a buffer containing 20 mM MES, 100 mM 
sodium chloride, 1 mM EDTA, pH 6.3 which is referred 
to as MBS buffer below. The optimum procedure for 
producing single-sulfhydryl Fab' is described here. The 
effect of altering these parameters is described in the 
Results. The extinction coefficient a t  280 nm used for a 
1 mglmL solution of F(ab')z and Fab' was 1.8. Fab' a t  
5-10 mg/mL in MBS buffer was incubated with 3% (w/ 
w) lysyl endopeptidase (Wako Chemicals USA, Richmond, 
VA) at  37 "C for 16-20 h. The lysyl endopeptidase used 
in this work had an activity of 2 AU/mg as specified by 
the manufacturer. Solutions of the fluorescent thiol 
reagent BPM (Kodak Laboratory Chemicals, Rochester, 
NY) were prepared in DMSO. A typical sample for HPLC 
analysis was prepared as follows: 2 pL of 10 mM BPM 
in DMSO was added to 5 pL of Fab' and incubated for 
10 min prior to addition of 100 pL of HPLC buffer A. The 
HPLC system was the same as described above except 
that a Varian Model 9070 fluorescence detector was 
added in series after the W-vis detector so that absor- 
bance at  280 nm and fluorescence at  300 nm excitation 
and 360 nm emission could be monitored for each sample 
injection. 

Synthesis of the (Aminooxy)maleimide Bifunc- 
tional Linker, Na-[(aminooxy)acetyl]-N'-(maleoyl-/3- 
alanyl)-L-lysine. Reactants and products I-VI1 are 
shown in Scheme 2. (a) Na-[[[(tert-Butyloxycarbonylj- 
aminoloxy]acetyl)-N'-(trifluoroacetyl)lysine (IIIj. To 371 
mg of Ne-(trifluoroacety1)lysine (I) (NovaBiochem, 4448 
Laefelfingen, Switzerland) suspended in 3 mL of DMSO 
was added, in suspension in 1 mL of DMSO, 576 mg of 
the N-hydroxysuccinimido ester of [[tert-butyloxycarbo- 
nyl)aminoloxylacetic acid (II), prepared as described 
previously (21 1, modified as described (22). N-Ethylmor- 
pholine was then added to the suspension, with mixing, 
until the apparent pH as indicated externally on moist 
narrow-range pH paper was about 8. The suspension 
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clarified almost immediately upon adjustment to  pH 8, 
and the resulting solution was left overnight a t  room 
temperature. Subsequent thin-layer chromatography 
(22) of a small sample showed that little or no ninhydrin- 
positive material remained. Residual hydroxysuccinim- 
ide ester in the reaction mixture was destroyed by 
dilution with an equal volume of water and incubation 
at  37 "C for 1 h. The mixture was then further diluted 
with 32 mL of water, cooled to 0 "C, and brought to an 
apparent pH of 3.0 (glass electrode) with acetic acid. The 
solution was then divided in two and each half placed 
on a Chromabond 1000 mg (Machery-Nagel, DDuren, 
52348, Germany) equilibrated with 0.1% aqueous TFA. 
Each Chromabond was then washed with 20 mL of the 
same solution and eluted with 4 mL of a mixture of 0.1% 
TFA:acetonitrile, 4:6 (vlv). Acetonitrile was removed 
from the eluates in a current of filtered air and the 
remaining liquid removed by vacuum centrifugation. 
Analytical reversed-phase HPLC of this material using 
the system previously described (22) showed that it was 
substantially homogeneous and could be used satisfac- 
torily for the subsequent steps without further purifica- 
tion. 

(b) Nu-[[[(tert-Butyloxycarbonyl)amino/oxy]acetyl]lysine 
(N). The trifluoroacetyl group was removed from the 
€-amine of the lysine by adding 3 mL of water to each of 
the dried down eluates, cooling to 0 "C, then adding 330 
pL of piperidine. The mixture was maintained in an ice 
bath with occasional agitation for 3 h. The reaction was 
stopped by the careful addition of 500 pL of glacial acetic 
acid, and solutions could be stored frozen at  this point. 
To continue the procedure, each mixture was diluted to 
10 mL with water and the pH adjusted with acetic acid 
to pH 3.0 (glass electrode) if necessary. The mixtures 
were applied to two Chromabonds as before, except that 
(a) elution of the wanted fraction was carried out with 4 
mL of a mixture of 0.1% TFA:acetonitrile, 7:3 (v/v), and 
(b) for each Chromabond the material passing through 
unchecked was pooled with the subsequent 20 mL wash 
fraction and passed a second time over the same Chro- 
mabond after re-equilibration. For each Chromabond, 
the two eluates were pooled and dried down to give 
approximately 40 mg each of the desired product. Ana- 
lytical reversed-phase HPLC of this material using the 
system previously described (22) showed that it was 
substantially homogeneous. Positive fast-atom bombard- 
ment mass spectrometry (23) gave as base mlz 320.26 
(calcd M + H+ 320.18) together with signals correspond- 
ing to M + Na+ (mlz 342) and to losses from M + H+ of 
COZ, C4Hs. C4H8 + COZ, and COZ + C4Hs + COZ (at mlz 
276, 264, 220, and 176 respectively). 

(c) Nu-[[[(tert-Butyloxycarbonyl)amino]oxy]acetyll-~- 
maleoyl-P-alanyllysine (VI). To 40 mg of Tv was added 
1242 pL of DMSO, and the resulting solution was 
adjusted with N-ethylmorpholine to an apparent pH of 
7.0-7.5, indicated with pH paper as above. This solution 
was added slowly over 10 min with careful mixing to 66 
mg of the hydroxysuccinimido ester of maleoyl-P-alanine 
(V) (biochemical grade, Fluka, 9470 Buchs, Switzerland) 
dissolved in 1242 pL of DMSO. The order and timing of 
the addition is important so as to minimize reaction of 
the maleoyl group with excess amine. Thin-layer chro- 
matography of an aliquot, carried out as above, showed 
complete disappearance of the Boc-[(aminooxy)acetyl]- 
lysine after 1 h. The reaction mixture was diluted with 
2.23 mL of 0.1% TFA and acidified with 223 pL of acetic 
acid. The wanted product was isolated by preparative 
HPLC on a C-8 column with a gradient from 20% to 50% 
solvent B over 100 min as described previously (22) 
except that a flow rate of 5 mumin was used. Sample 
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aliquots of 800 pL were diluted with 100 pL of 0.1% TFA 
prior to injection on the HPLC. The wanted product was 
the last major peak in the run, eluting approximately at  
the midpoint of the gradient. After removal of the 
acetonitrile in a current of filtered air and drying down 
in a vacuum centrifuge, the yield of product was found 
to be 5.0 mg for each 800 pL aliquot injected which 
corresponds to 36% of the theoretical yield. The com- 
pound was characterized by electrospray ionization mass 
spectrometry (22) through signals a t  mlz 493 (M + Na+) 
and 471.1 (M + H+, calcd 471.49). The pooled product 
was stored in 2 mg aliquots a t  -20 "C in this more stable 
Boc-protected form. 

(d) Nu~(Aminooxy)acetyl]-N~-(maleoyl-~-alanyl)-~-lysine 
NU.. Each 2 mg aliquot was deprotected by incubation 
with 300 pL of anhydrous TFA for 45 min at  room 
temperature. This solution was then dried down and 
redissolved in 174 pL of water to give a nominal concen- 
tration of 31 mM. Solutions could be stored frozen for 
some weeks with several cycles of freezing and thawing 
without apparent loss of reactivity. The product (VII) 
was characterized by electrospray ionization mass spec- 
trometry (22) through signals a t  mlz 371.1 (base peak, 
M + H+ calcd 371.37) and 393.1 (relative intensity 45%, 
M + Na+ calcd 393.35). A test reaction of this material 
with 2,4-dihydroxybenzaldehyde, followed by isolation of 
the adduct by HPLC (data not shown), gave a substance 
having a single peak in the electrospray ionization mass 
spectrum at  mlz 491.4 (M + H+ calcd for the expected 
oxime 491.48). 

Preparation of /3-Lactamase-Fab' Conjugate. Af- 
ter oxidation of PL and quenching of the excess periodate 
as described above, the mixture was applied to  a small 
Bio-Rad P-6 column equilibrated with 100 mM sodium 
acetate pH 4.5 buffer to remove the low molecular weight 
components and to lower the pH. Storage of oxidized PL 
under these conditions for several days showed no 
apparent loss of coupling efficiency or aggregation/ 
precipitation. The maleimide-aminooxy bifunctional 
linker was prepared at 31 mM in water and added in 
50-fold molar excess over PL. After incubation for 90 min 
the excess linker was removed by gel filtration over a 
P-6 column equilibrated in MBS buffer. After digestion 
of the Fab'-3SH to  the single-sulfhydryl Fab' described 
above, the lysyl endopeptidase and the decapeptide 
cleaved from the heavy chain were removed from the 
single-sulfhydryl Fab' by size exclusion chromatography 
on a 1 x 30 cm Pharmacia Superose 12A FPLC column 
attached to the HPLC described above. Approximately 
10 mg of Fab' mixture could be applied per run. The 
elution buffer was 100 mM phosphate pH 7.0 with a flow 
rate of 0.7 mumin. 

Samples of oxidized PL and single-sulfhydryl Fab' were 
concentrated to approximately 5 mglmL by ultrafiltra- 
tion, if necessary, and then mixed and allowed to incubate 
for 60-90 min a t  room temperature. NEM was then 
added at  10 mM to quench the reaction and prevent 
oxidation of unreacted Fab' to F(ab'Iz. The 1:l conjugate 
was purified by size exclusion chromatography: the 
mixture was concentrated to about 20 mg/mL whereupon 
samples of a t  least 5 mg could be applied to the Superose 
12A column described above with good resolution be- 
tween the PL-Fab' conjugate and unreacted monomers. 
SDS-PAGE of proteins was performed with a Pharmacia 
Phast System using 4-15% gradient gels under nonre- 
ducing conditions. The gel in Figure 3 was electronically 
scanned using a densitometer scanner. 

Mass Spectrometry of fi-MEiTH. A 4 mg sample 
of periodate-oxidized PL reacted with MBTH was applied 
to the HIC column as described above, and the peak 
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containing the PL-MBTH adduct was collected. To 
eliminate traces of salts which can interfere with analysis 
by electrospray mass spectrometry, the sample was 
dialyzed against 5 L of ultra pure water (MilliQ system). 
After 2 days the water was replaced and dialysis was 
continued for a further 2 days. Mass spectrometric 
analysis was then performed on a VG-Trio 2000 instru- 
ment (22).  

Immunoreactivity and Biodistribution of the fl- 
Fab' Conjugates. Fab'-PL conjugates were iodinated 
by the solid state Iodobead (Pierce) procedure according 
to the method of Markwell (24). A specific activity of 7.8 
x lo6 cpdpg  was obtained for both SMCC and site- 
specifically linked conjugates. The immunoreactivity was 
tested by solid-phase RIA against antigen(+) LS174T and 
antigen(-) M14 tumor cells. lZ5I-Labeled conjugate was 
diluted in PBS plus 10% y globulin-free horse serum 
(AHS) (Gibco) and added to duplicate wells a t  serial 
dilutions from lo6 to  3.125 x lo4  cpm in 23 pL aliquots. 
After incubation for 60 min at  room temperature the cells 
were washed with PBS plus 10% AHS, and bound cpm 
in the wells was determined by y counting. 

Immunoreactivity of unlabeled conjugates was also 
measured in a two-step assay using iodinated anti-mouse 
antibody (25). LS174T cells (ATCC) were harvested from 
culture flasks using 0.05% trypsidJ3DTA and washed 
with PBS, and 150 000 cells were aliquoted into flexible 
96 well microtiter plates. Cells were air dried and then 
rehydrated with PBS plus 10% AHS. PL conjugates were 
diluted in PBS plus 10% AHS and incubated for 1 h on 
target cells a t  room temperature. Wells were washed, 
and 100 000 cpm of lZ5I-labeled anti-mouse IgG (light 
chain specific, Jackson Immunoresearch Laboratories, 
Avondale, PA) were incubated 1 h a t  rt. Wells were 
washed and counted as above. 

For biodistribution experiments the iodinated conju- 
gates prepared and tested above were injected into female 
nude mice bearing LS174T tumors. Mice received either 
randomly linked (SMCC) or site-specifically linked PL- 
Fab' conjugate containing 2.4 x lo7 and 2.8 x lo7 cpm, 
respectively. At specific time intervals, described in 
Results, the mice were sacrificed, organs were removed 
and weighed, and the remaining radioactivity was as- 
sessed by y counting. 
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RESULTS 

Periodate Oxidation of N-Terminal Threonine. 
Quantitative measurement of the percentage of protein 
aldehyde formed after treatment of PL with sodium 
periodate was achieved by high-performance hydrophobic 
interaction chromatography (HIC -HPLC) after reaction 
with MBTH (Figure 1). Scheme 1 shows the reaction of 
N-terminal threonine with periodate and the structure 
of the subsequent adduct formed after reaction with 
MBTH. The spectrum of unreacted MBTH showed 
negligible absorbance above 300 nm, while reaction with 
acetone gave a major new absorbance peak at 306 nm, 
and reaction with the P-lactamase aldehyde produced a 
broad absorbance from 300 to 400 nm with a maximum 
at  340-350 nm (spectra not shown). The PL-MBTH 
adduct was monitored simultaneously at 350 nm and 280 
nm during the HPLC runs. The ratio of 350 to 280 nm 
absorbance of the PL adduct was approximately 0.2 as 
shown in Figure 1. 

Electrospray mass spectrometry gave a molecular 
weight of 39 235.6 + 4.2 for native p-lactamase and 
39 353.2 f 5.6 for the P-lactamase-MBTH adduct puri- 
fied by HIC-HPLC. This gave a measured net mass 
increase of 118 f 9.8 Da compared to the predicted value 
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Figure 1. HPLC profile of PL and PL-MBTH separated by 
hydrophobic interaction chromatography. Native PL elutes a t  
14 min and the PL-MBTH adduct a t  16 min. The A280 and A350 
were monitored simultaneously during the run. Panel A pe- 
riodate oxidation with a 2:l molar excess of periodate over PL 
at  pH 8 shows about 40% of the A280 eluting at  16 min, indicating 
the percentage of reactive aldehyde that was formed. Panel B: 
periodate oxidation of PL a t  pH 6.5 with 4:l excess periodate 
over PL shows approximately 90% of the PL reacted with MBTH. 
These were injections of the complete reaction mixture (see the 
Experimental Procedures) which included the excess DTT, 
MBTH, acetaldehyde (see Scheme 1) presumably present as an 
MBTH adduct, and buffer components, all of which elute in the 
peaks prior to  10 min. Unreacted MBTH, when injected alone, 
eluted at 6 min with high A280 and minor A350 (chromatogram 
not shown). 

Scheme 1. Periodate Oxidation of Protein N-Termin- 
a1 Threonine to Aldehyde and Reaction with MBTH 

CH3 
d-oH 

I N-terminal threonine 
R-NH--C-C-NH, ' '1104- 

' + CH,-Cf + 103- + NH3 
R-NH-!-c-H H 

N-terminal aldehyde 
cn, 

MBTH 

CH3 

R-NH-C-C-N-N 0 II MBTH H adduct =(m 
R = the remainder 01 lhe protein from the second ammo acid residue 
Io the carboxyl terminus 

of 116 Da, consistent with an adduct containing a single 
MBTH per p-lactamase. 

Table 1 shows the percentage of the PL-MBTH adduct 
formed under different periodate oxidation conditions. 
Variables including time of periodate incubation, the 
concentration of periodate, the buffer, and pH were all 
found to significantly influence formation of reactive 
aldehyde. The most important factor for maximum 
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Table 1 

Mikolajczyk et al. 

% MBTH adductb 
molar ratio of periodate:PL 

periodate oxidation buffer“ 2: 1 4: 1 6: 1 

40 mM phosphate, pH 6.5 76 89 90 

40 mM phosphate, pH 8.0 43 50 53 

100 mM Na acetate, pH 4.5 
20 mM MES, pH 6.3 

50 mM borate, pH 8.0 

40 mM phosphate, pH 7.0 72 77 78 

0 
49 

1% ammonium bicarbonate, pH 8.0 29 
35 

40 mM phosphate, pH 7.0 at  90 min 18 

a All incubations for 8 min a t  room temperature except where 
noted otherwise. Integrated HPLC peak area of 16 min peak 
divided by 16 + 14 peaks. Typical chromatograms seen in Figure 
1. 

aldehyde formation was found to be periodate treatment 
a t  a pH less than 7. Also, oxidation in phosphate buffer 
showed better subsequent MBTH reactivities than those 
obtained with borate or MES at  similar pHs. However, 
periodate treatment a t  a pH below 5 in 100 mM acetate 
buffer resulted in no subsequent MBTH reaction. 

The second major factor influencing aldehyde forma- 
tion was the time oxidation was allowed to proceed before 
being quenched. In general, incubation times from 5 to 
15 min showed no significant differences in MBTH 
reactivities (data not shown) while incubation for 90 min 
dramatically decreased the subsequent yield of PL- 
MBTH to 25% of the control value (Table l), due possibly 
to overoxidation. The protein carbonyl groups adjacent 
t o  the aldehyde as shown in Scheme 1 are capable of 
further reaction with periodate, although at much slower 
rates. It was not determined what percentage of the 
material eluting at  the position of native PL after 
treatment with periodate under the various conditions 
in Table 1 was unoxidized native PL or this degraded, 
unreactive form of PL. 

Higher periodate levels also had detrimental effects. 
MBTH reaction was comparable after PL oxidation with 
a molar excess of periodate from 2- to  6-fold over PL 
(Table 1) while incubation with a 16-fold excess of 
periodate gave rise to  a major uncharacterized third peak 
at  11 min with an altered 3501280 ratio (data not shown). 

A control variant of PL shown by amino acid sequence 
analysis in our laboratory to have an alanine at  the 
N-terminus, when treated with 16-fold excess of periodate 
for 10 min at  pH 6.5 and then reacted with MBTH gave 
only one peak which had a retention time and 3501280 
ratio identical to  the untreated starting protein. Thus, 
no specific or nonspecific MBTH-reactive sites were 
formed in a PL which did not contain threonine as the 
N-terminal residue. 

The mechanism by which PL-MBTH interacted with 
the HIC column matrix appeared to be specific to the 
presence of the MBTH residue on the protein and not 
due primarily to  increase in hydrophobicity of the protein 
as a whole. Reaction with reagents such as dansyl 
hydrazide, 0-(4-nitrobenzyl)hydroxylamine, and 2,4-dini- 
trophenylhydrazine all showed negligible shifts in the 
HIC-HPLC retention time compared to  unreacted PL 
(data not shown). Injection of the sample onto an 
alternate HIC column, a TSK phenyl 5PW column, also 
gave resolution of the PL--BTH from native PL though 
both eluted at  a much higher %B buffer concentration 
due, presumably, to the more hydrophobic matrix. At- 
tempts to effect separations by reversed phase 300 A C-4 
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Figure 2. HPLC profile of Fab’ reacted with BPM and 
separated by hydrophobic interaction chromatography. Unre- 
acted BPM elutes a t  3-4 min. Solid line is Azgo with the scale 
indicated on the y-axis and the dotted line is fluorescence (300 
nm ed360 nm em) at a scale of 5 fluorescence units full scale. 
Panel A: elution profile of Fab’-3SH treated with NEM prior 
to addition of BPM showed no Fab‘ reaction with BPM as 
indicated by low level of fluorescence. Panel B: reaction of Fab’- 
3SH with BPM resulted in degradation of the peak profile. Panel 
C: reaction of Fab’-1SH (Fab’-3SH digested with lysyl en- 
dopeptidase) showed elution profile comparable to panel A 
except for increased fluorescence. The slight retention time offset 
in the fluorescence profile is due to placement of the fluorescence 
detector in series after Azgo detector. 

and C-8 columns using standard acetonitrilelwater gra- 
dients were unsuccessful with all reagents tested, includ- 
ing MBTH. 

Proteolytic Cleavage of Fab by Lysyl Endopep- 
tidase. The hinge region amino acid sequence of the last 
16 residues (221-236) of the truncated heavy chain of 
pepsin-derived Fab’ is RDCGCKPCICTVPEVS. This 
shows a lysine-proline linkage (residues 226-227) be- 
tween the second and third cysteine as counted from the 
C-terminus. Lysyl endopeptidase can cleave lysine- 
proline bonds unlike proteases such as trypsin (26). 
While the linkage 226-227 was found to be available for 
cleavage by this protease after reduction of the F(ab’)z 
to a Fab’, it was found to be poorly available in the (Fab‘lz 
form, presumably due to  steric factors. No differences 
were observed whether or not the cysteines had been 
capped with NEM. The mixture obtained after digestion 
with lysyl endopeptidase would therefore include a Fab’ 
with a C-terminal lysine and decapeptide containing two 
cysteines. 

Because the Fab’ with 10 fewer amino acid residues 
was not distinguishable from peptic Fab’ by size exclusion 
chromatography a method was developed employing 
HIC-HPLC, as with the MBTH adduct with PL described 
above. All samples in Figure 2 were treated with BPM, 
a hydrophobic thiol reagent which becomes fluorescent 
upon reaction with thiols. In Figure 2A the elution 
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Scheme 2. Synthesis of Na-[ (Aminooxy)acetyll-Nc- 
( maleoyl-/?-alanyl)-L-lysinea 

a Structures I-VI1 described in the Experimental Procedures. 

profile of peptic Fab' is shown. The small peak at  12 min 
was residual unreduced F(ab')a. In this control experi- 
ment the cysteines in the Fab' were blocked with NEM 
prior to treatment with BPM. The chromatogram of 
Fab'-NEM without BPM treatment gave an identical 
retention time for the Fab' (not shown). If, however, the 
peptic Fab' with three cysteines (Fab'-3SH) was treated 
directly with BPM the single peak deteriorated into a 
series of broad poorly defined peaks (Figure 2B). After 
incubation with lysyl endopeptidase, reaction of the Fab' 
with BPM gave a peak eluting only about 0.5 min later 
than the NEM adduct in panel A, but, as would be 
expected for the wanted product, this peak was about five 
times more fluorescent (Figure 2C). Thus, the fluorescent 
peak in Figure 2C was used to monitor removal of the 
decapeptide from Fab' by lysyl endopeptidase. 

Once this simple method for detecting single-sulfhydryl 
Fab' was in place, conditions for digestion by lysyl 
endopeptidase were investigated. Parameters tested 
were as follows: time of incubation, 4,8,16 h; percentage 
(w/w) of protease to Fab', 1, 2, 3%; temperature, rt, 37 
"C; and pH, 8, 7, 6.3. Because cleavage of the lysine- 
proline bond was not especially fast the stronger test 
conditions were determined to be the most suitable: 3% 
lysyl endopeptidase at  pH 6.3 in MES for 16-20 h a t  37 
"C. Although digestion rates followed the order pH 8 > 
7 =- 6.3, digestion at  pH 8 was avoided because of 
difficulties in designing convenient reaction conditions 
which did not also result in degradation of the protein 
as determined by loss of integrated peak area by HPLC. 
The action of the lysyl endopeptidase on the Fab' was 
completely inhibited by the addition of an equal mass 
(5-fold molar excess) of the protease inhibitor, aprotinin 
(Sigma Chemical Co., St. Louis, MO) over lysyl endopep- 
tidase. Quenching of the digestion mixture with apro- 
tinin was, however, not necessary prior to  reaction with 
BPM or direct application to the HPLC. 

Coupling of Single-Sulfhydryl Fab to Oxidized 
/?-Lactamase. In order to couple Fab' to p-lactamase it 
was necessary to synthesize a bifunctional linker reactive 
with both thiols and aldehydes. Scheme 2 shows the 
synthetic scheme for the linker containing maleimide and 
aminooxy functional groups. The conjugation was per- 
formed by first reacting the linker with the aldehyde on 

a 
1 -  

I 
i 

Figure 3. SDS-PAGE of conjugation components on 4-15% 
gradient Pharmacia Phast gel under nonreducing conditions. 
Gels stained with Coomassie R 350. Lanes slightly overloaded 
to better visualize minor bands: lane 1, PL; lanes 2 and 7, Fab' 
used in the conjugation reactions; minor bands near dye front 
are free Fab' heavy and light chain (-25 kDa) from cysteine 
reduction of F(ab')2; lane 3, intact antibody; lanes 4 and 8, 
F(ab')2; lane 5, purified 1:l PL-Fab' conjugate; lane 6, reaction 
mixture (Fab' added in 25% excess over PL) prior to purification 
of conjugate by size exclusion chromatography. The nominal 
molecular weights of the proteins are 40, 50, 90, 100, and 150 
kDa for BL, Fab', 1:l conjugate, F(ab')2, and intact antibody, 
respectively. 

the PL N-terminus followed by removal of the excess 
linker by passage over a small P-6 column (see the 
Experimental Procedures). The derivatized PL was then 
mixed with purified single-sulfhydryl Fab'. The 1:l 
conjugate (molecular weight -90 kDa) was purified from 
the unreacted monomers (Fab', -50 kDa, and PL, -40 
kDa) by size exclusion chromatography. The profile of 
conjugation mixture used to generate the 1:l conjugate 
for subsequent biodistribution studies is shown in Figure 
4B, solid line. Figure 3 shows the SDS-PAGE pattern 
of the different components in the reaction mixture 
including the final purified conjugate. Since recovery of 
the modified PL and Fab'-1SH precursors was es- 
sentially quantitative from the gel filtration columns, and 
because no higher order conjugates were formed (see 
below), the overall yield of 1:l conjugate was effectively 
determined by the area of the peaks in the final chro- 
matographic profile. In the case of Figure 4B, solid line, 
the 1:l conjugate was well separated from the monomers 
and contained approximately 65% of the starting mate- 
rial. Incubation of Fab'-1SH a t  equimolar ratios with 
MBTH-reactive PL would be expected to result in the 
maximum percentage yields. 

Figure 4 also shows size exclusion chromatograms of 
the conjugates formed with different ratios of PL to Fab'. 
Panel A shows the gradual increase in 2:l conjugate as 
the ratio of linker-modified PL over Fab'-3SH is in- 
creased. Incubation a t  a ratio of 2 PL per Fab' resulted 
in almost 80% of the peak area eluting a t  greater than 
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Figure 4. Size exclusion chromatography on Pharmacia Su- 
perose 12A. Peak eluting at  16.5 min was 1:l conjugate; 18 min, 
Fab’ and 19.5 min, PL. Panel A conjugate formation with 
decreasing ratios of Fab‘-3SH to PL. Solid line, 2:l; dotted line, 
1.5:l; dot-dash, 1:l; dashed line 0.5:l. Absorbance eluting as  a 
front shoulder on the 16 min peak indicated the presence of Fab’ 
with more than one PL attached. With PL in 2-fold excess over 
Fab‘ (dashed line) 80% of the peak area corresponding to  
molecules greater in size than the 1 : l  conjugate peak which 
eluted a t  about 15-16 min. Panel B: conjugate formation with 
Fab’-lSH. Solid line: the profile of the reaction mixture of Fab’/ 
PL a t  a ratio of 1.25:l. The peak area of the conjugate is 65% of 
the total &80. Reinjection of purified conjugate showed a single 
peak a t  the same position (not shown). Dotted line: in the same 
experiment when an aliquot of PL was added in %fold excess 
over Fab’-lSH only 16% of the conjugate peak area corresponds 
to  molecules greater in size than the 1:l conjugate (integrated 
area of the front shoulder a t  -15 min). 

1:l conjugate retention time. This was also confirmed 
by SDS-PAGE which, in addition, showed 10-20% of 
3:l conjugate in this sample (gel not shown). At a Fab’- 
3SWPL ratio of 1:l about 25% of the conjugate formed 
was 2: 1, as estimated from integration of the HPLC peak 
areas, and even with Fab‘-3SH at  twice the PL concen- 
tration about 5-10% 2:l conjugate was estimated from 
the chromatograms. These results demonstrated that 
close spacing of the hinge region cysteines did not 
appreciably hinder multiple protein attachments. 

In contrast to Fab’-3SH, coupling reactions using 
Fab’- 1SH showed minimal higher order conjugation. 
Incubation of Fab‘-lSWPL a t  a ratio of 1.25:l formed 
negligible quantities of material behaving as 2:l conju- 
gate (Figure 4, solid line; Figure 3, lane 5). Even when 
Fab’-1SH was incubated with a %fold excess of male- 
imide-modified PL only about 16% of the conjugate 
formed was 2:l .  This may have been due to a few percent 
residual Fab’-3SH but the majority was likely due to 
reaction with the sulfhydryls produced by the 10-20% 
of free light and heavy chains formed upon treatment of 
the F(ab’)z with cysteine (see Figure 3, lanes 2 and 7). 
This light-heavy chain reduction can also be seen in the 
purified conjugate, lane 5. The only significant band in 
lane 5, aside from the 1:l conjugate, ran between the 

Table 2 

peak areaa % reactive PL 
ratio of Fab’ to  PL conjugate PL w/MBTHb w/FaWC 
Fab‘-3SHd 

2: 1 92 17 90 72 
1.5:l 100 20 90 71 
1:l 106 22 90 71 
0.5:l 97 21  90 70 

1.25:l 65 11 90 75 

1.5:l 20 40 35 20 

a Arbitrary HPLC integrator units from chromatograms in 
Figure 5, rounded off to nearest integer. Percentage of PL- 
MBTH adduct as determined from relative A280 of HPLC peak 
areas as seen in Figure 1. Percentage of total PL found as 
conjugate with Fab‘, based on relative peak areas. Extinction 
coefficients used in calculation: -4280 of 2.2 and 2.0 equals 1 mg/ 
mL for /3L and BL-Fab‘conjugate, respectively. Also PL comprises 
45% of the conjugate mass. d @L oxidized at  pH 6.5 in phosphate 
as shown in Table 1. e PL oxidized at pH 8 in borate buffer as 
shown in Table 1. This is the simple average of four determina- 
tions with less than 10% variation between values. Chromato- 
grams not shown. 

Fab’-lSHd 

Fab‘-3SHe 

position of free Fab’ and the conjugate and represented 
a similar percentage (10-20%) of 1:l conjugate minus 
the light chain, which can be seen running near the dye 
front. Noncovalently bound light-heavy chains can only 
be separated under denaturing conditions such as SDS 
gels since strong hydrogen bonding keeps the molecules 
together under native conditions including size exclusion 
chromatography. Immunoreactivity is not noticeably 
affected by reduction of the light-heavy chain disulfide 
bond (unpublished observation). 

The protein coupling efficiency was highly correlated 
to the percentage reaction of oxidized PL with MBTH 
shown in Table 1. By integrating the peaks of Figure 4 
the percentage of nonreactive oxidized PL could be 
calculated for each set of conditions. In all chromato- 
grams except Figure 4B, dotted line, the concentration 
of available Fab’ thiols was equal to or greater than that 
of the reactive PL. The last column in Table 2 shows that 
under a wide variety of ratios of Fab’ to PL the reactive 
PL maintained a nearly constant coupling eficiency with 
Fab’ from 70-75%, with a simple average of 72%. The 
coupling efficiency was not significantly impaired even 
when two or more molecules of PL were attached to Fay- 
3SH. By contrast, under conditions where only 35% of 
the PL reacted with MBTH (Table 2, bottom line) the 
coupling efficiency with Fab’ dropped to 20%. 

Characterization of the /?L-Fab’ Conjugate. All 
procedures used in the preparation and modification of 
PL and Fab‘ had no measurable effect on their individual 
activities. For PL, assay of its activity using PADAC 
substrate (12) showed identical hydrolysis rates for native 
PL and the PL conjugate on a molar basis. Immunore- 
activity of the two conjugates was shown to be compar- 
able by direct binding of 1251-labeled conjugate to  LS174T- 
(antigen+) and M14(antigen-) tumor cells (Figure 5). In 
addition unlabeled conjugate was also tested in a two- 
step method employing labeled sheep anti-mouse anti- 
body (see the Experimental Procedures) to detect conju- 
gate bound to antigen. This result also demonstrated 
identical immunoreactivity for the two conjugates (data 
not shown). The labeled conjugates shown in Figure 5 
were injected into tumor-bearing nude mice to study the 
biodistribution (Figure 6). The major difference between 
the conjugates is seen in the blood pool where the site- 
specifically linked conjugate is cleared more rapidly. At 
5 h the tumorhlood ratio was 1.65 for the site-specific 
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conjugate compared to 0.95 for the randomly linked 
conjugate. At 24 h this ratio increased to  15 and 4.2, 
respectively. The site-specific linked PL-Fab' conjugate 
would therefore be expected to give better therapeutic 
index upon administration of a PL-cleavable prodrug. 

DISCUSSION 

The current study demonstrates the efficiency of site- 
specific coupling methodology over random derivatization 
methods in the conjugation of proteins. Overall coupling 
efficiencies were a t  least %fold greater than those 
achieved by random methods. Schemes for site-specific 
modification of proteins have focused primarily on the 
N- and C-terminal amino acid residues since, in principle, 
there will be only one of each per polypeptide chain. For 
instance, we have found reverse proteolysis to be an 

effective method of introducing carbohydrazide to C- 
terminal lysines on antibodies (27, 28). This procedure 
can be applied to the naturally occurring C-terminal 
lysine on intact antibody or to C-terminal lysine produced 
artificially by the action of proteases such as lysyl 
endopeptidase or trypsin. The C-terminal carbohy- 
drazide on the protein reacts to form a stable hydrazone 
bond with a second, aldehyde-containing molecule such 
as a synthetic chelate, drug, linker or modified protein. 
While applicable in theory to most proteins, this method 
can give wide variability in the coupling efficiency from 
one protein to another. 

Efforts to take advantage of the pK differential be- 
tween the N-terminal a-amine (pK -8) and the +amino 
group on lysine (pK -10) have not proved sufficiently 
selective for general use on proteins. For smaller pep- 
tides with only a single competing lysine group the 
reagent iodoacetic anhydride can acylate the N-terminal 
a-amine with selectivities greater than 90% a t  pH 6 (29). 
The attached iodoacetyl functional group is then available 
for reaction with thiols. However, even a low percentage 
nonselective reaction with lysine +amines becomes unac- 
ceptable when working with larger peptides and proteins 
where available lysines are in molar excess over the 
single N-terminal by a factor of 20 or more. 

In the present work the N-terminal threonine of P99 
strain of p-lactamase was converted to an aldehyde by 
mild treatment with sodium periodate. This mechanism 
of action requires either a threonine or serine a t  the 
N-terminus (16-18). The mechanism of oxidation for a 
threonine-containing protein is shown in Scheme 1. The 
vicinal diols present in carbohydrates attached to some 
proteins are also subject to oxidation to aldehydes by 
periodate (30-32) but at rates 100-1000 times slower 
than for vicinal amino alcohols (15). Hence, this method 
can be applied to glycoproteins without appreciable 
degradation of the carbohydrate regions or formation of 
more than one aldehyde site for coupling. The N- 
terminal threonine of PL was found to be highly suscep- 
tible to periodate oxidation. The failure to see any MBTH 
reactivity toward a control PL terminating with alanine 
after periodate treatment emphasizes the specificity of 
vicinal amino alcohols in the formation of aldehydes 
under these mild conditions. This was in agreement with 
other work suggesting that periodate uptake by N- 
terminal threoninekerine is 1000 times faster than other 
protein reactions (15). 

These results, together with the substantial loss in 
MBTH reactivity after 90 min exposure of the P99 strain 
of PL to periodate (Table l) ,  suggest that the threonine 
is quickly and easily oxidized to aldehyde and that 
overoxidation or degradation of the initially formed 
aldehyde is the primary cause of reduced reactivity 
toward hydrazine/aminooxy reagents. 

I t  should be noted that the P99 strain of PL contains 
no cysteine residues which would be expected to compete 
effectively as a periodate scavenger (16). Proteins con- 
taining free cysteines may require additional periodate 
and should be tested for adverse effects due to periodate 
oxidation of those cysteines. In addition, the DTT used 
in the current work for quenching excess periodate should 
be avoided if disulfide bonds are present in the protein. 
Agents such as 173-diaminopropan-2-01 or ethylene glycol 
have also been used successfully in the current work to 
quench excess periodate though ethylene glycol must be 
added in large molar excess. PL-Fab' coupling percent- 
ages were shown to be proportional to the degree of the 
PL-linker formation as predicted by the reactivity of the 
oxidized PL with MBTH. However, PL-MBTH formation 
suggested that 90% of the PL contained reactive aldehyde 
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while the percentage of PL coupled to Fab' actually 
observed in Figure 4 ranged from 70 to 75% (Table 2). 
Possible reasons for differences include incomplete linker 
reaction with PL or partial hydrolysis of the maleimide 
functional group on the linker. 

In theory the reactive carbonyl group liberated at  the 
N-terminus of the chain could form inter- or intrachain 
Schiff bases with side-chain amino groups on the protein. 
In practice, however, as extensive previous work has 
shown (16-18), this is not a problem: any Schiff base 
structures that do form are most probably unstable a t  
the mild acid pH of the oximation reaction and decompose 
in favor of the wanted oxime product. PL showed no 
tendency toward precipitation or loss of aldehyde reactiv- 
ity even after many days storage in the oxidized form. 

In the absence of chromatographic separation of reac- 
tive and nonreactive components in a mixture the extent 
of oxidation based solely on predicted chromogenic coef- 
ficients becomes even more difficult to assess. For 
example, in the current study the hydrazone formed by 
the MBTH reaction with acetone gave a new peak at  306 
nm and had negligible absorbance above 340 nm. In 
contrast the maximum > 300 nm absorbance for purified 
PL-MBTH was 340 nm. Thus, the environment and 
nature of the chemical bond formed affected the extinc- 
tion coefficient of the MBTH adduct. Similarly, the 
fluorescence yield for BPM was observed to be highly 
solvent dependent. While attempts to  separate Fab'- 
BPM adducts from unreacted Fab' by reversed-phase 
chromatography using acetonitrilelwater solvents were 
unsuccessful (data not shown), it was noted, not surpris- 
ingly, that the Fab'-BPM peak had 5-10 times higher 
ratio of fluorescence to 280 nm absorbance than in the 
high salt buffers required for HIC. Hence, chromato- 
graphic separation of the reactive component obviated 
the need for the far more dificult task of determining 
precise extinction coefficients for each set of conditions. 
Along this same line, while it may be possible to resolve 
species of PL 4 the a-amine directly by careful applica- 
tion of cation exchange chromatography, Table 1 suggests 
this alone would not be sufficient to predict subsequent 
hydrazide reactivity. It is the quantitative determination 
of hydrazide-reactive species which is essential for de- 
signing optimized conjugation reaction conditions. 

It is not clear why the PL-MBTH adduct was resolved 
from PL, while similar hydrophobic adducts with dansyl 
hydrazide, 2,4-dinitrophenylhydrazine, and o-(nitroben- 
zy1)hydroxylamine were not. The thiazolinone carbon- 
nitrogen double bond (see Scheme 1) together with the 
resonance from both nitrogen lone-pair electrons might 
confer a favorable rigid, planar conformation to the entire 
adduct up to the point of the first protein carbonyl group, 
which would not be true for adducts with the other 
reagents described. It may be that the more rigid 
conformation of the MBTH adduct imparts increased 
selectivity upon interaction with a hydrophobic matrix. 

The biodistribution studies of the conjugates demon- 
strated that no undesirable properties were introduced 
into the conjugate because of the linker (33) or site of 
conjugation. In fact, a more favorable tumor to  blood 
ratio was achieved due to the more rapid clearance of 
the site-specifically linked conjugate from the blood a t  
the early time points. The decreased percent injected 
dose per gram at  the tumor may reflect this more rapid 
clearance from the blood, but any reduction in tumor 
uptake is offset by the more favorable tumor to blood 
ratio. Since the tumor to blood ratio is frequently the 
limiting factor in the efficiency of therapeutic applications 
(34) it may be that a more homogeneous conjugate confers 
an additional advantage in this area. 
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The current methodology may find wide applicability 
in combination with genetic engineering. Expression of 
a threonine or serine N-terminal on a protein not 
normally terminating in these amino acids creates an 
entirely new and effective site for conjugation with 
minimal impact on the protein. With regard to antibod- 
ies, many examples already exist of various Fv and Fab' 
fragments being expressed as  chimeric or humanized 
forms (9, 35-38) which could, in theory, be expressed 
with only a single cysteine a t  the C-terminal region. 

The expression of fusion proteins of enzymes attached 
t o  Fab's or Fv fragments does not necessarily preclude 
the need for chemical synthetic methods. In recombinant 
technology the separate antigen-binding and enzymatic 
domains are expressed as a single molecule, each half of 
which must fold properly in the presence of the other. 
Improper folding can lead to inactive or unstable con- 
structs. In contrast, the individual domains in chemical 
constructs remain intact throughout. In addition, thera- 
peutic conjugates generally require repeated injections, 
and while the technology for expression of humanized 
antibody fragments already exists, there is not yet a 
proven means of humanizing a bacterial protein such as 
P-lactamase. Expression of an active PL-FV fusion 
protein has been achieved (39) but this construct would 
still be expected to be immunogenic. For this reason it 
is desirable to maintain individual control over the 
component halves when working with PL conjugates. One 
method which has been shown to decrease immunoge- 
nicity of proteins is dextranation (40). While PL activity 
was found to be unaffected by this process the immu- 
noreactivity of anti-CEA and anti-TAG-72 Fab's were 
both severely compromised (data not shown). A method 
to  modulate the degree of dextranation has, however, 
allowed construction of a conjugate with modified dex- 
tranation which maintains good immunoreactivity (manu- 
script in preparation). In this case, the addition of an 
effective conjugation strategy promises high yields of a 
bacterial protein in a conjugate with reduced immuno- 
genicity. 

The above considerations have been avoided entirely 
by expression of a human enzyme, P-glucuronidase, with 
a humanized Fab', a fusion protein which would be 
expected to elicit minimal immunogenic response in 
humans (41). Even in such cases, however, the avail- 
ability of an otherwise inert but readily activatable 
threoninelserine residue offers additional advantages. 
One application might be as a site for the easy introduc- 
tion of chelates in a defined manner for controlled 
radiolabeling and biodistribution experiments. Other 
options include combined drug (generated by the enzyme 
moiety of the fusion protein)-radioisotope (on the che- 
late) therapy, or even the introduction of a third protein 
(enzyme or antibody) for model trifunctional studies. 

Thus, the presence of an N-terminal threoninelserine, 
used as described in this paper, can greatly increase the 
flexibility available in the construction and study of 
bioconjugates. 
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Synthetic gene transfer vectors could be an attractive alternative to  biological vehicles for gene therapy. 
In an effort to  improve the previously developed lipopolyamine-mediated transfection technique, various 
amphiphilic DNA-binding molecules have been synthesized. Besides Transfectam, several liposper- 
mines display very high gene delivery levels. The structure-activity relationship obtained points to 
the central role played by the polyamine headgroup in condensing the plasmid and binding it to  the 
cell surface, provided the hydrophobic moiety is capable to generate nonmicellar mesomorphic 
structures. It also highlights other favorable (albeit more speculative) properties shared by protonable 
lipospermines as compared to quaternary ammonium-bearing lipids, such as their ability to act as a 
buffer and their strong affinity for chromatin. The former property may prevent the pH decrease 
along the degradative lysosomial pathway. The ability to  bind to chromatin even in the presence of 
endogeneous polyamines should have two consequences: a nuclear tropism of the transfecting particles 
and plasmid uncoating in the nucleus by competitive dilution of the lipopolyamine into an ocean of 
DNA. 

INTRODUCTION 

The design of artificial systems able to  carry genes into 
eukaryotic cells has become a field of considerable 
interest. Although most ongoing gene therapy protocols 
rely on very efficient recombinant viral vectors, the large 
scale or repetitive use of biological carriers in humans 
indeed is expected to raise several problems which are 
not shared by inert vectors. The latter ones are far less 
efficient, however. Several types of cationic molecules 
able to bind DNA and to carry it into cells have been 
described (reviewed in Felgner (1990), Behr (1993), and 
Cotten and Wagner (1993)), essentially including chi- 
meric polypeptides and synthetic lipids. 

Within the latter context (Felgner et al., 1987; Leventis 
and Silvius, 1990; Gao and Huang, 19911, we have 
synthesized lipopolyamines (Behr et al., 1989) and de- 
veloped them in vitro into one of the most efficient 
nonviral gene transfer techniques (LoeMer and Behr, 
1993; Barthel et al., 1993; Behr, 1994). These vectors, 
however, remain orders of magnitude behind the biologi- 
cal ones, and in an effort to reduce this gap we have 
designed various other lipophilic DNA-binding struc- 
tures. Here we describe the syntheses and transfection 
properties of these new molecules. Although no real 
breakthrough was made, several compounds display 
efficiencies comparable to that of the originally described 
lipopolyamines. Furthermore, the structure-activity 
relationship obtained allows us to circumvent some of the 
structural elements required for efficient gene transfer 
and, most significantly, gives an experimental support 
to  the mechanism of transfer of lipopolyamine-coated 
DNA into the cell. 

EXPERIMENTAL PROCEDURES 

The syntheses of (C&GlySpel.3+ and DPPESper2+ have 
been described previously (Behr et al., 1989; Loeffler & 
Behr, 1993). (Cl&GlySper3+ (Transfectam) is available 
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from Promega and DOTMA was a gift from Dr R. Debs 
(San Francisco). 

Preparation of the Fluorinated Amine Precur- 
sors. A solution of nonafluorotetradecylcarbonyl chloride 
(Santaella et al., 1991) (1.20 g, 2.4 mmol) in 10 mL of 
CHCl3 was added dropwise under argon to a solution of 
heptadecafluorodecylamine hydrochloride (Nivet et al., 
1992) (1.16 g, 2.4 mmol) and triethylamine (1 mL, 7.3 
mmol) in 10 mL of CHCl3. After 12 h, the solution was 
concentrated and chromatographed (silica, CHCl3) to 
afford 1.80 g of the amide as a white powder (90% yield). 
This compound was added to 0.32 g of LiAlH4 in 20 mL 
of diethyl ether, and the suspension was heated under 
reflux for 12 h. After usual workup and chromatography 
(silica, CHC131, 1.6 g of N-(heptadecafluorodecy1)-N- 
nonafluoropentadecylamine was obtained (90% yield). 

Preparation of N-(Benzyloxycarbony1)glycina- 
mides. N'JV'-Dioctyl-N-(benzyloxycarbony1)glycinamide: 
A solution of dioctylamine (lg, 4.14 mmol), N-(benzyl- 
oxycarbony1)glycine p-nitrophenyl ester (1.37g, 4.14 mmol), 
and triethylamine (1.37g, 4.14 mmol) in 5 mL of CHzClz 
was refluxed during 24 h. The reaction mixture was 
diluted with 20 mL of Et20 and extracted with 0.5 M Naz- 
COB until hydrolysis of the unreacted ester was com- 
pleted. The organic phase was washed with HzO and 1 
M HC1, dried with MgS04, and evaporated. Yield: 810 
mg (45%). 
N'-(Heptadecafluorodecyl)-N'-(nonafluoropentadecyl)- 

N-(benzy1oxy)glycinamide: A solution of N-(heptadeca- 
fluorodecy1)-N-(nonafluoropentadecyllamine (505 mg, 0.6 
mmol), N-(benzyloxycarbony1)glycine p-nitrophenyl ester 
(240 mg, 0.73 mmol), and triethylamine (100 pL, 0.73 
mmol) in 1.5 mL of THF was refluxed during 48 h. The 
reaction mixture was diluted with 20 mL of CHZC12 and 
successively washed with a saturated solution of NaH- 
COS, with HzO, and with a 5% citric acid solution. The 
crude product was chromatographed (silica, CH2Cl2, 
0-2% MeOH). Yield: 440 mg (70%). 

Preparation of Glycinamides. A solution of 1 mmol 
of N-(benzyloxycarbony1)glycinamide in 10 mL of CHZ- 
ClfitOH (1:l) containing 120 mg of 10% Pd/C was 
hydrogenated during 48 h at  atmospheric pressure. The 
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reaction mixture was filtered through Celite which was 
further washed with CHZClfltOH 1/1. 

The "$7-dioctylglycinamide filtrate was evaporated, 
redissolved in CHzClZ, and washed with 0.1 M NaOH. 
The organic phase was dried with MgS04 and evapo- 
rated. Yield: 85%. 

The N'-(heptadecafluorodecyll-N'4nonafluoropentade- 
cy1)glycinamide filtrate was evaporated and successively 
washed with CHCl3 and MeOH. The desired compound 
was recovered after evaporation of the MeOH solution. 
Yield: 40%. 

Direct Coupling with Dicyclohexylcarbodiimide 
(DCC). N',"-Dioctadecylbis(butoxycarbony1)ornithyl- 
glycinamide; N'-(nonafluoropentadecyl)tetrakis(butoxy- 
carbony1)sperminecarboxamide; N'-(heptadecafluorode- 
cy1)-N'-(nonafluoropentadecyl)[ (tetrabutoxycarbony1)- 
sperminecarbonyllglycinamide; N'-[3,6,9-trioxa-7-(2'-0~- 
aeicos-1 l'-enyl)heptaeicos-18-enyl][tetrakis(butoxycar- 
bo nyl)sperminecarbonyl]glycinamide. 

DCC (1 mmol) was added to a solution of 1 mmol of 
(tetrabutoxycarbony1)sperminecarboxylic acid (Behr, 1993) 
and 1 mmol of amine in 2 mL of CH&. After 24 h, the 
reaction mixture was filtered, diluted, and successively 
washed with a saturated solution of NaHC03, with HzO, 
and with a 5% citric acid solution. The crude product 
was chromatographed (silica, CHzClZ, 0-4% MeOH). 
Yield: 55-70%. 

Reaction of the N'-(heptadecafluorodecy1)-N'-(nonafluo- 
ropentadecyl) derivative was performed in THF with 1 
equiv of triethylamine. The reaction medium was diluted 
with CC14, filtered, and chromatographed (silica, CHzClZ, 
0-2% MeOH). 

Indirect Coupling via an Activated Ester. N'- 
Octadecyltetrakis(butoxy carbony1)sperminecarboxamide; 
N,N'-dioctadecyltetrakis(butoxycarbonyl)spermine- 
carboxamide; N',N'-dioctyl[tetrakis(butoxycarbonyl)- 
sperminecarbonyl]glycinamide; N'-(1,2-dioleoyl-sn-glyc- 
ero-3-phosphoethanolyl)tetrakis(butoxycarbonyl)- 
spermine carboxamide. 
Tetrakis(butoxycarbony1)sperminecarboxylic acid was 

activated with N-hydroxysuccinimide (1 mmol of acid, 1 
mmol of N-hydroxysuccinimide, and 1 mmol of DCC in 4 
mL of CH2Cl2; reaction time 0.5 h). The resulting ester 
was reacted with 1 mmol of amine in the presence of 1 
mmol of triethylamine. After being stirred for 24 h, the 
reaction mixture was filtered, diluted, and washed with 
0.5 M Na~C03, with HzO, and with a 5% citric acid 
solution. When present (TLC), the unreacted ester was 
hydrolyzed at  once with 0.5 M KOH in order to facilitate 
the purification step. The crude product was chromato- 
graphed (silica, CHZC12, 0-2% MeOH). Yield: 55-75%. 

In the case of the 1,2-dioleoyl-sn-glycero-3-phospho- 
ethanolamine derivative, the reaction mixture was re- 
fluxed, diluted, and washed with a 5% citric acid solution. 
The crude product was chromatographed (silica, CHzC12, 
0-15% MeOH). 

Final Deprotection of the Amino Groups. The 
butoxycarbonyl protective groups were quantitatively 
removed by dissolving the protected compound (100 mg) 
into trifluoroacetic acid (1 mL) and removing the solvent 
in vacuo; this procedure was repeated three times to 
ensure complete removal of the four butoxycarbonyl 
groups. 

IH-NMR (200 MHz) spectra were run in CDSOD, except 
when indicated. Chemical shifts are expressed in ppm 
and coupling constants in Hz. 
N', N'-Dioctadecylornithylglycinamide, hydrotrifluoro- 

acetate (C&GlyOrn2+: lH-NMR 4.24; 4.00 (dd, JAB = 16, 
2H, CHzCO), 3.96 (t, J = 7, lH,  CHN+), 3.2-3.4 (m, 4H, 
CHzN), 2.97 (t, J = 7, 2H, CHzN'), 1.55-1.95 (m, 12H, 
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CHzCHzN+, CHzCHzN, CHZCH~CHZN), 1.27 (bs, 56H, 
(CH2)14), 0.88 (t, J = 6, 6H, CH3). 

N'-Octadecylsperminecarboxamide, hydrotrifluoroac- 
etate ClsSper3+: lH-NMR 3.90 (t, J = 6, lH, CHN+), 3.25 
(t, J = 7.5, 2H, CHzN), 3.0-3.2 (m, 10H, CHzN+), 1.75- 
2.15 (m, IOH, CHZCHZN+, CHZCHZN), 1.5-1.75 (m, 2H, 
CHzCHzCHZN), 1.28 (bs, 28H, (CH2)14), 0.89 (t, J = 6.5, 
3H, CH3). 
N',"-Dioctadecylsperminecarboxamide, hydrotrifluo- 

roacetate (Cls)zSper3+: lH-NMR 4.45 (t, lH, CHN+), 3.0- 
3.2 (m, 14H, CHzN+, CHZN), 1.75-2.15 (m, 12H, CHZ- 
CHzN+, CHZCHzN), 1.5-1.75 (m ,4H, CHZCHZCHZN), 

N'-Nonafluoropentadecylsperminecarboxamide, hy- 
drotrifluoroacetate FCSpe++: 'H-NMR 3.89 (t, J = 6, lH,  
CHN+), 3.23 (t, J = 7.5, 2H, CHZN), 3.0-3.2 (m, 10H, 
CHzN+) 1.8-2.2 (m, 10H, CHzCHzN+, CHZCHZN), 1.4- 
1.6 (m, 2H, CHZCHZCHZN), 1.31 (bs, 16H, (CHZ)~). 
N',"-Dioctyl(sperminecarbonyl)glycinamide, hydro- 

trifluoroacetate (C8,2GlySper3+: lH-NMR 4.14 (s, 2H, 
CHzCO), 4.00 (t, J = 6, lH,  CHN+), 3.0-3.2 (m, 14H, 
CHzN+, CHzN), 1.8-2.15 (m, 8H, CHzCHzN+), 1.45-1.7 
(m, 4H, CHZCHzN), 1.25 (bs, 20H, (CH2)5), 0.88 (t, J = 

N'-( Heptadecafluorodecy1)-N'-(nonafluoropentadecy1)- 
spenninecarbonyl)glycinamide, hydrotrifluoroacetate (FC)2- 
GlySper3+: lH-NMR 4.18 (s, 2H, CHzCO), 4.02 (t, lH, 
CHN+), 3.55-3.75 (m, 2H, CHzN), 2.95-3.1 (m, 12H, 
CHzN+, CH2N), 1.45-2.1 (m, 16H, CHzCHzN+, CHZCHZN, 

N'-[3,6,9-Trioxa-7-(2'-oxaeicos-ll'-enyl)heptaeicos-l8- 
enyl]sperminecarboxamide, hydrotrifluoroacetate DO- 
Sper3+: lH-NMR 5.34; 5.09 (2t, J = 7,4H, CH=CH), 3.92 
(t, J = 7.5, lH,  CHN+), 3.7-3.75 (m, 2H, OCHZCHz0), 
3.55-3.65 (m, 5H, CHCH20, OCHzCH20, OCHZCHZN), 
3.4-3.5 (m, 10H, CHzN, CHCHzOCHz), 3.0-3.2 (m, 10H, 
CHzN+), 1.5-2.1 (m, 20H, CHzCHzN+, CHzCHzO, 

CH3). 
N'-( 1,2-Dioleoyl-sn-glycero-3-phosphoethanolyl)sper- 

mine carboxamide, hydrotrifluoroacetate DOPESper3+: 
lH-NMR 5.33; 5.08 (2t, J = 6,4H, CH=CH), 5.23 (m, lH,  

(m, 5H, CHN+, CHzOP), 3.18 (t, J = 7, CHzN), 2.85-3.1 
(m, 10H, CHzN+), 2.33; 2.31 (2t, J=  7,4H, CHzCO), 1.5- 
2.2 (m, 20H, CHZCHZN+, CHZCHZCO, CHzC=CCHz), 1.23 

Synthesis of (C&Acr. N',"-Dioctadecylglycinamide 
(460 mg, 0.79 mmol), 9-chloroacridine (Albert and Ritchie, 
1955) (180 mg, 0.79 mmol) and phenol (1.7 g) were heated 
a t  80 "C for 15 h. After addition of CHzClZ, the solution 
was washed with 2 M KOH and dried over MgS04. The 
crude product was chromatographed (silica, CHzC12, 2% 
EtOH), yield 480 mg (80%), Rf (MeOH 2% NEt3) = 0.53. 
9-(N',"-Dioctadecylg1ycinamido)acridine (C18)Acr (CDC13): 
lH-NMR8.23(d, J=8.7,2H),8.07(d,  J=8.7,2H),7.66 
(t, J = 7.4, 2H), 7.36 (t, J = 7.4, 2H) 7.22 (bs, lH,  NH), 

1.27 (bs, 56H, (CH2)14), 0.88 (t, J = 6.5, 6H, CH3). 

6.5, 6H, CH3). 

CHzCFz, CHzCHzCFz), 1.35 (bs, 14H, (CHZ)~). 

CHzC=CCHz), 1.30 (bs, 44H, CHz), 0.90 (t, J = 6, 6H, 

CHOZC), 4.43; 4.16 (dd, J ~ = 1 2 , 2 H ,  CHzOzC), 3.75-4.05 

(bs, 44H, CHZ), 0.89 (t, J = 6.5, 6H, CH3). 

4.47 (s, 2H, NCOCHz), 3.31 (t, J = 7.5, 2H, CHzN), 3.15 
(t, J=  7.7,2H, CHZN), 1.52 (bs, 4H, CHzCHzN), 1.26 (bs, 
30H, CHZ) 0.88 (t, J = 6.5, 6H, CH3). 

Synthesis of (C&Netr. Ethyl 4-aminopyrrole-2- 
carboxylate (NHz-Pyr-COzEt): Ethyl 4-nitropyrrole-2- 
carboxylate (Morgan & Morrey, 1966; Lee et al., 1988) 
(184 mg, 1 mmol) was hydrogenated in the presence of 
50 mg of 1O%Pd/ C in 5 mL of MeOWHzO (9:l) for 3.5 h. 
After filtration, the solvent was removed to give an oil, 
which was coevaporated twice with CHzC12. NHz-Pyr- 
COzEt was used immediately for the next step without 
further purification, Rf (MeOH/hexane/AcOEt (5:45:55)) 
= 0.30. 
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Ethyl 4-[(tert-Butyloxycarbonyl)amino]pyrrole-2-car- 
boxylate (BocNH-Pyr-COzEt). NH2-Pyr-COzEt (155 mg, 
1 mmol) was dissolved in 1.2 mL of HzO/dioxane (1:l). 
NEt3 (0.2 mL, 1.5 mmol) and BOG-ON (247 mg, 1 mmol) 
were added. After 1 day, the solvent was evaporated, 
20 mL of CHzClz was added, and the solution was washed 
twice with 100 mL of 0.15 M KzC03 . The crude product 
was chromatographed (silica, CHzClZ), yield 161 mg 
(63%), Rf (CHzClmeOWAcOH (90:9:1)) = 0.70. 
4-[(tert-Butyloxycarbonyl)aminolpyrrole-2-carboxylic Acid 

(BocNH-Pyr-COzH). BocNH-Pyr-COzEt (100 mg, 0.393 
mmol) was saponified in the presence of 15%(w/w) KOH 
(2.24 mL, 6 mmol) in 3 mL of MeOH for 16 h. The solvent 
was replaced by 2 mL of water, the solution was cooled 
to  3 "C, and HC1 1 M was added until precipitation of 
the desired product occurred. The solution was extracted 
twice with 175 mL of ether, yield 89 mg (loo%), Rf(CH2- 
CldMeOWAcOH (90:9:1)) = 0.33. 

Ethyl [[4-[(tert-Butyloxycarbonyl~amino]pyrrolyl]-2-car- 
boxamidol-4-pyrrole-2-carboxylate (BocNH-Pyrz-COzEt). 
BocNH-Pyr-COzH (30 mg, 0.133 mmol) and NH2-Pyr- 
COzEt (25 mg, 0.160 mmol) were coupled in the presence 
of DCC (30 mg, 0.143 mmol) and NEt3 (21 pL, 0.143 
mmol) in THF/CHC13 (1:l) for 2 days. The crude product 
was chromatographed (silica, CHzClZ), yield 28 mg (58%); 
Rf (CHd%fMeOWAcOH (90:9:1)) = 0.63. 

Ethyl N-[3-Bis(octadecylcarbamoyl)-2-oxapropylcarbo- 
nyllglycinate. Glycine ethyl ester hydrochloride (1.228 
g, 8.8 mmol) and 3-bis(octadecylcarbamoyl)-2-oxapropy- 
lcarboxylic acid (5.104 g, 8 mmol) were coupled for 4 h 
in the presence of NEts (1.226 mL, 8.8 mmol) and DCC 
(1.816 g, 8.8 mmol) in 75 mL of CHCl3. The solution was 
washed four times with a 2%(w/w) citric acid solution. 
The organic layer was dried over MgS04, filtered, and 
chromatographed (silica, hexane/AcOEt (4:l); CHC13; 
CHCl&IeOH (9:l)): yield 4.3 g (67%), Rf(CH2ClfleOW 
AcOH (90:9:1)) = 0.72. 

N-[ 3-Bis(octadecylcarbamoyl)-2-oxapropylcarbonyl]gly- 
cine. The previous compound (4.3 g, 5.93 mmol) was 
saponified by 5 M NaOH (1.35 mL, 6.82 mmol) in 25 mL 
of MeOH for 1 day. The solvent was evaporated, CHC13 
was added, and the solution was washed with 0.1 N HCl, 
dried over MgS04, and evaporated: yield 4.05 g (98%), 
Rf (CHd&/MeOWAcOH (90:9:1)) = 0.51. 

Ethyl 44 [N-[3-Bis(octadecylcarbamoyl)-2-oxapropylcar- 
bonyllglycinamido]pyrrole-2-carboxamido]-4-pyrrole-2- 
carboxylate (Cl&Netr. BocNH-Pyrz-COzEt (13 mg, 36 
pmol) was deprotected in CF~COZH (1 mL) for 2.5 h to 
give ethyl 4-(aminopyrrole-2-carboxamido)-4-pyrrole-2- 
carboxylate (NHz-Pyrz-COzEt), Rf (CH2C1d MeOH 9/1,1% 
AcOH) = 0.07, which was used immediately. NHz-Pyrz- 
COzEt (36 pmol) was coupled to the lipid (27.5 mg, 40 
pmol) in the presence of DCC (8.2 mg, 40 pmol) and 
DMAP (4.8 mg, 40 pmol) in 360 ,uL of dry THF for 3 days. 
The crude product was chromatographed (silica, CHzC12, 
2-10% MeOH): yield 8 mg (24%); Rf (CHZCldMeOW 
AcOH (90:9:1)) = 0.5; 'H-NMR 7.38 (s, lH), 7.25 (s, lH), 
6.94 (s, lH), 6.89 (s, lH), 4.40 (s, 2H, CHzO), 4.28 (9, 2H, 
OCH&H3), 4.14 (s, 2H, CHzO), 4.05 (s, 2H, NHCHzCO), 

(t, 3H, CHZCH~), 1.26 (bs, 30H, CHz), 0.89 (t, J = 6.4, 
6H, CH3). 

3.16-3.37 (m, 4H, CHZN), 1.54 (b, 4H, CHZCHZN), 1.34 

Cell Culture. 3T3 murine fibroblasts were cultured 
in 80 mL flasks (NUNCLON) in Dulbecco's modified 
Eagle medium (DMEM, GIBCO) supplemented with 10% 
calf serum (GIBCO), 100 UG/mL streptomycin (GIBCO), 
100 UI/mL penicillin (GIBCO), 0.1 mg/mL kanamycin 
(INTERMED), 0.286 g/L glutamine (LANCASTER), and 
2 g/L glucose (JANSSEN) at  37 "C in a humidified 
atmosphere containing 5% Cog. At confluence, the cells 
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were trypsinized and seeded at  approximatively 25-30% 
confluence in six- or 24-well dishes (Falcon) in 2 mL 
culture medium. After 12 h, the cells were rinsed with 
serum-free medium, and the transfection mixture was 
added. 

Plasmid. The bacterial chloramphenicol acetyl trans- 
ferase (CAT) reporter gene was used throughout this 
study. This enzyme is easily detectable by a sensitive 
assay, and the results have been quantified. 

The plasmid used in this study is the 4xTRE-tk-CAT 
with four collagenase gene TPA responsive elements 
(TGACTCA) inserted 5' to  the Herpes Simplex virus 
tymidine kinase (tk) gene minimal promoter (Behr et al., 
1989). It was propagated and purified by standard 
techniques. 

Transfection Procedure. Plasmid coating with the 
lipid was performed in isotonic sodium chloride (Barthel 
et al., 1993). Two pg of plasmid and the desired amount 
of a 2 mM lipid solution in ethanol were each diluted into 
50 pl of 150 mM NaCl and vortexed. If more than one 
lipid was used, ethanolic lipid solutions were mixed prior 
to  the dilution step. After ca. 10 min, the two solutions 
were mixed and vortexed. After another 10 min, 900 pL 
of serum-free culture medium was added and the solution 
was vortexed. This transfection medium was added to 
the cells 10 min later. 

After 8 h, the transfection medium was replaced by 
1.5 mL of DMEM supplemented with 10% FCS. After 
24 h, the medium was removed and the cells were frozen. 

CAT-ELISA Test. Immunological quantification of 
CAT was performed with a commercial ELISA test 
(Boehringer), according to the manufacturer's instruc- 
tions. Cells were thawed and lysed with 200 pL of lysis 
buffer. After centrifugation, 80 pL (more or less if outside 
the calibration curve) were used for the CAT-ELISA test. 
The volume of cell extract was completed to 200 pL with 
sample buffer, added to rehydrated precoated wells, and 
incubated for 1 h at  37 "C. The cell extracts were 
discarded, and the wells were washed three times with 
washing buffer. Two hundred pL of anti-CAT-DIG (2 pg/ 
mL) was added into each well, and the plate was 
incubated for 1 h at  37 "C. The anti-CAT-DIG was 
discarded, and the wells were washed again as described 
above. Two hundred pL of anti-DIG-POD (150 mU/ml) 
was added into each well, and the plate was incubated 
for 1 h at  37 "C. After another washing cycle, 200 pL of 
POD substrate was added, and the plate was incubated 
for 1 h at  room temperature. The OD405 nm of the samples 
was converted to picograms CAT per well with a calibra- 
tion curve of the native enzyme (typically linear from 20 
pg up to  500 pg per cell extract). 

RESULTS AND DISCUSSION 
Lipopolyamines such as Transfectam ((C&GlySper3+, 

Figure 1) were originally designed to bind DNA and to 
condense it into particles coated with a cationic lipid 
layer, which in turn binds to  anionic residues present 
on the cell surface (Behr et al., 1989). Various other 
lipophilic DNA-binding molecules were synthesized and 
their transfection properties were compared to  this 
reference compound. The chemical structures were 
chosen to explore other types of DNA-binding headgroups 
((Cl&Acr, (Cl&Netr), to vary the cationic charge density 
((Cl&GlyOrn2+, (C&Gly+), to prevent miscibility with 
endogeneous cellular lipids (FCSper3+, (FC)2GlySper3+), 
and to  assess the importance of a spacer ((Cl&Sper3+), 
of the lipid fluidity (DPPESper2+, DOPESper2+, DOSpe$+) 
and of the hydrophilicflipophilic balance ((C&GlySpe$+, 
ClsSper3+). Calcium phosphate coprecipitation and a 
commercially available gene transfer agent (DOTMA) 
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Figure 1. Structures of the amphiphiles used in this study. 
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Table 1. Transfection Efficiencies of Various 
Amphiphilic Compounds," Relative to That of 
(Ctd2GlsSuel.9+ 

Remy et al. 

agents as well, (C&Acr and (Cl&Netr were synthesized 
and compared to (Cl&GlySper3+. The glycine and gly- 
colyl-glycine spacers between the lipid and nucleic acid 
binding moieties were chosen after CPK molecular model 
examination so as to leave the headgroups interact freely 
with DNA. This was indeed the case, as shown by a 50% 
hypochromism and a 5 nm bathochromic shift for the 
acridine chromophore ((Cl&Acr), and by a turbidity 
increase ((C18)zNetr) after complex formation of the 
corresponding lipid with DNA. However, when mixed 
with the CAT plasmid in the concentration ranges and 
ratios where the lipopolyamine was active, none of these 
molecules showed any detectable transfection property 
on 3T3 cells (some preliminary positive results obtained 
for (Cl&Acr were in fact due to its decomposition to 
acridone and NjV-dioctadecylglycinamide which has 
weak transfection properties). The pKa of acridine in 
aqueous solutions of (Cl&Acr was found to  be 8.4 by 
absorption spectroscopy, which leaves a positive charge 
on the molecule a t  physiological pH. However, even with 
a net cationic balance of charges for the complex with 
DNA, no CAT enzyme activity could be detected. Non- 
lipidic gene delivery systems exploiting receptor binding 
on the cell surface have been synthesized with an 
intercalator in place of a polycation for DNA binding 
(Wagner et al., 1991; Haensler and Szoka, 1993). These 
compounds are inefficient as well when compared to their 
polylysine counterparts, highlighting the importance of 
DNA compaction to reach efficient gene transfer. Indeed, 
cationic polyamines and polybasic peptides induce nucleic 
acid condensation into toroi'ds and rods in diluted aque- 
ous solutions (Bloomfield, 1991). Acridine intercalation 
is rather expected to rigidify the DNA backbone and does 
not compact it even when linked to a lipid tail. Netrop- 
sine, like polyamines, may induce DNA bending and 
(Cl&Netr forms very tiny and apparently monodisperse 
nucleolipidic particles. We took advantage of this prop- 
erty in (Cl&G1ySper3+/(Cl&Netr admixtures which in- 
creased slightly transfection efficiency (Table 1). 

The number, nature, and location of charges 
dramatically change the transfection properties of 
the cationic lipid. The strength of polyamine binding 
to nucleic acids is a function of the number of charges, 
with a ca. 1 order of magnitude increment per ammonium 
group (Braunlin et al., 1982). Three lipids, (Cl& 
GlySper3+, (Cl&GlyOrn2+, and (C&Gly+, with identical 
backbones bearing, respectively, three, two, and one 
ammonium residue, were compared to each other as 
transfection agents (their protonation states a t  neutral 
pH rest on pK measurements). Varying the charge per 
molecule had a surprisingly profound effect on efficiency, 
which cannot be understood only on the basis of reduced 
plasmid binding of the (C18)zGlyOrn2" and (Cl&Gly+ head 
groups. Indeed, DOTMA (Table 1) and dioctadecyldi- 
methylammonium bromide (Behr et al., 1989) bear 
quaternary ammonium heads which are known to bind 
even weaker to  DNA and still transfect 3T3 cells (al- 
though less efficiently than (Cl&GlySper3+). However, 
lipospermine-coated particles will bind to chromatin even 
in the presence of millimolar concentrations of endoge- 
neous spermine. Consequently, nuclear accumulation of 
the particles as well as plasmid uncoating through 
cationic lipid dilution into an ocean of DNA may be 
favored, hence, their better performance.When the gly- 
cine spacer is absent ((C&Sper3+), the lipopospermine 
leads to an abundant flocculent precipitate in aqueous 
solution, which hampers proper complex formation with 
DNA and transfection. Yet DPPESper2+, DOPESper2', 
and DOSper3+ are very active, suggesting that although 
a spacer is required, its precise structure is not impor- 

cation/ cyto- particles 
compdb efficiency anion ratiod,e toxicity,f formation 

CaPhosphate ~ 0 . 0 1  
(C1&GlySper3' 1 
(CdzAcr UDh 
(C&Netr UD 

n 
zi 

2 

(C1&G1yOrn2+ 0.05 
(Cia)zGly+ UD 
DOTMA 0.12 
(CdzSpe++ UD 
DPPESper*+ 1.3 
DOPESper*+ 1 
DOSper3' 1 
(C&GlySpe++ UD 
(FC)ZGlySpe++ 1 

2 

FCNH3- UD 
FCSpe++ UD 
C18Sper3+ UD 

+ 
0.5-10 (4) - 
0.7-6.7 - 
0.66-6.6 - 
(C1&GlySpeP+ (6) - 
+(Cla)zNetr (0.2) 
(C1&GlySpe++ (6) - 
+(Cl&Netr (0.8) 
1-10 (4) + (10) 
1-10 + (10) 
2-4 (2) - 
0.75-10.7 - 
1.3-5.3 (2.6) - 
0.5-10 (2) - 

2-20 (10) + (4) 
0.5-10 + (5) 
2-20 (20) + (10) 
(Cl&GlySper3- (6) - 
+(FC)zGlySper3+ (0.3) 
1-10 +++ (4) 
0.75-7.5 - 

0.75-6.8 ++ (4) 

+++ ++ 
++ ++ 
- 

++ 

+ 
++ ++ ++ 
++ ++ 

- 

- 

See Experimental Procedures. Structures are shown in 
Figure 1. Mean value of a triplicate with a 30% sd. Range of 
cationic lipid charges to anionic DNA phosphates which was 
explored (or moles of lipid per mole DNA base in the case of neutral 
lipids). e Values in parentheses are catiodanion ratio correspond- 
ing to  the highest efficiency (row 3) or to  the onset of toxicity (row 
4). fThe apparent onset of cytotoxicity was assessed by the 
morphological change of the fibroblasts, from their typical ex- 
tended shape with thick pseudopods (-) to  a reversible spherical 
shape with thin pseudopods (+I, to  an irreversible detachment of 
most cells (+++). g Tiny particles (Figure 2) may appear over the 
cells during transfection (+ severavcell, ++ tensicell). UD: 
undetectable (<0.01). 

were included for scaling purposes and for comparison 
of protonated ammonium cations with a quaternary 
ammonium salt, respectively. 

Transfection experiments were performed in standard 
conditions (Barthel et al., 1993), on a single chloram- 
phenicol-acetyltransferase reporter plasmidcell line 
combination (TRE-tWCAT with NIH-3T3 murine fibro- 
blasts). This narrow experimental window, however, 
allowed us to explore a wide range of lipid-to-DNA ratios. 
Thus, various amounts of each lipid were mixed with the 
same amount of DNA (2 pg), and transfection levels were 
directly compared to that of (Cl&GlySper3+ taken as the 
reference compound. The highest efficiencies obtained 
are given in Table 1 together with the range of vector/ 
DNA ratios which was explored. Since we showed earlier 
that for cationic lipids the most important parameter is 
the net electric charge of the complexes, this range was 
expressed as lipid catiodphosphate anion ratio (and as 
the molar lipid per nucleic base ratio for neutral lipids). 
Some relevant direct microscopical observations have 
been included as well, such as the apparent cytotoxicity 
and the eventual appearance of tiny particles covering 
the cells during transfection. 

Comparison of Various DNA Binding Modes. 
Polyamines have been shown to hydrogen bond to the 
floor of the DNA minor groove (Schmid and Behr, 19911, 
9-aminoacridine derivatives to  intercalate between base 
pairs (Georghiou, 1977), and netropsin derivatives to fill 
the minor groove (Zimmer and Wahnert, 1986), all with 
afinities for DNA within the range of 104-106 M-I. In 
addition, earlier work had shown that lipointercalators 
and lipopolyamines form stable and discrete complexes 
with DNA (Behr, 1986). In order to see whether nonca- 
tionic modes of DNA-binding could lead to gene transfer 
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tant. Altogether these results highlight the key role 
played by spermine, but also show that many properties 
besides DNA binding strength and compaction are of 
importance for efficient gene transfer (see below). In- 
deed, once bound to the cell surface, the cationic nucleo- 
lipidic particles enter the cell either by membrane fusion 
or spontaneous endocytosis (for a more detailed discus- 
sion, see Behr (1994)). The latter pathway eventually 
directs the particle to the degradative lysosomal com- 
partment. The relative importance of the fusiodendocy- 
tosis routes of DNA entry into the cell may be assessed 
by buffering the acidic lysosome interior with a diffusing 
weak base such as chloroquine. DOTMA-mediated trans- 
fection is improved in the presence of chloroquine (Leg- 
endre and Szoka, 19931, whereas (C1&GlySper3+ trans- 
fection increases only 1.5-fold. The latter observation 
may have two explanations: either most particles enter 
the cell (and possibly the nucleus) by direct membrane 
fusion or DNA escapes from the degradative lysosomal 
route owing to the unique buffering property of the 
spermine headgroup. Indeed, titration of an aqueous 
dispersion of (C18)2G1YSPer3+ leads to basicity constants, 
pK1-4 = 10.5, 9.5, 8.4, 5.5, among which the lowest 
incidently equals the internal pH of 1ysosomes.l Orni- 
thine and glycine headgroups are unable to play this role 
since their p F s  are above 8; nonprotonable quaternary 
ammonium lipids such as DOTMA and dioctadecyldi- 
methylammonium bromide lack any buffering property. 

The hydrocarbon moiety of the lipospermine can 
be changed without loss of the transfection ef- 
ficiency. The spermine headgroup being essential for 
activity, several lipospermines were synthesized in order 
to explore the influence of the hydrocarbon moiety on 
transfection. DPPESpe$+ has a natural phosphatidyl- 
ethanolamine backbone as opposed to the synthetic 
glycinedioctadecylamide of (C18)2G1YSPe$'; it was some- 
what more efficient than the latter, and most importantly 
it showed no noticeable cytotoxicity (Behr e t  al., 1989). 
This interesting property may be due to its degradation 
into endogeneous compounds, dipalmitoylphosphatidyl- 
ethanolamine, and spermine (intermediate spermine-6- 
carboxylic acid is a substrate of ornithine decarboxylase; 
M. Laduron, personal communication). As a result, 
DPPESper2+ can be used to transfect routinely 20-30% 
of fragile primary human keratinocyte populations 
(Staedel et al., 1994). (C18)2GlySper3+ and DPPESper2+ 
bear saturated octadecyl and hexadecanoyl hydrocarbon 
chains, respectively, and therefore, they are expected to 
have melting temperatures above 37 "C. On the con- 
trary, DOPESper2+ possesses oleoyl chains with a cis- 
double bond and DOSpeP further has a flexible ethylene 
glycol spacer (Figure 1); these lipids probably melt below 
room temperature. Yet the four compounds have similar 
transfection properties, suggesting that the physical state 
of the lipid during DNA compaction and along the cell 
entry pathway may be of little importance. In order to 
check if cationic lipid mixing with cellular lipids is part 
of the gene transfer process, a partially fluorinated analog 
of (C18)2GlySpe$+ was synthesized ((FC)2GlySpel3+, Fig- 
ure 1). Indeed, perfluorinated hydrocarbon chains are 
both hydrophobic and lipophobic. Although the best 

A rough calculation shows that  the buffering capacity of a 
1000 radius transfecting particle included in a 1 micron 
lysosome lies in the millimolar range, which is higher than the 
concentration of chloroquine required to buffer lysosomes: 
Assuming the particle at 6 equ. charge to be essentially 
constituted by the lipospermine of molecular volume 70 Hi2 x 
30 A, the particle contains 2.106 protonable molecules in a 4. 

dm3 lysosome, i.e. a concentration of 2.106/(6.1023 x 4.10-15) 
= 0.8 .io-3 M. 

Figure 2. Phase contrast microscopic view of transfected 3T3 
fibroblasts. Numerous submicrometric particles appear as clear 
dots on the cells several hours after transfection (2 pg of plasmid 
mixed with 6 equiv of cationic charges of (C18)2-GIy-SpeP), 
giving a rough aspect to the cell surface. 

activity for this compound was reached at a somewhat 
higher lipidDNA ratio, its properties are similar to that 
of (C18)2GlySper3+, highlighting again the diversity of 
lipid backbones leading to comparable transfection ef- 
ficiencies. 

Micelle-forming cationic amphiphiles alone are 
unable to deliver DNA into cells. Finally, a short 
double chain (( C8)2GlySper3+) and several single tailed 
( C18Sper3+, FCNH3+, FCSper3+) cationic amphiphiles 
were synthesized, which are expected to form micellar 
structures instead of the more organized phases formed 
by the other cationic lipids. When mixed with calf 
thymus DNA in standard transfection conditions, 
quasielastic light scattering measurements showed that 
particles of size 100-300 nm (C18Spe$+) and 600 nm 
(FCSpe$+) were formed (90- 150 nm for (Cl8)2GlySpe$+). 
However, these particles were unable to transfect cells, 
and the amphiphiles had a pronounced effect on the cell 
morphology (Table 1). Both observations may be at- 
tributed to the micellar properties of these molecules: 
When added in charge excess to DNA, they condense it 
but are unable to coat the resulting particles with an 
excess cationic layer, hence the unability to deliver the 
nucleic acid to the cells; rather, the excess of amphiphile 
remains as separate micelles having deleterious deter- 
gent effects on the cells. 

CONCLUSION 
The dozen of amphiphiles which were synthesized 

allowed us to explore a palette of structural elements and 
to determine those required for the design of efficient 
gene transfer vehicles. These elements are a cationic 
polyamine and a pendent mesomorphogenic moiety ca- 
pable of forming long-lived structures other than micelles. 
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The polyamine interacts with DNA, condenses it, binds 
the nucleolipidic particle to  the cell surface, buffers the 
endosomal compartment, and eventually drives nuclear 
accumulation and uncoating of the particle through 
interaction with chromatin. Covalent linking of the 
polyamine to  a hydrophobic self-aggregating moiety 
allows to coat the particle with excess cationic lipid which 
protects the nucleic acid and provides a means to  
destabilize membranes. Along these lines, it is remark- 
able that particle formation, as seen by the appearance 
of tiny spots on the cell surface during transfection 
(Figure 21, seems to be a necessary, although not suf- 
ficient, condition for transfection (Table 1). Such par- 
ticles are seldom seen in between the cells and seem to 
result from the fusion of smaller, submicroscopic nucleo- 
lipidic particles bound to the fluid cell surface. 

Although the in vitro results obtained here with 
various structures lead to a rather modest improvement 
over the first compounds described 5 years ago, this 
conclusion does not prejudge their behavior in vivo. 
Indeed, gene transfer into cells belonging to a tissue is a 
much harder task to achieve, and many additional 
variables, such as the mode of delivery, the cell type, and 
environment, may induce at  first sight equivalent vectors 
to behave quite differently (Behr, 1994). Recently, 
several positive reports of gene therapy protocols using 
cationic amphiphiles have appeared. These encouraging 
results however should not obscure the real need for 
much more efficient molecules to  achieve successful gene 
therapy of diseases requiring delivery of DNA in vivo. 
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New specific reagents for the conjugation of organo transition metal species to proteins are described. 
These reagents are pyrylium salts bearing a (g5-C5H4)M(C0)3 (M = Mn and Re) a t  position 4. They 
couple with simple amines (n-butylamine and tert-butylamine) and to lysine side chains of proteins 
(bovine serum albumin and lysozyme) with varying yields. In almost all cases, the final conjugated 
species is a pyridinium salt, with the exception of lysozyme, for which the reaction ends at  the 
divinylogous amide form. Differences in reactivity for bovine serum albumin and lysozyme can be 
explained in terms of differences of isoelectric point and steric local environment around the reactive 
lysine residue. 

INTRODUCTION 

Pyrylium salts of general formula I have been thor- 
oughly investigated by several authors (Balaban et al., 
1982). Specifically, they react with primary amines 
leading to pyridinium salts, 111. Interestingly, they are 
also able to react with proteins (O'Leary and Sanberg, 
1971). However, the few examples concerning the reac- 
tion of pyrylium salts with proteins have dealt with the 
introduction of novel functionalities under mild condi- 
tions, taking advantage of the reactivity of pyridinium 
salts with nucleophiles, rather than for labeling purposes 
(Katritzky et al., 1984a). 

In the past few years, we have developed reagents for 
the introduction of organometallic entities into biologi- 
cally active molecules with different objectives in mind. 
First, we demonstrated that metal-carbonyl groups can 
act as sensitive analytical probes when detected by IR 
spectroscopy (Salmain et al., 1991). This property forms 
the basis of a new immunological test for haptens 
(Salmain et al., 1992) and antigens (Varenne et al., 1992). 
Second, when the transition metal belongs to the 5d row 
(like tungsten), we described a new class of reagents 
designed to aid in the solution of three-dimensional X-ray 
crystal structures of proteins (Gorfti et al., 1994). So far, 
we have successfully designed N-succinimidyl organo- 
metallic reagents which lead to the formation of a strong 
amide bond between the lysine side chains of proteins 
and the organometallic probe. There are, however, 
several drawbacks to the use of N-succinimidyl esters as 
labeling agents of proteins. As they are neutral, they are 
often insoluble in water, necessitating the use of an 
amount of organic cosolvent for solubilization. This can 
cause damage to some proteins and can induce denatur- 
ation. This problem has been solved by using N-sulfo- 
succinimidyl esters which are hydrophilic compounds 
(Staros, 1982). Furthermore, the modification of proteins 
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by N-succinimidyl esters involves a change in the global 
charge of the protein which in turn changes its solubility 
properties. 

In the preceding work, the syntheses of several pyryl- 
ium salts bearing an organometallic moiety at  the 4-posi- 
tion, such as [g6-C&ICr(C0)3 (Caro et al., 19931, [a5- 
C5H41Fe[g5-C5H51, [g5-C5H41Mn(C0)3, and [g5-C5H41Re- 
(co)~ (Dorofeenko and Krasnikov, 1972), have been 
described. Briefly, cyclopentadienylmanganese (rheni- 
um) tricarbonyl was lithiated with n-BuLi at  -78 "C in 
THF and then added to (2,6-diphenylpyrylium)+PF~-. 
This was followed by exchange of counteranion with 
(Ph&)+BF4- and precipitation of red (green) crystals 
upon addition of ethyl ether. Their reactivities toward 
simple amines like p-alanine and benzylamine have been 
investigated (K. L. Malisza, S. Top, M. J .  McGlinchey, 
and G. Jaouen, unpublished results). Furthermore, we 
have studied the reactions of manganese and rhenium 
pyrylium salts (Figure 1) with proteins such as bovine 
serum albumin (BSA) and hen egg-white lysozyme. 
Reactions were followed by W-vis  spectroscopy and 
compared to  that observed with n-butylamine in organic 
medium. In the case of BSA, we clearly observed the 
quantitative formation of an organometallic pyridinium 
derivative. As for lysozyme, the reaction was not quan- 
titative, and average coupling ratios measured were low. 
Furthermore, no pyridinium salt was observed; instead, 
we believe that the coupling reaction is stopped at  the 
divinylogous amide form. 

EXPERIMENTAL PART 

Materials. 4-(g5-Cyclopentadienyltricarbonylman- 
ganio)-2,6-diphenylpyrylium tetrafluoroborate (Ia) and 
4-(g5-cyclopentadienyltricarbonylrhenio)-2,6-diphenyl- 
pyrylium tetrafluoroborate (Ib) (Figure 1) were synthe- 
sized according to  the literature method (Dorofeenko and 
Krasnikov, 1972). n-Butylamine and tert-butylamine 
were purchased from Aldrich. Bovine serum albumin 
fraction V and hen egg-white lysozyme (three times 
crystallized) were obtained from Sigma. Borate buffer 
(0.1 M, pH 9.0) was prepared from demineralized water. 
Acetonitrile was of HPLC grade. Gel filtration chroma- 
tography was performed on Econo-Pac lODG columns 
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Figure 1. Organometallic pyrylium salts. 

(Biorad). UV-vis measurements were performed on a 
Uvikon 860 spectrophotometer (Kontron). 

Methods. Reaction of n-Butylamine with la (Scheme 
1). A stock solution of Ia in acetonitrile (1 x M) 
was prepared; this solution has not shown any signs of 
decomposition after several months at  4 “C. A stock 
solution of the amine (2 x M) in acetonitrile was 
prepared. To 1 mL of the pyrylium salt solution was 
added 100 yL of the amine solution. After 10 min, the 
solution was diluted to one-tenth, and its UV-visible 
spectrum was recorded. Subsequently, a solution of 
acetic acid (100 yL, 2 x M) was added, the solution 
diluted to one-tenth, and the reaction followed by W- 
vis spectroscopy (scan speed 250 ndmin) .  

Reaction of n-Butylamine and tertButylamine with I b  
(Scheme 1). To 1 mL of Ib in acetonitrile (1 x M) 
was added of a solution of n-butylamine or tert-butyl- 
amine in acetonitrile (100 yL, 2 x M). The solution 
was immediately diluted to  one-tenth, and UV-visible 
spectra were recorded every 5 min (scan speed 250 nml 
min). 

Labeling of BSA with l a  and Ib (Scheme 2).  A solution 
of BSA (1 mg/mL, 1.5 x M) was prepared in borate 
buffer. Nine parts of the protein solution were mixed 
with one part of the pyrylium salt stock solution (6 equiv, 
10% of acetonitrile). The reaction was followed by UV- 
visible spectroscopy in a 1 cm cuvette. After 24 h at  room 
temperature, the solution was centrifuged and chromato- 
graphed in a gel filtration column (eluent: demineralized 
water). Ten fractions of 1 mL were collected and ana- 
lyzed for protein concentration (Bradford method) and 
label, taking compounds IIIa and 11% as references ( E -  

(440 nm) = 10 300 for IIIa; ~ ( 4 1 0  nm) = 9030 for IIIb). 
Coupling ratios [bound label]/[protein] were calculated 
from the UV-vis data for each fraction collected. 

Labeling of Lysozyme with Ib  (Scheme 3). Lysozyme 
(12.3 mg, 842 nmol) was dissolved in borate buffer (2.7 
mL, 0.01 M, pH = 9.0), and Ib in acetronitrile (300 pL, 
5 x low3 M, 1500 nmol) was added. The mixture was 
incubated for 24 h at  room temperature, and the resulting 
suspension was centrifuged (15 min at 4000 rpm) to yield 
a bright yellow supernatant which was stored at  4 “C 
pending further analysis. 

RESULTS AND DISCUSSION 
Reaction of n-Butylamine with Ia in Acetonitrile 

(Scheme 1). The reaction of 1 equiv of Ia (red) with 2 
equiv of n-butylamine rapidly gives a yellow compound, 
IIa, which is sufficiently stable to be characterized by 
UV-vis spectroscopy. This intermediate is referred to 
as a divinylogous amide, IIa; the second equivalent of 
base catalyzes its formation (Katritzky et al., 1984b). The 
divinylogous amide shows an absorbance band at  390 nm 
( E  = 6300). After addition of acetic acid, this open ring 
intermediate slowly closes (2 h) to give the expected 
pyridinium salt absorbing at  441 nm (E = 10 300) (Figure 
2A). This assertion has been proven by comparing the 

Scheme 1. 
Salts with Amines in Acetonitrile 

Reaction of the Organometallic Pyrylium 

C6HS 

- C s H A  
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pmliumsalr IP o r  Ib divinylogour amide Ila or Ilb 2H-pyran 

1 H’ 
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very fast 
- 

H R  
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W-vis  spectrum of N-butylpyridinium Mn(C013, IIIa, 
which was synthesized independently. 

Reaction of BSA with Ia in Borate Buffer (Scheme 
2). The reaction of 6 equiv of Ia with BSA in borate 
buffer pH 9.0 has been performed at  room temperature. 
This time, the mechanism proceeds quite differently as 
observed by W-vis  spectroscopy. Immediately after a 
solution of Ia is mixed in acetonitrile with BSA, the 
solution becomes strongly orange corresponding to a 
species absorbing at 477 nm ( E  = 8800). This species 
slowly transforms (30-40 min) into a second yellow 
intermediate absorbing a t  407 nm and then finally into 
a compound absorbing at  440 nm (Figure 2B). If we 
compare these results to that of n-butylamine, we can 
reasonably assign the second intermediate to the divi- 
nylogous amide form as the first one is more likely a 
“pseudobase” form II’a, resulting from the reaction of Ia 
with HzO. In the experimental conditions described, this 
hydrolysis reaction is predominant and the pseudobase 
form appears as the reactive species toward the lysine 
residues of BSA. IIa then reacts slowly with the protein 
to give IIa which slowly (20 h) closes into IIIa. This last 
step is much slower than in the n-butylamine case 
because no acid was added in this case. This result is 
different from what has been previously reported (Katritz- 
ky et al., 1984a). Indeed, Katritzky et al. did not observe 
any reaction between the pseudobase and the protein 
when the latter was present in large excess. 

After 24 h, the mixture was chromatographed by gel 
filtration and the elution was followed by colorimetry at  
440 nm for the label. Furthermore, the protein content 
of each fraction was measured by the Bradford test a t  
595 nm (Figure 3A). Elution profiles are exactly super- 
imposable, indicating that all the label was bound to the 
protein. Quantitative characterization of fractions 2 to 
4 was performed by calculating an average coupling rate 
based on UV-vis data. These coupling ratios were found 
in the range 5.5-6.1, which is a coupling yield of nearly 
90% (Table 1). 

Reaction of n-Butylamine with Ib in Acetonitrile 
(Scheme 1). A similar experiment was performed by 
mixing 2 equiv of n-butylamine with Ib in acetonitrile. 
This time, however, the reaction takes place more 
rapidly, and even in the absence of acetic acid it proved 
impossible to  characterize correctly the divinylogous form 
intermediate which rapidly transforms into the final 
pyridinium salt. By UV-vis spectroscopy, a bathochrome 
shift from 401 nm (pyrylium) to 428 nm was observed 
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Scheme 2. Reaction of Bovine Serum Albumin with 
the Pyrylium Salts in Borate Buffer pH S.O/Aceto- 
nitrile 9/1 (M = M n  (a) or Re (b)) 

A I  

A 

‘- -. ..: k. .\..- ..... 
.,.J -.-.... .... -.+-..-, , 1 

.1110 420 550 6x11 YOII 1,111 

Figure 2. A. W-vis spectra of the reaction of Ia with 
n-butylamine in acetonitrile: (-1 Ia; (- -1 divinylogous amide 
IIa; (- * -) N-butylpyridinium salt IIIa. B. W-vis spectra of 
the reaction of Ia with BSA in borate buffer pH S.O/acetonitrile 
9/1: (-1 Ia; (- * -1 pseudobase IIa; (- -1 divinylogous amide 
form; (. -1 pyridinium salt. 

within 2 min and then an ispochrome shift to about 380 
nm, as a shoulder, within 15 more min. We conclude that 
the rhenium divinylogous amide intermediate is much 
more reactive than the manganese derivative. Moreover, 
band shifts are weak, making assignments more difficult 
than in the manganese case. 

Reaction of BSA with Ib in Borate BufYer (Scheme 
2). The protocol followed for Ia was applied to Ib. After 
24 h at  room temperature, the mixture was chromato- 
graphed and elution profiles in protein (595 nm) and label 
(410 nm) were plotted (Figure 3B). Once again, a perfect 
superposition of both plots is observed, indicating that 
all the label is bound to  the protein. The average 
coupling rate is calculated from UV-vis data of N- 
butylpyridinium Re(C0)3 ( ~ ( 4 1 0  nm) = 4300). It was 
found in the range 4.3-5.3, which is less than with the 
manganese derivative but can possibly be explained by 
the presence of impurities in the starting reagent Ib. 

Reaction of Lysozyme with Ib in Borate Buffer 
(Scheme 3). Hen egg-white lysozyme is a 129 amino 
acid protein of 14.3 KDa and of isoelectric point 11. It 
possesses six lysine residues plus one amino terminal 
residue, which is seven theoretically modifiable functions. 
We tried to  label lysozyme by adding 1.8 equiv of Ib to 

BF,. 
pyrylium salt l a  or Ib pseudobase Il‘a or Il’b divinylogous amide 

1 -H20 

ESA 

pyridinium salt 

protein at pH 9.0. After 24 h, a significant amount of a 
light-brown precipitate appeared which was readily 
separated by centrifugation. A blank assay was per- 
formed in which the same amount of Ib was incubated 
in borate buffer alone. After one night incubation, the 
same kind of precipitate is also formed resulting from 
the hydrolysis of Ib into 11% then its decomposition. We 
conclude that the reaction of lysozyme with Ib is uncom- 
plete so that most of the reagent suffers degradation. 

The W-vis  spectrum of the yellow supernatant was 
measured and compared to  that of N-butylpyridinium Re- 
(co)~ and the BSA adduct (Figure 4). While the last two 
do not present any separate band, the first presents a 
well-resolved band at  453 nm. The structure of the 
species conjugated to the protein is not a pyridinium salt. 
One reasonable hypothesis arising from this finding is 
that the reaction stopped at  the divinylogous amide step. 
Unfortunately, we have just seen that it was very difficult 
to characterize IIb with n-butylamine as the reagent. 
Previous examples showed that the ring closure step was 
greatly slowed if the primary amine is bulky (like tert- 
butylamine or cyclohexylamine) (Katritzky, 1980). In 
order to characterize the divinylogous amide intermedi- 
ate, Ib was allowed to react with tert-butylamine and the 
reaction course was followed by UV-vis spectroscopy. 
After 3 min, an intermediate with a separate band at  438 
nm ( E  = 5500) was observed (Figure 5). Within a few 
hours, in the absence of acetic acid, this intermediate 
transforms into the pyridinium salt (1 = 410 nm; E = 
4300). Indeed, with a bulky amine like tert-butylamine, 
the first step (ring opening) is as fast as with n- 
butylamine but the second step (ring closure) is greatly 
slowed but not completely hindered. The UV-vis spec- 
trum of the divinylogous amide is similar to that of the 
lysozyme adduct. Thus, unlike BSA, ring closure is not 
observed with lysozyme. This hypothesis is confirmed 
by repeating the reaction with Ia. If the pyridinium 
species is formed, we should measure a band at  440 nm; 
if not, there should be a band or a shoulder near 390 nm 
(open ring form). Immediately Ia and lysozyme were 
mixed in borate buffer, a well-separated band appeared 
at 484 nm corresponding to the pseudobase species. This 
band slowly disappears (16 h) giving rise to  a very weak 
shoulder around 400 nm. No band was observed at  440 
nm corresponding to a pyridinium salt. This experiment 
clearly confirms that in the case of lysozyme, no pyri- 
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Figure 3. A. Elution profile of BSA labeled with Ia: (W protein at 595 nm; (0) label at 440 nm. B. Elution profile of BSA labeled 
with Ib: (0) protein a t  595 nm; (W) labe1 at 410 nm. 

Table 1. Reaction of Ia and Ib with n-Butylamine, 
tert-Butylamine, BSA, and Lysozyme 

BSA 
lysozyme n-butylamine tert-butylamine A,,,, 

reagent I,,,nm(~) A,,,, nm(c) nm CRa I,,,nm CR 
Ia 390(6300)b nd 390 (shIb 0.23 

m 438 (f1500)~ 453* 0.23 

a Coupling ratio: [bound label]/[proteinl. * Divinylogous amide 
intermediate. 

dinium salt is formed, as the coupling reaction stops at  
the divinylogous amide. The coupling ratios for both 
complexes were found around 0.25 when taking as 
references the E measured for divinylogous amide forms 
observed previously (reaction of n-butylamine with Ia 
and reaction of tert-butylamine with Ib). 

Clearly, results differ considerably for the two proteins 
studied. For BSA, coupling yields are almost quantita- 
tive and the final conjugated species is a pyridinium form. 
For lysozyme, coupling yields are low and the species 
conjugated is a divinylogous amide. Lysine residues, 
because of their hydrophilic character, are usually located 
at the surface of globular proteins (Metzler, 1977). This 
property makes them useful targets for chemical modi- 
fication of proteins. However, previous examples related 

440 (10300) 440 6 

380 (9030, sh) 409 (4300) 390 (sh) 5 

Scheme 3. Reaction of the Organometallic Pyrylium 
Salts with Lysozyme in Borate Buffer pH 9.OJAceto- 
nitrile 9/1 (M = Mn (a) or Re (b)) 

BF,' 
pseudobase Il'a or Il'b pml ium salt la or Ib 

/ 

insoluble 

divinylogous amide 

to the reactivity of lysine side-chains of lysozyme showed 
that three residues out of seven are chemically modified 
by iodoacetic acid (Kravchenko et al., 1965). Further- 
more, we have shown that when the N-succinimidyl ester 
of tungsten was used,only 1.2 residues were modified at  
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salts, therefore, appear as very useful reagents for the 
specific chemical modification of proteins at the exception 
of highly basic ones. Organometallic pyrylium salts are 
interesting alternatives to organometallic N-succinimidyl 
esters as labeling agents of proteins. 

I 320 

300 460 500 6b0 nm 

Figure 4. UV-vis spectra of 11% (- - -); BSA labeled with 
Ib (-) and lysozyme labeled with Ib (- -1. 

40 1 

438 

1 -'--%- 
300 400 s o  600 nm 

Figure 5. W-vis spectra of the reaction of Ib with tert- 
butylamine in  acetonitrile: (-) Ib; (- -1 after 3 min; (- * -1 
after a few days. 

pH 9.0 (Gorfti et al., 1994). The use of pyrylium salts in 
the place of N-succinimidyl esters gives evidence that 
local environment around the reactive lysine side chain 
may prevent the ring closure reaction. As for the low 
yield, it must be remembered that lysozyme is a very 
basic protein. At pH 9.0, the protein is still positively 
charged, and protonated lysine side chains are relatively 
unreactive toward the pyrylium salts (or their derivated 
pseudobases). Consequently, the main reaction in the 
case of lysozyme is hydrolysis of the pyrylium salts. 

CONCLUSION 

We have described here a new strategy of protein 
labeling by organometallic complexes. This strategy is 
based on the specificity of the reaction of primary amines 
with pyrylium salts to give pyridinium salts. Reaction 
courses were followed by UV-vis spectrophotometry, and 
different reaction intermediates were characterized. With 
an acidic pratein like BSA, we showed that coupling 
reactions were almost quantitative at  pH 9.0 and that 
the final species conjugated was the expected pyridinium 
derivative. Conversely, with a small and highly basic 
protein like lysozyme, the coupling reaction did not lead 
t o  a pyridinium salt but the label was in the form of a 
divinylogous amide, with low coupling ratios. Pyrylium 
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Preparation and Characterization of a Bifunctional Fusion Enzyme 
Composed of UDP-galactose 4-Epimerase and Galactose-1-P 
Uridylyltransferase 

Yasushi Tamada,+,* Barbara A. Swanson,' Abolfazl Arabshahi,' and  Perry A. Frey*,+ 

Institute for Enzyme Research, The Graduate School, and Department of Biochemistry, College of Agricultural 
and Life Sciences, University of Wisconsin-Madison, Madison, Wisconsin, and Tsukuba Research Laboratory, 
Japan Synthetic Rubber, 25 Miyukigaoka Tsukuba, Ibaraki 305, Japan. Received March 8, 1994@ 

A fusion enzyme consisting of UDP-galactose 4-epimerase and galactose-1-P uridylyltransferase with 
an  intervening Alas linker was constructed by in-frame fusion of E. coli gene galT to the 3'-terminus 
of the E. coli gene galE that had been extended with the coding sequence for three alanine residues, 
all contained within a high-expression plasmid. The fusion enzyme was expressed in E. coli and 
purified 24-fold to about 98% homogeneity by chromatography on hydroxylapatite and Q-Sepharose. 
On the basis of the comparison of the elution profile for enzyme activities upon gel permeation 
chromatography (Sephacryl S-400) with the molecular weight of 80 000 determined by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis, the fusion enzyme appears to  exist in monomeric, dimeric, 
and tetrameric forms, all of which exhibit both enzymatic activities. The K, values of the fusion 
enzyme for substrates were similar to those for the corresponding native enzymes, except for UDP- 
glucose, but the Kcat values were smaller than those for the native enzymes. The fusion enzyme shows 
kinetic advantages in that the initial velocity to produce glucose-1-P from UDP-galactose and galactose- 
1-P is about 20% faster than that for a mixture of equal activities of the separate enzymes. 

Commercial and medical applications of enzymes are 
often enhanced by immobilization to a solid support (1 - 
3). In some applications, two or more enzymes acting 
sequentially in a process may be coimmobilized. In cases 
such as the latter, there may be advantages to using 
fusion proteins formed from enzymes acting in sequence. 
A potential advantage includes the recycling of an  
expensive cofactor, which may be covalently attached to 
the fusion protein through a flexible spacer. Another is 
that the product of one enzyme, being a substrate for the 
next, might be captured by the second enzyme because 
of its proximity and gives a kinetic advantage. 

Techniques have been reported for obtaining these 
benefits in enzymatic production systems (4). In the most 
typical method, the enzymes are chemically crosslinked. 
However, crosslinking can be difficult to control and 
produces a multiplicity of species. Fusion enzymes 
resulting from in-frame fusion of the genes specifying the 
respective enzymes, as originally described by Bulow et 
al. (5), lead to specific products, the structures and 
composition of which can be controlled through manipu- 
lation of the structures of the fusion genes. 

UDP-galactose 4-epimerase and galactose-1-P uridyl- 
yltransferase, hereafter referred to as epimerase and 
transferase, are key enzymes in the Leloir pathway for 
galactose metabolism (6). Galactose in the cell is initially 
phosphorylated by ATP to galactose-1-P by the action of 
galactokinase. This is followed by the reaction of UDP- 
glucose' and galactose-1-P to give UDP-galactose and 
glucose-1-P, catalyzed by galactose-1-P uridylyltrans- 

* Address for correspondence: Institute for Enzyme Research, 
University of Wisconsin-Madison, 1710 University Ave., Madi- 
son, WI 53705. 
' Institute for Enzyme Research, University of Wisconsin- 

Madison. 
Tsukuba Research Laboratory, Japan Synthetic Rubber, 25 

Miyukigaoka Tsukuba, Ibaraki 305, Japan. 
@ Abstract published in Advance ACS Abstracts, September 

15, 1994. 

ferase. In subsequent steps, phosphoglucomutase cata- 
lyzes the isomerization of glucose-1-P to glucose-6-P, and 
UDP-galactose 4-epimerase catalyzes the isomerization 
of UDP-galactose to  UDP-glucose. 

UDP-galactose 4-epimerase7 from E. coli, is a dimer of 
identical subunits with an  overall molecular weight of 
79 000 (7). It  contains one tightly but noncovalently 
bound NAD+ or NADH per subunit. The crystal struc- 
ture was determined by Bauer et al. (8). The catalytic 
mechanism includes the reversible oxidation of UDP- 
galactose or UDP-glucose to UDP-4-ketoglucose and 
concomitant reduction of NAD+ to NADH at  the active 
site. Galactose-1-P uridylyltransferase from E. coli 
consists of two identical subunits and has an overall 
molecular weight of 80 000 (9). The enzymatic mecha- 
nism is a double-displacement of the uridylyl group that 
obeys ping-pong kinetics and requires the formation of 
a covalent uridylyl-enzyme as the intermediate (10). In 
the intermediate, the uridylyl group is bonded to histidine 
166 (11). 

We have begun a study of fused enzymes by creating 
a bifunctional fusion protein composed of UDP-galactose 
4-epimerase and galactose-1-P uridylyltransferase. These 
two enzymes were chosen because they have been cloned, 
expressed, and characterized, and the product of one 
enzyme is a substrate for the other. This relationship 
could allow a fusion enzyme composed of them to catalyze 
the interconversion of galactose-1-P and glucose-1-P 
without the addition or intermediate formation of free 
nucleotide sugars, which are expensive and labile, pro- 
vided that the nucleotide sugars can be covalently 
attached. In Scheme 1, the nucleotide sugars are shown 

Abbreviations: UDP-glucose, uridine 5'-diphosphoglucose; 
UDP-galactose, uridine 5'-diphosphogalactose; NAD+, nicotin- 
amide adenine dinucleotide; NADP', nicotinamide adenine 
dinucleotide phosphate; NADH, reduced NAD+; NADPH, re- 
duced NADP+; PMSF, phenylmethanesulfonyl fluoride; EDTA, 
ethylenediaminetetraacetic acid; SDS-PAGE, sodium dodecyl 
sulfate polyacrylamide gel electrophoresis. 
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the chain-termination method using Sequenase version 
2.0 according to the protocol. A detailed description of 
the construction of the fusion gene, pT7ET, is given in 
the Results and Discussion. 

Expression and Purification of Fusion Enzyme. 
E. coli BL21(DE3), pLysS, pT7ET cells were streaked out 
on LB plates and grown a t  37 "C overnight. A single 
colony was used to inoculate 5 mL of 2xYT medium with 
ampicillin (0.1 mg/mL) and chloramphenicol (0.1 mg/mL), 
which was shaken a t  37 "C for 16 h. This starter culture 
was used to  inoculate 1 L of 2xYT medium containing 
ampicillin (0.1 mg/mL). The growth medium was shaken 
a t  37 "C for 9 h with the addition of ampicillin (0.1 mg/ 
mL) every 3 h. The cells were harvested by centrifuga- 
tion, quick-frozen in liquid nitrogen, and stored a t  -70 
"C . 

The purification scheme for the fusion enzyme is 
similar to that for the purification of epimerase (15). All 
procedures were carried out a t  0-5 "C, and all buffers 
contained 1 mM EDTA, 10 mM 2-mercaptoethanol, and 
1 mM PMSF. All centrifugations were a t  14000g. The 
cells from a 1 L growth were thawed and suspended in 5 
mL of 20 mM potassium phosphate buffer ( K P i  buffer) 
a t  pH 7.4. The pLysS plasmid encodes a lysozyme which 
effectively served to lyse the cells within 40 min. Trace 
amounts of deoxyribonuclease (DNase) and CaClz were 
added to the solution. After cell debris was removed by 
centrifugation, streptomycin sulfate (10%) was slowly 
added to  the supernatant to a concentration of 25.4 mg/ 
mL. The solution was stirred for an  additional 20 min 
and centrifuged to remove the precipitate. Finely ground 
ammonium sulfate was slowly added to the supernatant 
fluid with stirring to  45% of saturation. The suspension 
was stirred for an additional 30 min and then centri- 
fuged. The pellet was resuspended in a minimum of 20 
mM KPi buffer a t  pH 7.4 and dialyzed against the same 
buffer overnight. 

This crude protein solution (ca. 5 mL) was loaded onto 
a 20 mL column of hydroxylapatite that had been 
equilibrated with 20 mM KPi buffer a t  pH 7.4. The 
column was eluted with the same buffer, and fractions 
containing both epimerase and transferase activities were 
pooled and carefully titrated to pH 8.5 with KOH. This 
protein solution was then loaded onto a 20 mL Q 
Sepharose column that  had been equilibrated with 20 
mM K p i  buffer a t  pH 8.5. The protein was eluted by a 
linear gradient of KF'i buffer 200 mL in total volume and 
increasing from 20 mM to 300 mM at  pH 8.5. Fractions 
containing both enzyme activities were pooled and con- 
centrated to  1 mL in a Centriprep-30 concentrator 
(Amicon). This protein solution was subjected to  gel 
filtration on a Sephacryl S-400 high resolution column 
(1 x 90 cm) that  had been equilibrated with 20 mM KPi 
buffer containing 100 mM KC1 a t  pH 7.4. Fractions from 
the main peak showing both enzyme activities were 
pooled and concentrated by a Microcon 10 concentrator 
(Amicon). 

Enzyme Assay. Galactose-1-P uridylyltransferase 
activity was assayed in a coupled assay (1 6) in which the 
formation of glucose-1-P is coupled to NADPH production. 
The reaction mixture consisted of 0.2 mM galactose-1-P, 
0.051 mM UDP-glucose, 0.326 mM NADP+, 3.3 pM 
glucose-l-6-Pz, and excess phosphoglucomutase and glu- 
cose-6-P dehydrogenase in 0.1 M sodium bicinate a t  pH 
8.5 a t  27 "C. The reaction was started by adding the test 
enzyme and monitoring NADPH formation a t  340 nm. 
The activity unit was defined to be the production of 1 
pmol of glucose-1-P per hour. Epimerase activity was 
measured using the coupled assay described by Wilson 
and Hogness (1 7), in which the formation of UDP-glucose 

GalE LGalT 
Gal-1-P ' U D P G a 1 2 G a l T  Glc-1-P 

attached through a long spacer to  the fusion linkage 
between the enzymatic components, but in practice the 
spacer could be attached to either component, provided 
it is long enough. The spacer must be long, flexible, and 
inert under the conditions of the enzymatic reaction. 

In this paper, we describe the construction of a fusion 
gene between gaZE and gaZT. We also describe the 
expression, purification, characterization, and some of the 
properties of this fusion protein. 

EXPERIMENTAL PROCEDURES 
Chemicals and Reagents. All restriction enzymes 

and polynucleotide kinase were purchased from New 
England Biolabs, and T4 DNA ligase and alkaline phos- 
phatase were purchased from Boehringer Mannheim. 
UDP-glucose, UDP-galactose, UDP-glucose dehydroge- 
nase, galactose-6-P dehydrogenase, phosphoglucomutase, 
NAD+, NADP+, ampicillin, streptomycin sulfate, and 
PMSF were purchased from Sigma. Ammonium sulfate 
(enzyme grade) was purchased from SchwarziMann 
Biotech. Bacto tryptone and bacto yeast extract were 
purchased from Difco Labs. The reagents and enzymes 
for DNA sequencing were from the Sequenase version 
2.0 kit (United States Biochemical), and [a-35SldATP (600 
Ci/mmol) was purchased from Amersham. Hydroxyl- 
apatite (Bio-Gel HTP) was the product of BioRad, and 
Q-Sepharose (fast flow) was purchased from Sigma. 
Sephacryl S-400 high resolution was the product of 
Pharmacia. The reagents for oligonucleotide synthesis 
were obtained from Glen Research Co. All other chemi- 
cals were obtained in reagent grade from commercial 
suppliers. 

Bacterial Strains and Plasmids. E. coli JMllO 
(dam, dcm, sup E44hsdR17phi leu rpsL lacy galK galT 
ara t o d  thr tsx D(lac-proAB)F[traD36 proAB+ lac14 lacZ 
DM151) was purchased from Strategy Gene, DH5a 
(supE44 DlacU169 (BO lacZ DM15) hsdR17 recAl endAl 
gyrA96 thi-l relAl) from Gibco BRL Life Technology, and 
BL21(DE3) (hsdS gal (xlIts857 indl sam7 nin5 lacUV- 
T7 genel)) pLysS was from Novagen, Inc. Because the 
BL21 cell strain does not contain the gal operon, it does 
not produce any endogenous epimerase or transferase. 
The LysS plasmid encode for a small lysozyme and the 
presence of this enzyme tends to decrease the loss of 
construct plasmid during cell growth (1 1). 

Plasmid pT7E2 containing the gaZE gene was con- 
structed as described by Swanson and Frey (121, and the 
plasmid pKFt containing the galT gene was described 
by Kim et al. (13). 

Construction of Plasmid. Restriction enzyme diges- 
tion and other enzymatic reactions for DNA manipula- 
tions were performed as directed by the manufacturers. 
Oligonucleotides to make the linker and a primer for 
DNA sequencing were synthesized using a Biosearch 
Model 8600 DNA synthesizer and purified according the 
procedure as described (14). The purification of DNA was 
performed using QIAGEN columns according to the 
specified procedure. DNA sequencing was performed by 
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Figure 1. Construction of the plasmid pT7ET encoding an in- 
frame fusion gene between galE and galT. 

is coupled to NADH formation by UDP-glucose dehydro- 
genase. The enzyme was added to UDP-galactose (0.05 
mM), NAD+ (0.25 mM), UDP-glucose dehydrogenase (200 
units), and 0.125 M potassium bicinate buffer a t  pH 8.5 
at 27 "C; NADH formation was monitored a t  340 nm. One 
unit of enzyme is defined as  the amount catalyzing the 
formation of 1 pmol of UDP-glucose per hour. To 
determine the catalytic activity of the fusion enzyme, the 
initial rate was measured by a modification of standard 
assay for the transferase, in which UDP-galactose was 
substituted for UDP-glucose. The fusion enzyme was 
added to  UDP-galactose (0.051 mM), NADP+ (0.326 mM), 
glucose-1,6-Pz (3.3 pM), and excess phosphoglucomutase 
and glucose-6-P dehydrogenase in 0.1 M sodium bicinate 
buffer a t  pH 8.5 and varying amounts of galactose-1-P 
a t  27 "C; NADPH formation was monitored a t  340 nm. 

Electrophoresis. SDS-PAGE was performed using 
a Phast Gel System (Pharmacia) on a 8-25% linear 
gradient polyacrylamide gel. The protein bands were 
visualized by staining with Coomassie brilliant blue 
G250. The molecular weight of the enzyme subunits was 
determined by comparing their relative mobilities with 
those of proteins in a molecular weight standard kit 
(Pharmacia). 

RESULTS AND DISCUSSION 
Construction of pT7ET. The strategy used for the 

construction of a plasmid (pT7ET) containing a fusion 
gene composed ofgalE andgalT separated by an in-frame 
linker coding for Ala3 is illustrated in Figure 1. A 75 bp 
DNA fragment, whose sequence in the coding strand is 
shown in Figure 2, was prepared by synthesis of the 
complementary single strands and hybridization. It 
contains a coding sequence for the 3'-end of galE that 
eliminates the stop codon and then encodes a linker of 
three alanine residues. The last part of the oligomer is 
the 5'-end of the galT start codon and the BclI site. The 

linker 
galE Ala - Ala - Ala 

--I 

5'- a C C G A T g  CGGCCGCGATGACGCAATITAATCCCG- 
EcoRV NotI 

1 
GATCATCTAGAGlTAACGGCGCCAGCTAGCTAGTGCA -3' 

BcII Narl Pstl 
Figure 2. DNA sequence of the linker used to fuse the genes 
galE and galT. Shown is the coding strand for the synthetic 
double-standed linker used in the fusion of the genes for UDP- 
galactose 4-epimerase and galactose-1-P uridylyltransferase in 
Figure 1. 

unique NotI restriction site was designed into the linker 
region of the fragment sequence in order to facilitate a 
check of the construction of the fusion gene after cloning 
and to allow for future addition of linkers into this site. 
This oligomer sequence contains BclI and NurI restriction 
sites to facilitate insertion of the galT gene. As shown 
in Figure 1, the linker fragment was ligated into the PstI 
and EcoRV sites of pT7E2. The plasmid obtained, pT7E- 
(75), was transformed into DH5a cells. Purified plasmid 
was linearized by cleavage with NarI, dephosphorylated, 
and then digested with BclI. This procedure efficiently 
prevented self-ligation. The galT gene was prepared by 
digesting p u t ,  grown in JMllO cells to prevent dam 
methylation, with NarI and BclI. Because pKFt has five 
NarI sites and two BclI sites, eight fragments were 
obtained from pKFt. The 1095 bp fragment, containing 
most of the galT gene, was isolated and purified, using 
low melting temperature agarose gel electrophoresis, and 
then ligated into the linearized pT7E(75). The plasmid 
obtained, pT7ET, encoding for a fusion enzyme, was 
checked by restriction analysis and by sequencing the 
linker region in the fusion gene. The pT7ET plasmid 
confers ampicillin resistance and contains the T7 pro- 
moter just ahead of the fusion gene. 

The fusion gene in pT7ET was efficiently expressed, 
as determined by transformation into E. coli BL21 and 
SDS-PAGE analysis of cell extracts. The fusion protein 
appeared as a prominent band corresponding to  a mo- 
lecular weight of 80 000, which was absent in untrans- 
formed cells (see, for example, lane 1 of Figure 3). 

Purification of Fusion Enzyme. Purification of the 
fusion enzyme was initially attempted according to  
protocols developed for the epimerase and transferase. 
The fusion enzyme did not bind to the Mi-Gel Blue 
column used in the transferase procedure; however, 
applicaton of the procedure for purifying the epimerase 
led to the purified fusion protein in a high degree of 
homogeneity. The results are summarized in Table 1, 
and in each step the purity of the fusion enzyme was 
confirmed by SDS-PAGE as shown in Figure 3. On the 
basis of the results of SDS-PAGE, the purified fusion 
enzyme was estimated to be approximately 95% homo- 
geneous. In addition to the original epimerase protocol, 
gel filtration on Sephacryl S-400 high resolution was 
employed as the final step of the purification. The elution 
profile after gel filtration shown in Figure 4 shows that 
the two enzyme activities are copurified. Selected frac- 
tions corresponding to the major protein peak in Figure 
4 were pooled as the main form of the fusion protein. The 
purified fusion enzyme exhibits 2460 units of epimerase 
activity per mg of protein and a transferase specific 
activity of 1000 U/mg. These specific activities are less 
than those of the corresponding native enzymes, which 
are normally 8000-10 000 U/mg for epimerase and 
10 000-11 000 U/mg for the transferase in our labora- 
tory. Therefore, the fusion protein exhibited about 25% 
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Table 1. Purification of Fusion Protein 
epimerase activity transferase activity 

protein (mg) yield (%I total (units) specific (unitdmg) total (units) specific (unitdmg) 
ammonium sulfate 320 100 34 600 
hydroxylapatite 27 8.4 27 200 
Q-Sepharose 4.8 1.6 8500 
Sephacryl S400 2.7 0.84 6470 

+94,000 
+ 67,000 
+ 43,000 
+30,000 - 20,100 

14,400 

1 2 3 4 5  
Figure 3. SDS-PAGE of the fusion enzyme. Shown are 8%- 
25% electrophoretic gels of the fusion enzyme at various points 
in its purification. The bands were stained with Coomassie 
Brilliant Blue G250. Lanes: 1, after ammonium sulfate pre- 
cipitation; 2, after hydroxylapatite chromatography; 3, after 
Q-Sepharose chromatography; 4, after Sephacryl S-400 HR 
chromatography; 5, standards phosphorylase b (94 000), bovine 
serum albumin (67 OOO), ovalbumin (43 OOO), carbonic anhy- 
drase (30 OOO), soybean trypsin inhibitor (20 1001, a-lactalbumin 
(14 400). 

o*2x8w 3 

0 

B 0.1 
0 

0.0 -.- 

100 110 120 130 140 

Fraction No. 

Figure 4. Gel filtration chromatography of the fusion enzyme 
on Sephacryl S-400. The fusion enzyme was chromatographed 
through a 1 x 90 cm column of Sephacryl S-400 high resolution 
equilibrated and eluted with 20 mM KPi, 1 mM EDTA, 10 mM 
2-mercaptoethanol, 100 mM KCl, pH 7.4 at 4 "C: (0) OD 280, 
(A) UDP-galactose 4-epimerase activity, (A) galactose-1-P 
uridylyltransferase activity. 

and lo%, respectively, of the activities of the individual 
enzymes. Part of the reason for the lower activities is 
that  the molecular weight of the fusion protein is twice 
that of either enzyme, so that the measured specific 
activity for each enzyme would be half that for the 
separate enzyme. On this basis the specific activities of 
the fusion enzyme are 50% and 20% of the activities of 
epimerase and transferase, respectively. 

On the basis of the activity of the crude extract from 
cells carrying the overexpression vector, the epimerase 
activity was purified 24-fold, and the transferase activity 
was purified 9-fold. Galactose-1-P uridylyltransferase is 
reported to be labile to proteolysis and oxidation (16). 
Because the transferase moiety in the fusion enzyme may 

108 37 400 117 
543 14 600 1011 

1720 3930 795 
2460 2910 1080 

Table 2. Kinetics parameters of Fusion proteina 

UDP- galactose- UDP- 
galactose 1-P glucose kat (s-l) 

epimeraseb 0.16 500 
transferaseC 0.30 f 0.03 0.20 f 0.02 960 
fusion protein 

epimerase 0.14 f 0.02 160 f 20 
transferase 0.29 f 0.01 0.08 f 0.01 24 f 3 

"K, and k,t values were determined by the initial rate 
measurements at six different concentrations according to the 
method described under enzyme assay. Wilson, D. B., and 
Hogness, D. S. (1964) J. Biol. Chem. 230,2469. Wong, L. J., and 
Frey, P. A. (1974) Biochemistry 13, 3889. 

also be unstable, its activity may have declined in the 
course of purification despite the addition of PMSF, 
EDTA, and 2-mercaptoethanol to the buffers. 

Molecular Weight of Fusion Enzyme. The molecu- 
lar weight of the fusion enzyme was determined by gel 
filtration and SDS-PAGE. As shown in Figure 3, the 
subunit molecular weight of the fusion enzyme is esti- 
mated to be about 80 000 based on the results of SDS- 
PAGE. This value is in good agreement with the 
expected size. Because UDP-galactose 4-epimerase and 
galactose-1-P uridylyltransferase are dimeric enzymes 
with total molecular weights of 79 000 and 80 000, 
respectively, the molecular weight of a subunit of the 
fusion enzyme should be about 80 000. 

Gel permeation chromatography of the fusion enzyme 
purified through the Sepharose Q step and comparison 
of the elution volumes with protein standards showed the 
fusion enzyme to be heterogeneous with respect to 
molecular weight. As shown in Figure 4, three peaks for 
the fusion enzyme were observed in the gel filtration 
profile. The peak at fractions 120-125 corresponds to a 
molecular weight of 60 000-80 000, the peak at fractions 
112-117 corresponds to a molecular weight of 140 000- 
160 000, and the third peak at fractions 107-110 is 
approximately 320 000-380 000 in molecular weight. 
These results indicate that the fusion enzyme exists in 
three forms, which appear to be monomeric (E-T), 
dimeric (E-T)z, and tetrameric (E-T)4. The monomeric 
fusion enzyme exhibits very low epimerase and signifi- 
cant transferase activity. The dimeric fusion enzyme 
exhibits both activities at high levels, and this is the peak 
containing the major total activity. The specific activities 
of both epimerase and transferase are higher in the 
apparent tetrameric form of the enzyme but could not 
be accurately estimated from the elution profile in Figure 
4. Only a small percentage of the fusion enzyme exists 
in the tetrameric form, as indicated by the amount of 
protein associated with this form in the elution profile 
of Figure 4. 

Kinetic Parameters for the Fusion Enzyme. Ki- 
netic parameters for the fusion enzyme are summarized 
in Table 2, together with the corresponding values for 
the native epimerase and transferase determined under 
the same experimental conditions. The K,  values of the 
fusion enzyme for galactose-1-P and UDP-galactose are 
similar to those of the corresponding native enzymes, but 
the K,  value for UDP-glucose is much smaller than that  
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zyme, 1 unit of transferase and 16.8 units of epimerase, 
were used. As shown in Figure 5, the initial rates 
generated by the fusion enzyme are faster than those 
from the mixed native enzymes at all substrate concen- 
trations used in this experiment. This result suggests 
that  a proximity effect is operating in the fusion enzyme 
to increase the catalytic activity for the overall reaction. 
Inasmuch as the distance between the UDP-galactose 
4-epimerase moiety and the galactose-1-P uridylyyltrans- 
ferase moiety in the fusion enzyme could be much less 
than that  between the two unfused enzymes, UDP- 
glucose produced by the epimerase might be captured by 
the transferase faster in the fusion enzyme than between 
the two separate enzymes. This form of substrate 
channeling effect improves the overall performance of the 
fusion enzyme (18). While the channeling in Figure 5 is 
significant, it is not a great or important effect. 

The Enzyme Linker. The trialanyl linker connecting 
the epimerase and transferase in the fusion enzyme may 
influence its physical conformation and enzymatic activi- 
ties. In this study a short linker, three alanine residues, 
was chosen because it had been reported that longer 
linkers are susceptible to proteolytic degradation during 
expression, resulting in a low yield of the fusion enzyme 
(19). However, three alanyl residues may not provide 
sufficient flexibility to allow for optimal folding and 
subunit-subunit association of both enzymes in the fusion 
enzyme. This could explain why the catalytic activities 
for each moiety of the fusion enzyme were only 50% and 
20% of those of the native epimerase and transferase, 
respectively. I t  is also possible that reversing the 
sequence of the two genes in the construct could affect 
channeling efficiency. In the future, other linkers will 
be introduced into the fusion enzyme in order to inves- 
tigate the role of the linker region and perhaps to prepare 
a new fusion enzyme exhibiting higher, more stable, or 
more efficiently coupled enzymatic activities. The linker 
region in the fusion gene is designed to  allow extensions 
of the linker region in the fusion protein through the 
introduction of synthetic double-stranded oligodeoxy- 
nucleotides into the unique Not1 site. 

0.02 I I 

C E 
E 
si a 

[galactose-I-PI, mM 

Figure 5. Initial rates of the coupled actions of fused epime- 
rase-transferase and of the separate enzymes. Initial rates of 
the coupled actions of epimerase and transferase in the trans- 
formation of galactose-1-P into glucose-1-P at various concentra- 
tions of galactose-1-P are plotted. The rates glucose-1-P forma- 
tion were measured in assay for galadose-l-P uridylyltransferase 
assay method, except that UDP-galactose was substituted for 
UDP-glucose. The epimerase and transferase activities associ- 
ated with a sample of the fusion enzyme (16.8 units and 1.0 
unit, respectively) were matched by mixing the same amounts 
of the separate enzymes assayed at the same time. Symbols: 
(0) fusion enzyme, (0) mixed native epimerase and transferase. 

of the transferase. During the kinetic determinations, 
UDP-galactose can be converted by the epimerase moiety 
into UDP-glucose, effectively increasing the concentration 
of this compound from what was initially added. This 
effect would result in an apparently smaller K, value of 
the fusion protein for UDP-glucose. The kcat values of 
each moiety in the fusion enzyme are somewhat smaller 
than those of the corresponding native enzymes. 

The wild type transferase is more labile than the 
epimerase, owing to  its greater susceptibility to oxidation 
and cleavage by adventitious proteases. This is also true 
of the fusion enzyme. The activity of the transferase 
component decreases with time more rapidly than that  
of the epimerase component. The wild type transferase 
is stabilized by cysteine or dithiothreitol, the absence of 
dioxygen, and the presence of proteolytic inhibitors; it 
seems likely that the transferase component of the fusion 
enzyme can be similarly stabilized. 

Proximity Effect. The fusion enzyme contains both 
epimerase and transferase activities and so will catalyze 
the transformation of galactose-1-P into glucose-1-P in 
the presence of a catalytic amount of UDP-galactose (or 
UDP-glucose) according to eq 3. This results from the 
coupled actions of the epimerase (eq 1) and transferase 
(eq 2). The rate of the conversion of galactose-1-P into 

UDP-galactose == UDP-glucose (1) 

UDP-glucose + galactose-1-P == 
UDP-galactose + glucose-1-P (2) 

sum: galactose-1-P * glucose-1-P (3) 

glucose-1-P in the presence of UDP-galactose was mea- 
sured in a modification of the transferase assay. The 
results are shown in Figure 5, together with the results 
obtained from a matched mixture of the two native 
enzymes. The epimerase and transferase activities of the 
fusion enzyme used in Figure 5 were 16.8 units and 1 
unit, respectively. In comparing the rates produced by 
the fusion enzyme with those produced by the mixed 
native enzymes, the same amounts of each native en- 
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TECHNICAL NOTES 

Synthesis and Properties of Cholesteryl-Modified Triple-Helix 
Forming Oligonucleotides Containing a Triglycyl Linker 

Huynh Vu,* Theresa Schmaltz Hill, and  Krishna Jayaraman 

Triplex Pharmaceutical Corporation, 9391 Grogans Mill Road, 
The Woodlands, Texas 77380. Received June 2, 1994@ 

In order to enhance the nuclear uptake of triple-helix forming oligonucleotides (TFOs), a triglycyl- 
cholesterol group was attached to the 3’ end. The peptide unit was introduced as a “labile” linker 
with the aim of releasing the oligonucleotide from the endosomes by the action of peptidases after 
crossing the cell membrane. Cholesteryl-CPG (8) and -TentaGel (9) supports containing 2-[N- 
(glycylglycylglycyl)aminolpropane-1,3-diol (GAP-3) linker were prepared and used for automated 
oligonucleotide synthesis. The synthesis, characterization, and stability of these compounds are 
described. 

The permeability of the oligonucleotides across the cell 
membrane and into the nucleus plays a critical role in 
determining the cellular efficacy of antisense or antigene 
oligonucleotide ( I ,  2) .  Lipophilic end modifications of 
oligonucleotides have been shown to enhance the uptake 
and cellular effkacy (2-7). We have shown that choles- 
teryl-conjugated TFOs containing 3-aminopropyl glycerol 
(APG) linker (Figure 1) are taken up more efficiently than 
the unmodified or 3‘-amine modified TFOs (8). Fluores- 
cence microscopy studies with these cholesterol-modified 
TFOs show that a major portion of them is still retained 
in the endosomes resulting in only a small enhancement 
in nuclear uptake (N. Chaudhary et  al., unpublished 
results). 

The isolated yields in the preparation of these choles- 
teryl-modified TFOs containing APG linker were low, the 
first coupling being only -50%. The solubility of G-rich 
TFOs containing this end modification was also low. In 
order to increase the nuclear uptake and overcome the 
synthesis and solubility problems, we have designed and 
synthesized a 2-[N-(glycylglycylglycyl)aminolpropane-l,3- 
diol (GAP-3) linker (Figure 2) for the attachment of 
cholesterol a t  the 3‘ end. Another function of this group 
is to serve as a “labile” linker that  will help in the release 
of the oligonucleotide from endosomes into the nucleus. 
The “labile” linker approach is well known in the pro- 
drug strategy for the delivery of therapeutic molecules 
(9). An essential requirement of such a “labile” linker is 
that  its linkage to cholesterol should be stable enough 
to enhance uptake into the cell and subsequently help 
in the release of the oligonucleotide from the endosomes 
by the action of peptidases. The hydrophobic cholesterol 
moiety is expected to be embedded in the endosomal 
membrane anchoring the oligonucleotide on the lumenal 
surface. We postulated that the tethered oligonucleotide 
along with the triglycyl moiety may then be flipped or 
transported into the cytosol by as yet an  undescribed 
mechanism. The peptidases which are abundant in the 
cytosol could cleave the oligonucleotide from the choles- 
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Figure 1. Cholesteryl-conjugated TFOs containing 3-amino- 
propyl glycerol (APG) linker. R1: oligonucleotide, Rz: -OH or 
-CPG, TentaGel support. 
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Figure 2. Cholesteryl-conjugated TFOs containing 2-[N-(gly- 
cylglycylglycyl)aminolpropane-1,3-diol (GAP-3) linker. R1: oli- 
gonucleotide, Rz: -OH or -CPG, TentaGel support. 

terol moiety using the triglycyl group as a substrate. To 
test our hypothesis, a triglycyl linker (GAP-3 linker) was 
designed as a model compound. The GAP-3 linker was 
also designed to overcome the steric problems that 
resulted in low yield in the first coupling step of the APG 
linker containing oligonucleotides (8). The synthesis of 
the GAP-3 linker and the linked-oligonucleotides and 
preliminary data on their properties are described in this 
paper. 

The GAP-3 linker-cholesterol was introduced a t  the 
3‘ end by using solid supports 8 and 9 (Figure 3) for the 
synthesis of TFOs. Cholesteryl chloroformate (1) was 
reacted with the silylated glycylglycylglycine, followed by 
desilylation with 2% HC1 to give N-[(cholesteryloxy)- 
carbonyllglycylglycylglycine (3, 82%) (10). Compound 3 
was coupled with 2-aminopropane-1,3-diol (4) by using 
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydro- 
chloride (EDC) to give 2-[N-[N-(cholesteryloxycarbonyl)- 
glycylglycylglycyl]amino]propane-l,3-diol (5, 85%) (11). 
Compound 5 was tritylated by 4,4‘-dimethoxytrityl chlo- 

0 1994 American Chemical Society 
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i, ii, 82% HO iii, 85% 
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HO 
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v, 85% 

vi 

DMTO 

8 

8, R: CPG-NH- (Loading: 52 pmole/gram) 
9, R: TentaGel-NH- (Loading: 180 pmole/gram) 

Figure 3. (i) (a) 2, bis(trimethylsilyl)acetamide, DMF; (b) -20 "C, 1; (ii) 2% HCl; (iii) EDC, pyridine; (iv) pyridine, DMAP, EtsN, 
4,4'-dimethoxytrityl chloride; (v) succinic anhydride, DMAP, pyridine; (vi) (a) TBTU, HOBT, DMF, N-ethylmorpholine, NHz-support; 
(b) acetic anhydride, DMAP. 

ride in the presence of 4-(dimethylamino)pyridine and 
triethylamine to provide l-O-(4,4'-dimethoxytrity1)-2-[N- 
[N-[ (cholesteryloxy)carbonyl]glycylglycylglycyllamino]- 
propane-1,3-diol (6, 50%) (12). The supports CPG (8, 
loading: 52 pmoYg, 64% loaded) and TentaGel (9, load- 
ing: 180 pmol/g, 86% loaded) were prepared by succiny- 
lation of compound 6, followed by coupling of the succi- 
nate (7 )  (13) to the free amino group. 

The stability of the GAP-3 linker-cholesterol conjugate 
was determined before oligonucleotide synthesis was 
initiated. DMT-cholesteryl supports (8,9) were treated 
with various deprotection solutions: (hydrazine/MeOH; 
1:3 v/v, 0.4 M NaOH in 75% MeOWwater, a t  room 
temperature, overnight, or concd NH40H, 0.1 M NaOH 
aqueous solution, 56 "C, overnight) as well as the buffer 
conditions (1.5 M NaCl containing 15 mM NaOH, a t  room 
temperature, overnight) used in the purification. The 
support was then filtered and washed thoroughly with 
dichloromethane, dich1oromethane:methanol 1: 1 (v/v), 
and methanol to extract the hydrolyzed products from 
the support completely. The crude material was ana- 
lyzed by thin layer chromatography (dichloromethane: 
methanol 1:9, v/v). The product bands were isolated by 
preparative TLC and characterized by lH-NMR. The 
compound, 1-0-(4,4'-dimethoxytrityl)-2-[N-[N-[(choles- 
teryloxy)carbonyllglycylglycylglycyllaminolpropane- 1,3- 
diol (6) was shown to be fairly stable under the standard 
deprotection conditons (concentrated NH40H, 56 "C 
overnight). Only minor amounts of degraded products 
were detected. TLC analysis showed that treatment with 
0.4 N NaOH overnight in methano1:water (3:1, v/v) 
solution at room temperature yielded cholesterol and 
unidentified products. The yield of cholesterol as judged 
by visual inspection of the TLC was -90%. 

On the basis of these stability studies, several 3' end 
cholesteryl-modified TFO sequences were synthesized on 
a 0.2-300 pmol scale using cholesteryl supports 8 and 9 
on Applied Biosystems Models 380B, 39214, and/or Mil- 
liGen Models 8700 and 8800 with a coupling efficiency 
of >97%, including the first step. Several sequences of 
G-rich TFOs were synthesized using these supports. 
Cleavage and deprotection were carried out under stan- 
dard conditions (concentrated NH.+OH, 56 "C, overnight). 
Crude oligonucleotides were purified on a Pharmacia 
FPLC system by anion exchange chromatoghaphy on a 
Q-Sepharose column (1 cm x 10 cm) (14). Enzymatic 
digestion of the cholesteryl oligonucleotides by P1 nu- 

cleasehacterial alkaline phosphatase gave the expected 
deoxynucleoside composition. Gel electrophoresis analy- 
sis of purified oligonucleotides after end labeling with 32P- 
ATP and using polynucleotide kinase showed two bands 
in the ratio of 7:3. The slower band (one unit slower than 
the oligonucleotides containing 3' end free amino group) 
contained cholesterol. Electrospray mass spectroscopy 
analysis of the slower band (on the gel) of a G-rich 
oligonucleotide, 21 mer, containing GAP-3-linker and 
cholesterol had an  observed mass of 7097.14 while the 
calculated mass was 7096.55. The faster moving band 
does not appear to contain cholesterol suggesting that 
some cholesterol is cleaved during the deblocking proce- 
dure. I t  is not clear why the linker-cholesterol is 
unstable during deblocking of the oligonucleotide while 
it appears to be stable by itself before the oligonucleotide 
is attached. A possible explanation could be that on 
cleavage of the oligonucleotide-linker-cholesterol from 
the support, an hydroxyl group is liberated that  is in 
position to  attack the neighboring phosphate group via 
the formation of a six-membered ring intermediate. 
However, on deblocking, the support containing linker 
cholesterol (compound 8 or 9) generated compound 6 
which lacks the phosphate group. The above-mentioned 
pathway is, therefore, not possible. There was no loss of 
linker-cholesterol when the oligonucleotide was deblocked 
a t  room temperature for 48 h.  Under these conditions, 
the isobutyryl protecting group on the bases was also 
completely deprotected from the oligonucleotide. There 
was essentially only one band on purification by gel. 
Electrospray mass spectroscopy analysis of this band 
confirmed the presence of cholesterol on oligonucleotide. 

A comparison of binding affinities for TFOs containing 
3'-propanolamine and 3'-cholesteryl GAP-3 linker modi- 
fications showed that cholesteryl attachment to  the TFOs 
did not affect the binding significantly. A 3'-propanola- 
mine TFO, 5'-GTGGTGGTGGTGTTGGTGGTGGTTT- 
GGGGGGTGGGG-propanolamine-3') had a Kd of 5 x 
10-lo M while the same sequence with 3' GAP-3 linker- 
cholesteryl group 5'-GTGGTGGTGGTGTTGGTGGTG- 
GTTTGGGGGGTGGGG-cholesterol-3' had also a Kd of 5 
x M. Triplex formation was assessed using the gel 
shift assay, essentially as described (15). 

Preliminary uptake studies of TFOs containing GAP-3 
linker and cholesterol showed a 2-5-fold enhancement 
in nuclear uptake and is in agreement with the expected 
enhancement in uptake using this approach. 
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The "labile" linker approach presented in this paper 
appears to be promising and may serve as a general and 
powerful tool for enhancing the nuclear uptake of oligo- 
nucleotides. 

Vu et al. 

chol), 0.98 (s,3H, -CH3, chol), 2.59-0.95 (m, 29H, chol), 3.66 
(d, J = 5.8 Hz, 2H, -CO-CHzNH-, linker), 3.77 (d, J = 5.8 
Hz, 4H, 2(-COCHm-), linker), 4.34 (m, lH, -CHzCHCHz-, 
chol), 5.33 (b,s, lH, C=CH-, chol), 7.04, 7.98, and 8.03 (3 
b,s, 3H, 3 (NH), linker), 12.30 (b,s, lH, -COOH, linker). Anal. 
Calcd for C34H~5N306 (601.82): C, 67.86; H, 9.21; N, 6.98. 
Found: C, 67.97; H, 9.23; N, 6.91. 

(11) Compound 5: a white solid; mp 205-206 "C. 'H-NMR 

chol), 0.97 (s,3H, -CH3, chol), 2.59-0.95 (m, 29H, chol), 3.40 
(t, J = 5.32 and 5.36 Hz, 4H, -CHzOH, linker), 3.63 (d, J = 
5.28 Hz, 2H, -COCHzNH-, linker), 3.7 (t, J = 5.8 and 5.52 
Hz, 4H, 2(-COCH&'H-), linker), 3.75 (b s, lH, -CHzCHNH-, 
linker), 4.34 (m, lH, -CHzCHCHz-, chol), 4.59 (t, J = 5.52 
and 5.48 Hz, 2H, 2 (-OH)), 5.33 (b s, lH, C=CH-, chol), 7.22, 
8.03, and 8.12 (3 b s, 3H, 3 (NH), linker), 7.47 (d, J =  7.9 Hz, 
lH, (NN), linker). Anal. Calcd for C37H6~N407 (674.918): C, 
65.85; H, 9.26; N, 8.30. Found: C, 66.09; H, 9.23; N, 8.16. 

(12) Compound 6: a white solid; mp 172-173 "C. lH-NMR 
(DMSO-de) 6 0.65 (s, 3H, -CH3, chol), 0.84 (s, 3H, -CH3, 
chol), 0.85 ( 8 ,  3H, -CH3, chol), 0.89 (d, J = 6.3 Hz, 3H, -CH3, 

(DMSO-de) 6 0.65 (s, 3H, -CH3, chol), 0.84 (9, 3H, -CH3, 
chol), 0.85 (9,3H, -CH3, chol), 0.89 (d, J = 6.3 Hz, 3H, -CH3, 

chol), 0.97 (s,3H, -CH3, chol), 2.59-0.95 (m, 29H, chol), 2.98 
(m, 2H, CHzODMT), 3.51 (t, J = 5.4 and 5.36 Hz, 2H, -CHz- 
OH, linker), 3.63 (d, J = 5.32 Hz, 2H, -COCHzNH-, linker), 
3.74 (s, 6H, 2(CH30-)), 3.74 (m, 4H, 2(-COCH2NH-), 
linker), 4.0 (m, lH, -CHzCHNH-, linker), 4.34 (m, lH, 

-OH), 5.33 (b s ,  lH, C=CH-, chol), 6.60-7.30 (m, 13H, 
DMT), 7.22, 8.03, and 8.11 (3 b s ,  3H, 3 (NH), linker), 7.63 
(d, J = 8.2 Hz, lH, (NH), linker). Anal. Calcd for CssHeoN409 
(977.297): C, 71.28; H, 8.25; N, 5.73. Found: C, 71.27; H, 
8.39; N, 5.73. 

(13) Compound 7: a white solid; mp 110-112 "C. 'H-NMR 

chol), 0.96 ( 8 ,  3H, -CH3, chol), 2.34 and 2.40 (m, m, 4H, 
-CHzCHz-, succinyl), 2.59-0.95 (m, 29H, chol), 3.0 (m, 2H, 
CHzODMT), 3.62 (m, 2H, -COCHzNH-, linker), 3.73 (s,6H, 
2(C&o-)), 3.76 (m, 4H, 2 (-COCHzNH-), linker), 4.08 (t, J 
= 4.68, 5.60 Hz, lH, -CHzCHNH-, linker), 4.20 (m, 2H, 
-CHzOH, linker), 4.31 (m, IH, -CHzCHCHz-, Chol), 5.32 
(b s, lH, C=CH-, chol), 6.88-7.38 (m, 13H, DMT), 7.38,7.87, 
8.31, and 8.49 (4 b s, 4H, 4 (NH), linker). Anal. Calcd for 

Found: C, 68.36; H, 7.84; N, 5.12. 
(14) Murphy, M., Rieger, M., and Jayaraman, K. (1993) Large- 

scale synthesis of triple-helix forming oligonucleotides using 
a controlled-pore glass support. Biotechniques 15,1004-1010. 

(15) Durland, R. H., Kessler, D. J., Gunnell, S., Duvic, M., 
Pettitt, B. M., and Hogan, M. E. (1991) Binding of triple helix 
forming oligonucleotides to site in gene promoters. Biochem- 
istry 30, 9246-9255. 

-CHzCHCHz-, chol), 4.59 (t, J = 5.52 and 5.48 Hz, lH, 

(DMSO-ds) 6 0.65 ( 8 ,  3H, -CH3, chol), 0.83 ( 8 ,  3H, -CH3, 
chol), 0.84 (s, 3H, -CH3, chol), 0.89 (d, J = 6.3 Hz, 3H, -CH3, 

C&I~401z+Hz0 (1095.38): c, 67.97; H, 7.91; N, 5.11. 
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