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The cover picture shows an indoloquinolizidine derivative that has been identified as a
potent cell-death-inducing (apoptosis) agent, after the screening of 11000
natural-product-derived and -inspired compounds in three human tumour cell lines.
The background shows the stark white branches of a dead tree in front of the green of
a living one, while the blue sea in the distance symbolises (unreachable) eternity. FACS
analysis indicated that the derivative shown is one of seven compounds that are able
to arrest cells in the G,M phase of the cell cycle. For more details see the article by F.
Wehner et al. on p. 401 ff.
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Functional Reassembly of Split Enzymes On-Site: A Novel
Approach for Highly Sequence-Specific Targeted DNA

Methylation

Antal Kiss*™ and Elmar Weinhold*®

In mammalian genomes, a significant
fraction of the cytosine residues is me-
thylated at the 5-position (5-methylcyto-
sine), and this modified nucleobase is
found in 5-CG-3" sequences (CpG sites).
The methylation pattern of the genome
changes during ontogenesis, depends
on the tissue and can substantially differ
in several diseases, notably cancer. We
are only at the beginning of understand-
ing the biological role of DNA methyla-
tion in higher organisms, but the emerg-
ing view is that methylation of the pro-
moter region of a substantial fraction of
genes leads to transcriptional inactiva-
tion (gene silencing)."

Recognition of the importance of DNA
methylation in gene regulation raised
the possibility of silencing selected
genes by exogenous, targeted methyla-
tion of their promoters. Directing DNA
methylation to predetermined sites, be-
sides being a promising research tool for
silencing genes of interest and studying
DNA methylation in higher eukaryotes,
could lead to therapeutic applications in
diseases characterised by aberrant ex-
pression of one or a small number of
genes.? A potential advantage of DNA
methylation-mediated gene silencing is
that the de novo established methyla-
tion pattern is stably propagated by
maintenance methylation through cycles
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of semiconservative replication. The si-
lencing mechanism is likely to involve
other epigenetic factors (e.g., histone
methyltransferases, histone deacetylases)
recruited by the DNA methylation
marks."

DNA methylation is catalysed by DNA
methyltransferases (MTases), which trans-
fer the activated methyl group from the
ubiquitous cofactor S-adenosyl-L-methio-
nine (AdoMet or SAM) to their target nu-
cleobase within short DNA recognition
sequences ranging from two to eight
base pairs (bps). Directing DNA MTases
to a preselected recognition sequence
(targeted DNA methylation) was pio-
neered by Xu and Bestor, who genetical-
ly fused the bacterial DNA (cytosine-C5)
MTase M.Sssl (recognition sequence 5'-
CG-3') to a zinc finger protein (ZFP) that
recognises a 9 bp DNA sequence with
high specificity and serves as targeting
domain.” The idea was that the chimeric
protein would bind to the DNA se-
quence specific for the targeting
domain, and the DNA MTase would se-
lectively methylate CpG sequences locat-
ed close to the binding site of the fusion
partner. Indeed, preferential methylation
of a CpG sequence located in the vicinity
of the ZFP binding site was observed in
in vitro experiments. Later research dem-
onstrated that this approach can, in prin-
ciple, also be applied in vivo for target-
ing chromosomal™ as well as mitochon-
drial DNA.®! In the most extensive study
so far, the catalytic domains of the
murine DNA MTases Dnmt3a and
Dnmt3b were fused to sequence-specific
DNA-binding proteins. In transient co-
transfection experiments on human cells,
dense methylation of the targeted pro-
moter regions and silencing of the tar-
geted genes was demonstrated.”” In
almost all such studies, ZFPs were used

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

as targeting devices because customised
ZFPs can now be engineered to bind
with high affinity and sequence specifici-
ty to almost any DNA sequence.”

A key issue of targeted DNA methyla-
tion is specificity, that is, the difference
between levels of exogenous methyla-
tion at the targeted site and nontarget-
ed sites. Analysis of the methylation
status of nontargeted sites revealed
either methylation far from the target
site,*¥ or extensive methylation of re-
gions flanking the binding site of the tar-
geting domain.” Although efficient gene
silencing might require methylation of
many CpG sites in a promoter, and thus
the latter phenomenon could be an ad-
vantage in many cases, high-resolution
analysis of the effect of DNA methylation
would require a method suitable for the
methylation of single CpG sites. Methyla-
tion of nontargeted sites is not surpris-
ing owing to the inherent affinity of
DNA MTases for their recognition se-
quences  (Scheme 1A).  Nontargeted
methylation limits the use of simple DNA
MTase fusions as a research tool and
would be a serious obstacle to therapeu-
tic application. Therefore, novel strat-
egies that allow highly sequence-specific
targeted DNA methylation are of prime
importance. One approach to improving
targeting specificity employs DNA MTase
variants with reduced DNA-binding affin-
ity.” Here, DNA binding of the mutant
DNA MTase-ZFP fusions is dominated by
the targeting ZFP domain’s improving
the specificity.

A recent paper by Nomura and
Barbas"” describes another approach
that appears to be a significant step to-
wards the goal of methylating single
CpG sites within whole genomes. The
authors capitalised on previous observa-
tions of protein fragment complementa-
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Scheme 1. Targeted DNA binding (and methylation) with zinc finger protein-directed DNA methyltrans-
ferases (DNA MTases). A) Fusion of a DNA MTase (dark grey circle) with a zinc finger protein (ZFP, dark
grey ovals) leads to preferential binding to the targeted site (left) but, because of the inherent DNA-
binding affinity of the DNA MTase, binding to nontargeted sites (right) also occurs, leading to back-
ground methylation. B) Splitting of the DNA MTase into two fragments (dark and light grey complemen-
tary shapes) and fusion of each fragment with a ZFP (dark and light grey ovals) leads to specific DNA
binding of the ZFPs and assembly of the DNA MTase fragments on the targeted site (left pathway). In
contrast, assembly and binding to nontargeted DNA is absent or at least strongly disfavoured (right)

presumably because of the fused ZFPs.

tion described for some DNA (cytosine-
C5) MTases. These enzymes generally act
as monomers, but at least some of them
can be split into two (preferably partially
overlapping) fragments, which, while in-
active by themselves, can assemble to
form active enzyme when expressed in
the same cell™'? Nomura and Barbas
fused an N-terminal segment of the DNA
MTase M.Hhal, encompassing residues 2—
240, to a ZFP engineered to recognise a
9 bp sequence. The C-terminal segment,
spanning residues 210-327, was fused to
another ZFP targeting a different 9 bp
sequence. There were two reasons for
selecting M.Hhal for this work; M.Hhal
is one of those DNA MTases for which
protein fragment complementation has
been shown before,'? and its 5'-GCGC-3’

352

www.chembiochem.org

methylation specificity (the methylated
cytosine is underlined) makes the ap-
proach, in principle, directly applicable
to targeted methylation of CpG sites
flanked by a 5-G and a 3'-C residue.
When the two DNA MTase-ZFP fusion
proteins were expressed in the same
E. coli cell, the targeted M.Hhal recogni-
tion site, which was flanked by the two
closely spaced ZFP binding sites,
became methylated, whereas the other
M.Hhal recognition sites on the same
plasmid stayed unmethylated, as shown
by fragmentation analysis with the cog-
nate restriction endonuclease R.Hhal and
bisulfite DNA sequencing.

Although a detailed comparison of the
approaches employing the MTase mu-
tants with low DNA-binding affinity"

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and the split MTase fragments'? is not

yet available, the latter method seems to
produce even less off-target methylation.
Part of the reason could be the entropic
cost of assembling the fragments,
whereas ZFP-mediated binding of both
DNA MTase fragments to the targeted
site will assist assembly by locally in-
creasing the effective fragment concen-
trations (Scheme 1B). However, the ob-
served level of targeted methylation spe-
cificity is still surprising because co-
expression of the same, but unfused
M.Hhal fragments, resulted in at least
75% methylation of 5'-GCGC-3' sequen-
ces of the test plasmid;I'? this indicated
that the split M.Hhal fragments by them-
selves can reassemble to form an active
enzyme. Apparently, fusion of the
M.Hhal fragments with ZFPs had a pro-
nounced negative effect on nontargeted
assembly. It will be interesting to per-
form detailed binding and kinetic experi-
ments to identify the underlying bio-
physical principle for the observed
highly sequence-specific DNA methyla-
tion.

Future research will tell whether the
split DNA MTase strategy can also work
in eukaryotic cells, against the back-
ground of a eukaryotic genome. The
paper by Nomura and Barbas will un-
doubtedly stimulate investigations ex-
ploring whether the split DNA MTase
approach is applicable to CpG-specific
MTases (M.Sssl, Dnmt3a, Dnmt3b), which
can, in principle, target all CpG sites, not
just those in the 5-GCGC-3" context.
Such split DNA MTases might also be
valuable tools for highly specific DNA
labelling by using modified AdoMet ana-
Iogues.““‘”
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Light-Switching Excimer Beacon Assays For Ribonuclease H Kinetic Study

Yan Chen, Chaoyong James Yang, Yanrong Wu, Patrick Conlon, Youngmi Kim, Hui Lin, and Weihong Tan*®

RNase H is a ribonuclease that degrades the RNA strand in a
RNA-DNA hybrid to produce 3'-hydroxyl- and 5-phosphate-
terminated products. It is a nonspecific endonuclease that cat-
alyzes the cleavage of RNA through an endonucleolytic mecha-
nism,!" aided by an enzyme-bound divalent metal ion; howev-
er, DNA strands or unhybridized RNA strands are not degraded.
The enzyme is involved in several important cellular processes
including DNA replication, DNA repair, and transcription.”
Members of the RNase H family can be found in nearly all or-
ganisms, from archaea and prokaryota to eukaryota. RNase H
also has wide applications in molecular biology and biotech-
nology in terms of its unique cleaving property. Retroviral
RNase H, a part of viral reverse transcriptase, is an important
pharmaceutical target, as it is absolutely necessary for the pro-
liferation of retroviruses, such as HIV. Inhibitors of this enzyme
could therefore provide new drugs against diseases like AIDS.
E. coli RNase H usually requires at least six base pairs of RNA-
DNA hybrids as substrates to bind and cleave effectively in so-
lution, while the hybrid length required in living cells might be
somewhat greater™ The complete digestion of poly(rA):po-
ly(dT) by E. coli RNase H yields oligoribonucleotides with vary-
ing chain lengths, ranging from monomers to hexamers.” In
order to understand more about these functions and process-
es, and more importantly, to screen new drugs against retrovi-
ruses, it is necessary to develop a fast, real-time, sensitive, and
isotope-label-free system to assay the cleavage activity of
RNase H. A number of traditional methods have been used to
assay the enzyme activities and evaluate the kinetic parame-
ters, such as the acid-soluble release of RNA fragment,” gel
electrophoresis,” and HPLC.® The acid-soluble and gel-electro-
phoresis techniques require radioisotope-labeled substrates,
and the HPLC method needs micromolar concentrations of
substrate. All of these methods are indirect, discontinuous, and
time-consuming. Recently, an RNA-DNA duplex was incorpo-
rated into a fluorescent probe to study RNase H in real time;
however, only very short substrate sequences could be ana-
lyzed. Moreover, the complexity in the RNA-DNA oligonucleo-
tide synthesis can also result in a low yield and restrict its gen-
eral utility in enzyme-activity studies.”

Here we describe a real-time fluorescence method in which
the signal transduction is achieved by taking advantage of the
light-switching excimer mechanism inherent to molecular bea-
cons (MBs). A molecular beacon is a single-stranded DNA that
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can form an intramolecular hairpin structure with a fluoro-
phore and quencher at either end. DNA MB assays have been
described for a few enzyme studies, such as single-stranded
specific DNases, endonuclease BamHI, and small nonenzyme
DNA cleavage agents.”™ Enzyme activity was detected and
characterized by taking advantage of the signal-transduction
mechanism built into the MBs. The change in fluorescence
signal reflects the conformational change of the MB, which is a
result of enzyme cleavage.'” Most beacon designs are based
on fluorescence quenching™' and fluorescence resonance
energy transfer (FRET).'? Though each technique has its own
advantages, some limitations remain. For example, a quench-
ing-based FRET molecular probe always has incomplete
quenching, and this results in significant background noise."”

In this paper, we describe the molecular engineering of a
light-switching excimer beacon probe for RNase H activity
monitoring. Some spatially sensitive fluorescent dyes, such as
pyrene'®'? and BODIPY FL,**?Y can form an excimer when an
excited-state molecule is brought into close proximity with an-
other ground-state molecule. The excimer results in a shift of
the emission to a longer wavelength than that of the mono-
mer. The formation of excimer between two pyrene molecules
that are connected by a flexible covalent chain, such as DNA,
is very useful for probing spatial arrangements. In a similar
manner to FRET, the spatially dependent property of excimer
formation can be used as signal transduction in the develop-
ment of effective molecular probes. This unique technique is
especially useful for the design of MBs, which can undergo
conformational changes upon target binding. By attaching
pyrene molecules"® to both ends of a DNA strand, an excimer
switching MB probe has been developed. In the absence of
target molecules, the DNA beacon stays in its closed form of a
loop-stem hairpin structure that brings the two pyrene moiet-
ies close together and allows the formation of an excimer that
emits at ~485 nm. When binding to the complementary DNA
or RNA, the MB opens up. Both pyrene molecules are spatially
separated, and only the monomer emission peaks (at 378 and
397 nm) are observed. The change in emission wavelength
serves as a unique, real-time method of tracing a series of con-
formational changes in the DNA-probe-based assays.'® This
emission-wavelength switching solves the problem of back-
ground signal that occurs with FRET molecular probes. Thus, it
can help improve the precision of the kinetic parameter quan-
titation, which also takes the background signal into account

We have designed a highly sensitivity 31-mer light-switching
pyrene beacon assay. The sequences are given in Table 1 and
the mechanism for monitoring the activity is shown schemati-
cally in Scheme 1. A dual-pyrene-labeled DNA beacon is free in
solution without target binding. The pyrene moieties are
brought together by the beacon’s hairpin structure, allowing
the formation of an excimer. The excimer emission at 485 nm
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Table 1. Probes and oligonucleotides used in the ribonuclease H kinetic
study.

Name Sequence

MB226 5"-pyr-CCTAGCTCTAAATCACTATGGTCG CGC
TAGG-pyr-3’

5'-CCTAGC GCGACCATAGTGATTTAGA-3’

MB226 shared stem

cDNA-A

MB226 shared stem 5'-GCGACCATAGTGATTTAGAGCTAGG-3'
cDNA-G

MB226 shared stem 5'-GCGACCAUAGUGAUUUAGAGCUAGG-3'
RNA

MBS1 5"-pyr-CGCACCTCT GGTCTGAAGGTT

TATTGG TGC G-pyr-3'
MBS1 shared stem 5-CGCACCAATAAACCTTCAGACCAGA-3’
cDNA-A
MBS1 shared stem
cDNA-G

MBS1 shared stem RNA  5'-AAU AAA CCUUCA GACCAGAGGUGCG-3'

5'-AATAAACCTTCAGACCAGAGGTGCG-3'

Underlining indicates the stem sequences in the molecular beacon
structures.

has a fluorescence enhancement of about 37-fold, as shown in
Figure 1. Binding of the DNA beacon to RNA opens up the
hairpin structure and thus spatially separates the pyrene moi-
eties. The fluorescence emission experiences a blue shift to
378 and 397 nm (monomer emission). The RNA-DNA hybrid,
which serves as the substrate for the RNase H cleavage, has a
low fluorescence background at 485 nm (Figure 1). After the
addition of the enzyme, only the RNA strand will be cleaved
from the duplex;™" this sets free the DNA beacon. The restora-
tion of the hairpin structure brings the pyrene moieties back
together and gives a dramatic fluorescence enhancement at
the excimer emission at 485 nm. The real-time fluorescence
monitoring is shown in Figure 2. This critical step is the one
we used to study the RNase H kinetic parameters. Compared
to the design of normal fluorophore-quencher-labeled MBs,
whose fluorescence signal will be quenched at this step; the
pyrene beacon assay results in a fluorescence increase and
thus has a much higher sensitivity. It brings a lot more conven-

Loop N j
—_—
INENRNRNRNNNNNANE
Stem %
Target RNA

§l Excimer

é 5485 nm
Excimer SWItchlng MB

Cut RNA only

Monomer
378 nm & 397 nm

Scheme 1. Schematic representation of the fluorescence mechanism of using a light-switching excimer beacon to

study RNase H activity.

356

www.chembiochem.org

Monomer N f
378 nm & 397 nm

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

40+
MB (100 nm)

351
301
251
201

154
MB:cDNA (1:100)

Fluorescence intensity

10
MB:RNA (1:1)

buffer

[0k o v v v AN B A A e e )
360 380 400 420 440 460 480 500 520 540 560
Al nm

Figure 1. Steady-state fluorescence spectra from the MB226 pyrene beacon
assay for studying RNase H activity. Excitation at 340 nm was used for all
spectra. The 100 nm pyrene MB gives an ~37-fold signal-to-background fluo-
rescence enhancement at 485 nm emission before target binding. After hy-
bridization to the target RNA by annealing at a 1:1 ratio, the excimer emis-
sion at 485 nm decreased eightfold to a similar excimer background as that
in the emission spectrum of the beacon-cDNA duplex at 1:100 ratio. A cor-
responding increase in monomer signals (378 and 397 nm) is also shown.

ience to the calculation of kinetics with the signal enhance-
ment design. Scheme 1 reveals another important advantage
of the light-switching excimer signaling approach over tradi-
tional gel-electrophoresis experiments: real-time detection
without separation. Because only the cleaved duplex gives ex-
cimer emission, the uncleaved targets do not have to be sepa-
rated from the solution for detection. In addition, since it is a
real-time detection, the fluorescence assay gives us a much
clearer picture of the enzyme cleavage activity and also mini-
mizes the inconvenience of being discontinuous in experiment
manipulation. In order to confirm that the signal enhancement
comes from the cleavage of the RNA strand by the RNase H, a
complementary DNA is added to the solution after the enzyme
cleavage. The free beacon hybridizes with the complementary
DNA and opens up its hairpin
structure again as shown by the
dramatic decrease in excimer
emission (Figure 2).

The oligonucleotide targets
for normal MBs have the com-
plementary sequence to the

<DNA loop sequence of the beacons;
LLLLILIL] LLI however, sometimes beacons
can exhibit a substantial amount
of intermolecular interactions as
J_LLLJ_LL a result of sticky-end pairing of
{ * Llu' the beacon stems in the pres-
.L.L . . 22]

, ence of target nucleic acids.

Excimer

Two complementary sticky ends
from two beacon hybrids can
pair to form a short double
helix, leading to association of

{, {, 485nm
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Figure 2. Time-base fluorescence monitoring of RNase H cleavage activity in
MB226 assay. While monitoring the excimer signal at 485 nm in the system,
the addition of RNase H induces the fluorescence enhancement due to the
cleavage of the RNA strands from the pyrene beacons. After reaching pla-
teau, shared stem cDNA is added to hybridize with the free beacon, which
results in a dramatic decrease in excimer emission. This reaction is shown to
confirm the cleavage mechanism of the pyrene beacon assays. Reaction con-
ditions: [RNA-DNA hybrid] =100 nm, [RNase H] =6 nm (50 units mL ",
[cDNA] =10 pM. Ao, =340 nm; A.,, =485 nm (excimer emission).

the two hybrids at one end. With sticky-end pairing, two sepa-
rated pyrene molecules are drawn back together again, caus-
ing high background in excimer emission and false negative
results in the enzyme activity study, as shown in Figure 3. This

70000001
2 60000001
c
£ 50000001 MB (20 nm)
[0}
S 40000001
[0}
& 30000001 MB-+loop cDNA
S (1:100)
S 2000000+
[T

10000001

01 - buffer
360 400 440 480 520 560 600

Alnm

Figure 3. Steady-state fluorescence spectra of pyrene beacon (20 nm) with
loop-cDNA (1:100) for optimization of RNA sequence in MB226 assay. The
duplex of pyrene beacon and loop-cDNA gives a high background signal

after hybridization due to the sticky-end pairing problem.

problem is more severe when the probe concentrations in so-
lution are high. In order to avoid this sticky-end pairing prob-
lem, shared-stem oligonucleotide targets are used in the
design of the pyrene beacon assays. We designed two differ-
ent sequences of shared-stem cDNA (Table 1) to test the fluo-
rescence signal for the optimization of the target RNA se-
quence and found that the sequence with a G base on the 5'-
end gave a lower background at the excimer emission than
the one with A. According to the literature,*® this is because G
on the 5-end of the DNA strand can partially quench the fluo-
rescence of the fluorophore through energy transfer. We used

ChemBioChem 2008, 9, 355 - 359
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this sequence for the design of the RNA stand in our kinetic
studies. Moreover, using shared-stem RNA to solve the sticky-
end-pairing problem also has the potential to increase the
assay concentration from 20 to 100 nm in order to obtain a
higher fluorescence signal.

The excimer beacon assay was then used to obtain the ki-
netic parameters for E. coli RNase H by monitoring the cleav-
age of the RNA strand from the RNA-DNA hybrid. Figure 4

140 000~

120 000 . 8.4 nm
= 4 r 6 nm
£ 100 000 36nm
2 1 27nm
"5 800001
2 1 1.8 nm
¢ 60 000-
w 4
[0}]
5 40000 0.6 nm
“ 20 000-

0 T T T ¥ T v v T
0 200 400 600 800 1000 1200 1400 1600
tis

Figure 4. Time curves of cleavage of RNA strand from MB226 assay by E. coli
RNase H at different enzyme concentration at 37 °C. Reaction conditions
were: [RNA-DNA hybrid] =100 nm; [RNase H1=0.6 nm (5 unitsmL™"), 1.8 nm
(15 unitsmL™), 2.7 nm (22.5 unitsmL™"), 3.6 nm (30 unitsmL™"), 6 nm

(50 unitsmL™"), 8.4 nm (70 unitsmL™"); 1 unit of E. coli RNase H=

1.2x107 " mol.

shows that the cleavage of RNA is enzyme concentration de-
pendent, thus indicating that the excimer beacon assay can be
used for RNase H detection over a range of enzyme concentra-
tion. The initial rate of hydrolysis can be used for RNase H ki-
netic studies. The kinetic parameters of RNase H for the 25 bp
RNA-DNA hybrid are K,,=0.019 um and k., =0.25 s". Figure 5

0.7
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s
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y=0.22+11.49x
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Figure 5. Lineweaver-Burk plot of the reciprocals of initial rate versus sub-
strate concentration for the determination of kinetic parameters K., k., and
Ve Of RNase H in the MB226 assay; #: B, —: linear fit of data B. From the
plot, we got K,,=0.019 uMm, V,.,=1.65 nms~' and k., =0.25 s~'. Reaction
conditions: [RNA-DNA hybrid] = 25, 50, 75, 100, 200, 300, 400, and 500 nm.
[RNase H] =6 nm (50 units mL™"). Ao, =340 nm, 4., =485 nm.
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shows how these parameters are obtained. The values are sim-
ilar to those of radioisotope-labeled duplexes with similar
length of base pairs (14-mer: K,,=0.08 um and k., =0.1s"","
22-mer: K,=0.07um and k,=11s"" 24-mer: K,=
0.02 um;* Table 2) obtained by using gel electrophoresis. The

Table 2. Kinetic parameters of pyrene beacon assays for E. coli RNase H.

Substrate Ky [um] ko [s7']
MB226 (25-mer) 0.019 0.25
MBS1 (25-mer) 0.031 033
24-mer® 0.02 -
22-mer? 0.07 0.1
14-mer” 0.08 1.12

Statistical analysis of kinetic parameters of MB226 and MBS1 are from the
Lineweaver-Burk plot of initial rate versus substrate concentration, see
Figure 5.

variation in K, and k, is the result of varied assay conditions,
substrates, and methods. Previous reported methods such as
gel electrophoresis and HPLC analysis resulted in a wide range
for the RNase H kinetic parameters when using RNA-DNA
hybrids.

In addition, early observation confirms that the cleavage
sites of RNase H are not sequence dependent.” However, the
enzyme does exhibit a sequence-dependence effect on the ki-
netic properties of the cleavage activity.”? We synthesized a 25-
mer pyrene beacon, MBS1 (Table 1), that has the same GC con-
tent as the MB226 beacon in the whole hybrid, but a much
higher GC content in the stem. The beacon was also applied
to studying the kinetics. While similar results were obtained
owing to the same length of the hybrids, there were slight in-
creases in Michaelis constant (K,,=0.031 um) and turnover rate
(kex=0.33 s7") for the MBS1 assay (Table 2) that suggested that
the kinetic characteristics of the enzyme’s cleavage activities
show a slight sequence preference. This is most likely due to
the only difference between these two assays—the GC content
of the beacon’s stem sequence. A larger Michaelis constant
means a higher ratio between the velocities of enzyme-sub-
strate complex degradation and formation. A higher GC con-
tent in the stem makes the product after cleavage more stable
in the beacon’s hairpin structure, and this leads to a higher
rate of complex degradation. The results indicate that E. coli
RNase H does have slight sequence preference for the sub-
strate with the higher stem GC content in the pyrene beacon
assay.

In summary, with its unique properties, the dual-pyrene-
label beacon is finding interesting applications in enzyme-ac-
tivity studies. Integrated with a novel signal-transduction
mechanism, the binding and cleaving elements can be used as
sensitive probes for enzymatic monitoring and kinetic analysis.
We have demonstrated that the light-switching excimer ap-
proach is an excellent signal transduction for MB development
with a specific detection purpose. The switching of the excimer
signal indicates that the conformational change of the pyrene
beacon can be used to monitor enzymatic activity. This signal-
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ing approach has merits for application in kinetic analysis for
several reasons. First, real-time detection from monitoring the
signal transduction corresponding to conformational change
gives a real-time portrayal of what is happening in the reac-
tion. It avoids any indirect and time-consuming problems aris-
ing from stopping the reaction and taking out samples every
few minutes, such as in gel electrophoresis methods. More-
over, by being free from any need to stop reactions in the
middle with inhibitors, it can give a more precise response
that can only come from the cleavage activity of the enzyme.
Second, shorter detection times are needed. Real-time moni-
toring avoid any subsequent detection and analysis steps,*” so
it shortens the detection time for each sample and minimizes
environmental effects, thereby affording more precise detec-
tion. The real-time light-switching assay we have developed
here shows great advantages in these aspects for its simple,
rapid method, easy construction, and high sensitivity. These
properties will enable the construction of specially designed
light-switching pyrene beacons for different types of enzyme
activity studies in extracellular or even intracellular
environments.

Experimental Section

Materials: The sequences of DNA and RNA oligonucleotides pre-
pared are listed in Table 1. DNA synthesis reagents were purchased
from Glen Research (Sterling, VA). Two difference sequences of
DNA MBs (excimer probes both with six base pairs in the stem, se-
quences shown in Table 1) were labeled at both ends with pyrene.
The RNA sequences were synthesized and purified by Sigma-Proli-
go (The Woodlands, TX, USA.). E. coli RNase H with an enzyme ac-
tivity of 2000 unitsmL™" (240 nm) was purchased from Sigma-Al-
drich; 1 unit of RNase H hydrolyzes 1.0 nmol RNA in *H-labeled pol-
y(dA):poly(dT) to acid-soluble material in 20 min at 37°C. The
enzyme specific activity is 4199724 units per mg of E. coli
RNase H.” The RNase H inhibitor, EDTA, was purchased from Fisher
Scientific. The calibration dye SYBR-Green was purchased from
Invitrogen.

Synthesis and purification: A solid-phase synthesis was used to
couple pyrene to MB sequences at both the 3’ and 5’-ends. The
synthesis started with a 3’-amino-modifier C7 controlled-pore glass
(CPG) column on the 1 pmol scale. After the synthesis of the DNA
beacon, a 5-amine was added to the sequence by using 5"-amino-
modifier C6 linker phosphoramidite. The column was then flushed
slowly with dimethylformamide (DMF; 15 mL), piperidine (20%) in
DMF (15 mL), trichloroacetic acid (3%) in dichloromethane (15 mL),
and then more DMF (15mL). The CPG contained within the
column was released into DMF solution (1 mL) containing pyrene
butyric acid (57.7 mg, 200 umol), dicyclocarbodiimide (41.3 mg,
200 pmol), and dimethylaminopyridine (24.4 ng, 200 umol). After
being stirred for 3 h, the solution was centrifuged, and the super-
natant was discarded. The pellet was washed with DMF, methanol,
and water (3x each), before being incubated in a solution of
methylamine (50%) in ammonia at 65 °C for ~10 min. The resulting
clear and colorless supernatant was collected. Under UV radiation,
an intense green fluorescence was observed from the collected so-
lution. The beacon solution was desalted on a Sephadex G-25
column (NAP-5, Amersham Pharmacia) and dried in a SpeedVac.
The dried product was purified by HPLC on a C18 column with a
linear elution gradient with TEAA (triethylammonium acetate) in
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acetonitrile changing from 25 to 75% over 25 min at a flow rate of
1 mLmin~". The second chromatography peak, which absorbed at
260 and 350 nm and emitted at 485 nm with 350 nm excitation,
was collected as the product. The collected product then was
vacuum dried, desalted with a G-25 column, and stored at —20°C
for future use.™

Instruments: An ABI3400 DNA/RNA synthesizer (Applied Biosys-
tems) was used for DNA synthesis. Probe purification was per-
formed on a ProStar HPLC (Varian) with a C18 column (Econosil,
5U, 250x4.6 mm) from Alltech Associates. UV/Vis measurements
for probe quantitation were performed with a Cary Bio-300UV
spectrometer (Varian). Steady-state fluorescence measurements
were performed on a Fluorolog-Tau-3 spectrofluorometer (Jobin
Yvon, Edison, NJ, USA). For emission spectra, 340 nm was used for
excitation.

Pyrene beacon assays for RNase H: Assays were carried out in
USB RNase H buffer (100 pL; Tris-HCl (20 mm, pH 7.5), KCl (20 mm),
MgCl, (10 mm), EDTA (0.1 mm), and DTT (0.1 mm)),”) containing
RNase H (6 nm, 50unitsmL™") and DNA beacon-RNA hybrid
(100 nm) at a 1:1 ratio. An increase in fluorescence emission at
485 nm, upon excitation at 340 nm, indicated the hydrolysis prog-
ress of the hybrids. The maximum fluorescence emission was de-
termined by incubating the hybrids with excess RNase H. To deter-
mine the Michaelis-Menten kinetic parameters, the beacon assay
concentration was varied from 25 to 500 nm, over the range of the
previously reported K,, values for RNase H."®?"" A dye calibration
curve using SYBR® GreenER was applied to determine accurately
the concentration of the hybrid. SYBR® GreenER is a double-strand
oligonucleotide-binding dye that can quantitatively differentiate
duplex from single-strand oligonucleotides after hybridization. In
all kinetic experiments, initial-rate measurements were obtained in
the first 30s, with an enzyme concentration of 6nm
(50 unitsmL™"). All experiments were performed at 37°C and re-
peated 2-3 times. Average values were used for calculations. Data
in Tables 1 and 2 were obtained by performing curve fitting to the
Michaelis-Menten equation by using OriginPro 7.0 (Microcal Soft-
ware Inc.).
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Quinone Replacements for Small Molecule Insulin Mimics

Michael C. Pirrung,*™ Liu Deng,”™ Bo Lin,' and Nicholas J. G. Webster™

The 1999 discovery that a natural product from Aspergillus ter-
reus and Pseudomassaria fungi, demethylasterriquinone B1
(DAQ B1; Scheme 1), is an insulin mimic with oral activity in

ZL196 R = prenyl
LD17 R =0Bn

demethylasterriquinone B1

SnB
nbus o 0
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N TBSO \
Boc | 0
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1 2 3

Scheme 1. Orally active insulin mimics and building-block molecules.

mouse models of diabetes™ represented a major break-
through. Not only might millions of diabetics treated with insu-
lin injections anticipate taking a pill instead,”” but also this dis-
covery represents one solution to a grand challenge of medici-
nal chemistry: a small molecule that mimics the action of a
protein. Biotechnology currently provides the main route to
therapeutic proteins. DAQ B1 is thought to act on the intracel-
lular kinase domain of the insulin receptor (IR), the dimeriza-
tion of which leads to autophosphorylation; it has a low micro-
molar ECs, in cell-based assays.

A second-generation, DAQ B1-related quinone was reported
that mimics insulin in rodents and its pharmacokinetics were
studied in primates;® also, a library of asterriquinone ana-
logues revealed novel structural patterns that act as insulin-re-
ceptor activators.” Despite these promising early results, mole-
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cules of this family have not entered clinical development.
Likely a major concern is the safety of candidate pharmaceuti-
cals that contain the potentially problematic quinone substruc-
ture.”) While quinones are certainly present in some currently
marketed drugs, these agents are used primarily in acute
therapy, such as anti-infectives. A drug that treats a metabolic
disease, like diabetes, must be used chronically.

Extending early structure-activity relationship studies,® past
work in our laboratory identified DAQ B1’s major pharmaco-
phore as the quinone and 7-prenylindole.”? Compound ZL196,
which comprises just these portions, is an orally active insulin
mimic in mouse models of diabetes, as is analogue LD17, in
which the 7-prenyl group is replaced with a 7-benzyloxy
group,”® though both include the offending quinone. Replace-
ments for quinones are not common in medicinal chemistry,
and it is unclear what portions of DAQ B1’s quinone are
needed for activity. Hypotheses were developed concerning its
key feature(s), such as the conjugated a-hydroxycarbonyl
group or the quinone tautomeric form. The former might be
mimicked in a tropolone, while the latter might be mimicked
by substituting a heteroatom for the quinone carbonyl to
create a pyrone or pyridone that lacks redox chemistry. These
designs include some simple replacements that have been
used in the past in medicinal chemistry.”’ This work reports the
preparation of three compounds that exchange the quinone
of ZL196 for other cyclic compounds and the activation of IR
in cells by one that includes the fungal natural product kojic
acid.

A versatile synthon for the 7-prenylindole portion of DAQ B1
is stannane 1. It permits a variety of “head pieces” to be
easily introduced via Stille coupling. Halides 2 and 3 were used
here as coupling partners (Scheme 2). Compounds 4 and 6
were produced following removal of the O-silyl and N-Boc
groups with excess fluoride ion. Retention of the N-Boc group
was achieved by controlled deprotection of 5 with fluoride ion.
Selective protection of the enol gave 7, which on treatment
with methylamine resulted in pyrone-to-pyridone exchange,
and which also removed the N-Boc group. Final deprotection
of the PMB group gave 8.

These three compounds were examined by immunoblotting
for their ability to activate human IR in a cell-based receptor-
phosphorylation assay. A CHO cell line (CHO-IR) engineered to
over-express this receptor was used.” Data for receptor activa-
tion by 6 (Figure 1) show a maximum at 1 pm. This is expected
behavior for molecules that act through receptor dimeriza-
tion." By using a binding model for dimerization," the 1 um
maximum for 6 was estimated to be its ECs,. Activation of the
IR by 6 in this assay is comparable to the known orally active
insulin mimic ZL196. Earlier we reported” (in a different cell
line) an ECs, for ZL196 of about 100 um, whereas the current
studies gave ~30 pm. Tropolone analogue 4 had little positive

ChemBioChem 2008, 9, 360 - 362





142 Pd(PhsP), xs TBAF OH
toluene THF /{1 O N
90 °C 52% N
61% H
N
4
(0] (0]
OTBS
TBSO \ N HO \ N
Pd(PhsP), (¢} xs TBAF
.
toluene THF / 1 N
90 °C 54%
62% H
X
5 6
(6]
HO \ \
1.2 eq TBAF 1. MeNH,
2. KOH / EtOH 2.DDQ A\
PMB-CI 41%
43% N
A
8

Scheme 2. Preparation of candidates for quinone replacements.
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Figure 1. Activation of the insulin receptor in cells. Serum-starved CHO-IR
cells were treated with insulin (10 or 100 ngmL™") or compounds (0.01-
100 pm) for 10 min at 37 °C. Insulin receptor phosphorylation was detected
by immunoblotting with anti-phospho-IR (Y1162/63) antibodies and chemi-
luminescence. The dose-response relationship for 6 is not conventional; this
might be due to the self-inhibition that is known for dimerizing mole-
cules.™

effect on IR phosphorylation and appeared to be cytotoxic,
while 8 was also an activator with an ECs, of ~1 um.
Compound 6 represents a new chemical entity the possible
off-target activities of which must be considered. A significant
question is its ability to cause QT prolongation by acting on
the cardiac potassium channel (hERG). A cell-based primary
screening assay (patch clamp, performed by a contract re-
search laboratory—CEREP, Seattle, USA) was used to evaluate
such safety concerns with 6. It produced a 8.2% inhibition of
the hERG tail current at 1 um. Based on a reported hERG rank-
ing system,? 6 has low potency as a hERG channel blocker.
Compound 6 was also examined at 10 um in over 40 in vitro
assays against many human enzymes (cyclooxygenases, phos-
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phodiesterases, and all four classes of proteases),
and showed < 20% inhibition.

An active analogue of a small molecule natural-
product insulin mimic has been prepared in which
kojic acid was used to replace the original quinine—
a structure thought to present intrinsic safety
risks."®) An achievement such as this is essential for
the field of small molecule insulin replacements to
advance beyond the original 1999 discovery. Many
structural variations on 6 and 8 will be needed to
delineate structure-activity and toxicity relationships
to eventually reach compounds with true therapeu-
tic potential. More efficient routes for their chemical
synthesis are under development (M.C.P., X. Xiong,
unpublished results). The tantalizing possibility also
exists—given recent access to all of the biosynthetic
genes of Aspergillus and specifically those required
to generate DAQB1™—to create an engineered
biosynthetic route to 6. As kojic acid is produced
by Aspergillus flavus™ and the 7-prenylindole of
DAQB1 is produced by Aspergillus terreus, active
structure 6 can be viewed as an Aspergillus natural
product hybrid.
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Efficient Asymmetric Synthesis of Chiral Amines by Combining
Transaminase and Pyruvate Decarboxylase

Matthias Hohne,™® Steffen Kihl,® Karen Robins,™ and Uwe T. Bornscheuer*?

Dedicated to Prof. Karl Schtigerl on the occasion of his 80th birthday.

Chiral amines and amino acids play an important role in the
pharmaceutical, agrochemical and chemical industry. They are
frequently used as synthons for the preparation of various
pharmaceutically active substances and agrochemicals, or as
resolving agents for chiral acids. Consequently, there is a need
for efficient methods to obtain the desired R or S enantiomer
in an optically pure form.™

The most frequently used enzymatic method for the produc-
tion of optically active amines is the kinetic resolution of race-
mic starting material by enantioselective hydrolysis of, for
example, N-acyl amides by peptidases, amidases or lipases.”
Alternatively, transaminases can be used in kinetic resolution
(Scheme 1A).”! The maximum yield in all of these processes is
limited to 50% unless a racemization step is included to

A) Kinetic resolution
NH, NH,

(e}
3\ transaminase )\ + JJ\

R"" "R? =— > R "R? R'” "R?

pyruvate  L-Ala

B) Asymmetric synthesis

Q transaminase
N o2 X

R' "R? R!

L-Ala pyruvate

R' = aryl, alkyl; R? = alkyl, COOH

Scheme 1. Transaminases (TA) can be used in kinetic resolution or asymmet-
ric synthesis to obtain optically pure amines or amino acids.

enable a dynamic kinetic resolution. One example is the dera-
cemization of an amine racemate with a monoamine oxidase.””

In principle, w-transaminases (TA) can also be used in an
asymmetric synthesis of amines by starting from readily avail-
able prostereogenic ketones in combination with suitable
amino donor molecules, for example, L-alanine (Scheme 1B).”!
Although -transaminases exhibit excellent enantioselectivity
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in general, they are not widely used in asymmetric synthesis,
although in this case a 100% yield is theoretically possible. The
problem with the asymmetric synthesis is that the equilibrium
of the reaction lies strongly on the side of substrate ketone,
which means that only small amounts of chiral product amine
are formed. A typical example is the amination of acetophe-
none with alanine to (S)-a-methylbenzylamine, where the equi-
librium constant was reported to be 8.8x107* Shifting the
equilibrium to the desired direction is the key requirement for
utilizing transaminases efficiently in asymmetric synthesis. The
asymmetric synthesis of a-amino acids with a-transaminases is
less dramatic because the equilibrium constant is ~ 1. Still, the
equilibrium needs to be shifted in order to reach a conversion
>50%. If alanine is used as the amine donor then the equilibri-
um shift can be achieved by removing the co-product pyru-
vate with the enzyme lactate dehydrogenase (LDH).®' A disad-
vantage of the reduction of pyruvate to lactate by LDH is that
the enzyme requires NADH, and cofactor recycling is necessary
(Scheme 2 A). The direct use of whole cells is hampered by the

A) LDH reaction

[¢] LDH OH
ACOOH m )\COOH
NADH NAD*
B) PDC trick
0

0
PDC (e]0)
ACOOH AH e

Scheme 2. Removal of pyruvate by the use of A) lactate dehydrogenase
(LDH) or B) pyruvate-decarboxylase (PDC) to shift the equilibrium in trans-
aminase-catalysed asymmetric synthesis.

fact that an undesired side reaction, (e.g., the reduction of
ketone to alcohol) can occur. Another option is the conden-
sation of pyruvate by acetolactate synthase to acetolactate,
which subsequently decarboxylates spontaneously to ace-
toin.®

In this report we show that the equilibrium can be efficiently
shifted by the use of pyruvate decarboxylase (PDC) as illustrat-
ed in Scheme 2B. Several PDCs that originate from yeast and
bacteria are commercially available, as they can be used in the
synthesis of ephedrine precursors and a range of a-hydroxy
ketones.”

The major advantage of PDC in contrast to LDH is that it
requires no cofactor recycling, and the reaction products are
highly volatile, which allows for the desired shift of equilibri-
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um. We have chosen three PDCs of different origin and several
chiral amines as products to verify this novel concept in trans-
aminase-catalyzed asymmetric syntheses (Scheme 3). The ®-TA

NH, «NH, NH,
A O g NH2
> S
N ! COOH
v Boc
Boc
1 2 3 4

Scheme 3. Amines 1-3 and amino acid 4 were produced in the TA and PDC-
catalysed asymmetric synthesis from the corresponding ketones.

and PDC have different pH optima (w-TA: pH 9, PDC: pH 6) so
the coupled reactions were carried out at pH 7 where both en-
zymes are still active. Initially, the effect of the pyruvate remov-
al by PDC was investigated in the asymmetric synthesis of 1-N-
Boc-3-aminopyrrolidine (1). This compound was chosen as a
model substrate because substituted 3-aminopyrrolidines
show interesting pharmacological activity,® and are used as
synthons for semisynthetic cephalosporines.”

The transamination reactions of ketone 1-N-Boc-3-oxopyrroli-
dine by w-TA from Vibrio fluvialis (Vfl-TA) were compared in the
presence of one of the three PDCs: Zymomonas mobilis (Zmo-
PDC), Zymobacter palmae (Zpa-PDC)'° and a recombinant PDC
of undisclosed origin that was obtained from Biocatalytics
(BC-PDC). The same amount of PDC (1.7 U, ADH assay) and TA
(0.11U) was used in all reactions. By using an equimolar
amount of the aminodonor (10 mm bpr-alanine) and ketone,
the conversion with TA alone reached a plateau after 1 h, and
did not exceed 5.5-6.0%. In contrast, the conversion increased
already to 17-18% when VflI-TA was used in combination with
one of the PDCs; Zpa-PDC was the most active pyruvate decar-
boxylase. Figure 1 shows that an increase in the alanine con-
centrations leads to a substantial increase in product forma-
tion, and yields of up to 96% of amine 1 were obtained.

The combination of Vfl-TA with Zpa-PDC was further investi-
gated for the efficient asymmetric synthesis of amines 2 and 3.
In each case, substantially enhanced conversions were found
that were in the same range or higher compared to the known
use of LDH (Table 1).

Finally, a ‘broad-range’ pb-amino acid transaminase was used
in the asymmetric synthesis of pb-phenylalanine 4. The conver-

Product concentration / mm —»

5 25 110 300 500
Alanine concentration / mm ——»
B TA+ 32 UmL~" Zpa-PDC

O TA alone

Figure 1. Comparison of asymmetric synthesis of 1 by using transaminase
alone or in the presence of PDC to shift the equilibrium. A product concen-
tration of 5 mm corresponds to 100% conversion.

sion did not exceed 50% when only the transaminase was
used, but 86% conversion was achieved when BC-PDC™ was
added to shift the equilibrium (Table 1).

In summary, a highly efficient methodology for the asym-
metric synthesis of optically pure amines and one amino acid
was developed. Compared to the known procedure that uses
lactate dehydrogenase for the shift of equilibrium, this PDC-
trick has the major advantage that no cofactor recycling is re-
quired, yields are in the same range or even higher, and easily
removable, highly volatile byproducts are formed.

Experimental Section

Chemicals and enzymes: All chemicals were from Sigma-Aldrich,
Germany. S. cerevisae PDC and S. cerevisae alcohol dehydrogenase
were from Fluka. The transaminase from V. fluvialis was obtained
from Julich Chemical Solutions (now Codexis Inc. Redwood City,
CA, USA) as a liquid. The amount of the enzyme that was used was
according to the manufacturer recommendation. The broad range
p-amino acid transaminase and one pyruvate decarboxylase,
PDC 101, were from BioCatalytics (now Codexis Inc.). PDCs from

Table 1. Asymmetric synthesis of different amines/amino acids.

Product Conversion [%] Enantiomeric purity
TAE TA and PDC* TA and LDH® ee [%]

1 27 (£3) 80 (£5) 80 (£5) 99 (+0.2)

2 22 (+4) 40 (£4) 34 (+4) 98 (£0.5)

3 9(+2) 45 (£5) 40 (£20) 88.5 (£0.2)

4 47 (£3) 86 (£2) 58 (£3) 96.6 (£0.2)

[a] Reaction conditions to produce 1-3: 5 mm ketone, 110 mm L-alanine, Vfl-transaminase. For the synthesis of 4, 5 mm phenylpyruvate, 11 mm bpt-alanine
and “broad range” p-amino acid transaminase were used. The amounts of BC-PDC and LDH were 3UmL™". [b] For comparison, the same amounts

(32 UmL™") of PDC and LDH were used in the synthesis of 1-3.
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Zymomonas mobilis and Zymobacter palmae were recombinantly
expressed in E. coli"®

Activity measurement of PDC: One unit of PDC was defined as
the amount of enzyme that catalyzes the formation of 1 umol acet-
aldehyde from pyruvate per minute. The assay buffer for the activi-
ty measurement of PDC contained Na,HPO, (50 mwm), citrate
(50 mm), MgCl, (5mm), thiamine pyrophosphate (0.1 mm), and
was adjusted to pH 7. The reaction was carried out in a 1-mL
cuvette, The reaction buffer (800 uL) was mixed with NADH
(50 pL, 3 mm), alcohol dehydrogenase (50 uL with an activity of
200 UmL™" according to the manufacturer) and cell extract (50 uL)
was diluted as necessary. The reaction was started by the addition
of pyruvate (50 pL, 100 mm), and the decrease of the absorption at
340 nm was followed.

Biocatalysis: All biocatalytic reactions were done at 37°C in
sodium phosphate buffer (50 mm, pH 7) that contained pyridoxal-
5’-phosphate (0.1 mm), thiamine pyrophosphate (0.1 mm) and
MgdCl, (5 mm). The end-concentration of 1-N-Boc-3-oxopyrrolidine
and the other ketones was 5 mm.

Analysis of reaction products: The concentration of 1-N-Boc-3-
aminopyrrolidine 1 was measured by capillary electrophoresis. The
reaction was stopped by adding an aliquot of the reaction mixture
(100 pL) to a NaOH solution (100 pL, 0.1 m) that contained a-meth-
ylbenzylamine (0.2 mm) as an internal standard, followed by extrac-
tion with CH,Cl, (200 pL). Subsequently the organic layer (100 pL)
was extracted with triethylammonium phosphate buffer (200 pL,
10 mm, pH 3.0) that now contained both analyte and standard.
The separation was done on a Beckman PACE-MDQ system
equipped with a fused silica capillary (60 cm length, 10 cm to the
detector, 50 um inner diameter) and a PDA detector. A pressure of
0.5 psi was applied for 5 s for the injection. The background elec-
trolyte contained triethylammoniumphosphate (50 mm, pH 3.0). A
voltage of 30 kV was applied for 4 min for separation, and the
compounds were detected at 190 nm. The capillary that was used
for the analysis of the other amines 2-3 and phenylalanine 4 was
dynamically coated with CElixir (MicroSolTech, Eatontown, NY, USA)
according to the manufacturers instructions. The reaction was
stopped by mixing the sample (40 pL) with HCI (160 pL, 12.5 mm)
that included a-methylbenzylamine (1 mm) as an internal standard.
The separation protocol was the same as described above.

Analysis of optical purity of products: The enantiomeric excess
values of 1 and 2 were analysed by gas chromatography. After ex-
traction of the amine with CH,Cl,, derivatisation to the trifluoroacet-
amide was performed by adding a 20-fold excess of trifluoroacetic
anhydride. After purging with nitrogen to remove excess anhy-
dride and residual trifluoroacetic acid, the derivatised compound
was dissolved in CH,Cl, (50 uL) and analysed by using a Shimadzu
GC14A that was equipped with a Heptakis-(2,3-di-O-acetyl-6-O-tert-
butyldimethylsilyl)-B-cyclodextrin column (25 m x 0.25 mm). The

retention times were 13.5 min for the S enantiomer and 19 min for
the R enantiomer at an oven temperature of 180°C.

The enantiomeric excess values of 3 and 4 were determined by ca-
pillary electrophoresis on a PACE-MDQ system that was equipped
with a fused silica capillary (30 cm length, 10 cm to the detector,
50 um inner diameter). Amine 3 was extracted from the reaction
solution as describe above for the activity measurement. Before
analysis of amino acid 4, proteins were removed with a phenol-
chloroform extraction prior to injection. Enantiomer separation was
achieved by the addition of 5% highly-sulphated-y-cyclodextrin
(Beckman-Coulter, Fullerton, CA, USA) to the running buffer as a
chiral selector. A voltage of 15kV (reverse polarity) was applied
and the compounds were detected at 200 nm. The migration
times were 5.2 min for (R)-4, 8.0 min for (5)-4, and 2.0 min and
2.3 min for the enantiomers of 3, respectively.
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Enzymatic N-terminal Addition of Noncanonical Amino Acids to Peptides

and Proteins

Rebecca E. Connor,””
The preparation of well-defined protein conjugates is essential
for many therapeutic and biochemical technologies. The
amino terminus is an especially attractive target for conjuga-
tion, and selective N-terminal modification has been achieved
by a variety of chemical and enzymatic methods."™ Recently,
the Escherichia coli leucyl, phenylalanyl-transferase (Aat) has
been used to modify proteins with reactive phenylalanine ana-
logues delivered from chemically synthesized aminoacyl-
tRNAs.”! We present here an analytical method for identifica-
tion of amino acid substrates of Aat and also a fully enzymatic
method for N-terminal addition of phenylalanine, leucine, and
methionine analogues to peptides and proteins.

The E. coli leucyl, phenylalanyl-transferase (Aat), encoded by
the aat gene, catalyzes the conjugation of leucine (Leu), phe-
nylalanine (Phe), or methionine (Met) from an aminoacylated
tRNA to any protein that bears N-terminal arginine or lysine.””
The transfer of Leu or Phe to the N terminus of a protein in
wild-type E. coli cells results in a decrease of the protein’s in
vivo half-life through degradation by CIpAP, an ATP-dependent
protease.” Aat, CIpAP, and the adapter protein, ClpS, comprise
the E. coli N-end rule pathway.® Aat is tolerant of structural
variation in its amino acid substrates and is known to accept
Phe analogues through chemically aminoacylated-tRNAs.®!

We used a simple chromatographic assay to demonstrate
Aat-mediated transfer of noncanonical amino acids 1-10
(Scheme 1) to the acceptor peptide lysylalanyl-7-amino-4-

e

Konstantin Piatkov,” Alexander Varshavsky,™ and David A. Tirrell*

methylcoumarin (KA-AMC, 11). Representative chromatograms
are shown in Figure 1; for the complete set of chromatograms
and mass spectra see the Supporting Information.
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Figure 1. Reversed-phase HPLC analysis of Aat-mediated transfer of 5 to
the N terminus of KA-AMC (11, 17.2 min retention time) with detection at
324 nm. The chromatograms show the increasing intensity of the signal (at
19.5 min) due to the tripeptide product after 1 h (magenta), 2 h (orange),
and 3 h (blue). Reactions were performed with 1 mm 5, 100 pm KA-AMC,
750 nm Aat, and 400 nm synthetase.

The required aminoacyl-tRNA substrates were prepared in
situ by treatment of the amino acids of interest with their cog-
nate E.coli aminoacyl-tRNA synthetases. p-Azido-
phenylalanine (4), p-ethynylphenylalanine (5), and p-
cyanophenylalanine (6) were treated with the A294G

mutant of the phenylalanyl-tRNA synthetase

HoN ] COOH  HN 9 coOH  HN 3 cooH (PheRS).'” A computationally designed A294G/

T251G PheRS mutant was used to generate p-acetyl-

4 $-n, R n2 phenylalanyl-tRNA.""  4-Dehydroleucine (1) and
5 _§_C=CH ’§’N3 8 5,5,5-trifluoroleucine (2) were charged to tRNA by
6 =R’ f R?= —g—c =CH 9 using the wild-type leucyl-tRNA synthetase (LeuRS),
o) HN” ~COOH HN" "COOH '5\/'\'3 10 while a LeuRS variant that bore a T252Y mutation in

Scheme 1. Noncanonical amino acid substrates for Aat.
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the editing domain was used to charge oxonorvaline

(3)." The Met surrogates azidohomoalanine™ (8)

and homopropargylglycine™ (9) were charged by

the wild-type methionyl-tRNA synthetase (MetRS);

azidonorleucine (10) required a single (L13G) muta-
tion in MetRS for synthesis of the aminoacyl-tRNA.['!

All ten noncanonical amino acids were transferred to the
N terminus of KA-AMC; typical yields of the tripeptide products
are listed in Table 1. Under the conditions used here, analogues
1, 2, 4, and 5 were transferred to the N terminus of 11 in near-
quantitative yields within four hours. The remaining analogues
were transferred in lower yields. We also examined azaleucine
and the phenylalanine analogues 2-pyridylalanine and 3-pyri-
dylalanine, all of which were charged to their respective

ChemBioChem 2008, 9, 366 — 369





Table 1. Formation of tripeptide products by N-terminal addition of non-
canonical amino acids to KA-AMC.
Amino acid Synthetase Yield [%]®
Leu wt LeuRS 99+2

1 wt LeuRS 97+£1

2 wt LeuRS >99

3 T252Y LeuRS <10®

4 A294G PheRS 92+12

5 A294G PheRS 96+3

6 A294G PheRS 90+17

7 A294G/T251G PheRS 2141

8 wt MetRS 73+2

9 wt MetRS 84+2

10 L13G MetRS 18+4

[a] Yield after 4 h at 37°C as determined from chromatographic separa-
tion. Uncertainty is standard deviation from two experiments. [b] Yields
ranged from 1 to 10% over five experiments. wt: wild type.

tRNAs;"%"® however, we found no evidence in the in vitro
assay that any of these analogues can be transferred by Aat to
the N terminus of KA-AMC.

To produce full-length protein substrates of Aat, a construct
that allows the generation of proteins with N-terminal residues
other than Met was required. Such a system, based on the
ubiquitin (Ub) fusion technique, was developed for the elucida-
tion of the N-end rule pathway in E. coli. In this method, a Ub-
X-protein fusion was expressed in E. coli and the junctional
residue X (any desired residue except Pro) was made N-termi-
nal through the removal of the Ub moiety by a coexpressed
eukaryotic deubiquitylating enzyme.” A recent modification of
this technique, in which the fusion protein was purified from
E. coli and the Ub moiety was then removed in vitro with a pu-
rified deubiquitylating enzyme,"” yielded an E. coli dihydrofo-
late reductase (eDHFR) that bears either N-terminal arginine
(R-eDHFR) or glycine (G-eDHFR).

Analogue 5 (Etf) was appended to the N terminus of R-
eDHFR to form Etf-R-DHFR and subsequently ligated to azide-
biotin probe 12 via copper(l)-catalyzed cycloaddition."® As
little as 100 ng of biotinylated product could be detected by
Western blotting with streptavidin—-HRP (Figure 2B). Under
identical conditions G-eDHFR was unmodified; this illustrates
the specificity of Aat. Edman analysis of the Aat-mediated
transfer of 5 showed that R-eDHFR was modified nearly quanti-
tatively after 3 h; this is consistent with the results of the pep-
tide assay (Supporting Information). Ligation of an azide-PEG-
fluorescein (APF) conjugate to Etf-R-eDHFR was also accom-
plished in good yield via copper(l)-catalyzed cycloaddition
(Figure 3). Fluorescence detection at 530 nm confirmed that li-
gation of APF required prior treatment of the protein with Etf,
PheRS, and Aat (i.e., a complete transferase reaction mixture).
The two-stage modification was achieved in an overall yield of
80+2%, as determined by densitometric analysis of Western
blots (Figure 3B).

In conclusion, we have used coupled systems of aminoacyl-
tRNA synthetases and Aat to modify the N termini of peptides
and proteins with a variety of noncanonical amino acids. Bio-
orthogonal reactive functional groups, such as alkenes, alkynes,

ChemBioChem 2008, 9, 366 — 369
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Figure 2. N-terminal modification of e-DHFR. A) After N-terminal addition of
Etf, the alkyne moiety was conjugated to azide-biotin probe (12). B) Immu-

noblot analysis of transfer reactions containing decreasing amounts of R-
eDHFR and G-eDHFR; BSA: bovine serum albumin negative control.

A)
Aat + - + +
5 + + - +
PheRS + + + -
M
36 kDa
B)
Incubation
time /h 2 2 5 5
CuBr + - + =

36 kDa —p= —

22 kDa —9

Figure 3. PEGylation of Etf~-eDHFR with azide-PEG-5000-fluorescein (APF).
A) Fluorescence image (detection at 530 nm) of gel separation, showing
products of complete and negative-control transfer reactions after treatment
with APF. The pegylated protein migrates with an apparent molecular mass
of about 36 kDa. B) Western blot analysis of eDHFR-hemagglutinin (HA) sub-
sequent to transfer of Etf and treatment with APF (with or without CuBr, in-
cubated for 2 or 5 h at 4°C). DHFR-HA bears a C-terminal HA tag, and was
detected with Cy5-anti-mouse immunoglobulin and mouse anti-hemagglu-
tinin. The pegylated product migrates with an apparent molecular mass of
about 36 kDa; unmodified eDHFR-HA with an apparent molecular mass of
about 22 kDa.

azides, and ketones, can be transferred and used to prepare
bioconjugates in high yield. The method introduced here
allows new approaches to the engineering of therapeutic pro-
teins through pegylation; to the study of protein interactions
through crosslinking; and to the immobilization of proteins for
use in sensors, microarrays, and catalytic systems. The HPLC
assay for monitoring Aat activity can be applied to any non-
canonical amino acid.
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Experimental Section

Materials: Chemical reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification, unless
otherwise noted. The substrate dipeptide, Lys-Ala-4-aminomethyl-
coumarin, and amino acids 4 and 6 were purchased from Bachem
(Bubendorf, Switzerland) and used as received. PFP-biotin was pur-
chased from Pierce (Rockford, IL, USA) and mSPA-PEG-5000—fluo-
rescein was obtained from Nektar (San Carlos, CA, USA). Amino
acid 2 was purchased from Fluorochem (Derbyshire, UK); 1, 3, and
9 were prepared by alkylation of diethyl acetamidomalonate with
the appropriate tosylate as described previously."¥ Compounds 8
and 10 were synthesized by diazo transfer to the equivalent
amine-bearing amino acids;""® 5 and 7 were prepared as previously
reported."®™ The E. coli phenylalanyl-, leucyl-, and methionyl-
tRNA synthetases were produced as described."®*” The leucyl,
phenylalanyl transferase was purified as previously described.®

Reaction conditions for chromatographic analysis: Each 50 pL re-
action mixture contained amino acid (1 mwm), cognate synthetase
(400 nwm), total E. coli tRNA (30 ug, 11.5 pmol), Aat (800 nm), and
KA-AMC (100 pm) in the transferase reaction buffer (50 mm Tris,
pH 8.0; 50 mm [-mercaptoethanol; 5mm ATP; 10 mm MgCly;
150 mm KCI). The reaction mixtures were incubated at 37°C and
stopped either by filtration through a Microcon YM-10 filter or by
precipitation of the proteins with acetone. After centrifugation
through the YM-10 filter and 2-3 washes with water (100 uL), the
filtrate was separated by HPLC and used for subsequent MALDI
analysis. If precipitation was used to remove the added synthetase
and transferase, 4 volumes of acetone were added and the reac-
tion mixture was incubated at —20°C for at least 1 h. The resulting
precipitate was collected by centrifugation and the supernatant,
which contained both the substrate and product, was transferred
to a new tube, concentrated, and analyzed by HPLC.

HPLC separation of tripeptide products from KA-AMC: All liquid
chromatography, except that on the p-azidophenylalanine reaction
mixture, was performed by using a Waters HPLC system with a Mi-
crosorb C18 column (Varian, Inc). The buffers used for separation
of the tripeptide products were trifluoroacetic acid (0.1 %, eluent A)
and acetonitrile (100%, eluent B). The gradient consisted of 0-
5min, 0% B; 5-10 min, 0-30% B; 10-25 min, 30-60% B; 25-
30 min, 60-100% B; 30-40 min, 100% B. Dual detection at 214 and
324 nm was used to identify the substrate; product peaks and frac-
tions containing the product were collected for analysis by electro-
spray ionization mass spectrometry. For oxonorvaline, a modified
gradient was required to separate the substrate from the product
tripeptide. The gradient was 0-5 min, 0% B; 5-10 min, 0-24% B;
10-25 min, 24-48% B; 25-40 min, 48-100% B; 40-45 min, 100% B.
The p-azidophenylalanine reaction mixture was separated by using
a Varian HPLC system with a Microsorb C18 column. The buffers
for separation were trifluoroacetic acid (0.1%) and acetonitrile
(80%), trifluoroacetic acid (0.06%). The gradient consisted of 0-
5 min, 0% B; 5-7 min, 0-30% B; 7-27 min, 30-100% B; 27-37 min,
100% B. Detection at 324 nm was used to identify the substrate
and product peaks.

N-terminal protein modification: eDHFR (7.5 ug) was modified
with Etf (5) in a reaction volume of 75 uL in modified Aat buffer
(1 mm ATP, 50 mm Tris pH 8.0, 50 mm [3-mercaptoethanol, 10 mm
creatine phosphate, 45 pg E. coli total tRNA, 20 uygmL™" creatine
phosphokinase) with mutant PheRS (800 nm) and Aat (1.5 ug). The
reaction mixture was incubated at 37°C for 4 h, and then buffer-
exchanged twice into phosphate buffered saline (PBS, pH 7.5) by
using gel-filtration columns (Bio-Spin 6, Bio-Rad). For Edman degra-
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dation of modified samples, the reaction mixture was treated with
2 volumes of ice-cold acetone to precipitate the proteins. The pre-
cipitated proteins were then separated on a gel (12%) and trans-
ferred to a PVDF membrane. The protein band corresponding to
Etf-R-DHFR was excised and analyzed by Edman degradation at
the Caltech Peptide and Protein Molecular Analysis Laboratory. p-
Ethynylphenylalanine-modified R-eDHFR was used directly after
buffer exchange into PBS. Aliquots (10 uL) of the filtrate (0.5 pug
eDHFR) were diluted into PBS (100 pL) containing CuBr (400 um),
tris-(benzyltriazolylmethyl)amine (TBTA, 400 um), and either azido-
norleucine-biotin (25 pum) or azide-PEG-5000-fluorescein (500 nm)
for [3+ 2]cycloaddition. The reaction mixtures were either treated
with 1:8 trichloroacetic acid/acetone (900 pL) for analysis by immu-
noblotting or used directly for analysis by gel electrophoresis and
fluorescence imaging. Biotinylation was detected with streptavi-
din-HRP (R&D Systems). Fluorescence images were obtained with
a Molecular Imager FX from Bio-Rad with an excitation wavelength
of 488 nm for detection of fluorescein. For quantitative pegylation,
the reaction mixture (25 uL) obtained from modification of eDHFR
with 5 (1.25 ug Etf-R-eDHFR) was diluted into PBS (100 uL) with
azide-PEG-5000-fluorescein (100 pm), CuBr (400 um) suspended in
water, and TBTA (200 pm). The reaction mixture was incubated for
5h at 4°C, and an aliquot was taken after 2 h. Sodium azide
(1 mm) was added to quench the reaction. The reaction mixture
(25 pb) was then separated directly by SDS-PAGE and transferred
to a nitrocellulose membrane for Western analysis with mouse
anti-hemagglutinin and Cy5-anti-mouse immunoglobulin. The Cy5
fluorescence on the blot was detected with a Molecular Imager FX
and the extent of pegylation determined by densitometry by using
Image) software.?"
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Non-Heme Hydroxylase Engineering For Simple Enzymatic Synthesis of

L-threo-Hydroxyaspartic Acid

Matthias Strieker,™® Lars-Oliver Essen,”™ Christopher T. Walsh, and Mohamed A. Marahiel*®

L-threo-Hydroxyaspartic acid (L-THA, 1), the f-hydroxylated
form of L-aspartic acid (2), is of current medicinal interest be-
cause it inhibits L-asparagine synthetase,!" is a key constituent

NH, O NH, O

HO HO HO
OH OH NH,

o OH o O OH
1 2 3

NH, O

of several proteins in the blood-clotting cascade,” and inhibits
the function of excitatory amino acid (EAA) transporters as an
L-glutamic acid mimic.”! The last of these functions is of great-
er importance, as L-glutamate plays a key role as a primary
neurotransmitter in the mammalian central nervous system
(CNS) and participates in diverse and complex neuronal com-
munication by activating a broad assortment of the EAA recep-
tors.™ With its potential to overactivate these receptors, L-glu-
tamate can contribute to CNS damage in acute injuries or
chronic diseases.” Thus, regulation of extracellular L-glutamate
concentration, carried out by the EAA transporters, is crucial. A
readily available source of 1 could help in further investiga-
tions of these transporters and of the complexity of L-gluta-
mate-mediated signaling processes.

Various synthetic routes to complex diastereomeric mixtures
of erythro- and threo-hydroxyaspartic acid have been described
previously.” These preparations are circuitous and expensive,
making a more efficient synthesis of 1 desirable. Enzymatic cat-
alysis provides an alternative approach, but, to the best of our
knowledge, no hydroxylase that directly catalyzes the (-hy-
droxylation of 2 to 1 has been described. We therefore applied
a rational protein design approach to fulfill this task.

Protein engineering, based on 3D-structural information, has
become an accepted tool for the manipulation of enzymes for
biocatalysis,” and we used this method to alter the substrate
specificity of an asparagine oxygenase (AsnO) from L-Asn to L-
Asp. AsnO, involved in the biosynthesis of calcium-dependent
antibiotics (CDAs) in Streptomyces coelicolor® is an Fe?"- and
a-ketoglutarate-dependent  (aKG-dependent)  hydroxylase,
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which exclusively catalyzes the synthesis of L-threo-hydroxyas-
paragine (3), which is used as a CDA building block.”’ AsnO
therefore provides an amino acid with the desired stereochem-
istry, but does not accept 2 as a substrate. In previous stud-
ies,” the crystal structure (PDB ID: 20G7) of AsnO in complexa-
tion with 3 and succinate was solved, and the substrate bind-
ing residues were identified (Scheme 1). The side chain of resi-

A\S“ws T~ Glu125
7~ Q ¢
~Q \
o= V-nH, Y A
Asp241 e : o *
O [~ NH - : J‘.J szﬁ"' NH
A/Lo.,\ SO *NHy  oNH
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Cafd S heggr O Asnids
~{ )}~ His155 His287 sn

Scheme 1. Representation of the active site of asparagine oxygenase (AsnO)
in complexation with 3 (shown in blue). The mutation of residue Asp241,
which coordinates the NH, of the carboxamide group of 3, to Asn alters the
substrate specificity of the enzyme from Asn to Asp with retention of stereo-
chemistry.

due Asp241 binds to the NH, of the carboxamide group of the
L-Asn substrate. We hypothesized that site-directed mutagene-
sis of this residue to asparagine would yield a binding site for
an aspartate side chain. Retention of stereochemistry would
also be expected, as the a-carboxy and a-amino coordinating
residues (Glu125, Asn146, Arg305) are unaffected by the muta-
genesis of Asp241.

The site-directed mutagenesis of residue Asp241 to Asn was
conducted by use of the asnO-containing expression vector as
the template.”’ The variant—AsnO D241N—was expressed as a
His,-tagged fusion and purified as soluble protein, with yields
of 5-6 mg per liter of bacterial culture. After Ni-NTA affinity
chromatography, SDS-PAGE analysis indicated >95% purity
(see Figure S1 in the Supporting Information). To evaluate its
activity on an analytical scale, purified enzyme was incubated
with 2, (NH,),Fe(SO,), (as source of the ferrous iron cofactor),
and oKG cosubstrate at different temperatures. The reaction
was monitored, and the identity of the reaction product was
verified by HPLC-MS analysis by scanning for the masses of 2
(IM+H]* =134.05 Da) and its hydroxylated form 1 ([M+H]* =
150.04 Da). The HPLC-MS chromatogram (Figure S2) of the
assay after incubation of 2 with AsnO D241N revealed nearly
quantitative conversion into 1 at 16 °C.
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In the control reaction without enzyme added, only the sub-
strate L-Asp was observed. Complete conversion was only ob-
served at 16°C; higher temperatures yielded 80, 67, 55 and
32% conversions for 20, 25, 30 and 37°C (data not shown),
most probably due to reduced enzyme stability.

We were encouraged by these results to carry out the enzy-
matic reaction on a preparative scale [enzyme (10 pum), L-Asp
(142 mm), oKG (18 mm) in buffer (10 mL) at 16°C for 14 h].
The reaction mixture was analyzed by HPLC, with the assis-
tance of a chiral column to distinguish between possible threo
and erythro products, and absorbance was measured at
220 nm and compared with authentic L-3-hydroxyaspartic acid
standards (Tocris Bioscience, Ellisville, USA). The overlaid HPLC
traces (Figure 1A) of L-erythro-hydroxyaspartic acid (orange), L-

one-step enzyme reaction, enantiomerically pure 1 was isolat-
ed in 68% yield (14.8 mg, 0.1 mmol) after preparative HPLC
and freeze-drying of the L-THA-containing fractions. 'H NMR
and mass data were consistent with those of the authentic
standard.

To determine the kinetic parameters of the variant, assays
with 5 um enzyme were quenched at appropriate time points
for different substrate concentrations (50 um to 2 mm), by ad-
dition of perfluoropentanoic acid, which also acts as an ion
pairing reagent for HPLC-MS analysis. The reaction follows
Michaelis—Menten kinetics (Figure S3) with an apparent K;, of
0.46+0.03 mm and k,,=1.04+0.1 min~', affording a catalytic
efficiency of k., /Kyw=22+04min"'mm~". In total, the bio-
chemical characterization of AsnO D241N shows that the var-

iant is capable of hydroxylating 2 on a preparative

A) L-erythreo-hydroxyaspartic acid standard B) o o scale in a reasonable timespan. For comparison,
b L-threo-hydroxyaspartic acid standard ;‘;2 :g W||d-type AsnO shows an almost identical KM (048:':
t&‘:‘ ltlii’ 0.07 mm) for L-Asn, but has a 300 times higher k.,
298+ 19 min™").”! The side chain swap therefore

L-Asp standard T s .
— AsnO D241N assay maintains the substrate affinity but results in less ef-
: ficient hydroxylation. We anticipate that less obvious
secondary interactions are responsible for the accel-
erated reaction in the wild type. Thus, further evolu-
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L
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Figure 1. Analysis of preparative assay by chiral HPLC. A) The HPLC chromatogram shows
the standards of L-erythro-hydroxyaspartic acid (orange), L-aspartic acid 2 (green), and L-
THA 1 (red). The main peak of the assay (black) co-eluted with 1, and its integral revealed
70% conversion at 16°C. B) *C NMR spectra of 1,4-"C-labeled 2 (green), unlabeled L-
THA standard (red), and reproduction of the assay with 1,4-*C-labeled 2 (black). The
peak at 169.97 ppm verified that L-THA had been generated, and the integral confirmed

tion of the AsnO D241N variant could raise its cata-
lytic efficiency.

In addition, the substrate specificity of the variant
was evaluated by incubation of the enzyme with dif-
ferent amino acids overnight at 16°C (Table 1). LC-
MS analyses of these assays indicated that the engi-
neered protein is highly specific and exclusively ac-
cepts 2 as its cognate substrate. Neither the AsnO
wild-type substrate L-Asn- nor L-Asp-related amino
acids such as L-Glu or the pb-Asp enantiomer, nor
representatives of other amino acid classes were ac-

70% conversion.

aspartic acid (2, green), L-threo-hydroxyaspartic acid (1, red),
and the enzyme assay (black) revealed that the only reaction
product co-eluted with the L-THA standard. L-erythro-Hydroxy-
aspartic acid was not observed. Integration of the starting ma-
terial and product peaks gave evidence of 70% conversion of
L-Asp into L-THA.

The identity of 2 and its conversion into 1 in the reaction
mixture were validated by employing 1,4-">C-labeled 2 (Cam-
bridge Isotopes, Andover, USA) in the assay for NMR analysis.
The labeled aspartic acid was used to observe specific *C NMR
signals for 2 and 1 as well as to suppress interfering carbon
signals from aKG and succinate, its decomposition product.
The NMR spectrum of the reaction mixture (Figure 1B in black)
shows that the two signals (0 =173.36, 171.19 ppm) of L-Asp
(Figure 1B, green) are shifted towards the L-THA signals (Fig-
ure 1B, red, 6 =173.42, 169.87 ppm). Integration of the C sig-
nals revealed 70% conversion, in agreement with product
quantification from the HPLC assays. Quantitative conversion
could not be achieved by addition of more enzyme, most
probably due to product inhibition. However, in this simple

ChemBioChem 2008, 9, 374 -376

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cepted as substrates for protein-mediated hydroxyl-
ation.

In summary, we have designed and biologically
characterized a highly specific hydroxylase that catalyzes the
direct hydroxylation of the aliphatic B-position of L-Asp for the

Table 1. Evaluation of the substrate specificity of AsnO D241N.

Amino [M4+H]" [M+H]" Mass Hydroxyl-
acid substrate product (obs.)®! ation
(calcd)®

L-Asp 134.0 150.0 150.0 yes
D-Asp 134.0 150.0 134.0 no
L-Asn 133.1 149.1 133.0 no
L-Glu 148.1 164.1 148.2 no
L-GIn 1471 163.1 147.2 no
L-lle 1321 148.1 132.2 no
L-Phe 166.1 182.1 166.1 no
L-Trp 205.1 221.1 205.3 no
L-Val 118.1 134.1 118.0 no
[a] Calculated masses of the hydroxylation products. [b] Masses observed
after overnight incubation of AsnO D241N and the corresponding amino
acid. Analyses were carried out by LC-MS.
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enantiomerically pure generation of the medicinally interesting
L-THA.

Experimental Section

Site-directed mutagenesis: The mutagenesis was carried out with
the QuickChange Il Kit (Stratagene) in accordance with the manu-
facturer’'s manual with the synthetic oligonucleotide primers 5'-
CCCCGACCTGCGGGTGAACCTGGCGGCCACCGAGC-3" and 5-GCT-
CGGTGGCCGCCAGGTTCACCCGCAGGTCGGGG-3' (the mutagenesis
site is underlined). The previously described asnO expression
vector” served as the template. DNA dideoxy sequencing con-
firmed the identity of the constructed mutation-carrying plasmid.

Protein purification: Positive clones were used to transform
E. coli BL21(DE3) (Novagen). The transformed cells were grown at
34°C to an optical density of 0.5 (600 nm), induced with isopropyl
[-p-thiogalactopyranoside (0.1 mm), and again grown at 28°C for
3 h. The cells were harvested by centrifugation and lysed in pH 8
buffer containing Hepes (50 mm) and NaCl (300 mm). The recombi-
nant protein was purified by Ni-NTA affinity chromatography by
use of a FPLC system (Amersham Pharmacia Biotech) with increas-
ing imidazole concentration (up to 250 mm). Fractions containing
the AsnO D241N (38.9 kDa) were identified by 12% SDS-PAGE anal-
ysis (Figure S1), pooled, and subjected to buffer exchange into
HEPES (25 mm), NaCl (50 mm), pH 7.0 with HiTrap desalting col-
umns (Amersham Pharmacia Biotech). The concentration of the pu-
rified protein was determined spectrophotometrically with use of
the calculated extinction coefficient at 280 nm. After being flash-
frozen in liquid nitrogen, the protein was stored at —80°C.

Analytical assay, kinetics and substrate specificity: The recombi-
nant AsnO D241N (5 um) was incubated for 16 h at 16°C with 2
(1 mm), the co-factor (NH,),Fe(SO,), (1 mm), and cosubstrate aKG
(2 mm) in HEPES buffer (pH 7.5, 50 mm, 0.1 mL). Controls were car-
ried out in the absence of AsnO D241N. The reaction was stopped
by addition of a nonafluoropentanoic acid solution (4% v/v, 20 pL),
and the mixture was then analyzed for possible hydroxylation by
reversed-phase HPLC-MS analysis on a Hypercarb column (Thermo
Electron Corporation, pore diameter of 250 A, particle size of 5 um,
100% carbon). Mobile phases were: A) aqueous nonafluoropenta-
noic acid (20 mm), and B) acetonitrile. The following gradient was
applied: 0-10% B in 12 min, with a flow rate of 0.2 mLmin' at
17.5°C. Identification of 2 was achieved by high-accuracy MS on
an API Qstar Pulsar | device (Applied Biosystems). Kinetics were car-
ried out accordingly, the substrate concentration being varied be-
tween 50 um and 2 mm. The reaction was stopped in the linear
range (after 5 and 30 min) and analyzed as described above. Inte-
gration of the mass signals of 1 and 2 gave relative conversion
values from which starting velocities were calculated. Substrate
specificity assays were carried out as described above with the
corresponding amino acid (see Table 1).

Preparative assay: AsnO D241N (10 pm) was incubated with 2
(18.9 mg, 142 pmol), the co-substrate aKG (26 mg, 18 mmol), and
ammonium iron(11) sulfate hexahydrate (0.39 mg, 100 umol) as
source of the ferrous iron co-factor. All solids were dissolved in
Hepes buffer, (pH 7.0, 25 mMm, 9 mL). The reaction was started by
addition of enzyme stock solution (same buffer, 100 pm, 1 mL) and
was allowed to stir for 14 h at 16 °C. Compound 1 was isolated by
HPLC separation on a Chirex 3126 column (Phenomenex, p-penicill-
amine, 150%x4.6 mm) with an isocratic mobile phase of CuSO,
(1 mm) in H,0 (95%) and isopropyl alcohol (5%) on a Beckman
Coulter Gold System with UV detector 168 (Fullerton, USA). The L-
THA-containing fractions were pooled and passed through an NTA-
Agarose resin by gravity flow to remove the copper ions and
freeze-dried to yield 1.

NMR spectroscopy: All 'H and *C NMR spectra were acquired on
a Varian 600 MHz spectrometer (Palo Alto, USA). The reproduction
of the preparative assay with 1,4-*C-labeled 2 was carried out as
described above, except that phosphate solution in D,O (pH 7.0,
20 mm) was used as buffer.
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A Voltage-Responding lon Channel Derived by C-Terminal Modification of

Gramicidin A

Philipp ReiB,”™ Loay Al-Momani,” and Ulrich Koert*®

The proper function of biologi- OI
cal ion channels requires de-

fined modes of control

(gating).l" Voltage gating is the o
response of the ionic flux !
through the channel pore upon
a change of the membrane po-
tential. Neuronal signal propa-
gation relies on voltage-gated
ion channels.

Progress in the structural
biology of voltage gated ion
channels” and the design and functional studies® of voltage-
modulated model channels helps in understanding voltage
gating,”” and is a first step towards the implantation of syn-
thetic voltage-modulated channels into neurons. In a continua-
tion of our studies on the implantation of synthetic gramici-
din-hybrid channels into cells (trabecular meshwork cells,”
CHO cells®), we turned to synthetic voltage-gated channels.
Terminal-charged amphiphilic compounds,” can self-assemble
into voltage-dependent pores and rigid push—pull rods® with
permanent axial macrodipoles to give voltage-sensitive pores.
Compared with these self-assembled pores, the channel-active
B%*-helix of gramicidin A (gA) is structurally well defined.”
(Figure 1)

The attachment of a positive charge at the C-terminal end
of gA as a voltage-modulating element resulted in gA deriva-
tives of type 1; this work was pioneered by Lauger'® and
Woolley." A schematic description for the voltage modulation
is the ball-and-chain model that is shown in Figure 2."" A hete-
rodimer channel of 1 and gA should lead to an open state if
the positive end group of 1 is located at a negative-potential
membrane site (Figure 2 A).

Upon switching to a positive membrane potential, electro-
static repelling forces should direct the positive charge into
the channel entrance like a stopper in a bottle neck. The steric
demand and the rigidity of the linker (in blue) between the
Cterminus and the positive charge is crucial for successful
voltage gating. A sterically demanding linker allows the posi-
tive charge to come only near to the entrance, which results in

o}
|
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Figure 1. Structures of gramicidin A (gA) and compounds 1 and 2.

=l
L=l

WW: WW

ey 220 ey 2o
(hossny 2l

==
==l

Figure 2. Ball-and-chain model for the voltage response of a 1-gA-heterodi-
mer channel. A) Negative potential at the positive end (in red) of the chan-
nel leads to an opened channel; B, C) Positive potential at the positive end
of the channel leads to partly or fully blocked channel (linker in blue).

a moderate decrease of the ion flux (Figure 2B). A slender and
flexible linker should allow a deeper diving of the positive
charge into the channel entrance (Figure 2C), which should
ultimately lead to a complete blockage.

So far, only sterically demanding linkers have been used by
Lauger (aromatic) and Woolley™ (carbamate). Both groups
were restricted in their linker choice because they used the
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wild-type gA as their starting material. The recently reported
segment-coupling synthesis of gA derivatives makes novel
linkers accessible.'” Here, we introduce compound 2, which
has a small and flexible ether linker, and report on its voltage-
gating/rectifying properties. The gA channel is permeant for
methylammonium ions," so the primary ammonium group in
2 could be suitable stopper.

Compound 2 was synthesized via solution segment cou-
pling."? The C-terminal ammonium group was generated by t-
butyloxycarbonyl (Boc)-deprotection in the final step. Details
for the synthesis and for the analytical data of 2 and all syn-
thetic intermediates are given in the Supporting Information.

Single-channel currents of compound 2 were measured by
the planar lipid bilayer method (Supporting Information). Hete-
rodimer channels of gA and 2 were formed by the addition of
each channel from opposite sites of the membrane. Diphyta-
noyl phosphatidyl choline (DPhPC) was used as a relatively
rigid lipid to assure heterodimer stability and to avoid flip-flop.
All channel measurements were done at pH 7 to assure the
predominant formation of the ammonium group, and to
match the physiological conditions.

Representative single-channel traces for the conductance of
Cs™ ions are summarized in Figure 3. The 2-gA heterodimer
exhibited a voltage-dependent effect that increased with in-
creasing voltage. The difference in single-channel currents for
different membrane potentials can be quantified by a voltage-
asymmetry factor. At 50 mV this factor is 38%; it increases to
51% at 200 mV. A potential that is higher than 200 mV results
in membrane disturbances and damage. Although a 51%
asymmetry is a considerable voltage response, no complete
voltage gating (asymmetry > 90 %) was observed.

The 2-gA-heterodimer was studied in comparison with the
gA-homodimer and the 2-homodimer (Figure 4).

Homodimer channels of gA and 2 were formed by the addi-
tion of each channel from both sites of the membrane. The
absence of a positive charge in gA led to the linear current
voltage relationship for the gA-homodimer (Figure 4A) with
no rectified current behaviour.”

In contrast, the 2-homodimer exhibited a pronounced nonli-
nearity in the current-voltage relationship (Figure 4B). The 2-
gA-heterodimer showed a current-voltage behaviour that cor-

1s
pA
+50 mV

m‘j--»-—- 12‘1 Eé_THSB pA
R A 23 pATLr [3_3 pAmq‘ [3.8

-50 mV

+100 mV +150 mvV +200 mV

7.9 pA
5.8 pA

-100 mV -150 mV -200 mV

Asymmetry 38% 40% 43% 51%
Figure 3. Single-channel currents of 2—-gA-heterodimer for different mem-
brane potentials show an increasing voltage asymmetry with increasing

potential (DPhPC, 1M CsCl).
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Figure 4. Current-voltage plots for A) gA-homodimer, B) 2-homodimer, and
C) 2-gA-heterodimer in comparison with the homodimer plots.

responds to the gA-homodimer in the positive voltage region,
and to the 2-homodimer in the negative voltage region. The
heterodimer channel exhibits an additive behaviour compared
to the behaviour of its components. These results indicate that
the positive charge at the channel entrance leads to the volt-
age-responding effect. The positive charge at the channel exit
has no effect on the ionic flux through the pore. Both observa-
tions are consistent with the ball-and-chain model, as dis-
cussed above. However, even with the slender ether linkage in
2, a maximum voltage response of 51% only was obtained
and no complete blockage of the ionic flux as in Figure 2C
was possible.

ChemBioChem 2008, 9, 377 -379



www.chembiochem.org



The voltage-dependence channel activity of the 2-gA-hete-
rodimer for various alkaline cations was investigated next
(Figure 5). A gA-typical Eisenman | selectivity™ (Cs*>K" >
Na*) was found for the 2-gA-heterodimer too. The ionic flux
through the channel decreases with increasing dehydration
energy because the passage of the cation through the channel
needs a partial removal of the hydration shell. The rectified
current behavior was strongest for Cs* and decreased over K*
to Na®.

Cs* _
AN 500 ms
72pA K+ 1 pA
ver Na*
+200 mV
+3.7 pA
I+2.o PA

36 1—2-%,*, [-15pn
~200 mV oA
Asymmetry 51% 30% 25%

Figure 5. Single-channel currents of 2—-gA-heterodimer for different alkaline
cations show an increasing voltage asymmetry from Na™ to K* to Cs™.

In a DPhPC membrane, the ammonium group of 2 is sur-
rounded by the zwitterionic choline end-groups of the lipid. By
gradually adding diphytanoylphosphatic acid (DPhPA), the en-
vironment of the ammonium group should be populated with
anionic phosphate end-groups, which could interact with the
ammonium group of 2. This interaction might suppress the
voltage-modulating action of the ammonium group.

Current-voltage relationships for the 2-homodimer in mem-
branes with different lipid composition (DPhPC -+ DPhPA)
were recorded (Figure 6). By going from pure DPhPC (red
curve) to 30% DPhPA (blue curve) the rectified current behav-
iour strongly decreases. Thus, the presence of anionic phos-
phate end-groups compensates the voltage-modulating action
of the ammonium group.

8 -
6 1 -
4 s
2 1 —
-200 -100 =% Py 100 200
P - 4 —~—70/30
L = 80/20
"' 6 -+90/10
~+-100/0
-8 -

Figure 6. Current-voltage plots for 2-homodimer in membranes with differ-
ent lipid composition (DPhPC/DPhPA).
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In conclusion a novel gramicidin A derivative 2 with an am-
monium group that is linked to the Cterminus via an ether
linkage has been synthesized. Compound 2 showed a re-
sponse of the ionic flux to the sign of the membrane potential
(rectified current behaviour). The resulting voltage asymmetry
increases with membrane potential and was strongest for Cs*.
Although the ether linkage should be small enough for a com-
plete channel blockage (Figure 2C) only a 51% of blockage
was obtained. An increasing amount of DPhPA in the lipid
bilayer diminished the effect of the ammonium group. Com-
pound 2 exhibits its voltage response under physiological pH
and is therefore a suitable candidate for implantation into cells
(e.g., neurons). Because heterodimer formation in vivo is un-
likely, a covalent linkage of 2 and gA, for example by a succinic
acid group, has to be accomplished.™
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Using Fluorous Amino Acids to Modulate the Biological Activity of an

Antimicrobial Peptide

Lindsey M. Gottler,”™ Hyang-Yeol Lee,® Charles E. Shelburne,” Ayyalusamy Ramamoorthy,*® and

E. Neil G. Marsh*®

The emergence of bacterial strains resistant to most of the clin-
ically useful antibiotics has provided the impetus to develop
new classes of antibiotics that might combat bacterial resist-
ance more effectively. Antimicrobial peptides (AMPs) are small
peptides (typically 15-30 residues) that show promise as thera-
peutic agents against bacteria, fungi, and viruses." Widely
distributed in plants and animals, they form part of the innate
immune system’s defense against microbes. Although highly
diverse in sequence and structure, almost all AMPs share the
property of being highly amphiphathic: one face of the pep-
tide is hydrophobic and the other face presents a cluster of
positively charged residues.” AMPs function by disrupting
bacterial membranes,” which contain predominantly negative-
ly charged phospholipids. Eukaryotic membranes, which con-
tain predominantly neutral phospholipids, are not targeted.

Although promising as broad-spectrum antibiotics, AMPs are
susceptible to proteolysis in vivo by endogenous or bacterial
proteases, which can considerably diminish their effectiveness.
Attempts to overcome this problem by increasing the dose of
AMP often leads to toxic side effects, most notably lysis of red
blood cells, which has been attributed to nonspecific hydro-
phobic interactions between the peptide and the eukaryotic
cell membrane.*” Here we describe a strategy to overcome
these limitations, by exploiting the unusual physicochemical
properties exhibited by fluorocarbons.

Fluorocarbons are noted for their chemical inertness and
their extreme hydrophobicity. Fluorocarbon solvents exhibit
unusual self-segregating properties, known as the fluorous
effect, which has been exploited in organic synthesis to facili-
tate the extraction of organic molecules “tagged” with fluoro-
carbon chains from organic solvents.” Work in our laboratory
and others has shown that extensively fluorinated analogues
of leucine and valine can significantly stabilize small proteins
against thermal and chemical denaturation,”™ an effect that
can be attributed to the extremely hydrophobic nature of fluo-
rocarbons. Although fluorinated amino acids have been incor-
porated into AMPs,"® so far extensively fluorinated or fluorous
amino acids have not been used to modify the biological prop-
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erties AMPs. We reasoned that if these properties of fluoro-
carbons could be designed into AMPs, then the expected in-
creased structural stability might provide resistance to proteol-
ysis, without abolishing their biological activity or increasing
their toxicity to eukaryotic cells.

To test this concept we have synthesized a fluorous ana-
logue of the potent and well-characterized AMP, MSI-78 (also
called pexiganan). MSI-78 is a synthetic analogue of magainin-
2, an a-helical AMP originally isolated from Xenopus laevis, that
has potent antibacterial activity."”"'® The peptide is unstruc-
tured in free solution but forms a dimeric antiparallel a-helical
coiled-coil on association with lipid bilayers" (Figure 1) and is

Figure 1. Left: Structure of MSI-78 dimer showing Leu and lle residues in
CPK rendering. Center: View along the helical axis of MSI-78 dimer showing
disposition of Lys residues. Right: model of fluorogainin-1 based on struc-
ture of MSI-78 showing hFleu residues in CPK rendering.

believed to exert its antibacterial effect by forming toroidal
pores in the bacterial membrane.”” We have replaced the two
leucine and isoleucine residues in MSI-78 with the fluorous
amino acid L-5,5,5,5,5',5"-hexafluoroleucine (hFLeu) to produce
a molecule we call fluorogainin-1 (Figure 1). The sequences of
these peptides are shown below (where X=hFLeu):

MSI-78: GIGKFLKKAKKFGKAFVKILKK
fluorogainin-1: GXGKFXKKAKKFGKAFVKXXKK

We have compared the antimicrobial activity, hemolytic activi-
ty, and resistance to proteolysis of fluorogainin-1 and MSI-78.
We have also examined the interactions of these peptides with
lipids using isothermal titration calorimetry (ITC).

Fluorogainin-1 was synthesized manually by using Boc-pro-
tected amino acids by standard protocols;?" Boc-protected
hFLeu was synthesized as described previously.”? As a control,
MSI-78 was synthesized by standard automated methods as
described previously.”® Both peptides were purified by re-
versed-phase HPLC and their identities confirmed by MALDI-
MS.
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We first compared the effect of fluorination on the antimi-
crobial activity of the two peptides. The minimum inhibitory
concentration (MIC) of MSI-78 and fluorogainin-1 were deter-
mined by the microdilution antimicrobial assay procedure, as
described previously.*” A panel of eleven bacterial strains were
chosen that included both Gram positive and Gram negative
strains of common pathogenic bacteria. Twofold serial dilu-
tions of each AMP were made into cultures of each bacterial
strain and the minimum concentration needed to prevent bac-
terial growth was determined. The results are summarized in
Table 1.

Table 1. MICs of MSI-78 and fluorogainin-1 against various bacterial
strains.

Bacterial strain MIC [ugmL "]

MSI-78 fluorogainin-1
Bacillus subtilis <4 8
Kocheria rhizophila <4 8
Enterobacter aerogenes >250 >250
Klebsiella pneumoniae > 250 162
Proteus mirabilis > 250 > 250
Salmonella enteritis 16 32
Streptococcus pyogenes 8 62"
Escherichia coli (DH5a) <4 8
Staphylococcus aureus (UH-11) 62 169
Shigella sonnei 16 32
Enterococcus fecaelis (OG1 X) >250 > 250

[a] MIC of fluorogainin-1 was significantly lower than that of MSI-78 (p <
0.05); [b] MIC of fluorogainin-1 was significantly higher than that of MSI-
78 (p<0.05).

The fluorous AMP retained the broad-spectrum an-
tibiotic activity of MSI-78, even though the incorpora-
tion of eight trifluoromethyl groups into the peptide
might be considered quite an extensive modification
of the structure. Although MSI-78 appeared slightly
more active than fluorogainin-1 against many of the
bacteria, differences of twofold in MIC cannot be
considered statistically significant in this type of dilu-
tion assay. However, fluorogainin-1 was significantly
more potent (p <0.05) against two important patho-
genic bacteria: the MIC of fluorogainin-1 against Kleb-
siella pneumoniae was 16 pgmL~" whereas MSI-78
showed no activity, and the MIC of fluorogainin-1
was approximately four-times lower than MSI-78
against Staphylococcus aureus. The only bacterium
tested for which fluorogainin-1 was significantly (p <
0.05) less effective than MSI-78 was Streptococcus
pyogenes.

To determine whether fluorination might result in increased
toxicity, the hemolytic activity of both AMPs was tested against
sheep erythrocytes by using a standard lysis assay for hemo-
globin release from erythrocytes as described previously.”
Neither MSI-78 nor fluorogainin-1 exhibited any hemolytic ac-
tivity at concentrations of up to 250 ugmL™". To place this
result in context: many AMPs exhibit hemolytic activity at con-
centrations well below 100 pgmL™". It appears, therefore, that

w
o
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even though the hFLeu side chain is considerably more hydro-
phobic than Leu or lle™ this does not result in the peptide
binding to erythrocyte membranes.

The secondary structure of the peptides was examined by
CD spectroscopy. Peptide samples were prepared at 70 um
concentration in Tris-Cl buffer (100 mm), CaCl, (10 mm), pH 7.8,
at 25°C. In the absence of liposomes both peptides were un-
structured (data not shown), which is consistent with their
being highly positively charged. However, in the presence of
small unilamellar vesicles (SUVs) prepared from 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphotidylcholine (POPC, 14 mm final
concentration) both peptides exhibited CD spectra characteris-
tic of an a-helical structure (Figure 2). Interestingly, fluorogai-
nin-1 appeared significantly less helical than MSI-78 as judged
by the CD spectra, with a mean residue ellipticity at 222 nm of
only about ?/; that of the nonfluorinated peptide. This is in
accord with recent studies that have shown that hFLeu has a
poor helix propensity,*® despite the fact that it has been
found to stabilize a-helical proteins against unfolding.

We next examined the stability of fluorogainin-1 and MSI-78
towards proteolysis by two common proteases, trypsin, and
chymotrypsin. These proteases provide a stringent test for
structural stability as both peptides have multiple potential
cleavage sites for both enzymes. Peptides (350 um) were dis-
solved in Tris-Cl buffer (100 mm), CaCl, (10 mm), pH 7.8, and
were incubated in the presence of POPC (15 mm) liposomes
and protease (1.25%, w/w) at 25°C for various times and the
extent of proteolysis was determined by reverse phase HPLC.
Under these conditions MSI-78 was almost completely degrad-
ed by either protease within 30 min, however, fluorogainin-1

6,/deg cm? dmol™' res™ x 10° =
o
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Figure 2. A) CD spectra for MSI-78 (@) and fluorogainin-1 (0) in the presence of POPC.
B) Stability of MSI-87 (grey) and fluorogainin-1 (white) towards digestion with trypsin
(solid bars) or chymotrypsin (dotted bars).

showed no signs of degradation even after 10 h (Figure 2). In
the absence of liposomes, when the peptides are unstructured,
both peptides were equally rapidly degraded by both trypsin
and chymotrypsin. Therefore, it appears that the resistance of
fluorogainin-1 to proteolysis is due to its interaction with lipo-
somes and not because the incorporation of hFLeu per se pre-
vents the peptide from being digested by proteases.

The interactions between liposomes and the AMPs were
studied by isothermal titration calorimetry. Measurements were
made under conditions similar to those used to study the
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binding of the parent peptide magainin-2 to SUVs.”” SUVs
were freshly prepared from a 3:1 (mol/mol) mixture of POPC/
POPG (final concentration 15 mm) in potassium phosphate
buffer (12 mm, pH 7.4) containing NaCl (137 mm), thoroughly
degassed, and introduced into the calorimeter cell. A solution
of peptide (200 um; dissolved in the same buffer) was injected
in 4 pL increments into the liposome solution. Measurements
were made at 25°C by using a Microcal VP calorimeter. Heats
of dilution were determined by injecting peptide solutions into
buffer that lacked SUVs and subtracted from the raw data.

The thermograms for each peptide binding to liposomes are
shown in Figure 3. The enthalpies (calculated from the peak

nonfluorinated AMP is rapidly degraded, while retaining the
broad spectrum of antimicrobial activity. Protection against
proteolysis was only observed in the presence of liposomes;
this suggests that lipid-peptide interactions are important.
MSI-78 has been shown to dimerize to form a coiled-coil in a
membrane environment." Based on this observation, one
plausible explanation of the protease resistance exhibited by
fluorogainin-1 is that incorporation of the more hydrophobic
hFLeu side chain strengthens the hydrophobic interactions be-
tween AMP dimers, just as we have demonstrated for other
coiled-coil proteins.'>"* This would, in turn, promote the for-
mation of structured dimers that are resistant to proteolysis.
It is also noteworthy that fluo-
rogainin-1 shows a selectivity to-

A . B) B wards bacterial strains that are
0.0+~ o - 0.0 slightly different from that of

- _0.1: /J - _01_' MSI-78. Fluorogainin-1 exhibited
2 ] / L 7 significantly improved potency
g‘o-z‘_ ( § -0.21 against K pneumoniae  and
0.3 1 S.aureus,  with MICs  of
—04. f _0'3—_ 16 ugmL™" against both bacteria.
—104—. : , , —_013 , , , . Although the selectivity of AMPs

g 1 ‘g 1 for some bacteria and not others
B —12- g —124 " - is poorly understood,® it is
E ] E 1 : " known that the resistance of
70 4 . . TO —144 S. aureus to AMPs is due, at least
E —16: - - _g —16; in part, to secretion of proteas-
3 ] 3 | es.”® The resistance of fluorogai-
2 _18 -_— £ _18 ‘ ‘ . . nin-1 to proteolysis might ex-
1 2 3 4 1 2 3 4 plain its improved potency

Injection number

Figure 3. A) Isothermal titration calorimetry of MSI-78 into SUVs. B) Isothemal titration calorimetry of fluorogainin-
1 into SUVs. In each case the upper panel shows heat of reaction for four consecutive 4 uL injections of peptide
(200 um) solution into a large molar excess of liposomes (1.2 mL, 15 mm); the lower panels show the integration

of these peaks.

areas of each injection of peptide) for each peptide bound to
the lipids were similar: AH for MSI-78 was (—14.4+0.2) kcal
mol~', whereas AH for fluorogainin-1 was slightly less exother-
mic at (—12.540.3) kcalmol™". These enthalpies are similar to
those measured previously for magainin-2 peptide bound to
SUVs.”” The titration of fluorogainin-1 appears to have a slight
increase in heat released with increasing injection number; this
indicates some dependence on peptide concentration, al-
though the significance of this is unclear. The enthalpic contri-
bution to liposome binding has been determined to arise pri-
marily from electrostatic interactions between the positively
charged peptide and negatively charged lipid head groups.””
Since MSI-78 and fluorogainin-1 contain identical cationic resi-
dues, the electrostatic interactions are expected to be very
similar. This result strongly suggests that the increase in hydro-
phobicity imparted by the fluorous residues is primarily re-
sponsible for modifying the biological properties of fluorogai-
nin-1.

In conclusion, by introducing fluorous amino acid residues
into an AMP we have conferred almost complete resistance to
proteolysis of the fluorous AMP under conditions in which the
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against this important bacterial
pathogen.

More generally, our results
suggest the strategy of incorpo-
rating fluorous residues into bio-
logically active membrane-asso-
ciated peptides could be used to enhance the efficacy or mod-
ulate the activity of other biologically important peptides. For
example, membrane-active peptides are known to be impor-
tant in membrane fusion and ion-channel formation, and have
also been found to have anticancer and antiviral activities.”*>?
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Synthesis and Immunological Properties of a
Tetrasaccharide Portion of the B Side Chain of

Rhamnogalacturonan Il (RG-lI)

Yu Rao, Therese Buskas, Anathea Albert, Malcolm A. O’'Neill, Michael G. Hahn, and

Geert-Jan Boons*™

A highly convergent strategy was used for the synthesis of a tet-
rasaccharide  [3-aminopropyl [3-L-arabinofuranosyl-(1— 3)-o.-L-
rhamnopyranosyl-(1—2)-[a-L-rhamnopyranosyl-(1— 3)]-a-L-ara-

binopyranoside] portion of the B side chain of the plant cell-wall
pectic polysaccharide rhamnogalacturonan Il (RG-ll). The terminal
nonreducing [-L-arabinofuranosyl residue of the target com-
pound was installed by using an arabinofuranosyl donor that
was protected with a 3,5-O-(di-tert-butylsilane) group to facilitate
nucleophilic attack from the [f-face. The synthetic strategy also
employed a chemoselective glycosylation of a trichloroacetimi-
date donor with a thioglycosyl acceptor; this gave a product that
could be used immediately in a subsequent glycosylation. The re-

Introduction

Rhamnogalacturonan Il (RG-Il) is a complex pectic polysaccha-
ride that is present in the primary cell walls of all vascular
plants."? RG-Il has a backbone that is composed of 1,4-linked
o-D-galactosyluronic acid (p-GalpA) residues. Four structurally
different oligosaccharides (side chains A-D) are attached to the
backbone.'® In the primary cell wall, two RG-ll molecules are
covalently cross-linked to one another by a 1:2 borate diester
between each apiofuranosyl residue of side chain A This
cross-linking is required for normal plant growth and develop-
ment, as it is believed to regulate the organization of the
pectic network in the cell wall, and to contribute to the me-
chanical properties of the primary wall.” Indeed, changes in
the primary structure of RG-Il have been shown to result in de-
creased borate cross-linking of pectin, and lead to abnormal
plant growth.®'%

Side chain B of RG-ll contains the seldom-observed mono-
saccharides apiose, aceric acid, and 2-O-methyl fucose
(Figure 1).""2 The primary sequence of side chain B from RG-
lIs of various plants has been determined. Taken together, the
results of such studies suggest that variation in the sequence
of this side chain result in large part from differences in the
substitution pattern of the arabinopyranosyl (Arap) residue.”?
For example, in RG-l that is isolated from sycamore, ginseng
and red wine, the Arap is substituted at C2 with -L-Araf-(1-2)-
a-L-Rhap and at C3 with a-L-Rhap. By contrast, the Arap of Ara-
bidopsis thaliana, Equisetum hyemale, and Selaginella kraussiana
RG-llIs lack a saccharide substituent at C3. In RG-lls from some
nonflowering plants, including Platycerium bifurcatum and Psi-
lotum nudum, 3-O-Me-a-L-Rhap is linked to C2 and C3 of the
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ducing end of the tetrasaccharide contained an aminopropyl
group to facilitate conjugation to keyhole limpet hemocyanin
(KLH) and bovine serum albumin (BSA). Mice that were immu-
nized with a KLH-tetrasaccharide conjugate produced antibodies
that recognized RG-Il isolated from Arabidopsis thaliana cell
walls, but did not recognize RG-Il obtained from red wine. Our
data suggest that the arabinopyranosyl residue exists in the *C,
conformation in the tetrasaccharide and in A.thaliana RG-lI,
whereas it has the 'C, conformation in wine RG-Il. It is proposed
that differences in the conformation of side chain B might ac-
count for the ability of antibodies to discriminate between RG-Il
that was isolated from Arabidopsis and wine.

Arap moiety."¥ Different substitution patterns of the Arap resi-
due have been shown to affect the ring conformation of this
sugar, although the effects on the biological properties of RG-II
are not known.[* '3

Monoclonal antibodies that recognize RG-Il will be valuable
tools to monitor changes in plant primary cell walls at the cel-
lular and subcellular level."'” Towards this end, we report
here the chemical synthesis of tetrasaccharide 1 (Figure 1),
which corresponds to a portion of side chain B of RG-Il from
sycamore, ginseng, and grape. NMR spectroscopic studies es-
tablished that the Arap residue in 1 has a “C, conformation.
We show that mice that are immunized with a KLH-tetrasac-
charide conjugate produce antibodies that recognize
A. thaliana RG-ll, but not wine RG-Il. This unexpected recogni-
tion pattern is likely because the 2-linked Arap residue of
A. thaliana adopts a *C, conformation, whereas the 2,3-linked
Arap residue of wine RG-Il has a 'C, conformation.

[a] Dr. Y. Rao, Dr. T. Buskas, Dr. A. Albert, Dr. M. A. O'Neill, Dr. M. G. Hahn,

Dr. G.-J. Boons
Complex Carbohydrate Research Center, The University of Georgia
315 Riverbend Road, Athens, GA 30602 (USA)
Fax: (+ 1) 706-542-4412
E-mail: gjboons@ccrc.uga.edu

g Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author: copies of 'H and
'3C NMR spectra of synthetic compounds.

381

www.chembiochem.org



www.chembiochem.org



BIO

G. Boons et al.

Plant species tion of 5 by starting from

A) p-Apif  B) R'(02) R2 (0-3)
3
1 3-O-Me-B-L-Rhap
B-L.-Rhap
3
4 a-L.-Rhap
1
o-Acep
2
q a-.-Rhap OH
2-0Me-a-L-Fucp-(1——2)-B_D_Ga|p
4
11 B-L-Araf-2-o-L.-Rhap  a-L-Rhap
R®(1-~3)-g-L-Arap
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Ho—\PH/~o”  oH
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Figure 1. Structural features of the B side chain of RG-Il. A) General structures of the B side chain of RG-II;
B) substitution pattern of Araf in various plant species; C) structure of target tetrasaccharide 1.

Result and Discussion

We envisaged that target tetrasaccharide 1 could be synthe-
sized by a convergent approach that employs glycosyl donors
2 and 3 and glycosyl acceptors 4 and 5 (Schemes 1-3). A tri-
methylsilyl trifluoromethanesulfonate (TMSOTf)-promoted gly-
cosylation™® of 2 with 4 would give disaccharide 11, which
itself can be coupled with disaccharide 13, to give fully pro-
tected tetrasaccharide 14; deprotection of 14 would give 1.
Disaccharide 13 is obtained by glycosylation of 3 with 5, fol-
lowed by selective removal of the levulinoate (Lev; 4-oxopen-
tanoate) ester. A major challenge in the synthesis of 1 is the
stereoselective installment of the p-L-arabinofuranoside
moiety."” We anticipated that high B-selectivity could be
achieved by employing arabinofuranosyl donor 2, which is pro-
tected with a 3,5-O-(di-tert-butylsilane) group.” The cyclic pro-
tecting group of 2 locks the arabino-L-furanosyl oxacarbenium
ion in an E; conformation. This favors nucleophilic attack from
the p-face because no staggered substituents can be experi-
enced; in other words, an approach from the a-face is not fa-
vorable because an eclipsed H2 is encountered. Our synthetic
strategy also employs a chemoselective glycosylation of a tri-
chloroacetimidate donor with a thioglycosyl acceptor to give a
product that can be used immediately in a subsequent glyco-
sylation by activation with a thiophilic promotor.?"?? Finally,
the Lev group is cleaved with hydrazine that is buffered with
acetic acid. These reaction conditions should not affect the
acetyl and benzoyl esters.

Monosaccharides 2, 3, and 4 were prepared by previously
reported procedures (Scheme 1).*2*232% However, relatively
little effort has been directed towards the development of
methods for the selective protection of arabinopyranosides.
Therefore, an efficient protocol was developed for the prepara-
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3-O-Me-B-L-Rhap

3-O-Me-p-L-Rhap
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trichloroacetimidate 6
(Scheme 2).” Thus, the trime-
thylsilyl triflate (TMSOTf)-medi-
ated coupling of 6 with 1-bro-
mopropan-3-ol in dichlorome-
thane gave 7a as the a-anomer
only in a yield of 85%."® By
contrast, glycosylation reactions
with the corresponding thioeth-

P. bifurcatum
P. nudum

C. thakictroides
L. tridtachyum
P. bifurcatum

A. thaliana
E. hyemale
S. Kraussiana

grape (wine) yl p-arabinopyranoside or tetra-
ginseng .
sycamore O-acetyl-a/B-p-arabinopyranose

by using N-iodosuccinimide
(NIS)/TMSOTf** or (BFy+Et,0) as
the promoter gave 7a in low
yield. Displacement of the bro-
mide of 7a with sodium azide
in a mixture of acetone and
water provided derivative 7b.
The acetyl esters of 7b were
cleaved by treatment with
sodium methoxide in methanol
and the cis-3,4-diol of the result-
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Scheme 1. Monosaccharide building blocks that were used in the synthesis
of tetrasaccharide 1.
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Scheme 2. a) TMSOTf, HO(CH,);BR, CH,Cl,, —70°C; b) NaN,, acetone/H,0, A;
c) i. NaOMe/MeOH, ii. 2,2-dimethoxypropane, PTSA, CH,Cl,; d) levulinic acid,
DCC, DMAP, CH,Cl,; e) 80% aq. AcOH, 80°C; f) trimethoxy orthobenzoate,
PTSA, CH,Cl, then 80% aq. AcOH, room temperature.
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ing compound was selectively protected as its isopropylidene
acetal by reaction with 2,2-dimethoxypropane in the presence
of p-toluene sulfonic acid (PTSA) to give 8 in an overall yield of
78%. The C2 hydroxyl of 8 was protected as a Lev ester to
give 9 by reaction with levulinic acid in the presence of 1,3-di-
cyclohexylcarbodiimide (DCC) and N,N-dimethylaminopyridine
(DMAP) in dichloromethane. Finally, target glycosyl acceptor 5
was obtained by removal of the isopropylidene acetal of 9 by
using 80% aqueous acetic acid, followed by treatment with tri-
methoxy orthobenzoate in the presence of a catalytic amount
of PTSA in dichloromethane. The intermediate orthoester that
was formed was then regioselectively opened by treatment
with 80% aqueous acetic acid to give a C4 benzoate ester. The
'H NMR spectrum of 5 showed a downfield shift in the signals
for H2 (6=5.11 ppm) and H4 (6 =5.34 ppm); this confirms the
presence of esters at these positions.

We then focused our attention on the synthesis of disaccha-
rides 11 and 13, which were used for the assembly of tetrasac-
charide 14 (Scheme 3). A TMSOTf-promoted glycosylation of

SPh
) )
a) (t-Bu);Si—0pBzO
2 + 4 —— i
Blo > 10:1 OM OBz
OBz
a) 0N O(CHZ):N;
3+ 5 —— Olev
o only AcO O
(80%) AcO  OAc
b) ( 12R = Lev
(85%) x13R=H
OBz
O _O(CH):N
0 (CH2)aN3
o)
11 + 13 AcO—. Q ;).
7% AcO  OAc 45%
0
(t-Bu),Si—0 BZO
O/ OBz
o8
" 14

Scheme 3. a) TMSOTY, 4 A MS, CH,Cl,, —70°C; b) NH,NH,~AcOH, CH,Cl,/
MeOH; ) NIS, TFOH, 4 A MS, CH,Cl,, —20°C; d) i. TBAF, THF, ii. NaOMe/MeOH,
iii. Pd/C, tBuOH/ACOH/H,0.

trichloroacetimidate 3 with a-L-arabinopyranoside acceptor 5
gave 12 only as the a-anomer in a yield of 80% due to neigh-
boring group partifipation by the acetyl ester of 3. The Lev
ester of 12 was selectively removed by treatment with hydra-
zine acetate in a mixture of dichloromethane and methanol to
give glycosyl acceptor 13. Coupling of trichloroacetimidate 2
with acceptor 4 in the presence of a catalytic amount of
TMSOTf gave disaccharide 11 mainly as the f-anomer in a
yield of 84% "2 The anomeric configuration of 11 was con-
firmed by the chemical shift of H1 (6=5.15 ppm, J,,=5.4 Hz)
and C1 (60=97.8 ppm).””?® As expected, the thiophenyl group
of 11 was stable under the conditions that were used for the
activation of trichloroactimidates. However, in the presence of
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a thiophilic promoter this functionality is activated and can be
used as a glycosyl donor. Thus, 11 was used in the glycosyla-
tion of 13 by using NIS/TMSOTf as the promoter® in dichloro-
methane at —20°C to give tetrasaccharide 14 in a yield of
77%, as only the a-isomer. Finally, deprotection of 14 to give
target compound 1 was accomplished by a three-step proce-
dure that involved the removal of the di-tert-butylsilane pro-
tecting group by treatment with tetra-n-butylammonium fluo-
ride (TBAF) in THF, saponification of the acetyl and benzoyl
esters by using sodium methoxide in methanol, and finally cat-
alytic hydrogenolysis over Pd/C to remove the benzyl ethers,
and to convert the azido moiety into an amine.

An examination of the chemical shift and coupling constant
data from the 'H and *C NMR spectra of 1 established that the
central Arap moiety exists in the *C, conformation (Table 1).

Table 1. Comparison of '"H NMR spectroscopic data for the Arap of tetra-
saccharide 1, Wine RG-1I"*! and free a-L-Arap.!™”!

Tetrasaccharide 1 Wine RG-II a-L-Arabinopyranose
H1 [ppm] 435 5.04 4.49
Jwrm [HZ] 7.8 3 7.8
s [HZ] 8.5 4 9.9
Juzna [HZ] 35 5 3.6
Jans [HZ] 3.0, 4.0 8,4 2.1,<2

Thus, Jy; 42 and Jy, s of 1 are larger than 7 Hz, which is indica-
tive of a trans-diaxial arrangement of H1, H2 and H3 in a *C,
chair conformation. Similar coupling constant data of Arap of
wine RG-ll shows that this moiety adopts a different conforma-
tion, which was assigned as a distorted 'C, conformation. Our
previous studies had also shown that the Arap adopts such a
conformation when the 2,3-linked Arap of tetrasaccharide 1 is
attached to 04 of galactoside, as in the structure of the B side
chain of wine RG-ll (Scheme 4).™ On the other hand, the Arap
moiety of A. thaliana RG-ll, which lacks a saccharide substitu-
ent at its C3, adopts a regular *C, conformation. Taken togeth-
er these results suggest that the Arap moiety adopts a distort-
ed 'C, conformation only when bulky substituents are present
at its anomeric center and at the C2 and C3 hydroxyls. Thus,
tetrasaccharide 1 contains the terminal portion of side chain B
from wine RG-ll, yet has a conformation that is comparable
with side chain B of A. thaliana RG-Il.

Preparation of carbohydrate-protein conjugates,
immunization, and antigenic analysis

For most immunogens, including oligo- and polysaccharides,
antibody production requires the cooperative interactions of
B cells, helper Tcells and antigen-presenting cells.”® Saccha-
rides alone typically do not activate helper T cells and therefore
are weak immunogens. However, the immunogenicity of sac-
charides is greatly increased by conjugation to carrier proteins
such as KLH or detoxified tetanus toxoid.*>*¥ Immune re-
sponses are further increased by using an adjuvant such as
QS-21, Freund's or detoxified lipid A.
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plates. Thus, RG-ll that was iso-

A) B) C) OH RE)
wo © lated from wine and A. thaliana
Hoﬁ \jOH cell walls was modified with
HO HO HO o O biotin by reductive amination
& [~ o - \41-3/0 o AQ/ HO with biotin-X-hydrazide in the
o 2R T i & HO- presence of NaBH;(CN). The bio-
HOW 0 0 HO&$,OR o tinylated RG-Il was then bound
B OH?# HOM OH O on to NeutrAvidin-coated micro-
o HO HO titer plates. Unexpectedly, the
HOJ@\O OH OH HO O anti-sera recognized A. thaliana
o 4 T RGI, albeit at low titers (Fig-
HO ure 2B), but did not bind to red
Compound 1 A. thaliana RG-Il Wine RG-I| OH wine RG-ll (Figure 2C). Further-

Arap in *C, conformation Arap in “C, conformation

Scheme 4. The proposed conformation of Arap (in red) in structures that correspond to A) tetrasaccharide 1;

more, there was little correla-
tion between the responses to
1 and A. thaliana RG-Il and it

Arap in 'C, conformation

B) A. thaliana RG-II; C) Wine RG-Il. Sugar substituents at C1, C2, and C3 are required for the conformational

change of Arap from a *C, to a 'C, conformation.

A conjugate of tetrasaccharide 1 with KLH was used to im-
munize mice, and BSA-linked tetrasaccharide 1 was employed
in an enzyme-linked immunosorbent assay (ELISA) to deter-
mine antibody titers of antisera. KLH, which is a very large pro-
tein (8.0x10°Da) that contains many lysines (>6% by mass)
for hapten conjugation, has proven to be an attractive carrier
protein for mice immunizations. Thus, the carbohydrate-KLH
conjugate was prepared by activating the amino propyl spacer
of 1 with S-acetylthioglycolic acid pentafluorophenyl ester to
give the corresponding thioacetate. The thioacetyl derivative
was purified by size-exclusion chromatography, de-S-acetylated
by using ammonia (7%) in DMF (—free thiol), and then conju-
gated to KLH that had been modified with 3-(bromoacetami-
do)propionate.?” The resulting carbohydrate-protein conju-
gate was found to contain an average of 1700 mol of tetrasac-
charide per mol of KLH. The protein content was determined
according to the method of Bradford® and quantitative car-
bohydrate analysis was performed by treatment with aqueous
trifluoroacetic acid (TFA) to generate the monosaccharides,
which were quantified by high-pH anion-exchange chromatog-
raphy with a pulsed amperometric detector (HPAEC-PAD) by
using serial dilutions of rhamnose as a standard.®*® A BSA-1
conjugate was prepared by reaction of the tetrasaccharide
thiol with BSA that had been derivatized with a maleimide-
containing linker to give a conjugate with an average of 9 mol
of tetrasaccharide per mol of BSA.

Different carrier proteins and linker technologies were used
to immunize mice and for ELISA to limit detection of anti-pro-
tein and anti-linker antibodies.®*¥ We also used the small and
flexible 3-(bromoacetamido)propionate cross linker to generate
KLH-1, as it is significantly less antigenic than a maleimide
linker, which itself has been reported to suppress antigenic re-
sponses against carbohydrate epitopes.*¥ Gratifyingly, the
KLH-1 conjugate elicited antibodies against tetrasaccharide 1
(Figure 2 A).

An ELISA procedure was developed to determine if the anti-
sera recognized native RG-Il. RG-ll is a low-molecular-weight
anionic polysaccharide that does not bind to regular ELISA
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appears that the antibody pop-

ulations that were elicited by

each mouse have different
levels of cross reactivity with A. thaliana RG-Il.

0.8
A) ~8- Mouse 1

—e— Mouse 2
—¥- Mouse 3
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Figure 2. 1gG antibody responses of mice that were immunized with a KLH-
1 conjugate one week after the fourth immunization. Plates (96-well) were
coated with A) BSA-1 conjugate; B) biotinylated Arabidopsis thaliana RG-Il or
C) biotinylated wine RG-Il and responses were determined by ELISA. The OD
values were corrected for blank readings that were obtained from microtiter
plates that were coated with BSA (A) or biotin (B, C).
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The Arap residue of the B side chain of wine RG-Il adopts a
'C, conformation due to the saccharide substituents at its
anomeric center and the C2 and C3 hydroxyl groups
(Scheme 4). The glycosyl sequence of tetrasaccharide 1 is com-
parable to the B side chain of wine RG-Il. Nevertheless, the
Arap residue of 1 adopts a “C, conformation due to the lack of
a bulky substituent at its anomeric center." "™ Thus, it is likely
that wine RG-Il is not recognized by antisera that are elicited
by 1 because the Arap of the natural and synthetic materials
have different conformations. RG-lIl that was obtained from
A. thaliana, which lacks the Rhap at C3 of the central Arap
moiety is recognized by the antisera that are elicited by KLH-1
because its Arap adopts a “C, conformation.'*'!

The results reported here suggest that the Arap moiety of
the B side chain of RG-ll has a central role in establishing the
conformation of the side chain, and hence it influences its im-
munological properties. Our data are consistent with previous
studies®®*¥ that show that determining the epitope selectivi-
ties of antibodies often requires a detailed knowledge of the
primary sequences and conformational properties of an oligo-
saccharide. For example, the capsular polysaccharide of
group B streptococcus serotype lll is composed of a (—4)-p-p-
Glcp-(1—6)-f-p-GIcNAcp-(1—3)-p-p-Galp-(1—) backbone that
is substituted at C4 of the GIcNAc residue with a-Neu5Ac-(2—
3)-p-p-Galp-(1—). Although antibodies bind to the backbone
of the polysaccharide, the side chain is essential for antibody
recognition. Molecular dynamics simulations suggest that the
Neu5Ac stabilizes the helical conformation of the polysaccha-
ride, and that the predominant Neu5Ac-dependant antibody
population recognizes the immunodominant sequence in the
core of the helix.?*¥ In group B meningococcal polysaccha-
rides, the degree of polymerization (DP) of the a(2—8)-linked
oligosialic acids affects the relative distributions of conformers
in solution, which in turn influences antibody recognition.>*%
Thus, in these bacterial polysaccharides, the dihedral angles of
glycosidic linkages are affected by the nature and DP of the
oligosaccharide. A unique aspect of the conformational epi-
tope that is described here is that differences in conformation
are obtained by a change in sugar ring conformation.

Experimental Section

General methods and materials: All solvents employed were of
reagent grade and were dried by refluxing over appropriate drying
agents. All reactions were performed under argon unless stated
otherwise. Reactions were monitored by thin-layer chromatogra-
phy (TLC) by using silica gel 60 F,s, and the compounds were vi-
sualized with UV light (254 nm) or by treatment with a solution of
10% H,SO, in EtOH. Flash chromatography was performed on 70-
230 mesh silica gel. Solvents were evaporated under reduced pres-
sure while maintaining the water bath temperature between 35
and 40°C. NMR spectra were recorded on Varian spectrometers
(models Inova300, Inova500 and Inova600) that were equipped
with Sun workstations. '"H NMR spectra were recorded in CDCl, and
referenced to residual CHCl; at 7.26 ppm. *C NMR spectra were
referenced to the central signal of CDCl; at 77.0 ppm. MALDI-TOF
MS spectra were recorded on a VOYAGER-DE (Applied Biosystems)
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in the positive ion mode by using 2,5-dihydroxy-benzoic acid in
acetonitrile (10 mgmL™") as a matrix.

3-Bromopropyl  2,3,4-tri-O-acetyl-a-L-arabinopyranoside  (7):
TMSOTf (39.0 pL, 0.215 mmol) was added to a solution of 6 (0.90 g,
2.15 mmol) and 3-bromo-propanol (232 uL, 2.58 mmol) in CH.CI,
(10 mL) at —70°C in the presence of 4 A molecular sieves. The tem-
perature of the reaction was raised to —10°C over a period of 1 h.
Et;N was then added, and stirring was continued for 15 min at
room temperature prior to filtration and concentration of the fil-
trate in vacuo. The residue was purified by silica gel column chro-
matography (hexane/EtOAc 2:1, v/v) to give 7 (0.73 g, 85%). [a]¥ =
+29.4° (c=0.76, CH,Cl,); "H NMR (500 MHz, CDCl,): §=5.25 (m,
1H; H4), 5.15 (dd, J=6.9, 9.3 Hz, TH; H2), 5.05 (dd, J=3.6, 9.3 Hz,
1H; H3), 442 (d, /=6.9Hz, TH; HI1), 403-3.94 (m, 2H; H5a,
OCH,,CH,CH,N,), 3.65-3.60 (m, 2H; H5b, OCH,,CH,CH,Ns), 3.47 (dd,
J=5.7, 6.9 Hz, 2H; CH,CH,CH,N,), 2.15-2.00 ppm (m, 11H; 30Ac,
CH,CH,CH,N;); *CNMR (75 MHz, CDCl,): 6=170.5, 170.3, 169.8,
1014, 70.3, 69.4, 67.8, 67.0, 63.4, 32.5, 304, 21.1, 21.0, 20.9 ppm;
MALDI-TOF HRMS: m/z: calcd for C,,H,,BrOgNa: 419.0420; found:
419.0427 [M+Na] ™.

3-Azidopropyl 3,4-O-isopropylidene-a-L-arabinopyranoside (8):
NaN; (0.95 g, 14.4 mmol) was added to a solution of compound 7
(1.14 g, 2.88 mmol) in a mixture of acetone/H,O (15 mL, 2:1 v/v).
The mixture was stirred for 5 h at 70°C, then the solvent was re-
moved in vacuo. The residue was purified by silica gel column
chromatography (hexane/EtOAc 2:1, v/v) to give an azido inter-
mediate. MALDI TOF HRMS: m/z: calcd for C,,H,;N;OgNa: 382.1329;
found: 382.1338 [M+Na*]. The azido intermediate was dissolved
in dry MeOH (15 mL) and treated with NaOMe (pH value adjusted
to 12.0). The reaction was stirred at room temperature for 2 h and
then neutralized by the addition of the weakly acidic resin Amberli-
te IRC-50. After filtration and concentration of the filtrate in vacuo,
the residue was dried in vacuo for 3 h. PTSA (28.0 mg, 0.15 mmol)
and 2,2-dimethoxypropane (1.40 mL, 6.03 mmol) were added to a
solution of the intermediate in CH,Cl, (15.0 mL). The reaction mix-
ture was kept stirring for 1 h at room temperature. Et;N was then
added and stirring was continued for 3 min prior to filtration and
concentration of the filtrate in vacuo. The residue was purified by
silica gel column chromatography (hexane/EtOAc 1:1, v/v) to give
8 (0529, 70% over three steps). [a]y +63.4° (c=04, CH,Cl,);
"H NMR (500 MHz, CDCly): 6=4.19 (m, 1H; H4), 4.16 (d, J=7.5 Hz,
1H; H1), 4.12 (dd, /=3.0, 13.2 Hz, 1H; H5a), 4.02 (t, J=6.0 Hz, 1H;
H3), 3.86 (m, 1H; OCH,,CH,CH,N,), 3.76 (dd, J=3.6, 13.2 Hz, 1H;
H5b), 3.60-3.51 (m, 2H; H2, OCH,,CH,CH,N,), 3.38 (t, J=6.6 Hz,
2H; CH,CH,CH,N;), 293 (brs, 1H; OH), 1.88-1.82 (m, 2H;
CH,CH,CH,N,), 1.49 (s, 3H; CH,), 1.32 ppm (s, 3H; CH,); *C NMR
(75 MHz, CDCly): 6=110.3, 102.4, 78.4, 73.7, 73.2, 66.4, 63.2, 48.6,
29.3, 28.1, 26.2ppm; MALDI-TOF HRMS m/z: calcd for
Cy1HoN;OsNa: 296.1325; found: 296.1331 [M+Na]*.

3-Azidopropyl 3,4-O-isopropylidene-2-O-levulinoyl-a-L-arabino-
pyranoside (9): To a solution of 8 (0.61 g, 2.23 mmol) in CH,CI,
(15mL) was added levulinic acid (0.3 mL, 2.68 mmol), DCC
(0.80 mg, 3.35 mmol) and DMAP (27.2 mg, 0.22 mmol). The reac-
tion mixture was stirred for 2 h at room temperature, then filtered,
and the filtrate was concentrated in vacuo. The residue was puri-
fied by silica gel column chromatography (hexane/EtOAc 2:1, v/v)
to give 9 (0.76 g, 92%). [a]3+26.8° (c=1.76, CH,Cl,); 'HNMR
(500 MHz, CDCl,): 6=5.62 (d, J=5.0 Hz, TH; H1), 454 (dd, J=2.0,
7.5 Hz, 1H; H3), 439 (dd, J=2.0, 5.5 Hz, 1H; H2), 421 (d, /=8.0 Hz,
1H; H4), 3.72-3.65 (m, 2H; H5a, H5b), 3.51 (t, /=6.0Hz, 2H;
OCH,CH,CH,N,), 3.35 (t, J=6.0Hz, 2H; CH,CH,CH,N,), 2.64-2.61
(m, 2H; CH;COCH,CH,CO), 2.22-2.16 (m, 2H; CH;COCH,CH,CO),
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215 (s, 3H; CH,COCH,CH,CO), 179 (t J=60Hz, 2H;
CH,CH,CH,N,), 1.46 (s, 3H; CH,), 1.33 ppm (s, 3H; CH;); *C NMR
(75 MHz, CDCly): 6=207.4, 121.2, 109.2, 96.7, 70.8, 70.4, 69.7, 60.7,
59.9, 484, 38.2, 30.2, 29.1, 28.1, 26.2, 24.4 ppm; MALDI-TOF HRMS
m/z: caled for C;¢H,sN;0,Na: 394.1693; found: 394.1685 [M-+Na] ™.

3-Azidopropyl 2-O-levulinoyl-a-L-arabinopyranoside (10): Com-
pound 9 (0.72 g, 1.94 mmol) was dissolved in 80% aqueous AcOH
(20 mL) and the resulting mixture was stirred for 1 h at 80°C, after
which it was concentrated in vacuo. The residue was purified by
silica gel column chromatography (hexane/EtOAc 1:4, v/v) to give
10 (0.56 g, 87%). [0]%°+24.9° (c=0.6, CH,Cl,); "H NMR (500 MHz,
CDCl;): 6=4.89 (t, J=6.9 Hz, 1H; H2), 4.32 (d, J=5.7 Hz, 1H; H1),
3.86-3.77 (m, 3H; H4, H5a, OCH,,CH,CH,N,), 3.69 (dd, J=24,
7.8 Hz, 1H; H3), 3.49-3.44 (m, 2H; H5b, OCH,,CH,CH,N,), 3.31 (t,
J=63Hz, 2H; CH,CH,CH,N,), 271 (t J=60Hz, 2H;
CH;COCH,CH,CO0), 2.55-2.51 (m, 2H; CH;COCH,CH,CO), 2.12 (s, 3H;
CH;COCH,CH,CO), 1.81-1.75 ppm (m, 2H; CH,CH,CH,N,); *C NMR
(75 MHz, CDCl,): 6 207.5, 172.5, 100.3, 72.5, 71.0, 67.5, 66.0, 64.3,
48.4, 38.1, 29.9, 29.0, 28.2 ppm; MALDI-TOF HRMS: m/z: calcd for
CysH,,N;0,Na: 354.1380; found: 354.1374 [M+Nal*.

3-Azidopropyl 4-O-benzoyl-2-O-levulinoyl-a-L-arabinopyranoside
(5): To a solution of 10 (1.10 g, 3.32 mmol) in CH,Cl, (15 mL) was
added trimethyl orthobenzoate (0.32 mL, 5.0 mmol) and PTSA
(28.0 mg, 0.15 mmol). The mixture was stirred for 2 h at room tem-
perature. Then Et;N (0.3 mL, 2.15 mmol) was added to quench the
reaction, and the resulting solution was concentrated in vacuo.
The residue was dissolved in 80% aqueous AcOH (20 mL) and
stirred at room temperature for 30 min, then concentrated in
vacuo. The residue was purified by silica gel column chromatogra-
phy (hexane/EtOAc 2:1, v/v) to give 5 (0.91 g, 63 % over two steps).
[0]%+87.5° (c=0.31, CH,Cl,); "HNMR (500 MHz, CDCl;): 6 =8.08-
8.05 (m, 2H; Ar), 7.59-7.40 (m, 3H; Ar), 534 (m, 1H; H4), 5.11 (dd,
J=6.0, 7.8 Hz, 1H; H2), 4.52 (d, J=5.7 Hz, 1H; H1), 4.14 (dd, J=4.8,
12.9 Hz, 1H; H5a), 4.02 (m, TH; H3), 3.92 (m, 1H; OCH,,CH,CH,Ns),
3.72 (dd, J=2.7, 129 Hz, 1H; H5b), 3.58 (m, 1H; OCH,,CH,CH,N),
3.41 (t, J=6.6 Hz, 2H; CH,CH,CH,N,), 3.04 (brs, 1H; OH), 2.81-2.76
(m, 2H; CH,COCH,CH,CO), 2.65-2.61 (m, 2H; CH,COCH,CH,CO),
218 (s, 3H; CH,;COCH,CH,CO), 1.92-1.82ppm (m, 2H;
CH,CH,CH,N,); BCNMR (75 MHz, CDCly): 6=206.9, 172.5, 166.3,
133.6, 130.1, 129.7, 128.7, 100.2, 72.5, 70.3, 69.9, 66.3, 61.8, 48.4,
38.2, 34.1, 30.0, 29.1, 28.2, 25.2 ppm; MALDI-TOF HRMS: m/z: calcd
for CooH,sN;O4: 458.1642; found: 458.1649 [M-+Na]*.

3-Azidopropyl 2,3,4-tri-O-acetyl-a-L.-rhamnopyranosyl-(1—3)-4-
O-benzoyl-2-O-levulinoyl-a-L-arabinopyranoside (12): TMSOTf
(15.0 uL) was added to a solution of 3 (262 mg, 0.688 mmol) and 5
(272 mg, 0.625 mmol) in CH,Cl, (5.0 mL) at —70°C in the presence
of 4 A molecular sieves. The temperature of the reaction was
raised to —10°C over a period of 1 h. Et;N was then added and
stirring was continued for 15 min at room temperature prior to fil-
tration and concentration of the filtrate in vacuo. The residue was
purified by silica gel column chromatography (hexane/EtOAc 2:1,
v/v) to give 12 (354 mg, 80%). [a]3+75.6° (c=048, CH,Cl);
"H NMR (500 MHz, CDCly): 6=8.11-8.07 (m, 2H; Ar), 7.58-7.44 (m,
3H; Ar), 539 (m, 1H; H4), 5.22-5.14 (m, 3H; H2, H2', H3'), 5.02-
4.93 (m, 2H; H1’, H4'), 452 (d, J=5.4 Hz, 1H; H1), 4.25 (dd, /=57,
12.3 Hz, 1H; H5a), 4.06 (dd, J=3.3, 7.5 Hz, TH; H3), 3.95-3.81 (m,
2H; H5', OCH,,CH,CH,N,), 3.68 (dd, J=9.6, 12.3 Hz, 1H; H5b), 3.54
(m, TH; OCH,,CH,CH,N,), 3.45 (t, J=6.9 Hz, 2H; CH,CH,CH,N,),
2.86-2.77 (m, 2H; CH;COCH,CH,CO), 2.69-2.65 (m, 2H;
CH,COCH,CH,CO), 2.19 (s, 3H; CH,COCH,CH,CO), 2.12 (s, 3H; OAC),
1.95-1.85 (m, 8H; 2x0Ac, CH,CH,CH,N;), 0.92 ppm (d, J=6.0 Hz,
3H; H6); *CNMR (75 MHz, CDCly): 6=206.6, 171.8, 170.3, 170.1,
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169.9, 166.0, 133.6, 130.1, 129.6, 128.6, 100.1, 97.6, 73.2, 70.9, 69.9,
69.8, 69.6, 69.0, 68.9, 67.3, 66.6, 66.1, 66.0, 48.4, 38.0, 29.9, 29.2,
28.1, 21.1, 20.93, 20.90, 17.2 ppm; MALDI-TOF HRMS: m/z: calcd for
Ca,H.;N5O,sNa: 730.2538; found: 730.2532 [M+Nal*.

3-Azidopropyl 2,3,4-tri-O-acetyl-o-L.-rhamnopyranosyl-(1—3)-4-
O-benzoyl-a-L-arabino pyranoside (13): Hydrazine acetate
(178.1 mg, 1.91 mmol) was added to a solution of 12 (270 mg,
0.382 mmol) in a mixture of CH,Cl, (9 mL) and MeOH (0.9 mL).
After being stirred at room temperature for 2 h, the reaction was
quenched with acetonylacetone (270 pL, 2.29 mmol) and concen-
trated in vacuo. The residue was purified by flash silica gel column
chromatography (hexane/EtOAc 2:1, v/v) to afford 13 (197.7 mg,
85%). [(]>° +52.0° (c=0.64, CH,Cl,); "H NMR (500 MHz, CDCl,): ¢ =
8.11-8.08 (m, 2H; Ar), 7.61-7.44 (m, 3H; Ar), 5.35-5.29 (m, 2H; H2/,
H4), 5.15 (dd, J=2.4, 10.2 Hz, 1H; H3'), 5.10 (d, J=1.5 Hz, 1H; H1'),
5.01 (t, J=10.2Hz, 1H; H4), 4.28 (d, J/=6.9 Hz, 1H; H1), 4.23 (dd,
J=24, 132Hz, 1H; H5a), 4.02-3.83 (m, 4H; H2, H3, H5/,
OCH,,CH,CH,N,), 3.69-3.62 (m, 2H; H5b, OCH,,CH,CH,N;), 3.46—
3.41 (td, J=1.8, 6.6 Hz, 2H; CH,CH,CH,N;), 2.12 (s, 3H; OAc), 1.93-
1.91 (m, 8H; 2x0Ac, CH,CH,CH,N,), 1.09 ppm (d, J=6.0 Hz, 3H;
H6'); *C NMR (75 MHz, CDCl,): 0=207.2, 170.1, 169.8, 166.3, 133.4,
129.9, 128.6, 103.4, 98.9, 77.7, 71.1, 70.8, 70.6, 69.7, 69.1, 67.1, 66.7,
63.7, 48.5, 29.2, 20.9, 20.8, 20.7, 17.3 ppm; MALDI-TOF HRMS: m/z:
caled for C,,H;5N;0,3Na: 632.2170; found: 632.2176 [M+Nal*.

3-Azidopropyl 2-O-benzyl-3,5-O-(di-tert-butylsilane-diyl)-f-L-ara-
binofuranosyl-(1—3)-2,4-di-O-benzoyl-a-L-rhamnopyranosyl-(1—
2)-[2,3,4-tri-O-acetyl-a-L-rhamnopyranosyl-(1—3)]-4-O-benzoyl-
o-L-arabinopyranoside (14): NIS (34.0 mg) and TfOH (5.0 uL) were
added to a solution of 11 (92.0 mg, 0.112 mmol) and 13 (56.5 mg,
0.093 mmol) in CH,Cl, (4.0 mL) at —20°C in the presence of 4 A
molecular sieves. The temperature of the reaction was raised to
0°C over a period of 1h. Then Et;N was added, and stirring was
continued for 15 min at room temperature. The suspension was di-
luted with CH,Cl, (10 mL), filtered through a pad of Celite, and the
filtrate was washed successively with 10% Na,S,0; (15 mL) and sat.
aqg NacCl (15 mL). The organic layer was dried (MgSO,) and concen-
trated in vacuo. Chromatography of the residue over silica gel by
using hexane/EtOAc (4:1, v/v) as the eluent gave 14 (94.7 mg,
77%). [0]®+165.3° (c=0.17, CH,Cl); "HNMR (500 MHz, CDCl;):
0=28.11-8.05 (m, 4H; Ar), 7.61-7.35 (m, 12H; Ar), 7.15-7.09 (m, 4H;
Ar), 5.66 (s, TH; H2,), 5.52 (t, J=10.0 Hz, 1H; H4,,), 5.42-5.38 (m,
2H; H2',, H4,p), 532 (s, TH; H1,,), 5.28 (dd, J=3.5, 9.5 Hz, 1H;
H3'0) 5.23 (d, J=5.0 Hz, TH; H1,.), 5.05 (s, TH; H1',,), 497 (t, J=
105 Hz, 1H; H4',.), 453 (d, J=5.0Hz, 1H; H1,,,), 443 (AB, J=
13.0 Hz, 1H; PhCH,), 4.39 (dd, J=3.5, 10.5 Hz, 1H; H3,,), 4.29-4.24
(m, 3H; PhCH,, H5,,, H5a,,,), 4.06 (t, J=6.0 Hz, 1H; H2,,,), 4.00-
391 (m, 5H; H3,.s H3,up H4uer H —5a,.s HS', OCH,,CH,CH,N;),
3.82 (qd, J=4.0, 9.5Hz, 1H; H5,,), 3.76 (dd, J=4.8, 9.6 Hz, 1H;
H2,.0, 3.68-3.64 (m, 2H; H5b,,, OCH,CH,CH;N,), 347 (t, J=
6.0 Hz, 2H; CH,CH,CH,N,), 3.26 (t, J=9.5Hz, TH; H5 b,.), 2.12 (s,
3H; OAC), 1.95-1.91 (m, 2H; CH,CH,CH,N,), 1.85 (s, 3H; OAC), 1.77
(s, 3H; OAc), 1.33 (d, J=6.5Hz, 3H; H6,,.), 0.93 (d, J=6.0 Hz, 3H;
H6',..), 0.87 (s, 9H; t-Bu), 0.77 ppm (s, 9H; t-Bu); '*C NMR (75 MHz,
CDCly): 6=170.2, 170.1, 169.7, 166.3, 166.1, 165.5, 138.4, 133.6,
133.5, 133.1, 130.23, 130.20, 130.1, 130.0, 129.7, 128.7, 128.6, 128.4,
128.1, 127.4, 127.2, 101.6, 99.1, 98.8, 97.4, 80.1, 77.9, 74.9, 73.8,
72.7, 72.3, 71.1, 70.8, 70.5, 68.9, 68.7, 68.2, 67.7, 67.3, 66.4, 48.6,
299, 29.4, 274, 27.2, 225, 21.2, 20.8, 20.6, 20.1, 17.9, 17.2 ppm;
MALDI-TOF HRMS: m/z: calcd for CgHgN;O,SiNa: 1348.5187;
found: 1348.5180 [M+Na] ™.

3-Aminopropyl f-L-arabinofuranosyl-(1—3)-a-L-rhamnopyrano-
syl-(1—2)-[a-L-rhamnopyranosyl-(1—3)]-a-L-arabinopyranoside
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B Side Chain of RG-I

(1): A 1.0m solution of TBAF in THF (192.0 uL) and AcOH (40.0 uL)
were added to a solution of tetrasaccharide 14 (85.0 mg,
0.064 mmol) in THF (5 mL). The mixture was stirred for 18 h, then
the solvent was removed in vacuo. The residue was dissolved in
CH,Cl, (5 mL) and washed with water (2x3 mL). The organic layer
was dried (MgSQ,) filtered and the residue was concentrated
under reduced pressure. The residue was dried in vacuo for several
hours, then it was dissolved in dry MeOH (5 mL) and treated with
NaOMe (pH adjusted to 12.0). The reaction was stirred at room
temperature for 2 h, then it was neutralized with a weakly acidic
resin (Amberlite IRC-50). After filtration and concentration of the fil-
trate in vacuo, the residue was purified by silica gel column chro-
matography (CH,Cl,/MeOH, 10:1, v/v) to afford a product, which
was immediately used in the next reaction step. MALDI HRMS:
m/z: caled for C5,HuN;0,;,: 770.3062; found: 770.3056 [M-+Na]™*.
Pd/C (10%) was added to a solution of the partially deprotected
tetrasaccharide in a mixture of tBuOH, AcOH, and H,O (10:2:1,
v/v/v, 52 mL) under an atmosphere of argon. The mixture was
then placed under an atmosphere of H, and stirred for 18 h. TLC
analyses (iPrOH/28% NH,OH, 2:1, v/v) indicated the presence of a
single new product. The reaction mixture was filtered through a sy-
ringe filter (25 mm, 0.2 um, PTFE, nonsterile, Fisherbrand, Fisher
Scientific) and the residue then washed with AcOH (2 mL). After re-
moval of the solvents by codistillation with toluene, the residue
was dried in vacuo for several hours and then purified by latro-
bead column chromatography by using iPrOH and 28% NH,OH
(3:1, v/v) as eluent. Fractions that contained the products were col-
lected and concentrated in vacuo. The products were dissolved in
water (0.5 mL) and brought to pH 4.5 with AcOH and freeze dried
to give compound 1 (18.1mg, 45% over three steps). [a]®
+117.1° (¢=0.5, H,0); '"HNMR (500 MHz, CDCl;): 6=5.01 (d, J=
4.2 Hz, 1H; H1,,), 487 (s, TH; H1,,,), 482 (s, TH; H1',), 435 (d, J=
7.8 Hz, 1H; H1,,,), 4.06-4.02 (m, 2H; H2,.), 3.91-3.83 (M, Jysnsa =
3.0Hz, Juapsp=40Hz, 3H; H4,,, H24), 3.82-3.63 (M, J =
35Hz, 10H; H2y, H3,. H3.p Hépa H5..,  HS,
OCH,CH,CH,NH,), 3.57-3.49 (m, Ji;,3=8.5 Hz, 3H; H2,,.), 3.41 (t,
J=96Hz, 1H; H4,,), 331 (t, J=102Hz, TH; H4',), 2.86 (t, J=
6.6 Hz, 2H; CH,CH,CH,NH,), 1.81-1.75 (m, 2H; CH,CH,CH,NH,),
1.15 (d, J=6.0 Hz, 3H; H6,,), 1.12 ppm (d, J=6.6 Hz, 3H; H6',,.);
BCNMR (75 MHz, CDCly): 6=103.0, 102.1, 101.3, 99.2, 82.2, 81.9,
77.3, 76.8, 76.6, 73.7, 72.4, 71.1, 70.7, 69.8, 69.4, 68.7, 68.1, 66.8,
64.9, 62.2, 49.6, 37.8, 28.9, 17.8, 17.3 ppm; MALDI-TOF HRMS: m/z:
calcd for C,5H,sNO,,: 654.2688; found: 654.2679 [M+Na]*.

Activation of tetrasaccharide 1: S-Acetylthioglycolic acid penta-
fluorophenyl ester (SAMA-OPfp; 3.5 mg, 11.8 umol) and N,N-diiso-
propylethylamine (DIPEA; 4.2 uL) were added to a solution of tetra-
saccharide 1 (5.0 mg, 7.9 umol) in DMF (400 pL). The mixture was
stirred for 2 h at room temperature and then concentrated in
vacuo. The mixture was chromatographed on a Bio-gel P2 column
that was eluted with H,O that contained 1% n-BuOH to give the
thioacetyl-activated tetrasaccharide (4 mg). MALDI-ToF: m/z: calcd
for C,oH,oNO,,SNa: 770.8; found: 770.2 [M+Na] *.

Conjugation to maleimide activated BSA: The activated tetrasac-
charide (2 mg) was S-deacetylated by stirring for 1 h with a solu-
tion of ammonia gas in DMF (250 pL, 7%, w/w) under an atmos-
phere of argon. The mixture was then concentrated in vacuo, and
the residue was used directly without further purification. Malei-
mide-activated BSA (2.4 mg, lyophilized powder with conjugation
buffer sodium phosphate pH 7.2 that contained EDTA and sodium
azide; Pierce Endogen, Rockford, IL, USA) was reconstituted in H,0
(200 pL), and then added to the tetrasaccharide. The conjugation
reaction was stirred for 18 h at room temperature, after which the
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conjugate was purified by using a Millipore Centriplus spin-filter
with a molecular weight cut-off of 30 kDa at 4°C and 3000 rpm for
30 min. After the initial spin-down, the filter was washed with
sodium phosphate buffer pH 7.4 (3x1 mL). The conjugate was re-
trieved by centrifugation at 4°C and 3000 rpm for 15 min and
taken up in sodium phosphate buffer (pH 7.4), and 0.15m NadCl
(1 mL). This gave a glycoconjugate with a tetrasaccharide/BSA ratio
of 7:1. The carbohydrate content was determined by heating a
mixture of carbohydrate-protein conjugate (50 uL) and aq TFA
(2m, 200 pL) in a sealed tube for 4 h at 100°C. The solution was
then concentrated in vacuo and analyzed by HPAEC-PAD and a
CarboPac PA-10 column. Serial dilutions of rhamnose were used as
standards. The protein concentration was determined by using the
method of Bradford (BioRad).®*!

Conjugation of thiol-derivatized tetrasaccharide to KLH-BrAc: A
solution of KLH (2.3 mg) in 0.1 M sodium phosphate buffer pH 7.2
that contained 0.15m NaCl (200 pL) was added to a solution of
SBAP (1 mg) in DMSO (50 pL). The mixture was incubated for 2 h
at room temperature and then purified by using a Millipore Centri-
plus centrifugal filter with a molecular cut-off of 30 kDa. All centri-
fugations were performed at 8°C for 25 min. and 3000 rpm. The re-
action mixture was centrifuged, and the filter was washed with
conjugation buffer (3x1 mL). The activated protein was retrieved
by spinning at 3000 rpm for 15 min at 8°C, and was taken up in
0.1 m sodium phosphate buffer pH 8.0 that contained 5 mm EDTA
(200 pL). The activated protein was added to a vial that contained
tetrasaccharide (2 mg) that had been de-S-acetylated as described
above. The conjugation mixture was incubated at room tempera-
ture for 18 h. Purification was performed by using centrifugal filters
as described to give a glycoconjugate with ~1700 tetrasaccharide
residues/KLH molecule. The carbohydrate content was determined
by heating a mixture of carbohydrate-protein conjugate (50 L)
and aqueous TFA (2w, 200 pL) in a sealed tube for 4 h at 100°C.
The solution was then concentrated in vacuo and analyzed by
HPAEC-PAD. Serial dilutions of rhamnose were used as standards.
Protein content was determined by the method of Bradford
(BioRad).?”

Biotinylation of RG-ll: A solution of RG-ll (~10 mg) in 20 mm
NaOAc, pH 5, that contained NaBH;(CN) (1 m, 600 uL) was treated
for 3 h at 65°C with biotin-X-hydrazide (25 mg, Sigma). The reac-
tion mixture was then cooled to room temperature, dialyzed
against deionized H,O (3.5 kDa molecular weight cut-off), and
freeze-dried.

Generation of polyclonal antibodies to KLH-tetrasaccharide 1
conjugate: Groups of three mice (female BALB/c, age 8-10 weeks,
Jackson Laboratories, Bar Harbor, ME, USA) were immunized subcu-
taneously four times at 2-week intervals. Each boost included car-
bohydrate (19 pug) in Freund's immunoadjuvant. Serum samples
were obtained one week after the final immunization.

Serological assays: Antibody titers were determined by ELISA by
using 96-well plates (Costar 3598). Wells were coated with BSA-1
conjugate (50 uL per well of a 10 ug conjugate per mL solution in
H,0) and then allowed to dry, overnight, at 37°C. Wells were
blocked for 1 h at room temperature with 1% (w/v) instant nonfat
dry milk (Carnation) in 0.1m TBS (50 mm Tris-HCl, pH 7.5 that con-
tained 100 mm NacCl). Biotinylated RG-Il was bound to NeutrAvidin
96-well plates that were preblocked with Pierce SuperBlock (Pierce
Inc.). Wells were coated by treatment for 2 h at room temperature
with the biotinylated polysaccharide (50 pL per well of a solution
of 10 ug polysaccharide/mL in 0.1m TBS buffer). The plates were
then washed with 0.1m TBS and incubated for 1 h at room tem-
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perature with serial dilutions of mouse serum. The antisera solu-
tions were then removed, and the plates were washed with TBS
(3x0.1 M) that contained 0.1% (w/v) instant nonfat dry milk. The
plates were then incubated for 1 h at room temperature with goat
anti-mouse IgG whole-molecule peroxidase-conjugated antibodies
(Sigma). The plates were washed as before, enzyme substrate,
3,3',5,5"-tetramethylbenzidine (Vector Laboratories, Burlingame, CA,
USA) was added, and plates were incubated for 20 min at room
temperature. The enzymatic reaction was quenched by the addi-
tion of sulfuric acid (0.5N), and Asonm and Agss,m Were measured.
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Comparative Analyses of N-Acylated Homoserine Lactones
Reveal Unique Structural Features that Dictate Their
Ability to Activate or Inhibit Quorum Sensing

Grant D. Geske,” Jennifer C. O'Neill,” David M. Miller,”™ Rachel J. Wezeman,
Margrith E. Mattmann,” Qi Lin,”” and Helen E. Blackwell*"

Bacterial quorum sensing is mediated by low molecular-weight
signals and plays a critical role in both the pathogenesis of infec-
tious disease and beneficial symbioses. There is significant inter-
est in the development of synthetic ligands that can intercept
bacterial quorum sensing signals and modulate these outcomes.
Here, we report the design and comparative analysis of the ef-
fects of ~90 synthetic N-acylated homoserine lactones (AHLs) on
quorum sensing in three Gram negative bacterial species and a
critical examination of the structural features of these ligands

Introduction

Bacteria use small molecules and peptides to assess their local
population densities in a process termed quorum sensing
(QS).""? When they reach a sufficiently high population density
(or a “quorum”), bacteria can alter gene expression to behave
as a group and initiate processes that play central roles in
both pathogenesis and beneficial symbioses.** These group
behaviors are remarkable in their diversity, ranging from viru-
lence factor and antibiotic production to biofilm formation,
root nodulation, and bioluminescence, and have direct and
often devastating impacts on the bacterial host. As QS de-
pends on a relatively simple language of low molecular weight
compounds, there is intense and growing interest in the
design of non-native molecules that can intercept QS signals
and modulate these important outcomes.®® These synthetic i-
gands would represent valuable molecular probes for studying
the fundamental mechanisms of QS and elucidating the roles
of this chemical signaling process in host/bacteria interactions.
Such studies are essential for the continued evaluation of QS
as a new therapeutic target.®¥

QS is best characterized in the Gram negative proteobacte-
ria, and thus the majority of research on synthetic modulators
of QS has focused on these signaling pathways.”® Proteobac-
teria use diffusible N-acylated L-homoserine lactones (AHLs) as
their primary signaling molecules (Scheme 1); these ligands are
produced by AHL synthases (or | proteins) and are sensed by
cytoplasmic receptors (or R proteins) that behave as transcrip-
tion factors. At low cell densities, bacteria constitutively pro-
duce the AHL synthase, and thus the AHL ligand, at low levels.
As the bacterial colony grows, however, the local concentra-
tion of AHL will likewise increase and eventually reach a
threshold level at which the AHL will bind to its cognate R pro-
tein. Thereafter, the AHL-R protein complex will most often
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that dictate agonistic and antagonistic activity, and selectivity for
different R protein targets. These studies have revealed the most
comprehensive set of structure-activity relationships to date that
direct AHL-mediated quorum sensing and a new set of chemical
probes with which to study this complex signaling process. Fur-
thermore, this work provides a foundation on which to design
next-generation quorum sensing modulators with improved ac-
tivities and selectivities.

dimerize and bind adjacent to QS promoters to activate the
transcription of genes required for bacterial group behaviors.
This signaling pathway was first described in the biolumines-
cent marine symbiont Vibrio fischeri and has been character-
ized in over 50 different proteobacteria to date.”® Many of
these bacteria are clinically, environmentally, and industrially
important, perhaps most notably the opportunistic pathogen
Pseudomonas aeruginosa, which uses QS to control virulence
factor production and growth into drug impervious biofilms.®!

As AHL-R protein binding is an essential event in QS, there
has been considerable research on the development of non-
native AHLs that can inhibit this ligand-protein interaction.
The majority of this work has focused on three of the best
characterized AHL-R protein systems (Scheme 1): N-(3-oxo-oc-
tanoyl)-L.-homoserine lactone (OOHL, 1) and TraR in the plant
pathogen Agrobacterium tumefaciens, N-(3-oxo-dodecanoyl)-L-
homoserine lactone (OdDHL, 2) and LasR in the animal and
plant pathogen P. aeruginosa, and N-(3-oxo-hexanoyl)-L.-homo-
serine lactone (OHHL, 3) and LuxR in the marine symbiont V. fi-
scheri.
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Scheme 1. Generic structure of an N-acylated L-homoserine lactone (AHL),
and structures of selected native AHL ligands (1-3) and known synthetic
antagonists of R protein function (4-9). The number of carbon atoms (C) in
selected aliphatic acyl groups is indicated for clarity.

AHLs bearing non-native acyl chains represent the most
extensively studied class of synthetic QS modulators in these
three species.”'? Structural modifications to the lactone ring,
including inversion of stereochemistry,”® and replacement of
the lactone with different carbo- or heterocycles®"17:21-23
have been examined to a lesser degree. Four of the most ef-
fective AHL-derived antagonists of TraR, LasR, or LuxR reported
to date are shown in Scheme 1: the C; AHL 4 active against
TraR,"™ the 3-oxo-phenylbutanoyl- and phenylbutanoyl HLs (5
and 6) active against LuxR,"” and the 2-aminophenol analogue
of OdDHL 7 active against LasR.*?

Despite considerable past efforts, potent non-native AHL
antagonists of QS remain scarce.”” Further, as the majority of
these ligands have only been tested against one bacterial spe-
cies, the selectivities of non-native AHLs for different R proteins
are largely unknown. Insufficient structure-activity relationship
(SAR) data for non-native AHLs within and between different
Gram negative bacteria have impeded the design of new li-
gands with improved activities against and selectivities for
R proteins. Likewise, this dearth of SAR data has also protract-
ed the design of non-native AHL activators of QS.'*?*? The
use of different assay procedures to assess agonistic or antago-
nistic activities against the same R protein has further compli-
cated comparisons between past studies.

To address these challenges, our laboratory has embarked
on the design and synthesis of focused, combinatorial libraries
of non-native AHLs to identify structural features that engen-
der both antagonistic and agonistic activities toward a range
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of different R proteins. Our preliminary comparative studies re-
vealed several potent antagonists of both TraR and LasR, most
notably 4-bromo phenylacetanoyl HL (PHL 8) and indole AHL 9
(Scheme 1).'® Recently, we reported the synthesis of four fo-
cused AHL libraries and the systematic evaluation of these li-
gands to modulate R protein activity in A. tumefaciens, P. aeru-
ginosa, and V. fischeri.”® These studies uncovered some of the
most potent synthetic inhibitors and activators of R protein-
mediated QS reported to date and provided broad new in-
sights into their mechanism of action. Here, we report full de-
tails of the design of the four libraries and a critical analysis of
the primary R protein antagonism and agonism data for these
~90 ligands. These studies have afforded an extensive set of
SAR data that dictate antagonistic and agonistic activities, and
R protein selectivities for AHL ligands in A. tumefaciens, P. aeru-
ginosa, and V. fischeri. Together, these data provide a valuable
new roadmap for the design of next-generation ligands for use
as chemical probes to study the mechanisms of QS and its
complex roles in host/bacteria interactions.

Results and Discussion

Focused AHL libraries—general considerations and
synthesis

We sought to construct focused libraries of AHLs that would
allow us to probe key features of AHL structure, including
1) acyl chain length, 2) lactone stereochemistry, and 3) func-
tional group diversity in the acyl chain. We designed four AHL
libraries that allowed us to investigate these three structural
features individually and in tandem (libraries A-D, shown in
Scheme 2).29 An X-ray crystal structure of the ligand-binding
site of TraR was also consulted in silico to guide our initial
ligand design;?” as the ligand-binding sites of TraR, LasR, and
LuxR have ~70% sequence homology, we reasoned that such
analysis was valuable.®

Libraries A-D were synthesized in parallel according to our
previously reported solid-phase methods."®'*? The ~90 AHLs
were isolated in moderate to good yields (55-75%) and with
excellent purities (90-99%).?* Detailed rationales behind the
design of each library are provided below.

Design of AHL library A

Library A was designed to test the effects of different aliphatic
acyl, 3-keto acyl, and sulfonyl groups on AHL ligand activity in
the three bacterial species. The structures of this 16-member
focused library are shown in Scheme 2A, and represent the
most structurally simple AHL derivatives examined in this
study. AHLs A1-A8 are naturally occurring AHLs utilized by
other Gram negative bacteria for QS,!"® and several have been
evaluated in TraR, LasR, and/or LuxR agonism or antagonism
assays previously.” "3 The C, AHL A1 is also utilized by P. ger-
uginosa as a secondary signaling molecule for QS (via RhIR).”!
Several of the sulfonyl compounds in library A (A9-A14) were
reported by Castang et al. to inhibit LuxR activity at a low to
moderate level (in a heterologous E. coli LuxR reporter strain),
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with activity maximal at a five-carbon (six atom) acyl chain
length (i.e., A10)."™ Collectively, however, these ligands have
not been examined in the three bacterial strains utilized in this
study. Consequently, library A was designed to provide impor-
tant benchmark data for the comparison of antagonistic and
agonistic ligand activities between the strains.

Design of AHL library B

The structures of the second AHL library in this study, library B,
are shown in Scheme 2B. This library was designed to investi-
gate the roles of the following AHL structural features on
R protein antagonism and agonism: 1) lactone stereochemistry,
2) acyl group aromaticity, and 3) alkyl “spacer” length between
aromatic groups and the HL ring. We examined these three
features by perturbing the structures of five known active
compounds: the native agonist OOHL (1), the two phenylbuta-
noyl HL control antagonists (5 and 6),"* and our two previous-
ly reported antagonists, 4-bromo PHL (8) and indole AHL (9,
Scheme 1)."® The effect of lactone stereochemistry on R pro-
tein activation had only been examined for a limited set of
native AHLs,”” and to our knowledge, had yet to be examined
in synthetic AHL antagonists."”’ (We note, however, that many
synthetic AHLs have been tested in racemic form, or their re-
ported stereochemistry was not explicit, which adds additional
complexity to this analysis.”"""3'%) Lastly, the roles of acyl
group aromaticity and spacer length on ligand activity, specifi-
cally in our antagonists 8 and 9, were unknown.

Design of AHL library C

The structures of library C are shown in Scheme 2C; each of
the 25 library members was designed to systemically test the
effects of different functional groups and their positions on
the PHL phenyl ring. These functional groups differ significant-
ly in terms of electronics and steric size, and range from halo-
gens to aromatic groups. Library C was inspired in part by the
high antagonistic activity of control PHL 8 toward TraR and
LasR reported previously by our laboratory."® In addition, we
recently examined a subset of the PHLs in library C in LuxR an-
tagonism and agonism assays, and identified several potent
modulators of LuxR in V. fischeri™ These preliminary studies
underscore the value of the PHL scaffold for the design of new
R protein modulators, and provide a foundation for the sys-
tematic examination of PHLs C1-C25 across the three strains
in the current work.

Design of AHL library D

Library D contained the most structurally diverse set of syn-
thetic AHLs reported to date (shown in Scheme 2D), and was
designed to examine the effects of a range of different acyl
groups on AHL-mediated R protein antagonism and agonism.
These acyl groups differ extensively in terms of overall size and
the type and placement of functional groups. However, as sev-
eral active non-native AHLs contain aromatic groups
(Scheme 1), we deliberately installed an aromatic functionality
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(or at least one m-system) in all but one of the acyl groups of
library D. For ease of synthesis, we selected acyl groups that
could be installed with commercially available carboxylic acids.
Despite the higher hydrophobic character of many of the li-
gands in library D relative to the other ligands in this study
(e.g., AHLs D18-D21), we did not encounter problems with
compound insolubility in any of the biological assays reported
herein (see below).

Bacterial reporter gene assays

R protein inhibition and activation by non-native AHLs is most
frequently assessed with bacterial reporter strains.®” These
strains lack their AHL synthase (I) genes, but retain their native
R genes. In the presence of exogenously added AHL ligand,
the AHL-R protein complex will bind adjacent to a promoter
that controls reporter gene expression and activate transcrip-
tion. Therefore, R protein activity, and consequently ligand ac-
tivity, can be measured with standard reporter gene readouts.
Competitive antagonism assays are performed with synthetic
ligand in the presence of native AHL ligand, while agonism
assays are performed with synthetic ligand alone.

We utilized three bacterial reporter strains for the TraR, LasR,
and LuxR agonism and antagonism assays in this study (see
the Experimental Section). The A. tumefaciens strain produces
[-galactosidase upon TraR activation and ligand activity can be
measured in standard Miller absorbance assays.”™ The E. coli
strain harbors LasR from P. geruginosa and also reports LasR ac-
tivity by p-galactosidase production. We found that this heter-
ologous E. coli strain provided more reproducible data than re-
lated P. aeruginosa reporters, although the differences between
R protein antagonists and agonists were somewhat muted rel-
ative to the other two strains in this study.”® Lastly, the V. fi-
scheri strain retains its native lux operon (yet lacks a functional
luxl), which allows LuxR activation to be measured as lumines-
cence.?

Libraries A-D were systematically screened in R protein an-
tagonism and agonism assays in the three bacterial reporter
strains. The native ligands OOHL (1), OdDHL (2), and OHHL (3)
and the known R protein antagonists 4-9 (Scheme 1) served as
critical controls for these assays (synthesized according to re-
ported procedures).'®>2 Qver 40% of the ligands were
potent inhibitors of TraR, LasR, and/or LuxR, with activities
either comparable or surpassing that of the controls. In turn,
18% of the ligands were identified as either LasR or LuxR ago-
nists (~25% activation or higher). These ligands represent
some of the most potent modulators of R proteins reported to
date; a detailed examination of this ligand subset has been re-
ported elsewhere.”® Here, we provide a critical analysis of all
of the primary antagonism and agonism assay data for libraries
A-D and delineate broad SAR trends revealed by these data
for each library.

Primary assay data for control compounds

The primary assay data for the control compounds largely
corroborated those from previously reported experiments
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(Table 1). Each of the R proteins was inhibited to some degree
(15-89%) by control native ligands (1-3) that were close in
carbon-chain length to their native AHL (i.e., two or four
carbon atoms difference).®*"""3 In addition, all of the control
antagonists (4-9) showed inhibitory activities in the three
strains, albeit at varied levels (18-93 %), with the exception of
2-aminophenol 7, which was surprisingly inactive. Intriguingly,
control 7 weakly agonized LasR instead (18 %). This latter result
contrasted with previous reports that 7 is a strong inhibitor of
LasR activity in similar assays; however, these studies involved
a different LasR reporter strain.”? The C, AHL 4, phenylbutano-
yl HL (6), and 4-bromo PHL (8) were the most active control
antagonists across all three strains (~90% in TraR, ~25% in
LasR, and ~76% in LuxR). The C, AHL 4 was also a weak LuxR
agonist under the primary agonism assay conditions (23 %; see
below).

Primary assay data and SAR for library A

The simple aliphatic AHLs (A1-A6) in library A displayed inhibi-
tory activity trends against the three R proteins that correlated
with increasing carbon number; inhibition was maximal at Cg

(A3) for LasR, and C,, (A4) for TraR and LuxR and then de-
creased thereafter (Table 1). The long chain, 3-oxo AHLs (C,, A7
and C,, A8) exhibited minimal inhibitory activities against TraR
and LasR, yet were moderate (47 %) to good (77 %) inhibitors
of LuxR, respectively. Of the three R proteins, LuxR appeared to
be the most sensitive to inhibition by 3-oxo AHLs (i.e., by
OOHL (1), OdDHL (2), control 6, A7, and A8). Interestingly, the
3-oxo C,, AHL A8 displayed agonistic, as opposed to antago-
nistic, activity against LasR in this assay (see below).
Antagonism by sulfonyl HLs (A9-A16) against the three
R proteins also correlated with carbon number, and the most
striking trends in inhibitory activity were observed against TraR
and LuxR. Inhibition was maximal at C, (A11) in TraR, with ac-
tivity largely increasing up until this carbon length and then
decreasing thereafter. Notably, the sulfonyl HL A11, with a
seven-atom acyl tail (including the sulfur), displayed analogous
inhibitory activity as control C, AHL 4 (93 %); this suggests that
seven atoms in AHL acyl tails enhances antagonistic activity in
TraR. In LuxR, inhibitory activity for the sulfonyl HLs increased
gradually from C, to C, and decreased only minimally at the
longer acyl chain lengths tested (i.e., in A15 and A16), with C,
(A14) exhibiting the highest inhibitory activity (81%). These
results directly contrasted with
those of Castang et al. for sulfo-
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Table 1. Antagonism and agonism assay data for library A and controls 1-9 in three bacterial reporter strains.”! nyl HI.'S I_n LuxR .(see abOV?)
and highlight the differences in
Compound A. tumefaciens-TraR™ E. coli-LasR® V. fischeri-LuxR™ ligand activity often observable
ibiti 3] vati &) ibiti ] ati gl ibiti il ivati il . .

Inhibition [%]“ Activation [%]” Inhibition [%]" Activation [%]° Inhibition [%]" Activation [%] when using different reporter
1: OOHL - 100 50 19 63 24 strains. Again, the sulfonyl HL
;1 gazt"- ;2 1? 1; 10? 86 103 with 10 atoms in its acyl tail
4 93 4 28 0 78 23 (A14) and the C,, AHL (A4) were
5 85 8 18 5 45 2 the most active LuxR inhibitors
6 93 2 20 3 70 3 of their structure classes; this
7 K 0 4 18 3 ! indicates that acyl-chain atom
8 88 1 28 0 79 3 b | | le in AHL
9 35 0 36 3 72 3 number .a 'SO P ays.a. role In '
A1l 0 0 0 0 43 2 antagonistic activity  against
A2 48 1 Il 2 69 25 LuxR.
A3 83 / 43 1 86 12 Far fewer synthetic agonists
A4 92 2 34 44 96 1 id ified in lib A rel
A5 22 1 _10 85 73 2 Vyere identifie |n.| rary A rela-
A6 0 0 5 1 27 2 tive to antagonists (Table 1).
A7 14 1 8 1 47 2 None of these ligands activated
A8 10 m -18 87 77 2 TraR to an appreciable level. This
A9 86 7 16 1 5 4 | b .
A10 59 0 12 0 30 2 result corroborates screening
Al 93 1 10 0 32 2 data reported by Zhu etal. for
A12 88 1 12 0 60 2 several related AHL derivatives,
A13 44 0 10 0 77 3 from which no TraR agonists
Al4 37 3 15 0 81 2 identified."™ Similarl |
Al5 34 0 17 0 80 5 were i e.ntl ied. .|m|ary, only
A16 29 0 21 0 74 1 a few ligands activated LuxR,
[a] All assays performed in triplicate; error did not exceed + 10%. Data of significance are highlighted in bold. with the C; AHL A2, the G, co_n_
Negative controls containing no compound were subtracted from each sample to account for background. trol AHL 4, and OOHL (1) dis-
Negative inhibition values indicate that the compound activates at the tested concentration. See Figures S1- playing ~25% activation. Thus,
S15 in the Supporting Information for primary assay data in bar graph format. [b] Strain: A. tumefaciens WCF47 within library A, only compounds
(pCF372). Assay data were normalized with respect to OOHL (1). [c] Screen was performed by using 10 pm syn- with structures very closely relat-
thetic ligand against 100 nm OOHL (1). [d] Screen was performed by using 10 um ligand. [e] Strain: E. coli DH5a X Y y.
(PIN105 L pSC11). Assay data were normalized with respect to OdDHL (2). [f] Screen was performed by using ed to the native LuxR ligand
5 um synthetic ligand against 7.5 nm OdDHL (2). [g] Screen was performed by using 5 um ligand. [h] Strain: (OHHL, 3) were LuxR agonists.
V. fischeri ES114 (Aluxl). Assay data were normalized with respect to OHHL (3). [i] Screen was performed by The results from the LasR ago-

i hetic li i HHL (3). [j rf ing 2 li . . .

using 5 um synthetic ligand against 5 pm O| (3). [j] Screen was performed by using 200 um ligand nism screen of library A were
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more striking. Here, we identified two ligands that substantially
activated LasR (~85%): C,, AHL A5 and 3-oxo C;, AHL A8
(Table 1). Moreover, these two ligands selectively activated LasR
relative to TraR and LuxR. The C;, AHL A4 and OOHL (1) also
displayed agonistic activities, albeit reduced (<44 %), indicat-
ing that in analogy to LuxR, AHLs in library A with structures
most similar to the native LasR ligand (OdDHL, 2) were effec-
tive LasR agonists. These data trends correlated with those re-
ported by Passador et al. for the same compounds (yet in an
alternate E.coli LasR reporter strain)."" However, these re-
searchers also reported that 3-oxo C;, AHL (A7) exhibited anal-
ogous agonistic activity as 3-oxo C,, A8; the former ligand
failed to activate LasR in our assays. This result was unexpect-
ed, in view of the structural similarity of this ligand to the
other moderate to strong LasR activators that we identified in
this study (i.e., A4, A5, and A8), and again exemplifies the dis-
parities that can arise when different reporter strains are uti-
lized for screening QS modulators.

Primary assay data and SAR for library B

Examination of library B in the reporter gene assays revealed
several additional SARs that dictated AHL ligand activity
against R proteins (Table 2). First, the p-enantiomer of OOHL
(B1) displayed no antagonistic activity in any of the three
strains. Likewise, inversion of stereochemistry in control antag-
onists 5 and 6 (to give p-AHLs B2 and B3) reduced their inhibi-
tory activity by ~40-60% in TraR. A similar ~40% reduction in
inhibitory activity was also observed for B3 in LuxR; however,
B2 exhibited analogous inhibitory activity as its L-stereoisomer
5 (~45%). The activity trends for p-AHLs B2 and B3 were yet
more complex in LasR; here, B2 displayed strong agonistic as

H. Blackwell et al.

opposed to antagonistic activity (see below), while B3 inhibit-
ed LasR at a comparable level to its L-sterecisomer 6 (~20%).
In contrast to B2 and B3, the b stereoisomers of our control 4-
bromo PHL and indole AHL antagonists, B4 and B5, showed
uniformly reduced inhibitory activity across all three strains,
ranging from ~90% reduction for B4 in TraR to at least 50%
for both B4 and B5 in LasR and LuxR. These results suggest
that AHL stereochemistry, in concert with acyl chain structure,
plays a multifaceted role in AHL-mediated R protein inhibition
and activation. One effect is clear, however; inversion of lac-
tone stereochemistry does not completely abolish antagonistic
activity for the ligands examined in this study.

The remaining members of library B were designed to probe
the role of acyl chain structure on antagonistic activity for con-
trol antagonists 8 and 9. Shortening the alkyl spacer in 4-
bromo PHL 8 by one carbon (to give benzoyl AHL B6) dramati-
cally reduced its inhibitory activity in all three R proteins; the
reduction ranged from 90% in TraR to ~50% in LasR and LuxR
(Table 2). However, lengthening the alkyl spacer by one carbon
produced a ligand (B7) with equivalent inhibitory activity to
control 4-bromo PHL 8 in TraR and LuxR, and twofold higher
inhibitory activity in LasR. Notably, B7 was also almost twofold
as active as the potent, control antagonist 9 (52 and 36 %, re-
spectively), and amongst the most potent inhibitors of LasR
identified in these primary assays.

Removing the 4-bromide substituent from benzoyl AHL B6
(to give B8) had little effect on an already low antagonistic ac-
tivity, while removing the 4-bromide from the potent antago-
nist B7 (to give B9) had a more significant impact and reduced
inhibition by at least 50% across all three strains. In turn, the
cyclohexyl analogue of B9, AHL B11, displayed slightly en-
hanced antagonistic activity in TraR and LasR relative to B9,
and activity against LuxR, analo-
gous to the most potent non-

Table 2. Antagonism and agonism assay data for library B and selected controls in three bacterial reporter native AHL inhibitor in library B,
strains. B7 (~80%). Finally, shortening
Compound A. tumefaciens-TraR E. coli-LasR V. fischeri-LuxR the alkyl spacer of control indole
Inhibition [%]  Activation [%] Inhibition [%] Activation [%] Inhibition [%] Activation [%] | AHL 9 by one or two carbons

1: OOHL _ 100 50 19 3 24 (B14 and. B13, respectl.vel)'/)‘had
2:0dDHL 28 12 - 100 86 2 only a minor effect on inhibitory
3: OHHL 89 1 15 1 - 100 activity in TraR, while these
5 85 8 18 5 45 2 shorter indole analogues were
6 93 2 20 3 70 3 40% | ve th l o
8 88 1 28 o 29 3 ~40% ess active than contro
9 35 0 36 3 72 3 in LuxR. In contrast, the one-
B1 6 4 16 0 7 2 carbon shorter indole analogue
B2 50 2 -7 84 46 3 B14 exhibited heightened activi-
B3 31 0 16 0 4 3 in LasR relati I 9
B4 9 o 13 1 34 5 ty in LasR relative to.contro
B5 9 0 13 0 29 2 (48 and 36%, respectively), and
B6 9 0 13 0 40 2 was one of the most potent
B7 93 2 52 n 80 2 LasR inhibitors identified in this
B8 8 0 14 1 34 2 d
B9 16 0 21 0 44 3 study.
B10 7 3 22 2 48 3 These results for library B
B11 25 0 36 0 82 12 reveal several trends in antago-
B12 " 0 19 0 57 3 nistic activity for synthetic AHLs:
B13 20 0 21 0 42 3 D a flexibl b ¢
B14 91 0 48 1 47 > ) a flexible carbon spacer of at

least one carbon and a 4-bromo
[a] See footnotes for Table 1. .

substituent are necessary for
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appreciable activity in ligands i ) ) ) )
Table 3. Antagonism and agonism assay data for library C and selected controls in three bacterial reporter
structurally related to 4-bromo | . . @
PHL 8, with AHL B7 being the
most active inhibitor across the Compound A. tumefaciens-TraR E. coli-LasR V. fischeri-LuxR
. . Inhibition [%]  Activation [%] Inhibition [%] Activation [%] Inhibition [%] Activation [%]
three R proteins, 2) an aromatic
functionality is not essential for | 1: OOHL - 100 50 19 63 24
s 2:0dDHL 28 12 - 100 86 2
LuxR inhibition in ligands related 3. OHHL g0 ] 15 ; - 100
to control PHL 8 (e.g.,, AHL B11), | g 88 1 58 0 79 3
and 3) a three-carbon spacer is C1 4 0 15 0 14 2
optimal for TraR and LuxR inhibi- | €2 25 0 26 1 59 2
S (o] 1 0 27 0 63 8
tion in ligands st.ructurally relat ca 4 0 19 0 9 5
ed to control indole AHL 9, | s 74 0 29 0 75 3
while a two-carbon spacer is op- (o3 50 0 4 0 65 61
timal for inhibition of LasR (i.e., | <7 6 0 10 0 53 6
(«:] 56 0 45 3 58 70
AHL B14). . c9 12 0 12 0 38 12
In analogy to library A, very | 10 93 1 36 0 85 4
few agonists were identified in | cn 70 0 57 3 78 28
library B (Table 2). Indeed, only | €12 5 0 17 0 63 7
. . . c13 88 1 27 0 47 24
one .Ilg.]and 'W.Ith c0n.5|derable c1a 16 0 54 " 15 129
agonistic activity against one | 15 1 0 17 0 23 4
R protein, LasR, was identified: C16 2 0 19 2 40 2
the p-enantiomer of control an- | €17 70 0 19 0 66 5
. o c18 67 0 20 0 79 7
tagonist 5, p-AHL BZ.. Thls ligand c19 ”n 3 I 0 ss 1
was capable of activating LasR | 39 92 P 2% 0 78 3
at 84% relative to the native c21 5 0 8 0 12 3
ligand OdDHL (2) at equal con- | €22 1 0 10 27 33 2
. . . 23 3 0 7 0 12 2
ce.ntratlons. A.HL B2 is unique, as 24 % 0 16 0 o 3
this p-AHL displays strong ago- | c25 35 0 15 0 55 2
nistic activity and its L-stereoiso-
. . [a] See footnotes for Table 1.
mer, control AHL 5, is virtually

inactive in LasR (but is a moder-

ate to strong antagonist in LuxR

and TraR, respectively). This trend is opposite to what has
been observed for native AHL ligands, for which the L-stereo-
isomer is an active agonist and the p-stereoisomer is almost in-
active;l'”?” we observed this latter trend in the current study
for OOHL (1). The reasons behind this trend reversal for B2
remain unclear, and in view of the complex antagonistic activi-
ty trends displayed by the limited set of b enantiomers in li-
brary B, suggest that lactone stereochemistry will be an impor-
tant feature to probe in the future design of AHL-derived QS
modulators.

Primary assay data and SAR for library C

The antagonism and agonism primary screening data for libra-
ry C are listed in Table 3 and reveal the largest percentage of
potent antagonists and agonists in this study (37% of the li-
brary have activities of >50% in at least one strain). This result
serves to validate the PHL structure as a scaffold for the design
of potent modulators of R protein function.

As observed in libraries A and B, the majority of the active li-
gands in library C were antagonists. Replacement of the 4-bro-
mide of control PHL 8 with a hydrogen atom in C1 largely
abolished inhibitory activity across the three strains (Table 3),
in analogy to what was observed for the one-carbon-longer
analogues B7 and B9 in library B (see above). The monohalo-
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gen (€C2-C12) and nitro series (C13-C15) exhibited remarkable
trends in inhibitory activity against all three R proteins. These
trends were most pronounced in TraR. Namely, inhibition dra-
matically increased (from ~1 to 90%) as the halogen or nitro
substituents were moved from the 2- to the 3- to the 4-posi-
tion on the PHL phenyl ring. Inhibition also increased with sub-
stituent size, with 4-iodo PHL (C10) and 4-nitro PHL (C13) in-
hibiting at the highest level in this series (~90%). The mono-
halogenated PHLs displayed the same trends in antagonistic
activity in LuxR, albeit slightly muted within each series. How-
ever, the nitro series (C13-C15) displayed a more complicated
activity pattern, with 4-nitro PHL (C13) only moderately inhibit-
ing LuxR (47 %) and, more notably, 3-nitro PHL (C14) dramati-
cally activating LuxR (see below). These assay data indicate
that both antagonistic and agonistic activities are exquisitely
affected by the nature and position of the substituents on the
PHL phenyl ring.

Uniform antagonistic activity trends were also observed for
the monohalogen and nitro PHL series in LasR (Table 3). Here,
in contrast to TraR and LuxR, the 3-substituted PHLs displayed
the highest inhibitory activities, followed by the 4- and 2-sub-
stituted derivatives. Antagonism still increased with increasing
substituent size, in analogy to TraR, with the 3-iodo (C11) and
3-nitro (C14) PHLs exhibiting the highest antagonistic activities
in LasR for the series (~55%). Moreover, these two ligands
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were the most potent LasR inhibitors identified in these pri-
mary assays overall. A final halogenated PHL, pentafluoroaro-
matic PHL (C16), was designed to examine whether its re-
versed aromatic quadrupole could enhance PHL-mediated
R protein modulation (potentially through favorable mt-stacking
interactions).”® Analogous to its nonfluorinated analogue C1,
this ligand displayed minimal inhibitory activities in TraR and
LasR, and only low inhibitory activity (40%) against LuxR.

The remaining PHLs in library C were designed to probe the
effects of different substituents in the 4-position of the phenyl
ring on R protein modulation. Both the 4-azido PHL (C17) and
4-phenyl PHL (C18) were moderate to strong inhibitors of TraR
and LuxR (~70%; Table 3). The activity of 4-azido PHL (C17) is
particularly notable as the azido moiety renders this inhibitor
photoactive, and thus C17 could have value as a potential
photoaffinity labeling tool for R proteins and provide insights
into the ligand-binding site for PHLs.®” Likewise, the activity of
4-phenyl PHL (C18) was significant, as it instructed us that ster-
ically demanding groups could be tolerated on the phenyl ring
of PHL-derived R protein antagonists.

The 4-methyl and 4-trifluoromethyl PHLs (C19 and C20) ex-
hibited markedly different activities in the antagonism assays.
The 4-methyl PHL C19 was only a weak to moderate inhibitor
of all three R proteins (Table 3), and inhibited at a two- to four-
fold lower level relative to the 4-bromo PHL control (8). As a
methyl group is roughly equivalent in steric size to a bromide,
this activity trend indicated that substituent size alone does
not dictate inhibitory activity for 4-substituted PHLs. In con-
trast, the 4-trifluoromethyl PHL C20 displayed equivalent an-
tagonistic activity as control 4-bromo PHL 8 in all three strains.
This result suggests, along with the other antagonism data
outlined above for library C, that electron-withdrawing and lip-
ophilic groups in the 4-position enhance PHL inhibitory activity
against R proteins. This hypothesis is further corroborated by
the low to moderate antagonistic activities displayed by PHLs
C21-C25, all of which contain electron-donating groups in the
4-position of the phenyl ring. In addition, the two PHLs in this
set with hydrogen bond donors in the 4-position (i.e., 4-amino
(C21) and 4-hydroxy (€23) PHLs) were amongst the weakest
inhibitors in library C (~7 %), with activities comparable to C1.

Turning next to agonism assays, six PHLs were identified in
library C that were capable of activating R proteins by >25%
(Table 3). The most potent agonists were highly selective for
LuxR, and we focus on these compounds here. Again, we ob-
served striking trends in the activities for PHLs with halogen
and nitro groups. In contrast to the antagonism data for these
PHLs in LuxR, the 3-substituted compound in each series
showed the strongest activity relative to the 2- and 4-substitut-
ed derivatives, with the 3-chloro (C6), 3-bromo (C8), and 3-
nitro (C14) PHLs exhibiting at least 60% luminescence induc-
tion relative to the native ligand OHHL (3) at equal concentra-
tions. When substituents were moved on the PHL phenyl ring
by a single carbon (from the 4- to the 3-position), the ligands
were converted from LuxR antagonists to LuxR agonists. More-
over, 3-nitro PHL (C14) was able to induce 29% higher lumi-
nescence than OHHL (3) in this primary assay. This result was
remarkable, and explained the unusual inhibition trends for

396

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H. Blackwell et al.

the nitro PHL series in LuxR (C13-C15; see above). Few super-
activators of R proteins have been reported;?** therefore, our
discovery of 3-nitro PHL C14 as a superactivator of LuxR is sig-
nificant. Additional studies in our laboratory have shown that
PHL C14 can also superactivate LuxR in wildtype V. fischeri and
is tolerated in invertebrate model systems; this suggests that
this compound could have considerable value as a probe to
study V. fischeri-host symbioses."”

Overall, the screening data for library C indicate that the PHL
structure is a highly versatile scaffold for the design of both
R protein antagonists and agonists, and that seemingly simple
structural modifications to the PHL phenyl ring can have major
effects on ligand activity. Most notably, these structural modifi-
cations can convert potent antagonists into agonists (over the
concentration ranges tested). These primary assays revealed
some of the most potent and selective R protein modulators in
this study, including 4-iodo PHL (C10) that inhibits all three
R proteins, 3-nitro PHL (C14) that strongly inhibits LasR but
also superactivates LuxR, and 4-phenyl PHL (C18) and 4-tri-
fluoromethyl PHL (C20) that strongly inhibit TraR and LuxR but
are considerably less active against LasR.

Primary assay data and SAR for library D

Library D also contained several new and potent synthetic
modulators of TraR, LasR, and LuxR (Table 4). The most active
compounds or those displaying interesting SAR trends are de-
scribed here. AHLs D1-D5 displayed negligible inhibitory activ-
ity against TraR, and only low to modest inhibitory activity
against LasR and LuxR; this suggests that their compact, unsa-
turated, and/or heterocyclic acyl groups significantly reduced
activity against these three R proteins. AHL D6, in contrast,
was a strong inhibitor of TraR (90%), a moderate inhibitor of
LuxR (68%), and a relatively weak inhibitor of LasR (28%). A
clear rationale for the heightened antagonistic activity of D6
relative to D1-D5 was not obvious, except potentially its
higher structural similarity to the potent control antagonists 5,
6, and 8. Interestingly, enlarging the substituent in the 4-posi-
tion of the aromatic ring from a methyl group in D6 to an n-
propyl group in D7 halved the inhibitory activity in TraR and
LasR, yet had no effect against LuxR.

The AHLs in library D with aromatic (D9-D13) or carbocyclic
functionality (D14) directly adjacent to the carbonyl in the acyl
group exhibited minimal inhibitory activity against TraR
(Table 4). Only two AHLs in this group (D11 and D13) were rea-
sonably strong inhibitors of LuxR (~60%); notably, these two
AHLs both contained benzoyl functionalities and had the most
extended acyl chains of this ligand set. AHL D13 was also a
modest inhibitor of LasR (27 %), while D11 was weakly active.
The cyclohexyl AHL derivative D14, however, was a relatively
strong inhibitor of LasR, with activity analogous to that of the
indole AHL control 9 (36%).

The three AHLs in library D with phenyl ether functionality
in their acyl chains (D15-D17) displayed clear inhibition trends
across the three strains (Table 4). Notably, these three com-
pounds had two-atom spacers between the carbonyl groups
and the aromatic rings in their acyl chains, analogous to the
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) ) ) i - azobenzene AHL derivatives D20

Table 4. Antagonism and agonism assay data for library D and selected controls in three bacterial reporter . .
strains.@ and D21 displayed medium to

moderately strong inhibitory ac-
Compound A. tumefaciens-TraR E. coli-LasR V. fischeri-LuxR tivity against LuxR (46 and 63 %,

Inhibition [%] Activation [%] Inhibition [%] Activation [%] Inhibition [%] Activation [%)] .

respectively). These compounds
1: OOHL - 100 50 19 63 24 are of interest because of the
2:0dDHL 28 12 - 100 86 2 . s .
3. OHHL g0 : 1s 1 - 100 phot0|somer|zat.|on s:])lllty of the
4 93 4 28 0 78 23 azobenzene mOIety. For exam-
5 85 8 18 5 45 2 ple, their inhibitory activity could
6 93 2 20 3 70 3 be altered upon cis/trans isomer-
8 88 1 28 0 79 3 N . .
9 35 0 36 3 7 3 |za.t|on, as this confontmatlonal
D1 10 0 15 3 47 5 shift may cause the ligand to
D2 9 0 18 0 15 3 dislodge from (or bind differ-
D3 8 0 22 0 38 2 ently in) the ligand-binding site.
D4 12 2 18 0 7 2
D5 3 0 13 0 37 ] Theref?re, these azobenzene
D6 20 3 58 0 68 5 AHL ligands (D20 and D21),
D7 59 1 13 0 69 2 along with the 4-azido PHL an-
D8 5 0 12 0 18 2 tagonist (C17) identified in li-
D9 8 0 16 4 7 2
D10 8 0 9 0 35 > brary C, 'could represent novel
D11 9 0 10 0 56 5 photoactive tools for the study
D12 13 0 12 0 35 1 of R protein function.
D13 8 0 27 3 59 1 Similar to libraries A-C, the
D14 1 0 36 36 45 1 . .
D15 90 4 29 30 39 ) agonism screen of I!braryD .re
D16 " 0 18 0 40 1 vealed few synthetic agonists
D17 92 1 26 0 50 2 (Table 4). Indeed, no library
D18 16 0 34 32 19 2 members were agonists of TraR
D19 1 0 17 7 30 1 .
D20 4 0 12 0 6 ) and LuxR. Three ligands (D14,
D21 9 0 13 1 63 3 D15, and D18), however, were
[a] See footnotes for Table 1 weak activators of LasR (~33%).
a] See tootnotes ftor lable 1.

The structures of these AHLs

potent inhibitors B7 and B14 identified in library B (see above).
All three of these phenyl ether AHLs were only modest inhibi-
tors of LuxR (~45%). However, 4-trifluoromethyl phenyl ether
AHL D15 was a potent inhibitor of TraR and the strongest in-
hibitor of LasR identified in library D (90 and 49% inhibition,
respectively). The two structurally similar 4-keto phenyl ether
AHLs (D16 and D17) exhibited contrasting activities in both
TraR and LasR: D16 was virtually inactive against TraR, while
D17 was similar in activity to D15 and one of the most potent
inhibitors of TraR (92 %) uncovered in these assays overall. Like-
wise, D17 was 50% more active against LasR relative to D16.
Interestingly, compounds D16 and D17 only differ in the place-
ment of a substituent on the aromatic ring of the acyl group
(2-methoxy and 3-methyl, respectively; Scheme 2D). This result
suggests that, similar to the PHL series in library C, inhibitory
activity can increase in this phenyl ether AHL series when sub-
stituents on the aromatic ring are placed closer to the 4-posi-
tion.

The remaining four AHLs in library D (D18-D21) contained
the most sterically bulky acyl chains examined to date. These
four AHLs exhibited minimal inhibitory activity against TraR;
this is analogous to the low inhibitory activity observed for the
relatively bulky AHLs D9-D14 (Table 4). In contrast, the most
sterically bulky of this ligand set (D18) was a relatively strong
inhibitor of LasR and the most active of the four. Finally, the
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were not highly similar, but each

had a relatively bulky acyl chain
containing aromatic functionality, most notably D18. Intrigu-
ingly, these three ligands were also the most potent antago-
nists of LasR identified in library D (see above). Moreover, their
percent antagonistic activities were approximately equivalent to
their percent agonistic activities. Additional studies of AHLs
D14, D15, and D18 suggest that these ligands are not antago-
nists of LasR, but rather can behave as partial agonists (see
below);?? such a mechanism of action would explain these
conflicting primary assay data. Ongoing work in our laboratory
is directed at fully understanding the mechanism of R protein
modulation by these and related AHL ligands.

Summary of SAR trends for libraries A-D

Overall, we found that subtle changes to the AHL acyl group,
some as simple as the addition or removal of one carbon or
halogen atom, had dramatic effects on ligand activity in each
of the three bacterial strains in this study. In general, AHLs
with acyl groups of moderate size (up to eight atoms long)
and containing either aromatic functionality with electron-
withdrawing groups or straight-chain aliphatic functionality
can antagonize TraR, LasR, and LuxR over the concentrations
tested in this study. AHL B7 epitomizes such a broad-spectrum
antagonist, and was one of the most active antagonists identi-
fied. Within this class, sulfonyl groups can replace carbonyl
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groups on aliphatic AHL TraR and LuxR antagonists without
significant loss in activity. Likewise, AHLs bearing sterically
bulky, aromatic acyl groups can selectively inhibit and activate
LasR (e.g., D18). Of the AHLs analyzed herein, the PHL appears
to be the most unique scaffold for R protein modulation, as
members of this structure class display a wide range of antag-
onistic and agonistic activities across all three R proteins in this
study. The 4- and 3-substituted PHLs display the most remark-
able trends in activity, ranging from a potent antagonist of all
three R proteins (C10) to a superactivator of only LuxR (C14).
Finally, inversion of lactone stereochemistry (from L to p) was
not found to fully abolish activity for the AHLs examined
herein; indeed, one p-AHL (B2) was shown to strongly activate
LasR.

Pharmacophore modeling

To obtain a better understanding of how different structural
features of AHLs engender antagonistic and agonistic activities,
we generated computational pharmacophore models for the
AHL modulators of each of the three R proteins. Preliminary
studies from our laboratory suggest that many of the most
potent “antagonists” identified in libraries A-D may elicit their
activities via a partial agonism mechanism (e.g., PHLs C20 in
TraR, C14 in LasR, and C13 in LuxR, and bulky AHLs D14, D15,
and D18 in LasR).” Therefore, these ligands do not appear to
inhibit R protein activity; rather, they simply are unable to acti-
vate the R protein to the same level as the native ligand. In
view of these new mechanistic data, all of the primary antago-
nism and agonism assay data in this study were utilized to cal-
culate AHL pharmacophore models for TraR, LasR, and LuxR
(see the Experimental Section).

Views of the pharmacophore models are shown in Figure 1,
and they reveal several different structural features between
the R proteins. For example, each model contains regions of
hydrophobic/aromatic functionality, H-bond donors, and H-
bond acceptors, yet the relative size and positions of these
groups on each of the models vary significantly. Notably, these
differences could not be fully ascertained through analysis of
the primary data presented above; the pharmacophores pro-
vide a more global, 3D synopsis of these data. In general, the
TraR pharmacophore exhibits an almost equal balance of hy-
drophobic functionality and H-bond acceptors and is relatively
compact. The LuxR pharmacophore is similarly compact, yet
has fewer H-bond acceptors relative to TraR. In contrast, the
LasR pharmacophore is noticeably larger and exhibits an ex-
tensive hydrophobic surface. These differences in size for TraR
and LasR are congruent with the compact and expanded AHL-
binding sites indicated by the TraR and LasR X-ray structures,
respectively, assuming that these non-native AHLs target the
same site.””*" While a structure for LuxR is yet to be reported,
using this same reasoning, the LuxR pharmacophore reflects a
ligand-binding site that is more similar to TraR than LasR. How-
ever, it is challenging to fully rationalize the selectivity profiles
for the AHLs in this study using these calculated pharmaco-
phores. Structural studies of the R proteins with various ligands
(e.g., by X-ray crystallography) will better illuminate the differ-
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Figure 1. Pharmacophore models for AHL modulators of A) TraR, B) LasR,
and C) LuxR calculated from primary screening data for libraries A-D. Green
represents hydrophobic/aromatic features, red represents hydrogen-bond
donor features, and orange represents hydrogen-bond acceptor features of
the pharmacophore. Each pharmacophore is depicted with a selected set of
active AHLs to highlight the varying features between the three pharmaco-
phore models: OOHL (1), A11, C10, and D6 for TraR, OdDHL (2), C10, C14,
and D18 for LasR, and OHHL (3), C6, C10, and C14 for LuxR.

ences in activities, and are ongoing in our laboratory. These
pharmacophore models are significant nonetheless as—to our
knowledge—they are the first reported for AHL-derived QS
modulators. We anticipate that these models, along with the
extensive SAR data outlined above, will guide the design of
new QS modulators with improved activities and selectivities,
and provide new avenues to study the chemistry and biology
of bacterial communication.

Conclusions

Synthetic modulators of quorum sensing (QS) represent valua-
ble chemical tools for fundamental studies of bacterial cell-cell
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signaling and for future biomedical and environmental applica-
tions. The majority of the known QS modulators in Gram nega-
tive bacteria are N-acylated homoserine lactones (AHLs). In this
study, we have delineated key structural features of synthetic
AHLs that render these ligands antagonists and agonists of QS
in three species: A. tumefaciens, P. aeruginosa, and V. fischeri.
These structure-activity relationships (SARs) were determined
by the design and synthesis of four focused libraries of AHLs,
and the systematic screening of these libraries in bacterial re-
porter strains. Both species-selective and multispecies modula-
tors of QS were identified.

This work is significant, as it represents the first comparative
study of AHL-derived QS modulators across different bacterial
species. Moreover, this work provides a foundation on which
to design next-generation AHLs, and synthetic ligands in gen-
eral, with improved activities and selectivities for QS. The phar-
macophores reported herein for AHL modulators of TraR, LasR,
and LuxR will shape these future design efforts. Lastly, we have
discovered several of the most potent synthetic antagonists
and agonists of QS known (e.g., A4, B7, C10, and C14), as well
as a set of photoactive AHL probes (C17, D20, and D21),
which serves to further underscore the utility of focused com-
binatorial libraries for the identification of QS modulators. On-
going work is directed at fully elucidating the mechanisms of
QS agonism and antagonism by these synthetic AHLs and de-
signing new AHL and non-AHL derived ligands; these studies
will be reported in due course.

Experimental Section

Reporter gene assays: The three bacterial reporter strains used in
this study were: A. tumefaciens WCF47 (Atral) harboring a plasmid-
born tral-lacZ fusion (pCF372),"® E. coli DH5a harboring the LasR
expression vector pJN105L and a plasmid-born lasi-lacZ fusion
(pSC11),5? and V. fischeri ES114 (Alux/).?¥ The TraR, LasR, and LuxR
antagonism and agonism assays were performed as previously re-
ported."®?? Positive controls for antagonism assays (native ligand
at its ECg, value) and for agonism assays (native ligand at concen-
trations that gave maximal activity) were set to 100%. The concen-
trations of synthetic AHL ligand used in the antagonism and ago-
nism assays, and the relative ratios of synthetic ligand to native
ligand (1:1 to ~100:1) in the antagonism assays, were chosen to
provide the most obvious differences between inhibitors and acti-
vators for each bacterial reporter strain (see Table 1 for details).*®
None of the control compounds (1-9) or library members was ob-
served to be insoluble or affect bacterial growth over the time
course of these assays. In addition, no ligand was found to de-
grade (by lactonolysis or reaction with biological reagents) over
the time course of these assays (as determined by LC-MS or GC-
MS; data not shown).

Pharmacophore calculations: All computational experiments were
performed using the MOE software suite (v. 2006.08; Chemical
Computing Group of Canada). Pharmacophores (PH4s) were calcu-
lated according to established methods.®***! In brief, a database
containing all of the AHL structures in libraries A-D was created by
importing ChemDraw (v. 10.0, Std.; CambridgeSoft) .sdf files for
each ligand into MOE. These compounds then were minimized
using the MMFF force field to an energy gradient of <0.01 to
create a 3D structural database. After minimization, a conforma-
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tional import was performed in MOE to create a second database
that retained 100 of the lowest energy conformations for each
member of libraries A-D. A field for activity was created in this da-
tabase, and each ligand was designated as either active (1) or in-
active (0). This assignment was based on the primary antagonism
and agonism data for the three bacterial strains investigated in this
study. All of the ligands that showed either >50% inhibition or
>25% activation of TraR, LasR, or LuxR were designated as active
(1); those with lower activities were designated inactive (0). Sepa-
rate PH4s were created for each R protein, which took into account
both active and inactive ligands, by using the pharmacophore elu-
cidator in MOE (see the Supporting Information for parameter de-
tails).

Each PH4 was examined for best score of accuracy (acc) in MOE,
which was designated acc1 for active compounds and accO for in-
active compounds. The three PH4s reported in this study were se-
lected based on an accl value >0.50 (50%) and an accO value
>0.50 (50%). This selection was made such that >50% of the
active compounds were able to match the PH4, while >50% of
the inactive compounds were unable to match the PH4. Based on
the overall structural similarity of the compounds in libraries A-D,
this designation allowed for the determination of a PH4 that best
describes the overall properties of an active AHL modulator for
each R protein. The graphical representations of the PH4s shown
in Figure 1 were generated in MOE by using the pharmacophore
query editor with no modifications to the PH4s performed.
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Indoloquinolizidine Derivatives as Novel and Potent
Apoptosis Inducers and Cell-Cycle Blockers

Frank Wehner,*® Andrea Noren-Mdller,”™ Oliver Miller,” lvan Reis-Corréa, Jr., !
Athanassios Giannis,'” and Herbert Waldmann™

A collection of approximately 11000 natural-product derived and
inspired compounds was screened for potential apoptosis induc-
ers in the human tumour cell lines HepG2 (liver), HelLa (cervix)
and MCF-7 (breast) by means of MTT and ATP-luminescence
assays, automated cell counting, caspase 3/7 assay as well as by
fluorescence activated cell sorting (FACS) analysis. A group of

Introduction

In multicellular organisms, somatic cells are derived by mitosis
and almost all eventually die by apoptosis—the so-called pro-
grammed cell death."? Apoptosis is a well defined, physiologi-
cal process and one of its tasks is to counterbalance prolifera-
tion that occurs in an uncontrolled manner, which can other-
wise lead to tumourigenesis and the development of cancer.””
Among novel treatments in cancer therapy, tumour-specific in-
duction of apoptosis, rather than the use of cytotoxic and/or
antiproliferative chemicals, is a promising strategy that is sup-
posed to limit the death of normal cells considerably.”

In recent years, a variety of natural compounds have been
tested for potential apoptosis induction. Some compounds
appear to be rather promising with 1C5, values close to
1 umolL™" (or even lower), which is a concentration that might
well be achieved as a systemically relevant therapeutic dose.’
% Many others, however, exhibit ICs, values that are clearly
higher than 10 umolL™" and, in some instances, even approach
the millimolar range.""™

In the present study a group of seven indoloquinolizidine
derivatives was identified on the basis of functional screening
of approximately 11000 natural-product derived and inspired
compounds, which with 1Cs, values close to 2 umolL™", inhibit-
ed proliferation in different cell lines and increased the amount
of apoptotic cells by up to 600% as compared to the control
value. The observed effects appear to be related to an arrest of
cells in the G,M phase of the cell cycle.

Results and Discussion

In the present study, an in-house collection of 11264 natural-
product derived and inspired compounds (denoted here as
group I) was tested for potential apoptosis inducers in various
human tumour cell lines. These compounds were synthesised
as described™ ' or obtained from commercial sources."” As
the first screen, an MTT “single-shot” assay was performed
with HepG2 cells, that is, one single experiment per compound
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seven indoloquinolizidine derivatives was identified that exhibited
ICs, values for cell proliferation as low as 2 umolL™", with no
major necrosis of cells detectable. At the same time, an increase
in the rate of apoptosis of up to 600% relative to the reference
level was observed. FACS analysis indicated that these effects are
related to an arrest of cells in the G,M phase of the cell cycle.

at the fixed concentration of 100 pmolL™" was carried out. Out
of group |, 916 compounds were found to reduce HepG2 cell
proliferation by 50% or more relative to the control measure-
ments, and these were assigned as group Il

Group Il was examined in more detail by means of automat-
ed cell counting, which is a technique that also allows the pre-
cise determination of the amount of necrotic cells on the basis
of trypan blue staining. Experiments were performed in the 0.3
to 30 umol L™ range (Figures 1A and 2 A) and only those com-
pounds that caused a reduction in HepG2 cell proliferation
equal to or higher than 60% and, at the same time, resulted in
a percentage of necrotic cells that was less than 20% (in other
words, a cell viability better than 80%) were investigated fur-
ther. This group Il of compounds amounted to 120 substances
and was very likely to contain actual apoptosis inducers.
Among these our interest was particularly aroused by com-
pounds 1-7 (Scheme 1). The structures of these indole-derived
heterocycles are similar since they were all synthesised over
the course of a program aimed at the development of new

phosphatase inhibitors;" thus raising the possibility that their
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Figure 1. Effects of compound 1 on A) proliferation and viability as deter-
mined by automated cell counting, and B) on apoptosis as monitored by
using caspase 3/7 activity in human hepatocarcinoma cell line HepG2 (n=7
to 12); incubation time: 24 h.
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Figure 2. Effects of 7 on A) proliferation and viability as determined by auto-
mated cell counting, and B) apoptosis as determined by caspase 3/7 activity
in HepG2 cells (n=7 to 12); incubation time: 24 h.
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mode of action might be similar. In fact, compounds 1-4 are
diastereomers of a given indoloquinolizidine and compounds
5-7 are closely related indoloquinolizidinones.

Compounds 6, 7 and 1 were most potent in reducing
HepG2 cell proliferation, and yielded ICs, values of (6.6+1.2),
(7.540.4) and (8.340.2) pmolL™", respectively (Table 1); these
compounds were investigated further.

Table 1. Inhibition of proliferation in different cell lines.

ICso [umolL ™
Compound HepG2®@ HeLa® MCF-7%
1 83+0.2 24+0.2 2.6+0.9
2 24.7+5.3 2.0+05 35+1.6
3 30.0£8.1 21+£03 32411
4 22.8+3.5 49+0.2 54+0.1
5 23.0+1.9 6.1+0.1 104+19
6 6.6+1.2 5.1+£0.2 32+15
7 75+04 0.8+0.1 2.7+0.6
aristoforin 9.0+1.5 214+04 1.4+0.1
[a] Experiments with HepG2 cells were carried out by means of automat-
ed cell counting (n=7-12), whereas for HeLa and MCF-7 cells the ATP-lu-
minescence assay was employed (n=3); incubation time: 24 h.

Since, in many instances, caspase 3/7 activation was not sat-
urating in the concentration range tested (Figure 2 B) apoptosis
induction is summarised here as the actual percentage of
control values determined at 3 and 10 umolL™' of each com-
pound. As shown in Table 2, the group of indoloquinolizidines

Table 2. Induction of apoptosis in HepG2 cells.

Compound 3 umol L™’ 10 umol L™’

1 374.9+48.2 847.0£106.0
2 607.7 £50.1 853.9+829
3 161.8+£18.7 996.0+£132.2
4 345.6+77.8 977.4+£181.1
5 100.3+£2.2 125.8+8.3

6 107.7£3.0 3783 +55.7
7 198.0£20.6 326.0+£30.2
aristoforin 202.0£19.0 789.7+323

[a] Apoptosis was determined on the basis of caspase 3/7 activity and
with reference to control recordings (DMSO), which were set as 100%
(n=4 to 5); incubation time: 24 h.

1-4 exhibited a strong stimulation of HepG2 apoptosis, which
at 3 umolL™" was already in the range of 160 to 610% relative
to the control value (see also Figure 1B). At 10 umolL™', apop-
tosis was further increased to approximately 850 to 1000% of
the reference level, that is, by a factor of up to 10. When com-
pared to these data, apoptosis induction by the indoloquinoli-
zidinones was less pronounced with a three- to fourfold stimu-
lation of apoptosis at most, at 10 pmolL™" (Figure 2B and
Table 2).

In order to visualise apoptosis induction and to obtain fur-
ther evidence for the absence of necrosis in the inhibition of

ChemBioChem 2008, 9, 401 — 405
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Scheme 1. A) Structures of indole-derived hits identified in the screens and
B) aristoforin.

HepG2 cell proliferation, an annexin-V-fluorescein/propidium
iodide assay was performed. As exemplified in Figure 3, at
3 umolL™" both 1 and 7 elicited a distinct increase in apopto-
sis-induced cell fluorescence and necrosis was not detectable
at all. In contrast, one of the compounds from group Il that by
means of automated cell counting had been identified to
induce approximately 80% necrosis at the same concentration
(data not shown), did in fact elicit strong necrosis as judged
from the marked propidium iodide staining of the nuclei (Fig-
ure 3D).

Next, we tested the effects of the indole derivatives on cell
growth in the HeLa and MCF-7 tumour models. As summarized
in Table 1, both cell lines were significantly more sensitive to
all compounds tested when compared to HepG2 cells. In Hela
and MCF-7 cells, the ICs, values for 1-3 were in the range of
2.0 to 2.4 pmolL™" and 2.6 to 3.5 umolL™", respectively, which
is very close to the ICs, values for aristoforin, namely 2.1 and
1.4 umolL~". The latter substance, which is chemically unrelat-
ed to the group of indoloquinolizidine derivatives analysed in

ChemBioChem 2008, 9, 401 - 405
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the present study (Scheme 1B), was employed here
as an additional standard for apoptosis induction.
Aristoforin is a hyperforin derivative known to inter-
fere with the sirtuins SIRT1 and SIRT2, which are
class lll histone deacetylases in charge of the regula-
tion of the tumour suppressor protein p53, as well
as the formation of microtubules.® Compound 4
was found to be slightly less effective in inhibiting
Hela and MCF-7 cell growth than its congeners, and
the same was true for 5 and 6. For compound 7, on
the other hand, IC,, values of 0.8 and 2.7 pmolL™
were obtained, which rendered this substance com-
parably as effective as 1-3 (Table 1).

Finally, possible effects of the compounds on
Hela cell-cycle distribution was analysed by fluores-
cence activated cell sorting (FACS). As shown in
Figure 4 and summarised in Table 3, cells in G, and
G,M phase equalled 51 and 24% under control
(DMSO) conditions. This ratio (of 2.14) dramatically
changed with the various indoloquinolizidine deriva-
tives tested (at 5 pmolL™"), and the maximal effect
with the two groups was achieved with 3 and 5,
which yielded G, and G,M phases of 30 vs. 48% and
11 vs. 62%, respectively; this is equivalent to actual
ratios of 0.62 and 0.17 (Table 3). Consequently, the
inhibition of cell growth and induction of apoptosis
by the compounds in the present study appear to
be related to an arrest of the cell cycle in the G,M
phase.

It is noteworthy, however, that in the FACS analy-
sis the effects of the indole-derived ketones were
significantly more pronounced than those of the
vinyl chlorides, whereas with regard to apoptosis in-
duction the potency of both groups was opposite.

Figure 3. Fluorescence microscopy of HepG2 apoptosis (and necrosis) as de-
termined by use of the annexin-V-fluorescein/propidium iodide assay (see
text for details). A) Untreated control cells did not exhibit any detectable
apoptosis. B) and C) Cells treated with 1 or 7 (3 umolL™") for about 20 h, re-
spectively. Note: the pronounced increase of overall fluorescence reflects
the induction of apoptosis. D) Cells were exposed to 3 umolL™" of one of
the compounds from group Il that was found to lead to 50 % necrosis of
cells (determined by means of automated cell counting). This is shown here
as a positive control for propidium iodide staining of nuclei (see arrows);
incubation time: 24 h.
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Figure 4. Cell-cycle distribution in HeLa cells. A) Control (DMSO). Effects of
B) 3 (5 umolL™"), and C) 7 (5 umolL™"); see text for details; incubation time:
24 h.

Table 3. Cell-cycle distribution in HeLa cells.”

Compound G, S G,M
1 42.8 47.2 29.5
2 38.2 45.7 304
3 29.8 294 48.1
4 45.0 42.7 29.0
5 10.6 258 61.7
6 14.2 321 64.4
7 14.8 274 57.0
DMSO 513 343 24.0
[a] Single set of FACS analyses with cell nuclei stained with propidium
iodide; incubation time: 24 h.

This suggests a certain variance in the actual interrelation be-
tween G,M arrest and apoptosis induction and, possibly, fur-
ther intrinsic effects of at least one of the two groups of com-
pounds tested here. Clearly, the actual mechanism of apoptosis
induction observed remains to be elucidated.
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Conclusions

In conclusion, a collection of approximately 11000 natural-
product inspired and derived compounds was tested for po-
tential apoptosis inducers in three human tumour cell lines. A
group of seven indoloquinolizidine derivatives was identified
that with 1C,, values close to 2 umolL™" inhibited proliferation
in HeLa and MCF-7 cell lines and (with slightly lower efficiency)
also in HepG2 cells. The effect was due to a significant increase
in the rate of apoptosis that at 3 umolL™" amounted to 600%
of the control value, and necrosis was not detectable at all. It
is very likely that apoptosis induction occurred by an arrest in
the G,M phase of the cell cycle.

Experimental Section

Chemistry: For the synthesis of indolo[2,3-alquinolizidines and
-quinolizidinones, two preparative routes on polymer carriers were
employed as described."

Cell culture: Human HepG2 (hepatocarcinoma), Hela (derived
from cervix carcinoma) as well as MCF-7 (mammary carcinoma)
cells were seeded in 96-well plates at a density of 10* per 100 pL
per well, and cultured in RPMI medium at 37°C in a humidified at-
mosphere of 5% CO,/95% air. Compounds were added after 24 h
of incubation, and all assays were conducted after 48 h incubation.
For visualisation of apoptosis/necrosis, HepG2 cells were grown on
glass coverslips.

Application and use of compounds: In the first screen (of the
total library), each compound was tested at a single dose
(100 umolL™") for its effects on HepG2 cell proliferation as moni-
tored by using the MTT assay (see below). Those substances that
exhibited an effect of 50% or higher were then subjected to auto-
mated cell counting (at 0.3, 1, 3, 10 and 30 umolL™"); this proce-
dure also yielded the amount of necrotic cells. Finally, the com-
pounds that with this technique had given a decrease in HepG2
cell proliferation of more than 50% and at the same time a cell via-
bility that was better than 80%, were tested for their apoptotic po-
tency (again in the range of 0.3 to 30 pmolL™"), which was deter-
mined by use of a caspase 3/7 assay (see below). In addition, the
latter batch of chemicals was tested for their effects on HelLa and
MCF-7 cell growth, which was monitored by using an ATP-lumines-
cence kit. The same compounds were also checked for their influ-
ence on Hela cell-cycle distribution (see below). All substances
were taken from DMSO stock solutions and in every instance the
final detergent concentration was kept constant at 1 mmolL™".

MTT and ATP-luminescence assays, automated cell counting:
With the MTT assay, the mitochondrial activity of cells is quantified
on the basis of the enzymatic transformation of MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) to MTT for-
mazan (excitation/emission at 550/690 nm). The ATP-luminescence
assay employs the reaction:

ATP + p-luciferin + O, —oxyluciferin + AMP + PP;+ CO, + light

which is catalyzed by the firefly enzyme luciferase and is propor-
tional to the number of metabolically active cells. Both assays were
performed by following the manufacturers’ protocols (Thiazolyl
Blue, Sigma, Taufkirchen, Germany; ATPlite 1step, PerkinElmer,
Rodgau, Germany). Automated cell counting was performed by
using a Vi-Cell XR cell-viability analyser (Beckmann Coulter, Krefeld,
Germany); this yielded the total number of trypsinized cells in sus-
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pension as well as the percentage of necrotic cells (on the basis of
the accessibility of cells to trypan blue staining).

Apoptosis assays: Apoptosis of HepG2 cells was first quantitatively
determined by means of the Apo-ONE homogeneous caspase 3/7
assay (Promega, Mannheim, Germany) in which a rhodamine sub-
strate is caspase activated; this leads to a green fluorescence prod-
uct (excitation/emission at 500/520 nm). Second, apoptosis was vi-
sualised by use of the Annexin-V-FLUOS staining kit (Roche, Mann-
heim, Germany), which is based on the staining of phospatidylser-
ine, which is flipped to the outer leaflet of the plasma membrane
only under apoptotic conditions, and with propidium iodide stain-
ing of nuclei as a highly sensitive negative control for necrotic
cells.

FACS analysis: Hela cell-cycle analysis was performed by using a
FACScan (Becton-Dickinson, Heidelberg, Germany) with propidium
iodide as a DNA marker (and cell permeabilization in 70% ethanol
for 1 h).
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Rational Protein Design of ThDP-Dependent Enzymes—

Engineering Stereoselectivity

Dérte Gocke, Lydia Walter,” Ekaterina Gauchenova,”™ Geraldine Kolter,” Michael Knoll,™
Catrine L. Berthold,' Gunter Schneider, Jiirgen Pleiss,’” Michael Miiller,” and

Martina Pohl*®

Benzoylformate decarboxylase (BFD) from Pseudomonas putida
is an exceptional thiamin diphosphate-dependent enzyme, as it
catalyzes the formation of (S)-2-hydroxy-1-phenylpropan-1-one
from benzaldehyde and acetaldehyde. This is the only currently
known S-selective reaction (92% ee) catalyzed by this otherwise
R-selective class of enzymes. Here we describe the molecular
basis of the introduction of S selectivity into ThDP-dependent de-
carboxylases. By shaping the active site of BFD through the use
of rational protein design, structural analysis, and molecular

Introduction

The potential of thiamin diphosphate-dependent (ThDP-de-
pendent) enzymes to catalyze benzoin condensation-like car-
boligation of aldehydes to afford chiral 2-hydroxyketones with
high stereoselectivity is well established.™ Our goal is to gener-
ate a toolbox of various ThDP-dependent enzymes in order to
create a platform for the production of diversely substituted
and enantiocomplementary 2-hydroxyketones.

With the current set of enzymes—including benzoylformate
decarboxylase (BFD), benzaldehyde lyase (BAL), branched-chain
2-ketoacid decarboxylase (KdcA), different pyruvate decarboxy-
lases (PDCs), and their variants—the carboligation of various
aliphatic and aromatic aldehydes to yield symmetrical and
mixed (R)-2-hydroxyketones predominantly with high enantio-
selectivity is possible. However, the corresponding S products
are hardly accessible by these enzymes. Exceptions are the ki-
netic resolution of benzoin derivatives by BAL from Pseudomo-
nas fluorescens™ and the carboligation of benzaldehyde deriva-
tives and acetaldehyde to yield (S)-2-hydroxypropiophenone
derivatives with the aid of BFD from Pseudomonas putida as a
catalyst.”

A molecular explanation for this exceptional behavior of BFD
was recently suggested™ based on the crystal structure of the
enzyme.” A potential S pocket that exactly fits with the size of
the small acetaldehyde side chain when approaching the
ThDP-bound aromatic donor aldehyde prior to formation of
the new C—C-bond was identified (Figure 1)) Recent model-
ing studies showed that larger aldehydes do not fit into this
pocket.

Here, we have verified the S pocket approach by site-direct-
ed mutagenesis of the amino acid residues that line this part
of the active center and by testing the resulting variants in car-
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modeling, optimal steric stabilization of the acceptor aldehyde in
a structural element called the S pocket was identified as the pre-
dominant interaction for adjusting stereoselectivity. Our studies
revealed Leu461 as a hot spot for stereoselectivity in BFD. Ex-
change to alanine and glycine resulted in variants that catalyze
the S-stereoselective addition of larger acceptor aldehydes, such
as propanal with benzaldehyde and its derivatives—a reaction
not catalyzed by the wild-type enzyme. Crystal structure analysis
of the variant BFDL461A supports the modeling studies.

boligation reactions with different aliphatic aldehydes as acyl
acceptors. Further, we provide evidence that similar S pockets
are also present in other ThDP-dependent decarboxylases,
which opens access to a broad range of (S)-2-hydroxyketones
as valuable building blocks for compounds such as the taxol
side chain and 5’-methoxyhydnocarpin.®

Results and Discussion

The S pocket in BFD from P. putida is formed by the side chains
of Pro24, Ala460, and predominantly Leu461 (Figure 1). These
residues were replaced by smaller amino acids in order to eval-
uate their impact on the S pocket. All variants were produced
by site-directed mutagenesis. After cloning, over-expression,
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Figure 1. Active site of BFD with the cofactor ThDP (orange). The donor ben-
zaldehyde (gray) and the acceptor acetaldehyde (light blue) were modeled
inside. The side chain of acetaldehyde is bound in the S pocket, which is
mainly defined by Leu461 (blue). The diametrically opposed orientation of
the side chains of donor and acceptor results in the formation of S pro-
ducts.®

and purification the variants were investigated with respect to
their decarboxylase and carboligase activities.

Decarboxylase activity of BFD variants

All variants were able to catalyze out the physiological func-
tion of BFD—the decarboxylation of benzoylformate (Table 1);
they showed hyperbolic v/[S] plots like wild-type BFD (BFDwt)

Table 1. Kinetic data determined for the decarboxylation of benzoylfor-
mate catalyzed by BFDwt and several BFD variants.”!

Enzyme Viax [UMg™'] Ky [Imm]

BFDwt 400+7 0.37+0.03
BFDP24A 367+10 0.514+0.07
BFDA460G 300+9 1.54+0.14
BFDL461V 60+ 1 0.06 +0.01
BFDL461A 5342 0.25+0.04
BFDL461G 49+2 1.40+0.16

[a] Data were measured in potassium phosphate buffer (pH 6.5, 50 mm).
Kinetic parameters were calculated according to Michaelis-Menten by
use of Origin 7.0 (Origin Lab Corporation, Northampton, MA, USA).

but with a decreased decarboxylase activity toward benzoylfor-
mate. The most pronounced effects were obtained with muta-
tion at position Leud61; this yielded variants with seven- to
eightfold decreased specific decarboxylase activity compared
to BFDwt. It is important to note that the K,, values do not par-
allel the V,,,, values. Whereas BFDP24A and BFDL461A show K,
values in the same range as the wild-type enzyme, the variant
BFDL461V had a six-times higher apparent affinity for the
substrate, while the K, values of the two glycine variants
(Ala460Gly, Leu461Gly) were about four- to five-times higher
than that of BFDwt. The substrate range of the decarboxylase
reaction was not affected by the mutations, with benzoylfor-

ChemBioChem 2008, 9, 406 — 412
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mate being the main substrate for all variants (see the Sup-
porting Information).

Carboligase activity of BFD variants

All variants were investigated with respect to their carboligase
activity toward the self ligation of benzaldehyde to afford ben-
zoin and acetaldehyde to give acetoin (Table 2). Mutations in

Table 2. Space-time yields and enantioselectivities of different BFD var-
iants involving the formation of acetoin from acetaldehyde and benzoin
from benzaldehyde.

Enzyme Acetoin ee [%] Benzoin ee [%]
[9 L’1 d"] [9 L’1 d’1]
BFDwt 0.11 34 (R) 1.08™! nd.
BFDP24A 0.19 3(R) 0.58" n.d.
BFDA460G 0.07 38 (R) 0.23" n.d.
BFDL461V 0.1 33 (R) 1.75% nd.
BFDL461A 0.07 64 (S) 0.14% nd.
BFDL461G n.d. n.d. n.d. n.d.

Space-time yields were calculated within the linear ranges of [a] 3 h and
[b] 2 h; n.d.: not determined.

the putative S pocket affected both acetoin and benzoin syn-
thesis. The Pro24Ala and Leu461Val variants were most effec-
tive in terms of catalyzing the acetoin synthesis; the Leu461Val
variant also catalyzed the benzoin synthesis 1.6-times more
rapidly than BFDwt. The mutations affected the stereoselectiv-
ity of acetoin formation significantly (Table 2): while BFDwt pre-
dominantly catalyzes the formation of (R)-acetoin (1, Table 3;
ee 34%),” the Senantiomer (ee 65%) was formed in excess
with BFDL461A; this supports the relevance of Leu461 for the
shape of the S pocket.

Further studies with mixed carboligations were focused on
the glycine and alanine variants in position Leu461. In mixed
carboligations with benzaldehyde and acetaldehyde the ste-
reoselectivity of the (S)-2-hydroxy-1-phenylpropan-1-one ((S)-
HPP, 3) synthesis was improved by both mutations (ee 98 %)
relative to BFDwt (92 %; Table 3 A).”

HPP is formed with benzaldehyde as the donor and acetal-
dehyde as the acceptor aldehyde (Figure 1). As predicted from
modeling studies, the most pronounced effect of an enlarged
S pocket should become apparent if acetaldehyde is replaced
by the larger propanal; this was confirmed by analytical studies
(Table 3B). Both variants in position 461 catalyzed the synthesis
of the desired (S)-2-hydroxy-1-phenylbutan-1-one product ((S)-
7) with high stereoselectivity, and showed even higher enan-
tioselectivities at pH 7.9 than under standard conditions
(pH 7.0); variation of the substrate concentration and reaction
temperature had no significant effect on the ee values (data
not shown).

According to the predictions based on the structure of
BFDL461A, a further increase in the size of the acceptor alde-
hyde should decrease the stereoselectivity again. This assump-
tion was experimentally confirmed by application of butanal in
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Table 3. Relative product distributions and enantiomeric excesses (ee) obtained in analytical scale carboligation reactions of benzaldehyde derivatives and
various aliphatic aldehydes catalyzed by BFD variants.?!
0 OH o R
| o (o] R! R3 R! R? o O
’ lR3 — R o) on | ¥ O R?
1 OH 16 I, OH
RZ
A) Products E) Products
R'=R*=H 1 2 3 4 R'=R?*=H 15 16 17 4
R*=CH, BFDwt R = cyclopropyl BFDL461A
- - 81% 4% - - 5% -
92% (S) 99% (R) 97.5% (S)
BFDL461A F) Products
- - 79% - R'=R?=0CH, 1 18 19 20
98% (S) R*=C,H;
BFDL461G BFDwt
- - 74.5% - - - <1% -
98% (S) ee n.d.
B) Products BFDL461A
R'=R?’=H 5 6 7 4 - 7.5%; 9%
R®=C,Hs >99% (5)
BFDwt BFDL461G
8% 12% 6% 8% - - 31% -
ee n.d. 98% (R) 21% (R) 99% (R) >99% (S)
BFDL461A G) Products
6% - 21.5% 1.5% R'=R>=0CH, 21 22 23 20
ee nd. 88%/93 %™ (S) ee nd. R*=CH,
BFDL461G BFDwt
- - 23% 0.5% 19% - -
93%/97 %™ (5) ee n.d. ee n.d.26%
ee n.d.
(@] Products BFDL461A
R'=R*=H 8 9 10 4 - - - -
R*=C3H, BFDwt BFDL461G
34% 32% 2% 3% 2% 26% 4% -
ee n.d. 99% (R) 66% (R) 99% (R) ee n.d. ee n.d. ee n.d.
BFDL461A H) Products
8% 3% 1% 1% R'=R?=0CH, 24 25 26 20
ee n.d. >99% (R) 63% (S) 97% (R) R*=C,H,,
BFDL461G BFDL461A
6% 2% 1% - 6% 4% 11 % <1%
ee n.d. ee nd. ee n.d. ee nd. ee nd. > 90% (S) ee nd.
D) Products 1) Products
R'=R*’=H 1 12 13 4 R'=CN 1 27 28 29
R*=0CH, BFDL461A R*=H BFDL461A
- - 9.5%, 21 % <1% R*=C,H; - - 22.5%, 60%°
93% (S) ee nd. 98% (S)
[a] Relative product distributions are given in mol% (NMR); ee values were determined by HPLC analysis. All studies were performed with equimolar con-
centrations of both aldehydes (18 mm) in potassium phosphate buffer (50 mm, pH 7, 2.5 mm MgSO,, 0.1 mm ThDP, 20 vol % DMSO0), with 0.3 mgmL™" puri-
fied enzyme, at 30°C, unless otherwise indicated. [b] Carboligations were performed at pH 7.9. [c] Carboligations were performed with a threefold excess
of the aliphatic aldehyde (54 mm).

mixed carboligation reactions with benzaldehyde to yield 10
with decreased stereoselectivity (ee 63 %, (S); Table 3C) and ac-
tivity. As well as propanal, monomethoxyacetaldehyde also
functions as an acceptor aldehyde in the presence of benzalde-
hyde for BFDL461A and results in a yield of about 20% in ana-
lytical biotransformations (Table 3D). In contrast, cyclopropane-
carbaldehyde yielded smaller amounts of the mixed carboliga-
tion product but with high selectivity (Table 3E).

The stereocontrol in mixed carboligations with propanal was
even better with 3,5-dimethoxybenzaldehyde and 3-cyanoben-
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zaldehyde than with benzaldehyde (Table 3F and I). Very inter-
esting results were obtained in carboligations of 3,5-dimethoxy-
benzaldehyde with butanal and pentanal. Whereas no product
was obtained with the BFDL461A variant, BFDL461G was able
to catalyze the mixed carboligation with pentanal even better
than with butanal (Table 3G and H).

The carboligation of benzaldehyde and propanal was investi-
gated in more detail on a preparative scale After 70 h,
BFDL461A had produced a 35% vyield (w/w) and BFDL461G a
31% yield (w/w) of product 7, while negligible amounts of 4
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and 5 were formed; this demonstrates very high chemoselec-
tivity for both variants. Confirming the predictions of the mod-
eling studies, the desired product (S)-2-hydroxy-1-phenylbutan-
1-one ((S)-7) was formed with very high stereoselectivity of 93—
97 % with variants BFDL461A and BFDL461G, which is in con-
trast to BFDwt (yields (R)-7; ee 21 %; Table 4). Although carboli-
gation with BFDwt resulted in a total conversion of 37%, a
mixture of 4, 6, and 7 in almost equal amounts was formed;
this demonstrates the low chemo- and stereoselectivity of
BFDwt for this reaction.

Table 4. Preparative scale carboligation of benzaldehyde and propanal
catalyzed by different BFD variants. Products were isolated by flash
column chromatography.

Substrate/ BFDwt (ee) BFDL461A (ee) BFDL461G (ee)
product®
benzaldehyde 1.1% - -
4 35.6% - -
(96% R)
6 36.7% - -
(98% R)
7 26.7 % >99% >99%
(21% R) (93% S) (97% S)
isolated yield (7) 16.2 mg 15 mg 13.7 mg

37 mol% (w/w) 35 mol% (w/w) 31 mol% (w/w)

[a] Numbers refer to Table 3. Product compositions are given in mol% (as
obtained by NMR spectroscopy); ee values were determined by chiral
HPLC.

Structural investigation of BFDL461A

In order to verify that the site-specific mutagenesis did not
alter the 3D structure of the enzyme beyond the exchanged
amino acid, the crystal structure of the BFDL461A variant was
solved with a resolution of 2.2 A. Despite the desired increase
in the size of the S pocket, no significant structural modifica-
tions were detected. In contrast to BFDwt, the S pocket in the
BFDL461A variant offers optimal space for the ethyl group of
propanal and provides higher stereoselectivity (Figure 2B and
D).

Our data show that stereoselectivity is predominantly a con-
sequence of the optimal stabilization of the acceptor aldehyde
side chain in the S pocket. If this fit is not optimal, as is already
observed for BFDwt with propanal (Figure 2A and C) and for
BFDL461A with butanal, the S selectivity is reduced (Table 3C).

Conclusions

We have successfully engineered S-specific BFD variants using
a structure-guided approach. By investigating the origin of
S selectivity we have demonstrated the potential to shape this
part of the active-site selectively for longer chain aliphatic ac-
ceptor aldehydes. The experimental data are very readily pre-
dictable by modeling studies, which allows the in silico design
of S-specific biocatalysts for special requirements. In order to
generalize this strategy the 3D structures of other ThDP-de-
pendent enzymes related to BFD have been compared.
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Figure 2. Crystal structures of the active sites of A) BFDwt and B) BFDL461A
with benzaldehyde and propanal modeled inside. The side chain of the
amino acid residue in position 461 is marked in blue. Benzaldehyde (gray) is
bound to the C2 atom of the thiazolium ring (orange) and is arranged in co-
planar fashion, due to steric and electronic demands. Propanal (light blue) is
located in the S pocket. Models show a perfect stabilization of the acceptor
aldehyde in the S pocket of the variant (B, D), while Leu461 causes steric
hindrance with propanal in BFDwt (A, C). Consequently, C) in BFDwt the
propanal predominantly approaches parallel to benzaldehyde (dotted
square) to yield mainly the R enantiomer, while D) in BFDL461A the perfect
fitting allows an antiparallel arrangement; this leads to an excess of the

S product.

A superimposition of the crystal structures of BFDwt,” BAL
from P, fluorescens,® PDCs from Zymomonas mobilis (ZmPDC)®?
and Saccharomyces cerevisiae (SCPDC),* as well as the recently
solved structures of PDC from Acetobacter pasteurianus
(ApPDC)," and KdcA from Lactococcus lactis (LIKdcA),!M™
gave profound insights. While there is no S pocket visible in
BAL, the S pockets of the other enzymes increased in the
series PpBFD < LIKdcA < ZmPDC/ScPDC < ApPDC (Figure 3).

However, the entrances to the S pockets in KdcA and both
PDCs are restricted by bulky residues, such as isoleucine or
valine, which could explain why all these enzymes are strictly R
selective. Consequently, (5)-2-hydroxyketones could be formed
by improving the access to this pocket. This has successfully
been shown with the variant ZmPDCI472A, which catalyzes the
formation of (S)-HPP (3; ee 70%), while exclusively (R)-phenyl-
acetylcarbinol (2; ee>98%) is formed with the wild-type
enzyme with benzaldehyde and acetaldehyde as substrates."™”

The predominant R selectivity of ThDP-dependent enzymes
is therefore soundly explicable mainly from their structures.
However, many of these enzymes have the latent inherent
property of S selectivity, since such S pockets are visible in
almost all the 3D structures mentioned above although they
are not accessible in many cases. Our results pave the way for
expanding the shaping strategy of the S pockets to a broad
range of other 2-ketoacid decarboxylases. This is a powerful
tool for enlarging the toolbox of enzymatically accessible 2-hy-
droxyketones with S enantiomers, and thus provides a valuable
platform for chemoenzymatic synthesis.

409

www.chembiochem.org



www.chembiochem.org



enzyme involved amino acid
S pocket
PpBFD Leuds1
ApPDC Glu469
ZmPDC Glu473
ScPDC Glu477
LIKdcA Glu462

entrance to S pocket

entrance to M = PpBFD PpBFD Ala460
e =ApPDC]|  ApPDC lle468
ZmPDC lle472

ScPDC lle476

LIKdcA Val461

Figure 3. Superimposition of the S pockets of BFDwt and ApPDC. In compar-
ison with BFD, ApPDC shows an enlarged S pocket, but the entrance is
blocked by residue 1le468 (left). The amino acids mainly bordering the

S pockets, as well as those defining the entrances to the pockets, are given
for BFD and ApPDC, and additionally for ZmPDC, ScPDC, and LIKdcA (right).

Experimental Section

Site-directed mutagenesis: The 1611 bp gene of benzoylformate
decarboxylase (BFD, E.C.4.1.1.7) from Pseudomonas putida was li-
gated into a pKK233-2 plasmid (Pharmacia),®' which contained
the information for a C-terminal Hiss-tag. For mini- and midiprepa-
rations, E. coli XL1-blue (Stratagene) was transformed with the con-
struct by electroporation. For over-expression, E.coli SG13009/
pRep4 (Qiagen) was used as host. Site-directed mutagenesis was
performed with the aid of the QuikChange® site-directed mutagen-
esis kit (Stratagene). The sequences of the mutagenesis primers are
given in the Supporting Information. Gene sequences were con-
firmed by DNA sequencing (Sequiserve).

Expression and purification: Incubation of the variants was carried
out in shaking cultures (1L LB medium, pH 7.5, 5L flasks). Over-
expression was induced by addition of IPTG (1 mm) at ODgy, < 0.45.
For biotransformations the variants were purified according to a
protocol previously developed for BFDwt" ' [Ni-NTA chromatogra-
phy: disintegration buffer (50 mm potassium phosphate, pH 7.0,
2.5 mm MgSO,, 0.1 mm ThDP), washing buffer (50 mm potassium
phosphate, pH 7.0, 20 mm imidazole), elution buffer (50 mm potas-
sium phosphate, pH 7.8, 250 mm imidazole); G25-chromatography
(10 mm potassium phosphate pH 7.0, 2.5 mm MgSO, 0.1 mm
ThDP)]. After purification the enzyme variants were either freeze
dried or diluted with glycerol (50%, v/v) and stored at —20°C.

For enzyme crystallization of BFDL461A the same purification pro-
tocol was used but with different buffers [Ni-NTA chromatography:
disintegration buffer (Mes/NaOH, 50 mm, pH 7.0, 2.5 mm MgSO,,
0.1 mm ThDP), washing buffer (Mes/HCl, 50 mm, pH 7.0, 50 mm
imidazole), elution buffer (Mes/HCl, 50 mm, pH 7.0, 250 mm imida-
zole); G25-chromatography (Mes/NaOH, 20 mm, pH 7.0, 2.5 mm
MgSO,, 0.1 mm ThDP)]. Concentration of enzyme solutions was
performed in vivaspin 20 centrifuge columns (Sartorius, cut-off
10 kDa) up to 130 mgmL~". Superdex G200 (GE Healthcare) size-ex-
clusion chromatography showed 97.5% purity of the tetrameric
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BFDL461A (2% dimeric BFDL461A, 0.5% impurity). For storage the
enzyme solution was shock frozen in liquid nitrogen and kept at
—20°C.

Decarboxylase activity assay: One unit of decarboxylase activity is
defined as the amount of enzyme that catalyzes the decarboxyla-
tion of 1 umol benzoylformate per minute under standard condi-
tions (pH 6.5, 30°C). Activity was measured by coupled photomet-
ric assay as previously described.”’ For determination of the sub-
strate range, different 2-ketoacids were applied in a final concen-
tration of 30 mm in this assay; except in the case of indole-3-pyru-
vate (1 mm; see the Supporting Information).

Protein concentrations
181 with bovine serum al-

Protein concentration determination:
were determined as described by Bradford
bumin (BSA) as standard.

Benzoin syntheses

Reaction conditions: Benzaldehyde (20 mm), DMSO (20 vol %), BFD
variant (0.3 mgmL™"), potassium phosphate buffer (50 mm, pH 7.5,
25 mM MgSO,, and 0.1 mm ThDP), were incubated at 30°C and
100 rpm. To avoid evaporation of the aldehydes the reaction batch
was divided into GC vials, each with a volume of 400 pL, after the
starting sample had been taken. The reaction was stopped by ad-
dition of acetonitrile (400 pL) followed by intense vortexing and
centrifugation of the precipitate. Calibration curves with benzoin
were prepared in the same way. Conversions were determined by
HPLC, with use of a Dionex HPLC instrument (Germering) equipped
with a 250x4.6 Multohyp ODS-5 p (CS-Chromatography) and a UV
detector (mobile phase 60% (v/v) H,0: 40% (v/v) acetonitrile, flow
1.1 mLmin~', pressure 130 bar, 20 uL injection volume, detection
A =250 nm), tg (benzoin)=32.2 min.

Acetoin syntheses

Reaction conditions: Acetaldehyde (40 mm), DMSO (20 vol %), BFD
variant (0.3 mgmL™"), potassium phosphate buffer (50 mm, pH 7.5,
25mMm MgSO, 0.1 mm ThDP) were incubated at 30°C and
100 rpm. As described for the benzoin synthesis, the reaction
batch was divided into GC vials each with a volume of 400 pL. For
enzyme inactivation the vial was heated for 60 s at 90 °C followed
by centrifugation of the precipitate. Conversion and enantiomeric
excess were determined by chiral GC by using 6890 N Agilent GC
(Palo Alto) equipped with a Cyclodex b-1/P column (50 mx
320 um) and a FID detector (flow 3.4 mLmin~', pressure 0.8 bar,
split 5:1, 1 pL injection volume, temperature gradient: 50°C for
5 min, 40 °Cmin~" to 190°C), t; (R)-acetoin=6.98 min, t; (S)-ace-
toin=7.11 min.

Mixed carboligations of benzaldehyde and different aliphatic
aldehydes

Analytical scale

Reaction conditions (1.5mL scale): Benzaldehyde (0.027 mmol,
2.9 mg) was dissolved in a mixture of DMSO (0.3 mL) and potassi-
um phosphate buffer (50 mm, 1.2 mL, pH 7, 2.5 mm MgSO,, 0.1 mm
ThDP). Acetaldehyde, propanal, or butanal (0.027 mmol) was
added to this solution. After addition of purified enzyme (0.45 mg)
the reaction mixture was stirred slowly at 30°C for 72 h. The reac-
tion mixture was extracted with CDCl,.

Preparative scale synthesis

Reaction conditions (15 mL scale): Benzaldehyde (29 mg, 0.27 mmol)
and propanal (16 mg, 0.27 mmol) were dissolved in DMSO (3 mL).
After addition of potassium phosphate buffer (50 mm, 12 mL,
pH 7.9, 2.5 mm MgSO,, 0.1 mm ThDP) the reaction was started with
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the purified BFD variant (4.5 mg) and the mixture was stirred
slowly at 30°C. After 26.5 h, further BFDwt or variants (4.5 mg)
were added. The reaction was stopped either after 70 h (BFDwt,
BFDL461A) or 50 h (BFDL461G) by extracting three times with
ethyl acetate (25 mL), and the organic layer was dried over Na,SO,.
The solvent was evaporated, and the crude product was dissolved
in ether (5 mL). The ether extract was washed with brine and dried
over Na,SO,, followed by evaporation of the solvent.

Analysis of (S)-2-hydroxy-1-phenylbutan-1-one ((S)-7): HPLC:
(chiral OD-H, n-hexane/propan-2-ol, 95:5, 0.5 mLmin~", 40°C): t;
(5)=11.8 min, t; (R)=13.9 min; [a]3"*=—11.52 (c=0.4, CHCl,); CD
(acetonitrile): 4 (mol CD)=298 (—0.3250), 281 (—1.7045), 239
(6.2025), 206 nm (—7.6004); 'H NMR (400 MHz, CDCl;, 300 K): 0=
0.96 (t, *Jyy=7.4Hz, 3H; CH,), 1.63 (dqd, Jyu=143 Hz, *Jy,,=
74Hz, 73Hz, 1H; CH,), 1.98 (dqd, *Jyy=143Hz, *J;y=7.4 Hz,
3.8 Hz, 1H; CH,), 3.73 (d, *Jyy=6.4 Hz, 1H; OH), 5.08 (ddd, *},,=
7.3 Hz, 6.4 Hz, 3.8 Hz, 1H, CHOH), 7.52 (ddm, *J,,,=7.4 Hz, 2H; Ar-
H), 7.64 (ddm, *Jy,=7.4 Hz, 1H; Ar-H), 7.93 ppm (dm, *J;,=7.4 Hz,
2H; Ar-H); *CNMR (100 MHz, CDCl,, 300K): 6=8.8 (CH,), 28.8
(CH,), 73.9 (CHOH), 1284 (2CH,), 128.8 (2CH,), 133.3 (CH,)
202.1 ppm (CO); GCMS t;=8.7 min; MS (70 eV, El): m/z (%): 164
(0.1%) [M]*, 105 (100%), 77 (46 %).

Crystallization: BFDL461A was crystallized by the hanging-drop
vapor diffusion method. Droplets were set up for crystallization by
mixing of protein solution [2 pL; containing protein (13 gmL™") in
Mes/NaOH (20 mm, pH 7.0, 2.5 mm MgSO,, 0.1 mm ThDP)] and the
reservoir solution (2 pL). Screening and optimization revealed a
reservoir solution consisting of PEG 2000 MME (18-24%, w/v),
sodium citrate (pH 5.2-5.8, 0.1 m), and (NH,),SO, (100-150 mm) to
be optimal. After equilibration for 3 days, diffraction-quality crystals
were obtained.

Data collection and processing: For cryoprotection the crystals
were quickly dipped into the well solution supplemented with eth-
ylene glycol (25 %) before being frozen in a cryogenic nitrogen gas
stream at 110 K. Data were collected to a resolution of 22 A at
beamline 1911-3 (Max-lab, Lund, Sweden). Images were processed
with the aid of MOSFLM,"” and the unit cell parameters were de-
termined by the autoindexing option. The data set was scaled with
the program SCALA implemented in the CCP4 program suite.'®
The crystal belongs to the space group P2,2,2, with the cell di-
mensions a=96 A, b=140 A, and c=169 A. Four monomers were
packed in one asymmetric unit. Data collection statistics are given
in Table 5.

Structure solution and crystallographic refinement: The structure
of BFDL461A was determined by molecular replacement by use of
the program MOLREP"®'¥ The BFDwt structure (PDB ID code:
1bfd)™ was used as search model to place the four monomers into
the asymmetric unit. Atomic positions and B factors of the model
were refined by the maximum likelihood method in REFMAC5,1'82"!

Table 5. Data collection statistics for BFDL461A. Values in parentheses
are given for the highest resolution interval.

2.2 (2.32-2.2)
321349 (46653)
111569 (16561)

resolution [A]
no. of observations
no. of unique reflections

completeness [%] 97.0 (99.2)
multiplicity [%] 2.9 (2.8)
mean {l/o(l)} 8.8 (2.2)
Wilson B factor [A%] 27.8

Renerge [%] 12.4 (45.8)
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which was interspersed with rounds of manual model building in
COOT™" Noncrystallographic symmetry restrains were initially
applied but were released toward the end of refinement. Water
assignment was performed in COOT, in which the model was also
validated. The quality of the final structure was examined with
PROCHECK."®?? Statistics of the refinement and final model are
given in the Supporting Information. The coordinates of
BFDL461A, in addition to the structure factors, have been deposit-
ed in the Research Collaboratory for Structural Bioinformatics Pro-
tein Databank PDB with the ID code 2v3w.

Structural analysis and substrate placement: The modeling stud-
ies were carried out with the programs PyMol® and Swiss-Pdb
Viewer.”” To investigate the differences in the stereoselectivities of
2-hydroxyketone formation by BFDwt and BFDL461A, and to pre-
dict the optimal substrate size of the acceptor aldehyde fitting in
the S pocket, the acceptor and donor aldehydes were placed into
the active sites as described previously.® Models of the molecules
were created with the molecular builder in the program SYBYL
(Tripos, St. Louis, MO, USA).
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Monomer Formation and Function of p-Hydroxybenzoate
Hydroxylase in Reverse Micelles and in Dimethylsulfoxide/

Water Mixtures

Elena V. Kudryashova,® ® Antonie J. W. G. Visser,” “¥ and Willem J. H. van Berkel*"

It has previously been postulated that the dimeric form of the fla-
voprotein p-hydroxybenzoate hydroxylase (PHBH) is important
for catalysis. Here it is demonstrated that the monomeric form of
PHBH is active. In a water/AOT/isooctane reverse micellar system,
the function of the monomeric and dimeric forms of PHBH could
be observed separately by varying the size of the micelles. A con-
siderable decrease in the K, value for p-hydroxybenzoate (POHB)
was found for monomeric PHBH, accompanied by a 1.5-fold de-

Introduction

para-Hydroxybenzoate hydroxylase (PHBH; EC 1.14.13.2) is a
model flavoenzyme involved in the microbial metabolism of ar-
omatic compounds." PHBH catalyses the conversion of 4-hy-
droxybenzoate into 3,4-dihydroxybenzoate, using NADPH and
molecular oxygen as cosubstrates. PHBH is a homodimer of
about 88 kDa, with each monomer containing one FAD mole-
cule. Although the mechanism of the action of PHBH has been
extensively studied,® there are no direct indications of how
enzyme catalysis is linked to the dimeric form. It has been sug-
gested that the binding of p-hydroxybenzoate (POHB) to one
of the subunits of the enzyme triggers conformational changes
at the active site of the alternate subunit, thus generating a
fully active enzyme.”

This work was aimed toward providing better insight into
the role of subunit interactions in PHBH catalysis. Earlier experi-
ments had indicated that the PHBH dimer is rather stable and
that this stability is governed by the dissociation rate con-
stant.”) To modulate the oligomeric composition in PHBH we
have applied a reverse micelle system, which can be regarded
as a “nanoreactor” of molecular size.">'® The sizes of the inner
cavities of the micelles where protein molecules are entrapped
can be strictly controlled by varying the surfactant hydration
degree (w,), which is determined by the molar ratio of water
to surfactant."'¥ Reverse micelles of AOT in octane are a pow-
erful tool with which to control the supramolecular structures
of enzymes.">™ We have followed this approach to distin-
guish between the activities of the pure monomeric and di-
meric forms of PHBH function at different degrees of hydration
of the micelles. Water/DMSO mixtures were applied as a com-
plementary system to induce PHBH monomer formation.
DMSO is known to promote dissociation of the dimeric protein
by weakening hydrophobic interactions between the
subunits.®2”
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crease in enzymatic activity. The same tendency was observed
when monomers of PHBH were formed by adding DMSO to the
buffer. The FAD in PHBH and PHBH labeled with the fluorescence
dye Alexa488 was investigated by time-resolved fluorescence an-
isotropy to observe monomer formation in water/DMSO mixtures.
Monomer formation of PHBH occurred gradually with increasing
DMSO content in the mixture. Pure PHBH monomers were detect-
ed at DMSO concentrations of 30% (v/v) and higher.

Time-resolved fluorescence techniques were used to visual-
ize the changes in the oligomeric composition of PHBH, since
these methods provide detailed information on the microenvi-
ronment of the fluorescent molecule.”” With the time-resolved
fluorescence anisotropy technique the rotational motion of
supramolecular protein complexes can be studied. Since the
rotational correlation time is directly proportional to protein
mass,”” monomer formation can be observed through mea-
surements of rotational correlation times that should be
roughly two times shorter for a monomer than for a dimer. In
addition, segmental motion can be distinguished from the
overall rotation of protein complexes.”>*! For PHBH we use
two types of fluorophores: the FAD prosthetic group and the
much brighter Alexa488 dye, which can be selectively attached
to Cys116 through a maleimide derivative.*®

In this study the monomeric form of PHBH was isolated by
entrapment in reverse micelles and by addition of DMSO. The
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results obtained demonstrate for the first time that the PHBH
monomer is active. The impact of this result for the molecular
mechanism of the enzyme function is discussed.

Results

Regulation of the oligomeric composition of PHBH in
reverse micelles

It has been found that an enzyme in a reverse micelle system
normally shows a bell-shaped dependence of its catalytic activ-
ity on the degree of surfactant hydration—(w,=
[H,OI/[AOT])—with an optimum at conditions under which the
enzyme size corresponds to the size of the micelle inner
cavity.""12147679 From the position of the activity optimum
(wp) one can calculate the inner radius of the micelles (r,),
which can be used to deduce the enzyme maximal radius ac-
cording to an empirical equation: r,(A)=(1.5w,+4).2" Oligo-
meric enzymes show activity profiles with several optima,
where each of these optima reflects a different oligomeric
form of the enzyme.l'>'6'8

In this work the AOT/isooctane/water reverse micellar
system was applied to monitor the functional properties of iso-
lated monomeric and dimeric forms of PHBH. The dependence
of PHBH activity on the degree of hydration (w,; Figure 1)
shows two optima, at hydration ratios of 13 and 18, which are
tentatively assigned to the monomeric and dimeric forms of
PHBH, respectively. Radii of micelles determined from these w,
values are 23.5 and 31 A. The radius (r,) at w,=18, corre-
sponding to the optimal catalytic activity of PHBH, is in good

70
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Figure 1. Dependence of the catalytic activity of PHBH on the degree of hy-
dration (w,; w,=[H,0]/[AOT]) in the system of reversed micelles of AOT in
isooctane. Experimental conditions: AOT (0.2 m), Tris/sulfate (100 mm),

pH 8.0. POHB and NADPH concentrations were varied from 20 to 400 um to
determine the turnover numbers from the initial velocity of NADPH con-
sumption. Kinetic data were analyzed by nonlinear least-squares fitting
analysis.””!

W. J. H. van Berkel et al.

agreement with the maximal radius (r,) of the dimeric enzyme
obtained from its 3D structure (Table 1). At the same time, for
monomeric PHBH the optimal size of the micelles (r,,) is some-
what larger than the radius of the protein (r,) calculated from
the crystal structure data (Table 1). As discussed previously,?
such deviations can be due to a nonspherical shape of the pro-
tein molecule (see also below).

The kinetic parameters (k. and K, for NADPH, as well as K},
for POHB) determined in AOT reverse micelles for the dimeric
form of PHBH are close to those observed in aqueous solution
(Table 2). Monomeric PHBH, however, shows a 1.5-fold de-
crease in k., and a considerable decrease in K, for POHB,
while Kj, for NADPH is practically unchanged in relation to that
of the dimer (Table 2).

Table 2. Kinetic parameters of PHBH determined with natural substrates
at pH 8.0 in aqueous solution, in the reverse micellar system of AOT in
isooctane at degrees of hydration of 13 and 18, corresponding to the
function of the monomeric and dimeric forms of the enzyme, respective-
ly, and in water/DMSO mixtures containing DMSO (20%, v/v). Turnover
numbers are extrapolated to infinite concentrations of POHB and NADPH.
Kinetic constants have maximal error values of 10%.

System Ky NADPH K, POHB Keat Oligomeric
[um] [um] [s1  form
aqueous solution/ 37/23 18/11 61/57  dimer
literature data
AOT, wy=13 52 0.6 45 monomer
AOT, w,=18 25 25 63 dimer
DMSO, 20% (v/v) 60 10 30 monomer/dimer

The catalytic activity of PHBH in water/DMSO mixtures

We have previously shown that the stability of the PHBH dimer
is governed by the dissociation rate constant and that the rate
of dimer dissociation is increased in an aqueous solution con-
taining DMSO.' When the catalytic performance of PHBH in
water/DMSO mixtures is studied, the turnover rate shows a
monotonous decrease as a function of DMSO concentration
(Figure 2).

At a DMSO concentration of 20% (v/v) the activity of PHBH
is halved, even though such a DMSO concentration is normally
lower than the “threshold” concentration at which denatura-
tion is observed for many enzymes.®?*>% It is remarkable that in
20% DMSO the Ky, for POHB is lower than that in aqueous so-
lution. A similar effect on the K, for POHB was observed upon
monomer formation of PHBH in reverse micelles. The decrease

tane reverse micelles.

Table 1. Comparison of the maximal radii (r,) of dimeric and monomeric (as a subunit of the dimer) forms of PHBH obtained from its three-dimensional di-
meric structure,”’ and the inner radius of the micelle (r,,) calculated from the position of the activity optimum (Wo,0pe) Of the enzyme in water/AOT/isooc-

PHBH form axbxc r*, Woropt. I [A] Difference between
[A]® [A]®™ (rn=1.5w,+4) I and r, [%]

monomer 21.1x22.6x37.4 18.7 13 235 25

dimer 21.1%x58.7%x31.4 29.3 18 31 5

[a] The geometrical size of the enzyme. [b] Half the length of the longest dimension of the PHBH dimer calculated from the 3D structure.”’
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Figure 2. Dependence of the catalytic activity of PHBH on the DMSO con-
centration. Experimental conditions: Tris/sulfate (100 mm), pH 8.0. POHB and
NADPH concentrations to determine the turnover numbers from initial ve-
locity of NADPH consumption were 20-400 um. Kinetic data were analyzed
by nonlinear least-squares fitting analysis.*”

in K, POHB in both systems is even more noticeable when it is
taken into account that both addition of organic solvents and
entrapment in reverse micelles can result in higher apparent
Ky, values for aromatic substrates, due to a smaller preference
for substrate extraction from solution to the enzyme active
site.l'12323433 Therefore, the presence of DMSO during cataly-
sis most probably induces dissociation of PHBH. In 20% DMSO,
the turnover rate is considerably less than that observed for
the monomeric form of PHBH in reverse micelles (Table 2). The
lower activity in DMSO also cannot be explained simply by the
increased viscosity (Table 3). This suggests that there is some
inactivation of the enzyme by DMSO, and that the monomeric
enzyme is more sensitive to inactivation than the dimer” A
further increase in DMSO concentration up to 40% (v/v) results
in a decrease in enzyme activity down to 15% of the initial
level.

Time-resolved fluorescence and anisotropy of FAD-PHBH in
water/DMSO mixtures

Another approach for demonstrating the existence of PHBH
monomers in water/DMSO mixtures involves time-resolved
fluorescence spectroscopy. In many flavoenzymes the fluores-
cence of the flavin prosthetic group shows low molecular
brightness due to severe quenching.®**” Recently, we have
systematically investigated the experimentally observed total
flavin fluorescence decay of wild-type PHBH and its Y222A and
Y222V muteins.®® Although flavin fluorescence in PHBH is
strongly quenched, the quenching is considerably less than in
E. coli glutathione reductase (GR): the ratio of fluorescence
quantum vyields Qpus/Qgr~15. For substrate-free PHBH in

aqueous buffer the fluorescence lifetime pattern shows high
heterogeneity, with at least four lifetime components covering
a dynamic range between 15 ps and 3 ns.*® This could be due
to the various dynamic states previously reported for PHBH.B?
From the similarity in structure and fluorescence characteristics
between PHBH and other tyrosine-containing flavoproteins
such as glutathione reductase® and NADPH peroxidase,”” the
mechanism of quenching most probably involves photoin-
duced electron transfer from particular tyrosine residues to the
light-excited flavin. Tyr222 is very likely to be the quenching
residue.®® In single-molecule studies the Y222A variant does
not show the fluctuations in fluorescence due to open-to-in
positional dynamics.>?

Here, we used time-resolved fluorescence to characterize
the excited-state properties of FAD-PHBH in different mixtures
of water and DMSO. When DMSO was added, the average fluo-
rescence lifetime (r) increased from 0.6 ns in aqueous buffer
to 1.1ns in 40% DMSO (Table 3). Fluorescence anisotropy
decay of FAD-PHBH was used to monitor the rotational motion
of the dimeric enzyme. Representative examples of fluores-
cence anisotropy decay of FAD-PHBH in aqueous solution and
in 40% DMSO (v/v) and the analysis are presented in Figure 3.
A single rotational correlation time (¢,.) of 32 ns was ob-
tained for FAD-PHBH in aqueous solution, and is in excellent
agreement with that expected for a dimeric PHBH molecule.*?
Although the 1.6 ns and 3.1 ns fluorescence lifetime compo-
nents only contribute to the total fluorescence decay by 7%
and 2%, respectively,®® they are the main carriers of the aniso-
tropy signal in the nanosecond time region.

The results of the fluorescence anisotropy decay analysis ob-
tained for FAD-PHBH in aqueous solution and in water/DMSO
mixtures are summarized in Table 3. The results indicate that
FAD is rigidly bound to the protein and rotates together with
the protein. The viscosities (1) of the water/DMSO mixtures in-
crease at higher DMSO content. Therefore, to make valid com-
parisons between results from various water/DMSO mixtures,
the experimental rotational correlation times must be divided
by viscosity values. In water/DMSO mixtures the value of ¢,/
n for FAD-PHBH decreases with increasing DMSO concentra-
tion (Table 3). Although it looks as though the fluorescence
anisotropy decay of FAD-PHBH in 40% DMSO (v/v) is slower
than in aqueous buffer (see Figure 3B), after correction for vis-
Cosity, ¢, decreases to a value of 21 ns. Time-resolved fluores-
cence anisotropy of FAD-PHBH can also be used as a diagnos-
tic tool to investigate the release of FAD from the protein, be-

Table 3. Average fluorescence lifetimes ((z)) and fluorescence anisotropy decay parameters (3, @) Of FAD-PHBH in water/DMSO mixtures."

Percentage of DMSO (v/v) (7) [ns] r(0) Doror [NS] Relative viscosity (1) Dorot/N [NS]

0 0.62 (0.58-0.67) 0.364 31.8 (30.1-33.6) 1.00 31.8 (30.1-33.6)
10 0.79 (0.74-0.85) 0.370 36.5 (34.4-38.7) 1.25 29.2 (27.5-31.0)
20 0.93 (0.90-0.96) 0.374 43.2 (40.9-45.7) 1.57 27.5 (26.0-29.1)
30 1.00 (0.91-1.13) 0.361 42.0 (39.9-44.2) 2.01 20.9 (19.9-22.0)
40 1.09 (1.01-1.23) 0.355 55.0 (37.0-65.0) 2.58 21.3 (16.3-25.2)

N N
[a] The average fluorescence lifetime or amplitude-weighted fluorescence lifetime is defined as ()= " a7/ > a;; a; is the amplitude of lifetime compo-

nent 7;. Values in parentheses were obtained after rigorous error analysis at the 0.67 confidence level in a global analysis of two separate experiments.

i=1 i=1
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Figure 3. Fluorescence anisotropy decay of PHBH. A) Experimentally ob-
served fluorescence anisotropy decay (gray) and corresponding theoretical
curve (black) retrieved from the optimal monoexponential fit of PHBH

(10 pum) in potassium phosphate (50 mm), pH 7.5, at 293 K. The recovered
parameters are the initial anisotropy—r(0) =0.37—and the rotational correla-
tion time—¢ =31+ 2 ns. The time-dependent total fluorescence intensity
normalized to 0.5 (----- ) has been included in the graph for clarity. A rota-
tional correlation time of 31 ns agrees well with a protein of 88 kDa. B) Ex-
perimentally observed fluorescence anisotropy decay and corresponding
theoretical curve (black) retrieved from a biexponential fit of wild-type PHBH
(10 pum) in potassium phosphate (50 mm), pH 7.5 containing DMSO (40 %,
v/v) at 293 K. The recovered parameters are: 5, =0.017, ¢; =0.5 ns,
B,=0.355, ¢=>58 ns. The short correlation time of 0.5 ns arises from dissoci-
ated FAD, and the pre-exponential factor of 0.017 indicates the presence of
about 5% dissociated FAD. The time-dependent total fluorescence intensity
normalized to 0.5 (----- ) has been included in the graph. The fluorescence
intensity in the tail of the curve (> 10 ns) is approximately four times higher
than that in (A). This explains the less noisy experimental anisotropy in rela-
tion to that in panel A.

cause free FAD will give rise to a rapid correlation time compo-
nent in the time-dependent anisotropy. At 40% DMSO only a
small fraction (5%) of FAD is released from the protein (see
Figure 3B). The rotational correlation time of free FAD is based
upon 0.5/2.58=0.19 ns [2.58 is the relative viscosity of 40%
DMSO (v/v)], which is the experimental correlation time as re-
ported previously."

W. J. H. van Berkel et al.

Time-resolved fluorescence and anisotropy of Alexa488-
PHBH in water/DMSO mixtures

PHBH from Pseudomonas fluorescens contains a surface-accessi-
ble cysteine (Cys116), which can be specifically covalently la-
beled with maleimides without influencing the enzyme activi-
ty** As described previously, we modified PHBH with
Alexa488 maleimide to yield one strongly fluorescent label per
enzyme subunit.” The total fluorescence decay of Alexa488-
PHBH was best fitted with a biexponential function with a
major component with a lifetime of 3.7 ns and a minor compo-
nent with a lifetime of around 1 ns, leading to an average fluo-
rescence lifetime of 3.2 ns.”® The average fluorescence lifetime
of Alexa488-PHBH is unchanged with addition of DMSO up to
20% (v/v), while at DMSO concentrations of 30% (v/v) the
average fluorescence lifetime becomes slightly longer (3.4 ns;
Table 4).

The important advantages of using Alexa488-PHBH instead
of native PHBH in time-resolved fluorescence anisotropy mea-
surements are a much greater brightness of the fluorescence
and a longer fluorescence lifetime. Analysis of the fluorescence
anisotropy decays of Alexa488-PHBH in aqueous solution yield-
ed a short correlation time that reflects rapid segmental
motion and a longer rotational correlation time that reflects
protein rotation.” Important to note is that the overall rota-
tional correlation time seems somewhat shorter than that ob-
served for FAD-PHBH. As discussed previously, the longer mea-
sured correlation time is shorter than the correlation time for
overall protein rotation because of contributions from the seg-
mental motion.” Similar results are obtained for Alexa488-
PHBH in water/DMSO mixtures. In Table 4 we present the
values of the long rotational correlation time of Alexa488-
PHBH at increasing DMSO concentrations, together with those
that are normalized by the relative viscosity of the system. In
water/DMSO mixtures the ¢,./77 value clearly decreases with
increasing DMSO concentration, indicating gradual monomeri-
zation of Alexa488-PHBH. The twofold decrease in ¢,./77 sug-
gests complete monomer formation at DMSO concentrations
of 30% (v/v).

Dose-response analysis

The most direct way to obtain fractions of oligomeric species
is by analysis of the fluorescence anisotropy decays. Suppose

Table 4. Average fluorescence lifetimes ((7)) and long correlation times (¢, of Alexa488-PHBH in water/DMSO mixtures.

[a]

Percentage of DMSO (v/v) (7) [ns] B Poror [NS] Relative viscosity (1) Dorot/1 [NS]

0 3.08 (3.00-3.18) 0.20 19.3 (16.2-22.3) 1.00 19.3 (16.2-22.3)
10 3.14 (3.02-3.18) 0.20 17.5 (14.2-23.0) 1.25 14.0 (11.4-18.4)
20 3.19 (3.06-3.28) 0.20 19.2 (15.4-26.3) 1.57 12.3 (9.8-16.7)
30 3.41 (3.32-3.49) 0.20 20.8 (15.7-26.8) 2.01 10.4 (7.8-13.3)
40 3.42 (3.36-3.50) 0.20 25.5(19.9-33.2) 2.58 9.8 (7.7-12.9)

initial anisotropy r(0) is on average 0.334+0.01.

N N
[a] The average fluorescence lifetime or amplitude-weighted fluorescence lifetime is defined as (z) = >~ a;v/ Y. a;; a; is the amplitude of lifetime compo-
i=1 i=1

nent 7, Values in parentheses were obtained after rigorous error analysis at the 0.67 confidence level in a global analysis of two separate experiments. The
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that we have two rotating protein species in equilibrium:
dimers with rotational correlation time ¢, and monomers with
rotational correlation time ¢,. The apparent observed rotation-
al correlation time can then be regarded as a harmonic mean
correlation time:*?

(z)obs = Z ﬂl/ Z (ﬂl/¢l)

For quantitative analysis the amplitudes ; must be weight-
ed by the fluorescence efficiencies of both species. However, if
it is assumed that the fluorescence efficiency of a dimer is
twice that of a monomer, then the amplitude f; immediately
represents the fractional contribution of the oligomeric protein
species i. If we further take ¢, as the first point (no DMSO pres-
ent) and ¢, as the last point (40% DMSO) in the titration with
DMSO and, noting that 3, +3,=r(0) (see Table 3), then j; can
be expressed in all three correlation times and

H0): By =1(0) x ¢y x (%_%)/(1_%)

The results for the FAD-PHBH anisotropy data have been
collected in Figure 4. The points have been fitted to a sigmoid
function (for details see legend of Figure 4) to obtain the
concentration at which 50% of PHBH dimers are present
([IDMSQ];,). We obtained [DMSO],,=23.5+6.8% (v/v). We
have also subjected the Alexa488-PHBH data to the same anal-
ysis, which leads to a value with larger error: [DMSO],,=
17.5+12.2% (v/v; for graph see Figure S1 in the Supporting In-
formation). The larger error is due to the fact that the dynamic
range of the anisotropy is smaller than that for FAD-PHBH by
almost a factor of two (5,=0.2; see Table 4).

The dependence of the fluorescence lifetimes on DMSO con-
centration has also been analyzed in terms of a sigmoid model
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Figure 4. Fraction of dimeric PHBH as recovered from analysis of the ob-
served rotational correlation times obtained from fluorescence anisotropy
decay of FAD-PHBH as a function of [DMSO]. The standard deviations in the
data points are estimated from the confidence intervals of the observed ro-
tational correlation time (see Table 3) with the assumption of precise values
of r(0). The experimentally determined data points, weighted by their stan-
dard deviations, are fitted to a sigmoid equation to determine the concen-
tration of DMSO at which 50% of dimeric species is present—[DMSO], ,. The
sigmoid equation has the following form: y=base + max/{1+exp[(X,,—x)/
rate]}. The fit parameters were base =94 +8, max=—101+54,
rate=3.01+4.5, and X,s=23.5+6.8 (X s=[DMSO], ;). The fitting procedure
was performed with the aid of Igor Pro (Wavemetrics Inc., Lake Oswego, OR,
USA).
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function. [DMSQ],,, then signifies the concentration at which a
50% change in lifetime range is observed. The changes in the
average fluorescence lifetime of FAD as function of DMSO con-
centration were too gradual to give a reliable midpoint con-
centration, since the standard deviation is much larger than
the actual value: [DMSO],,=4.9+353% (v/v; Figure S2). A
plausible explanation is that the average fluorescence lifetime
is dominated by the very short fluorescence lifetime compo-
nent arising from picosecond quenching.®® This lifetime com-
ponent then undergoes a gradual, noncooperative change
with a midpoint at 20%. On the other hand, the long, un-
quenched fluorescence lifetime component is more sensitive
to changes in the direct isoalloxazine environment. Indeed,
when the long fluorescence lifetime component of FAD-PHBH
is analyzed, a reliable midpoint value is obtained: [DMSO],,, =
18.1£6.3% (v/v; Figure S3). This also applied for the average
lifetime of Alexa488-PHBH, leading to [DMSO],,,=22.7+6.4%
(v/v; Figure S4). The combination of these results leads to
[DMSO],,,=20.6+2.7% (v/v).

Discussion

This is the first report on a systematic investigation of mono-
mer formation in dimeric PHBH. Reverse micelles were success-
fully applied to measure the catalytic activity of isolated PHBH
monomers in a nondenatured state. A 30-fold decrease in the
Michaelis constant for POHB and a 1.5-fold decrease in turn-
over rate were found for PHBH monomers (20-fold increase in
catalytic efficiency). This result can be explained by consider-
ation of the catalytic mechanism of PHBH."-? PHBH catalyzes
its reaction in two ways: firstly by reduction of the enzyme co-
factor—FAD—by NADPH in response to binding POHB to the
enzyme, and secondly by oxidation of reduced FAD by dioxy-
gen to form a flavin hydroperoxide, which oxygenates POHB
to form 3,4-dihydroxybenzoate. These reactions are achieved
through conformational rearrangements of the isoalloxazine
ring and protein residues within the protein structure. It is be-
lieved that three conformations of the enzyme provide a foun-
dation for efficient catalysis: in, out, and open.” During PHBH
catalysis the isoalloxazine ring of the FAD moves in and out of
the hydroxylation pocket™ In the oxidized state, the flavin
swings out for the reaction with NADPH. The in form is adopt-
ed upon reduction of FAD in response to POHB binding. This
closed conformation is required for substrate hydroxylation,
which must occur in the absence of solvent. The open confor-
mation is adopted (dynamically) without POHB bound and is
responsible for providing solvent access required for substrate
and product exchange.”*? It has previously been demonstrat-
ed that the equilibrium between PHBH conformers is impor-
tant for the enzyme function. For instance, it has been ob-
served that a PHBH mutant form with a more stable in confor-
mation than the wild-type enzyme is characterized by a higher
affinity for POHB and slower substrate and product exchange.”
One can then suppose that the equilibrium between in and
open conformations of PHBH is affected upon monomer forma-
tion. Therefore, the low K,, of POHB and the decrease in
enzyme activity observed for monomeric PHBH might be due
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to stabilization of the in conformation. As a result, the mono-
mer (k./Kw=75 um~'s") has a much higher catalytic efficien-
cy than the dimer (k. /Ky=3 um~'s™"). It should be taken into
account that these kinetic parameters were obtained in a re-
verse micellar system, where each protein molecule is accom-
modated in its individual compartment. On the one hand, this
allows the properties of the isolated oligomeric forms of the
enzyme to be monitored. On the other hand, under such con-
ditions the optimal conformation for enzyme catalysis might
be stabilized by the micellar matrix.*¥ According to the crystal
structure, the near-globular PHBH dimer is composed of two
ellipsoid monomers with dimension of 21x23x37 A per
monomer. Our results suggest that in reverse micelles the iso-
lated monomeric form of PHBH adopts a slightly more expand-
ed conformation than the dimer.

Time-resolved anisotropy measurements of FAD-PHBH and
Alexa488-PHBH in water/DMSO mixtures revealed that PHBH
dissociates into the monomeric form at higher DMSO concen-
trations. In the case of FAD-PHBH, FAD is rigidly bound to the
protein and remains so up to 40% DMSO. The rotational corre-
lation time therefore reflects the rotational motion of the
whole protein. After correction for viscosity, the rotational cor-
relation time of the monomeric protein is 21 ns. The relatively
longer correlation time of the monomer seems to be in agree-
ment with the ellipsoid conformation reported above. The
Alexa488 residue is flexibly bound to PHBH, resulting in shorter
and less accurate rotational correlation times of the protein.
Addition of DMSO makes the FAD fluorescence lifetimes of
PHBH longer, indicating that fluorescence quenching by elec-
tron transfer is slightly perturbed. The real nature of this pro-
cess is difficult to explore. Both structural fluctuations of
quenching groups and changes in local dielectric constants
might play a role.

Monomer formation by PHBH occurred gradually with in-
creasing DMSO content in the mixture. Analysis of fluorescence
parameters (rotational correlation times and fluorescence life-
times) of PHBH as a function of DMSO concentration yields a
midpoint value of 20.6% DMSO (v/v) for the dimer-monomer
equilibrium of PHBH in the resting state. This is the same value
as found for the catalytic activity of PHBH in water/DMSO mix-
tures (Figure 2). At this DMSO concentration both monomeric
and dimeric forms exhibit catalytic activity, which results in an
average Ky, value for POHB of 10 um. Pure PHBH monomers
were detected at DMSO concentrations of 30% (v/v) and
higher. However, under these conditions the activity of the
PHBH monomer dropped considerably, most likely due to inac-
tivation by DMSO.

Conclusions

In summary, in this study we have been able to isolate the
monomeric form of PHBH, which is not achieved under con-
ventional conditions. The PHBH monomer is catalytically more
efficient than the PHBH dimer. Further studies are required in
order to shed more light on the molecular mechanism of the
function and structural organization of the PHBH monomer.
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W. J. H. van Berkel et al.
Experimental Section

Materials and reagents: Alexa488 maleimide was purchased from
Molecular Probes Europe BV (Leiden, The Netherlands). NADPH
was obtained from Boehringer (Mannheim, Germany). All other
chemicals used were of the highest purity available. Buffers were
made from nanopure-grade water (Millipore) and were filtered
through a 0.22 um filter (Millipore) before use.

Labeled protein preparation: Recombinant PHBH was expressed
and purified as described previously.”® The enzyme was pure as
judged by sodium dodecyl sulfate polyacrylamide gel electropho-
resis, and was stored at —70°C in potassium phosphate (pH 7.0,
50 mm), containing EDTA (0.5 mm) and dithiothreitol (DTT; 0.5 mm).
Immediately before labeling, DTT was removed by gel filtration on
a Superdex 200 HR 10/30 column (Amersham Biosciences, The
Netherlands), equilibrated in potassium phosphate (pH 7.0,
50 mm), containing EDTA (0.5 mm). Alexa488 maleimide labeling of
PHBH was carried out as described previously.”® All spectroscopic
measurements were carried out in potassium phosphate (10 mm),
EDTA (0.5 mm), pH7.0 at 20°C. The concentrations of protein-
bound dye were determined by using a molar absorption coeffi-
cient g,;=72mm~'cm™' for Alexa488 and a molar absorption co-
efficient &,5, of 10.2 mm~'cm ™' 29 for the unlabeled protein. The re-
sulting degree of labeling was almost 100 %, corresponding to one
label per monomer. The catalytic activity of the enzyme was un-
changed after labeling.

Enzyme activity: PHBH activities in water/DMSO mixtures and in
reverse micelles [0.2 M solution of sodium bis-2-ethylhexyl sulfosuc-
cinate (AOT) in isooctane] were measured by use of air-saturated
Tris/sulfate (pH 8.0, 100 mm), containing EDTA (0.5 mm). For the ex-
periments in reverse micelles the hydration ratio (w,=[H,0l/[AOT])
of the micelles was varied by addition of different amounts of
buffer to the air-saturated AOT solution in isooctane."”™ The con-
centration of POHB or NADPH was varied between 200 and
400 pum (depending on the DMSO concentration) of the fixed sub-
strate.”*?”) The rates of NADPH oxidation in both systems (water/
DMSO mixtures and reverse micelles) were followed by recording
the absorption decrease at 340 nm. The experiments in water/
DMSO mixtures were performed in duplicate; those in reverse mi-
celles were performed in triplicate. Turnover numbers (k) and
(Kw) values were determined from the initial velocities of NADPH
consumption by extrapolation of the reaction rates to infinite con-
centrations of POHB and NADPH. Kinetic data were analyzed by
nonlinear least-squares fitting routines as described previously.””!
The concentration of active enzyme was determined spectrophoto-
metrically by use of a molar absorption coefficient (g,5) of
10.2 mm~'cm™' for protein-bound FAD in aqueous solution.?"

It should be mentioned that the reaction cycle of PHBH can in
some cases be complicated by nonproductive catalysis with forma-
tion of stoichiometric amounts of hydrogen peroxide.” To take
possible nonproductive catalysis upon monomer formation into ac-
count, the hydroxylation efficiency of PHBH in the water/DMSO
system was determined from oxygen consumption measured with
an oxygen electrode. The experiments were performed either in
the absence or in the presence of catalase (150 units, to monitor
the release of hydrogen peroxide),”*?* under the same conditions
as used for the spectroscopic method. The oxygen consumption
curves measured either in the absence or in the presence of catal-
ase were identical over the entire range of DMSO concentrations
studied. Furthermore, with limiting NADPH concentrations, stoi-
chiometric amounts of NADPH and oxygen were consumed. Thus,
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one can conclude that no uncoupling of hydroxylation occurred
upon monomer formation.

Polarized time-resolved fluorescence: Time-resolved fluorescence
measurements were carried out with mode-locked lasers for excita-
tion and time-correlated photon counting as detection technique
as previously described.®” The excitation wavelengths were 488
and 450 nm for Alexa488-PHBH and FAD-PHBH samples, respec-
tively. The samples were contained in 1 mL and 10 mm light path
fused silica cuvettes (Hellma GmbH, Mdullheim, Germany, model
110-QS), placed in a temperature-controlled (20°C) sample holder.
The emission light was passed through Schott OG 515 (FAD-PHBH)
or Schott GG 530 (Alexa488-PHBH) cut-off filters combined with a
Schott model IL 526.0 nm, width 12.6 nm. The concentrations of
the enzyme were 0.2 um for Alexa488-PHBH and 1.5-25 um for
FAD-PHBH samples. To obtain a dynamic instrumental response of
the experimental setup, the fast single exponential fluorescence
decay of erythrosine B in nanopure water (with a known single life-
time of 90 ps) was recorded. Measurement and data analysis proto-
cols have been described in detail previously.?*>”

Abbreviations: PHBH, p-hydroxybenzoate hydroxylase; POHB,
p-hydroxybenzoate; TRFA, time-resolved fluorescence anisotropy;
AOT, sodium bis-2-ethylhexyl sulfosuccinate.
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Characterization of the Peroxidase Activity of CYP119, a
Thermostable P450 From Sulfolobus acidocaldarius

Kersten S. Rabe, Kathrin Kiko, and Christof M. Niemeyer*?!

We report the cloning, expression, and purification of CYP119, a
thermostable enzyme previously thought to derive from Sulfolo-
bus solfataricus. Sequence analysis suggested that, in contrast to
the conclusions of earlier studies, the enzyme stems from the
closely related Sulfolobus acidocaldarius, and we were indeed
able to clone the gene from the genomic DNA of this organism.
For the first time, we report here on the peroxidase activity of

Introduction

Bacterial cytochrome P450 enzymes (P450s) catalyze a wide
range of reactions including aliphatic and aromatic hydroxyl-
ation, epoxidation, oxidative phenolic coupling, heteroatom
oxidations, and dealkylations, often in a regio- and stereoselec-
tive manner.™ This makes them interesting candidates for the
production of fine chemicals otherwise difficult to synthesize
by standard chemical means. This is particularly true for ther-
mostable P450 enzymes, which reveal high stabilities and ac-
tivities even under the process conditions necessary for indus-
trial biocatalytic processes. The enzyme CYP119 was one of the
first thermostable P450 enzymes to be cloned®® and to have
its molecular structure determined by X-ray crystallography.”®
This enzyme belongs among the most extensively studied
thermostable enzymes—from the cytochrome P450 family in
particular—to date.”” Although the endogenous substrate for
CYP119 is not known, it has been demonstrated that, for in-
stance, the enzyme binds and catalyzes the epoxidation of sty-
rene’ and can hydroxylate lauric acid."™ Furthermore, it has
also been used for the electrochemical reduction of nitrite,
nitric oxide, and nitrous oxide,'? as well as for the electro-
chemical dehalogenation of CCl, to yield CH,"® Because the
hydroxylation reaction only takes place in the presence of elec-
tron acceptor proteins—in particular, putidaredoxin and puti-
daredoxin reductase—various electron acceptor proteins from
two thermophilic microorganism sources (Sulfolobus tokodaii'¥
and Sulfolobus solfataricus"™) have been explored. Since
CYP119 was initially cloned from S. solfataricus strain P1,%' the
proteins of this strain were considered to be the native elec-
tron donor partners.'” However, a BLAST search of the com-
plete genome of S. solfataricus strain P2"® does not locate the
DNA sequence of the enzyme CYP119 within the deposited
database genome of S. solfataricus strain P2. Although the
genome of the P1 strain has not yet been sequenced, it is un-
likely that it contains CYP119 because in the genome of the P2
strain not even a homologous sequence can be found. Instead,
the BLAST database search located the gene of CYP119 in the
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this enzyme and the optimization of the associated reaction pa-
rameters. The optimized reaction conditions were then applied to
the biocatalytic epoxidation of styrene. The values obtained for
Keor (78.2420.6 min~") and Ky, (9.24.3 mm) indicated an approx-
imately 100-fold increased catalytic activity over previously re-
ported results.

genome of the closely related organism Sulfolobus acidocaldar-
ius, recently sequenced by Chen et al."”

Here we report the cloning, expression, and purification of
CYP119 from the genomic DNA of S. acidocaldarius. Further-
more, we have analyzed the peroxidase activity of this enzyme
and have carried out an optimization of the associated reac-
tion conditions. The optimized conditions were then used to
increase the activity in the peroxide-dependent epoxidation of
styrene.

Results and Discussion

To obtain access to the thermostable cytochrome P450
CYP119, we initially tried to amplify the encoding gene from
the extremophile organism Sulfolobus solfataricus P1 strain
(ATCC 35091), as described by Wright et al” To this end, the
organism Sulfolobus solfataricus P1 strain was obtained from
the Deutsche Sammlung von Mikroorganismen und Zellkultu-
ren (DSMZ, strain No. DSM 1616), and PCR with the primers re-
ported in the literature™ was carried out with purified genomic
DNA of the S. solfataricus P1 strain. No PCR products were
obtained in several independent trials, even when different
batches of the S. solfataricus P1 strain culture were used to
produce the genomic DNA (Figure 1). Database research on
the complete genome of S. solfataricus P2 strain, available
from the genome sequencing project reported by She et al.,""
revealed that this close relative of the S. solfataricus P1 strain
contained neither the sequence encoding for CYP119, nor any
homologous gene. In contrast, however, the genome of the
closely related Sulfolobus acidocaldarius, the complete genome
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Figure 1. Gel electrophoretic analysis of the PCR reactions amplifying the
gene for CYP119 from different sources and with different primers. M) Mass-
Ruler ladder from Fermentas. 1) S. solfataricus genomic DNA, primers as pub-
lished.” 2) S. acidocaldarius genomic DNA, primers as published.” 3) S. solfa-
taricus genomic DNA, primers as described in Experimental Section. 4) S. aci-
docaldarius genomic DNA, primers as described in Experimental Section. The
numbers indicate the numbers of base pairs.

sequence of which was recently described by Chen etal.,'”

contains exactly the sequence encoding for the CYP119. This
led us to the hypothesis that the S. solfataricus P1 strain isolate
used for the initial cloning (ATCC 35091)? had actually been
contaminated with the S. acidocaldarius species. This hypothe-
sis was supported by information from the DSMZ, stating that
the original stock of DSM 1616 at the DSMZ had been replaced
in April 1989 with a pure isolate of S. solfataricus P1, due to
the contamination of DSM 1616 with S. acidocaldarius (Dr.
Stefan Spring, DSMZ, personal communication). Thus, the
chances were that this might not also have been done for the
ATCC 35091. Indeed, when S. acidocaldarius (DSM 639) was
used as the source of genomic DNA for PCR amplification of
the CYP119 gene, the formation of the expected, approx.
1200 bp, PCR product suggested that S. acidocaldarius is the
real source of the CYP119, rather than the S. solfataricus P1
strain (Figure 1). Further confirmation was obtained by DNA se-
quence analysis in the course of cloning of the PCR product
into the recombinational Gateway cloning vector system. Intro-
duction of the PCR product into the Gateway system vector
pDONR221 and subsequent transfer of the gene to the pET-
DEST42 vector yielded the expression vector pET-EXP42-
CYP119, which was then used for overexpression and purifica-
tion of the desired CYP119 enzyme. SDS-PAGE of the purifica-
tion product showed a single band for the pooled eluate from
the MonoQ column (Figure 2). Therefore, the successful clon-
ing and expression of CYP119 from S. acidocaldarius now
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Figure 2. Gel electrophoretic analysis of the purification of CYP119. M) SDS-
Broadrange Marker from Bio-rad. 1) Crude cell extract before sonification.
2) Supernatant after cell lysis. 3) Pellet after cell lysis. 4) Supernatant after
heat shock. 5) Pellet after heat shock. 6) Eluate from Ni-NTA column.

7) Eluate from MonoQ column. The numbers indicate the corresponding
molecular weight in kDa.

allowed us to conduct studies on the enzyme’s chemical re-
activity.

CYP119 is known to oxidize styrene in a H,O,-dependent re-
action” and to hydroxylate lauric acid in the presence of puti-
daredoxin and putidaredoxin reductase,™ or otherwise in a
reconstituted system comprising 2-Oxoacid:Ferredoxin Oxido-
reductase (OFOR) and Ferredoxin (Fdx) from either S. tokodaii
or S. solfataricus, pyruvate, and coenzyme A (CoA)."¥ Because
CYP119 originates from S. acidocaldarius rather than from
S. solfataricus, as previously assumed,>™ we reasoned that
both reconstituted systems are in fact nonphysiological. In par-
ticular, the fact that no homologous enzyme of CYP119 can be
found in the complete genome of S. solfataricus” suggested
that the electron partners used in the reconstituted system
had not been optimized to accept electrons from CYP119 by
natural evolution, and hence that an optimization of the re-
action conditions for this enzyme might prove useful.

Although not yet reported, we initially investigated whether
CYP119 has a peroxidase activity, since this reactivity might be
induced by using H,0, without the necessity for proteins or
other cofactors as oxidants, and also because similar reactivi-
ties had been reported for other P450 enzymes previously."®
Through the choice of AmplexRed as the substrate, any poten-
tial peroxidase activity could be conveniently monitored by
fluorescence spectroscopy in multiwell plate assays.

Indeed, the CYP119 displayed significant peroxidase activity,
and we started to optimize the reaction conditions by initially
analyzing its temperature dependence (Figure 3). Previous
studies had shown that the enzyme’s activity in the hydroxyl-
ation of lauric acid was highest at around 70°C.™" Carrying
out a similar assessment of peroxidase activity using Am-
plexRed, we found a similar peak in activity at around 75°C,
and also the similarly greater reactivity (by about a factor of
ten) when the rates at 25°C and 75 °C are compared, as report-
ed previously for the hydroxylation of lauric acid."*' In con-
trast to the previously reported data, however, we observed a
significantly faster decrease in enzyme activity at higher tem-
peratures. This is likely to have been caused by the high con-
centration of H,0O, (5 mm) in our peroxidase reaction assay,
which, at the elevated temperatures, leads to significantly
harsher reaction conditions than those in the reported hydrox-
ylation assay without H,0,."
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Figure 3. Temperature dependence of the initial rate of peroxidation of Am-
plexRed in the presence of Cyp152A1 (), Cyp119 (@), or no enzyme (o). The
inset shows the time dependence of peroxidation activity of Cyp152A1 (&)
and Cyp119 (@) upon incubation at 75 °C. Error bars each represent the stan-
dard deviation of three independent experiments. The v,/E, value for a reac-
tion mixture containing Cyp119 (1.25 pum), H,0, (5 mm), AmplexRed (10 um),
KP; (50 mm), pH 7.0 at 75°C was set as 100 % relative reactivity.

In our experiments we used CYP152A1 (cytochrome P450gs)
for comparison, because this enzyme is known for its perox-
idase activity."® It is shown in Figure 3 that, as expected, the
CYP152A1 revealed a constant decrease in peroxidase activity
with increasing temperature. This result indicates that the
higher reactivity observed for CYP119 at 75°C is indeed due to
the thermostability of CYP119 rather than just to a general
acceleration of chemical reactions at higher temperatures.
Furthermore, continuous incubation at 75°C revealed that
CYP152A1 is inactived over time, which in contrast does not
occur with CYP119 (inset in Figure 3). After 5 min of incubation
the difference in relative activities was around 100%, while
standard deviation and standard error (not depicted) had
values of 7% and 4%, respectively.

To optimize the reaction conditions further, the pH was
varied over a wide range (Figure 4). At low pH values CYP119
showed almost no reactivity, but this constantly increased
upon raising the pH towards pH 8.5. At this pH value the per-
oxidase activity was highest, further increases in pH leading to
decreasing activities. Because the activity at pH 7.0 in phos-
phate buffer (50 mm) was similar to that observed in glycine
buffer (50 mm), we concluded that the buffering substance did
not significantly affect the reactivity of the CYP119. The profile
of the dependence of reactivity against the pH significantly dif-
fered from the published data for the hydroxylation reaction of
lauric acid, in which the enzyme showed highest activity at
around pH 4.5." This difference is probably due to the differ-
ent reaction type (peroxidation vs. hydroxylation) and, in par-
ticular, to the fact that the hydroxylation was achieved in a
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Figure 4. pH dependence of the initial rate of peroxidation of AmplexRed by
Cyp119 in the presence of H,0,. Error bars each represent the standard devi-
ation of three independent experiments. The v,/E, value for a reaction mix-
ture containing Cyp119 (1.25 pum), H,0, (5 mm), AmplexRed (10 pum), KP;

(50 mm), pH 7.0 at 25°C was set as 100% relative reactivity.

reconstituted system consisting of OFOR-Ss, Fdx-Ss, pyruvate,
and CoA. It is possible that either of the enzymes and/or cofac-
tors involved were the limiting factor/the factors that deter-
mined the pH optimum. Because they comprise the essential
electron-accepting system, the highest hydroxylation activity
observed at pH 4.5 might only reflect the optimal pH value for
the entire system, rather than for the isolated CYP119 itself.
Our approach, to study the activity of the CYP119 in the ab-
sence of other enzymes and cofactors, thus allowed us to per-
form a more direct assessment of the enzyme'’s properties.

For further optimization, we also investigated two other
electron acceptors: cumene hydroperoxide (CHP) and tert-
butyl hydroperoxide (TBHP). Both oxidants had already been
used with P450 enzymes because they are suitable substitutes
of the natural electron acceptors in the enzymatic reaction"**
and they are less aggressive towards the enzyme. The reaction
conditions used for CHP- or TBHP-peroxidation were similar to
those used in the H,0, experiments (1.25 um CYP119, 10 um
AmplexRed, 5 mm of the electron acceptor in 50 mm KP,
pH 7.0 at 25°). As shown in Figure 5, both CHP and TBHP were
found to be suitable electron acceptors for the CYP119-mediat-
ed peroxidation of AmplexRed. In fact, the initial activities of
CYP119 in the presence of TBHP and CHP were two- and five-
fold higher than that observed with H,O,. This is in agreement
with earlier studies, in which an increased activity of P450 in
the presence of CHP as the electron acceptor was observed.?”

We also investigated whether the peroxide also has an influ-
ence on the stability of the CYP119. To this end, CYP119 was
incubated under the same conditions as above in the presence
of the corresponding oxidant (5 mm) while the peroxidase sub-
strate was omitted. AmplexRed was added after 0, 1, 2, 4, 8,
and 16 min, and v, was determined. As shown in Figure 5, the
activities decreased significantly within the first few minutes in
the cases of all three oxidants. In the cases both of H,0, and
of TBHP, the activities dropped to approximately 40% of the
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Figure 5. Stability of Cyp119 in buffer containing 5 mm H,0, (»), TBHP (e),
and CHP (o) over time. The initial rate of peroxidation is depicted. The bars
represent the activity restored by addition of fresh enzyme after 16 min of
preincubation. Note that the bars’ heights exceed those of the curves at

0 min, due to the addition of fresh enzyme. Subtraction of the remaining ac-
tivity after 16 min from the corresponding values after the addition of fresh
enzyme yields data similar to the initial activity. The error bars each repre-
sent the standard deviation of at least three independent experiments. The
vo/E, for a reaction mixture containing Cyp119 (1.25 um), H,0, (5 mm), Am-
plexRed (10 pm), KP; (50 mm), pH 7.0 at 25°C was set as 100% relative re-
activity

initial values after 16 min, while in the case of CHP the reactivi-
ty was reduced to approximately 10% of the initial activity.
Thus, TBHP increased both turnover rate and the stability of
the enzyme under the oxidizing reaction conditions. These re-
sults are in agreement with recent studies on the influence of
peroxides on the reactivity of CYP152A1 towards polycyclic ar-
omatic hydrocarbons and drugs,*” in which the use of TBHP
also led to an increase in reaction rate and enzyme stability.
TBHP therefore appears to be highly suitable as an oxidizing
agent for screening purposes in which long incubations might
be needed to produce sufficient amounts of product for analy-
sis.

We also confirmed that the decrease in enzyme activity was
not caused by depletion of the oxidant. This was done by
adding fresh enzyme together with Amplex Red after the
enzyme had been incubated for 16 min. As indicated by the
bars in Figure 5, the remaining peroxide concentration was
easily sufficient to restore the initial enzymatic activities.

Because CYP119 is known to oxidize styrene to styrene ep-
oxide in a peroxide-dependent reaction without the assistance
of other enzymes,' we reasoned that this epoxidation reac-
tion might be improved by applying the optimized reaction
conditions determined for the peroxidase reaction. To investi-
gate this hypothesis, we carried out the epoxidation at 70°C,
pH 8.5 in the presence of TBHP as the oxidant. The rate of sty-
rene epoxidation was determined by HPLC analysis with the
aid of external calibration curves prepared with pure styrene
epoxide. For reasons of comparison we used an enzyme con-
centration identical to that used in an earlier report."®” Kinetic
constants were determined by Michaelis-Menten analysis with
use of variable concentration of the styrene substrate. Values
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of ky=78.2420.6 min~' and K;,=9.2+4.3 mm were found.”
On the assumption that the v, value of 0.6 nmolmin~" nmol*'
reported earlier™” can be compared with our k., value, be-
cause both values have similar units, our optimized conditions
led to about a 100-fold increase in the turnover number. Fur-
thermore, use of amounts of enzyme similar to those used in
the previous study"” led to almost complete conversion of the
substrate within only 10 min (Figure 6), while the yields in the
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Figure 6. HPLC analysis of the epoxidation of styrene (t;=2.65 min) to sty-
rene epoxide (t;=1.8 min) followed at 220 nm at different time points:

a) 0 min, b) 155, ¢) 30 s, d) 45 s, €) 1 min, f) 2 min, g) 5 min, h) 10 min. The
initial styrene concentration was 6.25 mm. The inset shows the chiral HPLC
analysis of the epoxidation of styrene (t;=7 min) to (R)-styrene epoxide
(tg="11.7 min) and (S)-styrene epoxide (t;=13 min).

earlier study were still increasing after more than 30 min."” We
believe that this significant increase in turnover is likely due to
the optimized reaction conditions, with higher reaction tem-
perature and optimized pH, in addition to the increased stabili-
ty of the enzyme in the presence of TBHP as the oxidant.

We also analyzed the enantioselectivity of CYP119 by chiral
phase chromatography. An approximately 2:1 preference for
the formation of the (S) enantiomer was observed (inset in
Figure 6), while in earlier studies a ratio of 3:1 (S/R) had been
found."” This difference might be attributable to the higher
temperature used here, which might induce less tight binding
of the substrate in the enzyme’s active center.

Conclusions

In conclusion, our results clarify that CYP119 should be consid-
ered a protein from S. acidocaldarius rather than from S. solfa-
taricus. We further report here, for the first time, on the peroxi-
dation activity and the optimization of this reaction. The opti-
mal reaction parameters found were applied in the epoxida-
tion reaction, and gave an approximately 100-fold increase in
styrene epoxide production, in comparison to earlier studies.
We anticipate that our results might lead to the establishment
of new redox chains, as had already been proposed by Puch-
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kaev et al.,"™ but based on the incorrect assignment to S. solfa-
taricus. Such a setup might additionally enhance the stability
of the enzyme, because no peroxide would be needed to facili-
tate the reaction. Nonetheless, even the nonbiological reaction
parameters developed here should open the door to a variety
of applications in biotechnology, bioanalytics, and biomolecu-
lar-screening processes.

|.’[15

Experimental Section

Cloning, overexpression, and purification of CYP119: The gene
encoding for CYP119 was amplified by PCR with use of the forward
primer CYP119-UP4 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-
TAAGGAGGATAGAACCATGTATGACTGGTTTAGTGAGATGAG-3"  and
the reverse primer CYP119-DN4 5-GGGGACCACTTTGTACAAGAAA-
GCTGGGTCTTCATTACTCTTCAACCTGACCA. The primers contained
attB sites (underlined) to introduce the gene into the Gateway® re-
combinational cloning system (Invitrogen). Additionally, the for-
ward primer contained a ribosome binding site (bold) and the start
codon (bold, underlined), thus enabling the use of the cloned plas-
mid for in vitro translation. The PCR was carried out with MolTaq
(Molzym, Bremen, Germany) under standard reaction conditions
according to the supplier’s instructions with an annealing tempera-
ture of 52°C and an elongation temperature of 72°C for 45 s; 30
amplification cycles were performed.

The PCR product was purified by precipitation with PEG (30%)/
MgCl, (30 mm) and cloned by recombination into the pDONR221
vector in a BP reaction, carried out by following the supplier’s
instructions (Invitrogen). The sequence of the resulting plasmid
PENTR221-CYP119 was confirmed by sequence analysis. This so-
called entry vector was then recombined with pET-DEST42 in a LR
reaction to yield the expression vector pET-EXP42-CYP119, whose
sequence was also confirmed by DNA sequence analysis. The plas-
mid pET-EXP42-CYP119 was then transformed into E. coli BL21(DE3)
cells. Expression and purification was carried out as previously de-
scribed," with use of the following modifications: the overnight
culture (50 mL) was used to inoculate 2YT (2.5 L). Subsequent to
harvesting of the cells and their resuspension in Tris buffer
(50 mm), NaCl (150 mm), imidazole (10 mm), pH 8.0, the cells were
sonicated and centrifuged. The supernatant was incubated at 65 °C
for 1 h with subsequent centrifugation to remove all precipitating
proteins. Since the enzyme was hexa-His-tagged by expression
from pET-DEST42, the soluble fraction was passed through a Ni-
NTA column and washed with Tris buffer (50 mm), NaCl (150 mm),
imidazole (20 mm), pH 8.0. CYP119 was eluted from the column
with Tris buffer (50 mm), imidazole (250 mm), pH 8.0. The eluted
red protein solution was loaded onto a MonoQ column (Pharmacia
Biotech) to facilitate further purification by anion-exchange chro-
matography with an AKTA-purifier FPLC system (Amersham Phar-
macia Biotech). Bound proteins were eluted from the column by
use of a linear NaCl gradient (0-500 mm), and the fractions con-
taining protein were analyzed by SDS-PAGE. The fractions contain-
ing a protein of the size corresponding to the hexa-His-tagged
CYP119 (47 kDa) were pooled. After the buffer had been changed
to KP; (50 mm), pH 7.0 with a Vivaspin (Vivascience) with a molecu-
lar cutoff of 10 kDa, the combined fractions were again analyzed
by SDS-PAGE, and were judged to be pure from the appearance of
a single band with an apparent molecular weight of 45 kDA. This
result was confirmed by UV/Vis spectrophotometry and compari-
son with previously published spectra of the CYP119."%?* From the
UV/Vis measurements the concentration of the overexpressed
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CYP119 was calculated with use of the molar extinction coefficient
of £,,5=104 mm~".12

Recombinant P450y; (CYP152A1) was expressed from E. coli M15
(pREP4) by use of the plasmid pQE-30tBSb, kindly donated by Dr.
Isamu Matsunaga.””? The enzyme containing a C-terminal hexahisti-
dine tail was overexpressed in E. coli M15 and purified by affinity
chromatography, as reported earlier.?*?2

Peroxidase activity: For the determination of the temperature-
dependent activity of the cytochrome P450 enzymes, CYP119 or
CYP152A1% (1.25 um) in KP; (50 mm), pH 7.0 was incubated with
AmplexRed (10 um) and H,O, (5 mm). The fluorescence measure-
ments were recorded with a Cary Eclipse (Varian) equipped with a
Peltier multicell holder. For control purposes, similar data were re-
corded with identical concentrations of AmplexRed and H,0O, with
omission of the enzyme. All other kinetic measurements were car-
ried out with the same enzyme and peroxide concentrations as
listed above, and samples were analyzed with the aid of a Syner-
gy HT microplate reader (BIO-TEK) at 25°C. For the determination
of the optimum pH the following buffers were used (at 50 mm
concentrations): phosphate/citrate buffer (pH 2.5-7.0), phosphate
buffer (pH 7.0-8.5), and glycine buffer (pH 8.5-10.5). In all cases, v,
was calculated from the linear phase of substrate formation, typi-
cally recorded in the initial phase of the reaction diagram, where
less than 10% of the maximum signal intensities were reached. All
reactions were carried out at least as triplicate independent meas-
urements. For the calculation of the relative activities (Figures 4
and 5), the activity of the reaction mixture containing CYP119
(1.25 um), H,0, (5 mm), AmplexRed (10 pum), KP; (50 mm), pH 7.0 at
25°C was set to 100%. In the case shown in Figure 3 the activity
of the reaction containing CYP119 (1.25 um), H,0, (5 mm), Am-
plexRed (10 um), KP; (50 mm), pH 7.0 at 75°C was set to 100 %.

Styrene epoxidation: Styrene epoxidation experiments were car-
ried out in closed glass vials in total volumes of 400 uL containing
CYP119 (1.25 um), TBHP (5 mm), and variable styrene concentra-
tions in a glycine buffer (50 mm), pH 8.5 at 70°C. At different time
points, aliquots (40 uL) were withdrawn, and the reaction was
stopped by addition of acetonitrile (360 pL). This mixture (100 pL)
was analyzed by HPLC on an Agilent 1100 system. A Nucleodur C18
column (Macherey-Nagel) was used, with ddH,0 (20 %)/acetonitrile
(80%) as the mobile phase. Styrene and styrene epoxide were
identified by comparison of the retention times with those of the
pure substances (styrene from Acros, styrene epoxide from Aldrich)
under the same conditions. The retention times found with this
setup were 2.65 min for styrene and 1.8 min for styrene epoxide.
The absolute concentration of styrene epoxide was determined by
use of an external calibration curve prepared from pure styrene
epoxide and integration of the respective peak areas.

For the determination of the enantioselectivity, epoxidation reac-
tions were performed as described above with a styrene-saturated
buffer (nominal concentration of styrene was 30 mm, but not fully
soluble at 70°C). After 10 min the reaction was stopped by the
addition of n-hexane (200 pL). After vigorous mixing of the two
phases, the n-hexane phase was withdrawn and a portion (10 L)
was analyzed by HPLC with the aid of an Agilent 1100 system. A
Chiralpak AD column (Daicel) was used, with n-hexane/isopropanol
(100:1) as the mobile phase. (R)-Styrene epoxide, (S)-styrene epox-
ide, and styrene were identified by comparison of the retention
times with those of the pure substances (all three from Aldrich)
under the same conditions. The retention times found with this
setup were 11.7 min for the (R)- and 13 min for the (S)-styrene ep-
oxide enantiomer. All measurements were carried out in triplicate.
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Emission under Hypoxia: One-Electron Reduction and
Fluorescence Characteristics of an Indolequinone-

Coumarin Conjugate

Kazuhito Tanabe,*™ Nao Hirata,”® Hiroshi Harada,™ 9 Masahiro Hiraoka,™ < and

Sei-ichi Nishimoto*™

A characteristic feature of the reactivity of indolequinone deriva-
tives, substituents of which can be removed by one-electron re-
duction under hypoxic conditions, was applied to the develop-
ment of a new class of fluorescent probes for disease-relevant
hypoxia. A reducing indolequinone parent molecule conjugated
with fluorescent coumarin chromophores could suppress effi-
ciently the fluorescence emission of the coumarin moieties by an
intramolecular electron-transfer quenching mechanism and a
conventional internal-filter effect. Under hypoxic conditions, how-
ever, the conjugate, denoted IQ-Cou, underwent a one-electron

Introduction

Most cellular functions rely on the continuous and adequate
supply of oxygen molecules from blood vessels. A stable
oxygen supply is preserved in normal tissues by so-called
oxygen homeostasis. An inadequate oxygen supply to cells in-
duces hypoxia, which is one of the well-known pathophysio-
logical characteristics of cardiac ischemia, inflammatory dis-
eases,” and solid tumors.” Tumor hypoxia is of particular im-
portance, as it has been associated closely with the malignant
phenotype of cancer cells, resistance to cancer therapies, and
the low mortality rate of cancer patients.”’ Therefore, there has
been increasing demand for hypoxia-specific molecular probes
as useful indicators for the pathophysiological analysis of dis-
eases.

We have developed prodrugs of the well-documented anti-
tumor agents 5-fluorouracil (5-FU) and 5-fluorodeoxyuridine (5-
FdUrd), which release 5-FU and 5-FdUrd, respectively, upon
hypoxic X irradiation.! One 5-FdUrd prodrug with an indole-
quinone structure showed strong cytotoxicity against hypoxic
tumor cells.* Indolequinone derivatives have been identified
by other research groups as a new class of hypoxia-specific
prodrugs that can be activated to eliminate cytotoxic substitu-
ent components (active drugs) selectively by bioreduction or
radiolytic reduction under hypoxic conditions.” These findings
prompted us to investigate the development of hypoxia-imag-
ing molecular probes containing a reducing indolequinone
skeleton. Two coumarin chromophores were thus conjugated
with an indolequinone unit through a 2,6-bis(hydroxymethyl)-
p-cresol linker® to produce 1Q-Cou, the indolequinone unit of
which undergoes one-electron reduction to liberate three func-
tional components through the spontaneous cyclization of a
free-amine intermediate and the rearrangement of the result-
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reduction triggered by X irradiation or the action of a reduction
enzyme to release a fluorescent coumarin chromophore, where-
upon an intense fluorescence emission with a maximum intensity
at 420 nm was observed. The one-electron reduction of 1Q-Cou
was suppressed by molecular oxygen under aerobic conditions.
IQ-Cou also showed intense fluorescence in a hypoxia-selective
manner upon incubation with a cell lysate of the human fibro-
sarcoma cell line HT-1080. The IQ-Cou conjugate has several
unique properties that are favorable for a fluorescent probe of
hypoxia-specific imaging.

ing phenol derivative to the corresponding 1,4-quinone me-
thide (Scheme 1). IQ-Cou itself showed weak fluorescence, be-
cause the fluorescent excited singlet state of the coumarin
unit is quenched efficiently by the indolequinone unit located
intramolecularly in close proximity. Upon the one-electron re-
duction of the indolequinone unit, the coumarin chromophore
was eliminated and no longer affected by the fluorescence-
quenching action of the indolequinone unit; thus, an intense
fluorescence emission was observed. With these reaction char-
acteristics, 1Q-Cou might be applicable as a fluorescent probe
for the molecular imaging of disease-relevant hypoxia.

Results and Discussion

The synthetic route to IQ-Cou is outlined in Scheme 2. The diol
3 was prepared by a previously described method® and cou-
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Scheme 1. Mechanism for the activation of IQ-Cou to release a fluorescent coumarin chromophore under reductive conditions.

pled with the acid chloride 8 to form 4. The diester 4 was con-
verted into the free amine under acidic conditions and then
coupled with the indolequinone derivative 7 (prepared from
the alcohol 6) to give 1Q-Cou.

We first compared the fluorescence spectrum of 1Q-Cou with
that of the reference compound coumarin-3-carboxylic acid
(Figure 1 A). Whereas coumarin-3-carboxylic acid showed an in-
tense fluorescence emission at about 420 nm upon excitation
at a wavelength of 300 nm, the apparent fluorescence intensity
of IQ-Cou was extremely weak: The formal fluorescence quan-
tum yields (@) of coumarin-3-carboxylic acid and 1Q-Cou were
0.042 and 0.002, respectively. These results indicate that the
fluorescence of the coumarin chromophore in IQ-Cou is
quenched intramolecularly by the neighboring indolequinone
unit and predict that fluorescence emission will be restored
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upon the one-electron reduction of 1Q-Cou to release a cou-
marin-3-carboxylic acid fragment.

The suppressed fluorescence emission of IQ-Cou is attributa-
ble to two modes of action of the indolequinone unit. First, a
conventional internal filter effect due to the presence of the
indolequinone unit could lead to a decrease in the apparent
fluorescence quantum yield of the counterpart coumarin chro-
mophore by about a third in view of the similarity of the molar
extinction coefficients at 300 nm of coumarin-3-carboxylic acid
and the indolequinone 6 (¢=6206 and 5863 M~ 'cm™', respec-
tively).®! Second, a photoinduced electron-transfer (PET) pro-
cess™ should be operative as a key mechanism for modulating
the fluorescence properties of 1Q-Cou. The PET that leads to
fluorescence quenching can occur between the excited states
of an electron-withdrawing (electron-donating) fluorophore
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Scheme 2. Reagents and conditions: a) 8, Et;N, CH,Cl,, room temperature, 62%; b) HCl, MeOH, room temperature; c) 7, Et;N, CH,Cl,, room temperature, 39 %
(two steps); d) 4-nitrophenyl chloroformate, Et;N, CH,Cl,, 0°C, 37 %. Boc = tert-butoxycarbonyl.
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Figure 1. A) Fluorescence spectra of IQ-Cou (10 um; ——) and coumarin-3-carboxylic acid
(10 pmM; =) in acetonitrile. The fluorescence spectra were measured with excitation at
300 nm. B) Transient absorption spectra observed upon the excitation at 355 nm of 1Q-
Cou (30 pm) in acetonitrile; 1 (@), 10 (0), 20 (A), and 30 ps (2) after laser flash photolysis.

and an electron-donating (electron-withdrawing) A
quencher. The feasibility of the process depends on 400
the relative ordering of the energy levels of the high- . 300
est occupied molecular orbitals (HOMO) and the £
lowest unoccupied molecular orbitals (LUMO) of the é 200

fluorophore and the quencher!™ The MO energy
levels of 3-methoxycarbonylcoumarin and the indole- 100
quinone 6 were estimated by ab initio calculations at
the B3LYP/6-31G(d) level, which revealed that the
LUMO energy level of 6 (—2.94 eV) is lower than that
of coumarin (—2.25 eV), whereas the HOMO energy
level of 6 (—6.15 eV) is higher than that of coumarin
(—6.77 eV). These calculation results suggest strongly
that an intramolecular electron transfer from coumar-
in in the excited state to the indolequinone unit in
the ground state is feasible thermodynamically in IQ-
Cou.

We also carried out laser flash photolysis studies to gain fur-
ther insight into the suppressed fluorescence emission of 1Q-
Cou. Figure 1B shows the transient absorption spectra ob-
served in the laser flash photolysis at 355 nm of 1Q-Cou in ace-
tonitrile. The transient absorption appeared 1 ps after the laser
flash. An absorption in the region 360-390 nm was assigned to
the semiquinone radical anion.*>*¥ We also observed a transi-
ent absorption at 410-440 nm that may be assigned to the
coumarin radical cation."” This absorption decayed in a similar
way to that of the semiquinone radical anion. These results in-
dicate that the photolysis of IQ-Cou induces electron transfer
from the excited coumarin unit to the indolequinone unit.
Thus, we concluded that indolequinone could suppress effi-
ciently the fluorescence emission of coumarin by an intramo-
lecular electron-transfer mechanism.

We measured the changes in the fluorescence spectrum of
IQ-Cou upon X irradiation. An argon-purged, aqueous solution
of 1Q-Cou in the presence of excess 2-methylpropan-2-ol was
used for these experiments. Under these conditions, 1Q-Cou
undergoes one-electron reduction, whereby the indolequinone
unit, with a lower LUMO energy level, may capture reducing
hydrated electrons (e,,”) generated as a primary intermediate
of water radiolysis.'"*"¥ As shown representatively in Figure 2,
the intensity of the fluorescence at about 420 nm assigned to
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coumarin-3-carboxylic acid increased with increasing
irradiation dose upon hypoxic X irradiation of 1Q-Cou.
The fluorescence after 720 Gy of X irradiation was
three times as intense as that of 1Q-Cou in the ab-
sence of irradiation (Figure 2 A). These results indicate
clearly that IQ-Cou is activated to release coumarin-3-
carboxylic acid from the indolequinone quencher by
radiolytic one-electron reduction by e,,~ with the re-
storation of fluorescence.

A smaller enhancement in fluorescence emission
occurred upon aerobic irradiation: The sample solu-
tion showed only a 1.5-fold increase in fluorescence
intensity upon exposure to 720 Gy of X irradiation
(Figure 2B). This oxygen effect on the activation of

0
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Figure 2. Changes in the fluorescence spectrum of 1Q-Cou upon X irradiation. 1Q-Cou
(100 pum) was irradiated, and then the fluorescence spectra were measured with excita-
tion at 300 nm. A) Fluorescence spectra observed after hypoxic irradiation of IQ-Cou
(from bottom to top: 0, 72, 144, 288, 528, 720 Gy). B) Fluorescence spectra observed
after aerobic irradiation of IQ-Cou (from bottom to top: 0, 72, 144, 288, 528, 720 Gy).

IQ-Cou can be accounted for by the reactivity of molecular
oxygen, which captures efficiently reducing e,,” species to
form a superoxide anion radical (O,”). Furthermore, recent
studies on the reductive activation of indolequinone prodrugs
suggest that a semiquinone anion radical intermediate gener-
ated by the one-electron reduction of the indolequinone unit
could reduce molecular oxygen to form the original indolequi-
none and O,, a process that would lead to a decrease in the
net yield of the released drug.*” Because of the reaction char-
acteristics of molecular oxygen, the described radiolytic activa-
tion of 1Q-Cou to enhance the fluorescence emission is likely
to occur substantially under hypoxic conditions.

We also monitored the course of the radiolytic reduction of
IQ-Cou and release of coumarin-3-carboxylic acid with time by
a reversed-phase HPLC (Figure 3). Upon the hypoxic X irradia-
tion of an argon-purged, aqueous solution of 1Q-Cou in the
presence of excess 2-methylpropan-2-ol, the concentrations of
decomposed 1Q-Cou and released coumarin-3-carboxylic acid
increased with increasing radiation dose. G values" of 218.9
and 15.2 nmolJ™" were found for the decomposition of 1Q-Cou
and the release of coumarin, respectively." Consistent with
the smaller change in fluorescence intensity in the aerobic irra-
diation of 1Q-Cou, the decomposition of 1Q-Cou was sup-
pressed to a G value of 16.5 nmolJ™' and the release of cou-
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Figure 3. X-Radiolysis (4.0 Gymin~") of IQ-Cou (100 um; open symbols) in
aqueous solution containing 30% 2-methylpropan-2-ol at ambient tempera-
ture under hypoxic (square) and aerobic (triangle) conditions, with the re-
lease of coumarin-3-carboxylic acid (filled symbols).

marin-3-carboxylic acid was not detected under aerobic condi-
tions. Thus, the concentration change of coumarin-3-carboxylic
acid upon irradiation correlates well with the change in fluo-
rescence intensity.

To characterize the biological one-electron reduction of Q-
Cou, we subjected IQ-Cou to enzymatic reduction. NADPH:cy-
tochrome P450 reductase is an electron-donating protein that
catalyzes the one-electron reduction of quinone derivatives to
semiquinone anion radicals. Evidence that NADPH:cytochro-
me P450 reductase is expressed in many pathological tissues"”
stimulated us to carry out the bioreduction of 1Q-Cou. We incu-
bated 1Q-Cou with NADPH:cytochrome P450 reductase and the
cofactor 3-NADPH at three different oxygen concentrations
(<0.5, 8.2, and >20 mgL™"). An intense fluorescence emission
was observed for the solution of 1Q-Cou incubated with
<0.5mgL™" oxygen as a model of hypoxia (Figure 4). At an
oxygen concentration of 8.2mgL™", as under aerobic condi-
tions, the extent of enhanced fluorescence intensity dimin-
ished significantly as a result of the competitive scavenging by
molecular oxygen of hydrated electrons, e,,”, and the semiqui-
none radical to inhibit partially the reductive fragmentation of
IQ-Cou. Thus, 1Q-Cou was activated by NADPH:cytochrome
P450 reductase in a hypoxia-selective manner, in accord with
the results of radiolytic reduction. We also confirmed the hypo-
xia-selective release of coumarin-3-carboxylic acid from 1Q-Cou
upon treatment with NADPH:cytochrome P450 reductase, as
monitored by HPLC (see the Supporting Information).

To further assess the function of IQ-Cou, we studied the re-
action of 1Q-Cou upon treatment with a cell lysate. IQ-Cou was
incubated at 37°C for 4 h under hypoxic and aerobic condi-
tions with a lysate of the human fibrosarcoma cell line HT-
1080. After incubation, the samples were filtered and analyzed
by fluorescence spectrophotometry and HPLC. An intense fluo-
rescence emission at about 420 nm was observed for the
sample incubated under hypoxic conditions (Figure 5A). The
intensity of the emission was four times as strong as that of
the sample incubated under aerobic conditions. The difference
in the fluorescence intensity of the two samples correlates well
with the corresponding yields of coumarin-3-carboxylic acid
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Figure 4. Fluorescence spectra of 1Q-Cou after treatment with reductase.
1Q-Cou (500 pm) was incubated with NADPH:cytochrome P450 reductase
(10.6 pgmL™") and B-NADPH (2 mwm) at 37°C for 45 min at three different
oxygen concentrations (<0.5 mgL™": ----- ;82mgmL " ——; >20mgmL "
-)."® The fluorescence spectra were measured with excitation at 300 nm.

from 1Q-Cou, as quantified independently by HPLC (Figure 5B).
We also confirmed that the incubation of IQ-Cou in a buffer
solution resulted in a similar fluorescence intensity to that ob-
served for the sample incubated aerobically. These results indi-
cate strongly that IQ-Cou undergoes one-electron reduction by
intracellular reductase to release fluorescent coumarin-3-car-
boxylic acid under hypoxic conditions.

In this study, we developed a new type of hypoxia-specific
fluorescence imaging probe. IQ-Cou is activated efficiently by
intracellular reductase under hypoxic conditions. Although low
expression of NADPH:cytochrome P450 reductase was report-
ed for the HT-1080 cell line,"” an intense fluorescence emission
was observed for IQ-Cou even upon treatment with HT-1080
cell lysate under hypoxic conditions. IQ-Cou may therefore be
expected to show more intense fluorescence emission when
incorporated in certain hypoxic tumor cells with higher reduc-
tase expression. In view of the hypoxia-specific fluorescence
emission of IQ-Cou, the one-electron reduction of indolequi-
none derivatives could be a promising strategy for the detec-
tion of disease-relevant hypoxia. However, IQ-Cou has some
drawbacks: First, an inner-filter effect due to the overlapping
of the absorption of indolequinone with that of coumarin
leads to the apparent suppression of fluorescence emission.
Therefore, fluorescent molecules that absorb in a wavelength
region that does not coincide with the absorption of indole-
quinone should be employed to establish a highly sensitive
hypoxia-specific fluorescence imaging probe. Second, the fluo-
rescence spectrum of coumarin-3-carboxylic acid occurs at
around 420 nm, that is, at wavelengths that are too short to
be applied to the imaging of deep-seated malignant tissues.
One of the key strategies for in vivo optical imaging is the em-
ployment of near-infrared (NIR) light, because hemoglobin, as
a principle absorber of visible light, and water and lipids, as
principle absorbers of infrared light, have their lowest absorp-
tion in the NIR region, at around 650-900 nm."® Moreover,
tissue autofluorescence observed in the NIR region has a mini-
mum intensity. From this point of view, it is essential to apply
dyes with fluorescence at NIR wavelengths to the present
strategy with indolequinone derivatives.
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Figure 5. Treatment of IQ-Cou with a cell lysate obtained from the human fibrosarcoma cell line HT-1080. IQ-Cou (500 um) was incubated with the cell lysate

for 4 h at 37°C under hypoxic or aerobic conditions. A) The fluorescence spectra

1'% of 1Q-Cou upon treatment with the cell lysate under hypoxic (-----) or

aerobic conditions (—). 1Q-Cou was also incubated alone in a buffer solution as a control (). The fluorescence spectra were measured with excitation at
300 nm. B) HPLC profiles of IQ-Cou (500 um) upon treatment with the cell lysate for 0 and 4 h under hypoxic or aerobic conditions. The HPLC signal indicated
“Cou” was identified as coumarin-3-carboxylic acid. The HPLC signal indicated with the symbol “*” possibly corresponds to a reaction intermediate; however,
the compound could not be identified because of its low stability and prompt degradation.

Conclusions

In summary, we have characterized the reactivity by one-elec-
tron reduction of 1Q-Cou, which was synthesized as a hypoxia-
specific fluorescence probe. IQ-Cou consists of a hypoxia-sensi-
tive oxidizing indolequinone parent unit, two fluorescent cou-
marin chromophores, and a 2,6-bis(hydroxymethyl)-p-cresol
linker. Both radiolytic and enzymatic one-electron reduction
under hypoxic conditions lead to the efficient decomposition
of 1Q-Cou, with the release of coumarin-3-carboxylic acid ac-
companied by intense fluorescence. A similar enhancement in
fluorescence emission was also observed in a hypoxia-selective
manner upon the incubation of 1Q-Cou with an HT-1080 cell
lysate. Thus, it appears that 1Q-Cou can be activated by intra-
cellular reductase. Although IQ-Cou is a promising candidate
as a hypoxia-specific fluorescence imaging tool, the absorption
and emission of the coumarin fluorophore at relatively short
wavelengths is a disadvantage. Furthermore, it is necessary to
characterize the reactivity of the probe with potentially re-
active species in living cells in detail to establish a molecular
system for hypoxia imaging. Our current studies focus on the
construction of a hypoxia-specific imaging probe that is sensi-
tive to NIR light and thereby applicable to in vivo optical imag-

ing.

Experimental Section

General methods: NMR spectra were recorded on a 270-MHz
JMN-AL-270 (JEOL), 300-MHz JMN-AL-300 (JOEL), or 400-MHz JMN-
AL-400 (JOEL) spectrophotometer at ambient temperature. Chemi-
cal shifts are reported in ppm relative to the residual solvent peak.
Mass spectra were recorded on a JMS-SX102 A (JOEL) mass spec-
trometer, with a glycerol or m-nitrobenzylalcohol (NBA) matrix as
an internal standard. All reactions were carried out under a dry ni-
trogen atmosphere with freshly distilled solvents, unless otherwise
noted. Reagents were purchased from Aldrich, Wako Pure Chemical
Industries, or Nacalai Tesque and used without purification.
NADPH:cytochrome P450 reductase and (3-NADPH coenzyme were
obtained from Oxford Biomedical Research and Oriental Yeast Co.,
respectively. Tetrahydrofuran was distilled under a nitrogen atmos-
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phere from sodium/benzophenone ketyl immediately prior to use.
Ultrapure water was obtained from a Yamato WR-600 A water puri-
fier. Precoated TLC (Merck silica gel 60 F,s,) plates were used for
monitoring the reactions. Wako gel (C-300, Wako Pure Chemical In-
dustries) was used for column chromatography. A Rigaku Radio-
flex-350 X-ray generator was employed for X radiolysis at ambient
temperature. High-performance liquid chromatography (HPLC) was
carried out with a Shimadzu HPLC system (SPD-10A UV/Vis detec-
tor, CTO-10A column oven, two LC-10AS pumps, C-R6A chromato-
pac). Sample solutions were injected onto a reversed-phase
column (Inertsil ODS-3, GL Science Inc., @ 4.6 x 150 nm). The follow-
ing solvent program was used: of 88.9% B (20 min) followed by
88.9-16.7% B (a linear gradient over 70 min; solution A: 95% ace-
tonitrile; solution B: 5% acetonitrile containing 0.1 m triethylammo-
nium acetate (TEAA) buffer, pH 5). Fluorescence spectra were re-
corded with excitation at 300 nm on a Shimadzu RF-5300PC spec-
trofluorophotometer at ambient temperature, whereby a UV-33
glass filter (Toshiba Glass Co.) was set on the detector side to cut
off the excitation peak at 300 nm. The amount of dissolved oxygen
(DO) was measured with an OM-51 DO meter (Horiba) at 37°C.
Compound 7 was prepared from compound 6 as reported else-
where.”? The human fibrosarcoma cell line, HT-1080, was purchased
from American Type Culture Collection (Manassas, VA) and main-
tained in Dulbecco Modified Eagle Medium (Invitrogen) containing
fetal bovine serum (10%) in a humidified incubator with 5% CO,,
95% air at 37°C.

Preparation of compound 4: Coumarin-3-carboxylic acid (510 mg,
2.68 mmol) was dissolved in thionyl chloride (5 mL), and the result-
ing mixture was stirred at 100°C for 2.5 h. The mixture was then
concentrated by evaporation to give the acid chloride 8, which
was used immediately, without purification, in the next step.

The crude acid chloride 8 was added as a solution in dichloro-
methane (2mL) and Et;N (1 mL) to a solution of 3 (254 mg,
0.66 mmol) in dichloromethane (3 mL), and the resulting mixture
was stirred at 0°C for 15 min, and then at ambient temperature for
3 h. The reaction mixture was then diluted with saturated aqueous
sodium hydrogen carbonate and extracted with chloroform. The
organic layer was washed with brine, dried over anhydrous magne-
sium sulfate, filtered, and concentrated in vacuo. The crude prod-
uct was purified by flash chromatography (SiO,, 33 % hexane/ethyl
acetate) to give 4 (300 mg, 62%) as a brown oil. '"H NMR (300 MHz,
CDCls; as a result of restricted rotation about the amide bond adja-
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cent to the linker, two signals were observed for some atoms): 6 =
8.49 and 8.46 (s, 2H), 7.57-7.49 (m, 4H), 7.29-7.17 (m, 6H), 5.22 (s,
4H), 3.54-3.23 (m, 4H), 3.08, 2.83, and 2.67 (s, 6H), 2.28 (s, 3H),
1.32 and 1.29 ppm (s, 9H); *C NMR (68 MHz, CDCl;; as a result of
restricted rotation about the amide bond adjacent to the linker,
two signals were observed for some atoms): d=162.0, 156.3,
154.9, 154.0, 149.0, 148.9, 145.9, 136.0, 135.9, 134.3, 131.7, 1314,
129.5, 128.4, 124.7, 117.6, 117.4, 117.3, 116.5, 79.6, 62.6, 62.5, 47.5,
47.1, 46.3, 35.5, 35.3, 34.9, 29.6, 28.4, 20.9, 14.2 ppm; FABMS (NBA/
CHCly): m/z 727 [M+H]*; HRMS: m/z caled for CoHyN,04,:
727.2498 [M+H]T; found: 727.2505.

Preparation of 1Q-Cou: Compound 4 (155 mg, 0.21 mmol) was
added to 0.5m HCI/MeOH (2 mL), and the mixture was stirred for
14 h at ambient temperature. The solvent was then removed
under reduced pressure to give 5 (181 mg) as a colorless oil. The
crude product 5 was dissolved in N,N-dimethylformamide (DMF;
1 mL).

The indolequinone derivative 7 (177 mg, 0.44 mmol) in DMF (1 mL)
was added to the solution of 5 in DMF, and the resulting mixture
was stirred at ambient temperature for 8 h. The mixture was then
diluted with saturated aqueous sodium hydrogen carbonate and
extracted with ethyl acetate. The organic layer was washed with
brine, dried over anhydrous magnesium sulfate, filtered, and con-
centrated in vacuo. The crude product was purified by flash chro-
matography (SiO,, from 16.7% ethyl acetate/hexane to 100% ethyl
acetate) to give 1Q-Cou (72.1 mg, 39%) as an orange oil. '"H NMR
(300 MHz, CDCl;, room temperature; as a result of restricted rota-
tion about the amide bonds, two signals were observed for some
atoms): d=8.55 and 8.51 (s, 2H), 7.58-7.53 (m, 4H), 7.31-7.20 (m,
6H), 5.52-5.39 (m, 1H), 5.24-5.04 (m, 6H), 3.83-3.66 (m, 6H), 3.58-
2.74 (m, 10H), 2.31 (s, 3H), 2.24 and 2.19 ppm (s, 3H); 'H NMR
(400 MHz, [D¢]DMSO, 120°C): 6=8.62 (s, 2H), 7.83 (d, J=0.02 Hz,
2H), 7.72 (t, J=0.02 Hz, 2H), 7.38 (t, J=0.02 Hz, 6H), 5.61 (s, TH),
5.27-5.13 (br, 4H), 5.11 (s, 2H), 3.74 (s, 3H), 3.71 (s, 3H), 3.48-3.33
(m, 5H), 2.92-2.69 (m, 5H), 2.36 (s, 3H), 2.19 ppm (s, 3H); *C NMR
(100 MHz, CDCl;, room temperature; as a result of restricted rota-
tion about the amide bonds, two signals were observed for some
atoms): 6=178.4, 177.0, 162.1, 159.3, 156.4, 155.0, 154.1, 149.3,
149.0, 145.7, 138.1, 136.0, 134.3, 131.4, 129.6, 129.0, 128.5, 124.7,
121.6, 117.77, 117.75, 117.3, 116.6, 106.5, 62.5, 57.5, 56.3, 47.2, 46.7,
357, 353, 350, 323, 21.0, 9.6, 94 ppm; "CNMR (100 MHz,
[DgIDMSO, 120°C): 6=177.3, 176.3, 163.0, 161.5, 158.9, 155.1,
154.2, 152.8, 147.8, 145.1, 137,5, 134.6, 133.8, 129.8, 129.5, 1283,
127.8, 124.2, 120.6, 117.2, 117.1, 115.6, 115.1, 106.2, 61.4, 56.7, 55.8,
46.3, 45.8, 34.2, 33.9, 31.3, 19.8, 8.3 ppm; FABMS (NBA/CHCl;): m/z
888 [M+H]™; HRMS: m/z calcd for C,;H,,N;0;5: 888.2610 [M+H]™;
found: 888.2604.

Measurement of extinction coefficients: The extinction coeffi-
cients (g) of compound 6 and coumarin-3-carboxylic acid were cal-
culated according to the Beer-Lambert law. UV spectra of the sam-
ples in acetonitrile (final concentration: 120 um) were recorded
with a Jasco V-530 UV/Vis spectrometer.

Fluorescence spectrophotometry: Fluorescence spectra of 1Q-Cou
and coumarin-3-carboxylic acid in acetonitrile (final concentration:
10 um) were recorded with a Shimadzu RF-5300PC fluorescence
spectrophotometer with excitation at 300 nm.

Measurement of fluorescence quantum yield: The fluorescence
quantum yield (@) was determined by using Coumarin 153, with a
known @ value of 0.42 in methanol, as a reference. The area of
the emission spectrum was integrated by using instrumentation
software, and the quantum yield was calculated according to Equa-
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tion (1), in which @, and @ are the fluorescence quantum
yields of the sample and the reference, respectively, the terms A
and Ag, refer to the area under the fluorescence spectra, (Abs)g
and (Abs), are the optical densities of the sample and reference
solutions at the excitation wavelength, and ng and ng, are the
refractive indices of the solvents used for the sample and the refer-
ence.

Ass) (Abs)g ns)?

e 6
Pres/ P = Aw) (Abs)s) Ner? M)

Laser flash photolysis: Laser flash photolysis was carried out with
a Unisoku TSP-601 flash spectrometer. A continuum Surelite-l Nd-
YAG (Q-switched) laser with the fourth harmonic at 355 nm was
employed for flash photoirradiation. The probe beam from a
Hamamatsu 150-W xenon short-arc lamp was guided with an opti-
cal fiber scope to a perpendicular orientation with respect to the
excitation laser beam. The probe beam was monitored with a Uni-
soku MD200 photomultiplier tube through a Hamamatsu DG535
image-intensifier controller (1024 photodiodes). The timing of the
excitation pulse laser, the probe beam, and the detection system
was achieved through a Tektronix model TDS 3012 digital phos-
phor oscilloscope interfaced to an IBM Windows XP computer. A
solution of 1Q-Cou (30 um) in acetonitrile was deaerated by bub-
bling argon through it prior to laser flash photolysis.

Radiolytic reduction: To establish hypoxia, an aqueous solution of
1Q-Cou (100 um) containing 2-methyl-2-propanol (30%) was
purged with argon for 30 min and then irradiated in a sealed glass
ampoule at ambient temperature with an X-ray source
(4.0 Gymin™"). After irradiation, aliquots were taken at appropriate
time intervals for fluorescence spectrophotometry, and then dilut-
ed by 33% with Milli-Q water for analytical HPLC. A control air-sa-
turated sample solution was irradiated and analyzed in a similar
manner.

Bioreduction by NADPH-P450 reductase: To establish hypoxia, a
solution of NADPH:cytochrome P450 reductase (final concentra-
tion: 10.6 ugmL™") and B-NADPH (final concentration: 2 mm) in
phosphate buffer (25 mm, pH 7.4) was purged with argon for
10 min at 37°C. IQ-Cou (final concentration: 500 pm) was added to
the resulting solution, which was then incubated at 37 °C. For ana-
lytical HPLC, aliquots were taken at appropriate time intervals and
diluted by 10% with Milli-Q water/acetonitrile (1:1). The reaction
mixture was extracted with ethyl acetate to remove [-NADPH
coenzyme, and florescence spectra of the organic layer were mea-
sured with excitation at 300 nm. A control aerobic sample solution
was irradiated and analyzed in a similar manner.

Bioreductive activation of 1Q-Cou by HT-1080 cell lysate: HT-
1080 cells were cultured in six dishes (90% confluent in dishes of
100 mm in diameter) and washed twice with ice-cold phosphate-
buffered saline. The cell lysate was then harvested with ice-cold
CelLytic M cell lysis reagent (2 mL; Sigma-Aldrich), maintained at
ambient temperature for 15 min, and centrifuged at 14000 rpm for
5min to remove the cell debris. The resulting supernatant was
kept in a Bactron Il anaerobic environmental chamber (Sheldon
Manufacturing, Cornelius, OR; 94% N,, 5% CO,, 1% H,) at 37°C for
22 h for hypoxic treatment. 1Q-Cou (final concentration: 500 pm)
was added to the hypoxic lysate, which was then incubated at
37°C for 4 h. Aliquots were taken at appropriate time intervals, di-
luted by 10% with a 1:1 mixture of Milli-Q water and acetonitrile,
and then diluted by 50% with acetonitrile. All solutions were fil-
tered with a Cosmonice Filter S (Nacalai Tesque, Kyoto, Japan) for
analytical HPLC and fluorescence spectrophotometry. Normoxic
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lysate, which was kept in a well-oxygenated incubator (95% air,
5% CO,, 37°C), and lysis buffer alone were mixed in a similar way
with IQ-Cou and analyzed as negative controls.
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The Search for Novel Human Pancreatic a-Amylase
Inhibitors: High-Throughput Screening of Terrestrial and
Marine Natural Product Extracts
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Specific inhibitors of human pancreatic a-amylase (HPA) have
potential as oral agents for the control of blood glucose levels in
the treatment of diabetes and obesity. In a search for novel inhib-
itors, a library of 30000 crude biological extracts of terrestrial
and marine origin has been screened. A number of inhibitory ex-
tracts were identified, of which the most potent was subjected to
bioassay-guided purification. A family of three glycosylated acyl

Introduction

The incidence of diabetes and obesity is increasing at an
alarming rate, with diabetes alone currently afflicting 6% of
the population throughout the western world, and ranking as
the third most prevalent disease. The number of sufferers
worldwide is expected to rise from 177 million to 300 million
individuals by 2030." Both of these chronic diseases exact a
high toll in terms of human health outcomes and in the cost
of health care. Beyond the reduced quality of life and life ex-
pectancy that is experienced by people who are afflicted with
diabetes, ~40% are likely to develop long-term complications
such as hypertension, hyperlipidemia, cardiovascular disease,
cancer, stroke, kidney failure and blindness.>™ A significant
risk factor for the development of diabetes is obesity, which in
itself has become a serious health issue.”’

Human pancreatic a-amylase (HPA) is a key enzyme in the
digestive system and catalyzes the initial step in the hydrolysis
of starch, which is a principal source of glucose in the diet. De-
tailed structural and mechanistic studies have been performed
on HPA, including analyses of HPA-inhibitor binary com-
plexes.®'? It has been previously demonstrated that the activi-
ty of HPA in the small intestine correlates to post-prandial glu-
cose levels, the control of which is an important factor in dia-
betes and obesity."! Modulation of HPA activity through the
therapeutic use of inhibitors would therefore be of considera-
ble medical relevance in the treatment of these debilitating
diseases. Although two a-glucosidase inhibitors, acarbose (Pre-
cose™ or Glucobay™) and miglitol (Glyset™) in current medical
use, their effectiveness is limited by deleterious side effects.'*
" These two drugs target both HPA and other digestive a-glu-
cosidases, however some of these undesired side effects might
arise from the nonspecific inhibition of nondigestive a-glycosi-
dases. These side effects are perhaps compounded by the sys-
temic absorption of these drugs, or their metabolites in the
case of acarbose, and hence their distribution throughout the
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flavonols, montbretins A-C, was thereby identified and character-
ized as competitive amylase inhibitors, with K; values ranging
from 8.1-6100 nm. Competitive inhibition by myricetin, which
corresponds to the flavone core, and noncompetitive inhibition
by a second fragment, ethyl caffeiate, suggest a binding mode
for these inhibitors.

body. Unlike most oral drugs, poor absorption is a desirable
quality for an HPA inhibitor because the effect is only required
in the gut, and low systemic availability would reduce unwant-
ed side effects. New and more effective human drugs that can
target HPA specifically, and can operate at lower dosages with
longer-term effects and lower systemic availability would be
valuable tools to combat the rapidly increasing incidences of
these conditions.

Natural products have long proved to be valuable sources
of enzyme inhibitors; indeed the HPA inhibitor acarbose was
isolated originally from Streptomyces extracts.™ The advantage
of choosing to examine crude biological extracts is that each
extract likely contains countless primary and secondary metab-
olites, many of which will not have been previously character-
ized. This therefore allows us to dramatically increase the
chemical space being sampled. The library that was investigat-
ed in this study consisted of 30000 extracts from the NCI (Na-
tional Cancer Institute, U.S.), which are derived from both ter-
restrial and marine sources. Natural product extract libraries
have already proven to be a highly valuable resource and have
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resulted in the discovery of FDA-approved anticancer drugs. It
is also worth noting that many plants are used as traditional
medicines for the treatment of diabetes, and as such, can be
expected to contain potential compounds of interest."

Results and Discussion
Development of a HTS assay for HPA inhibitors

The most versatile and robust assay for HPA is based upon the
enzymatic cleavage of a synthetic aryl glycoside substrate to
yield a chromophoric product, the release of which can be
monitored in a continuous fashion. The advantages of a con-
tinuous assay over an end-point assay are many-fold, particu-
larly in that the assay is less affected by the high background
readings that arise from the extract composition. Additionally,
a UV-visible assay has benefits over a fluorescence-based assay
in that the assay is considerably less sensitive to “quenchers”,
which often give false positives under fluorescence-based
assay conditions. The commercially available amylase substrate
2-chloro-4-nitrophenyl a-bp-maltotrioside (CNP-G3) proved ideal
for this assay because the pK, of the chloronitrophenyl leaving
group (pK,=5.45)"" is considerably lower than the pH value of
the assay (pH 7.0), hence a high extinction coefficient (e=
11 mm'em™") for the chromophore is obtained under these
conditions. The assay solution also included Triton X-100
(0.01%) to minimize the detection of promiscuous inhibi-
tors.'®" The extract samples, which were DMSO solutions that
contained 5 mgmL™' of dried methanolic extract, were tested
at a dilution of 60nL in a final assay volume of 60 L
(5 ugmL™" final extract concentration). The enzymatic activity
of HPA was found to be completely unaffected by the addition
of this small amount of DMSO (0.1%) and Triton X-100 (0.01 %).
Each sample was run in duplicate, and the replicate was run
on a separate plate that additionally contained 4-O-methyl-o-
p-maltosyl fluoride (1 mm final concentration). This was done
in the hope of identifying inhibitors that are capable of under-
going in situ elongation in a manner similar to that reported
by us previously.”® Unfortunately, no compounds gave en-
hanced inhibition in the presence of the glycosyl fluoride. Al-
though disappointing, the replicates nonetheless served their
normal role. Two test plates that contained a serial dilution of
the known HPA inhibitor acarbose were run as the first and
last plate of each batch in order to ensure the robustness and
integrity of the assay for each given batch that was analyzed.

The data for each plate were normalized relative to the high
controls that were contained therein, and the method of
Zhang et al. was employed to evaluate the data quality.?" The
average Z' statistic, which represents the quality of the control
samples and provides an indication of assay suitability, was de-
termined to be 0.86. This number (which approaches a value
of 1 in a “perfect” screen) indicates that the obtained data
were of high quality and ideally suited to HTS studies. Addi-
tionally, the average Z value of 0.82, which represents how
well the library is tolerated, demonstrated that the assay was
remarkably robust and the data therein were very reliable. The
hit threshold was set at 3 standard deviations from the mean
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of the sample set (corresponding to 81% residual activity) and
samples for which both replicates fell within the hit boundary
were selected for further investigation.

HPA Screening Results

Figure 1 shows the data set that was obtained from the
screening of 30000 NCI extracts, the hit boundaries are
marked as a dotted line.

The majority of the samples are clustered around 100% re-
sidual activity for both replicates, as would be expected for a
sample set where the extracts are predominantly noninhibitory.
A few outliers show 100% residual activity for one replicate
only, with the second replicate showing apparent inhibition.
Visual inspection of the data for these samples showed that
the apparent lower activity was due to a downward step in
the UV absorption, which most likely arose from a bubble in
the assay well; the observed rate on either side of the step
was close to 100% residual activity. Because this effect is
merely an artifact of the assay conditions, and arose from the
inclusion of a detergent, these samples are not identified as
hits. As such, only samples in which both replicates fall within
the hit window were selected for further validation. To validate
the 30 extracts that were identified as hits from the primary
screen, each hit was re-evaluated manually on a standard UV/
Vis spectrophotometer. In this secondary screen, 25 of the ex-
tracts gave reproducible inhibition and were confirmed to be
“true hits”, whereas 5 extracts showed no significant HPA in-
hibition, thus, they identified themselves as false positives. This
corresponds to a very high hit validation rate of 83% and an
overall hit-rate of 0.08 %.

160

140

120

100

R2/% 8o

60

40

20

0 : . 9 oo :
0 20 40 60 80 100 120 140 160
R1/%

Figure 1. Data set from HTS of 30000 NCI extracts with the sample selected

for further study (close to origins) highlighted in bold (@). Data points ex-
pressed as residual activity (%); R1: replicate 1, R2: replicate 2.

Bio-assay guided isolation of HPA inhibitors

The extract with the most significant inhibitory activity (2% re-
sidual activity) was selected for further study. Prior to detailed
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investigation of the active components, a preliminary kinetic
analysis of the HPA inhibition was performed on the crude
extract. A dilution series showed a semilogarithmic sigmoidal

dose-response curve that is typical of a “well-behaved” inhi-

bitor (Figure 2A), and revealed a very low ICs, value of
A) 120
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Figure 2. A) IC5, determination of the crude extract; B) Time-dependent in-
hibition (@) Control, no inhibitor, (o) HPA plus crude extract. RA: residual
activity (%).

2.7 ugmL~". Additionally, the crude extract showed no time-de-
pendent inactivation of HPA; the level of inhibition remained
constant for over 4 h (Figure 2B). With these tests we hoped
to exclude the possibility of analyzing extracts that contained
compounds with undesirable modes of action such as enzyme
denaturation or covalent enzyme modification. The encourag-
ing inhibitory profile and lack of time-dependent inactivation
indicated that this was unlikely to be occurring. This extract
was therefore deemed to be suitable for further investigation
and crude material was obtained in a larger quantity from the
NCI.

The sample that was obtained was a dried methanolic ex-
tract of the bulbs from Crocosmia sp., a perennial plant of the
Iridaceae family that is native to South Africa. In order to iso-
late the principal bioactive components from the complex mix-
ture of the extract, a series of bioassay-guided purification
steps were performed. At each step the column fractions were
assayed for HPA inhibition, and the active fractions were taken
forward.

ChemBioChem 2008, 9, 433 - 438

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

After extensive purification, a family of three related com-
pounds was obtained. Through a combination of 2D NMR
spectroscopy and mass spectrometry, two of these compounds
were identified as the known glycosylated acyl-flavonols mont-
bretins A and B (Scheme 1). These compounds were originally

HO

Montbretin R

o)
OH A OH
B H
o OH C OMe

Scheme 1. Montbretins A-C that were isolated from Crocosmia sp.

isolated from an extract of Crocosmia crocosmiiflora, a garden
hybrid of C. aurea and C. Pottsii;*? a plant that has seen tradi-
tional use as an antitumour agent in Japanese folk medicine.
The remaining family member was identified as a methyl ether
of the cinnamic acid moiety and was named montbretin C
(Scheme 1).

Bioflavonoids are secondary plant metabolites, and over
9000 structural variants have been identified to date.?*?* They
occur ubiquitously in nature, and are thought to play a variety
of roles from growth regulation to self-defense. In humans, the
health-promoting benefits of consumption of this class of com-
pounds are well described and include reduced incidence of
heart disease and certain types of cancer. These pharmacologi-
cal activities are ascribed to the sequestering of reactive
oxygen species (ROS), which is due to their natural anti-oxidant
behavior and/or the modulation of enzymatic activities. Flavo-
nols are a sub-family of the flavonoids that are distinguished
by a 2,3-unsaturation, a 3-hydroxyl group and 4-oxo group on
the C-ring of the flavan nucleus. In plants, these flavonols are
frequently glycosylated to reduce reactivity and increase water
solubility, and of these, myricetin is a commonly occurring
aglycone.”

The montbretins, which contain the myricetin flavonol core,
are glycosylated at the 3 and 4’ positions. The 3-hydroxyl car-
ries an a-linked linear trisaccharide that consists of p-glucopyr-
anosyl-(31—2)-b-glucopyranosyl-(31—2)-L-rhamnopyranose;
the central p-glucosyl sugar bears a 6-O-cinnamic ester, which
is differently substituted among the family members. The 4’
position bears a f-linked p-xylose unit, which is itself append-
ed on its 4-hydroxyl with an a-linked L-rhamnopyranosyl
moiety.

Kinetic analyses of the three family members that were iso-
lated showed montbretin A to be a considerably more potent
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inhibitor of HPA than montbretins B and C (Table 1). Clearly,
the presence of the free meta-hydroxyl group of the cinnamic
acid moiety is crucial to the tight binding of montbretin A be-
cause its removal or methylation (montbretins B and C respec-
tively) lowers the inhibitory activity by almost 1000-fold.

Table 1. Inhibition of HPA by montbretins A-C.

Montbretin R' K [nm]
A OH 8.1
B H 3600
C OMe 6100

Because montbretin A was observed to be both the most in-
hibitory and the most abundant family member, it was there-
fore chosen for further study. Detailed kinetic analysis of mont-
bretin A demonstrated it to be a tight-binding competitive in-
hibitor of HPA (K;=8.1 nwm, Figure 3). Additionally, montbretin A
showed a high level of selectivity towards HPA when tested
against a series of glycosidases, including other enzymes from
the GH13 family (Table 2), which is a highly desirable attribute
for any potential HPA-targeted therapeutic.

800 —
600 —
400 —
11V
200 —
0
I | ] I J
0 0.002 0.004 0.006
1/8

Figure 3. Double reciprocal plot showing Montbretin A to be a tight-bind-
ing, competitive inhibitor of HPA.

Interestingly, montbretin A appeared to show time-depen-
dent inhibition towards the [-glucosidase from Agrobacterium
sp. (Abg), and the extent of inhibition decreases with time
(data not shown). Indeed, pre-incubation of montbretin A with
Abg prior to the addition of the assay substrate resulted in no
observable p-glucosidase inhibition. This exo-acting glycosi-
dase has been shown to be promiscuous with regard to the
substrate aglycone, hence it was deduced that montbretin A
was actually acting as a substrate for Abg and the terminal f3-
linked glucose residue was being cleaved. The subsequent resi-
due of montbretin A is also a B-linked glucose residue, howev-
er this residue bears a large 6-O-caffeic ester moiety and
would therefore not be processed by Abg.”® Furthermore,
upon re-testing of this truncated montbretin A-derived com-
pound, no significant change in the inhibitory prowess with
respect to HPA was observed; this suggests that the terminal
glucosyl residue is not required for HPA activity.

Given that flavonoids are well known to possess both anti-
oxidant and prooxidative properties, an initial concern was
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Table 2. Glycosidase specificity of montbretin A.

Glycosidase RA [%]
a-amylase (HPA) 1"
B-glucosidase (Agrobacterium sp.) 100
fB-galactosidase (E. coli) 98
B-hexosaminidase (jack bean) 29
a-mannosidase (jack bean) 100
a-galactosidase (green coffee bean) 100
a-glucosidase (brewers’ yeast) 97
[a] Residual enzyme activity at 0.1 um montbretin A.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

that montbretin A might be inactivating HPA through redox
modifications.”>*” This mode of action was deemed unlikely
because of the competitive nature of the inhibition and the
wide range of K; values for the structurally similar family mem-
bers. However, in order to refute this possibility, the inhibition
of HPA by montbretin A was measured both in the presence
and absence of 5 mm dithiothreitol (DTT). The addition of DTT
maintained the enzyme and reagents in a reducing environ-
ment, thereby preventing the occurrence of any redox chemis-
try either in solution or within the enzyme active site. Because
no effect on HPA inhibition was observed upon the inclusion
of DTT, a redox-type mechanism of action was deemed unlike-
ly. Additionally, flavonoids can also chelate metal cations,
which raises the possibility that the inhibitor might be extract-
ing the essential HPA calcium ion. In order to discount this
mechanism of action, kinetic studies were performed in the
presence of 1 mm calcium chloride, with the result that no
change in inhibition was observed.

In order to investigate which structural motifs of montbre-
tin A contribute to HPA inhibition, commercially available com-
pounds that correspond to the two aromatic portions; the fla-
vonol core (myricetin) and the 6-O-acyl group (caffeic acid)
were examined independently as HPA inhibitors. Interestingly,
myricetin was indeed an HPA inhibitor (K;=110 um, Figure 4A),
albeit several orders of magnitude less potent than montbre-
tin A. Furthermore the inhibition was observed to be of a com-
petitive nature; this indicates that inhibition arises from bind-
ing in the enzyme active site. Ethyl caffeiate, the ethyl ester of
caffeic acid, was found to be a weak inhibitor of HPA (K=
1.3 mm, Figure 4B). The inhibition mode in this case was ob-
served to be noncompetitive, thus suggesting that the inhibi-
tion is arising through interactions that are remote from the
active site. These findings suggest an attractive model for the
observed inhibition by montbretin A in which the flavonol
core occupies the active site, while the caffeic acid moiety
binds to a second site. The sugar residues act as linkers, and
quite possibly also provide additional binding interactions. As
indicated by the differential binding strength of montbretin A
versus B and C, the meta-hydroxyl group of the caffeic acid is
likely playing a crucial role in correctly orienting the inhibitor
into the most productive binding mode. Hopefully, future
structural studies of enzyme-inhibitor complexes will provide
insights into the exact binding mode.

Other glycosylated flavonols have previously been identified
from plants that have been used as traditional treatments for
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Figure 4. Double reciprocal plot of the HPA inhibitors; A) myricetin
(K;=110 um, competitive); B) ethyl caffeiate (K;=1.3 mm, uncompetitive).

diabetes.” While the mechanism of action for many of these
compounds has not been determined,””3” some, such as the
myrciacitrins,®*'>% have been demonstrated to be aldose re-
ductase inhibitors,®**? while others are thought to be glyca-
tion inhibitors.”® A few members have also shown a-glucosi-
dase inhibition.®>*>3"3% None however have been described as
a-amylase inhibitors.

Conclusions

Through the screening protocol outlined above, we were able
to examine 30000 biological extract samples in the search for
inhibitors of human pancreatic a-amylase. From these data we
have identified 25 inhibitory extracts, a hit rate of ~0.1%. The
detailed investigation of the most inhibitory extract resulted in
the isolation of a family of glycosylated acyl-flavonols, one of
which was demonstrated to be a tight-binding and specific
HPA inhibitor. By using the structure-activity relationship ob-
tained from the kinetic analysis of these family members,
along with that of two small-molecule fragments, we were
able to speculate as to the binding mode that is employed by
this family of compounds to achieve such potent inhibition.
This extract, which resulted in both the isolation of a novel
compound (montbretin C), and the discovery of novel inhibito-
ry behavior for two previously described compounds (mont-
bretins A and B), demonstrate the great potential for novel
HPA inhibitor discovery from crude natural product extracts.

ChemBioChem 2008, 9, 433 - 438
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There remain several other inhibitory extracts from this work
that have yet to be evaluated further.

Experimental Section

Primary screening: The screen was performed on a Beckman
Coulter Biomek FX Laboratory Automation Workstation (Fullerton,
CA, USA) that was equipped with a 96-channel pipetting head and
a low-volume 96-pin High Density Replicator. This workstation was
integrated with a Beckman Coulter DTX880 plate reader with UV/
Vis capability, which allowed for sequential assay plate processing
and reading. The assay was run in 384-well plates that contained a
60 pL volume of 50 mm sodium phosphate buffer (pH 7.0), 100 mm
sodium chloride, CNP-G3 (1 mm final concentration) and HPA
(1 pgmL~" final concentration). Triton X-100 (0.01%) was also pres-
ent to minimize nonspecific inhibition."®'” The CNP-G3 substrate
was employed at a sub-K,, concentration (K,,=3.6 mm) both for
economy of quantity, and also to promote the identification of
competitive over noncompetitive inhibitors. The extracts were
added to the assay plate by using three transfers of a High-Density
Replicator pin tool (20 nL per transfer). Each sample was run in
duplicate, with the second duplicate run on a separate plate that
additionally contained 4'-O-methyl-maltosyl-a-luoride (1 mm final
concentration). All of the assay plates contained 32 high controls
(no inhibitor). The inhibitors and enzyme were allowed to incubate
together at room temperature for 10 min to allow for detection of
“slow-on” type inhibitors. The reaction was initiated by the addi-
tion of substrate, and the subsequent release of the chloronitro-
phenolate anion was monitored continuously at 405 nm for 7 min.
The plate reader software (Beckman Coulter Multimode Detection)
was then used to calculate the rate of the reaction in each well.
The rate for each extract was normalized with respect to the high
controls, and the data for each sample reported as % residual activ-
ity. For each sample the two replicates were plotted against one
another (x, y), and those samples which fell within the hit window
(set at 3 standard deviations from the mean of the sample set)
were selected for validation. An aliquot (1 pL) of each of the ex-
tracts was retested in a half-area six-well plate (100 pL final
volume), and those samples that gave reproducible inhibitory ac-
tivity were identified as “true hits".

Preliminary evaluation: The extract with the most significant in-
hibitory activity was serially diluted (1:2 dilution factor) in a half-
area 96-well plate, and the HPA inhibition was measured as de-
scribed previously. The data that were thus obtained were fit to
the 1C5, model in the analysis program GraFit“” and resulted in an
ICs, value of 2.7+0.1 ugmL™". In order to evaluate the time-depen-
dent nature of the inhibition, the enzyme and inhibitor were incu-
bated together at room temperature and aliquots were removed
and tested for HPA activity over a period of 4 h.

Isolation and identification of the montbretins: A dried crude
methanolic extract of the bulbs Crocosmia sp. was obtained from
the NCI open plant repository. The crude material (2 g) was parti-
tioned between ethyl acetate and water, and the aqueous fraction
then partitioned against butanol. The butanolic fraction was ap-
plied, 150 mg at a time, to a column that was packed with Sepha-
dex™ LH-20 that was pre-swollen in methanol for size exclusion
chromatography. The resulting fractions were grouped based on
biological activity. The active fraction was purified by HPLC by
using 22% aqueous acetonitrile, to afford three fractions. Further
purification of the main fraction by using a gradient from 30% to
40% aqueous acetonitrile over 30 min afforded montbretin A
(15 min, 8.4 mg) as a yellow powder. A gradient from 30% to 70%
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aqueous acetonitrile over 30 min on the second fraction afforded
montbretin B as a yellow powder (16 min, 0.9 mg), and a gradient
from 20% to 30% aqueous acetonitrile was used on the third frac-
tion, which afforded montbretin C (20 min, 1.6 mg) as a yellow
powder (for NMR data see the Supporting Information).

Column fractions from each step of the purification process were
sub-sampled (100 pL) into 96-well plates, which were then allowed
to evaporate to dryness. By using the Biomek FX, the fractions
were redissolved in water and varying aliquots (1-10 pL) were
transferred to a 384-well plate, and were analyzed for HPA inhibito-
ry activity by using the same protocol that was described for the
HTS study.

Kinetic analysis of the active compounds: The K values and
mode of inhibition of montbretin A, myricetin and ethyl caffeiate
were determined by measuring the rate of reaction at differing in-
hibitor concentrations for a series of substrate concentrations. Re-
actions were performed on either a Varian Cary300 or Cary4000
UV/Vis spectrophotometer at 400 nm. The substrate concentration
(CNP-G3) was typically varied from '/; of to five times the Ky, value.
A similar range of inhibitor concentrations was attempted, but
some limitations were encountered. The lowest concentration of
montbretin A that could be measured was 4 nm ('/, the K; value)
due to the very low enzyme concentration that was required to
remain significantly below the inhibitor concentration. Conversely
the limited aqueous solubility of myricetin and ethyl caffeiate
meant that the highest inhibitor concentration that was deter-
mined for these compounds was 1.5-times the K; value. Double re-
ciprocal plots of the data for montbretin A and myricetin indicated
that these compounds were competitive inhibitors of HPA. A good
fit of the data to the competitive inhibition model in the analysis
program GraFit was achieved, and K; values of 8.1+0.5nm and
110+ 15 um respectively were obtained. A double reciprocal plot
of the data that was obtained with ethyl caffeiate demonstrated
that this compound was a noncompetitive inhibitor of HPA. In this
case, a good fit of the data to the noncompetitive inhibition
model in Grafit was observed, and a K; value of 1.34+0.1 mm was
obtained. The K; values of montbretins B and C were determined
by the range finder method. The rate of reaction for a series of
varying inhibitor concentrations was measured at a fixed substrate
concentration. From a Dixon plot of the data, the intercept of the
line of best fit through these points with the 1/V,,,, line is equal to
the -K; value. From these data, K; values of 3.6+0.1 um and 6.1+
0.1 um were obtained for montbretins B and C respectively.
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An Integrated Device for Monitoring Time-Dependent in
vitro Expression From Single Genes in Picolitre Droplets
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Wilhelm T. S. Huck, Chris Abell,*® and Florian Hollfelder*™’

Microdroplets have great potential for high-throughput biochem-
ical screening. We report the design of an integrated microfluidic
device for droplet formation, incubation and screening. Picolitre
water-in-oil droplets can be stored in a reservoir that contains
~10° droplets. In this reservoir droplets are stable for at least 6 h,
which gives an extended timescale for biochemical experiments.

Introduction

Compartmentalisation of chemical or biological reactions in
droplets" is an emerging and powerful format for performing
ultra-high-throughput assays on a very small scale. Individual
droplets (typically fL to nL volume) act as discrete reaction ves-
sels.”® Such microdroplets can be generated in bulk,™ but mi-
crofluidic devices offer a much higher level of control necessa-
ry for quantitative analysis of, for example, reaction kinetics.”
Homogeneous droplets of defined size can readily be formed
and manipulated: they can, for example, be split,”'® fused,*™""
analysed"? and sorted."” The contents, size and frequency of
droplets can be precisely controlled by appropriate adjustment
of flow rates. The rapid mixing of aqueous reagents in drop-
lets, by chaotic advection,""™ leads to short dead times
(<2 ms), allowing fast reactions—on the second to millisecond
timescale—to be followed.” '™ Many chemical and biochemical
assays require longer reaction times. Although storage devices
are available for plugs (e.g., capillaries),'”" the storage of mi-
crodroplets in microfluidic device is still a challenge.

In this paper we describe the design of an integrated device
allowing precisely controlled formation of water-in-oil droplets,
their storage for several hours in a reservoir, and individual
analysis of droplets by laser detection.'>?? We demonstrate
the utility of the new device by measuring the kinetics of in
vitro expression of a reporter protein within droplets over sev-
eral hours through the use of a suitable emulsion formulation.
The high efficiency of our system also allows us to express pro-
teins in microreactors containing single copies of a gene. This
paves the way for directed evolution experiments in such devi-
ces.

Results and Discussion
Device fabrication

Many high-throughput assays involve an incubation step. One
approach that has been exploited in microfluidics is the use of
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We demonstrate the utility of the system by following the in vitro
expression of green fluorescent protein. The high efficiency allows
protein expression from a single molecule of DNA template, cre-
ating “monoclonal droplets” in which genotype and phenotype
are combined in one emulsion compartment.

plugs of fluids in capillaries to look at many discrete reaction
compartments. These plugs have been shown to be stable for
months, enabling a variety of chemical,"” biochemical®?" and
crystallographic experiments®?" to be performed. This ap-
proach, however, appears to have limited throughput"” and a
restricted range of applications as a consequence of the rela-
tively large volumes (nL) of the plugs.

In an earlier study, Dittrich et al. demonstrated cell-free ex-
pression of a protein in droplets.”” The reactions were carried
out in small (5 um, 65 fL) droplets that were stored at the “end
reservoir” of the device. After incubation, the droplets were
pumped back through the channel for analysis. However, it
was reported that droplet fusion occurs on the assay time-
scales, leading to loss of compartmentalisation. Following the
same basic principles as the work performed by Dittrich et al.,
this paper addresses droplet storage and stability further. Inte-
grated devices that combine droplet formation, storage and
analysis will be required in order to allow the use of micro-
droplets in microfluidics as single-droplet reaction chambers.

The device design used in this study is shown in Figure 1.
The key components are a flow-focusing device for droplet for-
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Figure 1. Design of the integrated device. The device contains an oil inlet (A) that joins

two aqueous inlet channels (B1 and B2) at a narrow junction (C: 10 um) to form droplets
of ~15 um size. A wiggle channel allows rapid mixing of droplet components. The drop-
lets flow directly (D) into a reservoir (a: 7 mm, b: 7.3 mm, c: 7.2 mm, d: 5.8 mm) contain-
ing four pillars (e: 3 mm, f: 300 um) and a narrow outlet channel (30 um) for droplet exit
and detection (E). The channels and reservoir are 25 um deep.

mation, and a droplet storage reservoir (total volume ~2 ul).
Droplets (typically 10-30 pum, 0.5-15 pL) are generated with a
flow-focusing design in a PDMS/glass device [PDMS: poly(di-
methylsiloxane)].”?’ The different reaction components are in-
troduced through two aqueous inlet channels (Figure 1B1 and
B2), joining each other in a narrow orifice. Droplets, created at
the junction by the shear forces from two perpendicular oil
flows, then pass through a short sinusoidal channel that pro-
motes rapid mixing by chaotic advection and accumulate in a
large reservoir. The geometry of the reservoir has been opti-
mised iteratively. It possesses a V-shaped entrance that causes
the droplets to slow down gradually as they enter the cham-
ber, thereby avoiding droplet splitting upon collision. To store
up to 10° droplets a large reservoir with a large aspect ratio
(width/height) of ~230 was designed. Such a large ratio could
lead to sagging or collapse of the device structure.?” This
potential problem was avoided by inserting four supporting
pillars in the middle of the reservoir, effectively reducing the
aspect ratio.

Once the reservoir has been filled with droplets, the en-
trance and exit are sealed. Droplets could be retrieved by
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opening the reservoir and introducing oil from the
inlet to force droplets to flow through the narrow
outlet channel (Figure 1E). The exit is tapered in a
similar way to the entrance to stop droplets getting
trapped in deadspace in the corners.

Emulsion stability

The main mechanisms of breakdown of thermody-
namically unstable emulsions are Ostwald ripening
(growth of larger droplets at the expense of smaller
ones) and coalescence with other droplets.”” Small-
er droplets are more stable: 2 um droplets, for exam-
ple, have been used in bulk emulsion containing dif-
ferent mixtures of surfactants for in vitro compart-
mentalisation.??*%® However, in the microfluidic
system described above, larger droplets (10-30 um,
0.52 to 14.14 pL) are used. Such droplets are inher-
ently less stable and need to be stabilised by a good
surfactant formulation. A study was therefore carried
out with different formulations of Abil EM 90, which has been
used previously in bulk emulsions.?*3

Droplet stability was evaluated by image analysis to com-
pare droplet size over time for at least 3000 droplets per reser-
voir. It was found that 1% Abil EM 908" was insufficient to
form stable emulsions, whereas 2% Abil EM 90 stabilised drop-
lets for up to four hours. In both cases, the droplets eventually
coalesced.

Addition of a co-surfactant has been shown to stabilize
water-in-oil emulsions against coalescence.” Studies of drop-
let size from pictures taken over time with the previously used
2% Abil EM 90 formulation together with 0.5% Triton X100
showed stabilisation of droplets for a minimum of six hours,
but ~25% of droplets had coalesced after this time. In con-
trast, a formulation containing 3% Abil EM 90%® suffered less
coalescence (a2 10%). This formulation of surfactant was used
throughout the subsequent study. Unfortunately, the increase
in surfactant concentration caused the droplets to aggre-
gate,” as shown in Figure 2. The droplets were initially uni-
form and packed in ordered arrays in the reservoir (Figure 2 A).
Over time the mineral oil was absorbed into the PDMS walls of

Figure 2. Microscopic observation of droplet behaviour in the reservoir. Droplets of water in mineral oil containing 3% Abil EM 90 stored in the reservoir
imaged over time: A) droplets in the freshly filled reservoir, B) after 6 h droplets adhere to each other as the oil is absorbed into the device; these droplets
can be recovered by addition of oil, C) after 24 h, droplets are aggregated and cannot be recovered.
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the device,*? decreasing the amount of oil separating the
droplets. As a result, the droplets deformed and adhered to
each other (Figure 2B). Up to this point, droplets could still be
recovered by introducing more oil (through inlet A) into the
system, which led to the reversal of the deformation and the
regeneration of free-flowing droplets. After 24 h the droplets
had eventually aggregated and stuck to the device (Figure 2C).

Retrieval and detection of droplets

The droplets were studied to quantify the extent of droplet
fusion, Ostwald ripening and leakage of material from the
droplets by using the successful droplet formulation described
above. To do so, droplets containing green fluorescent protein
(GFP) were prepared and stored in the reservoir shown in
Figure 1. A green fluorescent mutant protein with increased
fluorescence relative to the wild-type GFP was used through-
out this study because of its ease of detection.*® At selected
time intervals, droplets were extracted from the reservoir and
their laser-induced fluorescence was detected in the outlet
channel. Figure 3 A shows a typical trace of droplets containing
GFP leaving the reservoir by the outlet channel. If droplets had
shrunk, their fluorescence signals would be more intense. If
droplets had swollen, the measured fluorescence intensities
would fall. Droplet fusion would lead to larger droplets with
no change in concentration. The detected signal would then
show similar fluorescence intensity, but have a larger peak
area. The extent of droplet fusion and changes in droplet size
were quantified by peak intensity and peak area studies of
droplets containing GFP stored in the reservoir. Measurements
after 6 h showed that ~10% of droplets had shrunk and an-
other ~10% of droplets had fused and thus increased in size.
(Histograms of the distribution of peak area and peak height
after 6.55 h are shown in the Supporting Information.) Studies
of droplet size from pictures taken over time also confirmed
these results. Figure 3B shows the average total fluorescence
in 3000 droplets measured at different time points. It was
found that the GFP fluorescence intensity changed by less
than 10% over 6 h (Figure 3B). The relatively constant fluores-
cence suggests that the concentration of GFP had not
changed, indicating that there is no leakage of GFP from the
droplets.

In vitro expression of green fluorescent protein in micro-
droplets

The system described in this paper allowed us to store and an-
alyse droplets containing GFP in a sensitive and high-through-
put manner. The linearity of detection of GFP in droplets was
assessed by making dilute droplets of GFP and recording their
fluorescence (Figure 4A). The lowest concentration measured
(20 nm) was readily resolved. We therefore used a calibration
curve (Figure 4A) in all further experiments to estimate con-
centrations as low as 5 nmM. As previously reported,”? the fluo-
rescence observed for GFP inside a droplet is about 30% less
than that measured for the flow in the inlet channel prior to
droplet formation.

ChemBioChem 2008, 9, 439 — 446
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Figure 3. Detection of fluorescence emission from droplets in the outlet re-
servoir channel (E, Figure 1). A) Trace of droplets going out of reservoir after
4 h storage. The droplets contained GFP (375 nm). Each droplet passing
through the laser beam (excitation 488 nm) in the detection channel gives
rise to a peak of fluorescence intensity (emission above 516 nm) linearly
related to the fluorophore concentration inside the droplet. B) Average of
droplet fluorescence intensity stored in the reservoir for 2.35 h, 4 h and

6.55 h (~3000 droplets per time point). Droplets were formed with mineral
oil containing 3% Abil EM 90, GFP (750 nm) and Tris/HCI (50 mm, pH 7.5)
mixed on the chip at a 1:1 ratio. The flow rates were oil mixture/GFP/buffer:
100:5:5 uLh™'; mean droplet diameter: 15 um; droplet formation frequency:
440 Hz. Error bars represent the standard deviation of the measured values.

As a demonstration of the utility of this system, in vitro ex-
pression of GFP was carried out, and the resulting fluorescent
protein was detected. A commercial in vitro transcription and
translation kit (IVTT), including ribosomes, tRNA, translation ini-
tiation, elongation, termination factors, T7 polymerase, amino
acids and ribonucleotides, was used (RTS100, E.coli HY kit,
Roche Applied Sciences). As emulsions are more stable at
lower temperatures, GFP expression in bulk solution was
tested at 37°C and 20°C in a 96-well plate. In vitro expression
was found to be only about 20% less efficient at 20°C than at
37°C over a 5 h incubation period (data not shown). Therefore
experiments in droplets were performed at room temperature
(20°Q). (Experiments at higher temperatures may require fur-
ther optimisation with regard to droplet stability or possible
evaporation, which is not addressed here).

The droplets were formed by mixing two solutions (in B1
and B2) at the same flow rate. One contained the E. coli lysate
and the amino acids, whilst the second contained the “reaction

441

www.chembiochem.org



www.chembiochem.org



A) 1.4

1.2

0.8
0.6

0.4

Fluorescence /a.u. —»

0.2

0 | | | | ] 1 | |
0 50 100 150 200 250 300 350 400

GFP concentration/nm —

=z

140 -

120 |-

100 |- %
60 |- {

20 z ¢ )

GFP expressed /nM ——

Figure 4. A) Detection of GFP fluorescence emission inside droplets. Droplets
were formed with mineral oil/Abil EM 90 (3 %)/GFP [750 nm] and Tris/HCI

[50 mm], pH 7.5. The oil mixture flow rate was set up at 100 pLh~". The GFP
concentration was decreased by dilution on chip with the buffer, the total
aqueous flow rate being kept at 20 uLh™". The data are corrected for the
background signal (~0.06). B) Time course of in vitro expression of GFP in
the integrated microdroplet device. The GFP expression in microdroplets
was monitored by the increase in fluorescence above 516 nm. Conditions:
5.2 pm (@) or 30 pm (2) plasmid inside aqueous droplets of 15 and 30 um
diameter, respectively, in mineral oil containing 3% Abil EM 90 at room tem-
perature (~20°C).

mix” and the DNA template (pIVEX-gfp containing a T7 pro-
moter). The droplets were stored in the reservoir at room tem-
perature. The presence of the IVTT mix did not destabilize the
droplets, which appeared to be as stable as the droplets con-
taining GFP.

At selected time intervals, the reservoir was opened and the
fluorescence intensity of the droplets passing through the

C. Abell, F. Hollfelder et al.

outlet channel was recorded. The high number of droplets pro-
vided large sample sizes (> 1500 per time point) for analysis.
Two time courses of GFP expression—for 30 um (14 pL) drop-
lets containing 30 pm plasmid template, and for 15 um (1.8 pL)
droplets containing 5 pm plasmid—are shown in Figure 4B.
Similar expression profiles were observed in each case.

The larger droplets contained on average 250 molecules of
plasmid and produced 10° molecules of GFP, corresponding to
4000 molecules of protein per molecule of template. The
smaller droplets contained on average five molecules of plas-
mid and produced approximately 40000 molecules of GFP, cor-
responding to 8000 molecules of protein per molecule of tem-
plate. A very similar yield has been reported with the same
IVTT kit in vesicles (approximately <8000 copies per gene).*”
In the early experiments reported by Dittrich et al.”? the corre-
sponding figures were three molecules of GFP produced from
each molecule of template. However a different IVTT system, a
higher plasmid concentration (20 nm) and different conditions
(50 min at 37°C) were used, so a direct comparison cannot be
made. The bulk emulsion protocol also results in lower protein
copy number per gene, possibly due to partial protein deacti-
vation at high homogeniser speed that is avoided by the
milder droplet formation in microfluidics.”®

In vitro expression of GFP from a single DNA template
molecule

The high yield of GFP in the IVTT expression experiments in
droplets made it possible to consider the expression of GFP
from a single plasmid in a droplet. This is a pivotal experiment,
allowing these devices to be used for directed evolution in
droplets. To screen a library of different templates, it is desira-
ble that each droplet should contain a single molecule of tem-
plate to generate a unique protein, linking each genotype with
its phenotype, ensuring the maximum enrichment.

To investigate the possibility of expressing and detecting
GFP from a single copy of template in the droplet reservoir,
the plasmid solution of pIVEX-gfp was diluted to final concen-
trations of 0.5, 0.3 and 0.1 pm. At these concentrations there is
on average less than one molecule of template per droplet
(Table 1). The percentage of droplets expected to contain a
single copy of the template was calculated by Poisson statis-
tics. For example, in droplets formed from a solution of 0.5 pm
plasmid, there should be 80% empty droplets, 18% with only
one plasmid and 2% with more than one copy of DNA. The
calculated concentration of one molecule of plasmid in a drop-

Table 1. GFP expression in droplets containing a single DNA template molecule after incubation at room temperature (~20°C) for 6 h 30 min. All droplets
contained equal amounts of in vitro expression mixture (see Experimental Section).

[Plasmid] Droplet [Plasmid] % empty % droplets containing GFP Molecules GFP
in loading diameter volume in droplet droplets >1 plasmid a single plasmid GFP expressed per molecule
solution [pm] [um] [pL] [pm] (caled) (caled) (obs) [nm] plasmid®
0.5 1.1 0.7 23 80.3 17.7 26 45 20000
0.3 12.7 1.1 1.6 82.7 15.7 23 46 30000
0.1 10.5 0.6 2.7 96 338 4 32 12000

[a] In droplets containing one gene copy and expressing GFP.
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let is 1.6-2.7 pm, depending on the droplet volume (varying
between 0.6 to 1.1 pL).

The droplets were stored in the device reservoir for 6.5 h at
room temperature (~20°C) to ensure the completion of pro-
tein expression. The background fluorescence was measured
for droplets containing the IVTT mixture but lacking plasmid
(Figure 5A and C). The droplets in which GFP was expressed
had a mean fluorescence signal more than three times back-
ground (Figure 5B and D).

It was found that the percentage of droplets in which GFP
was expressed was in relatively close agreement with the cal-
culated percentage of droplets expected to contain plasmid,
coinciding exactly with 0.1 pm plasmid in the loading solution
(third entry in Table 1). The majority of droplets that expressed
GFP did so within a relatively narrow range (45+20 nm), as
would be expected if each contained a single molecule of plas-
mid genes. Typically, 65 to 95% of the droplets analyzed (~4 x
10*) were empty in this type of experiment, in comparison
with less than 20% empty droplets when higher plasmid con-
centrations were used (Figure 6).
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The number of molecules of GFP produced per droplet (i.e.,
per molecule of plasmid), in droplets containing single genes,
was between 12000 and 30000 (Table 1). These experiments
give higher numbers of protein molecules per DNA template
than in the experiments carried out with multiple plasmid mol-
ecules (4000-8000; see above). Two factors could explain the
lower expression efficiency observed in the presence of a
higher plasmid concentration. It might be that oxygen is limit-
ing and so not all the GFP can fold properly and form the
oxidised fluorophore.*>3® An alternative explanation could be
saturation of the translation machinery.2*37:3

Conclusions

By using microfluidic devices, it is possible to generate drop-
lets (at rates of up to 10%®s™") of uniform size, enabling quanti-
tative studies in a high-throughput way. Until now, the time-
scale for transit of a droplet through a typical microfluidic
device has usually been seconds, too fast for experiments that
require extended incubation times.
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Figure 5. Analysis of droplet fluorescence. Fluorescence intensities of droplets measured after 6.5 h incubation at room temperature. Each peak corresponds
to one droplet. Droplets contain the cell-free expression system either without (A, C) or with (B, D) pIVEX-gfp template (0.3 pm). In A, >98% of all peaks
show less than 0.2 fluorescence units. This was taken as a conservative upper limit for the background in order not to miss any positives. In B, all peaks with
a fluorescence value above 0.2 were considered as droplets expressing GFP. The distribution of peaks in a similar experiment is shown in Figure 6.
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Figure 6. Histograms of peak values obtained when GFP was expressed in
vitro in droplets with no plasmid template (m), with 0.26 DNA molecules per
droplet (o; observed percentage of droplets containing one or more plas-
mids—Table 1, first row) or with 250 DNA molecules per droplet (). Larger
amounts of DNA template led to smaller percentages of empty droplets.

This paper describes the design and development of an inte-
grated microfluidic device for droplet generation, incubation
and screening for experiments that need extended reaction or
incubation times. Together with a surfactant formulation that
keeps droplets stable for hours, this system can be used to
make uniform droplets in a range of sizes (typically 10-30 um
diameter; 0.5-14 pL) and to store large numbers of droplets
(~10° in a reservoir for several hours, during which time there
is less than 10% erosion of the droplet quality. Longer resi-
dence times in droplets can be necessary in order to follow
relatively slow enzymatic or nonenzymatic kinetics or in order
to pre-incubate enzymes with inhibitors before a reaction
assay is started. The utility of the system is demonstrated in a
series of experiments on in vitro expression of GFP.

High yields of GFP were obtained, comparable with the best
reported in IVTT-IVC systems,® and much higher than have
previously been reported in droplets.”? These high yields
made it possible to perform protein expression from single
copies of the DNA template, thereby generating monoclonal
droplets. In vitro compartmentalisation experiments using
droplets in bulk emulsion®*? and liposomes™ with excesses
of compartments over DNA molecules have been reported pre-
viously. However these systems suffered from a lack of uni-
formity of compartment size, rendering quantitative studies
difficult and decreasing the stringency possible for any selec-
tion (e.g., for product formation). In contrast, microdroplets in
microfluidics have low polydispersity, making them amenable
to quantitative analysis. It is noteworthy that even though the
concentration of DNA template is picomolar in the monoclonal
droplets, efficient translation was obtained. The availability of
monoclonal droplets is a major step towards future in vitro
directed evolution experiments under stringent, quantitative
selection pressure in droplet compartments in microfluidics.
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Experimental Section

Materials: Poly(dimethylsiloxane) (PDMS, Sylgard 184) was ob-
tained from Dow Corning (UK). Glass coverslips (microscope slides)
were obtained from AGAR Scientific (UK). Mineral oil was supplied
by Aldrich, and ABIL EM 90 by Golsdschmidt GmbH (Essen, Germa-
ny). The RTS 100 Escherichia coli HY kit was supplied by Roche Di-
agnostics GmbH (Mannheim, Germany). The laser was obtained
from Picarro Cyan and the photomultiplier tube (H8249) from
Hamamatsu Photonics. The CCD camera (Model A247) was from
Pixelink and the microscope (IX71) from Olympus. LabView 8.2 soft-
ware was supplied by National Instruments.

Cloning, expression and purification of GFP: The GFP used in this
study contains three mutations (S65A, V68L and S72A) that in-
crease its fluorescence 20-fold relative to the wild type.®¥ The
gene was amplified from the plasmid pDXA-GFP2"Y by PCR with
oligonucleotides (5-acaaagcggccgccatcatcatcatcatcatga-3’ and
5'-cttgagtcgacacttgaattgatcctctag-3’) that introduced Notl and
Sall restriction sites. The purified DNA was digested and ligated
into the plasmid plVEX2.6d (ROCHE) to give the plasmid
pIVEX2.6d-gfp. The ligation mixture was used to transform E. coli
DH5a. DNA sequencing (Department of Biochemistry, University of
Cambridge) from minipreps (QlAprep Spin Miniprep Kit, QIAGEN)
of the transformed cells confirmed the correct GFP sequence.

The pIVEX2.6d-gfp plasmid used for in vitro expression was further
purified by phenol/chloroform extraction: phenol buffer equilibrat-
ed at pH 8.0 (USB, 200 uL) was mixed with a plasmid solution ob-
tained from a miniprep (100 pL). The mixture was shaken exten-
sively and centrifuged (13000g) to recover the aqueous phase.
Phenol/chloroform/isoamyl alcohol (25:24:1, Gibco BRL, 100 pL)
was added, and after extensive shaking the aqueous phase was
recovered by centrifugation (13000g). Two extractions with ethyl
ether (~300 pL) were used to clean the aqueous phase further. The
DNA was concentrated by ethanol precipitation.

The S65A-V68L-S72A-GFP was cloned into the expression vector
pET21d (Novagen) and transformed into E. coli BL21(DE3) cells, to
provide an N-terminal His6-tagged protein. The protein was ex-
pressed at 37°C and with IPTG (1.0 mm) for four hours and purified
by use of a HisTrap FF (1 mL, GE Healthcare).

Device fabrication: The microfluidic PDMS/glass devices were fab-
ricated by conventional soft lithographic methods.”” A master con-
sisting of a 25 um thick layer of SU8-2025 patterned onto a
76 mm diameter silicon wafer was first constructed by convention-
al photolithography. A mixture of poly(dimethylsiloxane) (PDMS,
Slygard 184) and cross linker (ratio 10:1 w/w) was poured over the
master, and the system was degassed and then cured for 6 h at
70°C. The cured device was cut and peeled from the master, and
holes for tubing were cut with a biopsy punch. After treatment
with air plasma for 30 s, the device was sealed against a glass slide
and baked for 4 h at 70°C. Dimensions of the device are given in
Figure 1.

Microfluidic experiments: The flow in A, B1 and B2 (Figure 1) was
driven with Harvard Apparatus 2000 syringe infusion pumps. Glass
syringes (50 uL and 100 pL Hamilton Gastight syringes (1700, ce-
mented needles, 22's gauge) connected to polyethylene tubing
(Beckman and Dickinson, US) were used for precise control of
aqueous flows. The droplet size was controlled by the ratio of carri-
er flow rate (i.e., oil-containing surfactant) to total aqueous flow
rate, and the channel dimensions. We used a 10 um wide junction
channel and an oil/aqueous flow rate ratio of 6. This enabled us to
form monodisperse droplets ranging between 10 and 30 um in
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diameter in separate experiments (0.52 pL to 14.14 pL reaction
volume) at a typical frequency of 440 droplets per second. The
droplet diameter is smaller than the height of the reservoir, result-
ing in spherical drops.

The microfluidic channels were visualized with a CCD camera
(Model A247, Pixelink) mounted on a microscope (IX71, Olympus).

The image analysis to determine the size of the droplets was per-
formed with software written with LabView 8.2. To calculate the
properties of the droplets in an image they were first isolated from
their surroundings with the aid of the local contrast at the drop-
let-oil interface. This produces a map of areas inside and outside
of the droplets. These objects were then filtered by size and round-
ness to exclude non-droplets and artefacts. The resulting objects
could then be analysed in terms of their diameter and area.

Laser set-up and fluorescence analysis: Fluorescence detection
was performed with a laser-induced fluorescence setup consisting
of a 20 mW, 488 nm diode-pumped solid-state (DPSS) laser (Picar-
ro Cyan) and a low-noise photomultiplier tube (PMT; H8249, Hama-
matsu Photonics). The system was in an epifluorescence arrange-
ment, in which a single objective lens (UPLSAPO 40x, Olympus)
was used to focus the laser light and to collect the fluorescence
signal. The laser was expanded before entering the objective to
give a spot size of ~20 pm.

The voltage from the PMT was fed into a computer through a Na-
tional Instruments data acquisition card (PCl 6251) and processed
offline with LabView 8.2 software (National Instruments).

The fluorescent intensity recorded from the PMT was analysed by
use of a threshold peak detection algorithm with the upper and
lower bounds defined by hand for each set of results. The area of
the fluorescent peak was then calculated by integrating the signal
lying above the noise baseline.

Determination of fluorescence detection limits: To quantify the
detection limit of our system (Figure 4), the fluorescence of puri-
fied GFP was measured with a device with two inlets containing a
wiggle channel and a short outlet channel for droplet detection
(similar to the left-hand side of Figure 1). As in the other experi-
ments, a mineral oil/Abil EM 90 mixture [3% (w/w)] was used. One
aqueous inlet (B1, Figure 1) contained GFP (750 nm), and the other
aqueous inlet (B2, Figure 1) contained Tris/HCl buffer (pH 7.5,
50 mm). The GFP concentration was decreased by dilution on chip,
the total aqueous flow rate being kept at 20 uLh~'. Fluorescence
intensity was measured and analyzed as described above. The sig-
nals for oil and buffer were ~0.075 and ~0.1, respectively.

Retrieval and detection of droplets: All experiments were run in
the type of integrated device shown in Figure 1. The reservoir was
first filled with the oil mixture for at least 30 min before the experi-
ment to saturate the PDMS material, minimizing the absorption of
the oil into it later. The carrier fluid was a mixture of mineral oil
containing ABIL EM 90 (3% w/w) flowing at 60 uLh~". Two aqueous
syringes were prepared, one containing Tris/HCl buffer (50 mm,
pH 7.55), the other one GFP (750 nm). The aqueous flow rates were
each 5pLh™". Once the reservoir was filled with droplets, it was
closed by cutting and burning the tubes with a cigarette lighter.

Emulsion stability was estimated by image analysis of droplet sizes
on images recorded at different time intervals and by analysing
the fluorescence intensities of droplets. At selected intervals, the
reservoir was emptied by pumping oil from inlet A at 300 uLh".
The droplets were thus forced out of the reservoir one by one
through a 30 um outlet channel where the laser beam was fo-
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cused. Their fluorescence intensities were measured and analysed
as above. The percentage of fused droplets was calculated by com-
paring the peak area for each droplet. The amount of shrunken
droplets was obtained from the number of droplets presenting
higher fluorescence intensity than the one at time zero. Theses
values were compared to the values obtained by droplet size anal-
ysis. Experiments were performed three times, and the total
number of droplets analysed was approximately 9000.

Measurement of long GFP in vitro expression kinetics: All kinetic
experiments were conducted as described above. For the in vitro
expression of protein, the RTS 100 IVTT kit from Roche was used.
Two aqueous syringes were prepared, the first one containing the
E. coli lysate, the amino acids and the methionine, and the second
one containing the kit buffer, the “reaction mixture” and the circu-
lar DNA template (10.4 or 60 pm) in the proportions recommended
by the manufacturer. The two solutions were introduced at the
same flow rate (5 uLh™") to facilitate the droplet formation and to
obtain the correct final concentrations of all components. The
droplets were stored, and their fluorescence intensities were mea-
sured and analysed as previously described. The concentration of
IVTT kit in all experiments (including the single DNA experiments
described below) was identical.

Single DNA molecule experiments: To investigate the in vitro
expression of GFP on the integrated chip, experiments were per-
formed at different plasmid concentrations. To determine the fluo-
rescent background of the IVTT reaction, a control experiment was
performed without plasmid. Droplets were formed, stored and
analysed as described above. The fluorescence was recorded after
6.5 h. The average peak intensity was ~0.12, but 60% of the drop-
lets had slightly higher intensities. For the analysis of droplet con-
tent (Table 1), all peaks showing fluorescence intensity below 0.2
were considered to be droplets in which no reaction had taken
place. Less than 1.3% of the droplets show up as false positives
(i.e., above an intensity of 0.2).

The plasmid stock solution (0.02 ngmL™") was used to form drop-
lets of ~10 to 13 um diameter (Table 1). The distribution of the
fluorescence signals (Figure 6) is consistent with a Poisson distribu-
tion of plasmids if each plasmid expresses 45 nm+20 nm of GFP.
The number of GFP molecules expressed per gene was calculated
as follows: the measured fluorescence value (peak height) was re-
duced by the constant background fluorescence and then convert-
ed to a GFP concentration by use of the calibration curve in Fig-
ure 4A. The concentration was multiplied by the volume and by
Avogadro’s number (cxvolxN,=number of molecules). After 6.5 h
the reservoir was emptied, and the fluorescence intensities of the
droplets were recorded at the outlet channel. More than 20000
droplets were analysed. Only those peaks presenting fluorescence
higher than the cut-off value (i.e., a value of 0.2) were considered
to contain expressed GFP.
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Heterologous Expression And Genetic Engineering of the
Phenalinolactone Biosynthetic Gene Cluster by Using Red/
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Tina M. Binz,® Silke C. Wenzel,” Hans-Jérg Schnell,”’ Andreas Bechthold,™ and

Rolf Muiller*®

The heterologous expression of natural product biosynthetic
pathways is of increasing interest in biotechnology and drug dis-
covery. This approach enables the production of complex metab-
olites in more amenable host organisms and provides the basis
for the generation of novel analogues through genetic engineer-
ing. Here we describe a straightforward strategy for the heterolo-
gous expression of the highly complex phenalinolactone biosyn-
thetic pathway, which was recently cloned from Streptomyces
sp. Tii6071. The biosynthetic gene cluster comprises at least 11
transcriptional units that harbor 35 genes, which together cata-
lyze the assembly of structurally unique tricyclic terpene glyco-

Introduction

Members of the genus Streptomyces are soil-dwelling bacteria,
and are the most prolific producers of antibiotics yet discov-
ered. More than two-thirds of all natural-product anti-infec-
tives and other secondary metabolites in clinical use are pro-
duced by Streptomyces, which underlines their importance in
human medicine.”’? Over the last decade, many of the corre-
sponding biosynthesis gene clusters have been cloned and se-
quenced, which enables a detailed analysis of the molecular
principles that govern the pathways. Manipulation of these
gene sets represents a promising tool both to obtain deeper
insights into the biosynthesis, and to generate novel deriva-
tives of these compounds for evaluation as drug leads.” This
approach can be facilitated significantly by the expression of
entire gene clusters in suitable heterologous hosts, particularly
if the genetic manipulation of the producer strain is difficult.
The strategies that are used for heterologous expression have
recently been reviewed.” To date, heterologous expression of
secondary metabolic pathways from Streptomyces has mainly
been achieved in related actinomycete species. In most cases,
the gene clusters were relatively small (less than 30 kbp™), and
are located on a single cosmid or bacterial artificial chromo-
some (BAC) within a genomic library.®® Expression of larger
and more complex pathways remains more demanding, but
can be facilitated by constructing several plasmids that harbor
subsets of the biosynthetic genes.'*™

The phenalinolactones (PLs) are structurally intriguing tricy-
clic terpene glycosides that are produced by Streptomyces sp.
TU6071, which exhibit promising antibacterial activity. In addi-
tion to a highly oxidized y-butyrolactone ring, which is most
likely derived from pyruvate, the oxidatively functionalized ter-
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sides with antibacterial activity. By using Red/ET recombineering,
the phenalinolactone pathway was reconstituted from two cos-
mids and heterologously expressed in several Streptomyces
strains. The established expression system now provides a con-
venient platform for functional investigations of the biosynthetic
genes and the generation of novel analogues, by genetic engi-
neering of the pathway in Escherichia coli. Deletion of a modify-
ing gene from the expression construct resulted in a novel, un-
glycosylated phenalinolactone derivative; this demonstrates the
promise of this methodology.

penoid backbone is decorated with a 5-methylpyrrole-2-car-
boxylic acid as well as the rare deoxyhexose, 4-O-methyl-L-ami-
cetose. The recent cloning and sequence analysis of the pla
biosynthetic gene cluster from Streptomyces sp. Tu6071, re-
vealed a highly complex genetic architecture that consists of
35 orfs that are organized into 11 putative operons.'? Here,
we have used the Red/ET recombineering technology (A-medi-
ated recombination)™ ™ to reconstitute the pla biosynthetic
gene cluster from two cosmids. The complete gene cluster
was then successfully expressed in three Streptomyces strains.
This advance enables both functional studies of the pathway
as well as attempts to generate novel analogues, by genetic
engineering of the gene cluster in Escherichia coli. As proof-of-
principle, we deleted a modifying gene (the glycosyl transfer-
ase that is encoded from plaA6) from the expression construct
to generate a novel unglycosylated phenalinolactone deriva-
tive.
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Results

Reconstitution of the complete phenalinolactone bio-
synthetic gene cluster

We employed Red/ET recombineering in E. coli"*™ to rebuild
the entire pla biosynthetic pathway on an integrative E. coli-

R. Miiller et al.

Streptomyces shuttle vector (p0J436"?), and to introduce addi-
tional genetic elements for heterologous expression (Figure 1).
Two p0J436-derived cosmids (Cos3-1012 and Cos10-4D08!"?)
that contain overlapping regions of the pla gene cluster were
used as starting points. First, Cos10-4D08 was modified by in-
sertion of a gene cassette upstream of the pla gene cluster to
generate construct CPhI9. In addition to a Scal restriction site

pla cluster

R2 A2 A4 P6 T1

1. Insertion of
Scal-oriT-tet-trpE

lori T-tet-trpE|

T3 02 03 P2 P4 T4 T6 1% A5 A6

A8 M3 z

2. Insertion of
zeocin resistance gene

4, Stitching of the
pla cluster

ORF pla

oriT-tet-trpE

4 5 R1 Al A3 M1 O1 T2

R2 A2 A4 P6 TI

H M2 P1 P3 P5 75 u o4

T3 02 03 P2 P4 T4 T6 v A5 A6

A7 05 R3 zeo

A8 M3 Z

CPhi8

Figure 1. Description of the cloning strategy. The phenalinolactone biosynthetic gene cluster consists of 35 orfs, and was located on two overlapping cosmids
(Cos3-1012 and Cos10-4D08) that carry the pOJ436 backbone. In the first step, a Scal-oriT-tet-trpE cassette was inserted via Red/ET recombineering into
Cos10-4D08 at the upstream end of the gene cluster to generate the construct CPhI9. In the next step, introduction of the zeocin-resistance gene at the
downstream end of the cluster led to the construct CPhl7. After restriction digest of CPhI9 with Scal, the resulting 15 kb fragment was used to reassemble
the whole cluster by Red/ET recombineering. The final expression construct, which contains the whole cluster was designated CPhI8.
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and a tetracycline (tet)-resistance gene, the introduced cassette
also contained an oriT as well as a portion of the trpE gene
from Pseudomonas putida, which should enable the transfer of
the expression construct into pseudomonads in the future.
This step also resulted in the deletion of orfs 1-3, which are
not involved in PL biosynthesis (Figure 1). In the second re-
combineering step to create construct CPhl7, a zeocin-resist-
ance gene, was inserted into Cos3-1012 at the opposite end
of the gene cluster (downstream of plaZ); this resulted in the
deletion of orf6. Finally, CPhl9 was digested with Scal (a Scal re-
striction site is also present in the overlapping region of the
cosmids) to generate a linear 15 kb fragment, which was then
recombined with CPhl7. The resulting construct, CPhI8, con-
tains the complete pla biosynthetic pathway within the
p0J436 vector backbone. To confirm the individual cloning
steps, each of the constructs that were generated by recombi-
nation was digested with a diagnostic set of restriction en-
zymes.

Heterologous expression of the phenalinolactone bio-
synthetic gene cluster in Streptomyces

Construct CPhlI8, which harbors the complete pla biosynthetic
gene cluster was introduced into the host organisms Strepto-
myces lividans TK24,"" S. coelicolor A3(2)"® and S. coelicolor
M512" by conjugation. Because

Phenalinolactones A and D were detected in the extracts of
the natural producer Streptomyces sp. Ti6071 and in extracts
of the recombinant S. lividans and S. coelicolor strains that
harbor the pla gene cluster, but not in the extracts of the cor-
responding wild-type S. lividans and S. coelicolor strains. This
result clearly demonstrates the successful heterologous pro-
duction of the terpene glycosides (Figure 2). Production under
standard conditions at 28°C was much lower in the heterolo-
gous host strains than in the native host Streptomyces sp.
TU6071 (Table 1). In an attempt to optimize production in the
heterologous hosts, different cultivation conditions (additional
media and temperatures) were tested. Phenalinolactone pro-
duction in S. lividans was successfully increased 100-fold after
cultivation at 37°C (compared to 28°C), although PL produc-
tion in the S. coelicolor mutants was completely abolished at
the higher temperature (37 °C).

We also attempted to improve production by supplementa-
tion with a putative biosynthetic precursor. Because the core
terpenoid backbone in the phenalinolactone biosynthesis is
derived from isoprenoid building blocks, we administered me-
valonolactone to the culture medium. Mevalonolactone is the
lactonized form of mevalonate, a direct precursor in the meval-
onate pathway for the construction of isoprenoid units.””
Most Streptomyces strains employ the non-mevalonate path-
way for the formation of isoprenoids, but some strains addi-

the pOJ436 vector contains the _X10° 7 A BPC 100.1100 -All MS2 X105 1 oL A

. . - Z ] PLA Z ~ PLD
¢C31 integrase gene, integration 3 47 bLp S spTU6O7T1 B 4
was expected to occur at a chro- £ 2 L 2

= 1 [

mosomal attB site. Transconju- 0 BPC 100-1100 AT MS2 - x109‘
gants that harbor the expression 11 B S. lividans TK24 o5 ]
construct were identified by 0.57 , h h k WT '
groth on SM aga.r plates that x1090 s x‘lOQ‘ 3
contained apramycin. The pres- 11 ©) S. lividans TK24/

CPhig 0.5

ence of the cosmid CPhI8 in the 0,5: A \
resulting strains was verified by 0]

PCR from genomic DNA by
using oligonucleotides that are
specific for the amplification of a

BPC 100-1100 -AllMS2
S. coelicolor A3(2) 4 ]
WT

777 bp fragment from the apra-

BPC 100-1100 -All MS2

CPhI8, . coelicolor A3(2)/CPhI8 X108 ]
and S. coelicolor  M512/CPhlg, 2 P
which harbor the phenalinolac- 1

SO N

BPC 100-1100 -AllMSZ

S. coelicolor M512 11
WT 0.5 1

tone pathway were then culti- X1060
vated in production medium to- G)
gether with the corresponding 1

A

x10%

E . 4 A
mycin-resistance gene. The re- i P h S. C"e’(’:";ﬁgm(zﬂ 5 ]
combinant strains S. lividans/ 0"

| N

0

x10% 7

S. coelicolor M512/ 1
CPhI8

BPC 100-1100 -All MS2

0.5 7

wild-type strains, as well as with 0T o
the natural phenalinolactone

producer  Streptomyces sp.
Tu6071. Extracts from these cul-
tures were analyzed by HPLC-
MS and the obtained data were
compared to MS/MS fingerprints
of authentic phenalinolactone
(PL) standards.
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Figure 2. HPLC-MS analysis (Base peak chromatograms (BPCs) m/z 100-1100 -All MS?) of A) Natural producer
strain Streptomyces sp. Tu6071, B) S. lividans TK24 WT C) S. lividans TK24/CPhl8, D) S. coelicolor A3(2) WT, E) S. coeli-
color A(3)2/CPhl8, F) S. coelicolor M512 WT and G) S. coelicolor M512/CPhl8. The chromatograms show the negative
jons within a mass range of 100-1100 in auto MS? mode. CID fragmentation between retention times of 12—

14 min and 18-20 min was monitored for the masses 714.5 and 698.3, which correspond to the phenalinolacto-
ne A and D standards. The section in each chromatogram between 12-20 min is expanded on the right. PL A
and/or PL D were detected in the extracts of the recombinant strains.
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licolor and S. lividans.

Table 1. Phenalinolactone production by Streptomyces sp. Ti6071, S. coe-

methyl-L-amicetose moiety (Figure 4). This compound could
not be detected in the S. lividans TK24/CPhl18 and S. coelicolor
A3(2)/CPhI18 mutants. High-resolution LC-coupled Fourier
transform-Orbitrap MS was performed to verify the elemental
composition of C;H,OgN;, for PLE (m/z: calcd: 570.27086;

Strain Production of phenalinolactone [ugL™"]
28°C 37°C

Streptomyces sp. Tu6071 500 200

S. lividans TK24/CPhI8 0.13 10

S. coelicolor A3(2)/CPhlI8 0.01 -

S. coelicolor M512/CPhl8 0.5 -

found: 570.26733 [M—H]~; deviation: 3.52166 mDa). Because
the production yield of the new derivative (about 1 ugL)™" was

tionally use the mevalonate pathway to produce ter-
penoid antibiotics.”™ Previous experiments clearly
demonstrated that the isoprene building blocks for
phenalinolactone biosynthesis are derived from the
nonmevalonate pathway.'” This was corroborated by
a feeding experiment that used 1 mm mevalonolac-
tone, which neither increased phenalinolactone pro-
duction in Streptomyces sp. Ti6071 nor in the heter-
ologous host strains.

Genetic modification of the pla biosynthetic gene
cluster

The heterologous expression system described here
provides the basis for engineering the PL biosynthet-
ic pathway to generate novel analogues. Based on
the Red/ET recombineering technique,™ single or
multiple in-frame deletions at any desired position

H1 [I
[ km resistance > H2
Red/ET l FHT
LLL plaAS plaA6 plaA7 Ll
FRT l FRT

FLP recombinase l

37°C
. plaA5 | plaA7 =
34 bp-FRT

Figure 3. Deletion of the glycosyl-transferase-encoding gene plaA6 by using a kanamy-
cin-resistance cassette that was flanked by FRT recognition sites. Red/ET recombineering
was used to replace plaA6 with the kanamycin-resistance cassette. Incubation with FLP
recombinase at 37°C led to a markerless deletion of plaA6 in the pla cluster (construct
CPhl18).

within the expression construct can be performed.
Therefore, we aimed to modify the pla gene cluster by dele-
tion of the glycosyl-transferase-encoding gene plaA6 from the
CPhI8 expression construct, to generate a phenalinolactone de-
rivative that lacks the 4-O-methyl-L-amicetose moiety. For this,
a kanamycin (km)-resistance cassette was amplified by PCR to
incorporate flanking flippase (FLP) recombinase target sites
(FRT sites), as well as 50 bp homology arms to enable double
homologous recombination (Figure 3). After replacement of
the target gene (plaA6) against the selection marker (km) by
Red/ET recombineering, the km gene was excised from the ex-
pression construct by FLP-recombinase-catalyzed site-specific
recombination to create a markerless in-frame deletion. The
modified pla gene cluster was subsequently transformed into
three heterologous host strains by conjugation, and integra-
tion of the construct (CPhl18) into the chromosome was con-
firmed by PCR analysis as described above.

The production profile of the mutant strains was analyzed
by HPLC-MS, and compared to that of the wild-type strains,
and the natural phenalinolactone producer Streptomyces sp.
TU6071. As expected, phenalinolactones A and D (m/z 714.5
[M—H]~ at retention time 13.8 min, and m/z 698.3 [M—H]~ at
18.1 min, respectively) were detected in the extract of the nat-
ural producer, but not in extracts of the heterologous hosts. In-
stead, a new compound (m/z 570.3 [M—H]~ at 13.0 min), which
was designated as PLE, was detected in the mutant S. coeli-
color M512/CPhl18; it differs from PLD by 128 atomic mass
units, which is consistent with the anticipated loss of the 4-O-
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x10t 1 A) S. coelicolor M512
2.0 1
1.5 1
2 101
[72]
§ 051 [\ \ AN A
=
x10* 1 B) PLE S. coelicolor M512/CPhl18
2.0 7
1.5
1.03
0.51
5 10 15 20 25
tmin
456.3
{c
60007 C) PLE
= [M-HF
g | miz=570.3
é 4000 498.3
- 408.5 438.4
542.3
2000
526.3
J 564.3
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Figure 4. HPLC-MS analysis of A) parental strain S. coelicolor M512 and

B) S. coelicolor M512/CPhl18 (plaA6 deletion). A new compound, designated
PL E, was detected in the extract of S. coelicolor M512/CPhl18 at a retention
time of 13.0 min. C) Fragmentation pattern of PL E (molecular ion, m/z 570.3
[M—H]").
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too low for NMR studies, additional structural information was
obtained by using tandem-MS and subsequent comparison of
the MS? fingerprints with those that were obtained for the gly-
cosylated compound PL D. The principal collision-induced dis-
sociation (CID) fragmentations for the standard substance PL D
and the new derivative PL E, were assigned as summarized in
(Table S2). Fragmentation of the terpenoid backbone as well as
of the sugar and the pyrrole’s carboxylic acid groups was not
observed in the MS? spectra of PL D; this indicates that despite
the loss of the sugar group, the fragmentation pattern of phe-
nalinolactones D and E should be very similar. Indeed, compari-
son of the fragmentation pattern of both molecules showed
that they exhibited the same set of peaks, but were offset by a
constant mass difference that corresponds to 4-O-methyl-L-
amicetose (Table S2 and Figure 5). These peaks were derived
from the parent molecules by expulsion of CO, CO, and H,0,
although the precise locations of these losses remain to be
elucidated. The expulsion of C,H,0,, which occurred from both
compounds can be attributed to the vy-butyrolactone. These
data strongly suggest that PL E is the desired unglycosylated
derivative of PL D.

(M-HI
~ mlz =698.35504

M-HI
miz =570.26733

626.36981
4 A ~(CO,)
20 N ®
Q |
e 18]
g 164 -(CAHzoj)_._,__,. - o
3 14 & -(co;"a 670.35086
2 12t 5?4.35931 (COy)
100 (H0) -
g ¢ 4
b 566.34863 654.36444
é 621.65997
2 1561. 298%2 596.43750 \ 634.46338 675 27240
O'lll]l!\]lI‘V/[IlV‘\‘l(J T \\xl\\\\
560 580 600 620 640 660 680
miz
49828391 (CO)
147 B)
Q qo- 456 -
g T Ho S
2 107 L -(co) = €09
é 1 43826291 . L
o 83 526.27832
3 67
&
4 466.93408
1 480 72745 518.75043 547 28363
g1l H AN
O_ L ] T [ B L B
440 500 520 540

m/z

Figure 5. Verification of the unglycosylated derivative PL E. Accurate mass determination of A) the standard sub-
stance PL D and B) the unglycosylated compound PL E with high-resolution LC-coupled Orbitrap-MS yielded mo-
, respectively; these are suggestive of the ele-
mental formulas C3gHs,04;N; and C3,H,,04N;, respectively. Additional support for structure assignment was provid-
ed by MS? studies, which showed that PL D and PL E have the same fragmentation patterns, but with the peaks
offset by a constant mass, which corresponds to the 4-O-methyl-L-amicetose moiety that is missing in PL E.

lecular ions of m/z 698.35504 [M—H]~ and m/z 570.26733 [M—H]~
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accurate mass measured: 698.35504
elemental formula:
CagHs,044N¢ = 698.35459

accurate mass measured: 570.26733
elemental formula:
Ca1H400N, = 570.27086
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Discussion

Heterologous expression of complex natural product biosyn-
thetic gene clusters in amenable host strains has become an
important tool in natural products research and drug discov-
ery. This strategy provides an alternative to (over)producing
structurally complex substances that would be difficult or im-
possible to access by other means, and can enable the genera-
tion of novel analogues by combinatorial biosynthesis ap-
proaches. The successful heterologous expression of a number
of Streptomyces clusters has been reported, in which the path-
ways have typically been reconstituted in related actinomycete
strains.©*?"?? Because most of these gene clusters were rela-
tively small (<30 kbp), it was often possible to retrieve the
entire gene set from a single cosmid within a genomic library
of the natural producer strain.”! In cases where the libraries
were prepared in E. coli-Streptomyces shuttle vectors (for ex-
ample, the medermycin and griseorhodin A biosynthetic gene
clusters®?), the transfer of the pathways into heterologous
strains was straightforward.

However, many natural product biosynthetic gene clusters
are larger than the average
insert size of common cosmid
vectors. One strategy for over-
coming this size limitation is to
use BAC shuttle vectors for li-
brary construction because they
can accommodate inserts in
excess of 100 kbp. This ap-
proach enabled the successful
expression of the 128 kbp dap-
tomycin biosynthetic gene clus-
ter from Streptomyces roseospo-
rus in a related Streptomyces
strain.?” Another option is the
cloning of subsets of the biosyn-
thetic gene cluster into compati-
ble expression plasmids fol-
lowed by their stepwise intro-
duction and coexpression in
suitable host strains."*™  Be-
cause the cloning procedure
allows the introduction of artifi-
cial promoter regions, heterolo-

PLD

H(I) O\H/@ gous production can be per-
I formed even in non-related host
H

organisms. By using this strat-
egy, natural products from
Streptomyces were produced in
E. coli, and myxobacterial com-
pounds were obtained from
Streptomyces host strains.”>"
An alternative to these classi-
cal, time-consuming cloning and
mutagenesis approaches is the
reassembly of large natural
product pathways on a single

PLE
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transferable vector system, by using Red/ET technology. This
recombination approach was developed by the Stewart group
in 1998," and is ideal for manipulating large pieces of DNA
because it does not depend on the use of restriction enzymes.
Phage-derived protein pairs (RecE/RecT from the Rac prophage
or Reda/Redf from the lambda phage) are employed to pre-
cisely alter target DNA molecules by homologous recombina-
tion within E. coli strains."® For the heterologous expression of
biosynthetic pathways in Streptomyces strains, Red/ET cloning
has been used to modify the backbone of cosmids that con-
tain complete biosynthetic pathways; this enables the heterol-
ogous expression of the aminocoumarin antibiotics novobiocin
and clorobiocin.?® In these examples, all of the genes were ori-
ented in the same direction, which is consistent with the pres-
ence of a single transcriptional unit. In comparison to the ami-
nocoumarin pathways, the phenalinolactone gene cluster of
Streptomyces sp. Tu6071 is more complex; it consists of 35
ORFs which appear to be organized into 11 individual tran-
scriptional units."”? This highly divergent architecture would
seem to present a significant challenge to the regulatory appa-
ratus of heterologous host strains. Thus, in attempting to ach-
ieve heterologous expression of the phenalinolactone pathway,
we developed a Red/ET-based methodology to reconstitute
the entire gene cluster on one construct. Whereas similar ap-
proaches have already been used to engineer myxobacterial
systems,?>3% the ‘stitching together’ of complex actinomycete
pathways via Red/ET recombineering has not yet been de-
scribed.

The Red/ET engineering of the PL pathway enabled the effi-
cient transfer into several Streptomyces strains. The entire gene
cluster was rebuilt from overlapping cosmids that are based
on the integrative E. coli-Streptomyces shuttle vector p0OJ436.
The final 62 kbp construct was then successfully conjugated
with high efficiency into the host strains S. lividans TK24 and
S. coelicolor A3(2), and integration into the chromosomes was
confirmed by PCR. The resulting mutant strains S. lividans
TK24/CPhI8 and S. coelicolor A3(2)/CPhI8 were both shown to
produce phenalinolactones A and D. This result strongly sug-
gests that the inserted cluster contains all of the genes that
are necessary for the biosynthesis of phenalinolactone, al-
though participation of enzymes that are native to the heterol-
ogous hosts cannot be ruled out. Evidently, all of the regulato-
ry elements required for transcription of the pla genes were
recognized in the heterologous hosts, albeit at reduced effi-
ciency relative to the native host strain (Table 1).

One potential complication of using S. lividans and S. coeli-
color as heterologous hosts is their endogenous production of
the antibiotics prodiginin (Red), actinorhodin (Act) and calci-
um-dependent antibiotic (CDA), which might hamper the
simultaneous biosynthesis (and detection) of a desired new
compound. This problem has been circumvented in several
cases by using a mutant strain of S. coelicolor M512, in which
the Act and Red gene clusters have been deleted.”®*" There-
fore, S. coelicolor M512 was also used here as an additional
heterologous host for phenalinolactone biosynthesis. Indeed,
after successful expression of the cluster in this strain, produc-
tion of phenalinolactone was five- to 50-fold higher at 28°C
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relative to that in S. lividans TK24 or S. coelicolor A3(2) (Table 1).
Varying the culture conditions yielded a further enhancement
in productivity (to 100-fold after cultivation of S. lividans at
37°C), whereas no increase in phenalinolactone biosynthesis
was obtained for the S. coelicolor strains. In fact, incubation at
37°C completely abolished PL biosynthesis, which is consistent
with the fact that production by the native host Streptomyces
sp. Tu6071 is also significantly lower at this temperature
(200 pgL)~". Thus, under optimized fermentation conditions, it
is clear that S. lividans is a superior heterologous host for phe-
nalinolactone biosynthesis than S. coelicolor strains, although
the production is still 50-fold lower than from the natural pro-
ducer. An attempt was also made to increase phenalinolactone
production by feeding the putative precursor mevalonolac-
tone, but no increase in the yield of PL was observed. Analysis
of the pla cluster shows that it incorporates genes for produc-
ing isoprenoid building blocks via the mevalonate-independ-
ent pathway, and indeed, this biosynthetic origin has previous-
ly been demonstrated.'? In addition, genes that belong to the
mevalonate pathway have not yet been identified in either
S. lividans or S. coelicolor*3® Thus, it seems that the heterolo-
gous host strains that were used here lack the enzymes to me-
tabolize mevalonate, which accounts for our failure to increase
phenalinolactone yields by supplementation.

The expression system that is described here further enabled
the generation of an unglycosylated phenalinolactone deriva-
tive. Red/ET technology was combined with the FRT/FLP re-
combinase system to construct a markerless deletion of the
glycosyl transferase gene plaA6. Heterologous expression of
the modified construct resulted in the unglycosylated deriva-
tive phenalinolactone E, which demonstrates that the glycosyl
transferase Pla A6 catalyzes the attachment of 4-O-methyl-L-
amicetose to the hydroxylated terpenoid backbone. Surprising-
ly, the biosynthesis of PL E was only observed in S. coelicolor
M512, although yields of the parent glycosylated compound
from S. lividans TK24 were much higher. In this case, the utility
of S. coelicolor mutant strain M512 as a suitable host might
stem from its overall lower background of secondary metabo-
lism.

Although several Streptomyces gene clusters have been relo-
cated to heterologous hosts by using Red/ET cloning, transcrip-
tion in each case was under the control of a single or few pro-
motors.”® Thus, the pla cluster represents the most complicat-
ed gene set yet to be heterologously expressed in any Strepto-
myces sp. In the future, efforts to understand the regulatory
factors that govern phenalinolactone biosynthesis should aid
in efforts to optimize heterologous production, for example by
overexpressing positive regulators. In addition, the results de-
scribed here set the stage for further engineering the biosyn-
thetic machinery in E. coli towards the generation of novel PL
analogues.

Experimental Section

Bacterial strains and culture conditions: The Streptomyces strains
that were used in this work were Streptomyces sp. Ti6071,"% S, liv-
idans TK24," S, coelicolor A3(2)"™® and S. coelicolor M512 (AredD,
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Aactll-ORF4 SCP1-SCP27)." NL111 liquid medium was used for
growth and production.? For phenalinolactone production, the
cultures were cultivated under standard conditions at 28°C and
180 rpm on a rotary shaker and harvested after 6-8 days, as de-
scribed previously."? Studies on the optimization of PL production
were performed under standard cultivation conditions in NL111
medium but at 37°C. For genomic DNA isolation, the Streptomyces
strains were grown in YEME medium.'® Apramycin (60 ugmL™")
was used for selection of recombinant Streptomyces strains. E. coli
ET12567 that carried pUZ8002 was used for conjugation according
to the procedure described by Kieser et al.'® E. coli strains were
cultured in LB medium at 37°C, with the appropriate antibiotic
selection: ampicillin (100 ugmL™"), apramycin (60 pgmL™"), tetra-
cycline (125 pgmL™"), zeocin (25 ugmL™") and chloramphenicol
(34 pgmL™").

Cloning and genetic engineering of the phenalinolactone bio-
synthetic gene cluster: All PCRs were carried out in an Eppendorf
Mastercycler by using Phusion Polymerase (Finnzymes, Espoo, Fin-
land), TripleMaster Polymerase (Eppendorf, Hilden, Germany) or
HotStarTaq Polymerase (Qiagene, Hamburg, Germany) according to
the manufacturers’ protocols. Amplification of the Scal-oriT-tet-trpE
cassette by using Phusion Polymerase was carried out by using
CMch37® as template, and the oligonucleotides PhIET10 and
PhIET11 (Table S1). Conditions on the Eppendorf Mastercycler were
as follows: 30 s at 98°C, denaturation at 98°C (8 s), annealing at
57°C (25 s), and extension at 72°C (45 s); 30 cycles. The ~600 bp
zeocin cassette was amplified by Phusion Polymerase with oligonu-
cleotides PhIET6 and PhIET7 (Table S1), by using CMch37 as tem-
plate. Conditions on the Eppendorf Mastercycler were as follows:
30 s at 98°C, denaturation at 98°C (8 s), annealing at 57°C (25 s),
and extension at 72°C (155s); 30 cycles. The ~1.1 kb kanamycin-
resistance cassette flanked by FRT sites was amplified with Triple
Master Polymerase by using the construct pR6 K-amp-gb2-neo-loxP
(Gene Bridges GmbH; http://www.genebridges.com, technical pro-
tocol) as a template with oligonucleotides PhIET22 and PhIET23
(Table S1). Conditions on the Eppendorf Mastercycler were as fol-
lows: 3 min at 95°C, denaturation at 95°C (1 min), annealing at
57°C (1 min), and extension at 72°C (1 min); 30 cycles. The PCR
product was precipitated with sodium acetate and used for Red/ET
recombination. Cloning of the phenalinolactone gene cluster was
performed by using Red/ET recombination." For Red/ET recombi-
nation, an aliquot (30 uL) of competent E. coli GB2005/pSC101-
BAD-yBaA-amp (Gene Bridges GmbH; http://www.genebridges.
com) cells were electroporated with a mixture of 0.3 ug of a linear
fragment (either a PCR product or a fragment that was obtained
from restriction) and the target cosmid. After electroporation, colo-
nies that grew under selection for the antibiotic-resistance genes
were examined for the intended Red/ET recombination product by
restriction analysis with a set of enzymes. Site-specific recombina-
tion to remove the kanamycin-resistance marker was performed by
using FLP recombinase (New England Biolabs) according to the
manufacturer’s protocol.

Transformation of the expression constructs into Streptomyces
host strains: Transformation of the cosmids CPhI8 and CPhl18 into
S. lividans TK24, S. coelicolor A3(2) and S. coelicolor M512 was per-
formed by conjugation according to a standard protocol."® Trans-
conjugants were transferred to SM agar plates that contained nali-
dixic acid (25 pgmL™") and apramycin (60 pgmL~") and successful
integration of the constructs into the Streptomyces chromosome
was checked by PCR. By using HotStarTag Polymerase and the oli-
gonucleotides apra for and apra rev (Table S1), the apramycin-re-
sistance gene (777 bp) was amplified from genomic DNA of the
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mutant strains. PCR conditions by using an Eppendorf Mastercycler
were as follows: initial denaturation and activation of the poly-
merase at 95°C (15 min), denaturation at 94°C (20 s), annealing at
54°C (20 s) and extension at 72°C (50 s); 30 cycles.

Expression and analysis: The Streptomyces mutants harboring the
pla biosynthetic gene cluster (S. lividans TK24/CPhl8, S. coelicolor
A3(2)/CPhI8 and S. coelicolor M512/CPhI8) were cultivated in 1-L
baffled shake flasks containing NL111 medium (200 mL) that was
supplemented with apramycin (60 ugmL™"). The cultures were ino-
culated with a 3-day-old preculture (1:100) and incubated for 6-8
days at 180 rpm and 28°C or 37°C on a rotary shaker. The cultures
were harvested by centrifugation and the supernatants were ex-
tracted with ethyl acetate. The organic phase was evaporated and
redissolved in DMSO (500 pL, 50%). The extracts (10 pL) were then
analyzed by HPLC-MS. Analysis was carried out by using an Agi-
lent 1100 series solvent delivery system that was equipped with a
photodiode array detector and coupled to a Bruker HCTplus ion
trap mass spectrometer. Chromatographic separation was carried
out on a Nucleodur C18/3 pm RP column (125x2 mm; Macherey &
Nagel) that was equipped with an C18/5 precolumn (8x3 mm) by
using a mobile phase system that consisted of 0.1% formic acid in
H,O (A) and 0.1% formic acid in acetonitrile (B). The following gra-
dient was applied: 0-2 min 25% B, 2-22 min linear from 25% B to
95% B, 22-24 min isocratic at 95% B. Detection was carried out in
negative-ionization mode at a scan range of m/z 100-1100. Phena-
linolactones were identified by comparison to the retention times
(t;) and the MS data of authentic standards (Phenalinolactone A:
ty=13.8 min, m/z 714.5 [M—H]~; phenalinolactone D: t;=18.1 min,
m/z 698.3 [M—H]").

S. lividans TK24/CPhl18, S. coelicolor A3(2)/CPhI18 and S. coelicolor
M512/CPhl18 that contained the modified pla gene cluster (plaA6
deletion) were cultivated in 1-L baffled shake flasks that contained
NL111 medium (200 mL) that was supplemented with apramycin
(60 pgmL™"). The mutants were cultivated, harvested and extracted
as described above. Phenalinolactone E was identified by compari-
son to the retention times and the MS data of phenalinolactone D
(phenalinolactone E: t;=13.0 min, m/z 570.3 [M—H]"). To verify the
identity of the compound, a LC-coupled FT-Orbitrap-MS analysis
was performed. Analysis was carried out with an Accella UPLC
system (Thermo Electron Corporation) that was coupled to a LTQ
Orbitrap Mass Spectrometer (Thermo Fisher Scientific) that was op-
erating in negative-ionization mode at a scan range of m/z 100-
2000. A Hypersil Gold column (2.1x50 mm; Thermo Fisher Scientif-
ic) was used for separation with a solvent system consisting of
0.1% formic acid in H,0 (A) and 0.1% formic acid in acetonitrile
(B). A gradient of 5-95% B was applied over 10 min. Measurements
were carried out in single-ion mode (SIM). lons of the m/z 570.27
(PLE, new derivative) and m/z 698.35 (PL D, standard substance)
were collected and subjected to collision-induced dissociation
(CID).
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Biophysical Properties of CDAN/DOPE-Analogue
Lipoplexes Account for Enhanced Gene Delivery

Steven Fletcher, Ayesha Ahmad, Wayne S. Price, Michael R. Jorgensen, and

Andrew D. Miller*®?

Typically, cationic liposomes are formulated from the combina-
tion of a synthetic cationic lipid (cytofectin) and a neutral, bio-
logically available co-lipid. However, the use of cationic liposome
formulations to mediate gene delivery to cells is hampered by a
paradox. Cationic lipids, such as N'-cholesteryloxycarbonyl-3-7-di-
azanonane-1,9-diamine (CDAN), are needed to ensure the forma-
tion of cationic liposome-DNA (lipoplex, LD) particles by plasmid
DNA (pDNA) condensation, as well as for efficient cell binding of
LD patrticles and intracellular trafficking of pDNA post-intracellu-
lar delivery by endocytosis. However, the same cationic lipids can
exhibit toxicity, and also promote LD particle colloidal instability,
leading to aggregation. This results from electrostatic interactions
with anionic agents in biological fluids, particularly in vivo. One
of the most commonly used neutral, bioavailable co-lipids, dio-
leoyl L-a-phosphatidylethanolamine (DOPE), has been incorporat-
ed into many cationic liposome formulations owing to its fuso-

Introduction

Gene therapy may be described as the use of genes as medi-
cines to treat disease, or more precisely as the delivery of nu-
cleic acids by means of a vector (gene delivery vehicle) to pa-
tients for a therapeutic purpose. The putative mechanism of
any given gene therapy depends upon the disease concerned
and the nature of the nucleic acid delivered."™ The vector
may either be viral or nonviral (synthetic or physical) systems.
Nowadays, progress is being made in all these areas of vector
technology owing to improved biophysical characterizations of
vector particles, and other insights from the mechanisms of
disease and routes of delivery.”! Cationic liposome-mediated
nucleic acid delivery is a prevalent synthetic nonviral vector
technology under development.”® In comparison with delivery
mediated by many other viral and physical nonviral methods,
cationic liposome-mediated delivery appears to involve lower
levels of immunogenicity, toxicity, and oncogenicity, not to
mention potentially wider ranges of applications and more
facile production. However, cationic liposome systems still lack
efficacy in vivo. Nevertheless, there is a consensus that should
cationic liposome vector systems be adequately matured with
improved in vivo efficacy, then they may become the vector
system of choice for many future gene therapy applications.
Typically, cationic liposomes are formulated from the combi-
nation of a synthetic cationic lipid (cytofectin) and a neutral,
biologically available co-lipid (or “helper lipid”). A detailed un-
derstanding of the processes involved in cationic liposome-
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genic characteristics that are associated with a preference for the
inverted hexagonal (H,) phase—a phase typical of membrane-
membrane fusion events. However, these same fusogenic charac-
teristics also destabilize LD particles substantially with respect to
aggregation, in vitro and especially in vivo. Therefore, there is a
real need to engineer more stable cationic liposome systems with
lower cellular toxicity. We hypothesize that one way to achieve
this goal should be to find the means to reduce the mol fraction
of cationic lipid in cationic liposomes without impairing the over-
all transfection efficiency, by replacing DOPE with an alternative
co-lipid with fusogenic properties “tuned” with a greater prefer-
ence for the more stable lamellar phases than DOPE is able to
achieve. Herein, we document the syntheses of triple bond var-
iants of DOPE, and their formulation into a range of low charge,
low cationic lipid containing LD systems. The first indications are
that our hypothesis is correct in vitro.

mediated plasmid DNA (pDNA) delivery and the clarification of
specific physical and biochemical barriers encountered along
the delivery pathway is necessary for the rational design of op-
timal synthetic cationic liposome vectors. These range from
the biophysical aspects underlying the design and self-assem-
bly properties of cationic liposome-pDNA complex (lipoplex;
LD) particles to the different biological impediments that need
to be overcome before gene expression can occur.”'" Cationic
lipids are needed to ensure the formation of LD particles by
pDNA condensation, as well as for efficient cell binding of LD
particles and intracellular trafficking of pDNA post-intracellular
delivery by endocytosis.'” Furthermore, one of the most com-
monly used neutral, bioavailable co-lipids in cationic lipo-
somes, dioleoyl L-a-phosphatidylethanolamine (DOPE), has
been incorporated because of its associated fusogenic proper-
ties that may contribute towards efficient endosome-breakout
(endosomolysis) and intracellular trafficking of pDNA.['3-20
These fusogenic effects are associated with a preference for

[a] Dr.S. Fletcher,* Dr. A. Ahmad,* Dr. W. S. Price, Dr. M. R. Jorgensen,
Prof. A. D. Miller
Genetic Therapies Centre, Department of Chemistry
Imperial College London, Flowers Building
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the inverted hexagonal (H,) phase—a phase typical of mem-
brane-membrane fusion events.

It is important to note here that the choice of co-lipid is not
arbitrary in cationic liposome formulations. Replacement of the
H, phase lipid DOPE with the lamellar phase lipid dioleoyl L-a-
phosphatidylcholine (DOPC) in otherwise identical cationic li-
posome formulations typically leads to a substantial reduction
in transfection efficiency of the resultant lipoplexes."” Indeed,
we have observed this result in our laboratories.”" Unfortu-
nately, cationic lipids are not only functionally useful but they
are also known to exhibit toxicity and promote LD particle ag-
gregation because of colloidal instability. This aggregation is a
direct result from electrostatic interactions with anionic agents
in biological fluids, particularly in vivo.” Likewise, the fusogen-
ic characteristics of DOPE can also contribute significantly to
LD particle instability with respect to aggregation in biological
fluids and subsequent loss of cell delivery function, again espe-
cially in vivo.?2?¥

Given all these potential problems, we decided to attempt
to engineer more stable LD particles using synthetic DOPE an-
alogues. We reasoned that replacement of the kinked cis-A9
double bonds in the DOPE fatty acid tails with linear, triple
bond functionalities would lead to improved intermolecular
packing and an associated increase in lipid supramolecular sta-
bility, through increased lamellar-to-inverted-hexagonal (L,/H,)
phase transition temperatures. Indeed, previous work has
shown that triple bond-containing dialkynoyl lipids have a
greater preference for the more stable lamellar phases, relative
to the parent dioleoyl lipids.”*?® Hence, our hypothesis was
that replacement of DOPE in cationic liposome formulations
with triple bond DOPE analogues could allow for the formula-
tion of LD systems of greater stability and comparable trans-
fection efficacy but lower toxicity due to an overall reduction
in cationic charge made possible by a substantial reduction in
the mol fraction (<50 mol%) of cationic lipid present in for-
mulations. Accordingly, we describe the synthesis of three
novel triple-bond containing dialkynoyl DOPE analogue lipids,
in which each cis double bond in the oleoyl fatty acid side
chains are substituted by triple bonds in one of three loca-
tions. We then report upon the formulation of cationic lipo-
somes and LD particles prepared from our new dialkynoyl
DOPE analogue lipids and the well-characterized, well-known
cationic lipid N'-cholesteryloxycarbonyl-3-7-diazanonane-1,9-di-
amine (CDAN).”’-*" The observed changes in biophysical and

transfection properties of such systems relative to those of
CDAN/DORPE (1:1, m/m) parent cationic liposomes and LD parti-
cles suggest that our hypothesis may be correct in vitro.
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Results and Discussion

Chemistry

Our proposed modifications to DOPE (1) are shown, replacing
the cis double bonds at position 9 of the fatty acid alkyl chains
with triple bonds at positions 4, 9, and 14, giving compounds

o Yo (s DOPE (1)
+ o.20 Ao~
HoN™ B ~ N
o o]
Yy
=
{f DS(4-yne)PE (2; x = 2, y = 12)
o X0 DS(9-yne)PE (3; x=7,y=T7)
Q H X DS(14-yne)PE (4; x =12, y = 2)
A OEOA O
0 o) f

2, 3, and 4, respectively. The syntheses of these DOPE ana-
logues (2-4) were achieved in a two-step procedure from the
respective alkynoic acids, whose structures are shown and

2 OH ! OH 12 OH
12 o 7 0 2 Y

5 6 7

whose syntheses have been reported previously.”>?¥ Activa-
tion of fatty acid 5, 6, or 7 with carbonyl di-imidazole (CDI) en-
abled smooth esterifications of L-a-glycerophosphocholine.
CdCl, (8) to take place in all cases (Scheme 1), thereby furnish-
ing the corresponding phosphatidylcholine (PC) molecules 9-
11 in moderate to good yields (57-67 %). Subsequent enzymat-
ic transphosphatidylation® of PC lipids 9, 10, and 11 with
phospholipase D (PLD) in the presence of ethanolamine afford-
ed the desired phosphatidylethanolamine (PE) molecules dis-
tear-4-ynoyl L-a-phosphatidylethanolamine [DS(4-yne)PE] (2),
distear-9-ynoyl L-a-phosphatidylethanolamine [DS(9-yne)PE]
(3), and distear-14-ynoyl L-a-phosphatidylethanolamine [DS(14-
yne)PE] (4), respectively. The yields and purities of these DOPE
analogues are given in Table 1.

Biophysical characterization
Photon correlation spectroscopy (PCS)

Photon correlation spectroscopy (PCS) was used to obtain an
average size distribution for liposomes containing CDAN and
DOPE or CDAN and DOPE analogues at various molar ratios.
Liposome diameters were not found to vary too substantially

ChemBioChem 2008, 9, 455 - 463
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2-4

Scheme 1. a) 1: carbonyl di-imidazole (CDI), CHCl;, room temperature,
30 min; 2: 8, DBU, DMSO, room temperature, 7 h; b) ethanolamine, phos-
pholipase D (PLD), CHCl;, 100 mm NaOAc/50 mm CaCl,, pH 6.5, 30°C, 3 h.

Table 1. Yields for the syntheses of the dialkynoyl DOPC analogues and
for their conversions to the corresponding DOPE analogues.

Acid DOPC Yield DOPE Yield Purity
analogue [%] analogue [%] [%]@
5 9 57 2 92 >98
6 10 67 3 94 >98
7 11 59 4 93 >98

[a] Purity was determined by HPLC (see Experimental Section).

in size with CDAN/PE ratio (Figure 1). This uniform distribution
in size may be attributed to the efficacy of sonication to clarity
at 50°C that overcomes most of the size-dependent variation
in liposomes as a function of lipid mol %. Standard LD particles
were prepared (lipid/pDNA, 12:1, w/w) with diameters equiva-
lent to their corresponding cationic liposome diameters (re-
sults not shown). Therefore, we are confident that LD particle
size cannot play a significant role in varying transfection
efficiency.

FULL PAPERS

350 -
I core
300 I DS(4-yne)
I DS(9-yne)PE
i [ ] DS(14-yne)PE
£
c
~ 200 =
h
v
]
g 150
8
a
s |
100
50 =

1:1 14 1:6 1:8 1:10
CDAN/PE ratio

Figure 1. Size distribution for liposomes containing CDAN with DOPE or
DOPE analogues at various molar ratios.

X-ray diffraction studies

Small angle and wide angle X-ray diffraction patterns were
studied to probe liposome and LD particle self-assembly. Pre-
dominant structures that emerged are depicted in Figure 2.
These are the inverted hexagonal (H,) phase and two lamellar
phase structures (L, and Lg), which have been identified previ-
ously through the analyses of diffraction peak positions.®*>*
Results from temperature-related structural studies involving
liposomes prepared from either DOPE or one of the dialkynoyl
DOPE analogues are shown in Figure 3. As reported previously,
liposomes formulated from 100% DOPE always prefer to adopt
the H, phase.®¥ Herein we were able to verify this finding,
noting that liposomes comprising 100% DOPE formed the in-
verted hexagonal structure over the temperature range 5 to
95°C, with a mean distance between adjacent lipid rods (djq)
of 31.6 A according to Equation (1):
4

Aipia = — 1
e \/-;’%01 )

Clipid iipig

Figure 2. Self-assembled structures of liposomes: A) inverted hexagonal (H,); B) fluid-chain lamellar (L,); C) chain-ordered lamellar (Lg).
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Figure 3. Thermotropic phase diagram for DOPE and DOPE analogues as
determined by X-ray diffraction with liposomes at a concentration of

10 mgmL~". DOPE shows H, phase for all temperatures whereas the ana-
logues are in lamellar phases at lower temperatures. Inset: typical X-ray dif-
fraction pattern from liposomes where the gq;, and g, result from the
lamellar structure and g4 results from the lipid chain ordering.*”

Turning to the dialkynoyl DOPE analogues, very similar be-
havior was observed with liposomes comprising 100% of
either of the two analogues DS(4-yne)PE or DS(14-yne)PE,
where the triple bonds are located high up on the fatty acid
alkyl chains or lower down the chains, respectively (Figure 3).
Both liposome systems appeared to favor lamellar structures,
especially at lower temperatures, where the fatty chains were
seen to be close-packed, forming the Lg structure with a djpq
spacing between lipid bilayers of 30 A. As the temperature was
increased, the fatty acid alkyl chains were seen to enter the
fluid phase, L,, driven by the need to increase system entropy.
Interestingly, subsequent entry into the H, phase was consider-
ably delayed and only glimpsed at >60°C, where the distance
dipa between adjacent lipid rods was 32.0 A. Quite clearly,
simple modifications in chemical structure can alter thermo-
tropic phase properties rather drastically, leading to the modifi-
cation of phase diagrams by the incorporation of at least two
additional lamellar phases. The fact that the thermotropic
phase behaviors of both DS(4-yne)PE or DS(14-yne)PE were ap-
proximately equivalent suggests that replacement of the cis
double bond with a triple bond actually enables fatty acid
alkyl chain packing to become more ordered irrespective of
triple bond location.

By contrast, DS(9-yne)PE liposomes were found to exhibit
more biologically relevant phase behavior. In this instance, the
DOPE fatty acid cis double bonds were replaced with triple
bonds at the equivalent chain position. Once again, the lamel-
lar structure Ly was favored by 100% DS(9-yne)PE liposomes at
low temperature, followed by a shift to the L, phase with an
increase in bilayer spacing dj,q up to 30 A, albeit at a much
lower temperature than was observed with DS(4-yne)PE or DS-
(14-yne)PE liposomes. Thereafter, L, and H, phases were ob-
served to co-exist quite readily near physiologically relevant
temperatures, suggesting that the DS(9-yne)PE lipid could
have an especially important impact on the biological activities
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of corresponding LD particles. Clearly, DS(9-yne)PE liposomes
do not exhibit the same thermotropic behavior as DS(4-yne)PE
or DS(14-yne)PE liposomes, but then neither do DS(9-yne)PE
liposomes exhibit the same behavior as DOPE liposomes.
When studying the X-ray diffraction patterns for the corre-
sponding LD particles formulated using cationic lipid CDAN at
different CDAN/PE ratios (Figure 4), the influence of the cation-

1:104
5
o I
1:81 B L, + Ly
el \ R H,
©
H_J 1:6 N
\
O 4.4l N
g 14
1:24
%3 0.10 0.20 0.30 0.40
T T T T 1 q/A_1
& & < <
& & & 8
S o RS
¥ o g
Q <
PE Lipid

Figure 4. Phase diagrams for CDAN and DOPE or CDAN and DOPE analogue
LD particles at various cationic lipid to neutral lipid ratios, as determined by
X-ray diffraction at 37 °C. Inset: typical X-ray diffraction pattern from LD par-
ticles where all peaks result from the inverted hexagonal (H,) structure. Lipo-
somes were at 10 mgmL ™', DNA at 5 mgmL ', and LDs were formulated at
a lipid to DNA weight ratio of 12:1, with each sample containing 0.2 mg
DNA.

ic lipid on phase behavior could be seen, especially at high
CDAN/PE ratios. In this instance, all systems were seen to
adopt a lamellar structure at the physiological temperature,
37°C, regardless of the PE lipid used, certainly owing to the in-
fluence of CDAN on LD particle structure. We observed that LD
particles containing the DOPE analogues DS(4-yne)PE and DS-
(14-yne)PE remained in the lamellar phase even as the CDAN/
PE ratio was decreased, with DNA double helices intercalated
between the lipid bilayers.®¥ In fact, there appeared to be co-
existence between the L, and Ly phases at all CDAN/PE ratios
with lipid bilayer spacings dyq of 55 A for the Ly phase, and
dipia Of 71 A for the L, phase. In contrast, where DOPE or DS(9-
yne)PE were involved, then the inverted hexagonal (H,) struc-
ture was adopted by LD particles at CDAN/PE ratios less than
1:4 (M/m) with DNA double helical rods now sited within the
lipidic tubes .

However, even though the macroscopic behaviors of CDAN/
DOPE and CDAN/DS(9-yne)PE LD particles appear similar
(Figure 4), local microscopic behavior should be nonequivalent
given differences in the X-ray diffraction profiles of the corre-
sponding PE liposomes alone (Figure 3). In other words, CDAN/
DS(9-yne)PE LD particles appear to have similar macroscopic,
average thermotropic behavior to CDAN/DOPE LD particles,
but DS(9-yne)PE alone has a much higher propensity to adopt
the more stable lamellar phase than DOPE. Therefore, we pro-

ChemBioChem 2008, 9, 455 - 463
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pose that, hypothetically, CDAN/DS(9-yne)PE LD particles may
benefit from the existence of transient lamellar phase “patch-
es” (or “rafts”) in DS(9-yne)PE-rich regions at physiologically rel-
evant temperatures that may confer some LD particle stability
with respect to aggregation and potential loss of transfection
efficacy.

Biological activity
In vitro studies

To ascertain the functional efficiency of the LD systems con-
taining DOPE analogues, in vitro transfection experiments were
performed on the cancer cell line Panc-1, originating from
human pancreatic cells. For details on procedures, please see
the experimental methods section. Briefly, Panc-1 cells were
cultured in 24-well plates until they reached approximately
70-80% confluency. As the main goal of this research was to
formulate lower-charged (less mol% CDAN) cationic liposomes,
and hence lower-charged lipoplexes, with minimal negative
impact on transfection efficiencies through the addition of
DOPE analogues with modulated fusogenicities, LD particles
were formulated at a variety of molar ratios of cationic lipid to
neutral lipid with pDNA (harboring the luciferase gene), at a
lipid to DNA ratio of 12:1 (w/w). Transfection was effected in
serum free cell media for 5h, after which time cells were
washed rigorously with phosphate buffered saline (PBS) solu-
tion, and further incubated for 24 h to allow for luciferase
gene expression to take place. Transfection efficiency was
judged to be proportional to the level of enzyme activity mea-
sured in cells post 24 h. Enzyme activity levels were quantified
on a Berthold luminometer and normalized with respect to
total remaining cellular proteins by a standard protein BCA
assay.

It is important to address here several biophysical parame-
ters before discussing the transfection data. First, zeta poten-
tial data confirmed that cationic liposomes were significantly
positively charged at both ends of the formulation series. As a
representative example of the zwitterionic and isomeric PE
lipids, the surface charges of CDAN/DS(9-yne)PE liposomes
were studied and were found to fall from +93.44+3.4 mV for
1:1 (M/m) formulations to +62.4+0.7 mV for 1:10 (m/m) for-
mulations, consistent with reduced cationic lipid content. Addi-
tionally, we have previously calculated N:P ratios (number of
protonatable amines : number of phosphates), which are sig-
nificantly > 1 for all the LD complexes studied, suggesting that
all LD particles used for transfection experiments were posi-
tively charged.”® Furthermore, as the calculated N:P ratios are
significantly positive, then complexation of DNA should be
total, resulting in complete gel retardation of DNA mobility, as
has been reported by us previously.”® Hence, DNA dose per
transfection experiment can be expected to be uniform within
experimental error. Accordingly, there is unlikely to be an effec-
tive variation in the dose of DNA delivered to cells between
transfection experiments that could otherwise have an obvious
impact on transfection efficiency.
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Transfection data (Figure 5) clearly illustrate the dominance
of DS(9-yne)PE-containing LD systems. By contrast, the behav-
ior of LD particles containing DOPE or one of the other two
DOPE analogues DS(4-yne)PE and DS(14-yne)PE was less effec-

I DOPE
I DS(4-yne)PE
I DS(9-yne)PE

7
t [ DS(14-yne)PE

108

Efficiency / RLU pg™ protein

10*
1 1:4 1:6 1:8 1:10
CDAN/PE ratio

Figure 5. In vitro transfection efficiency. Liposomes were at 0.5 mgmL™",
DNA at 1 mgmL™', and LD particles were formulated at a lipid to DNA
weight ratio of 12:1, with each sample containing 0.5 pg DNA. Control data:
untreated cells =0.423165+0.099548 RLU per ug protein; naked

DNA =41.60995 +5.249062 RLU per ug protein.

tive. Transfection efficiency was found to decline with increas-
ing mol% of DOPE or DOPE analogue. This trend can be ac-
counted for by the declining influence of the cationic lipid on
transfection as mol% incorporation was reduced, which makes
sense given the well-known importance of the cationic lipid
and electrostatic interactions in effecting efficient transfec-
tion.®”! Surprisingly, the efficacy of transfection mediated by LD
particles containing DS(9-yne)PE remained broadly constant
with increasing mol% of DS(9-yne)PE at the expense of mol%
of CDAN cationic lipid. Arguably, the unusual thermotropic
phase transition behavior exhibited by 100% DS(9-yne)PE lipo-
somes at physiologically relevant temperatures, in comparison
to the corresponding behavior in 100% DOPE and other PE
liposomes (Figure 3), might, in part, account for this observa-
tion. Specifically, the data (Figure 5) suggest that the reduced
cationic lipid content was cleanly compensated for by the in-
clusion of a more lamellar phase stable, yet still H, phase ac-
cessible, DOPE analogue, DS(9-yne)PE, thereby ensuring that
transfection efficiency was retained.

Subsequently, LD transfections were observed and com-
pared in the presence of 10% serum (Figure 6), an environ-
ment that begins to emulate in vivo conditions. The procedure
for such experiments was identical to previous transfection ex-
periments, although this time transfections were conducted in-
stead in the presence of 10% fetal calf serum (FCS). In this
case, LD particles prepared from DOPE analogues were found
to exhibit enhanced transfection efficiencies over those pre-
pared from DOPE, in all cases where the CDAN/PE molar ratio
was below 1:1 (M/m). Overall, CDAN/DOPE-analogue LD trans-
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Figure 6. In vitro transfection efficiency in the presence of 10% fetal calf
serum (FCS). Liposomes were at 0.5 mgmL~', DNA at 1 mgmL', and LDs
were formulated at a lipid to DNA weight ratio of 12:1, with each sample
containing 0.5 ug DNA. Control data: untreated cells=0.423165 4 0.099548
RLU per ug protein; naked DNA =41.60995 +5.249062 RLU per ug protein.

fections in the presence of serum (Figure 6) were found to be
modestly less efficient in comparison with equivalent LD trans-
fections performed in the absence of serum (Figure 5). Howev-
er, CDAN/DOPE LD transfections in the presence of serum
were substantially reduced by four orders of magnitude com-
pared with equivalent LD transfections in the absence of
serum (Figure 5). Such clear differences in behavior can be re-
lated directly to the individual thermotropic phase behaviors
of LD particles (Figure 4). CDAN/DS(4-yne)PE and CDAN/DS(14-
yne)PE LD particles were shown to be uniformly lamellar in be-
havior over all CDAN/PE ratios. Therefore, we would suggest
that these biophysical properties were endowing sufficient ad-
ditional LD particle stability so as to overcome the negative ef-
fects of biological fluids (serum) on LD particle stability and
transfection efficacy.

By contrast, Figure 4 shows that CDAN/DOPE LD particles
adopted the inverted hexagonal (H,) phase from CDAN/PE
ratios of 1:4 (M/m) and lower, therefore these particles would
be expected to be much more susceptible to instability in the
presence of serum, consistent with the substantial decline in
transfection efficiency observed in Figure 6. However, CDAN/
DS(9-yne)PE LD particles also adopted the H, phase from
CDAN/PE ratios of 1:4 (m/m) and yet they behaved as other
CDAN/DOPE-analogue LD systems, rather than as CDAN/DOPE
LD systems. A possible, hypothetical explanation for this sub-
stantial difference in transfection behavior may be the exis-
tence of transient lamellar “patches” at physiologically relevant
temperatures in DS(9-yne)PE-rich regions of CDAN/DS(9-yne)PE
LD particles (in isolation, DS(9-yne)PE adopted both the fuso-
genic H, phase and the stable L, phase, as indicated in
Figure 3). These could act to partially stabilize CDAN/DS(9-
yne)PE LD particles in the presence of serum with respect to
aggregation and colloidal instability. In contrast, CDAN/DOPE
LD particles should not have access to any such benefits (in
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isolation, DOPE adopted the fusogenic H, phase at all tempera-
tures, Figure 3). Overall, these serum transfection data illustrate
clearly the benefits of all DOPE analogues to LD transfection,
as stable, transfection competent LD systems can now be pre-
pared with limited cationic lipid (CDAN) content by mol%.
These transfection data also appear to underscore our previous
data and conclusions concerning the central importance of
lipids that favor lamellar phase structure to stabilize LD parti-
cles and retain transfection or even enhance transfection
efficiency.®>%9

Cell viability studies

One of the main drawbacks of using cationic liposome-mediat-
ed delivery can be cellular toxicity introduced with the charge
of the cationic lipid;®® it is therefore of interest to reduce the
amount of cationic lipid in LD formulations without impairing
transfection. Our data in Figures 5 and 6 suggest we have
achieved this goal through the novel DOPE analogues 2-4.
Thus, we next investigated the cell viability post-transfection
to examine how toxic LD formulations were to Panc-1 cells. Re-
sults from these studies are shown (Figure 7), where the per-
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Figure 7. In vitro cell viability assay (MTT). Liposomes were at 0.5 mgmL™",
DNA at T mgmL~', and LDs were formulated at a lipid to DNA weight ratio
of 12:1, with each sample containing 0.5 pg DNA.

centage of cell viability was ascertained through comparison
with untreated cells. Experimental procedures were identical to
the serum-free in vitro transfections, although instead of pro-
tein quantification, an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide] assay was performed to assess cell
viability. As expected, toxicity was found to drop and cell via-
bility increased as the amount of cationic lipid (charge) was re-
duced in the LD formulations. Importantly, the toxicity data
also show that at low CDAN/PE molar ratios, the triple bonds
in the PE analogues had little impact on cellular toxicity, rela-
tive to DOPE, but, as shown in Figure 5 and 6, these lipids had
substantially beneficial effects on transfection.
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Conclusions

We have shown that the replacement of the DOPE fatty acid
cis-A9 double bonds with triple bonds can lead to wide varia-
tions in the biophysical properties of their liposomes and their
LD particles. In particular, we have observed variations in the
phase behavior, with transitions between lamellar (L,) and in-
verted hexagonal (H,) phases occurring at different tempera-
tures depending upon the molecular structures of the lipids
used. We have then demonstrated that these differences in
biophysical properties may be put to use for the formulation
of lower-charged LD particles that, despite being formulated
with only low mol% values of cationic lipid, retain transfection
efficacy for Panc-1 cells. We propose that where these newly
formulated LD particles retain transfection efficiency, they are
benefiting from an observed, increased tendency, relative to
DOPE, for constituent dialkynoyl DOPE analogue co-lipids to
adopt lamellar-phase behavior within complex particles in pref-
erence to the less stable, fusogenic H, phase, thereby gaining
increased stability with respect to aggregation.

In serum-free conditions, the DS(9-yne)PE analogue emerged
as the preferred neutral co-lipid to assist in vitro transfection of
Panc-1 cells involving LD particles formulated with low mol%
values of cationic lipid. In the presence of serum, all three ana-
logues, DS(4-yne)PE, DS(9-yne)PE, and DS(14-yne)PE, appeared
able to assist in vitro transfection of Panc-1 cells. Moreover,
these low cationic charge LD particles also appeared to be
somewhat less toxic towards Panc-1 cells, consistent with the
lower mol% of cationic lipid. Data from these studies are im-
portant as they suggest that triple bond analogues of the neu-
tral co-lipid DOPE could be useful chemical components to en-
gineer the generation of stable, transfection-competent LD
particles with minimal cationic lipid compositions that simulta-
neously confer the likelihood of lower cellular toxicities. Our
current in vitro data set now needs to be extended to in vivo
studies. Overall, we appear to have developed a new series of
LD systems that could be useful for certain in vitro applications
and may also be directly applicable for certain applications
in vivo as well.?¥

Experimental Section

General: N'-Cholesteryloxycarbonyl-3-7-diazanonane-1,9-diamine
(CDAN) and dioleoyl-L-a-phosphatidylethanolamine (DOPE) were
obtained from Avanti Polar Lipids (Alabaster, AL, USA). CH,Cl, was
distilled over P,O;, other solvents were purchased predried as re-
quired. Reactions were performed in oven-dried glassware under
an atmosphere of argon. Thin layer chromatography (TLC) was per-
formed on precoated Merck-Kieselgel 60 F,;, aluminum backed
plates and revealed with acidic ammonium molybdate (IV), basic
potassium manganate(VIl), or other agents as appropriate. Flash
column chromatography was accomplished on Merck-Kieselgel 60
(230-400 mesh). All other chemicals were of analytical grade or the
best grade available and were purchased from Sigma-Aldrich (UK)
and Lancaster. Solvent mixtures used for column chromatography
of lipids: solvent A (CH,Cl,:MeOH:H,0, 77.54:23.23:2.23) and sol-
vent B (CH,Cl,:MeOH:H,0, 65:25:4). 'H and "C NMR spectra were
recorded either by using a Bruker DRX300, Joel GX-270Q, or Bruker
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Avance 400 with residual isotopic solvent (CDCl;, 6,=7.27 ppm,
0c=77.0 ppm) as internal reference. Mass spectra were obtained
by using VG-070B, Joel SX-102, or Bruker Esquire 3000 ESI instru-
ments. IR spectra were obtained on a JASCO FT/IR-620 infrared
spectrometer. UV spectroscopy was conducted by using a Pharma-
cia Biotech Ultrospec 4000 spectrometer at defined wavelengths.
Analytical HPLC (Hitachi-LaChrom L-7150 pump system equipped
with a Polymer Laboratories PL-ELS 1000 evaporative light scatter-
ing detector) was conducted with a HICHROM KR60-5-2493 silica
column, with mobile phase A (CHCl;:MeOH:NH,OH, 80:19.5:0.5)
and mobile phase B (CHCl;:MeOH:H,0:NH,OH, 60:34:5.5:0.5), A/B,
0-6 min [100/0], gradient 6-28 min [0/100], 28-38 min [0/100],
gradient 38-40 min [100/0], 40-60 min [100/0].

General procedure for preparation of phosphatidylcholine (PC)
lipids (9, 10, or 11): carbonyl di-imidazole (CDI; 3.33 equiv) was
added to a stirred solution of the fatty acid (5, 6 or 7; 2.67 equiv)
in anhydrous CHCl; (0.24 m). This solution was allowed to stir for
30 min, during which time L-a-glycerophosphocholineCdCl, (8;
1 equiv) was dissolved in anhydrous DMSO (0.09 M), with a little
heating (40°C). DBU (2.67 equiv) was added dropwise to the solu-
tion of the phosphocholine, then the CHCIl; solution of the acid
imidazolide was transferred to the DMSO solution via a cannula.
Periodically, the reaction mixture was warmed in a water bath to
approximately 40 °C for about 30 min, then the reaction was stirred
for 7 h at room temperature. The reaction mixture was neutralized
with 0.1m acetic acid, then extracted into a 2:1 mixture of
CHCl;:MeOH, and washed with a 1:1 mixture of H,0:MeOH (x5),
back-extracting each time. The subsequent organic fractions were
combined, and concentrated in vacuo, azeotroping the water with
methanol as required. The residual orange-brown, viscous oil was
purified by silica gel flash column chromatography (solvent A), to
give the PC molecules as off-white, waxy solids.

Distear-4-ynoyl  L-o-phosphatidylcholine  (DS(4-yne)PC, 9):
(335 mg, 57%); R; 0.45 [solvent B]; '"H NMR (270 MHz; CDCl,): 6=
0.86 (t, J=6.5Hz, 6H; 2CH,CHy), 1.15-1.49 (2m, 44H; 22CH,),
2.05-2.14 (m, 4H; 2CH,C=CCH,CH,CO,), 2.36-2.57 (m, 8H;
2CH,CH,CO,), 3.33 (s, 9H; N(CH,);) 3.77 (m, 2H; CH,N(CH5)s), 3.92
(m, 2H; glycerol-C3-H,), 4.14 (dd, J=11.9, 7.2 Hz, 1H; glycerol-C1-
Hp), 4.34-4.42 (m, 2H; CH,CH,N(CH,);), 438 (1H; dd, J=12.1,
2.7 Hz, glycerol-C1-H,), 5.20 (1H; m, glycerol-C2-H); *C NMR
(100 MHz; CDCl;) 6=14.5 (2 signals), 15.0, 15.1, 19.1, 23.1, 294,
29.4, 29.4, 29.5, 29.6, 29.8, 30.0, 30.1, 30.1, 32.3 (26 signals), 34.3,
344, 54.7, 59.7 (d, J=3.9Hz), 63.5, 63.7 (d, Joo=4.7 Hz), 66.6 (d,
Jp=6.5Hz), 71.2 (d, J(,=7.0 Hz), 78.2, 81.6, 81.6 (4 signals), 172.0,
172.3; Vpax (nujol mull) 2235, 1723, 1683, 1424, 1373, 1235 cm~;
HRMS (FAB*) calcd for [ChHgNOgP+H]* 782.569983, found
782.572556; HPLC tz=11.5 min.

Distear-9-ynoyl L-a-phosphatidylcholine (DS(9-yne)PC, 10):
(473 mg, 67%); R; 0.47 [solvent B]; v, (nujol mulljem™ 2237,
1709, 1626, 1451, 1279, 1246; O, (270 MHz; CDCl;) 0.81 (6H; t, J=
6.8 Hz, 2CH,CH,), 1.17-1.58 (44H; 2 m, 22CH,), 2.04-2.11 (8H; m,
2CH,C=CCH,), 2.36-2.57 (4H; m, 2CH,CO,), 3.33 (9H; s, N(CH,)s),
3.74 (m, 2H; CH,N(CH,);), 3.87 (m, 2H; glycerol-C3-H,,), 4.05 (1H;
dd, J=12.0, 7.2 Hz, glycerol-C1-H,), 4.24 (m, 2H; CH,CH,N(CH,),),
4.33 (1H; dd, J=12.0, 2.4 Hz, glycerol-C1-H,), 5.13 (1H; m, glycerol-
C2-H); ¢ (100 MHz; CDCly) 14.5 (2 signals), 19.1, 23.0, 25.2, 25.3,
29.1, 29.3, 29.4, 29.4, 29.5, 29.6, 29.6, 32.2 (26 signals), 34.5, 34.7,
54.8, 59.7 (d, J=4.4Hz), 63.4, 63.7 (d, Jo=49Hz), 66.7 (d, Jop=
59Hz), 70.9 (d, Jp=7.6 Hz), 80.4, 80.7 (4 signals), 173.5, 173.9;
HRMS (FAB*) calcd for [C,HsNOgP+HI* 782.569983, found
782.571487; HPLC tz=11.5 min.
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Distear-14-ynoyl L-a-phosphatidylcholine (DS(14-yne)PC, 11):
(420 mg, 59%); R; 0.44 [solvent Bl; V., (nujol mull)cm™' 2269,
1701, 1672, 1497, 1322; d, (270 MHz; CDCl;) 0.94 (6H; t, J=7.4 Hz,
2CH,CH,), 1.17-1.62 (44H; 2 m, 22CH,), 2.05-2.18 (8H; m, 2CH,C=
CCH,), 2.25-2.31 (4H; m, 2CH,CO,), 3.33 (9H; s, N(CH)), 3.81 (m,
2H; CH,N(CH5)y), 3.93 (m, 2H; glycerol-C3-H,), 4.10 (1H; dd, J=
11.9, 7.4 Hz, glycerol-C1-H,), 4.30 (m, 2H; CH,CH,N(CH,),), 437 (1H;
dd, J=12.1, 2.7 Hz, glycerol-C1-H,), 5.18 (1H; m, glycerol-C2-H); o
(100 MHz; CDCl;) 13.9 (2 signals), 19.1, 21.1, 22.9, 25.3, 25.4, 29.3,
29.6, 29.7, 29.7, 29.8, 29.9, 30.0, 30.0 (26 signals), 34.5, 34.7, 54.7,
59.7 (d, J=4.6 Hz), 63.4, 63.7 (d, Jop=4.8 Hz), 66.6 (d, J(p=6.5 Hz),
709 (d, J»=7.5Hz), 804, 80.7 (4 signals), 173.5, 173.9; HRMS
(FAB™) calcd for [C,,HgoNOgP+H]" 782.569983, found 782.568970;
HPLC tz=11.5 min.

General procedure for preparation of phosphatidylethanolamine
(PE) lipids (2, 3, or 4): A solution of ethanolamine (6 equiv) in a
100 mm NaOAc/50 mm CaCl, buffer (1.89m ethanolamine) at
pH 6.5 (pH adjusted with acetic acid), was added to a stirred solu-
tion of the PC lipid (9, 10, or 11; 1 equiv) in CHCl; (0.05m PC lipid)
at 30°C. Phospholipase D (PLD; 578 unitsmmol~' of PC lipid, at a
concentration of 250 unitsmL™" of the aforementioned buffer,
pH 6.5) was added to this biphasic system and the reaction mix-
ture was stirred at 30°C for 3 h. The crude organic material was ex-
tracted by washing with CHCI;:MeOH, 2:1 (x 3). The organic layers
were combined and washed with H,0, then concentrated in vacuo,
and subjected to silica gel flash column chromatography (sol-
vent A) to purify, furnishing the PE lipids as off-white, waxy solids.

Distear-4-ynoyl L-a-phosphatidylethanolamine (DS(4-yne)PE, 2):
(170 mg, 92%); R; 0.56 [solvent B]; v, (nujol mull)em™ 2238,
1714, 1424, 1291, 1101; 6, (270 MHz; CDCl,) 0.81 (6H; t, J=6.7 Hz,
2CH,CHy), 1.15-1.31 (40H; 2m, 20CH,), 1.35-1.43 (4H; m, 2 x
(CH,)1,CH,CH,C=C), 2.01-2.06 (4H; m, 2 x (CH,),,CH,C=C), 2.34-
2.41 (4H; m, 2CH,CH,CO,), 2.42-2.49 (4H; m, 2CH,CO,), 3.05-3.13
(m, 2H; CH,NH,), 3.85-3.91 (m, 2H; glycerol-C3-H,,), 3.97-4.05 (m,
2H; CH,CH,NH,), 4.12 (1H; dd, J=12.0, 6.4 Hz, glycerol-C1-H,), 4.33
(1H; dd, J=11.8, 2.6 Hz, glycerol-C1-H,), 5.17 (1H; m, glycerol-C2-
H), 8.20-8.60 (br s, NH;); d. (100 MHz; CDCl,) 14.5 (2 signals), 15.0,
15.1, 19.1, 23.1, 29.4, 29.4, 29.5, 29.5, 29.6, 29.7, 29.8, 30.0, 30.0,
30.1, 30.1, 32.3 (26 signals), 34.3, 34.4, 40.8, 62.6 (m) 63.1 (m), 64.2
(d, Jop=5.5Hz), 709 (d, J;,=6.9 Hz), 78.1, 78.2, 81.6, 81.7, 172.0,
172.2; HRMS (FAB*) calcd for [C,H,,NOgP +H]* 740.523033, found
740.523087; HPLC t;=4.3 min.

Distear-9-ynoyl L-a-phosphatidylethanolamine (DS(9-yne)PE, 3):
(211 mg, 94%); R; 0.58 [solvent B]; V., (nujol mull)cm™' 2219,
1709, 1431, 1274, 1072; 6, (270 MHz; CDCl;) 0.81 (6H; t, J=6.8 Hz,
2CH,CH,), 1.15-1.59 (44H; 2 m, 22CH,), 2.03-2.13 (8H; m, 2CH,C=
CCH,), 2.19-2.30 (4H; m, 2CH,CO,), 3.09 (m, 2H; CH,NH,), 3.88 (m,
2H; glycerol-C3-H,), 4.02 (m, 2H; CH,CH,NH,), 4.07 (1H; dd, J=
12.0, 6.8 Hz, glycerol-C1-H,), 432 (1H; dd, J=11.6, 2.4 Hz, glycerol-
C1-H,), 5.15 (1H; m, glycerol-C2-H), 8.20-8.45 (br s, NH;); Oc
(100 MHz; CDCl;) 14.49 (2 signals), 19.1, 23.1, 25.2, 25.3, 29.2, 29.3,
29.4, 29.5, 29.5, 29.6, 29.6, 32.2 (26 signals), 34.4, 34.6, 40.8, 62.6
(m) 63.0 (M), 64.3 (d, Jop=4.0 Hz), 70.7 (d, Jp=7.4 Hz), 80.4, 80.7 (4
signals), 173.7, 173.5; HRMS (FAB") calcd for [C,H;,NOgP +H]*
740.523033, found 740.523073; HPLC t;=4.3 min.

Distear-14-ynoyl L-a-phosphatidylethanolamine (DS(14-yne)PE,
4): (207 mg, 93%); R 0.56 [solvent B]; v,.,, (nujol mulljcm™' 2291,
1728, 1461, 1238, 1075; 0, (270 MHz; CDCl;) 0.90 (6H; t, J=7.4 Hz,
2CH,CH,), 1.17-1.34 (34H; 2m, 17CH,), 1.36-1.48 (6H; m, 3CH,),
1.48-1.56 (4H; m, 2CH,), 2.02-2.10 (8H; m, 2CH,C=CCH,), 2.18-
2.28 (4H; m, 2CH,CO,), 3.03-3.15 (m, 2H; CH,NH,), 3.82-3.93 (m,
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2H; glycerol-C3-H,,), 3.97-4.05 (m, 2H; CH,CH,NH,), 4.08 (1H; dd,
J=12.0, 6.8 Hz, glycerol-C1-H,), 4.31 (1H; dd, J=11.8, 2.6 Hz, glyc-
erol-C1-H,), 5.14 (1H; m, glycerol-C2-H), 8.20-8.60 (br s, NH,); O
(100 MHz; CDCl;) 13.9 (2 signals), 19.1, 22.9, 25.3, 25.3, 29.3, 29.6,
29.8, 29.8, 29.9, 30.00, 30.1, 30.1 (26 signals), 34. 5, 34.6, 40.8, 62.6
(m) 63.0 (m), 64.3 (m), 70.6 (d, J;»=8.0 Hz), 80.4, 80.7 (4 signals),
173.5, 173.8; HRMS (FAB™) calcd for [C, H,,NOsP -+ H]* 740.523033,
found 740.522568; HPLC t;=4.3 min.

Liposome preparation: A uniform lipid film was obtained by
mixing lipid stock solutions in chloroform at 5 mgmL™ at the de-
sired mol ratio of lipids followed by slow removal of solvent in vac-
uo. The film was subsequently hydrated with the appropriate
amount of low conductivity (18.2 MQ2) water to a final concentra-
tion of either 0.5 mgmL™" (in vitro studies) or 10 mgmL™" (X-ray
diffraction studies) and extensively sonicated to clarity at 50°C to
ensure uniform unilamellar vesicle formation.

In vitro cell studies: Panc-1 cells were cultured in DMEM (Dulbec-
co’s Modified Eagle Medium, Gibco BRL) supplemented with 1%
(v/v) penicillin-streptomycin (Gibco BRL) with or without 10% (v/v)
fetal calf serum (FCS; Gibco BRL) at 37°C in a humidified atmos-
phere with 10% CO,. For efficiency studies, cells were seeded and
subjected to transfection with an average of 50000 cells per well
in 24-well plates resulting in a cells at 70-80% confluent. To pre-
pare LD systems, precalculated amounts of liposome (0.5 mgmL™")
and pEGFP-LUC DNA (1 mgmL™'; BD Biosciences) were taken from
their stock solutions and diluted with DMEM to a final volume of
125 pL. The DNA solution was then added to the liposome solu-
tion. The resultant LD particles contained pEGFP-LUC DNA (0.5 pg)
with a lipid/DNA ratio of 12:1 (w/w), which were then added to
cells. After 4 h transfection, cells were rinsed three times with PBS
(phosphate buffered saline, Gibco BRL), and incubated in supple-
mented DMEM for an additional 24 h to allow expression of the lu-
ciferase gene. Results were quantified using the Promega Lucifer-
ase Assay System and a Berthold Luminometer (Lumat LB 9507).
The BCA Protein Assay (Pierce) was used to determine the amount
of total cellular protein for normalization. For cell viability, 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) studies,
Panc-1 cells were seeded and subject to transfection as described
above. After the 24 h incubation time, a cell proliferation kit (MTT;
Roche) assay was used to assess cell viability post-transfection.

Photon correlation spectroscopy: Particle sizes of the liposomes
and lipoplexes were measured using dynamic light scattering
(Coulter N4 plus). The detector was kept at a fixed angle of 90°
and correlations were measured over 60 s in triplicate. Liposome
concentrations were kept at approximately 0.5 mgmL™' to obtain
an adequate signal.

X-ray scattering

Small angle X-ray scattering (SAXS): Complexes for SAXS studies
were prepared by mixing liposomes (10 mgmL~") with 0.2 mg of
highly polymerized calf thymus DNA (5 mgmL™"; Sigma) to a final
lipid/DNA ratio of 12:1 (w/w). Data were obtained by using an in-
house rotating copper anode source with Osmic™ multilayer
optics and imaged with a MAR image plate detector.

Wide angle X-ray scattering (WAXS): Liposomes for WAXS studies
were prepared in excess water conditions (>50%). Temperature in-
creases were made over periods of 30s, and in each case the
sample was allowed to equilibrate for 5 min before each measure-
ment. Data were obtained by using an in-house Bede Micro-
source™ generator equipped with an integrated focusing capillary
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optic (XOS) and imaged with a Gemstar HS intensified CCD
detector.
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Oligodeoxynucleotides Containing 3-Bromo-3-
deazaadenine and 7-Bromo-7-deazaadenine 2'-
Deoxynucleosides as Chemical Probes to Investigate

DNA-Protein Interactions

Noriaki Minakawa,* Yuri Kawano, Shunpei Murata, Naonori Inoue, and Akira Matsuda™

We describe the design and proof of concept of a pair of chemi-
cal probes for investigating DNA-protein interactions—specifical-
ly, the incorporation of 7-bromo-7-deazaadenine and 3-bromo-3-
deazaadenine 2'-deoxynucleosides (Br'C’dA and BrCdA) into
oligodeoxynucleotides (ODNs)—and their utility. Whereas the
bromo substituent of the Br'C’dA unit in an ODN duplex acts
sterically to inhibit binding with NF-xB, which interacts with the
duplex in its major groove, the bromo substituent of the BPCdA
unit acts sterically to inhibit binding with RNase H, which inter-

Introduction

The interaction of DNA with proteins such as enzymes and
transcription factors plays a central role in numerous biological
processes, including the regulation of gene expression.!" Since
this interaction occurs in a strict and specific manner, an un-
derstanding of how proteins bind structurally to DNA is critical
in determining the mechanisms of the biological process. In
addition, this information is expected to provide clues for the
development of nucleic acid-based therapeutics, such as decoy
molecules and aptamers.

DNA, as is well known, generally forms a right-handed B-
form helix, based on the Watson-Crick base pairs. In this heli-
cal structure, two grooves exist, a major and a minor, and the
Watson-Crick base pairs face these grooves [i.e., the N6 (or
06) and N7 positions of the purine bases and the O4 (or N4)
position of the pyrimidine bases face the major groove, while
the N3 position of the purine bases and the O2 position of the
pyrimidine bases face the minor groove (Figure 1A)]. In molec-
ular recognition, proteins are thought to recognize DNA by the
shape of its groove(s) and the sequence of the nucleobases
facing each groove. Thus far, a number of analyses of structural
interactions between DNA and proteins have been reported.
For example, NF-B,”? a transcription factor, and EcoRIL® a re-
striction enzyme, are known to bind to the major groove. Rec-
ognition of the nucleobases facing the major groove is sug-
gested in both these proteins, while RNase H,”¥ an endonu-
clease, and DNA polymerase®™ are known as proteins that bind
to the minor groove without sequence specificity. Proteins that
bind to DNA in both the major and the minor grooves are also
known.® In general, such interactions between DNA and pro-
teins have been analyzed mainly by crystallographic studies
and, in some cases, by NMR studies.”” However, the difficulty
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acts with the duplex in its minor groove. In addition, the utiliza-
tion of ODNs containing 7-deazaadenine and 3-deazaadenine 2'-
deoxynucleosides (C’dA and CdA), together with the pair of
chemical probes, afforded valuable information on the require-
ment for nitrogen atoms located in either the major or minor
grooves. Accordingly, we were able to show the utility of ODNs
containing Br'C’dA, BPCdA, C’dA, and C3dA for the investigation
of DNA-protein interactions.

major groove

minor groove

B) _major groove major groove
N | \
<® H
N-H-Q_  , N

7
=

H
N-HQ
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o ¥

\ - / N / \
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minor groove

R = Br (Br'C7dA)

{niLnor groove

R = Br (Br’C%dA)

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R =H (C'dA) R =H (C%A)

Figure 1. A) Structure of A:T base pair. B) Structures of modified base pairs.
Major groove modified probes (left) and minor groove modified probes
(right).

of cocrystallization and the huge sizes of the proteins tend to
limit the utility of these methods. Accordingly, in order to in-
vestigate DNA-protein interactions, the development of logical
chemical probes is required. Based on these considerations, we
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envisioned introducing a certain substituent, which would ster-
ically hinder DNA-protein interactions, into the nucleobase in
such a manner as to face into each groove. Specifically, incor-
poration of the 7-bromo-7-deazaadenine and 3-bromo-3-de-
azaadenine 2'-deoxynucleosides (Br'C’dA and Br’C®dA) into the
oligodeoxynucleotides (ODNs) was expected to provide infor-
mation on their use as chemical probes.” As shown in Fig-
ure 1B, each nucleobase forms a base pair with thymine in the
usual manner of the Watson-Crick base pair. The incorporated
bromo groups are expected to be located in the major and
minor grooves, respectively, without affecting the overall struc-
ture of the helix. In addition, the presences of these bromo
groups at each of the deaza positions should minimize the al-
teration in the pK, values of the nucleobases arising from the
lack of nitrogen atoms at the 3- and 7-positions.”’ Therefore, a
combination of Br'C’dA and Br’C?dA should be a versatile
chemical probe system to determine which groove is critical
for DNA-protein interactions.

Thus far, several studies using modified nucleoside units to
investigate DNA-protein interactions focusing either on the
major or the minor grooves have been conducted,"” but only
a few have been reported for both grooves. Moreover, each
substituent was introduced on a different nucleoside compo-
nent" For example, the use of 5-phenyl-2’-deoxyuridine and
N*-methyl-2’-deoxyguanosine as chemical probes has been
reported by Uchiyama etal.,'¥ with the two substituents,
namely the phenyl and the methyl groups, being introduced
on the uracil and the guanine bases, respectively. Conversely,
in our concept the same type of substituent (a bromo group)
can be introduced on the same nucleobase (a deazaadenine
derivative instead of an adenine base). Furthermore, the use of
the 7-deazaadenine and 3-deazaadenine 2’-deoxynucleosides
(C’dA and C3dA)® in conjunction with Br'C’dA and Br’C’dA
should also afford information relating to the effects of nitro-

Vi

gen at the 7- and 3-positions for DNA-protein interactions,
which would confirm their advantage as chemical probes.

In this paper we describe the synthesis of ODNs containing
Br’C’dA, Br*C’dA, C’dA, and C3dA and their utility as chemical
probes to investigate DNA-protein interactions with the aid of
NF-kB and RNase H as model proteins.

Results and Discussion
Chemistry

We and other groups have previously reported the practical
syntheses of 3-deazaadenine and 7-deazaadenine nucleo-
sides.'>™ Additionally, the syntheses of ODNs containing
Br’C’dA, C3dA, and C’dA, though not those containing BriC3dA,
have also been reported.">' With these previous literature ref-
erences as examples, we first examined the synthesis of the
phosphoroamidite units of C:dA and Br*C*dA (Scheme 1). Start-
ing from 1, the Stille cross-coupling reaction of the stannic
compound in the presence of (PhCN),PdCl, afforded the tri-
methylsilylethynyl derivative 2. Treatment of the resulting 2
with NH;/MeOH in a steel container at 120°C gave the 3-dea-
zaadenine derivative 3. After protection of the exocyclic amino
group of 3 with phenoxyacetyl chloride (PacCl), the resulting 4
was treated with tetrabutylammonium fluoride (TBAF) to give
6. According to the literature,™? 6 was converted into the
phosphoramidite unit 10 by treatment with dimethoxytrityl
chloride (DMTrCI), followed by phosphitylation.

For the synthesis of the 3-bromo-3-deazaadenine derivative,
the introduction of a bromo group was achieved by treatment
of 4 with N-bromosuccinimide (NBS) in CH,Cl, to give the 3-
bromo-3-deazaadenine derivative 5. Compound 5 was then
converted into 9 by removal of the silyl groups, followed by
treatment with DMTrCl.

NHR NHPac NHPac
CN
N NSy NS NSy
TIPso—\ g N R —— TIPSO/\QN —_— HowN DMTrO’\;ijN
X X X

TIPSO TIPSO

1:R=I

a)( C)(3ZR=H,X=H
2: R=C=CTMS

4. R=Pac, X=H
d )
)(5:R=Pac,X=Br

N=CHNMe,

N
N
<l

=

DMTrO—\ o N
X_j L

HO HO

6: X =H (from 4)
7: X = Br (from 5)

8: X = H (from 6)
9: X = Br (from 7)

>

NH, NHPac
SN SN
DMTIO—\ o N7 DMTIO—\ o N7
hol o
HO “p—NiPr,
11 (from 9) (‘D

\/\CN
10 (from 8)

Scheme 1. Reagents: a) TMSC = CSnBu;, (PhCN),PdCl,, CH;CN, 100 °C; b) NH;/MeOH, 120 °C; ¢) PacCl, Et;N, CH;CN, then NaOMe in MeOH; d) NBS, CH,Cl,;
e) TBAF, THF; f) DMTrCI, pyridine; g) 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, iPr,NEt, DMAP, CH,Cl,; h) NH,/MeOH; i) DMF dimethyl acetal, DMF.
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Since ODN synthesis under the standard phosphoramidite
method requires acidic conditions (3% trichloroacetic acid in
CH,Cl,), stability against depurination was examined with 5. As
a result, it was revealed that cleavage of the glycosidic linkage
of 5 under acidic conditions occurred more rapidly than that
in the corresponding N-benzoyladenosine derivative (t;,, values
were estimated to be 60 and 125 s, respectively). Therefore,
the protecting group of the exocyclic amino group was
changed. The Pac group of 9 was removed by treatment with
NH;/MeOH to give 11. The resulting 11 was treated with di-
methylformamide dimethyl acetal to give 12. The protecting
group of 12 stabilized the glycosidic linkage better than the
Pac group (t,, was estimated to be 2505s) and was easily re-
moved under basic conditions. Conversion of 12 into the de-
sired phosphoramidite unit 13 was carried out under the usual
phosphitylation conditions.

Studies on the use of the 7-deazaadenine derivatives, includ-
ing their synthesis and application, have been investigated
more deeply than those on the use of 3-deazaadenine deriva-
tives."™' Thus far, several synthetic methods are known.'"
However, most of these involve harsh conditions such as treat-
ment with hydrogen chloride (gas) and sulfuric acid. Therefore,
an alternative method was developed as shown in Scheme 2.
Starting from commercially available 14, iodination at the 5-
position was performed by treatment with iodine in DMF to
give 15."7 The resulting 15 was converted into the trimethylsi-
lylethynyl derivative 16 by a cross-coupling reaction. When 16
was heated with KOtBu in N-methylpyrrolidinone (NMP) at
80°C according to the literature,”® the 7-deazaadenine (17)
was obtained quantitatively. Accordingly, the synthesis of 17
was readily achieved in three steps from 14. After conversion
of 17 into 18, glycosylation with the a-chlorosugar 19" af-
forded the 7-deaza-2'-deoxyadenosine derivative 20 with the

N. Minakawa et al.

preferred (-selectivity. When the resulting 20 was treated with
K,CO;/MeOH, partial removal of the phthaloyl group along
with removal of the toluoyl groups was observed. Thus, the
resulting mixture was successively treated with MeNH, to give
7-deaza-2'-deoxyadenosine (21). Compound 21 was converted
into the phosphoramidite unit 24 by a known method"™ in
three steps.

The synthesis of the corresponding 7-bromo derivative re-
quired a regioselective 7-bromination on the 7-deazapurine
ring. Since it is known that an electron-donating substituent
such as a free amino group on the pyrimidine portion pro-
motes dibromination at the 7- and 8-positions of 7-deazapur-
ine,®™ 20 was used as a substrate for the bromination. When
20 was treated with NBS in CH,Cl,, the monobromide 25 was
obtained in quantitative yield. The position of the bromination
was confirmed after deprotection of 25 to give 26, the spectral
data for which were identical with those for the known com-
pound.”™ Likewise, for the synthesis of 24, 26 was converted
into the phosphoramidite unit 29 in three steps. The experi-
mental details are presented in the Supporting Information.

Investigation of the interaction with NF-xB

With the desired phosphoramidite units to hand, we evaluated
the modified ODNs containing these units as chemical probes.
For a first attempt, we chose the NF-xB (p50 homodimer). This
protein is known to bind with the 10-base-pair kB recognition
site in a double-stranded DNA (dsDNA) sequence through its
major groove.”’ Accordingly, sequences of 18-mer ODNs (a
series of NF1s and NF2s) were designed for the investigation.
As shown in Table 1, each sequence is complementary to form
dsODNs (a series of dsNFs), and the resulting dsODN includes
the 10-base-pair kB recognition site (a palindromic part; bold

NH, R
RfN c) J | Sy e)
H,N N/) N N/) TolO™\ o
H
‘R= 17: R=NH TolO “
ay 14 R=H o 17 R=NH, 0
b(15:R=I 18: R = NPhth 19 nC
) 16: R = C=CTMS )
9)(

)14

R, N=CHNMe,
v | ~N 74 ‘ N
B h) NP
R0\ 0o N DMTIO™\ o N
R,0 RO
20: R, = NPhth R, = Tol ) (2 R=H
21:R;=NH,R,=H 24:R = P-NiPr,
22: R, = N=CHNMe, R, = H Ou~en
lj)
Br R1 Br N=CHNM62
4 | ~N 74 | =N
J o g
R0\ o N7ON DMTO™\ o N
R,O RO
f ¢ 25: Ry = NPhth Ry = Tol (from 20) ) (2B R=H
26:R,;=NH, R, =H 29: R = P-NiPr,
27:R, = N=CHNMe, R, = H Oen

Scheme 2. Reagents: a) |,, K,CO;, H,O0/DMF; b) TMSC =CH, (PhCN),PdCl,, Et;N, Cul, DMF, 60°C; c) potassium tert-butoxide, NMP, 90 °C; d) phthalic anhydride,
DMF, 100°C; e) 19, NaH, CH;CN; f) K,CO;, MeOH, then MeNH,, MeOH; g) DMF dimethyl acetal, DMF; h) DMTrCl, pyridine; i) 2-cyanoethyl N,N-diisopropylchloro-

phosphoramidite, iPr,NEt, DMAP, CH,Cl,; j) NBS, CH.Cl,.
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Table 1. Sequences of dsNFs and their hybridization data.?

5'-GGTTGGGAATTCCCTTGG-3' (NF1s)
3'-CCAACCCTTAAGGGAACC-5' (NF2s)

A dsNFs T, [°Cl AT, [CI™
dA dsNF-A 60.1+0.1 -
C3dA dsNF-C?A 55.3+04 -57
C’dA dsNF-C’A 58.6+0.5 —24
BrrC3dA dsNF-Br*C’A 56.3+0.5 —4.7
Br'C’dA dsNF-Br’C’A 60.6-+0.5 —04

[a] Recognition sites of NF-kB are indicated in bold letters, and modifica-
tions by deazaadenosine derivatives are underlined. Experimental condi-
tions are described in the Experimental Section. The data presented are
averages of triplicates. [b] The AT, values were obtained by subtracting
the value for the T,, of dsNF-A from that for each duplex.

letter). The modified nucleoside units—that is, C’dA, C’dA,
Br’CdA, and Br’'C’dA—were incorporated at the underlined
positions.

The N7 position of this adenine residue is known to be rec-
ognized by NF-«B in their interaction. We prepared the requi-
site ODNs by the standard phosphoramidite method with a
DNA/RNA synthesizer. Each ODN was completely hydrolyzed to
its corresponding nucleosides with a mixture of nuclease P1,
snake venom phosphodiesterase, and alkaline phosphatase,
and the nucleoside composition was analyzed by HPLC. The
peaks corresponding to C3dA, C’dA, BPPC3dA, and Br'C’dA, con-
firmed by coelution with authentic samples, were clearly ob-
served, and the nucleoside composition calculated from the
areas of the peaks supported the structure of each ODN (Fig-
ure S1 and Table S1).

Prior to investigation of the DNA-protein interactions, meas-
urements of melting temperature (T,,,) and CD spectra of each
dsNF were carried out to check the effect of chemical modifi-
cation. The T, measurements by UV melting experiments were
performed in sodium cacodylate buffer (10 mm, pH 7.0,
100 mm NaCl), and the resulting T, and AT, values calculated
on the basis of the T, value of dsNF-A are listed in Table 1. As
can be seen, the ODNs containing C3dA and C’dA showed T,
values lower than that of dsNF-A. The incorporation of the
bromo substituents on their deazaadenine nucleobases en-
hanced the duplex stability, but these T, values were still
lower than that of dsNF-A. Although it has been reported that
the 7-halogeno substituents on the 7-deazaadenine enhanced

dsDNA stability relative to the natural A:T pair,"*® no such im-

provement was observed in our sequence. Nevertheless, these
alterations in T, values were considered to be negligible for
further investigation. With regard to the structural aspects of
dsNFs (based on the CD spectra), neither dsNF-A nor any
modified dsDNAs showed the typical B-form spectra;*" howev-
er, each spectrum was considered to be similar to the others
(Figure S2). Accordingly, investigation of the interaction be-
tween dsNFs and NF-«kB was carried out.

To check their potential as chemical probes, we next exam-
ined the binding affinities of the dsNFs to NF-xB in a competi-
tion assay. The experiments were performed in a buffer solu-
tion with increasing concentrations of each unlabeled dsNF to-
gether with a fixed amount of the labeled natural dsDNA
(dsNF-A). As a positive control, self-competition by unlabeled
dsNF-A was also examined. Results of the gel mobility shift
assays are shown in Figure 2. A progressive reduction in the ra-
diographic signal corresponding to the complex of NF-kB and
labeled dsNF-A was observed upon addition of dsNF-C*A and
dsNF-C’A, as well as dsNF-A. The IC,, value for each competitor
was calculated from the quantification of titration experiments
by fitting data to a dose-response curve (data not shown). The
calculated 1Cy, values for dsNF-C°A and dsNF-C’A were 17.9
and 15.0 nm, respectively. These values were almost equal to
that of dsNF-A (10.7 nm). When dsNF-BrPC’A was used, al-
though a higher concentration of dsNF-Br*C’A was required,
this dsDNA acted as a competitor, with an ICy, value of
136.8 nm . On the other hand, dsNF-Br’C’A did not compete
with dsNF-A at all.

These data indicate that neither the nitrogen atom at the 3-
position of the A residue nor that at the 7-position of the A
residue had any affect on the binding affinity between dsDNA
and NF-xB. In the X-ray structural analysis, the formation of
hydrogen bonding (H-bonding) between NF-kB (R305-NH, resi-
due) and the N7 in the A residue is suggested;” however, it
was shown that this H-bonding is negligible for the dsDNA
and NF-xB interaction. Since NF-kB interacts with dsDNA
through its major groove, the result with dsNF-Br’C’A was rea-
sonable, and it was shown that the bromo substituent in the
major groove inhibited the DNA-protein interaction, as expect-
ed. On the other hand, the increased IC;, value under the con-
ditions using dsNF-Br’C’A was an unexpected result, since the
bromo substituent here is located in the minor groove. Recent-
ly, Huang et al. reported on the structural differences between

competitor dsNF-A dsNF-C3A dsNF-C7A dsNF-BRCPA dsNF-BrC7A
[nM] 0 1 10 100 0 1 10 100 0 1 10 100 0 1 10 100 0 1 10 100
free 02 2 20 200 02 2 20 200 02 2 20 200 02 2 20 200 02 2 20 200
complex [RYPIRTPIo Shapnn: PP P 0t 2 0t B4 1o i ot L i et
wors O . WA 5 suTY wossss
ICsq [rM] 10707 17941 150+32 1368+ 4.0 nd.

Figure 2. Competition of dsNFs for binding of NF-kB to radiolabeled dsNF-A. Labeled dsNF-A was incubated with various concentrations of unlabeled com-
petitors in the presence of NF-kB. Experimental conditions are described in the Experimental Section. The data presented are averages of triplicates.
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a free dsDNA and a dsDNA-bound NF-xB (p65).%? According to
the literature, the minor groove in the free dsDNA became sig-
nificantly narrower upon NF-kB binding. Although this was ob-
served for p65 and not for the p50 used in their experiment, it
is not surprising that this phenomenon was also observed for
p50, given the high sequence homology of the NF-kB family
proteins. Accordingly, we conjectured that the conformational
change that causes the minor groove to become narrower
must have been inhibited by the existence of the bromo sub-
stituent in the minor groove and that the dsNF-Br*C’A thus
showed an IC,, value higher than those of dsNF-C*A and dsNF-
C’A.

Investigation of the interaction with RNase H

As described above, it was demonstrated that the bromo sub-
stituent in the major groove sterically hindered the DNA-NF-«B
(p50) interaction. Accordingly, we next carried out the investi-
gation using a protein that would interact with nucleic acids in
the minor groove. RNase H was chosen for the investigation.
This protein (enzyme) is known to interact with the DNA-RNA
hybrid in its minor groove, and to cleave the RNA strand
through its endonuclease activity. As described in the Introduc-
tion, interaction in the minor groove was suggested by Uchi-
yama et al. after the use of chemical probes."¥ Recently, this
suggestion was confirmed by a cocrystallization study of
RNase H with the DNA-RNA hybrid.**' Therefore, RNase H was
thought to be suitable protein to check the potential of our
chemical probes.

In order to conduct the investigation, we designed sequen-
ces of 10-mer ODNs containing 2'-O-methylnucleosides (a
series of GAPs; Table 2). These sequences included the deaza-
adenine 2'-deoxynucleosides at their A positions (underlined),
and were designed to restrict the cleavage site of the comple-
mentary RNA (RNAT1) in a single position when the GAPs hy-
bridized with RNAT1 in the presence of RNase H (cleavage site
is indicated by an arrow)."™ The requisite GAPs were prepared

Table 2. Sequences of RNA1 and GAPs and their hybridization data.”’

5'-r (ACGACGUCUG) -3"' (RNA1)
3'-ugcTTCAgac-5"' (GAPs)

A GAPs T, [°C® AT, [°C]9
dA dsNF-A 52.1+0 -

CdA dsNF-C3A 47.740.5 —44
C’dA dsNF-C’A 50.1+0 -2.0
BrrC:dA dsNF-BrPC3A 53.14+05 +1.0
Br'C’dA dsNF-Br’C’A 52.1+0 +0

[a] GAPs consisting of 2-OMe nucleoside units (lower case) and a cluster
of 2’-deoxynucleoside units (upper case). Modifications by deazaadeno-
sine derivatives are underlined. Cleavage site of RNA1 by RNase H is indi-
cated by an arrow. Experimental conditions are described in the Experi-
mental Section. The data presented are averages of triplicates. [b] The T,
values were obtained from GAPs-RNA1 hybrids. [c] The AT, values were
obtained by subtracting the value for the T, of the GAP-A-RNA1 hybrid
from that for each other hybrid.
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with the aid of a DNA/RNA synthesizer, and their structures
were confirmed by MALDI-TOF/MS spectrometry.

Measurements of melting temperature (T,,) and CD spectra
of each GAP-RNA1 hybrid were first carried out. Thus, as in the
case of dsNFs, the incorporation of C*(dA and C’dA resulted in
decreases in the duplex stability, while the incorporation of
Br’*C’dA and Br'C’dA resulted in the restoration of thermal
stability. A remarkable difference from the results for previous
duplexes (Table 1) was that the GAP-Br*C*A-RNA1 showed the
highest T,, value. One explanation for this improvement might
be attributable to the anticipated structures of the GAPs—RNA1
hybrids: in CD measurements, GAP-BrPC’A-RNA1 showed an A-
form spectrum, as did other GAPs—RNA1 hybrids (Figure S2).
Since the A-form duplex is known to have a rather wide and
shallow minor groove, the steric effect of the bromo substitu-
ent in the A-form duplex should be smaller than that in the
B-form duplex. Thus, the bromo substituent proved to be ad-
vantageous for duplex stability, just as it had for the major
groove. Although more data will be required for conclusive
evidence, the variation of T, values and the structures of each
GAP-RNA1 hybrid were thought to be acceptable for the
investigation with RNase H.

After conducting 3P labeling at the 5-end of RNA1, we then
hybridized this strand with each unlabeled GAP strand. The
resulting duplexes were incubated in the presence of E. coli
RNase H at 30°C, and the cleavage reaction of RNA1 was ana-
lyzed by PAGE at each time point under denaturing conditions.
Figure 3 shows the results of this experiment. When RNAT hy-
bridized with GAP-A, RNA1 was rapidly cleaved. As expected,
the sixth phosphodiester linkage from the 5'-terminal was
cleaved to give a radioactive 7-mer RNA fragment (the cleav-
age site is indicated by an allow in Table 2). The half-life (t;,,)
was estimated from the ratio of the remaining RNAT as
5.0 min. Similarly, the duplexes not only with GAP-C’ and GAP-
C3, but also with GAP-Br’C’A, afforded the 7-mer RNA frag-
ment, and showed t,,, values almost equal to that of GAP-A.

For a more accurate comparison, the kinetic parameters of
each reaction were calculated from the Lineweaver-Burk plot,
and the resulting K., and V,, values are given in Figure 3.
These resulting data also supported the conjecture that there
is no remarkable difference between GAP-A and GAP-C’, GAP-
C3, and GAP-Br’C’A in the reaction catalyzed by RNase H.

Contrary to the above results, the duplex with GAP-Br*C’A
did not afford the expected RNA fragment, although a very
small radioactive band corresponding to a 6-mer RNA frag-
ment was observed instead 20 min later. Since it has been sug-
gested that the bromo substituent in the minor groove acts
sterically to hinder the interaction with RNase H, a competition
assay using the duplex with GAP-Br*C?A was carried out for fur-
ther confirmation. Thus, the enzymatic cleavage of the duplex
with GAP-A was performed in the presence of the duplex with
GAP-Br*C’A (1 um, unlabeled). As a result, the kinetic parame-
ters of the duplex with GAP-A were not changed at all (data
not shown). Accordingly, the effectiveness of the bromo sub-
stituent in the minor groove has been corroborated. These
data indicate that neither a nitrogen atom at the 7-position
nor one at the 3-position of the A residue has any affect on
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3-Bromo-3-deazaadenine and 7-Bromo-7-deazaadenine Chemical Probe System ks

GAPs GAP-A GAP-C'A GAP-C3A GAP-BI'C’A GAP-BAC3A
time [min] 0 2 510 P 2 g0, 0 2 0 20 2 10 30 2 10 32
HNA‘I I‘--- I\--- II.-’ \I.‘- H....‘-]
fragment - - - - -—-aa-e - - - - - -
L Il Il Il IL 1]
fi2 [min] 50+00 42+14 59108 5419 >30
Ko [uM] 1.31+008 129+0.19 151+024 167 +004 nd
Viyax uMmin™] 047 +0.03 0.44 +0.05 040+0.05 067 +0.06 nd

Figure 3. PAGE analysis and kinetic parameters of the RNase H reaction. Experimental conditions are described in the Experimental Section. The data present-

ed are averages of triplicates.

RNase H activity. Although formation of hydrogen bonding be-
tween the nitrogen atom at the 3-position of the A residue
and RNase H was suggested in the previous study“ our re-
sults showed that this interaction is negligible for RNase H ac-
tivity. Each result for the duplexes with GAP-Br'C’A and GAP-
Br’C’A was reasonable because RNase H interacts through the
minor groove. Thus, the presence of the bromo substituent in
the major groove (GAP-Br’C’A) did not affect the RNase H ac-
tivity, while the one in the minor groove (GAP-Br*C*A) inhibited
the interaction with RNase H.

Formation of the 6-mer RNA fragment can be explained by
a previous literature precedent.”® Inoue et al. reported that ef-
ficient cleavage of an RNA strand consisting of a RNA-gapmer
duplex by E. coli RNase H requires at least one tetradeoxynu-
cleotide cluster in the gapmer sequence which has a similar
modification pattern to the GAPs. However, they also found
that a gapmer possessing a trideoxynucleotide cluster caused
slow cleavage of the RNA strand at a shifted position. Since
GAP-Br*C’A has a trideoxynucleotide cluster (-TGC-) if the A
residue of -TGCA- is substituted with BrPC3dA, slow cleavage of
the complementary RNAT at the position between G and U
residues was thought to occur to give the 6-mer RNA fragment
(see sequences in Table 2). This result supported the theory
that the bromo substituent in the GAP-BPC?A inhibited inter-
action with RNase H in the minor groove.

Conclusions

We have designed a pair of chemical probes to investigate
DNA-protein interactions. Each chemical probe consists of
ODNs containing 7-Br-7-deazaadenine and 3-Br-3-deazaade-
nine 2’-deoxynucleosides. When the ODN containing 7-Br-7-
deaza-2'-deoxyadenosine formed a duplex, the bromo sub-
stituent located in the major groove of the duplex inhibited in-
teraction with NF-kB. In contrast, the duplex containing 3-Br-3-
deaza-2'-deoxyadenosine, the bromo substituent of which is
located in the minor groove, did not interact with RNase H. As
a result, the utility of the chemical probes anticipated in this
paper was corroborated by the model proteins described. In
addition, the use of ODNs containing 7-deazaadenine and 3-
deazaadenine 2’-deoxynucleosides, together with the pair of
chemical probes, afforded information on the requirement for
nitrogen atoms as H-bonding acceptors located in either the
major or minor groove. Accordingly, the combined use of
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ODNs containing 7-Br-7-deazaadenine, 3-Br-3-deazaadenine, 7-
deazaadenine, and 3-deazaadenine 2'-deoxynucleosides should
represent a set of versatile chemical probes for the investiga-
tion of DNA-protein interactions. Furthermore, since a series of
the corresponding ribonucleosides is also readily available,**”
this concept could be applied to the investigation of RNA-pro-
tein interactions. Proteins related to RNAi machinery would be
an attractive target, research on which is currently in progress.

Experimental Section

Synthesis of ODNs: ODNs were synthesized on a DNA synthesizer
(Applied Biosystems Model 3400) by use of phosphoramidite units
10, 13, 24, and 29 and commercially available deoxynucleoside
and 2-OMe nucleoside phosphoramidite units at 1 pmol scale by
the standard procedure. For the incorporation of the deazaadeno-
sine and 2'-OMe derivatives into the ODNSs, solutions in dry aceto-
nitrile (0.1 M) with coupling times of 10 min were used. After com-
pletion of synthesis, the CPG support was treated with concentrat-
ed NH,OH at 55 C for 16 h, and the support was filtered off. The re-
leased ODN protected with a DMTr group at the 5’-end was chro-
matographed on a C-18 silica gel column (1x12 cm) with a linear
gradient of acetonitrile (from 0 to 40%) in TEAA buffer (pH 7.0,
0.1 N). The fractions were concentrated, and the residue was treat-
ed with aqueous AcOH (80%) at room temperature for 15 min. The
solution was concentrated, and the residue was co-evaporated
with H,0. The residue was dissolved in H,0, and the solution was
washed with AcOEt. The H,O layer was then concentrated to give
a deprotected ODN. The ODN was further purified by reversed-
phase HPLC, on a J'sphere ODN M80 column (4.6x 150 mm, YMCQ)
with a linear gradient of acetonitrile (from 10 to 25% over 30 min)
in TEAA buffer (pH 7.0, 0.1N) to give highly purified ODNs. The
structures of a series of NF1s and NF2s were confirmed by com-
plete hydrolysis, followed by analysis of the resulting nucleoside
units by HPLC (Supporting Information). The structures of a series
of GAPs were confirmed by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass (MALDI-TOF/MS) spectrometry on a Voyag-
er-DE pro: GAP-C’A, calculated mass: Cyp3H;34N3,06,Ps 3191.6
[M4-H]", observed mass: 3191.5; GAP-C?A, calculated mass:
Ci03H134N3,06Py 31916 [M+H]*, observed mass: 3191.0; GAP-
Br'C’A, calculated mass: C,g3H;33BrN;,04,Py 3269.5 [M4-H]™, ob-
served mass:  3269.6; GAP-BPC’A,  calculated  mass:
Cio3H133BrN3;,04,Ps 3269.5 [M+H] ", observed mass: 3268.9.

T., measurements: Each sample containing an appropriate duplex
(3 um) in a buffer of sodium cacodylate (pH 7.0, 10 mm) with NaCl
(100 mm) was heated at 95°C for 5 min, cooled gradually to an ap-
propriate temperature, and used for the T,, measurement. Thermal-
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ly induced transitions of each mixture of ODNs were monitored at
260 nm on a Beckman DU 650 spectrophotometer. The sample

temperature was increased at a rate of 0.5°Cmin~".

Interaction with NF-xB—a competition assay: A mixture of **P-la-
beled dsNF-A (10 nm), the competitor duplex (several concentra-
tions, shown in Figure 2), and human recombinant NF-kB (50 nm,
Promega) in a buffer (total 20 pL) containing HEPES (pH 7.5,
10 mm), MgCl, (10 mm), LiCl (50 mm), NaCl (100 mm), spermidine
(1 mm), poly dI-dC (10 nm), BSA (0.2 mgmL™"), IGEPAL CA-630
(0.05%), and glycerol (10%) was incubated at 4°C for 30 min. The
samples were loaded onto native polyacrylamide gel (8%, 39:1 ac-
rylamide/bisacrylamide), which was subjected to electrophoresis at
4°C (1xTBE, 145V, 40 min). Quantitative measurements of bound
and free oligodeoxynucleotides were carried out by image-analyzer
(BAS-2500, Fuji Co., Ltd).

Interaction with RNase H—determination of t,, and kinetic pa-
rameters of the RNase H reaction: Unlabeled RNA1 containing
32p-Jabeled RNA1 (0.5 um) was annealed with each GAP (0.5 um).
The resulting duplexes were incubated in a buffer (total 20 uL)
containing Tris-HCl (pH 7.5, 40 mm), MgCl, (8 mm), and DDT (5 mm)
supplemented with E. coli RNase H (TaKaRa) at 30°C. At each time
point (0, 2, 5, 10, 20, and 30 min), aliquots (2 pL) of the reaction
mixture were taken, and the reactions were terminated by addition
of the stop solution (10 pL). The samples were loaded onto dena-
tured polyacrylamide gel (20%), which was subjected to electro-
phoresis at room temperature (1xTBE, 1200V, 1.5 h). Quantitative
measurements of RNA1 and the cleaved fragment were carried out
with an image-analyzer. As in the case of the determination of ki-
netic parameters, various concentrations of the duplexes (0.5, 1.5,
4.5, and 13.5 um) were treated under the same conditions, and the
cleavage rates were determined. Lineweaver-Burk plots gave
straight lines, and the kinetic parameters for each duplex were
obtained from these plots.

Keywords: chemical probes - deoxyadenosine - DNA

recognition - DNA-protein interactions - oligonucleotides
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