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Abstract

Monoclonal anti-DNA autoantibody BV 04-01 catalyzed hydrolysis of
DNA in the presence of Mg?*. Catalysis was associated with BV 04-01 IgG,
Fab, and single-chain-antibody (SCA) proteins. Cleavage of both ss and
dsDNA was observed with efficient hydrolysis of the C-rich region of
A,C,ATATAGCGCGT,, as well as a preference for cleaving within CG-rich
regions of dsDNA. Data on specificity of ssDNA hydrolysis and kinetic data
obtained from wild-type SCA, and two SCA mutants were used to model
the catalytically active antibody site using the previously resolved X-ray
structure of BV 04-01. The resulting model suggested that the target phos-
phodiester bond is activated by induction of conformational strain. In addi-
tion, the antibody-DNA complex contained a Mg?* coordination site
composed of the L32Tyr and L27dHis side chains and a DNA 3'-phospho-
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diester group. Induction of strain along with the metal coordination could
be part of the mechanism by which this antibody catalyzes DNA hydroly-
sis. Sequence data for BV 04-01 V;and V| genes suggested that the proposed
catalytic-antibody active site was germline-encoded. This observation sug-
gests that catalytic activity might representan important—rarely examined—
function for some antibody molecules.

Index Entries: Catalysis; autoantibody; abzyme.

Introduction

The usual perception of the relationship between antigen—antibody
interactions and enzyme-substrate interactions is summarized by the
following quote from Kuby’s textbook of immunology: “The antigen-
antibody interaction is a bimolecular association similar to an enzyme-
substrate interaction but with the important distinction that it does not
lead to an irreversible chemical alteration in either the antibody or anti-
gen and therefore is reversible” (1). However, Jencks (2) suggested in 1969
that antibodies might be capable of cleaving antigen if antibodies specific
foranactivated complex were made. In 1986, the research groups of Schultz
and Lerner demonstrated that antibodies elicited against tetrahedral, neg-
atively-charged phosphateand phosphonate transition-stateanalogs could
selectively catalyze the hydrolysis of carbonates and esters, respectively
(3,4). Since their original discovery, catalytic antibodies have been used as
mechanistic models for enzyme reactions, and numerous reactions—rang-
ing from amide-bond cleavage to carbon—carbon bond forming and break-
ing—havebeen shown tobe catalyzed by antibodies (5). Reports of catalytic
antibodies elicited against ground-state molecules (6) and the report of
acetylcholine hydrolysis by antiidiotypic antibodies specific for acetyl-
choline esterase antibodies (7) indicate that catalytic antibodies also may
be elicited without the requirement for using transition-state analogs for
immunization. Reports of catalysis by naturally occurring human autoan-
tibodies (8-10) suggest that catalytic antibodies may have a functional role
in some autoimmune diseases.

Herron et al. (11) resolved the X-ray crystal structure of the liganded
Fab fragmentof MAb BV 04-01. Examination of the crystal structure showed
that optimal (dT); accommodation in the active site included intercalation
of the second thymine base into a hydrophobic pocket formed by TyrL32
and TrpH100a, with additional stabilization provided by hydrogen bonds
with SerL91. In addition, the sugar—phosphate chain of the (dT), ligand
was bent by the insertion of the side chain of HisL27d between nucleotides
two and three. These as well as other interactions caused the bound
sugar—phosphate backbone to adopt a conformation different from the
solution conformation. Since Gabibov and colleagues (12) had suggested
that conformational strain introduced into the ground state of the phos-
phodiester bond could be the mechanism for DNA-hydrolyzing activity
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of the naturally occurring DNA autoantibody they studied, we hypothe-
sized that enzymatic studies of BV 04-01 might be worthwhile.

This article characterizes the DNA-hydrolyzing activity associated
with BV 04-01 IgG, Fab, and single-chain-antibody (SCA) proteins, and
describes the kinetics and specificity of DNA hydrolysis. In addition, a
model of the catalytic antibody-active site based on the catalytic activity
of wild-type and mutant SCA proteins and the known X-ray crystal struc-
ture of BV 04-01 is proposed. These studies are described in greater detail
in ref. 13.

Materials and Methods

Allmaterialsand methods are described in detail inref. 13. Summaries
are provided here.

SCA BV 04-01—Wild-type SCA 04-01 and SCA 04-01 L32Phe were
constructed as described by Rumbley et al. (14). Single-chain Fv 04-01
L27dAla mutant was constructed as described in ref. 13. Expression and
refolding of wild-type and mutantSCA 04-01 was done according to Denzin
et al. (15).

Fab fragments—Fab fragments were prepared by papain digestion of
affinity-purified BV 04-01 as described in ref. 14.

Purification of BV 04-01 MAb, Fab 04-01, and SCA 04-01—BV 04-01
antibody, Fab 04-01, and refolded SCA 04-01 as well as SCA 04-01 mutants
were purified by adsorption on ssDNA-agarose, eluted with PBS contain-
ing 1 M NaCl. Elutes were further purified by passage through a gel fil-
tration column.

DNA-nicking activity assay—One microgram of plasmid DNA
(pUC19) was incubated with test sample in Tris buffer containing 10 mM
MgCl2 and 50 mM NaCl. The reaction was terminated by addition of SDS
to a final concentration of 1%, as described by Shuster et al. (9).

Oligonucleotide cleavage—5' P3>-labeled oligonucleotides (dT)15,
(dA)14, and oligonucleotide A, C,ATATAGCGCGT, were mixed with test
sample at 37°C in Tris buffer, and cleavage products were separated with
20% denaturing PAGE.

Digestion of dsDNA fragmentsby DNAse I and wild-type SCA 04-01—
The double-stranded 147-bp EcoR1-Bgll fragment of pUC19 was labeled
on the 3’ end with P?? and incubated with test sample, and digestion prod-
ucts were analyzed on 20% denaturing PAGE.

Modeling of Mg?*-bound 04-01 active site—Modeling of the 04-01
active site was done using the PC version of HyperChem release 3.0, using
the liganded crystal structure of the BV 04-01 Fab fragment. The structure
was exported into the RasMol graphics display program, version 2.4.

Apparent kinetic constants—Apparent kinetic constants were deter-
mined by sequential measurements of cleavage on agarose gels with ethid-
ium bromide staining, as described in ref. 16.
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Table 1
Apparent Kinetic Constant Values for the Plasmid DNA Hydrolysis
by SCA 04-01 Wild-Type and Mutants Calculated by Fitting Initial Values
into the Michaelis-Menten-Henri Equation”

SCA Variant K, at k../K.

L32Tyr/L27dHis (WT) (2.62 £ 0.37) x 108 M (1.61 = 0.07) x 102 min™! 6.15 x 10° M min™!
L32Phe/L27dHis (8.15+1.01) x 10° M (1.73 £ 0.05) x 10° min™' 2.12 x10° M min"!
L32Tyr/L27dAla (225 +0.21) x 108 M (7.36 £ 0.20) x 10* min™" 3.27 x 10* M min™

"Values are means + S.E.M. (From ref. 13)

Results

Preliminary studies indicated that MAb 04-01, Fab 04-01, and SCA
04-01 derivatives could all introduce single-stranded breaks into super-
coiled plasmid DNA in the presence of Mg** ions. The Fab fragment
appeared to have greater catalytic activity than the intact IgG. This sug-
gested that the presence of Fc had some inhibitory effect on catalysis.

Further studies using single-stranded oligonucleotides showed that
both 5'-labeled homooligonucleotides (dT)15and (dA)14 were hydrolyzed
by SCA 04-01. SCA 04-01 hydrolyzed the (dT)15 preferentially at the
3'-end in an endonuclease-like manner. (dA)14 was also hydrolyzed by
SCA 04-01 with approximately the same efficiency, but internal sequences
were preferentially cleaved. Additional studies with a mixed sequence
single-stranded oligonucleotide were also carried out. Cleavage-specificity
studies usinglabeled single-stranded A,C,ATATAGCGCGT, revealed high
specificity for cleavage of the C-rich region.

Other studies were initiated to study cleavage of dssDNA. The double-
stranded 147 bp EcoR1-Bgll restriction fragment of pUC19 was treated
with wild-type SCA 04-01, and with DN Asel for comparison. The results
showed that SCA 04-01 and DNAsel had significantly different cleavage
patterns. Major cleavage sites using SCA 04-01 were: 1) AGG"GGG;
2) AGC"GGA; 3) AATG"GG; and 4) GGG"ACCG.

Wild-type SCA 04-01 (L32Tyr, H100aTrp) and two SCA 04-01 mutants
(L32Pheand L27d Ala) were used to investigate kinetic parameters of cleav-
age of supercoiled plasmid DNA. Since cleavable sites present in the plas-
mid were not equivalent (as was evident from studies of dSDNA fragment
digestion), apparent catalytic constants were determined with the appar-
ent k., representing the sum of individual k., [Kep app = (keae1 + 7 + keae )]
and the apparent K, representing the average of individual K, [K,, ,,, =
(K, q + -+ K,,,)/n]. Measurements of kinetic constants for both mutants
were done using an excess of the optimal Mg?* concentration that was pre-
viously determined for the wild-type SCA, and thus did not reflect the loss
of antibody catalytic potency due to deterioration of Mg?* affinity for the
antibody—-DNA complex. The data are presented in Table 1. Replacement
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Fig. 1. Molecular model of Mg?* ion accommodation by the BV 04-01 active site.
The (dT); ligand is shown in black, and all amino-acid residues within 7.5A of the
phosphates in (dT); are shown in gray, except L27dHis and L32Tyr, which are gray
with arrows. The Mg?* ion is shown as a gray sphere. (From ref. 13.)

of Tyr with Phe at position L32 resulted in a 10-fold decrease of k_,, with a
simultaneous decrease (three-fold) in K. Replacement of L27dHis with
Alaresulted in nearly unchanged K, and a substantial reduction (22-fold)
in k... DNA hydrolysis by both mutants was nearly undetectable at Mg?*
concentration of 1 mM, while the wild-type SCA retained essentially all
its catalytic efficiency (data not shown) under these conditions. Further
measurements of reaction rates for DNA hydrolysis at different concen-
trations were made. The results showed (13) that the data fit the
Michaelis-Menten-Henri equation, thus confirming the accuracy of the
assay measurements.

The observation that the catalytic activity of 04-01 was significantly
enhanced in the presence of Mg?* leads to the question of how Mg*" might
be functioning to facilitate catalysis. To gain some insight into this ques-
tion, we utilized the known crystallographic structure of BV 04-01 to con-
struct a molecular model of the liganded site containing Mg?*. The model
isshowninFig. 1. The Igheavy-chain residues are to the right of the dashed
line, and the light-chain residues are to the left. The Mg?* ion is shown as
asphere. The darker (dT)3ligand spans thelight-and heavy-chainresidues,
and the light-chain L27dHis and L32Tyr are indicated and darkened in the
model. The L32Tyr and L27dHis side chains and the 3'-phosphate group
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Fig. 2. Comparison of specific activities of IgM and IgG preparations isolated from
the same serum. Catalysis of plasmid DNA by affinity-purified Ig was measured in
arbitrary units where 1 unit of activity corresponded to complete relaxation of 0.2 ug
DNA when incubated at 37C for 16 h. Specific activity was then calculated based on
concentration of Ig in each sample. Each dot represents a separate sample.

of the (dT)3 ligand were aligned in order to stabilize Mg?* coordination.
Adequate space was available to accommodate the Mg?* ion near the
3'-phosphodiester bond (grey sphere), and itappeared that additional con-
formational alteration was induced in the third phosphodiester bond in
the ligand when Mg?* was present. Importantly, no obvious changes were
observed in the conformation of the amino-acid residues in the Mg?*bound
model when it was compared to the (dT)3 liganded X-ray structure.

Since the antibody BV 04-01 was originally isolated from an unma-
nipulated NZB/NZW F1 mouse that spontaneously develops anti-DNA
antibodies and other lupus-like symptoms, studies of human lupus sera
were conducted to determine whether the catalytic activity of IgM and IgG
was equivalent. Affinity chromatography was used to isolate the total IgM
fraction, and the total IgG fraction from each of 100 SLE sera was supplied
by Dr. Frank Arnett from the University of Texas-Houston Medical School.
Samples were mixed with 1 ug supercoiled plasmid, and the degree of
cleavage of plasmid was measured in arbitrary units where 1 unit of activ-
ity corresponded to complete relaxation of 0.2 ug of plasmid DNA in 16 h.
The value was then divided by the concentration of Ig (mg/mL) and
expressed as total units DNA-hydrolyzing activity /mgIg. Results, asshown
in Fig. 2, showed that there was a significantly higher specific activity for
IgM compared to IgG from the same sera. On average, there was an approx-
imately 17x higher efficiency of cleavage for IgM vs IgG.

Discussion

Autoantibody BV 04-01 has been extensively characterized, includ-
ing resolution of the X-ray crystal structure of the Fab fragment with bound
(dT)3. The conformation of the (dT), sugar-phosphate backbone in the
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crystal structure was strained, and differed significantly from the back-
bone conformation that (dT), would adopt in solution. The strain intro-
duced in the phosphate backbone by the antibody active site suggested
that BV 04-01 might possess catalytic activity.

Initial studies in our laboratory showed that BV 04-01, its Fab frag-
ment, and the SCA 04-01 efficiently cleaved plasmid DNA in the presence
of 10 mM Mg?*. In addition, several mutant SCA proteins had catalytic
activity. The source of catalytic activity correlated directly with the struc-
tural features of the antibodies and SCA proteins, and was not caused by
the presence of contaminant nuclease. The BV 04-01 IgG was isolated from
murine ascites fluid and purified by ammonium sulfate precipitation with
subsequent affinity chromatography. The Fab fragments were prepared by
papain digestion of affinity-purified whole BV 04-01 antibody and were
then subjected to two additional affinity-chromatography purification
steps. Wild-type and mutant SCA derivatives, on the other hand, were iso-
lated from guanidine-HCI denatured Escherichia coli-derived inclusion
bodies and refolded in vitro prior to an affinity chromatography step.
Owing to the vastly different methods of protein expression (mammalian
vs bacterial) and isolation, it cannot be convincingly argued that the
observed similar catalytic activity of Fab and wild-type SCA 04-01 is due
to a contaminating nuclease present in both murine and bacterial prepa-
rations, which is also found in equal concentrations following the papain
digestion and affinity-purification protocol vs the in vitro denaturation
and refolding protocol. Further, after affinity purification, all antibody
proteins were purified by gel-filtration chromatography and HPLC.
DNA-nicking activity was not detected in any HPLC elution fraction that
did not correspond to the molecular weights of the IgG, Fab, or SCA pro-
teins. Finally, it would be expected that if contaminating nucleases were
responsible for the observed catalysis, all SCA proteins tested should pos-
sess similar catalytic activity. However, our results convincingly show that
wild-type SCA and site-directed SCA mutants all possess different catalytic
activities, including different k_,, and K, values. Clearly, these data reflect
differences in catalytic activity of the different BV 04-01 derivatives rather
than contaminating nucleases.

Cleavage of ssDNA was not highly specific for any particular base
sequence. Homooligonucleotide (dT)15 was cleaved preferentially on the
3' side of the oligonucleotide, and the cleavage pattern for (dA)14 was dif-
ferent. A third oligonucleotide—A,C,ATATAGCGCGT,—was also exam-
ined. Wild-type SCA 04-01 cleaved this substrate with the highestefficiency,
and displayed strong specificity for the cleavage of the C-rich region.

The dsDNA 147-bp fragment was also hydrolyzed by SCA 04-01, and
showed a far different cleavage pattern than that produced with DNAsel.
The observed weak binding of BV 04-01 to dsDNA fragments (17) suggests
that partial dsDNA unwinding may occur to allow formation of a pro-
ductive cleavage complex with the antibody. Preference for cleavage of
GC-rich regions was evident, although factors that govern specificity for
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dsDNA substrate can be rather complex and can depend on the stability
of the DNA duplex surrounding the cleavage site.

The SCAmutants,along withwild-type SCA04-01, were used toinves-
tigate kinetic parameters of the cleavage of supercoiled plasmid DNA.
Reaction rates for DNA hydrolysis at different concentrations fitted the
Michaelis—-Menten—-Henri equation, confirming the accuracy of the assay
measurements. Both mutants showed a substantial reduction in their spe-
cific activities when measurements were done in substrate excess as com-
pared to the wild-type SCA. As stated in the Results section, apparent
kinetic constants (k_, and K) determined with plasmid DNA as a sub-
strate represent an additive value of the individual k_,, and average values
of the individual K, for each cleavage site on the substrate. Thus, changes
in apparent kinetic constant values would reflect global changes in the
antibody-catalytic machinery that are not dependent on a particular base
sequence of the substrate. The 10-fold decrease of k_,, (see Table 1) and the
simultaneous decrease of K, (threefold) observed for the L32Phe mutant
suggested that tighter plasmid—-substrate binding contributed to the
observed loss of specific activity for that mutant. The efficiency of DNA
hydrolysis by this mutant (k,./K,) was only three times less than the wild-
type SCA. However, the effect of mutation on the catalytic rate was dra-
matic withrespect toMg?* affinity for the antibody—-DNA complex. Activity
of the mutant was not seen at Mg?* concentrations below 1 mM, while
activity of the wild-type SCA was readily detectable. The L27d Ala mutant
possessed only 4.6% of the wild-type turnover rate, with nearly identical
K., This 20-fold drop in efficiency compared to the wild-type SCA sug-
gested that L27dHis was an important residue involved in catalysis. X-ray
modeling of BV 04-01 showed that the L27dHis side chain caused bend-
ing of the ligand, presumably activating one of the phosphodiester bonds
in the complexed oligonucleotide. The kinetic results observed with the
L27d Ala mutant suggested that DN A-substrate bending was contributing
to the catalysis.

Sequence studies of BV 04-01 (17) revealed thatin contrast to theheavy
chain, the light-chain sequence is encoded by nearly unmutated VklII
germline gene K5.1 (18). This observation leads to the hypothesis that an
antibody germline gene could encode DNA-hydrolyzing activity. The idea
that antibodies could possess primordial catalytic activity was formulated
by Greller and Erhan (19), who observed a high degree of sequence homol-
ogy between CDR1 of an antibody light chain and a fragment of the serine
protease active site. Recently, several groups have reported proteolytic (20)
and DNA-hydrolyzing (21) activities of antibodies and their subunits that
are expression products of immature antibody genes. The results reported
here, which show a higher DNA-catalytic specific activity for IgM vs IgG
from the same serum, can be interpreted in several ways. One argument
is that a higher fraction of the IgM molecules are catalytic, since the B-cell
clones expressing IgM catalytic activity were present in larger numbers
because they had not matured further, as compared with the IgG clones
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expressed at that time. Another interpretation is that catalytic activity may
have decreased during B-cell maturation to IgG synthesis because of the
mutational loss of critical residues that contributed to catalytic activity.
The data do not allow us to distinguish between these explanations. Fur-
ther studies are necessary to clarify the significance of antibody-mediated
catalytic activity in immune-system function.
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Discussion

Schowen: Another possible role of the histidine is that it could remove a
proton from a water molecule used to attack the phosphate linkage, or
even to attack the phosphate linkage itself.
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Rodkey: 1 think any comments related to those mechanisms are best
answered by my coauthor, Dr. Gololobov.

Gololobov: Our proposed mechanism is based mainly on the X-ray struc-
ture. Thereis a histidine diad. We know that metals are important for catal-
ysis, and that feature fits with the structural model.

Green: Scott, your presentation was very interesting. First, there is really
no difference between the induced-fit model and transition-state stabi-
lization as mechanisms of catalysis, because the latter includes all of the
energetic effects required for catalysis. You described your work with IgM
samples and IgG samples. The implication is that almost all of the anti-
bodies that bind are catalytic. Then you described a particular monoclonal
that expresses the catalytic activity. Were other monoclonal antibodies also
catalytic? Second, in the control reactions without the antibodies, was mag-
nesium also present?

Rodkey: Yes, magnesium was present in the controls.

Gololobov: Magnesium is required for high activity. Without magnesium
the rate is very low.

Green: There’s no reaction without magnesium?
Rodkey: It’s very, very low.
Green: Is there a reaction only with magnesium or without the antibody?

Rodkey: If you put in enough magnesium, yes. You can cleave DNA very
efficiently with magnesium, but not at the low concentration used on our
assays—about 1-10 mM.

Gololobov: Theratesare corrected for thebackground incubation withmag-
nesium.

Paul: A fundamental difference between induced fit by antibodies and
transition-state binding antibodies can be expected in that the antibody
specificity is directed at the unactivated ground state in the model that
Scott and Gennady are proposing. On the other hand, conventional anti-
bodies to transition-state analogs are meant to be specific for the transi-
tion state. My question is: Have you calculated the energetic equivalent of
stretching the bond? How much free-energy contribution can you expect
from the stress that is imposed on the bond?

Gololobov: We did not do a precise calculation, but I can quickly estimate
that with a rate drop of 30 times, it is probably around 1-2 kcal per mol.
That energy is basically delivered to the substrate by the antibodies in the
form of the induced fit.

Paul: You pointed out this is mostly germline-encoded, right?

Scott: Yes, the residues that contribute to catalysis are encoded in the
germline.
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Kohler: Does that mean the immune system is trying to avoid this type of
activity by not going through maturation and improving it?

Scott: 1 don’t think that the immune system thinks this. One possibility is
that catalysis was originally an important part of the germline function.
As evolution improved upon antibody structure and started learning how
to put in mutations, then some of the catalytic residues may have been
thrown out, and we lost catalysis in favor of higher affinity. Several stud-
ies do suggest that in the germline there is a distinct possibility for a higher
level of catalysis. But, of course, our transition-state intermediate experts
argue that you need mutation to acquire catalytic potential. So it seems
likely that we have the recognition of catalytic activity on both ends of this
spectrum.

Kirby: Thisisacommentonthebond-lengthening question. The giveaway
was the amount of energy he assumed was available to stretch the bond,
and the energy was very small. To stretch a covalent bond takes an enor-
mous amount of energy not available in a flexible protein network. When
you change the conformation by the twisting proposed in your induced-
fitmechanism, there willbe anatural stereoelectronic effect onbond lengths
that will mostly adjust back to normal bond lengths because of flexibility.
This can change the reactivity to some extent—but a small extent.
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