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Abstract—Four fractions of IgG antibodies to native DNA (nDNA) were obtained from blood of patients with systemic
lupus erythematosus. These antibodies displayed a thermostable DNA-hydrolyzing activity and were different in affinity for
DNA-cellulose and sorption on DEAE-cellulose. DNA-hydrolyzing antibodies to nDNA are metal-dependent endonucle-
ases, cause mainly single-strand breaks in DNA, and are active over a wide range of pH. By atomic-force microscopy, three-
dimensional images of DNA complexes with DNA-hydrolyzing antibodies to nDNA were obtained with nanometer resolu-
tion, and a nonprocessive action mechanism was shown for the DNase activity of antibodies to nDNA.
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microscopy

During the last twenty years, a new function of anti-
bodies — the catalysis of various biochemical reactions —
has been discovered [1-3]. By analogy with enzymes, such
antibodies were called abzymes, or catalytic antibodies.
Natural catalytic antibodies catalyze a wide spectrum of
reactions. Abzymes of different Ig classes are generated in
many diseases: autoimmune thyroiditis, polyarthritis [4,
5], multiple sclerosis [6], lymphoproliferative diseases [7,
8], different forms of viral hepatitis, AIDS and leukemia,
experimental mouse autoimmune models, hemophilia,
etc., as well as in milk and blood serum of virtually
healthy women in labor [9, 10]. The presence in blood of
highly active abzymes is usually considered to indicate
autoimmune processes in the body [11, 12].

Systemic lupus erythematosus (SLE) is a severe
autoimmune inflammatory disease of connective tissue
with an unclear etiology. SLE is specified by high content
in blood of IgG class antibodies to native DNA (nDNA),
and determination of their titer is important for prognosis
and diagnosis [13, 14]. Catalytically active DNA-
hydrolyzing antibodies were first found among these anti-
bodies to nDNA [15].

Abbreviations: AFM) atomic-force microscopy (microscope);
ELISA) enzyme-linked immunosorbent assay; nDNA) native
DNA; SLE) systemic lupus erythematosus.

* To whom correspondence should be addressed.

DNA-binding and DNA-hydrolyzing antibodies
have been studied in many works [9-12, 16-19]. Many
authors believe that IgG class antibodies to nDNA are
responsible for development of the disease, whereas no
consensus exists about the role of DNA-hydrolyzing anti-
bodies. Researchers still have different opinions about the
origin, features, structure, and action mechanisms of
antibodies to nDNA, including those with nuclease activ-
ity. Data on immunochemical and enzymatic properties
of the antibodies suggest the heterogeneity of the IgG
antibodies to nDNA, but there is no agreement about the
composition of these fractions.

Modern methods of investigation of the nuclease
activity of antibodies (electrophoresis of DNA in agarose
gel, linear dichroism method, electrophoresis in poly-
acrylamide gel containing a DNA substrate) indicate only
indirectly the possible mechanisms of the antibody activ-
ity. The invention in 1986 of an atomic-force microscope
(AFM) [20] allowed biologists not only to visualize
macromolecules but also get information about their
interaction, which is not always available when other
approaches are used.

On studying two types of IgG isolated from blood
serum of patients with SLE and different in the sorption
on DEAE-cellulose, we have found that the DNase activ-
ity of antibodies to DNA is manifested nonprocessively, as
discriminated from the activity of serum DNases [21].
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The purpose of the present work was to study the
DNA-hydrolyzing activity and the mechanism of interac-
tion with DNA of four fractions of IgG antibodies to
nDNA, which were obtained from blood serum of
patients with SLE. These antibodies were heterogeneous
in charge and displayed different affinities for DNA-cel-
lulose.

MATERIALS AND METHODS

Blood sera of seven patients (five women from 17 to
52 and two men 48 and 62 years old) with the primarily
established SLE in acute phase and not treated with pred-
nisolone were received from hospitals of Kazan city.
Blood sera of virtually healthy donors were used as the
control.

Materials and reagents used were as follows: agarose
NA, Sepharose CL-4B (Pharmacia, Sweden); DEAE-
cellulose 23SH, microcrystalline cellulose, MgCl, (Serva,
Germany); DNA from chicken erythrocytes, Bromo-
phenol Blue (Reanal, Hungary); ethidium bromide
(Koch-Light, England). Other reagents were pure for
analysis and of special purity. Sterile buffer solutions were
prepared using deionized water.

Fractions of IgG antibodies to nDNA were isolated
from blood serum at 4°C. The preparation of IgG includ-
ed salting out of IgG with (NH,),SO,, gel filtration on
Acrilex P-6, and fractionation of the antibodies by ion-
exchange chromatography on DEAE-cellulose [21]. The
IgG fractions, such as that not bound with DEAE-cellu-
lose (basic fraction I) and the bound fraction (acidic frac-
tion II), were collected and dialyzed for 16 h against 500
volumes of 0.02 M Tris-HCI buffer (pH 7.5) supplement-
ed with 0.05 M NaCl and 0.002 M EDTA (buffer B) at
4°C.

Antibodies to nDNA were finally isolated by affinity
chromatography on microcrystalline nDNA-cellulose as
a sorbent prepared as described by Litman [22]. Onto a
column with nDNA-cellulose equilibrated with buffer B,
the IgG fractions were placed separately after preincuba-
tion at 57°C for 45 min. The column was washed with
buffer B free from proteins not interacting with the sor-
bent. The antibodies bound to nDNA-cellulose were
eluted with 1 M NacCl in buffer B with the resulting frac-
tions Iae and Ila and with 0.1 M glycine-HCI buffer
(pH 2.3) with the resulting fractions 15 and IIh. The
glycine-HCI fractions of the antibodies were immediately
neutralized with 1 M Tris-HCI buffer (pH 8.0). The
resulting fractions of antibodies to nDNA were concen-
trated, dialyzed for 48 h at 4°C against 10 mM Tris-HCI
buffer (pH 7.5), and normalized by concentration.

SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) by the Laemmli method and subsequent protein
staining with AgNO; [23, 24] was used to monitor the
homogeneity of the antibody preparations at each stage of
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the antibody isolation. Values of p/ of the IgG prepara-
tions were determined by isoelectrofocusing in polyacryl-
amide gel using a Multiphor device (LKB, Sweden) [25].
The antibody content and interaction with nDNA were
assessed by enzyme-linked immunosorbent assay (ELISA)
[21].

pBR-322 plasmid DNA was isolated and purified
from Escherichia coli HB-101 cells by alkaline extraction
with subsequent gel filtration on Sepharose CL-4B [26].

DNA-hydrolyzing activity of the antibodies to DNA
was determined by conversion of the plasmid pBR-322
supercoiled DNA into the circular and linear forms. The
dependence of the DNase activity of antibodies on the
composition of the medium was studied by varying pH of
the reaction mixture (from 5.0 to 9.8) and concentrations
of bivalent metal ions.

The reaction mixture contained: 25 mM Tris-HCI
buffer, pH 7.5, 5 mM MgCl, (or 25 mM Tris-HCI buffer,
pH 7.5, 50 mM NaCl, 5 mM MgCl,, 0.5 mM EDTA),
20 pg/ml of the pBR-322 plasmid DNA (containing 60-
80% of supercoiled DNA) or chicken erythrocyte DNA.
The reaction was initiated by addition of the antibodies to
nDNA: once to the final concentration of 0.04-
0.15 mg/ml or twice separately after incubation for 15 h
to the final concentration in the mixture of 0.08-
0.15 mg/ml.

In the course of incubation at 37°C, 10-ul aliquots
were taken from the reaction mixtures in fixed time inter-
vals for 1-24 h.

Kinetic parameters of hydrolysis of the pBR-322
plasmid DNA by the antibodies to nDNA (V,,.x, Ki» Kcats
k../K,) were determined by plotting [27, 28] using the
Prism 4 program. The maximum concentration of
abzymes to nDNA in the combined pool of the antibody
fractions to nDNA was evaluated by kinetic approaches
proposed by Brocklehurst [29, 30].

Results of the pBR-322 plasmid DNA hydrolysis
were determined by electrophoresis in 0.7% agarose gel
and subsequent DNA staining with ethidium bromide
[26]. The gels were photographed, and densitograms were
obtained using the Scion Image 4.0.2 () program. The
content of supercoiled DNA was calculated with the
coefficient 1.5 [31]. Hydrolysis of plasmid DNA and
chicken erythrocyte DNA was assessed by atomic-force
microscopy.

Atomic-force microscopy (AFM). Specimens were
diluted in 25 mM Tris-HCI buffer (pH 7.5) containing
5 mM MgCl, to the chicken erythrocyte DNA concen-
tration of 0.125-1.0 ug/ml, the plasmid DNA concentra-
tion of 2.5-5.0 yg/ml, or the antibody concentration of
25 pg/ml. The specimen studied (2 pl) was placed onto a
freshly cleaved mica (1 x 1 cm), incubated for 3-5 min at
room temperature, washed in 1 ml of deionized sterile
water, and dried in air and then above silica gel.

DNA and antibodies were visualized in tapping
mode in air at room temperature using a Solver P47H
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AFM equipped with a Smena-B measuring head; silicon
NSGI11 cantilevers of 100 um in length and with tip
radius of 10 nm (NT-MDT, Russia) were used. In paral-
lel with the measurement of the surface topography
(height), changes in the cantilever oscillations (ampli-
tude) were recorded. The scanning was performed with
the resolution of 512 x 512 points and working amplitude
of the cantilever oscillations of 9-23 nm [32].

The AFM images were processed and dimensions of
the scanned objects were determined with Nova RC
1.0.26.578 software for NT-MDT probe microscopes.
The length (nm) of DNA molecules was calculated using
the DNA Processing Application 2.6 program. The length
distribution of individual DNA molecules in the resulting
samples was analyzed using a structural mean, the medi-
an. The difference significance was evaluated using non-
parametric rank tests: Kruskell-Wallis, Mann—Whitney
T-test, and the Dunn’s test [33]. Each sample included
more than 100 DNA molecules.

RESULTS

Considering the previously shown thermostability of
the DNase activity, all antibody preparations obtained at
different stages of isolation and fractionation were pre-
heated for 45 min at 57°C [21]. Fractionation on DEAE-
cellulose of antibodies from blood sera of patients with
SLE resulted in two fractions of IgG containing DNA-
binding and thermostable DNA-hydrolyzing antibodies,
which were basic proteins with p/ 7.16-8.3 (fraction I)
and acidic proteins with p/ lower than 7.0 (fraction II),
different in sorption on the ion exchanger.

By affinity chromatography on nDNA-cellulose
from each IgG fraction, two preparations of antibodies to
nDNA were obtained which were different in affinity for
the DNA-sorbent: subfractions a eluted from nDNA-cel-
lulose with 1 M NaCl and subfractions b eluted with
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Fig. 1. The pH-dependence of the DNase activity of antibodies to
nDNA of fractions la, 15, Ila, and 116 (-4, respectively).

NEVZOROVA et al.

glycine-HCI buffer (pH 2.3). By PAGE and ELISA, all
antibody fractions were shown to be IgG with molecular
weight of 150 kD and actively interact with nDNA. The
DNA-hydrolyzing activity of the antibodies to nDNA was
thermostable.

Antibodies to nDNA in the resulting fractions were
active in a wide range of pH values (Fig. 1); thus, their
DNA-hydrolyzing activity did not depend on pH of the
incubation medium. Nevertheless, the DNase activity of
the Ib fraction antibodies was the highest at pH values
about 6.6 and 7.4 and the fraction II antibodies displayed
an increased activity at pH of about 7.4 and weak activity
maxima at low and high pH values.

All metal cations studied accelerated the DNA split-
ting by the antibodies, but to different extent. Mg?* (and
Mn?* to a lesser extent) activated hydrolysis of the plas-
mid pBR-322 DNA by antibodies of fractions I and II at
concentrations of 5 and 10 mM, respectively. However,
increasing the concentration of these ions to 10 mM
inhibited the activity of the I fraction antibodies. Zn>"
and Ca?" weakly activated the antibody-induced hydroly-
sis of DNA. Increasing the Ca’>* concentration inhibited
the reaction catalyzed by fraction I antibodies but simi-
larly to Mn?* accelerated the DNA hydrolysis by fraction
I1a antibodies. But all antibodies to nDNA most actively
hydrolyzed DNA in the presence of Co®*. Afterwards, the
DNase activities of the antibodies were compared with
those of the described abzymes to DNA and enzymes
functionally related with DNA under conditions close to
optimal for the described enzymes.

To more completely characterize the DNA-
hydrolyzing activity of the antibodies to nDNA, we stud-
ied kinetic parameters of hydrolysis of the plasmid pBR-
322 DNA by the antibody preparations. The K, values of
the antibodies varied in the range from 0.01 to 0.1 pM.
The fraction I antibodies had higher K|, values (0.05-
0.1 uM) than the fraction II antibodies (0.01-0.05 uM).
Values of the hydrolysis rate V,,, (0.02-0.12 nM/min),
rate constant k,, ((1.14-1.9)-10~> min™"), and the hydrol-
ysis efficiency k.,/K,, (107> nM~"min~"!) were low. Note
that on determination of the k., and k_.,/K,, values the
maximal calculated approximate contents of abzymes in
the polyclonal antibody preparations to nDNA were used:
5-25% in fraction la, 3-9.5% in 1/ fraction, 2-5.5% in lla
fraction, and 1.5-3.5% in fraction I1b.

The kinetics of supercoiled DNA hydrolysis by the
antibodies to nDNA of different fractions were com-
pared, and some similarities and differences were found.
The antibodies hydrolyzed DNA within 12-15 h (Fig. 2,
introduction of one portion of the antibodies). No con-
siderable quantitative conformational changes occurred
in DNA during further incubation. The anti-DNA anti-
bodies of all fractions failed to hydrolyze supercoiled
DNA totally even during incubation for 22 h and more.

The antibodies of subfractions a prepared by elution
with 1 M NaCl from nDNA-cellulose hydrolyzed super-
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coiled DNA more actively than the antibodies of subfrac-
tions b eluted from the affinity sorbent with glycine-HCI
(pH 2.3), which resulted in 13-15% higher accumulation
of circular DNA in the reaction products. Incubation of
plasmid DNA with the antibodies of fractions Ia and I in
twofold higher concentrations (Fig. 2, synchronous intro-
duction of two portions of the antibodies) increased the
hydrolysis of supercoiled DNA, but this effect was not
detected in the case of antibodies to nDNA of fractions
I1a and I15. Open circular DNA molecules were resistant
to the antibodies—there was no accumulation of linear
forms of DNA.

Considering the incomplete hydrolysis of super-
coiled DNA by the antibodies to DNA, the same amount
of IgG antibodies to nDNA was added into the reaction
medium after 15 h of incubation (Fig. 2, stepwise intro-
duction of two portions of the antibodies). The plot shows
that the repeated introduction of the antibodies resulted
in additional decrease in the amount of supercoiled DNA
and increase in the amount of circular DNA, and this
effect was even more pronounced than the results of DNA
hydrolysis by the antibodies introduced in the same total
concentration at the beginning of the experiment (Fig. 2,
synchronous introduction of two portions of the antibod-
ies). Note that repeated introduction of the basic anti-
body fractions Ia and 15 caused the complete hydrolysis
of supercoiled DNA after 6 and 9 h of incubation, respec-
tively, whereas the acidic fractions Ila and 115 increased
the hydrolysis of supercoiled DNA only by 4-10.5% 1 h
after the second addition of the antibodies, and the fur-
ther incubation did not change the contents of the con-
formations of plasmid DNA.

Based on these findings, it was suggested that the
DNase-active antibodies should act nonprocessively [21].
To confirm the action mechanism of the DNA-hydrolyz-
ing antibodies and evaluate their effect on chicken ery-
throcyte DNA and pBR-322 plasmid DNA, a new
approach was used—atomic-force microscopy (AFM).
Increasing the time of incubation of the DNA-hydrolyz-
ing antibody with DNA from chicken erythrocytes result-
ed in an increase in the amount of low-molecular-weight
DNA fragments.

The distribution of the lengths of DNA molecules
was markedly asymmetric (the asymmetry coefficient for
the unincubated DNA preparation was 0.77 and after
incubation it was 0.92, which was above the critical value
for the 1% significance level). Therefore, the data were
compared using nonparametric methods. Changes in the
mean lengths of DNA molecules in the control antibody-
free preparations, one of which was incubated at 37°C,
and the other was not incubated (724.5 and 706.6 nm,
respectively), had no influence on results of the experi-
ments, as manifested by the insignificant difference
between them (o < 0.01). The mean Iength of DNA mol-
ecules from chicken erythrocytes was significantly (p >
0.95) decreased after the incubation for 9 and 24 h with
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Fig. 2. Typical kinetic curves of plasmid pBR-322 DNA hydroly-
sis by antibodies to DNA. Introduction of one portion of the anti-
bodies: 7) supercoiled DNA; 2) circular DNA. Stepwise introduc-
tion of two portions of the antibodies (the arrow indicates the time
of the second introduction of the antibodies into the reaction
medium): 3) supercoiled DNA; 4) circular DNA. Synchronous
introduction of both portions of the antibodies: 5) supercoiled
DNA; 6) circular DNA.

the fraction I antibodies to nDNA (509.6 to 273.3 nm and
566.3 to 238.7 nm for fractions Ia and 1b, respectively),
and the variability range of the DNA lengths narrowed
(Fig. 3a).

Incubation of DNA with the antibodies to nDNA of
the fractions Ila and 114 also resulted in accumulation of
low-molecular-weight DNA, but it was less pronounced.
The incubation of DNA with the fraction Ila antibodies
caused a significant (p > 0.95) decrease in the mean
length of DNA molecules to 649.8 and 469.7 nm after the
incubation for 9 and 24 h, respectively (Fig. 3b).
However, for the fraction IIs antibodies the significant
decrease in the mean length of DNA molecules during
the incubation (from 685.7 to 548.8 nm) could be
revealed only by pairwise comparison of the samples using
the Mann—Whitney T-test. No differences were found
when other tests were used.

The width of DNA molecules in the control prepara-
tions on AFM images varied from 8.3 to 19.8 nm (with
the mean of 12.6 nm) and their height varied from 0.22 to
0.97 nm (with the mean of 0.5 nm). Molecules of the IgG
antibodies on the AFM images were spherical or oval
(which seemed to depend on the fit of the Y-shaped mol-
ecule onto the support), with diameters from 11.2 to
33 nm and heights from 0.4 to 1.4 nm with mean of
0.8 nm.

However, the diameter of the DNA individual mole-
cule is known to be of about 2 nm. The lateral dimension
(width) of the images of the macromolecules is overstated
because of superposition of the tip shape onto the image,
and the vertical dimensions (height) is understated
because of the probe-caused deformation of the mole-
cule. These artifacts are typical for AFM studies of mole-
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Fig. 4. Location of antibodies to nDNA (arrows) on molecules of chicken erythrocyte DNA after incubation with antibodies to nDNA at

37°C.

cules. Moreover, the height values of DNA scanned in air
because of dehydration are, as a rule, lower than those of
DNA scanned in fluid [34].

Incubation of the IgG class antibodies with chicken
erythrocyte DNA resulted in location of the antibodies on

DNA molecules. In most cases, after the incubation for
9 h the antibodies to nDNA were located in the middle of
long molecules of DNA (Fig. 4). The antibodies were also
visualized on the ends of the short and average length
molecules, but such DNA molecules occurred consider-
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Fig. 5. Location of antibodies to nDNA (arrows) on pBR-322
plasmid DNA molecules after incubation with antibodies to
nDNA at 37°C.

ably more seldom. After incubation for 24 h at 37°C, the
number of short DNA molecules with the antibodies
located on one or both ends was markedly increased. The
DNA-bound antibodies were also visualized in the center
and ends of the average length and long DNA molecules.
The antibody locations on DNA were characterized by
greater diameter (13.5-36.8 nm) and height (0.27-
1.93 nm) than the free DNA molecules.

Incubation of DNA-hydrolyzing antibodies with
pBR-322 plasmid DNA for 9 h increased the number of
circular DNA molecules bound with one or several anti-
body molecules (Fig. 5). Scanning of the specimens
revealed no more than five molecules of lincar DNA with
antibodies on one end. After incubation for 24 h the inci-
dence of supercoiled DNA was significantly decreased,
the amount of antibody-carrying circular DNA became
markedly higher, and the incidence of linear DNA bound
with antibodies to nDNA was slightly increased.

DISCUSSION

Pathologic antibodies to nDNA are known to be a
fraction of IgG [16]. Therefore, in the first stage of the
study attention was mainly paid to the preparation of IgG
class DNA-hydrolyzing antibodies to nDNA from blood
sera of primarily diagnosed patients with active SLE.

The study revealed heterogeneity of the IgG antibod-
ies to nDNA. Similar data were also obtained by other
authors [4, 7, 8, 35-38], but various chromatographic
approaches allowed us to detect four fractions of the IgG
antibodies to nDNA that displayed different affinities for
the sorbent nDNA-cellulose, a thermostable DNA-
hydrolyzing activity, heterogencous charge, and differ-
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ence in sorption on DEAE-cellulose. This finding could
be explained by the presence of antibodies to different
epitopes in DNA.

In the course of studies on the DNase activities of
the antibody fractions to nDNA, they were found to dif-
fer in properties from one another and also from the
serum DNases described in the literature.

The pH optima of the type I and type Il blood
DNases are in the range of 7.3-7.6 and about 5.2, respec-
tively [39]. The weak pH dependence of the DNA-
hydrolyzing activity of the antibodies seems to indicate
heterogeneity of the antibody fractions to nDNA, and the
differences are likely to be associated with the structure of
the antigen-binding site of the antibodies. Moreover, the
DNA-hydrolyzing antibodies to nDNA are not only ther-
mostable, but also resistant to nonspecific pH-dependent
denaturation. Nevertheless, the increased DNase activity
of the antibodies recorded at pH of about 7.4 on compar-
ison with the activity of blood serum DNases is close to
the pH optimum of the type I DNase.

Type 1 DNases are known to hydrolyze DNA sub-
strate only in the presence of 15 mM Mg?* or Mn** [39].
It was shown later that according to the activation of
DNase I, metal ions can be arranged as follows: Mn>* >
Co*" > Mg?* [40, 41].

However, as differentiated from DNase I, DNA
splitting by antibodies of all fractions was most strongly
activated by the transition metal Co?" at 10 mM concen-
tration. No such observations are described in the litera-
ture, possibly because of the absence of similar studies.
This effect indirectly indicates that the DNase activity of
the antibodies also includes a nucleophilic attack by OH™,
which is activated by Co>".

Thus, the optimal conditions of DNA splitting by
abzymes are significantly different from those for DNase
I and DNase II.

Kinetic studies on hydrolysis of the pPBR-322 plasmid
supercoiled DNA by the antibody preparations to nDNA
also confirmed the specific features found by us earlier
[21]: fractions of the antibodies to nDNA were character-
ized by more prolonged time of hydrolysis (12-15 h) than
serum DNases. The antibodies failed to hydrolyze super-
coiled DNA totally even during incubation with DNA for
22 h and more. The antibodies to nDNA are likely to be
endonucleases which cause single-strand breaks in mole-
cules of supercoiled DNA and transform them into open
circular molecules resistant to further action of the anti-
bodies. This mechanism of the antibody action seems to
explain the absence of linear DNA forms.

The K, values of the antibody preparations were sim-
ilar, but the antibody populations were differently eluted
from the affinity matrix. It seems that the fractions of
antibodies to DNA were different in their electrostatic
and hydrophobic interactions with nDNA-cellulose.
Nevertheless, the fraction I antibodies had higher K,
value than the fraction II antibodies.
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The K, values (0.01-0.1 uM) of all antibody prepara-
tions studied were several orders of magnitude lower than
K, values of the known human DNases [39], and such
affinities are characteristic of antigen—antibody interac-
tions. Thus, the affinity of the DNase-active antibodies
for DNA was suggested to be very high. The K, value
obtained for the DNA-hydrolyzing antibodies was close
to the value for some restrictases (e.g., EcoRI has 50 nM
for pUCS8 and 5 nM for pBR-322, Rsrl has 10 nM for
pBR-322, etc.) [40] and to the K, values for some
abzymes to DNA obtained by other authors [7, 42], such
as 16 nM for the oligonucleotide 5'-CCGAATTCGG-3'
[37] and 43 £ 5.8 nM for the pUC19 plasmid DNA [38].

The hydrolysis rates (V,,,,) and rate constants (k) of
the antibody fractions to nDNA were low but comparable
with those of some earlier described abzymes [43, 44].
The hydrolysis efficiency k_,./K,, was several orders lower
than that of DNase, EcoRI, and even some of the
described abzymes to DNA.

At present, there is no method for separating DNA-
binding and DNA-hydrolyzing antibodies; therefore, the
obtained preparations of antibodies to nDNA contained
both DNA-hydrolyzing and catalytically inactive DNA-
binding antibodies. Based on these findings, it was sug-
gested that the k., values of abzymes could be higher,
because they had been determined using the maximum
calculated content of abzymes in the polyclonal prepara-
tions of antibodies to nDNA (approximately 1.5-25%),
which is in agreement with the evaluation by other
authors: 5-20% of abzymes of the total amount of anti-
bodies after purification on DNA-cellulose [6]. Thus, the
real efficiency of DNA hydrolysis by the antibody prepa-
rations could be considerably higher.

Polyclonal antibodies have now been shown to pos-
sess their own catalytic activities: phosphatase, protease,
DNase, RNase, etc. [5, 38, 43]. Virtually all authors have
recorded lower enzymatic activity of natural abzymes
comparatively to activities of the corresponding enzymes,
and this seems to be due to the high affinity of catalytic
antibodies for antigens (0.1-10 pM) when high rates of
reactions are impossible. Similarly to enzymes, antibod-
ies are conformationally active and interact with DNA by
the mechanism of induced correspondence [17, 45].
Conformational changes in molecules of both antibody
and DNA [46] and also the high affinity of the antibody
for DNA seem to be an explanation of the low rate of
abzymes for DNA and the slow hydrolysis of the plasmid
pBR-322 supercoiled DNA by antibodies to DNA.

Repeated introduction of antibodies into the reaction
medium resulted in an additional decrease in the amount
of supercoiled DNA and increase in the amount of open
circular plasmid DNA. The incomplete hydrolysis of
supercoiled DNA molecules in the incubation medium
can be explained by generation of a stable immune anti-
body—DNA complex [21]. It seems that abzymes initially
interact with DNA by mechanisms characteristic for pro-

NEVZOROVA et al.

duction of immune antigen—antibody complexes and the
enzymatic features of the antibodies are displayed later.
But, as differentiated from enzymes, hydrolysis of the
phosphodiester bond in DNA is not accompanied by lib-
eration of the antibody of the DNA molecule.

The nonprocessive action with induction of a single-
strand break is characteristic of topoisomerase I, but, as
discriminated from the studied antibody, this mechanism
is realized at the concentration of monovalent cations
more than 150 mM [47]. To prove visually the nonproces-
sive action mechanism and evaluate the influence on a
DNA molecule of the antibodies to nDNA, AFM was
used.

Incubation of the antibody with chicken erythrocyte
DNA increased the amount of short DNA fragments.
Because the studies on plasmid supercoiled DNA have
shown that the antibody-induced break is mainly single-
strand, the production of short fragments of chicken ery-
throcyte DNA after the incubation with the antibodies is
likely to be associated with the presence of single-strand
breaks in the initial DNA preparation. On the other hand,
supercoiled molecules of plasmid DNA are known to
include a denatured region, which disappears on conver-
sion to the circular form. Because after hydrolysis of the
phosphodiester bond the antibody remains on DNA and
circular DNA contains no denatured regions, the anti-
bodies bind to nDNA but fail to hydrolyze it.

Thus, the DNA-hydrolyzing IgG antibodies to
nDNA are shown to be endonucleases and prefer to
hydrolyze denatured DNA, whereas the antibodies bind
with double-stranded regions of DNA, and the antibody
location on nDNA seems to depend on the nucleotide
sequence. Moreover, the obtained DNA preparations are
likely to contain abzymes responsible for splitting both
DNA chains that can result in appearance among the
reaction products of a small quantity of linear form of the
plasmid DNA, which cannot be recorded by elec-
trophoresis.

The highest activity was manifested by the abzymes
to DNA prepared from fraction I. The antibodies of frac-
tions Ia and Ib had higher values of K, and isoelectric
point (p/ 7.16-8.3) and greater contents of abzymes, were
likely to interact with DNA electrostatically, and could be
the most pathogenic during the autoimmune process. The
charge of pathogenic antibodies to nDNA is still contro-
versial; nevertheless, pathologic IgG to nDNA is usually
considered to be positively charged autoantibodies [16].

After the antibody incubation with DNA, the pro-
duction of stable immune complexes of antibody with
DNA was recorded by AFM, the size of which was greater
than the size of individual DNA and antibody molecules.
Thus, using AFM allowed us to visually establish the
mechanism of action on nDNA of abzymes to DNA and
show the nonprocessive character of the antibody action.

According to the literature, catalytically active sites
of various abzymes are mainly located in the variable part
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of light chains of Ig [6, 42, 43, 48]. In many antibodies to
DNA, the ability to interact with DNA involves the heavy
chain, whereas the light chain can increase, decrease, or
completely inhibit this interaction and also promote the
recognition of additional antigenic determinants [49-51].

The majority of authors believe that IgG class patho-
logic antibodies to nDNA have wide cross-reactivity.
However, in some works a cross-reacting antigen not
always inhibited the antibody binding to DNA [52-54].
Therefore, it was suggested that the cross interaction of
antibodies with various antigens should occur in different
regions of the antigen-binding site.

Based on our findings and the literature data, two
regions are concluded to exist in the antigen-binding site
of DNA-hydrolyzing antibodies: “anchor region” provid-
ing for the specificity of the antibody interaction with
DNA, and the active site responsible for the enzymatic
activity [21]. The presence of two sites of the antibody
interaction with DNA in different regions of the IgG
molecule seems to explain the observed nonprocessive
action of the antibodies to DNA when after hydrolysis of
the phosphodiester bond the antibody molecule remains
bound to DNA.

It seems that different populations of antibodies to
nDNA with DNA-hydrolyzing activity can have different
origin and execute different functions, depending on the
environmental conditions.

Because in SLE the activity of serum DNases is
decreased [55, 56], some of them are likely to play the
compensatory role instead of nucleases. Such antibodies
possessing DNase activity can be responsible for the
metabolic and protective functions in the body of patients
with SLE. Abzymes to DNA can be involved in utilization
of nucleosomal DNA of apoptotic cells after their being
engulfed by macrophages. Because antibodies to DNA
are capable of penetrating into the cell and nucleus [19],
the hydrolyzing antibodies to nDNA with nonprocessive
action mechanism can be involved in replication, repair,
and recombination of DNA, as well as in the cell prolifer-
ation and apoptosis. The activity of abzymes to DNA can
be modulated by the cell conditions. It is likely that natu-
ral abzymes can be antibodies with a unique hydrolytic
site.
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