
Introduction

Catalytically active artificial antibodies (Abs) or abzymes (Abzs)
against transition chemical states of different reactions have been
studied intensively (reviewed in [1]). The first example of a natural
Abz was an IgG found in bronchial asthma patients, which
hydrolyzes VIP [2]. During last two decades, it has become clear
that auto-Abs from the sera of patients with different autoimmune
(AI) diseases can possess enzymic activities and that their occur-
rence is a distinctive feature of AI diseases (reviewed in [3–6]).
Natural Abzs hydrolyzing DNA, RNA, polysaccharides, oligopeptides
and proteins are described from the sera of patients with several AI
(SLE, Hashimoto’s thyroiditis, polyarthritis, multiple sclerosis
[MS], asthma, rheumatoid arthritis, etc.) and viral diseases with a
pronounced immune system disturbance (viral hepatitis and

AIDS) [2–9]. Some healthy patients demonstrated Abzs with low
proteolytic [2, 8] and polysaccharide-hydrolyzing activities [9], but
healthy humans and patients with many diseases with insignificant
autoimmune reactions usually lack Abzs or develop Abzs with very
low catalytic activities, often on a borderline of the sensitivity of
detection methods [3–6].

There are two general ways in which Abzs with different
enzymic activities may appear in various AI diseases. First, 
similarly to artificial Abzs against analogs of transition states of
catalytic reactions [1], naturally occurring Abzs may be Abs raised
directly against the enzyme substrates acting as haptens and 
mimicking transition states of catalytic reactions [2–8]. On the
other hand, anti-idiotypic Abs can be induced in AI diseases by a
primary antigen and may show some of its features including the
catalytic activity [3–6, 10, 11].

According to the current point of view, Abzs may play a signif-
icant role in broadening autoantibody properties, forming specific
pathogenic patterns and clinical settings in different AI conditions
[3–6]. Anti-VIP Abzs can have an important effect on pathogene-
sis due to a decrease in the concentration of VIP, which plays a
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major role in the asthma pathophysiology [12]. DNase Abzs from
SLE, lymphoproliferative diseases [13] and MS [5] and DNA-
hydrolyzing Bence–Jones proteins from multiple myeloma
patients [14] are cytotoxic, cause nuclear DNA fragmentation and
induce cell death by apoptosis. In addition, for 120 patients with
Hashimoto thyroiditis, it was shown that relative activities of
DNase Abzs correlate with a concentration of thyroid hormones
and other biochemical and immunological indices of this pathol-
ogy, and are related to the progressive deterioration of the clinical
status of patients, including exacerbation of thyroid gland damage
[15]. Proteolytic IgGs from patients with sepsis may participate in
the control of disseminated microvascular thrombosis and play a
role in recovery from the disease [16]. Obviously, the study of
mechanisms of Abzs production and their biological role is very
important for understanding the pathogenesis of AI diseases.

MS is a chronic demyelinating disease of the central nervous
system. Its etiology remains unclear, and the most widely
accepted theory of MS pathogenesis assigns the main role in the
destruction of myelin to the inflammation related to AI reactions
[17]. Evidence supports activated CD41 myelin-reactive T cells as
major mediators of MS [17]. Several recent findings imply an
important role of B cells and auto-Abs against myelin autoantigens
in the pathogenesis of MS [17–19]. An important dual role of
auto-Abs is suggested: they may be harmful in lesion formation
but also potentially beneficial in repair [18]. Elevated Abs levels
and oligoclonal IgG bands in the cerebrospinal fluid (CSF) as well
as clonal B-cell accumulation in the CSF and lesions of MS
patients are among the main lines of evidence [20]. High-affinity
anti-DNA Abs have been recently identified as a major component
of the intrathecal IgG in MS patient’s brains and CSF cells [21].

Recently, we have shown that homogeneous IgGs from the sera
and CSF of MS patients are active in the hydrolysis of DNA, RNA and
polysaccharides [22–24]. Whereas only 18 and 53% of MS patients
contain increased concentrations of Abs to native and denatured
DNA, respectively, as compared with healthy donors [6], DNase
Abzs were found in approximately 80–90% of MS patients [22, 23].
Because DNase Abzs of MS patients are cytotoxic and induce apop-
tosis [5], they can play an important role in MS pathogenesis.

Immune-mediated demyelination initially manifests as a separa-
tion of myelin lamellae followed by the loss of myelin proteins and
the eventual loss of myelin membranes. hMBP, one of the major
structural proteins of myelin, is highly vulnerable to various pro-
teases produced by diverse cell types [25]. Recently, we have pro-
posed catalytic immune response against hMBP in MS patients,
developed several rigid criteria and applied them to show that
hMBP-hydrolyzing activity is indeed an intrinsic property of IgGs,
IgMs and IgAs from the sera of patients with MS [26–28]. Later,
hMBP-hydrolyzing activity of IgG from MS patients was confirmed
and the specific sites of neural antigen cleaved by Abs were estab-
lished [29]. Recognition and degradation of MBP peptides by serum
auto-Abs was confirmed as a novel biomarker for MS [30].

Theoretically, a mammalian immune system can produce up to
106 variants of Abs against one antigen. An extreme diversity of
RNase and DNase IgG and/or IgM Abzs from the sera of patients
with MS and SLE and autoimmune prone MRL-lpr/lpr mice was

observed [3–6, 23, 31–33]. It was shown that different patients
may have a relatively small or an extremely large pool of poly-
clonal nuclease Abs containing different relative amounts of light
chains of �- and �-types, demonstrating maximal activity at vari-
ous optimal pHs, having a different net charge, activated or not by
magnesium ions, and characterized by different substrate speci-
ficities [3–6]. At the same time, possible diversity of polyclonal
Abs with proteolytic activity has not yet been analyzed. In addition,
the data concerning possible catalytic activity of IgG1-IgG4 sub-
classes are not available.

In this report, we use several different methods to provide
the first evidence for significant diversity of polyclonal hMBP-
hydrolyzing IgGs from MS patients.

Materials and methods

Chemicals and patients

hMBP was from the Department of Biotechnology, Research Center of
Molecular Diagnostics and Therapy (Moscow), all other chemicals were
from Sigma (St. Louis, MO, USA) or Pharmacia (GE Healthcare, Uppsala,
Sweden). All protein-Sepharoses were obtained by immobilizing hMBP or
monoclonal IgGs (Sigma) on BrCN-activated Sepharose according to the
standard manufacturer’s protocol.

In our previous study, 35 patients with various differential MS diag-
noses were used: 11 patients in remission, 5 patients at the evolutionary
stage and 19 patients at the secondary chronic progressive stage of the
disease were used [27]. In contrast to healthy donors, IgGs from approxi-
mately 89% of all investigated MS patients and IgMs from all patients with
different diagnoses demonstrate detectable or significant activity in hydrol-
ysis of hMBP. The relative level of Ab proteolytic activity statistically signif-
icantly increases with the exacerbation of the disease. In addition, it was
shown that the relative level of DNase, RNase and amylase activities of Abs
from patients with several AI diseases, including MS increases with 
exacerbation and decreases in remission [3–6]. Taking this into account,
we have used the sera of 20 patients (16- to 55-year-old; 8 men and 
12 women) with clinically defined MS according to the Poser criteria [34] in
the present study to analyze a catalytic heterogeneity of hMBP-hydrolyzing
IgGs. All 8 patients with the relapsing/remitting form of disease (RRMS)
were in the relapse/exacerbation state at the time of blood collection. The
remaining 12 patients had secondary progressive MS (SPMS) and four of
these patients were in the relapse/exacerbation state at the time of blood
collection. This special group of MS patients demonstrated EDSS from
three to six; the average EDSS and expandability of disease were 4.5 � 0.3
and 3.2 � 1.2 years, respectively. None of these patients have received
immunomodulatory therapy. During 8–12 months before collection of their
blood prior to a visit to a neuropathologist or hospitalization, the patients
have obtained only general restorative therapy. On the previous stages of
MS or its exacerbation, only hormonal and restorative therapy was used.

The sera of 10 patients (18- to 49-year-old; 4 men and 6 women) diag-
nosed with schizophrenia according to the international standards were also
used to study proteolytic Abzs. Igs from the sera of 10 healthy humans
(18–65 year old; 5 men and 5 women) were used for control experiments.

The blood sampling protocol conformed to the local hospital human
ethics committee guidelines.
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Antibody purification and analysis

Twenty electrophoretically and immunologically homogeneous individ-
ual pIgG preparations from MS patients were obtained by sequential
affinity chromatography of the serum proteins on protein A-Sepharose
and FPLC gel filtration on a Superdex 200 HR 10/30 column [22–24,
26–28]. Using the same standard protocol, individual pIgG prepara-
tions were obtained from the sera of 10 healthy donors and 10 patients
with schizophrenia.

IgGs were chromatographed on Sepharose bearing immobilized
hMBP or monoclonal Abs (anti-IgG1, anti-IgG2, anti-IgG3, anti-IgG4,
anti-�-IgG-, or anti-�-IgG). The column (1 ml) was equilibrated with 
50 mM Tris–HCl (pH 7.5) containing 50 mM NaCl; the protein was
applied and then the column was washed with the same buffer 
(hMBP-Sepharose) or with a buffer containing 0.5 M NaCl (anti-
IgG-Sepharoses) to zero optical density. IgGs were eluted from 
hMBP-Sepharose with the same buffer containing different concentra-
tions of NaCl (0.1–3 M) and then with 2–3 M MgCl2, whereas 0.1 M
glycine-HCl (pH 2.6) was used for elution of Abs from the anti-
IgG-Sepharoses. The column fractions were collected into cooled tubes
containing 50 ml of 0.5 M Tris–HCl (pH 9.0), and each fraction was addi-
tionally neutralized with this buffer. Fractions after all chromatographies
were dialyzed against 50 mM Tris–HCl (pH 7.5) containing 50 mM NaCl.
SDS-PAGE analysis of Abs for homogeneity was performed in 5–16%
gradient gels (0.1% SDS) as in [26–28]. The polypeptides were visual-
ized by silver staining and by Western blotting onto a nitrocellulose
membrane [22–24, 26–28].

ELISA of autoantibodies of different types

After chromatography of Abs on Sepharose bearing immobilized mono-
clonal mouse Abs (anti-IgG1, anti-IgG2, anti-IgG3, anti-IgG4, anti-�-IgG or
anti-�-IgG), the IgGs were analyzed for isotype homogeneity by ELISA.
Sodium carbonate buffer (50 ml, pH 9.6) containing 0.005 mg/ml of one of
the tested IgGs was added to the ELISA strips and incubated overnight at
228C. The assembled strips were washed with TBS buffer containing
0.01% NaN3 and 0.05% Triton X-100 and twice with the same buffer with-
out Triton X-100. The strips were blocked for 2 hrs at 37°C using TBS con-
taining 0.2% bovine albumin, 0.01% NaN3 and washed 10 times with water
and then with TBS containing 0.01% NaN3.

Each of the monoclonal mouse Abs (100 ml, 0.01 mg/ml; anti-IgG1,
anti-IgG2, anti-IgG3, anti-IgG4; in some experiments. anti-�-IgG, or
anti-�-IgG) in TBS containing 0.2% bovine albumin, 0.01% NaN3 and
0.05% Triton X-100 was added to the strips corresponding to human
IgGs of different sub-classes and incubated for 2 hrs at 37°C. After
washing of the strips with water (10 times) and TBS, 100 ml TBS 
containing 0.2% bovine albumin and 0.01% NaN3 were added, incuba-
tion 2 hrs at 37°C. The strips were washed 10 times with water and incu-
bated with 100 ml TBS containing 1 mg/ml conjugate of polyclonal anti-
mouse IgGs with horseradish peroxidase for 30 min. at 37°C and
washed again 10 times with water. After addition of 50 ml citric-phos-
phate buffer containing 3,3�,5,5�-tetramethylbenzidine and H2O2, the
strips were incubated for 15 min. at room temperature, and the reaction
was stopped by addition of 50 ml of 50% H2SO4. The relative concentra-
tions of Abs in samples analyzed were expressed as an optical density
of the solution at 450 nm (units A450; average of three measurements).
It was shown that each Ab preparation obtained using affinity chro-
matography contained IgGs of only one type.

Ab proteolytic activity assay

The reaction mixture (10–20 ml) for analysis of hMBP- or OP-19-
hydrolyzing activity of IgGs, containing 50 mM Tris–HCl (pH 7.5), 
0.19 mg/ml hMBP or 0.33 mM OP-19 and 10–100 mg/ml of IgGs, was 
incubated for 0.1–16 hrs at 37°C. OP-19 (R-LeuSerArgPheSerTrpGly-
Ala-GluGlyGlnLysProGlyPheGlyTyrGlyGly) corresponding to one of four
known IgG-dependent-specific cleavage sites of hMBP [29] and contain-
ing fluorescent residue 6-O-(carboxymethyl)fluorescein ethyl ester (R)
on its N-terminus was used.

The hMBP cleavage products were analyzed by SDS-PAGE in 5–16%
gradient gels with Coomassie R250 staining. The gels were imaged by
scanning and quantified using GelPro v3.1 software. The OP-19 cleavage
products were separated by TLC on Kieselgel F60 plates using the acetic
acid–n-buthanol–H2O (1:4:5) system. The plates were dried and pho-
tographed. To quantify the intensities of the fluorescent spots after TLC,
control OP-19 incubated without IgGs was used. Photographs of the plates
were imaged by scanning and quantified using GelPro v3.1 software.

pH dependencies were analyzed using different buffers (50 mM):
glycine-HCl (pH 2.6–3.5), MES-KOH (pH 5.4–6.6), MOPS-KOH (pH
6.6–7.6), Tris–HCl (pH 7.5–8.8) and glycine-KOH (pH 9.1–10.3).

Results

Recently, we presented evidence demonstrating that highly purified
MS IgGs specifically catalyze hydrolysis of hMBP but not other 
proteins [26, 28]. In this work, electrophoretically and immunologi-
cally homogeneous pIgG was purified by sequential chromatography
on Protein-G Sepharose under conditions that remove non-specif-
ically bound proteins, followed by FPLC gel filtration in an acidic
buffer destroying immune complexes [26–28]. The homogeneity of
the 150 kD IgG was confirmed by SDS-PAGE with silver staining,
which showed a single band under non-reducing conditions and
two bands corresponding to the H and L chains after reduction. To
exclude possible artefacts due to hypothetical traces of contami-
nating enzymes, the IgG was separated by SDS-PAGE and its
hMBP-hydrolyzing activity was detected using an in-gel assay as in
[26–28]. The activities were revealed only in the band correspon-
ding to intact IgGs, and there were no other peaks of proteins or
proteolytic activity. In addition, it was shown that, in contrast to
canonical proteases, the preparation of pIgGs hydrolyzed specifi-
cally only hMBP but not many other tested proteins.

It was shown previously that anti-hMBP Abs were detectable in
healthy donors, with their concentration in the 0.03–0.20 A450 units
range, averaging 0.09 � 0.04 A450 units [26]. Relative indexes of
anti-MBP Abs for 25 MS patients were between 0.67 and 0.98 A450

units, 0.8 � 0.1 A450 units on average. Thus, all MS patients ana-
lyzed by us previously demonstrated significantly higher levels of
serum anti-MBP Abs than healthy individuals. IgGs from approxi-
mately 89% and IgMs from 100% of patients with different diag-
noses demonstrate detectable or significant activity in hydrolysis of
hMBP [26–28]. The relative level of Ab proteolytic activity statisti-
cally significant increase with the exacerbation of the disease. IgGs
from healthy humans do not hydrolyze hMBP [26–29].
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Here, we have used 10 new IgG preparations and confirmed
that IgGs from that healthy humans do not possess MBP-
hydrolyzing activity (Fig. 1). Specific IgG fractions from the sera of
healthy donors and from MS patients with and without affinity for
hBMP were obtained by affinity chromatography on hBMP-
Sepharose (see below). The IgGs from MS patients having no
affinity for hBMP-Sepharose and from the sera of healthy donors
eluted by salt from hBMP-Sepharose (see below) also did not
hydrolyze hBMP. In addition, it was shown that none of individual
IgGs from 10 patients with schizophrenia hydrolyze hMBP (Fig. 1).

The efficiency of the hMBP cleavage was calculated from the
decrease in the intensity of Coomassie-stained hMBP band after
electrophoresis [26–28] and from hydrolysis of a specific 19-mer
oligopeptide (OP-19) [29] following the decrease in fluorescence
of the initial OP-19 sports after TLC; the difference in the intensi-
ties of these substrates incubated in the absence and in the pres-
ence of Abs was used for the calculations (Fig. 1). To quantitatively
estimate the protease activity, we have found a low concentration
for each IgG fraction corresponding to the reaction of the first
order where the substrate is converted into products during
hydrolysis within the linear regions of the time courses (15–40%
of conversion).

It was shown that IgGs from all 20 MS patients demonstrate
detectable level of MBP-hydrolyzing activity. Comparison of the
relative activity of IgGs from 20 patients has shown that on aver-
age it increases on going from the secondary chronic progressive
stage (8 patients, 16 � 8 nM MBP/1 hr /mg of IgGs) to the exac-
erbation stage of MS (12 patients; 39 � 11 nM MBP/1 hr /mg of
IgGs). The differences between the IgG samples of these two
groups according to Student’s t-test was statistically significant 
(P � 0.05). Ten IgG preparations from both groups (three from
the secondary chronic progressive stage and seven from the exac-
erbation group) demonstrating different relative activities were
used for a more detailed study of catalytic heterogeneity of Abzs.

pH dependencies of hMBP hydrolysis

Catalytic heterogeneity of polyclonal nuclease and polysaccharide-
hydrolyzing Abzs from patients with different AI diseases, includ-
ing MS patients was shown in many papers [23, 24, 31–33].

It is well known that canonical mammalian, bacterial and plant
proteases, depending on their biological function, can have opti-
mal pH values ranging from acidic (2.0) to neutral and alkaline
(8–10) [35, 36]. Since the range of optimal pH of Abzs with pro-
teolytic activity was not known, we have measured the relative
activity of IgGs at pH from 2.6 to 10.5 and compared the results
with the pH optima of canonical mammalian proteases. First, we
have analyzed the pH dependencies of the initial rates of hMBP
hydrolysis by five individual MS IgGs. The pH profile of each IgG
was unique (Fig. 2). In contrast to all human proteases having one
pronounced pH optimum, catalytic IgGs demonstrated high spe-
cific hBMP-hydrolyzing activity within a wide range of pH values
(2.6–10). Interestingly, one of the pIgG preparations (number 1)
had a single pronounced optimum of hMBP hydrolysis at pH 2.6;

four preparations (numbers 2–5) demonstrated a notable pH opti-
mum at pH from 4.2 to 5.4, whereas only three of them (numbers
2–4) have notable optima at pH from 8.2 to 9.8. The hydrolysis of
the substrate proceeded with very different rates at pH values
from 5.3 to 8.2 (Fig. 2). The above results clearly demonstrate that
IgGs from individual MS patients can consist of different sets of
catalytic IgG sub-fractions demonstrating quite distinct enzymic
properties. At pH 2.6 IgGs are usually partially denatured, but, at
the same time, the duration of the reaction allows them to
hydrolyze hBMP with detectable or high efficiency (Fig. 2). Taking
this into account, one cannot exclude that human immune system

Fig. 1 Examples of hMBP and OP-19 hydrolysis by non-fractionated
pIgGs from different MS patients and control IgGs. The hydrolysis of
0.19 mg/ml hMBP (2.5 hrs) in the presence of pIgGs was followed by the
decrease in the intensity of Coomassie-stained hMBP band after 
SDS-PAGE electrophoresis (A), and the hydrolysis of 0.33 mM OP-19
(2.0 hrs), by the decrease in the fluorescence of initial OP-19 spots after
TLC (B). The difference in the intensities of these substrates incubated in
the absence (lane 1) and in the presence of IgGs from four MS patients
(lanes 2–5) was used for the calculations of their RAs. Several control
IgGs were used: from a healthy donor (lane 6), a patient with schizophrenia
(lane 7), IgGs from MS patients having no affinity for hMBP-Sepharose
(lane 8) and IgGs from a healthy patient having affinity for hMPB-
Sepharose and purified on this sorbent (lane 9). To quantitatively 
estimate the protease activity only experiments with the 15–40% conver-
sation of substrate to its product of hydrolysis were used, for example,
lane 4 (A) and lines 2 and 3 (B). In this experiment, 0.1 mg/ml pIgGs
from eight different patients were used.
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could in principle produce Abzs with a proteolytic activity similar
to that of stomach acidic proteases.

Catalytic activity of IgGs of different sub-classes

As mentioned earlier, AI pIgGs can possess DNase, RNase, amy-
lolytic and proteolytic activity [3–9]. However, at present nothing
is known about possible catalytic activities of IgGs of different
sub-classes. To analyze an ‘average’ situation concerning a pos-
sible catalytic heterogeneity of MBP-hydrolyzing IgGs, we have
prepared a mixture of equal amounts of IgGs from the sera of 
10 MS patients. We have separated mixture of IgGs to Ab sub-
fractions of the first (IgG1), second (IgG2), third (IgG3) and
fourth (IgG4) sub-classes as well as IgGs containing �� and 
�-type of light chains by affinity chromatography on the specific
affinity adsorbents bearing immobilized monoclonal Abs to
human IgGs of these types (Figs. 3 and 4). The purity of IgGs of
all types was analyzed by ELISA; preparations of IgG1, IgG2, IgG3
and IgG4 were immunologically homogeneous and did not contain
detectable amounts of IgGs of other sub-classes. Immunological
homogeneity was also observed for IgGs containing �� and 
�-type of light chains.

The relative activities (RAs) of the fractions corresponding to
the central parts of the peaks of different types of IgGs eluted with
glycine buffer, pH 2.6, were measured in the hydrolysis of hMBP
and OP-19 (Figs. 3 and 4) as in [26–29].

The profiles of the RAs in the hydrolysis of hMBP and OP-19
catalyzed by pIgGs of different sub-classes were to some extent
similar (Fig. 4). All fractions of every peak corresponding to the
specific type of IgGs were combined and their relative specific

activity (RSA) in the hydrolysis of hBMP (0.19 mg/ml) and 
OP-19 (0.33 mM) at fixed concentrations of these substrates was
measured (Table 1).

IgGs containing �� and �-types of light chains were obtained
in two ways: (i ) by chromatography on anti-�-IgG and (ii ) on anti-
�-IgG Sepharose. Because the acidic treatment of IgGs leads to
their partial inactivation and incomplete refolding after incubation

© 2009 The Authors
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Fig. 2 pH dependence of the relative hMBP-hydrolyzing activity (RA) of
individual IgGs from the sera of five different MS patients (graphs 1–5).
Hydrolysis of hMBP incubated alone was used as control (‘Con.’) The rela-
tive protease activity corresponding to a complete transition of 0.19 mg/ml
hMBP to its shorter oligopeptides after 1.5 hrs in the presence of 
0.1 mg/ml pIgGs was taken for 100%. The average error in the initial rate
determination from two experiments did not exceed 7–10%. For other
details see Materials and Methods.

Fig. 3 Affinity chromatography of the mixture of 10 pIgG preparations 
on anti-�-Abs (A) and anti-�-Abs (B) Sepharoses: (—), absorbance at
280 nm, (�) relative catalytic activity (RA). The complete transition of
0.19 mg/ml hMBP to its hydrolyzed forms after 1 hr of incubation in the
presence of 0.1 mg/ml pIgGs was taken for 100%. The average error in
the initial rate determination from two experiments in each case did not
exceed 7–10%.
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of the purified IgGs in a neutral buffer, the RSAs of �-IgGs and 
�-IgGs eluted from the affinity sorbents by the acidic buffer were
approximately 1.3-fold lower than those of corresponding IgG
fractions of the flow-through peaks (Table 1). Since the purifica-
tion of all types of IgGs (Figs. 3 and 4) was performed under the
same standard conditions, it is reasonable to suggest that the
activity of IgG1–IgG4 preparations eluted with the acidic buffer is
also approximately 1.3-fold lower as compared with their activity
before the affinity chromatography with an acidic treatment.

Interestingly, the RSA of IgGs of different sub-classes in the
hydrolysis of hMBP increased in the order (expressed in nM
hMBP/1 hr/mg of IgGs): IgG1 (4.6) � IgG2 (24.0) � IgG3 
(80.0) � IgG4 (159.0) and at the same the order in the hydrolysis
of OP-19 (expressed in mM OP-19/1 hr/mg of IgGs) was IgG1
(0.15) � IgG2 (0.21) � IgG3 (1.9) � IgG4 (4.0). To compare the
hydrolysis of hMBP (0.19 mg/ml) and OP-19 (0.33 mM), the
apparent kcat values of the hydrolysis of these substrates at their

fixed concentrations were calculated as kcat � V/[IgG] (Table 1).
On going from IgG1 with minimal to IgG4 with maximal RSA, the
apparent kcat in the hydrolysis of hMBP and OP-19 increased
approximately 34.6- and approximately 26.7-fold, respectively. A
transition from hMBP (0.19 mg/ml � 10.2 mM) to OP-19 (0.33
mM) led to average increase in kcat approximately 21 � 5-fold.

The relative content of �-IgG (46.7%), �-IgG (53.3%),
IgG1(22%), IgG2 (36%), IgG3 (12.3%) and IgG4 (29.7%) within
the mixture of pIgGs from 10 patients was estimated. Using these
data and the RSAs of IgGs containing � and �-chains, the relative
contribution of  �-IgGs and �-IgGs into the total activity of pIgGs
in the hydrolysis of hMBP and OP-19 was calculated to be
50.3–58.0% for �-IgGs, and 42.0–49.7% for �-IgGs (Table 1). The
relative contribution of IgGs of different sub-classes to the total
activity of pIgGs in the hydrolysis of hMBP and OP-19 was 
estimated in a similar way: IgG1 (1.5–2.1%) � IgG2 (4.9–12.8%) �
IgG3 (14.7–25.0%) � IgG4 (71–78%). The contributions of �-IgGs

© 2009 The Authors
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Fig. 4 Affinity chromatography of pIgGs (mixture of 10 preparations) on anti-IgG1 (A), anti-IgG2 (B), anti-IgG3 (C) and anti-IgG4 (D) Sepharose: (—),
absorbance at 280 nm, (�) and (�), relative catalytic activities (RA) in the hydrolysis of hMBP and OP-19, respectively. Depending on the RA, the reac-
tion mixtures were incubated for 0.3–16 hrs in the presence of 10–100 mg/ml IgGs and then the RAs were normalized to the standard conditions: the
complete transition of 0.19 mg/ml hMBP 0.33 mM OP-19 to their hydrolyzed forms in the presence of 0.1 mg/ml pIgGs after 1 hr of incubation was
taken for 100%. The average error in the initial rate determination from two experiments in each case did not exceed 7–10%.
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and �-IgGs were comparable, whereas the contributions of IgG1
(approximately 34–54-fold), IgG2 (approximately 5.5–16-fold)
and IgG3 (approximately 2.8–5.3-fold) in the hydrolysis of hMBP
and OP-19 were significantly lower that that of IgG4, which
showed the highest RSA. These data demonstrated for the first
time that all types of human IgGs can possess catalytic activity,
but differ in their contribution to the total activity of Abzs.

Chromatography of pIgGs on hMBP-Sepharose

It was shown previously that nuclease Abzs from the sera of AI
patients and animals are very heterogeneous in their affinity for
DNA and can be separated into many fractions by chromatography
on DNA-cellulose [23, 31–33]. We have analyzed the affinity of MS
pIgGs for hMBP by chromatography on hMBP-Sepharose (Fig. 5).
The pIgG fractions of the first peak with no affinity for hMBP pos-
sessed no detectable proteolytic activity, whereas nine fractions of
IgGs eluted from hMBP-Sepharose with different concentrations
of NaCl (0.1–3.0 M) and MgCl2 (2–3 M) were active in the hydrol-

ysis of hMBP. The distribution of the pIgG and its protease activ-
ity all over the profile of the affinity chromatography demonstrated
a significant heterogeneity of MS IgGs in their affinity for hMBP.

We have estimated the apparent Km and Vmax (kcat) values for
the hydrolysis of both substrates by IgGs corresponding to the
fractions 1, 5 and 9 with the weakest, medium and strongest bind-
ing to the affinity sorbent (Fig. 6). The initial rate data obtained at
increasing hMBP or OP-19 concentration (e.g. Fig. 6) were consis-
tent with the Michaelis–Menten kinetics. The approximate affinity
of pIgG fractions for hMBP (in terms of Km values) increased
gradually with the increase in eluting salt concentration; for pIgGs
eluted with 3 M MgCl2 (Fig. 6B, fraction 9), it was approximately
5-fold higher than for the first pIgG fraction and approximately
1.5-fold higher than for the fifth fraction eluted with 1 M NaCl
(Table 2). The approximate affinity of all analyzed fractions for OP-
19 was approximately 100–200-fold lower than for hMBP, and the
affinity of the ninth fraction for OP-19 was 10- and 4-fold higher
than that of the first and fifth IgG fractions, respectively (Fig. 6C
and D; Table 2). The data in Table 2 are indicative of catalytic and
affinity heterogeneity of non-fractionated pIgG.

© 2009 The Authors
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Table 1 The Km and kcat values characterizing interaction of initial pIgG and its sub-fractions separated by chromatography on different affinity
adsorbents with hMBP and specific 19-mer oligopeptide

*For each fraction, a mean of two repeats is used.
The apparent kcat values at fixed concentrations of hMBP (0.19 mg/ml) and OP-19 (0.33 mM) were calculated as kcat � V/[IgG].
Average values calculated from experiments with anti-�-IgG and anti-�-IgG Sepharoses.
Contribution of IgGs of different types to the total activity of non-fractionated Abs was calculated taking into account the relative content of these
IgGs within pIgGs and their RSAs in the hydrolysis of hMBP and OP-19.

IgG Content, %
RSA (nM MBP/
1 hr)/mg of IgGs

App. kcat, min�1
Contribution
to the total
activity, %

RSA (mM 
OP-19/1 hr)/
mg of IgGs

App. kcat,
min�1

Contribution
to the total
activity, %

IgG, non-fractionated 100 43 � 3.1 0.11 � 0.01 100 0.9 � 0.1 2.6 � 0.5 100

IgGs containing �- and �-types of light chains

�-IgG 45.2 (anti-�) 34.3 � 3.0 (8.8 � 0.9)	10�2 nd 0.85 � 0.1 2.1 � 0.18 nd

48.2 (anti-� ) 44.6 � 4.0 0.11 � 0.01 nd 1.1 � 0.1 2.7 � 0.24 nd

�-IgG, average 46.7 � 2.0 39.5 � 3.5 0.1 � 0.01 50.3 � 5 0.98 � 0.1 2.4 � 0.2 58.0 � 5.0

k-IgG 54.8 (anti-�) 37.6 � 3.1 (9.9 � 0.9)	10�2 nd 0.88 � 0.09 2.2 � 0.2 nd

51.8 (anti-�) 28.7 � 2.7 (7.5 � 0.7)	10�2 nd 0.68 � 0.07 1.7 � 0.15 nd

�-IgG, average 53.3 � 3.0 33.2 � 3.5 (8.7 � 0.8)	10�2 49.7 � 5 0.78 � 0.08 2.0 � 0.17 42.0 � 5.0

IgGs of different sub-classes

IgG1 22.0 � 4.0 4.6 � 0.4 (1.2 � 0.4)	10�2 1.5 � 0.3 0.15 � 0.02 0.36 � 0.04 2.1 � 0.3

IgG2 36.0 � 1.5 24.0 � 1.5 (6.3 � 0.4)	10�2 12.8 � 1.4 0.21 � 0.02 0.52 � 0.05 4.9 � 0.5

IgG3 12.3 � 1.0 80.0 � 3.0 0.21 � 0.01 14.7 � 2.0 1.9 � 0.2 4.7 � 0.5 15.0 � 2.0

IgG4 29.7 � 3.0 159.0 � 5.0 0.41 � 0.01 71.0 � 7.0 4.0 � 0.3 10.1 � 1.0 78.0 � 8.0
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Discussion

Here, we analyzed possible proteolytic diversity of hMBP-
hydrolyzing pIgGs of MS patients. It was shown that MS pIgGs
hydrolyzing, in contrast to canonical proteases, only hMBP could
be separated by chromatography on hMBP-Sepharose into many
fractions with different affinity for hMBP. The approximate affinity
of the separated IgG fractions (in terms of Km values) for hMBP
and OP-19 increased with the increase in NaCl and MgCl2 concen-
trations and for the first Ab fraction eluted with 0.1 M NaCl it was
approximately 6–10-fold lower than for the ninth fraction eluted
with 3 M MgCl2 (Table 2). In addition, the affinity of all pIgG frac-
tions for intact hMBP was approximately 100–200-fold higher
than for its specific 19-mer peptide fragment (OP-19) (Table 2).

The affinity of MS pIgGs for hMBP (Km � 0.9–5.0 mM, Table 2)
corresponds to the typical affinity (Km � 0.038–7.3 [2, 37, 38])
of Abzs for different protein antigens. The apparent Km values
(0.1–1.0 mM, Table 2) for OP-19 short peptide were comparable
with those for short peptides in reactions catalyzed by IgGs from
patients with rheumatoid arthritis (0.39–0.53 mM [8]) and by
different light chains with proteolytic activity (0.015–0.29 mM
[39]), but lower than the values shown by recombinant light
chains (4.8 mM [40]).

The catalysis mediated by artificial Abzs is usually character-
ized by relatively low reaction rates: kcat values are 102–106-fold
lower than for canonical enzymes [1]. The known kcat values for
natural Abzs from AI patients vary in the range of 0.001–40 min�1

[2–9, 23–24, 31–33, 38–41]. The apparent kcat values for hMBP

(1–2.3 min�1) and OP-19 (14.3–156 min�1) in the reactions cat-
alyzed by IgG sub-fractions separated by affinity chromatography
(Table 2) are comparable with or even higher than those for known
Abzs characterized by the highest kcat values. It should be men-
tioned that currently there are no methods that could efficiently
separate Abzs from catalytically inactive Abs against the same
protein. Since the specific activities were calculated using the total
concentrations of pIgGs, and affinity chromatography on
Sepharose bearing immobilized hBMP or Abs against IgGs of dif-
ferent sub-classes leads only to partial enrichment of individual
fractions with protease Abzs, the specific hMBP-hydrolyzing activi-
ties of the individual monoclonal sub-fractions in a polyclonal IgGs
pool may be significantly higher than those of the non-fractionated
or partially fractionated pIgGs.

Taken together, our previous findings show that MS pIgGs con-
tain mainly Abzs of two types: serine and metal-dependent pro-
teases [26, 28]. Here, we have shown that MS pIgGs contain many
sub-fractions with different affinity for hMBP and its oligopeptide.
In addition, IgGs from individual MS patients are characterized by
individual pH dependencies (Fig. 1).

In this paper we show for the first time, using MS IgGs 
with hMBP-hydrolyzing activity as an example, that Abs with
proteolytic activity similar to nuclease Abzs ([3–6, 31–32] 
can contain �- and �-types of light chains, and the relative con-
tributions of �- and �-IgGs to the total activity of Abzs is com-
parable (Table 1).

It was very interesting whether pIgGs of different sub-classes
may function as Abzs. It was surprising that MS IgGs of all four
sub-classes efficiently hydrolyzed hMBP, but their contribution to
the total activity of Abzs increased in the order: IgG1 (1.5–2.1%) �
IgG2 (4.9–12.8%) � IgG3 (14.7–25.0%) � IgG4 (71–78%). Thus,
hMBP-hydrolyzing IgGs of MS patients are very catalytically
heterogeneous; IgG-abzymes of different sub-classes can contain
�- and �-types of light chains, catalyze the hydrolysis of hMBP as
serine-like or metalloproteases, demonstrate different affinity for
hMBP and different pH optima.

Interestingly, structural heterogeneity was observed earlier
for monoclonal Abs after immunization of mice with p-nitrobenzyl
phosphonate hapten; approximately 10 different catalytic clones
were usually obtained from a single fusion of lymphocytes taken
from normal mice, whereas several hundred different catalytic
clones were obtained in SJL or MRL/lpr mice [42]. Several 
different types of haptens were used to mimic the transition 
state of the substrate in the ester/amide hydrolysis [43].
Autoimmune mice results in a dramatically higher incidence of
various Abzs with a higher activity than in conventionally used
normal mouse strains.

In MS, the protease activity of anti-hMBP Abzs can attack
hMBP of the myelin-proteolipid shell of axons. An established MS
therapeutic Copaxone appears to be a specific hMBP-hydrolyzing
Abzs inhibitor [29]. Consequently, the Abzs may play an important
role in MS pathogenesis.

High-affinity anti-DNA Abs have been recently identified as a
major component of the intrathecal IgG in brain and CSF cells of
MS patients [21]. In addition, it was shown that DNase Abzs from

© 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 5 Affinity chromatography of the mixture of 10 preparations pIgGs
on hMBP-Sepharose: (—), absorbance at 280 nm, the bars indicate the
relative catalytic activity (RA) in the hydrolysis of hMBP. The samples
were incubated 0.3–1.0 hrs and the complete transition of 0.19 mg/ml
hMBP to its hydrolyzed forms in the presence of 0.01 mg/ml pIgGs
after 1 hr of incubation was taken for 100%. The average error in the
initial rate determination from two experiments in each case did not
exceed 7–10%.
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MS patients are cytotoxic and induce apoptotic cell death [5].
Moreover, MS Abs possess a very high polysaccharide-hydrolyz-
ing activity [24]. Taking these data in account, it is reasonably to
propose that polysaccharide-hydrolyzing, DNase and especially
hMBP-hydrolyzing Abzs may cooperatively promote important
neuropathologic mechanisms in this chronic inflammatory disor-
der and MS pathogenesis development.
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Fig. 6 Determination of the
Km and Vmax values for hMBP
(A and B) and OP-19 (C and
D) using a Lineweaver–Burk
plot. The reactions were 
performed as described in
Materials and Methods using
5 mg/ml (A and B) and 
16 mg/ml pIgGs (C and D) of
IgG fractions after chromatog-
raphy on hMBP-Sepharose:
fraction 1 (A and C) and frac-
tion 9 (B and D). The average
error in the initial rate deter-
mination at each substrate
concentration from two inde-
pendent experiments did not
exceed 7–10%.

*Numbers of fractions corresponds to Fig. 5.
For each fraction, a mean of three repeats is used.
The kcat values were calculated as kcat � Vmax/[IgG].

Fraction number* Condition of elution Protease activity, hMBP Protease activity, OP-19

Km, 
M kcat, min�1 Km, mM kcat, min�1

1 0.1 M NaCl 5.0 � 1.3 2.3 � 0.3 1.0 � 0.2 156.0 � 30.0

5 1.0 M NaCl 1.5 � 0.2 1.0 � 0.18 0.25 � 0.05 33.0 � 5.0

9 3 M MgCl2 0.9 � 0.015 0.98 � 0.15 0.1 � 0.018 14.3 � 2.5

Table 2 The Km and kcat values characterizing interaction of pIgG sub-fractions separated by chromatography on hMBP–Sepharose with hMBP
and specific 19-mer oligopeptide
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