
The possibility of the induction of catalytic antibod-

ies (abzymes) was initially suggested by Pauling in 1948;

he noted similar features between mechanisms of anti-

body–antigen recognition and the interaction of a transi-

tion state with an enzyme [1]. In 1969, Jencks proposed

the hypothesis that antibodies obtained during immu-

nization with chemically stable transition-state analogs

could catalyze the corresponding chemical reactions [2].

This was independently confirmed by Lerner’s [3] and

Schultz’ [4] groups in 1986.

During the thirty-year period of directed synthesis of

abzymes, antibodies capable of catalyzing more than 100

various reactions have been generated. Data on induced

abzymes have been considered in several reviews [5-17].

Recent development of the technology for induced

abzyme production has stimulated not only the rapid

development of direct approaches for generation of

abzymes with designed properties. It has become possible

to improve the properties of abzymes by modifying the

antigen-binding site of monoclonal antibodies at the level

of the encoding genes using either site-directed mutagen-

esis or selective chemical modification [18-22]. This has

resulted in the generation of abzymes with higher substrate

specificity than is found for enzymes. In some cases, rates

of chemical reactions catalyzed by abzymes are close to or

even higher than those of similar reactions catalyzed by

ordinary enzymes. Moreover, there are some abzymes

having no natural-enzyme analogs [23]. So, the practical

importance for biotechnology and medicine of antibodies

with designed catalytic specificity cannot be overestimat-

ed. One of the promising directions in this field consists of

the production of abzymes catalyzing rapid cleavage of

hazardous compounds, including drugs and toxins.

Animals generate such abzymes during directed

immunization. Successful manipulations on abzyme gen-

eration have stimulated a new round of studies on the

structure and functions of Ig in vivo. The discovery by Paul

et al. (1989) of natural catalytic antibodies possessing pro-

teolytic activity in blood serum of patients with bronchial

asthma [24] opened new perspectives for abzymology.

PECULIARITIES OF THE IMMUNE STATUS 

OF PATIENTS WITH VARIOUS 

AUTOIMMUNE DISEASES

Autoimmune diseases (AD) are characterized by high

titer of auto-antibodies (antibodies to endogenous anti-

gens). In the case of bronchial asthma, vasoactive intestin-

al peptide (VIP), widely distributed in the central and

peripheral nervous systems, acts as such an antigen [24].

Autoimmune thyroiditis is characterized by increased con-

centrations of antibodies to thyroglobulin, the microsomal

fraction of thyrocytes, and some other antigens [25].

Multiple sclerosis, a chronic degenerative demyelinat-

ing disease of the central nervous system, is a serious med-

ical and social problem. Its etiology remains unclear, and

the theory of pathogenesis is mainly focused on the degra-

dation of myelin (the protein–lipid sheath of axons) that
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stems from autoimmune inflammatory processes [26].

Although the T-cell immune system plays the major role in

the pathogenesis of multiple sclerosis, the development of

this disease needs normal functioning of the B-cell system.

In patients with multiple sclerosis, increased levels of Ig

(usually IgG) and free light chains (see [25, 26]) were

observed in the brain tissue and cerebrospinal fluid. As in

the case of other ADs, poly-specific DNA-binding anti-

bodies interacting with phospholipid have also been recog-

nized in patients with multiple sclerosis [25, 27, 28].

Although some viral diseases like acquired immune

deficiency syndrome and viral hepatitis are not related to

ADs, they significantly influence the immune status of

patients. For example, the development of both viral hep-

atitis [28] and AIDS [29, 30] is accompanied by autoim-

mune humoral and cellular reactions; as in the case of

AD, tissue-specific and organ-nonspecific antibodies

were found in blood of patients with hepatitis.

Increased concentrations of DNA and anti-DNA

antibodies were found in blood of patients with various

ADs: systemic lupus erythematosus (SLE) [31-36],

autoimmune hepatitis, Grave’s disease, polymyositis,

multiple sclerosis, Sjogren’s syndrome [34], and also with

lympho-proliferative [35] and some viral diseases (e.g.,

AIDS [30]). Concentrations of DNA and anti-DNA anti-

bodies were especially high in patients with SLE [31, 34,

35].

The development of AD is characterized by sponta-

neous generation of primary antibodies to proteins, nucle-

ic acids, and their complexes; then secondary antibodies

to the primary ones are generated, etc. [36-38]. The diver-

sity of antibodies often detected in blood of patients with

AD can be well-explained using Jerne’s anti-idiotypic net-

work [39]. According to this network, primary antibodies

(antibodies-1) are denominated as idiotype, and second-

ary antibodies (antibodies-2) are anti-idiotype, etc. The

presence of blood serum antibodies-4 titer has been recog-

nized in experimental animals. Similar antibody genera-

tion can be also expected in the case of the viral diseases.

If the active site of an enzyme plays the role of anti-

gen triggering the anti-idiotypic chain, it is logical to sug-

gest that the secondary anti-idiotypic antibodies (antibod-

ies-2) will possess protein structure, part of which repre-

sents an “internal image of the active site of the enzyme”

and, consequently, these antibodies may possess some

properties of this enzyme. So, at present it is believed that

natural abzymes can be generated via such an anti-idio-

typic chain. Abzyme generation in AD may probably

involve other pathways. Some abzymes are antibodies

directly generated to hapten (protein, DNA, etc.). This

suggests the possibility for abzyme production via the

pathway described for antibodies induced by transition-

state analogs. In this case, a certain conformer of some

endogenous components might play the role of transition-

state analog. Autoimmune diseases are accompanied by

intensive cell apoptosis. This may result in abnormally

high concentrations in the blood of both native and par-

tially destroyed proteins, nucleic acids, and other cell

components. This suggests that both pathways of abzyme

generation (production of anti-idiotypic antibodies and Ig

to substrate itself) can be realized in AD.

NATURAL ABZYMES IN PATIENTS 

WITH AUTOIMMUNE DISEASES

Natural catalytic antibodies were first found in blood

of asthmatic patients [24]. A small fraction of the anti-

bodies was able not only to bind VIP, but also to hydrolyze

it. This hydrolytic activity was highly specific with respect

to VIP; it was not observed with other peptides and pro-

teins.

However, to be more precise, the first reports on

enzymatic activities of natural antibodies appeared earli-

er, in the middle of the 60s. Slobin [40] demonstrated

hydrolysis of p-nitrophenyl acetate catalyzed by Ig.

Kulberg et al. [41] found proteolytic activity of highly

purified rabbit antibodies. At that time, all the authors

believed that although the antibodies were isolated by

affinity chromatography using antigen-sorbent, the cat-

alytic activity could be ascribed to some “proteolytic

enzymes attached to antibody molecules” [40, 41]. So,

until 1986 (when the existence of abzymes was firmly rec-

ognized [3, 4]) the central dogma that the main function

of antibodies consists in binding and elimination of anti-

gens dominated completely. In 1991, Kit et al. found that

homogenous sIgA of human milk possessed protein

kinase activity [42]. However, evidence that this catalytic

activity is an intrinsic property of these antibodies was

presented later.

The demonstration of the intrinsic catalytic activity

of natural antibodies is one of the most difficult problems

of abzymology. First, catalytic activity of antibodies is

often much less than that of ordinary enzymes. Natural

antibodies are polyclonal antibodies and therefore they

represent a wide spectrum of structurally related Ig with

highly variable primary structure (especially in regions

responsible for antigen binding). So, Ig may form com-

plexes with various proteins and enzymes, and co-purifi-

cation of such complexes during antibody purification

cannot be ruled out. This stimulated the development of

strict criteria (some of them were proposed by Paul et al.

[24]), which must be taken into consideration when cat-

alytic activity is attributed to abzymes. Unfortunately, the

first reports [40, 41] did not contained such evidence that

catalytic activity was an intrinsic property of the antibod-

ies themselves, and the study of Paul et al. [24] is unques-

tionably considered to be the first convincing evidence for

the existence of natural abzymes. Later, criteria by Paul et

al. [24] were accepted by other laboratories, and addi-

tional criteria accompanied subsequent development of

this field.
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The second natural catalytic abzymes, DNA-hydrolyz-

ing Ig, were found by Gabibov’s group in blood of patients

with SLE [43, 44], rheumatoid arthritis, systemic scleroder-

ma [45], and later with AIDS [30]. In patients with systemic

lupus erythematosus, our group found RNA-hydrolyzing

IgG [46]. In milk of parturient women, we found sIgA-anti-

bodies with protein kinase activity [47] and ATP-hydrolyz-

ing IgG [48]. It was also demonstrated that a small fraction

of Ig from blood of patients with autoimmune thyroiditis can

specifically cleave thyroglobulin but not other human pro-

teins [25].

We have found Ig possessing phosphatase activity

and also RNA-, DNA-, ATP-hydrolyzing IgG and IgM

in blood of patients with the following ADs: SLE [46, 49-

56], autoimmune thyroiditis [54-57], polyarthritis [54-

56], multiple sclerosis [57], and also with viral hepatitis

(A, B, C, and D) [58]. Recently Neustroev’s group

demonstrated the presence of IgG with amylolytic activ-

ity in blood of patients with pyelonephritis, rheumatoid

arthritis, and some malignant tumors [59]. Our data

indicate that antibodies isolated from blood of healthy

donors and of patients with influenza, pneumonia,

tuberculosis, tonsillitis, duodenum ulcer, and some can-

cers did not exhibit any catalytic activity [57, 58]. Some

catalytic activity was found in antibodies of patients with

blood cancers [58]. However, the activity of these

abzymes was much less than that of abzymes in AD

patients.

CATALYTIC ANTIBODIES OF HUMAN MILK

Due to the absence of evident immunization factors,

a hypothesis suggesting the existence of natural abzymes

in healthy donors without disorders of immune status did

not attract much interest for a long time.

During first months after birth, the immune system

of neonates and babies is not completely formed: the

mucosal surfaces of the respiratory and gastrointestinal

tracts lack antibodies [60, 61]. Antibodies of maternal

milk covering mucosal surfaces represent one of the main

protective mechanisms of neonates and babies (passive

immunity) against bacteria and viruses [60, 61]. Studies

on neonate animals revealed that milk IgG can penetrate

into their blood from the milk [61]. In this connection,

detailed analysis of the possible biological role of anti-

bodies of human milk is especially important. Taking into

consideration the special role of maternal milk in the pro-

tection of babies against various hazardous environmental

factors, we investigated the catalytic properties of anti-

bodies of human milk.

In milk of healthy parturient women, we initially found

sIgA catalyzing protein phosphorylation [47, 62, 63]. Casein

(and more than 10 other milk proteins) and ATP were sub-

strates for this reaction. At present, this is the only example

of natural abzymes catalyzing a bi-substrate reaction.

Later we demonstrated that small sub-fractions of

polyclonal IgG and sIgA of human milk catalyzed reac-

tions of hydrolysis of DNA-, RNA- [64-67], ribo- and

deoxy-NMP, -NDP, and -NTP [48]; they also exhibited

phosphatase activity by catalyzing the cleavage of 5′-ter-

minal phosphate of DNA and RNA [66, 67]. It should be

noted that human milk antibodies are usually character-

ized by higher catalytic activity than that of abzymes iso-

lated from patients with ADs [64-67]. This is consistent

with higher amylolytic activity of antibodies from mater-

nal milk than from blood of AD patients [59].

PROBLEMS OF ISOLATION 

OF HOMOGENOUS PREPARATIONS 

OF ABZYMES WITH HIGH CATALYTIC ACTIVITY

Isolation of homogenous preparations of monoclon-

al abzymes is a relatively simple task that is usually solved

by antibody chromatography on sorbents with immobi-

lized haptens. Isolation of homogenous preparations of

natural abzymes with high activity is one of the most dif-

ficult problems. Total antibody preparations are poly-

clonal ones containing a large number of Ig characterized

by different affinity to various haptens, including proteins

and enzymes, etc., which can be tightly-bound to these

antibodies. Various abzymes of these polyclonal antibody

preparations may have completely different origin, and

their interaction with any immobilized substrates may

dramatically vary. Thus, at the first stage it is necessary to

separate antibodies from all possible antigens, proteins,

enzymes, etc. Then an antibody fraction characterized by

an increased affinity to potential substrate should be iso-

lated; then the abzyme fraction needs to be separated

from antibodies exhibiting affinity for the same ligand but

lacking catalytic activity.

Modern methods of abzyme purification can fulfill all

the above-described stages except the last one. At present,

there are no methods for separation of abzymes and anti-

bodies without catalytic activity. Our data indicate that the

abzyme content in fractions of antibodies exhibiting affin-

ity for some ligand (e.g., DNA) may be ~1-5% or even

less. So, apparent values of the specific activity of antibod-

ies are greatly underestimated. Purification conditions

also significantly influence apparent characteristics of spe-

cific activities of antibodies. So, it is relevant to consider

the main stages of abzyme purification.

The protocol for purification to homogeneity of

human milk sIgA-abzymes with protein kinase activity

may serve as a good example of the protocol for abzyme

purification including all chromatographic stages of

abzyme isolation [47, 62, 63]. Purification of sIgA-

abzymes included sequential chromatography of milk

protein on protein A-Sepharose, gel-filtration (under

condition of “acidic shock”) and ion-exchange chro-

matography on DEAE-cellulose (separation of antibodies
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into classes), and affinity chromatography on ATP- and

casein-Sepharose (isolation of fractions with increased

affinity for these substrates).

Affinity chromatography on sorbents with immobi-

lized anti-IgG-, anti-IgM-, anti-IgA-antibodies, and

proteins A or G usually represents the first stage of isola-

tion of abzymes from blood or milk [47, 63]. Under cer-

tain chromatographic conditions, the use of these sor-

bents allows antibody preparations lacking enzymatic

contaminants to be obtained. We found that protein A-

Sepharose exhibiting (for unknown reasons) higher affin-

ity only to abzymes but not to antibodies without catalyt-

ic activity is the optimal sorbent for this stage [47, 56-58,

63, 66, 67].

sIgA-antibodies represent 90-95% of the total pool

of human milk antibodies; the content of IgG and IgM

does not exceed 1-3% [68, 69]. Anti-IgA-Sepharose

quantitatively adsorbs the whole spectrum of milk sIgA-

antibodies [47, 48, 63, 66, 67]. Protein A-Sepharose

binds only 5-10% of all sIgA (the exact value depends on

donors) and ~80-90% of milk IgG and this Ig fraction

contains the whole set of abzymes, which we investigated

[47, 63, 66, 67]. Adsorption of antibodies on protein A-

Sepharose and protein elution by buffer containing Triton

X-100 and 0.3-0.5 M NaCl is accompanied by dissocia-

tion of even tightly bound complexes of antibodies and

proteins. Part of the bound antibodies can be eluted by a

weakly acidic buffer (pH 4.6), but these antibodies lack

catalytic activity. sIgA-Abzymes are eluted only by acidic

buffer (pH 2.6). Thus, the use of protein A-Sepharose

instead of anti-IgA-Sepharose produces an antibody

preparation enriched in abzymes up to 10-20 times.

A similar situation was observed during purification

of IgG- and IgM-abzymes (or their mixture) on protein

A-Sepharose. The use of buffer containing Triton X-100

and then weakly acidic buffer (pH 4.6) also resulted in the

elution from the sorbent of tightly bound proteins includ-

ing a small fraction of IgG and/or IgM with lower affini-

ty for protein A. Acidic buffer (pH 2.6) eluted abzyme-

enriched fractions representing electrophoretically highly

purified antibodies. This approach for antibody purifica-

tion allows the evaluation of catalytic activity of antibod-

ies from each donor blood after elution from protein A-

Sepharose without additional purification [51-59]. The

use of ion-exchange chromatography (for antibody sepa-

ration into classes, IgG, IgM, sIgA) and affinity chro-

matography on sorbents with one of the immobilized sub-

strates (DNA, RNA, ATP, protein, or lipid) increase

activity of antibodies due to the increase of abzyme con-

tent in these fractions. After elution of antibodies from

protein A-Sepharose by acidic buffer (pH 2.3), the

obtained fraction is immediately subjected to gel-filtra-

tion under conditions of “acidic shock”. Although these

two sequentially run stages usually yield homogenous

abzyme preparations, the conditions of “acidic shock”

may exert a damaging effect on the abzyme activity.

Under such conditions many known enzymes completely

loose their catalytic activity. For example, besides IgG-

and sIgA-abzymes, human milk contains only one pro-

tein kinase of non-immunoglobulin nature; it is com-

pletely and irreversibly inactivated under the conditions

of acidic shock. At the same time, some enzymes (e.g.,

human ribonucleases) possessing the same activities as

abzymes readily regain catalytic activity after dialysis of

fractions obtained after gel-filtration against buffer of

neutral pH value. Apparently, all abzymes including anti-

bodies with nuclease activities are characterized by rela-

tively low resistance to “acidic or alkaline shock”.

Using abzymes from blood of patients with multiple

sclerosis [57], we found that right after the treatment of

antibodies with acidic buffers (chromatography on pro-

tein A-Sepharose, gel-filtration) their catalytic activity in

the reaction of nucleic acid hydrolysis was significantly

reduced. Dialysis and subsequent storage of antibody

solutions at 4°C for 1-5 weeks markedly restored their

activity.

Such abzyme behavior was also confirmed for anti-

bodies isolated from blood of patients with SLE, autoim-

mune thyroiditis, and viral hepatitis [55-58]. Such treat-

ment of ordinary RNAses and DNAses insignificantly

influenced their activity. In the case of polyclonal antibod-

ies, the recovery of catalytic activity (protein renaturation)

of antibodies characterized by distinct specificity in

hydrolysis of nucleic acids occurred at various time inter-

vals of the storage of antibody solution after dialysis.

Experiments on tRNAPhe hydrolysis revealed that all anti-

bodies exhibited two types of RNAse activity [52-56]. The

first type of activity, which was close to RNAse A in speci-

ficity, required low salt concentrations, whereas the second

type of activity was stimulated by manganese ions. The lat-

ter exhibited unique substrate specificity: in contrast to

human RNAses, it preferentially hydrolyzed double-

stranded sites of tRNA. Immediately after antibody isola-

tion, a low level of the first type (RNAse A like) of activity

is detected; its gradual recovery is accompanied by a

change of substrate specificity—in addition to breaks at CA

and UA, other breaks at other sequences also appeared. In

parallel, Mg2+-stimulated (the second type) RNAse activi-

ty becomes also detectable. The time of manifestations of

various activities varies from preparation to preparation

and from one disease to another. In some cases, stable

activity of certain specificity appears only after 3-6 weeks

of storage of neutral antibody solutions at 4°C. We believe

that this phenomenon may be explained by different rates

of renaturation of various abzymes constituting polyclonal

antibody preparations.

Interestingly, all activities of abzyme preparations

gradually increase during storage in neutral buffers.

However, full recovery of any catalytic activity cannot be

achieved for any type of abzyme.

Thus, harsh isolation methods are required at this

stage of abzyme isolation not only to yield homogenous
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antibody preparation, but also to provide evidence that the

catalytic activity is due to Ig. However, these methods do

not allow highly active abzyme preparations to be obtained.

Data of abzyme purification on sorbents with immo-

bilized substrates also suggest very high heterogeneity of

human polyclonal abzymes. For example, chromatogra-

phy of homogenous preparations of sIgA-abzymes on

ATP-Sepharose using a NaCl concentration gradient

results in distribution of the protein material over the

whole concentration gradient from 0.05 to 3 M; some

portion of the abzymes was eluted from the column only

by 3-4 M MgCl2, or by the acidic buffer [47, 62, 63]. All

of the resulting fractions catalyzed the phosphorylation

reaction of milk proteins. (The only exception was sIgA

eluted in the process of application to the column; this

represented from 20 to 50% of sIgA in various donors).

The increase of salt concentration required for the elution

of a certain abzyme fraction correlated with the increase

of affinity of these fractions for ATP. Some sIgA fractions

differed by substrate specificity (with respect to phospho-

rylation of various milk proteins).

Subsequent chromatography of sIgA fractions

exhibiting affinity for ATP-Sepharose on casein-

Sepharose also resulted in the distribution of the protein

material over the whole NaCl concentration [47, 62, 63].

This suggests that total preparations of such abzymes are

characterized by a wide range of affinity for ATP and

casein and variation of these parameters depends on the

milk donor.

This separation of polyclonal antibodies into numer-

ous sub-fractions in the process of affinity chromatography

on ATP- and casein-Sepharose well reflects the general

tendency: abzyme preparations of human milk and blood

contain many sub-fractions of antibodies possessing a wide

diversity in the affinity for various substrates (DNA, RNA,

proteins, nucleotides, etc.). The spectrum of substrate

specificity of abzymes and ranges of changes of abzyme

affinity for substrates, pH optima, and conditions for man-

ifestation of maximal catalytic activity (concentration of

mono- and bivalent metal ions, etc.) strongly depend on

type of AD, individual, time-course and stage of the dis-

ease, and period of collection of the patient’s blood.

EVIDENCE FOR ATTRIBUTING CATALYTIC

ACTIVITY TO ANTIBODIES

Demonstration that the catalytic activity represents

an intrinsic property of the antibodies themselves is a

most difficult task. Paul et al. [24] presented the following

evidence for attributing catalytic activity to antibodies: 1)

electrophoretic homogeneity of IgG (protein staining

with silver); 2) the presence of VIP-hydrolyzing activity

in Fab-fragments; 3) complete adsorption of catalytic

activity on anti-IgG-Sepharose and elution of IgG from

sorbent by buffer with low pH; 4) immunoprecipitation of

abzymes with anti-IgG-antibodies accompanied by com-

plete loss of VIP-hydrolyzing activity; 5) the presence of

catalytic activity in two of six IgG isolated from blood

serum of patients; lack of catalytic activity in antibodies

isolated from blood of healthy donors; 6) gel-filtration of

antibodies under conditions of pH shock did not cause

loss of catalytic activity; 7) Km value (38 nM) for VIP in

the hydrolytic reaction suggested high affinity of IgG for

substrate compared with antibody–antigen complexes; 8)

specificity of cleaving sites of VIP (see below) differed

from the specificity of cleavage of this peptide by known

proteases.

Similar lines of evidences were used for demonstra-

tion that DNAse activity is an intrinsic property of IgG

[29, 30, 43, 44].

Studying abzymes from patients with various ADs

[46, 49-57] and from human milk [47, 48, 62-67], we

have used the whole set of these criteria. However, for

precise attribution of the observed activity to antibodies

rather than to possible enzymatic contaminants we

added the following criteria [47, 48, 51-53, 57, 62-67]: a)

stability of catalytic activity of antibodies on gel-filtra-

tion under alkaline conditions and in buffers containing

isothiocyanate; b) demonstration of catalytic activity in

isolated chains of antibodies; c) the existence of differ-

ences in the thermostability of catalytic activities of anti-

bodies versus enzymes catalyzing the same reactions; d)

effective separation of a mixture of homogenous antibod-

ies from exogenous enzymes catalyzing the same reac-

tion by using methods of abzyme purification from bio-

logical tissues; e) selective labeling of oligomeric anti-

bodies and also abzyme subunits (but not any protein

impurities) by active substrate analogs; f) detection of

catalytic activity in situ in bands of the substrate-con-

taining gel (after SDS-electrophoresis in the Laemmli

system) corresponding to IgG and their Fab-fragments

or separate chains.

The presence of catalytic activity in monoclonal

antibodies obtained using hybridoma technology or gene-

engineering methods with the use of DNA-plasmids

encoding antibody synthesis is one of the most valuable

criteria. However, although hybridoma technology is eas-

ily applied for studies of abzymes in mice, it is limited in

the case of human abzymes.

After pretreatment of antibodies with alkaline buffers

(pH 11-12), and also with neutral buffers containing

isothiocyanate, the abzymes retained part of the initial

activity of the antibodies during gel-filtration. There were

no other protein peaks or analyzing activity associated

with non-Ig protein peaks [63]. As mentioned above,

abzymes are less resistant to various treatments than

enzymes. The latter were more thermostable than

abzymes. For example, incubation of IgG- and IgM-

abzymes at 55°C and their Fab-fragments at 45°C result-

ed in almost complete loss of their RNAse-activity,

whereas human serum RNAses retained from 50 to 90%
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activity after incubation at 65°C. RNAse A was complete-

ly active after boiling for 5-10 min [51, 53, 54].

Various DNAses and RNAses added to homoge-

neous antibodies isolated from blood of various patients

with ADs or from human milk were readily separated

from abzymes irrespectively of conditions used for the

antibody purification: affinity chromatography on protein

A-Sepharose, gel-filtration in acidic and alkaline buffers,

and even filtration of solutions through nitrocellulose

discs permeable for these enzymes (molecular masses 12-

40 kD) but not for antibodies (>150 kD) [54].

According to data of SDS-electrophoresis (followed

by silver staining), homogenous antibody preparations

lacking any detectable enzymatic contaminants were

obtained [47, 48, 50-58, 62-67]. However, this method

has limited sensitivity, and even in the case of homoge-

nous proteins, possible contamination of antibody prepa-

rations with minimal quantities of highly active enzymes

cannot be ruled out. We increased the sensitivity of this

approach by using affinity modification of antibodies with

active 32P-labeled reagents. However, we failed to detect

modifications of any (possible) enzymatic contaminants;

only abzyme molecules were labeled [47, 48, 63-67], and

we detected no 32P-labeled modified proteins other than

Ig. This approach reveals structural components of anti-

bodies responsible for substrate binding. Using separation

of antibody subunits by SDS-electrophoresis under disso-

ciating conditions (after reduction of disulfide bridges),

we found that in most cases the L-chains of natural

abzymes were labeled with affinity reagents.

We have developed two approaches for analysis of the

catalytic activity of isolated light and heavy chains of

antibodies. The affinity chromatography of antibodies on

immobilized substrates under denaturing conditions

(dithiothreitol, 4-6 M urea) after reduction of disulfide

bridges with thiol-containing reagents is the first. Using

this approach, we demonstrated that isolated light chains

of DNA- and RNA-hydrolyzing IgG-abzymes from

human blood and milk not only bind under these condi-

tions with DNA-cellulose but are active after their sepa-

ration from heavy chains [48, 57, 62, 64-67].

SDS-Electrophoresis in polyacrylamide gel is one of

the harshest separation methods used for separation of

noncovalent protein complexes. We analyzed the catalyt-

ic activity of initial antibody oligomers and their individ-

ual subunits (after the reduction of disulfide bonds) using

in situ SDS-electrophoresis in gel [48, 51, 54, 57, 64-67].

After the electrophoresis, DNA- or RNA-containing

gels were washed to remove SDS, incubated in special

buffer for antibody renaturation, and stained with ethid-

ium bromide. The gel region where the cleavage of

nucleic acid occurred is seen as a dark spot on the uni-

form light fluorescent background. The position of pro-

tein bands was identified by gel staining with Coomassie

R-250. Using this approach, it was demonstrated that

oligomeric forms of IgG antibodies (and also their Fab-

fragments and separated light chains) isolated from

blood of patients with SLE and multiple sclerosis and

also from milk of parturient women possessed nucleic

acid hydrolyzing activities [47, 54, 57, 63-67]. From our

viewpoint, DNA-hydrolyzing activity detected by this in

situ method only in the initial IgG preparations and their

Fab-fragments under non-dissociating conditions and

also in the band corresponding to light chain (in the

presence of mercaptoethanol) unquestionably indicate

that this catalytic activity is an intrinsic property of Ig

[47, 52, 54, 57, 63-67]. In each of these cases, other sites

of DNA cleavage were absent.

Isolated light chains of DNA- and RNA-hydrolyzing

abzymes also exhibited catalytic activity. In some cases,

catalytic activity of the isolated chains was somewhat

higher than in the initial oligomeric forms. The efficacy of

VIP hydrolysis catalyzed by the isolated IgG light chain

was significantly higher than in the case of intact IgG, but

site-specificity of cleavage remained the same [70]. This

suggests that in some cases active sites of natural abzymes

are located on their light chains. Nevertheless, data of

analysis of abzymes induced by transition-state analogs

suggest that the active site formation involves both light

and heavy chains; sometimes antibody heavy chains have

greater contribution [16]. Apparently, there are signifi-

cant variations in the arrangement of active sites of natu-

ral abzymes. For example, subunit separation of DNA-

hydrolyzing sIgA-antibodies from human milk on DNA-

cellulose resulted in binding of only heavy chains with the

sorbent [67]. The isolated light chains possessing low

affinity for DNA exhibit catalytic activity at high sub-

strate (DNA) concentration. Analysis of catalytic activity

of sIgA subunits in gel revealed only light chain activity,

whereas reactive oligonucleotide derivatives modify with

equal efficacy both light and heavy chains of sIgA-

abzymes. So, active site formation involves both types of

chains. However, the DNA-binding site of sIgA-nucleas-

es is preferentially located on heavy chains, whereas the

active site is located on light chains [67].

The arrangement of the active site of ATP-hydrolyz-

ing human milk IgG is even more complex [48]. Reactive

ATP analogs modify both L- and H-chains of these anti-

bodies. However, only initial IgG oligomer (H2L2) and

products of its partial reduction (H2L and HL) containing

at least one L- and one H-chain of the initial oligomer

could catalyze ATP hydrolysis. Free L- and H-chains lack

catalytic activity. This suggests that active sites of abzyme-

ATPases are located at the “junction” of L- and H-chains

and amino acids residues of both antibody chains are

involved in catalysis of ATP hydrolysis. X-Ray analysis

revealed similar arrangement of hapten-induced mono-

clonal IgG-abzymes with esterase activity. During com-

plex formation with antibody, the transition-state analog

interacted with both light and heavy chains of Ig [71].

Thus, the additional criteria not only provide

unquestionable evidence for the presence of catalytic
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activity as an intrinsic property of antibodies. They also

demonstrate significant variations in the organization of

the active sites of abzymes. These variations depend on

the source of abzymes and their catalytic functions. It is

also possible that the organization of active sites of

abzymes realizing the same catalytic function will also

differ in different donors and even in the same donor,

because natural antibodies are polyclonal ones. For

example, affinity modification of human milk sIgA-

abzymes (possessing protein kinase activity) with reactive

ATP analogs revealed that in most cases light chains

undergo this modification. At the same time, in several

cases of donor samples modification of only the heavy

chain or of both chains was observed.

Our data on the determination of the type of abzyme

light chains suggest the existence of different variants of

immune response in patients with ADs and healthy par-

turient women. For determination of the type of catalyt-

ic light chain of abzymes isolated from blood of patients

with ADs and from human milk, we investigated their

affinity for the immobilized IgG against light chains of

κ- and λ-types. All abzymes bound to both sorbents, but

the ratio of abzymes containing chains of κ- and λ-types

depends on type of catalytic activity of the antibodies

and their source. A similar situation was observed in the

case of IgG- and IgM-abzymes with nuclease activity

isolated from patients with multiple sclerosis and SLE:

70-80 and 60-70% antibodies with κ- and 20-30 or 30-

40% antibodies with λ-chain, respectively [51, 57].

However, in the case of abzymes from blood of patients

with SLE only λ-type light chains possessed DNA-

hydrolyzing activity [51]. In bronchial asthma, λ-type

chains were able to catalyze VIP hydrolysis [72]. The

majority (95%) of human milk abzymes hydrolyzing

nucleic acids contain κ-type chains [64], whereas the

proportion of human milk ATP-hydrolyzing abzymes

with this type of light chains was somewhat less (80-90%)

[48]. It should be noted that within one preparation

abzymes containing κ-type light chain are usually more

effective catalysts of hydrolysis of nucleic acids and ATP

than antibodies containing λ-type light chain [48]. Thus,

all these data indicate that all catalytic antibodies are

highly polyclonal.

ENZYMATIC PROPERTIES 

OF NATURAL CATALYTIC ANTIBODIES

Although natural abzymes and corresponding

enzymes catalyze the same reactions, their properties sig-

nificantly differ, especially in substrate specificity and

affinity [46-58, 62-67, 70]. All known protein kinases

including the single milk protein kinase use only ATP as

the nucleotide substrate, whereas milk sIgA-abzymes

phosphorylating about 10 milk proteins can use almost all

deoxy- or ribonucleoside-5′-triphosphates as the phos-

phate donor [47, 62, 63]. Abzymes as well as numerous

protein kinases phosphorylate serine residues, but at dis-

tinct positions of the amino acid sequences [47, 63]. Milk

sIgA- and IgG-abzymes with nucleotidase activity exhib-

it properties of nonspecific phosphatases: they can

hydrolyze various deoxy- or ribo-NMP, -NDP, or -NTP;

however, in contrast to phosphatases these abzymes do

not hydrolyze such typical phosphatase substrates as p-

nitrophenyl phosphate and α-naphthol phosphate [48].

All natural abzymes are polyclonal antibodies repre-

senting a mixture of monoclonal antibodies with various

properties, which can be partially separated into sub-frac-

tions using affinity chromatography on immobilized sub-

strates [47, 48, 51, 57, 62-67]. Small sub-fractions of

abzymes with various affinities for substrate usually

demonstrate distinct kinetic and thermodynamic charac-

teristics. Nevertheless, some abzymes behave like the mon-

oclonal antibodies, i.e., as one enzyme with some constant

properties. This group includes DNA-hydrolyzing anti-

bodies (from patients with SLE, human milk) [43-45, 47,

64-67]. These abzymes are rather variable and differ from

known eucaryotic DNAses. Nevertheless, it is possible that

in each AD case a sub-fraction of abzymes preferentially

produced by one clone of immunocompetent cells (or

antibodies corresponding to different clones but with close

enzymatic characteristics) predominates in the total

abzyme preparation.

The activity of RNA-hydrolyzing abzymes also vary in

different individuals, but it generally increases in the order:

hepatitis � autoimmune thyroiditis � polyarthritis < SLE �
multiple sclerosis [51, 54-58]. Using classic RNAse sub-

strates (cCMP, polyU, polyA, and polyC) and also tRNA

molecules possessing rigid compact structure (like

tRNAPhe), it was found that abzymes have distinct substrate

specificity that is individual for each type of AD; the sub-

strate specificity of all abzymes significantly differs from

that of human blood RNAses and ribonuclease A [51-56].

The table summarizes the relative rates of various hydrolyt-

ic reactions catalyzed by human RNAses and antibodies

isolated from blood of patients with various ADs. All IgG-

and IgM-abzymes effectively hydrolyzed polyA, whereas

RNAse A and related human blood RNAses were almost

inactive with this substrate [46, 49-57]. Using the substrate

specificity of the hydrolytic reaction catalyzed by antibod-

ies, it is possible to discriminate each AD studied [54, 57].

The ratio of rates of polyA and polyC hydrolytic reactions

catalyzed by RNAses and abzymes is especially obvious

(table).

Specific activities of RNA-hydrolyzing antibodies

are strongly increased in patients during exacerbation of

ADs and especially in patients with prolonged chronic

duration of these diseases [55-58]. Increase of catalytic

activity often correlates with the broadening of substrate

specificity of RNA-hydrolyzing antibodies. In the case of

patients with ADs and of human milk, there is a correla-

tion between the level of RNA-hydrolyzing antibodies
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and the increase of other catalytic activities (hydrolysis of

DNA, nucleotides, proteins, polysugars) of homogenous

antibody preparations that were not fractionated using

affinity sorbents. Some abzyme sub-fractions with

RNAse activity isolated from blood of patients with ADs

were activated by high concentrations of mono- and biva-

lent metal ions; they hydrolyze substrate under conditions

of total inhibition of all known human RNAses [52-55].

Under certain conditions, some sub-fractions of RNA-

hydrolyzing antibodies exhibited substrate specificity

close to that of RNAses from some bacteria, viruses, and

also from cobra and viper snake venom which are highly

toxic for humans [52-55]. Large variations of components

constituting pools of polyclonal abzymes in various

patients can account for different pH behavior of RNAse

activity of abzymes. Some antibodies possess one pH

optimum (from 7 to 8), others have a few pH optima in

the range from 6.0 to 8.5; there are antibodies effectively

hydrolyzing RNA at comparable rate within the range of

pH from 4.5 to 9.5 [51, 57]. Abzymes are often character-

ized by one, two, three, or more Km values for substrate;

this reflects the efficacy of the interaction of various

abzyme sub-fractions with substrate. The range of Km val-

ues (1-100 nM) is typical for antibody–antigen interac-

tion; it is a few orders of magnitude less than that of the

Km values for all known ribonucleases [50].

We have also analyzed [52-55] possible changes of

substrate specificity of abzymes using a representative set of

natural RNAses and (transcripts) and varying reaction

conditions. This approach reveals not only major but also

minor fractions of abzymes; each patient is characterized

by a set of abzymes with RNAse activity, and some of them

are unique. Taking into consideration all the data [46, 49-

58], we came to the conclusion that the formation of high-

ly heterogeneous RNA-hydrolyzing polyclonal IgG and

IgM fractions depends on type of disease and individual

features of patients. These Ig can contain both κ- and λ-

type light chains, exhibit maximal activity at various pH

values, carry distinct total charge, possess various affinities

to substrates, and demonstrate different dependence on

mono- and bivalent metal ions. The high diversity of

RNAse activities found in some patients cannot be

explained by changes in the set of RNAses, because human

blood contains just five RNAses, and only one of them dif-

fers in substrate specificity from RNAse A [46, 49-58].

In contrast to known viral, procaryotic, and eucary-

otic RNAses, some RNA-hydrolyzing antibodies are sen-

sitive to minimal changes of spatial structure of RNA

molecules and also to minimal changes in nucleotide

sequences, including point base substitutions [52-55]. For

example, a single substitution of A for G in the T-loop of

tRNALys leads to the development of neuromuscular dis-

order in man (KMERRF) [52-55]. This mutation cannot

be recognized by any structural probing of RNA mole-

cules [52-55]. However, hydrolytic products of natural

and mutant tRNA cleaved by abzymes isolated from

blood of patients with SLE, autoimmune arthritis, and

polyarthritis yield different electrophoretic patterns,

allowing quick detection of this disorder [52-55]. Thus,

monoclonal antibodies can be considered as a basis for a

new generation of enzymes that are promising tools for

studies of structural features of RNA molecules.

The comparison of relative efficacy of abzymes with

enzymes catalyzing the same reactions is an important

Catalyst

RNAse A

Human blood RNAses

IgG-Hepatitis B

IgG-Polyarthritis

IgG-Autoimmune 
thyroiditis

IgG-Systemic lupus 
erythematosus

IgG-Multiple sclerosis

total RNA

15 (1500)

5-10

3 (150)

2 (125)

5.0 (25)

10-15 (83)

Relative specific activities of IgG preparations isolated from blood of patients with various ADs compared with

RNAse A and human plasma nucleases evaluated by hydrolysis of polyribonucleotides and cCMP

poly(C)

100 (10000)

100

0

14 (700)

10 (625)

4 (20)

5-7 (43)

poly(A)

0.01

0

0.06

0.02

0.016

0.2

0.1-0.2

poly(U)

2 (200)

3-16

0.02 (0.3)

0.2 (10)

0.2 (13)

0.5-0.8 (4)

0.6-4.0 (8)

сСМР

100

—

4-5

4

10

35

4-8

Relative specific activity, %

Specific activities were evaluated per mole of protein. Specific activities of RNAse A catalyzing reactions of polyC and cCMP hydrolysis were

denoted as 100%, and specific activities of each catalyst during hydrolysis of polyU, polyA, and total RNA were normalized to RNAse A

activity during polyC hydrolysis. Numbers in brackets indicate reaction rate ratio of hydrolysis of each polymer and polyA.

Note:
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problem of abzymology. In many cases, specific activities

represent from 0.01 to 5% of the activity of the most

effective enzymes hydrolyzing DNA, RNA, proteins, or

nucleotides [50, 56-58]. However such abzyme activities

cannot be considered as low because not all enzymes are

highly active; many of them are characterized by relative-

ly low specific activities (comparable with that of

abzymes), and, nevertheless, they accomplish important

biological functions. The rate of DNA cleavage catalyzed

by antibody is close to that of restriction enzymes (e.g.,

EcoRI endonucleases widely used in gene engineering)

and significantly higher than in DNA methylases [44].

The specific activity of abzymes strongly depends on

the patient from which they were isolated and the type of

disease. In some cases of SLE, we isolated antibodies

hydrolyzing RNA with specific activity that corresponded

to 30-40% of the activity of pancreatic RNAse A, one of

the most active enzymes [56-58]. The rate of polyU

hydrolysis catalyzed by antibody preparations isolated from

some patients with multiple sclerosis was 2-4-fold higher

than that of RNAse A [57]. Since there are no methods for

separation of abzymes from non-catalytic antibodies

exhibiting affinity for the same ligands and co-purifying

with abzymes, it is clear that maximal rate values deter-

mined for antibody-dependent substrate conversion are

strongly underestimated. This suggests that in exacerba-

tions of ADs, specific abzyme activities may be quite high,

and it is possible that such abzymes can influence the

development of the disease.

POSSIBLE BIOLOGICAL ROLE 

OF NATURAL HUMAN ABZYMES

The data considered above raised many questions

both on nature and possible biological role of natural

abzymes. So, we investigated possible reasons for abzyme

appearance in milk of parturient women.

Abzyme levels are especially high in milk of women

who were ill with viral infections or allergic diseases dur-

ing pregnancy [64, 66, 67]. Immunization of mammals

with proteins for 1-3 months (but not more) before deliv-

ery results in the appearance of high concentrations of

milk antibodies to these proteins [73, 74]. The way of

immunization (intravenous or peroral administration of

proteins) was not significant. It was also not significant

whether specific antibodies (IgG, IgA, and sIgA) can be

transported from blood to milk (as IgG) or produced

locally by specialized cells of the milk-forming system

(sIgA).

We have recently shown that the level of blood

abzymes of pregnant women is relatively low; it sharply

increases during lactation and this correlates with high

titer of human milk abzymes [66, 67]. In other words,

pregnant women are characterized by a special type of

immune response to all possible antigens entering the

body with food or during contact with viruses and bacte-

ria. We believe that pregnant women possess some specif-

ic “immune memory” accumulating all “information”

about environmental components that may be potentially

dangerous for their newborn babies.

The pregnant body is also subjected to internal “hid-

den autoimmunization”. During the first trimester of

pregnancy, a woman’s blood (as well as blood of patients

with systemic lupus erythematosus) contains elevated

concentrations of DNA [67]; the last trimester is charac-

terized by cell apoptosis typical for ADs [75]. The blood

of pregnant women also contains small concentrations of

embryonal cells [76]. Thus, during pregnancy women are

subjected to “external” and “internal” immunization.

However, if preparation of the mother’s milk is almost

evident in the case of antibodies binding antigens, it is

possible that such “specific preliminary immunization”

does not program the female body for production of anti-

bodies that are able to bind and also cleave components of

food, viral particles, and bacterial cells. From our view-

point, it is reasonable to consider catalytic activities of

abzymes as additional enzymatic resources of the body

that appear only under special conditions like pregnancy,

AD, and other yet unidentified cases.

The possible role of blood abzymes in patients with

AD remains unclear. The major question is whether enzy-

matic properties of abzymes represent function or dys-

function of antibodies. It is equally possible that abzymes

represent an additional source for pathological lesions in

systemic autoimmune process or, on the contrary, they

are involved in elimination of auto-aggressive T-cell

clones by apoptosis. It is also possible that in different dis-

eases they may play both positive and negative roles. Paul

and his co-workers found that immunization of mice with

anti-VIP-abzymes results in induction of bronchial asth-

ma in these animals [77]. They suggest that the dysfunc-

tion of the respiratory tract in asthma may stem from pro-

tease activity of auto-antibodies [78]. Deficit of VIP in

tissues of the respiratory system plays a major role in the

pathophysiology of bronchial asthma. The reduced level

of this neurotransmitter results in attenuation of the

relaxing effect on the respiratory tract and the develop-

ment of pathology. Thus, direct degradation of VIP by

abzymes or competition of such auto-antibodies with cell

VIP-receptors significantly reduces functional activity of

this neuropeptide in tissues.

DNA-hydrolyzing IgG from blood of patients with

SLE and some lymphoproliferative diseases (B-cell lym-

phosarcoma, T-lymphoma, chronic B-cell leukemia) are

cytotoxic [34]. Mechanisms of cytotoxic effect of auto-

antibodies and TNF-α (tumor necrosis factor) are

remarkably similar. (TNF-α is the cytokine inducing cell

death via apoptotic mechanisms.) In SLE, the cytotoxic

effect of anti-DNA-antibodies was observed at concen-

trations comparable or even lower than that of cytokines.

Thus, cytotoxic function of DNA-hydrolyzing abzymes
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in AD suggests that catalytic auto-antibodies may realize

another pathogenetic mechanism, complement-inde-

pendent cytotoxicity.

DNA-hydrolyzing Bence-Jones proteins (light chain

antibodies) isolated from urine of patients with myeloma

are also cytotoxic, but in contrast to ordinary antibodies

they are able to penetrate through inner and nuclear

membranes and to hydrolyze chromatin DNA [79].

Li et al. consider abzyme-protease as one of the

defensive factors of the body in autoimmune thyroiditis

[25]. They believe that such elimination of thyroglobulin

by its hydrolysis may not only minimize autoimmune

response to thyroglobulin, but also prevents formation of

immune precipitates in tissues.

Our and literature data suggest that human milk

abzymes may protect newborn babies against viral and

bacterial infections. DNAses and RNAses are effectively

employed in medical practice as external applications

against various viral and bacterial infections by cleaning

the mucosa [80]. Increased level of ribonucleases in milk

correlates with increased resistance of women to breast

cancer [81].

Milk antibodies are responsible for passive immunity

of newborn babies during the first postnatal months [60,

61]. It is relevant to suggest that these antibodies may not

only bind components of pathogenic viruses and bacteria

but also hydrolyze their RNA and DNA [48, 64-67].

Taking into consideration our data on significant differ-

ences in the substrate specificity of abzymes that appear

in blood of patients with ADs, in blood and milk of

healthy parturient women it still remains unclear whether

abzymes represent an additional enzymatic system func-

tioning under various extreme conditions or side-prod-

ucts of the immune system. Nevertheless, the potential of

the human body in generating various abzymes could be

quite high, and such antibodies attract much interest as

possible important factors of pathogenesis and source of

enzymes with new types of substrate specificity.
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