
Organophosphate compounds were synthesized in

the late 1930s as insecticides. The high toxicity of these

substances was then noticed by the military. Although

organophosphorus toxins (OPT) such as tabun, sarin

and soman were not widely used during World War II,

large quantities of these substances are still stored in mil-

itary warehouses in many countries and are in need of

disposal [1]. There are documented cases of the use of

OPT as chemical warfare agents including the war

between Iran and Iraq, military action against Iraq’s

Kurds [2] and the terrorist acts of the Aum Shinrikyo

sect in Matsumoto and Tokyo [3]. The chemical struc-

tures of some toxic organophosphorus compounds are

shown in Fig. 1.

All these substances have low molecular weights

(from 140 to 300 Da), and the LD50 for these compounds

are µg/kg, while for other toxins it is mg/kg. The mecha-

nism of OPT action is based on the irreversible binding of

the toxin to acetylcholinesterase (AChE, EC 3.1.1.7),

which leads to the accumulation of acetylcholine at

cholinergic synapses and consequently to the collapse of

the peripheral and central nervous system, which affects

the respiratory system of the body. Various data indicate

that butyrylcholinesterase (BChE, EC 3.1.1.8) has a role

in the prevention of cholinergic crisis through binding

and removal of OPT from the body [4].

Availability of OPT pesticides in agriculture-based

developing economies leads to frequent cases of poison-

ing and fatal intoxications with pesticides [5]. OPT poi-

soning is one of the most serious health problems, caus-

ing death of 200,000 people per year [6]. Furthermore,

despite the fact that 185 states have acceded to the

Convention on the Prohibition of Chemical Weapons,

there is a threat of the use of nerve agents and other OPT

during military and terrorist actions.

All the drugs currently used for the prevention and

treatment of OPT poisoning require large doses and long-

term drug treatment and cause some serious side effects

[7, 8].

The development of protein-based drugs for detoxi-

fication of OPT is a promising area of modern toxicology.

Currently, the most promising is the use of human BChE,

paraoxonase and human serum albumin, as well as phos-

photriesterases and oxidases from a variety of bacterial

and eucaryotic sources [9].
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Abstract—Development of new ways of creating catalytic antibodies possessing defined substrate specificity towards artifi-

cial substrates has important fundamental and practical aspects. Low immunogenicity combined with high stability of

immunoglobulins in the blood stream makes abzymes potent remedies. A good example is the cocaine-hydrolyzing antibody

that has successfully passed clinical trials. Creation of an effective antidote against organophosphate compounds, which are

very toxic substances, is a very realistic goal. The most promising antidotes are based on cholinesterases. These antidotes are

now expensive, and their production methods are inefficient. Recombinant antibodies are widely applied in clinics and have

some advantage compared to enzymatic drugs. A new potential abzyme antidote will combine effective catalysis compara-

ble to enzymes with high stability and the ability to switch on effector mechanisms specific for antibodies. Examples of

abzymes metabolizing organophosphate substrates are discussed in this review.
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In experiments on mice and nonhuman primates, it

was shown that neutralization of organophosphorus

cholinesterase inhibitors in the circulatory system by the

prior administration of exogenous cholinesterases has a

clear advantage over the conventional antidote as it pro-

vides protection against multiple lethal doses of highly

toxic substances such as VX and soman without disrupting

the animal’s life cycle. Studies in recent years have shown

that the most promising preventive medication is the anti-

dote butyrylcholinesterase (BChE) from human blood

plasma [4]. Existing commercial systems for isolation of

BChE are very expensive, not sufficiently effective and

therefore require substantial improvement. Currently,

recombinant antibodies are widely used as therapeutic

agents and have several advantages over enzymes. A poten-

tial antidote created on the basis of a catalytic antibody

(abzyme) could combine the properties of the enzyme cat-

alyst with low immunogenicity, long period of circulation

in the bloodstream and effective mechanisms for removal

from the body in the antigen–antibody complex, which are

characteristic of the immunoglobulin molecule. Despite

the fact that the catalytic efficiency of abzymes is much less

than that of evolutionarily optimized enzyme biocatalysts,

the creation of “catalytic” vaccine, i.e. catalytic antibodies

capable of neutralizing OPT is a very important task. In

this review we present examples of catalytic antibodies that

metabolize organophosphorus substrates.

ANTIBODIES AS ARTIFICIAL ENZYMES

For development of catalytic antibodies, it is neces-

sary to consider a number of restrictions that are imposed

by the nature of antibodies on the functionality of these

biocatalysts in comparison with enzymes. Existing cat-

alytic antibodies have much lower natural catalytic effi-

ciency than enzymes. It now seems clear that catalysis by

stabilizing a transition state of a reaction can provide only

a moderate acceleration of the reaction. This is because

the ratio of the rate constants of catalyzed and uncat-

alyzed reactions is determined by the ratio of dissociation

constants of an antibody with the reaction substrate and

with an analog of its transition state, and this ratio is

unlikely to be high [10, 11]. However, the reactions cat-

alyzed by natural enzymes are found to include addition-

al mechanisms such as destabilization of the initial sub-

strate, the convergence of the catalytically active groups

and the attacked chemical bond in the active site, dynam-

ics of the active site and several other mechanisms. Since

the selection of clones of B-lymphocytes that produce

antibodies to an introduced antigen, which is usually lim-

ited by the achievement of a dissociation constant of

10–6-10–9 M, it seems clear that the development of

abzymes possessing properties of enzymes cannot be

reduced to the immunization of animals and screening of

the resulting hybridoma clones.

The immunoglobulin nature of antibodies provides

them with a number of advantages over enzymes for

potential use as medicines. These include low immuno-

genicity, prolonged half-life of antibodies in the blood-

stream, effective mechanisms for removing them from the

body as a complex with the antigen, as well as extensive

experience with drugs based on antibodies in medical

practice. There are more than 30 drugs based on antibod-

ies approved for clinical use, and it is projected that by

2011 the sales of these products will reach 21 million

VX ParathionSomanSarin

Fig. 1. Chemical structures of some toxic organophosphorus compounds.
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USD, which corresponds to the second place after vac-

cines [12]. The unique modular structure of immunoglob-

ulin molecules allows the use of genetic engineering tech-

nology to modify their functional properties (e.g. molecu-

lar size, specificity, affinity, valence, immunogenicity,

effector properties, and the possibility of making fusion

proteins) in accordance with the requirements of clinical

practice [12]. Even the low rate of catalysis by abzymes

can be an advantage in cases when a therapeutic agent is

needed to have not quick but lasting effect.

Strategies of abzyme development have been recent-

ly expanded to functional selection of combinatorial

libraries of diverse protein domains. Ligands that can

interact with the active site of enzymes, including analogs

of transition states, conformational inhibitors and suici-

dal substrates/inhibitors, have been used for affinity and

covalent selection of functional enzyme molecules.

Methods for producing catalytic antibodies. There are

several approaches currently being used to obtain artifi-

cial catalytic antibodies: immunizing animals by analogs

of transition states; preparing antiidiotypic antibodies to

the active site of already known enzymes; reactive immu-

nization; induction of autoimmune diseases in animal

models; screening of phage-display libraries of

immunoglobulin genes (Fig. 2).

Among these approaches, the most interesting from

the point of view of fundamental enzymology are meth-

ods based on the mechanism of the designed functioning

of the abzyme. These include the preparation of abzymes

by immunizing animals with analogs of transition states,

as well as the selection of phage-display libraries of

immunoglobulin genes.

We should also mention the use of phosphonates for

the induction of hydrolytic abzymes. Some phosphonates

are effective inhibitors of esterases and proteases due to

their high similarity with structures based on tetrahedral

carbon, which are seen as a transitional state of hydrolyt-

ic reactions [13]. Thus, the phosphonates are analogs of

the transition states for hydrolytic reactions and analogs

of OPT in the mechanism of action on cholinesterase.

Using various phosphonates based haptens, a large num-

ber of antibodies capable of hydrolyzing esters [14, 15],

carbonates [16], some amides [17] and OPT [18] have

been obtained. The structure and properties of some of

these will be discussed in detail below.

IMMUNIZATION WITH TRANSITION

STATE ANALOGS

Many important bodily functions require highly spe-

cific affinity interactions. Indeed, the formation of high

affinity complexes (DNA–protein, hormone–receptor,

antigen–antibody, transition state analog of an enzymatic

Fig. 2. Methods for induction of catalytic antibodies.
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reaction–enzyme) involves hydrogen bonds, van der

Waals, hydrophobic interactions and ionic bonds.

According to the concept of Jenks [19], the enzyme–tran-

sition state analog interaction can mimic antigen–anti-

body binding. The principle of stabilizing the transition

state of the reaction provided the first successes in the cre-

ation of catalytic antibodies, and this has been used in

many subsequent works. General principles for design of

catalytically active antibodies were formulated in 1990 in a

review by Shokat and Schultz [20]: catalysis carried out by

abzyme based on the known principles of enzymatic catal-

ysis and involving stabilizing the transition state, general

acid–base catalysis, nucleophilic and electrophilic types

of catalysis, as well as convergence effects.

Janda et al. used two strategies to generate antibodies

that are capable of hydrolyzing phosphodiester bonds: a

chelate compound of oxyrhenium(V) was used as a tran-

sition state analog [21] and the approach of “bait and

switch” [22]. In the first case, the authors showed that a

stable pentacoordinated oxyrhenium(V), which mimics

the transition state of phosphodiester bond hydrolysis

(trigonal bipyramid), is capable of producing antibodies,

which cleave uridine 3′-(p-nitrophenyl) phosphate with a

rate constant kcat 0.09 min–1 (Fig. 3a). The more efficient

method of “bait and switch” is based on obtaining anti-

bodies to hapten that possess a charged chemical group.

In this case, immunoglobulins were produced that carry

the opposite charge in the active site. Thus, it was sug-

gested that the introduction of a dimethylamino group in

position 2 for 2-deoxyribose might lead to the induction

of a negatively charged amino acid residue in the active

site. This in turn will activate the 2-hydroxyl group for the

attack of the phosphodiester bond (Fig. 3b). The antibod-

ies obtained in this way hydrolyzed 3-(p-nitro-

phenylphospho)-1-deoxyribitol with 1650-fold  accelera-

tion of rate constant to 0.44 min–1.

Another method proposed by Janda’s group is

immunization with amine oxides (Fig. 3c), which yielded

antibodies that were capable of hydrolyzing paraoxon

(kcat 1.3⋅10–3 min–1) and similar phosphotriesters [23].

Fig. 3. Use of analogs of the transition state of hydrolysis of a phosphodiester bond to produce catalytic antibodies. A scheme of one catalyzed

reaction (upper panel) and examples of reaction transition state analogs used in different studies (a-d).

ABZYME

a
b

c d

+ pNPhOH
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Another striking example of catalytic antibodies

capable of hydrolyzing organophosphate toxins is the

work of Vayron et al. [24]. They demonstrated that anti-

bodies can be effective agents neutralizing organophos-

phorus chemical warfare agents, in particular

methylphosphonothioate (gas VX) (Fig. 1). As a primary

immunogen, the hapten methyl-α-hydroxyphosphinate

was used; it is an analog of the transitional state that mim-

ics a stage of the attack of hydroxide ion on the phospho-

rus atom during the hydrolysis of VX (Fig. 3d). The

resulting polyclonal catalytic antibodies were capable of

hydrolyzing methylphosphonothioate at a moderate rate.

Using the modified hapten phenyl-α-hydroxyphosphi-

nate, monoclonal abzymes were obtained that catalyzed

the decay of a compound VX analog, phenylphospho-

nothioate, with 14,400-fold acceleration to the rate con-

stant of 0.36 M–1·min–1.

Thus, the production antibodies to transition states

analogs is a very effective way to obtain abzymes. The

resulting antibodies had specific antigen-binding sites,

which were required for binding of the transition state of

a reaction as demonstrated by X-ray analysis. However,

this method is not based on the principle of selection of

the catalytic site possessing the activated amino acid

residue or residues. Furthermore, a very strong binding of

the transition state may interfere with catalysis. So, in a

series of papers attempting to improve the properties of

catalytic antibodies by screening libraries of mutants for

binding to analogs of transition states [25, 26], it was

shown that the antibodies that have the greatest affinity

for the transition state analog showed lower catalytic

activity than the parent antibody. Weakening of the abili-

ty to bind the transition state analog in some cases led to

an increase in catalytic activity by 2-fold compared with

the parent abzymes [25].

To avoid these shortcomings, a group of “reactive”

methods of development of catalytic antibodies that com-

bined reactive immunization and reactive selection was

developed.

Development of abzymes by reactive immunization.

An interesting alternative to the traditional method for

producing reactive immunization abzymes was described

in 1995 by the group of R. Lerner [27]. This method is

based on the immunization of animals with hapten-based

covalent inhibitors of serine hydrolases. It was assumed

that these antigens would form a covalent complex with

an antibody having a suitable active site structure and thus

stimulate the proliferation of B-cell clones. The efficien-

cy of the method was demonstrated by immunizing mice

with a hapten containing an organophosphorus diester

reactive group (i.e. dialkylphosphonate), and it exhibited

a high proportion of clones of hybridomas secreting

esterolytic antibodies. The obvious advantage of reaction

immunization over the immunization with transition

state analog is the possibility to induce abzymes employ-

ing a certain mechanism of catalysis.

One example of the use of the reactive immunization

to obtain a catalyst is the work of Ponomarenko et al.,

where they used immunization with peptidylphosphonate

(LAEEE-VPhos), the peptide part of which is represent-

ed by the fragment of HIV-1 glycoprotein gp120. The

resulting antibodies E11 and E6 were able to specifically

bind a peptide fragment of the “reactive” hapten and

covalently interact with its phosphonate component. In

addition, the abzymes catalyze the hydrolysis of low

molecular weight substrate LAEEEV-MCA (kcat (1.1 ±

0.5)·10–3 min–1, Km 53 ± 14 µM for antibody E6 and kcat

(3.2 ± 0.7)·10–4 min–1, Km 48 ± 11 µM for antibody E11)

[28].

Reactive selection based on phage display. All the

screening and selection methodologies are based on the

relationship between the gene encoding the enzyme and

the functional activity of the expressed protein. Phage

display is one of the best methods known to date, which

can be used to establish a functional link between the pro-

tein and the gene that encodes it [29-31]. Most of the

artificial enzymes described to date have been created

using for the cloning gene III [32]. As a result, the

enzyme and protein pIII are combined into a single

polypeptide by a peptide linker. In such designs all copies

of pIII (3-5) should carry a cloned enzyme. However, in

practice, due to proteolytic degradation of the enzyme or

linker, the number of copies is reduced. In principle,

selection methods can be divided into two broad cate-

gories: direct selection methods that use substrates and

indirect selection methods that use inhibitors.

The indirect method of selection is selection for irre-

versible inhibitors. With this approach, libraries of

enzyme variants are incubated with a certain concentra-

tion of biotinylated inhibitor under kinetic control by the

experimenter [32, 33]. Phage particles that carry the most

active enzymes are the first to react and become covalent-

ly bound to biotinylated molecules (become “labeled”).

In the next stage, “labeled” phage particles are selected

using streptavidin or its analogs. The bound phages are

usually eluted either by proteolytic cleavage of phage par-

ticles or by reducing disulfide bonds that were introduced

into the biotinylated agent.

Irreversible inhibitors of serine proteases have also

been used to obtain new proteolytic enzymes [34, 35].

Thus, for example, Paul et al. [35] used biotinylated

phosphonates for the selection of proteolytic antibodies

from a library of antibody genes derived from lympho-

cytes of patients with systemic lupus erythematosus

(SLE), as well they used these to immunize mice. The

paper shows the possibility of using phosphonates (as di-

and monoesters) to search for antibodies with proteolytic

activity, but this study has not been followed up.

The method of reactive selection was used in a joint

work of the laboratory of biocatalysis (Institute of

Bioorganic Chemistry, Russian Academy of Sciences) and

Prof. A. Tramontano (University of California, Davis,
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California). By the selection of semi-synthetic libraries of

variable fragments of human immunoglobulin genes with

p-nitrophenyl 8-methyl-8-azabicyclo[3.2.1]octane (phenyl-

phosphonate X), recombinant single-chain antibodies

were obtained that covalently interacted with irreversible

inhibitors of serine hydrolases. For the selected clones,

the amino acid residues that were modified by phospho-

nate were identified. In addition, it was found that the

selected recombinant antibodies were capable of

hydrolyzing the amide bond. These single-chain antibod-

ies can be considered as an example of the simplest

devices with the active site of enzymes and could be used

as a template for a new artificial enzymes production

through directed evolution [13].

In the continuation of this work on the basis of

sequences of variable domains of single-chain antibody

A.17, a full-size antibody was designed and expressed in

CHO-K1 cells. It was shown that the full-size antibody is

capable of covalent binding to phenylphosphonate (X). In

addition, the reaction of A.17 with a biotinylated deriva-

tive of phosphonate X (Bt-X) is inhibited by diisopropyl-

fluorophosphate (DFP), 4-(2-aminoethyl) benzylsul-

fonyl fluoride (AEBSF) and by the insecticide paraoxon.

Structural studies demonstrated that abzyme A.17 has a

Fig. 4. Comparison of depths of cavities of the active centers of different types of biocatalysts. a) A.17, a catalytic antibody; AChE, acetyl-

cholinesterase; BChE, butyrylcholinesterase. In each case the depth of the active center corresponds to the height of the pyramid inscribed

into the cavity of the active site in such a way that its vertex coincides with the reaction residue, and the base lies in the plane drawn through

the three amino acid residues next to the entrance of the active site of the biocatalyst. b) Kinetic scheme of hydrolysis of paraoxon by antibody

A.17.
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deep antigen-binding pocket, at the bottom of which is

located the catalytic residue TyrL37. Such a deep active

site is not typical for catalytic antibodies and it is more

characteristic for catalytic sites of cholinesterases, in par-

ticular, butyrylcholinesterase (Fig. 4a).

Based on structural analysis of a Fab fragment of the

catalytic antibody A.17 and its derivative modified by a

phosphonate X, mutagenesis of several amino acid

residues of the antibody was carried out to identify their

role in the catalytic activity of the abzyme. It was possible

to show that the substitution of residues involved in stabi-

lizing CDR-H3 affect the reaction rate of phosphonyla-

tion of the antibodies by phosphonate X and has little

effect on the stage of substrate binding. Structural analy-

sis and study of thermodynamics and fast kinetics

revealed that the interaction of A.17 with phosphonate X

takes place by the induced fit mechanism. In addition, it

was found that hydrolysis of the pesticide paraoxon by

A.17 antibody passes through a stage of formation of

phosphotyrosine covalent intermediate with amino acid

residue Y-L37. The dephosphorylation stage is rate limit-

ing (Fig. 4b).

Ability to interact with organophosphate molecules as

a “byproduct”. In some cases, antibodies that were

obtained by other methods also have the ability to metab-

olize organophosphorus molecules.

In [36] and later in Kolesnikov et al. [37] an antiid-

iotypic approach to generate antibodies to human acetyl-

cholinesterase was used. Thus, the IgM 9A8 antibody,

which was obtained as idiotypic antibody AE2, inhibited

the activity of acetylcholinesterase, and it also possessed

the ability to interact with paraoxon and ecothiophate

with activity comparable to that of the native enzymes

(Fig. 5). It is interesting to note that despite the absence

of any structural homology between the enzyme and

abzymes, both amino acid sequence and 3D model, they

show similar substrate specificity. From the combination

of mass spectrometric studies and analysis of the model

structure, the authors suggested the presence in the cat-

alytic active site of the abzyme a Ser-His dyad, which

explains the presence of catalytic antibody activity similar

to acetylcholinesterase.

The use of organophosphorus molecules in the cre-

ation of catalytic antibodies is very common. In most

cases, phosphonates are used as analogs of the transition

state, and the resulting antibodies are capable of only

reversible binding of the hapten. In the case of the reactive

methods of abzyme production, catalytic antibodies usu-

ally possess the ability to be covalently modified by phos-

phonate like serine hydrolases. In papers of Gabibov et al.

it was demonstrated that this in turn may indicate the

potential ability of these catalytic antibodies to metabolize

OPT. For example, antibody A.17 is capable of catalyzing

the hydrolysis of the pesticide paraoxon at a low rate.

It should be noted that considerable progress made

in abzymology in such a short period of time indicates the

vast prospects of this field of science. However, effective

catalysis of the reactions with high-energy transition

states realized by the enzymes through a complex set of

mechanisms is not fully implemented for antibodies.
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