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The present state and perspectives of the creation of a new generation of biocatalysts, 
catalytic antibodies (CA), and their application to organic synthesis are discussed. The 
problems to be solved for the development of the practical application of CA are especially 
noted. 
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The fact that organic synthesis is one of the most 
important directions in science and engineering is com- 
mon knowledge. Along with purely chemical approaches, 
biosynthetic methods, which use natural enzymes at 
specific steps of complex chemical processes, have quickly 
come into practice during the last decade. The advan- 
tage of enzymes in directed chemical transformations is 
their vet3" high selectivity toward the parts of molecules 
or the separate functional groups and chemical bonds 
that take part in a reaction (regiospecificity) and toward 
the steric orientation of a process (stereospecificity). 
The use of enzymes decreases side reactions to a mini- 
mum or excludes them, and allows one to carry out 
processes rapidly and efficiently and to achieve high 
yields of target products. Therefore, enzymatic and 
chemical-enzymatic synthesis is becoming a successfull 
laboratory and industrial practice. 

* This paper was prepared in response to a request from the 
Editorial board in order to at-tract the attention of investigators 
to the creation of artificial enzymes, called catalytic antibod- 
ies, which is a new and important direction in science. 

Wide application of enzymatic methods is impeded 
by the fact that ever2,' reaction requires a separate en- 
zyme with the necessary regio- and stereospecificity, 
and these enzymes must be found and obtained in 
sufficient amounts from natural sources. Laborious in- 
vestigations are normally required for this purpose and a 
very common complication is the difficulty of obtaining 
an enzyme source. 

In this context, a long-standing dream of investiga- 
tors is the preparation in the laboratory of artificial 
enzsmaes with the properties they desire, primarily, the 
specificity of action that is the main requirement for a 
biocatalyst used in o~an ic  synthesis. 

The direct solution of the problem might be chemical 
synthesis of the corresponding enzyme, which is a pro- 
tein with a definite sequence of a large number of amino 
acids. Modem methods of chemical synthesis in prin- 
ciple allow one to carl5' out such a synthesis but this 
approach is not effective for practical purposes since it is 
extremely laborious and requires preliminary knowledge 
of the exact enzyme structure. About 10 years ago, more 
practical ways to obtain protein molecules possessing 
catalytic activity with a predetermined specificity were 
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found, t,2 These methods involve biosynthesis of protein 
molecules by the powerful instrument of the animal 
immune system intended to produce the protective pro- 
teins, antibodies. The so-called r antibodies (CA) 
obtained by this procedure make possible a new genera- 
tion of biocatalysts. Nowadays this area is one of the "hot 
spots" at the junction of chemistry, and biology. It is 
already possible to obtain biocatalysts that accelerate a 
series of known reactions whose efficiency in some cases 
is close to that of natural enzymes. 3 More important is 
the fact that CA are able to catalyze chemical reactions 
for which natural enzymes are unknown, and, moreover, 
CA able to carry, out chemical transformations that are 
impossible using known reactions without participation 
of CA, have been found..Although this area is just begun 
to develop and only the main fundamental problems have 
become clear, the possibilities of the practical application 
of CA can already be seen. It is obvious that the use of 
CA can significantly change the methodology of organic 
synthesis. 

The chemical aspects of the problem and the possi- 
bility of using CA for fine organic synthesis are only 
briefly considered in this review. The complex problems 
of immunochemistry and enzyme kinetics, which are 
also of great interest, are not discussed either. 

A natural enzyme is a high-molecular weight protein 
that contains an active center made up of a definite 
combination of amino acids that form a spatial cavity. The 
transformation of a substrate molecule occurs in this 
cavity. The catalytic effect of an enzyme, or, more ex- 
actly, its active center, is due to the fact that the transfor- 
mation of a substrate molecule into a transition state is 
made easier in the active center. This is due to the steric 
and electronic correspondence (complementarity) of the 
active center cavity of the enzyme and the transition state 
configuration, which leads to stabilization of the latter and 
a decrease in its free energy.. As a result, the energy barrier 
at the reaction coordinate is decreased and the rate of the 
transformation is increased. 

In addition, the restriction of the mobility of the 
substrate molecule that occurs during the formation of its 
complex in the enzyme active center causes an advantage 
in entropy, favoring the reaction, while the presence of 
cha~ed  groups in the active center promotes the trans- 
formation of the substrate into a final product due to 
general acid-base or nucleophilic catalysis. 

Thus, for a protein molecule to gain catalytic proper-. 
ties, a fragment able to perform all the functions of the 
catalytic center mentioned above, and able to stabilize 
the transition state must be formed inside the molecule. 
The generation of such a protein molecule by biosynthe- 
sis in an immune system was the main idea for the 
development of the method of the production of cata- 
l~ ic  antibodies. 

To make it a little simpler, the essence of the process 
is as follows) When a foreign substance (antigen) is 
introduced into an animal, the an imal ' s  immune system 
"neutralizes" the substance by synthesizing a group of 

proteins belonging to the class of immunoglobulins (anti- 
bodies). The active centers of these  proteins are formed in 
such a way that their three-dimensional  structure corre- 
sponds to that of the active g roup  of the antigen (called 
the hapten).* Hence, if an ant igen,  in which the space 
and electron structure of the hapten  group mimics the 
transition state of the transformation of the substrate, is 
introduced into an organism, the immune  apparatus s~m- 
thesizes a protein whose active cen te r  favors the forma- 
tion of the transition state, i.e., a protein with catalytic 
activity. It should be stressed tha t  the most important 
condition for the success of this  exercise is the right 
choice of the hapten structure, a n d  it is necessary to know 
(or to make a well-reasoned assumption about) the struc- 
ture of the transition state of the reaction under study. 

The scheme of the preparat ion of CA may be pre- 
sented as follows. On the basis o f  data about the transi- 
tion state of the reaction under  study,  a hapten mimicing 
the transition state is designed a nd  prepared using the 
methods of organic synthesis. The  hapten molecule 
must contain groups that correspond to the groups of the 
substrate structure in order to provide the forming anti- 
body with the ability to "recognize" the substmte. After 
that, the hapten is transformed by immobilization on 
some protein into a high-molecuIar  weight antigen able 
to cause the formation of antibodies.  For  this purpose, 
the hapten must contain an aliphatic chain with an 
active group (for example, carbo• called a spacer), 
by means of which the hapten is connected with one of 
the amino groups of the protein molecule.  The antigen 
is administered to an animal, usually mouse, and after 
the usual immunization procedure,  a group of mono-  
clonal antibodies is isolated using the well-known 
hybridome technology.** 4 Antibodies  are generated not 
only against a hapten fragment bu t  also against other 
parts of the antigen molecule. Therefore, it is necessary 
to select antibodies that are complementary, to the hap- 
ten fragment and, as a consequence,  can mimic the 
transition state of the reaction unde r  study and exhibit 
catalytic activity. The ability of antibodies,  in which the 
structure of the active center is complementary to the 
administered hapten, to form a sufficiently stable com- 
plex with the hapten is used for this purpose. This is the 
basis for the selection of catalytically active antibodies 
by immunoenzyme analysis. Immun iza t i on  usually af- 
fords several CA that differ in activity; the most efficient 
of them is selected for detailed study and application. 

This scheme can be illustrated by the generation of 
CA that catalyze the hydrolysis of esters similarly to 
natural enzymes, esterases. By the way, these CA were 
shown to be the first synthetic biocatatysts. 

It is "known that the t rans i t ion  state 1 (Scheme 1) 
that appears in the hydrolysis of an  ester is a tetrahedral 

* Antigens are high-molecular weight compounds; groups that 
determine the specificity of their structure are called haptens. 
** MonoclonaI antibodies are produced by one clone of ceils 
that are antibody producers and differ from polyclonal anti- 
bodies in that they are significantly less heterogeneous. 
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structure carrying a negative charge. The transition state 
cannot be obtained as a stable compound and therefore 
it is mimiced by the molecule having the most similar 
structure; this molecule serves further as a hapten to 
generate CA of  given specificity. Derivatives of phos- 
phoric (or phosphonic)  acid 2 were chosen for this role 
since, like structure 1, they contain a central tetrahedral 
atom and carry, a negative cha~e.l .Z For example, for 
the preparation of  CA catalyzing the hydrolysis ofpara- 
substituted phenylacetates of c~-methylbenzyl alcohols 
3, 5,6 haptene 4 (Scheme 2), whose structure is similar 
to that of  the substrate but differs from the latter by the 
presence of  the phospho~' t  group in place of  the carbo- 
nyl group, was used. Hapten 4 contains groups corre- 
sponding to those of  substrate 3 and also a glutaric acid 
residue, whose carboxylic group links hapten 4 to the 
protein to form the high-molecular  weight artificial 
antigen 5. 
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Standard immunization o f  mice with antigen 5 fol- 
lowed by the application of  hybridome technology re- 
sulted in the isolation of  several CA. The most efficient 
of these possessed properties typical of  the esterase 
enzyme, i.e., it accelerated hydrolysis of compounds 3 
by 105 times, the kinetics of the hydrolysis corresponded 
to the Michael is - -Menten dependence ( indicat ing the 
formation of  an enzyme-substrate complex as in the 
case with the natural enzyme),  and the pH-dependence  
of its activity was ty'pical of  esterases. The activity of  the 
isolated CA was reduced or completely lost after treat- 
ment with typical protein modifiers such as tetra- 
nitromethane,  diethyl pyrocarbonate,  etc. 

The most important characterist ic of  CA is their 
specificity which is the main and the most valuable 
property of  natural enzymes. It was found that  CA are 
characterized by high regiospecificity: changing the struc- 
ture of  ester 3 in its alcoholic or acidic region resulted in 
a dramatic decrease or the total disappearance of  the 
catalytic activity of the CA. The high stereospecificity of 
the obtained artificial enzyme is especially significant. 
Ester 3 contains a chiral center,  the asymmetric  carbon 
atom. If  hapten 4, which also contains a chiral center, 
is used as a racemate, immunizat ion affords a mixture 
of  ant ibodies  containing CA that  split  e i the r  the 
(R)-isomer or the (S)-isomer of  ester 3. These CA with 
different selcctivities can be isolated and used separately 
for hydrolysis of  isomers with different configurat ions 
Thus, each of  the enantiomers of  the hapten generates 
its own CA with stereospecificity corresponding to the 
steric structure of the enantiomer.  When haptens are 
used as pure stereoisomers, CA with given stereospeci- 
ficity can be directly prepared. Such CA have already 
been used for the kinetic separation of  a mixture of 
stereoisomers, for example, of  isomeric f luorine-con- 
taining alcohols. 7 

At present, more than ten CA that accelerate the 
hydrolysis of esters by several orders of  magnitude with 
high stereospecificity and are in some cases comparable 
to natural enzymes in efficiency, are known. This opens 
the way to the solution of  problems of fine organic 
~'nthesis. For  example, one CA obtained is able to 
selectively remove identical ester groups located at dif- 
ferent parts of a molecule (such as acetyl groups in 
monosaccharide polyacetate). 8 This process is very' diffi- 
cult to carry out using classic chemical  methods.  

Significant efforts have been undertaken to obtain 
CA catalyzing the hydrolysis of  amide bonds, which is 
related to the solution of  one o f  the most important  
problems of  bioorganic chemistry., the selective cleavage 
of a protein chain. An organophosphorus analog, con- 
taining a group with a phosphamide bond instead of a 
carboxamide bond, has also been used as a hapten 
simulating the transition state of  this reaction. The CA 
prepared by this method accelerated the hydrolysis of 
the simplest amides 9 but appeared to be insufficiently 
efficient for protein cleavage. To generate more  active 
CA, haptens containing a metal  ion were u s e d )  ~ The 
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CA generated against these haptens catalyze the cleav- 
age of peptide bonds but at this time they are not used. 

In addition to enzymes capable of cleaving ester or 
amide bonds, enzymes favoring the reverse reaction, i.e., 
the formation of these bonds, are widespread in nature. 
Attempts to obtain CA catalyzing such processes have 
been made. In the course of  these syntheses, two (or 
more) molecules are connected with each other in a 
strictly fixed way, i.e., by a p v e n  type of  bond involving 
atoms specified. The transit ion state of  this reaction 
requires that the interacting molecules be mutually ori- 
ented in space in such a way that the bonds to be formed 
already "preexist" and the bonds- to  be cleaved are sig- 
nificantly weakened. In this case the hapten molecule 
must correspond as much as possible to the similar 
complex in its steric and electronic structure. For the 
CA catalyzing the formation of  ester and amide bonds, 
all these conditions were reached using the same prin- 
ciple, the use of phosphorus analogs as haptens. For  
example, for the CA favoring the formation of the amide 
bond in the reaction of  lactone 6 with para-phenylene- 
diamine (7), 11 hapten 8 (Scheme 3), in which the 
phosphonic acid group took the place of the cleaving 
Iactone and the forming amide bond, was used. The CA 
generated to this hapten exhibited properties typical of  
an enzyme with synthetase specificity and significantly 
increased the rate of the reaction over that of the non- 
catalyzed process. CA catalyzing the formation of an 
ester (or lactone) bond were obtained by a similar 
procedure. 

Scheme 3 
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Preparation of  CA that  selectively catalyze the for- 
mation of  definite bonds in the construction of  a mol- 
ecule of a target compound is o f  special value in organic 
synthesis, extending its range and affecting its method-  
ology. Several tens of CA catalyzing a wide variety of  

processes, including oxidat ive-reductive processes, pro-  
cesses that transform or move some  functional groups in 
a molecule, nucleophilic substi tutions,  synthesis of  metal  
complexes, etc., have thus far been  studied. 

Reactions involving the format ion  of a new carbon- -  
carbon bond thus allowing one  to create or directly 
change the carbon skeleton of  a molecule  are of special 
interest. A large number of  such transformations can be 
carried out by chemical methods .  Natural enzymes that 
increase their  efficiency and specifici ty are known for 
some of them. For  several react ions,  artificial enzymes 
have also been obtained. 

An example of  catalysis of  t he  formation of  a car-  
b o n - c a r b o n  bond by CA is the  synthesis o f  cyclohexane 
derivative 9 (Scheme 4) during the  solvolysis of  unsat- 
urated sulfonate 10 (Johnson react ion) ,  lz The react ion 
proceeds as electrophilic at tack on  the unsaturated bond 
by the C atom of  the CH 2 g roup  connected with the 
sulfonate residue. The transit ion state is s ix-membered 
cyclic complex 11, in which the  new bonds are not 
completely formed and the old bonds  are not  completely 
broken. Hapten 12, which s t ructural ly  and electronically 
mimics the active center of  the  CA,  is a the piperidine-  
N-oxide derivative whose N + and O -  atoms correspond 
electronically and sterically to the  place at which bonds 
in the 10 -~ 9 transition are fo rmed  and cleaved, and 
which contains a s ix-membered cycle  whose steric struc- 
ture is close to that of the transi t ion state. In the 
formation of  the active center  of  the CA, the + N - - O -  
group initiates the appearance o f  negatively and posi- 
tively charged groups in the center ,  which makes this 
transformation possible. Using compound  12 as a hap- 
ten it was possible to obtain CA tha t  significantly accel- 
erate the I0 --, 9 reaction and, mos t  importantly,  make 
it strictly selective. For example,  while the non-ca ta-  
lyzed reaction afforded a complex  mixture containing 
only 30% target product 9, the products  in the presence 
of  the CA contained 98% c o m p o u n d  9. 
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The most amazing example is the preparation of CA 
that accelerate the Diels--.Mder reaction, I3 which is one 
of the classic reactions of organic chemistry, and for 
which no natural enzyme is known. This bimolecular 
[2+4]-cycioaddition proceeds as a pericyclic process. In 
transition state 13, a diene (in this case, butadiene 
derivatNe 14) is present in the cisoid form and together 
with the closest dienophile molecule (maleinimide de- 
rivative 15) forms a "preexisting" cyclohexane structure 
with the boat conformation (Scheme 5). This transition 
state provides the best circumstances for the pericyclic 
process and the formation of the final product, cyclo- 
hexane derivative 16 with the corresponding stereochem- 
istry. 

Scheme 5 
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To form the sterically complementary active center 
in the CA, the model hapten must correspond to this 

transition state, and, most importantly, must imitate the 
boat conformation. This was achieved by using hapten 
17 with the cyclohexene structure, whose boat-like struc- 
ture is fixed by an additional ethene bridge. The CA 
obtained in this way actually exhibited catalytic action 
and accelerated many times the Diels--Alder reaction. A 
new type of enzyme, "dielsalderase," was thus synthe- 
sized for the first time! 

Efficient CA have also been obtained for two other 
important synthetic reactions that involve prosesses simi- 
lar to pericyclic processes - -  stereospecific Claisen rear- 
rangement 14 and oxy-Cope rearrangement. Is For the 
latter reaction natural enzymes are also unknown. The 
same principle was applied to the preparation of other 
haptens that initiate the formation of CA with an active 
center complementary, to the transition state. CA for 
Claisen rearrangement proceeding through a transition 
state steficalIy similar to the transition state in the 
Diels--Alder reaction were generated using a hapten in a 
the conformation that was also fixed as a rigid system. 
Oxy-Cope rearrangement atso proceeds through a tran- 
sition state with a group of six C atoms in the chair 
conformation. In this case the model hapten was a 
cyclohexane derivative in the chair conformation. 

Thus, to obtain CA that catalyze the formation of a 
carbon skeleton, haptens based on a rigid structure that 
imitates the structure of the transition state are most 
often used. 

CA that allow one to carry, out reactions that cannot 
be realized by pure chemical means and for which 
natural enzymes are unknown are of even greater inter- 
est. Such transformations are impossible to carry out 
under normal conditions due to energy interdiction, i.e., 
their high transition state energy creates such a high 
energy barrier that it cannot be overcome under rela- 
tively mild conditions (so-calIed "unfavorable" reac- 
tions). This difficulty can be overcome and the reaction 
can proceed in an "unfavorable" direction in the pres- 
ence of CA. One examples is the preparation of the 
six-membered pyran derivative 18 from epoxide 19 
(Scheme 6) through the opening of the a-oxide cycle by 
the hydroxy group.16 
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This reaction can in principle proceed in two direc- 
tions depending on the character  of  the opening of the 
or-oxide cycle to form either the six-rnernbered pyran 
ring 18 (path A) or the f ive-membered furan derivative 
20 (path B). The direction of  the reaction is determined 
by the structure of  the transition state (18" or 20"). In 
the non-catalyzed reaction carried out in the absence of  
CA under the act ion of  an acid, the more e n e r ~  profit- 
able transition state 20" appears,  the process proceeds by 
path B affording furan derivative 20, and isomer 18 is 
not formed at all. To change the direction of  the reac- 
tion to path B it is necessary to cause the formation of  
transition state 18 with the s ix-membered cycle, which 
is achieved by using CA generated by a hapten with a 
particular structure. The piper idine-N-oxide derivative 
21, which contains a s ix-membered cycle and a + N - - O -  
group located at the site corresponding to the site of the 
cleavage of  the oxide ring bond in substrate 19 and the 
formation of  the new bond in the reaction product 18, 
was chosen as the hapten.  This + N - - O -  group causes 
the appearance of  the corresponding negative and posi- 
tive centers in the CA, which is the driving force of the 
nucleophilic opening of  the c~-oxJde cycle. In fact, among 
the group o f  antibodies generated by immunizat ion with 
hapten 21, a CA was found that, in contrast to the non- 
catalyzed reaction, affords solely the pyran derivative 
18. Thus, in the presence of  this CA, the reaction 
completely changes its direction and proceeds signifi- 
cantly faster. It should be added that  the CA controls 
also the stereochemistry of  the reaction, i.e., in addition 
to regiospecificity it also possesses a high stereospecific- 
ity. This amazing result demonstrates vividly the emerg- 
ing possibilities for the use of  CA in organic synthesis. 

Other examples of CA that allow transformations 
that cannot be carried out by purely chemical  methods 
are also known. Among them, the preparat ion of mol- 
ecules with complex steric structure that  cannot be 
obtained by the common methods of  stereochemically 
directed synthesis (for example,  see Ref. 17) should be 
noted. This is especially valuable for the synthesis of  
complex natural  compounds  and biologically active 
preparations. 

In this paper  we have mentioned only some of  the 
interesting results obtained with the help of  CA. Al-  
though the efficiency of  CA in most cases is below that 
of  the natural enzymes known to catalyze similar trans- 
formations, the creation of  biocatalysts with previously 
planned specificity that catalyze reactions for which 
natural enzymes are unknown, and, finally, allow trans- 
formations to occur that are inaccessible by purely chemi- 
cal means, opens a new page in biocatalysis and prom-  
ises interesting possibilities. 

Even at this first step in t h e  development  of  the 
chemistry of catalytic ant ibodies it seems clear that in 
spite of the laboriousness of t h e i r  preparat ion the use of  
CA in laboratory practice, especial ly  after further devel- 
opment,  will allow one to solve a number  of  complex 
problems. 

Further improvement of hap tene  design by computer  
modeling of reaction mechanisms  and also intensifica- 
tion of  the immunization process ,  improvement  of  its 
directivity, and scaling are essential .  In developing CA 
for use in industrial technology, which  is quite real for 
the future, a series of engineering problems, such as 
scaling the preparation of CA, a n d  giving synthesized 
CA technically convenient forms,  for example, by im- 
mobilizing it on different carr iers  for use in columns, 
creating micellar forms of CA, etc. ,  must be solved. 
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