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Nearly a century ago, the lock-and-key description 
of enzyme action was formulated by Emil Fischer.l 
When modified to account for the possibility of ligand 
and protein conformational changes, this simple met- 
aphor still conveys the basic principle of catalysis: that 
each enzyme must possess an “active site” tailored for 
recognition and stabilization of the rate-limiting tran- 
sition state of the reaction it promotes. This metaphor 
can also be applied to the field of catalytic antibodies,2 
in which rationally designed haptens unlock the cat- 
alytic potential of the humoral immune system. 

Preparation of catalytic antibodies exploits the 
immune system’s sophisticated ability to produce 
selective binding pockets for almost any molecule of 
interest. To induce a binding site with a topology and 
stereoelectronic environment suitable for catalysis, a 
stable molecule which mimics the structure of the short- 
lived transition state of the target reaction is employed 
as a hapten. This approach to tailored catalyst mol- 
ecules is very general, since transition-state analogs for 
many reaction types can be designed using an under- 
standing of chemical mechanism and the basic prin- 
ciples of physical organic chemistry. In the last six 
years, well over 50 reactions have been accelerated by 
antibodies.2 These include simple hydrolytic reactions, 
pericyclic processes lacking biological counterparts, and 
transformations that are otherwise chemically disfa- 
vored. In addition to transition-state analog design, 
two less widely-appreciated factors are also critical to 
the success of a catalytic antibody experiment: the use 
of monoclonal antibodies and the application of effective 
screening methods. Given the many ways in which an 
asymmetric molecule can be bound by a protein, only 
a small fraction of the many different antibodies that 
recognize an individual hapten may possess the desired 
catalytic properties. Rapid assay methods substantially 
increase the probability of finding an efficient catalyst 
by facilitating the preliminary evaluation of large 
numbers of possible candidates, while monoclonal 
antibody technology permits the reproducible study of 
individual immunoglobulins in pure form. 

The field of catalytic antibodies has been extensively 
reviewed in recent years.2 Rather than provide another 
broad overview of this subject, the present Account 
will focus on a few transformations involving the 
formation and cleavage of carbon-carbon bonds. Al- 
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though the availability of a large number of well- 
characterized transition-state analogs for hydrolytic 
reactions has made them the primary targets of antibody 
catalysis to date, reactions in which carbon atoms are 
connected or disconnected may be of greater intrinsic 
interest to the synthetic organic chemist. These 
transformations are crucial to the survival of all living 
organisms. They are also central to in vitro synthetic 
strategies leading to the construction of useful molecules 
of all kinds, from relatively simple commodity chemicals 
to novel polymeric materials and densely-functionalized 
natural products. Because the regio- and stereoselec- 
tivity of C-C bond forming reactions is often difficult 
to control using conventional methodologies, the cre- 
ation of tailored antibody catalysts may yield useful 
new tools for asymmetric synthesis. For example, the 
aldolreaction remains one of the most powerful methods 
for forming C-C bonds; antibodies with significant 
aldolase activity would greatly extend current chemoen- 
zymatic approaches4 to the synthesis of sugars and other 
compounds via this reaction. 

Aside from their practical value, reactions in which 
C-C bonds are made or broken are also mechanistically 
interesting and can be used to illuminate some of the 
basic strategies which enzymes exploit to reduce free 
energies of activation. Enzymes are thought to achieve 
their remarkable catalytic effects through a combination 
of substrate destabilization, proximity effects, and 
chemical catalysis mediated by appropriately positioned 
nucleophiles, general acids and bases, metal ions, and 
other diverse  cofactor^.^ However, the contribution of 
individual factors to the overall efficiency of an enzyme- 
catalyzed reaction has been difficult to measure ex- 
perimentally because of the inherent complexity of these 
systems. Catalytic antibody technology now makes it 
possible to examine specific mechanistic issues in the 
absence of competing effects by using tailor-made active 
sites and model reactions that are particularly sensitive 
to one factor or another. The knowledge gained in the 
course of these studies has important implications for 
the (re)design of transition-state analogs. This knowl- 
edge is also essential for the development of general 

(1) Fischer, E. Ber. Dtsch. Chem. Ges. 1894, 27, 2986. 
(2) Lemer, R. A.; Benkovic, S. J.; Schultz, P. G. Science 1991,262,659. 

Lewis, C. T.; Hilvert, D. Curr. Opin. Struct. Biol. 1991, 1,624. Benkovic, 
S. J. Annu. Rev. Biochem. 1992,61, 29. 

(3) Pressman, D.; Grossberg, A. The Structural Basis of Antibody 
Specificity; Benjamin: New York, 1968. Nisonoff, A.; Hopper, J.; Spring, 
S. The Antibody Molecule; Academic Press: New York, 1976. Kabat, 
E. A. Structural Concepts in Immunology and Immunochemistry; Holt, 
Reinhart and Winston: New York, 1976. 

(4) Wong, C. H. Science 1989,244,1145. 
(5) Jencks, W. P.  Catalysis in Chemistry and Enzymology; 

McGraw-Hill: New York, 1969. Jencks, W. P. Adu. Enzymol. 1976,43, 
219. 

0 1993 American Chemical Society 



Catalytic Antibody Action on C-C Bonds 

rules that will guide and improve future efforts to 
capitalize on the immune system's "hidden" capacity 
for catalysis. 

Decarboxylations and Substrate 
Destabilization 

Carboxylation and decarboxylation reactions are 
crucial components of aerobic and anaerobic metab- 
olism, as exemplified by the fixation of carbon dioxide 
in photosynthesis and the decarboxylation of a- and 
8-ketoacids in the Krebs cycle. Most enzymes that 
promote these reactions require metal ions or a cofactor 
such as thiamine pyrophosphate to effect catalysis.6 
However, substrate destabilization (through desolvation 
of the negatively charged carboxylate moiety bound at 
the active site) is also thought to contribute to the overall 
catalytic efficiency of these Lienhard showed 
some years ago that the thiamine-catalyzed decarboxy- 
lation of a-ketoacids could be greatly enhanced by 
transferring the reaction from water to nonaqueous 
solvents.' More recently, crystallographic studies of 
histidine decarboxylase from Lactobacillus 30a have 
established that the carboxylate binding site is pre- 
dominantly hydrophobic.6 

To probe the importance of medium effects and 
desolvation in catalysis, we have examined a mecha- 
nistically simple decarboxylation r e a c t i ~ n . ~  The uni- 
molecular conversion of 3-carboxybenzisoxazoles (1) 
into salicylonitriles (2) is a concerted, intermediateless 
process that proceeds through a charge-delocalized 
transition state (3)1° (see Scheme I). This reaction is 
remarkably sensitive to solvent microenvironment; its 
reaction rate increases as much as 108-fold upon transfer 
of the reactant from aqueous solution to aprotic dipolar 
solvents. This dramatic range of reactivity has been 
attributed mainly to two factors: destabilization of the 
ground-state carboxylate upon removal of hydrogen- 
bonding interactions with water, and concomitant 
stabilization of the charge-delocalized transition state 
in organic solvents through dispersion interactions.1° 
The rate-retarding effect of ion-pair formation in 
solvents of low dielectric constant has also been 
noted.lOJ1 

We employed the napthalene disulfonate derivative 
4 to generate a number of monoclonal antibodies capable 
of catalyzing the decarboxylation of 5-nitro-3-carbox- 
ybenziso~azole.~ The best of these, 21D8, accelerates 
this reaction 19 000-fold over the rate in aqueous buffer. 
The successful hapten (4) combined a large aromatic 
moiety and anionic substituents in order to elicit an 
appropriately-sized apolar pocket containing comple- 
mentary positively-charged residues that might facil- 
itate anion binding. In related experiments with 
haptens 5 and 6, which contain a neutral amide and 
ester in place of the carboxylate group, no catalysts 
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were ~ b t a i n e d . ~  In the latter cases, it is possible that 
the available binding energy was insufficient to bury 
the substrate carboxylate in a hydrophobic pocket. 

Like a typical enzyme, 21D8 displays saturation 
kinetics and multiple turnovers. The cleavage of the 
carbon-carbon bond is fully rate-determining, as judged 
by measuring the carbon kinetic isotope effect ( l ~ ' ~ / k ' ~ )  
on the rate of the antibody-catalyzed decarboxy1ation.l2 
Moreover, similar carbon kinetic isotope effects for the 
reaction in water, in dioxane, and in the active site of 
21D8 indicate that transition-state structure does not 
change significantly when the solvent microenviron- 
ment is altered,12 even though the rate of reaction varies 
by a factor of >lo4. 

Decarboxylation of 3-carboxybenzisoxazoles is not 
subject to general acid-base catalysis or to stereochem- 
ical constraints.1° Hence, the large rate acceleration 
provided by the antibody can be ascribed almost entirely 
to medium effects. This conclusion is supported by 
experiments using fluorescent hapten derivatives as 
reporter groups. These studies showed that the anti- 
body binding pocket is apolar and virtually inaccessible 
to water when occupied by a ligand.g Analysis of the 
thermodynamic activation parameters also indicates 
that antibody catalysis of the decarboxylation, like the 
solvent-associated rate acceleration, is due to a more 
favorable enthalpy of activation (AAW = -8.1 kcal/ 
mol). Unlike reactions in organic solvents, the anti- 
body's entropy of activation is significantly less favor- 
able than that of the spontaneous reaction in water 
( - T A A S  = +2.7 kcal /m~l) .~ These findings suggest 
that the antibody provides a rigid microenvironment 
for the reaction. Unlike free solvent, this environment 
cannot relax as the charge-delocalized transition state 
is approached. 

Because the antibody's discrete and chemically well- 
defined structure is amenable to genetic alteration 
through site-directed mutagenesis, the specific factors 
influencing its ability to desolvate the substrate and 
accelerate the chemical reaction (e.g., dipolarity, elec- 
trostatics, and hydrogen bonding) can now be evaluated 
in a systematic fashion. It may also be possible to 
increase the potency of the catalyst through protein 
engineering. Multiparametric analysis of the rates at  
which 3-carboxybenzisoxazoles decarboxylate in 20 
solvents having widely different properties indicates 
that solvent hydrogen bond acidity is likely to be the 
dominant rate-retarding factor.13 If the rate enhance- 
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ment achieved by 21D8 is limited by interactions 
between the carboxylate and a hydrogen bond donor 
at  the active site, repositioning or removing this residue 
to prevent the deleterious interactions might augment 
activity without compromising substrate binding. 

Many important chemical transformations, including 
aldol condensations, S N ~  substitutions, E2 eliminations, 
and even some hydrolytic reactions, can be greatly 
accelerated by altering their solvent microenvironment. 
They should therefore be particularly susceptible to 
antibody catalysis. Furthermore, deaolvation of charged 
groups represents only one of several mechanisms by 
which substrate destabilization can be achieved. Geo- 
metric strain or distortion and electrostatic repulsion 
are also effective, potentially yielding very large rate 
accelerations, provided that the induced destabilization 
can be fully relieved at  the transition state.5 Cochran 
and Schultz have already exploited geometric strain to 
generate mimics of the enzyme ferr~chelatase:’~ anti- 
bodies raised against an N-methylated porphyrin, which 
has a nonplanar structure corresponding to a distorted 
substrate conformation, substantially accelerated the 
metallation of mesoporphyrins by Zn2+. Amide hy- 
drolysis might be enhanced in a similar fashion if 
binding energy can be harnessed so as to force the amino 
group out of conjugation with the scissile carb0ny1.l~ 
The catalytic advantage to be derived from substrate 
destabilization is limited only by the amount of binding 
energy available to force the substrate molecule into 
the destabilizing environment. Thus, this strategy is 
likely to be increasingly exploited in the development 
of a wide variety of catalytic antibodies. 

Diels-Alder Reactions and Catalysis by 
Approximation 

Many chemical reactions are limited by high entropic 
barriers. For example, bimolecular versions of the 
synthetically useful Diels-Alder reaction, in which an 
olefin adds to a conjugated diene to give a cyclohexene 
product, typically have an unfavorable entropy of 
activation (AS*) in the range -30 to -40 cal K-’ mol-’. 
One of the simplest ways in which an enzyme can speed 
such a process is to act as an “entropy trap”, utilizing 
binding energy to bring the two substrate molecules 
together in the correct orientation for rea~t ion .~  This 
is sometimes referred to as catalysis by approximation. 

Despite the importance of the Diels-Alder reaction 
to organic synthesis,16 enzymes that catalyze such 
cycloadditions have not yet been found in Nature. For 
this reason, recent demonstrati~ns’~J~ that antibodies 
can promote these reactions are an exciting advance. 
Here, suitable hapten design is dictated by the boatlike 
structure of the uncharged, highly-ordered Diels-Alder 
transition state. This species resembles the cyclohexene 
product more than it does the individual starting 
materials. However, the product itself is generally a 
poor choice of hapten,Ig given the likelihood of severe 

(14) Cochran, A. G.; Schultz, P. G. Science 1990, 249, 781. 
(15) Somayaji, V.; Brown, R. S. J. Org. Chem. 1986,51, 2676. 
(16)Desimoni, G.; Tacconi, G.; Barco, A.; Pollini, G. P. Natural 

Products Synthesis Through Pericyclic Reactions; ACS Monograph 180; 
American Chemical Society: Washington, DC, 1983. Sauer, J.; Sustman, 
R. Angew. Chem., Znt. Ed. Engl. 1980, 19,779. 

(17) Hilvert, D.; Hill, K. W.; Nared, K. D.; Auditor, M.-T. M. J. Am. 
Chem. SOC. 1989, 111,9261. 

(18) Braisted, A. C.; Schultz, P. G. J .  Am. Chem. SOC. 1990,112,7430. 

Scheme I1 
1 

;I 0 10 
‘R I 

J 
9 

ClYCl 
t 

CI n 

CI 0 

CI 0 

7 0 

CI 0 

12 11 

product inhibition in the induced binding pockets, and 
novel strategies must be developed to facilitate catalyst 
turnover. 

One way to minimize product inhibition draws on 
chemical or conformational change to drive product 
release. We used this approach to catalyze the Diels- 
Alder reaction between tetrachlorothiophene dioxide 
(7) and N-alkylmaleimides (8)17 (see Scheme 11), a 
reaction that occurs in two steps, with the initially 
formed tricyclic adduct 9 undergoing facile chelotropic 
elimination of sulfur dioxide to give the dihydro- 
phthalimide 10. The latter is subsequently oxidized to 
11 under the reaction conditions. The transition states 
for both the cycloaddition and the cycloreversion 
resemble the high-energy intermediate 9. The stable 
hexachloronorbornene derivative 12 mimics key geo- 
metric features of this species, including the boat 
conformation of the cyclohexene ring. It was used to 
generate antibodies that catalyze the reaction between 
7 and 8 efficiently, with substantial rate accelerations 
and multiple turnovers. 

The effective molarity for one of these antibodies, 
1E9, was determined to be in excess of lo2 M from 
comparison of the pseudo-first-order rate constant for 
the reaction at  the antibody active site (kat) with the 
second-order rate constant for the uncatalyzed process 
in free solution (k,).I7 This value indicates the 
concentration of substrate that would be needed in the 
uncatalyzed reaction to achieve the same rate as seen 
in the enzyme ternary complex and thus provides a 
measure of catalytic efficiency. Page and Jencks have 
estimated that the maximum kinetic advantage to be 
derived from converting a bimolecular to a pseudo- 
unimolecular reaction is on the order of lo8 M for 1 M 

(19) Suckling and co-workers recentlyreported using a product analog 
for a Diels-Alder reaction to raise antibodies capable of accelerating the 
reaction between acetoxybutadiene and an N-alkylmaleimide (Suckling, 
C. J.; Tedford, M. C.; Bence, L. M.; Irvine, J. 1.; Stimson, W. H. Bioorg. 
Med. Chem.Lett. 1992,2,49). However,severalobservationsr&e doubt 
about the claims made for this process. First, although Diels-Alder 
reactions between neutral subatrates are expected to be independent of 
pH, the rate of cyclohexene formation in the presence of their antibody 
increased dramatically as the pH was raised to 9. Second, the putative 
antibodycatalyzed cycloaddition was not inhibited by relatively high 
concentrations of product (0.45 mM), suggesting that the reaction did 
not occur in the induced antibody combining site. Rapid hydrolysis of 
the acetoxybutadiene, brought about by the contaminating esterase that 
was detected in the antibody samples, would yield a much more reactive 
diene for the spontaneous reaction with maleimide. This explains the 
available data, including the isolation of a cyclohexenol (rather than the 
corresponding acetyl ester) as the major product of the reaction. This 
alternative mechanism also accounts for the surprising fiiding that 
nonhydrolyzable methoxybutadiene is not a substrate for the antibody, 
even though it is less sterically demanding and intrinsically more reactive 
than acetoxybutadiene. 
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standard states.20 While 1E9 does not approach this 
level of efficiency, its effective molarity is still 5 orders 
of magnitude larger than the solubility limit of tetra- 
chlorothiophene dioxide in the reaction medium. 

Structural work on 1E9 is at  an early stage, but 
sequencing experiments21 have shown that this immu- 
noglobulin has high homology with the progesterone- 
binding antibody DB3.22 Crystallographic studies of 
DB3 have revealed a very hydrophobic binding pocket 
that almost completely envelops its steroid ligand.22 A 
similar active site geometry can be inferred for 1E9. 
Kinetic experiments have shown that binding inter- 
actions to nonreacting, hydrophobic portions of the 
maleimide substrate substantially increase catalytic 
efficiency. Thus, N-alkylmaleimides with long alkyl 
side chains are better substrates than maleimides with 
short side chains &e., R = butyl = propyl > ethyl > 
methyl >> H).23 Kinetic studies23 have also established 
that the spontaneous elimination of SO2 from 9 is rapid 
and that the final product of the reaction is bound only 
weakly by the antibody, presumably because of poor 
shape complementarity. The dissociation constant for 
N-ethylphthalimide was determined to be 0.5 mM, only 
40 times smaller than that of N-ethylmaleimide ( K ,  = 
18 mM). The hapten (Ki = 8 nM), on the other hand, 
binds nearly 5 orders of magnitude more avidly than 
the phthalimide and 6 orders of magnitude more tightly 
than either reactant. Together, these results provide 
strong validation for the principles used to design the 
hapten for these experiments. 

Braisted and Schultz adopted a similar strategy to 
catalyze the Diels-Alder reaction between the acyclic 
diene 13 and N-phenylmaleimide18 (see Scheme 111). 
They synthesized the bicyclooctene hapten 16 as a 
mimic of transition-state structure 14. The analog 
contains an ethano bridge (rather than the CClz unit 
in 12) to lock the cyclohexene ring into a boat confor- 
mation. In this case, the product's tendency to undergo 
an energetically favorable conformational change, 
rather than a second chemical reaction, was expected 

(20) Page, M. I.; Jencks, W. P.Proc. Natl. Acad. Sci. U.S.A. 1971,68, 

(21) Heynes, M.; Hilvert, D. Unpublished results. 
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(23) Hill, K. W.; Hilvert, D. Unpublished results. 
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to reduce its affinity for the active site. Antibody 39,- 
A l l  was raised against 16 and accelerates the target 
reaction with multiple turnovers. As expected, product 
binds only 75-100 times more tightly than either 
substrate, but the catalyst is rather inefficient as judged 
by its low effective molarity (0.35 M). These results 
indicate poor use of antibody binding energy. It is 
possible that the active site generated by the [2,2,23- 
bicyclooctene is simply too large to completely freeze 
out the degrees of freedom available to a substrate diene 
lacking a structural equivalent of the ethano bridge. 
More extensive screening of the immunological response 
to haptens like 16 will probably be necessary to find 
catalysts with high activity. 

Virtually all bimolecular reactions will be amenable 
to antibody catalysis through proximity effects. More 
over, the use of antigens resembling high-energy product 
conformers or unstable reaction intermediates is likely 
to be a general solution to the problem of product 
inhibition in these reactions. Extension of these ideas 
to new systems consequently has the potential to 
provide versatile catalysts for a variety of practical 
applications. Given the precise control over ligand 
binding that antibodies exercise, for example, antibodies 
reversing normally observed Diels-Alder endo/exo 
ratios or favoring rare product regioisomers should be 
accessible. 

Sigmatropic Rearrangements and in Vivo 
Applications 

Recent progress in producing immunoglobulins in 
microorganisms such as Escherichia coli and yeast 
opens the door to many exciting applications of catalytic 
antibodies in vivo. For instance, it may be possible to 
engineer new properties such as pesticide resistance or 
unusual biosynthetic capabilities into living organisms 
by intracellular synthesis of these agents. Alternatively, 
given their biocompatibility and selectivity, tailored 
antibody catalysts might some day be used to com- 
plement human metabolic disorders. 

The rearrangement of (-)-chorismate 17 into prephen- 
ate 18 (see Scheme IV), which is a key step in the 
biosynthesis of the aromatic amino acids tyrosine and 
phenylalanine in plants and lower organisms (Figure 
1),24 is an excellent model system for evaluating the 
feasibility of antibody catalysis in vivo. This reaction, 
formally a Claisen rearrangement, is a rare example of 
a pericyclic process in primary metabolism. The 
enzyme chorismate mutase accelerates the reaction by 
more than 106-fold and is essential for normal cell growth 
on minimal medium. Strains of yeast or E. coli 
engineered to lack an active version of this enzyme are 
auxotrophic for tyrosine and phenylalanine. 

(24) Weiss, U.; Edwards, J. M. The Biosynthesis of Aromutic Amino 
Acids; Wiley: New York, 1980; p 134. 
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Figure 1. Shikimate pathway for the biosynthesis of aromatic 
amino acids in yeast. AR07 encodes the enzyme chorismate 
mutase, which promotes the rearrangement of chorismate into 
prephenate. 

While the uncatalyzed rearrangement of chorismate 
has been well studied, the detailed mechanism of the 
mutase reaction is still unknown. Like the Diels-Alder 
reaction discussed in the previous section, this sigma- 
tropic rearrangement should be sensitive to proximity 
effects. Stereochemical studies have established that 
both the enzyme-catalyzed and spontaneous reactions 
occur via a compact, chairlike transition state (19).25 In 
aqueous solution, however, the substrate adopts an 
extended conformation (e.g., 20) and must undergo a 
conformational change to position the enolpyruvate side 
chain properly for reaction.26 Given this, it has been 
p r o p o ~ e d ~ ' , ~ ~  that the enzyme may increase the prob- 
ability of reaction by selectively binding and stabilizing 
the reactive pseudo-diaxial conformer 21. The very 
favorable entropy of activation for the enzyme-catalyzed 
rearrangement (AS* = 0 cal K-' mol-l) compared to 
that of the spontaneous reaction (AS' = -12.9 cal K-' 
mol-l) is consistent with this suggestion.% Considerable 
dipolar character in the transition state has also been 
inferred from isotope effect studies,29 with C-0 bond 
cleavage preceding C-C bond formation. Thus, elec- 
trostatic and/or hydrogen-bonding interactions may 
also contribute to the enzyme's overall catalytic effi- 
cien~y.~O 

The oxabicyclic dicarboxylic acid 22 has been used 
in two different laboratories to raise antibodies with 
chorismate mutase a ~ t i v i t y . ~ ~ ? ~ ~  This compound re- 
sembles the conformationally restricted transition-state 
structure 19 and is currently the most potent inhibitor 
of chorismate mutase available.33 Antibody llF1-2E9 
was elicited with this compound by Schultz and 
coworkers3' and shown to effect a remarkable 104-fold 
acceleration of the rearrangement (k,Jk,). The cat- 
alytic efficiency is only lo2 times smaller than that 

(25)Sogo, S. G.; Widlanski, T. S.; Hoare, J. H.; Grimshaw, C. E.; 

(26) Copley, S. D.; Knowles, J. R. J. Am. Chem. SOC. 1987,109,5008. 
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(29) Addadi, L.; Jaffe, E. K.; Knowles, J. R. Biochemistry 1983, 22, 
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A. J. Org. Chem. 1988,53, 3195. 
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achieved by the natural E. coli enzyme under identical 
conditions. As seen with chorismate mutase itself, the 
antibody-catalyzed reaction is characterized by a fa- 
vorable AS* (-1.2 cal K-' mol-') relative to the uncat- 
alyzed reaction,% illustrating the importance of entropic 
effects. 

A second chorismate mutase antibody (1F7), devel- 
oped in our is roughly lo2 times less active 
than llF1-2Ell. Desite its relatively sluggish activity, 
1F7 is highly enantioselective, showing a >901 pref- 
erence for rearrangement of the natural (-)-isomer of 
chorismate, a property that was successfully exploited 
in the kinetic resolution of racemic substrate.35 In 
contrast to llF1-2E9,1F7 achieves its catalytic effects 
entirely by lowering the enthalpy of a c t i v a t i ~ n . ~ ~  The 
entropy of activation is actually 10 cal K-l mol-l less 
favorable than for the spontaneous thermal rearrange- 
ment. While detailed interpretations of activation 
parameters obtained for reactions carried out in or- 
ganized media are notably unreliable, the latter ob- 
servation raises interesting questions regarding the 
conformation chorismate adopts at  the active site of 
1F7. To address this issue, we have carried out an NMR 
study using transferred nuclear Overhauser effects 
(TRNOE'S).~~ Clear evidence was obtained for mag 
netization transfer between H, and Hd and between Hf 
and H, when chorismate was bound at  the antibody 
active site. These results are diagnostic for the pseudo- 
diaxial conformer 21 and indicate that the antibody 
pocket is able to preorganize its substrate to an 
appreciable extent, as dictated by the structure of the 
templating hapten. The detection of smaller, nonspe- 
cific TRNOE's in these experiments suggests, however, 
that 1F7 may not completely reduce the rotational 
degrees of freedom available to the enolpyruvyl group. 
The ability of the substrate to bind in catalytically- 
unproductive modes may account in part for the 
antibody's relatively low efficiency compared to 11F1- 
2E9 and natural chorismate mutase. 

The isolation of two different antibodies with cho- 
rismate mutase activity underscores the importance of 
screening the immune response to a given hapten as 
widely as possible. Given the enormous diversity of 
the immunological repertoire, the probability of finding 
an effective catalyst will generally rise with the number 
of antibodies screened. In the chorismate mutase 
experiments, only about 50 hapten binders were ex- 
amined, representing a tiny fraction of the estimated 
107-108 antibody receptors potentially available for 
ligand recognition prior to somatic diver~ification.~ By 
assaying larger numbers of hapten binders, catalysts 
even more active than l lF-2Ell  might conceivably be 
found. It might also be possible to find antibodies that 

(34) Jackson, D. Y.; Liang, M. N.; Bartlett, P. A.; Schultz, P. G. Angew. 

(35) Hilvert, D.; Nared, K. J.  Am. Chem. SOC. 1988,110,6693. 
(36) Campbell, P. A.; Wright, P. E.; Tarasow, T. M.; Hilvert, D. h o c .  

Chem., Znt. Ed. Engl. 1992,31, 182. 
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Figure 2. Growth curvesu) for a chorismate mutase-deficient 
yeast strain (351m), harboring (0) or lacking (0) a plasmid 
encoding the Fab fragment of the chorismate mutase antibody 
1F7. The cells were grown under selective conditions at 30 O C  

in liquid medium lacking phenylalanine. 

promote the stereospecific rearrangement of (+)- 
chorismate, since the transition-state analog 22 used in 
these experiments was racemic. 

The distinctive kinetic and thermodynamic proper- 
ties of the two chorismate mutase antibodies discussed 
here also illustrate the ability of the immune system to 
solve a specific catalytic task in a variety of interesting 
ways. This mechanistic versatility has also been noted 
in the context of hydrolytic antibodies, some of which 
exploit nucleophilic catalysis while others do not.37 The 
precise structural basis for the differences between 1F7 
and llF1-2E9, and the features that differentiate them 
from the natural enzyme, will eventually be resolved 
through X-ray crystallographic studies. In this regard, 
recent successes growing small crystals of the Fab’ 
fragment of 1F7 that diffract to about 3.0-A resolution 
represent a promising devel~pment .~~ The structure 
of the antibody-hapten complex is currently being 
solved by molecular replacement methods and will 
undoubtedly yield valuable insights into structure- 
function relationships in this catalyst. 

In complementary molecular biological studies, the 
genes encoding the heavy and light chains of 1F7 have 
been cloned, sequenced, and engineered for intracellular 
expression in Saccharomyces cereuisiae as an Fab 
fragment.39 Under optimal conditions, the antibody 
can be produced at levels corresponding to ca. 0.1% of 
total cellular protein in a variety of yeast strains lacking 
natural chorismate mutase. The yeast-derived Fab not 
only folds and assembles correctly within the cell, but 
ita binding and catalytic properties in vitro are indis- 
tinguishable from those of the parent immunogl0bulin.3~ 
More importantly, the Fab fragment has been shown 
to confer a substantial growth advantage to a permissive 
chorismate mutase-deficient host strain under aux- 
otrophic conditions (Figure Zh40 In control experi- 

(37) Benkovic, S. J.; Adams, J. A.; Borders, C. L., Jr.; Janda, K. D.; 
Lerner, R. A. Science 1990,250,1135. Shokat, K. M.; KO, M. K.; Scanlan, 
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Angew. Chem., Znt. Ed. Engl. 1990,29,1296. Jacobs, J. W.; Schultz, P. 
G.; Sugasawara, R.; Powell, M. J. Am. Chem. SOC. 1987,109, 2174. 

(38) Haynes, M.; Stura, E.; Hilvert, D.; Wilson, I. A. J. Mol. Biol., 
submitted for publication. 

(39) Bowdish, K.; Tang, Y.; Hicks, J. B.; Hilvert, D. J. B i d .  Chem. 
1991,266, 11901. 

(40) Tang, Y.; Hicks, J. B.; Hilvert, D. h o c .  Natl. Acad. Sci. U.S.A. 
1991,&3,8784. 

Acc. Chem. Res., Vol. 26, No. 10, 1993 557 

ments, an antibody with esterolytic activity was unable 
to complement the host’s chorismate mutase deficiency. 
These experiments demonstrate that antibodies can 
function in vivo to catalyze an essential metabolic 
transformation and thereby reconstitute a defective 
biosynthetic pathway. The ability to select for a 
phenotype altered in a predictable fashion also provides 
the means for increasing the activity of the first- 
generation catalyst. 1F7 is 4 orders of magnitude less 
potent than natural chorismate mutase. Through 
extensive random mutagenesis of the antibody-encoding 
genes and genetic selection it should be possible to 
exploit the host cell’s requirement for antibody activity 
to identify 1F7 variants with increased potency. Ex- 
periments along these lines are currently underway in 
our laboratory. 

Next Steps 

As the above examples illustrate, catalytic antibody 
technology provides the means to create a wide variety 
of enzyme-like catalysts possessing tailored activities 
and specificities. Even reactions lacking physiological 
counterparts can be catalyzed. If the full promise of 
this technology is to be realized, however, a number of 
practical problems will have to be solved. The principal 
challenge for the future will be the production of truly 
efficient catalysts. Although large rate accelerations 
have been observed in some cases, most catalytic 
antibodies exhibit relatively low activities. Even the 
best cases fall several orders of magnitude short of the 
rate enhancements achieved by analogous naturally- 
occurring enzymes. 

This low efficiency is not surprising given that stable 
haptens can never mimic transition structures perfectly. 
Antibodies raised against imperfect transition-state 
analogs cannot be expected to reduce free energies of 
activation to the same extent that authentic enzymes 
do. The challenge of effective hapten design is made 
even greater by the fact that many energetically de- 
manding reactions require induction of multiple cat- 
alytic groups. Simple strategies exploiting charge 
complementarity to elicit general acids, general bases, 
and nucleophiles at the antibody combining site (the 
“bait-and-switch” approach) have been developed to 
address this problem,4l but arrays of residues as 
sophisticated as the catalytic triad in serine proteases 
may be difficult to generate with a single hapten. In 
addition, for most reactions, transition-state analog 
design has not been optimized. Even for those reactions 
for which excellent haptens are available, such as ester 
hydrolysis, a correlation between hapten structure and 
the probability of inducing an active antibody has not 
been established in a statistically rigorous fashion. 
Complete, careful characterization of existing catalytic 
antibody active sites may help identify the important 
structural features of individual haptens that can 
improve the odds of generating highly active catalysts. 
Incorporation of metal ions42 and other catalytic 
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cofactors43 into the antibody pocket may also extend 
the properties of these agents. 

Another means of obtaining more efficient antibodies 
requires providing better access to the full diversity 
inherent in the immune repertoire. Over the last six 
years, the majority of the catalytic antibodies that have 
been reported were prepared using standard hybridoma 
techniques.44 Given the difficulty and expense of 
maintaining large numbers of hybridomas, only a 
fraction of the immune response to any hapten has been 
assayed for catalysis. As the most active catalysts may 
also be the rarest, far larger numbers of antibodies will 
have to be screened to ensure that the best molecules 
are not missed. In fact, large combinatorial libraries 
of antibody fragments can now be generated readily 
and rapidly using the polymerase chain reaction 
(PCR).45 When displayed on the surface of the fila- 
mentous phage virion, the desired active sites can be 
selected on the basis of antigen affinity.46 If coupled 
with sensitive colorimetric or biological assays, this new 
technology is likely to be an enormously valuable tool 
in the search for highly active antibodies. By increasing 
the number of hapten binders screened for catalytic 
activity, it will also be possible to assess the efficacy of 
individual hapten molecules in a statistically rigorous 
way: 

Finally, since catalytic antibodies with modest ac- 
tivity are now readily available, general strategies for 
augmenting their chemical efficiency directly must be 
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developed. For that task, modern genetic techniques 
hold the greatest promise. Natural enzymes have been 
brought to peak efficiency through millions of years of 
evolution. It may be possible to adopt an evolutionary 
approach in the laboratory by subjecting first-gener- 
ation antibody catalysts to extensive random mutagen- 
esis and identifying improved variants by classical 
genetic selection. Strong selection assays can be devised 
for a broad range of transformations, including any 
metabolic reaction (e.g., reactions leading to the syn- 
thesis of an essential nutrient, drug, or hormone) and 
reactions that destroy pesticides or other toxins. As 
already mentioned, the viability of this approach is 
currently being tested with the chorismate mutase 
antibody 1F7. Characterization of the genetic changes 
that accumulate as the antibody’s activity increases 
will provide fundamental insights into the evolution of 
molecular function and the relationship between struc- 
ture and activity. Site-directed mutagenesis, on the 
other hand, is likely to become an increasingly important 
tool for probing and improving the properties of these 
molecules as detailed structural information becomes 
available for individual antibody combining sites. 

Progress in the field of catalytic antibodies has been 
rapid over the past six years and is likely to continue 
apace. By learning more about fundamental structure- 
function relationships in these molecules and by 
optimizing our strategies for preparing them, we expect 
to be able to create immunoglobulins that rival the 
efficiency of naturally-occurring enzymes. 
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