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a rather conventional 1,2-elimination mode. 
A distinct behavior of Mn+ and Cr+ is also observed 

for the metal ion induced dehydrogenation of 4-octyne. 
According to extensive labeling experiments,l& Mn+ 
activates to 83% the C(l)/C(2) positions and to 17% 
C(2)/C(3), and the hydrogen molecule is reductively 
eliminated in a formal 1,2-fashion. However, for the 
Cr+ complex of 4-octyne, 78% of H2 loss originates from 
C(2)/C(3) and only 22% from C(l)/C(2). In spite of 
these distinct behaviors, the two metal ions have in 
common the fact that the reductive elimination of hy- 
drogen is rate-determining. The insertion of the (com- 
plexed) metal ion into the C-H bond is not associated 
with a discernible isotope effect. This finding is very 
reminiscent of the reactions described above for the 
RCN/Fe+ system. 

With regard to the Cr+- and Mn+-induced H2 loss 
from 4-octyne, the kinetic isotope effects clearly prove 
that the reductive elimination proceeds via a transition 
state that is best described as a “side-on” H2-coordi- 
nated metal ion (44, L = C8HI2) and not an “end-on” 
complex (45).’0@ This result is in excellent agreement 
with a theoretical analysis for H2 addition to metal 
complexes;24 according to the Saillard-Hoffmann 
analysis,24 using extended Huckel molecular orbital 
theory, the perpendicular (i.e., “end-on”) approach of 
H2 to, for example, a Clu square pyramidal metal frag- 
ment is purely repulsive. In contrast, the parallel ap- 
proach which eventually generates a “side-on” bond 
complex is the favored mode of interaction. 

45 

Concluding Remarks 
This account has attempted to demonstrate that se- 

lective activation of remote C-H and C-C bonds of 
simple, flexible organic molecules RX can be easily 
achieved by “anchoring” a bare transition-metal ion to 
the functional group. The few systems that surfaced 
in the last two years already indicate that these reac- 

(23) Schulze, C.; Schwarz, H. Int. J. Mass. Spectrom. Ion Processes 

(24) Saillard, J.-Y.; Hoffmann, R. J. Am. Chem. SOC. 1984,106,2006. 
1989,88, 291. 

tions seem to be without precedent in oranometallic 
chemistry performed under more conventional condi- 
tions. Moreover, they provide for the first time com- 
pelling evidence for Breslow’s concept of “remote 
functionalization” in organometallic systems. 

Future work will inter alia focus on questions like the 
following: 

(i) What is the gas-phase chemistry of polyfunctional 
molecules with “naked” transition-metal ions? Can one 
expect cooperative effects such that supramolecular 
structures will be induced by the transition-metal ions? 

(ii) With regard to the more traditional chemistry of 
charged ML,+ complexes, it will be interesting to probe 
whether successive ligation of M+ will affect the reac- 
tions described in this Account. In this context the 
question of whether stereochemical effects are operative 
deserves special attention. 

(iii) The observation that the reactivity of bare M+ 
with gaseous substrates is strongly metal ion dependent 
suggests the study of heteronuclear complexes (M’M)’. 
It would be no surprise to observe a chemistry being 
distinctly different from that of either M+ and M’+.25 

(iv) Lastly, state-selective studies of the electronic 
states of the metal ions will most certainly add to the 
understanding of the chemistry of naked M+ with or- 
ganic substrates. 

No doubt, in spite of the already impressive number 
of papers published in this rapidly developing area 
within the last decade, the understanding of the details 
of the elementary steps is still in its infancy. 
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antibodies that selectively recognize a large number of 
structurally diverse ligands. Antibodies have been 
generated against biopolymers such as nucleic acids, 
peptides, and polysaccharides; natural products such 
as steroids and prostaglandins; and small synthetic 

(1) Kohler, G.; Milstein, C. Nature 1975, 256, 495. (b) Seiler, F., et 
al. Angew. Chem., Znt. Ed. Engl. 1985,24,139. Goding, J. W. Antibodies: 
Principles and Practice; Academic Press: New York, 1986. 
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Figure 2. Antibody-catalyzed elimination reaction. 

introduced directly into the combining site of an an- 
tibody by chemical modification or by site-directed 
mutagenesis or genetic selection. The ability to gen- 
erate antibody combining sites with specific catalytic 
groups and/or microenvironments should, in addition 
to affording selective catalysts, also help dissect the 
contribution of various factors involved in enzymatic 
catalysis, including transition-state stabilization, general 
acid-base catalysis, nucleophilic catalysis, ground-state 
strain, and proximity effects. 

Generation of Antibody Combining Sites That 
Contain Catalytic Groups 

A &Elimination Reaction. One strategy for in- 
ducing catalytic residues, such as basic or acidic amino 
acid side chains, in the combining site of an antibody 
involves generating antibodies to a hapten whose 
structure is complementary to that catalytic group. In 
fact, an important goal in the design of catalytic anti- 
bodies is the development of general rules relating 
hapten structure to the corresponding catalytic groups 
or microenvironment in the antibody combining site. 
One such example involves the use of electrostatic 
complementarity between a hapten and an antibody to 
generate a basic amino acid side chain that catalyzes 
the @-elimination reaction5 illustrated in Figure 2. This 
reaction, which involves C-H proton abstraction, is a 
member of an important class of reactions including 
elimination and isomerization reactions and aldol and 
Claisen condensations. Proton abstraction in enzymes 
that catalyze these reactions is often performed by the 
carboxylate side chain of glutamic or aspartic acid. 
These residues typically display higher than normal pKa 
values (6.5-8.2) in the hydrophobic active sites of en- 
zymes.6 

Aspartate and glutamate residues have been gener- 
ated in the combining sites of antibodies by taking 
advantage of charge complementarity between haptens 
and the corresponding antibodiesS2 Consequently, we 
reasoned that an antibody combining site could be 
generated that contains a carboxylate within bonding 
distance of an abstractable substrate proton by using 
the appropriate positively charged hapten. Importantly, 
the position of the charged group in the hapten should 
reflect that of the target C-H group in the substrate. 
Hapten 1 contains a positively charged ammonium ion 
replacing the cu-CH2 group of substrate 2. The fact that 
the hapten and substrate share a common recognition 
element, the p-nitrophenyl group, should insure rea- 

(5) Shokat, K. M.; Leumann, C. J.; Sugasawara, R.; Schultz, P. G. 
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Figure 1. Schematic representation of an IgG molecule (MW - 150000). The two identical light and heavy chains are linked 
via a series of disulfide bonds. The antibody combining site (F,) 
consists of approximately the first 110 amino acids at the amino 
terminus of the heavy and light chains. 

molecules such as phenylphosphonates and benzyl- 
amines. Antibodies bind ligands ranging in size from 
about 6 to 34 A with association constants in the range 
of 104-1014 M-1.2 The ligand combining site of immu- 
noglobulins (Ig’s) consists of six hypervariable regions, 
regions of extensive amino acid diversity, located in 
roughly the first 110 amino acids of the light (V,) and 
heavy (V,) polypeptide chains of the Ig3 (Figure 1). 
Combinatorial joining of the gene segments encoding 
the VL and VH genes and combinatorial association of 
different light and heavy chains generate a minimum 
of lo8 different antibody molecules; mutations expand 
this base-line repertoire of receptors still further.4 This 
diversity has made antibodies one of the most impor- 
tant classes of receptors in biology and medicine today. 

Because antibodies can be generated to virtually any 
molecule of interest, the development of general stra- 
tegies for introducing catalytic activity into antibody 
combining sites should lead to a new class of enzyme- 
like catalysts with tailored specificities. Catalytic an- 
tibodies could have considerable value as biochemical 
or molecular biological tools, as therapeutic agents, or 
in the synthesis of pharmaceuticals and novel materials. 
To date, two general approaches have been pursued for 
the generation of catalytic antibodies. The steric and 
electronic complementarity of an antibody to its cor- 
responding hapten (the ligand against which the anti- 
body is elicited) has been exploited to generate com- 
bining sites that (1) are complementary to a rate-de- 
termining transition state, (2) act to overcome the en- 
tropy requirements involved in orienting reaction 
partners, (3) contain an appropriately positioned cata- 
lytic amino acid side chain, or (4) contain cofactor 
binding sites. Alternatively, catalytic groups can be 

(2! Pressman, D.; Grossberg, A. The Structural Basis of Antibody 
Specrfrcity; Benjamin: New York, 1968. (b) Goodman, J. W. The An- 
tigens; Sela, M., Ed.; Academic Press: New York, 1985; Vol. 3, pp 
127-187. Nisonoff, A.; Hopper, J.; Spring, S. The Antibody Molecule; 
Academic Press: New York, 1975. 

(3) Amzel, L.; Poljak, R. Annu. Reu. Biochem. 1979, 48, 961. 
(4) Tonegawa, S. Nature 1983, 302, 575. 

Nature, submitted. 
(6) Walsh, C. Enzymatic Reaction Mechanisms; Freeman: New York, 

1978. 
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sonable to us that antibodies generated against the 
polarized ?r system of a pyrimidine dimer might contain 
a complementary tryptophan residue in the combining 
site, much as antibodies generated against positively 
charged haptens contain complementary aspartate and 
glutamate residues? In order to test this strategy, an- 
tibodies were generated against cis-syn-thymine dimer 
4 (Figure 3). 

Five out of six antibodies generated to the KLH 
conjugate of carboxymethyl thymine dimer 4 catalyzed 
the photoreversion of dimer 5 to monomer when irra- 
diated with 300-nm monochromatic light. The kcat of 
the IgG 2935 was 1.2 min-l (under conditions of non- 
saturating light): close to the kcat of 3.4 min-l for thy- 
mine dimer cleavage by the repair enzyme Escherichia 
coli DNA phot01yase.l~ The quantum yield of the 
photocleavage reaction, correcting for the number of 
tryptophans, was 10.75. The antibody did not catalyze 
the cleavage of the corresponding N,N'-dimethyl sub- 
strate, consistent with the high specificity of antibodies. 
The wavelength dependence of the photocleavage 
quantum yield as well as fluoresence quenching ex- 
periments demonstrated the involvement of a trypto- 
phan in catalysis. It remains to be determined whether 
the reaction proceeds through a dimer radical anion or 
cation. 

In the two examples described above, a high per- 
centage of those antibodies isolated were catalytic. This 
result may reflect the generality of using electrostatic 
and *-stacking interactions to elicit complementary 
combining site residues. One can imagine many other 
reactions that can be catalyzed by antibodies using this 
strategy (or this strategy in conjunction with those 
detailed below) including aldol reactions (a /3-amino- 
phosphonate hapten), ester/amide hydrolysis (an N- 
oxide hapten), or oxy-Cope rearrangements (an ami- 
nocyclohexane hapten). It should also be noted that 
monoclonal antibodies have been reported that for- 
tuitously contain nucleophilic residues that react in a 
stoichiometric fashion with an activated ester analogue 
of the hapten.14 

Generation of Antibodies Complementary to 
Transition-State Analogues 

An antibody generated to a haptenic group resem- 
bling the transition-state configuration of a given re- 
action should lower the free energy of activation of the 
reaction by stabilizing the corresponding transition state 
relative to reactants or products.15 In fact, the active 
sites of many enzymes are complementary in structure 
and electronic distribution to rate-limiting transition 
states, as evidenced by studies of enzyme active sited6 
as well as enzyme inhibition by transition-state ana- 
l o g u e ~ . ~ ~  Antibodies elicited to transition-state ana- 
logues have been demonstrated to catalyze a variety of 
reactions (vide infra), including carbonate, ester, and 

(13) Jorns, M. S.; Sancar, G. B.; Sancar, A. Biochemistry 1985, 24, 
1856. 

(14) Kohen, F.; Kim, J. B.; Lindner, H. R.; Eshhar, Z.; Green, B. FEBS 
Lett. 1980,111,427. Kohen, F.; Kim, J. B.; Barnard, G.; Lindner, H. R. 
Biochim. Biophys. Acta 1980,629, 328. 

(15) Pauling, L. Am. Sci. 1948, 36, 51. Jencks, W. Catalysis in 
Chemistry and Enzymology; McGraw-Hill: New York, 1969. 

(16) Borgford, T. J.; Gray, T. E.; Brand, N. J.; Fersht, A. R. Biochem- 
istry 1987, 26, 7246. Blake, C. C., et al. h o c .  R.  SOC. London, B 1967, 
167, 378. 

(17) Wolfenden, R. Annu. Reo. Biophys. Bioeng. 1976,5, 271. Bartlett, 
P.; Marlowe, C. Biochemistry 1983, 22, 4168. 
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Figure 3. Antibody-catalyzed thymine dimer cleavage. 

sonable binding affinity of substrate to the antibodies. 
Moreover, replacement of hapten by substrate in the 
antibody combining site should lead to an increase in 
the pKa of the catalytic carboxylate group since a sta- 
bilizing salt bridge interaction is lost. 

Of six antibodies generated against the keyhole lim- 
pet hemocyanin (KLH) conjugate of 1, four catalyzed 
the 0-elimination reaction of 2 to 3 (it should be noted 
that small molecules must be conjugated to a carrier 
protein in order to elicit an immune response). The IgG 
43D4-3D3 obeyed the classical Michaelis-Menten ex- 
pression 1 (k, = 0.2 mi&, K, = 182 MM at  37 "C, pH 
6.0), demonstrated substrate specificity, and was com- 
petitively inhibited by hapten (Ki = 290 nM). It was 

(1) 

shown5 that a Glu or Asp with a pKa of 6.2 was re- 
sponsible for catalysis. The increased pKa of the car- 
boxylate side chain is consistent with loss of a salt 
bridging interaction when hapten 1 is replaced by 
substrate in the antibody combining site. The rate 
enhancement obtained by introduction of the carbox- 
ylate residue in the antibody combining site, compared 
to acetate free in solution, is 8.80 X lo4 at  pH 6.0: This 
value is similar to the rate acceleration of -lo4 at- 
tributable to the bases Glu 43 in staphylococcal nu- 
clease7 and Asp 102 in trypsim8 

A 2 + 2 Cycloreversion Reaction. A second exam- 
ple in which hapten structure was used to induce a 
catalytic side chain in an antibody combining site in- 
volves the generation of antibodies that catalyze the 
light-dependent 2 + 2 cycloreversion reaction of thy- 
mine dimer 5 (Figure 3).9 Thymine dimers are the 
predominant DNA photolesion produced by UV light. 
Model studies have shown that photosensitizers such 
as indoles, quinones, or flavins can reversibly transfer 
an electron to or accept an electron from a thymine 
dimer, resulting in facile cleavage of the intermediate 
thymine dimer radical.'+l2 These results suggest that 
an antibody combining site specific for a thymine dimer 
and containing an appropriately positioned sensitizer 
should act as a photorepair enzyme. It seemed rea- 

Ig + s * 1g.S 2% Ig + P 

(7) Hilber, D. W.; Gerlt, J. A. Fed. Proc., Fed. Am. SOC. Erp.  Biol. 
1986,45,1875. Serpersu, E.  H.; Shortle, D.; Mldvan, A. S. Biochemistry 
1987,26, 1289. 

(8) Craik, C. S.; R m i a k ,  S.; Largman, C.; Rutter, W. J. Science 1988, 
237, 909. 

(9) Cochran, A. G.; Sugaaawara, R.; Schultz, P .  G. J Am. Chem. SOC. 
1988,110, 7888. 
(10) (a) Helene, C.; Charlier, M. Photochem. Photobiol. 1977,24,429. 

(b) Van C ~ R ,  J. R.; Young, T.; Hartman, R. F.; Rose, S. D. Photochem. 
Photobiol. 1987,45, 365. 

(b) Jorns, M. S. J. Am. Chem. SOC. 1987, 109, 3133. 

(11) Roth, H. D.; Lamola, A. J. Am. Chem. SOC. 1972, 94, 1013. 
(12) (a) Rotika, S. E.; Walsh, C. T. J. Am. Chem. SOC. 1984,106,4589. 
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Figure 4. Transition-state analogues and the corresponding substrates. 

amide bond hydrolysis, the Claisen rearrangement of 
chorismic acid to prephenic acid, bimolecular amide 
bond formation, and a six membered ring lactonization 
reaction. 

Ester, Carbonate, and Amide Hydrolysis. The 
first examples of catalytic antibodies specific for tran- 
sition-state (TS) analogues bound tetrahedral, nega- 
tively charged phosphate and phosphonate TS ana- 
logues for the hydrolysis of carbonates and 
(Figure 4). 

Monoclonal antibodies specific for tetrahedral tran- 
sition-state analogues 6-8 were found to selectively 
catalyze the hydrolysis of the corresponding substrates 
9-1 1 with kinetics consistent with the Michaelis-Men- 
ten rate expression l.lSJ9 The antibody-catalyzed re- 
actions were competitively inhibited by their corre- 
sponding transition-state analogues. The inhibition 
constants (Ki's) are in every case substantially lower 
than the corresponding K,'s of substrate, suggesting 
that transition-state stabilization plays a role in cata- 
lysis. A comparison of the rates of the antibody-cata- 
lyzed reactions (uIg = KIg[IpS][OH]) with the rates of 
hydroxide-dependent hydrolysis ( U O H  = k O H [ S ]  [OH]) 
afforded antibody rate accelerations in the range of 
103-105.18 These accelerations are in the same range as 
those attributable, both experimentally and theoreti- 
cally, to transition-state stabilization in hydrolytic en- 
zymes. For example, a triple mutant of the enzyme 
subtilisin, in which each amino acid of the catalytic 
triad of His, Ser, and Asp is replaced by an Ala residue, 
hydrolyzes a p-nitroanilide peptide substrate 3000-fold 

(18) Pollack, S. J.; Jacobs, J. W.; Schultz, P. G. Science 1986, 234, 
1570. Pollack, S. J.; Schultz, P. G. Cold Spring Harbor Symp. Quant. 
Biol. 1987, 52,97. Jacobs, J.; Schultz, P. G.; Sugasawara, R.; Powell, M. 
J. Am. Chem. SOC. 1987, 109, 2174. Jacobs, J.; Schultz, P. G. Mol. 
Structure and Energetics, in press. Schultz, P. G. Science 1988,240,426. 

(19) Tramontano, A,; Janda, K.; Lerner, R. Science 1986,234,1566. 
Tramontano, A.; Ammann, A.; Lemer, R. A. J. Am. Chem. SOC. 1988,110, 
2282. Tramontano, A.; Janda, K.; Napper, A. 0.; Benkovic, S. J.; Lemer, 
R. A. Cold Spring Harbor Symp. Quant. Biol. 1987,52,91. Lerner, R. 
A.; Tramontano, A. Sei. Am. 1988, 258, 58. 

more rapidly than the corresponding uncatalyzed re- 
action, which gives an estimate of the extent of catalysis 
that can be achieved by stabilization of the transition 
state by binding determinants other than the catalytic 
triad.20 In all cases the antibodies also displayed high 
substrate specificity. 

The three-dimensional structure of the antibody 
McPC603, which is highly homologous to the catalytic 
phosphorylcholine-binding antibodies T15 and 
MOPC167, has been solved. The crystal structure 
makes possible direct identification of the combining- 
site residues responsible for catalysis.21 The hapten 
is bound in the cavity of McPC603, with the choline 
group deep in the interior and the phosphate toward 
the exterior, in contact with aqueous solvent. The 
heavy chain residues Tyr 33H and Arg52H, which are 
invariant in all of the phosphorylcholine-binding Ig's 
sequenced to bind the phosphate via hydrogen 
bonding and electrostatic interactions with the phos- 
phoryl oxygen atoms. The crystal structure shows that 
the combining site of McPC603 is both sterically and 
electronically complementary to the tetrahedral, nega- 
tively charged phosphate moiety of phosphorylcholine. 
Inasmuch as this tetrahedral phosphate mimics the 
transition state for the hydroxide ion catalyzed hy- 
drolysis of 10, the phosphorylcholine antibodies should 
be capable of polarizing the bound carbonate for attack 
by hydroxide ion in the rate-determining step. In light 
of the fact that the ground-state structure of 10 differs 
substantially from the transition-state configuration, 
the differential binding affinity of the Ig to these two 
species should be reflected in a lowered free energy of 
activation for reaction. In fact, the transition-state 
analogue 4-nitrophenyl phosphorylcholine is bound 

(20) Carter, P.; Wells, J. A. Nature 1988, 332, 564. 
(21) Segal, D., et al. Proc. Natl .  Acad. Sci. U.S.A. 1974, 71, 4298. 

Satow, Y.; Cohen, G. H.; Padlan, E. A.; Davies D. R. J. Mol. Biol. 1986, 
190,593. 

(22) Gearhart, P. J.; Johnson, N. D.; Douglas, R.; Hood, L. Nature 
1981, 291, 29. 
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Figure 5. Phosphonamidate and corresponding nitroanilide 
substrate. 

more tightly than the corresponding substrate by both 
MOPC167 and T15 (Ki = 5 pM, K ,  = 208 pM for 
MOPC167). However, the differential binding of T15 
and MOPC167 to carbonate 10 and the transition-state 
analogue 7 does not fully account for the magnitude of 
the rate accelerations. Therefore, although the crys- 
tallographic and binding data strongly suggest that T15 
and MOPC167 selectively stabilize the transition-state 
configuration and thereby reduce the barrier to reaction, 
additional factors are contributing to the rate acceler- 
ation. Biophysical studies and chemical modification 
experiments suggest that tyrosine and arginine also play 
a catalytic role in the antibodies specific for hapten 6. 
Again these residues can act to stabilize the tetrahedral 
transition state. Histidine or tyrosine is thought to be 
involved in catalysis by antibodies specific for 8. It is 
not yet clear what catalytic role these residues play. 

It should also be noted that antibodies specific for a 
phenylphosphonate transition-state analogue were ca- 
pable of catalyzing the hydrolysis of phenylacetate in 
reverse micelles.23 The kMt and K ,  values of the an- 
tibody solubilized in benzene were 3.74 min-’ and 650 
pM, respectively [W, (molar ratio of water to surfac- 
tant) value of 231, compared to the corresponding values 
of 18.8 m i d  and 157 pM in aqueous solution. The 
optimal value of W,, is significantly higher than that 
previously reported for enzymes, consistent with the 
increased molecular weight of IgG molecules. The 
ability of antibodies to function in reverse micelles 
should significantly expand the versatility of antibodies 
in catalysis and immunoassays. 

More recently, antibodies have been generated 
against the KLH conjugate of arylphosphonamidate 12 
(Figure 5). One antibody was found to catalyze the 
hydrolysis of the nitroanilide amide 1324 with a k,, of 
0.08 min-’ and a K ,  of 562 pM. The antibody-catalyzed 
reaction is characterized by high specificity and a rate 
enhancement of 2.5 X lo5 relative to the uncatalyzed 
reaction. The difference in binding of the phosphon- 
amidate transition-state analogue (Ki) and substrate 
(K,) (AAG’ = -2.2 kcal/mol) does not account for the 
magnitude of the rate acceleration. Therefore other 
factors such as acid or base catalysis or ground-state 
destabilization must be involved in catalysis. Genera- 
tion of an antibody combining site with these additional 
catalytic interactions may have simply been the result 
of immunological diversity (one IgG out of 44 was found 
to be catalytic) or could be a consequence of hapten 

(23) Durfor, C. N.; Bolin, R.; Sugasawara, R.; Massey, R. J.; Jacobs, 

(24) Janda, K. D.; Schloeder, D.; Benkovic, S. J.; Lerner, R. A. Science 
J. W.; Schultz, P. G. J. A p .  Chem. Soc. 1988,110,8713. 

1988,241, 1188. 
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Figure 6. Claisen rearrangement of chorismate to prephenate. 

structure. The lone pairs of electrons of both the 
phosphonamidate P-NH and phosphonate P-O bonds 
can act as hydrogen-bond acceptors whereas only the 
phosphonamidate P-NH bond can act as a hydrogen- 
bond donor. It is not clear, however, how this difference 
in hydrogen-bonding pattern would affect the nature 
of the combining site. Mechanistic analysis of this 
antibody-catalyzed reaction should provide important 
insight into the generation of antibodies that catalyze 
the related, but considerably more energetically de- 
manding, hydrolysis of peptide bonds. 

A Claisen Rearrangement. It  should also be pos- 
sible to generate antibodies that increase reaction rates 
by reducing entropic barriers to reactions. The binding 
energy in this case acts to reduce translational and ro- 
tational motions for reaction by properly orienting the 
reactants in the antibody combining site. This ap- 
proach should be applicable to intramolecular reactions 
such as macrocyclic lactonization reactions or inter- 
molecular reactions such as peptide-bond formation or 
Diels-Alder reactions. 

We have used these ideas to guide us in the genera- 
tion of antibodies that carry out the formal Claisen 
rearrangement of chorismic acid (14) to prephenic acid 
(15) (Figure 6).25 This thermal 3,3-sigmatropic rear- 
rangement occurs through an asymmetric chair-like 
transition state (18) in which the carbon-oxygen bond 
is substantially broken while carbon-carbon bond for- 
mation has not occurred to any appreciable extent.26 
The activation entropy and enthalpy of reaction have 
been determined to be -12.85 eu and 20.7 kcal/mol, 
respectively.26 The unimolecular rearrangement is 
catalyzed approximately 106-fold by the enzyme chor- 
ismate mutase at the branch point in the biosynthesis 
of aromatic amino acids in bacteria and plants.27 Al- 
though the enzymatic reaction has also been demon- 
strated to proceed through a chair-like transition state, 
the mechanism by which chorismate mutase accelerates 
the rearrangement remains poorly understood.28 

(25) Jackson, D. Y.; Jacobs, J. W.; Sugasawara, R.; Reich, S. H.; 
Bartlett, P. A.; Schultz, P. G. J. Am. Chem. Soc. 1988, 110, 4841. 

(26) Copley, S. D.; Knowles, J. R. J. Am. Chem. Soc. 1986,107,5306. 
Addadi, K.; Jaffe, E. K.; Knowles, J. R. Biochemistry 1983, 22, 4494. 
Coates, R. M.; Rogers, B. D.; Hobbs, S. J.; Peck, D. R.; Curran, D. P. J. 
Am. Chem. Soc. 1987,109,1160. Andrews, P. R.; Smith, G. D.; Young, 
I. G. Biochemistry 1973,12,3492. Gajewski, J. J.; Jurayi, J.; Kimbrough, 
D.; Gande, M. E.; Ganem, B.; Carpenter, B. K. J. Am. Chem. SOC. 1987, 
109, 1170. 

(27) Gorisch, H. Biochemistry 1978,17,3700. Halsam, E. The Shik- 
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One might expect that an antibody combining site, 
complementary to the conformationally restricted 
transition-state configuration, but presumably lacking 
catalytic side chains, could accelerate the Claisen re- 
arrangement of chorismate to prephenate. Monoclonal 
antibodies were elicited to the endo bicyclic transi- 
tion-state analogue 16,25 the most potent known in- 
hibitor of chorismate mutase with a Ki of 0.15 pM29 
(Figure 6). One of eight antibodies (IgG) generated to 
the KLH conjugate of 17 was found to catalyze the 
Claisen rearrangement, with initial rates consistent with 
the Michaelis-Menten rate expression 1 (kcat = 2.7 
min-', K ,  = 260 pM). The rate of the antibody-cata- 
lyzed reaction can be directly compared with that of the 
uncatalyzed thermal rearrangement affording a value 
of k,, /k,  of 1 X lo4 at 10 "C, pH 7.0. This factor can 
be compared with the (3 X 106)-fold acceleration in- 
duced by chorismate mutase from E.  coli under the 
same conditions. Of the various mechanisms put forth 
for the enzymatic rearrangement, most can be ruled out 
for the antibody-catalyzed process. For example, the 
fact that the (&)-methyl ether of chorismate is con- 
verted to the (&) ether of prephenate argues against 
mechanisms involving loss of the 4-hydroxyl group 
(such as formation of an oxirinium ion or C-4 cation). 
Moreover, the observation of a D20 solvent isotope 
effect of 1 on the antibody-catalyzed reaction excludes 
general acid or base catalysis in the rate-limiting step. 
One is left with the appealing mechanistic alternative 
that the antibody catalyzes the reaction by providing 
an environment complementary to the conformationally 
restricted transition state. Consistent with this notion 
is the fact that the AS* for the antibody-catalyzed re- 
action is -1.2 eu. 

A second antibody has been independently generated 
against an ester linked analogue of 16 which also cata- 
lyzed the rearrangement of chorismate to prephenate, 
but at a 100-fold-lower rate.30 In this case the ratio of 
Ki/Km corresponds roughly with the observed rate en- 
hancement, consistent with preferential binding of the 
transition-state analogue by the antibody. The stabi- 
lization was shown to be largely enthalpic in nature. In 
addition, catalysis was shown to be highly enantiose- 
lective; only the (-) isomer of chorismate was a substrate 
for the antibody.30 

Transacylation Reactions. The constraints im- 
posed by the antibody binding pocket should also ac- 
celerate an intramolecular cyclization by reducing ro- 
tational e n t r ~ p y . ~ '  Benkovic and co-workers have 
demonstrated that an antibody elicited to transition- 
state analogue 19, which is representative of a six 
membered ring lactonization reaction, acts as a catalyst 
for the cyclization of the corresponding substrate 20 
(Figure 7).32 The rate of the antibody-catalyzed re- 
action relative to the uncatalyzed reaction was 167. 

(28) Sogo, S. G.; Widlanski, T. S.; Hoare, J. H.; Grimshaw, C. E.; 
Berchtold, G. A.; Knowles, J. R. J. Am. Chem. SOC. 1984, 106, 2701. 
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Figure 7. Antibody-catalyzed lactonization reaction. 

Again, the antibody-catalyzed reaction was competi- 
tively inhibited by the corresponding cyclic phospho- 
nate. The antibody cyclization reaction was stereose- 
lective, permitting isolation of the lactone in an enan- 
tiomeric excess of 94%.32 Antibodies specific for 19 also 
catalyzed the stereospecific formation of amide 22 from 
racemic lactone 21 and phenylenediamine.= Antibody 
bound phenylenediamine and lactone 21 with Km's of 
1.2 mM and 4.9 mM, respectively, and the transition- 
state analogue 19 with a Ki of 75 nM. The acceleration 
of the antibody-catalyzed reaction relative to the un- 
catal zed reaction was 16 M which compares with a 
K m Z / K i  value of 155 M. A second phosphon- 
amidate-specific antibody was also shown to catalyze 
bimolecular amide bond formation with an effective 
molarity of 10.5 M.34 These values are considerably 
below the value of los M, which is thought to represent 
an approximate upper limit for an antibody-catalyzed 
reaction compared to its bimolecular ~ o u n t e r p a r t . ~ ~  
Nonetheless, the demonstration that an antibody can 
catalyze bimolecular reactions offers the possibility of 
antibody-catalyzed peptide-bond formation, Diels- 
Alder reactions, macrolide synthesis, or trans- 
glycosylation reactions. 

Introduction of Catalytic Groups into Antibody 
Combining Sites 

Semisynthetic Antibodies. One strategy whereby 
catalytic groups can be introduced into antibody com- 
bining sites involves the selective chemical modification 
of antibodies with natural or synthetic catalysts such 
as transition-metal complexes, cofactors, bases, or nu- 
cleophiles. Kaiser and co-workers demonstrated that 
enzymes can be selectively modified with cofactors to 
afford semisynthetic enzymes with new proper tie^.^^ 
This approach has recently been extended to antibodies, 
making it possible to combine the exquisite binding 
specificity of the immune system with the efficient 
diverse catalysts available from synthetic 
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Figure 8. Affinity labels and ester substrate. 

The key to the generation of semisynthetic catalytic 
antibodies is the development of mild methods for se- 
lectively introducing derivatizable groups of unique 
reactivity into or near the combining site. These groups 
can then be modified in a second step to incorporate 
the chemical functionality (cofactor, metal-ligand com- 
plex, fluorophore, etc.) of interest. One such deriva- 
tizable group is a free thiol, which, by virtue of its high 
nucleophilicity and ease of oxidation, can be selectively 
modified via disulfide exchange or electrophilic reac- 
tions. Moreover, introduction of a nucleophilic thiol 
into an antibody combining site might directly afford 
a catalytic antibody. We have used cleavable affinity 
labels to modify selectively the antibody combining site 
of the IgA MOPC315 with a nucleophilic Im- 
portantly, this method does not require knowledge of 
the three-dimensional structure of the antibody and 
should therefore be applicable to a large number of 
proteins of interest. 

MOPC315, which binds substituted 2,4-dinitrophenyl 
(DNP) ligands with association constants ranging from 
5 X lo4 to lo6 M-1,39p40 has been characterized by 
spectroscopic methods (UV, fluorometry, NMR), 
chemical modification, and amino acid sequencing of 
the variable region. Moreover, earlier affinity-labeling 
studies with reagents of varying structures41 defined a 
number of reactive amino acid side chains in the vicinity 
of the combining site. Cleavable affinity-labeling 
reagents were synthesized that contain the DNP group 
linked to electrophilic aldehyde or a-bromo ketone 
groups via cleavable disulfide or thiophenyl linkages 
(Figure 8). The geometry of the affinity labels varied 
with regard to the distance between the DNP group and 
electrophilic moiety, since the position of a nucleophilic 
combining site Lys, His, or Tyr side chain was not 
precisely known. Covalent attachment of the label to 
the antibody, followed by cleavage of the cross-link and 
removal of the free ligand, results in site-specific in- 
corporation of a free thiol into the antibody combining 
site (Figure 9). It was determined that antibody af- 
finity labeled with the aldehyde labeling reagent 23b 
in the presence of NaCNBH, provides, after cleavage 
of the disulfide linkage, homogeneous antibody con- 
taining a free thiol attached to Lys 52H37 (antibody 
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Figure 9. Introduction of thiol “handle” into the antibody 
combining site of MOPC315 by cleavable affinity label. 

derivatized with bromo ketone 24b was selectively 
modified at Tyr 34L). The binding affinity of N- 
DNP-glycine to the Lys 52H thiol-modified antibody 
was similar to that of native MOPC315. The thiol itself 
is appropriately positioned to act as a nucleophile in the 
thiolysis of coumarin ester 25.37 The semisynthetic 
antibody demonstrated saturation kinetics and was 
competitively inhibited by N-DNP-glycine with a Ki of 
8 pM. The rate acceleration by the thiol-containing 
antibody relative to that of dithiothreitol was 6 X lo4 
for ester 25. This value is quite similar to that found 
in the antibody-catalyzed P-elimination reaction (Figure 
2) and suggests the proximity of a base or nucleophile 
to a complexed substrate can lower AG* for reaction by 
up to 7.0 kcal/mol. 

Importantly, the thiol also acted as a handle to in- 
troduce other synthetic chemical functionalities into the 
antibody combining site.37i38 Imidazole was incorpo- 
rated in greater than 90% yield by treatment of the 
thiopyridyl disulfide adduct of the antibody with 4- 
(mercaptomethyl)imidazole38 (Figure 9). The resulting 
semisynthetic antibody catalyzed the hydrolysis of 
coumarin ester substrate 25 with a rate acceleration of 
lo3 above the rate of catalysis by 4-methyl imida~ole .~~~~ 
Presumably, imidazole is acting as a general base or 
nucleophile in the hydrolysis of 25. The slower rate 
with this antibody is likely due to the increased flexi- 
bility of the imidazole side chain linkage. The semi- 
synthetic antibody showed specificity for the 3-amino- 
propionate versus the glycinate or 4-aminobutyrate 
N-DNP esters. 

The thiol-containing antibody could also be modified 
with the fluorophore 1-(3-fluoresceinylthioureido)-2- 
ethanethioP7 (Figure 9). Addition of the ligand N- 
DNP-glycine to the fluorescein-Fab adduct resulted in 
a decrease in fluorescence, providing a direct assay of 
ligand binding. The binding constant for N-DNP- 
glycine obtained from quenching of fluorescein 
fluorescence was identical within experimental error 
with that reported in the literature for unmodified 
MOPC315.@ Semisynthetic antibodies of this sort may 
prove useful as sensors and in diagnostics. Derivati- 
zation of antibodies with other groups (Zn2+-ligand or 
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Co3+-ligand complexes, flavins, pyridoxamine, etc.) 
should enable us to generate semisynthetic antibodies 
with a variety of novel catalytic activities. Therapeutic 
agents can also be incorporated proximate to the an- 
tibody combining site via this strategy. 

Site-Directed Mutagenesis. An alternative method 
for introducing a unique thiol in or proximate to the 
antibody combining site involves site-specific muta- 
genesis. In this case, the three-dimensional X-ray 
structure is required to determine the modification site. 
This approach is currently being applied to the phos- 
phorylcholine-specific antibody S107 and the dinitro- 
phenyl-specific antibody MOPC315.42 Moreover, mu- 
tagenesis has also been used to introduce a catalytic His 
side chain into the combining site of MOPC315.42 
Genetic selection or screening might also be used to 
generate a catalytic residue in the combining site of an 
antibody already specific for the substrate (or transi- 
tion-state analogue) of interest. 

Cofactor Binding Sites. Another strategy whereby 
catalytic groups can be introduced into antibody com- 
bining sites involves generating, in addition to the 
substrate binding site, a cofactor (either natural or 
synthetic) binding site.43 To this end, antibodies have 
been generated to oxidized flavin 26 (Figure 10). Be- 
cause oxidized flavin 26 and the two electron reduced 
l$-dihydroflavin 27 have substantially different elec- 
tronic and conformational proper tie^,^^ antibodies 
generated specifically to the oxidized flavin preferen- 
tially bind 26 with 4 X lo4 higher affinity than 1,5-di- 
hydroflavin 27. This differential stabilization of the 
oxidized and two electron reduced flavin by the anti- 

(42) Jackson, D.; Baldwin, E., unpublished results. 
(43) Shokat, K. M.; Leumann, C. J.; Sugasawara, R.; Schultz, P. G. 
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body combining site makes the Ig-flavin complex a 
substantially stronger reducing agent than free flavin 
in solution; the reduction potential of flavin 26 bound 
to antibody is -342 mV, representing a lowering of the 
reduction potential (E,(26) = -206 mV) by approxi- 
mately 5 kcal/mol. Because the antibody-flavin com- 
plex is a stronger reducing agent than free flavin, the 
substrate safranine T (E, = -289 mV) could be rapidly 
reduced by the antibody-27 complex, but not by 27 
itself. The antibody-flavin complex is able to mediate 
redox processes not thermodynamically accessible to 
free flavin. Incorporation of a substrate binding site 
into these antibodies may lead to catalytic antibodies 
that can carry out stereocontrolled chemical reductions. 
It may also be possible to generate antibodies with 
binding sites for other cofactors such as transition-metal 
complexes or natural cofactors. Stollar and co-workers 
have attempted to generate antibodies with pyridox- 
amine binding sites that catalyze Schiff base formation 
and tran~amination.~~ Their lack of success may have 
been due to the fact that polyclonal antibodies were 
used. 

Conclusion 
In the short period of time that has elapsed since the 

first reports of antibody catalysis in 1986,l89l9 a con- 
siderable number of different reactions have been 
catalyzed by using antibodies. The specificities of 
catalytic antibodies are high, and rate enhancements 
approaching those of enzymes have been demonstrated. 
A number of general strategies have also evolved for 
generating catalytic antibodies. The development of 
antibodies with 108-fold or higher rate enhancements 
will require careful mechanistic analysis of those factors 
affecting antibody catalysis and the generation of an- 
tibodies which combine several of these features. This 
process not only will provide new insight into the nature 
of molecular recognition and catalysis but also may 
afford tailor-made catalysts for applications in chem- 
istry, biology, and medicine. 
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