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Strategies to induce catalytic antibodies are increasing at a 
rapid rate.' One important tactic for the induction of catalytic 
antibodies is the use of haptens which induce strategically placed 
amino acid residues in the antibody combining site. When these 
amino acid residues interact with functionalities that differ 
between the hapten and substrate, the process is termed "bait and 
switch" catalysis.2'3 This process could be further advanced by 
designing haptens which induce cofactor binding sites in antibodies 
so that a combination of functionalities operating in a synergistic 
manner could provide routes to more sophisticated and efficient 
catalysts. Herein, we report our initial efforts on this multifaceted 
approach for catalytic antibody production. 

Metal ion-promoted catalysis has been observed by Bruice and 
Fife and their colleagues4 in ester and anhydride hydrolysis when 
there are functional groups present within the substrate's structure 
which can affix the metal ion in close proximity to the reactive 
moiety. A number of variables control the rate of catalysis in 
these reactions besides proximity effects, including strength of 
metal ion-binding to the reactant and metal ion-promoted OH-

attack. We reasoned that an antibody combining site may display 
similar properties if hapten l2c was employed as the immunogen. 
The structural features which make 1 appealing are the following. 
(I)A positively charged pyridinium moiety which has been shown 
to induce carboxylate residues in antibody combining sites.2 Such 
residues might act as ligands which could enhance the binding 
of potential metal ions in the antibody binding site. (2) A 
hydroxyethylene isosteric replacement for the carboxylic ester 
moiety to be hydrolyzed. The hydroxyethylene functionality 
represents the acyl carbonyl and its developing tetrahedral 
transition state without imposing any electrostatic effects. (3) 
A methyl moiety on the pyridinium salt is present which gives 
some spatial latitude to accommodate a metal ion in the binding 
cleft. The net effect of this strategy is to force immunoglobulin 
binding to distinct metal entities rather than multidentate metal 
complexes.5 

* To whom Correspondence should be addressed. 
f A. P. Sloan Fellow (1993-1995). 
(1) Lerner, R. A.; Benkovic, S. J.; Schultz, P. G. Science (V.S.A.) 1991, 

252, 659. 
(2) (a) Janda, K. D. Abstracts of Papers, 198th National Meeting of The 

American Chemical Society; New Orleans, LA, Aug. 1987; American 
Chemical Society: Washington, DC, 1987; ORGN 196. (b) Stinson, S. C. 
Chem. Eng. News 1987,65,30. (c) Janda, K. D.; Weinhouse, M. I.; Schloeder, 
D. M.; Lerner, R. A.; Benkovic, S. J. / . Am. Chem. Soc. 1990,112,1274. (d) 
Janda, K. D. Biotechnol. Prog. 1990, 6, 178. (e) Janda, K. D.; Weinhouse, 
M. I.; Danon, T.; Pacelli, K. A.; Schloeder, D. M. Ibid. 1991, 113, 5427. 

(3) For other effective methods for the specific elicitation of amino acids 
in an antibody combining site to be used in catalysis, see: (a) Cochran, A. 
G.; Sugasawara, R.; Schultz, P. G. J. Am. Chem. Soc. 1988, 110, 7888. (b) 
Shokat, K. M.; Leumann, C. J.; Sugasawara, R.; Schultz, P. G. Nature 
(London) 1989, 338, 269. 

(4) (a) Wells, M. A.; Rogers, G. A.; Bruice, T. C. / . Am. Chem. Soc. 1976, 
98, 4336. (b) Wells, M. A.; Bruice, T. C. Ibid. 1977, 99, 5341. (c) Fife, T. 
H.; Przystas, T. J.; Squillacote, V. L. Ibid. 1979,101, 3017. (d) Fife, T. H.; 
Squillacote, V. I. Ibid. 1978,100, 4787. (e) Fife, T. H.; Przystas, T. J. Ibid. 
1982, 104, 2251. (!) Fife, T. H.; Przystas, T. J. Ibid. 1983, 105, 1683. 

(5) For antibodies specific to metal-chelate complexes, see: (a) Reardan, 
D. T.; Meares, C. F.; Goodwin, D. A.; McTigue, M.; David,G. S.; Stone, M. 
R.; Leung, J. P.; Bartholomew, R. M.; Frinke, J. M. Nature (London) 1985, 
316,265. (b) Schwabacher, A. W.; Weinhouse, M. I.; Auditor, M. T.; Lerner, 
R. A. J. Am. Chem. Soc. 1989, 111, 2344. 

CH3OH 1a 
NHCOlCHJjCOOR 4-

®*Vti ®vVti 
1b H 

1Ta cv 
NHR' t3 iN 0 , 

O O 
"•« , H s ^ ^ l N ' V ^ O H 

H OH 
Figure 1. Structure of antigen (la), inhibitor (lb), and substrates tested 
(2-5). 
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Figure 2. Initial rates of IgG 84A3-catalyzed reaction. Assay condi­
tions: 12.5 mM MOPS, 7SmMNaCl, pH 7.0 at 25 0C. The antibody 
concentration is 10 iM for [2]t > 60 fiM and 5 JiM for the other points. 
Error bars represent a 5% error for each measurement. Data points: 
(from top) O 300 ^M Zn, X 250 MM Zn, • 200 nM Zn, A 150 nM Zn, 
• 100 /J.M Zn. The lines were calculated as a simultaneous fit of all 
points using eq 1. 

Pyridine ester 26 (Figure 1) was screened as a potential substrate 
in the presence of divalent metal ions. We anticipated that metals 
would be weakly coordinated to the pyridine moiety of 2, and it 
was hoped that the antibody would accept and anchor this metal 
complex in the antibody combining site. Twenty-three antibodies 
were analyzed. One antibody 84A3 showed significant substrate 
hydrolysis in the presence of Zn2+. There is no catalysis seen 
when Zn2+ is omitted from the reaction assay, and IgG 84A3 
alone does not accelerate the rate of hydrolysis of 2. Thus the 
observed rate acceleration requires the presence of both antibody 
84A3 and Zn2*. The antibody-catalyzed reaction depends on 
the type of metal ion used, as Cd2+, Co2+, or Ni2+ did not accelerate 
the rate of hydrolysis of 2 in the presence of antibody 84A3. The 
catalysis is highly specific for molecules congruent to the hapten 
in that 3,4, and even the highly activated 5 (Figure 1) were not 
substrates for 84A3 with or without metals. Furthermore, 
catalysis is inhibited by the addition of lb. 

Initial rates for the antibody-catalyzed hydrolysis of 2 in the 
presence of Zn2+ is shown in Figure 2, (k^ = 2.7 min"1)- The 
uncatalyzed background rate of 2 (fc„ncat = 0.00021 min-') and 
the metal ion-catalyzed background rate (2 + Zn2+, fcuncat • 0.0022 
min-1, Figure 3) were also determined. The affinity of 84A3 for 
both Zn2+ (data not shown) and 2-Zn2+ (K2-Zn'* = 840 /xM) was 
weak, while 2 was strongly bound to the antibody (K2 = 3.5 MM). 
One minimal mechanism consistent with the data is shown in eq 

(6) All new compounds exhibited satisfactory spectroscopic (NMR, IR) 
and combustion analysis (±0.3%). 
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Figure 3. Initial rates of Zn-catalyzed background reaction. Error bars 
represent the standard deviation of at least two experiments. Data 
points: (from top) O 300 /*M Zn, X 250 MM Zn, • 200 MM Zn, A 150 
nM Zn, • 100 MM Zn. 

I.7 Here the 2-Zn2+ complex is the true substrate, with free 2 
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inhibiting the reaction through the binary complex IgG-2 (eq 1). 
An alternative to this mechanism, where a dead-end complex 
would be formed between antibody and zinc, is also possible; 
however, to fit the initial rate data equivalently the binding 
constant of the IgG 84A3-Zn2+ complex must be greater than 
800 tiM. 

The antibody-catalyzed reaction is >1000 times the metal-
catalyzed rate and >10 000 times the uncatalyzed rate. While 
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such rate acceleration is respectable, this antibody-catalyzed 
reaction could be improved either by increasing the affinity of 
84A3 for the 2-Zn2+ complex or by decreasing the antibody's 
affinity for 2. Such affinity attenuation may be achievable 
through new substrate design8 or site-directed mutagenesis. 

Previously we demonstrated that it was possible to use a "bait 
and switch" strategy to introduce catalytic groups in an antibody 
combining site. Here we show that this same strategy may be 
used to introduce metal cofactors in an antibody binding site. 
Most remarkably is that a metal ion or a coordination complex 
need not be included within the hapten for the induction of 
antibodies that bind a metallo complex9 and provide a suitable 
environment for catalysis.10 

Catalytic antibodies share many mechanistic features found 
in enzymes, including catalysis by transition-state stabilization, 
proximity effects, catalytic groups, and the use of cofactors. A 
method in which catalytic antibody efficiency may be increased 
would be to introduce multiple combinations of these enzymatic 
traits in the antibody combining site and have them all working 
in a concerted manner. The results we have presented are a step 
toward achieving such goals. 

Acknowledgment. This work was supported in part by the 
National Institutes of Health (Gm-43858, K.D.J.) and the Alfred 
P. Sloan Foundation. We thank Professor T. C. Bruice for helpful 
discussions. 

Supplementary Material Available: Listing of synthetic, kinetic, 
and data analysis procedures; model curve fitting for eq 1; graphs 
for antibody-catalyzed and uncatalyzed reactions (8 pages). 
Ordering information is given on any current masthead page. 

(8) Janda, K. D.; Benkovic, S. J.; Mcleod, D. A.; Schloeder, D. M.; Lerner, 
R. A. Tetrahedron 1991, 47, 2503. 

(9) For antibodies which specifically bind metal ions, see: (a) Baker, B. 
L.; Hulquist, D. E. J. Biol. Chem. 1978, 253, 8444. (b) Wylie, D. E.; Lu, D.; 
Carlson, L. D.; Carlson, R.; Babacan, K. F.; Schuster, S. M.; Wagner, F. W. 
Proc. Natl. Acad. Sci. U.S.A. 1992,89,4104 and references cited therein, (c) 
Iverson, B. L.; Iverson, S. A.; Roberts, V. A.; Getzoff, E. D.; Tainer, J. A.; 
Benkovic, S. J.; Lerner, R. A. Science 1990, 249, 659. 

(10) For antibody-catalyzed porphyrin reactions, see: (a) Cochran, A. G.; 
Schultz, P. G. Science (U.S.A.) 1990,249,781. (b) Cochran, A. G.; Schultz, 
P. G. J. Am. Chem. Soc. 1990,112,9414. For an antibody-catalyzed amide 
hydrolysis reaction, see: (c) Iverson, B. L.; Lerner, R. A. Science (U.S.A.) 
1990, 243, 1184. 


