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NElL R. THOMAS 
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ABSTRACT 

This article brings together all of the kinetic data on catalytic anti- 
bodies available in the published literature at the time of writing 
(September, 1993). The data have been presented so that they can be 
analyzed for any significant trends that arise from relating the struc- 
ture of the transition-state analog/hapten to the type and efficiency of 
the catalytic antibody activity elicited. 

Index Entries: Catalytic antibody; abzyme; transition-state ana- 
log; synzme; pepzyme; phosphonate. 

HAPTEN STRUCTURAL REQUIREMENTS 

Sixty-two haptens were surveyed, the structures of which are given 
in Table 1. Of these, only eight do not contain aromatic residues, or have 
aromatic tautomers (20,24,33,43,45,46,47,49). Haptens containing aromatic 
groups appear to give, on average, a catalytic antibody for every three 
that display a high binding affinity (Ka in the range 10-8-10-1~ for the 
hapten. In contrast, those haptens lacking an aromatic moiety give, on average, 
one catalytic antibody for every 11 that bind the hapten (Ki < 10-4M). The 
presence of aromatic groups in the hapten appears to make the hapten 
conjugate more immunogenic.  This improved immunogenicity will lead 
to a larger antibody response and hence to an increased probability of 
finding catalytic clones, a notion exemplified by the work of Gibbs et al. 
(38), who isolated antibodies that catalyzed the aspartate/isoaspartate 
peptide isomerization. In this study, no immune  response to the hapten 
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was observed unless the terminal aryl group was present (66). This sug- 
gests that aromatic groups should be included in the hapten design, 
where chemically feasible and where any desired specificity features in 
the substrate will not be compromised. 

IS TRANSITION-STATE STABILIZATION 
THE MAIN FACTOR CONTROLLING REACTIVITY? 

The hypothesis that catalytic antibodies operate purely by transition- 
state stabilization may be tested by comparing the values of Km/Ki with 
those of kcat/kuncat, assuming the following approximation (67) holds: 

Km/Ki ~ Ks/KTs ~ kcat/kuncat (1) 

the assumption that Km= Ks is reasonable if kcat is relatively small. 

However, for the catalytic antibodies characterized, there appears to 
be little correlation between Km/Ki and kcat/kuncat. One explanation for this 
could be that the Km values for these substrates are not close to their true 
dissociation constants (the above approximation is only valid if k_ 1 ~> > kcat, 
which may not be true in the case of catalytic antibodies where dissocia- 
tion as well as catalysis are slow events). Alternatively, the kuncat values, 
which in many cases are estimated or extrapolated from experimental 
data, are too low leading to a discrepancy between the two ratios. A third 
possibility is that a substantial element of the rate accelerations observed 
is attributable to some, or all of the following; the proximity/orienting ef- 
fects of the binding pocket; participation of binding-site residues as 
acids/bases/nucleophiles; environment effects owing to desolvation of 
the substrate when entering a binding pocket with a lower dielectric than 
bulk water (68). 

ARE ANTIBODIES WITH A HIGH AFFINITY 
FOR THE HAP'FEN BETTER CATALYSTS? 

An examination of the inhibition/dissociation constant values for cata- 
lytic antibodies suggests that haptens that are bound with Ki < 10-6M 
give the largest accelerations, relative to the uncatalyzed reaction. How- 
ever, several antibodies with very low Ki values have shown much lower 
rate enhancements (lOa, 14,21,22,31,34,41,47). This may be a reflection of 
the intrinsic difficulty of the reactions catalyzed in those examples, or that 
the haptens used were poor transition-state mimics, or the binding energy 
of the antibodies was diffused away from the transition-state region 
toward other chemical groups. 
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WHICH ARE THE BEST HAPTENS 
FOR CARBONATE/ESTER/AMIDE HYDROLYSIS? 

Of the catalytic antibodies reported, half are for the hydrolysis of car- 
boxylate derivatives. It is therefore among these antibodies that the widest 
range of hapten structures have been explored. Most of the haptens have 
been designed to mimic the high-energy tetrahedral intermediate/transi- 
tion state that is produced during the cleavage of the ester/amide bond 
(Fig. 1). 

A comparison (Table 1) of the reaction specificities of antibodies pro- 
duced against haptens containing phosphonate or phosphoramidate 
haptens (Fig. 2) reveals that catalysts typically exhibit kcat/KM values in the 
range 1-40M -1 s -1. A few exceptional catalysts with kcadKM values of 
10s-104M-1 s -1 have been reported, although in these instances, the re- 
cruitment of an amino acid side chain (His,Arg [7], Arg [9], Tyr [lOa]) 
that participates either as a general acid/base or as a nucleophile has been 
implicated. 

Curiously, although a very potent polyclonal antibody has been 
reported using a phosphate-based hapten (57,58), no examples of mono- 
clonal esterase or amidase antibodies using this structure have been re- 
ported (compare, however, the MOPC167 antibody [1], which binds 
phosporylcholine and catalyzes [poorly] the hydrolysis of a p-nitrophenyl 
methylcarbonate derivative). For the generation of other esterase anti- 
bodies, the 2-hydroxymethyl pyridinium hapten (11) has been particularly 
effective (kJKM = 1.29 x 104M -1 s-l), but only when the reaction medium 
was supplemented with zinc ions (as a Lewis acid). However, when anti- 
bodies elicited to this hapten or the 2-hydroxymethylbenzoic acid (12) 
version are used in the absence of metal cofactors, the reaction 
specificities are considerably poorer (k~t/KM = 0.07 and 6.6 x 10-7M -1 
s -~j, respectively) than those of the antibodies generated using phos- 
phorus-based reagents. 

The c~-difluoroketoamide-based hapten (Table 1; 25), in which a di- 
fluoromethylene group is used as an isosteric replacement for oxygen, 
has been shown to be of similar potency to the phosphonate-based 
reagents (k~t/KM = 31M -1 s-l). However, only one example of a hapten 
incorporating this group has been reported, making comparisons of its ef- 
fectiveness with the phosphorus-based haptens difficult. 

Suckling et al. (13) made the unexpected discovery that a tertiary 
amine-containing hapten produced an antibody capable of efficient 
(kcat/KM = 6 x 10SM -1 S -1) ester hydrolysis. Additionally, an antibody 
generated against hapten (46) not only displayed Diels-Alderase activity, 
but also some hydrolytic activity (although rather inefficient--kc,,t/Km = 
0.84M -1 s-1). 

Sulfones (58) and sulfonamides/thiophosphates (69) have been in- 
vestigated as potential transition-state analogs of the ester/amide hydrol- 
ysis reaction. No successful catalysts have been reported in either case. 
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Fig. 1. Mechanism and Transition-state structure for ester/amide bond cleavage. 

F F 
Q- 0 O O ~ OH CO2H OH , /  \\// 

R / XX$__R, R / ~ _ R ,  ~ / R  
| \ .  

Fig. 2. Transition State analogs used as haptens for carbonate/ester/ 
amide hydrolysis. 

SO3H 

S03H 

H 
O~... / N ~ .  

O N Q -o )N 
B HOOC(CH2)s__N / ~ t ,  ~ ~O 
- -  H 

Fig. 3. Successful (A), and unsuccessful (B,C) haptens for generating a 
decarboxylase antibody. 

STRUCTURAL REQUIREMENTS FOR HAPTENS 
TO ELICIT ANTIBODIES WITH DECARBOXYLASE ACTIVITY 

Two different haptens have been used to generate antibodies with de- 
carboxylase activity (Fig. 3). Interestingly, the contrasting chemical nature of 
the two haptens offers apparently contradictory explanations of the likely 
catalytic mechanism of this type of reaction. In the first example (41), a 
cyclopentyl ring was used to create a hydrophobic pocket for the carboxy- 
late within the antibody-binding site. This type of environment should 
favor the production of the electroneutral carbon dioxide. The antibody 
produced had a kcat/KM of 3.2 X 10 -5. In the second example, preliminary 
attempts using hydrophobic haptens were unsuccessful. However, when 
the carboxylate to be cleaved was mimicked by a sulfoxide group in an 
otherwise hydrophobic naphthalene molecule, an effective catalyst was 
produced (42); kcat/Km = 1.7 x 103M -1 s -1. It would be anticipated that 
the sulfoxide would induce a complementary postively charged residue 
(Lys, Arg) in the carboxylate-binding pocket. This could act either as a 
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base in the deprotonation of the carboxylic acid, so aiding the carboxy- 
late cleavage, or by stabilization of the carboxylate through the formation 
of a salt bridge. This second action, however, should disfavor the 
decarboxylation. 

The efficiency of the catalytic antibody suggests that the former is 
more likely, a conclusion supported by inspection of the X-ray structure 
of ornithine decarboxylase (70), which shows that the carboxylate-bind- 
ing pocket is formed by a ring of hydrophobic residues (mainly aromatic) 
with an aspartic acid side chain at the base to act as a proton acceptor. 

MONOCLONAL V$ POLYCLONAL ANTIBODIES 

Early (unsuccessful) attempts at the production of catalytic antibodies, 
including those of Raso and Stollar (71), were directed at the polyclonal 
antibody response. Recently, several groups have reported the isolation 
of polyclonal sera containing catalytic fractions (Table 2). At present, it 
has proved impossible to separate the chemically reactive fraction within 
the polyclonal mixture to give accurate kinetic data on individual anti- 
bodies, and so allow direct comparison with their monoclonal counter- 
parts. However, a recently described polyclonal amidase appears to have 
an efficiency comparable with monoclonal catalysts. On the assumption 
that 1% of the mixture was catalytically active, Gallagher (58) estimated a 
kcat/Km = 1.1 x 103M -1 s -1 for the amidase. Similarly, Stephens and 
Iversen (58) have estimated that, if 12% of the polyclonal population is 
responsible for an observed tritylase activity, the antibody will have a 
kcat/Km of 11 M -1 s -1. This is less efficient than the monoclonal antibody 
(k,:adK,, -- 54M -1 s -1) raised against the same hapten (28). One issue, as 
yet unresolved, is whether the polyclonal mixture contains catalysts with 
a diverse range of catalytic activities or if the catalysis is essentially mono- 
clonal. Although very high catalytic rates have also been observed for 
cleavage of vaso-intestinal peptide (VIP) by polyclonal autoantibodies 
(60) and for DNA hydrolysis (61), a similar quantification problem is en- 
countered because of the difficulty of assigning the activity to a known 
homogeneous antibody fraction. 

ANTI-IDIOTYPlC ANTIBODIES 

This new form of catalytic antibodies (62) involves first generating an 
antibody bearing an "internal image" of an enzyme-active site. This anti- 
body is then used as an immunogen to generate an anti-idiotypic antibody, 
thus regenerating the original active site. This approach has given rise to 
one of the most potent antibody catalysts s e e n  (kcat/Krn = 1.35 x 10SM -1 
s-l), an activity that seems to originate from the presence of two of the 

Applied Biochemistry and Biotechnology Vol. 47, 1994 



Hapten Design 367 

three residues (Ser and His) in the serine protease catalytic triad in the 
binding site of the anti-idiotypic antibody. This approach offers a wide 
range of opportunities for new catalysts, especially if the apoenymes of 
cofactor-dependent enzymes can be chemically modified so that the sub- 
strate specificity of the anti-idiotypic antibodies differs from that of the 
apoenzymes initially used as antigens. 

ANTIBODY CATALYSTS VS SYNTHETIC CATALYSTS 

Table 3 compares three recent examples of synthetic approaches to 
the generation of catalysts displaying substrate and reaction specificities 
similar to those of enzymes. In the first of these examples, Robinson and 
Mosbach (63) have used the same transition-state principle that has been 
applied to the generation of catalytic antibodies. Binding pockets against 
a putative transition-state analog were created using molecular imprint- 
ing of polyvinyl-imidazole, which is rich in potential acid/base or 
nucleophilic imidazole groups, and ester hydrolysis was observed. In 
many ways, the generation of molecularly imprinted synthetic catalytic 
polymers (MIPS/synzymes) complements the research on catalytic anti- 
bodies, but it also allows for the possibility of studying catalysis at extremes 
of temperature and in organic solvents. The major disadvantage with the 
current synthetic polymers is that the catalysts produced have nonidenti- 
cal binding pockets and so can be treated as synthetic equivalents of a 
polyclonal antibody mixture. Hence, it is difficult to quantify the catalytic 
activity of any single class of binding site. 

Two examples of the use of small peptides to mimic the active site of 
enzymes have been reported (64,65). These so-called pepzyrnes have 
been shown to display both reaction and substrate specificity. Atassi and 
Manshouri (64) have synthesized two peptides that re-create the active 
sites of trypsin and chymotrypsin, using just 29 amino acids in each case. 
These catalysts were as efficient as the most efficient antibody-based sys- 
tems and suggest that synthetic small peptide catalysts offer a viable alter- 
native to antibody catalysts. 

ANTIBODY CATALYSTS VS ENZYMES 

Although none of the catalytic antibodies produced have come close 
to the reaction specificity of the "perfect enzyme" (kcat/Km = 109M -1 s -1) 
(72), specificites in the 103-106M -1 s -~ range have been reported for a 
number of hydrolytic catalysts. 
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The regio- and stereoselective controls exhibited by several of the 
catalytic antibodies rival those of comparable enzymes (giving products 
in enantio- or diastereomeric excesses of > 95%). The ability of individual 
clones from a single immunization to catalyze the same reaction on dif- 
ferent stereoisomers or to produce selectively only one of several possible 
isomeric forms (for example, endo and exo-Diels-Alder adducts), is a 
property that should be exploited by chemists in the near future. 

ACKNOWLEDGMENTS 

I thank the Royal Society (UK) for financial support,  Marianne Stahl 
for help with assembling Table 1, and Tony Rees for suggestions and 
critical reading of the manuscript.  

REFERENCES 

1. Pollack, S. J., Jacobs, J. W., and Schultz, P. G. (1986), Science 234, 1570-1573. 
2a. Jacobs, J. W., Schultz, P. G., Sugasawara, R., and Powell, M. (1987), J. Am. 

Chem. Soc. 109, 2174-2176. 
2b. Spitznagel, T. M., Jacobs, J. W., and Clark, D. S. (1993), Enzyme Microb. 

Technol. 15, 916-921. 
3. Shokat, K. M., Ko, M. K., Scanlon, T. S., Kochersperger, Yonkovich, S., 

Thaisrivongs, S., and Schultz, P. G. (1990), Angew, Chem. Int. Ed. Engl. 29, 
1296-1303. 

4. Tramontano, A., Janda, K. D., and Lerner, R. A. (1986), Science 234, 1566- 
1570. 

5. Tramontano, A., Ammann, A. A., and Lerner, R. A. (1988), J. Am. Chem. 
Soc. 110, 2282-2286. 

6. Tawfik, D. S., Zemel, R. R., Arad-Yellin, R., Green, B. S., and Eshhar, Z. 
(1990), Biochemistry 29, 9916-9921. 

7. Janda, K. D., Schloeder, D., Benkovic, S. J., and Lerner, R. A. (1988), 
Science 241, 1188-1191; Gibbs, R. A., Benkovic, P. A., Janda, K. D., Lerner, 
R. A., and Benkovic, S. J. (1992), J. Am. Chem. Soc. 114, 3528-3534. 

8. Chen, Y.-C., Danon, T., Sastry, L., Mubaraki, M., Janda, K. D., and Lerner, 
R. A. (1993), J. Am. Chem. Soc. 115, 357-358. 

9. Ohkubo, K., Urata, Y., Seri, K. I., Ishida, H., Sagawa, T., Nakashima, T., 
and Imagawa, Y. (1993), Chem. Lett. XX, 1075-1078. 

lOa. Martin, M. T., Napper, A. D., Schultz, P. G., and Rees, A. R. (1991), Bio- 
chemistry 30, 9757-9761. 

lob. Dufor, C. N., Bolin, R. J., Sugasawara, R. J., Massey, R. J., Jacobs, J. W., 
and Schultz, P. G. (1988), J. Am. Chem. Soc. 110, 8713-8714. 

11a. Janda, K. D., Weinhouse, M. I., Schloeder, D. M., Lerner, R. A., and 
Benkovic, S. J., (1990), J. Am. Chem. Soc. 112, 1274-1275. 

IIb. Wade, W. S., Ashley, J. A., Jahangiri, G. K., McElhaney, G., Janda, K. D., 
and Lerner, R. A. (1993), J. Am. Chem. Soc. 115, 4906-4907. 

Applied Biochemistry and Biotechnology Vol. 47, 1994 



370 Thomas  

12. Janda, D. D., Weinhouse, M. I., Danon, T., Pacelli, K. A., and Schloeder, 
D. M. (1991), J. Am. Chem. Soc. 113, 5427-5431. 

13. Khalaf, A. I., Proctor, G. R., Suckling, C. J., Bence, L. H., Irvine, J. I., and 
Stimson, W. H. (1992), ]. Chem. Soc. Perkin Trans. 1, 1475-1481. 

14. Janda, K. D., Benkovic, S. J., McLeod, D. A., Schloeder, D. M., and Lerner, 
R. A. (1991), Tetrahedron 47, 2503-2506. 

I5. Pollack. S. J., Nakayama, G. R., and Schultz, P. G. (1988), Science 242, 
1038-1040. 

16. Pollack, S. J., Hsiun, P., and Schultz, P. G. (1989), J. Am. Chem. Soc. 111, 
5961-5962. 

17. Janda, K. D., Benkovic, S. J., and Lerner, R. A. (1989), Science 244, 437-440; 
Janda, K. D., Ashley, J. A., Jones, T. M., McLeod, D. A., Schloeder, D. M., 
and Weinhouse, M. I. (1990), ]. Am. Chem. Soc. 112, 8886-8888. 

18. Tawfik, D. S., Green, B. S., Chap, R., Sela, M., and Eshhar, Z. (1993), 
Science 90, 373-377. 

19. Kitazume, T., Lin, J. T., Yamamoto, T., and Yamazaki, T. (1991), J. Am. 
Chem. Soc. 113, 2123-2126. 

20. Ikeda, S., Weinhouse, M. I., Janda, K. D., and Lerner, R. A. (1991), J. Am. 
Chem. Soc. 113, 7763-7764. 

21. Landry, D. W., Zhao, K., Yang, G.X.-Q., Glickman, M., and Georgiadis, 
T. M. (1993), Science 259, 1899-1901; see also Chandrakumar, N. S., Carron, 
C. P., Meyer, D. M., Beardsley, P. M., Nash, S. A., Ta, L. L., and Rafferty, 
M. (1993), Bioorg. Med. Chem. Lett. 3, 309-312. 

22. Miyashita, H., Karaki, Y., Kikuchi, M., and Fujii, I. (1993), Proc. Natl. Acad. 
Sci. USA, 90, 5337-5340. 

23. Fujii, I., Lerner, R. A., and Janda, K.D. (1991), J. Am. Chem. Soc. 113, 
8528-8529. 

24. Nakatani, T., Hiratake, J., Shinzaki, A., Umeshita, R., Suzuki, T., 
Nishioka, T., Nakajima, H., and Oda, J. (1993), Tetrahedron Lett. 34, 
4945-4948. 

25. Shen, R., Priebe, C., Patel, C., Rubo, L., Su, T., and Kahn, M. (1992), 
Tetrahedron Lett. 33, 3417-3420. 

26. Iverson, B. L. and Lerner, R. A. (1989), Science 243, 1184-1188. 
27. Scanlan, T. S., Prudent, J. R., and Schultz, P. G. (1991), ]. Am. Chem. Soc. 

113, 9397-9398. 
28. Iverson, B. L., Cameron, K. E., Jahangiri, G. K., and Pasternak, D. S. 

(1990), J. Am. Chem. Soc. 112, 5320-5323. 
29. Reymond, J. L., Janda, K. D., and Lerner, R. A. (1992), J. Am. Chem. Soc. 

114, 2257-2258; Reymond, J. L., Jahagiri, G. K., Stoudt, C., and Lerner, 
R. A. (1993), J. Am. Chem. Soc. 115, 3909-3917. 

30. Reymond, J. L., Janda, K. D., and Lerner, R. A. (1991), Angew. Chem. Int. 
Ed. Engl. 30, 1711-1713. 

31. Sinha, S. C., Keinan, E., and Reymond, J. L. (1993), J. Am. Chem. Soc. 115, 
4893-4894. 

32. Janda, K. D., Shevlin, C. G., and Lerner, R. A. (1993), Science 259, 490-493; 
Na, J., Houk, K. N., Shevlin, G. G., and Lerner, R. A. (1993), J. Am. Chem. 
Soc. 115, 8453-8454. 

33a. Napper, A. D., Benkovic, S. J., Tramontano, A., and Lerner, R. A. (1987), 
Science 238, 1041-1043. 

Applied Biochemistry and Biotechnology Vol. 4 7, 1994 



Hapten Design 371 

33b. Benkovic, S. J., Napper, A. D., and Lerner, R. A. (1988), Proc. Natl. Acad. 
Sci. USA 85, 5355-5358. 

34a. Wirsching, P., Ashley, J. A., Benkovic, S. J., Janda, K. D., and Lerner, R. 
A., (1991), Science 252, 680-685. 

34b. Ashley, J. A. and Janda, K. D. (1992), J. Org. Chem. 57, 6691-6693. 
35. Jacobsen, J. R., Prudent, J. R., Kochersperger, L., Yonkovich, S., and 

Schultz, P. G. (1992), Science 256, 365-367. 
36. Jackson, D. Y. and Schultz, P. G. (1991), J. Am. Chem. Soc. 113, 2319-2321. 
37. Janda, K. D., Lerner, R. A., and Tramontano, A. (1988), J. Am. Chem. Soc. 

110, 4835-4837. 
38. Gibbs, R. A., Taylor, S., and Benkovic, S. J. (1992), Science 258, 803-805; 

Liotta, L. J., Benkovic, P. A., Miller, G. P., and Benkovic, S. J. (1993), J. Am. 
Chem. Soc. 115, 350-351. 

39. Nakayama, G. R. and Schultz, P. G. (1992), J. Am. Chem. Soc. 114, 780,781. 
40. Hsieh, L. C., Yonkovich, S., Kochersperger, L., and Schultz, P. G. (1993), 

Science 260, 337-339. 
41. Ashley, J. A., Lo, C.-H.L., McElhaney, G. P., Wirsching, P., and Janda, 

K. D. (1993), J. Am. Chem. Soc. 15, 2515,2516. 
42. Lewis, C., Robinson, S., and Hilvert, D. (1991), Science 253, 1019-1022. 
43. Gouverneur, V. E., Houk, K. N., de Pascual-Teresa, B., Beno, B., Janda, 

K. D., and Lerner, R. A. (1993), Science 62, 204-209. 
44. Braisted, A. C. and Schultz, P. G. (1990), J. Am. Chem. Soc. 112, 7430,7431. 
45. Hilvert, D. H., Hill, K. W., Nared, K. D., and Auditor, M.-T. M. (1989), J. 

Am. Chem. Soc. 111, 9261,9262. 
46. Suckling, C. J., Tedford, M. C., Bence, L. M., Irvine, J. I., and Stimson, 

W.H. (1993), J. Chem. Soc. Perkin Trans. 1, 1925-1929. 
47. Hilvert, D., Carpenter, S. H., Nared, K. D., and Auditor, M.-T. M. (1988), 

Proc. Natl. Acad. Sci. USA 85, 4953-4955; Hilvert, D. and Nared, K. D., 
(1988), J. Am. Chem. Soc. 110, 5593-5594. 

48. Jackson, D. Y., Jacobs, J. W., Sugasawara, R., Reich, S. H., Bartlett, P. A., 
and Schultz, P. G. (1988), J. Am. Chem. Soc. 110, 4841,4842. 

49. Cochran, A. G., Sugasawara, R., and Schultz, P. G. (1988), J. Am. Chem. 
Soc. 110, 7888-7890. 

50. Cochran, A. G., Pham, T., Sugasawara, R., and Schultz, P. G. (1991), ]. 
Am. Chem. Soc. 113, 6670-6672. 

51. Shokat, K. M., Leumann, C. J., Sugasawara, R., and Schultz, P. G. (1989), 
Nature 338, 269-271. 

52. Uno, T. and Schultz, P. G. (1992), J. Am. Chem. Soc. 114, 6573,6574. 
53. Janjic, N. and Tramontano, A. (1989), ]. Am. Chem. Soc. 111, 9109,9110. 
54. Cochran, A. G., and Schultz, P. G. (1990), J. Am. Chem. Soc. 112, 9414-9415. 
55. Keinan, E., Sinma S. C., Sinhabagchi, A., Bendry, E., Gnozi, M. C., 

Eshhar, Z., and Green, B. S. (1990), Pure Appl. Chem. 62, 2013-2019. 
56. Cochran, A. G. and Schultz, P. G. (1990), Science 249, 781-783. 
57. Gallacher, G., Jackson, C. S., Searcy, M., Badman, G. T., Goel, R., 

Topham, C. M., Mellor, G. W., and Brocklehurst, K. (1991), Biochem. J. 279, 
871-881. 

58. Gallacher, G., Searcy, M., Jackson, C. S., and Brocklehurst, K. (1992), 
Biochem. J. 284, 675-680. 

Applied Biochemistry and Biotechnology Vol. 47, 1994 



372 T h o m a s  

59. Stephens, D. B. and Iverson, B. L. (1993), Biochem. Biophys. Res. Commun. 
192, 1439-1444. 

60. Paul, S., Volle, D.J., Beach, C. M., Johnson, D. R., Powell, M. J., and 
Massey, R. J., (1989), Science 244, 1158-1162. 

61. Shuster, A. M., Gololobov, G. V., Kvashuk, O. A., Bogomolova, A. E., 
Smirnov, I. V., and Gabibov, A. G. (1992), Science 256, 665-667. 

62. Izadyar, L., Friboulet, A., Remy, M. H., Roseto, A., and Thomas, D. (1993), 
Proc. Natl. Acad. Sci. USA 90, 8876-8880. 

63. Robinson, D. K. and Mosbach, K. (1989), J. Chem. Soc. Chem. Commun., 
969-970; see also Wulff, G. (1990), in Biomimetic Polymers, Gebelein, G. G. 
ed., Plenum, New York, pp. 1-23. 

64. Atassi, M. Z. and Manshouri, T. (1993), Proc. Natl. Acad. Sci. USA 90, 
8282-8286. 

65. Johnsson, K., Allemann, R. K., Widmer, H., and Benner, S. A. (1993), 
Nature 365, 530-532; see also Stewart, J. M. (1994), Appl. Biochem. Biotech., 
this issue. 

66. Gibbs, R. A. and Benkovic, S. J., personal communication. 
67. Jacobs, J. W. (1991), Biotechnology 9, 258-262. 
68. Jencks, W. P. (1987), Catalysis in Chemistry and Enzymology, McGraw-Hill, 

New York. 
69. Blackburn, G. M., Kingsbury, G., Jayaweera, S., and Burton, D. R. (1991), 

in Catalytic Antibodies, Chadwick, D. J. and Marsh, J., eds., Wiley, 
Chichester, pp. 211-226. 

70. Gallacher, T., Snell, E. E., and Hakert, M. L. (1989), J. Biol. Chem. 264, 
12,737-12,743. 

7l. Raso, V. and Stollar, B. D. (1975), Biochemistry 14, 591-599. 
72. Cleland, W. W. (1975), Acc. Chem. Res. 8, 145. 

Applied Biochemistry and Biotechnology Vol. 4 7, 1994 


