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Many enzymes use common catalytic mechanisms in the
catalysis of analogous chemical transformations, for example in
the hydrolysis of esters and amides. Conservation of catalytic
mechanism is observed not only among evolutionarily related and
highly homologous enzymes but also between structurally dif-
ferent and evolutionarily unrelated enzynteSuch observations
provide evidence for evolutionary convergence at the level of
chemical mechanism. It is anticipated that structural heterogeneity
may provide for distinct opportunities for the optimization of
catalytic efficiency with different substrates where chemical
mechanism is conserved. In the case of catalytic antibodies,
immunization of mice with transition-state analogues designed
for the preparation of hydrolytic antibodies has provided a variety
of catalytic antibodies that demonstrate high levels of homology
at both structural and mechanistic levélgvhile the immune
repertoire provides a highly diverse array of antibody genes from
which to select catalysts, immune responses to haptens are ofte
highly restricted to a few favored V gen&&his fact acts to
experimentally limit our opportunities to probe the structural
repertoire available to antibodies more completely. To search for
novel aldolase antibodies we sought a strategy that would not be
limited by the need to reimmunize animals but one that would
take advantage of insights gained by the study of existing catalysts.

Here we examine a new strategy to obtain improved catalytic
antibodies by recombining the catalytic machinery of parental
antibodies with a naive V gene repertoire. Antibody libraries of
this type may provide new evolutionary opportunities for catalysis
not accessible through the relatively small, five or six amino acid
residues changé# protein sequence that are typically probed
to prepare modified or enhanced catalysts.

Aldolase antibodies 38C2 and 33F12 were previously generated
by reactive immunization with 1,3-diketorie® The antibodies
are highly homologous with respect to sequence, structure, and
catalytic mechansirh® Both antibodies possess a highly reactive
lysine residue (LysH93)in their active sites that is essential to
their catalytic mechanism. Tkeamino group of the lysine residue
is key in the formation of Schiff base and enamine intermediates
that appear along the reaction coordinate of the aldol reattfion.
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Although these antibodies possess unusually promiscuous active
sites capable of catalyzing a wide variety of aldol and retro-aldol
reactions, the efficiency with which any given aldol is processed
can vary significantly. For example, retro-aldol reactions of
cyclohexanone-aldolg are relatively slow compared to those
involving acetone-aldol8. The keto functionality appears to be
key in determining the relative efficiency of processing by these
catalysts sinc@® with a wide variety of R groups are processed
efficiently. Therefore, we focused on the alteration of substrate
specificity using this strategy with the aim of preparing catalysts
that would more efficiently procesa

To retain the catalytic function of the residue LysH93, we took
advantage of information provided by the crystal structure of
33F12% The structure showed the reactive lysine at the bottom
of a deep binding pocket where most of the residues within a 4
A radius of thee-amino group of LysH93 are hydrophobic and
are thus likely key in tuning thelf, of this amine group. These
residues are SerH35, ValH37, TrpH47, TyrH95, TrpH103, and
PhelL98. TyrH95 and TrpH103 are found in HCDR3 (heavy chain
complementarity determining region 3), and PhelL98 is in LCDRS3.
Therefore, the sequences of the LysH93, HCDR3, and LCDR3
of the aldolase antibodies were retained in the library. A naive
antibody heavy chain variable domain{Mibrary was generated
using human bone marrow cDNA and fused to the parental heavy
chain sequences at H93 he LCDR3 sequences of the parental
antibodies were placed in the context of an unrelated human light
chain, that possessed a radically different amino acid sequence

@s compared to the parental aldolase antibcti€se phage

displayed librarie®!® were selected by three rounds of panning
against 1,3-diketone4- and 1-BSA (bovine serum albumin) in
order to select antibodies that would accept dthnd 3. In a
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subsequent diversification step, Wbraries were combined with
the selected YV libraries, and three additional rounds of selection
were performed.

Screening of the phage selected clones by ELISA for the
production of soluble Fab capable of binding to bathand
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Table 1. Kinetic Parameters of the Retro-Aldol Reactions &f 5

Communications to the Editor

anti-5 syn5
K, /lM kcaty min-1 kca{kuncatb Km, /,tM kcat, min-1 kca{kuncatb
Fab 28 + 1.8x 1(? 1.0x 101 2.3x 10 + 1.1x 12 29x 101 1.2x 10
Fab 28 2R 1Y 1.0x 1(? 9.5x 1072 2.1x 10 2519 87 2.9x 101 1.2x 10
38C2 + 36 3.4x 102 7.5x 108 + 1.1x 17 9.7x 102 4.0x 10°
33F12 + 97 1.1x 1072 25x 10° + 1.3x 17 4.7x 1072 19x 1¢°

aReaction conditions: 5% DMSO/PBS (pH 7.4), 25 except as noted.The first-order kinetic constant of the background reactiQr.4) was
4.5 x 1078 min~?! for (£)-anti-5 and 2.4x 10°°> min~* for (4)-syn>5. ¢ Reaction was performed in 5% GEN/PBS (pH 7.4). Théncaswere the

same as those observed in 5% DMSO/PBS (pH 7.8ke ref 15.

1-BSA, identified 23 clones. The five clones that showed the
strongest ELISA signal were chosen for further study, and the
antibody Fab fragments were purifi€bScreening for the ability

to catalyze the retro-aldol reaction of fluorogenic substtgite
using 0.5u4M of Fab and a mixture of%)-anti-5 (125 uM)—
(£)-syn5 (125 uM) in 5% DMSO/PBS (pH 7.4) at 25C,

nm was observed. This result is consistent with enaminone
formatior?® between Fab 28 and0, and with the reaction
mechanism of the parental antibodies. The amino acid sequences
of V| and W}, of Fab 28 and of the parental antibodies are shown
in Figure 1 in the Supporting Information. As expected from the
library construction, Fab 28 retained sequence elements of the

identified antibody Fab 28 as the best catalyst, and this antibody parental antibodies as was the design of the library. The remaining

was studied in detail.
saturation kinetics described by the Michaelidenten equation
in the steady-state of the retro-aldol reaction. The kinetic
parameters are shown in Table 1. g values of Fab 28 were

Fab 28-catalyzed reactions displayed protein sequence is of human origin and is not related in primary

sequence to the parental antibodies. To further evaluate the role
of LysH93 in Fab 28, it was mutated to alanine and methionine.
The mutants did not catalyze any of the reactions studied above

superior to those of the parental antibodies for these substratesand displayed reduced binding affinities for diketof&surther,

by approximately 3 to 10-fold. In addition, Fab 28 catalyzed the
retro-aldol reaction of££)-6.13 The ke, value is similar to that of
antibody 33F123 Fab 28-catalyzed reactions were inhibited by
the addition of diketone’. The K; was determined by Dixon
analysis to be 1.0M in 28-catalyzed retro-aldol reaction of}-
syn5. To determine the enantioselectivity of the catalyzed reac-

enaminone formation between the mutants and diketones was not
detected. These results are consistent with an essential role of
LysH93 in the catalytic mechanism of Fab 28.

In this work, we have demonstrated tteV gene shuffling
strategy can be used to reconstruct aldolase antibodies while
retaining the catalytic residues and mechanism of the parental

tion, each of the enantiomers of these substrates were separatelgntibodies. This strategy that provides meaningful structural

studied'* Fab 28 catalyzed the retro-aldol reactions d®,2S)-
5, (251'9)-5 (Table 1), and of $-6.1°> Catalysis of retro-aldol-
ization of the opposite optical isomers was not detected. The

diversity is complementary to the existing lower-complexity
randomization proceduré® and is analogous to family-based
DNA shuffling strategied? Since the aldolase antibody selected

stereochemistries of the preferred substrate enantiomers of Fathere is now humanized with respect to its primary sequence, it
28 are the same as those of the parental antibodies. Fab 28 alstias potential utility in the activation of designed prodrugs for

catalyzed the retro-aldol reaction of§2'9-8.15"17 This reaction
was also stereoselective, and the ratio of the initial velocities of
28-catalyzed reactions using each of the enantiomesym®8'®
(200uM) was>99:1. This contrasts the results obtained for 38C2-
catalyzed reactions of the enantiomerswii8 (200 uM) where

an insignificant velocity ratio of 2.4:1 was observed. Fab 28 also
catalyzed the retro-aldol reactions of tertiary aldt){9.5+18

o OH

2R1S (2S1S
O OH

(2815

The key elements of the catalytic mechanism of the parental

cancer therap$? In addition to selection with novel diketones,
the libraries in this report might also allow for the selection of
catalysts not accessible though immunization, for example, novel
catalysts by posttranslational modification at LysH93 within the
library to prepare cofactor-dependent catalytic antibotfies.
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(15) The purity of the enantiomeric substrates that were used in the reactions
is as follows: (R1'9-5 99.0% ee; (31R)-, (2S1'9-, and (R1IR)-5,
>99.5% ee: §)-6, 98% ee; R)-6, 99.5% ee: (31'S)- and (RL'R)-8, >99.5%

antibodies appear to be conserved in Fab 28-catalyzed reactionsge: The enantiomers were purified using chiral phase HPLC, and the ee was

When Fab 28 (2.6:M) was mixed with 2,4-pentanedion&q)
(500uM) in 5% CH,CN/PBS (pH 7.4), a new absorption at 318

determined by the HPLC analysis. The absolute stereochemistgnéafwas
determined by the analogy of the reactivity in the 28-catalyzed retro-aldol
reactions of known enantiomers, 32 9)- and (R,1'R)-8.16 For the determi-
nation of absolute stereochemistryaofti-5, an enantiomer ddnti-5 (>99.5%
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