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Acyl-transfer processes are ubiquitous in both biochemical
metabolism and organic chemistry and as such have remained
a major focus for antibody catalysis since the first reports of
these programmable proteins appeared in the mid-1980s.1 The
numerous antigens utilized to elicit catalysts for these reactions
can be broadly categorized as being either transition-state
analogues (TSA) or bait and switch haptens.2 To expand the
scope and improve the catalytic abilities of antibodies we are
directing efforts toward new strategies for immunogen design.
Recently we reported a method termed reactive immunization
(RI), which utilizes a labile phosphonate diester hapten which
can either hydrolyze at physiological pH or trap a nucleophile
at the B-cell level of the immune response.3 We have reasoned
that the combination of these events, which incorporate chemical
reactivity and transition state stabilization into antibody selec-
tion, may encompass a better overall strategy for catalyst
generation.3 In the present study we combine the known
stereoselectivity of antibodies4 with the new RI approach to
generate catalysts for a kinetic resolution of a racemic mixture
of p-methylsulfonylphenyl esters of naproxen1 (Scheme 1).5

Chemical synthesis of1 leads to a racemic mixture6 and
consequently there is a considerable effort being devoted to
improve the methods for its asymmetric synthesis and resolu-
tion.7

The hapten chosen for immunization, phosphonate diester3,
hydrolyzes under physiological conditions with expulsion of a
p-methylsulfonylphenol leaving group (pKa 7.8).8 By immuniz-
ing with a racemate, it was expected that antibody catalysts with

differing enantioselectivities would be generated and that during
screening, antibodies with the required (+)-(S)-selectivity could
be highlighted.4a,e

Following synthesis and coupling of hapten3 to carrier
proteins,9 129 Gix+ mice were immunized with a keyhole limpet
haemocyanin (KLH)-3 conjugate. Monoclonal antibodies were
produced by standard techniques10 and purified from hybridoma
supernatants as described previously.11 Of 20 monoclonal
antibodies that bound to a bovine serum albumin (BSA)-3
conjugate, 12 catalyzed the hydrolysis of the substraterac-2.12
The kinetic parameters and enantioselectivities of the five most
active antibody catalysts were studied in detail (Table 1). In
all cases the catalysis was competitively inhibited by both
phosphonates4 and 5.13 This cross-reactivity supports the
notion that catalysis occurs in the antibody combining site and
that the RI strategy involves antibody recognition of structural
components along the hydrolysis coordinate of the phosphodi-
ester hapten. A defining precept of RI is the installation of
chemical reactivity within the antibody binding-site to the
hapten. This was determined kinetically for antibody 15G12,
which catalyzes the hydrolysis of the hapten analogue4 (Km )
232µM, kcat ) 2.1× 10-3 min-1). Interestingly, no phospho-
nylation of 15G12 was detected during this process, and in
contrast to our previous report,3 no acyl-antibody intermediate
was detected, suggesting either that acylation is rate-limiting
or that the chemical reactivity engendered by RI, in this case,
is not covalent in origin.
The most active members of the panel have enhancement

ratios,kcat/kuncat, of greater than 105, highlighting the catalytic
power imparted by RI. Antibodies 5A9 and 6C7 have high
substrate specificity, which coupled with their high turnover
numbers,kcat, results in reaction specificity constant values,kcat/
Km > 105 M-1 min-1. Wolfenden14a has defined the catalytic
proficiency of a biocatalyst by division of its second-order
specificity constant with the background rate of substrate
hydrolysis. By this rationale, the three most active monoclonals,
5A9, 6C7, and 15G12 have proficiency constants of 4.66, 2.75,
and 2.20× 109 M-1, respectively.14b These values are among
the highest achieved by catalytic antibodies for any acyl transfer
process, whether elicited by transition state analogue, bait and
switch, or heterologous immunization approaches,15 and are
comparable with a number of lipases and esterases (109-1012
M-1),16a including A-esterase (EC 3.1.1.2).16b

At present, industrial production of (S)-naproxen1 involves
diastereomeric crystallization of a racemic acid mixture.6

Several reports of enzymatic resolution of naproxen alkyl esters
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state observed ee’s of>98% of1 for up to 39% conversion.7a,b17

All five monoclonal antibodies in Table 1 possess the correct
(+)-(S)-2 selectivity, although this was not programmed by
racemic hapten3, as discussedVide supra. The most stereo-

selective clone, 5A9, produces (+)-(S)-naproxen acid1 with a
90% ee after 26% conversion.18 All the antibodies haveE
values of>20 which should yield>90% ee for this nondynamic
kinetic resolution for up to 35% conversion.19 This analysis
assumes that neither product inhibition nor nonproductive
binding of substrate enantiomers contributes during the resolu-
tion. While studying the antibody-catalyzed hydrolysis ofrac-
2, it became clear that the poorer substrate enantiomer, (-)-
(R)-2, binds more tightly and inhibits the antibody-catalyzed
hydrolysis of the (+)-(S)-2 enantiomer for 6C7 (Ki app[(-)-(R)-
2] ) 1 µM) and 7E1 (Ki app[(-)-(R)-2] ) 37 µM), thus
contributing to the observed reduction of ee’s. It is reasoned
that, for future studies, this unwanted recognition of theR
enantiomer can be minimized by utilizing a homochiral hapten.
In conclusion, these experiments have highlighted RI as a

strategy for generation of a panel of antibody catalysts with
proficiency quotients among the highest yet observed for acyl-
transfer processes. One clone, 5A9, couples high catalytic
activity with a 90% ee for production of the (+)-(S)-naproxen
acid1. Perhaps one of the most exciting features of this work
is its applicability. The programmable nature, specificity, and
power of catalysts produced by RI mean that reactions thought
previously to be out of the realms of catalytic antibodies may
now be a step closer.
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Scheme 1.Phosphonate Diester3, Inhibitors4 and5, and Racemic Esters2 Utilized in a Reactive Immunization Approach for
the Antibody-Catalyzed Kinetic Resolution of Esters of Naproxen1

Table 1. Parameters for Antibody Catalysis of (+)-(S)-2 and
(-)-(R)-2 Hydrolysisa

antibody kcat (min-1) Km (µM) kcat/Km (M-1 min-1) Eb

(+)-(S)-2Hydrolysis
15G12 28.1 300.8 9.34× 104 29.0
7H9 3.3 576.0 5.73× 103 30.5
5A9 2.3 11.5 2.00× 105 22.5
7E1 1.6 206.6 7.74× 103 56.9
6C7 0.2 1.6 1.25× 105 123.4

(-)-(R)-2Hydrolysis
5A9 0.49 55.4 8.80× 103

15G12 0.23 69.9 3.29× 103

7E1 0.17 1228.5 1.38× 102

7H9 0.14 735.7 1.90× 102

6C7 0.06 58.0 1.03× 102

a Kinetic assays were performed in aqueous buffer (100 mM bicine,
pH 8.0) with 5% DMF and 1% Tween 80 to enhance substrate
solubility. The reaction was followed by monitoring generation of
either (+)-(S)-1 or (-)-(R)-1 by reversed-phase HPLC. The assay was
started by addition of the substrate in DMF, either (+)-(S)-2 or (-)-
(R)-2 (1-300µM), to a mixture of the antibody (0.1-1.75µM) in the
aqueous buffer system. Kinetic parameters were calculated using
nonlinear regression analysis of the raw data with the Grafit computer
program. The uncatalyzed rate,kuncat ) 4.24× 10-5 min-1, of (+)-
(S)-2 and (-)-(R)-2 is the observed rate of hydrolysis in the aqueous
buffer system (100 mM bicine, pH 8.0) used for the antibody kinetics.
b E is the ratio of the second-order specificity constantskcat/Km of the
two enantiomers.19
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