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The á-ketoamide group: a new motif for the elicitation of catalytic
antibodies for acyl-transfer reactions
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An á-ketoamide hapten elicited a monoclonal antibody
that catalyzed the hydrolyses of esters and carbamates via
either a covalent intermediate or direct addition of water.

The most successful haptens for the induction of catalytic
antibodies with hydrolytic activity have been transition-state
analogues based on phosphonate structures.1 According to
hypothesis and design, the phosphonate approach programmed
the direct addition of a water molecule to appropriate sub-
strates. However, in some cases, antibodies with nucleophilic
side chains used for covalent catalysis were serendipitously
elicited by phosphonate haptens.2 Recently, a rational approach
to the design of haptens for eliciting covalent catalysis
was developed and coined “reactive immunization”.3 The
methodology enabled the development of catalytic antibodies
for enantioselective ester hydrolyses with high catalytic
proficiencies.4

The α-ketoamide-containing natural product cyclotheon-
amide A inactivated the serine protease α-thrombin through
formation of a hemiketal adduct between the hydroxy group of
the catalytic serine and the ketone of the inhibitor.5 Protease
and esterase inactivation via such a mechanism was also
observed using various trifluoromethyl ketones.6 Reactive
immunization using an α-ketoamide should elicit antibodies
capable of operating by covalent catalysis through a discrete
acyl-antibody intermediate. However, an additional factor
generally encountered in the α-ketoamide structure is a ~908
twist angle about the carbonyl bonds that might mimic charac-
teristics of a tetrahedral transition state.7 This feature could
make contributions to catalysis of covalent intermediate
formation or direct hydrolysis.8

We previously determined the X-ray structure of 1 that
revealed the presence of the keto form in the solid state with a
dihedral angle of 92.68 about the two carbonyls similar to the
angle observed in other α-ketoamides.7,9 Under physiological
conditions (deutero-PBS, pH 7.4, 10% DMSO-d6 for solubil-
ity), [13C]-labeled hapten analog 2 was found to exist pre-
dominantly (>97%) in the keto form (ketone, δ 192.7 ppm;
hydrate, δ 94.5 ppm). According to the precedent for enzymatic
inactivation, hapten 3 should be suitable for eliciting antibody
catalysts for acyl-transfer reactions via a mechanism operating
through a covalent intermediate.

A panel of 22 mAbs (monoclonal antibodies) was derived
from immunization of mice with hapten 3 coupled to KLH
(keyhole limpet hemocyanin). Antibodies were screened†
for their ability to catalyze the hydrolysis of esters 4 and 6.
Two antibodies were found to accelerate ester hydrolysis and
one antibody, mAb 3H11, was studied in detail. BIAcore
(Pharmacia) analysis using hapten 3 tethered with an amine-
linker 9 was used to determine kon and koff that provided a value
of Kd = 10 nM and indicated excellent recognition and affinity
of the α-ketoamide structure. The position of the substrate
carbonyl group and other chemical features were varied and
this afforded other substrates 5, 7 and 8.

The acetate ester 6 in the presence of mAb 3H11 produced a

kinetic profile having a burst of 4-isobutyramidophenol release
followed by a slower steady-state phase (kcat/kuncat = 10). For
mechanisms invoking an acyl intermediate with deacylation as
the rate-determining step, addition of a good nucleophile
should increase the rate of deacylation and therefore the kcat.

10

Consistent with this, addition of hydroxylamine increased the
steady-state rate of the phenol release three-fold. The results
suggested that reactive immunization had positioned a nucleo-
phile appropriate for acylation reactions in the combining site
of the antibody.
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Initially, the reaction of mAb 3H11 with p-nitrophenyl ester 4
(5 µM mAb, 100 µM substrate) was observed to produce a burst
of p-nitrophenol (vobs = 1.0 µM min21) with a corresponding
lag in acid production (vobs = 0.02 µM min21). A complete
Michaelis–Menten analysis was not feasible due to substrate
solubility limitations, but the initial rates in the concentration
range studied were linear with antibody concentration and the
reaction was inhibited by hapten analog 1. Again, the kinetic
profile suggested the presence of an acyl-antibody in which
breakdown of the intermediate was the rate-determining step.
However, HPLC experiments indicated a discrepancy in the
amount of p-nitrophenol and 4-isobutyramidobenzoic acid
produced in the antibody-catalyzed reaction. The absence of
one-half equivalent of acid suggested either covalent or tight
noncovalent binding of the acyl portion to the antibody.
Quenching the reaction under strongly denaturing conditions
(6 M guanidinium hydrochloride) gave no increase in the
amount of acid so that the data were in accord with covalent,
irreversible acylation of the antibody.

The above “suicide” type of inhibition had been observed
previously for esterolytic antibody catalysts.11 Essentially, the
ester 4 was a mechanism-based inactivator of mAb 3H11 where
antibody acylation (kacyl) was in competition with substrate
hydrolysis (kcat). A qualitative comparison of the rates of
p-nitrophenol and acid production indicated that antibody
acylation was the predominant pathway. A comparison of the
estimated kacyl and kcat for 4 to the measured kuncat (6.7 × 1025

min21) provided a lower limit for the rate accelerations of 1490
and 30, respectively. The dual activity observed could result
from alternative binding modes as determined by the two
twisted atropisomers possible for hapten 3, yielding different
mechanistic pathways, or competition in a single binding mode
between addition of an antibody nucleophile and of water.

Interestingly, the methyl ester 5 with the carbonyl and
4-isobutyramidophenyl group located identically to that of 4
was also a substrate for mAb 3H11 (kcat = 2.0 × 1024 min21,
Km = 280 µM, kcat/kuncat = 100). Notably, the antibody was not
inactivated during reaction with 5, so that now simple
hydrolysis was the sole mechanistic pathway. Similarly, in the
reaction with the p-nitrophenol ester 7, no burst of p-nitro-
phenol was detected and equimolar amounts of acid and
p-nitrophenol were produced. Hence, 7 did not irreversibly
acylate the antibody as for 4, although the possibility of an acyl
intermediate could not be excluded. The varied and unusual
reactivity of the closely related activated esters 4 and 7 demon-
strated the subtle differences in kinetic behavior afforded in an
antibody elicited by the α-ketoamide hapten.

The aryl carbamate 8 was a substrate for antibody mAb
3H11 (kcat = 0.20 min21, Km = 120 µM, kcat/kuncat = 480). The
reaction yielded multiple turnovers, no indication of product
inhibition and was competitively inhibited by 1 (Ki = 0.5 µM).
No burst was observed and the rates of 4-isobutyramidophenol
and 4-nitroaniline formation were identical by HPLC analysis
which indicated production of the phenol was in the steady-
state. However, both the log Vmax and log Vmax/Km versus pH
profiles showed an apparent pKa = 7.5 where the deprotonated
form of an amino acid residue was catalytically active. The
energetically favored, uncatalyzed hydrolytic pathway for aryl
carbamates is believed to proceed by an elimination (E1cB)
mechanism forming an alcohol and isocyanate in which the
latter then reacts with water and decarboxylates to form the
amine and carbon dioxide.12 The disfavored pathway is an
addition–elimination (BAC2) mechanism proceeding through
a tetrahedral intermediate. Antibodies have been shown to
catalyze the highly disfavored BAC2 process.13 While it remains

to be determined, here the elimination mechanism might be
favored since hapten design elements to dictate otherwise were
not incorporated. Hence, the active-site nucleophile participat-
ing in acylation with esters 4 and 6 might act as a general base
for carbamate hydrolysis.

In the light of the known structure and reactivity of α-keto-
amides, the data supported a reactive immunization response to
the hapten along with possible modes of transition-state stabil-
ization. However, further studies will be required to unequivo-
cally address this issue. Given the successful results, a new
model is now available for obtaining antibody catalysts for ester
and carbamate hydrolyses, and for the exploration of other
acyl-transfer reactions.
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† Determined at 22 8C in 50 mM phosphate–100 mM NaCl, pH 8.0,
with 5% DMSO as cosolvent for 5 and 6, and 4% DMF, 1% dioxane,
1% Tween-80 for 4, 7 and 8.
‡ BIAcore analysis is a system for real time bimolecular interaction
analysis (BIA) using surface plasmon resonance technology.
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