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Understanding enzymes quantitatively and mimicking their remarkable
catalytic efficiency is a paramount challenge. Here, we applied esterolytic
antibodies (the D-Abs) to dissect and quantify individual elements of
enzymatic catalysis such as transition state (TS) stabilization, nucleophilic
reactivity and conformational changes. Kinetic and mutagenic analysis of
the D-Abs were combined with existing structural evidence to show that
catalysis by the D-Abs is driven primarily by stabilization of the tetra-
hedral oxyanionic intermediate of ester hydrolysis formed by the nucleo-
philic attack of an exogenous (solution) hydroxide anion. The side-chain
of TyrH100d is shown to be the main H-bond donor of the D-Abs
oxyanion hole. The pH-rate and pH-binding profiles indicate that the
strength of this H-bond increases dramatically as the neutral substrate
develops into the oxyanionic TS, resulting in TS stabilization of
5–7 kcal/mol, which is comparable to oxyanionic TS stabilization in
serine hydrolases. We show that the rate of the exogenous (intermolecu-
lar) nucleophilic attack can be enhanced by 2000-fold by replacing the
hydroxide nucleophile with peroxide, an a-nucleophile that is much
more reactive than hydroxide. In the presence of peroxide, the rate satu-
rates (kcat

max) at 6 s21. This rate-ceiling appears to be dictated by the rate
of the induced-fit conformational rearrangement leading to the active anti-
body–TS complex. The selective usage of negatively charged exogenous
nucleophiles by the D-Abs led to the identification of a positively charged
channel. Imprinted by the negatively-charged TS-analogue against which
these antibodies were elicited, this channel presumably directs the nucleo-
phile to the antibody-bound substrate. Our findings are discussed in com-
parison with serine esterases and, in particular, with cocaine esterase
(cocE), which possesses a tyrosine based oxyanion hole.
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Introduction

The remarkable catalytic efficiency of enzymes is
the outcome of many forces and factors acting in
concert. Separating these factors and quantifying
the contribution of each to the overall rate accelera-
tion of an enzyme is not a simple matter.1 Enzyme
models and catalytic antibodies in particular
provide a unique opportunity to examine and
quantify enzymatic forces and mechanisms of
action individually. The first and foremost studied
antibody-catalyzed reaction is ester hydrolysis, a
reaction that proceeds via relatively low activation
barriers and a well-defined singular tetrahedral,
oxyanionic intermediate (I1 in Mechanism I,
Scheme 1).2,3 Antibodies raised against stable
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analogues of this intermediate are routinely found
to catalyze the hydrolysis of the corresponding
esters (Figure 1).4 The vast majority of these estero-
lytic antibodies achieve catalysis by oxyanionic TS
stabilization, i.e. by stabilizing the oxyanion I1

intermediate and the TSs leading to and from it.
Here, antibody-catalyzed hydrolysis proceeds via
the same mechanism that prevails in spontaneous
ester hydrolysis, an intermolecular nucleophilic
attack of an exogenous hydroxide anion from sol-
ution (Mechanism I), with the difference being the
stabilization of intermediate I1 and the flanking
TSs at the antibody’s active-site.3,5

In contrast, natural enzymes apply a more com-
plex mechanism, combining a variety of catalytic
forces, including preferential substrate alignment,6

endogenous nucleophiles (i.e. an intramolecular
nucleophilic attack) and general-base catalysis
(e.g. for deprotonation and activation of the
deacylating water molecule), that complement oxy-
anionic TS stabilization. Unlike catalytic anti-
bodies, in serine (or cysteine) hydrolases the
nucleophilic attack is carried out by the alkoxide
(or thiol) moiety of an active-site side-chain as an
integral part (endogenous) of the active site (step
A, Mechanism II). This is followed by a deacylation
step mediated by an hydroxide anion generated in
situ by the base-catalyzed proton elimination of an
active-site water molecule (step B, Mechanism II).7

Mechanism II (Scheme 1), the central theme of
which is the covalent acyl-enzyme intermediate,
involves oxyanionic TSs and intermediates (I2 and
I3) analogous to Mechanism I. The overall rate
accelerations exhibited by esterolytic enzymes are
generally in the range of 106 –109, although some
esterases, such as acetylcholinesterase (AChE), can
exhibit rate accelerations that are as high as 1013.6

Natural esterases are therefore much more potent
catalysts than catalytic antibodies that exhibit rate
accelerations in the range of 103 –105. At the same
time, the antibodies D2.3 and D2.4 (D-Abs) and
most of the other known esterolytic antibodies
apply a single catalytic force that is TS stabiliz-
ation. In contrast, esterolytic enzymes apply a var-
iety of catalytic forces that complement TS
stabilization.

The above comparison of esterolytic enzymes
versus antibodies raises several basic questions
that are addressed here. (i) How do natural
esterases and esterolytic antibodies compare in
their efficiency of applying oxyanion stabilization
to ester hydrolysis? (ii) Can the rate of the anti-
bodies’ intermolecular (exogenous) nucleophilic
attack be enhanced significantly; and, can it rival
the rate of the natural esterases? (iii) Is the rate of
antibody catalysis affected by factors other than
the chemistry (i.e. the nucleophilic attack), for
example, by physical events such as conformation-
al changes (as may be the case with many enzymes
including esterases8 – 13)?

This study makes use of the D-Abs. Raised
against p-nitrobenzyl phosphonate TSA 1b,14 they
catalyze the hydrolysis of the corresponding
p-nitrobenzyl- and p-nitrophenyl-esters (2b and
2p, respectively; Figure 1) with rate accelerations
of 104 –105 (Table 4) and are amongst the most
potent esterolytic antibodies described to date.15

The crystal structures of the D-Abs in complex
with TSA 2b were solved, implicating two resi-
dues, Tyr100dH and Asn34L, as potential hydro-
gen-bond donors promoting the oxyanionic TS
stabilization.16 The structures did not reveal any
active-site residues that could potentially serve as
endogenous nucleophiles16,17 but direct kinetic evi-
dence supporting Mechanism I has not been
obtained to date. In this study, we analyzed the

Scheme 1.

Figure 1. Structure of the compounds used in this
study. The D-Abs were elicited against TSA 1b. They cat-
alyze the hydrolysis of esters 2 to give carboxylic acid 3
and the respective phenol or alcohol (4). Amides 5 were
applied as non-hydrolysable substrate analogues.
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binding and kinetic pH profiles of the D-Abs and
followed their activity in the presence of a set of
a-nucleophiles that are far stronger than
hydroxide.18 Our results support catalysis of D-
Abs following Mechanism I and are not consistent
with Mechanism II. Kinetic studies, supported by
site-directed mutagenesis, ascertain the contri-
bution of Tyr100dH to TS stabilization and quan-
tify it. In contrast, Asn34L does not appear to play
a significant role in TS stabilization nor in substrate

binding. Using peroxide, we have increased the
efficiency of the exogenous nucleophilic attack
(and hence kcat) at neutral pH up to 2000-fold to a
rate (6 s21) that approaches the catalytic efficiency
of known natural esterases.19 – 21

Results

The catalytic mechanism of catalysis of the
D-Abs

The design of TSA 1b, the immunizing hapten
used to elicit the D-Abs, suggests that their mech-
anism should follow Mechanism I, whereby the
negatively charged tetrahedral intermediate
formed by the attack of a solution hydroxide
anion (I1 in Mechanism I, Scheme 1) is stabilized
by the antibodies’ active-sites.5 Nevertheless, sev-
eral antibodies raised against TSAs similar to 1b
were shown to follow Mechanism II.22,23 We there-
fore sought kinetic and other evidence that would
confirm the mechanism of the D-Abs.

pH-rate profiles

The rate of the antibody-catalyzed ester hydroly-
sis in the pH range of 7–10.5 exhibits a linear
phase (with a slope of 1) followed by an acid limb,
reaching a plateau with an apparent kinetic pKa

7

of 9.0 (Figure 2). Mechanism I is consistent with
the observed profile, whereby the antibody-cata-
lyzed reaction is dependent on: (i) the concen-
tration of hydroxide anions ([OH2]). Specifically,
as the studied pH range is much lower than the
pKa of hydroxide, log [OH2] is directly pro-
portional to pH and hence results in a linear
phase. (ii) An antibody active-site residue with an
apparent pKa of 9.0, which, in its protonated state
([AbH]), is essential for substrate binding and cata-
lysis, thus giving rise to the acid limb at pH . 9.
Indeed, the data in Figure 2 fit a rate equation of
the form: Rate / [OH2][AbH] (see Materials and
Methods, equation (2)).

It should be noted that pH profiles similar to
those shown in Figure 2 have been observed with
other esterolytic antibodies. These were interpreted
to implicate tyrosyl residues as the endogenous
nucleophile in Mechanism II, although little
additional evidence was provided.24 – 26 In the case
of the D-Abs, analysis of the kinetic parameters at
different pH values generally supports Mechanism
I (Figure 2, inset). As the pH increases so does kcat.
This is in accordance with an increased hydroxide
nucleophile concentration leading to a higher rate
of formation of intermediate I1 and a higher rate of
hydrolysis.27 Unfortunately, this analysis is of
restricted scope, as the very fast spontaneous rate
of hydrolysis of ester 2p prevented the determi-
nation of the discrete kinetic parameters (kcat and
KM) at pH values above 9.5. Nevertheless, the pH-
binding profiles of substrate analogues performed
over a wide pH range (7–11.5; see below) indicate

Figure 2. pH profile of the catalytic activity of the D-
Abs. Rate of hydrolysis of ester 2p was measured at
different pH values with antibody D2.3 (A) and D2.4
(X), or, with antibody D2.4 in presence of 0.1 mM per-
oxide (W). The pKa value was derived from the plotted
fit to equation (2) (see Experimental). Inset: kinetic par-
ameters for antibody D2.4 at different pH values. Con-
sistent with the pH-binding profile (Figure 3), at
pH $ 10.5, a decrease of the net antibody-catalyzed
rates was observed though its quantification was imprac-
tical due to high background hydrolysis rates. Similarly,
a full pH scale analysis of kcat and KM was unattainable
at pH . 9.5 due to high background at high 2p
concentrations.

Figure 3. pH profile of antibody D2.4 binding activity.
Binding of D2.4 to TSA 1b (X) and 1p (W) and substrate
analogues 5b (A) and 5p (B) was determined at various
pH values by ELISA titration using the BSA-conjugates
of these compounds. Apparent pKa values were deduced
from the pH giving 50% of the maximal binding titer
observed at pH # 9.
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that substrate binding (KS) is indeed diminished
above pH 9.0. Together, our data suggest that
deprotonation of an antibody residue reduces sub-
strate binding.

pH bonding profiles

Previously, we demonstrated the similarity
between KM and KS as measured with the D-Abs
in competitive hydrolysis assays between the 2p
and 2b substrates (see Figure 4 of Tawfik et al.15).
Direct binding measurements with non-hydrolysa-
ble substrate analogues 5b and 5p show that sub-
strate binding is dependent on a protonated
antibody residue with a pKa of about 9.0 (Figure
3). Notably, binding of TSAs 1p and 1b follows a
similar regime yet exhibits higher apparent pKa

values. The order of pKa values correlates quite
well with the relative affinities by which these
compounds bind the D-Abs (Table 1). The bind-
ing-pH profiles suggest that, due to a decrease in
substrate binding, D-Abs catalysis would diminish
at high pH values (Figure 3, 5b and 5p profiles).
This is indeed reflected in the increase of KM values

at high pH (Figure 2, inset). Furthermore, at
pH $ 10.5, a decrease from the plateau of initial
velocities (Figure 2) was observed, although the
very fast rate of spontaneous hydrolysis of ester
2p prevented its quantification.

The differences between the TSA (1b or 1p) and
the substrate analogues (5b or 5p) are the configur-
ation of the reaction core (the substrate’s carbonyl
group is planar as opposed to the tetrahedral phos-
phonate TSA) and the presence of the phosphona-
te’s negatively charged oxyanion.28 The
nucleophilic attack on the ester substrate to give
intermediate I1 leads to a similar change. We
suggest that in both cases, the added negative
charge leads to a stronger H-bond that is apparent
in the increased apparent pKa of the active-site resi-
dues acting as donors in this interaction.

Effect of peroxide on reaction rates

The effect of peroxide anion, an a-nucleophile
that has a charge similar to that of hydroxide, yet
is far more reactive, is in agreement with Mechan-
ism I. First, as is observed with hydroxide, the
increase in rate of the antibody-catalyzed reaction
largely mirrors the increase observed with per-
oxide in solution in the absence of antibody (Figure
5(a) and (b)). Second, the pH-rate profile in the pre-
sence of peroxide parallels that observed with
hydroxide (Figure 2). This supports the conclusion
that the peroxide anion (O2H

2) rather than its
neutral form serves as the active nucleophile. As
is the case with hydroxide, the concentration of
the anionic nucleophilic form (log [O2H

2])
increases linearly at the pH range studied, which
is well under the pKa of peroxide (11.6). This gives
rise to the linear phase of the pH-rate profile
(Figure 2). Moreover, the same apparent pKa is
observed with both hydroxide and peroxide, sup-
porting our conclusion that the pH profiles reflect
the deprotonation of an active-site residue and are
not dependent on the nature of the nucleophile.
The possibility that product-release becomes rate-
limiting at high pH values and is thus responsible
for the rate-plateau observed at pH . 10 (Figure
2), is ruled out, as the plateau rates in presence of
peroxide are consistently higher than those
observed for the hydroxide-mediated hydrolysis.
The rate increase of the antibody-catalyzed
hydrolysis in the presence of a stronger nucleo-
phile (peroxide) indicates that the nucleophilic
attack by the exogenous hydroxide, leading to the
I1 intermediate, is rate-limiting. Arguably, this
rate-limiting step could correspond to the deacyla-
tion step of Mechanism II (Step B, Scheme 1),
which could be catalyzed by exogenous hydroxide
anions. In such a case, however, an initial burst of
product release should be observed, corresponding
to the fast accumulation of the acyl-enzyme
intermediate.7 Such bursts are indeed observed in
esterases and amidases that apply Mechanism II
and, in particular, with p-nitrophenyl esters, for
which acylation is very fast and deacylation is

Table 1. The complexes of D2.3 with various ligands:
affinity constants versus pKa

Ligand Ka (M21)a pKa

1b 5 £ 108 11.0
1p 5 £ 107 10.0
5b 105 9.1
5p 1.25 £ 104 9.3

a Association constants were taken from Lindner et al.30 and
pKa values from Figure 3 (this work).

Figure 4. Rate of product release by antibody D2.4.
Hydrolysis of ester 2p (0.25 mM) in the presence of
0.2 mM antibody D2.4 was measured in TBS (pH 8.3) by
monitoring the release of the p-nitrophenol product (4p)
using a microtiter plate reader (at 0.3–15 minutes).
Inset: hydrolysis of ester 2p (0.05 mM) in the presence
of 1 mM antibody D2.4 was measured in PBS (pH 7.05)
using a stopped-flow apparatus (at 0–20 seconds).
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therefore rate-limiting. However, no burst of pro-
duct release is observed with the D-Abs, on either
a second or on a minute time-scale (Figure 4).
Burst kinetics is absent both with peroxide and
with hydroxide, even though the reaction rate
with hydroxide is 60-fold slower. Thus, Mechanism
II is further disproved by the fact that no burst is
observed even when the rate of nucleophilic attack,
and hence the rate of hydrolysis, is considerably
reduced.

Site-directed mutagenesis of TyrH100d
and AsnL34

TyrH100d and AsnL34 were implicated by the
D-Abs crystal structures as H-bond donors to the
TS oxyanion (Figure 8).16 To assess the contribution
of these residues to catalysis by the D-Ab, various
mutants were generated in the framework of a
recombinant Fv fragment consisting of D2.4 vari-
able heavy chain and D2.3 variable light chain29

Mutation of asparagine L34 to glycine had almost
no effect on binding or catalysis, suggesting that
this residue does not contribute significantly to the
oxyanion hole of the D-Abs. In contrast, the rela-
tively conserved mutation of tyrosine H100d to
phenylalanine reduced both binding and catalysis
by more than 1000-fold (Table 2). Two other
mutants of TyrH100d exhibited some residual
binding and catalytic activity. Interestingly, these
mutations introduced residues that can serve as
H-bond donors (lysine and serine). These results
confirm the assignment of an H-bond between
TyrH100d and the ester substrate’s carbonylic oxy-
gen atom in the crystal structure of the antibody–
substrate complex16 and suggest that TyrH100d is
the main contributor to the catalytic mechanism of
the D-Abs. The identification of TyrH100d is also
consistent with the pH profiling results. Although
the pKa of the hydroxyl group of tyrosine is nor-

mally around 10, the apparently reduced pKa

observed here (9.0) may be due to our inability to
measure the pKa of TyrH100d directly (our results
are limited to a kinetic pKa at a single substrate
concentration (Figure 2) or refer to the antibody–
substrate analogue complex (Figure 3)). It is poss-
ible that, as is often the case, in the active-site
microenvironment, the pKa of TyrH100d is reduced
due to local medium or electrostatic effects.

The D-Abs exhibit selectivity towards
exogenous nucleophiles

Tetrahedral, negatively charged intermediates
can be formed by the attack on the ester’s carbonyl
group by various nucleophiles (I4 in Scheme 2).
Given the similarity in configuration and charge
to I1 (Scheme 1) and the TSA against which the D-
Abs were elicited (Figure 1), these intermediates
and the flanking TSs could be stabilized by the D-
Abs, leading to the accelerated rate of ester 2p clea-
vage (Scheme 2).

We examined small a-nucleophiles that, relative
to their pKa values, are considerably more reactive
than hydroxide (Figure 5, Table 3).18 We found
that, at the D-Ab active sites, the catalytic reaction
proceeds in the presence of peroxide as efficiently
as with hydroxide (Figure 5(a) and (b)). Peroxide
is a much better nucleophile than hydroxide and,
unlike hydroxide, its concentration can be
increased without raising the pH. Consequently,
the antibody-catalyzed rates (kcat) are significantly
faster than with hydroxide. However, as the effect
of peroxide on the antibody-catalyzed and on the
uncatalyzed background reaction is essentially the
same, the rate accelerations (kcat/kuncat) of the D-
Abs with hydroxide or peroxide are similar (15%
higher and 55% lower for D2.4 and D2.3,
respectively; Table 3). This is not the case with
hydrazine, hydroxylamine or azide. These nucleo-
philes exhibit a much lower rate (if any) in the pre-
sence of the D-Abs, while in solution, they react
with ester 2p at considerable rates. So much so,
that in the presence of D2.3 no cleavage of ester
2p is observed (beyond the basal reaction observed
in buffer) with hydrazine or hydroxylamine at con-
centrations up to 104-fold higher than hydroxide
(Figure 5(c) and (d); Table 3). The D-Abs exhibit
no reduction in activity after prolonged incubation

Table 2. Contribution of oxyanion hole residues to D-Ab binding and catalysis

Fv antibody fragment Catalysis (% of wild-type)a TSA 1p binding (% of wild-type)b

Wild-type 100 100
AsnL34 ! Gly 115 ^ 5 65 ^ 7
TyrH100d ! Phe ,0.1 ,0.1
TyrH100d ! Gly ,0.1 ,0.1
TyrH100d ! Lys ,0.1 4 ^ 1
TyrH100d ! Ser 8 ^ 2 4 ^ 1

a Activities for wild-type and the AsnL34 ! Gly mutant were obtained from the kcat values for ester 2p. Catalytic activity of the
TyrH100d was determined by catELISA as their activity was too low to be detected with the soluble substrate.

b Binding of 1p TSA was determined by ELISA using 1p conjugated to BSA.

Scheme 2.
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with these nucleophiles at the concentration range
studied (0–100 mM) as judged by ELISA binding
tests to substrate analogue 5p and TSA 1b. Thus,
the lack of activity of the D-Abs with hydroxyla-
mine, hydrazine or azide is not due to inactivation
or inhibition of the antibodies. Rather, these
nucleophiles fail to react with ester 2p when placed
at the D-Abs active sites. We ascribe the preference
towards negatively charged nucleophiles (hydrox-
ide and peroxide) to a positively charged tunnel
we have identified that leads to the active site of
the D-Abs. We propose that this channel directs
the attacking nucleophile to the ester substrate
(see Discussion and Figure 7).

Saturation of the peroxide-assisted D-Abs rates

The ability of the D-Abs to utilize peroxide pro-
vides a unique opportunity to examine how the
rate of the antibody-catalyzed hydrolysis changes
when the efficiency of the nucleophilic attack is
enhanced by several orders of magnitude. Using a
stopped-flow apparatus, the rate of product release

was measured at increasing concentrations of per-
oxide. Saturation kinetics was observed with a
similar plateau level for both antibodies at kcat

max

of 6 s21 (Figure 6). This pattern led us to examine
whether the observed kinetics obey the Michae-
lis–Menten model with respect to an antibody–
peroxide complex. The data show systematic devi-
ations from this model. Moreover, the apparent
KM

O2H2

obtained from these poor fits (1 mM for
D2.4 and 3.5 mM for D2.3; Figure 6) represents an
unreasonably high affinity to the peroxide anion
(compared to the substrate analogues (5; Table 1)
or to the ester substrates: KM

2p ¼ 33 mM for D2.3;
KM

2p ¼ 23 mM for D2.4). In theory, the observed
peroxide-mediated rate ceiling could also reflect a
two-step mechanism (Mechanism II), whereby a
very fast acylation step is followed by a rate-limit-
ing, hydroxide-mediated deacylation. At high con-
centrations of peroxide, when the rate of
deacylation is greatly enhanced, the rate of acyla-
tion could become limiting, thus giving rise to the
6 s21 rate ceiling. This scenario, however, would
be expected to yield a single-turnover burst of

Figure 5. The effect of different
exogenous nucleophiles on 2p
hydrolysis. Hydrolysis of ester 2p
was followed in buffer (with no
antibody; A) or in the presence of
antibody D2.3 (X) or D2.4 (W).
Rate-acceleration factors are the
ratios of net initial rates observed
in the presence of the nucleophile
at a given concentration and in its
absence. Nucleophile concen-
trations are given for their active,
deprotonated form (note the
different concentration ranges of
each nucleophile).

Table 3. The reactivity of exogenous nucleophiles

Nucleophilea pKa Buffer ( £ 106 M21)b Antibody D2.3 ( £ 106 M21)b Antibody D2.4 ( £ 106 M21)b

OH2 15.4 13 12 14
O2H

2 11.6 2800 1270 3200
NH2NH2 8.1 0.24 0 0.008
NH2OH 6.0 0.45 0 0.006
N3

2 4.0 1 £ 1023 n.d. 0.01 £ 1023

a A linear correlation links the nucleophilicity of most nucleophiles to their pKa values. However, the reactivity of the a-nucleo-
philes cited above (i.e. excluding OH2) is far higher than predicted from their pKa values (e.g. 103-fold for hydroxylamine).18

b Results are given in molar reactivity, the rate acceleration factor at 1 M nucleophile as extrapolated from Figure 5. n.d., not
determined.
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product release when the rate of acylation is rate-
limiting (i.e. with hydroxide as the nucleophile).
However, such a burst is not observed with the
D-Abs (Figure 4). An alternative explanation is
based on our previous observation of rate-limiting
conformational changes in the course of TSA bind-
ing to the D-Abs. The rate of these induced-fit iso-
merisations is essentially identical with the rate
ceiling observed here with peroxide (6 s21; Lindner
et al.30). The possibility that a conformational
change dictates the rate-ceiling of the D-Abs is
further discussed below.

Discussion

This study aims at deciphering the catalytic
mechanism of the D-Abs and quantifying the con-
tribution of various elements of the mechanism to
their rate acceleration. A comparison is then made
between the contributions of the same element to
catalysis by natural esterases.

TS stabilization by the D-Abs

Mechanism I emerges as the simplest mechan-
ism that is in agreement with the kinetic data, the
results of site-directed mutagenesis and the struc-
tural analysis of the D-Abs. Our results also
suggest that the oxyanion hole of the D-Abs is the
major source for their catalytic power. The oxya-
nion hole is dependent on the protonated form of
TyrH100d active-site residue with an apparent
pKa ¼ 9– 11 depending on the complexed ligand
and the nature of the analysis (Figures 2 and 3).
TyrH100d is positioned in a favorable orientation
within H-bond distance (2.8 Å) from the TSA’s
phosphonate group (Figure 8), a theme shared
with other esterolytic antibodies.5 The structure of
the D-Abs in complex with substrate-analogue 5b
indicates that the same tyrosyl residue is critical
for both TSA and substrate recognition,17 forming
an H-bond with the substrate analogue scissile car-
bonyl oxygen atom (at a distance of 2.6 Å). In con-
trast, Asn34L, which was previously implicated
with the oxyanion of the D-Abs,16 appears to play
a minor role, if any, in substrate binding and TS
stabilization (Table 2). This may be reflected in the
structure of the substrate–antibody complex
(1YEF in PDB) as 3.8 Å separate the aspargine’s d-
amide proton donor and the scissile bond carbonyl
oxygen atom (compared to 2.6 Å distance from the
oxygen atom of TyrH100d). The pH-binding

Figure 6. The effect of peroxide on catalysis by the D-
Abs. Using a stopped-flow apparatus, the release of p-
nitrophenolate product 4p was measured at increasing
peroxide concentrations in the presence of D2.3 (W) and
D2.4 (X). The net antibody-catalyzed rates (n0) were
used to determine kcat (see Experimental). The hatched-
line represents an attempt to fit the data to the Michae-
lis–Menten model whereby:

kmax
cat ¼ kcat½O2H2�o=ð½O2H2�o þ KM

O2H2

Þ:

Figure 7. Surface charge of antibody D2.3 in complex with substrate analogue 5b. The surface was calculated using
the 2.00 Å resolution 1YEF PDB structure,17 treating the antibody and 5b as a single body. Surface charge was calcu-
lated using Delphi57 and Insight II software (Accelrys). The active-site view is taken from the direction of substrate
entry.17 The outermost atom of 5p is marked in green; the rest of it is either buried or comprises part of the surface.
The assumed site of the nucleophilic attack (the ester’s carbonyl group) lies at the very bottom of this channel and is
marked in yellow. (a) The channel leading the nucleophile entry into the active site is threaded with structured water
molecules (light blue spheres). (b) The channel shown in (a), excluding the water molecules.
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profiles reveal a 1.6–1.9 unit difference in pKa

between the substrate–antibody and the TSA–
antibody complexes (Figure 3 and Table 1). Thus,
the negative charge marking the difference
between the substrate and the TSA (and hence the
actual TSs of the reaction) strengthens the tyrosyl-
oxyanion H-bond dramatically, thus rendering it
the key residue in the D-Abs’ oxyanion hole.

Nucleophile discrimination and channeling

As the rates of the D-Abs are normally limited
by the hydroxide nucleophilic attack, the anti-
body-catalyzed rate could, in principle, be
improved by applying more effective nucleophiles.
Of a variety of a-nucleophiles that enhance the rate
of ester hydrolysis in solution (Figure 5, Table 3),18

the D-Ab active sites make use of the oxyanionic
peroxide only. Other nucleophiles, hydrazine,
hydroxylamine and azide, are largely, or even com-
pletely, inactive (Figure 5). The nucleophile dis-
crimination appears to be yet another
manifestation of the ability to tailor the specificity
of action of catalytic antibodies. Its origins seem to
be in the way the D-Ab combining sites were
selected to recognize the negatively charged TSA.-
When bound to the D-Ab active site, the TSA’s
phophonate oxyanions are within H-bonding dis-
tances and angles from TyrH100d and AsnL34,
(the proS oxygen atom, O1) (Figure 8(a)), or Trp
H95 (the proR oxygen atom, O2). The structure of
D2.3 with substrate-analogue 5b indicates that the
substrate’s carbonyl oxygen atom overlaps the
position of O1, while the O2 position remains
unoccupied and is linked by a water-threaded
channel leading to the antibody’s surface, perpen-
dicular to the substrate entry site. The structured
water molecules were suggested to delineate the
path of hydroxide nucleophile entry into the active
site (Figure 7(a)).17 Our analysis suggests that the
strong bias towards oxyanionic nucleophiles may
result from the surface electrostatics of the active-
site water-threaded channel. We find that, owing
to the presence of the heavy-chain germline resi-
dues HisH35, ArgH50, and ArgH94, this channel
is highly positively charged (Figure 7(b)). This is
probably the result of these antibodies being
elicited against the negatively charged TSA 1b.31

Notably, the D-Abs were selected out of hundreds
of other TSA-binding antibodies that had lower or
no catalytic activity.14 The positively charged chan-
nel may be part of the selected catalytic machinery
in steering and facilitating the entry of the nega-
tively charged nucleophile into the active site. To
establish this link, we analyzed the sequence of 20
catalytic antibodies raised against TSA 1b in three
different mouse strains (Balb/c, NOD and SJL)
(our unpublished results). The abundance of
HisH35 (80%) and ArgH94 (80%) are in agreement
with their appearance in the known mouse heavy-
chain variable (VH) region,32 50% and 80%, respect-
ively. In contrast, the high abundance of ArgH50
(65%) in our sequenced antibodies (regardless of

their germline origin) is distinctive compared to
its 10% abundance in all known mouse VH

sequences. The ArgH50 guanidinium moiety is
exposed to the D-Abs active site, and is located
5.5 Å away from the substrate analogue scissile
bond carbonyl group, within hydrogen bond dis-
tance (2.9 Å) from the water molecule closest to
the same substrate carbonyl group (4.0 Å). Thus,
ArgH50 may have been selected in direct response
to the negatively charged hapten 1b and by the
direct screening for catalytic activity.14 Further, in
order to reach the ester substrate and attack it, the
nucleophile needs to displace the structured water
molecules residing in the channel. Nucleophile dis-
crimination could therefore stem from favorable
electrostatic interactions between the anionic
nucleophiles and the positive channel that com-
pensate for the considerable energy loss involved
in displacing these structured water molecules.

It should also be noted that the high reactivity of
hydroxylamine towards esters such as p-nitrophe-
nyl acetate is primarily due to its zwitterionic
form. In this configuration, the nucleophile is the
oxyanion and the protonated amine H-bonds to
the TS’s oxyanion (Scheme 3).33 The tightly packed
active site of the D-Abs may disfavor this spatially
demanding configuration. Hydrazine may follow
a similar mechanism, yet the equivalence of its
two amine groups makes them indistinguishable.
The azide nucleophile (N3

2), due to its long and
rigid rod-like shape, may not fit into the active site
in the orientation required for the nucleophilic
attack. In addition, although carrying an overall
negative charge, its charge distribution (similar to
that of hydroxylamine) includes a positive charge
that might hinder its entrance through the narrow,
positively charged channel.

Finally, the observed nucleophile discrimination
calls for caution in the mechanistic interpretation
of the effect of exogenous nucleophiles. Similar
complexities were described for an enzyme
model.34 Specifically, as shown here, the lack of
rate acceleration with a particular nucleophile26,35

may not necessarily indicate that an exogenous
hydroxide nucleophile does not take part in the
rate-limiting step.

The rate-ceiling of the D-Abs

We have addressed the question of whether the
contribution of the exogenous (intermolecular)
nucleophilic attack is additive to the contribution
of the oxyanion stabilization by supplementing
the D-Abs with highly reactive a-nucleophiles.

Scheme 3.
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Our approach is analogous to the study of natural
enzymes in which an endogenous catalytic residue
is removed by site-directed mutagenesis. The cata-
lytic activity of the mutants can often be restored
with a soluble catalytic group that resembles the
truncated active-site residue to rates only 100–
300-fold lower than that of the intact enzyme.36 – 38

The selectivity of the D-Abs towards oxyanionic
nucleophiles and the high nucleophilicity of per-
oxide enabled this approach. The rates of the D-
Abs increase with the addition of peroxide but
reach saturation at kcat

max ¼ 6ð^1Þ s21 (compared
with kcat

ðD2:3Þ ¼ 0:003 s21 and kcat
ðD2:4Þ ¼ 0:012 s21

in the absence of peroxide at the same neutral pH;
Figure 6). Previously, we measured the rates of
conformational isomerisations of the D-Abs
induced by binding of TSA 1b or 1p by stopped-
flow fluorescence quenching. These experiments
indicated an induced-fit mechanism whereby an
initial low-affinity encounter complex isomerises
to give a 60-fold higher affinity complex. This iso-
merisation is governed by an apparent rate of
6 s21 (Lindner et al.30), a rate constant that is essen-
tially identical with the rate observed in the per-
oxide-catalyzed hydrolysis at saturation. Thus,
unless this identity of rates is haphazard, the
observed kcat

max of 6 s21 (Figure 6) may suggest
that a similar isomerisation follows substrate bind-
ing and the formation of TSA-like intermediate I1

(Mechanism I). This places a 6 s21 kinetic barrier
on the catalytic cycle of the D-Abs. This barrier is
not met under ordinary conditions, i.e. with
hydroxide as the exogenous nucleophile, where
the nucleophilic attack is clearly rate-limiting (see
above). With peroxide, however, the rate of nucleo-
philic attack is increased (500 and 2000-fold, with

D2.4 and D2.3, respectively, at neutral pH) and the
conformational isomerisation does become rate-
limiting. This finding delineates the catalytic role
of the conformational isomerisation of the D-Abs
and confirms the notion that antibody–TSA inter-
actions truly reflect the antibodies’ interaction
with the actual TS.30

Comparison of the D-Abs to
esterolytic enzymes

Oxyanion hole and TS stabilization

The specific free energies for the complexation of
the D-Abs with the TSA (DGTSA

0 2 DGS
0) are almost

identical with the reduction in the activation
energy barrier derived for the D-Abs from their
rate acceleration (DGcat

‡ 2 DGuncat
‡ ) (Table 4). This

tight correlation suggests that the active sites of
the D-Abs convert binding energy into catalysis
with ,100% efficiency. How do these values com-
pare with the efficiency of oxyanion stabilization
in natural hydrolases? Oxyanion stabilization
mediated, as in the D-Abs, by a tyrosine residue
has been demonstrated recently in the serine-
hydrolase cocaine esterase 1 that applies Mechan-
ism II (cocE; Table 5; Figure 8(b)),21 as well as in a
number of prolyl oligopeptidases.39 –41 The tyrosyl
contribution to the mechanism of these peptidases
was assessed by a Tyr-to-Phe mutation exhibiting
up to ,1000-fold ð4:2 kcal=mol : 1 cal ¼ 4:184 JÞ
decrease in kcat.

40,41 A similar (or possibly higher)
decrease in activity is observed with the D-Abs
upon mutation of tyrosine H100d to phenylalanine
(Table 2). Thus the contribution of TS stabilization
to the D-Ab catalysis (5.3–7.0 kcal/mol; Table 5)

Table 4. Kinetic constants of ester hydrolysis by D2.3, D2.4 and cocE

Catalyst, substrate D2.4a, ester 2p D2.3a, ester 2b cocE, cocaine

kuncat (s21) 8 £ 1026 5 £ 1027 1.2 £ 1026 b

kcat (s21) 0.22 0.05 7.8c

kcat/kuncat 2.7 £ 104 1.1 £ 105 6.5 £ 106

a Tawfik et al.15

b Landry et al.58

c Larsen et al.21

Table 5. Binding energies of the D-Abs and their contribution to catalysis

1b TSA and 2b ester (kcal/mol) 1p TSA and 2p ester (kcal/mol)

Ab DGTSA
0 2 DGS

0 a DGcat
‡ 2 DGuncat

‡ b DGTSA
0 2 DGS

0 a DGcat
‡ 2 DGuncat

‡ b

D2.3 7.0 7.0 4.5 5.3c

D2.4 6.3 6.3 4.8 6.1c

a Derived from binding association constants for the TSA versus the substrate (KTSA and KS, respectively15) using DG0
TSA 2 DG0

S ¼
2RTðln KTSA=KSÞ:

b Derived from the rate constants at pH 8.3 for the antibody-catalyzed hydrolysis (kcat) versus the rate constant of the unctalyzed
rate of hydrolysis extrapolated to zero-buffer concentration (kuncat)

15 using DG‡
cat 2 DG‡

uncat ¼ 2RTðln kcat=kuncatÞ:
c In the case of the p-nitrophenyl pair (TSA 1p and ester substrate 2p), the reduction in activation energy (DGcat

‡ 2 DGuncat
‡ ) exceeds

the expected contribution from the relative affinities to the D-Abs (DGTSA
0 2 DGS

0). This suggests that 1p (unlike the immunizing hapten
1b; Figure 1) is not the optimal TS mimic for the antibody-mediated 2p ester hydrolysis as discussed by Tawfik et al.15
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compares favorably with the enzymatic homolo-
gous oxyanion hole. The estimated value for oxya-
nion hole contribution in other serine hydrolases
(e.g. AChE, 5–7 kcal/mol;6 and subtilisin, 5 kcal/
mol)1 is remarkably similar to the values measured
for the D-Abs even though their oxyanion hole
architecture is very different. The H-bond donors
of AChE are backbone amide groups and those of
subtilisin are both a main-chain amide group and
an asparagine side-chain). Furthermore, the contri-
bution of a single side-chain to oxyanion stabiliz-
ation of hydrolases is distinctly lower than the
contribution of Tyr100d in the D-Abs, as revealed
by mutagenesis; for example: subtilisin N155A, 2–
3 kcal/mol;42,43 papain N19A, ,3 kcal/mol;44 cuti-
nase Ser42A, ,3 kcal/mol;45 oligopeptidase B
Y452F, 3–4 kcal/mol;40,41,46 and Escherichia coli sig-
nal peptidase Ser88A, ,4 kcal/mol.47 It appears
therefore that the D-Abs achieve enzyme-like effi-
ciency in applying one fundamental enzymatic fea-
ture, that of the oxyanion hole. They do so with a
chemistry and structure similar to that of
enzymes,21,39 – 41 indicating the convergent evolution
of oxyanion holes in two completely different bio-
logical systems: on one hand, antibodies that
evolved in a mammalian system to bind a phos-
phonate TSA, and on the other hand, a bacterial
enzyme that evolved to hydrolyze cocaine.48

Contribution of the nucleophilic attack

The esterase cocE exhibits a rate enhancement of
6.5 £ 106.21 This is within the range of most natural
esterases that exhibit rate accelerations (kcat/kuncat)
of 106–109 fold. The D-Abs, however, exhibit ca
100-fold lower accelerations than cocE (Table 4).
The uncatalyzed hydrolysis rates of both the

benzyl ester substrates of the D-Abs and cocE are
comparable (Table 4) and so are their oxyanion
holes (Figure 8). Hence, cocE may serve as an ade-
quate reference to the D-Abs. Given the above
similarities, we propose that the energy gained by
TS stabilization by the D-Abs (Table 5) is compar-
able to the contribution of oxyanionic stabilization
to the rate enhancement of cocE. This ascribes a
contribution of 60–200-fold of rate enhancement
to the cocE rate-limiting deacylation step (step B
in Mechanism II) (for the limiting role of deacyla-
tion in ester hydrolysis by serine hydrolases see7).
Although the rate-ceiling of the D-Abs may be
dictated by an event of a physical nature, a higher
500–2000-fold rate increase was gained by the
addition of the exogenous peroxide nucleophile.

In serine hydrolases, deacylation is catalyzed via
the deprotonation of a resident water molecule to
yield a hydroxide anion (Scheme 1, Mechanism II,
step B). This deprotonation is catalyzed by the
active site His-Asp dyad, which is responsible for
deprotonation and activation of the seryl alkoxide
reactive nucleophile. A direct measurement of the
deacylation rate of acylated chymotrypsin by
water gave a rate constant of 77–200 s21. This
value, when divided by 55 M, gave a second-order
rate constant of 1.4–3.6 M21 s21 that is clearly
below the second-order rate calculated for per-
oxide reactivity with the D-Abs, 6 £ 105 M21 s21

(determined from the saturated kcat
max ¼ 6 s21 at

10 mM peroxide anion concentration; Figure 6).7,49

The rate of deacylation of acylated chymotrypsin
is enhanced in the presence of a-nucleophiles
(hydrazine) but the increase is relatively modest
(ca twofold) versus that observed with the D-Abs
and peroxide (500–2000-fold). Moreover, in the
case of chymotrypsin, ordinary amine nucleophiles

Figure 8. The oxyanion holes of antibody D2.3 and cocE. (a) The D2.3 residues implicated in TS stabilization are
deduced from the structure of D2.3 in complex with TSA 1b (1YEC in PDB16); O1 represents the TS oxyanion and O2
represents the putative position of the nucleophile. (b) The oxyanion hole residues of cocE as suggested by its crystal
structure with phenyl boronic acid (1JU3 in PDB21). The side-chain of Tyr44 and the backbone of Tyr118 are depicted
with their hydrogen bonds to the putative TS. O1 represents the TS oxyanion whereas O2 represents the hydroxyl
nucleophile of Ser117 (the Tyr118 side-chain, represented in wireframe, is not involved in TS stabilization).
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(not a-nucleophiles) exhibit higher rates then
hydrazine. The highest deacylation rate, observed
with tyrosinamide (1.7 £ 104 M21 s21),49 is quite
close to the rate of the D-Abs with peroxide
(6 £ 105 M21 s21). In the former, the high rate
reflects the high level of specificity of chymotryp-
sin for the leaving group (as inferred from the prin-
ciple of microscopic reversibility),49 whilst the
latter results from the increased chemical reactivity
of the peroxide nucleophile and the high comple-
mentarity of the D-Abs to the oxyanionic TS of the
reaction.

The maximal rate obtained by the D-Abs
ðkcat

max ¼ 6 s21Þ is comparable to that of many
esterolytic enzymes (e.g. cocE (Table 5),
thioesterases20 and lipases19). Assuming that
deacylation is rate-limiting in these enzymes, a
potent exogenous nucleophile at the active site of
the D-Abs can match the rate contribution pro-
vided to deacylation by the general-base His-Asp
dyad in the active site of these enzymes. Nonethe-
less, in addition to the oxyanionic TS stabilization
and the endogenous nucleophilic attacks, other
forces may contribute to the fast rates exhibited by
esterases. AChE, for example, exhibits a rate
acceleration of about 1013. Harel et al. suggested
that the extraordinary proficiency of AChE is
derived from perfectly aligning the substrate for
the nucleophilic attack to take place.6 Indeed,
AChE with its kcat of 104 s21 stands out from most
other esterases, which exhibit kcat values in the
range of 1–200 s21.

Conformational changes

The observation and role of conformational
changes in enzymes are often concealed by other
rate-determining steps.7 In the case of AChE, a
rate-limiting induced-fit step was reported with
activated aryl substrates, although its role remains
unclear.8,9 Thioesterase I (Tep-I) represents another
example of a natural hydrolase where confor-
mational flexibility was observed but not assigned
to function.50 For the D-Abs, however, an induced-
fit isomerisation was shown to increase the affinity
towards the TSA by 60-fold.30 The results pre-
sented here indicate that the increase in affinity
towards the TSA may be mirrored in the stabiliz-
ation of the TSs of the esterolytic reaction, hence
linking the observed conformational changes to
the catalytic mechanism of the D-Abs.

On the generation of more potent
esterolytic antibodies

Rivaling the rates of enzyme catalysis, by cataly-
tic antibodies or any other enzyme-mimic, is a
daunting challenge.51 Our results suggest that
enzyme-like rates are achievable with esterolytic
antibodies, provided that the nucleophilic attack
at the antibody active site is made more effective
than in bulk solution. One way pointed out by
this study is to optimize the electrostatic properties

of the channel through which the nucleophile
approaches the active-site, perhaps by engineering
positively-charged residues in and around this
channel without interfering with the properties of
the active-site core.52 Recently, antibodies (regard-
less of their binding specificity) were found to
mediate the conversion of singlet oxygen to
peroxide.53 It may be possible to elicit antibodies
that channel the in situ generated peroxide directly
into the active site. All these modifications could,
in principle, be additive to improvements of the
active site itself obtained by increasing the affinity
to the TSA3,54 Although catalysis via a covalent
enzyme-substrate intermediate is not always, or
necessarily, an effective route,7 an alternative way
to faster rates would be via Mechanism II involving
endogenous active-site nucleophiles, as is the case
with most esterolytic enzymes. A few esterolytic
antibodies follow this mechanism22,23 but, as the
hydrolysis of their acyl-antibody intermediate is
catalyzed by the rate-limiting attack of an exogen-
ous hydroxide nucleophile, their rates are compar-
able to esterolytic antibodies that apply
Mechanism I.3 Thus, in analogy to natural
esterases, introducing a general base to the active
site would be highly beneficial. The catalytic rates
of antibodies appear to be limited by physical
events, such as product release or conformational
isomerism.55 A significant enhancement in rate
may therefore require a parallel improvement of
the catalytic machinery and the antibody’s
dynamics. Most of the improvements suggested
above are not likely to be achieved by designing
new immunizing haptens or engineering existing
antibodies. Thus, the most general and effective
way of improving potency would be to select ester-
olytic antibodies directly for higher rates and
turnover.30,56 Such direct selections can affect all
the factors concerned: those linked directly with
the active site (e.g. inducing endogenous active-
site nucleophiles) and those peripheral to it (e.g.
improving the approach of exogenous nucleophiles
or the rate of conformational isomerism).

Materials and Methods

Materials

The generation and purification of the D-antibodies
and their recombinant Fv fragments as well as synthesis
of transition state analogs and other compounds are
described elsewhere.14,15,29,30 Fv fragment mutagenesis at
positions H100d and L34 was carried out using a Cha-
meleon double-stranded, site-directed mutagenesis kit
(Stratagene, La Jolla, CA).

Kinetics

In light of the high 2p ester background, hydrolysis
rates at basic pH and in the presence of high concen-
trations of a-nucleophiles, initial experiments were car-
ried out to determine the combination of antibody and
substrate concentrations that would allow quantitative
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measurements. Ester 2p hydrolysis was monitored by
the release of p-nitrophenolate (4p) at 415 nm as
described.15 All antibody-catalyzed rates are “net”-rates,
i.e. the rates observed in the presence of the antibody
minus the rate observed under the same conditions
with no antibody.

pH dependency

The pH-dependency of ester 2p (50 mM) hydrolysis by
D2.3† (1 mM) and D2.4 (0.6 mM) was determined in
50 mM sodium borate (pH 7–10) or sodium carbonate
(pH 9.5–10.5) buffers with 150 mM NaCl.

The fit of net rates to pH (Figure 2) includes the
nucleophile’s concentration as generally given in
equation (1):

½Nu2� ¼ {½Nu�total £ 10ðpH2pKaÞ}={1 þ 10ðpH2pKaÞ} ð1Þ

However, for hydroxide and peroxide, pKa @ pH, and
consequently:

½Nu2� < ½Nu�total £ 10ðpH2pKa
NuÞ: As [Nu]total and

10ð2pKa
NuÞ are constant, [Nu2] / 10(pH), and hence,

log [Nu2] / pH. This accounts for the linear-phase
observed in Figure 2 during which: log (n0) / [OH2] or
[O2H

2].
The antibody deprotonation step is governed by pKa

Ab

and is described by7:

logðn0Þ / ½AbH� ¼ ½Ab�total½H
þ�=ðK

a

Ab þ ½Hþ�Þ

The overall rate equation applied to fit the pH-rate pro-
files in Figure 2 includes both the nucleophile and the
antibody concentration terms to give:

logðn0Þ ¼ C 2 logð10ð2pKa
AbÞ þ 10ð2pHÞÞ ð2Þ

where C is a constant that incorporates [Nu]total, pKa
Nu

and [Ab]total.

Nucleophile effect on D-Abs catalysis

Ester 2p (75 mM) hydrolysis in the presence of 0–
10 mM azide, hydroxylamine, hydrazine or peroxide
was measured in PBS (pH 7.05) with antibodies D2.3
(1 mM) or D2.4 (0.2 mM). Nucleophile concentrations
were corrected to their unprotonated-active form using
equation (1). Stopped-flow (Applied Photophysics)
measurements of ester 2p (75 mM) hydrolysis at 405 nm
were performed in PBS (pH 7.05) in the presence of per-
oxide ð½Nu�total ¼ 0– 200 mMÞ and 1 mM D-Abs†. Initial
rates measured in volts/second were converted to mM/
second via a p-nitrophenolate calibration curve. Rates
were averaged from four to ten independent samples
and kcat at different concentrations of peroxide was
derived using the Michaelis–Menten model and a KM

value of 23 mM (KM for 2p appears to be unaffected by
peroxide; data not shown).

Binding pH profiles

Binding pH profiles were determined by ELISA.15

Briefly, plates were coated with 2–10 mg/ml of bovine
serum albumin (BSA)-conjugated anilide 5p, amide 5b,
and phosphonates 1p or 1b. The D-Abs were serially
diluted in the buffers used in the pH-rate profiling and
incubated in the plate for one hour. The plates were
rinsed and the amount of bound antibody determined
with peroxidase-labeled goat anti mouse Fab antibodies.
Antibody titer at each pH value was determined by the
antibody dilution leading to 50% binding. This was cor-
related to the maximal activity at the plateau range
(pH , 9) taken as 100%.

Activity of Fv mutants

Competitive ELISA was applied to determine the rela-
tive affinities of the D-Abs Fv fragment mutants to TSA
1p as compared to the binding activity of the wild-type.
The Fvs (diluted in 1% (w/v) skim milk powder in TBS
(pH 8.3) to a concentration giving 50% binding signal
under the same ELISA conditions) were pre-incubated
for one hour with or without serially diluted TSA 1p.
Aliquots of these solutions were then applied for one
hour at room temperature to ELISA plates coated with
0.5 mg/ml of 1p-BSA conjugate15 followed by detection
with anti-E-tag antibody (Pharmacia).29 The concen-
tration of 1p TSA resulting in 50% inhibition (IC50) was
determined for each Fv mutant and correlated to the
IC50 of the wild-type. The kcat and KM values of the
AsnL34 ! Gly,Tyr mutants were determined by Michae-
lis–Menten kinetics as described for the wild-type Fv
fragment29 The poor activity of the AsnL34 ! Gln and
TyrH100d ! Ser,Lys,Phe,Gly mutants were assayed by
titration using catELISA14 where their signals were com-
pared to the wild-type activity.
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