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A mutagenesis study of a catalytic antibody
(antibody catalysis/phosphocholine/mutages)

DAVID Y. JACKSON, JAMES R. PRUDENT, ENOCH P. BALDWIN, AND PETER G. SCHULTZ*
Department of Chemistry, University of California, Berkeley, CA 94720

Communicated by William S. Dauben, August 27, 1990 (received for review June 20, 1990)

ABSTRACT We have generated seven site-specific muta-
tions in the genes encoding the variable region of the heavy
chain domain (VH) of the phosphocholine-binding antibody
S107. S107 is a member ofa family ofwell-characterized highly
homologous antibodies that bind phosphoryicholine mono- and
diesters. Two of these antibodies, MOPC-167 and T15, have
previously been shown to cmtalyze the hydrolysis of 4-nitro-
phenyl N-trimethylammothyl carbonate. Two conserved
heavy-chain residues, Tyr-33 and Arg-52, were postulated to be
involved in binding and hydrolysis of 4-nltrophenylcholine
carbonate esters. To more precisely define the catalytic roles of
these residues, three Arg-52 mutants (R52K, R52Q, R52C) and
four Tyr-33 mutants (Y33H, Y33F, Y33E, Y33D) of antibody
S107 were generated. The genes encoding the VH binding
domain of S107 were inserted into plasmid pUC-fl1, and in vitro
mutagenesis was performed. The wild-type and mutant S107
antibodies were expressed in P-3X63-Ag8.653 (P-3) myeloma
cells by using a modified SV2 shuttle vector. The catalytic
properties ofwild-type antibody S107 are similar tothose ofthe
phosphocholine-speciflk antibody T15, which has the same VH
protein sequence. In general, mutations at Tyr-33 had little
effect on catalytic activity, whereas mutations at Arg-52 that
result in loss of the positively charged side chain sigificanty
lower the catalytic activity of S107. One mutant, Y33H,
catalyzed the hydrolysis of 4-nitrophenyl N-trimethylammo-
nioethyl carbonate with a ken of 5.7 min-' and a K. of 1.6 mM
at pH 7.5. These results not only demonstrate the importance
of electrostatic interactions in catalysis by antibody S107 but
also show that catalytic side chains can be introduced into
antibodies to enhance their catalytic efficiency.

Since 1986 a number of strategies have been developed for
generating antibodies that catalyze a variety of chemical
reactions (1, 2). The specificities of these antibody-catalyzed
reactions rival or exceed those of enzymatic reactions. Rate
accelerations of 106-fold over uncatalyzed reactions have
been demonstrated, add in a few cases rates approaching
those of the corresponding enzyme-catalyzed reaction have
been achieved. In general, however, catalytic antibodies
have not yet shown the rate enhancements characteristic of
enzymes. To increase the catalytic efficiency of antibodies,
a more complete understanding oftheir reaction mechanisms
is required (3). The characterization of catalytic antibodies
also provides insight into the mechanisms whereby enzymes
achieve high catalytic efficiencies.
The phosphorylcholine (PCho)-binding antibodies provide

a good starting point for investigating binding and catalysis.
Two PCho-binding antibodies, MOPC-167 and T15, have
been shown (4, 5) to catalyze the hydrolysis of choline
carbonates. These antibodies belong to a class of highly
homologous PCho-binding antibodies well-characterized
with regard to ligand-binding kinetics and specificity, biomo-
lecular structure, and genetics (6-11). In addition, the three-

dimensional structure of one representative PCho-binding
antibody, McPC603, has been solved by x-ray crystallogra-
phy (6). It has been proposed that T15 and MOPC-167
antibodies preferentially stabilize the transition state in car-
bonate hydrolysis on the basis that PCho diesters resemble
the tetrahedral negatively charged transition state for the
hydrolytic reaction. Consistent with this notion the antibod-
ies bind the PCho transition state analogues with higher
affinity than the carbonate substrates. Based on the three-
dimensional structures of McPC603 as well as previous
chemical modification and kinetics studies, it has been argued
that Tyr-33 and Arg-52 of the heavy chain play a critical role
in stabilizing the rate-determining transition-state configura-
tioh via electrostatic and hydrogen-bonding interactions.
These residues are conserved in all PCho-specific antibodies
(12, 13). To determine the roles of these residues in binding
and catalysis we have generated mutants ofthe PCho-binding
antibody S107. This antibody is highly homologous to T15
and McPC603 (12, 13), and a suitable expression system
currently exists for producing milligram quantities of anti-
body.

MATERIALS AND METHODS
Plasmid pSV2-S107 containing the wild-type S107 gene was
obtained from P. Tucker at the University of Texas (Fig. 1).
Vectors pT7-3 and pUC-fi were purchased from Pharmacia,
and restriction enzymes were obtained from New England
Biolabs. [a-32PJATP and in vitro mutagenesis kits were
obtained from Amersham. Oligonucleotides were synthe-
sized by using a Biosearch 8600 DNA synthesizer with
phosphoramidites purchased from Cruachem and purified by
PAGE (25%). Kinetic data were obtained on a Varian Cary
2200 spectrophotometer. All cell culture media was pur-
chased from Fisher or Sigma. Electroporation was performed
by using a Cober electronic lab pulser model 615. Molecular
modeling was done on a Silicon Graphics Personal Iris
computer with Biograf software. Stopped-flow experiments
were performed on a model RA401 Union Giken spectro-
photometer.

Construction of pUC-S107 for in Vio Mutagenesis. Stan-
dard recombinant DNA techniques were performed as de-
scribed by Maniatis et al. (14). Expression vector pSV2-S107
(10 pg) was digested with EcoRI and Pvu I, and the resulting
5-kilobase (kb) fragment [containing the heavy-chain (vari-
able-diversity-joining) VDJ 1 region] was inserted into the
1.7-kb fragment obtained from digestion of pT7-3 with EcoRI
and Pvu I. The resulting vector pT7-S107 (Fig. lb) was
digested with BamHI to give a 1.2-kb fragment (containing
the S107 heavy-chain VDJ 1 region), which was then ligated
to BamHI linearized and 5'-dephosphorylated pUC-fl (pUC-
S107). Proper orientation of the 1.2-kb BamHI fragment was
confirmed by digestion with BamHI and Sph I and by

Abbreviations: PCho, phosphorylcholine; VH, variable region of the
heavy chain; VDJ, variable-diversity-joining.
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FIG. 1. Restriction map of expression vector pSV2-S107 (a) and
plasmid pT7-S107 (b) showing the restriction sites used in construct-
ing mutant vectors. gpt, Xanthine-guanosine phosphoribosyltrans-
ferase; Ck, Vk, and Lk, constant, variable, and leader; J,joining; CH,
constant region of heavy-chain.

dideoxynucleotide chain-termination sequencing (15). Sin-
gle-stranded DNA was produced via M13-K07 helper phage
and purified by standard methods (16). In vitro mutagenesis
was performed by using the method described by Taylor et al.
(17) using an Amersham mutagenesis kit. The mutant pUC-
S107 vectors were amplified, purified, and restriction
mapped as has been described. The mutations were con-
firmed by dideoxynucleotide chain-termination sequencing
of isolated single-stranded DNA.

Reconstruction of Mutant pSV2-S107' Vectors. Wild-type
and mutant pUC-S107 vectors were digested with BamHI,
and the 1.2-kb VDJ 1 fragments were ligated' into the 5'-

dephosphorylated 4.9-kb vector obtained from BamHI digest
of pT7-S107 (Fig. lb). The resulting vectors were then
digested with EcoRI and Pvu I to give a 4.4-kb fragment that
was then ligated with an 11-kb fragment obtained from anPvu
I-EcoRl digest of plasmid pSV2-S107. The resulting 15.4-kb
pSV2-VDJ 1 mutant vectors were digested with EcoRI and
ligated to the 6.8-kb EcoRI fragment from pSV2-S'107 to
afford the final pSV2-S107' mutant vectors. Integrity of the
vectors was determined by restriction mapping with BamHI
and double-strand sequencing through the mutated regions
(18). The final mutant expression vectors were amplified and
twice purified by CsCl density-gradient centrifugation.

Transfection of Mutant DNA into Myeloma Cells by Elec-
troporation. The mutant DNA was transfected into myeloma
cells by modifying the procedure of Berg and coworkers (19).
P-3X63-Ag8.653 myeloma cells, which do not express any
endogenous antibody (20), were grown to a density of 1 x 106
cells per ml in Dulbecco's modified Eagle's medium
(DMEM)/10%' fetal calf serum/penicillin G at 100 units-ml-'/
streptomycin sulfate at 100 pgml-h. For each transfection,
107 cells were washed twice with 10 ml of hypoosmotic
inositol buffer (220 mM) and resuspended in 0.5 ml ofinositol

buffer to a final density of 2 x 107 cells per ml. Ethanol-
precipitated supercoiled DNA (10 Mg) was suspended in 100
p/ of inositol buffer and added to the washed myeloma cells.
The mixture was placed in an electroporation cell constructed
from two stainless-steel-coated circular electrodes (1-cm
diameter) separated by 3 mm. The suspension was cooled to
4TC and pulsed 10 times at 1000 V with a square pulse of 6
psec. The cells were added to 1 ml of sterile phosphate-
buffered saline (100mM NaCl/10 mM sodium phosphate, pH
7.0) and incubated at 37TC for 10 min. The cells were then
pelleted (10 min at 180 x g) and resuspended in 25 ml of
DMEM/5% origen growth factor (IGEN, Rockville, MD)/
10% fetal calf serum/pencillin G at 100 units-ml1/
streptomycin sulfate at 100 gmml1-. The cells were plated out
in 24-well cell-culture plates and grown for 48 hr prior to
selection. Transfectants were selected by adding azaserine/
hypoxanthine to a final concentration of azaserine at 1
,ug/liter hypoxanthine at 13.6 mg/liter over 4 days (25% of
total per day) (21). Cells expressing xanthine-guanosine phos-
phoribosyltransferase survived the selection conditions (22),
and these cells were cloned by limiting dilution into 96-well
plates containing DMEM/10% fetal calf serum/10% origen.
Antibody-producing clones were identified by ELISA by
using goat anti-mouse IgG (y2B specific)-alkaline phospha-
tase conjugate (Sigma).

Expression and Purification of S107 Mutant Antibodies.
PCho-specific antibody production was assayed by ELISA
using plates coated with a bovine serum albumin-4-
nitrophenylphosphorylcholine conjugate prepared as de-
scribed (4, 5). Expression levels up to S pg ofimmunoglobulin
per ml of culture medium were obtained based on quantita-
tive ELISA assays. Ascites was produced from BALB/c
mice (The Jackson Laboratory) irradiated with 200 rads (1 rad
= 0.01 Gy) 2 days before injection. Antibodies were purified
as described (23) and were judged >95% pure by denaturing
SDS/PAGE. Antibody yields up to 1 mg per ml of ascites
fluid were obtained based on absorbance at 280 nm ofpurified
antibody solution.
Antibody Characterization. Purified antibodies were dia-

lyzed against three changes of assay buffer (40 mM NaCl/20
mM Tris HCl, pH 7.5) and diluted to 1.0 mg/ml (6.7 ^M) in
the same buffer. Protein concentration was determined by
absorbance at 280 nm with an extinction coefficient (&o.1%) =
1.37 and a Mr of 150,000 for IgG. Reactions were initiated by
adding 10 4 ofa stock solution (100x) of substrate in CH3CN
to 1 ml of antibody solution at 25° C. Rates were determined
by monitoring increase in absorbance at 405 nm from 4-ni-
trophenylate ion release. Kinetic constants were determined
according to the method ofinitial rates. pH rate profile assays
were determined at 25° C by dialyzing antibody against buffer
of the appropriate pH (50 mM Tris HCl) before assays. At
each pH, change in e for 4-nitrophenolate was measured, and
rates were corrected accordingly both in H20 and 2H20. K,
values were determined for the inhibitor 4-nitrophenylphos-
phorylcholine 2 (Fig. 2) by Dixon plots (24) at 500 uM
substrate 1. Solvent isotope effects for the Y33H mutant were
measured by lyophilizing and resuspending antibody in 2H20
(99.8%) three times (until the proton NMR spectrum showed
a water peak of equal intensity to that of the 2H20 stock)
before assay under standard conditions. The p2H of each
solution was determined by adding 0.4 unit to the meter
reading. Stopped-flow spectrophotometry was done in 40
mM NaCl/20 mM Tris-HCl, pH 8.0, by rapid mixing ofequal
volumes (200 /4) of antibody (13.4 jLM binding sites in 2x
assay buffer) and substrate 1 (2 mM in water) using a model
RA401 Union Giken spectrophotometer with a dead time of
1 msec.

Biochemistry: Jackson et al.
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FIG. 2. Antibody-catalyzed reaction showing possible interaction of heavy-chain Tyr-33 and Arg-52 with transition-state analog 2. Also
shown are substrate 1 and substrate analogs 3 and 4.

RESULTS
Vector Construction and Mutagenesis. The expression vec-

tor pSV-S107 (Fig. 1) allows coexpression of the S107 K

light-chain and heavy-chain variable (VH) region genes with
a y2b constant region from BALB/c liver genomic clone
144.11y2b (25). The vector also contains a xanthine-
guanosine phosphoribosyltransferase marker for selection of
transfected myeloma cells and an ampicillin resistance (amp')
marker for selection and amplification in Escherichia coli.
The vector is derived from a pSV2 vector containing the S107
K light chain (22). Tucker et al. (25) incorporated the heavy-
chain genes obtained via fusion of the VDJ genes (EcoRI-
EcoR5 fragment) from the S107 myeloma cell line with the
y2b heavy-chain constant region (25).
The 1.2-kb BamHI fragment ofpSV2-S107 (which contains

the VDJ 1 region) was cloned in a stepwise fashion into vector
pUC-fi for in vitro mutagenesis (25). The mutant 1.2-kb
BamHI fragments were then reinserted into pSV2-S107 to
give the final pSV2-S107' expression vector, lacking the
0.6-kb BamHI-BamHI fragment. Wild-type and mutant
genes were then transfected into P-3X63-Ag8.653 myeloma
cells, which do not express endogenous antibody (20). An-
tibody expressing clones (5 ,ug/ml) were identified by ELISA
with a bovine serum albumin conjugate of nitrophen-
ylphosphorylcholine. Antibody produced in ascites (1 mg/
ml) was purified by protein A chromatography. PAGE
showed that heavy and light chains are produced in equal
amounts and that antibody is >95% homogeneous.

Determination of Rate Constants. Seven heavy-chain mu-
tant S107 antibodies were assayed for their ability to catalyze
the hydrolysis of substrates 1, 2, and 4 (Fig. 2). All seven
mutants catalyzed the hydrolysis of carbonate 1, but with
considerable variations in catalytic activity. The initial rates
of hydrolysis of carbonate 1 in the presence (kob5) and
absence (kn) of 6.7 AM antibody were determined as a
function of substrate concentration at 250C and analyzed by
an Eadie plot for each mutant (26) (Table 1). The rate constant
(ku, ) for the hydroxide ion-catalyzed reaction was found to be
5.7 x 10-4 min-' at 250C in 20 mM Tris.HCl/40 mM NaCI,
pH 7.5, by extrapolation of the rate of the uncatalyzed
reaction to zero buffer concentration.
The kcat (0.74 min-) and Km (0.71 mM) for the wild-type

antibody are very close to those of the homologous PCho-
binding antibody T15 (0.71 min- and 0.60 mM) that has been
characterized (5). Substitution ofphenylalanine for Tyr-33 on
the heavy chain had virtually no effect on kcat or Km for
substrate 1, demonstrating the unimportance of the tyrosine
hydroxyl group for substrate binding and catalysis. Substi-
tution of Tyr-33 with histidine results in an 8-fold increase in
kcat over wild-type antibody, whereas the Y33D and Y33E
mutant antibodies have reduced catalytic activity. Substitu-
tion of Arg-52 by glutamine or cysteine resulted in 50- and

170-fold decreases in kcat/Km, respectively, whereas the
catalytic activity of the RS2K mutant is similar to that of
wild-type antibody. These results point to the importance of
electrostatic stabilization of the tetrahedral negatively
charged transition state by the antibody. Neither wild-type
nor any mutant antibodies catalyzed to any measurable
degree the hydrolysis ofthe PCho diester 2 or the nitroanilide
choline amide 4.

Inhibition by Transition State Analog 2. All seven mutant
antibodies are competitively inhibited by the transition state
analog p-nitrophenylphosphorylcholine 2, demonstrating
that catalysis occurs in the antibody-combining sites (Table
1). Substitution of cysteine or glutamine for Arg-52 in the
heavy chain has a greater effect on the binding affinity of
p-nitrophenylphosphorylcholine than substrate, consistent
with the notion that Arg-52 of the heavy chain preferentially
stabilizes the transition state over substrate. Substitution of
histidine for Tyr-33 in the heavy chain increases Km for
substrate 1 and the Ki for transition state analogue 2 to the
same degree, suggesting that this residue is largely unproto-
nated in the catalytically active antibody. Substitution of
phenylalanine for Tyr-33 in the heavy chain had little effect
on the Ki for the PCho diester 2, consistent with its effect on
substrate binding. p-Nitrophenylethyl phosphate 3 did not
inhibit the antibody-catalyzed reactions, demonstrating the
importance of the positively charged choline moiety for
binding. This result is consistent with the fact that p-nitro-
phenylethylcarbonate was not hydrolyzed by any of the
antibodies tested.

Mechanistic Studies of the Y33H Mutant. A number of
mechanistic experiments were carried out on the Y33H
mutant antibody. The pH dependence of the Y33H mutant-
catalyzed process in H20 was measured between pH 5.5 and
9.0 in 50 mM TrisIHCl at 250C in the presence of 1 mM
substrate 1. A plot of the logarithm of Vm, as a function of
pH (Fig. 3) exhibits a near first-order dependence upon

Table 1. Kinetic rate constants for the S107 wild-type and
mutant antibodies

Antibody kcat, min Km, mM Ki, AM
T-15 0.71 0.6 55
S107 0.74 0.71 50
Y33H 5.71 1.6 160
Y33F 0.78 0.85 125
Y33E 0.16 2.6 500
Y33D 0.11 1.3 350
R52K 0.46 0.75 100
R52Q* 0.04 1.9 400
R52C* 0.02 3.2 800

All values were averaged from three independent assays. SDs
(data not shown) ranged from 3-11% of reported values.
*Assays performed with 30 ,uM immunoglobulin.

02N <O~o~Ns
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FIG. 3. Plot of log Vm.. vs. pH for the Y33H mutant antibody in
H20 and 2H20 (pD).

hydroxide ion concentration. The pH profile in H20 displays
a sigmoidal shape between pH 8 and 9. Although the Vma for
the reaction is first order in hydroxide ion concentration, the
Km for substrate 1 varies only slightly throughout the entire
pH range (from 2.1 mM at pH 5.5 to 1.3 mM at pH 9.0). The
logarithm of the Vmax profile for substrate 1 (Fig. 3) shows a
3H20 isotope effect in the pH-dependent region. Due to
substrate instability at high pH, a distinct plateau was not
apparent in 2H20.
The antibody-catalyzed reaction can be compared with the

reaction catalyzed by 4-methylimidazole under standard as-
say conditions. The second-order rate constant for the hy-
drolysis of 0.5 mM substrate 1 by 4-methylimidazole (k4MeIm)
was obtained by plotting the initial rate of 4-nitrophenylate
release versus 0.1-0.5 mM 4-methylimidazole under standard
assay conditions. The value for k4Melm was determined to be
0.53 + 0.003 M-1 min' in H20.

In an attempt to determine whether an acyl enzyme inter-
mediate is formed in the antibody-catalyzed reaction,
stopped-flow experiments were performed in 20 mM
Tris-HCl/40 mM NaCl, pH 7.5, by mixing equal volumes of
substrate 1 and antibody. Reactions were monitored for 1
min, and no pre-steady-state burst of 4-nitrophenylate was
observed (dead time is 1 msec). The initial burst would be
expected to equal in magnitude the concentration of anti-
body-combining sites (13.4 ,uM).

DISCUSSION
To study the catalytic roles of the conserved heavy-chain
residues, Tyr-33 and Arg-52, in the PCho-specific antibodies,
mutants of antibody S107 were generated. S107 has an
identical VH sequence with the characterized catalytic anti-
body T15 (12) and differs from McPC603 by two amino acids
in the second hypervariable region and three in the third
hypervariable region of the heavy chain (12, 13). A suitable
expression vector containing the S107 heavy- and light-chain
genes (19, 25) also exists. The wild-type and mutant genes
were transfected into myelomas, and antibody was produced
at levels of 5 ,ug/ml from cell culture and 1 mg/ml from
ascites. These levels of production compare quite favorably
with those from E. coli transformed with the genes encoding
the Fv or Fab fragments of McPC603 (27). As expected, the
kcat and Km of purified wild-type S107 antibody are very
similar to those of T15.
Our results indicate that heavy-chain mutations at Tyr-33

have little effect on the catalytic activity of S107. The kct value

of the Y33F mutant as well as the Km and Ki values for
carbonate 1 and phosphodiester 2, respectively, are comparable
to the wild-type antibody. This is somewhat surprising because
the x-ray crystal structure of the homologous antibody
McPC603 shows the tyrosine hydroxyl group to be within
hydrogen-bonding distance (2.9 A) ofthe phosphoryl oxygen.
The nitrophenyl substituent may force substrate 1 and inhibitor
2 into different geometries in the active site relative to PCho.
Chemical modification and affinity labeling of Tyr-33 may
prevent binding or destroy catalytic activity simply for steric
reasons.
Heavy-chain Arg-52, which is conserved in the PCho-

binding antibodies, plays a key role in hydrolysis of carbon-
ate 1. Substitution of Arg-52 by glutamine or cysteine signif-
icantly decreased kcat and Km for carbonate 1. Molecular
modeling shows that the side chains of Gln-52 and Cys-52 are
not within hydrogen-bonding distance of the phosphoryl
oxygen ofPCho. The kcat and Km values for the R52K mutant
are similar to those of the wild-type antibody and, indeed, our
minimized structure for this mutant shows that the 6 nitrogen
of lysine is in close proximity (3.4 A) to the phosphoryl
oxygen of PCho. These experiments suggest that electro-
static stabilization of the anionic transition state plays a key
role in the mechanism of this catalytic antibody. Arginine has
also been implicated as having an important catalytic role in
another phosphonate-specific catalytic antibody described
by Jacobs and Schultz (28).
Because Tyr-33 appears to play no role in binding or

catalysis, Y33H, Y33E, and Y33D heavy-chain mutants were
generated in an effort to place a general base in the antibody-
combining site. Molecular modeling of a minimized structure
for the Y33H mutant shows the nucleophilic nitrogen of
histidine to be some 5 A away from the carbonate carbonyl
(6-8). This distance is optimal for activation of an attacking
water molecule and yet out of range for direct nucleophilic
attack. The aspartic and glutamic mutants are most likely to
function as general bases to activate an intervening water
molecule.
The histidine mutant has an 8-fold higher kcat for substrate

1 relative to wild-type antibody. Although the precise cata-
lytic role of heavy-chain His-33 is unclear, the relative rate of
the Y33H mutant compared with the reaction catalyzed by
4-methylimidazole (kcat/Km/k4MeIn) is 7 x 103. These results
can be compared with those described by Baldwin and
Schultz (29), where replacement of light-chain Tyr-34 of the
dinitrophenyl-binding antibody MOPC-315 with histidine ac-
celerated the rate 45 times that of the wild-type antibody and
9 x 104 times that of the 4-methylimidazole-catalyzed pro-
cess. The diminished values of kcat for Y33D and Y33E
mutants may be explained by charge destabilization of the
anionic transition state by the negatively charged carboxy-
lates. Consistent with this notion, the glutamic and aspartic
mutants bind phosphodiester 2 with lower affinity than wild-
type antibody, whereas the difference in affinity for the
uncharged substrate is less pronounced.
A number of experiments were done to probe the mecha-

nism of the heavy-chain Y33H mutant. The pH profile for the
Y33H mutant (Fig. 3) is first order with respect to hydroxide
ion concentration, as demonstrated by the slope of near unity
over the pH range from 5.5 to 8.0. This pH dependence is
quite similar to that seen for the homologous antibody T15
and was interpreted in terms of an electrostatic mechanism
involving polarization of the carbonyl group for attack by
OH-. The plot of the logarithm of Vmax vs. pH for the Y33H
mutant shows curvature at pH 8-9. One explanation for this
behavior is that the reaction depends on a base with a pKa in
this range. Heavy-chain Glu-35, which is within salt-bridging
distance of His-33, might be expected to stabilize the pro-
tonated form of His-33, thereby raising its pKa above the
standard solution value of 6.5. The imidazole could be acting

Biochemistry: Jackson et al.
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as a general base or a nucleophilic in its neutral form and as
an electrophilic catalyst in its protonated form. The fact that
heavy-chain substitution of histidine for Tyr-33 has little
effect on the Km and K1 for substrate 1 and phosphodiester 2,
respectively, supports the fact that the histidine is active in
the unprotonated form. Alternatively, the pH profile might be
explained by a change in mechanism, such as rate-limiting
dinitrophenylate ion release. Benkovic, Lerner, and cowork-
ers have shown that nitrophenylate release becomes rate-
limiting in an antibody that catalyzes hydrolysis ofanilide and
phenyl esters (S. J. Benkovic, personal communication).
No pre-steady-state burst ofnitrophenolate ion is observed

in stopped-flow assays with carbonate 1, excluding the rapid
formation of an intermediate that accumulates to >5% of the
antibody concentration. However an imidazolide intermedi-
ate might be expected to be present only at low steady-state
levels. Molecular modeling of the Y33H mutant does suggest
that the imidazole is not optimally positioned to act as a
nucleophile. Nucleophilic catalysis has been demonstrated
for a multitude of hydrolytic enzymes; however, direct
nucleophilic attack by histidine in enzyme-catalyzed reac-
tions is uncommon. More often histidine participates in
catalysis by deprotonation of a nearby residue such as serine
or cysteine. The Y33H mutant-catalyzed hydrolysis of sub-
strate 1 shows an isotope effect over the pH range 6.0-9.0.
Because it was not possible to measure Vmax in the plateau
region, the effect of 2H20 on the apparent pKa of 8-9 (H20)
could not be determined. Consequently the solvent isotope
effect cannot distinguish a nucleophilic or general base mech-
anism.
The mechanistic experiments described above suggest that

heavy-chain Arg-52 preferentially stabilizes the negatively
charged transition state. Although the catalytic role of His-33
has not been unambiguously determined, it appears that
His-33 is not positioned optimally and consequently does not
provide a large increase over the catalytic activity of wild-
type antibody. Nonetheless, these experiments show that
site-directed mutagenesis can be used to improve the effi-
ciency of catalytic antibodies. We have recently constructed
a double mutant of S107 (Y33H, A5OH), in which the two
histidines at positions 33 and 50 and heavy chain Glu-35
should bind a zinc atom within 2 A of the carbonate carbonyl
group. Such an antibody might afford additional rate en-
hancement in the hydrolysis of substrate 1 and might provide
the necessary activation for amide bond hydrolysis of sub-
strate 4.
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