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Induction of an Antibody

That Catalyzes the

Hydrolysis of an Amide Bond

KM D. JANDA, DIANE SCHLOEDER, STEPHEN J. BENKOVIC, RICHARD A. LERNER

Catalysis of amide bond hydrolysis is of singular impor-
tance in enzymology. An antibody was induced to an
analog of a high-energy intermediate anticipated along
the reaction coordinate of amide hydrolysis. This anti-
body is an amidase with high specificity and a large rate
enhancement (250,000) relative to the uncatalyzed reac-
tion. This reaction represents the kinetically most difficult
hydrolysis reaction yet catalyzed by an antibody.

chemical transformations (1-14). Antigens can be fabricated

that structurally resemble high-energy intermediate species
anticipated in a chemical reaction, and can then be used to induce
antibodies whose binding energy should stabilize such intermediates
or transition states along the reaction pathway (15-18). For exam-
ple, the mechanism for the hydrolysis of aryl esters involves the
development of a tetrahedral transition state during the process of
acyl transfer to water or hydroxide ion (16-18). Monoclonal anti-
bodies (abzymes), which have been shown to be highly specific
esterases (2, 3), were induced by immunizing mice with phosphon-
ate antigens that mimic the stereoelectronic features of the transition
states for the hydrolysis of carboxylic esters (19-22). Some catalytic
antibodies have achieved rate accelerations (~107) comparable to
natural enzymes (8), whereas others have displayed remarkable
enantioselectivity (7, 10, 12). Antibodies have catalyzed the Claisen
rearrangement (9, 10) and bimolecular (11, 12) chemical reactions.

One challenge is to develop catalytic antibodies that can catalyze
reactions that are energetically more demanding. The hydrolysis of
an amide bond is of prime interest. Amide hydrolysis at slightly
alkaline pH invovles the intermediacy of a putative zwitterionic
tetrahedral species—one of several tetrahedral species interconvert-
ible through rate-limiting proton transfers (Fig. 1) (16-18). For an
antibody to be an effective amidase, it must have at least bifunctional
properties, that is, it must stabilize the oxyanion and must protonate
the amide nitrogen for facile expulsion. Despite these complexities,
we report the design and synthesis of a hapten that induces an
antibody capable of catalyzing amide hydrolysis with large rates and
high specificity.

Immunogen design. The arylphosphonamidate 1 (Fig. 2) was
designed as a mimic of a tetrahedral intermediate anticipated in the
hydrolysis of the carboxamide 3. We synthesized 1 in six steps from
the readily available starting materials diethyl 4-aminobenzylphos-
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phonate and p-nitroaniline (Fig. 3). Compound 1 displays a tetrahe-
dral and negatively charged phosphorous dioxyanion, along with a
possible site for hydrogen bonding to the lone pair of electrons on
the nitrogen of the phosphonamidate moiety (23). The lone pair of
clectrons on the nitrogen of the P-N bond of the phosphonamidate
may be available for hydrogen bonding, since the P-N bond does
not have the same double bond character as the C-N bond of an
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Fig. 1. Possible mechanism for am-
ide hydrolysis.
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Fig. 2. Compounds 1
and 2 represent the
phosphonamidates used
to induce monoclonal
antibody NPN43C9 and
inhibit the reaction, re-
spectively.  Carboxyam-
ides 3 and 4 act as sub-
strate or inhibitor, re-
spectively, for the reac-
tion catalyzed by NPN-
43C9.
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amide. Thus the antigen might induce an antibody that has a proton
in close proximity to this site that could participate in general acid
catalysis. The production of such a structure would be an example of
what we have referred to as a “bait and switch” mechanism, in that
the antigen has a group or charge that is missing in the substrate,
thereby allowing the induced complementary functionality in the
antibody to play a different role during catalysis (13). Besides having
structural and stereoelectronic similarities to the presumed tetrahe-
dral species in amide hydrolysis (Fig. 1), the nitroaniline and
benzylic ring systems impart immunogenicity to the compound.
The design of hapten 1 also incorporates the heterobifunctional
linker appendage (a glutaryl spacer and a N-hydroxysuccimide—
activated carboxyl) for ease of attachment to carrier proteins, as well
as for proper presentation of hapten 1 to the immune system (2, 3).

Induction of antibodies. A keyhole limpet hemocyanin (KLH)—
phosphonamidate 1 conjugate was used to immunize 129GIX*
mice for the production of monoclonal antibodies (24, 25). From
this immunization, 44 monoclonal antibodies were selected for their
ability to bind in an enzyme-linked immunosorbent assay (ELISA)
(26) to 1 conjugated to bovine serum albumin (BSA) (27). All 44
cloned myeloma cell lines were separately injected into mice for
generation of ascites fluids, from which antibody was purified by salt
precipitation followed by anion exchange chromatography. The
individual monoclonal antibodies were screened for amide hydroly-
sis by using 3 as a substrate. On the basis of activity one
(NPN43C9) was selected for further study.

We purified NPN43C9 by saturated ammonium sulfate (SAS)
precipitation and by affinity and anion exchange chromatography
(Fig. 4). The isolated immunoglobulin G (IgG) fraction was
subjected to enzyme digestion followed by anion exchange chroma-
tography to yield a highly purified Fab fragment (Fig. 4). As
controls, antibodies that appeared to have binding but not catalytic
activity were purified in an identical fashion. A study of the effect of
pH and salt concentration on the catalytic activity showed maximum
activity at pH 9.0 and almost complete inhibition in the presence of
150 mM NaCl (28, 29). Thus kinetic studies were carried out in 50
mM 2-cyclohexylaminoethane sulfonic acid (CHES) buffer, 80 pM
NaCl, pH 9.0.
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Fig. 3. Synthesis of 1. (a) 5 was converted to 6 in the presence of PCls in
CHCI; at 40°C for 2 hours. (b) 6 and p-nitroaniline were condensed in the
presence of potassium-tert-butoxide in DMSO at room temperature for 24
hours. (c) The product 7 was reduced with NaBH, and ethanol, and then
derivitized with CICO(CH,);COON(COCH,); in the presence of CH,Cl,
and (CH;);N, and then reacted with trimethylsilyl bromide at 45°C in
CH;CN.
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Kinetic analysis and abzyme specificity. The initial rates of
hydrolysis measured as of function of substrate 3 concentrations
followed Michaelis-Menten kinetics, consistent with Eq. 1 (Ky, is
the Michaelis constant) and Fig. 5 (see Table 1).

NPN43C9 + 3 —*% 5 products

1) %

NPN43C9 - 3 —=— NPN43C9 + products (1)

Comparison of the kca/kuncat gives a rate acceleration for hydrolysis
of 3 of approximately 250,000. The Fab fragment of NPN43C9 had
approximately the same Ky, and maximal rate Vi« as the intact IgG
molecule, whereas several control IgG molecules that bound to 1,
when purified in the same way, were not catalytic.

To establish the specificity of NPN43C9, we studied the rates of
hydrolysis of substrates modified in their acyl or aniline portions. A
variety of amino acid p-nitroanilides [L-leucine, N-a-benzyl-pL-
arginine, L-lysine, L-proline, N-glutaryl-L-phenylalanine, N-CBz-
glycyl-glycyl-L-leucine (CBz, carboxybenzyl), Glu-Phe-Leu, S-ben-
zyl-L-cysteine, L-valine, N-a-CBz-L-arginine, acetyl-L-asparagine,
and N-benzoyl-L-tyrosine] were not substrates for NPN43C9 (30).
Substitution of m-nitroaniline or o-nitroaniline for the p-nitroaniline

Fig. 4. SDS—polyacrylamide
gel electrophoresis of puri-
fied IgG and Fab fragment
of NPN43C9. The globulin
fraction from ascitic fluid
was precipitated by drop-
wise addition of saturated
ammonium sulfate at 4°C,
pH 7.2, to achieve a final
concentration of 45 percent.
The ammonium sulfate was
_py femoved by dialysis against
_12.4 Phosphate-buffered  saline
~ (0.0lM Na;PO,, 0.15M
NaCl, pH 7.0). The concen-
trated globulin was affinity-
purified on a protein G-Sepharose column. The antibody was loaded onto a
protein G-Sepharose column and nonadherent material was removed by
extensive washing (20 to 30 column volumes) with 0.1M phosphate buffer,
pH 7.0. The adherent antibody was eluted with 0.05M citric acid, pH 3.0,
and immediately neutralized by collecting the active fractions into 1M tris,
pH 9.0. The affinity-purified antibody was dialyzed into 75 mM tris buffer,
pH 8.0, and further purified by anion-exchange chromatography on a
monoQ (fast protein liquid chromatography, FPLC) column. The antibody
was eluted from the monoQ column by a linear salt gradient, and peak
fractions were pooled and concentrated for further study. The antibody
purified by the above procedure was judged to be homogeneous by gel
electrophoresis. The two closely spaced bands were separated by further
anion-exchange chromatography, and each had comparable antigen-binding
activity, suggesting that the slightly different mobility in gel electrophoresis
was due to post-translational modification, presumably differential glycosyla-
tion of the Fc portion of the molecule (see below). To prepare the Fab
fragment, ~40 mg of IgG purified as above was diluted into 0.1M sodium
acetate buffer, pH 5.5, containing 3 mM EDTA. Predigested papain (800
ug) was added to the IgG solution, and the mixture was incubated at 37°C
for 2 hours. The reaction was terminated by addition of iodoacetamide to a
final concentration of 30 mM. The Fab was further purified by anion
exchange chromatography. The digest was dialyzed against 20 mM tris, pH
7.8, and the Fab fraction separated from other components of the digestion
mixture by DEAE-cellulose anion-exchange chromatography on a Memsep
1000 cartridge column. The Fab fragment was judged to be homologous by
gel electrophoresis. The absence of two bands in the Fab fragment further
suggests differential glycosylation of the Fc portion of the intact IgG.
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Fig. 5. Linewcaver-Burke
plot for amide hydroly-
sis of substrate 3 by
NPN43C9. Rates were
determined as described
in Table 1.
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Fig. 6. Plot of steady-
state velocity (v) as a
function of total antibody
concentration (Ab) in
the absence and in the
presence of different con-
centrations of reversible
tight-binding  inhibitor.
The figures adjacent to
cach curve represent the
total concentrations (uM)
of inhibitor 2. Each set of
data was obtained at a con- 0 20 a0
stant substrate concentra- [4b; (105m)

tion of 1600 (wM). The

apparent Ks and number of antibody binding sites were then determined by
varying the concentration of substrate 3 (400 to 1600 M) at a fixed concentration
of inhibitor 2 (87 wM) and then fitting the data to Eq. 2.
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leaving group of 3 rendered these compounds nonsubstrates (31).
This substrate specificity is similar to that seen with other catalytic
antibodies (2, 3, 8), and presumably reflects the well-known sensitiv-
ity of antibody binding to structural isomerism in the nitrophenyl
ring (32).

Basic inhibition studies were performed with phosphonamidate 2
as the inhibitor. Since in antibody catalysis the inducing antigen and
inhibitor are either the same or structurally similar, a high degree of
complementarity between the antibody and the inhibitor can be
expected that leads to tight binding (33). Moreover, since catalytic
antibodies may have relatively low turnover numbers, antibody
concentrations are generally used that are comparable to those of the
inhibitor. Tight-binding inhibition was confirmed by plots of
steady-state velocity (v) as a function of total antibody concentration
(Aby), in which the presence of different concentrations of inhibitor
2 generated classical concave-upward curves (Fig. 6) (33). The K;
and Ab concentrations were determined according to the method of
Blanchard and Cleland (34), in which the tight-binding inhibition
data were fit to Eq. 2, which corrects for depletion of the initial
inhibitor concentrations by binding to the abzyme:

log v = (V/2) {AE ~ I — K + [(K + AE — I)? + 4KI]"?}

@)
where A is the concentration of active sites, E is the volume of
enzyme solution added, I is the concentration of inhibitor 2, and K
is the inhibition constant for 2.

The time course for product formation when the reaction was
initiated by either the addition of substrate after preincubation of
the abzyme with inhibitor or the addition of the abzyme were both
linear and proceeded at the same rate. Thus the inhibition is
reversible and the above equation is applicable.

1190

Table 1. Kinetic parameters for hydrolysis of amide 3 by NPN43C9.
Velocities were determined spectrophotometrically by measuring the initial
linear absorbance change at 404 nm (release of p-nitroaniline). The antibody
[10 wM (Figs. 5 and 6) and 8 pM (Fig. 7), average value determined from a
bicinchoninic acid (BCA) assay and absorbance at 280 nm, assuming a
molecular weight of 160,000 for IgG] was preincubated at 37°C (CHES, pH
9.0, 0.08 mM NaCl) and reactions were initiated by addition of varying
aliquots of a 50 and 100 mM stock solution of amide 3 in DMF to give a
substrate concentration of 100 to 1600 wM. An alternative cosolvent system
of 0.2 to 2.4 percent dimethyl sulfoxide (DMSO) plus acetonitrile to make 5
percent organic phase could be used to solubilize substrate 3. This solvent
system gives some differences in kinetic parameters, but has the advantage
that the microprecipitate that occurs when DMF is added to some IgG
preparations is avoided. Because of the relatively slow rate of reaction, the
first-order rate constant (Kyncat = 3.36 X 1077 min™") for the hydrolysis in
the absence of antibody was measured by high-performance liquid chroma-
tography (HPLC; RP-C18, CH3;CN-H,0, isocratic 21/79). The p-nitroani-
line product in the presence of NPN43C9 was also confirmed with these
HPLC conditions. Initial spectrophotometric rates stand uncorrected, as the
background rate of hydrolysis did not contribute to the antibody-catalyzed
rate under typical assay conditions. The error in the kinetic parameters is =5
percent (SEM).

K Vma7x k kcat/

Cosolvent % 107'M cat kunca

solven 10-°M) (min_l (min~") (105)(
DMF 370 5.0 0.05 1.5
DMSO-CH;CN 562 4.2 0.08 2.5

The nature of the inhibition was determined by replotting the
apparent K; as a function of substrate concentration. This analysis
showed that phosphonamidate 2 was a mixed inhibitor of the
reaction of NPN43C9 with amide substrate 3, varying as a hyper-
bolic function of the concentration of 3. At low substrate concentra-
tion, the inhibition constant Kjs = 10 pM (associated with inhibitor
binding to free abzyme); at infinite substrate concentration,
K; = 2.5 pM (associated with inhibitor binding to the abzyme 1
complex) (35). The calculated maximum number of enzyme binding
sites was 5.1 (SE = 0.9). Immunoglobulin G antibodies are expect-
ed to exhibit a total of two binding sites and thus two to three
additional binding sites were detected with inhibitor 2.

Additional binding sites that alter abzyme turnover (k.. in Eq. 1)
would give rise to the appearance of noncompetitive inhibition.
Their loci are secondary sites in the complementarity determining
regions (CDRs) of the antibody, as has been observed by x-ray
diffraction studies to occur with small aryl compounds, such as
vitamin K, riboflavin, and nitrophenolates, that bind tightly to the
CDRs of some randomly selected myeloma and hybridoma antibod-
ies, as well as immunoglobin light-chain dimers (36). In contrast, the
less charged m-nitroanilide 4 was a purely competitive inhibitor of
the reaction of NPN43C9 with the amide substrate 3, and exhibited
a K; of 804 wM (Fig. 7). Thus the high specificity of antibody
catalysis is manifest in that, despite the near equivalence in binding,
3 is a substrate and 4 an inhibitor of the reaction (37). Moreover,
this observation, coupled with the quantitative aspects of inhibition
by 2, the unaltered steady-state parameters for catalysis by the Fab
fragment, and the high purity of the abzyme preparation (Fig. 4), all
identify NPN43C9 as the catalyst for the hydrolysis of 3.

Mechanistic considerations. The large rate enhancement of 10°
for the antibody-catalyzed reaction relative to its solution counter-
part cannot be simply rationalized without invoking chemical
mechanisms for catalysis based on the presumption that the differ-
ence between the binding of 2 (K;) and 3 (Kp) to the antibody is an
index of the available transition state binding energy [AAGF = —2.2
kcal mol™! (38)]. A triple mutant of the enzyme subtilisin, in which
cach amino acid of the catalytic triad of His, Ser, and Asp is replaced
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Fig. 7. Lineweaver-
Burke plot for hydroly-
sis of substrate 3 by the
NPN43C9. Velocities
were determined as de-
scribed in Table 1;
(@), no inhibitor pre-
sent; (A), inhibited by
1000 wM m-nitro de-
rivative 4; (H) inhibit-
ed by 2000 pM m-ni-
tro derivative 4.
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by an Ala residue, hydrolyzes a p-nitroanilide peptide substrate
3000-fold more rapidly than the corresponding uncatalyzed reac-
tion, which gives an estimate of the extent of catalysis that can be
achieved by stabilization of the transition state by binding determi-
nants other than the catalytic triad (39). However, the rate enhance-
ment observed for NPN43C9 is ~50-fold greater than that ob-
served for the subtilisin mutant, suggesting that factors other than
transition state stabilization, such as functioning acid or base
residues or ground-state destabilization, are involved in the catalysis.
Participation of acid-base catalysis is also anticipated on mechanistic
grounds, since the hydrolysis of substituted acetanilides at mildly
alkaline pH is thought to require expulsion of aniline rather than its
highly basic anion (40, 41). The sensitivity of k., to salt may reflect
specific anion binding or effects on the pK, of essential binding site
residues (16). Because the hydrolysis of substituted acetanilides is
relatively insensitive to substituents (p = 0.1) (40), the lack of
abzyme-assisted hydrolysis for the m-nitroanilide 4 is probably a
‘manifestation of unproductive binding, rather than a pK, effect on
keat, if we assume that the mechanism and rate-limiting step are the
same in the enzymic and nonenzymic reactions.

Since the induction of the first catalytic antibodies, catalysis of a
succession of energetically more demanding acyl transfer reactions
with respect to increased pK, of the leaving group has been
achieved, and now includes amide bond hydrolysis. The understand-
ing gained from such studies should be useful in meeting the next
important challenge in abzyme catalysis, namely, the hydrolysis of
alkyl amides, which include peptides and proteins.
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