
An Unexpectedly Efficient Catalytic 
Antibody Operating by Ping-Pong 

and Induced Fit Mechanisms 

A transition state analogue was used to produce a mouse 
antibody that catalyzes transesterification in water. The 
antibody behaves as a highly efficient catalyst with a 
covalent intermediate and the characteristic of induced fit. 
While some features of the catalytic pathway were pro- 
grammed when the hapten was designed and reflect 
favorable substrate-antibody interactions, other features 
are a manifestation of the chemical potential of antibody 
diversity. The fact that antibodies recapitulate mecha- 
nisms and pathways previously thought to be a character- 
istic of highly evolved enzymes suggests that once an 
appropriate binding cavity is achieved, reaction pathways 
commensurate with the intrinsic chemical potential of 
proteins ensue. 

E NZYMES MAKE USE OF BINDING ENERGY IN A CONCERTED 

way to lower the activation barriers that appear along a 
reaction coordinate (1). The optimization of the interaction 

between an enzyme and its substrate presumably has evolved over a 
long period, often leading to enzymes that operate at rates limited 
only by diffusion (2). Catalytic antibodies offer promise for probing 
the nature of biological catalysis. The central question in antibody 
catalysis concerns the extent to which induction of a predetermined 
binding site coupled with the diversity of the immune response can 
reproduce refinements achieved by the genetic processes of mutation 
and selection that have endowed enzymes with their specificity and 
efficiency. 

While seeking the catalysis of transesterification in water, we 
encountered an antibody with a group-transferase activity. This 
antibody appears to have achieved its efficiency through mechanisms 
thought to be restricted to highly evolved enzymes. Our experi- 
ments suggest that some reoccurring catalytic mechanisms may 
derive from the obligatory outcome of interaction between the 
intrinsic chemical potentials of protein molecules and the substrates 
to which they bind. 

Transesterification in water. Transesterification is a difficult 
bimolecular reaction to run in water because water itself is present in 
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vast excess and is preserved as a reactant. Thus any catalyst for 
transesterification in water must have enzyme-like specificity for the 
alcohol and the ester (Eq. 1) .  

Antibodies to phosphonate 1 (Fig. l ) ,  which act as esterases (3) ,  
were studied as catalysts for ester synthesis with the use of the vinyl 
ester 3 and the alcohol 1 2  as the acyl donor and acceptor, 
respectively. This ester provided a good leaving group (4) ,  and its 
modest size kept it within the steric constraints defined by the 
hapten. We monitored the release of acetaldehyde upon vinyl ester 
decomposition with a coupled enzyme assay (5) (Scheme 1). 
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Scheme 1 

One antibody, monoclonal PCP21H3, catalyzed the reaction 
between 3 and 1 2  in a mixture of water and 10 percent dimethyl 
sulfoxide (DMSO). Our work had shown that this antibody is a 
slow (S)-specific esterase when 7 was used as a substrate. 

steadystate kinetics: A ping-pong pathway. In antibody catal- 
ysis, we anticipate that the substrates will fit snugly into a binding 
pocket as programmed by the hapten. Accordingly, for a two- 
substrate reaction, a random, sequential kinetic mechanism proceed- 
ing through a ternary complex might be expected. w e  were 
surprised to observe that the double reciprocal initial velocity 
patterns were families of parallel lines (Fig. 2). This is characteristic 
bf enzymes that follow the ping-pong (6)  

The data were fit to Eq. 2, where A and B refer to the vinyl ester 
3 and the alcohol 12, as specified in the programs of Cleland (7). 

The kinetic constants are given in Table 1. The data are consistent 
with the ping-pong bi-bi pattern (product is released between 
addition of two substrates) involving a modified form of the enzyme 
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(antibody) as an intermediate. This is expressed in Eq. 3 in the 
notation of Cleland (6) 

E (EA-FP)  F  (FB-EQ) E 

where A and B are as above and P and Q are acetaldehyde and the 
ester 7, respectively. Chemically, F is expected to be a covalent 
4-acetamidophenylacetyl antibody. According to the steady-state - .  
rate equation, such a pathway is- characterized by certain product 
inhibition behavior (6, 8 ) .  However, even at extremely high con- 
centrations of acetaldehyde (150 to 200 rnM) only a few percent 
decrease in the initial rate was seen. and our control experiments 
showed that this was a result of a decrease in the pH of the medium. 
It is unlikely that the acetaldehyde can effectively bind to F and 
compete with the alcohol. However, using the coupled assay (9)  we 
examined the second product 7 ( Q  in Eq. 3) and showed the 
required noncompetitive inhibition with respect to the alcohol (Fig. 
3A). Further evidence for the mechanism came in the form of 
substrate inhibition by 1 2  (Fig. 3B). Such inhibition, found and 
analyzed in enzymes that follow the basic ping-pong pathway, is 
considered to be characteristic and to support their assignments 
(10). The alcohol was inhibitory at rather low concentrations and 
especially at low concentrations of the vinyl ester. The inhibition 
results from combination with the wrong stable enzyme (antibody) 
form (B with E in Eq. 3).  The strong inhibition appears reasonable 
because of the haptenic congruency of the alcohol, which also 
explains why no inhibition was encountered with 3 (A combining 
with F, Eq. 3). 

R = H  2 m7 X=, CN 1 7  
4 3  (s)-(-) S -  I OMe 1 8  

Fig 1. Structures and numerical assignments of compounds under discus- 
sion. 

Fig 2. A representative ex- 0.8 
ample of PCP21H3 ping- 
pong lanetics. Double re- 
ciprocal plots of initial ve- 
locities of ester 7 forma- 
tion at varying concen- 
tration of alcohol 12 and 
several fixed vinyl ester 3. 
The reactions were carried 
out in I (0.1 ATE, pH 9.0, . 

10 percent DMSO) in the - 
presence of 4 FM 0.2 
PCP21H3. The vinyl ester 
concentrations were: ( a )  
0.10 mM; (0) 0.20 mM; 
(0) 0.40 mM; (I) 1.2 0 I I I I I I  
mM. 0 1 2 3 4 

1/[12] (mM-l) 

We could not unequivocally rule out a sequential (ordered) 
mechanism (where K,, < < K,) as a result of incomplete product 
inhibition data (1 1).  Therefore, we sought acylating agents that 
would require the first product to be released before the binding of 
an acceptor. In catalyuc antibody technology the binding pocket is 
induced experimentally, and therefore a rational approach to sub- 
strate design is often feasible. Thus, we anticipated that the geom- 
etry and reactivity of a phenyl ester linkage would be advantageous 
and, for steric reasons, the formation of a ternary complex would 
definitely be precluded. Indeed, with 4 and 12, PCP21H3 displayed 
ping-pong kinetics with a similar overall velocity (Table 1). Much of 
the enhanced k,,,/KM is manifested in the low K, for the phenyl 
ester. The 4-methoxy derivative 5 also acted as an acyl donor (similar 
reactivity), but a kinetic study was not conducted. Most important 
was that the ester 7, the final product of the above reactions, 
transferred its acyl group to benzyl alcohol to form 10 in a 
ping-pong fashion (Table 1). In addition, with alcohol 2 3  as the acyl 
acceptor (see below) we showed that 12, the first product released 
(P, Eq. 3), was a competitive inhibitor with 2 3  as the variable 
substrate (Fig. 4). If an ordered mechanism were operative, such 
inhibition would be noncompetitive. Finally, since the ester 7 is 

Fig 3. (A) Noncompetitive product inhibition by ester 7 with respect to 
alcohol 12 as the variable substrate. The reactions were performed in 100 
mM Bicine, pH 8.5, 10 percent DMSO. The rates were measured by the 
coupled assay at the indicated concentrations of 12 and 1 mM 3 (vinyl ester). 
The concentrations of 7 were: ( a )  0 mM; (0) 0.30 mM; (A)  0.65 mM; and 
(0) 1.0 mM. The K,, = 0.39 ? 0.085 mM is an average value derived from 
expressions for apparent K,, and K,, (and K,, = 2.85 mM) (11). (B) A 
typical example of substrate inhibition by alcohol 12. The reactions were 
performed in I (0.1 ATE, pH 9.0, 10 percent DMSO) in the presence of 4 
FM PCP21H3. The rates were measured by the HPLC assay for ester 7 at 
the indicated concentration of 12 and 0.20 mM vinyl ester 3. Under these 
conditions, apparent K,, = 3.3 mM, K, = 0.6 mM. The data were obtained 
as described by the method of Cleland (7). 
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congruent with the hapten, it secures the mechanistic assignment 
and also establishes that the lipase-like activity, elucidated-earlier, 
proceeds through a covalent intermediate. There was no reaction 
detected when 8 and 9 were tried as substrates, an indication of the 
need for a balance of binding energy and reactivity. 

The acyl intermediate. The well-known experiment of Hartley 
and Kilby demonstrated a rapid, stoichiometric release of p-nitro- 
phenol from chymotrypsin when p-nitrophenyl ethyl carbonate (or 
p-nitrophenyl acetate) was used as a substrate (12). Examples of such 
"burst kinetics" have since been reported with other enzymes and, in 
several cases, the acyl enzyme has been characterized (13). This burst 
behavior substantiates the existence of a covalent intermediate. Our 
finding that phenyl esters were excellent group transfer substrates for 
PCP21H3 pointed to similar studies. , 

When the p-nitrophenyl ester 6 was added to varying concentra- 
tions of the antibody with rapid mixing, an equimolar amount of 
p-nitrophenol was quickly formed followed by a slower, steady-state 
release of this product which was also proportional to the catalyst 
concentration (Fig. 5A) (14). Despite the low ratio of substrate to 
antibody, the linearity was good with no evidence of product 
inhibition. The accurate correlation between the observed concen- 
tration of the highly purified antibody determined from the burst 
and its known value suggested that the pre-steady-state exponential 
phase was of the order of the mixing time (that is, a few seconds). 
This was confirmed by stopped-flow spectrophotometry. These 
experiments indicated that the half-life of free antibody was about 1 
second (Fig. 5B) (15). Interestingly, when the cosolvent was 

Table 1. Kinetic parameters for reactions catalyzed by monoclonal 
antibody PCP21H3. Initial velocities were determined by following the 
formation of ester product by high-performance liquid chromatography 
(HPLC) on an analytical reversed-phase C-18 column ((2-18; VYDAC 
218TP54) with various isocratic mobile phases of acetonitrile and water 
(0.1 ,percent trifluoroacetic acid) and a detector setting of 254 nm. All 
reactions (total volume, 1 ml) contained antibody at a final concentration 
of 4 pM; the antibody was stored in buffer and the concentration was 
determined from an ultraviolet absorbance assay (E,,, = 1.35 (mg/ml)-' 
cm-' and an assumed molecular weight of 150,000 for the 
immunoglobulin G. The mixtures were equilibrated at 23"C, and reactions 
were initiated by the addition of varying amounts of substrates in DMSO 
stock solutions to give a final organic phase of 10 percent DMSO in 
buffer. All reactions were performed in I at 0.1 ATE, pH 9.0, except 
reaction B, which was done in 100 mM Bicine, pH 8.5, and reaction D 
which was in I at 0.1 ATE, pH 7.0, 9 percent DMSO, and 1 percent 
dioxane. Generally four 50-p1 portions were removed at timed intervals 
within a period (all less than 20 minutes), in which no more than 5 
percent of the substrate was converted to products; the reaction mixtures 
were quenched into 200 PI of external standard solution (fivefold 
dilution), vortexed, kept on ice, and then examined by HPLC. Known 
amounts of ester product had been calibrated (ratio of peak heights) 
against the external standard solution which consisted of benzophenone 
(15 or 30 pM) in the HPLC mobile phase used in the specific assay. The 
initial rates were obtained from a linear least-squares fitting of the data. 

Substrates 
Reaction* 

Ester Alcohol 

KM (mM) 

Ester Alcohol 

*Mobile phases (CH,CN:H,O, 0.1 percent TFA) and flow rates used for assaying 
specific reactions above. For reactions A and B: (45:55), 1.5 mllmin; reaction C and D: 
(40:60), 1.5 mllmin; reactions E, F, and G: (36:64), 2.0 ml/min. t N o  correction 
was made for substrate inhibition. Solubility limitations also restricted the magnimdes 
of experimentally observable k,,, values which were decreased three- to fivefold. The 
calculated k,,,'s were used for comparisons. 

Fig 4. Competitive prod- 2.0 
uct inhibition by 1 2  with 
respect to 2 3  as the vari- 
able substrate. The reac- 1.6 - 
tions were performed in I 
at 0.1 ATE, pH 9.0, 10 

- 

percent DMSO. The rates ' 1.2 - 
were measured by the 5 
HPLC assay for ester 11 .E 

- 
at the indicated concentra- - 0.8 - 
tion of 2 3  and 1.2 mM 2 
ester 7. The concentrations 
of 1 2  were: (e) 0 mM; 0.4 - - 
(0) 0.10 mM; (A) 0.20 
mM; and (0) 0.40 mM. 
The apparent K, = 0.20 I I I , I I I I  

mM (solubility limitations - 1 0 1 2 3 4 5  
of 7 preclude the assign- 1/[23] (mM-') 
ment of a K,, and a K,, 
was not determined) (1 1). 

changed from DMSO to DMF (dimethyl formamide) the rate of 
this phase became slower (Fig. 5A, insetj. Other observations also 
showed that the rate of the transesterification reaction was decreased 
(about 35 percent) with DMF and might indicate conformational 
mobility in the active site region perhaps due to the effects of water 

- - 

structure. The ester 6 was also competent as a substrate in the 
transesterification reaction at pH 7 (Table 1)  (16). While the kc,, 
obtained at this pH is in itself noteworthy, hypothetical extrapola- 
tion to p H  9 affords a value of -30 min-'. This is perhaps the upper 
limit of substrate turnover that can be realized by this catalyst. 

In related experiments with vinyl ester 3 and high concentrations 
of PCP21H3, the detection of a burst was attempted with a coupled 
assay. In this case, when the acetaldehyde was reduced, the burst 
would appear as a rapid decrease in absorbance from the oxidation 
of an eqiivalent of % ~ D H  (reduced nicotinamide adenine dinucle- 
otide). Antibody concentrations up to 40 PM (6.0 mglml; would 
give &l = 0.249) and vinyl ester concentrations up to 3 mM did 
not reveal the stoichiometric accumulation of an intermediate. 
However, a drop in absorbance equivalent to about 30 percent of 
the expected amount occurred in the presence of protein but not in 

0- 0.010- 
0  30 60 90 120 0 1 2 3 4 5  

Time (s) 
Fig 5. (A) The liberation ofp-nitrophenol during the reaction of PCP21H3 
with ester 6. The reactions were carried out in I at 0.1 ATE, pH 7.0, 10 
percent cosolvent (90 percent DMSO, 10 percent dioxane) in the presence of 
0.10 mM 6 and varying concentrations of PCP21H3 (indicated by the values 
in parentheses). The values outside the parentheses correspond to the 
observed (y-intercept) concentration of protein from the "burst" formation 
of an equivalent ofp-nitrophenol. Inset (dashed line): A reaction with 4 PM 
PCP21H3 in which the DMSO cosolvent was replaced with DMF showing 
the longer duration of the pre-steady-state phase. The steady-state rate is also 
decreased and can be extrapolated to 3.9 p M  (B) The pre-steady-state 
exponential phase of PCP21H3 acylation by ester 6. The reaction was 
followed by measuring the release of p-nitrophenol with a stopped-flow 
spectrophotometer. The conditions were similar to those in (A) to give 
approximate final concentrations of 2 pM antibody and 0.10 mM 6. The 
"burst" corresponds to 1.7 pM and proceeds with k = 0.67 ? 0.02 s-'. 
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Table 2. The apparent inhibition constants of compounds tested in the 
reaction between 3 and 12 catalyzed by PCP21H3. The Ki was obtained 
from a Dixon plot at 1 mM 3 and 2 mM 12 (saturating conditions for 12) 
and is defined as the concentration that reduced the velocity to one-half of 
that in the absence of inhibitor. The inhibitions were assumed to 
be competitive. The K, value is 
based on the expectation that only Compound 
the (5')-enantiomer binds effective- Ki (mM) 

ly where relevant. The reactions 1 2 x 
were done in 100 mM Bicine, pH 2, 8, 9 
8.5, 10 percent DMSO in the pres- 

> I t  
13 

ence of 4 pM PCP21H3. The rates 
> 2 t  

14 0.65 
were measured by the coupled as- 15 2 
say. 17 0.20 
*Determined by the HPLC assay. 18 3 
?Ten percent inhibition. $No inhi- 19, 20 
bition detected. §Less than 10 per- 32-35 > 7* 
cent inhibition detected. > 29 

3 7 0.19 

the background reaction (17). Thus these results suggest that the 
intermediate species, although not completely accumulated, is pre- 
sent at some low steady state (18). 

Further evidence for the covalent nature of the antibody interme- 
diate was obtained by labeling. Using [14C]acetamido-6, we ob- 
served that radioactivity remained with the protein after extensive 
dialysis (19). 

Rate acceleration and energetics. It is difficult to quantify the 
magnitude of the rate acceleration afforded by an enzyme compared 
to that of the uncatalyzed reaction. There may be no measurable rate 
in the absence of thd catalvst and the mechanisms of the nonenzv- 
matic and enzymatic reactions can be entirely different. The analysis 
of antibody PCP21H3 catalpc efficiency is subject to these con- 
straints. 

Background formation of the product ester 7 (or similar esters) 
was not detectable during the assays. The most extensively investi- 
gated was vinyl ester 3, which showed no reaction at its solubility 
limits under basic (pH 9.0 ATE, 10 percent DMSO, 0.1 M 12, 1 
hour) or acidic (pH 3.6, acetate buffer, 11 days or 1.25 M HCl, 7 
hours; 0.1 M 12) conditions at 23°C. However, a trace amount of 
ester was detected at 50°C in pH 9.0 ATE, 10 percent DMSO. A 
crude extrapolation provided a second-order rate constant for 
alcoholysis of 3 of kRoH to lop5  M-' min-' at 23°C (on 
the basis that E, = 25 kcal/mol). The low concentration of the 
required alkoxide is responsible for the virtually undetectable ob- 
served background rates (20, 21). 

The antibody-catalyzed transesterification consists of two chemi- 
cal steps linked by an acyl-antibody intermediate, while the reaction 
without antibody is a one-step, base-catalyzed process. Because the 
mechanisms in the two cases are different, no strict comparison can 
be made that yields a true effective molarity. ~ o w e v e r i  an opera- 
tional estimate can be made by comparing kc,, (min-') in the 
antibody-catalyzed transesterification of 3 by 12 under saturating 
conditions, to kRoH (M-' min-') the second-order rate constant 
for alcoholysis of 3 by 12. Thus, to achieve the same rate of product 
synthesis (k,,, represents the number of moles of 7 produced per 
mole of antibody per minute), the concentration of 12 must 
approach 10' to lo6 M (21 min-'/10-5 M-I min-'). Entropic 
advantages from intramolecularity of lo5 and greater are well 
documented with values of 10' to 10" generally being viewed as 
upper limits (22). 

A particularly efficient mechanism for achieving a rate acceleration 
is through covalent catalysis. The opportunity for maximum entropy 
loss can be attained with a tight fixation of reacting groups facilitated 
by anchoring one of the reacting partners to the protein (23). In 
addition, if the antibody intermediate were an acyl tyrosine (24), the 

greatest catalytic gains would be realized by the alkyl esters where 
entropy loss in the acylation reaction generates a more reactive 
bond, paid for by the utilization of binding energy. The vinyl and 
phenyl esters do not benefit from this enthdpic component and 
therefore, relative to the uncatalyzed reactions, would show de- 
creased effective molarities. If we assume that the hydrolysis rates for 
these esters are a rough index of their reactivity in transesterification, 
then the difference across this series should be -lo3. Hence, 
reactions between esters such as 7 and alcohol 23 might be subject 
to rate accelerations of lo7  to 10' M. The relative similarities of kc,, 
could signal a change in the rate-determining step. The reactions of 
the more labile esters are controlled predominantly by deacylation, 
whereas turnover of the alkyl esters is limited by the acylation step. 
This is reminiscent of comparisons between ester and amide sub- 
strates of the serine proteases (26). A similar kc,, in reactions of the 
vinyl ester and much less reactive alkyl ester could be a consequence 
of differences in transition state energies where the latter requires no 
further loss of entropy to reach the activated complex. The sec- 
phenethyl moiety is able to "pull" the ester into and orient it at the 
active site. This shows how binding energy can be expressed in the 
transition state and can provide catalysis even if it is not at the site 
of the reaction (27). The loss of entropy on substrate binding in 
conjunction with transition state stabilization affords an effective 
combination for obtaining rate acceleration. 

Induced fit. The role of flexibility and induced fit in enzyme 
action has been described (28). The coupled assay for acetaldehyde 
was used to show that structures similar to sec-phenethyl alcohol, 
but devoid of an accepting hydroxyl, increased the hydrolytic 
turnover of 3. The racemic compounds sec-phenethyl chloride and 
bromide, 15 and 16, at 2 mM and 1.5 mM, respectively, increased 
the observed pseudo first-order rate constant (V /K)  for antibody- 
catalyzed hydrolysis of 3 about tenfold. The activation effect showed 
a concentration dependence up to their solubility limits (2 mM, 1.5 
mM). In the presence of 2 mM 15 (-0.5 K,), the initial rate for 1 
mM vinyl ester turnover was about 60 to 70 percent as fast as the 
rate observed with 0.50 mM alcohol 12 (-0.5 K,) as the substrate. 
The compounds did not change the spontaneous rate of vinyl ester 
hydrolysis. Thus, these alcohol surrogates apparently activate the 
acyl antibody for hydrolpc cleavage at a rate roughly one-third 
slower than alcoholysis of the same species. The effect is quite subtle 
as indicated by the failure of 14 to enhance turnover. However, this 
compound and others were good inhibitors of transesterification 
(Table 2). Thus, a delicate balance of steric and electronic factors is 
required. 

The enhancement of catalysis by substrate surrogates must be 
reconciled with the ping-pong and burst kinetics of the catalyst. The 
results suggest that binding by surrogate substrates allows an 
increase in the rate of hydrolysis of the acyl intermediate. The 
simplest interpretation is an induced fit model where, in the absence 
of activator, the antibody either does not have a conformation as 
accessible to water or one that does not complement the transition 
state that is achieved in the presence of activator or alcohol. The fact 
that the rate of acyl transfer to the water-activator surrogate is less 
than to the alcohol is probably a reflection on the differences in these 
transition states and additional interactions that might exist with the 
alcohol. These results have a precedent in natural enzymes. The 
increased rates of water reactions for phosphoglucomutase and 
hexokinase in the presence of incomplete substrate analogues has 
been ascribed to an induced fit of substrates (29, 30). 

An estimate of the steady-state partitioning of the acyl antibody 
intermediate was obtained from the rates of formation of ester 7 and 
acid 2 with ester 6 as the acyl donor (31). The results indicate that, 
while the antibody catalyzes the formation of 2 in the absence of 
alcohol 12 as expected (that is, esterase activity), the rate of 
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Table 3. The initial velocities of compounds tested as alternative substrates 
for PCP21H3. The concentrations were 1 mM 3 and 2 mM 12 or alternative 
substrate. At these concentrations, 12 is saturating. This reaction was 
assigned a value of v = 100. The other compounds were not 
necessarily saturated at 2 mM; but ^ ^ ^ - ^ ^ ^ — ^ _ i _ _ 
in cases where saturation was exam- Compound v 
ined, vrcX < 100. The reactions were rl 
performed in 100 mM Bicine, pH \2 100 
8.5, 10 percent DMSO in the pres- 13 2* 
ence of 4 |xM PCP21H3. The rates 22 28f 
were measured by the coupled as- 23, 24, 25 98, 53 83 
say. 26^ 27,28 2S, 85̂  85 
*Also determined at 5 mM 3, 8 mM 13; 29, 30, 31 ND, 29, 46 
by the HPLC assay. fprel -50 at 32, 33, 34 10 
saturation. Xvrc\ —25 at saturation. 3 5 j ^ j ) 
ND, none detected. ^ • ^ Q . 

formation of acid is increased in the presence of 12 (16 mM, KM). 
Hence, an induced fit of alcohol leads not only to transesterification, 
but also makes partitioning to water more favorable. A comparison 
of the two rates under identical conditions suggests that about 5 to 
7 percent of the intermediate is lost by hydrolysis. The surrogate 15 
also increased the rate of acid formation, but less effectively than the 
alcohol. 

In our studies, the phosphonate hapten defined a "rigid" transi
tion-state-like binding pocket within a flexible protein matrix. The 
covalent intermediate may incur changes disruptive to the confor
mation of the antibody congruent to the transition state. Also, the 
binding of the acceptor alcohol could induce movement to a 
structure that is more complementary to the transition state (32). 

Specificity and active site mapping. Examination of several 
other compounds supplied information about the active site (Table 
2). The amine 19, expected to exist as the ammonium species at pH 
8.5, was resistant to binding at concentrations up to 7 mM. The 
compounds benzoic acid and acetophenone (37 and 38) despite 
their geometric and steric similarity were disparate in binding 
affinity (benzoic acid being a much better inhibitor). The difference 
is attributable to the negative charge on the carboxylate. These 
observations, taken together, suggest that favorable electrostatic 
interactions are important in binding and that, with neutral sub
strates, such stabilization might be significant enroute to an anionic 
transition state. Our data also emphasize the potential contribution 
of desolvation to catalysis (1). 

Compounds that could act as alternative substrates are shown in 
Table 3. The corresponding 4-acetamidophenylacetyl esters of the 
alcohols 22 to 28 displayed similar reactivity. The substrate speci
ficity could be manifested in both the ground state and transition 
state. The stereospecificity of the reaction toward the (5)- rather 
than (#)-5ec-phenethyl alcohol (12 compared to 13) is a discrimi
nation in binding as revealed by the high K{ for 13. Also, for 32 to 
35, unfavorable steric effects resulted in their low reactivity and poor 
inhibitory properties. With a smaller substrate such as 22, which 
should have no difficulty binding but does have a reduced kCAt 

(twofold), decreased transition state interactions might occur. The 
binding energy of the benzylic methyl group (34) could "lock" the 
hydroxylic oxygen in the proper orientation in accord with the 
transition state model. The thiol 2 1 , which readily reacts with 3 in 
the absence of antibody, showed a minimal ability as a substrate. 
Although the specificity demonstrated by these compounds is not 
completely understood, it surely hinges on both steric and electronic 
effects imposed by the active site. 

Enzyme-like reversibility. One hallmark of enzymes is their ability 
to readily catalyze both the forward and reverse directions of a specific 
reaction. The readiness of PCP21H3 to accept various substrates 
offered the opportunity for catalysis of a reaction and its exact reverse. 

Our initial attempt with 7 and 22 and its reverse (10 and 12) was 
not successful. The reverse reaction was too slow to obtain mean
ingful kinetic data. We turned to other substrates and found that 
reactions with esters 7 and 11, and the corresponding alcohols (12 
and 23), provided data that allowed the calculation of an equilibri
um constant with the Haldane relationship (Eq. 4) (35). 

eq \VT) K,Kb 
(4) 

where V€ and Vr are the maximum velocities in the forward and 
reverse directions and the ICs are the respective Michaelis constants. 
The value obtained was Keq = 1.1. An equilibrium constant close to 
unity is expected for a transesterification reaction involving similar 
alcohols (36). 

Abzymes as mimics of enzymes. The data and observations 
indicate that monoclonal antibody PCP21H3: (i) has both esterase 
and transferase activities; (ii) efficiently catalyzes transesterifications 
in aqueous media and is capable of reversibility; (iii) utilizes an 
acyl-antibody intermediate; (iv) demonstrates an induced fit of 
substrate probably as a consequence of the conformation of the acyl 
intermediate and the need to have the active site congruent to the 
transition state structure; and (v) operates under two general 
principles, entropy loss and transition state stabilization, which rely 
on the energy of protein-substrate interaction. 

In displaying these effects, the antibody PCP21H3 has the 
qualities of both a highly evolved and a primitive catalyst. It 
exemplifies the remarkable utilization of binding energy to generate, 
through a covalent intermediate, an ester product in the presence of 
water. However, it cannot completely sequester it from water to 
decouple esterase and transferase activities. This is in marked 
contrast to most group transferase enzymes, which enforce the 
preservation of high energy substrates or intermediates. While 
induced fit occurs in the presence of substrate as a consequence of 
haptenic complementarity, it has not been invoked to promote the 
utmost specificity. A more highly evolved antibody would harmo
nize transition state stabilization, covalent catalysis, and induced fit 
with exclusion of water. Such concerted action may yet be found in 
the realm of antibody diversity and then naturally occurring catalysts 
will have been mimicked. 

Our study may have implications regarding the evolution of 
catalytic efficiency in enzymes. Antibody induction is primarily a 
response to the antigen structure as dictated by the chemistry of 
protein molecules. However, a catalytic antibody, must catalyze a 
particular reaction. A preference for the reaction mechanism is 
implicit in the design of the hapten. In this case, the antibody favors 
the tetrahedral geometry and anionic nature of the transition state 
and the precise alignment of the two substrates. However, nothing 
in the design dictated the emergence of either covalent catalysis or 
the characteristic of induced fit. That these properties are in fact 
manifested by the antibody, suggests that their appearance is a 
consequence of coordinating the immunological property of tight 
binding with the additional requirement of efficient catalysis. The 
expression of this optimization is the emergence of a catalyst that 
exhibits the strategies of highly evolved enzymes. 
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