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The kinetic and mechanistic effects of substitution in the leaving group of N-acylimidazoles
in a-chymotrypsin-catalyzed hydrolysis reactions have been investigated. The values of
k2/Km have been determined for acylation of the enzyme by a series of N-(3,3-dimethylbutyryl)-
4(5)-substituted imidazoles at 308C. The plot of log k2/Km vs pH for acylation by N-(3,3-
dimethylbutyryl)-4(5)-nitroimidazole has regions of slope 1.0 and 0 with a pKapp of 6.5, in
contrast with the nearly pH-independent profiles for N-acylimidazoles without electron-
withdrawing substituents in the leaving group. The effect of electron withdrawal is to lower
the pKa of the conjugate acid of the N-acylimidazole, which thereby restricts the acylation
reaction of that species. The pH independence of the acylation reactions of N-acylimidazoles
without electron withdrawal in the leaving group must reflect reactions of the neutral and
protonated species that proceed with similar rate constants. The pKapp of 6.5 is constant
through wide structural variations and is therefore not due to the kinetics of the reaction,
but is very likely the pKa of the conjugate acid of His-57. There is only a small effect of the
pKa of the leaving group in the acylation reactions with b1g 5 20.3. Therefore, there can
only be moderate C–N bond breaking in the critical transition state. A plot of log k2/Km vs
sm , the Hammett substituent constant for meta substituents, is linear with a slope, r, of 2.6
(r 5 0.98). When para substituent constants are employed the r value is 2.1. The effect of
substitution in the leaving group is nearly identical in the enzymatic acylation reaction and
in the OH2-catalyzed hydrolysis of these compounds in regard to the values of r and b1g .
Thus, the transition states in the two reactions must be similar in regard to the extent of C–N
bond breaking and C–O bond formation with the nucleophile. The transition state very likely
resembles the reactants.  1998 Academic Press

INTRODUCTION

a-Chymotrypsin-catalyzed reactions of both specific and nonspecific ester and
amide substrates follow the scheme of Eq. [1], where ES9 is an acyl enzyme interme-
diate (1–5).

E 1 S s
k1

k21
ES R

k2
ES9 R

k3
E 1 P2 [1]

1
P1

The acyl enzyme is an ester of serine-195 (1, 6). Histidine-57 is also located at the
active site and presumably participates in both acylation and deacylation. Crystallo-
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graphic studies of serine proteases have suggested that the enzymes might stabilize
an anionic tetrahedral intermediate by hydrogen bonding in the ‘‘oxyanion hole’’
(7–12).1 With a-chymotrypsin this stabilization would involve the peptide NH
groups of Ser-195 and Gly-193 as the proton donors.

N-Acylimidazoles are excellent acylating agents of the active site of a-chymotryp-
sin (14–19). Binding of these substrates to the enzyme is weak (an ES complex
cannot be experimentally detected), but nevertheless the second-order rate con-
stants at 308C are very large with compounds having a long hydrocarbon chain in
the acyl group; k2/Km for acylation of the enzyme by N-(b-phenylpropionyl)imida-
zole (17) and N-(b-cyclohexylpropionyl)imidazole (19) is 2 3 106 M21 s21, at 308C,
making these compounds the best amide substrates known for a-chymotrypsin.

Major steric rate retardations due to increased alkyl group branching in the acyl
group are absent in nonenzymatic hydrolysis of N-acylimidazoles (20) and
N-acylimidazolium ions (21), which indicates that attack by a nucleophile has not
progressed to a great extent in the critical transition state. Thus, there cannot be
large charge development on the carbonyl oxygen in the transition state. The same
considerations apply in the enzymatic acylation reactions of these compounds (17,
19). The very rapid rates of acylation of a-chymotrypsin by N-acylimidazoles cannot
then be attributed to oxyanion hole interactions, but must be due to other mechanis-
tic factors, which should be more easily identified if the former effects can be ne-
glected.

The nonenzymatic alkaline and pH-independent hydrolysis reactions of N-acyl-
4(5)-substituted imidazoles have been investigated (22). Determination of the
second-order rate constants k2/Km for acylation of a-chymotrypsin by N-acyl-4(5)-
substituted imidazole substrates would allow the effect of the leaving group in these
reactions to be ascertained and would permit a direct comparison of the enzymatic
reaction with OH2-catalyzed hydrolysis. Since in the latter reaction the transition
state structure has been reasonably well established (16, 23), such a comparison
should provide considerable insight into the mechanism of the enzymatic reaction.
Consequently, we have now studied acylation of the enzyme by the 4(5)-nitro-
substituted compound I and a series of corresponding 4(5)-substituted N-3,3-dimeth-
ylbutyrylimidazoles (Scheme 1).

EXPERIMENTAL SECTION

Materials. a-Chymotrypsin, 33 crystallized, was obtained from Worthington Bio-
chemical Corp. Acetonitrile was Eastman–Kodak Spectro-Grade. All other chemi-
cals were reagent grade. The water employed was deionized and distilled. Imidazole
was obtained from Aldrich and was sublimed prior to use. N-trans-Cinnamoylimida-
zole was prepared according to the method of Schonbaum et al. (15). The

1 Postulations of rate enhancements in enzymatic reactions where stabilization of an intermediate
occurs should be viewed with caution. Stabilization of a tetrahedral intermediate would lower the rate
of reversion to reactants, but would also decrease the rate of breakdown to products. A central postulate
in enzymology has been that an enzyme will stabilize the transition state of the catalyzed reaction (13).
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N-acylimidazoles I–IV were prepared in the same manner as previously de-
scribed (22).

Stock solutions of proflavin hydrochloride (Aldrich) were prepared in distilled
water. Stock solutions of a-chymotrypsin were prepared in pH 5.0 acetate buffer
(0.1 M, e 5 0.1 M). The normality of active sites in the stock enzyme solutions
was determined by titration with N-trans-cinnamoylimidazole at 310 nm [Method
A of Schonbaum et al. (15)], with a reproducibility of about 1%. Titration values
of the stock solutions are stable for several weeks at 58C and pH 5.0 (0.1 M acetate
buffer). Fresh solutions were routinely prepared. Buffers were prepared from re-
agent grade chemicals.

Kinetic methods. Acylation of a-chymotrypsin by the N-acylimidazoles at 308C
was monitored in the presence of proflavin by methods previously described (17).
Proflavin forms a 1 : 1 complex with the active site of a-chymotrypsin. There is a
large difference in absorbance at 465 nm between the complexed and the uncom-
plexed species. Acylation of the enzyme results in the displacement of proflavin
with a consequent large absorbance change at 465 nm. Therefore, acylation reactions
can be conveniently followed spectrophotometrically in the presence of proflavin
(17, 24, and references cited therein). Second-order rate constants for the acylation
reactions of N-acylimidazoles are quite similar when determined by either proflavin
displacement or disappearance of substrate (17). All kinetic runs were in 0.1 M
buffers (e 5 0.1 M with NaCl). The substrate concentrations were varied in the
range 1.0 3 1024 to 2 3 1023 M with I and II and 2 3 1024 to 8 3 1023 M with III
and IV. The enzyme concentration was generally 2.08 3 1025 M. The proflavin
concentration was 7.2 3 1025 M. Acetate, phosphate, MES, N-ethylmorpholine,
Tris, and morpholine buffers were employed. The different buffers yielded consis-
tent results when employed at the same pH. Acylation reactions were followed to
completion between 465 and 490 nm at 308C, employing either a Beckman Model
25 spectrophotometer or a Durrum Model D-110 stopped-flow spectrophotometer.
Absorbance changes in the stopped-flow determinations, after mixing the enzyme–
proflavin and substrate solutions contained in the two drive syringes, were recorded
on a Hewlett–Packard storage oscilloscope (Model 1207B). Good first-order kinetics
were obtained in all cases, and pseudo-first-order rate constants were computer
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calculated. Corrections were made for the very slow spontaneous hydrolysis of the
substrate in the aqueous holding solution (e 5 0.1 M). Reaction pH values were
obtained using a Radiometer Model 22 pH meter or a Beckman Model 3500 digital
pH meter.

The rates of deacylation of the acyl enzymes formed from the substituted N-3,3-
dimethylbutyryl imidazoles can be measured by following the increase in absorbance
at 400 nm after injection of a solution of p-nitrophenyl 3,3-dimethylbutyrate into
the solution of acyl enzyme (17). The rate constant for deacylation of the acyl
enzyme obtained with N-3,3-dimethylbutyrylimidazole is 9.2 3 1025 s21 at 258C and
pH 6.9, compared with 1.01 3 1024 s21 for that formed from the corresponding
p-nitrophenyl ester. The first-order rate constant for deacylation was calculated
from the linear portion of the tracing, the initial concentration of enzyme, and the
extinction coefficient of p-nitrophenolate anion (25). In plots of absorbance vs time
for hydrolysis of the corresponding p-nitrophenyl ester by the enzyme solution
there is only a small initial rise in absorbance for the solution to which the
N-acylimidazole had been previously added, but a much larger initial increase due
to rapid acylation when the same amount of the p-nitrophenyl ester is added alone
([S]0 . [E]0 ; see Ref. 17 for an illustration of this effect). The difference in ab-
sorbance at time zero in the two cases, obtained by extrapolation, invariably corre-
sponds to a concentration of p-nitrophenol equal to the enzyme concentration. The
N-acylimidazoles, therefore, acylate the active site almost completely.

RESULTS

The scheme of Eq. [1] yields Eq. [2] for reactions of a-chymotrypsin,

k 5
(k2 1 k3)[S]0 1 k3Km

[S]0 1 Km
5

k2[S]0

[S]0 1 Km
1 k3 , [2]

where Km 5 (k21 1 k2)/k1 and k is the first-order rate constant governing the pre-
steady-state reaction (26). The first-order rate constants k for acylation of
a-chymotrypsin by the N-acylimidazoles (I–IV) were determined at 308C by profla-
vin displacement from the active site. Plots of k vs k/[S]0 were in each case vertical
even at very high substrate concentrations (8 3 1023 M with IV), which indicates
that the highest substrate concentration is still much less than Km . Consequently,
the reactions are experimentally second order. A plot of k 2 k3 vs [S]0 , or k vs
[S]0 if k3 is negligible, as is the case when the acyl group is 3,3-dimethylbutyryl
(27), should then have an intercept of zero, and the slope will be equal to the pH-
dependent second-order acylation rate constant k2/Km . Linear plots of k vs [S]0

were invariably found. A typical example in acylation of the enzyme by N-(3,3-
dimethylbutyryl)-4(5)-nitroimidazole is shown in Fig. 1. The intercepts of such plots
are generally zero within experimental error. The values of k/[S]0 determined from
the abscissa intercepts of plots of k vs k/[S]0 should be equal to k2/Km and were
closely similar to the values determined from the plots of k vs [S]0 . The rates of
acylation of a-chymotrypsin by the N-acylimidazoles I–IV are much greater than
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FIG. 1. Plot of k vs [S]0 for acylation of a-chymotrypsin by N-(3,3-dimethylbutyryl)-4(5)-nitroimidazole
at 308C and pH 7.22 (N-ethylmorpholine buffer).

those of deacylation. Subtraction of k3 from k employing Eq. [2] and the values of
k3 determined for deacylation produced no change in the second-order rate con-
stants k2/Km .

The log k2/Km vs pH profiles for acylation of a-chymotrypsin by the N-acylimida-
zoles I and IV are shown in Fig. 2. The acylation reaction of IV is essentially
independent of pH. However, in the case of the nitro-substituted derivative I the
profile has regions with the limiting slopes of 1.0 and 0 with a pKapp of 6.5. The
limiting values of k2/Km at high pH increase in the order IV , III , II , I. At
pH 8.0 k2/Km is I, 6700 M21 s21; II, 2850 M21 s21; III, 150 M21 s21; and IV, 66 M21 s21.

There is a reasonable linear correlation between log k2/Km at pH 8.0 and sp , the
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FIG. 2. Plots of log k2/Km vs pH for the acylation of a-chymotrypsin by N-(3,3-dimethylbutyryl)-
4(5)-nitroimidazole (d) and N-(3,3-dimethylbutyryl)-4(5)-methylimidazole (s) at 308C.

Hammett substituent constant (28) for para substituents (sp for NO2 is 0.778). The
slope r is 2.15 with a correlation coefficient of 0.92. The point for the bromo-
substituted compound deviates positively from the line by 0.6 log units. This devia-
tion by Br may indicate that hydrophobic interactions are also of some importance.
The use of the Hansch hydrophobicity constants f (29) in a 4-parameter equation
(Eq. [3]),

log k2/Km 5 sr 1 cf 1 C, [3]

improves the fit of the experimental data, but does not appreciably alter the r value.
The r calculated from Eq. [3] is 2.3 and c 5 0.6. The meta substituent constants
provide a better linear correlation with log k2/Km (sm for Br is 0.391) with r 5 2.6
(r 5 0.98), and this plot is shown in Fig. 3. Again the point for the bromo-substituted
compound deviates positively but by only 0.2 log units.

DISCUSSION

The acylation of a-chymotrypsin by N-acylimidazoles is experimentally a second-
order reaction (see also Refs. 17–19). In each case Km must be much larger than
the highest substrate concentration studied (1023 to 1022 M) so that an enzyme
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FIG. 3. Plot of log k2/Km for acylation of a-chymotrypsin by N-(3,3-dimethylbutyryl)-4(5)-substituted
imidazoles at 308C and pH 8.0 vs sm , the Hammett substituent constant.

substrate complex is experimentally undetectable. The slopes of the linear plots of
k vs [S]0 are the second-order rate constants (k2/Km) for reaction of the free enzyme
with substrate. The ratio k2/Km is not affected by any nonproductive binding of
the substrate, and k2/Km is therefore the most reliable parameter to employ in
structure–reactivity relationship studies (30, 31).

The log k2/Km vs pH profiles for acylation of a-chymotrypsin by various
N-acylimidazoles with aliphatic or aromatic acyl groups show that the second-order
rate constants are nearly pH independent in the pH range 5–9 (17–19). The Km

values should not be affected greatly by changes in pH since Km for nonionizing
substrates has been shown to be essentially pH independent in the range 5–9
(32–35). The plots of log k2/Km vs pH for acylation by N-acylimidazoles must then
primarily reflect the influence of pH on k2 . In contrast, the acylation reactions of
positively charged N9-methylimidazole derivatives are characterized by curved plots
of log k2/Km vs pH, and the two limbs of the profiles have limiting slopes of 1.0
and 0 that indicate participation by a group in the base form with a pKapp of 6.5
(17, 18).

In the present work the log k2/Km vs pH profile in Fig. 2 for acylation of the
enzyme by N-3,3-dimethylbutyryl-4(5)-nitroimidazole also has limiting slopes of 1.0
and 0 (pKapp 5 6.5). The pKa of the conjugate acid of I must be very low in contrast
with the kinetically determined pKa near 4 of N-acylimidazoles (18, 36), e.g., the
pKa of the conjugate acid of N-acetylimidazole is 3.6 (36). In the nonenzymatic
hydrolysis of I the plot of log kobsd vs pH is pH independent from pH 6 to at least



FIFE AND WERNER126

HN NH H+

CH2OH

+ +

H++

EH+

CH2OC

HN N

HN N

CH2OH

E

E

K1

K2

kP
E

kN

HN N C

O

+

SH+

O

R

R

C

O

S

RN N

SCHEME 2

pH 1; there is no inflection in the profile that can be attributed to a pKa (22), so
the pKa is less than 1.0. If the pKa of the conjugate acid is low and there is only a
small difference in the enzymatic rate constants for acylation by the neutral and
protonated species, then the observed reaction will be that of the neutral species.
Thus, in acylation of a-chymotrypsin by N-acylimidazoles, when the reaction exclu-
sively involves either the positively charged species or the neutral species, the
k2/Km vs pH profile is sigmoidal. The situation is illustrated in Scheme 2. This
minimum scheme is consistent with the experimentally second-order acylation reac-
tions (Km . [S]0). The near constancy of the pKapp through wide structural changes
in both the acyl group and the leaving group is evidence that pKapp is not a reflection
of the kinetics of the reaction, i.e., a change in rate-determining step or a composite
constant, but is rather the pKa of a functional group in the active site, which is
most likely histidine-57.

The profiles for acylation by III or IV, with which the pKa of the conjugate acid
is normal (p4), are again nearly pH independent. The simplest explanation of the
near pH independence of k2/Km for III and IV, and in the acylation reactions of
unsubstituted imidazole derivatives, is that the reaction takes place via both the
protonated and neutral N-acylimidazole with limiting rate constants for the two
species (kP and kN in Scheme 2) that are not greatly different. From Scheme 2, the
experimental second-order rate constants will be pH independent if kPK1/K2 5 kN .
In view of the pKa values of His-57 and an N-acylimidazole (6.5 and p4), the
reaction will be pH independent if kP is p200-fold larger than kN . In accord with
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this explanation, the limiting values of k2/Km at high pH for acylation by positively
charged N-acyl-N9-methylimidazoles are only 100- to 200-fold larger than those of
the corresponding N-acylimidazoles (17, 18). The same general conclusion is ob-
tained if ES is not neglected, e.g., a scheme such as Eq. [4] is followed.

H+ K1 H+

E

EH+

H+ K3

ES Products

EHS+

K2 [4]
Km

k2
S

SH+

+

Products
k4

Then, for the reaction to be pH independent, k4K1/KmK3 5 k2/Km .
There is only a moderate dependence of the values of log k2/Km at pH . 8 on

the substituent group in the imidazole ring. The values of k2/Km for all of the
compounds are pH independent at high pH and are therefore limiting rate constants
for reaction of the neutral species. The nitro substituent of I increases the limiting
value of k2/Km by only a factor of 45 in comparison with the unsubstituted derivative
III. This difference corresponds to a b1g (slope of a plot of log k2/Km vs the pKa

of the leaving group) of 20.3; the pKa of neutral imidazole is 14.5 (37), while that
of 4(5)-nitroimidazole is 9.1 (38). Such a dependence of the reaction rate on the
pKa of the leaving group shows that there is little C–N bond breaking in the critical
transition state. The b1g of 20.3 is identical to that for OH2 catalyzed hydrolysis
of I–IV (22) and to that found in the hydrolysis of substituted phenyl acetate esters
(20.3), with which it was considered that nucleophilic attack by OH2 is the rate-
determining step (39, 40).

A plot of log k2/Km vs sp , the Hammett substituent constant for para substituents
(sp for NO2 5 0.778), is reasonably linear with a slope r of 2.1 (r 5 0.92). There
is significant positive deviation of the point for the bromo-substituted compound,
but a good fit was obtained with the meta substituent constants (r 5 2.6, r 5 0.98).
The r value for OH2 catalysis of the hydrolysis of these compounds is 1.9 (r 5
0.99) [22], which is very similar to that for the enzymatic acylation reaction. This
is consistent with the finding that N9-methylation of the imidazole leaving group
produces the same enhancement in the limiting value of k2/Km as in kOH , the
second-order rate constant for OH2-catalyzed hydrolysis (17, 18). The Hammett
treatment was developed for reactions of meta- and para-substituted benzene deriva-
tives and will not necessarily be applicable to other types of ring systems. However,
the imidazole ring has aromatic properties (41), and the Hammett relationship has
been used previously to correlate the pKa values of substituted imidazoles (42, 43).
The fact that s correlates the rate constants for enzymatic acylation and nonenzy-
matic OH2-catalyzed hydrolysis of the substituted N-acylimidazoles indicates that
the substituent groups are influencing the reactions through a polar effect and that
the mechanism is not changing within the series. The value of r is consistent with
the large effect of electron withdrawal (as measured by s) on the pKa of the leaving
group. The leaving group would be expected to occupy the p3 subsite which contains
Ser-195. That subsite has been considered weakly hydrophobic; the log of (1/Km)
for ester substrates varies as 0.29f when the leaving group is changed (44). Em-
ploying the Hansch hydrophobicity constants f in a 4-parameter equation (Eq. [3]),
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improved the correlation in the enzymatic reaction, but the value of r is not changed
appreciably; polar effects are clearly the predominant influence of mono substitution
in the leaving group.

General base participation by the imidazole ring of His-57 is very likely occurring
in the acylation of Ser-195 by N-acylimidazoles (17, 18). There is a large D2O
solvent isotope effect on the limiting values of k2/Km in the reactions of the N9-
methylated derivatives, and the shape of the log k2/Km vs pH profile for acylation
of the enzyme by those compounds and by N-(3,3-dimethylbutyryl)-4(5)-nitroimid-
azole indicates participation by a group of pKa 6.5 in the base form. The effect of
substitution in the imidazole leaving group (b1g 5 20.3) further indicates that the
rate-determining step involves attack of the nucleophile. It is then clear that general
acid catalysis does not occur in that step. Mechanisms involving attack of the serine
anion and general acid catalysis by the histidine cation in the acylation reaction of
I would require a true second-order limiting rate constant of 6 3 1010 M21 s21,
which is greater than that for a diffusion-controlled reaction and can therefore be
ruled out (see Ref. 17 for an explanation of a similar type of calculation). It is
generally considered that a diffusion-controlled enzyme reaction will have a second-
order rate constant of 108 to 109 M21 s21 (31). Mechanism V must therefore be
taking place without involvement of other functional groups or general acid catalysis
by the histidine-57 conjugate acid in the rate-determining step (Scheme 3).

The closely similar effects of substitution in the leaving group of N-acylimidazoles
on the second-order rate constants in the a-chymotrypsin-catalyzed acylation reac-
tion (k2/Km) and the nonenzymatic hydroxide ion-catalyzed hydrolysis reaction
(kOH) are quite significant. Since electron withdrawal in the leaving group should
not have a large influence on Km [the r value for Km in acylation of a-chymotrypsin
by substituted phenyl trimethylacetates (45) is 20.33], these corresponding effects
indicate that the charge distributions in the two transition states are similar. In both
cases nucleophilic attack must be part of the rate-determining step, and the extents
of bond breaking and bond making with the nucleophile in the transition state must
be similar. Thus, either there is considerable proton abstraction from Ser-195 by
His-57 in the transition state of the enzymatic reaction (although proton abstraction
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cannot be complete) or the enzyme is enhancing the reactivity of the N-acylimidazole
substrate, perhaps by twisting the C–N bond, so that a similar transition state can
be attained with a less highly charged and therefore less basic nucleophile.2 Note
also that r is 0.9 in acylation by substituted N-benzoylimidazoles (18), while r is
1.4 in the OH2 reaction.

The above factors indicate strongly that the transition state of the acylation
reaction must resemble the reactants; there is moderate bond making with the
nucleophile (Ser-195), and C–N bond breaking is not extensive. Consequently, the
N-acylimidazoles may bind to the enzyme in a conformation resembling the transi-
tion state. The functional groups (His-57 and Ser-195) and the substrate must then
be properly positioned so that the ensuing reaction will be rapid. The predominant
influence of hydrophobic effects in acylation by N-acylimidazoles with aliphatic
acyl groups, as reflected in the large dependence of k2/Km on the f constants (19),
is very likely brought about by the transition state for acylation resembling the
reactants.3 With other types of compounds, e.g., nitrophenyl esters, a later transition
state requires closer approach of the nucleophile to the carbonyl; factors such as
steric effects are then of primary importance (46). Kinetically equivalent mechanistic
possibilities have then been distinguished in the acylation of a-chymotrypsin by
N-acylimidazole substrates, and extensive structure–reactivity correlations have
characterized the transition state.

The N-acylimidazoles are excellent substrates for a-chymotrypsin even though
the pKa of the leaving group is high, 14.5 in the case of imidazole, which is similar
to that of methanol (15.5) (47). The hydrolytic lability of N-acylimidazoles is due
to (a) resonance within the imidazole ring, which restricts the resonance interaction
between nitrogen and the carbonyl group, and (b) an easily broken C–N bond (16).
The enzyme appears to be almost perfectly constituted to facilitate the breakdown
of such compounds in which this structural extreme is attained, as attested to by
the magnitude of the second-order rate constants when the hydrophobic acyl group
is of the proper size. It is reasonable to surmise that the enzyme also achieves an
approximation of this type of situation in the binding of less reactive amide sub-
strates. Nucleophilic attack would be facilitated if a peptide were twisted during
binding so that the amide group resonance was restricted.
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