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Investigations have been made of the pH dependency of three a-chymotrypsin-catalyzed hydrolyses in which both the 
acylation and deacylation steps can be observed separately: the hydrolyses of N-fa-oTW-cinnamoylimidazole, o-nitrophenyl 
cinnamate and ^-nitrophenyl trimethylacetate. Tne reactions were followed spectrophotometrically. With the exception 
of the acylation of N-ira».s-cinnamoylimidazole, each acylation and deacylation reaction exhibits a sigmoid ^H-ra te profile 
with an inflection point around pH. 7. This pH dependence indicates the involvement of a basic group on the enzyme with 
an apparent pKa of 7. The ^H dependence of the acylation with N-trares-cinnamoylimidazole has been analyzed in terms 
of the ionization of both the substrate and of a group on the enzyme with an apparent pK. of 6.8. The finding that the acyl-
enzyme, ira«j-cinnamoyl-a-chymotrypsin, is considerably more resistant to base (and urea) denaturation than the enzyme 
itself and that this resistance is enhanced by the addition of sodium chloride enabled the investigation of the effect of pH on 
its deacylation up to 0.1 JV sodium hydroxide. It was found that the deacylation reaction is independent of pK from pH 9 
to 0.1 N sodium hydroxide (and possibly to 1.0 N sodium hydroxide). Thus it appears that if an acid group of the enzyme 
is operative (in conjunction with the basic group of pKt ~ 7 ) , the acid group must possess a pKa greater than 13.9. Further­
more, the deacylation reaction must involve a water molecule as the nucleophile, rather than a hydroxide ion. 

Introduction 
One of the most distinctive features of enzymatic 

reactions is their facile occurrence at or near 
neutrality. This behavior has led to many investi­
gations of the effect of pYL on enzymatic reactions. 
The effects of pH on enzymatic processes may take 
the form of reversible or irreversible denaturation 
of the enzyme protein, changes in the three-
dimensional configuration of the enzyme protein or 
in the degree of aggregation of the protein, changes 
in the prototropic equilibria of the enzyme (with 
possible associated changes in binding of counter-
ions, etc.) and changes in the prototropic equilibria 
of the substrate. Despite these manifold possibili­
ties there appear to be two prevalent effects of pK 
on many enzymatic processes. These two pH 
dependencies are characterized by a bell-shaped or 
a sigmoid £H-rate profTe. 

In earlier studies an ill-defined activity was de­
termined as a function of pK. But in recent years 
enzyme kinetics has been subjected to careful 
scrutiny and with it pYL effects on enzyme kinetics 
have been put on a rigorous basis.5-7 Specifically 
the separation of pB. effects into effects on Km, the 
Michaelis constant, which in many cases of interest 
is an equilibrium constant, and on &cat, the catalytic 
rate constant, is established practice. Analysis of 
the pH dependence of kCat, the catalytic rate con­
stant, enables one to study the ionizable groups 
which are closely connected with catalytic activ­
ity. 

Chymotrypsin catalyses have in general shown a 
sigmoid pH dependence of the catalytic rate con­
stant, £cat, although there is one report of a bell-
shaped rate profile for feCat.8 The £>H dependencies 

(1) This research was supported by grants from the National In­
stitutes of Health. 

(2) Paper XUI in the series, The Mechanism of Action of Proteolytic 
Enzymes; previous paper, M. L. Bender and E. T. Kaiser, / . Am. 
Chem. Soc, 84, 2556 (1962). 

(3) Some of the results of this paper appeared in preliminary form; 
M. L. Bender, G. R. Schonbaum, G. A. Hamilton and B. Zerner, ibid., 
83, 1255 (1961). 

(4) Alfred P. Sloan Foundation Research Fellow; present address; 
Northwestern University, Evanston, 111. 

(5) M. Dixon and E. C. Webb, "Enzymes," Academic Press, Inc., 
New York, N. Y., 1958, pp. 120-150. 

(0) K. J. Laidler, "The Chemical Kinetics of Enzyme Action," 
Oxford University Press, London, 1958, Chap. V. 

(7) K. A. Alberty, J. Ceil. Com}. Physiol., 47, 245 (1956) 

of chymotrypsin reactions have been determined 
at two levels of detail: (1) pH dependence of the 
classical Km and &cat; and (2) pH dependence of 
ĵ acyiation an^ 0£ ^ 0 J 1 Qr ^ e individual catalytic steps 
k-2 (acylation) and &3 (deacylation) as defined by 
eq. I.9 

Km o 
J*K h I! kz 

E + S ^ Z i E S — S - R C E — ^ R C O O H ) + E (1) 

The pK dependencies of Km (based on the classi­
cal breakdown into Km and £3) indicate that Km 
is essentially independent of pB. from pK 6 to 88'10-11 

but may become larger above pH 8.10'12 The pH 
dependence of the &cat step of a number of specific 
substrates of chymotrypsin, including acetyl-L-
phenylalanine ethyl ester, acetyl-L-tyrosine ethyl 
ester, acetyl-L-tryptophan ethyl ester and acetyl-
L-tryptophan amide, indicate that a group with an 
apparent pKa. of 6.7 to 6.85 is responsible (in its 
basic form) for the catalysis.10'u'13 In the most 
careful investigations, determinations were carried 
out over the region from pB. 5.5 to 9, and the data 
fit the theoretical curve for a single ionizing 
species.11 

The pK dependencies of the individual acylation 
and deacylation steps of eq. 1 have been carried out 
for the chymotrypsin-eatalyzed hydrolysis of 
several labile esters including ^-nitrophenyl acetate 
and 2,4-dinitrophenyl acetate. It has been found 
that both the acylation and deacylation rate con­
stants, like the classical catalytic rate constant, 
show a sigmoid dependency on pH, with approxi­
mately the same inflection point. The apparent 
pKs. of the group on which the acylation steps are 
dependent varied from 6.2 to 6.7 and the apparent 
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pKa. of the group on which the deacylation steps 
are dependent varied from 6.96 to 7.3.14>16 These 
results of a number of different investigators are 
reasonably consistent, considering the different con­
ditions under which they were carried out. 

The purpose of the present paper is to describe 
a careful study of the pH dependency of some a-
chymotrypsin-catalyzed hydrolyses in which both 
the acylation and deacylation steps can be observed 
separately: the hydrolyses of N-iraws-cinnamoyl-
imidazole, o-nitrophenyl cinnamate and ^-nitro-
phenyl trimethylacetate. These investigations 
seek to determine the presence of a sigmoid or of a 
bell-shaped pH-rate profile, and of course to deter­
mine the apparent pK&'s on which the pH depend­
ence rests. It was of special interest to investigate 
the behavior of the acyl-enzyme, /rows-cinnamoyl-
a-chymotrypsin, over a large range of pH, espe­
cially in the high pH region which is normally not 
accessible. Since this compound can be readily 
prepared, since it is reasonably stable at high pH's 
and since its hydrolysis (a deacylation reaction) 
can be quantitatively and easily followed, an ideal 
situation presented itself for a detailed investigation 
of an enzymatic process up to pH 14. 

Experimental 
Materials.—N-/rares-Cinnamoylimidazole was prepared 

by the reaction of cinnamoyl chloride with imidazole in 
benzene solution; m.p . 133.5-134°.16 c-Nitrophenyl cin­
namate and ^-nitrophenyl trimethylacetate were prepared 
from the appropriate acid chlorides and phenols in pyridine 
solution and were purified by recrystallization from alcohol.17 

The solvents, buffers, enzyme and added salts have been 
described previously.9 Carbonate-free sodium hydroxide 
solutions were prepared from saturated solutions of sodium 
hydroxide and were standardized against N .B .S . primary 
standard potassium hydrogen phthalate. 

A Radiometer pK meter, model 4b or 4c, was used to 
determine the pH. The meter was standardized as recom­
mended by Bates, et aJ.,1M9 for use with solutions of high 
pK, against 0.01 M trisodium phosphate or against an ac­
curately standardized solution of 0.1 JV NaOH. The pH 
values in salt solutions have been corrected for sodium ion 
error from a nomograph supplied by Radiometer for the 
G200B glass electrode. These values, however, should be 
viewed with reserve. 

Kinetics.—A description of the spectrophotometric 
apparatus and procedure has been given previously.9 

The second-order acylation rate constants were calculated 
using either eq. 2 or 3. 

(enzyme) ^ (substrate): kt/8 — c = log [1 + 
r/(Aa -At)] (2) 

(enzyme) = (substrate): kat = (At — 
A0)Z(A„ -At) (3) 

where 5 = 2.303/b(n — 1), a is the initial concentration of 
the species in excess, b is the initial concentration of the 
other species, a = nb, r — (n — V)(A a — Ao), c is a constant, 
and Ao, At, Aa are the measured absorbances a t the time 
indicated. Under the conditions of these experiments, the 
deacylation of the acyl-enzyme (and the spontaneous 
hydrolysis of the substrate) can be reasonably assumed to 
be negligibly slow with respect to the acylation reaction. 
This assumption is borne out by the fact that the second­

e r ) H. Gutfreund and J. M. Sturtevant, Biochem. J„ 63, 656 
(1956). 

(15) G. H. Dixon and H. Neurath, J. Biol. Chem., 225, 1049 (1957). 
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2930 (1961). 
(17) M. L. Bender and K. Nakamura, J. Am. Chem. Soc, 84, 

2577 (1962). 
(18) R. G. Bates and V. E. Bower, Anal. Chem., 28, 1322 (1956). 
(19) R. G. Bates, G. D. Pinching and E. R. Smith, J. Research 

Natl. Bur. Standards, 46, 418 (1950). 
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Time in seconds. 
Fig. 1.—The a-chymotrypsin-catalyzed hydrolysis of N-

fro»i-cinnamoylimidazole: A, second-order acylation, p~B. 
6.20, [E]0 = 1.27 X 10-6JW, [S]0 = 8.43 X 10"6JIf; B, 
deacylation of £ra«s-cinnamoyl-a-chymotrypsin in 0.107j JV 
NaOH, 0.200 M in NaCl; C, deacylation of /raws-cinnamoyl-
a-chymotrypsin in 0.1076 N NaOH alone. 

order plots were invariably linear to greater than two half-
lives and also by the fact that the second-order rate constants 
were constant over a range of enzyme and substrate con­
centrations (see Results section). I t should be pointed 
out that knowledge of the absolute enzyme concentration is 
essential in these experiments. 

The first-order constants for the deacylation of trans-
cinnamoyl-a-chymotrypsin were calculated by either the 
method of Guggenheim20 or by using conventional first-
order kinetics employing an infinity reading of the absorb-
ance. In these experiments a slight excess of enzyme over 
substrate was generally used in order to eliminate turnover 
of the enzyme which produces initially a zero-order reaction. 
However, experiments in which there was an initial deficit 
of enzyme gave good first-order deacylation rates after the 
initial zero-order portion of the rate curve. The rate con­
stants so obtained were in excellent agreement with those 
obtained under the usual conditions in which there was ex­
cess enzyme. Typical first-order deacylation plots and 
second-order acylation plots are given in Fig. 1. These 
plots were in general linear to 75-90%. 

The first-order constants for the turnover of ^-nitrophenyl 
trimethylacetate using an excess of substrate is a direct 
measure of the deacylation of trimethylacetyl-a-chymo-
trypsin.13 '14 The ratio of substrate to enzyme used in these 
experiments was varied from 2 to 4, both values leading to 
the same zero-order velocity. The first-order rate constants 
for this process were calculated by dividing the zero-order 
velocity by the enzyme concentration. 

Results 
Kinetics.—In the experiments reported in this 

paper, the kinetics of the deacylation process, kz, 
have been determined according to two procedures: 
(1) by the determination of the turnover of the 
enzymatic process under conditions of excess sub-

(20) A. A. Frost and R. G. Pearson, "Kinetics and Mechanism,' 
2nd ed., John Wiley and Sons, Inc., New York, N. Y., 1961, p. 49. 
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fc„bS = h2/[KM + [H+]ZK1) + (S)(I + 
[K+]ZK2)Ul + CE)ZKUl + [H+1/X2)] (8) 

where (E) and (S) represent the concentra­
tions of unbound enzyme and substrate, re­
spectively. We may reasonably assume in 
these experiments t h a t Km is much greater 
than either (S) or (E), both of which are of 
the order of 10~6 M. For the type of sub­
s t ra te utilized here, Km is probably greater 
than 1O - 3 M. For example, the Km (acyla-

X tion) for ^-nitrophenyl acetate has been found 
." to be 5 X 10- 3 Mu; furthermore the Km 

"** (acylation) for ^-ni trophenyl tr imethylacetate 
was found to be similar, 1.6 X IO"3 iWf .21.22 Km 

(1 + [H + ] /K1) is thus much greater than (S)(I 
+ [H + ] / J t 2 ) and therefore eq. 8 becomes 

5.5 6.0 6.5 '.0 8.0 8.5 

pu. 

[KUl + [ H + ] / ^ ) + (E)(I + 
[ H ^ / X i X l + [H+]/* , ) ] 

(9) 
Fig. 2.—Acylation (A) and deacylatiou (B) of a-chymotrypsin 

with o-nitrophenyl cinnamate in 10% acetonitrile-water; phosphate 
buffer, 0.061 M total phosphate; 25°; acylation, left-hand scale; 
deacylation, right-hand scale. 

s t ra te ; or (2) by the direct observation of the de­
composition of the acyl-enzyme intermediate (or 
the production of the carboxylate ion from an 
acyl-enzyme intermediate) which has been pre­
pared in situ in a stoichiometric manner. The 
lat ter procedure, although unconventional, possesses 
the great advantage tha t observations are made 
on a first-order process, the rate constant being 
independent of the concentration of the reactant, 
the acyl-enzyme. 

A somewhat unconventional approach to the 
kinetics of the acylation process has been taken 
and therefore it is desirable to discuss the kinetics 
of this process in some detail. The experiments re­
ported in this paper were carried out before a 
stopped-flow reactor was available in this Labora­
tory for measurement of fast reactions. Therefore 
it was necessary to determine second-order acyla­
tion constants for the three reactions of a-chymo-
trypsin reported here (&0bs = W/Km). These rate 
studies were carried out under conditions in which 
the ratio [substrate]/[enzyme] was usually about 
2:1 bu t did vary from 0.5 to about 4. Under these 
conditions we may write (neglecting the deacyla­
tion reaction) 

If we assume tha t K1^ K2 ^ IO"7, Kn ~ IO"3 

and (E)0 ^ K)-5 , from eq. 9 i t follows t h a t the 
[enzyme ] dependent term in the denominator 
will always be small compared with Km (1 + 

[H + ] /Ki) and may therefore be neglected, giving 
kobB = k«/Km(l + [H+] /K1) 

= k,'/Km (10)23 

a-Chymotrypsin-catalyzed Hydrolysis of o-Nitro-
phenyl Cinnamate.—The reaction of o-nitrophenyl 
cinnamate with a-chymotrypsin has previously 
been shown to follow eq. I.9 The rate of the acyla­
tion reaction [d(o-nitrophenol)/di] = [k2'(E)(S)/Km] 
is considerably faster t han the deacylation re­
action [d (cinnamate) /dt] = [ V ( E S ' ) ] . Further­
more, the appearance of o-nitrophenol may be 
followed a t wave lengths where no other species 
absorbs. Therefore the kinetics of the acylation 
reaction may be observed without interference by 
any deacylation process and vice versa. The ki­
netics of the acylation and deacylation from pK 5.48 
to 8.24 are presented in Table I and graphically in 
Fig. 2. 

TABLE I 

a- CHYMOTRYPSIX-CAT ALYZED HYDROLYSIS OF O-NITRO-
PHENYL CINNAMATE" 

PH 

5.48 
Ti 

Acylation *>-
X 10->.<f 

E + s; 
K It 

EH + 

ES P1 -f ES ' (4) 

K2 

ESH 4 

W/K 
M - 1 sec. - 1 

0.27 ± 0.03 
0.82 
1.8 
2 .5 ± 0.3 
3.1 

No. of 
runs 

Deacylation c 

kt' X 10s, <* 
sec._1 

0.18 
1.2 ± 0.1 
3.5 ± .2 
7.9 ± .1 

11.0 ± .0 
phosphate buffer, 

No. of 
runs 

1 

The rate equations are 
dPi/dt = A2(ES) = Aobs (a - x)(b - x) (5) 

From the conservation equations, one may obtain 

(a - x) = (ES)UW(S)(I + [H+1/JT1) + 
(1 + [K+]ZK,)] (6) 

(b - x) = (S)[I + CB)/Km(l + [H+]ZK,)] (7) 

Substi tution of eq. 6 and 7 into 5 gives 

6.27 
7.00 
7.70 2 .5 ± 0 . 3 2 7.9 ± .1 2 
8.24 3.1 1 11.0 ± .0 2 

° In 10% acetouitrile-water, phosphate buffer, 0.061 
M total phosphate, 25°. b Followed at 410 or 350 m/j. 
Absolute values should be taken with some reserve since 
enzyme concentrations were determined by weight rather 
than by titration. c Followed at 250 m/i. d Deviations 
are average deviations from the mean. 

(21) M. L. Bender and G. A. Hamilton, J. Am. Chem. Soc, 84, 0000 
(1962). 

(22) Many specific substrates possess X n 

than these values. 
(23) Second-order acylation constants have been observed previ­

ously in the a-chytnotrypsin-catalyzed hydrolysis of i>-nitrophenyl 
acetate, but no theoretical interpretation was given at that time.'5 

t's which are no smaller 



July 5, 1962 pK I N CK-CHYMOTRYPSIN HYDROLYSIS 2565 

Fig. 3.—The effect of ionic strength on the second-order 
acylation rate constants of a-chymotrypsin with ^-nitro-
phenyl trimethylacetate: A, pB. 7.0; B, pK 5.0. 

The o-nitrophenyl cinnamate results are the least 
extensive and least accurate results of those pre­
sented here. However, they clearly indicate a sig­
moid relationship between the acylation or deacyla-
tion rate constant and pK. The apparent pK* of the 
acylation curve is 7.0 and t ha t for the deacylation 
curve is 7.3. The smooth curves are the theoreti­
cal curves drawn using these respective pKa values 
and assuming maximum rate constants of 3.3 X 
103 M~l s ec . - 1 and 12 X 10~3 sec."1 for acylation 
and deacylation, respectively. The fit of the deacyl­
ation da ta to the theoretical line is quite satisfac­
tory, bu t the fit of the acylation da ta to the 
theoretical line is somewhat unsatisfactory a t lower 
£H's . 2 4 

a-Chymotrypsin-catalyzed Hydrolysis of £-Nitro-
phenyl Trimethylacetate.—The reaction of p-nxtro-
phenyl t r imethylacetate with a-chymotrypsin has 
previously been shown to follow eq. 1.2B The dif­
ference between the rates of acylation and deacyla­
tion in this instance is so great t h a t i t has been 
possible to isolate and crystallize the acyl-enzyme 
intermediate, tr imethylacetyl - a. - chymotrypsin.26 

Determination of the kinetics of acylation in this 
system is particularly a t t ract ive because acylation 
with the bulky trimethylacetyl compounds is con­
siderably slower, and therefore more experimentally 
accessible, than with the corresponding acetyl 
derivative which has been used extensively be­
fore.1 3 - 1 5 

The kinetics of the acylation of a-chymotrypsin 
with £>-nitrophenyl t r imethylacetate were deter­
mined in great detail . I t was found t h a t the 
second-order acylation ra te constants were a func­
tion of the ionic strength of the medium. There­
fore careful studies were carried out a t several pK 's 

(24) The apparent deviations at low ^H are arbitrary since they 
could be transformed into deviations at high pH by a lateral shift of 
the curve. 

(25) C. E. McDonald and A. K. Balls, / . Biol. Chem., 227, 727 
(1957). 

(26) A. K. Balls, C. E. McDonald and A. S. Brecher, Proc. Inter­
national Symposium on Enzyme Chemistry, Maruzen Co., Tokyo, 
1957, p. 392. 

6.5 
pH. 

Fig. 4.—• Acylation (A) and deacylation (B) of a-chymo­
trypsin with ^-nitrophenyl trimethylacetate in aqueous 
solution at 25°: acylation, y. = 0.075, left-hand scale; de­
acylation, right-hand scale. 

to determine the effect of ionic strength on the rate 
constant. At pH 7.0 and above, a linear relation­
ship was found between the ra te constant and JX; 
a t pH 5.0, a non-linear relationship was found (Fig. 
3). The rate constants for acylation presented in 
Table I I and Fig. 4 are values a t 0.075 ionic 
strength, where most da ta were available. The 
rate constants in Table I I are either values found 
a t tha t ionic strength or are interpolated values 
from curves such as Fig. 3. In two cases, pYL 4.56 
and 6.49, small extrapolations were used. 

TABLE II 

a-CHYMOTRYPSIN-CATALYZED HYDROLYSIS OF 
^-NlTROPHENYL TRIMETHYLACETATE" 

i>H 

4.56^ 
5.O1* 
5.58d-e 

5.92" 
6.49" 
7.00"'/ 

7.51' 
-.74«,/,* 
8.0"^ 
8.59' 
9.04' 
9.44' 

. Acylation&-
W/Km X lO-2,* 

M~* sec."1 

0.22 ± 0 
.28 ± 
.32 ± 
.42 ± 
.83 

1.63 ± 0 
2.18 ± 
2.18 ± 
2.27 ± 
2.42 ± 
2.2 ± 
1.0 ± 

.04 

.02 
02 
02 

.02 

.03 

.04 

.04 

.04 

.1 

.05 

No. of 
runsc 

2 
8 
2 
4 
1 

12 
2 
3 

12 
2 
3 
4 

* Deacylation • 
ki' X I O 4 , ^ No. of 

sec. - 1 runs 

0.10 
.15 
.50 ± 0 
.91 ± 

1.44 ± 
1.32 ± 
1.53 ± 
1.56 ± 
1.63 ± 

1 
1 

.01 2 

.03 8 

.02 2 

.04 5 

.10 7 

.02 3 

.02 2 

0 In 0.8-1.6% acetonitrile-water at 25.2 ± 0.2°. b Ester 
concentration = 2 to 6 X 10_! M; [ester]/[enzyme] 
varied from 0.5 to 4.0. " This is the number of runs that 
was used to interpolate or extrapolate the rate constant at 
ionic strength 0.075. d Acetate buffer. ' Phosphate buffer. 
1 THs buffer. » Calculated from Fmax = *s'[E]0. * Devia­
tions are average deviations from the mean. ' Borate appears 
to exert a specific buffer effect in the region of pH 7.74-8.75, 
depressing the rate considerably. 

I t is seen from Fig. 4 t h a t the second-order acyla­
tion constants for the a-chymotrypsin-catalyzed 
hydrolysis of £-nitrophenyl tr imethylacetate (up to 
pH 8.59) show a sigmoid dependence on a group 
with an apparent ionization constant of 6.7. How­
ever, in the low pH region of the curve there is con­
siderable deviation, the actual rate constants being 
much higher than those predicted by the sigmoid 
relationship. A preliminary account of this work27 

(27) M. L. Bender, G. R. Schonbaum and G. A. Hamilton, J. Poly­
mer Sci., 49, 75 (1961). 
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Fig. 5.—The acylation of a-chymotrypsin with N-trans-

cinnamoylimidazole at 25.0 ± 0.1°: open circles, experi­
mental data; full circles, fit of eq. 13 to experimental data, 
using PK1 = 6.78 and pK.' = 4.40; half-filled circles, fit of 
eq. 13, using pKi = 6.78 and pK.' = 3.65. 

indicated t h a t the deviations a t low pK could be 
accounted for on the basis of the variation of total 
charge on the protein with variation in the pK. 
T h a t is, an electrostatic effect of the charge of the 
protein on the ionization of the group involved in 
the catalytic action could produce this deviation. 
However, inspection of the effects of ionic s t rength 
on the acylation ra te constants (Fig. 3) indicates 
t h a t a t low pB., the region of interest here, the 
acylation ra te constants are extremely sensitive to 
ionic strength and therefore the choice of a particu­
lar ionic strength for comparison of the da ta is 
arbi t rary. I t appears from the extrapolation 
shown in Fig. 3 t h a t if zero ionic strength had been 
chosen, the positive deviations from a sigmoid curve 
a t low pH, evident in Fig. 4, would disappear. 
Zero ionic s t rength was not chosen simply because 
insufficient da ta were available to make suitable 
extrapolations a t all pH's. However, i t is now 
apparent t h a t the deviations from the sigmoid 
curve a t low pH's are not due to the electrostatic 
effect of the protein on the ionization of the cata­
lytic group bu t ra ther are due to powerful ionic 
strength effects a t low pB.. The effect of ionic 
strength on the dimerization of a-chymotrypsm 
does not appear to offer an explanation for this 
phenomenon.28 

Configurational changes brought about by spe­
cific binding of ions might offer some explanation. 
I t has been shown tha t the addition of sodium 
chloride increases the classical kmt and decreases 
Km in the a-chymotrypsin-catalyzed hydrolysis of 
methyl hippurate , bo th of these effects leading to a 
faster over-all reaction.29 The effect was part icu-

(28) R. F. Steiner, Arch. Biochem. Biophys., 63, 457 (1954). 

larly large a t low ionic strength (in agreement with 
the present results). The solution to this problem 
will ult imately depend on an analysis of the effects 
of ionic strength on both Km and kt, da ta which 
are not available a t the moment . 

Table I I also contains da ta on the pK dependence 
of deacylation of tr imethylacetyl-a-chymotrypsin 
calculated from the zero-order velocity a t [sub­
s t ra te] / [enzyme] ratios greater than one. The 
deacylation of tr imethylacetyl-a-chymotrypsin, as 
evident from Table I I and Fig. 4, is dependent on a 
group with an apparent pK& of 6.8. The deacyla­
tion reaction in contrast to the acylation reaction 
is insensitive to the ionic strength of the medium. 

a-Chymotrypsin-catalyzed Hydrolysis of N -
/rawj-Cinnamoylimidazole.—The reaction of N -
/raws-cinnamoylimidazole with a-chymotrypsin has 
previously been shown to follow eq. I.9 As with 
the other substrates utilized in this s tudy, the acyla­
tion reaction is considerably faster than the de­
acylation reaction and i t is therefore possible to 
determine the kinetics of each process independently 
of the other. Second-order kinetics were followed 
precisely for the acylation reaction. The value of 
the absorbance of N-/ra«s-cinnamoylimidazole a t 
zero t ime is required for computat ion of the 
second-order constants. The absorbance of the 
substrate was found to be pB. dependent owing to 
its protonation. Therefore initial absorbances 
were obtained by a spectrophotometric t i t rat ion 
procedure, independently of the kinetic experi­
ments . The spectral change observed was of 
sufficient magnitude to allow the pKJ of N-trans-
cinnamoylimidazole to be determined with good 
precision. The value obtained for the pKJ was 
3.65 ± 0.01.80 The results of the acylation experi­
ments from pYL 3.3 to 9 are shown in Table I I I 
and Fig. 5. 

The pB. dependence of the acylation of a-
chymotrypsin with N-iraras-cinnamoylimidazole ap­
pears to be exceptional, when compared to other 
chymotrypsin-catalyzed reactions. Instead of the 
usual sigmoid relationship, a considerably flattened 
p H - r a t e profile is found. The explanation for the 
unusual pTA. dependence may lie in the fact t ha t N-
iraws-cinnamoylimidazole possesses a pKj of 
3.65, while substrates investigated previously do 
not possess an ionizable group near neutrali ty. If 
this is the case, this acylation reaction cannot con­
form to eq. 4 and 10. Taking into account bo th the 
ionization of the enzyme and the ionization of the 
substrate, a possible scheme for the acylation of_ a-
chymotrypsin with N-iraws-cinnamoylimidazole is 

K k, 
E + S Z^L ES —* 

EH"1 SH"1 ESH"1 

ES' + Pi 

ES' + Pi + H + 

( H ) 

Using a derivation similar to tha t used in the deriva­
tion of eq. 8 it may be shown tha t 

(29) C. Niemann and R. B. Martin, J. Am. Chem. Soc, 79, 4814 
(1957). 

(30) W. P. Jencks and J. Carriuolo, J. Biol. Chem., 234, 1272 
(1959), found a pKa of 3.6 for N-acetylimidazole from kinetic measure­
ments. 
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£ob» 
kt/Km + ki* [H+] /KmKi 

(1 + [H+]/*i)[(l + [H+]ArT.) + 
(B)/X«(l + [H+]/JC,)] 

(12) 

By arguments similar to those elabo­
rated before in simplification of eq. 
8, the last term in the denominator 
of eq. 12 may be dropped, leading to P. 8 -

+ ^In+]ZKu1K1 

(1 + [H+]ZX1)(I + [H+] /K.) 
(13)= 

X 

Since the value of K3 (pKs' = 3.65) 
is known, at pH's higher than 5.5 
the second term in the denominator 
of eq. 13 may be neglected; it is then 
possible to calculate the value of K1, 
fa/Km. and k^/KmK^. From the so­
lution of simultaneous equations 5.5 
using the data from pH's 6, 7 and 8, 
it is calculated that pK\ = 6.8, in 
reasonable agreement with the val­
ues of the apparent pK*s of the other 
acylation reactions.82 Using the values of Ki, 
ki/Km and ki*jKmKi calculated above and eq. 13, 
it is then possible to determine kinetically the value 
of Ka, using data at pK's 3, 4 and 5. The value of 
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£H 

3.31 
4.02 
4.46 
5.06 
5.60 
6.20 
6.70 
7.16 

7.97 
8.02 

7.22 
7.87 
8.44 
9.88 
8.95 

TABLE I I I 

ACYLATION OF CK-CHYMOTRYPSIN WITH 

N-ZmraS-ClNNAMOYLIMIDAZOLE" 

Buffer 

Acetate6 

Acetate 
Acetate 
Acetate 
Phosphate6 

Phosphate 
Phosphate 
Phosphate 

Phosphate 
Barbital0 

Tris6 

Tris6 

Tris 
Tris 
Barbital" 

[EV[SIt 
3 .02 ,1 .51 
3 .02 ,1 .51 
1.51,1.51 
1.51,1.51 
1.51,1.51 
1.51,2.42 
1.21,1.21 
1.22,2.24 
1.12,1.55 
1.22, 1.22 
1.12,1.55 
1.18 
1.18,1.18 
1.16,1.16 
1.15,1.15 
1.16,1.16 
1.18,1.18 

kob. X 1 0 " 
M - 1 sec." i 

1.77 ± 0.06 
4.46 ± 
7.22 ± 

10.75 ± 
15.32 ± 
19.9 ± 
23.2 ± 
25.5d-' 

28.8 ± 1 
29 .8 e ' ' 

38.8 ± 2 
39.5 ± 0 
24.4 ± 
24.2 ± 
11.04 ± 

.06 

.06 

.04 

.12 

.1 

.7 

.0 

.0 

.2 

.2 

.2 

.05 
« In 1.6% acetonitrile-water at 25.0°; [enzyme] varied 

from 9 X 10-• to 2.5 X 10-' M; [substrate] was ~ 8 X 
10'6 M. 60.1 M total. c0.1 Msodium barbital and 0.1 
M hydrochloric acid. d tru (standard error of mean) = 1.29 
X 10s—7 determinations. _ • CTM = 1.04 X 10s — 6 deter­
minations, t Data obtained with three independently 
standardized enzyme solutions. ' Deviations are average 
deviations from the mean. 

pKs found kinetically is 4.4, differing significantly 
from tha t found by spectrophotometric t i t rat ion 
(3.65). The reason for this large discrepancy is 
not immediately apparent ; it may be connected 

(31) I t has been shown that a mechanism omitting kt* does not 
satisfy the data, and several more complex schemes give no better fit 
than that obtained here. 

(32) The results of this calculation indicate that ki and ki* are of 
the same order of magnitude. 

Deacylation of Jrans-cinnamoyl-a-chymotrypsin in 1% acetonitrile-
water at 25°. 

with the reason for the discrepancy between the 
theoretical and observed acylation curves of the 
other compounds investigated here. At any rate, 
a reasonable extrapolation of eq. 4 is able to ac­
count qualitatively if not quantitatively for the pTL 
dependence of the acylation reaction of N-trans-
cinnamoylimidazole with a-chymotrypsin. 

The acylation rate constant with N-trans-
cinnamoylimidazole falls sharply above pH 8, as 
does that with />-nitrophenyl trimethylacetate 
above 8.6. This effect has been explained by Laid-
ler in some cases as being due to a second protonic 
equilibrium of the enzyme. The deacylation re­
sults for 2ro»s-cinnamoyl-a-chymotrypsin and for 
trimethylacetyl-a-chymotrypsin, particularly the 
former, cast serious doubt on this interpretation. 
The rate constant of the deacylation of trans-
cinnamoyl-a-chymotrypsin is independent of pH. 
from pH 8.5 to pB. 13. In deacylation, a single 
step, uncomplicated by binding equilibria, is being 
observed and denaturation of the enzyme has been 
shown not to produce a significant effect on the 
kinetics. The acylation data, on the other hand, 
are complicated by the pH dependence of Km and 
possible denaturation of the enzyme above pH. 8.n 

Therefore the acylation results of interest with N-
/ro»5-cinnamoylimidazole and ^-nitrophenyl tri­
methylacetate are only those obtained up to pH 
8 or 8.6, respectively. 

I t is clear from Table III that Tris is exerting a 
specific buffer effect on the acylation rate at the 
concentration of buffer used. Both barbital and 
phosphate buffers yield consistent results at £H<~8, 
and it is clear from Fig. 5 that the cross-over from 
acetate to phosphate buffers is quite smooth. 

The effect of pH on the deacylation of trans-
cinnamoyl-a-chymotrypsin is shown in Table IV 
and Fig. 6. These data are the most extensive 
and most carefully collected data reported in this 
paper. This reaction provides kinetics which are 

(33) The slow deterioration of active or-chymotrypsin in mildly alka­
line solution is well-known.** 
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convenient to measure and which are capable of 
high accuracy. As seen from Table IV, the 
average deviations are rarely over 5 % and in most 
cases considerably bet ter than tha t . For an en­
zymatic process, this reproducibility is indeed 
welcome. Taking advantage of this situation, it 
was decided to extend the pH range of inquiry from 
the acid region (pH 5.91) to as far on the basic 
side as was practical. Valid results were obtained 
up to 0.1 N sodium hydroxide and an approximate 
result was obtained in 1 N sodium hydroxide. The 
pH's quoted sound as if one is dealing with a base-
catalyzed reaction, bu t in fact the reaction in 0.1 
N sodium hydroxide (and perhaps even in 1.0 Ar 

sodium hydroxide) is an enzymatic one. 

TABLE IV 

DEACYLATION OF fra«s-CiNNAMOYL-a-CHYMOTRYPSiN" 
No. of 

[NaOH] [NaCl] detn. 
10' W, 
sec. 1^ 

0.73 
2.02 ± 0 . 0 3 
3.65 ± .07 
7.82 ± .14 

11.1 
5 11.2 ± 0 . 3 

15' 12.5 ± .5 
2 12.4 ± .1 
2 13.4 ± .4'' 

0.01035 0.100 2 12.4 ± .2 
.1075 2 12.7 ± .7 
.1075 0.100 2 12.9 ± .1 
.1075 -200 2 14.4 ± .3 
.1075 -400 2 15.6 ± .2 
. 107= 

2>H Buffer 

5.91" Phosphate' 
6.48 Phosphate 
6.82 Phosphate 
7.39 Phosphate 
7.94 Borax* 
8.06 Phosphate 
8.49 Tris* 
9.54 Tris" 

10.95 Carbonate 
11 .8 / 

12.9 ' 
12. Qf 

12.8 f 

12. 8 r 

12.8 ; ' .1075 1-0Oo 2 24.5 ± .0 
12.71 .1075 !'8Oo 2 37.6 ± 1.0 
13. - ' 1.075 1 35.0 

" I n 1% acetonitrile-water at 25.0°. b Deviations are 
average deviation for two runs, or convey the range for 
more than two runs. c 1A5 M. d 0.05 JIf borax + 0.1 A7 

HCl. ' In experiments from pH 5.91 to 10.95 the acyl-
enzyme was generated directly in the spectrophotometer 
cuvette. s In these experiments an aliquot of acyl-enzyme 
prepared a t pB. 4.2 was used. »0.1 JIf. »0.05 JVf. ' T h i s 
value is not believed to be significantly different from 
12.5 X 10 - 3 . In general, values obtained with the DK-2 
for these fast reactions are higher than those obtained with 
Cary 14 P M . ' These runs were carried out with various 
enzyme preparations over a considerable period of time. 
The reproducibility in general was excellent. 

Up to pH 10.95 it was possible to produce the 
acyl-enzyme from the enzyme plus substrate 
directly in the reaction medium. Above this pYL, 
very little acyl-enzyme was formed in this manner, 
presumably due to the rapid denaturat ion of the 
enzyme, coupled with the rapid base-catalyzed 
hydrolysis of the substrate. Even a t pH 11, the 
amount of acyl-enzyme formed was considerably 
reduced below the stoichiometric amount . There­
fore, for work a t the high pYL values the acyl-enzyme 
was prepared a t pH 4.2, where the rate of deacyla­
tion is very slow. An aliquot of this solution was 
then added to the appropriate base solution, and 
the deacylation reaction followed. These observa­
tions indicate considerably greater stability of the 
acyl-enzyme toward hydroxide ion than of the en­
zyme itself. This phenomenon has been noted 
many times in these laboratories. No t only is 
Stability toward denaturat ion by hydroxide ion 

enchanced when the enzyme is converted to the 
acyl-enzyme, bu t also stability toward denatura­
tion by urea is enhanced by this transformation. 
The enhanced stability of the acyl-enzyme with 
respect to the enzyme implies t ha t the important 
par t of denaturat ion occurs in the area immediately 
surrounding the active site; if one protects this 
area of the enzyme by derivatization, resistance 
toward various forms of denaturat ion is thus en­
hanced . 

I t may be further noted t ha t sodium chloride 
stabilizes both the enzyme and the acyl-enzyme. 
This effect can be seen from the da ta in 0.107.5 AT 

sodium hydroxide. In the absence of sodium 
chloride, normal first-order kinetics were not ob­
tained, the rate constant drifting rapidly to lower 
values as the reaction progressed (see Fig. I) .3 4 

On the other hand, in the presence of 0.100 M or 
higher sodium chloride, precise first-order plots 
were obtained, indicating t ha t the acyl-enzyme 
was sufficiently stable to deacylate in a normal 
fashion. The presence of large concentrations of 
salt produces another effect besides stabilization of 
the acyl-enzyme—an ionic strength effect. Since 
determinations of the deacylation rate constant at 
lower pH's were carried out a t 0.1 M ionic strength 
or lower, it was desired to have a value for pH 12.9 
which would be comparable. This was obtained 
by determining the effect of ionic strength on the 
rate constant including determination of the initial 
rate for the deacylation in the absence of sodium 
chloride (vide supra). The da ta shown in Table IV 
lead to a continuous although non-linear function 
of kz vs. /J., indicating tha t the value of k3 in the ab­
sence of sodium chloride is an excellent value and 
may be used for comparison with other values of ks 

in the Table. 
The ionic strength da ta in 0.1 N sodium hydrox­

ide also provide information applicable to the reac­
tion carried out in 1.0 N sodium hydroxide. The 
rate constant expected in 1.0 AT sodium hydroxide 
on the basis of the effect of ionic strength on the 
reaction in 0.1 N sodium hydroxide is approximately 
24.5 X 10- sec. The value obtained was some­
what higher, 35 X 10~3 s ec . - 1 . An explanation of 
this discrepancy lies in the fact t ha t the enzyme 
produced upon deacylation undergoes denaturat ion 
a t high pYL, accompanied by an increase in absorb-
ance. The rate of change of absorbance with 
time in base solutions containing enzyme alone has 
been measured independently to ascertain whether 
denaturat ion was producing a significant effect on 
the deacylation rate constants. I t was found in 
0.01 N and 0.1 AT sodium hydroxide (with added 
sodium chloride) t h a t the denaturat ion of the en­
zyme was not affecting the deacylation rate con­
s tants . However, there is considerable denatura­
tion in 1.0 N sodium hydroxide and it is for this 
reason t ha t the rate constant for 1 N sodium hy­
droxide must not be considered an accurate value. 
I t is almost certainly less than .35 X 10~3 sec.^1, 
for the effect of denaturat ion is to raise the appar­
ent ra te constant, indicating tha t the independence 
of the deacylation rate constant of pH may extend 
even up to 1.0 N sodium hydroxide. 

(34) Initial rates were obtained using a prism as a tangimeter; 
V. L. Frampton, Science, 107, 323 (1948). 
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Discussion 
Table V summarizes the £>H effects found in the 

second-order acylation ra te constants and in the 
deacylation rate constants for the a-chymotrypsin-
catalyzed hydrolyses of o-nitrophenyl cinnamate, 
^-nitrophenyl t r imethylacetate and N-iraws-cin-
namoylimidazole. 

TABLE V 

pJi DEPENDENCE OF SOME C*-CHYMOTRYPSIN-CATALYZED 

REACTIONS'* 
Apparent pKa of enzymatic 

group on which step is 
dependent 

Acylation6 Deacylation Substrate 

o-Nitrophenyl cinnamate" 
^-Nitrophenyl triethylacetate6 

N-iraras-Cinnamoylimidazole" 

7.0 
6.7 
6.8 

7.3 

7.15 
" 10% acetonitrile-water. b 0.8-1.6% acetonitrile-water. 

" 1% acetonitrile-water; the acylation reaction also depends 
on the prototropic equilibrium of the substrate. d25°. 
" Derived from second-order kinetic constants which means 
that any dependency of Km on pH is included. 

The results shown in Table V are in reasonable 
agreement with each other, and with comparable 
results in the l i terature. The PK3. of the deacyla­
tion steps of the reactions of o-nitrophenyl cinna­
mate and of N-£raws-cinnamoylimidazole should be 
identical with one another for these reactions involve 
the reaction of the same acyl-enzyme intermediate, 
trans - cinnamoyl - a - chymo trypsin. The dis­
crepancy between the pK's of these reactions re­
flects the difference in solvent and the experimental 
error in these determinations which is of the order 
of 0.1 pK unit . I t should be pointed out t h a t the 
value of the pKa of 7.15 determined from N-trans-
cinnamoylimidazole is a more precise value for a 
number of reasons: the da ta are more extensive; 
the determinations were carried out after consider­
able preliminary experience with other systems; 
the enzyme concentrations were always determined 
by t i t rat ion of the active sites; and finally the 
scatter is less extensive. Therefore the pKa of 
7.15 is to be preferred for the deacylation of trans-
cinnamoyl-a-chymotrypsin. The pKa of 6.8 for 
the deacylation of tr imethylacetyl-a-chymotrypsin 
is somewhat lower than the pK^'s of the other de­
acylation reactions bu t is still reasonably close. 
The values in the l i terature for the deacylation of 
acetyl-chymotrypsin (either a or 8) include pK^'s 
of 6.96,16 7.2,26 7 .28 , u 7.3282 and 7.44.S6 Certainly 
there is excellent agreement, considering the differ­
ences in solvents and buffers used, between the re­
sults obtained in this investigation and those in 
the literature. 

The most significant new results of these deter­
minations of the p~H dependence concerns the effect 
of pK's greater than 9 on the deacylation reaction. 
The rate constant of the deacylation of trans-
cinnamoyl-a-chymotrypsin is essentially invariant 
from pH 9 to 0.1 N sodium hydroxide and may 
perhaps be invariant to 1.0 N sodium hydroxide. 
No one has ventured into these non-physiological 
regions with an enzyme before because of the obvi­
ous obstacle of enzyme denaturat ion. Our finding 
tha t the acyl-enzyme is considerably more resistant 

(35) E. Awad and H. Neurath, quoted by H. Neurath and B. S. 
Hartley, J. Cell. Comp. Physiol, 54, Supp. 1, 185 (1959). 

to base (and urea) denaturat ion than the enzyme 
itself and t h a t this resistance is enhanced by the 
addition of sodium chloride allowed us to investigate 
the effect of pK in this region. The result is t ha t 
we can extend the region of applicability of the 
sigmoid relationship now to pH 12.9. Thus it ap­
pears t ha t if an acid group is operative (in conjunc­
tion with the basic group of pK„. ~ 7), the acid 
group mus t possess a PK2. greater than 13.9, for we 
should be able to pick up a diminution in rate con­
s tant one uni t lower than the pKa. 

Apparently the deacylation reaction, even in this 
high pH region, involves a water molecule as the 
nucleophile rather than hydroxide ion. At pH ~ 
13 the rate constant of the alkaline hydrolysis of 
£ra«5-cinnamoyl-a-chymotrypsin in 7.74 M urea is 
equal to t ha t of the deacylation of irows-cinnamoyl-
a-chymotrypsin in water.9 If hydroxide ion were 
the nucleophile in the deacylation reaction, one 
would expect a dependency on the hydroxide ion 
concentration a t pTL ~ 13 such as tha t found with 
<raws-cinnamoyl-a-chymotrypsin in 7.74 M urea, as­
suming t ha t the acyl-enzyme is a simple serine 
ester. Since such a dependency is not found it 
must be concluded tha t the enzyme mus t require 
the reaction of a water molecule with the acyl-
enzyme to the exclusion of hydroxide ion. 

The pKa's of the acylation reactions cannot be 
analyzed in as straightforward a manner as those 
of the deacylation reactions for in the former we 
have measured a complex rate constant consisting of 
a pre-equilibrium (Km) followed by a rate-determin­
ing step (k2). This of course means t ha t the pK* 
may reflect the pH. dependence of the pre-equi­
librium or of the rate-determining step or of both 
steps. The pK&'s of the acylation steps of o-
nitrophenyl cinnamate and of p-nitrophenyl tri­
methylacetate are reasonably consistent with one 
another and with results in the literature. The 
pK&'s of 6.7 and 7.0 found in these investigations 
may be compared with values of 6.22, 6.7 and 7.0 
reported for the acylations of ^-nitrophenyl ace­
tate,1 5 2,4-dinitrophenyl acetate1 3 and p-nitro-
phenyl acetate,36 respectively. The first and third 
values are measurements taken from second-
order acylation constants while the second value is 
one determined from first-order acylation con­
stants (k2 itself). There does not seem to be any 
difference between results obtained from first-
order or second-order acylation constants; the 
results obtained here may therefore reflect £2-
The reason tha t this approximation may be valid 
is tha t in the acid region, Km appears to be inde­
pendent of pK.sw'u The only result showing a 
dependence of Km on p~H. indicates tha t the change 
of Km with pK does not s ta r t until above pB. 8.10'12 

I t should be pointed out tha t the second-order 
acylation rate constants are complicated by ionic 
strength effects, in contrast to the deacylation 
rate constants which are essentially independent 
of ionic strength. This result required the use of 
an arbi trary ionic strength close to zero ionic 
strength for a comparison of the acylation rate 
constants a t various pH's. Therefore the pKa's 
determined from the acylation measurements may 
be open to criticism. 

The acylation of a-chymotrypsin with N-trans-
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cinnamoylimidazole is complicated by the protona-
tion of the substrate as well as the protonation of 
the enzyme, and by the apparent reaction of both 
protonated and unprotonated substrate species. 
Although the correspondence of this scheme (eq. 
13) to the experimental da t a is not completely 

Introduction 
Several mechanisms for the chymotrypsin-

catalyzed hydrolysis of carboxylic acid derivatives 
have been proposed; in general these mechanisms 
involve a catalyt ic group on the enzyme acting as a 
general base or as a nucleophile or, in some cases, 
as both.4 Usually it has been proposed tha t this 
group is an imidazole group of a histidine residue. 
Evidence in the l i terature suggests tha t the rate of 
a general base-catalyzed reaction is decreased in 
deuterium oxide relative to tha t in water by ap­
proximately 2- to 3-fold, whereas the rate of a re­
action subject to nucleophilic catalysis may be af­
fected to only a small extent by deuterium oxide.5 

Therefore, from the effect of deuterium oxide on the 
rate of the chymotrypsin-catalyzed reactions, one 
should be able to distinguish between general base 
and nucleophilic catalysis by the enzyme. The 
mechanisms proposed for the enzyme-catalyzed 
reactions are probably oversimplified; however, 
from the effect of deuterium oxide on each step of 
the reaction it should a t least be possible to de­
termine whether a proton is transferred in the 
rate-determining par t of each step. Consequently, 
the effects of deuterium oxide on the rate of each 
of the various steps of the enzyme reaction were 
studied and are reported in this par t . 

From previous work4 on the mechanism of chymo-
trypsin catalysis i t appears t h a t the reaction in-

(1) This research was supported by grants from the National In­
stitutes of Health and the U. S. Atomic Energy Commission. Paper 
XIV in the series, The Mechanism of Action of Proteolytic Enzymes; 
previous paper M. L. Bender, G. R. Schonbaum and B. Zerner, J. Am. 
Chem. Soc, 84, 2582 (1962). 

(2) Some of the present results have been presented in preliminary 
form: M. L. Bender, G. R1 Schonbaum, G. A. Hamilton and B. 
Zerner, ibid., 83, 1255 (1961). 

(3) Alfred P. Sloan Foundation Research Fellow; present address: 
Northwestern Univ., Evanston, 111. 

(4) For recent reviews see (a) M. L. Bender, Chem. Revs., 60, 53 
(1960); (b) M. L. Bender, G. R. Schonbaum and G. A. Hamilton, J. 
Polymer Sci., 49, 75 (1961). 

(5) M. L. Bender, E. J. Pollock and M. C. Neveu, J. Am. Chem. Soc, 
84, 595 (1962). 

satisfying quanti tat ively, it is the simplest one 
which a t least qualitatively fits the da ta . 
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volves initially a reversible adsorption of the sub­
strate (S) on the enzyme (E) to give an enzyme-
substrate complex (ES). For many substrates the 
complex then reacts to give an acyl-enzyme (ES') 
with concomitant release of the alcohol or amine 
portion (P1) of the substrate, and the final step of 
the sequence involves deacylation of the acyl-
enzyme to give the free enzyme (E) and carboxylic 
acid (P2). By a suitable choice of substrates it is 

h 
E + S ~^*~ ES adsorption 

k-i 

h 
ES —>• ES' + P1 acylation (1) 

ES' — > E + P2 deacylation 

possible to s tudy the effect of deuterium oxide on 
each of these steps. 

Various workers1 '4 '6 using several different acyl-
enzymes have studied the kinetics of the deacyla­
tion step in water. In the present research the 
kinetics of the deacylation of /mw5-cinnamoyl-a-
chymotrypsin was studied thoroughly using deu­
terium oxide as solvent; this acyl-enzyme was 
used because the kinetics of its deacylation in 
water had been studied extensively and the re­
action can be followed conveniently.1 

Gutfreund and Sturtevant ,7 by using fast re­
action techniques, were able to s tudy the kinetics 
of the acylation of chymotrypsin by £-nitrophenyl 
acetate and 2,4-dinitrophenyl acetate. Since the 
ester ^-nitrophenyl t r imethylacetate reacts more 
slowly than the acetate esters with the enzyme,1 

its kinetics are more easily studied and thus this 
ester was used in the present research. The ki­
netics of the acylation reaction in bo th water and 
deuterium oxide were determined. Gutfreund 

(6) M. L. Bender, G. R. Schonbaum and B. Zerner, ibid., 84, 2540 
(1962). 

(7) H. Gutfreund and J. M. Sturtevant, Biochem. J., 63, 656 (1956); 
Proc Natl. Acad. Sci., U. S., 42, 719 (1956). 
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Kinetic Isotope Effects of Deuterium Oxide on Several a-Chymotrypsin-catalyzed 
Reactions1,2 
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The kinetics of several reactions catalyzed by a-chymotrypsin have been determined in D2O as solvent, and the results 
have been compared with the kinetics of the same reactions in H2O as solvent. By a suitable choice of substrates it has been 
possible to estimate the effect of D2O on the binding of the substrate to the enzyme, on the acylation of the enzyme and on 
the deacylation of the acyl-enzyme intermediate. The substrate ^-nitrophenyl trimethylacetate was used for studying 
the acylation reaction, and /ra»s-cinnainoyl-a-chymotrypsin and trimethylacetyl-a-chymotrypsin were used for studying 
the deacylation reaction. A sizable isotope effect was observed for both the acylation and deacylation reactions (£H/£D = 
2 to 3). The kinetics of the hydrolysis of N-acetyl-L-tryptophan methyl ester were also compared in D2O and H2O and it 
was observed that at high substrate concentrations the limiting rate constant is greater in H2O than in D2O by a factor of 
2.83. The results indicate a rate-determining proton transfer in the catalytic steps of the enzymatic reaction. 


