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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-
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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 
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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. 
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and Sturtevant7 were able to separate the rate 
constant for the formation of the acyl-enzyme 
intermediate into two parts, k% and Km, where Km 
= (k2 + k- i)/ki. For acylation with ^-nitrophenyl 
trimethylacetate the same separation can be made 
and thus one can estimate the effect of deuterium 
oxide on both kz and Km. From the above in
vestigations it was therefore possible to determine 
the effect of deuterium oxide on each step of 
scheme 1. 

In addition to investigating the effect of deu
terium oxide on the reactions of labile substrates 
which have been shown to proceed through an 
acyl-enzyme intermediate, it was thought desirable 
to perform a comparable investigation with a 
specific substrate of a-chymotrypsin. To this end 
the kinetics of the a-chymotrypsin-catalyzed hy
drolysis of N-acetyl-L-tryptophan methyl ester 
in H2O and D2O were determined. With this 
substrate the kinetics were analyzed according to 
scheme 2. Values for &Cat and Km' (where Km' = 

h 
E + S 7"*» ES 

*-, (2) 
£cat 

ES —> E + P 
(&cat + k-i)/ki) were obtained using both water 
and deuterium oxide as solvent. 

Experimental 
Materials.—Worthington three times recrystallized a-

chymotrypsin was used without further purification. When 
the concentration of the enzyme solutions was required, it 
was determined by titration with N-/«i»s-cinnamoylimid-
azole.8 The deuterium oxide used as solvent was purchased 
from General Dynamics Corporation and contained greater 
than 99.5% D2O. The £-nitrophenyl trimethylacetate 
(m.p. 95-96.5°) was prepared as previously described.9" 
N-Acetyl-L-tryptophan methyl ester was purchased from 
H. M . Chemical Co., Ltd. , Santa Monica, Calif. The com
pound, which melted at 154-155.5°, was used without fur
ther purification.9b In each of the enzymatic runs with this 
compound one can calculate its equivalent weight assuming 
complete hydrolysis to N-acetyl-L-tryptophan. This was 
always within 3 % of the theoretical value. The buffers 
were prepared from standard reagent grade chemicals; 
those in D2O were prepared from chemicals with a minimum 
of hydrogen ions; for example, phosphate buffers were pre
pared from Na2HPO4 and KH2POi and Tris buffers from Tris 
and standard DCl solution (prepared by bubbling dry 
HCl into D2O). For the acylation of chymotrypsin 
with ^-nitrophenyl trimethylacetate and the enzymatic 
hydrolysis of N-acetyl-L-tryptophan methyl ester the buffers 
in H2O and D2O were prepared with the same acid to base 
ratio in each solvent. 

The pll's of the solutions were determined using a Radi
ometer pK meter, model 4b. For solutions in D2O, the pT> 
of the solution was calculated from the measured pK by 
adding 0.4OpH unit.10 

The Deacylation of /raws-Cinnamoyl-a-chymotrypsin in 
D2O.—The procedure for measuring the kinetics was similar 
to that outlined previously for the same reaction in H2O.6 

The formation of cinnamic acid from iraws-cinnamoyl-a-
chymotrypsin was followed at 260 m/x using a Beckman 
DK-2 spectrophotometer. In a typical run 3 ml. of the 
buffer (in D2O) plus 25 /xl. of a stock enzyme solution (2.37 
X 1O -3 M enzyme in D2O) were equilibrated a t 25.6 ± 
0.1°. At zero time 25 j j . of a stock solution of N-trans-

(S) G. R. Schonbaum, B. Zerner and M. L. Bender, / . Biol. Chem., 
236, 2930 (1961). 

(9) (a) M. L. Bender and K. Nakamura, / . Am. Chem. Soc, 84, 2577 
(1962); (b) H. T. Huang and C. Niemann, ibid., 73, 1541 (1951), re
port a melting point of 152.5° for this compound. 

(10) B. Zerner and M. L. Bender, ibid., 83, 2267 (1961), and also ref. 
12 and 13 of their paper. 

cinnamoylimidazole in acetonitrile (2.38 X 1O - ' M N -
/ratts-cinnamoylimidazole) was added and the reaction was 
followed spectrophotometrically. The acylation is complete 
within a few seconds; the rate of the deacylation reaction 
was calculated from a first-order plot using the observed 
absorption a t infinity. The pD of the solutions was cal
culated from the measured £H after the reaction was com
plete. In all these runs the solvent was approximately 
0 .8% in acetonitrile. 

The Acylation of Chymotrypsin by £-Nitrophenyl Tri
methylacetate.—The procedure for treating the kinetic 
data was similar to that used by Gutfreund and Sturte
vant ' for the acylation of or-chymotrypsin by p-nitrophenyl 
acetate, but it differs enough in detail to warrant a full 
description here. The reaction of a-chymotrypsin with 
^-nitrophenyl trimethylacetate, like that with £-nitrophenyl 
acetate or 2,4-dinitrophenyl acetate, follows scheme 1, 
but the trimethylacetate ester reacts more slowly than the 
acetate esters. However, for all these esters the acylation 
step is more rapid than deacylation and thus (using stoichio
metric amounts of enzyme) one can study the acylation 
step separately. 

In scheme 1 no allowance is made for the possibility that 
the enzyme (E) or the enzyme-substrate complexes (ES or 
ES') can add or lose a proton to give an inactive species. 
Experiments using ^-nitrophenyl trimethylacetate,1 and 
also results with many other substrates,4 indicated that 
such ionizations occur below p~H 8 and that above this 
£H the rate of the enzyme-catalyzed hydrolysis is a t a 
maximum. Therefore in this study the reaction was stud
ied at a j*H greater than 8 in water and a pD greater than 
8.5 in deuterium oxide; presumably a t these pH's no com
plications arise due to ionization of the enzyme or enzyme-
substrate complexes. 

Gutfreund and Sturtevant ' integrated the kinetic ex
pression for scheme 1 and found that if the substrate is 
always present in excess, the concentration of Pi at any 
time t is given by an expression of the form 

(P1) = At + B(I - «-*<) (3) 

where A and B are constants and k = (ki + ^s)(S) + kiKm/ 
(-Km + (S)) where &2 and k3 axe those of scheme 1 and Km = 
(ki + k-i)/k\. I t will be shown later that for the reaction 
of j!>-nitrophenyl trimethylacetate with chymotrypsin 
*2>>*aandA2(S)>>*3i<Cn,. Therefore 

k = HS)/(Km + (S)) (4) 

and ki and Km can be determined by a Dixon-Webb11 plot 
if k is known for various values of (S). 

To determine k, use is made of the integrated expression 
3. This accounts for the amount of Pi formed by the 
enzymatic reaction. Some Pi will also be formed by the 
spontaneous hydrolysis of the substrate. The rate of this 
reaction is pseudo zero-order a t high substrate concentra
tions and thus the amount of Pi obtained from the spon
taneous hydrolysis is given by (Pi) = C(S)/ where C is a 
first-order rate constant and (S) is the substrate concentra
tion. Therefore the total amount of Pi formed is given by 

(P1) = At+ C(S)* + B(I- e-">) (5) 

When t is large (equal to / ' ) , then e~ht' becomes negligible 
and thus the amount of Pi present is given by 

(Pi ' ) = At' + C(S)C + B (6) 

where (Pi ' ) is the concentration of Pi at time t'. 
Subtracting 5 from 6 one obtains 

[(P,') - t'(A + C(S))] -
[ ( P 1 ) - t(A + C(S))]= Be-*' (7) 

Thus, k can be obtained from a plot of the logarithm of the 
left side of the above equation versus t. This method was 
used in the present research to obtain the values of k for 
various values of (S).12 

In eq. 7, C is the first-order rate constant for the spon
taneous hydrolysis of the substrate and can be obtained 
from the rate of formation of Pi in the particular buffer 

(11) M. Dixon and B. C. Webb, "Enzymes," Academic Press, Inc., 
New York, N. Y., 1958, p. 21. 

(12) This method for treating the data was suggested by Prof. J. M. 
Sturtevant. 
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Fig. 1.—The acylation of a-chymotrypsin by p-nxtro-
phenyl trimethylacetate in water, pH 8.17, 0.01 M Tris 
buffer, ionic strength 0.06; 25.6 ± 0.1°, [E] = 0.515 X 
10"5 M, [S] = 7.67 X 10-* M, q = [(Pi') - t'(A + C(S))] 
- [(P1) - t(A + C(S))]. 

with no enzyme present. From Gutfreund and Sturte-
vant 's7 derivation it can be shown that A = k%e where e is 
the initial concentration of the enzyme. The quantity 
[A + C(S)] can be easily determined from the zero-order 
rate obtained after the enzyme system has come to the 
steady state. In the present study / ' was always equal to 
approximately 8 to 10 half-lives of the acylation reaction. 

For the above treatment of the data it is necessary to have 
the substrate always present in excess. However the sub
strate, ^-nitrophenyl trimethylacetate, is only soluble in 
water to a concentration of approximately 1O -4 M. There
fore it was necessary to use enzyme concentrations of ap
proximately 5 X 10 - 6 M. The substrate concentration 
was varied from 3.76 X 10~6 to 15.5 X lO"8 M. The sub
strate concentrations quoted in the following tables were 
the average substrate concentrations to approximately 
60% acylation of the enzyme. 

The reaction was followed by measuring the absorption 
a t 400 rati of the £-nitrophenolate anion which is produced. 
A Beckman DK-2 recording spectrophotometer was used. 
With an enzyme concentration of approximately 5 X 1O-6 

M, the total absorbance change during the acylation re
action was 0.08 to 0.10 absorbance unit. This change is 
conveniently followed on the 75 to 125% transmission 
scale of the DK-2 instrument. 

In a typical run, 3 ml. of the buffer solution was equili
brated a t the temperature, of the cell compartment (25.6 
± 0.1°). Approximately 2 minutes after the addition of 
25 /A' of a stock enzyme solution the reaction was initiated 
by adding 50 /ul. of the substrate in acetonitrile. (Sub
strate solutions of differing concentrations in acetonitrile 
were prepared from a common stock solution by quantitative 
dilution.) Usually 5 sec. was required for stirring the 
solution and then the formation of £-nitrophenolate ion was 
followed to a t least 10 half-lives of the acylation reaction. 
In Fig. 1 a plot of the data according to eq. 7 is shown for 
an individual run. Usually such plots gave good straight 
lines to about 70% of the acylation reaction. The pH 
(or pT>) of the solution was determined after the run was 
completed. For all of these runs the solvent was 1.6% 
in acetonitrile. 

The Enzymatic Hydrolysis of N-Acetyl-L-tryptophan 
Methyl Ester.—The rate of the enzyme-catalyzed hydrol
ysis was measured by titration at constant ^H of the acid 
produced during the hydrolysis. The method was similar 
to that developed by Schwert, et al.,n and used by Bender 
and Glasson.14 For each run approximately 0.04 to 0.05 
g. of the ester was dissolved (by heating to 85 to 90°) in 
55 or 60 ml. of a 0.002 M Tris buffer. After the ester 
had dissolved the solution was cooled rapidly to room 

(13) G. W. Schwert, H. Neurath, S. Kaufman and J. E. Snoke, J. 
Biol. Chem., 172, 221 (1948). 

(14) M. L. Bender and W. A. Glasson, / . Am. Chem. Soc, 82, 3336 
(1960). 
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Fig. 2.—The effect of deuterium oxide on the deacylation of 

fraws-cinnamoyl-a-chymotrypsin. 

temperature and 50 ml. was pipetted into a 150-ml. beaker. 
The beaker was half-submerged in a constant temperature 
bath a t 24.73 ± 0.05°. Nitrogen was bubbled through 
the solution for approximately 20 min., but just before 
adding the enzyme the apparatus was changed so that the 
nitrogen was blown gently over the surface of the solution. 
This procedure was adopted because it was found that if 
nitrogen was bubbled through the solution after the en
zyme was added, then the enzyme was slowly denatured, 
presumably on the surface of the bubbles. The solution 
was stirred with a motor-driven glass stirrer and the tip of 
the microburet14 (which contained 0.3861 N NaOH) was 
placed below the surface of the solution. The initial pH 
of the solution was taken and then enough base was added 
in 0.01-ml. quantities until the £H was greater then the 
desired zero-point pVL for the reaction. For the reactions 
in water the zero-point pH was 8.250, and in deuterium 
oxide the zero-point pV> was 8.850. The reaction in water 
was initiated by adding 25 >A. of a dilute aqueous enzyme 
solution. In deuterium oxide, 50 id. of the same enzyme 
solution was used. Zero time was taken when the pK 
reached the zero-point pH. Shortly after this, another 
0.01 ml. of base was added and the time was again taken 
when the pVL equalled the zero-point pH. This was con
tinued to the end of the run. Usually the pH was allowed 
to go as far below the zero-point pK as 0.01 ml. of base 
would then put it above this p~R, and thus the zero-point 
pK is the average pH. of the run. In this buffer, around pVL 
8.25, 0.01 ml. of the 0.3861 JV base would change the pH 
by about 0.05 pB. unit. 

The results were calculated using the integrated form_ of 
the Michaelis-Menten equation for the case of inhibition 
by one of the reaction products, i.e., N-acetyl-L-trypto-
phan.15'16 This equation is 

[ ( S o ) - ( S ) ] / / - L -2.3KJH + (SWKi]I log (SV(S) 
1 - KJ/Ki J t 

feat(E) 
— Km'/Ki 

+ 
(8) 

where (S)0 is the initial substrate concentration, (S) is the 
substrate concentration a t any time t, k^t is the limiting 
rate constant, (E) is the initial enzyme concentration, Km' 
is the Michaelis-Menten constant and Ki is the dissociation 
constant for the enzvme-inhibitor complex. Thus a plot 
of [(S)0 - (S)]//! M. "[log(S)o/(S)]/« should yield a straight 
line. The intercept is approximately equal to ftoat(E) be-

(15) R. S. Foster and C. Niemann, Proc. Natl. Acad. Sci., 39, 999 
(1953). 

(16) L. W. Cunningham and C. S. Brown, / . Biol. Chem., 821, 287 
(1956). 
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PD 

Buffer, 0.067 tris0 

8.68 4.24 
9.13 4.60 
9.55 4.83 

cause the factor (1 — K1n'/K1) is approximately equal to 
unity for N-acetyl-L-tryptophan ethyl ester16 and it will 
be shown later that this factor equals approximately 1 for 
the ester used in this research also. Knowing K\,w one 
can get a value for Km' from the slope of the above plot. 

Results 
The Deacylation of fr-aws-Cinnamoyl-a-chymo-

trypsin in D2O.—The kinetic results in deuterium 
oxide are shown in Table I and are plotted in Fig. 2. 
The kinetics of the deacylation reaction in water 
are also plotted in Fig. 2 for comparison. 

TABLE I 

THE DEACYLATION OP irans-CixNAMOYL-a-CHYMOTRYPSiN 
IN D2O

0 

ki' X 10« kt' X 103, 
PD sec. - 1 pD sec."1 

Buffer, 0.067 M phosphate" TJ..«„- n ACT ^-.J> 
6.26 0.163 
6.62 .366 
7.08 .820 
7.64 2.09 
8.02 2.97 
8.44 3.72 

" No attempt was made to keep the ionic strength con
stant since experiments had indicated that changes in the 
ionic strength had negligible effect on the rate. b These 
buffers were 0.067 M in Tris and sufficient KH2PO4 to give 
the desired pl>. e 25.6 ± 0.1°, 0.8% acetonitrile. 

From Fig. 2 it is obvious tha t the deacylation 
occurs more slowly in D2O than in H2O at all £>H's 
studied. At high pVL's (or pT>'s) when the rate 
constant appears to reach a maximum in both 
solvents, the deacylation proceeds 2.5 times more 
rapidly in H2O than D2O. The curves shown are 
those calculated assuming t h a t the ra te of deacyla
tion depends on the presence of the unprotonated 
form of a base with a pKa. of 7.15 in H2O and 7.75 
in D2O. This shift in pKa in D2O is what is ex
pected for a group which ionizes around neutral 
pH.11 Since the theoretical curves follow the ex
perimental da ta so closely, then a t all pH's the re
action goes more rapidly in H2O than in D2O b y a 
factor of 2.5 if the reaction in the two solvents is 
compared when the buffer is present a t the same 
acid to base ratio, i.e., if the rate constant a t a 
given pH is compared with t ha t a t a pD which is 
0.6 un i t higher around neutral £H. 1 8 The H 2 O / 
D2O factor does not remain constant if the rate 
constants are compared when pH is equal to pD. 
Therefore, presumably reactions in these two sol
vents should be compared in buffers with the same 
acid to base ratio and not when ^ H is equal to pD.19 

I t is reasonable t ha t the comparison should be made 
thus, because when the same acid to base ratio is 
present in each solvent then the effective acidity is 
approximately the same, whereas if the rates are 
compared when ^ H = pF>, one is comparing the rate 
a t a purely arbi trary acidity in one solvent to the 

(17) R. P. Bell, "The Proton in Chemistry," Cornell University 
Press, Ithaca, N. Y., 1959, p. 188. 

(18) The difference in pKa of dihydrogen phosphate ion (one of the 
buffers used in this research) in D2O relative to that in H2O is 0.56 unit. 

(19) In a recent communication (P. A. Srere, G. W. Kosicki and R, 
Lumry, Bioch'im. et Biophys. Ada, 50, 184 (1961)) the authors give 
relative rate data for the effect of pH on the kinetic isotope effect of 
deuterium oxide for several enzyme systems. The reason that kn/kr> 
varies so greatly and unintelligibly with i>H is probably because the 
rates were compared in the two solvents when pH = ^D. 

6 8 10 12 14 16 
(S) X 105, M. 

Fig. 3,-—Dixon-Webb plots of the data for the acylation of 
a-chymotrypsin by ^-nitrophenyl trimethylacetate in water 
and deuterium oxide (for the experimental conditions, see 
Tables II and III). 

ra te a t a different acidity in the other. The acidi
ties are not the same when p~K = pD because the 
solvents have different acid and base properties. 

The Acylation of a-Chymotrypsin by ^-Nitro-
phenyl Trimethylacetate.—The kinetic results in 
H2O are shown in Table I I and those in D2O in 
Table I I I . Figure 3 shows a Dixon-Webb1 1 

plot of both sets of data . 

T A B L E I I 

T H E A C Y L A T I O N O F a-CHYMOTRYPSix B Y ^ - X I T R O P H E X Y L 

T R I M E T H Y L A C E T A T E I X H 2 O" 

Snzymis] 
S) X 10', 

M 

0.515 
.530 
.530 
.515 
.530 
.530 
.515 
.530 
.530 
.515 
.515 
.530 
.530 
.515 
.515 
.530 
.530 
.515 
.515 
.515 
.515 
.530 

[Substrate] t> 
(S) X 10», 

M 

3.76 
3.76 
3.76 
5.72 
5.72 
5.72 
7.67 
7.67 
7.67 
9.63 
9.63 
9.63 
9.63 

11.59 
11.59 
11.59 
11.59 
13.55 
13.55 
15.50 
15.50 
15.50 

k X 102, 
sec. _ 1 

0.849 
.860 
.854 

1.26 
1.23 
1.28 
1.68 
1.73 
1.67 
2.20 
2.10 
2.15 
2.10 
2.57 
2.53 
2.53 
2.55 
2.87 
2.83 
3.29 
3.18 
3.27 

(S)A 
X 10«, 
M sec. 

4.43 
4,37 
4.41 
4.53 
4.64 
4.47 
4.56 
4.44 
4.59 
4.39 
4.59 
4.48 
4.59 
4.52 
4.59 
4.58 
4.55 
4.72 
4.79 
4.71 
4.88 
4.75 

Av. (S)/A: 
X 10', 

M sec. 

4.40 

4.55 

4.53 

4.51 

4.56 

4.75 

4.78 

" 0.01 M Tris-HCl buffer, ionic strength 0.06 adjusted 
with NaCl, £H 8.17, temperature 25.6 ± 0.1°. b Average 
substrate concentration to approximately 60% acylation. 

The lines shown in the Fig. 3 were calculated by 
the method of least squares from all the da ta of 
Tables II and III. The constants k2 and K m can 
be calculated from the slopes and intercepts of the 
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TABLE I I I 

T H B ACYLATION OP <*-CHYMOTRYPSIN BY £-NITROPHBNYL 

TRIMETHYLACETATE IN D2O" 
[Enzyme] [Substrate]* (S)/* Av. (S)/* 
(E) X 10', (S) X 10», * X 10«, X 10», X 10', 

M M sec."1 M sec. M sec. 

0.530 3.76 0.526 7.14 
.530 3.76 .494 7.62 7.37 
.518 3.76 .504 7.46 
.518 3.76 .519 7.25 
.530 5.72 .741 7.72 
.530 5.72 .745 7.68 7.55 
.518 5.72 .792 7.22 
.518 5.72 .756 7.57 
.530 7.67 .983 7.80 
.530 7.67 .983 7.80 7.85 
.518 7.67 .964 7.96 
.530 9.63 1.18 8.18 
.530 9.63 1.21 7.95 7.86 
.518 9.63 1.30 7.44 
.530 11.59 1.49 7.78 
.530 11.59 1.52 7.65 7.75 
.518 11.59 1.46 7.95 
.518 11.59 1.52 7.64 
.530 13.55 1.66 8.18 
.530 13.55 1.75 7.75 8.07 
.518 13.55 1.64 8.26 
.518 13.55 1.68 8.08 
.518 15.50 1.94 8.01 8.01 

• 0.01 M Tris-DCl buffer, ionic strength 0.06 adjusted 
with MaCl, pV 8.63, temperature 25.6 ± 0.1°. b Aver
age substrate concentration to approximately 60% acylation. 

lines and these are shown in Table IV along with 
the probable error in each quantity. One can see 
that the probable errors in both k% and Km are quite 
large. This arises because both these quantities 
depend on the slope of the line in Fig. 3 and since 
the lines are almost flat the slope is not known very 
accurately. The ratio of constants Km/ki is merely 
the intercept of the lines of Fig. 3 and consequently 
is known quite accurately. Although the probable 
error in &2 is quite large, the value in H2O appears 
to be greater than that in D2O by a factor of 2.2. 
Quantitatively this value is not very significant 
but qualitatively h appears to be greater in H2O 
than in D2O. However, the ratio of the Km's 
in the two solvents is not significantly different 
from unity. The ratio &2

Hi£m
D'/&2

D-KmH is known 
quite accurately and is 1.68 ± 0.04. 

TABLE IV 

KINETIC CONSTANTS FOR THE ACYLATION OP 
«-CHYMOTRYPSIN WITH ̂ -NITROPHENYL TRIMETHYLACETATE 

*2, Km X 10», Kn /*! X 10», 

Solvent sec . - I M M sec. 

H2O 0.37 ± 0 . 1 1 1.6 ± 0 . 5 4.31 ± 0.06 
D2O 0.17 ± 0 . 0 7 1.2 ± 0 . 5 7.22 ± 0 . 1 5 

It is likely that Km is a dissociation constant 
for the enzyme-substrate complex (k-1 > > &2) 
and one might expect, therefore, that KnP would 
be less than Km

H; in other words, that the sub
strate would be more tightly bound to the enzyme 
in D2O than in H2O. The substrate p-nitrophenyl 
trimethylacetate has large hydrocarbon-like parts 
and it might be expected that the substrate would 
tend to be "squeezed out" of solution and onto the 
hydrocarbon parts of the enzyme more in D2O than 

in H2O. D2O forms stronger hydrogen bonds with 
itself than H2O does and most compounds are less 
soluble in D2O than in H2O.20 If K^ ,KJ3- is 
less than one then from the above ratio &2

H/£2
D is 

greater than 1.68. This discussion is very quali
tative and depends on certain assumptions but it 
substantiates the earlier result that £2

H/£2
D is of 

the order of 2 or more. 
In order to calculate k for each run, values for 

A (see eq. 3) were obtained in both H2O and D2O. 
It can be shown from Gutfreund and Sturtevant's7 

derivation that A = ks(E) and thus, since the initial 
enzyme concentration (E) is known, one can obtain 
the kinetic constant kz in both H2O and D2O. 
The average value of this constant in H2O is 1.33 
± 0.03 X 10-4 sec."1 and in D2O is 0.443 ± 0.005 
X 10- sec." These were obtained under the 
same conditions of temperature and pH as the runs 
of Tables II and III. The deviations in the con
stants are the average deviations of 5 values in H2O 
and 2 values in D2O. Therefore the ratio kiH/ki° 
for the deacylation of trimethylacetyl-a-chymo-
trypsin is 3.0. This is similar to the value given 
earlier (2.5) for the deacylation of 2ra«s-cinnamoyl-
a-chymotrypsin. The ratio for the deacylation of 
trimethylacetyl-a-chymotrypsin is less accurate 
since in the calculation of k$ in each solvent it was 
necessary to know the enzyme concentration and 
the molar absorptivity of />-nitrophenolate ion. 
This was not determined accurately in D2O. 
For the deacylation of /raws-cinnamoyl-a-chymo-
trypsin it was not necessary to know the enzyme 
concentration or any molar absorptivities ac
curately, since k$ was determined from a first-
order plot of the data rather than a zero-order plot. 
Nevertheless the result for the deacylation of tri-
methylacetyl-a-chymotrypsin is in essential agree
ment with the result for the deacylation of trans-
cinnamoyl-a-chymotrypsin and substantiates 
the conclusion that a sizable isotope effect is con
nected with the enzymatic deacylation reaction. 

The a-Chymotrypsin-catalyzed Hydrolysis of N-
Acetyl- L-tryptophan Methyl Ester in H2O and D2O. 
—The kinetic results are shown in Table V. 

TABLE V 

T H E O>CHYMOTRYPSIN-CATALYZED HYDROLYSIS OF 

N-ACETYL-L-TRYPTOPHAN M E T H Y L ESTER IN H 2 O AND D 2 O " 
[Sub

strate] 
[Enzyme] (S)o 

Sol- (EJ X 10s, X 10», 
vent M M 

H8O 
H2O 

2.79 
3.25 

3.09 
2.73 

PH or 
pT>>> 

8.250 
8.250 

Av. 

*ca t , 

sec . - 1 

54.8 
55.0 
54.9 

X Fo*. 
M 

6.7 

7.8 

D2O 6.50 2.70 8.850 19.30-19.43 1.3-3.4 
D2O 6.50 3.21 8.850 19.38-19.50 1.3-3.6 

Av. 19.4 1.3-3.6 
« Temperature, 24.73 ± 0.05°, 0.002 M Tris HCl (or 

DCl) buffer adjusted to ionic strength 0.05 with CaCl2. 
* Zero-point. 

The constants &Cat and Km' were determined by 
a least squares fit of the experimental data to the 

(20) I. Kirshenbaum, "Physical Properties and Analysis of Heavy 
Water," McGraw-Hill Book Co., Inc., New York, N. V., 1951, p. 39. 

(21) Using these values for kt, one can easily show that h » h and 
*i(S) » kiKm as was assumed earlier (see Experimental section). 
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integrated expression of the Michaelis-Menten 
equation for inhibition by one product, in this case 
N-acetyl-L-tryptophan.16 In order to calculate 
these constants one must know the value of Ki, 
the inhibition constant for N-acetyl-L-tryptophan. 
Cunningham and Brown16 give a value of 8.7 ± 
2 X 10-3 for this constant at 25° and pK 8.0 in 
water and this value was used for determining 
&cat and Km' with water as solvent. Cunningham 
and Brown observed that K did not vary greatly 
with pYL above pK 8. The constant kca.t depends to 
only a very slight extent on the value chosen for K\ 
since it depends on the factor (1 — Km'/Ki) which is 
very close to unity. However, the calculated 
value of Km' depends on the factor [1 + (S)o/.Kj] 
(where (S) o is the initial ester concentration) and, 
since (S)o/Ki is of the order of 0.3 to 0.4, a large 
change in Ki would affect the value of Km' signifi
cantly. In addition, a plot of the data for this 
ester according to the integrated expression gives a 
very accurate value for the intercept (from which 
&cat is calculated) but the slope of the line (from 
which Km' is calculated) is very small and difficult 
to determine accurately. Thus the value for &Cat 
is probably accurate within 1%, but the value for 
Km' is likely good to only 10 or 20%.22 

The value of K1 for N-acetyl-L-tryptophan in 
D2O is not known and thus to calculate &Cat and 
Km for the experiments in D2O one must assume 
some value for K. To obtain the values given in 
Table V, Ki in D2O was assumed to be either five 
times greater than in H2O or one-fifth of its value 
in H2O {i.e., 43.5 X 1O-8 or 1.75 X 1O-8 M, re
spectively). Thus a spread of values for &Cat and 
Km in this solvent is obtained as indicated in the 
table. The higher values for both these constants 
are obtained assuming the higher value of K1. 
Again, one can see that &Cat depends very little on 
Ki and the value 19.4 sec. - 1 is probably accurate 
within 1%, whereas at the present time one can 
only say that Km in D2O is probably in the range 
1.3-3.6 X 10-5 M. One might expect that Km' 
and Ki would change in the same direction in 
D2O and this would thus favor the smaller values 
ioiKm'. 

From the values for kc*t and Km' given in Table 
V one obtains &catH/&catD = 2.83 and Km'n/Km'^ 
= 2.2 to 6.0. 

For the runs in D2O, 50 /A. of enzyme solution 
in H2O was added and also the base used for the 
titration was a water solution. Since in this re
search the relative values of the constants in the 
two solvents were desired, the above procedure was 
followed in order to minimize any errors. The 
D2O was thus diluted by approximately 1% water 
by the end of the run. I t is not likely that this will 
have any large effect on the results. 

Discussion 
A summary of the results obtained in this research 

is shown in Table VI. 
A possibility which must be kept in mind when 

interpreting kinetic results of enzyme reactions in 
(22) The values for feat and Km' obtained in this research using N-

acetyl-L-tryptophan methyl ester compare favorably with those found 
by Cunningham and Brown18 using N-acetyl-L-trytophan ethyl ester 
under comparable conditions. Their value for fccat is approximately 
40 sec."" and for Km' is 8.9 =fc 2 X 10"• M. 

TABLE VI 
THE KINETIC ISOTOPE EFFECTS OF D2O ON SEVERAL 

O-CHYMOTRYPSIN-CATALYZED REACTIONS 
Con- *nto/ 

Reaction stant" £Dioa 

Acyln. with ^-nitrophenyl trimethylacetate k% 2.2J 

Acyln, with p-nitrophetiyl trimethylacetate Km 1.36 

Deacyln. of trimethylacetyl-a-chymotrypsin kt 3.0 
Deacyln. of /rans-cinnamoyl-a-chymotryp-

sin k> 2.5 
Hydrol. of N-acetyl-L-tryptophan methyl 

ester kmt 2.83 
Hydrol. of N-acetyl-L-tryptophan methyl 

ester KJ 2.2-6.0 
» £H8o/£D2o ;s eqUa] to the ratio of the value of the partic

ular constant in H2O to that in D2O. b These values are 
only approximate. 

D2O is that the D2O may change the hydrogen-
bonded structure of the enzyme thus causing partial 
or full inactivation. The a-chymotrypsin used in 
these experiments was at least not irreversibly 
inactivated since enzyme solutions in D2O could be 
titrated using N-/ratts-cinnamoylimidazole and the 
concentrations obtained were approximately equal 
to what was expected from the weight of the crystal
line enzyme which was used to prepare the solution. 
Also, in the kinetic runs, enzyme solutions which 
had remained in D2O for only minutes or for days 
gave the same results. In a few cases aqueous 
solutions of the enzyme were used for the D2O 
runs (since such a small amount of the enzyme solu
tion was used, the dilution by water would have a 
negligible effect) and the same result was ob
tained as when an enzyme solution in D2O was 
used. Similarly, when an enzyme solution in 
D2O was added to a reaction in water, a rate char
acteristic of the H2O reaction was obtained. There
fore, if the enzyme is partially inactivated by D2O, 
not only the deactivation but also its reactivation 
in H2O must be a very rapid reaction. The in
herent reasonableness of the ratios in Table VI is 
one argument that the enzyme is not being in
activated due to a structural change when dis
solved in D2O. All of these ratios can be rational
ized in terms of what is known about non-enzy
matic reactions in D2O. This could be coincidence, 
although such a possibility is unlikely. Where 
the kinetics of other enzymes have been studied in 
D2O, the effect of the D2O is usually small which 
indicates that the structure of the enzymes has not 
been changed noticeably.19'28-27 Also, in cases 
where the helix and random coil equilibrium in 
hydrogen and deuterium solvents have been 
studied,28 it has been found that the transition 

(23) K. B. Wiberg, Chem. Revs., 65, 719 (1955). 
(24) S. Seltzer, G. A. Hamilton and F. H. Westheimer, / . Am. Chem. 

Soc, 81, 4018 (1959). 
(25) J. F. Thomson, Arch. Biochem. Biophys., 90, 1 (1960); J. F . 

Thomson and F. J. Klipfel, Biochim. et Biophys. Acta, 44, 72 (1960). 
(26) A. Stockell and E. L. Smith, / . Biol. Chem., 227, 1 (1957). 
(27) R. A. Alberty, W. G. Miller and H. F. Fisher, J. Am. Chem. 

Soc, 79, 3973 (1957); R. Bentley and D. S. Bhate, J. Biol. Chem., 
235, 1225 (1960); G. W. Kosicki and P. A. Srere, ibid., 236, 2566 
(1961). 

(28) M. Calvin, J. Hermans, Jr., and H. A. Scheraga, J. Am. Chem. 
Soc, 81, 5048 (1959); J. Hermans, Jr., and H. A. Scheraga, Biochim. 
et Biophys. Ada, 36, 534 (1959); H. A. Scheraga in "Protein Struc
ture and Function," Brookhaven Symposium in Biology No. 13. 1960. 
p. 71. 



2576 MYRON L. BENDER AND GORDON A. HAMILTON Vol. 84 

temperature for the hydrogen solvent was dif
ferent from that for the deuterium solvent by only 
approximately 10°. Therefore, if D2O causes some 
change in the structure of chymotrypsin at 25° then 
one should observe the same effect in H2O at ap
proximately 15 or 35°. This is not observed to be 
the case.29 

An inspection of Table VI indicates that each 
of the rate constants (&2, k% and &Cat) is decreased 
in D2O relative to that in H2O by a factor of 2 to 
3. This factor is too large to be attributed only 
to solvation of ions which may be produced in 
these steps; in such cases the rate of the reaction in 
D2O differs from that in H2O usually by only a 
factor of 1.0 to 1.5.30 On the other hand, the 
factor of 2 or 3 is what one would expect for a re
action which involved a proton transfer in the rate-
controlling step.23'31 Consequently these steps 
probably involve a rate-determining proton trans
fer. Also, these results effectively rule out any 
mechanism for the enzymatic reaction which has 
the enzyme acting only as a nucleophile. For 
nucleophile-catalyzed non-enzymatic reactions kn/ 
kP is usually very close to unity5; in the few cases 
where this ratio is as high as 1.8 the nucleophile 
is a carboxylate anion and from the effect of pH 
on the enzyme reaction it is doubtful that a car
boxylate group on the enzyme is acting as a nucleo
phile. However, even if a carboxylate group were 
involved one could not explain the fact that 
&H/£D is greater than 2 for the enzyme reactions.32 

Several mechanisms for the enzymatic reaction 
have been proposed which involve a proton trans
fer in the rate-controlling step.4 They include: 
a group on the enzyme acting as a general base 
(such non-enzymatic reactions do give isotope ef
fects of the magnitude observed here5); two groups 
on the enzyme acting together, one acting as a 
nucleophile and the other as a general acid (if a 
proton was donated by the general acid in the rate-
determining step then a kinetic isotope effect would 
be expected); two groups on the enzyme acting 

(29) The temperature effects on chymotrypsin-catalyzed hydrolyses 
are normal; for a review see K. J. Laidler, "The Chemical Kinetics 
of Enzyme Action," Oxford Univ. Press, London, 1958, p. 245. 

(30) R. E. Robertson and P. M. Laughton, Can. J. Chem., 34, 1714 
(1956); 36, 1319 (1957); 37, 1491 (1959); cf. C. A. Bunton and V. J. 
Shiner, Jr., J. Am. Chem. Soc, 83, 3207, 3214 (1961). 

(31) F. A. Long and J. Bigeleisen, Trans. Faraday Soc, 55, 2077 
(1959). 

(32) In the papain-catalyzed hydrolysis of N-a-benzoyl-L-arginine 
ethyl ester,26 kcat is insensitive to substitution of HaO by D2O indicat
ing a different rate-determining step 

together, one acting as a general base and the other 
as a general acid; and other more complicated (and 
consequently more speculative) mechanisms. The 
deuterium isotope effects cannot distinguish be
tween these various mechanisms. 

As was indicated earlier, the effect of p~D on the 
rate of the deacylation of £ra«s-cinnamoyl-a-
chymotrypsin is precisely what would be expected 
for dependence on a single group which ionizes 
around neutral pH.. The pK& of this group is 7.75 
in D2O which is 0.60 unit higher than its pKa. in 
H2O (7.15). It is reasonable that this group is 
an imidazole group of a histidine residue as has 
been proposed many times previously.4 Since 
the effect of D2O on the pKa of the active group is 
almost exactly what one would expect,17 this is a 
further indication that the same reaction occurs in 
D2O as in H2O and that no major structural change 
of the enzyme occurs in D2O. 

It is difficult to conclude much from the effect 
of D2O on Km and KJ, since these ratios are not 
known accurately. Since Km is most likely a dis
sociation constant of the initial enzyme-substrate 
complex, the lack of a kinetic isotope effect on this 
constant tends to indicate that KJ is not merely 
a dissociation constant since a kinetic isotope effect 
appears to be associated with it. This indication 
is interesting when compared with the conclusion 
of Bernhard, Coles and Nowell34 that KJ is an 
equilibrium constant. However, it should be 
stressed that the effects of D2O on Km and KJ are 
not known accurately and thus these arguments are 
not too conclusive.36 

The main conclusion to be obtained from this 
research is that a sizable kinetic isotope effect is 
observed for several a-chymotrypsin-catalyzed 
reactions and any mechanism which is proposed 
for the enzymatic reaction must be able to explain 
this fact. Further discussion of the mechanism of 
the enzymatic reactions will be reserved for the 
final paper of this series.33 

(34) S. A. Bernhard, W. C. Coles and J. F. Nowell, ibid., 82, 3043 
(1960). 

(35) A referee has pointed out that if the formation of ES is as
sumed to be a chemical process such as 

o-
: B + EAH + RCf "T-** EACR + BH+ 

X 
an isotope effect on Km would be expected, provided that E-A-H is a 
very weak acid. 

(33) M. L. Bender, / . Am. Chem. Soc. 84, 2582 (1962). 


