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Indirect evidence for the formation of an acyl-enzyme intermediate in the a-chymotrypsin-catalyzed hy­
drolysis of specific substrates is presented, as are many of the implications of the acyl-enzyme mechanism. 
The dichotomy of meaning of the apparent Michaelis constant, JCm(app), and the catalytic rate constant, fcMt, in 
these reactions, because of the two bond-breaking steps, is discussed. Literature data indicate that while 
•STm(app) of specific amide substrates is a true binding constant, Xm(app) of specific ester substrates is a com­
bination of an equilibrium constant and rate constants. Furthermore, kM of specific amide substrates is con­
trolled by the acylation step, kt, while kmt of specific ester substrates is controlled by the deacylation step, kt. 
A family of substrates containing the same acylamino acid moiety but having differing inherent reactivity 
toward nucleophiles may show identical /fecat's in a-chymotrypsin reactions; such a phenomenon may be used as 
a strong argument for the postulation of an acyl-enzyme intermediate. The determination of ki/kt ratios 
and of the individual constants kt and k, from kmi and JCm(app) is discussed. Examples of an inverse relation­
ship between /feet and JCm(app) in a given family of reactions are noted. The partitioning of the acyl-enzyme 
intermediate by water and an added nucleophile can account for various transfer reactions. The identical 
partitioning from two different substrates of a common acid moiety may be used as a strong argument to postu­
late acyl-enzyme intermediate formation, if it is shown that the two substrates give different partitionings 
in nonenzymatic reactions. The presence of the acyl-enzyme intermediate leads to the possibility of an addi­
tional (noncompetitive) inhibition through combination of the inhibitor with the acyl-enzyme. Both the 
activation parameters and the pH dependence of the catalytic rate constant may be complex because of the 
complex nature of the catalytic rate constant. Most of these considerations will be tested in the accompanying 
papers. 

Introduction 

Previous papers from this laboratory on the mecha­
nism of a-chymotrypsin-catalyzed hydrolyses have con­
centrated on the observation and description of the in­
dividual steps of the reaction through the use of non-
specific (kinetically poor) substrates which possess 
two characteristics: (1) a good leaving group so that 
the rate constant of acylation is greater than that of 
deacylation, and (2) a highly conjugated structure so 
that the extinction coefficient of the substrate is large 
and is perturbed significantly by at tachment to the 
enzyme.3 Using this approach it was possible to ob­
serve and characterize the acylation and deacylation 
steps and also the acyl-enzyme intermediate in a num­
ber of a-chymotrypsin-catalyzed hydrolyses. 

In the present series of papers investigations of the 
a-chymotrypsin-catalyzed hydrolyses of specific (kine­
tically good) substrates are described. In general, it 
is not possible to observe the individual steps 'of acyla­
tion and deacylation in the hydrolyses of specific sub­
strates because the two requirements mentioned above 
are not met; furthermore, the reactions of specific sub­
strates are so exceedingly fast that , in contrast to the 
slow reactions of nonspecific substrates, instrumenta­
tion is not available to detect the individual steps of the 
reaction. Therefore, it is often necessary to resort to 
indirect arguments to detect and characterize the indi­
vidual steps of the reaction. 

One of the primary goals of these investigations is to 
determine whether an acyl-enzyme intermediate is 
formed in the a-chymotrypsin-catalyzed hydrolysis of 
specific substrates, as was demonstrated earlier for 
nonspecific substrates. The garnering of evidence for 

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

(2) Paper XXVII in the series: The Mechanism of Action of Proteolytic 
Hmymes, 

(3) M. L. Bender, J. Am. Chem. Soc., 84, 2582 (1962). 

intermediate formation may be approached in many 
ways.4 The most satisfying method is the isolation of 
the intermediate from the reaction mixture and proof 
of its subsequent transformation to give the reaction 
products. The next most desirable method is the 
detection of transient intermediates by the observation 
of some physical property associated with the inter­
mediate. But most evidence for transient intermedi­
ates is completely indirect in nature, stemming from 
the chemical properties of the system such as the kine­
tics, the effect of structure on reactivity, or various 
chemical consequences such as the product distribution, 
the stereochemistry of the products, or isotopic results.4 

In the present paper the basis of the indirect kinetic evi­
dence for acyl-enzyme intermediate formation will 
be presented and analyzed. 

The Acyl-Enzyme Hypothesis.—In 1950, Wilson, 
Bergmann, and Nachmansohn proposed that an acyl-
enzyme intermediate was formed in acetylcholinester-
ase-catalyzed hydrolyses.6 This suggestion was fol­
lowed by similar suggestions for a-chymotrypsin, which 
have been discussed in detail previously.3 The equa­
tion for an enzyme-catalyzed hydrolysis involving an 
acyl-enzyme intermediate is shown in eq. 1. This 

K9 &» kt 
E + S ^ E S >- ES' > E + P8 (1) 

+ 
Pi 

formulation includes ES, the enzyme-substrate com­
plex; ES' , the acyl-enzyme; and Pi and P2, the alcohol 
and acid portions of an ester substrate, respectively '• 

(4) M. L. Bender in "Techniques of Organic Chemistry, 2nd Ed., A. 
Weissberger, Ed., Vol. VIII, Part 2, John Wiley and Sons, Inc., New Voik 
N. Y., 1963, Chapter XXV. 

(5) I. B. Wilson. F. Bergmann, and D. Nachmansohn, J. Biol. Chem., 186, 
781 (1950). 

(6) F. J. Kezdy, G. E. Clement, and M. L. Bender, J. Am. Chcm. Soc.. 86, 
3690 (1964). 
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In this and subsequent discussions, the substrate bind­
ing constant, K3, of a-chymotrypsin-catalyzed reactions 
is treated as a true equilibrium constant. All investiga­
tions so far indicate tha t for a-chymotrypsin reactions 
this is a true equilibrium binding constant (fc-i/&i) 
rather than a steady state constant (kt + k-i)/ki).7 

Measurements of the reaction of a-chymotrypsin 
with benzoyl-L-tyrosine ethyl ester indicate tha t k\ is 
> 2 X 106Af-1 s ec . - 1 8 ; furthermore, ^1 for the formation 
of enzyme-substrate complexes is generally between 
106 and 108 Af-1 sec. - 1 . 8 For a-chymotrypsin reactions, 
K.'s for amides vary from 1 0 - 2 to 1O - ' M. If in a-
chymotrypsin reactions, kx = 108 M~l sec. - 1 , and if K3 

is a steady-state constant as defined above, k2 + k-\ 
must be equal to 105-106 s ec . - 1 which is higher than 
any recorded rate constant for kt by several orders of 
magnitude10; thus one can be certain tha t K3 is indeed 
an equilibrium constant. Several experiments in our 
laboratory confirm this conclusion: (1) the presteady 
state (&2 step) does not exhibit an induction period which 
must exist if a steady state is achieved after a finite 
period of time; (2) the values of true (reversible) inhibi­
tor constants are neither pH dependent nor time de­
pendent; and (3) K3 is essentially independent of 
pH whereas k2 is highly pH dependent. 

The formulation of the acyl-enzyme mechanism (eq. 
1) should be compared with the usual Michaelis-Men-
ten scheme of an enzymatic process shown in eq. 2. 
In the lat ter equation, ES, Pi, and P2 have the same 

K m U p p ) fce., 

E + S < * ES >• E + P1 + P, (2) 

meanings as above, but ifm(app) is not identical with 
K3 nor, of course, is ko*% identical with k2 or k%. The 
relationship between the constants of eq. 1 and 2 has 
been pointed out before.1 1 - 1 3 

The relationship between K3 of eq. 1 and iCm(app) of 
equation 2 is 

tfm(app) = ( M * , + k3))K3 (3) 

The relationship between the rate constants, k2 and k3, 
of eq. 1 and the catalytic rate constant, kc*t, of eq. 2 is 

/fee. = *!*«/(*! + *l) (4) 

Equations 1-4 lead to a considerable number of kinetic 
consequences which may be used to test the fit of the 
reactions of specific substrates to the acyl-enzyme hy­
pothesis. Different kinetic results may be obtained de­
pending on the rate-determining step of the reaction. 
Two limiting cases may be defined. If k2 ^> k3, then 

tfm(app) = (VWX. (5) 
and 

&oat = ki (6) 

whereas if k3 S> ki, then 

tfm(app) = K3 (7) 
and 

^cat = ki (8) 
(7) H. Gutfriend. Discussions Faraday SoC., IB, 167 (1955). 
(8) H. Gutfreund and J. M. Sturtevant, Proc. NaIl. Acad. Sci. U. S., M, 

719 (1956). 
(9) M. Eigen, Pure Appl. Chem., 6, 97 (1963). 
(10) B. Zerner, H. P. M. Bond, and M. L. Bender. J. Am. Chem. Soc, 

86, 3674 (1964). 
(11) I. B. Wilson and E, Cabib, J. Am. Chcm. Soc, 78, 202 (1956). 
(12) H. Gutfreund and J. M. Sturtevant, Biochem.'J., 63, 656 (1956). 
(13) L. Peller and R. A. Alberty, J. Am. Chcm. Soc.. 81, 5907 (1959). 

This dichotomy of meaning of the kinetic constants can 
and does have far reaching meaning in the interpreta­
tion of mechanism of a-chymotrypsin-catalyzed reac­
tions. 

Kinetic Consequences of the Acyl-Enzyme Hy­
pothesis. Michaelis Constants.—Let us first consider 
the comparison shown in Table I of the inhibition 
constants of D-esters and corresponding D-amides, which 
of course must be true binding constants. The K1's of 
the D-ester and D-amide inhibitors are quite similar to 
one another. The ratio K1 (amide)/Xi (ester) is, 
furthermore, constant to within a factor of two for all 
three pairs of inhibitors. I t thus appears that the 
leaving group of the molecule contributes relatively 
little to binding and that the over-all binding is largely 
determined by the amino acid moiety. 

TABLE I 

INHIBITION CONSTANTS OP SOMB D-INHIBITORS OF 
OT-CHYMOTRYPSIN 

Inhibitor, Ki of amide, Ki of ester, 
N-acetyl- mht mM K-^/Kp Ref. 

D-Tyrosine 12 ± 2 5 ± 1" 2.4 14,15 
D-Phenylalanine 12 ± 3 2.4 ± 0.4C 5.0 14,15 
D-Tryptophan 2.3 ± 0.4 0.8 ± 0.2* 2.9 14,15 

* Ethyl ester. * Isopropyl ester. c Methyl ester. 

In contrast to the similarity of the inhibition constants 
of D-amide and D-ester pairs, the ifm(app) of a specific 
L-amide substrate is quite different from that of the cor­
responding specific L-ester substrate (noted in Table II) . 

TABLE II 

ifm(APp) OF SPECIFIC AMIDE AND ETHYL ESTER SUBSTRATE 
PAIRS IN O-CHYMOTRYPSIN-CATALYZED HYDROLYSIS 

Km(app) Km(app) 
Substrate, of amide, of ester, 
N-acetyl- mM mAf Km

A/Km
E Ref. 

L-Tyrosine 34 0.7 46 16,17 
L-Phenylalanine 31 1.2 26 16,18 
L-Tryptophan 5 0.09 55 16,17 

These large differences in Km(a.pp) of the L-ethyl ester 
and L-amide components of a pair cannot be explained 
in terms of differing inherent binding ability of the 
pair, since the specificity is reasonably well defined in 
terms of the interaction of the common acid portion of 
the molecule with the enzyme surface, and since the 
ethyl ester and amide groups both contain similar elec­
tronegative atoms, as indicated by the similarities 
shown by the D-amide and D-ester pairs discussed 
above.19 

If binding differences are not the explanation, what 
is the explanation of the differences in Table II? As 
noted in the previous section, the acyl-enzyme hy­
pothesis predicts tha t X m (app) of a specific substrate 
may have an entirely different meaning, depending on 
whether ki or k3 is the rate-determining step of the par­
ticular reaction. On this basis the most straightfor­
ward explanation of the data of Table II is tha t the 
(real) Ks's of the L-ester and L-amide differ by only a 

(14) R. J. Foster, H. J. Shine, and C. Niemann, ibid., 77, 2378 (1955). 
(15) R. J. Foster and C. Niemann, ibid., 77, 3370 (1955). 
(16) R. J. Foster and C. Niemann, ibid., TT1 1886 (1955). 
(17) L. W. Cunningham and C. S. Brown, J. Biol. Chem., M l , 287 (1956). 
(18) B. R. Hammond and H. Gutfreund, Biochem. J., 61, 187 (1956). 
(19) The differences in Km(app) of an ethyl ester and amide pair have been 

attributed to differences in the true binding constant of the ethyl ester and 
amide due to the added interaction of the CiHi group of the former com­
pound; G. E. Hein and C. Niemann, J. Am. Chcm. Soc., 84, 4487 (1962) 
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small factor, and tha t the values of Km(app) of the 
ester and its corresponding amide are different because 
of differing ratios (ks/(ki + k3)) in the two reactions. 

The analogy between binding of D-substrates and of 
L-substrates, for the amides a t least, is supported by 
experimental evidence: the binding is of the same order 
of magnitude, and the changes from one family of 
compounds to another are similar. Thus it is surpris­
ing that 2£i(D-ester)/.Km(app)(L-ester) = 7 whereas K-, 
(D-amide)/.Km(app)(L-amide) = 0.42. These consider­
ations strongly suggest a similar two-point binding for 
D- and L-substrates and further tha t the observed 
Km(a.pp) values are best interpretable in terms of possi­
ble perturbation of the true Ka by the ratio of rate con­
stants shown in eq. 3. 

One implication of the previous discussion is that the 
observed Km(a.pp) of a specific amide substrate is the 
real Ks, t ha t is, a true binding constant. Certainly the 
concordance between the .KVs of the D-amides (which are 
true binding constants) and the Km(app)'s of the L-
amides is an indication tha t the latter are also true 
binding constants. Furthermore, the fact that the 
catalytic rate constant of a specific amide substrate is 
approximately one-thousandth tha t of the correspond­
ing specific ester substrate means tha t the inherent 
reactivity of an amide toward nucleophilic attack is 
being seen, implying that for a specific amide substrate 
the decomposition of ES is the rate-determining step of 
the reaction and thus tha t Km(a.pp) = Kg.20 Finally, 
on the basis of eq. 1, of the fact that for an amide sub­
strate ES is an amide, and of the hypothesis that the 
intermediate E S ' is an ester for all substrates,3 it may be 
predicted tha t &2 must be much smaller than k% (because 
of the relative reactivity of amides and esters), and 
thus reactions of specific amide substrates can be char­
acterized by eq.-7, i£m(app) = Ks, and eq. 8, &cat = k2. 

As noted above, the observed fem(app)'s of specific 
ester and amide substrate pairs differ greatly from one 
another, although one would expect that the binding of 
such a pair should be similar. Furthermore, the Km-
(app) of a specific amide substrate was postulated above 
to be the real Ks. These two arguments then require 
that the observed Km(a.pp) 's of specific ester substrates 
are not true binding constants, but are in fact binding 
constants which are perturbed by rate constants ac­
cording to eq. 3. The ratios of Km

A(npp)/Km
B(app) 

for specific substrates of chymotrypsin vary from 26 to 
55 (Table I ) ; it is suggested tha t a goodly part of these 
ratios is due to the perturbation of the real Ks by the 
ratio of rate constants (£3/(^2 + W)- This ratio must 
then be less than one for specific ester substrates, for 
only then can X m

E (app) be less than KS
E which must 

approximate KS
A. If, in fact, the ratio (£3/(^2 + £3)) is 

less than one-half, then £3 must be less than k?; in other 
words, deacylation must be the rate-determining step 
for specific ester substrates, and thus the reactions of 
specific ester substrates must be characterized kineti-
cally by eq. 5 and 6.21 

Relative Rate Constants.—Rate effects brought 
about by remote substituents on discrete acylation 
and deacylation steps of chymotrypsin reactions lead 
to a description of both steps as involving nucleophilic 

(20) Gutfreund and Sturtevant (ref. 8) have made a similar argument. 
(21) Cf. I. B. WHson in "The Enzymes," 2nd Ed., Vol. 4, P. D . Boyer, H. 

Lardy, and K. Myrback, Ed. , Academic Press, Inc., N e w York, N. Y. . 1960, 
p. 611. 

attack on a carboxylic acid derivative substrate. **•** 
One then might superficially expect that the catalytic 
rate constants (Jfeeat) for specific substrates of chymo­
trypsin would reflect the relative reactivity of the sub­
strates toward nucleophiles such as hydroxide ion. 
This result is sometimes seen, but there are many excep­
tions to this conclusion—some very flagrant exceptions. 

The rigorous view, of course, must be derived from a 
consideration of eq. 4, with the aid of eq. 6 and 8, which 
describe various ramifications of the catalytic rate con­
stant. If acylation is rate determining, the catalytic 
rate constant will describe k% and the relative reactivity 
of the original substrate toward nucleophiles will be 
measured. However, if deacylation is rate determin­
ing, the catalytic rate constant will described k3; this 
constant will no longer measure the reactivity of the 
original substrate, bu t rather tha t of the acyl-enzyme 
intermediate. Thus when the catalytic rate constant of 
a series of related substrates containing the same amino 
acid moiety is observed, two limiting results can be ob­
tained: (1) the relative reactivity of the series of sub­
strates toward nucleophiles will be completely evident, 
indicating tha t the reactions of at least most of the 
series are controlled by the acylation step, /fe2; and (2) 
the relative reactivity of the series of substrates toward 
nucleophiles will be totally absent, indicating that the 
reactions of the series are controlled by the deacylation 
step, k3. The latter situation is of great importance 
since it can be used as a strong argument to postulate 
intermediate formation.10 

Calculation of the Ratio k2/k3.—Ordinarily the in­
formation available from the kinetics of an enzymatic 
hydrolysis of a specific substrate consists solely of the 
catalytic rate constant, £cat, and the apparent Michae-
Hs constant, .Km(app). From this information alone it 
is not possible to determine the ratio k^/ks. One re­
arrangement of eq. 3 and 4 in terms of the ratio ^k3 

leads to 

h/h = (JC./2i:m(app)) - 1 (9) 

indicating tha t the ratio k2/k3 may be calculated using 
the observables, &cat and Km(app), together with one 
additional piece of information, .K8. 

Let us first consider the application of eq. 9 in the 
calculation of &2A3 for specific ester substrates. Ks of 
the ester may be estimated by using the hypothesis 
that for an amide substrate Ks = i<rm(app) (vide 
supra) and further tha t the Ks's of an amide and ester 
substrate pair differ by a constant close to unity; tha t 
is, KS

B = cKs
A The value of c may be evalu­

ated from the data of Table I, using the corresponding 
D-compounds. I t appears from Table I tha t the K's 
of a D-amide-ester pair differ by a factor of 2.4 to 5. 
As a first approximation, then, which is probably cor­
rect to within a factor of two, we shall assume tha t the 
relationship found for D-inhibitors of a given amino 
acid derivative applies as well to the L-substrates, e.g., 
K3

E = KS
A/2A for the derivatives of N-acetyl-L-tyro-

sine. Using eq. 9 and the ratios of K^/Ks^ taken from 
the respective inhibitor ratios of Table I, the results 
shown in Table I I I were calculated. A considerable 
variation in the estimated Ks will still lead to a result 

(22) M. L. Bender and K. Nakamura, J. Am. Chem. Soc., M , 2577 
(1962). 

(23) M. Caplow and W. P. Jencks, Biochemistry, 1, 883 (1962). 
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which indicates that acylation is considerably faster 
than deacylation for these three specific substrates. 
This is perhaps a surprising result, and certainly is one 
that contradicts a widely held conclusion.24 

TABLE III 

CALCULATED kt/kt RATIOS FOR SPECIFIC ESTER SUBSTRATES 

OF a-CHYMOTRYPSIN 

Km(app), K, - K.K/c° 
Substrate, N-acetyl- mM mtf kt/ki 

L-Tyrosine ethyl ester 0.7 14.2 18 
L-Phenylalanine ethyl ester 1.2 6.2 4 
L-Tryptophan ethyl ester 0.09 1.73 19 

• K.A is taken from Table II and c is taken from Table I. 

TABLE IV 

K I N E T I C S O F a-CHYMOTRYPSiN-CATALYZED H Y D R O L Y S I S 

O F D E R I V A T I V E S O F N - A C B T Y L G L Y C I N E ° 

Substrate, A^t, &m(app), Aj, ki, Ka, 
ester s e c . - 1 mM s e c . - 1 s e c . - 1 mM Ref. 

Ethyl 0.013 96 0.01? 2.29 96 25 
Methyl 0.013 30.7 0.013 2.29 30.7 26 
p-Nitrophenyl 1.88 0.396 10.6 2.29 2.23 27 

• In aqueous solutions at 25.0 ± 0.1°, pH 7.90, and 0.50 M 
with respect to sodium chloride. .* Calculated values are shown 
in italics. 

Calculation of Individual Rate Constants.—A con­
sequence of the previous discussion is that,it is possible 
to calculate individual acylation and deacylation rate 
constants from over-all catalytic constants under cer­
tain conditions. Two approaches will be presented. 

If one determines a set of two or more catalytic rate 
constants for enzymatic hydrolyses using related sub­
strates which contain the same acyl amino acid moiety 
but different leaving groups, the compounds must 
possess identical deacylation, kit constants but differing 
acylation, &2, constants. The &2's should be related to 
one another according to the known relative rates of 

(24) H. Gutfreund and B. R. H a m m o n d , Biochem. J., TS, 526 (1959), 
concluded t h a t both acylat ion and deacyla t ion were equal ly ra te control l ing 
in t he a-chymotryps in-ca ta lyzed hydrolysis of N-benzoyl-L-tyrosine ethyl 
ester. 

(25) J. P. Wolf, I I I , and C. Niemann, Biochemistry, 2, 493 (1963). 
(26) J. P. Wolf, I I I , and C. Niemann, ibid., J , 82 (1963). 
(2?) Unpubl i shed observat ions of Or. R. J. T h o m a s in this l abora tory . 
(28) G. H . Nelson. J. L. Miles, a n d W. J. C a n a d y , Arch. Biochem. Bio-

phys., 96, 545 (19P.2). 
(29) R. M. E p a n d a n d I . B . Wilson, / . Biol. Chem., 238, 1718 (1963). 
(30) Unpubl ished observa t ions of Dr. B . Zerner. 
(31) R. J. Fos ter and C. N i e m a n n , X Am. Chem. Soc., TT, 3371 (1955). 

the nonenzymatic nucleophilic reactions of these sub­
strates. Considering reactions of two such compounds, 
A and B, a set of three equations in three unknowns will 
then be applicable. These three equations consist of: 
(D iUA = hKh/{ktK + k»); (2) *c.tB = kBV(**B + 
k\); and (3) kA/*»B = c where c is the ratio of rate con­
stants of the respective nonenzymatic nucleophilic 
reactions of A and B. 

If one ki can be experimentally determined or esti­
mated for such a set of reactions, that kt must of course 
be applicable to all members of the set.. By knowing 
the k3, it is then possible to determine kt for all reactions 
using eq. 4. One method to determine kt is to use a 
labile substrate such as a p-nitrophenyl ester, making it 
possible to separate kinetically the two steps of acyla­
tion and deacylation or alternatively to observe solely 
the (slower) deacylation step. 

The kinetics of a series of «-chymotrypsin-catalyzed 
hydrolyses of derivatives of N-acetylglycine, shown in 
Table IV, has been completely analyzed in terms of the 
rate constants of individual steps, because it is possible 
to determine experimentally kt and kt of N-acetylgly­
cine p-nitrophenyl ester using a stopped-flow mixing 
device. 

The interesting conclusion of Table IV is that acyla­
tion is the rate-determining step in the hydrolysis of the 
methyl and ethyl esters of N-acetylglycine whereas 
previous consideration of the hydrolysis of the ethyl 
esters of N-acetyl-L-tyrosine, phenylalanine, and tryp­
tophan indicated that deacylation is the rate-controlling 
step. 

A more extensive set of experimental data concerning 
the kinetic constants of hippuramide and ten esters of 
hippuric acid is available from the literature and this 
laboratory as shown in Table V. An inspection of the 
catalytic rate constants indicates a spread of about 
tenfold with the choline bromide, 4-pyridinylmethyl, 
and ^-nitrophenyl esters exhibiting almost identical 
and maximal rate constants in this series. On the basis 
of this identity of maximal values, it is assumed that 
the latter three compounds proceed with the deacyla­
tion step rate-controlling. Of these three compounds, 
the 4-pyridinylmethyl ester was selected as that com­
pound whose £3 was most nearly rate controlling, and it 
was assumed that k% for this entire series of compounds 

TABLE V 

KINETICS OF OJ-CHYMOTRYPSIN-CATALYZED HYDROLYSIS OF DERIVATIVES OF HIPPURIC AcrD* 
ReI. * O H - of* *OH- of ben-

Co. 

Derivative 

Amide 
Methyl ester 
Methyl ester 
Ethyl ester 
Propyl ester 
Isopropyl ester 
Isopropyl ester 
Butyl ester 
Isobutyl ester 
Choline bromide ester 
Homocholine bromide ester 
4-Pyridinylmethyl ester 
/>-Nitrophenyl ester * 

In aqueous solution at pH 7.0 and 
, Inc., New York, N. Y., 1940, p. 211. 

*cat, 
sec .* 1 

0. 

Km(app) 
mM 

12.5 
2.40 
3.23 
2.31 
1.90 
2.3 
2.05 
1.11 
2.4 

acetate, 
M - ' s e c . ' 

zoate X 1 0 V 
i f - ' s e c . " 1 

0.192 
.160 
.118 
.163 
.055 
.052 
.248 

0.234 
-7 .7 

1.8 

1.0 
1.0 
0.601 

.549 

.146 

.146 

9.01 
9.01 
2.87 
1.93 
4.64 
4.64 

Circular 510; 25°, 56% acetone-water. 

143 
.125 
.098 
.127 
.050 
.048 
.173 
.166 
.535 0.60 
.433 1.2 
.567 0.092 

- .50C 0.088 
25.0 ± 0.1". 6 L . P. Hammett "Physical Organic Chemistry," 

" "Tables of Chemical Kinetics. Homogeneous Reactions," National 
* Extrapolated to pH 7.0 and aqueous solution from pH 7.8 and 15% 

1.43 

K„ M R d . 

12.5 31 
3.22 29 
4.14 28 
2.78 28 
2.44 28 
2 52 29 
2.24 28 
1.60 28 
3.38 29 

~ 8 . 7 29 
4.98 29 

29 
30 

McGraw-Hill Book 
Bureau of Standards 
acetone-water. 
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corresponded to the catalytic rate constant of this 
compound, 0.567 sec._1. Using this one assumption, 
the acylation rate constants, kt, and the Michaelis con­
stants, K,, were calculated for the entire set of com­
pounds. One interesting result of these calculations is 
that the calculated .KVs of the simple alkyl esters, such 
as the methyl ester, ethyl ester, and propyl ester, are 
invariably less than the (experimentally measured) 
K. of the amide. In a crude way, it can be seen that 
.K,(amide) = 3 to 5 Ka(ester). This observation is an 
important corroboration of the premise made earlier 
that JiTs(amide) = 2.4 to 5.0 K3 (ester) for various 
specific substrates of a-chymotrypsin, on the basis of a 
comparison of the Ki's of D-inhibitors. Another result 
of these calculations is that the jfej's of the simple alkyl 
esters parallel the saponification rates of the corre­
sponding acetates or benzoates in a crude way, except 
for the butyl esters. 

The Relationship between k^ and Xm(app).—Equa­
tion 3 predicts an inverse relationship between &cat and 
Km(a.pp) for a series of substrates of the same family. 
This relationship can be seen in the rearranged form of 
eq. 3 

Km(s.pp) = Ks/dh/h) + 1) 

In a given family of substrates (in which the amino acid 
moiety is constant), previous experience indicates that 
K, is essentially invariant, and of course in a given 
family having a common acyl-enzyme, k% is invariant. 
Under these circumstances an increase in k% will produce 
an increase in fecat but will produce a decrease inKm(a.pp) 
leading to an inverse relationship between &cat and Km-
(app) in many families of reactions of chymotrypsin, 
such as those shown in Tables IV, V, and VI. This argu­
ment is restricted to conditions in which neither &2/fc3 

nor kz/ki is negligible with respect to 1. 

TABLE VI 

T H E RELATIONSHIP BETWEEN kM AND Km(Avr) IN THE 

H - C H Y M O T R Y P S I N - C A T A L Y Z E D HYDROLYSIS OF A FAMILY OF 

N-ACETYL-L-VALINE COMPOUNDS" 

Substrate Km(app), mAf k^t, sec. - 1 

Amide 250 Too slow 

Isopropyl ester 177 0.081 

Ethyl ester 110 .13 

Methyl ester 117 .15 

/3-Chloroethyl ester 19 .22 

The Ratio fccat/.Km(app).—The division of eq. 4 by 
3 leads to eq. 10. 

*cat/i£m(app) = h/K. (10) 

This equation has interesting implications for reactions 
in which k% is rate controlling. For such reactions, it is 
possible to determine the observable /fecat and Km(a.pp) 
and then to use these quantities to calculate ki/Ks, 
which under certain circumstances can be used in place 
of fe2. For example, suppose one wishes to know the 
effect of some external variable, such as pH or an added 
nucleophile, on k$ and &2. The effect of such a variable 
on £3 can be determined directly from its effect on kc«.t 
if indeed k% is the rate-determining step of the reaction. 
The effect of the variable on ki of the same reaction can 
then be found by observing its effect on feCat/-Km(app) = 
kv'Ks, assuming that its effect on Ks is nil. 

(32) G. Hein and C. Niemann, Proc. Natl. Acad. Sci. U. S., «T, 1341 
(1961). 

Partitioning of the Acyl-Enzyme Intermediate.— 
Equation 1 tacitly omits an important factor in the 
chymotrypsin reaction, namely that every hydrolytic 
reaction involves a molecule of water. Since it is im­
possible to vary the concentration of water in water for 
kinetic purposes, it is convenient to add an extra nucleo­
phile. The introduction of a second nucleophile such 
as alcohol or an amine will result in a system following 
eq. 11, which indicates a partitioning of the acyl-
enzyme intermediate by water and the added nucleo­
phile 

E + S : : E S - ES ' 
+ 
Pi 

ti(HiO) 

&(N) 

- » - E + P, 

-*- E + P, 
( H ) 

One implication of the partitioning of an acyl-enzyme 
intermediate by water and an added nucleophile is 
that an identical partitioning ratio should be observed 
for two substrates which may be quite different in in­
herent reactivity but which produce the same acyl-
enzyme. For example, the acetylcholinesterase-cat-
alyzed reactions of both ethyl acetate and acetylcholine 
in the presence of 0.5 M hydroxylamine produced 10% 
acetohydroxamic acid and 90% acetic acid." Further­
more, in the a-chymotrypsin-catalyzed hydrolysis and 
hydroxylaminolysis of ten hippuric acid esters of vary­
ing reactivity, the same fraction of hydroxamic acid 
was formed." These results are consistent with the 
acyl-enzyme hypothesis, and in particular with eq\ 11. 

A necessary and sufficient condition for the exclusion 
of the intermediacy of an acyl-enzyme is the lack of 
adherence to the rule of identical partitionings discussed 
above. It was suggested that such a situation exists in 
the a-chymotrypsin-catalyzed hydrolysis and hydroxyl­
aminolysis of N-acetyl-L-tyrosine hydroxamic acid.36 

Equation 11 leads to kinetic equations describing 
dPi/dt, dP2/d<, and dPz/dt. These equations may be 
analyzed in terms of the effect of the concentration of 
the added nucleophile on the catalytic rate constant, 
which has a different meaning, depending on whether Ph 

P2, or Pz is being observed, and whether k2 or k3 is the 
rate-determining step of the reaction.36 

Inhibition.—The postulation of an acyl-enzyme 
intermediate in the reaction increases the possibilities 
of inhibition of the reaction. The simplest inhibition 
of course is a competition between inhibitor and sub­
strate for the native enzyme, resulting in what might 
be called inhibition at the enzyme-substrate level. 
However, with the addition of an acyl-enzyme to the 
mechanism, the inhibitor may conceivably combine 
with the acyl-enzyme and depress the rate of the de-
acylation step. This is especially true in acetylcholin-
esterase-catalyzed reactions since this acyl-enzyme has 
lost the specificity of the quaternary nitrogen group in 
the expelled leaving group. In acetylcholinesterase-
catalyzed reactions, the noncompetitive component 
noted in the reversible inhibition produced by sub­
stituted ammonium ions has been attributed to com­
bination of the inhibitor with the acyl-enzyme, leading 

(33) I. B. Wilson in "The Enzymes," P. D. Boyer, H. Lardy, and K. 
Myrback, Ed., 2nd Ed., Vol. 4, Academic Press, Inc., New York, N Y , 1960, 
p. SlO. 

(34) R. M. Epand and I. B. Wilson, J. Biol. Chem.. 138, 1718 (1863). 
(35) M. Caplow and W. P. Jencks, ibid., 138, PC 1907 (1963). 
(36) M. L. Bender, G. E. Clement, C. R. Gunter, and F J. Keidy, 

J. Am. Chem. Soc, 86, 3697 (1964). 



3674 B. ZERNER, R. P. M. BOND, AND M. L. B E N D E R Vol.86 

to the inhibition of the deacylation step.3738 Further­
more, the substrate inhibition seen in the acetylcholin-
esterase-catalyzed hydrolysis of acetylcholine has also 
been attributed to the same phenomenon.11 '39 Al­
though tliese phenomena are also theoretically possible 
with a-chy mo trypsin, they will not likely be observed 
because the acyl-chymotrypsin intermediate derived 
from a specific substrate preserves essentially all of the 
original specificity, resulting in blockage of the active 
site toward a foreign inhibitor. 

Activation Parameters.—Since the catalytic rate 
constant is a complex constant, the activation energy 
of the catalytic rate constant may not be a constant in­
dependent of temperature. If, for example, the tem­
perature dependencies of ki and k3 are different from 
one another, a change in rate-determining step with 
temperature may occur. Such a phenomenon has ap­
parently been observed in the acetylcholinesterase-
catalyzed hydrolysis of acetylcholine,11 and in the a-
amylase-catalyzed hydrolysis of amylose.40 No report 
of such a phenomenon in an a-chymotrypsin-catalyzed 
hydrolysis is known. 

pH Dependence.—If indeed the catalytic rate con­
stant is a complex constant, the p H dependence of this 
quanti ty may also be a complex function. This is 
especially true if the pH dependence of £2 is different 

(37) R. M. Krupka and K. J. Laidler, J. Am. Ckem. Soc, 83, 1445 (1961). 
(38) I. B. Wilson and J. Alexander, J. Biol. Chem., IiT, 1323 (1962). 
(39) R. M. Krupka and K. J. Laidler, / . Am. Ckem. Soc., SJ, 1448 (1961). 
(40) K. Hiromi, Y. Takasaki, and S. Ono, / . Biochem. (Tokyo), SS, 563 

(1963). 

Introduction 
One of the predictions of the kinetic analysis of the 

previous paper4 concerns the relative catalytic rate con­
stants of the a-chymotrypsin-catalyzed hydrolysis of a 
family of compounds having a common acylamino acid 
moiety but different leaving groups. This prediction is 
based on the postulate of an acyl-enzyme intermediate 
in a-chymotrypsin reactions3 '4 (eq. 1) and the nucleo-

(1) This research was supported from grants from the National Institutes 
of Health. 

(2) Paper XXVIII in the series: The Mechanism of Action of Proteolytic 
Enzymes. 

(3) M. L. Bender, J. Am. Chem. Soc, 84, 2582 (1962). 

from tha t of k3. If this is the case, the pH dependence 
of the reaction of a specific substrate whose rate-deter­
mining step is ki will differ from tha t of a specific sub­
strate whose rate-determining step is k3. A perusal of 
the literature indicates this may indeed be the case. 
For example, the pH-fe^it profiles of the specific ester 
substrates, N-acetyl-L-tryptophan ethyl ester and N-
acetyl-L-tyrosine ethyl ester, whose rate-determining 
steps are postulated above to be deacylation, k3, are 
sigmoid curves41; on the other hand, the pH-rate 
profiles (at a So/K. ratio of 2.0 to 3.7 which approaches 
conditions of maximal velocity and therefore £cat) of the 
specific amide substrates N-acetyl-L-tryptophah amide 
and N-nicotinyl-L-tryptophan amide, whose rate-
determining steps are postulated above to be acylation, 
&2, are bell-shaped curves.42 Furthermore, if the pH 
dependencies of the two steps are different from one 
another, a change in rate-determining step with pH 
might be fbund at some point. Finally, if the pH de­
pendencies of k2 and k3 are different from one another, 
and if the catalytic rate constant of specific substrates is 
a complex function of both steps, the pH dependence of 
the catalytic rate constant will consist of a family of 
curves determined by the relative contribution of each 
step in the over-all catalytic rate constant.43 

Acknowledgment.—The authors thank Dr. Ferenc J. 
K£zdy for many helpful suggestions. 

(41) L. W. Cunningham and C. S. Brown, J. Biol. Chem., ISl, 287 
(1956). 

(42) H. T. Huang and C. Niemann J. Am. Chem. Soc., TS, 1541 (1951). 
(43) M. ,'.. Bender, G. E. Clement, F. J. K&dy, and H. d'A. Heck, ibid., 

86, 3680 (1964). 

philic c h a r a c t e r of b o t h t h e acy la t ion a n d deacy l a t i on 
react ions. 6 ' 6 T h e c o m b i n a t i o n of t he se t w o h y p o t h e s e s 

K, ki *i 

E + S y * - ES >- ES' >- E + P2 

+ (D 
Pi 

predicts that the catalytic rate constants of those reac­
tions whose rate-determining step is acylation, ki, will 
exhibit the full relative nucleophilic reactivity of the 
various compounds, whereas the catalytic rate constants 

(4) B. Zerner and M. L. Bender, ibid., 86, 3669 (1964). 
(5) M. L. Bender and K. Nakamura, ibid., 81, 2577 (1962). 
(6) M. Caplow and W. P. Jencks, Biochemistry, 1, 883 (1962). 
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The kinetics of the a-chymotrypsin-catalyzed hydrolysis of N-acetyl-L-tryptophan ethyl, methyl, and p-
nitrophenyl esters and of N-acetyl-L-phenylalanine ethyl, methyl, and £-nitrophenyl esters was determined. 
The catalytic rate constants of the three tryptophan reactions are practically identical with one another, as 
are the catalytic rate constants of the three phenylalanine reactions. Ethyl, methyl, and p-nitrophenyl esters 
would be expected to show widely different rates in chymotrypsin reactions which are nucleophilic in character. 
The identity of each set of catalytic rate constants may therefore only be explained in terms of a rate-determining 
decomposition of a common intermediate. This intermediate may be most simply identified as N-acetyl-L-
tryptophanyl-a-chymotrypsin in the first set of reactions and N-acetyl-L-phenylalanyl-a-chymotrypsin in the 
second set of reactions. Using the hypothesis that the />-nitrophenyl ester reaction proceeds with deacylation 
completely rate controlling, or using a relationship between the relative ifm(app)'s of these and other com­
pounds, individual rate constants for acy'ation and deacylation are calculated. The relative ki's (acylation) 
are in good agreement with the nucleophilic order of the corresponding carboxylic acid derivative as measured 
with hydroxide ion. 


