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the phototube and by reducing the aperture an­
terior to the analyzing polaroid. It is probable 
that in the dispersion curves obtained earlier with 
the Rudolph instrument the anomaly may also 
have been caused by stray light, partially polarized 
by reflection. 

Experimental 
£-(£-Dimethylaminobenzeneazo)-benzoylaminoacetic acid 

was synthesized according to Karush.2 

Human serum albumin was obtained from Cutter Labora­
tories. 

(2) F. Karush, / . Phys. Chem., 
BUFFALO, N E W YORK 

56, 70 (1952). 
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Kinetic experiments, employing fast reaction techniques, on the chymotrypsin-catalyzed hydrolysis of p-nitrophenyl 
acetate are reported. These experiments demonstrate that the acetylchymotrypsin isolated by Balls and Wood is a true 
intermediate in the reaction and give further indication that the position of acylation is at a serine hydroxyl rather than at a 
histidine imidazolyl group. The rate of the final hydrolysis of the acetyl enzyme is controlled by a group at the catalytic 
site having an apparent pK of 7.4. I t is shown on the basis of experiments involving competition between £-nitrophenyl 
acetate and a specific substrate, acetyl-L-tyrosine ethyl ester, tha t hydrolysis of the latter probably involves the same 
three-step mechanism as the hydrolysis of p-nitrophenyl acetate. This conclusion emphasizes that the specificity of the en­
zyme can be even more important in later stages of the catalysis than it is in the initial formation of a Michaelis-Menten 
complex. A new stopped-flow fast reaction apparatus is briefly described. 

Introduction 
It has been shown in previous publications1'2 

that the kinetics of the chymotrypsin (CT)-
catalyzed hydrolysis of p-nitrophenyl acetate 
(NPA) is consistent with a mechanism involving 
three distinct steps 

E + S ZZt (ES'), (D 
A-i 

k, 
(ES' ) ^ Z t (ES") t + P ' (2) 

( E S " ) ^ZT- E + P ' (3) 

In the first step there is a very rapid formation of a 
Michaelis-Menten complex, ES', which in the 
second step is decomposed to give the product P ' 
(^-nitrophenol (NP) in the case of NPA) and an 
acylated derivative, ES" , of the enzyme. Fi­
nally, the acyl enzyme is hydrolyzed to regenerate 
the enzyme and form the product P " (acetate in the 
case of NPA). The rates of the second and third 
steps are dependent on the state of ionization of a 
group in the catalytic site, only the unprotonated 
form being active. In equations 1 to 3, (ES')t and 
(ES")t represent the sum of both the ionized and un­
ionized forms of the intermediates, the distribution 
between these forms following, at least approxi­
mately, the equation for a single group ionization 

[ESI K"-n J E S " L (A) Kl' = OH 
[ES'H-1 [ES"H+] 

where the quantities in square brackets represent 
the molar concentrations of the corresponding 
species and <ZH is the hydrogen ion activity (in this 
paper operationally defined as the quantity meas­
ured by a glass electrode). 

(1) H. Gutfreund and J. M. Sturtevant, Biochem. J., 63, 656 
(19S6). 

(2) H. Gutfreund and J. M. Sturtevant, Proc. Nat. Acad. Set., 42, 
719 (1956). 

The differential equations of this kinetic scheme 
are readily solved by the method of Laplace trans­
forms, if attention is confined to the early stages 
of the reaction so that the substrate concentration 
can be assumed to remain essentially constant at its 
initial value, [S ]o, and the reversal of the second 
and third steps can be neglected. It can be shown 
that the concentration of the product P ' is given by 
the expression 

[P'] = klkt>™ re, r«« ~ M » + *) '[E]0[S]0 [- + 
— ( -4 - ^ 3 ' ' 

nm m2(n m) n\n m) 
(5) 

where t is the time, k2' ~- kiK,' /(K,' + an) and k% = 
kzK\"/(K1" + OH) are apparent first-order rate 
constants, and m, n are given by 

2m = kiA' + V -V(Ii1A' + V)2 
4A1(V[S]0 + k,'A') 

(6) 

m + n = kiA' + V 

A' = [S]0 + Km' 

„ , A-i + fa' 
Am = : 

(7) 

(8) 

(9) 

The second exponential in equation 5 reflects the 
build up of the steady-state concentration of the 
Michaelis-Menten complex ES', while the first 
exponential describes the formation of the steady-
state concentration of the acyl enzyme, ES" . 
In the present case, available techniques are in­
adequate to detect the phase of the reaction in­
volving the second exponential so that we may 
conclude that n»m. This implies that&i^4'>> 
ki and kiA' » k% . It then follows with adequate 
accuracy that 

V [ S ] 0 + k3'A\ 
A' hA' (10) 

Equation 5 becomes, after decay of the second 
exponential 



April 20, 1959 MECHANISM OF CIIYMOTRYPSIN-CATALYZED REACTIONS 1875 

[P'] = 
VfE]0[SIo 

foi'tSlo + kz 
fc'IS] 

*.'[S]» + 

'A'lklt 

*i'[S]o + k,'A' 

)] ( H ) 

Measurements made during the period when the 
exponential term in equation 11 is comparable in 
magnitude to unity may be employed in favorable 
cases to evaluate the quantity kt'[S]o/A' + &'• 
Measurements made by classical methods usually 
involve values of t large enough so that the exponen­
tial term is negligible compared to unity. The 
rate of formation of P ' is then given by 

d[_P1 W[B]0[S] , . . . 
dt k,'[SU+k,'A' 

It is important to note that application of Eadie3 

plots to data giving r as a function of [S ]o can then 
only lead to the evaluation of the apparent kinetic 
constants 

and 

(13) 

(14) 

The approximations involved in arriving at these 
equations are certainly valid in connection with 
experiments where initial rates are determined 
with substrate concentrations much larger than 
enzyme concentrations. In experiments such as 
those illustrated in Fig. 3, in which the substrate 
concentrations were only two to five times the 
enzyme concentrations, the adequacy of equation 11 
is indicated by the fact that the expected linear 
variation of [P'] with time was observed for a con­
siderable period after the decay of the exponential 
term was complete. 

The present communication is concerned pri­
marily with three questions relating to this mech­
anism: (1) is the acetylchymotrypsin (ACT) 
isolated by Balls and Wood4 a true intermediate in 
the reaction; (2) at which position is the enzyme 
acylated; and (3) does the same three-step mech­
anism apply to other substrates of CT? 

Materials 
Buffer.—In most of the experiments where buffering was 

necessary, appropriate mixtures of acetic acid and tris-
(hydroxymethyl)-aminomethane (THAM) of 0.02-0.04 M 
ionic strength were employed. All solutions were also 0.10 
M in NaCl. pK values were determined with reference to 
Beckman pK 7.0 standard buffer by means of a glass elec­
trode and Beckman Model G £H-meter. 

Enzyme.—Salt-free crystalline a-chymotrypsin was pur­
chased from Worthington Biochemical Sales, Freehold, 
N. J . Nitrogen determinations by the micro-Kjeldahl 
method indicated 14.2% N . Where molar enzyme con­
centrations are given, they were computed on the assump­
tion that CT was the only nitrogenous material present, 
taking the enzyme to contain 16.2% N and to have a mo­
lecular weight5 of 23,000. 

Acetylchymotrypsin.—ACT was prepared according to 
the method of Balls and Wood. ' The product was assayed 
before and after being held at pH 9, using acetyl-L-tyrosine 
ethyl ester (ATEE) as substrate at pH 6 and 25°. A 
typical preparation was found to contain 9% active CT, 
and 96 .5% of the original activity *was recovered after 
treatment at pK 9 for 30 minutes. Some experiments were 

(3) G. S. Eadie, J. Biol. Chem., 146, 85 (1942). 
(4) A. K. Balls and H. N. Wood, ibid., 219, 245 (1956). 
C5) M. S. N. Rao and G. Kegeles, T H I S JOURNAL, 80, 5724 (1958). 

also performed with a sample of ACT kindly supplied by 
Dr. George Hess of Cornell University. 

Substrates.—ATEE was purchased from Mann Research 
Laboratories, New York, N. Y. , and was used without 
further purification; m.p . 79.1° cor., lit. ' 79-80°. NPA 
was prepared by the acetylation7* of N P by acetic anhydride 
and was purified by recrystallization from aqueous ethanol; 
m.p. 77.9° cor., lit. 'b 77.5-78°. 

Kinetic Methods 
Titration Method.—Hydrolyses of ATEE were followed 

by the titration method of Schwert, et ai.,a using 1 M NaOH 
delivered from a 0.1-ml. microburet with manual control. 

Stopped-flow Apparatus.—Most of the kinetic observa­
tions were made with a modification of the spectrophoto-
metric stopped-flow apparatus described by Gibson.9 A 
schematic diagram of the apparatus is shown in Fig. 1. 

JGHT 

Fig. 1.—Schematic diagram of stopped-flow apparatus, 
text for details. 

See 

The solutions which are to be mixed are contained in two 
2-ml. Luer-Lok glass syringes, A. The syringes are con­
nected by 1 mm. capillary channels in a Lucite block to a 
"mixing chamber" which in this design is a simple T-joint. 
A 1 cm. length of 1 mm. channel connects the mixing cham­
ber to the glass-lined observation chamber, which is of 2 
mm. diameter with quartz end plates 1.00 cm. apart . 
From the observation chamber the fluid passes to the stop­
ping syringe, B. The apparatus is kept full of liquid at all 
times. At the start of a reaction, the two solution syringes 
are pushed by a common pushing bar, C, to expel about 1A 
ml. from each syringe. This amount of liquid is adequate 
to flush the old liquid from the observation chamber. Time 
is counted from the instant the flow of liquid is stopped by 
the stopping syringe hitting an adjustable stop. Side-arms 
(not shown) together with appropriate 3-way stopcocks are 
provided for removing air bubbles trapped when the syringes 
are screwed onto the plastic block and for expressing old 
fluid from the stopping syringe. Copper blocks through 
which water from a thermostat is circulated enclose the 
plastic block and the solution syringes. Provision is in­
cluded for inserting a small low-lag thermocouple to a 

(6) S. Kaufman, H. Neurath and G. W. Schwert, J. Biol. Chem., 177, 
793 (1949). 

(7) (a) F. D. Chattaway, J. Chem. Soc, 2495 (1931); (b) M. 
Bender and B. W. Turnquest, T H I S JOURNAL. 79, 1652 (1957). 

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

(9) Q. H. Gibson, J. Physiol., 117, 49P (1952). See also B. Chance, 
in "Investigations of Rates and Mechanisms of Reactions," edited 
by S. L. Friess and A. Weissberger, Interscience Publishing Co., 
New York, N. Y., 1953, p. 690. 
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position just beyond the observation chamber for checking 
the adequacy of temperature control. 

The rate of flow of fluid during the initiation of the reac­
tion averages 5 ml. sec . - 1 . Thus the average age of the 
mixed solution which comes to rest in the observation 
chamber is approximately 0.005 sec. The efficiency of 
mixing in the present design is not particularly good, so that 
reactions having half-times below about 0.02 sec. cannot be 
properly observed. Thus the flow rate is high enough to 
avoid significant timing errors. 

A Unicam10 SP.500 spectrophotometer is employed as a 
monochromator, the light source being either a hydrogen 
lamp and associated power supply10 or a tungsten lamp and 
regulated power supply.11 

The stopped-flow apparatus fits in place of the usual cell 
holder of the SP.500. The photocell compartment of the 
SP.500 is replaced by a similar compartment containing a 
1P28 photomultiplier and associated voltage divider net­
work for supplying appropriate voltages to the dynodes. 
The high voltage for the photomultiplier is delivered by a 
very stable electronic power supply.12 The load resistor of 
the 1P28 is the 1 megohm input resistor of a stable linear 
D-C amplifier13; a variable low-pass resistor-capacitor filter 
is inserted between the phototube and the amplifier so that 
noise voltages can be reduced when high speeds of response 
are not necessary. The amplifier drives a direct-inking 
oscillograph,14 the combination having a flat response up to 
100 cycles per s e c , which is adequate for recording any 
processes for which the present speed of mixing is sufficient. 
A very useful feature of the amplifier is that the zero can be 
offset 5 or more chart widths by a very stable and accurately 
reproducible adjustment, so that high amplifier gain can be 
employed to give a full scale deflection with as little as 5 % 
change in transmission. The oscillograph is supplied with 
6 readily interchanged chart speeds ranging from 2.5 mm. 
per min. to 25 mm. per sec. 

Over-all sensitivity is adequate for observations down 
to 220 mji. The stability of the light sources has been 
found to be excellent, so that experiments extending over 
many minutes can be performed even though there is no 
opportunity to check light intensity during an experiment. 
In fact, the chief source of instrumental instability appears 
to be phototube fatigue. 

The detection and recording system is linear in per cent, 
transmission, so that conversion to optical density is always 
necessary. In usual practice, the system is adjusted, by 
means of the monochromator slit width, to give full scale 
deflection with water in the observation tube and the am­
plifier set at a low gain. The amplifier gain and zero offset 
are then adjusted as necessary to give a satisfactory record of 
the reaction under study. Optical densities are thus ob­
tained by direct calculation, calibrating solutions of known 
optical density being unnecessary. 

A very convenient feature of the apparatus is that no more 
than 5 min. are needed to replace the stopped-flow compo­
nents by the usual SP.500 cell holder, either with the normal 
photocell detector and circuitry of the SP.500 (which is 
similar to that of the Beckman DU spectrophotometer) or 
with the 1P28 detector and associated recording equipment 
described above. 

The Value of pKi" for the Hydrolysis of N P A . -
In an earlier publication,1 the variation of the 
over-all rate of hydrolysis of NPA by CT was in­
vestigated by ordinary spectrophotometry over 
the range of pU 6.45 to 7.75 at 27°. In these 
measurements the solvent contained 20% (v./v.) 
isopropyl alcohol and 0.05 M phosphate, and the 
initial substrate concentration was 2.5 X 1O-3 M. 
These results, when interpreted in terms of a single 
group ionization, indicated a value of 7.3 for pK\" 
(c/. equation 4). However, since interference 
from non-enzymic hydroxide ion catalyzed hydroly-

(10) Unicam Instruments Ltd., Cambridge, England. Thestopped-
flow apparatus has been briefly described and illustrated by photo­
graphs in Spectrovision, No. 5, p. 5 (1957), published by Unicam. 

(11) Nobatron MAC501, Sorensen and Co., Inc., Stamford, Conn. 
(12) Model HV-3A, Technical Measurements Corp., New Haven, 

Conn. 
(Ki) Model BL-550, Brush Electronics Co., Cleveland, Ohio. 
(14) Model BL-201, Brush Electronics Co., Cleveland. Ohio. 

sis prevented observations at pH values above 
7.75, the distinction between the pH dependence to 
be expected from equation 4 and that corresponding 
to a direct hydroxide ion catalysis of the last step of 
the enzymic process was not as definite as desirable. 

Dixon and Neurath16 measured the rate of re­
covery of activity toward ATEE by ACT as a func­
tion of pH and found the variation with pH to be 
in accord with a single group ionization with pK = 
7.0. If ACT is identical with E S " in equation 3, 
the pK for this process should be expected to be 
equal to pK{" for the NPA hydrolysis. 

In view of this discrepancy and the restricted 
pH range of the earlier data, it seemed important to 
redetermine pK\". The stopped-flow apparatus 
makes it possible to determine rates with relatively 
large enzyme concentrations and thus to minimize 
the importance of the contribution to the rate 
resulting from non-enzymic catalysis. Experi­
ments were performed at 25° in the pH range 7.0 to 
8.8 with the results summarized in Fig. 2. In each 
experiment, a solution containing CT, NPA and 
0.008 M acetic acid was mixed in the stopped-
flow machine with an equal volume of THAM-
acetate buffer, and the reactions were followed at 
400 m/x. The initial "burst" of NP liberation was 
essentially complete in the low pH solution before 
mixing. The observed rates, in optical density 
units per sec, were converted to mole I . - 1 sec. - 1 

using the measured absorption of NP as a function 
of pH. The substrate concentration used in these 
experiments was sufficient nearly to saturate the 
enzyme, so that it is very unlikely that the results 
were significantly affected by variation of Km'(ilpP; 
within the pH. range covered. 

The observed rates include the contribution due 
to hydroxide ion catalysis. As illustrated in Fig. 2, 
it was found, by successive approximations, that 
a plot of r0 vs.r0au, where r0 is the corrected initial 
enzymic rate, adhered reasonably well to a straight 
line if the hydroxide ion catalysis was assumed to be 
governed by the equation 

foil = S ( lO) 
«H 

with k' = 43 X 10~14 mole I.-1 sec.-'. The slope 
of the line gave a value of 7.41 for pK\"', in fair 
agreement with the earlier value obtained in a dif­
ferent solvent. 

A series of measurements of the initial rate of 
the hydroxide ion catalyzed reaction was per­
formed with the results listed in Table I. The 
mean value of k' is identical with that which had to 
be assumed to have the enzymic rates fall as well 
as possible on a single group ionization curve. 
Holleck and Melkonian16 studied the hydroxide 
ion catalyzed reaction in 0.1 M borate buffers by a 
polarographic method, obtaining a rate constant 
over twice as large as that reported here. This dis­
crepancy is due at least in part to the fact that 
they employed 10% ethanol as solvent. 

From the enzymic rate extrapolated to zero hy­
drogen ion activity and the enzyme concentration, 
we obtain a first-order rate constant of 0.021 sec.-1, 

(15) O. H. Dixon and H. Neurath, J. Biol. Chem., 228, 1049 (1957). 
(16) I.. Holleck and G. A. Melkonian, Z. Eleklrochem., 58, 807 

(1954). 
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0 2 4 

Initial rate X OH X 1015. 
Fig. 2.—The initial rate of the steady-state CT-catalyzed 

hydrolysis of NPA at 25° in THAM-aceta te buffers plotted 
against the product of the initial rate times the hydrogen ion 
activity. Total ionic strength 0.12 M; [S]0 = 5-0 X 10 ^4 

M; [E]0 = 8.8 X 10~« M; 2 .5% (v./v.) ethanol. Open 
circles, rates including O H - ion catalysis; filled circles, rates 
corrected for O H - ion catalysis. 

in satisfactory agreement with the previously 
published1 estimate. 

In the experiments of Dixon and Neurath,1 3 

A T E E was presumably specifically bound during 
the hydrolysis of the ACT. I t is possible tha t this 
might be the cause of the lower pK observed by 
these authors. 

TABLE I 

T H E HYDROXIDE ION CATALYZED HYDROLYSIS OF NPA AT 

25° 

p\\ 

8.21 
8.52 
8.63 
8.78 

Solution cotr 

I 
mole 1 

position 

nitial rate, 
- ' sec. '1 X 

0.41 
.6,8 
.79 

1.13 

as in Fig. 

IO: 

2 vv 

mole 1." 

Mean 

i see."' X 10" 

52 
42 
42 
38 

43 
th enzyme omitted. 

Experiments with Acetylchymotrypsin 

Acetylchymotrypsin as an Intermediate in NPA 
Hydrolysis.—It has seemed reasonable to assume 
tha t the ACT isolated by Balls and Wood4 is in­
deed an intermediate in the hydrolysis of NPA. 
Dixon and Neurath1 5 found tha t ACT is converted 
to a form of the enzyme active in catalyzing the 
hydrolysis of A T E E , the conversion following 
first-order kinetics with a rate constant of 8.8 X 
10~3 s e c . - 1 at pH 7 and 25°. Using Lheir value for 
the pK, 7.0, of the group controlling the rate of 
this process, the limiting value of the rate constant 
a t high pH is calculated to be 1.8 X 1O - 2 sec . - 1 , 
which is fairly close to the limiting rate constant for 
the hydrolysis of N P A . 

The experiments illustrated in Fig. 3 give direct 
indication tha t A C T is an intermediate, a t least 
so far as the lyophilized A C T redissolved a t low pll 
is concerned. In the experiment represented by 
curve A, C T at pH 4.8 was mixed in the stopped-

Sec. 
Pig 3.—Optical density changes at 400 m/* accompanying 

the hydrolysis of XPA by CT and ACT at 25° in T H A M -
acetate buffers. Total ionic strength 0.12 M; [E]0 = 4.4 
X 10-5 M. Curve A, CT, and curve B, ACT, mixed with 
NPA at pH 8.2, [S]0 = 2.0 X 10-" M, 1.0% (v./v.) ethanol; 
the rate constants refer to the approach to the steady state 
with respect to ACT. Curve C, CT plus NPA at pH 4.8 
mixed with buffer to give pll 8.2, (S]o = 2.5 X 10 i M, 
2.5% (v./v.) ethanol. Curve I), ACT plus NPA at pH 4.8 
mixed with buffer to give pH 8.2, [S]0 = 1.0 X 10"4 -If, 0.5% 
(v./v.) ethanol. 

flow apparatus with a solution of NPA in a buffer 
such that the final pll was 8.2. Rapid acylation of 
the enzyme with liberation of somewhat less than 
a mole of N P per mole of C T was followed by a 
zero-order steady-state liberation of N P and ace­
tate. Curve B corresponds to a similar experiment 
performed with ACT. A small "burs t " of N P 
liberation was observed because the enzyme was 
incompletely acylated in the sample17 of ACT 
used; as soon as this was completed to give the 
steady-state concentration of ACT, the reaction 
proceeded with essentially the same zero-order rate 
as observed with the free enzyme. Thus, within 
a time interval no larger than 10 to 20 millisec, 
the ACT was behaving precisely as expected for the 
true intermediate contaminated by some unchanged 
enzyme. 

Curves C and D were obtained in similar experi­
ments in which C T (curve C) or ACT (curve D) and 
substrate were present in the same solution at pH 
4.8 which was then mixed in the stopped-flow 
machine with an equal volume of buffer to give a 
final pH. of 8.2. Under these circumstances, the 
acylation took place before the pH was raised, so 
tha t no rapid liberation of N P was observed. In 
each case the initial ra te of N P liberation was actu­
ally a little less than the steady-state value, 
presumably because the steady-state degree of 

(17) The incomplete acylation was probably in part due to the fact 
that the sample was two months old. It has been observed (H. 
Neurath, private communication) that lyophilized ACT undergoes 
slow hydrolysis during storage. 
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Fig. 4.—Optical density changes at 245 niM following raising the pH. of an ACT solution from 4.8 to 8.2 at 25°, THAM-
acetate buffer, total ionic strength 0.14 M, 4.4 X 10~5 AfACT. 

acylation is somewhat larger at low than at high 
pU. 

The Position of Acylation of the Enzyme.—It is 
now generally agreed that both the imidazolyl 
group of a histidine residue and the hydroxyl group 
of a serine residue are involved in the active site of 
CT. There has, however, been considerable dis­
agreement as to which of these groups is acylated 
in the most stable intermediate E S " formed during 
the hydrolysis of NPA. In a recent publication, 
Dixon and Neurath18 reported that a slow de­
crease in absorption at 245 mji occurs when the 
pU of a solution of ACT is raised from 4 to 8 or 9. 
Since it is known that acetylimidazole absorbs 
at this wave length, they postulated that the ob­
served decrease in absorption is due to the hy-
drolytic removal of the acetyl group from the 
imidazolyl group at the active site of the enzyme 
and that the decrease in absorption is preceded by 
a very rapid increase as the acetyl group shifts 
from a serine residue to the histidine residue. 
Their proposed mechanism would thus place the 
acyl group on imidazolyl for most of the time 
during which it is bound to the enzyme in the actual 
hydrolytic process at high pH. 

There are several reasons for believing that in 
fact the acetyl group is bound most of the time at 
a serine residue during hydrolysis of NPA. The 
experiments summarized in Fig. 3 show that if 
there is an acyl shift from oxygen to nitrogen as 
postulated by Dixon and Neurath, it must be 
extremely rapid. Furthermore, it has been shown,2 

by experiments in NP buffer, that when CT is 
acetylated by NPA at a pK of 6.6, hydrogen ions are 
taken up by the enzyme from the buffer. At this 
pll, the imidazolyl group at the active site should 

(18) G. H. Dixon and H. Neurath, T H I S JOURNAL, 79, 4558 (1957). 

be partially protonated, and since the pK of acetyl-
imidazolyl should be much lower than that of 
imidazolyl, we would expect protons to be liberated 
by the enzyme if the imidazolyl group became ap­
preciably acetylated. Although there is some 
doubt as to the actual value of pK\', there is no 
doubt that it is considerably smaller than pK\". 
This fact is not only consistent with the observed 
uptake of protons during acetylation but is in 
itself clear indication that during the final rate-
controlling hydrolysis the imidazolyl group is 
free and in equilibrium with respect to proton 
binding. 

There remains the problem of accounting for the 
spectral changes at 245 m,u observed by Dixon and 
Neurath.18 We have investigated the behavior of 
ACT in the stopped-flow apparatus with results 
similar to those of Dixon and Neurath, as shown in 
Fig. 4. Immediately after raising the pH. from 
4.8 to 8.2, there is a rapid increase in absorption, 
followed by a slow decrease which proceeds ac­
cording to approximately first-order kinetics with 
a rate constant of 1.7 X 1O-3 sec. -1. The de­
crease in absorption was approximately 3/s as large 
as observed by Dixon and Neurath. 

I t is immediately evident that the process shown 
in Fig. 4, which took place at 25°, cannot be di­
rectly associated with the rate-controlling step in 
the hydrolysis of NPA since it proceeded at a rate 
approximately one fifteenth as large as the rate of 
the final step in the hydrolysis of NPA. It is 
interesting that the half-time of the decay of ab­
sorption at 245 mfi at 25° shown in Fig. 4 is 395 
sec, as compared with the value of 415 sec. found 
by Dixon and Neurath at 10°. In several experi­
ments at 15° we have also observed half-times of 
about 400 sec. It thus appears that this reaction, 
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Fig. 5.—Optical density changes at 245 m t̂ following raising the pH of a CT solution from 4.8 to 8.2 at 25°. THAM-
HCl buffer, total ionic strength 0.13 M, 4.5 X 10"« M CT. Age of CT solution at start of experiment: open circles, 0.3 
hr.; filled circles, 6.1 hr.; filled squares, 26.6 hr. The maximum optical density reached is indicated for each solution. 

whatever it may be, has a rate essentially inde­
pendent of temperature. Quite coineidentally, 
the rate of the conversion of ACT to active CT 
was found by Dixon and Neurath13 at 10° and pK 
7 to have a rate almost identical with the rate of 
decay of absorption at 245 my, at 10° and pH 9. 

The significance of the changes in absorption at 
245 my,, so far as the hydrolysis of NPA is con­
cerned, is further made doubtful by the experi­
ments shown in Fig. 5. A solution of chymotrypsin 
at pH. 4.8 was raised after various time intervals 
to pB. 8.2 in the stopped-flow apparatus, using a 
THAM-HCl buffer containing no acetate. Again, 
rapid increases in absorption at 245 m^ followed 
by slow decreases were observed, though the rates 
of both processes were considerably faster than in 
the case of ACT. The magnitudes of the changes 
decreased markedly with increasing age of the low 
pK solution. (It is not known whether a similar 
effect of age is observable with ACT.) 

A solution of CT which had been aged overnight 
at pK 4 and which was shown to give a small change 
in absorption at 245 my. when its pH was raised to 
8.2 was held at pYL 8.2 for 30 min. and its pH. was 
then again dropped to 4.5. When the />H of this 
solution was returned to 8.2 in the stopped-flow 
apparatus, no significant changes in absorption at 
245 Tciy were detected. This experiment indicates 
that the process observed at 245 my is not reversed 
by lowering the pH. 

It appears that some change in the enzyme is 
caused by the process of lyophilization; this change 
is reversed when the enzyme is redissolved, the 
rate of reversal increasing with pH. The present 
experiments give no basis for an understanding of 
the changes involved or for the large differences in 
rates observed with CT and ACT. 

Inhibition Experiments 
There is at present no direct experimental evidence 

that the kinetic scheme embodied in equations 1-3 is 
applicable to the CT-catalyzed hydrolysis of specific 
substrates such as ATEE. Even if acylated en­
zyme were formed in considerable amount, the re­
action rates in this case are so large as to preclude 
the possibility of detecting the acylation reaction. 
If the method of "initial acceleration" devised 
by Gutfreund19 is extended to the 3-step mech­
anism, it can be shown that the intercept r of the 
steady-state hydrolysis curve with the time axis 
must be less than l/k3, under circumstances such 
that the approximations employed in the treatment 
of equation 6 are valid. In the case of ATEE, 
h = 160 sec. - 1 (see below), so that T < 0.006 sec. 
With a substrate such as acetyl-L-tyrosinamide, 
which is hydrolyzed approximately 1000 times 
slower than ATEE, rate-limitation undoubtedly 
occurs at the acylation step, so that the steady-
state concentration of acylated enzyme is extremely 
small. 

If the hydrolyses of NPA and ATEE utilize the 
same active site on the enzyme, it should be pos­
sible to observe mutual inhibitory effects of these 
two substrates. We have accordingly investi­
gated20 the influence of NPA on the hydrolysis of 
ATEE and of ATEE on the hydrolysis of NPA. 

Inhibition of ATEE Hydrolysis by NPA.-The 
rate of hydrolysis of ATEE by CT at pH 7.0 and 
25° was determined in the presence of various 

(19) H. Gutfreund, Disc. Faraday Soc, SO, 167 (1955). 
(20) The inhibition experiments reported here were undertaken 

as a result of a conversation with Professor Carl Niemann of the 
California Institute of Technology. We acknowledge our indebted­
ness to Professor Niemann for directing our attention to the problem of 
inhibition of NPA hydrolysis. 
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concentrations of XPA. The solutions contained 
0.005 .1 / T H A M and 0.10 M NaCl. Two series oi 
measurements were made, one a t an initial substrate 
concentration of 7.15 X 10~4 M and one at ISO X 
10 - '1 . 1 / . Sufficiently low enzyme concentrations 
were employed so that reliable initial rates could 
be obtained in the manually operated pH-state . s 

Hydrolysis of the inhibitor, including the amount 
necessary to acetylate the enzyme, was negligible 
during the interval required to evaluate the initial 
rate of hydrolysis. The data are summarized in 
the form of rate vs. rate X [XPA] plots in Fig. 0, 
where the rates are expressed in arbitrary units. 

' 0.G 

ro[I]o X 10K 

Fig. 0.—Inhibition by NPA of the CT-catalyzed hydroly-
MS of ATEE. Initial rates (arbitrary units) at pH 7.0, 2.3°, 
plotted against the product of initial rate (same arbitrary 
units, times molarity of XPA. Total ionic strength 0.10 M; 
li)r

(, (V /v.) ethanol. Open circles, 1.80 X 10'2 .1/ ATEE; 
closed circles, 7.15 X 10_1 2/ ATEE. Different enzyme 
concentrations were used in the two sets of experiments. 

I t can be shown tha t for a case of competitive-1 

inhibition, the initial rate for a system following 
simple Miehaelis-Menten kinetics should be given 
l)v the expression 

_ !SJo __ A'™ _ _1_ 
r" ~ '"'ax A';, + fSfo Kn -r IsTo Ai 

roll! (16) 

where rmax is the initial rate in the absence of in­
hibitor and under conditions of enzyme saturation, 
A'i is the inhibitor constant, and [I] is the inhibi­
tor concentration (strictly the concentration of 
irve inhibitor, which is practically the same as the 
total concentration in the present experiments). 
For non-competitive2 1 inhibition, the correspond­
ing equation is 

- - ' " T I ! ] . - £ ' • [ I ] (17) 
i Kj — • " l a x j.r 

In either case, a plot of r0 vs. r0[l] should be a 
straight line; the slope should be a function of 
[SIQ in the competitive case bu t not in the non­
competitive case. If a competitive inhibitor is 

itself a substrate, the inhibitor constant is identical 
with the Miehaelis-Menten constant.-2 

I t is evident tha t the two lines in Fig. 6 have 
markedly different slopes, so tha t the inhibition 
cannot be purely non-competitive. If we assume 
competitive inhibition, we calculate from the 
slopes tha t K1n = 5.1 X 10"3 M and Ai = 2.7 X 
1O -5 M. Since this value for K,„ is considerably 
different from those previously reported,23,24 we 
have redetermined this quant i ty under the condi­
tions of the inhibition experiments. The results 
tire shown in Fig. 7 in the form of an Eadie3 plot. 

CM) If. NVnr.ith chwer t , Chem. Rr;s.. 46, 09 (19S0). 

0 1 2 
ro!S]o, sec.-1 X 107. 

Fig. 7.—The CT-catalyzed hydrolysis of ATEE. Initial 
rates at pli 7.0, 25°, as a function of substrate concentra­
tion, plotted in the form of an Eadie3 plot. Total ionic 
strength 0.10 If; 10% (v./v.) ethanol; [E]0 = 1.25 X 
10-' Af. 

The slope of this plot gives K1n = 5.0 X 10"3 M, 
in good agreement with the value obtained from 
the inhibition experiments. This value is inter­
mediate between the values given by earlier work­
ers,23-24 the differences probably being at t r ibutable 
to differences in the media used. The agreement 
between the Km evaluated from the inhibition ex­
periments and tha t determined directly sub­
stantiates the conclusion tha t the inhibition is com­
petitive in kinetic form. 

From the extrapolated rate in Fig. 7, we find that 
£:/faPp) = 9-t s ec . - 1 at pH 7.0. If we assume the 
same pH dependence as observed by Dixon and 
Xeurath1 6 in the case of 5-ehymotrypsiu, we obtain 
&3oipp) = 160 sec . - 1 . Previously reported values 
are 190 sec ." 1 2 3 and 102SeC."1.24 

In conformity with the notation used earlier in 
this paper, the inhibition constant determined here 
should properly be represented by &uapP), 'since it 
describes the effective inhibition by XPA after the 
steady-state concentration of ACT has been estab­
lished. I t has a very small value (i.e., XPA is a 
very effective inhibitor), and it thus appears tha t 
the strong inhibition produced by XPA actually 
results from its successful competition with A T E E 

(22) L. L. I n h ' r a h a m , T i n s J I J V K N A L , 79, 0f,(j (1957). 
(23) G. W. Schwer t and S. K a u f m a n , J Biol. Chem., 180, 517 

(1949). 
(24) I„ W. Ciimjinii l iain. Tr.. HiJ 207. -143 (1954). 
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for the acylation site of the enzyme. I t is most 
unlikely tha t the presence of so small a group as 
the acetyl group on the acylation site could inter­
fere in any way with the hydrolysis of A T E E unless 
the same acylation site is required by both sub­
strates. 

The true Kn, for N P A is ra ther large, having a 
value of approximately 5 X 10~:i M. I t should 
therefore be difficult to observe any inhibition of 
the hydrolysis of A T E E resulting from competition 
for the initial binding site of the enzyme. Experi­
ments performed in the stopped-flow machine, 
using brom thymol blue to detect the acid liber­
ated by the hydrolysis of A T E E , confirmed this 
prediction. 

The Inhibition of NPA Hydrolysis by ATEE.— 
Since A T E E is much more rapidly hydrolyzed by 
CT than is NPA, it is impossible to observe the 
effect of A T E E on the steady-state hydrolysis of 
NPA, tha t is, on the last step of the process. I t is, 
however, possible in the stopped-flow appara tus 
to ir restigate the effect of A T E E on the rate of the 
acylation by NPA. Experiments were performed 
a t ' A T E E concentrations up to 1.5 X 10" 2 M in 
the presence of 8.8 X IO"6 M C T and 2.5 X 10~4 

M NPA, a t pH 7.8 and 25°. At the lowest inhibi­
tor concentration employed, 2.5 X 1 0 - 3 M, 
hydrolysis of 2 0 % of the inhibitor would be ex­
pected to take place in the first second, if we neglect 
the inhibitory effect of NPA. By using a high 
amplifier gain and a chart speed of 25 mm. sec.~ ! , 
it was possible to obtain a reliable value for the 
initial rate of liberation of NPA during the first 
few tenths of a second after initiation of the re­
action. The results of these experiments are 
shown in Fig. S. The value of Ki obtained from 
the slope of the line is 3.7 X 1 0 - 3 M on the as­
sumption of competitive inhibition. If the in­
hibition is non-competitive this figure is raised to 
3.9 X 10"3 M. The value of Ki in either case is 
close to the value of Kmta.PV) for A T E E . Since the 
true Km cannot be smaller than i£m(aPp), as shown 
by equation 13, it appears probable tha t A T E E 
interferes with the interaction of NPA with the 
enzyme by competing for the initial adsorption 
site. If the A T E E interfered by competing for the 
acylation site, the steady-state concentration of 
acetyltyrosyl enzyme would have to be large, 
and this would in turn imply tha t hi > k* for A T E E 
and tha t Km for A T E E is considerably larger than 
5 X 10~:! M. I t seems unlikely tha t the true 
binding of a good substrate would be much weaker 
than the apparent binding of A T E E . If this 
argument is accepted, it would follow tha t k3 is at 
least somewhat larger than k-> for A T E E . 

In any case, it can be stated tha t the inhibitory 
action of A T E E is exerted a t either the adsorption 
site or the acylation site of the enzyme, or perhaps 
•at both sites'. This result and tha t of the pre­
ceding section give definite support to the assump­
tion that the hydrolysis of A T E E also proceeds by 
the 3-step mechanism. 

Discussion 
The partial mechanism for chyniotrypsin catal­

yses presented schematically in Fig. 9 is in accord 
with the salient facts a t present available. This 
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Fig. 8.—Inhibition by ATEE of the XPA acetylation of 

CT. Initial rates at pH 7 8, 25°, plotted against the product 
of initial rate times molarity of ATEE. Total ionic strength 
0.14 M; 12.5% (v. /v.) ethanol; [E]0 = 8.8 X lO"'8 M. 
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Fig. 9.—Proposed partial mechanism for CT-catalyzed re­
actions. 

mechanism is similar to that proposed by Cunning­
ham25 in tha t the position of acylation is at a 
serine hydroxyl group and tha t the serine hydroxyl 
is hydrogen-bonded to imidazolyl. The Michaelis-
Menten complex, A, is converted to the acylated 
enzyme, B and C, by a step involving acceptance 
of a proton by imidazolyl and nucleophilic a t tack 
on carbonyl by the oxygen of the serine hydroxyl. 
In the final hydrolytic step, imidazolyl again ac­
cepts a proton, this time from a water molecule 
the oxygen of which is involved in nucleophilic at­
tack of the carbonyl. 

The hydrogen bond in A is considered to be the 
cause of the change of the apparent pK of the imi­
dazolyl group resulting from acetylation by NPA. 
When this hydrogen bond is broken by acetylation, 
the imidazolyl becomes available for (weaker) 
hydrogen bonding with a water molecule. 

As is to be expected, there are difficulties in­
herent in this mechanism, which actually are en­
countered in one form or another by the other 

(25) I.. W. C u n n i n g h a m , Scinic,-, 125, 114.") f 19.57). 
West l ie imcr , Prof. XaI. AaJ. AVi., 4 3 , 909 (10.57). 

See UIM, F. H. 
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mechanisms so far proposed. For example, why 
does imidazolyl in the ki step serve to transfer a 
proton from serine hydroxyl to H2O, while in the 
final step it serves to transfer a proton from H2O 
to serine hydroxyl? One would suppose that H2O 
molecules are readily available a t all times, and 
tha t the intermediate acylation of serine would be 
unnecessary.26 I t is possible tha t there is some 
significant entropic gain for the final step resulting 
from the additional point of a t t achment of the 
substrate to the enzyme furnished by serine 
hydroxyl. 

A more specific problem arises from some of the 
very large differences in rates observed in C T re­
actions. Table I I summarizes values for various 
kinetic constants; some of those listed are ap­
proximate values only, bu t this is of no concern in 
the present discussion. Since it is not certain a t 
which step the ra te of hydrolysis of A T E E is 
limited, comparison of the rate constants for this 
reaction with those for the NPA hydrolysis can only 
be expressed in the form of inequalities 

W A T E E ) ^ 5 0 . WacetyhyrosyO > 6 0 00 (18) 
/SJ2(NPA) &»( acetyl 

In each case the inequality becomes an equality if 
the hydrolysis of A T E E is rate-limited a t the cor­
responding step. 

An impor tant general conclusion is obvious 
from a comparison of these two substrates : the 
specificity of an enzyme may be primarily exerted 
a t a stage in its catalysis subsequent to the initial 
binding of substrate. The true Km for A T E E is a t 
least as large as tha t for N P A ; the fact tha t it is 
a much better substrate arises from the much greater 
ease of either the formation or the hydrolysis of 
acetyltyrosylchymotrypsin as compared with 
acetylchymotrypsin. 

If we assume that &3 > ki for A T E E hydrolysis 
(see the preceding section), we must conclude tha t 
the rate of hydrolysis of acetyltyrosylchymotryp­
sin exceeds tha t of ACT by a factor of more than 
C)O(K), which corresponds to a difference in free 
energies of activation of more than 52(A) cal. per 
mole. It seems unlikely tha t very much of this 
difference can be at t r ibuted to a difference in 
heats of activation, in view of the fact that neither 
hippurylehymotrypsin nor hydrocinnamylchymo-
trypsin appears to be hydrolyzed much faster than 
ACT (see TaI)Ie II) , and we must therefore suppose 
that there is a significant difference in entropies of 
activation. This suggests tha t in ncetyltyrosyl-
chytnotrypsiu the benzene ring and the acetamino 
group are bound at the specificity site of the enzyme 
in such a way as to produce the proper orientation 

(21'.) Th i - . i l i d ' . r u U y l l . is l . i . i t p o i n t e i l m i l b y D r . J i n W u i l u in t l is-

n i i s i . i m i i i l l i t h e a u t h o r s . 

of the carbonyl group for the hydrolytic a t tack, 
whereas in A C T configurational entropy is lost in 
forming the transition s tate for the last step. If 
we adopt the approximate procedure suggested by 
Laskowski and Scheraga,27 we can estimate in the 
case of ACT this disadvantage might contribute 
as much as 3500 cal. per mole to the free energy of 
activation. 

TABLE II 

SOME KINETIC CONSTANTS FOR CHYMOTRYPSIN-CATALYZED 

REACTIONS AT 25° 
*!, ' *i, Km. 

Substrate sec."' pKi' sec."' pKu M 
£-Nitrophenyl acetate 3 6.6 0.025 7.4 0.005 

^S(app), pKi(wp) Km(app) 

sec."1 

Acetyl-L-tyrosine ethyl 
ester 160 6.8" 0.005 

Methyl hippurate6 0.23 .. .0038 
Methyl hydrocinnamate* 0.028 .. .004 

"G. H. Dixon and H. Neurath, ref. 15. 6At pll 7.9, 
0.15 M NaCl. R. B. Martin and C. Niemann, THIS 
JOURNAL, 79, 4814 (1957). ' I n 20% (w./w.) methanol. 
K. J. Laidler and M. L. Barnard, Trans. Faraday Soc, 52, 
497 (1956). 

Very recently Rydon2 8 has suggested tha t in 
place of serine a t the active site there is a A2-
oxazoline group formed by a ring closure involving 
the serine hydroxyl and the adjacent peptide bond 
to an aspartyl residue. This hypothesis appears 
to be consistent with the information available 
concerning the acylation step and perhaps to have 
some advantages over the mechanism represented 
in Fig. 9. However, Rydon further suggests 
that the hydrolysis of the acyl enzyme is aided by 
the adjacent carboxylate of the aspartyl residue 
and that the stability of ACT at low pll is due to 
the fact that the aspartyl carboxylate is protonated. 
This view seems untenable in view of the fact that 
the hydrolysis of ACT is shown by our experiments 
to be controlled by a group having a pK' of ap­
proximately 7.4. It thus appears that an additional 
group, presumably an imidazolyl, is present at the 
catalytic site and must be in the unprotonated 
form for the final hydrolytic step to take place. 
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