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ABSTRACT

The enzyme-inhibitor dissociation constants, i.e., K
valués, for alpha-chymotrypsin and two competitive inhibitqrs,
indple—Z—carboxylate and cinchoninamide, have been determined
at pH 7.9 and 25°,

A new colorimetric procedure for the determination of
proteolytic activity employing the reaction of ninhydrin with ammonia
has been developed.

A study has been made of the effect of buffer species and
ions upon the course of alpha-chymotrypsin catalyzed hydrc;lyses.

It has been demonstrated for the case at hand that KS is essentially
independent of buffer species and ionic strength. The discrepancies
between values of k3, evaluated in the presence of THAM-HCI buffers
and in the presence of phosphate buffers, appear to be due principally
to the effects of the increased ionic strength of the phosphate buffers.
. A number of enzyme-inhibitor dissociation constants have been

evaluated in different buffer systems. During the evaluation of KI

values for anionic, bifunctional, competitive inhibitors of alpha-

chymotrypsin, it was determined that the presence of phosphate
buffers apparently increased the affinity of the enzyme for the

inhibitor. A possible mechanism for this phenomenon has been
proposed and has been supported by experimental observations.

It has been demonstrated that in a typical alpha-chymotrypsin
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catalyzed hydrolysis, the reaction proceeds in solution insofar as
can be experimentally determined, and that wall effects are unim-
portant within the limits of experimental error.

An investigation has been made of the possible use of
dilatometry as a means of following the course of enzyme catalyzed
hydrolyses. A number of instruments have been devel'oped and
discussed. Some typical data have been experimentally determined

and analyzed in the usual manner.
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PART I

THE ENZYME-INHIBITOR DISSOCIATION CONSTANTS OF alpha-

CHYMOTRYPSIN AND SOME COMPETITIVE INHIBITORS



FORMULATION OF THE KINETICS OQF THE

ENZYMATIC REACTION

Introduction

The necessity of a theoretical foundation for integration
of the mass of confusing experimental findings in enzyme chemistry
has encouraged efforts to apply physical-chemical theories to such
studies. The formulation of suitable mathematical expressions
for the interpretation of enzymatic reactions has been a logical
consequence of this need.

The formulation of the kinetics of enzyme action and the
derivation of the resulting rate equations have been extensively
covered in several review articles (1-4), and therefore the follow-
ing brief treatment is presented as an aid in the interpretation of
the experimental results given in tile next sections.

If the effect of buffer ions and molecules, the hydrogen

“ion activity, and the temperature are excluded from consideration
by carrying out all experiments with these quantities held constant,
the variables determining the reaction rate can be limited to the
concentrations of the following substances: the enzyme, the sub-
strates, the products of the reaction, and any inhibitor that may
be added. In the case of alpha-chymotrypsin catalyzed hydrolysis,

the concentration of one of the components, water, may be



eliminated from this list of variables, since in aqueous solutions

it remains essentially constant. If all inhibitors are considered

to react in a competitive manner, and if the reaction is considered

irreversible such that the only influence of the products of the

reaction is that of inhibition, the reaction can be formulated in

terms of hypothetical

complexes as follows:

Simple Hydrolysis

enzyme-substrate and enzyme-inhibitor

Ky k3
E; + S =——ES —~E; + P; + Py (1)
K, \
Where
[E] = molar concentration of total enzyme
[I::f]: molar concentration of free enzyme

ES] = molar

[S;J = molar

EES]: molar

concentration of total substrate
concentration of free substrate

concentration of enzyme-substrate

complex

(P]. [Pl

= molar concentration of the two free

hydrolysis products

and ki, kp, and k3 are the rate constants for the reactions denoted

by the respective arrows. Consider the case in which all reactants

possess unit activity coefficients, [S] = [Sf] and [S]))[E] . The



concentration of free enzyme, Fa , equals [[E) - [ES}]

The rate of formation of [ES} is given by

d [ES] /at = {[El - [ES])(_S] -k, + k3)[Es] (2)

The rate of disappearance of the substrate is given by

- d[s]/at - i [El - [Es]][s] -k, [El's]. (3)

The rate of the overall reaction is given by summation of

equations (2) and (3):
d [Es]+[s] /dt = - Ky [Es] (4)

A complete solution of equation (4) was obtained by Chance (5) with
the aid of the differential analyzer and has been given in graphical
form. It suffices for the present discussion to consider the
restricted conditions usually met with in hydrolytic enzymatic
reactions. This condition is that of the steady state, i.e. > the
concentration of ES is constant, or else the rate of change of [ESl
is negligibly small as compared to the rate of change of [S] .
Accordingly, for d [_ES] /dt £ 0, equations (2) and (3)

reduce to

-a[s]/at - ky [E5] . (5)

Hence, the overall reaction velocity is proportional only to the



concentration of the enzyme-substrate complex, ES. It also

follows from equation (2) that since d [ES} /dt 0,

o (B - Es) B -, k) B L ©

and

oty (@] - B B E]E
Sl (Es] T T EY

= K (7)

Solving equation (7) for [ES] , and substituting this value into
equation (5), one obtains the overall reaction velocity as a function
of enzyme and substrate concentrations:

ve-d[s] jat-%3 [e](s] (8)
Equation (8) is formally identical with that of Michaelis and
Menten (6), but differs in the interpretation of Kg. It should be
_pointed out that KS is not a dissociation constant as the right side
of equation (7) would seem to indicate. Only in the case where
k2>> k; does Kg approach a true dissociation constant of the
enzyme -substrate complex. |

Since, according to the mass law, the concentration of
ES increases as [S] is increased, the velocity, v, increases hyper-
bolically with increasing substrate concentration to a maximum

value, V, which is reached when all the enzyme is bound in ES,



i.e., when [E] z [ES] . Under these conditions equation (8)

becomes
i K
s 7l
where

Vo= ky [_E] (10)

Estimation of KS from a graph of v versus —lOg[S] is

somewhat cumbersome and inaccurate. Lineweaver and Burk (4)
have pointed out that if the reciprocal of both sides of equation (8)

is taken, a linear form is obtained which is superior for determina-

tion of the values of V and KS.

1_1<_S+[s] Ko | 1] 1

v V[ |V [§]+Tf (11)

It can be seen from equation (11) that if 1/v is plotted against

1/ [S] a straight line results with slope equal to KS/Vvand an inter-
cept of 1/V. A convenient method of estimating both KS and V from
the experimental data is thus provided. There are several varia-
tions of this procedure (7-9), a very effective one being a plot of

v versus v/ [S] . This gives a straight line of slope -K_, an

S’
ordinate intercept of k3 [E] , and an abscissa intercept of k3 (E] /KS'

Integration of equation (8) gives



k [E]t = K¢ ln[[S]o/[S] t}+ﬁ:s]o _[S]J1 (12)

This integrated rate equation contains both a zero and first order
term. The zero order will predominate when[S] is large and KS
is small. The first order will predominate when (_S] is small and
KS is large.
Inhibition

Inhibitors of enzymatic reactions are traditionally
divided into two broad classifications: competitive and non-
competitive. In competitive inhibition, the inhibitor is regarded
as competing with the substrate for specific sites on the enzyme so
that the apparent decrease in activity of the enzyme depends on the

relative concentration of both substrate and inhibitor. In non-

competitive inhibition, the inhibitor inactivates the enzyme by

combination at sites not concerned with substrate; hence inactivation

depends only on the concentration of inhibitor.

It has been demonstrated by Huang and Niemann (10)
that there may be inhibition by the products of the hydrolytic
reaction.

For the reaction system

1
[S]o, initial substrate concentration;[S] t substirate concentra-
tion at time t.



k
N 3
Ef+5f<;——-ES ‘—"'Ef+Pf+sz (12)
2

k
E +Plf__..4_—aEP

¢ (13)
kg

1

where
{Plf] - molar concentration of free inhibitory hydrolysis
product
[EPl] - molar concentration of enzyme—inhibi‘_tér complex
with the condition as before that d [ES] /dt = 0 and that [S] 2 [54

and [Pl] = ‘_Plfl’ it follows that

o (el sl - Eeglis] (19

ky Es]
kg =([E] - [Es] -I[Epi]X[SJO - [S]t) - Kp (15)

-d[s] i [E]s]
SN FORRCNTE 16)

Py

and

b s [1}%71_ { = >Ho e an

A generalized form of equation (17) is:



_K—pj 51y

KSZ_;{_ [S]o—[S]t (18)

j=1 P

The evaluation of the kinetic constants KS and K . is
a problem which is complicated not only by the possible corjlpeti—
tive interaction of the free enzyme with one or more of the reaction
products, but also by the fact that the integrated rate expression
contains both a zero and a first order term.

The traditional solution to this problem has been to
study the reaction in its initial stages so as to minimize the diffi-
c.ulties arising from the possible interaction of the free e'nzyme
with one or more of the reaction products, and to estimate the
initial velocities, at the various initial specific substrate concentra-
tiong, from assumed zero and first order plots. The initial

velocities so obtained are then used to evaluate K_ and k3 by a

S
variety of graphical procedures based upon the differential form

of equation (18) in which all interactions between the free enzyme

and the reaction products are ignored, i.e., equation (19).

-als] /at -k, [E][S] /(&g +[s]) (19)

The above procedure is at best a compromise and since
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it can be criticized on both practical and theoretical grounds,
Foster and Niemann (11) instituted a search for more rational
methods. They have developed a procedure which eliminates
much of the subjective error inherent in the earlier methods. The
method of Foster and Niemann (11) is described in detail in
Part III of this thesis, and where applicable, it has been employed
to evaluate all experimental data.

For systems in which there is an added inhibitor on the

basis of present knowledge it is reasonable to postulate

Ky k

E +S,=————— ES ——— E

¢ v Poy (1)

i TP

E +P1f:_TT£_EP . (13)

With[ll = molar concentration of added inhibitor,
I:EI:[: molar concentration of the enzyme-added inhibitor

complex,

ales]/at 2o, [s]:[s{, [P] : [P1s] » and[1] - [1]. it follows that

k, + kg _[[E] - [Bs] -[EP] - [EIB Ls] = K¢ (21)

K [ES]
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i [[E] - (59 - (2] - [Bq[s], -[s);

k_z = [Epl] ,= KPl (22)
1;_2 [4 -[=4 fe) I o
- dd k, [E]s] (24)
at o +[—I—]— +[S]0 - 8] +
K (1 x —Tt) [s]
| 9
k, [E] ¢ - K, |1 +[ﬂ?_+[_l_]_ oLl s [s], -Tsl; | (25)

K K R

In the absence of inhibition by one of the hydrolysis

' products, i.e,, in the case for initial rates, equations (24) and

(25) are reduced to

and

- ds]  x, [Ells]
R o

kg (€] ¢ - Kg EEJT] lngti +[[S}o —[SJ,J | (27)

Equation (26) may be transformed into

1 K | |
g 1] 1.1 ,
?V‘[“’[E] BV e
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When l/vo is plotted against 1/[8]0 a straight line is
obtained with slope of KS/V 1 +[I'] /KI}. Comparison of equation
(11) with equation (28) shows that the effect of a competitive
inhibitor is to increase by the quantity (1 +[I]/KI) the slope of the
line obtained when 1/VO is plotted versus 1/(;5]0. Hence competi-
tive inhibition is indicated by an increase in the slope of the line of
a 1/v0 Versus l/fS]o plot accompanied by no significant change in
the intercept.

While it is true that within the limits of exper.imental

error equation (17) is a satisfactory rate equation for the alpha-

chymotrypsin catalyzed hydrolysis of both acetyl-%.—tyrosinhydrox-
amide, and acetyl-L-tyrosinamide at 25° and pH 7.6 and 7.9
réspectively, it must be remembered that in the derivation of
equation (17) in addition to the assumption that d [ES]/dt = 0, it

was also assumed that[S] :[s;|3){ES] and (P}] ¢ [Plf])s[EPI]. A

much more rigorous derivation of the above kinetic expressions

has been made by Straus and Goldstein (12, 13). In their terminology
the above conditions specify that the systems described herein are

in zone A, and indeed such has been demonstrated (‘14, 15), Thus

the assumptions as used herein appear to be valid.

The Generalized Theory of Straus and Goldstein

The following is taken essentially from Wilson (3) and

from discussions with H. T. Huang. A chief source of the criticisms
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of the Michaelis-Menten treatment is its assumption of certain
properties for the system that may not always obtain. For
example, it is assumed that the reaction is pseudo-monomolecular
instead of bimolecular as is indicated by the formulation. Straus
and Goldstein (12) and later Goldstein (13) derived the velocity
equations rigorously so that any simplifying as sumptioﬁs could be
introduced only after they were shown to be valid for a particular
system. It is instructive to comipare their generalized derivations

with the more specific ones already discussed.

Substrate Alone
If [E:[ is total enzyme, EEf-] is free enzyme, [S] , total
substrate and [Sf] » free substrate, then the correct velocity

equation can be derived:

E + 5 =2ES [£] - [&.] +[&s)
Kg = [E% (s - (s¢] +(&s]
Let a, fractional activity

be defined:

-[E) (1 -a) ([s]-alg]) .. ES]_v
a[_E] E‘] v

a(E] - [BS]
] -[E]-a)
Usf] =[s] - a(E]
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Is] - kg ....1_’5‘__a_ +a [E) (29)
A noteworthy contribution of Straus and Goldstein was to
en%phasize that it cannot always be assumed that [E] is negliéible
since the important consideration is not the absolute concentration
of E but its concentration with reference to Ks. Accor'dingly, they
expressed [E] and like quantities in specific concentrations,
E' = [E] /KS, which, analogous to specific gravities, are dimension-
less. Equation (29) is put in the specific concentration form if

divided by K.
S'=2a/(1 - a)+ak’ (30)

This is the complete equation, but, if E' is x}el;y small,
as is usually true, the last term is negligible, so it reduces to the
simple Michaelis-Menten form. The question of when this can be
done is best answered after consideration of inhibition.

Non-competitive Inhibition

Non-competitive inhibition is entirely analogoqs to the
substrate-enzyme equilibrium since the significant reaction is
E +I~—EIL It is assumed that concentration of substrate is high
enough to saturate the free enzyme; consequently a, the fractional

activity, is equal to &Elf]/LE] From the equilibrium-
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w LB B (U] - Ted)
(=1 =]

the complete equation (30 B) is derived as before:

I'- (1 -a)/a+(l-a)E, (30 B)

Since (1 - aL)E'i is equal to [EI}‘i, the specific concentration of

combined inhibitor, the first term in (30 B) must represent the

free inhibitor. Non-competitive inhibition therefore is divided into

three zones according to how many terms of equation (30 B) it is

necessary to use: in zone A essentially all inhibitor is free so that
I' - (1 - a)/a; (30 A)

in zone C the inhibitor is all combined so that

I'=(1 -a)E",

; (30 C)

In zone B the complete equation must be employed to describe the

behavior of the enzyme-inhibitor system. The bound‘aries of E' are

established by a graphical method based on the choice of a per-

missible error in a. For a = 0.01, the boundaries are approximately:
Zone A, E' <0.10; Zone C, E'> 100

Competitive Inhibition

When the inhibition is competitive, two equilibria must

be satisfied

@ Edly) ) [lsd

s
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The following relationships are easily verifiable by consideration

of these two equilibria:

te] =[es] +{er] +(=] (=] +(2VEL- (1 - a)
or [E1}) = (1-2)(E) -(&]

in which a = [ESJ/{E‘]
Solving (1I) for[Ef.jand substituting in (I), the following complicated

expression results:

I :{(S' - aE'S) [1 ; a] _ 1}+E1 - a) —1 +S|__1;E'_.] E'i (31 BiBs)

TOTAL FREE COMBINED

The letters after the equation number signify that both inhibitor and
sﬁbstrate are in zone B; i.e., this is the most generalized and rigid
form of the equation. Simplification is introduced by neglect of
\:Ef] which is rather small when both [EI] and \-_ES] are present:

I' - [s' - aE'S] [(1 - a)/a]—l— (1-a)EY | | (32B;5,)

TOTAL FREE COMBINED

The fact that in general enzyme systems will operate in zone A
with respect to S but some other zone with respect to I allows the

writing of the following simplified useful variants of (32 BiBS):

I' = (s' -aE")) [(1 - a)/a:] (32 A;B )
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[
H

S! [(1 - a)/a_J + (1 -a)E'I (32 BiAS)

I'-s! [(1 - a)/a: (32 AiAS)

Comparison of equation (32 BiAs) with (30 B) (the correrspoﬁding
one for non-competitive inhibition since the system is in zone A
with respec"c to substrate) reveals that they are identical i;l form
except for the multiplier, S'. The corresponding zones for competi-

tive inhibition are accordingly:

Zone A I' =S'(1 - a)/a when E'I/S' <0. 1

Zoné C I' = (1 - a) E'I when E'I/S‘ > 100
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INHIBITION BY A TRIFUNCTIONAL COMPOUND

Introduction

While the concept of the enzyme-substrate complex is
buttressed by an imposing assemblage of experimental evidence,
the extent of the knowledge of the forces operative between the
enzyme and substrate and the specific mode of combination of
enzyme and substrate remains somewhat limited. It has been
assumed and there is evidence which indicates that the eﬁzyme,
alpha-chymotrypsin, contains but one active catalytic center, or
site, per molecule, in respect to its esterase and proteinase.

activities (16, 17), and that the combination with substrate occurs

. at this center.

Numerous investigations on the nature of the alpha-
chymotrypsin-catalyzed hydrolysis of amino acid derivatives have
led to the hypothesis (18) that an alpha-amino acid derivative of the
-general formula R1CHR2R3 which can combine with the enzyme at
its catalytically active site does so by means of combi:ﬁation with
three centers, el, (32, e3, which are complementary to the three
prominent structural features of the attached molecule, Vviz., Rl’

the amino or acylamino group of the alpha-carbon atom, R,, the

alpha-amino acid side chain, and R3, the carboxyl group or a

functional derivative of the carboxyl group. The extent to which

any given compound of the general formula R{CHR3R3 will be bonded
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to the active site of the enzyme depends primarily upon the degree
to which the molecule and the asymmetric catalytic surface are
intrinsically complementary, and secondarily upon the ability of
both the combining molecule and the active site to alter their
respective conformations in order to improve the closeness of fit
during the course of the combining process.

Niemann and co-workers in a series of publications
(14, 15, 18-26) have shown that changes in the nature of the R
groups may strongly influence the nature of the enzyme-substrate
and enzyme-inhibitor dissociation constants. At the time of writing

no alpha-amino acid derivatives of the D-configuration have been

shown to be substrates of alpha-chymotrypsin. On the contrary,
the =D—enantiomorphs are excellent competitive inhibitors of the
enzyme (20). It may well be that the =D—compounds are hydrolyzed,
but at such a slow rate that detection of hydrolysis during the course
of short term experiments has been impossible with our present
analytical methods. It is not impossible that at some future date a
specific substrate possessing the E—conﬁguration and derived from
an alpha-amino acid will be found for alpha-chymotrypsin.

For acylated alpha-amino acid amides possessing the

D-configuration, the affinity of alpha-chymotrypsin for the respective

alpha-amino acid side chains is in the order beta-indolylmethyl »)

p-hydroxybenzyl >>benzyl (20).
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This information led to the investigation of the enzyme-
inhibitor dissociation constant, KI’ for acetyl—g-tryptophan methyl
ester {(27) in which R3 was changed from an amide function to an
ester function. It was found that this substance was an extrémely
effective competitive inhibitor of alpha-chymotrypsin. Subsequently
acetyl—=D—tryptophan ethyl ester, and acetyl-E-tryptophan isopropyl
ester were evaluated as inhibitors (22). It was found that when R3
equals carbomethoxy, maximum inhibition obtained, see Table IL
A logical extension of these investigations was that R, aﬁd R
should be held constant and R1 should be varied from acetyl to
propionyl to butanoyl and so forth. The author undertook the
preparation of various acyl derivatives of B-tryptophan isopropyl
eéter, and a number of these compounds were prepared, (see
Table I). Unfortunately, the extremely low solubility of these
materials, with the exception of the propionyl derivaﬁve, in aqueous
solutions precluded their use in further inhibition studies. ‘

In an attempt to increase the solubility of these com-
pounds, the esters were converted to their respective amides, (see
Table I). The amides also exhibited extremely low solubility in
aqueous media, a fact which precluded their use in further inhibition
studies.

Results and Discussion

The inhibition constant for propionyl-D-tryptophan
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Table I

INHIBITORS DERIVED FROM D-TRYPTOPHAN

Inhibitor EOC]D m. p. a
Acetyl-L-tryptophan Isopropyl Ester - 2. 9Ob 132-133,5°
Propionyl-D-tryptophan Isopropyl Ester - 1. 4Ob 123-124°
Butanoyl -D-tryptophanamide - 177-178.5°
Hexahydrobenzoyl-D-tryptophanamide -10.5°¢  226-227°
Phenylacetyl-D-tryptophanamide -10.0°?  202.5-203°

- 179-180.5

. Dodecanoyl-D-tryptophanamide

a., All melting points corrected.

b., At 25°,
c., At 28°,

d., At 26°,

(o4

o4

5 % in methanol,
1 % in pyridine.

2 % in methanol.
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isopropyl ester was determined at 25° and pH 7.6 in aqueous
solutions 0,3 M with respect to the amine component of a tris-
(hydroxymethyl)-aminomethane-hydrochloric acid buffer in the
presence of an enzyme concentration corresponding to 0. 0208 mg.
protein-nitrogen/ml. of reaction mixture. The specific substrate
used in this study was acetyl-z;,-tyrosinhydroxamide for which

Kg = 43+ 4 X 10" M, and k, = 33 + 3 X 10" M/min. /mg. protein-

3 =
nitrogen/ml. (28).

The results of these experiments are summarized in
Fig. 1 and Tables II and IV. Data from previous experiments (22)
have been inpluded for the purpose of comparison. The results

suggest competitive inhibition, and the apparent KI value calculated

from a plot of 1/VO versus 1/[8]0 (4), is equal to 0.39 + 0.04 X

10—3 M. Since all experiments were limited to 30 per cent

hydrolysis, the initial velocities, i.e., v_, were corrected by the

o}

method described by Jennings and Niemann (24). The KI value
presented in Table II was calculated from a l/vO versus 1/[8]0
plot (4) and from a plot of vV, versus vo/[S-_‘o (7-9) employing
corrected initial velocities. These two types of plots gave sub-
stantially the same value for KI'
Care has been taken to assure, as completely as possible,

that the enzyme reactions were carried out in such a manner as to

maintain zone A conditions (12, 13).
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Table II

KINETIC CONSTANTS OF A SERIES OF COMPETITIVE

INHIBITORS DERIVED FROM D-TRYPTOPHAN

Inhibitor K.*
Acetyl-D-tryptophan Methyl Ester 0. 089
Acetyl-D-tryptophan Ethyl Ester 0.25
Acetyl-D-tryptophan Isopropyl Ester 0.8+ 0.2
Propionyl-D-tryptophan Isopropyl Ester 0.37 £ 0.04"

a., In units of 10_3 M.
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There is reason to believe (29-31), that at concentrations
of the order of 10”5 M or less, alpha-chymotrypsin is present in
aqueous solutions essentially in the form of the monomer. The
assumption has been made that the molecular weight of monomeric
alpha-chymotrypsin is 22, 000 and that its nitrogen content is 16 per
cent (28). On this basis a solution which contains 0, 1 fng. protein-
nitrogen/ml. is equal to 2.84 X 10-5 E/I‘_ in this enzyme. Thus

reevaluation of the primary data gave the following values.

Propionyl-D-tryptophan isopropyl ester versus acetyl-L-

tyrosinhydroxamide.

K =0.37%0.04X 1073 M E'I=l.6X10-Z
-5
[E]-0.59X1o M S'g = 1.16 - 9.3
E'e = 0.014 X 10‘2' I'. = 1.35
S_ - I - »

It has been suggested (22) that the interaction between R,
and e } may depend largely upon van der Waals forces, Thus in

changes of Rl’ keeping R, and R, constant, in going from acetyl

3

to propionyl one might expect an increase in the affinity of the

enzyme for the inhibitor and such appears to be the case.



25~

INHIBITION BY BIFUNCTIONAL COMPOUNDS

Introduction

A necessary condition of the three point attachment
theory is that compounds containing two or only one of the three

structural elements, Rl’ RZ’ and R should be capabl_e of function-

3’
ing as competitive inhibitors of alpha-chymotrypsin. Numerous

examples of inhibition by all three possible types of bifunctional

inhibitors, i.e., RlCH R RZCH R

2Ry, o R3, and RlCH R have been

2.3
reported (22, 32-36). There is, however, considerably less
information on inhibition by monofunctional inhibitors (32, 33, 37).
Huang and Niemann (32) have studied five monofunctional inhibitors,
and they have reported that indole, itself, is an extremely effective
inhibitor of the enzyme, see Table III (32, 33, 37, 38).

In an effort to augment the data in this field, it was felt
that inhibition studies should be carried out employing various
. structural analogs of indole and indole-like compounds, and quanti-
tative determinations should be made to ascertain theleffect of the
introduction of either an R1 or R, group into the heterocyclic
nucleus. A number of these compounds were prepared, and
inhibition studies were conducted employing several of these., The
enzyme-inhibitor dissociation constants of two of these compounds,

indole-2-carboxylate, and cinchoninamide, are discussed in this

section because they were evaluated against a common substrate,



Tabie 111
KINETIC CONSTANTS OF A SERIES OF COMPETITIVE

INHIBITORS OF alpha-CHYMOTRYPSIN

Inhibitor KIa
Cyclohexanol 80
Pyridine 50
Nicotinamide 50
Chloramphenicol 25+ 5
Benzamide 10 + 2

Phenol 7.0
Skatole 1.0
Indole 0.80 + 6.2
Cinchoninamide 8.4+ 1.0
Indole-2-carboxylate 1.5+ 0.3

a., In units of 1072 M.
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acetyl—;Ij—tyrosinhydroxamide, and the kinetics analyzed by a
common procedure. Other bifunctional inhibitors of this type are
treated in Part III of this thesis.
Results

The inhibition constants for indole-2-carboxylate and
cinchoninamide were determined at 250 and pH 7.6 in aéueous
solutions 0.3 M with respect to the amine component of a tris-
(hydroxymethyl)-aminomethane-hydrochloric acid buffer in the
presence of an enzyme concentration corresponding to 0. 0208 mg.
protein-nitrogen/ml. of reaction mixture. The specific substrate
used in this study was acetyl—I___'__;-tyrosinhydroxamide for which
Kg =43+ 4 X 107> M, and ky =33 13X 107> M/min. /mg.
pfotein—nitrogen/ml. (28).

The results of these experiments are summarized in
Fig. 2 and Tables III, V, and VI. Data from previous experiments
(32, 33, 37) i’lave been included for the purpose of comparison. The
‘results suggest competitive inhibition, and the apparent KI values
for the two inhibitors calculated from plots of l/vO versus 1/{8]0
(4). The uncorrected K. values were:

I
Indole-2-carboxylate Kr= L 6+0.4X 1073 M

Cinchoninamide K = 8.9 + 1.0 X 1073 M

Since all experiments were limited to 30 per cent hydrolysis, the

initial velocities, i.e., v_, were corrected by the method of

[¢]
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Jennings and Niemann (24). The KI values presented in Tables III,
V, and VI were calculated from plots of 1/vo versus 1/[5]0 (4) and
v, versus vo/l:S]0 (7-9) employing corrected initial velocities.

Care has been taken to assure, as completely as possible,
that the enzyme reactions were performed in such a manner as to
maintain zone A conditions (12, 13). Reevaluation of the primary
data gave the following values.

Indole-2-carboxylate versus acetyl-L-tyrosinhydroxamide.

2

KI=1.51~0.3X10-3M E'; = 0.39 X 10°
. -5 .
[E]-0.59x10° M S' - 1.16 - 9.3
M S
-2
1 - 1 -
E'y = 0,014 X 10 I' = 0.67

Cinchoninamide versus acetyl-L-tyrosinhydroxamide.

K =8.4+1.0X107° M }3'1:0.07}“0'2
-5 _

(E]- 0.59x 107" M S' = 1.16 - 9.3

E'g=0.014 X 107° I'' =0.595

It may be noted, from the preceding data, that in every

5

case Y_E] was of the order of 10 M, E'S = [E] /KS was less than

1074

-2
) E'I - [El /KI less than 1.7 X 10 7, and S‘S :[_S] /KS between
the limits of 1.16 to 9.3. Thus in all of the experiments with the
inhibitors discussed above, the conditions were such as to insure
the presence of substantially monomeric alpha-chymotrypsin, the

maintenance of zone A conditions with respect to both the specific

substrate and the competitive inhibitor (12, 13, 28), and the
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attainment of values of S‘S between the limits necessary for the
application of equation (26), in the form of vV, versus VO/ES]O plots
(7-9) and l/vo versus 1/[8]0 plots (4) within the limits of experi-
mental error. For an experimental error of + 5 % the permissible
limits of S'S are 0,05 to 20 (28). It will be seen from equation (26)

that for a value of I'I of 0.1 and an experimental error of + 10 %,

the term K¢ (1 +[1] /K;) is
-q[s]/at - k, [E][S]/KS (1 +[1}/x ) +{5] (26)

equal to KS within the limits of experimental error. Since in the
evaluation of KI’ the probable experimental error is likely to.be at
least 20 %, it is obvious that values of I’I must exceed 0.2 for KI
vélues to be of significance, and if they are to be estimated with
any reasonable accuracy the value of I'l should be of the order of
1 or greater. In these experiments described above i'I varied
between the l;mits of 0.6 to 1.35.
biscus sion

It may be expected that indole-2-carboxylic acid, because
of its structural relationship to indole, will interact principally
with the (32 center of the enzyme, but it cannot be assumed that it
will do so exclusively. It is quite possible that there is interaction
not only at (32, but also with P3 and possibly ()1 to form the binary

complexes (I) and (II).
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“i!'__‘!’ . ~ /

I i 1T
Then either I or II can possibly react with a second molecule of
the inhibitor to form the ternary complex III, F‘(;r the case in
which RZ is indole, Huang and Niemann (32) in a detaileci analysis
of this problem have shown that the formation of one or rhore of
these complexes prevents the active site from combining with a
trifuhctional specific substrate, thus with indole inhib'ition is quite
effective.

The introduction of a carboxyl group in the two position
of the indole nucleus apparently reduces the affinity 6f the enzyme
for the indole molecule by a factor of about tw‘o. It may well be

~that this reduction in affinity is a reflection of coulo?nbic repulsion
between the known negative charge that resides at or near the
catalytically active site of alpha-chymotrypsin (1) and the negative
charge of the carboxyl group, present at this pH, of the inhibitor.

The marked increase in the KI value, i.e., the decrease
in affinity for the enzyme, exhibited by cinchoninamide as compared

to indole may be interpreted in several ways. The problem arises,

does cinchoninamide interact with alpha-chymotrypsin as a
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monofunctional or bifunctional inhibitor? Cinchoninamide may
combine with the enzyme via RZ- (32 interaction in which case it
could be thought of as a monofunctional inhibitor such as indole.
Two alternate possibilities are that cinchoninamide may interact
with the enzyme via a R1 - Pl and R, - PZ interaction, or there
may be Ry- ()2 and Ry~ ()3 interaction. For these cases,
cinchoninamide would assume the characteristics of a bifunctional
inhibitor such as phenylacetamide.

From a comparison of KI values for several bifunctional

competitive inhibitors of the amide type, e, g., benzamide, ‘KI =

10+2 X 10-3 M, phenylacetamide, K 15+3 X 10'3 _1\4_, beta-

I=

3

phenylpropionamide, K 7.0+ 2.0X 10°7 M, and gamma-phenyl-

I =
bﬁtyramide, K, =12+3X 1073 M (38), one might well conclude
that cinchoninamide falls within this group. Nicotinamide, how-
ever, a bifunctional competitive inhibitor, has an unusually large
KI’ i.e., apéroximately 50 X 10—3 M. The large difference
between the KI values of benzamide and nicotinamide has been
ascribed to the effects of hydration (22). Nicotinamide is more
hydrophilic and hence is presumed to be more heavily hydrated
than benzamide. It is reasonable to assume that in the process of
formation of the intermediate complex the two reacting molecules,

i.e., enzyme and competitive inhibitor, must necessarily approach

to within a sufficiently close range to permit the operation of
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whatever forces are responsible for the formation of the complex.
Thus water molecules on the catalytically active site and on the
competitive inhibitor will have to be eliminated, at least in part,
during the process of combination. It is very likely that the work
involved in the elimination of water molecules at the active site

of the enzyme is the same for the formation of the respéctive inter-
mediate complexes for a series of structurally similar inhibitors,
and therefore may be considered as a constant factor. Thus for
two inhibitors of approximately the same size and shape; such as
benzamide and nicotinamide, the one containing the more hydro-
philic group will have more water molecules to be eliminated and
hence will require the expenditure of more work in the combination
process. This appears to be reflected in a lowering of the affinity
of the enzyme for nicotinamide. Possibly a similar effect, although
not to such a great extent, is operative in the case of cinchonin-
amide when compared with monofunctional inhibitors of the indole
\ty_pe.

An additional point to be considered is the fact that there
is an available electron pair on the nitrogen of the quinoline ring
producing a small negative charge there; this effect is much less
pronounced in the case of indole. This negative charge could
account for a coulombic repulsion at the bonding site lowering

the cinchoninamide molecule's affinity to a marked degree.
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Unfortunately, the choice between the various alternatives
is by no means clear, and the enzyme-inhibitor relationship might

well be a composite of more than one of these effects.
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. EXPERIMENTAL (39, 40)

Acetyl-L-tyrosinhydroxamide (I). - This material was

prepared as directed by Hogness and Niemann (14), colorless
1 25
needles, m.p. 140-141° with decomposition;[o(]D -37.0°
o 25 o
(c 5 % in water), Lit. (14), m.p. 143-144", («]D -38.3" (_c_ 5 %

in water).

Indole-2-carboxylic Acid (II). - This material was pre-

pared by Dr. H. Rinderknecht, m. p. 198-200°. Recrystallization
from methanol and treatment with decolorizing carbon gave ‘1ong

needles of II, m.p. 203-204°, Lit. (41), m.p. 203°.

97
N, 8.7. Found: C, 67.2; H, 4.5; N, 8.6.

Anal. Calcd, for C.H OZN (161): C, 67.1; H, 4, 4;

Cinchoninamide (III). - Ammonolysis of 5 g. of sirupy

ethyl cinchoninate, prepared by Dr. J. B. Koepfli, gave 3.8 g. of
111, long, colorless needles, m. p. 176.5-1780, after three

recrystallizations from water. Lit. (42, 43), m.p. 178°,

DL -Tryptophan Isopropyl Ester (IV). - A suspension of

40 g. of DL-tryptophan in 500 ml. of anhydrous isopropanol was

1
Some difficulty was encountered in recrystallization. An excellent

discussion of the problem and its solution is presented in the Ph.D.
thesis of Robert R. Jennings, California Institute of Technology,
1954, ‘



-35-

chilled to 0° and saturated with dry hydrogen chloride. The

solvent was removed by distillation in vacuo, and the above pro-

cedure repeated to give 53.2 g. of the estér hydrochloride. 'The
ester hydrochloride was suspended in 200 ml. of ethyl acetate and
treated with a satura{:‘ed aqueous solution of potassium carbonate
until the reaction mixture was alkaline to litmus paper; The
ethyl acetate layer was separated from the aqueous layer, and
the aqueous layer extracted with two 100 ml. portions of ethyl
acetate. All of the et};yl acetate solutions were combinéd, dried

over anhydrous calcium sulfate, and evaporated to dryness in vacuo

to give 38 g. of IV, a thick sirup.

D-Tryptophan Isopropyl Ester (V). - A mixture of 15.0 g.

of IV and 4 ml. of distilled water was treated with 1 g. of "Viobin"
pancreatic extract, and the mixture incubated four da:ys at 25°,
The reaction mixture had become solid at the end of:this time, and
‘was extracted with four 50 ml. portions of eth.yl acetate. ri‘he
extracts were combined, dried over anhydrous sodium sulfate,
filtered, and evaporated in vacuo to dryness to give 6.7 g. of crude

V, an amber sirup.

Acetyl-D-tryptophan Isopropyl Ester (VI). - Acetylation

of 5.1 g. of crude V with 3 g. of acetic anhydride in ethyl acetate

solution, in the presence of aqueous sodium bicarbonate, gave 3.8 g.
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of VI, m.p. 132-133, 5°, small, stunted needles, after three
25 o
recrystallizations from ethyl acetate; [og] -2.9" (¢ 5% in
. D B
methanol). No hydrolysis of the ester occurred when tested with
alpha-chymotrypsin at pH 7. 9.

Anal. Calcd. for C;H,,0;N, (288): C, 66.7; H, 7.0;

N, 9.7. Found: C, 66.7; H, 7.0; N, 9.7.

Propionyl-D-tryptophan Isopropyl Ester (VII), - Acyla-

tion of 6.7 g. of crude V in ethyl acetate solution with 8 g. of pro-
pionic anhydride, in the presence of aqueous sodium bicarb@haté,
ga\;e 2.6 g. of crude VII, m.p. 118-120°, Recrystallization from
ethyl acetate gave 1,0 g. of VII, m.p. 123-124°, [“]]2:')5 +1.4°
(E 5 % in methanol).

Anal, Caled. for C,H,,0,N, (302): C, 67.6; H, 7.3;

N, 9.3. Found: C, 67.6; H, 7.3; N, 9.2.

Butanoyl-D-tryptophanamide (VIII), - Afninonoly.sis of

7.4 g. of crude butanoyl-D-tryptophan methyl ester, 6btained by
the acylation of crude D-{ryptophan methyl ester (44) with butyric
anhydride, gave 3.8 g. of VIII, m.p. 178-179.5°, f;lne needles,
after two recrystallizations from methanol. Recrystallization of
VIII from a mixture of ethyl acetate and methanol gave ’fine needles,

m.p. 179-181°,

Anal, Calcd. for Cy5H90,N3 (273): C, 65.9; H, 7.0;
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N, 15.4. Found: C, 66.3; H, 7.1; N, 15.4,

Hexahydrobenzoyl-D-tryptophanamide (IX). - Ammonolysis

of 6.7 g. o