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This thesis is divided into five chapters,

Chapter I deals with a discussion of the
principle of microscopic reversibility, The principle as
first enunciated by Tolman in 1924, applies to systems at
ecquilibrium, Since that time it has found wide application
to chemical reactions and many erronecus applications and
conclusions have beaen made, Although there is no sound
theoretical jJustification, the view has lebg been held
that a resction must cccur in one directien by # mechenisn
that is the exact resverse of that in the reverse direction,
The principle has been re-sxemined the object baing to
determine the conditions for which this view holds., &«
satisfactory solution to the problem was found by cone
sidering several different reaction schemes,

Chapters I1I, I1II and V deal with the pH
depondence and mechanism of d«chymotrypsin catalyzed
hydrolysis, Early workers considered the reaction to
follow the classical Micheelis«Menten scheme in which s
bimolecular complex betwsen enzyme and substrate is
formed, The next reaction was postulsted to be the
direct breakdown of this complex into free enzyms and
products., This view was held for many yaars largely on

the fact that all systems studied obeyed the kinetic
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laws derived on the basis of this scheme, A new perge
pective was thrown on the problem of catalysis by hydro=
lytic enzymes when Hartley in 1954 postulated that the
d=chymotrypsin catalyzed hydrolysis of penitrophanyl
acetate proceeds through two intesmediates, This hypo=~
thesis was shortly afterwsards confirmed by stoppedeflow
studies and by the isolation of s new intermediate, the
go-called acyl enzyme, in which tha acyl molety of an
soter substrate has becoms asterified to a éerine residue
in the enzyme. This aspect becamw an ares of intensive
research with the rasult that seversl other hydrolytic
enzymes, cholinesterase, trypsin, elastase ang thrembin,
were shown to heve osn acylated sarine internediste,

The inference that hydrolytiie enzymes have »
similar mechanism of action is inescapable and for this
reason in the past five years prodigious efforts have
been put forth in saveral leboratories to elucidate the
machanism of % <chymotrypsin catalyzed hydrolysis. The
high interset in this particular enzyme stems from the
fact that it is readily available in high purity,
hydrolyses a wide variety of substrates, requires no
activators or co=enzymes for activity and {3 stable in
solution at ovdinary temperatures, In spite of the many

2pproaches used to study this enzyne, and the voluminous
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amount of information accumulated, no firm declsions ag

to its mechanism of action have come forth, but many
controversies have arisen, However, so much pragress has
been made that with no other enzyme is the complete undege
standing of the mechanism so close at hand, The present
research was undertaken with a view to elucidating the
nature and function of the chemical compononts of the
active center in order to arrive at a moxe'satisfactery
over=-all mechanism,

Chepter I1I deals with the inhibition of
dechymotrypslin catalyzed reactions. In 1960 Krupka and
Laidler proposed novel kinetic schemes to explain inhibi.
tion phenomens for enzymes involving two intermediates,
In particular, they demonstrated how mixed and none
competltive inhibition could arise without involving the
classical explanation of tornary complexes between
enzyme, substrate and inhibitor., As a furthor test of
the generality of these schemos, the inhibition of
d=chymotrypsin catalyzed hydrolysis was studied,



This regearch was carried out under the
supervision of Prof, K, J. Laidler without whose guldance
this resesrch could not have coms to a successful come
pletion, The author ig @speclslly grateful to him for
the many hours he patiently devoted to discussions and
advice during the preparstion of this manuscript,

The avthor wouid slso like to acknowledge the
receipt of an N,A.C. studentship and a Frovince of
Gntario fellowship,

The assistance of 4w, Maltland Revelle in
the typing of this thesis is gratefully appreciated,



PREFACE

ACKHCHLEDGMENTS

TABLE OF CONTENTS

LIST CF TABLES

LIST OF FIGURES

ABSTRACTS
The rinetic Consequences of the Principle of
Micreoscopic Reversibiiity
influence of pH on the Kinetic of Enzyme
Reactions Involving Two Intermediates
Studies in Mixed Solvents; the Hature of the
Ionizing Groups
influence of pH, and the Mechaniem of Reaction
Inhibition of Enzyme Heactions Involving Two
Intermediates
Mechanisms of Inhibition
Hydrolysis of D and L Egters

Chapter 1. OGENERAL INTRODUCTION
Activation of Chymotrypsinogen
Active Canter of d=Chymotrypsin
Amino Aclid Sequence
Specificity

kage Noy

v

ix
x3i

o o oa o

10
12
13



w yi -

Eage Ho,
Stervospacificity 16
Hochanism 17
Chapter 1I, THE KIRETIC CONSECQUENCES CF THE
PRINCIPLE OF MICROSCOPIC REVERSIBILITY 22
INTRODUCTION 22
Reactions Cecurring by Kinetically
Equivalent Paths 23
Heactions Cccurring Ly Alternative iFathe
that are not Kinetically Eaquivalent 28
Chain Reactions 34
~ General Discussion 36
Chapter I1I, THE KINETICS AND MECHANISH OF
XeUHYMOTRYPSIN CATALYEED HYDAOLYSIG 38
#¢ The Influence of pH on the Kinetics of
Enzyme Heections Involving Twe Intermediates 38
INTRCSUCTION 38
Kinetic Detection of an Ionizing Group 41
General Reaction Scheme 43
significance of the Eefﬁg Katio 45
The Fatterns of pH Gehavior 46
B. . Genersl Experimental 49
Description of Apparatus 49
Procedure 52
Analysis of Lata 5?



Co

Lo

o vii o

Studies in Mixed Solvents; the Noture
of the Ionizing Groups
INTRCIUCT ICN
EXPERIMENTAL
Materials
Kinatic Frocedurs
RESULTS AND DISCUSSION
Appendix
Influence of pH, and the Hechanism
of Reaction
INTRODUCTION
EXPERIMENTAL
RESULTS
DISCUSSICN
dechanistic Information
Function of Imidazole Group
Microscopic Reversibility
Bendex's Mechanism
Acidic Hydroxyl Group Aids Deacylation
Acylation of Acidic Hydroxyl Group
Gver=all Mechanisam

Appendix

54
54
8
o8
&l
63
74



o yiil -

Chapter IV, INHIBITICN

A,

E,

The Inhibition of Enzyme Roactions
Involving Two Intexmediates
INTRODUCT ION
General Inhibition Equations
Speclal Caaws
Cage I
Cage IX
Hechanisms of Inhibition
INTRODICTION
LAFERIMENTAL
Materials
Kinetic Yrocedura
AESULTS AND DISCUSSION
Inhibition by Indole
Inhibitien by Phenol

General Discussion

Chaptexr V, HYDROLYSIS OF D AND L ESTERY

INTRODUCT IO

EXPERIMENTAL
RESULTS ARD DISCUSSION

CLAIMS TO CRIGINAL RESEARCH
REFERENCES

ygg% ﬂgg

1l

111
111
113
115
117
120
121
12l
122
122
122
123
123
130
138
141
141
141
14z
163
172



24
3.
4.

C.

7.

g.

Ge

16,

11,

aan

LIST OF TABLES

Classification of pH Behavior for
the Case of Two Intermadiates, for
Uncharged Substrates,

PR Values in Varfous solvent Mixtures
ﬁc/ﬁg Values in water,

ge/ﬁ& Values in 6.67%(v/v) Dioxana=
Water, |
ﬁc/ﬁﬁ Values in 13.3%(v/v) Dioxane=
dater,

ic/ﬁg Values 4in 25,7%(v/v) Dioxane~
viater,

bats for Hydrolysils of p~Hitrophenyl
Acotate at pH 8,00,

Data for Hydrolysis of NeAgaiylel-
Tyrosine Ethyl Ester at pH 8,00,
Dats for Hydrolysis of N=BenzoyleLe
Alanine Methyl Ester at pH 8,80,
Data for Hydrolysis of HNeBenzoylelm
Alanine lethyl Ester at pH B,00,

gc, Rg and iozig Yalues for
p=iitrophenyl Acetate at Various phis,

rage Eg,

47

67

68

69

70

71

88

88

89

9¢



Jable No,

12.

13,

i4,

15,
16,
17,

18.

~

LN gg and Q;/ﬁg Values for
NedcetyleL=Tyrogine Ethyl Eatgr at
Yarious pHs,

ﬁ;, g& and §°/§5 Values for
N=BanzoylelLeAlanine srthyl Ester at
Various phHs,

E;, Ky and %0/£; Values for
NHeBenzoyl«DeAlanine Methyl Ester at
Various pHs,

Inhibition Equations; Special Cases,
Inhibition Constants for Phenol,
Temperature Dependence of ky and K
for NeBanzoyleLeAlanine Methyl Lster,
Tempersture Dependence of kg and Ke

for NeBenzoyleReAlanine Kethyl Ester,

91

G2

93

118

136

144

144



1.,

2.
3.

S.

6.

10,
ll;
i2,

EFaae No,
Amino Acid Sequences of
Chymotzrypsinagen and Trypsinogen, 8
Schematic Dlagram of deChymotrypsin, 9
Mechanism of d«Chymotrypsin Catalyzed
Hydrolysis Proposed by Bender and
Coeworkers, 20
Dependence of Initizl Rate on [B],, 33
Schaematis Disgram of the Titration
Asaembly, BU

Time Course Curves for the
«Chymotrypein Catelyzed Hydrolysis of
NeAcetyl=L~Tyrosine Sthyl Ester,

Fadie Plot,

Schematic Illustration of Dixon's
tethod,

Theoraetical Gffect of Organdc 3olvent
on the pH Profile for Various Ionizing
ralrs,

Flot of X Against 1/fH'1}.

Plots of Rates against [s],

Logarithms of g; and ﬁ;/ﬁﬁ Flotted
Against ph for the X~Chymotrypsin
Catalyzed iydrolysis of NeBanzoylelLe
Alanine Methyl Ester,

B9
62
€4



13,

14.

15g

}-6.

17.
18,

19,

21,

o xifi ~

yage Ho.
Logarithas of chﬁg Flotted Against
pH for NeBenzoyleLetlanine Hethyl
Lster in €.67%, 13.3% and 26,7%{v/v)
Dioxene~iater, 66

Logarithms of gc' ﬁg and ﬁ;/ﬁg

Flotted Agalnet pH for the d=Chymotrypsin
Catalyrzed kHydrolysis of pelitrophenyl
Aeatate,

Logarithms of ﬁg, E& and ﬁo/ﬁg Plotted
Agailnst pH for the c«Chymetrypsiln
Catulyzed Hydrolysis of HeAcatyleLe
Tyrosine Ethyl Ester,

Logarithms of gﬁ, ﬁg and gg/ﬁg ¥lotted
Against pH for the deChymotrypsin
Catalyzed Hydrolysis of Nellenzoyleie
Alanine dethyl Estex,

Eadle Flots for p-Nitrophenyl Acetate,
tadle Flots for Meicetyl-L-Tyrosine
Ethyl Ester,

Eadig Plots for NeBenzoylei-Alanine
Methyl Estex,

Eadlie Flots for NeBenzoyleDealanine
Methyl Ester,

Mechanism of Binding for Substrates

of d=Chynotrypsin,

&80

81

82

87

97



» xiii -

Fia b : Pagg Mo,

22 Sechanism in which the Acidic

Group Playes a Conformational Role, 103
23, Hechanism in which the Acidic Group

functions as & Generanl Acid Catalyst, 104
24, Mechonism 4n which the Acidic Group

is Acylated, 106
i Fropesed dechanism for <=Chymotrypsin

Catalyzed Hydrolysis, 108
26 General Inhibition Scheme, 114
27. Hachanisms of Inhibition, 119
28, Flot of v /vy hgainst [I] for the

<«lhymotrypsin Catalyzed Hydrolysis of

HeAcotylel~Tyrosine Ethyl Estex

Inhibited by Indole, 124
29, ¥lot of Lfvy sgainst [I] for the

X«Chymotrypein Catalyzed Hydrolysis of

HelcatyleleTyrosine Ethyl Ester

Inhiblted by Jladole, 125
30. Flot of the Siopes of the Lines in

Figure 26 Against 1/{s5]. 129
3l. Flot of i/k, Against (1+K4[1]) for the

<«Chymotrypsin Catalyzed Hydrolysis of
Fethyl Hippurate Inhibited by Indole, 131



E

32.

33a,

33b,

34,

35,

37,

38,
39,
40,

4

o 3iv -

Fa gg2 NQ 2

Flot of /K, Agminst l/(leﬁifl}) for
the <~Chymotrypsin Catalyzed Hydrolysis
of Methyl Hippurate Inhibited by Indole,
Flot of wvy/vy Against [I] for the
<wChymotrypsin Catalyzed Hydrolysis of
NeAcetyl=L=Tyrosine Ethyl Ester
Inhibited by Indole,

vlot of l/v; Against [I] for the
<=Chymotrypsin Cataiyzed Hydrolysis

of NeAcetyleleTyrosine Ethyl Estér
Inhibited by Indole,

fondom and Forced (wder Binding
Schemes,

Plot of Kylapp) Againgt (I for

Phenol Inhibition,

lot of Logynks Against 1/T for
NeBionzoyled and Ledlanine fdlethyl Esters,
Fliot of 1°9i0Km Against 1/T for
Hebenzoylsl and LeAlanine Methyl
Egters,

Scheme for Reversible Uenaturation,
Plot of logy oK Agalnst L/T,

Urientation of Groups in the Aoyl

Eng'YMO

132

133

133
13%
137
143
146
147

149

151



AESTRACT

The Rinetic Consoqusnces of the P
Reversibility

The principle of microscopic raversibility was

formul.ted for elementary reactions at equilibrium, It
follows from the principle that for any elemoentary reaction
the favoraed yreaction path in one direction must be the
reverse of that in the opposite reaction, and that the
ratio of raté constants is the equilibrium constant. The
same is true Yor nonechain reactions veccurring under
steady~state conditions provided that the alternative

paths are oquivalent as far as kinetlc order is concerned.
For rsactions occurring under nonesteady=-state conditions,
for chain reactions even in the steady state, and {or none
chain reactions in which the alternative paths are not
kinetically equivalent, the preferred reaction path in
one direction may be different from that in the other; in
such cases the ratio of the overesll rate constants is mot
aqual to the equilibrium constant, The principle of
microscopic reversibility can never be used to prove the
machanisms of a reaction when that for the reverse reaction
has been established; it can only bo used to elininate
kinetically cquivalent mechanisms which are not the exact

reverse of that for the reaction in the opposite directlion.



Ihe Influence of
involving Two Intermedistes

Lnzyme zreactions which oceur according to the

schame E ¢ Ge==fs——p, ¢« B8'—E ¢ Py, follow the
Alchaelils law; this study deals with the affect of pil on
the kinetic parameters which appear in the Michaelis
aquetion, A general equation for pi effects is given.,

It is shown thai the rate constant %;fﬁ;, which is the
sacondeordaxr constant obtained by extrapolaiicn to zero
substrate concentration, can only give pii values fox groups
involved in the breakdown of the “ichaelis compiex, The
various patterns of pH behavior aro classified and

discussad,

The L=chymotrypsin-catalyzed hydrolysis of

Nebenzoyl=Lezlanine methyl ester has bean studicd at low
subsirate concentrations over a rangs of pH, and in various
dioxane~water mixtures. The resuits provide pK values for

the groups that ionize in the free enzyne., and from thas
variation of these pKs with dielectric constant it is
concluded that when protonated ono group is cationic, the
other neutral, The cationic group (pK~ 6.9 in water) is
probably the imidazole group, which therefors is catalytically

active in its neutral form. The neutral group {pk~ 9.2 in
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pure water) is concluded to be probably a serine hydroxyl
group, catalytically active in its neutral form,

An investigation hes been made of the influence
of pH on the kinetics of the dechymotrypsinecatalyzed
hydrolysis of Nebenzoyled and Lealanine mathyl esters,
Nwacetylei-tyrosine ethyl ester and p=nitrophanyl acetste,
From studies over a range of substrate concentrations the
variations with pH of Ec‘ K, and ﬁclﬁg have been deduced,
The results show thet in the freo enzyms there are jonizing
groups of pK &.9 and 9,2 snd that those ave involved in
the subsequent breakdown of the enzymeesubstrate complox,
in the next stage, usually regarded ass deacylation, only a
group of pk 6,9 (presumably an imidazole group) is revealed,
A numbar of possible reaction mechanisms, consistent with
the evidence, are discussed. It is concluded that two
imidazole groups probably play a rele in the reaction, In
complex formation one of these interscts with the carbony!l
function of tho substrate; in acylation the other imidszole
group obstracts a proton from the serine hydroxy! and
transfers it to the leaving alcchol woiety, The deacylation
process 1s the reverse of this process, with wator as the

fnucleophiie,
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ihe Inhibitson of Cnzyme feactions Invelving Two
Anteraediates

General stoadyestate oquations ave worked out
for the case in which an inhibiior can conbine with the
froe enzyms, the enzymowsubstrate complax and also a
second intermediate (e.g. an acyl emzyme). The equations
are given in a form thet is convenient for analyzing the
experimental results, and a number of special cases are
considored. It 1s shown how the type of inhibiticn
depends not oaly on the nature of the inhibitor but on
that of the substrate, an important factor being ths ratoe
determining step of the reaction. A number of examples

are glven,

de hanisms of Inhibition

an experinmental study wss made of the
x=chymeotrypsin-catalyzed hydrolysis of Neacetyl <Letyrosine
ethyl eeter, inhibited by indole and chencl, Indole
inhibits nonecompetitively, and snalysis of the behavier
shows that it binds to the enzyme and the acyl anzyme bhut
not to the Michaelis complex; by binding to the acyl enLyme
it blocks deacylatiah. Phenol exhibits competitive behavior,
two molecules of phenol being bound o the frae enzyme in o
forced~ovder sequence, It is concluded from the kinotics .

that there is either no binding of phenol to the acvl anzyne,
& Y ¥



or thel there is binding which doos not affect the rate
of deacylation., A general wechanism of inhibition is
shown to explain in a quantitative manner these and other

inhibition resulis,

yols of O and I Esters

A temperature-dependence study was carried out
on the d~chymotrypsinwcatalyzed hydrolyses of NebonzoyleD
and Lealanine methyl esters, &t 259 there is a sharp
break in the_piot of log & against 1/T, the acltivation
anergy being lower at the higher temperature., This break
is atiributed to a rapid reversible deneturation of the
enzyme at the higher temperatures. In the low temperature
region the activation energies ave E { = 16,2% 0.3 kcal,

per mole and & f = 16,55 0.6 keal, per mole, The
differences in the rates of deacylation are therefore
due to the differences in entroples of activation, which
st 298% are 5 f = e 0,6 e,u, and 3 g = e 14,1 e,u,
It is concluded that in the activated complex the enzyme

is coiled differentiy around the two substrates,
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JGeusss L INTHCHUCTION
Chymotrypsin is one of several enzymes found in
the alimentary canal during the process of digestion. 1t
is biosynthesized by the acinous cells of the pancreas in
the form of an Inactive precurscr, chymotrypsinogen, and
is carried as such by the panecrestic juicge inte the duoe
denun where It is sctivoted to form chymoteypsin., The
main role of this enzyme in the body is to catalyze the

aydrolysis of peptide bonds during the intestinal

digestion of proteins.

The constituent proteins of pancrestic cells
must o protectsd sgoinst autodestruction during the
blosynthesis of proteclytic enzymes. The protsctive
device adopted by the digestive organs is to manufacture
such enzymes in the form of inactive zymogen precursors,
Representative examples of zymogen formaticn in addition
to chymotrypsinogen are trypsinogen, pepsinogen and
procarboxypeptidase,

The first onwyme involved in the activation of

pancreatic zymogens is enterckinase, o protesiytic eazyme
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secreted by the mucous membranes of the inteostine, Itg
prime function is the sctivetion of trypsinogen to trypsin,
which it accomplishes by cleaving the peptide bond between
the sixth and soventh amino cclids in the polypeptide chain
of trypsinogen. Trypsin now becomes the key enzyme in the
activation of chymotxyssinegen, It cleoaves the peptide
bond In the chymotrypsinogen molecule betwosn residues
{iiteen and sixteon to yield sn active chymotrynsin molee
cule, Unlike trypsin, chymotrypsin cazn act én itself,
cleaving three additional bonds, The resulting fregments
are enzymatlcally sctive only if the bond betwassn the
fifteenth and sixteenth residues is split by trypsin.

The sctivation process and the steps leading to
the formetion of <=chymotzypsin have been elucidated
through the combined efYorts of Jacobszon, Neurath,
wvesnuelle and their coeworkers{le4). The steps which
occur are listed below snd are schematically illustrated
in figs, 1 ona 2,

Step I Teypsinogen gnterokinage 5 Trypsin

Step II Chymotrygsinogen BZ¥REIR. 4 (oChymotrypsin
(ne bond is opened batween arginineyr and isoleucineyq.,
{The subscript denotes the position of the amino acid from
the Neterminal residue in chymetrypsinogan).

Step 311 § =Chymotrypsin  SDVEOLEVOSIN S M -Chymotrypsin

¢ aerylléargininel5
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The amino acid sequences of chymotrypsinogen and
trypsinogen (22). (! denotes @ bond broken during

the sctivation procoss,)
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Esgure 2

A gchematlc diagram of o «chymotrypsin,
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step IV TeChymotrypsin SOLESL X «Chymotrypsin
mthreonyl147agpaxagine148
K =Chymotzypsin crystesllizes more readily than
tho other chynotrypsine and thus is the most readily
avallable form. Fractically all kinotic studies on this
enzyme huave been ¢arried gut on d=chymotrypsin,
Agtive Ce T of Awlh Y

The texm "active cenisr® refars to those sites on
an enzyme which are directly involved in %h@vbinding and
octivation of the substrate. Since subsirates fop enzymes
Are ususlly small compared to the sative enzyme, the active
center 1s probably oaly & zmall fraction of the total
enzyma, This view Is supported by the fact that several
hydrolytic enzymes have been reduced to smaller units with
little or no loss of enzyalc activity(B-7),

In the case of cwchymotrypsin, it has been possiblie
to identify some components of the active center by the use
of specific reagents which selectively attack functional
groups. Diisopropyl phosphofluoridste reascts with
X=chymotzypsin in a3 1:1 stoichlometric recction to give »
product which contains one gram atom of phosphorus peyr
mole of enzyms, and which is cempletely inactive
enzymatically(8), when the insctive phosphorylated
enzyme is degraded the phosphorus atom is found to bo en

the hydroxyl group of the anino scid serine{(9), shen



A=chymotrypsin is treated with penitrophenyl acetate at
low pH, it is possible to isolate acetyl=-cAwchymotrypsin
(10,11). FParalleling the finding with the phosphoryle
anzyme, the acetyl group is found to be bound to the
hydroxyl group of a serine residue(l2). Hoth diisopropyl
phosphofluoridate and pe=nitrophenyl acetate have been
shown to inhibit the hydrolysis of NezgcetyleLetyrosine
ethyl ester, one of the best substrates 0f Kechymotrype
sin(13). The evidence from these inhibition studies,
coupled with thet from degradative studies, indicates that
d=chymotrypsin contains one active center per molaeculs and
that this active center involves the amine acid serine.

The kinetic importance of an ionizable group of
Py ~7 was first reported by Gutfreund and Sturtevant(14)
@and has later been substantiated by many workexrs(15),
This group has been identified as the imidazole group of 2
histidine moiety, since imidazole is the only group in the
enzyme with & Pk, near neutrality. There is much additional
evidence which suggests that an imidazole group is catalyii-
cally active. Fox example, «=chymotrypsin is inasctivated
by the destruction of one histidine residue by either
photooxidation(l¢) or by dinitrophenylation{17,18), A more
recent study has shown that Lel=tosylamldo=2«phenyl ethyl
chloromethyl ketone inactivated A=chymotrypsin by allkyla=

ting o histidine residue(ly)., In sumnary, the evidence



tor the porticipation of an imidazole group is well
establisched expevimentally,

Unfortunately, there is very little concrete
information available concerning the binding locl which
axe an essential component of the active center, The best
informatlon available is derived from inhibition studies
carried cut with aromatic compounds by Niemann and
co=workers(20). They have concluded that there ars at
least two binding sites, the primary binding site being a
large planar surface surrounded by unsyametrically disposed
substituents which interact with the combining molecule,
Cther features are that there is a negative charge near
one of the binding loci, and that the active center 1s
bifunctional in the sense that one region is electron rich
sand the other aslectron deficient.
andno Acid Seguence

Recently, the amine acid sequences of

chymotrypsinogen and trypsinogen hove been elucidated(21~24),

and are shown in fig., 1. &8 a result of this work, it is
possible to pinepoint some of the active sites of
q-chymotrypsin and trypsin., The reactive serlne is located
at position 195 in chymotrypsinogen ang 183 in trynsinogen,
The fact that there is a striking homology botween the two
enzymas in the regions extending from sarinelgg 1o holfe

cystineQni in chymotzypsinogen, and from s@rinel78 to
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half-cystinelsg in trypsinogen, suggests that the entire
region is of functionxzl importsnce.

Chymotrypsinogen contains only two histidine
residues {nos. 49 snd 98) which sro held very close together
by means of a disulphide bridge, This fact alone would not
be very signitficant, except for the fact that trypsincgan
has an almost identical nineteenesminoeacid SQAGUANCE CONe
taining two histidine residuss. In view of the many
similorities bhatwsaen chysotrypsin and trypsin it hos boen
suggested that the finding of two histidines in cloge
proximity on both enzymes is of mechanistic importance,
and thet two imidozole groups are cstalytically active(2s),.
flg. 2 is a schematic diagrsm of dechymotrypsin showing
the position of the sctive sites,
vpecificity

Xelhyaotrypeln satuelyses the hydrolysis of sube
strates whese structures and soleculsr dimensions vazry
over wide limits ranging Yrom proteins to simple esters
such as penitrophenyl ascetate., bFor the natural protein
snd polypeptide substrotes & marvked specificity is shown
for bonds connecting the carboxyl group of an aromstic
residue to the amino group of apother regidue., Fron
exporiments carried out on o wide variety of substrotes(26)
it has been demonstrstad that Xechymotrypsin ropidly |

hydrolyses tyrosvi, tryptophanyl and phenylalsnyl peptides,



"'14‘*

amides and esters. However, the specificity for aromatic
bonds is not cleare-cut since d=chymotrypsin will also
split leucyl, methionyl, asparaginyl and glutaminyl
bonds (27),

Hedn and MNiemsnn(28~30) have examined the
specificity of reactions catalyzed by sechymotzypsin,
using acylated weanino a¢id derivatives as model sube

strates, The binding of such a gubstrate as

0
N
Rl—‘»—bli S fi'l————fi
Ho Ry

proceeds with ﬂl, a2 and UORa interacting with the active
center of the enzyme, 3pecificity can therefore be studied
by examining the effect of varying R R2 and Rg on the
hlchaells paramaters Kp(app) and ko(app). Two limiting
types of substrates have besn noted:

1) Sﬁl Ry* Ry and R4 dotermine the magnitude of the
binding constant of the substrate while 32 is Important
only in the orientation of the substrate,

2) SRQ Ra' i, and 8, determine the binding constant
and &y functions only to orientate the substrate,
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In the treansition $Rl é§—~——93ﬁ1 Ry ﬁg"‘”’ﬁﬁz Rge
increasing participation of Ry In the binding process leads
to decreasing values of Km{app) and increasing valuas of
k.{epp). Substrates of the limit type Sp,, R, 970 those for
which R, = pwOH{CgHy) CHaltyrosyl), (Cgis) THo{phenylalanyl)
or p=(Cghgh) CHp(tryptophsnyl) and A, = OCHy or OC Hy. The
1imit type SRQ fiy substrates are among the best substrates
of xechymotrynsin, The limit type 3“1 g is approximated
when Ry = H or Chy or when Hy = NHy or NH.OH, SRl Ra sube
strates are much poorer substrates than the limit type
35%2 Ra.

Hemoval of the acyl amino group or replacement
of the Xeamide group by a Sﬁz leads to & marked decrease
in activity(28)., 1t therafore asppears that the NH group in
R; CONHe 15 an sssentlal structural element with respect to
the effactivenass of the Ry group in orientation and binding
of the substrate at the active site,

Hore recently Bender and Kézdy(3l) have proposed
that the specificity of A-chymotrypsin can be interpreted
according to the eguation

Koot g
log _S2Walape)  RyRafy

- ~ Ong [y ®ay ° Sg, (1)
eat/iplope)  Ayghagfigg
in which Rigs Bog and Rgn ave arbitrarily chosen reference

groups.,
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The {irst term arises {rom the fact that the
rate constant k.../K.(app) shows Hamnettstype linear=froge
energy relationships for the lsaving group Rg. The second
and third terms are spacificity foctors for f; and Ry, The
experimental results indicate that the relative specifi-
citles of Ay and Ry are independent of the nature of the
other groups, Thezrefore either RL or Rg can be assigned a

specificity factor Sﬁl

or 3, relative to some arbitrary
group 8 or Roge -
steroeospeciflcity

o «Chymotrypsin shows in most cases an absolute
specificity for L-dwamino acids., However, if either &y or
Ry is emall enough, the ueantipcda can tokz up an orientaw
tion which places the R group 4in & position normally
occupied by the de«hydrogen stom of the Leantipode, and
will be hydrolyzed orovided that WUR, intexacts at the
appropriate locus, Exsmples(29) of loss of absolute:
storecspecificity occur when ity = f, CHO o A, = Chig
In the case of O and Le3=carbomethoxy=-dihydyoisocarbostyril,
there is an inversion of optical specificity, the D=antipode
being hydrolyzed more rapidly than thoe L, In this case the
logs of sterpospecificity has bwen attributed to an exchange

of binding loci for 2, and ﬁecza.ae).
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Mechonigm
It is now well established, primarily through the

efforts of Harxtley and Kilby(22,33) and Gutfreund and
Sturtevant(14), that the X«chymotrypsinwcatalyzed hydrolysis

of esters proceeds by a threeeatep machaniem as outlined

below: E
) o ) i oH Hpo "
] -
1 P 3
E ¢+ Roneuﬂ';::::ﬁﬁ...Raﬁ«ﬁuﬁ' //f > £~C-R——L¥——>E»Coﬂﬂ
k)
Michealls Acylation Deacylation
" Complex

Ag mentioned praviously, two catalytic entities
have been identified as a serine hydroxvl and an imidazole
group, At firet 1t was thought that the imidazole group
functions as a nuclecphile, forming an acyl imidazole
intermediate, This postulste wes based largely on the fact
that an agyl lnidszole intermediate is formed {n the
imidazole catalysis of esters(34-36)., However, the insctive
nonoacetyl derivative of d~chymotrypsin did not show any
spectral evidence for acetyl histidine(37,38), More recently
Bender and co-workers(39) falled to detect any obsoervable
build-up of an unstable acyl=imidazole in the deacylation
of trans~cinnamoyledechymotrypsin, ioagative results do
not, however, prove conclusively that an ecyl imidazole

intermediate does not exist, since it may just be presani
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in very small concentration. Un the other hand Dixon and
Nsurath{4G) reported that the doacetylation of acetyle
R=Chiynotsypsin is accompanied by ¢ distinct increuse in
the absorption at 45 t, typical of the absorption of
acetylimidazole, indiceting that scetylimidazole makes a
teansitoxy anpeagence,

In oxdur to recencile the evidence for the
participation of 2 serine and zn imidazole group,
cunningham(4l) snd Hoursth snd Dixon{40) suggested that
the imidazele group of histidine acts as & general base
catalyst by abotracting a proton from the serine hiydroxyl
group, thereby aiding the nucleophilic sttack by the
serine hydroxyl. This hypothasis has recently been sube
stantiated by Bender snd coeworkers{42), who have reported
that deacylation in ¢he prosomce of deuterium oxide produces
an isotope effect (kﬁﬁy(knﬁﬁ} 0f 2«3, It therefore seons
probable that in acylstion and deacylation one imidazole
functions as 8 gepexal base catalyst carrying out & rutee
deternining proton transfer, In viow of the recent finding
that two imidozole groups may be involvad, it seems
reasonable to postulote that one functiong ag a general
bage and the other @5 a nucleophile., This hypothesis
would reconcile the evidence for imidazole acting uvs @

auclecphile and s & goneral bage cotalyst,
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The efficiency of K~chymotrypsin action has been
attributed to 2 concerted reaction with two or thrae
catalytic centors perticipating simultaneocusly, The
catalysls of the mutarstation of tetremethylglucose by
O=hydroxypyridine, discovered by Swain and Brown(43), is
an excelleont example of such 2 concerted reaction. in the
cage of «~chymotrypsin the groups involved in a concerted
rezction are 3 serine hydroxvyl group and at least one
imidazole group, Bender and cosworkers(25), who have made
the most significant contributions to the understanding of
the ®=chymotrypsin mechanism, have proposed a concerted
resction mechanism involving two imidazole groups and a
gerine hydroxyl. This machenism s illusirated im fig. 3.
iIn this mechanisn two imidazola groups are postulated to
form & T complex. In & cyclic process a proton is
abetracted from the nucleophile by one imidazole group, and
a proton added to the carbonyl oxygen atom by the other,

There are howaver, two difficulties with this
mechanism, The first iec that an unknown group -X«-H must
be postulated to take pari. At present theze is no
evidence as to the participation of groups other than
serine or imldazole. Socond, it does not account for
the obsexved pi dependencies; on the acid side of the pH

optimum thers is & strict pi dependence on only one imidazole
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Figuze 3

A

4 mechanism of dechymotrypsin catalyzed
hydrolysis proposed by Bender and coeworkers (25).
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group, In view of these difficulties this mechenism must bs
considered as tentative,

Thers aze as yet several aspects of the mechanism
of Aschymotrypsin hydrolysis which require clarification,
The problem of mixed snd nonecompetitive inhibition
observed with this enzyme has not been adecuatoly investie-
gated, Also, a dilemma has arisen in the explanation of
the bell-shaped pH profile in acylation and the sigmoid
profile in deacylation., The principle of microscopic
reversibility has boen employed in an attempt to explain
the experimental evidence on this polnt(5). However,
the question of the applicability and limitations of this
principle arises. It is the objective of this thesis to
criticelly examine these problems and to reconcile the
available experimental ovidence in tho form of & concerted
reaction mechanism,



it is commonly argued, on the basis of the prine
ciple of microscopic reversibility(44,45), that the favored
kinetic pathway for a reaction occurring in one direction
must be the same as that for the reverse reaction., This
conclusion is certainly correct for all systems at equili-
brium, snd for all elemantary processes whether at equili-
brium or not. For many complex reaction systens, however,
the conclusion is wrong even under gteady~state conditions,
in the present chapter we examine the conditions under
which 1t is correct to conclude that forward and roverse
pathe must be identical, snd that the ratio of rate copne
stantes i3 equal to the equilibrium constant.

For an elempaptarpy reaction the conclusion is
certalnly correct, Such a process can be represented by
the flow of representative points over a potentialeanergy
surface, Conslder any molecular configuration, having

certain bond angles and distances which defins it, The
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motion of such a system over a potentialeenergy surface

c¢an be expressed Iin terms of the vactorial velocities of
the individual atoms, The probability of the existence of
a species depends only on its enexrgy, or on ths sguares of
the individuel velocities, Therefore, at equilibrium every
molecular species has an exact counterpsrt which is moving
over the potentiale-energy surface in the opposite direction
and which is present at the same concentration, The
favored reaction path over the surface must therefore he
the same in both directions. For a system that csn be
represented simply as a motion over a surface the reaction
path in one dirsction does not depend on the flow in the

other direction. The favored reaction paths are therefore

the same even if the system is not at equilibrium,

The simplest type of nonwelementary process is

represented by the equatioen

1t a steady concentration of 3 is established the net rate

of dlsappearance of 4 13

. dlal ky ko 1 - Fer ®lp el (1)
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If a kinetic experiment is done with pure & its rate of
disappearance is given by the first term; with pure C its
initial rate of disappearance is the second term, Suppose

that there exists snother intermediate &',

L )
AT > B g : > ¢
kol k-2

Let the rate of reaction from left to rioht via 5 be x times
that from left to right via E', and lat the rate {rom right
to left vie & be y times that from right to left via B°',
That is,

k, k k) k! ko, k_, k'ok!
mxxm (2) and M”YM (3)
These equations reduce to

Ky ko o ki k;
koy kan ¥ kil 312 (4)

Howaver, kiko/k 1k, p and kjko/klikl, are equal, being equal
to the overeall equilibrium constant; x and y are therefore
aqual., It follows that in this case a given path is favored
to the same extent in the two directions.

This conclusion is not, however, true if the steady
state is not established, Thus, at the vexry beginning of the

reaction the forwsrd and reverse rates via L are
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“éiu ky [A] () = " kap [e] (6)
and via B'
- dlA] _ ¢ ~
S22 - k] 4] (n . 3%_3. = ki, [l (8

There is no reason why kl should not be greatar than ki
and at the same time for k], to be greater than k_,.
Prior to establishment of the steady state, thersfore,
the favored paths In the two directions need not be the
same, Undexr these circumstances the ratio of the rate
constants in the two directions is not equal to the
equilibrium constant., The point is that under these
conditions one is concerned with the rates of different
reagtions in the two dirsctions,

The cenclusions for the AT

N

BT—C scheme

can readily be extended to more complicated systems in
which the alternative paths are equivalent as far ag
kinetic order is concerned; the conclusion is alwsys
that in the steady state the paths must be the same in
the two directions, wheresas if the steady state is not
established this need not be the case,
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“ M w A 5] - w ™
Al w141 (o) 22 = kel (6)
snd via B’
- a%i EHEY (7 <8l el (e

There is ne zreason why K, should not be greater than ki and
at the same time for k_j to be greater than k_,. Prior to
astshlishment of the steady staie, therefore, the favored
poths in the twe dizections need not be the same, Under
these circumstances the patic of the rate constants in the
two directions is not squel to the esquilibrium constant,
The point is that under these conditions one is concerned
with the rates of gitferent ymactions in the two directions.
The conclusiens for the A B C scheme can
readily be extended to more complicated systems in which the
alternatlive paths are equivalent as far as kinetic order is
concernad; the conclusion is aslways that in the steady
stote the paths must be the same in the two directions,
whereas if the steady stzte is not established this need

not beg the casge,
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special intersst attaches to the schems

in which B ond O are suppssed Lo be present at much larger
concentrations than A and € regpectively; A and C may therew
fore become saturated, This typs of scheme appliss to certain
surface=catalyzed and enzyme-catalyzed reactions, If we

start with pure A and B, at concentrations [A1, and (Bl

the rates immedietely after the establishment of the steady

state ave, for reactlon vis X,

Vg = ' -y (9)
Ky ky .
1+ 5 — y (B g
k""l P k"‘l & k2

and for reaction via x'

.!’ ! Al :

ky k(A {510
."I

kl ®y

1 i3 7 v [B]
- ) 5 kﬁ

vy = {10)

L7

wl
it is to be noted that the ratio v@/v; is independent of

the concentrations of A and B, Similarly, for the reverse
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reaction thoe initlal stesdyesiate rates are

2 ’ i r
' ko ke [T, DT
Ve ® {11)

s N ) ¥

v; = - - (12)
ok k
-2 -2 "
Lt o ) e (]
I 1k S ©
“e ] 4 -l 2

fgadn 4t is found, making use of the zelat&ohshiy that
klka/k-lsz a kikéfk:lkzz,‘thaﬁ the watioc vf/v; is always
equal €o vt/v;; the favozaed path is therefors the same in
the two directlons,

fhe sbove conclusions ure valid for non=chain
mechanisus in which the ulternative paths are equivalent
a5 far as kinetic order is concernad, In such systems the
concentrations of any sltersative intermodiates X and 1°
ave sffected {n the same way by the reactant concentrations;
the steady-state rates by alternstive paths are therefore
affected in the sume way, 8o that one cannot favor different
paths in opposite directions by sdjusting reactant cone
cantrations,

For unimolecular decompositions, and the roverse
bimolecular processee (such ss radical cembinations), the

Lindemann scheme applies approximately:



Using the seme algebyaic arquments as previously it is
found that, under particular pressure conditions, the paths
must be the same in the two dizections. It follows that
the change of kinetic oxder with chsnge in pressure will

oceur over the same pressurs ronge for the reaction in the

two directions.

The situation 1s guite different 1f there are two
or more alternative reaction paths that ars not kinetically
equivalent, in the sense that the reaction steps in the
different paths are of different kinetic orders. A reaction
between A and E might, for exsmple, vecur by the path

ky
A =3 S
k-l
followed by
ky
X B—:Q



- 59 w

Here X 1s an intermediate snd ¥ and Q are the products,
An slternative reaction path ig

§ 4
y ko

kol kog
where Y is another intermediste, Those two mechanisms are
not kinatically equivalent, &~ spacial case of the first
wechanism is an ﬁNL reaction; an example of the sacond is
an 8&2 reaction,

spplication of the stesadyestate treatment loads
to the conclusion that for the first mechanism the gpate
fyrom left to right is
_ kg (41 [8]

v . (13)
ko lP] + kpl8)
while that from zight to left is
vp o= k'nggz??[QB (14)
ko8] + &k [P]
3imilarly for the sacond mechaniem
L L ;
k, k, [A] 8]
V; - lo 2 ' (1%)
Kep * kg
¥ ® <
ka3 kon [PI[4]
A S Tl (16)
k + k
»l 2 '



It is easy to show, for a glven resctig £24%):
the relotionship that kiky/k 1k o = kykp/kl k!, that the
ratic vf/%; must be equal to vr/V;. In othex words, in a2
given reaction system a gilven path is equally favored in
forward and reverse directions,

This, howaver, iy not necegsarily true if we
first study the veaction 1n one directiocn and then in the
other divection; the fawvered peths may now be different in
the twe directions., Suppose, for example, thet when ihe
reaction is studied from laft to right {E]e, the total
concentration of I, is much graoter than [ﬁlo, the total
concentzration of A, For reaction in the forward direction

the total consentration of A 1s given by

[hly = [A1 + Ix1 s [¥) (17)
1f reaction is going by koth mechanisems., In the absence of
Poand 0 the steadyestate oquatfons for [X] and [Y] are

ky T8 =k, [x] [B] (18)

and

ky [AMBY, = (k. » ky) [¥] (19)

Elimination of [X] and [Y] between (17), (18) and (19)
vields
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ky iy [B],

[a3 = [A] |1 »
o ] N .
kplely, ke v kg

{20)

Eldmination of [A] between (13) and (20) gives, for the
initisl rate by the first mechasnisn,
k; Al

Ve ® {21)
£ Y e
1 N k!‘ & kl' { ]Q'
Similarly for the initial rate Ly the second mechanism
t 0
o K by ], ],
t k. Ky (B)
(k! + k3 1 - ‘[,] § D (22)
kg Bl, k“1 : kg
The ratlo of the rates in the forward direction by the
two mechanlsms is thus
v Ky (kYy » k2)
- = 2 (23)

v, ky ko [B]
In exactly the sawme way we find for the ratlo of rates in

the roverse direction, assuming ¥ to be in excess,

¢ 9
Ve  koplky v ky)

r
-—ye @ (24)
¢ [ ' .
Ve kg kyy [P
The ratloc of these ratios is
] ¢ ? .
. %
.‘:-; x & .k k‘;l k;"ﬁ E‘]" (25)
Ve Ve kep ky ky [BIg

which is not necessarily equal to unity. It follows that
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under these circumstances the favored paths may be
differant in the two directions,

It follows from equation (25) that the relative
importance of the alternative pathe in the two directions
depends upon the ratio of the reactant concentrations « or
the value of [Bl,, chosen for the study in the forwsrd direce
tion, divided by the concantration (1], used in the reverse
direction, The poths will be the same in the two directions
only in the event that [3]/[ ] heppens to equal Kkl k2o

2k1r2. It is ovident from equations (21) and {22) that
the relative importance of the twe péths in the feorwsrd
direction depends upon the value of {E}O. Figure 4 shows a
schematic plot of the rates by the two mechanisms against
(8], Initially vy varies with [&1,, but at high s, Ve
is inversely proportionzl to [B}G; v; on the other hand
initially variles with [B}§ but reaches a limiting value at
high [B] . Because v, anc ve vary girferently with (5], the
relatlve importance of the two paths depends on (El,. Simt-
lar arguments apply to the dependence of vy and vé on [¥l,,

thenever the alternative reaction paths are not

kinetically equivalent, in the sense that they do not cone
sist of corresponding steps with the same kinstic ordexs,
the relative importance of the paths will depend on cone

centrations, Therefore, in general the reaction will occur
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A plot showing the dependence of initial rate
en [Bl,.
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by different paths in the two directions, and the ratio
of rate constants will not necessarily be the equilibrium

constant,

~ raaction proceeding by a chain mechaniem need
not, and generally does not, ccour by the same path in
opposite directions., In a chain reaction the intermediates
{e.g. free radicals) are produced from the reactants in an
initiation process, and the products are produced in the
chain=propagating steps, The mechanism for the reverse
reactlion is obviously not obtained by writing all reactions
in reverse; there must be 2 new {nitiation reaction which
produces the radicals from the reactants, For example, in
the dacomposition of othane (46-48) into ethylene and
hydregen the initiation reaction is
Cgﬂé———————§2 Cﬂs
and this is followsd by
Gy v Collg——CHy + oM
The main products are produced in the chaln-propagating
steps
Gzﬂﬁ-——————écsz + H
Ho+ Cle——2Hy + GCyiig,
If we stert with pure ethylene and hydregen a2 new initiation

process occurs; the evidence (49) is that this is
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Cotlg Caﬁa———————>02H5 + CoHq
The chain-propagating stops are the reverse of one ancother
In the forward and reverse reactions, but the initiation
and terminatipn procegses are hot the reverse of ona
anothexr; the xosgtion paths arve Zherefore different for
the reactions in the two directions, and the xatio of rate
constants is not the equilibriun constant, This may be
shown in a more general way for & reaction in which a sube
stance M is converted Into I + 1, The following froe=
radical mechanisms lead to firsteorder kinetics in one

direction and seconde=ordez in the other:

?ﬁis“&gigﬁi;zﬁﬁ gg E’:
% .
&
P o—— S W 2p
Ky
{54. B—— W+ &
ky
//( > ,Bﬁ ®
k4 ,
zM s
1
- ke W2 s, , k 1/2
‘M,‘:k ..,.‘R.‘, "ﬁ‘%] -—md[k“ = b uuu]:u 4
dt 3 kq dt 2 kg [¢1la]

In these achemsﬁ represonts a radical (e.9. H) which

undergoes second-order reactions in the ahainvpropagating
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gteps, and/u is & wadical which undergoes firste-order
resctions. ' is a minor product, and MY a radical which
is not involved in propagstion. Although the kinetic laws
in each direction ape slmple and correspond to the stoichio=
metry, the reaction paths are not the seme in the two
directions., The retio of the rate constantsg,
(ky/kag)(k1/k1)M2, 15 not aquald to the equilibrium
constant, which is kgka/k-gknsﬁ Aftexr the systam hasg
reached equilibrium all of the elementary processes occur
at equal rates in forward and veverse divections, and the
ratio of over-all rate constants must then be equal to
the equilibrium constent.
ara

1t follews frowm the discussion of the present
chapter that grest care must bo exercised in deducing
reactlon mechanisus by use of the principle of microscopic
roversibility, The principle may, in fact, only be used in
@ negative sense; if s veaction mechanisnm has besen figmly
established in one direction 4% is valid to eliminate cere
tain mochanisms for the reaction in the reverse directlons,
Specifically, one may correctly discard mechanisms that
are kinetically aquivalent (i.o, involve corresponding
steps of the same kinetic oxder) to that in the othar

divection, but which are not the exact reverse of the
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reaction in the other direction, Un? must not, however,
eliminate mechanisms that sre not kinetically equivalent

to one that has been established for the taverse dirvection,
hKoreover, contrary to what has recently been asgerted by
Suzwell and Péarsan(ﬁﬁi, it iz never correct to insist
that a reaction must cccur in one direction mainly by =
mechanism that is the exact reverse of that in the reverse
direction; on2 can never be certain thet it does not occur
madnly by 8 differant mechonism that is not kinelically

equivalent to that for the reverge reaction,
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Most enzymewcatalyzed xeactions, in particular
reactions catalyzed by the hydrolytic enzymes, follow the
Michaelis=}lenten law

PRIANCY
- (1)

Ry o (]

where [E], and [3] are the total enzyme and substrate cone

v

centrations, andARQ andlﬁé are constants at a given pH;

the symbol ~ indicates that they are i{n general pHedependent
quantities. At high substrate concentrations ([31'77"E$)
the pH dependence of the over-all rate is that of ﬁ;'

while at low substrate concentrations ([S}<3('E;) the pH

dependence is that of ﬂ;/K;. The simplest mechanism con=
sietent with equation (1) is



Ky k2
E * 3T———8§— ¢ : F
kng
and for this case
kC “ kg (2)
and
~~ ’;C- * ;:
Kp = «-’:}-E--.-g (3)
1

The phH effects found in the case of this mechanism have baen
discussed in dotail by waley(5l), Dixon and wabb(52),
laldlex(53,54) and teller and Alberty(55),

For many enzymes, however, such as the serine
proteinases, chymotrypein, trypsin, elestase and thrombin
and the cystelne proteinases, papain, ficin and bromelain,
the presence of a second intermediate has boen demone
strated(3l}. Also, for the hydrolytic enzymes choline
astersse(56), ribonucleass(57) and d-amylose(58) a similar
second intermediate has bean demonstrated,

The mechanism is then
by kp ky
E + 3 ES < ES —¥, o+ E
-1 Fy

whare ¥, and Fn 8rn products of roaction, The Michaelis

paragwtars are now
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k., = S ‘4)

C -
2> k3

and
3 o
Ky = e, b2 ()
ka * k3 k3

some of the kinetic consequances of this scheme
have been considered by Zerner and Bender{59). Krupka snd
Laidler(60) in particular have discussed the pi dependence
of the overeall rates, on the basls of such a schemw, in
terms of the nature of the ionizations of £, £S5 and Eﬁ‘a
and taking into consideration the various possible ratse
detexmining steps., More vecently Krupka(6l) and Yebb(62)
have dealt with cases in which the substrates and inhibitors
are charged, and have considered the effects of the charged
groups on the wvarisus fonizations,

The present treatmsnt is concerned with the cone
ditions under which e&n {onizing group is detaected, and with
the significance of the k /K, ratio. It deals also, for
uncharged substrates, with the interprotation and classie
fication of the various pH dependences of &, ky and

E;/ﬁ%, with reference to the rate-determining stap,



There are mdny ionlzing groups on enzymes, and
1t is obvicus that a kinetic study can only revaeal the
pressnce of thosa for which s change in siate of ionization
hes some affect on the rate of reaction, For any elementary
process A———F we may consider three possibilities as far
ag phi depandence is concerned:

1} The reactant molecule A con exist in more
than one state of ionization, but 2ach one of these states
can equally readily foxm an activated complaex, For example,
for two states of ionization,

Me——— "

1} L. A"

! |
ﬁt")‘ (uﬁ” )?‘
Vv

products products

The rate is now unoffected by pH, This is the case of the
lonizing group that iz net gssontial to reaction,

2) 1f only one ionized state can give rise to
an activated complex, the scheme iz, for example,

LN -

HA H s A

N

(HA)#

pzoﬁﬁ&ﬁ&
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Increase in pH decreases the concentration of HA and
lowers the reaction rate,

3) The third possibility i{s that the reactant
is not free to ionize, but the activated complex is, For
example, tonization in the initial steate might be inhibited
by hydrogen bonding, but the hydrogen bonding might not

exist in the activated stste.

H ¥
'?/ S — (ﬁ\")" X e W
products

AL flrst sight it might appear that rvaising the pH would
remove activated complexes and reduce the vate, Hewover,

as racently emphasized (63-65), activated complexes are

not in a state of true oquilibrium, and their concentrations
cannot be affected in this wey; the rate of their decome
position is greater than their rete of lonization, The
rate for this scheme {3 therefore uninfluenced by the pH,

It follows that a kinetic study only reveals the

prasence of an ionizing group when that group ionizes in

the initial state, and when its ionization affects the |
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ease of formation of the activated state,

A genaral scheme involving two ionizing groups is:

g‘b N &a b
. ky kay
K.b LY Ka N
Eﬂaf?»\ EHI g ES
v 4 %
EH,s ' ——2— gns ' ———2—gg"
A\ % A\ v
EH2 E E

Ko and Ky aze both acid dissociation constants for the free
enzymes, and representing the ilonirstion constant of an
pcid and basic group, respectively. K;, Ké and Kg and K;
represant the lonization constants of the same groups in
the Michaells complex and scyl enzyme, The processes of
hreakdown of the lichaelis cemplex and of the sscond intere
mediate are shown to be irreversible, since under initial
conditione the concentrations of F; and P, are negligible
and no reverse reaction can take place, The scheme allows
for the breakdown of different ionization states of the
complexes, If, for example, & = 1 then that lonlzing
group is not essential for activity, but if a = o 1t is'



essantial,

laads to the following axpressione for the Michaelis

parameterxs:
k
~ 2
kc & 4 i-(—_a
1 fa + i) R 2 s E:‘l
(H] K, ko (H] Ky
7 = v
. ak,  blH] ky X L..i&.ﬂ ) [H)
B T l x
e:‘
ky % i)
g ]
Ky = ' a
L e (H] L. K (1]
$ weewmiw J. -ur R 4 n-nau-
{H] Ky, 3 Eg {H) Ky
[ ek, bfa) kg Ky  [H]
l l I, s cu.cﬂua
ST Ky thl ' kg
.4
. 8K, a b{H]
ke Ky kg N
Ky by Ky K,  [#]
1 i 1
il

The steady-state solution for the above scheme

(6)

(7)

(e)
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Slgnificance of the‘E§/§; natio

The ratia'ge/ﬁg is related to the kinetic behavior
at low substrate concentrations. The way in which this ratio
varies with the pH 1s shown by equatfon(8), and the following
spaclal cages are of particular Interesat

(1) Guppose that the enzymessubstrate complex ES
ionizes in the same way as does the free enzyme (i,e, K; = K,
and K; = Ky} and that a and b are unity, This is the case
of noneessential fonizing oroups, Even if these groups a3re
involved in éubsaqu«nt reactions (e.g. in deacylation), they
will not be revealed in studies at low [51,

(2) If a2 and b are zero the studies at low [5]
revesl K, and Ky, Yor the lonizetion of the free enzyma.

If a » o but b 1z not zexe there will be pil dependence of
?;ydiﬁ on the bagsic side, and the results will roveal Ky

if b = o but 2 is not zero the pH dependence on the acid

sido will reveal Kyyo

It 18 evident thot when one obtains Ky and Kb
values from studies at low [56), one can conclude that the

corresponding lonizing groups are ggue tiol

‘ Jexs they may
also be involved at 2 later stage, o,g9., deacylation, but
this must be investigated in other ways, It follows that
even if one is using a substrate for which deacylation is
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rate limiting vne can still determine the ionizing groups
involved in acylation by studying the pH variation of %c/ﬁg.

In the scheme under consideration, where there ars
two intermediates, there is lonization at three stages (E,
B4 snd Eb'). and there is the possibility of different ratee
1imiting steps for different substrates, Thore are there-
fore several diffevent types of pH behavior, and thege ars
clagsified in Table X, A positive sign (+) indicetes thet
there is pH dependence of the Michaslis parameter indicated,
and 2 zero (o) indicates no pil dependence, In the last
three columns of the table are indicated the possible
combinations that will give rise to the behavior cbiserved,
on the acld and basic sides, To simplify matters it has
been assumed that 1f either K; or Kg is not aqusl to K,
it is yery larqe (go that its ionization is outside the
experimental range); similarly if Ké or Kg 1s not equal to
By it is yezy smell., If these conditiens do not hold the
modiflications are masily made. Table I will be useful in
permitting preliminary conclusions to be drawn from
axperimsntsl pH studies; a decision between clternative
possibllities can then often be made on the Lasis of sother
evidence « for example, by using substrates for which

different steps are rate~determining,
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some examples of the various types of behavior
are listed at the foot of Table I, In some cases the
cage chosen is a matter of intexrpretsation, and subsequent

work might require a change of classificstion.

B, Pdena Exp 1

The apparatus and experimental procedure ware
very similar for the varicus sxperiments carried out; the
genaral description given here thus appliea to 21l the
experlmental worxk,

A pHestat was employsd for all kinetic measure-
menta, Flgure 5 shows schematically the titration assembly,

Three reaction vessels were used., Two were
employed exclusively foxr enzyme experiments, and the other
for buffer solutions used in the otandardization of the
pH meter, The commerclally supplied assembly consists of
one sealed glagss vegsel so thal both buffer and en2yme
solutions must be used in the same vessel, Hein and
Niemann(72) reported that they could not obtain reproducible
results with enzyme concentrations below 10™ 7, However,
by conditioning the rsaction vessels in the menner described
above, reproducible results were obtalned with eNZYME Cone
centrations as low as 10™%,

Two types of glass electrodes were amployed,

work at 20°C or above was done with a Readicmeter type G2028
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A schematic diagram of the titration agpsembly,
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electrode, while for lower temperatures a type G020 was

used, The reference electrode wss a gaturated calowmel

st s e T A
B R

electrede with a porous pin junctlon.

S
A

gy

The reactlon vessel fitted into a tharmostatted
Jacket connected to & temperature bath and circulation
pugip. The temperoture in tho reaction vessel was et by

inserting s calibrated Beckmann thermometer into the

T S AV R T

reaction vessel and sdjusting the temperaturs controls on

e

£ 5 T s 7 T ¥
e o A R e e Bl i o e b S S, S e S

the bath., The temperature varistion in the cell was £0,0%%C,

Sy,

SRR

Y

A thermometer was inserted in the thermostatted jacket as s

S T S S L ARy e i
T R R R N RO

e o

sy

SRS

double check on the tempersture centrol,

The delivery system for the titrant, 0,020H
sodium hydroxide, conaisted of a Yale BeDd le.ce tuberculin
syringe drlven via a micrometer screw gauge by zn armature

on the recorder, The titrant enterad the reaction medium

S

through a hypodermic neadle, the end of which was filtted

L

with a platinum capillary wire, The rate at which the

titrant was delivered could be contrelled by replaceable

o

cog=wheels in the driving systenm of the recorder., Calibrae
tion of the delivery system was cerried out using water,

By means of replaceable gears on the armasture, either 10.8
or 21,6 microlitres of titrant could be delivered per
contimeter deflection of the recording needle,
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Lrgcedure

In a typical run substrate and sodium chleride
weps mixed to 14,0 ml, The pH was adjusted to the desired
value with 2N bese delivered by means of s micrometer scrow
Gauge. In this manner the volume change during pH adjuste
ment was kept negligible, Tho system was allowad five
minutes to come to teaperature aquilibrium, then 1,0 ml
of enzyme was sdded to start the reaction. lIn the cases
where there wag nen~enzymic hydrolysis of the substrate
the reaction was started by injecting 1,0 ml of subatrate,
uring the course of a3 run the reaction swdium was kept
free of carbon dioxide by passing nitrogen over the system,
The resctions ware in all cases followed to less than 5%
completion and in most cases to approximately 1% completion,
Apalysis of Data

The rates of resction were obtained by measuring
the initlal slopes of the A% versus time curves, where AA
is the amount of acid produced, The plots were practically
linear for the first fifteen minutes which, allowsd an
accurate initial slope to be taken, The gearing of the
racorder was adjusted go that the initial slopes obtained
varied betweon 0,7 and 2.0. Figure & shows soms typicel
time course curves for the hydrolysis of NwzgatyleL=tyrosine

ethyl ester by X «chymotrypsin at pH 8,00, The dotted line



w %3 -

Eiguz

Typical time course curves for the o echymotrypsin
catalyzed hydrolysis of NeacetyleLetyrosine ethyl
ester, (Actua)l photograph of experimental data),
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is an extrapolation of the initial slope,

The kinetic parameters of the Michseliselenten
equation (cf. equation (1)) were obtained from Eadie
plots(73) as shown in figure 7 using the method of least
squares to evaluate the slope and intercepts.

The method of Dixon{74) was emploved to obtain
ionization constants from the varistion of the kinetic
parameters with pli. The method is schematicslly 1llustrated
in fiqure %, |

Examples of applications of these methods will

be given in the presentation of sxperimental results,

ionizing groups on an enzyme may be divided

into two classges:

(a) Neutxal groups, such as ~Z00H and ~0H,
which disseciate into positive and negative species on
ionization,

s ——J TH ap ™
{b) <Cationic groups, such as -Nhg, which

dissociate into a2 proton and a neutral group,
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Eadle Plot (73),
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A schamatic fllustration of Dixon's method for

cbtaining pK wvalues (74),
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wBH B + H*
The effect of changing the dielectric constent of the
solvent is very different in the two csses, 1In {a), an
incresse in dielectric constant incroonses K, (and
decreases p&é}: in (b} 4t has very little effact on Ky
since cationic species are involved on both sides of the
equation. This type of behavior is well established
experimentally, For exemple, the pk of acetic scid is
4,76 in water and 10,14 in an 820 (w/'w) diéxana-water
mixture (75). (n the other hand the pks corresponding to
tho nﬁﬁ% groups of amine acids sre only very slightly
affected by a change in the dielectric constant{76},

The present investigotion is concevned with the
variation of the pks of the two ionizing groups in a free
Kechymotrypsin with the dielectric constsnt of the solvent,
The dielectric constant hag keen varied by using a series
of dioxane~wdter mixtures, The quostion of whether there
might be effncts due to factors other than change in
dielectzic constant 1is considersd in the Appendix, whers
it is concluded that the dielectric constant effact is by
far the most imporitant,

in the case of =chymotrypsin, as with many other
hydrolytic enzymos, the existence of belleshaped rate-ph

profiles at low subsirate conceatration reveals the presence
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of two kinetically=-significant lonizing groups in the free
enzyma, Each of these may be eoither neutral or cationic,
s¢ that there are four possibilities,

(1) peutral = neutrsl

(2) neutral = cationic

(3) cationic « neutral

(4) cationic ~ cationic
The type of behavior expected if the dielsctric constant is
reduced, by the addition of inert solvent, is shown in
figure 9, These curves have been normalized so 28 to make
the maximum rates the same 4in all cases, By observing
what pattern of behavior actually occurs it is possible to
distinguish between the four possibilities,

This procedure resembles, but is simpler than,
that employed by Findlay, Mathias and Habin{77) for
ribonuclease. They used buffers, and had to teke into
account the effect of the dielectric constant on the
ionization of the buffer, In the present work, done with
& pHestat, no buffer is employed,

Hayerials
All water used wns doubly distilled, deionized
and free of carbon dioxide, The dioxane was purifiad by

the method of Fisser(78) and was stored under nitrogen,
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The aexpectsd effect of inert organic solvent on

the pH profile fer various fonizing pairs ot the

active centre,

(£) neutral < npeutral

(i) neutral « cationic
(£41) cationic «~ neutral
{iv) cationic - cationic
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Frecautions were taken to prevent the solvent from coming
into contact with the atmosphere, so as to avoid the forma=
tion of peroxide impurities,

NeBenzoyl=Lealanine methyl ester was used as sube
strate, It was prepared by essentially the method used by
Hein and Niemann(29), with a modification to the benzoylation
procedure which doubled the previously reportad yield,
tsterification of 5,0 gms of Lealanine was carried out with
sethanol and thionyl chloride according to the procedure of
Bronner and Hubar(79). Benzoylation of the unpurified ester
hydrochloride was carrisd out using 2 pHestat according to
the following procedure, The sster hydrochloride was
dissolved {in water and the pH sdjusted to B,0 with base,

(ne equivalent of benzoyl chloride was slowly added, The
pH was kept constant at 8,0 by means of sodium hydroxide
golution delivered by ths pHestat, and & milky white liquid
settled to the bottom of the flask., The liquid was
separated and vocrystallized twice from high boiling petro=
leum ether to give 7.4 gms (63Y) of Hebenzoyl=Lealanine
methyl ester, m.p. 57=-58°C, [}, = +30.7 in 5% syme
tetrachloroethane,

The titrant used to follow the course of the
reaction was 0,024 sodium hydroxide, prepared from the

Fisher Cartified reagent.
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The apparatus used was that described in Section B,

The reactions were carried out in 15,0 ml of
solution containing 15 meq. of sodium chloride and maine
tained at 20,0 & .05 tn & thermostatically controlled bath,
Stock solutions of enzyme amd substrate were made up in
water, Enzymes concentrations were in the regisn of L to
% x 10", based on n molecular weight of 24,800(80,81),
and substrate concentrations wore from 5 x 10™% to 3 x 167
depending upén the soivént cemposition and pH,

In a typical run, substrate ond sodium chloride
solutions were mixed to 10.0 ml, Then dioxenes or water or
both were added to a total volume of 4.0 ml, The pH wasg
adjusted to the desired value with 2N base doliversd by
means of a micrometer screw gauge, 1,0 ml of eNZyme was
added to start the resction, The reactions were €ollowed
to leas than 5% completion,

Since reactions were carried out up to high pH
values, considerable basic hydrolysis was encountersd, It
was found that the best mathod for correction was to find
the firsteorder constant k «» v/{5] at various pHe and then
to plot k va, 1/[H"], These plots, of which an example is
shown in Figure 10, were linear, The correction can then

be directly caleculated,
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Ligure 10

A plot of k against 1/[H"],
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Since the rates measured were at low substrate

concentrations they relate to the second-crder constant

%c/gﬁﬁcf. Section A), and the plis obtained are for the froe

enzyme. A plot of rate against [4] should be a straight
Line going through the origin; figure 11 shows that this
ls the case,

Figure 12 shows the effect of pH in pure water,
and figure 13 is for 6,07%, 13.3% and 26.6% {v/v) dioxanee=
water mixtures, Figure 13 2lsc shows 2 superposition of
the curves, with the maximum rates normalized to the same
value, Tables 3, 4, 5 and & summarize the data for the
various solvent mixtures, The date clearly correspond to
case (11i), inm which the flonizing groups sre cationice
neutral, The lower pX remains constant 2t about 6.9, but
the upper one is increased markedly as dioxane is added,
The pK values in the variocus mixtures asre summarized in
Table 2,

The group of lower pik has previously been postu-
lated to be an imidszole group, on the basis of the studies
using a specific imidazole inhibitor (19,82), and more
recontly from & comparison of the amine acid sequences in
chymotrypsinogen and trypsinogen{21~24,83,84), The present

results are in agreement with this conclusion, the
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Flaure 11

Plots of rates against [5] for the
hydrolysis of NebenzoyleLealanine in

13.35{v/v) dioxane=water,
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F;guge ;g

Logarithms of K, and ¥o/Ky in weter plotted agalnst
pH for the d=chymotrypein catalyzed hydrolysis of
N-benzoyle=Lealanine methyl estexr; T=20,09C, 0.10N

sedium chloride.
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Iigure 13

Logarithm of gg/ﬁg plotted against pH for
Nebenzoyl-Lwalanine methyl ester in 6.67(, 13,3,
and 26,7%({v/v) dloxane-water and the superposition

of these curvas; T=20,09%, G,10H sodium chloride,
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Yoluma & Jiagzans

o
6467
13.3
26.7

,{100)

RSO

80,38
74.%
£2,0
$7.0

PRy

9.2
10,0
1G.4
11.2



6.10
6,40
6.70
7.G0
7,30
7.60
7.80
8,00
8,25
8,950
8,75
2,00
9.25
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Isble 3

A

ke/Kp Values in water at 209

Q;/Kﬁ Litre mole=lgac=!

log10 kc/gm

1,07
2,28
3.78
6.23
8.82
12.1
12,3
1.7
11,2
10,8
B.T79
7.08
.66

0,0067
0.3%9
Q.578
Q.79%
0.94%
1,081
1.089
1,071
1,092
1.024
0,944
0.848
0,783



RS R

pR

6.40
6.60
6.90
7.20
7,50
T.7%
8,00
8,30
£.60
8.90
9.20
9.50
9.70
9.50
10,00
10.1C
14,30

o H% -

able 4

§c/§g Values in 6,678{v/v) Dioxzne at 20°C

ﬁ;/ﬁg 1itre mole~lgec=!

0.645
0.972
1,45
1.99
251
2.76
3.13
3.16
3.18
3.13
2,31
2.0%
2.31
1.91
1.7%
1.49
1,07

Log; Ko/

«0,190
«0,022
0,163
0,290
0,400
0,442
0.496
0.500
0.502
C.498
0.364
¢.312
0.364
0,260
0.203
0.173
0.030



pH

6,30
6.60
6.90
T.20
7.20
8.00
£,30
8,60
8.90
.20
9.50
.80
10,10
10,40
10,63

w T0 -

Takle &

ﬁ;/ﬁg Volues in 13,3%(v/v) Dioxane at 20°C

g - wl o el
xa/km X 10 litrs mnla‘ 8¢

2,89
4,68
T3
9.54
11,3
L2.7
13,5
13,9
14.0
14,1
13.6
12.9
13,9
&.54
2.60

0.46]
0.688
0.868
0.980
1.09
1.1¢
1.14
l.14
1,15
1.15
1,13
L.11
1.02
U.816
0.445
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ARSI

6ol
&30
€,EQ
7,10

~S

M \ po K Y
o/t Values in 26,Ta{v/v) Dioxune at 209

4

«71-»

g . ::/ » ¥ n’ *l
Ko/t % 10 litre mole™*gac

1.89
2o 0%
3,34
Doude
B,58
G 2%
3, 29
&, 7%
6,70
7,08
7.17
T8
&, 80
6,39
£i o B

&30

i laghﬂ'ﬁc/ﬁm

P.111
U312
UeD24
Q750
0.747
C.758

Q759

G, 84%
0,854
2,888
0,832
€, 806
Q0,836
0, BOO
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ionization in question baing of the type
\\Na‘f'ﬁ*\ 1t

A =
The active spacies ig the neutralegroup ifw.

The group of pk ~ 9 {in water) has previously
boen postulated to be the «~ammonium group of the Neterminasl
isoleucine resicue, the evidence boing that when this group
is acetylated, § echymotrypsin i5 inactivetad {25,21,89,86),
This result, however, dees not prove that this group is
involved directly in the bond breaking process; it might
play merely 5 conformational role. The present resulis
sre not consistent with the conclusion that the group i{s an
amino group; the Qroup mmst be s neutral group, in view of
the very considerable effact of dislectric constant on the
e@ase of its lonization,

Fossible groups to be considered are;

1} Tha =0 group of & serine residue. Thore is
much evidence that o serine 1s involved in the acylation
of the enzyme, However, the Pk of en ordinary serine
residue 1s greater than 13 {87), A downward shift of 4 pid
units, while large, 1s possible ir neighboring groups give
rise t0 strong electrostatic effects or hydrogen bonding.
n this hypothesis the serine hydroxyl group acts ss a
poweriul nucleophile, and this roguires that the bond bew
twoen the oxygen and hydrogan atoms 1s weakened by intere

action wlth neighboring groups,
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2) An «3H group. This ionizes in the right pH
range, but in chymotrypsin all the =5H groups have been
shown to be tled up in disulfide bridges(24), Furthermore,
the enzyme 1s not inactivated by suifhydryl fnhibitors(e8),
This possibility therefore does not secem 1ikely,

3} A tyrosine -0H group. This ionizes in the
right range. <Comparison of the amino acid sequence in
trypsin and chymotrypsin(23) shows that there are two
tyrosine residues, nos, 94 and 229, in anaiogous positions
in the two enzymes, Filmey and Koshland{69) have concluded
from lodination of tyrosine residues in chymotrypsin that
none are essentlal for activity., However, it is possible
that fodination has not changed the property of tyrosine
responsible for its function, viz,, the protone-transferring
ability of the hydroxyl growp. An indication that tyrosine
may be essentisl comas from the observation of Dube and
co=workers{90) that a tyrosine residue is protected by
dilsopropylfluorophosphate against lodination,

PFossibilities (1) and (3) are the most ressonable
and on the whole we favor (1), f.e,, that the group that
ionizes at 8 pK of about 9 is the serine hydroxyl group,
The mechanistic implications of this are congiderod in
the following section,

The conclusion from this work is therefore that

as far as lonizing groups are concerned the active center
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of the enzyme may be represented as follows:

H /H it /M o

N’ ¢ T—/—— =1 ¢ il on

AN A J\ ]
(inactive) {active) (inactive)

It may be noted incidentally that the maximum
kc/Km values decrease as the dielectric constant of the
medium decreases (cf, Figures 12 and 13)., This rosult is
consistent with a previously obsexrved (91-93) increase in
Ky 88 the dielectric constant is lowered, and suggests that
there is an Incresse in polarity as the complex s formed
from enzyme and substrate.

appenddx

An importent question is whethor one ig Justified
in interpreting the kinetic results in mixed golvants on
the basis of a dielectric comstsnt effect. This matter is
now considered,

The addition of an organic solvent such ag
dioxane to an enzyme system may affect the behavior in
saveral ways;

1} It may alter the conformation and give rise
to & reversible or irreversible denaturation, I there were
a rapld irreversible denaturation the systen would not be

suitable for study along the present lines; slow
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lrreversible denaturation could be allowed for, In the
case of Xechymotrypsin there is no evidence for a signifi-
cant amount of denaturation, since the vaiue of E; is only
slightly decreased by the addition of organic solvents
(91,94). 1In any case, even if some reversible denaturation
did occur it would make no difference in studies of the
present kind, which are based on relative values of the
kinetic parameters, hat is being measured in a given
solvent mixture is the veriation with pH of the amounts of
active enzyme, and on this basis the pK shifts are deduced,

2) The solvation effects will be different in
the different solvent mixtures. This is equally true in
nonwenzymatic systems, for which a consideration of
dielectric constant has proved satisfactory in interpreting
phk values(99)., To some extent solvation effects are
included in dielectric conatant effects.

3) The added organic substance may act as an
enzyme inhibitor by competing for active sites on the
enzyme, In the case of Adwchymotrypsin the true Kn velue
is independent of pH{42,71), so that the substrate binding
is Independent of pH, Inhibitor binding would also be
independent of pH, so thet the present results 3re not
affected by this factor, If there were a variation with

ptl of solvent binding this would have to be corrected for,
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4) The concentration of wetor varies., This
will not affect the present results for the ssme ressons
as above,

It is concluded that 1% is valid to interpret
the results of the present investigation i{n terms of
dielectric constant offects,

Dioxane 1s a particularly sstisfactory solvent
for this work for the following reasons:

1} It is complotely miscible with water,

2) It hss boen demonstirated that with a alass
electrode one measures the true pH value In dioxanwewater
mixtures(9G-on),

3) 1t connot enter into reactlon with the
substrate (unlike methanol, which has been shown{59) to
give rise to methanoiysis),

4) 1Its low dielectric constant({100) allows the
dielectric constant of the solvent to be lowered to a
conslderable extent by the addition of a small amount of

dioxane,



s

e S T s

D

INTROCUCT 0N

Numerous studies have heen made of the influence
of pH on chymotrypsin kinetics, and the results have
recently been summsrized and interpreted by Bender{42),

As we have discussed earlier in Section A, measurements
8t low substrate concentrations raoveal the‘pﬁ values for
groups in the free enzyme that axe fnvolved in the breaks
- - 1 D substrat s The present section
descrlbes the results of a study over a range of pH values
and substrate concentretions, of the hydrolysas of
Nebenzoylel and Le=alanine methyl esters, NeacetyleLe
tyrosine ethyl ester ond penitrophanyl scétote. The
results are compared with other pH results, and on the
basis of them, and ¢f other evidence, & conclusion is

drawn as to the reaction mechanism,

The expafimental technique was exactly 22 desge
cribed in Sections III B and IiI Cs HebenzoyleDealanine
methyl ester was prepared as described for the Leenantiomer;
MeDey H7-989; [} & «30,6° in 5% syaﬂtQtrachloruathane.

Neacotyl=Letyrosine ethyl ester was purchased in pure fcrm
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from Mann Biochemicals and used without further purlfie
catien, peiitrophenyl acetate was prepared by the method
of Chatteway(l0l) and was purified by three crystallizae
tions from an alcohol=water mixture; m.p. B2-B49C,

In the study of the hydrolysis of penitrophenyl
acetate z correction to the rate has to be made since
penitrophenol ionizes in the pi zange studled, 4 portion
of the penitrophenol will be titratad and the apparent
rate of acetate production will be faster tﬁan the true

rate, The correction msy be caleulsated ag foliows,

. Hets
O zp;-cbu(;wh ¢ s —> OZPQ-(b-QH +  Hie (1)
K
Hbu o L e o ow (2)
Oghietpoictt ==—2> {lielmm & i (3)

Singe acetic acid has a pig of 4,75, it will be entirely
in the acetate form at alkaline pHs, From 1, 2, and 3 it
follows that

[Ac™lirug = [oghedet] +  [OgNadwc™) {4)

O T T 0 MR (S ()

and LE PP

3

[Og=d=ct] 1 2[0ptebec®]  (6)
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From the Henderson~Haseelbalch aquation

{Optimpe0™ ]
antilog {pHepk,) 7)
(G fim it ] 9 {pH=piy {
From equations 4, 6 and 7 1%t follows that
e 1 o~ ant: Hwpl
[’c‘?true ) antileg (pHep 33 @)
Thae }app 1+ 2 antiloeg (pﬂ»p&z}
and
Ke (L« 2 antilog (pHepity) ] S
{1+ antilog (pﬂ~§&2)} ol
d[_ﬁgg"} = ‘.jaw e o

Therefore the value ef‘gm. obtsined from an
tadie plot, will not change but the value of E; obtained
must be multiplied by the factor [1 + antilog (pH~pﬁ2)3/
{1 + 2 antilog {pH=pK,)} | to obtain the true value of Qg.
Hegults

Flgures 14, 1% and 1¢ show the pi dependencios
of Ec' Em and Qo/ﬁﬁ for the three substrates, Figure 12

of the preceding section shows similer tesults for Nebenzoyle

L=alanine methyl ester, The parametor Q; is in all cases
independent of pH on the basic side of the ph optimum and
dependent on pH on the acid side, Eé shows an inverse

Lehavior to that of E;, being indepandant of pH on the

(9)
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Edqurs 14

Logarithma of QG, ﬁé and §§/§5 plotted against pH
for the dechymotrypsin catalyzed hydrolysis of
penitrophenyl ascetate in 20%{v/v) i1sopropyl
alcoholewster, T=20,0% and 0.10N sodium chloride.
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Logarithms of Kc' Qﬁ and %clig plotied against pH
for the de-chymotrypsin catalyred hydrolysls of
Neacatyleletyrosine ethyl ester in 5,0%(v/v)

dloxanesweter, T=20,0% and 0.10M sodium chloride,
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Edguze 16

lLogarithos of ﬁc, Em and %'c/gm plotted against pH
for the dechyawtrypsin catalyzed hydrolysis of
Nebanzoyl=0D=-alanine methyl ester in water, T=20,0°C
and U, 10N sodium chlovide,
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acid side of the pH optimum a2nd dependant on pH on the
basic side, 7The xatio Qg/Km shows & pl dependence on both
sides of the pH optimum,

Figures 17 to 20 show some typlcal Eadie plots
for the substrates studied, whils Tables 7 to 10 contain
the data for the Eadie plots at pH 8,00 in order to
illustrate the msegnitude of the rates measured, The data
for the pH dependeonce of the kinetic parzameters are
sumuarized in Tablas 11 to 14, |
5SS I

The pli dependencs of the hydrolysie of penitroe
phenyl acetate has previously been investigated at lenat
four times (42,102-104), In all but one study the pil
dependence was not studied above pH 7.8. Bender and
co~workers(42), have studied the reaction up to pH 9.98
using the stopped«flow technique in the seconde~order
kinetic region in which [E] % [8],K K. The results
leave little deubt that penitrophenyl acetate is hydrolysed
by a three-step machanism, the first step being the binding
of the substrate,‘tha sacond scylation and the third
deacylation., In the present work, we have studied to pH
10.0 the overall steady=state kinstics, It should be noted
that while the four substrates studied have considerable
structural differences, snd different kinetic specificitiss

Yor the enzyme, they all show almost ldentical pH depen=



Elawre 17

Eadle plots for p-nitrophenyl acetate on the scid
slde of the pH optimun,
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Ladie plots for Nepcetyleletyrosine ethvl ester

on the a¢id side of the pi optioum,
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Fiaure 10

Eadie plots for ti=benreylelsalanine methyl ester

on the basic side of the pH optimum,
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Eadie plots for i-benroyleDezlanine methyl ester

on the basic side of the pH optlnum,
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(51 x 10%

10,2
7.19
.08
3,06
2.04
1,02

fel, = 6,00 x 10~%

[5) x 109

B.32
5.82
3433
1,66
0,832

V X 1oanmole$,litrewlsac*l v/{57 x 105 gec”
23.2 227
22.3 3l.2
20,0 49,1
18,9 ©0.5
1€,9 82,6
13.6 133.2
Table G
v x 10° moles litse'lsac"l v/i5] x 10° gee*}
314 3.73
7.3 4,69
21,1 6.3%
14,6 8,80
Fe1B 11,00



[El, » 2.50 x 100y

(5] x 10%

Vv x 10% moles 11txra~tsec™)

17.9

12,6
7,18
3,59
1.79

;J» 7 5 f’ .‘ k

(3] » 0%

[l = 2.50 x 10"y

18.6

16,1

12.3
7.78
4,42

V x 10% moles 1itre"lsec*?

v/[s] x 105 gece)

10.4
12.8
7.2
21.7
24,6

v/i37 x 108 goc=?t

13,9
9.07
5.58
2.79
1,39

i3.4

11,3
9,80
6.74
4,38

9,61
12.4
17.¢
24,1
31.4
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Jzhle 1)

pH Dependence af'ﬁﬂ, Eﬁ and ﬁ;/ﬁ% for ps=Nitrophenyl Acetate

pH Ecx103sec‘l
7.20 4,79
7.40 6 .49
7,60 B.79
7.80 11,2
8,00 13.4
B.50 17.7
9.00 17.8
9.%50 17.6
10.00 18,2

mexo‘ moles litre™l

E;/Eg litye molas‘i

UL L

9.00
9,10
¥.0L

8.8

899
11,8
16,0
21.8
34,8

5,32
7.13
QTS
12.4
14,9
15,0
1.1
B,07
D24
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pH Dependence of E:-c, T‘m and kc/ﬁ;m for lehicetyleL«-Tyrosine

pH  kesec®! K x103 moles 1itre~l U /R#10™311tre mole”l

gec~}
; 6.50 22,4 3.16 7.08
é 6.80 29,4 3.16 9.33
i 7.00 38,8 2,93 13.3
§ 7.30 51,9 3.01 17,2
ﬁ 7.50  59.4 3.27 18.2
5 7.60 64,7 3.24 20,0
? 7.70 65,6 3.22 20,4
N 7.80 66,4 3,02 22,0
% 7.90 66,8 3,14 21.3
B.00 68,0 3,0} 22,6
8,10 69,9 3,46 20,2
| 8.20 70,3 3.36 20,9
| 6,40  68.0 3.21 21,8
| B.50 73,2 3,66 20,0
8.60 71,1 3,61 19,7

B,70 67.6 3.92 17.3
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Jable 13
phH Dependence of'§a, ﬁﬁ and %gjﬁg for hW-denzoylelLeilanine

Mothyl Ester in water and 0,10N Sodium Chioride at 20°C

ad

pH  kex10%sec=l K x10% moles litre=l ko/Ky, 1itre molea'i

50¢°
6,10 0.644 €.33 1.02
6,40 1,36 3.97 _ 2,28
6.70 2,53 €.69 3.78
7.00 4,34 6,96 6.23
7.30 7,20 8,16 8,82
7.60 10.0 8,29 12.1
7.80 10.4 8.47 12,3
8,00 11.% P81 11,8
B35 11,6 10.3 il.3
8.50 12.% ii.% 10,8
8,75 13.% 15,4 8.79
.00 13,3 18,9 7.08

Qe 12,6 22.3 5,66
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dshls i3

pH Dependence of Eéf ﬁﬁ and'ig/ﬁg for MeBenzoyleDeAlanine

.

pH kcx104aec°1 me193 moles litre~l gg/ﬁg litre moleog*l

610 8,32 4.21 0,198
6,40 16,4 3,95 j Q416
€.80  30.9 3,87 0,799
7,10 40.5 3,50 1,16
7.40 55,0 3. 04 1.39
790 6.4 a.11 1,59
8,00 67,7 .09 1.66
6,30  69.8 4,23 1,65
.90 65,2 D26 l.24
8,75 68,2 5.2 .15
9,00  67.7 7.09 0,984

9!25 6809 7@9& 0;86?
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dencies for the kinstic poremeters E;, ﬁé(app) and Ko/Kplapp).
This observation suggests that there is a similar mechanism
of action of “eghymotrypein on all these substrates.

Recently evidence hag been presented that the
closely rolated enzyme trypsin does not proceed through an
acyl intermediate (109,106), Howsver, Bender and coeworkers
have presented evidence to the contrary (107~109), It might
be suggested that specific subatrates of Xeghymotrypsin do not
procead through an acyl intermediate; pe-nitrophenyl acotate
might be s special case, acting as an acyleting agent by vire
tue of its chemical composition, Such é conclugion igs diffi-
cult to reconcile with the pH dependencies presented here,

The present results show that the free enzyme
contains two fonizing groups, of pK 7 and 9, which are
involved in the acylation reaction, This conclusion is
consistent with that arrivad at on the basie of studies
using substrates for which the acylation processes is
slower than the deacylation one; examples are methyl hydro=
cinnamate (71) and the amides of aromatic amino acids (42).
For these substrates the rate constant at high substrate
concentrations, E;, can be ildentified with Qﬁ. 80 that the
pi depeadence reveals the pK values for the Michaselis
complex. The pH dependence for these substrates is belle
shaped, and indicates pK values of about 7 and ¢, in
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agreement with the present resulis,

On the other hand, for gubstrates such as the
ethyl esters of NHwacabtyleL«tryptophen, lmgcetyleLephenyle=
alanine, sng Neacetylwletyrosine (42), NebenzoyleD and
Lealanine m@thyl esters snd p-nitrophenyl scetate (cf,
figures 14«16) the slow process is daacylation, and Q; is
ewqual to %5. The pH dependence is sigmoid, there being no
falling off of kg at high pH, Thess results indicate that
the group of pk 7 ls still catalytically active in the
daacylation bracas&. The group of pK 9 is not revealad in ﬁg,
and two different types of explanetion are possible for this:

(1) The group of pk 9 moy not be free in the acyl
enzyme, It might have undergone covalent honding, or be
interacting with other greups (e.g. by hydrogen bonding) in
such a way that it 1s unsble to loss its proten at high
pH values,

(2) The group of pi 9 mey simply not be involved
in the deacylation precess. Of these two possibilities
Bender and Kézdy{25) favor the second., Our own preference
is for the first type of explonation, for zeasons discussed

below; it 1s still, however, not possible to srxive at a

firm decision,

In arriving at a conclusion about the mﬁchanism

of the action of chymotrypsin it is necessary to take into
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account » considerable number of sxperimental results,

We have listed below the most important mechanistic informae
tion, classifying it according to its relmvance to (1) the
formation of the enzyme-subystrate addition complex (the
Michaelis compiex}. (2) the zeylation process, and (3) the
deacylation process, Some of the specific conclusions
drawn are also Indicated; the more general conclusicons are
discugsed in a later section,

(1) complex formation

(a)A The pH work shows thet two fonizing groups,
of pk 7 and 9, are free in the free enzyme, and are zlgo
free in the complex {presant work).

(b) GStudies of complex formation in mixed sole
vents have shown in & number of instances that the complex
1s more polar then the sepsrate enzyme and substrate ($1e-94),

{c) The fact that two histidine residues are very
close in space to one zncther io chymotyypsin, and also in
trypsin which 1s kinetically very similar, suggasts that
both are involved in the catalytic actien.

To interpret these facts we suggest that the pProe
cess of complex formation is as reprosented in flgure 21,
Cne of the histidine residues is directly involved in
complex formation by denating an electron pafr to the

carbonyl carbon atom; the formation of & charged
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Elaurs 2

4 mechanism of binding for subsizates of

L =Chymotrypsin.,
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intermediate oxplainsg the strong solvent effect that is
obsorvad, The other hlstidine group and the group of pkK 9
play no role in complox formation. If @ proton adds on to
this socond Imldazole group, electrostatic effects prevent
the addition df a proton to ths growp involved in complex
formation,

(2) Agylation

(a) The pH work indicates that both ionizing
groups are free in the complex snd arxe involved in the
acylation préc@ss.

{b) Studies in mixed solvents indicate that the
group pK 7 18 a cationic acld and the group of pk 9 a
neutral acid (dection III C),

{(c) Thexe is much avidance that in the acyl
enzyme the acyl group is stiached to 2 serine reaidue (9,
12)s One cannot, however, exclude the possibility that
the appearance of the acyl gr&ug o the serine residue is
an axtefact, and that in the enzymatic process the group
1s attached to some other residue, perhaps & tyrosine
hydroxyl group of pK 9. This possibility is discussed
balow,

Further conslderation of the deductions from the
mechenistic information regsrding scylation 1s deferred to

a later section.



(3) seacylatisn

{a) The pi work shows sigmoid behavior, the
aroup of pK § not bedng revezled, This meens oither that
the group of pil ¢ 48 tied up in the acyl enryme, or thet
it is not invelved in reaction.

(b} The deacylation process is first order in
water or in any other nucleophile {such as methanol) that
is prasent (99), _

(¢} No intermedlate cen be detected in the
deacylation pﬁoc@as.

{d} The deutorium~isotope effect in the deacylaw
tion process indlcotes that o proton transfer ie favolved {42},

bender and Kézdy (31) have pointed out that facts
{b) and (¢) toguther load to the conclusion that the
Inidsazole group on the anzyme undergoes a gensrsl basice
(proton~-abstracting), rather than a nucleophilic {alectrone
donating), action in the deascylation process, Thus, 1f the
action wexe nucleophilic it would hove %o be followed by the
addition of a water molecule} since tha rsaction is firste
order in water the nucleophilic attack woutld hkave to be fast
and the water additlon slow. An acyleimidazole inter-wdlate
should therafore ba detectable; since 344 %= not detected, it
is unlikely that there is & nucleophilic attack, This fs

also the conclusion from {d),
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Function of the Inidazele Croup

The evidence is that one of the imidazole groups

Jkn
o
]
&
4]
s
O

ionize in the free enzyme, in the snzyme-
substrate complex and in the sey! anzynr, and that it plavs
a rols in both‘tha seylation and deacylaticen processes,

In the deacylation process this imidazols group plays a
gencral Lasic and not o nuclaophilic role, The second
imldazole group, if it plays any parl st sll, is probably

irvolved in subsirate binding, ss indicated in Figure 21,

~rriving at 2 conclusion about the role of the
acddic aroup of pi. § Is o mattor of considerably greater
difficulty., & compliceticon arises from the different pH
dependencies of acviatlon snd deacylotion, bender and
co-workars(25,110) axrgue thet acylation and descylation
are essentially the revsrse of one another; 1f a methyl
aster is hydrolyzed the methanclysis is indeed the exact
reverse of the acylation reacticn, They then asroue on the
basis of microscopic reversibility that acylation and
deacylation must follow the same reaction paths, Oince
the pH results suggest that the acildic group does not
play a kinetlec role in deacylation, they conclude that it
dozs not do so in acylatisn, To explain the pH results

for acylation they suggest that the acldic group {which
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they believe to be <NH3) plays a conformational role,
aince this conformational offect has a direct bearing on
the kinotics, it is not c¢lear that this suggestion avolds
the alleged difficulty,

ﬁﬂ‘have elsewhare shown (Chaptar II} that from
this principle it is not always valld to assume that o
reaction and its reverse follow the same path away from
aquilibrium, In such cases, however, the paths available
mist have & differeont kinetic order undex steady=gtate
conditions. In the acylationedeacylation systiem,
methanolysis of the acyl enzyms will slimost cartainly be
the reverse of acylation under steady-state conditions,
since no reasonable pathwsy of a different kinetic order
¢an be postulated, _

$ince the principle of microscopic reversibility
only applies to a single reaction ot scquilibriun, no
zbsoiutely firm conclusions may be drawn for hydrolysis
under steadyestate conditions. However, in view of the
conclusions reached for the cese of mothanolysis, it scems
reasonable to postulate thet the hydrolysis of the acyl
enzyme will follow a similar pathway %o that followed by

the reverse of acylation,

The mechanism at which Bander and his cowprorkers
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arrive is shown in modified form in figure 22, Their
mechanism has to be amended becauss they thought the acidic
Qroup was -NH&. which could exert a conformatfonal role im
the Michaslis complex by attracting an anionic group; in
basic solution, when the ~Niy becomes ~iity, there would be
a8 change of conformation lesding to a spaclies incapable of
forming the acyl enzyme,

It is now very likely (Section IIi C) that the
acidic group is a neutrel acid group. Thie could play a
conformational role by hydrogen bonding with an unknown
group A3 in basic solution this hydrogen bond is broken.
An essential feature of the scheme 18 that the ~UeH group
is not directly involved in deacylation, so that the two
ionized forms of the acyl enzyme are deacylated at the
same speed,

The main weakness of this mechanism zolates to
the fact that, as shown in the pragsent work, the Michaelis
complex lonizee on the basic side with the ssme pK as the
free enzyme. If the hydroxyl groups were involved 4in
hydrogen bonding in the Michaelis complex it would be more
difficult for the proton to leave, f.e,, the pk would be

higher than in the free enLYyma

A mechenism in which the acidic group functions
as & general acid catalyst is shown in figure 23. In the
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Flaywra 23

& machanism in which the acidic group has a

confeormational role,
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T loupn 2

A mechanism in which the acldlic group funciions

ag 4 general seid catuliyst,
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Michaells complex the hydyrogen atom of the scidic <CH group
is free to ionize, but is hydrogen bonded {n the acyl
entyme to the serine eoxygen stom, and is therefore not free
to gplit off st high pH values., This hydrogen atom is
involved in the deacylation procass by beling transferved

to the serine oxygsn atom, so aiding the acyl group to
leave,

This mechanism explains aatisfactorily the
obsarvad pH dependencies on the basic side of the pH optis
mus. Hewavér, while the deacylation process has the same
character as the reverse of seylation, it 1% not mechanise
tically the reverse; this mechanism must therefore be cone
sidexred unlikely,

The most stralghtferward explanation of the belle
shaped pH dependense of zcylation, and the sigmodd pH
dependence of deacylation, 1a that it 33 the acidic group
that 18 acylated, This mechanisr is repregented in

figure 24, There ave, however, some diffliculties:

1) The chemical evidence, referrad to above, sirongly
suggests that it 1s a serine hydroxyl group thet is
acylated., The pX of a2 normal serine hydroxyl group, hovre
aver, is sbove 13, much higher than the meesured velue of

9.2 foxr the aclidic group., It is possible, howsver, that
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Elguze 24

A mechanism in which the acidic group is acylated.
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nelghboring group effects could reduce the pk of the
serine hydroxyl group to 9.2.

(2) There remains the poasibility that it 1s not really
the serine group that is initially acylated, but that a
tyrosine hydroxyl group of nornmzl pk is acylated, The
spectrum and behavior of cinnamoyl-chymotrypsin are cone
sistent with this possibility (3%). ~According to this,
the finding of acylsted serine in the breakdown products
from the acyl enzyme must be an art@fact,vinvalving trange
fer from tyrosine to serine. This does not seem parti-
cularly likely in view of the sbundant evidence of the
involvement of serinsz for other hydrolviic enzymes,

The view we favor {s that the group of pK 9,2 in
acylation is the serine hydroxyl which is acylated, since
this seems to involve the least difficulifes in formulae
ting a satisfactory =machaniswm,

£ w31l i . ]

In figure 25 the various conclusions are pleced
together into 8 consolidsted mechanism, In the case of
acylation and deacylation the suggesied activated complexes
are shown, so that the varlous interacticns can be clearly
seqn, The most important [estures of the mechanism are
as follows:

1} 4eylation occurs by a concerted mechanism in which one

imidazole group donates electrons to the carbonyl function,
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Fgggga 25

rropogsed mochanism for Rechymotrypalin catalyzed
hydrolysis,
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thereby making for a more facila attack by the serine
hydzroxyl group. The othsy imidazole group functions asg a
genexral bage, general acid catalyst, helping the proton off
the serine hydroxyl and onto the departing alcohol,

2} iwacylation la the reverse of scylstion, The second
imidazole group helps the proton off the water molacule and
onto the departing serine hydroxyl group,

It has been emphasized fn the discussien above
that one cannot yet arrive at a firm deciaien as to
mechanism for this enzyme system, The mechanism proposed
in figure 25 appears to he entirely plausible, ang to be
the simplest 2nd most straightforward explanation consistent
with 411 of the facts, It should ba useful in planning

further experimental work.

Appe

An interesting congequence of the mechanism oute
lined in figura 2% is thet the ionizations of the imidazole
groups may not be random; the fonization of one group may
prevent the lonization of the other., The evidence ig that
two imidazole groups are brought inte close proximity by
weans of a disulphide bridge, so that the protonation of
one will prevent the protonation of the other, It can
@asily be shown that



1 1
b{app) “bi “ha
it Fpy = Fyp then
. Kp
“blapp) = ~ (2

The measured pK value is thus 0.3 units higher than the
true value, In the case of ~chymotrypsin the values
determined are In the range of 6.7 to 7.0 for the frea
enzyme so that the true volues are €.4 to 6.7, which is
closer Lo the trus value of 6,1 for the imidazole group
of histidine,
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The simplest types of kinetic behavior of

inhibitors in enzyme systems ava those corresponding to
rate equations of the form

kis]
v = - 1

and -
o kisd
v (L« wlsh)i(y » Kifl}) (2)

where k, K and K&y are constants and {57 snd {1) are the
subsirate and inhibitor concentrations, Behawior that
corresponds to equation (1} is deseribed as gomnetitive,
the degree of inhibition being denendent on [$]; that
corresponding te (2} is pyunecompetitive, the degree of
inhibition being indapendent of [31,

in torms of the conventional Michaelis-lionten
aquation

vis] kIED [5]

v o ARSI TS 2 IR 5 (3 )

®. o+ L8] b ¢+ [8)]
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it i3 to be seen thet with competitive inhibition the

Michaelis parameters V and K, are of the form

V = el {4) . R 10y
K By ™
%

that is, V 15 independent of [1} but K, varies with [1].

(9)

For nonecompetitive inhibition

£ k A b W%w 7
Y K AL« KglID) (o) mK (1

so that now K, is induvendent of [I] and V varies with [1].
when both V and Ky, vary with [I] the inhibitien may be
referred to as mized.

In torme of the classical Michsellselienten
scheme, involving a single intermediste, the entyne-sube
ttrate complex, the classes of behavior are simply
explalned as follows:

{1} In competitive inhibition the inhibitor can
bind to the {reeesnzyme but cannot bind to Zhe BOL YHE ™
gubstrate complex,

(2) In non~competitive inhibition the substrate
binds to the complex as readily as to the free ANLYyme,

(3} In nmixed inhibition the inhibitor has a
different affinity for the complex than for the free

MDY



“ 113 =

There is now abundant evidence (31,86+58,111)
that two intermediotes axe of kinetic significance in
many enzyma systems, Iin particular with hydrolytic enzymos
such as Xechymotrypsin and cholinesterase, For such
systems inhibition schemes that neglect the second inter=
mediates axe obvicusly fincompleta, Krupka ond Laidlar(112)
have developsd inhibition equations based on the twow
intermediate mechanism, ond have applied them quantitatively
%o rezctions catalyzed by cholinestersse, Their experis
mental resuits with this enzyme could not be roconciled
with a scheme based on a single intermeadiate, but could be
interpreted satisfactorily in terms of a twoeintermediate
rochanism,

In the present section we develop the steadye
state equations for inhibited systems in 8 somowhat nore
general form than wes done by Krupkse and Loidler, and we
classify the special cases in o way that mukes it sasy to
apply them to the experimental results. A few axamplos
will show the applicability of this treatmont; & later
section will describe a quantitative application of the

treatment to the X=chymotrypsin system,

The schems for which the steady-gtate equations

havo besn worked out is shown in figure 26, As dxacuased
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Elauxe 26

A general inhibition scheme,
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in a previcus treatment of stesdy~state aquations in
onzyme kinetics (113,114), zeaction schemes involving
cyclas lead to exceedingly complicated rate equaticns
which are not useful for the snalysis of experimental
data, A getisfactery appreximetion in cases of this king
is to treat the horizontal reactions as rapid and theree
fore in equilibrium, but to spply the steadyesiate to the
vertical reactions, This procedure 1s justifiad by the
fact that ghe horizontal resciions are simply binding
and digssociation processes, whersas the vertical rezctions
involve chemical change.

The equilibrium squations corresponding to the

three horizontal reactions sre

ex) = &g (81 (2] (8)
[es1} = Ky [E8] (1) (9)
[Bs'1) = k) [e3") [1] | (10)

where K¢ = ky/k.4, K; = ki/kli and K§ = Rz/kii, The

sum of the steady~state ecquatlions for ES and ESI is
ky[E108] » & kyLETIIST=(k g + ko) [ES s {b ke » a'k ;) EST)
whence, using (8} and (9), |

k [EJ0s] (1 + a K 1)) = B[ES) (1 + @ m;{x}) (12)
where ¥ =k , ¢k, and ¥ = (b k,+ a'k_ )/ similarly,

i 2 :
the sun of the steady-state equations for £s’ and E5°I is

(11)
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kolES] (1 + b Ky [11) = kyles") (1 + ¢ &§ [2]) (13)
The total enzyme concentration, fE],, 4s

(Bly = [£] « [ex] » (e8] « [msx]+ {657+ [E51] (14)
énd the rete is

usging equations (B) to (14) leads finally to the rate
aquation

ko (appl el [3]
. e o (16)
Kylopp)
where
by
k.(app) = - - (17)
E N
Lo b Re[1] kg (L c Kyl1]
and

e K3 (L e K LI v KGMXD) | kgll v b Kel11) (1Kk{T11)
Km(3pp) " e , o ¢ punll ¥ . {
k(1 Kg[T])(1 « ® Kg[1]) kgl + K [T (1se Ky[11)

1

£33
(e
3

Equations (17) and (18) sre in a particularxly
useful form for arriving at the relationships that apply in
speclal chses, and 4in dexiving the conditions that apply to
syatems that have been studied exparimentally, Two extiema
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cages are represented by ko K 33 {reylation rate~detore
mining) end ky & ko (deacylstion rate~determining)., In
addition, it is poszible that the inhibiter cannot bind to
the enzyme-substrate complex, in which case K£ = 0 and

2 = Gp in this case, the complex g3’y may be inactive

{c = 0}, ox may undergo deasylation (¢ £ 1). Altarnae
tivaely, the enzyme-substrate complex may bind the inhibitor,
but the acyl enzyme may not de ac (K; = O},

Table 1% summarlzes the most interesting special
cages that may ariss, and iIndicates in esach case whether
the inhibitlon is compevitive, none~competitive or mixed,
Figure 27 shows the mschanlsms corvesponding to cach of
the three maln cases,

Some clearecut examples of the behavior are ss
follows:
cage 1 (blocking of deacylation)

(8) ky<< kgt Cholinesterase~catalyzed
hydrolysis of methylaminoethyl acetate, competitively
inhibited by cis«2-~dimethylaminocyclohexanol {112);
L«chymotrypsine-catalyzed hydrolysis ¢f nicotinylele
tryptophsnanide, competitively inhibited by indole
{115, Chapter IV B},

(b} kg < kgt Chollnwstersseecatalyzed ‘
hydrolysis of scetylcholine, non=competitively inhibited
by cls-2-dimethylaminocycliohexanol (112}; Xechymotrypsine
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Figure 27

Mdechanisms of inhibition,
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catalyzed hydrolysis of HeacetyleL=tyrosine ethyl estery,
non~competitively inhibited by indole (Chapter IV B),

{c) kp & kq: cowchymotrypsinecatalysed
hydrolysis of methyl hippurate, mixved inhibition by
indole (116, Chapter IV 8),

Cage Ii (no blocking of deacylstion)

(a) kg << kg: cCholinesterase~catalyzed
hydrolysls of methylemincsthyl acetate, enéyatitivaly
inhibited by choline, carbachol and eserine {117),

() kg <& kpt vhelinesterase-catslyzed
hydrolysis of acetylchollne, competitively inhibfted by
cheline, cerbachol znd sserine (117).



A considersizle number of inhibition studies on
d«chymotrypsinecatalyzed reactions hove been carried out,
particularly by Niemenn and his goewerkers (11%,118,119),
and the results have been interpreted in terms of the
simple Michaeliseiienten scheme involving a single intere
mediate. Hrupka and Laidlex{112) daveloped inhibizion
agquations for the two-intermediate machanisn, which
certainly applies to A =chymotrypsinecatalyzed reactions,
and wo have recently extended and generalized their treate
ment (Chapter IV A), The present investigation 43 con-
cerned with making a quantitative test of these aquations
with refexence to results for X =chymotrypsin=catalyzed
reactions,

In the present work we have chosen systens which
were expected, on the basis of the theory and certain
information about the substrates and inhibitors, to give
rise to welledafined behavior., The inhihiter indole
presented itself as an obvious choice, since with it three
types of inhibition had already been observed - competitive,
nonwcompetitive and mixed. ihenocl has slso boan {nvestie

gated in the present work, what was needed to test the
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theory wos @ substrate for which the deacylation process
was rate-~limiting, since in this way one can deduce the
affoct of the inhibitor on the acyl enzyme and on the
deacylation reactlon, The pH data show (Chapter III 1)
that for Neaztetyl=lLetyrosine othyl ester the doacylation
is slower than acylation, and this was the substrate wsed
in the present work, Conclusions are also drawn from the
results of invastigations with other substrates; with
nicotinyl-L=tryptophanamide, for which acylation iz rate
Limiting, and with methyl hippurste, for which ths acylae

tion and deacylation rates are similar to one another,

Materials

The work was all carried out in water, which was
doubly distilled and deionized, and was free from carbon
dioxide, The pH was maintained at 8,0 by addition of
C.02 N sodium hydroxide solution, pregered from Fisher
Cortiflied Reagent,

The substrate, HeacetyleLetyrosine ethyl ester,
wss 2 Mann Assayed Neagent, and wae used without further
purification, Indole was purchesed in pure form from
Nutritional Blochemicals Corp, and phenol was purified by
distillation, Three~times recrystallized & wchymotrypsin
was obtained from hutritional Hiochemicals Corp.

Kinet Procedu

The genaral procedurs was axactly as described
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previously, use baing made of the pHestat technique., The
reactions wers carried out in 15,0 ml, of solution cone
taining 15 meq of sodium chloride and maintained at 20,00C
in a thermostatically controlled bath, 14.0 ML, of solue
tion containing substirate and inhibitor were first held in
the reaction cell until temperature equilibration was
achieved; the resction wss then started by the injection
of 1.0 ml, of enzyme solution,

REdULTs AN DI
Inhibition by Indole

Figure 28 shows a plot of vo/vy against [11; v,

is the rate in the absence of inhibitor, and vy that in
its presence, In this type of plot nonecompetitive bohavior
is indicated if the points fall on a single straight line,
Figure 29 1s a plot of I/vy against [1]; nonecompetitive
behavior is now indicated if the lines meet on the aegative
(1} axis, The inhibition by indole of the NeacetylelLe
tyrosine othyl ester hydrolysic is thus c¢learly none~
competitive, The (sssociation) inhibition constant cale
culated from these results is 1,17 x 163 w~1, Using the
substrate nicotinyl-L=tryptophanamide, for which the
inhibition is competitive, Poster and Niemann{115) obtained
an inhibition constant of 1/8.0 x 10™% = 1,95 x 103 M”l,

in satlsfactory agreement.

We mady now draw conclusions from the behavier |
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A plot of vy/vy agelnat [1] for the X wchymotrypsin
catalyzed hydrolysis of Nezcatyleletyrosine ethyl
ester inhibited by indole,

3,00 % 10

O« [5] = 1,90 x 10™%

M- [ = 1,05 x 103y

O=- T3] = 0,600 x 10~

= [3] = 0,480 x 10~3n
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A nlot of V"i against [1] for the dechymotryosin
catalyzad hydrolysis of Neacetylelstyrosine athyl
ester inhibited by indolo,



~e

0.
.

-

-~
.
-
-
-~
-
-

~OPOGE 0 [6

- O1¥000 0+ 4]
...\1.\\\\\\\\.. .
OGO 5

—

LON0GT -

e

O

O¢

~§

R

¢/
€

ok
~

L]
i

201

’
i



S

-, l%-

shovn by indole with three subgtrates: nicotinylele
tryptophananide (ky << kqa) for which the inhibition is
strictly competitive (115); Neacetyl~Letyrosine ethyl ester
(k3 & ko), for which the inhibitfon is non=compatitive
(present results) and methyl hippurate {kzrzi ka), for
which the inhibition is mixed (116). The above conclusions
about the relative magnitudes of ko and kq are clearly
indicated by the pH deta (1%, Chepter III D).

For the case of ko <K kg (nicotinyleLetryptophon=
amide) the Michaelds parameters, obtained from equations
(17} and (18) of Chapter IV & are

ky {1+ b &g (1))
¢ Ty Ky (1]

(1)

L

L+ iy TID0 - 3y 1))
kp (1 s 3 &y [T+ k410

Kmu

(2]

Competitive inhibition requizes that k. is independent of
{1] and that Kp varies linesrly with [1]; this can only
oceur if a = O (which requires thet a' = O and that Ky = O,
since Kg = 3 Ki/a') and 4f ¥ = O (which means that b = 0),
The conclusion is therefore that the inhibitor is not
bound to the enzyme~subsirate complex.

whan kg K ky (N=acetyleLetyrosine ethyl aster)
the iichaells parametars become, with K; = Oand a = O,



i (}_ e Kn [I})
P e 3
kC L i{i [I] (3)
Ky = Keg vk DA+ < kg [10) @)

kyke, (1 ¢ Ky [2])

The inhibition is now nonwcompetitive, which maans that V
is inversely proportional to 1 ¢+ &4{I] and K, {5 indepene
dent of [1], From equations {3) apd (4} &t follows that

¢ = O end Kj = Kq3 thet 4s, the inhibitor is bound to the
acyl enzyme just 2s strongly as it i{s to the froe enzyme,
and it blocks the dencylation procass,

Another way of analyzing the results with indole
and HeacetylelLetyrosine athyl ester is as follows, The
rate equatlon corresponding to equetions (3) and (4), with
¢ equal to zero, can be written as
v m: :3{21 5] R — mg ;.{3 K% 57 ¢ K;_

1kolBl {81 KalE]d, kyky [ElgIST ¥y [E],

(5)

A plot of 1/v against the inhibitor cancentraﬁion for
various substrate concentrations will therefore give
straight lines with intexcepts and slopes that are functions
of the substrate concentratlon. A plot of the slopes of
such lines aguinst the reciprocal of the substrate concene
tration will give a straight line having an intercept on

the 1/[8] axis squal to



Ky
kqlE]

o
A& zero value for the intercept indicates that £5°I is not
formad, and 28 nonezero value that it is formed, Figure 30
shows a plot of the slepes of the lines in figure 29
against 1/[5], The intercept is positive, which indicatos
that indole does bind to the acyl enzyme. The value of K;
calculated from this intercept is 1.0 x l03; in satigface
tory agreement with the value of 1,17 x 10° for Ki' calou=
lated by tha'cenv&ntioaal procedure,

The inhibition by indole of the hydrolysis of
methyl hippurate 1s a mixture of competitive and none
competitive iInhibitlien (116). There is evidence which
indicates that for this substrate ko 8nd k« may have come
parsble values (66), so that mixed inhibitlon is expected
(cf. Table 13), It was established above that b = C,

Ki = (& and Kg = Ky3 equations (17) and (18) of Chapter IV A
then become |

k
ke = 2 (6)
) S (l 4 Ki [1})

L\)ﬂ‘

k3
Ky (14 5} {11)
K
L+ E§ (1« Ky [I])

ur

Ky =

{(7)

Plots of l/k, against 1 + kel1] andg of 1/K,, ageinst
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A plot of the slopes of the lines in figure 29
asgainst :/031,
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/(1 « k4111) should therefore be linear; such plots are
shown in figures 31 and 32, From the plot shown in
figure 31 the following values are calculated:
ko = 3,3 x 103 gec~l
kg = 27 x 1073 gec~l

The above explanation of the mixed inhibition
brought about by indole with this substrste seems Lo us to
be preferable to much more complicated mechanisms that
have previcusly been put forward: Hein and Niemsnn{28,30)
postulated three binding centers on the enzyma and 12
different interactions betwsen substrate and enzym?, while
Bender and Keézdy(3l) postulated two difforent ONZYMQ -
substrate complexes (involving different modes of intere
action) and twe acyl enzymes, The exporimentsl results
do not require any such complicated explsnations,
inh by Phenol

Figure 33a shows a plot of vo/v; sgainst [I] for
the phenol inhibition of tha hydrolysis of Hegcotylel-
tyrosine ethyl ester, 7The plots are displaced upwards ss
the substrate concentrations are lowered, indicating the
behavior to be competitive, Theze is & pronounced curvae
ture, which chews that the dopendance on the inhibitor
concentration ie te & nower greater than unity,

Fiqura 33b shows a plot of 1/vy egainst 1/73)
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Eioure 31

A plot of LA, agednst (L - ifi;iflj) for the Lechymyps
trypsin catalyzed hydrolysis of methyl hippurate
inhibited by indola,
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Plot of 1K, agastnst 1AL + KiEI}) for the cechymow
trypsin catalyzed hydrolysis of methyl hippurate
inhibited by indole,



& -

Ol

t

LT anpmmmm e m e n, L

G

3

ﬁ.« ITANIN A LI e e AT D e £ i

R WA e b 1 N K TS AR 0T

&

1

115 i e

Jo
7/

]

TR YT LT LT T et e At R TR 4 Y e

.
o ..
.
pol & k
R VST
_ i

AT S AT WA AT Ao SN SR TR T e

o

M

0
4
Y

Ol
[
¢l
¢l

N\

0

o T D
—~
o m,w



o 133 »

A plot of v, /vq against [I] for the phenol inhibiw
tion of the X=chymotrypsin catalyzed hydrolysis of
h~acetyleL-tyrosine sthyl estaer,

Elgure 330

Plot of 1/vy against L/[3] for the phenol inhibie
tion of the X~chymotrypsin cetalyzed hydrolysis of
Heacetylwl-tyrosine ethyl ester,
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for the same data. The plots are linear and meet on the
I/Vi axls corresponding to & nonezero value; this also
shows that the behavior is competitive, If the dependence
wers to the {irst power of the inhiblitoer concentiration the
ﬁi values caléulaﬁed from each of the lines in figure 34
should be the same; in fact, as shown in Tsble 15, Ky de 2
function of the inhibitor concentration,

The simplest explanation of the vihavior is that
two inhibitor moleculee can bind to the eneyms, either in
& mandom op farcad~order saguence a8 shovwn in figure 34,
The apparent Ky values correspending to these schemes are,
for the rendom ordex

Kylepp) = (& » VAL ST NS & (8)
and for forced order

Kqlapp) = Ky 0 “";13"*2”3 {9)
2ch of thase schemes predicts that s plot of ky against (1)
should be linear, and this i{s verified in figure 3%, In
both cases the slops is squal to NyKn {equations (8) and
(2)); for randowm order the intercept iy Kl ¢ Kz, while for
forced corder it is Kqs Calculations of Ky nnd Kp €rom the
data led, on the basis of the vendomeorder scheme, to
imsginary values, and it e concluded that forcedeorder
binding applies; the velues caleculatad on this basis are

Ky = 42 liters per mole
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handom and forcad order binding schemos,
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C a g3

neles per litar liter per mole
6,98 0.4
13,97 108
20,95 136

27.93 le7
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fdoure 35

A plot of Ky(app) agednst [1] for phenol inhibition,
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Ko = 110 liters per mecle,

Freviouasly Ki values of 160 and 140 &~} have been deducad
(119,120), on the assumption thet only one moleculs of
inhibitor is involved,

The f&ct that the inhibition by phenol is come
petitive maans one of two thinas:

1) Phenol does not become bound to the acyl
enryme, or

2} It does becume bound, but the binding does
not affect the rate of deacylation,
The second of these possibilities seems more likely; since
the larger molscule indele can become bound to the acyl

enzyme, it is probeble that the phencl melecule can also

he bound,

The inhibitlen results with indole are of
special interest fn that they conform gxactly to the
pattexrn of behavior predicted on the basis of the twoe
intermediste mechanism, when consideration is given to the
different rate~determining steps found with different sube
strates, It is evident that the typa of inhibition that
is observed depends not only on the nature ¢f the
inhibitor but on the nature of the subsirate, 28 wag

previously emphasized with acetylcholinestorass (112,121),
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A point of intersst is the bindling site of indole
and phenol, Indole probably binds at the same site as doas
the phenolic group of a tyrosine substxate or the indole
group of & tryptophan substrate, Because this site 1s
covered in the Michaselis cemplex there can be no binding
of indole, In the acyl enzyme the aromatic molety of the
substrate probably Interacts at the same site as in the
iichaelis complex; that this intersctien is important to
the kinetic specificity of dmacylation is suggested by the
relative rate constants for the hydrolysis of various acyl
enzymes (99)., dhen the arometic residue is dissocilated
from its binding zits £n the ecyl enzyme, the acyl group
cannot escape since it is covalently bended, but the
deacylation processes will be blocked, Therefore, if
indole competes for thie site, or if the binding of
phenol interferes with the fnteraction et this site,
deacylation will be blocked, That indole does not block
deacylation by preventing the water molecule from
approaching, or by interfering with the ilonizing groups
at the active site, is demonstrated by the fact that the
inhibition is competitive with RebenzoyleD znd Lealanine
methyl esters (29) for which deacylation is rate limiting
(Cheoter 111 D).

The fact that p=nitrophenyl acetste and aromatic
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esters such as NeacelyleLetyrosine ethyl ester are sube
strates which compete for the same binding site on
chymotrypsin (13) suggests why two phencl groups can
become attached to the enzyme; thare must be one site X
that binde the aromatic ring in penitrophenyl acetste,
and another Y that binds the aromatic ring in the
aromatic esters. It is likely that binding at site X
would not intexfere with deacylation, since it does not
interfere with acylation, 4ite Y, which is 1&:9@ anough
to accommodate an indole group, is probably large enough
to sccommodate two phenclic residues; binding by phenol
et this site in the acyl enzyme will therefore not
interfere with deacylation,
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Hein and Niemenn{29) were the first to demon-
strate the stereospacificity of Lechymoirypsin towards
Nebenzoyl=l and Lealanine methyl esters., From the pit
dependence exhibited by thess gubatrates (Chapter 1I1)
it has been cencluded that the rateeliniting step i
deacylation, with the Leantipode being hydrolysed
approximately sevenleen timaes faster than the eantipode,
in spite of the fact that there 1s no chemical difference
batwesn the two forms of acyl engyme, It ves therefore
considered to be of interest to determine whether this
difference is associated with different energles or
oentropies of activation,

X 21

Nepenzoylelealanine methyl ester and Nebenzoyle
Lealanine methyl ester wore prepoxed &s previously
described,

A1l reactions wevre carried out in 0,104 sodiunm
chleride at pH 6,0, the kinetic procedure being the sama

88 previously described.,
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Figure 36 shows a plot of log, k. against 1/T,
and the data relating to the temperature depsndence of
the kinetic parameters is summarized in Tables 17 ond 18.
There is seen to be & break at 259, with an apparent
lowering of the activation energy ot higher temperatures,
This type of behavior has often been observed in enzyms
reactions, and may be attributed to severnl factors (122).
The possibilities relevant %o the present case are: {1} the
reaction might invelve two intermediates, with each roaction
step showing a differant temperature coefficient: (2) the
reaction might be accompanied by the rapid and raversible
denaturation of the enzyme,

Two Intermediates are known to be involved, the

reaction schome being

Ky kn ka
E1S——ES—v— kS PErE .
The kinetic parametors are given by
k., + k
Eolapp) 2 s {1}
]‘;2 + ka
and
k3
KalBpp) = s Ky (2)
23

The rate constants k2 and ky may have different activatien
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Fioure 3¢

A plot of logysky 2gainst 1L/T for Nebanzoyled and

L=alonine wothyl esters,
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Lhlapndne Methyl Gster

7oL kgxlﬁgsgc”l 3mx103 moles litze™t
10.% 4,27 699
15,0 6.91 8,12
20.G 11,5 2.47
25.0 17.6 C B.42
30.0 24,3 8,32
37.0 ‘ 37.1 8.7%
42,0 4G .9 .54

Ala e HMethvl Fstar

T kzx1039&c‘l hmxlﬁs moles litre™!
10,5 2,62 3.14
1.0 3,74 2477
20,0 6.54 4.0L
25,0 10,8 3,71
30,0 13.4 3,28
37.0 18,1 3.48

42,0 24,7 3,49
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energles, so that one reaction becomes rate limiting in
the lows-tompersture region and the other in the highe
temparature reqion, If such were the case the experi.
mental curve at the inflection polnt s expected to lie
0.3 log units below the intersection point of the indivie
dual Arrhenius lines. Figure 36 shows thet the change in
slope at high temperatures is inconsistent with this
explanation, the chenge of slope being much too sharp,
Furthermore, if this explanation were applied 2 similar
inflection would be found in K {app), Figure 37 shows
that such is not the case Kp(app) is independent of
temperature over the entire temperature range studied for
both the D and L. compounds,

The second possibility, that the reaction is
sccompanied by a rapld reversible denaturation of the
enzyme molecule, is represented by the scheme shown in
figure 38, Donder and coe-workers(42) have studied the
irreversible denaturation of d«chymotrypsin and found it
to be filrst order in enzyme concentration.

For the case in which P 77 Kqy
4
k.{app) = -~7§- {3)

where K equal to [Eg . vi00d/TE c14yels 18 the comstant

for the equilibrium betwwan the active and inactive enzyme,
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E 37

A plot of lsgwﬁm against L/T for Hebanzoyl=D
and L-alanine methyl esters,



(TR S e i

Q

a0l

e s fe S 37 e

wod e e s

O

TR el e el s

e

PR N

O

s ERU

5‘"

0 ¢

Ol¢

o rame  Y

~

SO 4 NEN

e 3

e sireois ﬁfﬁ.”di;u,a

4

oGl

c0O¢

o0&

Q
Y
N

A S 2 AT o

O

A
7O

O

-
v

-

axran



- 147

g 26

A scheme for reversible denaturation of olechymotrypsin,
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It 1s possible to calculate K from the smount the observed
value lies below the expected value. 4 plot of log K
against L/T (figure 29) glves AH25 keal and AS=80 e.u.,
which are reasonable values for denecturation phenomena,

It is therefore reasonshle to conclude in this case that
the break in the plot of log k agsinst 1/T is due to &
rapid reversible denaturation,

Uf greater intasrest is the fact that in the low

- tomperature region the plots are linear and give activation

energies of 16,240.3 kcal and 16.550,6 kcal for the O and
L antipodes respectively. This is a rother surprising
result, in that 1t might have been expectod that groups on
the Deantipode may cause steric interference; there would
then be a more highly strailmed activated complox, and a
higher activation energy. The differonce in the rates of
deacylstion must therefore be due to & less favorable
entropy of activation for the D=antipode, The calculated
gntroplas of activetion are ~ 9,6 e,u, and - 14,1 o.u.
for the L and D antipodes respactively, |

Since there is no chemical differencs between
the two substrates the entropies of the ground states arg
the same in both reactions, The difforence in entropy of
activation must therefere arise from the different cone

formations of the enzyme when it is interacting with the
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D and L substrates in the activated complexes, In the
activated complex of the i~antipode the enzyme 18 pro=
bebly in 2 more extended foram.

Bendar and cosworkers(9%} have postulated that the
large differaences in rates of deacylation ars vrelated to the
entropy of actiwvatlion, the poorer substrates having a less

favorable antropy of activation. The highexr entropies in

the case of the best substratas has been attributed to a

fixstion of the acyl molety, with ihe result thset there is

a gmallar loss of rotational entropy during the activation

process, On these grounds the sntroples of activation for
D and Lealanine methyl esters would be expected to bhe

g greater than that for Neacoivieletyrosine ethyl ester,
which hag & af = 13,4 e,u, {99), while the rotational

entrepy is undoubtedly 2 contributing factor it appears

from these rasults that the entropy changes resuliing from

changes in the conformation of the snzyme are also important,
The various possidble orientations of the groups in

the acyl enzyme are shown in figure 40, Each group intere

acts with a specific locus on the enzvme, with 1 (&) being

the natural configuration for tha Le-substrate, Structures

2 {a) and 3 {a) can be ruvied cut since bulky groups would

bes interacting at 2 lo¢us normally occunled by a hydrogsen,

and this has been shown to lead to 2 lowering ot the rate
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(123). For the D antipode 1 (b) and 3 (b} are posaible
modes of Interactlony 2 (b) can be ruled cut since Re
is too bulky a group to intsract ot the locus normally

occupled by a hydreqen,
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3.

The principle of microscopic reversibility was
examined for reactions occurring under nonegtoadye
state and steady=-state conditions. By considering
geveral different reactien schemes it was shown that
the principle of microscopic reversibility can never
be used to prove the mechanism of a reaction when
that for the reverse rzsction has been established;
it can only be used to eliminate kinetically
squivalent mechanisms which azre not the exact
reverse of that for the veaction in the opposite
direction,

A general equatlion for pH effects was formilated

and the varicus patierns of gh béhavior wara
clageifled, It was shown that the pH dependence of
the Ec/im vatlio ¢on only give pK velues for groups
involved in the breakdown of the Hichaelis complax,
The dechymotrypsin cetalyzed hydrolysis of Nebenzoyle
Lealanine methyl ester was studied at low substrate
concentrations over a range of pH, and in various
dioxane-water mixtures, From the varistion of the
pKs of the ionizing groups it was concluded that one
group 18 cationic, prebably on imidezole group, the

other neutral, probably 2 serine hydroxyl group.
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An investigation has been made of the influence of
pH on the kinetics of the Lechymotrypsin catalyszed
hydrolysis of HNebenzeyleD and Lealenine methyl esters,
WeacetyleLetyrosine ethyl ester and penitrophenyl
acetate, The resulis show that these four substrates
have a similar mechanlsm of hydrolysis with two
ionizing groups of pk 6.9 and 9.2 involved in the
breakdown of the enzyme substrate complex and a
group of pK 6.9 involved in the breakdown of the

acyl enzyma,

A new mechanisn of action was proposed for
degchyiolrypein catalyzed hydrolysls, Twe imidazole
groups ars postulated to play & role in the resction,
in complex formation one of these interacts with the
carbonyl function of the substrate; in acylaticn the
other imldazole group abstracts a proton from the
serine hydroxyl and transfers it %o the leaving
alcohol modety., The deacylation process is the
reverse of this process, with water 2¢ting as the
nucleophile,

General steady~siate equations weore formulated for
the inhibition of enzyme reactions involving two
intermediates, The various types of inhibition

were classified and a number of special cases
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consldered., In partlculer, it was shown how the
type of lnhibition obsexrved depands not only on the
substrate and inhibitor, but also on the rate-
datermining step of the reaction,

A study was made of the inhibition of the Lechymoe
trypsin catalyzed hydrolysis of NeacatyleLe=tyrosine
ethyl ester, inhibited by indole and phenol, Indole
exhibits non-cozpatitive behavioer, and an analysis
of the beshavior shawed that it binds to the free
enzyme and acyl snzyme but not the Michaelils complex,
Fhenol exhibits competitive behavior, two molecules
of phenol being bound to the frae enzyms in a
forced-ordar gsequence,

A temperature study was carried out on Hebenzoyle=D
and Lealanine methyl estars. 4 shirp break in the
log k4 against 1/T plot wasg attributed 4o a rapid
revarsible denaturetion of the enzyme at higher
temperatures, In the low tempesrature region the
activation enerqgles ars Ez e 16,8 & 0,3 Kcal, and
E, = 16,5 = 0.6 keal, per mole, It was concluded
that the difference in rates 1e due to the different
ways the enzyme is coiled around the tws substrates
in the activated complex and 1s menifested in

different entropiss of activation.



