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PREFACE

Prodigous efforts have been devoted during recent
years to the elucidation of enzymatic mechanisms and the
special characteristics of enzymes which make them such
efficient catalysts. Our understanding of these systems
has been advanced substantially with the establishment, by
X-ray diffraction studies, of the detailed three-dimensional
structures of some enzyme molecules. Although this infor-
mation is not yet available for trypsin, many features of
this enzyme have been explained on the basis of its close
rélationship to chymotrypsin for which a wealth of evidence,
including its X-ray structure, has been accumulated. Tt was
the object of this research to examine certain aspects of
trypsin-catalyzed reactions directly and to incorporate
these with other experimental data on the enzyme into an

overall mechanism of catalysis.

This thesis 1s divided into four chapters.

Chapter I deals with recent advances in the
activation process of trypsinogen to trypsin and describes
in general the molecular and enzymatic properties of the

enzymes. In Chapters II and III the experimental work with
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a new substrate of trypsin is reported for the pre-steady
state and steady-state phases of the catalytic process.
Chapter IV presents a review of the structural and
mechanistic evidence available for trypsin and chymotrypsin
which leads to a general reaction mechanism for the two

enzymes,

Part of the work described in this thesis has
already been submitted for publication, and 3 third

manuscript is in preparation.

1. pPH Effects in Trypsin Catalysis, H.P. Kasserra

and K.J. Laidler, Can. J. Chem., in press.

2. The Mechanisms of Action of Trypsin and Chymo-
trypsin, H.P. Kasserra and K.J. Laidler, Can. J.

Chem., in press.

3. Transient-Phase Kinetics of Trypsin-Catalyzed
Reactions, H.P. Kasserra and K.J. Laidler,

manuscript in preparation.
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ABSTRACT

A steady-state kinetic study has been made of the
trypsin-catalyzed hydrolysis of N-benzoyl-L-alanine methyl
ester, at pH values ranging from 6-10. From the rates were
calculated, at each pH, values of Ec/ﬁm’ Ec and km
(=Ec(ﬁ_l+ﬁ2)/ﬁlﬁ2). The pH profiles of these parameters
provide pK values for the groups that ionize in the free
enzyme aﬁd in the acylenzyme. The kinetic results on the
acid side imply that there is a group of pK = 7 in trypsin,
bresumably the imidazole function of a histidine residue,
and that this group is involved in acylation and deacylation,
both of which can only occur if it is unprotonated. The
behaviour on the basic side revealed a decrease in Ec at high
PH corresponding to a value of pK = 9.5, whereas Ec/ﬁm showed

sigmoid pH dependence. This pPK was related to the a-amino

group of the N-terminal isoleucine residue.

The specific levorotation of trypsin and trypsinogen
has been measured as a function of pH over the pH range 5-11.
The change in specific rotation of trypsin follows the
ionization of a single group with. a pK(app) of 9.4 which was
not revealed by the corresponding curve for trypsinogen. At

PH 11, the specific rotation of trypsin, its zymogen and its



phosphorylated derivative were approximately the same,
suggesting similar conformations for all three forms of the
protein. The pH~-dependence curves of the specific rotation
of trypsin in the presence of reversible competitive
inhibitors were found to be displaced to a more alkaline pH.
This was interpreted to indicate a conformational stabi-
lization as the result of enzyme-inhibitor complex formation
with a consequent increase in the pK(app) of the group

revealed‘by the free enzyme.

An interpretation of the kinetic and optical rotary
results that is consistent with all available information is
that the group of pPK = 9.5 (presumably the -NH§ function of
the terminal isoleucine residue) controls the conformation

and thereby the activity of the enzyme in alkaline solution.

The transient-phase kinetics of the trypsin-
catalyzed hydrolysis of N—carbobenzoxy—L-alanine—p-nitro—
phenyl ester have been studied using a stopped-flow technique.
Under conditions of excess enzyme concentration, the pH-
dependencies of ﬁ2 and Km (=§_l+ﬁ2)/ﬁl) have been obtained
without the need to make any assumptions as to the relative
magnitude of E3. From the results it was concluded that a
group of pK = 6.9 participates in acylation and that the same

group is not involved in Michaélis—complex formation. On the
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basis of the steady-state work, this group has already been
postulated to be the imidazole function of the histidine
residue. A least-squares-fit computer program was

developed to analyze the kinetic rate measurements directly
and was used in place of the traditionally employed Guggenheim

method.

The effect of organic solvent on the pre-steady
state parameters has been investigated for solvent concen-
trations varying from 1-209% (v/v) isopropyl alcohol. The

-~

changes in ﬁz, Km and E2/ﬁm could be formaily correlated with
the reciprocal of the dielectric constant of the solvent
mixture, indicating an increase in electrostatic interactions.
It was concluded that the observed decrease in both binding
and the rate of hydrolysis or N—carbobenzoxy—L—alanine—p—
nitrophenyl ester can be justified by a loss in conformational
integrity of the enzyme. This is the result of increased

free-energy contributions due to electrostatic and hydrophobic

interactions with little or no effect due to hydrogen bonding.

The chemical and mechanistic evidence for reactions
catalyzed by trypsin and chymotrypsin has been reviewed in
some detail and is considered with reference to the structure

of chymotrypsin as determined by X~-ray studies. Conclusions
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have been drawn about the detailed nature of the processes
of Michaelis—complex formation, acylation and deacylation
which are incorporated in a concerted reaction mechanism.
Although there are significant differences between the two
enzymes as far as Specificity and pH effects are concerned,
it has been concludeq that their mechanism of catalysis is

the same.



CHAPTER I

GENERAL INTRODUCTION

Trypsin is one orf several enzymes concerned with
the intestinal digestion of proteins. It is biosynthesized
by the acinous cells of the pancreas in the form of an
inactive brecursor, trypsinogen, and is carried as such by
the pancfeatic Juice into the duodenum where it is activated
to form trypsin. The main role of this enzyme in the body
is to catalyze the hydrolysis of peptide bonds during the
process of protein digestion initiated in the stomach by
pepsin. Closely related to trypsin is another pancreato-
peptidase, chymotrypsin. Specific similarities between the
two enzymes include (i) site of origin, (ii) rate of bio-
synthesis, (iii) endopeptidase activity, (iv) molecular
weight, (v) isoelectric point, (vi) amino acid composition
and (vii) nature of the catalytic processes (1-3). Tt is
on this basis that frequent reference will be made to chymo-
trypsin in the subsequent discussion of trypsin mechanism

and kinetics.



Activation of Trypsinogen

It 1is self-evident that during the biosynthesis
of proteolytic enzymes the protoplasmic proteins or
bancreatic cells must be protected against autodestruction.
The protective device adopted by the digestive organs is
to manufacture Such enzymes in the form of inactive
precursors which are stored in Zymogen granules and
ultimateiy released at the free surface of the cells. Some
representative Zzymogens other than trypsinogen are chymo-

trypsinogen, pepsinogen and procarboxipeptidase.

The conversion of trypsinogen to trypsin can be
catalyzed by (i) trypsin itselr, (ii) enterokinase (entero-
peptidase), g proteolytic enzyme secreted by the duodenal
Mucosa and (iii) certain mold Proteinases (4), Physiologi-
cally, enterokinase seems to be the all-important activating
enzyme, since no free trypsin can be found in freshly
collected bancreatic secretions (5). Activation involves
cleavage of a hexapeptide from the N-terminal engd of the

molecule (6,7) as depicted below:



Val - (Asp)q - Lys | Ile - Val - Gly - protein
6) I ()

v
Trypsinogen
Val - (Asp)u - Lys + Ile - Val - Gly - protein
Hexapeptide Trypsin

MacDonald and Kunitz (8) have shown that the presence of
calcium ions decreases the formation of large quantities
of inert proteins which are produced in the absence of the
cation at the expense of active trypsin. At the same time,
the rate of proteolysis is enhanced (9) and appears to be
restricted to the single peptide bond between lysine-6 and
isoleucine~7, all other lysyl and arginyl bonds being
resistant to tryptic cleavage. It has been proposed that
trypsinogen possesses two different binding sites for
calcium (10). The first site, presumably composed of
aspartate or glutamate residues, has a high affinity for
one calcium ion and the binding induces a conformational

change which protects the molecule against the formation of



inert proteins. This site also exlsts in trypsin. The
second site has a lower affinity for calcium and is probably
located at the four adjacent N-terminal aspartyl residues.
This binding induces no conformational change, but causes

an acceleration of the hydrolysis of the lysine-6-iso-

Specificity during the normal activation process of trypsin-

ogen (11,12).

Molecular Structure of Trypsin

The amino acid sequence of trypsinogen has been

while a-chymotrypsin consists of three peptide chains heilg
together by five disulphide bonds. Four of these have been
found to be homologous with those of trypsin. It has also
been demonstrated (15) that the two disulphide bridges orf
trypsin which do not coincide with those of a-chymotrypsin
can be built into the chymotrypsin model (13,14,16,17)
without any significant distortion of the chains. Table 1
indicates that 40% of the non-polar residues in trypsin and
chymotrypsin are homologous and a further 11% are quite

similar. The fact that a histidine and a serine residue,



Table 1

Amino acid sequences of bovine chymotrypsinogen A, chymo-
trypsinogen B and trypsinogen according to reference (3).
Asn-103 in chymotrypsinogen has been changed to Asp-103 (13)
and Asn-192 in trypsinogen has been changed to Asp-192 (14).
The solid lines enclose regions of non-polar residues common
to all three proteins. Disulphide bridges in chymotrypéin-
ogens A and B are at identical positions as follows:

I-V (residues 1-123); III-IV (residues 42-58); VIT-XTI
(residues 137-204); IX-X (residues 169-183); XI-XIII (residues
194-223), Disulphide bridges in trypsinogen are II-VIII A
(residues 22-158); III-IV; VI-XIV (residues 129-236); VII-XII;
IX-X; XI-XIIT.
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separated by 138 residues in the primary structure, are

in juxtaposition at the active sites of both enzymes,
indicates one common three-dimensional parameter. These
similarities have led several authors to predict that the
three-dimensional conformation of trypsin may be strikingly
similar to that of a-chymotrypsin, at least in the major

aspects of its chain folding (3,15).

An interesting variation between the primary
Sequences of trypsin and chymotrypsin is to bé pointed out.
Table 1 reveals that in less than 30% of the positions
homology exists in residues with a carboxylic acid side
chain such as aspartic and glutamic acid. It appears
likely that this difference can be associated with the well-
known calcium requirements of trypsin (in contrast to chymo-
trypsin), both for increased stability and activity at pH
values where the -COOH groups are ionized. Relatively minor
variations in structure such as these and their effects upon
enzymatic behaviour may be resolved when the three-dimensional

structure of trypsin has been determined.

Maroux et al. (18) have recently published g

preliminary report on the autolysis of trypsin between
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arginine—lOB* and valine-106 which gives rise to a new
trypsin consisting of two chains held together by
disulphide bonds. This Species still retains all its
activity and does not contain any inactive molecules as
shown by titration of the number of catalytic sites. It
is interesting to speculate whether this process bears
any analogy to the autocatalytic cleavage of the
leucine-13*~serine-14 bond in T-chymotrypsin to yield
S§-chymotrypsin (20); this process does not affect
enzymatic activity either. A differeﬁt two-chain form

of trypsin containing an intrachain split between

lysine-131 and serine-132 has been identified by Schroeder

and Shaw (21). This specles, isolated during the tryptic

activation orf trypsinogen under conditions which limit

autolysis, exhibits a different specific activity from the

single-chain form. The authors have pointed out that some

significance may be attached to the fact that the split in

trypsin at lysine-131 is within one residue of the split

in a-chymotrypsin at tyrosine-146.

¥

The present numbering for trypsin and chymotrypsin
corresponds to consecutive numbering in trypsinogen (19)
and chymotrypsinogen (16) respectively. The order of
amino acids, however, is as given in Table 1.
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Active Center

The term "active center" refers to those sites
of the enzyme which are directly involved in the binding
and hydrolysis of the substrate. Since synthetic sub-
strates are usuélly small compared to the entire enzyme,
it has been suggested in the past that the active center
consists of only a small fraction of the total enzyme.
This view has been supported by the fact that several
hydrolytic enzymes have been reduced to smallér units with

little or no loss of enzymatic activity (22-24).

In the case of trypsin, it has been possible to
ldentify some components of the active center by the use
of specific reagents which selectively attack functional
groups. Diisopropyl fluorophosphate reacts with trypsin
in a 1:1 stoichiometric reaction to give a product which
contalns one gram atom of phosphorous per mole of enzyme,
and which is completely inactive enzymatically (25). When
the phosphorylated enzyme is degraded, the phosphoryl group
is found to be attached to the hydroxyl group of a serine
residue (26,27) which was later identified as serine-183.
More recently Lawson et al. (28) have alkylated the same

serine residue with 3-(bromoacetamido) propylguanidine
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nitrate causing irreversible inhibition of the enzyme
towards hydrolysis of the specific substrate N-benzoyl-I.-
arginine ethyl ester. Both trypsin and chymotrypsin react
stoichiometrically with p-nitrophenyl acetate vielding at
low pH a stable inactive monoacyl enzyme which at higher
PH hydrolyses into active enzyme and acetate ion (29).

It 1s believed, as for acyl chymotrypsin (30), that the
acetyl group in trypsin is linked to the same serine
residue fo which the phosphoryl group was found to be
attached. The evidence from rate studies coupled with that
from degradative studies, indicates that trypsin possesses
one active center per molecule which contains the amino

acid serine-183.

The kinetic importance of an ionizable group in
trypsin of pK = 7 was first reported by Gutfreund (31)
and has later been substantiated by many worker (32-35).
This pK was associated with the imidazole ring of a
histidine residue, since this i1s the only group in the
enzyme with a pK close to 7. Shaw et al. (36) have
demonstrated that trypsin reacts stoichiometrically with
the substrate analog or lysine, TLCK (L-l-chloro-3-
tosylamido—?—amino—2-heptanone), to form an inactive
derivative in which one histidine residue has been

alkylated. This was later identified to be histidine-46
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(37,38). The same group also reacts with bromoacetone
with consequent inactivation of the enzyme as measured by
the rate of hydrolysis of N-benzoyl-L-arginine ethyl
ester (39). Furthermore the introduction of an acetonyl
group into histidine-46 abolishes the unusual reactivity
of serine-183, and this provides chemical evidence in
support of the hypothesis that interaction between these
residues is essential for the catalytic function of
trypsin; In summary, the chemical and kinetic evidence
for the participation of an imidazole group is well

established.

There is less concrete information available
concerning the binding loci on the enzyme which are an
essential part of the active center. The best evidence
is derived from inhibition studies with amidines and
guanidines by Mares-Guia and coworkers (40,41). They
have concluded that the "specificity site" of trypsin is
composed of an anionic site to which substrates or
Inhibitors bind electrostatically through their positive
charge. Located in line with, and between the anionic
and catalytic sites, is a hydrophobic binding site in the
form of a slit or crevice which binds the fully extended

carbon side chain of the substrates or inhibitors. Blow,
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on the basis of hils X-ray crystallographic studies with
a-chymotrypsin, has proposed aspartic acid-177 as the
anionic binding site of trypsin (14). Binding of
inhibitors structurally similar to the basic side chain
of specific trypsin substrates appears to induce a change
in conformation of the active center which results in an
increase in reactivity of the histidyl residue (or
residues) in the area of the catalytic site (42,43).

Some evidénce has recently been presented by Sanborn et
al. (44,45) which suggests that trypsin possesses two
binding sites, one to which charged molecules and one to
which neutral molecules preferentially bind. These sites
are in reasonable proximity to one another and allosteric
interactions can be observed. However, both sites orient
substrates so that the same enzyme residues are operative

in the catalytic mechanism for the two types of compounds.

Specificity and Stereospecificity

Trypsin exhibits a marked specificity for
hydrolyzing "basic" bonds, that is to say, bonds which
link the carboxyl group of the basic amino acids arginine
and lysine to the amino group of another amino acid (46).

Schwert et al. (47) have demonstrated that in addition to
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acting upon peptide linkages, trypsin also hydrolyzes
"basic" amides and esters; the action is in fact much
more rapid on esters than on suitable peptides and amides.
Furthermore, trypsin does not split all basic bonds of a
given class of substrates at the same rate; the chemical
environment of the bond and the length and nature of the
positively-charged side chain are Important factors.
Peptide bonds adjacent to an unmasked o-amino or o-carboxyl
group are.hydrolyzed very slowly (48,49). A change in
side-chain length by one methylene group causes a marked
reduction in the catalytic rates of esters (50-54),
Substitution of the side-chain amino group entirely
prevents the hydrolysis of some substrates (55) but only
reduces the rates of others (56,57), whereas substitution

on the a-amino group always facilitates the action (48).

There is increasing evidence however, that
trypsin and chymotrypsin possess a certain degree of cross-
specificity (33,58,59). The "chymotryptic" activity of
trypsin definitely cannot be ascribed to contamination by
small amounts of chymotrypsin which are usually present in
commercial trypsin preparations‘(SQ). Furthermore trypsin
has been found to hydrolyze compounds such as p-nitrophenyl

acetate (35) and fatty acid esters of m-hydroxybenzoic acid (60)
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which do not at all resemble the normal substrates. This
behaviour might be related to the existence of an auxil-
iary binding site on trypsin as suggested by Sanborn and
Hein (44) on the basis of their kinetic studies with

neutral substrates and modifiers.

Trypsin exhibits stereospecificity for the

L-forms of arginine and lysine derivatives (61). However,
if the side chain is neutral and short or is non-existent,
the D-antipodes of some esters can apparently take up an
orientation which places the side-chain group in a
position normally occupied by the a-hydrogen atom of the
L-antipode and hydrolysis takes place at 1/10-1/20 of the
rate observed for the L-esters (62). No information has
as yet been obtained about the absolute configuration of

trypsin-bound substrates.

Mechanism of Catalysis

A variety of mechanisms have been suggested for
catalysis by a-chymotrypsin which, owing to the similarities
between chymotrypsin and trypsin, have been tacitly assumed
_to apply to trypgiﬂ as well. Cunningham (2) has presented

a detailed review of these proposals which give rise to
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the conclusion that the imidazole group of a histidine
residue acts as a general base in the acylation and
deacylation processes, with serine Eeing the nucleophile

in acylation and water in deacylation. More recently Hess
and coworkers (63,64) have implicated the N-terminal iso-
leucine residue of a-chymotrypsin in the control of

enzyme conformation at alkaline pH and thereby in

activity. The proximity of an aspartic acid residue to

the imidazole ring of histidine-57 in a-chymotrypsin has
prompted Blow et al. (13) to suggest a "charge relay system"
between the aspartate group, histidine-57 and serine-195;
this might explain the unusual degree of nucleophilicity

of the serine residue. Such a feature is in accord with

a mechanism postulated by Wang and Parker (65) which involves
a pre-transition state protonation of the substrate.
Unfortunately their treatment, which is applicable to the
chymotrypsin-catalyzed hydrolysis of peptides, amides and
anilides, does not seem to be valid for substituted anilides

or ester substrates.

There are as yet several aspects to the mechanism
of trypsin hydrolysis which require clarification before
a mechanistic analogy between trypsin and chymotrypsin

can be safely drawn. Trypsin kinetics at low substrate
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concentrations have not been adequately investigated and
the observed behaviour at high substrate concentrations
differs from that of chymotrypsin. The possible involve-
ment of the N-terminal isoleucine group in trypsin has
not been established. It is the objective of this thesis
to critically examine these and other problems and to
reconcile the available experimental evidence in the

form of a concerted reaction mechanism.



- 20 -

CHAPTER  ITI

STEADY-STATE KINETICS OF TRYPSIN-CATALYZED

HYDROLYSES

INTRODUCTION

Theoretical Principles

Many enzyme-catalyzed reactions, in particular
reactions catalyzed by the hydrolytic enzymes, follow the

modified Michaelis-Menten law

_ kg [E]oLS]

Km + [S]

[1] v

where [E]o and [S] are the total enzyme and substrate
concentrations and ﬁc and ﬁm are constants at a given pH;
the symbol ~ indicates that they are usually pH-dependent
quantities. The simplest reaction sequence consistent with
equation [1] is

k k

: 1 2
[2] E + S :5=;==ﬁ= ES ——> E + P

-1
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For this case

[3] k, =k,
K+ k
[ll] R - -l~ 2
m k
1

The pH effects for the mechanism described by equation [2]
have been discussed in detail by Dixon and Webb (55)

Laidler (66) and Peller and Alberty (67).

For many eénzymes, however, such as the serine
proteinases, trypsin, chymotrypsin, elastase and thrombin
and the thiol proteinases, papain, ficin and bromelain the
formation of a second intermediate has been demonstrated
(68). Similar behaviour has also been indicated for other
hydrolytic enzymes such as cholinesterase (69), ribo-
nuclease (70), a-amylase (71) and a-lytic protease (72).

The mechanism is then

k k
1 2
[5] E+S &=—=—mm> g5 —2 o ES' + P,
k
-1



- 22 -

where ES and ES' are two transient intermediates and P1

and P2 are products of the reaction. The steady-state

parameters are now

Ezlz
[6] kc=l':(.——_*:—]§—
2 3
kK . + Kk K
* ~ —
[7] R = 112 2 3
1 Ky + kg

2

[8] F = _3_8

¥

KE is used in this thesis in the sense recommended by
the Enzyme Commission of the International Union of
Biochemistry (73), i.e. as equal to the substrate con-
centration at which the initial (steady-state) velocity

is % Vhax' A common current practice is to designate the

parameter specified by equation [7] as the "apparent
Michaelis constant" Km(app). The Michaelis constant it-

self is then defined as by equation [4]. The present
nomenclature emphasizes the point that Km as given by

equation [7] must not be equated to the equilibrium constant
Ks’ when the reaction sequence has more than one intermediate.



- 23 -

[91]

mt

= H

o
!

n 'mz

where Rs is the substrate-binding constant.

Some of the kinetic consequences of the three-
step reaction sequence have been considered by Zerner
and Bender (74). Krupka and Laidler (75) in particular
have discussed the pH dependence of the overall rates,
in terms of the nature of the ionizations of E,.ES and
ES', taking into consideration the various possible rate-
determining steps. Krupka (76) and Webb (77) have
extended this treatment to deal with cases in which
the substrates or inhibitors are charged and their effects

on the different ionizations.

General Reaction Scheme

A general reaction mechanism involving two
intermediates and two ionizing groups on the enzyme 1is

shown in Scheme I.
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SCHEME. T

General Mechanism for pH Dependence

[s] [s] [S]
yk_l ykl k__l kq xk 1 || xkq
Ké KE'i
EH S S=———= FHS -——*4“ ES
Py
K" Kn
EH S' EHS' =———= ES§'!

J J

T=———— EH

Ka and Kb are both dissociation constants for the free

enzyme, and represent the ionization constants of an acid

and basic group respectively. Ké, Ké, K; and Kg represent
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the lonization constants of the same groups in the Michaelis
complex and acyl enzyme. The processes of acyl-enzyme
formation and breakdown are shown to be irreversible,

since under initial conditions the concentrations of Pl

and P2 are so small that the reverse reactions may be
neglected. The scheme allows for the breakdown of dif-

ferent ionization states of the free enzyme and both

complexes.

Kaplan and Laidler (78) have describeﬁ the

- conditions under which an ionizing group on an enzyme

is kinetically detected. If, for example, b=1, then'that
group is not essential for activity, but if b=0, it is
essential and a fall-off in the acylation rate constant

~

k2 at low values of pH is observed.

An approximate steady-state treatment of the
mechanism described in Scheme I leads to the following

expressions for the kinetic parameters:

[10] k k
k =
c K!  [H] Ky, [H]
[H] b k, [H] Kb
+ <
aK' b[H] k ak" BLH]
1+ Ha + 3 14+ _2ay4

[H] Kg
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X, [(H]
k o+ k, 1+ K
ky ak!  b[H]
. Prmr TRy
11 K = —
[11] m K! [H] K" [H]
1+ o b — 1+ 24
[H] K K (H] K"
b 2 b
Kt N [H]
a b[H] ak" BLH
=2+ — 12y -
[H] K] (] K7
aK!  b[H]
~ +
[12] < = . . [b]
K + K H
m -1 2 14+ 2+
(6] K

It should be noted that under steady-state
conditions the constants x and y in Scheme I may take any
value between zero and unity, if it is assumed that the
ilonization processes are much more rapid than reversible
complex formation between substrate and the three ion-

ization forms of the free enzyme (79).
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Significance of the Ec/ﬁm Ratio

The ratio Ec/ﬁm is related to thé kinetic

behaviour at low substrate concentrations (c.f. equ. [1]).
The way in which this ratio varies with pH is shown by
equation [12], and the following three cases are of
special interest:

(1) The Michaelis complex ionizes in the same way
as does the free enzyme (i.e. Ké = K, and K. = Ky) and
a and b are unity. This is the case 5f non—esséntial
ionizing groups where 0 < x ¢ 1 and 0 <y < 1. Even
if these groups are involved in subsequent reactions

(e.g. in deacylation) they will not be revealed in studies

at low [S].

(2) If a and b are zero, studies at low [S] reveal

Ka and Kb for the ionization of the free enzyme. If

a = 0 but b is not zero, there will be pH dependence of
Ec/ﬁm on the basic side giving a value of Ka’ and con-
versely if b = 0 but a is not zero, the pH dependence
on the acid side will reveal K, . Again it is true that

b
0 <x<land 0 <y < 1.

(3) If either Ké = 0 or Ké = o, it means that the

group is not free to ionize in the Michaelis complex.
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Studies at low [S] will then reveal either Ka or Kb for
the ionization of the free enzyme and either x = 0 or y = 0.
This is the case of an ionizing group which is essential

to the binding of the substrate.

It follows that when one obtains Ka and Kb values
from studies at low [S], one can conclude that the cor-
responding ionizing groups not only ionize in the free

enzyme but are essential to the subsequent reaction of

the enzyme-substrate complex. However they are not

necessarily essential to the formation of the enzyme-
substrate complex. The same groups may also be involved
at a later stage, e.g. deacylation, but this must be
investigated at high substrate concentrations when the
pH dependence of the overall rate is that of Ec and is

given by equation [10].

Kinetic Studies

Relatively few kinetic studies have been made
of the influence of pH on the trypsin-catalyzed hydrolysis
of esters (31,32,47,80,81) and all of these were done at
substrate concentrations which are high relative to

the Michaelis constant; this constant for the specific
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amino acid ester substrates ié of the order of lO“SM or
less. Under these conditions the‘pH dependence of the
turn-over rate constant EC has revealed values of

ng = 10 and ng varying from 6.02 to 7.35 depending on

the substrate and the experimental conditions employed.

Due to the small Value of Km, however, no work has been

done at low substrate concentrations. It is evident from
the arguments in the preceding section that a study of the
pH variation of ﬁc/km permits one to determine the lonizing
groups involved in acylation (unless x and/or y are zero),
even using a subétrate for which deacylation is rate
limiting. The present investigation was therefore under-
taken to obtain a consistent set of pH profiles under the
conditions that [S] ¢ Rm’ The choice of N-benzoyl-L-alanine
methyl ester as substrate made this possible. This compound
1s a non-specific substrate of trypsin, differing from
specific substrates in that it lacks a positive charge on
the side chain and indeed only has a methyl side chain.
There is good reason to believe, however, that the
mechanisms of hydrolysis are the same for both specific and
non-specific substrates on the basis that both classes of
compounds exhibit the same pH dependence for the deacylation

process (33,47,82).
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Optical Rotation Studies

In view of the proposed indirect participation
in Michaelis-complex formation of the N-terminal iso-
leucine residue of o-chymotrypsin (63,64), it appears
likely that the N-terminal group in trypsin performs a
similar function. It was therefore considered desirable
to support the expected kinetic evidence in basic solution
by opticai rotation measuremehté as a function of pH.
There is ample evidence that the optical rotation of
proteins is highly sensitive to structural changes, and
attempts have been made to correlate changes in optical
rotation with the configuration of polypeptide chains
and proteins (83-85). While there is as yet no theory
which unequivocally relates the optical rotary behaviour
of protein molecules to their shape and internal structure,
changes in optical rotation can be interpreted qualitatively
in terms of conformational alterations. This method has
been applied in this investigation to trypsin, to some
of its derivatives, and to trypsin in the presence of
inhibitors, in order to elucidate the role of the N-terminal
isoleucine residue and to examine the conformational
stability of the enzyme in alkaline solution. McConn et

al. (86) have recently published a detailed study on the
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conformation of the high-pH form of chymotrypsin using
the techniques of optical rotary dispersion and circular
dichroism. The results support their earlier postulate
concerning the conformation-controlling role of the
N-terminal isoleucine group. In this connection it is
of interest that two related serine proteinases,
elastase (homologous with trypsin) and a-lytic protease,
appear not to be subject to such control by their N-
terminal a-amino group, since their kinetic and optical
rotary properties show no indication of pH-sensitive

conformational changes up to pH 10 (72,87,88).
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EXPERIMENTAL DETAILS

Materials

N-Benzoyl-L-alanine methyl ester (BAME) was
prepared essentiélly according to the method used by
Kaplan and Laidler (89). An improvement in yield and
ease of purification was achieved by carrying out the
reaction in an ice-water bath which caused the crude
product to precipitate as a solid rather than ﬁ liquid.,
The yield after two recrystallizations was 66.4% of
BAME, m.p. 57.5-589C, [ajgg + 30.1° (c, 5 in sym-tetra-
chloroethane). This agrees well with previously reported
results (89,90). Guanidine hydrochloride (Highest
Purity) was obtained from the Fisher Scientific Co.
Phenylguanidine sulfate was a generous gift of Dr. E.N.

Shaw of the Brookhaven National Laboratory.

Trypsin (twice crystallized, salt-free, Lot
No. TRL 7EC) was obtained from Worthington Biochemical
Corporation and used without further purification for
most of the kinetic work. Enzyme concentrations,
calculated on the basis of a molecular weight of

23,800 (91), ranged from 2 to U4 x 10”°M. One gram of
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trypsin (same lot as above) was treated with L-(l1-tosyl-~
amido~2-phenyl) ethylchloromethyl ketone (TPCK) according
to the method described by Kostka and Carpenter (92).
After dialysis and lyophilization, the yield of treated
enzyme was 84%., This enzyme in which all chymotrypsin
activity is irreversibly inhibited was used as a control
for some kinetic runs at pH 8.0. TPCK was purchased from

Calbiochem (Lot No. 53227).

Three of the proteins used for optical rotation
studies were obtained from Worthington Biochemical
Corporation; trypsin (twice crystallized, salt-free, Lot
No. TRL 8CA), trypsin treated with diisopropyl fluoro-
phosphate (DIP~trypsin, twice crystallized, Lot No.

TDIP 7AA) and trypsinogen (crystallized, Lot No. TG 7JH).
Acetyltrypsin (Cat. No. AC 131) was purchased from

Schuchardt Chemische Fabrik, Germany.

Water was doubly distilled, deionized and free
of carbon dioxide. The titrant used for pH-stat work was
0.02 N NaOH (0.05N at pH 10.0) periodically restandardized

with Fisher Certified hydrochloric acid.
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Kinetic Procedure

Rates of hydrolysis were determined by the
pH-stat method with a Radiometer automatic titrator (Model
TTTlc) and titrigraph (Model SBR2c). A schematic diagram
of the titration-assembly is shown in Fig. 1. The
commercially supplied reaction vessel which consisted of
a sealed, jacketed unit was redesigned to permit removal
»of the réaction cell itself from the outer Jacket. Three
reaction cells were used; two were employed ekclusively
for enzyme experiments and the other for buffer solutions
during the standardization of the titrator. The two
eénzyme vessels were carefully conditioned prior to use,
since it has been shown that trypsin is adsorbed on glass
(93) causing difficulties with échieving experimental
reproducibilify (9h) . Conditioning was found to eliminate

this source of error.

The reaction vessel was maintained at constant
temperature by circulating water through the jacket at
25.0 £ 0.05°C. A calibrated thermometer in the thermo-
statted jacket served as a continuous check on the temp-~
erature control. Inserted into the cell were a glass

electrode (Radiometer G202B), a saturated calomel reference
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Figure 1

Schematic diagram of the titration assembly.
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electrode (Radiometer K401), 'a stirrer, and leads for
sodium hydroxide solution and nitrogen. The nitrogen was
washed with acid and alkali and then with water before

being passed in a slow stream over the surface of the

reaction mixture to keep the system free of carbon
dioxide. The titrant was delivered by a Radiometer syringe
‘burette (Model SBUla) into the cell containing 15 ml of

solution.

Stock solutions of trypsin were made‘up in
0.033M CaCl2 (I=0.10) and stored frozen for no longer than
three days. A stock solution of BAME in water could be
maintained indefinitely in the refrigerator. Substrate
concentrations ranged from 0.167 to bh.33 x 10"2M. In a
typical run, substrate solution, water and 1 ml of 1.u4Mm
sodium chloride solution were mixed in the cell to make
up 14 ml (I=0.10) and allowed to stand for five minutes
to come to temperature equilibrium. The pH was adjusted
to the desired value with 1N sodium hydroxide delivered
from a 1 cc syringe by means of a micrometer screw gauge.
In this manner the volune change during pH adjustment was
kept negligible. The reaction was then started by the
addition of 1.0 ml of enzyme solution and usually followed

to 5 - 10% completion.
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Methods of Computation

Reaction rates were calculated by measuring the
initial slopes of the AA versus time curves recorded by.
the Radiometer titrigraph, were AA is the fractional
amount of alkali used up. The recordings were practically
linear for the first ten minutes, and this allowed an
accurate initial slope to be taken. The gearing of the
titrigrabh was adjusted so that the initial slopes obtained
varied between 0.7 and 1.8. At higher pH values a
correction to the experimentally measured rates had to be
applied for the alkaline hydrolysis of BAME. The first-
order rate constant of this process (kOH = v/[S]) was
determined at various pH values and plotted against 1/[H1]

as in Fig. 2. The correction could then be directly

calculated at all other pH values.

Throughout this work the v against [S] plots
gave a non-zero intercept which (after correction for
alkaline hydrolysis of BAME) could only be accounted for by
an "enzyme-blank" reaction. This phenomenon has previously
been observed and discussed (95,96) and suitable corrections
were made. In this study all experimental data have been
analyzed and the kinetic constants computed on an IBM

360/65 computer using a slightly modified version of the
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Figure 2

Plot of first-order rate constant for the
alkaline hydrolysis of BAME in water

(0.1 M NaCl, 0.033 M CaCl,) at 25.0°C
against the reciprocal of the hydrogen-ion

concentration.
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program written by Hanson, Ling and Havir (97). The
program fits experimental data directly to the Michaelis-
Menten equation (c.f. equ. [1]) according to the method
described by Bliss and James (98). From an analysis of

~ ~

the standard errors in Km and k the "enzyme-blank"

e
correction could be deduced, assuming that the "enzyme-
blank" rate was proportional to the total enzyme con-
centration. The correction amounts to 3-25% depending
on raﬁe, pH and enzyme concentration. The method of
Dixon (99) was used to obtain ionization constants from

the variation of the kinetic parameters with pH. The

method is schematically illustrated in Fig. 3.

Optical Rotation Measurements

Protein solutions of approximately 1 mg per ml
concentration were made up in 0.033M CaCl2 except those
containing guanidine hydrochloride and phenylguanidine

sulphate where the CaCl, concentration was 0.019M to

2
obtain a final ionic strength of I=0.10. The solution
of trypsinogen was centrifuged at 6000 r.p.m. in a

Sorvall Superspeed RC2-B automatic refrigerated centri-

fuge to remove water-insoluble impurities. Protein

concentrations were determined on a Perkin Elmer Model
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Figure 3

Schematic illustration of Dixon's

method (99) for obtaining pK values.
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350 Spectrophotometer at 280 mp with values of extinction
gl%

1 em
trypsinogen (6) and 14.4 for acetyltrypsin (100). Since

= 14.4 for trypsin and DIP-trypsin, 13.9 for

complete acetylation of trypsin adds 14 acetyl groups

of molecular weight 43 to the enzyme, a molecular weight
of 24,400 was assumed for the acetylated protein. This
is based on the report of Labouesse and Gervais (100)
that during acetylation of trypsin, the N-terminal
a—amiﬁo group remains free leaving 14 lysine residues to
be acetylated. Protein concentrations ranged from 3.26
to 4.20 x lOTSM. Guanidine hydrochloride and phenyl-
guanidine sulfate were added in 1000-fold molar excess
to the trypsin solution prior to use. Samples of each
solution were adjusted to the desired pH with 1N NaOH
and placed in a l-dm polarimeter tube with water jacket
maintained at 23°C. A Perkin Elmer Model 141 Polarimeter
was used to measure optical rotations at 365 mp and

436 mu to an average precision of * 3°,



- 4o _

RESULTS

pH Dependence of Kinetic Parameters

Curves representing rate measurements for the
hydrolysis of BAME by trypsin at three different values
of pH are shown in Figure 4. The condition of low
substrate concentration relative to the Michaelis constant
is strictly satisfied at pH 6 and 6.5 where a plot of
rate against [S] is a straight line. At higher pH values,
the plot becomes slightly curved as the order of the
reaction decreases. Above pH 7.0 a small extrapolation
has therefore been made to obtain the second-order rate
constant ﬁc/ﬁm‘ The values and standard errors of

~ ~

o3 Km and ic/im are given in Table 2. The pH dependencies
of these parameters are shown in Figures 5-7. The kinetic
parameters are average values based on computed results
from three to five runs covering the full range of
substrate concentrations from 0.167 to 4.33 x 10_2M. The
standard errors reported in Table 2 show that, with a few
exceptions, the kinetic parameters can be considered

reliable to * 5 to 10%.
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Figure 4

Plots of rates against [S] for the trypsin-catalyzed
hydrolysis of BAME at 25.0°C and I = 0.10 in CaCl,
and NaCl. The curves have been corrected for
alkaline hydrolysis and "enzyme-blank" rate. At pﬁ
8.0, [E]_ = 2 x 107°M, at pH 9.5, [E]_ = 3 x 107°M

and at pH 6.5, [E]_ = 4 x 107°M.
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Figure 5

Variation of logloﬁc with pH for the trypsin-catalyzed

hydrolysis of BAME at 25.0°C and T = 0.10 in CaCl,

and NaCl.
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Figure 6

Variation of pﬁm with pH for the trypsin-catalyzed

hydrolysis of BAME at 25.0°C and I = 0.10 in CaCl,

and NaCl.
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Figure 7

Variation of 1ogloic/ﬁm with pH for the trypsin-
catalyzed hydrolysis of BAME at 25.000 and I = 0.10
in CaCl2 and NaCl.
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Two control runs at pH 8.0 with TPCK-treated
trypsin demonstrated within experihental error that the
observed hydrolysis of BAME was indeed due to trypsin
and not due to contaminating chymotrypsin. The results

are shown in Table 3.

The curves in Figures 5 and 7 are the
theoretical curves obtained by a reiterative process*
which give the closest fit to the experimental points.

The theoretical relationship between pﬁm and pH (c.f.

Equ. 11) is téo complex to permit such a fit and the

curve in Fig. 6 is the best visual fit to the exXperimental
data. The bell-shaped form of the logloﬁc—pH profile in
Fig. 5 seems to suggest the participation of two groups

in the catalytic reaction of the acylenzyme, ng = 6,69

and ng = 9.47. This implies that for the trypsin-catalyzed
hydrolysis of BAME, deacylation is the rate-limiting step.

It appears safe to make such an assumption in view of the

extensive work done on a-chymotrypsin kinetics (68), as

¥ Knowledge of the pH-independent rate constants (c.r.
Equ. 10 and 12) is not necessary. In the process of curve
fitting, suitable values for these quantities can be found
which give a best fit to the experimental points.
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well as two studies on trypsin using N—trans—cinnamoyl

imidazole (34) ang b-nitrophenyl acetate (35).

As explained earlier, the pH profile or loglO
ﬁc/ﬁm reveals the kinetically important groups on the
free enzyme. In this case, the sigmoid-shaped curve in
Fig. 7 shows that a basic group with pKy, = 7.08 is
involved in catalysis. The pﬁm—pH profile in Fig. 6
providés an lndependent estimate of ng which is found to
agree well with the value of 9.47 obtained ffom Fig. 5,
The theoretical positions of pr and pK! have also

b
been indicated in Fig. 6.

The shape of the logloﬁc—pH profile in Fig. §
is essentially the same as that obtained by other
Investigators (32,47,82) for the trypsin-catalyzed hydro-
lysis of specific ester substrates. Similar bell-shaped
behaviour of the catalytic rate constant (ﬁc) has been
reported by Chevallier and Yon (101) for the hydrolysis
Of benzoyl-L-argininamide at substrate concentrations
larger than Km and 35°C. Their results qQualitatively
agree with those of Shukuya and Watanabe (102) and Wang
and Carpenter (103). It must be remembered that for
amides, acylation is considered to be the rate-limiting

step (104).

-
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Effect of pH on Optical Rofation

The pH dependence of optical rotation at 365 mu
for trypsin, DIP-trypsin and trypsinogen is shown in Fig. 8.
Similar results were obtained for trypsin at 436 mu, the
overall changes in optical rotation being smaller.
Samples at pH 11 were brought back to pH 8 and were found
to exhibit complete reversibility in specific rotation
within periods up to 20 minutes. Fig. 8 shows that the
Specific rotation values for DIP-trypsin and’trypsinogen
are significahtly different from each other. The optical
rotatioﬁ of DIP-trypsin is pH independent between pH 5
to 10, and approximately 45° higher than that of trypsin-
ogen which exhibits a small change in [a] above pH 8.
The curve for trypsin has been extrapolated (dashed line)
to a value of specific rotation equal to that of the
inactive zymogen at neutral pH. Experimentally this
value is not reached, as a result of the lonization of
titratable tyrosine residues which has been related by
D'Albis and Béchet (105) to a decrease in the enzyme's
rotary power. The specific levorotation orf all three
proteins decreases sharply above pH 11, presumably because

irreversible denaturation sets in. Similar results have
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Figure 8

Normalized plots of specific rotation against pH at
365 mu and 23°C. Solutions contained 3.26 to
4,20 x 10°°M protein in 0.033 M CaCl,. Symbols:

2
o, trypsin; o, DIP-trypsin; A, trypsinogen.
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been obtained by Neurath, Rupley and Dreyer (106) for

trypsin and trypsinogen.

Using the same treatment as applied by
Oppenheimer, Labouesse and Hess (107) to acetylated
§-chymotrypsin, the pH-dependent change in specific
levorotation of active trypsin can be related to the
specific rotation of its precursor and its phosphorylated
derivative as shown in Fig. 9. The equation used as

basis for this plot is

1 _ [EI1[H]
L3 x = LR

which can be rearranged into

E)

14 H = pK + lo L

[14] p p gloﬁl—ﬁj

where E and EH represent the different ionization states
of the enzyme molecule. If A[a]max is defined as the
total change in specific rotation between the value at
pH 7 and the limiting value given by the dashed curve in

Fig. 8, and A[a] as the change in specific rotation between
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Figure 9

Plot of loglO A[a]/(A[a]maX - Afa]) against
pH for trypsin at 365 mp.
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pH 7 and any pH, Equatidn [14] becomes

Alal

15] H = pK +
[15 p P - afa]

loglO A[a]m

As can be seen from the plot in Fig. 9, Equation [15]

is obeyed, indicating that the specific levorotation of
trypsin follows the ionization of a single group. The
pK(app) of the group controlling the change in specific
rotation may be obtained from the abscissa of the plot

in Fig. 9 at the point where logloA[a]/(A[a]max - Ala]) = 0.

A value of pK(app) = 9.4 was found.

The pH dependence of specific rotation for
acetyltrypsin and trypsin in the absence and presence of
different inhibitors has been plotted in Figure 10.
Guanidine hydrochloride and phenylguanidine sulfate are
reversible competitive inhibitors of trypsin with
Ky = 9.1 x 1073M and 7.2 x 10-5M respectively at pH 8.15
and'15°C (40,108). They were present in the trypsin
solution in 1000-fold molar excess which 1s still well
below the concentration at which guanidine or its

derivatives begin to denature trypsin. The curves for
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Figure 10

Normalized plots of specific rotation
against pH at 365 my and 23°C. Solutions
contained 3.98 to 4.20 x 10~°M protein at
I =20.10. Symbols: o, trypsin; +, acetyl-
trypsin; D, trypsin with guanidine hydro-
chloride; A, trypsin with phenylguanidine
sulfate. Some experimental points have

been omitted to avoid crowding.



O¢l

—0blI

—0¢l

—061

-00¢

—0I¢2



- 57 -

acetyltrypsin and trypsin in the absence of inhibitor

are superimposable indicating that acetylation of up to

14 lysine a-amino groups does not alter the specific
levorotation of the protein. The addition of an
inhibitor, however, has the effect of shifting the trypsin
curve by as much as two pH units to higher values of pH.
The effect is strongest for phenylguanidine sulfate,

the inhibitor with the lower K; value, i.e. greater
affinity for the enzyme. At pH 11 all three curves approach
a common value of [a], suggesting that at‘this pH, where
irreversible denaturation is éxpected to set in, the
effect of inhibitors in retarding changes in specific
rotation vanishes. D'Albis and Béchet (105) have reported
that the optical rotation of trypsin at 436 mp in the
presence of butylamine is maintained constant and equal

to the value in neutral solution up to pH > 11. Butyl-
amine is a reversible competitive inhibitor which is about
ten times better than guanidine (109). Their results are
not directly comparable to ours, however, since their
measurements were made at 10°C and butylamine is partially
ionized in the upper region of their study (pK = 10.68,
ref. 110) whereas the guanidine inhibitors have a

pK > 12,
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DISCUSSION

The pH dependencies shown in Figs. 5,6 and 7
at first sight appear to suggest a different mechanism of
catalysis by trypsin as opposed to that by chymotrypsin.
Much evidence has been accumulated for chymotrypsin (68,
86,89), and it has been incorporated in a reaction

mechanism as shown in Scheme II.
SCHEME II.

Reaction Mechanism for Trypsin and
Chymotrypsin Catalysis

K"
b
EHES’=;====E EHS!
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We propose that the same mechanism is in fact applicable
to trypsin on the basis that the observed kinetic
behaviour of the enzyme 1s related to changes in
conformation with pH. The relationship between the scheme
and the catalytic action of trypsin is best discussed

separately for the acid and basic sides.

Ionizations in Acidic Solution

The ionizations on the acid side are the same
for trypsiﬁ and chymotrypsin, the entire pattern of kinetic
behaviour on the acid side being very similar. Figure 7,
which relates to low substrate concentrations, shows that
there 1s a decrease in rate on the acid side corresponding
to a pr value of 7.08. This undoubtedly relates to the
lonization of the imidazoyl side chain of histidine-46.

The fact that this residue is revealed in the loglo Ec/ﬁm

plot indicates not only that the group is free to ionize

in the free enzyme, but also that it is involved in the
acylation process; in other words, acylation requires the
function to be in the unprotonated form and cannot occur irf
1t is protonated. It is for this reason that (as with
chymotrypsin) the scheme shows no arrow between EHQS and

EHZS'.
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Figure 5, which relates to high substrate
concentrations, provides information about the process of
deacylation, which for esters is slower than that of
acylation. The decrease in rate at low pH values
corresponds to a ng value of 6.69. This undoubtedly can
be attributed to the same imidazole group, and the fact
that there is g falling-off of rate shows that this group
1s essential to deacylation, which can only occur if the
function 1s unprotonated. The conclusion that the
imidazole residue is essential to deadylaﬁion was first
proposed by Gutfreund (31), who obtained ng = 6,25
with benzoyl-L-arginine ethyl ester. Béchet (32), on the
other hand, found ng = 7.35 using tosyl-L-arginine methyl
ester. Similar variations in pK values with different

substrates are not uncommon.

Ionizations in Basic Solutidn

The situation on the basic side appears to be
very different for trypsin from that with chymotrypsin.
It is convenient to consider first the enzymatic behaviour
at high substrate concentrations, which relates to the
rate-determining deacylation process. It is seen from

Fig. 5 that (in contrast to chymotrypsin) there is a
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slgnificant decrease in'féc in basic solution, corresponding
to the ionization of a group of pK] equal to 9.47. 1In the
case of chymotrypsin there seems to be no doubt (63,107)
that one of the active residues in that enzyme is the

-NHg group of the terminal isoleucine-16, and it is
reasonable to suggest that in trypsin the observed pK
relates to the corresponding —NH§ group of the terminal

isoleucine~7. Himoe, Parks and Hess (63) propose, however,

that this group is not catalytically active in chymo-

trypsin, but controls an equilibrium between two major
conformations of the enzyme and thereby the enzymatic

activity.

Similar evidence to ours has been obtained by
Béchet (80) with tosyl-L-arginine methyl ester as
substrate; he obtained ng = 10.1. It is significant in
this connection that the reaction of nitrous acid with the
a-amino group of the terminal isoleucine residue causes
inactivation of trypsin. Scrimger and Hofmann (111)
have suggested that this is due to a complete destruction
of the active site, and not to a change in the kinetic
parameters, since the ability of the enzyme to react with
diisopropyl fluorophosphate is lost at the same rate as

the catalytic activity towards benzoyl-L-arginine ethyl



ST b3

EoRSPe s

- 62 -

Tt

ester. We suggest therefore that the observed fall-off

in the rate of deacylation by trypsin in alkaline solution
1s the result of a conformational change in the acylenzyme
and does not reflect the participation of an acidic group
in the catalytic process. Ionization of the group with
ng equal to 9.47 induces a catalytically inactive
conformation of the acylenzyme and thereby controls the

rate of deacylation.

Such an interpretation would also explain the
observed shifts with PH in the bell-shaped deacylation
curves of different trypsin substrates (Fig. 5,33,80,82),
if it is assumed that different substrates stabilize the
D acylenzyme to a different extent and thus affect the pK
of the conformation-controlling group. This is in
contrast to most forms of acylchymotrypsin which do not
exhibit a fall-off in k, up to pH 10 (68,89). The

specific rotation curve for DIP-trypsin (c.f. Fig. 8)

shows that even the irreversibly inhibited ehzyme under-

I Yoy T PR L e e e s T T v i il
RS

goes a conformational change at a lower pH (above pH 10)

§ than does acetylated DIP-d-chymotrypsin (above pH 11) (107)

The work at low substrate concentrations (ec.f.
Fig. 7) shows no significant decrease in the second order

rate constant up to pH . 10. This result seems to suggest
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that the ionizing group, observed in deacylation, is free
but not involved in complex formation (in contrast to

the situation with chymotrypsin) or in the acylation
process. The participation of the terminal isoleucine
residue in the catalytic mechanism of trypsin is dis-
cussed in detail in the last chapter. It appears likely,
that the proximity of two carboxylate residues, aspartate
-177 and -182, contributes to tﬁe increased acidity

(1.é. pKa > 10) of the N-terminal a-amino .group in
trypsin relative to chymotrypsin. In-addition the
lonization-of this group seems to be Very sensitive to
the presence of reversibly or irreversibly bound mod-
ifiers in the active site region of trypsin as explained

below.

The interpretation of the optical rotation
studies presented in Figure 8 is that the conversion of
catalytically inactive trypsinogen to active trypsin
i1s accompanied by the appearance of a new ionizing group
which controls the conformation of the enzyme. Evidence
that a conformational change accompanies the activation
of zymogen to enzyme has been previously published (106).
We have shown that the specific levorotation of trypsin

varies with pH and that the change in specific rotation
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follows the ionization of a single group with pK(app)

of 9.4 (ec.f. Figs. 8 and 9). Since the specific

rotation of trypsin at pH 11 is approximately the same

as that of trypsinogen, the indication is that increasing
alkalinity causes the enzyme conformation to revert to
that of the‘zymogen. The curve for DIP-trypsin suggests
that phosphorylation of the reactive serine residué has
the effect of preserving the neutral-pH conformation of
the enzyme almost up to the value of pH where irreversible

denaturation is known to set in.

Figure 10 indicates that the formation of a
trypsin-inhibitor complex displaces the pK(app) of the
group associated with changes in enzyme conformation to
a higher pH. 1In other words, at alkaline pH, complex
formation due to non-covalent bonding alone, has the
effect of stabilizing the enzyme structure in a
conformation more closely resembling that in neutral
solution. This stabilizing effect appears to be related
to the Ki of the inhibitor and is completely neutralized
under conditions where trypsin is subject to irreversible
denaturation. A possible reason for this would be that

denaturation alters the binding site of trypsin in such
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a way that the enzyme—iﬁhibitor complex can no longer
form. Related evidence is provided by the work of
Hopkins and Spikes (112). On the basis of differences
in the stability to urea denaturation between trypsin,
trypsinogen, DIP-trypsin and chymotrypsin, chymotrypsin-

ogen and DIP—chymotrypsin, as measured by tryptophan

fluorescence, these authors propose that the confofmational

changes involved in the catalytic mechanism of trypsin
may be quite different from those of chymotrypsin. This
suggestion 1s borre out by our kinetic and optical rotary

results when compared to those for chymotrypsin.

It is of passing interest to note that
acetylation of up to 14 lysine e-amino groups appears to
cause no conformational change in trypsin, as reflected
by the pH dependence of specific rotation (c.f. Fig. 10),
even though the charge distribution of the acetylated
protéin is expected to be quite different from that of
the native enzyme. Similar behaviour has been reported
for §-chymotrypsin (107) which leads to the somewhat
unexpected suggestion that the lysine residues are not
directly involved in maintaining the conformation of

the active enzymes.
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The experimental results obtained in this work
together with some facts presented below are consistent
with the hypothesis that both kinetic and optical rotation
studies in basic solution reveal the same group in the
enzyme, namely the terminal isoleucine-7 residue. These
facts are that (a) activation of trypsinogen to trypsin
results 1n isoleucine-7 as the new NH2—termina1 residue
(6,7), (b) reaction of nitrous acid with the isoleucine
groub causes inactivation of the enzyme (111), and
(c) acetylation of all lysyl e-amino groups and exposed
tyrosyl groups of trypsin does not cause reduced
enzymatic activity (100,113). 1In contrast to chymo-
trypsin (89), however, conformational changes induced
by ionization of the NH2-termina1 group do not become
apparent in the kinetics of Michaelis-complex formation
between trypsin and the non-specific ester substrate
BAME. The existence of inactive forms of the enzyme
in subsequent stages of the catalytic process is revealed
by a decrease in the kinetic constant (QC) for both the

amidase and esterase activity of trypsin.
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CHAPTER III

THE TRANSIENT PHASE OF TRYPSIN-CATALYZED

HYDROLYSES

INTRODUCTION

PH Dependence of the Acylation Process

Hartley and Kilby (114,115) first reported that
the eénzyme ‘chymotrypsin catalyzes the hydrolysis of p-
nitrophenyl acetate. From their results they concluded

that the mechanism consisted of three distinct steps:

I ITI
k
k1 2
[a] E+8S =———= ES — 3> ES' + Pl
k3
K IIT

ES'" e 2 o5 E + P

where kl, kK_1, ko and k3 are rate constants. Step I was
extremely rapid and involved the combination of enzyme (E)
with p-nitrophenyl acetate (S) to form the élassical
Michaelis complex ES (116). Gutfreund and Sturtevant

(104) later estimated that kl > 2 X 106 l—mole_l—sec"l;



- 68 -

Steps II and III could bé studied spectrophotometrically
and consisted of an initial rapid liberation of approx-
imately one mole orf p-nitrophenol (Pl) per mole of
chymotrypsin, followed by a slow (zero-order) release of
b-nitrophenol and acetate ion (P2). This suggested the
exlistence of'an intermediate acylenzyme (ES') which was
isolated by Balls and Aldrich (117) by treating chymo-
trypsin with P-nitrophenyl acetate at low pH The pre-
steady state kinetics of this system have been studied
in some detail (118-121) under a variety of conditions.
It was finaliy established, contrary to the original
results of Gutfreund and Sturtevant (118), that the
acylation rate .constant k2 was pH dependent with a

pK o~ 6.8.

Dixon and Neurath (29) later reported that
p-nitrophenyl acetate was also hydrolyzed by trypsin in
a manner similar to chymotrypsin, and the mechanism of
hydrolysis was investigated in detail by Stewart and
Ouellet (35). These authors interpreted their results
in terms of competitive inhibition by hydrogen ions
during complex formation and found the first-order rate
constant k2 to be pH independent. This appeared to be in

accord with the evidence presented by Bender et al. (34,122)
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for the kinetics of hydrolysis of N—trans—cinnamoylimidazole
by a-chymotrypsin and trypsin. A similar analysis as a
function of pH has not been carried out for a specific
Substrate of trypsin, largely owing to the fact that the
acylation rates of such substrates are much too fast to

be measured by conventional stopped-flow techniques.
Bender, K&€zdy and Feder (123), in an effort to establish
that the three-step mechanism shown by sequence [a] could
also'be applied to trypsin—catalysis, did obtain a value
of ky = 0.395 sec™! at pH 2.66 for the specific substrate
a—N—carbobenzoxy-L~1ysine—p—nitrophenyl ester hydro-
chloride. 1In view of the apparent'discrepancies with
regard to the pH dependence of the acylation process of
trypsin and chymotrypsin, it was deemed desirable to

apply the stopped-flow method to a suitable trypsin system

in order to resolve this problem.

Reaction Order of the Acylation Process

In 1966, Faller and Sturtevant (124) reported
that the acylation reaction of a-chymotrypsin by p-nitro-
phenyl acetate followed second-order kinetics rather than
Michaelis-Menten kinetics, i.e. the complete reaction

sequence would be
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k
II
[b] E + S ——->ES‘+P1

k
3
ES'" ——— > E 4 P2

In order to understand this situation it is necessary to
realize that previous investigators had analyzed their
experimental results on the basis of a theoretical
treatﬁent of the pre-steady state which was subject to

the following conditions:

(1) k, >> k3, i.e. deacylation is considered to

be the rate-limiting step for p-nitrophenyl acetate.

(2) [S] o [S]O, i.e. the substrate concentration
must remain approximately constant throughout the period
of the transient phase under consideration and hence
[S]O should greatly exceed the total enzyme concentration
[E]O; unfortunately, p—nitrophenyl esters are not very
soluble in aqueous solvents, and this sets a low upper
1imit for [E], or necessitates the use of organic solvent

mixtures.

(3) [S]o >> K; (c.f. equ. [8]) and it follows from
equation [8] that if ky >> k3, then Ky greatly exceeds

Km. This condition is'unlikely to be satisfied when Km
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1s large and the substraﬁe is not very soluble. Failure

to meet condition (3) has the consequence that conventional
stopped-flow data cannot distinguish reaction sequence

[al from reaction sequence [b], i.e. the concentration

of ES becomes experimentally undetectable and kII is now

a second-order rate constant. As derived by Bender and
Marshall (125)

k
16 Ko = 2
[16] I = ¢

S + [S]O

Hence if [S]O << K a ratio which under

then kip . ko/K

SS S’

certain conditions is also given by steady-state data

(e.f. equ. [9]).

Faller and Sturtevant (124) have found, in
fact, that the pre-steady state results of earlier
investigatons for the hydrolysis of p—nitrophenyl acetate
by chymotrypsin and trypsin could be adequately represented
by second-order kinetiecs. Most recently, Milstien and
Fife (126) have reported apparent second-order kinetics
for the acylation of a~-chymotrypsin by various p-nitro-
phenyl esters. The only results presently available which

can be interpreted to indicate Michaelis-Menten kinetics
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for the chymotrypsin-p—nitropheny1 acetate system are
those of K€zdy and Bender (120). 1In their experiments,
in which [S], << [E]o, the assumptions referred to above
were legitimate and the data, although not as extensive
as might be desired, are definitely better described by
reaction sequence [a] with Ky 10—3M than with

K, >> [S]O.

The usefulness of p-nitrophenyl acetate for
testing the applicability of the three-step mechanism
[a] to énzymes such as trypsin and chymotrypsin has
frequently been questioned. This ester is a highly
non-specific substrate and is hydrolyzed among others
by such diverse enzymes as a-lytic protease (a bacterial
peptidohydrolase) (72), carbonic anhydrase (carbonate
hydro-lyase) (127) and D-glyceraldehyde-3-phosphate
dehydrogenase (a NAD oxidoreductase) (128). An enzyme-—
like mechanism of catalysis has also been suggested for
the hydrolysis of p-nitrophenyl acetate by a vinyl co;
polymer containing carboxyl and phenol groups (129) as
well as by a copolymer of L-tyrosine and L-glutamic

acid (130).

In view of these facts 1t was decided to study

the pre-steady state kinetics of trypsin hydrolysis with
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an amino acid ester for which the acylation process could
be measured by conventional stopped-flow methods and for
which the enzyme exhibited some specificity. The
substrate N—carbobenzoxy~L—alanine—p-nitrophenyl ester
was found to be suitable for this purpose. The work

was carried éut under the conditions of excess enzyme
concentration, so that the existence of an intermediate

Michaelis-Menten complex could be verified.

Solvent Effects

Faller and Sturtevant (12&); who made a careful
study of the kinetics of the a—chymotfypsin—catalyzed‘
hydrolysis of p-nitrophenyl acetate in organic solvent-
water mixtures, reported a substantial decrease in
k2/Km with increasing solvent concentrations. The con-
ditions of their experiments did not permit them, however,
to separate the effect of solvent on k2 and Km indiv-
ldually. It has been claimed (131) that changes in
solvent composition largely affect Km in a manner that can
be accounted for by combining the effects of competitive
inhibition and of changing dielectric constant on electro—'
static interactions. Most solvent studies have been

concerned with the effects on the overall catalytic
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constants, but because of the very complexity of these
constants (c.f. equ. [6] and [7]1), quantitative inter-
pretations in terms of dielectric constant and/or
inhibition must .be treated with some caution (81,131,132).
In particular, the use of methanol-water mixtures may have
led in some éases to ambiguous results, since methanol

has been shown to participate directly in the de-

acylation process (133,134).

During the last few years if has generally been
recognized fhat the solvent plays an exceedingly important
role in determining and stabilizing the characteristic
structure of a protein molecule in solution (135). 1It
was therefore felt to be of interest to investigate the
effect of an organic solvent on the individual constants
k2 and Km and to correlate, if possible, their variation

with predicted changes in enzyme conformation.

Flow Techniques for the Study of Rapid Reactions

The first successful method for measuring the
velocity of rapid chemical reactions with a half-time
of less than 10 seconds was devised in 1923 by Hartridge

and Roughton (136). They developed a continuous-flow



- 75 -

apparatus which could be used to follow reactions in the
liquid phase and originally applied it to the rapid
reactions of haemoglobin with oxygen and other ligands.
The principle of their method was as follows. The

two reactant solutions were placed in separate pres-
surized vessels and driven by pressure into a special
mixing chamber. The composition of the emerging fluid
was then determined by photometric, calorimetric, elec-
tricél or other means of analysis at various points along
the flow tube which was attached to the miXing chamber.
In general such observations were made during constént
rate of flow which permitted the use of reading devices
requiring some considerable time to obtain a value for

a particular point. Alternatively, using the same |
apparatus, observations could be made at a fixed distance
from the mixing chamber and the velocity of fluid flow

varied as in the procedure described by Millikan (137).

Subsequent developments of the flow method (138)
resulted in improvements in two respects due to modern
electronic equipment giving high resolution in time and
signal: (1) greater fluid economy and (2) sensitivity
due to novel sensing elements for various physical

properties. 1In spite of this, the technique has a major
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drawback in that relatively large quantities orf reactants
are required. Chance in 1940 therefore developed the
accelerated-flow machine (139) to obtain economy in
material and was the first to apply rapid-reaction
techniques to the study of enzyme kinetics. The type of
apparatus at present most widely used i1s the stopped-flow

device developed by Gibson (140).

In both the stopped-flow and accelerated—flow
methods, the reactants are manually dfiven’by a plunger
mechanism from syringes into an observation cell via a
mixing device. In the stopped-flow method the spectral
changes accompanying the reaction are recorded photo-
electrically arfter termination of the plunge, while in
the accelerated-flow technique they are observed during
the plunge. 1In the latter case, the flow rate is recorded
simultaneously with the extent of reaction by means of
a voltage divider (potentiometer) connected by a pulley
arrangement to the plunger mechanism. Besides minimal
material requirements, the stopped-flow technique has

several advantages over the constant-flow method:

(1) it is independent of the rate and character

of flow in the observation cell,
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(2) a permanent record can be obtained of the
progress of the reaction over g period starting at
a few milliseconds and extending as long as desired,

and

(3) it is free from the distorting effect of

mechanical disturbances.

On the other hand, the stopped-flow method is often less
sensitive and the methods of observation are more
restricted. Other special techniques for the study of
rapid enzymatic reactions, in particular relaxation

techniques (141), have been summarized by Gutfreund (142).
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TRANSIENT-PHASE THEORY

A general treatment of the transient phase of
an enzyme-substrate system involving one enzyme-substrate
complex or two consecutive enzyme-substrate complexes
with products appearing as a result of the decomposition
of the last complex has been given by Laidler and
Ouellet (143,144). Special cases of these two schemes
have also been treated by Gutfreund (145). Gutfreund
and Sturtevant (118) have summarized éolutions for the
steady-state and transient-phase kinetics of the two-
intermediate system (114) where the first product is
released when the Michaelis-Menten complex transforms
to a second complex. The complete formulation of this
scheme has been published by Ouellet and Stewart (146).
Peller and Alberty (1.47) and more recently Darvey (148)
have discussed the approach to steady state for a fully

reversible reaction sequence.

Three-Step Mechanism

The scheme of reactions applicable to the single-

substrate system involving two intermediates is as follows:
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k k

1 2
E 4+ S == ESl —_— ES2 + Pl
k
-1
k
3

ES2—————e> E + P2

Let eO be the total concentration of enzyme, s, the total
concentration of substrate, and let the concentrations of
ESl, ES2, P1 and P, at time t be Y15 Yo Pq and Ps
respectively. Then at time t the conéentration of free

enzyme is

[17] [E] = ey - yq - ¥,

and the concentration of free substrate is
[18] [S] = SO - yl - y2 - p2

The reaction is considered under conditions when py and

p, are sufficiently small for the second and third step

to be treated as irreversible.

(1) High Enzyme Concentration

When the enzyme concentration is much greater

than the substrate concentration, steady-state kinetics.
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are non-existent. This will be proven mathematically,
but in essence the reason is that in a catalytic reaction
steady state can only exist if the concentration of
intermediates is always much less than that of the
substrate. When €y >> 84, it is possible that the two
concentratiohs approach one another and hence steady
state can never be attained. Under these conditions one

can make the assumption that
[19] [E] = e,

and write the following differential equations describing

the above system:

[20] 91 = kje (s - y; - Yo = Py) - yl(k_l + k)
[21] Yo = kpyy - kgy,

[22] ﬁl = k¥,

[23] p, = k.y,

Differentiation of equation [20] gives

[2’4] S’l = -kleo(—ill - 3‘,2 - 132) - §l(k—l + k2)
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and elimination of &2 and 52 by use of equations [21] and
[23] gives
[25] yp t yylkjeg + k g + ky) + vy (kikoe ) = 0

This is a linear second-order differential equation which

can be rewritten in the simplified form
[26]‘ yp *+ Py, + le =0

where P and Q are defined as

[27] P o= k(e +K)
[28] Q = klk2eo

) 1 ¥ k2
[29] K, = kl

The general solution of equation [26] is, if the roots are

real,

Ft Gt

[30] ¥y, = Me + Ne

It has been shown for other systems (144) that if the roots
of the auxiliary equation are imaginary, i.e. (P2 - bg) is
negative, periodic solutions are obtained; these are not

particularly interesting, because the period is longer .than
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the transient phase. Hence

[31] F=%[-P + (P° - 4g)%]

[32] G

5P - (P° - UQ) I%

The constants M and N in equation [30] are determined from

the boundary conditions that at t = o, yl = 0 and therefore

[33]. &1 = kje s,

This leads to the following values for M and N

kleoso

F-G

[34] M= -N-=

1 .
A binomial series expansion of (P2 - Q)= using the first

two terms only reduces equations [31] and [32] to

]
i

[35] F

ol

=2 -p
[36] G >

The series converges so rapidly that the other terms of
the expansion become negligible. Substitution of equation
[30] into equation [22], and integration with the boundary

conditions that at t = 0, p; = 0, gives the variation of
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pl as a function of time:

k2M k N
[37] Py = (e - 1) 4 2 (80 Ly

Since F and G are always negative, the terms
eFt and th become negligible when t is sufficiently

large, so that equation [37] reduces to

(38 S

Substitution of the appropriate values for M, N, F and G

into equation [38] gives

[39] Py = s,

which 1is expected from the condition that C >> So-
Equations [37] and [38] show that for a system in which
the enzyme concentration is in excess and therefore
constant, steady state is non-existent, since pl expo-

nentially approaches a constant value at large t.

A qualitative plot of the function represented

by equation [37] is shown in Figure 11. The initial

Gt
exponential rise is due to the term (k2N/G)(e - 1)
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followed by an exponentiél fall-off to zero rate due to
the term (kzM/F)(eFt - 1). The individual behaviour of
the two terms is also shown in Figure 11, Their felative
magnitude depends on the relative magnitudes of F and G.
As all the quantities involved are positive, G will
usually be lérger than F, and th will approach zero more
rapidly than eFt, while the coefficient of th will be
smaller than the coefficient of eFt. This condition
suggests that the et term will be easier to detect,

experimentally, than the th term,

Since the roots of equation [30] must be real,
the value of Q/P never exceeds the value of P/4, and
is probably always less than P/4. Therefore equation [36]

can be reduced to
[40] G = -P
This means that

[41] FG = Q

which is also the case when equations [31] and [32] are
considered without simplification and therefore justifies

the above assumption.
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Figure 11

Qualitative plot of the rate of production

of product p, according to equation [37].
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Extrapolation of the portion of the curve in
Figure 11 which is due to the term in F(e.f. equ. [371)
to the time axis yields a quantity T which may be
conveniently referred to as the induction period of the

reaction. For a certain period of time th =

Ft

0 while
e is not. 'A Maclaurin series expansion of eFt, using
the first two terms only since t is small at the beginning

of the reaction, reduces equation [37] to

k N
2

! = -
When Py = 0, substitution for the value of G using

equation [40] yields the expression

1
[“3] T = kl(eo + K

m?

This expression for the induction period is the same as
that for the system involving a single intermediate
(143-145) with e, in place of s,- Thus provided 1 is
measurable, the rate constant k1 (and k_, if k, 1s known)
for the reversible formation of the Michaelis complex
could be determined. However, in those cases where the
three-step mechanism could apply, the induction period

appears to be immeasurably small (104,149)., This result
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implies that the term th is negligibly small even at the

beginning of the reaction.

Substitution of the appropriate values of P

and Q into equations [35] and [40] gives

[uny p=-_209

L45] G = k(e  + K.)

Together with the values for M and N from equation [34],

the complete expression of equation [37] becomes

s S
o) t (o] Gt
[46] b, = (e"°-1) + (e 1)
k2e k. (e 4K )
o) 1 7o
5 4 -t
kl(eo+Km) k2eo

It is reasonable to assume that kl >> k2, and for the
condition that e, is very large, keeping in mind that th
approaches zero very rapidly, equation [46] reduces to

the simple expression
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[471 P, = s,[1 ~ exp(-
If therefore pl or a physical property proportional to
p, can be measured, k2 and Km can be evaluated from the
values of kzeo/(eO + K, ) at different concentrations of
enzyme. This can be done using the Guggenheim technique
(150) or directly fitting the constants to equation [47]

by a least-squares method.

At the beginning of the reaction, the series
development of the exponential term in equation [47] would
glve a good approximation of the function. The initial

rate of production of the product Py 1s then described

by

k2eo
48 = ———— S _t
[48] Py eo+Km0

and approximate values of k2 and Km can be obtained from
initial rate data using the ordinary techniques of enzyme

kinetics (66).
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(2) High Substrate Concentration

More conventionally, the three~step mechanism
is studied under the condition that the substrate concen-
tration is much greater than the enzyme concentration
rather than the reverse. The kinetic theory of such a
system has been worked out in detail by Ouellet and
Stewart (146) who obtained the following simplirfied

expression for the variation of Py with time:

(k2 + k3)SO + k3Km

[49] p, = k3eot+eo[l - exp(- t)]

So + Km

The equation becomes useful for the determination of k2
and Km only, when the further assumptions are made that

ky >> kg and s  >> k3Km/(k2+k3).Faller and Sturtevant (124)
have shown that earlier investigators incorrectly applied

these assumptions to the system chymotrypsin—p—nitrophenyl

acetate.

Effect of Hydrogen-Ion Concentration

The significance of hydrogen-ion effects on
steady-state constants as derived from classical enzyme

kinetics has been discussed in detail by Laidler (66) and
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Dixon and Webb (55). Maﬁy of these concepts are basically
applicable to the two-complex sysﬁem, parts of which have
been treated theoretically by different investigators (78,
120). Stewart and Lee (151) have recently presented g
complete theoretical treatment of pH effects as applied

to the threeéstep mechanism shown in Scheme I.

Using the basic relationships suggested by
Laidler (66), the same general expression for the transient
phase production of product p, as that by Stewart and Lee
is obtained; by simply defining the pH dependence of the
rate constants in equations [(46] and [49]. wWith reference
to Scheme I, the total concentration of the Michaelis

complex in its three states of ionization is given by
[50] [ES]T = [ES] + [EHS] + [EHQS]

If K; and Ké are defined as dissociation constants then

[51] [ES] = [EHS] (Ké + 1 + [H])
T [H] K}

The overall rate of acylation may be written as

[52] Vv, = kZ[ES]T
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which, after substitution of equation [51] gives

K,  [H]
= k + —
[53] Vo = K LEHSI(1 + g7 * &)
b
The symbol ~ . indicates that the quantities are in general

pH dependent. 1In terms of the three possible ionization

forms of the Michaelis complex, the rate of acylation is

also

[54] .v2 = kz[EHS] + ak2[ES] + bk2[EH2S]

which may be expressed as

1
aKa b[H]

[55] vo = kp[EHS](1 + 7 * K7 )

Division of equation [55] by equation [53] yields the

following pH-dependent expression for the acylation rate

constant:
aK'
k a b[H]
[56] E _ 2(1 * [H] ¥ Kﬁ )
2" K! [H]
142 4 -
[H] K!
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Similarly the other Michaelis parameters are

ak" B[H]
a
) k3(1 + 3 + Kg )
[57] ko =
3 K" [H]
1 +—H—§ o
[ Kb
xK!  y[H] ak!  b[H]
1 +
_1(1 + N + o ) + ko(1l + = Kg
1+ —ﬁé + -
. [H] _K—t')
[58] K, = '
xKa y[H]
k1(14+ 6] + Ry )
K, [H]
Yrmr T x

Taking account of the influence of hydrogen-ion
on the rate constants, equation [47] is then written in

the form

[59] Py = s [1 - exp(~- ———=t)]
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COMPUTER ANALYSTS

Guggenheim Method

Experimental results obtained for the transient
phase of the‘three—step enzymatic process as diécussed
in the previous section are frequently analyzed by the
Guggenheim method (35,118,150). This treatment, which
has also been extended to include second-order reactions
(152), 1s useful where the initial or final‘concentrations
are unknown; and where the relative readings taken during
the course’of a reaction cannot be conveniently converted

to concentrations.

Equation [59] may be expressed in the general

form
_ Ft
[60] Py = so(l - e )
where F is defined as
k2eo
[61] F= —-—
eo + Km

if Al’ A2 and A3 are any series of readings directly

proportional to the amount of product py at times tl,
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tl + At and tl + 2At respectively, where At 1s a fixed

interval of time, then

[62] Ay + A3 - 28, = —so(efP1)(eF40-1)2
and
Pt
= 1
[63] log (Al + Ag - 2A2) = log constant + 7303

Using this linear equation it is possible to determine F
from the slope of a plot of log I(Al + A3 - 2A2) | versus
tl.
It follows from equation [62] that the only
meaningful values of the term (A; + Ag - 2A2) are
negative; this condition is superficially satisfied if
At 1is equal to three or four times the half-time of the
reaction (118). Apart from the fact that it is difficult
to assume a value of At when the halr-time of the reéction
is not known, it is important to realize that the choice
of At is also strongly dependent on the relative precision
with which the experimental readings of A can be taken.
This is of course directly related to the absolute
magnitude of the A values and the length of time over

which measurements can be madé. Using experimental data
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a more realistic criterion for choosing At is therefore

the condition that for a given set of readings

(1) the term (Al + Ag - 2A,) must never be positive,
and

(11) differences between successive terms should

be at least equal to twice the expected percentage

precision of A.

In this connection it should be noted that the mathematical
manipulation of taking the logarithm of the difference
terms in A may also introduce some bias into the

Guggenheim analysis.

Least-Squares-Fit Method

In view of the limitations inherent in the
Guggenheim technique, it was considered desirable to
obtain the parameter F in equation [60] by a least-
Squares-fit method. The product concentration Pq is

directly related to absorbance A by the Lambert-Beer law
[64] A=cep) g

where € is the molar extinction coefficient of the absor-

bing species and % is the thickness of the absorbing
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medium. Base-line instability and electrical drift of the
stopped-flow equipment used in this study made it necessary

to introduce a correction factor AA into equation [60]

which then reads
Ft

[65] A - AA =Q(l -e )

where Q is defined as

[66] Q=¢s

Rearranging equation [65] yields

A - AA
(671 In (1 - ——6—~—) = Ft
If the logarithmic term is expressed as Anew’ then
, . e 2 2

[(68] Sum of the (deviations) = Z(Anew - Ft)
Differentiating
[69] S - p[-2t(A. - Ft)]

F new

To satisfy the condition that Z(Anew - Ft? is minimized,
equation [69] is put equal to zero and solved for F,

which gives

LA t
[70] F = NeW
r t2
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where Anew has been defined as

- A~ AA
[71] Aley = 1n (1 - 3 )

The restrictions on equation [71] are that AA cannot be
larger than the smallest value of A and that Q must be

larger than the largest value of (A - AA).

A digital computer program involving multiple
iterations with given values of Q and AA was written to
calculate the best value of F by the method of least
squares. It should be noted that two minima in

2
E(Apey - Ft)° exist,

(1) the desired minimum square deviation for
finite values of Q and F,

and
(1i) a trivial solution under the conditions

that Q = « and F = 0.

A copy of the program and the output of a typical experi-

mental run are shown in Appendix A.
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Computer Program Tests

To establish the accuracy and reproducibility
of the least-squares fit, the following tests were

carried out on the program with a number of experimental

runs.

(1) Using the "best" fitted results for Q, AA
and F, values of A were recalculated and found to agree
with the experimental absorbance values within * 2% or
better. This is well within the accuracy of the

oscilloscope read-out used in this study.

(2) Guggenheim analyses of a set of recalculated
absorbance values using different time intervals
(At > Ut%) gave results for F which agreed with one
another and with the least-squares-fit value originally

used in recalculating A within less than 2%.

(3) A random 2% Qariation of some recalculated A
values in a given run caused less than 1% change in the
least-squares-fit result for F. In contrast, a Guggenheim
fit on sets of data altered in a similar way, caused up

to 40% changes in F. In addition the results depended on
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the value of At. The two preceding tests taken together
clearly indicate the limitations inherent in the

Guggenheim technique as discussed earlier.

(4) A systematic or random reduction of data points
from 18 to 9 within a given run caused in some cases an
increase of up to 4% in the least-squares-fit result
for F. Essentially no variation was noted when more than

12 data points were used.

(5) In most runs, F could be fitted to better than
3% precision, by using intervals of 0.0001 and 0.00001
between successive Q and AA values respectively for the
iteration procedure. To maintain the same precision,
these factors were reduced by 10 in those cases where the
experimental minimum absorbance values were of the order

of 0.005 units.

(6) A lower limit in the precision of fitting F
was reached when the '"best" fitted results for Q, AA and
F and those adjacent to it gave recalculated values of A
which agreed within * 2%. This situation arose only when
the experimental data were restricted to extremely low

absorbance values or showed unusually large scatter.
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EXPERIMENTAL DETAILS

Materials

N-Carbobenzoxy-L-alanine-p-nitrophenyl ester
(Lot No. K—5538—R) was purchased from Cyclo Chemical
Corporation and recrystallized from ethyl acetate-hexane,
twice in the presence of charcoal and once without, with
slight warming. The product was stored dry and frozen,
since 1t tended to decompose on standing. After
recrystallization the white fluffy material melted at
80-81°C which is slightly higher than a previously reported
result (153).

Trypsin (twice crystallized, salt-free, Lot
No. TRL 8CA) was obtained from Worthington Biochemical

Corporation and used without further purification.

Sodium phosphate buffer solutions were prepared
with "Baker Analyzed" Reagent Grade materials according
to Gomori (154). 1Isopropyl alcohol (Fisher Certified
A.C.S. Spectranalyzed) was dried and stored over Linde
molecular sieves previously reactivated by heating at
350°C for several hours. Water was doubly distilled,

deionized and free of carbon dioxide.
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Stopped-Flow Spectrophotdmeter

The pre-steady state rates of hydrolysis of
N—carbobenzoxy—L-alanine—p—nitrophenyl ester (CANE) were
measured with a Durrum-Gibson Stopped-Flow Spectro-
photometer pﬁrchased from the Durrum Instrument Corporation,

Palo Alto, California. A schematic diagram of the system

is shown in Fig. 12.

Equal volumes of substrate in isopropanol-water
solution and enzyme in an appropriate buffer solution are
hydraulically forced through the ﬁixing jet into the
cuvette and hence into the stop syringe. Just before its
plunger hits a mechanical stop, it makes contact with a
trigger switch which actuates the horizontal time-base
sweep for the oscilloscope display. Since the flow of sample
1s stopped immediately after mixing, the reaction in the
cuvette takes place with a minimum of interference caused
by turbulence or flow artifacts. The monochromatic light
obtained from the monochromator passes through the mixed
solution in the cuvette and the resultant variation in light
intensity is sensed by the photomultiplier tube. The photo-
multiplier output, proportional to the instantaneous light

intensity transmitted by the reacting solution, is applied
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Figure 12

Functional block diagram of the

stopped-flow spectrophotometer

system.



~SLINN JINON¥1D313- 1
# IVIIHLIIIT e—m—— ; |
w  QInon H )
® e et vsave - -
Hivd L1H9IM 1| Kdans “
INVA O 1] ¥3Mod |
! ‘AH )
J0jpnjoy ! '
Mol ! [TIsNoo “
. Ve——"7— 3Nl !
¢+ | 138440 !
; 043z |
=== = ===4UN BUIXI W o e e e e e e e o o -——— 1 LYH3A 1
I --440g einjpssdway Jupysuo) - n_ ! “ m
oy ! ! _
t i DA
toy Ceﬁs&oﬂ = L el g “
1 Ep— HOlMS | 1 !
' —1 yaoomy! | TN !
K4 } ] '
jun enag - mmmz_m S 130 1 (49078 = N : ¥3mod
" |_|eBuja4S ] ! 3d00s RN [¢]
loponyoy a Buixiy ajtean) ANIVAF=S ] rE—
®ol3 [ 1 ELL Tl nivaa [ L904SE, Iy (3ovdous] JuEiod ENy
- st = " = _ ".Ezo_m "
— — Bl — _
! it Lo | 1°ZINOH !
(I O, (RS | N e ! ! ]
_ : Lo i
! : I jyolvyan3o .
! SIONINAS m N |
; HIOANISTY o !
' — : I 1 [Addns !
“ |_| : “ —— ¥3MOd [¢ “
— e T R S I dNYT !
: H ;
! 1
HOLVIONHOONOW T —————d
304N0S

[}

LHON




- 103 -

to the vertical axis of the oscilloscope. The display
on the storage oscllloscope, which indicates percentage
transmittance versus time, in general started Jjust
before the reaction began and ended according to a pre-
selected time-base setting. All measurements were made
at 400 mu. The reaction system was maintained at

25.0 + 0.1°% by means of a thermostatted water bath.

Kinetic Procedure

Stock solutions of CANE were made up in dry
isopropyl alcohol and were stored in sealed bottles in
the refrigerator. Just before use the alcohol solution
was dlluted with gas-free water to a final concentration
of 2 x 1072M substrate in 2-40% (v/v) aicohol as required.
Dilution had to be done slowly and with cooling to avoid
aeration of the solution caused by the evolution of heat
during mixing. A fresh stock solution of trypsin in 0.1 M
phosphate buffer was prepared every day. The enzyme
solution was first centrifuged for 30 minutes at 7000 r.p.m.
in a Sorvall Superspeed RC2-B refrigerated centrifuge to
remove water-insoluble impurities. Protein concentrations
were determined with a Perkin Elmer Model 350 Spectro-

photometer at 280 mp using a value of extinction
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El%

1 em = 14.4 (6). The solution was then diluted with

the appropriate buffer to give dilutions ranging in
concentration from 0.14 to 1.4 x 10~3M enzyme. The pH
of the trypsin solution was measured to * 0,05 units at
the beginning and end of each series of runs and was

found to remain constant for that period of time.

Preceding a typical series of runs, the
Oscilloscope was calibrated for 100% transmittance with
substrate solution and the appropriate buffer solution
in the drive syringes. The calibration was repeated for
different settings of amplifier gain and zero offset to
give a satisfactory record of the reaction to be studied.
For this purpose the zero-offset circuit of the Durrum-
Gibson Spectrophotometer had been modified to include a
calibrated ten-turn potentiometer. The buffer solution
was then replaced by enzyme solution buffered to the same
pH, and approximately 0.15 ml each of enzyme and substrate
solution were injected into the cuvette. It should be
noted here that this procedure effectively halved the
concentration of all species in the mixture. At least
10 minutes thermostatting time was allowed each time after

the drive syringes had been filled with reactants.,
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After four or five traces reflecting the rate of
hydrolysis of CANE were reproduced on the oscilloscope
Sereen, a polaroid picture of the stored display was
taken. Depending on the PH, runs lasted from 0.5 to 5 sec.
The oscillosqope picture of a typical experimental run is

shown 1in Fig. 13.

Methods of Computation

It was found that for the PH range studied in
this work (pH 5.91 - 7.41) and due to the short run times,
no correction for the alkaline hydrolysis of CANE was

required.

Since the analysis of results depends on the fact
that the Lambert-Beer law (c.f. equ. [64]) is obeyed over
the full range of product concentrations at gll values of
pH, the relationship was tested at the two extreme pH
values. Linearity between absorbance and concentration of
p-nitrophenol existed up to an optical density of 2.0. 1In
this work the highest measured optical densities did not
exceed 0.1. The least-squares-fit method discussed earlier
does not require conversion of the experimentally measured

absorbance data to concentrations of product. It is
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Figure 13

Oscilloscope trace for the trypsin-
catalyzed hydrolysis of N-carbobenzoxy-
L-alanine-p-nitrophenyl ester. Vertical
scale: 50-100% transmittance, horizontal

scale: 0.5 sec/div, time constant: 5 msec.
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therefore not necessary té take account of the rfact that,
over the pH range studied, the product exists partially

as p-nitrophenol and partially as p-nitrophenoxide ion.

At 400 mu the extinction coefficients of these two species

are 81.4 and 18,330 respectively (155).

Input data for the least-squares-fit computer
program (c.f. Appendix I) were obtained from enlargements
of the oscilloscope pictures in arbitrary units of trans-
mittance and time. The program was written in Fortran IV
for the IBM 360/65 computer system. In general an approx-
imate fit for F was first obtained by using intervals of
0.001 and 0.0001 between successive values of Q and AA
iIn the iteration procedure. This was followed by a final
fit with appropriately smaller intervals for Q and AA.

The program includes a modification with selects and prints
out for every value of Q only those values of AA and F

2
which give a minimum in E(Ane - Ft) . The "best"

w
values of Q, AA and F were then chosen from the computer
print-out on the basis of the lowest minimum square

deviation.

It soon became apparent that the conversion of

oscilloscope traces to numerical data as described above
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was both tedious and easily tended to error. A single
channel data sampling system was therefore designed and
later built by Instronics Techno-Products Ltd.,
Stittsville, Ontario which prints out the photomultiplier
output signal directly in terms of millivolts at pre-
selected time intervals. The system was not used in this

particular study, but is briefly described in Appendix B.
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RESULTS

pPH Dependence of the Acylation Process

Typical curves for the pre-steady state rate
of productioﬁ of product Py in terms of rate of change
of absorbance are shown in Fig. 14. Only one-half of
the 18 experimental points usually used for the computer
fit have been plotted. The intercept on the absorbance
axis is equal to the "best" value of AA obtained from
the least—sduares—fit analysis for F. The value of AA
can safely be assumed to be constant for the duration of
an experimental run and therefore does not contribute to
any absolute error in F. It does however contribute to
the precision in fitting F, since it represents a third
parameter in equation [65]; which describes the expo-

nential variation of absorvance with time.

The constants ﬁm and §2 corresponding to the
formation of the Michaelis complex and the acylenzyme
have been evaluated from Lineweaver-Burk plots (156)
of the computer-fitted results for F as a function of
enzyme concentratiqn. In Table 4, three representative

sets of results for the transient phase of the tryptic
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Figure 14

Experimental curves of change in absorbance
with time for the pre-steady state hydrolysis

of N-carbobenzoxy-L-alanine—p-nitrophenyl

ester.
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hydrolysis of CANE are reported at different values of
PH. These data are plotted in Fig. 15. For this as

for all other linear plots in this study the intercepts
and slopes have been obtained by a least-squares fit,

The values of Ez and Km obtained in this way from the
Lineweaver-Burk plots are given in Table 5. The kinetic
parameters are average values based on three runs
covering the full range of enzyme concentrations. The pH
dependencies of these parameters are shown in Figures 16

and 17.

The curve in Figure 16 is the theoretical curve
obtained by a reiterative process which gives the closest

it to the experimental points. It fits the equation

[72] ky, =

which is obtained from equation [56] under the conditions
that b = 0 and [H] >> K;. The best fit results when a
value of k2 = 7.5 sec_1 is assumed for the pH-independent
rate constant of the acylation process. The shape of

the loglO kz—pH curve in Figure 16 suggests the partic-

ipation of a single basic group in the process of
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Figure 15

Lineweaver-Burk plots for the pre-
steady state hydrolysis of N-carbobenzoxy-
L-alanine-p-nitrophenyl ester at excess

enzyme concentration.
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Figure 16

Variation of logyg k2 with pH for the
pre-steady state hydrolysis of CANE in

0.05M phosphate buffer at 25.0°cC.
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Figure 17

Variation of me with pH for the pre-
steady state hydrolysis of CANE in 0.05M

phosphate buffer at 25.0°C.
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acylation with ng=6.9. Such a result was already predicted
on the basis of the steady-state studies on the trypsin-
catalyzed hydrolysis of N-benzoyl-L-alanine methyl ester

discussed in the preceding chapter.

The Michaelis constant Rm was found to be
constant over the pH range studied with an average value
of 1.14 x 107, 18 appears therefore that both Ky and
E—l are pH-dependent quantities in this region; they

are, however, too large to be measured by the stopped-

flow technique.

Solvent Effects

The work at excess enzyme concentration in 1%
(v/v) isopropyl alcohol was extended to 20% (v/v) alcohol
to test the effect of solvent on the rate constants
describing Michaelis-complex formation and the acylation
process. The results at pH 6.90 are reported in Table 6.
Dielectric constants were taken from the data published by

Rxer18r (157).

Both Ez/ﬁm’ relating to complex formation, and

ﬁg, relating to acylation, decreased with increasing
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solvent concentration, whereas Rm was approximately doubled
in 20% isopropyl alcohol. A similar effect on ie/ﬁm has
been reported for the pre-steady state hydrolysis of
p-nitrophenyl acetate'by chymotrypsin (124). Plots of

the logarithm of these parameters against the reciprocal

of the dielectric constant were found to be essentially
linear and are shown in Figures 18, 19 and 20. The

apparent significance of such curves is discussed in the
next section. Extrapolation of the lines in Figures

18-20 to IOQ/DHgo yields a good estiméte of the rate
constants in water; these cannot be obtained experimentally
because of the low solubility of CANE in water. A value

of Rm close to 1.14 x 15“M in water would in fact be
expected from the mean value of im = 1.14 x 10-YM in 1%

(v/v) isopropyl alcohol.

The influence of organic solvents on enzymatic
reaction rates, both in the transient-phase and steady-
state regions, has occasionally been associated with
inhibition effects (81,124,131). 1In this study, plots of
the reciprocal of the first and second order rate constants
against solvent concentration according to the method
proposed by Dixon (99), did not yield a straight line.

As shown in Figures 21 and 22, however, ﬁm/ﬁz and l/ﬁ2.
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Figure 18

Variation of loglo Eg/ﬁm with the
reciprocal of the dielectric constant
of isopropyl alcohol-water mixtures at

pH 6.90 and 25.0°cC.
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Figure 19

Variation of log10ﬁ2 with the reciprocal
of the dielectric constant of isopropyl
alcohol-water mixtures at pH 6.90 and

25.0°¢.
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Figure 20

Variation of logloﬁm with the reciprocal
of the dielectric constant of isopropyl
alcohol-water mixtures at pH 6.90 and

25.0°C.
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Figure 21

Variation of Km/ﬁz with solvent concentration

squared at pH 6.90 and 25.0°C.
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Figure 22

Variation of 1/122 with solvent concentration

squared at pH 6.90 and 25.0°C.



i

> (sec)

2

| /

0.1

3.0 5.0
2 2
[ 1soPrROPANOL]™ (M?)

7.0



S r
K

- 125 -

seemed to vary linearly with the square of solvent
molarity. The intercepts at zero isopropanol concen-
tration give rate constants in water which agree
fortuitously well with those obtained from Figures

% 18-20; the latter are shown in Table 6. Faller and
Sturtevant (124) obtained a linear relationship for

the effect of solvent composition on the second-order
rate constant by plotting (Km/k2)1*2 against solvent
molarity. The authors suggested that theiobserved behav-
lour might possibly be interpreted in terms of inhibition
by solvent at two identical but independent sites on the
enzyme. The concentration of active enzyme is then

given by

2 _
= [E]l, (1 + (1] + [1] ) 1

Ky KK

(73] (E]

act

where the dissociation constants of EI4 and E12 are Kl
and K2 respectively and K2 ='MK1. Such an interpretation
would obviously be an oversimplification of the situation,
since it completely disregards the effect of solvent on

electrostatic interactions and enzyme conformation.

It is difficult to give a fully objective

estimate of the reliability of the rate constants repdrted
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in this section. As has been stated earlier, the precision
of the computer fit was of the order of * 3%. However,
reproducibility from run to run was more difficult to
attain and individual rate constants may be subject to

an uncertainty of t 20%. For purposes of internal
comparison the kinetic parameters should generally be

reliable to * 10%.
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DISCUSSION

pH Dependence of Kinetic Parameters

The shape of the logjg Ez -~ pH profile in Fig. 16
demonstrates that the rate constant relating to the
acylation of trypsin by CANE is pH dependent with a
ng = 6.9. This undoubtedly corresponds to the ion-
ization of the imidazole ring of histidine-U46 and agrees
ﬁith the results of the steady-state work obtained from
the pH dependence of loglo ﬁc/ﬁm; in other words,
acylation requires the imidazole residue to be ionized
and cannot occur if it is protonated. Similar results
have been obtained for the acylation of o-chymotrypsin
by p-nitrophenjl acetate (120,121) which supports the
proposal that the same mechanism is applicable to the two
enzymes (c.f. Scheme II). The transient-phase data
reported by Stewart and Ouellet (35) for the trypsin-
catalyzed hydrolysis of p-nitrophenyl acetate, which
suggest an apparent pH independence of k2, can be
interpreted in the following manner. The experimental
conditions used by these authors were such that the
assumption (k, + k3)so >> k3Km was not valid. Small

changes in k2 with pH were therefore difficult to detect
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by conventional stopped;flow analysis since K, was
relatively large. The published variation of the second-
order rate constant k2/Km with pH, however, indicates

the dissociation of a group which is involved in acylation
and is only active when it is in the unprotonated form.
Presumably ﬁhis is the imidazole residue which Stewart

and Ouellet believed to be inactive to complex formation

as a result of competitive inhibition by hydrogen ions.

In agreement with other authors (101,102) for the
trypsin—cafalyzed hydrolysis of N-benzoyl-L-argininamide,
the Michaelis constant Rm was found to be pH independent
over the range of pH 5.91 - 7.41 (c¢.f. Fig. 17). It
must be remembered that for amides, acylation is consid-
ered to be the rate-limiting step (104). This result
implies that the pH profile of logig QQ/ﬁm would reveal
the pK of a basic group (pr = 6.9) which is free-to ionize
in the free enzyme. Complex formation between trypsin
and CANE can therefore take piace regardless of whether
the imidazoyl side chain of histidine-46 is protonated or
not. With due consideration to the fact that no direct
comparison can be made between the pre-steady state and
the steady-state results obtained in this work, it is

nevertheless noted that the data are internally consistent.
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Michaelis-Complex Formation

When the enzyme concentration is much greater than
the substrate concentration, conditions exist opposite to
those of a normal enzymatic reaction. It has been shown
in the theoretical section, however, that in such a
situation one does not have to make any assumption as to
the magnitude of k3, due to the fact that the turn-over
reaction cannot affect in any manner the concentration of
the enzyme, which must remain constant and equal to the
original concentration during the whole reaction. This
condition has been successfully employed in this study to

"“M)

verify the existence of a Michaelis complex (Km = 1.14 x 10
for the trypsin-catalyzed hydrolysis of p-nitrophenyl esters
which had been placed in some doubt by the work of Faller
and Sturtevant (124). Even though CANE cannot be considered
a specific substrate of trypsin, since it lacks a positive
charge on the side chain and indeed only has a methyl side
chain, the acylating group of this molecule resembles the
specific amino acid substrates more closely than the

acetyl moiety of p-nitrophenyl acetate. Ké&zdy and Bender
(120) have suggested that complications may arise from

the lability of the latter substrate towards non-enzymatic

catalysis at protein loci other than the active center,
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such as imidazole side éhains, and from substrate-activation
effects. Since acylation rates cannot be directly measured
at optimal pH values by stopped-flow methods using specific
ester substrates of trypsin, the observed kinetic evi-
dence with CANE helps to substantiate the postulated three-
step mechanism at least as far as Michaelis-complex and

acyltrypsin formation is concerned.

Solvent Effects

Iﬁ considering the effect of organic solvent
on EQ and Rm no allowance needs to be made for the decrease
in water concentration as the concentration of isopropyi
alcohol is increased. Water participates in its role
as nucleophilic acceptor only in the deacylation process
and any observed effects on the two preceding steps must
be of a more indirect nature such as changes in enzyme
conformation. The results in Table 6 indicate that both
binding of substrate to enzyme and the acylation rate
decrease with increasing solvent concentration. Similar
effects have been previously noted in the literature (81,
124,131,132) although the results are often conflicting
partly owing to the complexity of the rate constants being

considered. Present evidence on the conformations of
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protein molecules in non-aqueous solvents (85,135) suggests
that three interdependent factors must be considered in
determining protein conformations: (1) electrostatic
interactions, (2) hydrogen bonds between peptide linkages
and (3) hydrophobic interactions. 1In addition, conforma-
tional entropy changes may contribute to the total free

energy of the protein in solution.

The electrostatic free energy FE of a protein
molecule due'to its net charge and its interaction with
an ion atmosphere according to the Debye-Hilckel theory

(158) is given by

_ 2 1 _ K
(74 g = Ry

where Z is the net charge on the protein ion of radius

b, e 1s the electronic charge, x is the reciprocal of the
thickness of the Debye-Hlickel ion-atmosphere and a is the
distance of closest approach of the macroion and its
counterion, measured between centers. If we consider the
value of FE for the native conformation of a protein
molecule in different solvents, b is constant and k can
be maintained constant; hence the effect of changing the

solvent can be resolved into the effect on the values of
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Z and D. Addition of up to 20% (v/v) of a weakly protic
solvent such as isopropyl alcohol to trypsin which carries
a large positive charge at pH 6.90 (mobility . + U x 10-2
cm2/v—sec, pH 6-8) and has an isoelectric point of 10.8
(159) should not cause much change in Z. Consequently

the electrostatic free energy FE of the natilve aqueous
conformation of the enzyme will increase as D decreases,
which would favour some disordering of the molecular

structure.

Laidler (66) has suggested that the dielectric
constant of the solvent may be correlated with the inter-
action between enzyme and substrate. On the basis of

absolute reaction rate theory he has proposed that
[75] In ky = 1n k_ + A_

where k 1is either a rate constant such as k2 or k2/Km
or an "equilibrium" constant such as Km' D is the
dielectric constant of the medium, T is the absolute
temperature and A is a constant. Figures 18,19 and 20
indicate that equation [75] can be formally applied to
the data of this study with the constant A having a

negative sign. Laidler has pointed out, however, that
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this treatment is far from satisfactory in that "g
considerable source of uncertainty arises from the

simplification of regarding the solvent as a continuous

dielectric",

It has been proposed some years ago that it
1s unlikely that hydrogen bonds other than those
involving peptide linkages can make a major contribution
to the overall conformational stability of most proteins
and that, taken by themselves, such bdnds can confer only
marginal stabilization to the native conformation of a
protein molecule in aqueous solution (160,161). It is of
interest to note therefore that for the model compound N-
methylacetamide, the free energy change of transferring a
hydrogen-bonded dimer from an aqueous to an apolar (CClu)
environment is essentially zero (162). Apparently the
intrinsic interaction between donor and acceptor groups
1s not sensitive to the adjacent molecular surroundings.
Only very minor changes in the optical rotary parameters
bo and [aJD have been observed for globular proteins in
aqueous solvent mixtures containing less than 20% (v/v)
of the organic component (163). we suggest therefore
that isopropyl alcohol, which has been called an "unreactive"

organic solvent (164) and has a low proton-donating capacity
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relative to the N-H groub, induces little alteration in
Intrapeptide hydrogen bonding of ﬁhe trypsin molecule

at least up to 20% (v/v) concentration.

If it is assumed that the native conformation of
a protein molecule in aqueous solution is in considerable
part stabilized by hydrophobic interactions, it follows
that this stabilization should be substantially, if not
completely lost on transferring that protein to almést
any pure non-aqueous solvent. This has beén found to be
true for a &ariety of proteins (135). By analogy to a-
chymotrypsin (13,14,16,17) it is expected that most of
the non-polar residues of trypsin are located in the
interior of the molecule. A reduction in hydrophobic
interactions between these residues with increasing
concentration of organic solvent could therefore lead to
substantial unfolding of the enzyme. The total free energy
(ZF) of the native protein in aqueous solution is negative
and assumed to be separable into the free energy
contributions owing to conformational entropy (FS),
electrostatic interactions (FE), hydrogen bonding (FHB) and
hydrophobic interactions (FHI). Much evidence in the
literature suggests that in non-agueous solvents FHI is

so0 markedly increased that even a decrease in FHB is
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inadequate to compensate énd retain IF as negative.

In the light of the preceding discussion, the observed
decrease in the first- and second-order rate constants
and the increase in the Michaelis constant for the
trypsin-catalyzed hydrolysis of CANE can be qualit-
atively justified by a loss in conformational integrity

of the enzyme with increasing isopropanol concentration.
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CHAPTER IV

GENERAL DISCUSSION

In‘chapters IT and III we have presented
evidence which shows that the kinetic behaviour of
trypsin is in some aspects different from that of
chymotrypsin. To support our conclusion that their
catalytic mechanism is in fact the same, existing
kinetic, chemical and crystallographic information

on the two enzymes has been compared and contrasted.

Structural Evidence

The three-dimensional structure of o-chymo-
trypsin has now been establishéd by X-ray methods (13,14,
16,17). Figure 23 has been constructed from Fig. 4 orf
reference 16 and Fig. 2 of reference 13, with the help
of a model we have built. It showé an approximate
arrangement of the groups that appear to exist in the
region of the active center, and their relative positions;
The histidine-57 and serine-195 groups are known from
kinetic and other evidence 4o be catalytically important,

as are the - NH3+ group of N-terminal isoleucine-16 and
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Figure 23

Approximate arrangement of the'more im-~
portént amino acid residues in the region
of the active center of a-chymotrypsin.
Heavy lines indicate groups close to the
surface of the enzyme, thin lines those

buried more deeply within the molecule.
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the - COO™ groups of aspartic acid-194 and aspartic
acid-102. 1In the background of the diagram are a number
of non-polar groups, such as the side chains of isoleucine-
16, leucine-163 and isoleucine-212. Some of these groups
are undoubtedly concerned with forming hydrophobic bonds

with the non-polar groups on the substrate.

The detailed X-ray structure of trypsin has not
yet been established. However, there is very persuasive
evidence that the general conformation of the enzyme is
very similar to that of chymotrypsin. There is a very
close correspondence between the amino acids along the
chains, and there is a particularly strong homology as
far as polar and non-polar groups are concerned (3).
Further support for the similarity in conformation comes
from the demonstration (15) that the two extra disulphide
bridges that exist in trypsin can be built'into the

chymotrypsin model without distortion of the structure.

Figure 24 has been prepared for trypsin on the
assumption that its general structure is the same as that
of chymotrypsin. It is striking that so many of the groups
near the active centers of the two enzymes are the same

or very similar. The absence in trypsin of any group
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Figure 24

Approximate arrangement of the more important
amino acid residues in the region of the active
center of trypsin. Heavy lines indicate groups
close to the surface of the enzyme, thin lines

those buried more deeply within the molecule.
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equivalent to leucine—l3‘of chymotrypsin is probably not

significant, since this group appears to be too far away

"in chymotrypsin to be actively involved. We are left with

the result that the only significant difference between

the two enzymes is that the neutral serine-189 in chymo-
trypsin has become the negatively-charged aspartic

acid-177 in trypsin. This strongly suggests that the
different specificities of the two enzymes are largely due
to the difference between these two groups; in particular,
the fact that trypsin favors substrateés haQing a positively-
charged groﬁp in a suitable position (e.g. derivatives of
arginine and lysine) seems to be related to the existence

of the - COO™ group at position 177 in trypsin.

Mechanistic Evidence

In Tables 7, 8 and 9 we have summarized the most
important mechanistic evidence for the two enzymes,
classifying it according to its relevance to (1) complex
formation, (2) the acylation process and (3) the de-

acylation process.
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(1) Complex Formation

Table 7 summarizes the evidence and conclusions
regarding the process of Michaelis-complex formation. The
main difference between the behavior of the two enzymes
lies in their pH dependence at low substrate concentrations;
with chymotrypsin there is evidence for a group of pK ~ 9,
while with trypsin there is no falling-off in rate up to

pH ~ 10.

Tﬁere is no reason to doubt that the groups
lonizing at pH ~ 7 are histidine-57 in the case of chymo-
trypsin and histidine-46 in the case of trypsin; support
for this is provided by the work with chymotrypsin in
mixed solvents (89). The mixed-solvent work also supports
the conclusion that the group of pH ~ 9 in chymotrypsin is
the - NH3+ group of isoleucine-16, existing in the charged
state as an lon-pair with the - COO~ group of aspartic

acid-194 (16). When this - NH3+ group loses its proton it

is postulated (17) that the - COO~ group of aspartic acid-194

moves to a more polar environment. It appears likely that
this causes a shift in the position of the reactive
serine-195 residue which, as will be discussed, has an

effect on subsequent processes.
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A suggestion as to why the pKa of the - NH3+
group in trypsin is higher than that in chymotrypsin is
1llustrated in Figure 25. 1In trypsin the - NH3+ group
is close to two - COO~ groups, and it is therefore more

difficult for the proton to leave.

The upper portions of Figures26 and 27 present
more detailed mechanisms for the ionizations of chymo-
trypsin and trypsin, and for the way in which Michaelis-
complex formation occurs. It is postulatéd, in agreement
with other workers (41,63,68,107,167), that binding in
the complexes does not directly involve the ionizing
groups, but is primarily due to hydrophobic bonding
between non-polar groups on the substrate and enzyme.

In addition to this, the anionic site in trypsin
(aspartate-177) forms an electrostatic bond with the
positively-charged side chain of specific trypsin
substrates. The state of ionization of the histidine
residues has no effect on complex formation. However,
ionization of the - NH3+ groups of the terminal iso-
leucines has an indirect effect on binding by bringing
about a conformational change in the enzyme molecules;
support for this in the case of chymotrypsin is provided
by the work of Hess and coworkers (64,107) and is
discussed further with reference to trypsin in a latef

section.
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Figure 25

Ionization scheme of some amino acid

resldues 1in free trypsin and chymotrypsin.
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Figure 26

Reaction mechanism for the a-chymotrypsin-
catalyzed hydrolysis of N-acetyl-L-tyrosine
ethyl ester (R=tyrosyl). The important
groups are shown in schematic relationship
to one another. Hydrogen bonds are

indicated by dashed lines.
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Figure 27

Reaction mechanism for the trypsin-
catalyzed hydrolysis of N-benzoyl-L-
arginine ethyl ester (R=benzoyl). The
important groups are shown in schematic
relationship to one another. Hydrogen

bonds are indicated by dashed 1lines.
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(2) Acylation

The evidence and conclusions relating to the
acylation steps for the two enzymes are summarized in
Table 8. It has already been seen from the results
relating to'complex formation that the forms of the free
enzyme in which the isoleucine - NH3+ group has lost its
proton cannot bind substrate; expressed differently, the
Michaelis complex cannot lose a proton from the - NH3+
group as readily as can the free enzyme, énd the
unprotonatéd form is of no significance within the range

of pH that has been investigated.

The fact that with both enzymes the acylation
rates fall off at pH values below about 7.5 implies that
the imidazole ring of histidine-57 or histidine-46 must
be unprotonated. The function of the unprotonated
imidazole'ring is no doubt to aid in the removal of the
proton from the serine hydroxyl group. At the same time
a proton must be transferred to the alcoholic oxygen
atom of the substrate. A way in which these processes can
occur in a single stage is shown in Fig. 28. The suggested
scheme makes use of the remarkable properties of the
imidazole group as a proton-transfer agent. Eigen et al.

(173,174), who studied this as well as other acid-base
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Figure 28

Proton transfer processes during
acylation of trypsin and chymo-

trypsin.
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catalysts, have shown that the effectiveness of this
system is further increased by hydrogen bonds between the
donor and acceptor groups. In addition, the tautomeric
character of the unprotonated imidazole ring makes it
possible for this group to accept and donate a proton

at the same time. 1In this connection it 1s interesting
to note the suggestion by Hofmann (175) that the
tautomeric nature of imidazole appears to be associated
with an intermolecular exchange of protons rather than

an intramolecular proton shift. These ideas are
incorporated into the mechanisms shown in Figures 26 and
27. As far as the behavior on the basic side is concerned
i1t is suggested that, for both enzymes, the substrate.has
the effect of locking the enzyme into a conformation

in which the - C00™ group of aspartic acid-194 or -182

is held close to the - NH3+ group of the terminal iso-
leucine residue. This makes it more difficult for the
a-amino group to lose a proton, a fact that explains

Why there 1s no decrease in the acylation rates up to
high pH values. With trypsin this ionization is also
difficult in the free eénzyme, and we have suggested that
this is due to the presence of the second - CO0™ group,
i.e. aspartate-177. With chymotrypsin, however, the
lonization is less difficult in the free enzyme, a

pPK of ~ 9 being observed.
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(3) Deacylation

Table 9 summarizes the evidence and conclusions
relating to the deacylation step. It is seen that there
is again a difference between the two eénzymes in their pH
dependence; with trypsin there is g decrease in rate
above pH ~ 9, whereas with chymotrypsin there is no
falling-off up to PH ~ 10; the results with chymotrypsin

are consistent with a pXK of 10.5 or greater,

‘In both enzymes the imidazole ring of histidine-
57 or -46 must be in its unprotonated form in order for
deacylation to occur. The function of the unprotonated
imidazole group is to aid in the splitting of a water
molecule acting as the nucleophile and to facilitate the
transfer of a proton to the serine oxXygen atom. This
again involves a prototropic change in the imidazole ring,

one of the nitrogen atoms accepting a proton from the

water molecule and the other donating its proton to the

serine oxygen atom. This process is the reverse of that
shown in Fig. 28 with R = H. The lower portions of
Figures 26 and 27 show the conclusions arrived at for the

deacylation process.
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The behavior of trypsin on the alkaline side

3 can be explained along the following lines. The - NH3+

group of isoleucine-7 splits off its proton with a pK

| of 9.5, and when this occurs there is a movement
(probably to a more polar environment) of the - CO0O~
group of aspartic acid-182; this movement affects the

position of the neighbouring serine residue and

diminishes the ease with which the acyl portion of the
substrate can be removed from the serine by the action
3 of the imidazole group. The fact that this ionization
kf occurs at pH 9.5, rather than at a higher value as in

the free enzyme, is possibly the result of slightly

+
3

and the two - C00~ groups in the acyl enzyme as compared

different relative spatial arrangements of the - NH

with the free enzyme; the two - CO0O~ groups may be a
little further away from the - NH3+ group in the acyl

eénzyme and so allow the proton to leave more readily.

The different behavior of chymotrypsin is
perhaps also to be explained in terms of slight confor-
mational changes during complex formation and acylation.
It is suggested that in acyl chymotrypsin the - CO0~
group of aspartic acid-194 has been brought a little

closer to the - NH3+ group of isoleucine-16 than in the
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free enzyme; this could have the effect of raising the
pPK from the value of -~ 9 in the free enzyme to a value

of 10.5 in the acyl enzyme.

The differences in kinetic behavior on the
alkaline side between trypsin and chymotrypsin suggest
the possibility that during the catalytic process the
trypsin molecule is subjected to a general loosening
of its three-dimensional structure, while chymotrypsin
undergoes a tightening in conformation. From X-ray
studies (iﬂ) it is known that the chymotrypsin
molecule has a relatively open structure, and the results

for trypsin should prove to be of great interest.

Conformational Changes

There 1s a growing amount of information
Indicating the possibility of substrate-induced confor-
mational changes in proteins (180-183). Lumry and
Koshland, in particular, have formulated theories concerned
with the concept of active-site flexibility contributing
to enzyme mechanisms. Some of the evidence available
for trypsin and chymotrypsin directly relating to the N-

terminal a-amino group will be referred to briefly. The
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X-ray studies on chymotrypsin (16) have shown that there is
an lon pair between aspartic acid-194 and isoleucine-16.

It has been suggested (17) that as the latter group ionizes
the former moves away into a more polar environment, and
this, we believe, indirectly affects the kinetic behavior.
The resultent conformational change probably accounts for
the decrease in catalytic properties at alkaline pH (86).
In . support of this suggestion, Oppenheimer, Labouesse

and Hess (107) find that acetylation of the G~amino group
of isoleucine-16 inactivates G—Chymotfypsin, while all
other amiﬁo groups can be acetylated without loss of
activity. Furthermore Karibian et al. (184) have

recently shewn that the change in activity and structure

of acetyl-d-chymotrypsin in the alkaline pH range is

not correlated with the lonizations of titratable tyrosine

residues.

It seems likely that. the terminal isoleucine-7
in trypsin performs a similar function te 1soleucine-16
in chymotrypsin; this implies the existence of an ion-
pair bond between this residue and aspartic acid-182.
Support for this is provided by the work of Scrimger and

Hofmann (111), who report that the reaction of nitrous
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acld with the N-terminél isoleucine group of trypsin
causes lnactivation of the enzyme. We have shown that
the pH-dependent change in the specific levorotation

of trypsin at 365 my can be associated with a single
group having an apparent PK of 9.4, It is reasonable

to suggest'that this is the pK of isoleucine-7; its
iohization probably causes a conformational change in the
énzyme, but this does not become apparent in the kinetics
Of complex formation with the non-specific substrate
N-benzoyl-L-alanine methyl ester. In this connection

1t should be noted that Wang and Carpenter (103) report

a pK of 10.4 for the free eénzyme using N-benzoyl-IL-
argininamide; this ionization can probably also be related

to the N-terminal isoleucine residue.

The pK of this group appears to be strongly
affected by the degree of conformational stability of
the enzyme resulting from non-electrostatic, electrostatic
and even steric interactions between the substrate and
various portions of the eénzyme. Our results with
diisopropylphosphoryl trypsin, showing that the specific
rotation of the enzyme 1s pH-independent up to pH 10, are
consistent with this suggestion. Similar evidence is

provided by the optical rotary studies of trypsin in the
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presence of reversible inhibitors; this work indicates
that complex formation causes a shift in the apparent

PK of the N-terminal isoleucine residue to higher pH

values.

The relatively high pK value of 9-10 observed
for trypsin catalyses in alkaline solution has 1led
previous investigators (32,185) to suggest that this
lonization relates to a tyrosine or lysine g~-amino group.
Labouesse and coworkers (100,113) have recently shown,
however, that at alkaline pH homogeneous N-e-acetyl-
trypsin exhibits the same activity as native trypsin
towards synthetic substrates. Furthermore, acetylatibn
of the free tyrosines (4 to 5 out of 10) leads to an
enzyme which, below pH 9, is even more active as an
esterase than is native trypsin. As a result of the
X-ray diffraction studies by Matthews et al. (16) on
chymotrypsin, it is now likely that the existence of an
ion-pair bond between isoleucine and aspartic acid con-
tributes to the unusually high pK value of the isoleucine
a-amino group in trypsin, compared to a pK of 8 or 1less

in peptide terminal a-amino groups (110).
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Summarz

The preceding discussion has led to the conclusion
that, in spite of some differences in kinetic behavior, the
mechanisms of chymotrypsin and trypsin action appear to be
the same. 'We propose that the substrates fit into the
twb enzymes in a similar manner, the carbonyl carbon atom
of the substrate forming roughly an equilateral triangle
with the imidazole nitrogen atom and the alcoholic hydrogen
atom of the serine residue. The alcoholic oxygen atom of
the substfate also forms roughly an equilateral triangle
with these two atoms on the enzyme. Both enzymes exhibit
very low specificity as far as the alcoholic function of
ester substrates is concerned, and this group almost
certainly remains outside the enzyme. For chymotrypsin the
X-ray evidence (14) indicates that the aromatic side chain
of the substrate fits into a cavity which lies to the
lower right of the reactive histidine-serine pair (c.r.
Fig. 23); it is presumably held there largely by hydro-
phobic bonding. _Serine-189 is situated at the bottom of
this cavity. 1In trypsin the positively-charged side chain
of the substrate, or the corresponding grouping in the
case of a non-cationic substrate, is held iﬁ a similar

position, there being electrostatic attraction to the
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aspartate-177 residue of the enzyme in the case of the
catlonic substrates. We suggest that this anionic binding
site makes an important contribution to the stereospe-~

cificity of trypsin.

Various mechanisms involving the imidazole and
serine hydroxyl groups have been proposed for a-chymo-
trypsin catalysis (2). Some of these mechanisms
contained features which were later found to be incon-

sistent wilth experimental evidence, notably

(a) the existence of a large deuterium-isotope

effect in the acylation and deacylation steps,

(b) the absence of an observable intermediate

in the deacylation process,

(¢) the presence of a single histidine group

in the active center, and

(d) the conformation-controlling role attributed

to the N-terminal residue.

Mechanisms involving aspartic acid or arginine
residues in the catalytic process can now be eliminated

in view of the additional information derived from the
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three-dimensional structure of a-chymotrypsin (13,14,16,17).
The association of specific methionine (186,187), tyrosine
(185,188) and tryptophan (189,190) residues with some
aspects of the catalytic mechanism has also been studied.
Sigler et al. (17) have recently reported that in
crystalline chymotrypsin, methionine-192 and tyrosine—146
are involved in intermolecular interactions, the exact
nature of which is not always clear. Present evidence
Suggests that none of these residues directly participates

in the catalytic mechanism of trypsin or chymotrypsin.
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APPENDIX A

LEAST-SQUARES-FIT COMPUTER PROGRAM

The digital computer program which calculates

F in the pre-steady state rate equation

Ft

[65] A - A =Q(1 - e ")

1s given. The output of a typical experimental run

1s also shown.
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APPENDIX B

DIGITAL READ-OUT FOR STOPPED-FLOW

SPECTROPHOTOMETER

The unit has been specifically designed to
digitize the analog signal received from the photo-
multiplier tube of the stopped-flow spectrophotometer.
The information digitized consists of a rapidly rising
and exponentially decaying dc voltage. The system is
triggered by the rising voltage and samples the signal
at preset time intervals ranging from 2.5 msec to
5 sec. The present maximum is 20 samples per run.

Input sensitivity can be varied from 50 mv to 1 v.

The system samples information from one
channel only, converts and stores this information and
prints the data out after a suitable time interval. An
intermediate memory is required to buffer between the
input sampling speed and the teletype output speed. The

unit consists of five basic blocks as follows:
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Analog Section

1) Input amplifier and offset control

2) Analog to digital converter

Digital Section

3) Memory
) Data coupler

5) Teletype printer

A manually-operated selector switch is also provided which
permits the print of an indentifying number from 0 - 99

at the start of each run.

The storage oscilloscope of the stopped-flow
spectrophotometer system can be operated in series with
the digital read-out if desired. The negative voltage
at the oufput of the time-constant coupling circuit of
the oscilloscope is amplified and compensated by the
operational amplifiers of the digital read-out. The
signal is then applied to the A/D converter and/or to
the positive input of the differential amplifier of the
storage oscilloscope. These positions are marked A and

B respectively in Figures 12 and 29,
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Figure 29

; Block diagram of the digital read-out

for the stopped-flow spectrophotometer.
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CLAIMS TO ORIGINAL RESEARCH

1. A new substrate, an ester derivative of

N—a—substituted—L-alanine, has been found for trypsin.

2'. The steady-state kinetics of the trypsin-
catalyzed hydrolysis of N-benzoyl-L-alanine methyl ester
have been studied at low substrate concentrations. This
has not been possible in the past with spécific ester
substrates of trypsin. It was shown that a single

group with‘pK = 7 (presumably the imidazole group of a
histidine residue) is free to ionize in the free enzyme,
but participates in the acylation and deacylation
processes. It was concluded that the group with pK = 9.5,
which was only revealed in the deacylation step, is not

E catalytically involved in this process.

3. The specific levorotation of trypsin as

a function of pH has been shown to follow the ionization
of a single group with pK(app) = 9.4. With reference to
the known activation process of trypsinogen and its
optical rotary behaviour, this pK has been related to the
o-amino group of the N-terminal isoleucine residue of

Erypsin.
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b, From the variation of specific rotation
with pH for trypsin and for reversibly and irreversibly
inhibited trypsin, it was concluded that ionization of
the group with pK ~ 9.5 is very sensitive to modifier-

induced conformational changes in enzyme structure.

5. Equations describing the pH dependence
of the transient phase of enzyme reactions involving
two Intermediates have been formulated for the condition

of excess enzyme concentration.

6. A digital computer program has been
developed to evaluate transient-phase rate data directly

by a reiterative least-squares-fit technique.

7. The transient-phase kinetics of the trypsin-
catalyzed hydrolysis of N-carbobenzoxy-L-alanine-p-
nitrophenyl ester were studied at excess enzyme concentra-
tion. The existence of an intermediate Michaelis complex
in the three-step mechanism was confirmed. It was shown
that a group with pK=6.9 is involved in the breakdown
of the Michaelis complex but not in its formation.

<
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8. An investigation has been made of the
effect of isopropanol concentration on the transient-
phase parameters for the trypsin-catalyzed hydrolysis
of N-carbobenzoxy-L-alanine-p-nitrophenyl ester. It
has been concluded that the observed decrease in binding
and rate of hydrolysis can be justified by a loss in
conformational integrity of the enzyme resulting from

enhanced electrostatic and hydrophobic interactions.

9. A new mechanism of action was proposed
for trypsin-catalyzed reactions. A single histidine
residue is postulated to act as a proton-transfer
agent during acylation and deacylation, being partic-
ularly suited for this purpose on account of the
tautomeric nature of its imidazole ring. A serine
hydroxyl group is the nucleophile in acylation, a water
molecule in deacylation. It is suggested that the N-
terminal isoleucine residue contributes to control of the
enzyme conformation at alkaline pH and thereby to its

activity.
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