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ABSTRACT

The structural specifilicity of O-chymotrypsin for polypeptides and
denatured proteins has been examined. The primary specificity of the
enzyme for these natural substrates 1s shown to closely correspond to
" that observed for model substrates. A pattern of secondary specificity
1s proposed. | |

A series of N-acetylated peptlde methyl esters of varying length
have been evalusted as substrates of O~chymotrypsin. The-results are
interpreted in terms of proposed specificity theoriles.

The O%chymﬂtrypsin—catalyzed hydrolyses of & number of N-acetyl~
ated dipeptilide methyl esters were studied. The results are interpreted
in terms of the available specificity theories and are compared with
results obtained in the study of polypeptide substrates. The importance
of non-productive binding in determining the kineftlc parameters of these
substrates is discussed. A partial model of the locus of the active
site which Interacts with the BiCONH- group of a substrate of the form
RiCONHCHRgCORé 1s proposed.

Fiﬁally, some reactive esters of N-acylated amino acids have been
evaluated as substrates of O~chymotrypsin. Thelr reactivity and stereo-
chemical behavior are discussed In terms of the specificliy theories
avallable. The importance of a binding interaction between the cafboxyl
function of the substrate and the enzyme 18 suggested by the resﬁlts

obtained.
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STRUCTURAL SPECIFICITY OF O~CHYMOTRYPSIN:

A GENERAL INTRODUCTION



" GENERAL INTRODUCTION

Enzymes may be defined as protein moleculesf which are capable

of catalyzing, or increasing the velocity of, certain chemilcal reac- |
'Itions (1,2). They are especially noted for a great degree of selectiv-

ity (specificity) in both a structural and stereochemical sense (1,5);

Much sttention has been focussed on this characteristic_prdperty, ih—‘

vestigation of which has aided in the deseription of the chemical na-

ture and mechanism of action of enzymes.

0~Chymobrypsin and its Substrates

Bovine pancreatic CQ-chymotrypsin is a simple protein composed
of some-2h2 O~amino acid residues. It requires no coenzyme or activa-
tor. It has been shown conclusively (4,5,6,7) that the enzyme contains
one actlve site per molecule.¢ The enzyme i1s an endopeptidase, catalyz-
ing the hydrolysis of peptide bonds inside the peptide chains of complex
proteins and polypeptides. Although a primary asmino acld sequence for
the precursor, chymotrypsinogen, has been determined (8) and the se-
quence of reactions which produce the active enzyme are known, the

three-dimensional (tertiary) structure has yet to be established (19).

TSom.e enzymes are simple proteins containing only covalently
bonded amino acid residues; others are conjugated proteins containing,
in addition, other components which are non-covalently bconded to the
protein.

*In e manner similar to that described by Niemenn (1), the active
site willl be defined simply as That portion of an enzyme which is im-—
portant in the overall catalysis process. The active site contains an
active center, a limited region of the active site.at which the actual
bond-breaking or formation teakes place.
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O~Chymotrypsin also catalyzes the hydrolysis of a large number
of synthetic model substrates of widely vaerying structure. Although
it catalyzes the hydrolysis of éubstrates such as Efnitrophenyl acetate
(10), diaml phosphofluoridates (11), derivatives of N,N'-diaryl car-
"pamic acids (12) and esters and emides of trans-cinnemic acid (13), de-
rivatives of acylated O~amino acids'haﬁe been most extensively studied.
Thils class of compounds serves &s a reasonable model for the natural

protein substrates.

Reaction Kinetics and Kinetic Schemes

The rates of CG-chymotrypsin-catalyzed hydrolyses of model sub-
strates contalning a single hydrolyzable bond are in general described

by the following equation:

a[s] _ a[r] _ ko[E]O[S] (1)
"dt“dt"Ko+[S] .

where [S], [P] and {E]O represent the concentrations of substrate, prod-
uct and total enzyme, respectively. The terms ko and Ko are experi-
mentally detgrmined parameters characteristic for each substrate and are
functions of the experimental conditions (témperature, pH, solution
éompositioh, eta. ). |

Equation 1 can be represented by a number of kinetic paths,
three of which appear to be most pertinent.

The simplest kinetic scheme which fits equation 1 1s given by:

E+ 8 :.-lf__-*‘Es_—-——a—» E + P (2)

X
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The rate equation derived from a steady-state treatment of [ES] is
identlcal in form to equation 1, with ko = ko and Ko = Ks = (k_l + kg)/
k3. ES represents an enzyme-substrate complex, formation of which has
- been well ddcumented (ile) In this scheme, KO is most simply inter-
preted as a measure of the ability of & substrate to form an ES complex
with the enzyme, and ko as a measure of the rate of breakdown of this

'complex to product and free enzyme.

The second representation is given in the following equation:

k k;
E+SW_,__—-—1-—‘ ES_I—__E_., E+ P . (3)

k
=L

E+85 —2> &g (&)
2

———————

k
-4

where KS = (x_ ko)/ky and K = k_4/k4. Here it ‘is assumed that the
substrate may combine with the enzyme in two ways, one complex (ESl)
capable of proceeding to produce product and the other (ESz) totally
competitive with the first but non—productivef Analysls of this scheme
leads to a rate equation of the form of equat;on_l with ko = kngI/(Ks +
KSI) and X = KSKéI/ (Ks + KsI'). This scheme may be extended to the

more general case with more binding mﬁdeé, both productive and non-pro-

ductive (15). Further interpretation of this scheme will be found later

in this thesis.

The third representation is given by equations 5 and 6,

ky k .k C
E+8 —— ES —2— ES' —32— E + P» (5)
, = A
-1

+ Py
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EH + RiCOMHCHG-Ry ——= EﬁiCONH?HCmRé By
F Tk
Re s Rz -
. | (6)
[N
| k :
RiCONHICHc—E —2 RJ'_CONH(!JHCOQH + EH
Rz Rz
+ HRS

whe?e equation 6 is a particular case of equation 5, in which ES' is the
proposed acyl-enzyme intermediate (16,17) and ks and kg represent the
specific rates of acylatlon and deacylation, respectively. The rate of
the 0verall>reaction is again gilven by equation 1, with ko = kéka/(kg +
ks) and K, = Ksks/(kg + ks) where K, = (k_i + kp)/k1. An extension of |
this scheme takes into account multiple modes of binding (17). Such an
extension will be discussed more fully in & later part of this thesis.

- Significance and Interpretation of
Kinetic Parameters

The experimentally determined kinetic parameters, ko and KO, may
bear different interpretations depending on the kinetic scheme chosen
to represent the cburse of the reaction. These interpretations will be
discussed herein. in reference to the three kinetic schemes outlined

above.

a) Interpretation of k_

Consistent with the scheme indicated in equation 2, kb = ko and
18 thus a direct measure of the rate of breakdown of the enzyme-substrate

complex to products,
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According_fo the multiple-binding scheme represented in equations
.3 and 4, ko = kngI/(KS + KSI)' Therefore the effect of a non-produc-—
tive binding mode on ko will be‘tq decrease ko whenever the nOn—produc—
tive mode competes successfully with one whichjleads to products.

According to the scheme shown in equations 5 and 6, ko = kgka/
(kz + ka) where, in the case of the acyl-enzyme intermediste mechanism,
ko and ks represent the specific rates of acylation and deacylation,
respectively. Thus, 1t 1s obvious that ko can be perturbed by a change
in the ratio ks/kg (e.g., a change in the rate—determining step). There
are two limiting cases which should be noted:

‘&) When acylation is the rate-determining step (Li.e., ko << kg)

" then k= la. -

b) When deacylation is the rate—~determining step (i.e., kz >> kg)

t = ¥
hen ko k.s

b) Interpretation of K

In a manner similar to thaf shown for ko, Kb can have different
interpretations, depending on the cholce of kinetilic scheme. ‘According
to the scheme shown in equation 2, K =K, = (l:_l + ko)/ky. It has
been shown for O~chymotrypsin (18,19,20) that usually ko << k"l’ in

which case KO = KS ~ k—l/kl’ a simple equilibrium constant representing

the dissociation of the enzyme—substrafe complex to free enzyme and
substrate.
As represented by equations 3 and L, Kb = Ks KsI/(Ks + KsI)'

The observed Ko value will thus approximate the lower of the Ks or KSI

values 1if Ké and Ks are significantly different from ohe another.

I
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According to the acyl—énzyme scheme (equations 5 and 6),K5 =
Ksks/(kz + k3).. Again, there are two limiting cases:

a) When acylation is rate-determining (i.e., kg << kg)

then K. = K .
o) s
b) When deacylation is rate-determining (i.e., kz >> kga)
then K = kaKS/kg.

Thus it is obvious that for the acyl-enzyme mechanism, when
acylation is rate-determining,this scheme is kinetically indistinguish-
able from the simple scheme represented by equation 2, and KO wlll have
the same interpretation. However, if deacylation is rate-determining,

the value of Ko observed will also reflect the perturbation of ka/ko

on K .
8

¢) Interpretation of kO/KO

The ratio ko/Kﬁ for any substrate is a composite measure of the
stability of the productive complex (or complexes) and the ability of
this Qomplex to decompose to products. It is the rate constant under
second order conditions (i.é., the specific rate where saturation of
the enzyme is unimportant). This situation occurs when [S8] << KB. In

this case equation 1 reduces to:

afs] _ a[e] | -
" T dr o\ Eots] | (N

Further, ko/Ko has one distinct advantage (for interpretative
purposes) over the separate parameters ko and Kb, because }LO/K.0 =

kg/Ks for all of the kinetic schemes described earlier. It 1e thus free



s

from the ambiguitles present in the interpretation of the parameters ko
and Ko'

In terms of a free energy profile, kO/KO is really e measure of
the free energy difference between the free stérting materialsl(énzyme
and substrate) in solution, and the transition state for the reaction
step immediately following formation of. the productive enzyme-substrate
complex (ES). In terms of the simple scheme‘(equation 2), this step
repreéents formation of free product and enzyme (E+P). In terms
of the acyl-enzyme scheme (equation 6), it represents formation of the

acyl-enzyme (ES'). This is illustrated in Figure 1.

TS

F=-RTInXe
Ko

T -

ES’or.E+P ;

: Reqbi‘ion -Coordinate

Figure 1
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The kinetic data of the studies described in this thesils will be
discussed, insofar as it 1s possible to do so, in terms of the kinetic

schemes presented above.

Structural Specificity of OhChymotrypsin'

The high specificity of eniymes, that is, the strict limitation
of action of a particular enzyme to a small number of closely related
substances, 1s an important and striking characteristic. This biological
phenomenon 1s responsible for the ordered metabolism of living material
and 1s essential for the existence of life.

The proteinases, and Q-chymotrypsin in particular, are charac-
terized by & rather broad specificity (1,21,22). This is in contrast tb
some enzymes which are highly specific for bnly one substrate. It is
true that OQ~chymotrypsin sﬁows a marked preference for linkages involv-
ing aromatic amino acid residues (tryptophan, tyrosine and phenylalanine)
but 1t is also quite active towards leucyl and methionyl bonds (see
Part I of this thesis). This is true for a series of comparable acylated
O~smino acild derivatives (e.g., N-acetylated O~amino acid methyl esters
or amides (1,22))as well as for polypeptides.,

In addition to this side chain specificity, ®-chymotrypsin shows
some specificity for the N-acyl group (15,22,23%,24) and considerable
specificity for the carboxyl function of model substrates, .These sﬁeci-
ficities are again rather broad. Stereoahemica; specificity>has also
been shown to be a relative phenomenon with model substrates (15,22).

The concept of specificify,and the relation of the specificity
observed in model systems to that obsérved with the natural substrates

will be an important'subject for discussion in this discourse.
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a) The Hein-Niemenn Theory

Results of kinetic studies on a number of asymmetric trifunc-
tional model substrates led to Huang and Niemann's suggestion (25) that
such substrates of C~chymotrypsin might combine with the active site of
the enzyme in several modes, not all of which would lead to hydrolysis.
A theory of structural‘specificity proposed by Hein and Niemann (15,22)
is based on this proposition. It has been remarkably successful in
explaining and correlating the kinetic data for the hydrolysis of a
large number of trifunctional model substrates of the form
R] CONHCHRCORY (where R]CONH=R, and Rz # H). The theory has been ex-
tended to bifunctional substrates (24) with some success and its pre-
dictive value has been confirmed (26,27,28)

For a trifunctional substrate, the definition of a structure-
reactivity relationship requires evaluation of the relative contribu-
tions made to both binding and orlentation of the substrate at the ac-
tive site by interaction of the structursl components Rl, Rz, and CORg4
with this site. A model of the active site, introduced in the early
stages of the study of acyl-G-amino acid derivatives (25,29), was in-
corporated in the theory. It was thus proposed that the active site
consisted of four loci, p1, p=, pa and Py which are complementary to
the four groups disposed about thelasymmetric éenter of a trifunctional
substrate. The locus pg is defined as having the dual purpose of bind-
ing the hydrolyzable group (COR3) and catalyzing the hydrolytic cleav-
age. The locus P is postulated (primarily for the sake of complete-
ness) as the space occupiled by the G-hydrogen when Ry-py, Ra-pz and

Ra-ps interactions occur.
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The most important hypothesis of the theory is that 1t 1s not
sufficient to consider only the interactions of Ry with py, Re with p;,
.and Rg with ps. Rather, in general,‘all possible Riﬂpj interactions
must be taken into account. Thus, several modes of binding, fully com-
petiﬁive with each other, are possible. Some combinations (productive
complexes) proceed to products, while others (non-productive complexes)
are incapable of doing so. A kinetic derivation of this scheme produces
a rate equation‘of'the familiar Michaelis~Menten form (equation 1).
This has been illustrated earlier (p. = ) for the simple case of two
binding modes, one productive and the other non-productive, but holds‘
true also in the general case.

From a limited number of postulates (15), some of which are
empirical in nature and others whilch are necessary for a successful
"application of the theory, i1t is then possible to deduce which of the
possible modes are most favored. Thus, one can predlct which modes and

interactions will determine each of the measured parameters, ko and Kb.

b) The Hamilton Specificity Theory

Although.the Hein-Niemann theory has been a useful tool for cor-
relation of kinetic data, this utility has been essentially qualitative
in nature. Recently, Hemilton, Niemsnn snd Hammond (30) have presented
‘a guantitative éxtension of the Hein-Niemann theory which has shown
great success in correlating the observed kinetic parameters for a par—
ticular class of model substrates of Q-chymotrypsin, the N-acyl-D- and

(o]

L-amino acid amides.
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This theory considers the overall binding of a substrate (or
inhibitor) in terms of independent contributions of the varilous group-
locus interactions. If each R-p interaction for eachrof the twelve
enzyme—-substrate complexes possible iﬁ the framework of the Heln-Niemann
theory mekes an indeEeﬁdent contribution to the free energy of a par-
ticular complex formation, then for a particular complex, the free energy
. of formation should be given by the sum of the free eﬁergieé assoclated
with the four contributing interaétions.fl For example, in the case of
the predominant productive complex for an L-antipode (L.e., with Ryj—p;,
Re—pz, Ra-ps and H-py interactions), the free energy of formation would

be given by:
AFP = AF11 + AFzz2 + AFas + AF, o (8)

‘Equation 8 may be expressed in terms of microscopic "binding

factors':

Kﬁ = K11 Kzz Kaz Ky (9)

where E% is the association constant for the productive complex and the
Egj‘s are microscopié "binding factors" analogous to equilibrium con-
stants.

Values of E;j were assigned to the interactions of the seven
groups in six éubstrate—inhibitor pairs (:i..e.‘J N~acetyl and N-nicotinyl
amides of D- and L-phenylalanine, —tyrosine and —tryptophan) sﬁch that

net assoclation constants were generated which corresponded closely to

?It must also be assumed that the contributions of the groups to
free energy of solution are also Iindependent.
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the experimental KE and R& values. This set of ﬁij‘s was then used to
generate further calculated net assoclation constants which were in
excellent agreement with experimental values.
Interpretation of the parameter kO/K0 for an L-substrate (for
the multiple-binding extensions of both the simple scheme (equﬁtions 3
and 4) and the acyl-enzyme scheme (equation 6)) in tgrms of ‘this theory

is as follows:

= kgp Kp = kgp Ky1 Koz Kaa EﬁH

where k

2p 1s the rate constant for breakdown of the enzyme-substrate

complex to pfoducts (simple case-—equation 2) or for aéylation of the
enzyme (equation 6) and R% is the assoclation constant for the produc-
tive complex. 7 |

A test of.this theory and its inherent assumptions is given in

Part III of this thesis.

¢) The Bender~Kézdy Specificity Theory

In a recent review on the mechanism of action of proteolytic
enzymes, Bender snd Kézdy (17) have presented a new éemimquantitative
theory of rélative specificity which applies to model substrates of
G~chymotrypsin. The theory primarily employs the combination parameter
kO/K0 as its basls of comparison. According to this theory, the param-
eter ko/Kb for any NAacyl-é—aﬁino acid derivative i1s given with respect

to that for some reference substrate by the following equation:
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(k /K )RlREX * g% S S X
log (k 7K )R:LORZOXO =‘p , * Sp. + Sp, ( O')

in terms of three independent factors, one noneﬁzymatic reactivity term
(p*¥ o*) and two specificity terms (S and SRQ). These terms are de~

‘ .
fined in the following manner:

p¥ o* = log
k KO RlREXO

(11)

vhere o® 1s the aliphatic Taft substituent constant and p* is an emplri-
cal parameter dependent on the nature of the reaction and on.the re-

action conditions (31).

ko /K )p max
(e >R )

where R;, Ro and X refer to the acylamino function,‘the side chain and
the car'boxyl‘ function‘, respectively, and the sub-zeros r_efer to groups
on the reference compound. |

The main difference between the Bender—-Kézdy theory and that of
Hein and Niemann is that in the former, the X group (Rz or COR} in Hein-
Niemann nomenclature) is not considered to be involved in productive
_bi,nding.and thus the effect on ko/Ko of a variation of the group X

solely reflects the electronic influences of X. However, In terms of
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the Hein-Niemann theory, an Ra-ps bindling interaction 1s consildered to
be an important factor.

in this theory; as In the quantitative extension of the Hein-
Niemsnn theory, the independence of the group effects 1s an implicit

assumption.

Present Study

As stated earlier, most of the recent iﬁvestigations concerning
the structural specificity of O~chymotrypsin have been concerned with
relatively simple syntheﬁic model substrates (in particular, the N-
acylated amino acid esters). It muét be remembered, however, that
C~chymotrypsin is a proteinase énd as such its primary in vivo functioﬁ )
is the catalysils of‘peptide bond hydrolysis in very complex protein and
polypeptide molecules. The studies described in this thesis represent
an attempf to find and study model substrates which more closely re-—
semble the natural substrates of O-chymotrypsin——proteins. Tt is hoped
that the investigations reported herein will add another span or two
in thg rather long bridge between studies of model substrates and the
naturél ones.

The first part of this thesis represents an attempt to observe
and analyze the qualitative specificity patitern exhibitéd by O~chymo-
tfypsin towards denatured proteins and polypeptides as indicated in the
application of this enzyme in determinations of primary protéin se-
quence. A correlation between this pattern and the quantitative data

for model substrates is suggested. This study also served to sﬁggest‘
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possible model substrates which were synthesized and used to verify the
trends observed.

The first class of compounds whose kinetlc parameters as sub-
strates of Q-chymotrypsin were determined consists of derivetives of
N-acylated amino acld methyl esters in which the N-acyl component was
lengthened by the insertion of glycine residﬁgs (Part II). This class

of compounds was of the following form:

CHsCO (NHCH2CO )XNHCIIHCOZCHS
Re

with Ro

I

—CHg, —CH(CHz)z, —CH2~CH(CHz)z

b
!

=0, 1, 2: 3.

Comparison of the kinetlc parameters obtained, permitted an evaluation
of the effect of lengthening the peptide chain in this manner.
The same part of this thesls (Part II) deals also with the de-

termination of kinetic parameters for substrates of the followlng type:

CH2CONHCHCONHCHCO2CHa
0 HoCH(CHs )2

R, = varying emino acld side chains

Part II of the thesis may be considered as an investigatibn of
the nature of the p; locus of the Hein-Niemsnn sctive site.

Part III involves kinetic determinations on model substrates of

the following type:
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R{ CONHCHCOzRY R! =-CHa, -Cefs
CHa R) =-CHg, -CHzCONHz,

Dand L ~CHzCN.

and the evaluation of the effect of variation of the ester group

reactivity and stereospecificity.

on
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I. THE STRUCTURAL SPECIFICITY OF Q-CHYMOTRYPSIN:

POLYPEPTIDES AS SUBSTRATES



-

INTRODUCTION

Historical Background

During the-past decade, the structural and stereochemical speci-
ficity of proteolytic enzymes towards low molecular welght model sub-
strates has been extensively studied. The relatlon of such studies to.
the bilological specificity of these enzymes, a matter of great impor-
tence, is sti1ll an open questlon. In the following discussion, some of
the available information concerniné the specificity of O~chymotrypsin
towards polypeptides and denatured proteins will be related to the con~
siderable experimental data for an important class of model substrateS,'
the acylated amino acid esters. A preliminary sttempt in this direction
has recently been reported (1) and similar but more iimited data for
pepsin has been snalyzed (2).

More than 56 years ago, Emil Fischer suggested (3) that the speci~
ficity of proteolytic enzymes is determined by at-least four important
factors: the number, constitu£ion, sequence and configuration of the
amino acids in the peptide chaln of a polypeptide substrate. The impor-
tance of specific amino acid residues was questioned in the eaily part
| of this century,rbut lack of date prevented the emergence of any clear
picture.T

It was primarily the work of Bergmann and his collaborators iIn

the 1930's which led to the first concrete concept of proteclytic enzyme

TA brief history and pertinent references are given by M. Berg-

mann, Adv. Enzymol., 2, Lo (1942).
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specificity. This concept was the result of a study of the semil-
quantitative enzyme-catalyzed hydrolyses of a large number of small |
peptides of known structure and stereochemistry. Bergmann concluded -
(4) that the observed specificity of proteolytic enzymes depended pri-
mariiy on the naturc ¢f the side chains of certain specific amino acid
residues and secondarily on the nature of the residues further removed -
from the susceptible bond. In the next two decades, considerable atten—
tion was focussed on thils primary factbr, the nature of the silde chain
of the carboxyl residue of susceptible bonds.

The discovery of the esterase activity of G-chymotrypsin (5) and
the subsequent development of rapid kinetic techniques based on the ﬁse
of the pH-stat (6) greafly advanged the study of the specificity of
O~chymotrypsin. Extensive investigstions, primarlily in these labora-
tories, have resulted in a specificity theory which correlates the
kinetic data obtained for the enzyme-catalyzed hydrolysls of over 150
substrates of O~chymotrypsin (7,8).

Because of‘the use of Q-chymotrypsin and other proteolytic en-
zymes in the elucidation of amino acid sequences of proteins and poly—
peptides, the question.of the specificity bf these enzymes towards
larger peptides has recelved renewed attention in the last few years.
As a result of a number of "abnormé;" splittings observed (9), the con-
cept of secondary specificity determined by amino‘acid residues ad~
Jacent to the susceptible residue (i.e., the residue which forms the
carboxyl component of the cleavable bond) has been reintroduced

(1,20, 21) .



o D w

Classification of Enzyme Specificity

Proteolytic enzymé specificity will be discussed here in terms
of three specificity levels; primary, secondary and tertiary. Primagz?
specificity refers to_the minimum structural reguirement fdr speéificity7
t0 be manifest. For proteolytic enzymes, this 1s usually an amino acid
residue containing a side chain, an amino group and a carboxyl function -
For O~chymotrypsin, the priméry specificity 1s observed for the side
chain of the amino acid residue which fofms the carboxyl component of
the peptide bond which is suscéptible to hydrolysis. Conventionally,
the primary specificity of Q-chymotrypsin is towards tryptophanyl,
tyrosyl, phenylalanyl and, to a lesser extent, leucyl bonds. As will be
illustrated later, the primary specifilcity of this enzyme is even broader

than this. Secondary specificity refers to the influence of emino acid

resldues adjacent in the peptide chain to the residue in which the pri-
mary specificity is manifest. The well-known negative Influence of a
prolyl residue, when it 1s the amino component of a peptide bond, on
the susceptibllity of that bond to both CG-chymotrypsin-~ and trypsin-

catalyzed hydrolyses 1s a common example. Tertiary specificity refers

to the influence of conformat;on and three-dimensional structure of
native, undenatured protein molecules in solution on the susceptibility
of their peptide bonds towards proteolytic cleavage. One typical ex-—
ample 1s the activation of chymotrypsinogen by trypsin, in which only

a few of the many bonds which should be split by trypsin (on ﬁhe basis
of primary specificity considerations) are cleaved (12). Another exampia
is the unique splitting of a single peptide bond in ribonucleasevby

subtilisin (13).
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‘A similarity between thils proposed nomenclature for enzyme speci-
ficity and that commonly used to describe protein structure (1) may
be noted. However, the present usage differs from the conventional sub;

division of protein structure: the primary and secondary specificities

of proteclytic enzymes have been defined so that both refer to the.pri—
mary structure of s protein'substrate while tertlary specificity refers
to both the secondary and tertiary structure of protein substrates. Be-
cause of the lack of information concerning the effects of secondary
‘and tertiary protein structure on susceptibility of peptide bonds to-
wards enzymatle hydrolysis, it would be unreasonable, at the present
time, to attempt a separation of these two effects.

-A partial understanding of the primary’specificity of O-chymotryp-
sin was achieved only after investigation of the kinetic behavior of a
large number of model substrates, An even greater experimentai effort
is required in order to gain similar knowledge concerning secondary
specificity. ©Some qualitative work in this direction has been performed
by Bergmann and his collaborators and & later part of this thesis (Part
II) contains a description of a more quantitative study of secondary
speclificity. Fortunately, results in the literature concerning the ac-—
tion of CO~chymotrypsin towards polypeptides and denatured proteins offer
some information sbout the secondary specificity of this enzyme. It is
the purpose of the study described herein to examine some of these re—
sults from the literature and to propose as far as possible a-secondary

specificity pattern for G-chymotrypsin-catalyzed reactions.
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The question of the tertiary specificilty of proteolytic enzymes
cannot yet be discussed‘iﬁtelligently; Relatively 1little information is
avallable concerning the tertiary structure of proteins in solution and

the effect of proteolytic enzymes on native proteins.
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RESULTS AND DISCUSSION

Dets

The specificlty pattern showm by O~chymotrypsin has been ex-
amined for a limited number of peptides and protelns for which the
complete amino acid sequence has been determined. Those included in
the analysis are: ‘
1. Humsn hemoglobin y chain (15)
2. Humsn hemoglobin & chain (16)
3. Ribonuclease (17) -
4, o~Corticotropin (18)
5, Glucagon (19)
6. Insulin (A and B chains) (20)
7. Horse héart cytochrome C (21)
8. Baker's yeast cytochrome C (22)
9. Tobacco mosaic virus (23,24)
Proteins whosé Sequences and patterns of splitting were very similar to
those for the proteins mentioned above were not included. p~Cortico-
tropin and human heart cytochrome C were omitted on this basls, because
they were very'similar in the above respect to CG-corticotropin and
horse heart cytochrome C, respectively. Both horse heart-and baker's
yeast cytochrdmes C were included beéause thelr sequences and splittings

were sufficiently different to Jjustify their inclusiqn.f

Eighteen and 21 splititings, respectively, were observed for horse
heart cytochrome C and baker's yeast cytochrome C. However, only 4 of
these splittings occurred in sequences which were identical in the two
proteins.
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‘The peptide chains consldered contain a total of 910 amino aecid
residues. Thelr amino acid compositlons are shown 1n Teble I. The
slze of the sample and the diverse origin of the protelns indlcate that
a relatively representatlve sample 18 available. The distribution of
emino acids, ranging from 1l tryptophans to T8 alanine residueg is not
unusual for amino acid compositions (25,26). 8S3rm (27) has tabulated
the kinds of peptide linkages in proteins and the present sample is
compatible with such a tabulation.

The data avallable in the literature obviously were not compiled
for the purposes of the present analysis. Naturally, tﬁis raiseé some
difficuities. The problem of minor splittings observed in enzymé»
catalyzed hydrclyses 1s one of some importance. These minor splittings
could represent bonds which are split more slowly than others or they
could be a result of an impurity In the enzyme preparation employed.
.There is also the possibility that these splittings were present
before the addition of enzyme, accounting perhaps for trace and group
enalyses whlch are occaslonally reported. In the present study, all
bonds which were reported cleaved by Q-chymotrypsin were included. The
problem of enzyme impuritles seems to be a minor one. Other enzyme im-
purities in modern chymotrypsin preparations are exceedingly small.
Furthermore, 1n the cases of minor splittings observed, no pattern which
would implicate snother enzyme becomeé evident. G—Chymotrypsih causes
| the splitting of a lysyl-lysine bond in both & and ﬁ—cortiéotropin and
although in the latter case this cleavage has been attributed to a tryp-
sin impuritj in the chymotryﬁsin,preparation (28), this was the bnly one

of several tfypsin-sensitive bonds split (29). It is obvious that either
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TABIE T

Amino Acid Composition\of Proteins

Proteinb

Amino Acid® A B ¢c D E F G H I Total®
Alanine 11 21 12 5 1 . %, 6 - T 14 78
Arginine 3 3 i 3 2 1 2 % 3% . 3
Aspartic Acid 8 & . Lk 2 L 2 % L 9 44
Asparagine 5 L 11, 0O .0 1 5 i 9 4o
Cysteine ! 1 8. 0 © 6 2 - 3 i 22
Glutamic Acid 8 L 6 L o 6 9 5h 5. . Lo
Glutamine i 1 6 1 3 i +3 . 2 11 32
Glycine 13 T . 13 3 I I - 12 . 6 71
Histidine Vi 10 b 1 i 2 34 0 32
Isoleucine L 0 3 0 0 ! 6 L 9 27
Leucine 17 18 2 i 2 6 6 8 12 T2
Lysine 12 : el 10 4 1 i 19 6 . 2 76
Methionine 2 2 L 1 1 0 2 .2 0 -1k
Phenylalanine 8 7 3 3 2 3 L Y « B ko
Proline Iy Vi L L 0 % i by 8 36
Serine ik 11 15 3 L 3 0 L 16 67
Threonine 10 9 10 0 3 i 4B 8 16 67
Tryptophan 3 4 0 1 1 0 1 4, 3 aia i
Tyrosine 2 3 6 2 2 L L 5 i 32
Valine 13 iy 9 3 i & 7 2 3 1k 6L

Totals 16 141 134 39 29 51 1ok 108 158 910

*Number of each amino acid found in each protein.

bProteins'considered were:

~ Human hemoglobin y chain (15)

~ Human hemoglobin O chain (16)
~ Ribonuclease (17)

—~ O~Corticotropin (18)

Glucagon (19)

— Insulin (A and B chains) (20)

- Horse heart cytochrome C (21)

- Baker's yeast cytochrome C (22)
~ Tobacco mosaic virus (23%,24)

HOoEEBOQY®
I

®fotal number of each amino ascid in all the proteins considered.

dTotal number of all amino acids in each protein considered.
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inclusion.or rejection of minor splittings will introduce some error
into the analysis. The former course has been chosen.

From the reported experimental conditions employed in the se—
quénce determinations considered (references 15 to 2L) it 1s evident
that conditions of concentration, temggrature, PH, etc., varied from
experiment tb expefiment} Fortunately; the cqnditions employed fall
within a reiatiVely‘narrow range.' The substfate—to—enzyme ratio 1s
usually between 300:1 énd_ﬁo:l; the subétrate concentration is about
11—2%3 the reactions are carried out near room temperature for long
times (6-2k hours);:the PE is usually near the opﬁimum.for O~chymotryp-
sin (between 7 apd 9), but no efforts have been made to control ionic
strength. Recent experiments have sghown that variations iﬁ pH (30,31)
and ionic strength (31) caﬁ affect the relative specificity of CG~chymo-
trypsin. These varlations In experimental conditions make any analysis
of the recorded results tentative. However, the enzyme-catalyzed hy-
drolyses were usually carried out untll the rate had slowed down con-
siderably.. Therefofe, it is probable that further hydrol&sis, which at
best might have increased the number of minor splittings, would not have:
significantly altered.thé results. Only those variations 1n reaction
conditions which would vary the relative specificity of ﬁhe enzyne mighﬁ

affect the conclusions.

Primary Specificity

The ideal criterion for any discussion of relative specificity is
precisely determined kinetiec Information about the rate of cleavage of

the bonds Involved. Needless to say, this level of data 1s not currently
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available; One must therefore rél& on a statlistlical analysis of rela-
tive frequency of occurrence of any particular peptide bond hydrolysis
for & number of experiments performed under different condltions.

Table II lists the number of bonds spllt, involving any of the
twenty naturally occurring amino aclds as the carboxyl component of the
bond. Also inciuded 1s the percentage of all bonds, Inveolving that par-
ticular a@ino acid as a carboxyl component, which were reported hydro-
lyzed by G~chymotrypsin. These amino aéids range from the "classlcal"
substrates of chymotnypsin.fo only four amino acids for which no bonds
"~ were split. Table II also lists experimentally determined kinetic
parameters-obtained for acylated amino acld methyl esters as substrates
of O~chymotrypsin. The data of Table II actually represent. a combina-
tion of primary and secondary specificity (tertiary specificity will be
less significant because the.data refers to experiments performed on
denatured proteins). If fhe concepts of primary, secondary and tertiary
specificity (as defined above) have any significsnce, the latter two
should msnifest themselves as perturbatioﬁs of the primary specificity.
,Thus, secondary specificity effects must also be reflected in the data
-of_Table IT. In fact, it is thils premise that makes possible the analy-
slis of secondary specificity. However, because the above effect is
only =a perturbation, the data in Table II represent, for the most part,
the primary specificity of the enzyme;

Of the twenty emino acids listed ianable II, sixteen are involved
in hydrolysis at least once. Althéugh some small fraction of these hy-—
dfolytic cleaveges may be due to an impurity in an enzyme preparation,

it 1is clear that O~chymotrypsin has a very broad primary specificity.



Group I

Group II

Group IIT

TABLE II

The Primary Specificity of O~Chymotrypsin for Bonds in Polypeptides

Kinetic Data for N-Acetyl-L-Amino
-Acid Methyl Esters®

Amino Total Number -1 — -1
Acid T— Split % Ko’ mM ko, sec. ko/Ko, M “sec. Ref'.
Tryptophan 11 i 100 e 2 51. Lg% 10 36
Tyrosine 32 29 91 .32 117, - 3.6 X 10°P 37
Phenylalanine Lo 35 83 62 67. 1.1 X 10° 37
Leucine T2 4o 58 2.9 k.6 1.6 X 10% 38
(Eethionineb 14 6 4= 8. 18. 2 3 X 108 39 |
THistidine 32 10 31 o . W
Glutamine %2 T 22 48,2 20 b2 x 102 36
Asparagine Lo 7 i 23, 0.4 9.5 X 10% Lo
‘| Threonine 67 5 7 136. .21 1. 5 L3
Lysine 76 i 5 :
Cysteine 22 1 g
Isoleucine 27 <3 L L9, .16 3.3 Lo
Valine 6k 2 3 112. 15 1.3 Lz
Aspartic Acid Ll 1 2 :
Glycine 71 1 1 300. 0.46 0.15 Ly b5
Serine 67 ] 8 '
Alanine 78 0 0 T39. 1.5 1.7 L6
Glutamic Acid L9 0 0
Proline 36 0 0
Arginine 32 0 0
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TABLE IT--continued

®Unless otherwise noted, kinetic data were obtalned in aqueous
solutions at 25.0°, pH 7.9 and 0.10 M with respect tc sodium chloride.

Tncludes four methionine sulfone residues, two of which were
split. '

cN—acetyl—L—glutamic acid-&imethyl ester.
dN—acetyl—Efaspartic acid dimethyl ester at pH T7.2.

slncludes 1k cysfeic acid fesidues, one of which was splilt.
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As indicated in Table II, the amino acids may be conveniently
divided into three groups. Group I includes those amino acids which
are hydrolyzed (i.e., sppear as the carboxyl component of a hydrolyzed
bond) a large percentage of the time they occur: thé classical aromatic
substrates-~tryptophan, phenylalanine and tyfosine~—and leucine, Meth~
jonine has also been inecluded in this group. Of a total of 171 reéidues
of these amino acids, 123 (72%) are hydrolyzed in chymotryptic cleévages.
Group II consists of 12 amino acids which undergo hydrolysis less fre-
quently. Arbitrarily,.for purposes of further comparisons, methionine
has been included in this group also. Only 46 (8%) of the 558 residues
in this group are hydrolyied. Finally, no Group IIIL amino acidé are
-hydrolyzed although they account for 195 residues. The amino acidsuhavé
been grouped in this way so that further statistical comparisons can be
made.

A comparison of the peptide hydrolysis data with the kinetic data
for N-acylated-L~amino acid esters indicates that the primary specificity

pattern for polypeptides is a direct reflection of the specificity ob-

served for the model compounds. To the extent of the kinetic data avail-
able, kO/KO,'a measure of substrate reactivity (as indicated in the 7
General Introducti§n, D. T) for the model substrates and the susceptibiiity
- of bonds of denatured proteins to hydrolysis can be correlated. This
correlation is an important step forward in the evaluation of the rele~
vence of studles on model compounds to the in vivo action of d#chymotrypw

sin.
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Secondary Specifiecity

~\

The classificatioﬁ of substrates Into groups, as described above,
permits a "statistical" analysis of secondary specificity to be made. |
For Group I amino‘acids,'priméry specificiﬁy is probably‘dominant:'hy~
drolysis is the rule with only a relativgly few exceptilons. Examine~
tion of the amino acid sequences near those Group I residues which are
not hydrolyzed may give some insight Into factors which hinder hydﬁoly;is.
Conversely, for Group II'amino aclds, secondary specificity may bé domi-
nant: hydrolysis of thése less susceptible residues may be due;to a
considerable extent, to the effect of adjacent residuesg. Examination of
the amino acid sequences éurrounding those Group II residues which are
hydrolyzed may reveal factors which ggzgz_hydrolysis; This is the ap-
proach which was utilized.

In order to examine the possible secon&arj specificity pattern,
the residues found adjacent to bonds hydrolyzed were tabulated. Each
suéh sequence was classified by the use of a tabulation which listed.the
amino acid residues on either side of the site of cleavage. These se-—
quence positions were designated COLl (the carboxyl component of the pep-
tide bond hydrolyzed), NHL (the amino component'of the bond cleaved),
coz (the_N;acylamiﬁo acid on COL), etc. An example of fhis syétem,
which is similar to that employed by Tang (2), is shown in Figure 1.
Such a system was also used to classify‘the sequeﬁces sdjacent to Group I

residues which were not cleaved.
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co3 co2 coL NHL ' NH2 NH3

Ser Val CyS0.H Ser Teu Tyr
Ser Leu ' - Tyr Glu ' Leu Glu
Tyr CyB0aH / Asp

¢« —Peptide linkages hydrolyzed
Figure 1

From the number of bonds hydrolyied (163) and the total number
of sequenées available, 1t was evident that only for the CO2 and NH1
positions was the date sufficlent for even tentative conclusions regard-

1 ing secondary specificiﬁy.

a) "Vacant" Positions

The effect of adJjacent residues on the susceptibility of any bond
to hydrolysis must be modified to account for "vacant”positions due to
other splittings or terminal groups. For example, an NHL group with a
free Q-carboxyl group (i.e., a "yacant" NH2 position) may.exert a differ-
ent effect than an NHL residue attached to an NH2 residue. The former
situation could arise in two ways: the NHL residue could be the carboxy-
terminal residue of the protein studied or it could be involved as the
carboxyl componept in a previous cleavage. ' The questlion of which of the
two hydrolyses occurred first is sn lmportant one in the consideration
of the latter of these possibilitiés. For example, conslder the follow-

ing sequence:

o2 COl - NEL W2
als met[anglys

sltes of cleavage
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in which both the methionyl-asparagine bond and the asp#raginyl—Lysine
bond are reported cleavéd. In considering the effect of the asparagine
residue (NHL1) on the susceptibili?y of the methionyl-asparagine bond if
is important to know whether or not the secondary effect of the aspara-
gine is due to‘the na%ure of the residue (i.e;, its side chain) or to a
free a~éarboxyl group (which the asparagine fesidue would possess 1f the
asparaginyl~lysiné_bond were hydrolyzedlbefore'the methionyléasparaginé
bond)._ As will be shown later, the effect of a free carboxyi group 5n
an NHL residue (or a freé smino group on ﬁ COLl residue) on specificity
is quite important.

There are two ways in which_this problem of vacant posltions msy
be taken into account: |

1. In considering the effect of an NH1 or C02 residue on a COl-NHL
cleavage (or potential cleavagé), 1t might be assumed that the cleavage
consldered is the last to occur; This would, in effect, yleld the maxi—'
. mum number of vaecant positions (CO2 or NHR2).

2. The CO2 (or NH2) position might be considered "vacant" if, and
only if, the primary specifilcity of the residué at the C02 (or NHL) posi-
tion 1is higher than or equal to the primary specificity of fhe residue
in question at‘the COl position. This is a crude way of estimating which
bond is filrst cleaved.

USelof elther of these approaches.will undoubtedly introduce some
error 1n the evaluation of the effect of vacant positions on tﬁe suscepti~
bility of pepﬁide bonds. However, it seems that the latter spproach rep-—
resehts s better approximation to this effect and this approach ié the

one employed in fufﬁher discussions.
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Table IIT lists the total number of bonds cleaved for each group
of amino acids as welllaé the number and percentage-of C02 and NH2 posi-
tions which are "vacant" according to the above criterion. Group ~I |
refers to sequences in which the‘COl position is occupled by a Group I
residue (tryptophan, tyrosine, phenylalanine,'leucine OF méthionine) but
no hydrolysis 1s observed. |

The most significant data in Table III éoncerns the vacancies
occurring when Group II and Group —-I residues occupy the COL positidn.
Group II residues represent those which are only occaslonally split.
It might be expected that secondary specificity woﬁld play an important
role among this set. For Group -I residues, the lack of‘observed hydrol~
ysis may also be interpreted in terms of unfavorable secondary specific- |
ity effects. TFrom Table III, it can be‘seen that vacant CO02 and NH2
positions are found in only 6% and 4%, respectively, of the observed
hydrolyses when a Group II amino acid occuples the COl position. In
other words, of the total of 46 splittings observed in which a GrouprlI "
amino acid was the carboxyl component of the cleaved bond, only 5 of
these (or 11%) occurred whén either the CO2 or NH2 positions were vacant.
On the other hand, vacant CO2 and NHZ2 positions are found in 13% and
17%, respectiﬁely, of the cases in which a Group I residue occupies a
COl position but hydrolysis does not occur. Thus, of the 47 "non-
splittings" observed when a Group I amino acids was the cafboxyl component
of a peptide bond, the NE2 or CO2 positions were vacent in lh.(or 30%)
of the cases.

These observations are in @erféct accord with the claséification

of O-chymotrypsin as an endopeptidase. ILocation at the amino—-terminal
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TABIE IIT
Effect of "Vacant" Positions on the

‘Secondary Specificity of G-Chymotrypsin

"Vacancies"
. Co2 Position ~_NH2 Position_
Total % of b % of b
CO1l Residues Bonds Number Total Number Total
Group I ‘ 123 i 9 T 6
Group —I° | 47 6 13 8 i
Group II 46 3 6 .2 E

&Total bonds hydrolyzed with a CGroup I or Group II resldue at
the COl position. For Group -I this value refers to the number of
bonds in which a Group I residue occuples the COl position but no
hydrolysis 1s observed.

Calculated from the number of "vacant" positions and th
"total bonds." :

ch hydrolysis with a Group I residue at COL.
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end or penultimate to the carboxy-terminal end of a peptide chain ap-

pears to render a normaily susceptible Group I amino acid resistant to .
hydrolysis. Although the dats 1s not extenslve, studles with model
substrates appear to sﬁpporﬁ this cdnclusion; For example, Fruton and
Bergmann (47) found that glycyl-L-tyrosine amide was approximately 20
times more reactive than L-tyrosine amide in Q-chymotrypsin-catalyzed
hydrolyses. |

From the data of Table III, it appeérs that the effect of vacant
posltions represents a dominant factof with regard to secondary speci-
ficlty. For this réason, in thé discussion of thé secondary specificity
effects of amino acid residues at the NH1 and CO2 positions (see below),
sequences with vacancies at the CO2 and NH2 positions, respectively,
_were deleted from the data where these effects might influence the re-

sults.

b) NHL Position

The efféct of the nature of the amino acid residue which occurs
as the amine component of a peptide bond (NEL position) on the suscep~
tibility of that bond towards hydrdlysis 1ls presented in Table IV. For
each specles of amino acid, values have been listed for the "Found” and
"Expected" occurrence of that species at the NHL position when the COL
position is occupied by Group I, Group IT and Group -I resldues, re-
spectively. When the COl position is occcupied by a Group I‘or Group II
residue, the "Found" value represents the number of times a particular
amino acid wasifound.at the corresponding NHL position. Primarily for
the sake of convenience, these "Found" vaiues will include NHL1 residues

vhich are carboxy-terminal. The "Found" values will be compared to



The Secondary Specificity of O-Chymotrypsin: Amino Component

TABLE IV

Total Effectivel Group I Group IT Group -I?
NHEL NH1 NH1
Number Total % = =
Residue in Proteins Number Found Expected Found Expected Found Expected

Alanine 78 78 6 10 10 -k i 3
Arginine 32 32 y L 1 2 0 1
Aspartic Acid L Lz 5 6 0 2 6 2
Asparagine o a 35 2 6 1 2 0 4 1
Cysteine 22(1k) 21(13)° 2(2) 3 0 1 2(1) 1

Glutamic Acid kg ite) 8 T I 2 2 2 (

Glutamine 32 27 2 L 2 2 0 1

Glycine 71 70 14 10 6 3 1 = =

Histidine 30 22 3 L 0 2 2 1 :
Isoleucine 27 25 7k L 2 1 1 1
Leucine T2 39 13 10 1 L 1 2
" Lysine 76 72 12 10 8 L 1 3
" Methionine 1 (4)® 9(2)¢ 1 2 0 1 1(1)° 0
Phenylalanine 42 8 3 6 1 2 0 0
Proline 36 36 1 5 .0 2 T 2
Serine 67 66 15 9 b -3 3 3
‘Threonine 67 62 14 9 0 3 1 3
Tryptophan 11 0 0 1 0] 1 0] 0]
Tyrosine 32 3 2 s 0 2 0 0
Valine 6k 62 9 9 9 3 3 3

Total 910 G 123 - 46 32
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TABLE IV-~continued
®No hydrolysis with Group I residue at COl position.
bNumber of residues expected at this position in the absence of
any specificity. Obtained by multiplying the total number of residues
of eny particular smino acid in the sample by the total number of resi-
dues found at that position/total number of all smino acid residues.

_ ®Calculated as in b, except that the "effective" number of residues
of each amino acid was used (see text).

dFigures in parentheses refer to cysteic acid.
eFigures in parentheses refer to methionine sulfone.

Tuprrective" number of esch amino acid based on the frequency of
its occurrence as the carboxyl component of a hydrolyzed bond (see text).
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"Expected" values which might be observed simply on the basis that any
particular emino acid will sppear in any pbsition In direct proportion
to the total number of.amino acide of that kind available. For exsnmple,
of the total 910 residues available, 78 (8.6%) are alanines. VThus, one
would expect 4 (8.6% of L6) amino components (NHL positions) assoclated
with Group II residues at COL to be alanines.

In order to eliminaté the dominant effect of vacant positions in
hindering the hydrolysis of the highly suéceptible Group I resldues, NHL
"Found" values for the cases where a Group I résidue occuples the COL
position but hydrolysis is‘not observed (Group -I), do not include NHL
residues which were carboxy-terminal or NH1 residues which were associ-~
ated with amino-terminal COl residues. MQreover; it was necessary to
reduce the total number of each amino acld by an amount corresponding to
the number of times that residue appeared as a carboxy-terminal residue
(because of, for exemple, a 'previous" cleavage). Thus, the "Expected"
values for the Group -I column in Tabie IV are based on this "effective"
number for each amino acid.

| Again, the most significant informatilion concerning secondary spec-—

1fdedty may-be obtained from the listings under Group II (the less sus-
ceptible but sometimes hydrolyzed residues) and Group -I (the "non-hy-
drolysis of highly susceptible residues). These data indicate that a
few types of residues appear to have a favorable effect on hydrolysis

of a peptide bond when they occur as i aubne component.(NHlj of that
bond. These amino aclds are found more than the expected number of
times as the amine'components of hydrolyzed bonds in Whidh the éafboxyl

components are Group II residues and less than the expected nunber of
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times as the amine components of unhydrolyzed peptide bonds having

Group I residues as the carboxyl components (Group “I). The three most
favorabie residues appear to be alanine,. lysine and glycine. Valine,
because of 1ts high occurrence in Group IT hydrolyses,migﬁt also be
included. '

Conversely, some amino aclds appear to hinder hydrolysis when
they occur as the amine coﬁponent of the peptide bond. These residues
are found less than the expected number of times in Group II hydrolyses
and more than the expected numbér of times in Group ~I "non—h&drol&ses."
These amino acids are proline, aspartic acid and perhaps hiétidine.

The unfavorable effect of proline as the amino component of a
peptlde bond on the hydrolysis of that bond has been known for some
time. This is a dramatic effect which can be consldered to account for
all of the 3 tyrosine "non-hydrolyses" and 3 of the 7 phenylalanine
"non-hydrolyses." The effect of.aSPartic acid mey be ascribed to the
free carboxylate group although this effect is not observed for glutamic
acid. Confirmation of the secondary specificity of O~chymotrypsin for
the other residues mentioned must awalt guantitative experiments on

sultable model compounds.

c) €02 Position

In Table V, data régardiné the possible secondary sPecificity
towards CO2 residues are presented. The data are presented in the same
menner as in Table IV, except that the effect of vacant positions is
eliminated for the Group I and Group II cases as well as for the Group
~I case. "Expected" values were bésed on an "effective" number of each

‘amino acid (based on consideration of the number of times that amino



TABIE V

The Secondary Specificity of CG-Chymotrypsin: N-Acyl Component

—_

Total Effective® 9roup21 Group II Group -I®
Number " Total SO T co2 T e 5
Residue in Proteins Number . Found Expected Found Expected Found Expected
Alanine 78 78 15 11 3 L 0 3
Arginine 32 32 i 5 2 2 0 1
Aspartic Acid W 43 6 6 0 2 3 1
Asparagine it 35 6 5 0 2 3 1
Cysteine 22 (1h)°¢ 21(13)° 1(1)¢ 3 0 1 1 1
Glutamic Acid kg e 8 7 0 3 2 2
Glutamine - 26 L L 2 1 2 d
Glycine AN 70 g 10 2 b 0 2
Histidine 32 22 L 3 1 1 5 1
Isoleucine 27 25 L L 2 1 0 1
Leucine 72 . 3l o 5 3 2 2 1
Lysine 76 a 7 13 10 9 L 0 3 3
Methionine o 1k(k) 8(2) 1 1 0 0. 1(1) 0
Phenylalanine ko 9 B 1 0 0 0 0
Proline 36 36 3 5 N 2 1 ;4
Serine ) 67 . 66 8 10 2 L b 2
Threonine ' 67 63 12 9 4 L . | 2
Tryptophan 11 0 0 0 0 0 0 - 0
Tyrosine 32 5 0 0 0 0 0 0
Valine ' .. 6k 62 9 9 8 L I 2
Total 910 - 5k 112 L3 26
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TABIE V--~continued
®No hydrolysis with'Group I resi&ue at COl position.
bNumber of residues expected at this posilition in the absence of
any specifieity. Obtained by multiplying the total number of residues
of any particular amino acid by the total number of residues found at
that position/total effective number of residues.
cFigures in parentheses refer to cystelc acid.

@Figures in parentheses refer to methionine sulfone.

C'EPfective” number of each amino acid based on the frequency of
its occurrence as the carboxyl component of a hydrolyzed bond.
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acid appeared as an amino-terminal residue). Also, because of the
demonstrated negative effect of proline at the NHL position, CO2 resi-
dues involved in éeqﬁences with proline at the NH1 position were not
included in the Group ~I column.

Again, comparison of the dafa for Group II and Group ~I occur-
rence suggests that some residues at the €02 position (penultimate to
the carboxyl component of the peptide bond in question) are particularly
effective in promoting hydrolysis whille others hinder it. Ljsine,
valine, proline and isoleucine, when present at the CO2 position appear
to favor hydrolysis, while aspartic acid, asparagine, histidine and
gserine at thils position appear to hinder it.

Some qpantitativé experiments on model compounds, described in
Part II of this thesis, represent a limlted but moderately successful
attempt to confi;m the €02 secondary specificity pattern described
above. |

Perusal of Tables IV énd V reveals that all conclusions regarding
secondary specificity'must be consldered tentative at this time. The
" results are suggestive and the approach may be frultful, but it is clesr
that a much larger sample is required before more definitive conclusidns
can be reached on the basis of statistical analyses. As a result of
the currenfly accelerating rate of sequence determinations, and particu-
larly the quantitative studies of enzyme kinetics with proteins of
known sequence (32,%3,34,35), the necessary data msy soon be availsble
for a definition of the secondary specificity.of O%chymofrypsin‘and

other prbteolytic enzymes.
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ITI. THE STRUCTURAL SPECIFICITY OF Q-~CHYMOTRYPSIN:

N-ACYTLATED PEPTTIDE ESTERS VAS SUBSTRATES
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INTRCDUCTION

As an initial attempt in the study of model substrates which
closely resemble the natural protein agd polypeptide substrates of'
C~chymotrypsin, a seriles of‘Nmacylated amino acld methyl esters, In
which the N-acyl group consisted of a varying number of glycine residues,
wes synthesized. The O-chymotrypsin-catalyzed hydrolyses of these pep-

tide derivatives were studied. The model compounds were of the form (I):

CH5CO (NHCH2CO )xmatcl;rlc:oacm3
Rz

where the carboxyl-terminal residue was L-alanine (Rg‘= ~CHgz), L—-valine
(Re = -CH(CHz)2) &and L-leucine (Rz = —~CH2CH(CHsz)z) and the number of
glycine residues in the peptide chain wae varlied from zero to three
(Lege, x = 0,1,2,3). |

In a further study, the O-chymotrypsin-catalyzed hydrolyses of a
- number of N-acetylated dipeptlde esters were examined. These substrates

were of the form (II):

CHSCONH$HCONH?HCOECH3
R,  CHoCH(CHsz)2
II

where the carboxy-terminal residue wag L-leucine and the amino~terminal
. resldue was varied throughout a series of amino acids.
Although both these studies represent an Investigation of the p;

locus (i.e., the locus at the active site which interacts with the
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R; CONH- group of & substrate of the form R;_CONHCHRECOR;,) they wlll be
discussed in separate lsections. The results obtained will be discussed,
insofér as 1t is possible, in terms of the kineticlschemes and spécific-
1ty theories described in the‘ Genersal Introduction. They will also be
compared with data of other workers and with the qualitative specificity
trends for polypeptlde substrates described esrlier in this disserta-

tion (Part I).



....55...

RESULTS AND DISCUSSION
\\

SECTION A:

N-Acetylated Peptide Esters Containing Glycine Resldues

Data

In 1960, Braunholtz and Niemann (1) reported the kinetic pareme-
ters for the O-chymotrypsin-catalyzed hydrolysis of N-acetylglycyl—-L—
tyrosine hydrazide and compared them with the previously obtained data
for N-acetyl-L-tyrosine hydrazide (2). These data are presented in
Table I. The authors concluded tﬁat, for these two substrafes, the
kinetlc parameters were identical (within experimental error).

In an experiment performed in these laboratories, ﬁbnes determined
the kinetlc parameters for the O~chymotrypsin-catalyzed hydrolysis of
N-acetylglycylglycine methyl ester (5). These results, as weil as the
parsmeters obtained for N-acetylglycine methyl ester (recalculated by
Ingles and Knowles (4) from data of Wolf, et al. (5)) are shown in Table
I. Comparison of these data indlcates that the N-acetylglycyl- derivative
is slightly less reactive (using kO/KO as a criterion) than the N-acetyl-
substrate. Thus, from the above results, 1t might have been concluded
that substitution of.an N-acetylglycyl~ group for the N-acetyl- group
in N-acetylamino acid derivatives (if it had any effect at all) re-
sulted in & reduction of reactifity.

Results obtailned by Yamashita and co-workers, however, indica£ed
that the above coneclusion might ngt bg generael. Yamashita determined
and compared therkinetic parameters for the thhymotrypsin—catal#zed

hydrolyseé of N-acetyl-L-tyrosine amide and N-acetylglycyl-L~tyrosine
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TABLE- I
Compsarilson of the &-Chymotrypsin-catalyzed Hydrolyses of

Some N-Acetyl- and N-Acetylglycyl— Amino Acid Derivatives

ko X, k / K

Substrate sevc“'.L m M l_Vl__nlsec—J‘ Ref.

Behaediplofe tiproRias 0.076+40.014 | 29.5+ 6.0|2.6 +0.2 | 2 -

hydrazidea
N-Acetylgly cyl—}_—ggzzﬁze 0.076+0.01k| 22 + 9 |3.5 +1.3 | 1
N-Acetylglycine methyl ester®  |0.046 300 0.15 4,5
T-Acetylglycylelycine nethys  1o,21 +0.0k [2100 500 {0.1040.01| 3
N-Acetyl-L-tyrosine amide® 1.16 153 7.6 | 6
N-Acetylglycyl-L~tyrosine amide® 0.095 2+TT 34 6

8‘25°, pH 7.9@, ‘bﬁffer' containing 0.02 M Tris component.
525", pH 7.80, buffer containing OI.OE M Trils component.
®25°, pH 7.9 , 1.9% M NaCl.
d25°, pE 7.9 , 0.1 M NaCl.

?30°, pH 7.80, ‘buffer containing 0.1 M phosphate component.
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amide (6) and found a substantial increase in reactivity for the latter
substrate. These data are glso displayed in Table I. It must be noted,
however, that Yamashita's published data did not include any estlmate
of the error assoclated with the paremeters determined for his sub-
strates. As dilscussed later in this thesis (p.122), the kinetic parsme-
ters for Yamashita's substrates have been recalculated using his litera-
ture data and a computer least—squafeé analysis‘which ylelds an estimate
of the standard deviations associated with the parameters. This re-
evaluation yilelds the followlng values: N-acetyl-L-tyrosine amide,
kO/KO = 7.5+ 0.2 4" sec ™’ and N;acetylglycylf&—tyrosine amide, ko/Ko =
b + 60 M sec™ . These values may be compared with those obteined by
Yamashita of 7.6 Mrl sec © and 34 y:l sec—l,rrespectively; Thus the
apparent 4.5-fold increase in reactivity for the N-acetylglycyl- sub-
strate (as indicated by Yamashita's k /Kl data) is not significant be~
cause of the large (> 100%) standard deviation in the k /K value for
one of the two substrates compared
| Research of Kunitake in these laboratories (9) did, however, in-
dicate a substantial increase in reactivity when the N«acetle groups
of N;acetyl~£¢alanine and N—acetylﬂgrvaline methyl esters were replaced
by N—acetylglycyl—_gfoups.: The kinetle parameters for these latter sub-
strates were redetermined as part of the preSent study (Table T
The.purpose of the study descrilbed herein was to determine the
magnitude of the effect of lengthening the peptide chain (at least in
one direction with respect to the hydrolyzable bond) on the kinetic
parameters for G#chymotrypsin—catalyzed hydrolysis and to observé the -

extent of this effect. It was hoped that this study might yleld some
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further Information concerning the nature and size of p;, the binding
locus complementary to the N-acylamino- function of model substrates.

The cholce oflsubstrates for thls study was dilctated in part by‘

- consilderations of é practical nature. ' Esters rather than amides were

' chosen for two main reasons. In the first place, the much greater re-
activity of the methyl esters of N-acylated amino acids (as compared to
the corresponding amides) permitted the study of substrates over a larger
range of reactivity (using the convenient pH-stat tephnique)'than could
have been afforded with the less reactive amlde substrates. 'Thus, it
wa.s possiblé to study the aforementioned effects on substrates ranging
from the intrinsically very poor Lrélanine substrates to the I-leucine
substrates which are about 1000 times more reactive and which may be
considered as approximste models for the "specific" substrates of O~
chymotrypsin. Secondly, cholce of the ester also enabled one %o be
confident that hydrolyéis would occur only at the ester linkage and not‘f
at a peptilide bond because of the much greater susceptlbility of_the
ester linkage. This problem is not of gréat importance in this particu-
lar study because of the Intrinsically low reactivity of the glycyl pep-
tide linkage, but becomes increasingly lmportant in the study of di-
peptide derivatives described later (p. 89).

Glycine residues were chosen to lengthen the peptide chain pri-
marily fof synthetic reasons. This choice also minimized the possibil-
ity of non-productive binding of the type discussed 1n the stﬁdy of di-
peptide derivatives (pp. 91;\.-112')._

The experimental conditions and the kingtic parameters-obﬁained

for the C~chymeotrypsin-catalyzed hydrolyses of the substrates considered
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in this study are shown in Table II. With the one exception noted be-
low, all kinetlc determinations were carried out with a range of sub-
strate concentrations such that reasonably accurate separation of the
parameters, ko and Ko’ could be effecﬁed.

Because of the relatively low solubllity of N-acetylglycylglycyl—
glycyl-L-alanine methyl ester and the relatively high concentrations
(ca. 100 n@f) required to obtaln accurate separation of the two kinetic
parameters, ko and Ko’ it was possible to accurately determine only the
value of the ratio ko/Kb for this substrate. By carrying out the kinetic‘
determination Iin a concentration range where [S], the concentration of
substrate, 1s much less than Kb, the initial rate of the reaction is

given by:

¥, (kO/KO)[EJO[S]O (1)

Evaluation of the rate at {S]O = 1.02 and 0.51 mM indicated that indeed
the initilal rate (vo) was directly proportionsl to [S]0 and the value of

kO/KO = 27 % 3 Mt sec™ was obtained.

Effects of Structural Changes on the Kinetic Parameters

In Table III, the kinetic data of Table II is presented relative
to the N-acetyl-L-amino acid methyl esters considered sy X =‘O).
Thus, the effects on the kinetic parameters of lengthening the R; group

in the form of an N—acetylﬁted glycine~peptide chaln may hbe oBserved and

TExamination of the Kc values of . the other substrates in Table II

suggested that Kb for this compound should be of the order of 100 mM,



TABIE II

The G—Chymoﬁrypsinmcatalyzed Hydrolyses of Some N-Acetylated Peptide

Methyl Esters Containing a Varying Number of Glycine Residuesa

SUBSTRATE
1 1
CHgCO (NECHzC0 ), NHCHR2(Oz CH; — [s], [E], 12; . k K, L

L mM 10" 'M Expts. sec T mM _‘—:Lsec":L
X Re j
o? b5 - 36k '170 — | 1.26 +0.03 | 739 + 28 1.71 + 0.06
1 s 2h.5 - 195.6 31.7 |11-0 |2.1 + 0.4 |2k2 4+ 63 5 x2 !
2 5.8 - 46,3 [59.6 | 90 |k.2 +0.3 |16l +15 26 +1 ©
# - — |z = b o1
o° — | — |o1s5 +o0.01 |12 412 1.34 + 0.11
£
1 O (CHa )2 7.10 - 56.8 z2 9-0 |0.36 +o0.02 | 26 & 2 15.8 + 0.8
2 0.59 - L4.69 26 9-0 |0.16 + 0.01 3.7 + 0.k 4z + b
3 2.1 - 16.6 [130 11-1 | 0.135 + 0.009| 11.3 + 0.k 38 . +1
g 0.65 - 5.0b | 3.6 |80 |46 +0.3 | 2.9 + 0.3 | 1600 + 100
o emcH(CHS)s B89 = 257 0.40 |13-0 | 7.7 £ 0.5 1.2 + 0.2 | 6500  + 800
2 0.10k- 0.831 [ 0.27 |11-0 [12.8 + 1.k 0.k1 + 0.10 [31000  +7000

0.173- 1.557 | 0.133|11-0 [13.8 + 1.0 0.73 + 0.12 [18800  +2800
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TABLE IT--continued

®In aqueous solutions at 25.0°, pH T.90 + 0.10, 0.10 M in’ sodium
chloride.

bSubstra‘bes considered are the N-acetyl, N-acetylglycyl, N-acetyl-
glycylglycyl-, and N-acetylglycylglycylglycyl~ derivatives of L-alanine,
. L-valine and L~leucine methyl esters. The subscript x refers to the

number of glycyl residues. :
®Number of - experiments performed for evaluatilon of k and K . The

second number refers to those rejected by the statlstical reitera%ive
procedure used in this evaluation.

Sparameters determined by Jones, et al. (7).

®Parameters determined by Wailte and Niemann (8).

T parameters determined by Kunitake (9).

8parameters determined by Hein, Jones and Niemann (10).

“Tne paremeter k_/K_ was determined as described in the bext
p. 57 ,

Based on a molecular weight of 25,000 and a proteinrnitrogen
content of 16.5% for G~chymotrypsin.
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TABLE ITI
.Kinetic Parameters of Table II Expressed Relative to Those

for the N-Acetyl-L-Amino Acid Methyl Esters

Substrate Relative Relative Relative
a = B a
CHaCO (NHCH2CO ) NHCHR2CO2CHg k) K, - k /K
x Ra
0 1.00 + 0.02  1.00 + 0.05 1.00 + 0.05
) 3 2.5 + 0.5 L.6 + 0.5 15 + 1
3 % el 16 2
0 1.00 + 0.06 1.0 + 0.1 1.0 + 0.1
1 2.4 + 0.1 L.3 + 0.7 0. +1
2 ~CH(CHa)z 1.1 ¥0.1 30 X7 2. %3
3 2.9 + 0.k 10 * .1, 28 + 3
0 1.00 + 0.06 1.0 + 0.1 1.0 + 0.1
i LT = OB 2.4 + 0.k L.o + 0.7
2 ~CHzCH(CHa)2 378 ¥ 0.3 7T T2 19 I35
R - 3.0 + 0.2 L.o + 0.8 12 +2

aFrom data of Teble II.
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comparlsons may more easily be made. The magnitudes of this effect on
ko, on E; (i.e.,'the reciprocal of Kb and thus & direct measurelof ef-
fectiveness of binding) and on kO/KO are displayed.

a) Effects on k /K
o’ o

The observed effects on the barameter ko/Ko will be discussed
first. As explained in the introduction, ﬁhis ratio of experimentally
obtéined parsmeters has certaln advantages for interpretative purposes
(i.e., kb/Kb = kg/KS for both the simple and acyl-enzyme schemes).

According.to the Bender-Kézdy specificity theory (11), variation
of the R; group-(i.e., the acylamino group) of & trifunctional model
substrate with the same side chain (Ro grbup) and carboxyl function
(X or CORa) should affect the kO/KO ratio in a manner which 1s independ~-
ent of the nature of Ry and X. Expressing this in a relative'manner,

we obtain:

(ko/Ko)BlReX
(ko /KQ ) Rl OB:EX

- s, @

where RigRoX refers to some reference substrate, Ryo 1s some reference
- Ry group and S;;f'is a constant for a particular R; group (relative to
the Ryg group) which 1s independent of Rp and X. Values of 8;1 for the
N-acetylglycyl-, N—acetylglycylglycyl— and N-scetylglycylglycylglycyl~
groups (referred to the N-acetyl- group as Ryg) are glven in Table IV .

(date from Tables I and II).

fS§l is the antilogarithm of the Bender-Kézdy substituent constant

SR1 (see General Introduction, p. 14).
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TABILE IV

Bender—Kézdy S; Values for Three N-Acylamlino Groups&
l F

By Re X | - sﬁlc
( -H —-C02CHa BT
R ~C02CHg 5 + 1.
~CH(CH3)2 ~C02CHz 10 +1
AcglyNE— {  -CHzCH(CHa)z ~CO=CHa 4.0 + 0.7
~CHzCgH40H ~CONHg 5.7 + > 100%
\ ~CHaCgH4OH —CONHCHz 1.k + 0.5
~CHg ~C02CHs 15 +1
AcglyglyNa— . =CH(CHa)z ~C02CHy | 2+ 3
| —~CHzCE (CHa) 2 ~C02CHg 19 x5
~CHz ~002CHs 16+ 2
AcglyglyglyNa— - ~CH(CHz)z2 -~ =COzCHs 28 + 3
~CHzCH(CHz)2 ~ ~CO2CHa 12 +2

%Data from Tables I and II.

bR;L groups considered are as follows: AcglyNH— = CHaCONHCHoCONH-;

AcglyglyNH- = CH3CONHCHoCONHCH,CONH-; AcglyglyglyNH- =
CH5CONHCH- CONHCH=CONHCHo CONE—~ .

e

s;l defined as in the text (p. 61) for Rio = CHzCONH- .
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If, for the moment, only the data for the L-alanine and L-~leucine
derivatives are considered, 1t is observed that the values of Sgl ob-~ |
tained from these data are essentially equal (within the calculated
error) for all three Ry groups considered. It is interesting to note
that although the S§1 values obtalned from the L-valine substrates are
high, they are all ﬁniformlz high by a factor of about two. The value,
of S§1 for the N-acetylglycyl—- group,obtained from the L-tyrosine amides,
appears to agree quite favorably with that obtained from the L-alanine
end IL-leucine methyl esters but it is obvious that the very_largé error
associated with the former value eliminates its significance. If the
average S§1 value for Rl=N—acetylglycyl—‘obtained from the L~alanine
and Efleucine‘methyl estefs is assumed to represent the true value, then
certainly the values obtalned from the glycine methyl‘esﬁers and the I~
tyrcsine hydrazldes must be considered anomalous.

At first glance, 1t may eppear tha£ there is relatively little
Justification for assumingrthat the Bender—Kézdy relationship holds'

- for these data. However, the success of this treatment iﬁ cther in-
stances (li) and the felatively good agreement for values obtained
from the L-alanine and L-leucine methyl.esters makes 1t worthwhile to
treat the date obtained in this way and assuming the L-alenine- and L~
leuciﬁe—derived‘values to be the true values, to discuss possible reasons
_ for the deviations of the other values obtained.

| Thué, explanations for the following observations must.be pre-
sented:

Ry
glycine methyl ester data 1s extremely low.

1. The S¥ wvalue for Ry = N-acetylglycyl- obtained from the
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Ry
for the L-valine methyl esters) are all uniformly high by the same

2. The SX¥ wvalues for the three R; groups, obtained from data

factor.

5 Thg N;acetylglycyl— S§1 value obtained frbm data’for the ET'
tyrosine hydrazides is low.

A reasonable explanation of the glyecine derivative diécrepancy_
involves consideration of multiple binding modes. The experimental
dats (Tables I and IV) indicate that the replacement of the N-acetyl-
group of N-acetylglyclne methyl ester\by an N—acetjlglycyle'group ac—
tually‘decreaseé reactivity (i.e., S¥ < 1). This beﬁavior is in direct

Ry
contrast to that observed for the other derlvatives studled (i.e.,\S* >
‘ 1

R

1). It has been suggested (12,13) that the bifunctional substrate, N-
acetylglycine methyl ester, because of>its léck of a side chain (and
thus a center of asymmetry) msy bind to the enzyme in several modes; two
of which are of major Importance and both of which may be productive.
This is in contrast to the-trifﬁhctional substrates which, althouéh
they may have several binding modes, have only ggg_productive mode
(14,15). The two productive modes (ES; and ESp) for N-acetylglycine
methyl ester are illustrated in Figure 1l and are characterized by Ri-pi,
Ra-ps and by Rl—Dg,-Rs—Ds interactions, respectively. Neither of these
modes places a group larger than hydrogen in Py and thus, from one of
the'postulates of the Hein-Niemann theory (15), both msy be productive.

The kinetic scheme for the case of two productive modés is pre-

sented below:

kyy
L 2 3 E+P (3)
Kio _ ¥z

E + 8 H___Hi;m ESz :
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Py Ay
e ' H
p1 Ri — COzCHs psa p1 E CO=CHz ps
H | Ry
Pz - : : P2
ESy ESp

Productive Modes for N-Acetylglyeine Methyl Ester
Ry = CHsCONH~

Figure 1

A kinetic analysls of such a kinetlc scheme leads to the familiar
Michaelis~Menten rate equation (equation l, p. %) The.observed param-—

eters have the following interpretations:

K _ K '
s1 " s2 ‘ [ E2i | koo
K " TR (he) K *(K““"* — X, (k)
s1 52 s1 s2
where K_ =k _ [k and X _ Sk _ /k
- Tea —-11" 11 = -12/ T12
B ' g ko/Ko = kzl/K51 N kéz/Ksa _ (5)

From equation 5, it 1s therefore evident that if both kal/Ksé and
kgz/Kse are of comparable magnitude then ko/Ko will be greater than it

would be 1f only one productilive mode were avallable.
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‘For the case of N-acetylglycylglycine methyl ester , it will be
assumed that one of thekproductive‘modes of Figure 1 (i.e., ESp) is not
available. This substrate contains a large R; group,. the size,oflwhiéh
should prevent effectiveRi-pz interaction. It has been shown (16) that
the pe locus is of limited size and that it contains some steric obstruc-
tions. Thus, tﬁe_above assumptiqn is not unreasonable.T

If N-acetylglycine methyl ester has a productive mode (ESz)
avallable to it which Nkacetylglycylglycine methyl ester has not, it is
quite ?eésonable to expect that the ko/Ko value for the former substrate
might be gfeater than that for the latter.

Using the followlng approximate data (from Table I) and employing
some assumptions based on ﬁhe kinetic behavior of the corresponding L~
alanine and L-leucine derivatives (Table II), the values of kal’ kaa’

Ksz and Ksz for N-acetylglycine methyl ester can be approximated.

Kinetic Data for Two Glycine Methyl Esters (from Teble I)

- | k%,
Substrate ko(secﬁl) Ko(mM) (mMrlsec—l)
N-Acetylglycine methyl ester (4,5) 0.045 300 0.15 x 10~
N-Acetylglycylglycine methyl 0.21 : 5100 0.10 X 10*3

ester (3)

TIt‘is possible that Ri-pzinteraction (where R; = N-acetylglycyl-)
might ocecur but that such a mode, because of steric or other interac-
tions (e.g., hydrogen-bonding), might disorient Rz at ps. This situa-—
tion would result in a decrease in kpp and an increase in Ksp, yielding
an overall decrease in the productive nature of the ESy complex. .
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‘Assuming that the onl& avallable (or important) productive com—
plex for N-acetylglycylglycine methyl ester is fhat involving Ry—p3
interaction (i.e., ES; of Figure 1 where Ry = CHgQONHCchoNHm) an.esti;
mate of the value of k21/KSl for the ES; productive mode of N-acetyl—
*

glycine methyl ester can be obtained. The average SR
- ©oha

Nuacetylglycyl—) obtained from the L-alanine and IL~leucine data of

value (for Ry =

Table IV is h.f. If it is assumed that the kinetic behavior of the
glycine substrates (in the ESy productive mode) parallels that of the

corresponding I~alanine and I-leucine derlvatives as Ry 1s varled, then:

ko1 _ (ko/Ko)Ac—glygly—OCHsf_ 0.10 X 1072
h * = .5

X
81 SRJ. . . ' (6)

= 0.022 X 102 oM * sec™*

From equation 5 then,

koo

I

0.15 X 10”2 —0.022 x 1072
SE‘ '

0.128 X 107% mM *sec™t o | (7)

These wvalues in@icate that the ESs productive mode (Rl—pg, Ra-p3 inter-

| actions) contributes more to the kO/KO value for N-acetylglycine methyl
ester than does the ES; mode (Ri~p1, Ra—ps interac£10ns),

| From the aferage of the L-alanine and L-leucine data of Table III,

it 1s observed that KO for the Nuacetyl~rderivaﬁive 1s approXimately 24T

times that for the N-acetylglycyl- derivative; With the use of this

TAc~glygly~OCH3 = N-acetylglycylglycine methyl ester.
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value and the KO value for N-acetylglycylglycine methyl ester, Ksl (the
dlssociatlon constant for the ES; complex of N-acetylglycine methyl

ester) may be obtained:

K ®S2.7TXK

s o Ac-glyegly—-0CHg
= 2.7 X 2100 mM. ' (8)
= 5700 mM.

Substitution of this value of KSl.into equation 6‘yields a value of

kpy = 0.13 sec™>. Substitution of Ky, = 5700 mM end K = 300 mM into
equation U4a yields a value of KS2 = 317 mM, and from thisllatter value
and equatlon 7 a value of kop = 0.04L sec ™ 1s obbained. |

" A pummary of these calculated values is glven below:

-1 o R _ -3 i -1

k,, = 0.13 sec 3Ky =5700md k, /K, = 0.022'X 10"~ mM “sec
% ~ o B -3 =1 -1

kpp = 0.04L sec 5 K, =31TmM ; ky,/K  =0.128 X 107" mM “sec .

The value of KSl_(STOO mM) obtained from this treatment ié, of
course, much higher than the observed KO value (i.e., 300 mM). The
abnormally lovab value for N-acetylglycine methyl ester has never been
1sétiéfactorily explained.T In a paper dealing With-N~acetylated amino
acid derivatives containing normal allkyl side‘chains, Jones-observed
that Ko increased with decreasing number of carbon atoms in the side

chain (7). However, the K velue. (300 nM) obtained for N-acetylglycine

1_Woli‘, Wallace, Peterson and Niemsnn (5) presented an explanation

based on substrate activation via a ternary complex but recent calcula-
tion of the kinetic parameters for N-acetylglycine methyl ester (4) casts
conslderable doubt on this interpretation.
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methyl ester (no carbon atoms in the side chain) is considerably less
%

than the vaiue (ko mM) ébtained for N-acetyl-L-alanine methyl ester
(7) (one carbon atom in the side chain). Jones found a correlation be-
tween the values of log Kb and the number of side-chain carbon atoms
for this series of substrates. Such a correlation is reproduced in
Fligure 2. Both the observed Kb ?alue and the.calgulated'KSl value for
N-acetylglycine methyl ester haﬁe been Included in this plot. 'The cal-
culated KSl‘value follows quitebpicely the trend observed for the tr;—- |
functional homologues. Further support of the results of the above
treatment is found in Rapp's study of the stereospécificity of O~chymo—
trypsin—catalyzed reactions (15). From comparison of the kinetic be—‘
havior of bifuﬁctional substrates with that observed for the D-antilpodes
of trifunctional substrétes, Rapp concluded that the ESp mode (i.e., |
Ri-pz, Ba—~ps interactions) was a major contributor to the reactivity of-
simple N-acylated glycine methyl esters.

-Because the S;l valﬁes obtained from the L-valine derivativés
(for the N-acetylglycyl-, N-acetylglycylglycyl- and N-acetylglycylglycyl-
glyeyl- groups).are uniformiy about twice as high as those obtained from
the corresponding L-alanine and L-leucine derivatives (Table IV), it is
suggested that some factor (peculilar to the };valiné derivatives) is
operable in the change from the N-acetyl~ to the N—acetylglycyl— compound.
A negative reactilvity factor associated with N-acetyl-L—valine methyl
ester (but not present in the corresponding L-alanine and I_._—véline sub-
strates) which is somehow relieved in the Néacetylglyéyl~ compound ,
represents one such possibility. A.B%branching.effect has been>invoked

(8) to account for the low k§ value (0,15 sec ™) of N—acetyl~£rvaline
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EFFECT: OF LENGTH OF SIDE CHAIN ON LOG Ko
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Number of Carbon Atoms in Side Chain

Figure‘ 2
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methyl ester and it has alsc been suggested that this effect produces
steric hindrance to binding, thereby increasing KO’ This effect is
useful in explaining the fact that N-acetyl-L-leucine meth&; ester has
& k value 30 times greater (and a X, value 40 times lowef) than the
corresponding L-valine derilvative (198) vhereas a similar structural
change (i.e., insertion of a methylene group) in the homologous un-—
branched side chain substrates (i.e., L-norvaline to Lﬁnorleucine) re-
sults only in & three-fold increase in ko and a 1.5-fold décrease in |
Ko (7). 7 : : :

One of the important factors in determining the relatively low
K value (2.9 w1 (10)) of N-scetyl-L-leucine methyl ester is the afidie
larity of its side chain to the benzyl side chain of the corresponding
L-phenylalanine derivative (K.O = 0.62 oM (16)). This similarity is iiH
lustrated in schematic representaﬁions of the binding of these two éﬁb—
strates at the active site.(Figures 3a and 3b). The steric obstrue-—
tions to binding of P-branched substrate (e.g., & valine derivative)
are also indicated in this set of figures. Two possible ways in which a
valine derivative might be bound at the active site are illustrated in
Figures 3c an@ 3d. In the first of these (as represented in Figure 3c)
the Rl—pl and Rs-ps interactions are optimized at the expense of the
Ro-po interacfioﬁ (as indicated schematically by a rotation of the -
carbon-carbon single bond). In the second (Figure 3d), N-acetyl-L-valine
methyl ester is bouﬁd such that the Ro-pz interaction more cl&sely re—
sembles that of the leucine side chain with this locus. Such an inter-
action, however, can only be accomplished at the expense of theﬂRl—pl

and Ra—ps3 interactions. It is suggested that, for N-acetyl-L-valine
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SCHEMATTC REPRESENTATION OF BINDING CONFIGURATIONS

H | Ho
CHC ONH=C—CO,CH, CH.CONH—C—CO,CH

N-acetyl-L-leucine methyl ester.

N~-acetyl- L—phenylalanine methyl ester.

N-acetyl-L-valine methyl ester (energetically unfavorable).
N-acetyl-L-valine methyl ester (preferred).
N-scetylglycyl-L-valine methyl ester (preferred).

o0 o

Figure 5



.
methyl ester, this latter combination of interactions may result in a
binding mode which is enefgetically more favorablé than that represented
in Figure 3¢ (i.e., with optimum Ry-p; and Ra-pa interactions), This.is
consistent with the low ko value‘and the high Ko value for N—acetylfé—l
.valine methyl ester. It 1s further suggested that because of thg in-
creased lmportance of the Ry-pi intefaction,fin the case of the dipeptide
derivative (N—acetylgiygyl—éfvaling methyl ester), the preferred config-
uration for binding is that represented in Figure 3%e. This configura- -
tion, with a diminished Ro-p2 interéction (as compared to Figure Ed) but
optimal (or close to optimal) Ri—-p1 and Ra—p3—interactidns is similar
‘then to the less—preferred configuration (Figure fc) for N-acetyl-L—
valine methyl ester. Thus there should be sn extra oriéntation effect
on Rz (as compared with‘the corresponding L-alanine and L—-leucine sub-
strates) when the N-acetyl- group of N-acetyl-L—valine methyl ester is
replaced by an N-acetylglycyl- group. This should result in an increase
in ko greater than that which would be expected from the behavior of the
L-alanine and L-leucine derivatives. This is what is observed. The k
value for N-acetylglycyl-L-valine methyl estef is E;M times éreater than
that of N-acetyl-L-valine methyl ester while the increase for the cor-
responding l-~alanine and L-leucine derivatives is only about l.6—f61d
(Teble ITI). |
The direction of the effect on Kb is not quite so clear. From

Table III, the increase in R; (%.3-fold) is slightly more than would be
expected on the basis of the data for the corresponding L—alanine and
L-leucine derivatives (3.0- and 2.47fold increases, respectively),
This would be pdssible 1f the increased contributions to binding of

the Rj-p1 and Rs-pz interactions in the N-acetylglycyl- derivative more

than compensated for the decreased Rz~ps interaction.
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The low value.ofsgl (for Ry = N-acetylglycyl-) obtained from
date for the Lrtyrosine‘hydrazide substrates (Table I) is moét diffi-
cult to explain. Braunholtz and Niemann (1) were certainly Justifiéd‘:
in concluding that the kinetic paresmeters for the two substrates studied
were identiéal within experimental error. 'Although the parameters for
thertwo substrates were determined under slightly different conditions
(i.e., N—acetyl~éftyrosine hydrazide at pH 7.9 and N-acetylglycyl-IL—
tyrosine hydrazide at pH 7.8) 1t is highly unlikely; from what 1s
known concerning pH»—effects ‘(17,18), thet thils small pH difference
coﬁld account fér the rather large S§1 disérepancy.

An attempt has been.made to treat the experimental data of this
and other pertinent sbtudies in terms of the Bénder~Kézdy specificlty
theory. ZFor the data avallable, a reasonably good correlation has been‘
obtained and explanations for the deviations have been suggested. It
1s necessary, however, to realize ﬁhat the above-mentioned specificity
theory is only an approximate model and that its success rests on =&
number of assumptions (11). One of these assumptions, that 1s, that

the binding interactions considered are completely independent of each

other, although it represents a reasonably good approximation, seems to

~be somewhat gquestionable. The explanation offered for the I~valine
discrepancy is, in fact, based on the proposition that oﬁe R-p inter-
action cén indeed affect the others.

In conclusion, 1t is worthwhile mentloning that the fit obtained

is very close to the quality obtained by Bender (11) for other R; groups.
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b) Effects on ko and KB

1. Interpretation in terms of the simple kinetic scheme.

The data in Table III indicate that, with the exception of N-
'acetylglycylglycylfg—val1ne methyl eéter, the magnitude of ko.increases
throughout the entire series studied as the length of-Ri is increaséd
by means of insertion of glycine residues. It appearé, howe%er,‘fram
consideration of the IL-leucine seriles, that thils effect is somewhat
attenuated in the tetrapeptide derivative (L.e., N-acetylglycylglycyl—
glycyl-L-leucine methyl ester). The effectiveness of binding (as meas-
ured by K;) appears to increase up to the fripeptide derivatives but,
from the data avallable, thls effect appears to be reveysed for the
tetrapeptide derivatives. These effects are, of coursé, reflected in
the previously discussed kb/Kb ratios which indicaté an increase in re-
activity up to the tripeptide derivatlves and an gttenuation or reversal
of this effect in the tetrapeptide derivatives.

The most reasonable explsnatlon for the observed increase in
‘both ko and R; is that én inecrease 1n the lepgth of the Ry group (in the
form of an acetylated peptide chain) enhances fheR;eplinteraction, re-
sﬁlting in better binding (higher E;) and improved orientation (15)
(higher ko). This is simply a statement of the "better bindiﬁg: better
hydrolysis" hypothesis as expressed by Knowles (19). |

Two explanations are suggested for the observed decrease in
binding in the tetrapeptide derifatives (25 compared with the corres—
ponding tripeptidg derivatives). The first explanstion involves the
postulation of a steric barrier which Interferes with the N-terminal

end of the peptide chaln when the third glycine residue is inserted into
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the chain. This explanation 1s not very attractive fnr the following
reasons: |

1. It is well known that C-chymotrypsin catalyzes, with great
efficiency, the hydrolysis of extremely long polypeptide chains (see'
.Part I of this dissertation). In terms of the.abové explanation, if
the steric éi‘fect were a very restriétive one, additional lengthening
of the peptide chain should drastically decrease binding. Although |
there is a possibility that thils steric barrier is a minpr one and that
a pephtide chain of incressed length would have its binding reduced no
more than that.bnserved for the tetrapeptide derivative, this explana-
tion seems to be intrinsically unsttractive.

2. TFrom the data available, it appears that although binding
does decrease (1.e., KO decreases) kb increases. One mlight expect that
a steric barrier in p; which decreases binding (lowers Kg) would also
negatively affect orientation of Rglin pa resulting in & lowé; ko value,
contraery to what 1s observed. -

Conslderation of the nature of the Ry~-py; interaction masy provide
a clue to an alternste explanation. Neurath and Schwert (EO) éuggested
that the Ry-p3 interaction was influenced by two factors: _(a) hydrogen-
bonding between the peptide linkages of the Ry group and'complementary
linkages in the peptide chéin of the active site and (b) hydrophobic
bonding between parts of the Rj peptide chain and corresponding sub-leoci
on the enzyme. The. results of the present‘study are consistént with
this model and those discussed later (pp. 89-115) provide further sup-—

port for it.
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If indeed the two factors described above (i.e., hydrogen-

. \ :

bonding and hydfophobic bonding) are important in the interaction of
the acylamino- function (Ry) with its complementary locus (pp), then fhe
decrease in binding observed for the tetrapeptide derivaetives can be
explained in terms of a "solvation" effect. It is proposed that there
is a competition between a positive binding effect (due to an increased
number of complementary hydrogen-bonding sites) and a negaﬁive effect
(due to a relative decrease in the hydrophobic charécter of Ry) as Ry
is lengthened by insertioﬁ of glyciﬁe residues.

As will be more fully discussed later (p.lOl) there appears to
be a good correlation between the free energy of transfer of an amino
acid from water to & non-polar solvent (Ath) Sl Whe effackivennms o
binding of substrate derivatives of that amino acid to O-chymotrypsin
(as measured by lég KO). The valués of A“Gt are caelculated from parti-
tion coefficients (the relative solubllities of the amino acids in water
and in orgsnic solvents). It is found that binding 1s enhanced as the
hydrophobic character of the amino acid increases (1.e., as AVGt de-
creases). As will be seen later (p.101ff.), such a treatment cén be
‘applied, with some‘suéceSS, to the results of a study of the Q#chyﬁbtfyp—
sin~-catalyzed hydrolyses of some dipeptide derivatives.l

The free energles of transfer (from water to ethanol) for gly-
cine, glygylglycine and glygylglycylglycine have been calcglated from
data tabulated by Greenstein and Winitz (21) and are presented in Table

V. The values of A Gf were calculated from the followling relationship:

A Gt = ~2.303 RT log

ZI}DZ

(9)
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TABLE V
Free Energies of Transfer of Some Glycine Derivatlves

between Water and Ethanola

Solubllity Solubility Relative c

in Water®  in Ethanol? Solubility = %

Senpiund log Ny° ~ log N, log(NA/NO) kcal.

Glycine -l.2h7 ~4.638 _35.301 b.6h
Glycylglycine | -1,522 -5.889 ~k. 367 5.96
Triglycine —2.241 —7.206 - '-l+.965 6.78
Hydantoic acld —_ — ~0.63%0 0.85
Glycylglycine hydantole écid — = - ~=1.533 2.10
Triglycine hydantoilc acid s s -2.253% 3,08

aData from reference 21.

Psolubilities expressed as logarithms of mole fraction solubility.

®Calculated as described in the test (p. T7).
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where R 1s the universal gas constant (units of kecal.), T is the temper-

\

ature (°K) and NA and NO represent the solubillities of the compound in
ethanol and water, respectively. Solubilities were expressed in terms 
of mole fraction (21).

| From Table V, it is apparent that the free energy of transfer
from watef to éthanol increases as the length of the peptide increases
(indicating a decrease in hydrophobic character). A parallel behavior
for uncharged derivatlves is suggested by Studies‘comparing amino acilds
and the amides of their corresponding O~hydroxy acids (21). 1In these
studies it was found that the difference in Afo values for two amino
aclds was the same as the difference in AsGt values for the ccrrespond-

.ing uncharged Q%ﬁydroxy acid amides. "The A Gt values for the hydantoilc
acid derivatives of glycine peptides (see Table V) alsb_parallel those
for the peptides themselves. Thus 1t 1slreasonable to assume that this
t&ﬁe of behavior would be observed for the N-acetylated peptide methyl
esters of this study. ' | |

On the basis of hydrophobic bonding alone, it would be expected
that effectiveness oflbinding (as measured by‘ig) would ‘decrease as

the length of the peptide Ry group 1s increased by the insertion of
glycine residues, because the hydrophobic character of this group de-

. creases. However, increasing the peptide length of the substrate also
increases the opportunity for hydrogen-~bonding, contributing to an in-
crease in ﬁ;. It is suggested that there is a competition between fhese
two opposing factors and that,although the latter factor (hydrogen~

bonding) is dominant for the di- and tripeptide derivatives, for the

tetrapeptide derivatives, the former factor (a decrease in the hydro-
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phobic character of Ry) exerts its influence to such an extent that a
net decrease in binding is observed. It is also possible tﬁat hydrogen~
bonding becbmes less dmportant for the peptide bonds further from‘the 
carboxy-terminal end of the substrate.

The apparent constancy or slight increase in ko for the tetra-
peptide derivatives 1s consistent ﬁith thls explanation. The decreased
E; values reflect only a shift in the equilibrium from complex to the
free components in water while the increased opportunity for hydrogen—
bonding permits a favorable orientation of the cleavable bond when the
complex is formed. Thus, no decrease of ko need be expected.

The énomalous behavior of the kO and Kb (or E;) parameters for
N—acetylglycylgljcyl~£7valine methyl ester and its éorresponding tetra~
peptide derivative is extfemely difficult to explain, Oﬁ the basis of
the results for the corresponding lL-alanine and L-leucine derivatives
(Teble TIIL), the ko values for the tri- and tetrapeptide-L-valine éeriv~
atives should be about twice that for the correspohding dipeptide deriva~
tive (N—acetylglycyl—g—valine methyl ester). Experimentally (see Table
II) the ko value for the tripeptlde L-valine derilvative is .only one- |
half that for the dipeptide derivative and the value for the tetrapeptide
derivative is only 1.2 times that for the dipeptide derivatives. Simi- |
larly, the f;_values of the trl- and tetrapeptide L—valine derivatives
should be about 2 and 1.5 times greater, respectively, than K; for the
dipeptide derivative. The R% values are, in fact, 7 and 2.3 times
greater, respectively.

As noted before, the changes in k.o/KO for the L~valine di—, tri;

and tetrapeptide derivatlives closely parallel similar changes in this



w B =
parameter for the corresponding L-alanine and L-leucine substrates.
Any explanation for the\observed "abnormal" k and Kb behavior of the
L-valine derivatives must thus be constant with the "regular" behaviof
of the kO/KO parameter. The case of the L-valine tripeptide derivative
may be taken as an example. In comparison with the corresponding IL-
alanine and L-leucine derivatives, the ko and K.O values ére both abnor-
mally low, This behavior might be explalned by an Increased stability
of the productive enzyme-substrate complex and a corresponding increase
in the activation energy required in the step following complex forma-—
tion. Such an explanation would require that the total free energy
changelrequired to form this transition state (for the reaction step
{mmediately following complex formation) from the free enzyme and sub-
strate in solution be exaétly as predicted from analogy with the L-alanine
and L-leucine data. There 1s no a priori reason why this should be so.

The observed ko, Kb and ko/KE behaviors are;however, entirely
consistent with Increased importance of non-productive binding for the.
tri- and tetrapeptide L-valine derivatives. Non-productive binding is
often invoked to explain results where an increase in binding (as indi-
cated by en increase in Eg) 1s accompanied by & decrease in k_ (14,15).
That this situation might prevaill In this particular case is demonétrated“
in a somewhat more quantitative manner by the following calculations.

The following éssumptiOHS'will be made:

15 NFacetylglycyl~£¢valine methyl ester and all of tﬁe L~alanine
and I-leucine derivaetives of this study are bound exclusively in produc-—
tive modes. |

2. The tri- and tetrapeptide L-valine derivatives are bound to

some extent In non-productive modes.
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5. Changes in the kinetic parameters of the productive modes

of these latter two substrates parallel similar changes for the corres~

ponding L-alanine and L-leucine derivatives.

Based on thege assumptions, a measure of the amount of non-productive
binding important in the two substrates in question can be calculsted.
Values of KB can also be calculated as a check on tﬁe validity of this
treatment. '

The equations describing the kinetic parameters EO and Kb for
the case of‘two modes of biﬁdiﬁg (one productive and the other non~
productive) were presented on page 4 of the General Introduction. They

are as follows:

KsI '
k = kg o———r ' (10)
o} KS -+ KSI ; o
X
sl
and KO = KS T T K (11)
<} sl

vhere ks is the spécific rate of product formatlon from the productive
complex and Ks and KSI are the dissoclation constants for the productive
and non-productive complexes, respectively.

In terms of the above assumptions, ko = kp = 0.36 sec”T and
Ko = Ks = 26 mM for N-acetylglycyl-L-valine methyl ester (Teble II).
From the L-alanine and IL-leucine data (Tables II and III), ko for the
productive mode of N-acetylglycylglycyl-L—valine methyl estef should be
about 1.9 times greater than thgt for the corresponding dipeptide derifa—
tive., ‘Therefore, for Naacetylglycylgiycylmgrvaline'methyl estef, ko &

1.9 (0.36) = 0.68 sec” . Substitution of this value of ks and the ob-
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served k_ value (0.16 sec™) into equation 10 gives:

KSI
K +K
s s

= 0.2k (122) K 0.3k, (12b)
I

s

By anslogy ﬁith the L-alanine and L-leucine data, Ks for the tri-
peptide I—valine substrate should.be approximately 0.5 times that of the
corresponding dipeptide derivative. Therefore K 8 0.5 (26) = 13 mM.
Substitution of this Ksrvalue and equation 12a into equation 11 yields
K, = (0.24) (13) = 3.1 aM, a valué which coﬁpares quite favorably with
the observed K value (3.7 + 0.4 mM).

Using the same approach fof N¥acetylglycylglycylgLycyljé—valine
methyl ester and the data avallable from the corresponding Erieucine
substrates (Table II) the following values are calculated: KSI/(KS +
Kgp) = 0.60; Kp = 1.5 K5 X (caloulated) = 11 mM. This calculated K
value compares very well with the observed K velue of 11.3 + 0.4 mM.

-The observed ko, KO and ko/Ka‘behaviors are fhus entirely consis~
tent with éome kind.of non-productive binding which is: (a) not impor-
tant for N—aceiylglycylmégﬁaline methyl ester, (b) very important for

the tripeptide derivative (i.e., K__ = 0.3 Ks} and {c) moderately impor-

sT
tent for the tetrapeptide derivative (i.e., K = 1.5 Ks)' This consis—
tency is indicated<by the excellent agreement between the calculated and
observed Kb_values. However, no reasonable model for non-productive
binding (which would not apply equally well to the L—alanine end I~-leu-~
cine substrates) can be put forward on the basis of the available data.

Although the explanation offered above i1s consistent with the data,only

further experiments will permit definitive conclusions regarding the ob-
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served behavior of the kinetic parameters for these I-valine deriva-

tives;

2. Interpretation in terms of the acyl-enzyme kinetilc scheme.

| it wlll be shown below that the data presented-in this thesis
and that available 1n the literature are not extensive enough‘ or of the
proper type té @ermit any meaningful interpretation‘of the structure-
reactivity effgcts observed in the pfesent study in terms of the aéyl—
enzyme kinetic scheme.

In terms of the simple kinetic scheme, the two kinetic péfameters
ko and Kb faifly‘well defiﬁe the kinetle course of an CG-chymotrypsin-
catalyzed hy@roxysis (see @. 3 ). On the other hand, the acyl-enzyme
kinetic scheme (see p. 5 ) results in considersble ambigulty with regard
to the interpretation of kb and K; and. renders such interpretation much’
more difficult. In general, variation of kb depends on two difficultf
to-determine parameters kg and kg, while KO is a funcbion of ks, kgq and
Ks (see p. 6 P AFﬁr example, an obgerved Increase In ko and. decrease
in Ko can be interpreted, in terms of the simple SCheme; as the result
of enhanced binding and concomitant im@rovement in the orientation of
the hydrolyzabie function. In terms of the acyl—enzymé scheme, however,
this_obse?ved behavior can arise in several ways, as indicated by the
following: |

Ly KS constant, ks invariant and ks increasing.
2. K, constant, both kz and kg increasing with ks increasing

more thean ks.
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B Ks decreasing with:
(a) kz or ks decreasing while the other increases,
(b) ko and kg increasing,

or (c) kz or ks invarisnt while the other increases,

Thus, 1t is‘obvious that, in addition to the evaluation of ko
and Kb’ some knowledge is required of the variation of the parameters
ko, kg and Ks with structural changes for an adequate treatment of a.
structure-reactivity study such as that presented in this‘dissertation.
Such knéwledge is possible only in certain cases. In the case of limit-
type substrates, in which either acylation or deacylation is definitely
the rate—determining step,'some of the ambiguifies mentioned above be-
come unimpoftant. Also, under some conditions, certain esters (e.g.,
the gfnitrophenyl ester) permit the direct determination of ko and ks.
Experiments of this type are, however, fraught with experimental.diffi—
culties.

The proponents of the acyl-enzyme hypothesis suggest (22) that
the above limit cages are represented by two classes of substrates.

On the one hand, a primary amide of aﬁ.écylated amino acid will have
acylation as its rate-determining step. This case is kineticaliy in-
distinguishable from the simple scheme. On the other hand, the methyl
esters of acylated aromatic smino acids (fryptophan, tyrosine and phenyl-
alanine) will aye rabes debermined by the deacylation step.. Even in )
this limit case, in which k = ks and X = (ka KS)/kz, 8 knowledge of

the magnitude of elther ks or Ké 18 necessary for any cbmplete_desaripﬂ
tion of a structure-reactivity relationship. Moreover, deacylation 1é

not completely rate~determining for methyl esters of all N-acylated -
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amino acids. In the case of N-acetylglycine methyl ester, calculations

have heen performed using the experimentally obtained values of ks and
kg for the corresponding p-nitrophenyl ester (22). The results of these
calculations Indicate that, for N—acetjlglycine methyl ester, kp is
conslderably less than kg and thus aczlaiion 1s the rate-determining
step. As the methyl esters of N—acetyl—gfalanine, N-acetyl-L~valine
and N—acefylﬂéﬂleucine are intermediate in reactivity between the cor-
responding glycine and aromatic amino acid derivatives, it is suggested
that, for the former derivatives, neither sfep will be completely rate-
determining.and k2 and kg will probably be of the same order of magni;
tude. |

A very rough éstiméte of the relative magnitudes of ks &and kg
for some of these substrates can be oﬁtained from the kinetic parame-
ters for two esters of the same acylated amino acid. Oné must assume,
however, that changes in Ks for a series of different esters of the
same acylated amino acld are insignificant (i.e,, that Ra dqes not con-
tribute to binding).* |

Consider the methyl and PB-chloroethyl estérs of N—écetyl—;r

norvaline, The kinetic data for these two substrates are given below:

Substrate
—-X
| ko(sec ) KOC@E)
N-Acetyl-L-norvaline methyl ester (23) ‘ ‘ 2.70 . 10.2
N-Acetyl-I~ncrvaline P-chloroethyl ester (23) 3.72 - 0.79

JrThis assumption (an important one in the'BenderuKézdy specificlty
treatment (11)) 1s a tenuous one. In a later part of this dissertation,
evidence is put forward which tends to dilscredit it. Therefore the
results obtained on the basis of this assumption must be viewed with
caution.
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Now,
ks ' : ks ,
KO - ks + kg KS ‘ (158') Ko T kb + k.al KS ,(le)

where the unprimed symbols refer‘to the methyl ester and the primed ones
to the B-chloroethyl ester. From the abéve—mentioned assumptilon, KS=Ké.
Also, because the acyl-enzyme intermediate 1s the same in both cases,

kg = k3. g, ke sheve dubs sl equations 13a and 13b, the following

relationship is obtained:'
0.8 k) - 10,2 kp = 9.k kg (14)

Because ko, ké and kg are all positive numbers, 1t is obvious (from>

equation 14) that ké > 12 ks. This indicates that deacylation 1s cer-

tainly the rate-determining step for N-acetyl-L-norvaline P-chloroethyl
ester. Thus, we can assume that kg ® ké = 3.72 sec T, Now, for the

methyl ester,

A= )
and substituting ko =2.70 rsec:_:L and 33 = 3,72 sec ™ into equation 15,
one obtains kz = 10 sec t. Thus this treatment indicates that ko &
2.6 kg for Nkaéetylméfnorvaline methyl ester, assuring that, for this
substrate, neither step can be considered completely rate-determining.
Similar data for esters of N-acetyl-L-leucine are not availsable.
However, N-acétyl—érleucine methyl ester (k = 4.6 sec™t, K, = 2.9 mM
(10)) is of the seme order of reactlvity as N-acetyl-L-norvaline methyl
ester and it 1s not unreasonable to assume that, for the former compound,

ks and ks will also be of the same order of magnitude.
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A similar treatment of data for the methyl and P-chloroethyl
esters of N-acetyl-L-valine (8) yields the following values' for N-acetyl-

%, kg = 0.23 sec * and thus ks =

L-valine methyl ester: kp = 0.45 sec”
2 ks,

Similarly, from data for the meth&l and glycolamide esters of
N—acetyi—éfalanine (see Part III of this dissertation) the following
values of the parameters for-N—acetyl—Lfalanine methyl ester are ob-

tained: ko = 1.95 sec—l

, ks = 3.55 sec”™ and thus ks ® 0.5 ka.
Theréfore, if the assumption on which the above calculations are
based 1s correct, it is obvious that for the N-acetylated methyl esters
of L-alanine, L-valine and.probaﬁly L-leucine, neither acylation nor
deacylation may be consildered rate-determining. Thus, a knowledge of
thé variation of both ko and ks with modification of structure (changing
Ry) would 5@ required for any significant interpretation of the results
of this study in terms of the acyl~enzyme‘kine£ic scheme. These data 1s
not available. No explanation of the anomalous ko and KB values for the
tri- and tetrapeptide L-valine derivatives in terms of suitable varia-
tion of ks and kg 1ls any more reasonsble than the explanation offered on
the basis of the simple kinetic scheme (p. 81). A decrease in ks from
the dipeptide to the tripeptide case (accompanying an expected ks in~
crease) would account for the observéd valﬁes. However, as will be
discussed later:(p.]JE% there is no reason to expect that a given struc—
tural change should affect acylation and deacylation in oggoéite wayé.
On the contrary, a parallel behavior is expected. Even then, 1t is not
clear why thils situation shouldlapply only to the IL-valine derivatives

and not to the L-alanine- and L-leucine- derivatives.
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SECTION B:

N-Acetyl-aminoacyl-L-leucine Methyl Esters

In the preceding sectilon, the Ohchymotrypsin—catalyzéd hydrolyéés
of some N-acetylated peppide methyl esters were discussed. In those
substrates, peptide length was varied by means of insertion of glycine
residues into the peptide chain. Attention is now focussed on a sefies_”

of N-acetylated dipeptide esters of the form:

CHaCONHCHCONHCHCO2CHg
R,  CHoCH(CHs)2

g

where the cafboxy»terminal'residue i1s L-leucine and the amino-terminal
reéidue is varied throughout a seriles of amino acids. The side chain
of this aﬁino—terminal residue is represented as —Ré. The O%chymotrjph
sin~catalyzed hydfolyses of these substrates were studied and the effect
of the ;mino—terminal residue (i.e., the R, side chain) on the kinetic

parameters obtained wilill now be discussed.

Data

The N-acetyl-aminoacyl-lL-leucine methyl esters were chosen as
the model series for a number of‘reasons. The methyl ester was chosen
for reasonsrdiscussed in the previous sectilon (p.v56) in order that 7
‘undesired hyd#olysis at the peptide bond would be negligiblé_with re—
spect to cleavage at the ester linkage. Derivatives of L-leucine were

chosen because they represent'a.relatiVely good approximation (in re—



TABLE VI

The O~Chymotrypsin-catalyzed Hydrolyses of Several N-Acetyl-I-aminoacyl-L-leucine Methyl Esters®

[s], [£].° To. ) koc K kO/KO

Aminoacyl Componentb mM 10—89/_{ E?q{‘tS, R}ellz}é{:ion sec t oM mM sec
glycine 0.286 - 2.5'7-1 k.o 11-0 L T+ 0.5 | 1.8~ 4 D 6.5 + 0.8
L-alanine 0.147 - 1.%2k | L.18 12~o: 55 6.7+ 0.5 | 081 +0.,12| 7.8 =+ 0.9
B-alenine 0.265 ~ 2.381 | 8.4k | 10-0 56 | 4.8+0.5 |22 +ob | 2.2 +0.3
I-O~sminobutyric acid  }0.095 - 0.758 | k.12 | 10-1 1k 6.0+ 0.k | 0.31 + 0.0k | 19 $E
L-valine 0.157 - 1.h11 | 3.84 140 i » 3.4 +0.2 | 0.26 +0.05 | 13 + 3 8
I-norvaline 0.068 - 0.542 | 3,67 | 10-1 15 4.8 + 0.1 | 0,11 + 0.02 | 4k + 8 |
I~leucine 10,059 — 0.b7h | 5.6k ,11;0 1h 3.2+ 0.2 0.18 + 0,0k | 18 + bk
L-norleucine - 10.079 - 0.634 | k.10 | 13-0 20 6.6 +0.2 | 0,17 +0.02 | 39 +6
I-isoleucine 10.050 ~ 0.450 | 9.36 11-0 19 3.4 40,3 0.30 + 0.0k | 11 4 X
L-phenylalanine 0.020 - o.16$ 9.90 12-0 | 26 1.8 + 0.1 | 0.078 + 0.010| 23 + 2
L-proline 0.101 - 0.807 | 3.92 | 11-1 12 8.2 + 0.6 0.46 + 0.06 | 18 4 2
I-aspartic acid 1.317 -10.456 | 224 10-0 2.6 |.31.140.0 8y + 3 0.055 + 0.006
I-phenylalanine (amide)f 0.067 -~ 0,263 rlyoo' Lo 15 - — — 0.11 + 0.01
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TABLE VI-~continued

&1n agqueous solutions at 25.0°, pH T7.90 + 0.10, 0.10 M in sodium
chloride.

bThe aminoacyl component refers to the amino~terminal residue of
the dipeptide derivative. The carboxy-terminal residue 1s, in all
cases, L-leucine. ‘

“Based on en enzyme molecular welght of 25,000 and a protein-
nitrogen content of 16.5%.

dFirst number refers to number of kinetic runs performed; second
number refers to the number of poilnts rejected by a statistical reiter—
ative procedure.

®The extent of reaction (L.e., the percentage of substrate hydro-
lyzed) over a 4 minute period for the lowest initial substrate concen--
tration. ’

fParameters and conditions for N-acetyl-L-phenylalanyl-L-leucine
amide (see text).
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activity) to the "specific" substrates of Q-chymotrypsin (i.e., deriva-
tives of L-tryptophan, L-tyrosine and.}rphenylalanine).f

The kinetic parameters snd pertinent experimental conditions for
the O-chymotrypsin-catalyzed hydrolyses of 13 N-acetyl-aminoacyl-IL~
lleucine derivatives are ﬁresented in Table VI.

It is well known that alkyl esters of N-acylated amino acids are
more reactive than the corresﬁonding amides in a~chymotrypsin—catalyz§d
lhydrolyses. For example, the observed ko/K5 values for N-acetyl-L-phenyl- -
alanine methyl ester and N-acetyl-L-phenylalanine émide are approx-
imstely 3.8 X 10% Mflsecdl and 1.0 M:lsecdl, respectively (24). Thus,
for the class of substrates considgred in this study, 1t was expected .
that hydrolysis would take place at thé ester linkage at such a rate
that, during the time this reaction was followed, hydrolysls of the
peptide bond would be negligible. This was confirmed by the experiment
described below.

Because O%cﬁymotrypsin has 1ts highest primary specificity for
peptide bonds Involving sromatic amino‘écids as the carboxyl component
(see Part I of this dissertation) i1t 1s reasonable to assume that if
hydrolysils 6f peptide bonds in the Nfacy1ated dipeptide esters were to
be silgnificant, it should be observed to the greatest extent in N~acety1~
L-phenylalanyl-I~leucine methyl ester.> As a test of this, the corres-
ponding amide substrate was synthesized and the following kinetic parame-

ter for N-acetyl-I—phenylalanyl-I~leucine amide wag determined: ]so/K.O =

tIt would have been impossible to accurately determine kinetic
parameters for the corresponding dipeptlde ester derivatives of the aro-
matic amino acids, as thelr reactivity would have exceeded the limits of
the experimental method employed (the pH-stat).
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0.11 + 0.0L mM "sec ~ (Table VI). The initial substrate concentrations
permitted by the limited solubility of this substrate were such that the
kinetics over the range of substrate concentrations studled were very
close to being first order in substrate concentration and thus an accu~
rate determination of the individual parameters, ko and Kb’ was Impos—
sible. A very rough estimate of approximately 1 mM for the value of Kb
was obtained, but this is certainly no more thﬁn an order-of-magnitude
approximation. However, 1t was possible to obtain a relatlvely accurate
value of ko/i{o, as indicated above. Thus it 1s evident that N-acetyl-L-
phenylalenyl-L-leucine amide (k /K = 0.1l mM “sec™™) 1s about 200 times
less reactive than NuacetyigzrphenylalanylHLTleucine'methyl ester (ko/Ko=
23 melsec_l). . From this result it may therefore be concluded that hy-
drolysis of peptilde bonds in the dipeptide ester derivatives was Indeed
negligible.

The possibility of hydrolysis at the primary amide bond of N-
acetyl-L-phenylalanyl-I~leucine amide has not been excluded. Indeed,
the analysis of the kinetic data was based on the assumption that only
hydrolysis at the phenylaianylleuéine peptlide bond occurred. Because
of the higher primary specificity of phenylalanyl linkages as compared to
leucyl linkages (see Part I of this thesis) this is a reasonable assump-—
tion. In any case, the added possibility of primary amlde hydrolysis -
would be included in the kinetic determination. The kinetic method emr.
ployed (the pH-stat) measures only the total reaction (l.e., the sum of
both hydrolyses, if both occur) and therefore, if primary amide hydroly-
sls were to occur, the implication would be that the peptide bond hydrol-

ysis was even slower than the measured parameter indicates. .
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Non-productive Binding

The most striking frend ébserved for the data presented in Table
VI 1s the apparént decrease bl ko'as KO decreases. This is illustr&ted
in Figure L, a plot of ko vS. Ko for the model substrates studied. This
behavior at least superficially indicates that as the binding in the
enzyme—substfate complex i1s improved, the ability of this complex to
proceed to products 1s Impaired. This relationship 1s.contrary to the
"better-binding: better reaction" hypothesis (as expressed by Knowles
(19)) which holds in many cases, especially for a similar series of N-
acetyl-L-amino acid methyl esters (19).

The above pﬁenomenon (both ko and Kb.decreasing) has been ob-—
served before (15) with other structural variations but the results of
the present study represent one of the most extensive presentations of
such data. A most obvious interpretation of the present’data involves
consideration of non-productilve binding; a phenomenon which can at least
qualitatively produce the observed effects,

A "rotatlonal" type of non-productive binding has been invoked to
explain the reduction in both ko apd Kb when, for example, an N-benzoyl
groﬁp is substituted for the N-acetyl- group in N-acetyl-L-alanine methyl
ester (see Part III of this dissertation). "Rotational" non-productive
binding is the type proposed originally in the Hein-Niemann specificity-
theory (see p. I8y IH is, however, not the sort of non-productive bind-
ing which appears Important for the substrates of Table VI, |

The most likely candldate for a "rotational" non-productive
mode would be one involving an Ryp-po ipferaction. However, as shown

in the preceding section, replacement of the N-acetyl- group (Ry)
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ko as a Function of KO for the O~Chymotrypsin-catalyzed
Hydrolyses of Some N—Acetyl—aminoacyl—_l_r—leucine Methyl Esters -
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Figure 4
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of N-acetyl-L-amino acid methyl esters by an N-acetylglycyl-~ group re-
sults in a definite increase in ko with a decrease in Ko' If the N-
acetylglycyl—~ group had an affinity for the ps locus, such that inter-
action of the R; group at this locus resulted in a favorable non-produc~
tive binding mode, the ko valuelwould have decreased, contrary to what
is observed. Other considerﬁtions (see p. 66) indicaete that Ri-pzinter-
actlon, where Ry = CHQCONHCHR%CONH~, is not partiqularly favorable.
Therefore a different type of non-productive binding (hereafter referred
to as "translationa;" non—productive binding) will be proposed for the
substrates of the presenf study. In these terms, for dipeptide ester
derivatives, the productive mode wlll Involve interactlon of the side
chain of the carboxy-terminal residue (I-leucine) at po, whereas the
non-productive mode will involve "translation" of the substrate moiecule
- in the active site so that the side chain of the amino~terminal residﬁe
(R;) interacts with this locus. Thus, the productive mode will be
characterized by CHSCONHCHRQCONH~91, CHzCH(CHs)g—Qg and COxCHa~ps
interactions and the non-productive mode by CHsCONH-p7, Ré”Qg and

CONHCHCOQCH3~p3 interactions. These two binding modes are schematically
CHzCH (CHg )2

represented in Pigure 5:

¢ Cs G s

Y st N\ s S 5 — ik N O i ~
CHSCONH?HCONHQHCOZCHa _ CHSCONHCHCONHCH002CH3
CH/- \CH i @CH/

3 (E- 3 a CHa
Productive Mode Non~-productive Mode

Figure 5
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Because of the extremely low reactivity of ‘the peptide bond s compared
to the ester linkage)in these substrates, a mode in which a peptide
r'linkage interacts at the actilve center of ps may indeed be considered’
ﬁon—productive.

Although non-productive binding may not be the onlj factor in-
volved in the observed behavior qf ko and Ko’ as will be discussed
later, it 1s suggested that it 1s & very lmportant factor, and ﬁhe re—
sults will be'diSGussed'in terms of this hypotheslis. With the introduc-
tion of certain assumptions, outlined bélow, non-productive binding msy
be discussed in more quéntitativa terms.

As described in the General Introduction of this dissertation,
the observed kinetic parameters (based on the simple kinetic scheme)

for a case in which one productive mode and one nonwproductive>mode'are
consldered, are gilven by the following eqnations:

K

_ sL ’
ko =k g 4x (10)
8 sT
K
s
- Ko = Ks K + K (ll)
s sl

where KS and KéI represent‘ﬁhe dissociation constants of tﬁe productive
and non-productive complexes, respebtively, and kp represents the spe-
cifié rate with which the productive complex proéeeds to products.

The relative effectlveness of productive and non-productive bind-
ing can be represented by‘x in the following equation:

KSI

X = ' (16)
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Then, from equations 10 and 1l:

5 = T% # k2 an

end K =75 K, (18)

Therefore, if ks is known in addition to the experlmentally determined
parameters (ko and Kb) then x may be determined from equation 17. Then,

KS and KSI may be obtained from x and equations 18 and 16, respectively.

a) Estimation of ko

It is -quite obvious that experimental values of kp for the sub~
strates in question are not avallable. Therefore, some estimation of
ks values 1s required.

The first assumption thaft will be made is that ks is essentially
invariant throughout the series of substrates consldered. Yamaéhita
(25) has determined the kinetic parsmeters for some glycyl-aminoacyl—I~—
tyrosine amides. For such substrates, because of inherent%y large bind-
ing ability of the tyrosine elde chain, 1t 1s reasonable to assume that
non~productive binding is absent'(or at least relatively unimportent)
and that tThe ké values represent true ks values.T It is éhserved that
in 4 of the 5 substratgs studied, kb is essentiglly invariant: ko =
9.3, 8.3, 11.1 and 11.7 sec © for the cases where the aminoacyl component

is L-alanine, L-valine, L-leucine and L—norleucine, respectively (25).

*It should also be noted that even in terms of the acyl-enzyme
kinetic scheme, acylation is undoubtedly rate—determining (i.e., ks <<
ka) for these amilde substrates. Therefore, in the absence of non-produc-
tive binding, ko truly equals ks.
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The results of the non-productive binding treatment will show
~that Ks (the dissociation constant for the productive binding mode) does
not vary greatly throughout the series and thus, if the‘"better»bind~‘

ing: better reaction" hypothesis (19) holds for the productive mode,

little wvariation Oflkg would be expected. The above assumption regard-
ing ko is admittedly noﬁ very v.. -rously supported but 1t seems to be
a good enough,approximaﬁion for the rather rough conclusions that will
be based on it. |

The highest value of‘kb.obtained for the dipeptide series (Table
VVI) vas k= 8.2 1‘0.6 sec ™ for N-acetyl-L-prolyl-L-leucine methyl

ester. Also, ko

‘T.T i_O;S sec—l for N;acetylglycylégrleucine methyl
ester.‘ A reasonabie choice of ko would be the highest value of ko ob-
tained (indicating the absence qf non-productive binding). Because of
- the low affinity of the glycine "side chain" (i.e., Rz = H-) for ng‘it
seems reasonable to ﬁssume that non—productive binding will be rela-
tively unimgorﬁant for N-acetylglycyl-L-leucine methyl ester, There-

fore, from the sbove data, a value of ks ='8.0 sec * was chosen.

b) Calculation of K, and‘KSI Values

Using a constent value of ko (1.e., 8.0 sec =) K, and K_. values
for several substrates were calculated from the data of Table VI and
equations 16, 17 and 18, so that appropriate comparisons could be made.
These values are presented In Table VII. The corresponding errors in
the calculéted Ks'and KsI values were obtained from the following equa-—

tions (based on the method of calculation) (26):
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TABLE VII
Dissoclation Constants for the Productive and Nen-productive

Modes of Some N-Acetyl-aminoacyl-IL—~leucine Methyl Esters™

Substrate leb}q og Ks Kslb’d g KsI

Aminocacyl Component

glycine | A8 & B 0.11 3. +62 150
zfalanine © . 1.0 + 0.15 0.00 5.0 + 2.8 0.70
B-alanine . 3.7 + 0.8 0.57 5.5 + 2.3 0. Th
L-O~sminobutyric acid 0.41 + 0.06 -0.39  1.25 + 0.%2  0.10
L~valine : 0.68 + 0.11 -0.17 °~ 0.68 + 0.1k =-0.17
L-norvaline o 0.19 + 0.03 0.72 0.29 + 0.06  ~0.5h4
L~leucine 0.45 + 0.10 ~0.35  0.30 + 0.09 -0.52
L-norleucine 0.21 + 0.03 -0.68 0.98 + 0.28 ° -0.01
L-isoleucine 0.70.+ 0.11 -0.15  0.52 + 0.14% -0.28
L-phenylalanine 0.36 + 0,05 -0.4k 0.10 + 0.02 = =1.00
L-aspartic acid 145 'ihzs 2.18 23 + 6 C1.36
L-proline ~ 0.46 + 0.06° -0.34 very lérgee

aData calculated from data of Table VI in the manner described in
the text. : o :

bErrors estimated as described In the text.
cDissociation constant of productive mode in units of mM,
dDissociation constant of non-productive mode in units of mM.

®Calculated on the basis of no non-productive binding,
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K, +AK, K, R . J&
B, £ BK, =m=rix,(<ﬂo) v EAAr T (9)
= , : = & 2
and Kop 2 AK 7 (x A2 x)(K, + AK ) x Ky % (kA x + x AKX )(20)
where x, A x, A and A A are glven by:
k o+ Ak 5 Ak xe)% - )
x+Ax= = + (1 + (e1
= (k2 -~k )+ Ak ke -k —ke -k,
— ' ' kK Ak '
. X+ Ax o) =3 :
and AiAA:(l«rx)‘iAx =5 ke (22)

These errors represent a minimum error based on the standard deviations
for kb and Kb end do not take into sccount errors involved in the esti-

mation of ke = 8.0 sec t.

¢) Discussion of K and K . Values

The experimental and galculated data of the study described
herein may be conveniently and fruitfully treated in terms of linesr
free eneréy relationships. 'Such an approach will permit an evaluation
of the types of binding involved in the interactions of structurel com~-
ponents of the substrates at the two binding loeci, p; and po.

With such a treatment, Knowles (19) has succeeded in correlatiné
the free energy of enzyme-substrate bihding (as measured by log KO)
with the hydrophobic character of the amino acld slde chalns for a
serles of N-acetylated L-amino acid methyl esters. From ﬁhis correla-—
tion; he concluded that the predominant end most Important interaction
in the binding of such‘substrates to Ohchyﬁptrypsin is of a ﬁydrophbbic

nature.
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A plot employed by Knowles is reproduced in Figure 6. As a

measure of the hydrophobic character of an amino acid side chain,
Knowles employed the parameter A Gt’ thé free energy of transfer of an
amino acid from water to a non-polar soivent (sée P 77). The A.Gt
'values (for three different solvents) were calculated from_relativer
solubility dataf with the use of equation 9 (p. 77). The KO data 1s
that summarized in reference 19 with one addition: the calculateﬁ value

of log K_; obtained for N-acetylglycine methyl ester (p. 68) 1s also

I
included and, at léast‘inlthe case of the ethanol plot, this value cor-
responds more closgly to the line obtained than does that obtained from
the observed Kb. |

In the linear free energy correlatlons employed 1n this disser-
tation (andvin&eed.in those employed by Knowles (19)), there are two
implicit assumptions:

1. The overall free energy of_transfer (AsGﬁ) of an amino acid
(or amino acid derivative) ié considered to be the sum of independent
contributions (to this free energy) by the structural components of
that molecule. This assumption is supported by the results of relative

solubility studies with various derivatives of the amino aclds (e.g.,

'hydantoic acids, hydantions, O-hydroxy acid smides, etc. (21)). In
these studies, 1t was found that differences in A Gt values for two

amino acids or two amino acid derivatives (in which the only structursal

Tgee references 19 end 21 for original sources. The A G, (ethanol)
value for proline, employed in later comparisons, was calculated by this
author from the solubilities of L-proline in water (21) and ethanol (27),.
respectively. A value of A.Gt (ethanol) = 2,1 kcal, was obtained.



NG
kca'lJc

= 10% ~

.Correlation of the Hydrophobilc Character of the Side Chains
of Amino Acids and K Values for the O~Chymotrypsin-
catalyzed Hydroiyses of the Corresponding
N-Acetyl-L—Amino Acid Methyl Esters

Q -ethanol :
N\ 40% aqueous ethanol - OI

O 8M aqueous urea

“Amino Acid
| gly
O4 ala
but
val
leu
nleu
phe
met
tyr
try

QYoo ~NOUBHWN

|



- 104 -
variation was in the smino acid side chain) were independent of the

nature of the derivativé\employed‘and were a function only of the na-
ture of the side chain. Because of this, A.Gt values for free amino
aclds can be employed in correlations with other parsmeters (e.g.;‘log
‘ KO) for some derivative of those amino acids.

2, The total free energy of binding in an enzyme-substrate
complex 1s assumed to be represented as the sum of independent contribu-
tlons by %he free energles assoclated wlth the R-p ilnteractions present
in this complex. The.falidity of this assumptlon i1s supported by the
results of the Haﬁilton treatment of specificity (28).

Thus, & linear free energy correlation between A:Gi values (for
free amino acids) and log KO values (for a derivative of those amino
acids) compares the hydrophobic character of the amino acid side chains
withrthe strength of.the interaction of those side chains with s comple—
mentary. locus at the aétive site. Figure 6 is an example of such a cor-
relation. The slope of the line obtaiﬁed in such a correlation is a
measure of the partitioning of the side chain in the gystems "solvent-
water" and "enzyme locus-water" and i1s thus a measure of the hydrophobilc
character of the side chain —locus interaction. For any such line, if
the>slope is greater than unity, the enzyme locus is less selective (or
less hydrophobic) than the solvent corresponding to the line. If the
slope is less than unity, then the locus 1s more selective (or more
hydrophébic) than that solvent.

From Figure 6 it appears that the enzyme locus which interacts
with the slde chailn of N—acetyléted amino acild ﬁethyl esters (i.e., pz)

is only slightly less polar than ethanol (slope & 0.9) but much less
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polar than L0% ethanol (slope = 0.15) or 8 M aqueous urea (slope =

0.17). For all further\comparisons, the values of A;Gt employed will be
.those involved in transfer from water to ethanol;
One apparent trend in the results of the present study is that

Kb for the N-acetylated aminoacyl—g—leucine‘methyl ésteré appears to
decrease as the hydrophoblec character of the slde chain of the N-terminal
amino acid becomes more pronounced, a behavicr similar to that observed
for the ﬁ~acetylated L-amino acid methyl esters (Figure 6). A plot of
A G (ethanol) vs. log K for the N-acetylated dipeptide methyl esters
1s shown in Figure 7. ‘A reasonably good correlation is obtalned for a
straight line of slope spproximately 2.6. One notable‘deviation from
this line is N-acetyl-L-aspartyl-IL-leucine methyl ester which has a

Ko much higher than would be expected from the hydrophoblc character

-of its side chain. The imﬁlications of this devilation will be discussed
later. If translational non-productive binding is importent in this
class of suﬁstrates, the slope of thié line will not tell much about

the hydrophobic charaéter of the interaction involved because the locus
with which the‘N—terminal aminoc acid side chain (Ré) interacts is not
determined. However, consideration of the calculated Ks and KSI values
which reflect the strength of the interaction of Ré with py (or more
properly a pi1 sub-locus) and ps, respectively, will shed more light on
this question.

In Figure 8, values of A Gy (ethanol) are plotted ggéinst the

logarithms of the calculated K_. values (Table VII) for the dipeptide

T
derivatives. A reasonably good correlation is obtained for a line with

slope of approximately 1l.3. Notable deviatlions from this line are the
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points for the L-norleucyl, L-prolyl and L-aspartyl derivatives. For

these substrates, the KéI values are h;gher than wou;d be expected. Note
that the errors assoclated with the_KsI‘falues for the glycyl and proly;
derivatives are so large (> 100%) that'ﬁhese values are not particularly
significent. . |

Figure 8 represents . ~'rrelation of the-hydynphobic character
of the Ry side chain with the effectiveness of the Ry-pe interaction
present in the non—productivevmbde. Considering the rather crude ap-

proximations on which the calculation of Ks values are based, 1t 1s

I
- pleasing that the slope of the line obtained (1.e., approximately 1.3)
is reasonably plose to that obtalned for the N-acetylated-L-amino acild
methyl esters (0.9). Both of these correlations represent the same type
of interaction (i.e., the inte;action of an amino aecid side chain with
the po locus) and the slopes would bé expected to be the same. That
this 1s approximately the case .argues In support of translational non—
productive binding.as proposed.

In Figure 9, vaiues of Ast'(ethanol) are plotted against the
logarithms of the calculated Ks values (Table VII) for the dipeptide
derivatives. the'again a reasonable correlation is obtained. Now,
however, a liﬁé with slope approximstely 3.8 1s obtained. This slope is

much greater than that obtained for the corresponding Ks values (i.e.,

I
1.3). Here, the most notable deviations are the points for the P-alanyl-
vand Lfaspértyl derivatives. The hilgh slope obtained in this>correlation
ind;cates that the interaction of Ré with its complementary p; sub-locus
haé less hydrophobic charactef £han the corresponding interaction with

‘po (see Figure 8). This agrees quite favorably with the picture de~
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Hydrophobic Character of. the Rh—py Sub-_—locus Inter—
action in the Productive Binding Mode for Some
N-Acetyl-L-aminoacyl-l—leucine Methyl Esters.
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scribed in the Study'of:NFacetylated glycine~containing pepﬁide-esters
~(p. T6). In that study; 1t was suggested that although hydrophobic
intéractions played'a part in the‘overall_R1~pl Interaction and were
perhaps lmportent in the ghapived dndrense iﬁ'Kﬁ for the tetrapeptide -
derivatives, other interactions of the Ri molety with the p; locus
(e g, hydrdgen—bonding) were thé predominant features of this overall
interaction. |

The deviations noted abové In the £xG£—log Ks correlation (Figure
9) tend to support the above representation_of the p; locus and also,
it will be suggested, add andther dimension to 1t. The large Ks value
of N—acétyl~ﬁ—alanyl—£—leucine methyl ester can be Interpreted in termsr
of diminished opportunity for hydrogen-bonding between the acetamido-
group of the substrate and a corresponding sub-~locus in p3 (possibly a
peptide linkage in the protein chain). The additlonal methylene group
in this ﬁ»amdnolacid-derivative can, because of a steric restrictionm,
serve to eliminate the possibility of this particular hydrogen bond.

This 1s illustrated in the fellowing schematic flgure:

N N ‘ N—— N
HoH Hoooh
¢ o ¢ g
i * 1]
CH,CNHCHCNHCHCO,CH; -+ CH,CNHCHCHCNHCHCO,CH,
R, 3 (e

(2 R | 02

_Qkamino acid derivative . Figure 10 B-alanine der;vative
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It may be noted that iﬂdeed the K value for the P-alanine derivative
(3.7 + 0.8 mM) is even greater than those for the glycine or L-alanine
derivatives (1.2 + 0.2 mM and 1.0 + 0.15 mM, respectively)

The abnormally high value_of Ks calculated for the L-aspartic
acid derivative (145 + 25 mM) and the nigh value of K_ obtained (20 +
3 mﬂ) etrongly suggest a repulsg;c Interaction between the carboxylatet
side chain of this substrate and the locus with which it interacts. In
" view of the magnitude of this effect, it islquite possible that a nega—
tively charged species (e.g., an aspartic or glutamic acid residue‘inl
the protein chalin) is present in thils py sub-locus. Such & species
would exert a repulsive interaction on the aspartyl side chain and -
prevent effective binding. Results of the polypeptide study (Pert I
of this dissertation) support this view. In thet study, it was ob-
served that an eepartic acld resldue penultimate to the residue which
forms the carboxyl eomponenf of & cleavable peptide bond (i.e., the
CO02 resldue as defined in Part I) appears toc hinder the hydrolysils of

that bond.

The calculated KsI value for N-acetyl-L-aspartyl-L—leucine methyl

ester is also higher than that expected on the basis of the values for
the other substrates studied (Fig; 8 However, this deviation is much
less than that observed for the K_ value (Fig. 9) end this deviation

might‘possibly reflect a long-range interaction of the carboxylate side

chain with the proposed negative charge in the p; sub-locus.

It is reasonable to assume that the B-carboxyl group (pK = 3.6)

of N-acetyl-L-aspartyl- Irleucinenmthyl ester will be essentially com—
pletely ionized at pH T. 90, the pH at which the kinetic determination
weas carried out.f
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It wﬁuld have been interesting, and undoubtedly very informative,.
to have studied thé>kiﬁeti§s of the O~chymotrypsin-catalyzed hydrolysis
of N-acetyl-L-lysyl-L-leucine methyl ester in order to test the hy-. |
pothesis of the presence of a négative charge at the p; sub-locus. Re-
sults of the polypeptide study CPart I) indicate that O-chymotrypsin
has a high secondary specificit& for lysine at the .CO2 positibn (i.e.,
lysine residues_at this position appear to favorgbly influence the sus-
'ceptibility of a péptide bond). VIf indeed a negative charge 1s present
in the p3 subQ}ocus, then 1t would be expected that Kb and KS for the
L-lysyl dipeptide derivative would be very low. The substrate N-acetyl-
L-lysyl-L-leucine méthyl ester waé indeed syntheslzed. However, because
of the extreme hygroscopicity of both this compound and its hydrochlor-
ide derivafive, all attémpts to purify this substrate were unsuccessful.
Determination‘of the kinetic parameters of this substrate would serve
to support or refuté the hypothesis of a negatively charged moilety at
the p1 sub—lqcus.

There appears to be no reasonable eiplanation for‘the abnormally
high KsI value obtained for N-acetyl-L-norleucyl-L-leucine methyl
ester and this must be considered an anomslous case.

Conclusions Regarding the Nature of Interactions
at the po and p; Loci--a Model of the p; Locus

The results of this study support the hypothesis (19,20,14) that
the forces involved in Ro-po interactions are predominantly.hydrophobic
in nature. Although Peterson (16) has shown that other forces (steric,
hydrogen—ﬁonding etc,) must aleo be considered, there seems to ﬁe ﬁo

doubt that hydrophdhic Interactions are of primary lmportance.
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'On the basis'of the results reported in this dissertation and
in other discussions (20), a partial model of the p1 locus may be pro-
posed. This model will be disqussed in terms of two su5~loci; one
which interacts with the backbéne of a substrate peptide chain, and
one which interacts with the side chainrof the aminc acid resldue in
the peptide chain which is penultimate to that which 1s directly in-
volvéd in the hydrolytic cleavage. |

Results of_thé préviously described study of glycine-containing
peptide derivatives (p. 5Off.) indicated that some factor other than
hydrophobic bonding was of major imporbtance in determining the inter-
action of the Ry moiéties of these substrates at the p; locus. It was
suggested thatvhydrogen—bonding between the peptide Ry group of the
substrate and the enzyﬁe might be an Important contributor to such an
interaction. Thie could occur in one of the following ways:

iy Hydrogen-bonding between the cérbonyl_oxygens of the sub-
Stfate peptide linkages and a hjdrogen donor on the enzyme (e.g., the
hydrogens‘on the peptlde nitrogens Qf the polypeptide backbone of the
enzyme ).

2. The con%erse of situation 1 in which the substrate acts as
the hydrogen donor and thg»enzyme as the acceptor. -

3. A situation similar to a "pleated-sheet" (29) arrengement
wherein both types.of‘interactions (1 and 2) could occur at the same

_time.

These three.possibilitiés.are represented schematlcally in

Figure 11l.
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These pame results indicate that hydrogen-bonding 1s of more im-—
portance than hydrbphobic bonding in the Bl;pl Interaction for this type
of substrate. Binding appears to increase (at least up to the tripep£idé,
derivatives) although the hydrophobie character of the R, molety de~
creaées.

The rather high Ko and By values obtained for the P-alanyl di~-
pgptide derlvative also suppert this picture. Ihé apparent agreement

of the KB value of this substrate with the correlation obtained (Figure

L
8) might tend to dispute this. However, if hydrogen bonding is important
both in binding and in orientatlon of the COR3; group, then one might
expect that ko for this substrate might be lowered both by non-produc—

tive binding and by a decrease in kz 1tself because of poor orienta-

tion. Such a change would result in a higher calculated KB value and

I
a Ks value which, although réduced, would still be higher than that
expected from‘the rest of the aata.

Two seﬁs_of results suggest that hydrophobic bonding is of some
importance in the overall Ry-p3 interactidn. The decrease in binding
observed for the-glycine—containing tetrapeptide derivatives (Table III)
is consistent with the proposed hydrophoblc character of this locus.
Also, the éorrelation between free energy of productive binding (log
KS) and the hydrophobic chgracter of the Side chain of the amino-~terminsl
residue (in the dipeptide derivatives) suggests that there is some hydro-
phobicrcharacter to the Rl—pliﬁ¢eraction. | |

| The data obtained from‘the kinetic study of the L-aspartyl di-

peptide derivative and from the study of secondary specificity towards

polypeptides (Part I) Suggest the presence of =a negatiﬁely charged
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species (perhaps a glutamate or aspartate anion) located in the p1 sub-—
locus at which the Ré side chain of dipeptide derivative interacts.
The presence of such & specles is also consistent with the lower hydrg—
phobic character of this sub—ldcus (as compared with the ps locus). It
is interesting and perhaps significant to note that 1n the sequence of
‘aﬁchymotrypsin‘(BO), aspartic acld 1s the residue penultimate to the
serine residue implicated at the active center.

In conclusion, the results of these studies suggest that the p;
locus can be partislly characterized by two sub-locil, one of which makes
poésible hydrogen-bonding interactions snd another which has some hydro-

phobile character but which appears also to contain an anionic species.

#

Interpretation of Data in Terms of the
Acyl-enzyme Kinetic Scheme '

The oﬁéerved behavior of ko and Kb for the dipeptide derivatives
(Table VI) can of course be rationalized in terms of the acyl-enzyme
kinetic scheme without invoking the non-productive binding hypothesis.
In fact, almost any behavior of ko and Kb éan be explained by assuming
sultable variatidn of the parameters kg, ks and KS when these latter
parameters have not been determined. An example of such a possibility
(1.e., for the case where ko increases while Ko decreases) was illus—
trated in the previous section (p. 84). Héwever, because kb = koka/
(kot+ksz) in terms of The acyl-enzyme scheme, it is evident that a de-
crease in ko must Involve a decrease in one or bofh of ko and ka.

It seems worthwhile to discuss one 6f the many possibilities in
terms of some other availsble data. Yamashita (25) determined the

kinetic parameters for the Q-chymotrypsin catalyzed hydrolyses of some
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glycyl»gminoécyluzrtyrosine amidgs. He found, for example (see p. 98),
that ko =ko = 9.3 sec * and 11.1 sec - for these substrates when the.
aminoacyl component was Lralanine and L—leucine,respectively.* The kb
values for the corresponding ﬂ—acetyl—aminoacylkéfleucine methyl esters
are 6.7 sec - and 3.2 sec"l, respectively (Table VI). The K values
for. these subsfrates are 0.81 mM and 0.18 M, respectively (Table VI).
Therefore, if we reasonably assume that variations in kz for the di-
peptide ester derivatives should parallel variations in ks for the ty--
rosine amide'derivatives, then the only way the observed decrease in
ko between the L-alanyl and L-leucine dipeptlde ester derivatives can
be explained 1s by a sultable @ecrease in kg. |
However, the postulates qf the Bender specificity theory
concerning ka (11,31) éppear to argue against a decrease in ka. This
theony_involvés a rigid enzyme and an unspecified (binding-type) inter-
action which reduces the rotational freedom of the substrate within
the active siﬁe.l Bender suggests that the kinetic specificity of de-
acylation is determined solely by differences in entropy of activation
and- uses this aréument to explain the higher deacylation rate of the
acyl-enzyme of & specific substrate (e.g., N-acetyl-L-tyrosyl-chymo-
trypsin) as compared to that for a non-specific substrate (e.g., acetyl-
chymotrypsin).. It seems then that a struétural modification which re-
sults in an increase in binding (as indicated by & decrease in KE or Ks)

should serve to make the acyl-enzyme ground state more rigid and thus

: TIt should be noted that these amlide substrates represent the
limit case in which acylation is the rate-determining step (i.e., kp <<
k3) and thus k = ke. '
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reduce the éﬁtrdpy of agtivation to the transition state for deacyla-
tion. This then éhould‘result iﬁ an Increased ks, contrary to the be-
havior necessary to explain the results of the present study. |

. Non-productive binding may also be taken into account in the
acyl—énzyme kinetic scheme (11) and such a treastment is employed in Part
IIT of this thesis. However, without some knowledge of the magnitudes
of the variations of ks and kg with st:uctural modification, detailed
discussion of the results of the present study in these terms would
not be fruitful. It can be argued that, because of the mechanistic
similarity of acylation and deacylation, ks and kg might vary in a
similar manner (in.both magnitude and direction) for the structursl
changes considered in this study. If this were true, the conclusiéns
reached would not qualitatively differ from thoée presented on the
basis of thersimple scheme. Once again, lack of appropriate data pre-

cludes conclusive discussion in these terms.

Comparison of 1;0/1«:o Values with Other Data

. Values of the parameter kb/Kb obtained by Yamashita and éo~work~
érs for several aminoacyl-L-tyrosine amides (32,33) and five glycyl-
aminoacyl-L-tyrosine amides (25) are presented in Tebles VIIT, IX and
X. The ratio kd/Ko’ as described previously, 1s a measure of the free
energy change requlred to go from free enzyme and free substrate in
solution to the transitiog state for the kinetic step immediétely folIOWh_
iné fpnw&tion of the enzyme;subsfrate complex. The ko/Ko,values for
the above-mentioned substrates ﬁill be compared with correspon&ing data
for the N—acetyl—aminoacyl—Lfleucine‘methyl esters (Table VI) in terms

of the BenderhKézdy specificity theory.
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TABIE VITI

Comparison of ko/Ko Values for Some Glycyl-aminosacyl-I~tyrosine

Amides® and Some Aminoscyl-I-tyrosine Amides’
a : b .
- (ko/KE)I (ko/Kb)II c
Aminoacyl : _ - o (kb/Kb)I/(kb/KB)II
Component M tsec M Tsec ,
glycine . 25.2 + 0.1 3.6 + 0.1 7.0 + 0.2
L-alanine - 98.9 + 0,3 12.8 + 0.2 7.7 + 0.1
L-valine -390 + 3 5L + 1 T+2 + 0.1
L-leucine . 520 + 9 00 +L4 5.2 + 0.2
L-norleucine 560 + 5 81 2 - 6.9 + 0.2

14+

®Data for glycyl-aminoacyl-L-tyrosine amides from reference 25.
‘Kinetics determined in aqueous solutions at 3%0°, pH 7.7 (0.1 M phosphste
buffer). '

Ppata for aminoacyl-I-tyrosine smides from references 32 and 33.
K:Lnetic):s determined in aqueous solutions at 30°, pH 8.0 (0.1 M phosphate
buffer).

& ‘
“Reactivity ratio baged on (ko/KO)I and (ko/Ko)II'
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TABLE IX
Comparison of ko/KO Values for Some N-Acetyl-aminoscyl-L-leucine

Methyl Esters” and Some Aminoacyl-L—~tyrosine Amidesb

(ko/Kb)Ia | -(ko/Ko)IIb c
B el (ko/Ko)I/(gggKo)II
Amincacyl Component M “sec M “sec X 10
glycine | | 6.4 + 0.9 3.6+ 0.1 18 4+ 3
L-alanine : = 7.8+ 0.9  12.8 + 0.2 6.1 + 0.7
B-alanine © 2.2+0.3 KO+ 0.3 5.5+0.9
Lrabamindbutyric_acid,‘ 19 ’i 2 52+ 9 3.7 + 0.7
. L-valine oo 15 &3 5k o+ 1 2.4 + 0.6
L-norvaline - b +8 84 o+ .1 5.2 + 0.9
L-leucine A 18+ 100 + 4 1.8 + 0.4
g—norleuqiné | 39 +6 81 + 2 4.8 + 0.8
L-phenylalanine | 23 4+ 2 50 + 20 5 +2
L-proline ' 18 %2 b+ 66 k.1 +> 100%

®Data for N~acetyl—aminoacylﬁgmleucine methyl esters from Table
VI. Kinetics determined in aqueous solutlons at 25.0°, pH T.90, 0.10 M
in sodium chloride.

bDa.ta for aminoacyl-L-tyrosine amides from references 32 and 33,
Kinetics determined in agueous solutions at 30°, pH 8.0 (0.1 M phosphate
buffer). .

5 , .
Reactivity ratio based on‘(ko/Kb)I and CKO/KD)II
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TABLE X
Comparison of ko/KO‘Values for Some N-Acetyl-amincscyl-L~-leucine

Methyl Esters” and Some Glycyl-aminoacyl-L~tyrosine Amidesh

(ko/ Ko) Ia | (ko/ Ko) IIb c
Aminoacyl e a - (ko/ Ko) I/ (ko/ Ko) IIx
Component ; mM “sec M Lsec
glycine 6.4 + 0.9 25.2 + 0.1 . 250 + ko
L-alanine 7.8 + 0.9 98.9 + 0.3 8+ 9
L-valine 13 +3 390 + 3 3+ 8
L-leucine 18 +4 520 + 9 3+ 8
L-norleucine 39 +6 560 + 5 70 + 10

®Data for N-acetyl-asminoscyl-L-leucine methyl esters from Teble
VI. Kinetics determined in aqueous solutions at 25.0°, pH T7.90,
0.10. M in sodium chloride.

st.ta. for glycyl-L—aminoacyl-L~tyrosine amides from reference 25.
K:Lnetic):s determined in agueous solutions at 30°, pH 7.7 (0.1 M phosphate
‘buffer).

'c ‘.
Reactivity ratio based on (ko/Ko)I and (kD/KO)II.
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Yamashita made no estimate éf the standard deviatlons assoclated

with the kinetilc paramefers for the substrates which he studied. The.
error: values_in Tables VIII, IX and X were computed by thils author |
(with the use of & computer least-squares analysis) from the primary
data of references 25, 32 and 33. The accuracy and.validity of the

data presented in these tables might well be questioned. The kinetic
technique employed was the Conway miérodiffusion technique which, al-

‘ / _
thoughrit is adequate for the substrates studled, 1s certainly no more
accurate than the pH-stat technlgque employed in the present studles.

For the case of the aminoagyl~§7tyrosiné amides, the kinetlc parameters
were determined from plots of [S8]/v vs. [S] containing only Egggg_péints
(1.e., threerinitial substrate -concentrations over & four- to filve-fold
range). The stfaight lines fitting these plots were calculated by
mesns of a least-squares analysis! BSuch calculatlons are certalnly of
guestionable significance.T The standard.deviations for the individual
parameters (ko and Kb) were often quite large but, becaqse conditions
were chosen such that in most cases +the reaction rates were approxi-
mately first order in subsirate concentration, the calculaﬁed standard
deviations in the parsmeter ko/Ko,ﬁere usually small. However, the
"incomplete” nature of the kinetic analysls casts some susplcion even
on these létterrvalues.

In terms of the Bender specificlty theory, if one mekes the
additional éssumption (as Bender impliles (ll)) that the specificity

for the paits of a complex R; molety are Independent, then the SR
' S

1.Ind'eed the standard deviatlons calculated from a least-squares
treatment on three points (Table VIII) represent only & minimum estima-
tion of error.
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relationship given in the General Introductlon of this dissertation

(p. 1%) may be modified:

i-e.) log (kO/K ) = = SI' .+ 8 (23)

where T, Ty and Too? Tpo BT components of Ry and R;p respectively. .

Therefore, the following relationship should hold:

(ko/Ko)rarszx " "
log =p o™+ 8. +8
(ko/Ko)r rR X = % 32 ra
ao™ b 20 0 .
- (24)
(x

O/Ko)r 'R X
= log - a b 2
" O/Kb)raor%Réoxo

(ko/Ko)r r R X

‘ a b 2
Thus, { :
k /K )
T

y

gshould be a conétant for glven r , r;o

Rz, X and Xo groups as rb is varied.

An illustration of this type of treatment is given by the data

of Table VIII where (ko/Kb)I = (ko/Ko)rarbREX » (& /K )i =

(ko/Ko)r £ R X ? TaTpRX represents a glycyl-sminoacyl-L-tyrosine

a0 b 20 0

amide and raorb3?0X0 represents the corresponding aminoacyl-L-tyrosine
~ emide (note that Rz = Reg and X = X in these comparisons). ‘Thus, by
the argument presented sbove, the ratio (ko/KQ)I/(kO/KQ)II should be a
constant Independent of the amihoacyllcomponent (rb). It isfevident‘

from Table VIII that this 1s true and that the ratio in question is
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approximately six to seven.f

By the same arguments, the ratio of ko/Ko values for the N-
acetyl«aminoécyl—éfleucine methyl esters to those for the corresponding
aminoacylrgftyrosihe amides‘should also be a constant independent of }
the anuﬁoacyl component. These data are presented in Teble IX. With
- respect to the results of this table 1t may be noted that,with the ex-
:ception of‘the cases where the aminoacyl component is glycine dr I
leucine, there is less than a factor.of three separating the highest and
lowest values of the _—— (kb/KB)I/(ko/KB)II'* The average value of .
thls ratio, with the above-mentiloned deviations omitted, 1s approxi-
mately k50, | | ‘ |
' A similar constancy of the k.o/Ko ratlios should be expected in &
comparison of the ko/Ko‘parameters for the N-acetyl-aminoacyl-L—~leucine
métﬁyl esteré with those for the glycyl-aminoacyl-L-tyrosine amides.
These data are presented in Table X. Again, with the exception of-the
case where the amincacyl component 1s glycine, the values agree roughly
within a factor of two, with an average ratio of sbout 5L.

The L-leucine deviation in the results of Table IX may not be
unexpected. Yamashita reported experimental difficulties in the kinetic
study of this tyrosine smide derivative (52). The glycine deviafioné

observed in both correlations (Tables IX and X) may arise because of

TActually, it wae this correlation which Bender used as a test of
the hypothesis of independence of specificity for the parts of an Ry .
group. . _

*Bendar states (li) that reproduciblility within a factor'of two
between different laboratories must be accepted and therefore the
above correlation is a reasonable one,
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. some property agsoclated with the lack of a center of asymmetry in

.the glycine residue pennltimate to the Lwtyrosine residue. One possi-
bility is that the terminal free amino group of both of these substrates
might be able to Interact with the proposed anionic ePecies;in'the p1
sub-locus (see p. 116) in such & msnner as to lower the reactivity of
these substrates. ?he masking.of the free amino group in the N-acety-
-lated dipeptide ester derivatives would serve to eliminate the possi-
bility of this interaction, yielding an increase in reactivity.

In conclusion, although these latter two comparisons are not
nearly as good as the correlation between the two sets of Yamashita's
data, it must be remembered that, ﬁhereae invthe data of Table VIII,
the difference in reactivity considered is only about T7-fold, in the
data of Tables IX and X, the differences iIn reactivity are roughly 500~
fold snd 50-fold, respectively. Therefore, in the light of what has
been sald regarding the accuracy of Yamashita's data_and-in view of the
limitations of the theory employed, the correlations obtaeined msy be
consldered adequate. e |
Secondary Specificity--Correlation of

Experimental Results with those of
the Polypeptide Study

The results of the study of the chhymotrypein—catalyzed hydroly~
ses of N-acetylated dipeptide esters illustrate‘graphically the impor-
tance of secondary specificity, st least for this ciass of substrates.
Using velues of k.o/Ko as criteris of reactivity (Table VI), a TOO-fold
pecondary gspecificity effect 18 observed between the unreactive pre |

aspartyl derivative and the relatively reactive L-norleucyl derivative.
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One of the major obJectives of the present stﬁdy was to correlate the
kineticlresults with thé secondary'specificity trends obsgerved in the
thhymntrjpsinmcatalyzed hydrolysis of polypeptides (Part I). It ap-
pears that the experimentallresults do correspond roughly_tb.the quali-
tative effects observed for coz reéidues in polypeptides (1l.e., the
residues penﬁltimate 1ﬁ sequence to those which contain the carboxyl
component of the éleavable bond). In addition, the observation that
the secondary.s?ecificity effects seen for the dipeptide ester deriva-
tives roughly pérallel-those observed.for-the aminoacyl~ and glycyl—~
amincacyl-L-tyrosine amides lend credence.to the suggestlon that the
specificity ﬁgttern observed for the ester derivatives reflects'that
found for polypeptides.

‘The amino acid residues wh_ich mey be considered in this correls—
tioﬁ‘are (in order of their reactivity-enhancing propérties in the di-
peptilde esters): 7 L-phenylalanine > L-proline & L-leucine, > I-valine &
L—-isoleucine > L~alanine ® glycine >> I-aspartic acid.

With regard to the L-phenylalanine residue, 1t will be noted
(Part I, Table 1T, T 31) that because of its 1;rge frequency of occur—
rence at the CCl position 1n polypeptides, the sample availlable for
discussibn of its secondary specificity effect was so small that no
meaningful conclusions could be made. ..T.:-Pz.‘oline s however, was noted a.é
one of the residues which clearly appeared to assist hydrolysis and
therefore its beneficial effect in model substrates was to bé expected.
The polypeptide data for L-leucine 1ndiéated no marked effect one wey or
the other and thus the beneficial effect of this residue noted in the

model study mey be regarded as slightly snomalous. Both L-valine and
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1-isoleucine (although to a much smaller extent in the latter case)
'were observed to have beneficiél effécts in the polypeptide gtudy.
This resulﬁ is in fair agreement with results of the model study. The
residues IL-alanine and glycine may be regarded as hé.ving approximately:
' neutral effects in both studies. Finally, in both studles, the L~
aspartyl residue was observed to markedly hinder hydroiysis. 7
Thefefére,‘in view of thé very approximate and qualltative
treatment of seéondéry gpecificity of Q%chﬁmotrypsin towards polypep-
tides, it appears thét results 6f the_model study agree quite well with
this specificity pattern. These preliminary results should encourage

further work in this rather important ares of secondary specifiéitj.-
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EXPERIMENTAL

Syntheses

All meltiﬁg‘points were correctedlwith the use of a calibration
curve. Analysés were performed by Spang Microsnalytical Laboratories,
Ann Arbor, Michigan, and by Elek Microanalytilcal Leboratories, Torranée,‘
Californiaf Ipfrared and NMR sﬁectra ﬁere taken of most of the. com-

pounds. These spectra were consistent with the structures proposed.'

i. I-Alanine methyl ester hydrochloride

Esterification of L-alanine with methanol and thionyl chloride by
the method of Brenner and Huber (34,35) and two recrystellizations from

methanol-ethyl ether gave L-alanine methyl ester hydrochloride (75%).

11."§¢Valine methyl ester hydrochloride

Esterifilcation of IL—valine by the method of Bremner and Huber
(34,35) and_twolrecrystallizations from methanol-ethyl ether gave L-
valine methyl ester hydrochloride (80%), m.p. 150.0-153.0°, with de-

‘composition (1lit. m.p. 150.0-154.5°, with decomposition) (35).

1i4. LfLeucine methyl ester hydrochloride

This compound was prepared‘as described by Hein, Jones and
Niemann (10) in 93% yileld. The crude product was recrystallized from
methanol-ethyl ether and used directly in further syntheses.

iv. N;Acetyiglycylfgfalanine methyl ester and
v. N-acetylglycyl-L-valine methyl ester

These two substrates were synthesized in these laboratories by
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Dr. Kuniteke (9). After re-drying in vacuo they were used in kinetic

studies.

vi. Glycylglycine

This compound was prepared from glycine ethyl ester hydrochloride
by way of 2:5 diketopiperazine and glycylglycine hydrochloride mono-
hydrate by the method of Greenstein and Winitz (36) in ca. 50% overall

yileld, m.p. 215—220°, with'decomposition.

vii., N-Acetylglyeylglycine

Glycylglyeine (0.130 mole) was suspended in 330 ml. glacial
acetic acld. Acetic anhydride (0.33 mole) was added. The suspension
wag heated to bolling with subseqﬁent-solution of most of the solid.
The sgolution was quickly Eooled to room temperature. The solvent was
removed under vacuum, dry toluene being added to entrain the remaining
acetic acid when the distillation became sluggish. The resulting solid
was dried for one hour at 40°. The crude product was twice recrystaiy
lized from ethanol with Norit decolorization ylelding N-acetylglycyl-

glycine (90%), m.p. 178.0-179.5° (lit. m.p. 179°) (37).

vili. N-Acetylglycylglycyl-L-alanine methyl estex

NQAcetylglycylglycine (0.0% mole) and triethylamine (0.03 mole)
were added to 100 ml. chloroform (Spectrograde) in a 500 ml., three—
neck, round-bottom flask fitted with a drying tube, dropping fumnel,
thermometer and ﬁagnetic stirring bar. Most of the solld dissolved.
The mixture was cooled to -10° in a methyl cellusolve-dry ilce bath and
isobutyl chloroformate (0.0%2 mole) was added slowly while the tempersa-—

ture was maintained between -15° and ~5°. After a further 10 minutes,
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a precooled solution of L-alanine methyl ester hydrochloride (0.03 mole)

'and’triethylamine (0.0E\mole) in 100 ml, chloroform was added. The mix—
‘ture was allowed to warm to room temperature and was stirred overnight.
The resulting heavy vhite suspension was filtered (with difficulty).

The crude white crystaliine product was wasghed with 20 ml. water, dried
and récxystallized.foﬁr times from isopropsnol (twice with Norit de- |
‘-colorization) yieldinghpoﬁaer& white crystals‘of N—acetylglycylélycyl—
L-alanine methyl ester_(ls%),-m.p, 208.5-209.5° and [oc]%5 ~(22.1‘1-.1)"

(c, 2% in methanol). -

Anslysis ' Calculated: C: 46.32 = H: 6.61 N:.16.28
C. H _N.0_' (259.3) Found: C: 46.09 Hi 6.43 N: 16.21
10%17"5°5 B 46.15 6.55 14.95

ix. N-Acetylglycylglycyl-L-valine methyl ester

This éompound was prepared in a manﬁer analogous to that for the
éreceding compound (viii).r After stirring overnight, a small emount of
suspended solid was filtered off. The resulting filtrate was washed
with 15 ml. portions of N aqueous hydrochloric acid, 10% aqueous sodium
‘carbonate and watér. The organlc phase was dried over anhydfous sodium
sulfaté, then étripped of solvent under vacuum, leaving a yellow oill
which crystallilzed on addition of ethyl acetate. The crude product was
recrystallized three times from ethyl acetate (twilce with Norit decolor—
ization) ylelding white powdery crystals of N-acetylglycylglycyl~L—
valine methyl ester (20%), m.p. 178.0-179.0°, [a]2% ~(20.0 + 0.3)°

(¢, 2% in methanol).
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Analysis : Calculsted: C: 50.16 Ht T.37 N: 14.63

B

'012H21N305 (287.3) L Found: c;'5052h . H: T.06 N: 1hf78‘

X. N-Acetylglycylglycyl—-IL—leucine methyl ester

This compound was prepared in the same manner as the preceding
compound (ix). The crude product was recrystallized three times from
ethyl acetate (once with Norit decolorization) yielding flat white
erystals of N—agetylgl&cyigiycyl—}rleucine methyl ester (20%), m.p.

175.5-177,0°, [@12% ~(27.7 + 0.6)° (¢, 2% in methanol).

Analysis .  Calculated: C: 51.81  H: 7.69  N: 13.95

Ol N0 (301;3)' : Found: C: 51.65 Hi T.74 N: 13.92
1372373 5‘ | ‘ 51.73 7.86

;X NAChloroacetjlglycylglycine

This compound wes prepared by the method of Fischer (38) as modi~
fied by Sluyterman and Veenendaal (59) from 2:5 dlketopliperazine and
chloroacetyl chloride, yield;ng N-chloroacetylglycylglycine (70%). The
crude material was twice recrystallized from water to éive white needle-

like crystals, m.p. 174.0-175.0° (1it. m.p. 175-176°) (39).

x1i. Glycylglycylglycine

' N-Chloroacetylglycylglycine (0.050 mole) in 37 ml. water at 40° was
neutralized with 3.3 ml. of 15 N agueous ammonia. A further 60 ml. of
15 N ammonial(wafmed to 40°) was then added; the flask was étopﬁéred
and allowed to stand at 40° for E%Ihours. The golvent was then remaved

under vacuum with the aid of sbzolute ethanol. A large part of the

emmonium chlorilde present was removed by washing the solid residue with
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warm methanol. Purification was effected by dissolving the crude mate-
" rial in a minimum amouﬁt bf warm ﬁater and preciyitafing it with
ethanol. This procedure was repéated twice. The yield of pure ﬁroéﬁct'
was 80%, m.p. 244-246°, with aecomposition,(lit;; m.p. 246°, with de~

composition) (40).

xiil. N-Acetylglycylglycylglyclne

Acetylation of'glycjlglycylglycine (0;05 mole) using the method
described‘forvthe SynthesisJOf N;acetylglycylglycine (vii) yielded
yellow;white erystals of N;acetylglycylglycylgljcine (97°). The crude
productvwgs drigd over silica gel and XOH and was twlce recrystallized |
from ethénol yielding fine ﬁhite crystals, m.p. 212.0-214,0° (1it.

n.p. e;uﬂ)‘ (1),

Equivalent Welght _ Calculated: 231.2.

Found: 237.0

xiv. N-Acetylglycylglycylglycyl-L~alanine methyl ester -

‘ This-compound wa.s pré?ared with the use of a mixed-anhydride
tecﬁniqpe.similar to that described by Vaughan end Osato (hé). A
suspension of‘Nkacetylglygylgly?ylglycine (0.014 mole) and triethyl-
emine (0.01l4 mole) inl60 ml. chloroform and 30 ml. toluene in & 300 ml.,
round-bottom, three-neck flask (fitted with a dropping funnel, drying
tube, thermometer and magnetlc stirring bar) was cooled to ~5°>In a
nethyl cellusulve-iry loe hsbh. Inchukyl ehioruformste {0.015 mols)
wag added slowly while the temperature was maintained between -10 and
—5°; After a further half hour at this temperaﬁure, &8 precooled solu-—

tion of L-alanine methyl ester hydrochloride (0.014 mole) and triethyl-
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amine (0.014k mole) in 25 ml. chloroform was added. The cooling bath

\
\

was removéd and the mixture was stirred at room tempefatuferovernight.
The mixture was thén filtered (with cons;gerable difficulty). When
mﬁst‘of the solvent had been filtered off, the resulting gel was tritur-
vated with hexané leaving a white solild which was filtered and Vashed
with two 10 ml.portions of water. The crude product was dried under
vacuum over phosphorous péntpxide (yield 60%), m,ﬁ.7245—2h7°. IThe
crude product was purified byrdissolving it in water and running the
solution through an'ion exchange resin (Amberlite.MB—E cation-anion
exghange)'with.subéequnt removal of the solvent from the eluent under
vacuum.. - Recrystallization from methenol yielded the pure prodnct;
m.p. 251.0—252.0°,' |

Analysis
clzﬂzomuos'(3l6;3) ~ Calculated: c: 45.56  H:i 6.37 Nt 17.7L

Found: Ct 45.52 H: 6.28  N: 17.64

Saponification Equivalent Calculated: 316.3

Found: 31h.0

xv. N-Acetylglycylglycylglycyl-L—valine methyl ester

This compound was prepared in the same menner as the preceding
'compéund‘(xi#). The crude product, m.p. 203-205°, with decomposition,
~ was purified by ion éxéhange (Amberlite MB-3 cation-anion exchange
resin). Evaporation of the golvent from theyelnEnt ylelded white crys-—
tals of the desired product, ﬁfp. 226-228°., Two recrystallizatiéns from
absolute ethanol gave the pure product, m.p. 227.5~228.0°, [Qﬂgs ~(29.8 +

0.6)° (c, 1.4% in water).
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Analysis o  Celculated: C: 48.83  Hi 7.02  N: 16.27
fnalysls T
€1, ), 1,04 (3hk.4) : Found: C: L8.62 H: 6588- N: 16.07

Saponification Equivalent Calculated: Bl

Found:  347.0

xvi. N-Acetylglycylglycylglycyl-L-leucine methyl éster

This chpound wa.s ﬁrepared‘in the same manner as the preceding
compound (xv);' The crude product, m.p. 208—209°, with decomposition,
was recrystallized frbm absplute éthanol ylelding a partially purified
product, maf.'215.6A214.0°, with decdmposition.‘ The product was further
purified by ion exchange Cﬁmﬁerlite MB-3 cation-anion exchasnge resin).
After evéporation of‘the eluent solvent (under vacuum) . fine ?hife
crystals were obtained, m.p. 217.0-218.0°. _Recrystallization'frmm ab~

solute ethenol did not change the melting point.

Analysis - © Caleulsted: Ci 50.27 Hi T.3L  N: 15.63

OysHpg 0 (358.4) ; Found: C: 50.M%  H: 7.36 N 15.68

xvil. N-Acetylglycyl-l—leucine methyl ester

I. This compound wﬁs prepared using a mixed-anhydride teéhnique
similar to that described by Vaughan and Osato (42). To & solution of
N-acetylglycine (0.04 mole) and triethylemine (0.Ok mole) in a mixture
of 60 ml. toluene and 60 ml. chioroform (cooled to——5°‘iﬁ a methyl
cellusolve~dry ice bath) was added isobutylchloroformate (0.0k mole)
over a period of 15 minutes while the femperature‘was maintainéd>between
-15° and —=5° C. The reaction mixture set to & semi-solid mass. The
mixture was sbirred mechenically at the abqve.témperature for a further

25 minutes. -Then a precooled solutlon of Qfleucine methyl ester hydro~



w125 =
chloride (0,04 mole) and triethylamine (0.OF mole) in 80 ml. chloroform

wasg added;' The solid ;ﬁbseqﬁently dissolved. The mixture was allowed
to warm to room tem@erature and was stirred overnight. The organic
éolution was washed with 10 ml. portions of waﬁef and aqueoué sodium
bicarbonate‘(S%). The orgenlc phase was dried over anhydrous sodium
sulfate and stripped of solyént under vacuum, leaving a strawuyellow‘

oil (60%). Attempts at crystallization from conventional solvents‘at
room temperature (or.greafer) wére ﬁnsuccessful. ‘in order to purify

the compound, a bepiéne solﬁtion (5%) was chromatographed on neutral
aluminaﬂ(acti#ify oﬁe); The_compoundlwas eluted with benzene—methanol;.
The main fraction was eluted with 1% methanol in benzene. The-recoveﬁy
was 9#%; The solvent was evaporate& under vacuum leaving a viScous,';
colorless-oil.A,nystallization from absolute,ether at ~36° was effected.
It wasrfound that the product (fine white'crystals)lwas very hygroscopic.
CA1L manipﬁlations @uring‘recrystallization veré carried out in a "dry-
bag" under nitrogen, and the compound was dried and stored in s desic—
cator ofer phosphorous pentoxide. After fwo recrystallizations from
absblufe ether at -30° the puré white crystalline ?roduct was obtalned,

m.p. T0.0-T1.0° (semled tube).

Analysis . ' Calculated: C: 54.08  H: 8.25  N: 1L.h7

CllﬂeoNaoh,(2h4'5) ' Found: C: 54.20 H: 8.38 N: 11.36

53.97 8.37

II. This compound (xvii) was also prépared from glycyl-lL—leucine
methyl ester hydrochloride in the following manner. Glycyl-I-leucine
[0, ~34.6° (¢ = 4, in water) (0.027 mole) was esterified with methanol

and thionyl chloride in the usual msnner as described by Brenner and
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Huber (34). After the solvent was evaporated under vacuum, the re-
malning white powder wa;'washed with hgxane and dried. The product
was obtalned in 98%:yield5 One recfyétallizatidn from ethanol-ethyl |
efher gave glybylﬁgpleuciﬁe methyl ester hydrochloride, m.ﬁ.'lT0.0—
171.0° (m.p. 176.‘5ﬂ171.5° as reported by Kunitake (9)).

The ester hydrochloride (0.02 mole) was added to a mixture of
sodium scetate (0.0 mple) in 20 ml, acetic anhydride which had beeﬁ
b'cooled in an ice batﬂ. The mixture; protected ffom.atmospheric mols~
ture with'a.drying tﬁbe coﬁfaining calelum chloride, was stirfed at
‘ca. 0° for 30 minutes. The cooling béth.was then removed and the mikw -
ture was stirred at room temperature overnight. Most of the acetic
anhydride was removed under vacuum (ca. 200 u Hg) at room temperature.

. Ten ml. water was added to the remaining residue ané the mixture was
heated on & steém baﬁh fof 10 minutes to destroy the rest of the acetic
anhydride. After cooliﬁg, the mixture was made slightly alkaline with |
solid sodium bicarbonate, Twenty ml. of water was added to make the
mixture>more convenient to handle. The mixture was filtered. The |
filtraﬁe and the solid residue'were both extracted with five 10 ml. por-
tions of chloréform. The two chloroform extracts were combined and
washed with 10 ml. portions each of agueous hydrochloric acid (5%),
aqueous sodlum bicarbonate (5%) and water. The organic phase was dried
one hour over anhydrous magnesium sulfate and most of the solvent was
removed at room temperature under %acuum. The remaining sol%ent was
removed under vaéuum at 30° and ca. 30 Q Hg, ylelding a'colorless, vis~
cous oil (90% overall yield). fhe crude product was purified iﬁ the

usual menner by alumina chromatography, crysiallization and recrystal-
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lization (as indicated above (xvii--procedure I)). Two recrystalliza-—

tions from ethyl ether at'~50° geve the pure product, m.p. T0.0-71.0°

(sealed tube).

xviii. NfAcetylfé~alanyl—Lrieucine-methyl ester

L-Alanyl-I~leucine, [a]%4 ~17° (e, 5% in water) (0.002 mole) was
esterified in the usual Brenner-Huber fashion (34) with thionyl chloride
and methanol. Wheﬁ the solvent was removed (under vacuum) from the re—
action m;xture,!itrgéve the'prodﬁct, Lralanylréfleuciﬁe methyl ester
hydrochlo;ide-(85%), ﬁ white fluffy solid. The product was very hygro-
scopic and attémpts to recrystaliize 1t from ethanol-ethyl ether re-
sulted iﬁ gﬁ oil.. The mother liquor ﬁas decanted and the reméining
solvent was-removed under vacuum (200 p Hg at room temperature) yleld-
ing a white foamy solid. Thie solid was dried over‘phosphorous pent-

oxide (L hdurs-at 200 p Hg). The product was used directly in the
.acetylation. rThe aéetylation was carried dﬁt as described in the pre-
paratién of NFacetylgiycylnéfleucine methyl ester (xvii--procedure II)
except that an "inverse—additi@n“ procedure was used. The ester hydro-
chloride (under vacuum at 200 p Hg) was ccoled in an ice bath. ‘A pre~
viously cooled mixture of sodium acetate (0.005 mole) in 6 ml. acetic
anhydridg was then added to the cold ester hydréchloride. A drying
tube was attached and the mixture was stirred aﬁ ca. 0° for 30 minutes.
The cooling bath was then rémoved and the mixture was stirred at room
temperature overnight. -The‘workrup waé the same as fhat degcribed for
the preparation of N—aéetylglycyl-éfleucine mgthyl ester (xvii--proce-
dure II) and the D obtained, N-acetyl-L-alanyl-L-leucine methyl

ester, was a white crystalline solid, m.p. 116.5—117.5°. Two recrystal-—
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lizations, from isoproyylvether gafe white fibrous crystals, m.p., 118.5-

119.2°. .\~ _
Analysis - Calculated: C: 55.79 H: 8.59 N: 10.85.
CyoHoN0), (258.3) | ' Found:  C: 55.63 H: 8.58 N: 10.89

xix. N-Acetyl-L-valyl-I-leucine methyl ester

L-Valyl-L-leucine (0.002 mole) was esterified in the usual
Brenner—therifashibhr(3&). Removal of the solvent under vacuuﬁ and
recrystalliiatiéﬁ ffom_ethaﬁol~ethy1 ether gave white crystals of L-
valyl-L-leucine methyl ester hydrochloride (85%), m.p. 178.5-179.5° -
(1it. m.p. 174-176°) (43), [cx]g6 -(12.3 + 0.6)° (e, 0.9% in water),
(1it. [d]D‘-12.6°)(¢, 1% in water) (43). |

The.ester hyarochloride was acetylated in the usual manner (see
xvli--procedure II) with acetic anhydride and sodium acetste. Recrys—
tallization of .ﬁhe erude product from ethyl acetate-hexane gave white
fibrous crystals of N-acetyl-L-valyl-IL-leucine methyl'ester,.mwﬁ. 157.0—
139.0° (slbw heating); m.p, 119-120° (fast'héatiﬁg). Apparently there
1s a phase change which occurs at aboutvll9~120°. [a]§7'5 -(56.8 +

0.4)° (c, 2% in methanol).v

Analysis . Calculated: C: 58.71  H: 9.15  Ni 9.78
Cy)HogN 0, (286.4) Found: C: 58.68 H: 9.1%  N: 9.85

xx. N-Acetyl-l—-phenylalanyl-l—leucine methyl ester

L-phenylalanyl-L-leucine monohydrate (0.0017 mole) [a]2+ -20°
(e, 1% in aqueous sodium bicarbonate) was esterified by the method. of

Brenner and Huber (34). Removal of solvent under vacuum gave white
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crystals of L-phenylalenyl-~L-leucine methyl ester hydrochloride, Bé-
1cause the product. was quite_hygroscopic no further purification (othér
than drying over phosphorous pentoxide at 300 p Hg) was attempted.

The éster hydrodhlbfide was acetylated with acetiec anhydride
and sodium acetaﬁe using the "inverse addition" procedure as described
in the preparation of N-acetyl-L-alenyl-I-leucine methyl ester (xviti).
The crude product wae obtéined-in 92% overall yleld. Two recrystalliza-
tioné from isdproPyiiethef gave finé vhite crystals of N-acetyl-I-—
phenylalanyl-I-leucine methyl ester, m.p. 124.5-125.5°; P =T —(16.8li‘

0.4)° (c, 2% in methenol).

Analysis ' Calculated: Ci 64 .64 H: T7.84 N: 8.38

C18H6N0), (33h.4) . | Found: Ci 64h.66  H: T7.84  N: 8.k2

xxi. N-Acetyl-L-prolyl-L-leucine methyl ester
LrPrqulﬁL—leucine hydrate (0.002 mole).[a]%4 ~75° (e; 2% in
N aqueous hydrochloric acid) was esterified by the methodvof Brenner
and Huber (34). Removal of the solvent under vacuum (400 p Hg ) gave
a yellow-white solid which was very hygroscoplc. The crude product was
dissolved‘in methanol, and decolorized with Norit. When ethyl ether was
added, the product olled out. The ﬁother liquor was décanted and fhe
remaining solvent was removed under vacuum (hQO i Hg ) ylelding a
‘slightly'yelloﬁish solid. The product was d;ied over phosphorous péntn
oxide at 400 u Hg and was used directly in the acetylation.. |
The ester hydrochloridé was acetylated (using acetic aﬁhydride;
and sodium acetate) with the "inverse addition" technique (xviii). ‘The

. erude product was a straw-white viscous oil (90% overall yield). This
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oil resisted numerous orystallization attempts.
The product was furified by column chromatography. A 2% solu— |

tion of the cruoe product in bengene was chromatographed on neutral .‘
alumina (activity oné)."Elution was effected with methanol-benzene.
The main fraction>was eluted with 1% methanol in benzene (recovery
90%) The compound wa.s further purified by molecular distillation using
a small sublimation apparatus (30—50 B Hg, TO0-90 ). The‘distilled N~
acetyirgrprolylwéfleucine methyl ester was transferred to a sealed

 flask under dry nitrogen.

Analysis ' Calculated: C: 59.13  H: 8.51  N: 9.85

olhﬁahwgolL (284 .4) Found: C: 58.81 ~ H: 8.65

xxii. NﬁAcétylwﬁ—aianyl—éfleucine methyl ester

B-Alanyl-I~leucine (0.,0012 mole) was esterified by the method of
Brenner and Huber (3&). The methyl ester hydrochloride obtalned was a
colorless oil which was dried over phosphorous pentoxide at 300 p Hg
andvused directly in the aoetylation.

Acetylation of the ester‘hydrochloridé in the usual menner, using
the "inverse addition" technique (xviii) gave, after two recrystalliza-

tions, fine white crystals of N-acetyl-P-alanyl-L-leucine methyl eoter
'(78% overall), m.p. 1oo.oglol.o°, [a]§7'5.~(25,7 + 0.3)° (¢, 2% in |

methenol).

Analysis Calculated: C: 55.79  H: 8.59 N: 10.85

C1oHnpN0), (258.3) |  Found: C: 55.76  Hi 8.52 i 11.05
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_xxiii, N-Acetyl-L~O~aminobutyryl-L-leuclne methyl ester
\
L~0-Aminobutyryl-L-leucine (0.0012 mole) was esterified by the

_method of Brenner and Huber (34) giving white crystals 6f L-O~amino~-
butyryl-L~leucine methyl‘éster hydrochloride. - The crude product wes
dried under vacuum and used directly in thé acetylation.

Acetyla#ion of ﬁhe gster hydrodhloride in the usﬁal manner using
the "inverse addition" techniﬁue (xviil) gave the érude product, a white
- solid‘(BO%) Two recrystallizations from ethylacetateﬁhexane gave fine
white crystals of N-acetyl-L-0-aminobutyryl-I~leucine methyl ester,

m.p. 102.om103.2°, [a]§7'5 ~(59:4 + 0.4)° (c, 2% in methenol).

' Analyeis | Caleulated: C: 57.33  H: 8.88  N: 10.29

0T N0, (@72.3)  Found: C: 5T.M - H: 9.0k  N: 10.07

xxiii. N-Acetyl-L-leucyl-L-leucine methyl ester

L—LeucylﬁLpleucine (0.0005 mole) was esterified by the method of
Breﬁﬂer and Huber (5#); Crystallization of the oil obtained (from
ethanolﬁethyl ether) gave the ﬁethyl ester hydrochloriae:fine white
crystéls (93%), m.p. 177-178°. One recrystallization from ethanol-ethyl
ether gave I—leucyl-I—leucine methyl ester hydrochloride, m.p. 178.0~
178.5°. i '

The éster‘hydrochloride was acetylated in the usual manner (xfii-w
procedure II) ﬁith acetlc anhydride and sodium acetate. The.pfoduct ob~—
tained was an oil which crystallized on standing (71% overall), m.p.
‘ilOEHlOSO‘ Two recrystallizations from ethyl acetate-hexane geve thin-
white needles of_N;acetylwgfleucylwgrieuciné méthyl ester, m;p. lO8.5~

110.5°, [a]§7-5 ~(66.0 + 0.5)° (q, 1.5% in methenol).
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Anslysis . Calculated: C: 59.97 H: 9.39 N: 9.33

".ClSHéBNEOu (30074) ' Found: q: 59.8; H: 9.22 N: 9.35

xxiv. N-Acetyl-L~norvalyl-l~leucine methyl ester

Threé ml. of & saturated soiution of dry hydrogenlbromidé in
glacial acetic acid (ca. 25% weight/weight) was added to N—carbobenzokys
Ernorvalyl~£~leucine methyl‘éster (0.0013 mole). The mixtﬁre, protected A
from.atmogpheric‘moisture with a drying tube containing calcium chloride,
was sﬁirred at roém.temperature for one hour. Evolution of carbon di-
oxide was npted'immediatelj. The mixture was then treated with 50 ml.
anhydfous eth&l ether, The ester hydrobromide which separated was fil-
~ tered off; washed with ether and dried over phos?horous pentoxide. Re;
cryétéllization from methanolnether'gave L-norvalyl-I—-leucine methyl
egter hydfobromide, a white hygrosébpic sollid which was dried and stored
ovér‘phosphorous pentoxide.

The ester hydroﬁromide was acetylafed in thé usual'manner, uéing
the "igverse addition" techniquer(xviii). The white crystalline product
was oﬁtained in 75% overall,yield. Two recrystallizations from ethyl
acetate~ﬁexane gave N-acetyl-L-norvalyl-L-leucine ﬁethyl ester, m.p,

123.5-12k.5°, [a]§7'5 ~(60.2 + 0.4)° (c, 2% in methanol).

Analysis ' | Caleulated: C: 58.71  H: 9.15  N: 9.78

Cy ) EoeNp0), (286.4) : Found: C: 58.68 H: 8.95 . N 9.7&

xxv. N-Acetyl-L-norleucyl-L-leucine methyl ester
N—Carbobenzoxy—grnorleucyl;g—ieucine methyl ester (0.001l3 mole)
was decarbobenzoxylated with hydrogeﬁ bromide~glacisal acetic acld in the

same manner as that described in the preparation of N-acetyl-IL-~norvalyl-
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L-leucine methyl ester (xxiv) to give L-norleucyl-L-leucine methyl ——
. hydrobromide (98%) o
The ester hydrobromide was acetylated in the usual manner withl

aéetic anhydride and sodium‘écetate, The white crystalline product was
obtained in 86% overall yield, m.p. 123,0-124,0°. Two recrystallizations
from ethyl acetgté—hexane gave white needles of N-acetyl-IL-norleucyl-IL~
leucine methyl.ester, m.p.‘125.5-126.5°, [a]§7-5 -(53.2 + 0.4)° (c, 2%

in methanol).

Analysis ' Calculated: C: 59.97 H: 9.30 N: 9.33

(:lEIiEBI\IEOLL (300.4) ‘- Found: C: 59.90  Hi 9.28  N: 9.11

xxvi. ﬁ~Acetyl—§¢aspartyl(ﬁmbenzyl ester)-I-leucine methyl ester

N—Efbutyloiycarbonyﬂrgrasparﬁic acid B-benzyl ester (0.0073 mole)
‘ and IL-leucine methyl ester hydrochloride (0.00Tj_mole) were condensed‘
(in chloroform solution) by the usual mixed—anhydride technique (42)
using isobutylchlgroformate (0.0073 mole), The conventional work—up
procedure was employed and the product obtained (N—E;butyloxycarbonyi—£7
. aspartyl (B-benzyl ester)-L-leucine methyl ester) was a light yellow oil
which crystallized oh standing at 4° for two days. The yileld of white
crystals was 81%. The crude product was used in the following synthesis-.
withoﬁt any purlfication. |
,N¢Erbutylbkycarbonyl~£rasﬁartyl(ﬁ—benzyl ester)—éfleucine methyl
ester (0.002 mole) was treated with 10 ml. saturated dry hydfogen chlor-
1de in glacial acetic acid (ca. 5%). The mixture (protected from atmos-
pheric moisture by a drying tube fillgd with calcium chloride) - 7

stirred for one hour at room temperature. The solvent was then removed
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under facuum (1.5 mm. Hg at 35°). The Last traces of solvent were re-—
* moved at 300 p Hg and‘fQOm.temperature, ylelding & white hygroscopilec
glass, L—aspartyl(ﬁ—benﬁyi ester)-gfleucine methyl éster hydrochloridé‘
(96%). This pfoduct was:uséd directly in the subsequent aceylation.

| The ester hydrochloride was acetylated in fhe usual manner with
acetic anhydride and sodium acetate with the "inverse-addition" tech-
nique (xviii), yiélding a‘coiorless oll which crystalllized on standing.
Cat e (yield 90%, 86% overall) After one recrjstallization, fine
- white crystals of N—acetyl-L—aspartyl(B—benzyl ester)—Lrleucine methyl

ester, m.p. 77;5—78.5°, were obtained.

_xxvii."NwAcetyl—L;aspartyl—L—leucine methyl ester

A solution of N—acetyl~L—aspartyl(B—benzyl ester)—L—leucine methyl -
ester (xxvi) (O 001 mole) in 10 ml. methanol was added to a mixture of
150 mg,rpalladium black catalyst in 20 ml. methanol which had been stir-
ring under hydfoéen féf one hour in an atmospheric-hydrogenation appa-
iatus._ The mixture was hydrogenated for 4 hours (one atmosphere, room
tempefature). The catalyst was then filtered off, washed with methanol:
and the filtrate was evaporated to dryness under vacuum leaving & glass
which was Hrdied, a% 300 p Hg over P05 (yield 97%) The product was
hygroscopic and further menipulations were carried out (where possible)
in a dry beg undef dry nitrogen. Two recrystallizations from ethyl
acetate-hexane gave fine white érystals of N-acetyl-L-aspartyl-L-leucine
methyl ester, m.p. 108.5—109.5“¢ .The compound was stored in a desiccator

over phosphoroug pentoxilde.
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Analysis Celeulated: C: 51.65 H: T.34  N: 9.27

C) N0, (302f5) o Found: C: 51.81  H: 7.33 N: 9.18

xxviii. G—N—EfbutyloxycarbonylwabN#carbdbenzoxyHLrlysyl~£fleucine
methyl ester - -

‘. e~-N-t-butyloxycarbonyl-Q-N-carbobenzoxy~L~lysine (0.0066 mole)
and L-leucine methyl esfer‘ hydrochloride (0.0066 mole) were condensed
(in chloroform solution) by-thé usual mixed-anhydride technique (L42)
"using isobutyichlo:oformaté (0.0066 mole). The usual work-up procedure -
was employed,-and‘the produét obtained (89%) was = light'ygllow oil i
which crystallized on standing 8t room temperature under vacuum;(BOO 1!
Hg), m.p. 96.0-98.0°. Thig product was used in a sﬁbsequent synthesis

without further purification.

xxix, O-N-Acetyl-e-N-t-butyloxycarbonyl-L-lysyl-I—leucine methyl ester

A solution of e-N-t-butyloxycarbonyl-0~N-carbobenzoxy-L-lysyl-L-
leucine méthyl eéter (kxfiii) (0.002 mole) in 10 ml. methanol containing
glacial acetic acid (0.0024 mole) was added to & mixture of 300 mg.
palladium black catalyst in 20 ml. methanol which had been stirring under
hydrogen'in an atmospheric-hydrogenstion apparatus for one hour. The
mixture was hydrogen&ted for 4 hours (one atmosphéré, room temperature),
The‘catalyst was flltered off, washed with methanol and the solvent was
evaporated from fhe comblned filtrate and wash under vacuum, leaving a
colorless oil. Dry ethyl ether was added and then eveporated off,
leaving a glase (95%). The crude e-N-t-butyloxycarbonyl-L~lysyl~L—
leﬁcine methyl ester acetate wasg used directly In the acetylation after

drying at 200 u Hg over phosphorous pentoxide.

(
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The ester acetate was acetylated in the usual manner with acetic
&

anhydride and sodium acetate with the "inverse-sddition™ technique
(xviiil) giving the product in T5% yileld (71% oversll). One recrystal-
lization from ethyl acetate—heXane gave QbN4acetyl—e—N—E;butyloxycar—

bonyleé—lySyiuzrleucine methyl ester, m.p. 99.0-101.0°.

xxx. O-N-acetyl-L-lysyl-L-leucine methyl ester hydrochloride

To a#N;acétyl—e—N—Efbutyloxycarbonyl—gglysylré—leucine methyl
estér (0.0013 molé) in & 10 ml. flask (fitted with a drying tﬁbe con-
taining célcium chloride) was added 6 ml. glacial acetic acid saturated
with dry hydrogen chloride (ca. 5%). Evolution of carbon dloxide was
noted immediately. 'The golution was stirred at foom temperature for
one-helf hour. Fifty ml. absolute ether was added apd & gummy precipi-~
tate formed. After standing overnight at 10° (protected from moisture)
the mixture wa.g filtergd under’ & dny,nitrogén atmosphere. The white
solid obtained-wés dried‘over phosphorous pentoxide. The sample was
recrystallized three times from methanol—ethyi ether yielding a very
hygroécopic white amorphous solid. Because of the extreme hygroscopil-

city, it was impossible to obtain an accurate melting point.

Analysis Calculated: C: 51,20  H: 8,59  N: 11.94

015H50N3ohcl (351.9) Found: C: 48.37  H: 8.34  N: 12.09

In an attempt to purify fhis compound, the free amine was pre-
pared from the -hydrochloride in the manner of Paul and Anderson (4k4).
Methylene chloridel(lS ml.) was added to the hydrochloride (0.0005 mole).
Dry ammonia wes bubbled through the mixture, The suspension appeared to

dissolve with subsequent formatlon of another precipitate. This precipi-
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tate (NH4Br) was filtered off with the ald of sodium sulfate. Addition

of ligroin (30-60) to the filtrate resulted in a fine white precipi-~
tate. The product was flltered offland was found te be extremely hy-
groscopic. All attempts tq reérystallize this product resulted'in a
viécous oil. The NMR spectrum was consistent with the structure of
‘O-N-acetyl-L-lysyl-I-leucine methyl eéter, but all further attempts at

purification (recrystallization, chromatography) were abortive.

xxxd . L-Leucine emide hydrochloride

This compound was prepared by the method of Greensfein and Winitz
(45) yielding, after two recrystallizations from methenol-ether, thin
 plates, m.p. 235.0-236.0° (lit. m.p. 236.0-237.0°) (L5), [a]§6_+(9.5 +
0.3)° (c? 5% in water) (1lit. [ajﬁs + 9.5°) (c, 5% in water) (45). The
PK& of this gmine hydrdchloride was determiﬁed from é titration curve
by the procedure of Almond Kerr and Niemann (46). The value obtained

was PK (NHa ) = 7.95 + 0. 03.

N-Acetyl-~L~phenylalanyl-I~leucine amide

N-Acetylugrphenylalanyi—kfleucine methyl‘estgr (0.0005 mole) was
allowed‘td stand‘at room temperature for 4 days in a sealed pressure
bottle containing 5 ml. methanol saturated with anhydrous ammonia. The
mixture was then concentrated to near—dryﬁess uﬁdef vacuum (25 mm, Hgv'
and 35°). This évgporation was. repeated several times after the addi-
tion, each time, of about 10 ml. methancl. The residual cryétals were
filtered.with fhe ald of hexane. Two recrystalllzations from etﬁanolu
water gave white needles of N—acetyl—L~phenylalanyl—L—leucine amide,

m.p. 255~25u°
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Kinetic Studies

The kinetic paraﬁeters for the Q~chymotrypsin—catalyzed hydroly-
ses of the subsfrates in this sﬁudy were determined>by a procedure de-
' scribed earlier (47), with modifications described below. The thermo-
statted reaction cell referred té in reference 47 har been modified to
‘hold a 20 ml. begker.‘ All kinetle runs were conducted in aqueous solu-
tions, 0.10 M in sodium chloride, at 25° and pH 7.90 + 0.10.

The O~-chymotrypsin used in these studies was a bovine, salt-free
preparation obtained from Worthington Biochemicals (lot number C.D.I.
6066—67).,,Thé'protein-nitrogen content was determined by this author.
and J. R.‘Rﬁpp. The method employed_was the miéro—Kjaldahl procedure
of Redemén»(hB). A value of 14.91 + 0.06% was obtained (13). Values
for enzyme conceﬁtrations employed in the determination of kinetic
parameters were based on an enzyme molecular weight of 25,000 and s
proteinunitrogep'cbntent of 16.5%.

- The initial rgtes of all O~chymotrypsin-catalyzed hydrolyses
considered in this study are described by eqpatiqn:

k [E] |S
v, = ~§£~;2%§%2 (25)
o o :

where v, is the initial rate of the reaction, [E]o and [S]O are the
initial concenﬁfétions of enzyme Qnd substrate, respecfively, and Kb.
and ko are two expérimentally obtalned parameters. 4

Many of the substrates consldered in this study are "fast" sub-
strates which have relatively high values of ko and low values pf'K6.  In
ordef to conveniently and accurately follow the course of the reaction

of these "fast" substrates with the pH—staﬁ, it was necessary to care-
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fully choose initial concentrations of both substrate and enzyme. o

1l. Substrate Concentration

The initial substrqte concentrations, [S]o, which are varied
over an eigh£~ to nine~fold range_should‘ﬁe‘chosen sucﬁ that one of
fhe intermediate values of [S]o approximates the value of'Kb for the
substrate. When this requirement is satisfied, the most accurate valﬁes

of k_and K_ are obtained.

2. Enzyme Concentrations

Two important factors must be considered in the choice of [E],,
the initial substrate concentration:

. a. Extent of Reaction

Integratidn of equation 25 yields the desired . initial ehzyme
- concentration as s function of initial substrate concentration, extent

of reaction and the ratio Ko/ko' This is shown in equation 26:

B {KO [s1, [sl, - sl }

[E]l, = &% k_ ln\[s]t * K (26)

where A'ﬁ‘is the length of time during which the reaction is followed,
'[S]o is the initial substrate coﬁcentration and [S]t is the substrate
concentration-at time €. | |

In order to avold such complications as inhibition by prﬁducts
and excessive curvature of velocity traces, it is desirabie-to limit the
extent of reaction as much as poss;ble. . It mey be seen from equation 26
that a "fast" substrate (i.e., low Ko and high ko) wlll require the use
of extremely low enzyme concentréfions if a reasonably small extent (1.e.,

< 20%) of the reaction is to be followed.
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b. Adsorption of Enzyme on Glass Surfaces

A lower operatianal limit of about 10 ° M for initial enzyme
. concentration is establishe&4 because aﬁchymotrypsih, like many pro-
teins, is adéorbed on giass éﬁrfaces. This adsorption may result in
atypicelkinetic behavior when [E]o ig lower thaﬁ this limit (16,49).

In addition to the difficultier deécribed above, there are other
experimentai'problems assoclated with the determination of kinetic
parametefs for “fgst" substrétes such as those employed in the present
study. The‘coﬁceﬁtration of sodium hydroxlde used to follow the reac-~
tion must be low (ca. 5 X 107> to 1 X 10 - M). This results in signifi-
cant blank reactions and difficulties in base standardization because )
of carbon dioxide absorption.’ In addition, because of the relatively
‘high extents of reéction‘necessafy and ﬁhe‘correspondingly curved re-—
action velocity traces 6btained, great care must be exercised to follow
the initial part of the reaction.in orderlto obtaln accurate initial

velocities.

Experimental Details

1. It was found that it was necessary to follow & relatively large
extent of‘reactiOn (up to 25%) for the engyme-catalyzed hydrolyses of
" many of fhé substrates studied. ‘Thérefore, extreme care was téken to
"eatch" the reéctién as soon as possible (i.e., a few seconds) after
enzyme was added to the reaction mixture.

2. 1Initial enzyme concentrations were often very low (ca. 1077 to
R M). In order t§ minimize adsorption, the stock enzyme solution
was prepared so fhat 1ts cohcentration wae about 102 times as concen—

treted as the &esired‘[E]O. The enzyme stock solution was injected
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- into the 10 ml. reaction solution by means of a syringe delivering

0.996 X 10°° ml., The s&ringe»was rinsed 10~-20 times with the stock
solution prior to each delivery. At the énd of each run, the elec~
trodes and stirfer wereAwésﬁed with copilous amounfs of distilled water.
Tﬁe above ﬁrocedure wa's employed"whenevér the initial enzyme concentra~
tion ([E]o) was less than l.X o e M. Otherwise, the more conventional
technique-(i.e;, injection of 1 ml. enzyme stock solution) (47) was
used. . |

In all qéses, the pH of the enzyme stock solutlon was adjusted
to pH 7.9 immediately before inJjection into the reaction solution.
Contrary fq another report (16), thie procedure was found to be neces-
safy even for the more dilute enzyme solutions so that an accurate
trace of the initiél portion of the réacfion could be obtained.

‘3. Although a streém of nitrogen was introduced into the reaction
.vessel above the édlutions, carbon dioxide was stili absorbed slowly by

the basic reaction mixture. Because of.the low concentrations of sodium
hydrdiidé employed, this blank reaction was often significant. Because
of its poor reproducihility, in most cases this plank reaction was de~
terminéd on each run (i.e., at each substrate‘concentration) prior to
- addition of enzyme. This blank reaction included: the carbon dioxide
blank, the substrate blank (i.e., the hydroxide-ion-catalyzed hydrokr;
sis of the substrate) and the very smsall amountrof reactlon catalyzed
by any enzyme left adsorbed on the electrodes or stirrer. Cbrrection
for this blank reaction was made on each run.
4, In most cases, the enzymé—catalyzed reactlion was followed for
only.h-minutes, rather than the conventional 8 minutes (47) in order

to reduce the extent of reaction and to minimize adsorption of the
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enzyme (see Appendix I of reference 16).

5. All stock solutian were thermostatted at 25.0° and were trans-

ferred to the réaction vessel as quickly as possible. |

The primary kineﬁic'data consisted of automaticaliy recorded
traces of the rates of production of acid from thg O~chymotrypsin—
catalyzed hjdrolyses ab sevéral concentrafions of the substrates. The
date were corrected for the blank reacfion as déscribed above and
analyzed with é:DQtatron 220 digitalrcomputer programmed as described
previously (50);.

The kinetic pgfameter ko/K0 determined for N—acétyi—grphenyl—-
alan&iézfleucine amide was obtained in the manner described by Kurtz

and Niemann (52) from the following equation:

k 2 Py +
-l { fer) &

where (k /X )" is the observed parsmeter and [BHp']/[BHz] 15 the ratio
of the concentrationsrof the lonlzed and unioﬁized forms of one of the
produﬁ#s (L—ieucine‘amide). This ratio may eésiky be'obtained from the
pKa(NH3+) value for L-leucine emide (see Syntheses) and the pH of the
reaction solution (pH T7.90). This correction factor (i.e., {l + [BH2+]/
[BH]}) corrects for the effect of the buffefing ability of the product
on the parameter k (53 ).

The standard deviationsitﬂ‘ko/Ko parameters were determiﬁed.from
the indijidual paraméters, ko qna Ko’ and their standard deviations.
The equation used is based on the method by which the individual parame-

ters were determined (50,51) and is glven by the following:



1

(X, k, [[ak )\ [aK)|? =

ale] =& = - = (28)
P ok - Mg o o _

where A (ko/Ko) is the standard deviation for the parameter ko/Ko and
A Ko and A ko' are the standard deviations for K0 and ko » respectively.

- The errors in the ratios (ko/KO)I/(ko/KO)II etc. (Tebles VIII,

 IX and X) were calculated from the standard relationships (36):

1
GLpTOLE B pmyg

S
a2 + b2 g) (29)
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III. THE STRUCTURAL SPECIFICITY OF O~CHYMOTRYPSIN:

- SOME REACTIVE ESTERS OF N-ACYLATED AMINO ACIDS AS SUBSTRATES
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INTRODUCTION

A\

In this chapter, aﬁtehtion willl be focussed on theldkchymotrypsinu -
catalyzed hydrolyses of some reactlve esters of N-acylated emino acids.
' The effects of the Ré componeht of substrates of the form RiCONHCHRgCORé
on reactivity and stereospecificity will be discussed in terms of the
- kinetie échemes and specilficity theories outlined in the General Intro-~
ductiﬁn. The #mplications of the possible contribution of Rg~pz inter-
action to binding énd to reactivity of the enzyme-~substrate complex
will form the basis of much of the discussion.

Rather early in the study‘of the esterase activity of G%chymo;
- trypsin, a éearch'for‘a classg of‘neutral, water soluble écylated G—amino
acid estérs capable of functioning as specific substrates for G-chymo-
trypsin ' led to the preparation, by Kerr end Niemsnn (1), of N-acetyl-L-

phenylalanine glycolemide ester (I).

0
- I
CHz GHE—O—CHQCNHE
)
=
I
This compound-indeed proved to be an excellent substrate for o
chymotrypsin (2). In fact, its reactivity was so great that, under
reasonable experimental conditions, accurate determination of the ki—
netlc parameters was lmpossible,
In a'later study of the O~chymotrypsin-catalyzed hydrolyses of a

series of analogues of N-acetylglycine methyl ester, Wolf and Niemann
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(3) were unsble to determiné the kinetic parameters for N-benzoylglycine

\
glycolamide ester(II). Two factors, & rapid hydroxide-ion-catalyzed

Il
<C:::>—CNHCH20—O—CHECNHE

_ hydrolysis and an excepﬁionallyrfast enzyme-catalyzed reaction (for =
giycine derifative) appeared to prevent this eysluation.

The g}ycolamide esters of N;acylated amino acids are really
depsipeptide derivatives. They are analogous to N-acylated aminoacyl-
glycine amldes with an oxygen atom replacing the NH moilety of the yeﬁ—
‘tide bond. Thus, investigation of these compounds appeared to present
another approach to the study of the secondary specificity of O~chymo-
trypsin, more fully discussed in the preceding parts of this disserta-
tilon. Therefore,‘in part, the study ﬁisauﬁsed in this chapter repre-
sents an introductory; but very limited, attempt in the model study of
the segonda:y épecificity of aéchymotrypsin‘for reslidues which corres-
pond to the amine component of the peptlde bond in thg Okcﬁymotrypsin—

catalyzed hydrolyses of polypeptides (see Part I).
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. RESULTS AND DISCUSSION

A new and successful atteﬁpt was made to evaluate the kinetic‘-
parsmeters for N-benzoylglycine glycolamide ester(II). The modifica—

" tions of tecﬁniqué described in the Experimental sectlon of Part II ﬁere
- employed. The results are displayed in Table I.

The glycolamide esters of three trifunctional substrates (N-
benzoyl—Lralanine, N;benzoyl—D—alanine and N—acetyl—L—alanine) were
also synthesized and studled as substrates of Ohchymotrypsin. Because

of the rather pecullar stereochemlcal behavior observed for the N-
‘benzoylalanine glycolamide esters, the O-chymotrypsin-catalyzed hydroly-.

ses of the cyanomethyi esters of the two antipodes of N-benzoylalanine

(1II) (the synthetic precursors of the corresponding glycolsmide.esters)

were also studled.

The kinetic parameters for the above-mentioned substrates, as

well as those for the corresponding methyl esters are reported in Table
L.

Importance of Rg—ps Binding

There has been, and still is, a great deal of controversy con-—

cerning the importsnce of a binding interaction between the carboxyl

component of & substrate of O-chymotrypsin (i.e., Rz = CORa) and the
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Experimental Conditions and Kinetic Parsmeters for the O-Chymotrypsin-~catalyzed Hydrolyses

of Various Esters of some N——chrlated AminorAcidsa

b e d b
[510 ‘ [E]o_. Max. ngger o rko Ko kO/KO
Substrate mM lOnTLLI Reaction Expts. sec mM M_ﬂlsecﬂl
Benzoylglycine methyl ester® — —] - — | 0.225 +0.006 |5.3 +0.4 2y 3
Benzoylglycine glycolamide ester  [0.15 - 1.18] 4.0 | 26 12-0 | 2.37 +0.07 [0.12 +40.02 [(2.0+0.3)x10*
\ — _ , t
Benzoyl-I~alanine methyl ester . 1.9 =15.4 |3ko — 10-0 | 0.23 +0.01 9.6 0.6 Pkl +0.3 &
: a ' =
Benzoyl-I~alsnine glycolamide ester|0.097 -0.875| 1.6 5 -1 | 0.36 +0.02 0.3k +0.03 | 1050 + 90
Benzoyl-L-alsnine cysnomethyl ester|0,0356-0.7%21| 1.%2| 16 9-1 | 0.428 +0.007 [C.065 +0.004 | 6620 + 380
Benzoyl-D-alanine methyl ester’ |1.1 - 8.8 |5k0 — 10-1 | 0.0071+0.0002|2.2 +0.2 |{3.1 + 0.2
Benzoyl-D-alanine glycolamide ester|[0.043 -0.345| 11.0 | 1k 9-1 | 0.085 +0.001 |0.130 +0.005 [ 660 + 20
Benzoyl-D-alanine cyanomethyl ester|0.0186-0.167| 3.72| 25 9-1 | 0.0934+0.0013|0.0133+0.0015/ T020 + 790
Acetyl-L-alanine methyl ester® L5 — 264 | 170 — — | 1.26 +0.03 T3+ 28 |1I.7% % 006
Acetyl-I-alanine glycolamide ester |7.27 -58.2 | 37 8 9-0 | 3.55 iO.llk B37.122.6 9% + 5
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‘TABIE I-—continued

B'In aqueous sclutions at 25.0°, pH T7.90 + 0.10 and 0.10 M in
sodium chloride.

bBased on an enzyme molecular welght of 25,000 and & protein-—
nitrogen content of 16.5%, .

®The extent of reaction during the time the reaction was followed
(for the lowest initial substrate concentration). ,

. dFirst number refers to the number of kinetic runs performed;
second number refers to the number of points rejected by a statistical
reiterativerproce&ure. ;

®Parameters determined by J. R. Rapp (29).
£

Persmeters determined by W. A. Mukatis (31).

€parameters determined by Jones, et _al. (30).
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active site of the enzyme. Indeed, this is perhaps the only mejor point
of difference between thé Bender specificlty theory (h) and the Hein~ .
Niemsnn (5) or Hemilton (6) treatments, Hein end Niemann (5) proposed
that the rather drasmatilc deérease ianb-observed between an amide and
an ester substrate was due primarily to enhanced Rsz—pg interaction for
the ester (as compared with the amlde). On the other hand, Bender Cr)
attributes thig decrease in KS to the effects of a change in the rate~
defermining step (see p. T ). He states (7) that "the real K 's of the
;fester and L-amide differ‘only by a small factori and that the values
of Km(app)*'of the‘ester and 1ts corresponding amide aré different be-
cause of the differing ratios (ks/(kz + ks)) in the two resctions.”
Furthermore, he coneiders that there are no differences in the Ks values
for various esters of the same acylated amino scid (7,8). In the Bender-
Kézdy treatment of specificity, the authors conclude (4) that "the effect
of a variation of the group X [the carboxyl function] on,kcat/Km(app),*
appears In general, not to involve produ;tive binding of X to the en-~
zyme, but rather to reflect electronic influences of X." This statement
18 the basis for equation 1 which contains .one of the'terms.important

in the overall BendermKézdy'description of specificity (4):

o (1)

Tohig Factor Ks(amide)[K (ester) is, according to Bender (7) sbout

2.9 for N-acetyl-IL~tryptophan derivativas and gbout 5 for N-ascetyl-IL~—
phenylalanine derilvatlves. ,

Kﬁ(app) and k . in Bender's terminology are equivalent to K and
k in the terminology of this dissertation.
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where the terms are those explailned in the Generél Introduction (p. 14).
Tt might be noted that 1if binding of X (i.e., Rg) to the active site
1s important, equation 1 would have to be modifled to include some
binding factor which is dependent on the nature of X(Rg). There is
gome evlidence which suggests that Ra-ps binding is e factor in many .
cases. This evidence will be presented below..

The most extenelve set of data to which equation 1 applies i1s
that for several esters of hippuric acid (l.e., N—benzoylglycing). Per-
tinent data fo: several of thesge subsirates are presented in Table II.
The ko/xﬁ'iata are those of Nelson and co-workers (9), Epand and Wilson
(10) and Zerner (11) (as tabulated by Zerner and Bender (T)).; The -
ko/KE value for the glycolamide ester was obtained from results of the
present study (Table I). The Taft substituent constants (U*):are those
tabulated by Leffler and Grunwald (12) except for the values for
‘-cemog, ~CHpCONHz and ~CHoCHaN (CHg) s which were caleulated as de—
scribed below, '

The rate of the hydroxide-ion-catalyzed hydrolysis (HzO, 25°)
of gfnitrophenyl acetate 1s about 57 tlmee greater than that for‘methyl
acetate (4). The p*¥ vyalue for this reaction is %l.h? (13). The o*

value for —CHsz is zero (12) and thust

log 5 |
O roag —liﬂg(l =+ 1.20 (2)

The p* value for the ionization of carboxylic acids (Hz0, 25°) is
+ 1.72 (13). The pKa values for acetic and carboxamidoacetic aclds

(i.e., CH3COzH and NHzCOCH2COzH) a’;re_l;.756 (14,15,16) and 3.6k (16,17),
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TABLE IT

Kinetlc Parameters for the OG-Chymotrypsin-catsalyzed

© "Hydrolyses of some iislers of Hippurle Acidq

Substrate
#CONHCHoCORR ko/Ky log
| R ' M tsec™ k /KO O'.R*b
~CHa 60 178 - 0.00
39 1.59
~CpHs L2 1,62 -0.10
-n—CgH7 67 1.83 -0,115
~1-CgHy 22 1.34 -0.190
23 1.26
-n-C4Hg 156 2.19 ~0.130
~1~Cy4flg 69 1.84 -0.125
~(CHz)2N(CHa)s 890 2.95 +0.71
~CeH N0z (p) ~5700 3.75 +1.20
~CHzCONHz 2 X 10% k.30 +o.65-

- &n aqueous solutions at pH 7.90 and 25.0°.
- Data from references 9, 10 and 11 (as tabulated in

reference T).

Prast substitubed constents for the slcohol

component of the esters.

See text for references.
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respectively. Again the o* value for -CHz 1s zero and therefore

| ~ B.756 = 3,64
Lemacorms © 1 =t 06 )

From the rate constants for the hydroxide-ion~ and hydrogen-ion-
catalyzed hydrolyses (HzO, 25°) of acetyl choline (18) and ethyl acetate
*
(18,19), O CHoCHa
this reaction (13):

= -0.10 and p* = +1.47 (13) and the Taft equation for

X
ko gt

k
[}

log _ — log

OH

=+ 1l.b7 o* _ (&)

a o* value of + 0.85 for R = —CHECHEE(CHS)a is obtained.

A Taff linear free energy,piot of log (ko/KB) for the substrates
of Table Ii against the Taft substituent constants for the alecohol
components of the esters (oﬁ*) is displayed in Figure 1. Although the

~ scatter in the data for the simple alkyl esters 1s quite large, if the
glycolamide ester point 1s considered anomalous, a line of correlation
may be drawn, ylelding a p* value of sbout + 1.6, This value, it will
be noted, 1s reasonably close to that obtained for the hydroxide-ion-
catalyzed hydrolysis of acetates (i.e., +1.47 (13)). As reported byv
Bender 4), a similar treatment for esters and amides of N-acetyl-L~—
tryptophan and.N—acetylegrphenylalaniné yilelds simllar results, with
p* values close to that for the hydroxide-ion-catalyzed hydrolysis of
acetates. The most etriking deviation from the line drawn (Figure 1),
is the extremely high ko/Kb value of the glycoiémide ester. This deriv-

ative 1s about 20 times more reactive (using kg/Kﬁ as a criterion) than
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Free Energy Plot of log (kO/KO) for the Q-Chymotrypsin-

catalyzed Hydrolyses of a Series of Esters of N-Benzoyl-
glycine vs. the Taft Substituent Constants (o)
for the Alcohol Components of the Esters

R of BCONHCHCOR

CH;

CzHs

n- 03H7

i-CaH,

n-CyHq
i-C4Ha 3
CH,CH,N (CH3)3
CH,CONH,

p- CeH4NO2

© ONOOD OIN ~

05 1.0

Figure 1
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the choline bromide ester although the ¢* value for the latter compound
is slightly greater (+0.85) than that for the glycolamide ester (+0.65).
Indeed, the glycolamide ester is more than three times as feactiva as
the grnitrophenyl ester which has a ¢* value almost twice that for the
glycolamide ester. The only reasonable explanation for this phenoméﬁon |
is some sort of binding interaction between the glycolemide ester moieby
"(Ba) and the enzyme. This enhanced Ra-ps binding might Increase re-
activity in one or both of the following ways: (a) it might decrease
the parameter Kb because of the beneficisl effect of the Rg-ps inter-
action on KE or (b) i1t might increase ko because of an improved orienta—
tion of the hydrolyzable function (CORS) at the mctive centerr(i.e., -
increase in ks). Both of these cases imply some kind of Ra-pa inter-—
action, |

With regard to the alkyl esters, Bender (T) has calculated, with
the ald of certain aspproximations, the "true" K values fér these sub-
strates. Although the varlations 1n the KB values obtained are not
large, Knowles (20) has been able to correlate these values (i.e., log
Ks) with the hydrdphobic character of the alkyl substituent. He found
that KS decreases (l.e., binding increases) as the non~polar character
of the alcohol molety of the ester Increases and he suggests that Rg-pa
interaction with some hydrophobic eharacter does éontribute to binding.
This is contrary to the view of Zerner and Bender (7) that K, is essen-
tially invariasnt with change of Rga.

The importance of an Ra-pz Interactlion is also suggested by some
kinetic data for the Q-chymotrypsin-catalyzed hydrolyses of two esters

of N-acetyl-L-norveline. The ko velues for the methyl and isopropyl
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esters of this amino acid derivative are 2,70 i.0.17 gec T and 2,92 +

0,04 sec™™, respectively (21). In terms of the scyl-enzyme scheme

(see p. 6 )
Xp kg | '
kb = E;ﬁ:j;; (5)
'l'hus,'
~ k2 kg e S ko kg
B0 =R (6) 2,50 = o e (7)

where kz and ké are the specific rates of acylation for the methyl and
- isopropyl esters, respectlvely, and kg 1s the speclfic rate of deacyla-
tion for the common N-acetyl-L-norvalyl-chymotrypsin. It i1s apparent

R
~CH(CHs)z equals -0.19 (12) end that for R = ~CHg is zero (12), the im-

- from equations 6 and T that ké > k2. Because the o ¥ value for R =
plication 1s that g* for acylation must be negative. The g* values for
kO/Ko = kg/KE for substrates of O~chymotrypsin are usually positive (4)
(1.e., p* ™ +1 to +3). In terms of the Bender-Kézdy theory which as-
sunes a constant K value, a posifive p* value for acylation would be
expected. The results for these two esters of N-acetyl-IL-norvaline
are entirely contrary to this. This data suggests that an Ra-ps inter—
action may indeed affect the rate of acylation (kz).

Additional evidence supporting the importance of the Ra-pz inter—
ection is also available from the observation by Issacs and Niemann (22)
that acetyl-O~chymotrypsin stereospeciflcally acetylates one enantiomer
of buten—2-ol and from observations of Balls and co-workers (23,2k4,25)

on the effect of alcohols on the hydrolysis of p-nitrophenyl acetate by

O~chymotrypsin,
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Thus, although the magnitude of its effect 1s uncertain, the im~
portance of an Ra-ps interaction to the observed kinetic behavior of

substrates of O-chymotrypsin cannot be denied.

Stereospecificlty

Undoubtedly, the usual antipodal specificity of C~chymotrypsin
1s for the L-antipode of amino acld derivatives. However, the view of
an obligatory absolute stereésyecificity in favo: of the Erantipodeé bé—.
gan to lose ground when if became evident that stereochemical preference
was relative rather then sbeolute (5a), and indeed it was negated when,
in several insﬁances, the D-antipodes were found to be more reactive
- (51,26,27,28).

In 1960, an inversion of the usual antipodal stereospecificity
of O~chymotrypsin was demonstrated (28) when it was observed that the
‘Qféntipode of 5wcarbomethoxydihydroisdcarbostyril(IV) was hydrolyzed iﬁr
an G~chymotrypsin-catalyzed reaction at a rate much gre&tér than the

corresponding L-antipode. A theory (5) developed to explain the above

v

observations also predicted, in general terms, the existence of other
examples of diminished stereochemical specificity and even inversion

for substrates of the type R;CONHCHRoCORg.
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In & recent communication, Repp and Niemann (27) describe an |
inversion of the usual‘antipodal specificity in the &-chymotrypsin-
catalyzed hydrolysis of N-plcolinylalanine methyl ester. This resulf
hes been at least partially explained in terms of the above theory (29).

The kinetle beﬁavior of soﬁe N-acylated alanine methyl esters
1llustrates the effect of the Ry group (in R, CONHCHR2CORg) on stereo— .
specificity; The kinetic paresmeters for N-scetyl- and N-benzoyl~D- and
L-alanine methyl'este_rs are given in Table III. The retio of k /K
values for the L— and D-antipodes of an N-acylated amino acild derivative
1s an excellent measure of stereospecificity. The ratio (kO/KO)L/
(kb/KB)D 15 & measure of the preference for the Erﬁntipode over ;£e
Q&enantzgmer in an O~chymotrypsin-catalyzed reaction, This ratio is
'greatef than 570 for the N-acetylalanine methyl esters but is only
about 8 for the N-benzoyl-derivative (Table III). This inaicates a
gubstantial decrease 1n stereospecificlty for the N-benzoyl-derivatives.
The diminiéhed stereochemical specificity for the N-benzoyl-derivatives
(as coﬁpared to the N-acetyl-derivatives) has been attributed to the
effects of‘non~productive binding. The results have been explained in
terms of the increased Importance of a non-productive binding mode in
the N-benzoyl-l~substrate. | |

T, Gt o e Mekn-Nlenmnn theory (5), the productive mode for
the L-antipode of a trifunctional substrate has been proposed to be that
~involving Ri~p1, Re-pz; Ra-ps and H-py interactions CFigure-Ea). The
rproductive mode for the Qfaﬁtipcde is that involving Ry-pz; Re—p1,
Rg~ps and H-p, interactions (Figure 2b). One possibie mode of.binding

for the L antipode (its importance depending on the nature of Ry) might
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TABLE IIT
Kinetic Parameters for the Q~Chymotrypsin-catalyzed
Hydrolyses of N-Acetyl- and N-Benzoyl-D- and

L-Alanine Methyl Esters™

' c
k K ko/Ko (k /X )L
Substrate g M Mrlsecnl (ko;KﬁjD Ref.
N-Acetyl-L-alanine methyl 1,26 . 739 1.71 30
N-Acetyl-D-alanine methyl < 0.001 ~ 300 < 0.003 & 29
" ester? ‘
N-Benzoyl-l—alanine methyl 0.23 9.6 2L , 31
ester
_ : T.8
N-Benzoyl-D-alanine methyl  0.0071 2.2 Byl o oEm
egster : "

In agqueous solutions at 25.0°, pH 7. 90, 0.10 M in sodium chloride.
Data from Table I and reference. 29.

bEstimate of parameters from reference 29.

®Relative reactivity of a D-L antipodal pair.
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be that with Ri-pm, Re-py, Ra-pa and H-p interactions (Fig. 2c). This
mode, although it has a£ Ra—pa Interaction, will, for alanine derivatives.
have a group lﬁrger.than hydrogeﬁ (L.e., Rz = =CHz) in Py end thus from
one of the experimental;y supporte&‘postulates of thé above theory (Sa),

will be non—productivé.'

U | i oay
H I H Ra
p1 Ru Ra pa : P1 Re 3 Pa P B Ra pa
P2 e : | P2
(o) - | | (v) : | (e)
.+ ' Leantipode . D-antipode 7 L~antipode
Productive Mode - ‘Productive Mode Non~productive Mode
Figure 2 -

Thus, a modification of Ry (i.e., Ry = RiCONH—) such that its af-
finity‘for p2 1s enhanced, should serve to increase the reactivity of
the D-antipode (i.e., lower K and raise ko)¢ However, for the L-anti-
pode (because of the increased importance of noﬁ~productive binding) a
decrease in both X end k_ should occur (see p. 6 ). This 1s indeed
what is observed when the Nfacetamido~group of the N-acetylalsnine
methyl esters is replaced by an R; group (l.e., the benzamido- group)
which, because of its increased hydrophobilc character, would be expected
to interact strongly with the p» locus (see Part II, p,ll2). |

' The Interpretation of the résulte obtained for esters of N-
benzoyl-D- and L-alenine (Table I) will be made in terms of the binding

modes represented in Figure 2.
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Effects of the Alcohol Component (R.) of N-Acylated
Amino Acld Esters on Reactivity and Stereospecificlty

In Table IV, the kinetlic parameters for the substrates of Table I
are‘expressed relative td the values for the methyl esters. In Teble V,
the (k /K )L/(k /K ) ratios for the methyl, glycolamide and cyanomethyl
esters of the NHbenzoylalanina, dRp ﬂresented.

The ra?io (ko/Kb)E/(ko/Kb)Q.may be regarded as a measure of
stereoéelectiviﬁy. From Table V, it 1s observed that whereas NAbeniqu~
L~alanine methyl ester is about 8 times as reactive as 1ts corresponding
. D-antipode, the L—glycolamide ester is onLy 1.6 times as reactive as its
Qpantipode, agd indeed, for the cyanqmethyl esters, the Qfsubstrate ap~
~ pears to be slightly'gggg reactive than the L~antipode (although when.
experimental error is considered, the réactivities of the latter two
substrates may be considered to be equal). Thus, as the reactivity of
both the antipodes increaseg (Table IV), a decrease in stereospecificit&
is observed to the poiﬁt where, I1n the case of the cysnomethyl esters,
the D-antipode is Jﬁst as reactive, if not more so, thaﬁ the L-antipode.

~Accommodation of thils behavior (i,e., a change In stereospecifi-
city as a function of the alcohol portion of an N-acylated aminoc acld
ester) in te:mé of the specificliy theories outlined in the General
Introduction, presents some difficulties.

In terms of the Bender-Kézdy specificity thebfy ()3
log =— = p* (o0,* - 0 ¥) (8)
(/Ko % T T % .

and | ' log == = ¥ (o * - o ¥) (9)
W )B_X' B ¥Z X, :
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TABLE IV
Kinetic Parameters of Table I Expressed Relative

to the Respectilve Methyl Esters

Relative ko Values

Acyl Component?-, ‘ “ © Alcochol Com.]_'.mnem;b
' ~0CHg © ~OCHzCONHz —0OCHoCN
N-Benzoylglycyl- 1.0 10.5 : —

- N—-Benzoyl-L-alanyl- TG 1.6 1.9
N—Benzoyl—D—alanyl~ 1.0 12.0 - 13
NaAcetylréralanylw 1.0 2.8 -
Relative Ko Values

Acyl Componenta : Alcohol Componentb |
‘ -0CHg ) ~0CHoCONHz ~0CH=CN

- N~Benzoylglycyl— _ 1.0 0.023 —
N-Benzoyl-L-alanyl— 1.0 0.035 0.0068
N-Benzoyl-D-alanyl~ 1.0 0.059 0.0060

, N—Acetylrgralanyl— 1.0 0.050 e
Relative kb/Kb Values

Acyl Com.ponenta : Alcohol Componentb

—~OCHg ~QCH-CONHz ~QCHzCN
N-Benzoylglycyl— 1.0 L0 —
N-Benzoyl-IL—alanyl— ‘ 1.0 L 275

, N—Benzoyl—D~alanyl~ ‘ =0 210 " 2260
N-Acetyl-L-alanyl- 10 56 —_

®pcyl com mponent refers to R' CONHCH(RQ)CO~ in the substrate
R, CONHCH (Rz ) CORg.

Pplconol component refers to Rg in the substrate Ry CONHCH (Rz ) CORS.

!
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TABLE V
The Stereospeclficilty of the CG-Chymotrypsin-catalyzed

Hydroljses of Esters of N-Benzoyl-D- and E—Aianine _

Alcohol Component (Ry) .

of PCONHCH (CHs)CO2Rg (5, / Ko)_I_._/ (i, / Ko)ga
—CHsz 7.8 + 0.5
—CHzCONHg 1.60 + 0.15
—CHpC=N | ' - 0.9% + 0.12 |

“Ratio of the k_ /K values (Table I) for the L-
‘and D-antipodes consifler®d.
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where- the subscripts I-X and LTXA refer to two different esters of

N-benzoyiﬁgralanine, thé subgseripts D-X and E?XA refer to the corres-

ponding D-antipodes, * and p * are the Taft reéction parameters for
= =5 P D

the L~ and Qmantipo&es, respectively and akf and cx* are the Taft sub~

. A
-stituent constants for the_alcohql portions of the two esters consldered.
From equations 8 and Iy Lhe Tollowing equation msy be obtalned:
| (x /X )
(kO/KO )L--X Q @] E—'X

Ry R - e

Therefore; a plot of the term in the left hand side of eguation

A
stralght line of slope * _ g *), Such a plot for the three esters
- L "7

L 10 ig._(uxf = okz) when‘X -?efers to the methyl esters should yleld &

of the N-benzoylalanines is shown in Figure 3 (data from Table V).

From this figure (in which errors in the kb/Kb ratios are considered) it
‘is obserﬁed that the three points available do not correlate particulariy
" well with a straight line. A straight line gilving the best fit yields a
value of pL* - QD* of about ~0.7. Whether or not a straight line should
indeed be drawn, is & moot point, and later discussion will suggest that
1t should not. The assumption that Bender makes regarding constancy of
K for various esters has already been questioned (pp. 160-169) and
later discussion will suggest that prientation of CORé (X) at the active
site 1s an lmportant facﬁor. Thus, changgs in kp wiﬁh,CORé will reflect

this latter factor as well ss the electronic effects_of the alcohol

component (RL).



< T8 ~

\
\

Stereospecificity of the G-Chymotrypsin-—catalyzed

Hydrolyses of Three Esters of N-Benzoylalanine as

a Function of the Taft Substituent Constant for
the Alcohol Component of the Ester
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In terms of the Hamilton extension of the Hein-~Niemann theory

" {6), relative stereospecificity may be expressed in terme of RE/D where;

(kO/KO)L—Ra o/ (kO/KO )L—Rgo
e 7R v mel i v 9 s )

where L-R3 and D-Rg refer to some ester of N—benzoyi—}r and D-alanine,
respectively, and L-Rago and _12—330 refer to reference esters of the two

antipodes of N-benzoylalanine.
When the productive modes for the two antipodes afe represented

as in Figure 2, R}_/D is given by equation 12 (see p. 13).
= = = = =1 = 1 w1 %
Map-Rgp 11 Fer %55 Kmm | K12 o1 K53 K

k o= = s = =l - T~ B
2D-Ra  "2LrRao  Kyp Ky Kyz Ky Kyp Kpp X35 Ky

S
_ ®2L-Rg
"/ T g

(12')

where the K, ,'s represent the "microscopic binding factors™ for produc—

1J

tive modes of the I~Rz and D-Rs substrates and the R&;’s represent the

'corre“Sponding binding factors for the L-Rag and D-Rag reference sub-

strates.

If the Kij's and KAS'S are independent of each other (i.e., if

the contributions of each R-p interactlion to the overall binding of the

— -y — —

: . —_— = ot §
substrate are independent) then Kll = Kll’ K22 = K22, K12 = Ki2’ K21 =

Réi and equation 12 reduces to:

Btng Tondes

g . o e - (13)

®/p =

This is a result which is very simlilar to that obtained earlier
- .
(p.177) from the Bender-Kézdy treatmept. Thus, if kQETRa/REE?Ra is a
constant independent of Ra, then RE/D'should also be a constant inde-

pendent of Raz. From Teble V, 1t is obvious that RE/D is not a constant,
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and thus the implication is that k

EgrRa/kEQﬁRa is Indeed dependent on t@e

nature of Raz.
The explanation which will be proposed to account for the obser#ed

results indeed 1s concerned with the puggestion that k2 is =

L“RS/EQQ“RA

P o e iarsemsy TR ¥E15 e Susenbe. Thak Hhis s I
kEEERa/kEP_RB‘with ghanging Rs 18 a result of the effect of the R;—pa
interaction on the ofientation of the ester function at the actlve site.

If the dataiare regarded_sﬁch that the cysnomethyl esters represent
the "true" stereospecificity of the eﬁzyme»catalyzed hydrolysis and the
methyl esters represent an anomalous increaée in stereoépecificity, the
following‘inﬁerpretation of this increase may be consildered. The produc-
tive bindiﬁg’modes proposed for the two'éntipodes of the esters of N-
benzoysalanine are represented by the following interactions: L-antipode—
»‘¢CONH—91, CHz~pz; Ra~pz and H-pg3 D-entipode-—CHgz-pi, CONH-pz, Ra-ps and
. H-py (Fig. 2). |

It 1s proposed that, although the productive mode for the PEantin
pode represents a favorable binding mode and is the only productive mode
available to thislanfipode, for the methyl ester it is not a particularly
good productive mode because the dominant Ri-psinteraction results in a
poor orieﬁtation of Rz at the active center. However, in the case of
the more reactivé glycolamide and cyanométhyl esters,'itris proposed
that effectivé Ra~-pg interaction alleviates this situation of poor orlen-
tation, resulting in greatly increased reaétivity of the productive mode
for the D-antipode. |

The benzamido- (¢CQNH—) group ;esembles the benzyl side.éhain
(¢CH§—) of the very well-bound and reactive phenylalanine substrates (32),

and indeed, it is because of this similarity that non-productive bind-
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ing of N—beﬁzoylgé—alanine derivatives is of such great importance.
'~Howgver, it must be notéd that the phenyl ring of the benzamido~ group

| 'is one atom further from the Q-carbon of the amino acid than 1t 1s in‘

~ the bhenzyl Side‘chain. Because the L-phenylalanine derivatives (which‘
bind to G-chymotrypsin with a benzyl-ps 1nterac£ion)‘have very high k
(end indeed ké) values (8,32) 1t is reasonéble to assume that a @CHo-po
interaction‘provides an optimum Ra orientation and that the Rs orienta-
-tion in a‘substrafe with a ¢CONH~Q2 interaction represenﬁs some deviae—
tion from this optimnmmj It is worthwﬁile ﬁoting that the methyl ester
of B-phenylpropionic acid (¢GH20H2C02CH3)'15 s substrate for O-chymo-—
trypsin (kc').-—‘;' 0.018 sec ¥, K, =39 mM) (33). Indeed, this substrate
has a highér‘ko value than N—benzoyl—zfalaﬁine (ko = 0.0071) sec™ *; K, =

C 2.2 mM (31)). Because this substrate lacks the carboxamido function of

: acyléted amino acid derivatilves, ¢CH2—pi interaction would be unlikely,
end thus the productive mode for this substrate would undoubtedly involve
a ¢CH2—92 interaction. - In spite of the lack of an R-p; interaction (con-
sidered by Hein and Niemsnn (5) to be important for orientation of Rg at
‘the active center) tﬁis substrate still has a higher ko value than ﬁhaj‘.

- for N-benzoyl-D-alanine methyl ester. This suggests strongly that thé
productive binding mode for the latter substrate does not provide pér~
ticularly goodfofientation of Rz at the éctive center;

It 1s fherefore proposed that an.increased Ra~pa loteraction (e.g.,
in the glycolsmlde and cjanomethyl esters) undoubtedly at soﬁe expense
of the ¢CONH~p2 interaction, pro%ides & more nesarly optimum:orientation
of the ester carbonyl group of the Q:antipode at the active ceﬁter of the

enzyme, resulting in an increasge In reactivity greater than that which
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would be expected solely on the basls of electronic effects.
~For the correspogding Lpantipodes, this'stps orientation effect
willl not be as lmportant as for the Q—antipodes. The ¢CONan1 interH‘
action (presenﬁ in the productive mode of the L-antipodes) may well be
| consldered to provide optimum orientation of thé carboxyl functioﬁ at the
active center, eveﬁ in the case of the methyl ester. This R; group con-
tains the necessary functionality (i.e., the ~CONHumoiety) which is pres—
‘ ent inrtheAﬁatural po1ypeptide substrates of O%chymotrypéin; Thus, the
increasé in reéctivity of the I~antipode productive . complex (a8 messured
by ka) with_‘a, chan.ge‘ of‘ Ra, may . merely refiect the ele‘ctronric :Lnfluence
of Ra (the alcohol component of the ester).
| An incfease in substrate reactivity, as measured by ko/K0 = ke/Ks)

for the more reactive esters of the_;kantipode'may be a function of
vthree different effects: the electronic effect of the alcohol componéntv
of the ester (ch*) on kp; a possible binding effect (i.e., change of B,
due to the Ra—ps inferaction); and improved orilentatlon of the hydrolyz-
ablé function (Ra) at the active cenﬁer because of an enhanced Ra-pa
interaction (leading to an increaée in ks). For the Qfantipoﬁes, how—
"ever, this latter effect will not be operasble. On this basis, the greater
increaseAin the reactivity of the D-entipodes, as compared to the L~
antipodes, can bé ana have been explained.

Some calcﬁlations based on the data of Table I supporting the
above argument will now be presented. The Qrantipodes\will ﬁe considered
first. The small difference‘in thﬁ’kb values-for the glycolgmide and
cyanomethyl‘gstefs of N—benzoyl;g-alanine'@nOBS gec - and 0.095h sec-l,

respectively) suggesf that, at least In the case of the cysnomethyl
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ester, deacylaﬁion 15 the réte determining step. Therefore, ko = ka
for this substrate. Emﬁloying & welue &F ks = 0.093k sec_l, values of
. ko and Ké for the cor;esponding methyl and glycolamide esters may be

calculated from the data of Table I and the relationships

b kz ks (l]-l-)

kO B ko + ka
- ks ) :
and _ KO = %o + ko Ks . : ,('15)

The vﬁlues thus obtalned for the methyl ester are ko = O.QOTT -
sec ™, kg = 0.0934 sec™™, and K =.2.h mM. For the glycolamide ester
the:ccrreSPOﬁding values éré‘kg = 0.94 sec_l, ks = 0.0934 sec * and
Ks ='l.4 mg.l It 1s observed that ko for the glycolemlde ester 1s about

- 120 times greater than ks for the methyl ester. If thils increase were
due only to electronic effects of the alcohol component, a p* value for
.acylation‘of about +3.2 would be obtained. Using this p* value and thel

o* value of Teble IT for the cysnomethyl ester & 1.30), a value of

ko N llb gec © is obtained for the cyanomethyl esfer. From thisvvalue'
‘of kp, and kg = 0;095h sec ¥, a value of K, = 15.7 mM for N-benzoyl-D-
alanine cyangmethyl ester 1s obtained. This value of KS seems unreason-—
ebly high wheﬁ iﬁ is noted that the Ks value for the methyl estér is
only 2.4 mM.

If, however, one considers that much of the difference in the ko
values for.the methyl and glycolemide epters is due to the above-men-
tioned orientation effect and assumes, as an approximation, that the p¥
value for écylation in the absence of this effect wbuid'be similar to

that for the hydroxide-lon-catalyzed hydralyéis of acetates‘(i.e., about

-
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+ 1.5), then values of kp = 9.k sec”™ and K, = 1.34% mM for the cyano-
methyl ester of the D-antipode are obtained. This latter value is a
more reasonable one for the dissociation constant of this enzyme-sub-
strate complex. However, because a small but significant decrease in
stereospecificity (lL.6-fold, from Table V) i1s observed between the gly~
colamide and cysnomethyl esters; the orientation effect proposed to ex~
plain an sbnormal increase iﬁ ko between the methyl and giycolamidg
esters should also be operable fof the former pair. This effect should
be considerably less for this case and thus the actual parameters fér.

N;benzoyl—gfalahine cyanomethyl ester may be represented as 110 sec —

>
Xz > 9.4 sec ™ and 15.7 mM >> K > 1.34 mM. The values on the left of
the above ilnequalities are basged on the assumption that the effects on
ks (orientation and electronic) between the glycolamide and cyanomethyl
esters are the same ag those between the methyl and glycolamide este;s.
The values on the right are based on the absence of an orientation ef-
fect between the glycolamide and cyanomethyl esters. Therefore, the
actual values should lile between the two extremes, énd because the orien-
tatlon effect 1s small for thiscase, ks and KS should hoth be better
approximated by the lower values than by the higher ones.

Now; if the esters of N—benzoyl—g:alanine are consldered, the
kinetic parameters (ko and K6) may be represented by eqpations_l6 and
17 (4): '

E o et 7 | (16)

K, = — (x7)
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where @ = 1 +'Ks/Kéi and K and K_, are the dissociation constants for
‘the productive and non-productive complexes, respectively.

Because bgth the productive and non-productive complexes involve
Ra—pglinteractions, one reasonable approximation which may be made is
thet O 1s eesentially constant (independent of Ra) for the substrates
considered. If now the value of p* for acylatioh le consldered to ap-
proximafe-that Tor the hydroxlde-ion-catalyzed hydrolysis of acetates

¥ .
(p% ~ +1.5) so that ke oy oy ® & 100ke_oy » then from

10%k2 4 cp,comm,
equations 16 gnd 17, the approximate relative magnitudes of the.KS
values fgr'the-three esters may be calculated. The relative KS vglues
thus obtained for the methyl, glycolsmlide and cyanomethyl esters of
benzbyl—;falanine are in the ratios of 1:0.22:0.39, indicating some
incfeasé of binding for the more reactive esters. These ratilos ere in
reésonabie égreement with those obtalned from the above calculations
for the D-antipodes (1:0.58:0.56 < Xf << 6.5) when it is taken into
account that, for the D-antipodes, an‘increased Ra~pg Interaction will
ocecur 6nly at some expense of thé Ri—p= interaction,.resulting in a
decrease in KS which 1s not as large as would be expected simply frqq
' .conslderation of the Increased Ra-ps lnteraction. Thls would account
for a &méller decrease in Ks for the .glycolamide and c&anpmethyi esters

of the D-antipode as compared to that calculated for the corresponding

L-antipodes.

T“X" represents the relative K value of N-benzoyl-D-alanine
cyanomethyl ester (as compared with tham for the methyl ester) From
the discussion above, X can only be estlmated by the limits shown.



- 186 -
From the ratio of the KS values for the glycolamide and cyano-

methyl esters of the Lréntipodes (0.22:0.39), 8 very rough approxima-
tion of KS for the D-cyanomethyl ester can be madef As an approxima—l
tion, it will be assumed that the KS values for the glycolamide and
cyencmethyl esters of the D-antipode will be roughly proportional to
those for the L-antipodes. Thérefore, from the above ratio and the KB
value for the D-glycolamide ester (i.e., KS—=‘l.h mM) s value of K =
2.5 mM for N—bén;oyl—gkalanine cyanomethyl ester is obtainéd. This-
value éf'KS yields a value of kz & 17 sec = for the same substrate.
The-abové velue of K satisfies the limits 5 I S }5.7 mM >> K >
1.34 mM) discussed above.

;Thé calculated and approximated values of ka2, k3 end K for the
esters 6f thenzojl—gfqlanine are summarized below: .

Calculated Kinetic Parameters for Esters
of N-Benzoyl-D-Alanine

_ kz kg Kg
Ester gec T sec * - mM
Meﬁhyl 0.0077 0.0934 2.4
Glycolamide 0.94 0.093k4 1d
Cysnomethyl ~ 17 0.093k ~ 2.5

From the above data for the D-antipodes, the data of Table I and
the caiculated Ks ratios for the L~antipodes, én approximation to the
free energy profiles for these substrates can be made. These profiles
are illustrated in Figure 4 and represent the free energy changes in-
volved in going from free enzyme and substrate in solution to the transi-

tion state for formation of the acyl-enzyme intermediate (see General
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Introduction, p. 8 ). The dotted lines are included only for illustra-
tive purposes andrrépreéent onl& hypothetical parts of the profile. The
KS ;élues for the L-antipodes cannot be calculated; only their approxi—
mate ratios are avallable., These values must, however, be greaterithan
the corresponding Ks‘values for the D-antipodes (Table I and p. 186).
Therefore, the free energy minima for the L-antipode ES complexes are
hypothetical and are included only to illustrate the Ké rat;os and the
fact that these K velues will be larger than those for the correspond~
ing ggsubstrétes.l‘The.three‘profiles (Figure La,b,c) have been nor-
malized so that in all cases the free energy of the free substrate and
enzyme in solution 1s set equal to zero. The free-energy.difference
betWéeq'E+S and ES is based on a. standard state of 1 M concentration
for oﬁg-of the reactants (i.e.;, E or S). These figures provide an illus-
trafidn (in free energy terms) of the effects proposed to explain the

stereospecificity behavior of esters of N-benzoylalanine.

a) Conclusion

The effect of variation of the alcohol component (Rs) on the
stereospecificlty of the O-chymotrypsin-catalyzed hydrolfses of esters
of N—benzoyl—gf and L-alanine 1s graphically illustrated by the data of
Table V. Because the only structural change in these antipodal pairs
is é variation inrthe Ré group, the observed variation in stereospecific—
ity EEEE be a function of the nature of this group. It has been suggested
that the Ré group cen affect reactivity in one or hoth of the following
generél ways:. a) by an electrdnic’effect or b) by a bindingreffect; Al
though'electrbnic effects can account for a variation in reactivity,

they alone do not adequately explain the observed variation in the rela~
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tive reactivity (stereospecificity) of the D-L péirs. Thefefore, an
explanation for this stereochemlcal behavior has been proposed based on
the relative importance of an Ra~pa binding interaction which results In
different orientation effects for the hydrolyzable functions of the two
antipodal:series. Tt was found that the results of this study were con--
sistent with a p* value (for acylation) for both antipodal series of
the order of that observed for hydroxidé~ion;catalyzed ester-hydrolysis
when the effect of an improved Ra~p3‘inteiactiqn on the orientation of
the carboxyl function in the reactive esters of the D-antipodes 1s baken

into consideration.

Comparison of Some Kinetlc Parameters

One gratifying result of thils study is the similarity of the
increase in reactlvity observed for the glycolamide ester of N;a¢etylrlr
alanine (a5 compared to the methyl ester) with that observed for the

corresponding N-benzoyl-I—alanine derivatives. From Table IV, 1t is
evident that the ko/Ké values for the glycolamide esters of these two

L~alanine derivatives are 56 and 44 times greater, respectivély, than

the kb/KO values for the corresponding methyl esters.
On the other hend, the increase in reactivity (210—fold) observed

for the corresponding N-benzoyl-D-alanine substrates more closely re~

sembles the W70-fold increase for the N-benzoylglycine derivatives than
it does the reactivity increase fo? the L-alanine substrates (Table IV).
These results support the premlse (seé Parh I1; P 69) that the produc~
tive mode of the D-alanine derivatives resembles the predominant produc-

tive mode of the bifunctional substrates (a mode characterized by an

Ri-pz Interaction). The extra increase observed for the glycine deriva-—

tive may, however, reflect some i1ncreased importance of the other possible
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productive mode for bifunctional substrates (l.e., one involving an Ry—
p1 interaction). .Thus,‘the similariﬁy of the productive complexes of

bifunctional substrates and of D-antipodes of amino acid derivatives’

)

1s supported by this data.

Secondary Specificity

The present study has shown that glycolamide esters of N-acylated
amino acilds are subsfantially more reactive than the usual methyl ester-
substrates.(see_Tébles T end IV). It is suggested that further study -

of the a~chymotrypsin—datalyzed hydrolyses of derivatives of N-acylated
amino acld glycolamide esters (IV),
L
R;CONHclﬁc—o—cH—c
Re Ry

Iv

in which RS is varied in the form of sn smino scid side chain, might -
lead to a greater insight into the nature of the secondary specificity;'
of O-chymotrypsin for amino acld residues which represent the amine |
component of peptide bonds in the natural polypéptide substrates.

It is hoped that the study described herein will stimulate inter—

est in such a study.



L 988 ~
EXPERTMENTAT

‘§xgtheses
1. N~Bénzoylglycine glycolamide ester

Hippuric acid (0.055 mole) was converted by the method of
Schwyzer (34) to N-benzoylglycine cyanomethyi ester (55%), m.p. 102.4~
'103.4° (Lit. m.p. 102.6-103.6°) (3L). |

The'cyanomethyl ester (0.029 ﬁole) was convgrted by the method
of Wolf and Niemsnn (3) to N-benzoylglycine glycolamide ester (49%),
m.p. 124.0-125.0° (lit. m.p. 124.1-125.0°) (3). A mixture (ca. 50-50)

of this compound and a sample prepafed by Wolf had a m.p. l23.8~125;0°.

11, - ﬁ—Benzoyl—gfalahine

LrAlaninelwas benzoylated via a SchoftenuBaumann type'reactioﬁ
with benzoylchloride and aqueousrsodium.hydroxide (35). The crude‘
product (86%) was recrystallized from hot water, dried at 60°, 200 u Hg,
over phosphorous pentoxide for 5 hours, ylelding shiny plates of N- |
benzoyl-L-alanine, m.p. 147.0-147.5° (lit. m.p. 156—158°,:(36) , 1lhh-1hse
(37), 150-151° (38)); []2% +(37.k + 0.3)° (¢, 18% in N aqueous sodium
hydroxide) (1it. for N-benzoyl-D-alanine, [a]gs ~36.0° (c, 19% in N

aqueous sodium hydroxide) (39)).

Equivalent Welght Calculated: 193.2

Founq: 193.3

iii, N-Benzoyl-D-alanine

This compound wes prepared as described for the L-antipode (ii).

Two recrystallizations from water and drying at 60°, 200 p Hg}over phog~
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phorous pentoxide ylelded shiny plates of N-benzoyl-D-alanine, m.p.

146.5-147.5°, [a]25 -(36.0 + 0.3)° (c, 18% in N aqueous sodium hydroxide)

(1t [a]%s ~36.0° (c, 19% in N aqueous sodium hydroxide) (39)).

iv. N-Acetyl-l-alanine

This compound was prepared frqm L-alanine by the method'described
by Karrer (40) using acetic anhydride and sodium acetate. The crude
product wasvrecrystallized twlce frcm.ethyl acetafe yielding large
transpgrentlcrysta;s of NAaCefylHLfalanine, m.p. 123.5—12h.5°, [(x];5

‘—(65.0 + 0.5)° (e, 2% in water) (11t.[a]§° ~66.2° (e, 2% in water) (41)).

v. N-Benzoyl-L-alanine cysnomethyl ester

This compound vaslprepared from N-benzoyl-l-~alanine (11) and
chloroacetonitrile by the method of Schwyzer (34) (67%). Two recrystal-
lizations from ethanol-isopropyl ether gave white neédles of N-behzoyﬂrgr
alanine cysnomethyl ester, m.p. 108.5-109.0°, [a]%4 ~-(32.9 + 0.8)° (e,

5.2% in methanol).

Analysis ~ Celculated: C: 62.06  H: 5.21  N: 12.07

Cyofy o0 (232.3) - Found: C: 62.03  H: 5.20 N: 12.11

vi. N-Benzoyl-D-alanine cysnomethyl ester

This compound was prepared in the same manner as that described
for the L-sntipode (v) (73%). Two recrystallizations from ethanol-iso-
pfopyl ether gave white needleg of N-benzoyl-D-alanine cyanomethyl

ester, m.p. 108.5-109.0°, [o:}g4 +(33.2 + 0.8)° (¢, 3.1% in methanol).
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. Analysis : Calculated: C: 62.06 Ht 5.21 . .N: 12.07

Gy ol N0, | Found: C: 62.25  Hi 5.22 N: 12.10

vii. N-Benzoyl-L-alanine glycolamide-ester“

This compound wes ﬁrepared via the imldo~ester hydrochloride (L42) .
'in a manner similar to that usedkfor,N;benzoylglycine glycolamide ester
(1) end for N-acetyl-L-phenylalenine glycolamide ester (1). NmBenzoylﬁzr
alanine cysnomethyl éster (v) (0.02 mole) was added to 200 ml. benzene
and warmed,with subsequent solution of most of the solid. The mixture
was cooled_to room temperature and 8.0 ml. of methanol in ‘benzene
(2.48 M) was added. Dry hydrogen chloride was bubbled through the mix-
ture for 10 minutes. A moderate amount of a gummy substance appeared
on the walls of the flask. The flask was then stoppered and allowed to
stand at room tempefature for one hour. The mixture was refluxed fof—E
hours and then the solvent was removed by distillation at atmospheric
pressure, leaving a whilte amorphous solid. Hexane was édded; the mix- .
ture was heated and triturated onva steam bath for one-half hour, tﬁen
cooled and filtered, leaving a whife solid (92%). The crude product
was dissolved in ethyl acetatej ﬁhe organic solution was washed ﬁith
small portions of aqueous sodium bicarbonste (10%) and water; the or—
ganic phase was dried over anhydrous magneéium su;fate and the sﬁlveﬁt |
was removed under vacuum., Two recrystallizations from ethanol-hexane
gave fine white crystals of N-benzoyl-L-alanine glycolamide ‘ester,

m.p. 132.5—135.o°,'[a]gs'w(11.3 + 0.4)° (c,'3.2% in methanol).

Analysis . Calculated: C: 57.59 H: 5.64 N: 11.20

¢, o) N0, (250.3) Found: C: 57.64  H: 5.55  N: 11.02
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viil. Benzoyl-D-alanine glycolamide ester

\

This compound was prepared in the same manner as the L-antlpode
(vii). Two recrystallizations from ethanol-hexane gave whiﬂe crystals
of N-benzoyl-D-alanine glycolamide ester, m.p. l32.5—l55.0°,‘[a]%3

+(11.1 + 0.4)° (c, 3.4% in methanol).

Analysis  Caleulated: C: 57.59  Hi 5.6 ° N: 11,20

o H N0, (250.3) Found: C: 57.64  H: 5.58 " N: 11.09

ix.” N-Acetyl-l-alanine cyanomethyl ester

This pro&ﬁct was prepared from N—acetyl~£~alanine in the same
manner as that.described for the preparation of N~benzoylegralanine
cyanomethyl ester (v). Two recrystallizations from ethanol~isopropyl
ether gave shiny plates of N-acetyl-L-alanine cysnomethyl ester (50%),

m.p. 99.0-100,0°.

%x. N-Acetyl-L-alanine glycolamide ester

N-acetyl-L-alanine cyanomethyl ester (i1x) (0.02 mole) was added
t0 200 ml. benzene (Spectrograde). Most of the solid dissolved. Eight
ml. of methanol in benzene (2.48 M) was added and dry'hydrégen chloride
wa.s bubbled through the stirred mixture for about 5 minutes. A waternl
vhite gum formed on the sides of the flask. The flagk was stoppéred
and left standing at room temperature for one hour. The benzene was
distilled off at atmospheric presSux'e; leaving a whilte amorphdus residue.
The residue was dissolved In ethyl acetate aﬁd hested at ca. 40° for
an hour. Hexane was added and-érystallization occurred after éeveral :

days at 4°. The product was twice récrystallized from ethyl acetate~
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isopropyl ether yiélding powdery white crystals of N-acetyl-L-alanine

. W :
glycolamide ester, m.p. 172,0-173.5°, [a]Ia)4 -(14.2 + 0.9)° (c, 3% in

methanol).
- Analysis ' ~ Celculated: ©: W4.67  H: 6.43  N: 1k.89
c,?HlENeclL (188.2)‘ ‘ Found: C: k.50  E: 6.50° N:i 1k.70

Kinetic Studiles

The procedures employed in these studies are described in the

Experimental,section of Part IT,
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PROPOSITION I

The valldity of the results of a study of the inhibition of
O~chymotrypsin~catalyzed hydrolysis by O-keto analogues of amino acids
i1s questioned. It is‘pioposed that the KI’s of these inhibltors be re-
evaluated and that further investigation éf the behavior of these com-—

pounds be carried out.:

¥ K X X X X X ¥

Recently, J. D. Gératz (1) has reported a study of O~keto ana-
logues oi' amino acids‘as inhibitors of O-chymotrypein (and other en-
zymes). The results (at least thosevwith a%éhymotrypsin) are quilte
startling.and‘are summarized belbw: ‘

Q-Keto analogues of tryptophan, phenylalanine and tyrosine (in-
dole-3~pyruvic acid (IPVA), phenylpyruvie acid (PPVA) end p-hydroxy-
phenylpyruvic acid (HPPVA)) were found to be strong inhibitors of the
esterase and proteolytic activity of O~chymotrypsin. The filrst two in-
hibitors appear to be much more effective than thelr non-keto analogues
(indole-3-propionic acid (IPA) and phenylpropionic acid (PPA)) at least
wlth respect t6 inhibition of esterase actlvity when IL-tyrosine ethyl
ester (TEE). is the substrate. This disparity is not as great, however,
when casein i1s the substrate (inhibition of proteolytic activity).

| The extremely low‘Ki values obtained for the pyruvic acid derilva-
tives (TEE as .a substrate) are particularly amazing. The K value for
IPVA was 0.07 mM. This is almost as low as the value (0.063 mM) re~

ported for benzo[f]quinoline, the most effective small-molecule competi-
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tive inhibitor of oc-ch;x}motrypsin yet ‘described (2). The K. 's pbtained
for PPVA and HPPVA weréro.86 mM snd 0.28 mM, respectively. Those ob~
tailned for PPA snd IPA were 23.5 mM and 3.90 mM, respectively. | |

| These results are extremely difficult to explain on the basis of
our knowledgé of the specificity of O#chymotrypsin.- Geratz glves no
real explanation. Ab least superficially,-it would seem unresasonable to
expect HPPVA (KI = 0.28 mM) to bind to Q-chymotrypsin 300 times more
- efficlently than the substrate analogue, N-acetyl-L-tyrosine (KI = .
80 mM (3)).

It is proposed that the nature of the experiments performed in

the evaluation of the inhibitory power of the pyruvic acld derivatives
was such that the reliasbility of the data obtainéd 1s extremely qugs-v

tilonable. Pertinent experimental details are outlined below:

1. Esterase Inhibiltion: Assay mixtures contalned ca. 10 pg/ml.

O-chymotrypsin, [TEE] varying from 5 to 40 mM in 0.1 M imidazole buffer .
(pH 7.0). Concentrations of inhibitor employed were, [IPVA] =5 X 10—5
M, [BPPVA] = 2 X 107 M and [PPVA] = 5 X 10°* M. Incubation was carried
out at 37°. Inhibition was competitive.

2. Proteolytic inhibition: Assay mixtures contained ca. 3 ug/ml.

Q-chymotrypsin, 0.5 g. % casein, 5% ethanol in 0.1 M Tris buffer (pH 8.0);
Per cent inhibition was determined after 16 min. ét 37° for concentra-—
tions of inhibitor ca. 10 = M.

These experiments were unfortunate for the following feasons:'

1. 1In the esterase experiments, the buffer (imidazole) is a .

I=l¥5mﬁﬁ.

Ac-L~valOCHz (2)). Thus, a considerable amount of the reaction will be

reasonably effective inhibitor for the enzyme (i.e., K
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inhibited by this compound. However, because the studies with IPA and
PPA weré also carried out in this buffer, this buffer—inhibition cannot
acqount for the disparity between the keto- and non-keto analogﬁes. |
2, It is known that derivatives of pyruvic acld react readily
with amines (ineluding imidazole derivatives). P. Zumsn (4,5) has

studied the reactlon

0
I - : -
R—CHoC—COz  + NHo—R' s=—=2 R-—CH(CCOz + Hz0
= N-R'
I i : III

V‘and some equilibrium constants (K = [III]/[I][II]) are given below:

B R K . Ref .
¢ . -H 10.29 i
¢ ~CH2CO2H 2.50 4
CHs R'NHz = histidine 24,5 (imidazole ﬁ) 5
1.99 (primary W) 5

It has also been reported that pyruvic acid reacts (at physiological
pH's) with Tris (6). |
Thus, there appears to be a distinct possibillty that the actual
inhibitor in the experiments described is some adduct of the pyruvic
acid-derivative. In the esterase study, this could be an adduct with
imidezole or the substrate (TEE). In the proteolytic experiﬁent, )
Tris—adduct could be the inhibitor. Althoﬁgh there 1s no ﬁrecedent for
such coﬁpounds.aé‘inhibitors fof O~chymotrypsin, because they ﬁossess

more functionallty than the pyruvic acids themselves, it 1s not Iincon-
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ceivable that they might function as very efficient inhibitors. The
‘extremely‘interesting péssibility of the formation of an inhiblting
adduct with the active site of the enzyme itself cannot be ruled out.
There sre two histidine residues and an N-terminal Isoleucine residue
implicated at the active site of O#chymotrypsin‘(T)} The experiments
proposed helow should shed more light on these ﬁossibilities.

The inhibition of esterase activity by pyrﬁvic acld derivatives
should be evaluated against an acylated amino acid ester with the use
of a pH—stat (1.e., in the absence of a buffer)r High values of KI
would support the suggestlon that buffer- or substrate-adducts were
the inhibiting specles in Geratz' experiment‘ If, however, very low KI
 values are egain obtained, the possibility of reversible pyruvic acid-
enzyme adduct fofmation should be further investigated. Difference-
ok8

spectra~and 0°"-labelling experlments should be useful here.
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' PROPOSITION II
\

The difference between arometic and aliphatic carbodiimides in
the reaction with malonic aclds 1s pronounced. It 1s proposed that
this difference may be explained more readily by electronic effects

than by steric effects as suggested by Bose and Garratt.

* Xk X % X X ¥ ¥

Bose and Garratt (1,2) have recently reported a novel synthesis
of substituted barbituric acids (IIT) which involves the reactlon be-

tween malonic acids (I) and carbodiimides (II).

Ra ' \\ / Ra
Ry ///COEH & Ry /p~ N i
: I
\\“c : +2 £ ——— ¢ =0 + é::o
" b "¢ \c-- / N
Re CO=H | / \ I
Ry o Re
I = o III

Table I‘shows the results of syntheses with varying R groups.
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TABIE I

Reactions of Carbodiimides with Malonic Acids(l)

Malonic Acid " Carbodiimide | Yield
Ry ‘Ro Rs = Ry Product %
H H . OgHys, , - III 65
Cay H - - 0 - 63
C2Hs CzHs Cell1a iy 50
iy © ® . Bl s . 31
H H 1-033—,T IIT 60
E  H p-tolyl IV or V . 30
CoHs H _ p-tolyl ; IV or V 65

CaHx CoHs p-tolyl i i 32

1.Bcwse and Garratt state (2) thatrdiisopropyl carbodilmide produces
barbiturates with "equal facility from substituted and unsubstituted
malonic acids."”

From Table I, it is seen that whereas N,N'-di-p-tolyl carbodiimide
does not form barblturates with unesubstituted or mono-substituted malonic
acids, a barbiturate is formed with a disubstituted malonic acid. The

products with unsubstituted or mono-substitubed malonic acids have been

assigned the structures (IV) or (V).
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. RaN=C—WE-—Ry © Rg=N—CO-NE-R4
\ .
=0 - C=0
| (Ry = H or CgHg) ]
‘f‘Rl (R = Ry = p-tolyl) i
=0 - C=0
Ra—N=C—NH-R4 -~ Ra—N-CO-NE—R4
v : ' v

It is well known that N,N}~disubstituted carbodiimides react with
‘carboxylic acilde to form N-acylureas, presumsbly via the following me-

chanism (3):

o i I
Rs"j"N=c=N_‘R4. —h .Rs"N"-‘C:Di}”“m‘
I H RCO2~
il B

'Rg—N=C—NHR4
-

i

Ra—=C—IVER, Ra——C—NHRy
W7 . <:3=0
|
0 R

VI

Bose and Garratt suggest the cyclizatlon of the Intermediate

(VIia) to yleld the barbiturate (III).

| | Il
R ¢ R C Ry
T i & N
4 ('/“~ ) l‘ J + H0
3 : ! ’
0”5 07"
R{ ‘Re B B

Via _ ITIT
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They attribute the difference between aromatic and aliphatic
carbodiimides mainly to\a steric effect (2). They state that molecular
models show that when Rs = Ry = an aryl group in the intermediate (VI&),
the molecule is much more crowded than when Rg = Ry = isopropyl or
cyclohexyl. Furthermore, in the least hindered conformation of VIa, the
least bulky group willl be nearest N;. -Thus, when Ry = Re = H, the car-
boxyl group will be in an unfavorable position for ring closure. A sim-
ilar situation will prevail when R; = H and Rs = CgHs. However, when
'Ry = Rz = CzHs, the substituents on Cs will be roughly of comparable
slze and the carboxyl group will more readily approach Ny within bond-
forming distance.

This expianation seems to be open to some criticism:

1. Thé steric effects of a cycloheﬁyl group and a p-tolyl group
with respect to hinderance of attack at the Nj position are quite simi-
lar. In fact; the cyclohexyl group 1s actually somewhat more bulky.

2. If the "gem~dimethyl" effect of the R; and Rs substituents
1s important, & higher yileld of barbituate from N,N'~dicyclohexyl car-—
bodiimide with diethyl malonlec acid than with the unsubstituted malonic .
acld should be_expected.l This is not the case. A possible experiment
to test this effect would be to react dimethyl malonic acid with N,N'~
p~tolyl carbodiimide. According to Bose and Garratt, yields should be
less than Qith diethyl malonic acild. |

An alternate explanation of the facts, based on electgonic and
resonance factors,lis propoéedz |

Lo Weem Rz = Rq = aryl, résonance involving Ny (VIa) and the

aryl ring will be very important in reducing the electron density at the
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nitrogen, meking it a poorer nucleophile and thereby hindering the

cyclization reaction. Yilelds were significantly poorer for R; = Rz =
CoHs _— Rg = Rg = p-tolyl then for Ry = Re = CzHs and Rg = Ry = cyelo—
hexyl.

2.’ When Rs = R4 = aryl, the enol form of VII (i.e., VIIa) would

be stabilized by extensive electron delocalization due to an extended =n

system.
| | . ; |
Ramlif—C-—NH—R,; R N—C~NH—R4
| =0 HO—C—H
| ‘ AR .
H—C—Ro ‘ - - Cy
| | 0./ Re
= T
0—Rs | | ‘ O—Rs
VII | . VIIa
(Rs = H) : (Rs = H)

This effect should be much greater for Ra = Ry = aryl than when
Rg = Rg = alkyl. In addition, this enolizatlon 1s possible only 1f Ry’
and/or Rp = H. Models show that the enol form is now quite hindered
from cyclizatibn“ |

The resction In competition with the cyclization reaction is

probably the following:
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0
I
k Rs—-liI—C——NHR4
VIa o C=0
or , L/Rl
VII - + RaN=C=NRy ———— |Re ey
“ =0
or |
Vilia T
RaNH—~C—IR,
VIII

Thus, the enol form (VIIa) could proceed via this pathway tolV,
one of the proposed structures for the product from ﬁ,N'—di—p—tolyl
carbodiimide and mono- or unsubstituted malonic acids. |

It is iﬁteresting to note that tﬁé I@rﬂﬁkq=ﬁfR4 moiety is used to
activate thé carboxyl group in peptidé synthegls. It 1s an excellent
leaving group and thus ﬁight be the leaving group (rather than -0H) in
the cyclization reaction.

One pilece of evlidence supporting the argument‘of enocl stabiliza—
tion by an extended x system is that reactions of carbodiimides (II)
(where Ra = Ry = (CHz)z—CgHy—) with C,B-unsaturated sl glve highly
colored N-acylurea derivatives, whereas the products with saturated
aclds are colorless (4).

An interesting‘experiment_would utilize an unsymmetrical carbo-
diimide. Khorana (5) found that the reaction of chyclohexy;,N'—phenyl‘
carbodiimide (II) (Ra = CgHs, Rg - CBH;J,) with a carboxylic acild gave

only product IX.
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@NO

If Bose and Garratit are correct In thelr Interpretation, reaction
of such a carbodiimide_(e.g., Rs = p-nitrophenyl, Ry =.CSH11 with malonic
acid sghould give é yield of thebarbitdrafecomparable to that of the
dicyclohexyl case, whereas thls proposition would predict s lower yield

of the barbiturate and a significant yleld of the alternate product (V).
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PROPOSITION IIT

A novel methed of modifying polypeptilde structure is proposed. .
This teghnique, inveolving the.use of a solld-phase support,'would_per-
mit the "synthesis" of polypeptides which are snelogous to biologically-
active compounds (hormones, etc.) but contain a partially different se—
gquence, This:method is discussed in terms of a proposed modification

of the structure of porcine P-MSH.

x KK ¥ KX XX

Modlfication of the amino aclds existing in the primary sequence
of Dbiologicaelly-active oliéo—.and pqupeptides is often em@loyed in the
inﬁestigafion of the relationship between the structure of these com—
pounds and their activity. A great deal has been accomplished with re-
gard to the chemical modification of amino acild side chains in such
peptides. This method, however, is essentially limited to amino acids
which possess side.chains having functional groups (~NHz, —COzH, ~OH,
etc.). Smaller pe?tides containing a partial sequence of larger blo~-
logically-active polypeptides have been synthesized. In some cases,
these peptides.have partial biological activity. By modification P
these peptides, much useful information can be gained with respect to
the nature of "essential" amino acids iﬁ the sequence of the polypeptide
from which the peptides are derived.

A method is proposed in which some amino acids in the biologlcally-
active polypeptide itself may be replaced by other amino acid residues.

In effect, this would result in the "synthesis" of polypeptides. This



= P19 w
method will be discussed in terms of a specific example,.

B-Melantocyte—~stimulating hormone (BP-MSH) is isolated from pos—
terior pituitary glands. The sequence of thls octadecapeptide 1sclated

from hogs is glven below (1,2):

aspl~g1u2~gly3—proé—tyr55lyss—metT—glus~hisg~w

L_phelomargllHtrylaﬂglyls_serléwprolS_prola_lyslT_aSPle

It has been shown (3) that et least some of the hormonal activity is
»located in the 8-13 hexapeptide sequence. This peptide was synthesized
and had some.melantocyte—stimulating activity (about l/l0,000 that of
the hormone itself). It has also been shown with peptides of this type
that the arginine—llrresidue is extremely Important, if not essential,
 for activity (4). The synthesis of bovine B-MSH (containing a seryl

residue instead of gluteamic acid-2) has been achieved (5).

Figure 1 contains a scheme proposed for the "synthesis" of a
polypeptide which is ldentical in structure to P-MSH except that the
11th and 12th residues (arg—try) are reﬁlaced by two other residues.
Variation of these residues should provide more information regarding
the importance of the arginine~ll resldue. Mostrof the reaction steps
are anaiogous to those used so successfully by Merrifield (6) in his

step-by-step syntheses of peptldes. The sequence of reactlon is dis-~

cussed below.

1. Amino Group Protection: The free amino groups on the poly-
peptide must flrst be protected by a residue which is stable under the

conditions required for the removal of the t-butyloxycarbonyl- group
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(t-BoC) (Step 8). Because these conditions are relatively mild (HCL in

acetic acid) the carbobenzoxy- group may suffice here (i.e., X =
(¢~CHe-0-C~ = CBZ).

2. Carboxyl Group Protection: The novelty of the method pro-

posed is that the carboxyl groupb‘of the polypeptide are protected by
esterification with a highly chloromethylafed pol&meric solid-support.
This step is-analogous to the first step in Merrifiéld's synthesis of
peptides (6) in which the desired carboxy-terminal residue is bound by
means of a "benzyl ester" linkage to the polymer (a chloromethylated
copolymer of styrene and divinyl benzene) during all of the subseqneht
synthetic steps. The added advantage of this type of protection is
that 1t provides a "handle" by which the peptide fragments (in later
steps) are retained on the solid-support.

3. Enzymastic Cleavage: It 1s proposed (for this example) that

O-chymotrypsin be employed to cleave the polypeptide (bound to the
solld-support) and thus liberate the dipeptide, arginyl—tryptophaﬁ.
Although there is no precedent‘for the action of a proteolytic enzyme
on & polypeptide bound in this way, it is quite possible that condi-
tions could be found for which this cleavage would be successful. If
this proteclytic cleavage does succeed, the three bonds which are in-
dicated by arrows should be split. This is the cleavage-pattern ob-
served during sequence studies on this hormone. The dipeptide, arginyl-
tryptophan, should be split out, while the other peptides wiil remain

bound to the solid-support.

L, Formation of the tyr°-lys® Bond: This bond formation could

be effected with the use of dlcyclohexylcarbodiimide (DCD) (see ref. 6).
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Formation of & phenylalanyl©-glycine®® bond should be prevented by

steric restrictions imposed by the polymer-support.

5, 6 and 7. Insertion of a Dipeptide: These three steps invol#e

the addition of an N—protected dipeptide (t—BOC—A-B) to the amino group
of glycine-13 (steﬁ 5), removal of the t-BOC grouﬁ (step‘é) and forma-
tion of the phe®*-A'2 bond with DCD (step'T). These steps are strictly
analogous to those employed by Merrifield 6).

8 and 9. Removal and Deprotection: The removal of the N-pro-

tected polypeptide from the polymer may be effected with anhydrous HBr
in acetic acid (6). Although these conditioné might'suffice also for
removal of the X = CBZ groups, a subsequent deprotection step could be
employed. . _ |

The product of this synthesis would bé an ansalogue of B-MSH con-
taining two new residues in the 1lth and 12th positions.

| Although there would undoubtedly he several practical difficulties

involved in the techniques déscribed above, the novelty of the ﬁethdd,
its advantages over more conventional synthetic techniqueé (e.g., few
isolaﬁions of intermsdiatés) and the wilde scope possible for this tech-~

niqué, make it an intriguing proposal.
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NHX N |
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H
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NEX NHX;] J
6.] HC1/HOAc
T} DCD . _
XNH: ly's phe—A—B—sgly- lys-asp
NHX © NHX | \
8. HBr/HOAc
9. Removal of X

NHg—asp-glu—gly—~pro~tyr~1ys—met~glu—his—phe—-A—-—-B———-gly‘—ser-—pro—pro-ers asp~OH
OE OH NHs 0OE NHo OE
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PROPOSITION IV
X

Experiments are proposed which would further elucidate the me-.

chanism of the reaction of lead tetra-acetate with primary amines.

* ¥ K X K X X K

Acott and Beckwith (1) have recently reported that the reaction
of primasry amides (I) in benzene or benzene-acetic acid with lead tetra-

acetate yields the appropriate N-acetylemine (II) and dislkyl urea (III).

Pb(0Ac)y
RCONHz - g > RNHAc + RNHCONHR
or PH-HOAc
I II TIT

The authors propose that the reaction proceeds via formation and

rearrangement of an acyl nitrene:

I + Pb(OAc)y —> RCON: + Pb(OAc)z + 2 HOAc

. II
ReON: ——> R-N=G=0 -IPAC, RNECOAe —

TS 11

Their evidence for this path (similar to that proﬁosed for the Curtius
reaction (2,3)) is as follows:

1. The products obtained in this reaction are similar to those
Yielded in a Curtius reaction carried out‘in acetic acid (4,5).

2. Formation of III appears to be suppressed when ngét acetic
acid is used as the solvent.

3. The éuthors claim to>have spectrophotometrically detéctea the

formation of alkyl isocyanate. No experimental data are given, however.
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The mechanism described above appéars to be a reasonsble one.
Three experiﬁenté, which have helped to elucidate the mechanisms of
the Curtius and Hofmann reactions are proposed, The results of'these'
éxperimeﬁts should provide further evidence in support of the shnilarity

between the reaction in questlion and the Curtius reaction.

Intramoclecularity of the Rearrangement Sﬁep

- 1) The lead tetra-acetate reaction should be carried out with
sn optically active amide (e.g., one enantiomer of Q-phenylpropionamide).
If the rearrangement is intramolecular, retention of configuration
" should be observed. Retention was observed in a Cgrtius feaction with a
similar substrate (6).

2). Reaction of a mixture of IV and V with lead tetra-acetate

should give VI and VII but no VIII or IX if the rearrangement 1s intra-
molecular. A similar experiment was performed with the Hofmann reac-—

tion (7).

o
HECNH2 IV/, OCHENHM + @—CHENHAC

0 ‘ \
' {lis 15
CHoCNH=> V CHoNHAc + CHoNHAC

VIIT IX
In the two experiments above, retention of configuration (expt. 1)

and lack of exchange (expt. 2);'although they would not prove intramolec~

ularity, would at least indicate that the migrating group is not sepa-



w PG
rated from the rest of the molecule long enough for an exchange reac~

tion to occur.

Reaction of the Isocyanate

3) In a sbtudy of the reaction of isocysnates with carboxylic
acids, Fry (8) determined, b& means of a labelling exﬁeriment, that
the COz produced during the production of acylemines and dialkylureas
came from the isocyanate. A similar gxperiment, involving the reaction
of R-CY4ONHs, snd lead tetra-scetate iz proposed. The (Os evolved should
contain all the ¢ if this reaction proceeds in the same manner.

These three proposed experiments should help to elucidate thé me—
chanism of the reaction of lead tetra-acetate with primery emines and
,provide support for the similarity of this reaction to the Curtius re-

actlon.
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PROPOSITION V

Diazoacetyl-L-phenylalanine chloromethyl ketone (DAPCK) and its
peptide analogues are proposed as trifunctional irreversible inhibitors
for a~¢hymotrypsin. These reagents could potentially form stable co-

valent bonds at two places in the active site.

* K K X X ¥ ¥

Reaction of selective reagents at the active site of O~chymotryp-
sin has lead to the identification of a serine residue (1) and one his-
tidine residue (2) as probable catalytic groups (i.e., groups located
at the active center in the pz locus of the active‘site)f Involved in
the actioﬁ of the enzyme. In addition, it h%s been shown (3,#) that @
one methionine residue i1s piobably impo;tant in the binding of sub-
strates to the active site.

Although studies with selective reagents for methionine were
performed with bifunctional# inhibitors which; at least 1n one ﬁase'
(), were designed such that the reactive portion should have reacted
with an amino acld residue in the p; locus,T the actual locus position
of thils resgidue i1s 1in doubt. Knowles (5) found that kinetic results
on a periodate-oxidized chymotrypsin (which had one methionine residue
converted tb a sulfoxide) were most consisteﬁt with the location of

this residue in the p> locus.

TSee the General Introduction of this thesis for definitions of
actlive site loci. _ ;

*One binding function and one reactive function.
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A trifunctional irreversible inhibitor (i.e., an inhibitor with
cne function capable of‘binding noﬁ~covalently at ps and two functions
capable of forming covalent bonde in the p; and pg loci, respectivelyJ
of the active site) should provide an excellent tool for investlgating
the nature of the amino acld residues in the p; locus.

The proposed reagents are of the form:

N2CHCO (NHCH2CO )XNHcI;Hco CHaCL
CHp

I T x = 0 = DAPCK

The simplest reagent of this kind (I,‘x = 0) would be diazoacetyl-L~
phenylalahine chloromethyl ketone. This compound, because of 1ts simi-
larity to N-tosyl-L-phenylalanine chloromethyl'ketone (TPCK), the selec—
tive histidine reagent of Schoelmann and Shaw (2), should in a "dark"
reaction alkylate the histidine-57 residue located in fhe ps locus.
Photolysis of the now irreversibly inhibited enzyme should generate a
carbene, -&a highly reactive specles which has the potentlal of reacting
with amino scild residues in the py locus. Westheimer (6) has found that
acld hydrolysis of the modified protein obtained by photolysis of diézo~
acetyl chmotrypsin yilelds O-carboxymethylsérinej and l~carboxymethyl—~
histidine, O—carboxymgthyltyrosine and at least three other unidentified
minor products. ‘

' The p3 locus has been shown (part II—this ﬁhesis) to be an ex-
tensive area containing many amino acld residues. Thus the peptide
analogues of I (X > 0) might prdfitably be employed to further‘investi—

gate the nature of the groups in this locus.
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Because of the trifunctionality of these reagents, 1f attack at
both pg and p; occurs, much useful information would be geined concern—
ing the spatisl arrangement (at least in one dimension) of groups pres-—

ent in the active site of the enzyme.
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