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ABSTRACT

The initial velocities of oo-chymotrypsin-catalyzed hydrolys'es
of acylated amino acid esters follow the rate law
K E L]
o Ko + [S]
when the only variables are initial substrate and enzyme concentra-
rtion. In the above equation, v, is the initial velocity, [E]o and [S]o
are initial enzyme and substrate concentration, respectively, and ko
and KO are a pair of experimentally determined kinetic parameters.
Factors such as temperature, ionic strength, hydrogen-ion concen-
tration, structure of substrate, etc., affect the values of ko and Ko'
Variation in the kinetic parameters ko’ Ko’ and ko/K0 for
selected substrates and variations in the ratios of the parameters
kol/koz’ Kol/Koz’ and (ko/Ko)l/(ko/Ko)Z for selected pair; of
substrates are studied as functions of hydrogen-ion concentration and
condentré.tion of added electrolyte.
The results are discussed in terms of possible changes in con-
formation of the active site of a-chymotrypsin with changing hydrogen-

ion concentration and concentration of added electrolyte.
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I. VARIATION OF THE CONFORMATION OF THE
ACTIVE SITE OF o-CHYMOTRYPSIN:

HYDROGEN-ION CONCENTRATION STUDIES



INTRODUCTION

Fischer (1) in 1894 proposed a theory of enzyme specificity
to explain the be}'lavior of yeast toward the stereoisomeric hexoses.
He suggested that the combination of the different substrates with
one enzyme was analogous to the fitting of a set of different keys to
one lock. This idea of a {/ery rigid fit between enzyme and substrate
has provided a basis for many studies on the mechanism of enzyme-
catalyzed reactions in terms of structural and stereochemical
specificity. In some cases, such as the reactions catalyzed by
nicotinamide adenine dinucleotide-and nicotinamide adenine dinucleo-
tide phosphate~-dependent dehydrogenases, a great deal of progress
has been made in understanding the steric course of the reactions by
the use of model compounds related to the coenzyme (derivatives of
dihydropyridine) and of conformationally determinate substrates
(steroids, for example) (2). However, for reactions catalyzed by
enzymes rgquiring no coenzyme, progress generally has not been so
-great. In the case of the proteinases, nearly universal use of con-
formationally indeterminate structures has told little about the
active site except to confirm its asymmetry (3). -

There are a large and ever-increasing number of known

proteinases. Similarity of the mechanism of their action has yet to
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be definitely established although identical peptide fragments
associated with the active site of two proteinases, trypsin and o -~
chymotrypsin, have been isolated (4).

Bovine, pancreatic o-chymotrypsin is a proteinase composed
of some 240 amino acid resi.dues. Its three-dimensional structure
hasnot been established, but a primary sequence for its precursor
has been proposed (5). The reactions which convert this pre-
cursor to g-chymotrypsin are known (6) and involve the splitting of
an arginyl-isoleucine bond by trypsin, another pancreatic protein-
ase, giving rise to 7w -chymotrypsin. Then, ™ -chymotrypsin auto-
1y‘zes, giving rise to 8 ~chymotrypsin and a dipeptide, sérylargi--
nine. The 6 -chymotrypsin slowly autolyzes to give a-chymotrypsin
and another dipeptide, threonylasparagine.

At present, no mechanism for g-chymotrypsin-catalyzed
hydrolyses explains all the known data. Furthermore, a number of
important factors such as tertiary structure of the enzyme, presence
and._function of groups involved in the catalysis (7), relation between
model substrates on the one hand and proteins and peptides, the
natural substrates of ¢-chymotrypsin, on thé other hand, etc.,
have yet to be definitély established. 'These important areas of
ignorance have allowed workers in the field to approach the mech-
aﬁism of o ~-chymotrypsin~catalyzed hydrolyses from a number of

different directions.
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Although little work has been done with conformationally;
determinate substrates, it has proven fruitful to study the steric
course of the reaction in terms of structufal and stereochemical
specificity of the enzyme based on the assumptions of Fischer's
lock and key analogy.

One method of approach to the specificity of the enzyme
utilizes information from the peptide bonds broken in the partial
enzymatic hydrolysis of denatured proteins and polypeptides. Only
qualitative information a’t.>0ut the structural specificity of the enzyme
is gained by this approach. No information concerning the st_e;réo-
chemical specificity can arise from such studies, sincAe proteins |
generally consist entirely of amﬁno acids of the I_.:-configuratldn.

The use of model substrates in specificity studies of o-
chymotrypsin originated in 1937 when Bergmann and Fruton (8)
found that th;ls enzyme catalyzed the hy(irolysis of carbobenzyloxy ~
glyocyl-L -tyrosylglycinamide at'the tyrosylglycyl bond to give

carbobenzyloxyglycyl-L-tyrosine and glycinamide.

O O O Q
1 1] " ] O,_C LT,

C 6H5CHZOCNHCH2CNHC H((; HZC()H‘LOH).CNHCHZCNH2 _-—————>
o) o) 0 ' 0

C H,CH OCNHCH, &NHCH(CHZC

1l 11
(HCH, H,OH)COH + H,NCH,CNH

6 2
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Since then it has been shown that g-chymotrypsin catalyzes the
hydrolysis of a large number of low-molecular weight,model sub-
sitrates, including certain esters, B-keto acids, amides, thiol esters,
hydrazides, hydroxamides, small peptides (9), and 018 acids (10).
Most of these compounds are related to protein structures in that
they contain an asymmetric (or potentially asymmetric) center* at
the carbon atom alpha to the functional group being hydrolyzed and

are of the form RIRZCR H. However, a-chymotrypsin also cata-

3
lyzes the hydrolysis of substrates such as p-nitrophenyl acetate (11),
the dialkylphosphofluoridates (12), derivatives of N, N'-diaryl car-
bamic acids (13), and esters and amides of trans-cinnamic acid (14).
The kinetic behavior of model substrates has been eXtensively
studied. In general, the initial rates of o-chymotrypsin-catalyzed
reactions for model substrates, under conditions where all reaction

parameters except enzyme and substrate concentrations are invari-

ant, are described by equation 1.

Lars] _ drey | SELS (1)
dt dt K0+[S]

where [S], [P], and '[E]o are the molar concentrations of substrate,
product, and enzyme, respectively; and k0 and Ko are a pair of
experimentally determined kinetic parameters. Without regard to

mechanism, k., K , and ko/Ko may be defined as follows:

* except for glycine derivatives
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1. kO[E]0 is the limiting maximum rate at high substrate
concentrations.
2. Ko is equal to the substrate concentration at half the
maximum velocity,
3. ko/Ko is the rate constant where substrate concentration

is much smaller than Ko.

These definitions, although useful for determining the constants,
say nothing about the course of the enzyme-catalyzed reaction. A
useful discussion of the variation of the measured parameters must
at least start from a proposed mechanism.

From results of kinetic studies on the asymmetric type of
model substrates, Huang and Niemann (15) suggested that the sub-
strates might combine with the active- site of g~chymotrypsin in
several modes and that not all fnodes lead to hydrolysis. Niemann
and coworkers have subsequently developed this idea to explain the
stru;ﬁtural and stereochemical behavior of a number of model sub~
strates of this enzyme. This has led Hein and Niemann (16a,b) to

. propose a general theory of the specificity of ¢-chymotrypsin_cata-
lfzed reactions for model trifunctional substrates of the general
formula R-CONHCHR ,COR  where R, #H.

In its most general form, the theory states that the four groups

disposed about the asymmetric center of trifunctional substrates may
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combine with four complementary loci p 1’ Poe and Py located

P3
at the active site of the enzyme. Ri need not necessarily combine
with P, but, in general, all Ri—pj interactions which do not cause an
inversion of configuration in the substrate are possible. The
enzyrﬁe—substrate complexes formed in this manner are assumed
to be fully competitive with one another. Some combinations lead to
hydrolysis (productive complexes), while others do not (non-
productive complexes). |

A representation of the kinetic scheme incorporated in the
theory is:

k

. k.
E+S,_ 1 (ES) 2. E+p (2)

i

where E, 5, and P are again enzyme, substrate, and product, and
(ES)i is one of the fully competitive enzyme-substrate complexes.

The rate equation derived from a steady-state treatment of the scheme
above is of the same form as equation 1. The interpretation of the
kiné‘tic parameters will be given in the Results and Discussion sec-
tion.

Nine basic postulates are associated with this pnechanisrh.

Some are generalizations of large amounts of data while others are
necessary for a successful application of the theory. ’I‘hvese postu-

v

lates will be applied in the Results and Discussion section.
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The theory in its present form satisfactorily accounts for the
structural and stereochemical specificity for both L- and D- tri-
functional.sub strates, where only enzyme and substrate concentra-
tion are varied.even in cases where the D-enantiomer is hydrolyzed
more rapidly than its optical antipode (18).

Wolf and Niemann (19) have utilized this theory to interpret
the behavior of bifunctional substrates (R'l—-CONHCHZCOR'3 ).
Although the theory adequately accounts for the behavior of the bi-
functional substrates, more ambiguity exists in the interpretation
because of the greater number of degrees of freedom of those com-
pounds. A study by Rapp (20) of a series of acylated glycine and

I_)— and E— alanine methyl esters partially clarifies the relation-
ships between bi- and trifunctional substrates. This theory,
modified to incorporate pH effects, will form the basis for discus-
sion of the results of this study.

It is known that reaction parameters other than substrate
structure, such as hydrogen—ioﬁ concentration, ionic strength,
temperature, etc., may have marked effects on the rate of enzyme
catalyzed reactions (9). In developing the theory, Hein and Niemann
were concerned with the variation of substrate structure (including

stereochemistry), while other reaction parameters were held con-

stant. The studies reported here are mainly concerned with the
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variation of hydrogen-ion concentration while the structures of
substrates and selected pairs of substrates remain unchanged.
However, -the use of several pairs of substrates also yields i;lforma-
tion for the case of simultaneous variation of substrate structure
and pH.

In the many studies made on the effect of hydrogen-ion con~-
centration on o-chymotrypsin-catalyzed reactions, little consider-
ation has been given to the dependence of stereochemical and struc-
tural specificity on this parameter. Most studies have been carried
out on substrates and inhibitors where variation in structural and
stereochemical factors might be masked by other effects. The
substrates used in this study consisted of pairs of - acylated-D-and
L-alanine methyl esters and one pair of L -substrates, o-N-acetyl-
O-methyl-L -tyrosine methyl ester and a-N-benzoyl-L -alanine
methyl ester. The pairs of enantiomers were chosen to focus atten-
tion on changes in stereochemical specificity while the pair of L-
s.ubs1.:,ra.tes focuses attention on changes in structural specificity of

. the enzyme. Variations in the kinetic parameters ko and Ko and

the ratio ko/Ko for single substrates, as well as in the ratios

(k /%, )

k /lk , K /K , and(l-:-—/-l—{-—) for the selected pairs were atndi~A
o o
2

°1 % ° 9

as functions of pH.

In principle, a change in pH may affect the substrate, the
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free enzyme, or the enzyme-substrate complexes (9). Substrates
were chosen for which hydrogen-ion effects on the structures of the
s.ubstrates. in solution are negligible over the pH range studied.
Thus, attention is brought to bear on possible changes in the free
enzyme and enzyme-substrate complexes.

In studying variations in the ratios of the kinetic parameters
for selected pairs of substrates, effects caused by different ground
states of the substrates are constant for the pair of L-substrates, or
zero for the pairs of optical antipodes. By using ratios, effects
attributable to changes in the free enzyme cancel exactly; there-
fore, variations in the magnitude of these ratios with pH for any
selected pair of substrates can be attributed entirely to non-
identical changes in each of the two sets of enzyme-substrate com~
plexes. This method does not establish whether changes occur
before, during, or after combination of the substrate with the
enzyme. It can show, however, that the enzyme and/or enzyme-
substrate complexes have changed and that this change is kinetically
important.

A change in hydrogen-ion concentration may alter the enzyme
or enzyme-substrate complexes in three ways:

*
1. Localized ionization of groups at the active site may

* The active site is defined as those portions of the enzyme which
contribute to the promotion of substrate to products and which

include an active center where bond breaking and formation takes
place. (See ref. 9, pp. 1288-89.)
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take place‘(Zl).
2. The active site may undergo a hydrogen-ion induced con-
formational alteration (22).

3. The two above effects may occur simultaneously.

Theoretical treatments of the subject have concentrated on the first
of these possibilities. In an exact steady-state treatment, lLaidler
(23) has considered the enzyme and enéyme-substrate complex;each
in three states of ionization, and has discussed thoroughly the assump-
tions needed to reduce the resulting kinetic equations to a simpler
form. Bender et al. (24) have used a slightly modified form of this
treatment for two enzyme-substrate complexes in series, and
Peller and Alberty (25) have applied a similar treatment to the
case where an arbitrary number of intermediates in series is
considered. These theoretical treatments and the use of limit-type
substrates in experimental studies have focused attention on the
effects of ionization of groups at the active site while diverting
attention from possible hydrogen-ion induced coﬁforrna.tionai
. changes at the active site.

| The idea that the conformation of the active site of an enzyme
may be altered by various reaction parameters is relatively new.
‘Lumry and Eyring (26), and more recently,Koshland (27), have

proposed theories in which the substrate produces a conformational
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change at the active site. Evidence by Hess and coworkers (28),
based on kinetic, chemical, spectroscopic, and optical rotatory dis-
persion stﬁdies, indicates that this may occur in o ~chymotrypsin-
catalyzed hydrolyses.

Since « -chymotrypsin is a polyampholyte and appears to have
charged groups at the active site (29-32), it is reasonable to suppose
that protonation or deprotonation of these groups may cause a
.~ change in conformation of the active site. Support for this idea was
recently obtained by Platt and Niemann (33), who found that the
nature of the inhibition process is pH-dependent for the o ~chymo-
trypsin-catalyzed hydrolysis of N-acetyl-L -leucine methyl ester
when either formanilide or benzamide is used as an inhibitor. The

studies reported here were designed to amplify such information.
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RESULTS AND DISCUSSION

1. General
The kinetic scheme used in the Hein-Niemann theory of
multiple binding modes may be represented as:

k k

1i
el

2i

E+S > E+ P (2)

where E, S, and P are enzyme, substrate, and product, respec-~
tively, and (ES)i is one of twelve possible complexes an asymmetric
substrate (R'IGONHCHR2
loci (p 1P P and pH) at the active site of the enzyme. A

steady~-state treatment of the above scheme yields a rate equation

identical in form to equation 1. The expressions for the measured

kinetic parameters are:

3 K
z kZi/ﬂsi
k = i=1 : 3
° 1z 1 (3)
! 7
i=1 51
1 .
Ko" 12 1 (4)
K .

COR'.) may form with four complementar
3 Y P y
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k 3.
0% k /K. - | (5)
K i=1 81
(o]
k.. +k ..
where K | = —2—1————7—1}— (6)
si kli

Notice thati = 1, 2, 3 for the terms containing k_, in equa-

2i
tions 3 and 5 instead of 1=1,2,...,12. This arises from postulate 1
(16b) which states that only complexes which-have a COR3-p 3
interaction are potentially productive. A number of studies (34)
have suggested that two or more groups are necessary for catalysis

of hydrolysis. Itis unlikely that these groups would be available

in the préper orientation at more than one locus. Consequently,

kZi =0 for'i >3,

Representations of the binding modes for L~ and D -sub-
strates of the type R.'IICHIONHCHRZCOR'3 are presented in Figures 1
and 2, respectively. The potentially productive modes are repre-
sented by 1E«v‘igures 1-1, 1-2, and 1-3 for 'thé I:_—subsfrates, and
Figures 2-1, 2-2, and 2-3, for the D -substrates.

In ordgr to treat effects of (pH ‘on enzymé-catalyzed reac-
tions, Laidler (23) has applied an exact steady-state treatment
to the case where both the free 'en'zyme ‘and the enzyme-~substrate

complex exist in three states of protonation, and has discussed fully

the assumptions needed to reduce the resulting rate equation to a
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usable form. This scheme as applied to the case of multiple, com-

petitive complexes, is represented as follows:

k' k!
1i 2i
E +
S R-——:_J (ES)i > E+P
k r k k. l { k.
-ae ae -aesi aesi
kli kZi
+ —
EH +S T (E:Hs)i > EH+P (7
k-be kbe k-besi l I kbesi
k” kH
1i 21
+ +
EHZ S ﬁ (EHZS)i —_— EHZ P

where E, EH, and EH2 represent different states of protonation of
the free enzyme, and where (ES)i, (EHS)i, and (EHZS)i are dif-
ferent states of protonation of the enzyme-~-substrate complexes.
No formal charges are used on any species since the net overall
charge at the active site is unknown.

The complete steady-state treatment yields, as expected,
a rate equation too complex to interpret. If three assumptions are

made, the rate equation can be reduced to the same form as

equation 1, where the measured kinetic parameters are:



ae

%be

aesi

Kbesi =

15

3 12 1 aesi TH]
S k. /K.)/ (1+ + — ) (8)
i=] 2 s i=1 Ksi [H] besi
K
[H]
1+ === + =)
S
12 1 (1+ Ka.esi + [H] ) (9)
i=21 Ksi 5] Kbesi
3 Ky Ke [H]
(= —)/(1+ + ) (10)
i=1 Ksi —[—I‘-I_j Kbe
The constants in this scheme are defined as:
fae _ [EI[H] (01
ae [EH] '
k
be - [EH]TH] (12)
k-—be FEH]z
aesi - [:ES]i [H] (13)
. [EHS],
-a.e51 1
besi [EHs]i [H] (14)
~-besi [EHZS]i



k +k
-1i 2i
e (13)
k' .+ k'
-1 21
O L A :
K si k‘li (16)
k|l + kll X
-1i 2i
" -
K si - ]E(lll:.L (17)

The first assumption needed to obtain a rate equation in the

form of equation 1 is that k, >>k' and k" Actually, little is

2, 2, 2.°
i i i
known about the state of ionization of the active site for optimal
activity (25). However, this assumption is sufficient to account for
the bell-shaped curves obtained for o-chymotrypsin when maximum
velocity is plotted against pH (35). A second assumption is that
ionizations are rapid with respect to uptake and elimination of sub-

strate and product. If this is true, it can be shown (35) that if

either k"vz. or k'z. are significant, the rate law will lead to a
limiting vetlocity iln strong acid or strong base, respectively. No
evidence is available on ionization rates of g-chymotrypsin and its
complexes with subs£rates. However, Laidler (35), using methyl
hydrocinnamate and Bender et al. (24), using o-N-acetyl-L-trypto-

phan ethyl ester, have shown that the bell-shaped curves of rate

vs. pH are nearly symmetrical. Since there is no a priori reason
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to expect the rate involving the ''doubly protonated'' species to be
similar to that of the '"non-protonated'' species, such symmetry
suggests that neither k'Z. nor k“z. is important.
i i

A third assumption needed to obtain a rate law in the form

of equation 1 is that k2 <<k 1 This implies that Ks' is an
i i k), T kg, -1,
cis . = iz 1
equilibrium constant, i.e., that Ksi kl .k_l__._.
i i

Ample support for equilibrium between free enzyme and its com-
plexes with substrates has been given by Neurath and Hartley (36),

Laidler (35), and Bender et al. (37).

II. Variation of Ko’ ko, and ko/I{o for Individual Substrates

A. Variation in Ko

The values of Ko obtained in this study for. six pairs of
enantiomeric o-N-acyl-alanine methyl esters are listed in Table I
and plotted vs pH in Figures 3 through 8. For the one pa.ir. of L~
substrates, o-N-acetyl-O-methyl-L-tyrosine methyl ester and
o-N-benzoyl-L-~alanine methyl eéter, the values of Ko are listed
in Table Il and plottedvs pH in Figure 9.

In comparing the data obtained in this study to the limited
data available in the literature, certain differences between the two

sets of values are evident. Hammond and Gutfreund (38), using

acet}fl-_I_J_ -phenylalanine methyl ester as a substrate of o-chymo-
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trypsin, found that K0 was pH-independent from pH 6.5 to 8.0, and
that it began to rise abovepH 8.0. Laidler and Barnard (39), using
methyl hydrocinnamate, found Ko to be constant from pH 7.0 to 8.5,
the entire range studied. Cunningham and Brown (40) found Ko
values for o-N-acetyl-L-tryptophan ethyl ester of 0.093 + 0.02 mM
and 0.084 + 0.02 mM at pH's of 8.0 and 6.1, respectively. These
last two values, although constant within the stated error, do not
establish the behavior of Ko between the two pH's given. Gordon
(41), using methyl hippurate, concluded that Ko is pH-independent
from pH 6.0 to ca. pH 8.0, but that it rises rapidly above pH 8.0.
The scatter of data in the ''pH-independent' range makes this con-
- clusion questionable. More recently, Bender et al. (24) 'ha.ve stated
that, from pH 5.0 to ca. pH 9.0, Ko for ¢-N-acetyl-L-tryptophan
ethyl ester is constant and then begins to rise rapidly. The curve
of KO vs pH indicates, however, that there may be a very slight
mipimum around pH 7.  If the slight minimum in Ko for this
latter case is ignored, the results from the literature are all com-
patible with each other. In every case, K0 is independent of
hydrogen-ion concentration at low pH. As the pH is increased
above 8.0, the values of Ko begin to rise (not all at the same pH)
in every case except for methyl hydrocinnamate. * However, for

* Methyl hydrocinnamate was run in 30% methanol solution,

whereas all other substrates were run in water. The effects of
adding organic solvents to the reaction mixture are not completely
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this exception, Ko was not obtained above pH 8.5. An eventual
rise in Ko at high pH for methyl hydrocinnamate may occur which
would be consistent with the other data from the literature and most
of the results obtained in the present study.

In the experiments reported in this thesis, thirteen different
substrates were used. One, b_enzoyl-—I:_-alanine methyl ester, was
run at an ionic strength of 0.10 as one member of the pair of L-
substrates and at an ionic strength of 1.00 as one member of a pair
of enantiomers, making a total of fourteen cases. In every one of
the fourteen cases, a variation in KO with pH is seen below pH 8. 0.
In nine of the fourteen cases, Ko exhibits a clear minimum. The
five that do not are:

1. o«-N-benzoyl-L-alanine methyl ester at an ionic
strength of 1.00

2. o -N-nicotinoyl-L -alanine methyl ester

3. o@-N-isonicotinoyl-L -alanine methyl ester
4. o-N-nicotinoyl-D -alanine methyl ester

5. oz—N-furoyl-l_)_-alanine methyl ester

For the three Ii-sub strates which do not show a clear minimum,

KO decreases with decreasing pH, and then levels off. For the two

understood,and it is possible that the results for methyl hydro-
cinnamate may not be comparable to the other results.
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Q_-substrates, Ko decreases with increasing pH, and then levels off.
It cannot be said for certain that these five cases would each exhibit
a minimum if the pH range of investigation were extended, but it is
suggested that they would for the following reasons.

Four of the five substrates reported in the literature and
all substrates studied here (except the two D-substrates listed
above) show an increase in Ko with increasing pH above some pH.
Consequently, if the pH range were extended to higher values, a
rise in KO above some pH for these two D-substrates would be
expected and would be consistent with the other twelve cases studied
here and four of the five cases cited from the literature.

In the present study,all six D-substrates and the five L-
substrates which show a clear minimum eventually show an increase

in Ko with decreasing pH. Furthermore, in four cases, the minimum

occurs around pH 7. The pH range for the three L-substrates not
showing a clear minimum was from pH 7.0 to 8.5. If the pH had
beeﬁ lowered below 7. 0, a rise in Ko would be expected and would
be consistent with the behavior exhibited in the other eleven cases.’
It has been suggested (16a,b, 20) for benzoyl-D - and L-
alanine methyl esters that only one binding mode is important.
These modes are represented in Figures 2-1 and 1-3, respectively.

If it is assumed that all the acyl-alanine methyl esters in the present
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study will have the same predominant binding modes, equation 9

reduces to the following expressions for the D - and L -enantiomers,

respec’cively.
" .
k&l -f%%’-+ %?-e)
Kp = 57T (18)
(1+ aes H] )
(H] 2-1
Kbes
and
K
1-3 ae H1
KS (1+ i) + Kbe )
Ko © 1-3 (19)
Kaes H]
(1+ T t 3 )
Kies

The superscripts in equations 18 and 19 replace the "i'" subscripts
“in the general equation and refer to the particular mode under
consideration as represented in Figures 1 and 2.

The minima in the Ko-pH profiles may be due to two ionizing
groups in the enzyme being involved in binding of the substrate.
Dixon (42) has shown that a plot of pKo* vs pH may consist of
sections of intersecting stra.ighf lines. This may be seen from
equations 18 and 19 by considering different. K/[H] or [H)/K terms

important at different pH's. The intersections of these lines

* = -
pK0 log K0
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correspond to pK V.'alues for dissociation of protons from the free
enzyme and enzyme-substrate complexes. This treatment, if
gpplied to the data obtained in this study, would yield a spectrum of
pK values, since thg minima vary by over one-half of a pH unit for
the cases w.here a clear minimum appears, and by as much as one pH
unit for the nicotinoyl enantiomers, which do not show a clear
minimum.

Furthermore, the idea of two ionizable groups being in-
volved in binding of the substrate is not consistent with the cases
from the literature which show a pH-independent range for K0 at
low pH and a rise in Ko with increasing pH above pH 8. This
latter type of behavior indicates that only one ionizable group is
involved in complex formation in these cases. Since there is no
a priori reason why some of the substrates should be bound by two
ionizable groups and éthers by one, especially for similar sub-
strates such as N—acetyl—_L_-phenylalanine ethyl ester and N-acetyl-
O-methyl—_I_J-tyros;lre methyl ester, it is reaéon:atble to assume that
only one ionizable group is involved in complex formation, and that
the rise in Ko above pH 8 is associated with deprotonation of this
group. The behavior of K0 below pH 8 could be explained by saying
(see

that,for the cases where Ko is pH-independent, K o =K

b bes

equat;onfs 18 and 19), and where K0 shows a minimum, Kbe # Kbes'
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This again seems unreasonable, especially for the similar sub-
strates mentioned above which show different behavior below pH 8.

A plausible explanation of the pH behavior of all substrates
of o-chymotrypsin discussed is that the variation in Ko with pH is
due, ét least in part, to a hydrogen-ion-induced conformational
change at the active site which alters its structural and stereo-
chemical specificity (43). The minimum would then correspond to
the "best' fit of the substrate in one mode or to the optimum dis-
tribution of the substrate between two or more modes on an enzyme
whose active site is changing conformation with pH.

Three of the five cases from the literature will not be dis-~
cussed. These cases are methyl hippurate (41), methyl hydro-
cinnamate (39), and the two values for o-N-acetyl-L-tryptophan
ethyl ester reported by Cunningham and Brown (40). The firstis
rejected because of the scatter in the data. The second is rejected
because it was run in 30% methanol solution, and the third because
only two points are available. The two remaining cases are
acetyl-L -phenylalanine methyl ester (38) and acetyl-L-tryptophan -
ethyl ester (24).

Acetyl-L -phenylalanine methyl esteris a "kinetically good"
substrate with high ko and low Ko values (44, 45,46). The low Ko value

indicates that the substrate is bound well, and the high ko value
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indicates that it is bound almost exclusively in a productive mode
(16a,b). According to the Hein-Niemann theory, this mode would
be represented by Figure 1-1 (16a,b).
For this compound, optimally bound in one mode having no

polar or sterically large functionalities on the R, group, it is

2
suggested that changes in tfle conformation of the active site,
unless very large, would have a negligible effect either on altering
the ""best' fit or on changing the distribution of substrate among
several modes if one mode predominates to the virtual exclusion
of all others. Furthermore, there are no a priori reasons to
expect a significant amount of R-::Lpj combinations for this substrate.
It is only when certain features characteristic of one R group in a
""kinetically good' substrate are replaced with or exchanged for
features in another R group thé.t significant occurrence of'wrong-
way'binding is postulated (16a,b, 20).

The case of o-N=-acetyl-L -tryptophan ethyl ester may be an
exémple where a small amount of''wrong-way'binding occurs.
Bender et al.(24) concluded that below a pH of about 9.0, K_ is
pH -independeht; however, from the curve of K0 vs pH, it appears
that there is a slight.minimum around pH 7. It is possible that the
nitrogen on the iﬁdolyl group of o¢-N-acetyl-L-tyrptophan ethyl ester

is attracted to a sublocus in Py possibly to a sublocus at which the
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acylamino nitrogen of "kinetically good' substrates usually binds.
When indole is used as an inhibitor for methyl hippurate (47) and

for Li-3 -carbomethoxydihydroisocarbostyril(I) (16b), the inhibition

cO CH

CEZ\{/

__NH

I
is mixed (between fully competitive and non-competitive) for the
former and non-competitive for the latter substrate. These types
of inhibition are normally interpreted in terms of ternary complex
formation (33), i.e., complexes composed of substrate, indole, and
enzyme. It is expected that methyl hippurate is bound predominantly
as represented in Figure 1-3. This places the small hydrogen atom
in p 1 and may leave open that sublocus in Py where the nitrogen of
indole can combine. Itis possible for D- and L~ (I), that tile L-
derivative is also bound in a maﬁner which leaves this same sub-
locus in p 1 open, whereas for the D ~derivative, which is fully
competitive with indole, the amido group may be occupying this
sublocus. In the case under discussion, o-N-acetyl-L -tryptophan
ethyl ester, the indolylmethyl group (RZ) may be distributed between

p. and b, (Figures 1-1 and 1-2). The lower value of ko for this

1

substrate as compared to acetyl-L -phenylalanine methyl ester is
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not inconsistent with this idea since "'wrong-way' binding would be
expected to lower ko. A change in conformation of the active site
with changing pH might alter the individual Ksi values with a con-
comitant change in the distribution of the substrate between the two 4
modes where the indolyl group is in p 1 and p X respectively.

An alternate explanation of the slight minimum in Ko for
acetyl-L -tryptophan ethyl ester is that virtually only one mode of
binding occurs (all Ripi interactions), but that the indolyl group,
which is large (as compared to the phenyl group of phenylalanine),
interacts either sterically or electronically with a sublocus in p 5"
If a change in pH alters the conformation of p 52 OF if the sublocus
in p 2 contains an ionizable group, the Ko value may be altered.
Which of these two effects, if either, would lbe more important is
not known and could depend on the steric and electronic demands of
the substrate.

In the present .study, the plot of Ko vs pH for o -N-acetyl-
O—rﬁethyl—Ii-tyrosine methyl ester also exhibits a minimum (Figure
9). This substrate, like acetyl -L -phenylalanine methyl ester, is
considered a limit case in which virtually only Rip i interactions
occur (Figure 1-1). in this case, a simple interpretation of the data
is that the O-methyl group interacts either sterically or electronic-~-

ally with a sublocus in p 5 A change in conformation might be
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expected to produce a change in Ko. By the use of various N-acetyl-
ring -substituted-L -phenylalanine methyl esters, Peterson (48) has
shown that Ko for these substrates may be quite different from K0 for
acetyl-L -phenylalanine methyl ester. The variation in Ko as the
structure of RZ is modified has been interpreted in terms of a number
of subloci in o, which are both steric and electronic. Zeller (49) has
used a similar idea to explain the variations in Ko for different sub-
strates of monoamino oxidase. The validity of these interpretations
will have to await a more complete understanding of the nature of the
binding forces associated with the various loci at the active site.

The increase in KO above some pH has been interpreted by
Bender et al. (24) in terms of a kinetic scheme represented as fol-
lows:

k k k

E+8S f Es % ES.. E+P . (20)

-1
Pl

N

Multiple, competitive binding modes were not considered.

This scheme has been proposed for the case where ES ' is an
acyl-enzyme intermediate (36) but need not be restricted to this
interpretation. A steady-state treatment of equation (20) yields for

the kinetic parameters:
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K = kSKS/kz t k, | (1)
koA = Kk, /k, +k, (22)
k /K = k, (K, _(23)

k. tk _ k_ (24)
K_ = .1kl 2~ 1_{_11

For esters, Bender postulated that k3 (deacylation of the enzyme)
is rate-determining at low pH and that as the pH is raised, a point
is reached where k2 (acylation of the enzyme) becomes rate-
determining. Consequently, at low pH, Ko reduces to k3Ks/k2,
and at high pH, Ko begins to rise and to approach KS. Although the
existence of an acyl-enzyme as an intermediate in all ¢-chymo-
trypsin-catalyzed reactions has not been definitely established (9,
50), the above scheme could partly explain the rise in Ko for esters
at high pH; it does not, however, explain the eventual rise in K0 for
substrates used in the present study as the pH is decreased, unless
the value of K"J changes with pH. If K@ does change with pH, this
"is most simply interpreted in terms of an enzyme whose active site
is changing conformation.

One final observation is that the variations in Ko over the

PH range studied are not large enough to negate conclusions drawn

by Hein and Niemann (16a,b) concerning the structural and
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stereochemical specificity of a-chymotrypsin at the pH optimum.
Therefore, if the active site is changing conformation as hydrogen-
ion concentration is varied, the changes, though kinetically sig-

nificant, do not appear to be extremely large.

B. Variation in kO

The values for ko are listed in Table I and plotted vs pH
in Figures 10 through 15 for the pairs of enantiomers; for the pair
of L-substrates, the values are listed in Table Il and plotted vs pH
in Figure 16.

From these figures, it can be seen that all substrates except
two exhibit a sigmoid profile. This sigfnoid profile i’s consistent
with earlier work (51, 40). However, Laidler (35), using methyl
hydrocinnamate, * and more recently Bender et al. (24), using
a~N-acetyl-L -tryptophan ethyl ester, have shown that if the pH
range is extended to high enough values, ko reaches a maximum and
then decreases with increasing pH. Whether k0 for ‘Fhe substrates
used in this study will decx%ease at a high pH is not known.

It has been suggested (16,a,b, 20) that for o -N-benzoyl-D -

alanine methyl ester, only one mode has a significant ko’ and that

% It is reemphasized that this substrate was run in 30%
methanol, and comparisons between this substrate and those run in
water may not be valid.
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this mode is also the predominant binding mode (see Figure 2-1).

If this mode is assumed for all the acyl-D-alanine methyl esters

used in the present study, equation 8 reduces to equation 25, where

kz2—1
Ko 7 2-1 (25)
aes [H
(1+ Tt 2_1)
K
bes

superscripts again refer to particular modes represented in Figures
1 and 2.

For o -N-benzoyl-L-alanine methyl ester it has been sug-
gested (16a,b, 20) that the predominant binding mode is the one
~ represented in .Figure 1-3, and the only mode with a significant ko
is the one represented in Figure 1-1. If this is assumed for all the
acyl-L -alanine methyl esters in the pres'ent‘study, equation 8

reduces to equation 26.

1-3
Kk 1-1 Ks
2 1-1
k = Ks
oL e (26)
aes [H

Assuming that kZ and K ; terms are true constants, equa-
« S

1

tions 25 and 26 predict bell-shaped pH-dependencies for koD and
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koL' This, as was mentioned earlier, has been observed by
Laidler (35) using methyl hydrocinnamate and Bender et al. (24)
using oz—N4acetyl-I;-trypt0phan ethyl ester as substrates of o-
chymotrypsin. The sigmoid shapes of the pH profiles of ko for .
substrates used in the present study can be interpreted as the lower
. half of such bell-shaped curves. Consequently, the curves may be
explained by a simple prétonation and déprotonatlon of catalytically
active groups in the active site. No information is obtained as to
whether conformational changes of thke active site are also occurring.

The lack of pH-dependence of k0 for two substrates, o-N=
nicotinoyln-l?_—alanine methyl ester and o-N-isonicotinoyl ~D -alanine
methyl ester is not easily explained. One possibility is that these
two substrates, which are the least reacti';fe trifunctional substrates
for which individual kinetic parameters have been obtained, are
hydrolyzed by a different mechanism than most trifunctional sub~
strates-~a mechanism not involving catalytic groups ionizing in the
pH range studied. All substrates could be hydrolyzed partly by
this mechanism, for if this rate is small compared to the rate of
the normal path, it would not be observéd for most substrates.
Caplow and Jencks (50), using hydroxylamine as an analog for
water in the a~-chymotrypsin hydrolysis and hydroxylaminolysis of

derivatives of o-N-acetyl-Lrtyrosine,have suggested that more than
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one mechanism may be operating. It is p;)ssible, for example, that
direct attack by "activated' water competes to a small extent with
an acyl-enzyme intermediate in normal reactions.

Whether ko at low or high pH's approaches zero or some
limiting pH-independent rate can be determined in principle by
extending the pH range of investigation. Howeve;', if this is done,
one runs into the problem of enzyme aggregation at low pH (52) and
of enzyme denaturation at high pH (24).

Another interpretatilon of thé lack of pH-dependence of ko
for the above two substrates might be that, for very poor substrates,
the variation in ko with pH falls within the large experimental
error. However, this does not appear to be a satisfactory explana-
tion. It can be seen in Table V that for each of the six pairs of
enantiomers studied, the variation in k0 with pH is greater for the
L.-compound than for its optical antipode even in the picolinoyl case
where the D-isomer has a higher ko value than its L -enantiomer.

It can also be seen from Table 1 that for D_'-enar'itiomers

k at

containing a hetero atom in the w-position of the ring in R'l, o

any pH decreases in the order of decreasing basicity of the hetero
atom, i.e., ko decreases in the order picolinoyl > 2-furoyl > 2-
thiophenoyl = beﬁzoyl. Rapp (20) first noticed this behavior in his

studies of these compounds at pH 7.90. One possible explanation is
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that the hetero atom is attracted to a particular sublocus in p >
which orients the substrate for catalysis. If the ring nitrogen of the
nicotinoyl and isonicotinoyl derivatives were attracted to the sam.e
sublocus, then the order of reactivify: picolinoyl > nicotinoyl > iso-
nicotinoyl indicates that as the hetero atom is moved away from the
‘og-i)osition, it disofients the substrate f_or normal catalysis, and one
sees mainly a pH -indepen&ent rate due to a competitive pathway, as.
mentioned earlier. If the hetero atom is attracted to a sublocus in
Py it might also be expec;ced that the value of K0 at any pH for
these _Iz—enant;lomers would also decrease with respect to Ko for
o -N-benzoyl-D -alanine methyl ester since the attraction for the
sublocus must be stronger than the normal attraction of Py for
nonpolar side chains, but this is not observed. All values of Ko for
D-substrates with hetero atoms in the ring are higher than for the
benzoyl derivative under comparable conditions. However, it would
also be expected that, due to solvation, the ground state energies of
substrates with rings containing hetero atoms would be lower in
water than the benzoyl derivative (53), and the higher Ko '.s for the
former substrates may be partly a reflection of this.. A similar
argument may be made for the fact that the Ko values for the L-
enantiomers with a hetero atom in the ring are also larger than 'Ko

for g-N-benzoyl-L-alanine methyl ester.
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The fact that one sees a possible correlation of basicity of
the hetero atom with ko but not with K0

, or Ko » may be

D D L

rationalized from equations 18, 19, and 25. Only in

equation 25 (the expression for k

) do K . terms cancel. Con-
D si

sequently; if factérs which stabilize the ground state of substrates
in solution also t'end to stabilize the enzyme-substrate complex,
the effect of the hetero atom wéuld tend to cancel, and other factors
could predominate.

Any interpretation of thg variation in kO values at a single
pH for the I_J_-enantiomers (except for o-N-acetyl -O~methyl L-
tyrosine methyl ester) is complicated because the presumed best
binding mode is probably not a productive mode. For the L-

enantiomers at one pH

1-1 1-3
+ kZ S
k . = f[H ] (27)

oL, 1-1
K
s

e . . 1-3
If different ground state energies in solution affect KS and

-1 ) :
Ks1 differently for each substrate, any correlation would be dif-

ficult to make in terms of the basicity of the hetero atom.
If the hetero atom in R'1 is attracted to a sublocus in Py

which is important in orientation of the substrate for catalysis, it

is predicted that ko for ~N~(3=-furoyl) ~D -alanine methyl ester would
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be much lower than ko for the 2-furoyl derivative and would also
be pH-independent. Furthermore, since the sulfur in the 2-
thiophenoyl derivative is probably not basic (54), as indicated by
the similarity in ko and Ko for this substrate and ¢-N-benzoyl-D -
alanine methyl ester; 3 -thiophenoyl-D ~alanine methyl ester is
predicted to have Ia ko value similar to the 2-thiophenoyl derivative.

Further tests of the hypothesis that a basic hetero atom in
R'1 is attracted to a sublocus in pz and results in orientation or
disorientation of the substrate for normal catalysis could be made
by using various analogs of acetyl-L-phenylalanine methyl ester
(a limit case with the predominant binding and productive mode
being the same) in which the phenyl ring has been replaced by

furyl, = pyridinyl, and thiophenyl rings.

C. Variation in kO/KO'-—Inver sions in Stereospecificity

The value's of ko/Ko for the pair of L-substrates are listed
in Table II and plotted vs pH in Figure 17; for the pairs of enantio- ‘
mers, these values are listed in Table I and plotted vs pH in
Figures 18 through 23. The general shape of the cu.rves agrees
with previous work (24,35, 38,40).

The ratio ko/Ko is a measure of the relative react:;wity of
substrates (16a,b), since this is the specific rate uncier seconfi

order conditions, i.e., the specific rate where saturation of the
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enzyme is unimportant (see Equation 1, p. | 4 ). The following
discussion of reactivity is in terms of kO/KO.

Earlier it had been mentioned that for the pairs of enantio-
mers used in the present study, in only one case was there an
inversion of stereospecificity, the reactivity of o-N-picolinoyl-D -
alanine methyl ester being greater than that of its optical antipode.
Inversions of stereospecificity in a-chymotrypsin-catalyzed reactions
have been observed only twice before (55a,b). In the first case,
that of D- and I:_-3—carbomethoxydihydroisocarbostyril (1), the D-
compound is hydrolyzed much more rapidly than its L -enantiomer.
Although these resuits were interpreted in terms of the Hein-
Niemann theory of structural and stereochemical specificity (16a,b),
the results served more to illustrate the pronounced differences
between these conformationally -constrained compounds and the more
conventional trifunctional substrates. In the second case, Cohen et
al. showed that Q_-d-acetoxypropiénic . acid methyl ester is hydrolyzed
faster than its L -antipode, but theldegree of stereospecificit;lr is
dependent on the concentration of substrate. In the present study,
it was thought that the degree of stereospecificity for the enantiomeric
pairs of acylalanine methyl esters might be altered sufficiently by a
change in pH to cause an inversion since for all these enantiomeric
pairs, the reactivities of the D~ and L-members of the pairs are

similar in magnitude. If a change in pH causes .a change in the
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conformation of the active site with a concomitant change in the
relative distribution of the substrates between two binding modes,
an inversion in stereospecificity might occur. Although the relative
stereospecificity of the substrates varies with pH, no inversion
with pH was observed.

As an explanation for the inversion in the case of the pico-=
linoyl derivatives, Rapp (20) postulated that the ring nitrogen in the
Q-isomér might be directly involved in catalyzing the hydrolysis.
Evidence for the presence of histidine at the active site has been
obtained (56). The curves of reactivity vs pH for o-chymotryp-
sin-catalyzed reactions have been interpreted in terms of one
ionized form of the imidazole group of this histidine residue being
directly involved in the hydrolytic step (56). If, in the case of the
picolinoyl-D -alanine methyl ester, the ring nitrogen were oriented
so that it, instead of the presumed imidazole, were involved in the
catalysis, the curve of ko/Ko vs pH would be expected to be pH-~
independent in the range studied since the pKa of the pyridinium
cation is much lower than the imidazolium cation.* This is not
observed. All ko/Ko vs pH profiles resemble titration curves for

weak acids. This, however, does not exclude the possibility that,

* The imidazolium cation has a pK_ of. 7 (56), whereas
the pK_of the protonated nitrogen in picolinic acid has been given
as 1.09 (57).
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for the D-picolinoyl derivative, catalysis by the ring nitrogen occurs.

in addition to the normal catalysis.

- K k
III. Variation in the Ratios 1 , ©°1 , and (k /K ) /{k /K )
— —— o 01 o o2
KO kO
2 2

for Selected Pairs of Substrates

One problem involved in correlating kinetic parameters with
structural changes in substrates is that it is difficult to determine
whether d‘ifferences in ground state energies of substrates and
enzyme in different systems are important. Available evidence
indicates that the Ksiterms in the mecﬁanism under discussion
approximate equilibrium constants for the reaction

K .
‘ si
i

E+S = (ES) (28)

i
where E and S are free enzyme and substrate, respectively, and
(ES),1 is one of twelve enzyme-substrate complexes. Each Ksi

term is therefore a measure of the free energy difference in going
from free enzyme and substrate to an enzyme-substrate complex.
Assume for the moment that the reaction conditions from system to
system are such as to keep the ground state energy of the free
enzyme identical. Similarly, assume that all substrates in solution i

have identical free energies. Then the Ksi terms would be a direct
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measure of the energy of interaction, both steric and electronic,
between substrate and enzyme. These conditions are often tacitly
assumed in interpreting the kinetic parameters since the differ-
ences in ground state energies of enzyme under various reaction
conditions and of substrates have not been determined. Canady et
al. (58) have suggested that the variation in Ko for different alkyl
esters of methyl hippurate may be due in part to a solubility effect.
Further, they (59) have\ shown that the variation in KO with ionic
strength for methyl hippurate at pH 7.0 can be directly correlated
to changes in solubility of the substrate. Inhibition studies {47,32)
have shown that the interaction of the active site of o-chymotrypsin
with benzamide is considerably more favorable than its interaction
with nicotinamide, presumably because of a greater extent of
solvation of the latter species (60). In the present study, the pos-
sibility that differences in ground states of the substrates account
for the 1gck of correlation of KO for the D- and ko and Ko for the L~
enahtiomers with basicity of the hetero atbm, when ko for the ]?_—
enantiomers appeared to be a function ;)f this parameter was dis-
cussed in the section on the variati.on of ko with pH.

In this section, changes in the ratios of the kinetic param-
eters for optical antipodes (except for one pair of I_._._-substrates) are
discussed. For these pairs, not only are the substrate structures

invariant over the pH range investigated, but, for the L -pair, the
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differénce in ground state energies remains constant, and for the D-
and L-enantiomers, the difference is zero. Enzyme concentratigns
were kept as close as possible for the two members of each pair in
érder to minimize possible differences in ground state energies of
enzyme at different conceﬁtrations. Consequently, any changes in
these ratios with varying hydrogen-ion concentration can be attributed
entirely to.changes in the enzyme-substrate complexes. Whether
the changes take place before, during, 01; after formation of the
complex isnotknown. The pairs of substrate;s were chosen to focus
attention on conformational changes in the active site as opposed to

different states of ionization of catalytically active groups.
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A. Variationin K /K
°; %

The values for KoL/Ko for the enantiomeric acyl-alanine

D
methyl esters are listed in Table III and plotted vs pH in Figures

24 through 29. K _/K

oB’ FoA values for the pair of. L -substrates are

listed in Table IV and plotted vs pH in Figure - 30. From the

/K

figures, it can be seen that in all cases, the ratio K
‘ oL’ oD

increases with increasing pH. One curve, that for a=-N-benzoyl-L-
and I_)_-methyl esters appears to pass through a maximum, but this
is uncertain because of the large errors in this ratio. In general,
the errors in'KO values are larger than those in ko or in _ko/Ko
because of the form of the equation from which these constants are

obtained. The equation is

[S][E]o ] 'Ko . '
— = f; [s]+ '1'(; (29)

where k is the reciprocal of the slope, and k /K is the reciprocal
o oo
[STE],

of the intercept for a plot of v

vs [S8]. The errors in each
of these are magnified when the ratio is taken to obtain Ko. In
general, the error in Ko is ca. 10%, but for very poor substrates,

the error is often ca. 20%, and in one case it is 100%. This larger

. error is increased further when K0 /Ko is obtained. Also, the
1 2
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error in Ko is usually larger for D -substrates than for their L-
enantiomers, probably because the reactivity of most D -substrates
approaches the lower limit of observation by the method used to
féllow the kinetics., High enzyme concentrations must be used,
and at pH 7.90 and pH 8.50, the base-catalyzed reaction and carbon
dioxide blank become significant with respect to the enzyme-
catalyzed reaction. Although the ""blank'' reactions are taken into
account, any error in them will increase the error in the rate
calculated for the enzyme-catalyzed reaction. The optimum pair
of enantiomers for determining the kinetic parameters consists of
picolinoyl-D - and L -alanine methyl ester, because, for both en-
antiomers, the blank reactions are relatively small With respect to
the enzyme-~catalyzed reactions, and high enzyme concentrations
are not necessary. For this pair, it can be seen that the curve of
KoL/KoD vs pH appears to be sigmoid. The curve for the pair of
L -substrates o-N-acetyl-O-methyl-L -tyrosine methyl ester and
oz—N¥benz;oy1-I__,_—a1anine methyl ester also may be sigmoid, but
again the errors are large, and this is uncertain. If all curves of
KOl/K02 vs pH are assumed to be sigmoid, the resuits may be
discussed as follows.

The predominant binding mode for the L -substrates is

represented in Figure 1-3, and for their D -antipodes, in Figure 2-1.
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For the ratio of K'_ /K _, equations 18 and:19 reduce to:
ol,” " oD

2-1
! H]
123 (1 4= + “ ) 30
on_ % T (o
KoD K 2-1 1-3
s (1+ aes [H)] )
: [H] 1-3
K
bes
It can be seen that if Ko-' = K1 >, K7l= k'3, andif
aes aes bes. bes
2-1 1-3 . .
K and K are true constants, the ratio K _ /K is pH~
s s oL." oD
independent. The pH-independence of KoL/KoD is not observed.

Perturbations by the substrate might change the pKa's of

ionizing groups at the active site. If this occurs, it is possible
2-1, _1-3 2-1, _1-3 . N
that K~ # K ?.nd/or K oo # K .g - In this case, a sigmoid
shape may be explained by a simple deprotonation of an ionizing
group at the active site as pH is increased. Whether the deviations
from a sigmoid shape are entirely due to experimental error or are
. 2-1 1-3

partly due to changes in the values of KS and/or Ks cannot
be decided from this ratio.

In the discussion of the individual Ko‘s, it was concluded that
only one ionizing group could be important in combination of the
substrate with the enzyme. This conclusion was reached in order

to explain that for some substrates, K0 was pH-~independent in a

certain region. If this is true, equation 30 reduces further to:
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oL . Kies | " (31)

A sigmoid shape for the plot of KoL/K vs pH can still be

oD

explained by a simple deprotonation mechanism.
For the pair of l:_-subsfrates, the predominant biﬁding mode

for o-N-acetyl-O-methyl-L-tyrosine methyl ester (A) is represented

in Figure 1-1, whereas for ¢-N-benzoyl-L -alanine methyl ester (B),

again Figure 1-3 represents the predominant binding mode. The

/K

simplified expression for K is identical to equation 31.

oB oA

Consequently, the sigmoid curve may again be explained by a simple
deprotonation of the complex as pH is increased. The similarity in
the pH profiles supports this interpretation.

It may be possible to look for non-sigmoid deviations from a
horizontal line by choosing a pair of reactive substrates for which
the kinetic constants may be determined more precisely. If two L-
substrates ''x'' and ''y'"' are similar enough in structure and are

limit cases, it is possible that differences in I% s for the two would
; esl

be negligible and equation 31 would reduce further to

~
A

(32)

i
i

oy sy
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In this case, deviations from a constant in the ratio as pH is varied
must be due to non-identical variations in st and Ks . This
variation would be most easily explained in terms of an active site
of changing conformation. Two major difficulties with this approach
are that, in general, errors in kinetics paramefers in these systems
are not small, and if the substrate structures are similar enough,
K and Ksy may exhibit parallel variation, thus masking changes

SX

in the ratio.
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B. Variation in k /k
°1 %2

The values for koL/koD are listed in Table III and plotted vs

pH in Figures 24 through 29 , whereas Kk /k values are

B oA
listed in Table IV and plotted vs pH in Figure 31 . Using the
same predominant binding modes and productive modes as for the

individual k0 values, the equations for the ratios of the kO values

reduce to equations 33 and 34,

L K 1-3 K2.-1 -
k k. 5 (1+ =28 4 )
oL "2 K 1-1 H] 2-1 ,
k - s Kbes (33)
oD -
K1—3
2-1 Taes [(H]
k2 (1+ ] + 3 )
K
bes
1-3
1-1 aes [H]
+
2A (1+ [H] Kl-3 )B
oL A bes
LB i g1t G
° 1-1 '(1,+ aes | ]_H]
2B Tt o)

where the A and B refer to the two members of the pair of L-

sub strates.
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In all cases, even for the pair of I__a_-substrates, it is more
- certain that the curves are sigmoid. Again, if the ksi's and Ksi's
are true constants, the sigmoid shape of the curves may be ex-

plained by a simple deprotonation of the basic form of a group

2-1 1-3
tcallv i . . .
catalytically involved in the hydrolysis provided Kaes # Kaes
| 2-1 1-3 : 1-3 1-1
and/or Kbes # Kbes . in equation 33 and KaesB# Kaes A and/or

Kkl,;: # K;;i in equation 34.
A - B
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C. Variation in (ko/Ko) 1/(kolKo) >
The (ko/Ko)L/(ko/Ko)D values are listed in Table III and
plotted in Figures 32 through 36. The (kO/KO)B/(ko/Ko)A values

are listed in Table IV and plotted vs pH in Figure 37.

In this case, using equation 10, the ratio is exactly:

| ,  Fa
[
)
(k /K) & V.S K_ )L or B s
m /K ) - . )
o' "o'D or A 3 k.
(2 2—)
s=1 K_. D or A
= si

Binding modes which are not productive do not appear in the
equation. Furthermore, the terms which include ionization con-
stants cancel exactly. These latter terms would always cancel, no
matter how many intermediates are postulated, provided that the
substrates all interact with the same groupson the enzyme (25).
Consequently, any changes in these ratios, except possibly for the
nicotinoyl and isonicotinoyl pairs, cannot be due to protonation or
deprotonation of groups at the active site. Variations in the ratio

with pH must arise from changes in the individual k_, and KSi terms.

2i
Although some scatter in the data is evident, for five of the seven

pairs, a clear variation in the ratio is seen.

These pairs are:
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1. nicotinoyl-D - and L -alanine methyl ester

2. isonicotinoyl-D - a.nd.l_‘._-alanine me thyl ester

3. picolinoyl-D - and L -alanine methyl ester

4, benzoyl-D- and L -alanine methyl ester

5. benéoyl -L -alanine methyl ester and a-N-acetyl-O-

methyl-L -tyrosine methyl ester
For the D -substrates, in the first two pairs listed, it was
pgstulated that the invariance in ko with pH might be due to a
mechanism which did not involve catalytically active groups ionizing
in the pH range studied. In this case, one would expect to see a pH-

dependence for (ko/Ko)L/(ko/Ko) , since the terms containing

D

ionizations of catalytically active groups would not cancel. The

expression for the ratio would be:

3
(ko/Ko)L ~ (521 k2:'L/Ksi)L

ﬁo/Ko)D e

K
ae_l_LIﬂ)

Tl K

(=

+
i3 koi/Kgilp (1

However, for the last three cases, only a minor dependence (if any)
of the ratio is expected, since the rate of the postulated pH-
independent mechanism should be small with respect to the rate of
the normal path. Consequently, the variation in (ko/Ko)l/(ko/Ko)Z

for the last three pairs must be attributed to variations in the kZi and
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'Ksi terms. The simplest explanation of these variations is that
‘they are due to hydrogen-ion-induced conformational changes of the
active site. This is not inconsistent with the work of Platt and
Niemann (33), who found that the nature of the inhibition of o-N-
acetyl-L -leucine methyl ester by benz‘amide or formanilide is pH-
dependent. Their results were also interpreted in terms of a
hydrogen-ion-induced alteration of the conformation of the active

site.
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EXPERIMENTAL

I. Kinetic Runs

Details on the equipment and general kinetic procedure
employed in these experiments can be found in the literature (61).
The thermostated reaction cell noted in reference 61 has been modi-
fied to hold a 20 ml beaker instead of a 50 ml beaker. In all runs,
a total reaction volume of 10 ml was used. All runs were made at
25°C.

Kinetic runs were made in the absence of enzyme in order to
determine the base-catalyzed hydrolysis rate (substrate blank) and
in the absence of substrate and enzyme in order to determine the

rate of carbon dioxide absorption by the solution (CO_ blank) for all

2
runs at and above pH 7.50. At and below pH 7.00, no substrate

blank or CO2 blank could be detected. Although a stream of nitrogen

was introduced into the reaction vessel above the solutions, C02 was

still absorbed slowly by the basic solutions. For fast substrates of

'oz—_chyrnotrypsin, the substrate and GO, blank are invariably neg-

2

ligible; however, in the present studies, poor substrates were often

used, and both the substrate blank and CO2 blank had to be taken into

account in these cases.

T aAn melting points corrected by a calibration curve prepared
by Dr. A. Platt.
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Equation 37 describes the rate for all blank reactions

under conditions where only the substrate concentration is varied.

V = k, [S]+k (37)

7

In this equation, k, = k6‘ (OH), (S)o is the initial substrate con-

6

centration, k7 is the rate of carbon dioxide absorption, and (OH—) is
the hydroxide ion concentration.

The time. of the blank runs was varied from 8 to 40 minutes.
No variation of the constants ké and k7 could be detected outside of
experimental error. Initial substrate concentration was used in
calculation of ké’ since the extent of hydrolysis was small (usually
less than 2%) over the period of observation. Whenever the velocity
of the blank reaction was greater than ca. 2% of the total initial
velocity of the enzyme-catalyzed reaction for the most dilute sub-
strate concentration, a correction for the blank was made.

The rates of all reactions were followed by means of a recorder
trace. Since the recorder traces for the enzyme-catalyzed reac-

tions consisted of straight or only slightly curved lines, the nec-

essity of correcting the data was easily decided by visual observation

of the traces.
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II. Treatment of Data
The initial rates of all enzyme-~-catalyzed reactions in the
present study are described by equation 38 under conditions where

the only variables are enzyme and substrate concentration.

k_ (E)_(8)

v = W . <38)

In this equation, v is the initial velocity, (E)O is the initial enzyme
concentration, (S) is the substrate concentration, and k0 and Ko are
a pair of experimentally determined kinetic parameters.

A program has been written for the Datatron 220 by Abfash
(62) to obtain the kinetic parameters ko and Ko. The program
employs the method of Booman and Niemann (63 ) to obtain the
initial velocities from the recorder traces. Frdrr:; these initial

velocities, a least-squares plot of equation 39 1is made.

(sifE] K
o] 1 o

—5— = T 81+ — (39)
o (o)

The program as designed by Abrash does not calculate a
~standard deviation for the intercept, (Ko/ko). Since values of
ko/Ko were desired, the values for (S) (E)o/v and (S) which had
been accepted by the '"T'" significance test in the Abrash program

were subjected in anidentical least-squares treatment which did give
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a standard deviation for the intercept.

The errors in the ratios k . /k ., K . /K _, and
ol o2 ol 02

(ko/Ko) l/(ko/Ko)Z were computed from the standard relationshii)s(éék):
‘ 2 2 %
Ata 1,2, a B \®
-—-—-—Bib = C+p and p= E(b + 2 )

A subroutine program for calculating the values of p was written

for the Datatron 220 by Drs. A. Platt and J. R. Rapp.

Ii31. Materials

a-Chymotrypsin. - The enzyme used in these studies was a

bovine, salt-free preparation obtained frorh Worthington Bio-
chemicals Corporation (lot number C.D.I. 6066-67). The protein

. nitrogen content of the enzyme was determined in th.is laboratory

by Dr. J. R. Rapp and Mr. Gary Neil, using the micro-Kjeldahl
method of Redeman ( 65 ). A value of 14.91% + 0.06% was obtained.
All values of enzyme concentration were based on a molecular weight
of 25,000 and a protein nitrogen content of 16.5%.

D-Alanine methyl ester hydrochloride. - This compound was

prepared several times by the method of Brenner and Huber ( 66 ).
Thionyl chloride was added slowly to a cooled solution of methanol,

keeping the temperature below ~-5°C. The amino acid was then added
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in portions, and the mixture was stirred overnight at room temper-
ature or for three to four hours at a temperature of 40°C. The
methanol was then stripped off in vacuo, aﬁd the methyl ester hydro-~
chloride was usually used without further purification. Occasionally
the methyl ester hydrochloride was crystallized from methanol-
ether mixtures.

L~Alanine methyl ester hydrochloride. - This compound was

prepared in the same manner as the D -enantiomer.

Benzoyl-1l.-alanine methyl ester. - This compound was pre-

pared from L -alanine methyl ester hydrochloride and benzoyl
chloride, using Schotten-Bauman conditions. A three-necked, 500
ml, round-bottom flask was fitted with a stirrer and a dropping
funnel. The crude amino acid ester hydrochloride obtained from

25 g (0.132 mole) of L -alanine was dissolved in 85 ml of water
containing 36.0 g (0.262 mole) of potassium carbonate. To the flask
was added 125 ml of chloroform. The mixture was stirred rapidly
whil.e 30.8 ml (0.267 mole) of benzoyl chloride was added slowly.
The mixture was stirred rapidly for one hour at.room temperature.
Six ml of pyridine was then added, and the mixture was stirred an
additional 20 minutes. After the phases were separated, the organic
layer was washed with 50 ml of N HCI and 18 ml of water; it was

then dried over anhydrous magnesium sulfate. The crude,oily
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product obtained after evaporation of the solvent in vacuo was crys-
tallized twice from isopropyl ether, yielding fine needles, m.p.
58.5-61.5° (Lit. m.p. 56.5-57.5°) ( 16b), [a)p’= 30.2° (c, 5.0%
in f_}r_!_n_;tetrachloroethane) (Lit. [d]l?ss-‘- 30.6° (16b ).

Benzoyl-D -alaninre methyl ester. - This compound was pre-

pared in a manner analogous to that used for the L -enantiomer. Two
crystallizations from isopropyl ether yielded fine needles, m.p.
58.0-61,0° (Lit. m.p. 56-58°) ( 16b), [oz]lz;’: 30.0° (c,‘ 5.0% in
sym-tetrachloroethane) (Lit. [oz]D= ~-30.8°) (16b).

o-N-Acetyl-O~methyl-L -tyrosine methyl ester. - A sample of

previously purified material obtained from Mr. R. Peterson in this
laboratory was taken up in toluene, treated with Norite, and crystal-
lized from a toluene-ligroin mixture. The product was filtered and
dried in vacuo over phosphorus pentoxide and paraffin wax yielding
fine needles, m.p. 104.5-106.0° (Lit. m.p. 104-105°) ( 48 ),

25 ° . . 25 .
[ot]D =31.6° (c, 3.6% in methanol) (Lit. [a/]D = 25.3, ¢, 0.35% in
methanol) ( 48 ).

2-Furoyl-L-alanine methyl ester.- To a chloroform solution

of Li-alanine methyl ester hydrochloride (0.057 mole) cooled below
0°C in a 500 ml, three-necked, round-bottom flask fitted with
thermometer, dropping funnel, and stirrer, triethylamine (0.114

mole ) was added. This was followed by the slow addition of
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2-furoyl chloride (0.057 mole) while the temperature was kept
below 0°C. The solution was allowed to warm to room temperature
and was stirred overnight. After the mixture was washed with N
HC1 anci sodium bicarbenate solution, it was dried over anhydrous
sodium sulfate. The solvent was then removed in vacuo, and the
slightly colored oil remaining in the flask was distilled at ca. 0.5
mm Hg. The distillate was crystallized once from isopropyl ether,
yielding fine, white needles, m.p. 41.5-43.0° (Lit. m.p. 41-42°)
( 20), [01:112)5= -3.2 (c, 6.0% in water) (Lit. [oz]D =-2.8°, c, 6%
in water) ( 20 ).

The following substrates had been prepared by J. R. Rapp
several months previously ( 20 ). These compounds were redried
in vacuo, and the melting points were checked. Since all melting
points checked well with the values obtained by Rapp ( 20 ), these

substrates were used without further purification.

Picolinoyl-L -alanine methyl ester.~- M.p. 59.0-60.5"

(Lit. m.p. 59-60°).

Picolinoyl-D -alanine methyl ester.- M.p. 58.5-60.0°

(Lit. m.p. 59-60°).

Nicotinoyl-L -alanine methyl ester.- M.p. 75.0-77.0°

(Lit. m.p. 75.5-76.5°).

Nicotinoyl-D -alanine methyl ester.- M.p. 76.0-77.0°.

(Lit. m.p. 75.5-76.5°).
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Isonicotinoyl-L-alanine methyl ester. - M.p. 85.5-87.0°

(Lit. m.p. 85.5-86.5°).

Isonicotinoyl-D -alanine methyl ester.~- M.p. 85.5-86.5°

(Lit. m.p. 85.5-86.5°).

2-Furoyl-L -alanine methyl ester. - M.p. 40.0-41.5°

(Lit. m.p. 41-42°).

2-Furoyl-D-alanine methyl ester.- M.p. 40.0-42.0°

(Lit. m.p. 41-42°).

Z-Thiophenoyl-L -alanine methyl ester.- M.p. 91.0-92.0°

(Lit. m.p. 91-92°).

2-Thiophenoyl-D ~-alanine methyl ester. - M.p. 90.5-92.0°

(Lit. m.p. 91-92°).
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TABLES
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Table III. Ratios of the Kinetic Parameters for the ¢~-Chymotrypsin=-
Catalyzed Hydrolyses of Enantiomeric Pairs of Acylated

Amino Acid Esters /Kf a
' a (ko Q)L

a
Sub
ubstrate pH koL/koD K ./Kp Q‘O/K;

Benzoyl—Ala'OMeb 7.00 13+2 1.040. 1 12.340. 6
7.50 21+1 2.2+0.3 9.6+0.8
7.90 24.6+0.7 2.940.2 8.8+0.4
8.50 2645 2.040.6 13 *2
Picolinoyl-Ala- 6.50 0.24+0.02 1.140.3 0.19+0.02
OMe 7.00 0.33+0.02 1.140.1 0.28+0. 02
7.50 0.45+0.02 1.4+0.2 0.3140.02
7.90 0.66+0.03 2.3+0.2 0.28+0.01
8.50 0.76%¥0.04 2.5%0.2  0.30+0.01
Nicotinoyl-Ala- 7.00 90+20 0.8+0.3 110+20
: OMe 7.50 120410 2.3%0.3 5414
7.90 170420 5 +1 34+3
8.50 200+20 5.1%0.8 3943
Isonicotinoyl-Ala. 7.00 200+20 2.4+0.7 90+20
OMe 7.50 250430 10+10 20+10
7.90 270+10 6+2 4179
8.50 290+60 20120 20120
2-Thiophenoyl- 7.00 19+2 2.0+0.5 10+2
AlarOMe 7.50 23+2 3.040.5 7.6+0.8
7.90 36+3 3.5+0.7 10+1
8.50 4316 4+1 10+1
2-Furoyl-Ala-OMe 7.00 12+1 2.0+0.3 6.1+0.3
7.50 13.6+0.7 2.4+0.2 5.7+0.3
7.90 13.4+0.9 2.4+0.4 5.6+0.4
8.50 19+3 411 5.4+0.7

a. The errors in these ratios were obtained from the relationships:

1
aZB2 )-g

AZ

Ata 1
—-—jo =C +p and P= 3 (b~ +

b. cz.—N-Benzoyl-alanine methyl ester
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Table IV. Ratios of the Kinetic Parameters for the a-Chymotrypsin-
Catalyzed Hydrolyses of Two Acylated-L-Amino Acid

Esters
2 (ko/Ko B 2

pH kOB/kOAxlo KoB/KoA (kO/KO 3 X 10
6.00 11_-_i-_l 1.9_-1_-_0.3 5.7;|-_O.5
6.50 l5_—t2, 1.5:!-_0.4 10_-_*-_2
7.00 - 24i1 2.4i0.4 12i1
7.50 32i3 l.9i0.4 17i2
7.90 51i4 3.5_-};0.5 lSi-_l
8.50 40:!-_3 2. 9_-!:0. 4 14_-1_-_1
9

. 00 55+6 3.8+0.7 14+1

a. The substrates used were B = o-N-benzoyl-L -alanine methyl
ester and A = o-N-acetyl-O-methyl-L-tyrosine methyl ester

b. The errors in these ratios were obtained from the relationships:

Ata 1
— =C +p and p= =
B+b - B AZ
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Table V. The Relative Sensitivity of ko to Changes in pH for

Enantiomeric Substrates of g-Chymotrypsin.

o -N-acyl-L -alanine % max. Change in %

methyl ester? . | pH of koL max. of koL

Nicotinoyl 7.00 46 54
8.50 100

Furoyl 7.00 56
8.50 100 44

Isonicotinoyl 7.00 70 30
8.50 100

Thiophenoyl 7.00 39 61
8.50 100

Benzoyl 7.00 31 69
8.50 100

Picolinoyl 7.00 11 89
8.50 100

a-N-acyl-D -alanine

methyl ester =

Picolinoyl 7.00 36 64
8.50 100

Furoyl 7.00 76 24
8.50 100

Thiophenoyl 7.00 78 22
8.50 100

Benzoyl 7.00 62 38
8.50 100

Nicotinoyl 7.00 105 _5
8.50 100

Isonicotinoyl 7.00 105 _5
8.50 100

a . .
arranged in order of decreasing ko
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FIGURES
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Figure 1. --Possible Orientations of an L-Substrate at the Active
Site of ¢-Chymotrypsin

PH
H

P2 Rz—l"R3 3

1-10

1-2

1-11

1-3

1-12

* Figure 1-1 shows the four loci Ppr Poys Py pH at the active site as
well as the four complementary groups on the substrate where R_- =

R' CONH-, R_- = COR‘3
amino acid derivative.

, H=H, and R

is the side chain of the
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Figure 2. --Possible Orientations of a D -Substrate at the Active
Site of o-Chymotrypsin
PH
| H R1 R2
P2 Rl_‘__R3 P3 Rz"‘l"Rs H+R3
R2 H Rl
Py
2-1 2-2 2-3
R3 H - R2 |
H__‘._R1 RZ__.}._R1 R:i‘i‘R1
R, R, .
2-4 2-5 2-6
Ry H Ry
H+R2 R3+ R2 Rl_—"— R2
R3 R1 H
2-7 2-8 2-9
Rl R3 RZ
RZ Rl R3
2-10 2-11 2-12

at the active

* Figure 2-1 shows the four loci Pys Py 3o and p.

site as well as the four complementary groups on the substrate where
Rl= R'ICONH—, R,-= COR3-, H = H, and R2 is the side chain of the
amino acid derivative.
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. Figure 3. --Dependence of K0 on hydrogen-ion
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Figure 4. --Dependence of K, on hydrogen-ion concentration
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Figure 5. --Dependence of Ko on hydrogen-ion concentration
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Figure 6.--Dependence of K0 on hydrogen-ion concentration
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F‘igure 7. --Dependence of Ko on hydrogen-ion concentration
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Figure 8. --Dependence of Ko on hydrogen-ion concentration
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Figure 9. --Dependence of K0 on hydrogen-ion

concentration
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10. --Dependence of ko on
hydrogen-~ion concentration
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Fig\ire 11. --Dependence of ko on hydrogen-ion concentration
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Figure 12. --Dependence of ko on hydrogen-ion concentration
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Figure 13, -—Dependence of k on hydrogen-~ion
concentration
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Figure 14.--Dependence of ko on hydrogen-ion
concentration
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Figure 15. ~--Dependence of k on hydrogen-ion

concentration
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Figure 16. --Dependence of ko on hydrogen ion concentration.
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Figure 17. --Dependence of the ratio ko/Ko on hydrogen-
ion concentration
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Figure 18. -~-Dependence of the ratio ko/Ko on hydrogen-ion

concentration
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Figure 19.--Dependence of the ratio ko/Ko on hydrogen-ion
' concentration ‘
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Figure 20. --Dependence of the ratio ko/Ko on hydrogen-ion

concentration
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'Figure 21.--Dependence of the ratio ko/Ko on hydrogen-ion
concentration
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Figure 22. --Dependence of the ratio ko/Ko on hydrogen-ion
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Figure 23. --Dependence of the ratio kQIK0 on hydrogen-ion

concentration
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Figure 24. --Dependence of the ratios koL/k
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Figure 25.--Dependence of the ratios koL/koD and KoL/KoD

on hydrogen-ion concentration
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Figure 26. ~-Dependence of the ratios koL/koD and KoL/KoD
on hydrogen-ion concentration
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Figure 28. --Dependence of the ratios koL/k and Ko /K
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Figure 29. --Dependence of the ratios koL/koD

on hydrogen-ion concentration
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Figure 30. --Dependence of the ratio KOB/K on
hydrogen-ion concentration
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Figure 31. --Dependence of the ratio k B/k on

. . O oA
hydrogen-ion concentration
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Figure 32. --Dependence of the ratio (ko/Ko)L/(kO/Ko)D on

hydrogen-ion concentration

16.0 =

14.0 |—

12.0 L.

(ko/Ko)L / (ko/ Ko)D

@ ~N-benzoyl-alanine
methyl ester




(=

(]

(k /K ) /(k /K)o

100

Figure 33. --Dependence of the ratio (ko/Ko)L/(ko/Ko)D on

[SN]
o

[o]

[o]

[ 48)
U

.20

hydrogen-ion concentration

o

Q—  Q

o« -N-picolinoyl-alanine
methyl ester

6.5

7.0

7.5 8.0

pH

8.5




101

Figure 34. --Dependence of the ratio (kO/Ko)L/(ko/KO)D on

hydrogen-ion concentration
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Figure 35, ~-Dependence of the ratio (ko/Ko)L/(ko/Ko)D on

hydrogen~ion concentration
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i 36. -~ . i
Figure Dependence of the ratio (ko/Ko)L/(ko/Ko)D on

hydrogen-ion concentration
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Fi 37. == i
igure 37. --Dependence of the ratio (ko/Ko)B/(ko/Ko)A

on hydrogen-~ion concentration

o ~-N-benzoyl-L -
alanine methyl ester

o -N-acetyl-O-methyl-
L -tyrosine methyl
ester

]




105

References

E. Fischer, Chem. Ber., 27, 2985 (1894).

For a review, see G. W. Wolstenholme and C. M.

O'Connor, in Steric Course in Microbiological Reactions,

CIBA Foundation Study Group No. 2, Little, Brown,and Co.,
Boston, Mass. (1959).

L. Pasteur, Compt. rend., 46, 615 (1858).

K. A. Walsh, D. L. Kauffman, K. S. V. Sampath Kumar,
and H. Neurath, Proc. Natl. Acad. Sci., U.S., 51, 301
(1964).

B. S Hartley, Nature, 201, 1284 (1964).

P. Desuelle, in '"The Enzymes,' P. D. Boyer, H. Lardy,
and K. Myrback, eds. (Academic Press, New York, ed. 2,
1960), vol. 4, pp. 104-108.

For a review, see D. E. Koshland, Jr., D. H. Strumeyer,

and W. J. Ray, Jr., in Enzyme Models and Enzyme Struc-

tures, Brookhaven Symposium in Biology, No. 15 (1962),
pp. 101-133.
M. Bergmann and J. S. Fruton, J. Biol. Chem., 118, 405

(1937).

'C. Niemann, Science, 143, 1287 (1964).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

1.06
M. L. Bender and K. C. Kemp, J. Am. Chem. Soc., 19,
116 (1957).
B. S. Hartley and B. A. Kilbey, Biochem. J., 50, 672
(1952). |
A. K. Balls and E. F. Jansen, Advan. Enzymol., 13, 321
(1952)
B. F. Erlanger and W. Cohen, J. Am. Chem. Soc., 85,
348 (1963).
M. L. Bender, G. R. Schonbaum, and B. Zerner, _1_‘_!3_1_.i1 R
84, 2540, 2562 (1962).
H. T. Huang and C. Niemann, ibid., 73, 3223 (1951).
a) G. E. Hein and C. Niemann, Proc. Natl. Acad. Sci.,
U. S., 47, 1341(1961); b) J. Am. Chem. Soc., 84, 4487,
4495 (1962).
S. G. Cohen, J. Crossley, E. Khedouri, and R. Zand,
J. Am. Chem. Soc., 84, 4163 (1962).
J. R. Rapp and C. Niemann, ibid., 85, 1896 (1963).
J. P. Wolf IIl and C. Niemann, Biochemistry, 2, 82, 493
(1963).
J. R. Rapp, Ph. D. Thesis, California Institute of Tech-

nology, 1964, pp. 1-44.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33,

107
J. S. Friedenwald and G. D. Maengwyn-Davies, in

Symposium on the Mechanism of Enzyme Action, W. D. Mc-

Elroy and H. B. Glass, eds., Johns Hopkins Press, Balti-
more, 1954, pp 141-202.

W. A. Mukatis and C. Niemann, Proc. Natl. Acad. Sci.,
U. S., 51, 397 (1964).

K. J. Laidler, Trans. Faraday Soc., 51, 528, 540, 550
(1955).

M. L. Bender, G. NE. Clement, F. J. Kezdy, and H.

d'A. Heck, J. Am. Chem. Soc., 86, 3680 (1964).

L. Peller and R. A. Alberty, ibid., 81, 5907 (1959).

R. Lumry and H. Eyring, J. Phys. Chem., 58, 110 (1954).
D. E. Koshland, Jr., Proc. Natl. Acad. Sci., U. 5., 44,

98 (1958).

For a list of references, see B. H: Havsteen and G. P. Hess,

J. Am. Chem. Soc., 85, 791 (1963).
S. Kaufman and H. Neurath, J. Biol. Chem., 181, 623 (1949).
H. Neurath and J. A. Gladner, ibid., 188, 407 (1951).
H. T. Huang and C. Niemann, J. Am. Chem. Soc., 74, 5963
(1952).

R. J. Foster and C. Niemann, ibid., 77, 3365, 3370 (1955).
A. Platt and C. Niemann, Proc. Natl. Acad. Sci., U. S.,

50, 817 (1963).



34.

"~ 35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

108
M. L. Bender, Chem. Revs., 60, 53 (1960).

K. J. Liaidler, The Chemical Kinetics of Enzyme Action,

Oxford University Press, London (1958), pp. 117-162.

H., Neurath and D, 8, Hartley, J. Cellular Comp. Physiol,,
54, Suppl. 1, 179 (1959).

B. Zerner, R. P, M. Bond, and M. L. Bender, J. Am.
Chem. Soc., 86, 3674 (1964).

B. R. Hammond and H. Gutfreund, Biochem. J., 61, 187
(1955).

K. J. Laidler and M. L. Barnard, Trans. Faraday Soc., _§_?:,
497 (1956).

L. W. Cunningham and C. S. Brown, J. Biol. Chem., E_:_?._l_
287 (1956).

T. P. Gordon, Ph. D. Thesis, California Institute of
Technology, 1959.

M. Dixon, Biochem. J., 55, 161 (1953).

J. Monod, J. P. Chaﬁgeau, and F. Jacob, J. Molecular
Biol., 6, 306 (1963).

R. L. Peterson, unpublished results in this laboratory.

J. B. Jones and C. Niemann, Biochemistry, 2, 498

(1963).

M. L. Bender and W. A. Glasson, J. Am. Chem. Soc., 82,

3336 (1960).



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

109
H. T. Huang and C. Niemann, j. Am. Chem. Soc., 75,
1395 (1953).
R. L. Peterson, Ph. D. Thesis, California Institute of
Technology, 19.65.
E. A. Zeller, Ann. N. Y. Acad. Sci., 107, 811 (1963).
M. Caplow and W. P. Jencks, J. Biol. Chem., 239, 1640
(1964).
B. R. Hammond and H. Gutfreund, Biochem. J., 61, 187
(1955).
R. B. Martin and C. Niemann, J. Am. Chem. Soc., 80,
1473 (1958).
R. L. Bixler and C. Niemann, ibid., 80, 2716(1958).

A. Albert, Heterocyclic Chemistry, The Athlone Press,

London, 1959, p. 208.

a) G. E. Hein, R. B. McGriff, and C. Niemann, J. Am.
Chem. Soc., 70, 2610 (1960).

b) S. G. Cohen, J. -C.rossley, E. Khedouri, and R. Zand,

ibid., 84, 4163 (1962).

D. E. Koshland, Jr. and W. J. Ray Strumeyer, Jr., in

Symposium on Enzyme Models and Enzyme Systems,

Brookhaven National Laboratory, Upton, New York (1962),
pp. 101-119.

P. O. Lumme, Suomene Kem, 30B, 173 (1957).



58.

59.

60.

61.

62.

63.

64.

65.

66.

110
G. H. Nelson, J. L. Miles, and W. J. Canady, Arch.
Biochem. Biophys., 96, 545 (1962).
J. L. Miles, G. A. Robinson, and W. J. Canady, J. Biol.
Chem., 238, 2932 (1963).
H. T. Huang and C. Niemann, J. Am. Chem. Soc., 74,
101 (1952).
T. H. Applewhite, R. B. Martin, and C. Niemann, ibid.,
1457 (1958).
H. I. Abrash, Ph. D. Thesis, California Institute of
Technology, 1961, pp. 34-36.
K. A, Booman and C. Niemann, J. Am. Chem. Soc., 78,
3642 (1956).
F. Daniels, J. H. Mathews, J. W. Williams, P. Bender,

and R. A. Alberty, Experimental Physical Chemistry,

McGraw-Hill Book Company, Inc., 5th ed., {1956), p. 328.
C. E. Redeman, Ind. Eng. Chem., 11, 635 (1939).
M. Brenner and W. Huber, Helv. Chim. Acta, 36, 1109

(1953).



111

II. VARIATION OF THE CONFORMATION OF THE
ACTIVE SITE OF ¢-CHYMOTRY PSIN:

ELECTROLYTE CONCENTRATION STUDIES
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INTRODUGCTION

In Section I of this thesis, the effect of hydrogen-ion con-
ceptratn’_on on the measured kinetic parameters for individual sub-
strates and on the ratios of the kinetic parameters for selected
pairs of these substrates was studied. It was shown that variations
in these parameters and ratios of the parameters could not be com-
pletely explained in terms of ionization of groups at the active site
involved in the cafalysis or in terms of a change in rate-determining
step in the hydrolysis if two steps occur. The simplest explanation
of the observed behavior is that variations in the kinetic parameters
and ratios of parameters with pH are at least in part due to hydrogen-~
ion induced conformational changes at the active site of the enzyme
which alters its structural and stereochemical specificity.

In this section the effects of sodium chloride concentration on
the measured kinetic parameters for individual substrates and ratios
.of these parameters for selected pairs of substrates are investigated.
The same substrates used in the hydrogen-ion studies are used here;

however, these latter studies are not as extensive.
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For two pairs of substrates, the concentration of added
sodium chloride was varied from 0 to 2.0 M at pH 7. 90 and 25.0°C.

These pairs are:

(a) o-N-benzoyl-D-and-L~alanine methyl esters,

(b) o-N-acetyl=O-methyl-L -tyrosine methyl ester and

o~-N-benzoyl-L -alanine methyl ester.

Benzoyl-L -alanine methyl ester was used as one member of a pair
of I:_—substra’ges and as one member of a pair of enantiomeric sub-
strates in order to study variations both in structural and stereo-
chemical specificity. Comparison in thé ratios of kinetic param-
eters for five other pairs of enantiomeric acyl-alanine methyl esters
were made at pH 7.90 and two concentrations of sodium chloride
(0.10 M and 1.00 M). The kinetic parameters at a sodium chloride
concentration 0of 0.10 M--hadbéen measured earlier by Rapp (1). The
six pairs of enantiomeric acyl-alanine methyl esters are:

1. benzoyl

2. picolinoyl

3. nico‘tinoyl

4. isonicotinoyl

5. Z—thiophenoyi

6. 2-furoyl
For the first three pairs, comparisons of the relative stereo-

chemical specificity were also measured at pH's other than 7. 9.
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One purpose of this study was to determine whether signi-
‘ficant conformational changes occur at the active site of o~
chymotrypsin with variation in electrolyte concentration. According
to the Hein-Niemann theory (2a,b), each asymmetric substrate may
form twelve different complexes with the active site of the enzyme
(see Figt;res 1 and 2, Section I of this thesis, pp. 68 and 69). Many
substrates will be bound predominantly in one mode. Individual
members of each paif of substrates which would exhibit different
principal binding modes were chosen. If changes in the active site.
of the enzyme occur with varying electrolyte concgntration, these
changes might then be reflected by a different variation of the
kinetic parameters for each member of the pair. If the two mem-
bers of the pair were similar in structure and thus had the same
principal binding mode, changes in the conformation might be masked
by parallel behavior of the two members of the pair.

Another purpose of this investigation was to determine
whether a change in electrolyte concentration could effect an in-
version of stereochemical specificity. This would also be indicative
of a change in conformation o.f the active site of the enzyme with
varying electrolyte concentration.

In the course of the present investigations, it was necessary

 to use g-chymotrypsin from two sources. Ratios of the measured
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kinetic parameters were glways obtained using the same enzyme
pr eparétion. However, in order to investigate the possibility that
the two samples of a-chyfnotrypsin might have different kinetic
activities, both samples were used to obtain the kinetic cons-tanté
for one substrate, o-N-benzoyl-L-alanine methyl ester at several

concentrations of added electrolyte.
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RESULTS AND DISCUSSION

General

The effects of electrolyte addition on a~-chymotrypsin-
catalyzed reactions are not fully understood. Possible effects may
be discussed under the broad classifications of general and specific
effects. As in the case of hydrogen~ion concentration, electrolyte
addition may modify parts of the enzyme which have no influence on
the active site. Effects due to such modifications cannot be con-
sidered since the kinetic technique employed is sensitive only to

changes at the active site.

I. General Effects of Electrolyte Addition

A. Changes in the properties of water

Addition of electrolytes alters the bulk dielectric constant of
water (3). The effect is linear with salt concentration and has

been expressed as
D = Do + 28¢ (1)

(3), where D0 and D are the dielectric constants of pure water at
25°C and of the salt solution, respeétively, c is the salt concentra-
tion, and § is the molar depression of the dielectric constant. For

sodium chloride, § = -5.5 £./mole, and the dielectric constant
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decreases from 78. 54 for pure water @) to 56.54 for a 2.0M
‘sodium chloride solution. This represents a 28% decrease in bulk
dielectric constant, which can be important (3); however, the
change in microacopic ‘dielact'ric constant may ba an even more
important consideration (3). Little is known about the latter (3).
In either case, however, a change in the dielectric constant could
result in changes of the pKa's of catalytically active groups at the
active site (3,5), changes in the state of aggregation of the enzyme
involving the active site (6), and/or changes in the conformation of
the active site (3). Furthermore, a change in dielectric constant
could alter the affinity of substrate for enzyme due to a salting out
of the substrate (7). Any of these phenomena could change the
rate of the reaction.

Another effect of salt addition might be a decrease in the
concentration of free water due to hydration of the ions of added
electrolyte. Since water is involved in the hydrolysis, a decrease
in its concentration might decrease the reaction rate. For sodium
chloride, the hydration number of the sodium cation has been given
as 4 (8). In 2.0 M sodium chloride solutions, this amounts to a
decrease in free water concentration of ca. 15%, which could be

significant.
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B. Change in the activity coefficients of the reaction

components

When an electrolyte is added to a water solution of molecules
with charged groups, tile electric potential of the charged groups is
decreased. This reduction in electric potential changes the rate of
reactions between charged groups and has been referred to as the
primary salt effect (3,5).

At low ionic strengths, the Debye-Huckel limiting law for
activity coefficients as applied to Bronsted's general velocity for-
mula for reactions in non-ideal solutions (5, 9) predicts no primary
salt effect between a neutral molecule and an ion or between two
neutral molecules. Since the substrate is neutral, no primary salt
effect is expected at low.ionic strengths. However, at the ionic
strengths used in the present study, the Debye -Huckel 1imitihg law
does not hold, and a primary salt effect can occur. This is due to
the fact that activity coefficients of neutral molecules vary at high
ionic strengths. Unfortunately, it is difficult to predict even the
sign of this effect on the rate {9).

Another possible resﬁlt of changing the activity coefficienfs
is the alteration of the pKa's of ionizable groups on the enzyme. If
one form of an ionizing group or groups at the active site is nec-

essary for catalysis, a change in ionic strength could alter the
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concentration of the catalytically active form of the group(s). This

‘has been called the secondary salt effect (3,5).

II. Specific Effecté of Salt Addition

Any association of an ion with a group that is more pro-
nounced than expécted from simple electrostatic attraction is
called a specific effect {3). This phenomenon is well-known for
enzyme reactions, particularly for certain multivalent ions (e.g-
Ca++). Besides the possibilities already mentioned, specific ions
could act as competitive inhibitors and, if not easily displaced by
substrate, could alter the shape of the active site. Although it is
often assumed that the common monovalent ions such as Na+, K+,
and C1  are not specifically bound, Lewis and Saroff(10) have demon-
strated differential binding of Na® and k' to‘myosin. More pertinent,
- Castafleda-Agullo et al. (5) have shown that the rate of @ ~-chymo-
trypsin-catalyzed hydrolyses is altered in the presence of different
monovalent cations including sodium. Although they observed that
different anioﬁs had no specific effect in the range of ionic strength
studied (ca. 0.3 to 0.6), Martin and Niemann (11) have shown that
at 1.00 M salt concentrations, monovalent anions including chloride

also have specific effects on the rate of a-chymotrypsin-catalyzed

reactions. Consequently, the use of sodium chloride to vary the
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ionic strength does not preclude the poésibility that the conformation
of the active site is altered by the space-filling pi'operties of the
ions. Specific ions need not necessarily combine at the active site.
Combinations at other points on the enzyme may modify the con-

formation of the entire molecule including the active site.

II1. Variation in Ko’ ko’ and ko/Ko for Individual Substrates

The values of Ko’ ko, and ko/Ko for all substrate.s are tabu-
lated in Tables I, II, and III. For the three substrates listed at the
top of page 113, log Ko is plotted vs' ionic strength (sodium chloride
concentration) in Figure 1.

The decrease in Ko with increasing ionic strength is qual-
itatively in agreement with previous studies on the o-chymotrypsin-
catalyzed hydrolysis of acetylated amino acid esters (5,7, 11).

In an elegant study by Canady et al. (7), it was shown that at
pH 7.0, plots of -log Ko vs ionic strength for four alkyl esters of
hippuric acid were linear. It was also shown that the slopes of log
solubility of these substrates vs ionic strength were linear (12). For
each substrate, the slope of the plot of -log Ko vs ionic strength
~was approximately equal in magnitude but opposite in direction to
the slope of the corresponding plot of log solubility vs ionic strength.

In the above studies, ko did not vary significantly.
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Since Foster (13) has shown, using acetyl-chymotrypsin, that de-
“acylation of the enzyme is not sensitive to variations in ionic strength,
Canady et al. (7)  concluded that the change in Ko with ionic
strength at pH 7.0 is Almost entirely due to changes in solubility of
the substrate whether or not an acyl-enzyme exists.

In the present studies at pH 7.90, two considerations indicate
that the change in Ko cannot be due solely to changes in the solubility
of the substrates. ‘The first is that there are deviations from
linearity in the plots of log Ko vs ionic strength. If the only variation
produced by addition of salt were in the solubility of the substrate,
| such plot; should be Straight lines as observed by Canady et al. (7).
Figure l shows that this is not the case for benzoyl-D -alanine
methyl ester or N-acetyl-O-methyl-L -tyrosine methyl ester.
Secondly, if it is assumed that K0 is an equilibrium constant or
combination of equilibrium constants (see equation 9 , p. 15),
the fractional increase or decrease in Ko between any two ionic
strengths should be identical for enantiomers if Ko is due solely to
a "'salting out' of substrate. Within experimental error, this is
usually but not always the case. For example, Ko for picolinoyl-
D-alanine methyl ester changes from 1741 to 6.640.4, whereas Ko
for the L-enantiomer varies from 18+1 to 15+1, as the ionic strength

is changed from 0.10 to 1.0, Therefore, at pH 7.90, factors
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besides solubility of the substrate must be important in determining
'thé magnitude of Ko',

For the saﬁqe three substrates listed at the top of page 113,
log k_ is plotted vs ionkic strength (sodium chloride concentration) in
Figure 2. The increase in ko with increasing ionic strength (sodium
chloride concentfation) is also qualitatively in agreement with pre-
vious results of ¢-chymotrypsin-catalyzed hydrolyses of esters at
pH 7.90 (5, 11) but not at pH 7.0 (7), since, as was noted, Canady
et al. (7) showed that at the latter pH, kofor a series of alkyl esters
of hippuric acid was independent of ionic strength. The positive salt
effect on ko which ap?ears at pH 7.9 but not at pH 7.0 is difficult
to interpret, although it may be related to the appearance of a nega-~
tive charge or charges at the active site at pH 7.9 (14a,b), which
largely disappear by pH 6.9 (14b). |

Log ko/Ko is plotted vs ionic strength (sodium chloride con-
centration) in Figures 3, 4, and 5. The plots of
log ko/Ko vs ionic strength can be considered to be
reasonably straight lines above an ionic strength of ca. 0.10.

Casta?feda-Agullo El:a}_. (5) have suggested that .cv-chymotryp-
"sin may be treated as a simple negative ion, and that at low ionic
strengths the secondary salt effect predominates. This would give
rise to a positive salt effect as observed. However, at higher ionic

strengths, other factors such as salting out of the substrate must
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also become important as indicated by Canady et al. (7). Separation
‘ ofvthe cqntributidns of indi\}idual factors to the overéil salt effect on
the ‘individua‘tl kiﬁetic parameters K , ko’ and ko/Ko is difficult.
One point is worth discusseing . If, for illustrative purposes,
it is assumed that plots of log ko/Ko vs eléctrolyte éoncentration
for all substrates in the present study will be approximately linear
between concentrations of 0. 10‘M and 1.00 M, then the values of
log ko/Ko for substrates where only two points are available may be
plotted vs ionic strength and the slopes of the lines obtained. This
has been done in Figure 6. One curve, that for o~-N-isonicotinoyl-
'J_D_-alanine methyl ester, is not included because the large error in
the Ko vglue at an ionic strength of 0. 10 makes the value of ko/Ko
ques tionkable .
The relative slopes of all the lines except one vary between

0.22 and 0.33. The line for the one exception, o-N-nicotinoyl-D -
alanine methyl ester, has a slope of 0.07, i.e., the variation in
kO/K0 with ionic strength for this particular substrate is much
smaller than that for the other substrates. If, as the results in
‘Section I indicate, this substrate is being hydrolyzed mainly via a

pH-independent mechanism, the secondary salt effect would be k

This relationship need not be linear, but the magnitudes of
changes in log k /K with ionic strength are more easily discussed
in terms of the slopes of straight lines.
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unimportant. On b'the o,ther hand, if the‘major reaction path for the
' ofher substrates involves catalysis by one ionized form of a weak
acid, ‘it would be exl.aecte'd that the secondary salt effect might be
gignificant for these sﬁbstrates. Consequently, the smaller vari-
ation in log ko/Ko vs ionic strength for o-N-nicotinoyl -Q_-aianine
methyl ester as compared to other substrates is consistent with the
above interpr etation, but the different slopes for each substrate

indicate that other factors may also be important.

IV.  Variation in the Ratios K ./K ., k ./k ., and (k /K )./
ol' o o 01

2’ "ol o2
(ko/Ko)Z for Selected Pairs of Substrates

A. Possible changes in conformation of the active site.

The values of Kol/Ko k ./k _, and (ko/Ko)I/(kO/KO)Z for

2’ ol o2
all substrates are tabulated in Tables IV, V, VI, and VII. In

Figures 7 and 8, K /K k _/k

L/Kop Koy /kope and (k /K ), /(k /K ) are

plotted vs ionic strength (sodium chloride concentration) for the first
pair of substr’ates listed at the top of page 113. The scatter in the
ratios for this pair is large, énd no significant trend in these ratios
is seen outside of experimental error. Whether the apparent inde-
.pendence of the ratios for this pair of substrates is due to changes
being too small or to the occurrence of compensating changes is not
known.

For the other enantiomeric acyl-alahine méthyl estess,
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which were studied at 6n1y two ionic strengths, changes in ko /k

L' 7oD’

KoL/KoD’ and (kO/KO)L/(ko/KO)D with electrolyte concentration

are evident (see Table VI). A more complete study of the effect of
added electrolyte on the enantiomers which show the largest changes
would have to be done to determine whether the changes are sig-

nificant.

For the second pair of substrates listed at the top of page 113,
although it cannot be stated conclusively, there appears to be a vari-
ation in both 1{01/1<02 and KOIIK02 with ionic strength (see Figure 9).
It appears that as the ionic strength is increased, both ratios in-
crease, reach a maximum around an ionic strength of 0.10, . then
both ratios decrease until, in each case, the curves pass through a
broad minimum and then increase again.

Figure 10 is a plot of (ko/Ko)l/(ko/Ko)Z vs ionic strength
(sodium chloride concentration) for this second pair. Here the ratio
appears to be independent of ionic strength until above an ionic
strength of 1.0 ; the ratio then begins to decrease.

The variations in these three ratios must be due to non-
identical ch.anges in the two sets of enzyme-substrate complexes.
Some of the factors discussed under the headings of General and

Specific Salt Effects which may affect the rate of individual
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reactioﬁs as the éoncentration of added electrolyte. is
varied will cancel out when ratios of the kinetic parameters are
taken. The remaining factors which might bring about the variation
in the ratios illustrated in Figures 9 and 10 are now listed and dis-
cussed.

1. A different variation in solubility of each substrate with
ionic strength.

This is unlikely because of the similarity in structure of the
two substrates. Canady et al. (12) have shown that as the ester group
of four esters of hippuric acid is changed from methyl to ethyl to
n-propyl to isopropyl, the slopes of the curves of log solubility of
these esters vs ionic strength are 0.21, 0.23, 0.22, and 0.20,
respectively, representing a negligible variation. In the present
case, both substrates are methyl esters, both contain an amido group
and a phenyl group, and the molecular formulas for the two sub-
strates are C 13Hl7O4N and C“H13O3N, respectively. Itis ex-
pected that,since there are only minor differences in the structures
of the two substrates in the present study, the variation in solubility
of the two substrates with ionic strength would be approximately

parallel, and therefore these variations would cancel in the ratios

of the kinetic parameters.
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2. Aggregaﬁon of the enzyme involving the active site

Dimerization of ¢-chymotrypsin is known to occur under
certain conditions and to increase with increasing ionic strength (6,
15). This dimerization is more important at low pH. At pH 8.0,
25°C, and a sodium chloride concentration of 0.30 M, it has been
shown (6) that association of @-chymotrypsin is kinetically unim-
portant for initial enzyme concentrations as high as 8 x 10_4M, and
that under these conditions the as sqciation is probably negligible
even up to concentrations as high as 10-3M (6). Since the highest
enzyme concentration used in the present study was below 10-4M,
all enzyme concentrations are below the upper limit. Itis still
possible that enzyme dimerization becomes important at electroly'te
concentrations higher than 0.30 M, but this is very unlikely, since
the association is known to decrease the activity of the enzyfne (6),
and from sodium chloride concentrations of 0.30 M to 2.0 M, log
ko/Ko increases linearly (see Figures 3, 4, and 5).

3. Dissimilar variations in the concentrations of catalytic-
ally active groups in the enzyme substrate complexes as electrolyte
concentration is changed.

The presence of different substrates at the active site may
perturb the pKa's of catalytically active groups in a non-identical

manner. This could result in non-identical variations in the



128
concentration of catalytically active groups as the salt concentration
is changed, the variations being due to a secondary salt effect or
a dielectric effect.

4. Changes in the conformation of the active site of the free
enzyme.

_ This effect could be caused by changes in the dielectric con-
stant, a s.econdary salt effect, or the binding of electrolyte ions to
the enzyme. These phenomena need not necessarily occur at the
active site since changes in the effective concentration of charged
groups away from the active site could change the conformation of
the entire enzyme.

5. Modification of the shape of active site by the space-
filling properties of ions.

As a .simple illustration of this, consider the case where
electrolyte ions bind specifically at the active site. If one substrate,
beécause of its particular structure (shape), were able to form
ternary complexes (enzyme-ion-substrate) and binary complexes
(enzyme-substrate) with equal facility, then as the concentration of
electrolyte and concomitantly the concentration of enzyme -ion
complexes were inc'reased, no salt effect due to this factor would
be observed. If the otheri substrate, due to its structure (shape),

were only able to form binary complexes (enzyme-substrate), then
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as the enzyme-ion complexes were increased, a salt effect due to
'this factor would be observed. Consequently, the space-filling
properties of electrolyte ions could cause a variation in any or all
of the ratios of kinetic parameters as the electrolyte concentration
is increased, especially at high electrolyte concentrations.

Factors 3, 4, and 5 may all cause variations in the ratios of
the kinetic parameters. None of these factors by themselves can
easily explain the complex variation in the plots of ko /k and

B oA

KOB/KOA vs ionic strength (sodium chloride concentration), but it
cannot be concluded that a change in conformation of the active site
occurs as ionic strength is increased. However, the changes in these
ratios with eléctrolyte concentration up to an electrolyte concentration
of ca. 1.5 M are not very large—not nearly as large as the changes
exhibited when pH is varied. Consequently, if variations in'electro~
lyte concentration alter the conformation of the active site, the mag-

nitude of this alteration is small, unless conformational changes are

being compensated for fortuitously.

B. Attempts to cause an inversion in stereospecificity with

changes in ionic strength.
In Tables V and VII are tabulated the values of (ko/Ko)D/

(ko/Ko)L for the pair of benzoyl-alanine methyl-esters at various
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ionic strengths. These values for the 6ther five enantiomer pairs
" of acyl-alanine rhethyl esters at two ionic strengths are tabulated in
Table VI . From the tables it can be seen that although the rela-
tive stereoapecificity Qariea with lonic strength, the changea are
not large and in no case is an inversion in stereospecificity ob-

served.

V. Comparison of the Kinetic Activities of Two Preparations of

o-Chymotrypsin

Figure 4 contains plots of log ko/Ko vs ionic strength (sodium
chloride concentration) for o -N-benzoyl-L-alanine methyl ester using
two enzyme preparations from different sour‘ces. It can be seen that
at comparable ionic strengths, the values of ko/Ko for the Armour
preparation are always below those for the Wofthington preparation.
Above an ionic strength of ca. 0.1, the relationship between log
kO/Ko and ionic 'stréngth is linear. In this range, two separate lines
of approximately equal slope are obtained.

The difference in reactivity for the two prepardtions appears
to be concentrated more in Ko (centrayl curve in Figure Al) than in ko
(central curve in Figure 2), although the scatter in the values of k0

and K  is somewhat greater than the scatter in ko/Ko.
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+ Since the kinetic constants are obtained from the slope and

- intercept of a least squares plot of equation 2, any error in the

SIE], K,
Y‘ = -i-(-;— + -E: [s] (2)

determination of the amount of active enzyrhe in a preparation would
be seen in k0 but not in Ko’ and therefore this factor cannot explain
the different activity of the two preparations. This leaves an
alternate possibility that one préparation(or both)contains a natural
inhibitor, which, if fully competitive with the model substrate,
would affect Ko but not ko. The kinetic properties of different pre-
parations of o-chymotrypsin have not been investigated extensively.
However, in one study, Huang and Niemann (16a). redetermined the
kinetic constants of ¢-N-acetyl-L -tryptophanamide using a Worthing-
ton preparation of g-chymotrypsin. Previously (16b), these constants
had been determined usiﬁg'an Armour preparation of the same
enzyme. No differences in the kinetic constants were observed.
Further investigatibns are needed to determine the cause of
the difference in activity of the two enzyme preparations used in the

present study.
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EXPERIMENTAL
I. Equipment and Procedure Used for Kinetic Studies

The equipment and procedures used in these studies are
described in the Experimental section in Section I. A reference to the

literature is also given.
II. Treatment of Data to Obtain Kinetic Constants
This is described in the Experimental section in Section I.

III. Materials

o -Chymotrypsin. - Two different preparations were used in

the present studies. A Worthington preparation (Lot no. C.D.I.
6066-67) and an Armour preparation (Lot no. T-97207) were
employed. The nitrogen contents of these preparations are:

‘ % Protein Nitrogen

Worthington Lot. no. C.D.I. 6066-67 14.91+0. 06

Armour Lot. no. T-97207 13, 97i0. 11

The substrates used in this study are:

1. «@-N-acetyl-O-methyl-L ~-tyrosine methyl ester
2. a-N-benzoyl-D-and-L-alanine methyl esters
3. a-N-picolinoyl-D -and-L -alanine methyl esters

4. o-N-nicotinoyl-D -and-L -alanine methyl esters
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5. «@-N-isonicotinoyl-D -and-L -alanine methyl esters
6. o-N-(2-furoyl)-D-and-L-alanine methyl esters

7. «-N-(2-thiophenoyl)-D-and-L-alanine methyl esters

Methods of synthesis, physical constants, etc. for these compounds

are given in the Experimental part of Section I.
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TABLES
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TABLE IV. Ratios of the Kinetic Parameters for a Pair of
‘ L -Substrates of a-Chymotrypsina

: b
A
. oB' oA oB' oA (ko/ Ko)‘&.
0.00 0.43+0.03 2.540.4 0.1740.01
0.01 0.44+0.04 2.840.4 0.1640.01
0.05 0.38+0.03 2.940. 4 0.13+0.01
0.10 0.55+0.07 3.940.5 0.14+0.01
0.10 0.49+0.02 3.140.3 0.16+0.01
0.15 0.47+0.02 3.240.2 0.148+0. 004
0.20 0.31+0.02 1.9+0. 2 0.1640.01
0.50 0.35+0.03 2.5+0.4 0.14+0.01
1.00 0.37+0.03 2.7+0. 4 0.14+0. 01
1.50 0.38+0.03 3.240.6 0.1240.02
2.00 0.48+0.03 7+1 0.0740.01

a. The substrates used were B = ¢ -N-benzoyl-]:-alanine methyl
ester and A = ¢ ~-N-acetyl-O-methyl-L-tyrosine methyl ester

b. The errors in these ratios were obtained from the relationships:

1
asz 2

——)

=— =C + d p= %
B+ troand p= 5 (b +
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TABLE V. Ratios of the Kinetic Parameters for Benzoyl-D -
and-L-Alanine Methyl Esters®

Ionic 2b 1b (ko/Ko)D 2'b
Strength kOD/koLxlo KOD/KOLXIO W x 10
1! o oL

0.00 3.140.2 3.540.6 9+1

0.01 3.7+0. 4 3.240.6 12+1

0.10 3.0:!:_0. 1 2.340.3 13+2

0.50 3.5+40.2 3+1 1143

1.05 3.740. 4 2.440.6 15+2

1.50 3.840.4 3.940.9 10+1

2.00 3.740.5 4;1'_2 10+2

a. The substrates chosen were « ~-N-benzoyl-L-alanine methyl ester
and its D-enantiomer

b. The errors in these ratios were obtained from the following
relationships:

2 %
Ata 2.‘B

= =C+p and p—--(1c>+a
Bib A
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TABLE VI. Ratios of the Kinetic Parameters for Several
‘ Enantiomeric Pairs of Substrates of ¢-Chymotrypsin

Ionic (k /AK()LC
Substrate "~ Strength k _/k © K /K _©-°
oL’ oD oL’ oD (k /Kj
W oo
Benzoyl-Ala:-OMe®  0.10  31+2 4.040.7  7.7+0.6
1.00  28%3 471 6.870.6

Picolinoyl-Ala-OMe™ 0.10°  0.4240.02 1.1+0.9  0.40+0.01
1.00  0.66%0.03 2.3%¥0.2  0.28%0.01

Nicotinoyl-Ala- OMe® 0. IOb 12647 6+1 2043

1.00 170+20 5%1 3413

2-Thiophenoyl-Ala- 0. 10° 29+4 2.040.6  14+2

OMe? 1.00 3643 3.5+0.7  10+1
2-Furoyl-Ala-OMe®  0.10°  13+1 2.6+0.4  5.1+0.4

1.00  13%1 1.540.2  9+1

a. Acyl-AlarOMe means a-N-acyl-alanine methyl ester

b. The ¥alues for the ratios were obtained from values obtained
by J. Rapp, Ph.D. Thesis, Calif. Inst. of Technology (1963)pp. 4, 5.

c. The errors in these ratios were obtained from the following
relationships:

A+ta 1 2 az"B2 z
—=—=C +p and p==—
Bib - B Az
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- TABLE VII. Ratios of the Kinetic Parameters for Several

Enantiomeric Pairs of Substrates of a~-Chymotrypsin

Ionic

strength b
Substrate pH M koL / koD KoL / KoD
Benzoyl-Ala. 8.50 2.00 20+3 1.3+0.3 15+2
a — — A—
OMe
Nicotinoyl-Ala- 8.50 2.00 170430 714 20+10
OMe?

Picolinoyl-Ala- 7.00 0.100 3.45+0.09 0.8+0.1 0.27+0.02

OMe?

Acyl-Ala:-OMe = o-N-acyl-alanine methyl ester

The errors in these ratios were obtained from the following
relationships:

A+ a

1
=C +p and p = —
B+b - B A
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Figure l.--Log Ko as a function of ionic strength.
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Figure 2. ~-Log k.o as a function of ionic strength.
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Figure 3.--Log ko/KQ as a function of ionic strength.
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Figure 4. --Log . ko/Ko as a function of ionic strength.
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Figure 5. --Log | ko/Ko as a function of ionic strength.
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Figure b6.~--Log . kolKo as a function of ionic strength for a

_ log(ko/ Ko)
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Figure 7. --Dependencé of the ratios K / and koD/k L for
o-N-benzoyl-D -and -L - alanme meLhyl esters upon
ionic strength
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Figure 8., --Dependence of the ratio (ko/Ko)D/(kolKo)L for

o-N-benzoyl-D- and L -alanine methyl esters upon
ionic strength.
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PROPOSITION I

A mechanism is proposed to account for the unexpected
product obtained in the Wolff rearrangement of 1-(1, 2, 3-triphenyl-
cyclopropenyl) -3 -diazopropan-2-one. The available evidence on
the product is compatible w1th two structures; one structure is
compatible with the proposed mechanism; the other structure is
preferred by the author. A method is proposed for determining

which product is correct.

Small (1) has carried out a Wolff rearrangement on 1-(1,2,3-
triphenylcyclopropenyl) -3 -diazopropan-~2-one (I) using silver oxide
in a dioxane-water mixture. The unexpected product was tentatively
identified as (1, 2,4 -triphenylcyclobut~2-enyl) acetic acid (II) on the

basis of the infrared, ultraviolet, and NMR spectra and the carbon-

@ " — A
(P | w ﬁ H
CH_COCHN
2 29 9 P 0] H

CO_H COZH
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hydrogén analysis. A refer‘ee has pointed out that the evidence is
also compat’tblé with structure III. Small, however, prefers
structure II. On the basis of knowledge about the decomposition of
o -diazoketones, it is felt that Small's preference for II is not jus-
tified.

The silver ion-catalyzed decomposition of o-diazoketones is
believed to go through an o-keto carbene (2). One piece of evidence
which indicates that the reaction may in some cases be a free-
radical chain process is not very convincing (3). The intermediate
carbene rearranges to a ketene via an alkyl (aryl) shift. The ketene
has been isolated in several cases (4); however, in the presence of
water it is hydrolyzed to an acid (2). An optically active alkyl
group migrates mainly with retention of configuration (5).

The following reaction scheme is proposed for the dvecom-

position of the g-diazoketone.

P .

Q .
CH,CCHN +Ag = aAglt

H
) GH,C-CHN, (1)
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¢ @ 0
A /_; @ 9 - .,,; 9
g\\ . CHZCCHN2 + OH 2 Ag\\ “--/_--CCHN2 -
¢ ®
(2)
b - I T ? cece0
/// { —NZ /// | OCH_’ ’/,| i:I_ -
\\ | \\ ~ |
COCHN2 /' C\\ N L H
® H ® H O ¢
¢ ¢ ¢ (¥ ©
CH=C=0 +H CH=C=0 H,O H
el +H 2
Ag +| . - I (3)
{ A —LH — %
N NG © H H CH
COé[—l
111

The proposed reaction scheme is.straightforward except for
two steps. In equaiion 2, the car,bénion o~ to the keto group attacks
the cyclopropenyl double bond.

This double bond should be prone to nucleophilic attack for
one or both of two possible reasons. The silver-ion complex and/or
the phenyl groups would decrease the density of negative charge at

the double bond. Silver-ion complexes with double bonds are well

known (6).
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There seems to be no precedence in the Wolff rearrangement
 for the migration of the cyclqbqteﬁyl ring as shown in equation 2;
" however, it has been shown for keto carbenes dec.;:ompo.sed in the
presence of copper and copper salts, that attack by nucleophiles
competes with rearrangement (7a,b). Also, in the reaction of
diazomethane with ketones, attack by the oxyanion on the inter-

mediate competes with rearrangement (8). (See equation 4)

@)

R-C-R' + CH.N_ - R-E-CI—I N, —» R-C—CH_+N
22 ARG o R
' (4)
\ o!
R-C-CH.R'+ N

Decomposition of the a-ketodiazo compound (I) in boiling
benzene with copper as a catalyst yields 4,5, 6-tr_ipheny1tric{yclo-
f2.1.1. 0]hexane-—2—one (IV). Small's preference for II over III as
the product of the silver-ion cé.talyZed decomposition of (I) is
summed up in a footnote in reference 1. Small (1) states, ""A
mechanism involving base cleavage of a silver complex of IV (or a
similar species) leads directly to II whereas mechanisms leading
to III involve several intermediates which we feel would collapse
just as readily to 3, 4, 5-tripheny1phen§l. But in fact no phenol can
be detected by infrared analysis of the crude product from the

attempted Wolff rearrangement of I."
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There is ﬁo reason to expect that the decomposition ofI with
silver oﬁde will go through a silver complex of IV (or a siﬁxilar
species) simply because the reaction of I with copéer leads to IV.
In.fact, there is evider}ce which. indicates that the two reactions are
different mechani.stically. The decomposition of @-diazoketones
using Cu as a catalyst in the presence of various nuéleophiles
" results plredorninantly in unrearranged material in which the nucleo-
phile attacks the carbene directly (7a,b), whereas when silver salts
are used, rearrangement to the ketene usually occurs (5). Also,
© Masamune (9) has shown that irradiation of 1, 2-diphenylcyclo-
propenyldiazoénethyl ketone (V) results in tricyclo[1.1.1,0]-
pentan-2-one (VI). This productis ahalogous~to IV and indicates

that the mechanism here may be similar to the copper-catalyzed

) ,
9 P P

H \ H ¥

O
OCHN ° ' CH
» ' H COCH, ,CO,CH,

¢ o P H

\'s Vi vII VIII

thermal decomposition (10). Treatment of V with silver benzoate
(and presumably methanol) led to (VII), the normal rearrangement
product (9). Once again, if a silver complex of VI were an inter-

mediate in the silver ion-catalyzed reaction, the simplest mechanism
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for base-catalyzed decomposition of VI would yield VIII instead of
VII, the rearrangement product obtained (3). Consequently, it
seems that atéruc;ure III is more likely than II as the product
obtained when I 1s decomposgd using silver-ion cataiysis.v

In order to determine whether II or III is the actual product,
it is suggested that the product (II or III) be converted to an amide,
the double bond ozonized under oxidative conditions, and the result-
ing acid decarboxylated. This would produce IX or X,'whi'ch could.

be distinguished by NMR spectroscopy.

¢ Q
O= o= o
3 2 (3 2

o —10) é};ﬂ — 1),
(iSHz(l) H c|:H2(1)
|C=O (I;:O
NH, NH,
IX o X

and C_ should be far

All protons except those on Cl’ C 3

2,
downfield and give similar spectra. The protons on C1 in either

IX or X should be furthest upfield and should absorb around 7= 7.9

(11). In X, but not in IX, the CH, group would be split into a doublet

2
by the adjacent hydrogen.
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11.
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PROPOSITION II

Mixed ca:rboxyiic-carbonic anhydrides of acylamino acids
or peptides are useful intermediates in peptide synthesis. How-
e\.rer, the pepﬁdes obtained from the mixed anhydrides are often
racemized to varying degrees. Whether the racemization of Dthe
mixed anhydride or of an oxazolone derived from the mixed an-

hydride is more important has not been established.

The following two experiments are proposed:

(1) Measurement of the rate of loss of optical activity and
measurement of the rate of oxazolone formation from the solution
of mixed anhydride in the presence of various tertiary amines
(bases).

(2) Independent measurement of the rate of racemization of
the oxazolone derived from tile mixed anhydride under similar
conditions.

These experiments should establish which of the two possible inter-

mediates is more important in racemization.

P T R e
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Racemizaﬁon in peptide synthesis still poses an important

| problem. Except for acid azides (1), all other carboxyl-activated
defivatives of amino apids ahd peptide's havé been repor;ced to give
varying amounts of racemic product in peptide-forming reactions
(Zé,,b,c). Although much evidence (2a,b,c) strongly suggests that
racemization of carboxyl-activated acylamino acids and peptides
usually occurs via formation pf an intermediate oxazolone (see
equation 1), racemization may be brought about with derivatives
in which oxazolone formation is precluded (24, 3) (e.g. if.the

amido hydrogen is replaced by a methyl group,an oxazolone cannot

for.m).

— -
' O
xol H 9 B~ N ?l)) [

R-H X = RC—C + = |RGC <+ RC—C. (1)
N / N /O BH AN AP
S ¢ %

+H X
L _

Also, no peptide oxazolone has been isolated (4).

With mixed ca.rboxyl:"tc—c arbonic anhydrides, racemization
may occur by direct abstraction of the g-hydrogen of the
anhydride. In the mixed anhydride, ionization may be facilitated

by structures like I (2d).
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Recently, Applewhite and Nelson (5), using ethyl chloro-
formate as a condensing agent, have demonstrated that racemization
in peptide synthesis may be suppressed by inverse addition of
reagents in the anhydride~-forming step. Their results were inter-
preted in terms of proton abstraction and racemization of the mixed
anhydride .although the data did not permit them to exclude oxazo-
lone formation. Normally, peptide synthesis through mixed an-
hydrides is carried out in two steps. In the first (anhydridé-

f(')rming) step, a chloroformate ester is added to a solution cont‘ain-
ing the sub stituted ammonium salt of an acylamino acid or peptide.
In the second (peptide~forming) step, a carboxyl-protected amino
acid or similarly protected peptide is added to the solution. Good-
man and Levine (4) have shown that for oxazolones, racemization
is much faster than ring opening by a nucleophile. Consequently,
any oxazolone formed in the first step should result in racemic

peptide. Carter and Stevens (3) have shown that the formation of
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. oxazolone is base—catallyzed. .The base causing the racemization
and/or oxazolone formation iﬁ the first step is presumably the

~carboxylate anion. Additional racemization can occu:r'in the second
step either by abstraction of the a-hydrogen of the mixed ‘anhydride
or by more oxazolone formation catalyzed by the added nucleophile
(base).

When inverse addition is used in the anhydride-forming step,
the acylamino acid and tertiary amine are added slowly to an
excess of chloroformate ester (5). The carboxylate anion is thus
reacted immediately. The latter procedure results in much higher

_optical purity of the peptide product than the former proceduré (5).
The small amount of racemization observed in the product after
inverse addition may result either from abstraction of the o~
hydrogen of a small amount of oxazolone formed in the second step
or from abstraction of the o~hydrogen from the mixed anhydride in
the second step..

" If one assumes that fofmation of the mixed anhydride by
inverse addition to an excess of chloroformate ester is virtually
complete and causes little or n6 racemization of the anhydride, the
speo_::ific rotation of the mixed anhydride may be obtained directly
from this solution. If a tertiary amine is then added, the kinetics

of oxazolone formation and of change in rotation of the solution may
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be analyzed according to the following scheme:

k
* *
NCING
J,kl ¢k3
k2
I ——» I
* H I(I) ?1)
where I , I = mixed anhydride = R-C-C-0-C -OR",
NH
¢=0
RI

% H
II, II = oxazolone = R.-C———-(;J and the asterisk denotes an
N O

N_. /S
e

ﬁ, .
optically active substance.
The rate of formation of total oxazolone may be measured
either by infrared or ultraviolet spectroscopy (4). The oxazolone
may be prepared independently (4), and its specific rotation and rate

of racemization may be obtained. Thus, k2 and k_, may be obtained, -

_ 3
- and only k1 is needed to complete the analysis.

. More rapid loss of optical activity than of oxazolone forma-
tion warrants the conclusion that the oxazolone is not the more
important racemizing intermediate. In all other cases, a detailed

kinetic analysis may be used to cbtain k The polarimetric rate is

1’
given by:
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-(k +k2)t

~do 1 |
Ce— = #* ¥ - *
dt [Ele (gLl + K, Loy % - K, ol %)
k2 [Ioj -(k1+k2)t -k3t

+ (-——_k3 'kl"kz) (e + e )

where [Io] = initial concentration of mixed anhydride, g—dt— and t

are measurable, and kl is the only unknown.

The measurement of kz may have to be made for small
conversions of mixed anhydride to oxazolone since the formation of
oxazolone produces an alcohol. The alcohol should react with the
excess chloroformatle ester producing a carbonate diester and HCI.

The HC1 would then react with tertiary amine, giving a salt which

may significantly affect the kinetics of the reactions.

HO O g O
i | 1}
R-C-G-0-COR" - RC—<C + CO. +R"OH
1 i 2
NH ‘N
) N/
¢=0 c
R R!

% Q
1
R"OH + C1£-OR" - R"O-C-OR" + HCI
| B:
BHC1™
Since no peptide oxazolone has ever been isolated, it is also
suggested that this method employing excess chloroformate ester

could be used to prepare these oxazolones. Theloss of carbon dioxide



170

and the capture of the alcohol by excess choroformate ester would

drive the reaction to completion.
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PROPOSITION III

A synthesis of potassium silacyclopentadienyl is proposed.
The anion may possess aromatic properties similar to cyclopenta-

dienyl anion.

No compound containing a silicon atom in an aromatic ring
has ever been isolated. Gilman and Gorsich (1) reported that

treatment of I with lithium, a reagent known to cleave silicon-silicon

—_— —_—
Si ) ) O . O

_ ~d ,‘
51 CH / \Li CH / \CH
I

II , I

bonds,yielded a green mixture (presumably containing II) which,
when reacted with dimethyl sulfate, yielded III. More recently,
Benkeser and coworkers (2) have attempted to prepare potassium
silacyclopentadienyl in order to test the anion for aromatic s‘gability.

To date they have not reported success.
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The following synthesis of potassium silacycldpentadienyl

is proposed:

H\____JH Na, R H
// N\ + ClZS1(OCH3)2 —_ | l
RN s~ H H
H Cl H cCi Si _
VN
g9
H3 CH3
v - \4 - VI

K/Na . l -
- m J //' /:\I
' = I
'Si §i
R R
L /H K/Na o
l I VIII
H H
/Si\ . R =H or OCH3
H H
VIi

Gilman et al. (4) reacted 1, 4-dilithio-1, 2,3, 4-tetraphenyl-1,3~
butadiene with dichlorodiméthylsilane to obtain 1, 1-dimethyl-2,3,4,5-
tetraphenyl-1-silacyclopentadiene, a reaction analogous to that
proposed in equation 1. Similar reactions using 1,4-dilithio-1, 3-
butadienes have been ﬁsed (5) to prepare various tetraphenylsub-

stituted heterocycles of the general formula:
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where Rn = (alkyl)n or (ary})n. |

1,4-Dichloro-1, 3-butadiene (IV) is known (3). Use of
dichlorodimethoxysilane and sodium is sugges.ted, since Hiratsuka
(6) has shown that halogens on silicon can be replaced in preference
to alkoxy groups using sodium in a Wurtz~Fittig reaction.

The formation of the anion may be attempted in two ways.
Sodium-potassium alloy in ether haé been used to prepare triaryl-.
silyl potassium compounds from the chlorides, hydrides, 61‘

. alkoxi—des (7a). Consequently, VI may be reacted with sodium-
potassium allo& or may first be reduced to the hydride. Lithium
aluminum hydride reduction of alkoxysilanes is well known (7b, 8).
The possibility exists that ring opening may- occur by cleavage of
the silicon-carb.on bond; howéver, Benkeser E.:C_a}l' (2) have used
lithium aluminum hydride to reduce dichlorodivinyls'ilane to divinyl-
silane‘and 1, 1-dichloro-1-sila-2-cyclopentene to sila-Z-cycloL
pentene. The pure products weré obtained by vapor phase chroma-

tography.



.17.5
Whether the silacyclopentadienyl anion will exhibit resonance
stabilization is open to question. Benkeser et al. (9) have carried
out an LCAO-MO ‘calculation on silacyclopentadienyl anion which
incorporates the s?licog 3pz, 3dxz’ and 3dy; orbitals. A resonance
energy of approximately 36 kcal/mol was obtained. However, the
ultimate test of staBility of the anion would have to await:its syn-

thesis and measurement of its physical properties.
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PROPOSITION IV

Recontly, Cruickshank and Shechan (1) aynthesized a penta-
peptide which catalyzed the hydrolysis of p-nitrophenyl acetate at
a rate six times greater than that reported previously for any other
synthetic peptide. The meéhariism of the catalysis is unknown. Two
experiments are p.roposed to determine whether more than one
catalytic group is involved in the feaction and whether this peptide
may prove useful as a model for the active site of oz-chymbtrypsin

and other hydrolytic enzymes.

The pentapeptide, L-threonyl-L-alanyl-L -seryl-L -histidyl-
L -aspartic acid has been synthesized _and investigated as a catalyst
in thé hydrolysis of p-nitrophenyl acetate (1). Three of the amino
acids, I__;_-histidine, L-serine, and I._J._-aspartic acid have been found
at or near the active site of a. number of hydrolytic enzymes,
including a-chymotrypsin (2). Although it h'as. been fairly clearly
established that hisitidineand serine are both directly involvec;l in
o -chymotrypsin-catalyzed hydrolysis (3a,b,c), aspartic acid has |
been implicé.ted only by its being located adjacent to the reactive

seryl group and from one pH study (4) in which the authors concluded
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that a gfc’mp of pKa of ca. 4 is involved in the acylation reaction.
Bender and Kezdy (5) have suggested that the active conformation of
oz-chymotr‘ypsin may be due to an electrostatic interaction between
an ammonium group (from terminal isoleucine) and a carboxylate
anion. Aspartic acid may furnish the carboxylate anion for the
electrostatic interaction.

Sheehan and McGregor (6)have previously shown that c;.rclo—
glycyl-l:_—histidyl—%_-sérylglycyl-]:_-histidyl-I::_-seryl catalyzes the
hydrolysis of p-hitrophenyl acetate at a rate no greater than that of
any cbmpound containing an imidazole group.

Since a-chymotrypsin-catalyzed reactions are believed to
involve both serine and imidazole, it would be important to know
whether the catg.lytic activity of the pentapeptidelis due to more than
one group, and also which group(s) are involved.

It is first proposed that the pH-rate profile of this
reaction be studied between pH 3 and 8. The shape of this curve
would determine whether imidazole and/or aspartic acid are involved
in the catalysis. If the only function of aspartic acid in @~chymo-

trypsin is to maintain an active conformation, it is expected that the
reaction catalyzed by the pentapeptide would show no pH-dependence
below ca. pH 5.

In order to determine whether serine is involved in the

catalysis, it is suggested that the method of Koshland et al. (3b) be
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.used to dehydrate the serine (aﬁd threonine) residues. The
modified peptide should show no more activity than any imidazole-
containing compound if the serine (or threonine) is involved in the
catalysis. This simple experiment would not be able to distinguish
betheen serine or threonine being involved. However, the two
experiments would tell whether more than one group was involved
in the catalysis and, consequently, whether this peptide could prove
useful as a model for the active site of a number of hydrolytic

enzymes.
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PROPOSITION V

It is proposed that anhydro-chymotrypsin* be used as a
substitute for o -chymotrypsin in the study of the enzyme-catalyzed
hydroxylaminolysis of acetyl-L -tyrosine. and the hydrolysis of
acetyl-L -tyrosinehydroxamate. . This may shed some light on
whether all a-chym.otrypsin-catalyzed reactions proceed via an

acyl-enzyme intermediate.

Whether all ¢~chymotrypsin-catalyzed reactions proceed
via an acyl-enzyme intermediate is an open question (3,4, 5). The
use of hydroxylamine as a water analog has no;c clarified the situ-
ation (3,4,5). For example, Epand and Wilson (3) have reported
that the af-chymotrypsin-cat:;;lyzed hydrolyéis of methyl hippui'ate is
slower than that for other hippurate esters. If these reactions pro-
ceed through an acyl-enzyme, then the slow step in the methyl
hippurate hydrolysis must be formation of the acyl-enzyme. How-
ever, Bernhard et al. (4) have reported that addition of hydroxyl-

~amine increases the rate of disappearance of methyl hippurate
several fold. This result requires that decomposiﬁon of the acyl-
enzyme be rate-determining. Thus, the two results appear to be

* Anhydro~-chymotrypsin is o ~chymotrypsin from which the

active serine residue has been converted to a dehydroalanine resi-
due, i.e., a water molecule has been removed from serine(1l, 2).
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inéonsisftent with each other.

Caplc;w and Jencks (5) have recently studied the o-chymo-
trypsin-catalyzed hydrolysis 6f acetyl-L -tyrosine ethyl ester (ATE)
and acetyl-L -tyrosinehydroxamate .(ATH) in the presence of varying
concentrations of hydroxylamine. They have also studied the o-
éhymotrypsin—catalyzed synthesis of acetyl-L -tyrosinehydroxamate
(ATH) from acetyl-L-tyrosine(5). In the enzyme-catalyzed hydrol-
ysis of ATH in the presence of varying amounts of hydroxylamine,
Caplow and Jencks (5) found that the observed ratios of
lﬁ—xydroxylaminolysis/khydrolysis are higher than the same ratios
calculated from the hydrolysis and hydroxylaminolysis of ATE.

If both substrates, ATE and ATH, react via the same-acyl-enzyme,
the observed and calculated ratios khydroxyléminolyéis/khydrolysis
should be identical. Caplow and Jencks concluded that these -
results offer no support for the acyl-enzyme hypothesis, but that
the differences are not sufficiently large to be used as conclusive
evidence against the acyl-enzyme hypothesis.

Clearer results were obtained by Caplow and Jencks (5) in
the o-chymotrypsin-catalyzed synthesis of ATH from AT. They

analyzed the reaction terms of equation 1.
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K k k
1
AT+ ES[AT - E] 2 [AT-E] kf [AT---H] = ATH+E (1)
I -1 II -2 111

+NH,OH

In equation 1, I and IIl are enzyme-substrate and enzyme-product
complexes, respectively, II is an acyl-enzyme, and E is free
enzyme. Using a steady-state treatment of equation 1 in

which k__2 is considered unimportant initially, they obtained an
expression for the initial rate of the forward reaction. This ex-
pression is given in equation 2.

' bl
k,k, [NH,OH] [I]

rate = 3 k, [NH,OH] (2)

1

Equation 2 predicts that the rate will be linear with increasing
hydroxylamine concenfcration as long as kZ[NHZOHj << k-l’ but
when kz[NHZOH] = k_,, the rate should deviate from linearity.
Since Caplow and Jencks knew the ratio k 2[NHZOH]/k__1 to be 1.3
in 3.0 M hydroxylamine from the reaction involving ATE, it was
expected that a significant (;.ev\iation from linearity in the rate
should occur at this hydroxylamine concentration. No deviation was
observed, although the calculated and obéerve_d fates are identical e
at low hydroxylamine concentrations.

An alternative hypothesis suggested by Caplow and Jencks

(5) is that not all @-chymotrypsin~catalyzed reactions proceed via
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an acyl—énzyme. For example, hydroxylamine may react directly
with complex I (see equation 1). The principle of microscopic
reversibility predicts thaf the hydrolysis of ATH should follow the
same path as the hydroxylaminolysis of AT.

Since Bender and coworkers (6) have obtained evidence that
acetyl-Ltyrptophan forms an acyl-enzyme with g-chymotrypsin,
it is possible that hydroxylamine react‘s with both I and II (see
equation 1). If methyl hippurate also reacte’d by these two paths,
‘the results of Epand and Wilson (3) would be compatible with those
of Bernhard et al. (4).

In order to determine _whether hydroxylamine (or water)
can react with an en;ymeésubstrate complex or by any mechanism
other than an acyl-enzyme, it is proposed that the syﬁthesis of ATH
from AT and the hydrolysis of ATH be studied using anhydro.—
chymotrypsin as a substitute for ¢-chymotrypsin. It has been
reported (7) that anhydro-chymotrypsin binds substrates of o-
chymotrypsin and that these substrates are not hydrolyzed (7,12).
Since the seriné hydroxyl is absent from anhydro-chymotrypsin,
an acyl-enzyme cannot form. If the hydroxylaminolysis of AT and
the hydrolysis of ATH are catalyzed by anhydro-chymotrypsin,
this result would strongly suggest that the same reactions catalyzed

by o ~-chymotrypsin may proceed, atleast in part, via a pathway
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not involving an aéyl-ehzyme. . If these reactions are not catalyzed
by anhydro-chymotrypsin, this result would, however, not establish
conclusively that an acyl-enzyme is a necessary intermediate.
Removal of the serine hydroxyl group from o-chymotrypsin may

modify the enzyme to an extent where it cannot be used as a valid

model.
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