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ABSTRACT

The chemical synthesis of highly specialized peptides that might
possess catalytic action provides one of the approaches to an understanding
of the mechanism of enzyme action., The experiments reported in this thesis
involve the chemical synthesis of model compounds designed to explore how
trypsin and chymotrypsin may function. Since several lines of evidence in-
dicate a catalytic role for histidine residues in these enzymes, it was
proposed to prepare imidazole derivatives with carefully designed side
chains which might attract and orient similarly shaped substrates. A histi-
dine with a lysine-like side chain attached to the imidazole ring was pro-
posed as a model catalyst to mimic the specific action of trypsin. cyclo-
D-Histidyl-L-phenylalanyl was proposed for a study of chymotrypsin-like
activity. A third project concerned the determination of whether, in the
reaction of 2-benzylimidazole with p-nitrophenyl phenylacetate, the two
benzyl groups might attract each other and cause an increase in the rate of

hydrolysis of the ester.

The work in this thesis involved primarily the synthesis of these
model compounds. The "lysohistidine derivative' is a complicated 2- « -
aminoalkyl~-histidine and the classical imidazole syntheses routinely used
to make 2,4-dialkylimidazoles failed when applied to this problem. The
"lysohistidine derivative' with the various reactive groups protected was
successfully prepared only through the development of a little-known reaction
which involved the condensation of amidines with & ~-haloketones. The re-
actants required were ethyl 2~-carbobenzoxamido-4-oxo-5-chlorovalerate and
N“wacety1~Newtosylmlysine amidine, both previously unknown., The chloro-
methylketone was synthesized from «-ethyl carbobenzoxy-aspartic acid by
conversion of the @ =carboxyl group to an acid chloride and treatment with
diazomethane followed by hydrogen chloride. As a pilot synthesis, the
chloromethylketone was caused to react with N-benzylphenylacetamidine to
produce Nwmcarbobenzoxyml,Zmdibenzylhistidine, which was purified by counter-

current distribution and silicic acid column chromatography.
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NmiAcetyl—NE-tosyl—lysine amidine was prepared from Nalacetyl-Ne-tosyl—
lysine by conversion of the carboxylic acid to an amide by the mixed anhydride
method. Dehydrations of oc-acylamino carboxamides to nitriles had never
been reported in the chemical literature. The usual reagents for amide de-
hydrations failed; only phosphorous oxychleride in pyridine could be used
successfully. The nitrile was then treated with dry hydrogen chloride in
ethanol and the resulting ethyl imidate ester hydrochloride was converted in-
to the amidine with alcoholic ammonia. It was necessary to use countercurrent
distribution in order to purify the N“;acetyl—N£—tosyl—lysine amidine hydro-
chloride. This amidine was then caused to react with ethyl 2-carbobenzox-
amido-4-oxo-5-chlorovalerate and the desired pure ''protected lysohistidine
derivative" was obtained. - Countercurrent distribution and silicic acid column
chromatography were employed to obtain the material in analytically pure con-

dition.

cyclo-Histidyl-phenylalanyl was synthesized by coupling N“;ngdicarbo—
benzoxy-histidine with phenylalanine ethyl ester by the carbodiimide method.
The carbobenzoxy groups were removed by catalytic hydrogenation and the di-
ketopiperazine ring was caused to form in a refluxing ethanolic solution of
the dipeptide ester free base. Both amino acids underwent racemization
during this condensation. 2-Benzylimidazole and 2-isobutylimidazole were
prepared from the corresponding imidazolimes by catalytic dehydrogenation at

o

245 . In the course of the synthetic work, nineteen new compounds were syn-

thesized, purified and characterized.

Preliminary kinetic studies were made in order to assay the model com-
pounds for their catalytic properties. The addition of the ''protected lyso-
histidine derivative' to reaction solutions of N“¥acetyl—NE-tosyl—lysine
ethyl ester caused no increase in the rate of hydrolysis. Similarly, no
catalytic effect of cyclo-histidyl-phenylalanyl could be detected on the rates
of hydrolysis of acetyl-phenylalanine ethyl ester and acetyl-phenylalanine
p-methoxyphenyl ester. Also no specific enhancement of the rate of hydrolysis

of p-nitrophenyl phenylacetate with 2-benzylimidazole could be demonstrated.
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PART I

INTRODUCTION



Enzymes are able to select from many possibilities only particular
substrates on which they act, thus displaying what is called "specificity."
Although the requirements, or allowable deviations, in structure are known
for specific substrate molecules of some enzymes, there is still much to
be learned about the basic nature of the enzyme-substrate interaction, or
of which groups in the enzyme are most intimately involved or responsible
for the specificity. An adequate theory of the mechanism of action of
enzymes will have to explain why the reactions of certain substrates are
catalyzed at a high rate, while the reactions of other similar molecules,
e.g., stereoisomers, are not catalyzed at all. Such theories must there-

fore deal effectively with the problem of the source and nature of speci-

ficity, since specificity and catalytic action are so intimately related.

In this thesis the mechanisms of action of some proteolytic enzymes
were considered with special regard to the problem of specificity. The ex-
perimental approach selected was the chemical synthesis of model compounds
which might be expected to mimic the specific actions of the enzymes trypsin
and chymotrypsin. Such models, if successful, could be thought to reflect
the manner in which specificity arises in these enzymes, and could be used
profitably in a study of the nature of the forces involved in enzyme-
substrate interactions. In order to introduce the ideas associated with
this work, it will be necessary to review in some detail what is known about

trypsin and chymotrypsin.

Enzymology

Chymotrypsin and trypsin are members of a class of enzymes known as
endopeptidases, which catalyze the hydrolysis of "internal' peptide bonds
of proteins., They are elaborated by the acinous cells of pancreas as in-
active zymogens, called chymotrypsinogen and trypsinogen. Activation of
the zymogens can be complex (43), and in the case of chymotrypsinogen a
number of closely related enzymes are formed, the most common being -
chymotrypsin. Chymotrypsin rather specifically catalyzes the hydrolysis
of amides and esters of the aromatic amino acids, while trypsin acts spe-
cifically on the corresponding carboxylic acid derivatives of the basic

amino acids.



As with many enzymes, the catalytic action follows so-called Michaelis-
Menten kinetics. The rate equation,

k (E) (8) k + k
rate = 0————— , Where K = ——m |

KM + (S) M k
can be derived from the following simple mechanism by assuming that the con-

centration of ES, the enzyme-substrate complex, reaches a steady state.

N

k k
1 o
S .. \8
E + S S ——— ES —— E + P
k_1 slow

It is suggested by the kinetics, and is generally thought, that the catalytic
activity of hydrolytic enzymes is the result of three consecutive basic re-
actions: a. adsorption of the substrate; b. catalysis of the hydrolysis;
and c. ejection of the final products. In the initial adsorption, or for-
mation of the enzyme-substrate complex, the binding is not covalent and is
therefore to be distinguished from the acyl-enzyme intermediates that are
thought to be formed in the complex hydrolytic steps which follow. There

are a number of more complicated mechanisms which also can be expressed by
the same rate equation. The example given below will be encountered again

in the development of the enzyme problem.

Kk Kk k
1

E+8 —— ES ,:Z:ES'+P1‘_"L_E+P2
kK K K3

The symbols mean the following: E, enzyme; S, substrate; ES, enzyme-substrate

complex; ES', acyl-enzyme; P1 and Pz,

more complicated mechanism the same kinetic parameters, ko and K

products. Although in the case of the
ye are meas-
ured in initial steady state studies, it is often more difficult to inter-
pret them, for each may be composites of a number of individual rate con-
stants. Comparisons of ko and KM derived from studies of the reactions of
different substrates can therefore be misleading. For a detailed development
of enzyme kinetics, and a discussion of these problems, the reader is refer-

red to the many excellent reviews available (44,74,154).

o.-Chymotrypsin and trypsin are pure, crystalline proteins (obtained
by Kunitz and Northrop (107)) with molecular weights of 24,800 (183) and

24,000 (95), respectively. The absence of prosthetic groups or coenzymes



means that the catalytic activity must be associated with the amino acid
components of the enzyme alone. However, it is unlikely that all the amino
acids are directly involved in the catalytic-action. :In the enzyme papain,
for example, a large part of the molecule can be removed without loss of
activity (80,135). A relatively small area on the surface of the protein,
called the "active site,”" is regarded as being directly responsible for the
catalytic action of the whole enzyme. Evidence from studies of inactivation
of OL-chymotrypsin and trypsin indicates that they contain only one active
site per molecule (13). The meaning of the term "active site” is intended
here to include the amino acid groups concerned with the bond making and
breaking reactions, as well as those involved in substrate binding and in
specificity. It may be profitable to consider these functions separately,

however.

In order to understand completely the mechanism of action of an enzyme,
one needs to know which amino acids are present in the active site and how
these amino acids are arranged in space. The primary structure of the en-
zyme, ribonuclease, is known (81,160,164), and the amino acid sequences of
chymotrypsin (69,96) and trypsin (116,117) are currently almost completely
established. In addition, the tertiary structures of ribonuclease and ©C-
chymotrypsin in the crystalline state are being determined by X-ray dif-
fraction studies. With sequence studies of the enzymes labeled chemically
at the active site (to be discussed below), and with the likely assumption
that the tertiary structure of the protein in the crystalline state resem-
bles reasonably closely the structure in solution, it should be possible
to identify the general area of the active site in the protein structures
being determined. By inspection of such a structural model, the groups com-
posing the active site could be identified, but it is doubtful that a com-
plete understanding of the mechanism of action of an enzyme will be achieved
in this way. However, it is exciting to anticipate knowledge of the primary

and tertiary structures of ribonuclease and chymotrypsin.

Long before sequential analyses were started on chymotrypsin and tryp-
sin, other approaches to the problem of which amino acids contribute di-
rectly to the catalytic function of the enzymes were studied. One of the
most fruitful of these has been chemical. A reagent is caused to react

with an enzyme and the kinetic properties and chemical composition of the



modified protein are analyzed. For example, both OC(-chymotrypsin and tryp-
sin were shown by Balls and co-workers to react vigorously with just one
equivalent of diisopropylfluorophosphate (DFP) (Figure 1,a), thereby gene-
rating an inactive protein (83,84). The rate of inactivation was retarded
by the same competitive inhibitors which retard the rates of hydrolysis of
specific substrates of the enzyme. It is thought that the inhibitor competes
with substrate molecules for the binding position located at the active site.
It is therefore reasonable to assume that the DFP reacted with a group near
the active site which could be partially shielded by a bound inhibitor. From
an acid hydrolysate of the inactivated enzyme, a phosphorylated serine re-
sidue was isolated (147), thus implicating serine as an important component
of the active site. The sequence of amino acids around this unique serine,
viz., glycyl-aspartyl-seryl-glycyl, is common for ©¢-chymotrypsin, trypsin
and a number of other hydrolytic enzymes (43). It is surprising that many
enzymes of similar function possess the same amino acid sequence around their
unique serine residue and it is suggestive that the serine and possibly also
the aspartic acid residue play important roles in the catalysis. The actual
significance of the common sequence of amino acids is yet to be appreciated,

however,

Additional evidence for the involvement of serine in the active site
has been accumulated. Hartley and Kilby (70,71) first showed that when the
labile, non-specific substrate ester, p-nitrophenyl acetate, is incubated

with an equivalent amount of &-chymotrypsin, p-nitrophenol is liberated
more rapidly than is acetate. The kinetics were studied by Gutfreund and
Sturtevant (63) in a stopped-flow apparatus (a device designed for the study

of fast reactions), and were found consistent with the following mechanism:

k k k

E+ 8 ‘_—l:ES——?—)ES'—S—)E+P2
Kk +
-1 P
1

where ES is the so-called Michaelis-Menten complex, ES' is acetyl-chymo-

trypsin, P, is p-nitrophenol and P_, is acetate. Balls and Wood (6) were

1 2
actually able to isolate the acetyl-chymotrypsin by carrying out the reaction
at a lower pH (pH 5). Oosterbaan and van Adrichem (126) degraded the acetyl-

enzyme with pepsin and pancreatin and obtained peptides containing an
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Figure 1. Reagent Inhibitors of Chymotrypsin.



O-acetylserine residue surrounded by the same amino acids found in the vi-
cinity of the phosphorylserine discussed above. It is therefore clear that
the same serine residue is involved in both these reactions (DFP inacti-
vation and P-nitrophenyl acetate hydrolysis) and that it is present at or

near the active site.

In addition, serine has been directly implicated in the active sites
of other enzymes, namely phosphoglucomutase (98), alkaline phosphatase (151),
and a variety of proteolytic enzymes (68). It therefore seems safe to say
that the presence of serine at the active site is not fortuitous, but that

it probably plays some kind of important role in the enzymic action.

There is considerable evidence that a histidine residue is also in-
timately involved in the active site. The rate of inactivation of o~chymo-
trypsin by photooxidation with methylene blue (180) was shown to parallel
the rate of oxidation of a histidine residue in the enzyme. However, the
data did not rule out the possibility that an alteration of tryptophan was
responsible for the inactivation (181). Chemical studies with 2,4-dinitro-
fluorobenzene (112,181) (Figure 1,b) and l-dimethyl-aminonaphthalene-5-
sulfonyl chloride (72) (Figure 1,c) on -chymotrypsin showed that the en-
zyme is inhibited by these reagents when one of the two histidine residues
has reacted at the imidazole ring. -Recently, Schoellmann and Shaw (150) de-
vised an alkylating reagent, L-N-tosylphenylalanyl-bromomethane (Figure 1,d),
which specifically inactivated o~-chymotrypsin, but did not affect trypsin
or acetylcholinesterase. Since this reagent resembles the structure of
specific substrates of chymotrypsin, it appears likely that the greater re-
activity shown toward chymotrypsin was due to specific binding of the reagent
at the active site. This argument is supported by the fact that a competitive
inhibitor of the hydrolysis of specific substrates of chymotrypsin protected
the enzyme against inactivation. When the inactivated protein was analyzed,
it was found that one equivalent of L-N-tosylphenylalanyl-bromomethane had
reacted with the enzyme, and that one of the two histidine residues had been

destroyed or altered (155).

Further support for the importance of histidine can be derived from
enzyme kinetic studies. Hammond and Gutfreund (65) studied the effect of
pH on the kinetic parameters of the Michaelis-Menten mechanism (KM and ko)

for the reaction of acetyl-L-phenylalanine ethyl ester and o&-chymotrypsin



and found that the catalytic rate constant, ko, could be expressed as being
dependent on the basic form of a group with an apparent pKa of 6.85. Sub-
sequent studies with other specific esters and with acetyl-L-tyrosine amide
confirmed this finding (40,64). A group with the same apparent pKa is in-
volved in the hydrolysis .of the labile E—nitrophenyl esters also. The ap-
parent pKa agrees well with the pKa of the imidazole of a histidine. How-
ever, other possibilities such as a mercapto group or an alpha amino group
cannot be ruled out by the kinetic data alone. The pKa's of amino acid
residues can vary appreciably, depending on their exact molecular environ-
ment as determined by the protein molecule and solvent. In addition, ex-
treme éare must be exercised in interpreting apparent pKa's from kinetic
data, because equilibrium reactions occurring before the rate determining
step of a complex reaction can influence the observed pH effects (34). How-
ever, the observed effects of pH on the rates of &-chymotrypsin catalyzed
reactions are certainly entirely consistent with the view that a histidine
residue in its basic form is involved in the catalytic action. The kinetic
and chemical studies combined therefore provide convincing evidence that

histidine is located in the active site.

In addition, histidine has been shown to be present and to possess un-
usual reactivity in the active site of ribonuclease. Treatment of the en-
zyme with bromoacetate (8) or iodoacetate (60,61) results in inactivation,
a single histidine having been carboxymethylated. By degradation of the
inactivated enzyme, it has been possible to determine which histidine of
the possible four actually reacted. If the enzyme is first denatured with
urea, the unusual reactivity of the unique histidine is lost. Ribonuclease
represents the best documented case of the involvement of histidine in the

active site of a hydrolytic enzyme.

There are other amino acid residues which also seem to be involved at
or near the active site of chymotrypsin. When either one or both methionine
residues of ol-chymotrypsin were oxidized with hydrogen peroxide, Koshland
and co-workers (103) found partial inhibition of the enzyme. By treatment
of «-chymotrypsin with horse-radish peroxidase, Wood and Balls (188) ob-
tained a crystalline enzyme with one less tryptophan, but with only 50% of
the original activity. These, and other amino acids, might merely be im-

portant in preserving the conformation of the active site since the altered



enzymes retained a significant amount of activity, but their real signifi-
cance remains to be determined. The possibility that special peptide
linkages of the protein chain might play some role must also be entertained.
Koshland et al. (103) have written a recent comprehensive review of the evi-
dence for the involvement of different amino acid groups in the action of

chymotrypsin.

The experiments described above lead to the conclusion that both histi-
dine and serine are important in the catalytic action of chymotrypsin. The
fact that inactivation with the various reagents can be reduced by the in-
hibitors of specific substrates suggests that both groups are very near to
the specificity site and thus are probably also in close proximity to each
other. However, it is not known exactly how the histidine and serine groups
contribute to the catalytic action of the enzyme. It should be mentioned
that some of the evidence jiist cited is very recent and was not in existence
at the time that the plan of experimentation described in this thesis was

layed down.

The work to be mentioned now is primarily concerned with the eluci-
dation of fhe roles played by histidine and serine in the mechanism of action
of chymotrypsin. Studies of imidazole derivatives as model non-enzymic
catalysts of ester hydrolysis have led to a better understanding of how
histidine might be acting in the enzyme. There are two possible ways by
which imidazole can function as a base catalyst: by nucleophilic, or by
general, base catalysis (9). Nucleophilic base catalysis of ester hydrolysis
involves attack by the imidazole nitrogen at the carbonyl of the ester, ex-
pulsion of the alcohol anion; and formation of an acyl-imidazole as an inter-
mediate in the hydrolysis. The acyl-imidazole is subsequently hydrolyzed.
General base catalysis involves the transfer of a proton by the imidazole,
either from a species (E;E;’ water) which is simultaneously attacking the
carbonyl group of the ester, or to the leaving alcoholate as the ester car-
bonyl is being attacked by hydroxide ion. In both cases the catalyst is
involved in the transition state of the slow step of the reaction, but in
nucleophilic catalysis the imidazole attacks a carbon atom, while in general

base catalysis it reacts with a hydrogen atom.

Following Hartley's report on the ability of N-benzoyl-L-histidine
methyl ester to catalyze the hydrolysis of p-nitrophenyl acetate (182),



Bender and Turnquest (17) and Bruice and Schmir (33) simultaneously demon-
strated that imidazole was a very effective catalyst of the hydrolysis of

this labile ester. The reaction was shown to proceed through an N-acetyl-
imidazole intermediate and the catalysis ﬁas therefore of the nucleophilic

type.

0 — 0 —
CH g-N/ \N H,0 H ==/ }
+

e
Ho<_=_>mo2

Imidazole has been found to catalyze the hydrolysis of a variety of phenyl
ester derivatives by nucleophilic base catalysis (33). However, hydrolysis
of the less reactive ester, ethyl acetate, is not catalyzed at all by imid-

azole (17).

Imidazole catalysis of the hydrolysis of alkyl esters can be demon-
strated if the acyl portion of the ester derivative is activated (E;E;’ the
methyl or ethyl esters of fluoroacetate, mono-, di-, and tri-chloroacetate
or glycine (87)). Likewise, catalysis will occur if the pKa of the leaving
aliphatic alcohol derivative of an acetate ester is less than the pKa of
water (e.g., 2 > —dichloroethanol (32) or N-acetylserine amide (3)). These
reactions do not proceed by nucleophilic base catalysis, but rather by ge-
neral base catalysis. A likely mechanism involves the removal by imidazole
of a proton from a water molecule which is simultaneously attacking an ester
carbonyl. When these reactions were run in deuterium oxide instead of water,

the rates of catalysis were 2 to 3 times slower, as could be expected in the

p— _ 0
HN. NY-HZOX- C~ ZOCH,CH HN NH + 0—C  + OCH.CH
A | 2r3 N Do 23
H CHCI2 H CHCl,

reactions where a hydrogen (or deuterium)-oxygen bond was being broken in
the rate-limiting step (182). The difference in rate is called a deuterium

isotope effect. On the other hand, all known cases of nucleophilic base
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catalysis by tertiary amines have been observed to occur without an appre-
ciable isotope effect (12). The observation of a deuterium isotope effect
is considered good evidence that the catalysis occurring is of the general

base type.

Bruice (30) has pointed out the interesting fact that imidazole is as
good a general base catalyst as could be found for reactions at neutral pH.
The effectiveness of a general base catalyst is determined by its basicity
and not by its nucleophilicity. If the pKa of the catalyst were more basic
than 7, it would exist primarily in its imactive, protonated form, while if
it were less than 7, it would be a weaker catalyst. Therefore histidine,

with its pKa of about 7, is ideal.

In enzymic catalyses, the substrate first is bound to the enzyme, thus
forming a complex, and then the bond breaking (and making) processes occur
within the confines of this complex. In this respect, enzymic reactions are
similar to intramolecular reactions, and for thi§ reason, the latter have
been extensively investigated recently as model enzymic reactions. Some
interesting cases of very efficient intramolecular imidazole catalysis are
known. The first examples of this kind of catalysis, described by Bruice
and co-workers (}30,149),inv01ved acetyl and benzoyl esters of 2-(4-imida-
zolyl) -phenol (Figure 2,a). Later, even more efficient intramolecular
nucleophilic base catalysis was observed for the reactions of various phenyl
esters of y-(4-imidazolyl)-butyric acid (Figure 2,b).(31,35,36). With the
p-nitrophenyl ester of the latter compound, the rate of liberation of p-
nitrophenol (1;2:’ the rate of acyl-imidazole formation) was slightly greater
(200 min.—l) than the rate of liberation of p-nitrophenol observed (180 min.—l)
in the reaction of of-chymotrypsin and p-nitrophenyl acetate (E;E;’ the rate
of acyl-enzyme formation from the "intramolecular'enzyme-substrate complex
(165). Thus intramolecular nucleophilic attack by imidazole alone can equal
the rate of acyl-enzyme formation when p-mitrophenyl esters are involved.

The deacylation rate for the acyl-enzyme is considerably faster than for the

acyl-imidazole, however.

Although hydrolysis of the phenyl esters of y-(4-imidazolyl)-butyric
acid is catalyzed very efficiently by the imidazole portion of the molecule,
no detectable catalysis could be measured when the corresponding methyl

ester was studied (36). Very recently, Koshland and Lukton (102) showed
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Figure 2. Intramolecular Imidazole Catalysis of Ester Hydrolysis.
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that the rates of hydrolysis of the methyl esters of the two lower homologs,
ﬁ—(4-imidazolyl)—propionic acid (Figure 2,c) and 4-imidazolyl-acetic acid
(Figure 2,d) are indeed catalyzed by the attached imidazole. These reactions
exhibit a deuterium isotope effect and therefore likely proceed by general
base catalysis. Pseudo 6- and 7-membered rings can form with water in the
transition states of these reactions, while in the case of the uncatalyzed
butyrate derivative a pseudo 8-membered ring, which seems to form reluctant-
ly in most chemical reactions, would be required. These esters are involved
in one of the few instances of imidazole catalysis of the hydrolysis of ali-
phatic ester bonds which are electronically only slightly different from
that of ethyl acetate.

Two points emerge from the experiments cited. The first is that the
intramolecular catalyses are much more efficient than the intermolecular
ones. (Unfortunately it is difficult to compare quantitatively the rate
constants of the two kinds of reactions, since each is expressed in different
units). The second point is that the mechanism by which a given kind of
ester is hydrolyzed appears not to be changed in going from an intermole-
cular to an intramolecular imidazole catalyzed reaction. Empirically, it
is possible to say that nucleophilic base catalysis of ester hydrolysis by
imidazole seems restricted to phenyl and thiol esters, while general base
catalysis occurs, although less efficiently, for nearly all kinds of esters.
The results of these studies on model imidazole catalysts strongly suggest
that the histidine involved in the active site of chymotrypsin might act as

a general base catalyst.

Serine shall now be considered from -the point of view of how the group
contributes to the catalytic function of the enzyme. In this respect, the
evidence already presented for the involvement of serine can be justly
criticized in three ways. The reagents used to label the enzyme (diiso-
propylfluorophosphate, p-nitrophenyl acetate) are not specific substrates
of chymotrypsin and may have reacted in some other way. In the case of
p-nitrophenyl acetate, the substrate is very reactive and the catalysis ob-
served could have been due to a different mechanism. Also, all of the
techniques used to isolate the acylated serine residues or peptides, in-

cluding the enzymic degradation, involved acidic conditions, which are dif-
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ferent from the neutral or slightly alkaline conditions encountered during
the normal hydrolytic process. The acid conditions therefore could have

caused an acyl migration from some other group to the serine hydroxyl.

Bender and co-workers (14,18) have used the substrates, methyl, benzyl
and p-nitrophenyl trans-cinnamate, in order to overcome some of these ob-
Jjections. The acyl portion of these substrates resembles somewhat more
closely the natural substrates of «-chymotrypsin (g;g;, acetyl-L-phenyl-
alanine methyl ester) than does the acetyl group, and therefore might be

O
Il Il
€-0-CHjy 0 C—0-CHs
H-C CHzC—NH-C—H
N\ |
[§E;F{ EESZ
methyl trans- acetyl-L-phenylalanine
cinnamate methyl ester

expected to be bound and be hydrolyzed like a specific substrate. This
argument is supported by the fact that the hydrolysis of non-labile alkyl
esters of trans-cinnamic acid are in fact catalyzed by ol-chymotrypsin,
while those of acetic acid are not appreciably. The trans-cinnamate esters
were chosen because the cinnamoyl group absorbs light and any acyl inter-
mediates formed during the enzymic reaction might therefore be detectabile

spectrophotometrically.

With the non-labile methyl and benzyl cinnamate esters, these workers
were able to demonstrate an acyl-enzyme intermediate spectrophotometrically
and to show that the kinetics were also consistent with the same mechanism
proposed by Gutfreund and Sturtevant for p-nitrophenyl acetate hydrolysis
(63). With the labile p-nitrophenyl ester (14), a trans-cinnamoyl- o<-chymo-
trypsin intermediate was also demonstrated spectrophotometrically and was
actually isolated. The difference spectrum of the acylated and deacylated
enzyme was claimed to resemble the spectrum of 0-cinnamoy1-N“'-acetylserine
amide ( lmax = 281.5), but the actual value of the difference spectrum
( lmax = 292) lay between that of the serine derivative and that of N-cinna-

moyl-imidazole ( A = 307). The following experiments are more convincing.
max



13

Trans-cinnamoyl- @ -chymotrypsin was prepared at pH 7.22 and was quickly
transferred to an 8 M urea solution where the kinetics of deacylation at
higher pH values were measured. Denaturation of the protein in the high
concentration of urea caused the reaction to resemble an ordinary non-
enzymic ester hydrolysis (pH dependent) rather than the enzymic deacylation
one (which had been shown to be pH independent above pH 8.0). A comparison
of the measured non-enzymic rate with the rates of alkaline hydrolysis of
other trans-cinnamate esters of various types led these workers to conclude
that the acyl-enzyme intermediate was amn ester of serine or tyrosine, but
was definitely not an acyl-imidazole. Since it is rather unlikely that an
acyl migration would have been induced by urea denaturation, this work con-
stitutes rather good evidence that the acyl group of the acyl-enzyme is in

fact attached to a serine hydroxyl.

Although some of the enzyme kinetic studies to be presented below do
not measure a property of the acyl-enzyme directly, they do measure a pro-
perty of the system related to the acyl-enzyme. The following evidence,
therefore, is consistent with the acyl-enzyme hypothesis and thereby sup-
ports it, but it is not useful in distinguishing which amino acid residue
is involved. With the reactive esters of the "specific" substrates of
chymotrypsin, N-carbobenzoxy-L-tyrosine p-nitrophenyl ester (62) and N-acetyl-
L-tryptophan p-nitrophenyl ester (192), it was possible to measure the initial
rapid liberation of p-nitrophenol (the pre-steady state) using the stopped-
flow method. The subsequent slow reaction (the steady state) was also meas-
ured. The rate constants determined from these measurements are consistent
with the hypothesis that the initial fast reaction is the acylation of the
enzyme, and that the steady state reaction is the overall rate-controlling

deacylation reaction.

Another argument for the existence of an acyl-enzyme intermediate is
the observation that the hydrolysis of many different esters possessing the
same acyl structure are catalyzed by trypsin or chymotrypsin at the same
rate. For example, trypsin catalyzes the hydrolysis of the methyl, ethyl,
isopropyl, benzyl and cyclohexyl esters of benzoyl-L-arginine with the same
maximal velocity (152). The chymotrypsin.catalyzed hydrolyses of the methyl,
ethyl and g—nitrophenyl esters of N-acetyl-L-tryptophan also proceed at

similar overall rates (192). It is reasonable to conclude that in both
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studies a common intermediate, an acyl-enzyme, was formed with each sub-
strate, and that the decomposition of the intermediate to products was

the rate-controlling step.

The variation of rate with pH has been studied with o(-chymotrypsin
and its specific substrates. The classical Michaelis constant, KM’ has
been shown (65) to be essentially independent of pH from pH 6 to 8 (with
acetyl-L-phenylalanine ethyl ester). The pH dependence of the overall
catalytic rate, ko’ indicates that a group (in its basic form) with an ap-
parent pKa of about 7 is necessary for catalysis. The rate of acylation
of o-chymotrypsin by acetyl-L-tryptophan amide exhibits a bell-shaped pH-
rate profile, which can be interpreted to mean that a basic group (apparent
pKa = 7) and an acidic group (apparent pKa = 8.5) are involved (10). The
deacylation step in the reaction of acetyl-L-tryptophan esters, however,
exhibits a sigmoid pH-rate profile involving a basic group (apparent pKa = 7)
only. The deacylation of trans-cinnamoyl- o{-chymotrypsin was shown to be
pH independent from pH 9 to 13.(15). The experiments seem to indicate that
the acylation reaction proceeds by general base and general acid catalysis,
while the deacylation reaction proceeds only by general base catalysis.
However, the following argument must be taken into account.

Chymotrypsin catalyzes the isotopic exchange of methyl-C14 esters with
methanol and carboxylic acids .with H2018. It is reasonable to assume that
these reactions proceed through the same steps as the hydrolytic reactions
and are essentially unaffected by the isotope. In reaction (1), an acyl-

enzyme and labeled alcohol are formed. In reaction (2), the unlabeled al-
* * *

E + ester ———> E:ester ——— acyl-E + alcohol (1)

acyl-E + alcohol ——» E.ester ——» E + ester (2)

cohol reacts with the acyl-enzyme to generate unlabeled ester, and exchange
is effected. If in equation (2) the alcohol were replaced by water, an acid
would be produced and the sum of the equations would represent the hydro-
lytic pathway, equation (1) being the acylation step and equation (2) being
the deacylation step. It can be seen that in the exchange reactions the

two equations are symmetrical about the acyl-enzyme intermediate and can be

written as an equilibrium reaction.

E + ester ;:::E E.ester ;::::i acyl-E + alcohol
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The principle of microscopic reversibility states that the transition states
of the forward and reverse reactions of an equilibrium reaction must be
identical. Therefore if groups displaying general base and general acid
catalysis are involved in the acylation step, they must also be involved in
the deacylation step. Bender et al (10) have pointed out that since there
appears to be general base catalysis, but no general acid catalysis (at least,
the pKa of the group must be greater than 13.9) in the deacylation reactions
of chymotrypsin, general base-general acid catalysis in the acylation step
must be ruled out. The one ionizable group in the acylation reaction is
either not present in the deacylation reaction or is not involved in the
bond-changing process. These considerations impose a great limitation on

any postulated mechanism.

It is instructive to consider the effect of deuterium oxide on the rates
of the acylation and deacylation reactions. Bender and Hamilton (11) showed
that the rate of acylation of ol-chymotrypsin with p-nitrophenyl trimethyl-
acetate, dand the rate of deacylation of trans-cinnamoyl- ct-chymotrypsin, both
proceeded 2 to 3 times faster in water than in deuterium oxide. At enzyme
saturating concentrations of acetyl-L-tryptophan methyl ester, the catalytic
rate constant, ko, was 2.83 times greater in water than in deuterium oxide.
The demonstration of a deuterium isotope effect constitutes good evidence
that the rate-controlling step in each of these enzymic hydrolyses involves

the transfer of a proton.

The facts presented so far would seem to be in essential agreement with

the diagram below. The histidine, acting as a general base catalyst, helps

Histidine

\\ S/erine

Substrate
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to activate the serine hydroxyl, which reacts with the substrate by nucleo-
philic attack at the carbonyl. Thus an acyl-serine enzyme is formed, a
proton is transferred in the acylation step, and a basic group (imidazole)
with a pKa of 7 is involved. A serious objection to this mechanism has been
raised by Bernhard (22). When the initial rapid reaction of 2,4-dinitro-
phenyl acetate with chymotrypsin was studied between pH 7.4 and pH 9.1, no
release of protons could be detected. (The pKa of 2,4-dinitrophenol is 3.9,
so it should remain as an anion under the reaction conditions). If serine
were acylated, the proton of the hydroxyl group should have been released
and detected. The data indicate that either an intermediate other than an

acyl-serine enzyme is formed, or that an anion attacks the ester.

Interest in alkoxide ions as nucleophilic base catalysts of ester hydro-
lysis has been greatly stimulated recently by the observation by Newman and
Hishida (123) that the alkaline hydrolysis of methyl 2-benzoyl-6-methylben-
zoate proceeds at an unexpectedly high rate. The facile hydrolysis seems to
be interpreted best by initial attack of hydroxide ion on the ketonic car-

bonyl followed by intramolecular expulsion of the methoxide ion.

A p! Qe QY
S
L C-0CHx O C—0CH5 C/O‘c
e
Ho”

C

C
CHy — / CH CH
lﬂOGL// 3 HO 3 3

Bender and Silver (16) studied a similar kind of reaction, the alkaline
hydrolysis of methyl o-formylbenzoate and found that the rate proceeded more.
than 100,000 times faster than was expected (from a calculation based on

electronic and steric effects).

Related studies by Bernhard et al (24) have demonstrated an unusually
rapid rate of alkaline hydrolysis of the benzyl ester of @-benzyl-carbo-
benzoxyaspartylseryl amide. It was proposed that the reaction proceeded
by intramolecular attack by the anion of the aspartyl-serine peptide nitro-

gen since a succinimide derivative was detected as an intermediate.
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Bernhard (23) has suggested that the oxygen anion in the structure below
(derived from aspartic acid and serine) might be the nucleophile in en-

zymic reactions.

N
H,C— C—0
0@

The important point to be learned from the numerous studies cited above
is that a clear understanding has not yet been reached of the roles played
by histidine, serine and other groups in the bond making and breaking re-
actions of chymotrypsin. It is therefore possible that extensive revisions
in our thinking may be necessary before a satisfactory mechanism for the

hydrolysis of specific substrates of oc-chymotrypsin is found.

The concepts discussed above are thought to apply to trypsin as well
as to chymotrypsin, although most of the evidence collected has been from
studies of the latter enzyme. It is certainly true that the two enzymes re-
semble each other very closely. Yet in one respect they are completely dif-
ferent. Trypsin catalyzes efficiently the hydrolysis of esters and amides
of the basic amino acids, lysine and arginine, while chymotrypsin can best
cleave derivatives of the aromatic amino acids, tryptophan, tyrosine and

phenylalanine. Thus they exhibit different '"specificity."
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In 1937, Bergmann and Fruton (19) showed that chymotrypsin and trypsin
possessed different structural requirements of their substrates. Neurath
found that the enzymes could catalyze the hydrolysis of esters as well as
amides (93,153). Niemann and co-workers and Neurath and colleagues have
continued Bergmann's early work and have attempted to arrive at an under-
standing of the specificity site of these enzymes by synthesizing a great
variety of substrates and inhibitors and measuring their kinetic parameters.
The existence of a number of comprehensive reviews (19,76,121,122) of this

work makes it unnecessary to describe the results in detail.

The structural requirements can most easily be discussed in terms of

the groups attached to the asymmetric carbon atom of the amino acid sub-

strate:
O
[l
foo
R'—C—NH—(i:—-H
ik
R

For trypsin, R should be an alkyl chain with a positively charged basic

(arginine).

group at the end, e.g., -CH.CH,CH.NH.' (lysine) or -CH, CH, -NH-G-NH,,

2772772773 N
NHZ
For chymotrypsin, R should be an aromatic group, although cyclohexane works
’equally well as benzene (88). The specificity of chymotrypsin is broader
than trypsin, and alkyl groups in this position (g;g;, isoleucine, valine)
are sufficient to cause appreciable rates of hydrolysis. The distance of
the R group from the substrate carbonyl is important. If a methylene group

is added or subtracted, the rate of hydrolysis diminishes.

The acylamino group is also important and substitution of it for a
carboxamide group (thus producing a malonic acid derivative) results in an
inactive substrate. The formamido group (R' = H) is adequate, indicating

that only the amide portion of the group is sufficient for binding.

If the hydrogen attached to the asymmetric carbon is replaced by a
methyl group, the substrate will bind to the enzyme but will not react (2).

If instead of an L configuration, a D configuration is used, the substrate
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binds, but is not hydrolyzed. An interesting exception to this has been
found by Niemann and co-workers (75). Thus D-3-carbomethoxydihydrocarbo-
styril was bound to and hydrolyzed efficiently by chymotrypsin while the

L isomer reacted much more slowly.

o
I C-OCHj
CHsC
H-C—NH
CH,

Awad et al, (4) have pointed out that there exists a conformation of this
"locked" D configuration which resembles some conformations of normal L-
substrates. If their explanation is correct, the relatively more rigid
conformation of the carbostyril derivative should reflect normal substrates
in their binding conformations and thus should define to some extent the

nature of the specificity site in the enzyme.

Many of the studies referred to above were designed to elucidate the
topography of the "specificity site." A rather rigid hole in the enzyme
was imagined into which specific substrates of complementary structure
could fit, while those possessing the wrong shape would be excluded. This
is essentially the lock and key analogy of Emil Fischer (52), as propounded
in 1894. With this hypothesis, it has not been possible to deduce much
about the enzyme from the hundreds of substrates and inhibitors tested.
More recently, Niemann has collected and summarized a great deal of data in
terms of hypothetical binding sites on the enzyme (76). He has correlated
the available information in terms of the interactions of four enzyme binding
modes with the four substituents attached to the asymmetric carbon atom of
substrates. By studying good substrates with rather rigid conformations,
it should be possible to determine the relative positions in space of the
binding modes in the enzyme. The groups of the enzyme actually involved
in the binding have not yet been given serious, critical consideration, how-

ever.

Another theory of substrate binding and specificity, called the induced-

fit theory by Koshland (101), postulates that a specific substrate is bound
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to a flexible active site and induces conformational changes in the site
leading to the correct alignment of the groups necessary for catalysis.
Although non-substrates may bind to the enzyme, the required conformational
changes are not induced and therefore no reaction takes place. The obser-
vation that indole causes an increase in the rate of solvolysis of acetyl-
chymotrypsin (54) can be interpreted as evidence in support of the induced-
fit theory for this enzyme. Also, Hess and co-workers (73;190) have re-
ported spectral evidence for structural changes in chymotrypsin when the en-
zyme reacts with p-nitrophenyl acetate or diisopropylfluorophosphate. Al-
though the hypothesis is both interesting and useful in explaining certain
phenomena, it does not consider in detail what groups or forces are responsi-

ble for the substrate binding and the changes in conformation envisioned.

Working Hypothesis and Experimental Approach

Before the ideas basic to the work of this thesis are developed, it
may be helpful to summarize in general terms what is known about the active
site of chymotrypsin, so that a clear concept of the problem at hand can be
appreciated. In the enzyme is an area called the active site; which might
be composed most simply of serine, histidine and a specificity site. The
groups are thought to be very close to each other. It is known that the
serine and histidine are not neighbors in a single peptide chain, so their
proximity in space must be determined by the tertiary structure of the pro-
tein. The exact nature of the nucleophilic attack by the enzyme on a sub-
strate, and the nature of the specificity site are the major problems that
sremain unsolved. From a consideration of model compounds and the chemistry
of serine, it is difficult to account-for the great reactivity of &-chymo-
trypsin and trypsin on the basis of a favorable positioning of the imidazole
and serine hydroxyl alone. Although mechanisms can be written, it still is
not understood why these enzymes are so effective. Perhaps an extremely
reactive nucleophile is not necessary if the substrate is held and oriented
in a position favorable for attack. The necessary catalytic "power" may
be derived in part from the fact that the substrate is in a bound form, thus
making the reaction comparable to intramolecular catalyses, which have been
shown to be extraordinarily efficient. Although an adequate description of

the nucleophilic reaction is still lacking, the major problem then becomes
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that of defining the nature of the specificity site and of showing that

proper substrate binding can cause a large enhancement in a reaction rate.

It is possible to make plausible postulates about the general require-
ments of the active site of an enzyme such as Ol-chymotrypsin or trypsin.
Unless long-range forces are postulated, the groups responsible for the
binding of the substrate, and also the histidine and serine residues, pro-
bably must all be essentially in direct contact with the substrate and must
therefore be very near to one another. Many specific substrate molecules
are quite small (e.g., formyl-L-phenylalanine methyl ester, M.W. = 207), so
the active site itself cannot be very large. On the other hand, it must
not be too crowded, for the enzymes are endopeptidases and must also be able
to accommodate as substrates the specific amino acids situated in peptide
chains. What is required for ol-chymotrypsin, for example, is a hydrophobic
region to bind the aromatic side chain of the substrate, a region to bind
the acylamino group, and the groups composing the nucleophile. Two peptide
chain portions are required to position the serine and histidine, and others
may be necessary to account for the two binding modes, particularly if "holes"
or "slits"™ are envisioned. That space may indeed be at a premium is sug-
gested by the fact that the amino acids found around the unique aspartyl-
seryl group are glycines, which are very small. If a binding ''surface' is

postulated, the structural requirements are somewhat simplified.

Woolley, Hershey and Koehelik (189) have advanced the hypothesis that
enzymic specificity is due to an attraction between like molecules. In
chymotrypsin for example, an aromatic amino acid (phenylalanine, tyrosine,
or tryptophan) is thought to be located in the active site, while in trypsin,
either lysine or arginine is involved. As the substrate diffuses into the
vicinity of the active site, attractive forces may tend to hold the substrate
to this amino acid and orient it so that the carbonyl group is in precisely
the correct position to be attacked by the nucleophile. Two major groups
are therefore envisioned: the nucleophile and the binding amino acid. Their
proper location on the enzyme surface relative to one another is presumed
to be determined by the tertiary structure of the entire enzyme, and at least

two or three portions of peptide chains may be involved.

There is growing evidence for the existence and importance of hydro-

phobic bonding and attractive van der Waals or dispersion forces between



22

side chains of amino acids in proteins and peptides (94,171,178). They are
thought to play an important role in determining the tertiary structure of
these molecules. For example, Kendrew (97) reports that in crystalline myo-
globin, X-ray analysis indicates that non-polar interactions are of paramount
importance in stabilizing the tertiary structure of the molecule, the number
of interactions exceeding polar interactions by a factor of ten. Although
the nature and strength of these forces have not yet been demonstrated ade-
quately experimentally, a firm theoretical treatment of dispersion forces
has been worked out both with classical and with quantum mechanics (47).

The strength of dispersion forces between two molecules the approximate size
of amino acid side chains was crudely estimated by Jehle et al (85) to be
about 0.6 kcal. mole_l. More recently, Salem (146) calculated that the at-
tractive energy of interaction of two long saturated fatty acid chains 4.8 X
apart was approximately 0.5 kcal. mole--l per methylene group, i.e.; 8.4 kcal.
mo].,e-1 for two stearic acid molecules. In the latter work it was pointed
out that the dispersion forces can be very strong when the two interacting
species are able to approach each other closely, but fall off rapidly at
greater distances since the energy of attraction varies inversely with the
fifth or sixth power of the distance. Thus those molecules which can ap-
proach each other at many points very closely can experience large energies
of attraction, while those which cannot come into close contact will be at-
tracte&\by dispersion forces only weakly. It is our contention that these
forces play an important if not dominating role in the binding of the sub-
strate to the enzyme. Hydrogen bonding or dipole interactions of the amide

portion of the substrate may also be involved.

The hypothesis can be considered in more exact detail. Imagine a non-
helical portion of a peptide chain of L-amino acids which contains an aroma-
tic residue, e.g., phenylalanine. It is possible to construct a conformation
of the phenylalanine portion of the peptide where the aromatic side chain
and the carbonyl group of the same amino acid lie in approximately the same
plane. When this is illustrated graphically (Figure 3), the alpha hydrogen
is directed above the plane of the paper, while the amino group of the phenyl-
alanine residue lies below the plane of the paper. Acetyl-L-phenylalanine
methyl ester, for example, can be placed Jn this model in such a way that
the phenyl rings lie directly on top of each other and the acetamido group

lies on top of the peptide-bound phenylalanine carboxamide group in such
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Substrate

When the specific chymotrypsin, acetyl-L-phenylalanine
methyl ester, is placed on the hypothetical binding site,
it is noticed that corresponding phenyl-phenyl and amide-
amide interactions are possible. With substrates of the
L configuration, the ester group stands away from the com-
plex toward the viewer, while the hydrogens on the alpha
carbons of both amino acid derivatives interact only neg-

ligibly.



stpyteduc



Hypothetical binding site Substrate

Figure 3.

When the specific chymotrypsin, acetyl-L-phenylalanine
methyl ester, is placed on the hypothetical binding site,
it is noticed that corresponding phenyl-phenyl and amide-
amide interactions are possible. With substrates of the
L configuration, the ester group stands away from the com-
plex toward the viewer, while the hydrogens on the alpha
carbons of both amino acid derivatives interact only neg-

ligibly.
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a way that dipole-dipole attraction could take place. It then follows neces-
sarily that with L substrates, the carboxylic acid derivative to be hydrolyzed
stands up from the complex in an unhindered position, while the two alpha
hydrogens (one from the substrate and one from the binding amino acid) inter-
act only negligibly because of their small size. If a substrate of the D
configuration is used, the carboxylic acid derivative of the substrate is
forced into the position occupied by the alpha hydrogen of the binding amino
acid and is hindered. This might therefore be a position unfavorable for

catalysis,

The simple model can make understandable: a. binding of the aromatic
side chain; b. binding of the acylamino portion; c. optical specificity;
and d. the fact that if a methyl group is substituted at the alpha carbon,
the reaction rate is decreased. Also, the hypothetical site is extremely
simple and meets the requirement of restricted size. Exceptional rigidity
of the tertiary structure of the protein is not necessary in order to ex-
plain specificity of selection. It is fully realized, of course, that merely
building an adequate model of the binding site does not in itself indicate

that such a binding site exists in these enzymes.

One of the attractive features of the general hypothesis is that it can
be tested experimentally. The purpose of the work described in this thesis
was to demonstrate a specific enhancement of a reaction rate due to the at-
traction of a substrate to a catalyst containing a similar structural unit.
It was proposed to synthesize the "lysohistidine derivative" (2-(l-acetamido-
5-aminopentyl)-histidine) shown in Figure 4, and to test the catalyst with
esters of N'c‘—acetyl-lysine° This particular catalyst was chosen for the
following reasons. The lysine-like side chain at the 2-position of the
imidazole should resemble the possible binding site of trypsin and thus
should confer trypsin-like specificity on the catalyst. Attachment of the
lysine-like side chain at the 2-position of imidazole was proposed so that
when the substrate was bound to the side-chain (Figure 5), the carbonyl
group would be in a favorable position to be attacked by the imidazole nitro-

gen.

The idea that the epsilon amino group of the lysine substrate and the
corresponding one in the catalyst may actually attract each other at pH 8

may not be appealing. At that pH, both groups should be predominantly in
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"Lysohistidine derivative"

Figure 4. The 'Lysohistidine Derivative'.



Figure 5. The polymerized ''lysohistidine derivative" with the bound and

oc £
oriented substrate, N -acetyl-N -tosyl-lysine ethyl ester.
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the positively charged ammonium form and would be expected to repel each
other. It was hoped to find a pH at which attraction would occur between
the model and substrate. Since the presence of one charge will tend to
suppress the formation of a nearby like charge, this was not considered

too unlikely. Although these considerations might apply to the alkylamino
group of a lysine residue, they probably do not apply to the more basic
guanidino group of an arginine residue. Therefore, such a picture would
be more compatible with a lysine than with an arginine residue in the speci-
ficity site of trypsin. If no binding to the model compound could be
demonstrated, however, it would still be possible to test the catalyst with
a substrate containing a suitably situated negative carboxylate group (or
tosylamino group, which ionizes at high pH) and thus test the binding ef-
fectiveness of the salt linkage which could be expected to form between

the oppositely charged groups.

Rather than a simpler "lysoimidazole derivative', the 'lysohistidine
derivative' was proposed so that the entire molecule might eventually be
incorporated into polypeptides. In this way it would be possible to test
the effects of high molecular weight on the ability of two molecules to bind
to each other and react. In addition to polymers composed only of the "lyso-
histidine derivative', a great variety of mixed polymers could be made by
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