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SUMMARY

A series of Pl-alanine peptide chloromethyl ketones,
six tripeptides and five tetrapeptides, were synthesized for
use as inhibitors of elastase in kinetic studies and struc-
ture-reactivity correlations. Most of them are effective,
active-site-directed, irreversible inhibitors, fairly re-
active and highly specific for both porcine pancreatic elas-
tase and human leukocyte elastase. A typical reagent, Ac-
Ala-Ala-Ala-AlaCH,Cl, is specific for elastolytic proteases
since it virtually does not inhibit related chymotrypsin or
trypsin under identical conditions. The tetrapeptides are
markedly more reactive than the tripeptides in general ac-
cording to relative kobsd/[I] and k3/KI values, caused by
tighter binding (smaller KI) plus a faster rate of inactiva-~
tion (larger k3), leading to irreversible enzyme inhibition.
The most effective elastase inhibitor is Ac-Ala-Ala-Pro-

AlaCH,Cl, and its isomer Ac—Ala-Pro-Ala—AlaCH2C1 is a non-

2
inhibitor for pancreatic elastase but a good inhibitor for
leukocyte elastase, showing that the two enzymes are dif-
ferent and distinct. For optimum reactivity a leukocyte
elastase inhibitor should possess a Py alanine, a P2 proline

or leucine, no P, proline (for tripeptides), and preferably

3
apP, residue (i.e. a tetrapeptide). The behavioral similar-

ity of elastase toward peptide substrates and inhibitors
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implies that they are both interacting with the same extended
binding site region in the enzyme. Human leukocyte elastase
reacts less rapidly overall with the set of peptide chloro-
methyl ketones, and it is now implicated in the pathological
processes of pulmonary emphysema, arthritis, arteritis, and
related elastic tissue diseases. The peptide chloromethyl
ketones are presently being used in investigations of the
physiological and pathological functions of elastolytic pro-
teases and eventually may become valuable in freating these

diseases.



CHAPTER I
INTRODUCTION

Proteolytic enzymes, or protein-hydrolyzing enzymes,
are among the most widespread, common, and important types
of enzymes found in living systems from humans to bacteria.
Because of their major rcles in life processes as well as
their availability they have undergone extensive and inten-
sive investigation. Proteolytic enzyme chemistry is pres-
ently at the forefront of basic research efforts in biochem-
ical and biomedical studies. Some of the human biological
processes in which these enzymes are involved include blood
coagulation, food digestion, ovum fertilization, hormone
production, immunological response, zymogen activation, and
tissue inflammation. They are becoming utilized in indus-
trial processes for breaking down protein raw materials, and
studied in medical science due to their implication in tissue-
destruction diseases. Since 1960, proteolytic enzymes have
been discovered to play a role in an ever-increasing number
of human physiological and pathological functions.

Among the proteolytic enzymes is a rather large family
called the "serine proteases" which is characterized by the
reactivity of a serine group at the active site. The well-

known enzymes chymotrypsin, subtilisin, trypsin, and elastase,



as well as plasmin and thrombin, belong to this family. A
wealth of information is known about the serine proteases,
including thé detailed three-dimensional crystal structures
for four species, complete amino acid sequences for many
species, individual primary substrate specificities, and a
generally accepted theory for the mechanism of catalytic
action. The differences between these enzymes arise mainly
from their distinct substrate specificities for particular
kinds of amino acids. In general they are amenable to de-
tailed analysis since they possess no allosteric activity,
coenzymes, polymeric units, etc. Most of the characteriza-
tion studies of the enzymes have been based on their hydro-
lytic activity toward synthetic substrates, e.g. small pep-
tides and peptide esters and amides. The serine proteases
are all believed to operate by an identical mechanism of

action during peptide hydrolysis as in eq 1 (Bender and

Kezdy, 1964). 1Initially a substrate molecule binds to
E + S =2 E. -
E-S - E-S° + Pl -~ E + Pl + P2 (1)
E+I 2 E-I » E-I” + P3 (2)

the enzyme to form a reversible enzyme-substrate complex E-S,
then thé active~site serine group cleaves the proper peptide
bond and forms an acyl-enzyme intermediate E-S“ (Figure 1lA)
(usually the rate-limiting step), and finally a water mole-

cule is used to deacylate the intermediate and regenerate the



active enzyme. In the general case of an irreversible in-~
hibitor, eq 2, an inhibitor molecule binds to the enzyme to
form an enzyme-inhibitor complex E*I, but then one of the
active-site groups attacks to make a covalent bond with the
inhibitor and forms an inhibited enzyme derivative E-I°
(Figure 1B), and the enzyme becomes inactivated. X-Ray
structural investigations, sequence analyses, and various
kinetic studies have demonstrated a remarkable amount of
homology among the serine proteases; For example, chymotryp-
sin, subtilisin, trypsin, and elastase all possess the same
catalytic residues at the active site: serine, histidine,

and aspartic acid, in a charge relay systeﬁ with virtually
identical spatial arrangements. This charge relay system
confers unusually high nucleophilic activity upon the active-
site serine residue. These findings of homology among the
serine proteases indicate that they have catalytic properties
and mechanisms of action which are nearly identical despite
their different biological functions. A combination of gene
duplication and divergent evolution is commonly invoked to
rationalize this enzymatic similarity.

Elastase is a general name for the serine proteases
which possess elastolytic activity, including the well-known
pancreatic elastase and a newly-found leukocyte elastase.

All of the characterization work on this enzyme has been car-
ried out on porcine pancreatic elastase (EC 3.4.21.11). It

is secreted by the pancreas in zymogen form, pro-elastase,



which is activated to elastase by a tryptic split. The en-
zyme consists of a single polypeptide chain with 240 amino
acids and 4 disulfide bridges, has a molecular weight of
25,900, and operates at a pH optimum of pH 8.5 (Hartley and
Shotton, 1971). The complete amino acid segquence has been
established and the essential active-site residues are Ser-—
188 and His-45, X-Ray crystallographic investigations have
determined the three~dimensional structure of tosyl-elastase
and native elastase to a resolution of 3.5 R (Shotton and
Watson, 1970; Shotton et al, 1971). Because of the exten-
sive homology with other serine proteases, the mechanism of
elastése activity is usually considered to be identical with
that for chymotrypsin (Hess, 1971; Hartley and Shotton, 1971).
One physiclogical function of elastase is the proteolytic
digestion of elastin, the elastic fibrous protein of connec-
tive tissue, found in the lungs, arteries, ligaments, etc.
Corresponding to the composition of elastin, the substrate
specificity of elastase is for a few residues with small
alkyl uncharged side chains, e.g. alanine, serine, and val-
ine (Hartley and Shotton, 1971). Like the other serine pro-
teases, elastase reacts with a variety of synthetic substrates
and inhibitors, e.g. Ac-Ala-Ala-Ala-OMe, but unlike them its
reactivity is highly dependent on the peptide length of sub-
strate or inhibitor. Also like its relatives, the solid-
state structure of elastase correlates well with its solution

kinetic properties (Shotton et al, 1971).



Another kind of elastolytic protease has recently
come into the picture, a leukocyte elastase which is sepa-
rate and distinct from pancreatic elastase. The differences
deal with the variability of conditions under which the two
kinds of enzyme exhibit elastolytic activity (Janoff and
Scherer, 1968). The leukocyte elastase was isolated from
human polymorphonuclear (PMN) leukocyte granule fractions
and then purified by affinity chromatography (Janocff and
Scherer, 1968; Janoff, 1973; Folds et al, 1972; Ohlsson and
Olsson, 1973; Sweetman and Ornstein, 1974). This human leu-
kocyte elastase is presently being characterized in terms of
its chemical properties and physiological and pathological
functions. It is optimally active at physiological pH (7-8)
and exhibits esterase activity toward synthetic substrates
e.g. BOC-Ala-ONp and Ac-Ala-Ala-Ala-OMe. Also it is known
to degrade human lung elastin, arterial walls and basement
membrane, digest bacterial cell walls and bacterial proteins,
induce cellular surface changes correlated with cancerous
loss of growth control, and undergo inhibition by al—anti—
trypsin and peptide chloromethyl ketones (Janoff et al, 1972;
Janoff, 1970a, 1972a; Janoff and Blondin, 1973, 1974; Mosser
et al, 1973; Janoff, 1972b; and Ohlsson, 1971). Indirect
experimental evidence has intimated that human leukocyte elas-

tase may be involved in pathological processes associated

with elastic tissue destruction. Thus, this enzyme and re-

lated neutral proteases are implicated in the pathogenesis



of pulmonary emphysema, acute arteritis, and rheumatoid ar-
thritis, as well as in the tumor-producing action of co-
carcinogenic substances (Janocff, 1970a,b, 1972a,b; Janoff
et al, 1972; Galdston et al, 1973; Mittman, 1972; Mosser
et al, 1973). It should be recognized that a number of leu-
kocyte proteases are connected with these inflammatory dis-
eases, including at least three leukocyte elastase isoenzymes,
as well as some collagenases, neutral proteases, thiol ca-
thepsins, and other lysosomal proteases (Janoff et al, 1972).
As an illustration, human leukocyte eléstase is be-
lieved to be a mediator of pulmonary emphysema thru the un-
inhibited proteolysis of elastic lung tissue (Mittman, 1972).
Normally the lungs are protected from proteolytic digestion
during phagocytosis by the protease inhibitor al-antitrypsin.
Certain persons with a genetic deficiency of al-antitrypsin
are predisposed toward chronic pulmonary lung diseases. This
situation provides the incentive for the development of syn-
thetic elastase inhibitors which one would expect to be
useful reagents for the treatment of emphysema, arthritis,
and related diseases. An appropriate elastase inhibitor,
sufficiently reactive and specific, and capable of replacing
aq=antitrypsin, might prove to be valuable in the treatment
of emphysema, arteritis, arthritis, etc. Furthermore this
kind of reagent would certainly be helpful in the elucida-
tion of other biclogical functions of human leukocyte elas-

tase. Clearly these elastase inhibitors would be important



and rélevant reagents for continuing biochemical and bio-
mediéal studies of elastolytic proteases.

A variety of non-specific synthetic inhibitors have
been found to react with elastase stoichiometrically and ir-
reversibly, including diisopropyl fluorophosphate (DFP),
p-nitrophenyl diethyl phosphate, and sulfonyl fluorides such
as tosyl fluoride (Tos-F). These inhibitors are known to
react specifically with the active-site serine residue of all
the serine proteases, including Ser-188 of elastase (Hartley
and Shotton, 1971). Recently l-bromo-4-(2,4-dinitrophenyl)
butan-2-one was shown to inhibit pancreatic elastase by al-
kylation of the carboxyl group of a glutamic acid residue,
possibly Glu-6 (Visser et al, 1971). However, this compound
was incapable of inhibiting a human leukocyte elastase (Janoff,
1969). Similarly, n-butyl isocyanate was shown to inhibit
elastase by alkylcarbamylation of active-site Ser-188, but
the reagent was not specific for elastase since it inhibited
chymotrypsin in addition (Brown and Wold, 1973a,b). Thus
at the beginning of this work there were no suitable inhibi-
tors which were both reactive and specific for elastase.

It appeared that certain peptide chloromethyl ketones
might be likely reagents for use as potential elastase inhib~
itors. These compounds are relatives of Tos—PheCHzcl and
Tos—LysCHzcl, the prototype active-site specific inhibitors
of chymotrypsin and trypsin (Shaw, 1970}. If they are prop-

erly designed to resemble a substrate they can be specific



inhibitors for serine proteases with similar specificities
(Shaw, 1970). Simple amino-acid chloromethyl ketones such
as Tos—AlaCHZCl and Tos-ValCHZCl were found to be incapable
of inhibiting elastase (Kaplan et al, 1970), but peptide
chloromethyl ketones held promise as better inhibitors. Ac-
Ala*PheCHZCl was made for chymotrypsin (Powers and Wilcox,
1970), and Z-Ala-PheCH,Cl was made for subtilisin (Morihara
and Oka, 1970). The interactions of serine proteases with
peptide chloromethyl ketones were investigated by the x-ray
structural determinations of the binding modes of these in-
hibitors to chymotrypsin A (Segal et al, 197la,b) and to
subtilisin BPN” (Robertus et al, 1972; Kraut et al, 1971).
These enzyme-inhibitor interactions are illustrated in
Figures 1B, 2, & 4. The inhibitors were attached to the
enzymes via a covalent bond between the methylene part of
the chloromethyl ketone moiety and the imidazole ring of the
active~-site histidine residue. There was also an extended
binding region where the peptide chain of an extended inhib-
itor and a 3-residue section of the enzyme's backbone formed
an antiparallel B-sheet structure. The inhibition via al-
kylation is irreversible, and acylation of active-site serine
in the inactivated derivative would not be productive (Fig-
ure 1B). Further studies on the interactions of serine pro-
teases with peptide chloromethyl ketones were made by inves-
tigating the solution inhibition kinetics of chymotrypsin 3,

(Kurachi et al, 1973) and of subtilisin BPN’ (J.C. Powers



and J.T. Tippett, unpublished observations). In general, a
speedier rate of inhibition reaction was correlated with a
greater interaction between enzyme and inhibitor, at both
the primary specificity site and at distant binding subsites.
Qur peptide chloromethyl ketones were designed to be
both reactive and specific inhibitors for elastase by incor-
porating the structural features of an alanine residue at
the "P1" position plus an extended peptide chain. The exem-
plary structure of Ac-Ala—Ala—Pro-AlaCHzcl is shown in Fig-
ure 3. First, the compounds have an alanine residue at the
P; position (notation of Schechter and Berger, 1967) because
elastase has demonstrated a specificity for alanine residues.
It is established that the enzyme attacks substrates and
most readily cleaves peptide bonds with alanine on the car-
boxyl side, from studies with protein substrates {(Narayanan
and Anwar, 1969; Atlas et al, 1970) and peptide substrates
(Geneste and Bender, 1969; Kaplan et gi, 1970; Atlas and
Berger, 1972). Second, the inhibitors have an extended pep-
tide chain to enhance their reactivity thru greater contact
with the enzyme surface near the catalytic region. This
increases the resemblance of the inhibitors to natural elas-
tin. It was demonstrated that the rate of elastase hydrol-
ysis of substrates is highly dependent on the peptide chain
length, from studies with synthetic peptide substrates
(Atlas et al, 1970; Atlas and Berger, 1972; Thompson and

Blout, 1970, 1973¢). It is likely that secondary binding
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contacts are essential for elastase proteclytic activity.

The peptide chloromethyl ketones were anticipated to
inhibit elastase rapidly and irreversibly, and also selec-
tively in the presence of related serine proteases. By anal-
ogy they were expected to bind tightly at the extended binding
site of elastase and inactivate it by alkylation of the
active-site His-45. If an initial reagent, e.g. Ac-Ala-Ala-
AlaCH2Cl, was successfully found to be an effective elastase
inhibitor, then a series of well-varied compounds could be
used in an investigation of structure-reactivity relation-
ships. This kind of study is applicable to the development
of optimum elastase inhibitors for testing the biological
activity of elastolytic enzymes.

This Thesis, Part I, is a report on the synthesis and
reactivity of a series of peptide chloromethyl ketones which
are both reactive and specific elastase inhibitors. They
have been used to explore the nature of the catalytic activ-
ity and extended binding site of pancreatic elastase and
human leukocyte elastase. The work has already been pub-
lished as a preliminary communication and a complete article
(Powers and Tuhy, 1972, 1973), and additional work on human
leukocyte elastase has also appeared in short articles (Tuhy
and Powers, 1975; Powers et gi, 1975). Two other research
groups have subsequently and independently reported similar
studies on elastase-inhibitor interactions (Thompson and

Blout,‘1973a; Thomson and Denniss, 1973). There have also
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been several reports on the biological activity of human
leukocyte elastase with the use of our peptide chloromethyl
ketones, mainly by Janoff and coworkers. The results will
help to define the structural features necessary for an ef-
fective elastase inhibitor and may lead to a treatment for

emphysema and related diseases.
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(rapid turnover)
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Figure 1. Diagram of Pancreatic Elastase Showing the Active
Site and Binding Site Regions. Note: A comparison of the
reaction pathways for the enzymatic reaction with (A) a
normal peptide substrate, and (B) a peptide chloromethyl
ketone inhibitor (proposed).
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Figure 2, Perspective Drawings of Serine Protease Models
Showing the Active Site Region and the Extended Binding Site.
Note: (A) Chymotrypsin A with its Ser-195 acylated by the
substrate Ac-Ala-Ala-Phe-OMe; (B) Chymotrypsin A with His-57
alkylated by the inhibitor Ac—Ala-Ala-PheCH2C1. Two hydrogen
bonds are formed between the bound peptide and the extended
binding site of the enzyme. These drawings were deduced from
x-ray crystallographic studies. From Segal, D.M., Powers,
J.C., Cohen, G.H., Davies, D.R., and Wilcox, P.E. (1971),
Biochemistry 10, 3728.
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Figure 3. Structure of the Typical Peptide Chloromethyl
Ketone Ac-Ala-Ala-Pro-AlaCH2C1. Note: The residues P,-P,
are designated according to the notation of Schechter and
Berger (1967). This is an effective elastase inhibitor.
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) |2 I |
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T2
His-57 C1
Figure 4. Diagram of Chymotrypsin A Showing the Extended

Binding Site Region. Note: Chymotrypsin (above) and the
inhibitor Z—Gly-Leu-PheCHZCl (below) form an anti-parallel
g-sheet structure involving at least three hydrogen bonds.

This interaction is also a binding feature of elastase.
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CHAPTER II
METHODS

Reagents and Materials. Porcine pancreatic elastase

(batch 24202) was obtained from Whatman Biochemicals Ltd.
and used without further purification; its substrate, BOC-
Ala-ONp, was purchased from Sigma Chemical Co. Human leuko-
cyte elastase (1.6 mg} was kindly provided upon isolation by
Dr. Aaron Janoff at S.U.N.Y. at Stony Brook; it was 85% pure
as determined by a gel densitometry scan and contained one
major and two minor elastase isoenzymes. Chymotrypsin A,
(lot CDIOBK) was obtained from Worthington Biochemical Co.,
and its substrate, Ac-Tyr-OEt, was synthesized by standard
methods and had mp 80-81°. Trypsin (lot 102C-1920) and its
substrate, Bz-Arg-OEt, were obtained from Sigma Chemical Co.
The tripeptide acids Ac-Ala-Ala-Ala-OH, Ac-Ala-Ala-Pro-0OH,
Ac-Ala-Ala-Phe-0OH, and Ac-Ala-Pro-Ala-0OH were synthesized by
Dr. Akhtar Ali. The peptide chloromethyl ketones Z-Gly-Leu-

Cl were synthesized by Mr.

AlaCH,Cl and Ac-Ala-Gly=-AlaCH

2 2
Clint Joiner; Z—Gly-Leu-PheCHZCl and Ac-Phe—Gly—Ala—LeuCH2C1
were synthesized by Mr. Mark Lively. Thin-layer chromatog-
raphy was performed using Merck silica gel G plates. All

other reagents and solvents used were analytical grade. Mass

spectra were taken on a Varian M-66 instrument and nuclear
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magnetic resonance (nmr)} spectra were takén on a Varian T-60
instrument. Enzyme inhibition kinetics were performed on a
Beckman DB-GT uv spectrophotometer and a Radiometer automated
pH-stat (model TTT 11).

N-Benzyloxycarbonyl-L-alanine Chloromethyl Ketone, Z-

AlaCHzcl. The diazo-ketone intermediate Z—AlaCHN2

pared from Z-Ala-OH (13.4 g, 60 mmol) and diazomethane (100-

was pre-

120 mmol) according to a mixed anhydride method (Penke et al,
1970). Anhydrous HCl1l was bubbled thru a solution of 2-
AlaCHN2 (ca. 14.8 g, 60 mmol) in 300 ml of ether-tetrahy-
drofuran at 5% until it turned colorless. Work-up of the
reaction mixture involved evaporation of the ether solvent

at 250, extraction of the residue into ethyl acetate, wash-
ing with citric acid and NaHCO3 solutions, and drying over
anhydrous MgSQ0,;. Evaporation led to an oil which crystal-
lized ubon standing. The product was recrystallized from
ethyl acetate~cyclohexane (1:3) to give 9.60 g (63%) of a
white solid, mp 88-89°, [a]és = -42° (c 1.8, CH3OH), R, 0.84
(CHC1.,-CH

3 3
87-88°, [algs = -43,6° (c 2.8, CH

OH, 9:1); Thompson and Blout (1973a) report mp

3OH). The mass spectrum

had major peaks at m/e 178 (C H CH,OCONH-CH(CH;)"), 134

‘ +
5CH; HsCHy )i
no M+ or M-HCl peaks were observed. The nmr spectrum (CDCl3)

+ ' +
(C6H CH OCONHCH(CH3) —C02), 107 (CGHSCHZO ), and 81 (C

had peaks at 9 7.3 (SH, s, C6H5), 5.3 (1H, b, NH), 5.1 (2H,

s, C.H CHZ)' 4.7 (lH, g, CH), 4.2 (2H, s, CH2C1), and 1.4

rmr—

65
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(34, d, CH3). Anal. Calecd for C12H14C1N03: C, 56.37; H, -

5.52; N, 5.48. Found: C, 56.27; H, 5.34; N, 5.60.

L-Alanine Chloromethyl Ketone Hydrobromide, HBr-AlaCHZCl.

Z—AlaCH2Cl (5.11 g, 20 mmol) was deblocked by dissolving in
6 ml of a 32% solution of hydrogen bromide in acetic acid,
and within 3 min the product crystallized out and was washed
with 100 ml of ether. The product was recrystallized from
acetone-ethyl acetate (3:2) to give 2.53 g (62%) of a hygro-
scopic white solid. It was immediately dissolved in 10 ml
of dry dimethylformamide (DMF) and used in subseguent cou-
pling reactions.

N-Acetyl-L-alanyl-L-alanyl-L-alanine Chloromethyl

Ketone, Ac~Ala-Ala-AlaCH2Cl, was prepared according to a reg-
ular mixed anhydride coupling method. The dipeptide acid Ac-
Ala-Ala-OH was synthesized from Ac-Ala-OH and HCl-Ala-OMe

by standard peptide coupling methods. Thus, a solution of
Ac-Ala-Ala-0OH (1.21 g, 6 mmol) in 50 ml of dimethylformamide
was stirred at -200, while N-methylmorpholine (0.66 ml, 6
mmol) and iscbutyl chloroformate (0.78 ml, 6 mmol) were added.
After 5 min, the HBr-AlaCHZCl {(1.31 g, 6.5 mmol, in 10 ml
DMF) and N-methylmorpholine (0.66 ml, 6 mmol) were added,

and the mixture was allowed to warm to 25° while stirring

for 4 hr. The solvent was removed in vacuo and the product
was isolated from the residue after extraction of all other
components into 60 ml of hot acetone. The product was re-

crystallized from 95% ethanol to give 0.45 g (25%) of a white
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solid, mp 194-195°, R 0.70 (CHC1,-CH.OH, 4:1). The mass

R 37CH;3
spectrum had major peaks at m/e 305 (M+), 269 (M-HCl), 256
(Ac-Ala-Ala-Ala®), 228 (Ac-Ala-Ala-NHCH(CH,)"), 185 (Ac-Ala-
ala®), 157 (Ac-Ala-NHCH(CH,)"), 114 (Ac-Ala’ or -Ala-NHCH-
(CH;)), and 86 (Ac-NHCH(CH;)®). Anal. Calcd for C,,H, Cl-
N,0,: C, 47.14; H, 6.59; N, 13.74. Found: C, 46.72; H, 6.53;
N, 13.53. |

N-Acetyl-L-alanyl-L-prolyl-L-alanine Chloromethyl

Ketone, Ac—Ala-Pro—AlaCH2Cl, was prepared similarly to Ac-

Ala—Ala—AlaCHZCl from Ac-Ala-Pro-OH (1.15 g, 5 mmol) (made

by standard methods) and HBr-AlaCH,Cl (5 mmol). In this case,

2

however, the product was isolated from the residue by chroma-
tography on a 30 x 2 cm silica gel column, eluting with CHC13—
CHBOH (19:1). The product was recrystallized from ethanol

to give 0.72 g (43%) of a white solid, mp 172-1730, EF 0.73

(CHC13—CH3OH, 4:1); Thompson and Blout (1973a) report mp 176-
o

180, The mass spectrum had major peaks at m/e 331 (M+),
295 (M-HC1), 254 (Ac-Ala-Pro—NHCH(CH3)+), 211 (Ac—Ala—Pro+),

183 (Ac-Ala-C,H.N'), 140 (-Ala-C,H.NT), 114 (Ac-ala™), and

47 4%y
86 (Ac-NHCH(CH3)+). The nmr spectrum (DMSO-dé) had peaks at

| R |
+ _ - —pt
H. N = N (CH2)3 CH

CyHy

d 8.0-8.4 (2H, m, NH), 4.2-4.6 (3H, m, CH) including 4.5

(2H, s, CH2C1), 3.4-3.7 (2H, b, NCH2), 1.7-2.1 (4H, b, CH-

CH2CH2) including 1.8 (3H, s, CH3CO), and 1.2 (6H, 4, CHCH3).
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The ir spectrum (nujol mull) showed a carbonyl band at 1740

-1 . . .
cm ~. Anal. Calcd for C14H22C1N304. C, 50.68; H, 6.68; N,

12.66. Found: C, 50.80; H, 6.86; N, 12.51.

N-Acetyl-L-prolyl-L-alanyl-L-alanine Chloromethyl

Ketone, Ac-Pro-Ala-AlaCHZCl, was prepared similarly to Ac-

Ala-Pro-AlaCH,Cl from Ac-Pro-Ala-OH (1.15 g, 5 mmol) {made

2

by standard methods) and HBr-AlaCH.Cl (5 mmol). The product

2
was isolated by chromatography and recrystallized from ethyl
acetate to give 0.92 g {55%) of a white solid, mp 142—1430,

Ry, 0.73 (CHC13—CH3OH, 4:1). The mass spectrum had major peaks
at m/e 311 (M%), 295 (M-HC1), 254 (Ac-Pro-Ala-NHCH(CH,) ),

211 (Ac-Pro-Ala’), 183 (Ac-Pro-NHCH(CH;)"), 140 (Ac-Pro® or
-Pro-NHCH(CH,) "), and 112 (Ac-C,H,N'). Anal. Calcd for
C14H2201N3O4: C, 50.68; H, 6.68; N, 12.66. Found: C, 50.78;
H, 6.73; N, 12.63.

N-Acetyl-L-alanyl-L-alanyl-L-alanyl-L-alanine Chloro-

methyl Ketone, Ac-Ala-Ala-Ala-AlaCH2Cl, was prepared similar-

ly to Ac-Ala—Ala—AlaCHZCl from Ac-Ala-Ala-Ala-OH (l1.64 g, 6

mmol) and HBr-AlaCH,Cl (ca. 7 mmol). The product was iso-

2

lated by extraction and recrystallized from methancl to give

1.28 g {57%) of a white solid, mp 252—2530, EF 0.60 (CHC13-

CH3OH, 4:1). The mass spectrum had major peaks at m/e 340
(M—HC1), 299 (Ac—Ala—Ala-Ala-NHCH(CH3)+), 256 (Ac-Ala-Ala-
ala’), 228 (Ac-Ala-Ala-NHCH(CH,)"), 185 (Ac-Ala-ala’), 157
(Ac—Ala—NHCH(CH3)+), 141 ((-Ala-Ala’)-H), and 114 (Ac-ala™"):

no Mt peak was observed. The ir spectrum (nujol mull) showed
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carbonyl bands at 1690 and 1740 cm~l. Anal. Calcd for -
C15H25C1N405: C, 47.81; H, 6.69; N, 14.87. Found: C, 48.20;:
H, 6.83; N, 14.54.

N-Acetyl-L-alanyl-L-alanyl-L-prolyl-L-alanine Chloro-

methyl Ketone, Ac-Ala-Ala-Pro-AlaCH,Cl, was prepared similar-

2
ly to Ac-Ala-Ala-AlaCH,Cl from Ac-Ala-Ala-Pro-OH (1.79 g, 6

mmel) and HBr-AlaCH,Cl (ca. 6.5 mmol). The product was iso-
lated by extraction and recrystallized from ethanol-acetone
to give 0.48 g (20%) of a white solid, mp 187-188°%, R, 0.69

(CHC1,-CH,0H, 4:1). The mass spectrum had major peaks at

3~y
m/e 366 (M-HC1l), 325 (Ac—Ala-Ala-Pro—NHCH(CH3)+), 282 (Ac-

Ala-Ala-Pro’), 254 (Ac-Ala-Ala-C H Yy, 185 (Ac-ala-aAlat),

7
167 ((-Ala-Pro®)-H), 157 (Ac-Ala-NHCH(CH4)"), and 114 (Ac-
Ala%); no Mt peak was observed. The nmr spectrum (DMSO-d6)
had peaks at 3 8.0-8.4 (3H, m, NH), 4.2-4.6 (4H, m, CH) in-
cluding 4.5 (2H, s, CH,C1l), 3.4-3.6 (2H, b, NCH,), 1.8-2.1
(4H, b, CHCHZCHZ) including 1.8 (3H, s, CH3CO), and 1.2 (9H,
d, CHCH3). The uv absorption in H20 showed a lmax at 220 nm.

Anal. Calcd for Cl7H27ClN405:

Found: C, 50.48; H, 6.79; N, 13.52.

c, 50.68; H, 6.76; N, 13.91.

N-Acetyl-L-alanyl-L-alanyl-L-phenylalanyl-L-alanine

Chloromethyl Ketone, Ac-Ala-Ala-~-Phe-AlaCH.,Cl, was prepared

2
similarly to Ac-Ala-Ala-AlaCH,Cl from Ac-Ala-Ala-Phe-0OH

(1.05 g, 3 mmol) and HBr-AlaCH,Cl (ca. 3.3 mmol). The prod-
uct was isolated by extraction and recrystallized from meth-

anol to give 0.56 g (41%) of a white solid, mp 236-237°, EF
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0.76 (CHC1 OH, 4:1). The mass spectrum had major peaks

373
at m/e 416 (M-HC1), 375(Ac-Ala-Ala—Phe—NHCH(CH3)+), 332 (Ac-

-CH

Ala-Ala-Phet), 304 (Ac-Ala—Ala-NHCH(CHzPh)+), 217 ((-Ala-
Phe®)~H), 185 (Ac-Ala-Ala%), 157 (Ac-Ala-NHCH(CH;)*), and
114 (Ac-Ala%); no MT peak was observed. Anal. Calcd for
CpyHy7CIN,O.: C, 55.69; H, 6.45; N, 12.37. Found: C, 55.33;
H, 6.33; N, 12.20.

N-Acetyl-L-alanyl-L-prolyl-L-alanyl-L-alanine Chloro-

methyl Ketone, Ac—Ala—Pro-Ala-AlaCH2Cl, was prepared similar-

ly to Ac-Ala-Pro-AlaCH,Cl from Ac-Ala-Pro-Ala-OH (2 x 1.35 g,
4.5 mmol) and HBr-AlaCH,Cl (2 x 5 mmol). The product was
isolated by chromatography and recrystallized from ethanol-
ethyl acetate to give 0.27 g (15%) of a white solid, mp 173-

174°, Rp 0.69 (CHC1,-CH,OH, 4:1). The mass spectrum had

3
major peaks at m/e 366 (M-HC1), 325 (Ac-Ala-Pro-Ala~NHCH(CH,)™)
282 (Ac-Ala-Pro-Ala‘t), 254 (Ac-Ala-Pro-NHCH(CH4) ¥), 211 (Ac-
Ala-Pro*), 183 (Ac-Ala-C,H,N*), 167 ((~Pro-Ala¥)-H), and 114
(Ac-Alat); no MT peak was observed. Anal. Caled for Cy4H,5Cl-
N,Og: C, 50.68; H, 6.76; N, 13.91. Found: C, 50.43; H, 6.87;
N, 13.42,

Enzyme Activity Assays. Elastase activity was mea-

sured by the spectrophotometric assay method using BOC-Ala-
ONp as the substrate (Visser and Blout, 1972). This is de~-
scribed more completely in the Appendix. Chymotrypsin was

assayed using Ac-Tyr-OEt as the substrate (Wilcox, 1970} and

trypsin was assayed using Bz-Arg-OEt as the substrate (Walsh
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and Wilcox, 1970), both on the pH-stat.

Reaction of Pancreatic Elastase with Inhibitors. In-

hibition of pancreatic elastase with the series of peptide
chloromethyl ketones was carried out under pseudo-first-order
conditions in solutions which contained at least a tenfold
excess of inhibitor over enzyme. The inhibition kinetics
were monitored on the uv spectrophotometer. Two sets of in-
hibition conditions were employed: pH 6.5 (0.1 M phosphate
buffer) with 100-fold inhibitor excess for "slow" inhibitors,
and pH 5.0 (0.1 M acetate buffer) with 10-fold inhibitor ex-
cess for "fast" inhibitors. Stock solutions were prepared
as follows. An elastase solution was made up in 1 mM HCI1,
stored at 4° for use over 60 days, and had a concentration
of 9.3 uM or 0.23 mg/ml (by uv absorbance). In the fixed-
concentration runs an inhibitor solution was directly pre-
pared, but in the concentration-dependent runs an inhibitor
stock solution was prepared in methanol, ca. 1-10 mM, and
ugsed up within four days. The tetrapeptide compounds were
relatively insoluble in water and soluble in methanol only
to ca. 1-2 mM. 10 ml of an inhibitor solution was made up
in pH 6.5 or 5.0 buffer containing 10% (v/v) methanol, and
had a concentration of 1.0 mM or 0.1 mM (fixed-concentration
runs) or a graded series (a set of [I], concentration-depen-
dent runs). All inhibitor solutions were prepared 60 min
before the start of the inhibition run at t=0.

The inhibition reaction was started by mixing 1 ml of
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the inhibitor solution with 1 ml of the enzyme solution, and
proceeded at 30° thru at least two half-lives. Initial con-
centrations were as follows: elastase, 4.7 uM; inhibitor, 0.5
mM or 0.05 mM (fixed-concentration runs) or a graded series
(concentration-dependent runs); methanol, 5% (v/v); in a
total volume of 2 ml. In the concentration-dependent runs
the variable inhibitor concentration range was such that the
highest value, usually less than 1 mM, was five times larger
than the lowest value. The reaction was monitored by re-
moving several aliquots of 100 ul (each containing 12.5 ug
of enzyme) from the inhibition mixture at periodic time in-
tervals. At each point the residual elastase activity was
measured by enzymatic assay, so forming a set of regularly
decreasing rates. Control experiments identical with inhi-
bition runs but lacking the inhibitor showed that the active
enzyme concentration didlnot decrease more than 3% in 90 min,
For each inhibition reaction the values of the kinetic pa-
[I] were calculated from eq 3

rameters k and k

obsd 2nd kobsd/
with the aid of a standard line-fitting computer program.

V =k pheg (Bl = ky,q [T] [E] (3)

obs

For inhibitors that underwent concentration-dependent inhi-
bition reactions the values of the kinetic parameters k3,
KI' and k3/KI were calculated from eq 4 with the aid of a

second linear computer program. Correlation coefficients

of better than 0.993, usually 0.998, were maintained for the
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1 Ky

I 1
k Tk, (1]

+ ' (4)
obsd 3

3
linear plots throughout.

The experimental data were processed by computer pro-
grams as follows. For each inhibition reaction at its set
value of [I], several data points [time, velocity] were
plotted as 1n (velocity) vs time via a linear {non-weighted)
least-squares program, and kobsd was given as the negative
of the slope of this line, while the half-life was gotten
from pseudo-first-order kinetics, half-life = (1ln 2)/kobsd'
A further analysis was performed for concentration-dependent

runs. For a series of inhibition reactions at varying values

of [I], eight data points [[I], k ] were plotted as 1/

obsd
kObsd v8 1/[I]via another linear least-squares program, and

k4/K; was given as the inverse of the slope of this line

while k3 was given as the inverse of its y-intercept if non-

Zero.

Reaction of Chymotrypsin and Trypsin with Inhibitors.

Inhibition experiments with chymotrypsin and trypsin were
carried out under conditions virtually identical with those
employed in the inhibition runs with pancreatic elastase.

The inhibition kinetics were monitored on the pH-stat. Stock
solutions of enzymes and inhibitors were made up to the cor=-
rect concentrations as required and used quickly. The in-

hibition reaction was started by mixing 0.5 ml of the inhib-
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itor solution, 0.5 ml of the enzyme solution, and 9 ml of
buffer, and proceeded at 30° for 4-6 hr. Initial concentra-
tions were as follows: enzyme, 5 pyM; inhibitor, 0.5 mM or 0.1
mM; methanol 5% (v/v); in a total volume of 10 ml. Periodic
enzyme assays and kinetic analfses were performed as before,

Reaction of Leukocyte Elastase with Inhibitors. In-

hibition experiments with leukocyte elastase were carried
out under conditions identical with those employed in the
inhibition runs with pancreatic elastase, except on a smaller
scale. The inhibition kinetics were monitored on the uv
spectrophotometer. Stock solutions of enzyme and inhibitors
were made up to the correct concentrations as required and
used immediately. The inhibition reaction was started by
mixing 0.16 ml of the inhibitor solution with 0.15 ml of the
enzyme sclution, and proceeded at 25%° and pH 6.5 thru at
least two half-lives. Initial concentrations were as fol-
lows: elastase, ca. 10 uM; inhibitor, 1 mM or 0.2 mM: CaClz,
0.1 mM; methanol, 5% (v/v); in a total volume of 0.31 ml.
Periodic enzyme micro-assays and kinetic analyses were per-

formed as before.
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Ac-Ala-0OH + HBr-Ala-OMe Z-Ala-0H
peptide coupling activation; CHZN2
v g
Ac-Ala-Ala-0OMe Z—AlaCHN2
NaOH / H,0 HC1 (g)
v v
Ac-Ala-Ala-0H Z—AlaCH2C1
iBu0COC1 HBr / AcOH
v
MeNC4H80 HBr-AlaCH2C1
v
Ac-Ala-Ala-0C00iBu EtsN
L

l

Ac-Ala—Ala-AlaCH2C1

Peptide Chloromethyl Ketone

Scheme 1. A Synthetic Preparation of Ac-Ala-Ala-AlaCH,Cl.
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CHAPTER III

RESULTS

Synthesis of the Inhibitors. A series of nine ala-

nine pepfide chloromethyl ketone inhibitors was readily pre-

pared using Z-AlaCH,Cl as the key intermediate for the final

2
coupling step. This compound by itself is not an elastase
inhibitor. The synthesis of Z-AlaCHZCl utilized a new mixed
anhydride procedure (Penke et al, 1970) which proceeded eas-
ily and in better yield (63%} than the usual acid chloride
method. This compound was deblocked and coupled with a se-
lected set of blocked peptide acids to produce the peptide
chloromethyl ketone inhibitors listed in Tables 1 and 2.

All new compounds were identified and characterized by mass
spectra, tle, combustion analysis, and sometimes also by
nmr, ir, and uv data. They were all further assumed to re-
tain their optical purity. Mass spectra were especially
valuable for confirming assigned structures since the inhib-
itors displaved highly characteristic peptide fragmentation
patterns. For example, the two isomeric compounds Ac-Ala-
Cl may be distin-

Ala-Pro-AlaCH.Cl and Ac-Ala-Pro-Ala-AlaCH

2 2
guished on the basis of their mass spectral data.
All of the peptide chloromethyl ketones were relative-

ly easy to prepare and handle with the exception of minor
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difficulties in some recrystallizations. Due to several ’
peptide (amide) bonds and a lack of large alkyl or phenyl
groups they are highly polar and non-hydrophobic in nature.
The compounds all exist as white crystalline solid materials,
moderately soluble in methanol, but only slightly soluble in
water and insoluble in benzene. In the solid state they are
stable and maintain their activity for at least two years,
and may be stored for indefinite periods. However in aque-
ous solution the chloromethyl ketones undergo slow hydrol-
ysis, probably to hydroxymethyl ketones, with a half-life of
ca. 30-40 hr. It appears that the compounds are non-toxic
and unharmful in normal handling, but caution in their use
is advised.

Elastase Inhibition Studies. The series of peptide

chloromethyl ketones acted for the most part as very fine
irreversible inhibitors of pancreatic elastase and leukocyte
elastase. Good pseudo-first-order kinetics, i.e. in which
[T]/[E] > 10, were observed for practically all inhibition
reactions. The specific activity of elastase, expressed as
4 absorbance/min/ug in the initial assay, was 0.010 for the
pancreatic enzyme and 0.006 for the leukocyte enzyme. The
inhibitor solutions were freshly prepared since the peptide
chloromethyl ketones underwent a slow hydrolysis upon stand-
ing in buffered aqueous solution as measured by a decreased
Kopsa ©f inhibition. Also inhibitor solutions éontained 5%

(v/v) methanol to help dissolve some sparingly soluble com-
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pounds such as Ac-Ala-Ala-Ala-AlaCH.,Cl. The reaction con-

2
ditions were selected in order to obtain feasible reaction
rates; both the inhibitor concentration and pH were decreased
to levels as low as practicable so that the rates could be

measured easily and accurately. Values of k were meas-

obsd
ured and corrected for background hydrolysis. In all exper-
iments the reaction was allowed to proceed thru ca. two half-
lives, and the half-lives were adjusted to range from 5 to

60 min.

Table 1 shows the results for the fixed-~concentration
experiments in which pancreatic elastase was inhibited by
five tripeptide and four tetrapeptide chloromethyl ketones.
The tripeptide compounds were noted to be "slow" inhibitors
and were run at pH 6.5 using a 100-fold excess of inhibitor,
while the tetrapeptide compounds were "fast" inhibitors and
were run at pH 5.0 using a 10-fold excess of inhibitor. Al-
though the pH optimum for elastase (esterase) activity is
pH 8.5, fairly rapid inhibition occurred at pH 6.5, and eveﬁ
lower at pH 5.0 with the "fast" inhibitors. One inhibitor,
Ac-Ala—Ala—AlaCHZCl, was run at both pH 6.5 and 5.0 at the
same inhibitor concentration (0.5 mM), to establish a gener-
al correlation between the two solution conditions. This
compound had a kobsd/[I] value which was 4.9 times faster at
pPH 6.5. The second-order rate constant k., .4/[I] is suit-
able only for purposes of approximate reactivity comparisons

among the series of inhibitors (see below). The best pan-
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creatic elastase inhibitor is Ac—Ala—Ala-Pro—AlaCH2Cl; re-
markably, its isomer Ac—Ala—Pro—Ala—AlaCH2Cl is a hon-inhib-
itor.

Table 2 shows the results for the fixed-concentration
experiments in which leukocyte elastase was inhibited by five
tripeptide and five tetrapeptide chloromethyl ketones. Here
the reaction conditions were virtually identical with the
preceding runs in concentration but much smaller in amount
in order to minimize the enzyme consumed. The tripeptide
compounds were generally noted to be "slow" inhibitors and
were run at a 100-fold excess of inhibitor, while the tetra-
peptide compounds were "fast" inhibitors and were run at a
20~-fold excess of inhibitor, all at pH 6.5. Two compounds
were tested, Z-Gly—Leu—PheCH2Cl and Ac~Phe—Gly-Ala—LeuCH2Cl,
which did not match the substrate specificity of elastase.
Due to the little amount of enzyme available (1.6 mg), it
was impossible to perform concentration-dependent inhibition
studies to determine k3/KI and K, values. Slight problems
of reproducibility arose from a lack of enough enzyme for
duplicating all inhibition runs. The best leukocyte elas-
tase inhibitor is Ac—Ala—Ala-Pro—AlaCH2C1, while its isomer
Ac—Ala—Pro-Ala-AlaCHZCl is also an inhibitor. Table 7 is a

tabulation of the pertinent elastase inhibition kinetic re-

sults.

Kinetics of Inhibition. The kinetics of inhibition

of certain enzymes by irreversible inhibitors reveal the
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existence of a reversible complex between enzyme and inhib-
itor preceding covalent bond formation. The reaction path-
way for this inhibition reaction is expressed by eq 5 and 6.
An initial binding step, an equilibrium process, is followed
by the inactivation step, a dynamic rate process. Here E-I

%1 k3
E + I = E-I —_—> E-~I {5)

K. = [E]1[I]1/[E-TI] (6)

represents the noncovalently-bound enzyme-inhibitor complex,
E-I is the covalently and irreversibly inhibited enzyme prod-
uct, K, is the dissociation constant of the E-I complex, and
k3 is the limiting rate of inactivation. Pseudo-first-order
kinetics are achieved for the inhibition reaction if the
initial inhibitor concentration is sufficiently greater than
the total enzyme concentration. In this case kobsd’ the ob-

served first-order rate constant, is given by eq 7 and 8

_ k3[I]
Kopsa = Ko7 1T (7)
K
kl =E£[Ji]+kl* (8)
chsd 3 3

(Kitz and Wilson, 1962; Kurachi et al, 1973).
The most appropriate parameter to compare the relative
reactivity of the various inhibitors is the "inhibition con-

stant"” k3/KI analogous to the catalytic constant kcat/KM‘
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It is comparable to a second—ofder rate constant (kznd)’ If
the inhibitor concentrations used are equal or close to K;
([1] = Ky}, then kobsd/[I] will vary over a range of inhib-
itor concentrations and the kinetic constants k3/KI, k3, and
K; may be determined from a double-reciprocal plot of l/kobsd
vs 1/[I]l. But if the inhibitor concentrations used are much

smaller than KI ([I] « KI), then eq 7 reduces to eq 9,

kobsd/[I] will remain constant over a range of inhibitor

k k
obsd - 3 9)

[T} KI

concentrations, and the kinetic constant k3/KI but not k3 or
KI may be determined.

In the absence of enough information to determine the
inhibition constant k3/KI’ it is possible to compare the re-
activity of a series of inhibitors on the basis of their
relative kobsd/[I] values. This is shown in Tables 1 and 2
for the fixed-concentration experiments. The differences

in the magnitude of k /[{I] for related inhibitors reflect

obsd
chiefly the effect of structural changes on the binding of
inhibitor to enzyme (KI) and on the rate of reaction within
the E-I complex (kj). However, kobsd/[I] values are subject
to distortion from non-linear concentration effects when the
inhibitor concentration is close to the inhibitor K; value

([1] = KI), as is the case for many of the inhibitors. None-

theless the kobsd/[I] values listed are useful for providing
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a rough guide to the relative reactivities of structurally
related inhibitors.

Concentration-Dependent Studies. Table 3 shows the

results for the concentration-dependent experiments in which
pancreatic elastase was inhibited by four peptide chloro-
methyl ketones in a graded series of [I] concentrations. For
each compound a set of eight inhibition runs was carried

out at different concentrations extending over a five-fold
range, with the highest [I] limited by rapidity of reaction
or solubility. For all compounds except Ac-Ala-Ala-Pro-

AlaCH.,Cl the kobsd/[I] values decreased regularly as [I] in-

2
creased over the range of [I], which shows that the [I] val-
ues of the inhibitors were large enough to be within the

region of K. ([I] > 0.1 K;)} (eq 7). Pseudo-first-order ki-~

I
netics were observed for Ac—Ala—Ala—Pro—AlaCHZCl for up to
two reaction half-lives although the ratio of [I]l/[E] < 10.
Yet, second-order rate constants k2nd were calculated from
the data obtained with this inhibitor and are listed in
Table 3 in parentheses. Again one inhibitor, Ac-Ala-Ala-~
AlaCH2Cl, was run at both pH 6.5 and 5.0 over a suitable [I]
range, to establish a general correlation between the two
solution conditions. This compound had a k3/KI value which
was 5.6 times faster at pH 6.5.

The effectiveness of these four inhibitors may now be

compared on the basis of their relative k3/KI values, which

are superior to kgngq/[I1 values for the purpose of corre-
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lating the effect of structural changeé on reactivity. This
is shown in Table 4 for the concentration-dependent experi-
ments. It is apparent from the k3/KI values that the tetra-
peptide inhibitors are more reactive than the tripeptide in-
hibitors by a factor of 10 or more. In general the longer
peptide chain length and increased reactivity of these inhib-
itors are directly related due to an enzymatic condition.

The best pancreatic elastase inhibitor in this series is
again Ac—Ala-Ala-Pro—AlaCHZCl. The k3/KI value for this com-
pound was assumed to be equal to the second-order rate con-
stant k2nd for the reaction, which is valid only under the
condition that [I] « Ks- Since the K; value is likely to be
close to that obtained for Ac-Ala-Ala—Ala-AlaCH2C1 (KI =

0.39 mM), this condition was met in the range of inhibitor
concentrations used with Ac-Ala-Ala-Pro-AlaCH,Cl (([I] < 0.04
mM). This is included only to base its reactivity on the
more rigorous kinetic constant k2nd'

The inhibitor constants K; were obtained for three
inhibitors including Ac-Ala-Ala-Ala-AlaCH,Cl, verifying the
formation of strong enzyme-inhibitor complexes. These con-
stants were measurable since kobsd/[I] varied evenly with
[I] over a range of inhibitor concentrations where [I] > 0.1

K. for almost all [I]. Standard deviations of 5% to 40%

I
were maintained. No Kg value was obtained for Ac-Ala-Ala-

Pro-AlaCH.,Cl because its rapid inhibition rate necessitated

2
the use of small values of [I] such that [I] « Ky, i.e.
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1] < 0.1 KI' Along with K. were found k3 values, the rate

I
of the actual alkylation step.

It should be stated here that one inhibitor, Ac-Ala-
Pro—AlaCH2Cl, was synthesized in order to compare our re-
sults with those reported by Thompson and Blout (1973a).
However, we were unable to reprocduce their k3/KI value of
35 M7l sec™!; our experimental value is 3.8 M™1 sec™d at pH
6.5. The most likely reason for non-agreement involves dif-
ferences in the procedures used for quenching the inhibition
reaction points and for measuring the residual elastase ac-
tivity. In their experiments, aliquots were first gquenched
by dilution into cold buffer followed by measuring of enzy-
matic activity...incomplete quenching of the inhibition re-
action or enzyme adsorption onto glass walls could lead to

high values for k In our experiments, aliquots were

obsd*®
withdrawn directly from the reaction mixture for measuring

of enzymatic activity...slow inhibitor hydrolysis in agqueous
solution or a slight degree of inhibitor racemization could

lead to low values for kobsd‘

Studies with Other Enzymes. Table 5 shows the re-

sults for the experiments in which chymotrypsin and trypsin
were reacted with four peptide chloromethyl ketones in at-
tempted inhibition runs. These proteases are homologous
with elastase but possess different substrate specificities,
Since the reaction conditions were virtually identical with

those used for pancreatic elastase, a direct comparison of
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results is possible. All inhibition reactions (except one)
produced only slight inactivation over a 4-6 hr period for
both chymotrypsin and trypsin, and no kinetic constants
could be determined. Control experiments without inhibitor
showed that both chymotrypsin and trypsin remained almost
fully active during this time period. One inhibitor, Ac-Ala-
Pro-AlaCH,Cl, actually did inhibit chymotrypsin with kobsd/
[I] = 0.12 M~! secl and half-life = 3.2 hr under the condi-
tions employed. However, this inhibition rate is only 3%

of that with pancreatic elastase. In general the compounds
were found to inhibit chymotrypsin and trypsiﬁ at rates of
12 or less of the rates at which they inhibit elastase under
identical conditions. The result is probably also valid at
higher pH values, e.g. physiological pH levels.

In connection with the specificity studies, leukocyte
elastase was reacted with two peptide chloromethyl ketones
corresponding to different protease primary specificities.
The two compounds possessed at P1 a phenylalanine and a leu-
cine instead of the alanine residue usually recognized there.
The chymotrypsin inhibitor Z-Gly-Leu-PheCH,Cl did not have
any inhibitory effect on leukocyte elastase, while the sub-
tilisin inhibitor Ac-Phe-Gly-Ala-LeuCH,Cl was found to in-
activate the enzyme with kobsd/[I] = 0.60 M~1 sec™! and half-
life = 97 min under the conditions employed. Although the
Py-leucine inhibitor is the slowest-acting of the tetrapep-

tide compounds, its inhibition rate is still twice that of
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Ac-Ala-Ala-AlaCH,Cl. Also, the two inhibitors would probably
interact with pancreatic elastase in a similar fashion, al-

though the experiments were not gone back and carried out.



Table 1.

Inhibition of Pancreatic Elastase with

Peptide Chloromethyl Ketones.a

Tnhibitor ———— [1] x 104 Kopsg X 104 Half-life kg 3/[1] Kopag/[ 1]
Py Py P, Py pH (M) (sec™1)P (min) ML sec1) (rel.)€
Ac-Ala~Ala~AlaCH,Cl 6.5 5.0 13.1 9 2.6 1.0
Ac-Ala-Ala-AlaCH,Cl 5.0 5.0 2.6 44 0.53 0.2
Ac-Ala-Pro-AlaCH,Cl 6.5 5.0 20.3 6 4.1 1.6
Ac-Pro-Ala-AlaCH,C1 6.5 5.0 0 - - -
Ac-Ala-Gly-AlaCH,Cl 6.5 5.0 2.3 50 0.47 0.2
Z-Gly-Leu-AlaCH,Cl 5.0 5.0 5.0 23 1.0 1.9
Ac-Ala-Ala-Ala-AlaCH,Cl 5.0 0.5 4.9 24 9.8 18.4
Ac-Ala-Ala-Pro-AlaCH,Cl 5.0 0.5 18.9 6 37.8 71.
Ac~Ala—PrcrAla-AlaCH2Cl 6.5 5.0 0 - - -
Ac-Ala-Ala-Phe-AlaCH5Cl 5.0 0.5 4.2 27 8.4 16.0

QElastase concentration 5 M, 5% (v/v) methanol, at 309,

runs with a maximum spread of * 5%.

6.5 assuming that k,peg

ca. 20% of kg /(1

at pH 6.5.

bAverages of at least three
C“These relative values were calculated for pH
/1] measured at pH 5.0 for some of the inhibitors would be

6t



Table 2.

Inhibition of Leukocyte Elastase with
Peptide Chloromethyl Ketones.a

Inhibitor ——  [I] x 103 kg3 x 102 Half-life  kgeg/[1] kaped/[I1  Kapsa/[I1
P, P, P, P, (™) (sec™1) (min) ML sec™l) (rel.) (rel.)C
Ac-Ala~Ala-AlaCH,Cl 1.0 2.8P 42 0.28 1.0 1.0
Ac-Ala~Pro-AlaCH,Cl 1.0 10.9 11 1.1 4,0 1.6
Ac-Pro~Ala-AlaCH,Cl 1.0 0 - - - -
Z-Gly-Leu-AlaCH,Cl 1.0 20.2 6 2.0 7.3 1.9
2~Gly-Leu-PheCH»C1 1.0 0 - - -
Ac-Ala-Ala-Ala-AlaCH,Cl 0.2 2.0P 59 0.97 3.5 18.4
Ac-Ala~Ala-Pro~AlaCH,Cl 0.2 8.7P 13 4.4 15.8 71.
Ac-Ala-Pro-Ala-AlaCH,Cl 0.2 4.4 26 2.2 8.1 -
Ac-Ala-Ala-Phe-AlaCH,Cl 0.2 2.6 44 1.3 4.8 16.0
Ac-Phe-Gly-Ala-LeuCH,Cl 0.2 1.2 97 0.60 2.2

dElastase concentration 10 uM, 5% (v/v) methanol, at 25° and pH 6.5.
CpData for pancreatic elastase (from Table 1).

inhibition runs.

bAverage of two

0] 4



Table 3. Concentration-Dependent Inhibition of Pancreatic Elastase with
Peptide Chloromethyl Ketones.@

..... — Inhibitor [1] x 104 Kopsg X 10 Kpsa/T 1]
-1 1 ~1
P, Py P, Py pH (M) (sec™) M+ sec™)
Ac—Ala-Ala-AlaCH2Cl 6.5 1.0 3.97 3.97
1.25 4,85 3.88
1.67 6.08 3.64
2.0 7.23 3.62
2.5 8.98 3.59
3.0 10.88 3.62
3.75 13.06 3.48
5.0 15.75 3.15
Ac-Ala-Ala-AlaCH)Cl 5.0 4.0 2.24 0.559
5.0 2.64 0.529
6.7 3.25 0.485
8.0 3.58 0.448
10.0 3.90 0.390
12,0 4,34 0.361
15.0 5.08 0.338
20.0 5.80 0.290
Ac—Ala—Pro—AlaCH201 6.5 0.8 2.94 3.68
1.0 3.46 3.46
1.33 4,21 3.17
1.6 5.09 3.18
2.0 6.26 3.13
2.4 7.44 3.10
3.0 10.16 3.39
4.0 12.50 3.13

18



Table 3. Concentration-Dependent Inhibition of Pancreatic Elastase with
Peptide Chloromethyl Ketones.® (Continued)

—  Inhibitor ——— [1] x 104 K geq X 104 Kopsg/ 1]
p, P, P, P pH (M) (sec™1) ML sec™l)
4 3 2 %1

Ac-Ala-Ala-Ala-AlaCH,Cl 5.0 0.4 3.35 8.37
0.5 3.87 7.74
0.67 4,82 7.20
0.8 5.69 7.12
1.0 7.01 7.01
1.2 8.73 7.27
1.5 10.14 6.76
2.0 11.93 5.96 b

Ac-Ala-Ala~Pro-AlaCH,Cl 5.0 0.08 2.44 30.6 (42.2)
0.10 3.10 31.0 {39.9)
0.13 4,28 32.2 (38.6)
0.16 5.02 31.4 (36.6)
0.20 6.42 32.1 {36.3)
0.24 7.76 32.3 (35.7)
0.30 10.90 36.3 (39.6)
0.40 13.65 34.1 (36.5)

3glastase concentration 5 wM, 5% (v/v) methanol, at 30°. bValues in parentheses are second-order rate
constants kpng. Average k, s = 38.2 Ml sec-l,

v



Table 4. Concentration-Dependent Inhibition of Pancreatic Elastase with
Peptide Chloromethyl Ketones.?@

Inhibitor ————o k3/KIb ky/R; ky x 103 _ KId [1] range
P, Py P, Py | pH Ml sec™l) (rel.)€ (sec™1) () (raM)
Ac-Ala-Ala~AlaCH,C1 6.5 4.2 1.0 6 1.5 (.27) 0.10 - 0.50
Ac-Ala-Ala-AlaCH,Cl 5.0 0.75 - 0.9 1.2 (.06) 0.40 ~ 2.00
Ac-Ala-Pro-AlaCH,Cl 6.5 3.8 0.9 5 1.2 (.48) 0.08 ~ 0.40
Ac-Ala-Ala-Ala-AlaCH,C1 5.0 8.9 11.8 3 0.4 (.09) 0.04 - 0.20
Ac-Ala~Ala-Pro-AlaCH,Cl 5.0 38. 51. - - .008 - .040

%Elastase concentration 5 uM, 5% (v/v}) methanol, at 30°. tﬁbximum standard deviations of *+ 5%. Srhese
relative values were calculated for pH 6.5 assumping that k,/Ky measured at pH 5.0 for same of the in-
hibitors would be ca. 18% of ky/K; at pH 6.5. dyalues in parentheses are standard deviations. . €Average

second-order rate constant kznd from Table 3.

ev



Table 5.

Inhibition of Chymotrypsin and Trypsin with
Peptide Chloromethyl Ketones.?

— Inhibitor [1] x 10% — Chymotrypsin +mpsm
P, By P, P, pH ) Tire (hr) act. (9)®  Time (hr) act. (%)P
ACfAla-Ala-AlaCH2Cl 6.5 5.0 6 62 4 92
Ac—AlarPrcrAJaCH2C1 6.5 5.0 6 28 4 87
Ac-Ala-Ala~-Ala-AlaCHyCl 5.0 1.0 6 100 4 g2
Ac—Ala—Ala-Pro-AlaCHZCl 5.0 1.0 6 100 4 88
Nane 6.5 - 6 100 4 91

8Enzyme concentration 5 uM, 5% (v/v) methanol, at 30°, for both. bEnzyme activity after t (hr) mea-

sured as percent of initial activity at t=0.

144
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CHAPTER IV
DISCUSSION

A selected variety of peptide chloromethyl ketones
were tested as inhibitors of both porcine pancreatic elas-
tase and human leukocyte elastase mostly with excellent re-
sults. The correlation between inhibitor structure and in-
hibitory ability against elastase is the primary finding 6f
this work and the basis for further chemical inquiry.

Development of Elastase Inhibitors. As revealed by

x~ray crystallographic investigations, the active-site re-
gions of the serine proteases chymotrypsin, subtilisin, tryp-
sin, and elastase all show a remarkable degree of homology

in structure (Segal et al, 197la; Robertus et al, 1972;
Stroud et al, 1971; Shotton et al, 1971). This provides the
basis for the proposed uniformity in their mechanism of ac-
tion. The catalytic centers of the enzymes are essentially
identical in composition and conformation, all containing a
charge relay system composed of an activated serine, a histi-
dine, and an aspartic acid residue (Blow et al, 1969). Each
enzyme contains a pronounced binding pocket adjacent to the
catalytic residues, whose dimensions and chemical character-
istics determine the primary substrate specificity. Peptide

chloromethyl ketones containing a phenylalanine at Py (see
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below) have been shown to react specifically with chymotryp-
sin and subtilisin by alkylation of the active-site histi-
dine residue (Segal et al, 197la; Robertus et al, 1972).

The phenyl group of the inhibitor Pl residue is located in-

side the hydrophobic S, binding pocket of chymotrypsin and

1
subtilisin. Also, there is an extended binding region in
which the peptide chain of a tripeptide inhibitor and a
three~-residue section of the enzyme's backbone form an anti-
parallel Af-sheet structure. 1In elastase the Sl binding pock-
et is partially filled by the alkyl side chains of Val-216

and Thr-226 (Shotton and Watson, 1970). It is thus smaller-
sized as compared to those in chymotrypsin and subtilisin,

but the extended binding site is presumably similar. Finally,
the reactivity in solution between chymotrypsin and peptide
chloromethyl ketones has been correlated well with the crys-
tal structure of the inhibited enzyme derivatives {(Kurachi

et al, 1973).

To clarify matters in this section, the use of the
term "elastase” will refer to porcine pancreatic elastase
unless otherwise stated. Near the end of the section is a
sub-section which deals with the results obtained for human
leukocyte elastase. 1In the discussion of the structure-
reactivity relationships of various inhibitors, the notation
of Schechter and Berger (1967) is adopted for describing

peptide binding subsites for proteolytic enzymes. The amino-

acid residues of a substrate (or inhibitor) are designated
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Py, Py, etec., while the corresponding subsites of the enzyme
are designated S§;, 5,, etc. The numbering starts with that
substrate residue just beyond which the peptide bond is
cleaved by the enzyme and proceeds in the N-terminal direc-
tion.. For the alanine peptide chloromethyl ketones listed .
in Tables 1 and 2, the alanine chloromethyl ketone moiety
—AlaCH2Cl is taken to be the P, residue. In addition, the
N-terminal blocking group Z, as in Z-Gly-Leu-AlaCH,Cl, is
considered as a Py residue.

The rationale for designing peptide chloromethyl ke-
tones to be both reactive and specific inhibitors of elas-
tase was to make them resemble normal peptide substrates
such as Ac-Ala-Ala-Ala-OMe. Most of the inhibitors contain
at P1 an alanine residue because elastase has demonstrated
a primary specificity for alanine residues. In addition,
most of the inhibitors contain only alanine and proline res-
idues at P2-P4 since elastin, the natural substrate of elas-
tase, has a high content of alanine, proline, and glycine.
The inhibitors were expected to react with elastase by alky-
lation of His-45, the active-site histidine residue, analo~-
gous to the earlier studies with chymotrypsin and subtilisin.
Finally, an important feature of the peptide chloromethyl
ketones is their extended peptide chain length which is sup-
posed to enhance their reactivity thru an increased inter-
action with the extended binding site of elastase. Similar

results have been obtained for chymotrypsin and phenylala-
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nine peptide chloromethyl ketones (Kurachi et al, 1973).

Effectiveness of Elastase Inhibitors. The experi-

mental results demonstrate that our strategy was successful
for designing Pl-alanine peptide chloromethyl ketones to be
reactive and specific inhibitors of elastase. Most of the
synthesized compounds were found to be highly reactive in-
hibitors of elastase, and acted both rapidly and irreversibly
even at low pH. The best inhibitor, Ac—Ala—Ala—Pro—AlaCHzcl,
has a second-order reaction constant of k3/KI = 166 M"l sec—'l
at 30° and pH 6.5. No direct evidence was produced to indi-
cate that peptide chloromethyl ketones actually react with
His-45, the active-site histidine residue of elastase. How-
ever, it is almost certain that alkylation of His-45 does
take place by analogy with related serine proteases. It is
verified elsewhere that these inhibitors do react with a
histidine residue of elastase (Thompson and Blout, 1973a}).
Furthermore, the peptide chloromethyl ketones were found to
be highly specific for elastase since they were virtually
inactive toward the closely related enzymes chymotrypsin and
trypsin. In support of this, two inhibitors known to be
specific for chymotrypsin and subtilisin were shown to be
much less active toward leukocyte elastase. This specifi-
city renders the inhibitors useful in physiological experi-
ments which require the selective inhibition of elastolytic
proteases in preference to related enzymes. These proper-

ties may help to establish the compounds as potential bio-
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medical reagents.

Structure-Reactivity Relationships. From kinetic

studies, the overall reaction rate between an enzyme and an
irreversible inhibitor is dependent on both the amount of
E-T complex present at equilibrium (i.e. the strength of
binding), and the limiting rate of inactivation within the
E-I complex to give an E-I product (eq 2). The strength of

binding, measured by Kiv is determined by the increase in

E+I#E-I+E-I’+P3 (2)

entropy upon inhibitor binding due to the disruption of water
structure in the enzyme. The velocity of inactivation: mea-
sured by ki, is influenced by the stereoelectronic relation-
ship between enzyme and inhibitor within the E.I complex.

It is apparent that structural differences in a series of
inhibitors could affect both the inhibitor binding (KI) and
the rate of inactivation ({(kj), although these two factors
may not be affected in a self-consistent way. Certain char-
acteristics of the inhibitors will act to increase their
inhibitory capability. The structure-reactivity relation-
ships among peptide chloromethyl ketones may be used to in-
vestigate how certain structural features affect the general
reactivity of these compounds with elastase. A primary pur-
pose of these studies is to learn how to design an optimum
elastase inhibitor having a maximum activity. The inhibitor

structures were reqularly varied thru substitutions of res-
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idues, at Py and P2 to confirm the enzyme's primary and sec-
ondary specificity, and at P5 and P, to examine the enzyme's
extended binding site. The inhibitor reactivities are read-~
ily compared on the basis of relative second-order rate con-
stants, kobsd/[I] and k3/KI, which reflect the combined ef-
fects of both inhibitor binding and enzymatic inactivation.
For four key inhibitors the values of K; and k, have been
individually determined to distinguish the separate effects
of these two factors. Finally it should be noted that the

relative values of k /I[I1 and k3/KI in Tables 1~4 are

obsd
somewhat different at pH 6.5 and 5.0 and thus are classified
as pH-dependent. This indicates that the subsite interac-

tions between enzyme and inhibitor, as well as the extent of

protonation of His-45, are pH-dependent,

P4 Residues. The first notable outcome is that the

reactivity of peptide chloromethyl ketones toward elastase
is strongly affected by the number of residues in the pep-~
tide chain of the inhibitor. Those inhibitors which possess

a P, residue (tetrapeptides) are found to be in general 10-

4
50 times more reactive than those without {(tripeptides).

For example, from k3/KI values, Ac—Ala—Ala—Pro-AlaCHZCl is
50 times more reactive than its tripeptide analog while Ac~
Ala-Ala-Ala—Al&CHzcl is 12 times more reactive than its tri-
peptide analog (Table 4). This substantial difference in

the rates of inhibition is the evidence for an interaction

between the inhibitors and an extended binding site in elas-~
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tase. It is noteworthy that an interaction at P4—S4, this
distant (> 10 ;) from the active site of the enzyme, should
have such a marked effect on the inhibition rate. The ad-
dition of a P4 residue onto the inhibitor thus acts to in-

crease its k3/KI value, and both K_ and k, are affected by

I
the elongation. The Ky value decreases: the K; of Ac-Ala-
Ala-Ala-AlaCH,Cl is three times lower than that of the tri-
peptide analog. This tighter binding of the bound complex
is probably caused by increased hydrogen-bonding and/or hy-
drophobic contacts between the P, residue of inhibitor and
the §, binding subsite of elastase. The k3 value increases:
the k3 for Ac-Ala-Ala-Ala-AlaCH,Cl is three times higher
than that for the tripeptide analog. This acceleration of
the rate of inactivation within the bound complex is some-
how caused by the interaction at Py=Sy. either by minutely
changing the enzyme's active-site geometry or by slightly
altering the inhibitor's conformation. Thus the increase in
the rate of inhibition due to a distant interaction at P4—S4
is caused by both stronger binding and an increased rate of
alkylation within the E.-I complex. With chymotrypsin it was
observed that generally the larger the number of interac-
tions of a peptide chloromethyl ketone with the enzyme, the

larger the overall rate of inhibition (Kurachi et al, 1973}).

Extended Binding Site. A number of studies with pep-

tide substrates have shown that elastase possesses an ex-

tended substrate binding site composed of at least five sub-
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sites (Si and $;-S,) near the catalytic residues. The sub-
strates employed were peptide acids, esters, and amides
(Atlas et al, 1970; Atlas and Berger, 1972; Thompson and
Blout, 1870, 1973c). Since there is a large incremental dif-
ference in reactivity between tri- and tetrapeptide chloro-~
methyl ketones as well as tri- and tetrapeptide substrates
(Thompson and Blout, 1973c¢), it is evident that the inhib-
itors are interacting with the same extended substrate bind-
ing site of the enzyme. Whereas peptide chloromethyl ketones
are excellent inhibitors, simpler analogs e.g. Tos-AlaCH,Cl
and Tos-ValCH,Cl are incapable of inhibiting elastase (Kaplan
et al, 1970). Thus it appears that the occupation of a sub-
stantial portion of the extended binding site by an inhib-
itor is not simply helpful but cbligatory in order to allow
inhibition to take place. An extended peptide inhibitor
presumably binds at this site almost entirely in a produc-~
tive binding mode leading to a maximum inhibition rate.

An explanation for the surprising increase in reac-
tivity of elastase toward peptide amide substrates, caused
by the addition of a P, residue, has been offered (Thompson
and Blout, 1970). The extended binding site is believed to
play a key role in this phenomenon. The binding pocket at
the 5; subsite of elastase is smaller than in chymotrypsin
and results in poorer enzyme-substrate binding since its
occupation by a Pj residue cannot correctly orient the scis-

sile bond as well within the active site. It appears that
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the extended binding site interactions, especially at Py=54
act to properly position the susceptible part of a substrate
or inhibitor for attack within the active site of the enzyme,
possibly thru a conformational change. Thus the filling of
the Sy subsite by a P4 residue yields an anchoring effect.
An "induced fit" enzyme model may be invoked to explain the
enzymatic mechanism for intramolecular transformation of a
distant binding interaction into an increased total reaction
rate (Koshland and Neet, 1968). A conformational change
triggered by binding contacts at an adjacent site can im-
prove the orientation and fit of a substrate or inhibitor at
the active site of the enzyme.

P Residues. Two peptide chloromethyl ketones, Ac-

Ala-Pro-Ala—AlaCH201 and Ac—Pro—Ala—AlaCHzcl, were discov-
ered to be completely unreactive toward elastase under the
standard inhibition conditions. Since both compounds have

a proline as the P3 residue, it would seem to create an un-
favorable interaction with the S, subsite of elastase. Thus
an inhibitor with a proline at P3 is incapable of proddctive
binding to the enzyme, or else it might bind weakly but not
in a conformation leading to enzymatic inhibition. This
could be attributed to the abnormal geometry of proline and
the consequent disruption of stereocelectronic stabilization
in the binding site. Peptide amide substrates were also
found to be unhydrolyzed by elastase and incapable of pro-

ductive binding when a proline at P would interact with the
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S3 subsite of the enzyme (Thompson and Blout, 1973b). 1In a
study of éhymotrypsin hydrolysis of a series of peptide es-

" ters it was noted that a proline at Py caused a 30~fold in-
crease in Ky relative to an isomeric substrate with a proline
at P, (Segal, 1972). This effect is likely caused by a sit-
uation more complex than simple steric interference. One
explanation for this poor binding is that a proline at P3
could disrupt the B-sheet hydrogen-bonding formed between an
extended peptide substrate or inhibitor and a section of
chymotrypsin’s backbone (Segal et al, 197la,b). At present
it can only be speculated that a similar structural situa-
tion underlies the inability of elastase to accept a preoline
in its S35 binding subsite.

P> Residues. The reactivity of peptide chloromethyl

ketones toward elastase is partially affected by the steric
size and character of the P, residue of the inhibitor. The
following approximate relative rate factors are calculated
from the data in Table 1. Among the tripeptide inhibitors,
the kobsd/[I] is approximately equal whether P, is alanine
(Ac-Ala-Ala-AlaCH,Cl) or proline (Ac-Ala-Pro-AlaCH,Cl),

meaning that the two have a similar effect at Py relative
to P, = alanine, when_P

2 2
d/[]:] rises by a factor of 2, but when P, is glycine

is leucine (Z-Gly-Leu-AlaCH,Cl)
kobs
(Ac-Ala-Gly-AlaCH,Cl) it drops by a factor of 5. Among the
tetrapeptide inhibitors, relative to kobsd/[I] for P2 =

alanine (Ac-Ala—Ala-Ala—AlaCHzcl) as the standard, when P2



55

is proline (Ac-Ala-Ala-Pro-AlaCH,Cl) kobsd/[I] increases by
a factor of 4, but when P2 is phenylalanine (Ac-Ala-Ala-Phe-
AlaCH,Cl) it is virtually unchanged. Hence the relative re-
activity of inhibitors with a variety of P, residues can be
approximately represented as follows: Gly < Ala < Pro, Leu >
Phe. The homologous protease chymotrypsin possesses a sec-
ondary specificity for substrates or inhibitors with P2 res-
idues, especially leucine (Boc-Gly-Leu-PheCH2Cl), which have
medium-sized alkyl side chains, due to hydrophobic interac-
tion of the P2 residue with Ilu-199 at the enzyme's S, sub-
site (Kurachi et al, 1973)., Our results suggest that elas-
tase may also exhibit a secondary specificity for inhibitors

with P, residues, e.g. proline (Ac-Ala-Ala-Pro-AlaCH,Cl) and

2
leucine (Z-Gly-~Leu-AlaCH,Cl), which have medium-sized alkyl
side chains. Elastase appears to manifest a definite pref-
erence for such P, residues which may be large enough to
provide a hydrophobic interaction but not too large to foster
steric repulsion. Further studies are necessary to explore
the nature and cause of any secondary specificity under more
inclusive and invariant conditions. According to our limit-
ed results, a proline appears to be optimal for the P2 res-
idue of an elastase inhibitor, and a leucine at P2 seems to
be almost as advantageous. At this juncture, for optimum
reactivity, an elastase inhibitor should contain a Pl ala-

nine, a P, proline or leucine, no P, proline, and preferably

a Py residue,
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Comparison of Inhibitors with Substrates. It is -

worthwhile now to compare certain properties of binding and
reactivity toward elastase for a series of peptide chloro-

methyl ketones with the complementary peptide amides. Scome
kinetic parameters for inhibitors and substrates are listed
in Table 6 (data from Thompson and Blout, 1973b,c}. It may

be assumed that K, and K,, values are largely pH-independent,

M
since the K, for Bz-Ala-OMe is constant from pH 5 to 10
(Hartley and Shotton, 1971). However, k3/KI and kcat/KM
values are highly pH-dependent over this pH range. The K
values for the inhibitors and the Ky values for the sub-
strates are similar overall both in magnitude and the direc-
tion of change upon going from tripeptides to tetrapeptides.
This indicates that both kinds of compounds are probably
binding to elastase in an identical manner. The relative

k4/K; and k /Ky values for the inhibitors (at pH 6.5) and

cat
substrates (at pH 9.0) also display parallel general trends
in their reactivity. In going from tripeptides to tetrapep-
tides, however, the inhibition parameter k;/K; increases by
a factor of ca. 20-30, but the catalytic parameter kcat/KM
increases by a factor of over 100. This indicates that the
addition of a Py residue has a less sensitive effect on the
alkylation of His-45 by peptide chloromethyl ketones than
the acylation of Ser-188 by peptide amides. 1In general,

distant interactions again play their part in the binding

and reactivity of both inhibitors and substrates with elas-
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tase in a similar manner.

From x-ray crystallographic investigations, the ex-
tended binding regions (in addition to the active-site re-
gions) of chymotrypsin and subtilisin show a remarkable de-
gree of homology (Segal et al, 197la; Kraut et al, 1971;
Robertus et al, 1972). It is interesting to speculate that
the extended binding site of elastase is homologous with
those of the other two enzymes. This leads to the proposal
for a common binding scheme among the family of serine pro-
teases, including elastase too. Our results are consistent
with the formation of B-sheet hydrogen-bonding between a pep-
tide inhibitor and the extended binding site of elastase,
analogous in relative orientation and conformation to that
in chymotrypsin and subtilisin. However, a much different
binding scheme is postulated for elastase based on the x-ray
structures of elastase-substrate complexes at 3.5 ﬂ resoclu-
tion (Shotton et 21, 1971). So, an x-ray crystallograﬁhic
investigation of the structural features of elastase inhib-
ited by a peptide chloromethyl ketone seems absolutely nec-
essary for answering many questions about elastase itself
and its relatién to familial proteases. These include ex-
tended binding site interactions, primary and secondary spec-
ificity, and active-site and binding-site homologies with
other proteases. Some work on the x-ray structure of an in-
hibited elastase derivative was started by D.M. Shotton in

1973 but unfortunately it has not been completed yet.
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Human Leukocyte Elastase. A human leukocyte elastase

has been recently isolated and partially characterized, and
it is implicated in the pathology of emphysema, arteritis,
arthritis, and related tissue diseases (Janoff, 1972a). For
the continuing studies of human leukocyte elastase and its
biological behavior, our peptide chloromethyl ketone inhib-
itors have proven very useful. In addition to their fine
reactivity the inhibitors are highly specific for elastolytic
proteases in the presence of other PMN leukocyte enzymes in-
cluding collagenases and other neutral proteases. Therefore
a variety of specific new functions of human leukocyte elas-
tase may now be scrutinized. For example, the digestion of
elastin-rich human lung tissue and rat aortic tissue by a
human granulocyte elastase in vitro is completely inhibited
by Ac—Ala—Ala—AlaCHzcl (Janoff, 1972a). Additionally, the
esterolytic activity of human leukocyte neutrophils contain-
ing three major elastase-like esterases is ca. 80% inhibited
by Ac—Ala—Ala—AlaCH201 (Sweetman and Ornstein, 1974). This
inhibitor was also used for the location of elastolytic en-
zymes on electrophoretic cationic zymograms. The lysing
action by a human granulocyte elastase upon peptidoglycan-
containing cell walls of autoclaved bacteria in vitro is pre-

vented by Ac-Ala-Ala-AlaCH,Cl (Janoff and Blondin, 1973). -

2
Furthermore, the digestion of phagocytosed E. coli proteins
by a human granulocyte elastase is inhibited by Ac-Ala-Ala-

Pro—AlaCHZCl and Ac-Ala—Ala—AlaCHZCl {Janoff and Blondin,
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1974). The ability of human leukocyte lysosomes containing
an elastase to induce cell surface changes in mouse fibro-~
blasts associated with loss of growth control is depressed
by Ac-Ala-Ala-Pro-AlaCH,Cl (Mosser et al, 1973). A number
of further studies on the physioclogical and pathological
functions of human leukocyte elastase using peptide chloro-
methyl ketones are currently in progress.

In closely related work, various newly-found proteases
other than elastolytic enzymes are being investigated with
the aid of peptide chloromethyl ketones. A lysosomal thiol
protease, human cathepsin Bl, was shown to degrade native
collagen, and the collagenase and amidase activity is inhib~

ited by Ac-Ala-Ala~AlaCH,Cl and Ac-Ala-Ala-Pro-AlaCH,Cl

2
(Barrett, 1973; Burleigh et al, 1974). This implies that
human cathepsin Bl exhibits a rather broad substrate spec~
ificity. However, a specific rabbit fibroblast collagenase
which also degrades collagen is not inhibited by Ac-Ala-Ala-
Ala*AlaCH2Cl or Ac—Ala—Ala-Pro—AlaCH2C1 (Werb and Burleigh,
1974).

Structure—-Reactivity Relationships. Another set of

experiments was run by us to determine the structure-reactiv-
ity relationships among peptide chloromethyl ketones in their
interaction with human leukocyte elastase. A slightly ex-
panded group of inhibitors was employed and reactivities are
compared only on the basis of relative kobsd/[I] values.

This kinetic study establishes that human leukocyte elastase
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is distinctly different from porcine pancreatic elastase in
several aspects of its reactivity with the inhibitors. The
results may help to optimize the compounds for eventual use
as potential biomedical reagents.

The tetrapeptides, possessing a P4 residue, are in
general 3-4 times more reactive than the tripeptides; for
example, both Ac~Ala—Ala-Ala-AlaCH2Cl and Ac-Ala-Ala-Pro-
AlaCH,Cl are four timés more reactive than their tripeptide
analogs from kobsd/[I]' Hence the longer the peptide chain
the higher the reactivity (especially P to P4), which is
evidence for an interaction between the inhibitors and an
extended binding site in leukocyte elastase. Although no
information was obtainable, the addition of a P4 residue on-
to the inhibitor probably acts to decrease Ky and increase
k3 the same as before. Almost all of the inhibitors contain
an alanine at Py, €.9. Ac-Ala—Ala—Ala—AlaCHZCl, correspond-
ing to the substrate specificity of elastase for alanine
residues. If Py is phenylalanine as in the chymotrypsin in=-
hibitor 2-Gly-Leu-PheCH,Cl, no leukocyte elastase inhibition
is observed, but if P, is leucine as in the subti;isin in-
hibitor Ac-Phe-Gly—Ala-LeuCHZCl, a small rate of elastase
inhibition takes place. This reinforces the idea that in-
hibitors with an alanine at Pl are fairly specific for elas-
tolytic proteases. The following approximate relative rate

factors are calculated from the data in Table 2. Among the

tripeptide inhibitors, relative to kobsd/[I] for P2 = ala-
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nine (Ac—Ala-Ala~AlaCH2Cl), when P2 is proline (Ac~Ala-Pro-
AlaCHZCl) kobsd/[I] increases by a factor of 4, and when P,
is leucine (Z—Gly—Leu—AlaCHzcl) it increases by a factor of
7. Among the tetrapeptide inhibitors, relative to kobsd/[I]
for P2 = alanine (Ac—Ala-Ala—Ala—AlaCH2Cl), when PZ is pro-
line (Ac-Ala—Ala—Pro—AlaCH2Cl) kobsd/[I] increases by a fac-
tor of 4, but when P, is phenylalanine (Ac-Ala-Ala-Phe-Ala-
CH2C1) it is virtually unchanged. Thus leukocyte elastase
may also possibly exhibit a secondary specificity for inhib-
itors with P, residues, e.g. proline (Ac-Ala—Pro—AlaCHzcl).
and leucine (Z-Gly-Leu-AlaCH,Cl), which have medium-sized
alkyl side chains. 1If P5 is proline as in the tripeptide
Ac—Pro-Ala-AlaCHZCI, leukocyte elastase inhibition is total-
ly blocked, but if P4 is proline as in the tetrapeptide Ac-
Ala-Pro-Ala-AlaCH,Cl, a medium rate of inhibition does take
place. Recall that Ac—Ala-Pro—Ala—AlaCHzcl is a non-inhib-
itor toward porcine pancreatic elastase. Two inhibitors,
Z-Gly-Leu-AlaCH,Cl and Ac-Phe-Gly-Ala—LeuCHZCl, containing
at P, a phenylalanine or benzyloxycarbonyl with a benzyl
side chain, are somewhat more reactive than normally expect-

ed. In the P, position of an inhibitor a large hydrophobic

4
group, e.g. benzyl, appears to be beneficial although fur-

ther studies will be necessary for verification. In conclu-
sion, for optimum reactivity, a leukocyte elastase inhibitor

should contain a Pl alanine, a P, proline or leucine, no P3

2
proline (for tripeptides), and preferably a P, residue.
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Comparison of Two Kinds of Elastase. It is informa-

tive at this point to examine certain inhibition character-
istics of human leukocyte elastase as compared to the well-
known porcine pancreatic elastase (refer to Table 7). The
nature of the differences may provide some insight into
their separate biological functions. First of all, leuko-
cyte elastase reacts substantially less rapidly overall with
this group of peptide chloromethyl ketones than does pancre-
atic elastase as indicated by smaller values of kobsd/[l]
for inhibition, which is most likely due to the lesser spec-
ific activity of the enzyme sample. For leukocyte elastase
the increase in reactivity toward inhibitors is ca. 10-fold
smaller in going from tripeptides to tetrapeptides, which
may indicate differences in the conformation of the extended
binding sites and the effect of the individual subsites on
the catalytic activity of the two enzymes. Secondly, the
structure-reactivity relationships are generally parallel
between the two kinds of elastase and the inhibitors in re-
gard to the structural features required for enhancement of
reactivity for enzymatic inhibition. In particular, the in-
crease in reactivity toward inhibitors with an extra P4 res-
idue, the narrow primary specificity for P; residues such as
alanine, and the secondary specificity for P2 résidues such
as proline and leucine, are common features of both enzymes.
Finally, Ac-Ala-Ala-Pro-AlaCH,Cl is the most effective in-

hibitor tested for both leukocyte elastase and pancreatic
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elastase, and represents our "best” inhibitor. Unusually,
its isomer Ac—Ala—Pro—Ala—AlaCH2Cl is a relatively good in-
hibitor for leukocyte elastase but is completely inactive
against pancreatic elastase, which clearly implies that
these two kinds of enzyme are actually distinct entities.
Further comparisons of the properties of the two elastase
species must await the availability of leukocyte elastase of

higher purity and guantity.



Table 6. Comparison of Kinetic Parameters for a
Series of Inhibitors and Substrates.2

Peptide Chloronethyl Ketone (-CHLCl) ~——— Amide (-NH
P, P, B, B, ky/R? (M1 sec™h) Ky @) Koae/Fyy 01 secl) K, ()
Ac-Ala-Ala-Ala— 4.2 (1.0)4 1.5 13 (1.0 2.5
Ac-Ala-Pro-Ala— 3.8 (0.9) 1.2 21 (1.6) 4.2
Ac-Ala-Ala-Ala-Ala— 50.€ (12) 0.4 2070f (160) 2.9
Ac-Ala-Ala-Pro-Ala— 166.S (51) - 2900T (220) 2.1

%por reaction with pancreatic elastase. bV’alues at pH 6.5. Falues adjusted to pH 6.5. dvalues in

parentheses are relative constants.

1973b}.

el 9.0 (Thampson and Blout, 1973c).

pr 9.0 (Thampson and Blout,

vo



Table 7.

Inhibition of Leukocyte and Pancreatic Elastase with
Peptide Chloromethyl Ketones.2

Inhibitor I ~—Leukocyte Elastase— Pancreatic Elastasg ——
Kahea/[ 1] Kapsa/T 1] Kopsa/ [ 1] Kabsad/[1]  kapsa/11]
P, P, P, P Mw. (M1 sec’l) (rel.)P ol sec7l) (rel.) (rel.)?
Ac-Ala-Ala-AlaCH)Cl  305.5 0.28 1.0 2.6 1.0 9.5
Ac-Ala-Pro-AlaCH,Cl  331.5 1.1 4.0 4.1 1.6 14.7
Ac-Pro-Ala-AlaCH,Cl  331.5 - - - - -
Ac-Ala-Gly-AlaCH,C1 291.5 0.47 0.2 1.7
Z-Gly-Leu-AlaCH,Cl  425.5 2.0 7.3 4.9 1.9 17.9
2-Gly-Leu-PheCH,C1 501.5 - -
Ac-Ala-Ala-Ala-AlaCH,Cl  376.5 0.97 3.5 48, 18.4 175.
Ac-Ala-Ala-Pro-AlaCH,Cl  402.5 4.4 15.8 187. 71. 677.
Ac-Ala-Pro-Ala-AlaCH,C1 402.5 2.2 8.1 - - -
Ac-Ala-Ala-Phe-AlaCH,C1l  452.5 1.3 4.8 42, 16.0 151.
Ac-PheGly-Ala-LeuCH,Cl  480.5 0.60 2.2

3plastase concentration 5-10 uM, inhibitor concentration 0.05-1.0 mM, 5% (v/v) methanol, at 30° and

PH 6.5 . ese two sets of results are on an identical scale.
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CHAPTER V
CONCLUSIONS

In conclusion, the kinetic results demonstrate that
Pl—alanine peptide chloromethyl ketones are fairly reactive
and specific inhibitors for both porcine pancreatic elastase
and human leukocyte elastase. They are reactive and spe-
cific because of their Pl—alanine chloromethyl ketone moiety
plus their substrate-like extended peptide structure. In
addition they are shown to be remarkably specific for elas-
tolytic proteases in preference to chymotrypsin, trypsin, or
collagenase~like enzymes. The elastase inhibitors have been
analyzed for structure-reactivity relationships to gather
important information on the reactivity, specificity, and
extended binding site of elastase and on structural homol-
ogies with related proteases. The tetrapeptides are marked-
ly more reactive (by k2nd) than the tripeptides as irrevers-
ible elastase inhibitors, due to increased binding (KI) plus
a faster rate of inactivation (k3) from interaction with the
enzyme's extended binding site. It appears that elastase
exhibits a secondary specificity for inhibitors with P, res-
idues, e.g. proline and leucine, having medium-sized alkyl
side chains. The most effective elastase inhibitor is found

to be Ac-Ala-Ala-Pro-AlaCH,Cl, and its isomer Ac-Ala-Pro-Ala-

2
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AlaCHZCl is a non-inhibitor for pancreatic elastase but a
good inhibitor for leukocyte elastase, implying that the two
enzymes are different and distinct. From the limited re-
sults, for optimum reactivity, a leukocyte elastase inhibitor

should contain a Pl alanine, a P, proline or leucine, no P

2 3
proline (for tripeptides), and preferably a P4 residue (i.e.
a tetrapeptide). The behavioral analogies of elastase to-
ward peptide substrates and inhibitors support the hypothesis
that the enzyme-inhibitor binding mode leading to alkylation
of His-45 is identical to the productive substrate binding
mode leading to acylation of Ser-188. An x-ray structural
determination of an elastase derivative inhibited by a pep-
tide chloromethyl ketone will be required to establish the
interactions between enzyme and inhibitor. Human leukocyte
elastase has recently been implicated in the pathological
processes associated with pulmonary emphysema, rheumatoid
arthritis, acute arteritis, and other related elastic tissue
diseases. A number of investigations using peptide chloro-
methyl ketones are presently helping to elucidate the char-
acter of these elastolytic proteases and their many physio-
logical and pathological functions. Eventually the inhib-

itors may become valuable in the treatment of these diseases.
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CHAPTER VI
RECOMMENDATIONS

A profitable extension of this work would be to pre-
pare and isclate an inhibited elastase derivative, modified
by attaching a peptide chloromethyl ketone at the active
site. Thus, 20 mg of pancreatic elastase could be 100% in-
hibited by a 10-fold excess of Ac-Ala-Ala—Pro—AlaCHZCl at
25° and pH 6.5 within 1 hr, and the derivative isolated by
gel filtration or chromatography. This product would be
crystallized and used for x-ray structural determination of
the exact modes of interaction between the enzyme and inhib-
itor. A crystallographic investigation may then be a valu-
able complement to those already done for the related pro-
teases chymotrypsin and subtilisin. Another area for fur-
ther efforts is a continuation of kinetic studies on the in-
hibition of elastase with the use of improved, related, or
different kinds of inhibitors. For example, Ac-Phe-Ala-Pro-

AlaCH,Cl may be an extremely good elastase inhibitor as it

2

incorporates many positive features. The beneficial effect

of valine at P. ought to be examined since elastase appears

1
to exhibit a substrate specificity for wvaline at Pl. The
relative effect of various residues at Pl' P2 and P4, and

leaving groups at PJ, on the ability to promote enzymatic
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inhibition needs to be evaluated more rigorously. It is
probably also a good idea to seek to improve the synthetic
procedure and yields for making peptide chloromethyl ketcnes,
especially Ac—Ala—Ala—Pro—AlaCH2C1. The inhibitors could
then be prepared in large gquantities for testing the elas-
tolytic activity of several newly-found leukocyte proteases.
Finally, the detailed medical effects of peptide chloromethyl
ketones on the biological processes in mammalian organisms
must be ascertained carefully and thoroughly. The inhibitors
may subsequently be tested as drug-type agents in humans
against emphysema and related tissue diseases. There is
strong belief that the compounds are reactive enough to in-

hibit leukocyte elastase in vivo if they can be applied to

this task only, so the biggest problem is to ensure that
they are specific enough not to interfere with other criti-
cal biclogical functions in side reactions. The whole field
of enzyme inhibition chemistry has valuable application to
research in medical science. These biological studies can
be performed e.g. by the USFDA to determine the effective-
ness, safety, and ultimate utility of the elastase inhib-

itors.
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APPENDIX

Elastase Activity Assay Procedure. The decreasing ac-

tivity of pancreatic elastase during an inhibition run was
measured according to the general assay method of Visser and
Blout (1972). The substrate solution consists of 0.20 mM
BOC-Ala-ONp in 0.05 M phosphate (pH 6.5) containing 2% diox-
ane, good for up to 3 hr, and 3.0 ml of solution in a stan-
dard uv cell is used for each assay point. A rate of sub-
strate background hydrolysis is determined beforehand, usu-
ally ca. 4A = 0.003 min~l. After the elastase and inhibitor
solutions are mixed together to start the inhibition reaction,
6 to 8 aliquots are removed beginning at 1.0 min.and then at
regular time intervals thru two reaction half-lives.l Each
100 ul aliquot containing 12.5 ug of enzyme is mixed rapidly
into the substrate solution and the release of p-nitrophenol
is followed at 345 nm for 1.0~1.2 min on the uv spectropho-
tometer. A typical assay pattern for an inhibition run with
half-1life t% = 16 min would be at t=1 (tane=2.5), 4%, 8, 12,
17, 22, 28, and 35 min. The rates of hydrolysis as expressed
by tan 6 of the linear traces are probortional to the con-
centration of residual active enzyme. The procedure for
leukocyte elastase is identical in relative concentration
but smaller in amount, with 5 or 6 50 ul aliquots each con-

taining 12 ug of enzyme assayed against 1.2 ml portions of
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substrate solution. In either case the inhibition reaction
is instantly gquenched upon dilution and the initial rate of
hydrolysis is virtually constant.

Reference:

Visser, L., and Blout, E.R. (1972), Biochim. Bicphys. Acta

268, 257.
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SUMMARY

A novel aryl cyanate, Ac-Phe(OCN)-~OEt (N—acetyljg—
cyanato~L-phenylalanine ethyl ester), was synthesized as an
intended reagent for altering the primary substrate specifi-
city of chymotrypsin. This reagent is an effective, active-
site-directed, irreversible inhibitor, moderately reactive
and unusually specific in its modification of chymotrypsin.
The reaction of chymotrypsin Aa with Ac-Phe (OCN)-OEt yields
two derivatives, a N-tyrosyliminomethyl-Cys-1 O-carbamyl-
Ser-195 chymotrypsin Aa (60%), and a further product, a par-
tially trisubstituted chymotrypsin Aa (40%). The active-
site Ser~195 is modified by carbamylation resulting in to-
tal inhibition of enzymatic activity, and N-terminal Cys-1
is modified by isourea formation with inhibitor, but the
binding pocket remains unchanged. Thus the enzyme reaction
is selective in being largely limited to only two reaction
sites, aﬁd its course is virtually identical to the known
reaction with p-nitrophenyl cyanate. However, the initial
attempt at enzyme engineering has failed to create a new
and different species of active enzyme (by carbamylation of
Ser-189 or Ser-190), with a modified binding pocket and an
altered substrate specificity. This result may be caused
by a lack of enzyme-reagent binding with a concurrent bi-

molecular reaction, or an extreme reactivity difference in
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the active~site and binding-site residues. The principal
finding is the necessity to protect the reactive active-site
residues during selective enzyme modification procedures in-
tended elsewhere, e.g. with the aid of a reversible block-
ing technique like an appropriate acyl-enzyme species. The
reaction of chymotrypsin with Ac-Phe (OCN)-0OEt still shows
that aryl cyanates may be established as versatile and valu-

able reagents in protein chemistry.
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CHAPTER 1
INTRODUCTION

This endeavor marks the entrance into a new area of
enzyme chemistry called "enzyme engineering" which deals
with the modification of proteins to suit a specific pur-
pose. Our approach was to try to selectively convert chymo-
trypsin into another enzyme with altered properties. Refer
to the Introduction of this Thesis, Part I, for a background
of proteolytic enzymes and serine proteases, including a
description of the mechanism of catalytic action. These
enzymes are responsible for cleaving peptide bonds at cer-
tain points on polymeric protein substrates.

The serine protease family, containing such enzymes
as chymotrypsin, subtilisin, trypsin, and elastase, pos-
sesses a surprising amount of homologous features. This
includes similarities in crystal structure, active-site
geometry, extended binding site, amino-acid sequence, cata-
lytic mechanism, and biological function. However, the
enzymes may be separated and classified according to the
type of peptide bonds which they preferentially hydrolyze.
The differences among the serine proteases arise princi-
pally from the variations in substrate specificity for par-

ticular kinds of amino acids at the substrate c¢leavage po-
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sition. Each enzyme contains a pronounced pocket adjacent
to the catalytic residues having special dimensions and
steric and electrostatic properties. This binding pocket,
or "tosyl hole"™ (Steitz et al, 1969) at the enzymes's Sy
subsite (notation of Schechter and Berger, 1967) determines
its primary substrate specificity. The enzymes show struc-
tural differences at their primary binding sites to accom-
modate different kinds of substrate Py residues. These
enzyme-substrate interactions are illustrated in Figures 1A
and 2. Thus, in chymotrypsin, the binding pocket is hydro-
phobic and slot-shaped to envelop fully a phenyl group,
which results in specificity for residues with aromatic side
chains, e.g. Phe, Tyr, and Trp. In trypsin, at the rear of
the binding pocket is located the anionic carboxylate group
of Asp-177, which results in specificity for residues with
positively-charged side chains, e.g. Lys and Arg. In elas-
tase, the binding pocket is partially filled with the alkyl
group of Val-216 and hence is smaller in size, which results
in specificity for residues with small alkyl side chains,
e.g. Ala, Ser, and Val. Finally, in subtilisin, the bind-
ing pocket is generally moré flexible and larger in size,
which results in wider specificity for residues with aro-
matic or large alkyl side chains, e.g. Phe and Leu. This
information is based on x-ray structural studies of bound
enzyme derivatives. It should be noted that an enzyme's

overall specificity is determined by the total interaction
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with a substrate including binding contacts along an extend-
ed binding site to aid in binding the peptide portion of the
substrate thru hydrogen-bonding.

Chymotrypsin is a very well-characterized serine pro-
tease, and most of the work on this enzyme has been carried
out on bovine pancreatic chymotrypsin A (EC 3.4.21.1). It
is secreted by the pancreas in zymogen form, chymotrypsinogen
which is activated to chymotrypsin by tryptic splits. The
essential active-site residues in the charge relay system
are Ser-~195, His-57, and Asp-102. X-Ray crystallographic
investigations have determined the three-dimensional struc-
ture of tosyl-chymotrypsin and native chymotrypsin A (Blow
et al, 1969; Blow, 1971; Birktoft and Blow, 1972). Further
investigations have studied the three-dimensional structure
of chymotrypsin A with a variety of bound substrates and
inhibitors (Steitz et al, 1969; Henderson, 1970; Segal et al,
197la,b}. The mechanism of chymotrypsin activity has be-
come almost conclusively established thru a combination of
structural and kinetic studies (Henderson et al, 1971; Hess,
1971). Because of extensive homology this mechanism is be-
lieved to be operative among the entire serine protease
family. As mentioned before, chymotrypsin exhibits a sub-
strate specificity for aromatic residues, and the phenyl
group of a substrate Py residue fits snugly into the enzyme's
binding pocket. The affinity for the Py residue comprises

the primary substrate specificity. This binding pocket or
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"tosyl hole" is a depression ca. 12 x 6.5 x 4 R in size on
the enzyme surface. It is surrounded mainly by sections of
the enzyme's peptide backbone and the side chains of few in-
terior residues e.g. Ser-189 and Ser~190 (Steitz et al, 1969)
(Figure 2). WNear the entrance to the binding pocket is lo-
cated Met-192, an exterior residue susceptible to modifica-
tion. The solid-state structure of chymotrypsin also cor-
relates well with its solution kinetic properties (Xurachi
et al, 1973).

The term "enzyme engineering"” may be applied to de-
scribe the specific chemical transformation of certain re-
gions of an enzyme in order to change some aspect of its
activity or function. The concept inveolves the creation
of a new, different, active enzyme from a suitable existing
enzyme by means of selective chemical modification. 1In
general the purpose is to modify a key but non-essential
secondary site, other than the active site, which could in-
fluence enzyme function. One practical application of this
idea is the alteration of particular residues at the primary
binding site while presexrving the integrity of the catalytic
residues at the active site. The desired result is the for-
mation of a new enzyme having an altered substrate specifi-
city yet with a retained catalytic activity. This route was
taken experimentally in an attempt to engineer a new kind of
enzymatic species originating from chymotrypsin. Such an

enzyme would be not only interesting as a synthetic protein
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but also useful as a catalyst for an appropriate biochemical
reaction, e.g. the specific hydrolysis of a polypeptide. The
possibiiity of altering the functional properties of pro-
teins has relevance for both chemical and medical studies.

As already stated, x-ray investigations etc. have demonstrated
much homology among the serine proteases chymotrypsin, tryp-
sin, subtilisin, and elastase. Hence, it is reasonable to
expect that modifying the binding pocket of chymotrypsin
would merely create a new family member, i.e. a species keep-
ing its catalytic activity but possessing an altered sub-
strate specificity. An assumption inherent in this type of
modification is that no major conformational change would
occur causing a significant change in proteolytic activity.
However a slight change in catalytic abilities would prob-

ably occur, e.g. a small decrease in k concurrent with

cat’
the alteration of specificity.

There have been relatively few previous studies whose
intent was to modify the binding or specificity site of an
enzyme, apart from irreversible inhibition. Moderate changes
occurred in the binding and catalytic properties of chymo-
trypsin upon alteration of Met-192 at the entrance to the
binding pocket. The changes resulted from oxidation of
Met-192 to the sulfoxide by periodate, and alkylation of
Met-192 by B—nitrophenyl N-bromoacetyl-a-aminoisobutyrate

as well as by 2-bromomethyl-3,l-benzoxazin-4-one (Weiner et

al, 1966; Kezdy et al, 1967; Alazard et al, 1973). It was
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found that the binding constants KM for specific substrates
were usually increased, and upon alkylation the enzymatic

acylation rates kc and deacylation rates were affected

at
also. Related experiments have been performed with trypsin
upon alteration of the carboxyl group of Asp-177 at the bot-
tom of its binding pocket. The modification of Asp~177 was
carried out by an N-ethyl-5-phenylisoxazolium salt, tri-
ethyloxonium fluoroborate, glycinamide plus carbodiimide,
and g-nitrophenyl g’—(S,N3—dimethylisothioureido) benzoate
(Feinstein et al, 1969; Nakaya et al, 1970; Eyl and Inagami,
1971; Bodldnder and Shaw, 1971). In most of these experi-
ments the intent was analytical, with virtually no evalua-
tion of the enzyme's altered binding or catalytic behavior.
In a related project, the active-site residue of subtilisin
was converted from serine (an alcohol) to cysteine (a thiol
of resemblant properties), with the result that thiol-sub-
tilisin lost its catalytic activity but not its binding abi-
lity towards normal substrates (Neet et al, 1968).

Another kind of reagent useful for localized modifi-~-
cation includes the carbenes and nitrenes, photo-generated
in gitu from an appropriate enzyme-bound precursor. The
photolysis of diazoacetyl-chymotrypsin A led to carboxy-
methylation by intramolecular carbene insertion into His,
Ser, and Tyr probably at the active site, but only to a 3%

extent (Hexter and Westheimer, 1971). Likewise, the photol-

ysis of a phenylazido reagent bound to chymotrypsin A led
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to tagging of undetermined residues probably in the binding
pocket (Knowles, 1972). Although these reagents are un=-
usually reactive they are not especially specific, and thus
far they have led to the creation of no worthwhile new select-
ively modified enzymes.

It appeared that certain aryl cyanates might be likely
reagents for use as potential specific-site chymotrypsin
modifiers. These compounds have gained utility as moderately
reactive electrophilic reagents in the field of synthetic
organic chemistry (Grigat and Plutter, 1967; Grigat, 1972).
Aryl cyanates or cyanic esters, ArOCN, react with nucleophiles
to form iminocarbonic esters which may be hydrolyzed to car-
bamates as outlined in eq 1. One simple aryl cyanate, p-

nitrophenyl cyanate, has also been -

PH <7 4" HyO Q

Ar-0OCN + H-X ————= AroCXx —/» ArOH + NHZCX {1)
used as an effective enzyme modification reagent. The re-
action of chymotrypsin A with p-nitrophenyl cyanate led to
the formation of mono- and dicarbamyl enzyme derivatives
which were used in x-ray structural studies on the proper-
ties of acyl-enzymes (Robillard et al, 1972)}. This reagent
was found to inhibit chymotrypsin rapidly and irreversibly
by selective attack at only two sites including the catalytic

residue Ser-195. Another related type of compound, an alkyl

isocyanate, was also found to be an active-site-directed
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irreversible inhibitor of chymotrypsin (Brown and Wold, 1973).
The precedent showed that aryl cyanates were reasonably re-
active and fairly specific as protein modification reagents.
The initial purpose of this investigation was syn-
thetic in character--to design and create a new enzyme with
a deliberately altered substrate specificity. In theory
there are several basic approaches which may be taken to
achieve this result. The steric requirements or the electro-
static nature (or both) of the primary binding site may be
changed by placing a sizeable or polar group, respectively,
inside the binding pocket. Likewise, the steric and electro-
static properties of a secondary binding site may be changed
in a similar manner by chemical refinements at a distant
binding site. 1In practice our goal was the selective modi-
fication of the binding pocket of chymotrypsin A by attach-
ing a éarbamyl group to the hydroxyl oxygen of Ser-189 or
Ser-19%90 near the back of the pocket. A carbamyl group in
this location was expected to alter both the space-filling
and hydrogen~bonding character of the pocket toward sub-
strates. We selected Ser-189 and Ser-190 inside the binding
pocket as a target site for modification since they were
the only feasible reactive groups to manipulate in the
vicinity. Met-192 at the opening of the pocket is a target
for several protein reagents but its modification cannot
alter specificity in an easily regulated way.

Our aryl cyanate reagent, Ac-Phe(OCN)-0Et (N-acetyl-
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p-cyanato-L-phenylalanine ethyl ester), was designed to in-
teract with chymotrypsin in a manner both reactive and speci-
fic toward the residues lining the binding pocket. 1In the
synthesis of the substrate analog Ac-Phe (OCN)-0Et, the
hydroxyl group of the substrate Ac-Tyr-OEt is replaced by a
cyanate group (Figure 3). Thus Ac-Phe (OCN)-OEt is rendered
both reactive and specific for chymotrypsin by incorporating
the features of an aryl cyanate group plus a substrate-like
structure. It was supposed to be reactive enough to inter-
act with the unreactive binding-pocket serine groups, yet
specific enough to retain intact the active-site residues.
The desired outcome was the facile and single modification

of a binding-pocket residue in chymotrypsin by carbamylation.
The reagent was expected to bind to the enzyme with a X

M
{or KI) value similar to K,, for the substrate Ac-Tvr-0OEt.

M

Upon binding of Ac-Phe{(OCN)-0OEt, the cyanate group would be
positioned deep within the binding pocket and rather close
to Ser-189 and/or Ser-190 located back there. The low re-
activity of these serine groups would be counteracted by the
proximity of the reactive cyanate group. Under ideal con-
ditions, a reaction would ensue between chymotrypsin A and
reagent to yield the iminocarbonate intermediate followed

by hydrolysis to the desired O-carbamyl-Ser-189 (or -190)
‘chymotrypsin, modified by carbamylation of Ser-189 (or -190)

alone. Hopefully the active-site Ser-195 and catalytic ac-

tivity would remain essentially intact.
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If this kind of "new" enzyme could be easlly made,
it was anticipated to possess a different substrate specifi-
city due to the effect of the carbamyl group in the binding
pocket. Both the steric and electrostatic character of the
Sl binding subsite would presumably be altered. The expect-
ed outcome should be the transformation of chymotrypsin into
an elastase-like protease having a specificity for residues
with small polar or alkyl side chains, e.g. Ser and Ala.

The range of specificity would be determined by kinetic
studies with a series of substrates and inhibitors. For
example, the specificity might shift toward the two amide
residues, Asn and Gln, because of the proper hydrogen-bond-
ing interactions they make with the carbamyl group {(Figure
1B). Otherwise, the specificity might shift toward small
polar alkyl residues, e.g. Ser and Thr, due to the require-
ments for a sterically smaller and possibly polar side chain.
If this result indeed happens then the first trial work in
enzyme engineering will be successfully completed.

This Thesis, Part II, is a report on the synthesis
and reactivity of the aryl cyanate reagent Ac-Phe (OCN)-OEt
with chymotrypsin A and its use as an enzyme modifier. The
modified enzyme derivatives have been characterized in terms
of the resulting site, type, extent, and effect of reaction.
The work will be published a short time after the thesis
date, as a complete article (Powers, Tuhy, and Witter, 1975).

The principal finding is that Ac-Phe (OCN)-0Et is an effective
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inhibitor of the normal catalytic activity of chymotrypsin,
but this is caused by the inactivation of the active-site
Ser-195 rather than the modification of a binding-pocket
serine group. Some explanations and implications for enzyme
engineering are covered, which may lead to eventual mastery

of this potentially powerful enzyme modification technique.
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Figure 1. Diagram of Chymotrypsin A Showing the Active Site
and Binding Site Regions. Note: A comparison of the two
enzymatic binding schemes in (A) native chymotrypsin, and
(B) chymotrypsin modified by carbamylation of a binding
pocket residue {proposed).
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Figure 2., Perspective Drawings of Serine Protease Models
Showing the Active Site Region and the Binding Pocket Site,.
Note: (A) Chymotrypsin A with bound formyl-tryptophan; (B}
Elastase with similarly arranged formyl-alanine. Mark how
the size and shape of the substrate Pl side chain matches
the available space in the binding pocket of the enzyme.
These drawings were deduced from x-ray crystallographic
studies. From Hartley, B.S., and Shotton, D.M. (1971), in
The Enzymes, 3rd Ed., 3, 363.
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Figure 3. Structure and Preparation of the Aryl Cyanate
Reagent Ac-Phe(OCN)-0Et. Note: This is N-acetyl-p-cyanato-
L-phenylalanine ethyl ester, a chymotrypsin inhibitor.
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CHAPTER II
METHODS

Reagents and Materials. Chymotrypsin Aa (lot CDI1BK)

was obtained from Worthington Biochemical Co. and used with-
out further purification; its substrate, Ac-Tyr-OEt, was
synthesized by standard methods and had mp 80-81°. Chymo-
trypsinogen A (lot 111C-8170) and acetyl-trypsin (lot 90C-~2200)
were obtained from Sigma Chemical Co. and used without fur-
ther purification. Diafloultrafiltersused in enzyme con-
centration were purchased from Amicon Corp. Carboxymethyl
cellulose, CM-52 microgranular, was purchased from Whatman
Biochemicals Ltd. Sephadex G-25 and Sepharose 4B were ob-
tained from Pharmacia Fine Chemicals. Potassium [14C] cya-
nide (11.5 mCi/mmole, lot 553-199) and [1C] diisopropyl
fluorophosphate ({(DFP) (110 mCi/mmole, lot 669-016) were ob-
tained from New England Nuclear. Cyanogen bromide, p-nitro-
phencl, 4-phenylbutylamine, and all other reagents and sol-
vents used were analytical grade. Mass spectra were taken
on a Perkin-Elmer Hitachi RMU-7L instrument and nuclear mag-
netic resonance (nmr) spectra were taken on a Varian T-60
instrument. Enzyme inhibition kinetics were performed on a
Radiometer automated pH-stat system (model TTT 11).

p-Nitrophenyl Cyanate, NOZ—Ph-OCN. This compound -
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was synthesized from p-nitrophenol (0.70 g, 5 mmol) and cy-
anogen bromide (0.53 g, 5 mmol) according to the method of
Robillard et al (1972). The product was recrystallized from
carbon tetrachloride to give 0.54 g (65%) of a light yellow
solid, mp 75-76°; Robillard et al (1972) report mp 75-77°.
The mass spectrum showed a major peak at m/e 164 (M+), and
the ir spectrum (nujol mull) showed a cyanide band at 2260
and 2290 cm . |

N-Acetyl- (p-cyanato}-L-phenylalanine Ethyl Ester,

Ac-Phe (OCN) -OEt. Potassium cyanide (0.32 g, 5 mmol) was
dissolved in 5 ml of water and added dropwise t¢ bromine
(0.26 ml, 5 mmol) under 0.5 ml water at 10°, ensuring that
the bromine color was completely discharged. The cyanogen
bromide was extracted into 4 x 5 ml of ether and dried over
magnesium sulfate. A solution of Ac-Tyr-OEt (1.35 g, 5 mmol)
in 20 ml of acetone was stirred at 0°, while a solution of
cyanogen bromide (ca. 5 mmol) in 20 ml of ether was added.
Triethylamine (0.70 ml, 5 mmol, in 5 ml acetone) was added
dropwise over a 0.8~hr period, 5 ml of ether was then added,
and the mixture stirred at 0° for 1 hr. After filtration

of the reaction mixture, the filtrate was evaporated in vacuo
at 25°. Treatment of the yellow o0il twice by adding anhy-
drous ether, stirring, filtering, and evaporating the ether
yielded a crude white solid. The product was crystallized
with difficulty from ethyl acetate-cyclohexane (3:5-3:8) to

give 0.42 g (308) of a white solid, mp 86-87°, [a]2> = +16°
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{c 1, CZHSOH). The mass spectrum showed major peaks at m/e
276 (M+) as well as 217, 192, 189, 161, 132, 107, lo0z, 91

{undesignated}, and the ir spectrum (nujol mull) showed a

cyanide band at 2240 and 2280 cm_l. The nmr spectrum (CDC13)

had peaks at 9 7.3 (4H, s, C6H4)' 6.3 (1H, 4, NH), 4.7 -

(14, m, CH), 4.2 (2H, q, CHZCH3), 3.2 (2H, 4, CHzPh), 2.0

(34, s, CH3CO), and 1.3 (3H, t, CH2CH3). The uv absorption

(C2H50H) showed a doublet peak at 272 and 265 nm. Anal.

14H16N204: c, 60.86; H, 5.84; N, 10.14. Found:

¢, 61.16; H, 5.92; N, 10.22.

Calcd for C

[14C] Ac-FPhe (OCN)-0Et was prepared by an identical
procedure, beginning with potassium [14C] cyanide (5 mmol)
(specific activity ca. 0.1 mCi/mmole). The product yield
was 9.46 g (33%) of a white solid, with a specific activity
of 0.088 mCi/mmole.

Enzyme Activity Assay. Chymotrypsin activity was

measured by the potentiometric assay method using Ac-Tyr-OEt
as the substrate (Wilcox, 1970) with 0.5 N NaOH as titrant.

Kinetics of Inhibition. The reaction of chymotrypsin

with Ac-Phe {OCN)-0OEt was carried out under pseudo-first-
order conditions in an inhibition mixture containing enzyme,
inhibitor, and substrate together. The inhibition kinetics
were monitored on the pH-stat. Stock solutions were pre-
pared as follows: Chymotrypsin, 8 uM or 0.2 mg/ml ~by uv
absorbance in 1 mM HCl; Ac-Phe{OCN)-OEt, 60 mM in dioxane;

and Ac-Tyr-OEt, 1 M in dioxane. To 10 ml of a solution 10
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mM in CaCl.,, and 3% (v/v)} in methanol, was added 0.1 ml each

2
of inhibitor and substrate solutions, and the pH was ad-
justed to 7.5 with 0.5 N NaOH. The inhibition reaction was
started by adding 0.1 ml of enzyme solution to the mixture,
and proceeded for 6-8 min at 25° and pH 7.5. Initial con-
centrations were as follows: chymotrypsin, 0.08 uM; Ac-Phe~-
(OCN)-0Et, 0.6 mM; Ac-Tyr-0OEt, 10 mM; organic solvents, 5%
{v/v); in a total volume of 10 ml., Due to the presence.of
substrate, a continuous monitoring of the reaction was pro-
vided on the pH-stat in the form of a decreasing exponential
curve which yielded kinetic results. Control experiments
were carried out with enzyme plus inhibitor, enzyme plus
substrate, and inhibitor plus substrate under identical con-
ditions. With the aid of computer programs the values of
kinetic parameters, including k3/KI, were determined for the
inhibition reaction, using as a basis the kinetic treatment
of Hart and O'Brien (1973). Standard deviations of less than
5% were maintained throughout.

CM-Cellulose Chromatography. A 70 x 1.2 cm column of

carboxymethyl cellulose CM-52 was re—equilibrated bhefore
each run with 1 £ of 0.05 M potassium phosphate {(pH 6.2).

All operations were performed at 4°. The protein sample was
pumped onto the column and eluted at 0.5 ml/min with a linear
salt gradient of increasing ionic strength. This gradient
consisted of 0.6 R each of 0.05 M and 0.12 M potassium phos-

phate (pH 6.2).
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Affinity Chromatography. An affinity column support

of Sepharose-4-phenylbutylamine (PBA) was prepared according
to the method of Stevenson and Landman (1871) with slight
modification. This is described more completely in the
Appendix. The 50 % 1.2 cm column of Sepharose-PBA was re-
equilibrated before each run with 1 £ of 0.1 M tris (pH 8.0).
All operations were performed at 4°. The protein sample was
pumped onto the column and eluted at 0.6 ml/min with 0.1 M
tris (pH 8.0) using a peristaltic pump. Protein bound to
the column was removed by eluting with 0.1 M tris (pH 8.0)
containing 1 M tetraethylammonium bromide.

Reaction of Chymotrypsin Au with p-Nitrophenyl Cyanate.

O-Carbamyl-Ser-195 chymotrypsin A, was prepared based on the
general method of Robillard et al (1972). Lyophilized chymo-
trypsin A, (100 mg, 4 umol) was dissolved in 10 ml of 0.05

M acetate buffer (pH 4.5) at 25°. A solution of p-nitro-
phenyl cyanate (0.98 mg, 6 umol, 1.5 equiv) in 0.30 ml of
dioxane was added in increments to the enzyme solution.

After the inhibition reaction proceeded for 1 hr at 25° and
pH 4.5, the enzymatic activity decreased to 6.5%. The pH

was raised to 7.6 and oa-toluene-sulfonyl fluoride (0.70 mg,

4 ymol, 1 equiv) in 0.25 ml of dioxane was added to reach
full inhibition; after 1 hr at 25° and pH 7.6, chymotrypsin
was 100% inactivated. Excess reagent was removed by dialysis

at pH 3. The protein mixture was promptly subjected to CM-

cellulose chromatography and two major known derivatives,
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O-carbamyl-Ser-195 chymotrypsin A, (la) and a disubstituted
chymotrypsin Aa (lb), were obtained in a 50:50 ratio (Figure
4A). After concentration the proteins were dialyzed at pH
3. O-Carbamyl-Ser-195 chymotrypsin A, (la) was chromato-
graphed on the affinity column in a second purification step
{Figure 5A) and was isolated as 9.0 mg (9%) of a lyophilized
solid.

Reaction of Chymotrypsin A, with Ac-Phe (OCN) ~OEt.

'Lyophilized chymotrypsin Aa (150 mg, 6 umol) was dissolved
in 10 ml of 0.05 M citrate buffer (pH 6.5) and cooled to 0°.
A solution of Ac-Phe(OCN)-0OEt (9.9 mg, 36 umol, 6 equiv) in
0.30 ml of dioxane was added in increments to the enzyme
solution. After the inhibition reaction proceeded for 2.5
hr at 0° and pH 6.5, the enzymatic activity decreased to
1.5%. Excess reagent was removed by dialysis at pH 3. The
protein mixture was promptly subjected to CM-cellulose
chromatography and two major derivatives, designated 2a and
2b, were obtained in a 60:40 ratio (Figure 4B). After con-
centration the proteins were dialyzed at pH 3. The two
derivatives were chromatographed separately on the affinity
column in a second purification step (Figure 5B) and were
finally isolated as lyophilized solids, 28 mg of 2a and 16
mg of 2b.
The reaction of chymotrypsin A, with [14C] Ac-Phe-

(OCN) -0Et was run in an almost identical manner. Here 7

equiv of [14C] Ac-Phe (OCN) -0Et was used and the inhibition
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reaction proceeded for 4 hr to reach 1.5% enzymatic activity.
The two derivatives were isolated as lyophilized solids, 36
mg of [*%c] 2a and 16 mg of [*%c) 2b.

Preparation of N-Carbamyl-Cys~-1 Chymotrypsin AB' N-

Carbamyl-Cys-1 chymotrypsinogen A was synthesized on a 24
umole scale from chymotrypsinogen A and 5 equiv of p-nitro-
phenyl cyanate according to the method of Robillard et al
(1972). This known intermediate was isolated as a lyo-
philized solid. N-Carbamyl-Cys-1 chymotrypsinogen A was
activated by treating the zymogen (300 mg, 50 pymol, in 14
ml) with acetyl-trypsin (12 mg in 1 ml) in 10 mM CaClz, for
1.5 hr at 0° and pH 7.6. The chymotryptic activity attained
110% by standard assay. The protein mixture was immediately
subjected to CM-cellulose chromatography and a single major
product was obtained in one batch which contained 70% of

the protein applied. After dialysis at pH 3 the enzyme solu-
tion was concentrated to 10 mg/ml and used in subsequent in-
hibition reactions.

Reaction of N-Carbamyl-Cys—1 Chymotrypsin Aqy with Ac-

Phe (OCN) -OEt. Chromatographed N-carbamyl-Cys-1 chymotrypsin

Aa (105 mg, 4 ymol) in 10 ml of solution was adjusted to pH
6.5 by adding 1 ml of 0.5 M citrate buffer (pH 6.5) and
cooled to 0°. A solution of Ac-Phe(OCN)-0OEt (6.8 mg, 24
uymol, 6 equiv) in 0.30 ml of dioxane was added in increments
to the enzyme solution. After the inhibition reaction pro-

ceeded for 3 hr at 0° and pH 6.5, the enzymatic activity de-
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creased to 1.6%. Excess reagent was removed by dialysis at
pH 3. The protein mixture was promptly subjected to CM-
cellulose chromatography, and a single major derivative,
designated 3, was obtained in a peak with a slight left
shoulder (Figure 4C). The elution gradient consisted of 0.6
2 each of 0.075 M and 0.10 M potassium phosphate {(pH 6.2).
After concentration the protein was dialyzed at pH 3. Deri-
vative 3 was chromatographed on the affinity column to aid
in its characterization (Figure 5C) and was isolated as a
lyophilized solid, 30 mg of 3. f
The reaction of N-carbamyl-Cys-l chymotrypsin Aa with

14C] Ac—Phe (OCN)-0OEt was run in an almost identical manner.

[
Here 6 equiv of [14C] Ac-Phe (OCN) -OEt was used and the in-

hibition reaction proceeded for 3 hr to reach 1.6% enzymatic
activity. The lone derivative was iscolated as a lyophilized

solid, 28 mg of [Y4c] 3.

Amino Acid Analyses. A total acid hydrolysis was

carried out prior to analysis by hydrolyzing 5 mg of pro-
tein sample in 2 ml of 6 N HC1l for 25 hr at 110° in a de-
aerated, evacuated tube. The hydrolyzate was evaporated and
stored in agqueous solution. Amino acid analyses were per-
formed by Dr. Kenneth Hapner at Montana State University and
Dr. Kenneth Stevenson at the University of Calgary, Alberta.

14C Specific Activity Radioassay. The specific ac-

14

tivity of C-labeled reagents and proteins was determined

by measuring the 14C content of a sample using a Packard
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Tri-Carb liquid scintillation spectrometer (model 3375), and

14C content to the sample concentration as

relating the
measured by weight basis (reagents) or uv absorbance at 282
nm {proteins). An agqueous sample sclution ( 1 ml) was added
to 10 ml of scintillant and duplicate sample groups were
counted at 4°; for 3, a counting rate of 5400 cpm/mg was
typically observed. The scintillant used for the radio-
assays contained 7.50 g of 2,5-diphenyloxazole (PPO), 375

mg of 1,4-bis[2-(5-phenyloxazolyl)] benzene (POPOP), and
125 g of naphthalene made up to 1.0 £ 1,4-dioxane. A count-
ing efficiency of ca. 80% was always maintained as indicated

by a [14C] toluene internal standard.

Reaction of Chymotrypsinogen A and Enzyme Derivatives

with [14C] DFP. Diisopropylphosphoryl-(DIP-) chymotrypsino-

gen A was prepared based on the general method of Morgan et
al (1972). [14C] Diisopropyl fluorophosphate (DFP) possessed
a nominal specific activity of 0.188 mCi/mmole. [14C] DFP
(7.3 mg, 40 uymol, 100 equiv) in ethylene glycol was added
to a solution of chymotrypsinogen A& (10 mg, 0.4 pmol) in 1
ml of 0.25 M KC1-0.05 M CaClz. The inhibition reaction was
stirréd for 12 hr at 25° and pH 7, the pH being kept at 7
by periodic addition of 1 N KOH. All excess [14C] DFP was
removed by gel filtration on a 50 x 1.2 cm column of -
Sephadex G-25 equilibrated with 0.02 M formate (pH 3.8).
DIP-Chymotrypsinogen was isolated as 7 mg of a lyophilized

solid and tested separately for 140 content and activatibility.
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Chymotrypsinogen A and DIP-chymotryps$inogen were activated
by treating the zymogen (2.8 mg, 0.56 umol, in 4.5 ml) with
acetyl~trypsin (0.26 mg in 0.5 ml) for 2 hr at 0° in 0.1 M
tris (pH 7.6). The chymotryptic activity of the former
attained 110% by standard assay.

The reactions of chymotrypsin derivatives 2a and 3
with [14C] DFP were run in an identical manner under these
vigorous conditions. The two assumed DIP-products were iso-

14C content, employing the [l4C] DIP-

lated and tested for
chymotrypsinogen as a standard. They were also expected to

become or remain enzymatically inactive.
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Chymotrypsin A+ Chymotrypsin A +
Ac-Phe (OCN) -OEt (141 Ac-Phe (OCN)-OEt
1. CM-cellulose 1. CM-cellulose
chromatography chromatography
2. concentration 2. concentration
\ v ‘
Two Products Two [14C] Products
3. affinity 3. affinity
chromatography chromatography
4. lyophilization 4. lyophilization
A 4 v
Derivatives Derivatives
2a + 2b [14C] 2a + [14C] b
2a + 2b » tcr 2a + (%) 2p -

1. activity assay
2. amino acid analysis 4, 14C radioassay
reaction with DFP

Scheme 1. Experimental Isolation and Analysis of Za and Zb.
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CHAPTER III

RESULTS

Inhibition of Chymotrypsin by Ac—Phe (OCN)-0Et. The

aryl cyanate reagent Ac-Phe (OCN)~OEt was synthesized by re-
action of Ac-Tyr—-OEt with cyanogen bromide in a straightfor-
ward one-step cyanation procedure in 30% yield. Its struc-
ture was confirmed by mass spectrum, ir, nmr, uv, and com-
bustion analysis and it was assumed to retain its optical
purity. In preliminary experiments Ac-Phe (OCN)-0OEt was dis-
covered to inactivate chymotrypsin rapidly and irreversibly.
It turned out to be a reasonably effective stoichiometric
inhibiteor of chymotrypsin, presumably by interaction of the
cyanate group with the enzyme. The inhibition reaction is
pH-dependent and proceeded with maximum velocity at pH 6 to
7, while the velocity dropped sharply outside pH 5 to 8.

The reaction conditions could be controlled in a way to pro-
duce modified enzyme derivatives on a preparative scale.

Kinetics of Inhibition. A three-component reaction

system consisting of chymotrypsin, inhibitor, and substrate
together was employed to determine the inhibition kinetics
due to the rapidity of the inhibition reaction. This method
is based on the theoretical derivations of Main and Dauterman

{(1963) and Hart and O'Brien (1973). If the inhibition re-



101

action is preceded by a binding step with the formation of
a reversible enzyme-inhibitor complex, then the overall path-

way is expressed by eq 2. However, if the inhibition .

Ks
—'-)

E+I+85 =y (2)
X1

; E.s —2ty g 4+ P

E+ I+ 5 ~— (3)
k
2nd E-T

reaction is a simple bimolecular process without the forma-
tion of an enzyme-~inhibitor complex, the overall pathway is
expressed by eq 3. Here E+I and E*S are the noncovalent
enzyme complexes with inhibitor and substrate, E-I is the
covalently and irreversibly inhibited enzyme derivative, KI
and KS are the dissociation constants for E+«I and E-+S, k3

is the limiting rate of inactivation, and k2nd is the second-
order rate of inhibition. The "inhibition constant" k3/KI
from eq 2 is the comparable quantity to k2nd from eq 3.
Pseudo-first-~order kinetics are achieved if both the initial
inhibitor and substrate concentrations are much greater than
the total enzyme concentration. In this case the kinetic
constants k3/KI, k2nd' and K, are given by eq 4-6. Here

k is the observed first-order rate of inhibition, a =

obsd
[S]/(Ks + [s]), Ky is an approximation for Ke and V_ and

VC are the initial velocities of substrate hydrolysis with
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k v _/V
3 = k c o (4)
KI obsd TI1 (I-a)
2nd obsd [I] (1l-a)
K = 1I] (l-Ct) (6)
I VC7VO-1

and without inhibitor present respectively. If VO < Vc the
inhibition reaction proceeds via a pre-equilibrium process

as in eqg 2, and values for k3/KI, k3, and K, may be found.

I
However, if Vg = Ve the inhibition reaction is a bimolecular

process as in eq 3, and only a value for k may be found.

2nd
It is apparent that the limit of k3/KI is k2nd as V, ap-
proaches Vc, i.e. as Vc/VO goes to unity.

The inhibition experiments were run under pseudo-
first-order conditions in which [I]1/[E] > 7500, and pro-
ceeded thru at least three half-lives. A value of Ky = 2.0
mM for Ac-Tyr-OEt was observed with our set of conditions.

A contrcl experiment with enzyme plus inhibitor alone showed
that the ester group of Ac-Phe (OCN)~OEt was not undergoing
appreciable hydrolysis. Other control experiments yielded
values for Vc and the slow rate of background hydrolysis.

In the treatment of the pH-stat data the exponential curve

was fitted to a general formula (eq 7) using a non-linear

(exponential) curve-fitting computer program, thereby find-
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£(t) = a + be" " T (7)
ing values for a, b, and r (where 0 < r < 1). The inter-
mediate parameters kobsd and Vo are directly related to a,
b, and r, namely, kobsd = -In r and VO = -a 1ln r. Finally,

kobsd and VO were substituted into eq 4-6 to determine values

for k3/KI' k and K. as appropriate. The lower limit of

2nd’ I

a measurable difference between VO and Vc was set at VC/VO =

1.05, which corresponds to an upper limit for calculable K

I
at K; = 2.0 mM for the inhibitor. It was observed that
V,/V, < 1.05 but not V_/v_ = 1.00.

For the inhibition reaction involving chymotrypsin
(0.08 uM) and Ac-Phe{OCN)-0OEt (0.6 mM) at 25° and pH 7.5,
the kinetic constants k2nd = 4.4 x 103 Malmin"l and half-
life = 1.6 min were obtained. These kinetic results are
listed in Table 1 and represent the average values. No K.

value could be reliably obtained but if existent it must be
greater than 2 mM. Increasing the upper limit for calcu-
lable K. would have required raising the inhibition concen-

tration [I] and the reaction rate k beyond the range for

obsd
practical kinetic analysis. The reaction is most likely a
direct bimolecular process without an initial binding step,
since Vd/vo is approximately equal to 1.0. Alternatively,
the reaction may proceed via a pre~equilibrium process but

the enzyme-inhibitor complex would be relatively weak, i.e.

]
KI 2 mM.,
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Reaction of Chymotrypsin Aa with Ac-Phe (OCN)-0OEt. -

Relatively mild reaction conditions were used for the pre-
parative work to decrease the hydrolysis rate of the inhibi-
tor's cyanate group to a carbamate and to minimize non-speci-
fic side reactions. Three criteria were stressed: low tem-
perature, moderate pH, and a fairly small excess of inhibi-
tor. Nevertheless, the conditions were sufficient to achieve
98% inhibition within 2.5 hr. Two modified enzyme deriva-
tives were obtained, 2a (60%) and 2b (40%) as the only ma-
jor products, and were separated by CM-cellulose chromato-
graphy and purified by affinity chromatography. They were
prepared in both unlabeled and 14C-labeled form in 15-30

mg batches. Derivative 2a was consistently isolated as the
predominant product and was eluted from the CM-cellulose
column at a somewhat higher (x*1 region than 2b (Figure 4B).
By analogy with O-carbamyl-Ser-195 chymotrypsin Aa (la) and
the disubstituted chymotrypsin A (b}, this indicates that
2a could be less highly substituted than 2b.

An experiment was carried out to determine the stabi-
lity of the enzyme derivatives in solution for a 24-hr period
at 25° at various pH levels. Protein samples were assayed
for changes in residual enzymatic activity after 24 hr rela-
tive to initial activity. The initial activity corresponded
to ca. 2% of normal chymotryptic activity. Both 2a and 2b
showed little change in activity (less than 10%) upon re-

maining at pH 3.0 and 6.5 but not at pH 10. This indicates
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irreversible inhibition, i.e. active enzyme could not be
regenerated from the modified derivatives.

Amino Acid Analysis. After chymotrypsin was reacted

with Ac-Phe (OCN}-~0OEt an amino acid analysis was performed

on the enzyme derivatives to ascertain their tyrosine con-
tent. Upon total acid hydrolysis, the Ac~Phe (OCN)-0OEt moiety
should liberate a tyrosine residue. If the entire inhibitor
were attached to the derivative somehow then the presence

of at least one extra tyrosine would be revealed, whereas

if only a carbamyl group were attached upon hydrolysis then
no extra tyrosine would appear. As shown in Table 2 the
former case is true. A complete amino acid analysis was
performed in each case but the calculation for Tyr was made
by comparing the size of the Phe and Tyr peaks assuming that
the Phe peak corresponded to 6 residues. Chymotrypsin gave
4 tyrosines per molecule as expected (Wilcox, 1970), while
derivative 2a had 5 tyrosines and 2b had an unusual 5-1/2
tyrosines. Therefore derivative 2a must possess as one of
its structural features an entire inhibitor molecule linked
to one site on the enzyme.

Incorporation of 14C. After chymotrypsin was reacted

with [14C] Ac-Phe (OCN) -OEt the enzyme derivatives were .
radioassayed for 140 content to determine the stoichiometry
of reaction. The 14C—labeled cyanate carbon should remain

connected to the enzyme whether the entire inhibitor is at-

tached as above or hydrolyzed to a carbamyl group. The
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counting results are shown in Table 3; it turns out the ap-
proximate stoichiometry of reaction is observed to be I:E =
2:1. Both derivatives 2a and 2b had incorporated slightly
more than two moles of 14C-inhibitor per mole of enzyme,
with the excess attributable to non-specific side reactions.
Therefore derivative 2a, as well as 2b, must have resulted
from reaction of the inhibitor at two different and separate
sites on the enzyme. From the results it is apparent at
this point that derivative 2a must possess an entire inhibi-
tor molecule attached at one reaction site and a carbamyl
group at the other site. These two sites are very likely

but not necessarily the same in 2a and 2b.

Reaction of Chymotrypsin AOE with p-Nitrophenyl Cyanate.

Two modified enzyme derivatives were obtained, O-carbamyl-
Ser-195 ("monocarbamyl") chymotrypsin Aa (la, 50%) and a
disubstituted chymotrypsin A (1b, 50%) which was regarded
to be N-Ejnitrophenoxyiminomethyl-Cys-l O-carbamyl-Ser-195
chymotrypsin A, as the only major products. Derivative lb
was hydrolyzable to N-carbamyl-Cys-1l O-carbamyl-Ser-195
{"dicarbamyl") chymotrypsin Aa upon treatment at pH 10,
analogous to dicarbamyl-chymotrypsin Aq (Robillard et al,

1972).

Affinity Chromatography. The binding properties of

the enzyme derivatives upon a Sepharose 4-phenylbutylamine

(PBA) affinity column were examined to determine if any
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binding-pocket residues were modified by reaction with Ac-
Phe (OCN}-OEt. O-Carbamyl-Ser-195 chymotrypsin AOL (la) was
prepared as a model in order to check the proper operation
of the affinity chromatography. Chymotrypsinogen A, with
its binding site blocked, passed thru the affinity column
upon elution with 0.1 M tris (pH 8.0), while O-carbamyl~Ser-
195 chymotrypsin Aa' with its binding site intact, was most-
ly bound to the affinity column until eluted with buffer of
high ionic strength (Figure 5A). The binding is due to
chymotrypsin's disposition for a phenyl group in its bind-
ing pocket. Both derivatives 2a and 2b were mainly retained
on the affinity column upon elution with ¢.1 M tris (pH 8.0)
and were not removable until eluted with buffer of high ionic
strength (Figure 5B). This is evidence that 2a and 2b pos-
sess unaltered binding sites and normal binding capacities
towards substrate-like aromatic groups. Minor proportions
of all the chromatographed enzyme derivatives were unre-
tained and probably consisted of denatured or fragmented
protein.

Reaction with [14C] DFP. Knowing that the binding

site appeared to be unaltered, it was suspected that one of
the two reaction sites of chymotrypsin with Ac-Phe (OCN)-OEt
might be at the active-site catalytic residue. After un-
labeled derivative 2a was reacted with [l4C] DFP the result-~
ing product was radicassayed for 14C content to quantitate

the incorporation of DFP. For serine proteases, DFP is a
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powerful inhibitor which reacts solely with the active-site
serine residue (Hartley, 1960} in both active enzyme and
zymogen. If derivative 2a were previously modified at active-
site Ser~195 then it would not react further with DFP, where=-
as if 2a were modified with its active site still intact
then it probably would be inhibited by DFP. As shown in
Table 3 the former case is true. Chymotrypsinogen A incor-
porated ca. 1 equiv of DFP; it reacts very slowly with DFP,
k, 4 = 0.105 M ' min " at 25° and pH 7 (Morgan et al, 1972).
Under identical conditions, derivative 2a incorporated only
0.2 equiv of DFP, and even this is probably due to non-speci-
fic interaction. The unfortunate conclusion is that one of
the two reaction sites in derivative 2a is at the active-
site Ser-195.

The [14C] DFP reagent was actually only 63% DFP as
demonstrated by the following experiment. Chymotrypsinogen
A was reacted with [l4C] DFP as usual and after the standard
activation to chymotrypsin, it was found to be 92% inacti-
vated by DFP. However, the same DIP-chymotrypsinogen ex-
hibited only 58% incorporation of 14C. Similar results were
obtained beginning with chymotrypsin A and [l4C] DFP. Accord-
ingly, the values for [14C] DFP in Table 3 have been in-

creased by a factor of 92/58 from the experimental values.

Preparation of N-Carbamyl-Cys-1 Chymotrypsin Aa. In

turn it was suspected that the second reaction site with

chymotrypsin in the Ac-Phe(QOCN)-OEt reaction was at the N-
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terminal oa-amino residue, analogous to that in derivative lb.
Hence, chymotrypsin was first protected with a N-terminal
blocking group and then treated with Ac-Phe(OCN)-OEt. The
expected product would arise from reaction only at Ser-195
since Cys-1 was now shielded. 1In order to maintain active-
site Ser-195 intact, chymotrypsinogen A was modified by p-
nitrophenyl cyanate yield N-carbamyl-Cys-1 chymotrypsinogen
A, a previously made material (Robillard et al, 1972). Upon
rapid activation with acetyl-trypsin the zymogen was con-
verted to N-carbamyl-Cys-1 chymotrypsin A8 (d-form) (Miller
et al, 1971). The 3-form differs little in reactivity at
Ser-195 than the a-form used in the previous experiments.

Reaction of N-Carbamyl-Cys-1 Chymotrypsin Ay with

Ac-Phe (OCN) -OEt. The reaction conditions were virtually

identical with those used in the preparative inhibition of
chymotrypsin Au' and 98% inhibition was achieved within 3
hrs. Only one main modified enzyme derivative was obtained,
3, and again it was prepared in both unlabeled and 14C—
labeled form. Iits CM-cellulose column elution peak (0.083

M K+) was very near to the position for derivative 2a (0.085
M K+) and displayed a slight left shoulder which could not
be resolved despite a gradual [K+] gradient (Figure 4C).
Since one reaction site on the starting enzyme was already
modified, Cys-1, there were two other probable locations

left at which reaction could have occurred, in the binding

pocket or at Ser-195. Derivative 3 was mainly retained on
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the affinity column upon elution with 0.1 M tris (pH 8.0)
(Figure 5C), which implies that, as in 2a, the binding site
is unaltered.

An amino acid analysis of derivative 3 revealed that
it contained 4 tyrosines per molecule {(Table 2), meaning
that no additional tyrosine moieties were introduced from
the inhibitor. This points to a carbamyl group as a struc-
tural feature of the protein. When N-carbamyl-Cys-1 chymo-
trypsin A was reacted with [140] Ac-Phe (OCN) -OEt, derivative
14

C-in-

3 was found to incorporate approximately one mole of
hibitor per mole of enzyme (Table 3). In this case the in-
hibitor had reacted with only one site on the enzyme. When
unlabeled derivative 3 was subsequently reacted with [l4C]
DFP, the product was found to incorporate only 18% as much

DFP as chymotrypsinogen A did (Table 3), much like 2a. There-
fore the single reaction site in derivative 3 is clearly at
the active-site Ser-195. Finally, the conclusion with re-
spect to derivative 2a is that one of its reaction sites

with the inhibitor is at the active-site Ser-195 and the

other site is at the N-terminal Cys~l. For 2b the same con-

clusions may be drawn about two of its reaction sites.
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Figure 4. C(CM-Cellulose Chromatograms of Chymotrypsin A
Derivatives. Note: (A) O-Carbamyl-Ser-195 chymotrypsin Aa
(la) and the disubstituted chymotrypsin Aa (1b) (Robillard
et al, 1972), eluting at 0.105 M K’ and 0.095 M K*; (B)
Derivatives 2a and 2b, from the reaction of chymotrypsin Au
with Ac-Phe (OCN)-OEt, eluting at 0.085 M K and 0.074 M X'}
(C) Derivative 3, from the reaction of N-carbamyl-Cys-1

s with Ac-Phe(OCN)-0Et, eluting at 0.084 M
K*. The elution points refer to the center tube for each

chymotrypsin A

peak in the chromatograms. In each case 70-80% of the total
protein applied to the column eluted in the major peaks.
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Figure 5. Affinity Column Chromatograms of Chymotrypsin A
Derivatives. Note: The column consisted of Sepharose-4-
phenylbutylamine. (A) O-Carbamyl-Ser-195 chymotrypsin Aa
(1a) (—), (Robillard et al, 1972), mostly retained, and
chymotrypsinogen A (ChTG) (--), unretained; (B) Derivatives
2a (—) and 2b (--), from the reaction of chymotrypsin Aa
with Ac-Phe(OCN)-0Et, both mainly retained; (C) Derivative
3, from the reaction of N-carbamyl-Cys-1 chymotrypsin AG
with Ac-Phe(OCN)-0Et, mainly retained. Arrows mark change
to an eluent of 1 M TEAB. In each case 60-70% of the total
protein applied to the column eluted in the major peak.



Table 1. Inhibition Kinetics of Chymotrypsin A with Ac-Phe (OCN)-OEt.2

Kinetic Parameter Run 1-1 Run 2-1 Run 2-2
(11, M 8.0 x 10”2 6.0 x 102 6.0 x 1074
[E], M 8.0 x 108 8.0 x 10°° 8.0 x 10 2
s1®, m 1.0 x 1072 1.0 x 1072 1.0 x 1072
a¢ 10.95 14.46 14.26
B 10.89 14.36 14.16
R 0.758 0.802 0.808
V_, units min~t 6.89 6.89 6.89
V_, units min~t 6.62 6.75 6.74
Vc/V0 1.04 1.02 1.02
1 . =1
kobsd x 107, min 5.54 4,42 4,26
Half-1life, min 1.25 1.57 1.63
ky/Kp x 1073, ML min~t 4.33 4.50 4.34
d
KI,M - - -
aReaction in 5% (v/v) methanol at 25° and pH 7.5. b S is Ac-Tyr-0Et, = 2.0 mM, ﬁ
o = 0,833, A,B,R are coefficients in the equation of the curve. is indeter- w

minate since VC/VO < 1.05, meaning that K, > 2 mM.

I
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Table 2. Amino Acid Analysis of Enzyme Derivatives
Modified by Aryl Cyanate Reagents.

Residue  theory®  ChT®  1a© 2a 2b 3
Tyr 4 3.89  3.86 4,98  5.42  3.98
Phe 6 6.0 6.0 6.0 6.0 6.0

4values predicted from the amino acid sequence of bovine
chymotrypsin A. bControl run. SValues reported as umoles
of amino acid per pmole of protein; calculation based on

Phe = 6.0 ymoles per umole of protein.

Table 3. 14C Incorporation into Enzyme Derivatives

Reacted with Ac-Phe(OCN)-0OEt and DFP.

Reagent DIP-ChTG®  2a” 2b 3
(14C1 Ac-Phe (OCN) -OEt - 2.08 2.39 1.13
(1%cy prp 0.92 0.20 .- 0.18

qcontrol run for [-%C] DFP. Pvalues for all products re-
ported as the molar ratio of 14C to protein, based on the

specific activity of the reagent.
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CHAPTER IV
DISCUSSION

The direction of our efforts in enzyme engineering
was pointed towards the development of a new species of
enzyme with the only difference being a modified primary
binding site. The specific goal was the modification of the
binding pocket of chymotrypsin via a carbamylation reaction
using an aryl cyanate reagent. Our rationale in designing
Ac-Phe (OCN)-0OEt to be both a reactive and specific reagent
for this task was to equip it with a labile cyanate group
plus a substrate-like structure. It was expected to car-
bamylate a Ser-189 or Ser-190 group inside the binding pock-
et and to change the stereocelectronic environment. The an-
ticipated result was the formation of an active enzyme, a
chymotrypsin derivative with an altered substrate specifi-
city. Since the serine proteases exhibit a high degree of
homology and differ mainly in their specificities, it was
hoped that this modification would easily lead to an extra
member oOf the enzyme family. If such an engineered enzyme
had been successfully obtained, it would have been charac-
terized to define its specificity and activity. The over-
all value of this work lies not only in the techniques for

¢reating this kind of enzyme but also in the potential cat-
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alytic utility of the product.

The experimental final outcome is that the desired
product was plainly not obtained, namely a chymotrypsin deri-
vative modified at the primary binding site. Although this
situation may be classified as a failure to achieve a posi-
tive result, we feel that the idea of enzyme engineering may
be viable in better circumstances.  This term "enzyme en-
gineering" has acquired a different meaning in the recent
literature which should not be confused with the definition
herein. There it describes an interdisciplinary field deal-
ing with the application of immobilized enzyme technology
to industrial reactions, commercial processes, analytical
and medicinal chemistry, etc.

Proposed Chymotrypsin Reaction Sites. It was recog-

nized at the outset that the reaction of chymotrypsin A with
Ac-Phe (OCN) -OEt could yield a variety of possible products
and not just one derivative modified at the binding site.
The justification for proposing certain structures is based
on the previous results of the reaction of chymotrypsin A
with p-nitrophenyl cyanate (Robillard et al, 1972). We ob-
tained similar results in repeating a few of these experi-
ments for analytical purposes. Hence, chymotrypsin Aa re-
acts with Efnitrophenyl cyanate to yield predominantly O-
carbamyl-Ser-195 chymotrypsin Aa, modified by carbamylation
at Ser-195 (although our experiments gave a mixture of this

primary product la and a disubstituted chymotrypsin Aa 1b).
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Chymotrypsin Aa reacts differently with Efnitrophenyl cya-
nate to yield exclusively N—Ejnitrophenoxyiminomethyl—Cys—l
O-carbamyl-Ser-195 chymotrypsin Aa' modified by isourea for-
mation at Cys-1 in addition to carbamylation at Ser-195.
So, the a-form of enzyme reacts with a small excess of re-
agent more rapidly at Ser-195 than at Cys-1 while the 3-form
reacts equally rapidly at these two sites. Furthermore, the
disubstituted chymotrypsin Aa could be hydrolyzed to the N-
carbamyl-Cys-1 O-carbamyl-Ser-195 chymotrypsin A8 upon treat-
ment at pH 10, modified by carbamylation at both Cys-1 and
Ser~195. The chief effect of these modifications is the ir-
reversible inhibition of chymotryptic activity by carbamyla-
tion of the catalytic residue.

Returning to the reaction of chymotrypsin A with Ac-
Phe (OCN)-0Et, the modified enzyme derivatives may be charac-
terized in terms of their site, type, and extent of reaction
with inhibitor. Several likely enzyme structures are pro-
posed based on the foregoing results and are pictured in
Figure 7. The modifications may obtain at the following
three sites: Ser-1%5 hydroxyl group at the active site
(A and AC); Cys-l1l o-amino group at the N-terminal site (T
and TC); and Ser-189 or Ser-190 hydroxyl group in the bind-
ing pocket (B and BC). In A, T, and B, the entire inhibitor
is attached to the enzyme thru the cyanate group via an
iminocarbonate, -0OC(=NH)O-, or isoureido, -NHC (=NH)O-, link-
age. In AC, TC, and BC (C=carbamyl), this linkage is sub-

sequently hydrolyzed leaving a carbamyl group attached to
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the enzyme and releasing a tyrosine. These modifications
may occur individually or in combination, and there are also
many other enzymatic sites, exposed and nucleophilic, at
which reaction could possibly occur. The majority of the
experimental work was undertaken to identify the actual re-
action sites.

Modification of Chymotrypsin A by Ac-Phe (OCN)-OEt.

The evidence now gathered is sufficient to elucidate the de-
tailed interactions between the enzyme and inhibitor and to
characterize the two important enzyme derivatives 2a and 3.
Diagrams of structures for the identified sites and types

of reaction are pictured in Figure 8. Chymotrypsin Aa re-
acts with Ac-Phe (OCN}-OEt to give derivatives 2a and 2b, and
2a is found to be a N-tyrosyliminomethyl-Cys-1 O-carbamyl-
Ser-195 chymotrypsin Au (structural features T and AC). An
entire inhibitor moiety is linked to N-terminal Cys-1 while
.a carbamyl group is attached to active-site Ser-195. This
assignment for 2a is consistent with the observations of the
incorporation of two equivs of 14C label and one extra tyro-
sine residue, and the nonreactivity towards DFP. Next, N-
carbamyl~Cys~1 chymotrypsin Ay reacts with Ac-Phe (OCN)~-OEt
to give one derivative, 3, which is found to be N-carbamyl~
Cys-1 O-carbamyl-Ser-195 chymotrypsin Aa {structural fea-
tures TC and AC). A carbamyl group is attached to both Cys-

1 and Ser-195 but in this case only the latter one is de-

rived from the inhibkitor. This assignment for 3 is consis-
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tent with the observations of the incorporation of one equiv
of 14C label and no extra tyrosine residue, and the nonre-
activity towards DFP. No information was obtainable about
the relative reactivities of the o~ and 3-forms of enzyme

at Ser~195 and Cys-1 with the reagent. The combination of
all the results leads to an unambiguous structural identifi-

cation of the enzyme derivatives 2a and 3 (Figure 8).

Identified Chymotrypsin Reaction Sites. It has been

demonstrated clearly that active-site Ser-195 underwent some
kind of modification because neither 2a nor 3 could be made
to react with [14C] DFP. Normally, DFP inhibits chymotryp-
sin at Ser-195 alone stoichiometrically and extremely rapid-
ly. It is conceivable that Ac-Phe (OCN)-OEt could modify a
reactive residue in the active-site region other than Ser-
195, e.g. His-57, Met-192, or Tyr-228, and sterically block
access of substrates to the binding region or the catalytic
residue. This is the situation in chymotrypsinogen, where
the active site is catalytically fully operational but the
binding site is undeveloped, which prevents the normal bind-
ing of substrates required before hydrolysis (Gertler et al,
1974). Chymotrypsinogen A does tend to react with DFP though
very slowly, ca. lO4 times more slowly than chymotrypsin A
{Morgan et al, 1972). Thus 2a and 3 could probably be made
to react with DFP at least as fast as the zymogen, if Ser-
195 were intact and even if the approach to this residue

were sterically hindered. However, neither 2a nor 3 was
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observed to react significantly with DFP meaning that Ser-
195 itself must have been modified by Ac-Phe (OCN)-OEt. So
the ultimate conclusion is that the abolition of chymotryp-
tic activity is unequivocably due to the carbamylation of
the catalytic residue by the inhibitor. This inhibition is
irreversible because the carbamyl acyl-enzyme is very stable
to hydrolysis and cannot undergo a regenerating deacylation.

In connection with this, the binding pocket has evi-
dently not been modified because derivatives 2a, 2b, and 3
were all mainly retained on an affinity chromatography
column. This Sepharose 4-phenylbutylamine column is known
to bind chymotrypsin-like proteases but not trypsin-like
proteases, zymogens, or chymotrypsin inhibited by Tos-Phe-
CH2C1 or nisyl fluoride (Stevenson and Landman, 1971). The
observation that the column does bind 2a, 2b, and 3 means
that their binding sites are unobstructed and free as in the
parent enzyme. Hence the loss of chymotryptic activity can-
not be attributed to the inhibitor causing an alteration of
the enzyme's binding ability.

It has also been demonstrated that N-terminal Cys-1
was modified by comparing the reactions of native and N-
carbamyl-Cys—1 chymotrypsins A with the inhibitor. The ob-
servation is that 3, derived from the N-terminal-blocked
chymotrypsin A, incorporated 1.0 less equiv of Ac-Phe {OCN)-
OEt than 2a, derived from unblocked chymotrypsin A, accord-

14

ing to C labeling results (Table 3). This identifies
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Cys-1 as the second reaction site on 2a besides Ser-195 above.
The information is also sufficient to classify the types of
reaction at these two sites (Figure 8)., Apparently in both
2a and 3 the initially formed iminocarbonate intermediate

at Ser-195 is spontaneously hydrolyzed at pH 6.5 to the car-
bamate since an amino acid analysis of 3 revealed no extra
tyrosine present (Table 2). 1In contrast, in 2a the initially
formed isoureido intermediate at Cys-1 is stable at pH 6.5
and resistant to hydrolysis since in 2a there was found to

be one extra tyrqsine present. The disubstituted chymotryp-
sin Aa lb was shown to be converted to N-carbamyl-Cys-1 O-
carbamyl-Ser-195 chymotrypsin Aa by hydrolysis on treatment
at pH 10 (as in Figure 6). Likewise, 2a could probably be
easily converted to this product, N-carbamyl-Cys-1 O-carbamyl-
Ser-195 chymotrypsin Aa' the a-form of 3, by similar hydrol-
ysis on treatment at pH 10. Also, since 5-6 equiv of inhi-
bitor was required for complete inhibiticon, it is likely

that moderate hydrolysis of the cyanate group occurs at pH
6.5.

Derivative 2b. Although 2b was not characterized as

thoroughly as 2a or 3, it is regarded to be a N-tyrosyl-
iminomethyl-Cys-1 O-carbamyl-Ser-195 chymotrypsin A the
same as 2a. The CM-cellulose chromatography results suggest
that 2b is more highly substituted than 2a and contains an-
other separate reaction site. 1In agreement with this idea,

as compared with 2a, 2b exhibited the incorporation of ca.
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0.3 extra equiv of inhibitor by 14C analysis and of ca. 0.4
extra equiv of tyrosine by amino acid analysis. These re-
Sulﬁs are consistent with the existence in 2b of the iden-
tical modified sites Ser-195 and Cys-1, plus a third unde-
termined reaction site which interacts at a slower rate with
the inhibitor.

A compelling basis for justifying the structures of
the chymotrypsin derivatives is the analogy between the re-
actions of enzyme with Ac-Phe (OCN)-0Et and p-nitrophenyl
cyanate (Robillard et al, 1972). The modified enzyme deri-
vatives from the reactions with both aryl cyanates are ex-
tremely similar in terms of the site, type, and extent of
reaction. A comparison of the two reactions and their pro-
ducts is illustrated in Figure 9. Thus, chymotrypsin Aa is
proven to react with Ac-Phe (OCN)-0OEt to yield predominantly
the disubstituted chymotrypsin Aa 2a plus another product
which is more extensively substituted 2b. The derivatives
are modified by carbamylation at Ser-195 and isourea forma-
tion at Cys-1, analogous to the results with g—nitrophenyl
cyanate. Remarkably, it is possible for chymotrypsin A to
react with both inhibitors to yield, after alkaline hydrol-
ysis of the intermediates, an identical product: N-carbamyl-
Cys-1 O-carbamyl-Ser-195 chymotrypsin A (3). It turns out
that although Ac-Phe (OCN)-0Et is a more complex reagent, it
has essentially the same inhibitory effect on this enzyme.

Modification with Aryl Cyanate Reagents. The modifi-
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cation results provide some interesting revelations about
the chemistry of aryl cyanate compounds and their potential
utility and value as protein modification reagents. First,
no improvement in the selectivity of reaction sites in the
modification of chymotrypsin is produced by placing the cy-
anate group on a substrate-like molecule, Ac-Phe (OCN)-0OEt,
rather than on a non-specific molecule, NOZ—Ph—OCN. The
amino-acid inhibitor reacts at Ser-195 and Cys-1 in almost
the same way as the non-specific inhibitor, instead of re-
acting within the binding pocket. This is most likely a
consequence of the failure of inhibitor to bind to enzyme,
with a concurrent bimolecular reaction. In this instance
at least, the various factors affecting enzymatic reactivity
must dominate those affecting selectivity. Second, the re-
activity of the cyanate functional group may be controlled
by directing the electronic nature of the substituents pre-
sent on the arcmatic aryl ring. The electron-withdrawing
ability of a substituent, which activates the cyanate group
by increasing its susceptibility to nucleophilic attack, is
smaller for a Efalkyl group than a p-nitro group. Thus,
Ac-Phe (OCN)-0Et is observed to inhibit the enzyme at a slower
rate than p-nitrophenyl cyanate under comparable conditions.
The cyanate group may also be externally stabilized by a low
solution pH to reduce its rate of spontaneous hydrolysis.
Finally, the surprising selectivity of aryl cyanates

for certain reaction sites on chymotrypsin A is a notable
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feature with respect to their utility and value as protein
reagents. The interactions between the enzyme and Ac-Phe-
(OCN) -0Et are confined mostly to two reaction sites: active-
site Ser-195 and N-terminal Cys-1 only. It is credible that
the reagent would react with enzyme at Ser-195 since this

key residue is highly nucleophilic from being specially ac-
tivated by the charge relay system. In fact this residue

is so reactive that it can interfere with modification at
secondary reaction sites. However, it is harder to explain
why the reagent would react with enzyme at Cys-1 so specifi-
cally and not elsewhere, e.g. at lysine e-amino groups or
tyrosine phenolic groups. Remarkably, the c—amino group of
Cys-1 is found to be positioned not close to the active-site
region but away on the other side of the molecule (Blow, 1971).
Perhaps the orientation of Cys-1 or its surrounding environ-
ment or product stability renders this site unexpectedly
more reactive. By virtue of their limited selectivity com-
bined with their moderate reactivity, aryl cyanate reagents
are now beginning to gain more importance as enzyme modifiers
and inhibitors. Recently, p-nitrophenyl cyanate was used to
inhibit chymotrypsin A specifically at Ser-195 to obtain a
derivative for x-ray structural studies on the properties of
acyl-enzymes (Robillard et al, 1972). Our new reagent Ac-
Phe (OCN) -OEt may be employed similarly, e.g. to selectively
inhibit a N-blocked chymotrypsin A at Ser-~195 or to selec-

tively modify chymotrypsinogen A at Cys-1l.
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Non-Modification of the Binding Pocket. Since chymo-

trypsin A undergoes modification by Ac-Phe (OCN)-0OEt not with-
in the binding pocket but rather at active-site Ser-195, the
question remaining is why the reaction does not proceed ac-
cording to theoretical plan. The reason seems to lie in a
combination of over-reactivity of the enzyme active site and
under-selectivity of the aryl cyanate reagent. The inhibi-
tion kinetics for the reaction are incapable of demonstrating
the existence of an enzyme-inhibitor complex usually formed
in an initial binding step for subsﬁrate—like inhibitors.
In addition, the discovery that the ester group of Ac-Phe-
(OCN)-OEt does not undergo hydrolysis implies that the inhi-
bitor does not bind normally like the éubstrate Ac-Tyr-0Et.
If inhibitor binding to enzyme is not observable it is fairly
weak (KI > 2 mM) or non-existent which would preclude reac-
tion within the binding pocket. One likely reason for the
lack of binding is that the catalvytic residue and inhibitor
cyanate group could interact directly via a bimolecular re-
action. Thus, the reactive Ser-195 may immediately attack
the inhibitor as it diffuses toward the binding site and
form an irreversible adduct before any true binding has an
opportunity to occur. A bimolecular reaction of this kind
best rationalizes the appearance of active-site modification
and the absence of binding-site alteration.

The alternate situation is that Ac-Phe (OCN)-OEt does

bind to chymotrypsin but that binding-~site modification can-
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not take place for special reasons. For example, the inhi-

bitor binding may be very weak, K. >> 2 mM, such that the

1
equilibrium is not favorable for the formation of a signifi-
cant amount of E-I complex to sustain a reaction. The occur-
rence of non-productive binding modes could also contribute
to a similar outcome. In contrast, the inhibitor binding

may be moderate, K, = 2-10 mM, yet this condition may be
necessary but not sufficient for binding-site alteration to
take place. As the inhibitor diffuses in and out of the
binding site, the cyanate group might not remain in the bind-
ing pocket a long enough time for reaction to occur there.
Even if the equilibrium is favorable towards an E-I complex,
a relative rate phenomenon could operate in the enzyme. Thus,
an inherent rate difference whereby the reaction rate with
inhibitor is much faster at Ser-195 than at a binding pocket
residue may explain the preference for inhibitor reaction at
the former site. While Ser-195 is a super-reactive residue,
Ser-18% or Ser-190 in the binding pocket might be too unre-
active to compete for attack on the cyanate group. Also it
is possible that upon inhibitor binding the cyanate group may
be held into a position not close enough to either Ser-189

or Ser-190 to be within the proper reacting distance. The
opposite effect is less likely, i.e. the bulk of the éryl cy-
anate group might be slightly oversized and create steric

interference at the bottom of the binding pocket. The hydro-

phobic environment of the pocket may also tend to destabilize
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the postulated intermediate with its separated charge.

One expedient not yet employed is a model-building
study to ensure the correct placing and fit of the reagent
within the primary binding site of chymotrypsin to allow re-
action inside the binding pocket. However, a model-building
study could have predicted non-reaction within the pocket,
but not the reactions actually observed. In an inhibition
study of the related protease trypsin with lysine chloro-
methyl ketones, it was shown that the affinity of the inhi-
bitor for enzyme is not necessarily related to the rapidity
of the next step, inactivation (Shaw and Glover, 1970).
Hence, whether adequate binding exists between chymotrypsin
and the inhibitor still does not clarify the whole story.

Protection of Active-Site Residues. The principal

finding from this study is that it is necessary to protect
the reactive active-site residues during selective enzyme
modification procedures in order to suppress their reactivity.
Specifically, this protection is required before the intended
alteration of secondary enzymatic sites, i.e. residues at lo-
cations other than within the active-site region. This serves
the dual purpose of preserving enzymatic activity by prevent-
ing inhibition, and allowing a chance for modification to eh—
sue at less reactive sites. In the case of chymotrypsin A
and Ac-Phe (OCN)-0OEt, the reagent was found to inhibit the
catalytic residue despite efforts to make it specific for in-

teraction only in the binding pocket. One very effective
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counter-action would be to decrease or block the activity of
the active-site residues and thereby prevent them from at-
tacking the reagent. Otherwise, the mere development of a
more powerful or selective reagent would not alleviate the
problem of potential reaction with these activated residues.
If the enzyme's active-site residues can be reversibly
protected by a small-sized blocking group then in theory a
specifically modified yet active enzyme may be regenerated.
In practice this could be achieved by the use of a suitably
designed bifunctional protein reagent or by the formation of a
reasonably stable long-lived acyl-enzyme intermediate. The
enzyme active site in each case would be temporarily inhab-
ited while a second reaction at a neighboring site would be
allowed to proceed. The blocking group must be small-sized
to reduce steric problems and also reversible so the enzyme
may then be reactivated. To illustrate, the bifunctional re-
agent Efnitrophenyl bromoacetyl-ac-aminoisobutyrate was used to
modify chymotrypsin A specifically at Met-192 via Ser-195
(Lawson and Schramm, 1965). Also, a fairly stable acyl-
enzyme was demonstrated to be formed in the reaction of chymo-
trypsin A with a specific tryptophan E—nitrophenyl ester at
low pH, 3-4 (Kezdy et al, 1964). A specific related reagent
like Ac-Phe(OCN)-ONp might be more successful ttan Ac-Phe-
(OCN)-CEt in modifying the binding pocket of chymotrypsin.
If a fairly stable acyl-enzyme is formed, the active site

would be reversibly protected, and the inhibitor cyanate
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group would be held inside the binding pocket to react for
a much longer time. The proximity effect should tend to
override the relatively slow reaction rate and help lead to
a more specific enzyme alteration process.

A functionalized acyl-enzyme like this is an ideal
sort of reagent since its selectivity is enhanced at the ex-
pense of the enzyme's reactivity to make it more control-
lable. Another project would have been undertaken involving
the reaction of chymotrypsin A and Ac-Phe(OCN)-ONp if it had

not involved an inordinate amount of extra work.
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+H,N-Cys-1-—Chymotrypsinogen A———Ser—lQS-CHZOH

3

NOZ-Ph-OCN, 1.5 equiv, pH 4.5

NHF¥
Il
OZN-Ph-O-C-NH-Cys-lw——Chymotrypsinogen A———Ser-lQS-CHZOH

treatment at pH 10

0 v
1] .
HZN-C-NH—Cys-1———Chymotrypsinogen A———Ser—lQS-CHZOH
activation by acetyl-trypsin
0 v
Al
HZN-C—NH-Cys-l——-Chymotrypsin AG———Ser—IQS-CHZOH:

Ac-Phe(OCN)-OEt, 6 equiv, pH 6.5

0 L 4 0
M il
HZN—C-NH-Cys—1———Chymotrypsin AG——-Ser—lgs—CHZ—O—C-NH2

Derivative 3

Figure 6. Reaction Scheme for the Preparation of Derivative
3 from Chymotrypsin A. Note: 3 is a N-carbamyl-Cys-1 O-

carbamyl-Ser-195 chymotrypsin A;. Also, in Figures 6-9, the
amino acid residues are shown with their reactive groups or

side chains, e.g. Ser-CHZOH.
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Figure 7.

Derivatives Modified by Ac-Phe(OCN)-0Et.
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e Ser-195—

AC

Diagram of Proposed Structures of Chymotrypsin A
The three

sites and two types of reaction illustrated are: A, at the
active-site Ser-195; B, in the binding pocket, Ser-189 or
~190; T, at the N-terminal-site Cys-1; and A, B, T give AC,

BC, TC upon hydrolysis to the carbamate (C=carbamate).
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Ac-?he-OEt (Ser-189)
CH2 —Se{—190— '~Se¥-190-
e 2
OH NH OH NH
)2 12
0 C=0 NH2 C=0
f ] | i
0 :
FH ?Hz $H ?Hz
Cys-1— —Ser-195— Cys-1— —Ser-195—
Derivative 2a, 2b Derivative 3
{Ser-189)
—Sell“ -190—
FH
0
]
F:
+ NH2 ?H:
s Ck,
Cys-1-- —Ser-195—

Figure 8

Derivative BC

A Derivatives Modified by Ac-Phe{OCN)-OEt.

Diagram of Identified Structures of Chymotrypsin

Note: 2a, a

N-tyrosyliminomethyl-Cys-1 O-carbamyl-Ser-195 chymotrypsin

A .

o 3, N-carbamyl-Cys-1 O-carbamyl-Ser-195 chymotrypsin Aﬁ;

2b is analogous to 2a; and BC, O-carbamyl-Ser-189 or -190
chymotrypsin Aa (desired but not obtained)}.
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NH 0
Ac ) _ it
~PheCH,Ph-OCNH-Cys-1— Chymotrypsin A_——Ser-195-CH,O0CNH,
Et0 ¢
Za major
NH 0
Ac I _ i
/PheCHzPh-OCNH—Cys-1———Chymotryp51n A —S8er-195-CH,OCNH
EtO a 2 2
/Ac
2b minor site ? -——NCO-PhCHzPhe\
A OEt

A | Ac-Phe(OCN)-OEt, 6 equiv, pH 6.5
+H3N-Cys—1——-Chymotrypsin Aa———Ser—195-CH20H ChT

B NOZ-Ph-OCN, 1.5 equiv, pH 4.5

v 0
[
+H3N-Cys-1———Chymotrypsin Au——~5er-195-CH2—O-C—NH2
la major
i 0
OZN-Ph—O—C-NH-Cys-1——-Chymotrypsin Aa———Ser—195-CH2-O-C-NH2

1b minor

Figure 9. Comparison of the Reactions of Chymotrypsin A
with Different Aryl Cyanate Reagents. Note: (A} The new
Ac-Phe (OCN)-0Et, and (B) NOZ-Ph—OCN (Robillard et al, 1972).
The identity of the proposed third reaction site on 2b is
not yet determined.
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Table 4. Chymotrypsin A Derivatives as Modified by
Aryl Cyanate Reagents.®
Deriv. Enzyme Reagent Site Type
1la ChT NO,~Ph-OCN” Ser-195 O-carbamyl
1b ChT NOz-Ph—OCNb Ser-195 O-carbamyl
Cys-1 N-inhibitor
TC ChTG N02—Ph—0CNb'd Cys-1 N-carbamyl
2a ChT Ac-Phe (OCN)-OEt  Ser-195 O-carbamyl
Cys-1 N-inhibitor
2b ChT Ac-Phe (OCN) -OEt Ser-195 O-carbamyl
Cys-1 N-inhibitor
unknown ?-inhibitor
3 TC Ac-Phe (OCN) -OEt Ser-195 O-carbamyl
Cys~1 N~-carbamyl

8a11 derivatives are a-ChT except TC and 3
all are irreversibly inhibited except TC.
Robillard et al, 1972.

i

€A N-aryloxyiminomethyl-Cys-1 group.

hich are 3-ChT;
Prepared by

After hydrolysis of the N-inhibitor to a N-carbamyl group,

and activation of ChTG to the 3-ChT.
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CHAPTER V
CONCLUSIONS

In conclusion, the general results demonstrate that
the new aryl cyanate reagent Ac-Phe(OCN)-0Et is moderately
reactive and unusually specific in its inhibition reaction
with chymotrypsin. It appears that the class of aryl cya-
nate reagents are reactive, selective, and versatile enough
to establish them as important reagents in protein chemistry.
The reaction of chymotrypsin Aa with Ac-Phe (OCN)-0OEt yields
two derivatives, a N-tyrosyliminomethyl-Cys-1 O-carbamyl-
Ser-195 chymotrypsin Aa 2a, and a lesser amount of a partial-
ly trisubstituted chymotrypsin Aa 2b. The active-site Ser-
195 is modified by carbamylation resulting in total inhibi-
tion of enzymatic activity, and the N-terminal Cys-1 is modi-
fied by isourea formation with inhibitor, but the primary
binding site remains unaltered. This enzyme modification
reaction is reasonably reactive and surprisingly selective
in that it is largely limited to only the two reaction sites.
A remarkable occurrence is that the reaction products of
chymotrypsin A with Ac-Phe (OCN)-OEt and Noz—Ph-OCN are vir-
tually identical in their character. Nevertheless, the ini-
tial attempt at enzyme engineering has failed to generate a

new and different species of active enzyme with a modified



136

binding pocket and an altered substrate specificity. Some
reasons for this result may include a lack of enzyme-reagent
binding with a concurrent bimolecular reaction, or an ex-
aggerated reactivity difference in active-site and bindingé
site residues. The principal lesson arising from this work
is the necessity to protect the reactive active-site residues
during selective enzyme modification procedures intended
elsewhere, e.g. with the aid of a reversible blocking tech-
nique like an appropriate acyl-enzyme species. A reaction
of chymotrypsin with Ac~Phe (OCN)-ONp is a logical next step.
The creation of a modified protease with an altered specifi-
city is expected to be valuable for a variety of biochemical

and functional investigations.
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CHAPTER VI
RECOMMENDATIONS

As mentioned above it would be worthwhile to synthe-
size a closely related type of reagent, Ac-Phe (OCN)-ONp, and
investigate its reaction with chymotrypsin at ca. pH 3-4,
The expected formation of a long-lived acyl-enzyme could
lead more readily to reaction in the binding pocket and an
alteration of specificity. A positive result would substan-
tiate the philosophy of enzyme engineering while a negative
result would probably doom at least this aspect. Another
interesting area for further work is the reaction of aryl
cyanate reagents toward other related serine proteases com-
pared with the reaction toward chymotrypsin. For example,
Ac-Phe (OCN) -OEt and NOZ—Ph—OCN could be reacted with both
trypsin and elastase to determine the relative rates of in-
hibition. It is surmised that NOZ-Ph-OCN, but maybe not Ac-
Phe (OCN)-0Et, would be equally as effective an inhibitor
against trypsin and elastase as demonstrated against chymo-
trypsin. In addition, the reaction of aryl cyanate reagents
with acid proteases {(pepsin), thiol proteases (papain), and
metallo-proteases (carboxypeptidase) would be informative.
If enzymatic inhibition is observed for all these other pro-

teases then it might be profitable to again study the enzyme-
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reagent interactions in detail. This includes the charac-

terization of modified enzyme derivatives as before.
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APPENDIX

Preparation of Affinity Chromatography Column. An

affinity column for chymotrypsin A, composed of Sepharose-
4~phenylbutylamine (PBA), is prepared according to the gen-
eral method of Stevenson and Landman (1971). This procedure
gives enough packing to fill a 50 x 1.2 cm Chromatronix
column. Two solutions are initially prepared and cooled to

0°: 1. 7.5 g CNBr + 7.5 ml CH,CN, and 2. 7.5 g 4-phenyl~-

3
butylamine + 10 ml EtOH, In a 200 ml beaker is placed 75 ml
decanted Sepharose 4B and 75 ml 1 M Na2C03, and the slurry
is cooled to 0° while stirring gently. Next the CNBr solu-
tion is added and the slurry is stirred rapidly for 2-3 min
at 0°. The following sequence is performed as quickly as
possible on the Sepharose: it is washed with 2 x 350 ml

cold 0.1 M NaHCO (pH 9) on a filter funnel, 50 ml 0.1 M

3
NaHCO3 is added, the slurry is poured into a 200 ml beaker,
the PBA solution + 15 ml extra EtOH is added, and gentle
stirring is begun at once. The mixture contains ca. 75 ml
activated Sepharose, 7.5 g PBA, 50 ml 0.1 M NaHC03, and 25
mli EtOH, at pH > 10. The slurry is stirred gently for 16 hr
at 4°. Next the Sepharose is washed with 2 x 350 ml 0.1 M

NaHCO. + EtOH (2:1), and to it is added 100 ml 1 M Z2-amino-

3
ethanol. The slurry is stirred gently for 3 hr at 4°. Then

the Sepharose is washed with 500 ml 0.1 M NaHCO3 + 1 M NaCl,
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500 m1 0.1 M NaHCO3,1000 ml #,0, and 200 ml 0.05 M tris,

2
and to it is added 100 ml 0.05 M tris. A slurry of 120% wet
settled volume is used for column packing. Finally the
Sepharose is packed into a 50 x 1.2 cm column with an eluent
of 0.05 M tris (pH 8) (containing 1 mM CaC12) at a pump flow
rate of ca. 10 ml/15 min. The affinity column is checked as
follows, operating at 4° and below 2/3 ml/min. Two protein
samples are run separately thru the column: 1. chymotryp-
sinogen A, and 2. chymotrypsin A, {(both 12 mg in 1 ml 0.2 M
KC1 + 0.1 M CaClz). They are eluted with 400 ml 0.05 M tris,
200 m1 0.05 M tris + 1 M tetraethylammonium bromide (TEAB),
and 200 ml regular 0.05 M tris again. The column is regen-
erated after each run by washing with 0.05 M tris, 200 ml
backwards and 800 ml forwards. If the column is operating
properly, the zymogen will come off as one major peak (> 90%)
upon regular elution (at ca. 150 ml), while the enzyme will
come off as one major peak (> 90%) only upon high-salt elu-
tion (at ca. 500 ml). This pair of chromatograms represents
the column binding ability and must be re-established every
30 days. The affinity column binding capacity is ca. 1.5 g
of chymotrypsin per 1 ml of packed Sepharose when freshly
made.
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