ï h e Inhibition ofCarboxypeptidase A and Angiotensin Converthg E m p e by Target

Enzyme-Activated Inhibitors and N-Acyhydrazones

Christopher Michael Lanthier

A thesis

presented to the University of Waterloo

in fdfihent of the
thesis requirement for the degree of

Doctor of Philosophy

in
Chemistry

Waterloo, Ontario, Canada, 1996

O Christopher Michael Lanthier, 1996

National Library

Biblioth&quenationale
du Canada

Acquisitions and
Bibliographie Senrices

Acquisitions et
services bibliographiques

YapaiJ

Our*

The author bas gm&d a nonexclusive iicence allowing the
National Library of Canada to
repduce, loan, distn'bute or seil
copies of M e r thesis by any means
and in any fonn or fomiat, making

vaanNamdHmar

L'auteur a accordé imc licence non
exclusive permeüant a la
Biôii0thèq.wnationale du Canada de
reproduire, prêta, disbi'buerou
ven&e des copies de sa thèse &
guelque manière et sous e l q u e
forme que a soit pour mettre des
exemplaires de cette thèse à la
disposition des personnes intkssées.

The author retams ownership of the
copyright in his/lser thesis. Neither
the thesis nor substantial exûacts
from it may be printed or otherwise
reproduced with the author's

L'auteur conseme la propri6té du
droit d'auteur qui protège sa thèse. Ni
la thèse ni des ex&& substantiels de
celle4 ne doivent être imprim6s ou
autrement reproduits sans son

permission.

autorisati011,

The University of Waterloo requires the signatures of al1 persons usùig or
photocopying this thesis. Please sign below, and give address and date.

nie Inhibition of Carboxypeptidase A and Angiotensîn Converting Enzyme by

Target Enzyme-Activated lnhibitors and N-Acylhydrazones

Zinc metallopeptidases

such as carboxypeptidase A

(CPA),angiotensin

converting enzyme (ACE), matrix rnetalloenzymes and enkephalinase, play important
roles in human biology and are therefore of interest in fundamental and practical

research. In each of these enzymes a Zr$+ ion, which is catalytically essential, is

bound in the active site. Arnong the most effective inhibitors for these enzymes are
compounds designed to bind competitively to the active site through strong metalinhibitor interactions. The use of metai binding inhibitors as therapeutic agents

against specific enzymes may suffer from the problem of undesirable side affects
resulting from non-speofic interactions with other metalloenzyiies (e-g.,Captopd for

inhibition of ACE). Incorporation of the metal binding moiety within a substrate

analogue such that the rnetal binding group will be released only upon interaction
with the target enzyme may be a solution.

In this study it has been found that

thioester substrate analogues can act as mechanism-based inhibitors of
carboxypeptidase A and angiotensin converting m e . Enzymatic hydrolysis of the

thioester group releases a free thiol inhibitor which binds tightly to the active site
through a strong Zn2+-sulfur interadion and non-covalent interactions with the active
site region.

The thioester (S)-2-(S-benzoylthio)-3-phenylpropanoicacid (50) was designed
as a mechanism-based inhibitor of CPA, where the CPA-catalyzed hydrolysis would

result in the release of thiol inhibitor (S)-2-mercapto-3-phenylpropanoicacid (35).
Examination of the potency of 35 as an inhibitor of the peptidase activity of CPA has
revealed that it is a much more potent inhibitor (Ki=12.6 nM) than previously

reported (Ki=1.2pM) and that previous studies had ükely examined inhibition by the

d i s a d e formed by an unusually facile ait oxidation of 35.

nie hydrolysis of 50 by CFA was found to proceed with burst kinetics at room
temperature. The pre-steady state phase of the process was accompanied by a burst
of proton release and a lag in thiol release. The similarity of the kinetic parameters

found for CPA-catalyzed hydtolysis of 50 and those found for hydrolysis of Obenzoyl-(S)-phenyIlactate suggest that the rate Iimiting step in each case may involve
the release of benzoate. A molecular mechaniSm consistent with these observations is

proposed.
The thioester 50 has been shown to be an effective tirne-dependent inhibitor of
the peptidase activity of CPA thus demonstrating the feasibility of target enzyiie-

activated inhibition by a latent metal binding agent- Similady, CBZ-Phe-'£'[CO-SI-

Ma-Phe (86) has been synthesized and shown to be an effective enzyme-activated
inhibitor of the dipeptidase activity of ACE.
In addition, N-acylhydrazones, which are known metal binding agents

currently being explored as potential therapeutic agents in several areas induding as
potential anti-HIV agents through inhibition of HN-1 reverse transcriptase (RT), have
been studied as potentiai inhibitors of ACE and CPA. Ahhough none of these

compounds was found to be an effective uihiitor of ACE, one such compound,N-(4

t-butylbenzoy1)-2-hydroxy-1-naphthaldehydehydrazone (NAH306),whidi is a potent
inhibitor of RT, was found to inhibit CPA. The discovery that this compound inhibits

CPA, not by removal of the active site metal ion, but by binding to the enzyme in a

mixed uncornpetitive-cornpetitive mode has led to the proposal of a molecular
mechanism involving binding to the Si and Çz subsites of free CPA as well as to the
binary complex of CPA with phenylalanine, the hydrolysis product of the peptidase

substrate hippuryl-L-phenylalanine.
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Chapter 1:
Zinc Metall~eflzymes

Among the transition and group II elements, zinc is second only to iron in
terms of abundance in biological systems. Zinc is essentid to many enzymes, some of

which are useful therapeutic targets, s u d i as angiotençin converthg enzyme (ACE)',

aminopeptidass, matrix metalloenzymes3A and enkephalinad, all of which utilize
zinc (Zn2+) in a catalytic role.

The research to be desaibed in thiç thesis is aimed at the exploration of new
strategies for improvement of the specificity of inhibitors of zinc dependent
hydrolytic enzymes in general. In particular, the studies described herein have
employed bovine carboxypeptidase A (CPA) and ACE as test beds for a new specific
inhibitor strategy. As a consequeme, it is appropriate that this introductory chapter
be devoted to an overview of the m e n t state of knowledge conceming the structure

and mechanism of action of CPA and ACE, and of m e n t inhibition strategies which
are outlined below.

1.1

Carboxypeptidase A Structure and Mechanism

As a result of the vast structural and mechanistic knowledge of

carboxypeptidase A (CPA), this enzyme is a useful mode1 system for gaining insight
into the mechanism and inhibition of other zinc metalloenzymes. CPA has been the
subject of detailed studies of substrates and inhibitors, as well as of site-directed
mutagenesis experiments and x-ray crystallographic analysesP
Carboxypeptidase A (CPA,EC. 3.4.17.1) is a zinc metalloexopeptidase which
deaves single residues from the C-terminus of peptides through amide bond

hydrolysis (Scheme l)?

CPA also possesses esterase activitye for related ester

substrates (Scheme 1). The zinc cation (Zn2+)is situated in the active site of B A and
plays an essential role in substrate binding and hydroiysis. CPA preferentially
hydrolyses peptides with C-terminal aromatic or branched aliphatic groups.9 At least
five C-terminal residues of the substrate influence Km and, to a lesser extent, &O
influence &JO

Scheme 1

CPA

Ester substrates generally bind more tightly and are hydrolyzed more rapidly
than peptide substrates.11~12Amide substrates as simple as N-acyl dipeptides, as well
as their ester substrate analogues, have been shown to be hydrolyzed quite rapidly by
CPA.12 N-Acyl ester and amide single amino acid substrates, &O known as "non-

specific substrates",have also been shown to be hydrolyzed by CPA.7r13~14*15~16~17t~8t19
In particular, bans-cinnamoyl-P-L-pheny
Uactate and its N-acyl para-substituted

derivatives have been shown to be hydrolyzed by CPA quite efficiently as compared
with other non-specific substrat es.^

trans-cinnamoyl-PL-phenyuactate

Won-specific substrate"

RJ&o-

O

X=NH or O
R=atkyl or aryl group

Y=H, Cl,N a CN,OMe

Thionesters [RC(S)OR] and thioamides [RC(S)NHR]".22 have been &O shown
to be hydrolyzed by CPA, with

Km values comparable to their ester and amide

analogues. Thionester substrate hydrolyses normally exhibit ktvalues comparable
to those for ester hydrolysis, whereas for thioamide substrate hydrolysis

katvalues

are much smder than those assouated with the corresponding amide substrates.

Thioester [RC(O)SR] substrates have received relatively little attention. The only
published reports in this area are associated with the hydrolysis of S-(trans-

cinnamoy1)-a-mercapto-phenylpropionicacid

( 1 ) . 2 0 ~ ~A

detailed discussion of

thioester hydrolysis by CPA will be presented later in Chapter 2.

Structure of Carboxypeptidase A

1.2

The structure of CPA has been welI studied by of single crystal x-ray
d i f f r a c t i o n . 2 4 ~ ~ Lipscomb
~ * ~ ~ and coworkers have revealed that CPA is about
30% helix, and contains a pleated B-sheet twisted by 120' from ta? to bottom,

containing both parallel and anti-parallel pairs of extended chains. About 25% of

CPA is involved in bheet hydrogen bonding . The Psheet separates the enzyme into

two regions of helices. There are only two cysteine residues (Cys-138, Cys-161) and in
the structure of B A , which are joined by a disulfide bond on the exterior of the

enzyme.

Figure 1

a

The CPA active site, in its native state, contains one ZnZC atom, which is
coordïnated to His-69 (involved in a type 1 turn), His-196 (involved in an a-helix),
Glu-72 (involved in a type III turn), and a water m o l e d e in a distorted tetrahedral
configuration (Figure1). Peptidase and esterase activities stiU remain after Zn2+has
been replaced by Cd+, Ni2+, Mn2+, and F$+, whereas no acüvity &ts

for apoCPA

and Cu2* substituted CPA.3132 Esterase activity also remains upon substitution of

Zn2+ by Hg2+or Cd2+,but the peptidase activity is lost. The q s t a l structure of CPA
bound to the inhiiitor Gly-Tyr which hydrolyzes very slowly suggests whïch residues

might be involved in substrate binding (Figure 2)-

Figure 2

The binding site for polypeptide substrates in protease enzymes such as B A
consists of subsites for the binding of individual residues (Figure 3). Within the B A
active site there is an Si' subsite, consisting of a hydrophobic podcet which interacts

with the side chai.of the C-teminal amino aad of the peptide substrate, an arginine
residue (kg-145)which interacts electrostatically with the C-tenninal carboxylate
group, and a zinc ion which likely binds the scissile amide or ester carbonyl group

oxygen (where Hz0 has been replaced by the carbonyl oxygen of the substrate). The
guanidino group of Arg-127 and the hydroxyl group of Tyr-248 are involved in
substrate-enyme binding interactions to a lesser extent. The hydrophobic podcet is

h e d with the side groups of Tyr-248,Leu-203,Gly-253, Re-255,Ala-250 and Thr-268.

Upon binding Gly-Tyr, CPA undergoes a conformational change involving
Tyr-248 which helps form the hydrophobic pocket. The side chain of Tyr-248 rotates

by 120" about the Ca-CBbond and some limited motion of the peptide backbone,
occurs to d o w the aromatic group of Tyr-248to fold over the C-terminal side chai.of
the peptide substrate. The phenolic OH of Tyr-248moves 12 A in this conformational

change. This folded conformation is observed in all 0th- CPA-inhibitor/substrate
complexes studied by x-ray c r y s t a l l o g r a p h y . ~ ~ ~ 7
A second possible bïnding site adjacent to the active site involves residues Arg-

71, Tyr-198,and Phe-279.

Residues Arg-71, Tyr-198,and Phe-279 h

g with Ser-197

and ne-247 have been suggested to be involved in the Si,S2 and S3 binding
subsites.30f6 Arg-127 has been considered to be involved in the Si binding subsite30

or in pre-catalytic binding interactions with the terminal carboxylate of the
substrate.38

Bunting and coworkersl3rl4 have studied the kinetics of CPA catalyzed

hydrolysis of substrats in the presence of a variety of inhibitors to investigate various
sites of interaction within the active site of CPA. It was conduded that there were two
carboxylate binding regions (thought to be Arg-145 and Arg-127), and two

hydrophobie binding regions. In addition, Bunüng, using various carboxylate
inhibitors, concluded th& speâfic ester substrates (e.g. hippuryl esters), non-speàfic
ester substrates and peptides a l l bind differently. The specific esters (2) were ester

analogues of N-acyl-dipeptides, and the non-specificesters (3) were ester analogues of
N-acylated amino aads. From these studies, Bunting suggested that peptides may
have an additional binding site on B A separate from that of specifïc esters.

More recently, using further crystallographic studies of CPA complexed with
an ester analogue, indoleacetate, and other B A inhiiitors, Lipscomb26 proposed that

the Si' subsite was the catalytic site for both esters and peptides, and that peptides

bind initially to S2 (Tyr-198,Phe-279, Arg-71) prior to entry into the Si'subsite,
whereas ester substrates bind directly to the Si' subsite. Lipscomb and coworkers
discovered, by x-ray crystallographic analysis, that indoleacetate binds to the Si'subsite. Since indoleacetate is a competitive inhibitor of esterase activity they
reasoned that ester substrates also bind directly in Si1. On the other hand,
indoleacetate is observed to act as a non-cornpetitive inhibitor of peptidase activity. It
was argued that, if the peptide substrate normaiiy bound to the Si'-subsite directly,

indoleacetate, whkh binds to the Si'-subsite also should be a competitive inhibitor as

observed for inhibition of esterase activity. The observed non-cornpetitive inhibition
could be explained if the binding of indoleacetate to the Si1-subsitedoes not prevent

the binding of the peptide substrate to a second site (presumably S2), but does prevent
the rate limiting entry of the peptide into the Si'-subsite.

1.3

Mechanism of Carboxypeptidase A
The active site ZnZ+ and residues Glu-270,Arg-127, and Tyr-248have all been

considered to be involved in catalysis.24.34JS The m e c h a . of peptide and ester
hydrolysis by CPA is still the subject of debate even though CPA is one of the more
well studied zinc metallwnzymes. Lipscornb24~28f i s t proposed the two major
theories regarding the mechanism for peptide/ester hydrolysis, the so-cailed "general
base" and "anhydride1'mechanisms. In the general base mechanism (Scheme 2), the

carbonyl oxygen of the scissüe bond of the substrate displaces the Z
*

bound water

molecule. This type of interaction was observed in the Gly-Tyr bound CPA crystal
structure.24 The w+is proposed to act as a Lewis acid, polarizing the carbonyl

group, and the Glu0270 carboxylate acts as a general base, promoting the addition of
water to the scissife amide bond. The amine is then released from the tetrahedral
intermediate yielding the zinc bound carboxylate which then dissociates to complete
the reaction. Glu0270 is suggested to be involved in proton-transfers as well as

promotion of nucleophilic attack of the water molecule.39 The structuraily sirnilar
Zn2+-peptidase thermolysin is also considered to utiiize a glutamate residue (Glu-143)
in a sirnilar general base induced attack of a water molecule on the substrate.a

The side Chain of Tyr-248was originally considered to be involved in protontransfers during hy&olysis4~,but this possibility has been discounted on the basis of
the results of site-directed mutagenesis studies943 By replacing Tyr-248with Phe,
Hilbert demonstrated that Tyr0248 is involved in substrate binding (uiaease in Km

values), but not catilysis (with iittle change in ktvalues) for esterase and peptidase
activity. The difference in the presence of the hydroxyl group when comparing

substrate binding of wild type CPA and the Phe-248mutant suggests a role for the

phenolic OH in simple hydrogen bonding to substrates.

Scheme 2

Tetrahedral
Intermediate

The proposed anhydride mechaniSm (Scheme 3) involves binding of the
substrate without displacement of the Zn2+ b o n d water molecde. In addition Glu270 acts as a nudeophile on the scissile carbonyl bond, fonning an acyl-enzyme
intermediate.44.45 The mixed anhydride is then cleaved by the Zn2+ bound

water/ hydronde.
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Another variation of the anhydride mechaniSm includes the possibüity of a

Zn2+ bound water being displaced by the sassile carbonyl oxygen (Scheme 4).
Nudeophilic attack by the side-diain carboxylate of Glu-270 would produce a Znz+
bound tetrahedral intemediate, which would t h e .coilapse to give the acyl enzyme
(mixed anhydride).a

Scheme 4

acyl-8A
intermediate

Breslow et al. provided the first evidence to support the general base
theory.47.48 Breslow et al. studied IBOexchange (using 180-e~ichedsubstrates)

during reverse hydrolysis reactions by incubating CPA with various isotope labeled
products (Scheme 5). Even though the hydrolyses of b o t . peptides and esters are
exothermic, there is a low rate of synthesis that may allow for exchange to occur.

Scheme 5

reacfion
intermediates

It was reasoned that, if the hydrolysis of peptides and esters does proceed
through an anhydride mechanism, the incubation of 180-labeled acid (N-

benzoylglyche) and the enzyme should result in some exchange of 1sO with the H@
solvent. No exchange was observed. Breslow offered a possible explanation in that
the water molecule produced during the condensation may remain bound in the

active site (perhaps bound to the Z#

atom), and may be used in the hydrolysis of the

mixed anhydride- This would explain the la& of i80-exchange with the medium.

Scheme 6

To evaluate the possibility of general-base catalysis, Breslow incubated the

enzyme with L-Phe and the 180-labeled acid N-benzoylglyche. In this case, if the

general-base medwism were to hold true for peptidase activity, exchange of

180

with the water solvent would be expeded. Breslow did observe a positive resdt for

this experiment. On the other hand, the incubation of fl-phenyllactate, 'Olabeled N-

benzoylglycine and the enzyme resulted in no exchange of 180with the water solvent.
Breslow suggested that if the hydrolysis of both peptides and esters did occur via the
anhydride mechanism, the hydrolysis of the acyl-enzyme intermediate, formed by

peptide hydrolysis through the anhydride mechanism, and its resynthesis might be
strongly catalyzed by enzyme-bound amino acids (Figure 4). The hydrolysis of the
acyl-enzyme intermediate might be expected to be catalyzed much Iess effectively by
enzyme-bound hydroxy auds as a result of the low basicity of the HO-group,
resulüng in a la& of 1809xchange. Breslow, however, went on to show that

phenylalanine was more LikeIy to be involved as a component and not a cocatalyst.
When L-Phe, 180-labeled N-benzoylglycine and CPA were incubated, the rates of

180-

exchange were similar to those calculated if L-Phe was regarded as a resynthesis
component.

Figure 4

Other work by Breslow47 involving peptide and ester hydrolysis in the
presence of methanol (5 M) showed no incorporation of methanol into hydrolysis

products (ester formation). This contrasted with other known peptidases that involve
acyl-enzyme intermediates during hydrolysis su& as a-chymotrypsin and trypsin,
where methanol incorporation is observed. The la& of incorporation may suggest the
need for both of the protons on the attacking water to be rernoved during the course
of hydrolysis, which would only occur in the general base mechanism. Breslow has
suggested the general base mechaniSm for at least peptide hydrolysis on the basis of
the results of his experiments and Lipscomb's early x-ray data24 showing that peptide

substrates bind via carboxyl oxygen-Zn2+ interaction and the lack of a Zn2+ bound
water in the substrate-enzyme cornplex.

The key evidence put forward in support of the anhydride mechaniSm involves
the hydrolysis of unusual ester substrates by

CPA.44#45,49#50

Makinen and

coworkers44~45 studied the hydrolysis of O-(trans-p-chlorocinnamoy1)-L+-

phenyilactate (4) at subzero temperahws.

Hydrolysis of this unusual ester substrate was shown to be biphasic, with an initial
faster step, followed by a slow rate determlliing step and release of hydrolysis

products. Makïnen was able to isolate an intermediate at -60' using gel filtration.49

This specieç was suggested to be an acyl-enzyme intermediate, which was considered
to be the Glu-270mixed anhydride formed through the anhydride mechanism. The

apparent acyl-CPA species was stable for 90 minutes at -60°, and broke down
spontaneously when w m e d to O*. Makinen went on to study the pH dependence of
the equüibriurn between Zr$+bound water and the zinc b o n d hydroxide using Co2+-

substituted CPA. It was later suggested that the anhydride intermediate and a water
molecule remain chelated to the ZnS+ ion to fomi a pentacoordinated metal ion (In
this expetiment, Makinen considers the Glu-72 carboxylate double oxygen ligand

interaction to be equivalent only to a monooxygen donor ligand).5152 The Zn2+bound
water molede then attacks the anhydride (Scheme 7).

Scheme 7

CPA

Products

Suh and coworkers,53 using two different substrates (5 and 6) with the same
acy1gtoup, demonstrated that the rate-determining steps are kinetically very similar

for both substrates and suggested that the same acyl-enzyme intermediate exists in
both cases. Attempts at trapping the putative acyl-enzyme intermediates, however,
using hydroxylarnine as an extemal nudeophile were unsuccessful.

More recently, Ka%&

has shown the la& of anhydride characteristics in the

so-called acyl-enzyme intermediate formed between CFA and Makinen's O-(bans-p-

dilorocinnamoy1)-L-Fphenyllactate (4) using resonance Raman cryospemoscopy.
Lipscomb and Christianson,a in a later review, agreed with Kaiser'sfindings, stating
that the isolated apparent acyl-enzyme intermediate was likely a tight complex

between the enzyme and the hydrolysis products, held together in part, by the la& of
proper diffusion at subzero tempeatures. The breakdown of the complex upon
warming to O", would then not involve hydrolysis of a mixed anhydride,but merely

diffusion of the products from the active site.
M;tkinen argued in r e m that Kaiser's la& of spectral evidence for the acyl

enzyme was probably due to the inadequate mixing of the viscous solvents at low
temperatures.51
Later, further Raman spectroscopic studies did show some evidence of a
possible anhydride intermediate during the hydrolysis of ester substrate 7 by CPA.55
Weak but reprodua%lepeaks observed in the 1720-1800 c d region were very similar
to those observed during analysis of ZnCh complexed with the mixed anhydride

between p-dimethylaminobenzoic and acetic acid.

7

It would seem that, since spectroscopic evidence supporting and discounting
the existence of the putative acyl-enzyme intermediate, has been reported, the acyl

enzyme hypothesis remains to be established unambiguously for the CPA.

Vallee and coworkers have conducted extensive studies of the hydrolysis of

peptides and esters by CPA using c 1 y ~ o l o g y . Using
~ ~ ~low
~ temperatures
~ ~ ~ 9
with

Zn2+

and Cd+-CPA, Vallee was able to trap intermediates (F& in Scheme €9,

which are distinct f k m the initial enzyme-substrate complex (ESi). These trapped E
s

intermediates were studied using UV/visible spectroscopy, electron paramagnetic

resonance (EPR),CD and MCD, and fluorescence spectroscopy (using N-dansylsubstrats) (Scheme 8).

Scheme 8

-where ES2 is EPtP2 for ester hydrolysis

Vallee conduded that peptides and esters are hydrolyzed via similas pathways in
which the rate-determinhg steps differ. With peptide substrates, ES2, which is the

predominant intermediate, was found to be the CPA-bound substrate, and for ester
hydrolysis the intermediate was found to be a complex between the enzyme and
products (EPlP2). Thus, it appears that during peptide hydrolysis, the enzyme first
binds the substrate weakly to formESt which is converted rapidly into a second CPA-

substrate complex, Es.This is followed by the rate-detemuning hydrolysis of the
amide bond, and rapid release of the products. Ester substrate hydrolysis, on the
other hand, also involves formation of an initial enzyme-substrate complex, ESi, but

this is followed by rapid hydrolysis to form the EPlP2 intermediate. Dissociation of
the enzyme and products is argued to be the rate detennining step. No acyl-enzyme

intermediates were observed spectrophotometricaIlyfor any of the many N-acyl di-

and tri- peptides and depsipeptides studied. Al1 attempts to trap anhydride

intermediates chernically were wuccesshil Based on this work, Vallee has argued

strongly that both esters and amides are hydrolyzed via s M a r water-promoted
general base medwisms.
It has been pointed out that the difference in the nature of the rate detemiining

steps for ester versus amide hydrolysis may be related to the fact that alcohols bind

more tightly to the active site than the correspondhg amino aads. For example, L-pphenyllactate binds more tightly than L-phenylalanine with Ki's of 0.13 rnM and 5.5
rnM respectively.

The structure of L-p-phenyllactate bound to the CPA active site

has been detennined by x-ray crystallographic studies.61 In this structure L-Bphenyllactate is bound into the active site in the same orientation as are substrates,
with the enzyme in the dosed conformation and with the phenyl group of L-B-

phenyllactate in the hydrophobie pocket of Si'defined by the side chains of Tyr-248,
Leu-203, Gly-253, Ile-255, Ala-250 and Thr-268, and with the favourable interaction of
the carboxylate with kg-145 (Figure 5). There is also an additional interaction

between the OH group and Znt+ through a water bridge.

Figure 5

It was suggested by Mangani61 that during release of ester hydrolysis products, P2
(the aud product) may be released from the EPlP2 complex to be replaced by a water

molecule binding to the Zn2+ ion and stabilizing the ES1 complex (see Figure 5) which
is now slower to dissociate.

This extra interaction does not take place with the

protonated amine produced during peptide hydrolysis. Crystallographic studies of
CFA-L-Phe binding showed L-phenylalaninebound in the same manner, but with the
protonated amine interacting with Glu-270,62 rather than with

ZnZ+ via a water

bridge.

Perhaps the strongest evidence supporting the general base theory is the
binding of transition-state analogues such as ketonea@e65 and aldehyde hydrates66.67,
sdfod.iimines68, phosphonates69 and phosphoramidate7o.n inhibitors to B A . These
inhibitors bind to the active site Zn2+, irnitating the tetrahedral intermediate (or the
transition-state involved in its formation) that occurs during general base hydrolysis.

The racemic mixture of the fluorinated inhibitor 2-benzyl-4-0x0-5,5 Jtrifluoropentanoic a a d 8 was shown to bind to CPA in this manner (Ki=0.2 PM)?

The trifluoromethyl group promotes hydration of the carbonyl to mimic the
tetrahedral hydrolysis intermediate (Scheme9)5'

Scheme 9

Both Glu-270 and Arg-127 were found to form stabilizing contacts with the inhibitor
as shown in Scheme 9. 19F-NMR studies have shown the CPA bound hydrate to be

the monoanion form, similar to the hypothetical tetrahedral intermediate of the

general base mechanism.73
Ketonic substrate analogues 9 and 10 were found to bind to CPA in sirnilar
hydrated fonns.M.65 Again Arg-127 and Glu-270 were found to be involved in
stabilizationof the cornplex (Figure6).

Figure 6

An interesthg observationconcerning the ketonic inhibitors 9 and 10 is that the
hydrated species is unfavourable in aqueous solution (<0.2%). The enzyme either has
selected the gem-diol, as it is continuously formed in solution through equilibrium, or
has facilitated hydration Uuough promoted water attack on the carbonyl group of the

inhibitor.

These qstallographic studies not only give strong evidence in favour of the
general base theory, but also suggest roles for Glu-270 and Arg-127 in transition-state
stabilization in peptide and ester hydrolysis. Further studies into the catalytic

involvement of Arg-127in the formation of the oxyanion hole were conducted using
site-directed mutagenesis. Arg-127 to Lys, Met and Ala substitutions were found to
cause little effect on substrate binding (Km)but to decrease katgreatly for both
esterase and peptidase activity.74 It appears that once Glu-270promotes attack by the

water molecule on the carbonyl group of the substrate it rem*

in interaction with

the transition-state, while Arg-127 now stabilizes the newly formed negative charge
on the carbonyl oxygen.

More recently, crystallographic studies of sulfodiimine (Il),phosphoramidate
(12) and phosphonate (13) inhibitors complexed with CPA have also led to similar

conclusions supporthg the general base t h e o r y . ~ ~ o ~ n ~ ~

These compounds a l l appear to act as transition-state analogue inhibitors as a
consequence of the tetrahedral geometry at the metal binding moiety which mimics

the tetrahedral transition-state of ester and peptide hydrolysis. The crystal structure

of CPA and phosphonate 13shows again the Zr$+, Arg-127, and Glu-270 stabilization
of the transition-state analogue (Figure 7).

Phosphonate inhibitor 13 is one of the

tightest bindhg inhibitors of CPA with a reported Ki of 3 pM.76 Glu-270 is thought to
be protonated in order to interact with the anionic oxygen of the phosphonate group.

Similar results were obsewed for the binding of tight binding transition-state

p hosphinyl inhibitors to the Zn2+ endopeptidase thermolysin (TLN)-77.78
Themolysin, for which the general base mechanism is firmly accepted for peptide
hydrolysis, has an active site similar to that of

BA.79

Catalysis by thermolysin is

thought to involve a water-promoted attack on the scissile amide carbonyl, which is
polarized by enzyme bound Znzf. The addition of water is promoted by Glu-143 and
His-231 which helps to stabilize the transition-state in the sarne way that Arg-127 does

for CPA (Figure 7).

Crystal structures of thermolysin and the tight-binding

phosphoramidate inhibitor 14 (Ki=0.068nM) demonstrated these interactions.w

Figure 7
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The strong similarities between phosphonates and the actual transition-state
during amide hydrolysis was further established by Bartlett's extensive phosphonate
inhibitor studies. By measuring the inhibition of fourteen tri- and tetrapeptide
derivatives, Bartlett demonstrated a strong correlation between Ki values of the
inhibitors and the &/kt
values of the corresponding amide substrates.76 Further

work was done involving wild-type and the Lys-127, Met-127 and Na-127 mutants
with more phosphonate inhibitors and th& peptide substrates to further establish

this relationship as well as the need for stabiIization of the transition-state analogue

complexes and transitionstates by Arg4278i These studies dosely paralieled earlier
studies by Bartlett comparing phosphoramidate inhibitors (Ki)for themolysin with
corresponding peptide substrates (Km/&J which gave a similar correlaüon.~2

Ln light of the resuls of crystallographic studies of CPA with the hansitionstate analogues, Lipscomb4086Qhas offered a rnodified version of his original general
base medianism for peptide hydrolysis (Sdieme 1 0 ) . In this revised version, the
amide (or ester) carbonyl does not displace the ZnZ+bound water molecule found in

the native enzyme but actually shares zinc coordination with the Zn2+ bound water.

Some studies have suggested that the attacking water molecule and the scissile
carbonyl oxygen are both coordinated to the active site Zn2+ prior to
catalysis.'4fi3884#85886

The sassile carbonyl is polarized by both Arg-127 and Zr$+. The

Zn2+bound water iç converted to Zn2+ bound hydroxide through deprotonation by

Glu-270. The hydroxide then can attadc the scksile carbonyl to give a transition-state
intermediate, in which the hydcoxyl is stabilued by the newly protonated Glu-270

and Zn2+, and the generated oxyanion is stabilized by both and Z++ and Arg-127.
Collapse of the intermediate involves transfe~of a proton from Glu-270 to the newly
formed amino group. This modification is applicable also to the general base
mechaniSm assoaated with thennolysin catalyzed hydrolysis.~~"

@
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Angiotensin Converthg Enzyme (ACE)

Angiotensin converting enzyme (A=, EC 3.4.15.1), akhough structurally mu&

less well understood than CPA, is an important pharmaceutical target and has been
subject to many inhibition studies as a consequence of its important role in blood
pressure regdation. ACE is a iW+-exopeptidasewhich deaves dipeptides from the

C-terminal end of peptide chains three residues and longer. The two most important
natural substrates of ACE are the decapeptide angiotensin 1 and the nonapeptide

bradykinin.88~8~The product of deavage of angiotensin I is the octapeptide

angiotensin II, which is one of the rnost potent vasoconstrictive agents known. As a
result, ACE is an attractive target for hypertension therapy since inhibition of ACE

prevents angiotensin II release. The angiotensin system and its interrelationships
with the kallikrein-kininsystem have been reviewed by Peach (Figure 8).%

ACE is a membrane bound glycosylated enzyme which is found in v a s d a r
endothelial cells of organs such as lungs and kidneys.91 ACE is composed of a single

polypeptide chai.of approxïmately 837 residues with a m o l d a r weight in the range
of 130,000-140,000, depending on the degree of glycosylation, Each mole of protein
contains one mole of Zn2+%93 Loss of the active site ZnZf completely inactivates ACE

and activity c m be restored only with Zn2+, Co2+ or Mn2+.**94

The Zn2+-enzyme interaction was found to be weaker in ACE than in either

CPA or themolysin, with the log of the stability constant (logKE)of 10.5,11.3 and 8.6

for CPA, thennolysin and Asteric arrangement of

=+

respecfively?s This characteristic suggests a different

ligands in ACE,or possibly a different number or nature of

ligands in ACE as compared to the Zns+ binding podcet containing two histidyl
ligands and one glutamyl ligand found in both CPA and thermolysin.92

Figure 8: Overview of the Renin-Angiotensin System and Reactions Catalyzed by
ACE
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The metal ion was suggested to be bound in the active site possibly

to a single

carboxylate from the side chain of an asparty1or glutarnyl residue.1 Co2+-substituted

ACE does show a lower symmetry metal-ligand environment than that found in CFA
or thermolysin.96 Cysteine was exduded as a possible ligand because of the Iadc of

characteristicsulhu-CS+charge tansfer bands in the MCD spectnim.

The formation of complexes between metal-binding ACE inhibitors such as
enalaprilat (15) or captopril(16) and Co?+-ACEresults in an alteration of the metalligand environment from one of low symmetry to one of tetrahedral geometry. By
contrast, upon binding of thiol inhibitors, C$+-CPA and Co2+-thermolysinretain the

irregular tetrahedral geometry about CoZf as the metai bound water is displaced by
the tight binding sulfur atom.97 Phosphinyl inhibitors have been shown to convert

the Co2+ atom of 8 A and Chermolysin from a pentacoordinated environment to a

hexacoordinated environment,98as mentioned earLier.

Unlike the situation with CPA, ACE adivity involves a much broader range of
substrate specifiaty. The natural substrates angiotensin 1and bradykinin have the C-

terminal ends -Phe-His-Leu and -Pro-PheArg respectively. A review of the diversity

of ACE substrates is given in by Cushman and Ondetti?

ACE was found to be

selective for substrates with antependhate, pendtirnate, and C-terminal residues
with the L-configutation.loo.'0'

ACE hydrolyzes peptides as short as N-acyl

tripeptides, and shows no adivity with N-acyl dipeptides.102 Tripeptides with a free
N-terminal amino group act as inhibitors and are hydrolyzed quite slowly, parallel to

the interactions between dipeptides and CPA. ACE c m t hydrolyze substrates with
C-terniinal Asp or Glu residues, or a pendtirnate Pro residue such as in angiotensin
II.103J04 Interestingly, unlike substrates with a C-terminal Glu or Asp, which bind

weakly to the ACE active site,'03 substrates with a C-temiinal Pro do in fact bind
tightly to the ACE active site.101~103 A C-terminal p r o b e is found in many tight
binding inhibitors of ACE, such as captopril(15), cnalaprilat (16) and 17. Additional

studies have shown that, in terms of bhding specifîcity, the relative importance of the
Pi (antependtirnate),Pi1 (penulamate) and Pi (C-terminal) positions is Pi > Pl1> Pl.

The reverse is observed for substrate specificity where Pl > Pl1> P&lOl
The concentration of chloride ions in solution has also been found to affect the
activity of ACE. It has been suggested that diloride ions induce a conformational

change in ACE that m a y differentially alter the binding affinity for different
substr ates .'O5

Riordan and coworkers,1*6~107using extensive kinetic studies,

demonstrated that there are three classes of substrate on the basis of Cl- activation.

The classes differ in the effect that Cl-has on the rate of hydrolysis, and, irnportantly,
the order in which Ci-and the substrate bind to the active site.

Class 1 substrates such as furanaqloyl-Phe-Gly-Gly essentially require the

presence of Cl-for hydrolysis and as an important activator.106~108 Inaeases in CIconcentration were shown to deaease Km values, with a KA of 80 mM, but had no
affect on katvalues, where the diloride binding constant (KA)represents the Clconcentration at whidi

kat/&is half-maximal.

Class 1 substrates in general have

been found to possess KAvalues ranging 80-150 mM. The Cl- ion is required to bind
before the substrate binds to the active site, prior to hydrolysis (çdieme 11).

Scheme 11

Class II and III substrates also show an activation by Cl-, but to a lesser extent
as compared to Class 1 substrates, where Class III substrates display a greater
activation by Cl- than do U a s s II substrates. Unlike the Class 1substrates, Class II and

III substrates do not show absolute dependence on Cl-. Both Km and ktvalues are

affected by Cl- concentrations, with KAvalues of 3-5 mM and 18-30 mM for classes II

and III respectively. In the hydrolysis of these substrates, ACE can bind Cl- in the free

enzyme (E) or ES state (Scheme 12). Stopped-flow radiationless energy-transfer
kinetics were used to show that the ACE-Cl--substrate complex with the class III
substrate dansyl-Lys-Phe-Na-Arg consisted of two species.'09 There is an initial ECl-

.Sicomplex, followed by a EC1*-S2complex in which the substrate is bound more
tightly to the active site (Scheme 12). This two-step mechanism was found for the
binding of slow-tight-binding inhibitors enalaprilat and captopril as weU (see
discussion in Section 1.5).
Class II substrates consist of compounds with arginine or lysine in the Cterminal or penultimate position, whereas Class I and III substrates possess no dear

distinguishing features, except that a l l dass III substrates have a penultimate alanine
residue. The chloride ion concentration is observed to affect the binding of inhibitors
as well.107 Other anions such as Br, phosphates and sulfates have also been shown to

bind to ACE and to affectactivity.110

Scheme l2

ACE also possesses esterase activity.100 N-Acyl tripeptides and theK ester
analogues (N-acyl-Pl-O-Pl1-Pi) were found to have v q similar Km values, but bt
values for ester substrate hydrolysis were found to be 5 to 33 times lower than those
for the corresponding amide substrates. Studies of the pH profile, Cl-effect,
inhibition and chemical modification of ACE reveal no mechanistic differences
between esterase and peptidase activity.

Although a crystal structure has never been determined for ACE, the enzyme is
considered to contain one CPA-like active site per protein molede. Like CPA and

thennolysin, ACE contains a single Zsl?+, Arg, Tyr"' and Glulll~ll2~1l3
at the active
site. The hypothesis conceming the involvement of these residues in catalysis is based

on chemical modification studies. The rates of irreversible diemical modifications
were diminished in the presence of reversible ACE cornpetitive inhibitors. These

experiments parallel chemical modification studies conduded with CPA.111

The proposed general base mechanism for ACE (Figure 9) is simiiar to that for
CPA and thermolysin.9*Jl3 Again, an Arg residue is involved in binding the C-

terminal carboxylate. There are binding pockets Si', Si and Si for binding substrate
side groups. The Tyr residue is thought to be involved in hydrogen bonding to the

scissile amide hydrogen and may possibly aid in formation of the Si'binduig po&et

parallehg the proposed h c t i o n of Tyr-248 in CPA. The active site Z&+ and
glutamyl residue are suggested to be involved in a water promoted attack on the
sassile amide bond. On the basis of substrate spedîaty studies, the active site was

proposed to be an extended Iinear trench that can accommodate a polypeptide with
perhaps as many as 10 residueslu

Figure 9

Glu

During the hydrolysis, a Zn2+ stabilized tetrahedral intermediate is proposed to

be formed. The existence of this suggested transition-state is supported by the tight
binding of transition-state analogues, similar to those which inhibit CPA and
themolysin. The carboxylate of Enalaprilat was suggested to bind the active site Zn2+
in a transition state-like geometry for general base hydrolysis (Figure 10).

Spectrophotometric and MCD analyses of Cd+-ACE complexed to enalaprilat
indicate a strong interaction between the Co2+ atom and the carboxylate of the

inhibitor?6 but whether the binding involves a mono or dioxygen-Cd* interaction

has not been resolved. Enalaprilat (Kiof0.06 nM)ilspi16 also contains the characteristic

tight binding p r o h e C-terminal residue.

I
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Hydrolysis Transition-State

Transition-state analogues 17 and 18 (Ki = 0.5 n M and 1.4 n M respectively)ll7
as well as

other phosphoramidates are thought to inhibit ACE by mimidang the

tetrahedral transition-state in the same way that transition-state analogues strongly

inhibit CPA (Figure 11).

Figure 11

Chernical modification studies indicate the importance not only of active site
Glu, Arg and Tyr residues, but &O of a Lys residue.lllJl8

Thiç is unlike the situation

with CPA where there is no evidence suggesting any catalytic involvement of a Lys

residue. Methylation of a single Lys residue increases Km values for substrate binding
with no effect on

k&18

ACE was partially protected from methylation by the

addition of either competitive inhibitors or Cl-, suggesting the catalytic Lys was
located at or near the active site. Interestingly, however, the addition of Cl- and a

competitive inhibitor together caused a strong synergism in protection from
methylation.

The Lys residue is thought to be involved in the anion activated substrate
binding mechanism. Furthemore, the species involved in the anion activation
mechanism was determined to have a pK of 9.4,ilg consistent with a positively

charged lysyl residue in a hydrophobie miaoenvironment and/or near an active site
Znz+. These environments would stabilize the unionized form of the &-amino group

of lysine, reducing the pKa value (pK, of a lysyl &-amino group is usually 10.3).

Similarly, a-amylase utilizes a lysyl residue for Cl-binding for CI- activation, and with
a pK reduced to 9.1.m

The Lys-Cl- interaction is thought to induce conformational change, adapting
the active site for certain substrates.'la

Excess Cl-levels, however, were found to

inhibit ACE by binding to low-affinity inhi'bitory sites in both an uncornpetitive and a
cornpetitivemode.119
Later, Cl- was found to lower Km values for the binding of substrates to
therrnolysin as well,l2l in a non-essential mechanism. The Cl-ion is thought to
interact with Arg-U)3 to help stabilize the thermolysin-substrate cornpleu. Arg-203 is

involved in a salt bridge with Asp-170, which hydrogen bonds to His-142, one of the
Zn2+ ligands. By cornpethg with Asp-170 for Arg-203, Cl- can alter active site

conformation,optimizing substrate binding. This is in contrast to the effect of excess
Cl- on CPA activity. Cl- competitiveiy inhibits the binding of the substrate to the CPA
active site by binding to Arg-145.122p123 A substrate C-terminal caiboxylate bindïng

group such as Arg-145 for CPA does not exist for therrnolysin, explainhg the
difference in Cl- effeds between CPA and thermolysin.

Inhibitors of CPA and ACE

CPA and ACE have been subjected to extensive inhibition studies in the past.

This reflects the substantid fundamental and therapeutic importance of these
enzymes. Reversible inhibitors for CPA and ACE have been the main focus for
inactivation studies. Aithough irreversible inhibition of these metalloenzymes has

been rnuch less studied, there axe some mechanisticdy interesthg examples. For
example, 2-benzyl-3-iodopropanoicacid (19) has been reported to Vreversibly
inactivate B A in a time-dependent manner by SN2 displacement of the iodide by

Glu-270or Tyr-248with an observed kinaa of 0.078min-1.124 This inactivation reaction
is thought to be catalyzed by a weak but favourable interaction between the active site

Zn2+ and the iodide of 19 (Figure 12).

In addition, Kim and coworkers have found that the epoxide inhibitor 20 and
thioepoxide inhibitor 21 inactivate CPA irreversibly by a similar mechanism.l~J26J"

X-ray crystallographic studies have shown that these inhibitors inactivate CPA
irreversibly through a covalent bond formation between the inhibitor and the active
site Glu-270 (Figure l2).127 Again, this covalent bond formation is thought to be

catalyzed by the interaction between the active site Zn2+ and the electrophilic moiety

of the inhibitor. Surprisingly, however, the x-ray structure of the CPA-20 covalent
complex revealed that it is the D-fomi (in respect to substrate configuration) that is
covalently attached to the Glu-270. This was unusual considering that the catalytic
activity of CPA is highly speafc for the L-configuration when binding transition-state
analogues of substratesP8~69~70~n
Kim>27 using modeling studies, has proposed that as
a consequence of the unusual geornetry of the epoxide-containing substrate analogue
20, the D-form (2S3R)actually binds in the active site in an orientation slightly more

favourable for nudeophilic attack by the Glu-270 carboxylate. The obsewed Ki and

kinactvalues for the inactivation by 20 (îS,3R) were 86

and 1.59 min-1 respectively.

The enantiomer (2R3S)was obsenred to be a slightly les effective inactivator with Ki

and km* values of 155 @
and 1l
.11 mir1 respectively. The thioepoxide derivative 21
(2S$R), whi& was designed to ake advantage of the strong affinity between Z$+

and sulfur, was no more effective as an inactivator, with Ki and km& values of 94 pM

and 1-31min-1 r e s p e c t i ~ d y . ~ ~
Figure 12

B A complexed with

CPA-19 complex

20:

x=o

21: X=S

CPA-22 complex

n i e Glu-270 side-chah carboxylate is also proposed to participate in

nucleophilic ring opening of the cydopropane ring of the irreversible inactivator 22

(Figure12).Dm
As mentioned earlier, the investigations into the reversible dass of inhibitors
for CPA and ACE have been extensive. Many of the inhiiitors investigated earlier

were actually substrates themselves. CPA was found to bind tightly to dipeptides,7
which were hydrolyzed onLy slowly. ACE was found to interact with tripeptides in

the same fashion.130 Crystal structures of CPA with the dipeptide Gly-Tyr helped
resolve the interactions Ieading to this tight binding affect* As shown in Figure 2

(Section 12),Gly-Tyr binds to the active site with interactions considered normal for
substrate-CF'A complexes, with an additional interaction between the amino group of
Gly-Tyr and Zn2+ and Glu-270 which interferes with catalysis. A simiiar interaction
may also occur with ACE complexed with free amino tripeptides.
Other inhibiting substrates indude the C-terminal proline substrates for ACE.

The snake poison BPP5, (23) from Bothops jararaca,isi with a Kiof 50 nM, is one of the
more potent examples. It acts as a tight-binding mixed inhibitor which is also
hydrolyzed slowly in the absence of Cl- and not at all in presence of Cl-. Extensive
studies have been conducted to find the optimal tight-binding sequence for these C-

terminal proline peptides.99 The C-terminal proline, penultimate alanine, and

antependtirnate phenylalanine or tryptophan residues were found to be the most
effective as in BPPSa. These structural features allow for the tightest enzyme substrate
interactions but also cause hydrolysis to be unfavourable. The Ala-Pro C-terminal is
also found in other types of the strongest inhibitors of ACE.

Compounds designed as substrate analogues which are incapable of
undergoing hydrolysis, such as the ketonic CPA substrate analogue 24 and the ACE
substrate analogue 25

(K5o

26 pM),'32J33 are known to be good enzyme inhibitors.

With the C-terminal phenyldanine substructure of 24 and the C-terminal -Phe-Ala-

Pro substructwe of 25, both inhibitors utiüze the optimal structural characteristics to
increase binding-

CPA not only binds 24 in the same orientation as it does normal
substrates,26J0J34but also catalyzes enolate formation by stabiluing the negatively
charged oxygen ushg Zn2+ (Figure 13)F Deuteriwn labeled 24 was used to
demonstrate a stereoseledive removal of the Ha (Pro-R)hydrogen, suggested to be

abstraded by Glu-270.133 A crystal structure of 8 A complexed with 24 shows a

Zdf-carbonyl oxygen interaction and the side-chain carboxylate of Glu-270 within
interaction range of Ha.lx

Figure U

Other ketonic inhibitors of CPA dong with certain aldehyde inhibitors have
been shown to inhibit B A as transition-state analogues. As mentioned in Çection 1.3,
8 , 9 and 10 along with 26 and 27 were found to bind CPA in the hydrated form

(Figure6).l7f5$7,dQ,6%56,67,73

The halogenated inhibitors 8 and 26 were originally designed to help favour
the hydrated form. Ketone inhiiitors 9 and 10 were f o n d to bind with CPA solely in
the hydrated state, even though hydration for these ketones is nonnally u.vourab1e
(less than 0.2% in solution).64.65 TheSe experiments show the importance of the
transition-state geometry for designing better binding inhibitors. Interesiingly,
ketonic inhibitor 24 was shown not to be hydrated when complexed with CPA,
possibly because of inadequate enzyme-inhibitor interactions due to steric effects
between the acyl benzoyl group and the active site?4 The Phe-279 side diain phenyl
group in the Si subsite and the methoxybenzoyl group of 24 are thought to be
involved in unfavourable interactions. These phenornena may also explain the poor
substrate quaüties of N-benzoyl-L-phenylalanine-7

Another dass of transition-state analogues well known to inhibit CPA and
ACE is comprised of the dicarboxylates. L-Benzylsuccinicaad (28) with Ki 0.45 pM
was onginaily designed by Wolfenden60J35 to mimic the two products of hydrolysis

(Figure 14). Wolfenden proposed that the post-hydrolytic BA-product complex

invoives both the acid and amine products bound to the active site, with the newly
formed carboxfiate chelated to the active site Zn2+. A rnolecule such as 28 which
incorporates two carboxylate groups so positioned as to mimic the carboxylates of the
two products can be considered to be a bi-product analogue which might be expected,
on the basis of entropy arguments, to bind more tightly Ulan the two normal product

molecules.1~Benzyl succinate has also been dassified as a transition-state analogue
as a result of the strong inhibition observed which is usually characteristic of

transition-state analogues.~36Crystallographic studies have shown that the second
carboxylate does bind to the Z*

in a bidentate fashion,'J' compatible with either bi-

product or transition-state analogue binding. The dicarboxylate 29 which possesses
the same byproduct design but the standard tight-buiding ACE substrate/inhibitor
structure was found to be a modest inhibitor with a ICso of 0.8 pM.lB

Figure 14
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Enalaprilat (16)1*5,which is a slow-binding inhibitor,ll6JJ9 is an example of a
strong dicarboxylate ACE inhibitor with a Kiof 0.06 nM. Enalaprilat as well as many
other dicarboxylate inhibitors115 were designed as transitioil-state analogues (Figure
10). Visible absorption and MCD spectroscopy have been employed to study the

interaction of enalaprilat with CG+-ACE. It was conduded that the cornplex involved

interaction between the active site Zr$+and the carboxylate moiety of the inhibition

possibly in a transition-state geometryP6 Enalaptilat is used extensively for
therapeutic purposes as an antihypertension agent. The dmg form dinically w d is

the ethyl ester enalapd (30), a prodrug which is hydrolyzed in vivo to release the
carboxylate."5J38

The tightest binding group of inhibitors for these enzymes is the
organophosphonis dass of transition-state analogues. As mentioned in Section 1.3,
Bartlett and coworkers have devdoped many analogues for both themolysin and
CPA, which,

to

date, are the most potent inhibitors for these

enzymes. 7 6 ~ ~ ~ 8 l ~ l * J Q 1 JThese
*
inhibitors were shown to bind in a manner imitating

the tetrahedral transition-state (Figure 7).36r70r71875878r98r143

The two main types of

organophosphorus CPA inhibitors are the phosphonates (3 1) and the
phosphonamidates (32).
Figure 15

Using the basic phosphinyl-phenylalaninestructure and varying the R groups (Figure
15) to imitate various N-carbobenzoyl di- and tri-peptides, Bartlett demonstrated the

importance of the P2and Plgroups for inhiiitor binding ( d e r to Figure 3 for P group
classification). With CBZ-Ala-Ala- and CBZ-Phe-Ala- as R groups on the
phosphonate structure 31, these inhibitors were found to possess Kivalues of 1pM

and 3 pM respectively, demonstrating the importance of a P2phenylalanine.76 With a
phosphonate analogue of valine as the Pigroup in 33, the Kidrops to 11fM.141 This
compound is the tightest binding inhibitor reported to date for CPA, underlining the
importance of hydrophobic interactions in the CPA Siand S2 subsites. X-ray
crystallographic studies of 33 complexed to CPA have shown the valine side diain to
be inserted into the Si subsite p d e t which is formed by Ser-197, Tyr-198, lie-247,

Tyr-248 and Glu-270.36 Subsite S2-inhibitor interactions were found to involve a
hydrophobic interaction between Tyr498 and Tyr-248with q phenylalanine side
chain. Another important geometric observation for this complex was the aromatic-

aromatic edge-to-face interactions between the Pl'phenyl group of the inhibitor and
the Tyr-248 phenyl group, involving the slightly positively charged edge of one

phenyl ring and the slightly negatively charged face of the other phenyl ring. This
weak polar interaction affords more stabilization than found in face-to-face phenyl
ring interactions which involve only Van der Waals forces and which are observed in

other inhibitor-BA complexes studied by x-ray crystallography.

Figure 16

The original analysis of phosphonamidate 12 (Ki 90 nM) by Bartlett provided
no evidence of hydrolysis of the phosphonamidate bond.142

Later x-ray

crystallographic studies of the complex of CPA with 12 revealed, however, that the
inhibitor was bound to the CPA active site in the hydrolyzed form.70 The L-

phenylalanine product bound into the Si' subsite, and the phosphonic aad product
bound in the S2 and Si subsites, with the phosphonate oxygens coordinated to the

active site

m+,
in a product analogue geometry (Figure 16).

Phosphonamidate transition-state analogues 17 and 18 have also been studied
as inhibitors of ACE.117 Compound 17with a Ki of 0.5 n M is a phosphonamidate with
the enalaprïlat (16) structural feahues. The organophosphorus ACE inhibitors were

found to be less effective than their dicarboxylate analogues, unüke the situation with
CPA and themolysin for which the organophosphorus inhibitors are especially
effective.

With a l l of the many types of inhibitors f o n d for CPA and ACE, the tighter
buiding classes usually involve a substrate or transition-state structure with a metal

binding moiety which coordinates to the active site Zn2+. Other metal-binding
inhibitors indude simple metai chelators, such as 2,T-dipyridyl and O-phenanthroline
which inhibit C P A I These compounds inhibit activity by removing the metal ion

from the active site. ACE is known to be uihiiited by EDTA and o-phenanthroline by
the sarne mechanism.144 This mode of inhibition is easily verified by regeneraüng
enzyme acüvity by the addition of excess metai ion. EDTA and other highly charged
metal chelators inhiiit CPA slowly, due to the Iadc of active site penetration because
of unfavourable interactions between the hydrophilic chelator and hydrophobie CPA
active site.

Other classes of inhibitors that involve a strong Zn2+-metalbinding interaction

are mercapto and hydroxamate inhibitors.

Mercaptans such as cysteine,

mercaptoacetic acid and mercaptoethanol also inhibit CPA by metal ion removal.9s
Thiol inhibitors such as those in Figure 17, on the other hand, have been shown to

inhibit CPA by classical reversible cornpetitive inhibition. These types of inhibitors
were found to inhibit by binding Zn?f in the CPA active site without rernoving the
rnetal ion. Electronic absorption, CD, MCD and EPR spectroscopy using Co2+-CPA
are consistent with d-d transitions from the C&sulfur

intera~tion.9~14S13Cd-NMR

analysis of 113Cd-CPA also demonstrated that thiol-type inhibitors s u c h as
mercaptoacetic acid and 34 remain in the active site bound to the metal.146 Although

mercaptoacetic acid was shown to be capable of removing the active site ZnZÇ if
d o w e d to incubate with the enzyme for 3 days,95 its main mode of inhibition is
considered to be simple competitive binding-97

Figure 17

35

mercaptoacetic acid

K,=1.2pJM (CPA)

K,=9.0 j
M (CPA)

Ki=7.8 n M (CPA)

K,=5.0 pM(-A)
5=75 n M (ACE)

6=4.2 p.M (CPA)

Valle@ has stated that compounds which 1) incorporate a metal-binding agent

and 2) which are analogues of the substrate or transition-state may be potent and
selective inhibitors. Inhibitors 3597,36147,3797 and 38148 al1 of which possess the

phenylalanine substructure with hi01 group, all are good inhibitors. The importance
of the phenylalanine-like structure for good inhibition97 is indicated by the lower

potency of mercaptoacetic and mercaptopropanoic aud (34). The tight-binding
inhibitor 2-benzyl-3-mercaptopropanoicacid (36), the most potent of the thiol-CPA

inhibitors with a Ki of 7.8 nM for the L-enantiomer.149 is thought to represent the
optimal binding g~rnetry'4~
(Figure 18). The free thiol is situated in the inhibitor for
easy binding to the Zn2+ atom and the rest of the inhibitor fits into the active site in

the substrate binding configuration.

Figure 18
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More recently Kim'50J51 has used various para-aromatic substituted analogues
and phenyl-to-cydohexyl and -naphthyl substituted analogues of 36 to estirnate the

dimensions of the hydrophobic pocket of the Si'subsite of CPA. It was conduded
that the subsite was approximately 3.5 A x 7.1 A in size.

2-Mercapto-3-phenylpropanoicacid (35), whidi lach the methylene bridge
between the a-carbon and the mercapto group found in 36, was observed to have a

higher Ki.The large difference in Kivalues observed for thiols 35 and 36 was thought
to result from an inadequate distance between the phenylalanine substnicture and the

metal binding thiol group of 35.148 Captopril(39). a tight-binding mercapto inhiiitor

of ACE developed by Cushman and Ondetti>52exhibits a Kiof 1.7 nM. Captopril has
been shown to bind ACE through the expected metal-thiol interadion on the b a i s of
visible absorption and MCD spectroscopy with C&+-ACE% Captopril possesses the
-Na-Pro substructure found in other tight-binding ACE inhibitors such as enalaprilat
(16) and BPPsa (23). Cushman demomtrated that upon removal of the methylene

bridge to the SH group to give 40, the &
I

was increased from 0.023 @d to 1.1

@ll52

emphasizing again that appropriate placement of the thiol group seems very
important in optimizing binding. Upon removal of the methyl group of captopril to

give a -Gly-Pro derivative (41) the ICso increases to 0.20 PM. Adding another
methylene group spacer to 41 to give 42 decreases inhibition again with an ICsOof 2 4
pM.152 By substituting the Pro residue on 41 with other amino acids, Cushman

showed that Phe, Arg and Ala analogues of captopril are also reasonably good
inhibitors with ICs& of 0.43,0.65 and 0.85 @idrespectively.'52 Inhibitor 40 displays a

higher ICso value than captopril(39) as a consequence of the shortened structure.
Replacing the C-terminal proline with the larger aromatic residue Trp (44) on the
other hand, gives a more potent inhibitor 44 @Csoof 0.08 pM).153 ACE inhibitor 37

whïch has a "shortened structure was shown to be a faidy potent inhibitor with a Ki
of 75 n M presumably as a consequence of the C-terminal phenylalanine group.97

Other mercapto inhibitors of ACE have been investigated and reviewed by Cushman

and Ondetti.99 Potent substrate analogue mercaptan inhibitors for thennolysin have
&O

b e n investigated.m

39

K,=1.7 n M ( A G )
1Cm=0.023 p M (ACE)

42

IC,=9.7 p M (ACE)

40
ICa=l.l @A (ACE)

43

R=Cys, 1&=8.0 pM (ACE)

44

R=Trp, IC,=O.OB pM (ACE)

Hydroxamate substrate analogue inhibitors are thought to bind
metalloenzymes with the same metal-binding mechanism as obsenred with diiol
inhibitors. The hydroxamate functionality, which has a high affinity for Z d + ,
strongly dielates it in the enzyme-substrate type complex. ACE is inhibited by
hydroxamic aads 4599 and idrapril(46)155, with ICS0values of 610 n M and 470 pM
respectively. Hydroxamic acids are thought to chelate the Zn2+ active site atom
through the carbonyl oxygen and negatively charged deprotonated hydroxyl
oxygen.156 This type of Zn2+-hydroxamicacid bidentate complex (Scheme 13) was

observed for the binding of hydroxamic acid substrate analogues to thermolysin using

x-ray qstallography~

Scheme 13
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The ACE inhibitors captopril(39) and enalaprilat (16) are both used dinically
in hypertension therapy. The inhibition of ACE by these inhibitors requires the
presence of Cl- in solution, simiIar to the binding of many of the substrates.107 More

detailed kinetic analysis of these inhibitors showed that they were actually slow-tight-

binding cornpetitive inhibitors,10'116 for which there is an initial EI complex between
ACE and the inhibitor followed by slow isomerization to a tighter EI' complex
(Scheme 14). Captopril, in partidar, was observed to be a better inhibitor (Kiapp=0.33

nM) than onginally obsewed by Cushman (Ki=1.7 nM) when the tight binding
phenornenon is taken into account in the khetic analysis.1" The Cl- anion is thought
to be involved in the stabilizationof the ET cornplen107

Scheme 14

The use of mercapto compounds such as captopd for therapeutic purposes is
someümes accompanied by side-affecfs such as rashes and loss of taste.157 The free
SH group of the inhibitor is thought to cause many of the side-effects as a

consequence its high affinity for Zn2+ which results in binding to other Zn2+nietalloenzymes. Another free thiol inhiitor, hiorphan, (Figure 19) which targets the
Znzc-peptidase enkephalinase, has been shown to possess significant inhibitory
activity agaiwt other Zn2+-dependent enzymes such as ACE (Kiof 150 nM) and
leucine amuiopeptidase (Ki > 10

m.'58
Figure 19

Thiorphan

Thus, given that side effects are obsemed for such metal-binding compounds,
there is room for improvement of specificity to avoid such interactions with enzymes
other the target enzyme. Possible strategies for introducing addiüonal specifiaty by

relying on enzyme activation to release the metal binding agent are descri'bed below
in Chapter 2.

Chapter 2Results and Discussion
2.0.1

Mechanism-Based Inhibition of Cuboxypeptidase A by
Thioester Substrate Andogues

Compounds that inhibit Zn2+-proteasesthrough metal-birtding, usually do so
through diffusion into the active site of the enzyme, followed by interaction between a

ligand on the inhibitor (X) and the metal ion (Scheme15).

Scheme 15

As indicated in Section 1.5, therapeutic use of these types of compounds

sometimes leads to toxicity when the metal-binding group (X) binds and inhibits
important metalloenzymes other than the target enzyme.157.15B Thus, there is a need
for strategies to inaease the specifiaty of such enzyme inhibitors.

One strategy for creating highly specific enzyme inhibitors is based on the socalled "suicide substrate" or 'Trojan horse"concept. In sudi an approach, the inhibitor
is designed to possess a fwictionality capable of inhibiting the enzyme. However, this

functionality is present in a modified or latent form whidi is activated through the
catalytic action of the target enzyme.159 One example of this type of inhibition is
found with the halo en01 lactones,'60J61J62 which are considered to inactivate achymotrypsin through formation of two covalent bonds. Halo en01 lactones, such as
47, are thought to undergo a nudeophilic attack by the catalytic Sr-195,which leads

to ring opening and protonation (Scheme 16). The a-halide is then susceptible to

displacementby attadc £roma nudeophile, -57

in this case. within the active site of

the enzyme. Carbon-14 labeled halo en01 lactone 48 was used to show that achymotrypsin inactivated by 48 contained one molecule of the inhiiitor covalently
bound to the m e .

In most cases, suicide substrate inhibitors such as halo en01 lactones are
designed to release an electrophilic site to react with some nudeophilic amino acid
side diain functionalify in the active site of the target protein ui the present case, the

target functionality in the active site is an electrophilic metal ion and, as a resdt, the
appropriate functionality to be masked and subsequently released from the inhibitor

by the enzyme is a nudeophilic species capable of acting as a ligand to the metal ion.
The concept is illustrateci in Scheme 17.
Scheme 17

The principal interest in this dass of mechanism-based inhibitors is related to the
possibility of an increase in the specifiaty of the inhibition. As mentioned previousiy,
captop ri1 at higher .doses causes side-effects because of the general metal-binding

ability of free thiols.157 AS outlined in W o n 1.5, mercapto compounds are known to
inhibit Zn2+ containing enzymes through a strong ZIG+-sulfur binding.95 In the

present strategy, it is intended that specifiaty be increased by designing molecules

which are not themselves metal binding agents but which incorporate a latent metal
ion binding site which is released by the catalytic activity of the target enzyme.

Thioester substrate analogues whïch release known free-thiol inhibitors upon
hydrolysis are proposed as potential examples of this type of inhibitor. These
compounds are designed such that the target enzyme will hydrolyze the thioester

bond in essentially the same way amide and ester bonds are deaved in natural
peptide substrates and in synthetic ester substrates respectively. The X group in

Scheme 17 wodd then be the free-thiol functionality (Scheme 18). An efficient
thioester inhibitor of this type must meet two essential criteria: 1) the thioester

luikage must be recognized as a substrate by the target enzyme; and 2) the thiol
released must be a good inhibitor.

Scheme 18
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The first thioester analogues tested for this purpose were studied in this
laboratory by M a c K i ~ o n , l 6 3 who examined various S-acyl-2-benzyl-3mercaptopropionic aad analogues (49) targeting CPA (Scheme 19). Hydrolysis of any
of these would Iead to the release of thiol 36 which is known as a tight-binding

inhibitor (Ki 7.8 nn4.147

Scheme 19

CPA

No hydrolysis was observed for these analogues. The extra methylene group between

the a-carbon and the S atom was thought to be responsible for the la& of substrate
recognition. Thioesters such as 49 satisfy the second criterion listed above, in that the

product of hydrolysis is an excellent inhibitor, but do not meet the first criterion in
that 49 is not recognized as a substrate.

A better choice to satisfy the first criterion is thioester 50, which is doser in

structure to nahua1 amide and ester substrates. The doser structurally similarity to
n o d substrates may increase the likelihood of the inhibitor being recognized as a

hydrolyzable substrate (Figure 20). On the other hand, thioester 50 represents a

compromise with respect to the second criterion, in that the released thiol product
3597 has been reported to be a mu&

weaker inhibitor than 36" (Ki 1.2

for 35 vs Ki

7.8 n M for 36). MacKinnon conducted preliminary qualitative experiments in this

laboratory with 50 which indicated that (=PA was inhibited when incubated with
racemic 50.163

Figure 20
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Synthesis of Thioester Substrates of CPA and Related

Compounds

In order to uivestigate the nature of the inhibition of CPA by the proposed
thioester substrate, (S)-50 was requhed. In addition, cornparison of the hydrolysis of
50 and the oxygen ester derivative 51by B A re-d

the synthesis of (S)-51.

Racemic thioester 50 was originally prepared from (R,S)-phenylalanïne by
Mad(iMoni63 through the steps outlined in Sdierne 20. This method was adequate
for the synthesis of racemic 50, but inappropriate for the synthesis of (S)-50 since the
18 hour audic hydrolysis in the last step of the pathway was expected to result in
substantial racemization.

In the present study, the asymmetnc synthesis of (S)-50 was pursued via a
modified scheme which did not involve a harsh acid or alkaline hydrolysis step in
order to generate the fiee aud form (Sdieme 21). The first step involves the
conversion of (R)-phenylalanineto the a-bromo acid derivative (R)-52 with retention
of configuration.1" This step is thought to involve a diazonium intermediate which is

converted to an a-lactone intemediate with inversion of configuration through an

intramolecular nudeophilic attadc (Scheme 22).165 Nucieophilic ring opening of the
a-lactone by bromide aiso occurs with inversion so that the final product is produced
through a double inversion sequence resulting in overall retention of configuration.

Ph

_

lO%HQ
dioxane
reflux

Ph

Scheme 21

Ph-COSH
K2CC5
acetone

PhOH

The carboxylic acid functïonality was proteded by formation of the benzhydryl ester
(R)-53 with a yieid of 46% by reaaing the acid 52 with diphenyldiazomethanewhich

was prepared fiom benzophenone hydrazone.166

The thioester (S)-54 was prepared in a yield of 57%, by reacting the bromide 53 with
potassium thiobenzoate in acetone. This process is an sN2displacement and, hence, is
expected to result in inversion of configuration. The benzhydryl group was then
removed using trinuoroacetic a a d (TFA) and phenol to give (S)-50 in a ykld of 88%.

The enantiomer (R)-50, was also synthesized using the same synthetic route

described for (5)-50, but using (S)phenylalanineas a precursor.

The enantiomeric purity of (S)-50 was measured to be 95% through chiral salt
formation using the chiral amine a-(S)-methylbenzylamine (Figure21). The thioesters
(S)-50 and (R)-50 were separately reacted with a-(S)-methylbe~lzy1amine
to form the

(S,S) and (R,S)-chiral salts respectively. A suffiCient clifference in the

1H NMR

chernical shifts in benzene-d6 was obsenred for the methine hydrogen at C-2 of the
diastereomeric salts at 500 MHz to allow for estimates of the enantiomeric purities of

the chiral thioester.

Figure 2î

(S,S)-chiral salt
55

The 1H-NMR signal for the methine proton of the (S,S) salt, 55, was observed as
a doublet of doublets (JAX=7.5Hz, J~x=7.3Hz) at 4.78 ppm and the corresponding

signal for the (S,R) salt was observed as a doublet of doublets (JAx=7.0Hz, JBx=7.0Hz)
at 4.69 ppm.

In the NMR spectnim of the (S,S) salt, the minor component (the (R,S)

salt) gave rise to a signal at 4.69 ppm. The ratio of (S,S) to (R,S) salt, measured by
integration of the C-2 methine signals, was found to be 17.3:l. From this ratio ,the
sample of 50 prepared from (R)-Phe was estimated to contain 95% of the (S)enantiomer (90% ee). Similar analysis of the (RS)salt resulted in the estimate that
97% of the sample prepared from (S)-Phe was (R)-50 (94%ee).

The commercial sample of (R)-phenylalanine was reported by the
manufacturer to contain 98.8% of the R enanüorner (97.6% ee). Thus the synthetic
route above resulted in a small but measurable degree of racemization. The higher

optical p e t y observed with the product derived from (S)-Phe may have resulted

frorn a higher optical purity of the staaing amino aad.

The oxygw ester derivative 5ï (Scheme 23) was prepared by a route similar to
that uçed in the synthesis of (S)-50. The benzoyl ester 56 was prepared by reacting 53

with sodium benzoate in DMF. This step took 6 hours of stirring at room temperahire
to go to completion. This is substantially longer than the similar step in the synthesis

of (S)-50 in whïch 53 is reacted with potassium thiobenzoate (Scheme 21) in only 30
min. The benzhydryl group was then deaved using TFA and phenol.

Scheme 23

The enantiomeric purity of 51 was esthated using a similar routine as for the
analysis of (S)-50. The chiral salts (S,S) and (S,R) were prepared by r n a g equimolar
amounts of 51 and a-(S)-methylbenzylamineor a-(R)-methylbenzylamine in CDC13.
Again, 1H-NMR analysis at 500 MHz on a Bruker AMX-500 of the individual chiral

salts, as weil as a 50:50 mixture of the salts, revealed the differences in chemical shifts

between the two chiral salts. Only the chemical shifts of the methine hydrogen
differed enough for accurate integration measurements (with shifts of 5.17 and 5.13

ppm for (S,S)and (R,S)-dllral salts respectively). Analysis of the integration allowed
for an estimate that 77% of the sample was the S-configuration. Therefore, the

enantiomeric purity was estimated to be only 54% ee from this analysis.
There is a substantial difference in the enantiomeric purities of (S)-50 and 51
(90% ee and 54% ee respectively). This difference is believed to be due to the

difference of reaction times and of solvent used during the c o u p h g of 53 with
potassium thiobenzoate (Scheme 21) or sodium benzoate (Scheme 23). The longer
reaction time required for the bromide displacement using benzoate as the
nudeophile is a reflection of the weaker nudeophilicity of benzoate in cornparison
with thiobenzoate (though benzoate (pK, = 4.20)167b is known to be a stronger base
than thiobenzoate (pK, = 2.48)167b). During the course of the reaction bromide ions

which have been displaced by benzoate to form 51, may act as a nudeophile in the

presence of a polar aprotic solvent @MF) and attadc the R enantiomer 53 (the starting

matenal) to generate the S enantiomer of 53. This racemization was aided by the
extended time required for aIl of 53 @O&enantiomers) to read with benzoate.

The thiol 35 was first synthesized in racemic form by Rovazzoni and
coworkers169 from benzaldehyde and rhodanine as shown in Scheme 24.
Vallee,97 who first studied the inhibition qualities of 35 against Zn2+metalloenzymes, prepared it by couphg (+)-2-bromo-3-phenylpropanic acid and

sodium thiobenzoate to give (&)-50, followed by hydrolysis to give racemic 35.
The aad hydrolysis of an S-acyl bond in thioester is usually 8-30 times slower
than that of the corresponâingoxygen ester."

The differences in rates are lower with

aryl as opposed to aliphatic acyl groups. The rates of hydrolysis under alkaline
conditions, on the other hand, differ only slightly between thiol and oxygen esters.

Amino acids and peptides, however, are known to undergo substantid racemization

under alkaline conditiondn Under acidic conditions, the rate of epimerization is
usually lower, but it was felt that the prolonged hydrolysis required to deave a

thioester group using aqueous aad was lilcely to cause racemization.

-'---

Scheme 24

NaOH

Figure 22
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All of the approaches to (S)-35 explored in this study were designed in such a

way as to avoid harsh basic or acidic conditions to minimize racemization. AU of our

synthetic routes to (S)-35 made use of (R)-53, generated as an intermediate in our
preparation of (S)-42, as a precursor. Compound (R)-53 was reacted with various

thiol nudeophiles that were subsequently targeted for deprotection to generate the
free thiol. The xanthates were fïrst exploreci for Ulis purpose. Potassium tert-butyl

xanthate (58), which was prepared from coupling carbon disulfide and tert-butoxide

(Scheme 25),ln was proposed to displace the bromide of (R)-53 in a SN2 reaction to
give the xanthate 59.

Scheme 25

The free-thiol (60) rnight then be generated through a thermal B-elimination
reaction,inJn or possïbly at low temperatures with the aid of tnnuoroacetic aad in a

procedure similar to that used in the deavage of N-tBOC groups.

In practice, couphg of58 wîth (R)-53, was not facile suggesting that 58 was a
poor nudeophile. Complete displacement of the brornide took 3 days in acetone at

room temperature, and 5 hous in DMF at 85-8S°C. NMR analysis showed a 2:l
mixture of suifide 61 and the free Mi01 60 from the acetone reaction,and 60 as the only

product from the reaction in DMF.

or
acetone (rt)

It would appear that decomposition of 59 through elirnination was faster than
SN2 displacement of the Bir anion of 53. The thiol generated in situ can then compete

with the xanthate salt as a nucleophile, attacking 53 to give the sulfide 61. t-

Butylxanthates have been reported to be rather unstable compared to other
xanthates.ln Attention was then tumed to the use of 0 t h xanthates as nudeophiles.

The potassium benzyl xanthate salt 62 was prepared by coupling benzyl
alcohol with CÇz and was then used to displace B r in (R)-53 to @ve 63.

Scheme 27

Xanthate 63 resembles benzyl carbonates (with C=S instead of C=O)which are
used to protect alcohols.174 Compound 63 was found to be much more stable than 59,

presumably because of the la& of a hydrogen on the carbon B to the O-akyl group
which then prevents the decomposition found with 59 (Scherne 25). Compound 63
was purified and then subjected to different chernical decomposition attempts to

break down the xanthate to liberate the ftee thiol group giving 60 or 35.
Hydrogenation, which is commonly used to deprotect benzyl carbonates to give an
alcohol group,"4 was explored with 63. Hydrogenation using 10% Pd(C) in rnethanol

and acetic acid under 30 psi Hzresulted in some deavage of the benzhydryl ester
group but left the benzyl xanthate group intact. The la& of hydrogenation was
assumed to result from poisoning of the Pd catalyst by sulfur, but increasing the
catalyçt to substrate ratio to 1:l (w/w) did not irnprove the result.

Since boron trihalides are known to deave benzyl carbonates as well as other
amine protecting groups,l'S

the benzyl thiocarbonate 63 was treated with B U 3 in

CH2C12but was found to be unreactive.

These diffidties led us to explore other nudeophiles for introduction of the
thiol group. Benzhydryl thioettiers have been used as a means of protecting cysteine

side-chain mercapto group during peptide synthesis.176 This group has been deaved

using TFA/phenol to regenerate the free-thiol. We reasoned that the sulfur atom
could be introduced by nudeophilic attack of thiobenzhydrol64 on the bromide 53 to
give the thioether 65, followed by reaction with TFA to yield the desired thiol under

mild conditions (Scheme 28). Thiobenzhydrol (64) was prepared by reaction of
benzhydrol with Lawesson's reagent (LR) in toluene at reflux for 30 min.lR

The thioether 65 was obtained in a 92% yield upon reaction of 64 with K2C03in
acetone foiiowed by addition of the bromide 53. Cleavage of the benzhydryl thioether
(65) required a longer reaction üme than benzhydryl ester cleavage in order for

complete reaction at roorn temperature. Benzhyckyl ester deavage in 54 to give (S)-35
(Sdierne 21) required only 30 min and gave a yield of 88%. TFA deavage of 65
required 18 hours and gave a yield of 31%of (S)-35.

Scheme 28
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The optical purity of (S)-35 was estimated by coupling the (S)-35 methyl ester
derivative

(69) with (S)-(+)-Mosher's chloride

[(S)-(+)-ame t ho x y -

(trifluoromethy1)phenylacetylchloride,"S 100, to give the (S,S)- thioester 66 (Scheme
29).

The mercapto compound 69 was prepared using the same conditions used for
the preparation of (S)-35, except for the use of diazomethane in place of

diphenyldiazomethane. The methyl ester remained intact during the benzhydryl
thioether deavage step, to give 69.

The formation of the enantiomeric impurity ((R)-configuration) during

synthesis of 69, would result in the presence of 701as a contaminant in the sample of
66. Thioester 70a which is a diastereomer of 66 can be distinguished from 66 using

NMR. 'H-NMR analysis revealed the ratio of 0.9420.053 for diastereomers 66:70a.

This value was determined by cornparison of integration differences between proton
peaks of the two diastereomers. From this observed ratio, the sample of 69 was
determined to contain 94.7% of the (S)-enantiomer and 5.3% of the (R)-enanthmer.

The Mosher's aad (Aldrich) that was used to synthesize 100 was reported by Aldrich
to have an optical purity ranging 99.0% to 99.3%. The presence of 0.35% to 0.5% (S)Mosher's chloride in the reagent 100 would cause a small underestimation of the

optical purity for 69.

The thiol was also reacted with racemic (R,S)-Mosher's diloride to generate a
1:l mixture of the R,S and S,S isomers 71 and 66, containing a small amount of a 1:l
mixture of the S,R and R,R isomers 70a and 70b for the purpose of signal
identification in the NMR analysis.

It can be conduded from these experiments that 94.7% of the free-thiol35 was
that of the (S)-configuration, whidi corresponds to an ee of 89.4% (Scheme 28). The
initial precursor, (R)-phenylalanine(Aldrich), was reported by Aldrich to have an ee

of 97.6%.

The Kinetic Analysis of the Hydrolysis of
Thioester 6)-50 by CarboxypeptidureA

Since the hydrolysis of the thiolester (S)-50 was an essential component of the
present inhibition strategy, it was appropriate to examine the function of (5)-50 as a
substrate before e x p l o ~ g
the inhi'bitory potency of the thioester. h preparation for
stuclies of the kinetics of thioester hydrolysis, the sped~oscopiccharacteristics of (S)50 and the expected hydrolysis products were determinecl.

In the initial analysis of

the ultraviolet spectnun of 50,in 25 mM Tris buffer containing 10% ethanol (v/v) to
solubiiize the thioester, two absorbance bands with maxima at 241.2 nm and 272.2 n m
were observed (Figure 23). The effects of treatment of (S)-50with CPA on these

spectroscopie features were then studied.

Bovine carboxypeptidase A, was

employed with 10%ethanol (v/v) as cosolvent, 25 mM Tris (Tris(hydroxymethyl)
aminomethane-HC1) at p H 7.5 and in 0.5 M NaCl maintained at 25OC. Figure 24
(Curve A) shows the spectnun of (S)-50 (87 PM) in the presence of CPA (1.54 PM)

immediately after mixing. After incubation of this solution for 24 hours, UV analysis
yielded the spectrum shown in Figure 24 (Curve B). The deaease in absorbance at
273 nrn (A&

of 6930 M-km-1) was consistent with the hydrolysis of the thioester as

suggested by cornparison of the extinction coefficient of the thioester with those of the

expected products, benzoate (476 M-km-')and the thiol35 (1405 M-km-').

Figure 23: UV absorption spectnim of (S)-50 (87
7.5, conlaining 10% EtOH (v/v), at 25°C.

in 25 mM Tris, 0.5 M NaCl, pH

Figure 24: UV absorption spectnim of (S)-50 (87 @
andlCPA
) (450 nM) immediately
after mixing (Curve A); after 30 hours incubation (CweB). Analysis in 25 mM Tris,
0.5 M NaCI, pH 7.5, containhg 10% EtOH (v/v), at 2S°C.

Further confirmation that the process being monitored at 273 nm was indeed
the hydrolysis of the thioester was sought by isolation and identification of the

products. To this end, the products of the CPA catalyzed reaction were extracted
from solution after aadification and were charaderized by TLC cornparison with
authentic sarnples and by high resolution mass spectrometnc analysis (HRMS).It
was found that the products obtained were benzoate and the disuifide 73 rather than
the thiol35. The absence of the thiol was suspected since treatment of the CPA
treated solution of (S)-50 gave a negative test for thiols with DTNB (5,5'-dithiobis(2-

nitrobenzoic acid))l79 which nonnally releases TNB, observable at 412 nm, upon
reaction with a free thiol (Figure 25).

Figure 25

DTNB

The overall process obsemed was then that shown in Scheme 30. This raised
questions concerning the validity of the A&273 value to be used to monitor thioester
hydrolysis since ciifferences in thiol/disulfide ratio in the product at different times

during analysis might affect the observed absorbance. It was found, however, that
the difference in absorbance at 273 n m for the thiol (E273=1405M-'cm-') and the

authentic disuifide (Em=3030 M - l c d ) was sufficiently small that the effect of the

oxidation process on the measured absorbance would be negligiile.

When the CPA catalyzed hydrolysis of (S)-50 was first monitored at 273 nm, it
became dear that the hydrolysis process was worthy of more detailed examination

than originally planned. Particdarly interesthg was the observation that the

progress curves for this catalytic process were clearly biphasic, the first part
consisting of a burst phase lasting on the order of 20 to 55 s at +2S°C, and a steady

state phase. An example of such a progress curve is shown in Figure 26. Although
this burst phenomenon was qualitatively similar to the bursts observed in pre-s teady

state analyses of the CPA catalyzed hydrolysis of various peptides and depsipeptides
reported by Vallee and coworkers,56~7t58~9~0
the pre-steady state burst for the
thioester was observed at +25OC over a period of tens of seconds whereas that for the

peptides and depsipeptides reported earlier the burst was observed only at subzero
temperatures (-20°C) and on a much shorter t h e sale (400 millïseconds).

Figure 26: Progress curve of (S)-5û (14.5 CLM) hydrolysis by CPA (1.5 CLM), with v, of
36.3 nM/s for the burst and v, of 6.3 nM/s for steady s e , at 273 nm, 2S°C, pH 7.5.

Abs

T h e (min)

The fact that the burst phase involved a decrease in absorbante at 273 nm,
strongly suggested that the presteady state burst is assodateci with hydrolysis,or at
least cleavage, of the thioester linkage. Vallee and

coworked657~~~59J~o
have

deduced that the hydrolysis of both peptides and depsipeptides can be describeci in
ternis of the following kinetic medwism (Scheme 31 and Scheme 32):

Scheme 31

Scheme 32

h each case, two intermediates are involved, and the pre-steady state burst is a
measure of the formation of E s w i t h ES1 formation occurring in a very rapid process

which is not measurable on the time scde accessible by the experimental methods
employed. In the case of peptide substrates, both ESl and ES2 are believed to be
complexes of the enzyme with the substrate and it is proposed that the hydrolysis
occurs in the slow third step of the process. For depsipeptides, spectroscopie

evidence suggests that the hydrolysis occurs in the burst phase in which ESl is
converted to ES2 so that ES2 is better described as EPiP2 (Scheme 32). In this

mechanism the hydrolytic step is proposed to be reversible and the slow step in the
catalytic cyde is the release of products from the E
s (EPiP2)complex.

nius, the thioester (S)-5û appears to function as an ester-like substrate for CPA
with hydrolysis o c d g in the pre-steady state burst phase of the reaction. The fact

that the burst observed for (S)-50 was on a substantially slower üme scale than those

observed with the peptide and depsipeptides studies prompted us to probe further
the nature of the processes involved in the pre-steady state hydrolysis of (S)-50. In

particular, we speculated that for the hydrolysis of (S)-50 the slow rate determinhg
step likely involved release of the thiol which is known to have a strong affinity for
the active site. As a result, we expeded that the burst, associated with the hydrolytic

step, would be accompanied by a lag in rdease of the thiol. Furthermore, we were
not certain whether the burst was assoaated with release of the carboxylic acid
product or whether the aâd was released subsequent to the release of the thiol.
As a result, experimentç were designed to probe the order of release of

products. In the present case, we reasoned that, if the benzoic acid product were
released in a fast step after the hydrolytic step, then proton release should be
observable on the üme scale of the burst In addition, the rdease of the thiol product
35 which was reasoned to occur during the slow rate-detennining step was stuclied

through the use of DTNB. Details of these studies are presented below.

Kinetic Analysis of the Burst Phase
of Thioester Hydrolysis

In principle, determination of the initial rates associated with the burst phase
at various initial substrate concentrations could yield kinetic data suitable for fitting
to a Michaelis-Menten model. Indeed when this was canied out the data shown

graphically in Figure 27 were obtained and the kinetic parameters were found to be
K,=129&13

@f and &,t=0.183W.009 s-1- It was recognized, however, that such an

analysis was based on an assumption, the validity of which is difficult to test
experimentally. The detennination of A&z73 for the hydrolysis process is based on
cornparison of the free substrate and free products, which is perfealy valid for the
steady state situation. In the pre-steady state analysis, however, one must consider

that absorption at 273 n m will aise, in part, from enzyme-bound products as well as

from products free in solution. Although it is reasonable to assume that the
difference in extinction coefficient for the free and enzyme-bound products is not

large, there was no direct method available to us to determine precisely how valid

this assumption was. Some verification of the validity of this assumption was

obtained by analysis of the magnitude of the burst which is described in Section 2.1.4.

Figure 27: Presteady state relationship between (S)-50 concentration and initial rate
in 25 m M Tris, 0.5 M NaCl, pH 7.5, containing 10% EtOH (v/v), at 2S°C.

Each data point is the average of four or more separate detemiinations, shown with standard
error bars. Error bars mialler than the symbois are not shown. For the mathematical
determination of kinetic paameters, a i i determinations and not the means were induded in
the caldations-

Kinetic Analysis of the Steady State
Phase of Thioester Hydrolysis

Measurement of the dopes of the hear portions of the steady state phases of

progress cwves for the CPA-catalyzed hydrolysis of (S)-50 yielded the kinetic data

displayed in Figure 28 which, when fitted to the Midiaelis-Menten equation yielded

KF16.8+1.8 p M and &~(8.52%).27)~10-3s-1.
Figure 28: Relationship between (SI-50 concentrationand steady state rates in 25 mM
Tris, 0.5 M NaCl, pH 7510% EtOH (v/v), at 25OC.

Each data point is the average of four or more separate determinations, shown with standard
error bars. Error bars smailer than the symbols are not shown. For the mathematical
determination of kinetic parameters, aU determinations and not the means were induded in
the cdculations.

The evaluation of the experimentally deterrnined pre-steady state and steady
state parameters led to the caldation of thelcinetic constants kI

kzand k3 (shown in

Scheme 32). The Km and Ltfor this kinetic mechaniSm are shown below:

For the pre-steady state analysis of (S)-50, the observed ktis kz and the obsewed Km

is K. Therefore, using the values determined above for K,and kz (129pM and 0.183
s-1 respectivdy), 4 and k3were then determined hom the steady state data by

fitting

the data to the Midiaelis-Menten ecpation:

The rate constants k2and k3 were calculated to be (1.77W.30)xlO-2 s-1 and
(9.80a.46) x10-3 s-1 respectively.

The kinetic parameters observed for (S)-5 0

hydrolysis are compared with those observed for dansyl-depsipeptideslw in Table 1.

The Km and K, for (S)-50 hydrolysis are comparable to those of the depsipeptides,
whereas the rate constants, Li,
kb k2and k3are considerably lower for the thioester.

It should be noted, however, that differences exist in the experirnental conditions

used to determine these parameters so that the comparison should not be considered

to be precise. The pre-steady state analysis for the dansyl depsipeptides required
stop-flow techniques and low temperatures (-20°C)in order to be observe the burst,
which was observed within 400 msec. In comparison, the burst phase of the

hydrolysis of the thioester (S)-50 lasted much longer (20-55 s), and did not require any
special techniques or low temperature analysis to be observable. The lower rate
constants obsemed for thioester hydrolysis were thought to arise primarily from the
moledar and geometric differences that exist between these substrates, narnely a
scissile thioester linkage for (S)-50 as compared to a scissile ester linkage for the

depsipeptides, although it was recognized that the differences in the acyl groups
assoaated with the sdssüe bonds might contribute to the kinetic differences. The

dansyl-depsipeptides possess N-dansyl di or tri-peptide acyl groups which may be
better representations of the natural substrate stmcture as compared to the benzoyl
acyl group of the thioester (S)-50. A more detded discussion of the possible
mechanism of thioester hydrolysis and the effects of the benzoyl acyl group will be

presented later in Section 2.1.7.
Table 1: Observed kinetic parameters for the hydrolysis of (S)-50 and dawyldepsipeptides.*m

Substrate

kat

(59
(9-50

(4

Dn~-(Ala)~-OPhe
(b)
h-Gly-Ala-OPhe (c)

Dn~-(Gly)~-OPhe
(c)

-

(a) obsewed at +Z°C

-

@) observed at -îO0Cin 10 mM HEPES, 4.5 M W,pH 7.5
(c) - observed at -20°C in 10 mM HEPFS,4 5 M NaU, pH 7.5

2.1.4

Analysis of the Magnitude of the Burst

Ba& extrapolation of the linear steady state portion of the progress curve to

zero tirne yields the magnitude of the burst represented by the so called r value
d e h e d as in Figure 29.181 One of the best known examples of burst kinetics is that

observed with the a-chymotrypsin catalyzed hydrolysis of esters.181 In such cases,
the pre-steady state phase is associated with acyl-enzyme formation and the ratelimiting process is deacylation as shown in Scherne 33.

Time

Scheme 33

For this example, Bender181 has shown that the magnitude of the burst iç
related to the kinetic parameters and the enzyme concentration as shown bdow.

For the B A catalyzed hydrolysis of esters, the minimal kinetic mechanism, as

deduced by Vallee and coworkets, is that s h o w in Scheme 32. In the case of the
thioester (S)-50, the fact that the burst is associated with a decrease in absorbance at

273 nm is consistent with the assumption that thioester hydrolysis occurs in the burst
phase which is the second step in Scheme 32. Unlike the situation with the
chymotrypsin mechaniSm in which the burst is measured by observation of product
release, the burst in the CPA mechanism, as defined by Sdieme 32, involves

formation of EPiP2 as well as free Pi and P2. Since the relationship of the

experimentally determined r to the kinetic parameters associated with the
mechanism shown in Scheme 32 had not been disdosed in the literature previously, a

new mathematical derivation was necessary. This derivation, which is desaibed in
detail in Appendix A, results in the relationship qressed in equation 2.3.

Alternatively this expression can be reforrnulated, in terms of Km and K, only,

by making use of the definition of Km:
K m = & &-2+k3) / ( k ~ + k + k 3 )

Thus,

Since Km and &,have been detemùned experimentally as described above, it is
possible to calculate n based on the known value of E, and So for a given experiment

and also to measure x graphically from the progress curve. Thus, for an experiment
in which S,=76 p M and E0=1.5 PM, the expeded value of n is 1.09f0.04 PM.

Experimental determination of the z value for three replicate experiments yielded a
mean value of rr=1.17m.12W.

The Analys5 of Thiol Release using DTNB

2.1.5

DTNB, which is used ordinarily for the quantitative measurement of
mercaptans such as cysteine,l79 was used to react with 35 as the free thiol product
was generated from thioester hydrolysis (Figure 25). Preliminary experiments

involved the ptesence of DTNB (0.1 mM) in solution with CPA (1.5 IrM) and (S)-50
(9.6 FM to 178 PM),and any generation of TNB (&112=14160 M-lcm-1) from the
reaction between DTNB and 35 was monitored at 412 m. These expefiments
revealed that 35 was produced and trapped by DTNB, producing TNB and the

disdiide 72 (Figure 25).
As shown in Figure 30, the pmgress curve has a lag-time pzior to achievement

of a steady state rate.
Figure 30: Progress m e of l'NB generation using 9.62 @ (S)-50,l.S
m M DTNB, at S O C , monitored at 412 m.
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This lag-time varied from 15 to 75 s from time zero to the start of steady state,
increasing in time with deaeasing (S)-50 concentration. These experiments
codirmed our initial assumption that the free thiol product portion is released during
the time-dependent slow step of thioester turnover (Scheme 32) and not in the pre-

steady state burst phase. With increasing thiwster concentration, the length in time
of the burst decreased and the lag time decreased.

Another obsemation made was that the rate of TNB generation in the steady
state phase was lower than the rate of thioester hydrolysis predided from the kinetic
parameters determined in the previous (5)-50 hydrolysis stuclies monitored at 273 n m
in the absence of D m . This difference was thought to be due to either or both of

the following: 1)the inhibition of CPA activity by DTNB, slowing the rate of thioester

hydrolysis and therefore slowing the generation of 35; 2) a competition between

trapping of 35 with DTNB and reaction of 35 with dissolved @ to yield the disulfide
73 (Scheme 34).

Scheme 34
CPA

CPA

+ benzoate

+ (S)-50 + H20
35

As a result, experiments were conducted to determine the effects of different

DTNB concentrations on TNB generation at a constant concentration of 8 A and (S)50.

The DTNB concentration was varied from 0.62 mM to 9.9 mM, with (S)-50 and

CPA concentrations held constant at 168 pM and 3 2 pM respectively.

As show in

Figure 31, the relationship between the steady state rate of TNB production and the

DTNB concentration is parabolic, with a rate maximum at 4.9 m M DTNB. At lower
DTNB concentrations. the lower rate of RJB production probably results from an
insuffïcient concentration of DTNB in solution to trap the newly generated thiol
product 35. At these DTNB concentrations. oxidation of 35 by dissolved O2to form
73 becomes a substantial route of loss of 35. At DTNB concentrations above 5.0 mM,

the rate of TNB production decreases probably due to inhibition of CPA activity by
D m .
Figure 31: Relationship between the rate of TNB generation and DTNB concentration
at constant (S)-50 and CFA concentration of 168 @
andI3.12 @
respectively.
l
25

-

Rate of TNB
Production

(nM/s)

Each data point is the average of three separate determinations, shown with standard error
bars. Error bars smaller than the symbols are not shown. For the graphitai presentation, the
data points were fitted to an order 2 polynomial equation.

In a separate experiment, DTNB was found to be a cornpetitive inhibitor of
CPA peptidase activity as wd,with a Ki of 109*12 w(Figure 32). The peptidase
activity of CPA was monitored at 265 n m using the peptide substrate hippuryl-L-

phenyIalanine" in the presence of DTNB.
Figure 32: Inhiition of BA-catalyzed hydrolysis ofHP in the presence of DTNB.

Each data point is the average of three or more separate determinations, shown with
standard error bars. Error bars smaller than the symbols are not shown.

Analysis of Proton Relewe During
BA-Catalyzed Hydrolysis of 6)-a
Once the hydrolysis process had been shown to be accompanied by a lag in
thiol release concomitant with the burst in thioester deavage, attention turned to
another question conceming the hydrolysis process whkh was of some interest in

regard to the proposed inhibition of CPA by (S)-50; narnely, the order of produd
release. Vallee and coworkers56~758~9J~
had presented evidence, in their study of

the pre-s teady state kinetics of CPA catalyzed hydrolysis of depsipeptides, that the
rapid hydrolytic step was a reversible process with k2in many cases being larger
than k3 (Scheme 32). This kinetic mechanism was contrasted with that observed with

chymotrypsin in which product release occurs in the rapid burst phase creatùig the
acy1-enzyme:

Scheme 35

It has been pointed out that the rapid release of product during the burst phase

of the chymotrypsin mechanism makes the burst step essentially irreversible since

"k$'
is dependent on [Pi]which is effectively zero in the initial rate limit. In the
present context of thioester hydrolysis, we reasoned that if release of the benzoic acid
product occurred in the rapid phase of the hydrolytic process, proton release should
occur during the burst phase of the reaction. As a result, experiments designed to

detect proton release during the course of hydrolysis of (S)-50 were carried out. In
partidar, experiments in which a pH indicator serves as the buffer were employed.

Bromothymol blue @TB) is a pH-indicator which indicates changes in the pH

range of 6.2-7.6,lm and possesses a pK, of 72. In its deprotonated form, NaBTB (74),
brornothymol blue gives a blue colour with a ,A

of 615 nm (Figure 33). When

protonated, 74 gives 75, which is a yellow coloured species with a &at 420 nm. By
using BTB and NaBTB as a buffering system in place of Tris,protons generated or
consumed during the burst or steady state hydrolysis of (S)-50 can be quantitatively

measured at 420 n m and 615 nm. Preliminary experiments showed that the AEsi5
value was 38600 M-km-1 for the conversion of NaBTB to BTB at 615 n m - Control

experiments were conducted to verify the expected spectral change in the

BTB/NaBTB system upon addition of a proton source (benzoic aad).

Figure 33

74, NaBTB

&=615

nm

For the study of proton release, during hydrolysis, a solution of 0.181 mM BTB,
0.55 M NaCl and (S)-50 predissolved in ethanol was titrated to pH 7.5 with NaOH.

The solution which now contains BTB and NaBTB, is a blue-green colour. CFA (13.5

PM in 0.55 M NaCl) was added to aliquots of the BTB/NaBTB solution to give the

assay mixture with CPA ai 1.35 PM,@3TB+NaBTB]at 145 PM, and (S)-50 rangîng
hom 10 p M to 26 p M in 10% EtOH (v/v). The assays were monitored at 615 n m

where the initial absorbance was measured to be 1.95.

Preliminary results resembled the progress curves observed for (S)-50
hydrolysis at 273 nm in Tris buffer. There was an initial bwst followed by a slower
steady state rate (Figure 34). These results indicate the release of H+during the fast

step of the hydrolysis mechaniSm where the thioester bond is hydrolyzed.

During these assays, the burst and steady state rates were observed and
measured withïn an absorbance difference of 0.174, which is a difference of 4.5 pM in

BTB and NaBTB. If the reported pKa of bromothyrnol blue (7.2) îs assumed to be
approximately vaüd in this case, the pH can be calculated to drop rninimaily from
7.50 to 7.44 during the course of the progress m e .

Controls were conducted in which CPA was added to a BTB/NaBTB solution
at pH 7.5 in the absence of (S)-50. The progress curve revealed that there was no

observable change in absorbance directly after addition that may cause the burst
obsemed in the presence of (S)-50. These assays, with and without (S)-50, involved
an initial strong absorbance of 1.95 at 615 n m because of the BTB concentration
chosen for this assay. It was recognized that with strongly absorbing solutions
deviations from the direct relationship between concentration and measured
absorbance c m arise.

It was decided, however, that with the UV/visible

spectrophotometer used in this study, the stray iight value (0.02%) is sufficiently

small to make the errors in concentration measurement arising from stray iight
effects, negiigible. (See Appendix B for more details.)

Fime 34: The hydrdysis of (S)-50 (26 IrM) by CPA (1.35 IiM) in BTB/NaBTB buffer
(145 pM), monitored at k615 nrn (AGIS= 38600 M-'an-1). initial absorbance of 1.95

a.u was suppressed.
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More detailed assays were conducted at (S)-50 concentrations of 11 p M and 16
pM. Again, progres m e s were found to show a simüar ~ u lregarding
t
the burst.

The m e a s d presteady state and steady state rates are listed in Table 2. A h listed
in Table 2 are the observed burst and steady state rates of thioester hydrolysis at 273

n m in Tris buffer for the same (S)-50 concentrations.

Thus, the rate of proton release in the burst phase of the catalytic process, in
BTB/NaBTB buffered solution, is comparable to the rate of thioester deavage as

measwd in Tris buffer; that is, one proton is released for each molecule of thioester
hydrolyzed. In the steady state phase, however, the rate of proton release, in
BTB/NaBTB buffer, is significantly lower than the hydrolysis rate in the Tris buffer.
A plausible explanation for this observation is that k3, whkh is related to product

release, is significantly affected by the nature of the buffer (Le. k3 is smaller in
BTB/NaBTB buffer as compared with Tris buffer) whereas ka which is related to the
hydrolytic step is less sensitive to the nature of the bufkr.
Table 2: Measured rate of rdease dving burst and steady state hydrolysis of (S)-50
in BTB/NABTB (145 IrM) at 615 nm, as well as rates obsenred at 273 n m in Tris buffer,

Portion of
Progress Curve

-

Pre-steady state
Steady state

1U-M

1

16 klhf

bRate of hydrolysis
in Tris at 273 n m

=Rateof BTB
fonnation monitored
at 615 nrn
17%2 n M / s

[(s)-501

-

rn nM/s

1

1.W.2nM/s

I.W2nM/s

1

21.e2.3 n M / s
30.3S.1 nM/s
5.1a.4 nM/s
62%AnM/s

a The above shown rates are the mean of two or more separate determinations, with 2 standard

error.
b The pre-steady state and steady state rates reporteci in Tris were not observed experimentdy
but caldateci from presteady state parameters &=l-3
p M k2=0.183I0.ûû9 s-l, and steady

state parameters Km=16.m.S

p M ~ t = ( 8 5 2 * 2 7 ) ~ l ~ -s-l.
3

This effect is also evident in the measured value of the magnitude of the burst
in BTB/NaBTB buffer as compared to the value cdculated on the basis of the kinetic
parameters determined in Tris buffer. For the experiment with [(S)-501-16 yM, the

and Km = KsOC2 + k3) / (k2+ k2+ k3)
therefore

Thus a deaease in k3 is expeded to result in an increase in x which is qualitatively

consistent with the cornparison of observed and calculated x values described above.
It should be noted also that a decrease in k2might also contribute to an increase in R,

but the available data does not give insight into the value of kzin BTB buffer. ln any
event, the release of a proton during the burst phase in the hydrolysis of (5)-50 is

firmly established.
One mechanistic interpretation of this observation is that the benzoic acid
product is released in a rapid step following hydrolysis and then undergoes rapid

proton release. If this were so, however, the kinetic model which would desmbe the

process is similar to that which fits the diymotrypsin catalyzed hydrolysis of esters.
Namely, that shown below;

As indicated above, Vallee has pointed out that, for such a process, hydrolysis is

effectively Vreversible in the absence of added product since [Pi] is essentially zero in
the initial rate approximation. Thus for the steady state ktand Km are defined by
equation 2.6 and 2.7 respecfively.

For the present case, K,=16.8+1.8 p M and ~ ~ ( 8 . 5 ~ . 2 7 ) x 1s-1,0 -and
3 from the presteady state analysis &=129*13 @
and k2=û.18310.009
l
s-1. From equation 2.6,

From equation 2.7 and this caldated value of k3 it is possible to calculate the
expected Km as 6.02W.82 @M. The poor agreement of this value with the observed

Km of 16.8+1.8 pM suggests that the data do not agree with a kinetic model involving
rapid release of benzoate in the butst phase.

The alternative kinetic mechanism, as proposed by ValleelBo (Scheme 32) is in
better agreement with the observed kinetic parameters.

Scheme 32

The Km and ktexpressions (equations 2.0 and 2.1) for Valleersmode1 were used to
derive an expression for k2as a function &, ka k2and kt:

The expression contains the additional k2term, which is absent in the case of the

expression derived for Km using equations 2.6 and 2.7:

The presence of that additional k2term may explain the higher Km observed for the

hydrolysis of (S)-50. This mode1 proposed by Vallee should be further modified,
however, for the present case in light of the observed release of a proton in the burst
phase (Scheme 36).

Thus, Plis now considered to be benzoate rather than benzoic acid and k2 is adually
a pH dependent pseudo first order rate constant better expressed as k2=k;[HC]. A

molecular mechanisrn whereby proton release might be adiieved in advance of
benzoate release is suggested below in Section 2.1.7.

CPA Catalyzed Hydrolysis of
0-Benzoyl Phenyllactate

The observation that the pre-steady state and steady state kinetic parameters
for the CPA catalyzed hydrolysis of the thioester (S)-50 differed very substantially

from those obsewed for depsipeptides studied by Vdee and coworkersl" raised
questions about the structural features of (S)-50 whidi were responsible for this
behaviour (Table 1).In particular, it was of interest to determine whether the unmual

kinetic behaviour was caused by the fact that (S)-50 was a thioester or by the fact that
the acyl group in (S)-U) differed substantially from those in the depsipeptides studied

by steady state and pre-steady state methods. As a result, a study of the hydrolysis of
O-benzoyl phenyllactate 51was underiaken. The hydrolysis of 51 was monitored by
examination of the diminution in absorbance at 280 nm. As indicated in Table 3
below, the steady state kketic parameters obsemed for 51 were found to be very
similar to those obsewed for (S)-50.

Table 3: Kinetic parameters for steady state hydrolysis of (S)-JO and 51 in 25 mM Tris
buffer, pH 7.5, containing 3.5% EtOH (v/v), at 25OC and for (S)-50 hydrolysis in 25
mM Tris buffer, 0.5 M NaCl, pH 7.5, containing 10% EtOH (v/v), at Z°C.

Kinetic
Parameters

51 in 3.5%
EtoH (v/v)

(S)-50 in 3.5% EtOH

(5)-50 in 10% EtOH

(dv)

(v/v)

16.e1.8 p M
55-9 p.M
61.S7.0ph4
0.00852~.00027
s-1
0.022a.0009
s-=
0.015~.0006
s-l
b t
The reported K, and ktparameters for the hydrolysis of 51 have been corrected assuming
that B A is catalyticdy active only with the (S)-enantiomerof 5l.lsr
Km

Since the

for th& process was relatively low, it was not possible to observe a

pre-steady state burst in these experiments. However, examination of proton release
employing a bromothymol blue bu&, in the same marner as described for (S)-50,
revealed that a burst of proton release did occur during hydrolysis of 51 on
approxirnately the same tirne scale as observed with (S)-50 at the same temperature of
2 5 O (see Figure 35 and Table 4). In a parallel experiment, the rate of proton release for
the hydrolysis of the fast hydrolyzing ester substrate hippurylphenyIIactatel85 (76)

was also monitored using bromothymol blue buffer. In this case, the rate of
hydrolysis was considerably faster, as expected, and reqwed a much lower enzyme
concentratkm (7.2 nM) in order to obsenre proton release under these experimental
conditions. During this experiment, it was not possible to detect the presence or
absence of a pre-steady state burst, as a consequence of the low enzyme concentration

used, as well as the relatively rapid rate of proton release for the hydrolysis of 76.

Figure 35: Proton release during the hydrolysis of 51 (50 IrM) by CPA (1.44 pM) in

bromothymol blue buffer (145 pM) at 2S°C. (AGis= 38600 M-1cm-1)
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Table 4: Rate of H+ release in bromothymol blue buffer (145 PM) and ester
hydrolysis in Tris buffer (25 rnM) for esters 51 and 76, with ethanol content at 10%
(v/v)Ester
substrate
and conc-

a Pre-steady state rate of

H+release in
BTB/NaBTB b d e r (615

"

0

Steady shte rate of H+

release in BTB/NaBTB
buffer (615 nm)

Steady state rate ester
release in Tris buffer
1

51
385 p M

123.2@f

76
100

w

26.m.6 nM/s
34.2w.6 nM/s

O.m.02
0.48I0.10

14.m.4 nM/s
20.m.8 nM/s

102a.2 n M / s

19-m.6nM/s

*

0 . 6 e 0.09 pM/s
0.2e O.OlpM/s
1.1s 0.08 p M / s
o . r n . 0 1 pM/s
500
The enzyme concentrations used for assays with 51 and 76 were 1.44 p M and 72n M
respectivdy. The reported Km and ktparameters for the hydrolysis of 51 and 76 have been
corrected assuming that B A is catalytidy active with only the L-configuration of those

w

O

9

O

-

esters.184
a The above shown rates are the means of three or more separate determinations, with 2
standard error.
b The reported ir values are the mean of three separate determinations standard errorThe esters S1and 76 were assayed at 280 xun and 265 n m respectively.
The steady state rates reported for 76 hydrolysis in Tris buffer were not observed
experimentally but were calculateci from a &, and ktof 1-4
@fand 19-2
s4 (which
were determined in £rom hyblysis of 76 in 1û% ethanol (v/v))-

As a result, it must be concluded that the kinetic parameters for both the pre-

steady state and the steady state phases of the hydrolysis of the ester 51 are similar to

those observed for the thioester (S)-50. The observation that ktvalues for the steady
state in the hydrolysis of 51 and (S)-50 were similar was surprishg since it had been
anticipated that release of the thiol35, which is a potent inhibitor of CPA (&=ln2
pM,97 but see discussion in Section 22.7), would be

mudi slower than release of the

alcohol (P-phenyllactate)which is a weaker inhibitor (Ki=0.13mM*).

These observations suggested that a more detaiied consideration be given to

the molecular events whkh are Iikeiy involved in product release in CFA catalyzed
hydrolysis. As indicated in Chapter 1,much of the discussion of the mechanism of
CPA catalyzed hydrolysis which appears in the literature is related to the debate
conceming the acyl-enzyme (mixed anhydride) versus the direct zinc promoted
hydration mechaniSIIlS. It is now widely accepted that the large body of experimental
evidence available from structural, kinetic and spectroscopic studies can be best
accounted for on the basis of the direct hydration process which has been
summarized by Lipscomb*#a for amide hydrolysis as shown in Scheme 37below. In
this process, the catalytic steps indude an essential water molecule (or hydroxide ion)

bound to a zinc ion whïch bears three other ligands, two histidines and a glutamate.
The substrate binds with interaction between the carbonyl group and Arg-127 which
favours the hydation of the carbonyl group to yield a tetrahedral intermediate. In
this process, the zinc ion is believed to become pentacoordinate as shown. Collapse

of the zinc bound tetrahedral intermediate with concomitant proton transfers yields
an intermediate in which the carboxylate group, derived from the acyl portion of the

amide group, is b o n d to the zinc ion as one of the four ligands.

Scheme 37
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A similar mechanism, illustrated in Scheme 38a, can be drawn for the

hydrolysis of esters or thioesters. For the case of amides the processes shown in
Scheme 37 represent a l l of the kineticdly relevant catalytic steps since amide bond
deavage is believed to be rate-limiting. The molecular events which must occur in

order to convert the intermediate product-bound enzyme into the catalytically active

form may have not received attention since they are beIieved to occur rapidly
following the hydrolytic-step and do not contribute to the observed rates of

hydrolysis.
It has been shown for e s t e r s 1 2 ~ ~ ~ and,
8 ~ 9in~this
1 ~ study, for thioestea that

the hydrolytic events shown in Scheme 38 and Scheme 39 occur in the rapid presteady state phase of the catdytic cycle and that produd release is rate limiting. Little
attention has been paid, however, to the possible details of the molecular events

whidi must occur to convert the product-bound enzyme into its active form to

complete the catalytic cycle, even though it is those events which determine the rate
of s u c h hydrolyses.
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Shown in Scheme 38b and Scheme 38c is a hypothesis which considers the
nature of the product release events. It is assumed that deparhue of the carboxylate

(RCOO)cannot occur spontaneously from 79 to yield a ticoordinated zinc ion and
that hydration to yield the pentacoordinated zinc species 80 is an obligatory step.

This could be followed by departure of the carboxylate and alcohol or thiol products
in an ordered (PathA or Path 8) or random (Path A and Path B) sequence. In either
case,

the step in whkh the carboxylate is lost generates a tetracoordinate zinc ion

bearing a water molecule as a ligand.

If it is accepted that Scheme 38 represents a reasonable approximation of the
molecular events involved in product release, a rationalization of the kinetic
characteristics of the CPA-catalyzed hydrolysis of (S)-50 and 51 relative to those of
depsipeptides studied by Vallee and coworkers becomes possible. For (S)-50 and 51
the approach to steady state, detemillied by the magnitude of ka is slow relative to
that observed for the depsipeptides. In this hydrolytic step, the carbonyl group of the

substrate undergoes hydration which generates a tetrahedral intermediate, bound to

the zinc ion such that the metal ion is pentacoordinate.
Analysis of the x-ray aystallographic data conceming the binding of inhibitors

to CPA suggests a possible exphnation for the obsenration that such a step is
disfavoured for (S)-50 and 51. Lipscomb and coworkers26~~~64pfir134
have reported
the three-dimensional structures for a numba of substrate-like ketones known to
inhibit CPA. The ketones 9"and 1065,whidi exist in aqueous medium latgely in the

unhydrated fomi (~0.2%hydration), bind to the enzyme as the hydrates suggesting
that the enzyme has catalyzed a hydration process to form the adducts obswed. It
has also been shown, however, that the ketone 24?6M.**"
to be an analogue of

which c a n be considered

a benzoyl ester substrate, binds to CPA in an unhydrated form.

Although the tendency of 24 to undergo hydration may be disfavoured somewhat by
the loss of conjugation between the aryl ~g and the ketone carbonyl group upon
reaction, it has been atgued also that the formation of the hydrate may be disfavoured
in the case of 24 because of steric conflicts between the bulQ aryl group and active
site amino acid residues upon formation of such an intermediate"MpaJ34

Thus, it is proposed that kz for the hydrolysis of (S)-50 and 51 is small as a
comequence of a combination of resonance and steric effects in the initial hydration
process as suggested for the ketone 24.

In ternis of rationalization of the slowness of the steady state process for (S)-50
and 51, analysis of the steps proposed in Scheme 38 becomes appropriate. It is
suggested that the proposed obligatory formation of the hydrated pentacoordinated

intermediate 80 (in Scherne 38) during product release plays a key role in detemiining
the ktfor the steady state in hydrolysis of (S)-50 and 51. In cornmon with the initial

hydrated intermediate 77 (in Scheme 38), the intermediate 80 incorporates a
pentavalent zinc ion. It is reasonable to suggest that some of the same steric
interactions which disfavour the formation of 77 when R=Ph are also present in 80

thus slowing down this essential stage of product rdease. It is also proposed that the
remaining steps in the cataiytic cyde with (S)-50 and 51 are rapid relative to the rate

of formation of 80. This proposal explains the relative insensitivity of

ktto the

nature of the leaving group in the hydrolytic process since the interaction between
the leaving group and the zinc ion is not strong in 80.
It is the slow dissociation of the complex 80 that may also explain the
observation of proton release during the pre-steady state hydrolysis of (S)-50 and 51

using bromothymol blue buffet. Mer the collapse of the tetrahedral intermediate 77
to give the product bound complex 78, a proton is generated that may be assoaated

with either the carboxylate of the acyl product, or the carboxylate of Glu-270. The

dissociation of this proton appears to occur prior to the slow formation of the
pentacoordinated complex 80. In the case of other faster hydrolyzing substrates, a
water molecule may readily enter the active site of the enzyme-products complex and
coordinate to the zinc ion, displacing the acyl carboxylate group, initiating product
release. In the case of (S)-W) and 51 a water molecule entering the active site region of
78 may pi& up the proton to form H30+and leave the active site, in preference to

binding to the zinc ion to form the pentacoordinate zinc complex. Once the free
proton has left complex 78, an additional water molecule can enter the active site and
initiate the slow rate limitïng formation of 80.
In terms of the possible rapid steps after formation of 80, Path A seems more

likely since Path B would yield a speaes which is simüar to or identical to that
produced by binding of the thiol (X=S) to free CPA. Since, as shown below in Section
2.2.7, the binding of 35 (X=S) is known to be very tight, it seems unlikely that the

release of the leaving group from such an intermediate would be very rapid.
A similar analysis may explain the earlier observations by Suh and

coworkerss3 which were suggested to support the concept of an acyl enzyme
intemediate. Steady state kinetic analysis of the hydrolysis of the esters 5 and 6 Ied
to the obsemation that the ktfor the two esters were very similar, 0.46 s-1 and 0.28
s-1 respectively, even though the leaving groups, phenyllactate and

mandelate, were

different. This led to the proposal that a common intermediate, namely an acyl
enzyme, was involved in the hydrolysis of each. The mechanism in Scheme 38 offers
an altenative explmation if it is assumed that steric-interactions, arising from the
acyl group, interfere in the formation of the intermediate 80 making this the rate
determining step. The rate of the rate determinhg step is dependent more on the
structure of the acyl component than on the structure of the leaving groups
(phenyllactate versus mandelate).

In the case of other esters such as the depsipeptides studied by Vallee and
coworkersl~it is possible that the formation of 80 may be rapid relative to the other

steps of product release. Furthet studies of the infiuence of the leaving group
structures on kcatof the hydrolysis of depsipeptides might shed Light on such
mechanistic possibilities.

With respect to the thioester, whîch is of importance in the present study, it
can be conduded that thiol release likely follows the rate limiting step in hydrolysis
and hence does not influence reaction rate significantly. As a result, inhibition by (S)50 is expected to arise from binding of the product thîol to the free enzyme following

completion of the catalytic-cyde rather than directly through the formation of a stable

zinc bound intermediate during the catalyticqcle. The details of inhibition of CPA
by (S)-50 are presented below. The foilowing group of Sections (22.1 to 2.2.9)
describe the investigative experiments and condusions in which the thioester (S)-50

was evaiuated as an inhibitor to CPA.

Influence of Ethand Content on CPA Activity

The fact that the solubility properties of (S)-50 were such as to require the use
of an organic cosolvent, ethanol, necessitated an analysis of the effect of ethanol on the
kinetic parameters for the substrate to be used for kinetic analysis before appropriate

assay condition for inhibition of B A by (S)-50 could be designed. Preliminary
studies of CPA activity with the peptide substrate HP in a 10% EtOH (v/v) solution

led to the observation that changes in CO-solventcontent affected Km. At 10% (v/v)

EtOH, HP hydrolysis was associated with a Km of 0.13 mM.

Hippuryl-L-

phenyldanine (HP), which is convenient a substrate for estimating peptidase activity
for CPA, Mers in a number of ways kom the thioester (S)-50 as a substrate. HP is a

much better substrate for CPA than is (S)-50. As a result, enzyme concentrations (60130 nM) much lower than those used for the study of the hydrolysis of (SI-50 (1.5 p.M)

and concentrations of HP in excess of 0.25 m M were required to measure initial rates
for hydrolysis of HP to avoid substrate depletion. That is, higher enzyme
concentration or lower substrate concentrations resulted in progress w e s in which
the linear region was too short to allow accurate and reproducible measurement of

initial slopes. If peptidase activity for CPA was measured in a 10% (v/v) EtOH
solution, the HP concentrations used would al1 lie well above the Km for HP
hydrolysis.
One potential solution to this dilemma was to lower the enzyme concentration

and the substrate concentration to extend the linear portion of the progress curve

while allowing for study of kinetic behaviour at substrate concentrations below as
well as above Km. In practice, however, this was not feasible since the relatively low
37.7
required
absorbance change assodated with HP hydrolysis ( ~ î E ~ ~ ~ z 1M-km-1)

substantial turnover in order to measure the steady state rate accurately. For the HP

concentration range judged to be rnost appropriate for this shidy (0.25 mM to 1.3mM)
a Kmabove 025 m M would be ideal for the substrate.
An analysis of HP hydrolysis by CPA at varying EtOH content was conducted

to find an EtOH concentration at whkh the Km for KI? would be in an acceptable

range. The kinetic parameters were estimated for HP hydrolysis, and are plotted
against ethanol concentration in Figure 36. The Km value was found to deuease

considerably from 0% to 10% (v/v)ethanol, whereas ktwas found to be relatively
unaffected.

Figure 36: Relationship between ethanol content and observed Km and btvalues for
HP hydrolysis. The parameters Km and ktwere estimated fiom rates measured at
0.44 mM and 1.76 mM HP (four or five determinations were conducted for each HP
concentration). E0=21 nM.
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AU deteminations at each ethanol content were used to calculate the Km and ktparameters.
Standard error bars indicate caicuiated standard enors. For graphitai presentation, the
ethanol content versus Km data was fitted to a single exponentiai function, and ethanol
content versus kcat data was fitted to h e m curve.

It was found that Km of about 0.40 mM which was considered appropriate for
Our kinetic experiments, could be adueved at 3.5% (v/v) EtOH. A more detailed

determination of HP hydrolysis in 3.5% (v/v) ethaml led to a Km and ktof 0313.04

mM and 85.7a.O s-1 respecfively.
With inhibition exDerimen@now to be conduaed in 3.5%(v/v) ethanol, it was

of interest to analyze the hydrolysis of (S)-50 in 3.5% (v/v) ethanol* The thioester (S)50 was observed to be soluble in 3.5% (v/v) EtOH at concentrations as high as 207

PM. The progress curves of (S)-50 hydrolysis (Figure 37) revealed an initial burst
followed by a steady-state region, as reported for the ways using 10% ethanol (v/v).

The burst was observed on a somewhat shorter time sale under these conditions. At
higher concentrations of (S)-50, the burst was too rapid to be totdy observed on the
progress curves. At these higher (S)-50 concentrations, only the tail-end of the burst
was observed, making the determination of the kinetic parameters for the burst step

impossible without the use of stop-flow methods. Steady state kuietic analysis of the

hydrolysis of (S)-50 resulted in a Km of 61.e7.0j

M and a btof

(1.53%.06)~10-2s-1.

It is also worth noting bnefly that a burst is observable in the hydrolysis of (S)50 in the absence of ethanol ([(S)-50]=50 pM, [CPA]=l.l pM, 25 m M

Tris,0.5 M NaCl,

pH=7.5, 25°C) but the t h e scale is shorter such that a significant part of the b m t
occurs in the mixing tirne of the expriment.

Since ethanol is a nudeophilic solvent, the possibility that some incorporation
of ethanol into the product (Le.. formation of ethylbenzoate) in such CPA catalyzed
reactions should be considered. However, Vallee and coworkersl80 and Breslow et
al.*' have dearly dernonstrated that hansesterification of esters or alcoholysis of

amides is not catalyzed by CPA. Ln the present example, product analysis after CPA
catalyzed hydrolysis of (S)-50 in 10% ethanol (v/v) solution revealed that only the

disulfide and benzoic acid were produced, as mentioned in Section 2.1.1.

Figure 37: Hydrolysis of (SI-50 (40 @
by 8i)
A (1.34IrM) in 25 mM Tris, 0.5 M NaCl,
pH of 7.5,25OC, containhg 3.5% EtOH (v/v).

Abs

T h e (min)

Thioester (S)-50 as a Cornpetitive Substrate

Analysis of HP hydrolysis was monitored at 265 n m (Ae137.7 M-'cm-1) where

hydrolysis of (S)-50 can also be monitored. The A& for (S)-50 hydrolysis at 265 n m is
5070 M - I d . Even though the extinction coefficient for (S)-50 hydrolysis is greater
than that of HP hydrolysis, the rate of hydrolysis for the substrate Hi?is much greater.

The rate relationship between two competing substrates186 at steady-state is normally
expressed as follows:

(see pg î32 for more details)

Since AA=(Aconc.)(A&),then:

The lowest concentration of HP used during the assays was 160 @ï, and the highest
(S)-50 concentration used was 132 PM. Under those conditions,

AAHP/AA(s)-SOat steady-state, based on the measured Km and

the calculated

katfor the two

substrates, is 35, suggesting that any spectrophotometric change at 265 nm due to (S)50 hydrolysis is negligible.

During this analysis, (S)-50 concentrations of 28.4 pM and 132 pM were used,
with an enzyme concentration of 62nM. B A and the thioester (S)-50 were allowed
to incubate for 1 to

2 min prior to the addition of HP in order for the interactions

between (5)-50 and CPA to achieve a steady state. The resulting doublereciprocal

plot revealed a competitive relationship between the hydrolysis of HP and (S)-50
(Figure 38).
F -i p e 38: Double-reaprocal plot of HP hydrolysis in the presence of (S)-50,25 mM
Tris, 0.5 M NaCl, pH of 7.5,25", containhg 3.5% EtOH (v/v).

Each data point is the average of six or more separate determliatiom, shown with standard
error bars. Error bars smaiier than the symbols are not shown.

The initial rate kinetic relationship for competing substrates is similar to that
for simple competitive inhibition:

The caldated KmBhom this assay was 189 pM, which is less than the actual steadystate

&, for hydrolysis of (S)-50 in 3.5% ethanol (v/v) of 62.3 PM. This result

suggested that signïficant product inhibition was being observed under these reaction

conditions. For such a situation the appropriate rate expression is:

where P is the thiol product 35 and Ki' is the inhibition constant for the thiol.
One interpretation of this observation was that under the reaction conditions

employed, complete rapid oxidation of the thiol product 35 to the diçulfide 73 was not
occurring, unlike the situation observed in the study of hydrolysis of (S)-50 which

employed much higher enzyme con cent ratio^^^. This possibility encouraged us to
explore the inhibition of CPA by (S)-50 under more conhoued conditions which
would disfavour oxidation of the thiol product. These experiments are described

below.

Inhibition of Peptidwe Activity by 6)-50 under
02-Free Conditions Using Argon

It was decided that to evaluate (S)-5O as a suicide substrate, experimental
conditions employing an anaerobic environment to allow for the accumulation of the
free thiol product 35 would be required. This was adueved by incubating (S)-50 with

CPA under Ar at 25°C. At different time intervals during the incubation, aliquots of
the incubation mixture were withdrawn and tested for peptidase activity (using HP as

substrate), and thiol content (using DTNB),as shown in Scheme 40. Therefore, the

loss in peptidase actîvity may now also be correlated to the accumulation of 35 as

Scheme 4û

1.26 26 CPA
2.40 mM (S)- 50

k s a y for peptidase

activity at 265nm

Assay for thiol
content at 412n.m

A detailed description of this expefiment is given in the Experimental section.

As shown in Figure 39, thiol content was observed to increase over time, indicating an

accumulation of 35 in solution. Accompanying this build-up of 35 was the expected

deaease in peptidase activity (Figure 39). Control experiments in which CPA was
incubated under Ar in the absence of (S)-50 with periodic testing of peptidase activity
were also conducted. In addition, a control experiment in which (S)-50 was incubated

under Ar revealed that no hydrolysis occurred in the absence of CPA as Uidicated by
testing with D m .

Figure 39: Measured thiol content* and peptidase activity' during incubation of CPA
(1.26
with (S)-50 (2.4 mM), 25 mM Tris, 0.5 M NaCl, pH of 7.5, 2S°C, 3.5%EtOH

(4~)Thiol Contentt

T i e (min)

T i e (min)

Measured at 4 U n m (Qn=14160M-lm-') after mixing 500 PL of incubation mixture with
500 pL of 0.4 mM D m ,in 3.5% ethanol (v/v). The thiol content given represents the
concentrationin the reactionmixture prior to dilution.

* Measured at 265 n m (G12=137.7M%n-l) after mixing 50 mL of incubation mixture with
950 m L of 0.99 m M HP, in 35% ethanol (v/v). Rate result reported as a percentage of
observed rate in absence of (S)-50. The results given representç the activity observed in the
peptidase assay mixture.
Since the reation of the thiol with DTNB was not instantaneous, sorne thiol grneration
occurred during the DTNB analysis. Back-extrapolationof the linear apparent steady state
portion of the time course of the DTNB reaction was carried out to estimate the amount of
thiol present at time zero.

This experiment was useful in providing a direct correlation between the
accumulation of 35 and the deaease in CPA activity. From this data it was possible to
estimate the inhibitory potency of the free thiol35. The inhibition observed in this
experiment is a combination of inhibition hom (S)-50 as a "cornpetitivesubstrate", and

from 35 as a product inhibitor. As indicated in Section 2.2.2, the appropriate rate

expression for this system is that in equation 2.13:

This equation can be rewritten so that V/v vs. [Pl can be plotted alIowing the

determination of Ki' h m the slope:

- vUA

- %*
qP[A]

+

=[+ch)
[A]

+l

Since in the time course of this experiment only 26.3 p M of thiol was observed to be

generated from a total initial concentration of thioester equal to 2400 PM, the

assumption that [8]=2400 p M was judged to be valid. Using the known [A] (0.94 mM)
and Km* (0.31 mM) for HP hydrolysis under these assay conditions, KiPwas
calculated to be 59 n M (Figure 40).
A Ki of 59 n M for 35 is considerably less than the Ki of 1.2 pM for the racemate

of 35 reported by Vallee and coworkers. This disaepancy raised questions about
the value reported by Vailee. In our laboratory, the fke thiol was thought to be easily

oxidized in the presence of dissolved Oû as a result of the absence of 35 and the
presence of the disuifide 73 as a hycùolysis product. Further investigation of the
susceptibilityof 35 to oxidation was then conducted.

Figure 40: The relationship between measured thiol content and peptidase aaivity
drving the incubation of CPA (63 nM) vvith (S)-50 (120pM), 25 mM Tris, 0.5 M NaCl,
pH of 7.5, Z°C, containhg 3.5% EtOH (v/v). This relationship represents that
observed in the peptidase assay mixtures. The hi01 content ([PI)was determined by
adjusting the thiol content observed in the incubation mixture at that tirne to the
expected thioI content after a 2û-fold dilution.

Oxidation of Thhl Inhibitor 35

The thiol 35 was observed to be surprisingly susceptible to oxidation by
dissolved Q. Cushman and coworkers conduded inhibition studies of tight-binding
thiol inhibitor 36, the homo-analogue of 35,whidi required low concentrations of 36
to be dissolved in solution for long assay times of up to 1 hour.147 During these
assays, no precautions were taken to protect 36 in solution from oxidation, where 36

concentrations ranged from 10 n M to 100 nM. This therefore suggests that thiol36

may be more resistant to oxidation in solution as compared to 35.
An investigation into the susceptibility of thiols 35 and 36 to oxidation was

conduded. Thiol36 was synthesized from the precursors benzylacrylic acid and
thiolacetic acid (Scheme 41).147 Thiols 35 and 36 were incubated in 10% EtOH (v/v)

25 m M Tris buffer at 25OC, while aliquots were withdrawn at various time intervals to
test for thiol content using DTNB (Figure 41). Under these asay conditions, 35 was
obsewed to be oxidized 6.7 times faster than 36*

Scheme 41
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Furthemore, as shown in Figure 42 (lower curve), peptidase activity for CFA
in the presence of 35 was associated with a biphasic progress curve. There is an initial

strong inhibition of activity by 35, which gradually weakens as 35 is oxidized to its

disulfide 73. The inhibitor 35 is added from a concentrated solution in ethanol where

the ratio of thiol to dissolved O2is much higher. In a similar experiment, peptidase
activity was monitored in the presence of 36 (326 nM), which revealed no loss of
inhibitory activity over a 10 min period, in agreement with Cushman's results.147 The

susceptibility of 35 to oxidation, especiaily at lower concentrations, posed a problem
for accurate measurement of the inhibition constant for 35. This observation plus the
resulting low Kiof 59 n M for 35 also led to the question of the potency the disulfide 73
as an inhibitor of CPA. It is suspeded that during the study conducted by Vallee97 on
the inhibition of CPA by racemic 35, the disulfide 73 may have been the inhibiting
species studied rather than the thiol35. To venfy this hypothesis, the inhibition of

CPA by authentic 73 was conduded in this laboratory, as discussed below in Section

Figure 41: The loss of thiol content of thiok 35 (curve 8 ) and 36 (curve C) while
incubated in 25 m M Tris buffer, 0.5 M NaCl, p H 7.5, containing 10%EK3H (v/v), at
25°C. Cuve A represents the oxidation of 35 m a 02-free solution with the use of Ar.
Thiol content was measured at 412 nm after the addition of 0.5 mL of 0.4 mM DTNB
to 0.5 mL of incubation mixture. Rates for curves B and C were measured to be 67%
nM/min and 10.0a.3 &/min respectively. Each point represents a single
determination.
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In the absence of additional experimental information conceming the oxidation

of 35, it is not possible to provide a detailed mechanistic rationalization for the strong
susceptibility of 35 to air oxidation. It is worth noting, however, that the carboxylate

group is doser to the thiol in 35 than it is in 36 whidi might lead to an acceleration in
oxidation if the -Cagroup can act as a intram01ecular general base at some stage of

the oxidation process. Clearly, further experhentation will be necessary to establish
a firm explmation of this phenornena.

Figure 42: HP (0.5 mM) hydrolysis by CPA (126 nM) at 265 run in the presence of 35
(760 nM) in 25 m M Tris buffer, 0.5 M NaU, pH 7.5, containing 3.5% EtOH (v/v), at
25°C. Lower curve involved immediate addition of 35 to buffer solution prior to
assay. Upper m e involved a 5 min incubation of 35 in buffer solution prior to
assay. Steady-state rates for the lower and upper curves were 2.1 @l/s and 2.0
The controi rate (absenceof 35) was 6.7 W/s.

w/s.

Abs

Time (min)

Inhibition of CPA by 73

Our observation that 35 was easily oxidized led us to believe that Vallee had in
fa& inadvertently measured the inhibition of CPA by the disulfide 73. To investigate

this possibility, the authentic diSulfide 73 was produced in this laboratory and tested
for its inhibitory po-cy

agaûist CPA.

The disulfide was produced by allowing a 140

solution of 35 in 25 mM Tris

buffer, 0.5 M NaCI, pH 75, containing 10% EtOH (v/v), at 2S°C, to incubate for 4 days

to enhance fidl oxidation. The oxidation was monitored daily by testing for residual
free thiol using DTNB. The produd was characterized ushg 1H-NMR and high

resolution mass spectroscopy (HRMS). The inhibition of CPA peptidase activity by
the disulfide was assayed using concentrations of 73 ranging from O @4 to 6.52

w,

HP concentrations ranging from 0.25 mM to 1.3 mM, and with a E, of 117 nM. As

shown in Figure 44, the resulting double reciprocal plot reveals 73 as a fairly potent
competitive inhibitor with a Kiof 3.W.5

The somewhat unexpected observation that the disulfide 73 was a moderately
effective inhibitor of CPA peptidase activity caused us to consider briefly the

possibility that inhibition by 73 might actually involve inhibition by 35 generated
enzymatically from 73 as shown is Figure 43. This possibility was exduded, however,
on the basis of several observations. The inhi'bitory potency of 73 was not altered by

preincubation with CPA in an Argon atmosphere and no evidence for thiol generation
in the presence of DTNB codd be detected. Furthermore, the initial rate data could be
fitted well to a reversible competitive inhibition mode1 as shown by the Lineweaver-

Burk plots in Figure 44.

Figure 43

Figure 44: Double reciprocal plot of hhi'bition of CPA peptidase activity in the
presence of 73 in 25 m M Tris bder, 0.5 M NaCI, pH 7.5, containing 3.5% EtOH (v/v),
at 25°C. E,=117

nM.

Each data point is the average of six or more separate determinations Standard error bars
are not shown. Standard errors for the data point averages were less than 4%.

The Kivalue of 3.5 j
M is comparable to the Khpp value of 12@d reported by Vallee.97
If the thiol 35 was prepared in a fairly dilute solution (10 p M or less) prior to
inhibition testing, it is lïkely, based on our e x p a c e in this laboratory, that full
oxidation to the diSulfide would have taken place in a matter of minutes. Vailee &O
studied the inhibition of CPA by 0th- thioIs under the sarne conditions.
The susceptibilityof 35 to oxidation by dissolved 9raised questions regarding
the techniques to be used for measuring the inhiiition potency of 35. As discussed in

Section 2.2.3, argon was used to remove

from solution. It was diffidt, however,

to ensure an Oz-free atmosphere during the mixing of aliquots of the Oz-free
incubation with the DTNB solution used for measuring thiol content, and with the HP
solution used for measuring peptidase activity. Partial oxidation during these
analyses would lead to an inaccurate estimate of thiol content. As a result, the use of

the radical scavenger glutathione to prevent disulfide formation was pursued as an
alternative. The use of glutathione for this purpose is discussed below.

2.2.6

Effects of Glutathione on CPA Activity

The recognition that inhibition of CFA by the thiol35 required some set of
reaction conditions which would minimize the oxidation of 35 to form the disulfide 73

led to the examination of the use of glutathione (GSH,&Glu-Cys-Gly), as an

antioxidant scavenger.187 This possibility was an especially attractive alternative since
the long term goal of this work involved extension of the inhibition strategy to

therapeutically interesthg enzymes which rnight be found in biological environments

which are naturally rich in glutathione. Glutathione is an ubiquitous natural thiol
which serves a variety of biological hctions inciuding the protection of proteins
possessing free thiol groups from inactivation through disulfide formation. The

stoichiometry of disulfide formation through air oxidation is shown in equation 2.15
and that for glutathione mediated reaaivation is shown in Figure 45.

Figure 45
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The relatively high glutathione concentration in most cells and the maintenance of a

GSH/GSSG ratio of about 100:l through reduction by the NADPH/NADP+
dependent flavoprotein glutathione redudase ensures that thiols are retained in a
reduced state.

For this reason, it was felt that glutathione would be useful for preventing thiol
oxidation. It was dear, however, that, since glutathione contains a mercapto group, it

might act as a cornpetitive inhibitor of CPA much like 35,36 and other mercaptans.
Before using glutathïone in assays, its effect on CPA activity.was studied.

The peptidase activity of CPA was monitored at varying concentrations of GSH
to determine any inhibitory effectsby this thiol (Figure 46). The inhibition, which was

obsewed only at relatively high concentrations of glutathione (>1 mM) was unusual

kineticaily. Typical cornpetitive, uncornpetitive and non-cornpetitive modes of

inhibition display a linear relationship between inhibitor concentration and the
inverse of the initial rate. The Dixon plot for CPA inhibition by glutathione shows a
dramatic decrease in activity as GSH concentrationinmeases above 1 mM.
Figure 46: Dixon plot of CPA inhiiition by GSH. Peptidase activity measured at 265
n m using 0.54 m M HP in 25 mM Tris buffer, 0.5 M NaCl, pH 7.5, containing 3.5%

Each data point is the average of three or more separate determinationsrshown with standard
error bars. Error bars smailer than the symbols are not shown. For the graphical
presentation, the data was fitted to a single exponential function.

A simüar, apparently parabolic, relationship has been obsemed in this laboratory for

the Dixon plot associated with the inhibition of CPA peptidase activity by the metal
chelating agent ophenanthroline (OP) (Figure 47), although the inhibition by OP
required preincubation with the enzyme. V d e e and coworkers95 have demonstrated

that inhibition of CPA by OP is accompa~edby removal of the catdyticaily essential

zinc ion from the active site. This observation is consistent with an inhibition

mechanism in which two inhibitor molecules bind to the catalytic site, departing,

eventudy, as a bis-adduct with the metal ion, to Ieave behind a catalytically inactive

apoenzyme (Scheme 42).
Figure 47: Dixon plot of CPA in)u%itionby 1,lO-phenanthroline (OP). Peptidase
activity measured at 265 nm using 0.5 mM HP in 25 rnM Tris buffer, 0.5 M NaCl, pH

Each data point is the average of three or more separate determinations, shown with
standard error bars. Error bars d e r than the symbois are not shown. For the graphical
presentation, the data was fitted to a single exponential hction.

Scheme 42
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Such dual binding by the inhibitor would explain the apparently parabolic

relationship between 1/vaPp and

m.

A similar inhibition mode for glutathione is

feasible. Glutathione has been shown to bind Zn2+ as well as other metals which axe
free in

solution?^ but it must be noted that no experimental evidence regarding the

removal of the metal ion by GSH from an active site is available.

In any event, it was clear that concentrations of GSH below 1 mM result in
negligible inhibition of peptidase acüvity. For the present study of inhibition of CPA

by the thiol35, a GSH concentration of 0.1 m M was chosen.

Inhibition of CPA by Free l''hi01 35

2.2.7

Our initial analysis of 35 as an inhibitor of CPA in the presence of GSH
revealed 35 to be a tight-binding inhibitor. The peptidase activity of (-PA was greatly
affected by 35 at concentrations equal to that of P A . With both CPA and 35 at 113
nM, and HP and GSH at 0.5 mM and 0.1 m M respectively, the rate of HP hydrolysis

was observed to be 35%of that observed in the absence of 35. Peptidase aaivity was
monitored at inhibitor concentrations of O nM, 56.5 IM, 87 n M and 113n M (IJE, of O,

0.5,0.75 and 1.0), with HP concentration varying 0.25 mM to 1.3 mM. As shown in
Figure 48, the thioL35 seems to inhibit in a cornpetitive fashion. There is substantiai
inhibition at &, concentrations equal to or less than E,, suggesthg that 35 is a tightbinding inhibitor. The simple fitting of initial rate data for such an inhibitor to the

Michaelis-Menten relationship (2.16) cannot be used to accurately determine the
inhibition constant K
i
.
''

concentration

Ln

such cases

the assumption that the free inhibitor

m corresponds to the total inhibitor concentration m,

the derivation of equation 2.16 is not valid.

which is made in

Figure 48: Double reciprocal relationship between CPA peptidase activity and HP
concentration in the presence of 35 in 25 m M Tris buffer, 0.5 M NaCl, p H 7.5,
containing 3.5% EtOH (v/v), at 25O. E0=113nM.

Each data point is the average of four or more separate determinations, shown with standard
error bars- Error bars smaller than the symbols are not shown.

Cushrnan,l*' while studying the inhibition of tight-binding inhibitor 36,
overcame this problem by maintainhg the relationship of b»Eo with an E, of 1.4 nM

and 1, ranging from 10 n M to 100 nM. The very low rates observed under these
conditions were measured by allowing assays to nui for up to 1 hr. In our studies, we
made use of Dixon's graphical methodl89 for which the relationship I,>>E, is not a

requirement ( s e Appendix C for details on the Dixon graphical method). From this
method, we determinecl a Kiof 12.e1.0 n M for the thiol35. This value is dose to the
value of 7.8 n M which was reported for (S)-361*, the homologue of 35.

Our observation of 35 as a tight-binding inhibitor of CFA was surprising

considering the structure of the other tight-metal-binding inhibitors of CPA (Figure
49). The tight-binding of phosphonate inhibitors 82 (CM-Ala-AlaP-Phe), CBZ-Phe-

AiaP-Phe and CBZ-Phe-ValP-Phe76J41 to CPA have been studied usuig x-ray
crystallography~.These inhibitors were observed to bind to CPA in the "dosed"
conformation with Tyr-248in its "down" position. The phenyl groups are positioned
deep into the Sc-subsite. There is a salt bridge between -145

and the carboxylate

of the inhibitor and an important interaction between the active site Zn2+ and metal-

binding phosphonate of the inhibitor. These interactions are similar to those
proposed for the binding of substrates and other inhibitors as

well.40.64

X-ray

crystailographic analysis has revealed that the inhibitor 831g0, which incorporates
metal binding sulfodiimine group, binds in a similar way.68 The mercapto inhibitor
36 was expected to bind to the CPA active site in the same fashion.147J50J51

This leads

to the simple observation that 35 is unlike the other tight-binding inhibitors in that it
incorporates a metal binding-site which is at a shorter distance from the carboxylate

group. The cornpetitive inhibition of CPA by thiol inhibitors is known to involve an
important strong interaction between the active site Zn2+ and the suifur atom of the
inhibitor.g7J46 In order for the suuUt.-Zn2+ interaction to occur for 35, the rest of the

molecule could not bind in the same way in which the other tight-binding inhibitors

bind. The carboxylate of 35 would be further from the Arg-145, and the phenyl group
could not bind deep into the hydrophobic pocket of the çi'subsite.

Figure 49

The discovery that the thiol 35 (Ki=12-6 nM) was adualiy comparable in

potency to its homologue 36 (Ki=7.8 nM) was

&O

surprising given the m e n t

thlliking conceming the binding of 36 to the active site of CPA. The thiol 36 was

designed by Ondetti and Cushmani*' based on the assumption that the distance
between the metal binding centet, the hi01 in this case, and the carboxylate group
should approximate that in the substrate or putative tetrahedral intermediate
involved in the catalytic process. It was reasoned that such a spatial arrangement
would d o w for a tight complex between the metal ion and the thiol group while

simultaneously retaining the favourable interaction of the benzyl side diain with the
hydrophobic pocket of Sif and the favourable electrostatic contact of the carboxylate

group with kg-145. The lower potency of the thiol35 whidi was reported by Vallee
and coworkers97 was understandable in terms of this analysis since the shorter

distance between the thiol, the hydrophobic side diain and the expected to result in a
poorer interaction of both the side chah and the carboxylate group with the active site
of CPA when the thiol was ligand to the zinc ion.

The inhibitor 84, which inhibits the endopeptidase thermolysin with a Ki of 750
nM,lgl was observed using x-ray crystallography to bind to thermolysin through the

expected Zn2+-S interaction (Figure 50).154 Thi0184 also contains the methylene
extension between the a-carbon and the thiol group which is present in 36.

In order to gain some insight into a possible mode1 for binding of 35 to CPA
which would help to explain the unexpectedly high potency of this thiol inhibitor, an
analysis of the available x-ray crystallography data for native CPA243.29 and for CPA-

bound to

~ b i ~ o r s ~ 5 . 2 6 ~ 3 3 ~ 3 ~ 3 3 7 , 4 1 8 6 ~ , 6 5 , 6 8 , 6 9 8 7 l , l 3 4 , 1 3 7 , 1to
9 2products61,62

was

conducted. As previously mentioned in Chapter 1,CPA has been found to exist in
two main conformations. The open conformation is one in which the side diain of

Tyr-248 is found in the "up" position, where the hydrophobic Si'subsite podcet is

open for easy access to substrates or inhiiitors. There is a water molecule bound to

the active site zinc. The other conformation obsewed for CPA is one in which the
enzyme is bound to inhibitors, substrates or products. In this conformation, the Tyr-

248 side chain is oriented in a "down"position, where the hydrophobic Si' subsite

pocket is closed around the hydrophobic moiety of the complexed inhiiitor, substrate
or producta The whole polypeptide region 247-249 has been observecl to move 1 to 2

A upon inhibitor binding. 0th-

observed conformational changes involve kg-145,

Arg-127, and Glu-270,whkh move to adapt to and to participate in the binding of the

inhibitor or substrate. In the CPA-inhibitor complexes the 2nZ+ bound H20found in
native CPA is observed to be displaced by the metal coordinathg groups of the
inhibitors.

Figure 50

Thermolysin

,

S ' binding
~ocket

It was reasoned that, in order for 35 to bind tightly, there must be a Z&+-S
interaction, an interaction between the carboxylate of 35 and a positively charged
1

group in the active site, and finally, some hydrophobic interaction to stabïlize the
binding of the phenyl group. Using m o l d a r modeling, 35 was modeled and docked
into the active site which was in the "down." position.

First, a molecular modd of the inhibitor 35 was constnicted using the
commercial molecular modeling software SYBYLrM (Tripos Associate Inc.), which

incorporates the MAXIMIN2 force field for molecular mechanics-based energy
minimization. This model was then dodced manually into the active site as defined
by the x-ray crystalIographic coordinates for the complex of CPA with 83
(8rookhaven Protein Data Bank entry pdblcps.ent).sJ~The binding geometry of the

inhibitor 83, which was removed from the model for the purpose of this modeling
exercise, was used as a guide to define a starting geometry for the energy

minimization of the complex between 35 and B A . Since the MAXIMIN2 force field
does not incorporate force constants to describe a ZIG+-S interaction, this interaction

was defined by placing distance and angle constraints on the length of the Z&+-S

bond and on the Zn?+-S-Ca bond angle. The constrains chosen were based on the

geometry typically found for Zn2+-S interactions between the sulfur of cysteine
residues and

=+
found

in zinc fingers as studied by 2D NMR teduiiquesl93. (More

details of this computationd exercise are presented in Appendix D).

Energy

minimization of this complex was camed out using the Anneal hmction within
S Y B n T M in which the "hot" region (the region to be subject to geometry

optimization) induded 35 and the active site residues of CPA.

A similar analysis was carried out for 36, the homologue of 35. As indicated in
Figures 51 and 52, the model of the complex between CPA and 36 which emerged
from this analysis exhibits strong contacts between the suifur atom of 36 and the zinc

ion of CPA, as well as between the carboxylate group of the inhibitor and the

guanidino group of Arg-145. in addition, the hydrophobic side Chain of 36 is docked
well into the hydrophobic pocket of the 5'subsite.

in the case of the mode1 constnided for the complex between 35 and CPA,

strong interaction between the sulfur atom of the inhibitor and the zinc ion of the
enzyme is achieved at the expense of the strong hydrophobic contact of the side diain
with the Si'subsite (see Figure 51 and 53).

In parüdar, the para-carbon atom of the

phenyl group of 35 is 2.1 A furtfier from the hydrophobic pocket than the same atom
in the complex of 83 with CPA.

This modeling exercise reveals, however, that the active site of D A may adapt
to the structural ciifferences between 35 and 36 in such a way as to affect the loss of
binding energy which would be expected to accompany the diminished hydrophobic

contact. In piuficular, the side diains of both Arg-145 and, most interestingly, Arg-127
are predicted to take up conformations modified so as to allow for strong contacts to
the carboxylate group of 35. It is reasonable to propose that the electrostatic and H-

bonding contact between the carboxylate group of 35 and Arg-127, which is not
present in the complex of 36 with CPA, may be responsible for the potency of UUs
inhibitor.

Figure 51: Resultîng CPA-36 and CPA-35 cornplex geometries after energy
minimization. Distances are in A.

Figure 52: Predided binding of 36 to 8 A active site.

Figure 53: Predicted binding of 35 to B A active site.

That the side chahs of Arg-127 and Arg-145 do have some conformation
flexibiüty is indicated by the observation that the a y s t a l structures of the complexes
of CFA with a variety of other inhibitors do exhibit some variations in the

conformations of these essential active site

residues.33n36~~~65868n69
This

proposed

binding mode for 35 differs substantially from that estabfished by an x-ray
crystailographic study for FphenyllactatePl &PhenyUactate, which is a much weaker
inhibitor of CPA than is 35, is found to bind to the active site with the sidechain of
the inhibitor well within the hydrophobic pocket in the SI1subsite and the carboxylate

group in contact only with Arg-145. The interaction with the zinc ion is indirect,
involvuig a hydrogen bond from the a-hydroxyl group of the inhibitor and a water
molecule bound to the zinc ion as well as to Glu-270.While it might be argued that 35
codd bind in an analogous fashion, this binding mode codd not explain the much
higher potency of 35 relative to L-p-phenyllactate. In fab, the poor H-bond acceptor

properties of a thiol group would lead one to expect that the H-bondbetween 35 and
a zinc-bound water molecule would be much weaker, rather than stronger, than

observed with L-&phenyllactate.

Mechanism-Based Inhibition of CPA by the
Thioester Substrate Analogue (SI-50

Once (S)-50 had been shown to be hydrolyzed by CPA and the free thiol
product 35 had been demonstrated to be a tight-binding inhibitor, it was of great
interest to follow up on the original goal of evaluating (S)-50 as a mechanism-based
inhibitor. Again, GSH was employed to protect the catalytically released free thiol35

from oxidation. Initial experiments with and without GSH showed the advantageous
effect of the presence of GSH on the inhibition of CPA by (5)-50 (Figure 54). In the

absence of GSH, after 5.2 min on the progress m e , 4.3 @
of (S)-50
'l was hydrolyzed

giving 2 2 pM of the dimifide 73. Under these wperimental conditions,the presence

of 2.2

73 with a Kiof 35 pM would have an expeaed minor eff& on the rate of

(S)-SO hydrolysis (calcuiated 10% decrease m tate). On the 0th- hand, in the presence

of GSH,strong inhibition by the thiol35 is dearly evident with only 1.5 @f of the

thioester having been hydrolyzed at time 5.2min.

in 0.1 rnM GSH (A)and no
Figure 54: Hydrolysis of (S)-50 (58.5 pM) by CPA (15
GSH (B). in 25 rnM Tris buffer, 0.5 M Naa.pH 7.5, containing 3.5% EtOH (v/v), at
25'.
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Attention was then huned to the study the potency of (S)-50 as a mechanism-

based inhibitor of CPA peptidase activity. The present investigation was modeled
after the standard strategy for studying mechanism-based inhibition as defhed by

Silverman.159 In these experiments, which are graphicdy outlined in Figure 55, CPA

(137n M ) is incubated with (S)-50 at b/E, ratios of 0,7 and 70,in 0.1 mM GSH,25 mM
Tris buffer, 0.5 M NaCI, pH 7.5, containing 3.5% EtOH (v/v), at 25O. Residual

peptidase activity was determined by periodically withdrawing aliquots from the
incubation mixtures and mixjng with HP to monitor peptidase activity at 265 nm.

Figure 55
Incubation Mixhue

Peptidase Assay

500 pL of 1.0 m M HP

Figure 56: Inactivation of CPA by incubating with (S)-50 in 0.1 mM GSH, 25 mM Tris
buffer, 0.5 M NaCi, pH 7.5, containing 3.5% EtOH (v/v), at 25O. The incubation
mixtures contain 137n M CPA with concentrations of (SI-5û of 0,979 n M and 9.79 @M.
Peptidase activity was determined at 265 n m at 25" after minng 500 PL of the
incubation mixture with 500 pL of 1.0 m M HP in 0.1 mM, 25 mM Tris b d e r , 0.5 M
NaCl, pH 7.5.

The data pomts for i/e=O were fitted to h e u regtession to give the control m e . The sdid
traces through the data points for i/e=7 and i/e=70 comspond to double exponential
functiom fitted to the data using Grafït 3.01 and ate presentd for ease of Wualuation of the
data only, since no kinetic mode1 ptedicting a double exponential relationship has been
established. The rates reported abqve are expresseci as the percent residual activity of the
expected rate from the mtroim e .

As shown in Figure 56, there is a damatic lcss in peptidase activity of CPA in

the first 10 min of incubation, with a loss of 53% peptidase activity in the i/e=7
incubation and a loss of 84% peptidase activity in the i/e=70. After the first 10 min of
incubation the rate of inactivation begins to slow down considerably, with the rate of
inactivation becoming quite slow in the last 150 min of the incubations. The slow rate
of inactivation foilowing the initial 10 min of the incubations is undoubtedly a
consequence of the concentration of 35 whidr inhibits M
e
r release of thiol by CPA
catalyzed hydrolysis of (S)-50. From the inhiibition of thioesterase activity, we would
expect incomplete hydrolysis of the thioester substrate. In both cases of i/e=7 or

i/e=70, complete hydrolysis of all (S)-50 in solution did not occur during the tirne of

this experiment- There is a difference between the observed peptidase activity and
that expected if a i l of (S)-50 had been completely hydrolyzed to 35.

In the case of

i/e=70, with the [35] and p]
at 4.9 pM and 0.5 mM respecfively, and a Km=0.31mM,

kmt=85.7s-1, Ki(35)=12-6n M and [EI0=68.5nM, the expected peptidase rate would be
23.0 nM/s. The actual peptidase rate was observed to be 295 nM/s. In the case of

i/e=7, with the [35] at 490 nM, the expected peptidase rate would be 218 nM/s. The

actual peptidase rate was observed to be 1030 nM/s.

UV spectroscopy was used to further support the conclusion that thioester

hydrolysis was incomplete. Mer 170 min of incubation, the b/&,=70 solution gave a
total loss of absorbance of 0.016, whereas the expected loss of absorbance, based on
the h o w n

would be 0.068 if the hydrolysis of (S)-50 was complete. As a result

of the low absorption of the b/E0=7 mixture, it was not possible to measure the loss

of ($50 in such experiments.
In both experiments, the last 150 min of the progress m e s showed a very

slow rate of deuease of peptidase activity even though (S)GO was not completely
hydrolyzed. This can be explained by simple product inhibition by the already
released 35. In the case of the IJE0=70 experiment, the rate of hydrolysis of HP in the

peptidase assay at the 198 min point was 295 nM/s. From thiç value we can estimate
the amount of 35 in solution. The equation 2.13 represents the rate of HP (A)

hydrolysis in the presence of the competitive substrate (S)-50 (B) and the inhibitor 35

(Pl-

For this calcdation, the inhibition of CPA activity by the competitive substrate (S)-50
must be taken into consideration. As mentioned earlier, the overall loss of (S)-50

concentration at this point was consideted to be small, and the observed peptidase
rate was more than 10 times greater than the peptidase rate expected for total (S)-50

hydrolysis to 35. The expression in equation 2.13 can rewritten so that [BI is
represented by [BI,-[Pl.

where

[A] (w1) = 5 x l e M
PI, (rw501)= 4.90x104 M

*,K

= 3.12~10'M

ktA
= 85.7 s-l
ICmB = 6.18~10~
M
K ~ P= 1.26xlO9M
pl, = 6.85~10-~
M
VA (observeci rate) = 2.95~10'

M/s

The [Pl value (concentration of 35) was calculated to be 368 n M (in the peptidase
assay), whereas the concentration of 35 in the incubation mixture would be 736 nM.

The [8] would therefore be 9.79 pM - 0.736 p M = 9.054 pM. Therefore, in the
incubation mixture, we can calculate the expected rate of (S)-50 hydrolysis:

where

@?]
([35]) = 7.36x1P7 M

[BI ([(S)-501) = 9 . 0 7 ~ 1 eM

~2= 6.18xlû5 M

ktB
= 1.53x1û2
QP= 1 2 6 ~ 1 M
e
Mo= 1.37x1P7 M

The expected rate of (S)-50 hydrolysis was caldated to be 5.2 pM/s, which is 1.8% of
the expected thioesterase activity in the absence of 35.
A similar calculation was done for the last peptidase measurement for the

i/e=7 incubation assay as wd. At üme=167 min, the peptidase rate was observed to
be 1.03 W/s. Using equation 2.17, the concentration of 35 in the incubation mixture
was caldated to be 165nM. At this [35], the concentration of unhydrolyzed thioester
(S)-50 was determined to be 814 nM, and the expected rate of thioester hydrolysis was

caldated to be 1.96 pM/s (using equation 2.18). This rate is 6.72% of the expected

rate if 35 was absent from the solution. In both cases, the i/e=70 and the i/e=7
incubations, the rates of release of 35 are expected to be very low during the tail end
of the incubation experiments, especially relative to the rate of 35 release which is

observed at the initial 10 min of the incubation. Slow rates of thioester hydrolysis past

the 50 min time duMg the incubationsexplain the slow rate of inactivation which are
observed (Figure 56).

2.2.9

S u m m u y and Conclusions

The observation that the thioester (S)-50 is a potent tirne-dependent inhibitor

for CPA demonstrates the validity of the type of mechanism-based metdoenzyme
inhibitor defined in Section 2.0.1. In parfidar, (S)-50 is a masked metal-binding
inhibitor which is converted into a very potent reversible inhibitor capable of binding
tightly to the active site metal ion in CPA upon BA-catalyzed hydrolytic removal of

the acyl group which masks the metal-binding thiol group.

In this laboratory, this process has been considered to be a form of mechanismbased inhibition. It is worth pointing out, however, that the inhibition of CPA by (S)50 does not fit the definition of mechanism-based inhibition which has been proposed

by Silverman.159 According to SiLverman159, the classical definition for "mechanism-

based inactivation" is a process in which the target enzyme catalyzes the conversion of
the "mechanism-based inhibitor" into a very reactive species which remains in the

active site to inactivate the target enzyme. This inactivation may result from covalent
modification of the active site or result from a tight reversible complex between the
inactivator and the target enzyme. In the present study, it has been s h o w that the

mechanism by which the thioester (S)-50 inactivates CPA cliffers from this definition.
As discussed at the end of Section 2.1.7, the activated speaes, which is the thiol35 in

this case, is actualLy a tight-binding reversible inhibitor which leaves the active site

following thioester hydrolysis, and retums to bind in a high affinity reversible
complex @Pl'), as s h o w in Figure 57. This enzyme-product complex differs from the
enzyme-product complexes which are formed during the mechanism of hydrolysis of
(S)-50. As mentioned earlier, the dissociation of producb during the hydrolysis of (S)-

50 and 51 is thought to involve a mechanism in whîch the conjugated base of the aad

product is the last to leave the active site (Path A in Scheme 38c on pg log), so that an
(S)-35CPA intermediate does not occur.

A is (S)-50
Pl is 35
PZis benzoate

As a consequence of the actual inhibition mechanism of (S)-50, we cannot

classdy the thioester as a "mechanism-based inactivator", by Silverman's definition.

Silverman has argued further that an inhibitor which is enzyme activated but
produces an inactivator which leaves the active site prior to inactivation, should be
dassified as a "metabolically activated inhibitor" and is more likely to be a non-

specific inhibitor once activated, than are tnie "mechanism-based inhibitors".
Silverman's analysis presupposes that activation leads to release of a reactive
functionality not designed to possess specificity for the active site of the target

enzyme. Su& a chaacterization would not apply to (S)-5û which releases 35 which in
itself possesses structural featws, in addition to the "reactive" site (the thiol group)
which result in substantial specificity for the active site of the target enzyme. It is

suggested that a term such-as"target enzyme activated inhibitor" might more
accurately describe inhi'bitors such as (5)-50.

The condusions arising from the pre-steady state and steady state kinetic
analysis of the hydrolysis of the thioester (S)-50 and the ester 51 desaibed above,

which are summarized in the kinetic mechanism shown in Figure 57 and in the
moledar mechanism shown in Figure 38 (pg 106108), can be employed to suggest
possible strategies for irnprovement in the design of modified versions of the inhibitor
(S)-50. Our data suggests that the carboxylate derived from the hydrolysis of the

thioester is the second product to depart the active site. The thiol35, which is likely
released prior to the carboxylate, then binds to the free enzyme whidi is generated
upon carboxylate release. In this mechanism the thiol product does not adueve a
strong interaction with the zinc ion during the catalytic cycle since the carboxylate is
iiganded to the metal during catalysis. We have argued also that this order of produa
release rnay arise in the case of (S)-50 and 51 as a consequence of the steric properties
of the benzoyl group which inhibits the hydration of the zinc-carboxylate product

complex whidi must occur before release of the carboylate product. This hypothesis
is consistent with all of our data and also may explain the data of others who

observed very s i d a s kinetic parameters for the hydrolysis of esters of mandelate and
P-phenyllactate whidi possess the same acyl group but different alcohol leaving

groups (see pg 112).53

If this hypothesis is correct. it is logical to argue that

modification of (S)-50 such that the acyi group is not as sterically buky, may alter the
order of product release such that the carboxylate rnay depart before the thiol. If this
were achieved, the thiol wodd have the opportunity to f o m a tight complex with the

active site zinc ion before being released into solution. Such a modified thioester

would then fail within the definition of mechanism-based inhibitors presented by
Silverman. Regardless of whether or not a reversal of the order of product release is

achieved, it is clear that structural alterations of (S)-50 to improve the rate of

hydrolysis, for example by making the rate of the actual hydrolytic step rather than
the product release step more rapid, wül irnprove the effectiveness of this inhibition

strategy. A more readily hydrolyzed thïoester wouid lead to a more rapid approach
to complete enzyme inhibition. For example, the hct that N-benzoylphenyldanine
and O-benzoy1phenyUactate (5l), which are amide and ester analogues of (S)-50, are

both known to be much poorer substrates for

CPA7,17,6*

than

hippurylphenyIalanine182(85a) or hippurylphenyUactate14~185(Wb)suggests that the
thioester 85c should be a more effective target enzyme activated inhiiitor for 8 A .

In terms of possible improvements in the inhibitory potency of the thiol
product of thioester hydrolysis, consideration of the observations made in this study
concerning the likely binding made of the thiol35 in the activity of CPA. In the model
described in Section 2.2.7 for the binding of 35 to B A , it was pointed out that the
aromatic M g of 35 is only partially inserted into the SI'subsite in the enzyme. Closer
inspection of this model leads to the suggestion of structural alternations of 35 which
might enhance the potency of this thiol inhibitor. For example, it is proposed that
structures such as 85d and 85e where R=OH or 0CH3 respectively might be
constructed. The hydroxyl or ether group of such compounds would be positioned,
according to our model, such that an hydrogen bond could be fonned with the side-

Chain hydroxyl group of Thr-24û acting as a hydrogen bond donor in the Si1subsite.

Altematively, methyl substituents in the meta and/or para positions (eg. 85f) rnight
result in greater favourable van der Waals contact with the relatively hydrophobic Si'

subsite amino aad residues.

The possibility that such alterations would have a deleterious effect on the
behaviour of the corresponding thioesters, 85g, would, however, need to be

considered if such structural modifications are to be incorporated into a target
enzyme activated inhibitor for CPA.

Although the directions for possible improvements in the inhibition strategy
for CPA were relatively dear as defined above, attention in this project was tumed to

the related therapeutically important target enzyme,ACE.

Chapter 3:
Results and Discussion

Mechanism-Based Inhibition of Angiotensixt
Convating Enzyme by
Thioester Substrate Analogues

Once the thioester substrate analogue model 50 had been proven to be an

effective mechanism-based or target enzyme activated inhibitor for CPA, it was
deaded the strategy should be applied to a therapeutically important metalloprotease
such as angiotensin converthg enzyme (ACE). As mentioned in Section 1.5, ACE is
an important pharmaceutical target and has been the subject of many inhibition

shidies as a consequence of its important role in blood pressure regulation.90

Although a crystal structure has never been determined for ACE, its active site is
considered to be structurally simila to that of CPA?*rll3 This Z$+-dipeptidyl
carboxypeptidase deaves dipeptides from the C-terminal end of peptides, including
the natural peptides angiotensin 1 and bradykinin.89 It was necessary that thioester

substrate analogues contain the thioester iinkage in the appropriate scissile position
(Figure 58) in order to inhiiit ACE in a fashion analogous to the inhibition of CPA by
50 described above. ACE was known to show no activity toward N-acyl-&peptides,

and low activity toward tripeptides with a free N-terminal amuio group.102 The N-

acyl-tripeptides are known to be good substrates for ACE, and were thus judged to be
appropriate structures to mimic (Figure58).
As mentioned in Sedion 1.5, ACE exhibits a much broader substrate specifiaty

than other metalloproteases.99 In determjning whidi residues would be best in the Pi,

Pi'and Pi positions, b o t .the substrate specifiaty of the thioester-tripeptide analogue
and the binding specificity of the free thiol dipeptide analogue must be taken into
consideration.

Figure 58
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As mentioned earlier in Chapter 2, in order for a thioester substrate analogue to act as

a good mechaniSm-based inhibitor, the thioester substrate must be recognized as a

substrate by the target enzyme so that the thioester linkage is hydrolyzed. Also,
importantly, the thiol product produced during the hydrolysis must be a good
inhibitor. In designing the thioester substrate, the Piresidue is of concem only with

respect to substrate specifiaty, because once hydrolysis of the thioester substrate has
occurred, the Piresidue is not part of the inhiiiting fiee thiol produd

Rohrbach and coworkers'01 have conducted a detailed study of the effects of
various residues on substrate binding (Km) and substrate specificity (Lt/Km) for the

Pl, Plt and Pi positions. Rohrbach et al. showed that a PiPhe was best for substrate
specifiaty. They also demonstrated that Phe or Ala in either the Pit or Pi position

were useful for both substrate binding and substrate specifiaty. A Pro residue in the

Pi position has been shown in the past to result in the tightest binding ACE inhibitors
such as captopril. It has also been shown, however, that tripeptides with Pro

P i position are poor substrates.~O~J~~

in the

Captopril

From these considerations, the N-CBZ thioester substrate analogues 86 and 87 were

designed (Figure 59) as potential target site activateci inhibitors for ACE. Bot. possess

the PlPhe residue and Pi1 Ma residue. Groups such as carbobenzoxy (CBZ)99*130,
b e n z o y l ~ ~2-furanacryloyl~02~1~6~~94,
~ ~ ~ J ~ ~ ~ ~ ~ , and dansyllog have ail been used as Nacyl groups for tripeptides which are good substrates for ACE.

Figure 59
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The hydrolysis of 86 by ACE was expected to result in CBZ-Phe and the free
thiol88. Similarly, the hydrolysis of 87 by ACE was expected to result in CBZ-Phe

and the free thio189. Thiol89 was previously shown to inhibit ACE with an ICso of 80

The synthesis of 86 is outlined in Scheme 43. The a-bromo acid

90 was

synthesized from (R)-danine with retention of configuration.~64Thiobenzoate was

reacted with 90 to give 91, which was coupled with N-hydroxysuccinimide to give the
activated ester 92, which was then reacted with either L-phenylalanine or L-

tryptophan to give 93 or 94 respectively. The thioester of 93 was hydrolyzed under
basic conditions to generate the free thiol88, which was coupled with the mixed

anhydride 95 to give 86. The hydrolysis of the thioester bond of 94 followed by the
couphg to CBZ-L-Phe to give 87 was not completed due to time restraints. But the
evaluation of 94 as well as 93, as ïnhiiitors of ACE was conducted, as described later.

Inhibition of ACE by Free thiol88

Since the free thiol88 was expeded to be the inhibiting species generated
during the mechaniSm-based inhibition of ACE by 86, the inhibitory potency of 88
against the peptidase activity of ACE was studied. For these ACE activity assays,

ACE peptidase activity was monitored in 50 mM HEPES,0.3 M NaCl, pH 7.5 at an
activity

concentration

of

0.03

units/mL,

using 2-furanacryloyl-L-

phenylalanylglycylglyune (FAPGG)as a substrate.102 ACE was purchased from
Sigma as a lyophilized powder isolated from rabbit lung and purified as described by

Cushman.195 During these inhibition assays, DMSO at 5% (v/v) was used as a
cosolvent to allow for solubilization of the inhibiting species studied. Under these

conditions,the Km for FAPGG hydrolysis was determined to be 0.4410.03mM.

Scheme 43

I

DCC
m

L-Phe
NaHCO,
ph
dimethoxyethane

Ph

93

0.2 N NaOH
1,4-dioxane

e

O

CH,
O
92

I

L-Trp
NaHCOj
dimethoxyethane

Scheme 43 (continue)

OEt

acetone

For studying the inhibitionby 88,ACE peptidase activity was monitored at 330
nm

at

a constant FAPGG concentration of 0.1 m M at 2S°C, 5% DMSO (v/v), with

concentrations of 88 being varied hom O to 1.16 W.The resulting inhibitor-activity

relationship is shown in Figure 60. The ICso value for the inhibition of ACE activity

by 88 was measured to be 34.W.3 nM. An additional experiment was conducted in
which peptidase activity was monitored at inhibitor concentrations of 0,34and 69 n M
with FAPGG concentrations varying frorn 0.17 m M to 1.12 mM. The thiol 88 was

observed to inhiiit the activity of ACE in a competitive fashion (see Appendix E-2).
As discussed earlier, the structure of 88 was designed such that it should bind to the

active site in a competitive fashion with respect to the substate (Figure 61), similar to
the expected binding fashion of captopril152to the Sit and Si subsites of the ACE
active site.

Figure 60: The ICso curve inhibition of ACE peptidase activity by 88 in 50 mM
HEPES, 0.3 M NaCl, pH 7.5, at 2S°C, 5% DhlçO (v/v). Peptidase activity was

monitored at 330 n m using 0.1 m M FAPGG (A&3m of 2480 M-km-i), with an ACE
concentrationof 0.03 units/mL-

rate

(nMls)

Each data point is the average of three or more separate determinations, shown with standard
error bars. h o r bars smaiier than the symbols are not shown.

Unlike the CPA the situation observed with the thiol inhibitor 35, the
susceptibility of 88 to oxidation by dissolved 02 under these experimental conditions
was found to be negligible. As shown in Table 5, allowing the thiol88 to incubate in

solution for 10 min prior to the addition of ACE. resulted in no change in activity.
These results suggest that the 88 concentration is unchanged over the 10 min of

incubation as a consequence of exposure to dissolved and atmospheric 02.The
alternative of this obsewation that the disulade derived fiom 88 is comparable to the
thiol in inhiitory potency is judged to be unlikely.
Table 5: Rate of the ACE-catalyzed hydrolysis of FAPGG (0.1 mM) in the presence or
absence of 88 (27.8 nM).
1

I

b

FAPGG hydrolysis
5 9 e 9 nM/s

b Rate of

[al

r

O

1

27.8 n M
(no incubation)
27.8 n M
( d e r 10 min incubation)

1

1

50 m M HEPES, 0.3 M NaU,
pH 7 5 solution at 250 for 10 min prior to addition of
to initiate the rneasurexnent of
peptidase activity. After the addition of m e , the DMSO content was 5% (v/v).
The reported rates are the means of three separate determinations+standard error.
a The thiol88 was ailowed to incubate in 526%DMSO (v/v),

As mentioned in Chapter 2. a similar result was o b s e ~ e d
for the free thiol36 at low

concentrations, whereas the free thiol 35 at a concentration of 326 n M was easily

oxidized within 3 min. The stability of 88 towards oxidation therefore eliminated the
need for the use of an argon atmosphere or glutathione to prevent significant
disulfide formation from 88 during the inhibition experiments.

The ICso value of 34.03.3 nM for 88 indicated the possibility of 88 being a
tight-binding competitive inhibitor. As demonstrated with the inhibition of CPA by
the free thiol35, however the Ki of the inhibitor can be determined from the ICso
c w e (Dixon graphical method) if

the inhibitor is competitive. From the studies of

tight-binding thiol inhibitors of CPA (3697and 35) and ACE (captoprilis2), it has been

shown that these inhibitors, as expected, inhibit activity through a reversible
competitive mode by binding to the active site with the aid of a shong Zn2+-S

interaction. The ICso curve was analyzed graphically to determine a Kivalue. As
described in Appendix C, 88 was deferminecl to be a tight-bindinginhiitor, with a Ki

value of 15.m.4 nM. As also discussed in Appendix C, the [El, for this analysis was
caldated to be 30.9 n M (for 0.03 wiits/mL).
Figure 61

peptide substrate

Once 88 was shown to be a potent inhibitor of ACE-catalyzed peptidase
activity,m the next step was to evaluate the ability of our proposed thiwster substrate
analogues to act as mechanism-based inhibitors. As shown in Scheme 43, N-benzoyl-

thioester-dipeptides 93 and 94 were produced as intermediates during the synthesis
of the larger thioester substrate analogues. Even though N-acyl-dipeptides have not

been shown to be substrates of ACE,io2 it was of interest to investigate 93 and 94 as
inhibitors of ACE activity since even low levels of hydrolytic activity should be
suffiaent to result in significant inhibition by the thiol product since 88 and 89 are
potent inhibitors.

The Hydrolysis of

3.3

and

by ACE

The uv/visible spectra of 93 and 94 are shown in Figure 63. The UV spectrum
was observed to be unchanged over a time period of 22 hours when 93 (84

or 94

(84CiM) was incubated with 0.03 units/mL of ACE, indicaüng a lack of susceptibility
to ACE-catalyzed hydrolysis. The absence of the

free thiol hydrolysis product was

also demonstrated by the addition of DTNB to the assay solutions after the 2.2 h
incubations.

Abs

Abs

In another experirnent, 93 (84 CiM) was incubated with ACE (0.03 units/mL) in
the presence of DTNB (0.1 mM), and the interaction was monitored at 412 n m to
detect any generation of TNB due to thioester hydrolysis. No TNB was observed to

be released over a 10 min period. It should be noted that in a separate experiment,

DTNB was shown not to affect ACE peptidase activity at a DTNB concentration of 0.1

mM,even &er DTNB had been incubated with ACE for 30 min. These r e d t s further
establish that the N-benzoylthioester-dipeptidesare inert toward ACE catalyzed
hydrolysis.

The analysis of peptidase activity with FAPGGl02 (0.1 mM) at 330 nrn (A&33Oof
2483 M-km-1)
in the presence of 93 (84 IrM) also showed that 93 caused no loss in the
activity of ACE.

The apparent lads of binding affinity between 93 and ACE may help

explain the la& of susceptibility of the thioester bond towards hydrolysis. The
presence of a benzoyl group in place of an appropriate amino aâd residue in the Pi

position of the thioester substrate seems to prevent binding to the enzyme.
The Hydrolysis of 86 by ACE

3.4

The thioester tripeptide analogue 86 was then subjected to analysis as a
mechanism-based inhibitor. The detection of the hydrolysis of 86 by ACE was of
interest initially. As in the study of hydrolysis of (S)-50 by CPA, m o n i t o ~ g
of the

hydrolysis of 86 by ACE was possible by the use of DTNB which reacts with any thiol
product such as 88 (Figure 64). This reaction between DTNB and 88 would aiiow
thioesterase activity to be measured without the product inhibition by 88. The rate of
thioester hydrolysis and therefore thiol release can be measured at 412 n m
14,160M-lcm-1).

of

Figure 64
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The hydrolysis of 86 by ACE was observed using this method. The concentration of
86 was varied

from 2.5 p M to 100 PM, at constant concentrations of ACE (0.1

unit/mL) and DTNB (0.1 mM) in 50 mM HEPES, 0.3 M NaCl, pH 7.5, at 2S°C, 5%

DMSO (v/v). The relationship between the concentrationof86 and the release of 88
(from hydrolysis of 86), is shown in Figure 65. Km and V values of 18.9A2.5 @
andI
407.7k18.8 nM/min respectively were detemiined. As discussed in Appendix Cf the

concentration of ACE in 1 unit of the enzyme pufchased from Sigma was estimated to
be 1.03 nmoles, From Mis value, w e estimated the p], during the assay to be 103 nM,

therefore allowing us to estimate the ktto be approxhatdy 3.96 min-1.

Figure 65: The hydrolysis of 86 (2.5 PM to 100 PM) by ACE (0.1 unit/mL) in the
presence of DTNB (0.1mM) in 50 mM HEPES, 0.3 M NaU, pH 7.5, at 25OC,5% DMSO
(v/v). The hydrolysis was measwd as a hction of TNB generation, monitored at

The hydrolysis of a structurallysimilar 2-fuanaqloyl tripeptide substrate (97)

has been studied by Riordan and coworkers.106 Our thioester analogue 86 was
observed to bind more than 6 times more tightly than 97. On the other hand, 86 was
observed to be hydrolyzed nearly 2000 tirnes more slowly than 97. This is not

surprishg considering that ACE has been fond to be relatively selective toward the

hydrolysis of peptide bonds. For the hydrolysis of ester substrates (N-acyl-tripeptide

analogues with an ester M a g e in place of the scissile amide bond) by ACE, it was
found that the ester substrates have Km values very similar those of the corresponding

amide substrates, but the ktvalues for ester substrate hydrolysis were found to be 5
to 33 times lower.

To our knowledge this hydrolysis of 86 described above represents

the first report of the hydrolysis of a thioester by ACE.
Although the ACE thioester substrate 86 was shown to be hydrolyzed slowly,
it was still expected to act as an effective mechanism-based inhiibitor of ACE as a

consequence of the tight-binding qualities of the fkee thiol product 88.

86 (CBZ-Phe-(S)Ala-Phe)

Mechanism-Based Inhibition of ACE by the
Thioester Substzate Analogue 86

The mechanism-based inhibition of ACE by 86 was studied using a method
similar to that used for the mechaniSm-basedinhiiition of CPA by (S)-50. In this case
there was no need for inclusion of glutathione because of the relative stability of 88

towards oxidation by 9.
In this exphent, ACE (0.033 wiits/mL) was incubated

for over 160 min, with 86 at concentrations of 0, 50, 500 and 5000 n M in 50 mM
HEPES, 0.3 M NaU, pH 7.5, at 25*C, 5% DMSO (v/v). Residual peptidase activity
was detennined at different time intervals by withdrawing aliquots from the
incubation mixtures and mixing with a solution of FAPGG and monitoring ACE

peptidase activity at 330 n m (A&330 of 2483 M-lm-1). The control incubation assay
showed no loss of ACE peptidase activity during the tirne of the expefiment. A plot

of the percent peptidase aaivity remaining as a function of time is shown in Figure 66,
where the rate of deactivation increases with increasing concentration of thioester

inhibitor.
In the case of the experiment employing 86 at a concentration of 50 n M , the
decrease in ACE peptidase activity seems to stop at about the 100 min point of the
incubation. On the other hand, in the case of the 500 n M and 5000 n M 86 incubation

assays, the peptidase activity seems to be stül deaeasing slowly towards the 160 min

point of the incubation. It would appear that a l l of the 86 in the 50 n M 86 incubation
assay has been hjdrolyzed by the 100 min point. From the results of the inhibition

analysis of 88 against ACE, we c m determine the expected peptidase activity of ACE
if all of the 86 was hydrolyzed. From the ICso c u v e from Figure 60, the expected

peptidase activity in the presence of 50 n M 88 was determined to be 230 nM/s. The

actual peptidase activity at time 100 min was observed to be 280 nM/s.
observation suggests that most of the thioester has been hydrolyzed.

This

Figure 66: Deactivation of ACE by incubatùig with 86 in 50 m M HEPES, 0.3 M NaC1,
pH 7.5, at E°C, 5% DMÇO (vfv). The incubation mixtures contai.0.033 units/mL
ACE with concentrations of 86 of O,% nM, 500 n M and 5000 nM. Peptidase activity
was determined at 330 n m at 25OC aher mWng 900 mL of the incubation mixture with
100 mL of 1.0 mM FAPGG in 50 m M HEPES, 0.3 M NaCl, pH 7.5, at E°C, 5% DMSO
(v/v).
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The data points for [86]=0 were fitted to linear regression to give the control m e . The solid
traces through the data points for (86]=50,500, SOOO n M correspond to double exponential
functioxu fitted to the data using Graft 3111 and are presented for ease of visualization of the
data only, since no kinetic mode1 predicting a double exponential relationship has been
established. The rates reported above are expressed as the percent residuai activity of the
expected rate from the control m e .

In the case of the 500 n M incubation assay, the expected peptidase activity was
determined to be 36 nM/s if a l l of the 86 was hydrolyzed, and the a m a l peptidase
activity was observed to be 138 M / s . With the 5000 n M incubation assay, the
expected peptidase activity was determined to be 8.5 nM/s if a l l of the 86 was
hydrolyzed, and the actual peptidase activity was observed to be 28 nM/s. In both
these cases, total hydrolysis of 86 seems to have not occurred by thne 160 min. As in

the case of the rnechanism-based inhibition of CPA by (S)-50, total hydrolysis of the
thioester subshate analogue by the target enzyme did not occur within the incubation
period of the experiment as a result of strong inhibition of the thioester hydrolysis

process by the thiol product. Although total deactivation was not obsenred, the

thioester 86 was successfully shown to inhibit ACE activity in a mechaniSm-based
manner. With a 5 p M concentration of 86 >95% inhibition was observed after

approximately 90 minutes.
3.6

Concusion: The Use of Thioester substrate Analogues as
Target Enzyme-Activated Inhibitors of CPA and ACE

In conclusion, substrate analogue 86, which possesses a thioester linkage in
place of the scissile amide bond, is an effective target enzyme activated inhibitor for
ACE. In the cases of both D A and ACE, greater than 90% inactivation occured after
60 minutes of incubating either enzyme with a target enzyme activated inhibitor ((S)50 and 86 respectively). During these inactivationexperiments, Iess than 10 p M of the

thioester inhibitor was required to obtain substantial inhibition within 60 minutes,
with significantly Little of that amount hydrolyzed during the experiment. When

considering the therapeutic usefulness of this type of target enzyme activated
inhibitor, a low percent of turnover of the thioester would be beneficid considering

the possible side effectsdue to nonspecific inhibitor-enzyme which may ocau when
excess arnounts of the free thiol inhibitor exist in a biological system. The low rate of

thioester hydrolysis by the target enzyme to release a potent tight-binding inhibitor at
the location of the target enzyme will no doubt inaease selective inhibition in a

complex biological system. -

As mention earlier in Section 2.0.1, the recognition of

the thioester substrate

analogue as an efficient substrate is an important criterion for this mode of inhibition.
A thioester substrate which would be more easily hydrolyzed by the target enzyme

would therefore be expected to be a better target enzyme activated inhibitor. As a
result, future work in this area should be directed towards the search for more easily

hydrolyzable thioester substrates. The inhibition of other therapeutic targets such as
matrix metalloproteases and enkephalinase may also be of interest. Matrix
metalloproteases, including collogenases, gelatinases and stromelysins, are
responsib le for the breakdown of extracellular matrix (fibrillar collagens,

p rteoglycans, fibronectin and gelatin) during tissue morphogenesis, differentiation,
and wound healing.196J97 These zinc enzymes are thought to also aid in metastasis

and tumor invasion through matrix degradation, allowing for the spread of cancer
ceils to 0th- parts of the body. Enkephalinase (endopeptidase 24.11) plays a major

role in the inactivation of endogenoudy released enkephalins at enkephalinergic
synapses5 Enkephalins are opioid peptides which produce an analgesic effect when

synaptically released. Inhibitors of enkephalinase have been found to prolong the
analgesic effects, and have been invetigated for pain reducing responses.

Enkephaünase has also been found to be involved in blood pressure regdation, the
modulation of smooth muscle contraction, and the immune system. The inhibition of
matrix metalloproteases and enkephaIinaseusing this strategy is also recommended.

Chapter 4:

The Enhibition ofCarboxypeptidase A
and Angïotensin C o n v m g Enzyme by
N-AcyUIydrazones

N-Acyhydrazones (NAH's) 9û, have been Studied as potential therapeutic

agents in a number of pharmaceutical contexts. For example PIH, 99, and related
compounds have been shown to be potent chelators for F e k and, as such, have been
examined as potential meclicinal agents for the treatment of iron overload in patients
sufferuig from thatassemia with somewhat promising results.198 Other reports

indicate that NAH's c a n exhibit antllnalarial properties,1g9 as well as antibiotic and
antifmgal activities,2* but the molecular mechanisms responçible for these biological
activities have not been established. Of parüdar interest is the observation that the

toxicity usually associated with non-specific metal binduig agents is much less
pronounced with the NAH's, some of which have been employed in clinical trials.

Recent studies in these laboratories have revealed that certain NAH's are
specific inhibitors of both the RNA-dependent DNA polymerase and the RNase H
activities of HIV-1 reverse transcriptase

(RT)."'

SiguCicant inhibition of viral

178

replication hm been demonstrated in cells infected with W-1and in ceUs infected

with

W2.202

RNases H from E. coli and fiom Thmnus fhmophilus are also

susceptible to inhiiition by NAHs but the structure activity relationship amongst the
NAH's observeci for inhibition of the bacterial enzymes differs significantly from that
observed for the retroviral enzyme203 Inhiiition of Nase H activity was found to be
reversible upon dilution suggesting that removal of the catalytically essential metal
ions from the active site was not involved in the uihibitionprocess.

The possibility that NAH's might &O be relatively non-toxic inhibitors of
divalent metal ion dependent proteolytic enzymes prompted us to cany out
preliminary experiments conceming the interaction of NAH's with CPA and ACE. In
particular, the interaction of CPA with the NAH's shown in Figure 67 was studied
with a view to determining if some degree of specifiaty might be attainable in the

inhibition process. For cornparison, the inhiiition of CPA by O-phenanthroline(OP), a
relatively non-specific inhibitor known to inhiiit CPA by removal of the catalytically
essential zinc ion from the active site for the enzymeI95 was studied in parallel.

Figure 67

Inhibition of the proteolytic activity of CPA was studied by examining the
influence of potential inhibitors at concentrationsin the 0.2 to 64 @f range on the rate
of CPA-catalyzed hydrolysis of hippurylphenylalanine as monitored by absorbance
changes at 265 nm. Solubility problems with these inhibitors precluded the use of

higher inhibitor concentrations during these assays. As shown in Table 6 below, the

peptidase activity of B A was found to be susceptible to inhibition by NAH's with
NAH306 being the most potent of the NAH's studied, with an ICso of 29

m. That the

inhibition process is associated with interactions of the inhibitors with the acüve site

metal ion is suggested by the observation that the des-hydroxy derivative of NAH306,

which la& one of the metal ion binding sites, is a very weak inhiiitor. On the other
hand the observation that NAH2û6, which is expected to have comparable metal ion
affinity to that of NAH306 since it possesses the same metal ion binding sites as does
NAH306 but la& the benzenoid ring fused to the hydroxyl-bearing ring, suggests
that interactions with structural features of the active site other than the metal ion

play an important role in the inhibition of B A by NAH's.

Table 6: Inhibition of CPA by NAH306, NAH2û6 and des-OH306. Peptidase activity
was monitored at 265 n m using 0.5 mM HP in 25 mM Tris, 0.5 M NaCl, pH 7.5,

-

-

-

-

-

-

-

-

NAH

des-OH 306
*

Inhibition

Ici7=63

Solubiüty problems preduded the possibility of determining ICso values for

Analysis of the inhibition kinetic data for NAH306 and NAH206 by the Dùon

plot method reveals linear relationships typical of simple reversible enzyme
inhibition. These observations are in contrast to the non-linear Dixon plot observed

for inhibition by O-phenanthrolinewhich has been shown to inhibit CPA by removal
of the essential metal ion ftom the enzyme active site.95 The possibility that the
apparently parabolic Dixon plot for O-phenanthrolineinhibition results from binding
of two molecules of O-phenanthroline,followed by deparhue of a metal complex

incorporating the catalytic zinc ion and two moledes of the inhibitor has been
outlined above in Section 2.2.6.

Figure 68: Dixon plot of the inhibition of CPA peptidase activity by NAH306,
NAH206 and des-OH 306. Peptidase activity was monitored at 265 n m using 0.5 mM
HP in 25 rnM Tris, 0.5 M NaCI, pH 7.5, containing 3.5% ethanol (vfv),at 2S°C.

Each data point is the average of two or more separate determinations Error bars are shown
with data points with a standard error greater than 6%. For graphical presentation, the
resulüng data from analysis with OP was fitted to a single exponential function, and the
resuiting data from the analysis with NAH306,NAH206 and d
m 306 were fitted to
linear regression.

AIthough NAH306 is a relatively effective inhibitor for CPA it has been found
to be a relatively poor inhibitor for ACE (Table 7) even though ACE has been shown

to possess a substantially weaker affinity (logKE=8.6)for its catalyticdy essential zinc

ion than does CPA (logKE=10.5).95 These observations were consistent with the

suggestion that NAH306 inhibits the activity of CPA through the formation of an
enzyme-inhibitor cornplex, unlike O-phenanthrolinewhich inactivates

-A95

and

ACE144 by removal of the active site zinc ion. Some Hrhiition of ACE was observed
with pyridoxyl NAH derivatives as ùidicated in Table 7, but the degree of inhibition
was too small to warrant more detailed shtdy.

Table 7: Inhibition of ACE by various NAH derivatives in 50 mM HEPES, 0.3 M
NaCl, pH 7.5, containing 5% D m (v/v), 2S°C, 0.03 units/mL ACE, using 0.1 mM
FAPGG ( k 3 3 0 nm). NAH concentrationswere 10 pM.
Observed % Residual
Activity

NAH

Concentration
of NAH

NAH306

20 PM

no inhibition

PIH

10 PM

no inhibition

RFMP18

10 PM

no inhibition

RFMP19

10 PM

89.W.8%

RFMP20

10 PM

93.1&1.3%

RFMP21

10 PM

92.=.4%

RFMF22

10 w
M

91.952.2%

a

-

a The

inhibited activities are a percentage of the ativity in the
absence of inhibitor, reported as a mean of three separate
determinations &standarderror.

To investigate further the mode by which NAH306 inhibits B A , more detaüed
inhibition experiments were conducted in which CPA peptidase activity was
monitored at varying substrate concentrations and concentrations of NAH306 at 0,6.7
and 13.3 pM. The double-reciprocal plot shown in Figure 69 indicates that the

inhibition is not simply cornpetitive. This type of pattern of intersecting lines in the
double reciprocal plots is consistent with the mixed inhibition mode1 shown below in
Scheme 44. In this kinetic mechanism the inhibitor can bind to the free enzyme with a

dissociation constant of Ki,thereby exduding S from the active site. The inhibitor can
also bind to the ES complex with a different dissociation constant, Ki. It c m be shown

that when

the common intersection point for the double reciprocal plots must

be in the third quadrant, as found for inhibition of CPA by NAH306.2M
Figure 69: Double-reciprocal plot of the inhibition of 8 A peptidase activity by
NAH306 in 25 rnM Tris, 0.5 M NaCI, pH 7.5, containing 3.5%ethanol (v/v), at 25OC.
The enzyme concentration was constant at 132 nM, with HP concentrations being
varied hom 0.25 m M to 1.3 mM,and NAIS306 concentrations of O pM ( O ) , 6.7 pM ( 0 )

Each data point is the average of three or more separate detemiinations, shown with standard
error bars. Error bars smailer than the symbois are not shown.

Scheme 44

Scheme 45

In this model, the inhibitor NAH306 has two binding sites to the enzyme, a
cornpetitive inhibition site which might involve the Si'-subsite (Ki), and an
uncornpetitive site which is available to NAH306 after S binds to E to form the
Michaelis-Menten complex (Ki).Equation 4.1 represents the rate of HP hydrolysis
with the suggested mechanistic mode shown in Scheme 44. It should be noted that an

alternative model in which the ES1 complex is catalytically competent can also result
in a qualitatively similar kinetic pattern-a That the mechanism of inhibition in this
case is dead-end inhiition as shown in Scheme 44 is supported by the observation

that the dope and intersecfion replots are linear rather than hyperbolic as predicted
for the mechanism in Sdieme 45 (see Appendix E.3).

The experimental data shown in Figure 69 was fitted to equation 4.1 using non-linear
regression to give Ks0.3--04

mM, V=11.0.4 @Us, Ki=47A16

and Ki=28+3

PM. The Ki and Ki'values of 47 PM and 28 pM, respectively, suggest that the
formation of the ES1 complex is somewhat more favouable than the formation of the

EI complex.
In order to help deduce a possible molecular mechanism consistent with this
kinetic model of the inhibition process, molecular modeling studies of potential

modes of binding of NAH306 to E and ES were undertaken. This study employed an
x-ray crystallographic structure of NAH306 determined by Dr. N. J. Taylor, which is

shown in Figure 70 as a stmeoscopic framework representation. The initial qualitative
conclusions which were reached in these studies made us suspect that the simple
kinetic model outtined above might be inappropriate. For example, attempts to dock
NAH306 into the active site region with the amide bond of the inhibitor positioned as

expected for the scissile amide linkage of a normal substrate revealed that the
dimensions of the Si-subsite were inadequate to accommodate the bdky p-t-butyl-

benzoyl group. Furthemore, it was dear that, once the substrate HP was bound

productively in the active site, there was innrffiaent free volume rernaining in the Si
and $ subsites to allow for bînding of a bulQ inhibitor such as NAH306.

These observations led us to examine in detail the report of an alternative nonproductive binding mode defined in x-ay crystallographic studies camed out by
Lipscomb and coworkersPoJ92

Lipscombl92, found that the slow hydrolyzing substrate, N-benzoylphenylalanine, codd bind to the enzyme-product complex CPA-Phe (Figure 71) such
that the hydrolysis product, phenylalanine, occupies the Si'-subite, and the substrate,

N-benzoyl-phenylalanine,occupies the Siand Srsubsites.

Figure 7ï

Since phenylalanine is also a hydrolysis product for HP, it occurred to us that
NAH306 rnight bind to span the Si and S2 subsites in a manner similar to that

observed for N-benzoyl-phenylalanine,shown schematically in Figure 71. With
phenylalanine present in the Si1-subsite, this would correspond to an enzyme-

product-inhibitor ternary complex, wheteas in the absence of phenylalanine such
binding would yield an EL complex with insuffiaent space available to d o w binding

of the substrate. The appropriate kinetic mode1 is shown below in Sdieme 46.

Scheme 46

Derivation of the initial rate expression for such a system (Scheme 46) using the
King-Altman method205 reveals that the mathematical form of the expression is
qualitatively indistinguishable from that predicted for the mixed inhibition model in
Scheme 44.

As shown in equation 4.2, the apparent

Ki is not a simple

tnie

dissociation constant but is also a function of the rate constants k2 and k3.

v rsi

Using equation 4.2, the Kiwas determined to be 47k16 PM, and the expression

k S i / k z was determined to be 2 W @A. Since, for HP hydrolysis, k2is expected to be
less than k3,Ki'=(&lappkZ/k3)is expected to be smaller than the measured
Ushg Lipscomb's crystdographic study of the binding of N-benzoylphenylalanine to the phenylalanine-CPA cornpldg2 as a guide, the binding of
NAH306 to the phenylalanine-CPA complex was modeled. Since the fidl x-ray

coordinates for this complex were not avaiiable, a model of the complex was
constructed using the coordinates for the (Gly-Tyr)-CPA25 complex and distance
relationships reported for the temary complex of interest192 (see Appendix D for

details). In this model, with phenylalanine complexed into the SI1-subsite,the active
site Zn2+, and the Siand wubsites are available for interaction with NAH306. In the
case of the N-benzoyl-phenylalanineCPA complex, shown in Figure 71, the phenyl

group of the phenylalanine residue in N-benzoyl-phenyldanine occupies the Sisubsite hydrophobic podcet which consists of Tyr-198,Ser-199, Leu-201, ne-247,Tyr248 and Phe-279.

The carboxylate group of N-benzoyl-phenylalanine interacts

electrostatically with the Z&+ ion and Arg-127. Other interactions which were

observed by Lipscomb are the hydrogen bonding of the N-benzoyl-phenylalanine

amide to Tyr-248 and Arg-71, and the edge to face interaction between the benzoyl
ring and the ring of Tyr-248.

Atternpts were then made to ernploy this modd to predict a possible mode of

buiding of NAH306 to CFA. It was found that direct interactions between the metal
binding sites of NAH306 and the active site zinc ion were strongly disfavoured as a
result of steric interadiom. As a resdt, it was decided that inclusion of a water

molecule as the fourth zinc ligand would be necessary. The likelihood of the
formation of such a hydrated enzyme product complex in the course of product
release has been alluded to above in Chapter 2 (Section 2.1.7). It was also decided that
the presence of the C=N bond in NAH306 would lower the pK, of the phenolic

hydroxyl group sufficiently relative that of most phenols (pK,=9-lO), that a
substantial proportion of NAH306 wodd exist in the ionized form. Dodcing of this
ionized version of NAH306 into the &/S2 region of CPA such as to rninimize steric

tepulsions followed by a molecdar mechartics energy miniaiization (as described in

Appendix D) resulted in the mode1shown in Figure 72a, 72b and 73.

In the resulting energy minimized structure, NAH306 is oriented such that the
B ring of the naphthalene structure is placed into the hydrophobic pocket of the Si-

subsite formed by the side chains of Tyr498 and Phe-279. Besides the hydrophobic
interactions, this interaction is M e r stabilized by the edge-to-face orientation
between the B ring of the naphthelene structure and the aromatic ring of Tyr-198. The
rest of the NAH306 structure lies in a deft formed by the active site residues Arg-127,
Arg-145, Tyr-248,Gly-155, Ma-156, Ser-157 and Thr-164. The phenyl ring of the t-

butylbenzoyl structure lies within favourable van der Waals distance of the a-carbons
of Gly-155 and Ala-156. The hydroqd group of Thr-164 appeats to interact with the nelectron doud on the face of this phenyl group as well (distance of 3.68 A between the

Thr-164OH and the center of the phenyl ring). One of the methyls ok the t-butyl

group is within van der Waals distance of the methylene group of Ser-157 (3.58A).

Figure 721: (i) Energy rninimized cornplex between CPA, pheny1ala.e and
NAH306,

(ii) Stereoscopic view of (i).

Figure 72b: (i) Energy minimized complex between CPA and NAH306.

Stereoscopicview of (i).

Figure 73: CPA active site interactions with phenylalanine and NAH306 from the
energy minimized CPA-Phe-NAHW cornplex. Distances m A.

The ionized alcohol of NAH306 interacts electrostatically with kg-127 and Arg-145.

The carbonyl oxygen of the amide group of NAH306 is hydrogen bonded to Arg-145.

The hydrogen of this amide appears not to be involved in any interactionswith active
site residues, since it points out from the active site in this model.

The phenylalanine component of the ternary complex is bound into the Siïsubsite with the same interactions that are observed with the tyrosine substructure in
the (Gly-Tyr)-CPA complex (Figure 71). There is an additional electrostatic

interaction between the ammonium group of phenylalanine and the carboxylate of

Glu-270. The Glu-270also inteacts with the zinc bound water molecule. The only
interaction observed between phenylalanine product and NAH306 is a 2.75

A

interaction between a hydragen of the arnmonium group and the C-3 carbon of the

naphthalene ring. This interaction is considered to be electrostatically favourable
because of the -0.175 charge at C-3 (determined using MOPAC calculations) and the

positive charge on the ammonium group.
These proposed interactions in the ternary complex not only rationalize the
affinity NAH306 for CPA, but &O may help explain the la& of binding abiüty of

NAH206 and des-OH 306 to CPA-

As shown above in Table 6, NAH206 and des-OH 306 are much weaker inhibitors of

CPA as compared to NAH306. The NAH NAH206 la& the extra phenyl ring found
in the naphthalene structure of NAH306 which interacts favourably with the

hydrophobie podcet of the Sr-subsite. The NAH des-OH 306 lacles the C-2 phenolate,

in the mode1 in Figure 73, which is involved in important eledrostatic interactions
with the active site Arg-127 and Arg-145

Another important observation conceming this hypothetical interaction
between B A and NAH306 is that the hydrolysis product pheny1alani.eneed not be

bound to CPA in order for NAH306 to bind to the %/Çz subsites in this orientation.

As previously mentioned, there appears to be some favourable interaction between
the NHJ+gmup of phenylalanine and the R-electronrich C-3carbon atom of NAH306
in the temary complex. Otherwise, the favourable interactions with SI/$ subsites are

very simüar in the models of the temary complex (CPA-NAH3û6-Phe) and the b i n q

complex (CPA-NAH306). Thus, the binding of NAH306 to free CPA may be

qualitatively very similar to that suggested for the binding of NAH306 with the CPAPhe complex.

The modeling study undertaken for the binding of NAH306 to CPA may also
be used to design tighter binding NAH compounds. From dose observations of this

temary complex, structural modifications to the inhibitor can be recommended that
may result in more favourable interactions and subsequently tighter binding.

The C3 and C4of the naphthalene ring are situated in dose proximity to the active site

zinc,at 4.17 A and 4.30 30 respectivdy. A substituent such as M & H , CH2-C9-or
-CH2-CO-NH2at the C3and/or Ccposition might allow for a direct ligand interaction
between such groups and the active site zinc A h ,a polar hydrogen bonding group

at Csor C7 may improve contact with the OH group of Tyr-198. Another possible
modification which does not involve the naphthalene ring is the substitution of the tbutyl group with a hydrogen or methyl group. The suggested interactions between
the t-butyl group of NAH306 and the methylene group of the Ser-157 are not

considered essential for the overall binding ability of NAH306, and a less
hydrophobic group in this position might result in improved solubility which is, a
cornmon problem found with NAH306 and other N-acylhydrazones.

Contusion: The Use of N-Acylhydrazones as Inhibitors of CPA and ACE

In conclusion, it has been shown that the N-acylhydrazone NAH306 is a

relatively specific inhibitor of CPA with no activity against ACE. Kinetic and
moledar modeling s u e s suggest that NAIS306 binds to CPA without chdation or
direct binding to the active site metal ion. Furthemore, the obsemed results are best

explained by the assumption that NAH306 binds to the Si/$ subsites of CPA unlike
normal substrates and known cornpetitive inhibitors which interact strongly with the

Si'subsite and with the active site metal ion. Modeling studies further suggest a
number of structural variations in the naphthaiene ring of NAH306 which might
enhance the potency of this unusual inhibitor. Further studies to test such hypotheses
are recommended.

Chapter 5:

5.1

General Procedwles

AU reactions were conducted under an & atmosphere unless otherwise stated.
Acetone was dried by refluxing over calcium sulphate for several hours followed by
distillation and storage o v e activated 4 A m o l d a r sieves (dtied acetone was used
within two days of preparation). Benzene was dried by refiwQngover Na metal and

benzophenone for several hours followed by distillation. Toluene was dried by
refluxing over CaHz for several hours followed by distillation.

N,N-

Dimethylformamide @MF) was dned by distillation from activated molecular sieves
at reduced pressure and stored over activated 4 A molecular sieves. Diethyl ether

(ether) was dried by refluxing over Na metal and benzophenone for several hours

followed by distillation. Methylene diloride (CH2C12)was dried by reflux over

calcium hydride (CaH2) for several hours, then followed by distillation. AU dried
solvents were stored over activated 4 A moIecular sieves.

Reactions were monitored by thin layer chromatography (TLC)using
alwninum backed sheets precoated with silica gel (Merdc) containhg a fluorescent

indicator. Purification by preparative TLC was conducted on precoated süica gel 60

F2s4 plates with 0.25 mm layer thickness (Merck). Purification by column
diromatography was done using silica gel 60 mesh (70-230) (Merdc). Silica plates and
aluminwn backed sheets were analyzed using a W lamp (254 nrn).

Melting points were determined using a Meltemp melting point apparatus and

are reported uncorrected. IR spectra were recorded on an Bomem MB-100 FTIR
instrument.

1H-NMR spectra were obtanied using either a B d e r AC-200(200 MHz), AM-

250 (250 MHz)or AMX-S00 (500 MHz) instrument. The spectral parameters are listed
in the foilowing order: (fiequency, solvent) diemical shift in ppm (multipliuty,

coupihg constant@),number of protons, assignment).
13C-NMR spectra were obtained using either B ~ k e rAC-200 (50.3 MHz), AM250 (62.9 MHz) or AMX-500 (125.8

MHz) instrument. The spectral parameters are

listed in the following order: (kquency,solvent)diemical shïft in ppm.
The solvents used to obtain NMR spectra were CDCb (where tetramethylsilane
(TMS) or CHC13 as an internai reference), DMSO-d6 (DMSO-d5 as an intemal
reference), benzene-ds (benzene-dsas an internal reference) and C M l 2 (CDHC12as

an internal refezence).
Mass spectra were generally determùied by eletron impact methods. Low and
high resolution m a s spectra were determined by Dr. R. Smith at the McMaster

Regional Centre for Mass Spectrometry, McMaster University, Hamilton, Ontario, on
a VG ZAB-E instrument. In some cases chernical ionization was conducted using

ammonia gas as the bath gas to obtain resdts reported as M+18. Eletrospray (ES) and
Fast Atom Bombardment High Resolution Mass Spectrometry (FAB-HRMS) were

determined by Mr. Corne Taylor in the Department of Chemistry, University of
Waterloo.

Electospray analysis was conducted using a VG Quatro II triple

quadrupole Mass Spectrometer equipped with an Electrospray source. Results are
reported as M+1. FAB analyses were conducted using a VG Analytical 7070E
Spectrometer with results reported as M+H+.
Combustion analyses (M-H-W Laboratories, Phoenix, Arizona) were used to
determine C, H and N content.

Benzhydryl (R)-2-bmmo-3-phenylpmpanoate (53). (R)-Phenylalanine(Aldrich, 25.00

g, 151 mmol) and NaBr (156 g, 1.516 mol)were dissolved in 2 5 M H a (600mL)in a

1-L round-bottom flask and W e d to -5°C. Aqueous NaN02 (31.25 g, 453 mrnol,
dissolved in a minimum amount of water) was added &op-wise, and the mixture was
stirred for 30 min at -5'C. The product was then extracted with CHCl3 (150 mL),and
the organic phase was washed with water, brine and dried over Na2S04. The solvent

was removed in o a m leaving 2-bromo-3-phenylpropanoicaad (52), as a yellow oil
(30.50 g), which was esterified without further purification. This method was similar
to that of Prescott et al-164 DiphenyIdiazomethane (1575g, 81.1 mrnol, prepared from

benzophenone hydrazone (Aldrich) as discribed by Miller166, was dissolved into 40

mL of dry benzene. A solution of 52 (18.90 g) in benzene (40 mL)was added &opwise- The mixture was ailowed to stir for 15 min and was then washed -&th 5%
NaHC03, brine and dned over N a S . The solvent was removed in vacuo leaving a

pale yellow oil. The aude product was purified by column chromatography (1:12
Et0Ac:Hexane) to give a hard pale yeilow waxy product (17.lg, 46.1%yield frorn (R)-

phenylalanine): Rf0.37 (1:12 EtOAc:H-e);

IR (KBr): 1741 cm-'; 1H NMR (250

MHz, CDC13)6 3-26 (dd, J = 14.1,7.0 Hz, lH,CH& 3.47 (dd, lH,J = 14.1.8.6 Hz,

lH,

CH2),4.51 (dd, J = 7.0,8.5 Hz, lH,CH), 6.83 (s, lH, m h 2 ) , 7.09-7.37 (m, 15H, Ar-

H);

13C

NMR (50.3 MHz, CDC13)6 41.2, 45.5, 78.6, 113.9, 127.1, 127.4, 128.1, 128.3,

128.6, 128.7,128.8,129.3,136.6,139.4,168.4; HRMS calcd for C2His02nBr 394.0569,

found 394.0559; Anal. Calcd for C22H190$3f:
C, 66.85; H,4.78. F o d C, 66.91; H,

5.04,

Benzhydryl (S)-2-(S-be~oylthio)-3-phenylpropuioate
(54). Thiobenzoic acid

(Aldrich,1.30 mL,11.0 mmol, dissolved in acetone (10 mL))was added drop-wise to a
solution of 53 (3.617 g, 9.15 rnmol) in acetone (20 mL), and then stirred with K2C03
(1.40 g, 10.13 m o l ) for 30 min at rt. Diethyl ether (30 mL)and 5%NaHC03 (30mL)
were added and the organic phase was separatecl, washed with 5% NaHC03, brine

and dried over Na2S04. The solvent was removed in vacuo to give a waxy solid (2.363

g, 57% yield): Rf0.24 (1:12 Et0Ac:Hexane); IR (I(Br) 1739,1669 cm-';1H NMR (200
MHz, CDC13) 6 3.15 (dd, J = 13.9,6.8 Hz, lH,C&), 3.34 (dd, J = 14.0, 8.5 Hz, lH,
CHz), 4.78 (dd, J = 6.8,8.4 Hz, lH,CH), 6.84 (s, lH, W h 2 ) ,7.13-7.93 (m, 20H,Ar-

H);13C NMR (50.3 MHz, CDCf3) G 38.1, 47.4, 78.1, 126.97, 127.06, 127.15, 127.39,
127.85,127.91,128.41,128.48,128.70,129.19,133.73,139.53,170.0; MS: m/z (CI, Mi3)
470 ( M + w + ) ; And*Cdcd for C Z ~ H ~ ~ O
C, ~76.96;
S : H, 5.34. Found: C, 76.86; H,
5.38.

(S)-2-(S-Benzoylthio)-3-phenylpropanoicacid (50). Phenol (BakerChernical Co., 1.20

g, 12.8 mmol) and 54 (2.00 g, 4.42 mmol) were dissolved in TFA (8.0 mL), and stirred
for 30 min at rt. The solvent was removed in oncuo ,and the aude product was
dissolved in EtOAc (20 mL), and extracted with three aliquots of 5% NaHC03 (15

m . The aqueous layer was washed with 30-60 pet. ether and atidified to pH 2 with
6 M HCl. The product was then extracted with C w 1 2 and dried over Na2S04and

MgS04. The solvent was removed in vacuo to leave a light yellow wax-like solid
(1.110 g, 87.7%yield): Rf0.41 (1:l hexane:EtûAc containing 1.4%AcOH); IR P r )
1704,1681 c d ; 'H NMR (250 MHz, C m 3 ) 6 3.14 (dd, J = 14.1.75 Hz, IH, CHù,3.40

(dd, J = 14.1,7.7 Hz, lH, CH2), 4.64 (dd, J = 7.5,7.6 Hz, lH, CH), 7.21-7.93 (m, lOH, ArH), 9.91 (br, lH, COOH);

'= NMR

(50.3 MHz, m l 3 ) G 37.6,47.1,127.3,127.6,128.7,

128.8, 129.3, 134.1, 136.1, 137.0, 176.4, 190.1; HRMS calcd for CI6Hl4O3S:286.0664,

found: 286.0654; Anal. Calcd for Cl&Il4O3S: C, 67.11; Hf 493. Found: C, 66.90; H,
5.07.

(R)-2-(S-Benzoylthio)-3-phenylpropio~c
aad ((R)-50) was also synthesized, staauig
with (S)-phenylalanine and using the same synthetic route desribed for (S)-50. This
thioester of (R)-50 was originally synthesized for bioassays as an enantimer of (S)-50,

but was used to help detemine the enantiorneric purity of (S)-50, as d e s d e d below.

Determinationof the Enanüomdc Purity of 50

The enantiomeric purity was determined after reacting (S)-50 and its
enantiomer (R)-50 with optically adive a-(S)-methplbenzyIamineto form chiral salts.

The salts were produced by minng equimolar amounts of (R) or (S)-50 with a-(S)methylbenzylarnine in benzene-& to give 8.6 m M solutions.

The chiral salts were analyzed using 'H-NMR at 500 MHz on a Bniker AMX500. From analysis of each of the salts, as well as a 1:l mixture of the salts, the

chernical shifts were detennined for the methyene and methine protons of the
diastereomeric salis: (S,S)-salt, 6 3.20 (dd (A of ABX), J A =~ 13.5 Hz, Jky = 7.5 Hz,lH,
CH2), 3.44 (dd (B of ABX), JAB = 13.6 HZ,Jex = 7.3 Hz, lH,CH2), 4.78 (dd (X of ABX),

m,Jsx=7.3

Hz,lH, CH); (RS)-sdt, 6 3.19 (dd (A of ABX), JAB = 13.5 Hz,JM =
7.0 HZ, lH, CH2), 3 M (dd (B of M X ) , JAB = 13.5 HZ,Jgx = 7.0 HZ, lH, CI&), 4.69 (dd

JAX=7.5

(X of ABX), JAx=7.0 Hz, JBx=7.0Hz, lH, CH). The chefnical shifts of the methine
protons of the diasteroemeric salts of 50 were sufficiently well resolved to allow for
accurate measurement of

the ratio of diastereomers by electronic integration. From

these measurements, the

enantiomer purity of samples of (S)-50 and (R)-50 were

estimated to be 90%ee and 94%ee respectively.

Benzhydryl O-(S)-2-benzoyl-3-phenyUactate(561. Sodium benzoate (Aldrich,O5539

g, 3.84 mmoi) and 53 (0.760 g, 1.92 mmol) were dissolved in 10 mL of dry DMF and
stirred for 6 h at rt. EtOAc (100 mL)was added and the mixture was washed four
tirnes with water (50mL),then washed with brine and dned over Na2S04. The crude

product, obtained by removal of the solvent in oacuo, was purified usïng column
diromatography (1:12 EtOAcHexane) to give a dear thidc gum (0.233 g, 28% yield):

Rf0.33 (Li2 Et0Ac:Hexane); IR (neat) 1755,1728 an-'; 1HNMR (200 MHz, C m 3 ) 6
3.24 (dd, lH,CH2), 3.33 (dd, lH, CH2), 5.61 (dd, lH, CH), 6.91 (s, lH,W h 2 ) 7.20-

8.03 (m, 20H,Ar-H); lx NMR (50.3 MHz, m l 3 ) 6 37.3,73.3,77.9,126.9,127.3,127.9,
128.0, 128.3, 128.4, 129.3,129.7, 133.2, 135.6,139.4, 165.7, 168.6; MS: m/z (CI,NH3)
454 ( M + m + ) ; Anal. Calcd for C29H2404:Cr79.80; Hf 5.54. Found:

C,80.00; H, 5.70.

(SI-O-Benzoyl-3-phenyllactica a d (51). Phenol (BakerChemical Co, 0.4377 g, 4.65
mrnol) and 56 (0.198 g, 0.454 mmol) were dissolved in TFA (6.2 mL)and stirred for 30

min at rt. The solvent was rernoved in vacuo and the aude product was triturated
twice with water (8 mL) to remove the majority of the phenol. The crude product was

then dissolved in CH2ClÛdried over Na2S04 and MgS04, and the solvent was

removed in vacuo to give a ydow oil(0.332 g). The product was further purified by
preparative TLC (3:l hexane:EtOAc containing 1.4% ACOH) to give a light yeuoworange solid (0.101 g, 83%yield): & 0.35 (3:l hs<ane:EtOAc containing 1.4% AcOH);

IR (neat) 1722 and; 1H NMR (500 MHz, CDCI3) 6 3.29 (dd, J=14.4,8.5 Hz, lH, CH2),
3.35 (dd, J=14.4,4.3Hz,lH,CH2), 5.48 (dd, J=8.5,4.3 Hi,lH, CH),7.24-8.02(m, 10H,
Ar-H);

lx N M R (50.3 MHz, CDC13) G 37.2,73.0,127.1,128.4,128.5,129.0,129.3,129.8,

133.4, 135.7, 165.9, 175.3; MS: m/z (CI, NHJ) 288 (M+N&+); Anal. Calcd for

c1&1404:
c,71.10;H,5.22. Found: c,70.93; H,5.07.
The enantiomeric pUL'ity of 51 was detennined using a similar procedure for
determining the enantiomeric purity of 50, through the use of (R) and (S)-amethylbenzylamine for dural sait formation followed by 'H-NMR (500 MHz)
analysis. Two salt solutions were produced using equal amounts of 51 and a-(S)methylbenzylamine or a-(R)-methylbenzylamine in C m 3 to give fïnal concentration
of 8.6 mM. The chernical shifts of the (S,R)-salt in the (S,R)-saltsolution are important

in that this complex is an enantiomer of the (R,S)-salt complex (therefore having the
same diemical shifts), which is the enantiomeric irnpurity behg measured in the (S$)-

salt solution. The proper detedion of the @,S)-salt complex i
n the (SfS)-saltsolution

lead to an accuate measunment of enantiomerk purity for 51.

(S,R)-sali
1H-NMR analysis of (S,S) and (S,R)-salt solutions revealed little separation of the
chemical shifts of the methylene protons of the (S,S) and (S,R)salts. The chemical
shifts of the C-3 hydrogens, however, differed sufficiently to allow accurate

integration measurements: (S,S)-salt, 6 5.17 (dd, J=3.6 Hz and 9.4 Hz); (S,R)-salt 6

5.13 (dd, J=3.8Hz and 9.5 Hz). In the case of the (S,S)-salt solution, the diastereomeric
impurity (R,S) formed by reaction of the enantiomeric impurity (R)-51 with a-(S)-

methylbenzylamine was present to the extent of 23%. As a result, the enantiomeric
excess (ee) was detemillied to be !X%.

Diphenylmethanethiol (64). Accordhg to the method of Lawessonin; benzhydrol
(Aldrich, 1.05 g, 5.70 rnmol) and Lawesson's reagent (Aldrich, 1.27g, 3.14 mmol) were

heated in dry toluene at reflux (8.5 mL) for 30 min The solution was cooled and the
solvent was removed in vacuo . The yellow liquid aude product was purified twice

using column chromatography (LI5 Et0Ac:Hexane) to give a colourless üquid (0.696

g, yield 60%): Rf0.66 (1:15 Et0Ac:Hexane); IR (neat) 2561 an-1 (SH);
1H NMR (200

Sm,5 . G (d, J = 5.5 Hz,lH,C-m, 7.17-7.45(m,

MHz, CDC13)6 2.26 (d, J = 5.5 Hz,lH,
IOH, Ar-H).

Benzhydryl (S)-2-(benzhydrJrlthio)-3-phenylpmpanoate(65). A solution containhg
(R)-53 (0.556 g, 1.41 mmol) and 64 (0.296 g, 1.48 mmol) were dissolved in dry acetone

(11.5 mL)and the readion was stirred with K2COj (0.314 g, 2.27 mmol) for 12.5 h at rt

EtOAc (15 mLj and 5% NaHC03 (5 mL) were added and the mixture was well
agitated. The organic layer was dried over Na2S04. Evaporation of the organic
solvent and purification using column duornatography (1:15 Et0Ac:Hexane) gave a
clear gummy solid (0.6619 g, 92.4%yield): Rt 0.26 (1:15 Et0Ac:Hexane); IR (neat)

1732 an-1; 1H NMR (250 MHz,CDCIû)6 2.89 (dd, J = 13.9,7.5 Hz, lH, CHd,3.17 (dd, J
= 13.9,8.2 Hz, lH, CH& 3.37 (apparent t, J = 7.8 Hz, lH, CH), 5.12 (s, lH,S w h d ,

lx NMR (50.3MHz, C D Q ) G 37.3,

6.88 (s, lH, W h 2 ) ,6.97-7.34 (m, 25H, Ar-H);

48.4, 54.2,77.5, 126.6, 126.8,127.3, 127.3, 127.6, 127.7,128.1,128.3, 128.4, 128.5, 129.2,
137.6, 139.6, 139.8, 139.9, 140.3, 170.9; MS: m/z (CI, NH3) 532 (M+NH4+); Anal.

Calcd for C a m 0 2 S : Cf 81.68; H f 5.87. Found: Cf 81.86; H, 5.80.

6)-2-Mercapto-3-phenylpropanoicacid (35). A solution of 65 (0.2904 g, 564 pmol)
and phenol (Baker Chernical Co., 1.24 g, 13.2 mrnol) were dissolved in -l2

(5.4

mL) and TFA (5.4 mL) and the solution was s h e d for 18 h at rt. The solvent was
removed in vacuo ,and the a u d e product was dissolved in EtOAc, and extracted with
thee aliquots of 5% NaHC03. The aqueous Iayer was washed with 30-60 pet. ether

and acidified to pH 2 with 6 M HU. The product was then extracted with CH2C12
and dried over Na2S04 and MgS04. Further purification was effected ushg

preparative TLC (21 hexane:EtOAc containing 1.4% ACOH)to produce 35 as a light
yellow oily product (0.0283 g, 31% yield): Rf0.47 (21 hexane:EtOAc containing 1.4%
AcOH); IR (neat) 2562 4 , 1 7 1 3 an-1;1H NMR (250MHz, CD2C12)6 2.22 (d, J = 9.0

Hz, lH, SH), 3.03 (dd, J= 14.0,7.0 Hz, lH,
(m, lH, CH), 7.21-7.34 (m, SH,Ar-H);
129.8, 130.3, 137.9.

176.9.

3.26 (dd, J=13.9,8.2 Hz, lH, CHd,3.64

NMR (50.3 MHz, CD2Cld G 42.5,43.2,1283,

MS:m/z (CI,NH3) 200 ( M + W C ) ; HRMS calcd for

CgHlo02S:182.0402, found: 182.0409; Anal. Calcd for C9Hlo02S: C, 59.32; H, 5.53.
Found: C, 59.50; H, 5.62.

* As a result of the low intensity of the '3C N M R spectral signals, the values marked *

were not detected directly. These chernical shift values were determined using a 13C-

lH Heteronudear Multiple Bond Correlation (HMBC) experiment on the AMX-500 in
CD2Ch.

Determination of the Enanüomeric Purity of 35

For the determination of enantiomeric purity of (S)-35, a parallel synthetic

pathway was required to produce the methyl ester derivative of (S)-35, which was
reacted

with

(S)-(+)-Mosher's

chloride

-

[(S)-(+)-a m e t h O x y

-

(trifluoromethyl)phenylacetylchloride, 1001 to produce diastereomers which were
analyzed using high field NMR to determine the diastereomeric ratio.

Methyl (R)-2-bromo-3-phenylpropanoate (67): Diazald (Aldrich, 5.0 g) was
converted to diazomethane in ether solution using a Mini-Diazald kit (Aldrich).The
diazomethane solution was added drop-wise to a W e d (-10°C)
ether solution of (R)52 (3.27g,0.0143 mol) until no more diazomethane was consumed as indicated by the

persistance of the yeilow colour. Acetic acid was added drop-wise to react with the
slight excess of diazomethane. The solvent was removed in vacuo, leaving a crude

yellow oil product, which was purified using column chromatography (k19
Et0Ac:Hexane) to give 67 as a pale yellow oil (1.90 g, 55% yield): Rt 0.46 (1:19
Et0Ac:Hexane); IR (neat): 1741 cm-'; fH NMR (250 MHz, -13)
7.1Hz, lH, CH2), 3.46 (dd, J=14.2,9.&,

8 3.24 (dd, J=14.1,

lH,CH) 3.73 (s, 3H,OC&), 4.40 (dd, J = 7.1,

8.3Hz, lH,CH), 7.16-7.34 (m,5H,Ar-H);
MS: (ES)M+1=242.8 ( C C J H ~ ~ O ~ ~ ~ B ~ ) ,

M+1=244.8 (CgHl2a8iBt).

MethyI (S)-2-(bellZhyairJIlthio)-3-phenylpropuioate(68): Compound 67 (1.19 g, 4.88
mmol) and diphenylmethane (64, 1.13 g, 5.62 mmol) were dissolved in acetone (17

mL) and the solution was stirred with K2C03 (0.810 g, 5.86 mmol) for 12.5 h at rt.
EtOAc and water were added and the mixture was shaken well. The organic layer
was separated and dned over Na2S04. The solvent was removed in vaciio and the

product was purified using preparative TU3 (1:15 Et0Ac:Hexane) to yield 68 as a
colourless oil(0.187 g, 97%yield): Rf0.34 (1:15 Et0Ac:Hexane); 'H N M R (250 MHz,
CDC13)6 2.88 (dd, J = 13.9, 7.4H2,lH,CHZ), 3.15 (dd, J=13.8,8.*,

lH, CH2),3.32

(dd,J=7.4,8.2 Hz, lH, CH), 3.59 (s, 3H. 0CH3),5.22 (s, IH, S e h 2 ) ,7.02-7.35(m,
15H, Ar-H); MS: (ES)M+1=363.0.

Methyl (S)~2-mercapto-3-phenylpropanoate
(69): Compound 68 (0.1178 g, 325 mmol)

and phenol (Baker Chernicd Co, 0.699 g, 7.43 mmol)were dissolved in CH2Clz (3.2
mL) and TFA (3.2mL) the mixture was stirred for 18 h at r t The solvent was
removed in vacuo, and the crude product was purified using preparative TLC (1:12
Et0Ac:Hexane) to give 69 as a pale yeilow oïl (0.057g, 89% yield): Rf 0.46 (1:12

E t0Ac:Hexane); lH NMR (Wl MHz,CDC13) 6 2.15 (d, J=9.0 MHz, lH,SH), 3.00 (dd,
J=13.9,7.1Hz, lH,CHz), 3.24 (dd,J=13.9,8.1 Hz,lH,CHz), 3.63 (m, lHf CH), 3.66 (s,
3H,OCHJ),7.17-7.33(m, SH,Ar-H);MS: (ES)M+1=196.8.

Methyl S - [ ( S ) - a - m e t h o q - a - ( t r i a u o t o m e t h y 1 ) p h e n y l

phenylpropionate (66):
Compound 69 (0.022g, 113 mmol)and (S)-(+)-Mosher'schloride (0.0324 g, 128 mmol)
were dissolved in CH2Clz (2.5 mL). Et*

(0.0073 g, 216 mmol) was added and the

solution was stirred at rt for 10 min. The solvent was removed in uncrro. The crude
product was dissolved in a mixture of EtOAc and water. The organic phase was
separated and washed with water, brine, and dried over Na2SOs. The solvent was

removed in vacuo leaving a white solid. As an aid to identifymg 1H-NMR signals
from the diastereomer salts, a 1:1 mixture of diastereomeric esters was prepared in the
same way, but using (R,S)-Mosherlsdiloride in place of (S)-Mosher'sdiloride. The

product was a 1:l mixture of 66 and 71. MS:(ES)M+1=413.0.
(S)-(+)Mosherlschloride, (S)-(+)-a-methoxy-a-(trifluoromethyl)
phenylacetyl
diloride, was prepared from (R)-(+)-Mosher'sacid using SOU2(Aldrich).l78

Enantiomeric Ratio Determination: The sample of thioester prepared using
(S)-Mosher's chloride was analyzed by 'H-NMRat 500 MHz in CDSl2 in order to

estimate diastereomeric purity. The 1H-NMR speanun of the thioester prepared from
(R,S)-Mosher's chloride served as a guide to assigning 1H-NMR signals. From
analysis of each of the 1:l mixture of 66 and 71, only the chexnical shifts of the

methoxy functionalities were adequately separated on the spectrum to be
characterized: 66,6 3.43 (q, J=1.6 Hz,3H,OC&), 3.65 (s, 3H, ester methyl); 71.6 3.51

(q,J=lSHz,3H, OC&), 3.70 (s, 3H,ester methyl). htegation analysis of the pure 66
sample revealed signals form the 70a isomer are the same as those for 71. Only the
signals from the ester methyl were weU separated h.om one another and from signals
ansing from 0th- parts of the molecule, therefore the ratio of diastereomers was
estimated by m e a s h g th&

integrated intensities. The ratio was found to be 1:17.8,

which indicates that 94.7%of the sample was the (S,S) dïastereomer corresponding to
an ee value of 89.3%.

The disulfide 73 was synthesized by allowing a solution of 35 (140 mM) in
Buffer A (see pg 223 for definition) to sit for 4 days allowing fidl oxidation. Residual
thiol content was monitored by adding 500 pL of DTNB (1.0 mM in Buffer C (see pg

223 for definition)) to a 500 PL aliquot of the reaction solution, and absorbance
measurement at 412 nm. The resulang mixture was acidified to pH 2 using 6 M HCI,
then extraded thme times with 10 mL of CHKl2. The combined organic exhact was

washed with brine (10mL),dtied over Na2!5O4,filtered, and the solvent was removed
in vnaio to leave a pale yellow oil(1.2mg): Rf 0.42 (2:l hexane:EtOAc containhg 1.4%

ACOH); 1H NMR (250MHz, CDzCh) 6 3.04 (dd, J=14.2,7.4Hz, W ,
CH;?),3.23 (dd,

J=14.2,8.1Hz, W ,
CH2), 3.68 (dd,2H,CH),7.17-7.33(m,IOH, Ar-H); HRMS calcd for

c1~1804$:
362.0647, f0~nd:
3620627.

(RI-2-Bromo-3-phenylpropanoicacid (90). The method used to prepare 90 was
similar to that of Prescott et al.164 (R)-Alanine (Aldrich, 5.00 g, 56.1 mmol) and NaBr
(57.5 g, 560 mmol) were dissolved in 2.5 M H2W4
(220 mL)in a 500 mL round-bottom
flask and the solution was M e d to -Socin an ice-salt bath. An aqueous solution of

NaNo2 (11.61 g, 168 m o l , dissolved in minimum amount of water) was then added

drop-wise and the mixture was stirred for 30 min at -5°C. The product was then
extracted with =Cl3,

and the organic phase was separated, washed with water, brine

and dried over Na2S04. The solvent was removed in vacuo Ieaving a yellow oil

product (1.846g, 22% yield): 1H NMR (250 MHz,CDC13)S 1.86 (d, J= 7.0 Hz, 3H,
CH3),4.41 (q,J=7.0Hz,lH,
,CH),9.4 (b, iH,COOH); 1% NMR (50.3MHz, CDClj) S
21.3,39.3,176.3.

(S)-S-Benzoyl-2-mercaptopropanoica a d (91). Compound 90 (1.190 g, 7.71 mmol)

and thiobenzoate (Aldrich, 1.426 g, 9.29 m o l ) were dissoved in acetone (13 mL)and
stirred with K2C03(1.066g,7.71 mmol)for 30 min at rt. Ethyl acetate and water were

added and mixed wd. The mixture was acidified to pH 2 with 6 M HC1. The organic
phase was separated, washed with water, bMe and then dried over Na2S04. The
solvent was removed in vamo to give an orange oily product. The crude product was

purifïed using column chrornatography (43 hexane:EtOAc containingl.l%HOAc) to
give 91 aa a light yeliow wax (1.518 g, 94% yield): Rf 0.44 (4:l hexane:EtOAc
containing 1.4% HOAc); IR (KBr) 1708cm-1, 1669 d;
1H NMR (200MHz,QC1d

S

1.63 (d, J=7.3Hz, 3H, CH3),4.42 (q, J=7.3Hz,lH, CH),7.45-7.97 (m, 5H, Ar-H), 9.64 (b,

lH, COOH); 1JC N M R (50.3 MHz, C D 2 0 6 17.4,41.1,127.7,129.1,134.3,136.5,178.5,
190.7; FAB-HRMS calcd for C1@Il1O3S(M+H+):211.0429,found: 211.O43O.

N-Hydroxysuccinimide ester of (S)-S-Ben~oy1-2-rnercaptop~opanoic
acid (92). 1 3
Dicydohexylcarbodiimide (Aldrich, 1.391 g, 6.74 mmol), N-hydroxysuccinimide
(Aidridi, 0.776 g, 6.74 mmol) and 91 (1417 g, 6.74 mmol) were dissolved in l,4-

dioxane (280 mL)and stirred for 18 h at rt. The mixture was then filtered to remove
1,3-dicydohexyl~~ea
@CU), and the solvent was removed in vacuo to give 92 as a pale

yellow oil(1.920 g, 93%yield): Rf0.45 (1:l EtOAcSexane); IR (neat) 1779 an-=,
1726
cm-1, 1676 cm-1; 'H NMR (200 MHz, CD2Clz)6 1.74 (d, J=7.3 Hz,3H, CH3), 2.81 (s,

4H,CH& 4.71 (q, J=7.3Hz, lH, CH), 7.46-7.98(m, 5H,Ar-H),9.64 (b, lH, COOH);

13C

NMR (50.3 MHz, CD2C12)6 17.6,26.0,38.5,127.8,129.2, 134.5,136.2, 168.6,169.2,189.3.

S-Benzoyl-(SI-2-mercaptopropanoyl-(SI-phenlalanine (93). L-Phenylalanine

(Aldrich,0.506 gr 3.06 rnmol) and NaHC03 (0.514 gf 6.12 mrnol) were dissolved in
water (20 mL) and dimethoxyethane (20 mL). Compound 92 (0.627 g, 2.04 mmol,
dissolved in 8 m L of dimethoxyethane) was then added and the solution was stirred

for 3 h at rt. CH2Clzand 5% NaHC03 were added and crude product extraded into
the aqueous phase. The aqueous phase was washed with CH2C12and then aadified

to pH 2 with 6 N HC1 and extracted with EtOAc. The organic phase was separated,
washed with 0.1 M HC1 twice, then with brine and dried over Na2S04. The solvent
was removed in oacuo to give a pale yellow oil. The a u d e product was purified

using preparative TLC (1:l hexane:EtOAc containuig 1.4% HOAc) to give a pale
yellow wax (0.527 g, 73% yield): Rf0.53 (1:l hexane:EtOAc containhg 1.4% HOAc);

IR (KBr) 1742 d,
1726 an-', 1655 cm-';

1H NMR (200 MHz,CD2Cld 6

1.51 (d, J=7.3

HZ, 3H, CH3), 3.08 (dd, J=14.1,5.1 Hz, l H f CH2),3.23 (dd, J=14.0,7.1 Hz, lH,CH2),
4.30 (q, J=7.3 Hz, lH, CH (C-5)), 4.87 (m, lH,CH (C-2)). 6.89 (d, J=7.6 Hz, lH,NH),
6.95-7.95 (m, 10H, Ar-H), 9.30 (b, lH, COOH);

l3C hlMR (50.3 MHz, CD2C12)6 16.1,

37.5,40.5,53.8, 127.2, 127.8, 128.7, 129.1,129.6, 134.5, 136.0,136.4, 172.3, 176.7, 192.3;

FAB-HRMS calcd for ClgH#O&

(M+H+)358.1113,found 358.1117.

S - B e n z o y l - ( S ) - 2 - m e ~ ~ a p t o p r o p ~ o y l - ((94).
S ) - ~L-Tryptophan (Aldrich,
0.146 g, 0.717 mmol) and NaHC03 (0.121 g, 1.43 mrnol) were dissolved in water (5

mL)and dimethoxyethane (5 mL). Compound 92 (0.147 g, 0.478 mmol) was dissolved
in dimethoxyethane (2mL) then added to the above solution and stirred for 3 h at rt.

CH2CI2and 5% NaHC03 were added and the crude was produd extracted into the
aqueous phase. The aqueous phase was washed with CH2C12and then acidifïed to

pH 2 with 6 M HCl and extracted with EtOAc. The organic phase was separated,
washed with 0.1 M HCl twice, then with brine, then dried over Na2S04. The solvent
was removed in vacuo to give a pale orange oil. The crude product was purified
using preparative TLC (1:l hexane:EtOAc containing 1.4%HOAc) to give 94 as a light

yellow powder (0.0791 g, 42% yield): IR ( D r ) 1739, 1654,1639 cm-';1H NMR (200

MHz, CD2CI2)6 1.51 (d, J=7.0 Hz, 3H,CH3), 3.04 (dd, J4.4, 14.8 Hz, lH,CH2), 3.18
(dd, J=5.1,14.8Hz,lH,CH2),4.41 (q, J=7.0 Hz, lH,
CH (C-5)),4.45 (m, lH, CH (C-2)),
6.90-7.89 (m, 1lH), 8.54 (d, J=7.7Hz, lH), 10.84 (s, lH, COOH); FAB-HRMS calcd for

C21H21N204S
(M+H+)
397.1222, found 397.1219.

(SI-2-me~aptopropanoyl-Ophenyldanine(88): To a solution of 93 (0.2089 g, 0.585
mmol) in l,4-dioxane (1.25 mL)was added an aqueous solution of 0.2M NaOH (14.6

mL)and the mixture was stined under Ar for 25 min at h The mixture then acidified
to pH 2 with 6 M HC1 and extracted with EtOAc twice,

washed with water twice, then

brine once and dried over Na2S04. The solvent was removed in vaaro and the a u d e
product was purified using preparative TLC (1:l hexane:EtOAc containing 1.4%

HOAc) to give a pale yellow aystalline product (0.062 g, 44%yield): Rr 0.43 (1:l

hexane:EtOAc containing 1.4% HOAc); IR (KBr)1711,1655 mi; iH NMR (250MHz,
CD2Cld 6 1.51 (d, Jt7.1HZ, 3H, CR),2.04 (d, 1 H, J=8.3Hz, lH,SH), 3.12 (dd, J=14.0,
6.7 Hz, lH, CH2), 3.27 (dd, J=14.0,5.5Hz, lH, CH2), 3.42 (m, lH, CH (C-S)),4.80 (m,

lH,C H (C-2)), 6.81 (d, J=7.4 Hz, lH,NH), 7.20-7.36 (m, 10H, Ar-H), 9.58 (b, lH,
COOH); '3C NMR (50.3 MHz, CD&&) 6 22.0,37.5,38.1,53.8,127.6,128.9,129.8,

136.1,

174.1, 174.6; MS: HRMS calcd for CI2HI5NO3S:253.0773, found: 253.0762; Anal.

Calcd for C12Hlf103S: Cf 56.90; H,5.97; N,5.53. Found: C, 57.16; H, 6.08; N, 5.34.

CBZ-Phe-(S)Ala-Phe (86): N-(Carbobenzy1oxy)-L-phenylalanine(Aldrich, 0.0592 g,
198 mrnol) was dissolved into dry acetone (2.0 mL)and cooled to O°C. Triethylamine
(0.0200 g, 198 mmol) and ethylchlorofonnate (0.0215 g8 198 m o l ) were then added

and the mixture was stirred for 5 min at 0°C.The mixture was then cooled to -2U°Cin
a CCkdry ice bath and 88 (0.0477 g8 198 mmol, dissolved in dry acetone(2.0 mL))

containhg triethylamine (0.0200 g, 198 m o l ) , was added. The mixture was stirred
for 30 min at -20°C, then 30 min at rt. EtOAc (5 mL) and water (1mL) were then

added. The mixture was acidified to pH 2 with 6 M HCl, and organic phase was
separated, washed with 0.1 M HU, brine and dried over Na2S04. The solvent was
removed in uaczro to give a yellow oily aude product. The crude product was

purified using preparative TLC (1:l hexane:EtOAc containing 1.4% HOAc) to give 86
as a pale yellow wax (0.0306 g, 29.0% yield): Rf0.31 (1:l hexane:EtOAc containing
1.4% HOAc); IR (KBr) 1665,1696,1710 cm-';

1H NMR

(500 MHz, CD2C12)6 1.38 (d.

J=7.3HZ, lH, CH3), 297 (dd, J=14.3, 8.1 Hz, lH, CH2),3.08 (dd, J=14.1, 6.9 Hz, 1H.

CH2),3.13 (dd, J=14.2 4.7 Hz, lH, CH*),3.20 (dd, J=14.1 ,5.6 Hz, lH, CH2), 3.99 (q,
J=7.3Hz,lH,CH),4.62 (m, 1HCH),4.73 (m, lH,CH), 5.08 (s, W ,
C R of CBZ group),
5.17 (d, J=8.5 Hz, lH,NH), 6.59 (d, J=6.3 Hz, lH, NH), 7.14-7.36 (m, 15H, Ar-H); l3C

NMR (50.3 MHz, CD2C12)6 189,36.5,41.8, 53.7, 62.5, 65.6, 96.8, 126.4, 126.5, 127.3,
127.7,128.15,128.22,128.28,129.3,137.2, 155.6, 170.4, 172.5,200.4; FAB-HRMS calcd
forC29H30N206S
534.1824 (M+H+),found 534.1826.

Biochemical Materials and Methods

AU buffers were prepared using distiUed deionized water. For CPA assays,
Tris (Tris(hydroxymethy1)aminomethane) fiom Sigma was used with 0.5 M NaCl.
The buffer was titrated to pH 7.5 using 6 M HC1 and a Coming pH meter-115. For
ACE assays, the sodium salt of KEPES (N-[2-hydroxylethyl]piperazine-N1-[2ethanesulfonic acid]) from Sigma was used, with 0.3 M NaCl. HEPES buffer was
titrated to a pH of 7.5 using 6 M HU.
Carboxypeptidase A, (CPA, EC 3A17.1), purified from bovine pancreas, was
purchased from Sigma as an aqueous suspension of crystalline enzyme with toluene

added.206 The enzyme was prepared for activity measurements by mixing the
suspension with Tris buffer at least one hour pnor to use in enzyme assays. Enzyme
concentration was determined using absorbance at 280 nm, where
M-lm-i

is 6.42~104

-97

Angiotensin converting enzyme (ACE, EC 3.4.15.1) was purchased from Sigma
as a lyophilized powder from rabbit lung, purified by Sigma by the method of
Cushman.195 The quantities of enzyme present in this commerad preparation is

expressed in units, where one unit is deîïned as that quantity of enzyme preparation
which will produce 1.0 p o l e of hippuric aad from hippuryl-His-Leu per min in 50

mM HEPES and 0.3 M NaCl at pH 8.3 at 37OC.195 ACE was prepared for assays by
dissolving the powder (5 units) into 5 mL of 50 rnM HEPES, 0.3 M NaU, pH 7.5 buffer
(Buffer E), giving a concentration of 1 unit per mL of solution. Such a solution has
been reported to be stable at 5°C for months by Cushman.195

A Varian DMS-200 UV /visible spectrophotometer was used to carry out
spectrophotometric enzyme assays and to record uv/visible spectra. PC Control DMS
SCAN v1.0 (Softcom Ltd.) software was used on a Tatung 286 computer to measure

initial rates on progress m e s and to analyze recorded spectra. Quartz cuvettes with
a 1.0 an pathlengths and 1mL or 3 mL volume were employed.

The evaluation of kinetic data was carried out with the aid of various software

packages o n a DX2-66486 cornputer. Grafit 3.01 (Erithacus Software Ltd.) was used to
produce LineweavetBurk plots, determine the kinetic constants Km and V using nonlinear regression, and determine ICM constants using the equation developed by

Halfman207:

-where y is enzyme activity, a is maximum activity (no inhibition), x is
inhibitor concentration, i is the concentration of inhibitor which decreases the
enzymatic activity to 50% of that of a conhol lacking the inhibitor (ICSo), and s is the

slope factor. Grafit 3.01 was also used to determine parameters for other unique
kinetic equations which are dicussed below. The software package EZ-FIT@ (Perrella

Scientific Inc.) was used to determine inhi'bition constants for cornpetitive inhibitors.

Al1 kinetic software packages used employ the Marquardt-Levenberg non-linear
regression analysis method,208 with the standard m o r s of kinetic parameters being
calculated by the matrix inversion method. Kinetic parameters which are determined

from non-hear and linear regression analysis are quoted with t standard errors.
Other experimental values (rates, x, etc.) which were expressed as a mean of more
than one determination are quoted with + standard m o r s (unless otherwise stated).

Standard error is defined as:

standard error =

d
-

.Jn

- where a is the standard deviation, which is defined as:

T
c is the mean of the data

n is the number of data points
The buffer solutions used duting kinetic expefiments were as follows: (i) for
the CPA assays: "Buffer A" represents 25 mM Tris, 0.5 M NaCl, pH 7.5 contauiing

10%ethanol (v/v); ''hffkr B represents 25 rnM Tris,0.5 M NaCl, pH 7.5 containuig
35 % ethanol (v/v);

"Buffet C" represents 25 mM Tris, 0.5 M NaCl, pH 7.5 containing

no ethanol; (ii) for ACE açsays; ''BufferD represents 50 m M HEPES, 0.3 M NaCl, pH
7.5 containing 5% DMSO (v/v); ''BBufEer E" represents 50 m M HEPES, 0.3 M NaCl, p H
7.5 containuig no DMSO. AU assays, with CPA or ACE, were conducted at 25OC,

unless otherwise stated.
Peptidase activity of CPA was measured using hippuryl-L-phenylalanine(HP,
Sigma) as substrate with monitoring at 265 nm.182 The HP concentrations used in

these assays ranged from 0.25 mM to 1.3 mM. The

for hydrolysis of HP to

hippuric acid and L-Phe was 137.7 M - 1 4 , with an obswed Km and btof 0.319.04
mM and 85.7S.O s-1 respectively in B d e r B.

ACE peptidase activity was measured using 2-furanacryloyl-Lphenylalanylglycylglycine (FAPGG)from Sigma as substrate.102 The hydrolysis of
FAPGG to produce 2-furanacryloyl-L-phenylalanine and glycylglycine was

monitored by measuring absorbante decrease at 330, 335, 340, 348 or 350 n m

depending on the substrate concentration range as desaibed on pg 242

Thioester (SI-= as a Substrate of CPA

The hydrolysis of (S)-50 by CPA was monitored by measuring the diminution
of absorbance at 273 m. The extinction coefficient at 273 n m for (S)-50 (lm=874m2

M-lm-1) was determined using a 4.56 )LM solution of the thioester in B d e r A. The

Eu3 value for benzoate in B u f k A was determined to be 47el M-'cm0l using a 917
p.Msolution of the authentic acid. A 283.9 pM solution of the thiol35 in Buffer A was

employed for determination of Em=140%7 M-ian-1. A solution of the disuIfide 73
was prepared by allowing a 283.9

solution of 35 to incubate at 2S°C for 4 days to

ensure complete oxidation. The resulting solution of 73 gave an Ezn value of 303Wll

M-km-=. AU

e273value determinations were conduded in duplicate or tripkate.

From these observed Em values, the expected hem value for the hydrolysis of (S)-50
into benzoic acid and the thiol35 was caldated as 6860 M-lm-', and the expected

hEzn value for the hydrolysis of (S)-50 into benzoic acid and the disulfide 73 was
predicted to be 6750 M-lm-1.

The actual observed AE273 value for (S)-50 hydrolysis was detennined by
allowing 10 mL solutions of 8.78xl0-5 M (S)-50 in Buffer A to be fully hydrolyzed by
CPA (456 nM). Full hydrolysis was observed after the solution was incubated for 30

h, at whkh point no further spectral changes were detected. A A&mvalue of 693CE2S
M-km-1 was determined by performing the experirnent in quadmpbcate. The
resulting solution contained CPA, benzoate and the expected disulfide 73.
A CPA concentration of 1.0 p M to 1.5 p M was found to be most convenient for

these assays. At this concentration thioesterase activity is easily measured, and [El, is
much lower than the lowest (S)-50 concentration (6.4 wM) employed. The use of

ethanol as a cosolvent was required to prevent precipitation of the substrate ((S)-50) at

higher concentrations.

The

value of 6930 M-'cm-1 was utilized for the analysis of alI hydrolysis

studies of (S)-50.

Identification of the Products of
CPA-Catalyzed Hydrolysis of 6)-50

A solution of (S)-50 (73 pM) and CPA (1.5 CIM) was incubated for 24 h in Buffer
A to generate a product mixture (2 mL). An aüquot (800

PL) of this mixture was

withdrawn and mixed with 2 0 pL of 0.53 mM DTNB (53-dithiobb(2-nitrobenzoic
acid). Analysis of thïol content was carried out by measurement of absorbante at 412

run.
In a similar experiment, a 100 mL solution of B A (2.6 ph@and (S)-50 (160 pM)

was allowed to incubate for 24 h. The resulting mixture was aadified to pH 2 using 6
M HC1 and then extracted three times with 10 mL of C&C12. The organic phase was

washed with brine (10 mL), âried over Na2S04,filtered, and the solvent removed in
vnczro to leave a pale yellow oil(1.5 mg). The produd was subjected to both TLC and

HRMS analysis.
The thin layer chromatography properties of the reaction produds on silical gel
were compared with these of authentic benzoic acid, the disuifide 73 and the thioester
(S)-50 using 2 1 hexane:EtOAc containhg 1.4% acetic acid as an eluant.

The product

exhibited two spots with Rfvalues of 0.42 and 0.63, which corresponded dosely to the
spots observed with 73 and benzoic acid respectively. The thioester (S)-50 was not
observed in the extracted product. The synthesis of authentic 73 is discussed later.

HRMS analysis of the extracted product resulted in the identification of a peak
at 362.0644 (Calc. for CisHteOtS2: 362.0647) consistant with the presence of 73 at

122.0381 (Caic. for C7tE6q: 122.0368) consistent with the presence of benzoic acid.

Pre-Steady State and Steady State Analpis ofthe CPA-CatalyzedHydrolysis
of (SI-= in Buffer A

The CPA-catalyzed hydrolysis of (S)-50 (6.4 pM to 257 pM) was monitored in
Buffer A at 273 nm. For the pre-steady state analysis, 100 pL of CPA solution in

Buffer C (15CiM) was added to 900 pL of (S)-50 in 25 m M Tris, 0.5 M NaU, pH 7.5,
containing suffiCient ethanol to yield a final ethand concentration of 10% (v/v). The

enzyme solution was added and mixed quickly with a glass stir rod, and the
recording of the progress curve was started as soon as possible. The thne elapsed

between enzyme addition and the start of recording of the progress curve was about 3
to 5 S. The i ~ t Ü lrate
l
was measured from the initial hear portion of the progress
curve.

The results reported are the averages of at least four individual

determinations. For the steady state analysis of the hydrolysis of (S)-50, the rate was
estirnated by measuring the slope of the second linear portion of the progress curve

which followed the burst phase. The results were fitted to the Midiaelis-Menten

using Grafit 3.01.
equation (AEm of 6930 M-km-1)
Anaiysis of ThioI Kelease During CPA-Catalyzed
Hydrolysis of (SI-Ial Using DTNB

CFA (100 PL in Buffer C) was added to a solution (900 PL) containing (S)-50
and DTNB in suffiaent ethanol to achieve a final ethanol concentration of 10% (v/v).

The final concentrations achieved were 1.5 p M CPA, 0.1 mM DTNB, and
concentrations of (S)-50 of 9.6 pM, 34.5 p.Mor 178 pM, in Buff&rA- TNB production in
the reaction between 35 and DTNB was monitored at 412 n m assuming that A&

for

this reaction is 14160 M-km-1.1'9 Control experiments in which (S)-50 was omitted or

CPA was exduded were carried out to ensure that TNB generation resulted solely

from the reaction with the hydrolysis product.

Hydrolysis of (SI-a a Various DTNB Concentrations: The rate of TM3 generation
was observed at 412 n m at varying concentrationsof DTNB (0.62 mM to 9.9 mM) at a

constant concentration of CPA (32 CIM) and (S)-50 (168CrM) in Buffer A. CPA (15p M

in Buffer C)was added to start the assay. Assays were performed in triplkate or
quadruplicate. The results are plotted in Figure 31. The maximum TNB production
was observed at 4.9 mM DTNB.

Hydrolysis of (SI-= in 4.9 mM DTNB: The hydrolysis of (S)-50 at varying
concentrations (13.4 CMto 168 pM) was observed at a constant CPA (3.0 FM) and

DTNB (49 mM) concentrations in Buffer A at 412 nrn. The results, which are plotted
in Figure 32, were analyzed using Grafit 3.01 to yield Km and V which are reported in
Section 2.1.S.

Inhibition of CPA Peptidase Activity by DTNB: The inhibition of CPA peptidase
activity by DTNB was studied using varying concentrations of DTNB (0,50

m, 150

PM) and hippuryl-L-phenylalanine (0.16 mM to 1.12 mM) at a constant CPA
concentration of 121 n M in Buffer A. The results are shown in Lineweaver-Burk
format in Figure 32.

The data (using averages of three or more separate

determinations) was analyzed by EZ-ET@ to determine the Kiwhkh is reported in

Section 2.1.5.

The Use of Bromothpmol Blue
for Detecting Proton Release

The E values for bromothymol blue (BTB)and the sodium salt form (NaBTB)
where determined at 420 nrn and 615 nm. A solution of bromothymol blue (127 pM)
was prepared in freshly boiled distilled water. The extinction coefficients for BTB
were found to be EaO of 2140 M - l a d and

eIs
of O M-km-l. Suffiaent 0.01 M KOH

was added to completely deprotonate BTB to give a final concentration of 124 @A in a

solution containing 10% EtOH (v/v). The extinction coefficients for NaBTB were
found to be

of 1780 M-km-1 and

eI5
of 38500 M-'cm".

These values give a A&42O

of 369 M-km-' and AEsls of 38500 M-km-' for the deprotonation of BTB or

protonation of NaBTB. Based on these r d & , the wavelength of 615 n m was chosen
to be the ideal wavelength to observe changes of NaBTB concentration.

A stock solution of BTB/NaBTB was prepared by dissolving bromothymol

blue and NaCl into freshly boüed distilled water, followed by titration of the solution
to a pH of 7.5 using 0.1 M NaOH. The final [BTB+NaBTB]=181p M and [NaC1]=0.625

M.
A control experiment waç conduded to test the accuracy of the BTB/NaBTB
buffer for detecüng changes in proton concentration. A 30 p M solution of benzoic

acid was prepared in freshly boiled distilled water. Aiïquots of the benzoic a a d
solution were added to the solution of BTWNaBTB of 145

containing 10% ethanol

(v/v). The changes in absorbance at 615 n m corresponded accurately with the
expected changes for the introduction of H+to solution.

Substrate Hydrolysis Detected using Bromothymol Blue Buffer For the analysis of

substrate hydrolysis, the substrate, such as (S)-50, was predissolved in ethanol and
added to the stock BTB/NaBTB solution. The addition of substrate changed the

colour and pH of the BTB/NaBTB mixture because of the introduction of H+. This
was corrected by titrating each mixture to a pH of 7.5 using 0.1 M NaOH to generate

the substrate/BTB/NaBTB solutions. Activity was then monitored at 615 n m alter
100 pi, of CPA (15pM m 0.5 M NaCl in freshly boiled distïlled water) was added to
900 pL of the substrate/BTB /NaBTB solution.

[BTB+NaBTB]=145

Final concentrations were

w, [NaCl]=0.55 M,[E],=1.35 CIM, and [(S)-501 ranging from 10

PM to 26 pM, ethanol 10% (v/v). The starting absorbance of 1.95 indicates that the
actual concentrations for BTB and NaBTB are 94.4 pM and 50.6 jtM respectively.

Control experirnents were conducted, in which a solution of (S)-50 (10CLM) in
BTB/NaBTB containing 10% ethanol (v/v) showed no change at 615 nm when
incubated in the absence of CPA.

For the hydrolysis of Bz-(S)-OPhe (51),prelimuiary spectral studies of 51 and

its hydrolysis products P-phenylladate and benzoic acid showed that hydrolysis is
best monitored at 280 nm,with a AEm of -394 M-lan-1.

The hydrolysis of 51 was also examined in a solution containing 3.5% ethanol
(v/v). Using the method as previously mentioned, the sodium salt of 51 was
prepared. The kinetic parameters Km and katwere determined using substrate
concentrations 72,128,283,424 and 640 pM, with a constant @],=1.5

pM.

As discussed earlier in Section 2.0.2, the ester 51 was shown to possess an ee of

54%. Therefore, the sample of 51 used contained 77% of the Sconfiguration, and 23%
of the R-configuration. Since only the Econfiguration is assumed to be active with

respect to CPA catalysis, the actual active concentration is therefore 77%of the total
concentration. The A&280 can be recaiculated to be -512 M-km-'. The Km and kat
calculated on the basis of this

are reported in Section 2.1.7.

The hydrolysis of 51 was also monitored in Buffer A at two substrate
concentrations (50 pM and 160 pM) at constant B],=1.44 pM. The observed initial
rates are reported in Section 2-1.7.

Studying the Hydrolysis of

Using Bromothymol Blue: The hydrolysis of 51 was

studied using the same procedure employed for the analysis of hydrolysis of (S)-51

using bromothymol blue. The CPA concentration was 1.44 @M. Two concentrations
of 51 were used, 50 pM (385 p M of (S)-enantiomer) and 160 p M (123.3 pM of (S)enantiomer), to yidd the resdts shown in Table 4.

The Hydrolysis of BrGly-(R,S)-OPhe

by CPA

The hydrolysis of 76 by CPA was monitored in Buffer A. The ester 76 was
purchased from Sigma in the sodium salt form. The hydrolysis of 76 was measured

using solutions of 76 (0.23,0.45,0.68,0.90 and 1.19 CIM) at a constant [E],=20 n M in
Buffer A. The activity was recorded using a wavelength of 265 n m ( ~ l E ~ ~ ~ = l l S

M-km-1). The kinetic parameters Km and ktwere d e t d e d using Grafit 3.01 and
are reported in Section 2.1.7.

Proton Release During Hydrolysis of Bz-Gly-(R,S)-OPhe Using Bmmothymol Blue
Buffer: The hydrolysis of 76 was studied using a procedure similar to that employed
in the analysis of hydrolysis of (S)-U) using bromothymol blue. Two concentrations of

76 were used, 0.20 and 1.01 mM.

The rate of hydrolysis of 76 by CPA was obswed to

be much faster than those of (S)-50 and 51. As a result, a lower enzyme concentration
([E],=7.2 nM) was employed to avoid exceedîng the capacity of the buffer during the
assay.

The measured initial rates were corrected for the concentration of active
enantiomer present and are reported in Sedion 2.1.7.

Pre-Steady State Kinetic Analysis

The x values, as defined in M o n 2.1.4, were determined graphicdy using the
back-extrapolation procedure. The progress curves in which r values were measured
contained the pre-steady state b u t as well as some portion of the linear steady state.

The Pre-Steady State Burst for (S)-BHydrolysis Monitored at 273 nm: The r values
were measured hom the progress cunres wime [(S)-50]=70.6 p M in Buffer A at

[E],=1.5

The reported n value is an average of three determinations.

The Burst for (S)-ZQ Hydrolysis Monitored Using Bromothymol Blue (615~1):
The

r values were measured from the progress c w e s of reactions in which the
concentrations of (S)-50 were 11 or 16 FM, in the BTB/NaBTB buffer solution
described above ([E],=1.49

Using the graphical method described above, the x

values are the averages of four determinations

The Effect of Ethanol Content on CPA-Catalyzed
Hydrolysis of Hippuryl-L-Phenylalanine

The hydrolysis of HP was monitored in 25 mM Tris, 0.5 M NaCl, pH 7.5 at 25°C
buffer containing O%, 2.5%, 5% or 10% ethanol (v/v), at substrate concentrations of
0.44 mM and 1.76 mM. The assays were conducted in quadniplicate at a wavelength

of 265 nm. From the o b s e ~ e d
rates at each ethanol concentration, the data were fitted

to the Michaelis-Menten equation to derive approlomate Km and ktvalues (using
Grafit 3.01).

The CPA-catalyzed hydrolysis of HP was monitored in Buffer B with HP
concentrations ranging fiom 0.25 25 to 1.3 mM. The parameters Km and lQt
were
found to be 0.31f0.04 m M and 85.7S.0 s
l respectively (determined using Grafit 3.01).

The Hydmlysis of ( S ) - s by CPA in Buffer B: Using an assay procedure similar to
that used to study the hydrolysis of (S)-50 in Buffer A, the BA-catdyzed hydrolysis

of (S)-50 was also monitored in Buffer B. In this case, the initial burst was too rapid to
aUow for accurate measurement of pre-steady state kinetic parameters. It appeared

that much of the burst occured during the manual mixing of enzyme and reabants
which took an estimate 3 to 5 S. The steady state rates were measured using (S)-50

concentrations ranging fkom 20.9 FM to 207 PM,at a constant @],=1.34

PM.The

resulting substrate concentration-rate relationship is shown in Appendix E.1.

The Hydrolysis of ( S ) - aby CPA in the Absence of Ethanol: As a result of solubility
problems in the absence of an organic cosolvent, the most concentrated solution of (S)50 prepared was 55.6 @. The hydrolysis of (S)-50 (50 CIM) was monitored at 273 nm

after mucing 100 PL of 8 A (11.5 CIM) to with 900 pL of (S)-50 (55.6 pM) solution in
Buffer C. The time course plot was observed to be biphasic but the time scale of the

burst was shorter than in experirnents ernploying ethanol as cosolvent making
accurate estimates of r impossible.

Analysis of ( S ) - a as a Cornpetitive Inhibitor of CPA

The BA-catalyzed hydrolysis of HP was monitored in the presence of (S)-50.
The hydrolysis of the peptide HP is normally m o ~ t o r e dat 265 n m (A&265=137.7

M-'cm-1). Since the hydrolysis of (S)-50 can also be detected at this wavelength, the
possibility of significant spectral changes at 265 n m due to hydrolysis of (S)-50,

interfering with the determination of spectral changes resulting from HP hydrolysis,

had to be addressed. In the presence of competing substrate €3, the rate of catalysis

(uA)for substrate A C a . be expressed ad86

The rate of catalysis for substrate B c m be expressed as:

By dividing Km* into equation 5.1, and dividing K,B into equation 5.2, the resulting
equations possess the same denominators:

By dividing equation 5.4 into 5.3, we get the ratio of the rate of reaction:

From equation 2.10, and the fact that AA=(A&)(Aconc.),leads to equation 2.11:

The situation where spectral changes fkom hydrolysis of (S)-50 would be expected to

interfere most with the spectral changes from hydrolysis of HP would be at the

highest [(S)-501and lowest

ml. In the present study, those concentrations were 132

p M and 160 pM for [(S)-501 and [HP], respectively. The Km
state hydrolysis

ktand

for steady

of (S)-50 in Buffer B are 61.8 pM, 1.53~10-2s-1and 5070 M-km-1

respectivdy. The Km

ktand A&

for HP hydrolysis under the same conditions are

310 @if 85.7 s-1 and 137.7 M-'cm-1 respectively. Using these kinetic parameters and

equation 2.11, it was determined that spectral changes from HP hydrolysis at 265 n m
should be 35 or more t h e s greater than those from the hydrolysis of (S)-50. As a
result it was judged that the spectral changes from the hydrolysis of (S)-50 could be

ignored in interfering the resdts of the cornpethg substrate assays.

The peptidase activity of CPA in the presence of (S)-50 was measured after
adding 50 PL of CPA (1.25

in B d e r C) to 300 PL of 0,95 or 440

of (S)-50 (in

Buffer C containing 11.7% ethanol (v/v)) and allowing this mixture to incubate for 1
to 2

min. The HP solution (650 pL in Buffer C) was then added so that the final

ethanol content was 3.5% (v/v) (BufferB). The final HP concentrations ranged 0.16
mM to 1.6 mM whereas the final (S)-50 concentrations were 0,28.4 and 132 pM, and a

constant final [E],=62.3 nM. The data was analyzed by EZ-FIT@ to determine the KmB
which was reported in Section 22.2.

The Hyddysis of 6)-Bin a OrFree Environment=
Meastuement of Thiol Rdease and
Residual Peptidase Activity

As outlined briefly in Scheme 40, CPA (1.26 pM) and (S)-50 (2.40 pM) are

incubated in a large test tube in a total volume of 18 mL. The buffer was degassed
under vacuum and argon was bubbled through the solution prior to use. During the

experiment, a Stream of Argon gas was passed over the reaction solution to maintain
an 02-free atrnosphere. A control solution which lacked (S)-50 was also studied. In

both the readion and conhol experiments Buffer B was employed and the solutions
were incubated for 4 h at 25OC. During the incubation, aliquots were withdrawn and

tested for both peptidase activity and thiol content.
CPA-catalyzed peptidase activities was measured by addùig 50 PL aliquots of
either the "control" or "reaction"mixture to 950 pL of HP solution (0.992 mM in B d e r
B). The reported residual peptidase activities in the presence of (S)-50 ("reaction")

were determined as a percent of the activities in the absence of (S)-50 ("control").
Thiol content was measured by mking 500 pL of either the "control" or
"reaction" mixture with 500 pL of DTNB solution (0.4 m M in Buffer C), and observing

TNB generation at 412 nm. As shown in Figure 74, the reaction between DTNB and
35 present in solution is not spontaneous. Also, after the majority of 35 was reacted

with DTNB, there was a remaining slow but constant increase in absorbance from the

reaction between DRJB and additional 35 which is generated from further hydrolysis

of (S)-50 which occurs during course of the DTNB analysis experiment. This was
explained by the f a d that after an aliquot of the "reactionl' mixture is withdrawn, it
contaiw a mixture of CPA, (5)-50 and 35. The majority of the thioesterase activity is

inhibited by the presence of 35. Once DTNB is added to the solution,any 35 present
reacts with DTNB producing disulfide 72 (Figure 25). The CPA which is now not

inhibited by 35, catalyzes the hydrolysis (S)-50 at a &ter rate subsequently generating
more 35, and at a constant rate. The concentration of 35 prior to the addition of DTNB
was

estimated by backsxtrapolating the constant rate to time zero, as shown in

Figure 74. The mults were plotted in Figure 39.
Figure 74: The reaction between DTNB and 35 at 412 nm.

As discwed in Section 2.2.3, these r e d t s were used to estirnate a Kifor the
binding of 35 to CPA using equation 2.14.

If V/uA is plotted against @?],
the slope will equal K,A/KF[P].

At each measured UA,

the [Pl is derived from the thiol versus time plot in Figure 39. The resulting slope

from the resulting linear regression was 5.60~106(%8%) M-1. Ki' was determined
from the slope obtained by linear regression analysis of the data using the known

concentration of HP and the known Km for HP &A=031

mM). From the slope, Ki'

was calculated to be 59.W.7 nM. The y-intercept is represented by:

Oxidation of

and

in Buffer A

Solutions of 35 and 36 (95 pM in Buffer A) were prepared and allowed to
incubate in an open flask at arnbient temperature. Aliquots (500 PL) were withdrawn
periodically and mixed with 500 pL of DTNB (1.0 mM), followed by absorbance
meastuement at 412 nrn to determine thiol content

of 14160 M-'an-').

A control

solution which contained 35 (95 PM) was also prepared, using a degassed buffer
solution, and incubated under an Ar atmosphere. The results are displayed

graphicdy in Figure 41.

Inhibition of CPA Peptidase Activity by

A stock solution of 35 was prepared in ethanol at a concentration of 1.9 mM.

The stability of this stock solution was tested by adduig 25 PL to 100 pL of DTNB (1.0

mM) and 875 pL of Buffer C every 30 min over 3.5 h to test thiol content. The thiol
content wzs found to be unchanged over this time range.
To a cuvette containhg 925 BL of HP (0.55mM) and 15 PL of ethanol, 20 pL of
the freshly prepared stock solution of 35 (76

was added, followed by 40

PL of

CPA (3.15 W. The reaction components were d e d quiddy and peptidase activity
recorded. The final concentrationswere [E],=126 nM, [35]=760 n M and m ] = 0 . 5 mM,

in B d e r B. In a similar assay, 35 (1.58 pM) was incubated in the buffer solution for 5
min prior to addition of CPA and recording of the progress cuve. The 5 min
preincubation in the oxidation of 35 to 73. A control assay was also conducted as

well, in the absence of 35 and 73.
n

Inhibition of CPA Peptidase Activity by 3h: The hi0136 was tested as an inhibitor of
CPA activity using experiments similar to those used to study inhibition by 35. A
solution of HP (0.5 mM), CPA (178nM) and 36 (0.33 pM) was monitored at 265 nm in
quadruplicate experiments to give a peptidase activity of 0.41m.07 pM/s. In a

parallel experiment, 36 (0.34 CiM) was incubated in the buffer solution for 10 min prior
to addition of CPA,the peptidase activity was observed to be 0.44&l.03

W/s.

The Inhibition of CPA by Glutathione

The peptidase activity of CPA at [HP]=0.54 rnM and [E],=120 nM was
monitored in the presence of 0,0.25,0.5, 1.0 and 1.5 rnM glutathione (GSH), in Buffer

B. The assay involved to addition of 40 pL of CPA solution (2.93 pM in Buffer C ) to a
960 p L solution of HP and GSH- This experiment was repeated using HP

concentrations of 0.27 m M and 0.37mU The d t s are displayed in Figure 46.

The Inhibition of CPA by O-Phenanthrohe
This method used was similar to that reported by Vallee-9s CPA (200 nM) was
incubated with O-phenanthroline(OP) at varying OP concentrations of 0.2 @
to 63l
pM, in Buffer B for 1.5 h at 5OC.

The total volume of each incubation mixture was 3.0

mL. The CPA peptidase activity was measured after adding 100 PL of HP solution (5
mM in Buffer B) to 900 pL aliquots of the incubation mixtures, folIowed by andysis of
peptidase activity. The peptidase activity analyses were done at 25°C in tripkate for
each OP concentration.

The data obtained is displayed graphically in Figure 47.

n i e Inhibition of CFA by

in the Presence of GSH

(i) Determination of Inhibition Type: To prevent oxidation of 35 in the stock

solution during the experiment, the stock solution was prepared with 5 mM GSH (in
Buffer C containing 15%EtOH (v/v)) with 35 concentrations of 0,2.82,4.35 and 5.65

PM. CPA-catalyzed peptidase activity was monitored after adding 40 CILof CPA
solution (2.83 ph@to a mixture of 940 pL of HP solution (varying from 0.27 mM to

1.39 mM, in Buffer C containing 3-4s EtOH (v/v)) and 20 FL of stock 35 solution. The
final HP concentrations were 0.25, 0.38, 0.51, 0.80 and 1.3 mM, and the final

concentrations of 35 were 0,56.5,87 and 113nM, in Buffer B, at a constant [E],=113

n M and [GSH]=O.l mM. The data was analyzed graphically in the form of
Lineweaver-Burkplots (see Figure 48).

(ii) D e t e d a t i o n of Ki:The Dixon graphical methodl89 was used to determine the

Kiof 35, as outlined in Appendix C. This method requires an ICso curve for inhibition
of CPA by 35. The stock 35 solution in this expriment contained 35 (17.5 CLM) and

GSH (5 mM) in Buffer C containing 15%EtOH (v/v). CPA peptidase activity was
monitored after 40 PL of (=PA (294 jM)
was added to 940 pL of HP (0.54 mM), and 20

CIL.of stock solution of 35 containing GSH (5 mM) solution.

The finai HP, GSH and

CPA concentrations were 0.5, 0.1 and 117 nM respectively, in Buffer B.

The

concentrations of 35 were varied fIom O n M to 350 nM.

The Inhibition of CPA by Disulfide 73

(a) Reversible Inhibition:

The inhibition of CPA by 73 was studied by monitoring

the CPA-catalyzed hydrolysis of HP (0.25 mM to 1.3 mM), at inhibitor concentrations

of 0,2.17,3.25,4.35 and 6.52 j
M in Bufter B, where [E],=117 nM. The cornpetitive Ki
value was determined using EZ-FIT@.

(b)Preincubation ExpeRments:

1.

A 3.9 mL solution of 73 (327 CiM) and CPA (1.5 CLM) in 30% EtOH (v/v), 25 mM

Tris buffer, 0.5 M NaCl, pH 7.5, was incubated at 25OC for 30 min under argon gas to
remove 4. Aliquots (50 PL) were withdrawn from the incubation mixture every 6

min and tested for peptidase activity by adding 950 PL of 1.1 rnM HP (in 2.11% EtOH

(v/v), 25 mM Tris buffer, 0.5 M NaCl, pH 7.5,Z°C) and monitoring peptidase abivity
at 265 nm. No loss of peptidase activity was observed over the 30 min incubation.

2.

A solution (1.0 L) of 73 (437 PM), DRJB (0.1 mM) and CPA (7.5 pM) in 10%

EtOH (v/v), 25 m M Tris buffer, 0.5 M NaU, pH 7.5,Z°C was monitored at 412 nm

for 10 min at 412 nm. No release of 35, which would be expected to react with DTNB
to generate TNB observable at 412 nm (&

of 14160 Mglon*1),could be detected.

Hydtolysis of (SI-= by CPA in
the Pitesence of Glutathione

The hydrolysis of (S)-50 was monitored at 273 n m in Buffer A in the presence
and in the absence of GSH (0.1 mM). This assay was conducted with concentrations
of (S)-50 of 29.7

and 58.5 W.The enzyme component (200 PL of 7.59 pM CPA in

Buffer C) was added and mixed in quiddy before the start of the recording of the

progress c u v e . The progress curves for these two experiments are presented in

Figure 54.
MechMsm-Based Inhibition of CPA by the
Thioester Substrate Analogue (SI-a

Solutions of B A in Buffer B (137nM) containing the thioester (S)-50 (0,979n M

and 9.79 pM) were incubated. The total volume was 10 mL. Aliquots (500PL) were
withdrawn periodicdy from the incubation mixtures and mixed with 500 pL of HP
(1.0 mM in Buffer B) to yield solutions which were 68.6 n M in D A and 0.50 rnM in
HP. The peptidase activity was monitored at 265 nm. The inhibitor to enzyme ratios
(i/e) for the 0,979 n M and 9.79 pM(S)-50 mixtures were 0,7 and 70 respectively. The

peptidase activity at time zero was rneasured after adding 36 pL of CPA (1.9 CLM) to
964 pL of (S)-50 (0,508 nM or 5.08 phi), HP (0.52 mM) and GSH (0.104 mM) in Buffer

B. The data is presented graphicaliy in Figure 56 as a percent residual peptidase
activity of the obsenred activity for the control incubation (where [(S)-50]=0).

The absorbance obsemed for the incubation mixture after 170 min was
rneasured to be 0.070, in the case of the i/e=70 experiment. In the case of the i/e=7

incubation, an absorbance reading was not possible due to the Iow concentrations of
the species in solution.

The Determination of A€ Values and IQ the
ACE-Catalyzed Hydrolysis of FAPGG

The ACE substrate FAPGG~O2J94was used to study ACE peptidase activity.
This substrate has been suggested by Holmquist et

al.102

to be analyzed most

conveniently at wavelengths between 328 n m and 354 nm. Larger E values from
substrate absorbance as well as large A& from substrate hydrolysis are observed at
lower wavelengths. As a result of the strong absorbance at 328 n m by FAPGG,higher
wavelengths are required to study FAPGG hydrolysis at substrate concentrations
higher than 0.1 mM.

Under our experimental conditions (Buffer D), the & and AE were detemined
for wavelengths 330,335,340,345,343 and 350 nm. FAPGG (16.0 mg) was dissolved
in HEPES buffer (40 mL) to produce the stock solution (1.00 mM). The absorbance of

FAPGG at various wavelengths was measured at a concentration of 100 PM. AS
expected, the absorbance by ACE (0.003 units/mL) at the wavelengths listed above
was found to be zero. The substrate FAPGG (0.1 mM) and ACE (0.003 units/ml)

were incubated allowing for complete hydrolysis of FAPGG,and the absorbances of
the hydrolysis produds were measuted. From these absorbances, A& values were
determined. The resting E and A& values which were determined are reported below
in Table 8.
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Table 8: Extinction coefficient values and A& values for FAPGG and FAPGG
hydrolysis.

Wavelength (nm)

E of FAPGG
Absorbante (M-km-')

AE of FAPGG
Hydrolysis (M-km-')
-2480
-1630

-1160
-560
-354

-254

The AEm of -2480 M - * d at 330 nm observed under our conditions compares well to
a A&328 value of -2300M-l&

observed by HoLmquist et a1.102 in 50 mM Tris, 0.3 M

NaCl, pH 7.5.

The hydrolysis of FAPGG by ACE was then studied at varying FAPGG
concentration (0.1 to 2.2 mM) at a constant ACE concentration of 0.03 units/ml in
Buffer D. The measurement of peptidase activity at [FAPGG]=O.l mM was conducted
at 330 nm, [FAPGG]=O.2 mM was conducted at 335 nrn, [FAPGG]=OA mM was

conducted at 340 nm, [FAPGG]=0.56 and 0.8 mM was conducted at 345 nm,
[FAPGG]=1.12mM was conducted at 348 nm,and FAPGG]=2.2 mM was conducted
at 350 nm. The kinetic parameters Km and V were determined to be 0.4W.03 m M

and 3050I60 nM/s respectively by fitting the data to the Michaelis-Mentenequation
using Grafit 3.01.

Inhibition of ACE by

(il lCso Analysis: The peptidase activity of ACE (0.03 units/mL) was monitored
using FAPGG (0.1 mM) at 330 nm in Buffer D. The in)u'bitor 88 was added to the
assay mixture hom a stock solution (0.927 mM) in DMSO. Recording of the progress
c w e was started after 100 pL of the ACE stock (in Buffer E) solution was added to

the FAPGGinhibitor solution. The assays were done in tnplicate or quadruplkate.
An ICjo value of 34.û3.3 nM was determined fkom this analysis using Grafit 3.01.

The Dkon graphical analysis of the ICm curve is shown in Appendix C.
For a solution of ACE containing 88 at a concentration of 27.8 KM, the
peptidase rate was measured to be 32e12 nM/s. In a pardel assay, in which 88 (30.9

nM) was allowed to incubate in solution for 10 min prior to the addition of ACE (final
88 concentration of 27.8 nM), the peptidase rate was measured to be 317k12 nM/s.

(ii) Determination of Inhibition Type: A stock solution of 10.3 pM 88 in DMSO was

prepared as a source of inhibition for Ulis assay. The ACE-catalyzed hydrolysis of
FAPGG was monitored at FAPGG concentrations of 0.17 mM (h=335 nm), 0.273 mM

(X=340 nm), 0.438 mM ( h a 5 nm),0.70 mM ( k 3 4 5nm), and 1.12 mM (k348nm),in
the presence of 88 (0,34and 69 n M ) in Buffer D (5% DMSO (v/v)),at 25°C. The assay
was started after 100 pL of 0.3 unit/mL ACE (in Buffer E) was added to a 900 pL

solution of FAPGG and inhibitor (or no inhibitor). The final ACE content was 0.03

unit/mL. The resulting Lineweaver-Burk plot is shown in Appendix E.2.

The Hydrolysis of Pand &&by ACE

(a)

A solution containing 93 (84 CIM) and ACE (0.03units/mL) was incubated in

Buffer D for 22 h. The total volume of the incubation mixture was 1 mL. The

absorbances at 270 n m and 242 n m were monitored to detect any change which might
indicate hydrolysis of the thiwster. A similar incubation was done using 94, but

monitoring was carried out at 270 n m ody. In both cases, the absorbance was
unchanged over the 22 h incubation period. The addition of 200 PL of DTNB (0.5
mM) to the assay mixture containhg 93 after the 22 h incubation gave no absorbance

at 412 nrn (E4=of 14160M-km-1
for TNB).

(b)

In another experiment, 93 (84 IiM) was incubated with ACE (0.03units/mL) in

the presence of DTNB (0.1 mM),in Buffer D. The generation of TNEJ due to thioester

hydrolysis was monitored at 412 nm. No TNB was observed to be released over a 10
min period.

(c)

The hydrolysis of FAPGG (0.1 mM) at 330 n m by ACE (0.03 units/mL) was

monitored in the presence and absence of 93 (84 CLM) in B d e r D. N o ciifferences in

peptidase rates were obsewed.

Lnauence of DTNB on the Peptidase Activity of ACE

The hydrolysis of FAPGG (0.1 mM) by ACE (0.03 units/mL) was monitored at
330 n m in the presence and absence of DTNB (0.1 mM) in Buffer D. N o difference in

peptidase rates was observed. Also dowing DTNB (0.1 mM) to incubate with ACE
(0.032 units/mL) for 30 min prior to the addition of FAPGG to give final

concentrations of DTNB, ACE and FAPGG of 0.093 mM,0.03 units/mL and 0.1 mM,

respectively, gave no difference in peptidase activity as compared to the control
experiment in which no DTNB was present.

The ACE-Catalyzed Hydrolysis of & in the Presence of DTNB
The hydrolysis of 86 by ACE (0.1 unit/mL) w a s monitored through the
generation of TNB at 412 n m from the reaction between the hydrolysis product 88 and

DTNB (0.1mM), in B d i x D. The concentration of 86 was varïed from 2.5 pM to 100
pM. The parameters Km and V were determined by fitting the data to the Mïchaelis-

Menten equation using Grafït 3.01.

A control experiment was conducted in whkh 86 (100 PM) was allowed to
incubate in the presence of DTNB (0.1 mM), in Buffer D. No T'NE3 generation was

observed over a 10 min pdod.

Mechanism-Based Inhibition of ACE by the
Thioester Substrate Analogue 86

The thioester analogue 86, at concentrations of 0,50,500 and 5000 nM, was
incubated with ACE (0.033 units/mL) for over 160 min in B d e r D. The total volume
was 16.2 mL. Aüquots (900 PL)were withdrawn every 10 min from the incubation

mixtures and mixed with 100 PL of 1.0 rnM FAPGG solution. The peptidase activiq
was measured at 330 nm with a final [ACE]=0.03 wiits/mL and FA.PGG]=O.l mM.

The actual [El, was estimated to be 32.1 n M (0.033 units/mL). Therefore, the i/e
values for the 50 nM, 500 n M and 5000 n M the solution of 86 mixtures would be 1.6,
16 and 160 respectively. The peptidase activity at time zero was determined by

adding 100 PL of ACE (0.3units/mL) to 900

of 86 (50,500 or 5000 nM) and FAPGG

(0.11 mM) in Buffer D, and monitored absorbance change at 330 nm. The data are
displayed graphically in Figure 66 as a percent residual peptidase activity of the
observed activity for the control incubation ([86]=0). The control incubation assay
showed no 106s of ACE peptidase activity duMg the time of the experiment.

Inhibition of CPA by NAH3û6, NAH206 and des-OH 306

The N-acylhydrazones NAHJO6, NAH206,PIH,RFMP18, RFMP19, RFMP20,
RFMPZl and RFMP22 were provided by Dr. M. A. Parniak of the Lady Davis
Institute for Medical Research. The N-acyhydrazone des-OH 306 was prepared in

this laboratory by E. H. Rydberg and R.S. Fletcher.

This method used here is similar to that used to studp the inhiiition of CPA by
O-phenanthroiinetwhich was previously mentioned in this Experimental Chapter.
CPA (200 nM) was incubated with NAH306, NAH206 or des-OH 306 at varying

concentrations in the range 0 2 p M to 63 pM, in B&er B for 1.5 h at SOC. The total
volume of each incubation mixture was 3.0 mL. The CPA peptidase activity was
measured after adding 100 PL of HP (5 mM in Buffer B) to 900 PL aliquots of the
incubation mixtures, followed by analysis of peptidase activiq. The peptidase
activity was monitored at 25OC in triplicate for each inhibitor concentration. The data

obtained was ernployed to determine ICso for NAH306. For NAH206 and des-OH
306, FOR WHKH 50% inhibition could not be achieved, IC33 and ICi7 values

respectively were caldated using Grafit 3.01.

Inhibition of ACE by NAH306,PIH, RFMP18, RFMP19,
RFMP20, RFMP21 and -22

The peptidase activity of ACE (0.03 wUts/mL) was monitored at 330 n m in
buffer D, with either NAH306, PIH,RFMPlB, RFMP19, RFMPZO, RFMPZl or
RFMP22 (11.1 CIM) for 1 h at SOC. Peptide activity was monitored at 25°C after
mixing 100 pL of FAPGG (1.0 m M in Buffer D)with 900 WL of each of the incubation

mixtures. Each assay was carried out in tripkate. The results are presented in Table

Detailed Study of CPA Inhibition by NAH306

The inhibition of CPA by NAH306 was studied by monitoring the CPAcatalyzed hydrolysis of HP (025 m M to 1.3
and 13.3

mm,at NAH306 concentrations of O, 6.66

in Buffer B, where [E],=132 nM. The data are presented graphically in

Lineweaver-Burk format in Figure 69. The resultuig data were also fitted to the
equations 4.1 and 4.2 of Chapter 4 using Grafit 3.01.

The data obtained from this experiment were also used to produce a dope
versus inhibitor concentration (m vs.

m) replot.

The dopes were determined by

fitting the data at each inhibitor concentration to the Lineweaver-Burk relationship.

The m vs. m replot is graphically presented in Appendk E.3, and fitted to a straight
line by linear regression.

Appendix A:
Derivation of the Burst Kinetcs Equation 2.3

The equation 2.3 was ddved for the kinetic medwism in Scheme 32 using a
method simila.to the one Bender used to derive burst kïnetics for a-chymotrypsin.181

For the foIlowing derivation, it is assumed that the total substrate concentration is
mu& greater than the total enzyme concentration (S,>>E,), that the free substrate
concentrationequal to the total substrate concentration (S-S,),
and 4 is much greater

than k2 (kl>>kz). The foilowing rate relationships can be stated:

Since the total enzyme concentration is a sum of ail enzyme speaes;

and;

Therefore;

and;

Equation A-2 c m be rewritten as;

Therefore;

Which Uitegrates to;

Equation A-3 can be rewritten as dp = k3ydt,which, upon integration, gives;

At time zero (t=O), p=O, and therefore K=O and p = k3yt. During the spectral analysis

of the burst for (S)-50 hydrolysis, the obsenred change in absorbance is equal to the
s u m of

the enzyme-product(s) complex (y) and free hydrolyzed products (p)

(assuming that p and y have the same extinction coefficients, as discussed earlier on

pg 79);

If we solve for a b ;

For the experimentaily observed progress curve, as time (t) approadies infinity, the
e-bt

term in equation A-11 become negligible, and the linear portion of the observed

progress m e is represented by;

From the obsewed burst on the progress curve, the badc extrapolation of the linear
portion of the m e to time zero giVg US the value of a/b, which is defined as R.

Therefore at t=O;

Since the Km for this kinetic mode1 is represented by;

The IC can then be rewritten as;

The expression for Km cm rewritten S;

therefore;

Equation A-14can be rewritten to isolate the term k2/(k2 + k3):

Now substituting the k z / b + kg)term fiom equation A45 into equation A-16;

With known Km,K, and E, values, the expected x can be calculated for a given

substrate concentration.

The Effect of Stray Light on the Bromothymol
Blue Assay

The presence of stray üght has been known to cause errors in absorbance
measurements when measuring at high absorbantes, as the rdationship between the

observed absorbance and Beer's law breakdown?

Better quaüty instruments are l e s

effected by stray due to Iower stray light values. The stray light value

os)for the

DMS-200 uv/vis spectrophotometer, the spectrophotometer used in our studies, was

reported to be less than 0.02% (at 220 nm) by the manufacturer (Varian).

The absorbance is defined as;

The stray light interferes with the measwement by adding to both the reference
and sample Lght intensities;

=O +

1s

- Simple

Ceu

Io + Io Reference C d
)

'1+ 1,

+

Sample Detector

Is Slmple Detector

During the bromothymol blue expe~rimentsin Sections 2.1.5 and 2.1.6 the
starting absorbance was measured to be A=1.95. If we assume this tc be the true

absorbance (Ame), the effect of stray Light can be determined. The reference cell

contains a control bromothymol blue solution with A=1.95 as well. If the maximum
error due to stray light is assumed (0.02%);

1, = o.o0o2&,
At,

= 1.95, therefore 1-

= 0.01&

+ o.ooou, = O.Oll&
1+ I,= M l & + 0.00021, = O.Oll&

1, + r, = O.Ol&

Therefore, b b S = O

During the bromothymol blue assay, the absorbance in the sample cell is monitored
over a time period of 1.5 minutes, where the AAob, was observed to be -0.110 or less.

In the case of an assay where the progress curve is monitored with a A&bs=-O.llO,
where the sample c d &,has dropped from 1.95 to 1.84;

The absorbance in the reference cell rernains at 195, therefore Ir=O.O1lI,. Since
I,=O .OOO&,

1 = 0.01463

From 1=0.01463, the true absorbance (Ame) is 1.835. Comparing this value to the &,
of 1.840, the effects of stray light under these experimental conditions usuig this
instrument are judged to be negligible.

Appendix C:
Dixon Graphical Method of Determuiing Inhibition
Constant for Tight-Binding Inhibitor

In many cases, the observation of any enzymatic activity in the presence of a

tight-binding inhibitor will only occur at very low inhibitor concentrations. When the
concentration of an inhibitor is not much greater than that of the enzyme, the

Michaelis-Menten competitive inhibition relationship cari no longer apply. This is
because the fiee inhibitor concentration

m cannot be represented by the total inhibitor

concentration I,unless I,is much greater than E, (ie. [I]>i[EI]).

The Dixon graphical methodl89 overcomes this problern and allows the Kito be
deterrnined for an inhibition scenario where a significant fraction of the inhibitor

species exists in the EI cornplex. The enzyme is represented by three forms in the
presence of a competitive inhibitor 1:

El0 = [El + P l +Pl
The velocity of catdysis gives the relationship:
[ES]=

kat
'U

(C-1)

Since Km = E][S]/@2S], and combined with equation C-2, we can express the [El

speaes as:

After substihiting in for [El,[ES]and Elo,
where [E],=V/Lt we rewrite C-îas:

From equation C-4, [EI] can be expressed as:

v [ml = kat

--=- Il

k*, [SI

kat

The inhibition constant Kiis represented by:

Substituting in [Eln o m C-3into C-6:

1
kat

Equation C-7can be rearranged into:

Now substituting the expression for [EI] from equation C-5 into equation C-8gives:

In the absence of inhibitor, u, is given by:

The ui term can represent some fraction of the u, term on a II vs. m plot, where n is
the fractionnumber (n=l,2,3,etc.):

Now if the equation for Ui (C-11)
is mbstituted in for u in the left handed side of C-9,

and u,/n is substituted for u in right side of C-9, w e get:

m plot, a line drawn from u0Uirough V i uitersects at the inhibitor value
of mmwhere m2for ui=u,/2, m3for u i ~ / 2etc..
,
On the u vs.

Figure 75

From the geometry of this plot:

And therefore:

Now substitutingfor

Since V/u,=(l+K,/[S])

m,

in equation C-12:

and V/bt=@Zl, equation C-15 can be rewrïtten as :

When lines are drawn from u, through ui on the u vs.

the distances between the

m plot at Mnvalues of n=1,2,...,

m interceptions are equal to KiaPp. KiaPPis related to Ki as

given:

Inhibition of CPA by

For the inhibition of CPA by 35, a u vs.

m plot was made at pl, and [HP]

values of 117 n M and 0.5 rnM respectively, in 25 25 Tris buffer, 0.5 M NaCl, pH 7.5
containing 3.5% EtOH (v/v), at 25°C. The 35 concentration was varied from O n M to

350 nM, resulting in the u vs.

between the

m plot show-in Figure 76.

m3,..., msvalues were m

e

The distances measured

d to be 329 nM,34.2 nM,32.9 n M and

31.3 nM, with a mean value of 32.8 n M and a standard error of 0.6 nM. With the use
of equation C-17 and the values of 0.5 rnM and 0.31+0.04mM for [SI and Km

respectively, the Ki for the inhibition of CPA by 35 was caldated to be 12.6f.1.0nM.

The Dixon graphical method can also be used to determine the amount of
enzyme for a tight-binduig inhibition situation. In the case of na, the

C-16would then equal [El,wh-

m,

in equation

mem2-2QiaPP)at n=O. In out case, using this

method Elowas determinecl to be 118 nM,which was very dose to the aaual [El,of

117 n M determineci by absorption spectroscopy97. If (I]>>CEI], the n=O line wodd
coincide with the vertical axis.

Inhibition of ACE by BS:

For the inhibition of ACE by 88, a u vs.

m plot was made at a [SIvalue of 0.1

mM FAPGG in 50 mM HEPES buffer, 0.3 M NaU, pH 7.5, containhg 5% DMSO
(v/v), at 25OC. The 88 concentration was varied from O to 1.16 mM, resulting in the II
vs.

m plot shown m Figure 77. The distances measured between the m2, ma.-., ms

values were measured to be 19.4 nM,19.1 nM, 18.4 n M and 17.7 nM, with a mean

value of 18.7 n M and a standard error of 0.4 nM. With the Km=0.44W.03 mM for

ACE-catalyzed hydrolysis of FAPGG (determined previously in Section 3.2) and the
[S]=0.1 mM, equation C-17 was used to determine a

Kiof 15.29.4 n M for the

inhibition of ACE by 88.
As shown in Figure 77, the [El, value was &O calculated by determining the [Il
at n=O.

Using thiç method, [El, was detennined to be 30.9 nM. Since the assays were

conduded at a volume of 1.0 mL, at 0.03 units/mL, the number of nmoles per unit
enzyme can be calculated to be 1.03 nmoles.

Figure 77

Appendix D:

The Use of Moleciilar Modehg to Study
Enzyme-Inhibitor Binding

The molecular modeling package SybylB from Tripos Association Inc. was
used on the SGI 4D25TG and Indigo2 RU00 XZ graphics work station for all

molecular modeling studies.
Anneal is a version of the geometry optimization algorithm MAXIMIN2 with
Sybyl which was designed to allow for energy minimization of larger molecules such
as proteins. There are three distinct regions of the protein that are manipulated

differently during the minimization. The "hot region", which consists of protein
residues which are energy minimized through conformational and geometrical

changes. The "interesting region" is a static region of the protein that surrounds the
"hot regionff,which is not subject to geometry changes during the minimitation but is

used for energy calculation purposes. In other words, the "interesting region"
infiuences the geometry of the 'liot region". The third region indudes the areas of the

protein that are not considered "hot1'or "interesting". This region is held static and is
ignored during the minimization.

During the minimizations using Anneal, the "hot" region, unless otherwise
stated, induded the active site bound inhibitor, Arg 127, Arg-145, Glu-270 and Tyr 248
of the Si1subsite, Leu-203,Ala-250, Gly-252, Gly-253, Ile-255 and Thr-268of the Si1
subsite hydrophobic pocket, Tyr-198, Phe279 and Arg-71 of the Sisubsite, and Asp142, Ala-143, Asn-144, Glu-163, Ser-199,Leu-201,Leu-202, Gly-207, Ser-242, ne-244,

ne-247, Gln-249, Ser-254and Asp-256 which are other residues dose to the active site.
AU protein residues within 13 A of the "hot" region were designated as the

"interesting" region. The active site Zn?+ and its ligands Glu-72, His-69 and His-196

were induded in the "interesting"region and not "hot1'region. Charges were

calculated for ail the atoms of the inhibitor-protein complex using the Gasteiger-

Hudcel method.nO The active site

=+
was assigned a

change of +2.

The Tripos force

field @WUMIN)parameters were used during the minimization.
Protein coordinates used in this minimization were dowdoaded from the

Brookhaven Protein Data Bank. In partidar, entries pdblcps.ent, which corresponds
to the complex of B A with 83, and pdb3cpa.ent, which corresponds to the complex

of CPA with Gly-Tyr, were employed.

Binding of 35 and 36 to B A

For the binding of 35 or 36 to the CPA active site, a Zn2+-S interaction was

modeled into the complex. The Tripos force field did not indude parameters that
allow for minimization of the Znz+-S interaction. As a result distance and angle
constraints were placed on the length of the Zn2+-S bond and the Zn2+-S-C, angle.

The restraints were based on the geometry found for Zn2+-S interactions between
cysteine residues and ZnZ+ f o n d in zinc fingers using 2D NMR.193 From the zinc

finger structures, Zn2+-S interactions were found to range from 2.03 A to 2.29 29 with
an average of 2.22 A, and the Zn2f-S-Ca angle ranged kom 106.0" to 126.S0 with an

average of

111.3O.193

From the crystal structure of thennolysin with a substrate-

analogue mercaptan 101 complexed into the thermolysin active site involvitig a Zn2+S interaction, the Zn2+-S bond length was observed to be 1.9 A and the Zn2+-SC, was

observed to be 124.9O.154

These ranges of 2nzf-S interaction geometnes were used as the expectable ranges for
the Zn2+-S interaction during the computational minimization experiments. Distance

and angle constraints for the Zn2+-S interaction were used during the minimizatiow
for this purpose. During the energy minimization, the constraints are represented by
the energy t e m (in kcal/mol):

where

e0 is the requested angle, do is the requested distances, and ka and kd are the

force constants. For both the minimization of the 3-A
8" and do were set to Ill0 and 2.22 A respectively.

and 36-CPA complexes, the

The parameter kd was set to 400.

Smaller kd values ailowed the Zn2+-S bond length to be greater than 2.30 A (the upper

expectable limit for the bond length) in the minimized 35CPA structure. The ka was
set to

0.02. Lower ka values caused little change in the Zn?+-S-Ca angle of the

minimized 35-CPA structure.

During the energy minimization process using Anneal, minimization was
continued mtilthe change in energy between iterations was Iess than 0.005 kcal/mol.

Modeling of the Proposed NAH306-Phe-CPA
Temarg Complex

The temary (N-benzoyl-phenyla1anine)-Phe-CPAcomplex detennined by
Lipscomb192 was used as a guide for modeling the proposed ternary NAH306-PheCPA complex. Since the x-ray coordinates for Lipcomb's structure were not available

fkom the Brookhaven Protein Data Bank, this complex was modeled using Sybyl and
the geometric description offered by Lipscomb in this publication192 The following

aspects of Lipscomb's description of thîs structure guided this modeling exercise:

- phenylalanine bound in the Sl'nibsite through expeded the carboxylate-Arg145 interaction and hydrophobic p d e t interactions (Figure 71 of Chapter 5).
- N-benzoyl-phenylalanine bound is to the Sl/S2-subsite region (Figure 71 of
Chapter 5):
- the carboxylate oxygens of N-benzoyl-phenylalanine are coordinated to
the active site ZnZ+ at distances of 2.7 and 2.2 A, with the latter oxygen 3.3 A
away from kg-127
- the carboxylate carbon is 3.3 A from the amino group of the phenylalanine
bound in the Si'-subsite
- the amide carbonyl is 2.9 A from Arg-ïi
- the amide hyàrogen donates a hydrogen bond to the Tyr-248OH group
(3.1 A)
- the phenyl group of the Pl side c h i n is bound in the Si subsite
hydrophobic pocket (Tyr-198, Ser-199, Leu-2û1, ne-247and Tyr-248), with a
favourable edge-to-face interaction between the Piside chai.phenyl group
and the Tyr-198 phenyl group
- the phenyl ring of the benzoyl group interacts in a similar edge-to-face
interaction with the phenyl group of Tyr-248

Using the above interactions as a guide a molecule of N-benzoyl-phenylalanine and a
molecule of phenylalanine were docked into the active site of CPA (aystal structure

from (Gly-Tyr)-CPA complex (pdb3cpa.ent)" with the Gly-Tyr dipeptide removed).

This complex was geometrically minimized using Anneal ushg rigid distance
constraints based on Lipscomb's observation of the actual (N-benzoyl-phenyla1anine)-

Phe-CPA ternary complex. DuMg this mïnimization the ?hot region"contained N-

benzoyl-phenylalaninefPhe, Arg-71, Arg-127, Arg-145, Tyr-198,Ser-199, Leu-201,ne247, Ty~-248~
Glu-270and Phe-279. The geometric minimization was continued until

the change in energy between iterations was l e s than 0.01 kcal/mol. The resulting
structure is shown in Figure 78.

The constructed w-benzoyl-phenyla1anine)-Phe-CPAtemary complex was
now used as a guide to model the hypothetical NAH306-PheCPA temary complex.

The N-benzoyl-phenylalanine was removed and replaced with a model of NAH306
based on the x-ray aystallographic coordinates for NAH306 but with the phenolic

group ionized. The charges for NAH306 were assigned using MOPAC-AM1

calculations. This complex was subject to Anneal minimization, which was continued
until the change in energy between iterations was less than 0.001 kcal/mol. As

mentioned in Section 2.2.7, x-ray crystallographic analysis of NAH306 has shown the
structure to be relatively planar. During minimization, no torsion angle constraints
were needed to maintain the relatively plana geometry of NAH306.

Figure 78: (i) Energy minimized cornplex between CPA, phenylalanine and N-

(ii) Stereoscopic view of (i).

Appendix E.1:
Relationship between (S)-50 concentration and steady state rate in Buffer B.

Rate
(nM/s)

Each data point is the average of seven or more separate detemiinations, shown with
standard error bars. Error bars mider than the symbok are not shown. For the mathimatical
determination of kinetic parameters, a l i determinations and not the means were hduded in
the calculations.

Appendix E.2:

Double reciprocal relationship between ACE peptidase activity and FAPGG
concentration in the presence of 88 in 50 m M HEPES, 0.3 M NaC1, pH of 7.5,
containing 5%DMÇO (v/v), at 2S°C. The ACE concentration was 0.03 unit/mL.

Each data point is the average of three or more separate deternUnations, shown with standard
error bars. Error bars srniiller than the syrnbols are not shown. The curves shown above are
the remlt of the data being fitted to the Michaeiis-Menten relationship.

Appendix E.3:
Slope versus inhibitor concentration replot for NAH306 inhibition of CPA. Slope in

units of s
l and inhiiitor concentrationin uni6 m mM.
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