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ABSTRACT

Secondary enzyme-substrate contacts in the hydrolysis of ester
substrates by the cysteine protease papain were investigated by
systematically altering backbone hydrogen bonding and side chain
hydrophobic contacts in the substrate and determining each substrate’s
kcar/Ky. kcat/Kue the second order rate constant, directly reflects the
equilibrium of free enzyme plus free substrate to the enzyme-substrate
transition state. The incremental binding energies of the substrate
backbone hydrogen bonds are estimated at -2.3 kcal/mol for the P, NH,
-2.2 kcal/mol for the P, NH, and -2.3 kcal/mol for the P’ NH. The
observed hydrogen bonding energy for the substrate backbone P;’ C=0 is
-1.0 kcal/mol, The incremental binding energy of the Phe side chain in
the P, position is estimated at -4.0 kcal/mol.

The contacts on the acyl side of the scissile bond (the P, NH, P; Phe
side chain and P, NH) display a strong interdependence of binding
energies that is characteristic of enzyme-substrate interactions. This
interdependence arises largely from the entropic cost of forming the
rate-determining enzyme-substrate transition state. As favourable
contacts are added successively to a substrate, the entropic penalty
associated with each decreases and the binding energy expressed

approaches the incremental binding energy.

on the leaving group side, the observed -1.0 kcal/mol for the P,’ C=0
probably underestimates the incremental binding energy whilst the

-2.3 kcal/mol for the P’ NH is a reasonable estimate.

Elucidation of favourable enzyme-substrate contacts remote from the
catalytic site will assist in the design of highly specific cysteine

protease inhibitors,
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GLOSSARY OF TERMS AND ABBREVIATIONS

All amino acild abbreviations are the standard three letter abbreviations

as recommended by the IUPAC-IUB Joint Commission on Bicchemical

Ncmenclature (J. Biol. Chem. (1985 260,14-42)., All substrates

containing chiral amino

-C({0) TX~

w#

L

X,

Ac-

AcPheGlyOMe

Ph (CH,) ,COOH

Ph (CH;) oC (0) GlyCMe

Ph (CH,) oC {C) OCH2COOH

Ph {CH,) 2C (0) OCH,C (O) OMe
Ph (CH,) 2C{C) OCHC (O) NH,
=n=-Bu

AAGobs

Et,0

acld residues contain the L-~stereolsomer.

site of cleavage in ester or amide hydrolysis

the species, equilibrium or energy refers to a
transition state

dihedral angle defined by the rocation of the
middle bond of C,_4)-NH;-Cq, ~Cy.

dihedral angle defined by the rotation of the
middle bond of NH =Cg ,~Ch~NH(n41).

dihedral angle defined by the rotation of the
middle bond of NH=-C,~Cp-Xy;, where X m C, O, or
S.

acetyl group

N-acetyl-phenylalanylglycine methyl ester
p-phenylpropionic acid

N-f-phenylpropionyl glycine methyl ester
O-B-phenylpropionyl glycolic acid
O-f-phenylpropionyl giycolic acid methyl ester
O-B-phenylpropionyl glycolamide

n-kutyl group

change in free energy between the k., ./Ky's of
two substrates:

(kcat/KM)A
AAGy, = -RT * 1l | ————
{kcat/Ku) B

diethyl ether



EtOAc
Im/Imy*
-Me
MeCN
Mocw
MocPheOH

MocPheGlyOMe

MocPheOCH,C (0) CH,CH;

MocPheOCH,C (0) CHj

MocPheOCH,C {0} CMe

MocPheOCH,C (O) NHy

Ph-
-n-Pr

5~/ ImH*

THF

THI

-1x-

ethyl acetate

imidazole/imidazolium ring of histidine
methyl group

acetonitrile

methyloxycarbonyl group
methyloxycarbonyl-r-phenylalanine

methyloxycarbonyl-L-phenylalanylglycine methyl
ester

O- (methyloxycarbonyl-L-phenylalanyl) - {2-ox0) -
butyl ester

O- (methyloxycarbonyl-t-phenylalanyl) - (2-oxo) -~
rropyl ester

O- (methyloxycarbonyl-L-phenylalanyl)glycolic
acid methyl ester

0= (methyloxycarbonyl-L-phenylalanyl) =
glycolamide

phenyl group
n-propyl group

thiolate/imidazolium ion pair of papain’s
active site

tetrahydrofuran
tetrahedral intermediate

benzyloxycarbonyl



1, INTRODUCTION

The objective of the work described herein is to elucidate certain
secondary (i.e. non-covalent) enzyme-substrate interactions in papain
and’' their role in the catalytic mechanism. This has been accomplished
by studying the kinetic constants associated with the hydrolysis of a
number of ester substrates of papain, which have defined specific
interactions at sites remote from the site of catalysis. Attention has
been focussed on the role of the amide NR groups of the P, and P,
substrate residues, on the side chain of the P; residue and on the

presence of hydrogen bonding partners for the P,’-P,’amide group

{Fig l1.3)

1,1 in ' as

Papain is the most studied and consequently best understood member of
the papain superfamily of cysteine proteases. Members of this
superfamily have been found in many plants, in molds (Dictyostelium
discoideum), insects (dust mite) and many forms have been isoclated from
mammalian tissues (cathepsins B, H, L, §, and the calpains). Sequence
and structural data indicate that these proteases have all descended

from a single ancestral protease (1l).

The cysteine proteases are so named because their catalytic mechanism



Figura 1.A Binding subsites in the active site cleft of papain

Following the work of Schechter and Berger (46), the
substrate binding subsites of papain can accommodate four
residues on the N-terminal side of the hydrolytic site, and
three on the C-terminal side. The aminc acid residues (or
analogues) of the substrate are designated P, to P; on the
acyl side of the active site and Py’ to P3’ on the leaving
group side. The complementary binding subsites in the
active site cleft of papain are designated S, to 83,



ImH*

Py—P3—P—P;—C—NH—P=P,=P;

/ N

Figure 1.A




inveolves the nucleophilic attack of the catalytic site! cysteine’s
sulfur onto the scissile bond’s carbonyl carbon. All the known cysteine
proteases possess a pair of residues that are directly involved in the
chemical steps of catalysis, the catalytic site cysteine and the

catalytic site histidine, Cys 25 and His 159 (papain numbering).

1.1.1 Structura

The x~ray crystallographic structure of papain was first solved by
Drenth et al, (2). It has since been refined at 1.65 A (3), another
crystal form has been solved (4) and a series of u-chloroketone
inhibited papain structures have also been solved (5), as well as papain
complexed with the irreversible inhibitor E-64 (6). Two other cysteine
protease structures have been solved, both from plant sources, actinidin
(7,8) and calotropain D12 (9,10). 1In all three cases, the structures
are remarkably similar considering the 46% to 48% sequence identity
between the three enzymes. The backbone atoms of all three can be
superimposed with a root mean square deviation of less than 0.7 A. The
active sites are even more similar structurally; the atoms can be
superimposed with a root mean square deviation of less than 0.4 A

{10,11).

t For clarity, the catalytic site, those residues undergoing
chemical change (i.e. Cys 25, His 159, the scissile peptide or ester
bond and the nucleophilic water in deacylation) are differentiated from
other enzyme-substrate contacts that take place in the active site
cleft,

2 Previous reports have all referred to this enzyme as ‘calotropin
D1/. Since it was discovered that another enzyma of the same name
exists, the cysteine protease has been changed to calotropain D1 (R.
Hilgenfeld, personal communication).



The protein structures consist of two domains, which wrap ‘arms’ around
each other (12). The N-terminus is located in the right (the ‘second’)
domain, the chaih crosses over to the left domain at residue 12. The
left domain consists of resiﬁues 12-111 and 209-212 and contains three
a-helices, with Cys 25 located at the N-terminus of the first. This
domain adopts a ‘standard’ architecture for a-helical domains, with the
three helices mutually perpendicular to each other (13). A long loop
with no regular structure crosses from the left to the right domain,
which is composed of residues 1-11 and 112-208 and consists of a
bifurcated B-sheet, with two helices at the top and bottom of the
p-sheet. The C-terminus of the enzyme crosses back to the left domain,
becoming the ‘arm’ that wraps around the left domain. The active site
of the cysteine proteases is located in the deep cleft separating the
two domains. His 159 is in the right domain and located opposite from

Cys 25 in the left domain.

The structures of the a-chloroketone inhibited papains have suggested
the probable mode of binding of substrates in the active site on the

acyl group side of the catalytic site; i.e. in the S5; to $; subsites and

will be discussed in Section 1.1.3.
1.1,2 Machanism

1.1.2,1 Kinetics description

The hydrolytic mechanism is minimally represented kinetically by a three

step process (Scheme 1.1):



k1 ki2 ki3
E+85 s=——m— E-§ » EA — E
k_y + Prodl +Prod2
Schame 1.1

Under steady state conditions with [S]; » [Elg:

keat = Kioki3/ {kiz + kya)
Ky = (kyalkep + ko3))/ (kg lkea + ky3))
keye /Ky = Kyaky / (ki + koq)

= k,,/Ks {assuming k_; » ky3)
vp/ [Elg = keae [S10/ ([S)g + Ky)

The enzyme and substrate bind non-covalently in the first step to form
the Michaelis complex with a dissociation constant Kg = k.;/k,;. The
next step is acylation, occurring with a rate constant kip. The
carbonyl carbon undergoes nucleophilic attack from the active site
cysteine to form the acylenzyme intermediate and the first product
{Prodl), an alcohol or amine. The acylenzyme intermediate then
undergoes nucleophilic attack by water with a rate constant k.3 to give
the acid product (Prod2). The reverse of the acylation and deacylation
steps are regarded as being negligible, particularly in determining

vp/ [Elg’s where [products] = 0, though under some conditions k.» and k_3
can become significant. By appropriate manipulation of reaction
conditions, papain can be used to synthesize ester and amide bonds (14-

le).

The rate determining step of hydrolysis is dependent on the substrate.
For amide substrates acylation is generally slower than deacylation 3. 9%%
< ky3). Frequently the difference in rates is great enough for k,; to

become the rate determining step. Under these conditions k,,, =~ k,, and



-f=

Ky  Kg. For ester substrates deacylation is generally slower (k,; >
k,3}. For very specific ester substrates or for very good leaving
groups such as p-nitrophenols, k,; is rate determining. Under these
conditions k., = k.3 but Ky [= ky3(k.ytkip)/(ks1ke2)] remains a

complicated constant that is not useful on its own.

1.1,2,2 Chemical description

Figure 1.1 provides a more detailed description of the catalytic
mechanism. The enzyme and substrate bind non-covalently in the first
step to form the Michaelils complex., The carbonyl carbon then undergoes
nucleophilic attack by the active site Cys 25, and is believed to pass
through a transient tetrahedral intermediate (THI). The His 159
imidazolium then acts as a general acid catalyst, donating a proton to
the leaving group, forming the acylenzyme intermediate. Deacylation
proceeds via an analogcus pathway, using a water molecule as the
nuclecphile to hydrolyze the enzyme-substrate thiol ester. His 159 acts

as a general basgse catalyst in this step, abstracting a proton from the

water molecule,
Thiolate/Imidazolium pair

The sulfur of Cys 25 is believed to exist in an active form as a
thiolate anion which is ion paired with the imidazolium of His 159. The
k.../Kuy profile of papain catalyzed substrate hydrolysis is bell-shaped
with pK,’s =4.2 and ~8.5 and the maximum near pH 6.5 (17). The acid pK,
then represents ionization of the Cys 25 thiol to form the 5~/ImH* ion

pair, with the basic pK, representing deprotonation of the imidazolium



Figure 1.1

Schematic representation of cysteine protease catalyzed
ester hydrolysis.

£:8 = Michaelis complex

THT = Tetrahedral intermediates of acylation and deacylation
BA = Acylenzyme intermediate

E+P = Free enzyme plus acid product

s* is the thiolate anion of Cys 25; the imidazolium is
contributed by His 159. Amide hydrolysis £follows an
identical mechanism.

N
Py
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of His 159. There is some disagreement whetier the existence of the §-

/ImH* pair has been rigorously demonstrated (18,19).

Evidence for the existence of the $~/ImH* ien pair has included
observation of the thiolate by UV absorption spectroscopy {20),
potentiometric difference titration (21) and direct proton NMR
observation (22,23). However, as discussed by Dixon (24), attempts to
quantitate group ionization constants are unreliable unless it can be
shown that the properties of the two ionizations under investigation are

independent of each other, which is not the case here.

Additional evidence includes the pH dependence of the fluorescence of
Trp 177, which is quenched by the His 159 imidazolium with a PK, = 8.6
(25,26) and kinetic deuterium solvent isotope effects. Unlike
deacylation in cysteine protease catalyzed hydrolyses, and unlike both
acylation and deacylation by serine proteases, acylation by cysteine
proteases is characterized by no effect or a small inverse kinetic
isotope effect, indicating that there is no general base catalysis of
acylation and that the thiolate is formed before the nucleophilic attack
step (see 1). Finally, calculations on the papain (27,28} and actinidin
{29) active sites using a variety of computational techniques indicate
that the S$°/ImH* ion pair is more stable in the enzymes’ active sites

than the neutral SH/Im.

Tetrahedral intermediate (THI)

Nonenzymic nucleophilic substitution of esters and amides is believed to
proceed through a THI (30). THI’s are also generally believed to occur

in cysteine protease catalyzed hydrolyses. Protease-bound THI’s have
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not been observed directly, consistent with the conclusion by Fastrez
(31) that THI’s are too unstable to accumulate measurably in cysteine or
serine protease catalyzed hydrolyses. There is, however, considerable

circumstantial evidence for their formation.

The effects of electron withdrawing groups on both acylation and
deacylation suggest THI formation. A positive Hammett p value of 1.2 is
observed for k., /Ky with substituted aryl esters of N-benzoylGly (90),
suggesting rate determining formation of the THI. The para-substitution
of the anilides of N-benzoylGly and N-AcPheGly gives a Hammett p value
of =1.04, suggesting the rate determining breakdown of the THI of
acylation (33), O’Leary et al. (34) determined a nitrogen kinetic
isotope effect (k{(19N)/k{(1°N) = 1.024 at pH = 6.0) close to the limit
exptected for hydrolysis of N-benzoylArgiNH;, indicating C=-N bond

cleavage (i.e. THI breakdown) in the rate determining step.

Modelling the THI of acylation into the active site based on the
a-chloroketone inhibited papain structures (5) suggests that the
negatively charged oxygen of the THI, the oxyanion, is placed within
hydrogen bonding distance of two hydrogen bond donors, the Cys 25
backbone NH and Gln 19 N.. These two hydrogen bond donors will then
stabilize the negative charge that accumulates on the oxyanion formed in
the putative THI and therefore reduce the free energy of activation of
acylation and deacylation, Substitution of the Gln 19 of papain to Ala
significantly reduces k. /Ky (A. Storer, J. Carriére, personal
communication). Additionally, the Glin 19 side chain is absolutely
conserved in all known cysteine protease sequences {unpublished data),

another indication of the importance of the oxyanion hole,
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Polgar et al, have noted that cysteine proteases can hydrolyze thiono
esters (-C=5-0-) with koo /Ky's similar to the analogous dioxygen esters
whilst serine proteases cannot catalyze thiono ester hydrolysis (35,36).
Since sulfur is larger than oxygen and inherently a poorer hydrogen bond
acceptor, they have concluded that serine proteases cannot stabilize the
sulfur anion in the transition state. The lack of effect then with
cysteine proteases is seen as evidence that they do not possess an
oxyanion hole. However, serine proteases have strong amino acid
specificities which are expressed in the S, subsites and are therefore
quite sterically restricted near the catalytic site. 1In contrast,
cysteine proteases are not as sterically restricted at the catalytic
site and should be able to compensate for the added size of the sulfur
atom (37). If the steric constraints in the S, subsite are increased by
changing the P, residue from Gly to Ala, the thiono ester substrates go
from being better substrates than the dioxygen esters to being
significantly worse (38). This implies that the additiocnal steric
constraints introduced by the side chain of Ala at P, makes hydrogen
bonding to the sulfur less favourable, and by analogy suggests that
thiono esters are poor substrates of serine proteases due to steric

constraints,

Acylenzyme intermediate

Formation of the thiol ester intermediate in the hydrolysis of esters
and amides was first hypothesized on the basis of kinetic evidence and
has since been observed directly by: 1.) UV absorbance detection of
chromophoric substrates with conjugated double bond systems

(trans-cinnamoyl-papain intermediates) (39). 2.) UV absorbance
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detection of dithioacyl papains formed during hydrolysis of thiono ester
substrates (40). 3.) Resonance Raman spectroscopy of the
dithicacylenzyme intermediates of thiono ester hydrolysis (41), 4.)
Detection of the thiolester intermediate in the hydroly;is by papain of
N-benzoyl im dazole labelled with 13C at the carbonyl carbon by 13C NMR

at low temperature (42).

1.1.3 Spacificity

Studies on sites of cleavage of naturally occurring polypeptides such as
insulin B=-chain (see 1) and glucagon (43) provide no strong indications
of cysteine proteases’ specificity. Schechter and Berger (44-46)
‘mapped’ cut seven subsites in papain’s active site, four on the acyl
group side (S; to S4) and three on the leaving group side (S;’ to §3').
They also identified a specificity for Phe at the S, subsite. In
general, cysteine proteases have specificity for large hydrophobic
residues at S;. Papain has a specificity for large hydrophobic residues
at $;’ (39,47) and tends to prefer larger non-branched residues at §; as
well (see 1). The importance of the P,-P; peptide bond has also been
racognized (32). While these individual contributions to specificity
have been recognized, the inability to discern unambiguous specificity
patterns from peptide cleavage indicates clearly that a number of
favourable enzyme~substrate contacts at different sites contribute to
aspecificity and no single contact is indispensable (cf. serine proteases
such as trypsin which has a strong specificity for Lys or Arg at §; or
chymotrypsin, which requires large hydrophobic residues such as Trp, Tyr

or Phe at 5; (48)).
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Interpretation of kinetics results relating to specificity have relied
heavily on the x-ray crystallographic structures of papain, particularly
on the a-chloroketone inhibited papain structures (5). Figure 1.2
provides a schematic representation of enzyme-substrate contacts
suggested by the 2-Phe-Ala-CH,~S-papain structure. The Py NH+»+:0=C §;
(Asp 158) hydrogen bond is marked with a question mark to indicate that
in the x-ray structure the distance between the nitrogen and oxygen
atoms is too long for strong hydrogen bonding to occur.. This is
probably caused by the extra methylene group in the structure as
compared with substrates. The importance of the P; NH has been

demonstrated kinetically (32).



Figure 1.2

Schematic representation of contacts in the
Z-PheAla~-CH,~papain complex.

Starting from the top of the diagram, the benzyloxycarbonyl
group occupies the §; subsite, with the C=0 of the
benzyloxycarbonyl group in the pesition of a P; C=0 in a
peptide substrate. The P, residue hydrogen bonds in an
antiparallel fashion with the Gly 66 backbone C=0 and NH.
Aside from Val 133 and Val 157, the P, Phe aide chain also
makes contact with the side chains of Ala 160 and Pro 68. In
the x-ray structure the P; NH is too far from the Asp 158
backbone C=Q to form an hydrogen bond (indicated by a
question mark): but this appears to be due to the presence
of the extra methylene group. The P; NH has been shown
previously to be kinetically important (32). Gln 1% N, and
the Cys 25 backbone NH form the oxyanion hole and hydrogen
bond the oxygen in the tetrahedral intermediate.

The x-ray structure is from Drenth et al. (5); the figure is
modified with permission from (6).



-13-

Val 133

CHJ—CH

\\\*\\\ CHy

~ C=0 H-ril R
Gly 66 ] CI:H-CH2-©”
N—=H R o_cl: ’”l//f/
- T—HIIIII ) Val
= #° y 157
¢ oy,
Gln 19 — NN=H CH-CH, ¢ Asp
=1 l 158
— Iﬂllﬂﬂlﬂi]/{0=c
S
S " His 159
S
Cys 25

Figure 1,2



-14-

The disulfide inhibitors of Brocklehurst et al. (49) have recently been
used to examine cysteine protease specificity. Their use requires the
assumotion that the inhibitor-enzyme interactions paiallel those between
those of the substrate-~enzyme complexes of which they are analogs. This
assumption is made in spite of the fact that with many cysteine
proteases this is clearly not true (50,51}, and in spite of the large
difference between the geometries of the transition states of disulfide
exchange (trigonal bipyramid with thé nucleophile and leaving groups as
axial substituents) (52,53) and acyl hydrolysis (tetrahedral), and the
postulated accumulation of negative charge delocalized over the three
sulfurs in the disulfide transition state (54), which would explain the

extreme sensitivity of these inhibitors to enzyme ionizations (55,56).

Brocklehurst et al, have attempted to demonstrate the effect of a Phe at
P, by comparing the inhibiticn kinetics of disulfide reactivity probe
analogs of the substrates N-AcGly and N-AcPheGly. By referring to these
inhikbi iors as demonstratinag the importance of the Phe side chain, they
have assumed that the P,-P, amide group that is also added has no affect
on the kinetics. We show this not to be true. Further, they describe
‘signalling’ and ‘non-signalling’ interactions to explain their results;
that the P, C=0, plus one of the P, Phe or the P; NH is required to
‘signal’ the catalytic site and enhance catalysis (57). They do this

without thoroughly explaining the concept or rationalizing its physical

basis.

Another recent specificity investigation has included probing the
kinetic importance of the P, C=0 by substituting a sulfur for the

carbonyl oxygen (58). The decreased specificity upon addition of the
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thioncamide was worth 4.4 kcal/mol for papain. This is compared with a
difference of 1.6 kcal/mol observed for the same P, sulfur for oxygen
exchange with a pair of poorer substrates (59). This difference in
observed energies is consistent with the effects seen in this study at
sites surrounding the P, C=0, that is at the P, NH, the P, side chain,

and the P; NH.

Thus, in this study we have considerably augmented the existing
knowledge of the enzyme-substrate interactions on the acyl group side of
the catalytic site, have corrected some incorrect assumptions about the
behaviour of substrates in the active site and have demonstrated that it
is not necessary to introduce new or ‘special’ effects to explain our

results.

1.2 Catalyaia: machaniams and kinetica

1.2,1 Transition state theory

Enzymes catalyze reactions by stabilizing the transition state (60).

The transition state theory is less than 50 years old, and its
application to enzymology is even more recent., As such, its application
has sometimes been frustrated by the proliferation of terminologies and
approaches (61) and sometimes misunderstanding of the theory’s precepts,
even by eminent workers in the field (62,63). Nonetheless, the power
and broad applicability have made its use indispensable, and with wider

employment it has become more easily understood and applied,

Transition state theory considers only two entities in a reaction, the

ground state and the most unstable species on the reaction path, the



-16=-

transition state. The transition state is the highest energy point on
the lowest energy path for the reaction (Fig 1.3). 1If, for simplicity,
one assumes a pseudo~equilibriun@ between the ground state and the
transition state:

Kt

A+ B === BB,

then the rate, k, is directly proportional to [AB'}, which in turn is
inversely proportional to dissociation constant, K!¥. This is expressed
as k = ¥V/K}, where K is transmission coefficient (which is usually
approximately unity) and v is the average frequency of barrier crossing
(63). If the free energy of the transition state is decreased (i.e.
stabilized) by AG, then K!_ ,, = K} )4 * exp(AG/RT), where R = the gas
constant and T = temperature in Kelvin. The rate will increase by

Ktc)ldll{*rmw .

For any chemical reaction there is at least one transition state between
the reactants and products. For multistep reactions each step has
associated with it a transition state. In cysteine protease catalyzed
hydrolyses, there are transition states separating the reactants, the
THI of acylation, the acylenzyme intermediate, the THI of deacylation
and the products. If one chemical step is significantly slower than the
others, it becomes the rate determining step. For good ester substrates

of cysteine proteases, the rate determining step is often formation of

I 1t is poﬁsible to arrive at the same free energy relationships
without the equilibrium assumption (98).




Figure 1.3

Reaction profile for a reaction proceeding through one high
energy intermediate.

Since Transition State 1 is higher energy than TransitonState 2, it will
represent the rate determining transition state. The
population of the intermediate will be determined by the
relative heights of the energy barriers on either side. The
transition state represents the highest point on the loweat
energy path from reactant to product. If plotted in three
dimensions, the transition state would be a ‘saddle point’,
like a pass between two mountains.
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the THI of deacylation (32). For amides, breakdown of the THI of

acylation is often rate determining (33).

1.2.2 Enzymic catalysis

The most notable features of enzymic catalysis are the rate enhancement
and specificity over non-enzymic reactions. Substrate molecules
generally consist of a reactive functionality (e.g. an ester group) and
many non-reacting atoms. Enzymes use binding energy provided by
interactions with non-reacting parts of the substrate to stabilize the
transition state; thus simultaneously providing selectivity against non-
specific substrates and reaction rate enhancement. Enzymes also
directly interact with the substrates’ reactive functionality to

stabilize the transition state, providing rate enhancement.

Free energy diagrams can be used to illustrate catalysis (Fig. 1.4).

The rate enhancement is equal to AGT*, the free energy of transition
state stabilization. 1In the thermodynamic cycle (Fig. l1l.4a), kyp o< 1/KE*
and Ks is the dissociation constant as used in Michaelis-Menten

kinetics.



Figure l.4a

Figure 1.4b

Thermodynamic cycle comparing an uncatalyzed {top row)
versus an enzymically catalyzed reaction.

+ 8 = Free enzyme plus free substrate in the ground state

+ 8% m Free enzyme plus free substrate transition state
8 2 Michaelis complex

Est = Enzyme-substrate transition state.

E +P = Free enzyme plus free product in the ground state

K; = [E]*([S]/[E-S)]
K.t = (E]*[5%]/[ES*]
Kt = [S1/1s%]

K.t = [E-S)/([ES!)

AGy = RT*1n(Ky)

It is a necessary consequence of the statement that enzymes
catalyze reactions by stabilizing the transition state that
K:* < Ky' and therefore that Ky' < Kg, that is, the enzyme
has a higher affinity for the transition state of the
catalyzed reaction than for the reactants’ ground states.

Free energy diagram for an uncatalyzed versus an enzymically
catalyzed reaction.

The specificity of papain for a particular substrate is
measured as k.,./Ky. As demonstrated in Section 1.2,2.2,
BGgpect = RT*1n (keae/Ky) «

Because k.,./Ky’s in this study are expressed in units of
M-l.3-1, the standard state for the k.,./Ku's is for all
species to be at 1 M concentration.



Standard state free enargy

thl :
E+S E+S\
Ks K'r:’t E+P

AGgy” = AGE” - AGY"

Figure 1.4b
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1,2,2.1 Enzymic transition state stabilization

Enzymes can stabilize the transition state by entropy compensation or by
destabilization of the ground state at the catalytic site towards the

transition state.

Entropy compensation

aAll enzymically catalyzed reactlions undergo some degree of entropy
compensation, In‘enzymic catalysis the first step is the bringing
together of the enzyme and the substrate to form the Michaelis complex,
E-S. This entails a loss ¢f free energy in the form of entropies of
translation and overall rotation of the two molecules relative to each
other. Attempts to quantify the free energy loss in this process have
cencred on the study of the relative rates of inter- and intra-molecular
reactions. Intramolecular reactions (e.g. cyclizations), in the absence
of conformational strain are faster than the equivalent intermolecular
reactions by a factors of up to 108 (64,65). This energy of
approximately 10 kcal/mol at 300 K represents the loss of entropy on

forming the transition state in the intermolecular reaction.

Alternately, the loss of entropy on formation of the enzyme-substrate
transition state may be estimated as follows. Since the translational
and overall rotational entropy of a molecule are only weakly dependent
on the molecule’s size (62), for all the substrates in this study the
translational and overall rotational entropies will be similar. The

change in translational and overall rotational entropy for the enzyme

molecule on binding the substrate will be negligible. Thus, the loss of
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entropy on formation of the enzyme~substrate transition state is
approximately equal to the translutional and overall rotational entropy
of the substrate molecule in sclution, which can be estimated to be
approximately 40 to 50 cal/K/mol (65), less the internal entropy of the
transition state. Since acyl transfer reactions proceed through ‘tight’
transition states (i.e. there is a large amount of covalent bond
formation in the transition state and therefore its internal entropy is
small) (65}, the internal entropy about the atoms undergoing chemical
transition will be low, on the order of 15 cal/K/mol (66). Therefore
the entropy change on forming ES! is on the order of -35 to

=45 cal/K/mol and is only weakly dependent on the identity of the

substrate. This corresponds to a binding energy of -10 to -13 kcal/mol.

If an enzyme does nothing more in catalyzing a bimolecular reaction than
to bind the two reactants in the active site, then the free energy of
activation will be reduced by =10 kcal/mol; indeed this appears to be
the primary mechanism of catalysis of B-galactopyranosyl pyridinium salt

hydrolysis by B-galactosidase (see 66).

Ground state destabilization

Destabilization of the ground state at the catalytic site is a nebulous
concept that entails a number of different possible mechanisms. This
destabilization can be geometrical or electrostatic in nature. Neither
the enzyme nor the substrate contains immovable constituent groups nor
can they develop irresistible forces to exert on the other, Invoking
strain in the catalytic mechanism implies strain and movement on the
part of both the enzyme and the substrate, the distinction lies in

whether it is the distortion of the substrate or the enzyme that
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enhances catalysis. In induced f£it, binding energy used to alter the
conformation the enzyme enhances its reactivity. In geometrical
(substrate) destabilization, binding energy is used to distort the
substrate, making the distorted bond weaker and more reactive,
Electrostatic destabilization may take the form of desclvating a charged
reactant into a hydrophobic environment, destabilizing the substrate
towards a neutral transition stata. Alternatively, placing charged or
hydrogen bonding groups in the active site to stabilize charges formed
in the transition state will destabilize the substrate towards the
transition state. The oxyanion hole of cysteine (19) and serine (48)

proteases is an example of this,

1.2.2.2 Kinetic constantsgs and AAG,.

The conventional Michaelis-Menten kinetic constants can be related to
the energies defined in figure 1.4:
Kg = exp (AG4/RT)

kyz < 1/Kg*
o< exp (AGg*/RT)

ky3/Kg o= exp (- (AGp +AGg) /RT)
= k.,./Ky (Section 1.1.2.1)
Thus ic is seen that k.,./Ky, the specificity constant, represents the
equilibrium between the free enzyme plus free substrate to the enzyme-
substrate transition state:

K

spec

where kg,./Ky = 1/Kgpeer AGspec = RT * 1n(Kgpec)
Since in the equation k,; = kv/Kg!, K and v are not known, and since the

equation itself is only approximate, AGg,.. cannot be determined
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directly. However, if k_,./Ky's are determined for two substrates, A

and B, AAGg,ps, the difference between AGgpec, s and AGgpec,p Can be

determined:
(kgat/Ku) 2
MG, = -RT * 1ln | —— o
(kcat/KM)B

Thus, if substrates A and B differ by the presence of a hydrogen bond
donor (e.g. an amide NH) and if A is a better substrate, then AAG 4
will be negative, indicating better transition state stabilization in A.
In this way it is possible to determine the free energy of interaction

of specific portions of the substrate molecule.

k..o /Ky reduces to ky3/Kg for the papain catalyzed hydrolysis of esters
and amides. An improvement in k_,. /Ky can be achieved by tighter
binding on forming the Michaelis complex (i.e. lower K;) or by lowering
the activation energy of the reaction (i.e. higher k,,}. Comparison of
a single pair of kg, /Ky's does not permit distinction between the two.
With substrates where acylation (ki) is known to be rate determining, a
simple comparison of k., between two substrates will indicate whether
the observed change in k., /Ky is due to changes in Ks or k.. With
substrates where both k,, and k;3 contribute significantly to Kcapr OT
where k,; is rate determining, it is not possible to determine which

effect is responsible for a change in k_, /Ky.

A decreased Ky alone does not lead to catalytic enhancemeat. When [§] >
Ky, the accumulation of the Michaelis complex simply prevent:
competitive substrates from binding to the enzyme. This is not a useful
strategy for an enzyme to adopt in vivo. Indeed, it has been argued

that a perfectly evolved enzyme, for a given k_, /Ky, will have as high
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a Ky as possible, with as much binding energy as possible going into

lowering the activation energy (62,67).

1,.2,2.3 Incremental and intrinsic binding enerqy

In adding a particular substituent to a substrate, one seeks to
determine how favourable the interaction is of this substituent alone
with the enzyme, that is, to determine the incremental binding energy
{56,68). The incremental binding energy of a substituent is the energy
of interaction with the enzyme in the absence of extraneous effects such
as steric or electrostatic interference by other parts of the substrate
or by differences in entropy between the enzyme-substrate complexes of
the substrates with and without the substituent in question. The
incremental binding energy of a substituent is the maximum strength of
that substituent specifically interacting at that site on that enzyme.
The intrinsic binding energy is defined as the maximum binding energy
that can be expressed by that substituent’s chemical group interacting

with perfect complementarity with any protein (56).

As pointed out by Fersiht (68,69), several criteria must be met in order
to determine the incremental binding energy of a substituent on a
substrate., Firstly, it is necessary to delete the substituent under
investigation since subatitution with another group that can interact
with the enzyme will lead to a strict specificity effect. Secondly, the
deletion must be such that sclvent has free access to the binding site
on the enzyme, otherwise the energy cost of excluding solvent will be
included in the observed energies. Thirdly, there must be no loss of

entropy in the enzyme-substrate complexes between substrates in the
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Presence and absence of the substituent. This becomes only
approximately true for very good substrates (see Section 4.4.1); so cne
may only determine, under ideal conditions, the lower limit of a group’s

incremental binding energy.

Clearly, deletion of a group located in the middle of a substrate
molecule, such as the P, NH, is impossible., If that group is
substituted with another, then potential interactions of the new
substituent with the enzyme will interfere with determination of the
incremental binding energy; that is, AAG,,, is purely a specificity
energy rather than an incremental binding energy. at best, when
considering a substitution one can determine a quantity that will be
referred to here as the incremental specificity energy, by analegy to
the incremental binding enexgy. Use of the phrase ‘incremental
specificity energy’ makes the same assumptions as determination of
incremental binding energy except that the interaction with the enzyme
of the group that was substituted in is included. If the energy of
interaction of the group substituted in can ba estimated independently,

then the incremental binding energy can be estimated indirectly.

1.2.3 Limitationa of kinetics determinations
Sefas oo fllongs of kinetics determinations

Changes in k., /Ky between two substrates indicates a change in AGyqct
ne structural information is provided per se. Structural information

must derived by comparison of AAG.,; for a given substituent with other
kinetics results and by consideration of other, structure-related data

such as x-ray structures or spectroscopic results. As such, any

conclusions regarding the nature and structure of enzyme-substrate
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interactions that are reached in this study are extrapolations from the
available data and do not arise directly from that data. That is, the
favourable interaction ¢f, for example, a P, NH can be demonstrated
directly by comparing k., /Ky's of substrates in the presence and
absence of this interaction. The deduction that there is hydrogen
bonding between the »; NH and Asp 158 C=0 is an interpretation of the

available kinetic and structural data.

1.3 Sacondary papain-substrate contacts

Much of the recent work on cysteine proteases has focussed on their
inhibition, by naturally occurring or synthetic small inhibitors (6,70),
or by protein inhibitors from the cystatin superfamily of cysteine
protease inhibitors (71,72). This focus on imhibition arises from the
implication of cysteine proteases in many disease states, including
muscular dystrophy (defective inhibitor allows degradation of muscle
tissue), myocardial infarction ([Ca*'] is released, activating a Ca**t
dependent cysteine protease and causing tissue damage), cancer
metastasis (tumour invasiveness), and parasitic and bacterial
pathogenicity (see 70). Recently it was demonstrated that a synthetic
cysteine protease inhibitor was effective in protecting mice after they
were injected with a lethal dose of group A streptococci (73). Clearly,
designing more effective cysteine protease inhibitors requires a
knowledge of what potential interactions may be exploited to increase

inhibitor-protease affinity,.

We have set out to map interactions within the active aite of papain by

systematically varying parts of the substrate molecule and noting the
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effect on k., /Ky of these changes. One of the substrates used,
MocPheOCH,C (0) OMe, contains two ester functionalities and may be cleaved
at both sites (Fig. 1.5). High pressure liquid chromatography (HPLC)
was used to determine if cleavage was occurring at both sites and to
quantitate the products formed. Whilst the potential hydrogen bonding
of the P, NH to Gly 66 C=0 was shown by the x-ray structures of
a-chloroketone inhibited papain, its kinetic importance have never been
demonstrated. Information on binding of the substrate’s leaving group
is scarce due to a paucity of kinetic studies (39,47) and lack of
structural information. It had been hypothesized by several workers
beforehand that E-64 would bind on the leaving group siﬁe of the
catalytic site of papain and thus provide structural information on
binding in this region of the active site. Solution of the x-ray
structure of the papain—E-64 complex showed that it binds on the acyl
group side of the catalytic site (6). The subatrates used in this
thesis with glycolamide as a leaving group, along with structurally
related leaving groups has provided evidence for hydrogen bonding
partners for the backbone P;’ C=0 and P,’ NH groups. The strength of
these interactions have been compared with those of the P, NH and the P,
side chain. The results indicate that all these interactions are
important and could all be utilized in the design of more effective

cysteine protease inhibitors.



Figure 1.5 Struccure of MocPheOCH,C(0)OMe indicating the sites and
products of hydrolysis at the two ester functionalities.
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2. MATERIALS AND METHODS

ettt orp————————— ey

Except as noted, curve fittings were done using a non-linear least

squares software package, Enzfitter (Elsevier Biosoft).

Hg**-papain was prepared from papain (Sigma, Type III, 2 X crystallized
in suspension in 50 mM NaOac, pH 4.5) using the method of Sluyterman and

Wijdenes (74).

BDH Omnisolv grade MeCN and ultrapure H,0 were used for HPLC.

MocPheCOOH was synthesized by R. Angus from L-phenylalanine using methyl
chloroformate (75)., N-AcPheGlyOMe was synthesized by A, Storer, Other
substrates whose synthesis is not described below were synthesized by

R. Angus with the assistance of R.G. Carriere (37,38). All other

reagents and solvents were the highest available grade,

2,1 Syntheses

2.1.1 Ph(CH,),CO0H

Ph (CH,) ,COO0H was prepared from 3 g (19 mmol) Ph(CHy),C{0)Cl by stirring
1 hr. in 50 ml 5% (w/v) NaHCO;. The solution was made to pH 10 with 1 N
NaOH, up to 400 ml with H,0, extracted with ca. 100 ml hexane, brought
to pH 1 with 2 N HCl, extracted with 3 X 300 ml EtQAc. The second and
third cuts, which were purer by TLC than the first, were pooled, dried
under vacuum and allowed to solidify overnight, then dried thoroughly.
This was used for the synthesis of Ph(CH,),C(0)0OCH,C(0O)COMe,

Ph (CH,) C (0) OCH,C (O)NH; and Ph(CH,) 2C (0)OCHCOO0H, After extensive drying
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under vacuum, it was redissolved in EtOAc, and the insoluble material
filtered off., This was submitted for elemental analysis and was used

for the HPLC standard curve with PBEé (see below).

2,1.2 Glycolic Acid Mathyl Esters and Glycolamidas

MocPheOH or Ph(CH,;),CO0H (1.1 equiv.) was dissolved in ca. 25 ml acetone
with 1 equiv. methyl bromoacetate or iodoacetamide and 1 equiv.
anhydrous K,CO3, and refluxed for $§ hr. The acetone was removed under
vacuum. Remaining material was dissolved in ca. 30 ml water and

ca. 30 ml CH,Cl,. The organic layer was washed with 1 N HCl, 1 N NaOH
and saturated NaCl solution, stood overnight over Na,504, then was
filtered and the solvent removed under vacuum, The remaining material
was dissolved in MeQOH, filtered, dried under an N, stream, then
extensively under vacuum. Compounds gave acceptable elemental analyses
[£0.02X {calculated percentage)], except %N, which was [ (calculated
percentage)t0.2%] (Table 2.1) and gave only one peak by HPLC using

solvent programs PB3, PBS or PB6 as described below,



-31-

Table 2.1 Elemental analyses for synthesized compounds.

Compound iC %H SN

MocPheQCH,C (0) OMe obsg. 57.09 5.79 4.84
calc. 56.95 5.80 4.74

MocPheOCH,C (O) NH; obs. 55.1% 5.81 |10.20
calc. 55.69 5.75 10.03

MocPheOCH,C=0CH3 obs. | 59.89 | 6.11 [ 5.20
cale. | 60.19 [ 6.13 | 5.04

MocPheOCH,C=0CH,CHy obg. 6l.21 6.28 4.96
calc. 61.41 6.53 4.79

Ph (CH,) COCH obs. 72.11 6.74 -
calc. 71.98 6.71 -

Ph(CH,) ,C(0) OCH,C(0)OMe  obs. 64.57 6.44 -
calc. 64.85 6.35 -

Ph{CH,) 2C(0) OCH,C (O)NH2  obs, 63.47 6.34
calc. 63.74 6.32

o

.65
.19

[+)]

Ph (CH,) 2C (0) OCH,COCH obs. 63.21 5.86 -
calc. 63.45 5.81 -
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2.1.3 MocPheOCH,COOH

MocPheOCH,C (O)NH, was deamidated by the method of Nefkens and Nivard
(76) by dissolving 180 mg (0.64 mmol) in ca. 7 ml glaclal acetic acid,
then stirring in an 8°C water bath as 0.3 g (2.4 mmol) nitrosylsulfuric
acid (HO;S0NO) was added in 4 parts over 10 minutes. This mixture was
stirred for 1 hr. at room temperature, then ca. 8 ml EtOAc was added.
It was boiled for 1l minute to remove nitrogen oxides, then reduced to a
small volume under vacuum, added into ca. 30 ml Hy0, extracted with

2 X ca. 40 ml EtOAc, and dried under vacuum. It was purified by flash
chromatography on silica gel in 7 EtOAc/3 hexane, dried under an Ny
stream, then under vacuum (yield = 57 mg). HPLC analysis indicated a
ratio of MocPheOCH,COOH:MocPheOH of 32:1. It was further purified by
preparative HPLC, using 70% (0.1% TFA/H,0)/30% MeCN. The pure material
was dried under vacuum and characterized by NMR (run by Dr. Irene
Ekiel) . HPLC analysis indicated a ratio MocPheOCH,COOH:MocPheOH of

500:1.

2.1.4 Ph(CH,),C(0) OCH,COOH

Ph(CH,)2C(0)OCH,C(O)NH; (620 mg, 3 mmol) was deamidated (76) by
dissolving in ca. 30 ml glacial acetic acid, adding 1.5 g (12 mmol)
HO3S0NO in 4 parts over 10 minutes while stirring in a 10 °C water bath.
It was allowed to warm to room temperature while stirring for 1 hour.
EtOAc (ca. 40 ml) was added and the solution boiled for 1 minute to
remove nitrogen oxides. The solution was reduced to a small volume
under vacuum. Water was added to form a white precipitate. The

solution was evaporated under vacuum at room temperature until more
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solid precipitated. This was filtered and washed with ccld H;0, then
dried overnight under vacuum (yield = 110 mg)., The material was further
purified by HPLC eluting with 40% (0.1%TFA/H,0)/60% MeCN, then rotary

evaporated dry.

2,1.,5 MocPheOCH,C (0) CH;, MocPheOCH,C (O) CH,CH,

MocPheOH (1.12 g, 5 mmol) was dissolved with stirring in THF with 0.44 g
(6 mmol) l-hydroxypropanone or 0.53 g (6 mmol) l-hydroxy-Z2-butanone,
plus 0.74 g (5.5 mmol) l-hydroxybenzotriazole and 3 drops N-methyl-
morpholine at -10°C. Dicyclohexylcarbediimide (1.13 g, 5.5 mmeol) was
added. Stirring was continued overnight, allowing the mixture to warm
to room temperature. The solution was rotary evaporated to drynesas,
then ca. 30 ml CH,Cl, was added. After sitting overnight, the
precipitated dicyclohexylurea and l-hydroxybenzotriazole were filt :red
off. The material was purified by silica gel flash chromatography in
95 CH,Clp/5 MeOH. MocPheOCH,C(0)CH; was further purifled by HPLC
eluting with 55% (0.1% TFA/H,0)/45. MeCN. MocPheOCH,C(O)CHCHy was
purified by HPLC with solvent program PB7 (Table 2.2). Both were white
solids (yield = 240 mg for MocPheOCH,C{0)CH;, approximately 150 mg for

MocPheCCH,C (0) CHyCH3)
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Table 2.2 HPLC solvent programs.

Detection at 205 nm
Solvent A = (0.1% TFA/H20
Sclvent B & MeCN

Solvent C = Hp0

&.) Solvent program PB3
Flow = 2.0 ml/min
End time = 11.0 min

Time (min) I %A ' %B
0.0 80 20
6.0 0 100
7.5 80 20

b.) Solvant program PBS
Flow = 2.5 ml/min
End time = 11.0 min

Pime (min) I $A | B
0.0 90 10
6.0 30 70
7.5 90 10

c.) Solvent program PB6
Flow = 2.5 ml/min
End time = 11.0 min

Time (min) | 32 | 3B
0.0 75 25
6.0 35 65
7.5 15 25

¢.) Solvent program PB7
Flow = 5.0 ml/min
End time = 60 min

Time {(min) %A $B %C
0.0 0 50 50
4.0 50 50 )
28.0 50 50 0
38.0 20 80 0
48.0 0 50 50
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2.1.6 O-Ac-phanyllactylGlyOMa

L-f-phenyllactic acid was synthesized from L-phenylalanine by treatment
with nitrous acid (77). L-phenylalanine (12.5 g, 7.6 mmol) was
dissolved in 250 ml 1 M H,50,, then cooled to -5°C. NaNO, (7.66 g,

11 mmol) was dissolved in 40 ml H,0 and cooled to 0°C. It was added to
the L-phenylalanine solution over 3 hr with stirring and maintaining the
temperature below 0°C. The solution was stirred overnight, allowing it
to warm to room temperature. The reaction mixture was extracted with
4 X 100 ml Et,C, saturating the aqueous layer with NaCl between the
third and fourth extractions. The extracts were pooled, rotary
evaporated to 200 ml and let stand over Na,S0, overnight. Charcoal was
added, then filtered and the Et,0 rotary evaporated to dryness, It was
recrystallized from CHCl,/light petroleum ether to yield pure white

crystals (3.07 g).

O-acetyl-L-B-phenyllactic acid was synthesized by refluxing with acetic
anhydride (78). The L-phenyllactic acid was added to 20 ml acetic
anhydride and heated at 100°C for 3 hr. Water (200 ml) was added, then
solid NaHCO; to pH >9, The solution was extracted with 100 ml Et,0,
concentrated HCl was added to pH <3 and then extracted with 3 X 150 ml
BEt,0. This was dried overnight over Na,S504. The solvent was rotary

evaporated to give a yield of 1.24 g.

O-Ac-phenyllactlyGlyOMe was made by the mixed anhydride method. The
OU-acetyl-L-f-phenyllactic acid (5.9 mmol) was dissolved in ca. 15 ml THF
with 1 equiv. N-methylmorpholine (0.65 g) and cooled to =-15°C with
stirring. iso-Butyl chloroformate (1 equiv., 0.81 g) was dissolved in

ca. 10 ml THF and added dropwise. After 1 to 2 min glycine methyl ester
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hydrochloride (5.9 mmel, 0.74 g) and N-methylmorpholine (0.65 g) in ca.
10 ml1 N,N-dimethylformamide were added dropwise. After 2 hr at -15°C,
the solution was allowed to warm to room temperature, The solids were
filtered off, the THF rotary evaporated and the remaining solids taken
up in ca. 200 ml EtCAc. This was washed with 150 ml H0, 100 ml

5% NaHCO,, 200 ml Hy0, 100 ml 1 M HCl, 100 ml Hy0 and 75 ml saturated
NaCl. The solution was let stand overnight over Na,$04. It was then
purified by silica gel chromatography using 9 CH,Cl;/1 MeOH. The
material was rotary evaporated to give a yield of 0.91 g of a yellow
oil. The compound was shown to be pure by NMR and the stoichiometry of

the hydrolysis by papain showed 97.8% purity.

2.2 Papain Kinatics

Hg't-papain was activated by stirring it with 3 pl

B-mercaptoethancl/ml Hg*t-papain for 30 minutes, then separating papain
from the Hg't and B-mercaptoethanol by G-15 Sephadex chromatography in

1 mM EDTA. Total [protein] was determined from the A,y using a molar
absorptivity of €, = 5.6x104 M-l-cm~l {79). Total {thiol]l, which equals
the amount of active enzyme present, was determined using

5,5'-dithiobis (2-nitrobenzoic acid) (80). Freshly activated papain

contained 1.0 mol SH/mol protein and was stored on ice until used.

2.2,1 pH-atat

pH-stat kinetics were performed using a Radiometer RTS5822 recording
titration system, with a PHM 84 pH-meter. The carboxylic acid product

of ester hydrolysis was titrated with 20 mM NaOH, which was prepared
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fresh daily and standardized against 1 pmel HCl. Reaction solvent was
pH 6.0, 20% (v/v) MeCil, 300 mM ifaCl and 1 mM EDTA. Ideally substrate
concentrations of 0.1 to 10 X Ky were used, though high Ky and/or low
solubility of some substratea made this impossible to achieve. Active
enzyme concentrations of 0.14 to 6 UM were used. Initial velocities
were fitted by eye from a chart of volume NaOH added versus time. For
some substrates, vy/[Elp was determined using a computer program
interfaced with the pH-stat that used linear least sgquares regression,
or if there was significant curvature in the plot, Cornish-Bowden’s

direct linear plot method of vo/ [E]g determination (81).

The kinetics constants were determined directly from vy/[Elg’s by the
algorithm of Cornish-Bowden {82). This methed assumes that the errors
in the observed v,/[Elg’s is proportional to the true vo/[Elg. This has
been shown te be the case for pH-stat kinetic determinations (37). In
this situation there is an exact solution for the determination of
Keav/Kys kcar and Ky from vo/[Elg’s (83). Cornish-Bowden’s method alsc

provides an estimate of the standard errors in k., /Ky, k.ar and Ky.

With seve.al substrates the plots of vy/[E]ly versus [S]g tended to have
significant neyative y-intercepts; that is, that the rate reached zero
at significant substrate concentratioms. By fitting the poorer
substrates’ data directly to the Michaelis-Menten equation plus offset
using the program Enzfitter, better standard errors were obtained
without materially changing the constants calculated. Iterative
applications of offset resulted in a smooth approach to zero offset in

typically one or two, occasionally three iterations. The new vy/[Elg’s
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were then used with Cornish-Bowden’s method as with other substrates to

determine the kinetic constants.

2.2.2 HPIC Mathods

A Varian LC5560 with a UV200 detector and DS654 data station was used
for all HPLC work, All analytical runs were done using C18, end capped,
reversed phase Varian MHC-5N-CAP columns, 4 mm by 15 cm with 5 Jun
irregular particles with absorbance detection at 205 nm. Solvent
programs PB3 and PB5 were used with MocPheOCH,C(0)OMe, and PB6 with
Ph(CH,) 2C(0) OCH,C(O)OMe (Table 2.2). A Waters Delta-Pak C18-~100A, 19 mm
by 30 cm column, with absorbance detection at 205 nm and isocratic

elution was used for preparative HPLC.

2,2,2.1 pialysis Setup

In quantitating substrate and products in the reaction mixtures, it was
necessary to quickly and gently separate them from papain, which

irreversibly bound to and destroyed the HPLC column.

This was accomplished by a dialysis arrangement using 2 nested test
tubes separated by a dialysis membrane (Fig. 2.1). The dialysis tubing
was by SPECTRA/POR, with a cylindrical diameter of 1.6 cm (2.0 ml/cm)
and a molecular weight cutoff of 3500. The outer test tube was a 30 ml
Corex centrifuge tube which was silanized (see below) and contained

20 ml reaction mixture. The inner test tube was a 13 mm by 100 mm



Figure 2.1 Dialysis setup for HPLC kinetics.
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/.. Inner test tube
N/

Outer, 30 ml Corex tube,
containing 20 ml reaction

solution Dialysis tubing

o : 200 ul reaction buffer

+_/

Magnetic stir bary

Figure 2.1
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disposable culture tube. Using an inner test tube dramatically
increased the surface area and therefore the speed of dialysis. A small
volume (200 pl) of reaction buffer was placed inside the dialysis
membrane and allowed to equilibrate for 5 to 10 minutes before being
removed and injected directly onto the HPLC column. The reaction buffer
was 100 mN sodium phosphate, 200 mM NaCl, pH 6.0, 20% (v/v) MeCN. This
is the same ionic strength, percentage MeCN and pH as the pH-stat
reaction solution. Phosphate ions have been shown not to have an affect

on papain activity (37,84).

The rate of dialysis was tested with Ph{CH,)2C(0)OCH,;C(0)CMe by using
the dialysis setup as usual, using 2.5 mM Ph(CH,;),C(0)OCH;C(Q)CMe in the
outer test tube. Successive samples of 200 Ml reaction buffer were
placed in the inner test tube and withdrawn at times from 1 to 15 min
afterward. [Ph(CH,),C(0)OCH;C(0)OMe] was determined from the Aj;¢ of the
inner solution. The [Ph{CH,),C{O)OCH,C(O)OMel,s's were fit to a first

order rate equation, where:

[Ph (CH,) 5C (O) OCH,C (0) OMel 3,
= e-kt

[Ph (Cﬂz) 2C{0) OCH,C {O)OMe] gyt
The rate of dialysis was found to be have a rate constant of k = 0.333

+ 0.025 min-l, corresponding to ty,; = 2.03 min (Fig. 2.2).

Silanization

Papain at 1 pM in untreated centrifuge tubes became inactivated over
time, presumably due to adsorption onto the glass. By increasing
[papain} to 2 uM and silanizing the centrifuge tubes, this problem was

aliminated.
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Figure 2.2 Rate of dialysis.

[Ph (CH,) 2C (0) OCHZC {0) OMe] y/ [Ph (CH,) 5C (O) OCH,C (0) OMe] e vs.
time (min), with curve fitted to:

[Ph {CH;) 5,C (0) OCH,C (0} OMe] s,/ [Ph (CH,) »C (O) OCH C{0) OMe]

M e(_02.3233\"1_-) - 2 in 272 2 cut
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Corex centrifuge tubes (30 ml) were washed and rinsed with 5% HNQ;, then
rinsed thoroughly with H,0. They were dried, then socaked in 5%
dichlorodimethylsilane {v/v) in CH,Cl; for 15 min to 1 hr. They were
then rinsed with MeOH, and scaked in MeOH for 15 min before rinsing

thoroughly with H,0 and drying overnight at 60°C.

2,2,2,2 Standard Curves

Standard curves were determined for MocPheOCH,C(Q)OMe, MocPheOCH,COOH
and MocPheOH with both solvent programs PB3 and PB5. Standard curves
were determined for Ph{CH,),;C(0)O0CH,C(0)OMe, Ph(CH;),C(0)OCH,COO0H and

Ph (CH,) ,COOH with PB6.

2,2,2,3 Reaction Rung

Samples taken at various times from the dialysis setup in the reaction
of papain with substrate were directly injected onto the column. For
the reactions with MocPheOCH,C(0)OMe, the resulting Area Counts for each
component were converted to nmol injected, the initial substrate
concentration was then used to calculate the concentration of each
component present in the reaction mixture from the relative amounts
present, as well as the ratio of [MocPheOCH,COOH]/[MocPheOH). Initial
velocities for substrate depletion and product formation were determined

by the direct linear plot method ¢f Cornish-Bowden (81).
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2.3 Kinatics derivations

In order to determine the constants reflecting the hydrolysis of
MocPheOCH,C(0)OMe at the two ester functionalities, the King-Altman
method of deriving kinetic constants was used (82}, given the master
pattern in Figure 2.3 and:

ey ® initial enzyme concentration

s = substrate concentration at time = ¢

= total initial rate (-ds/dt)

S

-

-3
I

initial rate of hydrolysis of substrate B

s
w
m

[}

vy, ¢ 5 initial rate of hydrolysis of substrate C

koat,nr Keat,cr kcat,m7 = Kkgay for substrates B, C and the total
reaction respectively.

Ky,ps Ku,cr Ky,r ® Ky for substrates B, C and the total reaction,
reapectively.

Substrates B and C are treated as being separate, though they are the
game compound, since the binding of the compound to the enzyme in a
productive mode for hydrelysis of the methyl ester precludes hydrolysis
of the glycolic acid methyl ester without dissociation of the enzyme and
substrate and subsequent re—assoclation in a different complex,
effectively the binding of a separate molecule. To simplify the
derivation of the equations, it was assumed that the rates of the
reverse reactions for the covalent steps (k_p, k_3, k.5 & k_g) are

negligible, This assumption was justified by allowing the reaction of



Figure 2.3

Figure 2.4

Master King-Altman pattern for hydrolysis of
MocPheOCH,C (0)OMe at two sites.

E + 8 = Free enzyme plus free substrate in the ground state
E-SB, B-8C = Michaelis complexes for MocPheOCH,C (0O)CMe
productively bound to be hydrolyzed at each ester
functicnality.

BSB, ESC = Acylenzyme intermediates for hydrolysis at both
sites,

King-Altman subpatterns derived from the master pattern in
Fig. 2.3,
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MocPheQOCH,C (0) OMe with papain to go to completion, where no remaining

MocPheOCH,C (0) OMe was detectable.

(I} vo,r = vo,B *+ vo,c

= [EB]k+3 + [Ec1k+6'

Given the master pattern of Figqure 2.3, subpatterns were generated
(Fig. 2.4). The number of subpatterns was checked using the method of
Huang (85):

% = asb - 1pp2, where: a,b = number of lines in
subfigqures A and B (in
this instance, each
subfigure being ocne half
of the master pattern).
1A32 = number of common
boundaries between A and
B.

&Lom o= 3%3 - 02

-9

From the subpatterns:

ki1kizksgstkogtkys)
(IX) (EBl/egp =

z

kisksqkisalkogtks2)

{(IX.1) [EC] /eo =
z

Where (from Fig. 2.4):
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(V) X = (pl+p€+p8+pll) + s*(p24p3+p4+p5+p7+pS+pl0+pl2)

Since substrates B and C are equivalent, it is sufficient to soclve for

one only, in this case B.

From I,JIX:

kyikiokszkego(kegtkoyg)
b

{(V1I) VO'B/eo =

k+2ki39

z

kpgksglkys + koyg)
Divide by: (ksotk,3)

kizky3*s

(kt2 *+ k43)

z

kizkiglkystkag) (kigtkyg)



-47-

keat,B*s

z

kprkiglhpsthog) (kygtkys)

Where kcat,B is the rate constant for B in the absence of substrate C.

Thus the denominator of this equation becomes (from V)

(IV) S(p2+p5+pl0+p7) + S(p3+p4+p9
+p12) + (pl+pb+p8+pll)]

Penominator =
k+lk+6 (k+5+k-4) (k+2+k+3)

g{p3+pd+p9+pl2)} + (pl+p6+pB+pll)

kizkigthpgtkog) (kigtkys)

Slkyzkpglhyiothog) (kystkaeg)) +
ki3kiglhkygtkog) (kygtk_g)

ki1kiglkistkog) (kygtkys)

Divide by: ki3kig(k+2+k=1) (k+5+k-4)
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8{kyzkyg (kpo4kya) thypgekyg))
1l +

kygkyglkyptk_q) (kygtk_g)

kypkygthpsek=g) thypeky3)

kyzkyglkpgtkoy) (kygtkag)

Skyglkystkyg)
1+

kpglkp5tk_g)

kpalkiotkys)

ky3tkyztkag)

KM,B! Ky, c refer to the Michaelis constants for substrates B and C

regpectively, ~ach in the absence of the other.

~ Denominator = s + Ky, p*(1 + 8/Ky, )

kcat,B*s

K“,B*(I + ’/Ru,c) + 3

(I11.1) o VG,B/‘O =
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and (III.2), Kcat,c*s

vo,c/eq =
Ky,c*(1 + /Ky g) + 3

These are exactly the equations expected for the rates of hydrolysis of
competitive substrates (82). If two different compounds B and C were

used, s/Ky,p and s/Ky ¢ would become b/Ky, g and c¢/Ky, c, respectively.

For the overall rate equation, from I:

vg,r = vVo,B t Vg,c

= [EB)kt+3 + [EClk+6

~ from II and II.1l:

(VIII)
kigkiokigkgskpsthkog) + kpzkigkiskegs(kagtk_g)

vo,1/e0 =
X

From V, I may be rearranged to:
(IX) L = k+3k+5(k+5+k_4)(k+2+k_1) + s[k+1k+6(k+2+k+3)(k+5+k_4) +

ky3kpqlkistkyg) (Kyotkog)]

From VIII and IX, divide by: (kigtk_g) (kyptkay)

kiikegkizhie  kegkigkiskseg
+

(ktgt+k.z) (kys5tkog)

vo,v/€0 =

kirkiglhsztr 3 . ki3kiqlkistkeg)

kigkig +
(kyotk.y) (kygtk_g)
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Divide by:
kygkiglhiotkes)  kygkiglkestkyeg)
+
(kyotk-1) (kystk_g)

(x) - -
kpgkizkygkiglkisthkag) + kygkpgkiskeglhsgtkoy)
kiikiglhkiptkig) (kistkog) +

kyskiglhystkyg) (kpptk_z)
vo,T/€0 =

kigkigthkiatkag) (kystk_g)

kprkiglhootkyg) thygtkog) +
Ky3kpqlkpgthyg) (hypptkog)

Therefore the total rate of substrate hydrolysis, measuring the combined
rate at both ester functionalities (as by pH—stat) will follow
Michaelis-Menten kinetics with kgap, 7 and Ky ¢ as shown in the above

equation.

From X:

kyrkiokizkiglhypstkog) + kygkygkygkeglhypotkoy)

kcat,T =

kiakeglkpztkyoz) (kystkog) +
kpgksqthkestheg) (kyptk_y)
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Kerkegkezthyghigtkogh_g) +
kigkiskiglkyzkyothyzk_g)

(Kiskegthoghkig) (kyprkppthyghyy) +
(kygkigthagkey ) (kygkygsthogksg)

Divide by: (k+lk+2+k+lk+3) {k+4k+5+k+4k+6)

Kerkioksgtkoghigthyghog) +
kigkiskeglkigkyotkyzkoy)

Ckprkygthygky3) (kygkystkygksg)

kcat, -

kiskigthkogkig  kegkigtk_zkiz
+

kigkistkigkrs  kygkeptkizkss

kygkioky3* Ky, o . kigkigkie*Ky, B

kyglhkypotkys) kiqlkistkyg)

J

Ky,c + Ky, B

kcat,B*®M,c + kcat,c*Km,B

Km,c + Ky,B

Ky, c KM, B
+ kcat,
Km,ct Ky, B Km,B* Ky, ¢

= k

cat,
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(XI) kcat,B kcat,c
< keat,T = +
Ky, B Ry, c
14 —| |1+
Ey,c Ky, B
From X:

kyzkiglhigthog) (kygtkog)

=

Ky, T

kyrkiglhpptkeg) (hypgtkog) +
kygkaglhystheg) thyptk_7)

kyaki3kiskig + kypkiskoghig +
kogki3kiskeg + karkigk-gkig

kyrkigkiskeg * kygkiok_gkig +
kizkigkiskeg * kig kegkogheg +
kyok43kigkes + kojkygkigkss +
kizkizkighie * k-gkizkigkyeg

kiokizkiskeg + kyokyzk_gkig +
k-zki3ksskig + korkigk_gksg

kojkyglhkogkysthighig) +
kygkpzlkygkigthpgkyeg) +
kogkpglhyykeztkegkeg) +
kyskyglkygkigthyskea)

Divide by: (k+4k+5+k+4k+6) (k+1k+3+k+lk+2)
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kopkiglkiskygrkogheg) + kypkpglkyskegtk_gkyg)

(kigkig + kyghkyg) (kKpgkyo + kpzke3)

kogkez + kigksz  k_gkig + kiskeg
+

kttkes + kizkyz  kipgkis + kpgksg

(k-gki3tkizks3) thygkygtk_gkyg)

kpgkig + kypgkig) (kpzkip + kygky3)

k-pki3 + kyoksg  kogkig + kyskyg
+

kizkeg + kpgkyz  kygkys + kygkyg

(X11) Ky, 5*%y, ¢
-~ Kn,g =
Ky, 58y, ¢

From XI and XII:

kcat,8*KM,c + kcat,c*Ky,B

(Ky,5 + Ky, ¢y

(kcat/KM) T =
KM, 8*Ky, ¢

Ky, BtKM, C
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"cat, B + "cnt, C

Ky, B Ky, c

& (kcat/Xn)r =

Thus the values of (keat/Km)qs kg, r and Ky, T are same as they would be

for two, independent, competitive substrates (82).

From IIXI.l1 and III.2:

VO,B kcat,B * g * (KM,C*(l + SIKM'B) + 3)

/]
*

vo,C kecat,c (Ky,p*{(1 + s/Ky,c) + 8)

kcat,B * g % KM,C * (1 + S/KM'B + SIKM,C)

kcat'c * g * KM,B * (1 + S/KM,C + SIKM,B)

(kagt/¥)B
(kcat/Kn)c

& vo,glvo,c =



-55=

3. RESULTS
3.1 HPLC

3,1.1 Standa curves

Standard curves were determined for MocPheOCH,C(0O}OMe, MocPheOCH,;COOH
and MocPheOH with solvent programs PB3 and PB5, while those for

Ph {CH,) ;C (0) OCH,C (0) OMe, Ph (CHj) 2C(0) OCH,COOH and Ph(CHy) 2COOH were
determined with PB6 ({Table 3.1). A linear relationship was
demonstrated between the peak Area Counts (arbitrary units) and the
amount of material injected (Fig. 3.1). The solvent programs produced a
steeply sloping baseline; more accurate Area Counts were obtained using
baseline subtraction (Fig. 3.2). The absorptivity (= slope) was found
to be constant from day to day. The intercept was small, as expected,
but somewhat variable, due to the random noise level {calculated at each
Method Ready) that was in effect for a given run., Runs with high random
noise gave more negative intercepts than low noise runs. The standard
curve of MocPheOH with PR3 on 11 & 12 Jan ‘89 (noise > 300 arbitrary
units) was Area Counts = 4.43x109 X n - 5.85x10¢ (n = nmol material
injected) versus 05 & 06 Oct 788 (noise < 100)) where

Area Counts = 4,11x109 x n - 1.28x109. There are three factors
contributing to this effect. fhe start and end of a given peak is
calculated from the slope of the curve. The selected signal to noise
ratio (S:N) defines the number of times above random a slope must be to
be considered part of a peak. As the random noise levels rise, the
steeper the slope required to be included in a peak, thus the later

peaks start and sooner they end. This effect is exaggerated by the
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necesasity of selecting higher S§:N ratios vwhen random noise is high in
order to suppress spurious peaks. This is further exaggerated by the
fact that columns using very small particles, less than 10 pm diametex,
tend to have long trailing edges and occasionally the appearance of
having shoulders on the trailing side (86). Since high noises were only
a problem with the determination of molar absorptivity with solvent
program PB5 and for MocPheOCH,COOH with PB3, and not for any of the
papain reaction runs, the calculated intercepts were neglected. The
absorptivities were calculated using a non-linear least squares
regression to the linear equation:
A.C. = Absorptivity * n + Incpt

where A.C. is Area Counts (arbitrary units) and n is the amount of
compound injected (nmol)} and using statistical weighting (weight is

proportional to 1/¥gns) -
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Table 3.1 HPLC standard curves.

Compound & Sclvent Slope Intercept
Program (Area Counts/nmol) (Area Counts)
MocPheOCH,C (0) OMe PBE3 4.26 (£0.05) x104 -8.5 (£2.3) x103
PBS | 3.74 (+0.16) x104 =3.2 ($£2.0) x103
MocPheOCH,COOH PB3 3.62 (£0.04) x104 2.7 (£6.9) x103
PBS 3.04 (£0.06) x104 -2.1 (£9.3) x103
MocPheOH PB3 | 4.11 (+0.06) x104 -1.3 (£0.4) x104
PBS | 3.65 (£0.09) x104 ~4.6 {(t0.9) x104
Ph{CH,)},C{0) ~ PB6 2.78 (£0.12) =104 -1.3 (£2.3) x104
OCH,C (0) OMe
Ph(CH,) ,C(0) = PB6 2.72 (£0.05) x104 =0.9 (£1.0) x104
OCH,COOH
Ph (CH,) ;COOH PB6 | 2,38 (£0.05) x104 9.2 (£7.7) x103?




Figure 3.1 Standard curve for MocPheOCH,COOH with solvent program PBS.

The line is fitted to:

AC = 3.04(£0.06)x104™n - 2(+9)x103, where AC = Area
Counts and n = nmol MocPheOCH,C(O)OMe injected onto the
column. The inset is a plot of the statistical residuals;
i.e. (AC,,s ~ ACeaye) / (ACca1c) /2 vs. ACcaic.
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Figure 3.2

Errors in the standard curves for MocPheQCH,C(0)OMe using
solvent program PB3 with and without baseline subtraction,

% Brror = 100 * {[S)l.aic = [Slerue)/[Slerue
The dashed (- - -) and dotted (-++*) lines represent linear

regression to the points with (@) and without (O) baseline
subtraction.
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3.1.2 MocPheOCH,C (O) OMa

Two different solvent programs were used with the MocPheOCH,C (0)CMe
reaction runs because it was found after several reaction runs that the
peaks for MocPheOCH,COOH and MocPheOH were eluting too close together
with PB3. The lack of baseline separation between the two compcounds,
exacerbated by the difference in peak sizes, caused part of the area for
MocPheOH peak to be included with the MocPheOCH,COOH peak. This caused
an increasing ratio in MocPheOCH,COOH/MocPheOH area counts with reaction
time, even though the height of the MocPheOH peak continued to increase.
Solvent program PBS achieved baseline separation of the two products and
therefore more accurate Area Counts and a more consistent ratio of

[MocPheOCH,COO0H) / [MocPheOH] to be cbserved.

In all, ten reaction runs with MocPheCC%,C{Q)OMe were performed. The
first, using 1 puM papain and a non-silanized centrifuge tube clearly
showed enzyme inactivation, as determined by Selwyn’s test (Fig., 3.3)
{87). The remaining runs, performed with 2 UM papain and silanized
centrifuge tubes did not display apparent enzyme inactivation. Of the
nine remaining runs, four gave erratic ratios of
[MocPheOCH,COOH]) / [MocPheOH] due to the use of solvent program PB3, The

remaining five runs with PB5 gave good resvlts.

Initi.l velocities (vy/[Elg’s) were calculated for MocPheCCHZC (Q)OMe
depletion and MocPheOCH,COOH formation using nine runs. The
MocPheOCH,COOH Area Counts were not significantly increased in the four

PB3 runs where part of the MocPheOH peak was included in the



Figure 3.3 Selwyn’s test for enzyme inactivation (87) in dialysis
setup.

% Reaction = 100 * ([8],~[S])/[S]y

The solid line ( } represents the progress curve
determined for k_,, = 12,4 s-1 and Km = 25.8 mM., At 1 pd
papain in unsilanized Corex tubes, there is clearly enzyme
inactivation; but none is apparent at 2 MM papain in
silanized tubes,
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area calculations and therefore did not significantly affect the
calculations of vy/[Elg. For the calculation of the MocPheOH v/ (Elg’s,
only the five PB5 runs were used. The depletion of MocPheCCH,C (0)OMe
and formation of MocPheOCH,COOH and MocPheCH appear to follow Michaelis-
Menten kinetics as expected (Secticn 2.3). The vy/[Elg’s calculated for
MocPheOCH,C (0) OMe depletion were in excellent agreement with those
determined by pH-stat (Fig. 3.4). The combined HPLC and pH-stat results

are summarized in Section 3.2.

The ratio [MocPheOCH,COOH]/[MocPheOH] was determined using the five PB5
runs and found to be 8.2 + 0.4. Plots of [MocPheCCH,COOH]/ [MocPheOH]
versus time and [S], showed neglible slopes cf 0.005 (£0.003) min-! and

-0.07 (£0.03) mM-! respectively.

3.1.3 MocPheOCH,C(O)NH,

MocPheOCH,C (C)NH; was reacted with papain using the HPLC methed to
confirm that hydrolysis was occurring at the expected site.

MocPheOCH,C (O)NH; from the dialysis setup before addition of papain gave
a single peak. After 15 min reaction of 1.9 mM MocPheOCH,C(O)NH, with

2 UM papain, a gradient of 100% (0.1%TFA/H,0) to 35% (0.1%TFA/H,0)/65%
MeCN over 6 min at 2.5 ml/min, gave peaks at 5.00 min and 5.10 min
{MocPheOH) . Spiking separate aliquots of the 15 min sample with pure
MocPheOCH,C (0)NH; and MocPheOH confirmed the identity of the peaks,
hence confirming hydrolysis at the ester functicnality

(MocPheTOCH,C (O} NHL) .



Figure 3.4 v,/[E]g vs. [S]p for MocPheOCHC(0)OMe as determined by HPLC
(® and pH-stat (O).

Inset is the relative residual, i.e.

((VQI[E]O)obs - (VUI [EJO)calc)/(VOI [E] 0) cale V3. (VD/ 1B] O) calce
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3.1.4 MocPheOCH,COOH (as substrata)

On the basis of the HPLC runs of MocPheOCH,C(0)OMe reacted with papain,
particularly in light of the constant [MocéheOCHchQH]/[MocPheOH] with
time, MocPheOCH,COOH would be expected to be an extremely poor
substrate, if at all. This was tested by reacting 3.5 mM MocPheOCH,CODH
with 15 pUM papain for 60 min, then determining the products using
solvent program PB5. HPLC analysis of the compound showed that it had
partially decomposed since synthesis and contained 5.90% MocPheOH, which
was taken into account when determining the amounts of products. Aafter
60 min, 0.186 mM MocPheOH had formed, corresponding to a v,/ [Ely of
3.43-10°3 s3-1, Using the Michaelis-Menten equation (vy/[E]lg =

(keae* [810) / (Ky*[S)g)) and assuming a kg,e of 20.01 s71, 50-fold less than
the lowest k., measured in this study, a Ky of 6.68 mM is obtained,
yielding k.,./Ky S1.50 M~l-3-l, Thus MocPheOCH;COQH is a poor substrate,

with an upper limit on the k_, /Ky of 1.5 M-l:s°1,

3.1.5 Ph(CH,),C(Q) OCH,C(Q) OMa

Ph (CH,) o (0) OCH,C (O) OMe was examined by HPLC, as MucPheOCH,C (0)OMe was,
to determine the products of the reaction with papain and their ratios
of formation. Three runs were done, at [S8], = 0.2, 0.5 and 2.0 mM.

Ph (CH,) ,C(0) OCH,COOH was detected and quantified, but no Ph(CH;),COOH was
detected in any runs using solvent program PB6., After 76 min reaction
time with 2 mM substrate and 6.2 UM papain, no Ph(CH,),CCOH peak was
detected, The reaction riixture was then spilked to 0.1 mM with

Ph(CH,) 2COOH, and another sample taken 10 .win later. The expected
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amount of Ph({CH,),CO0H was found, indicating that slow diffusion across
the dialysis membrane was not a problem. The Ph(CH2)2C(O)0CH2COOH peak
was 961 021 Area Counts, corresponding to 35.32 nmol. It was found
using PB3 (which had a more Steeply sloping baseline, making peak
detection more difficult) that peaks at least as low as 2100 Area Counts
could be detected. Conservatively assuming that a Ph(CH,) 3COOH peak of
5000 Area Counts could have been detected, there was <0.21 nmol present
in the reaction mixture, resulting in a ratio

[Ph (CH,) 2C (0) OCH,COOH] / [Ph (CHy) ,COOH) 2168. Given Kcan/Ky = 78.2 for
Ph(CH,) 2C(O) OCH,C (0) TOMe (vide infra); for Ph (CHp) 2COOH, kgy /Ky

<0.5 M-1l.g-1,

3.1.6 Ph(CH,),C(0)OCH,C (0) NH,

As no reaction rate could be detected by pH-stat,
Ph(CHz)ZC(O)OCHzc(O)Nﬂz was tested as a substrate by HPLC.

Ph{CH;) ,C(0)OCH,C (O)NH, from the dialysis setup before addition of
papain gave a single peak. After reacting 5 mM Ph(CHz)zc(O)OCH2C(O)NH2
with 2 UM papain for &0 min, a gradient of 80% (0.1%TFA/H,0) /20% MeCN to
35% (0.1%TFA/H,0)/65% MeCN over 6.5 min at 2.5 ml/min, gave only the
Ph(CH2)2C(O)0CH2C(O)NH2 peak at 3.63 min. Spiking an aliquot of the

80 min sample with Ph(CH;) CO0H gave two peaks, with the second at

4.05 min. Using the same arguments as with Ph(CHZJZC(O)TOCHZC(O)OMe,
with the Ph(CHz)ZC(O)OCHZC(O)NHZ peak having an area Count of 1 908 472
and assuming the same absorptivity as Ph(CH;) CO0H, the [Ph {CH;) ,COOH)
was 50,0131 mM, This corresponds to vy/[Elg = 1,36x10-3 s-1, Assuming

again kg, 20.01 s-1, K, = 31.8 mM and ke, /Ky S0.31 M-1l.g-1,

B TR TP Ty
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3.2 Kinetic constants - pH-atat & HPLC

With several substrates the plots of vy/[E]p versus [S]y tended to have
significant negative y-intercepts; that is, that the rate reached zero
at significant substrate concentrations. This problem was caused by the
observed tendency for the pH to drift upwards with the reaction
solution. This trend is consistent and reproducible. Attempts to
eliminate this drift over a ten year period using a variety of different
appreoaches and instruments have failed to identify the source of the
drift beyond it being linked to the presence of MeCN as a co~solvent or

to eliminate it (A. Storer, personal communication).

Given the inability to remove the drift, it is possible to compensate
for it numerically. By fitting the poorer substrates’ data directly to
the Michaelis-Menten equation plus offset using the program Enzfitter,
better standard errors were obtained without materially changing the
constants calculated. The most extreme example is

Ph (CH,}»C{O}OCH,C (0) OMe, where the observed rate decreased to zero below
[Slp = 1 mM. Fitting to Michaelis-Menten equation alone gave kg, /Ky =
31.8 (+97.4) M-l:5-1, After iteratively applying the offset until the
standard error was larger than the magnitude of the calculated offset,
kgao /Ky = 99.5 (£17.8) M-l.s~1, The offset applied to

Ph (CH,) ;C(0)OCH2C(0)OMe was the largest applied to any of the substrates
studied. Iterative applications of offset resulted in a smooth approach
to zero offset in typically one or two, occasionally three iterationms.
The offsetted v,/ [E]g’s were used with Cornish-Bowden’s algorithm to

calculate the kinetic constants.
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When the Michaelis-Menten equation plus offset was applied to many of
the better substrates, pesitive offsets were calculated. Applying these
offsets resulted in the standard errors in k_,, and K, increasing.

Since negative drifts were not observed with any of the pH-stat
experiments performed, this positive offset appears to be an artifact

and fitting was to the Michaelis-Menten equation only,

The results of the pH-stat work are summarized in Table 3.2a.

Previously unpublished pH~stat results which are necessary to the
Discussion are listed in Table 3.2b. These kinetics determinations were
performed by L. Sans Cartier and T. Hirama. The pH-stat and HPLC

results for MocPheOCH,C(Q)OMe are summarized in Table 3.3.
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Table 3.2 Kinetic constants as determined by pH-stat.

3.2a Results from this study.
3.2b Previously determined and unpublished results.

Substrate kETt/FM kqﬁt Ky No.
(M-8l (s-1) (mM) pt.

Table 3.2a

N-AcPheGlyTOMe 120 000 5000 9.4t 0.2 0.078 £ 0.004 | 37

0-Acphenyllactyl- 1100 = 100 2.1+ 0.2 1.9 £ 0.3 32
GlyToMe

MocPheGlyTOMe 39 000 + 4000 6.3 ¢ 0.2 0.16 £ 0,02 34

MocPheTOCH;C=0NH, 2200 £ 100 4.7 £ 0.2 2.2 0.2 48

MocPheTOCH,C=0CH; 39 £ 3 1.6 £ 1.0 40 + 28 29

MocPheT 96 £ 5 15 £ 28 160 £ 300 27
OCH,C=0CH,CH,

Ph (CH,) 2C (0} - 79 t 4 0.67 £ 0.07 8.4 £ 1.2 26
OCH,C (0) TOMe

HOCH,C (0) ToMe =0 - -

Table 3.2b

N-benzoylGlylOMe 140 £ 6 2.8+ 0.2 20+ 2 33

O~benzoylOCH,C (0) ToMe 17 £ 2 0.23 £ 0.04 14 £ 4 49

MocGlyGlyTOMe 40 £ 2 1.8 £ 0.2 45 % 6 22

N-AcGLlyTOEt ** 2.4 + 0.2 1.4 £ 0.1 590 % 100 16

MocPheTOMe 7.12 £ 0.04 - - 9

Ph (CH,) ,C(0) GlyToMe *** 710 % 30 4.7 £ 0.2 5.9 -

*
* %k

kX% prom (38).

No detuctable rate at 2 mM and [papain] = I uM.
koo /Ky for N-AcGlytOMe = 2,25 M-l.s=l (59).




-69-

Table 3.3 Kinetic constants for MocPheOCH,C(0)OMe as determined by
pH-stat and HPLC.
Direct £it refers to kinetic constants determined from
vy/ [E]lg's and [S]g’s by the method of Cornish-Bowden (82).
From ratios refers to kinetic constants determined from the
relationships shown in Section 2.3 and the ratio of
Kcar /Ky (MOCPheCCH,C (0) TOMe) : koot /Ky (MocPheTOCH,C (O) OMe) =
8.2 £ 0.4, The constants for the overall reaction were
calculated from the results of the direct fits of HPLC
results for MocPheOCH,C(0)TOMe and MocPheTOCH,C (0) OMe data.
The ‘best’ kinetic constants, which are used in the
remainder of this work are shown in bold type.
Substrate kcft/K¥ kcalt KM No.
(M~*-37%) (s {mM) pt.
DIRECT FIT:
MocPheOCH,C (0) OMe
{OVERALL RATE)
pH-stat + HPLC 480 + 30 12+ 5 26 + 11 44
HPLC only 380 + 20 23 % 21 6l + 58 9
pH-stat only 520 £ 40 10 £ 3 20 £ 8 35
MocPheOCH,C (0) ToMe
HPLC only 320 £ 20 34 £ 71 105 £ 230 8
MocPheTOCH,C (0) OMe
HPLC only 52 + 18 0.43 £ 0.34 8.3 8.7 5
FROM RATIOS:
MocPheOCHZC(O)OMe
(OVERALL) 370 £ 30 8 & 15 2.9+ 8.2 -
MocPheOCH,C (0) TOMe 430 + 35 - - -
MocPheTOCH,C (0) OMe 52 4 - - -
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4. DISCUSSTON

4.1 Intaractions in the 85_and 3, subsitas

By systematically varying substituents of substrates to fulfil
specificity requirements for papain, we have been able to map out
interactions in the §,, S;, S;’ and Sy’ subsites. fhe incremental
binding energies of the hydrogen bonding at the P, NH, P; NH, P1’ C=0
and the P,’ NH, as well as of hydrophobic interactions of the P, Phe
side chain were estimated. In contrast to similar recently published
studies (57), we do not find it necessary to invoke any ‘special’
effects or interactions to explain the observed kinetic constants, only

a consideration of standard binding energetics and entropy phenomena
(62).
4.1.1 P, NH hydrogen bonding

The improvement to k.,./Ky by ~3.0 kcal/mol upon the addition of an

acetamide group to Ph(CHz)ZC(O)GlyTOMe {Scheme 4.1)4 indicates that the

4 In all the schemes in the Discussion, AAGu,

= =RT*1In{ (kcar /Ky firsc/ (Kcar /KM) second) »+ B positive AAG,,, means that the
second substrate listed has a higher k_, /Ky, a8 negative AAG,,; means
that the first substrate is better.
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CHoPh
a4 | H
H4C- (C=0) ~N-CH- (C=0) ~N-CHp- (C=0) ToCH3
AAGghs ™
CHoPh -3.0 kecal/mol

1 H
H-CH- (C=0) =N-CHyp - (C=0) ToCH3

N-AcPhaGlyToMe vs. Phi{CHp)ac (0)GlyToMe
Scheme 4.1

substrate’s P,-P; amide hydrogen bonds with the enzyme. Exchanging an i
ester for the amide group decreases specificity by AAG.,, = 2.7 kcal/mol
(Scheme 4.2), suggesting that it is the amide NH that is primarily
CHaPh
] H
HaC~ (C=0) -0-CH~ (C=0) ~N=CHy~ (C=0) TocH3
AAGops =
CHaPh 2,7 kcal/mol
H I H
H4C~ (C=0) -N-CHi- {C=0) ~N-CH;~ (C=0) ToCH3

o-Ac-phenyllactlyGlyToMe vs. N-AcPheGlyToMe
Schame 4.2

responsible for the observed binding enezgy.

If the P, C=0 were to hydrogen bond to the enzyme, then a more negative
AAG,y,; between O-Ac-phenyllactylGlyTOMe and Ph(CH)»C(0)GlyTOMe would be
expected than the weakly favourable AAG,, = -0.3 kcal/mol (Scheme 4.3).

Part of the 0.3 kcal/mol may be accounted for by differences in
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CHoPh
I H
H3C- (C=0) -0~CH- (C=0) -N-CH, - (C=0) ToCH3
AAGghg ™
CHpPh -0.3 kcal/mol
| H
H-CH- (C=0) -N-CH~ (C=0) ToCH3

O-Ac-phenyllactlyGlyToMe vs. Phi{CH3) 3Ct0)GlyToMe
Schema 4.3

conformational entropy. The presence of the acetyl group of
O-Ac-phenyllactlyGlyTOMe will hinder internal rotaticns of the X' and
¥’ bonds of this Phe analog (Fig. 4.1), meaning that less entropy must
be lost on forming the enzyme-substrate complex. Aalthough the oxygen to
nitrogen exchange between O-Ac-phenyllactlyGlyTOMe and N-Ac-PheGlyToMe
is a measure of incremental specificity energy rather than incremental
binding energy, it is argued below (Section 4.4) that the energetic
penalty of inserting a substrate oxygen adjacent to an enzyme’s hydrogen

bond acceptor is small.

Two other lines of evidence support the assumption that the P, C=0 does
not hydrogen bond the enzyme. In the x-ray crystallographic structures

of a~chlorcketene inhibited papains where the inhibitor extends as far



Figure 4.1 O-AcphenyllactylGlyOMe

The arrows represent the two dihedral bond rotations that
become significantly more restricted upon the addition of
and acetyl group to Ph(CH,),C(0)GlyOMe. The Y¥r and Xs’angles
are so named by analogy to the convention of naming the ¥
and X angles of peptides (97).
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as the Py subsite, the Py C=0 is not in contact with the enzyme.
Rather, it is solvent exposed (5). Secondly, the AAG,,, between
Ph(CH,},C (0)GlyTOMe and MocPheGlyTOMe (2.3 kcal/mol) {addition of P3-P;
carbamate, Scheme 4.4) is much smaller than between
CHyPh
1 H
H-CH- (C=0) -N-CH,- (C=0) ToCH3
AAGgps =
CHoPh 2.3 kcal/mol
H | H
H4C-0~ (C=0) -N-CH~ (C=0) -N-CHy- (C=0) ToCH3
Ph(CH,) ,C (0} GlyToMe vs. MocPheGlyToMe
CH2Ph
|
H-CH~ (C=0)} To=CHp - (C=0) NH)
AAGopg =
CHpPh »5.2 kcal/mol
H ]
H3C-0- (C=0) -N-CH= (C=0) T0-CH2~ (C=0) Niiz

Ph{CHz)ZC(O)TOCHZC(O)Nﬂg vs. MocPheTOCHZC (0) NHp
Schama 4.4

Ph (CH,) ,C (0) TOCH,C (O) NH, and MocPheTOCH,C(O)NH, (>5.2 kcal/mol) (addition
of P,-P; carbamate). This indicates that the full hydrogen bonding
capabilities of the P,;-P; carbamate are not being utilized as compared

é to the P,-P; carbamate. In the latter case it is known from the x-ray
structures (5) that both the P, C=0 and the P; NH can hydrogen bond to

the enzyme, leading to a more negative AAG.,.

4,1.1,1 Carbamate versus Amide

The use of a carbamate group in the place of an amide in MocPheGlyTOMe

leads to a loas of specificity by AAGg s = 0.7 kcal/mol  (Scheme 4.5).
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CHoPh
H |
H3C-0~- (C=0) -N-CH~ {C=0) =N~CHp~ (C=0) ToCH3
AdGops =
CHaPh 0.7 kecal/mol
R | H
H3C~- (C=0) ~N-CH~ (C=0) -N~CH,~ (C=0) TocH3

MocPheGlyTOMe vs. N-Ac?heGlyTOMe
Schema 4.5

This effect is attributable to the added oxygen of the carbamate
changing the electron density distribution about the =C{0)-NH-
functionality. The effect of the oxygen cannot easily be predicted;
however, if it causes increased electron density on the NH, causing both
a shorter N-H bondlength and a decreased positive charge on the proton,
a weaker hydrogen bond donor will result. This qualitative description
is currently being investigated quantitatively using distributed

multipole analysis (88) to calculate molecular charge distributions.

4,1,1,2 Hydrogen bond strength

The AAG,,,'s on addition of a P, NH range from -3.0 to =1.0 kcal/mol and
clearly depend on the presence of other enzyme-substrate interactions,
Scheme 4.6 illustrates that the AAG,,, of the addition of a methyl
CHoPh
R | H
B3C~0~- (C=0) ~N-CH~- {C=0) -N-CH- (C=0) TOCH3
MGops =
CHyPh =2.3 kecal/mol
| : 4
H-CH- (C=0) -N-CH,~ {C=0) ToCH3

MocPheGlyToMe vs. PhiCH3)oC (0)GlyToMe
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CHyPh
H |
H3C-0- (C=0) -N-CH- (C=0) ~0-CHy~ (C=0) ToCH3
AAGeps =
CHaPh -1.0 kcal/mol
|
H-CH- (C=0) =0-CH,- {C=0) ToCH3

MocPheOCH,C (0) ToMe vs. Ph (CH3) o€ (0) OCHAC (0) ToMe
Schama 4.6

carbamate group depends on the presence of other enzyme-substrate
contacts. Specifically, the presence of the P, NH makes the added P, NH
more favourable than when there is an ester at P,-P;. Scheme 4.7
illustrates that the same effect is seen in the presence or absence of

the P, Phe side chain.

CH,Ph
H | H
H4C-0- (C=0) ~N-CH~ (C=0) -N-CH;- {(C=0) ToCH3
AAGops =
CH,Ph -2.3 kcal/mol

! H
H-CH- (C=0) -N-CH, - (C=0) ToCH3

MocPheGlyTOMe vs. Bh(CHa) 2C(0)GlyToMe

H
q | H
H3C-0- (C=0) ~N-CH~ (C=0) -N-CHp- (C=0) TocH3
AAGohg =
H -1.6 kcal/mol

I H
H-CH= (C=0) -N~CH, - (C=0) TOCHCH3

MocGlyGlyToMe vs. N-AcGlyToEt
Schema 4.7

4,1.2 P, sido chain interactions

A number of different side chains have been investigated in the §;

subsite {unpublished data). As the 5; binding subsite is progressively
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occupled with hydrophobic interactions, k., /Ky increases. On adding a
benzyl group to MocGlyGlyTOMe to give MocPheGlyTOMe, kq,./Ky improves by
-4.0 kcal/mol (Scheme 4.8).
CH,Ph
H |
H3C=-0- (C=0) -N-CH- (C=0) -N-CH,- (C=0) TocH;
AAGohg =
H =4.0 kcal/mol
H | H
H3C-0-(C=0) =N=CH=- {C=0) ~N~CH, - (C=0) ToCH3
MocPheGlyloMe vs. MocGlyGlyToMe

CH-Ph

! H

CHp - (C=0) -N-CHy= (C=0) ToCH3

AAGohg =

H =-3.3 kcal/mol

| H

CHy- (C=0) -N-CHy- (C=0) TOCH,CH3

Ph(CH,) ,C (0)GlyToMe vs. N-AcGlyToEt
Schame 4.8

Computationally it is possible to partly dissect out the contribu:ion of
the conformational entropy of the Phe versus Gly to the binding energy.
The calculations of Brant et al. (89) indicated that the conformational
entropy of a Gly residue about the @ and ¥ angles is only slightly
higher than that of an amino acid with a non-B-branched side chain. The
upper limit of this difference has been estimated to be on the order of
1.5 cal/K/mol, corresponding to a maximum effect of 0.4 kcal/mol. If
the total decrease in conformational entropy is directly converted into
binding energy, k., /Ky would increase by a maximum factor of 2.1 with

respect to a substrate with a P, Gly. This establishes the absolute

upper limit of the contribution of the decrease in dihedral bond

——————— e e
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rotational entropy to the AAG,,, on adding a Phe side chain; in fact,

the effect would be expected to be smaller than this.

As is the case with the hydrogen bonding interactions, the effect of
side chain binding in S, is interdependent with other substrate-enzyme
interactions. The added side chain has the greatest effect when the
P, NH and the P,-P; amide are present as witnessed by the difference
between N-AcGlyTOEtS vs. Ph(CHz),C(0)GlyTOMe and MocGlyGlyTOMe vs.

MocPheGlyTOMe (Scheme 4.8).

4,1 P, h n ndin

The presence of the hydrogen bond to the P, NH was demonstrated and its

strength evaluated as for the P, NH.

Substitution of a P,-P; ester for the amide demonstrates that the P; NH
is hydrogen bonded to the enzyme (Scheme 4.9) with AAG,, = -1.2 to
«2.6 kcal/mol, The z=-ray structures of o-chlorcketone inhibited
papains (5) indicate that the Asp 158 backbone C=0 is the probable
hydrogen bond acceptor.

CHyPh
H | H -
H3C-0- (C=0) =N~CH- (C=0) ~N=-CHp~ (C=0) TocH3

AAGopg =

-2.6 kcal/mol
CHaPh

H | H
H3C-0- (C=0) ~N-CH=- (C=0) -0=CHz- (C=0) ToCH3

MocPhoGlyToMe vs. MocPheOCHC{0) ToMe

5§ williams et al. {59) found kcat/Ky = 2.25 M-1:3-1 for N-AcGlyCOTOMe as
opposed to k., /Ky = 2.4 M1:3-1 for N-AcGlyCOTOEt reported here, showing
a negligible contribution from the ethyl versus the methyl leaving group
and indicating that the comparison with PhCH,CH,C(0)GlyfOMe is valid.
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CHoPh
! H
CHy- (C=0) -N-CHy- (C=0) TocH;
AlGopg =
CH»Ph ~1.3 kcal/mol
I
CHp~ (C=0) =0=CH,- (C=0) TOCH3
Bh{CH,) ,C (0)G1lyTOMa vs. PhiCHp)2C{0}OCHC (0) ToMo
H
Ph-{C=0) -N~CHy- (C=0) ToCH3

AAGohg =
=1.2 kcal/mol

Ph- (C=0) =0~CH, - (C=0) ToCH3
¥-benzoylGlyToMa vs. O-benzoylglycolic acid methyl ester
Schema 4.9
The x-ray structures also indicate that the P, C=0 should be hydrogen
bonded, as is evidenced by the more favourable AAG,,, between
MocPheTOCH,C (0) NH, versus Ph(CH,)oC(0) (T)OCH,C(O)NH, as opposed to
MocPheGlyTOMe versus MocPheOCH,C(0)TOMe (Scheme 4.4). It is also in
accord with the results indicating that substitution of the P, C=0 with

C=5 decreases k., /Ky for the different cysteine proteases examined

{58,59).

Once again, the AAG,,, of the P; NH is dependent on other enzyme-
substrate interactions, with the presence of the P, NH and the P, Phe

side chain cooperating to increase the effect of the P, NH.
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4.2 ' h n bond donor and 8o/ hydrogen bond acceptor

4,2,1 MocPhoOCH.C(O)NH; basad substrates

4,2,1,1 Presen £ hydrogen nds

The kinetic conatants of MocPhelOCH:C{O)NH; and related substrates
demonstrate that there are hydrogen bonding partners for the P,'-Pp'

amide group of peptide substrates.

The specificity difference between MocPhelOCH,C(O)NH, and
MocPheTOCH,C{0)OMe (Scheme 4.10) can be attributed to hydrogen bonding
CHzPh
H |
H3C=0- (C=0) -N-CH= (C=0) TO-CHz - (C=0) NH2
AAGopg =
CH,Ph -2.2 kcal/mol
H |
HC-0- (C=0) -N-CH~ (=0) To-CH;- (C=0) 0CH3

MocPheTOCH,C (0} NHp vs. MocPheTOCH)C (0) OMe
Schame 4.10

effects or to unfavourable steric interactions between the ester’s
methyl group of MocPhelOCH,C(C)OMe and the enzyme. Isosteric analogs of
each compound that were not hydrogen bonding in the region under

consideration were synthesized (Scheme 4.11). The difference between
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CHpPh
H |
H3C-0- (C=0) -N-CH- (C=0) T0-CHp~ (C=0) CH2CH3
AAGohs =
CHpyPh -0.5 kcal/mol
H |
H3C-0~ (C=0) -N-CH- (C=0) T0-CH; - (C=0) CH3

MocPheTOCHC {0) CHaCHy vs. MocPheTOCHHC (0) CH3
Scheme 4.11

MocPheTOCH,C (0) CHy and MocPheTOCH,C (0) CH,CH3 should reflect steric
effects only. The AAG,,, = -0.5 kcal/mol indicates that there is not a
problem sterically with the size of the MocPheTOCH;C(0)OMe leaving group
and therefore that the difference between MocPheTOCH,C(O)NH, and

MocPheTOCH;C(0)OMe is an hydrogen bonding effect.

Comparison of MocPheTOMe and MocPhefOCH;C{O)NH, (Scheme 4.12) gives
AAGgps = 3.3 kcal/mol. It is possible to separate out the C=0 and -NH,
binding effects.
CHyPh
H |
H3C-0- (C=0) -N-CH~ (C=0) To-CHj
AAGopg =
CHzPh 3.3 kcal/mol
H |
H3C=0~= (C=0) -N-CH- (C=0) To-CHp - (C=0) NH,
MocPheTOCH3 vs. MocPheToCH ¢ (0} NHio
Schama 4.12
The hydrogen bonding contribution of the carbonyl portion may be
estimated thus. The observed AAG,,, between MocPheTOCH,C(0)CH; and

MocPhefOMe is -1.0 kcal/mol (Scheme 4.13). Lowe & Williams (90)
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CHaPh
H i
H3C-0~- (C=0) ~N-CH- {C=0) T0-CHp~- (C=0) CH3
AAGopg =
CHoPh -1.0 kcal/mol
B |
HaC=0- (C=0) -N-CH- (C=0) To-Cil3

MocPheTOCH3 vs., MocPhaTOCH,C(0)CH3
Schema 4.13

found that the k., /Ky's of N-benzoylGlyToMe (133 M-1-s71), T-0Et
(kgye/Ky = 133 M-1.371) and T-OnPr (118 M-1.3-1, AAG,,s < 0.1 kcal/mol)
were the same. Thus, the favourable AAG,, between MocPhefOMe and
MocPhelOCH2C(0) CHa may be attributed to the binding of the carbonyl,
with no apparent contribution from the methyl group (T-OCH2C(O)C85).
For the comparison of N-benzoylGlytonPr with MocPheT™OCH2C (0)CH;3 to be
valid, it is necessary that the leaving group’s carbons interact with
the enzyme in the same conformation in each substrate. This assumption
is validated by noting that on adding a methylene to either leaving
group, the k., /Ky is improved by the same amount {Scheme 4,14).
CHoPh
H |
H3C-0- (C=0) -N-CH~- (C=0) To-CHz - (C=0) CH3
AAGops =
CHgPh 0.5 kcal/mol
H3C-0-(C=0)—g—éﬂ-(C=O)TO-CH2-(C=0)CHzCB3

MocPhelocH,C (0) CHy vs. MocPheTocHac (0) CHaCH3
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H
Ph- (C=0) =N-CHp~ (C=0) To- (CHy) pCH3
AAGopg =
0.4 kcal/mol
H
Ph- (C=0) -N-CHp~ (C=0) T0~ (CHp) 2CHoCH3
N-benzoylGlyto-n2r vs., N-benzoylGlylo-nBu
(from (90)}
Schaema 4.14
That there is no difference between the methyl and ethyl esters of
N-benzoylglycine as substrates {90) suggests that the P;' carbonyl
carbon of MocPheTOCH,;C(O)NH, would not be expected to contribute
favourably to the apparent binding energy through van der Waals’
contacts. The observed AAG,,; = -1.0 kcal/mol for the P’ carbonyl is
therefore due primarily to effects of the carbonyl oxygen, forming an
hydrogen bond with a doncr on the enzyme. The observed AAG,, does not
arise from very favourable dispersion energy of the oxygen interacting
with a non-polar part of the enzyme since one would then expect an
equivalent effect on going from an ethyl to an n-propyl leaving group as

the terminal methyl of the n-propyl is isosteric with the carbonyl

oxygen.

Given the contribution of -1.0 kcal/mol by the carbonyl group, the
remaining -2.3 kcal/mel of the AAG,,, between MocPheTOMe and
MocPheTOCH,C (O)NH; is accounted for by hydrogen bonding of the ~NH; .
This is the same as the binding energy observed comparing

MocPheTOCH,C(O)NH; with MocPheTOCH,C(0)CH3 (Scheme 4.15). The -NH; to
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CHoPh
H |
H3C-0- (C=0} =N-CH- (C=0) To~CH2~ (C=0) NH2
8Gohg =
CH,Ph -2.3 kcal/mol
H |
H3C-0- (C=0) -N-CH- (C=0) To-CHp- (C=0) CH3

MocPheTOCHZC (O)NHy vs. MocPheTOCHZC (0)CH3
Schema 4.15

-CH, substitution is not generally acceptable for determining
incremental binding energies, however in this case the methyl group does
not appear to affect the kinetics., The lack of effect of this methyl
group appears to be a function of three factors. Firstly, on the basis
of the kinetics of N-benzoylGlyToMe, T-OEt and T-OnPr, this methyl group
does not appear to interact with the enzyme (80). Secondly, any
interactions of the methyl with the hydrogen bond acceptor in §,' will
be dominated by dispersion forces, which will be favourable, leading to
only a slight reduction of AAG.,,. Thirdly, there is the possibility
that the methyl group would have reduced the accessibility of bulk water
to the hydrogen bond acceptor at S,’. If this were the case, empirical
evidence indicates that if it is an uncharged hydrogen bond accepéor
{e.g. C=0), then the various effects will tend to cancel out (68)., ©On
the other hand, leaving an unpaired charged hydrogen bond acceptor
(e.g.-CO0™) will lead to AAGy,, > AAGping (68). Since AAG,,s is very
similar to those observed for the P, and P; NH hydrogen bonds, which are
known to involve dipole-dipole interactions, it is probable that the Pp'
NH hydrogen bond is also dipole-dipole. It is poasible that a weak
charge-dipole interaction is being observed, but the lack of obvious
candidates as the charged side chain in the x-ray structure of papain

argues against this, The incremental binding energy of the
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MocPheTOCH,C (Q) NH;,« « « :B-Enzyme hydrogen bond is therefore concluded to

be on the order of -2.3 kcal/mol.

Further evidence for an hydrogen bond acceptor is the very poor k.,./Ku
< 1.5 M"1-371 for MocPhelOCH,COOH (Scheme 4.16). Removal of the -NH,
CHzPh
H |
H3C-0- (C=0) -N-CH- (C=0) TO-CH,-CONHy
AGpps =
CHpPh <4.2 kcal/mol
H |
H3C-0- (C=0) ~N~CH- {C=0) To-CH3-COOR

MocPheTOCHZC (0) NH2 vs. MocPheTocHcOOH
Schama 4.16

accounts for 2.3 kcal/mol of this with the other > 1.9 kcal/mol being
accounted for by the unfavourable carboxylate~dipole interaction.
Finally, a carboxylate shifted by one methylene further away from the
catalytic site interacts favourably with the enzyme, iandicating a strong
location dependence of the binding energy penalty of the =-C00~ (90)
{Scheme 4.17),

H
Ph- (C=0) ~N=CHy~ (C=0) TS~CHaCH3

AAGghg =
0.5 kcal/mol
H
Ph- (C=0} ~N-CH,- (C=0) T8~ (CH») 2CO0H
N-benzoylGlyTS—Et vs. NLbenzoylGIyTs(Cﬂz)zcooﬂ

(from (90))
Schaema 4,17

4,2.1,2 Added nucleophileg

The evidence for the presence of hydrogen bonding partners for the Py’

C=0 and the P,’ NH is in direct contrast with the observations of
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Brubacher and Bender ({(39), who found that the presence of this amide
functionality did not increase the second order rate conatants for added
* nucleophiles in the deacylation of trans-cinnamoyl-papain. The work of
Alecio et al., (47), however, supports the role of the P;’-P;/ amide in

the hydrolysis of amides.

Brubacher and Bender (39) found that there was no decrease in the second
order rate constants using L-tr&ptophanamide versus L-tryptamine or
methyl L-tryptophanate. Similarly, the similarity of specificity of
glycinamide (k, 7y = 0.53 M"1:371) and aminoacetonitrile (ks =

0.48 M-}-3-1) implies that the -NH; of glycinamide does not form an

hydrogen bond.-

There are likely two different principles in effect with the tryptophan-
based nucleophiles and the glycine-based nucleophiles. The large
difference between the k,, ;'8 for L-tryptophanamide and glycinamide in
spite of their very similar inherent nucleophilicities and pK,'s
indicates that there is binding of the tryptophan side chain in a quasi-
equilibrium step before nucleophilic attack by the amine group on the
acyl enzyme. The lack of effect of the presence of the Py'-P,' amide
indicates that the binding of the tryptophan side chain dominates the
association of nucleophile with enzyme and that the amide (or methyl
ester) is in a different orientation than the amide of

MocPheTOCH,C (O)NHy.  The difference in position need not be large given
the strong length-dependence and directionality of hydrogen bonds
(particularly hydrogen bond donors (91)) and given the fact that a weak

hydrogen bond is worse than none at all (92).
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In the case of glycinamide and aminoacetonitrile, it is unlikely, due to
entropic effects, that an adsorptive complex is formed between the
enzyme and the nucleophiles in the S;’ subsite. The loss of entropy
entailed in binding a smail molecule to an enzyme can be estimated
variously to be worth 10 to 12 kcal/mol (Section 4.5.2.1). Clearly, the
two hydrogen bonds through ~C(O)NH,, even in the presence of strong
dispersion energies acting on the Cge ©of glycinamide (for which there is
no evidence for or against) will not lead to appreciable binding of the
nucleophile to the enzyme in a quasi-equilibrium step before
nucleophilic attack. The observed k, ;;'s represent then, the attack of

the free nucleophile onto the acyl-enzyme.

4,2.2 Ph(CH,),C(0)OCH,C(O)NH, based substratas

Ph (CH,;) ,C (0) OCH,C (O)NH, was found not to be a substrate on the basis of
pH-stat and HPLC results. By HPLC, an upper limit of k., /Ky

S 0.31 M-1.37! was established. As discussed previously, the difference
between Ph(CH,),C{0)- and MocPheTOCH,;NH, is a reflection of the hydrogen

bonding energies of the P,~P; amide group,

Asboth and Polgar (93) reported a k_, /Ky = 2 M-l.3-1 for
N-benzoylOCH,TNH;. Given that P-phenylpropionyl- containing substrates
have higher k., /Ky’s than N-benzoyl- containing substrates (38), it
appears that this observed k., /Ky is due to either contamination of the
substrate or an insufficilently accurate rate assay. Rates were
determined in that study by detecting with a ninhydrin assay the ammonia
liberated during the hydrolysis of the amide. This was done by taking

an aliquot of the reaction solution, adding a ninhydrin solution,
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heating at 100°C for 15 min, cooling on ice for 3 min, then measuring
Rg7pr centrifuging if necessary to remove turbidity. This method of
rate determination is more prone to errors than the HPLC method of thlis
study. The fpapain] = 0.4 to 0.6 UM, was lower than the 2 PM used in
this study. The Ph(CH,),C{0}OCH,C(0)NH, used here was shown to be pure
by HPLC and it was demonstrated using a higher enzyme concentration

that there was no product formation of any kind.

4 B r for ami 8 itution

The AAG.,,’s for the P, and Py NH’S have been estimated, at least in
part, on the substitution of amide functionalities with esters at the
site of the NH in question and therefore represent’estimates of
incremental specificity energies. On the basis of the ester versus
amide comparisons alone, it is possible to argue that the incremental
binding energies of the hydrogen bonded NH’s are considerably less than
the -2.6 to =2.7 kcal/mol cbserved incremental specificity energies and
that the unfavourable interaction of the oxygen with the enzyme’s
hydrogen bond acceptor cont:ibutes most of the AAG,,,"'s. However, our

results indicate that the energetic penalty on placing an oxygen

adjacent to the enzyme’s hydrogen bond acceptor is small; on the order

of 0.4 kecal/mol.

For the P,’ NH, the binding energy of -2.3 kcal/mol was determined
independently of the ester and represents an incremental binding energy.
The penalty to k.,./Ky on placing an ester’s alcoholic oxygen adjacent

to the enzyme’s hydrogen bond acceptor in the S’ subsite is
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approximately 0.4 kcal/mol as determined by the comparison of
MocPheTOCH,C (0) OMe with MocPhelTOCH;C(Q)CHoCHy (Scheme 4.18).

CHoPh

R |
H3C=0~ (C=0) ~N-CH- (C=0) To-CHp- (C=0) CHaCH3
AAGgpg =
CHpPh -0.4 kcal/mol
H3C-O-(C-O)-:-éﬂ-(c-OJTO—Cﬂz-(C-O)Ocng
MocPheTOCHZC (0) CHaCH3 vs. MocPheTOCHZC (0) OMe
Schame 4.18
Similarly, the energetic penalty of placing an ester at P,-F; is not
large; the AAG.,, on substituting an ester for an amide at P,-P; is due
primarily to the loss of favourable binding interactions of the P, NH
rather than addition of unfavourable interactions of the P; =0-. This
is illustrated by considering the addition of a methyl carbamate to
Ph (CH;) 2C (O) OCH,C (O)NH3, increasing specificity by AAG,,; < -5.2 kcal/mol
(Scheme 4.19). This energy must arise primarily from the hydrogen
CHaPh
n—én-(c=o)To-cuz-(c-0)an
AAGopg =
CHpPh >5.2 kecal/mol
H3C-0- (C=0) -g-clzu- {c=0) To~CHy - (C=0) NH7

Ph (CHp) 5C (0) TOCHZC {0) NHp vs. MocPheToCH,C (0) NHZ
Schema 4.19

beonding of the carbonyl group and of the NH, There is no hydrogen bond
donor in the position that the sp® oxygen would be expected to occupy
and the terminal methyl group is positioned adjacent to Gly 66 NH. A
binding energy of better than -5.2 kcal/mol is too large to have been
contributed by the C=0 alone; even assuming 1 kcal/mol in favourable

dispersion energy being contributed by the HyC-0-, a contribution on the
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order of 2 kcal/mol from the NH is required. This compares favourably
with the -2.6 kcal/mol cobserved between the ester and amide
functionalities at this site and therefore represents p;imarily the
favourable binding energy of the NH rather than the unfavourable
interaction of the oxygen. Using the figure of 0.4 kcal/mol for
unfavourable binding of an ester in place of an amide, the incremental
binding energies may be estimated at -2.3 kcal/mol for the P, NH and

-2,2 kcal/mol for the P, NH,

Thus, the main contributor to the incremental specificity energies
between ester and amide containing substrates is the favourable hydrogen
bonding energy of NH (-2.2 to =2.3 kcal/mol) and only a minor
contribution from the unfavourable oxygen-hydrogen bond acceptor
contacts (= 0.4 kcal/mol) . Papain expresses a specificity for NH's at

P,, P; and P,’, rather than a specificity against oxygens.
2¢ ¥F1

4.4 Intar ndanca of interaction enargies

4.4.1 Combined P, NH, P, side chain and P, NH effocts

The observed interdependence of effects at the P, NH, the P, side chain
and the P,~P; amide are typical of enzyme-substrate interactions. When
a favourable interaction such as an hydrogen bond is added to a enzyme-
substrate complex, there is a loss of internal entropy of the complex.
This includes vibrational and overall rotational motions of the
substrate and enzyme relative to each other, as well as bond rotations
that become more restricted. Other factors such as increased solvent

exclusion (which may or may not be entropy driven) may also contribute
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to the energy change. This loss of entropy causes, then, an increase in
the free energy of the enzyme-substrate complex (E-S) and the transition
state (ES!). The magnitude of the energy increase depends on the
tightness of binding of the substrate before the addition of the
hydrogen bond. The incremental specificity energy of the hydrogen bond
is offset to a certain extent by the higher energy of the enzyme-
substrate complexes (f.e. E:S and ES*), A ‘loose’ complex where there
is considerable freedom of motion of the substrate in the active site
will undergo a greater entropy loss than a ‘tight’ complex. The
observable effect of this condition is that on the addition of an
hydrogen bond of a given incremental specificity energy to a substrate,
the observed change in free enerqgy (AAG,,,) depends on the presence of
other interactions and will be greater when it is added to a good versus

a poor substrate.

This effect is illustrated by comparing the addition of a P, NH to
MocPheOCH,C (0) TOMe versus adding the same P; NH to O-benzoylglycolic
acid methyl ester or Ph(CH,),C(0}OCH,C(O)TOMe (Scheme 4.11). The former
case yields AAG.,; = =-2.6 kcal/mol whilst for the latter cases, AAG,
= =1.2 and -1.3 kcal/mol respectively. The presence of the extra P, NH
(and P, Phe side chain compared with O-benzoylglycolic acid methyl
ester) in MocPheOCH,C(0)TOMe reduces the motions of complexed substrate

and enzyme molecules relative to each other, making the entropic penalty

upon addition of the P, NH less than with the other two substrates.

Alternately phrased: because the entropy of the enzyme-substrate
complex is higher for poor substrates, the restriction of motion

necessary to form the hydrogen bond with the P; NH raises the energy of
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the enzyme-substrate complex (E-S) and the transition state {ESY) more
for poor substrates than for good. In each case, the NH group interacts
equally strongly with the hydrogen bond acceptor, but for poor
substrates a larger portion of this energy compensates for the higher

free energy of the complex and therefore appears as a poorer AAG g -

Precisely the same effect is observed with the P, NE and the P; Phe side
chain as with the P, NH, as discussed Sections 4.1.1 and 4.1.2 and in

Schemes 4.6, 4.7 and 4.8.

It is also in accord with the results of Asboth et al. (58), as compared
with those of Williams et al. (59). Substitution of the P, C=0 of 2-
PheGlytOEt (kcar/Ky = 120 000 M-1.s-1 for papain) with C=5 decreased
specificity by 2.7 to 4.9 kcal/mol for several cysteine proteases,
including 4.4 kcal/mol for papain (58). These AAG.,’s represent the
loss of favourable C=0 hydrogen bonded energy plus the unfavourable
energy of fitting the C=S into a site designed for the smaller C=0. For
N-benzoylGlyltOMe (k.,./Ky = 246 M-1:371), AAG,,, = 1.6 kcal/mol on
substituting the P, carbonyl oxygen with a sulfur atom {59). BAs with
the substrates reported in this study, the effect of oxygen to sulfur
substitution at P, C=0 depends on other enzyme-substrate interactions.

The better the substrates, the more unfavourable the resulting effect.

The ‘signalling’ and ‘non-signalling’ interactions of Brocklehurst et
al. (57), when cast in the context of these results, become clear. The
description of signalling, that is, the requirement for the P, C=0, plus
one of the P, Phe or the P; NH to ‘gignal’ the catalytic site and

enhance catalysis is simply a case of the co-operativity of binding
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effects, with more of the incremental binding energy being expressed in

binding as the specificity of the inhibitor increases.

4.4,1,1 Conformational distortion

Whilst there is no direct evidence from these kinetics results, other
studies haﬁe shown that conformational distortions are likely to be
important in papain’s catalytic mechanism. Conformaticnal distortions
by their definition effect catalytic enhancement, whereas simply tighter
binding, as reflected in K; is only binding in the ground state and does

not necessarily lead to a lowering of the activation energy.

There are several lines of evidence for conformational distortion
occurring in papain-substrate complexes in those substrates which

possess the three important contacts about the S; binding subaite.

In a number of studies where Ki’s have been determined and where similar
compounds are being compared, it has been found that large changes in
koat/Ky are often accompanied by only small changes in Kg (or K,). For
example, Lowe and Yuthavong (32) compared the Ky of N-benzoylGly-
p-anisidide {acylation is rate determining, and .. Ky = Kg) with the K,

of 3-benzoylpropionyl-p-anisidide (Scheme 4.20) which is not a
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H
Ph- (C=0) ~N~CHp - (C=0) TNH-CgH4-OCH3  Kg
= 15.9 @M
B
Ph~ (C=0) =C~CHy - (C=0) -NH~-CgH4-0CH3 Kj
H = 19.5 mM

N-benzoylGlyC {O)-p-anisidide vs. 3-benzoylproplonylC{0)-p-anisidide
Schema 4.20

substrate, but is a competitive inhibitor. They found that the
dissociation constants for the two compounds were the same, meaning that
changes in k., /Ky may be attributed to increased k.. Since the
substrate does not bind tighter in forming the Michaelis complex, the
catalytic enhancement must arise from conformational distortion, with
the P, NH providing the additional binding energy. Mattis et al. (26)
found with the peptides mansyl-Gly-Gly-Val-Glu-Leu-Gly where the Leu
residue was either the L- or D- enantiomer, that AAG, = -2.7 kcal/mol
(favouring L~Leu) whereas the difference in the free energy of the K;'s

was only -0.5 kcal/mol.

The binding of the competitive inhibitors o-N-benzoyl-p-ArgOEt or
N-benzoyl P-aminoethanol increases papain’s reactivity to the four
alkylating reagents chloro- and iodo-acetamide and -acetate {94). This
is explainable by either a more nucleophilic sulfur or a conformational
change making the active site cysteine more accessible to the alkylating
agents. In either case, binding of an inhibitor remote from the
catalytic site (necessarily remote otherwise alkylation would be
prevented, as it is by N-benzoylGlyOEt at [S)»Ky (94)) causes change in

the reactivity of papain.

In the resonance Raman studies of dithiocacylpapain of Storer, Carey and

co-workers, all thiono ester substrates containing Gly at P, have been
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observed to form acylenzyme intermediates in which the Gly residue is in
a relaxed conformation, referred to as the B-conformer (38). A shift of
the =1090 cm™! peak to =1065 cm-! has been observed in substrates
containing the P, NH, the P, Phe side chain as well as the P,-P; amide
bond. All other substrates not containing all three groups do not
exhibit this shift. This peak is a complex vibrational mode and
isotopic substitution with 2H or 15N has demonstrated a contribution
from the Py NH (95,96). The shift in peak position is diagnostic of a
change in the environment about the P, NH. Other spectral evidence
shows that the P; Gly residue remains as a relaxed B-conformer. Thus,
the kinetic effects of these three interactions also seem to cause
subtle structural changes in the acylenzyme intermediate structure that
are not seen with poorer substrates (A. Storer, P. Carey, P. Tonge,

personal communication).

While the resonance Raman results indicate that there are changes in the
dithioacylenzyme structure, more directly geometrical evidence is
provided by the x-ray crystallographic structures of a-chloroketone {5)
and E-64 (6) inhibited papains., The binding of these inhibitors is
accompanied by a widening of the active site cleft by approximately 1 A

relative to the structure of native papain (3).

The movement of the walls of the active site cleft includes residues in
the S, binding subsite. Of the residues involved in binding the
substrate molecule at S,, those from the right domain include Val 157,
Asp 158, and Ala 160. These residues sequentially bracket His 159, the

active site histidine residue. Movement of these residues en bloc away
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from the left domain will necessarily also cause movement of the His 159

away from the active site Cys 25.

Thus, the kinetic evidence for conformational distortion in the papain-
substrate complex, i.e. the enhanced k,, with small or no changes in Kg
is confirmed by the observation of structural changes spectroscopically
and x-ray crystallographically. It is possible that conformational
distortion effects may contribute to the observed interdependence of
AAG,,s'S. For example, if by more tightly in the active site cleft a
substrate more thoroughly excludes solvent, this will lead to a locally
more hydrophcbic environment and thus a strengthening of the enzyme-
substrate hydrogen bonds. In the absence of any evidence that any
putative conformational distortions will have this sort of effect, we
propose that the main cause of the interdependence of AAG '8 i3
entropy compensation with the possibility of other, unspecified

contributions.

4.4.1.2 Summary

The interdependence of interactions at the P, NH, the P, Phe side chain
and the P,-P; amide have been demonstrated. The reason for the stronger
binding at each of these sites in the presence of the other two is that
as the number of enzyme-substrate interactions increases, the entropic
cost per interaction decreases. The incremental binding energies of the
P, NH (AAGy,; = -2.3 kcal/mol) and the Py NH (AAGg,, = -2.2 kcal/mol)
were estimated by subtracting a penalty of 0.4 kcal/mol for the
unfavourable energy of placing an oxygen in those positions from the

observed incremental specificity energies. The AAG,,; = -4.0 kcal/mol
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for the comparison of MocPheGlyTOMe versus MocGlyGlytOMe (Scheme 4.8)
represents an estimate of the incremental binding energy of the Phe side

chain in the §, subsite.

There is evidence, on the basis of previous studies, that the binding
energy supplied by the added interactions induces conformational changes
in the enzyme that increase catalytic enhancement. Once the energetic
cost of this distortion is paid for, additional binding energy will be
manifested as tighter binding, that is, as a lower K;. If, for example,
a widening of the inter-demain cleft of papain causes movement of the
loop Val 157 to Ala 160, causing a change in the catalytic residues that
enhances catalysis, then once an optimum widening has been induced,

additional binding energy will cause tighter papain-substrate binding.

4.4.2 Strengths of P, C=0 and P,’ NH hydrogen bonds

The relative strengths of the twe observed hydrogen bonds (P4 C=0Q,
AAG,,, = -1.0 kcal/mol; Pz’ NH, AAG.,, = -2.3 kcal/mol) is probably
attributable to the same effects as interactions on the acyl group side
of the catalytic site. The progressive addition of favourable binding
interactions in the substrate results in the entropic cost of forming
the enzyme-substrate complex being spread over more interactions. This
is likely to be particularly applicable in the case of the P,’-P,’
amide, Upon forming the hydrogen bond to the P, C=0, the movement of
the P,’ NH becomes very restricted due to the rigid, planar geometry of
.ue amide; making the entropic cost of forming the P, NH hydrogen bond
very small and therefore making AAG,,; = -2.3 kcal/mol a good estimate

of the incremental binding energy. The incremental binding energy of
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the Py’ C~0 is probably considerably more favourable than the AAG,,,

= =1,0 kcal/mol observed here.
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5, CONCLUSIONS

We have shown that the active site cleft of papain has hydrogen bonding
partners for the peptide backbone of substrates extending at least from
the S, to the S,/ subsites. The incremental binding energies of these
hydrogen bonds and of the P, Phe side chain have been estimated (Table
5.1). The observed interdependence of binding energies at each site on
the acyl side of the catalytic site is characteristic of enzyme-
substrate interactions and is largely due to a decreased entropic

penalty with successive additions of favourable interactions.

Application of the knowledge of sites of potential favourable
interactions will permit the more intelligent design of cysteine

protease inhibitors.
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Table 5.1 Summary of results.

Site . AAGbi.nd AAGp,
(kcal/mol) {(kcal/mol)

P, NH -2.3

Py Phe side

chain -4.0

P, NH -2.2

p,' C=0 -1.0

Pz' NH -2-3
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