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ABSTRACT

The HIV-1 virus encodes a protease essential for the processing of polyprotein
precursors into mature viral proteins. This enzyme is a primary target for drug design
against AIDS. Concurrent effects of inhibitors targeted to defined regions of the extended
active site were investigated using Yonetani-Theorell kinetics to understand its complex
specificity requirements. Kinetic data revealed that the simultaneous presence of two
specific inhibitors may increase their binding affinity for the enzyme. A 100-fold
enhancement in binding affinity was observed in certain instances. Results from this work
showed a correlation between inhibitor synergism and substrate specificity thus implicating
subsite interactions in enzyme catalysis.

To facilitate the analysis of enzyme-inhibitor interactions an improved graphical
method, the combination plot, was developed as an zlternative to the Yonetani-Theorell
plot. The method generates a single straight line rather than a family of lines which is the
traditional approach in such kinetic studies. The slope of the plot, 1/e, quantitatively
measures the extent and nature of interaction between two inhibitors on their target enzyme.
The approach was easily extended to analyze, for the first time, the interaction between
three competitive inhibitors on an enzyme. The combination approach potentially has broad
applications for kinetic analysis.

Combination plots were used in the discovery of gem-dialkyl succinic acid
derivatives as a new class of unusually potent reversible inhibitors of carboxypeptidases A
and B. 2-Ethyl-2-methylsuccinic acid binds to carboxypeptidases A and B with dissociation

constants of 1.1 X 107 M and 3.4 X 10 M respectively. The low dissociation constants
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of the inhibitors for the zinc proteases can be attributed primarily to the gem-dialkyl groups
which presumably make very important hydrophobic contacts within the active site. The
inhibitors may also act as zinc ligands while possessing sufficient affinity for the carboxyl-

recognition site in the enzymes.
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1. INTRODUCTION

ENZYMES AS BIOLOGICAL CATALYSTS

Understanding the processes which define life invariably entails an in-depth
knowledge of biochemical pathways and the mechanisms of the enzymes involved. While
ensuring cellular processes remain highly controlled, enzymes also enhance their rates.
Without enzymes most reactions would not proceed fast enough to sustain life. As catalysts,
enzymes generally enhance reaction rates by an order of 10° - 10" over the nonenzymatic
reactions (Fersht, 1977). Such remarkable rate accelerations are achieved by virtue of their
(enzymes') ability to stabilize the transition state, the highest energetic species on the
reaction co-ordinate (Pauling, 1948). This is made possible through suitably placed
functional groups at the active site which leads to a reduction of the free energy of
activation (Figure 1).

Another hallmark of enzyme-catalyzed reactions is their specificity. Enzymes
generally catalyze specific or very closely related chemical reactions (Walsh, 1979). The
notion of specificity, however, may be used both to reflect the type of reaction an enzyme
catalyzes or the breadth of substrates it utilizes (Stryer, 1988). Thus an enzyme may display
broad specificity with respect to its spectrum of substrates, although the type of reaction
catalyzed essentially remains the same, For example, alcohol dehydrogenase specificaily
catalyzes the oxidation of an alcohol to an aldehyde and vice versa. Although several
alcohols serve as substrates for the enzyme, the primary reaction remains the regiospecific

removal of a hydrogen atom to generate the corresponding aldehyde in the forward reaction
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Figure 1. Rcaction co-ordinate profile of an enzyme-catalyzed versus non-catalyzed
reaction. Ea_,- activation energy of enzyme-catalyzed reaction; Ea,,,, - activation energy
of nonenzymatic reaction, G - Gibbs free energy. (Reproduced from Fersht, 1977 with
modifications.)



(Loewus ef al., 1953),

Since their discovery in the 1800's, enzymes have been extensively studied in order
to assess their role in intermediary metabolism and other cellular processes (Stryer, 1988).
Another aspect of enzymology, arguably more academic than practical in many cases, have
been efforts aimed at unravelling the origins of the remarkable rate accelerations and high
specificities (Pauling, 1948; Koshland, 1958; Jencks, 1975; Burbaum ef al., 1989). The
enormous potential of applying enzymes in industry and medicine coupled to the possibility
of engineering "new" enzymes through molecular biological technology has, however,
added renewed impetus in this endeavor (Gacesa and Hubble, 1987). In this thesis,
significant information is presented concerning the mode of action of two enzymes and a
general method is described for analyzing certain types of enzyme behavior.

Understanding the mechanism of an enzyme entails a detailed examination of both
kinetic and chemical mechanisms as well as the structural basis of its action. Kinetic
approaches reveal information regarding rates of individual steps on the reaction pathway
and thereby indicate which of the physical or chemical steps limits the overall reaction
(Segel, 1975). A classic example is the pioneering work of Hartley and Kilby (1954) who
applied burst kinetics (an approach where an initial burst of product formation precedes a
steady reaction rate) to elucidate the rate-determining step in the catalytic reaction of
chymotrypsin, a proteolytic enzyme. The various chemical intermediates generated in the
course of a single turnover from substrate to product is described by the chemical
mechanism of an enzyme. Through the application of rules from organic chemistry and

ingenious methods of trapping reaction intermediates, the transition state which is stabilized
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to promote the reaction can be described (Walsh, 1979). To fully appreciate how the
binding of a substrate at the active site of an enzyme results in catalvsis requires the
determination of the three-dimensional structure of the enzyme and the essential residues
of the catalytic machinery (Blow and Steitz, 1970). Ultimately, the chemical and structural
mechanism of an enzyme-catalyzed reaction must corroborate the kinetic model.

Enzyme inhibitors, compounds that bind and slow down an enzyme reaction, have
been powerful tools for the analysis of enzyme action particularly transition-state analogues
(inhibitors that resemble the transition state of the reaction) (Lolis and Petsko, 1990).
Inhibitors can be broadly grouped into reversible, those which do not react chemically with
the target enzyme and irreversible, those which do. Reversible inhibitors are further sub-
classified into competitive, noncompetitive and uncompetitive on the basis of how they
influence the kinetic parameters with respect to the substrate of the enzyme (Segel, 1975).
Competitive inhibitors essentially compete with the substrate for binding thereby raising the
substrate's K (the substrate concentration that gives half the maximum rate, V).
Noncompetitive inhibitors do not influence K but reduces V,_,.The binding of
uncompetitive inhibitors depend on the presence of the substrate and therefore affect both
K., and V. There are other classification criteria; for example, inhibitors may be grouped
based on their rate of arsociation with the enzyme and tightness of binding (Morrison and
Walsh, 1988). Generally, because competitive inhibitors similarly bind at the active site they
serve as useful diagnostic probes for establishing the mechanism of enzyme-catalyzed
reactions (Lolis and Petsko, 1990). Thus, the application of inhibitors contributed greatly

to the understanding of the mechanism of chymotrypsin, arguably the most understood



enzyme in biochemistry (Blow and Steitz, 1970; Kraut, 1977).

Another aspect of studies involving enzyme inhibitors is their potential application
as drugs against target enzymes in disease states. The use of inhibitors in enzymology has
been demonstrated most extensively for proteolytic enzymes as they generally permit
variations in substrate structure and therefore their analogues (Aoyagi ef al., 1972; Bendall
el al., 1977; Smith et al., 1988; Szelke ef al., 1982; Rich and Sun, 1980: Byers and
Wolfenden, 1972,1973; Ondetti ef al., 1979; Roberts ez al., 1990; Hanson ¢f al., 1989;
Schoellman and Shaw, 1963; Cushman er al.,, 1977, Lam et al., 1994). Furthermore,
proteolytic enzymes have been, historically, the most studied and better understood group
of enzymes and have thus served as models for a general understanding of enzyme action.
The proteolytic enzymes carboxypeptidases A and B and HIV-1 protease have been studied
as model enzymes in this thesis. Based on previous knowledge of the structures and potency
of certain inhibitors, studies have been performed which may further contribute to the

discovery of new inhibitors and to our understanding of enzyme action.

PROTEOLYTIC ENZYMES

These enzymes which catalyze the hydrolysis of peptide bonds are also referred to
as peptidases, proteinases or proteases. Since proteolytic enzymes are proteins, they may
themselves serve as substrates and undergo self-hydrolysis if the particular bonds they
hydrolyze are exposed. Consequently, the digestive enzymes, for example, are synthesized
in the form of inactive zymogens and undergo activation at their sites of action (Stroud ef

al., 1977). Pepsin, for example, is synthesized in the form of the zymogen, pepsinogen, in
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the pancreas and undergoes activation in the presence of the low pH conditions within the
stomach. The mechanism of activation involves an intramolecular cleavage of the N-terminal
44 amino acid residues of the zymogen which block entry of potential substrates to the
active site in the precursor (James and Sielecki, 1986). A survey of proteolytic enzymes
reveal diverse physiological roles in different cells and tissues (Barrett, 1977). Several
lysosomal proteases, for instance, are involved in the degradation of proteins released into
that organelle (Barrett, 1977) while other proteases like signal peptidase in the endoplasmic
reticulum function to aid in the targeting and trafficking of newly synthesized proteins
(Pfeffer and Rothman, 1987). The matrix metalloproteases, inchiding stromelysins and
matrilysin are involved in tumour invasiveness (Matrisian, 1992) while several others like
the clotting factors act in defense of the host (Walsh, 1975). Industrially, proteases similarly
have wide applications including their use in meat tenderization, cheese making and in the
brewing industry for removal of beer haze (Gacesa and Hubble, 1987). It is therefore not
surprising that they were among the first enzymes to be purified, characterized and three
dimensional structures solved (Blow and Steitz, 1970).

Prot-eolytic enzymes can be broadly classified into two groups depending on the
position of the scissile bond (the susceptible peptide bond) relative to the termini of the
protein or peptide (Walsh, 1975). Exopeptidases describe those enzymes which cleave the
terminal amino acid of the peptide or protein substrate while endopeptidases refer to those
enzymes whose cleavage sites occur within the substrate. Exopeptidases are further
subdivided into aminopeptidases which cleave the N-terminal residue and carboxypeptidases

which cleave the C-terminal amino acid. On the basis of their mechanism of action and the
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catalytically essential residue, the family of proteolytic enzymes fall into four major classes:
serine, cysteine, aspartic and metalloproteases (Hartley, 1960). Owing to their identical
catalytic mechanisms each class is specifically inhibited by characteristic compounds; for
instance, aspartic proteases are exclusively inhibited by the antibiotic, pepstatin (Iva-Val-
Val-Sta-Ala-Sta) (Umezawa ef al., 1970). In addition to sharing a similar catalytic
mechanism, members of each class also maintain significant sequence homology and fold
into distinct tertiary structures (Fersht,1977). Surprisingly, though, some members of a class
exhibit no sequence homology and do not fold into the defining architecture of the majority
of the members, however, they maintain a similar catalytic mechanism. For example, the
bacterial serine protease subtilisin versus the mammalian serine proteases. Such effects have
been attributed to a convergent evolutionary process where different tertiary folds end up
with the same catalytic mechanism (Fersht, 1977).

Proteolytic enzymes ultimately accomplish the same task, hydrolysis of peptide
bonds, but through different mechanisms. The differences in mechanism result from the
essential amino acid residues employed and their spatial arrangement within the active site
(Blow and Steitz, 1970; Kraut, 1977; Lipscomb, 1983). The serine proteases possess a
catalytically essential serine residue (Ser-195 in Chymotrypsin) as a member of a catalytic
triad necessary for nucleophilic catalysis. The other members of the catalytic triad a histidine
and an aspartic acid serve to potentiate the nucleopbhilicity of the essential serine residue in
catalysis (Blow ef al., 1969). Mutating or covalently modifying the equivalent of the triad
in all members of this class results in a loss of catalytic activity. The thiol 61‘ cysteine

proteases like the serine proteases catalyze their reactions through the formation of a
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covalent intermediate involving the substrate and the catalytically essential cysteine {Cys-25
in papain), However, a charge-relay mechanism involving three catalytically essential
residues as found in the serine proteases is absent (Lowe, 1976).

As their name suggests, aspartic or acid proteases like pepsin and HIV protease
contain catalytically important aspartic acid residues and are generally active under low pH
conditions. In this class of enzymes, catalysis proceeds through a general-base/general-acid
mechanism involving a pair of aspartic acid residues and does not involve a covalent
intermediate (Polgar, 1987; Pearl, 1987; James and Sielecki, 1986). Although the residue
acting as the general base or acid is not clear, Asp-32 and Asp-215 -serve this role in pepsin,
the archetype of tﬁis class (Tang, 1970; Hartsuck and Tang, 1972). The essential aspartic
acid residues occur twice in a consensus sequence of Asp-Thr/Ser-Gly in the primary amino
acid sequence of monomeric members and once in each subunit of the homodimeric
members of the group, like the retroviral proteases from HIV and RSV (Fitzgerald and
Springer, 1991; Davies, 1990). Because the retroviral proteases possess less than half the
number of residues found in their monomeric group members and are active as homodimers,
it is therefore generally believed that the monomeric members of the class must have arisen
from a gene duplication during evolution (Pearl and Taylor, 1989).

The fourth class of proteolytic enzymes, the metalloproteases, employ a divalent
cation in catalysis {Lipscomb, 1983). Zinc is the metal most commonly used in these
enzymes (Auld and Vallee, 1987) and it is tightly held by side chains of three active site
residues with water as the fourth ligand (Rees er a/., 1983). Substitution of the zinc with

other divalent metals in carboxypeptidase A, for example, results in a catalytically active
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enzyme of altered properties in certain cases, the apoenzyme (an enzyme without the
essential metal cation at the active site), however, is catalytically inactive (Coleman and
Vallee, 1960). Catalysis in these enzymes involves the polarization of the carbonyl carbon
of the susceptible amide bond by the catalytically essential zinc cation acting as a Lewis acid
(Christianson and Lipscomb, 1989). The digestive enzymes, carboxypeptidases A and B are

examples of this class of proteases.

TARGET ENZYMES.
HIV-1 protease

The protease from human immunodeficiency virus type 1 (HIV-1) plays a very
important role in the life cycle of the virus. Like other retroviruses, HIV translates its
proteins in the form of polyprotein precursors, 55 kD gag, 165 kD gag-pol and 160 kD
env, which are posttranslationally processed into mature structural proteins and enzymes by
the virally encoded protease (Kohl er al., 1988; Seelmeier ef al., 1988). The protease does
not exhibit activity towards the env gene product and its cleavage is believed to be
catalyzed by a host protease (Darke e/ al., 1988). Interestingly, the HIV-1 protease
autocatalyzes its excision from the gag-pol polyprotein precursor (Kramer ef al., 1986;
Debouck et al., 1987) therefore deleterious mutations in the po/ gene which abolishes the
activity of the protease leads to an accumulation of polyprotein precursors. Furthermore,
virions which result from such disruptions are non-infectious and show deformities in their
morphology (Kohl ef al., 1988). Biochemically, inhibitors to the HIV-1 protease also lead

to a build up of polyprotein precursors (McQuade e/ al., 1990). Such studies have
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established HIV-1 protease as a potential candidate for the design of drugs against AIDS.
Thus, there has been an intensive research program on the enzyme in an attempt to develop
highty specific and potent inhibitors (recently reviewed by Wlodawer and Erickson, 1993).
Such efforts have been facilitated by the vast knowledge accumulated previously on other
aspartyl proteases (Szelke ef al., 1982; Boger ef al., 1983) emphasizing the importance of
studies on model enzyme systems.

HIV-1 protease is a 99 amino acid protein with a native molecular weight of about
22,000 kD and is catalytically active as a homodimer (Graves ef al., 1988; Meek et al.,
1988). The enzyme has been conclusively characterized as an aspartyl protease based on
its primary amino acid sequence (Yasunaga ef al., 1986), mutational analysis (Kohl ef al.,
1988; Seelmeier ef al., 1988), kinetic properties (Meek ef al., 1988; Hansen ef al., 1988;
Hyland ¢t al., 1991(a); 1991(b)) and three-dimensional structure (Navia ef al.,, 1989;
Wlodawer ef al., 1989}, The tertiary structure of the enzyme revealed the distinctive fold
of aspartic proteases with some differences (Wlodawer et af, 1989). Dimerization of the
enzyme results in the creation of a C, symmetry at the active site; which is formed at the
interface of both subunits. Unlike monomeric aspartic proteases which have a single "flap”,
HIV-1 protease possesses two "flaps" which act as lids over the active site upon substrat.
binding. The residues of the N and C termini rather than being free and distorted are
involved in a four stranded anti-parallel p-sheet (Wlodawer et al, 1989) which stabilize the
dimeric structure suggesting activation does not proceed via an intramolecular cleavage as
occurs in pepsinogen (James and Sielecki, 1986). The mechanism of activation is presently

not clearly understood but it appears to involve an intermolecular rather than an
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intramolecular cleavage of the precursor (Wlodawer ef al., 1989).

With respect to substrate specificity, a comparison of the cleavage sites of natural
and synthetic substrates of HIV-1 protease (Figure 2) indicates that the primary amino acid
sequence alone cannot govern the specificity of the enzyme. A more subtle mechanism
involving the interplay of subsites could therefore be in operation in view of the extended
nature of the enzyme's active site, Subsite effects on inhibitor binding have been previously
observed in several metalloproteases (Chan and Pfuetzner, 1993; DiGregorio ¢f af., 1988,
Pfuetzner and Chan, 1988; 1993). Such effects have therefore been investigated in HIV-1
protease with interesting implications.

In view of the pharmacological importance of this enzyme several inhibitors have
been screened or synthesized with the most potent being the substrate and transition-state
analogues with hydroxyethylene, hydroxyethylamine and aminomethylene as non-
hydrolyzable scissile bond replacements. Inhibitors containing these groups exhibit
dissociation constants (K,) in the uM - nM range (McQuade e¢f al., 1990; Tomasselli ef al.,
1990; Richards ef al., 1989; Rich ef al., 1990; Roberts ef ai., 1990; Rich ef al., 1991).
Other scissile bond surrogates include phosphinic acid isosteres (Dreyer e/ al., 1989;
Grobelny ef al., 1990), statines (Tomasselli et af., 1990; Billich e al., 1988; Hui ¢/ al.,
1991), hydroxyethylureas (Getman ef al., 1993) and difluoroketones (Dreyer ¢f al., 1989;
Sham ef al., 1991). The C, symmetry of HIV-1 protease has also been exploited in the
design of very potent and specific inhibitors including A74704 (see Figure 8; Kempf ¢f af.,
1990) which served as the parent compound in the synergistic studies on HIV-1 protease

reported in this thesis, Dimerization preventive inhibitors (Schramm ef al., 1991; 1993) and
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Figure 2, Cleavage sites in the gag and gag-po/ polyprotein precursor substrates of HIV-1
protease. Scissile bonds are indicated by . Reproduced from Debouck (1992) with
modifications, F refers to a free terminus which does not delimit a functional protein.
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naturally occurring inhibitors have been also pursued (Lingham ef al., 1992; Blumenstein

et al., 1989).

Carboxypeptidases A and B

These exopeptidases are synthesized as zymogens by the acinar cells of the pancreas
and undergo activation by trypsin in the duodenum where they function as digestive
enzymes (Stryer, 1988). Both enzymes are similar with respect to their presumed catalytic
mechanism (Zisapel and Sokolovsky, 1975), amino acid sequence (Titani ef a/., 1975) and
three dimensional structure (Schmid and Herriott, 1976); they, however, differ in specificity.
The suffix A and B of the enzymes relates to their specificity; the A enzyme prefers
aromatic amino acids while the B enzymes is specific for basic ones. Bovine
carboxypeptidase A (Vallee and Neureth, 1954) and porcine carboxypeptidase B (Folk ef
al., 1960) are among some of the most extensively studied proteases; they have served as
useful models for enzyme structure and function (Blow and Steitz, 1970; Lipscomb, 1983;
Auld and Vallee, 1987) and have been used as such in this thesis.

The active sites of both enzymes are fully formed in the inactive zymogen but access
is physically blocked by the presence of an N-terminal domain which acts as a latch over
the cavity (Guasch er al., 1992). Limited proteolysis by trypsin removes this domain of 95
amino acids to activate the enzymes. An active site extending over five amino acid residues
(Sy - S, is indicative of kinetic studies (Abramovitz et al., 1967) and structural data
(Lipscomb, 1983). In addition to their proteolytic activity, carboxypeptidases A and B also

possess esterase activity (the ability to hydrolyze ester bonds) (Auld and Vallee, 1987)
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which appears to proceed via a different mechanism. Breslow and Wernick (1977) have
postulated that the general-base and covalent catalysis suggested by available kinetic and
structural data reflects the dual activities of carboxypeptidase A. Thus, peptides are
primarily hydrolyzed by a general-base mechanism while esters would undergo covalent
catalysis owing to the weaker affinity of the ester carbonyl for the catalytically essential zinc
atom thereby necessitating the alternate anhydride-intermediate mechanism involving Glu-
270.

X-ray crystallographical analysis of the carboxypeptidases has played a major role
in understanding the activation and mechanism of action of these enzymes. That the zinc
is sequestered at the active site by two histidines and a glutamic acid (His-69, His-196 and
Glu-72 in carboxypeptidase A) with water as a fourth ligand has been firmly established in
both enzymes (Rees ¢f al., 1983; Schmid and Herriot, 1976). A site specific for the terminal
carboxyl group of peptides (primarily Arg-145 in carboxypeptidase A} also confirmed earlier
studies using covalent modification approaches (Riordan, 1973). The roles of other amino
acids, for example, Tyr-248 and Arg-127 which also participate in catalysis have been
elucidated (Christianson and Lipscomb, 1989). The basis of the distinct specificities of the
enzymes: the existence of a hydrophobic pocket in carboxypeptidase A and the presence
of Asp-255 at the base of the substrate binding pocket in the B enzyme has been resolved
(Rees er al., 1983; Schmid and Herriot, 1976).

Several inhibitors of the carboxypeptidases have been synthesized with the view to
understanding the catalytic mechanism of the enzymes and also to provide tools for the

development of more potent inhibitors of other zinc proteases. For example, Byers and
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Wolfenden (1973) successfully synthesized a bi-product analogue, L-benzylsuccinic acid,
which showed tight binding (K; 4.5 X 107 M) to carboxypeptidase A and competitively
inhibited both ester and peptide hydrolysis. Analysis of the effect of L-benzylsuccinic acid
showed it also bound the B enzyme although with a decreased affinity (Zisapel et al.,1973).
Similar design approaches were taken by McKay and Plummer (1978) in the synthesis of
the potent inhibitor, guanidinoethylmercaptosuccinic acid (K; 4 X 10 * M) for
carboxypeptidase B. The transition-state concept (Wolfenden, 1972) has been most
successful in the design of inhibitors against the carboxypeptidases, for example, Kaplan and
Bartlett, (1991) impressively synthesized the phosphonate tripeptide analogue, Cbz-Phe-
Val’-(0)-Phe, (K; 11 X 10" M) against carboxypeptidase A. In this thesis, a potentially
new approach in the design of inhibitors against zinc proteases is presented using

carboxypeptidases A an B as model enzymes.

RATIONAL DRUG DESIGN

The important physiological roles of proteolytic enzymes in metabolism including
their involvement in digestion and protein turnover, cell defense mechanisms, production
of bioactive peptides, cellular invasiveness, for instance, have spurned on a great deal of
research on their mechanism of action. Pharmacologically, the inactivity or superactivity of
proteolytic enzymes in several disease states has received a great deal of attention. For
example, the search for inhibitors against renin which is an aspartic protease and
angiotensin-converting enzyme, a metalloprotease, involved in the modulation of blood

pressure has been an on-going research project in several pharmaceutical institutions for
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many years (reviewed by Cushman and Ondetti, 1982). Although the serendipitous search
for agents against several diseases continues, the increasing knowledge of the mechanism
of enzyme action coupled with the availability of high resolution three-dimensional
structures has shifted the emphasis toward rational drug design and development.

The transition state theory of enzyme catalysis (Pauling, 1948) suggests that an
enzyme displays its highest affinity not for the substrate nor the product (the ground state)
but for the transition state on the reaction co-ordinate. Because the transition state occurs
only fleetingly during catalysis, it would be expected therefore that a more stable structure
resembling that species should bind the enzyme with a higher affinity than a simple substrate
or product analogue (Wolfenden, 1972; Leinhard, 1973). On the assumption that a
transition state species is in thermodynamic equilibrium with the ground state and
irrespective of whether bound to an enzyme or occurring free in solution it decomposes
with a vibrational frequency equivalent to that of a chemical bond being formed or broken,

the following relationship holds (Wolfenden, 1972):

Knonen:= KT =10"%8-10"4

ens 8

(where transmission coefficients is taken as unity for both reactions)

Since K for a typical substrate occur in the range of 10 - 104 M, it follows that K, will
be expected to be in the range of 10 - 10 M. Thus, a good transition-state analogue
would be expected to have a dissociation constant in the above range. Originally postulated
by Pauling (1948) and expounded by Wolfenden (1972), this approach towards drug design

has been generally exploited for the development of several potent inhibitors including
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captopril (D-3-mercapto-2-methylpropanoyl-L-proline) for the metalloprotease, angiotensin-
converting enzyme (Cushman er al., 1977).

Since the application of the transition-state concept in drug design is based on
mimicking the presumed transition-state of a reaction, it becomes imperative that the
mechanism of action of the particular enzyme be known in sufficient detail because the
species cannot be physically isolated and characterized. Obtaining an X-ray crystal structure
of the enzyme/transition-state analogue complex, in many cases, serve as a diagnostic tool
to biophysically highlight the nature of interaction between the lead compound (inhibitor)
and the target enzyme (Lolis and Petsko, 1990). From the crystal structure improvements
can then be made on the lead structure by including suitable functional groups to enhance
potency and presumably solubility. The iterative cycle of design, evaluation and X-ray
structure determination of the enzyme-inhibitor complex is pursued rationally until a potent

inhibitor of the enzyme is obtained.

ACTIVE SITE INTERACTIONS

From the fore-going, it is evident that an insight into how a potential inhibitor
interacts at the active site of an enzyme could contribute tremendously towards rational
drug design. The active site of several proteases are extended and capable of binding several
amino acids {Schecter and Berger, 1967). HIV-1 protease, for example, binds three amino
acid residues of its substrate to either side of the scissile bond (Schneider and Kent, 1988;
Moore ef al., 1988). Such extensive interactions can, no doubt, be harnessed in developing

more potent inhibitors against this enzyme for instance. Furthermore, subsite interactions
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leading to increased inhibitor potency through the phenomenon of synergism has been
documented in some zinc proteases. In angiotensin-converting enzyme, for instance, the
simultaneous presence of a zinc ligand, acetohydroxamic acid, and acetyl-proline, an affinity
probe, improves their affinity for the enzyme by a factor of 150 (Pfuetzner and Chan,
1988). A similar phenomenon has also been observed in other zinc proteases including
microsomal aminopeptidase (DiGregorio ef al., 1988), thermolysin (Pfuetzner and Chan,
1993) and carboxypeptidases A and B (Chan and Pfuetzner, 1993).

Even though the role of inhibitor synergism in drug design has not been totally
defined the potential clearly exists. The approach can provide invaluable information
regarding the topographical architecture of an enzyme's active site. Traditionally, the
concurrent effect of pairs of inhibitors at an enzyme's active site has been analyzed
primarily by the method of Yonetani and Theorell {1964). On the assumption that the
inhibitors do not react chemically but bind reversibly, the method yields an interaction
constant, e, which quantitatively describes the nature and extent of interaction between two
inhibitors on the enzyme. When the measured interaction constant is less than 1 (a<1), it
indicates that the inhibitors interact synergistically. In this thesis, the reciprocal of the value
of @ which gives directly the quantitative measure of the fold-increase in affinity ie. the
synergistic factor of the inhibitors for the enzyme will be used. Thus, 1/ of 10 ie. an « of
0.1 indicates a 10-fold increase in affinity of the inhibitors for their target enzyme. When
«=1, it signifies that the inhibitors bind independent of each other. In other words, two
independent, non-interacting subsites exist for the inhibitors within the active site. The

binding of vne inhibitor interferes with the other when the value of 1/a<I. A situation
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where the binding of one inhibitor does not physically prevent the binding of the other
directly but induces a conformational change in the enzyme which masks the binding site
of the second inhibitor would also yield 1/a<1. These two forms of antagonism cannot be
distinguished on the basis of the kinetic approach. In the extreme case where the binding
of one inhibitor totally excludes the other 1/a~0 ie. g~es.

The Yonetani-Theorell approach (1964) of analyzing inhibitor synergism follows an
established tradition in enzymology where the interception point of a family of lines is used
to evaluate some kinetic parameter (Segel, 1975). Following the formulation of the rate
equation of enzymes by Michaelis and Menten (1913), several plots have been suggested
to facilitate the determination of kinetic constants (K, and k_) of which the most
commonly used is that of Lineweaver and Burk (1934). By using a family of lines
representing effects at different substrate concentrations, the double reciprocal Lineweaver-
Burk method (where the reciprocal of the reaction rate, 1/, is plotted against the reciprocal
of the substrate concentration, 1/[s]) could also be employed for determination of inhibition
constants where the point of interception of the lines reveals the constant. The work of
Dixon (1952) adopted “the family of lines" approach and introduced the secondary replot
for a direct determination of the inhibition constant graphically. Presently, the determination
of virtually all kinetic constants where a variation of a dependent parameter is employed
relies on the use of a family of lines (Segel, 1975); for example, the determination of
binding order of multi substrates of an enzyme reaction and the determination of
inactivation rates at different temperatures. In this thesis, a different approach is presented

which departs from this long-standing tradition of determining kinetic constants. In the



20
approach presented, an equation unifying the primary and secondary plots is derived and
plotted as a single line to directly determine the desired kinetic parameter from the

intercepts and slope.

DESIGN AND SURVEY OF RESEARCH
Interactions of inhibiiors with aspartic proteases

The first part of this thests is aimed at understanding ligand interactions in HIV-1
protease. To investigate the potential involvement of subsite interactions in the catalytic
mechanism of HIV-1 protease, the possible existence of synergistic interactions among
inhibitors targeted to defined regions of the active site is examined. Following the detection
of inhibitor binding synergism in HIV-1 protease, the generality of the phenomenon in
aspartic proteases, is assessed by examining pepsin, the archetype of the class, for similar

effects.

Combination plots: An alternative approach to the analysis of enzyme-inhibitor
interactions

This part of the thesis deals with the development of an improved graphical method,
the combination plot, for the analysis of enzyme-inhibitor interactions. The utility of the
combination plots is illustrated with carboxypeptidase B, an enzyme which was previously
shown to exhibit inhibitor synergism with easily obtainable inhibitors (Chan and Pfuetzner,

1993). The merits of the approach in relation to other methods are discussed.
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Gem-dialkyl succinic acids inhibitors of carboxypeptidases A and B

Gem-dialkyl succinic acid derivatives were discovered as unusually potent inhibitors
of both carboxypeptidases A and B. This part of the thesis pertains to studies peffonned
on this new class of reversible inhibitors of the carboxypeptidases. The work explores the
origins of the remarkable inhibitory potency and attempts to characterize the inhibitors

which cannot be strictly classified as either transition-state or substrate/product analogues.



2. MATERIALS AND METHODS

2.1 Materials
2.1.1 Synthetic reagents

N-carbobenzyloxy(Cbz)-L-amino  acids, amino acid derivatives, 1,1'
carbonyldiimidazole, dicyclohexylcarbodiimide (DCC) and B-phenethylamine were
purchased from Sigma Chemical Co. (St. Louis, MO). Sodium hydrogen carbonate,
magnesium sulphate, dimethylformamide (DMF), methylene chloride, chloroform,
cyclohexane, hexane and ethylacetate were products of British Drug House (BDH)
(Toronto, ONT). Hydrochloric acid (HCI), formic acid and absolute ethanol were obtained
from Fisher Scientific Chemical Co. (Toronto, ONT). Isoamylamine, diisopropylethylamine,
methylamine, benzylamine and 1-hydroxybenzotriazole (HOBT), were bought from Aldrich

Chemicals Co. (Milwaukee, WI).

2.1.2  Other chemicals

Tris(hydroxyethyl)aminomethane {TRIS), ethylenediaminetetraacetic acid (EDTA),
dithiothreitol (DTT), ninhydrin, 2,4,6-collidine, tetramethylsilane, citric acid, MOPS and 2-
[N-Morpholino]ethanesulfonic acid (MES) were obtained from Sigma (St. Louis, MO).
Dimethylsulfoxide (DMSO), acetic acid, methanol, pyridine and HPLC grade acetonitrile
were purchased from Fisher Scientific Chemical Co. (Toronto, ONT). Glycerol, 1-phenyl-3-
methyl-2-pyrazolin-5-one and isobutyric acid were purchased from Aldrich (Milwaukee,

WI). Ethylene glycol was bought from British Drug House (BDH) {Toronto, ONT). Ultra

22
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pure urea was obtained from Canada Scientific Products (Toronto, ONT). All deuterated
solvents for NMR were products of MSD isotopes.

Silica gel TLC plates were obtained from Analtech (Toronto, ONT). Silica gel (35-
70 microns) for column chromatography was purchased from Digital Specialty Chemicals

(Mississauga, ONT).

2.1.3  Inhibitors

Methylsuccinic acid, 2-ethyl-2-methylsuccinic acid, 2,2-dimethylsucrinic acid, meso-
2,3-dimethylsuccinic acid and B-mercaptoethanol were products of Aldrich Chemical Co,
(Milwaukee, WI). Succinic acid, succinamic acid, Pepstatin, pivalic acid, methylguanidine
and acetohydroxamic acid were purchased from Sigma Chemical Co. (St. Louis, MO). Ultra
pure guanidine was obtained from Schwarz/Mann Chemical Co. (Orangeman, NIJ). Butyric
acid and propionic acid were purchased from Fisher Scientific Chemical Co. (Toronto,
ONT). Formohydroxamic acid and ethylguanidine were synthesized by Richard Pfuetzner
(Chan and Pfuetzner, 1993). N,N" bis phenylalanine ethyl ester sulfonamide was synthesized

by Mrs J. Kaiser.

2.1.4 Enzymes and substrates
The affinity purified recombinant HIV-1 protease (EC 3.4.23) was obtained from
Bachem (Philadelphia, PA). The HIV-1 protease substrate, acetyl-SQNYPVV-amide and

the hydrolytic product, acetyl-SQNY, were custom synthesized by Pharmacia (Toronto,

ONT).
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A crude preparation of AMV protease (EC 3.4.23) was obtained from the virus by
modifying the procedure of Johnson ef al., (1983). 500 mg of virus was solubilized in 25
mL of 0.1 M NaCl and extracted with 52.5 mL of chloroform:methanol {2:1) (*/,} mixture.
The aqueous and organic phases were separated by centrifugation. The protease was
obtained from the aqueous phase by dialyzing against 10 mM p-mercaptoethanol for 4 hrs |
at 4°C with two changes of buffer, The dialysate was lyophilized overnight and stored at
-70° C until required. (Purification was largely carried out by Mrs. J. Kaiser).

Specific activity of the lyophilized enzyme extract was 0.61 U/mg of protein. A unit
of activity is defined as nanomoles of TFQAYPLREA hydrolyzed per min per mg of
protein. AMV virus was purchased from Life Sciences Inc, (St. Petersburg, FL). The
decapeptide substrate, TFQAYPLREA, of AMV protease which spans the cleavage site
between reverse transcriptase and integrase in the polyprotein precursor together with the
peptapeptide hydrolytic product, TFQAY, were custom synthesized by Multiple Peptide
Systems (San Diego, CA).

Porcine carboxypeptidase B (EC 3.4.17.2), bovine carboxypeptidase A (EC
3.4.17.1), e-chymotrypsin (EC 3.4.21.1), papain (EC 3.4.22.2), thermolysin (EC 3.4.24.4)
and their respective substrates Furyl[acryloyl]-Ala-Lys, Furyl[acryloyl]Phe-Phe, Succinyl-
Ala-Ala-Pro-Phe-p-nitroanilide, Benzoyl-Ala-p-nitroanilide and Furyl[acryloyl]Gly-Leu-
amide were obtained from Sigma Chemical Co. (St. Louis, MO). Porcine pepsin (EC

3.4.23.1) was also a product of Sigma.
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2.2 Methods

Nomenclature

E - free enzyme

E; - total enzyme

S - substrate

i - inhibitor

Vinae - Maximum rate

K., - Michaelis constant

K; - dissociation constant of inhibitor

ICy, - inhibitor concentration that gives half the control rate
v - control rate in the absence of inhibitor

v; - rate in the presence of inhibitor

2.2.1 Enzyme assays
22.1.1 HIV-1 protease

The method of Darke and co-workers (1988) was modified in assaying the activity
of HIV-1 protease. A 50 pL reaction volume containing 0.3 mM substrate (acetyl-
SQNYPVV-amide), 50 mM MES buffer pH 6.0, 1 mM EDTA, 1 mM DTT, 100 mM
NaCl, 20 % glycerol, and 0.8 ng/uL enzyme was incubated at 37°C for 20 min. 5% DMSO
was included in assays to facilitate solubility of inhibitors, The assay temperature was
maintained constant with the aid of a circulating water bath. Under these conditions, less

than 10% of the substrate was utilized. The reaciion was quenched by the addition of 75
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pL of 12 % acetic acid and 100 pL of the quenched reaction analyzed by reverse phase
HPLC. The activity of the enzyme was computed from integrated peaks corresponding to
the N-terminal cleavage product, acetyl-SQNY, by interpolating peak areas on a standard
curve constructed under identical experimental conditions using highly purified acetyl-
SQNY.

Cleavage products were separated on either a Beckman 421 HPLC system or on a
Beckman System Gold™. Hydrolytic products were detected by monitoring their elution
at a dual wavelength of 205 and 230 nm. The HPLC solvent system consisted of 0.1%
TFA in water (solvent A) and acetonitrile (solvent B). To separate cleavage products, 5%
acetonitrile was maintained for 10 min followed by a linear gradient of 5 - 30% acetonitrile
in 20 min on a C-18 Separon (Fisher) column at a flow rate of 1 mL/min. Under these
conditions, the retention times for the cleavage product (acetyl-SQNY) and substrate
(acetyl-SQNYPVV-amide) were 19.5 £ .5 and 28 £ .5 min respectively. As previously
observed (Darke et al, 1988), the C-terminal cleavage product (PVV-amide) is not
detected.

The potencies of inhibitors on the activity of HIV-1 protease were examined by
either determining their IC,, values at a single substrate concentration of 0.3 mM by
employing the median-effect method of Chou and Talalay (1981) or via Dixon plots (Dixon,
1952) using three or four different substrate concentrations (0.3 - 1.2 mM). In either case,
four or five different concentrations of the inhibitor were assayed.

The concurrent effects of pairs of inhibitors were analyzed by employing Yonetani-

Theorell kinetics (Yonetani and Theorell, 1964). Three or four different concentrations of
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one inhibitor were assayed at four or five different fixed concentrations of the second

inhibitor.

2.2.1.2 AMYV protease

The activity of AMV protease was routinely assayed by following the modified
method of Kotler and co-workers (1989). A 50 pL reaction mixfure containing 0.5 mM
substrate (TFQAYPLREA), 0.1 M sodium citrate pH 5.5, 0.1 M NaCl, 5% DMSO and 0.1
mg/mL of AMV protease (crude preparation) was incubated for 20 min. The assay
temperature was maintained at 37°C with the aid of a circulating water bath. To stop the
reaction, 75 pL of 12% acetic acid containing 0.05M isobutyric acid as an internal standard
was added to the reaction mixture. 100 puL of the quenched reaction was analyzed by
reverse phase HPLC.

HPLC analysis was performed on either a Beckman 421 HPLC system or on a
Beckman System Gold™. A linear gradient of 15 - 65% acetonitrile in 20 min at a flow
rate of I mL/min was used (Solvent system A: 0.1% TFA in water; Solvent system B:
acetonitrile). Separation of hydrolytic products was carried out on a C-18 Separon (Fisher)
column. The activity of AMV protease was computed from integrated peak areas which
corresponded to the N-terminal cleavage product, TFQAY, by interpolating on a standard
curve established for highly purified TFQAY under identical conditions of reverse phase
HPLC separation. Under these conditions the retention times for the cleavage product,
TFQAY, and substrate, TFQAYPLREA were 10 £ .5 and 18.5 £ .5 respectively.

The determination of K;s and IC;,s of inhibitors on the activity of AMV protease
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were by the methods of Dixon (1952} or Chou and Talalay (1981) respectively. The effect
of four or five different concentrations of the inhibitor at three or four fixed concentration

of the substrate were (0.5 - 2.0 mM) used in the Dixon plots.

2.2.1.3 Pepsin

A modified version of the method of Kotler and co-workers (1989) was followed
in assaying the proteolytic activity of pepsin. Reactions were performed in 0.1 M sodium
citrate buffer at pH 4.0 containing 100 mM NaCl, 5% DMSO, 0.5 mM substrate
(TFQAYPLREA) and 0.1 mg/mL of pepsin. A final reaction volume of 50 pL was
incubated for 20 min at 37°C. Reactions were terminated by heating in a boiling water bath
for 3 min. Quenched reactions were diluted into 75 uL of 12% acetic acid and analyzed by
reverse phase HPLC.

HPLC analysis were exactly as described for the AMV protease assay (see 2.2.1.2.
above).

Dixon plots (Dixon, 1952) were used to determine the dissociation constants of all
inhibitors on pepsin. The effect of four or five different concentrations of the inhibitor at
three or four fixed concentrations of the substrate were (0.5 - 2.0 mM) used in the
determinations.

The interaction constants of pairs of inhibitors were analyzed by the method of

Yonetani and Theorell (1964},

2.2.1.4  Chymotrypsin
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Kinetic assays were performed at 25°C in 0.1 M Tris.HCI pH 7.8, containing 160
mM NaCl, 0.1 mM substrate, Succ-Ala-Ala-Pro-Phe-p-nitroanilide (DelMar er al., 1979)
and 0.1 pg/mL enzyme. The release of p-nitroanilide was monitored continuously at 410
nm in a Gilford spectrophotometer. The effect of pseudosymmetrical sulfonamide inhibitors
on chymotrypsin was assessed by determining their IC,, values by the method of Chou and

Talalay (1981).

2.2.1.5 Papain

To determine the activity of the enzyme, a reaction mixture containing 100 mM Bis-
Tris pH 6.5, 1 mM EDTA, 5 mM DTT, 180 mM NaCl and 0.4 mM substrace, Benzoyl-
Ala-p-nitroanilide was initiated by the addition of papain to a final concentration of 0.1
pg/mL. The increase in absorbance at 410 nm was followed spectrophotometrically
following hydrolysis of the substrate. ICys of inhibitors were determined following the

method of Chou and Talalay (1981).

2.2.1.6  Thermolysin

The activity of thermolysin was determined spectrophotometrically by monitoring
the continuous decrease in absorbance for 5 min at 345 nm following hydrolysis of the
substrate, furyl[acryloyl]Gly-Leu-amide (Feder, 1968). The assay was carried out in 0.1M
MES pH 6.5, 10 mM CaCl, and 100 mM NaCl at 25°C. The potency of inhibitors on
thermolysin was ascertained by determining IC,s (Chou and Talalay, 1981) under the

above-stated experimental conditions.
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22.1.7 Carboxypeptidase A
The activity of carboxypeptidase A was measured by monitoring the decrease in
absorbance at 335 nm following hydrolysis of the substrate, (N-(3-[2-Furyl]Acryloyl-Phe-
Phe (Peterson ef al.,1982) for 2 min in 0.1IM Tris. HCI pH 7.5 containing 0.3 M NaCl at
25°C. For the determination of K;s, (Dixon, 1952; Hunter and Downs, 1945; Chan, 1994)
substrate concentration was varied between 0.05 - 0.25 mM. A fixed enzyme concentration

of 5.9 X 10™"° M was used in all assays.

2218 Carboxypeptidase B

The activity of carboxypeptidase B was assayed in 100 mM Tris.HCl pH 7.5
containing 0.5 M NaCl and substrate (N-(3-[2-Furyl]Acryloyl)-Ala-Lys) (Plummer and
Kimmel, 1980) at 25°C. An enzyme concentration of 1.17 X 10* M was used in all assays.
The rate of substrate hydrolysis was continuously monitored by following the decrease in
absorbance at 345 nm for 2 min in a Gilford (Response) spectrophotometer. The
dissociation constants of inhibitors on carboxypeptidase-B were determined by Dixon
(Dixon, 1952) or combination plots (Hunter and Downs, 1945; Chan, 1994). The
concurrent effect of pairs of inhibitors on this enzyme was examined by either Yonetani-
Theorell (1964) plots or by combination plots (see chapter 5, section 5.1.1). The concurrent
effect of triplets of inhibitors on carboxypeptidase-B was examined by an extended

combination plot (see chapter 4, section 4.1.1.4).
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2.2.2 Yonetani-Theorell kinetics
This approach which can yield a quantitative measure of the extent and nature of
interaction between inhibitors on an enzyme was employed for the analysis of concurrent

effect of pairs of inhibitor as indicated above 2.2.1. The plot is based on the following

equation:
K 1] K (1,]
T N L2 OV R U [1,]
v, vV, [s]vm K_tz [s] Vm}’(_[1 OtKiz

where [i,], and [i,] are the concentrations of inhibitor-1 and inhibitor -2 respectively. Ki,
and Ki, represent inhibition constants for the enzyme-inhibitor complexes Ei,, Ei,, and «
is the interaction constant between the inhibitors in the Ei i, complex. Hence, a plot of !/,
against the [i,] at fixed different concentrations of [i,] yields a family of curves with slopes
equivalent to K,(1 + [i,J/aKy)/[s]VK;. Since [i,] is kept constant for the varying
concentrations of i,, the point of interception of the resulting family of curves can be
extrapolated onto the abscissa to obtain the apparent dissociation constant (zK,) of the
inhibitor plotted on that axis, [i,]; where o represents the interaction constant for the
inhibitors on the enzyme. « therefore is inversely proportional to the extent of interaction
between two inhibitors as it influences the numerical value of K, Thus, when a < 1, the
inhibitors interact synergistically and when « > 1 the inhibitors are antagonistic. It follows
then that « is unity when the inhibitors bind independent of each other and in the extreme
case where the binding of one inhibitor excludes the other, & = o. An example of the plot
illustrating the synergistic interaction between Cbz-Gln-isoamylamide and Cbz-ile-

phenylalaninol on HIV-1 protease is given in figure 3. Figure 12 shows another example
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where the interaction between succinic acid and methylguanidine is presented. The two
examples, figures 3 and 12, show cases where a high and low synergistic interaction
(respectively) between pairs of inhibitors have been examined.

In certain cases, the point of interception cannot be unequivocally determined from
the Yonetani-Theorell plot as previously observed by Pfuetzner and Chan (1988) owing to
experimental errors. In such instances, the slopes from the Yonetani-Theorell plot are
replotted against the concentration of the second inhibitor to obtain the (aK;) value for that
inhibitor. The slopes obtained from figure 3 have been replotted in figure 4 against the
concentration of the second inhibitor, Cbz-Val-phenylalaninol, to illustrate this point. Final
errors in the determination of interaction constants, &, were products of errors in the
determination of either of the inhibition constants (Ki, and Ki,) and errors associated with
either the Yonetani-Theorell or combination plots. Standard errors were determined using

the software package, Enzfitier (Leatherbarrow, 1987).
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Figure 3. Analysis of the inhibition data by the method of Yonetani-Theorell (1964). The
reciprocal of enzyme activity is plotted against the concentration of one inhibitor (Cbz-Gln-
isoamylamide in this case). The various lines represent different concentrations of the
second inhibitor (Cbz-lle-phenylalaninol): ®, 7.5 uM; O, 15 uM; 4, 22.5 uM; and a, 30
uM. Note that the concentration ranges selected for both inhibitors were much lower than
the K; values (8.9 mM and 0.29 mM) because of the unusually high value of 1/« in this
case (125, see Table 4). The synergistic factor {1/a) was calculated from the intersection

point which corresponds to an inhibitor concentration equal to -aK,. For assay conditions,
see Materials and methods 2.2.1.
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Figure 4. A secondary replot of the interaction between Cbz-glutaminyl-isoamylamide and
Cbz-isoleucyl-phenylalaninol on HIV-1 protease. Slopes from the Yonetani-Theorell plot
(figure 3) are replotted against the concentration of Cbz-isoleucyl-phenylalaninol.
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2.2.3 Determination of inhibition constants
2.2.3.1. Combination plots.

T};e dissociation constants (K;) of inhibitors were determined in a 10-point assay via
the method of Hunter and Downs (1945), a form of combination plot. Five assays without
inhibitor were performed to obtain the K, and V, . while another five assays contained
inhibitor varied in the same proportion as the concentration of substrate to determine the
K.. The plot is based on the following equation :

‘.’.t )=K, (1. [s]

i m

[i](

)

v-v

For a competitive inhibitor, a plot of [i].(v/v-v;) against [s] gives a straight line with an
intercept on the ordinate equivalent to the K; of the inhibitor (Figure 5), The intercept on
the abscissa represents the K., of the substrate under the assay conditions. A line parallel
to the abscissa is obtained for a non-competitive inhibitor. Uncompetitive inhibitors give
linear plots only when the abscissa is plotted as 1/[s).

The combination plot of Chan (1994) was also used (Figure 6) for competitive

inhibitors. The rationale for this plot is the following equation:

VoV, [i]
[s] (T‘—kmtl*T)

’

1 1

Hence a plot of [s}(V,, - v/v,) against [i] gives a straight line with an ordinate intercept
equivalent to K, and an intercept on the abscissa equivalent to K;. The experimental setup

was identical to the previous plot.
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Figure S. Determination of dissociation constant for 2-ethyl-2-methylsuccinic acid on
carboxypeptidase B by the method of Hunter and Downs (1945). The intercept on the

ordinate gives the K; of the inhibitor on carboxypeptidase B under the assay conditions (see
2.2.1.8).
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Figure 6. An alternative plot for determination of inhibition constants (Chan, 1994). The
data from figure 5 is replotted to confirm the competitiveness of the inhibitor. The intercept

on the abscissa is equivalent to the K; of 2-ethyl-2-methylsuccinic acid on carboxypeptidase
B.
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2.2.3.2 Dixon plot

The method of Dixon (1952) was also used for the determination of inhibition
constants. Four or five different concentrations of the inhibitor at three or four different
fixed concentrations of the appropriate substrate was used. Figure 7 shows a Dixon plot for
the determination of the inhibition constant of 2,2-dimethylsuccinic acid on
carboxypeptidase B.

The combination plots therefore convert the family of lines that are normally

obtained in such kinetic analysis into a single straight line.
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Figure 7. Determination of dissociation constant for 2-cthyl-2-methylsuccinic acid on
carboxypeptidase B by the method of Dixon (1952).
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2.2.4 TLC detection methods
2.2.4.1 Sulfonamide derivatives
Sulfonamide derivatives were deteéted by following an established procedure (Stahl,
1969). After separation of reaction products, TLC plates were initially chlorinated with the
aid of potassium permanganate and 25%. hydrochloric acid. After drying, plates were
subsequently sprayed with a 1:1 mixture of 0.2 M 1-phenyi-3-methyl-2-pyrazolin-5-one in
pyridine and 1 N aqueous potassium cyanide. Positive spots appeared bright red and

subsequently turned purple.

2.2.42 Amino acids

A ninhydrin detection system was used in deteciing the presence of amino acids
(Stahl, 1969). The spray reagent consisted of a solution of 0.2 g ninhydrin in 100 mL of
isopropyl alcohol to which is added 100 uL of 2,4,6-collidine. TLC plates were heated after

spraying until full color development.

2.2.43 Organic compounds
An iodine chamber was generally used to follow synthetic reactions and also detect

the presence of organic contaminants in pr1oducts.

2.2.5 General synthetic procedures
2.2.5.1 Syntheis of N, N' Bis phenylalanine ethyl ester sulphonamide

0.2 mmole of phenylalanine ethyl ester was dissolved in 4 mL of a mixture of
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methylene chloride and pyridine (2.5:1). The reaction temperature was brought to 0°C after
which 0.1 mmole of sulfuryl chloride was added dropwise and stirred. After the reaction
was complete (as determined by TLC), the products were extracted several times with 12%
phosphoric acid. The organic layer was dried over magnesium sulphate, filtered and rotary
evaporated. The product was recrystallized from carbon tetrachloride and hexane.
CH,eN,O.S. Mol. wt. 448, Melting point 76 - 78°C. (500 MHz, CDCI,) & 7.92-7.11 (m,
10H, ArH), 4.89 (d, J = 9.21, 2H, NH), 4.19 (m, 2H, CH), 4.11 (q, J = 7.15, 4H, CH,),
3.00 (m, 4H, CH,), 1.20 (t, J = 7.21, 6H, CH,). (Synthesis was carried out by Mrs. J.

Kaiser.)

2.2.5.2 Hydrolysis of N,N' Bis phenylalanine ethyl ester sulfonamide

0.5 mmole of the above compound was dissolved in ethanol and 20 equivalents of
sodium hydroxide added. The resulting solution was stirred overnight. The mixture was
subsequently neutralized and then partitioned into ethyl acetate and water. The organic
phase was dried over magnesium sulphate, filtered and rotary evaporated. The free acid was
triturated under ether. An 85 - 95% yield was normally obtained. The progress of the
reaction was followed by monitoring the disappearance of the starting material in an iodine
chamber. The presence of a sulfonamide was confirmed by a positive detection method (see

2.2.2.1.). (Product: N,N' Bis phenylalanine sulfonamide).

2.2.5.3 General method for coupling of amino acids (Sheehan and Hess, 1955; Konig and

Geiger, 1970)
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To 0.1 mmole solution of the N-blocked amino acid in a 1:1 (*/,) mixture of ethyl
acetate and acetonitrile (4 mL) or dimethylformamide (4 mL) was added 0.1 mmole of the
amino acid methyl ester, 0.1 mmole diisopropylethylamine and 0.1 mmol: I-
hydroxybenzotriazole. The resulting solution was brought to 0°C and DCC (0.12 mmole)
added. After 1 hr at 0°C, the suspension was stirred for an additional 3 hr at room
temperature, Dicyclohexylurea was then filtered and the solvent removed in vacro. The
residue was dissolved in ethyl acetate and washed in succession with 0.1 M sodium
hydrogen carbonate, 0.1 N HCI and three times with water. The organic layer was dried
(MgS0,), filtered and rotary evaporated. The dipeptide derivative was then recrystallized.
The progress of the reaction was monitored by following the disappearance of the free
amino acid as detected with ninhydrin (2.2.2.3.). A 65-75% yield of product was normally

obtained.

2.2.6 Symthesis of pseudosymmelric bis-sulfonamides

The synthesis of sulfonamide derivatives was monitored with the aid of a positive
detection system (see 2.2.3.1). A solvent system of 5% methanol, 95% dichloromethane

was used for TLC and column chromatography.
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2.2.6.1 Synthesis of N, N' Bis phenylalanyl valine methyl ester sulfonamide

To the hydrolytic product, bis N,N' phenylalanine sulfonamide (see 2.2.4.1.), was
coupled valine methyl ester by employing the general coupling method (see 2.2.5.3). The
product was recrystallized from ethanol/hexane. C;H,,N,0;S. Mol. wt. 618. Melting point
122 - 125°C. (500 MHz, CDCl;) & 7.29-7.16 (m, 10H, ArH), 6.81 (d, J = 8.58, 2H, NH),
5.17(d, ] = 6.42, 2H, NH), 4.47 (dd, J = 5.51, 5.1, 2H, CH), 4.22 (q, ] = 7.17, 2H, CH),
3.71 (s, 6H, CH,), 2.99 (m, 4H, CH,), 2.11 (m, 2H, CH), 0.89 (d, J = 7.27, 6H, CH,), 0.85

(d, J = 6.86, 6H, CH,). R,= 0.54.

2.2.6.2 Synthesis of N, N' Bis phenylalanyl isoleucine methyl ester sulfonamide

The above product was synthesized by coupling isoleucine methyl ester to N,N'
phenylalanine sulfonamide via the general coupling method (2.2.5.3). The product was
recrystallized from ethanol/hexane. C;,H,N,0,S. Mol. wt. 646. Melting point 120-123°C.
(500 MHz CDCl,) 6 7.29-7.17 (m, 10H, ArH), 5.16 (d, J = 7.62, 2H, NH), 4.50 (dd,
J=5.35, 2.90, 2H, CH), 4.21 (q, ] = 7.18, 2H, CH), 3.71 (s, 6H, CH,), 3.00 (d, J = 6.81,
4H, CH,), 1.91 (m, 2H, CH), 1.11 (m, 4H, CH,), 0.89 (t, ] = 7.39, 6H, CH,), 0.85 (d, J

= 6.85, 6H, CH,). R,= 0.60.

2.2.6.3 Synthesis of N, N' Bis phenylalanyl alanine methyl ester sulfonamide
Synthesis of this compound was achieved by coupling alanine methyl ester to N,N'
phenylalanine sulfonamide via the general coupling method (2.2.5.3). An ethanol/hexane

mixture was used for recrystallization. C,H;N,0,S. Mol. wt. 562. Melting point 143-
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* 147°C. (500 MHz CDCl)) 6 7.30-7.17 (m, 10H, ArH), 6.99 (d, J = 7.6, 2H, NH), 5.39 (d,
J =7.34, 2H, NH), 4.51 (m, 2H, CH), 4.19 (q, J = 6.92, 2H, CH), 3.72 (s, 6H, CHy), 3.00

(m, 4H, CH,), 1.36 (d, J = 7.27, 6H, CH,). R¢= 0.51.

2.2.6.4 Synthesis of N, N' Bis phenylalanyl leucine methyl ester sulfonamide

By coupling N,N' bis phenylalanine sulfonamide to leucine methyl ester using the
DCC/HOBT coupling procedure (2.2.5.3) the above compound was synthesized. The
product was recrystallized form ethanol/hexane. C,,H,N,0;S. Mol. wt, 646. Melting point
136-139°C. (500 MHz CDCl,) é 7.30-7.18 (m, 10H, ArH), 7.00 (d, J = 8.25, 2H, NH),
5.43 (d, J = 7.36, 2H, NH), 4.55 (m, 2H, CH), 4.24 (q, ] = 7.3, 2i-I, CH), 3.69 (s, 6H,
CH,), 3.00 (d, J = 6.81, 4H, CH,), 1.58 (m, 2H, CH, CH,), 0.91 (t, J = 6.05, 12H, CH;).

R,= 0.58.

2.2.7 Synthesis of Cbz-aminoacyl-phenylalaninols

These inhibitors were all synthesized by coupling the appropriate Cbz-amino acid
to phenylalaninol or leucinol (2.2.6.6) via the general coupling method discussed above
(2.2.5.3). Work up included further purification via column chromatography on silica gel
(35-70 microns). In all cases, a solvent system of methanol/dichloromethane (5:95, /)
served as the mobile phase. The compounds were recrystallized from methanol/water unless
otherwise stated. TLC solvent systems A: 5% methanol, 95% dichloromethane; B: 1%
formic acid, 15% ethanol, 84% dichloromethane. Molecular weight determination was via

chemical ionization mass spectrometry. The fragmentation pattern were all consistent with
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the structures.

2.2.7.1 Cbz-valyl-phenylalaninol

CpH N0, Mol. wt. 384. Melting point 148-151°C. '"H NMR (500 MH,, CDCL,),
& 7.37-7.18 (m, 10H, ArH), 6.14 (d, ] = 7.82, 1H, NH), 5.20 (b, 1H, NH), 5.11 (s, 2H,
CH,), 4.18 (m, 1H, CH), 3.90 (dd, J = 5.92, 2.32, 1H, CH), 3.65 (b, 1H, CHa(a)), 3.57 (b,
1H, CHy(b)), 2.87 (m, 2H CH,), 2.11 (m, 1H, CH), 0.92 (d, J = 6.81, 3H, CH,), 0.82 (d,
] =5.99, 3H, CH,). MS m/z 402(4)(M* + 18), 385 (M* + 1)(100), 277(50), 251(15),

108(9), 91(4), 72(4). TLC: R= 0.43 in A; Rg= 0.60 in B. HPLC t, = 5.91 min,

2.2.7.2 Cbhz-isoleucyl-phenylalaninol!

CyH3N,O;. Mol. wt. 398, Melting point 155-158°C. 'H NMR (500 MH,, CDCl,),
6 7.39-7.17 (m, 10H, ArH), 6.17 (d, J = 19.3, 1H, NH), 5.18 (b, 1H, NH), 5.11 (s, 2H,
CHy), 4.19 (m, 1H, CH), 3.95 (dd, J = 6.60, 2.17, 1H, CH), 3.64 (m, 2H, CH,), 2.85 (dd,
J =787, 2H, CH,), 1.85 (m, 1H, CH), 1.35 (b, 2H, CH,), 0.86 (m, 6H, CH,). MS m/=
416(4) (M" + 18), 399 (M" + 1)(100), 291(20), 264(14), 108(12), 91(6), 86(5). TLC: R,

=042in A; R, =0.88 in B. HPLC t; = 5.85 min.

2.2.7.3 Cbhz-lfeucyl-phenylalaninol
Cy,H;N0,. Mol. wt. 398. Melting point 109-112°C. 'H NMR (200 MH,, CDCl,),
d 7.37-7.17 (m, 10H, ArH), 6.26 (d, J = 7.77, 1H, NH), 5.10 (s, 2H, CH,), 4.99 (b, 1H,

NH), 4.12 (m, 1H, CH), 3.75 (m, 1H, CH), 3.68 (m, 2H, CH,), 2.84 (d, J = 7.31, 2H,



46
CH,), 1.65 - 1.59 (m, 3H, CH,, CH), 0.90 (d, J = 6.11, 6H, CH;). MS m/z 399(50) (M
+ 1), 381(70), 291(100), 273(48), 247(7), 108(10), 91(6). TLC: R;=0.45 in A; R;=0.75

in B. HPLC t, = 5.88 min.

2.2.7.4 Cbhz-ghuaminyl-phenylalaninol

C,,H,;N,0;,. Mol. wt. 413. Melting point 187-189°C. '"H NMR (500 MHz, DMSO-
D6) 6 7.65 (d, ] = 8.36, 1H, NH), 7.35 - 7.14 (m, 10H, ArH), 6.71 (8, 2H, NH), 5.01 (s,
2H, CH,), 4.76 (s, 1H, NH), 3.95 - 3.87 (m, 2H, CH), 3.29 (m, 2H, CHz), 2.80(dd, J =
5.85, 5.77, 1H, CH,(a)), 2.63 (dd, ] = 7.86, 5.74, 1H, CH,(b)), 2.06 - 1.98 (m, 2H, CH,).
1.79 (m, 1H, CH,), 1.65 (m, 1H, CH,). MS m/z 414(32) (M* + 1), 396(36), 323(6),
306(100), 288(31), 245(6), 172(6), 108(7), 91(6). TLC: R, =0.07 in A; R;=0.33 in B.

HPLC t, = 5.87 min.

2.2.7.5 Chz-asparaginyl-phenylalaninol

CHyN;O,. Mol. wt. 399. Melting point 202-204°C. '"H NMR (200 MHz, DMSO-
D6) & 7.63 (d, J = 8.32, 1H, NH), 7.24 (m, 10H, ArH), 6.89 (3, 2H, NH), 5.02 (s, 2H,
CH,), 4.76 (t, J = 5.67, 1H, NH), 4.29 (m, 1H, CH), 3.84 (m, 1H, CH), 2.79 (dd, J = 7.86,
5.59, 1H, CH,(a)), 2.63 (dd, J = 7.58, 5.94, 1H, CHy(b)), 2.51 - 2.25 (m, 4H, CH,). MS
m/z 400(100) (M* + 1), 309(20), 292(27), 266(52), 152(17), 108(18), 91(6), 87(9). TLC:

R,=0.07 in A; R;= 0.44 in B. HPLC t = 5.88 min.

2.2.7.6 Cbz-valyl-leucinol
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This compound was recrystallized from dichloromethane/hexane, CoHyN,0,. Mol,
wt. 350. Melting point 117-119°C. 'H NMR (500 MHz, CDCl,) § 7.35 - 7.24 {m, SH,
ArH), 5.91 (d, J = 8.12, 1H, NH), 5.28 (b, 1H, NH), 5.10 (s, 2H, CH,), 4.02 - 4.00 (m,
1H, CH), 3.91 (dd, J = 6.23, 2.00, 1H, CH), 3.64 (b, 1H, CH,(a)), 3.51 - 3.47 (m, 1H,
CH,(b)), 2.15 - 2.11 (m, 2H, CH). 1.70 - 1.56 (m, 3H, CH/CH,), 0.97 - 0.87 (m, 12H,
CH;). MS m/z 351(4) (M" + 1), 243(100), 108(4), 81(4). TLC: R, = 0.35 in A, HPLC

tx = 5.85 min.

2.2.8 Synthesis of isoamylamide derivatives

These inhibitors were synthesized by coupling the appropriate carboxylic acid (Cbz-
amino acid or succinamic acid) to isoamylamine by following the general coupling method
(see 2.2.4.2). Recrystallization was accomplished with methanol/water unless otherwise
stated. TLC solvent systems A: 5% methanol, 95% dichloromethane; B; 1% formic acid,

15% ethanol, 84% dichloromethane.

2.2.8.1 Cbz-alanyl-isoamylamide

CiHyu N0, Mol. wt. 292. Melting point 102-104°C. 'H NMR (500 MHz, CDCl,)
6 7.35 - 7.23 (m, 5H, ArH), 5.86 (b, 1H, NH), 5.22 (b, 1H, NH), 5.09 (s, 2H, CH,), 4.16
-4.13 (m, 1H, CH), 3.23 (q, J = 6.55, 2H, CH,), 1.58 - 1.53 (m, 3H, CH/CH,), 1.35 (d,
J = 7.03, 3H, CH;), 0.88 (d, J = 6.62, 6H, CH;). MS m/z 310(3) (M* + 18), 293
(100)(M" + 1), 202(33), 185(32), 159(12), 108(7), 81(3). TLC: R, = 0.58 in A. HPLC t,

= 5,85 min.
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2.2.8.2 Chz-valyl-isoamylamide
~ CHyuN;0;. Mol. wt. 320. Melting point 138-141°C. 'H NMR (200 MHz, CDCl,),
& 7.37 - 7.30 (m, 5H, ArH), 5.78 (b, 1H, NH), 5.30 (b, 1H, NH), 5.11 (s, 2H, CH,), 3.89
(dd, J = 6.34, 2.45, 1H, CH), 3.27 (m, 2H, CH,), 2.12 (m, 2H, CH,), 1.60 (m, 1H, CH),
0.92 (m, 12H, CH;). MS m/z 321(100) (M" + 1), 225(11), 162(7), 108(6), 91(5), 72(4).

TLC: R;=0.61 in A; R,=0.82in B. HPLC t; = 6.10 min.

2.283 Cbz-r'so!eucyl-isoamyfamide

C,oH;N,0,. Mol. wt. 334. Meting point 124-126°C. '"H NMR (500 MHz, CDCl,),
§ 7.36 - 7.24 (m, 5H, ArH), 5.71 (b, 1H, NH), 5.28 (b, 1H, NH), 5.08 (s, 2H, CH,), 3.90
(dd, J = 6.68, 2.08, IH, CH), 3.27 - 3.21 (m, 2H, CH,), 1.85 (b, 1H, CH,), 1.58 - 1.53 (m,
3H, CH/CH,), 1.36 (q, ] = 7.21, 2H, CH,), 0.92 (m, 12H, CH,). MS m/z 335(100) (M* +
1), 227(14), 201(6), 176(10), 108(8), 91(7), 86(5). TLC: R;=0.70 in A; R;=0.82 in B.

HPLC t, = 6.08 min.

2.2.8.4 Cbz-leucyl-isoamylamide

C,oH3,N,0,. Mol. wt. 334. Melting point 92-93°C. 'H NMR (200 MHz, CDCl,) 8
7.36 - 7.30 (m, 5H, ArH), 5.94 (b, 1H, NH), 5.15 (b, 1H, NH), 5.10 (s, 2H, CH,), 4.10
(m, 1H, CH), 3.24 (q, J = 6.33, 2H, CH,), 1.70 - 1.31 (m, 6H, CH/CH,), 0.92 (m, 12H,
CH;). MS mvz 335(58) (M + 1), 244(11), 227(100), 201(6), 176(5), 108(6), 91(4). TLC:

R,=0.68in A; R;=0.79 in B. HPLC ty = 6.02 min.
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2.2.8.5 Cbz-asparaginyl-isoamylamide

The compound was recrystallized from acetonitrile. C,;H,sN,0,. Mol. wt. 335.
Melting point 176-179°C. 'H NMR (200 MHz, DMSO0-D6) & 7.76 (b, 1H, NH), 7.35 - 730
(m, 5H, Ar), 6.8 (s, 1H, NH), 5.58 (d, J = 7.89, 1H, NH), 5.02 (s, 2H, CH,), 4.26 (m,
1H, CH), 3.03 (m, 2H, CH,), 2.40 (m, 2H, CH,), 1.54 (m, 1H, CH), 1.25 (m, 2H, CH,),
0.84 (d, J = 6.55, 6H, CH,). MS m/z 336(100) (M* + 1), 292(5), 245(19), 228(26),

202(17), 108(8), 91(3), 87(8). TLC: R, = 0.17 in A; R, = 0.49 in B. HPLC t, = 6.13 min.

2.2.8.6 Cbz-glutaminyl-isoamylamide

CyH;N;0,. Mol. wt. 349, Melting point 203-205°C. 'H NMR (500 MHz, DMSO-
D6) 6 7.76 (t, ] = 5.55, 1H, NH), 7.36 - 7.23 (m, 5H, ArH), 6.71 (s, 1H, NH), 5.01 {s,
2H, CH,), 3.8% (m, 1H, CH), 3.05 (m, 2H, CH,), 2.06 (m, 2H, CH,), 1.81 (m, 1H, CH),
1.68 (m, 1H, CH,), 1.54 (m, 1H, CH,), 1.27 (m, 2H, CH,), 0.85 (d, J = 6.61, 6H, CH,).
MS m/z 350(58) (M* + 1), 332(3), 289(3), 259(8), 242(100), 224(5), 198(8), 108(5),

91(4). TLC: R;=0.15in A; R, = 0.52 in B. HPLC t; = 5.92 min,

2.2.8.7 Cbz-glycyl-isoamylamide

The compound was recrystallized from chloroform/hexane. C,H,,N,0,. Mol. wt.
278. Melting point 77-78°C. 'H NMR (500 MHz, CDCL,), & 7.38 - 7.30 (m, 5H, ArH),
5.97 (b, 1H, NH), 5.45 (b, 1H, NH), 5.13 (s, 2H. CH,), 3.83 (d, ] = 5.63, 2H, CH,), 3.27
(g, J =6.23, 2H, CHy), 1.59 (m, 1H , CH), 1.37 (m, 2H, CH,), 0.90 (d, J = 6.61 Hz, 6H,

CH,). MS m/z 557(8) (2M* + 1), 296(11) (M* + 18), 279(100) (M’ + 1), 188(14), 171(56),
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147(6), 108(4), 91(2). TLC: Ry = 0.46 in A; R;=0.72 in B. HPLC t; = 5.98 min.

2.2.8.8 Succinamyl-iscamylamide

The compound was recrystallized from chloroform/methanol/hexane. C;H gN,O,.
~ Mol. wt. 186. Melting point 187-190°C. 'H NMR (500 MHz, DMSO-D6), & 7.69 (t, 1H,
NH), 7.22 (s, 1H, NH), 6.67 (s, 1H, NH), 3.02 (m, 2H, CH,(a)), 2.24 (m, 4H, CH,(b,c)),
1.54 (m, 1H, CH), 1.95 (q, J = 7.47, 2H, CH,), 0.84 (m, 6H, CH;). MS m/z 187(100) (M"

+ 1), 169(19), 100(3). TLC: R, = 0.09 in A; R, = 0.36 in B. HPLC t = 5.21 min.

2.2.9 Synthesis of other Cbz-amino acyl-alkylamides

These inhibitors were synthesized by coupling the corresponding Cbz-amino acids
to the appropriate alkylamines. The DCC/HOBT coupling procedure (see 2.2.5.3) was
followed. Column chromatography was used to purify the compounds with
methanol/dichloromethane (5:95, ¥/,) as the mobile solvent system. TLC solvent systems
A: 5% methanol, 95% dichloromethane; B: 1% formic acid, 15% ethanol, 84%

dichloromethane.

2.2.9.1 Cbhz-asparaginyl-methylamide

The compound was recrystallized from acetonitrile. C,H,,N;0,. Mol. wt. 279.
Melting point 200-205°C. 'H NMR (500 MHz, DMSQ-D6) & 7.75 (d, J = 4.18, 1H, NH),
7.37 - 7.24 (m, 5H, ArH), 6.83 (s, 1H, NH), 5.00 (dd, J = 12.60, 6.52, 2H, CH,), 4.27 (m,

1H, CH), 2.56 (d, J = 4.45, 3H, CH,), 2.45 (dd, J = 5.25, 9.97, 1H, CH,), 2.35 (dd, J =
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8.45,6.76, 1H, CH,). MS m/z 280(9)(M" + 1), 263(3), 189(28), 172(100), 146(3), 126(4),

108(7), 91(3), 75(5), 60(3). TLC: R, = 0.09 in A; R;= 0.71 in B. HPLC t, = 5.44 min,

2.2.9.2 Cbz-valyl-phenethylamide

Recrystallization of this compound was from methanol/water. C,,H,,N,0,. Mol. wt.
354. Melting point 158-160°C. 'H NMR (500 MHz, CDCL) & 7.35 - 7.16 (m, 10H, ArH),
5.89 (b, 1H, NH), 5.3, (b, 1H, NH), 5.09 (dd, J = 12.30, 1.94, 2H, CH,), 3.87 (dd, J =
6.22, 2.58, 1H, CH), 3.58 (m, 1H, CH;), 3.48 (m, 1H, CH,), 2.80 (¢, J = 6.76, 2H, CH,),
2.08 (q, J = 6.57, 1H, CH), 0.90 (d, J = 6.79, 3H, CH,), 0.86 (d, J = 6.80, 3H, CH,). MS
m/z 372(3) (M" + 18), 355(100) (M" + 1), 311(2), 264(15), 247(96), 225(10), 162(6),

108(9), 104(14), 91(7). TLC: R, = 0.67 in A; R;= 0.81 in B. HPLC t,, = 6.10 min.

2293 Cbz-valyl-benzylamide

The purified compound was recrystallized from methanol/water. C,,H,,N,0;. Mol.
wt. 340. Melting point 162-164°C. 'H NMR (500 MHz, CDCL,) & 7.37 - 7.24 (m, 10H,
ArH), 6.15 (s, 1H, NH), 5.30 (d, J = 7.5, 1H, NH), 5.09 (s, 2H, CH,), 4.43 (m, 2H, CH,),
3.98 (dd, J = 6.30, 2.43, 1H, CH), 2.17 (m, 1H, CH), 0.97 (d, J = 6.79, 3H, CH,), 0.92
(d, J = 6.84, 3H, CH,). MS m/z 358(9) (M' + 18), 341(84) (M" + 1), 250(31), 233(100),
207(6), 162(6), 108(15), 91(12). TLC: Ry = 0.63 in A; R; = 0.81 in B. HPLC t, = 5.90

min.

2.2.9.4 Cbhz-glutaminyl-phenethylamide
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Thé purified compound was recrystallized from acetonitrile. C,,H,N,0,. Mol. wt.

383. Melting point 198-201°C. "H NMR (500 MHz, DMSO-D6) & 7.90 (t, 1H, NH), 7.35
- 7.16 (m, 10H, ArH), 6.71 (s, 1H, NH), 5.01 (s, 2H, CH,), 3.90 (m, 1H, CH), 3.15 (t,J
= 5.24, 2H, CH,), 2.69 (t, J = 7.38, 2H, CH,}, 2.10 (m, 2H, CH,), 1.81 (m, 1H, CH,(a)),
1.67 (m, 1H, CH,(a)). MS m/z 384(29) (M" + 1), 293(15), 276(100), 232(9), 108(4),

104(10), 91(4). TLC: R, = 0.18 in A; R;=0.77 in B. HPLC t,, = 6.03 min,

Melting points were determined on a Fisher-Johns melting point apparatus and are
uncorrected. 'H NMR spectra were recorded on either a 200 or 500 MHz Bruker
spectrometer and are referenced to internal tetramethylsilane. Desorption chemical ionization
(DCI) were generated on a VG Analytical ZAB-E double focussing mass spectrometer.

The purity of compounds was assessed by TLC and HPLC. The purity of
compounds was >95% as determined by HPLC analysis. HPLC retention times for all
compounds were obtained under isocratic conditions with methanol as solvent on a separon
C-18 column (Fisher) at a flow rate of 0.5 mL/min, Absorbance at a dual wavelength of

205 nm and 280 nm was read.TLC revealed single spots for all compounds.



3. INTERACTIONS OF INHIBITORS WITH ASPARTIC PROTEASES
3.1 RESULTS
3.1.1 Enzyme assays

The initial objective of establishing a dependable and reproducible assay for HIV-1
protease culminated in an HPLC-based non-continuous sampling assay. Development and
optimization of HPLC separation methods was achieved by maximizing the resolution of
cleavage products through the monitoring of selectivity factors, an indicator of eluent
resolution. This was primarily achieved by adjusting flow rates, time of separation and
solvent composition including the use of ion-pairing agents.

In establishing a kinetic assay for HIV-1 protease, several cosolvents were also
explored in an attempt to improve solubility of hydrophobic peptides and peptide analogues.
All solvents investigated showed nonlinear characteristics on the enzyme's proteolytic
activity reminiscent of protein denaturation effects. Dimethylsulfoxide (DMSO) was the
most effective cosolvent. Under the conditions of the assay which included 5 % (%/,)
DMSO, a 30-minute incubation at 37°C resulted in an 8 - 10 % utilization of the substrate;
peptide hydrolysis, however, remained linear for at least 80 minutes. In order to compare
results obtained under the newly established assay parameters to previously published
values, kinetic parameters for HIV-1 protease were determined. The K_ of 6.5 £ .5 mM
and V,, of 24 + 4 nmoles/min/pg determined were comparable to previously reported

values for the same substrate under similar assay conditions (Moore ¢/ al., 1989).
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3.1.2 Sulfonamide Inhibitors of HIV-1 protease.

Owing to the C, symmetry of the active site of HIV-1 protease, an attempt was
made at synthesizing symmetric sulfonamide peptide analogues as potential inhibitors for
the enzyme, Symmetrical inhibitors were generated by replacing the P,-P,’ scissile bond with
a non-hydrolyzable sulfonamide group to potentially mimic the geometry of the tetrahedral
transition-state species during cataiysis.

Table I shows the effect of these pseudcsymmetrical sulfonamide inhibitors on the
activity of HIV-1 and AMV (nonhomogenous preparation) proteases. These inhibitors
acted competitively on the enzymes with N,N' bis phenylalanyl-isoleucyl methyl ester
sulfonamide being the most potent with an IC,, of 28 pM on HIV-1 protease. Although the
potencies of the pseudosymmetrical sulfonamide derivatives were generally low, they
appeared to be fairly specific to the retroviral protéases as they showed no detectable
affinity towards pepsin. With the exception of N,N' bis phenylalanyl-isoleucyl methyl ester
sulfonamide which showed some detectable inhibitory effect on the thiol protease, papain
(IC,, 197 uM), these compeunds were virtually inert to the non-aspartic proteases assessed

viz. chymotrypsin, thermolysin and papain.
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Table I. Effect of pseudosymmetric sulfonamide inhibitors on HIV-1 and AMV proteases”,

ICs , kM
Inhibitor - HIV-1 protease AMYV protease

N,N' bis phenylalanine ethyl >500° >500°
ester sulfonamide

N,N' bis phenylalanyi-alanine 83 >200°
methyl ester sulfonamide

N,N' bis phenylalanyl-valine 51 139
methyl ester sulfonamide

N,N' bis phenylalanyl-leucine 62 85
methy! ester sulfonamide

N,N' bis phenylalanyl-iscizucine 28 77

methyl ester sulfonamide

“ Assay conditions described under materials and methods (see 2.2.1) were followed. 15
% inhibition (% of control) was obtained at this concentration. “The enzyme's activity was
inhibited to 15 % of the control reaction.
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3.1.3 Detection of synergism in HIV-1 protease.
3.1.3.1 Design of active site probes.

To investigate structure-activity relationship between inhibitors and HIV-1 protease,
the concurrent effects of pairs of inhibitors on the enzyme were examined. Since the
approach requires that two inhibitors bind simultaneously within the extended active site of
HIV-1 protease, fragments of a known potent symmetrical inhibitor of the enzyme were
synthesized. The inhibitor, A74704, originally designed and synthesized by Kempf and co-
workers (1990) had been shown to be very potent against the HIV-1 protease with an
inhibition constant of 4.5 nM. Furthermore, the X-ray crystal structure of the inhibitor
complexed to the enzyme had been solved (Ericksen ef al., 1990). To obtain active site
probes for HIV-1 protease A74704 was conceptually split asymmetrically into two
fragments potentially capable of independent and simultaneous inhibition of the enzyme (see
Figure 8). As indicated in table II, both the hydroxyl and alkylamide fragments synthesized
retain sufficient structural features from the parent compound to competitively inhibit the
enzyme as indicated by their independently measured dissociation constants (K;). More
interestingly, when both inhibitors were assayed together by the application of Yonetani-
Theorell kinetics (Yonetani-Theorell, 1964), the enzyme exhibited synergistic behavior
(Table IT). Since the influence of one inhibitor on the other is‘ reciprocal, the interaction
constant reflects their mutual effect on the enzyme and vice versa. The affinity of the
inhibitors for the enzyme, as measured by their apparent dissociation constant («K)),

therefore increased by a factor of 10 (1/e). The fairly high standard deviations of the



57

(a) OH
H
N—Val—Cbz

Ph
(b)
Cbz—Val—N\) N—VaI—Cbz
N—>cCc = c &N
Ph—" \ph
(1) (1)
P3— Po— P; T Pi—Po—Pg'
scissile bond
N >C
(c) H
Cbz—Val—N
N— —>SC

Ph

Figure 8. Structures of inhibitors and expected binding modes. (a) The symmetrical
inhibitor A74704 (Kempf ef al,, 1990). (b) The hydroxyl fragment (I, Cbz-Val-
phenylalaninol) and the alkylamlde fragment (II, Cbz-Val-phenethylamide) aligned in the
same way as the intact inhibitor above. For comparison, the corresponding positions of the
scissile bond and various residues of the substrate are shown below the structures. The

direction of the backbone is indicated as N - C. (c) An alternative binding mode for the
alkylamide fragment.
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synergistic factors resulted from the propagated errors from the determination of either
dissociation constant coupled with errors associated with the Yonetani-Theorell plots.

To understand the synergistic phenomenon, homologues of both the "hydroxyl" ((I)
in Figure 8) and "alkylamide" fragments (Figure 8(II)) were synthesized and examined for
their ability to interact synergistically with HIV-1 protease (Table II). A reduction of the
hydrophobic character of the P|' residue to isoamylamide reflected in a reduction in both
potency and synergism. The presence of a benzyl moiety at the P,' position, resulted in a
complete loss of the synergistic effect with the same hydroxyl fragment, Cbz-valyl-
phenylalaninol.

The high preference for glutamine by HIV-1 protease at the P,' subsite had been
noted in the literature (Poorman ef al.,, 1991), the influence of this amino acid on the
synergistic phenomenon was therefore assessed. Although, the enzyme displayed a weaker
affinity for the glutamine alkylamide derivative (K, 2.3mM) compared to Cbz-Val-
phenethylamide (K, 0.07mM), both inhibitors interacted synergistically with Cbz-valyl-
phenylalaninol to about the same extent. Unlike the scenario observed for the valine
derivative (Table 1I), substituting an isoamyl group for the phenethyl moiety with glutamine
at the P, subsite of the inhibitor led to a ten-fold increase in synergism. It is interesting that
the affinity of the enzyme for Cbz-Gln-isoamylamide alone was, however, decreased by a
factor of four compared to the phenethyl-containing inhibitor. Thus, flanking groups exerted

considerable influence in the observed inhibitor synergism.
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Table II. Effects of varying the alkylamide fragment on its synergism with Cbz-Val-

phenylalaninol®,

Alkylamide fragment K; (mM) Synergistic factor (1/a)
Cbz-Val-phenethylamide 0.07 £ 0.03 10 %10
Cbz-Val-isoamylamide 0.20 £ 0.05 25 %12
Cbz-Val-benzylamide 0.05 % 0.02 1. 02
Cbz-Gln-phenethylamide 23+06 7.7 %29
Cbz-Gln-isoamylamide 89 %12 714 +25

“For consistency in comparing synergistic factors, all values were calculated using the K;
value (0.25 £ 0.01 mM) for Cbz-Val-phenylalaninol. Assays were carried out as described
under materials and methods ( see 2.2.1.).
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3.1.3.2. Influence of residues at the P,' subsite on synergism.

To further investigate the role of flanking residues on synergism, the influence of
the residue occupying the P, subsite was examined (Table III). Cbz-Val-phenylalaninol was
similarly maintained as the hydroxyl inhibitor. The choice of amino acids was based on their
frequency of occurrence in the natural gag and gag-pol polyprotein precursors (Figure 1;
Debouck, 1992). Furthermore, to negate a direct electrostatic effect on the observed
phenomenon, amino acids without ionizable side chains were preferentially selected. The
isoamylamide group which tended to give the highest synergism (Table II) wvas maintained
at the P, position of the next series of alkylamide inhibitors. As shown in table III, the
presence of asparagine at the P,' subsite resulted in synergism with a twenty-fold
enhancement of affinity with the resident Cbz-Val-phenylalaninol. A glycine residue st ihe
same position completely abolished synergism revealing the importance of side chains at the
subsite in eliciting synergism. Increasing the hydrophobic character of the side chain with
leucine resulted in only a two-fold improvement in binding affinity (1/e = 2.5) of both
inhibitors, although the inhibitor's sole affinity for the enzyme increased (K;, 0.15 mM).
Substituting isoleucine for leucine reduced the dissociation constant of the inhibitor and
proportionately improved synergism. Thus, the interaction appeared to be specific
differentiating between the two isomers. Succinamyl isoamylamide which lacked the Cbz
group but maintained the side chain of the asparagine derivative interacted synergistically
with Cbz-Val-phenylalaninol yielding a synergistic factor of 4.8 indicating that the
occupation of the P, was not critical under those settings. Cbz-glutaminyl-isoamylamide

thus gave the highest synergism with Cbz-Val-phenylalaninol (Table II) and reflected the
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. Table III. Effects of the putative P, residue in the alkylamide fragment on its synergism

with Cbz-Val-phenylalaninol®,

Alkylamide fragment K; (mM) Synergistic factor (1/a)
Cbz-Asn-isoamylamide 23 = 08 20 x4
Cbz-Gly-isoamylamide 42 =1 08 =02
Cbz-Leu-isoamylamide 0.15 £0.06 25 £12
Cbz-Ile-isoamylamide 0.05 £0.02 77 +£29
Succinamyl-isoamylamide 41 +06 48 £0.7

¢ Experimental conditions were as described under materials ad methods (2.2.1).
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known preference of the enzyme for substrates containing glutamine at the P, position

(Poorman et al,, 1991),

3.1.3.3 Effect of residues at the P, subsite.

In view of the symmetrical nature of the active site of HIV-1 protease, it was of
interest to investigate whether amino acid preference at the P, subsite would reflect those
observed at the P,' subsite. In these experiments, Cbz-glutaminyl-isoamylamide, the
alkytamide which pave the highest synergism (section 3.1.3.2) served as the inhibitor probe
(Table IV). Substituting for valine with isoleucine did not significantly alter the independent
potencies of the :i'n_hibitors but increased the observed synergism. The observed synergistic
factor of 125 between Cbz-isoleucyl-phenylalaninol and Cbz-glutaminyl-isoamylamide was
the highest synergism observéd in these studies. With leucine replacing isoleucine, a ten-fold
drop in synergism resulted similarly implicating specific interactions. Having glutamine in
a pseudosymmetrical setting to complement the dyad active site did not elicit a higher
inhibitor synergism. An asparagine residue at the P, subsite even failed to yield a higher
synergistic response compared to the glutamine derivative, This result was unexpected
owing to the high preponderance of asparagine residues at this subsite in natural substrates
(Figure 2; Debouck, 1992). However, modelling studies by Griffiths and co-workers (1993)
suggest asparagine is preferred only when proline occurs at the P, subsite and might
account for the lower synergism, The much higher synergistic effects observed for the B-
branched amino acids was consistent with known preferences for these residues at this

position in substrates (Poorman et al., 1991).
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Table IV. Effects of varying the P, residue in the hydroxyl fragment on its synergism with

Cbz-Gln-isoamylamide®.

Hydroxy! fragment K; (mM) Synergistic factor (1/a)
Cbz-Val-phenylalaninol 025 %001 714 £25
Cbz-Ile-phenylalaninoi 029 008 125 %16
Cbz-Leu-phenylalaninol 0.4 +0.2 143 +4.1
Cbz-Gln-phenylalaninol 0.6 * 0.6 1.1 £2.5
Cbz-Asn-phenylalaninol 0.6 & 0.1 | 77 %138

“ For consistency in comparing synergistic factors, all values were calculated using the K;
value for Cbz-Gln-isoamylamide (8.9 mM). Other experimental conditions were the same
as described under materials and methods (see 2.2.1.).
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3.1.4 Inhibitor synergism in Pepsin.
3.1.4.1 Design of active site probes.

To confirm the generality of inhibitor binding synergism in aspartic proteases the
phenomenon was investigated in pepsin. To design two inhibitors which potentially could
bind simultaneously to different regions of porcine pepsin's active site, a strategy analogous
to that which had previously been employed for the design of probes for HIV-1 protease
was used. The structures. of several potent inhibitors of pepsin were carefully examined with
the effort culminating in the synthesis of two modified fragments derived from the potent
pepstatin derivative, Iva-Val-Sta-(35,45)-Ala-Isoamylamide (K;= 1.1 nM) (Rich and Sun,
1980), as illustrated in figure 9. Reflecting on the role of the statine residue in the inhibitor, |
leucinol was used at the P, position of inhibitor(I), the hydroxyl fragment (Figure 9(b)).
Leucinol was used rather than statine to prevent possible steric hindrance from the P’
residue of the alkylamide fragments and also to eliminate the negatively charged carboxylate
moiety from the active site of the aspartic protease. Cbz was substituted for the isovaleryl
(Iva) group since it had been reported that this change results in a more potent inhibitor for
pepsin (Aoyagi ef al., 1972).

Inhibitor (II), the alkylamide fragment, was synthesized by modifying the C-terminal
dipeptide of the pepstatin derivative as illustrated in figure 9(b(ii)). To negate the positive
charge and improve binding, the dipeptide was N-blocked with a Cbz group in vic.. of

pepsin's preference for aromatic moieties at this p~sition (Fruton, 1987).
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Figure 9. Alignment of the N and C-termina!l derived fragments and the parent compound.
(a) Structure of Iva-Val-Sta-Ala-Isoamylamide (Rich and Sun, 1980). (b)(i) Modified N-
terminal fragment, Cbz-Val-leucinol. (ii)) Modified C-terminal fragment, Cbz-Ala-
isoamylamide. Basis for modifying t+2 derived fragments is explained in text.
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Table V. Concurrent effects of Cbz-Val-leucinol and second inhibitor on porcine pepsin®.

second inhibitor K, (mM) synergistic factor (1/a)
Cbz-Ala-isoamylamide 304 23+0.5
Cbz-lle-isoamylamide 0.4+0.1 38+08
Cbz-Asn-isoamylamide 4+04 48+ 1.4

“ Experimental conditions were as described under materials and methods. K, for
Cbz-Val-leucinol is 0.15 + 0.03.
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As shown in table V, the two inhibitors acted synergistically on the enzyme with a
synergistic factor of 2.3. Substituting the P,’ residue with either a more hydrophilic

asparagine or a hydrophobic isoleucine had very little effect on the observed synergism .

3.42  Effect of Urea.

In an attempt to explore the origins of inhibitor synergism, the influence of a sub-
critical concentration of urea on the ability of Cbz-Ala-isoamylamide and Cbz-Val-leucinol
to elicit the phenomenon was investigated. Inhibitor synergism is postulated to reflect a
substrate-induced conformational change (Chan and Pfuetzner, 1993) thus the influence of
a denaturant such as urea on the phenomenon should be revealing. A urea concentration
of 0.5M which resulted in a 25% reduction in the activity of pepsin was employed for this
analysis. The choice of concentration was based on several considerations. At this
concentration, the dissociation constants for both inhibitors were similar to control values,
Thus, although a 25% loss in enzyme activity occurred, the enzyme clearly maintained
affinity for the inhibitors. This concentration of urea also had no effect on the inhibitory
potency of pepstatin on pepsin. From a technical stand point, 0.5M urea reduced the
enzyme's activity to a significant enough level at which cleavage products resulting from
further inhibition (as a result of a enhanced synergism) could still be conveniently detected
on the HPLC-based assay without modifications to the assay conditions. This therefore
avoided the unnecessary introduction of additional variables into the pre-optimised
experimental set-up. The synergistic effect of inhibitor binding was completely abolished in

0.5M urea with a synergistic factor of 0.91+ 0.2 determined for the interaction between
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Cbz-Ala-isoamylamide and Cbz-Val-leucinol.

3.1.4.3  Effect of ethylene glycol.

A brief study was initiated to explore the probable cause of the observed elimination
of synergism in urea by re-assessing the concurrent effect of the same inhibitors in ethylene
glycol, a perturbant which presumably stabilizes protein structure (Simpson and Kauzmann,
1953; von Hickel and Wong, 1965; Herskovitz and Laskowski, 1962). A concentration of
ethylene glycol (5%, /,) which also resulted in a 25% reduction in enzyme activity was
used, Rather like in urea, the affinity of the enzyme for the inhibitors was essentially
preserved under these conditions. In contrast to urea, however, the synergistic interaction
between Cbz-Ala-isoamylamide and Cbz-Val-leucinol on pepsin was not abolished in
ethylene glycol (5 %, */,). A synergistic factor of 3 + .5 not significantly different from the

control value of 2.3 £ .5 was obtained.



3.2  DISCUSSION
3.2.1 Sulfonamide inhibitors

In view of the C, symmetry of HIV-1 protease (Wiodawer et al, 1989),
pseudosymmetric inhibitors incorporating a nonhydrolyzable slxlfonamide scissile bond
surrogate, were designed to complement the dyad symmetry of the active site. Although
fairly weak inhibitors, these pseudosymmetric inhibitors were pure competitive inhibitors of
the enzyme and displayed some affinity for the symmetric retroviral proteases. Assayed
against pepsin, a comparatively nonsymmetric aspartic protease, no detectable inhibition was
observed for the pseudosymmetric inhibitors. This apparent specificity of the sulfonamide
inhibitors was indicated by their undetectable effect on non-aspartic proteases chymotrypsin,
thermolysin and papain assayed as representative members of the other three protease
classes. Because of the generally hydrophobic nature of the inhibitors, the choice of
enzymes was biased towards proteases with specificity for hydrophobic amino acids.

While this work was in progress, Kempf and co-workers (1990) reported the
synthesis of highly specific symmetric diaminodiols and pseudosymmetric diaminoalcohols
for HIV-1 protease based on a similar strategy. These inhibitors were, however,
considerably more potent than the sulfonamides reported here with ICs in the nM range.
The lower affinity of the sulfonamide inhibitors for the HIV-1 protease may be attributed
to their comparatively smaller size among others. The sulfonamides were designed to
occupy S, through S, while the diaminodiols and diaminoalcohols additionally interacted
with S, and S, (Erickson ef a/., 1990). The extra binding energy derived from interactions

within the two extra binding sites contributed greatly to their enhanced potency since
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smaller inhibitors occupying S, through S,' showed a thousand-fold weaker affinity (Kempf
et al., 1990). Furthermore, the presence of a nydroxyl group in scissile bond replacements
(Dreyer et al., 1989; McQuade et al., 1990; Tomasselli et al., 1990; Richards ef al., 1989)
has been observed to greatly increase inhibitor potency through X-ray crystallographic
studies (Jaskolski ef al., 1990, Fitzgerald ef al., 1990). The sulfonamides are, however,
comparable in potency to some reduced amide inhibitors which also lack hydroxyl groups
within the scissile bond replacement (Tomasselli ¢f al., 1990; Billich ef al., 1988; Moore

et al., 1989).

3.2.2 Inhibitor binding synergism in HIV-1 protease

A further investigation of the nature of ligand interactions at the active site of HIV-1
protease was pursued by examining inhibitor binding synergism. This approach at structure-
activity relationships was pursued after it became clear that the limited resources available
to me could not ensure a direct competition against the big pharmaceutical companies.
Inhibitors synthesized for this work were rather small and involved modest synthetic
protocols thus reducing time-consuming organic synthesis to a minimum. Furthermore, since
inhibitors were mixed and matched in the experimental design, the approach was more
efficient (Tables II-V). Additionally, because HIV-1 protéase generally exhibits specificity
towards hydrophobic groups, the synthesis of fragments of a bulky inhibitor circumvented
~ potential solubility problems. Even with this approach, limited solubility in certain cases
prevented the analysis of more hydrophobic inhibitors owing to their lower affinities; this

in spite of the inclusion of 5 % (/,) DMSO in assay buffers.
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As evident from the results, two mutuall; non-exclusive inhibitors possessing
enough structural characteristics recognizable by HIV-1 protease can interact synergistically
increasing their individual affinity for the enzyme, The subsite preferences of inhibitors
reflected known specificities of residues in substrates of the enzymes. The binding of the
derived fragments cannot, however, be unequivocally established and must be taken into
consideration as illustrated in figure 8. On account of the identical alignment of the hydroxyl
fragment to the N-terminal portion of a typical substrate of the enzyme, this fragment can
be presumed to bind in a fashion identical to the parent fragment as revealed by X-ray
crystallography (Erickson er al., 1990). Furthermore, X-ray crystallographic analysis of
hydroxyl-containing inhibitors complexed to HIV-1 protease all show similar modes of
binding with the hydroxyl group positioned between the essential aspartic acid residues
(Jaskolski ef al., 1990; Fitzgerald et al., 1990, Erickson ¢f al., 1990; Bone ¢f af., 1991).
Because the direction of the peptide bond in the alkylamide fragment is reversed compared
to a normal substrate, two possible binding modes can be envisaged. On the one hand,
binding could occur analogously to the parent compound (structure II, figure 8(b)). It is
also conceivable that the normal N to C direction of the peptide bond is maintained upon
binding as illustrated in figure 8(c).

The observed synergistic phenomenon apparently stems from a subtle interaction
between separate or overlapping subsites within the active site. For instance, although Cbz-
Val-isoamylamide interacted less synergistically with Cbz-Val-phenylalaninol compared to
Cbz-Val-phenethylamide, the converse was true when giutamine serves as the putative P,

residue in the corresponding atkylamide homologues. The high synergistic effects observed
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for glutamine and the p-branched amino acids at the P, and P, subsites, respectively,
reflect the known preference for these amino acids in natural substrates (Jupp ef al., 1990;
Konvalinka ef al., 1990; Poorman e al., 1992) and thus suggests a potential role for the
phenomenon in catalysis. That subsite interaction plays a role in catalysis is also indicated
by the abolition of the phenomenon when glycine was used at the P,' position. The inability
of the protease to cleave its peptide substrate with glycine at the P,' position has also been
noted previously (Konvalinka ef al., 1990).

The significance of the synergistic effects observed devolves into a question of
whether the phenomenon is a result of a direct interaction between the inhibitors or an
indirect effect on the inhibitors communicated through the enzyme. To account for a direct
interaction between inhibitors, it can be postulated that the binding of the first inhibitor
excludes some water molecules from the active site and thereby facilitate the binding of the
second inhibitor. This interpretation stresses on the exclusion of water molecules from the
active site upon inhibitor binding which is known to occur in HIV-1 protease (Miller ef al.,
1989); and hinges on the preferentially partitioning of inhibitors into the hydrophobic active
site with a possible eahancement of affinity from restraints on rotational and translational
motions of bound inhibitors (Jencks, 1975). Such a mechanism would, however, be rather
non-specific as opposed to the effects observed in this study. That, in certain cases, higher
synergistic effects are even observed for the more hydrophilic inhibitors is not consistent
with such an interpretation (Tables II & III).

The results appear to implicate the involvement of I .uy specific interactions that

can be only orchestrated by the enzyme. The observed correlation between synergism and
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substrate specificity argues strongly in favor of a prominent role for the enzyme in the
manifestation of the phenomenon, That différent affinities are displayed by the enzyme
towards the same inhibitor suggests the conformation of the protein probably changes in
the absence of a strictly direct interaction between the inhibitors. The involvement of
conformational changes to HIV-1 protease upon ligand binding has previously been
observed in the crystal structures of several enzyme-inhibitor complexes (Jaskolski ef af.,
1990; Fitzgerald et al., 1990; Swain ef al., 1990; Erickson ef al., 1990; Miller e al., 1989;
Bone et al., 1991; Dreyer ¢t al., 1993; Lam ef al., 1994). Minimally, a mechanism involving
a single cuiformational change could account for the enhanced affinities observed in
inhibitor binding synergism. Binding of the first inhibitor can be postulated to induce a
conformational change in the enzyme which then displays an enhanced affinity fur the
second inhibitor. Such a mechanism has previously been postulated by Chan and Pfuetzner
(1993) to account for similar synergistic effects in zinc proteases.

Thus, HIV-1 protease might be postulated to undergo a substrate-induced
conformational change during its normal catalytic process. Several subsites could act in
concert to influence catalysis in this enzyme analogously to the enhanced binding of the
inhibitors, The xerophilic-shift mechanism (Chan and Pfuetzner, 1993) which has been
postulated to generally account for the potential role of synergism in catalysis may therefore
operate in the enzyme. The authors postulate that an enzyme initially recognizes a key
specificity-determining feature of the substrate. Rinding of the substrate then induces a
conformational change in the enzyme which consequently increases its affinity towards the

soon-to-be departing portion of the substrate. Subsequently, when water is excluded from
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the active site, a shift in pK of an essential ionizable residue at the active site is postulated
to occur which converts the enzyme into the catalytically competent form, The enzyme then
reacts with an increased rate towards the substrate.

On the basis of similarities between the catalytic mechanism of aspartic and zinc
proteases (Jéfnes and Sielecki, 1985; Polgar, 1990; Christianson and Lipscomb, 1989), a
similar mechanism based on such a substrate-induced conformational change may be
invoked for HIV-1 protease to account for the correlation between synergism and substrate
specificity. Catalysis in this enzyme may therefore be influenced by subtle subsite
interactions as has also been noted by other investigators /Cameron e al., 1993; Griffiths
ef al., 1992) with the aid of peptide substrates. It is conceivable that subsite interactions via
syn;argism contribute to the choice of substrates and could account to some extent for the
lack of a strict primary amino acid sequence dependency (Dunn and Kay, 1992).

These results challenge the notion that subsites are independent and non-interacting
within this enzyme. Epps and co-workers {1990) have also reported the lack of
independence among subsites in another aspartyl protease, renin. Those results also argue
against a direct interaction between inhibitors as being primarily responsible for the
observed effects. The non-additivity in the binding of inhibitors to renin was, however,
determined through thermodynamic methods thus correlation between the observed effect

and catalysis was not directly evident.

3.2.3 Inhibitor binding synergism in pepsin

To establish the generality of inhibitor synergism in aspartic proteases, the
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phenomenon was investigated in pepsin, the archetype of this class of enzymes, The
phenomenon certainly can be observed in pepsin and thus adds to the mounting evidence
that substrate-induced conformational change might represent a general mechanism in
enzyme catalysis (Chan and Pfuetzner, 1993). Although not extensively investigated, it is
interesting that altering the P,’ residue did not markedly influence the observed synergism
in stark contrast to the situation observed for HIV-1 protease. Presumably, this reflects the
stricter emphasis pepsin places on the P, and P’ residues in the cheice of substrates
compared to the retroviral HIV-1 protease which appears to rely on the concerted
interaction of several residues (Cameron et ai., 1993 this study).

It is interesting that while inhibitor binding synergism in pepsin was abolished in the
presence of urea, it was preserved in ethylene glycol. Although both perturbants influence
protein structure through different mechanisms (Simpson and Kauzmann, 1952; von Hickel
and Wong, 1965; Herskovitz and Laskowski, 1962), clearly, there exist different structural
requirements for independent inhibitor binding and inhibitor synergism in pepsin. The results
indicate that under certain conditions the synergistic effects of inhibitors can be uncoupled
from independent binding to the enzyme. Chan and Pfuetzner (1993) have postulated that
synergism is a manifestation of a substrate-induced conformational change employed by
enzymes to enhance their catalytic rates in a predominantly aqueous environment. Such
approaches may therefore be useful in testing the basic tenet of the hypothesis: the enzyme's
need to undergo the necessary conformational change(s) which normally accompanies its

synergistic inhibition.
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3.2.4 Significance and potential applications

The significance of this work is that it describes, for the first time, multi-inhibitor
interactions in aspartic proteases. The phenomenon was observed in both subgroups of this
class; HIV-1 protease representing the homodimeric retroviral enzymes and pepsin a
member of the monomeric cellular enzymes. The current evidence does not appear to
suppoit a mechanism involving a direct interaction between inhibitors. The phenomenon
rather appears to be manifested through a conformational change in the protein. The work
further sheds some light on the complex substrate specificity of HIV-1 protease. With
respect to rational drug design, this wo.rk impacts and cautions on the dogmatic adherence
to strict subsite preferences in the optimization of drug potency ie. combinatorial synthesis
and stresses on the importance of maintaining a balance between individual subsite
preferences and a possible interaction between subsites.

Taking cognisance of the entropic advantage for an enzyme to interact with a single
molecule (Jencks, 1981), the pharmacological application of two synergistic fragments of
a bulky drug does not appear to be very promising. However, in certain (perhaps limited)
cases, it is conceivable that the use of two fragments may circumvent such problems as low
solubility, low bioavailability and possibly high resistance to the parent drug, especially if
the derivatives of the fragments can be mixed and matched to the same desired effect.

The identification of inhibitor binding synergism in HIV-1 protease supgests the
'application of synergism-assisted inactivation as a potential therapeutic straizgy. Although
potehtially highly effective, the use of active site-directed reagents as drugs have been

limited owing to their generally high dissociation constants compared to their reversible
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counterparts. For aspartic proteases, for instance, epoxide-containing compounds for
example, EPNP, have been generally used in inactivating these enzymes (Tang, 1971;
Takahashi and Chang, 1976). Invariably, the design of such agents is of a configuration
such that the reactive group is located to the very end of the molecule and suitably located
close to their susceptible essential active site residues. This configurational design
necessitates that only one half of the active site is utilized for binding. Thus, the other half
of the active site could presumably be bound by a rationally designed artificial synergistic
effector to enhance both the binding potency and increase the rate of inactivation of the
active site-directéd reagent (Figure 10).

A second conceivable application which also stems from this work is the potential
design of synergism-dependent self-assembling inhibitors. To this end, once a synergistic
pair of competitive inhibitors have been identified, suitable functional groups could then be
incorporated onto one or both inhibitors to promote a chemical reaction with the objective
of generating a single more potent molecule at the active site. For example, a reaction
between an aldehyde and an amino group suitably positioned on both molecules to form a
schiff's base can be envisaged. The entropic advantage associated with an enzyme
interacting with a single molecule (Jencks, 1980) coupled to the initial synergistic effect
between the inhibitors should greatly enhance the potency of such synergism dependent self-
assembling inhibitors. The advantages associated with synergism-assisted inactivation can

similarly be envisioned in this approach.
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active site

enzyme inactivator synergistic effector

Figure 10. The concept of synergism-assisted inactivation. An active site directed-reagent
with a functional group, X, and a synergistic effector bind concurrently at the active site of
a target enzyme. The presence of the synergistic effector induces a specific recognition
process thereby enhancing the rate of inactivation of the enzyme via covalent modification
of the susceptible group Y.



4. COMBINATION PLOTS: AN ALTERNATIVE APPROACH TO THE

ANALYSIS OF ENZYME-INHIBITOR INTERACTIONS

41  RESULTS

In the course of the analysis of synergistic interactions between inhibitors of HIV-1
protease and pepsin, it became apparent that the method of analysis, the Yonetani-Theorell
plot (Yonetani and Theorell, 1964), was not particularly suited for routine analysis of
enzyme-inhibitor interactions. Although the approach appropriately characterizes the
interaction between two chemically nonreacting inhibitors by yielding an interaction
constant, «, a quantitative measure of the extent of interaction, the approach can be
laborious involving too many assays. Although there is no dearth of approaches for the
analysis of enzyme-inhibitor interactions (Slater and Bonner, 1952; Loewe, 1957; Yagi and
Ozawa, 1960; Webb, 1963; Segel, 1975; Chou and Talalay, 1981, 1983: Johnson ef al.,
1943) none exhibits the overall merits of the Yonetani-Theorell plot.

Commonly used approaches like the fractional inhibition method of Webb (1953)
generally only give a qualitative insight into the type of interactions whether synergistic,
additive or antagonistic without providing a stringent and reliable quantitative estimate of
the maguitude of the interaction between the inhibitors. Without @ priori knowledge of the
kinetic constants and nature of inhibition, the median-effect method of Chou and Talalay
(1981), which is widely used in pharmocology, can also provide a description of the
interaction between inhibitors whether synergistic, additive or antagonistic. On the other

hand, methods that provide a reliable quantitative measure of ligand interactions, like the

79
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method of Yagi and Ozawa (1960), for instance, are restricted to fixed proportions of
inhibitor concentrations in the analysis and also requires a secondary replot of the data. In
the Yagi and Ozawa plot, synergism is concluded when a plot of */v; against (i, + i,) is
concave in the upward direction. The resulting second order curve is then fitted to an
equation describing the kinetic effect of the inhibitors to indirectly obtain the apparent
dissociation constant from which the interaction constant is computed.

The method of Yonetani and Theorell (1964) extends this approach by directly
yielding an interaction constant which aptly describes the extent and nature of interaction
between inhibitors from a family of lines (an example is shown in figures 3 or 12). Although
very suitable, the tedium associated with the plot makes it unattractive for routine analysis
of enzyme-inhibitor interactions. Invariably, the interaction constant between inhibitors
cannot be determined with certainty from the intercepting family of lines necessitating a
secondary replot of the data. Furthermore, since the analysis is done at a single substrate
concentration discrepancies resulting from substrate and/or irhibitor effects is not readily
apparent. An improved method for the analysis of multi-inhibitor interactions in unireactant
enzymic systems was therefore pursued. The objective was to devise a plot that was
quantitative and yielded an interaction constant between pairs of inhibitors rather like the
Yonetani-Theorell plot but without the tedium associated with such approaches.

To achieve the objective of a relatively easy-to-use analytic graphical method, the
strategy was to obtain a single linear plot capable of yielding an interaction constant.
Traditionally, it has been the practice that kinetic constants are derived from a single

interception point from a family of primary plots or in certain cases, secondary replots of
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slopes or intercepts obtained from the primary plots (Segel, 1975). Theoretically, an
equation which combined the primary and secondary plots should yield the kinetic constant
of interest on a single plot circumventing the need for primary and secondary plots. Hence,
the objective was to obtain an expression which described the kinetic effect of two or more

inhibitors on an enzyme where the interaction constant or synergistic factor would be

equivalent to the slope of the plot.

4.1.1 Theoretical analysis.

Definition of symbols

Km-b[S]
K

n

=Y U]

v, Icso

4.1.1.1  Interaciion between two mutually nonexclusive competitive inhibitors.

An expression describing the kinetic effect of two competitive inhibitors
simultaneously bound to different regions of an enzyme's active site can de derived from the
following equilibria where Ei,, Ei,, and Eiji, represent the various enzyme-inhibitor
complexes and o is the interaction constant between the inhibitors.

Ki,
E + j - Ej,

Ki,
E + | " Ei,



czKi2
Ei, + 1, - Ei i,
OR
aKj,
Ei, + i - Ei,i,

o is therefore less than 1 when the inhibitors act synergistically and is greater than I when
they are antagonistic, o approaches « when the inhibitors are mutually exclusive and when
both inhibitors bind independent of each other « is unity. On the assumption that

i. both inhibitors, i; and i,, do not interact chemically

if. i, and i, bind reversibly to the enzyme

iit. [i,], [i,] and [s] » [E]

then the Yonetani-Theorell equation for the system can be derived (Yonetani and Theorell,

1964):
K [i,] K [i] [i,]
1__1_‘ m 27y Tmt Tom 2 ) (1)
v, VvV [s]Vm K‘12 [s]V'mK‘ll !{:!tK‘!2
Vmax[S]
K s] ()

From equation (1) and the Michaelis-Menten equation (2) (Michaelis and Menten, 1913)

the combination equation (3) can be derived

K
(-1} - (—) (

(4,0 [4,)  [4]04,] K
v, K+ [s] KJll Ki2 h D!KIIKI2 'Km«-[s] (3)

m

where v; is the rate in the presence of both inhibitors.
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Thus if

)

v K, . 14 [4)]
(-t fp) ¢ RoE

is plotted against

[1,114,) K
K, K, kpls]

a straight line through the origin with a gradient equivalent to the reciprocal of the

interaction constant, '/, is obtained.

Alternatively,
K+[s] (4,1 [4,]
(L) ()2
i m 4, 1,
can be plotted against
[1,1(4,]
K K,

to give similarly a straight line through the origin with a slope equivalent to Y,.
Equation (3) can be simplified into the general form of the combination equation (4)

by introducing ¢ and p.
1
by, 570;-0=0,.4,.0. o C)

where

s )
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Thus by plotting ¢,,-b,~d, against ¢,.$..p, a slope equivalent to !/, is obtained. Hence,

either K; or IC,, of inhibitors may be employed to determine their interaction constant.

4.1.1.1.1 Alternative combination plots

Alternative forms of the combination plot can be derived through simple
mathematical transformations of the general equation (4).

Alternative plot 1:

Pr2®®_1 [s] 1
6,0, o K o (6)

Hence, a plot of

¢1 ’ z'¢1"¢2

against [s}/K,, vields both an ordinate intercept and slope equivalent to !/,. The intercept

on the abscissa remains a constant, -1,

Alternative plot 2:

¢1 2'¢1 1 1
z = K oe—
¢, 0,0 [1,] h o« )

Hence, a plot of

¢1,2'¢1

against '/[i,] gives an ordinate intercept of e, a slope of K;, and an abscissa intercept of
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YaK,.

Similarly,

q’1,2'4’2
¢,¢.0

can be plotted against '/[i,] to give an ordinate intercept of 1/e, a slope of K, and an

abscissa intercept of /oK.

4,1,1.2 Interactions between two noncompelitive inhibitors.
Assumptions made under section 4.1.1.1 similarly apply.
Equation (8) describes the interaction between two noncompetitive inhibitors on their target

enzyme (Segel, 1975)

[s]

1 i 1 1 i 1 1 1
PR R ER JER TR ISR EN R E R EN TN

d .
K, kK oKk, K~ K, oKk, ®)

From equation (2) and equation (8) the combination equation (9) can be obtained.

v, 1) [4,) (4,114,

9
v, X _ K, OKK,_ ®)

Hence by plotting

V-, [4,] ] [1,]

K“ 1 K-!z

vy

against
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[i,1  [4.]
K1 .-?2—.;)
'!1 i!

a straight line through the origin with a slope equivalent to the reciprocal of the interaction
constant {!/,) between the inhibitors is obtained. Because the binding of substrate and a
linear noncompetitive inhibitor are independent of each other K; = IC,,, a p factor need not
be aprlied to interconvert between these parameters.

Alternative plots can be derived in an analogous fashion as presented for two

competitive inhibitors under section 4.1.1.1.1.

4.1.1.3 Interactions between two inhibitors (i, competitive and i, noncompetitive),
Based on similar assumptions as stated under 4.1.1.1, the following equation
describes the kinetic effect of a competitive inhibitor and a noncompetitive inhibitor acting

together on a target enzyme (Segel, 1975).

Vmux[s]
i 1 1,104 i
kol LT TLIIET 7 T (10)
K, K, oK, K, K,
1 4 1 " 2

From equations (2) and equation (10) the combination format of equation (11) can be

derived.

V-V, [.1’.2]_ K (4,1 K (4,104,) 1

m mn

v, K, Kgls1' K Kpls]' Kk "o (11)

Hence, if the left side of equation (11) is plotted against
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K [£,104,]
Ks[s]” K, K,

a linear plot through the origin with a slope equivalent to '/, is obtained. The potency
parameter of the competitive inhibitor, ¢, can be interconverted between K; and IC;, by
virtue of the p factor while for the noncompetitive inhibitor, K; = IC;,.  Alternative plots

as derived under section 4.1.1.1 are similarly applicable.
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Figure 11. A cube diagramn showing the possible complexes and equilibria in a unireactant
enzymic system with three linear mutually non-exclusive competitive inhibitors. Broken faint
lines represent those at the back of the cube.
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4.1.1.4 Interactions between three compelitive inhibitors

Unlike previous methods, the present combination approach can be faithfully
extended to the analysis of the concurrent effects of three inhibitors cn an enzyme. Figure
11 illustrates the possible equilibria between an enzyme and three inhibitors assuming
binding is reversible and does not involve the formation of chemical complexes. Michaelis-
Menten kinetics is also assumed in deriving the necessary rate equations. Equation 12 then
describes the net kinetic effect of having three linear competitive inhibitors act

simultaneously on an enzyme (see Appendix I).

vmax[s]
v =
! % (1 (4,0 (4,1 [4,] ([4,]04,] [4,304,] ([4,]104,] [4,][4,][4,] yols)
a K, K K ok K BK K YKK, Ok, K, K,
(12)

Transforming equation (12) into the combination form results in equation (13)

v-v, [4,] (4, (4,1 [4,104,] p [4,104,] p

- - - - o — . —- 3
v, K, K K KK, o KK B (13)

[1,] [4,)

K-‘zK-‘:

o [4,113,) [4) @2
Y;

KJXKIZKIJ 8

where o is the interaction constant between inhibitors 1 and 2

B 1] 1] L] ] and 3
.Y L] " L} 2 and 3
0 overall ! " 1,2and3

Equation {13) can be similarly condensed into a form
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2
t“p1z:1"4)12'(1:‘13."1)23“1:'1"‘11’2‘ ¢'3=¢’1¢z¢3 . % (14)

which is expressed as
2 3 3 2
d’123‘2 E ¢jk"E ¢, =b,0,0;. %—- (15)
F=1k-2 mel

where jzk and

P 19, '3"

b1300500,0,. %

By, 0500, \—?

The tripartite interaction constant, = is defined as 8/a.py. Thus when
© = 1, synergistic interaction between pairs of ligands is independent of one
another
T <1, synergism occurs in a third dimension within the ternary complex
T -« mutually exclusive

% > ¢ > ], antagonism or steric hindrance
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Thus for the determination of the tripartite interaction constant, ©, between three
inhibitors, there is an initial requirement for the extent of interaction between each pair of
the triplet to be known. t therefore gives a measure of the enhanced or decreased potency

resulting from the quaternary Ei,i,i; complex.

4.1.2 Application of theoretical treatment: Properties of combination plots

Having obtained the necessary equations, the combination plots have been illustrated
by investigating the nature of ligand/inhibitor interactions on carboxypeptidase B. This
enzyme was chosen upon several considerations. The enzyme has been extensively studied
as a model! for zinc enzymes and is well characterized. The crystal structure of the enzyme
has been solved and could provide a clearer understanding of the kinetic data. Furthermore,
inhibitor synergism had previously been observed in the enzyme (Chan and Pfuetzner,
1993). The continuous spectrophotometric assay for this enzyme was fairly easy compared
to the HPLC-based assay for HIV-1 protease thus numerous assays could be routinely
performed to illustrate the plots. Finally, the feasibility of potentially demonstrating the
concurrent application of three inhibitors were greater for carboxypeptidase B based on its

specificity requirements compared to the symmetric HIV-1 protease.

4.1.2.1 Interactions between two competitive inhibitors
To verify the derivations and ascertain the integrity of the equations, several
experiments were performed and results from the combination method compared to those

obtainad from the established Yonetani-Theorell plot {Yonetani and Theorell, 1964} using
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the same set of experimental data. The concurrent effects of succinic acid and
methylguanidine on porcine carboxypeptidase B which had previously been shown to be
synergistic was re-analyzed (Chan and Pfuetzner, 1993). As indicated by the Yonetani-
Theorell plot (Figure 12), the two inhibitors acted synergistically yielding an interaction
constant of 0.04. Figure 13 shows the same experimental data replotted using the
combination approach. As expected from equation (4), a straight line through the origin is
obtained with a slope of 25, which is equivalent to the reciprocal of the interaction constant
determined by the Yonetani-Theorell plot. Both plots therefore yield the same result
confirming the integrity of the equations.

Several revealing observations about the combination plot emerge when the two
approaches ie figures 12 and 13 are compared. The most obvious observation is how well
the two approaches converge at the same result although it is evident that the number of
data points defining the slope of the combination plot are rather excessive. In most
instances, the same data point is obtained in duplicate; in the extreme case, (the fourth point
from the origin, Figure 13) the data point is actually composed of three independent
experimental values. Thus, certain independent combination of inhibitor concentrations
become redundant when the combination plot is applied. This would be expected if the
value of ¢ represents the normalized concentrations of both inhibitors and therefore is
independent of the combination of inhibitor concentration used to achieve that value; hence,
the same level of inhibition would be similarly observed.

Since the Yonetani-Theorell plot is carried out under a fixed substrate concentration,

deviations or anomalous effects which may potentially arise with respect to changes in



93

180
1201
90|

60 |-

1NVi

CfKi
O II!II"l'lI'!L'iIllIll':'!|1

-2.5 0 2.5 E 7.5 10 125

[succinate] mM

Figure 12. Yonetani-Theorell plot for the concurrent effects of succinic acid and
methylguanidine on Carboxypeptidase-B. The concentraticn of succinic acid is as indicated
on the abscissa while that of methylguanidine is as follows: A 0.1 mM 4 0.2 mM, (] 0.3
mM, B 0.4 mM, & O 0.5 mM. The K, for succinic acid and methylguanidine are 28 and
1.3 mM respectively. An interaction constant of 0.04 + 006 is obtained from the data.
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Figure 13. Combination plot for the interaction between succinate and methylguanidine, All
25 data points from figure 12 have been replotted. The slope value of 25 + 4 is equivalent
to the "Yo. p=1.32 (See text section 4.1.1 for definition of p and @),
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substrate concentration cannot be observed. Such effects could potentially lead to erroneous
deductions as to the nature of inhibitor interaction and possibly the mechanism involved.
The combination method, on the other hand, can successfully accommodate varying
substrate concentrations within the same experiment setup. The concurrent effect of the
same pair of inhibitors (succinic acid and methylguanidine) was therefore re-examined using
varying substrate concentrations and also substantially limiting the number of data points
to that comparable to a single straight line in a Yonetani-Theorell plot. As shown in figure
14, no deviations are evident, but more importantly, a similar synergistic factor('/,) of 30
is obtained.

Figure 15 shows an alternative plot based on equation (6) (see section 4.1.1.1.1) of
the data from figure 14. This plot, in addition to yielding a synergistic factor also serves as
a diagnostic; if competitiveness is maintained, the intercept on the abscissa remains at -1.
Furthermore, both the slope and ordinate intercept give the synergistic factor, '/,. A second
alternative combination plot derived from equation (7) (see section 4.1.1.1.1) is shown in
figure 16. As illustrated, the same experimental values from figure 14 have been similarly
used. The slope of this plot is equivalent to the K; of the inhibitor being analyzed on the
abscissa while the intercept on the ordinate gives the synergistic factor, /e.. Obviously, the
alternative plots are applicable only when varying substrate concentrations are employed in

the assay.
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Figure 14. Five different substrate concentrations was used to investigate potential
deviations from linearity in the interaction between succinic acid and methylguanidine on
carboxypeptidase-B. The slope (/) is 30 + 2.
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Figure 15, The same experimental values from figure 14 have been replotted using an
alternative form of the combination plot as a diagnostic (equation (6)). The ordinate
intercept of 30 2 and the slope value of 28 * 3 are reflective of the synergistic factor
(*/a). The abscissa intercept of almost 1 (0.92 & .1) indicates competitiveness is maintained
by both inhibitors during the assay.
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Figure 16. An alternative combination plot for the interaction between succinic acid and
methylguanidine on carboxypeptidase-B. The ordinate intercept gives the '/« value of 31
while the slope reflects the K, (24 + 3) of the inhibitor employed on the abscissa, succinic
acid. The plot is based on equation (7).
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To further confirm the convergence of both the combination and Yonetani-Theorell
plots, data from the literature were retrieved and re-analyzed. Figure 17 is the replotted
data (as retrieved by Chou and Talalay (1981)), for the analysis of the synergistic effects
between ortho-phenanthroline and adenosine diphosphate (ADP) on horse liver alcohol
dehydrogenase. The slope value (/) from the combination plot of 1.9, matches the & value
of 0.5 reported by the original authors (Yonetani and Theorell, 1964). It can be similarly
observed that several data points are rendered redundant when the combination plot is used
as previously noted (Figure 13).

Because the combination plot yields a slope which is a direct quantitative measure
of the extent of interaction between two inhibitors, the plot predicts that if two inhibitors
are mutually exclusive, they should have a slope of zero ie.'/.. Data also obtained by
Yonetani and Theorell (1964) on the concurrent effects of ADP and ADP-ribose on horse
liver alcohol dehydrogenase showed the two competitive inhibitors were mutually exclusive.
As predicted by the combination plot, all the points as retrieved from the literature strikingly
lic on the abscissa (Figure 18) ie. slope = 0, indicative of mutual exclusiveness and

confirming the prediction.
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Figure 17. A replot of the retrieved data for the concurrent effects of ortho-phenanthroline
and ADP on horse liver alcohol dehydrogenase (Yonetani and Theorell, 1964). The slope
of 1.9 & .1 reflects the previously reported « value of 0.5. (4.25, the p value used in
constructing the plot was an average of four determinations (4.25, 4.09, 4.11 & 4.57)
calculated respectively from the K; & IC,, of ADP, O-phenanthroline, ADP-Ribose and
from s & K, of NAD",
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Figure 18. A replot of the retrieved data for the interaction between ADP and ADP-Ribose
on horse liver alcohol dehydrogenase (Yonetani and Theorell, 1964). Mutual exclusiveness

is indicated by all the data points lying on the abscissa. (p = 4.25, see figure 17 for how
the value was obtained).
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In addition to yielding an interaction constant between pairs of inhibitors, the
combination plots may also be used to compare the extent of interaction between several
pairs of inhibitors acting on the same enzyme as illustrated in figure 19. It is evident from
the figure that while succinic acid interacts synergistically with methylguanidine, the acid
exhibits mutually exclusive characteristics in the presence of §-mercaptoethanol. The slope
of almost 1 for the interaction between B-mercaptoethanol and methylguanidine suggest
their binding is independent of each other. Thus, through a visual inspection of the
steepness of the slopes, the magnitude and order of positive or negative interactions of
several pairs of inhibitors may be conveniently presented. The identification of positive and
negative interactions between pairs of inhibitors for such comparative purposes can be
enhanced by the introduction of a theoretical slope equal to unity. Hence, all lines upward
of the theoretical depicts synergism while those beneath it are antagonistic with respect to
their influence of the binding of each other on the enzyme. As presented in the figure, the

interaction between methylguanidine and (§-mercaptoethanol illustrates this point.



103

2.0

1.5

¢

V1.0
L

&

0.5

0.0 ,.,“!._L.- ----- Ii‘j_l.1l!'i!1l!u.1J_Lllll'lllll.:illlll
000 005 010 015 020 025 030

D Dy O

Figure 19. A representation of the concurrent effects of three different pairs of inhibitor
interactions on carboxypeptidase-B. The pairs of inhibitors are as follows: & succinate and
methylguanidine (*/,=30 + 2), B methylguanidine and B-mercaptoethanol (/, = 1.2 £ .2)
and @ P-mercaptoethanol and succinate ('/,~ 0).
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4.1.2.2 Concurrent effects of three compeltitive inhibitors on carboxypeptidase-B.
The applicability of the combination approach for the analysis of the concurrent
effects of three purely competitive inhibitors was demonstrated by analyzing the effects of
methylguanidine, methylsuccinic acid and B-mercaptoethanol on carboxypeptidase-B. As
indicated by equation (13), the independent interaction constants, o, B and y between each
pair of the three inhibitors must be pre-established in order to determine the tripartite
interaction constant, t. Previously shown in figure 19 is the interaction between
methylguanidine and (-mercaptoethanol on carboxypeptidase-B. The synergistic factor of
1.2 indicates their binding is virtually independent of each other. The interaction between
methylsuccinic acid and methylguanidine is also synergistic with their affinity for the enzyme
increased by 25-fold when simultaneously present (see Table 1X). The dissociation constant
of methylsuccinic acid decreases by a factor of 2.6 when methylguanidine is present and
vice versa (see Table XI). Hence 1/a, 1/p and 1/y are respectively 1,2, 25 and 2.6.
Figure 20 shows the concurrent effect of methylguanidine, methylsuccinic acid and
B-mercaptoethanol on carboxypeptidase-B investigated with the aid of a combination plot.
An overall interaction constant, 8, of 0.014 ('/, = 70) is obtained from the interactions of
the three inhibitors. A tripartite interaction constant, t, of 1.1 £ .3 ie (1.2%25*2.6/70)
indicates that no additional synergistic effect is elicited upon the stimultaneous application
of the three inhibitors on the enzyme. A similar synergistic factor was obtained when the
three inhibitors were assessed under a single substrate concentration of 0.8 mM using 9 ¢

values.
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Figure 20. Concurrent effect of methylguanidine, methylsuccinic acid and B-
mercaptoethanol on the activity of carboxypeptidase-B. The slope of 70 is equivalent to the
overall synergistic factor ('/;). A tripartite interaction constant, © of 1.1 is obtained from
the relationship 8/ fy=t. The assay was performed using five [s] of 0.4, 0.8, 1.2, 1.6 &
2.0 mM.
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TABLE VI. Summary of equations, slopes and intercepts of combination plots for
competitive inhibitors.

Intercepts

Ordinate Abscissa Slope equation
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42  DISCUSSION

Having recognized the merits of a truly quantitative plot, the combination plot, an
improved graphical method for the analysis of enzyme-inhibitor interactions was developed.
First and foremost, the plot is quantitative and yields a constant (the slope) which directly
measures the extent and nature of interaction between inhibitors on 'an enzyme. As
compared in figures 12 and 13, the synergistic factor (/) yielded by the combination plot
directly matches the reciprocal value of the interaction constant (a) obtained with the
Yonetani-Theorell plot. In order to confirm this unequivocally, it was necessary to re-
analyze kinetic data from the literature (Figures 17 and 18); the result of figure 18, very
convincingly, establishes mutual exclusivity of the inhibitors. In fact, this feature of the
combination plot represents a major improvement on the Yonetani-Theorell plot and other
methods. This is because, more often than not, experimental data points are not error-free,
thus inasmuch as one would like to believe a family of lines are parallel (a condition for
mutual exclusiveness ‘or the Yonetani-Theorell plot for instance) there is always the
probability that they do converge. The combination plot, unquestionably, solves this
problem of discerning whether two inhibitors are mutually exclusive or not. In this plot,
mutual exclusiveness is unambiguously established when the data points fall on the abscissa
as clearly illustrated in figures 18 and 19.

The linear nature of the combination plot ensures its convenience and, more
importantly, presents an inherent diagnostic advantage of alerting the experimenter of

deviations from the norm. The approach judiciously substitutes a single straight line for a
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family of lines in the determination of the interaction constant thus successfully departing
from the long-standing tradition in enzymology of employing intercepting lines to determine
kinetic constants. Although a version of the median-effect piot (Chou and Talalay, 1981)
employs a single line, two other lines representing either of the inhibitors must also be
present for comparative purposes. The plot then relies on the observation of a curvature in
the line representing both inhibitors to establish synergism, This approach is therefore
primarily qualitative and does not aptly describe the quantitative phenomenon. To
quantitative synergism, the median-effect plot requires the determination of a Combination
Index (CI) which requires a secondary replot of the data. The combination plots, on other
hand, requires no replots making it more convenient.

The median-effect plot also suffers in some quantitative aspects with respect to
simple enzymic systems. In an effort to achieve a broadly applicable method for the analysis
of multi-inhibitor interactions in enzymic as well as complex biological systems, the use of
kinetic constants are avoided with this approach. Thus, the Combination Index (CI), which
is diagnostic of the type of interaction and calculated from the median-effect of the
combination of inhibitors is not truly a constant, as the name suggests, and may vary with
the extent and type of inhibition. The physical interpretation of CI may therefore be subject
to some uncertainty. Furthermore, the concept of synergism as presented by the median-
effect approach becomes unclear when related to stmple enzymic systems in some cases. In
whole cells and other complex biological systems, it is conceivable that two inhibitors,
ligands or drugs may act synergistically while exhibiting mutual exclusive characteristics.

For a single active site of an enzyme, the possibility of two or more reversible inhibitors
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excluding each other and yet exhibiting synergistic characteristics is virtually non-existent.
Thus, with respect to quantitative structure-activity relationships the median-effect approach
has limited applicability.

Another merit associated with the linear nature of the combination plot is that it
makes the maintenance of fixed proportions of both inhibitors unnecessary as required in
the Yagi and Ozawa method (Yagi and Ozawa, 1960). Any combination of inhibitor
concentration resulting in different ¢ values can be employed for the analysis. Furthermore,
in the isobol method (Loewe, 1957; Webb, 1963), for instance, it is a requirement that two
inhibitor concentrations which give identical effects be established in the construction of an
isobologram which can be very impractical and time-consuming. Such an approach
necessarily precludes the analysis of a not-too-potent inhibitor or drug which becomes
potent only in the presence of a synergistic or antagonistic effector. The application of
combination plots circumvents these problems. The convenience of the combination plots
is further underscored by the interchangeability between ICy, and K;. For simple competitive
systems, ICs may be more readily used for routine determinations, this is accommodated
by the plot with no influence on the interaction constant. This is achieved by the
introduction of the p factor which takes into account the effect of substrate concentration
on the extent and type of inhibition.

Another redeemirg feature of the combination plot is the ability to vary the substrate
concentration within the same experimental setup as illustrated in figure 14. This flexibility
becomes important in situations where anomalous substrate or inhibitor effects may be

suspected; the combination plot readily provides a means of trouble-shooting. Several
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alternative diagnostic plots may also be used with equal facility when both the substrate and
inhibitor concentrations are being varied. Thus, it is now possible to ask whether inhibitors
maintain their competitiveness when simultaneously bound. The application of combination
plots in enzyme-inhibitor interactions should therefore guard against erroneous interpretation
of kinetic data on the basis of unsuspecting substrate or inhibitor effects.

Qualitatively, the combination plot presents a clear and easy way of presenting the
effects of several pairs of inhibitors on the same enzyme. This is clearly illustrated in figure
19 where a simple inspection of the different slopes reveals which pairs of inhibitors are
synergistic, independent or antagonistic. The value which directly comes out of the
Yonetani-Theorell analysis, arguably the most widely used method, presently, for the
analysis of such inhibitor effects, is the apparent dissociation constant, «K, thus a
knowledge of the dissociation constant is required to fully appreciate its significance. In
contrast, the combination plot explicitly reveals the positive or negative nature of the
interaction between inhibitors through the value of the slope ('/a)- the synergistic factor,
thus clearly communicating the information. Like other kinetic methods, however, the
combination plot is unable to distinguish between antagonism caused by steric hindrance and
that caused by the masking of the binding site mediated through a conformational change
in the enzyme,

Unlike previous methods with no obvious didactic value, the combination plot
successfully provides a meaningful rationale for the phenomenon of synergism. Each ¢ term
physically represents the contribution of a particular enzyme-inhibitor species towards the

observed rate (see Appendix II ). Thus, when the contribution of each enzyme-inhibitor
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species is subtracted from the observed rate, the net effect of the ternary complex is
obtained as a linear function of the normalized concentration of both inhibitors. Therefore,
when the inhibitors are independent, a slope of 1 indicates no net contribution from the
ternary complex in spite of its existence. When the inhibitors are mutually exclusive,
because their concentrations have been normalized, the effect of one exe;ctly matches that
of the other yielding no observable slope. Mutual exclusiveness is therefore unerringly
indicated by all data points lying on the abscissa.

The lack of suitable methods for the analysis of concurrent effects of three inhibitors
can be inferred from the virtual absence of literature on structure-activity relationships of
inhibitors employing such potentially useful approaches. The combination approach has been
successfully extended for the analysis of such interactions for the first time. The plot was
employed to analyze the concurrent effects of methylguanidine, B-mercaptoethanol and
methylsuccinic acid on carboxypeptidase B. This work demonstrated the practicability of
the combination approach. In the example studied, no extra synergism was evident when
three pairs of synergistic inhibitors were analyzed concurrently. This result cannot, however,
be generalized for the interactions of a triplet of inhibitors. It is conceivable that such
studies would be most suited for the analyses of multi-inhibitor interactions in an enzyme
with a rather extended active site displaying distinct specificities for subsites.

With the introduction and easy availability of computer curve-fitting software
packages which allow for facile and direct application of the most complex of equations,
graphical methods for the analysis of kinetic data are gradually being phased out. In certain

cases, however, the obvious advantage with respect to the clarity of data presentation,
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convenience and inherent didactic value associated with some graphical methods for the
analysis of experimental kinetic data argue in favor of their application wherever and
whenever necessary, The combination plots clearly fail in this category. The use of the plots
for the analysis of concurrent effects of pairs or even triplets of inhibitors on an enzyme
offers a lucid approach to the presentation of primary experimental data whereby a simple
visual inspection or measure of the sldpe unambiguously communicates the underlying trend
of the analysis even to the uninitiated. Furthermore, the plots are relatively easy-to-use and
allow the rapid assessment of enzyme-inhibitor interactions. The plots are quantitative and
can also be used for qualitative purposes. They are adaptable to different types of inhibition
and can be easily extended for the analysis of interactions among a triplet of inhibitors.
Because the use of fixed concentrations of inhibitors or the establishment of an iso-effective
concentration is not a pre-requisite, poorly water-soluble inhibitors or less potent inhibitors
can be analyzed if a more hydrophilic synergistic or antagonistic conjugate or probe is
available.

Finally, the concept of combination plots could have broad application in the analysis
of kinetic data in general. The plots simply construct a single straight line from a family of
lines that would normally be obtained from such analysis using traditional approaches. Since
several kinetic constants are obtained from families of lines, the principles described here
should be applicable to other systems; for example the determination of the binding order

of substrates in ping-pong kinetics (Segel, 1975).



5. INHIBITORS OF CARBOXYPEPTIDASES A AND B

5.1  RESULTS

Following the successful development of the combination plots, it was of
considerable interest to use them to understand inhibitor interactions in an enzyme to fully
appreciate their applicability. Together with similar approaches developed by Hunter and
Downs (1945; see Figure 5) and Chan (1994; see Figure 6) for the determination of
inhibition constants of a single inhibitor in unireactant enzymic syste:as, inhibitors of

carboxypeptidases A and B were examined.

5.1.1 Carboxylic acid inhibitors of carboxypeptidases A and B

Several carboxylic acid inhibitors of carboxypeptidase B were examined in an
attempt to understand ligand interactions in this enzyme. 2-Ethyl-2-methylsuccinic acid
turned out to be an unusually potent, reversible competitive inhibitor (K; 3.4 X 10° M) of
the enzyme in view of its rather small size. Its mode of inhibition did not involve a probable
sequestration of the essential zinc cation at the active site since a 72-hour incubation failed
to reveal a time-dependent increase in its inhibitory potency. On the other hand, diluting the
inhibitor concentration reduced its net inhibitory effect on the activity of the enzyme.
Although numerous reports of inhibitors of carboxypeptidases A and B have been made
(Byers and Wolfenden, 1973, 74; Mckay and Plummer, 1978; Jacobsen and Bartlett, 1981;
Ondetti ef al, 1979; Kaplan and Bartlett, 1991), disubstituted alkyl derivatives of

dicarboxylic acids have not been reported.
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Table VIL Carboxylic acid inhibitors of carboxypeptidase B~

Carboxylic acid K; (mM) mode of inhibition
2-Ethyl-2-methylsuccinic acid® 0.0034 competitive
2,2-Dimethylsuccinic acid 0.028 competitive
Methylsuccinic acid® 4 competitive
Succinic acid® 28 competitive

meso 2,3-Dimethylsuccinic acid 44 competitive
Butyric acid 203 partial mixed
Succinamic acid 232 partial noncompetitive
Isobutyric acid >200 partial mixed
Propionic acid 140 partial mixed
Pivalic acid >200 --d

“Assays were carried out as described under materials and methods. Maximum standard
deviation in values is less than 20%. A mixture of R & S stereoisomers were used thus the
value given represents the upper limits of the inhibition constants. °Chan and Pfuetzner
(1993) reported K; of 38 mM. “This compound acted as an activator under the assay

conditions. 200 mM pivalic acid (3,3-dimethylpropionic acid) increased enzyine activity by
10%.
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Structure-activity relationships of several carboxylic acids (Table VII) were therefore
explored in an effort to elucidate the origins of the remarkable affinity of 2-ethyl-2-
methylsuccinic acid for carboxypeptidase B. Decreasing the hydrophobic nature of the
inhibitor by replacing the ethyl group with a methyl group decreased the affinity of the
compound over 8-fold (Table VII). Elimination of the ethyl group reduced the potency of
the compound by three orders of magnitude. A comparison of the K of 2,2-
dimethylsuccinic acid and methylsuccinic acid shows a reduction in potency of 140-fold with
the removal of one of the methyl groups of the former. The weaker affinity of meso 2,3-
dimethylsuccinic acid compared to succinic acid suggests that hydrophobicity alone does
not adequately account for the observed potency and therefore specific structural features
of the inhibitors are important. The absence of the dialkyl functional group leads to
inhibitors with potencies three orders of magnitude lower, Thus, it appears the presence of
a gem-dialkyl substitution on the parent succinic acid structure is a major contributing factor
to the unusual potency of these inhibitors.

From table VII it is evident that removal of one of the carboxyl groups affects the
specific binding of the inhibitor to the enzyme. Furthermore, the affinity of the
monocarboxylic acids become substantially reduced. Thus, conversion of succinic acid into
succinamic acid (a free carboxylic acid to an amide), resulted in a weaker inhibitor which
exhibited non-linear binding characteristics. Substituting a methyl group for one of the
carboxyl groups of succinic acid similarly resulted in an inhibitor, butyric acid, with
hyperbolic binding characteristics and a much reduced affinity. Complete elimination of one

of the carboxyl groups of the basic succinic acid structure also gave a weaker, hyperbolic
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inhibitor, propionic acid. The hyperbolic binding characteristics of propionic acid was not
repressed when assayed in the presence of either B-mercaptoethanol or methylguanidine,
two competitive inhibitors of carboxypeptidase B which are expected not to bind to the
cognate site(s) of propionic acid (Chan and Pfuetzner, 1993). Pivalic acid (3,3-
dimethylpropionic acid) which corresponds to 2,2-dimethylsuccinic acid without the extra
carboxyl moiety « to the gem-dialkyl groups, surprisingly acted as an activator of the
enzyme. The presence of the second carboxyl group therefore appears to properly anchor
or orient the inhibitor within the active site through presumably the elimination of
nonproductive binding resulting in a more potent inhibitor,

To ascertain whether the potency of the gem-dialkyl inhibitors were of a specific
nature, the dicarboxylic acid inhibitors were also assessed on the closely related
carboxypeptidase A (Table VIII). Binding potencies and characteristics followed trends
previously observed for the mechanistically similar carboxypeptidase B with differences only
in the magnitude of inhibitory potency. All the inhibitors showed higher potencies for
carboxypeptidase A than for B. This observation was not unexpected in view of the greater
preference for hydrophobic groups in this enzyme (Ondetti ef al., 1979; Zisapel and
Sokolovsky, 1973). With a dissociation constant of 1.1 X 107 M for the gem-dialky!
inhibitor, 2-ethyl-2-methylsuccinic acid on carboxypeptidase A was surprisingly more potent
than the well-known potent bi-product analogue, L-benzylsuccinic acid (K; 4.5 X 107 M)
(Byers and Wolfenden, 1972, 1973). This observation clearly underscored the remarkable

potency associated with the gem-dialkyl succinic acid derivatives.
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TABLE VIII. Dissociation constants for dicarboxylic acid inhibitors on carboxypeptidase

Al

Dicarboxylic acid K; (mM)
2-Ethyl-2-methylsuccinic acid 0.00011
2,2-Dimethylsuccinic acid 0.0016
Methylsuccinic acid 0.3
Succinic acid® 4

Meso 2,3-dimethylsuccinic acid 6.6

L - Benzylsuccinic acid 0.00045°

“The maximum standard error in the determined dissociation constants was + 15%. K, =
28 mM (Chan and Pfuetzner, 1993); K; = 0.4 mM (Byers and Wolfenden, 1973). ‘Datum
from Byers and Wolfenden (1973).
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5.1.2  Interaction between two inhibitors: carboxypeptidase B

To further explore, kinetically, the nature of interaction of the gem-dialkyl inhibitors
within the active site of carboxypeptidase B, the concurrent effect of pairs of inhibitors were
examined. The independent dissociation constants of the zinc ligands and guanidine probes
are given in table IX. All the inhibitors bound to the enzyme in a purely competitive
fashion. As shown in table X, the interaction between the guanidine homologues and the
succinic acid derivatives examined werc all observed to be synergistic with the highest
synergism observed for the interaction between guanidine and the respective dicarboxylic
acids. The synergistic factor of 128 between guanidine and meso 2,3-dimethylsuccinic acid
approximates the highest leve! previously observed in a zinc protease (Pfuetzner and Chan,
1988). It is intriguing that with the possible exception of meso 2,3-dimethylsuccinic acid,
the interaction constants between the dicarboxylic acids and the guanidines were all not
significantly different.

The fact that the dicarboxylic acid inhibitors are not transition-state or substrate
analogues and supposedly do not resemble chemical intermediates generated during the
catalytic process may have some bearing on the statistically similar synergistic factors. It is
conceivable that the lack of very distinctive structural features among the inhibitors results
in the similar responses. Alternatively, the observed synergism may result from 2
contribution of varying degrees of positive and negative interactions from the different
inhibitors. Substitution of methylguanidine for guanidine resulted in a decrease in synergism
for all the dicarboxylic acid inhibitors suggesting the lack of room in the presence of an

extra methyl group. Contrary to expectation, this trend was not followed when a bulkier
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TABLE IX. Zn ligands and Guanidine inhibitors of Carboxypeptidase B”.

Zn ligand
Compound K; (mM)
Formohydroxamic acid 80 % 10
Acetohydroxamic acid 150 £ 21
B-mercaptoethanol 5x1

Guanidine homologue

Compound K; (mM)
Guanidine 1+£0.1
Methylguanidine 1.540.2
Ethylguanidine 3.1+04

“All the above compounds were previously shown by Chan and Pfuetzner (1993) to be
competitive inhibitors of carboxypeptidase B with similar dissociation constants using Dixon
plots (1953). The K;s reported here were obtained by the methods of Hunter and Downs

(1945) and Chan (1994).
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TABLE X. Synergistic factors ('/,) for the concurrent effects between Carboxylic acids

and Guanidine homologues on Carboxypeptidase B°.

Guanidine homologues

Carboxylic acid Guanidine Methylguanidine Ethylguanidine
Succinic acid 78 30 61
Methylsuccinic acid 68 25 29
2,2-Dimethylsuccinic acid 85 18 82

Meso 2,3-dimethylsuccinic acid 128 29 106

“Synergistic factors were determined as described in text. Maximum error in synergistic
factor determination is about 20 %.
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ethylguanidine was subsequently employed. The anomalous binding mode of ethylguanidine
was also evident when the effect of formohydroxamic acid on the binding of the guanidine
homologues was examined (Table XI). While the interaction between guanidine and
formohydroxamic acid dropped two-fold when methylguanidine served as the guanidine
homologue, enhanced synergism was observed with the bulky but less potent
ethylguanidine, The results indicate that ethylguanidine probably binds in an orientation
different from the other guanidine homologues.

The marked difference in synergism between methylsuccinic acid and guanidine
compared to succinic acid and methylguanidine {Table X) suggest that the methyl groups
of the corresponding inhibitors presumably do not occupy the same locus. Whether the
binding sites of these methyl groups are equivalent to or are different from the binding site
of the gem dialkyl groups cannot be clearly established by these kinetic analyses.

The effect of the zinc ligands, formohydroxamic acid and B-mercaptoethanol, on the
binding of the succinic acid derivatives is presented in table XII. As indicated,
formohydroxamic acid reduced the affinity of the enzyme for succinic acid five-fold. This
negative interaction retrogressed into mutual exclusiveness when [-mercaptoethanol
substituted as the zinc ligand. Formohydroxamic acid also interfered with the binding of
meso 2,3-dimethylsuccinic acid, however, unlike the scenario observed for succinic acid, B~
mercaptoethanol reversed the negative interaction and synergized with meso 2,3-
dimethylsuccinic acid increasing its affinity for the enzyme by a factor of three. The
opposite effect of p-mercaptoethanol on the meso compound does not appear to be a result

of an alternative binding mode since the zinc ligands are mutually exclusive on the enzyme.
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TABLE XI. Synergistic factors (/) for the interaction between Formohydroxamic acid and

Guanidine homologues on Carboxypeptidase B,

Guanidine Homologue synergistic factor (/)
Guanidine 10 2
Methylguanidine 6 %1
Ethylguanidine 18 =4

“Assays for the determination of synergistic factors were as described under materials and
methods.
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TABLE XII. Synergistic factors ('/,) for the interaction between zinc ligands and

Dicarboxylic acids on Carboxypeptidase B”.

synergistic factor ('/,)

Dicarboxylic acid Formohydroxamic acid f-Mercaptoethanol
Succinic acid 0.2 £0.06 <0.1

Meso 2,3-dimethylsuccinic acid 0.5+0.1 3.1x06
Methylsuccinic acid 2.6 %06 26+02
2,2-Dimethylsuccinic acid 2105 5505

“Assays for the determination of synergistic factors were as described under materials and
methods.
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Subtle differences in binding can, however, influence the observed differences.
Methylsuccinic acid and 2,2-dimethylsuccinic acid both interact synergistically to about the
same extent with formohydroxamic acid. While this synergistic interaction-is to a large
extent maintained for methylsuccinic acid, it is doubled for 2,2-dimethylsuccinic acid with
B-mercaptoethanol as the zinc ligand. Thus substitution of methyl groups on the methylene
carbons of succinic acid appears not only to reduce interference in the presence of the zinc

ligands but, in fact, promote synergism between the inhibitors.

5.1.3 Concurrent effect of three inhibitors

Chan and Pfuetzner (1993) previously observed synergism between pairs of
inhibitors in carboxypeptidase B and suggested the existence of separate or overlapping
binding sites for a zinc ligand, a basic compound and a carboxyl-containing inhibitor. In that
study, however, a direct interaction between the carboxyl-recognition site and the zinc-
ligand binding site was not investigated. Although, this has been accomplished in the current
study, the data could still be interpreted in favor of alternate binding modes in regions of
dual specificities. This problem was addressed by directly examining the concurrent effect
of three purely competitive inhibitors of carboxypeptidase-B. The nature and extent of
interaction between methylguanidine, methylsuccinic acid and f-mercaptoethanol was
analyzed by extending the combination approach to accommodate the combinatorial effect
of three inhibitors.

Figure 20 shows the concurrent effect of methylguanidine, methylsuccinic acid and

B-mercaptoethanol on carboxypeptidase B investigated with the aid of a combination plot.
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A tripartite interaction constant, t, of 1.1 £ 0.3 indicated that no additional synergistic
effect is elicited upon the simultaneous application of the three inhibitors. Substituting
guanidine for methylguanidine did not significantly change the tripartite interaction constant
(t = 0.8 £ 0.3). The result indicated that, in this particular case, synergism was simply

cumulative and reflected what was observed when the inhibitors were used in pairs.

52  DISCUSSION

In an attempt to understand the nature of inhibitor interactions at the active site of
carboxypeptidase B, a novel class of competitive inhibitors, the gem-dialkyl succinic acid
derivatives has been found. 2-Ethyl-2-methylsuccinic acid turned out to be most effective
with a K; of 3.4 X 10°M which is remarkably potent for an inhibitor of its size. The basis
of the high inhibitory potency associated with such a compound, if understood, could serve
as a paradigm for the design of even more potent inhibitors for several related enzymes
including pharmacologically important ones such as angiotensin-converting enzyme
(Cushman ef al., 1977) which is also a zinc protease. This inhibitor was even more potent
on the structurally and mechanistically related carboxypeptidase A (K; 1.1 X 107M).
Elimination of both gem-dialkyl groups reduces inhibitory potency over 8000 fold and
competitive inhibition is lost when one of the carboxyl moieties is removed. The activatory
effect of pivalic acid, the hyperbolic binding characteristics of propionic and butyric acids
together with the anomalous binding of ethylguanidine are consistent with multiple bind

sites within the active site. Thus different sites possibly control the different kinetic effects
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observed with the inhibitors. A similar conclusion was reached by Abramovich and co-
workers (1973) by analyzing peptide substrates of this enzyme. A mode! for multiple
binding sites in the related carboxypeptidase A has also been advanced by Vallee and co-
workers (1970). Thus, through the use of inhibitor binding synergism, the existence of
multiple binding modes can be confirmed for carboxypeptidase B.

The increased affinity associated with the presence of two carboxyl moieties on the
succinic acid derivatives suggests the existence of two carboxy! recognition sites in
carboxypeptidases A and B; this effect is well-known and has been variously addressed
(Byers and Wolfenden, 1973; Ondetti ef al., 1979; McKay and Plummer, 1978; Jacobsen
and Bartlett, 1981). The potential binding sites, the catalytically essential zinc atom and
Arg-145 (can;boxypeptidase A numbering system), are known from X-ray crystallographic
analysis (Rees ef al., 1983; Schmid and Herriot, 1976). The crucial question in this case
was how the presence of the gem-dialkyl inhibitors influenced the binding orientation of the
carboxyl groups. Since the primary determinant of specificity in the carboxypeptidases is
Arg-145, binding of one of the carboxyls could be expected; although the size of the
inhibitors may result in a binding mode different from that of a typical substrate of the
enzyme. That a carboxyl-recognition binding site was or overlapped the zinc-ligand binding
site was explored by examining the concurrent effects of zinc ligands, formohydroxamic
acid and f-mercaptoethanol on the one hand, and the dicarboxylic acids on the other.
Although the binding of succinic acid and the zinc ligands seemed antagonistic or even
mutually exclusive, the situation was different for the succinic acid derivatives (Table XII).

The pattern of inhibitor binding synergism between the dicarboxylic acids and the zinc
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ligands on carboxypeptidase B showed that the presence of the alkyl substitution reduces
the negative interactions with the zinc ligands and may even result in a positive interaction.
This observation will be more consonant with the carboxyl group ¢ to the alkyl
substitutions binding closer to the zinc ligands. An inspection of the pK, values of the
dicarboxylic acid inhibitors show good correlation with synergism (Appendix III), thus an
increase in pK,, concomitant with a decrease in pK,, appear to favor synergism. This will
be consistent with the protonated form of the carboky}ic acid being better accommodated
in the vicinity of the zinc-ligand binding site rather than the carboxylate anion.

The significance of this synergism-pK, dependency is not entirely clear since both
carboxyl groups would be expected to be primarily charged under the assay conditions (pH
7.5). However, if the xerophilic-shift mechanism of Chan and Pfuetzner (1993), is operative
then one might expect such a correlation. The hypothesis explains the role of synergism in
catalysis by proposing that upon the binding of one inhibitor to the enzyme, a
conformational change in the protein ensues which increases the enzyme's affinity for the
second inhibitor. Subsequently, when water is excluded from the active site upon the
binding of both inhibitors, a shift in the pK of an essential ionizable residue at the active site
is postulated to occur which converts the enzyme into a catalytically competent form. Such
a mechanism could be envisioned to act analogously on the carboxylic acid inhibitors. This
correlation is, therefore, what would be expected if the binding site of the second carboxyl
group « to the substituted carbon either overlaps the zinc ligand binding site or is in close
proximity to it; since a higher pK through electron-donating inductive effect would be

expected upon methyl substitution,
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Alternatively, the phenomenon could be primarily due to the sheer presence of the
alkyl groups which presumably interact favorably within a putative gem-dialkyl binding
region thereby influencing the synergistic response. The active site of carboxypeptidase B
contains a hydrophobic core at the bottom of which sits the specificity-determining Asp-255
which might contain such a site. Although pK,, and pK,, for meso 2,3-dimethylsuccinic
acid are lower than those for succinic acid it interacts more positively with the zinc ligands
than succinic acid. This greater positive interaction of meso 2,3-dimethylsuccinic acid with
the zinc ligands suggests alkyl substitution may be the dominating influence since a more
acidic inhibitor would be expected to interfere with the zinc ligands. This interpretation
would be consistent with the decreasing interference or increasing synergism observed with
alkyl substitution. Both mechanisms, however, could conceivably operate concurrently and
may not necessarily be mutually exclusive.

The study on the effect of three competitive inhibitors of carboxypeptidase B clearly
confirmed the existence of three binding sites for the three types of inhibitors analyzed. That
a tripartite interaction constant of almost unity was observed is revealing. This intriguing
observation indicates that in spite of the presence of the third inhibitor similar binding
characteristics and interactions are presumably maintained between pairs of inhibitors under
a situation where the active site could accommodate all three. The possibility that
compensatory positive and negative interactions occur within the quaternary complex
cannot, however, be totally discounted but is unlikely. The result clearly confirms that,
minimally, there exist three separate or overlapping binding sites specific for a carboxylic

acid, a zinc ligand and a basic inhibitor within the active site of carboxypeptidase-B which
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was inferred from the investigations on pairs of inhibitors (Chan and Pfuetzner, 1993).
Since 2-ethyl-2-methylsuccinic acid is not a transition-state analogue and cannot be
strictly classified as a product analogue, it is concluded that the tight binding of the inhibitor
on the carboxypeptidases is a result of its opportunistic ability to interact favorably with the
zinc proteases in some respects. Based on the tremendous affinity associated with the gem-
dialkyl groups and perhaps their influence on pK, values of the carboxyl groups coupled to
the specificity contributed by the extra carboxy! group, it is suggested that 2-ethyl-2-
methylsuccinic acid simultaneously interacts with the carboxyl-recognition site, presumably
co-ordinaies to the essential zinc atom while making extremely favorable van der Waals'
contacts within the hydrophobic core of the active site ie. a putative "gem-dialkyl binding
site" in the carboxypeptidases. It is hard to imagine how such a "small" inhibitor could
derive the binding energy associated with its potency. Could the inhibitor be exploiting
some as yet undefined aspect of the catalytic mechanism of the carboxypeptidases? The
presence of a gem-dialkyl substituent apparently potentiates the inherent characteristics of
an inhibitor. Thus pivalic acid acted as a better activator than propionic acid while 2,2-
dimethylsuccinic acid was a more potent competitive inhibitor than succinic acid, It is
interesting that the gem-dialkyl group would be located at the bond that would normally
be susceptible to cleavage during a routine catalytic turnover assuming the carboxyl moiety
o to the substitution binds the zinc atom. It is also remembered from the work of Byers and
Wolfenden (1973) that dicarboxylic acids longer or shorter than succinic acid are weaker
inhibitors of carboxypeptidase A. The nature of these effects coupled with the unusual

potency of the gem-dialkyl inhibitors thus hint at a potential role in catalysis. Exactly how
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a gem-dialkyl group would marshal some aspect(s) of the catalytic apparatus in influencing
these potentiating effects is intriguing. Further details regarding the possible role of these
substituents in exerting the remarkable affinity on the carboxypeptidases would how;avcr,
require structural analysis of the enzyme-inhibitor co-complex. |

The binding orientation of these inhibitors cannot be predicted with any certainty
based on the kinetic data. However, if the alternate-binding mode hypothesis advanced by
Ondetti and co-workers (1979) to explain the lack of specificity of L-benzylsuccinic acid
on these two enzymes is invoked, then one may speculate that the inhibitor would bind in
an orientation identical to a normal substrate in carboxypeptidase A with the carboxyl group
o to the alkyl-substituted carbon binding within the carboxyl-recognition site (Arg-145).
This orientation will then be reversed in carboxypeptidase B with the carboxyl group « to

the substituted carbon binding closer to the catalytically essential zinc atom.



6. APPENDICES
6.1 APPENDIX I: Kinetic equation describing effect of three mutually nonexclusive
competitive inhibitors.
On the assumption that the inhibitors bind the enzyme reversibly and that binding
neither involves covalent interactions nor appreciably deplete inhibitors or substrate, then

the following equation is satisfied at equilibrium.

(B )=[E1[ES)+ (B, ]+ [B4,]+[E4,]+[B4,4,}+ [E4,4,]14 [B1,1,)+ [B,1,1,]  (16)

;ince v=k[ES] and V,,, =k_[E;]

LA [ES]
Voux LE1-[ES)e[EL 1+ [E1,)+[E1,)+[EL 1,)0[EL,1,]«[EL,d 1+ [E1,4,1,]
(17)
Substituting for the various enzyme-inhibitor complexes gives
[E] [s]
v o _ Km
Viax (E] [(El[s) [E)[4,) [B]{4,] [E][4,]
K, KII ) Ki, ) KJ, )
(E] [s] (18)
Km
[E1(4,)04,] [EI[4,104,] [EIL4,104;] [E1[4,104,]1[4,)
0K, K BKilKJ: YK, K, eK-fu.KizK'{:l
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which can be simplified to give equation (19) (equivalent to equation (12)) describing the

interaction between three linear competitive inhibitors acting concurrently on an enzyme

Ving [ 5]

K (1

[0 T[4, [4,] (4,104,] [4,104,] (3,114, [4,]14,][4,)

m . -
K, 1 K-l: Ki: ai‘f‘ 1K-[z BK, :Kia YK‘:KJa

where the overall interaction constant ,0 =tapy
and a is the interaction constant between inhibitors 1 and 2
p L1} I L1} ] and 3

,Y L] n Ll 2 and 3

T is the tripartite interaction constant resulting from the quaternary Ei,i,i, complex.

oK, K, K,

y+[s]
(19)
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6.2 APPENDIX II: Definition of ¢.

Assuming Michaelis-Menten kinetics for a competitively inhibited enzyme, the
following species exist: E, ES & Ei

where

[B,1=[E]+[E1]-[ES] (20)

on the assumption that rapid equilibrium conditions prevail, equation (20) can be simplified

to

(B, (4] . [s]
[E] K L= @1

4 n

Introducing IC,, (see equation {5)) gives

(&,]
[E]

K-[i]=IC,, (22)

since K=[E][i)/[Ei], equation (22) can be transformed to

(Bi) ___ (B41 _ (41,
[E,)-[E1] [Bl-[ES] IC, (23)
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63  APPENDIX III: Ionization constants for dicarboxylic acid inhibitors of

carboxypeptidases B

Inhibitor PK,, pK.»
Succinic acid 4.19 5.48
Methylsuccinic acid 4.13 5.64
2,2-Dimethylsuccinic acid 4.11 6.13
Meso 2,3-dimethylsuccinic acid 3.77 5.36

“Data from CRC Handbook of Biochemistry selected data for Molecular Biology (Edited

by Sober, H. A. (1968) The Chemical Rubber Co, Cleveland, OH).
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