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Abstract: The virally encoded serine protease NS3/NS4A is essential to the life cycle of the
hepatitis C virus (HCV), an important human pathogen causing chronic hepatitis, cirrhosis of the
liver, and hepatocellular carcinoma. Until very recently, the design of inhibitors for the HCV NS3
protease was limited to large peptidomimetic compounds with poor pharmacokinetic properties,
making drug discovery an extremely challenging endeavor. In our quest for the discovery of a
small-molecule lead that could block replication of the hepatitis C virus by binding to the HCV NS3
protease, the critical protein—polypeptide interactions between the virally encoded NS3 serine
protease and its polyprotein substrate were investigated. Lead optimization of a substrate-based
hexapeptide, guided by structural data, led to the understanding of the molecular dynamics and
electronic effects that modulate the affinity of peptidomimetic ligands for the active site of this
enzyme. Macrocyclic B-strand scaffolds were designed that allowed the discovery of potent, highly
selective, and orally bioavailable compounds. These molecules were the first HCV NS3 protease
inhibitors reported that inhibit replication of HCV subgenomic RNA in a cell-based replicon assay
at low nanomolar concentrations. Optimization of their biopharmaceutical properties led to the
discovery of the clinical candidate BILN 2061. Oral administration of BILN 2061 to patients
infected with the hepatitis C genotype 1 virus resulted in an impressive reduction of viral RNA
levels, establishing proof-of-concept for HCV NS3 protease inhibitors as therapeutic agents in
humans.  © 2004 Wiley Periodicals, Inc. Biopolymers (Pept Sci) 76: 309-323, 2004

Keywords: hepatitis C (HCV); NS3 serine protease; macrocyclic peptides; clinical candidate
BILN 2061; structure-based drug design; crystal structure of an HCV NS3-bound inhibitor;
macrocyclic B-stand mimics

INTRODUCTION

The alarming spread of hepatitis C viral (HCV) in-
fections and the consequences associated with chronic
hepatitis C has resulted in a worldwide severe medical
problem. HCV was identified in the late eighties as
the etiological agent of non-A and non-B hepatitis.' It
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is currently estimated that more than 170 million
people worldwide are infected with the HCV virus,
transmitted mainly through contaminated blood.” In
the majority of cases (>80%), the immune system is
not capable of clearing the infection, which then be-
comes chronic. Following a relatively lengthy asymp-
tomatic period (10-20 years), chronic infection usu-
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ally progresses to end-stage liver diseases such as
cirrhosis of the liver and hepatocellular carcinomas.®
These conditions have become the leading indication
for liver transplantations. An estimated 10,000 deaths
occur annually in the United States alone that can be
linked to complications arising from HCV infections.

Currently there are no vaccines that can prevent
HCV infection in humans,* and options for therapy
are limited to pegylated interferons (IFN-a)® admin-
istered intravenously in combination with the broad-
spectrum antiviral nucleoside ribavirin.® However, the
treatment is associated with severe side effects, and
sustained reduction in viral load is achieved in only
half of patients infected with HCV genotype 1, the
most prevalent genotype in industrialized nations.
There is an urgent need for new anti-HCV drugs that
will address this worldwide medical problem.

The hepatitis C virus is a small enveloped virus
with a positive single-stranded RNA genome that
closely resembles other flaviviruses (e.g., yellow fe-
ver, dengue fever) and pestiviruses (e.g., bovine viral
diarrhea virus). Recently, HCV was classified in a
separate genus within this family, and is now referred
to as a hepacivirus.” The viral genome of ~9600
nucleotides encodes a precursor polypeptide of ap-
proximately 3010 amino acids, which is processed
both co- and posttranslationally to produce structural
(C, El, E2, p7) and nonstructural (NS2, NS3, NS4A,
NS4B, NS5A, NS5B) proteins (Figure 1).*° The vi-
rally encoded HCV nonstructural (NS) proteins NS2

(protease), NS3/NS4A (protease, helicase, and AT-
Pase), and NS5B (RNA-dependent RNA polymerase)
are attractive targets for antiviral therapy as their
catalytic function is essential for in vivo viral repli-
cation.'® Unfortunately, this seemingly simple virus is
very difficult to defeat, and in spite of intensive efforts
by researchers around the world, potential anti-HCV
therapeutic agents are still in the early phases of
preclinical or clinical development.''~'* Complete
elucidation of the HCV life cycle, and consequently,
drug discovery, has been hampered by the inability to
replicate the hepatitis C virus in cell culture. Recently,
the development of a human hepatoma cell line
(Huh-7 cells), which can efficiently replicate cloned
subgenomic HCV RNA, provided a major advance-
ment in the field."*'> This cell-based assay has be-
come an indispensable tool in the evaluation of po-
tential anti-HCV drug candidates. In addition,
progress has been made in the development of HCV-
infected animal models, including the recently vali-
dated infected chimpanzee model (the only animal
species known to sustain HCV replication)'®!” and a
chimeric mouse model harboring transplanted human
hepatocytes that can be inoculated with serum from
HCV-infected patients.'®

The macrocyclic B-strand mimic BILN 2061 (2) is
the first inhibitor of the HCV NS3/NS4A serine pro-
tease reported with proven antiviral effects in humans
(Scheme 1).'*2° Since this compound is the first of its
class to enter clinical development, it provided clini-
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FIGURE 1 (a) Polyprotein translation product of the HCV ~9.6 kilobase (+) RNA genome; (b)
substrate specificity of NS3 protease at the four cleavage sites of the NS region; (c) substrate-based
initial lead structure (1) of a competitive inhibitor of the NS3 protease.
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SCHEME 1 Design of BILN 2061, a clinically useful HCV NS3 protease inhibitor from a
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cal validation for its target enzyme and real hope for
the current and future approaches to HCV chemother-
apy.?' This report is a brief summary of the drug
discovery efforts at Boehringer-Ingelheim (Canada)
Ltd. that led to the discovery of BILN 2061 (2),
starting from the substrate-based lead hexapeptide 1
(Scheme 1). Some of the critical structural studies that
guided the design of the B-strand backbone scaffold
of 2, mimicking the NS3-bound conformation of 1, is
presented. The structure—activity relationship (SAR)
of this novel class of inhibitors is also described. The
results of this investigation highlight the staying
power of structure-based, rational drug design and the
role of peptide research in medicinal chemistry. Fur-
thermore, this review is a unique example of the
enormous value of peptide mimics that can efficiently
disrupt interactions between large biomolecules rele-
vant to biological targets in medical interventions.

THE HCV NS3/NS4A SERINE
PROTEASE—-STRUCTURE
AND FUNCTION

Proteolytic processing of the HCV ~3010 amino acid
polyprotein is essential for release of at least 10 ma-
ture viral proteins: HO,C-C-E1-E2-p7-NS2-NS3-
NS4A-NS4B-NS5A-NS5B-NH, (Figure 1). The nu-
cleocapsid protein C,*? two virion glycoproteins El
and E2, and the p7 protein (of yet unknown function)
are released from the polyprotein through the action
of host signal peptidases.”® However, the two virally
encoded proteases, NS2 and NS3, are responsible for
processing the entire nonstructural region (NS2 =
NS5B) of the HCV polyprotein (Figure 1). The NS2

to NS5B proteins inclusively are thought to comprise
the nonstructural proteins involved in replication and
polyprotein processing.* The cleavage between NS2
and NS3 is performed in an autoproteolytic manner by
the NS2/NS3 protease, whereas proteolytic process-
ing of the remaining polyprotein (NS3 = NS5B) is
catalyzed by the N-terminal domain of the NS3
(~180 amino acid residues) which harbors a chymo-
trypsin-like serine protease.>’*® Given the indispens-
able role of the latter enzyme in the maturation pro-
cess of the HCV polyprotein, and consequently, HCV
infectivity, it is not surprising that is has been a prime
target for antiviral therapy.

The NS3 67 kDa protein is a multifunctional en-
zyme that in addition to its N-terminal protease do-
main, has a C-terminal domain (~460 amino acid
residues) that harbors RNA-dependent helicase and
ATPase catalytic properties.”” X-ray crystallography
of the full-length NS3 has revealed that the protease
and helicase/ATPase domains are segregated and con-
nected by a single strand (Figure 2a).?° This structural
segregation is consistent with in vitro investigations
demonstrating that each separated domain retains its
respective catalytic function.?® However, the catalytic
efficiency of each domain is modulated by the pres-
ence of the other and, in vivo, possibly by the pres-
ence of other viral and host proteins. The NS3 pro-
tease—helicase interdomain cross-talk has been sup-
ported by a number of observations. For example,
with the full-length NS3, an enhancement of protease
activity (~5-fold) was observed in the presence of a
uridine oligomer [poly(U)], which was not observed
with the isolated protease domain.>' This data sug-
gested that binding of the poly(U) to the helicase
domain (or possibly both domains*?) stimulated pro-



312 Tsantrizos

FIGURE 2 (a) Full-length NS3/NS4A (protease domain in grey, helicase/ATPase in blue, NS4A
in green); (b) NS3/NS4A protease domain alone (catalytic residues highlighted in ball-and-stick).

tease activity. Interestingly, concentration-dependent
inhibition of the helicase activity by the NS4A (the
NS3 cofactor) was also observed,>? further indicating
that the two catalytic sites of the NS3 modulated the
activity of one another through some yet unclear
allosteric mechanism.*

The NS3 protease domain is fairly unique among
serine proteases in that it is activated by its structure-
modifying cofactor NS4A (Figure 2b).**? Interac-
tions between the NS3 and the 54 amino acids of
NS4A (in 1:1 ratio) induce conformational changes
that significantly reduce (but not entirely eliminate)
the plasticity of the NS3 protease. The interaction
between the NS3 protease domain and the NS4A
requires the 22 N-terminal residues of the protease
and the central 12 residues of the NS4A. Therefore,
for in vitro assays (or X-ray crystallography), the
cofactor can also be supplied as a synthetic 12-residue
peptide (NS4A ,iqc) Without significant loss of acti-
vation of the NS3 protease. Crystallographic evidence
of the NS3 protease alone (in the absence of the
NS4A) has revealed a chymotrypsin-like overall
structure, where the active site residues (Asp 81, His
57, and Ser 139), and especially the N-terminal resi-
dues of the protease, are loosely structured.** How-
ever, in the presence of the NS4A (or its essential
fragment NS4A . iq0).> > the N-terminal subdo-
main of the protease forms an eight-stranded -barrel,
where one strand is contributed by the NS4A, as an
integral part of the NS3/NS4A protease complex
(Figure 2b). The active site of the HCV NS3 serine
protease lies in the shallow and solvent-exposed cleft
between the two B-barrels. Two of its catalytic resi-
dues (His 57 and Asp 81) are located in the N-
terminal subdomain and the third catalytic residue
(Ser 139) is on the C-terminal subdomain (Figure 2b).

LEAD OPTIMIZATION OF A
SUBSTATE-BASED HEXAPEPTIDE

The first insight into the design of peptidomimetic
inhibitors of the HCV NS3 protease came from the
observation that N-terminal proteolysis products of
substrates corresponding to the trans sites (Figure 1),
but not the cis site, of NS3/NS4A can act as inhibitors
of the NS3 protease.’”*® Initial SAR revealed that
optimal binding of a hexapeptide ligand required
acidic anchors at both ends of the molecule (corre-
sponding to the P1 = P6 of the N-terminal product of
a dodecapeptide substrate; for protease subsite no-
menclature, see Ref. 39) and that for optimum in vitro
potency, cysteine was the preferred residue at Pl
(Scheme 1). Examples of these weak inhibitors in-
clude the N-acetyl derivative of hexapeptide 1,
AcNH-DDIVPC-CO,H (compound 3, Figure 3)*’
and AcNH-DEMEEC-CO,H,? the latter peptide cor-
responding to the NS4A/NS4B cleavage site (Fig. 1b).
Interestingly, replacement of the C-terminal carboxy-
lic acid moiety (P1) with an activated carbonyl moiety
did not produce a substantial increase in the potency
of these peptides; however, these analogs appeared
less selective for their intended target than the corre-
sponding carboxylic acid derivatives.''

In the course of lead optimization, automated high-
throughput parallel synthesis was used to synthesize
libraries of novel compounds having substitutions at
every position of the lead hexapeptide 3 (Figure 3).
These investigations led to the identification of P1
replacements, such as n-propyl and cyclopropyl gly-
cine derivatives, which provided chemically more sta-
ble inhibitors (e.g., hexapeptides 4 and S5, respec-
tively) than the initial cysteine analog 3 with reason-
able potency.***! In vitro evaluation of derivatives 4
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FIGURE 3 Early SAR at the P1 and P2 residues of hexapeptides. («) In vitro enzymatic assay

using the NS3 protease domain plus the synthetic NS4A

peptide- (B) In vitro enzymatic assay using

the full-length NS3/NS4A heterodimer; the same dodecapeptide substrate was used for both assays.

and 5, using the NS3 protease domain alone with the
synthetic NS4A e, ***" indicated that peptide 4
was almost equipotent to 3, whereas 5 was 4-fold less
potent than 3 (Figure 3, IC%,).*' However, simulta-
neous substitutions of the P1 with a cyclopropyl gly-
cine residue and P2 with a (4R)-benzyloxyproline
(compound 6) or (4R)-naphthen-2-yl-methoxyproline
(compound 7) led to the discovery of hexapeptides
with dramatically improved potency (Figure 3).*" It is
interesting to note the changes in the potency of a few
key compounds when tested in vitro using the full-
length NS3/NS4A heterodimer protein (e.g., com-
pounds 3, 6, and 7, ICg, vs ICEO; Figure 3). These
apparent discrepancies between ICs, values could
partly reflect the effects of the helicase domain on the
catalytic efficiency and discrimination of the sub-

strate/ligand molecular recognition elements of the
NS3 protease; however, differences in the assay con-
ditions used for each protein construct could also play
a role.*?

In parallel with the above SAR studies, the inter-
actions of the NS3 protease domain with ligand 6
were also explored by NMR and computational chem-
istry.**** Transferred nuclear Overhauser effects and
transferred '*C spin-lattice relaxation NMR experi-
ments indicated that peptide 6 adopts an extended
B-strand conformation and was extensively rigidified
upon binding to the NS3.**** Protease-induced dif-
ferential line-broadening studies suggested that the PS5
and P6 residues were mostly solvent exposed and
interacting only weakly with the NS3 protease,** con-
sistent with reports by other investigators.*>*® None-
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theless, truncation of hexapeptide 7 to the correspond-
ing tetrapeptide 8 resulted in a significant decrease in
intrinsic potency (Figure 3). Insight into this apparent
contradiction was provided by Steinkohler and co-
workers, who examined the role of the P5 and P6
residues using pre-steady-state kinetics.*® Based on
their observations, they proposed that the electrostatic
surface potential of these residues enhances the col-
lision rates between the peptidic ligand and the active
site of NS3 protease.*®

SOLID-PHASE SYNTHESIS

OF TETRAPEPTIDE
LIBRARIES—OPTIMIZATION OF THE
DIPOLE/QUADRUPOLE

AND =-STACKING

LIGAND-NS3 INTERACTIONS

From the beginning of our HCV NS3 protease drug
discovery program, automated solid-phase synthesis of
peptide libraries permitted rapid evaluation of the SAR
and the discovery of novel peptidomimetic inhibitors of
the NS3 protease. Key compounds within these libraries
were designed as structural probes for NMR and com-
putational studies. In order to achieve broad structural
diversity, numerous synthetic methodologies were
adapted to solid-phase peptide chemistry, including
cross-coupling reactions between polymer-bound pep-
tides and commercially available building blocks under
Mitsunobu*’ and Suzuki conditions.*® A variety of aryl,
biaryl, and heteroaryl reagents were attached to the 4-hy-

.J'H|
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R, = OSi(CH,),t-Bu
R, = OH

2) Ar-OH or Ar-SH

THF,RT,4-5h

droxyproline moiety of P2 under Mitsunobu and Suzuki
conditions; the overall synthetic methodology is shown
in Scheme 2.*° Consistent with our previous observa-
tions (Figure 3), further optimization of the P2 aromatic
system resulted in a dramatic increase of the binding
affinity of tetrapeptide ligands for the HCV NS3 pro-
tease.*® Furthermore, these ligands were used to explore
the NS3-bound conformation of the P2 moiety by
NMR,* and the dipole/quadrupole/rr-stacking interac-
tions between the aromatic substituent and the NS3
binding pocket with molecular modeling calculations.*’

In the absence of any NMR or X-ray data revealing
the binding interactions between the aromatic substituent
of the 4-hydroxyproline moiety and the NS3 protease,
the main goal of the Mitsunobu and Suzuki libraries was
to provide means by which we could probe the features
of the NS3 binding pocket. A variety of building blocks,
bearing electron-donating or electron-withdrawing
groups, were specifically chosen in order to modulate the
size and electrostatic potential of the aromatic system.
An interesting trend in the intrinsic potency of the tet-
rapeptide ligands was observed (Figure 5), which corre-
lated with the calculated electrostatic potentials of their
P2 aromatic systems (Figure 4a). For example, tetrapep-
tide 16 was approximately 7-fold more potent than the
unsubstituted quinoline analog 12 and approximately
130-fold more potent that the tetrapeptide 17 (Figure 5),
consistent with the general trend of decreasing electro-
static potential in their corresponding quinolines
(Figure 4a).

Based on NMR studies, the NS3-bound conforma-
tion of biaryl analogs (e.g., an analog of 14 shown in

B
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SCHEME 2 Library synthesis on solid support.
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Dimethoxyquinoline

(b)

FIGURE 4 SAR optimization guided by molecular modeling and NMR. (a) Electrostatic potential
(ESP) of quinolines (model compounds of tetrapeptides 17, 12 and 16, respectively; red is negative
ESP, blue is positive ESP); (b) NS3-bound conformation of the P2 aromatic moiety of the

tetrapeptide inhibitors 14 and 15.

purple; Figure 4b) was found to be significantly dif-
ferent from that of the quinoline analogs (e.g., com-
pound 15 shown in green; Figure 4b), suggesting that
the P2 binding pocket could accommodate hybrid
tricyclic quinoline analogs, such as the 7-phenyl-4-
hydroxyquinoline derivative 18.°° These cumulative
SAR and structural/computational observations led to
further optimization of the tetrapeptide inhibitors; as
predicted by the electrostatic potential calculations
and the NMR studies, compounds 16 and 18 were
both approximately 7- to 10-fold more potent than the
unsubstituted quinoline analog 12 (Figure 5). Further-
more, the observed SAR strongly suggested that in
addition to the hydrophobic interactions, a dipole/
quadrupole interaction between the aromatic system
at the P2 moiety and the binding pocket of the NS3
protease was contributing to the affinity of the inhib-
itors for the enzyme.’! This hypothesis was later
confirmed by X-ray crystallography.’?

The peptidic backbone of the quinoline deriva-
tives (Figure 5) was expected to be more rigid than
the earlier benzyloxy or napthylmethoxy analogs
(Figure 3). Surprisingly, the simultaneous optimiza-
tion of both P1 and P2, with the (1R,2S)-vinyl ami-

nocyclopropane carboxylic acid (vinyl ACCA)>? res-
idue at P1 and a quinoline or methoxy quinoline at P2,
resulted in greater increase of potency than what
would have been expected based on the SAR of the
corresponding napthylmethoxy derivatives (some rep-
resentative examples are shown in Figure 6). Unfor-
tunately, in spite of the dramatically improved in vitro
enzymatic potency of these tetrapeptides (i.e.,
~21,000-fold increase in potency from hexapeptide 3
to tetrapeptide 23, Figure 7), cell-based potency could
not be observed in the replicon assay, even at the
highest concentrations that they could be tested (ECs,,
> 5 uM, Figure 7), once again revealing the inher-
ently poor biopharmaceutical properties of molecules
with a highly peptidic nature.

DESIGN OF A MACROCYCLIC
SCAFFOLD MIMICKING THE
B-STRAND NS3-BOUND
CONFORMATION OF
SUBSTRATE-BASED HEXAPEPTIDES

Based on the poor biopharmaceutical profile of com-
pounds such as 23, the need for a less peptidic scaf-
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FIGURE 5 P2 Optimization of tetrapeptides.

fold than that of the linear tetrapeptides was clearly
evident. Therefore, the bimolecular recognition ele-
ments involved in an NS3-ligand complex were fur-
ther investigated. The interactions of the NS3 protease
domain with the substrate-based hexapeptide 6 were
previously explored by NMR and molecular modeling
(Figure 8a).*>** As mentioned previously, these stud-
ies suggested that the main interactions between the
hexapeptide and the enzyme involved the P1-P3 res-
idues, binding in an extended, (-strand conforma-
tion.** Furthermore, in the inhibitor—protein complex,
the P3 side chain was shown to be solvent exposed
and in close proximity to the P1 n-propyl (norvaline)
side chain. The P1 n-propyl side chain was folded
inside the NS3 S1 binding pocket, placing the §CH; in
close proximity to the aH of the P1 and the yCH; of
the P3 valine residue (Figure 8a). Additional NMR

studies with tetrapeptides, having an ACCA residue at
P1,%* confirmed that the backbone of the shorter li-
gands was also adopting the extended 3-strand con-
formation upon binding to the NS3. The structural
differences between the free (in solution) and the
NS3-bound state of these ligands were further ex-
plored by both NMR and computational studies.>
Based on these studies, we concluded that the NH-C,,
bond of the P1 residue, in a free ligand, had to
undergo a rotation of approximately 180° in order to
adopt its NS3-bound conformation.>® Therefore, the
entropic penalty associated with the overall realign-
ment of a ligand, into the preferred enzyme-bound
conformation, was expected to have a negative impact
on its binding energy. Hence, we embarked on the
design of a rigid scaffold that could restrain the ori-
entation of the P1 carboxylate anion to that of the
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FIGURE 8 (a) A model of hexapeptide 3 bound to the active site of the apo NS3 protease, created
by docking the NMR-derived bound conformation of the hexapeptide (protons in blue indicate
negative differential line broadening; protons in red indicate positive differential line broadening. (b)
NMR-derived conformation of a 15-member ring macrocyclic inhibitor (an analog of compound 28

without the methoxy group).

NS3-bound orientation and simultaneously preorga-
nize the peptidic backbone exclusively to an all-trans
geometry (3-strand); the latter is a significant problem
with proline-containing linear peptides, which usually
exist as mixtures of cis and frans rotamers. We pre-
dicted that covalent linking of the P1-P3 side chains,
creating a 14- to 16-member ring structure, could
result in a peptidomimetic scaffold which in the free
state would adopt the desired (-strand NS3-bound
conformation; this assumption was later proven cor-
rect based on NMR studies (Figure 8b).>> This rigid
macrocyclic ligand was expected to pay a much lower
entropic penalty for binding to the protease and, con-
sequently, have a higher affinity for the enzyme than
its corresponding acyclic precursor.’*>°

MACROCYCLIC INHIBITORS OF THE
HCV NS3/NS4A PROTEASE

The design of rigid macrocyclic inhibitors began with
an evaluation of the peptidic backbone of the previ-
ously developed tetrapeptide inhibitors, typified by
compound 25 (Figure 9).°> During these studies, we
observed that the tetrapeptide scaffold 25, as well as
its truncated analog N-Boc derivative 26, were void of
any potency in our in vitro assay using the full-length
HCV NS3/NS4A heterodimer (Figure 9).>2 However,
we discovered that the 15-membered ring macrocyclic
peptide 27 (with a double bond of the Z configuration)
was a weak inhibitor.’> Optimization of 27 by sub-
stitution of the proline with a 4-hydroxy-7-me-
thoxyquinoline moiety,*’ as previously described, led
to inhibitor 28 with an approximate 16,600-fold in-
crease in potency over the “naked” scaffold 27

(Figure 9) and approximate 50-fold and 2-fold in-
crease in potency over the linear tetrapeptides 16 and
23, respectively, (Figure 6). More importantly, the
macrocyclic inhibitor 28 exhibited measurable cell-
based potency (albeit low) in the replicon assay
(Figure 9). Further optimization of the P2 quinoline
substituent to the 2-phenyl-4-hydroxy-7-methoxy an-
alog 29 led to an increase in intrinsic and cell-based
potency by 2-fold and 16-fold, respectively, thus ex-
hibiting a potency profile presumed acceptable of a
potential preclinical candidate (Figure 9). As ex-
pected, a drop in enzymatic potency of approximately
36-fold was observed upon cleaving of the P1-P3
hydrocarbon linker to produce the corresponding
open-chain analog 30 (Figure 9), thereby confirming
the importance of macrocyclization.

Predictably, the binding affinity and potency of
these inhibitors was highly dependent on the ring size
and the stereochemistry of each chiral center.’’ For
example, compound 29 was 180-fold more potent
than its epimer 31, further validating the specificity of
these inhibitors for their intended molecular target.
Steady-state kinetic analysis of the mode of inhibition
of compound 29 demonstrated competitive inhibition
of the NS3-NS4A protease heterodimer of genotype
Ib with a K, of 1.0 nM.”* Inhibition of the HCV
NS3-NS4A protease heterodimer of genotype la was
also evaluated with the same inhibitor (compound
29), demonstrating competitive inhibition with a K, of
1.4 nM. These compounds were also found to be
highly selective in inhibiting the HCV NS3 protease
without inhibiting mammalian proteases, such as hu-
man leukocyte elastase and liver cathepsin B, even at
concentrations exceeding 30 uM.>?
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FIGURE 9 Design of macrocyclic inhibitors of the HCV NS3 protease.

CRYSTALLOGRAPHIC EVIDENCE FOR
BINDING OF MACROCYCLIC
INHIBITORS IN THE ACTIVE SITE OF
THE HCV NS3 PROTEASE

The binding of the macrocyclic inhibitors in the active
site of the NS3 protease was confirmed by X-ray
crystallography. Previous to our report,”” crystallo-
graphic and NMR data of o-keto acid inhibitors
covalently bound to the NS3 protease had been
reported.”®>° In addition, a crystal structure of an
engineered single polypeptide, containing the C-ter-
minal helicase domain and the N-terminal protease
covalently linked to the NS4A cofactor, revealed
the binding of the C-terminal carboxylic acid moiety
of the helicase to the active site of the protease
(Figure 2a).*! The latter report was the only other
example of a C-terminal carboxylate bound to the

active site of the NS3/NS4 complex and represented a
model of product inhibition for this enzyme. How-
ever, the compound 29-NS3 complex (Figure 10)
represents the first X-ray structure of a small molecule
carboxylic acid inhibitor bound to the active site of
the HCV NS3 protease.’” This structure revealed how
the carboxylate group interacts with the active site and
provided additional insight into the mechanism of
product inhibition observed with natural substrates of
the HCV NS3 protease. The heteroatom—heteroatom
distances suggested that one of the carboxylate oxy-
gens of the inhibitor binds in the oxyanion hole of
the NS3 (NH of G137 and S139), while the other
forms a hydrogen bond with the H57 (No) residue
(Figure 10).%? In addition, the side chain (O+y) of S139
appeared to form weak asymmetric bifurcated H-
bonds with both of the carboxylate oxygens of the
inhibitor. Formation of canonical hydrogen bonds be-
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tween the inhibitor’s amide moieties and the NS3
residues R155 and A157 were also observed. The
inhibitor’s aliphatic linker (between P1 and P3) was
clearly visible in the electron density, indicating that it
was conformationally fixed within the S1-S3 pocket.
The NS3 residue V132 appeared to be within van der
Waals distance of this linker and may be contributing
to the overall binding energy in the inhibitor—enzyme
complex (Figure 10).5> Furthermore, inhibitor-in-
duced conformational changes of the R155 side chain
led to the formation of an interaction between the
methoxy group of the P2 quinoline and the guani-
dinium ion of R155 (Figure 10); the latter observation
provided validation for the approach and tools used in
the early phases of this drug discovery program, lead-
ing to the optimization of the dipole/quadrupole and
m-stacking interactions of the tetrapeptide ligands
with the NS3 protease.49 In addition, the macrocyclic
inhibitor 29-NS3 crystal structure provided proof for
the molecular basis of interactions between a potent
and selective drug-like inhibitor and the active site of
the NS3 protease.

OPTIMIZATION OF THE
BIOPHARMACEUTICAL PROPERTIES

Preliminary pharmacokinetic studies on the early
macrocyclic inhibitors were encouraging, as these
compounds were found to be metabolically stable and

orally bioavailable in rats.>> However, in the absence
of a reference drug substance with proven clinical
efficacy in HCV- infected patients, it was impossible
to predict the potential clinical value of these com-
pounds. Nonetheless, analogs with good pharmacoki-
netic properties were expected to have a good chance
of demonstrating antiviral efficacy in humans. Based
on SAR studies, it was observed that the 2-phenyl
substituent of the quinoline moiety was particularly
amenable to optimization for both cell-based potency
and oral absorption. Replacement of the phenyl ring
with various heterocyclic rings led to the discovery of
highly potent and selective inhibitors of the HCV NS3
protease. Examples are shown in Figure 11 and others
have been recently reported.®® Although the in vitro
enzymatic potency of these analogs varied very mod-
estly, their cell-based potency was modulated signif-
icantly (Figure 11). Modest improvement was also
observed in both the enzymatic and cell-based po-
tency when the ¢-butyl carbamate capping group of P3
was replaced by the chemically more stable cyclopen-
tyl carbamate. However, the combined subtle struc-
tural modifications were found to have a profound
effect on the pharmacokinetic properties of the com-
pounds. For example, administration of inhibitor 29 to
rats, at an oral dose of 25 mg/kg and an intravenous
dose of 5 mg/kg, resulted in almost undetectable lev-
els of the compound in the plasma (C,,,, of 0.2 uM)
and an oral bioavailability of only 2%. In contrast,
administration of compound 2 (BILN 2061), at an
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FIGURE 11 Optimization of pharmacokinetic properties.

oral dose of 20 mg/kg and an intravenous dose of
5 mg/kg, resulted in a maximum plasma concentration
of 2.5 uM, an area under the plasma concentration—
time curve (AUC) of 12.5 uM - h and an oral bio-
availability of 42%. Furthermore, BILN 2061 had a
similar pharmacokinetic profile in animals of higher
species.

CONCLUDING PERSPECTIVES—FROM
THE BENCH TO THE CLINIC

Understanding the structure—activity relationship be-
tween a chemical probe and its biological target is one
of the most challenging tasks in medicinal chemistry.
This is primarily because even a minor structural
modification of a compound may lead to the introduc-
tion of a large number of variable factors that cannot
be easily identified or quantified. Compounding these
problems, peptidomimetic lead structures are gener-
ally plagued with poor biopharmaceutical properties,
including poor cell membrane permeability, poor oral
absorption, short plasma half-life, and high clearance
rates.®! Nonetheless, in our quest for an inhibitor of
the HCV NS3 serine protease, we undertook the chal-
lenge of designing a novel class of peptidomimetics
that mimic the S-strand conformation of the NS3
protease substrates. These compounds were the first
HCV NS3 protease inhibitors reported that could in-
hibit HCV RNA replication in the cell-based replicon
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assay, in addition to being orally absorbed and stable
to metabolic breakdown. In addition, the favorable
pharmacokinetics observed in several animal species
with one such compound, BILN 2061 (2), provided
optimism for its further evaluation in humans.'” When
this macrocyclic inhibitor was administered orally to
patients infected with HCV genotype 1, for a period
of two days, an unprecedented decline in plasma viral
load of up to 3 logs was observed. This demonstration
of in vivo antiviral activity represents the first proof-
of-concept in humans for HCV NS3 protease inhibi-
tors. Furthermore, the clinical efficacy of BILN 2061
has provided validation for the tools currently used for
advancing compounds from predevelopment to the
clinic in hepatitis C research programs worldwide.
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