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Background/aims: One of the main issues in the develop-
ment of antiviral therapy is the emergence of
drug-resistant viruses. In the case of hepatitis C virus
(HCV), selection of drug-resistant mutants was evidenced
by in vitro studies on protease inhibitors (Pls); for
example, BILN-2061, VX-950 and SCH-6. Four mutations
in the HCV protease (R155Q, A156T, D168A and D168V)
have been identified in vitro in the HCV replicon system
that confer resistance to BILN-2061 (a reference
inhibitor). However, the molecular mechanism of drug
resistance is still unknown. The aim of this study is to
unravel, using an molecular modelling strategy, the
structural basis of such molecular mechanism of HCV
resistance to Pls. We focused on protease mutations
conferring HCV resistance to BILN-2061 and described
for the first time such mechanism at a molecular level.

Methods: The structures of drug-resistant NS3 proteases
were obtained by mutation of selected residues (R155Q,

A156T, D168A and D168V) and the ternary complexes
formed between NS3-4A and BILN-2061 were optimized
using GenMol software (www.3dgenoscience.com;
Genoscience, Marseille, France).

Results: Two mechanisms were evidenced for viral resis-
tance to BILN-2061. A ‘direct’ resistance mechanism is
based on contacts between the mutated R155Q and
A156T protease residues and its inhibitor. In the ‘indirect’
resistance mechanism, the mutated D168A/V residue is
not in close contact with the drug itself but interacts
with other residues connected to the drug.

Conclusions: These data provide new insights in the
understanding of the mechanisms of HCV drug escape,
and may allow predicting potential cross-resistance
phenomenon with other Pls. This approach can be used as
a basis for future rational Pl drug design candidates.

Introduction

The overall prevalence of hepatitis C virus (HCV)
chronically infected people is 3-5%, corresponding to
more than 175 million people worldwide. The standard
of care for chronic HCV infection is based on a 48-week
therapeutic combination of pegylated interferon-o2 (peg-
[FN-02) and ribavirin. This peg-IFN-02 and ribavirin
therapy fails in approximately 50% of patients infected
with the HCV-1 genotype, which corresponds to the
majority of HCV-infected patients in developed countries
[1-3]. Furthermore, this therapeutic approach is limited
by the frequent side effects of both agents in long-term
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therapy [4-7]. There is therefore an urgent need for the
development of potent and more specific HCV
antiviral drugs associated with a shorter effective
therapy. Major research efforts have focused on the
identification of agents that inhibit specific steps of the
HCYV life cycle as NS3-4A serine protease, which was
firstly described to be involved in the late HCV
polyprotein maturation step [8,9]. NS3-4A is a multi-
functional HCV protein with a serine protease function
at the amino-terminal domain and with a helicase
function at the carboxy-terminal domain. The later

847



This PDF is for personal use only. To obtain commercial reprints,

please contact the editorial office on +44 20 7398 0700

J Courcambeck et al.

function supports HCV replication by unwinding the
viral dsRNA [10]. More recentlyy, HCV NS3-4A
protein was described to take part in host immune
evasion [11-13]. Indeed, NS3-4A proteolytic activity is
incriminated in the immune host evasion by blocking
the activation of interferon regulatory factor 3 (IRF-3)
[11,14]. Thus, a potent HCV NS3-4A protease
inhibitor (PI) can have a synergic impact on HCV repli-
cation. Indeed, the HCV NS3-4A PI acts at one of the
end steps of the HCV replication cycle (the maturation
step), and at a more early step during the triggering of
the host response to HCV infection, as NS3-4A inter-
feres in the IRF-3 signalling pathway. Therefore, a
potent HCV NS3-4A PI can prevent the maturation of
HCV polyprotein and can restore an innate immune
response. This finding may explain the exceptional
antiviral activity found in vitro and in vivo, with potent
HCV NS3-4A PIs.

BILN-2061 was the first proof-of-concept in the
application of a NS3-4A PI for HCV therapy. BILN-
2061 was found to induce, within 48 h, a 2-3 log,,
reduction of viral load in HCV-infected patients [15].
However, BILN-2061 was stopped in a Phase II clinical
trial (in 2005) because of drug-induced cardiac toxicity.
More recently, other PIs have emerged, such as VX-950
[16,17] and SCH-6, [18]. However, BILN-2061 is still
a reference compound for HCV-related Pls. Emergence
of drug-resistant viruses limits the long-term efficacy of
these antiviral products. Key factors of appearance of
drug-resistant viruses are specific to viral enzymes such
as reverse transcriptase for retrovirus like HIV [19-21]
or HBV [22-24], DNA polymerase for DNA virus (for
example, HSV) [25-27], or RNA-dependent RNA
polymerase for RNA virus (for example, HCV) [28]. It
is noteworthy that actual resistance to antiviral drugs
appears during the course of a long-term treatment of
patients with specific drug(s). The resistance phenom-
enon is therefore one of the main focus in the devel-
opment of a candidate chemotherapeutic agent [29].
Mutations in HCV protease seem to be key to the
emergence of drug-resistant viruses. Unravelling the
molecular mechanisms of drug resistance or sensi-
tivity is crucial for the design and production of
future effective anti-HCV drugs.

In HCV subgenomic replicon cells, the capacity of
HCV to select mutation(s) conferring viral resistance
in vitro was described in 2003 by Trozzi et al. for Pls
[30], Migliaccio et al. for nucleoside analogues [31]
and Nguyen et al. for non-nucleoside analogue NS5B
polymerase inhibitors [32]. The capacity of HCV to
select mutation(s) i vitro under PI drug pressure was
confirmed in 2004 by Lu et al. [33] with the potent
BILN-2061. The results were also strengthened by Lin
and colleagues [16,17], who carried out in vitro resis-
tance studies with BILN-2061 and VX-950. Four
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mutations that confer viral resistance to BILN-2061 in
the HCV NS3-4A protease are currently known:
R155Q, A156T, D168A and D168V [16,17,33].

The aim of this study is to describe, using a molecular
modelling strategy, the structural basis of such molec-
ular mechanism of HCV resistance to PIs. We focused
on protease mutations conferring HCV resistance to
BILN-2061 and described for the first time such mech-
anisms at a molecular level [34]. Basically, although the
former hypothesis that HCV can select drug-resistant
mutants is validated by several in vitro studies on
BILN-2061 [33], VX-950 [16,17] and SCH-6 [18], the
precise molecular mechanism of drug resistance is still
unknown and should be carefully examined. We high-
lighted two mechanisms for viral resistance to BILN-
2061: a ‘direct’ resistance mechanism based on
contacts between the mutated R155Q and A156T
protease residues and the inhibitor, and an ‘indirect’
resistance mechanism in which the mutated D168A/V
residue is not in close contact with the drug itself, but
interacts with other residues connected to the drug.
This distinction is helpful to understand and to discern
the mechanisms of HCV-resistant virus selection, and
to predict the potential for cross-resistance with other
characterized PIs.

Materials and methods

The crystal structure of the ternary complex between
NS3-4A genotype 1b and BILN-2061 is not available.
To generate this complex, we used a ternary complex in
which NS3-4A contained a small peptidomimetic
inhibitor (PDB ID: 1DY9) [35]. The selection of this
template is based on the high sequence homology with
genotype 1b (>97%) [36] and the presence of a small
molecule in the NS3-4A active site (it shares the same
binding site with BILN-2061). The presence of this
compound can induce a local and/or global rearrange-
ment that refines the NS3-4A complex to optimize the
resulting ternary complex. This is also called the
‘induced-fit’ mechanism. The crystallographic water
molecules close to the protein were kept. For the
construction of the NS3-4A genotype 1 structural
model, the mutations D30E, L36V, YS56F, P86Q and
V150A were introduced using GenMol software
(www.3dgenoscience.com; Genoscience, Marseille,
France) [37-40]. The Arg-155 side chain was modelled
in an extended conformation (see Results). This confor-
mation can be found in one crystal structure of the
binary complex NS3-4A, with the pdb ID:1JXP in
chain B [41]. To validate our structural model,
construction of a ternary complex between BILN-2061
and NS3-4A was preceded by the construction of the
published crystal structure of a close BILN-2061
analogue (Figure 1A), but the corresponding crystal
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Figure 1. Chemical structure of HCV NS3-4A protease inhibitors BILN-2061 and one analogue co-crystallized with HCV NS3-4A
protease (A) [42]; model of ternary complex between wild-type HCV NS3-4A protease and BILN-2061 (B)

A

2D chemical structure of BILN-2061 analogue
co-crystallized with HCV NS3-4A protease

BILN-2061

(A) Two-dimensional (2D) chemical structure of one BILN-2061 co-crystallized with HCV NS3-4A protease [42], and 2D chemical structure of BILN-2061 with the
schematic representation of its P1 to P4 binding domain. (B) The wild-type NS3-4A protease (genotype 1b) is shown in a ribbon representation, based on its
secondary structures. The active-site NS3-4A protease residues and BILN-2061 are shown in ball and stick with atom type colours. Hydrogen bonds are highlighted in

green dotted line. The two salt bridges between Asp'®®-Arg'? and Asp'®®-Arg'®®, as well as electrostatic interactions between Phe

169 155

and Arg™ are shown in yellow

dotted line. All pictures were created with Swiss PDB Viewer 3.7 [49] and rendered with PovRay 3.6 (www.povray.org).

structure coordinates were unavailable [42].
In this first model, the structural characteristics of the
BILN-2061 analogue model were found to be similar to
the crystallographic data reported by Tsantrizos et al.
[42]. The distances between the BILN-2061 analogue
and NS3-4A protease are reportedly in the same range
(<0.2 A). All structural models were checked with
Procheck software [43].

As a final step, this validated model was used to
construct the ternary complex between BILN-2061
and NS3-4A. The three-dimensional structures of
mutated NS3-4A proteases were obtained by substi-
tuting selected residues (R155Q, A156T, D168A and
D168V) using GenMol software. The resulting
ternary complexes between BILN-2061 and NS3-4A
were then optimized using the GenMol all atoms
force field and its sigmoid distance-dependent
dielectric model [37-40].

Results

Selected HCV mutants showed high resistance level
to BILN-2061

In studies of BILN-2061 resistance in wvitro, two
patterns of residue mutations conferring drug resis-
tance (with distinct resistance profile) were selected and
characterized with two common mutations: D168V
and A156T (Table 1). According to Lin et al. mutation
D168V in HCV NS3-4A protease (FR 1273) was more
drug-resistant than A156T (FR 273, Table 1) [16,17].

Antiviral Therapy 11:7

By contrast, Lu et al. reported D168V (FR 144) was
found to be less resistant than A156T (FR 357, Table 1)
[33]. The fold resistance for each mutation was
markedly different. These differences were attributed
to non-normalized HCV phenotype assays. Apart from
A156T and D168V mutations, two additional muta-
tions (one in each assay) were evidenced, corre-
sponding to D168A (FR 465; Lin et al. [16,17]) and
R155Q (FR 24; Lu et al. [33]).

Structural basis of interactions between BILN-2061
and HCV NS3-4A

Four residue mutations — R155Q, A156T, D168A and
D168V — were located in the HCV NS3-4A protease
domain. These mutations were selected iz vitro during
HCV PI resistant cell-based assays [16,17,33]. The
structural analysis of each ternary complex between
HCV mutated NS3-4A and BILN-2061 showed 2 types
of resistance mechanisms. The first involves a ‘direct’
resistance mechanism that relies on a close contact
between BILN-2061 and NS3-4A mutated residues
(R155Q and A156T). The second mechanism, referred
to an ‘indirect’ resistance mechanism, does not involve
any close contact between BILN-2061 and the mutated
D168A/V residue. However, the latter residue interacts
with two residues (Arg'”® and Arg'’) that are
connected to BILN-2061 (Figure 1B). The distances
between mutated residues and BILN-2061 were
<4 A or 4-6 A for the ‘direct’ or ‘indirect’ resistance
mechanism, respectively.
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Table 1. Resistance profile of BILN-2061 in HCV replicon cell-based assay

BILN-2061 susceptibility

Protease mutations WT R155Q D168A D168V A156T References
ICsp, UM 0.004 ND* 1.86 5.09 1.09" 16,17

FR¥ - ND* 465 1,273 2737

ICyo, UM 0.003 72 ND* 0.432 1,072 33

FR* - 24 ND* 144 357

*ND, not determind: the corresponding HCV NS3-4A protease mutation was not found in this in vitro resistance selection [16,17,33]. "Data from [16]. *FR, fold resistance
in drug sensitivity compared with the parental wild-type replicon cell-based assay (genotype 1b).

BILN-2061 is a peptidomimetic inhibitor
interacting with the S1-54 binding pocket of NS3-4A
through hydrophobic, electrostatic and hydrogen
bond interactions (Figure 1A and 1B). P1 and P3 of
BILN-2061 are connected together by an alkyl macro-
cycle that contracts hydrophobic interactions with the
S1 and S3 binding pocket. S1 is defined by Val'*?
Leu'®, Lys'*® and Phe'** residues (Ala"*” is at the junc-
tion of $1-S3) and S3 is defined by Cys"?, Ala’*” and
Ala'®* residues, as well as Val'*2, which connects S1
and S3. P3 forms two hydrogen bonds with the Ala"’
backbone (Figure 1B, green dotted line). Of note, the
C-terminal carboxylic acid extremity of BILN-2061
makes electrostatic interactions, as well as strong
hydrogen bonds, with the NS3-4A His’’, Ser'’
catalytic residues, and with Lys'* (Figure 1B). His"’
possesses a formal positive charge with its protonated
N-z. Thus, one oxygen atom of the C-terminal
carboxylate extremity of BILN-2061 can contract a
strong hydrogen bond and synergizing electrostatic
interactions with the His*” residue. Anchoring of this
carboxylate is strengthened by a bidentate hydrogen
bond with the hydroxyl group of the catalytic Ser'*’
residue (O-y). Additionally, the C-terminal carboxy-
late makes one hydrogen bond with N-H of Gly'?,
which corresponds to the NS3-4A oxanion hole.
Noting equally a hydrogen bond between the C=O of
Arg"’ backbone and the N-H of P1.

The large aromatic P2 of BILN-2061 constituted by
a 7-methoxy-2-thiazol-4-quinolinol substituting a
trans-hydroxyproline makes mainly hydrophobic inter-
actions with the large solvent-exposed S2 binding
pocket of NS3-4A. This S2 pocket includes Phe’®, Val’,
Asp”, GIn*, Arg'* and Ala'* residues, and catalytic
His*” and Asp®! residues. P2 entity represents =57% of
the total BILN-2061 accessible surface area. This
compound takes its functional potency mainly through
P2-S2 interactions. The large P2 part of BILN-2061
allows a strong stabilization of the ternary complex
between BILN-2061 and NS3-4A.

P4 of BILN-2061 makes only weak hydrophobic
interactions with the corresponding S4 binding pocket
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through its hydrophobic cyclopentyl moiety. The S4
solvent-exposed binding pocket is mainly defined by
Arg'” and Val™® residues. Arg'?® participates in the
orientation of hydrophobic cyclopentyl toward
hydrophobic side chain of Val'*!. This orientation is
also favored by one hydrogen bond between the
N-terminal extremity (N-H) of BILN-2061 and the
C=0 of Ala"" backbone (Figure 1B, green dotted line).
It is worth noting that Asp'®® connects S2 and $4
through two salt bridges with Arg'* and Arg'*’, partic-
ipating to their conformational stabilization
(Figure 1B, yellow dotted line).

Before detailing the molecular mechanisms of BILN-
2061 drug resistance, it is crucial to understand, in the
wild-type complex, the key role of each of the mutated
residues (Arg'*®, Ala'>® and Asp'®®) in their interactions
with BILN-2061. Arg"*® is located on the E2 strand; it
exhibits both hydrophobic (alkyl side chain) and polar
characteristics (guanidinium side chain extremity) and
contracts with BILN-2061 these two types of interac-
tion. Under the pressure of the large aromatic P2 part,
Arg'® adopts an extended conformation to improve
the planarity of the large S2 binding pocket and
increases the interactions with BILN-2061 through its
large planar P2. The extended conformation of Arg'?
was not clearly described in the reported crystal struc-
tures of HCV NS3-4A protease in complex with a
small molecule or peptide. This conformational pecu-
liarity of Arg'’® improves P2-S2 interactions. BILN-
2061 makes some electrostatic contacts with the
guanidium polar extremity of Arg' through the
methoxy group (Me-O-) of the P2 quinoline (distance
between Arg">"“? and oxygen of Me-O- is 3.5 A), and
some additional hydrophobic interactions with the
aromatic quinoline ring (distance between Arg!s-¢r-¢¢
and quinoline ranged from 4 to 4.6 A). To complete
P2-S2 interactions, Arg'>® makes additional 77 interac-
tions (like 7 staking) between methoxyquinoline
extremity (P2 of BILN-2061) and the guanidium moiety
of Arg"*’® (both 7 systems). Ala'*® is on the E2 strand and
in closed contact with both #rans-hydroxyproline and
quinoline P2 part of BILN-2061. The nature of the

© 2006 International Medical Press



This PDF is for personal use only. To obtain commercial reprints,

please contact the editorial office on +44 20 7398 0700

interactions between BILN-2061 and Ala"™® is
hydrophobic. The distances between Ala'**“# and P2
ranged from 3.7 to 4.0 A (for quinoline and hydrox-
yproline ring). Asp'®® is on the F2 strand and connects
S2-S4 binding pockets by two salt bridges with first,
S2-Arg'" and second, S4-Arg'®. It provides a confor-
mational stabilization of these two residues. We
assumed that Asp'®® behaves as a chain link connecting
S2 and S4, two normally independent binding pockets
in chymotrypsin-like proteases. Thus, Asp'®® does not
directly participate in the anchoring of BILN-2061 but
is indirectly involved in the stabilization of the ternary
complex between BILN-2061 and NS3-4A.

Molecular mechanisms of BILN-2061 drug resistance:
‘direct’ resistance mechanism

Here we highlight two types of molecular mechanisms
of BILN-2061 drug resistance. The first mechanism —
the ‘direct’ resistance mechanism — relies on a direct
contact between mutated NS3-4A protease residue and
BILN-2061 inhibitor. R155Q shows a low-fold resis-
tance as compared to other mutations (Table 1), which
showed up to 24-fold change [33]. This R155Q muta-
tion modifies the hydrophobic and electrostatic envi-
ronments of the S2 binding pocket. GIn'* is
uncharged, whereas Arg'*® is positively-charged on its
guanidinium moiety. The electrostatic interactions
between Arg'”’ and -O-Me of P2 quinoline are thus
lost. Moreover, in the 1DY9 crystal structure, [35] we
found two water molecules that are located in the same
position of extended Arg"’ terminal nitrogen atoms

Mechanism of HCV resistance to protease inhibitors

(Figure 2A). These water molecules were taken into
account during molecular modelling of R155Q
mutated protease, and formed a new hydrogen bond
network in the co-complex that stabilizes the bottom
part of S2 (Figure 2A, green dotted line). The lower
part of S2 binding pocket evolved from electronic defi-
ciency to electronic enrichment (increasing the elec-
tronic density). Therefore, the lower part of S2 changed
from a local positive charge to a neutral one (Arg to
Gln). The P2-S2 electrostatic interactions follow this
reversion, and -O-Me has finally unfavourable electro-
static interactions with S2. Methoxy group of BILN-
2061 is opposed to oxygen atoms of water molecules,
with a distance of 4.1 A. Moreover, the new hydrogen
bond network slightly modifies the Asp'® conforma-
tion. GIn'”* is shorter than Arg"’, and makes one
hydrogen bond with the Asp'®® side chain through its -
NH, side chain (Figure 2A, green dotted line), thereby
reorienting Asp'®® upward (carboxylate movement of
Asp'®® is approximately of 1.3 A, side-chain rotation of
18°). However, Asp'®® usually forms a salt bridge with
Arg'®. Consequently, Arg'® follows the Asp'®® motion
(movement of Arg'?® guanidinium is ca. 1.8 A). Thus,
the R155Q protease mutation slightly impacts on
P4-S4 interactions (see Figure 2A). R155Q is still
related to a ‘direct’ resistance mechanism, because its
clear impact in P2-S2 interactions.

A156T is the second mutation involving a ‘direct’
resistance mechanism. This resistance mutation was
first described by Lu et al. [33] and, thereafter,
confirmed by Lin et al. [16,17]. A156T is a highly

Figure 2. Model of ternary complex between R155Q mutated NS3-4A protease and BILN-2061 (A) and between A156T mutated

NS3-4A protease and BILN-2061 (B)

(A) The ternary complex (shown in atom type) NS3-4A%"**9-BILN-2061 is superimposed with the wild-type complex (pink) NS3-4A-BILN-2061. Hydrogen bond

168 123

network and salt bridge between Asp™ and Arg

are highlighted in green and yellow dotted lines, respectively. (B) The ternary complex (shown in atom type) NS3-

4AMNST_BILN-2061 is superimposed with the wild-type complex (pink) NS3-4A-BILN-2061. Hydrogen bonds and salt bridges Asp'®®-Arg'®® and Asp'®®-~Arg'?* are high-

lighted in green and yellow dotted lines, respectively. Steric hindrance between Thr

mutated residue and BILN-2061 is highlighted by two double arrows (in gold

colour). This steric hindrance induces the loss of two hydrogen bonds (with Ala'®’), which are shown in red dotted lines.
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discriminating protease mutation with regard to BILN-
2061 (357- and 273-fold resistances according to Lu et
al. [33] and Lin et al. [16,17], respectively, Table 1).
A156T mutated protease can adopt three main confor-
mations. None of these are compatible with BILN-
2061 from the steric viewpoint, and more precisely,
with its P2 or P4 moiety, or both. One of these confor-
mations supports the strong resistance profile of BILN-
2061 (see Table 1). This particular conformation
produces strong steric constraints regarding hinge P2,
P3 and P4 parts of BILN-2061 (see Figure 2B, double
arrows). In the case of A156T mutation, the molecular
mechanism of viral resistance to BILN-2061 relies on a
steric conflict. The hydroxyl group of Thr'**°7 is in
steric conflict with the P2 hydroxyproline motif of
BILN-2061. The steric requirement of the hydroxyl
Thr'*® (a B-branched residue) induces a BILN-2061
motion. As compared with the wild-type ternary
complex, the P2, P3 and P4 parts of BILN-2061 moved
~1 A, inducing the loss of two hydrogen bonds (red
dotted line, Figure 2B) and van der Waals (vdW) inter-
actions. The impact of this steric clash is reflected on
the entire molecule and markedly affects the affinity of
BILN-2061 for the NS3-4A A156T mutated strain
(Table 1). Moreover, another steric conflict occurs with
the urethane function linking P3 and P4. The methyl
group of Thr'*¢“" provokes a steric hindrance with the
P4 part of BILN-2061, which is characterized by a
widening out (see Figure 2B). This motion is character-
ized by 1 A and 1.3 A movements for N-H terminal

and CH cyclopentyl, respectively. Thus, A156T muta-
tion can further alter P4-54 interactions. In summary,
A156T mutation of NS3-4A protease impacts directly
on all BILN-2061 interactions.

Molecular mechanisms of resistance to BILN-2061:
the ‘indirect’ resistance mechanism

The second molecular mechanism of resistance to
BILN-2061 is ‘indirect’. In this case, the mutated
residue does not directly interact with the inhibitor. This
type of mechanism is observed with BILN-2061 and the
D168A or D168V protease mutations. The D168A
mutation results in a strong 465-fold resistance (Lin et
al. Table 1) [16,17]. This mutation prevents the forma-
tion of two salt bridges between Asp'®® and Arg'*® (54
pocket), as well as Asp'®® and Arg"’ (S2 pocket; Figures
1B and 3A). Asp'®® does not significantly interact with
BILN-2061, but stabilizes the conformations of both
Arg'? and Arg"’ residues. Asp'®® connects S2 and S$4
through Arg'*® and Arg'®, respectively. Arg"> no longer
forms a salt bridge with Asp'®® and loose its S2
anchoring property towards the P2 quinolin moiety of
BILN-2061 (Figure 3A). Likewise, Asp'®® stabilized the
‘upward’ structure of Arg'? side chain, thereby acting
on the orientation of the P4 cyclopentyl toward Val'*%,
which favours P4-S4 vdW interactions. Arg'® from S4
pocket is exposed to the solvent and exhibits an
extended conformation in the absence of stabilizing
Asp'®® salt bridge. Thus, being located at the S2-S4 junc-
tion, D168A indirectly affects P4-S4 and main P2-S2

Figure 3. Model of ternary complex between D168A mutated NS3-4A protease and BILN-2061 (A) and between D168V mutated
NS3-4A protease and BILN-2061 (B)

(A) The ternary complex (shown in atom type) NS3-4A"®*A_BILN-2061 is superimposed with the wild-type complex (pink) NS3-4A-BILN-2061. Hydrogen bonds and
wild-type lost salt bridges Asp'®-Arg'* and Asp'®-Arg'*® are highlighted in green and red dotted lines, respectively. With the D168A protease mutation, motion of
Arg'? side chain guanidinium are 3.8 A (N-H1) and 1.7 A (N-H2). (B) The ternary complex NS3-4A""*~BILN-2061 is shown in atom type. Hydrogen bonds are high-
lighted in green dotted lines. With the D168V protease mutation, Arg'?® side chain motion was similar to the one observed for D168A mutation (see A). To
distinguish D168V from D168A protease mutation, as well as to highlight the additional van der Waals unfavourable interactions between the hydrophobic Val'® and

155

polar hydrophilic Arg
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, molecular surfaces are shown in brown and purple, respectively.
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interactions in the ternary complex between BILN-2061
and NS3-4A protease.

Similar to D168A, D168V mutation abrogates the
two salt bridges with Arg'®® and Arg'”® residues
(Figure 3). The D168V mutation shares the same mole-
cular mechanism that D168A mutation even though
with a higher 1,273-fold resistance (Lin et al.; Table 1).
The D168V mutation does not have any direct impact
on BILN-2061 and does not provoke any steric
hindrance or unfavourable non-bonded interactions
with BILN-2061. Basically, D168V directly alters
Arg'® and Arg'”® side-chain conformations, similar to
D168A. Therefore, this higher resistance of D168V
versus D168A should be inferred to the intrinsic prop-
erties of the mutation; that is, Ala or Val. The D168V
mutation provides some additional unfavourable vdW
interactions between hydrophobic/bulky Val'®® side
chain and hydrophilic Arg'*® and Arg'’ guanidinium
(Figure 3B). Based on the lost of Asp'®*-Arg'* salt
bridge, together with some additional unfavourable
non-bonded interactions, Arg'** adopts an extended
conformation in the solvent-exposed domain, and
loose its P4 cyclopentyl-related orientating effect
toward Val™®. Thus, D168V mutation indirectly
decreases vdW interactions of P4-54.

The D168V mutation also induced some additional
unfavorable vdW interactions with Arg'®, as
compared to the D168A mutation (Figures 3). D168V
directly impacts on the conformational stabilization
of Arg'®. When the wild-type HCV NS3-4A is
complexed or not with an small inhibitor harbouring
a small P2 moiety (like VX-950), Arg'”® does not
display any extended conformation but a more
compact one. During the formation of the ternary
complex between BILN-2061 and NS3-4A, Arg"’
adopts an extended conformation that locates its
guanidinium at the bottom of the S2 pocket. Arg'* is
stabilized in this extended conformation by, first, one
hydrogen bond with the C=0 of GIn®* backbone and,
second, a potent salt bridge with Asp'®®, as well as an
electrostatic interaction with the C=O of Phe'®” back-
bone. The lack of this salt bridge and the additional
unfavorable interactions associated with the D168V
mutation might be crucial to the stabilization of
Arg'S extended conformation during the formation
of a ternary complex between BILN-2061 and NS3-
4A. In such a wild type ternary complex, Asp'®
induces stacking of Arg' to the large P2 quinoline of
BILN-2061. With D168V mutation, Val'®® has, at the
opposite, a repulsive effect on Arg'® (in comparison
with D168A mutation) thereby decreasing BILN-
2061 affinity, in an indirect manner. Thus, D168V
mutation indirectly alters P4-S4 and main potent
P2-S2 interactions in the ternary complex between
BILN-2061 and NS3-4A.
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Discussion

The present study highlights the molecular mecha-
nism of HCV NS3-4A resistance to PIs such as BILN-
2061, a HCV PI reference compound. Four mutations
located in the HCV NS3-4A protease domain in or
close to the BILN-2061 binding site have been
recently selected in wvitro that conferred viral resis-
tance to BILN-2061: R155Q, A156T, D168A and
D168V. These mutations either slightly or markedly
alter protease sensitivity to BILN-2061 (from 24- to
1273-fold difference in sensitivity, Table 1)
[16,17,33]. In the present study, two types of molec-
ular mechanisms of viral resistance to drug are
described for the first time, referred to ‘direct’ and
‘indirect’ mechanisms.

The ‘direct” mechanism of viral resistance is
associated with a physical interaction between BILN-
2061 and the mutated residues of NS3-4A protease
(for example, R155Q and A156T). First, with R155Q
mutation, the resistance mechanism corresponds to a
lost of protease to drug affinity by decreasing the non-
bonded interactions (electrostatic and vdW) between
P2 of BILN-2061 and R155Q mutated protease
(Figures 1B, 2A). The R155Q protease mutation
results in the lower resistance profile (24-fold), as
compared with other three protease mutations that
conferred higher viral resistance (Table 1) [33]. One
can anticipate that such resistance profile could take
place with a PI having a BILN-2061 P2-like motif
which stacks to Arg'®.

The ‘direct’” mechanism of viral resistance is found
with A156T protease mutation. As shown in Figure 2B,
this mechanism relies on a steric clash between BILN-
2061 P2 and the bulky B-branched Thr'*® (vs Ala'*).
The latter mechanism is responsible for a marked
difference (273- to 357-fold) in protease to drug sensi-
tivity (Table 1), similar to the paradigm of 3TC
(lamivudine) with regard to its HIV-RT M 184V signa-
ture mutation [44,45]. The A156T mutation induces
roughly a 1 A motion of BILN-2061 (P1 to P4
domains) toward the S1 to S4 binding pockets. This
mutation was predicted to be the molecular basis of
some cross resistance phenomena with proline-based
inhibitors such as VX-950 (it contains a bicyclic
proline-like motif as P2) [46]. This structural predic-
tion was confirmed by Lin et al. [16]. Such a resistance
profile would be difficult to circumvent with P2
proline-based inhibitors. Therefore, A156T behaves as
one of the signature mutations for viral resistance to
PIs having a P2-like proline-based motif. This assump-
tion has been recently validated by the resistance
profile of SCH-6, which can select the A156T/V muta-
tion in vitro [18]. Remarkably, the SCH-6 PI is also
based on a P2 proline-based motif.
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The second molecular mechanism of viral resistance
to BILN-2061 is referred to as an ‘indirect” mechanism.
It relies on the D168A/V protease mutations that do not
favour major contacts between NS3-4A and BILN-2061
(Figure 3). A resistance mutation (for example, Asp'®®),
without any essential contact with the inhibitor, can
induce a strong viral resistance through an ‘indirect’
mechanism. D168A/V might behave as one of the signa-
ture mutations for viral resistance to HCV PIs that
possess a large P2 planar motif. This hypothesis is
supported by the in vitro resistance study of Trozzi et al.
[30], who used a PI harbouring a large planar P2
(proline-substituted quinoline derivative) similar to
BILN-2061, and showed that HCV can select iz vitro (in
a HCV replicon system) the D168A/Y/V mutations.

Another important factor affecting the outgrowth of
the resistant population is the fitness of the mutant
viruses. The replicative fitness of resistant viruses is
also a crucial parameter of viral resistance and it has a
prognostic value with regard to achieving sustained
virological response [38,47]. Kinetic studies correlate
the proteolysis efficiency of mutated HCV NS3-4A to
the replication capacity and the viral fitness [48].
Mutated HCV NS3-4A is less active and the virus has
a weak replication capacity. For example, cells bearing
the A156T replicon were less fit than wild-type
replicon cells, and the mutant cells were relatively
stable in the absence of inhibitor or competition from
wild-type cells [48].

This innovative molecular modelling strategy was
previously used to describe the molecular mechanism of
the resistance or sensitivity of tenofovir to the K65R,
L74V and M184V HIV-RT mutants [20,38,47]. Futures
research lead to serve as a model to understand the
molecular mechanisms of others HCV NS3 protease
variants selected to the PI SCH 503034 recently
reported: T54A, V170A, A156S and A156T [48].

In conclusion, the structural basis of the molecular
mechanism of HCV resistance to Pls is described for
the first time at a molecular level. These data provide
new insights in the understanding of the mechanisms of
HCV drug escape, and may allow us to predict poten-
tial cross-resistance phenomena with other Pls. This
approach can be used as a basis for future rational PI
drug design candidates.
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