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Hepatitis C virus (HCV) NS3/4A protease represents an attractive drug target for antiviral therapy. However,
drug resistance often occurs, making many protease inhibitors ineffective and allowing viral replication to
occur. Herein, based on the recently determined structure of NS3/4A-TM(C435 complex, atomic-level models
of the key residue mutated (R155K, A156V and D168A) NS3/4A-TM(C435 complexes were constructed. Sub-
sequently, by using molecular dynamics simulations, binding free energy calculation and substrate envelope
analysis, the structural and energetic changes responsible for drug resistance were investigated. The values of

Keywords: the calculated binding free energy follow consistently the order of the experimental activities. More impor-
HCV NS3/4A protease ; . .
TMC435 tantly, the computational results demonstrate that R155K and D168A mutations break the intermolecular

salt bridges network at the extended S2 subsite and affect the TMC435 binding, while A156V mutation leads
to a significant steric clash with TMC435 and further disrupts the two canonical substrate-like intermolecular
hydrogen bond interactions (TMC435(N1-H46). - -Arg155(0) and Ala157(N-H)- - -TMC435(02)). In addition,
by structural analysis, all the three key residue mutations occur outside the substrate envelope and selectively
weaken TMC435’s binding affinity without effect on its natural substrate peptide (4B5A). These findings could
provide some insights into the resistance mechanism of NS3/4A protease mutants to TMC435 and would be
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critical for the development of novel inhibitors that are less susceptible to drug resistance.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) infection is now recognized as a serious
and growing threat to human health. It is estimated that approxi-
mately 180 million people (a minimum of 3% of the world’s popu-
lation) are chronically infected. There are about 3-4 million new
cases of HCV infection each year. HCV-infected patients are at a
risk of developing cirrhosis and (or) hepatocellular carcinoma
(World Health Organization, 2010; Manns et al., 2007). Until
now, six major HCV genotypes (genotype 1-6) with numerous sub-
types (such as genotype 1a, 1b, etc.) have been identified based on
the degree of genetic similarity (World Health Organization, 2010;
Simmonds et al., 1993, 2005), varying in their worldwide preva-
lence and response to treatments (Smith, 2006).

HCV NS3/4A protease is a trypsin-like serine protease which is
essential for the generation of components of the viral RNA replication
complex. It is a prime and most extensively studied anti-HCV thera-
peutic target (Bartenschlager, 1999; De Francesco and Migliaccio,
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2005; Johnson and Gale, 2006; Kwong et al.,, 2008). In vitro and
in vivo studies revealed that the 181-residue N-terminal protease do-
main of the NS3 protein formed a heterodimer with the small 54-
residue NS4A peptide cofactor, leading to the subsequent downstream
cleavage of the HCV polyprotein at the junctions between NS3/4A,
NS4A/4B, NS4B/5A and NS5A/B (Bartenschlager, 1999; Halfon and
Locarnini, 2011; Kolykhalov et al., 2000; Kwong et al., 2008). Therefore,
drug design targeting the NS3/4A to block viral replication and restore
hepatocyte innate immune control of HCV replication has been signif-
icantly investigated. For example, TMC435 (Fig.1), as a competitive
macrocycle inhibitor of NS3/4A protease with subnanomolar K; values
for genotype 1a and 1b NS3/4A proteases (Lenz et al., 2010; Raboisson
et al., 2008), is in phase 3 of clinical trials development by Tibotec
(2011). Although NS3/4A is a promising drug target for special antiviral
treatment, point mutations in the NS3/4A active site pose a major chal-
lenge for development of antivirals as several mutations are known to
cause a serious loss of sensitivity to reported chemotherapeutics
(Halfon and Locarnini, 2011; Lenz et al., 2010).

Recently, the crystal structure of TMC435 bound to its genotype 1b
HCV NS3/4A protease (Cummings et al., 2010) was reported. This is the
first reported non-covalent NS3/4A protease-inhibitor complex
(Fig. 2a), which can be a starting point to understand the binding and
resistance mechanism due to point mutations. In this structure,
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Fig. 1. Chemical structure of TMC435. The indicated P1, P1/, P2 and P3 are substrate
positions (Schechter and Berger, 1967) from NS3/4A protease complex structures.

TMC435 bound at the active site of NS3/4A, spanning the S3-S1’ sub-
sites (Figs. 2b and 3). It is noteworthy that the large quinoline-thiazole
P2 substituent of TMC435 involves an induced-fit mechanism with
Arg155 in the extended S2 subsite (Fig. 3), and the induced conforma-
tion of Argl55 is stabilized by interacting with Asp168 and GIn80
(Fig. 2b) (Cummings et al., 2010). Additionally, the P3 substituent of
TMC(435 (conserved in most inhibitors) makes several close contacts
with Ala156 positioned at the edge of the proximal region of S2
(Fig. 3) (Cummings et al., 2010). Importantly, it is demonstrated that
these critical interaction residues outside the defined substrate enve-
lope often can lead to drug resistance according to the previous studies
(Romano et al.,, 2010). Currently, the detailed molecular mechanism of
the dynamic conformational changes resulting from the key resistant
mutations (R155K, A156V and D168A) of NS3/4A protease during the
process of recognition with TMC435 is still unknown. Therefore,

(a)

finding out why several substitutions, including those at position
155,156 and 168 of the protease, have such a large effect on the suscep-
tibility of NS3/4A to TM(435, is of high relevance and will provide a
valuable guidance for the design of next generation inhibitors less sus-
ceptible to drug resistance.

Several computational studies have been performed to investi-
gate the molecular mechanism leading to drug resistance of NS3/
4A mutants that are in direct or indirect contact with protease
inhibitors (PIs). Molecular docking as well as modeling analysis
of VX-950 and BILN 2061 at the active site of NS3/4A suggests that
there are different mechanisms of resistance for mutations (R155K,
A156V|T and D168A/V) induced by VX-950 and BILN 2061 (Lin
et al., 2004, 2005). In addition, based on the binding mode of VX-
950 by protein-ligand docking, a network of non-covalent interac-
tions between amino acid and the ligand is analyzed to explain the
development of viral breakthrough variants (V36 and T54) (Welsch
et al., 2008). Moreover, a free energy perturbation (FEP) approach
is used to evaluate the effects of the resistance mutations A156T
and D168V/Q in HCV protease on the binding of PIs (SCH, SCH
503034, VX-950 and BILN 2061) (Guo et al., 2006). These studies
have shown the successful use of molecular modeling in the drug
resistance mechanism study of NS3/4A mutants. However, none
of the theoretical studies to data have been carried out to investi-
gate the effects of the three dominant mutations R155K, A156V
and D168A on the binding of TM(C435.

In the present work, we performed all-atom molecular dynam-
ics (MD) simulations followed by Molecular Mechanics General-
ized Born Surface Area (MM-GBSA) (Kollman et al., 2000;
Massova and Kollman, 2000; Onufriev et al., 2000; Tsui and Case,
2000) calculations and substrate envelope analyzes on the com-
plexes of TMC(C435 that bind to the wild-type NS3/4A protease
and three variants, R155K, A156V and D168A. According to the
analyzes of the structural conformational change caused by muta-
tions occurring outside the substrate envelop, as well as the calcu-
lations of the relative binding energy and the inhibitor residue
interaction spectrums, a detailed picture of the mechanism of drug
resistance was depicted.
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Fig. 2. (a) Crystal structure of TMC435 bound to wild-type NS3/4A protease (PDB ID: 3KEE). The NS3 protease (in green) and NS4A cofactor peptide (in red) are shown as
ribbon. The zinc atom (in gray) is shown in ball-stick presentation, which is coordinated by Cys97, Cys99 and Cys145 (in orange sticks). (b) Detailed view of the interactions
between GIn80, Arg155, Ala157, Asp168 (in yellow sticks) and TMC435 (in cyan ball-stick). The salt bridge and hydrogen bond interactions are labeled in blue and green
dotted lines, respectively. (For interpretation of the references to colors in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Molecular surface representation of the active site of the NS3/4A protease with TMC435 and the selected subsites are indicated. The mutated NS3/4A protease residues

which confer drug resistance are particularly labeled.

2. Materials and methods
2.1. Preparation of the initial structures

The atom coordinates of the X-ray crystal structure of wild-type
HCV NS3A/NS4A protease-TM(C435 ternary complex was obtained
from the Protein Data Bank (PDB ID: 3KEE (Cummings et al., 2010),
2.4 A resolution). As the X-ray structures of the mutants are un-
known, Discovery Studio 2.5 software (Accelrys, 2009) was applied
to generate the 3D structures of the studied mutants (R155K,
A156V and D168A) in complex with TMC435 by substituting spe-
cific residues using the wild-type model as the template.

Before the MD simulations were started, geometric optimization
was performed on TMC435 and the electrostatic potential was calcu-
lated at the HF/6-31Gx level using the Gaussian 09 program (Frisch
et al,, 2009). Then, atomic charges of the TMC435 were generated
by the restrained electrostatic potential (RESP) fitting method (Bayly
et al., 1993; Cieplak et al., 1995; Fox and Kollman, 1998) with the
Antechamber module of AMBER. The general AMBER force field
(GAFF) (Wang et al., 2004) was used as the parameters for TMC435,
and the standard AMBER force field (ff03) (Duan et al.,2003) was used
to describe protein parameters. A nonbonded approach was used for
the catalytic zincatoms. Zinc was assigned a formal charge of +2.0 and
avan der Waals radius 1.10 A according to previously derived param-
eters (Stote and Karplus, 1995).

All missing hydrogen atoms of the proteins were added using
the LEaP module in the AMBER 10 software package. Then, the
appropriate number of chloride counterions were added to main-
tain the electro-neutrality of all the systems and then each system
was immersed in a rectangular periodic box of pre-equilibrated
TIP3P (Jorgensen et al., 1983) water molecules with at least 10 A
distance around the complex, with all of the crystal structural
water molecules remaining.

2.2. Molecular dynamics simulations

The energy minimizations and equilibration protocols of the
four complexes were carried out using the Sander module of the

AMBER 10 software package (Case et al., 2005). For each system,
a nine step equilibration protocol was adopted before production
phase, including several minimization steps of 1000 cycles fol-
lowed by additional short MD simulations to relax the structures.
First, energy minimization for 1000 cycles followed by 50 ps of
MD simulation at 298.15 K was performed on each complex by
restraining all heavy atoms of the NS3/4A-TMC435 complex with
a harmonic restraint weight of 5.0 kcal/mol A2. This was followed
by three additional steps of energy minimization for 1000 cycles
each with a decreased restraint weight on the heavy atoms from
2.0, to 0.1, to 0.05 kcal/mol A, Additional three MD equilibrations
of 50 ps each were performed using decreasing restraints weights
from 1.0, to 0.5, to 0.1 kcal/mol A2, respectively. These were fol-
lowed by the last MD equilibration step of 50 ps by releasing all
the restraints. Subsequently, 10 ns production MD simulations
were performed without any restraint on these four systems in
the NPT ensemble at a temperature of 298.15 K and a pressure of
1 atm. A time step of 1fs was used for the equilibration stages
and a time step of 2 fs was used for the production simulations.
During the simulations, periodic boundary conditions were em-
ployed and all electrostatic interactions were calculated using the
particle-mesh Ewald (PME) method with a dielectric constant of
unity (Darden et al., 1993). A 10.0 A cutoff was used to calculate
the direct space sum of PME. The SHAKE algorithm was used to re-
strain bond lengths involving hydrogen atoms (Ryckaert et al.,
1977).

2.3. Binding free energy calculations (MM-GBSA)

The binding free energy of TM(C435 to the NS3/4A protease was ana-
lyzed by the MM-GBSA methods, integrated in the AMBER 10 software
package. Despite the approximation made in MM-GBSA, the method
has been used successfully to study a wide variety of problems (Chachra
and Rizzo, 2008; Gohlke et al., 2003; Hou et al., 2008; Kormos et al.,2007;
Liu et al., 2010; Rizzo et al., 2004). The first step of MM-GBSA is to
generate multiple snapshots from the stable MD production trajec-
tory of the complex. Here, 500 snapshots were collected, equally
spaced at 10 ps intervals. For each snapshot, a free energy is
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calculated for each molecular species (complex, receptor and li-
gand), and the ligand binding free energy is estimated as follows:

AGbinding: Gcomplex - Greceptor - Gligandl (1)

where Geomplexs Greceptor aNd Giigana are the free energy of complex,
receptor and ligand molecules, respectively. The free energy (G)
was calculated based on an average over the extracted snapshots
from the MD trajectories. Each state is estimated from the molecu-
lar mechanics energy Eg.s, the solvation free energy Gs, and the sol-
ute entropy S, respectively (Gouda et al., 2003).

G = Egas + Ggo — TS (2)
Egas = Eint + Evdw + Eelse (3)
Gsol = GGB + Gnonpolar (4)

where Eg,s is the gas-phase energy; Ei, is the internal energy; Eeje
and E,q. are the Coulomb and van der Waals energies, respectively.
Egas was calculated using the AMBERO3 molecular mechanics force
field. Gy, is the solvation free energy and can be decomposed into
polar and nonpolar contributions. Ggp is the polar solvation contri-
bution calculated by solving the GB equation. Dielectric constants
for solute and solvent were set to 1 and 80, respectively. Gnonpolar
is the nonpolar solvation contribution and was estimated by the
solvent accessible surface area (SAS) determined using a water
probe radius of 1.4 A. The surface tension constant y was set to
0.0072 kcal/mol/A? (Sitkoff et al., 1994).

@@ .,

2.4. Energy decomposition

To obtain a detailed view of the NS3/4A-TM(435 interactions,
MM-GBSA calculations were used to decompose the interaction
energies to each residue by considering molecular mechanics ener-
gies and solvation energies without considering the contribution of
entropies.

2.5. Normal mode calculations

Normal mode calculations were carried out in the AMBER 10
NMODE module to find the entropic contributions. Because of
the computational expense of the NMODE calculations, 50 snap-
shots were used from the last equilibrated 5 ns of the molecular
dynamics simulations with 100 ps time intervals.

3. Results and discussion
3.1. Stability of the system simulations

Ten nanoseconds molecular dynamics simulations of four sys-
tems were performed to obtain the equilibrated and stable sys-
tems. Here, to evaluate the dynamic stability of each simulation,
root-mean-square-deviation (RMSD) of all protein backbone atoms
(Ca) and the ligand heavy atoms relative to the initial structure
coordinates was monitored, as shown in Fig. 4a and b, respectively.
In addition, we also monitored the time evolution of the RMSD of
the Co for the residues within 5 A around the ligand for each sys-
tem (Fig. 4c). From Fig. 4a and c, the RMSD values of the protein
backbone atoms and binding pocket atoms were always stable
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Fig. 4. Plots of the RMSD values relative to the initial structure of wild-type (in black), R155K mutant (in red), A156V mutant (in blue) and D168A mutant (in green) NS3/4A-
TMC435 complex during the MD simulations. (a) Time evolution of the RMSD of all protein backbone atoms. (b) Time evolution of the RMSD of heavy atoms for the ligand. (c)
Time evolution of the RMSD of Cot atoms for the residues around 5 A of ligand. (For interpretation of the references to colors in this figure legend, the reader is referred to the

web version of this article.)
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along the simulation. But from Fig. 4b, it can be seen that the ligand
heavy atoms of the three mutant systems have large fluctuations
during the first 5 ns, especially for the A156V mutant complex.
Therefore, the last 5 ns of the four NS3/4A-TMC435 complex sim-
ulations were taken for the following structural and energetic
discussion.
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3.2. Structural and energetic basis of NS3/4A-TM(C435 interaction

To obtain the effect of specific mutations on the mode of bind-
ing, we performed classical MD simulations on the wild-type and
three mutated complexes. By analyzing the binding site of the pro-
tease, four structures with TMC435 and the key residues of the
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Fig. 5. Average structures taken from the last 5 ns of the MD simulations with the key residues of the binding pocket of the complexes. The side chains of the active site
residues are shown as a stick drawing (in yellow) and TMC435 is represented as a ball-stick model (in cyan) for (a) wild-type NS3/4A-TMC435 complex, (b) R155K mutant
NS3/4A-TMC435 complex, (c) A156V mutant NS3/4A-TMC435 complex, (d) D168A mutant NS3/4A-TMC435 complex. The salt bridge and hydrogen bond interactions are
labeled in blue and green dotted lines, respectively. (For interpretation of the references to colors in this figure legend, the reader is referred to the web version of this article.)
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The calculated binding free energies based on MM-GBSA method (AGum-cBsa)-

131

Complex Contribution (kcal/mol) Resistance level & (Lenz et al., 2010)
AEge * AEuaw ° AEnm AGsony © AEping ¢ —-TAS © AGpina

WT -32.86 —57.46 -90.32 40.74 —49.58 29.04 —20.54 1

R155K —23.48 —48.31 -71.79 30.14 —41.65 28.06 -13.59 24

A156V -22.39 —52.86 ~75.25 34.10 -41.15 28.89 -12.26 195

D168A -28.31 —54.63 —82.94 45.15 —47.78 28.77 -19.01 578

2 Electrostatic energy.

van der Waals energy.

Solvation free energy.

Total binding free energy.

Entropy value.

Relative binding free energy.

Resistance level is defined as ECso (mutant)/ECsq (wild-type) in the references.

b
d
f
g
binding pocket taken from the average MD-simulated structure are
shown in Fig. 5. Moreover, the energetic components and the total
binding free energies for TMC435 in the wild-type and mutant
NS3/4A binding pocket were calculated during the last 5 ns of sim-
ulation by applying the MM-GBSA approach. Table 1 lists the calcu-
lated binding free energies (AGwmm-cesa), for all four simulations
together with the experimentally derived resistance fold level. As
shown in Table 1, the calculated binding free energies (AGping)
for TMC435 with WT NS3/4A and R155K, A156V and D168A
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mutants were —20.54 kcal/mol, —13.59 kcal/mol, —12.26 kcal/mol
and —19.01 kcal/mol, respectively. Here, the relative values of the
calculated binding free energy exhibited a consistent order with
the experimental results except for D168A (Lenz et al., 2010).
According to the energy components of the binding free energies
(Table 1), both van der Waals and electrostatic terms play impor-
tant roles for TMC435 binding. In addition, in order to gain a de-
tailed picture of the binding free energy, the total binding free
energy was decomposed to each residue, and the corresponding
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Fig. 6. Intermolecular ligand-protein (per-residue) interaction spectrum of the wild-type and mutant NS3/4A-TMC435 complex according to the MM-GBSA method. Red
lines represent the wild-type and green lines represent the mutant. (For interpretation of the references to colors in this figure legend, the reader is referred to the web
version of this article.)
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complex (in red) and Arg155-Asp168 of A156V mutant NS3/4A-TMC435 complex (in blue) during the MD simulations. (For interpretation of the references to colors in this

figure legend, the reader is referred to the web version of this article.)

results are depicted in Fig. 6. It can be seen that we successfully
predicted the key interaction residues (Phe43, His57, GIn80,
Val132, Lys136, Arg155, Ala156 and Asp168) verified by experi-
ment (Cummings et al., 2010). Interestingly, TMC435 has strong
interactions with Argl155 and Ala156 (Fig. 6a), whose mutations
will significantly lower the binding affinity of TMC435 (Lenz
et al, 2010). However, to give a more deep understanding of
TMC435 binding mechanism, we will analyze the structural fea-
tures in details in the following part.

3.2.1. Salt bridges network in the extended S2 subsite

From the MD-averaged structure of the NS3/4A-TM(C435 com-
plex (Fig.5), we see that the side chain conformation of Arg155 is
stabilized by salt bridge interactions with GIn80 and Asp168,
resulting in a perfect contact of the extended P2 quinoline moiety
of TMC435 with Arg155. Actually, Figs. 5a and 7 (in black) indi-

Table 2
The occupancy (%) of two canonical substrate-like intermolecular hydrogen bonds.

Complex Donor Acceptor Occupancy (%)

WT TMC435(N1-H46) Arg155(0) 72.77
Ala157(N-H) TMC435(02) 46.22

R155K TMC435(N1-H46) Lys155(0) 61.76
Ala157(N-H) TMC435(02) 52.78

A156V TMC435(N1-H46) Arg155(0) 27.38
Ala157(N-H) TMC435(02) 29.68

D168A TMC435(N1-H46) Arg155(0) 69.42
Ala157(N-H) TMC435(02) 57.93

The hydrogen bonds interactions were defined by acceptor- - -donor atom distances
of <3.5 A and acceptor- - -H-donor angles of <120°.

cated that the alkyl side chain conformation of the arginine allows
the maximal number of van der Waals interactions with the quin-
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oline. In addition, the decomposition calculation of the interaction
energies to each residue shown in Fig. 6a illustrates that Arg155
makes the biggest contribution to TMC435 binding. These compu-
tational results are in good agreement with the experimental
results (Cummings et al., 2010).

By contrast, as shown in Fig. 5b and d, the substitutions by ly-
sine at 155 and alanine at 168 could severely disrupt the salt
bridge network formed by Arg155 and Asp168. Here, to investigate
profoundly this interesting phenomenon, the salt bridge distances
(defined by the distance of the nitrogen atoms of residue 155 and
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Fig. 11. Molecular surface representation of the average active site structure of the wild-type and mutant NS3/4A-TMC435 complex as well as the superimposed 4B5A
substrate. TM(C435 is represented as a ball-stick model (in cyan), substrate 4B5A is shown as a stick drawing (in yellow). (For interpretation of the references to colors in this

figure legend, the reader is referred to the web version of this article.)

the oxygen atoms of residue 168) were calculated over the whole
MD simulation and the plot of distance vs. the simulation time is
shown in Fig. 8. It can be seen that the salt bridge interactions be-
tween Lys155 and Asp168 disappears completely after 4 ns for the
R155K mutant. As for the D168A mutant, the salt bridge between
residue 168 and Arg155 is not stable throughout the whole simu-
lation. The disruption of this salt bridge will change the conforma-
tion of Arg155 and further affect seriously the interaction between
the residue155 and the P2 quinoline group of TM(C435, which can
be further verified by the calculated energetical loss shown in
Fig. 6b and d. In detail, the R155K mutation generates a much lar-
ger effect on TMC435 binding to the extended S2 subsite than
D168A mutation which can be observed both from the structure
(Fig. 5b and d) and the calculated relative binding free energy
(=13.59 kcal/mol for R155K and -19.01 kcal/mol for D168A,
respectively, as shown in Table 1).

3.2.2. Two canonical substrate-like intermolecular hydrogen bonds
In the reported crystal complexes, eight hydrogen bonds are con-
served between protease residues (Ser159, Ala157, Arg155, Ser139,
Ser138 and Gly137) and the viral substrate residues (Romano et al.,
2010). It is well known that TMC435 is an inhibitor mimicking the
N-terminal side of the viral substrates and can form two canonical
substrate-like intermolecular hydrogen bonds with NS3/4A

(TMC435(N1-H46). - -Arg155(0) and Ala157(N-H). - -TM(C435(02)),
shown in Fig. 2b) in the crystallographic structure of the TMC435-
NS3/4A complex (Cummings et al., 2010), which are very important
for TM(C435 binding at the active site. Therefore, we monitored the
occupancies of two hydrogen bonds in four complexes shown in Ta-
ble 2. From Table 2, it can be seen that for the wild-type complex
that TMC435 can form hydrogen bond with Arg155 (TMC435(N1-
H46)- - -Arg155(0), with 72.77% occupancy) and with Ala157
(Ala157(N-H). - -TMC435(02), with 46.22% occupancy). In addition,
the distance between the donor and acceptor for each system was
also computed and shown in Fig. 9. For example, as shown in
Fig. 9a, the distance between the donor and acceptor atoms of two
hydrogen bonds in the wild-type complex is very stable. Hence,
the two canonical substrate-like intermolecular hydrogen bonds
maintained well for wild-type NS3/4A-TMC(C435 complex during
the 10 ns MD simulation. Compared with the wild type complex,
the canonical substrate-like intermolecular hydrogen bonds are
well maintained for R155K and D168A (Fig. 9b and d and Table 2).
But for A156V, the mutation does have an obvious effect on the
two canonical substrate-like intermolecular hydrogen bonds to
some degree, where the hydrogen bond occupancies reduced to
27.38% and 29.68% (Table 2) for TMC435(N1-H46). - -Arg155(0)
and Ala157(N-H)- - - TMC435(02), respectively. Corresponding with
the reduction of hydrogen bond occupancies, there are significant
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Fig. 12. The superposition of the average structure of TMC435 taken from the wild-type and mutant NS3/4A-TM(C435 complex simulation. TMC435 is represented as a ball-
stick model (in cyan for wild-type and in pink for mutant complex, respectively). The three major resistance related residues are taken from the wild-type NS3/4A-TMC435
complex simulation and shown as a stick drawing (in yellow). The van der Waals surface of some particular amino acid side chains and TMC435 groups are also displayed.
(For interpretation of the references to colors in this figure legend, the reader is referred to the web version of this article.)

fluctuations in hydrogen bond distance (Fig. 9¢) and a decreased
nonbonded electrostatic interaction energy (AAEqe shown in
Fig. 10a) between residue 156 and TMC435.

3.3. How NS3/4A mutants cause drug resistance

3.3.1. Mutations destroy the induced-fit binding of NS3/4A-TM(435
complex

It has been reported that binding of TMC435 involves an in-
duced-fit mechanism in an extended S2 subsite of NS3/4A (Fig. 3)
(Cummings et al., 2010). In particular, as discussed above, Arg155
adopts a conformation favorable to interact with the quinoline of
TMC435 and it should be emphasized that the salt bridge network
between GIn80, Arg155 and Asp168 in the complex plays a key role
to stabilize this meaningful conformation (Fig. 2b). Our molecular
modeling study of the wild-type NS3/4A-TMC435 complex per-
fectly reproduced the induced-fit binding mode (Figs. 5, 11 and
12a) as in the crystallographic structure. Furthermore, the large
contribution of the van der Waals energetic component of
Arg155 in the extended S2 subsite (black line in Fig. 7) is repro-
duced play a major role in antiviral activity. Therefore, both exper-
imental and simulation results suggest that an extended S2 subsite
is produced for the binding of TMC435 in the active site of the NS3/
4A protease.

For the R155K mutation, one of the major class-specific muta-
tions has been found to affect HCV NS3/4A protease susceptibility
to its inhibitors (Halfon and Locarnini, 2011). In the present study,
the R155K mutation results in the loss of the salt bridge of residue
155 with Asp168 (Fig. 5b, red line in Fig. 8) and furthermore causes
the large quinoline-thiazole group of TMC435 to move away (Figs.
5 and 12b). Accordingly, the van der Waals interaction energy con-
tribution of the Lys155 to TMC435 was largely decreased in the
mutant complex (red line in Figs. 7 and 10b).

Similar to the R155K mutation, substitution of Asp168 with a
non-acidic residue, such as Ala, also results in the loss of the
salt-bridge interaction with the Argl55 side-chain on the neigh-
boring B-strand (Fig. 5d). Therefore, the conformation of the
Arg155 is no longer energetically favored in the NS3/4A D168A
mutant TMC435 complex because the loss of the salt bridge makes
Arg155 more flexible and its interactions with the large extended
P2 group of TMC435 decrease (Figs. 6 and 11d).

As for the A156V mutation, our computational modeling analy-
sis suggests that the possible conformation of substituted valine
side chain has an unfavorable steric contact with TMC435 at the
P3 carbonyl group. Accordingly, in the A156V mutant, the P3 group
of TMC435 is forced to leave the favorable position by this
additional methyl group of Val156, which further makes the quin-
oline-thiazole P2 substituent of TMC435 to move away from the
extend S2 subsite (Fig. 5¢), and the induced-fit binding mode of
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the quinoline-thiazole P2 substituent with extended S2 subsite is
obviously influenced (Fig. 6¢c, blue line in Figs. 10 and 11c).

3.3.2. Mutations help NS3/4A escape from TM(C435 without influencing
the substrate binding

Previous studies on the NS3/4A protease domain in complex
with the N-terminal products of viral substrates proposed that
the protease substrates occupied a consensus volume defined as
the substrate envelope (Romano et al., 2010, 2011).

Herein, to survey the locations where TMC435 protrude from
the substrate envelope, the NS3/4A molecular surface around the
PIs and substrate binding site was generated for the simulated
average wild-type and mutant complexes (Fig. 11). Then, we
superimposed the structure of product complex 4B5A (PDB ID:
3M5N (Romano et al., 2010)) in our four systems based on the
coordinates of the enzyme backbone atoms (Fig. 11).

The superposition of active sites for the wild-type TMC435-
NS3/4A and product 4B5A complexes shown in Fig. 11a reveals
that TMC435 interact with several protease residues of the sub-
strate envelope. Moreover, a specific interaction between the
Arg155 side chain of the extended S2 subsite and P2 quinoline of
TMC435 (Figs. 2b, Fig. 5a, 11a and 12a) was proven both by exper-
imental data (Cummings et al., 2010; Romano et al., 2010) and our
theoretical computation. Thus, mutation R155K and D168A out of
the substrate envelop domain can seriously affect the perfect ex-
tended S2 subsite (Figs. 11b, 11d, 12b and 12d, respectively), which
is very important for binding of the TMC435 extended P2 group.

In addition, the P2 group of TMC435 is found to form a more
close interaction with Ala156 relative to the side chain of the
4B5A peptide (Fig. 11a). Therefore, the mutation occurring at the
Ala156 position (A156V)forces the P2 group of TMC435 to move
away due to a steric clash (Fig 5c) and further leads to a decrease
of the binding affinity (Table 1) because the extended P2 quinoline
of TMC435 loses the induced binding mode at the extended S2 sub-
site (Figs. 11c and 12c).The above results prove that the three
mutations R155K, A156V and D168A outside the substrate enve-
lope selectively affect TMC435 activity but not the catalytic activity
of protease and consequently can automatically help NS3/4A es-
cape from TMC435 without influencing the substrate binding.

4. Conclusions

In summary, the molecular mechanism of drug resistance due
to the key residue mutations R155K, A156V and D168A has been
explored by using all-atom molecular dynamics simulations fol-
lowed by MM-GBSA calculations and substrate envelope analysis.
Drug resistant mutations R155K and D168A could seriously affect
the favorable induced-fit binding with TMC435 through breaking
the salt bridges network that stabilizes the extended S2 pocket.
The A156V mutation disturbs hydrogen bond interaction by intro-
duction of a steric clash in the complex. Interestingly, we found
that mutations in the present study occurring outside the substrate
envelop and could easily help the NS3/4A protease escape from
TMC435 without influencing the natural substrate peptide
(4B5A) binding. These detailed insights into the mechanism of drug
resistance will be very useful to structure-based design of novel
inhibitors that fit within the substrate envelope that will be less
susceptible to resistance.
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