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Hepatitis C virus (HCV) NS5B protein is an RNA-dependent RNA polymerase (RdRp) with essential func-
tions in viral genome replication and represents a promising therapeutic target to develop direct-acting
antivirals (DAAs). Multiple nonnucleoside inhibitors (NNIs) binding sites have been identified within the
polymerase. VX-222 and ANA598 are two NNIs targeting thumb II site and palm I site of HCV NS5B poly-
merase, respectively. These two molecules have been shown to be very effective in phase II clinical trials.
However, the emergence of resistant HCV replicon variants (L419M, M423T, I482L mutants to VX-222
and M414T, M414L, G554D mutants to ANA598) has significantly decreased their efficacy. To elucidate
the molecular mechanism about how these mutations influenced the drug binding mode and decreased
drug efficacy, we studied the binding modes of VX-222 and ANA598 to wild-type and mutant polymerase
by molecular modeling approach. Molecular dynamics (MD) simulations results combined with binding
free energy calculations indicated that the mutations significantly altered the binding free energy and the
interaction for the drugs to polymerase. The further per-residue binding free energy decomposition anal-
ysis revealed that the mutations decreased the interactions with several key residues, such as L419,
M423, L474, S476, I482, L497, for VX-222 and L384, N411, M414, Y415, Q446, S556, G557 for ANA598.
These were the major origins for the resistance to these two drugs. In addition, by analyzing the residue
interaction network (RIN) of the complexes between the drugs with wild-type and the mutant polymer-
ase, we found that the mutation residues in the networks involved in the drug resistance possessed a rel-
atively lower size of topology centralities. The shift of betweenness and closeness values of binding site
residues in the mutant polymerase is relevant to the mechanism of drug resistance of VX-222 and
ANA598. These results can provide an atomic-level understanding about the mechanisms of drug resis-
tance conferred by the studied mutations and will be helpful to design more potent inhibitors which
could effectively overcome drug resistance of antivirus agents.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction care therapy for patients with chronic HCV infection is by using
Hepatitis C virus (HCV), an enveloped single-strand RNA virus,
has a major impact on public health. It is estimated that over 3%
of the world’s population is chronically infected with HCV
(Melnikova, 2011). Chronic infection of HCV may lead to cirrhosis
and hepatocellular carcinoma and ultimately result in end-stage
liver disease and death (D’Oliveira et al., 2009). The standard of
peginterferon (PEG-IFN) with ribavirin, but this associated with
frequent and troublesome side effects (Fried, 2002; Fried et al.,
2002; Hadziyannis et al., 2004). Fortunately, with the advent of
two licensed direct-acting antivirals (DAAs) telaprevir and
boceprevir targeting the viral NS3/4A protease in 2011, the treat-
ment outcomes for HCV infection have been greatly improved by
the new standard of care, with the combination use of DAAs with
PEG-IFN plus ribavirin (De Clercq, 2012; Kanda et al., 2013;
Klibanov et al., 2012; Matthews and Lancaster, 2012).

Over the past decades, the knowledge about replication
mechanism of HCV has increased tremendously (Lohmann,
2013). This can be particularly reflected by the fact that several
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crystal structures of the viral enzymes (the NS3/4A protease, the
NS3 helicase, the NS5A protein, and the NS5B polymerase) partic-
ipating in polyprotein processing and replication are available
(Bressanelli et al., 1999; Kim et al., 1996; Lesburg et al., 1999; Love
et al., 1996; Tellinghuisen et al., 2005; Yao et al., 1999). The results
from these studies will be very helpful to the discovery and
development on DAAs targeting several important proteins such
as NS3/4A, NS5A, or NS5B that are important in the life cycle of
HCV (Johnson and Gale, 2006).

HCV NS5B polymerase has been proved to be an important and
promising target for anti-HCV drug development and discovery
since it has essential functions in viral genome replication. Several
nucleoside and nonnucleoside inhibitors (NIs and NNIs) targeting
Fig. 1. Structural model of VX-222 and ANA598 bound to the HCV NS5B polymerase thum
and with the thumb II and palm I pocket distinguished in cyan and gray surface. VX-222
residues which confer drug resistance are particularly labeled. (For interpretation of the
this article.)

Fig. 2. Chemical structures of VX-222, ANA598, NN3, and YAK. V
the polymerase has been developed in the advanced stages of clin-
ical development (Soriano et al., 2013). The NNIs interact with one
of the four allosteric site (thumb pocket I and II and palm pocket I
and II), distinct from the enzyme’s active site (Sofia et al., 2011).
Among the reported NS5B inhibitors, VX-222 and ANA598 are
two promising NNIs in phase II clinical trials (Kirkovsky et al.,
2007; Yi et al., 2012). VX-222 is a thiophene-2-carboxylic acid
derivative that binds to the thumb II pocket (Figs. 1 and 2).
ANA598 (also known as setrobuvir) is a benzothiazidine derivative
binding to the palm I pocket (Figs. 1 and 2). However, genotypic
mutations resistant to VX-222 (L419M, M423T, and I482L) and
ANA598 (M414T, M414L, and G554D) were identified in vitro
(Kirkovsky et al., 2007; Yi et al., 2012). These resistant mutations
b II site and palm I site, respectively. The NS5B polymerase is represented in carton
and ANA598 are shown in gray and green stick models, respectively. The mutation

references to color in this figure legend, the reader is referred to the web version of

X-222 and ANA598 are marked up with the atom numbers.
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could reduce the potency for VX-222 and ANA598. A detailed
understanding of binding and drug resistance mechanism to these
two molecules at the atomic level is therefore very crucial for the
design of novel potent agents targeting viral variants. Unfortu-
nately, the lack of three-dimensional structures of VX-222 and
ANA598 in complex with wild-type and the drug resistant mutants
of polymerase has hampered to reveal the molecular basis
underlying the binding and resistance mechanism of these two
inhibitors. Therefore, elucidating the binding mode and drug
resistance mechanism for these two inhibitors from molecular
modeling and computational methods could be very valuable.

Molecular modeling and computational methods such as molec-
ular docking, molecular dynamics (MD) simulation, binding free en-
ergy calculation, and binding free energy decomposition have been
proved to be very useful and successful to provide structural and
energetic information to different antiviral agents. Several typical
works reported in the past years include the drug resistance
mechanism studies against inhibitors to HIV protease, HIV reverse
transcriptase (RT), HIV integrase (IN), influenza neuraminidase
(NA), HCV NS3/4A protease, and HCV NS5B polymerase (Alcaro
et al., 2009; Aruksakunwong et al., 2006; Balius and Rizzo, 2009;
Cai and Schiffer, 2010; Chachra and Rizzo, 2008; Guo et al., 2006;
Hou et al., 2008; Hou and Yu, 2007; Hou et al., 2009; Jiao et al.,
2013; Li et al., 2012; Liu et al., 2010; Pan et al., 2011, 2012; Rizzo
et al., 2004; Stoica et al., 2008; Vergara-Jaque et al., 2012; Xue
et al., 2013, 2012a,b; Zhang et al., 2010; Zhou et al., 2005). In addi-
tion, interactive visualizations of the residue interaction network
(RIN) of proteins have been recently devoted to HIV-1 protease,
HCV NS3/4A protease, and HIV integrase to gaining insight into
complex biological interactions in the mutants systems (del Sol
et al., 2006; Welsch et al., 2008, 2012; Xue et al., 2013, 2012a). It
is suggested that the resistance mutations in the protein often affect
the binding of drugs through influencing the RIN properties of the
targets. In a recent publication, the computational investigation
by Davis and Thorpe illuminated the allosteric inhibition mecha-
nism of HCV NS5B polymerase (Davis and Thorpe, 2013). This work
provides the detailed structure and internal motions of NS5B by an
allosteric ligand bound to the thumb domain of the enzyme. How-
ever, the binding mode and mutation-induced drug resistance
mechanism of VX-222 and ANA598 to the NS5B polymerase were
still illusive.

In this work, molecular docking was used to obtain the binding
mode of VX-222 and ANA598 to HCV NS5B polymerase. MD simu-
lations were then used to investigate the dynamic interaction
mode for VX-222 and ANA598 with wild-type polymerase and its
mutants. In addition, the calculated binding free energy and bind-
ing free energy decomposition help us to understand the detailed
interaction profiles of the VX-222 and ANA598, which can provide
important insights into the molecular origins critical to drug resis-
tance. Finally, RIN analysis of the complex can provide some infor-
mation about the network for the residue interactions to discover
the possible mechanisms of drug resistance. These results can pro-
vide some potential clues for further design of novel inhibitors that
are less susceptible to drug resistance.
2. Materials and methods

2.1. Initial models preparation

The initial coordinates of wild-type (WT) crystal structures for
the polymerase were derived from the Protein Data Bank (PDB ID
code: 2GIR (Le Pogam et al., 2006) and 3H2L (Ruebsam et al.,
2009)), only one monomer was retained. The structures of VX-
222 and ANA598 were modified with the Maestro (Schrödinger,
2009a) building tools based on the ligands, NN3 and YAK (Fig. 2),
extracted from the crystal structures of 2GIR and 3H2L, respec-
tively. The build inhibitors VX-222 and ANA598 were then prepro-
cessed by the LigPrep (Schrödinger, 2009b) which uses OPLS-2005
force field (Kaminski et al., 2001) and gave the corresponding low
energy 3D conformers of the compounds. The ionized state was as-
signed by using the Epik (Schrödinger, 2009c) at a target pH value
of 7.0 ± 2.0. As for the polymerase structures, the missing loop re-
gion of the encompassing residues 149–153 in 2GIR and 3H2L were
predicted and refined with Prime (Schrödinger, 2009d). The Protein
Preparation Wizard in Maestro was used to remove crystallo-
graphic water molecules, add hydrogen atoms, assign partial
charges and protonation states, and minimize the structures. The
minimization was terminated when the root-mean-square devia-
tion (RMSD) reached a maximum value of 0.30 Å.

Subsequently, molecular docking was used to study the binding
mode of VX-222 and ANA598 to HCV NS5B polymerase. The pre-
pared VX-222 and ANA598 structures were respectively docked
into the NN3 and YAK binding site of the minimized polymerase
using the Glide (Schrödinger, 2009e) with the standard precision
(SP) scoring mode. The docking grid boxes for VX-222 and
ANA598 were defined by centering on the NN3 and YAK in the
polymerase, respectively. In molecular docking, 5000 poses were
generated during the initial phase of the docking calculation, out
of which best 1000 poses were chosen for energy minimization
by 1000 steps of conjugate gradient minimizations. Finally, molec-
ular docking gave 4 and 9 poses, respectively for ligands VX-222
and ANA598 bound to the polymerase (Supplementary Figs. S1
and S2). We selected the best binding poses for further study (Sup-
plementary Fig. S3). On the basis of the docked models of VX-222
and ANA598 in complex with wild-type polymerase, we also con-
structed the models for the studied mutant complexes by substi-
tuting the specific residues of wild-type polymerase (L419M,
M423T, and I482L for VX-222 and M414L, M414T, and G554D for
ANA598). All the molecular modeling calculation process was
carried out with the Schrödinger software.

2.2. Parametrization of ligands

The force field parameters for VX-222 and ANA598 were de-
scribed by the General AMBER Force Field (GAFF) (Wang et al.,
2004) and Restrained Electrostatic Potential (RESP) (Bayly et al.,
1993; Cieplak et al., 1995; Fox and Kollman, 1998) partial charges.
Geometry optimization and the electrostatic potential calculations
were performed at the HF/6-31G⁄ level of Gaussian09 suite (Frisch
et al., 2009).

2.3. MD simulations

Each system was neutralized with chloride ions and was sol-
vated in a rectangular pre-equilibrated TIP3P (Jorgensen et al.,
1983) water box. Sufficient solvent was added to provide a
minimum distance of 10 Å between any protein atom and the edge
of the box. This yielded a simulation box containing approximately
18500 water molecules with initial dimensions of 87� 90� 99 Å3.

All systems were energy minimized and equilibrated using the
AMBER10 (Case et al., 2008) with the standard AMBER03 force field
(Duan et al., 2003) and TIP3P water model. First, each system was
minimized using steepest descent method for 3000 steps followed
by conjugated gradient method for 2000 steps. During the
minimization, the harmonic restraints with a force constant of
500.0 kcal/(mol � Å2) were applied for all protein atoms. Further
minimization are carried out with all atoms relax for 3000 steps
using steepest descent method followed by 2000 steps of
conjugated gradient method. The systems were sequentially
heated up from 0 to 310.0 K over 100 ps in the NVT ensemble
and equilibrating to adjust the solvent density under 1 atm
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pressure over 50 ps in the NPT ensemble simulation by restraining
all protein atoms of the structures with a harmonic restraint
weight of 10.0 kcal/(mol � Å2). An additional three molecular
dynamics equilibrations of 50 ps each were performed with the
decreased restraint weights of 5.0, to 1.0, to 0.1 kcal/(mol � Å2),
respectively. These were followed by unconstrained 50 ps of
equilibration at 310.0 K.

MD simulations production was carried out without any
restraint on these eight systems in the NPT ensemble at a temper-
ature of 310.0 K and a pressure of 1 atm. During the simulations,
periodic boundary conditions were employed and direct space
interactions were truncated at a distance 10.0 Å with long range
contributions from the electrostatics included using the particle
mesh Ewald (PME) method (Darden et al., 1993). All bonds involv-
ing hydrogen atoms were constrained with the SHAKE algorithm
(Ryckaert et al., 1977), allowing an integration time step of 2 fs.
The coordinates of the trajectories were saved every 1 ps for
analysis.

2.4. Thermodynamic analysis

Binding free energy (DGbind) for the inhibitors VX-222 and
ANA598 to HCV NS5B polymerase was calculated using the MM/
GBSA method (Kollman et al., 2000; Massova and Kollman, 2000;
Onufriev et al., 2000; Tsui and Case, 2000), as reported previously
(Xue et al., 2013, 2012a). The MM/GBSA binding free energy, which
consists of an electrostatic, van der Waals, polar, nonpolar, and
entropic component. The electrostatic (DEele) and van der Waals
(DEvdW) contributions are computed using the molecular mechan-
ics energy function. The polar contributions (DGGB) were calculated
by solving the GB equation, with dielectric constants for solute and
solvent set to 1 and 80, respectively (Rocchia et al., 2001). The non-
polar contributions (DGSA) were estimated by the solvent-accessi-
ble surface area (SASA) determined using a water probe radius of
1.4 Å and the surface tension constant c was set to 0.0072 kcal/
(mol/Å2) (Sitkoff et al., 1994). The solute entropy change (�TDS)
were estimated by normal mode analysis (Pearlman et al., 1995).
In this work, a single trajectory approach is carried out for the pro-
tein–ligand complex. The MM/GBSA binding free energy and per-
residue binding free energy decomposition were determined by
extracting 1000 snapshots at 10 ps interval from the last equili-
brated 10 ns trajectory of the simulation for each complex. Due
to the high computational cost in the entropy calculation, 100
snapshots were used to normal mode analysis.

2.5. Residue interaction network analysis

In order to construct the RIN interactively in 2D graphs, the rep-
resentative structures derived from the last 10 ns trajectory of each
system was used. First, REDUCE (Word et al., 1999b) was applied
for accurately adding hydrogen atoms to the protein structure.
Then, the noncovalent interaction residues between the atoms of
each pair of considered residues were identified by PROBE (Word
et al., 1999a). Finally, Cytoscape (Shannon et al., 2003) and the plu-
gin RINalyzer (Doncheva et al., 2011) were used to visualize the
network. In a RIN, the nodes represent the protein residues and
the edges between them represent the noncovalent interactions.

To highlight and investigate the similarities and differences be-
tween the networks corresponding to wild-type and the mutant
polymerase, we generated a combined comparison network of
two RIN using RINalyzer based on the superposition alignment of
the corresponding 3D structures. The comparison network con-
tains different types of edges and nodes according to the preserved
residue interactions and the aligned residues.

In this work, we also performed the protein topological
parameters analysis of shortest path betweenness and closeness
centrality by using the NetworkAnalyzer (Assenov et al., 2008)
plugin of Cytoscape. The betweenness centrality of a node reflects
the amount of control that this node exerts over the interactions of
other nodes in the network (Yoon et al., 2006), whereas the close-
ness centrality is a measure of how quickly information spreads
from a given node to other reachable nodes in the network
(Freeman, 1978).
3. Results and discussion

3.1. Binding mode of VX-222 and ANA598 to NS5B polymerase by
molecular docking

Since VX-222 and ANA598 are derivatives of the first class NS5B
inhibitors NN3 and YAK (Fig. 2) cocrystallized with the thumb II
and palm I domain of HCV NS5B polymerase (PDB ID code: 2GIR
(Le Pogam et al., 2006) and 3H2L (Ruebsam et al., 2009)), respec-
tively, these two crystal structures of NS5B polymerase were se-
lected in our molecular docking studies. Supplementary Figs. S1
and S2 depict the superimposition for the docking poses of
VX-222 and ANA598 with the crystal structures NN3 and YAK,
respectively. We can see from Supplementary Fig. S1 that all of
the obtained VX-222 docking poses are similar to NN3 structure
in 2GIR. Meanwhile, the docking poses of ANA598 in Supplemen-
tary Figs. S2A–S2E are similar to YAK in 3H2L, however, there are
some difference in Supplementary Figs. S2F–S2I. Overall, we no-
ticed that Supplementary Figs. S1A and S2A show the most similar
poses and were considered for the further analysis (Fig. 1 and Sup-
plementary Fig. S3).

As shown in Fig. 1, the build models of VX-222 binds to the
thumb II allosteric pocket and ANA598 binds to the palm I alloste-
ric pocket. In detail, VX-222 binding with the pocket characterized
by residues L392, L419, M423, R422, L474, H475, S476, Y477, I482,
V485, L497, R527, and W528 (Supplementary Fig. S3A). As for
ANA598, the pocket consists of F193, P197, R200, D225, S267,
T287, S288, N291, N316, D318, D319, C366, L384, S407, N411,
M414, Y415, Q446, Y448, G554, and S556 (Supplementary
Fig. S3B). Moreover, these two binding sites are consistent well
with the mutations identified in clinical trials that confer drug
resistance (Kirkovsky et al., 2007; Yi et al., 2012). Therefore, on
the basis of these two models, we obtained the binding mode of
VX-222 and ANA598 in the mutant polymerase. However, to get
more deep insight into the mode of binding and the influence of
the resistance mutations on the drug binding, we performed addi-
tional MD simulations and binding free energy calculation on these
build models.
3.2. Stability of the polymerase–inhibitor complexes during the MD
simulations

A total of 240 ns MD simulation were conducted in explicit
aqueous solution for two wild-type and six drug-resistant mutants
(L419M, M423T, and I482L for VX-222 and M414T, M414L, and
G554D for ANA598) complexes. To monitor the convergence of
the each trajectory, the RMSD of each snapshot relative to the ini-
tial structure was calculated. Fig. 3 and Supplementary Figs. S4 and
S5 depict the RMSD plots for protein backbone atoms, the back-
bone atoms of protein residues around 5 Å of ligand as well as li-
gand heavy atoms with respect to the initial structure as a
function of time. The distributions of these RMSD values indicate
that all systems have reached equilibrium in the MD simulations.
As observed in Fig. 3, the RMSD for the protein backbone atoms
of the complexes of VX-222 bound to WT, L419M, M423T, and
I482L polymerase in the simulation fluctuates around 1.7, 1.6, 1.4
and 1.5 Å after 5 ns (Fig. 3A), and this fluctuates around 2.0, 2.0,



Fig. 3. The backbone atom RMSD for (A) VX-222 and (B) ANA598 bound wild-type and mutant polymerase, calculated with respect to the initial structure during the MD
simulation.
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1.4 and 2.6 Å after 30 ns in the complexes of ANA598 bound WT,
M414L, M414T, and G554D polymerase (Fig. 3B). It is notable that
there are relatively large fluctuations of the G554D mutant
complexes. This can been explained by the previous studies that
tampering with the 531–570 region can destabilize the closed
thumb form of the polymerase (Adachi et al., 2002). Recently, the
study by Davis and Thorpe provides the first evidence for a mech-
anistic basis of allosteric inhibition in NS5B polymerase using MD
simulations based on X-ray crystal structure (Davis and Thorpe,
2013). However, the simulation structures took about 100 ns in
reaching equilibration due to a general conformational change.
This is due to the initial structure used by the authors with a
slightly more open thumb (PDB ID code: 2WHO (Ontoria et al.,
2009)) than the structures used in this work (PDB ID code: 2GIR
(Le Pogam et al., 2006) and 3H2L (Ruebsam et al., 2009)). The struc-
ture 2WHO being deleted of 60 C-terminal NS5B polymerase resi-
dues instead of just 21 in 2GIR and 3H2L. That further deletion is
known to induce an opening of NS5B polymerase thumb (Adachi
et al., 2002; Caillet-Saguy et al., 2011).
3.3. Comparison of the binding mode of inhibitors with wild-type and
mutant polymerase structures

Fig. 4 illustrates the detailed structural comparison of the repre-
sentative structures for VX-222 and ANA598 in complex with wild-
type and mutant polymerase. The representative structure of each
complex is from their conformational ensemble using the average
structure of the last 10 ns equilibrated trajectory. As shown in
Fig. 4 A–C, VX-222 binds to the polymerase mainly through hydro-
phobic and hydrogen bond contacts. The acid group of VX-222
forms hydrogen bond interactions with the main chain of S476
and Y477. The neohexyl and the cyclohexyl groups of VX-222
interact with the hydrophobic binding pocket formed by residues
L419, M423, I482, and L497. The overall orientation of VX-222 in
the thumb II binding pocket of mutant polymerase remained all
key interactions in wild-type polymerase (Fig. 4A–C). In the case
of ANA598 binding to the polymerase palm I pocket (Fig. 4D–F),
we noticed that the 4-fluorobenzyl and exo-bicyclic moieties of
ANA598 formed strong hydrophobic interactions with P197,
C366, M414, Y415, and I447. Hydrogen bond was also observed be-
tween the oxygen atoms of the benzothiadiazin group and the side
chain of Q446.

In Fig. 4, we can also find that there are some difference
between the conformational features of wild-type and mutant
polymerase upon VX-222 and ANA598 binding. Comparison of
these two systems, the ANA598 bound mutant complexes seems
to undergo more conformation changes (Fig. 4D–F). Here, by using
the structure in wild-type complex as a reference, the RMSD values
for the heavy atoms of VX-222 are 1.19, 1.48, and 1.36 Å in L419M,
M423T, and I482L mutant complexes, respectively. The RMSD val-
ues for the heavy atoms of ANA598 are 4.27, 3.19, and 2.73 Å in
M414L, M414T, and G554D mutant complexes. As can be seen
from Fig. 4, the orientations changes of the VX-222 and ANA598
in the mutant polymerase is mainly because of the bulky side chain
of the mutant residues which has an unfavorable steric contact
with the drugs. Additionally, the binding pocket residues of the
polymerase mutants also undergo some conformation change to
accommodate the VX-222 and ANA598 (Fig. 4). To quantify these
conformational changes of the polymerase binding site induced
by mutations and inhibitors binding, we first examined the RMSD
of the atoms of the key residues in the VX-222 and ANA598 bind-
ing pocket with respect to wild-type structure. The calculated
RMSD are 3.91, 4.36, and 1.27 Å for VX-222 bound L419M,
M423T, and I482L mutant complexes, and 3.97, 4.20, and 3.33 Å
for ANA598 bound M414L, M414T, and G554D mutant complexes.
The large value of RMSD indicates that the obvious conformational
changes have been identified for the key residues. Subsequently, to
assess the local structural transformations of polymerase in more
detail, the root mean squared fluctuations (RMSF) of each residue
during MD simulation depicted in Fig. 5 was computed. The RMSF
analysis on the polymerase indicated that the fluctuations of the
residues in the mutant are higher than the VX-222 and ANA598
bound wild-type polymerase. This means that the conformational
flexibility of the mutant polymerase is actually large to allow
inhibitors binding, but interaction between the drugs and mutants
is weakened due to the conformation changes.
3.4. Hydrogen bonds between polymerase and drugs

Further analysis on the representative structures of the drug–
polymerase complexes (Fig. 4) suggests that hydrogen bonds
may play an important role to stabilize the interaction between
the polymerase and the two drugs. In the drug bound wild-type
polymerase complexes, VX-222 forms hydrogen bonds with the
main chain of S476 and Y477, whereas ANA598 forms hydrogen
bonds with the side chain of Q446 (Fig. 4). Fig. 4A–C demonstrated
that VX-222 forms similar hydrogen bond network with the
mutant polymerases. In contrast, ANA598 has hydrogen



Fig. 5. RMSF of Ca for (A) VX-222 and (B) ANA598 bound wild-type and mutant
polymerase averaged over the simulation.

Fig. 6. Monitoring for the intermolecular hydrogen bonds between the polymerase
and ANA598 during the MD simulation. (A) Percentage of hydrogen bond
occupancy between VX-222 and the polymerase for wild-type and mutant
polymerase complexes. (B) Percentage of hydrogen bond occupancy between
ANA598 and the polymerase for wild-type and mutant models.

Fig. 4. Superimposition of the (A) VX-222 and (B) ANA598 bound wild-type and mutant complexes, The line representations are shown for wild-type (green) and the mutant
(pink) polymerase residues in the drugs binding pocket. VX-222 and ANA598 are shown as a stick representation in wild-type (green) and the mutant (pink) models. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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bonding interaction with N316 and S556 in the M414L mutant.
Additionally, ANA598 hardly forms hydrogen bond with N316,
Q446, or S556 in the M414T and G554D mutants. Herein, to further
investigate how drug resistance mutations influence on the hydro-
gen bonds interaction, we examined the hydrogen bonds network
in the eight systems. The percentages of hydrogen bonds during
the MD simulations were calculated and the results were displayed
in Fig. 6. As can be seen from Fig. 6A, the hydrogen bond
occupancies of VX-222 with S476 (N–H(S476)� � �O1(VX-222)) in
wild-type and the L419M, M423T, and I482L mutant polymerase
are 81.41%, 65.15%, 75.14%, and 61.41%, respectively, indicating
that the drug resistant mutations weaken the hydrogen bond inter-
action between VX-222 and S476. The hydrogen bond interaction
between VX-222 and Y477 (N–H(Y477)� � �O2(VX-222)) are in-
creased in all three mutant complexes (Fig. 6A). In addition, the



Fig. 7. Monitoring for the intermolecular hydrogen bonds between the polymerase
and ANA598 during the MD simulation. (A) The time evolution of hydrogen bond
distance of (NE2-HE22(Q446)� � �O5(ANA598) for the ANA598 bound wild-type and
HG(S556)� � �O5(ANA598) and HD21(N316)� � �O1(ANA598) for the ANA598 bound
M414L mutant polymerase complexes. (B) The time evolution of hydrogen bond
distance of HG(S556)� � �O4(ANA598) for the ANA598 bound wild-type and mutant
polymerase complexes.
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distance between the donor and acceptor atoms of the above two
hydrogen bonds in wild-type and mutant complexes remains rela-
tively stable during the simulation (Supplementary Fig. S6).

In Fig. 6B, we found that the occupancy of the hydrogen bond
between ANA598 and Q446 (NE2-HE22(Q446)� � �O5(ANA598)
was 9.98% in wild-type polymerase. The distance between the do-
nor and acceptor atoms shown in Fig. 7A revealed that this impor-
tant hydrogen bond formed after about 25 ns MD simulation. In
addition, ANA598 has hydrogen bond interaction with S556
((OG-HG(S556)� � �O4(ANA598), 49.03%) in wild-type polymerase,
but this hydrogen bond interaction disappeared when the hydro-
gen bond between ANA598 and Q446 formed, this may be ex-
plained by the calculated distance between the donor and
acceptor atoms during the MD simulations shown in Fig. 7B. The
hydrogen bond interaction change in ANA598 bound wild-type
complex is also consistent with the ligand conformational change
after about 25 ns MD simulation (Supplementary Fig. S5B). In all
three mutant complexes, the O4 atom of ANA598 hardly forms
hydrogen bond with S556 during the simulation (Fig. 7B). How-
ever, in the M414L mutant complex, ANA598 has hydrogen bond
interaction with N316 ((OG-1HD2(N316)� � �O1(ANA598), 53.90%)
and S556 ((OG-HG(S556)� � �O5(ANA598), 9.85%) (Fig. 6B), and the
evolution of distance between the donor and acceptor atoms dur-
ing the simulation is shown in Fig. 7A.
Table 1
The calculated binding free energies for VX-222 and ANA598 bound to wild-type and mu

System Contributation a

DEele DEvdW DGS

VX-222 WT �300.53 �40.47 �4.
L419 M �297.57 �36.84 �4.
M423T �292.64 �35.85 �4.
I482L �312.21 �38.81 �4.

ANA598 WT �7.88 �52.40 �6.
M414L �17.11 �54.45 �6.
M414T �38.84 �48.35 �6.
G554D �35.93 �44.79 �5.

a All energies are in kcal/mol.
b Gbind = DEbind � TDS.
3.5. The difference of the binding free energy between the drugs with
wild-type and mutant polymerase

3.5.1. Total binding free energy decreases caused by resistance
mutations

The influence of drug resistance mutations on binding free en-
ergy (DGbind) between the drugs and polymerase was evaluated
for the eight complexes. Table 1 summarizes the detailed contribu-
tion of various energy components based on MM/GBSA method. As
shown in Table 1, the calculated DGbind for VX-222 binding to wild-
type and the L419M, M423T, and I482L mutant polymerase are
�14.56, �10.60, �10.87, and �11.65 kcal/mol, respectively. Com-
pared with wild-type complex, mutant complexes have lower
binding free energy. This suggests that VX-222 bind less strongly
to all three mutant polymerase than that of wild-type polymerase.
For ANA598 binding to wild-type and the M414L, M414T, and
G554D mutant polymerase, the binding free energy are �12.15,
�9.95, �5.06, and �4.58 kcal/mol, which is in a reasonable agree-
ment with the experimental measurements. Herein, to better com-
pare the experimental and theoretical results, the calculated
dissociation constant Kd, experimental EC50 (Kirkovsky et al.,
2007; Yi et al., 2012), and their fold increase for VX-222 and
ANA598 bound to wild-type and mutant polymerase are given in
Table 2. The result shown in Table 2 indicates that the calculated
Kd fold increase follow consistently the order of the experimental
EC50 fold increase for ANA598 bound complexes. However, there
are some differences between the theory and experimental fold in-
crease for VX-222 bound complexes.

In addition, to better understand the binding mechanisms, we
provide the individual contributions to the binding free energy.
Here, the calculated contributions favoring to the binding include
electrostatic energy (DEele), intermolecular van der Waals energy
(DEvdW), and nonpolar solvation energy (DGSA), whereas polar sol-
vation energy (DGGB) has unfavorable contribution to the binding
process (Table 1). Besides, estimation of the corresponding entro-
pic contributions (�TDS) upon binding of VX-222 and ANA598 to
wild-type and mutant were carried out for the purpose of predict
the DGbind more accurately. The calculated binding entropy
(�TDS) shown in Table 1 indicate that conformational change
plays an important role to the polymerase–inhibitors interaction.
Moreover, these entropy changes, ranging from 18.43 to
22.06 kcal/mol, have unfavorable values to the total binding free
energies.

3.5.2. Interaction energy change for individual residues caused by
resistance mutations

In order to gain insight into the residues responsible for the loss
of binding affinity conferred by drug resistant mutations, the
contribution of each residue to the binding was calculated for both
wild-type and mutant polymerase (Supplementary Figs. S7 and S8),
and their differences are shown in Figs. 8 and 9. On the basis of the
tant polymerase based on MM/GBSA method.

A DGGB DEbind �TDS DGbind
b

83 311.59 �34.24 19.68 �14.56
42 307.31 �31.52 20.92 �10.60
44 301.47 �31.46 20.59 �10.87
73 322.04 �33.71 22.06 �11.65

33 36.03 �30.58 18.43 �12.15
83 49.78 �28.61 18.66 �9.95
16 67.49 �25.86 20.80 �5.06
96 63.73 �22.95 18.37 �4.58



Table 2
The calculated Kd, experimental EC50, and their fold increase for VX-222 and ANA598 bound to wild-type and mutant polymerase.

Systems VX-222 ANA598

WT L419M M423T I482L WT M414L M414T G554D

Kd
a (�10�10) 0.2 172.6 109.5 29.4 12.6 516.6 1969400.1 4424453.1

Kd fold increase 1 863 547.5 147 1 41 156301.6 351147.1
EC50 (nM) b 5.2 45.3 79.8 563.1 0.5 298 468 634
EC50 fold increase 1 8.7 15.3 108.3 1 596 936 1268

a Kd was derived from the calculated DGbind values in Table 1 by using the equation DGbind = RTln Kd.
b EC50 is derived from the experimental values in the references Kirkovsky et al. (2007), Yi et al. (2012).
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decomposed interaction energy, we found that S476, H475, W528,
L419, L497, Y477, I482, M423, and L474 are important for VX-222
binding, and the contributions are �4.56, �3.94, �2.88, �2.65,
�1.90, �1.85, �1.54, �1.41, and �0.63 kcal/mol, respectively (Sup-
plementary Fig. S7). Meanwhile, the contributions of individual res-
idues to the binding of ANA598 can be ranked as follows:
Y448 > Q446 > Y415 > M414 > S556 > G557 > F193 > S288 > P197 >
C366 > N411 > L384 > S368 > G554 (Supplementary Fig. S8).

In VX-222 bound three mutant complexes, the contribution
from the residues M419, L423, and L482 are decreased by 0.43,
0.67, and 0.18 kcal/mol, respectively (Fig. 8). For the other residues
including L474, H475, S476, Y477, L497, and W528, the mutations
Fig. 8. The key residues contribution to the total binding free ener
also influenced the interaction energies. Among those residues,
L474, H475, S476, L497, and W528, are related to the contribution
decrease of VX-222 interaction with the important residues,
whereas the interaction energy for the Y477 increased. Specifically,
the increase in the interaction energy for Y477 is mainly because of
the enhanced hydrogen bond interaction between VX-222 and
Y477 in the mutant models as mentioned above (Fig. 6A).
Furthermore, by comparing the total polar contributions and the
total nonpolar contributions presented in Supplementary Fig. S9,
we observed that the main contribution loss of the residues was
from the nonpolar interaction energy and the favorable contribu-
tions of Y477 are from the polar interaction energy.
gy loss for VX-222 bound to the polymerase after mutations.



Fig. 9. The key residues contribution to the total binding free energy loss for ANA598 bound to the polymerase after mutations.
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In the case of ANA598 bound three mutants models, the contri-
bution from the residues L414, T414, and D554 are decreased by
0.18, 0.59, and 1.93 kcal/mol, respectively (Fig. 9). Furthermore,
Supplementary Fig. S10 shown that the unfavorable shifts of
L414 and T414 are mainly from the nonpolar interaction energy
decreases, and the decreased interaction energy of D554 are
mainly from the unfavorable polar contribution. Besides, the en-
ergy decomposition shown in Fig. 9 analysis suggests that other
important residues (L384, N411, Y415, Q446, S556, and G557)
are also involved in the favorable contribution loss of the binding
of ANA598 caused by the drug resistance mutations. Among those
residues, it is notable that Q446 exhibited significant unfavorable
shifts in all mutant models (Fig. 9). Beside, a significant decrease
of favorable interaction energies for the contributions from Y448
is only observed in the M414T and G554D mutants (Fig. 9). In Sup-
plementary Fig. S10, it is apparent that the polar contribution of
Q446 in all mutant models become more unfavorable compared
with that in wild-type. Meanwhile, the unfavorable shift was
examined for the nonpolar contribution of S288 and Y448 in
M414T and G554D mutant models, and Q446 in all mutant models.
In contrast, the M414L mutation causes an increase in the size of
the nonpolar interaction energies for the S288 and Y448.

Supplementary Figs. S7 and S8 also indicate that, for all of the
mutants, the drug resistance mutations do not occur on residues
with maximal energetic contribution to the interaction. In addi-
tion, by comparing the energy contribution of the important resi-
dues in wild-type and mutant polymerase for VX-222 and
ANA598 binding, it is apparent that each of the drug resistance
mutation influences the interaction energies for the important res-
idues (Supplementary Figs. S7 and S8), this is because of the indi-
rect adjustments in the pockets (Fig. 4). For ANA598 bound
complex, this could be explained by the fact that the palm I alloste-
ric pocket overlaps with the enzyme active site. But for VX-222
bound thumb II allosteric pocket, that presumably should have
greater freedom to mutate. Comparison of their energy contribu-
tion to the drug binding in wild-type complexes (Supplementary
Figs. S7 and S8), it is found that the decreasing contribution to
interaction (Figs. 8 and 9) may be related to the degree of conser-
vation of these residues. It is interesting that in the studied sys-
tems, the residues that contribute most to the binding free
energy are more conserved than others.

3.6. Understanding drug resistance mechanism through residue
interaction network analysis

Several studies have shown that the residue interaction
network (RIN) of protein structures have the small-world
network properties (Böde et al., 2007; Vendruscolo et al., 2002;



Fig. 10. The covalent and noncovalent interactions of the important residues for drug binding in the comparison network of VX-222 (A–C) and ANA598 (D–E) bound wild-
type and mutant polymerase. Edge line styles correspond to noncovalent residue interactions that are preserved in both complex (solid lines), only in wild-type (dashed lines)
or only in the mutant (dotted lines). The mutation residues are colored red and all other residues are in gray. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Vishveshwara, 2009). Each amino acid residue in a protein struc-
ture is described as a node, and the noncovalent interactions be-
tween two nodes can be described as edges. Here, we attempted
to further investigate the molecular mechanism of drug resistance
to HCV NS5B polymerase mutants by analyzing the RIN of wild-
type and mutant polymerase.

First, we calculated the RIN of wild-type and mutant polymer-
ase by identifying all interactions between the amino acid residues.
Then, we analyzed how drug resistance mutations influenced the
RIN. Fig. 10 gave a detailed view of the comparison network of
the most important residues for VX-222 and ANA598 binding to
wild-type and mutant polymerase. It is obvious from the compar-
ison networks that the noncovalent interactions of the residues are
different in wild-type and mutant polymerase binding sites. For
example, as shown in Fig. 10A, there are close atoms interactions
between L419 and I482, S476 and I482 in the VX-222 bound
wild-type polymerase, however, these interactions disappeared
in the L419M mutant. In addition, L419 forms hydrogen bond
interaction with M423 in wild-type polymerase, whereas this
was replaced by the close atoms interactions between M419 and
M423 in the M419 mutant (Fig. 10A). Likewise, in ANA598 bound
polymerase, there are close atoms interactions between S288 and
Gly557, Y448 and G554, hydrogen bond interactions between
C366 and Y448, N411 and Y415, Y448 and S556, G554 and G557
in wild-type, but these interactions disappeared because of the
M414L mutation (Fig. 10D). Meanwhile, Fig. 10D indicates that
the close atoms interactions between N316 and Y448 were re-
placed by the hydrogen bond interactions in the M414L mutant.
However, all these observed changes between the important resi-
dues shown in Fig. 10 may be critical to the drug resistance.

In addition, it is proposed that residues with highest between-
ness and closeness centralities correspond to the conserved key
residues that play the role of ‘‘hubs’’ in the RIN and these residues
are critical to the protein structure and function (del Sol et al.,
2006; Vendruscolo et al., 2002; Vishveshwara, 2009). In order to
investigate the behavior of our calculated RIN, the topology prop-
erties including the shortest path betweenness and closeness cen-
tralities of the individual amino acid residue were characterized
based on their relation with other residues of the polymerase.
Interestingly, Figs. S11–S14 indicate that the mutant residues in
the networks involved in the drug resistance possess a relatively
lower size of the betweenness and closeness centralities. These
findings are consistent with our recent network analysis of the res-
idues outside the active site of HCV NS3/4A protease conferring
drug resistance often with low topology centralities (Xue et al.,
2013).
4. Conclusions

In the present study, we investigated the binding mode and
resistance mechanism for wild-type and mutant HCV NS5B
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polymerase to VX-222 and ANA598 through molecular modeling
and residue interaction network analysis. Molecular docking calcu-
lations were applied to study the binding mode of VX-222 and
ANA598 with HCV NS5B polymerase. Using MD simulations, the
dynamic interaction between the drugs and polymerase as well
as the corresponding conformational change caused by the drug
resistant mutations were investigated. According to the calculated
binding free energy, we found that, the studied mutations altered
the binding mode of VX-222 and ANA598 and weakened the poly-
merase–drug interactions. In addition, decomposition of the bind-
ing free energy demonstrates that the mutations result in a
decrease in the interaction energy for the most important residues
which contribute to VX-222 and ANA598 binding. Finally, RIN
analysis of wild-type and mutant protein structures indicate that
the drug resistance mutation residues of the polymerase have a
relatively low shortest path betweenness and closeness value in
the network. All of these results clearly explain the effects that pri-
mary mutations in the binding pocket have on lowering VX-222
and ANA598 efficiency.
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