Antiviral Research 103 (2014) 60-70

journal homepage: www.elsevier.com/locate/antiviral

Contents lists available at ScienceDirect

Antiviral Research

The competitive binding between inhibitors and substrates of HCV
NS3/4A protease: A general mechanism of drug resistance

@ CrossMark

Yan Guan®?, Huiyong Sun?, Youyong Li? Peichen Pan?, Dan Li°, Tingjun Hou ®>*

Institute of Functional Nano & Soft Materials (FUNSOM) and Collaborative Innovation Center of Suzhou Nano Science and Technology, Soochow University, Suzhou,

Jiangsu 215123, China

b College of Pharmaceutical Sciences, Zhejiang University, Hangzhou, Zhejiang 310058, China

ARTICLE INFO

Article history:

Received 15 October 2013
Revised 5 January 2014
Accepted 13 January 2014
Available online 23 January 2014

Keywords:

HCV

Drug resistance

Molecular dynamics
MM)/GBSA

Substrate envelope hypothesis

ABSTRACT

Hepatitis C virus (HCV) infection is a serious public health problem throughout the world. Great success
has been achieved in developing inhibitors targeting the HCV NS3/4A protease over the past decade, but
the rapid emergence of drug resistant mutations greatly compromises the efficacy of antiviral drugs or
drug candidates. According to the substrate envelope hypothesis (Romano et al., 2010), severe drug resis-
tant mutations would always occur where the inhibitors protrude from the substrate envelope, defined as
a consensus volume occupied by the viral substrates in the active site of the NS3/4A protease. However,
the substrate envelope hypothesis just qualitatively assesses the impact of mutations to a specific inhib-
itor, but no quantitative data is obtained. To remedy the weakness, the dynamic binding patterns of HCV
NS3/4A protease inhibitors or substrates were investigated by molecular dynamics (MD) simulations and
continuum solvation binding affinity predictions in this study. By comparing the quantitative binding
profiles between the substrates and inhibitors, derived from the free energy decomposition analysis,
we observed most residues involved in drug resistance form stronger interactions with the inhibitors
than with the substrates, which is roughly coincident with the substrate envelope hypothesis and sup-
ports the general mechanism of drug resistance: the critical resistant mutations impair more to the bind-
ing of inhibitors than that of substrates. Furthermore, our predictions illustrate that the natural
substrates of NS3/4A form balanced interactions with the strands 135-139 and 154-160 whereas the
inhibitors cannot. Therefore, to overcome drug resistance, it may be necessary to restore the interaction
balance between the two strands and the drug candidates. To our disappointment, the underlying resis-
tant mechanisms of some mutations could not be well captured by just comparing the binding profiles of
inhibitors and substrates, and more studies should be proceeded to propose a general drug resistance
mechanism.

© 2014 Elsevier B.V. All rights reserved.

1. Introductions

SOC comprising the pegylated interferon-oo and RBV plus direct-
acting antiviral agents (DAA), that are NS3/4A protease inhibitors

Hepatitis C virus infection is a main cause of chronic liver
disease and liver transplantation. It is estimated that more than
150 million people are chronically infected with HCV worldwide
and nearly 35,000 people daily die from HCV persistent infection
and its sequelae. The previous standard of care (SOC) comprising
the pegylated interferon-ot (IFN-ot) and ribavirin (RBV) showed sus-
tained virological response (SVR) of only about 40-50% in patients
infected with genotype-1 (GT-1) HCV, whereas the SVR rates of
approximately 75% and 60% were achieved in patients infected
with HCV GT-2 or GT-3 and GT-4 (Almasio et al., 2007; Fried
etal., 2002; Jamall et al., 2008). To improve the efficacy, the current
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either telaprevir or boceprevir. Extensive studies have confirmed
improved SVR rates up to 79-80% in GT-1 infected patients due
to the addition of a protease inhibitor (Bacon et al, 2011;
McHutchison et al., 2010).

The HCV genome consists of 9600 nucleotides encoding a poly-
protein precursor for which later cleaved into at least ten viral pro-
teins, including four structural proteins (core, E1, E2 and P7) and
six nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A and
NS5B). The HCV NS3/4A protease, formed by the non-covalent
association of the NS3 protease and NS4A, is an attractive target
for HCV antiviral therapy. It participates in the production of
mature viral proteins by catalyzing the precursor cleavage at junc-
tions of NS3-NS4A, NS4A-NS4B, NS4B-NS5A and NS5A-NS5B
(Manabe et al., 1994; Moradpour et al., 2007). In recent years, di-
rect-acting antiviral therapy (DAA) targeting the NS3/4A protease
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is basking in a great boom. Telaprevir, boceprevir and simeprevir
(TMC435) have been successively approved by FDA for the therapy
of GT-1 HCV patients (McHutchison et al., 2009). Meanwhile, other
promising NS3/4A inhibitors, such as ACH1625, ITMN191,
MK7009, SCH900518, MK5172, and BI201335, are also under clin-
ical trials (Fig. 1) (Halfon and Locarnini, 2011; Welsch et al.,
2012a). Despite the great success, the rapid emergence of drug-
resistant mutations significantly compromises the therapeutic effi-
cacy. Almost all NS3/4A inhibitors were found to induce resistance
variations in in vitro replicon experiments and/or in clinical trials
(Table S1 in Supporting Materials) (Forestier et al.,, 2011; Perni
et al., 2006; Tong et al., 2010; Wohnsland et al., 2007). The resis-
tance levels differ in mutated sites and inhibitors, and among
them, the mutations at Arg155, Ala156 and Asp168 are common
in patients with GT-1 (Lenz et al., 2010; Sarrazin and Zeuzem,
2010). Some variations appeared under the selective pressure of
drugs or other factors whereas the others such as R155K are pre-
existent before the treatment (Colson et al., 2008; Rong et al.,
2010). NS3/4A mutations were reported to impair the fitness of
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HCV replicons (Shimakami et al., 2011). But the drug resistant
mechanisms for many mutations have not been fully understood,
so there is a crucial need to explore the drug resistant mechanism,
which may help to develop drug candidates effective not only to
the wild-type (WT) NS3/4A protease but also to its variants.

In recent years, molecular modeling techniques provide a new
way to elucidate the molecular mechanisms of the mutation-
induced drug resistance for different drug targets (Hou et al.,
2008a, 2009a; Hou and Yu, 2007; Karthick et al., 2012; Li et al.,
2011, 2012; Liu et al., 2010; Ozen et al., 2011; Sun and Ji, 2012;
Xue et al., 2012a,b,c; Zhang et al.,, 2010). For example, Wang
et al. and Hou et al. compared the interaction profiles of the
FDA-approved drugs with the natural substrates of the HIV-1 pro-
tease by using MD simulations and free energy calculations and
observed that if a residue is not conserved and interacts more
favorably with a drug than with the substrates, the mutation of this
residue may cause resistance to the drug (Hou et al., 2008a; Wang
and Kollman, 2001). Pan et al. and Xue et al. predicted the change
of the binding free energies between the WT complex of TMC435
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Fig. 1. Structures of the representative inhibitors of NS3/4A. The skeletons are marked by P1-P3 and P1’-P2'. Specially, P2 is marked in red and the large extended P2’ is
covered with purple shadow. (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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or ITMN191 and the R155K, A156V or D168A mutant (Pan et al.,
2012; Xue et al,, 2012a), and Welsch et al. combined MD simula-
tions with the residue-interaction network analysis to explore
the ketoamide resistance to the mutations of Val55 (Welsch
et al., 2012b). However, their studies only partially illustrate the
drug resistance profile to a specific inhibitor, and no study has been
reported to systematically compare the binding profiles of the sub-
strates and inhibitors of the HCV NS3/4A protease by using rigor-
ous theoretical approaches. Therefore, in this study, the MD
simulations and Molecular Mechanics/Generalized Born Solvent
Area (MM/GBSA) approach were utilized to elucidate the dynamic
binding patterns of three NS3/4A natural substrates (4A4B, 4B5A,
and 5A5B) and five inhibitors, including boceprevir (SCH503034),
telaprevir (VX950), ITMN19, TMC435 and BI201335 clinically used
or under clinical trials. According to the protein-ligand interaction
spectra, the studied substrates and inhibitors are structurally dif-
ferent, but they share similar conserved binding patterns with
(1) the catalytic triad region, (2) the cross-shaped strand 135-
139 and (3) the twisted strand 154-160. In addition, critical resis-
tant mutations form stronger interactions with the inhibitors than
substrates, which is consistent with the substrate envelope
hypothesis. Furthermore, the substrates could form balanced inter-
actions with the strands 135-139 and 154-160, and an inhibitor
that possibly confers resistance, however, might lost the balanced
interactions with them.

2. Material and methods
2.1. Preparation of structures

The crystallographic structures of the HCV GT-1 NS3/4A prote-
ase in complex with three natural substrates (4A4B, 4B5A, and
5A5B) or five inhibitors (VX950, SCH503034, ITMN191, BI201335
and TMC435) (Lemke et al., 2011; Malcolm et al., 2006; Romano
et al., 2010, 2012) were retrieved from the Protein Data Bank and
used as the starting structures for the MD simulations (PDB entries
are listed in Table S2 in Supporting Materials). A natural peptide
substrate of NS3/4A with seven residues on the N-terminus and
four on the C-terminus is represented as NH2-P7-P6-P5-P4-P3-
P2-P1-P1'-P2’-P3'-P4’-0H, and the corresponding binding pock-
ets of NS3/4A are defined as S1-S7 and S1'-S4'. The studied sub-
strates are composed of the P1-P7 segments (Table S3 in
Supporting materials), and the studied inhibitors have the P4-P2’
segments (Fig. 1). The sequences of the studied substrates are
listed in Table S3 in Supporting Materials and the involved inhibi-
tors are plotted in Fig. 1.

Each inhibitor was optimized and the electrostatic potential
was calculated at the HF/6-31G* level using the Gaussian09
program (Frisch et al., 2009), and the atomic partial charges were
obtained by a restraint electrostatic potential fit (RESP) method
(Bayly et al., 1993). The partial charges and force field parameters
of each inhibitor were generated by the antechamber program in
AMBER11 (Case et al., 2005). The zinc ion was retained for main-
taining the stabilization of the systems. The ff99SB force field and
general amber force field (gaff) were employed for the proteins
and substrates/inhibitors, respectively (Hornak et al., 2006; Wang
et al., 2004). To neutralize the systems, the counterions of Cl~ or
Na* were added. Each system was solvated explicitly into a rectan-
gular TIP3P (Jorgensen et al., 1983) water box that is extended 10 A
away from any solute atom.

2.2. Molecular minimization and MD simulations

Each system was first subjected to a four-stage minimization
procedure by using the sander program in AMBER11 (Case et al.,

2005). In the first stage, only the hydrogen atoms were relaxed
by 1000 cycles (500 cycles of steepest descent and 500 cycles of
conjugate gradient) of minimization with all heavy atoms con-
strained (5 kcal/mol/A?); next, the solvent molecules were relaxed
by 1000 cycles (500 cycles of steepest descent and 500 cycles of
conjugate gradient) of minimization and the other atoms were
constrained (5 kcal/mol/A2); then, the whole system was relaxed
by 1000 cycles of minimization (500 cycles of steepest descent
and 500 cycles of conjugate gradient) with only the backbone
atoms of the protein constrained (5 kcal/mol/A2); finally, all the
atoms were relaxed by 5000 cycles (1000 cycles of steepest des-
cent and 4000 cycles of conjugate gradient) of minimization with-
out any constrain.

In the MD simulations, each system was gradually heated from
10 to 300 K over a period of 50 ps. Then, 10 ns NPT MD simulations
with a target temperature of 300 K and a target pressure of 1 bar
were performed. The particle-mesh Ewald (PME) algorithm was
used to calculate the full electrostatic energy of a periodic box
(Darden et al., 1993). The bonds involving hydrogens were con-
strained by the SHAKE algorithm (Ryckaert et al.,, 1977). A time
step of 2 fs was employed in the Leapfrog integrator. Coordinates
were written every 10 ps (a total of 1000 frames for each system).
All the simulations were accomplished by using the sander
program in AMBER11 (Case et al., 2005).

2.3. MM/GBSA free energy calculations

The MM/GBSA method was employed to calculate the binding
free energy (AGping) Of an inhibitor or a substrate according to
the equations shown below: (Hou et al., 2011a,b, 2002; Kollman
et al., 2000; Wang et al., 2006; Xu et al., 2013; Yang et al., 2011a,
2011b, 2012)

AGping = Geom — (Grec + Giig) (M
AGping = AH — TAS ~ AEyy + AGso) — TAS (2)
AEvm = AEin; + AEejec + AE qw 3)
AGsol = AGgp + AGsa (4)
Asp = yAA+b (5)

The binding free energy (AEping) consists of several terms, including
the gas-phase enthalpy (AEy), which is a sum of the internal en-
ergy (AEiy), the electrostatic interaction (AEeec) and the van der
Waals interaction (AE,q), the solvation free energy (AGs,y) that is
separated into a polar part (AGgg) and a non-polar part (AGsa),
and the conformational entropy (—TAS). Here, by using a single tra-
jectory strategy, AEj, is canceled between ligand, receptor, and
complex (Hou and Yu, 2007; Wang et al., 2006). The AGgp term
was calculated by using a modified GB model with the parameters
developed by Onufriev et al. (referred as igh=2 in AMBER)
(Onufriev et al., 2004). The interior and exterior dielectric constants
were set to 1 and 80, respectively. The non-polar contribution of
desolvation (AGs,) was determined based on the solvent accessible
surface area (SASA) derived from the LCPO algorithm:
AGsa = 0.0072 x ASASA (Weiser et al., 1999). A total of 1000 frames
evenly extracted from the 10ns production trajectories were
applied for the enthalpy calculations.

Normal mode analysis (NMA) was employed to estimate the
conformational entropy (—TAS) (Brooks and Karplus, 1983) and
the distance-dependent dielectric of 4r;; (rj; is the distance between
two atoms) was used for the minimization of the systems. Due to
the expensive computational demand, only 20 snapshots evenly
extracted from the production trajectories (10 ns) were adopted.
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2.4. MM/GBSA free energy decomposition

To identify the essential binding residues of NS3/4A, the total
binding free energy was further decomposed into residue-ligand
pairs through the MM/GBSA decomposition scheme supported by
MMPBSA.py in Ambertools1.5 (Hou et al., 2008b, 2009b, 2012; Mill-
er III et al, 2012). The energy components, including AGelec,
AGvdw, AGGB, and AGs,, were obtained by averaging over the val-
ues calculated from the 1000 snapshots extracted from the 10 ns
MD trajectories. The parameters used for the MM/GBSA decompo-
sition were same as the energy terms shown in Eqs. 3-5. The only
difference is the AGss term, which was estimated based on the
SASA with the ICOSA method (Gohlke et al., 2003).

3. Results and discussion

3.1. The dynamic features and binding affinities predicted by MD
simulation and MM/GBSA methodology

The root mean square deviations (RMSDs) of the protease back-
bone were calculated and plotted in Fig. S1 in Supporting Materi-
als, illustrating that almost all of the studied systems are stable
along the simulations except ITMN191 with a little shake at 8 ns,
but the RMSDs of backbone atoms within 5A of ITMN191
undoubtedly confirm that the ITMN191-NS3/4A complex was also
stable around the binding pocket (Fig. S2 in Supporting Materials).
Subsequently, the root mean square fluctuations (RMSFs) were cal-
culated to explore the dynamic fluctuation of the residues (Fig. S3
in Supporting Materials). The fluctuation patterns of the N-termi-
nus, C-terminus and the loop regions are relatively flexible, while
the residues within the active sites (especially the residues 135-
139 and 154-160) remain stable, which are consistent with the
decomposed binding free energy discussed in the next section that
the residues 135-139 and 154-160 bind more favorably with the
substrates and inhibitors. Moreover, the average RMSFs for the
substrates and inhibitors are 1.508 A and 1.374 A, respectively,
confirming the higher flexibility of the natural substrates.

The total binding free energies and energetic components are
summarized in Table 1. The average binding affinity for the inhib-
itors is —20.97 kcal/mol, which is —5.67 kcal/mol more favorable
than that of the substrates (—15.30 kcal/mol). Therefore, on aver-
age, the inhibitors bind more tightly with NS3/4A than the sub-
strates. Besides, the binding affinities of telaprevir, BI201335 and
boceprevir (—16.91 kcal/mol, —17.09 kcal/mol and -—19.59 kcal/
mol, respectively) are obviously weaker than those of TMC435

Table 1

and ITMN191 (-28.66 kcal/mol and —22.79 kcal/mol). This phe-
nomenon is possibly explained by the ignorance of the covalent
bonds between the a-ketoamide groups of telaprevir/boceprevir/
BI201335 and the hydroxyl group of Ser139 in the catalytic triad
in our simulations (Lin et al., 2006; Perni et al., 2004; Steinkiihler
et al., 1998). As a result, the predicted binding free energies of
the covalent inhibitors were under-estimated by MM/GBSA.

According to the energetic components shown in Table 1, the
electrostatic, van der Waals and non-polar desolvation terms are
favorable to ligand binding, whereas the polar solvation term and
the conformational entropy are unfavorable to ligand binding.
The unfavorable polar solvation term (AGgg) shows the least corre-
lation with the total binding free energies (° = 0.28), and the van
der Waals term (AEqw) Shows the best linear correlation with
the total enthalpies (r?=0.91). The electrostatic interactions of
the substrates are substantially favorable than those of the inhibi-
tors. However, the favorable electrostatic interactions (AEeiec) are
largely compensated by the unfavorable polar solvation term.
When the electrostatic and polar solvation terms are added to-
gether, the total polar contributions (AGgg + AEelec) also exhibit
obvious linear correlation with the total enthalpies (r*=0.80).
Therefore, both of the polar and non-polar interactions are essen-
tial for the binding of the inhibitors and substrates.

3.2. Substrates and inhibitors form similar binding patterns with NS3/
4A, whereas the energy distributions of the inhibitors are different
from those of the substrates

The binding modes of the natural substrates and inhibitors are
shown in Figs. 2 and 3. In order to identify the key residues for li-
gand binding, we decomposed the total binding free energy into
residue-ligand interaction pairs by the MM/GBSA decomposition
calculations. The decomposed interaction spectra (Fig. 4) illustrate
that the natural substrates and inhibitors form similar binding pat-
terns with three critical regions, including (1) the residues of the
catalytic triad (His57, Asp81 and Ser139), (2) the twisted strand
154-160 (Phe154, Argl55, Ala156, Ala157, Val158, Ser159, and
Thr160), and (3) the cross-shaped strand 135-139 (Leul35,
Lys136, Gly137, Ser138 and Ser139; Ala139 in 4A4B, 4B5A, 5A5B
and ITMN191). But the molecular interactions of various ligands
are different, and an obvious difference between the inhibitors
and substrates is that the substrates form stronger interactions
with the cross-shaped strand 135-139 than with the inhibitors,
whereas the inhibitors form stronger interactions with the twisted
strand 154-160 than the substrates. Specifically, the average con-
tribution percentage of the cross-shaped strand 135-139 for the

Binding free energies and energetic components of four inhibitors (ITMN191, boceprevir, TMC435, telaprevir and BI201335) and three natural substrates (4A4B, 4B5A, and 5A5B)

of NS3/4A predicted by MM/GBSA (kcal/mol).

Name AE 44" AEeel” AGgg® AGsa" ~TAS® AEenthaipy’ AGpind® Average
5A5B —40.17 +0.13" —-543.37+£1.16 545.87 £1.09 —6.55+0.01 2848 +1.34 —44.22 +0.17 -15.74+0.17 -15.30
4B5A —40.22+0.14 —249.48 £ 0.99 252.69 £0.87 —6.17 £ 0.01 2598 +0.28 —43.17+0.19 —-17.19+0.19
4A4B —45.04£0.17 —562.03 +1.59 568.52 + 1.44 —6.89 +0.02 32.49+0.68 —45.45 £ 0.23 —-12.96 +0.23
ITMN191 —-61.32+0.10 —-4392+0.17 59.06 +£0.14 —7.70+0.01 25.22+0.70 -53.88£0.10 —28.66+0.10 -20.97
TMC435 —61.15+0.14 —28.81+0.19 46.52+0.14 —7.26 +£0.01 27.92 +0.90 -50.71+0.17 —22.79+0.17
SCH503034 —41.50+0.10 —38.48 £0.16 4412 +£0.11 —6.27 £ 0.01 2532054 —42.13£0.11 -16.81+0.11
VX950 —49.80£0.11 -53.73+0.21 62.43£0.18 -7.15+0.01 28.66 +1.32 —48.25+0.12 -19.59+0.12
BI201335 —63.00£0.11 —46.11+0.19 61.94+0.16 —4.98 £ 0.0.01 35.14+0.10 -52.15+£0.11 -17.01 £0.11

2 van der Waals energy.

b Electrostatic energy.

¢ Electrostatic contribution to solvation.

d

Non-polar contribution to solvation.
Entropic contribution.

& Binding free energy.
" Standard deviations based on two blocks (block1: 0-5 ns, block2: 6-10 ns).

Binding free energy in the absence of entropic contribution; #binding free energy.
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Fig. 2. Dynamic binding modes of the natural substrates (A) 4A4B, (B) 4B5A and (C) 5A5B that bind to (a) the whole three critical regions, (b) the cross-shaped strand 135-139
and the catalytic triad, and (c) the twisted strand 154-160 of NS3/4A, respectively. The substrates are all enclosed in the solvent accessible surfaces; the hydrogen bonds are
colored in blue dashed lines; the catalytic triad is marked in yellow, the strand 135-139 in purple, Arg123 in pink, Asp168 in green, and the strand 154-160 in orange. The
figures were generated by the Discovery Studio 2.5 molecular simulation package (2009). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

substrates (37.08%) is obviously higher than those of the inhibitors
(31.40%, 23.34%, 29.81%, 27.095 and 19.21% for ITMN191, bocepre-
vir, TMC435, telaprevir and BI201335, respectively). Meanwhile,
the average contribution percentage of the twisted strand 154-
160 for the substrates (42.64%) is lower than those of the inhibitors
(53.82%, 59.71%, 44.59%, 54.51% and 45.17% for ITMN191, bocepre-
vir, TMC435, telaprevir and BI201335, respectively) (Table 2). That

is to say, the natural substrates form balanced interactions with
the twisted strand 154-160 and the cross-shaped strand 135-
139 (each occupies ~40%), while the inhibitors cannot (the strand
154-160 contributes up to more than 50% of the binding free
energy while the strand 135-139 occupies less than 30%). The
structural analyses reveal that the strands 135-139 and 154-160
both interact with the P1-P3 moieties of the ligands, but along
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ITMNI191

boceprevir

TMC435

telaprevir

BI201335

Fig. 3. Dynamic binding modes of the inhibitors (A) ITMN191, (B) boceprevir, (C) TMC435, (D) telaprevir and (E) BI201335 that bind to (a) the whole three critical regions, (b)
the cross-shaped strand 135-139 and the catalytic triad, and (c) the twisted strand 154-160 of NS4/4A, respectively. The inhibitors are all enclosed in the solvent accessible
surfaces; the hydrogen bonds are colored in blue dashed lines; the catalytic triad is marked in yellow, the strand 135-139 in purple, Arg123 in pink, Asp168 in green, and the
strand 154-160 in orange. (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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Table 2
Percentage contributions of three essential zones to the total binding free energies.

Ave’ ITMN191 Boceprevir TMC435 Telaprevir BI201335

Triad“ 12.78% 11.40% 14.64% 17.24% 9.51% 19.97%
135-139 37.08% 31.40% 23.34% 29.81%  27.09% 19.21%
154-160 42.64% 53.82% 59.71% 44.59%  54.51% 45.17%
Total 92.50% 96.62% 97.69% 91.64% 91.11% 84.35%

¢ The catalytic triad region.
b Average percentage for the three substrates.

the opposite directions (Figs. 2 and 3). Therefore, the unbalanced
distributions can be explained by the competitive interactions be-
tween the strands 135-139 and 154-160. When the interactions
between the strand 154-160 and an inhibitor become stronger,
the corresponding inhibitor will be pulled away from the strand
135-139, thus leading to the decrease of the interactions between
the strand 135-139 and this inhibitor, and vice versa.

In addition, the contributions of some critical residues to differ-
ent substrates are also not the same. The substrate 4A4B forms
stronger interactions with Lys136 (located at the cross-shaped
strand 135-139) than with the substrates 4B5A due to the strong
electrostatic interactions of the negatively-charged P5 glutamine
acid of 4A4B with Lys136. Arg123 forms favorable van der Waals
interaction with 4A4B (—9.202 kcal/mol) but less favorable with
5A5B (—0.820 kcal/mol) owing to the P4 sulfhydryl group of
4A4B. But an interesting finding is that the interaction profiles of
the substrates are distinct, however, the overall binding enthalpies
for different substrates are conserved at approximately —44 kcal/
mol (—44.22 kca/mol, —43.17 kcal/mol, and —45.45 kcal/mol for
5A5B, 4B5A and 4A4B, respectively), suggesting that an optimal
and conserved interaction for the diverse substrates is necessary.

3.3. Evaluation of the substrate envelop hypothesis by comparing the
interaction profiles of the substrates and inhibitors

By analyzing the crystallographic structures of NS3/4A in com-
plex with substrates or inhibitors, Romano et al. observed that the
diverse NS3/4A substrates were recognized in a conserved 3-D
shape, thus defining a consensus van der Waals volume or sub-
strate envelope. The mutations conferring severe resistance always
occur where the NS3/4A inhibitors protrude from the substrate
envelope (Romano et al., 2010, 2011). Initially, the substrate enve-
lope hypothesis was proposed by analyzing the crystallographic
structures of the HIV-1 protease-substrate complexes, and it ap-
pears that the HIV-1 protease inhibitors that fit within the sub-
strate envelop are less likely to be susceptible to drug-resistant
mutations (Ozen et al., 2011; Prabu-Jeyabalan et al., 2002). How-
ever, any crystallographic structure of NS3/4A only presents a sin-
gle snapshot trapped in the low energy states of the enzyme
(Romano et al., 2010), but the protein-ligand recognition is more
closely related to the dynamics of NS3/4A. To remedy the weak-
ness, MD simulations were employed to capture the flexibility of
NS3/4A while the free energy calculations and decomposition to
characterize the protein-ligand interactions. Here, based on the
decomposed interaction spectra, the residue differences between
the contributions (G,es) were calculated. As shown in Fig. 5, some
residues form stronger interactions with the inhibitors than with
the substrates. If a value of G5 of —1.0 kcal/mol was used as the
threshold to predict drug resistance (Hou et al., 2009a), Arg155,
Ala156 and Ala157 can confer resistance to ITMN191; Asp81,
Ala157 and Asp168 to boceprevir; Phe43, Tyr56, Argl55 to
TMC435; Ala157 and Asp168 to telaprevir; and Try56, His57,
Asp81, Argl55, Ala156 and Asp168 to BI201335. Encouragingly,
among these potential drug resistance sites, the three common
mutated sites including Arg155, Ala156, Asp168, are successfully

detected. Therefore, the residues involved in drug resistance form
stronger interactions with the inhibitors than with the substrates,
which are roughly consistent with the conclusions given by the
substrate envelope hypothesis (Romano et al., 2010).

Unfortunately, not all mutated sites involved in drug resistance
can be correctly predicted by comparing the binding profiles of the
inhibitors and substrates. For example, as shown in Table S1, the
mutation of Ala156 confers resistance to all drugs. However,
according to our predictions, Ala156 forms much stronger interac-
tions with ITMN191 than with the substrates, but forms slightly
stronger interactions with boceprevir and telaprevir than with
the substrates, even weaker interactions were observed with
TMC435 than with the substrates. Therefore, based on our predic-
tions, the mutation of Ala156 is only resistant to ITMN191 and
BI201335. Apparently, the predictions from the decomposed en-
ergy spectra are not consistent with the experimental data. It is
quite possible that a generalized approach or theoretical frame-
work for the prediction of drug resistance is unlikely, and/or that
different mutations may confer resistance through different mech-
anisms. The drug resistance mechanisms for some mutations can
only be captured by analyzing the overall residue-interaction net-
work rather than a single residue. For example, the resistance
mechanisms of several critical mutated sites might be explained
by the perturbation of the electrostatic network. As shown in
Table S1 and Fig. 1, the large extended P2’ is closely related to
the resistance conferred by the substitution of Asp168. The inhib-
itors (TMC435, ITMN191, and BI201335) that are trapped in the
drug resistance to the mutation of Asp168 always have large
extended P2’ fragments, whereas the others (such as telaprevir,
boceprevir, and the second generation inhibitor SCH900518) that
were dull to the mutation of Asp168, do not have such large ex-
tended P2’ fragments. Moreover, the newly-developed inhibitor,
ACH1625, which is resistant to the mutation of Asp168, also con-
tains a large P2’ (Huang et al., 2010). According to Fig. 4 and
Table S4, Asp168 does not form strong interactions with any sub-
strate or inhibitor (Fig. 4). Nevertheless, Asp168 builds a large elec-
trostatic network with Arg155, Arg123, Ala156 and Asp81 (Figs. 2
and 3). In this network, Arg155 and Ala156 interact strongly with
ITMN191, TMC435 and BI201335 by stacking with the large ex-
tended P2’ fragments. And we suppose that the essential function
of Asp168 is to stabilize the conformation of Arg155 to maintain
the favorable interaction between Arg155 and the P2’ fragments
of ligands. Therefore, the mutation of Asp168 may destroy the salt
bridges with Arg123 and Arg155, and then impairs the conforma-
tional stability of Arg155 and destroys its binding with ligands,
especially those inhibitors with the large P2’ fragments, for in-
stance ITMN191,TMC435 and BI201335. On the contrary, for the
substrates and linear inhibitors without large extended P2’ frag-
ments, such as boceprevir and telaprevir, their interactions with
Arg155 (-2.71 kcal/mol and -2.61 kcal/mol) are weaker than
those with TMC435, ITMN191 and BI201335 (-7.65 kcal/mol,
—7.89 kcal/mol and —8.36 kcal/mol, respectively), and therefore,
the mutation of Asp168 does not have large impact on their bind-
ing with NS3/4A.

3.4. Recovering the unbalanced interactions between inhibitor and
protein may be an effective way to combat drug resistance

The analysis in Section 3.2 illustrates the substrates could gain
balanced interactions with the strands 135-139 and 154-160, but
the studied inhibitors cannot. Therefore, it is quite possible that the
unbalanced interactions are related to the NS3/4A drug resistance
to the current inhibitors. The following reasons may lead to the
unbalanced energy distributions: (1) first, the energy contribution
of the residues 135-139 to the substrates is higher than that to the
inhibitors (Fig. 4). The exist of electrostatic network between the
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strand 135-139 and the P1-P2 fragments of the substrates, may
partly explain the difference. The binding pattern of the substrate
4B5A was analyzed as an example: the carbonyl acid of P1 forms
four H-bonds with the residues Gly137, Ser138 and Ala139 and
then contacts with Leul35 to form an electrostatic network
(Fig. 2B), however, no such electrostatic network exists for the
inhibitors. Even the inhibitor BI201335 also has a similar free car-
bonyl acid at the P1 site, but its terminal oxygen of P1 forms intra-
molecular H-bond with the P2 carbonyl, which restraints the for-
mation of the electrostatic network. In addition, Lys136 is of only
—4.06 kcal/mol binding free energy to the inhibitors, but
~—9.11 kcal/mol to the substrates. The modeling analysis illus-
trates that that the long side-chain of Lys136 spans from P1 to
P3 of the substrates and its terminal amide nitrogen forms H-
bonds with the carbonyl oxygen of P2-P3 of the substrates, but

such interactions are not observed for the inhibitors. Therefore,
the electrostatic interactions between the strand 135 and 139
and the substrates are stronger than those between the strand
135 and 139 and the inhibitors. (2) The binding patterns of
Val158 and Ser159 with the inhibitors and substrates are different.
Val158 and Ser159 contact with the P6-P7 fragments of the sub-
strates and form favorable interactions with them (—6.18 kcal/
mol and —3.50 kcal/mol). However, the interactions of the inhibi-
tors with Val158 and Ser159 (—2.22 kcal/mol and -0.81 kcal/
mol) are much weaker due to the fact that the P6-P7 moieties of
the NS3/4A inhibitors are truncated. Nonetheless, the inhibitors
without the P6-P7 moieties form stronger binding affinities with
the strand 154-160 than the substrates (Table 2) due to some
extraordinary contributions. Apparently, among the residues
154-160, Arg155 forms more favorable interaction with TMC435,
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ITMN191 and BI201335 (-7.65 kcal/mol, —7.89 kcal/mol and
—8.36 kcal/mol, respectively) due to the stronger van der Waals
interactions with the large extended P2’ fragment, but ITMN191,
telaprevir, boceprevir and BI201335 form stronger interactions
with Ala156 (—7.31 kcal/mol, —6.56 kcal/mol, —6.71 kcal/mol and
—7.60 kcal/mol, respectively) and Alal57 (-—7.15 kcal/mol,
—6.93 kcal/mol, —8.82 kcal/mol and —5.62 kcal/mol, respectively).
Therefore, the total binding affinities of the inhibitors with the
strand 154-160 are stronger than those of the substrates. In con-
clusion, the weaker interaction with the strand 135-139 while
stronger interactions with the strand 154-160 lead to the unbal-
anced interaction distributions for the inhibitors.

In summary, we predict that the unbalanced interactions be-
tween the strands 135-139 and 154-160 are closely related to
the drug resistance. So in order to develop novel candidates to
overcome the drug resistance, it might be necessary to regain the
balanced interactions between the two strands. Specifically, mod-
ifications should focus on enhancing the interactions with the
strand 135-139 while attenuating the interactions with the strand
154-160. First, the inhibitors that are easily trapped into drug
resistance dilemma always have a large P2’ fragment, and thus eas-
ily lost the balance with the strands 135-139 and 154-160. There-
fore, appropriately attenuating the interactions between the strand
154-160 and the P2’ fragments of an inhibitor may be helpful to
regain the balance, specifically, decreasing the size of the P2’ frag-
ment of an inhibitor by trimming or substituting the aromatic rings
at P2’ to lower the van der Waals interaction with Arg155. Subse-
quently, to compensate the energy loss of the strand 154-160, the
interactions between the strand 135-139 and P1-P1’ should be en-
hanced. Since the carbonyl oxygen at P1 is essential to form the H-
bonds with the amide nitrogen of NS3/4A, it may be helpful to
introduce some acidic carbonyl group or others into the P1 seg-
ment of an inhibitor. Second, the interaction between Lys136 and
the P2-P3 fragments of inhibitors can be enhanced by introducing
H-bond receptor groups or some functional groups such as acidic
carbonyl or sulfonic acid that can form electrostatic interactions
with the alkalic amino of Lys136. Certainly, these modifications
may affect the biological properties of the inhibitor, especially
the ADMET (absorption, distribution, metabolism, excretion and
toxicity) properties, so a good balance between satisfactory capa-
bility to combat drug resistance and favorable ADMET properties
should be considered.

4. Conclusion

In this study, MD simulations and MM/GBSA free energy calcu-
lation were employed to characterize the energetic interaction pat-
terns of NS3/4A bound with the inhibitors or substrates. The
residue-ligand interaction spectra illustrate that the studied inhib-
itors and substrates share similar binding patterns, and they can
form strong interactions with the catalytic triad, the cross-shaped
strand 135-139 and the twist strand 154-160. The residue-ligand
interaction profiles of five inhibitors and three natural substrates of
NS3/4A were compared, and the results obtained partially support
the general molecular basis of drug resistance: the critical resistant
mutations impair more to the binding of the inhibitors than that of
the substrates, which is roughly consistent with the predictions
from the substrate envelope hypothesis. Different from the sub-
strate envelope hypothesis derived from the analysis of crystallo-
graphic data, the comparison of the dynamic residue-ligand
interaction profiles between the substrates and inhibitors provides
a more accurate and quantitative way to capture the competitive
binding between the inhibitors and substrates of NS3/4A. It should
be pointed out that different mutations may confer resistance
through different mechanisms and a generalized approach or the-

oretical framework for the prediction of drug resistance may not
exist. The drug resistant mechanism can only be captured by ana-
lyzing the overall residue-interaction network rather than a single
residue. In addition, the calculation results illustrate that the bal-
anced interaction with the twisted strand 154-160 and the
cross-shaped strand 135-139 might be essential to achieve good
capability in combating drug resistance.
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