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ABSTRACT: The hepatitis C virus (HCV) infects close to 200 million people globally,
resulting in a significant need for effective HCV therapies. The HCV polymerase (gene
product NS5B) is a valuable target for therapeutics because of its role in replicating the
viral genome. Various studies have identified inhibitors for this enzyme, including non-
nucleoside inhibitors (NNIs) that bind distal to the enzyme active site. Recently, it has
been shown that simultaneously challenging the enzyme with two NNIs results in
enhanced inhibition relative to that observed after challenge with individual inhibitors,
suggesting that employing multiple NNIs might be the basis of more effective
therapeutics. Nevertheless, the molecular mechanisms responsible for this enhanced
inhibition remain unclear. We employ molecular dynamics simulations to determine the
origin of enhanced inhibition when two NNIs bind to NS5B. Our results suggest that
nonoverlapping NNI sites are compatible with simultaneous binding of dual NNIs. We
observe that both inhibitors act in concert to induce novel enzyme conformations and
dynamics, allowing us to identify molecular mechanisms underlying enhanced inhibition
of NS5B. This knowledge will be useful in optimizing combinations of NNIs to target NS5B, helping to prevent the acquisition
of viral resistance that remains a significant barrier to the development of HCV therapeutics.

The hepatitis C virus (HCV) is a global health challenge,
affecting approximately 200 million people worldwide, of

which 4 million are Americans.1,2 In the United States, this viral
infection results in cirrhosis of the liver and is the principal
cause of liver transplantation.1 There are six distinct genotypes
of HCV with various subtypes. Of particular interest is
genotype 1 (subtypes a and b), the most prevalent strain in
North America. Infections by this genotype are particularly
difficult to treat, with the current U.S. Food and Drug
Administration-approved standard of care for HCV (ribavirin
and interferon α) being markedly less effective against this
genotype.3 Unfortunately, current therapies are ineffective in
treating up to half of all HCV-affected patients, especially those
infected with genotype 1.3,4 Recently, Gilead Sciences
introduced Sovaldi, a new direct acting antiviral agent targeting
the HCV polymerase that exhibits weakened side effects and
decreased treatment times. However, this drug is most effective
when used in combination with ribavirin and interferon α and is
also very expensive. Treatment regimens involving ribavirin and
interferon α are not ideal, as these therapeutics are known to
induce adverse side effects. Consequently, there is still a need
for new and less expensive polymerase inhibitors that could
serve as therapeutics, as well as to understand the mechanisms
of action of such molecules.
The HCV genome encodes several structural and non-

structural proteins. The nonstructural protein NS5B is an RNA-
dependent RNA polymerase critical for viral replication5 and is
at the center of many biochemical and drug design studies.
NS5B has three canonical polymerase domains (the palm,
thumb, and fingers regions) that encircle the active site (Figure

1).6,7 Thus far, crystallographic data show at least four distinct
allosteric sites on NS5B to which non-nucleoside inhibitors
(NNIs) bind, with two sites each in the palm and thumb
domains (Figure 1).1,8 Thumb sites I and II (known as NNI1
and NNI2, respectively) are located at the top and base of the
thumb domain, respectively (see Figure 1). The palm sites
partially overlap and are differentiated on the basis of palm site
I (NNI3) being located closer to the interface between the
palm and thumb domains, while palm site II (NNI4) extends
into the arginine 200 hinge region that is closer to the active
site.1,8 NNIs span a range of chemical scaffolds that can bind to
different regions within the known binding sites. However,
most fail after entering into clinical trials because of the
development of unforeseen toxicities.1,9 Many studies have
identified and optimized inhibitors specific to the active site as
well as allosteric pockets of NS5B. Active site inhibitors have
been more successful in the clinic but have a higher risk of
targeting host polymerases compared to allosteric inhibitors,
the latter being more specific to viral polymerases.1,10,11 Thus,
by targeting the allosteric pockets of NS5B, one may reduce the
number of nonspecific interactions that are problematic for
active site inhibitors. Furthermore, NS5B possesses multiple
allosteric sites, which provides for the possibility of using
several NNIs in combination.
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Despite these positive features of NNIs, there are several
challenges impeding the use of such inhibitors in the clinic. One
such challenge is the fact that genetic mutations can arise in
NS5B that allow it to become resistant to NNIs. This problem
is exacerbated by the lack of proofreading activity in NS5B
during replication, which results in low fidelity and an increased
risk for mutations that makes it more likely for resistance to
emerge.1,5,9 Consequently, there is an urgent need to
circumvent HCV resistance to NS5B inhibitors such as NNIs.
It is possible that viral resistance to NNIs can be overcome

by employing multiple NNIs in concert. The simultaneous
application of NNIs targeting nonoverlapping binding sites has
been shown to enhance inhibition of NS5B. For instance,
studies involving the use of both benzothiazine (NNI3) and
benzimidazole (NNI1) inhibitors have demonstrated enhanced
inhibition relative to application of either compound
individually (see Figure 1 for site locations).11,12 There have
also been studies combining pyridine carboxamide (NNI4) and
dihydropyranone (NNI2) inhibitors, resulting in enhanced
inhibition.13 However, the molecular mechanisms that govern
allosteric inhibition are still largely unknown, particularly when
multiple allosteric inhibitors are applied in combination. In this
work, we employ molecular simulations and binding free energy
calculations to understand the molecular mechanisms that
govern enhanced inhibitory effects when allosteric ligands
simultaneously bind to the NNI2 and NNI3 sites on the
enzyme. Our results suggest that simultaneous binding of
inhibitors at both sites is possible and that the presence of dual
inhibitors induces synergistic changes to enzyme conformation
and dynamics.

■ MATERIALS AND METHODS

Biomolecular Systems. A crystal structure of NS5B from
HCV genotype 1b [Protein Data Bank (PDB) entry 1QUV]
was used in our simulations. 1QUV was selected because it has
a relatively high resolution of 2.5 Å and does not contain any
ligand. This allows us to clearly observe the impact of ligand
binding on enzyme structure and dynamics. 1QUV consists of a
single amino acid chain containing 578 residues. However, the
last 47 C-terminal residues were removed because they are not
essential for in vitro RNA replication.14,15 These residues may
play a role in docking the virus to the endoplasmic reticulum of
the host in vivo.14,16 Prior work from our group has shown that
these residues reduce the conformational sampling and overall
flexibility of the enzyme. They also induce a conformation that
may disfavor de novo initiation in vitro.17 The three-dimensional
structure of 1QUV was determined without metal ions
coordinated within the active site. However, two magnesium
ions were added to the structure in all simulations because they
have been shown biochemically to be needed for efficient
enzyme function18,19 and have been observed to fundamentally
alter the structure and dynamics of the enzyme in previous
molecular simulations by our group.15 Two allosteric inhibitors,
3MS and VGI, were employed in this work. Both inhibitors
have been separately cocrystallized with NS5B of genotype 1b
and show nanomolar activities against the enzyme individually
[for 3MS, IC50 < 10 nM (from PDB entry 3CO9); for VGI,
IC50 = 20 nM (from PDB entry 2WHO)].20,21 These ligands
were chosen because they bind to nonoverlapping allosteric
sites that have been implicated in enhanced inhibition of NS5B
when used in combination.12,13,22 In addition, the ligands
individually have been used in previous simulations, providing a
way to independently assess the robustness of our current

Figure 1. Structure of the hepatitis C virus polymerase (NS5B) depicting three allosteric binding sites. The three domains are colored red (palm),
blue (thumb), and green (fingers). The two magnesium ions needed for efficient viral replication are depicted as yellow van der Waals spheres and
the active site encircled by the magenta oval. The two allosteric inhibitors employed in this work are shown as van der Waals spheres in their
respective binding sites (VGI colored orange and 3MS pink).
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findings.15,17 To understand the impact of each inhibitor on the
enzyme, we performed simulations in which only one of each
ligand was bound (these will be termed NNI3 and NNI2 for
3MS and VGI, respectively, throughout), while our control
system was that of the free protein (FREE). Our fourth system
consisted of 1QUV bound to both ligands (DUAL). In each
simulation, 19 chloride ions were added to neutralize the total
system charge. Each system was solvated with explicit TIP3P
water molecules within a truncated octahedral unit cell larger
than the protein by 10 Å in each dimension, resulting in an
edge length of at least 91 Å (Table 1).

Minimization and Molecular Dynamics Simulations.
The force field parameters for VGI and 3MS were taken from
CHARMM general force field versions 2b6 and 2b7,
respectively. Parameters not available in the ligand force field
were obtained using the procedure described by MacKerell and
co-workers.23,24 The CHARMM27 protein force field was used
to describe the protein.25 Before simulations were begun, the
solvated free enzyme and ligand-bound systems were
minimized with NAMD version 2.7 using the steepest descent
method for a total of 1000 steps. After minimization, all MD
simulations were conducted at a temperature of 300 K. Initially,
the protein backbone for each system was restrained using a
force constant of 10 kcal mol−1 Å−2 applied to α-carbons during
5 ns of initial NVT simulation. This was followed by 5 ns
simulations in the NPT ensemble employing the Berendsen
barostat, maintaining a pressure of 1.01 bar and without any
restraints on the protein backbone. Finally, production runs
were conducted in the NVT ensemble. At each stage, the
temperature was maintained via velocity reassignment for at
least every 1000 steps for FREE, NNI2, and NNI3. For DUAL,
a Langevin thermostat with friction coefficients of 10 and 1 ps−1

was applied to non-hydrogen atoms for the NPT and NVT
runs, respectively (a value of 5 ps−1 was employed for the first
80 ns of the NVT run). Different thermostats were used to
achieve optimal computational efficiency, and their use was not
observed to alter the simulation properties. For all systems, we
conducted production simulations for a total of at least 1 μs in
10 ns increments with an integration time step of 2 fs. During
the production simulations, trajectory coordinates were written
out at least every 100 ps. For all analyses, we utilized the last
500 ns of each trajectory.
We also performed MD simulations containing only the

ligands to compute the ligand entropy contribution to relative

binding free energies. We utilized the same minimization
protocol for the solvated systems of VGI and 3MS (see Table 1
for solvated systems) followed by MD for 5 ns in the NPT
ensemble using the Berendsen barostat to maintain an average
pressure of 1.01 bar and the Langevin thermostat with a friction
coefficient of 1 ps−1 applied to non-hydrogen atoms. The
Langevin thermostat was also employed to perform 10 ns NVT
production runs for each solvated ligand system.

Covariance. One mechanism by which allosteric inhibitors
may work is by disrupting motions that are critical to protein
function. Consequently, we performed covariance analysis as
shown in eq 1 to understand the characteristic motions of
protein atoms within the trajectories. The covariance Ci,j
between sites i and j is defined by

=
⟨ − ⟨ ⟩ − ⟨ ⟩ ⟩

⟨ − ⟨ ⟩ ⟩ ⟨ − ⟨ ⟩ ⟩
C

r r r r

r r r r

( )( )

( ) ( )
i j

i i j j

i i j j
, 2 2

(1)

In eq 1, ri represents the position of the center of mass for
residue i and the angle brackets denote ensemble averages.

Principal Component Analysis. To reduce the dimension
of our data and more readily identify the principal motions in
each system, we performed principal component analyses
(PCA) of the covariance matrix.

λ λ λ=CV V[ ][ ][ ] diag[ , , , ...]i j
T

, 1 2 3 (2)

The covariance matrix (Ci,j) was diagonalized using the
eigenvector matrix (V) to generate eigenvalues (λ). The
eigenvectors and eigenvalues comprise the principal compo-
nents of the NS5B motions. PCA aids in characterizing changes
in atomic motions by allowing us to examine the primary
vibrational modes within each biomolecular system.

Root-Mean-Square Fluctuations (rmsf’s). The rmsf
provides a measure of local flexibility in the protein. We
calculated the rmsf for each residue center of mass by aligning
every snapshot to the initial crystal structure and summing the
difference between the instantaneous position of each center of
mass at time tj, (ri(tj)), and its corresponding reference position
(rĩ) for every snapshot.

=
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This difference is then divided by the total number of snapshots
(N) and the square root taken of this result.

Describing the Enzyme Conformational Space. Pre-
vious studies indicate that at least two protein conformations
are necessary for viral replication.26,27 A closed conformation is
thought to be essential for the initiation stage of replication,
while an open conformation is important for the elongation
phase. To monitor the different protein conformations adopted
throughout the simulations, we used two structural metrics. (i)
The interdomain angle is the angle among the fingers, palm,
and thumb subdomains and allows us to determine how open
or closed the enzyme is during a given trajectory. The
interdomain angle was computed via measuring the angle
between the centers of mass for each protein subdomain. (ii)
The template channel is critical for the binding of the RNA
template. Consequently, we measured the widths of the
channel to understand the impact of inhibitor binding on this
crucial structural element. To probe the template channel
width, the distance between the centers of mass of residues

Table 1. Each System with Its Corresponding Identifier,
Total Simulation Length, Cell Length, Total Number of
Water Atoms, and Total Number of Atoms in Each
Simulation

system
components
(identifier)

total
simulation
time (ns)

truncated
octahedron unit
cell length (Å)

total no. of
water
residues

total no.
of

atoms

1QUV (FREE) 1000 91.5244 17360 60391
1QUV and VGI
(NNI2)

1000 91.6288 17343 60381

1QUV and
3MS (NNI3)

1000 91.5259 17353 60426

1QUV, 3MS,
and VGI
(DUAL)

1002 91.5746 17331 60401

3MS 10 35.3453 1101 3359
VGI 10 34.4103 1030 3131
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methionine 139 and valine 405 was calculated. More open
states of the enzyme are associated with larger values of these
two metrics.
Hydrogen Bonding. We employed the hydrogen bond

(Hbond) utility in CHARMM to calculate Hbond distances
and lifetimes of each system. We used the default hydrogen−
acceptor probe distance of 2.4 Å and counted hydrogen bonds
as interactions with occupancies of at least 10% for protein−
ligand interactions and 20−90% for protein−protein inter-
actions.
Binding Free Energies. To assess relative binding free

energies, we used the Molecular Mechanics-Generalized Born
Surface Area (MM-GBSA) free energy method. We employed
the CHARMM Generalized Born Molecular Volume module
(analytical method II) for these calculations using a surface area
coefficient of 0.00542 kcal mol−1 Å−2.28−31 The ligand binding
free energy ΔG was computed according to the equation ΔG =
ΔH − TΔS for the singly and doubly bound ligand simulations
as follows:
For the singly bound system

+ ⎯ →⎯⎯ ·
Δ

NS5B(aq) L(g) NS5B L(aq)
Gx

(4)

For the doubly bound system

+ + ⎯ →⎯⎯ · ·
Δ

NS5B(aq) L1(g) L2(g) NS5B L1 L2(aq)
Gx

(5)

In eqs 4 and 5, L denotes either the NNI2 or NNI3 ligand
that is present in the protein−ligand complex on the right-hand
side while x corresponds to ΔG with respect to NNI2, NNI3,
or DUAL. ΔH values were calculated using eq 6. ΔS was
calculated using eq 7 and employed the quasi-harmonic
approximation as implemented in the CHARMM VIBRAN
module to evaluate the protein or ligand entropy. In each case,
only the 1% of modes with the lowest frequencies were
employed for the entropy calculations. This choice was made
because the lowest-frequency modes typically account for most
of the overall fluctuation in molecular systems. Thus, focusing
on these modes generates a more representative description of
the entropy changes mediated by large amplitude fluctuations.
It is these fluctuations (rather than small amplitude, high-
frequency vibrations) that are most likely to be functionally
relevant in biomolecular systems. The calculation was
performed using trajectories of the centers of mass of enzyme
residues for the protein entropy or using ligand all-atom
trajectories for the ligand entropy. For eq 7, Sfree protein and
Sfree ligand refer to the entropies computed from the simulations
of only the protein and only the ligand, respectively. Note that
this treatment neglects the changes in rotational and transla-
tional ligand entropy and captures the solvation entropy only
qualitatively via the impact of the Generalized Born solvation
term on ΔH. Nonetheless, we anticipate that these quantities
are consistent for either ligand, allowing the trends in binding
affinity to be reproduced well upon comparison of the binding
of individual ligands for NNI2 and NNI3 to that of DUAL.

Δ = − −H H H Hcomplex protein from complex ligand from complex

(6)

Δ = −

+ −

S S S

S S

( )

( )

protein from complex free protein

ligand from complex free ligand (7)

In this context, one would anticipate that synergistic binding in
DUAL would be reflected in a more favorable binding free

energy for the DUAL system than for the sum of the individual
binding free energies for NNI2 and NNI3. Thus, synergy in
binding would be consistent with the inequality ΔGDUAL <
ΔGNNI2 + ΔGNNI3.

■ RESULTS AND DISCUSSION
NNI2 and NNI3 Display Distinct Impacts on NS5B

Conformations and Dynamics. To understand the impact of
ligand binding on conformational sampling, we calculated two-
dimensional potentials of mean force (PMFs) using both the
interdomain angle and the template channel width as
coordinates (Figure 2 and Table 2). In the PMF of the

FREE enzyme, we observe a minimum centered at an
interdomain angle of ∼67° while fluctuations of the template
channel width are between 10.3 and 20.2 Å (Figure 2A). In

Figure 2. Dual inhibitor binding results in novel NS5B conformations.
Two-dimensional potential of mean force plots of template channel
width vs interdomain angle for the (A) FREE, (B) NNI2, (C) NNI3,
and (D) DUAL systems. The color bar represents the relative free
energies in units of kilocalories per mole, where blue indicates more
favorable energies and red less favorable energies. The white line
demarcates the conformational space sampled in the FREE system to
highlight differences between the FREE and ligand-bound simulations.

Table 2. Interdomain Angles and Template Channel Widths
for PDB Structures Discussed in the Text and Average
Structures from Each of the Four Simulations

system
interdomain angle

(deg)
template channel width

(Å)

1QUV 70.045 16.77
1NB7 (RNA template
present)

68.57 16.53

1YUY 70.33 16.59
1YV2 71.47 18.6
FREEa 67.04 15.37
NNI2a 65.42 16.72
NNI3a 69.48 17.48
DUALa 64.79 15.21

aMean values over the last 500 ns of MD simulations for each
respective system.
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contrast, the NNI2 system displays a more compact minimum
centered at an angle of ∼65.5° and displays a narrower range of
template channel widths of 14.6−19.8 Å (Figure 2B). Thus, in
comparison to FREE, the presence of the NNI2 ligand restricts
conformational sampling of the enzyme. Similar observations
were noted in other recent work from our group.17 We believe
that the ability of the NNI2 ligand to predominantly stabilize
more closed conformations likely prevents the transitions
between closed and open conformations that NS5B must
undergo to perform its function, hindering replication. In
contrast to NNI2, NNI3 has a minimum that is less compact
(Figure 2C). The enzyme samples interdomain angles and
template channel widths larger than those of FREE and thus
explores conformational states that are in general more open.
Thus, both allosteric inhibitors are similar in that they restrict
conformational sampling, although this restriction is directed
toward different regions of the free energy landscape.
It is important to note that a majority of the NNI3

population displays quite large interdomain angle values, some
of which are not observed in the FREE enzyme. This suggests
that the NNI3 ligand (3MS) is able to induce novel
conformations not observed for the FREE enzyme. We believe
one reason for this observation is the extensive fluctuations of
3MS (Figure 3C) and its ability to interact with all three
protein domains. The primarily horizontal conformation of
3MS within the central cavity of the enzyme in NNI3 makes it

difficult for interactions between thumb and fingers domains to
stabilize closed conformations as observed in NNI2 or FREE.
As the closed conformation is required for the initiation of
RNA synthesis, the ability of 3MS to induce the enzyme to
sample more open states would likely impede this stage of
replication.
In NNI2, we see reduced correlated motions compared to

those in the FREE system (e.g., see the decreased negative
correlations in areas i, ii, and iv of Figure 4A). Area i of NNI2
shown in Figure 4A represents part of the thumb domain that
includes key residues with which the ligand interacts directly
such as Ser476, Tyr477, Met423, and Ile482. This area of
eliminated motions also includes functional region III (residues
401−414) that is thought to play a role in nascent RNA duplex
binding.32 Flexibility in this area may be required to
accommodate double-stranded RNA. Thus, eliminating these
motions may weaken the ability of NS5B to bind the RNA
duplex. Comparing the rmsf computed using the centers of
mass of the protein residues for FREE and NNI2 shows that
the flexibility of residues in functional region III is reduced
because of the presence of the NNI2 ligand (Figure 5A). In
addition to residues within the NNI2-binding pocket, we
observed perturbed correlated movements within areas ii and iv
of Figure 4A that span all three enzyme domains. Areas ii and iv
constitute motifs B (residues 287−306) and E (residues 354−
372) that function in template and nascent RNA 3′-end

Figure 3. Conformations and locations of 3MS in the NNI3 and DUAL systems suggest a single expansive palm-binding cavity. Panel A depicts
snapshots of both the NNI3 and DUAL systems relative to the three protein domains, while panel B is a close-up image of the black encircled region
in panel A. Panels C and D show snapshots of 3MS (licorice representation) from NNI3 and DUAL simulations, respectively, along with critical
protein residues (CPK representation) known to bind different palm allosteric moieties. These residues represent key interactions for specific palm
allosteric inhibitors. In panel D, 3MS is shown interacting with palm residues known to be involved in binding to other palm inhibitors. In panel C,
the yellow- and purple-colored snapshots of 3MS are taken from the NNI3 trajectory and represent different orientations that facilitate protein−
ligand interactions specific to the two known palm allosteric sites. In panels B and D, the pink, orange, and black snapshots of 3MS highlight different
orientations of the ligand within the DUAL trajectory and how these allow for varying protein−ligand interactions.
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binding, respectively.32 Thus, the NNI2 ligand is able to disrupt
correlated motions not only with residues with which it directly
interacts but also with residues that are located distal to its
binding site. If the correlated motions observed within these
key motifs are necessary for interactions between the enzyme
and the indicated components of the replication complex to

occur, the observed disruption could contribute to inhibiting
NS5B function and thus reducing the extent of viral replication.
In contrast to NNI2, new correlations are induced in NNI3

when compared to those in FREE (e.g., the negative
correlations in areas iii and v of NNI3 in Figure 4B). In
addition, there are changes in the intensities and patterns of
negative correlation in areas i, ii, and iv. In the crystal structure
containing the NNI3 inhibitor bound to NS5B (PDB entry
3CO9), the inhibitor forms hydrogen bonds to Ser288, Tyr448,
and Gln449 and interacts with other residues such as Phe193,
Arg200, and Leu384 located within regions iii and v of Figure
4B. These interactions are recapitulated in our simulations.
However, these regions of the enzyme also display new negative
correlations compared to the FREE enzyme, suggesting that the
NNI3 inhibitor induces new protein motions within its binding
pocket. Changes in the patterns of correlated movement
observed in areas i, ii, and iv (the latter two constituting motifs
B and E, respectively) indicate that the NNI3 inhibitor can also
modulate protein correlations distal to its binding pocket in a
manner that would tend to reduce enzyme activity. rmsf data
for NNI3 display an increase in the flexibility of residues in
motifs E and F that exhibit new correlations (Figure 5B). As
mentioned previously, motif E plays a role in binding the 3′-
end of nascent RNA, while motif F plays a role in nucleotide
and template binding. Unlike that of NNI2, the presence of the
inhibitor in NNI3 seems to increase the number of fluctuations
of residues within these motifs. Such fluctuations may work to
destabilize these areas of the enzyme to the extent that they
weaken interactions between NS5B and RNA template or
nucleotides, thus inhibiting the enzyme. Thus, the NNI2 and
NNI3 inhibitors may have contrasting effects in modulating the
flexibility of these key regions yet may both ultimately reduce
enzyme activity.

Dual Inhibitor Binding Induces Novel Protein Con-
formations and Dynamics. We find that even though VGI
(NNI2) and 3MS (NNI3) have distinct impacts on certain
structural features of the enzyme, they are able to bind
simultaneously and jointly impact both structure and dynamics.
To date, only biochemical data have been available to suggest
that the combined presence of thumb inhibitors such as VGI
and palm ligands like 3MS results in enhanced reductions of
NS5B activity.12,13,22 Thus, we provide the first molecular
evidence that inhibitors at the thumb NNI2 and palm NNI3
sites are able to bind to the enzyme simultaneously and also
delineate molecular mechanisms through which enhanced
inhibition of NS5B via the action of dual allosteric inhibitors
may occur. When both inhibitors are bound, we observe novel
fluctuations in addition to patterns of protein motions that
exhibit characteristics of the individual singly bound systems.
There are patterns of correlation in areas i and ii of the
correlation map for the DUAL system that also occur in the
other systems, while there are patterns of correlation in area iv
of the DUAL system that are more extensive and more intense
compared to those in the other three systems (Figure 4C). The
changes within area iv span two motifs: B, which has a
functional role in primer and metal binding and catalysis as we
mentioned previously, and C, which is important for
triphosphate and nucleotide triphosphate binding and
catalysis.32 Novel fluctuations are also apparent in the
significant increase in the flexibility of motif F in DUAL
when compared to those in the NNI3 and FREE systems
(Figure 5B,C). Motif F has functional roles in nucleotide and
template binding.32 Increased fluctuations in these motifs may

Figure 4. Correlation maps showing the impact of inhibitor binding
on enzyme dynamics. In each map, the diagonal separates the FREE
from the ligand-bound system, with the FREE being above the
diagonal: (A) FREE vs NNI2, (B) FREE vs NNI3, and (C) FREE vs
DUAL. The outlined areas consist of residues that constitute the
ligand-binding sites or functional motifs that experience changes in
protein motions.

Figure 5. rmsf plots showing changes to the local enzyme flexibility in
the presence of allosteric inhibitors. Each plot represents the difference
between free and inhibitor-bound fluctuations. Values greater than
zero indicate increased flexibility in the FREE compared to the ligand-
bound system of interest, while values of less than zero denote
increased flexibility for the respective ligand-bound system (A) NNI2,
(B) NNI3, or (C) DUAL. The horizontal color bar demarcates the
three enzyme domains: palm (red), thumb (blue), and fingers (green).
The position of important functional and structural motifs is indicated
as shown in the legend at the bottom left.
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drastically reduce or prevent interactions between the enzyme
and template and/or nucleotides. Thus, these new protein
motions in the DUAL system may impair viral replication by
disrupting catalysis at the active site. This finding may represent
one mechanism by which enhanced inhibition of the viral
enzyme is mediated in the presence of dual NNIs.
In the correlation map of the DUAL system, we do not

observe the negative correlations in areas iii and v that were
distinctive to NNI3 (Figure 4C). The absence of these
correlations may result from the impact of the VGI ligand in
reducing overall enzyme dynamics, a phenomenon noted in our
previous studies.17 We also note reduced intensities of
correlations in areas i and ii for the DUAL system compared
to NNI3. These areas in the DUAL system are more similar to
the corresponding areas in the NNI2 system where there are
also reduced correlations relative to the FREE enzyme. Thus, it
is likely that the presence of VGI is the reason some of the
characteristic correlation patterns observed in NNI3 are
reduced in the DUAL system.
Two-dimensional PMF plots also revealed novel conforma-

tions when both allosteric ligands are bound compared to the
other three systems (Figure 2C). Specifically, DUAL exhibits
conformations with the highest degree of closure among all
four systems. Some of these conformations are more closed
(e.g., interdomain angle of <63°) than the “hyperclosed”
conformations previously identified by our group for this
enzyme (interdomain angle of ≈63°).17 With the 3MS ligand
participating in many more interactions within the fingers and
thumb domains, the ligand spends a considerable amount of
time in a vertical position at the apex of the central cavity of the
enzyme in the DUAL system. In this position, 3MS is less
effective in physically hindering the fingers and thumb domains
from coming closer together than in NNI3. However, it would
be more efficient in directly blocking access of the RNA
template to the enzyme active site (Figure 6B,C). Furthermore,
for both NNI2 and DUAL, where the conformations are more
closed overall than for NNI3, we observe a hydrogen bond
between ARG109 and ASP444 that is not seen in NNI3. It is
interesting to note that both these residues are located at the

top of the enzyme: Arg109 within the fingers and Asp444
within the thumb. This hydrogen bond would further
strengthen interactions that may be important to allosteric
communication between the two domains. Finally, the DUAL
system also has a hydrogen bond between His95 (fingers
domain) and Asn406 (thumb domain) that is not present in the
NNI2 system, providing an additional interaction that stabilizes
DUAL in a state that is more closed than that of NNI2. Both of
these residues are either part of or adjacent to residues making
up the RNA duplex channel and thus may be important in the
elongation phase of RNA replication.
The regions of the binding site explored by 3MS in the NNI3

system coincide with protein residues known to bind various
moieties of different palm allosteric inhibitors (Figure 3C). The
yellow snapshot represents a conformation that is very similar
to that observed in the cocrystal structure of NS5B with 3MS
(PDB entry 3CO9) and is representative of most of the
conformations adopted throughout the NNI3 trajectory. In
contrast, the purple snapshot shows 3MS in the DUAL system
occupying regions that are known to be part of the NNI4 site
(Figure 1) and that typically accommodate different palm
allosteric inhibitors such as those that contain the benzofuran
moiety. These observations, in concert with those discussed
above relating to NNI3, suggest that one can consider the two
palm sites to be a single large pocket that can accommodate
distinct ligands within various regions of the cavity. Thus, the
specific location adopted by a given ligand in this extended
binding region may depend on its chemical complementarity to
different areas of the pocket.
We observe a linear relationship between interdomain angle

and template channel width in DUAL that is less pronounced
or absent in the other systems (Figure 2). The correlation
between these two metrics is readily observed in the 1% lowest-
frequency PCA modes of DUAL (see movies in the Supporting
Information). These fluctuations entail a highly concerted
twisting movement involving all three domains. During this
movement, the palm domain is a focal point through which the
twisting motion is transferred into the fingers and thumb
domains, facilitating their anticorrelated movements relative to

Figure 6. Comparison of key hydrogen bonds involving the 3MS ligand in the (A) NNI3 and (B) DUAL systems. We chose two snapshots that are
both in a closed conformation (interdomain angle of <68°), which emphasizes the local differences around the inhibitor even though the global
conformations are similar. For each panel, the protein is translucent to allow for better visibility of the important residues in the hydrogen bond
network. (C) Alignment of NNI3 snapshot 4000 and PDB entry 1NB7, a structure of NS5B containing short RNA template, to show how the
presence of 3MS prevents access of the template to the active site.
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one another. In addition, the thumb and fingers domains of the
DUAL system move along different axes. This is in contrast to
what is observed in the FREE enzyme, where both the thumb
and fingers domains have fluctuations that are along the same
axis. Furthermore, the fluctuations in the DUAL system that
allow the fingers and thumb domains to come into the
proximity of each other also decrease the template channel
width, which may make it much more difficult for the RNA
template to access the channel and, subsequently, the active
site. Such structural changes may disfavor the elongation phase
of RNA replication.
The appearance of novel protein conformations in the

DUAL system is an emergent property that results from the
simultaneous presence of both inhibitors and suggests a
nonadditive impact on the NS5B conformational ensemble.
These nonadditive effects are consistent with available
biochemical evidence that demonstrates synergistic inhibition
of NS5B in the combined presence of palm and thumb
allosteric inhibitors.12,13,22

Novel Conformations in the DUAL System Are Caused
by the Altered Interactions of the NNI3 Ligand. As
mentioned above, conformations with the highest degree of
closure were observed in the DUAL system (Figure 2). The
primary determinant of this observation is the flexibility of
3MS, which allows modifications to the hydrogen bonding
network between the protein and ligand in the DUAL system.
The orientation of 3MS ranges from horizontal to vertical over
the course of the DUAL trajectory. The more vertical
orientations correspond to a change in hydrogen bonding
that allows 3MS to primarily interact with residues in both
fingers and thumb domains, stabilizing the enzyme in an
extremely closed conformation. Specifically, the ligand makes
direct hydrogen bonds with His95, Ala97, and Gln446 and
water-mediated hydrogen bonds with residues such as Gly283
in DUAL (Figure 6). In contrast, it makes direct hydrogen
bonds with residues such as Thr292, Tyr191, and Tyr448 and
water-mediated hydrogen bonds with residues such as Gly449
and Ser288 in NNI3. The majority of protein−ligand hydrogen
bonds observed in NNI3 correspond to those identified
crystallographically. These hydrogen bonds are weakened or
abolished (e.g., those with residues Tyr448, Tyr191, and
Thr292) in the DUAL system. In DUAL, we observe new and
more stable hydrogen bonds involving residues such as Gln446.
In fact, the hydrogen bond between Gln446 and the hydroxyl
hydrogen of 3MS has the highest occupancy (84%) of all
hydrogen bonds involving protein residues in the DUAL
system. This interaction is even more stable than that of
Tyr448 (occupancy of 64%), which has the most stable
protein−ligand hydrogen bond in NNI3.
3MS adopts numerous conformations and is very mobile in

DUAL compared to the NNI3 system (Figure 3C,D). Our
studies indicate that these properties are vital to the novel
structure and dynamics observed in DUAL. The ability of 3MS
to adopt diverse conformations in the DUAL system coincides

with the ligand occupying regions of the enzyme that differ
from the binding location observed in its original crystal
structure (PDB entry 3CO9). For example, in DUAL, 3MS is
able to interact with protein residues such as Gln446 and Ile447
with which it did not in NNI3 (Figure 3D). These protein
residues have not previously been shown to associate with 3MS.
However, they have been shown to interact with other palm
allosteric inhibitors with chemical moieties such as benzamide
and proline sulfonamide (PDB entries 3LKH and 2GC8). In
addition, the conformations that 3MS adopts in DUAL while
interacting with these protein residues (Figure 3D) are very
different from those observed in NNI3 or for other previously
crystallized palm inhibitors. There are instances when 3MS
adopts a vertical orientation in the DUAL simulations that
allows it to occupy the RNA template channel (Figure 6C and
pink-colored ligand in Figure 3D). Thus, when dual inhibitors
are bound, NNI3 inhibitors may be particularly effective in
preventing the RNA template from accessing the active site. In
addition, the high flexibility and mobility of 3MS observed in
the DUAL system shed light on the possible difficulty in
crystallizing two inhibitors bound to the enzyme, particularly
those employed in this work. This may help explain the absence
of a NS5B crystal structures containing these two types of
inhibitors bound simultaneously.
Nonetheless, our results clearly indicate that the presence of

both inhibitors impacts the interactions each ligand makes with
the protein and that there are differences in protein−ligand
interactions in the singly bound systems versus DUAL. Above,
we discussed differences in the hydrogen bonds 3MS makes
with the protein in NNI3 versus DUAL. Specifically, in very
closed protein conformations, 3MS is able to stabilize
interactions between the thumb and fingers domains in the
DUAL system, potentially facilitating allosteric communications
that can result in inhibition. We also observe changes to the
hydrogen bond network of VGI in NNI2 compared to DUAL.
We identified water-mediated hydrogen bonds between VGI
and Tyr477 and Leu497 in DUAL that were not observed in
the NNI2 system. Both of these residues are part of the VGI-
binding site. Furthermore, the interaction between VGI and
Tyr477 was determined to be crucial for ligand potency.20

Thus, we can conclude that when both VGI and 3MS are
present they facilitate stronger interactions that can disrupt
allosteric communication and result in enhanced ligand
binding. This observation is further supported by the computed
ligand binding energies that are discussed in the next section.

Binding of Dual Ligands Is Energetically Favorable. It
is useful to employ the simulation results to understand how
the action of these inhibitors relates to their binding efficacies.
If enhanced binding occurs in the presence of dual inhibitors,
one might expect to observe a relative free energy of binding for
the DUAL system that is more favorable than the sum of
individual binding free energies for the NNI2 and NNI3
systems. Our calculations indicate that DUAL displays the most
favorable computed binding free energy, NNI3 the least

Table 3. Binding Free Energies of the Ligand-Bound Systems Along with the Enthalpic and Entropic Contributions
Corresponding to Each

system ΔH (kcal/mol) ΔH standard deviation (kcal/mol) ΔS (kcal mol−1 K−1) TΔS (kcal/mol) ΔGa (kcal/mol)

NNI3 −19.1 16.2 −0.00677 −2.0 −17.0
NNI2 −23.4 3.9 −0.0150 −4.5 −18.9
DUAL −47.5 8.3 −0.0211 −6.3 −41.2

aΔΔGNNI3+NNI2 = −35.9 ± 20.1 kcal/mol.
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favorable, and NNI2 a value between these two extremes
(Table 3). The relative binding free energy computed for the
DUAL system (ΔΔGDUAL) is more favorable than the sum of
binding free energies for the individual systems, ΔΔGNNI3+NNI2
(see the last line of Table 3), consistent with synergistic binding
of both inhibitors. However, given the uncertainty in the
computed values, it is also possible that the inhibitors bind in
an additive rather than synergistic manner.
However, the novel patterns of correlation and unique

enzyme conformations that arise only when both ligands are
present in the DUAL system (Figure 2) clearly indicate that the
two ligands jointly impact the enzyme free energy landscape
and dynamics. One might anticipate that this observation is
associated with synergistic binding of these ligands. Moreover,
experimental studies have shown enhanced inhibition when
palm and thumb allosteric inhibitors are employed in
combination (NNI4 and NNI2 or NNI3 and NNI1),12,13,22 a
situation that also suggests synergistic binding. Thus, despite
the estimated uncertainties for the computed free energy values
(Table 3), it is likely that both ligands do bind in a slightly
synergistic manner.
Regardless of whether these ligands bind in an additive or

synergistic manner, our studies indicate that the presence of
dual inhibitors does not lower their binding efficacy.
Consequently, it is reasonable to anticipate that the net
inhibition will be enhanced in the presence of both ligands as
suggested by the experimental evidence. Our studies can thus
illuminate the molecular mechanisms underlying these
observations. We note that the computed affinity of both
inhibitors in the DUAL system is more favorable than the
affinity of either of the individual NNIs (which are both known
to bind to the enzyme). This suggests that both inhibitors
should be able to simultaneously bind to the enzyme quite well.
It could even be possible that binding occurs in an additive
manner, but that once binding takes place the free energy
landscape is synergistically modified so that the dual inhibitors
are more effective in modulating the physical properties of the
enzyme than either on its own.
Broader Significance. We find that the inhibitors studied

in this work induce an allosteric response by modulating the
ensemble of protein conformations. Recent work shows a link
between local interactions and global conformational changes
important to allostery.33,34 Similarly, our work reveals that local
differences such as altered hydrogen bonding patterns are
associated with distinct global protein properties. Numerous
studies have discussed the capacity of allosteric proteins to
respond to a ligand in either an agonistic or antagonistic
manner based on the presence of a secondary allosteric
effector.35−37 The work presented here provides molecular
evidence describing how an allosteric protein such as NS5B can
differentially respond to two allosteric inhibitors bound at
nonoverlapping sites. Specifically, our results suggest a model of
enhanced allosteric inhibition for the HCV polymerase that
may include additive binding but also incorporates synergistic
changes to protein conformations and fluctuations once both
ligands are bound.
As mentioned in the introductory paragraph, one way to

combat the viral resistance that arises due to mutations in
NS5B is to employ multiple polymerase inhibitors in
combination to treat HCV infection. Because allosteric
inhibitors do not compete with nucleotides for binding to
NS5B, they may be able to reduce the need for widely used
nucleoside analogues (such as ribavirin and Solvaldi) that can

be associated with nonspecific cellular toxicities. Importantly,
our studies suggest that the molecular mechanisms mediating
enhanced inhibition for allosteric inhibitors such as those
studied in this work may include nonadditive structural and
dynamic changes to NS5B.

■ CONCLUSIONS
We have shown that allosteric inhibitors binding to non-
overlapping locations, specifically sites NNI2 and NNI3, can
jointly modulate the conformations and dynamics of the HCV
NS5B polymerase. This is true despite the fact that each ligand
on its own induces distinct regions of the free energy landscape
to be sampled and elicits unique patterns of enzyme motions.
We find that the NNI2 inhibitor used in this study elicits its
allosteric effect via a conformational selection mechanism in
which it stabilizes more closed protein conformations and
reduces flexibility compared to the free enzyme. In comparison,
the NNI3 ligand not only shifts the population of the enzyme
conformation sampled in the free enzyme to be more open on
average but also induces novel conformations and correlated
motions. The mechanism of action for the NNI3 ligand thus
incorporates both conformational selection and induced fit
properties. Despite these individual differences, when both
NNIs are bound, we observe new protein conformations as well
as novel dynamics that were not previously observed in either
the free enzyme or the individual enzyme−inhibitor complexes.
Although computed binding free energies do not exclude the
possibility that the inhibitors bind in an additive manner, they
do appear to act synergistically with regard to their ability to
modulate enzyme conformations and dynamics. One might
anticipate that even if simultaneous binding of both ligands is
not more highly favored than the sum of their individual
affinities, once both are bound the enzyme may nonetheless
undergo dynamics and conformational fluctuations that are
more effective in reducing its activity.
These studies provide the first molecularly detailed

description of the mechanisms underlying enhanced inhibition
of the HCV polymerase in the presence of dual allosteric
inhibitors. This knowledge will facilitate efforts to optimize
combinations of inhibitors targeting NS5B. In this way, it may
be possible to circumvent the emergence of viral resistance that
is a persistent obstacle to the development of HCV
therapeutics.
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