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Abstract

Hepatitis C virus (HCV) has infected almost 200 million people worldwide, typically causing
chronic liver damage and severe complications such as liver failure. Currently, there are few
approved treatments for viral infection. Thus, the HCV RNA-dependent RNA polymerase (gene
product NS5B) has emerged as an important target for small molecule therapeutics. Potential
therapeutic agents include allosteric inhibitors that bind distal to the enzyme active site. While
their mechanism of action is not conclusively known, it has been suggested that certain inhibitors
prevent a conformational change in NS5B that is crucial for RNA replication. To gain insight into
the molecular origin of long-range allosteric inhibition of NS5B, we employed molecular
dynamics simulations of the enzyme with and without an inhibitor bound to the thumb domain.
These studies indicate that the presence of an inhibitor in the thumb domain alters both the
structure and internal motions of NS5B. Principal components analysis identified motions that are
severely attenuated by inhibitor binding. These motions may have functional relevance by
facilitating interactions between NS5B and RNA template or nascent RNA duplex, with presence
of the ligand leading to enzyme conformations with narrower and thus less accessible RNA
binding channels. This study provides the first evidence for a mechanistic basis of allosteric
inhibition in NS5B. Moreover, we present evidence that allosteric inhibition of NS5B results from
intrinsic features of the enzyme free energy landscape, suggesting a common mechanism for the
action of diverse allosteric ligands.
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INTRODUCTION

The hepatitis C virus (HCV) is a single stranded, positive sense RNA virus that has infected
~200 million people worldwide. The currently approved standard treatment, a combination
of ribavirin and pegylated interferon, has limited efficacy.1~# Thus, much effort has been
expended to identify new molecules that can serve as therapeutics for HCV infection.
Because of its importance for viral propagation, the HCV RNA-dependent RNA polymerase
(gene product NS5B) has become a therapeutic drug target.2:°-10 The enzyme has a structure
resembling an open right hand with three domains: fingers, palm, and thumb. There are two
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magnesium ions coordinated in the palm domain by three aspartic acid residues (220, 318,
and 319). These ions stabilize key transition states in the nucleotide addition catalyzed by
NS5B. To date, five different allosteric binding sites have been identified that are distant
from the active site at which chemistry occurs. A number of small, non-nucleoside inhibitors
(NNIs) have been shown to bind at these sites.11-33 Several X-ray crystal structures of
NS5B have been determined, both in the presence and absence of bound inhibitors and
divalent metal ions. Interestingly, the active site of NS5B does not appear significantly
perturbed by the presence of allosteric inhibitors. Moreover, neither the structural nor
biochemical data obtained thus far explain the mechanism by which these ligands function.

Herein, we employ molecular dynamics (MD) simulations and other computational tools to
determine how ligand binding to thumb site NNI2 affects the structure, dynamics, and
thermodynamic properties of NS5B (see Fig. 1). Molecular simulations allow us to study
these properties with atomic detail, illuminating the molecular origin of allosteric inhibition.
We observe structural and dynamic perturbations of NS5B in the presence of inhibitor that
are in good agreement with biochemical evidence regarding the impact of inhibitor binding
on NS5B function. These results imply that NNI2 inhibitors act to prevent motions required
for polymerase activity and induce the enzyme to sample conformations that discourage
RNA replication. This is the first study that examines the impact of inhibitor binding on
NS5B dynamics using extensive MD simulations, advancing our understanding of the
molecular mechanism of allosteric inhibition in this important viral enzyme.

MATERIALS AND METHODS

PDB structure selection and preparation

Minimization

The NS5B enzyme from HCV genotype 1b with PDB identifier 2WHO was employed for
our simulations. This structure contains non-nucleoside inhibitor 1H-benzo[-
de]isoquinoline-1,3(2H)-dione (PubChem ID 4177750, also known as VGI) bound to site
NNI2 of the thumb domain of the enzyme and also contains two manganese (Mn) ions
bound to the known divalent ion binding site in NS5B.27 There are two protein chains in the
2WHO unit cell; chain A was selected to perform all simulations. The 2WHO contains 531
amino acids and does not include the 60 C-terminal residues of the enzyme, known as the
linker region, that are thought to be membrane associated in vivo. These residues cause
protein aggregation in vitro and are not required for in vitro RNA replication.3* Thus, this
variant of NS5B has been widely used for biochemical and structural studies. Though
2WHO contains Mn in the divalent ion site, this site is thought to be occupied by
magnesium (Mg) under physiological conditions.3>-37 Thus, the Mn ions were replaced by
Mg and the protein, ions and ligand placed in a truncated octahedral unit cell that was larger
than the protein by at least 10 A in each dimension, generating a cell with edge length 94 A.
To carry out simulations in the absence of inhibitor, the ligand was first deleted from the
2WHO structure. Nineteen chloride ions were added to the unit cell to neutralize the system
charge. Finally, TIP3P38 water molecules were added to fill the unit cell and all water
molecules overlapping with the protein, ligand or ions were deleted. The resulting
simulation systems contained ~60,000 atoms.

All molecular dynamics and energy minimization calculations were carried out using the
NAMD simulation engine3? and the CHARMM 27 protein force field.*041 Parameters for
the ligand VGI were taken from the CHARMM General Force Field version 2a5.42
Parameters not available in the force field were obtained by following the protocol of
MacKerell and coworkers.#2:43 One thousand minimization steps were performed for the
fully solvated system using the conjugate gradient algorithm available in NAMD.
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Molecular dynamics simulations

After minimization, molecular dynamics (MD) simulations were carried out in the NVT
ensemble using a 2-fs time step and applying periodic boundary conditions. All covalent
bonds to hydrogen atoms were constrained using the SHAKE algorithm. Temperature was
maintained at 300 K via velocity reassignment every 100 time steps. The particle-mesh
ewald method was employed for electrostatics. The cutoff for nonbonded interactions was
10 A and a switching function was applied to scale short range interactions to zero starting
at 9 A. The non-bonded pairlist was calculated out to a distance of 11.5 A. Nearly 50,000
time steps were carried out for a total of 100 ps simulation time. Nonbonded interactions
were computed every step and overall momentum was also removed from the system at each
step. During this period the positions of Ca atoms were restrained to their initial positions in
the minimized structure using force constants of 100 kcal (mol~1 A=2). Following this initial
NVT equilibration, NPT equilibration was performed. All conditions were identical to the
NVT simulations except that the pressure was maintained at 1.01 bar using a Berendsen
barostat and the restraints on Ca atoms were removed. About 2,500,000 steps were carried
out for total simulation time of 5 ns. The final snapshot from the NPT simulations was used
to initiate production runs in the NVT ensemble. Conditions applied were identical to those
in the initial NV'T simulations except that restraints and a barostat were not applied. The
production simulations were carried out for a total of 400 ns in 10 ns segments, with
coordinates written out every 50,000 steps (100 ps). The final 300 ns of each trajectory were
employed for data analysis. During the last 20 ns of the ligand-bound trajectory we observed
an unbinding event, with VGI leaving the NNI2 binding pocket after 383 ns and entering the
solvent before loosely associating with NS5B again near the top of the palm domain at 388
ns. VGI remains at this location for the remaining 12 ns of the trajectory. However, this
event was not observed to alter the enzyme’s structural or dynamic properties including
flexibility, average structures, RMSD values, inter-residue distances (e.g., see Figs. 2, 4 and
Supporting Information) and covariance maps generated with and without the final 20 ns of
trajectory data. Consequently, this event does not alter the conclusions of this work with
regard to the impact of inhibitor binding on the intrinsic functional properties of NS5B.

Covariance maps

The covariance matrix Cj; describes the degree of correlation between motions sampled by
atoms i and j during an MD trajectory. The normalized covariance between two atoms is
determined by taking the product of the difference between the instantaneous values of the
positional coordinates r; or rj and their average values (r;) or (rj), where r includes the x, y,
and z directions:

S (L) R XY )
VA=) ()’

0]

The matrix is typically normalized as shown in Eqg. (1) so that atoms with motion that is
completely positively correlated display Cjj values of 1, while those that are completely
negatively correlated display Cj; values of —1. Values of Cj; close to zero indicate the motion
of the two atoms is uncorrelated or occurs in orthogonal directions.

Principal components analysis (PCA)

The covariance matrix can be expressed in a simplified form that facilitates interpretation of
the underlying motional correlations. The principal components (PCs) of motion represented
in the covariance matrix can be obtained by diagonalizing the matrix to generate eigenvalues
A using the eigenvector matrix Q [see Eq. (2)]:
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Q' CQ=diag(\) (2

Together the eigenvalues and eigenvectors comprise the PCs of the protein motion. The
eigenvectors describe the direction of the motions sampled during the trajectories, while the
eigenvalues describe the magnitude of these motions. The PCs are analogous to vibrational
modes from a normal mode analysis. Typically the largest eigenvalue accounts for most of
the motion, the second accounts for a lesser amount and so on.#*4-46 These modes can be
used to determine the nature of the motions involved in generating specific patterns of
correlation.

Filtering PCs to identify specific motions

To focus attention on a given vibrational mode, it is helpful to isolate the correlated motions
associated with a given PC. This can be accomplished by reconstructing the covariance
matrix using only individual PCs. Given the matrix of PC eigenvectors Q, the covariance
matrix C, and eigenvalues A, one can reconstruct the covariance matrix C as follows:

QTCQ=\
(QT) 'QTCQQ'=(QT) 'AQ! @)
C=(Q™) 'AQ'=Q)QT

The last line results because Q is orthogonal. Similarly, one can modify A to select a subset
of eigenvalues ' and employ only this subset to reconstruct a filtered covariance matrix C’.

c'=Q\Q"

In doing so, the eigenvalues that are not of primary interest are set to zero. This filtering
procedure allows one to determine which correlated motions result from a given mode as
well as to compute other useful properties.

Projection of a trajectory unto individual PCs

To visualize the conformational space being sampled by the enzyme during the simulations,
protein coordinates from the trajectories can be projected onto the eigenvectors Q obtained
from PCA. This provides a measure of the overlap between the conformational space
present in a given snapshot and that represented in the eigenvector. For a given snapshot Ry,

the projection of this snapshot Py, unto eigenvector Qj is given by:
Ry
P.=QF =%

Lk l |Rk‘ (5)

The projections are normalized to fall in the range of -1 to 1, where larger absolute values
indicate greater overlap between the conformational space represented by a trajectory
snapshot and the conformational space described by the PC eigenvector.
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RESULTS AND DISCUSSION

NS5B inherently displays conformational fluctuations on long time scales

We observed that the NS5B requires equilibration times on the order of 100 ns. This can be
seen by examining the RMSD from the initial minimized structure for the protein Ca atoms
as a function of time (Fig. 2). This observation indicates that the conformational fluctuations
of the enzyme are intrinsically slow, occurring on the 100 ns time scale. The RMSD values
for the ligand-bound and free enzyme with respect to 2WHO are 2.70 and 1.59 A
respectively, while the two structures display an RMSD of 1.91 A relative to each other.
Thus, the free enzyme remains more similar to the original 2WHO coordinates than the
ligand-bound structure, but both simulations become less similar to the crystallographic
coordinates. This result is important because it suggests the crystallographic coordinates
alone will not provide information about the most likely states of the enzyme in solution.

The need for extended equilibration may arise because the simulations were carried out in
aqueous solvent, neutral pH, and at ambient temperature. This is in contrast to the mix of
organic and aqueous solvent, low temperature (100 K), and low pH (6.0) at which the crystal
structure was generated.2’ In addition, crystal packing may limit the number of accessible
enzyme conformations in the unit cell. However, despite the long equilibration, the relative
flexibility of structural elements in the enzyme is qualitatively consistent between 2WHO
and the MD simulations. This can be observed by comparing the relative magnitudes of the
crystallographic and computed B-factors along the peptide chain (see Supporting
Information). This observation suggests that equilibration does not disrupt the inherent
structural elements of NS5B and instead alters their tertiary organization, resulting in new
enzyme conformations.

The RMSD plot shown in Figure 2 reveals that large conformational fluctuations persist
throughout the trajectory of the free enzyme, with transient excursions to high RMSD values
even after 300 ns of simulation time. This observation is further evidence that the
characteristic motions in NS5B occur on long time scales. Such long-lived fluctuations may
represent motions that are inherent to the enzyme and that have functional significance.

Presence of inhibitor alters the enzyme structure

Given the wealth of structural data already available for NS5B, it is helpful to examine the
MD average structures in the context of known NS5B conformational states. NS5B exhibits
at least two different conformations: a closed conformation thought to be required for the
initiation of RNA replication and an open conformation required for elongation of the
nascent RNA strand.4”#8 The open and closed conformations are epitomized by the NS5B
structures with PDB IDs 1YZ2 and 1YUY respectively.4® The structural differences
between the two conformations arise primarily from a rigid body rotation of the thumb
domain relative to the fingers and palm domains, in which the thumb domain becomes
closer to the fingers domain in the closed conformation. This rotation alters interactions
between residues at the tip of the fingers and thumb domains. In contrast to the thumb and
fingers, the palm domain remains relatively invariant when different conformational states
of NS5B are superimposed. Thus, the open and closed conformations can be discriminated
most clearly by aligning the palm domains of various proteins and observing the structural
differences in the remaining two domains.

We observe that 2WHO exhibits a structure intermediate to the open and closed
conformations (although it is more similar to the closed conformation: see Supporting
Information). During the simulations the free enzyme remains similar to the closed
conformation while the ligand-bound simulation undergoes a marked conformational change
in which the thumb domain reorients into what we refer to as the “hyper-closed”
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conformation. In the process, a f-hairpin loop in the thumb domain (residues 440-455)
becomes much closer to the fingers domain (see Fig. 3). Known as the -loop, these residues
have been implicated in correct positioning of the RNA template.>0

In the “hyper-closed” conformation there is less space between the thumb and finger
domains than in the original 2WHO structure. As a result, it is unlikely that RNA can bind to
this conformation of NS5B because the RNA template and RNA duplex channels are
considerably narrower in this state (see the following section and Supporting Information).
Narrowing of the template channel is particularly noteworthy because deletion studies have
shown that absence of the C-terminal linker region of NS5B (as is the case in this work)
typically results in a wider RNA binding cleft.34 Electron microscopy studies have identified
conformational states of NS5B that are more closed than those observed in available crystal
structures of the enzyme.*’ Our observation of a “hyper-closed” conformation of NS5B
when it is bound to VGI is consistent with this finding. It is worth noting that this “hyper-
closed” conformation has not previously been characterized at a molecular level of detail,
providing a unique opportunity for our studies to provide new insight into its properties.

Narrowing of the RNA template and duplex channels in the “hyper-closed” conformation
suggests that the thumb inhibitor VGI disfavors RNA binding. By overstabilizing the closed
state, VGI may prevent the transitions between closed and open conformations thought to be
necessary for RNA replication. This mechanism of inhibitor action is consistent with
biochemical data suggesting that thumb binding inhibitors can prevent a conformational
change required for the initial steps of RNA replication,19:22:27,33,51

Conformational fluctuations modulate width of the RNA binding channels

To systematically characterize the environment of the RNA template channel, we examined
the solvent accessible surface area (SASA) for amino acid residues lining this channel.
These residues were selected by using crystal structure 1NB7 that contains a four-nucleotide
fragment of RNA template and identifying all enzyme residues that are <5 A from any
nucleotide atom in the INB7 structure. The SASA of these residues was then measured for
each snapshot in the two trajectories. The results of this analysis are shown in Figure 4 and
Table I. The free simulation displays significantly more SASA overall than the ligand-bound
simulation (by ca. 300 A2) and also displays SASA values that fluctuate more widely
(indicated by their larger standard deviation). This result indicates there is more space within
the RNA template channel in the ligand-free simulation on average and that the free enzyme
undergoes fluctuations that greatly alter channel width.

To get more detailed information about how the environment of the RNA template channel
changes during the simulations, the trajectories were divided into different segments that
contain snapshots displaying similar SASA values. The free enzyme simulation was
partitioned into three time segments: 100-220, 221-300, and 301-400 ns. The simulation of
the ligand-bound enzyme was partitioned into two segments: 100-240 and 241-400 ns. The
average SASA values computed for each trajectory segment are shown in Table I. It is
apparent that the second time slice for the free simulation displays SASA values that are
significantly greater than those observed in the other segments of this trajectory. This
transient increase suggests that a structural transition occurs in this segment of the
simulation that impacts SASA. In contrast, no significant change in SASA is observed
during the course of the ligand-bound trajectory.

As shown in Figure 5, we observe that increased SASA in the template channel of the free
enzyme is associated with an increase in the separation between fingers and thumb domains.
This increased separation is associated with widening of both the RNA template and RNA
duplex channels in the enzyme (see Supporting Information). In contrast to the free enzyme,
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the width of these channels does not vary significantly in ligand-bound NS5B. In addition,
template and duplex channels in the ligand-bound enzyme are narrower than those observed
in the free enzyme by about 5 and 2 A, respectively. This is quite remarkable because VGI
elicits these effects despite binding to NS5B at least 35 A from both channels.

These results are significant because opening of these two RNA channels may represent
crucial steps in RNA replication. By hindering the occurrence of these early steps, the
presence of inhibitor may make it more difficult for replication to proceed. These
observations suggest that the crucial conformational change noted in previous studies to be
required for RNA replication and prevented by inhibitor binding1®22:27.33,51 corresponds to
fluctuations that widen the cleft between fingers and thumb domains and, simultaneously,
the RNA binding channels in the enzyme.

We identified features of the enzyme that differentiate conformations with an increased
separation between fingers and thumb domains from those exhibiting reduced separation by
examining average structures generated from each of the trajectory segments listed above. In
addition to changes in the protein backbone that underlie the motion of secondary structural
elements, certain residues undergo side chain repacking associated with the increased SASA
values for the 221-300 ns segment of the free protein trajectory. These include: P94, H95,
G317, P404, V405, D444, Q446, G449, and C451. In particular, the conformations of
residues 94, 95, 404, and 405 at the top of the RNA template channel vary significantly. The
former two residues are found at the tip of the fingers domains while the latter two are at the
tip of the thumb domains. Magnified views of these residues (shown in Fig. 5) indicate that
increased SASA is associated with looser packing between their side chains. These
interactions thus may be key to modulating the ability of the enzyme to bind to RNA
template. In fact, V405 has been shown to help stabilize the closed conformation required
for de novo initiation of NS5B.52 Caillet-Saguy et al. have compiled a list of mutations that
occur in response to exposure of HCV to NS5B allosteric inhibitors. Several of the residues
described above or those nearby are part of this list (see the section “Relationship to Other
Modeling Studies” below).13 Thus, key residues mediating the activity of thumb binding
ligands are located in regions of the enzyme engaged in structural rearrangements that affect
the separation between fingers and thumb domains and consequently the RNA binding
channels. Mutating these residues may prevent the fingers and thumb domains from
becoming closely associated. The width of this interdomain cleft may thus be an important
factor in regulating the action of NNIs to inhibit NS5B. By reducing separation of the
fingers and thumb domains, the presence of an inhibitor at site NNI2 appears to disfavor
binding of the RNA template as well as the nascent RNA duplex. These combined effects
may act synergistically to enhance the ligand’s inhibition of NS5B.

Correlated enzyme motions are eliminated by ligand binding

In addition to distinct average structures being generated in each simulation (see Fig. 3), the
fluctuations about these averages differ. This is most apparent if one examines covariance
matrices for the protein fluctuations as shown in Figure 6. While there are similar correlated
motions that occur in both cases, the free enzyme displays higher levels of correlation (i.e.,
more intense colors in the plot) and these correlations involve the concerted motions of a
larger number of residues. Thus, ligand binding eliminates intrinsic correlated fluctuations
that occur in NS5B. Among correlations that differ between the two simulations are those
that involve relative movement of the thumb and fingers domains. The free enzyme displays
pronounced anticorrelated movement between the fingers and thumb domains, indicated by
the dark blue colors in the free enzyme plot at the intersection of residues 400-475 and 75—
275, which correspond to the thumb and fingers domains, respectively. In contrast, the
ligand-bound enzyme does not exhibit these extensive anticorrelated movements. If these
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motions are functionally important, reduction of these motions when VGI is bound would be
consistent with inhibitory action of the molecule. Thus, it is important to understand the
fundamental nature of these motions and how they are altered by ligand binding. To
facilitate this process, we performed principal components analysis (PCA) by diagonalizing
the covariance matrix.

In comparing the principal components (PCs) obtained from the two sets of simulations, we
are particularly interested in the 1% that correspond to the largest amplitude, lowest
frequency motions,#4-46:53 s there is much evidence to suggest that such motions are more
likely to be functionally relevant.#>:46:54 Each PC represents a vector that encodes the
unique fluctuations occurring in a given trajectory. The projection of a protein snapshot
along this vector (see Methods) defines a similarity metric, with larger values of this metric
indicating greater similarity between the conformational space represented in the snapshot
and that described by the PC. Thus, to systematically compare the conformations in each
trajectory we projected every snapshot from the two simulations unto each of the 1% of
largest amplitude PCs. PCs that display unique projection distributions for each of the two
simulations represent motions that differ between the two.

As a result of this procedure, we identified the largest amplitude PC from each simulation
that displays a unique projection distribution for both trajectories. These correspond to mode
1 for the free enzyme and mode 2 for the ligand-bound enzyme. In this nomenclature mode
1 refers to the largest amplitude PC and mode 2 to the second largest. Mode 1 of the free
enzyme represents a collective opening of the cleft between fingers and thumb domains
while mode 2 of the ligand-bound enzyme represents a breathing motion in which the finger
loop interacts with the thumb domain and prevents the relative motion of the two domains.
These PCs identify the key low frequency motions that differentiate the two simulations.

One would expect that these two PCs are associated with the unique patterns of correlated
motion that occur in the free and ligand-bound enzyme. By filtering the PCs of the free
enzyme to isolate mode 1 and reconstructing the covariance matrix (see Methods), we
essentially reproduced the anticorrelation between the thumb and finger domains shown in
Figure 6, confirming that this mode plays an important role in generating this pattern. The
reconstructed covariance matrix is provided as Supporting Information, in addition to
movies illustrating the motions occurring for these and other PCs that differentiate the two
simulations.

Conformational distributions of the free and ligand-bound enzyme differ

The protein coordinates can be simultaneously projected against multiple PCs: each point in
such a plot represents a distinct location in the protein conformation space. Thus, one can
quantify structural differences between protein conformations by projecting the coordinates
unto a defined set of PCs. This approach provides an objective way to assess how the
ensemble of conformations sampled by the free enzyme is altered by the presence of ligand.
Figure 7 shows both trajectories projected unto mode 1 from the free (x axis) and mode 2
from the ligand-bound (y axis) simulations. From the figure it is apparent that structural
ensembles from the two simulations occur in distinct regions of conformation space, with
little overlap between the two.

The conformational changes that accompany widening of the cleft between fingers and
thumb domains are apparent if we locate coordinates that display higher SASA in the vector
space shown in Figure 7. Doing so reveals that NS5B conformations with higher SASA
values in the free enzyme are less similar to conformations from the ligand-bound
simulations than other conformations from the free enzyme trajectory.
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We can relate our observations to two representative models of protein allostery: the
conformational selection and induced fit models. In the conformational selection model,
ligand binding stabilizes and promotes pre-existing enzyme conformations that occur at low
levels even in the absence of ligand.>5¢ Allostery thus results from a shift in the relative
populations of protein conformations when ligand is bound. In contrast, the induced fit
model invokes concerted structural changes that result from ligand binding. Thus, in the
presence of ligand, entirely new enzyme conformations (and dynamics) are observed
compared to the free enzyme.>”-%8 Qur results support the induced fit model as the more
applicable description of allosteric inhibition in NS5B. Figure 7 illustrates that there is
negligible overlap between the ligand-bound and free enzyme conformational distributions,
suggesting that ligand binding induces the formation of distinct conformations not observed
in the free enzyme. For conformational selection to be at play, one would expect to see
greater overlap between the two conformational distributions in the enzyme’s free energy
landscape. While this observation does not preclude the possibility that pre-existing ligand-
bound conformations occur at low levels in the free enzyme,%:60 it does suggest that
conformational selection is not the dominant mechanism by which allostery occurs in NS5B.

Ligand binding reduces overall flexibility of NS5B

The PC eigenvalues were used to compute the vibrational entropy of Ca atoms in NS5B to
assess the overall flexibility of the enzyme. This was done using two different methods: the
approach described by Brooks et al.#4 and another due to Andricioaei and Karplus.51 Both
give similar results and indicate that there is more low frequency motion when the ligand is
bound. Consequently, even though the free enzyme displays an increased number of
correlated regions, the ligand-bound enzyme displays lower frequency motions overall. This
occurs because the ligand-bound enzyme moves to a lesser degree than the free enzyme,
leading to lower frequency vibrational modes on average. In this regard, the bound ligand
acts like a molecular staple by preventing NS5B from carrying out its innate motions. As is
apparent from Figures 6 and 7, not only is the enzyme moving to a reduced degree when
ligand is bound, it is also moving in a different manner compared to the free enzyme
simulation. Thus, studying only the ligand-bound enzyme is not likely to inform one about
properties of the functional enzyme and vice versa.

Relationship to experimental studies

Steady state kinetics and order of addition measurements using several different classes of
inhibitors demonstrate that benzimidazole inhibitors (which bind to the same NNI2 site in
the thumb domain as VGI) prevent a step that is crucial for the initiation of RNA
replication.2432 Liu et al. showed that this class of molecules inhibit conformational
changes that occur during RNA synthesis.®2 This data suggests that thumb binding inhibitors
at site NNI2 prevent functional motions or specific conformations that occur early in the
replication cycle and thus decrease the competency of the enzyme to replicate RNA. Such a
model is consistent with the observations made in our work, as the altered conformations we
observe to be mediated by inhibitor binding may correspond to the altered conformational
states induced by the binding of benzimidazole inhibitors to NS5B.

Relationship to other molecular dynamics studies of viral polymerases

Recent simulation studies by Moustafa et al. on several viral RNA polymerases bear relation
to our work.%3 These authors used MD to determine the intrinsic motions of polymerases
from poliovirus, coxsackievirus B3, human rhinovirus type 16 and foot-and-mouth disease
virus. Each of these viruses possesses a genome containing a single strand of positive sense
RNA and thus employs an RNA-dependent RNA polymerase (RdRp) in a similar manner to
that in which HCV employs NS5B for RNA replication. These RdRps share similar

Proteins. Author manuscript; available in PMC 2014 March 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Davis and Thorpe

Page 10

structural motifs and overall structural organization with NS5B. However, these enzymes
are distinct from NS5B in terms of amino acid sequence. They are part of the positive-
stranded RNA virus supergroup I, while flaviviruses such as HCV are found in supergroup
11.54 Thus, they contain only ~460-480 residues compared to the 531 residues found in
2WHO, with sequence identity to 2WHO ranging from 8 to 11%. In addition, group |
viruses lack the B-loop composed of residues 440-455 that we observe to modulate
interaction between the thumb and finger domains in NS5B. Comparisons of the sequence
and secondary structure of NS5B with respect to the RdRps studied by Moustafa et al. is
provided as Supporting Information.

These authors®? observed well-defined patterns of motion occurring in the group | RdRp
enzymes. These include anticorrelated movement of the fingers and thumb domain as well
as fluctuations that modulate the widths of the nucleotide binding region, the RNA template
groove and the RNA duplex channel on the nanosecond time scale. Thus, our studies of
NS5B demonstrate patterns of motional correlation that appear analogous to those observed
previously, supporting the general observations made for group | RdRps in the context of
HCV. The anticorrelation we observe from residues 400-475 to residues 75-275 appears
similar to the anticorrelation observed from residues 400-450 to residues 100-150 and 325-
375 in group | RdRps.53 In both cases the anti-correlated motions correspond to movement
of the thumb and fingers domains in a pincer like fashion. Note that residue numbers cannot
be directly compared between the two studies because of the structural differences between
NS5B and group | RdRps.

The shared observations of the two studies with respect to the patterns of motion described
above suggest that these motions may be innate to positive-stranded RNA polymerases
because they play important functional roles. These observations also suggest that
conformational fluctuations modulating the width of the RNA template and nascent RNA
duplex binding channels are intrinsic features of RdRp enzymes. The fact that these intrinsic
fluctuations are disrupted by inhibitor binding in NS5B would suggest that these motions
are, in fact, functional and that inhibitors reduce the activity of the enzyme by altering these
motions. This is an important finding, as it implies that allosteric ligands bound at thumb site
NNI2 inhibit NS5B by inducing conformational states with less accessible RNA binding
channels.

Relationship to other modeling studies

A recent modeling study by Caillet-Saguy et al.13 analyzed the conformational diversity in
several NS5B crystal structures with various amino acid sequences and from different viral
genotypes. They identified likely hinge sites for NS5B conformational changes by
predicting which residues display low flexibility based on high reproducibility of their
locations within aligned NS5B structures.13 Several of the locations they identified as hinges
are also sites where mutations are known to occur when HCV is challenged by non-
nucleoside inhibitors in vitro.15:32:49.65-68 gy ch residues may lie along allosteric
communication pathways involving the ligand binding site. Thus, these mutations may
induce resistance by altering hinge regions to increase overall enzyme flexibility and
decrease the rigidification caused by inhibitor binding. Of particular interest are residues 95,
138, 162, and 445 that are part of the RNA template binding channel. Of these, H95 was
identified in our molecular dynamics simulations as being involved in side chain repacking
that modulates the separation between the fingers and thumb domains (see Fig. 5).

We observe many of the same elements of structural flexibility identified previously,
including several similar to the identified hinge points (see Supporting Information). The
fact that two independent studies with markedly different methods (analysis of an ensemble
of static crystal structures!3 versus molecular dynamics simulations herein) lead to similar
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observations lends support to the notion that the patterns of flexibility observed in NS5B are
robust properties of the enzyme and gives credence to the assertion that these flexibility
patterns have functional significance.%3

In a similar manner to Liu et al.,52 Caillet-Saguy et al.13 suggest that allosteric NS5B
inhibitors prevent the thumb domain from achieving a conformation appropriate for the
initiation of RNA replication. These authors note that inhibitor binding to any of the three
sites they examined perturbs the conformation of the NS5B thumb. This observation
supports the notion that different inhibitors may share a common mechanism of action. The
results obtained in our present study thus may be relevant to understanding the effects of
diverse types of NS5B inhibitors.

CONCLUSIONS

Our studies support previous findings3 with regard to predicting the flexibility of different
regions of NS5B and identifying amino acids likely to serve as hinges for intrinsic motions.
However, the long equilibration times observed in our studies suggest that it would be
difficult or impossible to understand the effects of inhibitor binding on the structural
properties of NS5B solely by examining static crystal structures of the enzyme. Our studies
are also consistent with recent studies of supergroup | RNA polymerases,®2 in that they
indicate NS5B experiences similar patterns of correlated motion not until now demonstrated
for supergroup 11 enzymes such as NS5B. This observation suggests that dynamics,
structure, and function have coevolved in NS5B and similar RNA polymerases.

Our studies clearly describe how the structural and dynamic properties of NS5B are
perturbed by the presence of an allosteric ligand bound to the thumb domain of the enzyme.
This is a distinctly new contribution to the field, as the impact of allosteric inhibitors on the
structural and dynamic properties of NS5B has not yet been fully determined. We find that
the presence of the ligand not only changes the average structure of the enzyme, but also
reduces the magnitude of fluctuations occurring in the protein and alters the directions of the
remaining motions. In particular, large-scale anticorrelated motions involving the thumb and
fingers domains are abrogated when the inhibitor is bound.

The correlated motions removed due to inhibitor binding may have functional relevance by
facilitating interactions between NS5B and RNA template or nascent RNA duplex. The
presence of ligand leads to enzyme conformations with narrower and thus less accessible
RNA binding channels. We identified specific residues involved in structural changes
modulating the width of these channels, providing a concrete mechanism for how inhibitor
binding inhibits the activity of NS5B. When put together these results suggest that ligand
binding modulates the activity of the polymerase by disfavoring its ability to bind to RNA.

The ligand VGI bound to site NNI2 of NS5B acts as a molecular staple, significantly
reducing overall enzyme motion. Because of its general nature, one would anticipate that
such an effect could be readily replicated by any ligand able to rigidify the protein. Thus, the
impact of allosteric ligands on NS5B may result from general features of the protein-ligand
free energy landscape that are intrinsic to this enzyme. This may be one reason why multiple
allosteric inhibitors with disparate structural and chemical features have been identified for
NS5B and would suggest that it should be relatively easy to identify novel allosteric
inhibitors of the enzyme.

In addition to providing fundamental insight into how allosteric inhibitors reduce the activity
of NS5B, this knowledge may allow us to understand how NS5B is able to escape the effects
of inhibitors via mutation. The simulations allow us to predict specific residues involved in
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mediating important interactions in the enzyme. In this regard, amino acids in regions that
display significant structural stability in the ligand bound simulations may play a role in
allowing inhibitors to immobilize the enzyme, freezing it in an inactive conformational state.
We expect that mutating such residues will reduce the inhibitory capacity of allosteric
ligands. Conversely, mutating amino acids in regions engaged in large scale motions in the
ligand-free enzyme may reduce the activity of the enzyme even when it is not bound to any
inhibitor. These ideas can be experimentally tested and we plan to carry out such studies in
the near future.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cartoon representation of NS5B from PDB structure 2WHO. The fingers domain is shown
in green, the palm domain in red, and the thumb domain in blue. Allosteric binding site
NNI2 is shown occupied by the ligand VGI (gray space filling representation identified by
arrow) from the 2WHO structure. The right panel represents a 90° rotation about the vertical
axis relative to the left.
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Figure 2.

RMSD plot illustrating structural fluctuations occurring in molecular dynamics trajectories.
RMSD from the initial minimized structure for the protein Ca atoms is shown as a function
of time for simulations of the free and ligand-bound enzymes as black and gray lines labeled
“Free” and “VGI”, respectively (this nomenclature is maintained in the remaining figures).
Regions highlighted by the gray box were considered part of the equilibration period and
were not employed for analysis. Note the much larger fluctuations in simulations of the free
enzyme and the equilibration time of about 100 ns for each trajectory.
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Figure 3.

Structural comparison of average structures from the MD simulations with the 2WHO
crystallographic coordinates. (Upper Panel) MD average structures from simulations with
(orange) and without (blue) ligand superimposed on 2WHO (gray). All three structures were
aligned using the protein backbone of residues in the palm and fingers domains. For clarity
only the thumb domain of the free enzyme and ligand-bound simulations is shown so
structural differences in the thumb domain can be clearly delineated. (Lower Panel)
Magnified views of the highlighted region in the top panel comparing the thumb domain
structure found in 2WHO with those found in the free enzyme (left) and ligand-bound
(right) structures. Note that the -loop of the free enzyme (left side of the thumb domain)
assumes a structure that is similar to that found in the crystallographic coordinates. This loop
becomes closer to the fingers domain in the ligand-bound enzyme in what we have
designated as a “hyper-closed” conformation. Average structures were computed using all
300 ns of equilibrated trajectory data.
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Figure 4.

Solvent accessible surface (SASA) computed for residues along the RNA template channel
during equilibrated portion of protein trajectories. Values for ligand-free and ligand bound
simulations are shown as solid and dashed lines, respectively. Horizontal lines denote the
averages computed for each simulation (also see Table I). Note that the average SASA is
significantly greater for the free enzyme simulation. Also note the significant increase in
SASA that occurs for this trajectory after about 265 ns of total simulation time (circled
region). Increased SASA values coincide with the structural changes described in the text.
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Figure 5.

Structural changes that accompany variations of SASA in the free enzyme. The free
trajectory can be divided into time segments (labeled) that contain similar SASA values.
(Upper panels) Surface representations of the average structures computed for each segment.
The fingers domain is drawn in green while the thumb domain is in blue. The viewpoint
shown corresponds to a 90° rotation about the horizontal axis relative to that in Figure 1, so
that we are looking down on the top of the enzyme. The space between the two domains
becomes slightly larger during 221-300 ns. (Lower panel) Conformations of residues at the
interface between fingers and thumb domains. Magnified views of region enclosed by red
boxes in top panel. Residues P94, H95, R109, V405, P404, and D444 are shown in space
filling representation. H95, R109, V405, and D44 are colored cyan, white, light brown and
red, respectively, while the two proline residues are displayed in dark brown. The
perspective corresponds to that shown on the left side of Figure 1. The large changes in
SASA observed for the enzyme are linked to repacking of the side chains of these residues.
Note that these residues become much more loosely packed in that segment of the trajectory
with larger interdomain separation.
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Figure 6.

(Left) Normalized covariance matrices showing correlated motion between Ca atoms in
NS5B. Indices along the axes denote position along the amino acid sequence. Color scale
shown on right ranges from —1 for maximally anticorrelated motion through 1 for maximally
correlated motion. Upper diagonal: free enzyme simulation. Lower diagonal: ligand-bound
simulation. Regions where correlation in the free enzyme differs from that in the ligand
bound simulations are indicated by dashed black lines. Colored bars at base of plot indicate
locations of the fingers (green), thumb (blue), and palm (red) domains. Black bars indicate
the location of the inhibitor binding site. A space filling representation of the regions
engaged in large scale anticorrelated movement involving thumb and fingers domains are
shown in blue in the representation of the protein on the far right. The corresponding region
of the covariance plot is indicated by the curved arrow. The yellow rectangle on the right
indicates the approximate location where the RNA template strand binds to the enzyme.
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Figure 7.

Using principal components to categorize the conformational space explored in MD
simulations of the free and ligand-bound enzyme. Coordinates for each snapshot of the two
trajectories are projected unto the lowest frequency principal component identified in
simulations of the free (x axis) and ligand-bound (y axis) enzyme that discriminates between
the two trajectories. (Left) Each point in the plot indicates a distinct position in the protein
conformational space for the free and ligand-bound trajectories. Note that there is little
overlap between the conformations sampled in the two sets of simulations. (Right)
Conformations of the free enzyme with increased SASA values for the RNA template
channel (circles) are found in a distinct region of conformational space, indicating that
specific conformations are associated with larger SASA values and thus greater separation
between the fingers and thumb domains. Also note that, in general, these conformations are
less similar to conformations of the ligand-bound protein than the conformations of the free
enzyme.
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Solvent-Accessible Surface Area (SASA) Values for Residues Lining RNA Template Channel in NS5B

Table |

SASA + 0 (A2)

Free enzyme

All 5355 £ 171
100-220ns 5302 + 109
221-300ns 5512 +182
301-400ns 5282 + 129
Ligand bound

All 5071 + 98
100-240ns 5091 + 93
241-400ns 5054 + 99

o = one standard deviation.
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