BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Molecular Mechanism of Viral Resistance to a Potent Non-nucleoside
Inhibitor Unveiled by Molecular Simulations

Shailendra Asthana,’ Saumya Shukla,* Paolo Ruggerone, and Attilio V. Vargiu*

Dipartimento di Fisica, Universita degli Studi di Cagliari, Cittadella Universitaria, 09042 Monserrato, CA, Italy

© Supporting Information

ABSTRACT: Recently, we reported on a potent benzimidazole
derivative (227G) that inhibits the growth of the bovine viral
diarrhea virus (BVDV) in cell-based and enzyme assays at
nanomolar concentrations. The target of 227G is the viral RNA-
dependent RNA polymerase (RdRp), and the 1261M mutation
located in motif I of the RdRp finger domain was found to induce
drug resistance. Here we propose a molecular mechanism for the
retained functionality of the enzyme in the presence of the
inhibitor, on the basis of a thorough computational study of the
apo and holo forms of the BVDV RdRp either in the wild type
(wt) or in the form carrying the 1261M mutation. Our study
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shows that although the mutation affects to some extent the structure of the apoenzyme, the functional dynamics of the protein
appear to be largely maintained, which is consistent with the retained functionality of this natural mutant. Despite the binding site
of 227G not collapsing or undergoing drastic structural changes upon introduction of the I261M substitution, these alterations
reflect crucially on the binding mode of 227G, which is significantly different from that found in wt RdRp. In particular, while in
the wt system the four loops lining the template entrance site embrace 227G and close the template passageway, in the I1261M
variant the template entrance is only marginally occluded, allowing in principle the translocation of the template to the interior of
the enzyme. In addition, the mutated enzyme in the presence of 227G retains several characteristics of the wt apoprotein. Our
work provides an original molecular picture of a resistance mechanism that is consistent with published experimental data.

he bovine viral diarrhea virus (BVDV), which belongs to

the Pestivirus genus of the Flaviviridae family, is the source
of severe diseases in cattle and other ruminants,”? having a
huge impact on livestock worldwide.’

Although several vaccines against this pathogen are
available,* they are most effective in preventing acute disease.
Moreover, the heterogeneity of circulating BVDV strains
hinders the prevention of fetal infections,” thus rendering the
benefits of the vaccine unguaranteed with respect to fetal
protection and prevention of fertility (these two factors have
the greatest impact on economic losses caused by BVDV). In
addition to vaccines, selective antiviral compounds have been
developed; however, none showed high efficacy against this
pathogen, and no drug has been marketed yet.* Thus, it is
imperative to identify new lead compounds targeted at virus-
specific steps of the replication cycle, to study their mode of
action at the molecular level and, in parallel, to understand the
mechanism exploited by resistant mutants to escape drug
inhibition.

Recently, we reported on a 2-phenyl benzimidazole
derivative [227G (Scheme 1)] that inhibits, in the low
micromolar range, the multiplication of both BVDV and
hepatitis C virus (HCV) in cell-based assays (ECg, values of
0.80 and 1.11 uM, respectively).®” 227G has also been reported
to inhibit, in enzyme assays, the recombinant RNA-dependent
RNA polymerases (RdRps) of BVDV (ICg, = 0.002 M) and
HCV1b (IC, = 0.4 uM).” To the best of our knowledge, the
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Scheme 1. Chemical Structure of the Compound 2-{1-[2-
(2,4-Dimethoxyphenyl)-1H-benzimidazol-5-
yl]ethylidene }hydrazinecarbothioamide (227G)
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only other non-nucleoside inhibitor (NNI) described in the
literature as being active against both BVDV and HCV is an
imidazo-4,5-pyridine derivative,” although numerous other
NNIs have been shown to inhibit BVDV by targeting its
RdRp.*>* As with other NNIs, the 227G-resistant phenotype
is characterized by the presence of a point mutation located in
the finger domain (see Figure 1), namely I261M.” The
occurrence of this mutation in the RdRp of resistant BVDV
phenotypes had been already reported, coupled with either the
N264D mutation [selected by 2-(4-acetylaminophenyl)-S,6-
dichloro-1H-benzimidazole, compound 53]" or the E291G
mutation (selected by naphtyl azoenamine, compound 42)."
However, the 1261M mutation alone was reported for the first
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Figure 1. Structure of BVDV RdRp. The palm, thumb, and finger
domains are shown as cartoons and colored dark yellow, orange, and
purple, respectively, while the N-terminal and fingertip regions are
colored blue and cyan, respectively. Residue 1261 (on motif I of
fingertip) is rendered as licorice and colored green, while the GDD
catalytic triad is shown with van der Waals spheres colored according
to atom type. The template and NTP entrances and the dsRNA exit
sites are denoted by black dotted arrows.

time as an inducer of resistance to NNIs in ref 7. Residue 1261
lies in the fingertip region [identified by residues R132—T162
and T259—1287 (see Figure 1)] of the finger domain, a key
region for the polymerization reaction, as it contains motif I
(A260—E26S) and part of motif II (E281—Q308), both
involve1<6i , inzébinding of the incoming RNA template and
NTPs. ™"

In ref 7, we discovered by computer simulations that 227G
binds to the region lining the template entrance channel, where
it stacks against motif I and is embraced by the four loops, L1
(P388—I398, finger domain), L2 (A221—N229, finger domain),
L3 (AS27—GS37, thumb domain), and L4 or linker (L125—
R132, N-terminal domain). Interestingly, 1261 was found to
have a key role in stabilizing the RARp—227G complex.”

Here we address the molecular determinants of the 1261M-
induced resistance to 227G through an in silico comparison of
the structural and dynamic behaviors of the apo and holo forms
of the wild type (wt) and 1261M variant of BVDV RdRps. We
used a multidisciplinary computational approach that included
flexible docking calculations, multicopy molecular dynamics
(MD) simulations, calculation of 227G binding free energies,
and estimation of the size and morphology of protein channels.
Our data indicate that, although the 1261M mutation induces
appreciable structural changes into the apoenzyme, in particular
in the putative region where 227G binds, these changes does
not involve collapse or closure of the pocket. Furthermore, they
are compatible with the retained activity of the apo mutant” and
reflect crucially on the most stable binding poses of the
inhibitor. Indeed, 227G binds to the surface of the template
entrance channel of the 227G-resistant RdRp, where it sits
within a subpocket different from (and adopting an orientation
different from) that of its wt counterpart. Finally, the estimated
affinity of 227G for the mutant RdRp, although lower than that
calculated in the case of the wt RARp—227G complex, is still
within the submicromolar range. Therefore, the simple
evaluation of the shift in affinity upon mutation could not
provide sufficient information to determine the mechanism of
resistance in this case. On the basis of the analysis of retained
functional properties in the mutant RdRp, we depict a possible
molecular mechanism of resistance that is in agreement with
experimental data and compatible with a good affinity of the
ligand for the enzyme. To the best of our knowledge, such a

6942

mechanism, in which a natural point mutation does not impair
but only modifies to a minor (but crucial) extent the binding of
a chemical, has never been proposed in the literature.

B SYSTEMS AND METHODS

Systems. Apoenzymes. The X-ray crystal structure of
BVDV RdRp (PDB entry 1548, 3.0 A resolution)*® was used as
a starting conformation for MD simulations of the apoenzymes
(see Figure 1 for structural details of the protein). The wt
apoenzyme will be termed APO hereafter. To model the
mutant enzyme (hereafter APOm), the I261M substitution was
manually inserted into the structure displaying the lowest root-
mean-square deviation (RMSD) from the average extracted
from the first 5 ns of MD simulation of APO, using VMD.%’

The structure of 227G, not available from experiments, was
taken from ref 7. Briefly, the molecule was first drawn with
ACD Chem Sketch 11.0 (http://www.acdlabs.com). The
resulting molecular structure was then optimized at the HF/
6-31G(d) level up to a convergence in energy of 10> au using
Gaussian03.”®

Holoenzymes. Structures of the BVDV RdRps—227G
complexes were generated through a robust docking protocol
using AutoDock version 4.0.” More details about the docking
protocol are reported below.

Methods. MD Simulations. All-atom MD simulations, in
the presence of explicit water and counterions, were conducted
with the NAMD packa§e.30 The AMBER99SBIldn, TIP3P, and
AMBER-modified*' ™ force fields were used to model
proteins, water, and ions, respectively. The GAFF force
field** was used to describe the 227G structure, with charges
calculated following the standard AMBER protocol: from the
electrostatic potential map generated by the molecule
(calculated with Gaussian03), RESP* charges were derived
using the ANTECHAMBER module of AMBER. For all
systems, the following procedure was used. First, geometry
optimization was conducted with a two-step protocol: (i)
10000 cycles (2000 of steepest descent plus 8000 conjugate
gradients) with harmonic restraint k = 10 kcal mol™" A™* on
each heavy atom of the solute and (ii) 10000 conjugate
gradient cycles without restraints. Next, heating to 300 K was
achieved by linearly increasing the temperature via constant-
volume and -temperature MD for 100 ps, while imposing
restraints of 1 kcal mol™ A7 on the solute. Restraints were
then released for 100 ps, and as a last step preceding the
productive dynamics, constant-pressure and -temperature MD
was conducted for 1 ns to relax the simulation box. Finally, 100
ns MD simulations were performed under the NPT ensemble.
Overall, 10 such MD simulations, six of the apoenzymes and
four of the complexes, plus two 5 ns MD simulations of the
complexes were performed, for a total simulation time of ~1 ps
(vide infra). Because the dynamics of the wt and mutated
apoproteins displayed significant differences at the putative
binding region, which reflected on the most stable docking
poses of 227G (see Results and Discussion), we decided to
perform two additional simulations that were 1 ys in length, to
ensure that the large-scale motions we have seen were truly
representative of equilibrium dynamics. Pressure and temper-
ature were regulated at 1 atm and 300 K using the isotropic
Andersen—Parrinello—Rahman barostat***” and the Nosé—
Hoover thermostat,”®*" respectively. Electrostatic interactions
were evaluated using the soft particle mesh Ewald schemes*’
with a 1 A grid spacing and a cutoff of 12 A, the same used for
Lennard-Jones interactions.
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Chart 1. Computational Protocol Used in This Study (see Systems and Methods for a description)
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Docking. In ref 7, we obtained a concordance of results
between guided and blind docking approaches in identifying
the highest-affinity site of 227G on BVDV and HCV RdRps. In
view of those results, we perform here dockin§ calculations
guided by previous experimental findings.”'>'*#'**25*! The
side chains of key residues D126, R127, E128, A221, F224, 1/
M261, N264, S532, S533, and A392 were allowed to rotate
during docking to account for the local flexibility of the protein.
These residues include not only those in direct contact with
227G in the complex with wt BVDV RdRp’ but also those that
are lining the binding sites of other NNIs (namely, A221 %
F224,12502541 361 1141617 Npgq 131416 514 730713161741
and/or conferring resistance to compounds of this class or
different classes upon substitution (13224,24’25’41 1261,
N264,">' and A392'316).

Moreover, with respect to ref 7, we accounted to some extent
for the global flexibility of the protein in docking calculations by
selecting several relevant conformations of the apoenzymes
from multicopy MDs. Our scheme (depicted in Chart 1) was
inspired by the RCS protocol developed by McCammon and
co-workers.* At first, we performed multicopy MD simulations
of the two apoenzymes [APO and APOm (see the previous
paragraph)]. Then we concatenated the parts of three
trajectories produced for each protein in which the total rmsd
displays a plateau [corresponding to the last 60 ns of each
trajectory (see Figure S1 of the Supporting Information)], and
we performed a cluster analysis to find the largest panel of
different structures representing equilibrium conformations of
the apoenzymes. Only the palm domain of the protein (Figure
1) was selected for structural alignment, to highlight the
structural differences in the region where 227G is thought to
bind. The clustering method developed by Daura et al.** and
implemented in the g cluster module of the GROMACS 4.0.7
package** was used, and the analysis was performed on the
backbone atoms of the molecules using a cutoff of 2 A for the
rmsd. The representative structures of the top four clusters of
APO and APOm (grouping more than 95% of the total
conformations sampled along the trajectory) were selected for
multiconformer molecular docking using the AutoDock 4.0
package.” Grid maps of 40, 40, and 40 points in the ¥, y, and z
directions, respectively (0.375 A from each other), were
centered on residue 261 in both APO and APOm. The
Lamarckian genetic algorithm was used to generate the poses.
The global optimization started with a population of 150
randomly positioned individuals, a maximum of 2.5 X 107
energy evaluations, and a maximum of 2.7 X 10’ generations.
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The mutation rate, crossover rate, and elitism parameters were
set to 0.02, 0.80, and 1, respectively. For a local search, we
applied pseudo-Solis and Wets algorithms with the default
parameters. A total of 200 docking runs were performed, and a
cluster analysis of the binding poses was conducted using an
rmsd tolerance of 2 A.

The best poses were selected on the basis of cluster
population, energy score, and proximity to the mutation
site.”'#12%2541 The complexes fulfilling the criteria mentioned
above were selected as starting structures for subsequent MD
runs.

Postprocessing of MD Trajectories. Equilibrium trajectories
collected from the production MD runs (180 and 120 ns for
apo- and holoproteins, respectively) were used to assemble an
inventory of the structural, dynamic, and energetic features of
the systems.

Structure. The rmsd per residue was calculated to
characterize the regions of maximal distortion among all
systems and with respect to the X-ray structure of the protein.
We tracked changes in the secondary structure along the MD
using the polyview package®™ (Figure S2 of the Supporting
Information). To give a description of the molecular
mechanism of resistance, we followed our previous work’ and
estimated the area of the template entrance region along the
equilibrium dynamics, by considering the triangle defined by
Ca atoms of terminal residues R127, F224, and A392 of loops
L4, L2, and L1 (Figure S3 of the Supporting Information),
which are part of the template entrance region. In addition, we
searched for channels connecting the template and NTP
entrances of the BVDV RdRp, and the latter to the dsRNA exit,
comparing their features on the X-ray structure reported in ref
26 to those in representative structures of each simulated
system (namely, the structure with the lowest rmsd from the
average and the top four representative cluster structures). For
this purpose, CHUNNEL* was used with the following
parameters: a grid size of 1 A, a mesh technique for the
generation of molecular surface, a probe radius of 1.4 A and a
scaling factor of 0.9 to implicitly take into account protein
flexibility.

The hydrogen bonds (HBs) between 227G and RdRps were
counted using VMD imposing cutoffs of 3.2 A for the donor—
acceptor distance and 150° for the donor—hydrogen—acceptor
angle.*’ Durable and transient HBs were defined as those with
lifetimes above and below 20% of the MD simulation time,
respectively.*’ During the dynamics, we observed the formation
of alternate HBs between the 227G donors and acceptors and
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the surrounding key residues. Therefore, we calculated their
average dynamic length (ADL).** Hydrophobic contacts
(HpHs) were counted using a cutoff of 4 A for nonpolar and
charged atoms.

Dynamics. To characterize changes in protein flexibility, the
root-mean-square fluctuations (rmsfs) were evaluated for each
system. Moreover, to highlight possible resemblances and
differences in the collective motions of the RdRp functional
domains, we calculated the covariance matrices from the
equilibrium trajecto? and performed a principal component
analysis (PCA).49_ ' In PCA, the covariance matrix is
constructed, usually taking the three-dimensional positional
fluctuations of Ca atoms from their ensemble average position
(after least-squares fitting to remove rotational and translational
motion). Diagonalization of the covariance matrix yields a set of
eigenvectors and corresponding eigenvalues, which represent
the direction and amplitude of the motion, respectively.*® The
eigenvectors are then ranked according to decreasing associated
eigenvalues, such that the first eigenvector represents the largest
contribution to the total fluctuation of the system. To visualize
the motions represented by the eigenvectors, the structures
from the trajectories can be projected onto each eigenvector of
interest [principal component (PC)] and transformed back
into Cartesian coordinates. The two extreme projections along
each eigenvector can then be interpolated to create an
animation or compared to understand which parts of the
protein are moving according to that specific eigenvector and to
what extent. Usually, (a combination of) the first few principal
components are able to represent most of the collective
motions (the “essential dynamics”®) occurring in an MD
simulation among different domains of a protein. In this study,
the PCs are compared in two ways. The directions of two
eigenvectors generated from different ensembles (i.e., with and
without an inhibitor) are qualitatively compared from visual
observation of the corresponding motions (e.g,, see Figure S4
of the Supporting Information). Quantitatively, eigenvector
directions can be compared using the inner product of two
vectors, with a value of 0 indicating orthogonal directions and a
value of 1 indicating identical directions (e.g., see Figure SS of
the Supporting Information). A second approach is the
quantification of similar essential dynamics by comparing the
“amount of sampling” along common eigenvectors, namely by
analyzing the range and distribution of ensemble projections
along those eigenvectors (e.g., see Figure S6 of the Supporting
Information).

Free Energy of Binding. To compare the binding free
energies of 227G on the wt and mutant BVDV RdRps, MM-
PBSA**~** calculations were performed using the so-called
single-trajectory approach,55 on 800 snapshots (one every 75
ps) taken from a single equilibrium trajectory of each complex.
Compared to the (in principle more accurate) three-trajectory
approach, in which separate MD simulations are performed for
the complex, ligand, and receptor, this procedure reduces the
impact of numerical errors associated with MD simulations on
the evaluation of binding free energies and allows for a more
direct evaluation of the standard deviations of the terms
appearing in the quantity of interest.

The binding free energy (AGy,g) of each system was

evaluated as follows:

AGbincl = Gcom - (Grec + Glig) (1)

where Geopy Grew and Gy, are the absolute free energies of the
complex (227G—RdRp), receptor, and ligand, respectively,
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averaged over the equilibrium trajectory. According to the MM-
PBSA scheme, the free energy difference can be decomposed as
AG = AEyy + AGg, — TAS,5 where AEy, is the difference
in the molecular mechanics energy, AG,,, is the solvation free
energy, and AS_, ¢ is the conformational entropy. The first two
terms were calculated with the following equations:

AEyy = AEp 4 + AEmgle + AE, gon + AE 4w + AE,,
2
AGsolv = AGsolv,PB + AGsolv,SA (3)

Eyv includes the molecular mechanics energy contributed by
the bonded (Epo,4, E ngle and Eiomion) and nonbonded (E,4,, and
E,.) terms of the force field. AG,, is the solvation free energy,
which has an electrostatic contribution (AG,,,pp, evaluated
using the Poisson—Boltzmann equation) and a nonpolar one
(AGyysa = YAsa + b, proportional to the difference in solvent-
exposed surface area, Ag,). The electrostatic solvation free
energy was calculated using DELPHL>® with dielectric
constants of 1 for the solute and 78.5 for the solvent. Atomic
radii were taken from PARSE with an additional value of 1.90 A
for phosphorus, while partial charges were taken from the
AMBER/GAFF force fields. The electrostatic potential was
calculated on a cubic lattice with a length equal to 120% of the
longest interatomic distance of the protein, using a grid spacing
of 0.5 A™". Ten thousand iteration steps were requested for the
convergence of the energy (using the linear form of the PB
equation). The surface area entering in the equation for
AGy,, 54 Was calculated using MOLSUREF. In the evaluation of
AG,ysp ¥ and b were assumed to be 0.00542 kcal mol™" A~
and 0.92 kcal/mol, respectively, for use with PARSE atomic
radii. The solvent probe radius was set to 1.4 A.

The solute entropy contribution, AS,.; is composed of a
rototranslational term, calculated through classical statistical
mechanics formulas, and a vibrational term, estimated by
normal-mode analysis using the NMODE module of AMBER
9.0. To reduce the errors in the evaluation of the entropic term
and to accelerate the calculation of the vibrational contribution
to ASn we followed a recently developed approach.”” In the
variant by Kongsted et al, normal-mode calculations are
performed on a subset of atoms of the system (namely those of
residues within 8 A of the inhibitor), but in the presence of a
buffer region containing protein residues between 8 and 12 A
from the inhibitor and water molecules within 12 A of the
ligand. This avoids large distortions of the structure with
respect to the conformation extracted from the dynamics and
avoids the use of a distance-dependent dielectric constant. The
convergence cutoff on the force was set to 0.0001 kcal mol™
A

Per-residue contributions to the stabilization of the
complexes were calculated by means of the MM-GBSA
scheme.>> The MM-GBSA approach furnishes an intrinsically
easy way of decomposing the free energy of binding into
contributions from single atoms and residues,”®*® which is
alternative to the “alanine scanning” approach implemented in
the MM-PBSA scheme.

B RESULTS AND DISCUSSION

To shed light on the mechanism of resistance to 227G caused
by the 1261M mutation in the BVDV RdRp, we used a
multidisciplinary approach inspired by the RCS protocol
developed by McCammon and co-workers.***® Our scheme
(Chart 1) combines docking calculations with multicopy MD
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simulations, free energy estimates, and identification of
functional channels within the protein.

In the absence of experimental data for the structure of the
RdRp—227G complexes, computational models require a
thorough validation. In tune with this goal and knowing that
docking algorithms are extremely sensitive to minor adjust-
ments occurring within the binding site and that properly
accounting for flexibility is crucial to obtaining reliable
results, "% we refined our strategy with respect to that
used in ref 7. Here we accounted for backbone flexibility by
using several configurations of the apoenzymes selected by a
cluster analysis of the MD trajectories.

For the sake of clarity, we present the results according to the
study sequence summarized in Chart 1. We start the section
with a short overview of the main structural features of RdRp,
followed by review and discussion of the results for the
apoproteins. Then we describe the results of the docking
procedure and the criteria chosen to identify starting structures
for MD simulations of the holo complexes. Finally, a picture of
how the mutation affects the binding and the activity of 227G is
extracted from the whole corpus of computational data
obtained in this work.

Structural Features of BVDV RdRp. The three-dimen-
sional structures of RdRps from RNA viruses are significantly
similar. They resemble a right hand®**’ (Figure 1) in which
three domains can be identified: finger, thumb, and palm. The
BVDV RdRp is unique as it contains an additional structure, the
fingertip, extending from the finger to the top of the thumb
(linker + hood). The fingertip creates an “encircled active site”
where important functions occur, such as RdRp dimerization
and protein—protein interactions, allowing the assembly of an
active replication complex, temglate and NTP binding, and
template/product translocation.*>®” Priming and elongation are
conducted in the catalytic site present in the palm domain. The
fingertip includes the terminal part of motif II (E281—Q308)
and motif I (A260—E265), which contributes to the NTP
binding site. The N-terminal domain follows, which includes
the linker (L125—R132), responsible for recruiting other
proteins during polymerization,”***~”° and the hood (V92—
Q124), involved in dimerization.?**®”° The 1261M mutation,
object of our investigation, is located within motif L.

Apoproteins. Structure. A plateau in the total rmsd of the
solute was reached within the first 40 ns of the MD trajectory
for all the systems considered in this study (Figure S1A of the
Supporting Information). The largest deviations with respect to
the X-ray structure PDB entry 1548 are localized in the N-
terminal domain (residues V92—R132 in the structure with
PDB entry 1548°°) and in the RNA—template binding region
[loops L1-L4 and motif I (Figure SIC—E of the Supporting
Information)], while the “scaffold” including the palm, thumb,
and finger domains does not present relevant changes (Figure
S1B of the Supporting Information).

Considering the whole protein, we found several structural
clusters for both APO and APOm (Table 1). The top four
clusters of each system were selected for further analysis as they
cover more than 95% of the total sampled conformations (the
top two clusters cover more than 85% of them). While in APO
the backbone structures do not differ significantly among the
clusters [all are relatively similar to the X-ray geometry, with
values of the protein rmsd of <3 A (Table S1 of the Supporting
Information)], in APOm they feature two main conformational
subgroups. These subgroups differ particularly in the position
of the linker and the L2 loop (Figure 2) and exhibit relevant
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Table 1. Clustering of Protein Trajectories”

APO APOm COM COMm
cluster 1 719 67.4 52.8 484
cluster 2 16.6 23.7 21.2 41.1
cluster 3 10.7 5.6 17.5 7.7
cluster 4 0.4 2.6 16.0 1.5
cluster 5 0.2 0.7 3.8 0.6
cluster 6 0.1 - 0.5 0.5
cluster 7 - - 0.1 0.1

“Clustering of protein structures performed for each system over the
equilibrated trajectories [180 (3 X 60) ns and 120 (2 X 60) ns for apo-
and holoproteins, respectively]. In each system, two main clusters were
found grouping together more than 70% of all conformations, while
95% of conformations are contained in the first four clusters. The
corresponding representative structures of clusters 1—4 for each
system are shown in Figure 4 and Figure S12 of the Supporting
Information.

Figure 2. Conformation of the four loops (L1—L4) and motif I, lining
the binding site of 227G, in the top four cluster representatives
extracted from MD trajectories of (A) APO and (B) APOm. The first,
second, third, and fourth most populated clusters are colored red,
green, yellow, and cyan, respectively, while the X-ray structure is
shown in transparent blue.

distortion from the X-ray structure of the wt protein (up to ~2
A larger than APO for the entire protein). Consistently, the
rmsd difference between the average structures of APO and
APOm is 3.9 A, and even larger values are found for the hood
and the linker (Table S2 and Figure S7 of the Supporting
Information). Furthermore, these findings, as well as those
described in the next paragraphs on apoproteins, were
confirmed in two additional MD simulations, one of APO
and one of APOm, each being 1 ys in length (see Figure S8 of
the Supporting Information). Finally, these structural differ-
ences arise with no major changes in the secondary structure of
APO or APOm (Figure S2 of the Supporting Information).
Dynamics. To highlight the regions featuring the largest
changes in flexibility, we calculated the rmsf values of the Car
atoms for each residue and compared them to the calculated B
factors taken from the X-ray structure (Figure S9 of the
Supporting Information). The fluctuations calculated from MD
simulations of APO compare quite well with those extracted
from the X-ray structure. In particular, the peaks found in
correspondence of the L3 and linker loops are conserved, while
the hood features much higher flexibility along the MD
trajectory than in the crystallographic structure. The latter
finding, however, does not contrast with experimental results:
indeed, Choi et al.*® reported that this domain adapts its
structure to different crystal forms, which reflects its high
degree of conformational freedom. It is worth noting that this
high mobility of the hood is retained upon mutation. Moreover,
APOm fully conserves the rmsf peaks at L3 and at the linker
loops as well as the intrinsic flexibilities of motifs I and II
(Figure S9 of the Supporting Information). Additionally, the
collective motions of the protein are also fairly conserved upon
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Figure 3. Channels found in APO (top panel, red sticks) and APOm (bottom panel, blue sticks) and in the X-ray structure (both panels, gray sticks).
The structures featuring the lowest rmsd from the average were used for the calculation. Views are different for each picture to clearly highlight main
findings. (A) The water paths connecting the template and NTP entrance sites are present in both APO and X-ray structures. The loops lining the
template entrance are depicted as cartoons in solid colors, while the rest of the protein is transparent. (B) Close-up of the paths in APO. The path
closest to that found in the X-ray structure is shown with thicker sticks. A transparent surface (darker for the path identified by thicker sticks) built
with the radii of the channel (see Figure S10 of the Supporting Information) is also present. Key residues involved in the polymerase activity are
drawn as sticks colored according to atom type and surrounded by molecular surfaces colored according to the region they line: the catalytic site
(red), the priming site (cyan), the template entrance (yellow), and the NTP entrance (green). (C) Superimposition of APO (red) and X-ray (gray)
structures showing the key residues (lining the main channel path). Residue 1261 is shown as thicker sticks (orange for APO and yellow for X-ray).
(D) Comparison of paths between the APOm (blue sticks) and X-ray structure. An additional path leading to the dsRNA exit is also present in
APOm. (E) Close-up of the paths found in APOm. In addition to the key regions defined in panel B, there is an additional residue (L677, white
transparent surface) lining the C-terminus. (F) Superimposition of APO (red) and APOm (blue) channels.

mutation (Figures S4 and S5 of the Supporting Information). connecting the template and NTP entrance sites is very similar
Via comparison of APO and APOm, the first three PCs, which to that found in the X-ray structure (Figure 3A—C; see also
represent ~80% of protein’s “essential dynamics”,so display an Figure S10 of the Supporting Information) and, like the latter,
overlap between 0.4 and 0.6 (Figure SSA of the Supporting is surrounded by the key residues of the catalytic, priming,
Information). The corresponding collective motions involve template entrance, NTP entrance, and dsRNA exit functional
mainly the hood region, the thumb domain (relative to the RdRp regions.”****®7"7> Moreover, as in the X-ray structure,
palm and finger domains), and loops L3 and L4 (linker) no channel was found going through the dsRNA exit site, which
(Figure S4A—C of the Supporting Information). also remains closed in our simulations of the wt apoprotein.
Functional Channels within RdRp. An active state of the Unlike APO and the X-ray structure, APOm features, in
RdRp requires the presence of the RNA template and NTP addition to the channel connecting the template and NTP
channels, both leading to the catalytic site, as well as of the entrance sites, another channel branching off from the former
channel allowing the exit of the dsRNA product®®®®”"”* (the and leading to the dsRNA exit site (Figure 3D—F). Despite the
three entrance—exit sites are indicated in Figure 1). These path not being exactly superimposable with those of APO or
paths are lined by key residues involved in the process of the X-ray structure, it still goes through key residues of the
polymerization, which lie at different functional sites of the RdRp functional regions involved in polymerization (Figure
protein: the catalytic site (residues D345, D350, D448, and 3D).
D449), the priming site (5498, R517, V521, and K525), the To implicitly take into account the dynamic nature of RdRp

template entrance (1261, K263, R285, 1287, Y289, R295, and at work, the same calculations were performed on representa-
G406), the NTP entrance (K172, D271, S282, R285, and tive structures of the four top clusters listed in Table 1 (Figure
K347), and the dsRNA exit at the C-terminus S11 of the Supporting Information). These data confirm the

(L677).20600%7172 We traced the channels present in results found on representative average conformations and are
representative average structures of APO and APOm and, for in accordance with the retained functionality of the mutated
comparison, in the RdRp X-ray structure (Figure 3). In the X- enzyme, as suggested by the capability of the 227G-resistant
ray structure, we identified the two entrance channels (template mutants to replicate at high titers in MDBK cells.”

and NTPs) as being open, while the dsRNA exit channel is Docking of 227G on APO and APOm. The effect of the
closed (Figure 3). This is consistent with literature data,” I261M mutation on the apoenzyme is most evident in the
which suggest that the exit channel opens during the transition interaction of the protein with 227G. Figure 4 shows the
from the first and dinucleotide primer state to processive RNA conformations of the best poses (see also Table S3 of the

synthesis along the replication process. In APO, the channel Supporting Information) found by docking 227G on the
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Figure 4. Highest-score docked poses of 227G in the binding pocket
of BVDV RdRp. Structures of the wt and mutant proteins are
representatives of clusters 1 and 2 extracted from MD trajectories of
APO and APOm, respectively. The protein is rendered as a white
molecular surface, with four loops and motif I highlighted as a cartoon
(magenta and blue, respectively). The inhibitor is shown as sticks, and
orientations 1 (with the phenyl group pointing upward) and
orientation 2 (opposite of orientation 1) are colored green and ice
blue, respectively.

representatives of the top two clusters extracted from APO and
APOm dynamics (Figure 2; see Figure S12 of the Supporting
Information for the poses of 227G on the third and fourth
clusters of APO and APOm). Within the binding pocket, we
identified two different orientations of the ligand (named Oril
and Ori2) for each cluster representative structure (see Systems
and Methods for selection criteria); the sole exception was
cluster 3 in APO, where only one orientation was found. For
subsequent MD simulations, we selected two representative
structures for each protein and for each orientation of the
ligand, out of the initial 15 structures [eight complexes in total
(see Figure 4 and Figure S12 of the Supporting Information)].
We chose clusters 1 and 2, which group almost 90% of the
conformations assumed by the apoenzymes during our MD
simulations (Table 1). The following additional reasons led to
this choice. (a) The conformation of the binding region differs
significantly between the first two clusters (Figure 2; see also
Table S4 of the Supporting Information). (b) In APOm, the
first two clusters represent two conformational subgroups of

the linker and loop L2, with clusters 3 and 4 being closer to
clusters 1 and 2, respectively (Figure 2; see also Table S4 of the
Supporting Information). Thus, our choice allowed us to
investigate, with a reasonable computational effort, the effect of
different starting orientations of 227G and different con-
formations of the loops on the conformation and dynamics of
the complexes. Note that, although the possibility that a third
different starting conformation could lead to different dynamics
on the explored time scales cannot be excluded a priori, the
results presented here furnish a molecular explanation of
resistance, which yields a plausible rationale for the enzyme
assay data.”

Interestingly, the ligand is unable to form a stable complex in
clusters 1 and 2 of APO or in cluster 1 of APOm upon
assuming orientation Ori2; in fact, 227G detaches from the
binding site after a few nanoseconds (data not shown). As far as
APO is concerned, the result is in agreement with previous
work in which a single conformation of the protein was used for
blind and focused docking calculations.” On the other hand, in
the case of APOm, 227G was not stable in cluster 2 upon
assuming orientation Oril. Indeed, 227G flipped by ~180°
after ~3 ns, assuming orientation Ori2 (data not shown).
Summarizing, four adducts were stable along the 100 ns all-
atom MD simulations (see Figure S13 of the Supporting
Information): APO 227G, (hereafter COM), APO -
227G, (hereafter COM’), APOm_,,-227G,,, (hereafter
COMm), and APOm_,;-227G,,;; (hereafter COM'm). Note
that only in the case of the mutant are two possible orientations
of 227G stable (Ori2 in COMm and Oril in COM’m), while in
the wt RdRp, 227G assumes only orientation Oril in both
COM and COM'. This is the first indication that the mutation
strongly affects ligand—protein interactions.

Wild-Type versus Mutant RdRp—227G Complexes.
The interaction of 227G with wt and mutant RdRps and the
influence of the inhibitor on structural and dynamic properties
of the binding site were clarified by analyzing MD trajectories.
In the following, we focus on the comparison between COM
and COMm. Very similar results were found for COM’ and
COM’m, as outlined at the end of the section.

We first analyzed the rmsd profiles along the trajectories
(Figure S1 of the Supporting Information) to assess the overall

Linker

Figure S. Pattern of interaction between 227G and RdRp as found in (A) COM and (B) COMm. Loops L1—L4 and motif I are highlighted with
solid colors, and the rest of the protein is rendered as transparent. In both panels, only the residues (side chain nonhydrogenous atoms) within § A
of 227G are shown as sticks. Residues making favorable interactions are represented as solid sticks with black labels, while the other residues are
shown as transparent sticks with gray labels. The residue coloring code is according to type: acidic, basic, polar, and hydrophobic amino acids colored
red, blue, green, and white, respectively. HBs are shown with black spirals. In panel A, the favorable interactions with 227G are made by residues
from all four loops and motif I. Four of them (A221, 1261, P261, and A392) form hydrophobic interactions. Three (R127, R295, and K263) are
positively charged. Two (D126 and E128) are negatively charged. One (Y289) is polar. A stable HB is formed between 227G and D126. In panel B,
the orientation of 227G is the opposite of that in COM. In total, nine residues make favorable interactions with 227G: five hydrophobic (A221,
F224, M261, 1287, and A392), three polar (Y289, G406, and Y674), and one basic (R295).
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structural stability of the systems. As expected, the most stable
profiles are those of COM. This is particularly true for the
linker, which displays an almost flat profile after a first
displacement of ~6 A. In contrast, rmsds of the N-terminal
domain and linker in COMm display oscillations similar to
those found in APOm. This different mobility of the linker is
consistent with a very different interaction pattern established
by 227G with the protein in COM and COMm, which can be
seen from Figure 5. Thus, the aforementioned initial increase in
the rmsd of this loop in COM corresponds to its displacement
toward 227G, with which strong and durable contacts are
formed. Consistent with previous findings,” in COM the
inhibitor binds within a cavity encircled by loops L1—L4, and
its benzimidazole moiety stacks against motif I. Despite slight
differences with respect to our previous work (somewhat
expected because of the different docking protocol and MD
simulation times), the essential features of the RdRp—227G
interaction, involving in particular residues of linker and motif I,
are retained (Figure S). Vice versa, in COMm the charged
residues on linker and L3 loops are unable to form stable
contacts with 227G, which is packed on one side of the
template entrance between loops L1 and L2 and motif I only
and is more exposed to the solvent (Figure SB and Figure S14
of the Supporting Information). The different conformational
changes induced in the binding region by 227G are better
appreciated in Figure 6A—C, where representative conforma-
tions of the systems in pairs are compared. While in APO and
COM both the linker and L3 loops undergo a significant
movement toward 227G [>10 A for the linker (Figure 6A)], in
COMm the linker does not come in contact with the inhibitor
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Figure 6. Comparison among the structures of the 227G binding
region in APO, APOm, COM, and COMm (red, blue, green, and cyan,
respectively). In all three pairs [(A) APO vs COM, (B) APOm vs
COMm, and (C) COM vs COMm), the major differences are spotted
in loop L4 and in the orientation of 227G. (D) Normalized
distribution of the area enclosed by loops L1, L2, and L4 lining the
template entrance site, evaluated over equilibrium trajectories. The
dashed vertical line indicates a value of 56.4 A calculated for the X-ray
structure (black). The distribution of the area is unimodal in APO
(red), with most likely values slightly below that found in the X-ray
structure. In COM (green), the distribution becomes much narrower
and is centered at ~21 A. The situation is opposite in APOm (blue),
where a bimodal distribution with most likely values at around 40 A
(but a significant population at the same values as in APO) is found,
while in COMm (cyan), the distribution is shifted toward a larger
value with a peak at ~50 A.
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(Figure 6B). The result is a drastic difference in the structures
assumed by the binding regions of COM and COMm (Figure
6C), which is particularly noticeable in the area around the
entrance of the RNA template channel [Figure 6D (see the
next section)]. Furthermore, as will be shown at the end of this
section, the findings described above are independent of the
initial conformations of the RARp—227G complexes.

To quantify the effect of the I261M mutation on the affinity
of 227G for the RdRp, we evaluated the binding free energies of
the ligand in COM and COMm and dissected AGj into
contributions from hydrophobic and polar terms, entropy

(Table 2), and key residues of the binding region (Table SS of

Table 2. Experimental and Calculated Binding Free Energies
for Binding of 227G to COM and COMm RdRps*

COM COMm
AE,, —25.2 (L5) -19.3 (2.3)

AE 4 —472 (3.9) —-39.9 (2.8)

AGgoipn 44.1 (22) 36.7 (3.7)

AGgoiysa -5.8(17) —5.6 (1.9)

DBy —-34.1 (3.8) -28.1 (4.3)

AGyersowps 189 (3.9) 17.4 (32)

AG gyssoivsa  —53.0 (5.1) —45.5 (4.3)

~TASyue 202 (34) 17.6 (2.8)

AG? —-13.9 (3.1) -10.5 (2.1)

AG* —-12.0 NA®

ICs,” 7% 1075 [(3 x 1077)/1072] 2 x 1072 [(7 x 107)/0.83]
ICso? 2% 107 (4 x 1075) NA®

“Energies are in kilocalories per mole, and all ICy, values are in
micromolar. The experimental values of AG,4 are estimated from
IC;, data with the equation AGy;,q = RT In(ICy) (R is the universal
gas constant, and T = 298.5K), while the calculated values are given by
the formula AGy;g = AEge + AE, 4, + AGopp + AGggunp — TAS o
PB,, corresponds to the enthalpic term, which is equivalent to AE, +
AG,y,pp and AE,y, + AGy,ss (see Systems and Methods for more
details). bCalculated value. “Extracted from 1Cy. dExperimental value.
“Not available.

the Supporting Information). Table 2 offers a useful
comparison of the driving binding forces of 227G with wt
and mutant RdRps. First, in both the cases, 227G binding is
mainly driven by hydrophobic interactions. The less favorable
AG,pp term in COM, compatible with a higher degree of
burying of the ligand, is more than compensated by the larger
enthalpic terms AE,, and AE,. The conformational entropy
cost is larger in COM, as expected from the better packing of
the inhibitor in the wt enzyme. Summarizing all components,
we find the binding free energy of COM is —13.9 + 3.1 kcal/
mol, in good agreement with previous findings’ and with the
value of —12.0 kcal/mol calculated from the experimental IC,
value (0.002 #M). The binding free energy of 227G in COMm
is —10.5 = 2.1 kcal/mol. A source of destabilization in COMm
is the loss of interactions of the ligand with the linker and L3
loops, while motif II residues contribute more than in COM to
form a stable adduct (Table S5 of the Supporting Information).
Interestingly, in COMm the only residue of motif I that makes
favorable interactions with 227G is M261, i.e., the mutated
residue, and its effect is comparable to the contribution of 1261
in COM. Therefore, although the AGg value in COMm is
lower than that found in COM, the affinity of 227G for the
mutant is still in the submicromolar range. On the basis of these
results, and apart from intrinsic limitations of the MM-
P(G)BSA approach in evaluating absolute free energies of
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52,5358 , .
binding,****** we hypothesize a molecular mechanism of

resistance compatible with the high affinity of 227G for the
mutant RdRp. Insights into this topic came from a thorough
analysis of trajectories, in terms of changes in secondary
structure, local and global flexibilities, and properties of the
RNA template and NTP entrance areas and of the dsRNA exit
area.

First, the comparative analysis of secondary structures reveals
notable differences only between the X-ray structure and COM
(Figure S2 of the Supporting Information). Namely, a loss of a-
helix and p-sheet charactes is observed in the hood and
fingertip of COM, while the linker exhibits major distortions
caused by newly formed f-sheet. This is consistent with the
heavy structural and dynamical perturbation induced by 227G
in the wt enzyme.

Second, the mobility of the binding region in the complexes,
evaluated through the rmsf of the protein’s Ca atoms and
compared to experimental B factors, is strongly affected by the
mutation (Figure S9 of the Supporting Information). In
particular, two peaks corresponding to the positions of the
linker and L3 loops are clearly seen in the rmsf profiles of all
systems except COM. Also, the flexibility of motifs I and II is
significantly lower in COM than in other systems. On the other
hand, the rmsf profile of COMm is very similar to that of APO,
particularly in the aforementioned key regions. Thus, the linker
fluctuates in the X-ray structure and in all simulations except
COM, where its flexibility is limited by the tight binding to
227G, and the mutation partially restores the natural behavior
of this loop (see APOm vs COMm in Figure 6B). The
flexibility of the linker is thought to be important for
polymerization activity,”*%*~7° because this loop is supposed
to escort the template into the catalytic site and to be involved
in the recruitment of other proteins during polymerization.**%
Thus, the recovery of flexibility of this part of the protein upon
mutation is consistent with the maintained functionality of the
protein.

Third, the different impact of 227G on the dynamics of the
wt and mutant RdRps is evident via a comparison of the
amount of conformational overlap between the apo- and
holoenzymes (Figure S4 of the Supporting Information) and
the inner products between the eigenvectors of covariance
matrices (Figure SS of the Supporting Information). For
instance, only four inner products larger than 0.5 are found
between APO and COM (Figure SSB of the Supporting
Information) ; moreover, the corresponding movements are
localized in the hood, as this is the sole region involved in
collective motions along the principal components of COM
(Figure S4D—F of the Supporting Information). None of the
aforementioned inner products correspond to overlapping
movements in the binding region, which are frozen in COM. In
contrast, the mutant RdRp retains a significant part of the
functional collective movements upon binding of 227G (Figure
SSC of the Supporting Information) and features the maximal
overlap between the essential dynamic spaces (Figure S6 of the
Supporting Information). Six inner products among the top
four eigenvectors are larger than 0.5, and three diagonal inner
products are larger than 0.S. Furthermore, in addition to the
hood, the linker and L3 loops maintain collective and extended
motions in COMm, which are similar to those found in APOm,
and in some cases, the overlap extends to all four loops and to
motif IT (Figure S4G—L of the Supporting Information). Again,
this supports retained conformational dynamics upon binding
of 227G in the mutant. In view of these results, it is not
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surprising that only the second eigenvectors of COM and
COMm (Figure SSD of the Supporting Information) show a
consistent overlap, which is restricted to movements in the
hood. Two inversions are seen between eigenvectors 1 and 3,
the latter involving significant movement of only the thumb
domain in COM (Figure S4M—O of the Supporting
Information).

Comparison of RNA Template Entrances and RdRp
Channels. The fourth and probably more interesting point
concerns the comparison of the morphology of the functional
protein’s channels in wt and mutant RdRps. We first analyzed
the distributions of the area enclosed by loops L1, L2, and L4 in
COM and COMm (Figure 6D and Figure S3 of the Supporting
Information). Despite our estimate being a rough approx-
imation of the real value (see System and Methods), it gives a
valuable indication of the different impact of the 227G binding
on the structure and dynamics of the two proteins. The
unimodal distribution in APO, with values slightly above that
found in the X-ray structure (564 A), indicates that there
would be enough space for the template RNA to fit within the
entrance loops. Upon binding of 227G (COM), the
distribution becomes much narrower and centered at ~28 A,
which is consistent with the hypothesized occlusion of the
template entrance site.” A similar mechanism has been
proposed for the inhibition of the Dengue RdRp by the NNI
NITD-29,”* although no structural insights were given thereon.
Thus, we compared the apo and holo RdRps of Dengue and
BVDV. The average backbone rmsd between the X-ray apo
structures (PDB entries 2J7U"° and 1548%° for Dengue and
BVDV, respectively) is 1.31 A. If we consider their complexes
with the respective inhibitors (NSS-NITD29 cocrystal structure
in ref 74 and the structure with the lowest rmsd from the
average for COM), the rmsd is 1.46 A, indicating that the
structural similarity of the two proteins is retained upon
binding of the inhibitors. In addition, in both cases the key
residues for the RdARp—ligand interactions are those of the areas
of the template entrance channel (Figure S15 of the Supporting
Information), suggesting a similar mechanism of Dengue and
BVDV RdRps inhibition.

The situation in the mutated protein is completely different.
First, a bimodal distribution is found in APOm, with the most
likely value at ~35 A but a significant population at values
overlapping with those observed in APO (the two peaks
correspond to the two main conformational subgroups clearly
visible in Figure 2B). Second, the binding of the inhibitor to
APOm causes a shift in the distribution toward larger values of
the area: COMm features a peak at ~47 A (closer than APOm
to APO) and a population of values more significant than that
of APOm in the range of 50—70 A (Figure 6D). These findings
are consistent with the retained activity of the 1261M variant of
BVDV RdRp and with the ability of this virus to grow in the
presence of 227G.

Despite the consistency between the analysis of entrance
areas and the experimental evidence, it is important to remark
that the agreement could be restricted to the area defined
above, and a bottleneck for the RNA template could be induced
by the mutation deeper inside the entrance channel, as well as
in the NTP entrance and dsRNA exit channels. For this reason,
we also performed an analysis of the (occurrence and size of)
channels connecting the NTP and template entrances, and the
latter to the dsRNA exit. Indeed, the active state of the
polymerase requires the presence of the template and NTP
channels,****”"72 both leading to the catalytic site (Figure 1).
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Figure 7. (A) Water channels found in representative average structures of COMm (cyan sticks), compared to those found in the X-ray (gray sticks)
and APOm (blue) structures. For further details, see the legend of Figure 3. (B) Close-up of the paths found in COMm. (C) Superimposition of
COMm (cyan) and APOm (blues) structures and channels, showing the relative conformation of key residues (lining the main channel path).

To take implicitly into account the dynamics of the protein, we
calculated the morphology of the aforementioned channels in
both the structures with the lowest rmsd from the average
(Figure 7) and in the representatives of the top four clusters of
each system (Figure S11 of the Supporting Information). In
COM, no channel was found in any of the structures, while in
COMm, the situation was found again to be totally different. In
Figure 7A, it can be seen that, despite some differences with
respect to X-ray and APOm, both the template and NTP
entrances are interconnected between them and to the dsRNA
exit, which is also open. In fact, two channels were found
starting at the template entrance (merging into a single one
within the protein) with radii of 4—6 A (Figure S10 of the
Supporting Information), in qualitative agreement with the
estimate of the area reported above (Figure 6D). Also, at the
NTP entrance site, the radius of the channel is similar to that
found in the apoenzymes (Figure S10 of the Supporting
Information). Finally, despite the size of the channel in the
center being slightly smaller in COMm (and APOm) than in
APO, the path is lined by all the key residues involved in
polymerization,”****®7%”> which belong to the catalytic site,
the priming site, the template and NTP entrances, and the
dsRNA exit (Figure 7B). Upon interaction with the RNA
template and/or NTP, large conformational changes are likely
to occur in the protein, which should further open the channels.
As shown in Figure 7C, good overlap between APOm and
COMm is also found for the conformations of the
aforementioned, functionally relevant residues lining the
channels, which again is consistent with the retained polymer-
ase activity of the mutant RdRp. The results outlined above are
confirmed by the analysis of the structures of the top four
clusters extracted from the dynamics of COMm (Figure S11C
of the Supporting Information).

COM'’ versus COM’m. As mentioned at the beginning of this
section, two additional simulations were performed in this work
for COM’' (APO.4,,227G,,;) and COM'm (APOm -
227G,y1)- They show that the results presented so far are, in
their essence, retained upon changes in the initial mode of
binding of the ligand and pinpoint a striking difference in the
interaction between 227G and the mutant enzyme with respect
to the wt complex, which is crucial to support the proposed
molecular mechanism of resistance.

In COM/, the linker is initially not in contact with the ligand
(opposite of that with COM). However, after ~20 ns, it
establishes a stable link with 227G (Figure S16A of the
Supporting Information). Moreover, this conformation realizes
the very same closure of the RNA primer entrance found in
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COM (Figure S16B of the Supporting Information). Therefore,
despite starting from very different structures and interaction
patterns, a very similar equilibrium conformation of the
complex is found, compatible with a plausible mechanism of
action of 227G.”

In COM'm, the linker is in contact with 227G (opposite of
that with COMm) at the beginning of the simulation, but after
~1S ns, it moves to the same side of the binding pocket where
it sits in COMm, losing the contacts with the L3 and linker
loops (Figure S16C of the Supporting Information). Again, this
situation closely resembles that found in COMm (Figure S16D
of the Supporting Information), where 227G is unable to
permanently occlude the RNA primer entrance gate. Moreover,
this finding is independent of the orientation of the ligand, as
this one is opposite in COMm and COM'm.

Obviously, one cannot exclude the presence of conforma-
tions featuring a strong contact between the linker and 227G in
the mutant enzyme (and vice versa weak contact configurations
could be present in the wt). However, this appears to be quite
unlikely in view of the retained functionality of the mutant.
Instead, we are confident that our results reflect a fundamental
difference in the dynamics of the complex, which is due to the
I261M mutation and is at the basis of a possible molecular
mechanism of the resistance of BVDV to 227G.

Concluding Remarks. One of the major obstacles in
modern drug development is the rapid acquisition of drug-
resistant phenotypes, an occurrence that limits the long-term
application of any drug-based therapy. Here we investigated via
computer simulations the molecular mechanism of resistance of
BVDV to 227G due to the I261M mutation in the RdRp
protein of the virus. For this purpose, we performed an
extended comparative study of the structural, dynamic, and
thermodynamic properties of the wt and mutant apo- and
holoenzymes. Our findings support a mechanism of BVDV
RdRp inhibition due to the occlusion of the enzyme template
entrance site by the ligand, similar to that recently reported by
Niyomrattanakit et al.”* for the RdRp of Dengue virus.
Furthermore, we evaluated the implications of a mutation
conferring resistance to 227G for the structure and dynamics of
the apoenzymes and highlighted how the entrance site in the
I261M variant of RdRp displays conformations in which the
RNA template entrance is open as in the wt protein. Our results
do not support a mechanism of resistance by impairment of
inhibitor accessibility to the binding site in the mutant protein.
Instead, we propose a mechanism based on the functional
properties retained by the mutated RdRp bound to 227G and
compatible with experimental evidence showing BVDV growth
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in the presence of the inhibitor (see Figure S17 of the
Supporting Information). To the best of our knowledge, a
similar mechanism of resistance has never been described in the
literature.

Additional findings deserve further discussion in relation to
the occurrence of resistance in the mutated RdRp. For instance,
it has also been suggested that the linker is involved in
recruiting the RdRzp 6partner protein,>**®7® which is essential
for polymerization.”*®®”® Thus, the displacement and the larger
stiffness of the linker in COM compared to those in COMm
could also interfere with the assembly of the replication
complex.*%®”° In addition, binding of 227G to motif I could
even hinder the incoming NTPs at the time of polymerization.
Interestingly, the flexibility of this region, compared to that of
the apoenzyme, is significantly reduced in COM but not in
COMm. However, also in the mutant, 227G lies on top of
motif I; thus, our data cannot clearly support or discourage this
last mechanism.

The results of this work can offer insights into the design of
novel experiments aimed at discriminating among the resistance
mechanisms proposed above. The identification of putative key
residues located in crucial regions of RdRp, ie., the template
entrance site and motifs I and II, which are responsible for the
high affinity of 227G, represents a valuable starting point for
site-directed mutagenesis experiments followed by functional
assays. Additionally, important insights might be gained by
structural studies as crystallography and nuclear magnetic
resonance of the mutated protein. For example, a cocrystalliza-
tion of the I261M variant of RdRp with 227G might give
valuable support to our proposed mechanisms.

Finally, despite the use of a thorough and promiscuous
computational protocol, we cannot rule out the possibility that
our findings are flawed by limitations of the various
methodologies, such as poor sampling of conformational
space (although the comparison of our results for COM and
COM/, as well as for COMm and COM'm, points to good
reproducibility of the main findings), force field inadequacies in
particular in representing chemicophysical properties of the
drug and/or the binding site, poor parameters for the
estimation of the free energies of binding, etc. Moreover,
other mechanisms not discussed in this work could be used to
explain the impaired action of 227G on the resistant RdRp
enzyme. For instance, if inhibition is due to competition
(allosteric or not) with the RNA template, small differences in
binding mode, affinity, and/or residence times could be crucial.
Thus, a small difference in the free energy of binding or in the
dissociation cost (related to the residence time) can be key
upon comparison to those of the natural substrate of the
enzyme. Nonetheless, the findings presented here confirm the
experimental indication that the substitution responsible for
increased resistance against NNIs occurs in the finger domain
of BVDV RdRp and furnish a consistent molecular mechanism
of inhibition. Ultimately, understanding the structural and
functional effects of mutations can aid in the development of
novel potent therapeutic agents whose activity is less
susceptible to the occurrence of resistant mutants.
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