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ABSTRACT: The virus-encoded RNA-dependent RNA poly-
merase (RdRp) has emerged as a primary target in the search
for selective inhibitors of Flaviviridae. Recently, we reported on
the selective inhibition, in cell-based assays, of both BVDV
(EC50 = 0.80 ± 0.06 μM) and HCV (EC50 = 1.11 ± 0.15 μM)
by 2-{1-[2-(2,4-dimethoxyphenyl)-1H-benzimidazol-5-yl]-
ethylidene}hydrazinecarbothioamide (227G). Here we show
that, in enzyme assays with recombinant enzymes, 227G
inhibits, in a dose-dependent manner, the RdRp of both BVDV
(IC50 = 0.0020 ± 0.0004 μM) and HCV (IC50 = 0.40 ± 0.04
μM). Furthermore, we report on the selection and molecular
analysis of a BVDV-resistant mutant, characterized by the
presence of the I261M mutation. By applying a multilevel computational approach, we identified different 227G binding sites on
the two RdRps. They were further validated by the good agreement between the calculated affinities and those extrapolated from
IC50 values. Our findings suggest different molecular mechanisms of inhibition of the HCV and BVDV RdRps by 227G and
indicate the importance of understanding ligand−enzyme interactions at the molecular level for the rational design of new and
more potent leads.

The Flaviviridae family consists of three genera: Hepacivirus
[e.g., hepatitis C virus (HCV)], Flavivirus [e.g., yellow

fever virus (YFV)], and Pestivirus [e.g., bovine viral diarrhea
virus (BVDV)], all of which cause severe diseases in humans
and/or animals. Worldwide, more than 170 million people are
chronically infected with HCV and are at risk of developing
cirrhosis and/or liver cancer.1 Infections caused by arthropod-
borne Flaviviruses are emerging throughout the world,2,3 and
those sustained by Pestiviruses have a serious impact on
livestock.4 With the exception of YFV, no vaccines are available
against Flaviviridae pathogens, and selective antiviral drugs are
not yet available to prevent and/or treat their infections. The
sole exception is represented by HCV infections, whose
standard therapy has long consisted of the administration of
pegylated α-interferon (IFN-α) in combination with ribavirin.5

This treatment is effective only in approximately half of patients
and often produces toxicity and significant side effects.6−8

Recently, two HCV protease inhibitors (PIs) have been
approved, to be used in combination with IFN-α and ribavirin,
for the treatment of genotype 1 chronic HCV infections.9−12

Nevertheless, identifying new lead compounds targeted at

virus-specific steps of the replication cycle of HCV as well as of
other Flaviviridae remains imperative.13−15

Following the successful paradigm established for HIV,
efforts at developing anti-Flaviviridae agents are today focused
on the inhibition of essential virus-encoded enzymes.16 In this
regard, the NS3/4A helicase/NTPase and protease as well the
NS5A/B RNA-dependent RNA polymerases (RdRp) appeared
to be the most attractive targets for novel treatment
options.17,18

The three-dimensional structures of RdRps from various
RNA viruses are significantly similar and resemble a right
hand19−22 in which the Palm domain contains the catalytic site
and the Finger and Thumb domains are responsible for the
interaction with the RNA. Two Finger loops (λ1 and λ2)
extend from the Finger and make contact with the Thumb,
resulting in an “encircled active site” for the interaction with
RNA templates.19,20 When compared to its HCV counterpart,
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the BVDV λ1 loop is more extended and contains a unique N-
terminal domain that folds on top of the Thumb domain.19,21,22

On the basis of their chemical structure and mode of action,
compounds targeting the RdRps can be divided into nucleoside
(NI) and non-nucleoside (NNI) inhibitors, which can be used
in combination to increase the effectiveness of antiviral
responses across all genotypes.23,24

NIs, discovered through the rational search for substrate
analogues, target the catalytic site,25−28 compete with natural
NTP substrates, and/or act as nonobligate “chain terminators”
after incorporation into nascent RNA chains. They are effective
against different genotypes and feature a relatively high barrier
to drug resistance.29−32 NNIs (which comprise the compound
object of this study), discovered as HCV RdRp inhibitors in
high-throughput screening programs, are structurally diverse
small molecules that noncompetitively target the RdRp free of
substrate and not bound to partner proteins.3,5,15−17 By binding
to allosteric cavities of the RdRp, NNIs trap the enzyme in a
conformation that prevents the functional transition from the
initiation to the elongation phase of transcription.33−35

Four NNI allosteric binding sites have been reported on the
HCV RdRp, two in the Thumb and two in the Palm
domains.18,36 No structural information is available for NNIs
binding to the BVDV RdRp (RdRpBVDV), on which docking
studies have identified a few and partially overlapping binding
pockets, located within the Finger domain.37−40 However, to
the best of our knowledge, no study including a validation of
docking results through state-of-the-art molecular dynamics
(MD) simulations has been reported for NNI−RdRpBVDV
complexes.
As far as the NNI mode of action is concerned, in HCV they

prevent RNA synthesis initiation and/or primer extension,
although through different mechanisms. Namely, NNIs binding
to the Thumb domain either prevent the Thumb−λ1 loop
interaction or interfere with GTP binding.19,20,25 NNIs binding
to the Palm domain may alter the functionality of some key
structural and functional elements such as the β-hairpin,41,42 the
C-terminal arm,42 the catalytic site,43 and the primer grip.41 In
BVDV, inhibition mechanisms may involve reduction of the
Finger flexibility,40 impairment of translocation of template or
products,40 and disruption of protein−protein interactions.22

While NIs have generally a broad spectrum activity
(paradigmatic are the 2′-methyl nucleosides, which inhibit
growth of Flaviviridae, Picornaviridae, Coronaviridae, and
Reoviridae),44 NNIs are usually specific toward a single
genus. In a few cases, they are active against different genera
within the same family, as demonstrated by Neyts and co-
workers with their imidazo[4,5-c]pyridines inhibiting both
BVDV and HCV.40,45,46 However, the molecular reasons
behind this behavior have been poorly investigated, in particular
as far as the link between the potency of inhibition and binding
to homologous or different sites on the RdRps is concerned.
From this perspective, this work focuses on the identification

of the targets and the description of the inhibition mechanism
of 2-{1-[2-(2,4-dimethoxyphenyl)-1H-benzimidazol-5-yl]-
ethylidene}hydrazinecarbothioamide [227G47 (Figure 1)] on
both BVDV and HCV. Indeed, 227G is the first benzimidazole
derivative endowed with potent and selective activity against
both viruses.47 We integrated biological assays with a thorough
computational study, including an extensive protocol for
binding site identification and docking, followed by validation
using MD simulations and free energy calculations.

■ MATERIALS AND METHODS
Biological. Cells and Viruses. Madin-Darby bovine kidney

(MDBK) cells were used for the selection of drug-resistant
BVDV mutants. Both cells [CCL 22 (NBL-1) Bos taurus] and
virus (VR-534 strain NADL) were purchased from American
Type Culture Collection (ATCC).

Selection of Drug-Resistant Mutants. Drug-resistant
variants were selected by serial passages of wild-type (wt)
BVDV in the presence of stepwise-doubled 227G concen-
trations, starting from a cell culture infected with a multiplicity
of infection (moi) of 0.01 and treated with a drug
concentration equal to the EC50. The amount of virus obtained
after each passage was sufficient to determine the level of
infection of the next cell culture, which, after infection and
washing, was incubated with a double amount of the selecting
drug. A 227G-resistant virus population was selected up to a
drug concentration 16-fold greater than the EC50. A resistant
virus sample was subjected to RNA extraction, reverse
transcription polymerase chain reaction (RT-PCR), and
genome sequencing to identify the mutation pattern respon-
sible for resistance.

Molecular Analysis of Drug-Resistant Mutants. Viral RNAs
from wt and drug-resistant mutants were obtained using the
QIAamp viral RNA minikit (Qiagen), starting from 140 μL of
cell-free viral suspensions containing ∼106 plaque-forming units
(PFU)/mL. Reverse transcription was conducted using the
Superscript II enzyme (Invitrogen), and cDNAs were amplified
by PCR using Platinum Pfx polymerase (Invitrogen) following
the manufacturer’s protocol. Details of the RT-PCR conditions
are reported in the Supporting Information.
PCR fragments were purified using the QIAquick PCR

purification kit (Qiagen) and analyzed using the cycle-
sequencing method (CIBIACI service of the University of
Florence, Florence, Italy). Both DNA strands were sequenced
with specific primers. The comparative analysis of chromato-
grams allowed deduction of the mutation pattern responsible
for resistance.

Virus Titration by a Plaque Assay. Virus titers of wt BVDV
and of 227G-resistant mutant strains, in the absence or
presence of the compound, were determined by a plaque
reduction assay in infected cell monolayers. MDBK cells were
seeded in 24-well plates at a density of 5 × 105 cells/well and
allowed to form confluent monolayers by being incubated
overnight in growth medium [MEM-Earle’s with L-glutamine
and 1 mM sodium pyruvate, supplemented with 10% fetal
horse serum (FHS)] at 37 °C in a humidified CO2 (5%)
atmosphere.
Monolayers were then infected for 2 h with 250 μL of 1:10 to

1:106 virus dilutions. Following removal of unadsorbed virus,
500 μL of maintenance medium (MEM-Earle’s with L-
glutamine and 1 mM sodium pyruvate, supplemented with
5% inactivated FBS) was added. Cultures were incubated at 37

Figure 1. Chemical structure of 2-{1-[2-(2,4-dimethoxyphenyl)-1H-
benzimidazol-5-yl]ethylidene}hydrazinecarbothioamide (227G), dis-
sected into functional groups.
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°C for 4 days and then fixed with PBS containing 50% ethanol
and 0.8% crystal violet, washed, and air-dried. Plaques were
then counted.
Expression of BVDV NS5BΔ24 Polymerase. Expression and

purification of BVDV NS5BΔ24 polymerase were conducted as
previously described.48 Briefly, the expression plasmid encoding
the N-terminally His-tagged C-terminal 24-amino-acid-deleted
BVDV NS5B was introduced into Escherichia coli strain Rosetta
2(DE3)pLysS (Novagene), by chemical transformation. Trans-
formants were then cultured at 30 °C overnight in 5 mL of LB
medium containing 25 μg/mL kanamycin and 30 μg/mL
chloramphenicol. The culture was diluted into 1 L of LB
medium containing 25 μg/mL kanamycin and 30 μg/mL
chloramphenicol, incubated at 30 °C until the A600 reached
0.6−0.7, and successively induced overnight with 1 mM
isopropyl β-D-thiogalactopyranoside. Finally, the cells were
harvested by centrifugation and stored at −80 °C until they
were purified.
Expression of HCV1b NS5BΔ21 Polymerase. The gene

encoding the C-terminal 21-amino-acid-deleted NS5B polymer-
ase (NS5BΔ21) of HCV (BK strain, genotype 1b), C-
terminally fused with a six-His tag, was cloned between the
BamHI and XhoI cloning sites of the pET-21a(+) expression
plasmid (Novagen). The construct encoding the six-His-tagged
HCV1b-NS5BΔ21 protein, under the control of the T7 RNA
polymerase promoter, was confirmed by dideoxynucleotide
sequencing and introduced into E. coli strain Rosetta 2(DE3)-
pLysS (Novagene) by chemical transformation. A single colony
expressing the six-His-tagged HCV1b NS5BΔ21 protein was
selected and cultured at 30 °C overnight in 5 mL of LB
medium containing 100 μg/mL ampicillin and 30 μg/mL
chloramphenicol. The culture was diluted into 1 L of LB
medium and incubated at 30 °C until the A600 reached 0.6−0.7.
The culture was then induced overnight at 25 °C with 1 mM
isopropyl β-D-thiogalactopyranoside, and the cells were
harvested by centrifugation and stored at −80 °C until they
were purified.
Purification of NS5B Proteins. Cell pellets were thawed and

immediately lysed by the addition of 10 mL of CelLytic B
(Sigma). Any insoluble material was removed by centrifugation
at 4 °C and 11000 rpm for 60 min. The soluble extract was
applied to a 5 mL column of nickel−nitrilotriacetic acid−
agarose (Qiagen), previously equilibrated with lysis buffer [50
mM NaH2PO4, 300 mM NaCl, and 10 mM imidazole (pH
8.0)]. The column was washed extensively with wash buffer [50
mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole (pH
8.0)], and then the proteins were eluted in a stepwise manner
with buffer containing increasing concentrations of imidazole
[50 mM NaH2PO4, 300 mM NaCl, and 50−250 mM imidazole
(pH 8.0)]. The polypeptide composition of the fractions was
monitored by Coomassie-stained sodium dodecyl sulfate−
polyacrylamide gel electrophoresis analysis. Fractions enriched
in pure six-His-tagged NS5B proteins, recovered in the 130−
250 mM imidazole eluates, were pooled and dialyzed against
buffer containing 25 mM Tris-HCl (pH 7.5), 2.5 mM MgCl2, 1
mM dithiothreitol, and 50% glycerol. The protein concen-
tration was determined by the micro-Bradford method (Bio-
Rad), with BSA as the standard. Following dialysis, the purified
six-His-tagged HCV1b NS5BΔ21 and six-His-tagged BVDV
NS5BΔ24 proteins were divided into aliquots and stored at
−80 °C.
RNA-Dependent RNA Polymerase Assays. Enzyme assays

were performed, as reported previously,48 in 96-well plates

using 10 μg/mL poly(rC) (GE Healthcare, formerly Amersham
Biosciences) as a template, 0.1 μg/mL oligo(rG)12 (Invitrogen)
as a primer, and 80 μM GTP (Invitrogen) as a substrate, in a 20
μL reaction mixture containing 20 mM Tris-HCl (pH 7.0), 1
mM dithiothreitol, 25 mM NaCl, 20 units/mL RNasin (RNase
inhibitor, Promega), 0.5 mM MnCl2 or 5 mM MgCl2, 5%
DMSO, 5% glycerol, and 500−600 ng of each purified protein.
After preincubation of an enzyme/drug mixture for 30 min at
room temperature, reactions were started by the addition of
GTP. One microliter of 3-fold serial dilutions of the test
compound in 0.5% DMSO, 0.5% DMSO alone as a negative
control, or the nucleotide analogue 3′-deoxyguanosine 5′-
triphosphate (3′-dGTP) (tebu-bio) as a positive control was
added, and the samples were incubated for 120 min at 37 °C
(BVDV NS5BΔ24) or 25 °C (HCV1b NS5BΔ21). Reactions
were stopped by addition of 2 μL of 200 mM EDTA; 138 μL of
the PicoGreen Quantitation Reagent (Molecular Probes),
diluted 1:345 in TE, was added to each sample followed by
incubation for 5 min at room temperature in the dark. After
excitation at 480 nm, the fluorescence was measured at 520 nm
in a fluorescence microplate reader (VICTOR3 Multilabel Plate
Reader, Perkin-Elmer). The “relative fluorescence” was
calculated by subtracting the mean fluorescence of the blanks
and by converting it into the percentage of activity, which was
then plotted versus compound concentration.
Dose−response curves were fit with Kaleidagraph (Synergy

Software) to obtain the drug concentration providing 50%
inhibition (IC50).

Computational. Molecular Docking. Model Structures for
Docking. X-ray crystal structures of HCV (PDB entries 1CSJ19

and 2BRK49) and BVDV (PDB entry 1S4821) RdRps were used
as starting models for molecular simulations of the apoenzymes.
In HCV, the sequence 21LPINALSNSLLAHHN35 forms a
highly flexible loop (λ1), thought to play a major role in
ligand−indole/benzimidazole site interactions. This loop is
present in 1CSJ,19 where it folds as an α-helix sitting within a
indole/benzimidazole binding site.49−54 Thus, 1CSJ19 was used
as the starting structure to perform MD simulations of the
apoenzyme in this “closed” conformation (hereafter termed
APO). However, a starting model was necessary to generate
equilibrium conformations of the protein in which the putative
binding cavity is not occluded by the λ1 loop. For this purpose,
we used structure 2BRK49 in which λ1 is not resolved. Starting
from this structure, we used the Jackal modeling package
(http://wiki.c2b2.columbia.edu/honiglab_public/index.php/
Software:Jackal) to generate ex novo a low-energy conformation
of λ1 extending out of the binding site (hereafter termed
APO′). This system was used to perform MD simulations from
which a representative conformation was extracted to dock
227G.
The RdRp conformations used for docking runs were taken

from equilibrium trajectories of APOs by selecting, from the
last 20 ns of MD simulations (see below), the structure with the
lowest root-mean-square deviation (rmsd) from the average.
The structure of 227G was first drawn with ACD Chem

Sketch version 11.0 (http://www.acdlabs.com/resources/
freeware/chemsketch). The resulting molecular geometry was
then optimized at the B3LYP/6-31G(d,p) level up to a
convergence in energy of 10−5 au using Gaussian03.55

Because no interaction between the HCV or BVDV RdRps
and 227G has been reported previously, we searched for
putative binding sites on the two enzymes using three different
protocols (see Chart 1). First, we exploited the experimental
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and computational information17−20,37−40,49−54 available on the
binding of other indole/benzimidazole compounds to each
RdRp in guided docking runs (path A in Chart 1). Additionally,
we used site detection programs to identify generic binding
spots on the enzyme surfaces (path B1 in Chart 1). To assess
the robustness of our results, we further performed blind
docking calculations (path B2 in Chart 1). On consensus sites,
identified by site detection programs and by blind docking, we
performed focused docking calculations centering the docking
grid on the center of mass of each site detected. Finally, we
grouped these poses with those obtained from guided docking.
On the highest-affinity site identified in this way, we further ran
focused docking (“redocking”) calculations, centering the
docking grid on the center of mass of 227G in the top pose.
All docking runs were performed with AutoDock version 4.0.56

More details about the docking steps and binding site detection
programs are given in the Supporting Information.
MD Simulations. (i) Parametrization. AMBER99SB,57

AMBER-modified,58 and TIP3P59 force fields were used to
model proteins, ions, and water, respectively. The GAFF force
field60 was adopted to parametrize 227G after structural
relaxation (see above) except for charges, which were derived
within the RESP framework61 from the electrostatic potential
map generated by the molecule [calculated with Gaussian03 at
the HF/6-31G(d) level55].
(ii) MD Setup. All-atom MD simulations were conducted

with the NAMD2.862 package for the apoenzymes as well as for
their complexes with 227G (hereafter termed COM) (Table S1
of the Supporting Information for more details). The solute
was placed within a truncated octahedral box (with a 42.9 Å
edge length, ensuring a minimal distance of 16 Å between any
RdRp atom and the edge of the box) filled with explicit water
molecules and counterions. Briefly, geometry optimizations
were conducted with a two-step protocol: (i) up to 10000
cycles (2000 of steepest descent and 8000 of conjugate
gradient) with harmonic restraint (k = 1 kcal mol−1 Å−2) on
non-hydrogen atoms of the solute and (ii) up to 10000
conjugate gradient cycles with no restraints. Next, heating to
310 K was achieved by linearly increasing the temperature
within 100 ps of NVT MD, while imposing restraints of 1 kcal

mol−1 Å−2 on non-hydrogen atoms of the solute. Restraints
were then released for 100 ps, and as a last step preceding the
productive dynamics, 1 ns of NPT MD was conducted to relax
the simulation box. Finally, MD simulations with a 30 ns
duration for each APO and COM in an explicit water solution
under the NPT ensemble were performed. Temperature and
pressure were regulated at 310 K and 1.013 bar, respectively,
using the Langevin thermostat63 (damping constant of 5 ps−1)
and the Nose−́Hoover−Langevin piston pressure control.64

Electrostatic interactions were evaluated using soft particle
mesh Ewald schemes with 1 Å grid spacing and a cutoff of 12 Å,
which was used also for Lennard-Jones interactions.

(iii) Analysis of Structure and Energetics. An inventory of
structural and energetic features of the complexes was obtained
by analyzing the last 20 ns of each MD simulation (i.e., the
equilibrated trajectories) in terms of hydrogen bonds (HBs),
hydrophobic contacts (HpHs), and water-mediated interac-
tions. The HBs between RdRps and 227G were counted by
applying cutoffs of 3.2 Å for the donor−acceptor distance and
150° for the donor−hydrogen−acceptor angle.65 Durable and
transient HBs were defined as those with lifetimes higher and
lower than 20% of the MD simulation time, respectively.65 The
formation of alternative HBs between 227G donors or
acceptors and surrounding key residues was observed during
simulation; therefore, the average dynamic length (ADL) of
these contacts was calculated by averaging their distance. A
HpH was counted when nonpolar atoms were separated by >4
Å.65 The cutoff on the short interatomic carbon−carbon
distance (SICD), used to calculate π−π interactions, was set to
4.8 Å.66 The rmsd per residue wise and the root-mean-square
fluctuation (rmsf) were calculated to characterize distortions
and changes in protein flexibility. Namely, the rmsd per residue
wise was calculated for (a) the average protein structures in
COM with respect to their counterparts in APO (to highlight
major conformational changes caused by ligand binding) and
(b) the average protein structures in APO and COM with
respect to crystallographic structures (to assess the presence of
major structural differences in MD runs). Finally, the area of
the template entrance tunnel during equilibrated dynamics was
estimated by considering the triangle defined by terminal
residues (Cα) of the loops contributing to the cavity (R127,
F224, and A392). The energies of interaction between 227G
and key RdRp residues were calculated by summing up the
nonbonded (Lennard-Jones and electrostatic) terms of the
pairwise molecular mechanics additive function, calculated for
the ligand-bound protein and between protein and 227G
subgroups.

(iv) MM-PBSA Calculations. To compare the free energies of
binding of 227G on HCV and BVDV RdRps, MM-PBSA
calculations67 were performed on 800 snapshots taken from
equilibrium trajectories (one every 25 ps). The binding free
energy (ΔGbind) of each system was evaluated as follows:

Δ = − +G G G G( )bind com rec lig (1)

where Gcom, Grec, and Glig are the absolute free energies of the
complex (RdRp−inhibitor), receptor (RdRp), and ligand
(inhibitor), respectively, averaged over the equilibrium
trajectory. According to the MM/PBSA method, the free
energy difference can be decomposed as ΔG = ΔEMM + ΔGsolv
− TΔSconf, where ΔEMM is the difference in molecular
mechanics energy, ΔGsolv the solvation free energy (including
an entropic contribution), and ΔSconf the solute configurational
entropy (including the loss of translational and rotational

Chart 1. Docking Protocola

aSchematic representation of the protocol used for the identification of
binding sites and binding modes of 227G on the HCV and BVDV
RdRps.
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entropy due to binding, as well as changes in the vibrational
entropy). The first two terms are calculated with the following
equations:

Δ = Δ + Δ + Δ + Δ + ΔE E E E E EMM bond angle torsion vdw elect

(2)

Δ = Δ + ΔG G Gsolv PB SA (3)

where EMM includes the molecular mechanics energy
contributed by bonded (Ebond, Eangle, and Etorsion) and
nonbonded (Evdw and Eelect) terms of the force field and
ΔGsolv is the solvation free energy, which has an electrostatic
(ΔGPB, evaluated using the Poisson−Boltzmann equation) and
a nonpolar contribution (ΔGSA = γΔSA + b) proportional to
the surface area (ΔSA). The electrostatic solvation free energy
was calculated using DELPHI,68 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 Å for phosphorus,
while partial charges were taken from the AMBER/GAFF force
fields.57,60 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 Å. Up to
10000 iteration steps were requested to reach convergence in
energy (using the linear form of the PB equation). The surface
area in the equation for GSA was calculated using MOLSURF,
with γ and b values of 0.00542 kcal mol−1 Å−2 and 0.92 kcal/
mol, respectively, for use with PARSE atomic radii. The solvent
probe radius was set to 1.4 Å.
The solute entropy contribution, −TΔSconf, was estimated by

normal mode analysis67 using the NMODE module of AMBER
9.0. For each snapshot, the structures of the complex, receptor,
and ligand were first optimized in the absence of explicit
solvent, using a distance-dependent dielectric constant ε of 4r
(r is the interatomic distance) to mimic solvent screening. The
convergence cutoff on the potential energy gradient was set to
10−4 kcal mol−1 Å−1. Furthermore, to reduce the error in the
evaluation of the entropic term, we adopted a recently
developed method69 in which normal mode calculations were
performed on subsets of system atoms, namely on those
belonging to the residues within 10 Å of the center of mass of
the inhibitor, including water molecules and ions.
To estimate the contribution of key residues to the stability

of the complex, the decomposition method implemented in
AMBER 11 was applied within the framework of the molecular

mechanics (MM) generalized Born surface area (GBSA)
approach.70 In addition to being faster than the MM-PBSA67

approach, MM-GBSA70 methods furnish 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. The electrostatic
solvation free energy was calculated using the implicit solvent
model in combination with mbondi2 (for H, C, N, O, and S
elements) and intrinsic radii. Partial charges were taken from
the AMBER/GAFF force fields, and relative dielectric constants
of 1 for solute and 78.4 for solvent (0.1 M KCl water solution)
were used. The nonpolar contribution is approximated by the
LCPO71 method implemented within the sander module of
AMBER 11.

■ RESULTS
Biological. Activity in Cell-Based and Enzyme Assays. As

previously reported, 227G (compound 31 in ref 47) showed no
cytotoxicity for uninfected MDBK cells at concentrations as
high as 100 μM, and an EC50 value of 0.80 ± 0.06 μM against
BVDV. Moreover, in a replicon assay with human hepatoma
cells (GS4.1), 227G selectively inhibited the HCV replication
with an EC50 of 1.11 ± 0.15 μM.47 Here, to identify the target
of 227G, BVDV and HCV recombinant RdRps were expressed,
purified, and evaluated in enzyme assays based on the use of the
RiboGreen fluorescent dye to detect transcripts. Dose−
response curves indicate that 227G potently inhibits (IC50 =
0.0020 ± 0.0004 μM) the BVDV RdRp activity (Figure 2A).
Moreover, the drug also inhibits, although with a lower potency
(IC50 = 0.40 ± 0.04 μM), the HCV recombinant enzyme
(Figure 2B).

Molecular Characterization of Drug-Resistant Mutants.
To confirm the enzymatic data presented above suggesting the
BVDV RdRp as the molecular target of 227G, drug-resistant
BVDV mutants were selected by serial passages of the wt strain
in the presence of stepwise doubled 227G concentrations, up to
a concentration 16-fold greater than the EC50. Replication
efficiencies of plaque-purified wt and 227G-resistant mutant
strains were then compared in the absence and presence of 12.8
μM 227G. As expected, in the presence of the drug, the yield of
the wt strain decreased by more than 3 logs as compared to that
in the drug-free medium (1 × 108 PFU/mL). On the other
hand, the yield of the drug-resistant mutant was the same in the
absence and presence of 227G and on the same order of

Figure 2. 227G dose−response curves from enzyme assays: (A) BVDV and (B) HCV.
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magnitude (1.4 × 108 PFU/mL) as that of the wt strain grown
in drug-free medium, suggesting equivalent in vitro fitness.
To identify the mutation pattern responsible for drug

resistance, aliquots of wt and mutant viruses were subjected
to RNA extraction, RT-PCR, and sequencing of genome
regions encoding the nonstructural proteins (NS2−NS3−
NS4A−NS4B−NS5A−NS5B) containing the principal en-
zymes involved in replication. Comparative analysis of the wt
and mutant genomes showed, in the latter, a mutation located
in the gene encoding the NS5B protein, while no mutations
were detected in the genes encoding the other nonstructural
proteins. The mutation consists of an A-to-G substitution at
nucleotide (NT) 783, which results in the change of an
isoleucine to a methionine at amino acid 261. It is worth noting
that the I261M mutation, like other mutations responsible for
BVDV resistance to other NNIs,37−40,72−74 is localized in the
Finger domain. In contrast, mutations conferring HCV
resistance to a variety of NNIs (including benzimidazoles)
are located in the Thumb domain.49−54,75

Computational. Docking. To identify the most likely sites
of binding of 227G on HCV and BVDV RdRps, we used the
three approaches described in Materials and Methods and
shown in Chart 1. First, guided docking (path A in Chart 1)
was performed, taking advantage of previous experimental
information about RdRp binding sites, coming from structural
studies of the complexes of HCV RdRp with various
NNIs,17,20,36,49−54 and from the location of point mutations
related to drug resistance in the BVDV RdRp.37−40 For the
HCV RdRp, the Cα atom of residue L30 (on the λ1 loop),
which lies in the experimentally determined binding cavity of
indole/benzimidazole NNIs,36,49,51,75,76 was selected as the grid
center for docking runs. As with other indole/benzimidazole
NNIs, the two highest-scoring 227G poses (endowed with
comparable energies and populations) were found within the
Thumb domain (Figure 3A and Figure S1A,B of the Supporting
Information).
Following path B in Chart 1, blind docking calculations

identified four sites (Figures S2A and S3A of the Supporting
Information), all of which were reported previously for other
compounds.18,36 The same four binding pockets are also
identified by site detection programs (Figure S4 and Table S2
of the Supporting Information). In a manner consistent with
guided docking results, top poses were found on site S0 (Figure
S2A of the Supporting Information), which again coincided
with the indole/benzimidazole binding site.49,51,75 The
consensus binding sites described above were then used as
grid centers for focused docking calculations, which further
confirmed S0 as the preferred binding site for 227G (Table S2
of the Supporting Information). Finally, the highest-affinity
poses on this site obtained via both paths were grouped and
ranked according to the docking energy score and cluster
population. The top pose was used for refinement calculations
by centring the docking grid on the center of mass of 227G in
that pose. This “redocking” onto the indole/benzimidazole
binding site gave two possible orientations of 227G (hereafter
poses 1 and 2) with comparable scores and populations (Figure
3A and Figure S3B of the Supporting Information).
Figure 3A shows the HCV RdRp binding site, which is

constituted by subpockets I (residues A395, L425, H428, and
F429), II (residues L392, A393, A396, L492, and V494), and III
(residues M423, T427, P495, V499, W500, and R503). Here,
the 227G tail (absent in other NNIs49,51) allows our lead
compound to establish extended interactions with subpocket

III. Binding site residues and orientations of both poses are
quite similar, although pose 1 is more stable (Figure S3B and
Table S3 of the Supporting Information), as the 227G arms and
anchor fit into subpockets better than in pose 2. Indeed, in pose
1, 227G is engaged in a series of hydrophobic interactions with
the residues of subpockets I−III, while its arm 1 and anchor are
flipped in pose 2, pointing out of the pocket. Additional
stability is provided by the polar N1 atom of the 227G
benzimidazole moiety, which makes electrostatic interactions
mainly with H428 in pose 1. This is reflected in the greater
interaction strength of pose 1 with the HCV RdRp (−36.4
kcal/mol) versus that with pose 2 (−31.6 kcal/mol) (Table S3
of the Supporting Information). Although small, this difference
has significant consequences in terms of the stability of the two
poses (vide inf ra).
With regard to BVDV RdRp, because of the lack of

crystallographic data indicating a putative NNI binding site,
the proximity of 227G to residues I261, N264, and A392 (on
the Finger domain) was considered to be pivotal. In fact, the
I261M mutation confers resistance not only to 227G but also
to other NNI leads active against BVDV (in combination with
mutation N264D37 or E291G38). Also, in this case, guided
docking calculations resulted in two almost equivalent 227G
orientations within the site lined by the residues listed above
(Figure 3B). Blind docking calculations and site detection
programs identified three consensus sites (Figures S2B, S3C,
and S5 of the Supporting Information). Again, very similar
poses were found along paths A and B, and the highest-affinity
site along path B coincided with that identified by guided
docking (Figure S1C,D and Table S4 of the Supporting
Information). Redocking calculations confirmed the possibility
for two high-affinity orientations of 227G within the highest-
affinity site (Figure 3B and Figures S1C,D and S3D of the

Figure 3. 227G binding sites and poses found by docking. Proteins are
shown as ribbons, with Thumb, Finger, and Palm domains colored
green, ice blue, and purple, respectively. The molecular surface of
residues lining the binding sites is highlighted. 227G is represented
with van der Waals spheres colored according to atom type. (A) In
HCV RdRp, 227G lies in a pocket within the Thumb domain. Three
subpockets [I−III (white, light green, and dark green, respectively)]
can be identified. (B) In BVDV RdRp, 227G lies within the Finger
domain. Insets show highest-scoring 227G poses 1 and 2 that are
represented as solid and transparent sticks, respectively. Note that 1
and 2 have the same orientation only in the HCV RdRp.
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Supporting Information). In these poses, 227G sat in the Finger
domain with opposite orientations, close to key residues I261,
N264, and A392 (Figure S6 of the Supporting Information).
Pose 1 featured an interaction energy with the protein larger
than that of pose 2 (by ∼11 kcal/mol), almost entirely due to
differences in electrostatic interactions (Table S3 of the
Supporting Information).
In summary, in each RdRp we found two stable poses of

227G (Figure 3 and Figures S1 and S3B−D of the Supporting
Information) matching the following criteria: (1) highest
docking energy, (2) largest cluster population, (3a) the
presence, in the HCV RdRp−227G complex, of key protein−
ligand interactions consistent with those found in published X-
ray structures of HCV RdRp in complex with indole/
benzimidazole NNIs, and (3b) the proximity, in the BVDV
RdRp−227G complex, to residues whose mutation confers
resistance to benzimidazole NNIs. The high level of consistency
between the guided (path A of Chart 1) and unbiased (path B
of Chart 1) docking results supports our suggestion that
identified sites are the most likely binding spots for 227G.
Because two possible orientations of 227G were found thereon,
a total of four conformations were chosen as starting structures
for subsequent MD simulations.
MD Simulations. To validate docking poses, a total of seven

MD simulations were performed for the HCV and BVDV
RdRps in their apo and holo forms (Table S1 of the Supporting
Information). Simulations of the apoenzymes (APOs) were
conducted to compare the structural and dynamic parameters
of the latter with those of the RdRp−227G complexes. In this
respect, it should be noted that the structures of both enzymes
did not differ appreciably from the corresponding X-ray
structures along the full MD simulation (Figure S7 of the
Supporting Information). With regard to the complexes, it is
worth noticing that MD simulations starting from pose 2
(Figure 3 and Figure S1B,D of the Supporting Information)
resulted in unstable complexes, featuring dissociation of 227G
from the receptor after a few nanoseconds (data not shown).
The remaining simulations (including those of the APOs) were
stable and reached a plateau in the total rmsd after ∼10 ns
(Figure S8 of the Supporting Information).
In the case of HCV RdRp, only modest structural distortions

were found upon binding, in agreement with experimental
data.49−54,75 As expected, the largest difference arises from the
partial folding of the λ1 loop into a helical structure in the
apoenzyme (Figure S7A of the Supporting Information). Also,
in the case of BVDV, global structural changes were modest. In
this case, the main differences with respect to the X-ray
structure of PDB entry 1S4821 are localized in the intrinsically
more mobile RdRp regions, including the linker loop (Figure
S7B of the Supporting Information). If the deviation in APO
could be, at least in part, due to the limited conformational
freedom experienced by the protein in X-ray crystals, the more
drastic conformational changes in COM are likely due to the
interaction of the loop with 227G. Given the low rmsd values of
both HCV and BVDV APOs with respect to those of their
respective X-ray structures, the average structures from those
simulations were used as a reference to assess the impact of
binding.
HCV RdRp−227G Complex. In its stable pose, 227G sits

within the binding cleft of the HCV RdRp Thumb domain
(Figure 4A and Figure S9A of the Supporting Information) in a
manner similar to that determined by X-ray crystallography for
indole derivatives49,51 (Figure S9B of the Supporting

Information). The binding cavity is mainly hydrophobic and
comprises the three closely spaced subpockets [I−III (see
Figure 4A and Docking)] and the three α-helices (T, Q, and O)
delimiting its back border.
Along the MD trajectory, 227G assumes a slightly different

orientation than in docking: it loses contacts with subpocket I
and makes stronger interactions with subpockets II and III
(Figure S10A of the Supporting Information). The phenyl
moiety (ring 1) and the O-methyl group (arm 2) of the ligand
fully occupy subpocket II, which is partially filled with the side
chains of residues L30 and L31 of the λ1 loop in the APO
(Figure S9A of the Supporting Information). In particular, the
O-methyl group, protruding into the pocket more deeply than
residues L30 and L31, allows 227G to fit into the cavity better
than the λ1 loop. On average, all residues lining subpockets I−
III, except A393, are in direct contact with 227G during MD
simulations, thus allowing a better packing of 227G within the
pocket, documented by a binding energy (by 14.5 kcal/mol)
larger than that of the stable docking pose (cf. Tables S3 and S5
of the Supporting Information). The largest contribution is
associated with the 227G tail, which is the only portion making
significant electrostatic interactions with the binding pocket
(Table S5 of the Supporting Information). The benzimidazole
moiety (ring 2) interacts with residues V499 and W500 of helix

Figure 4. 227G binding modes and interaction maps from MD. Shown
are representative MD frames featuring the lowest rmsd with respect
to the average structure of the complexes, as extracted from MD
trajectories. (A) For HCV RdRp, helices T, Q, and O outlining the
cavity are shown in transparent green. Key residues of subpockets II
and III (transparent green and light green surfaces, respectively) are
also shown, colored according to their chemical characteristics (acidic,
basic, HpH, and polar colored red, blue, white, and yellow,
respectively). (B) In BVDV RdRp, loops L1−L4 and motif I are
shown (the color code is the same as in Figure 3, and key residues are
colored as in panel A). For the sake of clarity, residue E128 was
omitted. Orange spiral rings indicate HBs involving residues D126,
A221, and S533, as well as a salt bridge between D126 and N264.
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T (subpocket III), which are also in contact with the methyl
group (anchor), stabilizing 227G in the cavity (Figures 4A and
5A). Noteworthy is the fact that these contacts occur (although
transiently) over the whole equilibrium trajectory. Also, the
phenyl moiety (ring 1) makes extended and persistent
hydrophobic interactions with residue V494 (Figure 5A).
Further stabilization comes from π−π interactions between the
benzimidazole moiety and residue W500 and from the
hydrophobic contacts with residues L392 and A396 of helix
O, L492 of subpocket II, and P495 of subpocket III (Figure
4A).
As expected, the largest protein’s structural deviation with

respect to the APO is seen in the λ1 loop (Figure S7A of the
Supporting Information), which floats out of the pocket in
COM. Consistently, also the average flexibility of the RdRp
(which increases slightly upon 227G binding) features a peak at
the λ1 loop (Figure 6A).
In conclusion, the picture of the 227G−RdRp interaction

resulting from this study for HCV is consistent with previous
crystallographic and NMR studies performed with other indole-
and benzimidazole-based allosteric inhibitors.36,49−54,75 To
further validate the correspondence between in silico and
experimental results, we evaluated the free energy of binding of
227G to the HCV RdRp using the MM/PBSA approach.67

Good agreement is obtained (Table 1) between the calculated
ΔGB and that extracted from the IC50 value of enzyme assays,
supporting the reliability of the 227G binding site identified by
molecular modeling and MD simulations. The major source of
stabilization comes from hydrophobic interactions (cf.
ΔGVDW+NP and ΔGELE+PB in Table 1). Consistently, all but
one of the key residues contributing mostly to the stability of
the RdRp−227G complex (Table S6 of the Supporting
Information) are hydrophobic, which is also in agreement
with the HpH interaction graph (Figure 5A).
Comparison with the BVDV RdRp−227G Complex. Like in

HCV, in BVDV the 227G binding region undergoes structural
rearrangements with respect to the docking geometry during
the MD trajectory (Figure S10B of the Supporting
Information). In the stable pose, 227G sits in a cavity encircled
by four loops (Figure 4B): L1 (P388−I398) and L2 (A221−
N229), which belong to the Finger domain; L3 (L530−G537),
which belongs to the Thumb domain; and L4 (L125−R132),
also known as the linker, which is part of the N-terminal
domain.21,22 In addition, ring 2 of 227G stacks against motif I
(I261−K266), which is located in the flexible Fingertip region.
The residues lining the binding pocket are mostly hydrophobic
(A221, A222, F224, I261, P262, I287, and A392) and polar
(T160, T162, N217, N264, and S533), although three basic

(R127, R130, and R132) and two acidic (D126 and E128)
residues are present. Some of these residues, namely, N217,
A221, A222, and I261M, were also found to interact with other
NNIs,37−39 but most of them are specific to the complex
between the polymerase and 227G. In particular, 227G is the
only benzimidazole compound interacting with the linker loop
of the N-terminal domain.
Like in HCV, the major interactions involve the 227G

benzimidazole moiety (ring 2) and tail (Figure 5B and Table S5
of the Supporting Information). A network of inter- and
intramolecular HBs further stabilizes 227G in the pocket
(Figure 4B and Figure S11 of the Supporting Information). In
particular, an HB is established between N2@227G and atoms
OD1@D126 and OD2@D126, with an ADL of 2.3 Å and
passage of 80% of the simulation time (Table S7 of the

Figure 5. Key hydrophobic ligand−enzyme interactions in (A) HCV and (B) BVDV. The x-axis refers to atoms of the 227G functional groups. The
y-axis refers to the interaction lifetime with the RdRp, reported as a fraction over the entire simulation time. Different colors highlight interactions
with different residues of the binding pockets.

Figure 6. Flexibility of RdRps in their apo and holo forms in HCV (A)
and BVDV (B), estimated from the rmsf values along the equilibrium
MDs.
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Supporting Information), and a transient HB is formed
between N5@227G and OG@S533 on the L3 loop. Finally,
the complex is stabilized by water-mediated interactions
between NH@E128 and N1@227G, which persist along the
whole equilibrium trajectory, although the mediating water
molecule changes during simulation (Figure S11 of the
Supporting Information).
With respect to the HCV enzyme, 227G influences in a more

drastic manner both the structure and the dynamics of the
BVDV RdRp (see Figure S12 of the Supporting Information).
Indeed, the drug induces a distortion of the entire enzyme (the
average rmsd value from APO is ∼2.9 Å) more significant than
that observed in the HCV RdRp (average value of ∼1.8 Å).
Particularly large are the displacements induced in loops L3 and
L4 (which are in direct contact with the ligand) and in the
hood region (residues V92−R133). Panels A and B of Figure 7
show that all the four loops surrounding the binding pocket
“embrace” 227G. These conformational changes result in a
dramatic reduction in the entrance area of the RNA template
tunnel that in the APO (as well as in the X-ray structure) is
large enough to allow passage of the RNA template. The
comparison of the template tunnel entrance areas (see
Materials and Methods) among the X-ray structure [∼55 Å2

(Figure 7C)], APO (∼60 Å2), and COM (∼28 Å2) gives an
indication of the remarkable effect of 227G on the structure of
the binding region. This effect is not only structural: indeed,
tight binding of 227G reduces the mobility of almost all the
BVDV RdRp residues, in contrast to what happens in HCV
(Figure 6). The larger impact of 227G on BVDV than on HCV
appears to be consistent with the more potent inhibitory
activity on the former enzyme. The largest reduction of the
mobility is found in the L3 loop and the N-terminal domain,
specifically in the L4 loop, whose fluctuation is thought to be
crucial for the proper functioning of the RdRp.21,22

As for HCV, we further validated the binding mode by
comparing the binding free energies extracted from IC50 data
and calculated with the MM/PBSA method.67 As shown in
Table 1, there is a good agreement between the two values. In
this case, four charged and polar residues are among the eight
key amino acids mostly contributing to stabilization of the
complex (Table S6 of the Supporting Information). Note-

worthy is the fact that residue I261, whose mutation is
responsible for resistance to 227G and other benzimidazoles37

and arylazoenamines,38 has the largest effect (Figure 5B and
Table S6 of the Supporting Information).

■ DISCUSSION
In the context of the rational design and development of new
RdRp inhibitors, an NNI active against both BVDV and HCV is
a rare finding, as only a few imidazo[4,5-c]pyridines are known
to be active against both viruses.45,46 According to our study,
227G is the first benzimidazole NNI active against BVDV and
HCV at micromolar concentrations. In cell-based assays, it
inhibits the multiplication of both BVDV and HCV with similar
potencies. When tested against a wide panel of other RNA and
DNA viruses, 227G fails to show broad antiviral activity, thus
resulting in a specific inhibitor of viruses representative of the
Pesti and Hepaci genera of the Flaviviridae family. In both cases,
the target of 227G appears to be the RdRp. In fact, in enzyme
assays, 227G inhibits (although with a different potency) the

Table 1. Experimental and Calculated Free Energies of
Binding of 227G to the HCV and BVDV RdRpsa

HCV BVDV

ΔEELE −16.8 (2.3) −25.2 (1.5)
ΔEVDW −21.9 (1.4) −47.2 (3.9)
ΔGPB 9.5 (0.9) 44.1 (2.2)
ΔGNP −3.7 (1.4) −5.8 (1.7)
PBtot −32.9 (2.9) −33.8 (3.8)
ΔGELE+PB −7.3 (2.7) 18.2 (3.9)
ΔGVDW+NP −25.6 (3.1) −53.0 (5.1)
−TΔSconf 23.4 (1.8) 18.9 (2.3)
IC50 0.40 (0.04) 0.0020 (0.0004)
ΔGB

b −9.5 (1.8) −14.0 (3.1)
ΔGB

c −8.7 −12.2
aEnergies are in kilocalories per mole; IC50 values are in micromolar.
Experimental ΔGbind values are estimated from IC50 data with the
equation ΔGbind = RT ln IC50 (R is the universal gas constant, and T =
298.5 K). Calculated values are given by the formula ΔGbind = ΔEELE +
ΔEVDW + ΔGPB + ΔGNP − TΔSconf. The various contributions are also
shown. bCalculated values. cExperimental values.

Figure 7. Entrance area of the template tunnel in BVDV. (A)
Superimposition of representative structures of the four loops lining
the template entrance area in the X-ray (PDB entry 1S48, black), APO
(green), and COM (red) structures. Beads correspond to the Cα
atoms of residues A392 (loop L1), F224 (loop L2), and R127 (loop
L4) used to calculate the template entrance area, as they show the
highest variation between the APO and COM. The rest of the protein
(X-ray structure) is shown as a gray molecular surface. (B) Same as
panel A, but only COM is shown together with 227G, represented
with van der Waals spheres. (C) Distribution of the area defined by
Cα atoms of residues R127, F224, and A392, as extracted from
equilibrium MD simulations of the APO and COM. The black vertical
line indicates the value extracted from the X-ray structure (54.6 Å2).
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activity of BVDV and HCV recombinant enzymes. Noteworthy,
as far as BVDV is concerned, is the fact that in cell-based assays
inhibition occurs at concentrations 500-fold higher than in
enzyme assays. Possible explanations could be (i) the lower
membrane permeability of the drug, and/or (ii) the greater
metabolic instability, and/or (iii) the lower accessibility to the
replication complex in BVDV-infected MDBK cells.
To elucidate the molecular reasons for the activity of 227G

against the RdRps of both BVDV and HCV, a thorough
computational investigation was performed. By combining
biased and blind docking with binding site detection programs
(cross-validating our findings), we identified two different
binding sites on HCV and BVDV RdRps. In the case of HCV,
the binding site resides in the same region of the Thumb
domain involved in binding of other indole/benzimidazole
NNIs,49,51,75 i.e., the λ1 loop cavity. In the case of BVDV, a
novel high-affinity site was found in the Finger domain, at the
entrance area of the RNA template tunnel. Interestingly,
binding to this site has been recently described for an allosteric
inhibitor (an N-sulfonyl-anthranilic acid derivative) of the
Dengue RdRp.77

Although different docking methodologies converged to the
same result, further validation was obtained through MD
simulations, which account for the role of dynamical motions of
the RdRp−227G complexes and of the solvent in the binding
process. By adopting MD simulation times much longer than in
our previous work,35 we collected a wider range of statistics of
conformations needed for (a) thorough characterization of the
structural and dynamical properties of the binding pocket and
(b) more reliable calculations of the binding free energy via the
MM/PBSA and MM/GBSA approaches.67,70,78 The need for
such validation is evident in this case by considering that, for
both RdRp−227G complexes, only one orientation of the drug
resulted in stable complexes along multinanosecond MD runs,
which clearly points to a strong specificity of 227G interactions
within the binding site. In addition, it confirms the importance
of explicitly including dynamical motions and solvent effects to
identify false positive from docking, as well as to properly assess
the stability of receptor−ligand adducts (non-negligible
rearrangements leading to optimization of the interactions
also occurred for stable poses).76,79 A further validation of the
binding poses comes from the comparison of the calculated
affinities of 227G for both enzymes. Indeed, the values of ΔGB
were fairly consistent with the 200-fold greater inhibition
potency shown by the compound against the BVDV RdRp than
against HCV RdRp.
The concordance between computational and experimental

data confers further reliability to our hypothesis of different
modes of inhibition of the HCV and BVDV RdRps by 227G. In
the case of HCV, inhibition occurs via a mechanism similar to
that postulated for other indole- and benzimidazole-based
allosteric inhibitors.36,49−54,75 In APO, the tip of the λ1 loop has
an α-helix structure stacking against the Thumb domain and
provides to Thumb and Fingers domains the conformational
flexibility essential for RNA template translocation, thus
favoring RdRp processivity. Therefore, 227G constrains the
enzyme into an open, inactive conformation by binding to the
Thumb domain and, consequently, by preventing its interaction
with the λ1 loop.
In the case of BVDV, we propose an equally articulated

mechanism of RdRp inhibition. Here, the 227G binding site is
lined with regions that are crucial for proper enzyme
functioning. Among them, the N-terminal domain is the most

peculiar, being an exclusive region of the RdRps of other
Flaviviridae.21,22,80,81 Although no clear evidence of the role of
this domain has yet been given, it is believed that, in
combination with the Fingertip region, it forms the entrance
of the RNA template tunnel21,22,81 and its intrinsic movement
(along with the Fingertip regions) might drive translocation of
the template.82 The flexibility of these regions could also be
very important for template translocation.19,21 Binding of 227G
reduces the entrance area to approximately half of its value in
the ligand-free enzyme, because of the convergence of the loops
on the ligand. Further occlusion of this tunnel may be due to
the size of the drug itself, which stacks onto motif I. Because the
latter plays an essential role in binding the incoming NTPs,21

interaction of 227G with the Fingertip region may prevent this
important function. These abundant structural changes also
hamper the movements of the Thumb and Finger domains,
whose coordination is necessary for template translocation
during polymerization.19 In particular, the dynamics of loops
L1−L4 are strongly affected by drug binding. Thus, the intrinsic
functional flexibility of the linker (L4), which is thought to
escort the template into the catalytic site, is remarkably
reduced. In addition, the interaction of 227G with the linker
could also weaken its eventual interactions with a second RdRp
monomer, thus hindering dimer formation and, consequently,
transcription.

■ CONCLUSIONS

In this work, we report the first thorough in silico study of an
NNI lead active against two viruses, HCV and BVDV,
belonging to different genera of the Flaviviridae family. The
identification of different binding regions for the same lead on
the two RdRp proteins points to the fact that, even if a
compound is active against homologous targets, the equivalence
of the underlying mechanisms of action cannot be taken for
granted. Indeed, the basis for the similar activity of 227G
against two viruses apparently lies on its fortuitous capability to
bind to two different regions of homologous enzymes causing
inhibition of the same process (transcription) through different
modes of action. In this respect, 227G exhibits behavior
different from that of 2′-methyl nucleosides, capable of
inhibiting distantly related virus families that, during evolution,
have conserved critical sequences in their RdRp catalytic
sites.19,25

As a consequence, although BVDV remains a useful
surrogate model for identifying new HCV RdRp NIs,15,48

caution should be applied as far as NNIs are concerned. In fact,
the concordance, in terms of the molecular mechanism of
action, between drugs capable of inhibiting the replication of
both BVDV and HCV is still largely unknown. Thus, as in the
case of 227G, inhibition of both BVDV and HCV could be due
only to serendipity, and the possibility of starting a successful
rational design from data obtained in the surrogate model has
to be proven. From this perspective, the inventory of
interactions established between 227G and the HCV and
BVDV RdRps will be the basis of our structure-based strategy
aiming at separately improving the potency of 227G.
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