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Starting from a series of arylazoenamine derivatives, shown to be selectively and potently active against
the bovine viral diarrhea virus (BVDV), we developed a hierarchical combined experimental/molecular
modeling strategy to explore the drug leads for the BVDV RNA-dependent RNA polymerase. Accordingly,
BVDV mutants resistant to lead compounds in our series were isolated, and the mutant residues on the
viral molecular target, the RNA-dependent RNA polymerase, were identified. Docking procedures upon
previously identified pharmacophoric constraints and actual mutational data were carried out, and the
binding affinity of all active compounds for the RdRp was estimated. Given the excellent agreement
between in silico and in vitro data, this procedure is currently being employed in the design a new series
of more selective and potent BVDV inhibitors.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Viruses belonging to the Flaviviridae family are the cause of the
explosively increasing number of emerging infections of humans
and economically important animals. The members of the Flaviviri-
dae are generally classified into three genera: Hepaciviruses, Flavivi-
ruses, and Pestiviruses. Flaviviruses are important human pathogens
prevalent throughout the world, and cause a range of acute febrile
illness and encephalitic and hemorrhagic diseases. Although an
effective vaccine against YFV has been available since the late
1930s, utilization is incomplete in many areas.1 Worldwide, more
than 170 million people are chronically infected with the hepatitis
C virus,2–4 and thus at increased risk of developing some life-threat-
ening liver disease (including chronic hepatitis, cirrhosis, and
hepatocellular carcinoma).5,6 The gravity of HCV infection is com-
pounded by the inadequacy of currently approved treatments for
the disease. These are based on modified interferons, and show var-
iable success rates, due both to their limited efficacy (50–60% of pa-
tient treated) and the often associated serious side effects.7,8

Therefore, alternative agents for the treatment and prevention of
HCV infection are urgently needed.9
ll rights reserved.

: +39 040 569823.
ricl).
The bovine viral diarrhea virus (BVDV) is the prototype of the
genus Pestivirus within the family of Flaviviridae. The genus Pesti-
virus contains other important animal pathogens, such as the clas-
sical swine fever virus (CSFV) and the border disease virus (BVD)
that cause diseases in pigs and in sheeps, respectively.

The pathogenic biotype of BVDV in cattle causes a variety of
clinical manifestations, ranging from the subclinical to death.10–12

For the United States alone, this translates approximately into a
loss of 10–40 million US$ for million calves. These losses are pro-
jected into reduced milk production, limited reproductive perfor-
mance, growth retardation, and increased mortality among
young stocks.13

To date, vaccines are available for BVDV and CSFV and massive
eradication or control programs are currently implemented in many
countries worldwide;14 notwithstanding, both viruses remain a
serious agronomical burden. An innovative perspective in this re-
spect could be the prophylactic use of antiviral agents that specifi-
cally and selectively inhibit viral replications in ranches and farms
in close proximity of an infected location. Herd treatment with ac-
tive molecules might not only result in efficacious and rapid protec-
tion against infection but, also, in preventing virus transmission and,
consequently, in avoiding massive sculling of healthy animals.

Notably, BVDV is also still considered to be a valuable surrogate
virus for HCV virus.15 Indeed, in some aspects of viral replication,
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BVDV is more advantageous in comparison to the currently used
HCV replicon system,16—a surrogate cell-based system in which
replication of subgenomic viral RNA can be studied—as the latter
does not undergo a complete replication cycle. Hence, the early
and late stages of the viral replication cycle cannot be studied in
the HCV replicon system. Although very recently, robust and effi-
cient HCV cell culture systems have been described in the litera-
ture,17 important insight into the mechanism of antiviral activity
of anti-Pestivirus compounds may provide valuable information
for the design of novel antiviral strategies against HCV.15,18

The replicative cycle of all viruses of the Flaviviridae family is
similar. After binding to the target receptor, the virus penetrates
into the cell and its (+)-strand RNA is released from the nucleocap-
sid into the cytoplasm. The released viral RNA is translated into a
polyprotein which, in the course of the infection, is cleaved co-
and post-translationally by both host cell proteases and virus-en-
coded proteases. In the case of BVDV, the amino-terminal portion
of the polyprotein is processed into six structural proteins (Npro,
C, Erns, E1, E2, and p7), while the proteolitic processing of the car-
boxy-terminal of the polyprotein results in five mature, nonstruc-
tural proteins (NS2, NS3, NS4A, NS5A, and NS5B). Although some
aspects of the mechanisms of BVDV RNA replication are still ob-
scure, the current knowledge substantiate the evidence that BVDV
employs a strategy utterly analogous to that of other (+)-strand
Scheme 1. Structures of the arylazoenamines considered in this work. The
structural details of the entire compound series is given in Table 1.

Table 1
Antiviral activity22 of the arylazoenamines of structure A (1–17) and B (18–23)

Compound Aryl BVDV EC50
a (lM) Compou

1 4-F-Ph >56 13
2 2-Cl-Ph >100 14
3 3-Cl-Ph >20 15
4 4-Cl-Ph >60 16
5 3-Br-Ph >10 17
6 4-Br-Ph >59 18
7 3-CF3-Ph >8 19
8 3-NO2-Ph >100 20
9 4-NO2-Ph 86 21

10 3,4-DiCl-Ph >30 22
11 3,5-DiCF3-Ph >31 23
12 3-CF3-4-F-Ph >100 NM-108

a Compound concentration (lM) required to achieve 50% protection of MDBK cells fro
the MTT method.22
RNA viruses. Accordingly, upon infection of cells, the genomic
RNA serves as an mRNA and is translated to produce the viral non-
structural proteins which are necessary for BVDV replication. Viral
RNA replication is initiated using the (+)-strand RNA as a template
for the synthesis of a full length complementary minus-strand
RNA. This synthesis is carried out by a membrane associated repli-
case complex consisting of two essential proteins of the replication
cycle: the NS3 protein with its nucleoside-triphosphatase and heli-
case (NTPase/helicase) activities, and the NS5B, endowed with
RNA-dependent RNA polymerase (RdRp) activity. The (�)-strand
RNA is then transcribed into the corresponding (+)-strand RNA
which, in turn, is assembled into the nucleocapsid. Importantly,
both (�)- and (+)-strand viral RNA can be detected at 4 h post
infection (pi), with a ratio (+)/(�) strands of 2:1 at 4 h pi, and
10:1 at 12 h pi.19 Progeny virus can be detected as early as 8 h
pi.20 Although the NS proteins are not constituents of the virus par-
ticles, their intact functions, particularly as components of the rep-
lication complex, are essential for virus replication.21 In this
context, the NS5-associated RdRp appear to be an exceptionally
attractive target for termination of viral replication.

As part of a large program of design, synthesis, in silico, and
in vitro screening of new classes of non-nucleoside inhibitors of
BVDV (as a surrogate for HCV), we recently reported on the activity
of selected classes of arylazoenamines, 28 of which were found to
elicit antiviral activity against BVDV (Scheme 1, Tables 1 and 2).22

Despite the high toxicity on the host cells often observed for
these molecular series,22 several compounds exhibit EC50 values
comparable with that of the reference drug, NM-108 (EC50 = 1.7
lM). On the whole, the EC50 values for 9 of these active principles
were determined to be in the sub/micromolar range (0.8–10 lM),
11 compounds had EC50 between 11 and 30 lM, and only 8 had
EC50 in the range 31–100 lM.

To identify the molecular structure requirements in the avail-
able series of compounds to act as effective BVDV inhibitors, a
three-dimensional pharmacophore model was also developed,22

consisting of two hydrogen bond donor groups and one hydropho-
bic aromatic feature. The application of this simple but effective li-
gand-based approach to a test set of compounds showed that it is
able to accurately predict the activity of all compounds towards
the viral pathogen.

With the aim of determining whether a viral protein is targeted
by our arylazoenamine series along the replication pathway of
BVDV, to propose a molecular rationale for the mechanism by
nd Aryl BVDV EC50
a (lM)

3-CF3-4-Cl-Ph >35
3-CF3-4-Br-Ph 61
3-NO2-4-Cl-Ph >18
1-Naphtyl 6
7-Cl-1-quinolyl 5
4-Cl-Ph >30
3-NO2-Ph >68
3,4-DiCl-Ph >67
3-CF3-4-Cl-Ph >21
1-Naphtyl 3.5
1-Phthalazyl >100

(20-b-methylguanosine) 1.7

m BVDV (bovine viral diarrhea virus) induced cytopathogenicity, as determined by



Table 2
Antiviral activity22 of arylazoenamines of structure C (24–43) and D (44–63)

Compound Aryl BVDV EC50
a (lM) Compound Aryl BVDV EC50

a (lM)

R = CH3 R = CH3

24 Phenyl >100 44 Phenyl 10
25 4-F-Ph >48 45 4-F-Ph 18
26 2-Cl-Ph 100 46 4-Cl-Ph 21
27 3-Cl-Ph 12 47 3-Br-Ph 9
29 4-Cl-Ph >58 48 4-Br-Ph 11
29 3-Br-Ph 19 49 3-CF3-Ph 21
30 4-Br-Ph 60 50 3-NO2-Ph 5.5
31 3-CF3-Ph 90 51 4-NO2-Ph 19
32 3-NO2-Ph 0.8 52 4-CH3-Ph 20
33 4-NO2-Ph 11 53 4-CH3-O-Ph 18
34 4-CH3-Ph >100 54 3,4-DiCl-Ph 16
35 3,4-DiCl-Ph 7 55 3,5-DiCF3-Ph >36
36 3,5-DiCF3-Ph >64 56 3-CF3-4-F-Ph 100
37 3-CF3-4-F-Ph >100 57 3-CF3-4-Br-Ph 46
38 3-CF3-4-Cl-Ph >28 58 PentaF-Ph >100
39 3-CF3-4-Br-Ph 40 R = CH2–C6H5

40 3-NO2-4-Cl-Ph >61 59 Phenyl >74
41 PentaF-Ph >100 60 4-Cl-Ph >18
42 1-Naphtyl 5 61 4-CH3-Ph >22
R = CH2–C6H5 62 3,4-DiCl-Ph >79
43 3-CF3-4-Cl-Ph >28 63 3-CF3-4-Cl-Ph >14

a Compound concentration (lM) required to achieve 50% protection of MDBK cells from BVDV (bovine viral diarrhea virus) induced cytopathogenicity, as determined by
the MTT method.22
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which our compounds could inhibit this protein, and to develop a
predictive tool for the design of a second generation of more potent
and selective inhibitors, we applied a combined computational/
experimental procedure which included the application of the fol-
lowing, sequential steps: (1) experimental isolation of BVDV mu-
tants resistant to the most active compounds; (2) demonstration
that the causal mutations resided in the NS5B, the viral RNA-
dependent RNA polymerase; (3) molecular docking based upon
information obtained from the 3D-pharmacophore model, and
(4) molecular-mechanics/Poisson–Boltzmann/surface area (MM/
PBSA) calculations to estimate the binding affinities of the com-
pounds to the target enzyme.

2. Isolation of BVDV resistant mutants

The lead compound in our arylazoenamine derivative series,
1-methyl-3-(3-nitrophenylazo)-1,4,5,6-tetrahydropyridine (32),
Figure 1. Effect of compound 32 on BVDV growth. (A) single cycle of BVDV replication.
same test has been performed using the nucleoside analog NM-108 (open circles) for co
was identified as an inhibitor of BVDV replication in a multicycle
growth assay (MTT assay), with an EC50 value of 0.8 lM and a
CC50 >100 lM on Madin Darby Bovine Kidney (MDBK),22 which
provides a therapeutic or selectivity index (SI) higher than 125.
To gain further insight on the activity of 32, a time-of-(drug)addi-
tion experiment was performed to ascertain at what stage virus
replication was inhibited by compound 32. The kinetics of one rep-
lication cycle of BVDV was first determined by viral yield assay, as
shown in Figure 1A. In agreement with previous publica-
tions,18a,b,19,23 viral progeny was not detected until �7 h pi, after
which a considerable increase in viral yield was detected until
13 h pi Figure 1B illustrates the results from the time-of-addition
experiment, during which compound 32 was added at different
times pi, with progeny virus harvested at 23 h pi and quantified
on MDBK cells. As can be clearly seen from Figure 1B, when 32
was added during the first 6 h pi, it resulted in the complete inhi-
bition of virus production, with more than 104-fold reduction on
(B) Effect of time of drug addition on the antiviral activity of 32 (filled circles). The
mparison. Infected control: continuous line.



Table 4
Susceptibility of wild type and 32R BVDV to compound 42 and three benzimidazole
derivatives26

Compound CC50 (lM) EC50 (lM) EC50 (lM)
MDBK BVDVwt 32R

42 >100 5 >100
C1a >100 0.8 >100
C2a 58 1 >100
C3a 79 1.5 >79

a These compounds have the general formula

where: R0 = 5-NO2 and R000 = CH3CO for

C1, R0 = 5,6-diCl and R000 = CH3CO for C2, and R0 = 5-NO2 and R000 = H for C3,
respectively.
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viral yield observed. When 32 was added at 8 h pi, a gradual loss in
its antiviral efficacy was noted. The same test was run using the
reference compound NM-108 (20-b-methylguanosine),24 a nucleo-
side analog which acts as a substrate for the viral RNA-dependent
RNA polymerase (RdRp), and as such incorporated into the nascent
nucleic acid chain where it causes chain termination and, conse-
quently, inhibits BVDV replication. The comparison of the two
time-of-addition curves reported in Figure 1B strongly supports
the indication that compound 32 is able to inhibit BVDV replication
after viral entry and prior to viral budding from the infected cells.
Moreover, as a single cycle of BVDV replication takes approxi-
mately 13 h on average (Fig. 1A), the gradual increase of viral yield
at 6–8 h pi is very likely to coincide with the formation of func-
tional viral replication complexes. Therefore, in keeping with pre-
vious evidences on different compounds inhibitors of the BVDV
RdRp,18,23,25 the corresponding gradual loss of antiviral efficacy of
32 noted at a time point later than 6 h pi corroborates the hypoth-
esis that it may act as an allosteric inhibitor of the viral polymerase
as well.

In a further effort to confirm the molecular target underlying
the viral activity of our compound series, compound-32- and com-
pound-42-resistant viruses were selected. Beside indications on
the molecular target, the isolation of BVDV resistant strains and
the determination of the causal mutations involved in drug resis-
tance would constitute fundamental information for driving the
successive molecular docking operation.

32R and 42R BVDV viruses were selected propagating wild-type
BVDV in MDBK cells in the presence of increasing concentrations of
the antiviral agents. To determine the gene targeted by our com-
pounds, the region of the BVDV genome encoding the non struc-
tural proteins NS3-NS5B was sequenced. By comparing the
sequences of this region obtained from the 32R and 42R clones to
the parent wild type strains (GeneBank Accession number
AJ781045), mutations were detected at three different positions
of the NS5B, that is, the gene that encodes the RdRp. No other
mutations were found throughout the NS region of the drug-resis-
tant virus genes. These positions, together with the corresponding
wild-type/mutated residues and the concentrations at which drug-
resistant viruses were isolated, are summarized in Table 3.

Interestingly, both 32R and 42R BVDV clones feature a change in
the amino acid coding sequence from a glutamic acid to a glycine
at position 291 along the primary sequence of the RdRp. This muta-
tion has already been demonstrated to be sufficient and necessary
to confer resistance to compound-1453, a cyclic urea derivative
inhibitor of the BVDV RNA-dependent RNA replicase,18a and
AG110, an imidazopyrrolopyridine that potently prevents the Pes-
tivirus replication.18f Mutation I261 M identified in the 42R virus
was recently reported by us to be involved in BVDV resistance
against some potent and selective 2-phenylbenzimidazole deriva-
tives,26 whilst the other mutation, K131E, found in the 32R clone,
has not been reported so far. Finally, the mutation S176R, present
in both resistant isolates, is likely not to be involved in drug resis-
tance, as there are several wild type strains of BVDV having an argi-
nine at position 176.

The important residues found mutated in the isolated drug-
resistant BVDVs—E291G, I261 M, and K131E—are located in the
finger domain of the RdRp (vide infra). This region, in analogy with
structurally-related HCV RdRp, is believed to play several critical
Table 3
Mutated residues in 32R and 42R BVDV RNA dependent RNA polymerase (NB5B RdRp),
and relevant concentrations at which the resistant viruses were isolated

Compound �EC50 (lM) Mutations

32 16 K131E, S176R, E291G
42 16 S176R, I261M, E291G
roles in the enzyme activity, ranging from modulation of finger
flexibility for template/product translocation, eventual dimeriza-
tion of the RdRp in the replication complex, or protein–protein
interactions, enabling the assembly of an active replication
complex.27 Also, quite interestingly, these amino acids locate in
the close vicinity of F224, a residue previously reported as mutated
in BVDV viruses resistant to other highly selective inhibitors, for
example, (3-[((2-dipropylamino)ethyl)thio]-5H-1,2,4-triazino[5,6-
b]indole (VP32947)23 and 5-[(4-bromophenyl)methyl]2-phenyl-
5H-imidazo[4,5-c]pyridine (BPIP).18b

Noticeably, 32R virus was found fully resistant not only to com-
pound 42, as expected, but also to three potent BVDV inhibitors
based on a benzimidazole scaffold used as test molecules, as shown
in Table 4.

The overall results reported above clearly support the hypothe-
sis that not only the BVDV RNA-dependent RNA polymerase is the
protein target for our arylazoenamine derivatives, but also that the
E291G mutation in this viral protein in particular is responsible for
the viral phenotypes resistant against this molecular series. To
examine this inhibition in more detail, we cloned and expressed
the BVDV NS5B,28 and studied the effects of compounds 32 and
42 on the activity of this viral protein. The enzymatic inhibition as-
says showed that these compounds inhibit the RNA polymerase at
micromolar concentrations, in a dose dependent way, ultimately
indicating that the RdRp is indeed their target. Since BVDV is often
used as a surrogate model to screen antiviral agents against HCV,
the two compounds were also assayed against HCV1b polymerase
and found to inhibit this enzyme with similar IC50 values, as shown
in Table 5.

3. Molecular docking onto the BVDV RdRp

The crystal structure of RdRp from several families of single- or
double-strand RNA viruses, including BVDV,29,30 have been re-
cently made available in the Protein Data Bank (PDB) repository.
As other RdRps, the tertiary structure of this protein from BVDV
presents the shape of a right hand, composed by fingers, palm,
and thumb domains. In particular, the BVDV RNA-dependent
RNA polymerase core domain (residues 139–679) has dimensions
of approximately 74 � 60 � 58 Å around a central cavity,29 which
serves for RNA template binding, nucleotides recruitment, and
polymerization reaction. In addition, there is an N-terminal region
Table 5
In vitro BVDV and HCV1b polymerase inhibition assay for compounds 32 and 42

Compound IC50 (lM) IC50 (lM)
BVDV HCV

32 32 30
42 28 55



Figure 2. (A) Overview of the entire structure of the RdRp of BVDV. The protein domains are colored as follows: hot pink, N-terminal domain (residues 93–138); dodger blue,
finger domain (residues 139–313 and 351–410); palm domain, forest green (residues 314–350 and 411–500); golden rod, thumb domain (residues 501–679). The N-terminus
of the finger domain which, together with a long insert in the fingers domain forms the fingertip region (residues 137–173 and 260–288) is highlighted in orange. (B) Mapping
of the most active compound 32 onto the 3D pharmacophore model developed for this series of compounds.22 The hypothesis features are portrayed as mashed spheres,
color-coded as follows: light blue, hydrophobic aromatic (HYAr); light green, hydrogen bond acceptor (HBA). The HBA feature is actually represented as a pair of spheres (the
smaller sphere represents the location of the HBA atom on the ligand and the larger one the location of an HB donor on the receptor).
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(residues 71–138) of which residues 71–91 are disordered in the
relevant crystal structure (see Fig. 2A).

In a previous work, we employed a ligand-based computational
approach to identify the molecular structure requirements in the
present series of compounds to act as effective BVDV inhibitors.22

The highly predictive three-dimensional pharmacophore model
generated consisted of two hydrogen bond donor and one hydro-
phobic aromatic feature, as illustrated in Figure 2B. Using these
constraints combined with the information on key amino acids
identified by mutation (see Section 2), we searched for a putative
binding site of our molecular series on BVDV RdRp, following our
recently published successful protocol developed for studying allo-
steric inhibitors of BVDV,26,31 and Polio-virus helicase.32 In line
with previous findings, the resulting portion of the enzyme making
up the putative binding site interacting with the inhibitors is
located in the fingers domain (residues 139–313 and 351–410),
consisting of 12 a-helices and 11 b-strands (see Fig. 3). In BVDV
RdRp, as in other viral RdRps, the N terminus of the fingers domain,
together with a long insert in the fingers domain (residues
260–288), form the fingertip region that associates with the thumb
domain. This region is characterized by a three-strand conforma-
tion, and since the fingers and the thumb domains are associated
through this fingertip region, the conformational change induced
by the RNA template binding into the central channel is somewhat
limited. The remainder of the fingers domain is comprised of a
b-strand rich region (b-fingers) and a a-helix rich region (a-
fingers) close to the palm domain. The fingertip region contains
polymerase motifs I and II, which are involved in RNA template
and NTP binding. Mutagenesis studies in this region of this protein
(and on the analogous enzyme from HCV) have been shown to
result in drastically reduced polymerase activity.34 Thus, the fin-
gertip region seems to play a major role in the polymerase working
mechanism, and it could seem conceivable that the flexibility of
the fingertip region is an intrinsic property of the polymerase, nec-
essary for binding and translocation of template during the nascent
strand elongation process.

According to the procedure adopted, all compounds were char-
acterized by a similar docking mode in the putative binding site of
the BVDV RdRp, as exemplified by compound 32 in Figure 3.

An analysis of the best docking pose of 32 into the putative
binding site of BVDV RdRp reveals that three residues lining the
pocket are found to satisfy the pharmacophore hypothesis require-
ments (see Fig. 3D). The first hydrogen bond acceptor (HBA) feature
on the inhibitor, represented by an oxygen atom of the nitro group
(see Fig. 2B), localizes hydrogen bond acceptor structures that are
in an ideal position for forming hydrogen bonds with the donor
guanidinium group of R295 on the receptor. The second HBA fea-
ture of 32, represented by one of the nitrogen atoms of the aza
group (see Fig. 2B), finds its counterpart in the terminal NH2 group
of N217. The remaining hydrophobic aromatic feature (HYAr) is
satisfied both by a partial p–p stacking interaction of the aromatic
rings of 32 and the side chain of Y674 in an edge-on (T-stacking)
geometry, and an apt encasement of the phenyl ring of the inhibi-
tor in an extended hydrophobic cage (see Section 4 for a detailed
discussion). Finally, the amino acids found mutated in BVDV RdRp
variants resistant to our series of compounds (Table 3 and Fig. 3D)
are also located in close distance to the inhibitor, and this evidence
could ultimately account for the inactivity of these series against
viruses expressing these mutated proteins.
4. MM/PBSA drug/protein affinity calculations

The ability to accurately predict binding affinities from struc-
tural considerations is an essential prerequisite to develop a ther-
modynamically sound strategy for drug design. Further, the quests
for computationally expeditious yet reliable methods for obtaining
free energy of binding estimates for a considerable number of com-
pounds to a given receptor is still a critical issue to be used along
the process of structure-based drug design.35,36

Despite the enormous size of the conformational space for a gi-
ven ligand, current docking methodologies have been successfully
employed by our group in reproducing crystallographic evidences
as well as to predict putative binding modes.22,28,31,32,37 However,
conformational sampling also plays an important role in calculat-
ing the binding free energy accurately and efficiently. The confor-
mational flexibility of a given inhibitor and its receptor can be
taken into account, resorting to a wise strategy that employs a
rapid and lower level method such as flexible inhibitor/rigid recep-
tor docking at the beginning (Section 3), and turning to the more
accurate and quantitative method as the MM/PBSA analysis35 sam-
pled by molecular dynamics (MD) simulations only once the best



Figure 3. (A) Overall and (B) detailed space filling representation of the BVDV RdRp molecular surface and compound 32 docked into the protein putative binding site. The
inhibitor is in a stick representation, with carbons in gray, nitrogens in blue, and oxygens in red. (C) Ribbon diagram of BVDV RdRp/32 complex structure as resulting from the
applied docking procedure. The protein is colored according to its secondary structure: a-helices, dark olive green; b-sheets, dark red; coils, dark slate gray. The inhibitor 32 is
again in stick representation (color code as above). (D) Details of compound 32 in the binding pocket in the enzyme fingertip motif. Color scheme as above. The side chains of
the three residues satisfying the 3D pharmacophore model requirements for the interaction with compound 32, and those of the residues involved in resistant mutations, are
shown as colored stick models, according to the following color-coding: K131, tan; S176, hot pink; N217, salmon; I261, purple; Y289, dark cyan; E291, chartreuse; R295,
golden rod. Hydrogen atoms, counterions, and water molecules are omitted for clarity.
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pose has been identified and all eventual available criteria have
been satisfied.

According to this computational perspective, we performed
MM/PBSA calculations for the 28 compounds endowed with activ-
ity against BVDV, starting from the corresponding BVDV RdRp/
inhibitor complex structures obtained from the docking procedure
described in the preceding section. In MM/PBSA calculations, the
affinity of a ligand binding to a protein can be estimated by two
protocols: (i) evaluate all terms using separate trajectories of com-
plex, protein, and ligand (separate-trajectory protocol) or (ii) using
the snapshots from the MD trajectory of the complex (single-tra-
jectory protocol). Indeed, pathway (ii) is much faster than (i) and
potentially requires less sampling because of the intramolecular
energies cancel out when calculating the association energy. Upon
comparing results obtained from using both protocols on some
tests compounds and the influence of different length of conforma-
tional sampling (data not shown), and considering the high
stability of the prediction, the single-trajectory protocol was then
applied throughout this study.

The calculated DGbind values for all molecules are listed in
Table 6.

According to the energy components of the binding free energies
DGbind (Table 6), the major favorable contributions to ligand bind-
ings are van der Waals (DEVDW) and electrostatic (DEEL) terms,
whereas polar solvation (DGPB) and entropy (TDS) terms oppose
binding. Nonpolar solvation terms (DGNP), which correspond to
the burial of the solvent-accessible surface area (SASA) upon bind-
ing, contribute slightly favorably. Specifically, for this series of com-
pounds, the mean value of the electrostatic energy (DEEL + DGPB) is
approximately +32 kcal/mol, whilst the corresponding mean values
of the van der Waals and hydrophobic overall interaction energies
(DEVDW + DGNP) are�53 kcal/mol, confirming that, in line with sev-
eral previous findings, the association between the ligands and the
RdRp is mainly driven by more favorable nonpolar interactions in
the complex than in the solution, in keeping with a proposed gen-
eral scheme for non-covalent associations.22,28,31,32,37,38 The calcu-
lated changes in solute entropy, �TDS, are physically reasonable
and confined within a small range of values, an expected results
as the major role in determining the overall conformation of these
compounds is played by the invariant presence of the rigid aza moi-
ety bound to the aromatic ring. More importantly, it is quite
encouraging that the experimental rank of our compound series to-
ward BDVD RdRp is well consistent with our in silico prediction
(vide infra for a detailed discussion).

The application of the MM/PBSA analysis on the lead compound
32 reveals further, interesting details about the binding modes of
this compound with the residues lining the putative binding site
on the surface of the BVDV RdRp (seeFig. 4A). In particular, the nitro
group of the inhibitor is able to establish a bifurcated hydrogen
bond with the guanidinium group of R295, characterized by a dy-
namic average length (ADL) of 2.6 ± 0.1 Å and 2.9 ± 0.2 Å, respec-
tively, as evidenced in Figure 4B. This interaction satisfies the first
3D pharmacophore requirement, that is, the HBA feature. Further,
one nitrogen atom of the aza moiety present on the inhibitor is



Table 6
Free energy components and total binding free energies for the 28 arylazoenamine compounds active on BVDV RdRp

9 14 16 17 22 26 27 29 30 31 32

DEVDW �45.26
(0.14)

�46.51
(0.12)

�49.24
(0.13)

�49.72
(0.13)

�48.83
(0.15)

�47.79
(0.16)

�49.03
(0.12)

�49.32
(0.16)

�47.76
(0.15)

�46.92
(0.13)

�49.02
(0.11)

DEEL �23.72
(0.25)

�21.95
(0.24)

�22.19
(0.24)

�21.88
(0.27)

�23.35
(0.25)

�23.01
(0.27)

�22.49
(0.24)

�22.36
(0.26)

�22.03
(0.28)

�22.99
(0.30)

�23.65
(0.23)

DGPB 55.42
(0.22)

54.92
(0.19)

55.25
(0.21)

54.98
(0.19)

53.37
(0.23)

54.03
(0.24)

55.56
(0.19)

56.03
(0.21)

55.98
(0.22)

53.43
(0.23)

53.98
(0.19)

DGNP �4.75
(0.00)

�5.43
(0.01)

�5.07
(0.01)

�5.15
(0.01)

�4.99
(0.00)

�4.15
(0.01)

�5.01
(0.01)

�5.30
(0.00)

�5.61
(0.01)

�5.32
(0.00)

�5.27
(0.00)

TDSsolute 11.28
(0.83)

11.76
(0.86)

12.65
(0.83)

13.02
(0.75)

14.91
(0.80)

13.99
(0.89)

12.74
(0.95)

12.98
(0.75)

12.20
(0.91)

14.74
(0.98)

14.17
(0.72)

DGbind �7.03 �7.21 �8.60 �8.75 �8.89 �6.93 �8.23 �7.97 �7.22 �7.06 �9.79

33 35 39 42 44 45 46 47 48 49 50

DEVDW �49.94
(0.12)

�47.93
(0.12)

�48.17
(0.15)

�49.83
(0.14)

�49.75
(0.15)

�48.78
(0.16)

�48.16
(0.13)

�49.22
(0.15)

�49.75
(0.11)

�47.37
(0.12)

�49.78
(0.14)

DEEL �22.37
(0.26)

�24.60
(0.30)

�22.03
(0.26)

�23.02
(0.24)

�23.11
(0.25)

�21.45
(0.28)

�23.31
(0.29)

�25.06
(0.28)

�23.74
(0.25)

�24.01
(0.28)

�23.72
(0.26)

DGPB 56.01
(0.21)

55.89
(0.20)

56.22
(0.23)

56.02
(0.21)

57.10
(0.23)

54.97
(0.18)

54.59
(0.21)

57.82
(0.21)

58.23
(0.24)

53.89
(0.23)

55.56
(0.20)

DGNP �4.89
(0.01)

�5.73
(0.00)

�4.78
(0.01)

�5.36
(0.01)

�4.48
(0.01)

�5.22
(0.00)

�4.43
(0.00)

�4.99
(0.01)

�4.36
(0.01)

�5.02
(0.01)

�4.32
(0.01)

TDSsolute 12.93
(0.83)

13.82
(0.92)

11.30
(0.77)

13.41
(0.82)

12.15
(0.85)

12.53
(0.93)

13.23
(0.87)

13.09
(0.86)

11.38
(0.73)

14.63
(0.91)

13.63
(0.81)

DGbind �8.26 �8.55 �7.46 �8.78 �8.29 �7.95 �7.87 �8.36 �8.24 �7.88 �8.63

51 52 53 54 56 57

DEVDW �48.63
(0.13)

�45.93
(0.11)

�50.07
(0.14)

�43.69
(0.16)

�47.53
(0.14)

�46.72
(0.11)

DEEL � 21.53
(0.25)

�21.32
(0.30)

�21.47
(0.24)

�20.44
(0.25)

�19.15
(0.24)

�21.04
(0.29)

DGPB 55.18
(0.19)

53.34
(0.25)

54.82
(0.20)

47.95
(0.18)

50.61
(0.23)

52.15
(0.20)

DGNP �5.60
(0.01)

�5.97
(0.00)

�4.81
(0.00)

�6.02
(0.01)

�4.88
(0.01)

�4.26
(0.00)

TDSsolute 12.67
(0.97)

11.99
(0.70)

13.55
(0.79)

14.12
(0.98)

14.01
(0.89)

12.37
(0.93)

DGbind �7.91 �7.89 �7.98 �8.08 �6.94 �7.47

All values are in kcal/mol. Errors are given in parenthesis as standard errors of the mean.

Figure 4. (A) Ribbon diagram of BVDV RdRp/32 complex structure taken from an equilibrated molecular dynamics snapshot. The protein is colored according to its secondary
structure: dark olive green, a-helices; dark red, b-strands, dark slate gray, coils. The inhibitor 32 is represented as a stick model with carbons in gray, nitrogens in blue, and
oxygens in red (hydrogens are not shown). A shell of water molecules is depicted as atom-colored lines. Chlorine and sodium counterions are visualized as green and magenta
spheres, respectively. (Note that spheres and sticks size are not in scale for graphical purposes). (B) Details of compound 32 (in a stick representation) in the binding pocket in
the enzyme fingers domain. Hydrogen bonds are highlighted as light yellow broken lines. The water molecule engaged in hydrogen bonding is portrayed as atom-colored
sticks-and-balls (red, oxygens, white, hydrogens). The side chains of all residues that form the primary binding pocket interacting with 32, including the mutant residues are
shown as stick models, and the color coding is the following: S176, hot pink; N217, salmon; G220, orange; A221, green; A222, dark slate blue; G223, dark kaki; F224, dark red;
T259, white; A260, light green; I261, purple; P262, dark olive green; K263, magenta; Y289, dark cyan; E291, chartreuse; R295, golden rod. Residue K131 is out of sight.
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found to be engaged in stable hydrogen bond with the NH2 group of
the side chain of N217, with ADL = 3.1 ± 0.2 Å, thus fulfilling the
second HBA pharmacophore feature. Finally, the aromatic ring of
32 is nicely encased in a hydrophobic subsite, delimited by the
backbone and side chains of the ceiling residues T259, A260, I261,
on one side and P262 on one side, and G220, A221, A222, and
G223 on the other. Also, the phenyl ring is further stabilized by
favorable dispersion forces due to a partial p–p stacking with
Y289. Accordingly, the third pharmacophore feature (i.e., HYAr) is
also completed by this plethora of hydrophobic interactions.
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Finally, the second nitrogen atom of the –N@N– group is also en-
gaged in a persistent, water-mediated hydrogen bond (through
water 1522) with the side chain –NH3

þ moiety of K263
(ADL = 2.9 ± 0.2 Å and 3.0 ± 0.1 Å, respectively, see Figure 4B). The
presence of all these stabilizing interactions account for the favor-
able value of the estimated free energy of binding
(DGbind = �9.79 kcal/mol, EC50 = 0.8 lM), for this inhibitor of the
BVDV RdRp, making it the lead compound for this molecular series.

Compound 27 shows an intermediate affinity for the BVDV poly-
merase target, being characterized by an estimated DGbind = �8.23
kcal/mol, and an experimental EC50 value of 12 lM. The analysis of
the corresponding MD trajectory reveals that this compound is
missing one of the critical H-bond, required for optimal pharmaco-
phore mapping (see Fig. 5A). Nevertheless, all other stabilizing
interactions, including the hydrogen bond between the first N atom
of the –N@N– group and N217 (ADL = 2.9 ± 0.2) and the water-
mediated hydrogen bond between the nitrogen of the aza moiety
and the side chain of K263 (ADL = 3.1 ± 0.1 Å and 3.2 ± 0.1 Å,
respectively), are persistently detected along the entire 10 ns tra-
jectory, thus accounting for the corresponding inhibitory capacity
of this compounds with respect of its viral target receptor.

Finally, it is instructive to consider the MD evidences for 56, one
of the least active compounds (DGbind = �6.94 kcal/mol, EC50 = 100
lM). The analysis of the MD trajectory reveals only the existence of
an intermittent, short lived H-bond bridging the –N@N– group to
the side chain of K263 via water 2156. However, as exemplified
in Figure 5B, along the entire MD run this molecule is not able to
adjust its conformation within the putative binding site of the
receptor so as to fulfill the intermolecular interaction required
for a productive binding. Accordingly, only a very low activity, if
at all, is predicted, in accordance with both in silico and experi-
mental data.

In order to gain a deeper insight of the binding energetics and
mechanism of our compound series, we split the total free energy
of RdRp binding into contributions from individual ligand–residue
pairs, as shown in Figure 6 for compounds 32, 27 and 56 as repre-
sentative examples. In accordance with the visual inspections and
the geometrical evidences reported in Figures 4 and 5, four major
clusters centering around the key residues S176, N217, I261, and
R295 emerged. Of note, all these important residues are involved
in strong van der Waals interactions and/or topical hydrogen bond-
Figure 5. Zoomed view of compounds 27 (A) and 56 (B) in the binding pocket in the en
gray, nitrogens in blue, and oxygens in red (hydrogens are not shown). Hydrogen bonds a
bonding is portrayed as atom-colored sticks-and-balls (red, oxygens, white, hydrogens). T
32, including the mutant residues are shown as stick models, and the color coding is the f
blue; G223, dark kaki; F224, dark red; T259, white; A260, light green; I261, purple; P262
rod. Residue K131 is out of sight, as in Figure 4B.
ing with the inhibitors. A further observation stemming from this
energy decomposition analysis is that, in line with the correspond-
ing EC50 and DGbind values, the overall number and the intensity of
these interactions correctly decrease in the order 32 > 27� 56.
This, in turn, results in comparable van der Waals contacts
between 32 and 27 (i.e., DEVDW = �49.02 and �49.03 kcal/mol,
respectively, see Table 6), and in a neat decrease for the same
quantity in the case of compound 56 (�47.53 kcal/mol). Concomi-
tantly, this is reflected in the opposite behavior of the electrostatic
contribution to binding, where the progressive disappearance of
pharmacophore-required H-bonds leads to a substantial loss of
stabilizing interactions for the three compounds in the correct or-
der (i.e., DEEL = �23.65, �22.49, and �19.15 kcal/mol for 32, 27,
and 56, respectively, see Table 6).

Ideally, during in silico lead-discovery study, the applied com-
putational recipe should be able to estimate the activity of new
compounds prior to their synthesis. To verify if our MM/PBSA ap-
proach could be useful to this purpose, we classified our set of
compounds on the basis of their activity as moderately active
(EC50 �15 lM, +++), weakly active (15 < EC50 < 100 lM, ++), and
inactive (EC50 �100 lM, +). Then, according to this classification
and taking into account the DGbind values listed in Table 6, we
can easily see that, among the 28 molecules, all 13 active principles
having a DGbind value larger than or equal to �8 kcal/mol can be
classified as active (+++), the 13 moderately active inhibitors char-
acterized by �8 kcal/mol < DGbind � �7 kcal/mol are ranked prop-
erly (++), and the 2 inactive compounds with DGbind smaller than
�6 kcal/mol are correctly classified as such (+).

A further step in our modeling procedure consisted of modeling
the two lead compounds for which resistant mutant proteins were
identified (i.e., 32 and 42) in the corresponding BVDV RdRp binding
site (see Fig. S1) and to estimate the relevant binding energies.
This, with the ultimate goal of testing the ability of the current
computational methodology to account for observed drug resis-
tance (see Section 2). Table 7 reports the calculated free energy
of binding values and their components for 32 and 42 in complex
with K131E/E291G and I261M/E291G mutant BVDV RdRps,
respectively.

It is quite encouraging to see that the estimated values of the
affinities for the two compounds 32 and 42 with respect to the cor-
responding resistant mutant RdRp isoforms are in line with the
zyme fingers domain. The inhibitor is represented as a stick model with carbons in
re highlighted as light yellow broken lines. The water molecule engaged in hydrogen
he side chains of all residues that form the primary binding pocket interacting with

ollowing: S176, hot pink; N217, salmon; G220, orange; A221, green; A222, dark slate
, dark olive green; K263, magenta; Y289, dark cyan; E291, chartreuse; R295, golden



Figure 6. Compound–residue interaction spectrum of BVDV RdRp/32 (A), BVDV RdRp/27 (B), and BVDV RdRp/56 (C) as obtained from the MM/GBSA analysis. The residue
BVDV RdRp is reported along the x-axis, while the y-axis denotes the interaction energy between each inhibitor and the RdRp specific residue.

Table 7
Free energy components and total binding free energies for compounds 32 and 42 on
resistant mutant BVDV RdRps

K131E/E291G I261M/E291G
32 42

DEVDW �48.11 (0.12) �47.23 (0.15)
DEEL �21.34 (0.22) �22.19 (0.28)
DGPB 53.99 (0.17) 55.23 (0.17)
DGNP �5.18 (0.01) �5.32 (0.00)
TDSsolute 14.11 (0.83) 13.30 (0.77)
DGbind �6.53 �6.21

All values are in kcal/mol. Errors are given in parenthesis as standard errors of the
mean.
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available experimental information (see Table 3). Also, the major
variations in the free energy of binding components in the case
of the mutant proteins affect both the van der Waals/hydrophobic
and electrostatic contributions to binding, which exhibit a
remarkable decrease in both cases. Indeed, by defining these vari-
ations as DDEVDW/NP = DEVDW/NP(mutant) � DEVDW/NP(wild-type)
and DDEEL/PB = DEEL/PB(mutant) � DEEL/PB(wild-type) for each
energetic component, respectively, it can be readily seen that a
negative value of the quantity DDE will indicate a stabilization of
the corresponding interaction, whilst a positive value will signal
a decrease in stabilizing interaction upon residue(s) substitu-
tion(s). Accordingly, for compound 32 we have DDEVDW/NP =
+1.00 kcal/mol and DDEEL/PB = +2.32 kcal/mol, while for
compound 42 we have DDEVDW/NP = +2.64 kcal/mol and DDEEL =
+0.04 kcal/mol, ultimately resulting in an overall destabilizing
contribution of DDE = +3.32 kcal/mol in case of compound 32,
and DDE = +2.68 kcal/mol for compound 42.

In order to perform a full investigation of the influence of these
double mutations on the binding of the enzymes with the respec-
tive inhibitors, the compound–residue interaction energy analysis
described above for the wild-type case was applied. Figure 7A
shows the difference between the ligand–residue interactions of
the wild-type RdRp/32 complex and those of the (K131E/E291G)
double mutant RdRp/32 complex, while Figure 7B illustrates the
same quantity in the case of wild-type/(I261M/E291G) double mu-
tant RdRp/42 complex, respectively. By definition, unfavorable res-
idues in the mutant protein will be characterized by positive values
in these figures; vice versa, negative values of the interaction en-
ergy difference will highlight favorable residues in mutant protein
binding. As shown in Figure 7, other residues in addition to the mu-
tant ones afford a contribution to the loss of binding in the mutated
proteins. In the case of compound 32 (see Fig. 7A), the first, unfa-
vorable effect of the presence of the mutant residues is seen to af-
fect those residues clustered around the mutant site K131E, and is
mainly due to a long-range conformational change propagation
which extends to the portion of the flexible loop involving residues
from K255 to D271. The second, unfavorable cluster is located on
S176 and is strictly correlated to the third, unfavorable cluster cen-
tered on Y289. This evidence points out that, notwithstanding the
fact that several wild type strains of BVDV feature an arginine at
position 176 instead of the wild-type serine, this residue might
play a critical role when coupled to the presence of other mutant
amino acids. Also, the overall readjustment of the binding site in
the presence of E291G leads to the overall worsening of the inter-
action energies of residues K131 and S176 upon compound bind-
ing. Interestingly, however, the two important residues I261 and
K263 gain a little in terms of favorable interaction energy with
32, always by virtue of the overall rearrangement of the binding
site. For compound 42 in the binding pocket of the I261M/E291G
double-mutant BVDV RdRp, the unfavorable and favorable residues
can be grouped into three clusters. Interestingly, the rearrange-
ment of the binding site in the presence of the mutant residue
I261M yields a first, favorable cluster of residues around this



Figure 7. Distribution of the difference between the ligand–residue interactions of (A) the wild-type RdRp/32 complex and those of the (K313E/E291G) double mutant RdRp/
32 complex, and (B) the same quantity in the case of wild-type/(I261M/E291G) double mutant RdRp/42 complex, as obtained from the MM/GBSA analysis. Only those
residues with absolute difference values larger than 1 kcal/mol are labeled for clarity. The ±1 kcal/mol value cutoff is highlighted by a dotted line. The insert in panel B
highlights the steric clashes between 42, portrayed in atom-colored sticks with its van der Waals surface in light blue, and residues I287 (brown sticks) and S532 (dark slate
blue sticks), respectively.
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position. On the other hand, the second, unfavorable cluster is cen-
tered on I287, as a result of a steric clash of the same residue and
the condensed aromatic moiety of the inhibitor, while the third,
again unfavorable cluster is mapped around S532, where another
sterical repulsion between residues lining the binding cleft and
compound 42 is observed (see Fig. 7B).

Lastly, while writing this manuscript, an interesting paper was
published on N-sulfonylanthranilic acid derivatives as inhibitors
of the dengue RdRp.39 In this work, a computational study was per-
formed to identify the possible compound binding site on the Den-
gue polymerase. Although further experimental evidence (e.g.,
resistant mutants) was not provided, the authors hypothesized
that their series of compounds could bind to the Dengue RdRp at
an allosteric pocket located between the finger and the thumb re-
gions. This pocket is largely coincident with the binding site on the
BVDV polymerase proposed in the present work. Also, as illus-
trated in Figure 8 and as suggested by ongoing analysis (unpub-
lished), not only the RdRp from Dengue but (and perhaps more
importantly) also the same enzyme from HCV can bind our
arylazoenamine derivatives in the same region with a considerable
affinity, in line with the preliminary data reported for HCV in
Table 5.

Based on the biological evidences and the modeling results, our
series of compounds may destabilize the BVDV replication com-
plex, or a downstream protein–protein interaction required for
efficient RNA synthesis, as proposed for other allosteric inhibitors
of BVDV RdRp. Indeed, both resistant mutations, I261M and
E291G, are located on the same surface of the fingers domain, near
the N-terminal domain binding site, which, in turn, is near the en-
trance of the template binding channel. This surface would provide
a good binding site for attachment of other proteins in the replica-
tion complex, and possibly modulate binding of the template. As an
example, since viral genomic RNA is replicated via a double-
stranded RNA intermediate, the helicase could bind on the surface
near the template binding channel of the polymerase and unwind
the double-stranded RNA to allow only the template strand to en-
ter its binding channel.

As a valid alternative, which could justify also the inhibitory ef-
fects observed for compounds 32 and 42 with respect to HCV RdRp
(see Table 5), the following mechanism could be considered. In the
HCV enzyme, as well as in the corresponding proteins from u6 and
foot-and-mouth disease viruses,33,40,41 the fingertip region forms
an entrance of the template binding channel. In the case of the
BVDV, the N-terminal domain is also involved in template binding.
A change between an ‘open’ and a ‘closed’ conformation involving
the fingers and the thumb domains has been suggested as a possi-
ble mechanism for translocation of the template. Accordingly, a
‘freezing’ of the fingertip movement upon inhibitor binding could
potentially interfere with enzyme activity. Notably, should the
hampering of movement of the fingertip region the molecular
mechanisms of RdRp inhibition, it might really constitute an
important strategy in selective antiviral drug development, as only
viral RdRp feature a fingertip region.

5. Conclusions

In the light of the interesting biological data presented by our
series of arylazoenamines as selective and potent inhibitors of
BVDV replication,22 in this work we applied a combined experi-
mental/molecular modeling strategy to study in more detail the
interactions between our molecules and the BVDV RNA dependent
RNA polymerase.

Accordingly, BVDV mutants resistant to the lead compounds in
our series were isolated and the mutant residues on the target
RdRp were identified. Cross-resistance studies with other known
BVDV RdRp inhibitors were carried out, both to confirm the viral
protein target and the role of the mutant residues in conferring
drug resistance. The final assessment of the viral polymerase as a
molecular target of our compounds was achieved by enzymatic
inhibition assays. The two lead compounds 32 and 42 inhibited
both BVDV and HCV polymerase, thus confirming the suitability
of BVDV as a surrogate model for anti-HCV drug development.

Starting from our published three-dimensional pharmacophore
model for the arylazoenamine derivatives as inhibitors of the BVDV
RdRp,22 all active compounds were then docked in a putative bind-
ing site on the BVDV RdRp. This step involved a thorough search for
a protein binding pocket that could satisfy all the pharmacophore
requirements and included the residues found mutated in virus
cultures resistant to our molecules. In a further step, molecular
dynamics simulations combined with MM/PBSA calculations were
performed on the best docking hit for each compound. The calcu-
lated free energy of binding between the inhibitors and their target
protein showed the same trend of the corresponding experimen-
tally determined EC50 values for the entire molecular series. This
was an encouraging performance, given that all molecular model-
ing studies were performed in the absence of any available crystal
structure of the protein in complex with an inhibitor. Also, the
adopted procedure was able to correctly predict drug binding affin-
ities in the presence of mutated protein residues involved in drug
resistance. A deeper insight into the binding energetics and



Figure 8. (A) Superposition of the three-dimensional structure of RdRP from BVDV (dark gray), Dengue (white), and HCV (light gray) with compound 32 docked in the
putative binding region between the finger and the thumb domains of the enzyme. Detailed space filling representation of the (B) Dengue RdRp and (C) HCV RdRP molecular
surfaces and compound 32 docked into the protein putative binding site. In all panels, the inhibitor is represented as red sticks-and-balls with its van der Waals surface
highlighted in red as well.
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mechanism of our compound series was obtained by splitting the
total free energy of binding into contributions from individual
ligand–residue pairs. This approach led us to the discovery that
other residues in addition to the mutated ones are related to the
loss of binding and that, as discussed for instance in the case of
compound 32, the presence of the double mutation K131E/E291G
results in an overall distortion of the binding site and a general
weakening of the favorable interactions relatively to the wild-type
protein binding site. In other words, the conformational change of
the active site induced by the presence of the double mutation and
the inability of the ligand to adapt to the ‘distorted’ binding site
could explain the observed drug resistance against our arylazoen-
amine derivatives.

6. Materials and methods

6.1. Cell-based assays

6.1.1. Compounds
All compounds were dissolved in DMSO at 100 mM and then di-

luted in culture medium.

6.1.2. Cell lines and viruses
Cell lines and viruses were purchased from American Type Cul-

ture Collection (ATCC). The absence of mycoplasma contamination
was checked periodically by the Hoechst staining method. Cell
lines supporting the multiplication of bovine viral diarrhea virus
(BVDV), strain NADL (ATCC VR-534), were the Madin Darby Bovine
Kidney (MDBK).

6.1.3. Cytotoxicity assays
For cytotoxicity tests, run in parallel with antiviral assays,

MDBK cells were resuspended in 96 multiwell plates at an initial
density of 6 � 105 cells/mL, in maintenance medium, without or
with serial dilutions of test compounds. Cell viability was deter-
mined after 48–96 h at 37 �C in a humidified CO2 (5%) atmosphere
by the MTT method.42

6.1.4. Antiviral assays
Compounds activity against BVDV was based on inhibition of

virus-induced cytopathogenicity in MDBK cells acutely infected
with a m.o.i. of 0.01. Briefly, MDBK cells were seeded in 96-well
plates at a density of 3 � 104 cells/well and were allowed to form
confluent monolayers by incubating overnight in growth medium
at 37 �C in a humidified CO2 (5%) atmosphere. Cell monolayers
were then infected with 50 lL of a proper virus dilution in mainte-
nance medium (MEM-E with L-glutamine, supplemented with 0.5%
inactivated FBS and 1 mM sodium pyruvate, 1% kanamycin) to give
an m.o.i of 0.01. After 1 h, 50 lL of maintenance medium, without
or with serial dilutions of test compounds, were added. After a
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3–4-day incubation at 37 �C, cell viability was determined by the
MTT method. NM 108 (20-b-methyl-guanosine) was used as refer-
ence compound.

6.1.5. Selection of drug-resistant mutants
Drug resistant variants were selected by serial passages of

viruses in the presence of stepwise doubling drug concentrations,
starting from a cell culture infected with an m.o.i. of 0.01, and trea-
ted with a drug concentration equal to the EC50. Usually, the
amount of virus obtained after each passage was sufficient to
determine infection of the next cell culture which, after infection
and washing, was incubated with a double amount of the selecting
drug. Resistant virus preparations were subjected to RNA extrac-
tion, RT-PCR and genome sequencing to identify the mutation pat-
terns responsible for resistance.

6.1.6. Molecular analysis of resistant viruses
Viral RNAs from wild-type and drug resistant mutants were

obtained using the QIAamp viral RNA minikit (QIAGEN), starting
from 140 lL of cell-free viral suspensions containing about
106 PFU/mL, in order to determine the nucleotide sequence of the
NS3 and NS5B genes of BVDV genome. Reverse transcription reac-
tions were carried out using the Superscript II enzyme (INVITRO-
GEN) and PCR reactions using the Pfx Platinum enzyme
(INVITROGEN), following the manufacturer’s protocol. Primers
used in reverse transcription were RT3 50-CCCCACAAACCATATCT
GATTATTTCTTCTTTA-30 and RT5b 50-GTAGATAATCTTGACTACTG
TTTAGCTCTTGAG-30, that respectively bind 360 bp downstream
the NS3 gene and 90 bp downstream the NS5b gene.

The nonstructural region containing NS3 gene was amplified by
a PCR reaction, carried out with primers A (50-TAAAAATGCT
CATGGTAGGCAACCT-30) and B (50-TTATCATTGGGACATGCCTCTTT
GA-30), resulting in a PCR fragment of 2205 bp; PCR amplification
consisted of: initial denaturation of 3 min; 34 cycles of denatur-
ation at 94 �C for 30 s, annealing at 56 �C for 30 s and extension
at 68 �C for 2.5 min; final extension at 68 �C for 5 min. The non-
structural region containing NS5B gene was amplified by two dif-
ferent PCR reactions, carried out respectively with primers C
(ATTATAAAGGAGGTAGGCTCAAGGA) and D (CCATCTGCTGTTAT
AACTGGTACTT) and with primers E (50-ACCCCCTTGTTCAA- CA
TCTTTGATA-30) and F (50-GTGGACGGTCCCAACTATATTTATA-30),
resulting into two PCR fragments of 1223 bp and 1792 bp. PCR
amplification consisted of: initial denaturation of 3 min; 34 cycles
of denaturation at 94 �C for 30 s, annealing at 52.5 �C for 30 s and
extension at 68 �C for 2 min; final extension at 68 �C for 5 min.

PCR fragments were purified using the QIAquick PCR Purifica-
tion kit (QIAGEN) and analyzed using the cycle-sequencing method
(CIBIACI service of University of Firenze). Both DNA strands were
sequenced with specific primers. The comparative analysis of the
chromatograms allowed us to deduce the mutation patterns
responsible for resistance to compound.

6.1.7. Expression of BVDV-NS5BD24 polymerase
Expression and purification of BVDV-NS5BD24 polymerase

have been done as previously described.2 Briefly, the expression
plasmid encoding the N terminal His-tagged C terminal 24-ami-
no-acid-deleted BVDV-NS5B was transformed into the Escherichia
coli strain Rosetta™ 2 (DE3) pLysS (Novagene), and the transfor-
mants were then cultured in 5 ml of LB medium with 25 lg/ml
Kanamycin and 30 lg/ml chloramphenicol at 30 �C overnight. Cul-
tures were diluted into 1 l of LB medium with 25 lg/ml Kanamicin
and 30 lg/ml chloramphenicol and incubated at 30 �C until the
A600 reached 0.6–0.7. These cultures were then induced overnight
with 1 mM isopropyl-b-D-thiogalactopyranoside. The cells were
harvested by centrifugation and stored at �80 �C until the
purification.
6.1.8. Expression of HCV1b-NS5BD21 polymerase
The gene coding for the C-terminal 21-amino-acid-deleted NS5B

polymerase (NS5BD21) of HCV BK strain (genotype 1b) C-termi-
nally fused with a 6xHis-tag was cloned between the BamHI and
XhoI cloning sites of the pET-21a(+) expression plasmid (Novagen).
The construct encoding the 6xHis-tagged HCV1b-NS5BD21 protein
under the control of the T7 RNA polymerase promoter was con-
firmed by dideoxynucleotide sequencing and transformed into
the Escherichia coli strain Rosetta™ 2(DE3)pLysS (Novagene). A sin-
gle colony expressing the 6xHis-tagged HCV1b-NS5BD21 protein
was selected and cultured in 5 mL of LB medium supplemented
with 100 lg/mL ampicillin and 30 lg/mL chloramphenicol at
30 �C overnight. The culture was diluted into 1 L of the same culture
medium and incubated at 30 �C until the absorbance reached
0.6–0.7 at 600 nm. The culture was then induced overnight at 25 �C
with 1 mM isopropyl-b-D-thiogalactopyranoside. The cells were har-
vested by centrifugation and stored at�80 �C until the purification.

6.1.9. In vitro RNA-dependent RNA polymerase activity assays
In vitro synthesis assays were performed in 96-well plates using

10 lg/mL poly(rC) (GE Healthcare, formerly Amersham Biosci-
ences) as template and 0.1 lg/mL oligo (rG)12 (Invitrogen) as pri-
mer and 80 lM GTP (Invitrogen) as substrate in a 20 lL reaction
mixture containing 20 mM Tris/HCl pH 7.0, 1 mM dithiothreitol,
25 mM NaCl, 20 U/mL RNasin (Promega), 0.5 mM MnCl2 or 5 mM
MgCl2, 5% DMSO, 5% glycerol and 500–600 ng of each purified pro-
tein. After an enzyme/drug pre-incubation for 30 min at room tem-
perature, reactions were started by the addition of GTP. 1 lL of
threefold serial dilutions of test compounds, or DMSO alone (as a
negative control of inhibition), or the nucleotide analogue 30-deox-
yguanosine-50-triphosphate (30-dGTP) (tebu-bio) (as a positive
control of inhibition), was added to the reactions and incubated
for 120 min at 37 �C (for BVDV-NS5BD24) or 25 �C (for HCV1b-
NS5BD21), then stopped by the addition of 2 lL of 200 mM EDTA.
138 lL of PicoGreen Quantitation Reagent (Molecular Probes), di-
luted 1/345 in TE, were added into each sample and incubated
for 5 min at room temperature protected from light. After an exci-
tation at �480 nm, the fluorescence was measured at �520 nm in a
fluorescence microplate reader (VICTOR3 Multilabel Plate Reader,
PerkinElmer). ‘Relative fluorescence’ was calculated by subtracting
the mean fluorescence of the blank from all samples and converted
into percent of activity. Percent of residual activity was then plot-
ted versus the compound concentrations. Dose–response curves
were fit with Kaleidagraph (Synergy Software) to obtain the drug
concentration that provides 50% of inhibition (IC50).

6.1.10. HCV replicon assays
Huh-7 cells containing HCV Con1 subgenomic replicon (GS4.1

cells), kindly provided by C Seeger (Fox Chase University, Philadel-
phia, PA, USA), were grown in DMEM supplemented with 10%
foetal bovine serum (FBS), 2 mM L-glutamine, 110 mg/L sodium
pyruvate, 0.1 mM non-essential amino acids, 100 U/mL penicil-
lin–streptomycin and 0.5 mg/mL G418 (Invitrogen Corp, Carlsbad,
CA, USA). For dose–response testing, the cells were seeded in 96-
well plates at 7.5 � 103 cells/well in a volume of 50 lL of 10 two-
fold serial dilutions of compounds (highest concentration, 75 lM)
were added and cell cultures were incubated at at 37 �C/5% CO2

in the presence of 0.5% DMSO. Alternatively, compounds were
tested at a single concentration of 15 lM. In all cases, Huh-7 cells
lacking the HCV replicon served as a negative control. The cells
were incubated in the presence of compounds for 72 h after which
they were monitored for expression of the NS4A protein by ELISA.
For this, the plates were then fixed for 1 min with 1:1 acetone–
methanol, washed twice with PBS containing 0.1% Tween 20,
blocked for 1 h at room temperature with TNE buffer containing
10% FBS and then incubated for 2 h at 37 �C with the anti-NS4A
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mouse monoclonal antibody A-236 (ViroGen, Watertown, MA,
USA) diluted in the same buffer. After washing three times with
PBS containing 0.1% Tween 20, the cells were incubated for 1 h at
37 �C with anti-mouse immunoglobulin G–peroxidase conjugate
in TNE buffer with 10% FBS. After washing as described above,
the reaction was developed with o-phenylenediamine (Zymed,
San Francisco, CA, USA). The reaction was stopped after 30 min
with 2 N H2SO4 and the absorbance was read at 492 nm using
Sunrise Tecan (Durham, NC, USA) Spectrophotometer. EC50 values
were determined from the % inhibition versus concentration data
using a sigmoidal non-linear regression analysis based on four
parameters with Tecan Magellan software. When screening at a
single concentration, the results were expressed as % inhibition
at 15 lM. For cytotoxicity evaluation, GS4.1 were treated with
compounds as described above and cellular viability was moni-
tored using the Cell Titer 96 Aqueous one solution cell proliferation
assay (Promega Corp, Madison, WI, USA). CC50 values were deter-
mined from the % cytotoxicity versus concentration data with
Tecan Magellan software as described above.

6.2. Molecular modeling

The entire computational recipe (see Supplementary data) in-
volved the following program packages: AutoDock (v. 4.0),43 AM-
BER 9.0,44 Materials Studio (v.4.3),45 InsightII (v.2001),46 and in-
house developed codes (stand-alone and add-on to the commercial
software). Molecular graphics images were produced using the
UCSF Chimera package (v.1.4).47 All high-resolution figures were
obtained by processing Chimera files with POV-Ray (v.3.6).48 The
extensive, parallel molecular dynamics analyses were performed
using 64 processors of the Tartaglia cluster at the University of
Trieste (Trieste, Italy), as well as the same number of processors
on the IBM/BCX cluster at the CINECA supercomputer center (Bolo-
gna, Italy).

The optimized structure of the RNA-dependent RNA polymerase
(RdRp) of BVDV were taken from our previous work.22 The putative
binding site for our compounds on the BVDV RdRp was determined
using the ActiveSite_Search option of the Binding Site module of
InsightII.46

The optimized structures of the inhibitors were docked into the
BVDV polymerase allosteric binding site by applying a consoli-
dated procedure22,31,32,37,38 based on AutoDock 4.0.43 Following
the docking procedure, the structure of all compounds was sub-
jected to cluster analysis with a tolerance of 1 Å for an all-atom
root-mean-square (RMS) deviation from a lower-energy structure
representing each cluster family. In the absence of any relevant
crystallographic information, the structure of each resulting com-
plex characterized by the lowest interaction energy in the prevail-
ing cluster was selected for further evaluation.

Each best substrate/RdRp complex, resulting from the auto-
mated docking procedure, was allowed to relax in a 55-Å radius
sphere of TIP3P water molecules.49 The resulting system was min-
imized with a gradual decrease in the position restraints of the pro-
tein atoms. At the end of the relaxation process, all water
molecules beyond the first hydration shell (i.e., at a distance
>3.5 Å from any protein atom) were removed. Finally, to achieve
electroneutrality, a suitable number of counterions were added,
in the positions of the largest electrostatic potential, as determined
by the Leap module within Amber 9.0. Each system was gradually
heated to 310 K at three intervals, allowing a 500 ps interval per
each 100 K, and then equilibrated for 2 ns at 310 K, followed by
2 ns of data collection runs, necessary for the estimation of the free
energy of binding (vide infra).

The binding free energy DGbind of each RdRp/drug complex in
water was calculated according to the procedure termed Molecular
Mechanic/Poisson–Boltzmann Surface Area (MM/PBSA), and origi-
nally proposed by Srinivasan et al.35 All energetic analyses were
performed for a single 5 ns MD trajectory of RdRp/inhibitor com-
plex considered, with 500 unbound protein and drug snapshots ta-
ken from the frames in the equilibrated data production phase of
that trajectory. The binding free energy for each ligand/receptor
system, DGbind, was obtained as:

DGbind ¼ DHbind � TDSbind ð1Þ
DHbind ¼ DEMM þ DGsolv ð2Þ

The average values of the enthalpic contribution to DGbind were
calculated by summing the molecular mechanics energies
(DEMM = DEEL + DEVDW) and the solvation free energies
(DGsolv = DGPB + DGNP). The polar component of DGsol was evalu-
ated using the Poisson–Boltzmann (PB) approach,50 while the non-
polar contribution to the solvation energy was calculated as
DGNP = c(SASA) + b, in which c = 0.00542 kcal/Å2, b = 0.92 kcal/
mol, and SASA is the solvent-accessible surface estimated with
the MSMS program.51 Finally, the last parameter in Eq. 1, that is,
the change in solute entropy upon association �TDSbind, was calcu-
lated through normal-mode analysis.
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