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Hepatitis C virus (HCV) RNA-dependent RNA polymerase NS5B constitutes a target of choice for the devel-
opment of anti-HCV drugs. Although many small molecules have been identified as allosteric inhibitors
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to the known binding site called ‘B’ as judged by the decrease in their inhibition potency when assayed
with a ‘B’ site mutant, M423T NS5B. Incidentally, our in silico model pointed to Y477 as a key residue
for inhibitor binding. In vitro, Y477F mutant loses its sensitivity to the newly discovered inhibitors but
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. Introduction

Hepatitis C virus (HCV) infection has emerged as one of the
ost significant disease to affect humans. HCV is responsible for

cute and chronic hepatitis that could lead to cirrhosis and/or liver
ancer (http://www.who.int/en/). Currently, more than 170 million
eople are infected with HCV around the world with 3–4 million
ew infections each year. Despite its large medical and econom-

cal impact, there are no vaccines or efficient therapies without
ajor side effects. Indeed, current antiviral therapies rely on the

ssociation of pegylated alpha-interferon with the nucleoside ana-
ogue Ribavirin and its efficiency depends upon HCV genotype, the
on-1 genotypes being the easier to treat (Somsouk et al., 2003).
iral polymerases, essential for viral replication, are significant tar-
ets for therapeutic intervention. The use of inhibitors against viral
olymerases has current clinical applications in the treatment of

nfections with different viruses such as human immunodeficiency
irus (HIV); cytomegalovirus (CMV); herpes simplex virus (HSV);
epatitis B virus (HBV). The HCV non-structural protein 5B (NS5B) is
he RNA-dependent RNA polymerase responsible for the complete
opy of the RNA viral genome. In vivo, this reaction is thought to
tart without a primer (de novo RNA synthesis (Butcher et al., 2001;
uo et al., 2000)), meaning that the polymerase must synthesize
ts own dinucleotide primer in a process referred to as “initiation
hase”. The polymerase then elongates this primer until the end of
he template in a process referred to as the “elongation phase”.

From a structural point of view, the de novo replication implies
hat the enzyme adopts at least two different conformations. How-
ver, the various PDB-deposited three-dimensional structures are
epresentative of only one conformation proposed to be the one
dopted during the initiation phase (Ng et al., 2008).

From a biochemical point of view, RNA synthesis can be divided

nto different steps directly linked to the enzyme conformational
tages. Three steps can be identified through the appearance of
bortive synthesis RNA products of several sizes, in addition to the
emplate size product: (1) a non-rate-limiting initiation step (for-

ation of products made of 2 nucleotides: P2); (2) a rate-limiting

ig. 1. HCV RNA-dependent RNA polymerase. Three-dimensional structure of HCV NS5B
oom details present the binding of inhibitors to each allosteric site (except for the ‘D’ s
resent several resistance mutations that protect the enzyme from inhibitor susceptibilit
GX6 (Bressanelli et al., 2002), 2BRK (Di Marco et al., 2005), 1OS5 (Love et al., 2003) and 1
arch 84 (2009) 48–59 49

step for the formation of P3–P6 (first and second conformational
changes?); (3) a non-rate-limiting final elongation from the P6
product to the template-sized product (Dutartre et al., 2005). Step
1 may be regarded as the initiation phase, step 2 as the transition
phase and step 3 as the elongation phase. In theory, polymerase
inhibitors could potentially target all these steps either by acting at
one or several of them.

HCV polymerase inhibitors can be classified into two classes:
nucleoside inhibitors (NIs) and non-nucleoside inhibitors (NNIs).
NIs are modified nucleosides, which, once activated to the 5′-
triphosphate form, can be used as substrates at the polymerase
active site to compete with natural nucleotides (Fig. 1, ‘X’ site), act-
ing as non-obligate chain terminators after incorporation into the
nascent RNA. Depending on the nature of the 2′ modification, 2′-Me
or 2′-O-Me, NIs are active respectively at both initiation and elon-
gation phases, or at the initiation phase only (Dutartre et al., 2005,
2006).

On the other hand, NNIs are diverse small molecules. They are
non-competitive inhibitors that target the alloenzyme free of sub-
strate and uncomplexed with any other non-structural replicative
proteins. They are inactive when the enzyme has entered the pro-
cessive RNA elongation phase (Beaulieu, 2007; Ma et al., 2005),
which suggests that they target preferentially the initiation phase of
the reaction. The combination of crystallographic, biochemical and
mutagenesis studies allowed the identification of four NNI bind-
ing sites at the NS5B surface (for review, see De Francesco and
Migliaccio (2005)). ‘A’ and ‘B’ sites are located in the thumb domain
(Fig. 1, ‘A’ and ‘B’ sites), while ‘C’ and ‘D’ sites partially overlap
between the thumb and the palm in a close proximity to the active
site (Fig. 1, ‘C’ and ‘D’ sites).

Although very promising in vitro, most of these NNIs
provided unsatisfactory results in clinical trials and new

generation of compounds is still under phase I clini-
cal evaluation. This is mainly due to either adverse side
effects, rapid selection of virus mutant leading to resistance
(http://www.hcvadvocate.org/hepatitis/hepC/HCVDrugs.html), or
naturally occurring polymorphism in the polymerase ‘B’ site or

with locations of the four allosteric sites (‘A’, ‘B’, ‘C’ and ‘D’) and the active site (‘X’).
ite) and the binding of UTP in the active site. Green balls and sticks residues also
y. Structural data for ‘X’, ‘A’, ‘B’, and ‘C’ sites come from several PDB structure files:
YVF (Pfefferkorn et al., 2005), respectively.

http://www.who.int/en/
http://www.hcvadvocate.org/hepatitis/hepC/HCVDrugs.html
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C’ site among the different genotypes (Ludmerer et al., 2005;
auwels et al., 2007). Therefore, efforts to increase the potency
f these NNIs are needed either through structure-based drug
esign approach (SBDD), structure–activity relationship (SAR)
tudies and chemical modifications (Beaulieu, 2007; Biswal et al.,
006; Ikegashira et al., 2006; Koch et al., 2006; Lee et al., 2006;
owers et al., 2006). Meanwhile, screening campaigns with original
ompound libraries are also ongoing with the hope to discover
ew active lead compounds.

In this manuscript, we have identified 21 original NS5B NNIs
sing an enzyme-based screening of the French national library.
mong them, a subset of NNIs that shares a same 6-xanthone chem-

cal motif was the most efficient with IC50 values in the micromolar
ange. Using point mutants we have mapped the location of the
-xanthone derivatives to the allosteric ‘B’ site. We have then gen-
rated the computer-docking poses of these original inhibitors in
he allosteric ‘B’ site. These predictions identified series of unex-
ected binding interactions. Indeed, several amino acids putatively

nvolved were not previously described as key residues of allosteric
B’ site. When Tyrosine 477 was mutated to Phenylalanine (Y477F),
he purified NS5B actively synthesized the 5′-triphosphate dinu-
leotide but was insensitive to the inhibitors, confirming the role
f tyrosine in the binding of these 6-xanthone derivatives. Surpris-

ngly, the Y477F NS5B was unable to engage the polymerase into the
longation phase, indicating that this residue is critical in a struc-
ural transition of the enzyme in the early step of RNA synthesis.

. Materials and methods

.1. HCV 1b polymerase plasmid constructs, enzyme preparation,
nd reagents

WT or mutant NS5B-�55 genes were tagged by six C-terminal
istidine residues and expressed from the pDest 14 vector (Invitro-
en) in E. coli BL21 (DE3) cells (Novagen). Site-directed mutagenesis
as performed using the Quick Site-directed mutagenesis kit

ccording to the manufacturer’s instructions (Stratagene). All con-
tructs were verified by DNA sequencing. WT, M423T, M414T, Y477F
r R501A NS5B were produced and purified as previously described
Dutartre et al., 2005). DNA oligonucleotides were obtained from
ifetechnologies, homopolymeric cytosine (poly(C)) RNA template
as obtained from Amersham-Pharmacia, and the 15-mer poly(C)
NA oligonucleotide template was purchased from Dharma-
on. Uniformly labeled [3H]-GTP (5.20 Ci/mmol) and [�-32P]-GTP
3000 Ci/mmol) was purchased from Amersham-Bioscience.

.2. Enzymatic activity assay of the HCV polymerase

Polymerase activity was assayed by monitoring the incor-
oration of radiolabeled guanosine into 15-mer oligo(C) RNA
ligonucleotide templates or into a homopolymeric poly(C) RNA
emplate, as previously described (Dutartre et al., 2005). To iden-
ify the inhibition type and the Ki values, various concentrations of
TP (from 25 to 250 �M) or RNA template (from 4 to 20 nM) were

ested without and with 1, 2 and 5 �M of compound 11 in the poly-
erase assay (Dutartre et al., 2005). The reaction time course was

ollowed from 1 to 15 min. The initial velocity for each condition
as used to draw a reciprocal Lineweaver–Burke plot and Dixon
lots to determine the Ki and Ki

′ values.

.3. Fluorescence measurements
Fluorescence was measured using a Tecan Saphire2 spectropho-
ometer. All measurements were performed in Greiner 96-well

icrotiterplates (flat bottom black) from Nunc. In each well, 250 nM
f WT, Y477F or R501A NS5B were assayed in 50 mM Hepes pH
rch 84 (2009) 48–59

8.0; 10 mM KCl; 1 mM MgCl2; 10 mM DTT; 2 mM MnCl2. Fluo-
rescence spectra were recorded at an excitation wavelength of
290 nm and emission was monitored from 310 nm to 400 nm, with
a step of 5 nm. Subtracting the buffer signal from the signal elim-
inated background emission. Each result was from the average of
four independent measurements. Intra-assay variability was also
determined by evaluating the same sample four times within the
same assay run (%CV = (SD/mean) × 100, where CV = coefficient of
variation, and SD = standard deviation). Inter-assay variability was
determined by evaluating the samples in four consecutive assay
runs (%CV = (SD/mean) × 100).

2.4. Evaluation of antiviral activity and cytostatic activities of
selected compounds in HCV genotype 1b subgenomic replicon
carrying Huh-5-2 cells

Huh-5-2 cells were cultured in RPMI medium (GIBCO) sup-
plemented with 10% fetal calf serum, 2 mM l-glutamine (Life
Technologies), 1× non-essential amino acids (Life Technologies);
100 IU/mL penicillin and 100 �g/mL streptomycin and 250 �g/mL
G418 (Geneticin, Life Technologies). Cells were seeded at a density
of 7000 cells per well in 96-well View PlateTM (Packard) in medium
containing the same components as described above, except for
G418. Cells were allowed to adhere and proliferate for 24 h. At that
time, culture medium was removed and five serial dilutions (5-fold
dilutions starting at 50 �g/mL or around 60 �M) of the test com-
pounds were added in culture medium lacking G418. Interferon
alfa 2a (500 IU) was included as a positive control in each exper-
iment for internal validation. Plates were further incubated at 37 ◦C
and 5% CO2 for 72 h. Replication of the HCV replicon in Huh-5-2
cells results in luciferase activity in the cells. Luciferase activity
was measured by adding 50 �L of 1× Glo-lysis buffer (Promega)
for 15 min followed by 50 �L of the Steady-Glo Luciferase assay
reagent (Promega). Luciferase activity was measured with a lumi-
nometer and the signal in each individual well is expressed as a
percentage of the untreated cultures. The 50% effective concentra-
tions (EC50) were calculated from these datasets. Parallel cultures
of Huh-5-2 cells, seeded at a density of 7000 cells/well of clas-
sical 96-well cell culture plates (Becton-Dickinson) were treated
in a similar fashion except that no Glo-lysis buffer or Steady-Glo
Luciferase reagent was added. The effect of the compounds on
the proliferation of the cells was measured 3 days after the addi-
tion of the various compounds by means of The CellTiter 96®

AQueous Non-Radioactive Cell Proliferation Assay (MTS, Promega).
In this assay 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) is bioreduced by
cells into a formazan that is soluble in tissue. The number of cells
correlates directly with the production of the formazan. The MTS
stained cultures were quantified in a plate reader.

2.5. Library screening

The screening campaign was conducted using a chemical library
made of 17,000 molecules originating from the French National
Library, and completed by the Prestwick commercial library and the
“Diversity” library from the National Cancer Institute (NCI). Quality
of measurements was assessed by calculating the Z′ factor for each
plate:

Z′ factor = 1 − ((3SD(neg) + 3SD(pos))/(avg(neg) − avg(pos))),
where SD(neg) and SD(pos) stand for the standard deviation
obtained for negative and positive controls, respectively, and

where avg(neg) and avg(pos) are averages for negative and positive
controls, respectively. The Z′ factor had an average value of 0.834
with a standard deviation of 0.058 for assay plates indicating that
there is a wide separation of data points between the baseline and
positive signals. For each compound, the percentage of inhibition
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adds local minimization to the genetic algorithm, enabling modi-
fication of the gene population. For each compound, we used the
S. Betzi et al. / Antivira

as calculated as follows:

nhibition % = 100(raw data of compound − avg(pos)/

(avg(neg) − avg(pos))

The library was organized in 220 plates (96-well), each contain-
ng 80 compounds. Assay plates contained positive and negative
ontrols distributed in the first and 12th columns, respectively.
he library compounds from the French National Library included
olecules coming from the ICSN-CNRS (UPR2301) (Gif-sur-

vette), the UMR 176 CNRS/Institut Curie laboratory (Paris), and
he UMR 7081 CNRS-University of Strasbourg (Illkirch, France).
etails can be found at http://chimiotheque-nationale.enscm.fr/.
he library also contained compounds from the Prestwick
ommercial library (http://www.prestwickchemical.fr) and
rom the “Diversity” library from the National Cancer Institute
http://dtp.nci.nih.gov/branches/dscb/diversity explanation.html).
ur experimental screening consisted of an in vitro nucleotide

ncorporation assay in which a functionally active recombinant
S5B enzyme and a homopolymeric poly(C) template were used.
eactions were conducted in 20 �L volume. Positive and negative
ontrols consisted of an enzyme mix (50 mM HEPES pH 8.0, 10 mM
Cl, 2 mM MnCl2, 1 mM MgCl2, 10 mM DTT, 0.5% Igepal CA630,
00 nM of homopolymeric poly(C) RNA template, 0.1 �M of NS5B)
upplemented by 0.1 mM [3H]-GTP (0.5 �Ci) and 5% DMSO or
0 mM EDTA, respectively. For each assay, the enzyme mix was
rst distributed in plate wells using a BioMek 3000 automate

Beckman). Each 80 compounds was then added to the assay
sing a BioMek NX automate (Beckman) to a final concentration
f 50 �M in 5% DMSO. Reactions were initiated by the addition of
.1 mM [3H]-GTP (0.5 �Ci), incubated at 30 ◦C, and stopped after
0 min by the addition of EDTA (50 mM final concentration). All
istributions were conducted with the Biomek 3000 automate.
eaction products were then transferred onto DE-81 paper mem-
rane (Whatman International Ltd.) with a Packard Filtermate®

arvester. Filter paper membranes were washed three times in
.3 M ammonium formate, pH 8.0, washed two times in ethanol,
nd dried. The radioactivity bound to the filter was determined
sing liquid scintillation counting (Wallac Microbeta® Trilux).
fter determining the percentage of inhibition, data were stored
nd managed using the LIMS software provided by ModulBio®

Marseille). Compounds showing 80% or more of reaction inhi-
ition were selected and used to generate new experimental
lates. These experimental plates were used for a second screen
t a 10 �M final concentration, with the same experimental
rocedure. Compounds leading to 80% inhibition or more in the
econd screen were qualified as hits. Hits were then confirmed
n purified freshly solubilized compound and IC50 values were
etermined.

.6. Inhibitory concentration of 50% of the reaction (IC50)

The compound concentration leading to 50% inhibition of
S5B-mediated RNA synthesis was determined in RdRp buffer (cf.

ibrary screening section) containing 100 nM of homopolymeric
oly(C) RNA template, 0.1 �M of NS5B and various concen-
rations of compound (from 250 �M to 2.1 �M or 35 �M to
.29 �M depending of the initial percentage of inhibition). Reac-
ions incubated at 30 ◦C were initiated by the addition of 0.1 mM
3H]-GTP (0.5 �Ci), and stopped after 20 min by the addition
f EDTA (50 mM final concentration). Reaction products were

ransferred onto DE-81 paper membrane (Whatman Interna-
ional Ltd.) with a Packard Filtermate® Harvester. Filter paper

embranes were washed three times in 0.3 M ammonium for-
ate, pH 8.0, two times in ethanol, and dried. Radioactivity

ound to filters was determined using liquid scintillation count-
arch 84 (2009) 48–59 51

ing (Wallac Microbeta® Trilux). IC50 was determined using the
equation: % of active enzyme = 100/(1 + (I)2/IC50), where I is the
concentration of inhibitor. IC50 was determined from curve-
fitting using Kaleidagraph (Synergy Software). For each value,
results were obtained using triplicate in a single experiment. Final
IC50 values were calculated by the average of two independent
experiments.

2.7. Definition of the active site and docking parameters for FlexX
and AutoDock

A structure-based drug design (SBDD) approach was applied
on the 2.2 Å resolution crystallographic structure of the HCV poly-
merase in complex with a competitive inhibitor NH1 (Love et
al., 2003) (PDB ID: 1OS5). We selected two docking programs
and several scoring functions for docking experiments: FlexX 2.0
(Kramer et al., 1999) with the five scoring functions of the CscoreTM

SybylTM module (Clark et al., 2002): FlexXscore, Gscore, Dscore,
PMFscore, Chemscore (http://www.biosolveit.de), and AutoDock
3.0 using its own scoring function (Morris et al., 1996). We also
re-scored each docking with our in house scoring function, GFscore
(http://gfscore.cnrs-mrs.fr) (Betzi et al., 2006).

TRIPOS Sybyl “Structure Preparation Tool” was used to opti-
mize the protein structure before use by FlexX 2.0. Hydrogen atoms
were added, bumps and side chain amides were then corrected,
and finally missing residues were added and minimized. The newly
obtained PDB file was then injected as such in FlexX 2.0.

For each docking program, the “active site” used for the dock-
ing is always composed of a pocket containing all atoms of NS5B
no farther than 6.5 Å of the NH1 crystalline position. The best
parameters were evaluated for each docking program accord-
ing to their ability to mimic the crystallographic pose of the
NH1 ligand (we formerly corrected the NH1 structure and atom
valences according to the NCBI Pubchem structural data server
(http://pubchem.ncbi.nlm.nih.gov/).

2.8. Docking with AutoDock 3.0

Prior to the docking studies, crystallographic ligands and water
molecules were removed. Polar hydrogen atoms were added and
Kollman charges were assigned to all atoms. The docking site
was defined within a box around residues of the binding site. For
each kind of ligand atoms, 50 Å × 50 Å × 60 Å 3D grids centered on
the binding site with 0.375 Å spacing were calculated using Auto-
grid3 (Morris et al., 1996). For docking simulations, we selected
the Lamarckian genetic algorithm (LGA) for ligand conformational
searching because it has enhanced performance relative to simu-
lated annealing or the simple genetic algorithm. The program uses
a five-term force field-based function derived from the AMBER
force field, and that comprises a Lennard-Jones 12-6 dispersion
term, a directional 12-10 hydrogen bonding term, a coulombic
electrostatic potential, an entropic term, and an intermolecular
pair-wise desolvation term. The scaling factor for each of these five
terms is empirically calibrated from a set of 30 structurally known
protein–ligand complexes.

The ligand translation, rotation, and internal torsions are defined
as its state variables, and each gene represents a state variable. LGA
default docking parameters with the exception of the following: tri-
als of 100 dockings, population size of 50, random starting position
and conformation, and 250,000 energy evaluations. Final docked
conformations were clustered using a tolerance of 1 Å root-mean-
square deviation (RMSD).

http://chimiotheque-nationale.enscm.fr/
http://www.prestwickchemical.fr/
http://dtp.nci.nih.gov/branches/dscb/diversity_explanation.html
http://www.biosolveit.de/
http://gfscore.cnrs-mrs.fr/
http://pubchem.ncbi.nlm.nih.gov/


5 l Resea

2

i
b
t
t
c
b
p
u
fl
t
a
t
a

3

3

w
p
a
t
p
t
i
w
p
s
(
p
d
x
c
d
r
4
l
t
c
c

F
t
t
i

2 S. Betzi et al. / Antivira

.9. Docking with FlexX 2.0

FlexX 2.0 is an incremental construction-docking algorithm
nvolving three steps. FlexX cuts ligand into fragments, places the
est one in binding site, and then makes an incremental construc-
ion of the whole ligand. Conformational flexibility of the ligand is
aken into account by considering both torsion angle flexibility and
onformational flexibility of ring systems (Rarey et al., 1996). FlexX
y itself does not recognize the receptor flexibility; rather it sees
roteins as rigid elements (bodies). Default FlexX parameters were
sed, as supplied in the TRIPOS Sybyl7.3.1 package, for carrying out
exible docking with 30 conformations for each molecule, using
he place particle option as defined by Rarey et al. (1999). We also
djusted protonation state of the “Receptor Descriptor File” residues
o protonated Lysine and Arginine residues and to ionized Aspartic
nd Glutamic acids residues.

. Results

.1. Isolation of inhibitors

Compounds showing RNA synthesis inhibition higher than 80%
ere selected in a screening campaign conducted at a 50 �M com-
ound concentration and submitted to a second screening round at
10 �M concentration. Twenty-one compounds identified as hits in

he screening campaign were subjected to confirmation on a freshly
repared compound solution (from the original powder) and then
o IC50 determination in triplicate. Results are the average of two
ndependent experiments (supplementary data). The IC50 values

ere comprised between 1.1 ± 0.1 �M and 38.9 ± 2.3 �M. Com-
ounds can be classified in four families based on their chemical
tructure. The first family comprises three tetracycline derivatives
supplementary data, compounds 1–3). The second, five com-
ounds containing a xanthene chemical motif (supplementary
ata, compounds 7–11) and among them 4 share the same 6-
anthone motif (compounds 8–11). The third comprises two
ompounds bearing the chalcone chemical motif (supplementary
ata, compounds 13 and 14). Compounds with no obvious chemical
elatedness are in the last family (supplementary data, compounds

, 12, 15–21). Out of the 21 hits, 6-xanthone derivatives showed the

owest IC50, comprised between 1.1 ± 0.1 �M and 2.9 ± 0.3 �M. We
hen tested the 6-xanthone compound in HCV replicon expressing
ells. Compound 11 showed a 68% inhibition of the HCV repli-
on when used at 10 �g/ml, with no toxicity measured by cell

ig. 2. Purification and activity of WT, M423T and M414T NS5B. (A) Purified NS5B proteins
he panel. A low-molecular weight marker (MW) corresponding to 94, 67 and 43 kDa is
emplate by WT (©) or M423T (�), M414T (♦) NS5B. RNA synthesis, analyzed by counting ra
nto insoluble product (cpm) as a function of time.
rch 84 (2009) 48–59

metabolism (100% of cell metabolism) observed at this concen-
tration, leading to an EC50 of about 5 �g/ml (8 �M). However, at
50 �g/ml of compound 11, cell viability was reduced to 17%, but
100% inhibition of the replicon was observed (data not shown).
These data suggested that the activity of compound 11 against HCV
replication is associated with cellular toxicity at higher doses that
did not permit to conclude on a clear mechanism of action. Thus,
we focused our effort on a rational approach coupling biochemistry
and molecular modeling to further characterize the 6-xanthone and
evaluate their potential interest as HCV polymerase inhibitors.

3.2. Determination of inhibitor binding sites

In order to determine the binding site of selected hits, we
analyzed their inhibition properties on NS5B bearing a mutation
reported to define each binding site (for a review, see De Francesco
and Migliaccio (2005)). These three binding sites are located at the
surface of the thumb domain (Fig. 1, ‘A’, ‘B’ and ‘C’ sites). Each sin-
gle mutation has been reported to decrease binding of the inhibitor
thus accounting for resistance (reviewed in De Francesco and Carfi
(2007)). For the allosteric binding ‘C’ site, several different sin-
gle mutations have been reported, but only the M414T mutation
demonstrated a clear and universal resistance to the inhibitors
that target this site. For the allosteric ‘B’ site, the M423T muta-
tion is reported, so far, to be able to discriminate all inhibitors
targeting this site (Pauwels et al., 2007). For the allosteric ‘A’ site,
it has been reported that mutant polymerase bearing the P495L
mutation are barely active in vitro (Dutartre et al., 2005). Indeed,
when tested in our screening assay, the P495L mutant polymerase
showed maximum activity only at 5% of that of WT (not shown),
that rendered it unsuitable for further characterization of our 6-
xanthone hits. However, the M423T, and M414T mutant polymerase
genes were constructed and expressed in vitro. The polymerases
were then purified and their activity compared to that of WT
polymerase (Fig. 2). All protein samples were normalized to an
apparent same concentration and degree of purity between each
other (Fig. 2A). The M414T and M423T mutants exhibited simi-
lar activities although 2-fold decreased compared to that of WT
enzyme (Fig. 2B), as already reported by others (Nicolas et al., 2008).

We then determined IC50 of the selected hits for the M423T or the
M414T mutants (Table 1). All four 6-xanthone compounds (com-
pounds 8–11) showed a reproducible 2-fold IC50 increase measured
with the M423T mutant only, while the M414T mutant showed
the same IC50 as the WT enzyme (Table 1). Although low, this

after a two-step purification procedure. The identity of each protein is given above
shown on the left. (B) Time course of incorporation of [3H]GTP into poly(C) RNA
diolabeled RNA spotted onto DE 81 paper disc, is represented as GMP incorporation
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Table 1
Structures and IC50 values of the 6-xanthone compounds.

Structure IC50 for WT (�M) IC50 for M423T (�M) IC50 for M414T (�M) Number

2.2 ± 0.4 4.7 ± 0.2 2.0 ± 0.1 08

2.9 ± 0.3 4.9 ± 0.2 1.2 ± 0.1 09

1.1 ± 0.1 2.9 ± 0.1 1.1 ± 0.05 10

1.65 ± 0.08 3.65 ± 0.1 1.09 ± 0.08 11
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ompounds found as inhibitors of WT, M423T or M414T NS5B after the in vitro scre

C50 change was still significant since it was reproduced in at least
wo independent experiments conducted each in triplicates, and
sing several aliquots of compounds. Moreover, error values cal-
ulated for the four identified 6-xanthone hits are low and thus
ully acceptable as comprised between 0.05 �M and 0.2 �M. Finally,
C50 curves showed complete inhibition of the enzyme activities at
igh concentrations of inhibitors (not shown). All together, these
esults make us confident in the reliability of the inhibition decrease
bserved with the mutants, and allowed to discriminate the binding
ite for 6-xanthone hits.

.3. Mechanism of inhibition by 6-xanthone compounds

NNIs targeting the ‘A’ or ‘C’ sites can only bind the apo-enzyme
Pauwels et al., 2007; Tomei et al., 2003, 2004). They act by prevent-
ng either the interaction of the fingertip with the thumb (for ‘A’ site
nhibitors (Di Marco et al., 2005)) or the exit of the neo-synthesized
sRNA (for ‘C’ site inhibitors (Pauwels et al., 2007)). In both cases,
hey freeze the enzyme in its RNA synthesis initiation confor-

ation when the first phosphodiester bond formation occurs. In
ontrast, the mechanism of inhibition of ‘B’ site NNI binders is not
et understood and poorly documented. We first determined the
ype of inhibition by analyzing the compound behavior toward the
ucleotides or RNA substrates. We determined the inhibition con-
tant values Ki and Ki

′ in an enzymatic assay by using increasing
oncentration of GTP or RNA substrates in the presence of several
oncentrations of compound #11 (0, 1 and 5 �M for experiments

ith GTP and 0, 1, 2 and 5 �M for experiments with RNA) in the

omopolymeric test of enzyme activity. Both Lineweaver–Burke
nd Dixon representations of the results showed a non-competitive
nhibition to both GTP and RNA with the same values for Ki and Ki

′

f 1.1 ± 0.15 �M and 1 ± 0.2 �M for GTP and RNA, respectively (not
are ranked according to their chemical structure similarity.

shown). We then investigated which step of the RNA synthesis is
affected by our ‘B’ site 6-xanthone inhibitors (compound 11, Table 1)
by analyzing the reaction products using a gel assay (Fig. 3). For
this purpose, the polymerization reaction was performed using an
oligo(C) template and GTP as the unique source of nucleotide. After
electrophoresis, the products profile reflects the three RNA synthe-
sis steps (Dutartre et al., 2005). As shown in Fig. 3, the 6-xanthone
inhibitor compound 11 decreased the amount of all RNA products.
Moreover, quantification of each band allowed determining an IC50
value of about 1.5 �M in the vicinity to the value measured during
the library screen (compounds 8–11 in Table 1 and supplementary
data). However, when each band was analyzed separately as a
marker for initiation (G2 dinucleotide products), transition (G3 to
G6 products) or elongation (template size products), no differential
disappearance could be detected irrespective of the concentration
of inhibitor used. This suggests that 6-xanthone compounds have
no selectivity, acting on both initiation and elongation equally.
Alternatively, the compounds could preferentially inhibit the ini-
tiation step of RNA synthesis, and thus impact consecutively RNA
elongation. In order to understand the compounds mechanism of
action, we examined their putative binding mode using molecular
docking.

3.4. Molecular modeling and analysis of the 3-xanthone
derivatives binding

We used two different docking programs, FlexX and AutoDock,

to understand how the 6-xanthone compounds could bind the
allosteric ‘B’ site. These two programs, based on different algo-
rithms, allow eliminating any bias while generating the binding
models. The lowest energy docking models were then selected
using several scoring functions for further analysis. Docking models
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Fig. 3. 6-Xanthone derivatives inhibit WT NS5B-mediated RNA synthesis. Time
course of incorporation of GMP into RNA using an oligo©RNA template. Reac-
tions were performed as described in Section 2 using �-32P-GTP (1 �Ci), WT NS5B
(500 nM) and 6-xanthone compound 11 (0, 1, 5, 10 �M). The reaction time course
was followed from 30 s to 15 min. RNA products were resolved using 14% acrylamide
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compare to the WT enzyme, leading for the Y477F enzyme, to only
enaturing gel electrophoresis. Positions of the RNA markers synthesized using T7
NA polymerase are indicated on the left.

f these compounds were consistent using the two programs and
ere found very different compared to the reference compound

NH1 structure, PDB code 1OS5) (Fig. 1). NH1 makes hydrophobic
ontacts with the left side of the protein allosteric ‘B’ site, and is sta-
ilized outside the groove with a few peripheral hydrogen bonds
Fig. 1, ‘B’ site; Fig. 4A and A′). NH1 is also involved in a sulfur-
romatic interaction with Methionine 423. On the contrary, the
ocking models generated using FlexX and AutoDock for the four
ew identified inhibitors suggested an interaction mode based on
umerous hydrogen bonds at the center and right side of the ‘B’ site
Fig. 4B, B′ and Fig. 5). Two binding modes are proposed for the four
-xanthone molecules (Table 1, compounds 8–11). The first bind-

ng mode uses the right side of the active site with hydrogen bonds
ith residues Serine 473, Arginine 422 and Asparagine 527 (Fig. 5A),
hile the second binding mode uses the center part of the groove

o define an extensive hydrogen bond network with Tyrosine 477,
rginine 422, Arginine 501 and Tryptophane 528 (Fig. 5B). In this
odel, an additional salt bridge involving Arginine 501 stabilizes

he molecule.
Interestingly, on the left side of this groove, Methionine 423

Fig. 4 and Fig. 5) is close to the docked compounds but does not
ake any interaction with it. This model is consistent with the

bservation that the M423T mutation modestly affects activity of
he compounds in the in vitro assay. The model also suggests that
nother mutation might be better to exclude this compound from
he allosteric site and foster a greater in vitro resistance.
In order to test this second putative binding model, four addi-
ional mutations were created in a central position of the ‘B’ site:
477F, R501A, W528D and R422A.
rch 84 (2009) 48–59

3.5. Biochemical characterization of additional B site mutants

The Y477F, R501A, W528D and R422A mutants were con-
structed, expressed and purified with the protocol used for the WT
expression. The W528D and R422A were not expressed to a suit-
able level, suggesting that these mutations significantly affected the
conformation and/or stability of the corresponding proteins. Y477F
and R501A could readily be purified to both similar amount and
equivalent degree of purity as the WT protein (Fig. 6A). To check
the correct folding of these mutants, we measured their intrinsic
Tryptophan fluorescence. After excitation at � = 290 nm, an emis-
sion spectra could be recorded between � = 310 nm and � = 400 nm
(Bougie et al., 2003) with a maximum fluorescence intensity of 700
arbitrary unit (AU) around � = 340 nm for the WT protein and the
Y477F mutant (Fig. 6B). The maximum fluorescence intensity was
decreased to 400 AU for the R501A mutant (Fig. 6B), and corre-
sponded to the spectra of the protein denatured in 7 M urea (data
not shown). This latter result suggests that the R501A mutant,
although expressed to the same level as the WT protein, is mainly
unfolded in solution. It also indirectly suggests that the integrity of
the ‘B’ site might be critical for the correct folding of the protein.
As expected from the fluorescence data, the R501A mutant was not
active neither on homopolymeric poly(C) RNA template (Fig. 7A)
nor using the oligo(C) template used as described earlier (Fig. 7B).

3.6. Inhibition of the Y477F mutant by 6-xanthone compounds

We next assessed the role of Tyrosine 477 in 6-xanthone bind-
ing by analyzing the inhibition of the Y477F mutant in the presence
of increasing concentrations of 6-xanthone compound 11 (Fig. 8).
Products of the polymerization synthesized using the oligo(C) tem-
plate were analyzed using the denaturing gel assay in the presence
of increasing concentration of 6-xanthone compound 11. In con-
trast to what we observed for the WT enzyme (Fig. 3), the Y477F
mutant was not affected by the 6-xanthone compound 11, even at
the highest concentration of 10 �M, i.e., 10-fold higher than the
observed IC50 using WT enzyme (Fig. 8). After quantification, we
observed the same amount of G2 dinucleotide products with all
the concentrations of 6-xanthone used in this experiment. This
result clearly indicates that the Y477F mutant loses its sensitivity
to 6-xanthone compounds, and thus validates the second mode of
binding proposed by the docking programs (Fig. 5B).

3.7. Tyrosine 477 as a trigger to the switch from initiation to
elongation

The very conservative substitution of the Tyrosine 477 by a
Phenylalanine did not affect expression or folding of the poly-
merase. However, the Y477F mutant enzyme was almost inactive
when tested on a homopolymeric poly(C) template. Indeed, the
maximum activity was only around 5% of WT enzyme activity
(Fig. 7A). The products of the reaction were then examined using
a gel assay (Fig. 7B): the synthesis of G2 dinucleotide products
was barely affected by the presence of Y477F, whereas a clear
decrease in abundance for the products greater in size than G2
was observed. We quantified each product separately and calcu-
lated the ratio of transition or elongated products from initiation
products, in order to compare the percentage of switch to transition
or to elongation for each enzyme (Table 2). These results showed
that the switches to transition and elongation are decreased by
1.8-fold, and 1.6-fold respectively for the Y477F mutant enzyme
30% of the total RNA product synthesized by the WT enzyme (3-
fold decrease of total elongated product (Table 2). This mutant
was able to carry out the first phosphodiester bond formation, but
was highly impaired in its capacity to proceed further. We con-
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Fig. 4. Structural details of the binding of the NH1 inhibitor (PDB code 1OS5) compared to
its hydrogen bond contacts in a stick representation (top) and a hydrophobic surface rep
the allosteric ‘B’ site is divided by a dot line separating a hydrophobic region (left part) and
of the groove (A and A′) while in the docking model, the 6-xanthone derivatives make sev

Table 2
Percentage of elongated products synthesized by WT and Y477F NS5b polymerases.
The table shows the calculated percentage of transition product elongated from ini-
tiation (switch to transition); elongated product elongated from transition (switch
to elongation) and the total elongated product from initiation products (switch initi-
ation to elongation). Percentages were calculated based on the quantified initiation,
transition or elongation products from Fig. 7B.

Switch to
transition (I-T)
(%)

Switch to
elongation (T-E)
(%)

Total elongated
product (switch
I-E) (%)

W
Y
F

c
e

4

t
c
A
r
t
H
l

T 58 12.8 7.5
477F 32 7.8 2.5
old decrease 1.8× 1.6× 3×

lude that Y477F alters the switch from initiation to transition and
longation.

. Discussion

We have identified 21 inhibitors of NS5B-mediated RNA syn-
hesis from the 17,000 compounds of the French national Library,
omplete with “Diversity” library of NCI and the Prestwick library.

mong those, the 6-xanthone compound family was the most rep-

esented with IC50 values around 1 �M. The leading compounds of
his family, compound 11 was able to inhibit HCV replication in the
CV replicon-expressing cells, with an EC50 of about 8 �M, simi-

ar to what we observed in in vitro polymerase experiments, but
the FlexX docking model of a 6-xanthone compound. Each complex is shown with
resentation from blue (hydrophilic) to brown (hydrophobic (bottom). The cavity of

a polar region (right part). An aromatic ring of NH1 binds the hydrophobic left site
eral polar contacts with the center and the right side of the ‘B’ site (B and B′).

was associated with cellular toxicity at higher doses. This suggests
that these compounds have some antiviral capacity that need to be
chemically improved for their use in vivo, and justify our strategy
to first better characterize their inhibition potency by a rational
approach coupling biochemistry and molecular modeling. Using
mutant polymerases specific to HCV polymerase allosteric binding
sites, we observed a modest but reproducible increased in the IC50
when polymerase activity was assayed with the M423T mutant,
suggesting that 6-xanthone could target the ‘B site’. As expected
by its binding to an allosteric site, compound 11 acts as a non-
competitive inhibitor with respect to nucleotides or RNA substrates
with a Ki constant inhibition values of about 1 �M (data not shown).
Although probably identified as ‘B’ site binders by biochemical stud-
ies, molecular modeling analysis proposed very different binding
modes for these new inhibitors compared to the binding mode of
inhibitors previously described at this ‘B’ site (Love et al., 2003). All
the newly generated binding modes suggest that they are driven
by polar and electrostatic contacts at the right side and the cen-
tral portion of the ‘B’ site. These models are in agreement with
the observation that the M423T mutation provides only a modest
resistance to these compounds. Indeed, the ‘NH1’ inhibitor-binding
mode involves mostly hydrophobic contacts in the ‘B’ site cleft

involving a cyclopentane group in the central position and a hydrox-
yphenyl group at the left involved in a sulfur-aromatic interaction
with the Methionine 423 residue. The different docking models for
6-xanthone binding are distant from Methionine 423 and suggest
that the M423T mutation might not properly impede 6-xanthone
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Fig. 5. Analysis of 6-xanthone derivatives FlexX binding models. Parts A and B rep-
resent two different binding models for the compound 11 6-xanthone derivative.
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Fig. 6. Purification and folding analysis using fluorescence emission of the WT,
Y477F and R501A NS5B proteins. (A) Purified NS5B proteins after a two-step purifi-
cation procedure. The identity of each protein is given above. The low-molecular
ompounds 8 and 10 are preferentially docked as model A, in a right off-centered
osition involving few hydrogen bonds (hydrogen bonds are represented by purple

ines), while compounds 9 and 11 fill preferentially the central cavity as in model B
nvolving extensive hydrogen bond networks.

inding, in line with the in vitro inhibition data obtained in this
tudy. This result is also interesting in light of the low structural
onservation of the ‘B’ site related to its naturally occurring poly-
orphism (Pauwels et al., 2007). Indeed, inhibitors targeting the ‘B’

ite are less potent on non-1 HCV genotype NS5B (for review, see
e Francesco and Migliaccio (2005)). On the contrary, our hits are

maller than those previously described as ‘B’ site inhibitors and
how a different binding mode. They might exhibit a larger antivi-
al spectrum through NS5B inhibition on non-1 genotypes naturally
esistant to other NNIs targeting the ‘B’ site.

The docking algorithms have proposed several models for each
nhibitor. The 6-xanthone derivatives, for example, could bind the
enter or the right side of the ‘B’ site. In order to discriminate
etween these models several new amino acid mutations were pro-
osed at the central position of the ‘B’ site, on the basis of a detailed

nalysis of the docking poses. All the residues that interact with
he 6-xanthone compounds are very well conserved in the differ-
nt genotypes (http://euhcvdb.ibcp.fr/euHCVdb/). We show in this
aper that a single mutation of residues lying in the ‘B’ site deeply
ffect the expression and/or the activity of recombinant proteins.
weight marker (MW) corresponding to 94 and 67 kDa is shown on the left. (B) Back-
ground corrected emission fluorescence spectra of NS5B WT (�) and Y477F (�) or
R501A (�) mutant polymerases. Fluorescence spectra were recorded at an excitation
wavelength of 290 nm.

Interestingly, the R422 residue has been recently shown to be cru-
cial for the replication of subgenomic replicon (Dazert et al., 2009),
its mutation leading to an important loss of viral fitness. Structural
analysis showed that R422 engaged hydrogen bonds with Y477, and
is in a close proximity of W428. These results associated with our
failure to express R422A and W508D mutant polymerases, sug-
gest an essential role for this site in both activity and folding of
the enzyme. Moreover, results obtained with the Y477F mutant
clearly define the ‘B’ site as a regulator of the transition from
the initiation to the elongation phases, involving unknown struc-
tural/conformational changes. Our results are in line with those
of Biswal et al. (2005, 2006) which showed that upon binding of
inhibitors to the ‘B’ site, movement of helix T could account for
the inhibition, and those by Howe et al. (2006) which showed
that ‘B’ site inhibitors impaired the switch to elongation allowing
only the synthesis of 5-mer products. It is also worth noting that
two studies reporting screening either by fragment based crystal-

lographic (Antonysamy et al., 2008) or by virtual docking (Corbeil
et al., 2008) proposed inhibitors centered in the ‘B’ site and involv-
ing interaction with the Tyrosine 477 residue. The substitution of
the Tyrosine by a Phenylalanine removes a single hydroxyl group
not only involved in hydrogen bonds with Proline 417 and Arginine

http://euhcvdb.ibcp.fr/euHCVdb/
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Fig. 7. Activities of the WT, Y477F and R501A NS5B on homopolymeric poly(C) or
oligo(C) RNA templates. (A) Time course of incorporation of [3H]GTP into poly(C)
RNA template by WT (�) or Y477F (�), and R501A (�) NS5B. RNA synthesis is rep-
resented as GMP incorporation into insoluble product (cpm) as a function of time.
(B) Kinetic of RNA synthesis using an oligoC RNA template and �-32[P]-GTP. Samples
were quenched at various times (30 s, 1 min, 5 min, 15 min, 30 min) and RNA products
synthesized by WT, Y477F or R501A NS5B were resolved on 14% polyacrylamide/7 M
urea gel. RNA markers synthesized using T7 RNA polymerase are indicated on the
left.

Fig. 8. 6-Xanthone does not inhibit Y477F NS5B-mediated dinucleotide synthesis.
Time course of GMP incorporation into RNA using an oligo(C) RNA template. Reac-
tions were performed as described in Section 2 using �-32P-GTP (1 �Ci), Y477F NS5B
(1 �M) and 6-xanthone compound 11 (0, 1, 5, or 10 �M). Reaction time course was

followed from 1 min to 15 min. RNA products were resolved on 14% acrylamide dena-
turing gel electrophoresis. Positions of the RNA markers synthesized using T7 RNA
polymerase are indicated on the left.

422 (Fig. 9), but also involved (in our model), in the binding of 6-
xanthone compounds (Fig. 4B). Because RNA synthesis initiation is
barely affected by the Y477F mutation (Table 2), the hydroxyl of
Tyrosine 477 has to be engaged into new hydrogen bonds required
for the conformational switch to the elongation mode. In light of
our results, we propose that the loss of this hydroxyl group by the
substitution to a Phenylalanine compromises these new interac-
tions and lock the enzyme into the initiation conformation. Because
6-xanthone compounds could be engaged in a similar interaction
with Y477, we infer that they could promote a similar locked con-
formation accounting for the inhibitory effects of the compounds
targeting this site (See Fig. 9 for a more global representation of
the environment of the Tyrosine 477). However, 6-xanthone com-
pounds are also able to inhibit the initiation step of RNA synthesis,
which is less affected by the Y477F mutation. Inhibition of con-
formational changes may be one side of the action of 6-xanthone
compounds. Direct effect on enzyme activity during initiation may
also be required to fully inhibit the polymerase activity. The mech-
anism of this direct effect on initiation has not yet been identified.

Interestingly, all the residues involved in 6-xanthone binding are
conserved in all genotypes analyzed so far (Fig. 9). Because their
mutation leads to unfolded or barely active proteins in vitro and
loss of viral fitness in the replicon system (Dazert et al., 2009), we
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Fig. 9. Tyrosine 477 atomic interactions diagram in the protein structure. The Tyro-
sine 477 hydroxyl is involved in several hydrogen bonds with Arginine 422 and
Proline 417. By mutating this Tyrosine to a Phenylalanine, the hydrogen bond net-
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ork located in the central pocket of the ‘B’ site is destabilized leading to an
nhibition of the enzyme elongation activity. This diagram was generated using the
ligand interaction’ function of the MOE software (Chemcomp company) (Clark and
abute, 2007).

an reasonably propose that the appearance of mutation of such
esidues upon 6-xanthone treatment might well be reduced and
learly be unfavorable to viral growth. Structural characterization
f our model could strengthen our in silico predictions and validate
he binding mode of this xanthone derivative.

Finally, our results point to a conserved residue in the ‘B’ site as
ssential to a conformational change required to engage into pro-
essive RNA synthesis. Compounds targeting this central residue
ight help both the understanding of the role of this essential site

nd develop new classes of highly potent antiviral compounds.
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