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Phosphoramidate dinucleosides named “GC 30-OH” series, carrying various phosphoramidate linkages
have been previously reported as hepatitis C virus (HCV) inhibitors. To enhance the efficacy of these
dinucleotides, we synthesized a novel “GC 30-H” series as potential chain terminators. We showed that
their inhibition potency is strongly increased by the introduction of novel neutral and bis-negatively
charged phosphoramidate side chains. Their inhibitory effect onHCVNS5B polymerase was evaluated
in vitro and in HCV subgenomic replicon containing Huh-6 cells. As expected, 30-H compounds are
more potent than their 30-OH counterparts to inhibit HCV polymerase activity. The most potent
inhibitor, a 50-phosphorylated dinucleotide bearing a bis-negatively charged amino side chain (7), exhi-
bits an IC50 value of 8 μM in vitro and EC50 value of 2.6 μM in the HCV subgenomic replicon system.
A molecular structure model is presented to propose an interpretation of the gain afforded by the of
30-H-cytidine modification.

Introduction

Hepatitis C is nowadays among the most severe viral
diseases, with about 200 million of infected people world-
wide.1 The lack of a selective and efficient treatment for
hepatitis C virus (HCVa)-associated disease represents thus
a global health problem. Since the discovery of the virus,2,3

much effort has been made in characterizing the viral
genome,4 and the HCV viral life cycle,5,6 in order to allow
rational design of efficient antiviral therapies.7 However,
the sole currently approved treatment, combination therapy
with PEGylated interferon-R and ribavirin, is only partly effi-
cient8 and associated with important side effects.9 Despite the
numerous obstacles, including the lack of robust cellular
evaluation systems10 and convenient animal models11 as well
as the emergence of resistance,12 a number of antiviral agents,
able to inhibit different steps of the HCV viral life cycle, have
been developed during the past decade.7,13-15 In our search

for efficient and selective inhibitors of the HCV RNA-depen-
dent-RNA-polymerase (RdRp) NS5B, we have recently
described as HCV polymerase inhibitors several GC phos-
phoramidate dinucleosides named GC 30-OH.16 These com-
pounds were rationally designed to enhance their inhibition
properties by increasing their binding to active site ofNS5B and
to viral RNA: at least (a) GC is the complementary sequence
of HCV 30-end viral RNA negative strand, (b) a dinucleotide
would act as a direct substrate to the enzymewithout the needof
any phosphorylation in cells, (c) a 20-O-methyl guanosine was
chosen to increase enzymatic and chemical stability of target
compounds. These compounds exhibited inhibitory activity in
an in vitro initiation assay on recombinant NS5B polymerase
with IC50 value up to 25 μM and in cell culture assay on HCV
subgenomic replicon with EC50 value up to 9 μM.

The structure-activity relationship (SAR) study highlighted
that phosphoramidate dinucleosides bearing a 50-phosphate
(or -thiophosphate) group along with a neutral or a negatively
charged side chain displayed themost potent inhibitory activity.
In addition, we observed better potency for the Sp isomers
compared to the Rp ones and to the diastereoisomeric mix-
tures. Then, these data allowed us to propose a model of the
polymerase-phosphoramidate dinucleoside complex refined by
molecular dynamic simulations, explaining the observed effects
of themorepotentphosphoramidatedinucleoside. In thepresent
work and according to our previous model, we report the syn-
thesis and the SAR study of a novel series of improved phos-
phoramidate dinucleosides named “GC 30-H”. The inhibitory
potency of these new compounds was first enhanced thanks to
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the introduction of a 30-deoxycytidinemoiety in order to exhibit
a proper chain terminator effect.17 In addition, on the basis of
our previous SAR observations, we introduced some novel
neutralandbis-negativelychargedphosphoramidate sidechains.
These target compounds were then evaluated in an in vitro
initiation assay on recombinant HCV polymerase NS5B and in
Huh-6 cells containing anHCV subgenomic replicon. An exten-
sive SARwas then established and the antiviral properties of the
most potent compoundswere investigated in detail. Amolecular
model of the NS5B polymerase active site-phosphoramidate
dinucleoside complex was constructed to explain our results.

Results and Discussion

Chemistry. The phosphoramidate dinucleoside com-
pounds (1-8) were prepared according to a synthetic strat-
egy previously described by us,16 involving coupling reaction
between the 50-H-phosphonate monoester of conveniently
protected 30-deoxycytidine 11 and previously described 20-
O-methylguanosine analogues 12-1318,19 (Scheme 2). First,
11 was prepared starting from 30-deoxycytidine;20 after
introduction of an acetyl group at the N4-position21 and
a palmitoyl group at the 20 position, the H-phosphonate
monoester function at the 50 position was introduced after

removal with benzene sulfonic acid (BSA) of the dimethoxy-
trityl (DMTr) group (Scheme 1).22 The palmitoyl group was
chosen to increase the lipophilicity allowing an easy extrac-
tion from water of 11.

Coupling reaction between 11 and 12-13 was then per-
formed, using solid-supported benzoyl chloride as a con-
densing reagent,23 affording the corresponding dinucleoside
H-phosphonate diesters 23-24, which were further oxidized
by CCl4 in presence of various amines, providing, after
appropriate deprotection and purification steps, target com-
pounds (1-8) (Scheme 2). Amine 2516 was prepared accord-
ing to previously reported procedure,24 amines 16, 19,25 and
2226 were prepared using a Boc-protecting strategy, followed
by functionalization and deprotection by trifluoroacetic
acid (TFA), and used as their TFA salts. Detailed synthetic
procedures are given as Supporting Information.

For each target compound, a mixture of two diastereo-
isomers, exhibiting the Sp and the Rp absolute configurations
on the asymmetric phosphorus atom of the phosphoramidate
linkage, was obtained and this was confirmed by NMR and
sometimes visible on the HPLC spectra (as two peaks). The
mixture was directly tested for inhibitory evaluation. Hence-
forth, the more potent compounds tested as isomeric mixture

Scheme 1. Synthetic Pathway for the Synthesis of 11a

aReagents and conditions: (i) Ac2O, DMF; (ii) DMTrCl, pyridine; (iii) PalCl, Pyridine; (iv) 2.5% benzenesulfonic acid in CH2Cl2/CH3OH, 0 �C;
(v) diphenylphosphite, pyridine; (vi) Et3N, H2O.

Scheme 2. Coupling of 12-13 and 11 Affording H-Phosphonate Diester Dimers 23-24, Amidative Oxidations of 23-24, and
Deprotections Affording Target Compounds 1-8a

aReagents and conditions: (i) Polystyrene-acyl chloride resin, DCM/pyridine -1:1 (v/v). (ii) Amine (methoxyethylamine, 25, 16, 19, or 22) CCl4,

pyridine. (iii) Deprotections: method A, 28% aqueous ammonia solution, 7 h at 50 �C; method B, MeOH and 80% acetic acid solution, 2 h at room

temperature; method C, THF/acetonitrile -1:1 (v/v) and 0.4 M aqueous NaOH solution. (iv) RP-HPLC, then Dowex 50W X2 sodium form.
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were further separated byHPLCon a semipreparative reverse
phase C18 column, and each diastereoisomer was obtained
as pure compound (see Supporting Information for HPLC
and NMR examples). For all isolated diastereoisomers, a
clear correlation was established between the retention times
on RP-HPLC and the 31P NMR chemical shift of the
phosphoramidate bond, as previously noticed.27 In analogy
to the established behavior of dinucleoside phosphorami-
date diastereoisomers,28 the isomer with the shorter reten-
tion time on RP-HPLC (named fast) and with the more
upfield 31P chemical shift of the P-N bond (named “uf”)
was assigned as the diastereoisomer with the Rp configura-
tion, while the other (named slow and “df”) was assigned to
the one with the Sp configuration. The validity of this
assignment is supported by the published molecular model
of a Sp isomer of a phosphoramidate dinucleoside docked
within the active site of the HCV NS5B polymerase.16

In Vitro Evaluation of Dinucleotides Inhibiting De Novo

Initiation of RNA Synthesis by HCV NS5B Polymerase. Ef-

fect of the Nature of 30-Group of Cytidine Derivative on NS5B

Polymerase Activity. To determine whether the synthesized
GC 30-H compounds (1-8) can inhibit initiation of RNA
replication by HCV NS5B, a de novo initiation test was
performed. This initiation step is defined as the formation
of the first phosphodiester bond between two nucleotides,
leading to a ribo-dinucleotide primer. The assay used as
template a synthetic oligonucleotide corresponding to the
30-end of the negative strand of the HCV genome. A mixture
of GTP and [γ-32P]-GTP was used as the initiating radiola-
beled nucleotide. The formation of a GC dinucleotide 50-
triphosphate product (pppGpC) wasmonitored by inclusion
of a CTP as elongating nucleotide in the reaction. Therefore,
phosphoramidate dinucleosides 1-8, bearing 50-GC-3

0
nu-

cleobases, were designed to mimic the formation of the first
phosphodiester bond and thus to target the initiation step of
the RNA replication by HCV NS5B. Hence, we measured
the production of the pppGpCproduct and the ability of GC
30-H compounds (1-8) to inhibit this reaction. The pppGpC
product formation was quantified and allowed us to deter-
mine the 50% inhibitory concentration (IC50) values of the
different compounds (Figure 1 and Table 1). An example of
such an experiment is presented in Figure 1 in which inhi-
bitory effect of compound 2 is analyzed. This compoundwas

structurally comparable to the previously reported 30-OH
equivalent derivatives compound 20 that exhibited an IC50

value of 83 μM (Table 1). As expected, when a GC 30-H
compound is added to the reaction in increasing amounts,
the accumulation of pppGpC product is decreased, reflect-
ing the inhibition of RNA synthesis by HCV polymerase
at the initiation step (Figure 1). As expected, all IC50

values for GC 30-H compound, ranging from 8 to 67 μM,
were shown to be lower than those previously obtained
with equivalent GC 30-OH compounds that ranged from
33 to >300 μM.16

Our previous SAR study16 revealed that the highest
inhibition potency of the GC 30-OH was obtained when
the dinucleoside phosphoramidates bear (i) a negatively
charged or a neutral phosphoramidate side chain and (ii) a
50-phosphate (or -thiophosphate) modification. To improve
the inhibitory potency of our previous compounds, the 30-H
equivalent compounds were designed as proper chain ter-
minators, synthesized, and their antiviral evaluation was
performed. Hence, the present compounds 1 and 2 are
structurally comparable to their previous 30-OH equivalent
derivatives 10 and 20 in regards to the 50-terminal and the
phosphoramidate side chain features. As shown in Figure 1
and Table 1, compounds 1 and 2 exhibited a significant
inhibitory effect on de novo NS5B initiation. This result
indicates that the newly designed GC 30-H compounds
were able to efficiently compete with the initiating nucleo-
tide GTP for binding to the NS5B polymerase and were
able to inhibit RNA synthesis by HCV NS5B at the
initiation step, as previously reported for their 30-OH ana-
logues. Moreover, IC50 values of 29 and 34 μMof GC 30-H
compounds 1 and 2 showed an improved activity of 2-5-
fold as compared with the GC 30-OH parent compounds 10

and 20 (respectively 140 and 83 μM) .16 These results clearly
show that removal of the 30-OH group, and hence the possi-
bility to elongate the modified dinucleoside, was able to
increase the inhibition potency of GC phosphoramidate
dinucleosides.

Effect of Side Chain on NS5B Polymerase Activity. To
better understand the impact of the side chain functionality
on the inhibition of HCV NS5B, and hence improve the
potency of our new series, we designed and synthesized new
derivatives bearing a larger neutral ethylene glycol ether

Figure 1. Introduction of a 30-deoxycytidine moiety improved the inhibitory effect of GC phosphoramidate dinucleosides.
(A) Structure of GC 30-H compound. (B) Formation of initiation products by the HCVNS5B polymerase using template corresponding
to the 30 end of the HCV strand (-) genome in the presence of increasing concentration (0.1, 1, 10, 50, 100, 1000 μM) of compound 2.
Initiation products were separated by electrophoresis on denaturing sequencing gel. (C) pppGpC products obtained for various
concentrations of compound 2 were quantified and values reported as a function of concentration. Curves corresponding to
average values for at least three independent experiments are shown, and IC50 values calculated from these curves are indicated
under the arrow.
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side chain (8) or negatively charged side chains bearing two
charges (6 and 7). Confirming our expectations, compound 8
exhibited better inhibition than compound 1, with IC50

values of 18 and 29 μM, respectively. Compounds 6 and 7,
bearing either a monophosphate or a dicarboxylic malonate
amino side chain, exhibited themost potent inhibition so far,
with IC50 values of 10 and 8 μM, respectively. According to
the results described for GC 30-OH compounds,16 the pre-
sence of a neutral (methoxyethyl) or mono negatively
charged (carboxypentyl) side chain is crucial to inhibition
potency. In addition, we now demonstrate that about 3-fold
gain of activity is observed when the amino side chain bears
two negative charges (compounds 6 and 7) instead of one
(compound 1). These data are consistent with our previous
molecular model,16 revealing that the only way to accom-
modate the phosphoramidate side chain in the HCV NS5B
active site is to direct it toward the nucleotide entry channel
paved with positively charged Arg/Lys residues. Thus, in-
creasing the acidity of the side chain, by introducing bis-
negatively charged functionalities (pKa1/pKa2 values of mal-
onate andmonophosphate functions are 2.83/5.69, and 1.88/
6.67, respectively, versus pKa of 4-5 for the alkyl mono
carboxylic function) for compounds 6 and 7, extends and
strengthens the hydrogen bond/electrostatic interactions
with the Arg/Lys residues inside the nucleotide entry
channel, leading to better stabilization of the dinucleoside
phosphoramidate and to improved activity by blocking
the access of nucleoside triphosphates (NTPs) to the poly-
merization site. In the case of the neutral side chain, the
better activity observed for compound 8 as compared with
compound 1may be attributed to the greater length of the
diethylene glycol methyl ether side chain of compound 8,

leading to greater obstruction for entering nucleotides and
yet conserving a strong enough electronegative effect for
favorable positioning inside this positively charged entry
tunnel.16

Effect of 50-Moiety forCompoundsBearingChargedAmino

Side Chain on NS5B Polymerase Activity.Our previous SAR
study showed that 50-phosphate-bearing phosphoramidate
dinucleosides were more potent inhibitors than the 50-hydro-
xyl group equivalent ones. We then studied the influence of
the nature of the 50-moiety on the inhibitory effect of the 30-H
phosphoramidate dinucleosides bearing negatively charged
amino side chains (Table 1). The phosphoramidate dinucleo-
sides were synthesized either with a 50-OH group (3, 4, and 5)
or with a 50-phosphate monoester (2, 6, and 7). As expected,
the introduction of the phosphate monoester group at the
50-position of 3, 4, and 5, leading to compounds 6, 7, or 2,
respectively, resulted in a gain of activity up to 50%, with a
decrease of IC50 from 21 (3) to 10 μM (6), from 19 (4) to 8 μM
(7), from67 (5) to 34μM(2), confirming previous observations
suggesting a higher affinity of monophosphate compounds for
the active site.29,30 Indeed, guanosine monophosphate (GMP)
was previously shown to correctly initiate the RNA synthesis
with abetter efficiency than thenatural guanosine triphosphate
(GTP). These results are also consistent with our previously
reported molecular model,16 which showed that important
hydrogen bond/electrostatic interactions between the 50-phos-
phate moiety and three Arg residues (Arg158, Arg386, and
Arg394) allowed better stabilization of the 50-phosphorylated
phosphoramidate dinucleosides.

Effect of Diastereoisomeric Mixture Separation on NS5B

Polymerase Activity. Each synthesized phosphoramidate
dinucleoside compound was obtained as a mixture of two

Table 1. Introduction of a 30-Deoxycytidine Moiety Improved the Inhibitory Effect of GC Phosphoramidate Dinucleosidesa

a In vitro evaluation (IC50 values) of neutral (1, 1
0, and 8) or negatively chargedGC30-H and 30-OH (2, 20, 3, 4, 5, 6, 7, and 8) and harboring a 50-OH (3,

4, and 5) or a 50-phosphatemonoester group (2, 20, 6, and 7).All data represent average values for at least three separated experiments. TheRp:Sp column
represents the ratio between each diastereoisomers in the mixture.
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diastereoisomers (Rp, Sp) on its internucleotidic chiral
phosphorus center with ratio ranging from 1:1 to 1:2.7. Since
all 50-phosphate phosphoramidate dinucleosides were found
more potent than the corresponding 50-OH ones, we only
chose to separate and evaluate in vitro the diastereoisomers
of compounds 1, 2, 6, 7, and 8 (Table 2). In addition, GC
30-OH compounds 10 and 20 were also separated and evalu-
ated as referenced compounds (Table 2). Intriguingly,
the Sp isomer of compound 1 bearing a neutral amino side
chain exhibited the greatest inhibition potency (7 μM) of all
compounds tested. Moreover, this isomer exhibited better
inhibition potency than the Rp one and the corresponding
mixture, displaying IC50 values 10-fold (72 μM, Table 2) and
4-fold (29 μM, Table 1) higher, respectively. This tendency
was also observed with GC 30-OH compound 10 and 20 but is
less pronounced. Interestingly, this was not observed for
compounds with negatively charged side chains (2, 6, and 7)
as well as for compound bearing a larger neutral side chain
(8). Indeed, IC50 values for both the mixtures on one hand,
and either of the separated isomers, on the other, of com-
pound 2, 6, 7, and 8were similar. Indeed, the Sp isomer in the
30-OH series displayed a slightly better inhibition property.
This difference between 30-OH versus 30-H strongly suggests
that particularly the 30-OH group of the Sp isomer interacts
differently than the Rp one with amino acids of the catalytic
site, explaining that in the absence of 30-OH the observed
effect is abolished.

Molecular Dynamics Study of the Polymerase in Complex

withGC30-HPhosphoramidateDinucleosideBearingMethyl-

amine Side Chain. In our previous study,16 we used a model
structure based on the analogy between HCV and bacterio-
phage RdRp’s initiation complexes.12,31,32 The structural
alignment of bacteriophage andHCVRdRp’s was produced
usingVMD. Subsequently, nucleic acids frombacteriophage
RdRp were inserted into the HCV RdRp X-ray structure.32

Two GTPs were then replaced by dinucleotides bearing the
phosphoramidate linkages. Unfortunately, this previous
model was not sufficient to account for the gain of activity

conferred by 30-H relative to 30-OH phosphoramidate dinu-
cleosides and also the difference of behavior between the
diastereoisomers of GC 30-H bearing either a neutral or a
negatively charged side chain. A new model of HCV NS5B-
GC 30-H complex was thus based on the crystal structures of
the Norwalk Virus RdRp complexed with nucleic acids as
well as inhibitors which appeared in the literature very re-
cently (PDB codes: 3BSN, 3BSO,33 3H5X, 3H5Y34). Indeed,
the geometry of the active site of the Norwalk Virus RdRp
was determined very precisely and the apparent structural
similarity of Norwalk/HCVRdRps allowed straightforward
transferability of many observations.

The stabilization of GC 30-H dinucleoside phosphor-
amidate in the RdRp’s active sites is mediated by mutual
interplay (i) between dinucleosides side chains and positively
charged Arg/Lys residues (Arg158, Arg48, Lys155) situated
on the incoming pathway for nucleoside triphosphates
(NTPs) into the active site, (ii) between the internucleotide
linkage and Mg2þ ions, and (iii) thanks to hydrogen bonds,
where 20-OH and/or 30-OH groups are involved (Figure 2).

The Sp andRp diastereoisomers as well as their mixture in
the case of compounds bearing a negative side chain (2, 6,
and 7) displayed similar IC50 values. This feature may be
explained by the interplay between negative side chains
and positively charged Arg/Lys residues of the incoming
NTPs channel dominating here and stabilizing firmly the
dinucleosides in the active site of the enzyme as previously
described.16 Nevertheless, a slight difference between Sp and
Rp isomers was observed in our previous SAR studies for
GC 30-OH compound bearing a carboxylic side chain and
showing that the Sp isomer wasmore potent than the Rp one
(see also Table 2, compound 20).

However, themost intriguing results were obtained here in
the case of the Sp isomer of compound 1, which exhibited a
9-fold better potency than its 30-OH counterpart (7 vs 57 μM)
and exhibited a 10-fold better potency than its Rp isomer.
The short neutral side chain of compound 1 that was not
able to interact significantly with basic Arg/Lys residues of
the incoming NTPs channel, allowed probably to uncover
Sp/Rp and 30OH/30H effects. Therefore, MD simulations
were directed toward short neutral side chain to shed some
light on these intriguing results.

The Sp isomer of GC 30-H conserves a moderate stabili-
zation owing to the nonbridging oxygen atom of the inter-
nucleosidic linkage directed toward Mg2þ ions that secure
mutual interactions between internucleotide linkages and
ions (Figure 2). Moreover, careful comparison with the
reference simulation performed for Sp-GC 30-OH uncovered
that there are subtle differences considering the identity of
the magnesium ion interacting with the nonbridging oxygen
(see Figure 2 andD1,D2 graphs in Supporting Information).
Interestingly, Sp-GC 30-H was shifted toward the second
Mg2þ ion within a MD run. In contrast, Sp-GC 30-OH
resided rather in the close proximity of the first Mg1þ ion.
It should be noted, that Mg2þ can be usually found in the
active sites of polymerases even lacking nucleic acids sub-
strate. In contrast, Mg1þ is supposed to enter the active
site as the accompanist of incoming NTPs and to leave it
accompanying the pyrophosphate moiety released after
nucleotide incorporation in growing RNA. Further, no
stabilization was observed for Rp GC 30-H oriented inter-
nucleotide linkages, which lost contacts with ions because
the NH part of the side chain is directed toward Mg2þ ions
(Figure 2 and D1, D2 graphs in Supporting Information).

Table 2. Except for Compound 1, Separation ofDiastereoisomersDoes
Not Modify the Inhibition Potency of 30-Deoxy Phosphoramidate
Dinucleosidesa

compd IC50 (μM)

1-Rp 72( 25

1-Sp 7( 3

10-Rp 28( 6

10-Sp 37( 6

2-Rp 9( 1

2-Sp 13( 6

20-Rp 26( 6

20-Sp 16( 4

6-Rp 20.3( 1

6-Sp 18.5( 8

7-Rp 121( 11

7-Sp 57( 18

8-Rp 64( 19

8-Sp 42( 7
a IC50 values of separated diastereoisomers of neutral and negatively

charged (1, 10, 2, 20, 6, 7, and 8) phosphoramidate dinucleosides. All data
represent average values for at least three separated experiments.
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In summary, these data explain why GC 30-H bearing a
neutral side chain in the Sp absolute configuration, which is
not able to interact with basic Arg/Lys residues of the NTPs
channel, exhibited remarkably stronger inhibition activity
(comparing either to the Sp-GC 30-OH counterpart or both
30-H and 30-OH Rp isomers). This effect was not observed
with compound bearing a larger neutral amino side chain as
compound 8. The difference observed for compound 8 may
be attributed to the greater length of its diethylene glycol
methyl ether side chain, leading to greater obstruction for
entering nucleotides and yet conserving a strong enough
electronegative effect for favorable positioning inside this
positively charged entry tunnel.16

Differences in the recognition of the nonbridging oxygen
from the phosphoramidate linkages (Sp-GC 30-OH vs Sp-
GC 30-H) by either Mg2þ or Mg1þ ions are rooted in the
hydrogen bonds connecting the 30-OH group with the
Asp225 residue (Figure 2, see D6-D7 graphs in Supporting
Information). As a consequence, Sp-GC 30-OH is reposi-
tioned slightly comparing to Sp-GC30-H leading to strengthen-
ing of contacts with Mg1þ, which offers less sound stabiliza-
tion in the active site (comparing to Mg2þ).

Further, in the case of GC 30-H series, Asp225 and Ser282
of HCV NS5B were connected by mutual hydrogen bonds
(Figure 2, see D4-D5 graphs in Supporting Information)
and the 20-OHgroup ofGC30-H series was recognized firmly
by Ser282 (Figure 2, see D8 graphs in Supporting In-
formation). In contrast, in the case of GC 30-OH series, the
30-OH group was competing with Ser282 and often replaced
it in Asp225 binding, destabilizing 20-OH interactions with
Ser282. It could contribute further to a better stabiliza-
tion of the 30-H GC series than the GC 30-OH series in the

active site of HCVRdRp and therefore to a better inhibition
activity.

Activity of Phosphoramidate Dinucleosides on HCV Sub-

genomic Replicon Replication. Target dinucleotides (1, 1-Sp,
1-Rp, 10, 10-Sp, 10-Rp, 2, 6, 7, and 8) were evaluated in Huh-6
cells, a hepatocyte cell line stably carrying a genotype 1b
subgenomic HCV replicon. Replicon RNA levels were de-
termined by a reverse transcription quantitative polymerase
chain reaction (RT-qPCR) assay. The antiviral activity was
then measured by the reduction in replicon RNA levels
in the presence of increasing amounts of inhibitors. Con-
comitantly, the antimetabolic effect of each compound was
evaluated as well. Calculated EC50 and CC50 values for
evaluated compounds are summarized in Table 3. All com-
pounds proved to be noncytotoxic, as no antimetabolic effect
was detected at the highest concentration tested (65 μM)
and exhibited particularly good inhibition of HCV replicon.
As expected, activities for novel GC 30-H series are improved
compared to equivalent compounds of the GC 30-OH
series.16

As previously described, GC 30-OH compound 10 was
inactive (Table 3). As expected, the GC 30-H equivalent
compound 1 was more active than the GC 30-OH compound
10 (19μMvs>50μM).The separated 10-Rpand 10-Sp isomers,
never tested before,were active and the Sponewas 8-foldmore
active than theRpone (Table 3).As observed for compound 10

isomers, separated isomers 1-Rp and 1-Sp were both signifi-
cantlymorepotent than themixture (8-12-fold). Surprisingly,
1-Rp and 1-Sp showed similar potencies (1.6 and 2.5 μM).
These data were in contrast with the in vitro data obtained on
purified NS5B, which showed a significant difference between
both isomers (72 and 7 μM). This observation suggested that

Figure 2. Molecular modeling of Sp/Rp GC 30-H and Sp/Rp GC 30-OH bearing a methylamino side chain and their interactions with amino
acid residues of the NS5B polymerase active site (Asn291, Asp225, and Ser282) . Amino acid residues of NS5B polymerase active site are
depicted as thin sticks. For clarity, only the side chain and terminal cytidine of the dinucleoside are depicted as thick sticks. Mg2þ ions are
illustrated as two green spheres.
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the less active compound 1-Rp on purified NS5B, could be
converted in cell in something more active against HCV.
Compounds 1 and 8, bearing neutral amino side chains,
resulted in a good inhibitionofHCVrepliconwithEC50 values
of 19.4 (shorter amino side chain) and 3.6 μM (longer amino
side chain), respectively. Compounds 2, 6, and 7 in diaster-
eoisomeric mixture, bearing negatively charged amino side
chains, exhibited the strongest inhibitionofHCVrepliconwith
EC50 values of 1.7, 3.9, and 2.6 μM, respectively. No major
difference is observed between mono- and dicarboxylic com-
pounds, in contrast to the results of the in vitro evaluation.

Conclusion

In our search for new potent HCV polymerase inhibitors, we
have synthesized a novel series of phosphoramidate dinucleo-
sides named “GC 30-H” based on our previous results16 and
evaluated their inhibitory effect on HCV NS5B polymerase in
vitro and in HCV replicon-containing Huh-6 cells. The analo-
gues of the present study harbor a 30-deoxycytidine moiety
introduced in order to enhance the inhibitory character as a
chain terminator. As expected, all IC50 of GC-30-H compounds
were shown to be lower than those previously obtained with
GC-30-OH series (between 7 and 72 μMvs 33 up to>300 μM).

A previous report showed that the only way to accommo-
date the long phosphoramidate side chain of GC 30-OH series
into the HCV RdRp active site was to direct it toward the
nucleotide entry channel.16 Thus, a negatively charged side
chain could interactwith theLys/Arg residues of the incoming
nucleotide channel, blocking the access of nucleotides to the
polymerization site. Accordingly, the most potent inhibitors
in vitro of the present study proved to be the 50-phosphory-
lated GC 30-H compounds bearing a bis-negatively charged
side chain 6 (IC50 of 8 μM) and 7 (IC50 of 10 μM). However,
the Sp isomer of a GC 30-H compound bearing a neutral side
chain 1 exhibited inhibitory activity in a close range of IC50

value (IC50 of 7 μMfor the Sp isomer). To understand the role
of the 30 groupof phosphoramidate dinucleoside, a newmodel
of theHCVNS5B-GC30-Hcomplexwas refinedbymolecular
dynamics simulations. This model revealed crucial interac-
tions for inhibition between the 30-group of phosphoramidate
dinucleosides and amino acid residues within the catalytic site
as well as Mg2þ ions.

The present GC 30-H compounds showed increased activ-
ities in comparison to the GC 30-OH ones, in HCV NS5B
polymerase in vitro assays as well as in the HCV replicon
system in cell culture. Indeed, all tested compounds proved to
be noncytotoxic, as no antimetabolic effectwas detected at the
highest concentration tested (65 μM) and exhibited excellent
inhibition of HCV replicon with EC50 value of 1.7 μM for the
most potent one (compound 2), bearing a negatively charged
amino side chain. Novel negatively charged amino side chain
introduced here showed excellent activity in a similar range,
confirming and extendingoutprevious report.16Nevertheless,
negatively charged compounds, due to their polar nature, are
known for not easily crossing lipid cellmembranes. Therefore,
decreasing the polar nature of our bis-negatively charged
compounds by synthesis of equivalent prodrugs could en-
hance the activity of our hit compounds and make them new
candidates for HCV therapy.

Experimental Section

General Procedures. General procedures have been given for
the coupling, oxidation, and deprotection of target compounds.
Variations from these procedures and individual purification
methods are given in the main text for each compound. Experi-
mental procedures for antiviral evaluation, general chemistry
experimental and analysis conditions, preparative and spectro-
scopic data for the 30-deoxycitydine monomer compounds 9 to
11, for the amino intermediates 14-22, for H-phosphonate
diesters 23 and 24, and full spectroscopic data for all target
compounds (1-8) are given as Supporting Information only.

OxidationMethod A. In a dry flask, appropriateH-phospho-
nate diester (1 mol equiv) was dried by azeotropic distillation
with anhydrous pyridine and dried under vacuum with P2O5 for
30 min. It was then dissolved in anhydrous pyridine (5 mL/mmol).
To this solution were simultaneously added anhydrous CCl4
(25 mol equiv, 2.5 mL/mmol) and corresponding amine (10 mol
equiv) in anhydrous pyridine. The mixture was stirred at room
temperature for 1 h. The solvents were removed under reduced
pressure, and the residue was coevaporated twice with acetonitrile.
Compounds were directly involved in deprotection steps.

Oxidation Method B. In a dry flask, appropriateH-phospho-
nate diester (1 mol equiv) was dried by azeotropic distillation
with anhydrous pyridine and dried under vacuumwith P2O5 for
30 min. It was then dissolved in anhydrous pyridine (2.5 mL/
mmol). To this solution were simultaneously added anhydrous
CCl4 (25 mol equiv, 2.5 mL/mmol), 4 M solution of the
corresponding amine hydrochloride or hydrotrifluoroacetate
(10 mol equiv) in anhydrous pyridine, and anhydrous triethyla-
mine (10 mol equiv). The mixture was stirred at room tempera-
ture for 1 h. The solvents were removed under reduced pressure,
and the residue was coevaporated twice with acetonitrile. Com-
pounds were directly involved in deprotection steps.

Deprotection Method A. Appropriate compound was dis-
solved in the corresponding solvent (14 mL/mmol), and 28%
aqueous ammonia solution was added (70mL/mmol). The flask
was hermetically closed, and themixture was stirred 7 h at 50 �C.
The solvents were removed under reduced pressure to give
the corresponding compound as brown oil, which was further
purified by chromatography.

Deprotection Method B. Appropriate compound was dis-
solved inmethanol (12mL/mmol), and 80%acetic acid solution
(62 mL/mmol) was added, then the mixture was stirred 2 h at
room temperature. It was finally diluted with 10 mL of water
and washed with dichloromethane (5 times) and ether (3 times).
The aqueous layer was evaporated to dryness, and then the
residue was purified by chromatography.

Deprotection Method C. Appropriate compound was dis-
solved in THF/acetonitrile 1:1 (v/v) (50 mL/mmol), and 0.4 M
aqueous NaOH solution (100 mL/mmol) was added, then the

Table 3. Antiviral Activity of Compounds 1, 1-Sp, 1-Rp, 10, 10-Sp, 10-
Rp, 2, 6, 7, and 8 Was Evaluated at 10 Concentrations Ranging from
0.025 to 65 μMinHuh-6 Cells Containing a SubgenomicHCVReplicon
(Genotype 1b)a

compd EC50 (μM) CC50 (μM)

1 19.4( 6.6 >65

1-Rp 1.6( 0.3 >65

1-Sp 2.5( 0.2 >65

10 >50 >65

10-Rp 38( 7.2 >65

10-Sp 4.5( 0.5 >65

2 1.7( 0.2 >65

6 3.9( 2.0 >65

7 2.6( 0.8 >65

8 3.6( 0.4 >65
aThe antiviral activity is measured by the reduction in replicon RNA

levels in the presence of the compound, taking into account that
untreated replicon-containing cells produce the highest replicon RNA
level (replicon control). Concomitantly with the evaluation of the
antiviral activity of each compound, the antimetabolic effect is evaluated
by means of the MTS/PMS method (see Experimental Section). EC50

values thus represent an average value of three independent experiments.
Standard deviation values are provided as well.
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mixture was stirred at room temperature (reaction time is
indicated for each compound in the main text). The reaction
mixture was quenched with DOWEX-pyridinium resin. The
resin was filtered off, and the filtrates were evaporated to
dryness and coevaporated three times with ethanol, and then
the residue was purified by chromatography.

HPLC Method for Separation of Diastereoisomers. Waters
DeltaPak C18 preparative column was used on a Waters appa-
ratus with a 2 mL/min flow rate (see Supporting Information).
Gradient conditions, run times, and maximal loading of the
column are given for each compound. After purification, the
TEAAc buffer was removed after several lyophilizations from
water. According to retention times on RP-HPLC the names
“fast eluting” and “slow eluting”were attributed to each isomer.

HPLC Method for Purity Analysis. Nucleosil C18 column,
(150 mm � 4.6 mm, 5 μm) from Supelco, Inc. was used on a
Waters apparatus with a 1 mL/min flow rate (see Supporting
Information Table S2). Two gradient conditions were used (see
Supporting Information Table S2). Run times are given for
each compound. According to retention times on RP-HPLC,
the names “fast eluting” and “slow eluting” were attributed
to each isomer. Purity of each compound is >95.8%, except
for compound 7slow, which is contaminated by 14% of 7fast
(see Supporting Information Figure S1).

Synthesis of O-(30-Deoxycytidin-50-yl)-N-(2-methoxyethyl)-
O-(20-O-methyl-50-O-phosphoryl guanosin-30-yl) Phosphorami-
date, Sodium Salt (1). Prepared according to oxidation method
A from 24 (0.06 mmol, 1 equiv), 0.15 mL of CCl4, 0.4 mL of
pyridine, and 2-methoxyethylamine (60μL, 0.7mmol, 11 equiv),
and according to deprotection method A using 1.5 mL of THF/
MeOH 2:1 (v/v) and 4 mL of ammonia. Purified on preparative
RP-HPLC (gradient: acetonitrile 6-11% in 30 min; maximal
loading of the column: 10 mg of crude product per run). After
elution on a DOWEX-Naþ column and lyophilization from
water, 1was awhite spongy solid (26mg, 68%) epimericmixture
(ratio ∼ 1:1). The two diastereoisomers of the obtained mixture
were separated by preparative RP-HPLC using the general
conditions described above. Gradient: acetonitrile 7-10% in
30min;maximal loading of the column: 1mg ofmixture per run.

Synthesis of O-(30-Deoxycytidin-50-yl)-O-(20-O-methyl-50-O-

phosphorylguanosin-30-yl)-N-(5-carboxypentyl) Phosphoramidate,
Sodium Salt (2). Prepared according to oxidation method B, 23
(0.13 mmol, 1 equiv), 0.3 mL of CCl4, 0.3 mL of pyridine, dry
6-aminocaproic acidmethyl ester hydrochloride (236mg, 1.3mmol,
10 equiv) dissolved in 0.5mLof pyridine and triethylamine (0.2mL,
10 equiv), then according to deprotection method C using 5 mL of
THF/ACN 1:1 (v/v) and 10 mL of 0.4 M NaOH solution after
overnight stirring and according to deprotection method A using
10 mL of ammonia. Purified on a DEAE-A25 Sephadex column
(gradient: TEAB 10-3 to 0.5M) then by flash RP chromatography
(gradient: acetonitrile 0-20%). After elution on a DOWEX-Naþ

column and lyophilization from water, 2 was a white spongy solid
(30 mg, 30%) epimeric mixture (ratio ∼ 1:2.3).

The two diastereoisomers of the obtained mixture were
separated by preparative RP-HPLC using the general condi-
tions described above. Gradient: acetonitrile 6-8% in 40 min;
maximal loading of the column: 1.2 mg of mixture per run.

Synthesis of O-(30-Deoxycytidin-50-yl)-O-(20-O-methylguano-

sin-30-yl)-N-(3-phosphoryloxy propyl) Phosphoramidate, Sodium
Salt (3). Prepared according to oxidation method B from 24

(0.04 mmol, 1 equiv), 0.1 mL of CCl4, 0.1 mL of pyridine, dry 16
(78 mg, 0.2 mmol, 5 equiv) dissolved in 0.1 mL of pyridine and
triethylamine (0.1mL, 10 equiv), then according to deprotection
method A using 2.5 mL of THF/ACN 1:1 (v/v) and 5 mL of
ammonia, and according to deprotection method B using 5 mL
of 80% acetic acid. Purified on a DEAE-A25 Sephadex column
(gradient: TEAB 10-3 to 0.1 M) then by flash RP chromatog-
raphy (gradient: acetonitrile 0-20%). After elution on a DOW-
EX-Naþ column and lyophilization from water, 3 was a white
spongy solid (9.4 mg, 30%) epimeric mixture (ratio ∼ 1:1.5).

Synthesis of O-(30-Deoxycytidin-50-yl)-O-(20-O-methylguano-
sin-30-yl)-N-[3-(malon-2-yl) propyl] Phosphoramidate, Sodium

Salt (4). Prepared according to oxidation method B from 24

(0.04 mmol, 1 equiv), 0.1 mL of CCl4, 0.1 mL of pyridine, dry 19
(130mg, 0.4mmol, 10 equiv) dissolved in 0.1mLof pyridine and
triethylamine (0.1mL, 10 equiv), then according to deprotection
method C using 2.5 mL of THF/ACN 1:1 (v/v) and 7 mL of
0.4 M NaOH solution after overnight stirring, then according
to deprotection method A, using 5 mL of ammonia, and
finally according to deprotection method B using 5 mL of 80%
acetic acid. Purified on a DEAE-A25 Sephadex column
(gradient: TEAB 10-3 to 0.1 M) then by flash RP chromato-
graphy (gradient: acetonitrile 0-20%).After elutiononaDOWEX-
Naþ column and lyophilization from water, 4 was a white
spongy solid (10 mg, 32%) epimeric mixture (ratio ∼ 1:1.5).

Synthesis of O-(30-Deoxycytidin-50-yl)-O-(20-O-methylguano-

sin-30-yl)-N-(5-carboxypentyl) Pphosphoramidate, Sodium Salt
(5). Prepared according to oxidation method B from 24

(0.04 mmol, 1 equiv), 0.1 mL of CCl4, 0.1 mL of pyridine,
dry 6-aminocaproic acid methyl ester hydrochloride (100 mg,
0.4 mmol, 10 equiv) dissolved in 0.1 mL of pyridine and
triethylamine (0.1mL, 10 equiv), then according to deprotection
method C using 2.5 mL of THF/ACN 1:1 (v/v) and 5 mL of 0.4
MNaOH solution after 2 h stirring, then according to deprotec-
tionmethodA, using 5mLof ammonia, and finally according to
deprotection method B using 5 mL of 80% acetic acid. Purified
by flash RP chromatography (gradient: acetonitrile 0-10%).
After elution on a DOWEX-Naþ column and lyophilization
from water, 5 was a white spongy solid (14 mg, 50%) epimeric
mixture (ratio ∼ 1:2.7).

Synthesis of O-(30-Deoxycytidin-50-yl)-O-(20-O-methyl-50-O-

phosphorylguanosin-30-yl)-N-(3-phosphoryloxypropyl) Phosphor-

amidate, Sodium Salt (6). Prepared according to oxidation meth-
od B from 23 (0.06 mmol, 1 equiv), 0.2 mL of CCl4, 0.2 mL of
pyridine, dry 16 (300mg, 0.7mmol, 13 equiv) dissolved in 0.2mL
of pyridine and triethylamine (0.2 mL, 10 equiv), then according
to deprotection method A using 2.5 mL of THF/EtOH 1:2 (v/v)
and 10 mL of ammonia after 10 h stirring. Purified on a DEAE-
A25 Sephadex column (gradient: TEAB 10-3 to 0.3 M) then by
flash RP chromatography (gradient: acetonitrile 0-50%). After
elution on a DOWEX-Naþ column and lyophilization from
water, 6was a white spongy solid (10 mg, 19%) epimeric mixture
(ratio ∼ 1:1.3). One mg of the diastereoisomeric mixture was
separated by analytical RP-HPLC using the general conditions
described above. Gradient: acetonitrile 6-8% in 40 min.

Synthesis of O-(30-Deoxycytidin-50-yl)-O-(20-O-methyl-50-O-

phosphorylguanosin-30-yl)-N-[3-(malon-2-yl)propyl] Phosphora-

midate, Sodium Salt (7). Prepared according to oxidation meth-
od B from 23 (0.07 mmol, 1 equiv), 0.2 mL of CCl4, 0.2 mL
of pyridine, dry 19 (250 mg, 0.7 mmol, 10 equiv) dissolved in
0.3 mL of pyridine and triethylamine (0.2 mL, 10 equiv), then
according to deprotectionmethodCusing 2.5mLof THF/ACN
1:1 (v/v) and 7 mL of 0.4 M NaOH solution after overnight
stirring, and according to deprotectionmethodA, using 5mLof
ammonia. Purified on a DEAE-A25 Sephadex column
(gradient: TEAB 10-3 to 0.3 M) then by flash RP chromato-
graphy (gradient: acetonitrile 0-50%).After elutiononaDOWEX-
Naþ column and lyophilization from water, 7 was a white
spongy solid (13 mg, 21%) epimeric mixture (ratio ∼ 1:2.3).

The two diastereoisomers of the obtained mixture were
separated by preparative RP-HPLC using the general condi-
tions described above. Gradient: acetonitrile 3-6% in 45 min;
maximal loading of the column: 1 mg of mixture per run.

Synthesis ofO-(30-Deoxycytidin-50-yl)-N-[2-(2-methoxyethoxy)-
ethyl]-O-(20-O-methyl-50-O-phosphorylguanosin-30-yl) Phosphora-

midate, Sodium Salt (8). Prepared according to oxidation method
Afrom23 (0.05mmol, 1 equiv), 0.2mLofCCl4, 0.2mLofpyridine
and dry 22 (80 mg, 0.6 mmol, 12 equiv) dissolved in 0.2 mL of
pyridine, and according to deprotectionmethodAusing 1.5mLof
THF/MeOH 2:1 (v/v) and 5 mL of ammonia. Purified on a
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DEAE-A25 Sephadex column (gradient: TEAB 10-3 to 0.3 M)
then by flashRP chromatography (gradient: acetonitrile 0-50%).
After elution on aDOWEX-Naþ column and lyophilization from
water, 8 was a white spongy solid (23 mg, 57%) epimeric mixture
(ratio ∼1:1.4).

HCV 1b Polymerase Preparation and Reagents. NS5B-D55
gene, tagged with six C-terminal histidines was expressed from
pDest 14 vector (Invitrogen) inEscherichia coliBL21(DE3) cells
(Novagen) and was purified as previously described.16 RNA
H(-) (5

0
-UCGGGGGCUGGC-3

0
) oligonucleotides was ob-

tained from MWG-Biotech. a-32P-labeled cytosine 50-tripho-
sphate (3000 Ci/mmol) was purchased from Amersham.

Determination of Inhibitory Concentration 50% (IC50). The
RNA oligonucleotide (RNAH (-)) corresponding to the 30 end
of the negative strand of the HCV genome was used to analyze
the synthesis of the first phosphodiester bond and its inhibition
induced by the modified phosphoramidate dinucleotides. The
dinucleotides concentration leading to 50% inhibition ofNS5B-
mediatedRNAsynthesiswas determined inRdRpbuffer (50mM
HEPES pH 8.0, 10 mMKCl, 10 mMDTT, 0.5% Igepal CA630)
containing 10 mM of RNA H(-) template, 1 μM NS5B and
various concentration of dinucleotides (0, 0.01, 0.1, 1, 10, 50, 100,
1000 μM). Reactions were initiated by the addition of 2 mM
MnCl2, 1 mM MgCl2, 50 μM γ-32P-GTP (1 μCi), and 100 μM
CTP. After 15 min incubation at 30 �C, samples were quenched
with EDTA/formamide. Products were separated using sequen-
cing gel electrophoresis and quantified using photostimulated
plates and a FujiImager (Fuji). IC50 was determined using the
equation:%of active enzyme=100/(1þ (I)2/IC50),where I is the
concentration of the inhibitor. IC50 was determined from curve-
fitting using Kaleidagraph (Synergy Software).

Molecular Dynamics. The model of the HCVRdRp-GC 30-H
complex is based on the analogy with the crystal structure of the
Norwalk Virus RdRp complexed with nucleic acids as well as inhi-
bitors which appeared in literature very recently (3BSN, 3BSO,33

3H5X, 3H5Y34). The geometry of the active site was determined
very precisely in 3BSO.pdb,33 uncovering clearly certain rearrange-
ments of hydrogen bonding connecting the 20-OH/30-OHgroups of
GCdinucleosideswithAsp247, Ser300, andAsn309of theNorwalk
polymerase (their counterparts in HCV RdRp were Asp225,
Ser282, and Asn291). There is an apparent structural similarity of
Norwalk/HCVRdRps,whichallowstraightforward transferability
of many observations. The pyrophosphate moiety from CTP in
3BSO.pdbwas deleted and the rC nucleotide was simply connected
to the 30-terminus of the RNA transcript. We supposed that
positions of the GpC dinucleotide in the initiation complex and
of the relevant part of the RNA transcript in the elongation
complex differ only negligibly.

Molecular dynamics simulations were produced for six simu-
lated systems differingmutually in the rC residue modifications.
There were used (i) natural rC, (ii) 30-H rC, (iii, v) natural rC
bearing either Sp or Rp oriented phosphoramidate linkages,
and (iv,vi) 30-H rC with Sp/Rp phosphoramidate linkages.
Phosphoramidate linkages were represented by a simplified
P-NHCH3 variant. Longer side-chains should interact with
either positively charged residues ormagnesium ions as proposed
previously.16 This required necessary completion and modifica-
tion of all_nuc94.in (molecular topology) and parm94.dat (force
field) files. Several bond (NS_P) angle and dihedral angle (CT-
NS-P-OS, X-CT-NS-P) terms were taken from ref 35 in which
the AMBER parameters for a similar internucleotide linkage
modification were developed. Remaining charges, as well as
bond, angle, and dihedral terms for the side chains, were taken
from the AMBERdatabase44 and did not requiremodification.
Such approximation was judged sufficient for the geometrical
factors analyzed here.

Simulated system was surrounded by ∼15565 TIP3P water
molecules36 which extended to a distance of approximately 10 Å
(in each direction) from the RdRp atoms. This gives a perio-
dic box size of ∼90 Å, ∼97 Å, ∼78 Å. New *.inpcrd (initial

coordinates) and *.prmtop (molecular topology, force field etc.)
files for the whole simulated system including modified residues
were created by use of the TLEAP module (AMBER software
package37).

Fully solvated trajectories (lasting for 5 ns) were computed
with the aid of the NAMD software package.38 Conventional
computational procedures were used: periodic boundary con-
ditions, cut off distances of 10 Å for the nonbonded interactions,
and the particle-mesh-Ewald method for the summation of the
Coulombic interactions.39 MD time step = 0.002 ps. Initially,
for 5 ps, the system was heated up to 310 K using a Langevin
temperature equilibration scheme while restraining the position
of the solute. The MD was then continued for 5 ns at constant
T and constant P with all restraints removed.

Figures were produced with the aid of the VMD software
package.40

Evaluation of Antiviral andCytostatic Activities of Compounds

in HCVGenotype 1b Subgenomic Replicon CarryingHuh-6 cells.

Huh-6 cells containing genotype 1b subgenomic HCV replicon
derived from the Con1 isolate were described elsewhere.41 Huh-
6 cells were seeded at a density of 1.5 � 104 cells per well in 96-
well cell culture plates, and antiviral assays were carried out as
described before.41 Following incubation of 24 h at 37 �C (5%
CO2), serial dilutions ranging from 0.025 to 65 μM of the test
compounds in completeDMEMwere added in a total volume of
100 μL.After a 3-day incubation period at 37 �C (5%CO2), cells
were lysed in cells-to-cDNA lysis buffer (Ambion, Cambridge-
shire, UK), and lysates were used to determine the amount of
HCV replicon RNA by means of quantitative real-time PCR as
described previously.42 The EC50s were calculated as the con-
centration of compound that caused a 50% reduction in HCV
RNA levels compared to that of the untreated control. Serial
dilutions of known quantities of a plasmid containing the
neomycin gene were used to set up the standard curve. The
amount of viral RNA produced in treated cultures was ex-
pressed as a percentage of that in the untreated control. To
determine the cytotoxic activity of the compounds, an assay was
set up in the same way described above, but after 3 days the cell
number was determined by means of the MTS/PMS method
(Promega) as described previously.41 The CC50s were calculated
as the concentration of compound that caused a 50% reduction
of the proliferation of exponentially growing replicon cells
compared to that of the untreated control.
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