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Nucleosides have been widely used in the treatment of viral diseases, but relatively few have been identified
as inhibitors of hepatitis C virus (HCV). The modified ribonucleosides, 2�-C-methyl-adenosine and 2�-O-
methyl-cytidine, are potent inhibitors of HCV replication which specifically target the NS5B polymerase.
Herein, a more extensive characterization of the effect of these compounds upon HCV replication in sub-
genomic replicons is reported. A highly selective antireplicative effect induced by the nucleosides in replicon-
containing cell lines was maintained during an exponential growth period with potencies which paralleled the
reduction of both positive- and negative-strand RNA replication. Moreover, the inhibitory effect closely
correlated with the intrinsic metabolic properties of differing replicon clonal lines. Interestingly, while 2�-C-
methyl-adenosine elicited similar inhibitory potencies in different cell lines, 2�-O-methyl-cytidine was found to
be inactive in one replicon cell line tested, although the corresponding triphosphates comparably inhibited the
in vitro activity of replication complexes isolated from these cells and the activity of NS5B polymerase using
synthetic templates. The lack of antireplicative effect, attributed to poor intracellular conversion of the
2�-O-methyl-cytidine nucleoside to the active 5�-triphosphate, was reversed using a monophosphate prodrug.
Thus, although replicon cells are useful for evaluating the effect of inhibitors upon HCV replication, these
findings have important implications for their use in the identification and characterization of nucleosides and
other chemotherapeutic agents requiring cellular metabolism.

Hepatitis C virus (HCV) infection affects an estimated 170
million people world wide and is a major cause of hepatocel-
lular carcinoma (39). Currently, the only available treatment is
a combination of alpha interferon and ribavirin, which is only
effective in 40 to 60% of patients and causes significant side
effects. A number of therapeutic approaches has emerged in-
cluding those that target the viral RNA-dependent polymerase
(NS5B) or the serine protease/helicase (NS3), antisense ther-
apies, and therapeutic vaccines (8, 37). However, none has yet
yielded a clinically approved drug.

To date, the lack of an infectious cell culture system has
hampered the development of HCV antiviral agents. Although
full-length cDNAs of HCV are available, viral replication has
not been demonstrated. However, the recent advent of stable
subgenomic replicon cell lines, capable of RNA replication,
has enabled the identification of drug discovery leads (19).
Potent inhibitors of the NS3 protease have been identified, one
of which, BILN 2061, was found to be effective in phase I
clinical trials (1, 18, 26, 28, 36). Several classes of nonnucleo-
side inhibitors, including benzothiadiazines and disubstituted
phenylalanines, have been reported as inhibitors of NS5B poly-

merase (5, 11, 20, 27, 34, 35, 38). While the clinical usefulness
of nucleoside inhibitors (NIs) has been demonstrated for other
viruses (7), a limited number of NIs have been identified for
HCV, including the 2�-substituted nucleosides which we have
previously reported as potent chain terminators of the NS5B
polymerase (4, 10, 23, 30, 32, 37).

The development of nucleoside analogs as successful thera-
peutic agents requires an understanding of the pathways and
enzymes needed for activation to the triphosphate form. Nu-
cleoside analogs undergo intracellular phosphorylation by ki-
nases to form the active triphosphate moiety and hence are
subject to cell-line-dependent variations in metabolism. The
inhibitory activity can be limited by poor uptake, metabolic
conversion, and/or competition with endogenous nucleoside
triphosphates (NTPs). Further, the degree of phosphorylation
can vary depending upon host, tissue, and cell type specificities;
regulation by positive and negative feedback loops; phase of
the cell cycle; activation state; and viral infection of a cell (31).
Additionally, the efficiency of chain termination, the mode of
action of known NIs of viral pathogens, depends upon several
biochemical parameters including the affinity of the inhibitor
NTP for the polymerase, the ratio of the NTP analog to en-
dogenous cellular NTPs, and the relative rates of nucleotide
incorporation by the polymerase.

The 2�-substituted nucleoside inhibitors, 2�-C-methyl-aden-
osine (2�-C-Me-A) and 2�-O-methyl-cytidine (2�-O-Me-C)
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were previously identified as specific inhibitors of HCV viral
replication in a cell-based replicon assay in the absence of
cytotoxicity (2, 4, 10). Addition of the nucleosides to cells
growing in culture resulted in the intracellular formation of the
corresponding triphosphates which are potent, competitive in-
hibitors of NS5B-catalyzed reactions in vitro. Additionally, the
target of this class of nucleosides has been genetically validated
by the selection and identification of resistant mutations in
replicon cells located in the viral NS5B polymerase (23).

In this study, the specific effect of the nucleosides upon HCV
replication was further characterized in two different replicon
cell lines derived from parental Huh-7 cells. Although the
2�-C-Me-A analog exhibited selective inhibitory activity in both
replicon lines tested, the 2�-O-Me-C analog was inactive in one
cell line. This lack of effect upon replication was attributed to
poor cell penetration and increased metabolic degradation of
the nucleoside by deamination and glycosidic cleavage or de-
methylation (9, 22). However, the use of a monophosphate
prodrug (18a) of the C analog overcame the block in antirep-
licative effect following its efficient uptake into cells and me-
tabolism to the corresponding triphosphate inhibitor, 2�-O-
Me-CTP. Thus, knowledge of the intracellular metabolic
pathways of nucleosides combined with mode of action studies
is critical to the development of efficacious antiviral agents, the
discovery of which can be obscured by differences in clonal
properties of replicon cells.

MATERIALS AND METHODS

Materials. Radiolabeled nucleotides were purchased from Amersham. Ultra-
pure nucleoside triphosphates were purchased from Amersham Pharmacia Bio-
tech (Piscataway, N.J.). The 2�-O-Me-C triphosphate was purchased from Trilink
(San Diego, Calif.). 2�-O-Me-C and 2�-O-Me-5-iodo-C were purchased from
Berry Associates (Dexter, Mich.). The 2�-O-Me-C S-acetyl thioester (SATE) was
synthesized according to the method described in reference 29. Compounds
2�-C-Me-A, 2�-C-Me-A triphosphate, and 8-bromo-2�-C-Me-A were synthesized
according to the general procedures previously described (4). Radiolabeled com-
pounds [8-3H]2�-C-Me-A, [5-3H]2�-O-Me-C, and [5-3H]2�-O-Me-SATE were
prepared by the Tritium Custom Preparation group at Amersham Pharmacia
Biotech Ltd (Cardiff, Wales). The specific activity of [5-3H]2�-O-Me-C was 23
Ci/mmole, the specific activity of [8-3H]2�-C-Me-A was 18.5 Ci/mmole, and the
specific activity of [5-3H]2�-O-Me-SATE was 3 Ci/mmole.

NS5B enzyme assay on template t500. Enzyme activity was monitored in
reactions catalyzed by NS5B �21 (NS5B protein with a C-terminal truncation of
21 amino acids) by determining the incorporation of radiolabeled NTPs into a
heteromeric RNA template as described previously (3). The inhibitor concen-
tration at which the enzyme-catalyzed rate is reduced by half (IC50) was deter-
mined by fitting the relative rate data to the Hill equation.

In situ RNase protection assay (RPA). HBI10A and HBIII27 replicon cells
were grown and assayed as previously described (4, 25). Compound or dimethyl
sulfoxide (DMSO) (1%) was added to cells at 80% confluence (80,000 cells/well)
in Cytostar 96-well plates (Amersham Biosciences) grown in complete Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) and 0.8 mg/ml of G418 and then incubated for 24 h at 37°C/5% CO2. Cells
were fixed in 10% formalin–phosphate-buffered saline, permeabilized in 0.25%
Triton X-100, and then hybridized with an antisense 33P-labeled RNA probe (1.0
� 104 to 2.0 � 104 cpm/�l) in formamide hybridization buffer (Amersham
Biosciences) at 50°C overnight. The RNA probe was generated with T7 runoff
transcription and had a sequence complementary to nucleotides 1184 to 1481 of
the NS5B gene. Plates were treated with 20 �g/ml of RNase A at room temper-
ature for 30 min, washed with 0.25� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) buffer at room temperature and at 65°C for 20 min for each wash,
and then counted in a TopCount plate reader. The 50% effective concentration
(EC50) was determined as a percentage of the DMSO control by fitting the data
to a 4-parameter equation using Kaleidagraph software (Synergy Software,
Reading, Pa.).

Cytotoxicity assay (MTS). Cytotoxicity was measured by the MTS assay as
previously described (4). The 50% cytotoxic concentration (CC50) was deter-
mined as a percentage of the DMSO control by fitting the data to a 4-parameter
equation as described above.

HCV CRC replicase isolation. HCV crude replication complexes (CRC) were
isolated and fractionated from HBI10A and HBIII27 replicon cells grown by
passage at 1:5 in DMEM containing 10% FBS and G418 (0.8 mg/ml) as described
previously (23, 33). Cells were scraped into cold phosphate-buffered saline,
washed, pelleted, swelled at 5 � 107 cells/ml in ice-cold hypotonic lysis buffer (10
mM Tris-Cl, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM phenylmethylsulfonyl
fluoride, 2 �g/ml of aprotinin) for 10 min, and Dounce homogenized. Nuclei
were pelleted, and crude replication complexes were pelleted from the cytoplas-
mic extract by centrifugation at 30,000 � g for 25 min, resuspended in 10 mM
Tris-Cl, pH 8.0, 10 mM NaCl, 15% glycerol at 2.5 �105 cell equivalents/�l and
1 �g of protein/�l, and stored at �70°C.

HCV CRC replicase assay. RNA was synthesized in vitro in a reaction mixture
containing 20 mM Tris-Cl, pH 7.5, 10 mM MgCl2, 5 mM dithiothreitol, 5 mM
KCl, 20 �g/ml of actinomycin D, 20 �Ci [32P]CTP, 0.5 mM (each) ATP, GTP,
and UTP, 10 �M CTP, 2.5 mM phosphoenol pyruvate, 0.5 �g of pyruvate kinase
(2 units), 4 units of RNasin, and 2.5 �g of CRC replicase at 35°C for 60 min.
RNA transcripts purified by phenol extraction and ethanol precipitation were
electrophoresed on glyoxal denaturing agarose gels and quantified by phospho-
rimager analysis. Compound or DMSO (5%) was added to the reaction mixture
5 min prior to initiation with NTPs. 2�-C-Me-ATP was tested in the presence of
80 �M ATP. The IC50 was determined as a percentage of the DMSO control by
fitting the data to a 4-parameter fit function using Kaleidagraph software (Syn-
ergy Software, Reading, Pa).

Northern blot analysis. The RNA from 5 �105 Huh-7 or HBI10A cells cul-
tured for 48 h was extracted with Trizol (Gibco-BRL) and purified using RNeasy
columns (QIAGEN). RNA was divided and electrophoresed on 1.0% glyoxal
denaturing gels, blotted, and probed with 32P-radiolabeled NS5B sense or anti-
sense RNA probes (1 � 106 to 2 � 106 cpm/ml) overnight at 65°C. Blots were
washed and quantified on a phosphorimager. The copy number was determined
from a known quantity of control transcripts run in parallel as described previ-
ously (33).

Intracellular metabolism studies. Intracellular metabolism studies with
Huh-7, HBI10A, and HBIII27 cells were performed as described previously (4).
In brief, Huh-7 cells were plated in complete DMEM containing 10% FBS and
HBI10A and HBIII27 cells were plated in the same containing G418 (0.8 mg/ml)
at 1.5 � 106 cells/60-mm-diameter dish such that cells were 80% confluent at the
time of compound addition. Tritiated compound was incubated at 2 �M in the
cell medium for various time periods. Cells were collected, washed with phos-
phate-buffered saline, and counted. The cells were then extracted in 70% meth-
anol, 20 mM EDTA, 20 mM EGTA and centrifuged. The lysate was dried, and
radiolabeled nucleotides were analyzed using ion-pair reverse-phase (C18) high-
performance liquid chromatography (HPLC) on a Waters Millenium system
connected to an in-line �-RAM scintillation detector (IN/US Systems). The
HPLC mobile phases consisted of (i) 10 mM potassium phosphate with 2 mM
tetrabutylammonium hydroxide and (ii) 50% methanol containing 10 mM po-
tassium phosphate with 2 mM tetrabutylammonium hydroxide. Peak identifica-
tion was made by comparison of retention times to standards.

Nucleoside conformation predictions. Nucleoside conformational preferences
were calculated by molecular mechanics using the MMFFs force field and a
dielectric constant of 50. For each nucleoside, 1,000 conformers were generated
using the JG distance geometry program (S. K. Kearsley, unpublished) written
using previously described theory and algorithms (6, 17) and minimized to low
gradient using BatchMin (24). To estimate the barrier to interconversion be-
tween the Northern and Southern conformers and the steepness of the minima,
the conformers generated by distance geometry were also subjected to con-
strained minimization, holding one of the ribose ring dihedral angles at a random
value between �42 and �42 degrees by means of a harmonic force constant of
1000 kJ · mole�1 · rad�2.

RESULTS

Inhibition of HCV RNA replication in subgenomic replicon
cells. Previously, we reported upon the identification of 2�-
substituted nucleoside analogs as inhibitors of replication in
replicon cells (HBI10A) which harbor and express subgenomic
HCV RNA (2, 4). Using an in situ RPA which provides a direct
measurement of the potency of inhibitors on positive-strand
RNA synthesis in cells, EC50s of 0.25 and 21 �M at 24 h were
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obtained, respectively, for 2�-C-Me-A and 2�-O-Me-C. A time-
dependent effect on HCV RNA replication observed in
HBI10A replicon cells demonstrated the high degree of selec-
tivity and potency of this class of nucleosides. As shown in Fig.
1 and Table 1, two- to threefold increases in the potencies of
2�-C-Me-A (EC50 � 0.1 �M) and 2�-O-Me-C (EC50 � 11 �M)
were observed at 72 h. The inhibitory activity of both com-
pounds was observed in the absence of cytotoxicity when tested
at up to 100 �M by the MTS assay throughout a 48-h period.
At 72 h post-compound addition, slight toxicity (CC50 � 100
�M) was elicited by 2�-C-Me-A in HBI10A cells; however, a
1,000-fold selective index for HCV RNA replication was main-
tained. A cytotoxic effect for 2�-O-Me-C was not observed at
the highest concentration tested, 100 �M (selective index 	10-
fold). By [3H]thymidine uptake, neither nucleoside had an
effect when tested at up to 100 �M during a 48-h period;
however, at 72 h, a CC50 of 30 �M was obtained for 2�-C-Me-A
(data not shown).

Interestingly, the nucleosides exhibited differential activities
in another replicon line (HBIII27) derived from a different
Huh-7 cell clone (25). While 2�-C-Me-A elicited an EC50 of 0.3
�M similar to that obtained in HBI10A replicon cells, 2�-O-
Me-C was inactive in the HBIII27 line when tested at concen-
trations of up to 100 �M for 72 h (Table 1). In this clonal
replicon line, 2�-C-Me-A exhibited a CC50 of 33 �M by the
MTS assay, indicating a greater sensitivity of these cells to toxic

effects, thereby reducing the selectivity of the nucleoside to
100-fold.

Replication of both positive- and negative-strand RNAs in
replicon cells was inhibited. Detection by in situ RPA indi-
cated that the nucleosides inhibited the synthesis of positive-
strand HCV RNA in replicon cells. To confirm that the ob-
served inhibitory effect was also attributed to the reduction of
negative-strand RNA replication, Northern blot hybridization
of RNA isolated from compound-treated cells was performed.
The nucleoside analogs inhibited the replication of both pos-
itive- and negative-strand HCV RNAs in replicon cells when
probed with antisense and sense NS5B probes, respectively
(Fig. 2A). As summarized in Fig. 2B, the inhibition of positive-
strand RNA synthesis by both nucleosides at 48 h measured by
Northern blot analysis was comparable to the potency ob-
served by in situ RPA in replicon cells and the inhibition of
negative-strand RNA synthesis was slightly less potent.

The effect on HCV RNA copy number was also determined
from Northern blot analysis in comparison to known molar
amounts of HCV RNA transcripts run in parallel on the same
blot. With 25 �M 2�-C-Me-A, a 2.5 log10 reduction was ob-
served in the synthesis of positive-strand RNA and that of
negative-strand RNA was reduced by 1.2 log10 (Fig. 2B). The
inhibitory potency of the 2�-C-Me-A analog was evident from
log10 reductions of 1.8 and 0.9, observed correspondingly for
positive- and negative-strand RNAs at 2.5 �M, the EC95 for

FIG. 1. Time-dependent inhibition of nucleoside analogs in the cell-based HCV replicon assay. The inhibition of HCV replication at the
indicated levels and times by 2�-C-Me-A and 2�-O-Me-C was determined in HBI10A replicon cells and quantified by in situ RPA as described in
Materials and Methods. The lines represent the best fit of the data to a four-parameter equation.

TABLE 1. Inhibitory activity and cytotoxic effect of nucleosides in replicon cell-based assay

Compound

Replicon IC50 (�M)a of cell type at: Toxicity (CC50 [�M]) of
cell type at 72 h24 h 48 h 72 h

HBI10A HBIII27 HBI10A HBIII27 HBI10A HBIII27 HBI10A HBIII27

2�-C-Me-A 0.3 
 0.1 0.5 
 0.2 0.2 
 0.1 0.3 
 0.1 0.1 
 0.01 0.3 
 0.1 100 33
2�-O-Me-C 21.0 
 1.8 	100 12.0 
 0.9 	100 11.0 
 0.4 	100 	100 	100

a The IC50 is the average 
 standard deviation of the results from at least three determinations.
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this compound. Similarly, the 2�-O-Me-C analog elicited log10

reductions of 1.9 and 1.2 for positive- and negative-strand
RNAs, respectively, at 50 �M, five times the EC50.

NTP analogs inhibited the activity of HCV replication com-
plexes. To determine whether the corresponding triphosphates
of the nucleoside analogs directly targeted HCV replication,
replication complexes which catalyze RNA synthesis were iso-
lated from HBI10A and HBIII27 replicon cells. As shown in
Fig. 3A and B, in HBI10A cells, 2�-C-Me-ATP and 2�-O-Me-
CTP elicited IC50s of 2.5 and 3.5 �M, respectively, in an in
vitro assay which measures the activity of isolated replication
complexes. Although 2�-O-Me-C was substantially less active
in the HBI10A replicon cells than 2�-C-Me-A, the triphosphate
analogs inhibited the activity of replication complexes isolated
from the cells with potencies comparable to those observed in
the assay of purified HCV NS5B polymerase (Fig. 3B). Both
2�-C-Me-ATP and 2�-O-Me-CTP also inhibited the in vitro
activity of replication complexes isolated from HBIII27 repli-
con cells with potencies similar to the inhibition of replication
complexes from HBI10A cells and NS5B polymerase. Hence,
the lack of antireplicative effect in HBIII27 cells was not at-
tributed to an inability of replication complexes to be inhibited
by 2�-C-Me-ATP or 2�-O-Me-CTP.

Lack of inhibition in HBIII27 replicon cells is attributed to
metabolic degradation of 2�-O-Me-C. Previously, the intracel-
lular metabolism of 2�-C-Me-A and 2�-O-Me-C was studied in
parental Huh-7 cells and clonal HBI10A replicon cells (4).

Nucleoside 2�-C-Me-A was efficiently converted to its corre-
sponding triphosphate in both cell lines. In contrast, 2�-O-
Me-C exhibited less robust cellular penetration into replicon
cells and yielded much less triphosphate with extensive metab-
olism to UTP and CTP, suggesting that this molecule was
subject to intracellular deamination and either demethylation
of the 2�-methoxy group or base transfer following ribose deg-
lycosylation. Similarly, the metabolic fate of 2�-O-Me-C was
evaluated with HBIII27 cells to determine whether insufficient
levels of intracellular NTPs could account for the lack of effect
upon replication in HBIII27 cells. As summarized in Table 2,
2�-O-Me-C yielded a 20-fold-lower level of triphosphate in
HBIII27 cells than in HBI10A cells, although the total uptake
of nucleoside was not changed significantly. Note that the
major species detected in Huh-7 parental cells was 2�-O-Me-
CTP, whereas UTP and CTP were the predominant species in
clonal HBI10A and HBIII27 replicon cells (Fig. 4).

The data above suggested that 2�-O-Me-C was being deami-
nated to uridine, generating UTP in the replicon cells, as
illustrated by the pathway in Fig. 5. In the presence of tetra-
hydrouridine (THU), a transition state analog inhibitor of cy-
tidine deaminase, a reduction in the amount of UTP and a
coincident increase in the amount of CTP were observed; how-
ever, the amount of 2�-O-Me-CTP did not increase (data not
shown). This again indicated that in addition to deamination,
demethylation or base transfer following glycosidic cleavage
occurred. In contrast, a 2�-C-Me-C analog was not subject to

FIG. 2. Effect of nucleosides on positive- and negative-strand replicon RNA synthesis in replicon cells. The inhibition of positive- and
negative-strand RNA synthesis was measured by Northern blot analysis of HCV RNA isolated from Huh-7 and HBI10A cells which were cultured
for 48 h in the presence of 2�-C-Me-A and 2�-O-Me-C. Total RNA was extracted from cells by phenol extraction and ethanol precipitation. The
RNA from 2.5 � 105 cells per lane was electrophoresed on glyoxal denaturing gels and probed with [32P]-radiolabeled NS5B sense or antisense
RNA probed as indicated in panel A. Results quantified by phosphorimager analysis are summarized in panel B. %I, percent inhibition.
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detectable nucleoside degradation and 2�-C-Me-CTP was the
major intracellular species identified. Consequently, 2�-C-
Me-C elicited an EC50 of 4.8 �M in HBI10A cells (Table 2).

2�-C-Me-C and 2�-O-Me-C analogs are conformationally
distinct. We speculated that the difference in deamination of
the 2�-C-Me-C and 2�-O-Me-C analogs might be attributable
to the overall conformation of the nucleosides. Therefore, the
low-energy conformer of each nucleoside was calculated, re-
vealing that the preferred conformation according to the cal-
culations was Southern for the 2�-O-Me-C analog and North-
ern for 2�-C-Me-C (Fig. 6). An additional distinction is the
position of the 2�-substituted groups. The methoxy substituted
group of 2�-O-Me-C is positioned on the alpha face of the
nucleoside and is trans relative to the 4�-hydroxymethyl of the
ribose, whereas the methyl group of 2�-C-Me-C is positioned
on the beta face of the nucleoside and is cis relative to the 4�
ribose position.

Antireplicative effect was restored using a monophosphate
prodrug. To ascertain whether the degradative metabolism of
2�-O-Me-C was occurring intracellularly at the nucleoside
level, a monophosphate prodrug form, 2�-O-Me-C SATE, was
synthesized. When the tritiated SATE compound was added to
HBI10A and HBIII27 cells, increases of 25- to 30-fold in total
intracellular metabolites and 3- to 10-fold in the concentra-
tions of 2�-O-Me-CTP were detected, respectively, in compar-
ison to the parent nucleoside, 2�-O-Me-C (Fig. 4 and Table 2).
Notably, the SATE derivative was converted primarily to 2�-
O-Me-CTP and, correspondingly, exhibited an inhibitory effect
on HCV replication in HBIII27 cells, similar to that observed
in HBI10A cells (Table 2).

DISCUSSION

Previously we identified 2�-substituted nucleosides as inhib-
itors of HCV replication in replicon-containing cell lines (2, 4,

FIG. 3. Inhibition of HCV CRC replicase activity by nucleoside triphosphate analogs. The effect of 2�-C-Me-ATP and 2�-O-Me-CTP were
tested in an in vitro reaction with HCV replicase complexes isolated from HBI10A and HBIII27 replicon cells as described in Materials and
Methods. RNA products were purified by phenol extraction and ethanol precipitation, electrophoresed on a glyoxal denaturing agarose (0.7%) gel
(A), and quantitated by phosphorimager analysis. The IC50s determined for each NTP in the replicase and NS5B polymerase reactions are
summarized in panel B.

TABLE 2. Antiviral effect and intracellular metabolite levels

Compound

Replicon EC50 (�M)a for cell
type:

pmol of NTP/106 cellsb of
type: pmol of N/106 cellsc of type:

HBI10A HBIII27 HBI10A HBIII27 HBI10A HBIII27

2�-O-Me-cytidine 21.2 	100 0.2 0.010 1.3 0.5
2�-O-Me-cytidine (SATE) 3.2 4.0 5.8 1.0 22.5 15.0
2�-C-Me-cytidine 4.8 NDd 0.8 ND 3.0 ND

a Replicon activity was determined 24 h post-compound addition by in situ RPA.
b Total NTP measured at 24 h.
c Total radiolabeled metabolites measured at 24 h.
d ND, not determined.
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10, 22). In this report, we further characterized the selective
inhibitory effects of this class of nucleosides in replicon cells
and have additionally demonstrated that differences in intrinsic
potencies attributed to clonal metabolic properties were over-
come by intracellular delivery of a monophosphate prodrug
form of the nucleoside.

The nucleosides exhibited highly selective inhibition of HCV
RNA replication throughout an exponential growth period of
72 h in the replicon cell line, HBI10A. The potencies of the
antireplicative effects were 10- and 1,000-fold greater than the
cytotoxicity observed for 2�-O-Me-C and 2�-C-Me-A, respec-
tively, and were directly related to the reduction of both pos-
itive- and negative-strand RNAs, indicating inhibition of com-
plete cycles of HCV replication. A more pronounced reduction
of positive-strand than negative-strand RNA synthesis oc-
curred, as has been previously reported for alpha interferon in
replicon cells (12), and is likely attributed to kinetic differences
in the replication of positive- and negative-strand RNAs
and/or the double-stranded nature of the replicative interme-
diate (33).

The significant potencies in inhibiting HCV replication were
also evident from the effective 1.8 to 1.9 log10 reductions of
viral RNA copies at 5 to 10 times the EC50 levels obtained for
2�-O-Me-C and 2�-C-Me-A in HBI10A cells, respectively. It
remains to be seen whether the clinical outcome of an anti-
HCV agent can be predicted from the effects observed in
replicon cell lines, in which persistent replication takes place
under selective pressure and the cells are actively growing in
contrast to the quiescent state of hepatocytes in vivo. However,
recent studies with the protease inhibitor BILN 2061 suggest a

reasonable correlation between the in vitro cell-based and en-
zymatic potencies of a direct antiviral agent and its effective-
ness in reducing HCV titer in a clinical setting (18, 28). Simi-
larly, the inhibitory effect of the nucleoside analog NM283, the
3�-valine ester of 2�-C-Me-C, has been demonstrated in pri-
mates and correlates well to recently disclosed clinical data in
HCV-infected patients (37).

Intriguingly, although the nucleosides were effective in
HBI10A and several other replicon cell lines tested (data not
shown), in one replicon cell line, HBIII27, the selectivity of the
2�-C-Me-A analog was reduced by 10-fold and the 2�-O-Me-C
analog was totally inactive at 100 �M, suggesting significant
differences in cellular uptake and/or metabolism. The inhibi-
tory potencies observed in HBI10A and HBIII27 replicon cells
correlated with the levels of triphosphates formed intracellu-
larly. A lower amount of intracellular 2�-O-Me-CTP was de-
tected than of 2�-C-Me-ATP, and this difference was reflected
by the reduced potency of 2�-O-Me-C in replicon-containing
cells. Notably, although 2�-O-Me-C was completely inactive in
HBIII27 cells, the inhibition of replication complexes from
both cell lines by 2�-O-Me-CTP was comparable. This indi-
cated that the lack of antireplicative activity was not attributed
to an inability to inhibit the NS5B target within HBIII27 rep-
lication complexes but rather to poor penetration and intra-
cellular conversion of the nucleoside to the active triphosphate
in this replicon cell line. Importantly, the efficient phosphory-
lation of 2�-O-Me-C observed in the heterogeneous parental
Huh-7 cells demonstrated that this deficiency was a clonal
property of the replicon lines.

The detection of high amounts of radiolabeled intracellular

FIG. 4. Intracellular metabolism of 2�-O-Me-C and 2�-O-Me-C SATE detected in replicon cells. Nucleosides 5-[3H]-2�-O-methyl-cytosine and
7-[3H]-SATE were added to Huh-7, HB1, or HBIII27 cells at a 2 �M concentration for 24 h and then extracted and analyzed by HPLC. The HPLC
radiochromatograms of metabolites extracted from Huh-7, HB1, and HBIII27 replicon cells treated with 2�-O-Me-C (A to C) and 2�-O-Me-C
SATE (D to F) are shown.
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UTP and CTP but little 2�-O-Me-CTP in replicon cells indi-
cated that the 2�-O-Me-C analog was undergoing deamination
to uridine and that demethylation of the 2�-methoxy group
and/or base transfer following glycosidic bond cleavage by py-
rimidine nucleoside phosphorylase was also occurring. In the
presence of the cytidine deaminase inhibitor, THU (Fig. 5, 5),
a decrease in the formation of the amount of intracellular UTP
indicated that deamination of 2�-O-Me-C occurred, although
the additional formation of CTP confirmed that demethylation
or deglycosylation also took place and, correspondingly, en-
hanced potency was not observed in THU-treated replicon
cells (data not shown). In contrast, the 2�-C-Me-C nucleoside
was more efficiently converted to 2�-C-Me-CTP and was not
subject to detectable degradation. This difference in metabolic
conversion to the triphosphate can be attributed to several
factors. Although this study did not address the mechanism
responsible for the base changes observed for 2�-O-Me-C, it is
likely due to demethylation of the 2�-methoxy group and/or
enzymatic cleavage of the glycosidic bond by pyrimidine nu-
cleoside phosphorylases followed by pentosyl transfer of the
radiolabeled base (9, 21). Additionally, the threefold-higher
concentrations of 2�-C-Me-C in the cell may have contributed
to its more efficient phosphorylation compared to a lower level

of 2�-O-Me-C, which is more likely to be deaminated to uri-
dine, consistent with the rate-limiting activity of cytidine kinase
relative to the abundance of cytidine deaminase in cells (22).

One plausible explanation for the extensive deamination of
2�-O-Me-C is that it may be a preferred substrate for cytidine
deaminase. Structural and enzymatic studies of cytidine deami-
nase indicate that its preferred substrates are compounds with
furanose rings having a Southern type conformation, in which
the 3� carbon is in the exo position below the plane of the ring.
Consequently, the 3� OH in the pseudo axial configuration can
interact tightly with the enzyme, which is essential for activity
(16, 40). Additionally, nucleosides having 2�-ribose substitu-
tions on the alpha face of the nucleoside which are positioned
trans relative to the 4�-hydroxymethyl of the ribose are better
cytidine deaminase substrates than nucleosides having beta
face substituents positioned cis relative to the 4�-ribose posi-
tion (15, 16). Consistent with this, the lowest energy confor-
mation predicted for the sugar of the 2�-O-Me-C analog, is of
the Southern type, and its 2�-substituted methoxy group is trans
relative to the 4�-hydroxymethyl of the ribose (Fig. 6). In con-
trast, 2�-C-Me-C, which prefers a Northern conformation and
has a 2�-methyl group in the cis position relative to the 4�-

FIG. 5. De novo and salvage biosynthesis of ribonucleotides. Enzymes: 1, uridine/cytidine kinase; 2, uridine/cytidine monophosphate kinase; 3,
CTP synthetase; 4, uridine/cytidine diphosphate kinase; 5, cytidine deaminase; 6, uridine phosphorylase; 7, 5�-nucleotidase; 8, cytidylate deaminase.
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hydroxymethyl of the ribose position, exhibits less deamina-
tion.

The observed lack of effect upon HCV replication in
HBIII27 replicon cells was remedied by the use of a SATE
(18a) monophosphate prodrug of 2�-O-Me-C. In contrast to
the 2�-O-Me-C parent nucleoside, the SATE derivative was
efficiently converted to 2�-O-Me-CTP in both replicon cell
lines, averting the degradative effects of the replicon clones.
Although cytidine monophosphates can also be deaminated by
cytidylate deaminase (22), little by-product UTP or CTP was
detected, suggesting that deamination predominantly occurred
at the nucleoside level. This may be attributed to differences in
levels of the cytidine versus cytidylate deaminases and/or sub-
strate affinities of these enzymes. Additionally, the prodrug
appears to bypass the restriction in nucleoside phosphorylation
which occurs at the monophosphorylation step catalyzed by
nucleoside kinase (Fig. 5). Following intracellular delivery of
the prodrug, the released monophosphate can be efficiently
phosphorylated by mono- and diphosphate kinases which are
less specific and generally present at higher intracellular con-
centrations than the nucleoside kinase (22, 31). This, combined
with better penetration of the SATE derivative into cells than
of the 2�-O-Me-C parent, results in higher intracellular con-
centrations of 2�-O-Me-CTP.

Given that several intracellular metabolic parameters can
influence the ability of nucleoside analogs to become effective
and safe therapeutic agents, studies of intracellular metabolism

and toxicity were critical to the development of this compound
class. The differential antiviral and metabolic effects cited in
this study demonstrate the importance of clonal variability
among individual replicon lines in assessing cellular processes,
a relevant concern in screening libraries of nucleosides for new
lead structures and evaluating the potency of anti-HCV agents
requiring metabolism. As such, a combined investigation of
metabolic, antiviral, and biochemical properties was key to the
successful identification of 2�-substituted nucleosides as selec-
tive HCV antiviral agents.
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