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a b s t r a c t

Nucleoside analogs are effective inhibitors of the hepatitis C virus (HCV) in the clinical setting. One
such molecule, 2′-C-methyl-cytidine (2′-MeC), entered clinical development as NM283, a valine ester
prodrug form of 2′-MeC possessing improved oral bioavailability. To be active against HCV, 2′-MeC must
be converted to 2′-MeC triphosphate which inhibits NS5B, the HCV RNA-dependent RNA polymerase.
Conversion of 2′-MeC to 2′-MeC monophosphate is the first step in 2′-MeC triphosphate production and is
thought to be the rate-limiting step. Here we investigate which of three possible enzymes, deoxycytidine
kinase (dCK), uridine–cytidine kinase 1 (UCK1), or uridine–cytidine kinase 2 (UCK2), mediate this first
ucleoside/nucleotide derivatives
etabolism and activation
ridine–cytidine kinase
eoxycytidine kinase

phosphorylation step. Purified recombinant enzymes UCK2 and dCK, but not UCK1, could phosphorylate
2′-MeC in vitro. However, siRNA knockdown experiments in three human cell lines (HeLa, Huh7 and
HepG2) defined UCK2 and not dCK as the key kinase for the formation of 2′-MeC monophosphate in
cultured human cells. These results underscore the importance of confirming enzymatic kinase data
with appropriate cell-based assays. Finally, we present data suggesting that inefficient phosphorylation
by UCK2 likely limits the antiviral activity of 2′-MeC against HCV. This paves the way for the use of a

ach t
nucleotide prodrug appro

. Introduction

Chronic hepatitis C virus (HCV) infection is thought to affect
pproximately 170 million individuals worldwide, and it can cause
irrhosis of the liver and hepatocellular carcinoma. The standard
herapy for treating chronic HCV is a combination of pegylated
nterferon (IFN) and ribavirin; however, this therapy is not effec-
ive in all patients and is associated with significant side effects.
ess than 50% of patients infected with HCV genotype 1, the most
ommon HCV genotype in the United States and Europe, benefit
rom IFN/ribavirin therapy (Pawlotsky et al., 2007). In recent years
substantial effort has been made to develop new inhibitors for

CV. These molecules target various steps of the viral life cycle,

ncluding viral entry, HCV RNA translation, post-translational pro-
essing, HCV replication, and virus assembly or release (Pawlotsky
t al., 2007).
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The HCV RNA-dependent RNA polymerase, NS5B, functions in
viral replication and is a highly pursued target. Drugs targeting
NS5B are divided into two classes: non-nucleoside analogs, which
bind to allosteric sites on the enzyme and inhibit RNA synthesis ini-
tiation and/or elongation (Liu et al., 2006; Cooper et al., 2007), and
nucleoside analogs, which bind to the enzyme’s active site and typ-
ically cause termination of viral RNA synthesis (De Francesco and
Carfí, 2007). Prodrug forms of several NS5B nucleoside inhibitors
have advanced into HCV clinical trials. The underlying nucleoside
analogs include 2′-C-methyl-cytidine or 2′-MeC (Standring et al.,
2003), 2′-fluoro, 2′-methyl-cytidine or 2′-F-2′-MeC (Ali et al., 2008;
Reddy et al., 2007; Lalezari et al., 2008) and 4′-azido cytidine or
4′-azidoC (Nelson et al., 2008). However, the utility of drugs tar-
geting NS5B has been somewhat limited by various factors such as
toxicity, the need for high doses of drug and rapid development of
resistance or lack of efficacy (Meanwell and Koszalka, 2008). While
HCV nucleosides appear to have a favorable resistance profile (Le
Pogam et al., 2008), the cytosine analogs currently in clinical trials
must be given at high doses to elicit potent antiviral effects in the

clinic.

In this study, we sought to further investigate factors influ-
encing the efficacy of the cytidine nucleoside analog 2′-MeC.
NM283 is a prodrug form of 2′-MeC that was shown to inhibit
HCV replication in HCV-infected chimpanzees (Standring et al.,

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:golistina.nina@idenix.com
dx.doi.org/10.1016/j.antiviral.2009.10.020
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003) and in humans (Poordad et al., 2007), but was subsequently
iscontinued. 2′-MeC, like other nucleoside analog inhibitors of
S5B, must be converted into a 5′-triphosphate derivative to be
ctive.

The aim of this study was to identify the kinase or kinases
esponsible for the first step of 2′-MeC phosphorylation, the
onversion of 2′-MeC to the 5′-monophosphate form of 2′-MeC
2′-MeCMP). This first phosphorylation step is inefficient as sug-
ested by recent data (Cretton-Scott et al., 2008; Standring et
l., 2008). The resulting low levels of 2′-MeCMP may restrict the
ubsequent intracellular production of 2′-MeC triphosphate (2′-
eCTP), which in turn limits the antiviral potency of this agent

n humans.
The kinases most likely to contribute to the initial phospho-

ylation of 2′-MeC include two uridine–cytidine kinases (UCKs),
CK1 and UCK2, that participate in the first and rate-limiting

tep of the pyrimidine-nucleotide salvage pathway in mam-
alian cells (Anderson and Brockman, 1964; Van Rompay et al.,

003), and deoxycytidine kinase (dCK), which also participates
n the pyrimidine salvage pathway, primarily by phosphorylating
eoxynucleotides (Van Rompay et al., 2003). In addition to their
atural substrates, UCK and dCK kinases have been shown to phos-
horylate a variety of nucleoside analogs (Beauséjour et al., 2002;
an Rompay et al., 2001). UCK1 and UCK2 have been shown to
hosphorylate a range of uridine and cytidine analogs but are not
hought to phosphorylate deoxyribonucleosides or purine ribonu-
leosides. Despite being closely related at the amino acid sequence
evel (∼72% similarity), the UCK enzymes differ in their substrate
pecificities (Van Rompay et al., 2001). In addition to its natural
ubstrates deoxycytidine, deoxyadenosine, and deoxyguanosine,
CK has been shown to phosphorylate a broad range of nucleo-
ide analogs (Johansson et al., 1997). There is a controversy in the
iterature around the enzyme responsible for the phosphorylation
f 2′-MeC. Klumpp et al. (2008) reported that 2′-MeC is a substrate
or UCK1, not for dCK and UCK2. In contrast Murakami et al. (2007)
howed that UCK1 does not phosphorylate 2′-MeC, but found that
CK phosphorylates cytidine and 2′-MeC in vitro, albeit with low
fficiency.

In the present study, we used two different strategies to address
his issue and investigate the contribution of UCK1, UCK2, and
CK to the in vitro phosphorylation of 2′-MeC. The first evaluated
he phosphorylation of 2′-MeC by purified human recombinant
inases, the second examined the effect of depleting the expression
f each kinase in cell culture with a gene-specific siRNA. We found
hat both UCK2 and dCK could phosphorylate 2′-MeC in vitro, but
n cell culture experiments, UCK2 was the main kinase responsible
or the phosphorylation of 2′-MeC.

. Materials and methods

.1. Nucleoside and nucleoside analogs

2′-C-methyl-cytidine (2′-MeC), �-l-2′-deoxycytidine (LdC), �-
-2′-deoxy-2′-fluoro-2′-C-methyl-cytidine (2′-F-2′-MeC) and their
orresponding triphosphates were synthesized at Idenix Pharma-
euticals, Inc. The remaining ribonucleosides, deoxynucleosides
nd nucleoside analogs, 2′,3′-dideoxycytidine (ddC), cytosine �-
-arabinofuranoside (AraC), 5-iodouridine (5-IodoU), 6-azauridine
6-AzaU), 5-fluorocytidine (5-FC) and 2-chloro-2′-deoxyadenosine

CdA) were obtained from Sigma–Aldrich (St. Louis, MO) or
CN Biomedicals (Costa Mesa, CA). [6-3H]-2′-dC (9 Ci/mmol),
5-3H(N)]-C (24.8 Ci/mmol), [5,6-3H]-U (34.5 Ci/mmol), 2′-MeC
11.7 Ci/mmol) and 2′-F-2′-MeC (8.5 Ci/mmol), were obtained from

oravek Biochemicals (Brea, CA). The structures of these com-
ounds are shown in Fig. 1.
earch 85 (2010) 470–481 471

2.2. Cloning and expression

cDNA clones containing gene NM 031432 or gene NM 012474,
for UCK1 and UCK2, respectively, were obtained from OriGene
(Rockville, MD). Full-length human UCK1 (encoding a 277 amino
acid protein of 31 kDa) and UCK2 (encoding a 261 amino acid
protein of 29 kDa) were amplified by PCR with primers con-
taining NdeI and XhoI restriction enzyme sites. UCK1 primers
were (from 5′ to 3′) ACATATGGCTTCGGCGGGAGGCG and CTCTC-
GAGTCAGTGGGGTCTGCTGCTGGA; UCK2 primers were (from 5′

to 3′) AACATATGGCCGGGGACAGCGAGCAG and CTCTCGAGTCAAT-
GCGGCCTGCTGCTGGA. The PCR-amplified fragments were cloned
at a 5′-NdeI and 3′-XhoI sites into the pET-15b vector (EMD Bio-
sciences, Madison, WI), that contains an N-terminal His-tag. A cDNA
clone for the dCK gene NM 000788.1 was obtained from Invitrogen
(Carlsbad, CA) and sub-cloned into the pDEST17 expression vector
with an N-terminal His-tag (Invitrogen, Carlsbad, CA). The expres-
sion plasmids were sequenced (Tufts University, Boston, MA) to
confirm the correct full-length gene sequences. Expression plas-
mids with UCK1 or UCK2 were transformed into the Escherichia
coli strain BL21 (DE3) (Invitrogen, Carlsbad, CA) and dCK into
E. coli BL21-AITM (Invitrogen, Carlsbad, CA) competent cells. Five
milliliters of overnight culture grown from a single transformed
colony were added to 500 mL of fresh LB medium supplemented
with 100 �g/mL carbenicillin and grown at 37 ◦C. Protein expres-
sion was induced at cell density OD600 = 0.8 (UCK1 and UCK2) or at
a cell density of OD600 = 0.5 or 0.6 (dCK) by addition of isopropyl-
beta-d-thiogalactopyranoside (IPTG) to a final concentration of
1 mM (UCK1 or UCK2) or arabinose to a final concentration of 0.02%
(dCK). The bacteria were cultured for 4 h at 22 ◦C (UCK1 and UCK2)
or 37 ◦C (dCK), then harvested by centrifugation at 5000 × g for
10 min at 4 ◦C. Bacteria pellets were stored at −80 ◦C until purifica-
tion.

2.3. Protein purification

Fifteen milliliters of lysis solution (20 mM Tris–HCl, pH 7.8 for
UCK1 or pH 7.4 for UCK2 and dCK, 500 mM NaCl, 40 mM imidazole,
1× BugBuster solution [Novagen, Madison, WI], 1× ethylenedi-
aminetetraacetic acid [EDTA] free complete protease inhibitor
[Roche Applied Sciences, Indianapolis, IL], 10% glycerol, 37.5 U/mL
benzonase, 2 mM dithiothreitol [DTT]) were added per gram of
wet cell paste. The resuspended cell paste was incubated with
10,000 U/mL of lysozyme solution (EMD Chemicals, Gibbstown, NJ)
for 20 min at room temperature (RT) with gentle shaking. The lysate
was clarified at 19,000 × g for 1 h at 4 ◦C.

All purifications were performed on an AKTA Purifier (GE
Healthcare, Piscataway, NJ). For UCK1 and UCK2, clarified lysate
was loaded on a 1 mL HisTrap HP column (GE Healthcare, Piscat-
away, NJ) equilibrated with 10 column volumes (CV) of buffer A
(20 mM Tris–HCl, pH 7.8 for UCK1 or pH 7.4 for UCK2, 500 mM NaCl,
10% glycerol, 2 mM DTT, 0.4 mM Pefabloc SC [Roche Applied Sci-
ences, Indianapolis, IL], 0.1% Triton X-100 [Calbiochem, San Diego,
CA]) substituted with 8% buffer B (same as buffer A without Triton
X-100 and with 500 mM imidazole at 0.5 mL/min). For dCK, lysate
was loaded on a 5 mL HisTrap HP column equilibrated with the
buffer A at pH 7.4 substituted with 1.0% buffer B at 2.0 mL/min.
Unbound proteins were removed by 20 CV of 8% Buffer B. Two
step gradient washes with 10% and 20% buffer B, 20 CV each,
removed non-specifically bound E. coli proteins. His-tagged pro-
teins were eluted by a linear gradient (20–100% buffer B, 20 CV).

One milliliter (UCK1 and UCK2) or 5 mL (dCK) fractions were col-
lected and analyzed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS PAGE) followed by staining with InVision
His-Tag In-gel (Invitrogen, Carlsbad, CA) and GelCode Blue Stain
Reagent (Pierce Biotechnology, Rockford, IL). Fractions containing
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Fig. 1. Nucleoside and n

ure His-tagged kinase were combined and buffer exchanged on
D10 columns (GE Healthcare, Piscataway, NJ) equilibrated at 4 ◦C
ith 50 mM Tris pH 7.8, 100 mM NaCl, 20% glycerol, 10 mM DTT

nd 0.4 mM pefabloc. After clarification for 20 min at 16,000 × g
t 4 ◦C, protein concentration was measured using Coomassie Plus
Pierce Biotechnology, Rockford, IL). Bovine serum albumin (BSA)
New England BioLabs, Beverly, MA), was added to a concentra-
ion of 0.5 mg/mL and proteins aliquots were stored at −80 ◦C. The
urified proteins were >96% pure as evaluated by SDS PAGE.

The presence of phosphatases in the enzyme preparations was
xcluded by comparison of the enzyme activity with and without
hosphatase inhibitor NaF (5 mM). No changes in the activity were
ound (data not shown).
The presence of deaminases in the purified enzymes was
xcluded by HPLC analysis of 3H-2′-MeC after 1 h incubation at
7 ◦C with dCK, UCK1 or UCK2 in the presence of 2 mM Mg-ATP.
PLC analysis did not reveal the appearance of any 2′-MeU deriva-

ives of NM107.
side analogs structures.

2.4. Enzyme phosphorylation assay

Phosphorylation assays were performed using fresh aliquots
of recombinant UCK1, UCK2 or dCK proteins. The test nucleo-
side substrates were added at a final concentration of 1 mM in a
50 �L reaction mixture containing 50 mM Tris–HCl, pH 7.6, 5 mM
MgCl2, 4 mM unlabeled ATP, 1 �Ci of [�-33P] ATP (3000 Ci/mmol,
Amersham Biosciences, Piscataway, NJ), 0.5 mg/mL albumin and
5 ng of enzyme. The reaction mixtures were incubated 30 min
at 37 ◦C, heated at 100 ◦C for 2 min and centrifuged for 5 min at
16,000 × g. Two microliters of the reaction mixtures were spotted
on poly(ethylenimine)-cellulose F chromatography sheets (EMD
Chemicals, Madison, WI), and the nucleoside monophosphate

products were separated by thin-layer chromatography (TLC) in a
buffer containing either 0.5 M LiCl or NH4OH/isobuturic acid/water
(1:66:33, v/v). TLC sheets were autoradiographed on a Storm
860 PhosphorImager (Amersham Biosciences, Piscataway, NJ) and
quantified using ImageQuant TL v2003.03 (Amersham Biosciences,
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iscataway, NJ). Products were identified using monophosphate
eference standards.

Steady-state activity parameters for dCK, UCK1 and UCK2 were
easured using a radiochemical method (Ives et al., 1969; Ahmed,

981) with ATP as a phosphate donor. The assays were performed
n a total reaction volume of 0.05 mL in 100 mM Tris–HCl, pH 7.5,
00 mM KCl, 2 mM MgCl2, 2 mM ATP, 5 mM DTT, 0.5 mg/mL BSA
nd 1 �M [6-3H]-2′-dC (Ci/mmol), or [5-3H(N)]-C (24.8 Ci/mmol),
r [5,6-3H]-U (34.5 Ci/mmol), with or without 5 mM NaF. Mg-ATP
as increased to 5 mM when 3H-2′-MeC (8.7 Ci/mmol) and 3H-

′-F-2′-MeC (8.5 Ci/mmol) were used. All 3H-labeled substrates
ere obtained from Moravek Biochemicals (Brea, CA). The amount

f enzyme added to the reaction was adjusted so that no more
han 20% of the substrate was consumed. After incubation at
7 ◦C samples were heated at 100 ◦C for 2 min, placed in ice for
min and centrifuged for 5 min at 16,000 × g to remove dena-

ured protein. An aliquot of 25 �L from each sample were diluted
n 200 �L of water to decrease salt concentration in samples and
0 �L of diluted samples were spotted in triplicate on Whatman
E-81 filters, dried, washed by 1 mM phosphate buffer pH 7.0 as
escribed by Ahmed (1981) and dried again. For loading control
0 �L of each sample was spotted on two filters and dried. DE-
1 discs were placed in scintillation vials, eluted with 1 mL 0.2 M
aCl/0.1 M HCl solution for 1 h and were counted in 18 mL of scin-

illation fluid. Steady-state parameters were determined by using
igmaPlot 2004 Enzyme Kinetics software and Michaelis–Menten
quation.

.5. siRNA transfection

Twelve-well plates were seeded with 1 × 105 cells per well
HeLa and Huh7 cells) or 2 × 105 cells per well (HepG2 cells) in 1 mL
f appropriate cell medium. When cells reached ≥50% confluence,
he medium was replaced by 800 �L antibiotic-free medium. Trans-
ection agent LipofectamineTM (LP2000, Invitrogen, Carlsbad, CA)
as diluted 100× in Opti-MEM medium (Invitrogen, Carlsbad, CA)

nd incubated 20 min at RT. The siRNAs were diluted in Opti-MEM
edium to 1 pmol/�L, and 100 �L was mixed with 100 �L diluted

P2000. A designated non-targeting siRNA (D001210, Dharmacon,
isher Scientific, Rockford, IL) provided a control for non-specific
iRNA transfection effects on gene expression. For UCK1 silenc-
ng, siRNAs HSS130222, HSS130223 and HSS130224 (Invitrogen,
arlsbad, CA) and siRNA ID 1197 (Ambion, Austin, TX) were used.
or UCK2 silencing, siRNAs A (ID 893), B (ID 894), and C (ID 895)
Ambion, Austin, TX) were tested. For dCK silencing, the test siR-
As were ID 68, ID 69, and ID 70 (Ambion, Austin, TX). After 1 h

ncubation at RT, 200 �L of the siRNA/transfection agent mixture
ere added to each well. The total amount of test siRNA was

00 pmol/well. Plates were incubated at 37 ◦C/5% CO2. Each experi-
ent was done at least in triplicate. Protein levels were analyzed by
estern blot, as described below, after 24, 48 and 72 h treatment
ith siRNA.

.6. Antibodies

UCK1 and UCK2 antisera were generated by Capralogics (Hard-
ick, MA) (Shimamoto et al., 2002). Briefly, peptides encoding

mino acids 259–277 of UCK1 or amino acids 243–261 of UCK2
ere separately conjugated to keyhole limpet hemocyanin via a

ysteine and injected into New Zealand White rabbits (two rab-
its each). Antibodies were purified by standard procedures. For

estern blotting, the anti-UCK1 antibody was diluted 1:1000,

he anti-UCK2 antibody was diluted 1:5000, and the anti-dCK
ntibody was diluted 1:500. Glyceraldehyde-3-phosphate dehy-
rogenase (GAPDH) was detected using a mouse monoclonal
ntibody (Ambion, Austin, TX) at 1 �g/mL.
earch 85 (2010) 470–481 473

2.7. Western blotting

Huh7, HepG2 or HeLa cells were washed twice with 1 mL cold
phosphate buffered saline (PBS). Two hundred–300 �L of ice-cold
Reportasol (Novogen, Madison, WI) lysis buffer was added directly
to each well. Lysates were collected after 10 min incubation at RT,
clarified 10 min at 16,000 × g, and total protein concentrations were
measured with the BCA assay kit (Pierce, Fisher Scientific, Rockford,
IL).

Ten micrograms of cell lysate was loaded per lane on a 4–12%
gradient NuPage gel (Invitrogen, Carlsbad, CA), run with MES
buffer according the manufactures protocol and transferred to a
polyvinylidene fluoride (PVDF) membrane (Invitrogen, Carlsbad,
CA). The PVDF membrane was stained for 5 min in Ponceau S solu-
tion (Mallinkrodt, Hazelwood, MO), de-stained with water until
background was gone, and photographed. The membrane was
washed in Tris-buffered saline with 0.05% Tween-20 (TBST) at RT
until all stain was removed, and placed in 5% milk/1× TBS block-
ing buffer for at least 1 h at RT. The membrane was then incubated
with primary antibody diluted in TBST/1% milk overnight at 4 ◦C.
The blot was washed three times in TBS or TBST and incubated
with either goat anti-rabbit-HRP antibody (BioRad, Hercules, CA) or
goat anti-mouse IgG-AP (BioRad, Hercules, CA) diluted in TBST and
1% milk for 1 h at RT. The blot was then washed again three times
in TBS or TBST. For horseradish peroxidase conjugated antibody,
the enhanced chemoluminescence Western blotting detection kit
(GE Healthcare, Piscataway, NJ) was used for detection. For alkaline
phosphatase (AP) conjugated antibodies, the AP conjugate sub-
strate kit (BioRad, Hercules, CA) was used for detection.

2.8. Determination of the dCK activity in cell lysates

This was performed according to Arner et al. (1992) on aliquots
of the lysates prepared as described above in Section 2.7. The pro-
tein concentration of the lysate was first adjusted to 1 �g/�L, then
25 �L of cell lysate were added to 25 �L of assay mix consist-
ing of 0.2 mM CdA substrate, 4 mM ATP, 4 �Ci 33P-�ATP, 4 mM
MgCl2, 200 mM NaCl, 20 mM NaF, 4 mM DTT in 100 mM Tris–HCl
pH 7.4. After 45 min at 37 ◦C, 2 �L of the reaction mixtures were
spotted on poly(ethylenimine)-cellulose F chromatography sheets
(EMD Chemicals, Madison, WI), and the nucleoside monophos-
phate products were separated and quantified as described in
Section 2.4. CdA monophosphate produced by incubating CdA with
purified recombinant dCK in the presence of Reportazol provided
a chromatography standard, while reactions run without the CdA
substrate provided background controls for the TLC. The CdA phos-
phorylation in lysates from cells treated by siRNA was evaluated
as a % of the CdA phosphorylation seen in lysates from untreated
control cells.

2.9. HPLC determination of phosphorylation

Some 48 h after addition of siRNA to cells, medium was removed
and drug treatment was initiated by adding 1 mL of culture medium
containing [3H]-2′-MeC (or other nucleoside) to a final concen-
tration of 10 �M and 1000 dpm/pmol. Drug stock solutions were
made up freshly in antibiotic-free assay medium. The final dimethyl
sulfoxide concentration was 0.5%. Plates were gently mixed by
rocking back and forth and incubated at 37 ◦C/5% CO2 for 24 h. After
removal of medium, cells were washed three times with cold PBS
and extracted with 600 �L 70% methanol (at −20 ◦C) for at least

24 h at −20 ◦C. The cell extracts then were harvested, centrifuged
to remove cellular debris and dried down under a gentle stream of
filtered air. The dried cell extracts were resuspended in 200 �L of
water and analyzed by reverse-phase with ion-pairing chromatog-
raphy using an Agilent model 1100 instrument (Agilent, Santa Clara,
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A). The mobile phase consisted of buffer A (25 mM potassium
hosphate, 5 mM tetrabutyl ammonium phosphate (TBAP), pH 6.0)
nd buffer B (methanol). A multi-stage linear gradient from 0% to
0% buffer B was run from 0 to 60 min according to the follow-

ng schedule: 10 min – 0% buffer B; 20 min – 20% buffer B; 30 min
0% buffer B; 35 min – 30% buffer B. Radioactivity was analyzed by
nline detection using a radiomatic 500TR Flow Scintillation Ana-
yzer (Packard/Perkin Elmer Life and Analytical Sciences, Waltham,

A). Each analyte was quantified based on the area of its respective
adioactive peak and identified based on its peak elution pattern
ompared to the elution patterns of cytidine, uridine and their cor-
esponding 5′-phosphate derivatives. Identity was then confirmed
y co-elution of the radiolabeled peaks with authentic reference
tandards. Finally the identity of monophosphate products was
urther established by digestion of cell extracts with 1–5 units
f alkaline phosphatase for 60 min at 37 ◦C, thereby releasing the
arent nucleoside (e.g. 2′-MeC) which was identified as described
bove.

.10. Design of siRNA testing strategy and experimental controls

The optimal concentrations of siRNA reagents and the use of
ingle versus multiple siRNAs were evaluated in exploratory exper-
ments. To ensure that all observed silencing was due to a specific
ffect of the siRNA on its target gene, the negative controls used
n each experiment included a transfection reagent that lacked
iRNA as well as a commercially available non-targeting siRNA con-
rol. Moreover, each gene-specific siRNA reagent served as negative
ontrols for the other two kinase genes.

The effect of the siRNAs on the expression of the specific target
inase was determined in transfected cells by measuring the disap-
earance of UCK1, UCK2 or dCK proteins by Western blotting. New
ntibodies specific for each enzyme were developed in conjunc-
ion with this study (for details see Section 2.6). These antibodies
llowed the specific identification and assessment of UCK1, UCK2
nd dCK levels in lysates from each cell line. Equivalent loading of
ysates for each transfection experiment was verified by Western
lot staining of GAPDH with GAPDH-specific antibodies.

Finally, the impact of each kinase on 2′-MeC or 2′-F-2′-MeC
hosphorylation was determined in conjunction with the silencing
xperiments by HPLC/radiometric quantification of total phos-
horylated nucleoside analog species (appearing in cell lysates
rimarily as the respective triphosphates) recovered from control
ells versus silenced cells following exposure to [3H]-labeled drug.
he relevant mono-, di- and triphosphate species were identified
sing synthetic reference standards (see Section 2.9).

. Results

.1. Phosphorylation of 2′-MeC by recombinant enzymes in vitro

Two different groups have obtained conflicting results related
o enzymes that can phosphorylate 2′-MeC to 2′-MeCMP. Klumpp
t al. (2008) reported that dCK and UCK2 do not phosphorylate 2′-
eC and that 2′-MeC is a substrate for UCK1. Murakami et al. (2007),

n the other hand, showed that UCK1 does not phosphorylate 2′-
eC. Instead they found that 2′-MeC can be phosphorylated by dCK

lthough with low efficiency.
Our paper sought to resolve this controversy using two differ-

nt approaches: by testing 2′-MeC phosphorylation with purified

inases and by evaluating the impact of silencing the expression of
he specific kinase on 2′-MeC phosphorylation in cell cultures using
iRNA technique.

We first evaluated whether the purified recombinant UCK1,
CK2, or dCK enzymes could phosphorylate 2′-MeC and 2′-F-2′-
Fig. 2. SDS PAGE of purified recombinant dCK, UCK1 and UCK2 enzymes.
M = proteins molecular weight markers.

MeC nucleoside analogs in vitro. The structures of the various
nucleosides and nucleoside analogs tested in this report are shown
in Fig. 1. His-tagged human UCK1, UCK2 and dCK enzymes were
each expressed in E. coli and purified to greater than 96% homo-
geneity as shown in Fig. 2.

The steady-state catalytic parameters for recombinant UCK1,
UCK2 and dCK, tested in standard DE-81 filter assay with 3H-labeled
compounds as described in Section 2, are summarized in Table 1.
The purified enzymes had Km and specific activity values similar
to those published by other researchers (Van Rompay et al., 2001;
Roy et al., 2004; Usova et al., 2004; Murakami et al., 2007).

Purified His-tagged recombinant dCK efficiently phosphory-
lated dC (Table 1) with a Km of 1.5 ± 0.5 �M, within the range of
values reported in the literature (0.13–9 �M) (Shafiee et al., 1998;
Sabini et al., 2003; Usova et al., 2004; Roy et al., 2004; Murakami
et al., 2007). Consistent with literature reports dCK phosphory-
lated a wide range of cytidine analogs: AraC, ddC and 5-FC (data
not shown). The nucleoside monophosphate products of in vitro
phosphorylation reactions were resolved by TLC and their identity
was verified using appropriate reference standards and evaluated
as described in Section 2. Both 2′-F-2′-MeC and 2′-MeC were phos-
phorylated by dCK although with low efficiency: 118 and 438 times
less than dC, respectively (Table 1).

These data are generally consistent with the findings of
Murakami et al. (2007) suggesting that 2′-F-2′-MeC and 2′-MeC
are potential, albeit less efficient, substrates for the human dCK
enzyme. Our data do not appear to support the finding of Klumpp
et al. (2008).

Purified His-tagged recombinant UCK1 efficiently phosphory-
lated C and U (Table 1) with a Km of 194 ± 127 �M and Km of
452 ± 37 �M for C and U, respectively, consistent with the range
of values reported in the literature (131–291 �M and 225–407 �M
for C and U, respectively) (Van Rompay et al., 2001; Roy et al.,
2004; Murakami et al., 2007). Consistent with a prior report (Van
Rompay et al., 2001), purified recombinant UCK1 displayed a rela-
tively restricted substrate profile; it effectively phosphorylated its

natural substrates, uridine and cytidine (Table 1), as well as the
nucleoside analog 5-IodoU and was less active with 6-AzaU and
5-FC (data not shown). UCK1 did not phosphorylate 2′-MeC and 2′-
F-2′-MeC tested at up to 5 mM (Table 1) and LdC (data not shown)
in the standard assay. Indeed, no trace of 2′-MeC or 2′-F-2′-MeC
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Table 1
Steady-state kinetic parameters for dCK, UCK1 and UCK2 with ATP as a phosphate donor. Kcat was calculated using molecular mass of 33.16, 33.707 and 31.572 kDa for
recombinant dCK, UCK1 and UCK2 subunits, respectively. Values are reported as means ± standard deviations of four experiments for dC, C or U, eight experiments for 2′-MeC
and two experiments for 2′-F-2′-MeC.

Compound Km (�M) Vmax (nmol/min/mg) kcat (s−1) kcat/Km (s−1 M−1) Relative efficiency Enzyme

dC 1.5 ± 0.5 125 ± 30 0.07 46296 1
dCK2′-MeC 451 ± 225 87 ± 33 0.048 107 0.0023

2′-F-2′-MeC 230 ± 74 162 ± 89 0.09 391 0.0084

C 194 ± 127 544 ± 377 0.31 1598

UCK1
U 452 ± 37 1270 ± 159 0.71 1578
2′-MeC NA, 5 mM NA, 5 mM
2′-F-2′-MeC NA, 5 mM NA, 5 mM
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C 72 ± 21 1975 ± 500 1
U 121 ± 27 49030 ± 12700 1
2′-MeC 3131 ± 1718 837 ± 496 0
2′-F-2′-MeC NA, 5 mM NA, 5 mM

onophosphates was seen even after prolonged incubation (data
ot shown) indicating that UCK1 does not utilize 2′-MeC and 2′-F-
′-MeC as a substrates. Our results are in a good agreement with
urakami et al. (2007), and contradict those of Klumpp et al. (2008).
Our purified recombinant UCK2 efficiently phosphorylated C

nd U (Table 1) with Km values of 72 ± 21 �M and 121 ± 27 �M for
and U, respectively, close to the values reported by Van Rompay

t al. (2001) (86 and 50 �M for C and U, respectively) and exhib-
ted a much wider substrate spectrum than UCK1 in accord with
he findings of Van Rompay et al. (2001). Thus, UCK2 phosphory-
ated the analogs 5-HydroxyU, 5-FC and 6-AzaU (data not shown).
CK2 showed no activity against 2′-F-2′-MeC (Table 1). Contrary to
lumpp et al. we found that 2′-MeC is a weak substrate for UCK2
ith a Km of 3.1 ± 1.7 mM (Table 1). 2′-MeC was 100× less effective

s a substrate in terms of catalytic efficiency (kcat/Km) than C for
CK2 compared to 400× less effective than dC for dCK (Table 1).

In summary, our in vitro biochemical data suggest that the likely
andidate enzymes for phosphorylation of 2′-MeC are UCK2 and
CK, and effectively rule out the involvement of UCK1.

.2. siRNA analysis of the kinases involved in the phosphorylation
f 2′-MeC in human cell lines

Since the relative contribution of UCK2 and dCK to phosphoryla-
ion of 2′-MeC in the cellular environment likely depends on factors
uch as the expression level of these enzymes and the competition
etween 2′-MeC and the natural substrates, we decided to further
valuate the contribution of each of these enzymes in human cell
ines. To this end, we used a siRNA approach to specifically target
ach of the UCK1, UCK2 and dCK kinases. The effect of depleting
ach enzyme on the extent of phosphorylation of 2′-MeC in cells
as used to determine the role of each kinase in the formation of
hosphorylated 2′-MeC species.

The inclusion of appropriate controls was an important aspect of
he experimental design for the siRNA study (see Section 2). A com-
ination of positive and negative controls was included in every
xperiment to rule out any misinterpretation of the experimental
esults.

All findings were verified in three different human cell lines:
eLa cells and two human hepatocyte-derived cell lines (HepG2
epatocellular liver carcinoma and Huh7 hepatoma cells). Of note,
he Huh7 cell line is permissive for the replication of the HCV repli-
on and is the cell line typically used for the preclinical assessment

f HCV antiviral agents. We also note that we attempted to study
he kinases in primary human hepatocytes. These experiments did
ot yield useful information since we were unable to detect UCK2
r dCK by Western blot or get siRNA approaches to work in these
ells, which are more difficult to work with than cell lines.
14306 1

UCK2
22511 1.6

139.8 0.0098

Each kinase gene was silenced without significantly affecting
the other two genes using gene-specific siRNA reagents. The effect
of the siRNAs on the expression of the specific target kinase was
determined in transfected cells by measuring the disappearance of
UCK1, UCK2 or dCK proteins by Western blotting.

Finally, the impact of each kinase on 2′-MeC or 2′-F-2′-MeC
phosphorylation was determined in conjunction with the silencing
experiments by HPLC/radiometric quantification of total phos-
phorylated nucleoside analog species (primarily the respective
triphosphates) recovered from control cells versus silenced cells
following exposure to [3H]-labeled drug. The relevant mono-, di-
and triphosphate species were identified using synthetic reference
standards (see Section 2).

In summary, the use of different siRNA reagents and antibodies,
together with the evaluation of phosphorylation of the nucleosides,
provided an extensive panel of controls to ensure the correct inter-
pretation of all results.

3.3. Effect of siRNAs on kinase expression

In exploratory experiments, conditions for the most efficient
siRNA delivery and gene silencing were tested and optimized in
each cell line by measuring the decreased expression of target
kinase enzyme by Western blotting. The conditions investigated
included cell density, the use of different transfection reagents, the
use of different siRNA sequences, the use of single versus combi-
nations of gene-specific siRNAs at different ratios, and finally the
time required to achieve a maximum reduction in kinase levels fol-
lowing transfection of the siRNA. Some of these data are shown in
Figs. 3 and 4.

As seen in Fig. 3A, immunostaining with a UCK2-specific anti-
body reveals that the amount of UCK2 decreased substantially
in HeLa cells in response to transfection with UCK2-specific siR-
NAs but not with a control (random) siRNA. Immunostaining
with a GAPDH antibody verified that equal amounts of lysates
were loaded on this gel, demonstrating that the decrease in UCK2
expression was gene specific. Testing of three different siRNAs
singly or in combination, as described in Section 2 (data not
shown), established that maximal UCK2 suppression was attained
with a 1:1 combination of two siRNAs. As shown in Fig. 3A,
the combination of siRNAs B and C, targeting exon 4 (B) and
exon 5 (C) of the UCK2 gene, appeared to be slightly superior
to the combination of siRNAs A and C and was thus selected
for the remaining experiments. Essentially maximal UCK2 pro-

tein depletion was achieved by 24 h post-transfection (Fig. 4A) and
maintained through 72 h post-transfection (data not shown). Since
all three kinases were effectively depleted 48 h post-transfection in
response to their respective siRNA reagents (see below), this time
frame was routinely used when comparison between the proteins
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Fig. 3. The effect of incubation with different gene-specific siRNAs on the kinase levels in HeLa cells. (A) Western blot analysis performed with UCK2-specific (top panel) and
GAPDH-specific (bottom panel) antibodies. For description of reagents and siRNAs see Sections 2 and 3. (B) Western blot analysis performed with dCK-specific (top panel)
and GAPDH-specific (bottom panel) antibodies.

Fig. 4. Effects of incubation time on the depletion of UCK1, UCK2 and dCK in HeLa cells by each gene-specific siRNA. Western blot were stained with antibodies recognizing
(A) UCK1 and UCK2, (B) dCK, and (C) GAPDH.
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Fig. 5. Silencing of UCK1 and UCK2 expression in HepG2 cells. W

as needed (e.g. for the phosphorylation experiments described
elow).

For dCK, the Western blot analysis revealed that the amount of
inase protein in HeLa cells was not affected by the control siRNA
ut decreased significantly in response to transfection with each
f the three individual test siRNAs, ID68, ID69 and ID70 (Fig. 3B).
qual protein loading was again verified by GAPDH immunostain-
ng (Fig. 3B). The most efficient suppression was seen with 1:1
ombinations of two siRNAs, 68+70 or 69+70, (Fig. 3B). The com-
ination of siRNAs 69+70, targeting exons 2–3 (69) and exon 7
70) of the dCK gene, gave the most effective silencing and was
elected for further studies. Silencing of dCK was evident (Fig. 4B)
hrough 72 h post-transfection and there was good suppression of

CK protein levels at 48 h post-transfection, the time point chosen
or subsequent experiments.

For UCK1 silencing, four siRNAs were evaluated singly and in
ombination and the best results were obtained with a single

Fig. 6. Gene-specific knockdown of kinase proteins in Huh7 cells. Western blo
rn blot immunostained for UCK1 (A), UCK2 (B) and GAPDH (C).

siRNA, HSS130223 (data not shown). In HeLa cells (Fig. 4A), this
siRNA effectively depleted UCK1 protein but not UCK2 protein, as
judged by staining with our anti-UCK1 antibody that recognizes
both proteins (which are closely related at the amino acid sequence
level). Immunostaining for GAPDH again verified the loading of
equal amounts of lysates on the gel (Fig. 4C). The time course for
UCK1 (Fig. 4A) showed that 48 rather than 24 h was required to
achieve effective silencing for this protein. Fig. 5 shows the results
obtained in HepG2 cells and compares the staining obtained with
the antibody raised against UCK1 protein (Panel A) versus the anti-
UCK2 antibody that is specific for UCK2 (Panel B). Both antibodies
confirmed that the UCK2-specific siRNA depleted UCK2 protein.
Immunostaining with UCK1 antibody demonstrated that HepG2

cells have higher amounts of UCK1 compared to UCK2 than HeLa
(Fig. 4A) and Huh7 cells (Fig. 6). The data further confirmed that
UCK2 knockdown did not significantly deplete UCK1. Conversely,
only the UCK1-specific siRNA depleted UCK1 protein levels. GAPDH

t analysis using siRNA and antibody reagents as indicated on the figure.
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Fig. 7. Effects of siRNA treatment on the phosphorylation of 2′-MeC in HeLa (A) and
HepG2 (B) cells and 2′-F-2′-MeC in HepG2 cells (C). Data reflect means and standard
deviations obtained from five (A) or two (B, C) independent experiments.
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taining again verified the loading of equal amounts of lysates on
he gel (Fig. 5C).

The experiment shown in Fig. 6 clearly demonstrates that
epletion of each of the three kinase proteins could be achieved

ndependent of the other two in Huh7 cells in response to the appro-
riate siRNA reagent. Similar results in terms of the extent and
pecificity of silencing were obtained in all three cell lines (data
ot shown). Importantly, kinase depletion was only observed in
esponse to the correct gene-specific siRNA in all three cell lines
nd was not seen in cells treated with transfection agent alone
r transfected with the non-targeting random siRNA as seen in
igs. 3–6.

.4. Phosphorylation of 2′-MeC in cells after specific siRNA
ransfection

Next, we determined how reductions in the levels of UCK1,
CK2, and dCK proteins affected the ability of human cell lines to
hosphorylate 2′-MeC and 2′-F-2′-MeC. Cells were transfected with
he appropriate siRNA and cultured for a further 48 h to provide
xtensive depletion of the target kinase protein that was verified
y parallel Western blot experiments. The depleted cells were then

ncubated with the appropriate radiolabeled nucleoside analog for
4 h. The resultant phosphorylated nucleoside products (primar-

ly in the form of triphosphate species as described further below)
ere then separated by HPLC and quantified (see Section 2 for

urther details).
The results of these experiments in the three cell lines studied

re summarized in Figs. 7 and 8.
Compared to control cells, depletion of UCK2 protein reduced 2′-

eC phosphorylation by about 5-fold in HeLa (Fig. 7A) and Huh7
Fig. 8A) cells, and 3-fold in HepG2 cells (Fig. 7B). In contrast, UCK2
epletion did not reduce the phosphorylation of 2′-F-2′-MeC in
hese cell lines (Figs. 7C and 8B).

Next the impact of UCK1 depletion was determined. For 2′-MeC,
CK1 depletion had little or no effect in HeLa (Fig. 7A), HepG2

Fig. 7B) or Huh7 cells (Fig. 8A). Similarly, UCK1 knockdown did not
ave a significant effect on 2′-F-2′-MeC phosphorylation as seen in
igs. 7C and 8B.

For dCK, the effect of depletion on 2′-MeC phosphorylation was
ound to be minimal (<20% reduction) after 48 h in Huh7 (Fig. 8A)
nd HepG2 cells (data not shown); HeLa cells are less relevant to
he antiviral activity of 2′-MeC and were not tested in this assay.
n contrast, 2′-F-2′-MeC phosphorylation was reduced by ∼75% in
CK-silenced Huh7 cells (Fig. 8B). Although this accords well with
he approximately 80% reduction of dCK protein levels estimated by

estern blot analysis, we further validated this result by measuring
he enzymatic dCK activity present in a portion of the cell lysates
sing an assay based on the phosphorylation of CdA, a substrate that

s specific for dCK. Compared to control lysates, the lysates from
he silenced cells contained about 5-fold less dCK activity (data not
hown).

Taken together, the preceding results provide strong support
or the idea that, at least in cell culture, dCK is the primary enzyme
riving the initial phosphorylation of 2′-F-2′-MeC (Murakami et al.,
007), whereas UCK2 is the key enzyme behind 2′-MeC phospho-
ylation. Less clear from the data is whether any role is left for
CK in the intracellular phosphorylation of 2′-MeC. Since silenc-

ng is typically less than 100% efficient it is likely that much or all of
he residual 2′-MeC phosphorylation (20–40%) seen in the different
ell types simply reflects the remaining levels of UCK2. However,

iven the limitations of the silencing methodology coupled with the
nherent variability of these complex cell-based assays, we cannot
ompletely exclude the possibility that dCK may make a minor con-
ribution to the overall phosphorylation of 2′-MeC in the tested cell
ines.

Fig. 8. Effects of siRNA treatment on the phosphorylation of 2′-MeC (A) and 2′-F-
2′-MeC (B) in Huh7 cells. Data reflect means and standard deviations obtained from
six (A) or three (B) independent experiments.
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ig. 9. HPLC analysis detected phosphorylated 2′-MeC species in control Huh7 cells
A); and in cells 48 h after transfection with siRNAs specific for UCK1 (B), dCK (C), or
CK2 (D).

.5. The effect of silencing on the phosphorylation profile of
′-MeC in cells

The HPLC chromatogram shown in Fig. 9A depicts the profile
f 2′-MeC species metabolized in control Huh7 cell treated with
0 �M radioactive 2′-MeC for 24 h (Fig. 9A). Also shown is the

mpact of silencing with siRNAs specific for UCK1 (Fig. 9B), dCK
Fig. 9C) or UCK2 (Fig. 9D). Similar results were obtained in HepG2
ells (data not shown).

As can be seen from the chromatographic profiles, exposure
f cells to radioactive 2′-MeC resulted mainly in the formation
f the corresponding triphosphate product. Only a low amount
f 2′-MeCDP and no 2′-MeCMP was found under these condi-
ions. The predominance of 2′-MeCTP product coupled with the
ack of accumulation of the MP and DP intermediates is consis-
ent with the idea that the 2′-MeCMP intermediate, once formed,
s rapidly and efficiently converted to 2′-MeCTP. Thus, the first 2′-

eC phosphorylation step appears to be the rate-limiting step in
′-MeCTP production, at least in the cell systems studied in this

eport.

A significant decrease in the amount of 2′-MeCTP end prod-
ct was seen only in cells transected with UCK2-specific siRNA
Fig. 9D), indicating that a decrease in UCK2-mediated production
′-MeCMP leads directly to a decrease in the TP active species. As
earch 85 (2010) 470–481 479

expected, no change in 2′-MeCTP levels was seen in cells transfected
with the other two siRNA species.

No deamination of 2′-MeC or its phosphorylated metabolites to
the corresponding uridine derivatives (e.g. 2′-MeU or 2′-MeUMP)
was seen in any cell type in this study. In our experience it takes a
longer time to generate these uridine species. Thus, low and vari-
able amounts (less then 4.5%) of 2′-MeUTP were found only in
HepG2 cells after 48 h incubation with 3H-2′-MeC (data not shown).

4. Discussion

The main goal of this study was to identify the human kinase(s)
responsible for the conversion of 2′-MeC to its 5′-monophosphate
metabolite, 2′-MeCMP. This is the first phosphorylation step in
the pathway leading to the production of the 2′-MeC triphosphate
active species that is responsible for inhibiting the HCV polymerase.
Data presented in this paper are consistent with the idea that the
first phosphorylation step for 2′-MeC is a rate-limiting step that
may restrict the antiviral activity of this agent in man. This limi-
tation, which likely applies to all the cytidine analogs currently in
clinical development for the treatment of HCV, may be overcome to
some extent by the use of high doses of nucleoside analogs, leading
to increased triphosphate production in the liver. However, high
doses of nucleoside analogs may also result in an increase in the
off-target toxicities and side effects encountered with these agents.

Two groups have reported different kinases responsible for 2′-
MeC phosphorylation. Klumpp et al. (2008) found that dCK did not
phosphorylate 2′-MeC but UCK1 did. Murakami et al. (2007) found
that UCK1 did not phosphorylate 2′-MeC whereas dCK did, although
with low efficiency.

Our study attempted to resolve this discrepancy using two
different approaches: by testing 2′-MeC phosphorylation with puri-
fied kinases and by investigating the impact of silencing the specific
kinase expression (by siRNA technique) on phosphorylation of 2′-
MeC.

We first evaluated the ability of recombinant UCK1, UCK2,
and dCK to phosphorylate 2′-MeC and several control nucleoside
analogs in vitro. While recombinant UCK2 and dCK were both able
to phosphorylate 2′-MeC in vitro, albeit with much less efficiency
than their natural substrates, UCK1 did not phosphorylate 2′-MeC
at all, consistent with reports that this enzyme has a relatively nar-
row substrate specificity (Van Rompay et al., 2001; Murakami et
al., 2007). Our biochemical results showing that dCK, but not UCK1,
can phosphorylate 2′-MeC generally agree with those of Murakami
et al. (2007) and contradict Klumpp et al. (2008). More importantly,
however, we also showed that UCK2 can catalyze this reaction. In
contrast to 2′-MeC, the closely related cytidine analog 2′-F-2′-MeC
was a substrate for dCK but not for the two UCK enzymes. This
finding confirms a prior report (Murakami et al., 2007) that 2′-F-
2′-MeC is phosphorylated by dCK and suggests that 2′-F-2′-MeC
behaves more like a deoxynucleoside than a ribonucleoside due to
the presence of the 2′-fluoro group.

While our biochemical data suggested that both UCK2 and
dCK could potentially be responsible for converting 2′-MeC to 2′-
MeCMP, a series of carefully controlled silencing experiments using
gene-specific siRNAs pinpointed UCK2 as the key enzyme respon-
sible for the monophosphorylation of 2′-MeC, at least in the three
different human cell lines tested in this study. Thus, reduction
of UCK2 levels decreased 2′-MeC phosphorylation by 70–80% in
all three human cell lines tested. In contrast, dCK appeared to be

responsible for no more than 20% of 2 -MeC phosphorylation in
Huh7 and HepG2 cells: this low value lies within the expected
range of variability for a complex cell-based assay. Given this and
the fact that our UCK2 silencing experiments almost certainly did
not achieve a 100% protein depletion, we cannot conclude with



4 ral Res

c
2
e

o
b
U
c
(
b
o
d
e
t
t

p
s
l
r
d
b
s
t
t
i

s
n
s
t
p
i
r
l
t
p
m
d

m
c
u
d
w
2

o
n
o
t
p
t
p
2
s
s
o
a
T
a
i
f

s
a

80 N.L. Golitsina et al. / Antivi

ertainty that dCK has any role in the in vitro phosphorylation of
′-MeC in cells. However, we do not exclude a minor role for this
nzyme.

In other respects, the siRNA results correlated well with those
btained with the recombinant kinases and further validated the
iochemical findings. Thus, siRNA silencing ruled out a role for the
CK1 kinase in the phosphorylation of 2′-MeC in the three human
ells lines. In addition to confirming the work of Murakami et al.
2007) by showing that phosphorylation of 2′-F-2′-MeC is mediated
y dCK, our silencing experiments further rule out the involvement
f UCK1 or UCK2 in this process. Importantly, these results clearly
emonstrate that dCK is functional in the test cell types, thereby
stablishing that the phosphorylation of 2′-MeC by UCK2 rather
han dCK is not simply due to a lack of a functional dCK kinase in
hese cells.

The idea that a UCK enzyme is responsible for 2′-MeC
hosphorylation in cultured cells was first demonstrated by
ubstrate competition studies showing that the intracellu-
ar phosphorylation of 2′-MeC to 2′-MeC triphosphate was
educed in a dose-dependent fashion in the presence of cyti-
ine (EC50 = 19.17 ± 4.67 �M) or uridine (EC50 = 20.92 ± 7.10 �M),
ut not deoxycytidine (EC50 > 100 �M) (E. Cretton-Scott, data not
hown). The present work now extends these in vitro competi-
ion experiments by demonstrating that UCK2, and not UCK1, is
he enzyme responsible for the initial phosphorylation of 2′-MeC
n cell culture.

Our study demonstrates the importance of using cell-based
ystems to confirm results obtained on the phosphorylation of
ucleoside analogs by purified enzyme. As noted above, dCK was
hown to be fully functional in the cultured test cells but appeared
o play at best a minor role or perhaps even no role in the phos-
horylation of 2′-MeC in cells. While the basis for the differences

n results between the two biochemical and cell-based systems
emains unknown, a variety of factors, such as intracellular enzyme
evels or activity, competition with the natural substrates, the exis-
ence of feedback mechanisms, the presence of specific natural
roducts within the cell, or the possibility that specific kinases
ay function in multi-protein enzymatic complexes may lead to

ifferences between the two systems.
Our findings define UCK2 as the key kinase involved in the for-

ation of 2′-MeC monophosphate from 2′-MeC in cultured human
ells. Since the HCV replicon-containing Huh7 cell line is widely
sed in HCV drug discovery and has been successfully used to pre-
ict which nucleosides will be active in HCV patients, we felt it
as very important to identify kinases responsible for activation of

′-MeC in this key cell line.
Although among normal human tissues UCK2 expression was

bserved only in placenta (Van Rompay et al., 2001), it should be
oted that very little is known about the expression of UCK1, UCK2
r dCK in primary human hepatocyte cultures or in vivo in the con-
ext of the uninfected or HCV-infected liver. It remains formally
ossible that the phosphorylation pathways used in hepatocytes or
issues are different from those defined in cultured cells. However,
hosphorylation studies have shown that cytidine analogs such as
′-MeC, 2′-F-2′-MeC, and 4′-azidoC are phosphorylated to about the
ame limited extent (around 20 pmol of phosphorylated nucleoside
pecies per million cells) in primary hepatocytes from rat, monkey
r human as they are in cultured human cell lines (Cretton-Scott et
l., 2008; Standring et al., 2008; Cretton-Scott, unpublished results).
his suggests that the same restrictive first phosphorylation steps
re operative in these different systems. Conducting more study

n human hepatocytes especially in HCV-infected hepatocytes, will
urther clarify this question.

The preceding observations suggest the possibility of devising
trategies to improve the antiviral activity of the nucleoside which
re inefficiently phosphorylated in the initial kinase step. In partic-
earch 85 (2010) 470–481

ular the use of monophosphorylated nucleotide prodrugs provides
a potential approach to bypass the first kinase step, thereby lead-
ing to increased levels of the triphosphate active species and hence
potentially increased antiviral activity in the clinic compared to a
corresponding nucleoside analog.
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