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All currently approved antiviral drugs for the treatment of chronic hepatitis B virus (HBV) infection are nucleos(t)ide reverse
transcriptase inhibitors (NRTI), which inhibit the DNA synthesis activity of the HBV polymerase. The polymerase is a unique
reverse transcriptase (RT) that has a novel protein priming activity in which HP initiates viral DNA synthesis using itself as a
protein primer. We have determined the ability of NRTI-triphosphates (TP) to inhibit HBV protein priming and their mecha-
nisms of action. While entecavir-TP (a dGTP analog) inhibited protein priming initiated specifically with dGTP, clevudine-TP (a
TTP analog) was able to inhibit protein priming independently of the deoxynucleoside triphosphate (dNTP) substrate and with-
out being incorporated into DNA. We next investigated the effect of NRTIs on the second stage of protein priming, wherein two
dAMP nucleotides are added to the initial deoxyguanosine nucleotide. The obtained results indicated that clevudine-TP as well
as tenofovir DF-DP strongly inhibited the second stage of protein priming. Tenofovir DF-DP was incorporated into the viral
DNA primer, whereas clevudine-TP inhibited the second stage of priming without being incorporated. Finally, kinetic analyses
using the HBV endogenous polymerase assay revealed that clevudine-TP inhibited DNA chain elongation by HP in a noncom-
petitive manner. Thus, clevudine-TP appears to have the unique ability to inhibit HBV RT via binding to and distorting the HP
active site, sharing properties with both NRTIs and nonnucleoside RT inhibitors.

Chronic hepatitis B virus (HBV) infection remains a world-
wide health problem, afflicting over 350 million patients

and resulting in one million deaths per year (1). HBV has a ca.
3.2-kb relaxed circular (RC) DNA genome that is repaired to
form a covalently closed circular (CCC) DNA in the host cell.
CCC DNA is then transcribed by the host RNA polymerase II to
produce a pregenomic RNA (pgRNA), the precursor to RC
DNA (2, 3). Reverse transcription of pgRNA by the viral poly-
merase (HP), a multifunctional reverse transcriptase (RT),
generates first the minus strand and then the plus strand of RC
DNA using its RNA- and DNA-dependent DNA polymeriza-
tion activities, respectively (2, 4).

Initiation of viral minus-strand DNA synthesis occurs via a
novel protein priming mechanism in which HP, specifically a ty-
rosine residue (Y63) in its N-terminal domain, serves as a protein
primer, while its central RT domain serves as the catalyst (5–9).
Furthermore, protein-primed initiation of reverse transcription
requires a short RNA stem-loop structure, termed epsilon (Hε),
on the 5= end of pgRNA, which is recognized specifically by HP in
a host chaperone-dependent reaction (7, 10–15). Hε, specifically
the last three nucleotides of its internal bulge, serves as the specific
template for protein priming (7, 10, 16). Furthermore, it serves as
an allosteric activator of the HP enzymatic activity (17, 18). The
product of protein priming is a short, 3-nucleotide (nt)-long
(dGAA) viral minus-strand DNA covalently attached to HP.
Based on differential sequence and structural requirements de-
fined using the duck hepatitis B virus (DHBV) polymerase, pro-
tein priming can be divided into two distinct stages, the initial
attachment of the first dGMP residue to the polymerase (initiation
or polymerase deoxyguanidinylation) followed by the addition of
two (dAA; for HP) or three (dTAA; for the DHBV polymerase)
nucleotide residues to the initiating dGMP (DNA polymeriza-

tion) (7, 19, 20). After protein priming, the nascent minus-
strand-HP complex is transferred from the Hε template to a com-
plementary sequence at the 3= end of pgRNA called DR1, where
HP continues minus-strand DNA elongation (7, 10, 21).

Current treatments for chronic HBV infection include pegylated
alpha interferon and nucleos(t)ide RT inhibitors (NRTIs) (22, 23).
Interferon therapy is effective only in a minority of patients and is
associated with side effects and toxicities. Five NRTIs have been ap-
proved by the FDA for HBV treatment, including lamivudine (2=,3=-
dideoxy-3=-thiacytidine; 3TC), adefovir dipivoxil {9-[2-[[bis[(pival-
oyloxy)methoxy]-phosphinyl]-methoxy]ethyl]adenine}, entecavir
{2-amino-9-[(1S,3R,4S)-4-hydroxy-3-(hydroxymethyl)-2-methyl
idenecyclopentyl]-6,9-dihydro-3H-purin-6-one}, telbivudine [1-(2-
deoxy-�-L-erythro-pentofuranosyl)-5-methylpyrimidine-2,4(1H,3H)-
dione], and tenofovir disoproxil fumarate (DF) {9-[(R)-2-[[bis
[[(isopropoxycarbonyl)oxy]methoxy]phosphinyl]methoxy]propyl]
adenine fumarate}. NRTIs suppress HBV replication in most patients
but are not curative, requiring potentially life-long treatment that
may be associated with drug resistance and toxicity (22, 24).

Entecavir has been shown to potently inhibit HBV DNA syn-
thesis and displays a high barrier for HBV drug resistance, which
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occurs at a very low frequency even after 5 years of treatment
(25–27). In common with most other NRTIs, entecavir inhibits
HBV DNA synthesis in a substrate (dGTP)-competitive manner.
As dGTP is the initiating nucleotide for HBV protein priming,
entecavir is thought to have the unique ability, among all ap-
proved NRTIs, to inhibit HBV protein priming by competing with
dGTP. However, as the protein priming assay employed to mea-
sure entecavir effects relied on a recombinant HP protein isolated
from insect cells to carry out Hε-independent DNA synthesis in
vitro (5, 27), it remains uncertain if entecavir indeed inhibits au-
thentic, Hε-dependent protein priming as proposed.

Tenofovir DF, an oral prodrug of tenofovir, is a potent inhib-
itor of both HIV and HBV replication and is approved for the
treatment of both infections. With respect to HBV, tenofovir DF
has a very high barrier to resistance; no HBV resistance mutations
have been identified after 5 years of treatment in phase 3 extension
studies (28). Tenofovir DF is an acyclic nucleotide analog lacking
a 3= hydroxyl group and has been shown to be a competitive in-
hibitor of recombinant HP (purified from insect cells) (29). While
it is clear that tenofovir DF inhibits DNA elongation by HP in
biochemical and cell-based assays, it may also inhibit the second
stage of HBV protein priming in which two dAMP residues are
added to form the complete dGAA primer; however, this has not
been formally demonstrated. A thymidine analog, fialuridine [1-
(2-deoxy-2-fluoro-1-D-arabinofuranosyl)-5-iodouracil; FIAU],
was shown to inhibit the DNA polymerization stage of protein
priming by the DHBV polymerase via a competitive mechanism
(30). Due to the lack of TMP incorporation during protein prim-
ing by HP, FIAU is not predicted to inhibit HP priming.

Clevudine [1-(2-deoxy-2-fluoro-5-methyl-�-L-arabinofura-
nosyl) uracil; L-FMAU] is a recently introduced NRTI approved
for treatment of chronic HBV infections in South Korea (31–34).
Clevudine has the unnatural L-configuration and, compared to
other NRTIs, has the unique ability to maintain suppression of
HBV replication for an extended period of time (for at least 24
weeks) following drug withdrawal (35, 36). As with other NRTIs,
clevudine-triphosphate (TP) directly inhibits HBV DNA synthe-
sis as measured in the endogenous polymerase assay (EPA) (32),
in which isolated HBV nucleocapsids carry out viral DNA synthe-
sis (mostly plus-strand DNA elongation) using the packaged (en-
dogenous) HP as the catalyst and the viral minus-strand DNA as
the template (2, 37). In contrast to many other NRTIs, clevudine is
not considered an obligate chain terminator because of the pres-
ence of the 3=-OH group (34). Furthermore, clevudine is not in-
corporated into DNA by the Epstein-Bar virus or cellular DNA
polymerases (38), indicating it does not serve as a substrate for
DNA synthesis by the polymerases. This is in contrast to some
other arabinosides, such as FIAU, which can be used by mamma-
lian cellular DNA polymerases as substrates (39). Thus, in contrast
to all other known nucleoside analog therapies, clevudine appears
to inhibit viral polymerase activity without being incorporated
into viral DNA (34, 38, 40).

As protein priming represents a novel biochemical reaction
that requires an HP conformation(s) distinct from that for generic
DNA strand elongation (9, 19, 20, 30, 41), specific targeting of the
priming conformation of HP with antivirals is expected to com-
plement well those that target the HP elongation mode (true for
most currently approved NRTIs), as measured by the commonly
used EPA. Taking advantage of an authentic, Hε-dependent in
vitro HBV protein priming assay that we have recently developed

(7), we have analyzed the effects of several NRTIs on HBV protein
priming. Furthermore, in our efforts to understand the novel
mechanism of action of clevudine, we conducted a kinetic study
with this compound using the classical EPA.

MATERIALS AND METHODS
Plasmids and compounds. pcDNA-3FHP, for expressing the 3�
FLAG-tagged full-length HP in human cells, and pCMV-HE, for ex-
pressing the Hε RNA derived from the 5= end of HBV pgRNA, have
been described previously (7). pCMV-HE-B6G or pCMV-HE-B6A
produces a mutant Hε in which the last (6th) Hε internal bulge residue
(B6; nt 1863), which serves as the template for the first nucleotide of
viral minus-strand DNA, is changed from an rC to an rG (B6G) or rA
(B6A) (7). Clevudine-monophosphate (MP), clevudine-diphosphate
(DP), clevudine-TP, 3TC-TP, emtricitabine {4-amino-5-fluoro-1-
[(2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl]-1,2-dihydropy
rimidin-2-one; FTC}-TP, and tenofovir DF-DP were made at Phar-
masset and Gilead, respectively. Entecavir-TP was purchased from
Moravek Biochemicals. Hemin was purchased from Sigma and pre-
pared as described previously (42). The structures of the nucleos(t)ide
analogs used in this study are depicted in Fig. 1.

Protein expression. HP with bound Hε (wild type [WT] or mutant)
was expressed and purified using HEK293T cells as previously described
(7). Briefly, HEK293T cells were transfected with pcDNA-3FHP together
with pCMV-HE, pCMV-HE-B6G, or pCMV-HE-B6A. Two days after
transfection, cells were washed and then lysed at 4°C in FLAG lysis buffer
(50 mM Tris, pH 7, 100 mM NaCl, 50 mM KCl, 10% glycerol, 1% NP-40,
1 mM EDTA) plus 1� Complete protease inhibitor (Roche), 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 10 mM �-mercaptoethanol (�-ME), 2
mM dithiothreitol (DTT), and 250 U RNasin plus RNase inhibitor (Pro-
mega) per ml lysis buffer and scraped off the plate. HP was purified from
the clarified lysate using protein A/G beads (Pierce) bound to the M2
anti-FLAG antibody (Sigma). Unbound materials were removed by wash-
ing 5 times with FLAG lysis buffer at 4°C with individual protease inhib-
itors (28 �M E-64, 1 mM PMSF, 5 �g/�l leupeptin), 2 mM DTT, 10 mM
�-ME, and 10 U/ml RNasin plus RNase inhibitor. Purified HP was stored
at �80°C until use in the same washing buffer while remaining bound to
the M2 beads. Glutathione S-transferase (GST)-tagged HP fusion protein
(HTPRT-Spe) for the gel mobility shift assay was expressed in Escherichia
coli and purified by using glutathione affinity resin as described previously
(11, 12). Chaperone proteins were expressed and purified as described
previously (12).

In vitro RNA binding assay by co-IP. The immunoprecipitation
(IP) in vitro RNA binding assay was performed as previously de-
scribed, with minor modifications (7). Briefly, FLAG lysis buffer from
HP purification was removed from aliquots of the HP-bound M2
beads. Binding of HP to Hε or mutant Hε-dB RNA, with the Hε inter-
nal bulge deleted and being defective in HP binding (7, 12), was tested
by incubating each aliquot of HP-bound beads with ca. 0.4 �g in
vitro-transcribed and 32P-labeled ε RNAs in radioimmunoprecipita-
tion assay (RIPA) buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM
EDTA, 0.05% NP-40) with 1� Complete protease inhibitor cocktail, 2
mM DTT, 1 mM PMSF, 1 U per �l RNasin plus RNase inhibitor.
Distilled water (dH2O; mock) or clevudine-TP (100 �M) was added
before the addition of RNA. After 3 h of binding at room temperature
with shaking, unbound materials were removed and the beads were
washed in RIPA buffer with 2 mM DTT, individual protease inhibitors,
and 10 U RNasin plus RNase inhibitor per ml buffer. Bound materials
were eluted by boiling and resolved on a sodium dodecyl sulfate
(SDS)-15% polyacrylamide gel. The gel containing the 32P-labeled ε
RNA was dried and exposed to film to detect the labeled RNA bound
to HP.

Gel mobility shift RNA binding assay. The gel mobility shift assay was
performed as previously described (12, 43). Briefly, 20 ng in vitro-tran-
scribed 32P-labeled Hε RNA was incubated with 20 ng GST-HP fusion
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protein along with Hsp90 (360 ng), Hsp70 (3 �g), Hdj1 (200 ng), Hop
(370 ng), p23 (100 ng), and an ATP regenerating system in a 10-�l reac-
tion mix in the presence of dH2O, FTC-TP, clevudine-MP, clevudine-DP,
clevudine-TP, or hemin at the indicated concentrations. Samples were
incubated for 2 h at 30°C, after which the samples were resolved on a 5%
native polyacrylamide gel and detected by autoradiography.

In vitro HP priming assay. Priming assays were performed as recently
published (7). Briefly, TMgNK buffer (20 mM Tris-HCl, pH 7.0, 15 mM
NaCl, 10 mM KCl, 4 mM MgCl2) along with 1� EDTA-free protease
inhibitor cocktail (Roche), 4 mM DTT, 1 mM PMSF, and 1 U RNasin plus
RNase inhibitor (Promega) per �l buffer were added to the beads. Com-
pounds dissolved in dH2O or dH2O alone (mock) was added individually
to each priming assay. One microliter of the indicated radiolabeled nucle-
otide ([�-32P]dNTP; 10 mCi/ml; 3,000 Ci/mmol) was then added, and the
reaction mixtures were incubated at 25°C for 4 h with shaking. After the
priming reactions, the beads were washed in TNK buffer plus individual
protease inhibitors and 10 mM �-ME. The washed beads were then boiled
in 2� SDS sample buffer for 10 min. Radiolabeled HP resulting from
protein priming was resolved by running the eluate on an SDS-12.5%
polyacrylamide gel and detected by autoradiography. Priming signals
were quantified by phosphorimaging.

To test if the nucleoside analogs could be used as substrates to initiate
priming (becoming covalently attached to Y63 of HP) (see Fig. 4), HP
copurified with Hε was first incubated in TMgNK buffer, as previously
outlined, with dH2O (mock) or with 100 �M dGTP, clevudine-TP, teno-
fovir-DP, or 3TC-TP at 25°C for 2 h with shaking. Priming reactions were
then washed twice with TNK buffer plus individual protease inhibitors
and 10 mM �-ME to remove unincorporated nucleotides. After these
washes, fresh TMgNK buffer was added along with 1 �l [�-32P]dATP and
incubated for 2 more hours at 25°C with shaking. After priming, samples
were washed extensively to remove unincorporated nucleotides, and la-
beled HP was resolved on an SDS-polyacrylamide gel as previously out-
lined.

For assaying effects of the NRTIs on the DNA polymerization step of
priming (see Fig. 5), HP was first primed (for initiation) with 100 �M
dGTP or water (labeled �dG) for 2 h with shaking. Priming reaction
mixes were then washed twice with TNK buffer plus individual protease
inhibitors and 10 mM �-ME to remove unincorporated nucleotides, and

fresh TMgNK buffer was added to the samples. Subsequently, compounds
dissolved in dH2O or dH2O alone (mock) was individually added to the
reactions, after which 1 �l [�-32P]dATP was added to allow for polymer-
ization for an additional 2 h with shaking. To release the covalently linked
nucleotide and DNA from HP, priming reactions were washed extensively
and then treated with tyrosyl-DNA phosphodiesterase 2 (Tdp2), and the
released DNA products in the supernatant were resolved by urea-poly-
acrylamide gel electrophoresis (PAGE), while bound HP was resolved by
SDS-PAGE as previously outlined (7).

EPA. Intracellular HBV nucleocapsids were harvested from induced
(tetracycline-removed) HepAD38 cells (44) by polyethylene glycol pre-
cipitation as described previously (45). EPA was performed in a reaction
volume of 60 �l containing the nucleocapsids (50%, vol/vol), 50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.1%
NP-40, 100 �M dATP and dGTP, 1 �M unlabeled dCTP, 0.3 �Ci/�l
[�-32P]dCTP. Various concentrations of TTP (0.02 to �2 �M, as indi-
cated) and clevudine-TP (0 to �5 �M) were included. The reaction mix-
tures were incubated at 37°C. After 20, 40, 60, 80, 100, and 120 min of
incubation, 9 �l of the reaction mix was taken and mixed with 1 �l of
quench solution (20 mM EDTA, 0.4% SDS [final concentration]). Five �l
of each reaction mix was spotted on DE81 paper, washed 3� with 125 mM
Na2HPO4 followed by dH2O and ethanol (EtOH), dried, and exposed to a
phosphorscreen. The radioactive spots were cut out, and �-emissions
were counted using a scintillation counter. The rate of product formation
at each concentration of substrate and drug was calculated and plotted.
The mode of inhibition was evaluated by fitting the data to the competi-
tive equation, v � Vmax � [S]/{Km � (1 � [I]/Ki) � [S]}, or the noncom-
petitive equation, v � Vmax � [S]/{(Km� [S]) � (1 � [I]/Ki)}, where v is
the observed rate, [S] is substrate concentration, [I] is inhibitor concen-
tration, Vmax is the maximum rate of metabolism, Km is the Michaelis
constant, and Ki is the inhibition constant.

Statistical analysis. Results, reported as 50% inhibitory concentra-
tions (IC50; means 	 SEM), were determined by plotting product forma-
tion as a function of drug concentrations on a scatterplot and creating a
logarithmic trend line using Microsoft Excel. For the kinetic analysis, a
nonlinear fit was performed using the GraFit program, version 5 (Eritha-
cus Software, Horley, Surrey, United Kingdom).

FIG 1 Chemical structures of NRTIs used in this study. See the text for details.
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RESULTS
Clevudine-triphosphate, as well as entecavir-triphosphate,
strongly inhibited the initiation stage of H�-dependent HBV
protein priming in vitro. To determine the effects of NRTIs on
HBV protein priming, we tested their triphosphate (-TP) forms
for their ability to inhibit Hε-dependent protein priming initia-
tion in vitro carried out by HP-Hε complex purified from human
cells (7). Among all NRTIs tested, clevudine-TP and entecavir-TP
inhibited in vitro priming strongly, eliminating the priming signal
at 100 �M concentration (Fig. 2a, lanes 7, 12, and 15, and b), with
an IC50 for inhibiting protein priming estimated at 4.89 �M for
clevudine-TP and 1.78 �M for entecavir-TP (see Fig. S1 in the
supplemental material). Although the inhibitory effect of enteca-
vir, a deoxyguanosine analog, was consistent with the suggestion
in the literature that entecavir could inhibit initiation of protein
priming via competition with the initiating dGTP priming sub-
strate (27), the strong inhibitory effect of clevudine, a thymidine
analog, was unexpected. To help understand how clevudine inhib-
ited protein priming, we also tested the clevudine mono- and
diphosphate (clevudine-MP and -DP, respectively) in the priming
reaction and found they had no inhibitory activity (Fig. 2a, lanes
13 and 14, and b). These results suggest that clevudine-TP inter-
acts with the HP dNTP-binding site, as other NRTIs do (see Dis-
cussion).

FTC and 3TC, two deoxycytidine analogs, and tenofovir DF, a

dAMP analog, are all classical NRTIs whose triphosphates inhibit
HP by competing for HP binding with the corresponding natural
nucleotides (dCTP and dATP, respectively). Following binding to
HP, these nucleoside analog triphosphates are incorporated into
viral DNA and prevent chain elongation due to their lack of the
3=-OH groups (22, 23). None of these three NRTI-TPs showed any
significant inhibition of this first step of protein priming (Fig. 2a,
lanes 6, 8, and 11, and b) as expected, as these NRTI-TPs should
not compete with the initiating dGTP priming substrate. Not sur-
prisingly, ddGTP moderately inhibited protein priming initiation,
whereas the other ddNTPs had little effect (Fig. 2a, lanes 2 to 5,
and b). In addition, the pyrophosphate analog phosphonoformic
acid (PFA), known to inhibit HP in EPA, showed little effect on
priming, in support of the notion that HP adopts different con-
formations during protein priming and DNA elongation (Fig. 2a,
lane 9, and b) (9, 41).

Clevudine-TP did not affect HP-H� binding. To further ex-
plore the mechanism whereby clevudine-TP inhibited protein
priming, we tested its potential effect on HP-Hε binding, a pre-
requisite for protein priming. Using two different in vitro RNA
binding assays (7, 43), we failed to detect any inhibitory effect of
clevudine, in the -MP, -DP, or -TP form, or FTC-TP (used as a
conventional NRTI control) on HP-Hε binding, while hemin
strongly inhibited HP-Hε binding, as previously reported (see Fig.
S2 in the supplemental material) (42). These results indicated that
none of the phosphorylated forms of clevudine inhibited protein
priming by blocking HP-Hε binding.

Inhibition of protein priming initiation by clevudine-TP in-
dependent of the template nucleotide sequence. As clevu-
dine-TP unexpectedly inhibited protein priming initiated with
dGTP, we decided to determine if clevudine-TP could also inhibit
protein priming initiated with other dNTP substrates. The dNTP
used to initiate protein priming can be changed in a predictable
manner by changing the nucleotide at the last template position
(the 6th position of the internal bulge, or B6) of the Hε RNA; for
example, Hε-B6G directs initiation of protein priming with dCTP
and Hε-B6A with TTP instead of dGTP (7). As anticipated, 3TC-
TP, a dCTP analog, inhibited priming with dCTP but not TTP
(Fig. 3, lanes 4, 8, 12, and 16) or dGTP, as shown above. Also,
entecavir-TP showed no inhibitory effect on priming initiated
with dCTP or dTTP (Fig. 3, lanes 10 and 14), as expected. In sharp
contrast, clevudine-TP inhibited priming initiated with either
TTP or dCTP (better than ddTTP or ddCTP, respectively, which
were used as controls) (Fig. 3, lanes 2, 3, 6, and 7), as well as with
dGTP (in the case of the WT Hε template), as discussed above.
Thus, these results clearly showed that clevudine-TP did not func-
tion as a competitive inhibitor of TTP incorporation; rather, it
inhibited priming through an entirely novel mechanism (see Dis-
cussion).

Entecavir, but not clevudine, could be used by HP as a sub-
strate to initiate protein priming. To further understand the
mechanisms of inhibition of HBV protein priming by the NRTIs,
we tested their capacity to be used by HP as a substrate in the
priming reaction. To this end, we first incubated the purified
HP-Hε complex with (unlabeled) dGTP, clevudine-TP, enteca-
vir-TP, tenofovir DF-DP, or 3TC-TP in the priming reaction to
allow the initiation of protein priming, i.e., the covalent attach-
ment of dGMP or, potentially, the various analogs (in their MP
forms) to HP. Unincorporated nucleotides/analogs were then re-
moved before the addition of 32P-labeled dATP, which would be

FIG 2 Clevudine and entecavir inhibited Hε-dependent initiation of protein
priming. In vitro priming reactions were performed by incubating HP copuri-
fied with Hε in TMgNK buffer with [�-32P]dGTP in the presence of dH2O
(control; lanes 1 and 10), 100 �M dideoxyguanosine (ddGTP; lane 2), dide-
oxycytosine (ddCTP; lane 3), dideoxyadenosine (ddATP; lane 4), dideoxythy-
midine (ddTTP; lane 5), 3TC-TP (lane 6), clevudine-TP (CLV-TP; lanes 7 and
15), emtricitabine-TP (FTC-TP; lane 8), tenofovir DF-DP (TFV-DP; lane 11),
entecavir-TP (ETV-TP; lane 12), clevudine-MP (CLV-MP; lane 13), clevu-
dine-DP (CLV-DP; lane 14), or 1 mM PFA (lane 9). (a) Priming products were
resolved by SDS-PAGE and visualized by autoradiography. The positions of
the protein molecular mass markers (in kDa) are indicated. (b) Priming signals
from three independent experiments were quantified by phosphorimaging,
and signals from the treated samples are expressed as percentages of controls.
Error bars denote the standard errors of the means (SEM). ND, not detectable.
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incorporated as the 2nd and 3rd nucleotide during DNA synthesis
using an Hε template (7). Other than the natural dGTP, we found
that entecavir-TP, but not clevudine-TP, 3TC-TP, or tenofovir
DF-DP, could be used as a substrate for priming initiation, allow-
ing subsequent dATP incorporation (Fig. 4). Compared to dGMP,
incorporation of entecavir-MP apparently allowed less efficient
subsequent addition of dAMP (Fig. 4, lane 4 versus 2). Alterna-

tively, entecavir-MP might not have served as the initiating sub-
strate as efficiently as the natural dGMP.

Clevudine-TP and tenofovir DF-DP inhibited the DNA po-
lymerization stage of HP priming. As we found, unexpectedly,
that clevudine-TP could inhibit the initiation stage of HBV pro-
tein priming independent of the nucleotide substrate used, we
decided to test if it could also inhibit the second stage of protein
priming, which includes the incorporation of two dAMP residues
(using UU of the Hε bulge as the template) after the initiating
dGMP. As tenofovir DF is a dAMP analog, we also tested its po-
tential effect on this stage of protein priming. We initiated protein
priming with unlabeled dGTP; subsequently, clevudine-TP, teno-
fovir DF-DP, or 3TC-TP was added prior to addition of [�-
32P]dATP for DNA polymerization. We found that DNA poly-
merization was inhibited most strongly by clevudine-TP (Fig. 5a,
lane 5, and b; also see Fig. S3 in the supplemental material), fol-
lowed by tenofovir DF-DP (Fig. 5a, lane 7, and b). 3TC-TP
showed little effect on DNA polymerization (Fig. 5a, lane 9, and
b). To analyze the specific DNA products that were covalently
linked to HP during DNA polymerization in the presence of the
nucleotide analog triphosphates, the labeled polymerization
products were treated with tyrosyl-DNA phosphodiesterase 2
(Tdp2), an enzyme that specifically breaks the phosphotyrosyl-5=
DNA linkage, such as that between Y63 of HP and the 5= end of the
HBV minus-strand DNA (7, 41, 46). In the in vitro polymerization
assay, we have previously observed that some of the covalent HP-
dGAA (dGA2) complex, i.e., the complete priming product, is
transferred to a complementary sequence at the 3= DR1 on
pgRNA, where three more dAMP residues can then be added as
directed by the template pgRNA (7, 21). Visualization of the re-
leased DNA from HP by urea-PAGE revealed that clevudine-TP
and tenofovir DF-DP inhibited polymerization both at Hε (for-
mation of HP-dGA2) and at the 3= DR1 following primer transfer

FIG 3 Clevudine-TP inhibited protein priming initiated by dCTP and TTP. HP was copurified with the mutant Hε-B6A (coding for priming initiation with TTP;
lanes 1 to 4 and 9 to 12) or Hε-B6G (coding for initiation with dCTP; lanes 5 to 8 and 13 to 16). HP bound to Hε-B6A or Hε-B6G was assayed for protein priming
as described in the legend to Fig. 2, except [�-32P]TTP (Hε-B6A) or [�-32P]dCTP (Hε-B6G) was used instead of [�-32P]dGTP, in the presence of dH2O (control;
lanes 1, 5, 9, and 13), 100 �M clevudine-TP (CLV-TP; lanes 2 and 6), ddTTP (lanes 3 and 11), ddCTP (lanes 7 and 15), 3TC-TP (lanes 4, 8, 12, and 16), or
entecavir-TP (ETV-TP; lanes 10 and 14). Samples were resolved by SDS-PAGE and visualized by autoradiography.

FIG 4 Entecavir, but not clevudine, could be used as a substrate to initiate
protein priming. HP copurified with Hε was first incubated in TMgNK with
100 �M dGTP (lane 2), clevudine-TP (CLV-TP; lane 3), entecavir-TP (ETV-
TP; lane 4), tenofovir DF-DP (TFV-DP; lane 5), or 3TC-TP (lane 6). To mon-
itor dGTP (or analog)-independent (background) dATP incorporation,
which could represent low-level misincorporation of dATP as the first nucle-
otide of priming (7), no dGTP was added to the reaction shown in lane 1
(control). Unincorporated nucleotides or analogs were then washed out, and
fresh TMgNK buffer was added along with [�-32P]dATP to allow DNA po-
lymerization. After extensive washes to remove unincorporated nucleotides,
samples were resolved by SDS-PAGE and visualized by autoradiography. The
positions of the protein molecular mass markers (in kDa) are indicated.
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(species above dGA2) (Fig. 5c, lanes 6 and 8). Furthermore,
whereas tenofovir DF-DP induced the production of a distinct
species (just below dGA2, most likely representing dG-tenofovir-
labeled dA) (Fig. 5c, lane 8), indicative of its incorporation into
the DNA followed by chain termination, clevudine showed no
signs of incorporation into the DNA (Fig. 5c, lane 6).

Kinetic analysis revealed that clevudine inhibited HBV DNA
chain elongation by HP in a noncompetitive manner. To deter-
mine the mechanism of clevudine-mediated inhibition of HP ac-
tivity during general DNA elongation (subsequent to protein
priming), we performed a kinetic analysis of drug inhibition using
the classical EPA, which measures HBV DNA elongation by HP
within the nucleocapsids. Since clevudine is a thymidine analog,
inhibition of HBV DNA polymerase by clevudine-TP was exam-
ined by varying both clevudine-TP and TTP concentrations. The
data were fit to both competitive and noncompetitive equations
(Fig. 6a and b, respectively). The plots clearly fit better to the
noncompetitive equation with an inhibition constant (Ki) of 0.68
�M. The same inhibition experiment was also performed in the
presence of a fixed (1 �M) concentration of TTP and various
concentrations of dCTP, which should not compete with clevu-
dine-TP. As expected, clevudine-TP did not compete with dCTP,
and a similar noncompetitive inhibition profile was observed
when the concentration of dCTP was varied and an apparent Ki of
1.15 �M was calculated (see Fig. S4a in the supplemental mate-

rial). A control experiment was performed with 3TC-TP, and as
expected, it competitively inhibited HBV DNA polymerase with
respect to dCTP, giving an apparent Ki of 0.0075 �M (see Fig. S4b
in the supplemental material), which was comparable to the pub-
lished data (47, 48).

DISCUSSION

By taking advantage of our newly developed in vitro HBV pro-
tein priming system (7), we have discovered that an NRTI,
clevudine, inhibited HBV protein-primed DNA synthesis inde-
pendent of the nucleotide substrates used (Fig. 7), rather than
acting as a competitive inhibitor relative to TTP. Also, clevu-
dine did not serve as a substrate for HP during protein priming
to exert its inhibitory effect. Kinetic analysis using the classical
EPA also revealed that clevudine inhibited HBV DNA elonga-
tion by a noncompetitive mechanism. To the best of our
knowledge, clevudine represents the first nucleoside analog
that can inhibit DNA synthesis via a noncompetitive mecha-
nism and without being incorporated into DNA.

Virtually all nucleoside analog polymerase inhibitors are
thought to be incorporated into the DNA or RNA product in place
of the corresponding natural nucleotide in a competitive manner
and subsequently terminate further DNA synthesis due to their
lack of the 3=-OH group, or, when the 3=-OH group is present,
induce DNA chain termination following the addition of a few

FIG 5 Clevudine and tenofovir inhibited the DNA polymerization stage of HP protein priming in vitro. HP copurified with Hε in TMgNK buffer was primed
with unlabeled dGTP (lanes 3 to 10). To monitor dGTP-independent (background) dATP incorporation, as described for Fig. 4, lane 1, no dGTP was added to
the reactions shown in lanes 1 and 2 (�dG). Subsequently, samples were washed twice to remove unincorporated dGTP, and fresh TMgNK buffer was added
along with dH2O (lanes 1 to 4) or 100 �M clevudine-TP (CLV-TP; lanes 5 and 6), tenofovir DF-DP (TFV-DP; lanes 7 and 8), or 3TC-TP (lanes 9 and 10).
[�-32P]dATP was then added to all reactions to allow for polymerization in the presence or absence of potential drug inhibition. After priming, samples were
washed extensively to remove unincorporated nucleotides and then were mock treated (odd-numbered lanes) or treated with Tdp2 (even-numbered lanes) to
release DNA attached to HP. (a) The beads, which contained the primed HP, were processed for and resolved by SDS-PAGE and visualized by autoradiography.
The positions of the protein molecular mass markers (in kDa) are indicated. (b) Priming signals (from samples not treated with Tdp2, i.e., the odd-numbered
lanes in panel a) from three independent experiments were quantified by phosphorimaging, and after subtracting the background signal from lane 1 in panel a
(�dG), they were expressed as percentages of the mock-treated control (lane 3). Error bars denote the standard errors of the means (SEM). (c) The supernatant,
which contained the released DNA, was collected after Tdp2 digestion, resolved on an 8 M urea-20% polyacrylamide gel, and visualized by autoradiography. The
positions of the dGAn (where n denotes the number of dA residues following the initial dG residue) oligonucleotide markers are indicated.
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more nucleotides (delayed chain termination; described below for
entecavir) (23, 49, 50). One possible exception is ribavirin {1-
[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-
1H-1,2,4-triazole-3-carboxamide}, which is incorporated into
RNA but may direct misincorporation and function as a lethal

mutagen instead of terminating RNA synthesis (51). Available ev-
idence suggests that clevudine-TP, like other NRTIs, binds to the
polymerase active site (or a site very close to it) to exert its effects
on HP. First, clevudine-resistant HBV mutants have emerged af-
ter long-term therapy and harbor substitutions at the HP dNTP
binding site (52). Second, clevudine-resistant HP mutants show
cross-resistance to other NRTIs, such as lamivudine and emtric-
itabine (both deoxycytidine analogs) and telbivudine (a thymi-
dine analog) (23, 52). Third, we have shown here that clevudine,
like other NRTIs, required its TP form to inhibit HP protein prim-
ing. As clevudine-MP is not incorporated into the DNA products
and functions in a noncompetitive manner, we suggest that its
binding to the HP active site alters the HP structure such that HP
is unable to bind or incorporate any of the natural dNMP sub-
strates; i.e., clevudine-TP acts as a novel, noncompetitive inhibitor
of HP similar to a nonnucleoside RT inhibitor (NNRTI) (50).
Unlike other NNRTIs, however, clevudine-TP exerts its effect via
binding to the HP active site instead of a distinct site, as has been
defined for NNRTIs on the human immunodeficiency virus 1
(HIV-1) RT (50, 53). Although no high-resolution structure of
HP is available, a previous molecular modeling study indeed sug-
gested that clevudine-TP binding to the HP dNTP binding site
induces distortion of the polymerase active site, precluding incor-
poration of clevudine into DNA (40). As other L-form NRTIs,
such as FTC, 3TC, and telbivudine, act as competitive HP inhibi-
tors (23), the L-configuration of clevudine is apparently insuffi-
cient for its novel, noncompetitive mechanism of HP inhibition.

Using our newly developed in vitro priming assay, we have
verified here that entecavir-TP acted as a competitive (with re-

FIG 6 Inhibition of the endogenous HBV DNA polymerase by clevudine in a noncompetitive manner. EPA was conducted using HBV nucleocapsids harvested
from HepAD38 cells as described in Materials and Methods. Dependence of the rate of radioactive product formation on dTTP concentration was examined in
the presence of 0 (Œ), 0.05 (�), 0.2 (�), and 1 �M (�) clevudine-TP (CLV-TP). The rate of product formation at each concentration was determined by
measuring the radioactivity at 6 different time points and conducting a linear regression analysis. All of the rates were globally fit to either a competitive (a) or
noncompetitive (b) inhibition equation. The goodness of the fit (R2) for competitive and noncompetitive fits was 0.80 and 0.95, respectively. Two independent
experiments were performed, and consistent results with noncompetitive inhibition were observed. A representative result is shown.

FIG 7 Summary of the inhibitory effects on HBV protein priming by NRTIs.
HP is depicted as an oval and the viral RNA template (ε) for protein priming as
a stem-loop structure with an internal bulge. As drawn, ε is part of the viral
pgRNA with a 5= cap and 3= poly(A) tail. The phenol ring from Y63 in the RT
protein, used to prime reverse transcription, is highlighted, as are the first three
nucleotides of the viral minus-strand DNA that is covalently attached to HP as
a result of protein priming. Both clevudine-TP (CLV-TP) and entecavir-TP
(ETV-TP) are able to inhibit the initiation stage of protein priming (the cova-
lent attachment of the first nucleotide, dGMP, to HP), and clevudine-TP
(CLV-TP) and tenofovir DF-DP (TFV-DP) are able to inhibit the DNA
polymerization stage of protein priming (the addition of two dAMPs following
dGMP). See the text for details.
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spect to dGTP) inhibitor of authentic HP protein priming (Fig. 7).
Furthermore, we have now demonstrated directly that enteca-
vir could be used by HP to initiate protein priming, in place of
dGTP, and following its covalent attachment to HP, entecavir
allowed at least one dAMP incorporation during DNA poly-
merization, confirming that entecavir is not an obligate chain
terminator (23, 27, 54). We have also formally demonstrated,
for the first time, that the diphosphate form of tenofovir DF can
inhibit the second step of the HP priming reaction and prevent
formation of a functional dGAA primer (Fig. 7). Importantly,
analysis of the products of HP priming reactions with tenofovir
DF-DP indicated the presence of a novel product consistent
with a tenofovir-terminated primer. While not unexpected,
based on the knowledge that tenofovir terminates HIV-1 DNA
elongation following incorporation by the HIV-1 RT (55), our
data provide the most direct evidence to date that tenofovir is
incorporated into newly synthesized HBV DNA.

As we have shown here that clevudine inhibited HBV replica-
tion through a fundamentally different mechanism than that of
the other nucleoside analogs tested, clevudine may synergize with
other nucleoside analogs to inhibit HBV replication. Indeed,
when clevudine was combined with entecavir, lamivudine, adefo-
vir, or tenofovir, a synergistic inhibitory effect was observed
against HBV replication (56). In contrast, a synergistic effect was
not observed when tenofovir was combined with lamivudine, en-
tecavir, adefovir, or telbivudine (57). These results suggest that
compounds with properties similar to those of clevudine are good
candidates for combination therapy with currently approved
NRTIs for HBV therapy. Efforts to develop clevudine in the
United States were abandoned due to drug-related myopathy that
occurred in a minority of patients (33). However, identification
and development of compounds derived from or similar to clevu-
dine, which retain the novel anti-HBV activity but lack the toxic-
ity, may be useful in combination with approved NRTIs. Nucleo-
side analog-based therapy has been a mainstay in antiviral (HBV,
HIV, hepatitis C virus, and herpesviruses) and anticancer chemo-
therapy (49, 58). Our discovery of the novel mechanism of action
of clevudine should inspire further efforts to develop novel com-
pounds to expand the current armaments for treatment of these
deadly diseases.
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