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Viruses utilize host factors in many steps of their life cycles. Yet, little is known about host factors that
contribute to the life cycle of hepatitis B virus (HBV), which replicates its genome by reverse transcription. To
identify host factors that contribute to viral reverse transcription, we sought to identify cellular proteins that
interact with HBV polymerase (Pol) by using affinity purification coupled with mass spectrometry. One of the
HBV Pol-interacting host factors identified was DDX3 DEAD-box RNA helicase, which unwinds RNA in an
ATPase-dependent manner. Recently, it was shown that DDX3 is essential for both human immunodeficiency
virus and hepatitis C virus infection. In contrast, we found that the ectopic expression of DDX3 led to
significantly reduced viral DNA synthesis. The DDX3-mediated inhibition of viral DNA synthesis did not affect
RNA encapsidation, a step prior to reverse transcription, and indicated that DDX3 inhibits HBV reverse
transcription. Mutational analysis revealed that mutant DDX3 with an inactive ATPase motif, but not that with
an inactive RNA helicase motif, failed to inhibit viral DNA synthesis. Our interpretation is that DDX3 inhibits
viral DNA synthesis at a step following ATP hydrolysis but prior to RNA unwinding. Finally, OptiPrep density
gradient analysis revealed that DDX3 was incorporated into nucleocapsids, suggesting that DDX3 inhibits
viral reverse transcription following nucleocapsid assembly. Thus, DDX3 represents a novel host restriction
factor that limits HBV infection.

Viruses rely on host factors to complete their life cycles.
These factors facilitate many steps of the viral life cycle, in-
cluding entry, uncoating, genome replication, viral assembly,
and virus release (3, 13). Recently, some host factors that
contribute to the life cycles of some clinically important human
viruses were identified by full-genome small interfering RNA
knockdown experiments (7, 14, 31). For instance, nearly 300
host factors that contribute to human immunodeficiency virus
(HIV) infection were identified (7). Yet, little is known about
host factors that contribute to the genome replication of hep-
atitis B virus (HBV).

HBV, the prototypical member of the hepadnavirus family,
is a major cause of liver disease worldwide (34). HBV-medi-
ated disease manifestations range from acute and chronic hep-
atitis to liver cirrhosis and hepatocellular carcinoma (HCC).
Although HBV contains a DNA genome, the replication of the
genome occurs by reverse transcription of the pregenomic
RNA (pgRNA) template. HBV polymerase (Pol), or reverse
transcriptase, acts as an RNA binding protein by specifically
recognizing an RNA stem-loop structure called the 5� ε encap-
sidation signal (5� ε), and this interaction is required for
pgRNA encapsidation (5, 15, 17). Viral reverse transcription
occurs entirely within nucleocapsids following encapsidation.
HBV reverse transcription has two steps for DNA synthesis: (i)
minus-strand DNA synthesis and (ii) plus-strand DNA synthe-
sis. During the first step, the pgRNA is converted into the
minus-strand DNA. Then, the minus-strand DNA serves as the
template for plus-strand DNA synthesis, producing a form of

circular double-stranded DNA (relaxed circular [RC] DNA).
In addition to the RC DNA, double-stranded linear (DL)
DNA is synthesized from in situ priming during the plus-strand
DNA synthesis (34).

The members of the DEAD-box family are involved in all
aspects of RNA metabolism, including pre-mRNA splicing,
mRNA translation, and RNA export from the nucleus (20, 21,
32). In particular, DEAD-box RNA helicases, including DDX3,
are RNA helicases that unwind double-stranded RNA in an
energy-dependent manner. Both HIV and hepatitis C virus
(HCV) have been shown to utilize DDX3 as a cofactor for
genome replication. Specifically, DDX3 was shown to be crit-
ical for the Rev/Rev-responsive element export of unspliced
HIV genomic RNA from the nucleus (39). In addition, the
interaction between DDX3 and the HCV core protein was
shown to be required for HCV genome replication (4, 29).
Despite the common use of DDX3 by HIV and HCV, these
viruses employ distinct mechanisms to subvert DDX3 for their
own RNA metabolism needs.

Extensive genetic analysis has provided many mechanistic
details of hepadnaviral reverse transcription (1, 2, 24, 25, 27,
35, 36). However, little is known about host factors that con-
tribute to viral genome replication. We utilized an affinity
pull-down analysis coupled with mass spectrometry to search
for host factors that bind to HBV Pol. We found that DDX3
specifically interacted with HBV Pol; however, unlike HIV and
HCV replication, which is enhanced by DDX3, HBV reverse
transcription was inhibited by DDX3. Thus, DDX3 is a newly
identified host restriction factor for HBV replication.

MATERIALS AND METHODS

Cell culture and transfection. HepG2, HeLa, and HEK293 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(Gibco-BRL) and 10 �g of gentamicin per ml at 37°C in 5% CO2 and were
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passaged every third day. Cells were transfected using polyethylenimine (25 kDa;
Sigma-Aldrich) as described previously (33). The amounts of plasmid DNA with
which cells were transfected (12 �g per 60-mm plate and 30 �g per 100-mm
plate) were kept constant by the inclusion of DNA vector pcDNA3. Transfection
efficiencies of over 50% were routinely obtained by using the polyethylenimine
transfection protocol.

Plasmids. All DNA constructs were generated by overlap extension PCR
protocols as described previously (23). The details of the molecular cloning of
any plasmid construct will be provided upon request. The HBV overlength
1.3-mer replicon construct (i.e., 1.3 U of the HBV ayw subtype genome) was
made as described previously (10). The HBV Pol null construct was made by the
introduction of a frameshift mutation at the unique EcoRI site of the HBV
genome (nucleotide 3182) by EcoRI digestion followed by filling in with the
Klenow fragment. The HBV �L42 Pol null construct encodes a capsid assembly-
defective core protein, which is generated by the deletion of leucine 42 of the
core protein and is expressed by the HBV Pol null construct (33). The HBV C
null, Pol null construct that was used to express the pgRNA was made by
mutating the 34th and 35th codons of the C (core) gene in the HBV Pol null
construct to stop codons. To generate a Pol expression construct (pCEP4-Pol),
the Pol open reading frame was inserted into pCEP4, an Epstein-Barr virus-
derived episomal vector (Invitrogen). Subsequently, three copies of a sequence
encoding the Flag epitope were inserted in frame at the end corresponding to the
N terminus, as described previously (33). pHA-Luc and pFlag-Luc constructs,
which express a firefly luciferase having either three copies of a hemagglutinin
(HA) tag or three copies of a Flag tag at its N terminus, were made into the
pcDNA3 plasmid (Invitrogen). All DDX3 constructs (HA-DDX3, the antisense
DDX3 [AS-DDX3] construct, and the DDX3-Mut1 and DDX3-Mut2 constructs,
which have been characterized previously [39]) were gifts from Kuan-Teh Jeang.

Western blot analysis. Western blot analysis was performed as described
previously (33). For the detection of the Flag-tagged Pol protein, mouse anti-
Flag M2 antibody (Sigma; 1:5,000) was used. Rabbit anti-HBV core antibody
(Dako) was used to detect HBV core protein. Mouse anti-DDX3 antibody was
purchased from Abcam.

Stable cell lines and immunoaffinity purification. To generate a cell line that
stably expresses HBV Pol, HEK293 cells were transfected with the pCEP4-Pol
construct and transformants were selected with hygromycin (400 �g/ml). Fol-
lowing selection, cells were maintained in medium containing 50 �g/ml hygro-
mycin. Immunoaffinity purification was performed as described previously (26).
Cytosolic extracts were prepared as described previously (12). Briefly, cell pellets
harvested from 10 100-mm plates were lysed with 4 ml of NP-40 lysis buffer (50
mM Tris-HCl [pH 7.4], 1% NP-40, 150 mM NaCl, 1 mM EDTA, protease
inhibitor cocktail). Cell extracts were then incubated with anti-Flag M2-agarose
(Sigma) at 4 °C for 3 to 6 h. After extensive washes with the NP-40 lysis buffer,
proteins were eluted with 100 �g of 3� Flag peptides (Sigma) per ml in the
NP-40 lysis buffer containing 100 mM NaCl. Immunopurified protein complexes
were resolved on sodium dodecyl sulfate (SDS)–4 to 12% polyacrylamide gel
electrophoresis (PAGE) gels (Invitrogen). After staining of the gels with a
silver-staining kit (GE Healthcare), protein bands were excised and subjected to
mass spectrometry.

Protein identification by mass spectrometry. Nano-liquid chromatography
(nano-LC)-tandem mass spectrometry (MS-MS) analysis was performed on an
Agilent 1100 series nano-LC linear trap quadrupole mass spectrometer (Thermo
Electron, San Jose, CA) as described previously (22). The SEQUEST system
(Thermo Electron, San Jose, CA) was used to identify peptide sequences present
in the protein sequence database as described previously (22).

Coimmunoprecipitation. Immunoprecipitation was performed essentially as
described previously (30). After transient transfection, the medium was removed
and the cells were rinsed twice in cold phosphate-buffered saline, incubated for
30 min at 4°C in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM
EDTA, 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, and 1%
NP-40), and collected by scraping. Cell debris was removed by centrifugation at
10,000 � g for 10 min at 4°C. Extracts were precleared with protein G-agarose
beads for 1 h at 4°C. The primary antibody was added for 1 h at 4°C, and
immunoglobulin complexes were collected on protein G-agarose beads for 1 h at
4°C. The beads were washed five times with 1 ml of lysis buffer each time. Protein
complexes were generally recovered by boiling in Laemmli sample buffer and
were analyzed by SDS-PAGE.

Southern blot analysis. Southern blotting was performed as described before
(35).

Extraction of viral RNA. Cells were harvested for RNA extraction 4 days
posttransfection as described previously (17), with some modifications. To re-
duce the variability among plates during RNA extraction, both capsid and total
cytoplasmic fractions were isolated from a single plate. HepG2 cells were washed

twice with cold HBS-EGTA buffer (2 mM HEPES [pH 7.5], 100 mM NaCl, 0.5
mM EGTA) and lysed in lysis buffer (50 mM Tris-Cl [pH 8.0], 1 mM EDTA, 1%
NP-40, and 100 mM NaCl) containing 5 mM vanadyl ribonucleoside complexes
(Fluka). Then nuclei were removed by centrifugation. Half of the lysate was used
to isolate total cytoplasmic RNA, and the other half of the lysate was used to
isolate the capsid RNA. Capsids were collected by immunoprecipitation using
anticore antibody (Dako). Briefly, cell lysate was mixed with anticore antibody
for 1 h at 4 °C. Protein G-Sepharose was added, and the mixture was incubated
for an additional 2 h at 4°C. Samples were washed with lysis buffer, and immu-
noprecipitates were collected by centrifugation. Total and capsid-associated
RNAs were extracted with Trizol (Gibco-BRL).

RPA. RNA was extracted as described previously (17) and evaluated by RNase
protection analysis (RPA) according to the instructions of the RNase manufac-
turer (Ambion). The riboprobe was derived from the core region, as described
previously (33). Briefly, each sample of RNA was hybridized with the equivalent
of 105 cpm of a probe labeled with [�-32P]UTP (3,000 Ci/mmol; Amersham) for
16 h at 42°C. RNase digestion was carried out with a mixture of RNase A and
RNase T1 for 30 min at 37°C. The digested products were separated on a 5%
acrylamide–8 M urea gel. Radiographic phosphorimages were quantified using a
bioimaging analyzer (BAS-2500; Fujifilm).

Density gradient analysis. Density gradient analysis was performed with an
OptiPrep (60% [wt/vol] iodixanol; Axis-Shield) velocity gradient, essentially as
described previously (18). OptiPrep density gradients ranging from 10 to 50%
were prepared in lysis buffer as five steps of 10% increments. An aliquot of 200
�l of cell lysate was carefully loaded onto the top of the gradient and centrifuged
for 45 min at 55,000 rpm in a TLS 55 swing-out rotor (Beckman Instruments) at
20°C. Fourteen 80-�l fractions from the top were collected, and the protein
content of each fraction was examined by immunoblot analysis. When indicated,
cell lysates were treated with RNase A at a concentration of 100 �g/ml for 1 h at
37°C or proteinase K at a concentration of 60 �g/ml for 1 h at 37°C or both.

RESULTS

Experimental strategy. To search for host factors that bind
to HBV Pol, we utilized affinity purification of HBV Pol fol-
lowed by mass spectrometry to identify copurified host factors.
A cell line that stably expresses HBV Pol was generated, as
detailed in Materials and Methods, using an episomal Epstein-
Barr virus vector, which has been employed previously to ex-
press a modest level of a bait protein (26). For affinity purifi-
cation, HBV Pol was N-terminally tagged with three copies of
the Flag epitope (Flag-tagged HBV Pol is hereinafter referred
to as Flag-HBV Pol or HBV Pol). The N-terminal Flag tag did
not interfere with HBV Pol function because it complemented
the HBV Pol null mutation and induced viral genome replica-
tion to a level comparable to that occurring with untagged
HBV Pol (data not shown). Flag-specific immunoaffinity iso-
lation from the HBV Pol-expressing HEK293 cells was per-
formed, and copurified HBV Pol-associated proteins were an-
alyzed by SDS-PAGE and detected by silver staining. More
than a dozen cellular proteins were copurified with HBV Pol
but not isolated from parental HEK293 cells (Fig. 1). Protein
bands that were specifically copurified by HBV Pol isolation
were excised and identified by LC-MS-MS mass spectrometry.
The p90 band was identified as HBV Pol. In addition, heat
shock protein 90 (Hsp90), heat shock constitutive protein 70
(Hsc70), and Hsp40 were identified as HBV Pol binding pro-
teins. These chaperones are well-characterized HBV Pol bind-
ing proteins, indicating that our pull-down analysis isolated
cellular HBV Pol binding proteins effectively (6, 16). Some of
the HBV Pol binding factors, such as the DDX3 DEAD-box
RNA helicase (Fig. 1), appeared to be novel. Since DDX3 is
important in HIV and HCV infections, we focused on deter-
mining the effect of DDX3 on HBV replication. While this
report focuses on DDX3, several other cellular proteins were
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identified and will be discussed in a future publication (H.
Wang and W.-S. Ryu, unpublished results).

HBV Pol binds to DDX3 independently of the pgRNA. To
confirm the interaction between HBV Pol and DDX3, we
performed a coimmunoprecipitation assay (Fig. 2). To facili-
tate detection, DDX3 was tagged with the HA epitope at its N
terminus. Cells were transfected with the constructs indicated
in Fig. 2A, and coimmunoprecipitation was performed using
an anti-HA antibody, followed by immunoblot analysis using
an anti-Flag antibody. The immunoprecipitation of DDX3
with an anti-HA antibody coprecipitated HBV Pol (Fig. 2A,
lane 2 of IP panel), indicating that HBV Pol interacts with
DDX3. HBV Pol was not detected when the negative-control
HA-tagged luciferase (HA-Luc) was immunoprecipitated, in-
dicating that the interaction between HBV Pol and HA-DDX3
was specific (Fig. 2A, lane 1 of IP panel). HA-tagged DDX3
and luciferase were precipitated equally by the anti-HA anti-
body (Fig. 2A, IP panel). DDX3 and HBV Pol are both RNA
binding proteins, and the pgRNA may mediate this interaction;
therefore, we next examined the influence of the pgRNA on

the interaction between HBV Pol and DDX3. The presence of
pgRNA enhanced the interaction between HBV Pol and HA-
DDX3 only modestly, but this result is probably because the
expression of HBV Pol was slightly higher in cells containing
the pgRNA (Fig. 2A, lane 3 of input panel). Thus, the HBV
Pol-DDX3 interaction did not require the pgRNA. These data
are supported by the stable interaction between DDX3 and
HBV Pol in the initial mass spectrometry screen, in which
pgRNA was not expressed (Fig. 1). The results of reciprocal
immunoprecipitation assays using anti-Flag antibodies con-
firmed these findings (data not shown). Since DDX3 is an
RNA binding protein, it is possible that the HBV Pol-DDX3
interaction is mediated by cellular RNAs. To address this issue,
coimmunoprecipitation was performed following RNase and
DNase treatment. The HBV Pol-DDX3 interaction was de-
tected following RNase and DNase treatment (Fig. 2B), sug-
gesting that the Pol-DDX3 interaction was not mediated by
DNA or RNA.

DDX3 inhibits HBV genome replication. Having confirmed
the interaction between HBV Pol and DDX3, we next exam-
ined the impact of DDX3 on HBV genome replication. In-
creasing amounts of the HA-DDX3 expression vector and an
overlength 1.3-mer HBV construct that is capable of initiating
viral DNA synthesis were used to transfect cells of the HepG2
line, a human hepatoma cell line (Fig. 3A). Three days follow-
ing transfection, the HBV replication intermediates within
capsids were extracted and analyzed by Southern blotting. Un-
expectedly, the analysis indicated that the overexpression of
DDX3 significantly diminished viral DNA synthesis in a dose-
dependent manner (Fig. 3A), indicating that DDX3 inhibits
viral DNA synthesis. Immunoblot analysis performed in par-
allel confirmed that both HBV Pol and core protein levels
remained unchanged and that the DDX3 protein level in-
creased accordingly (Fig. 3A).

Based upon the results described above, we predicted that
viral DNA synthesis would increase if the expression of endog-
enous DDX3 was reduced. Thus, we examined the impact of
endogenous DDX3 knockdown on HBV DNA synthesis. The
AS-DDX3 (antisense) construct was used to decrease endog-
enous DDX3 levels, as described previously (39). HepG2 cells
were cotransfected with increasing amounts of the AS-DDX3
construct and the HBV 1.3-mer construct (Fig. 3B). Three days
following transfection, the viral replication intermediates
within capsids were extracted and analyzed by Southern blot-
ting. Consistent with our prediction, viral DNA levels in-
creased upon the expression of the AS-DDX3 construct, in a
dose-dependent manner (Fig. 3B). These data indicate that
DDX3 inhibits HBV DNA synthesis. Immunoblot analysis per-
formed in parallel confirmed that the HBV Pol and core pro-
tein levels remained unchanged but that the DDX3 protein
level was diminished by the expression of the AS-DDX3 con-
struct (Fig. 3B), as reported previously (39). Since the HBV
Pol-DDX3 interaction was initially identified in HEK293 cells
(Fig. 2), we examined the impact of DDX3 overexpression or
knockdown on HBV genome replication in HEK293 cells. The
effects of DDX3 on HBV replication in HEK293 cells were
essentially identical to the results obtained with HepG2 cells
(data not shown). Overall, these data indicate that DDX3
inhibits HBV DNA synthesis in both hepatoma cells and non-
hepatoma cells.

FIG. 1. Identification of DDX3 as an HBV Pol binding protein.
Lysates of HEK293 cells stably expressing Flag-tagged HBV Pol were
purified over anti-Flag M2-agarose beads, and the bound proteins
were eluted by using 3� Flag peptides (lane Pol). Cell lysates from
untransfected HEK293 cells were prepared in parallel (lane �). Eluted
proteins were resolved by SDS–10% PAGE and visualized by silver
staining. The proteins indicated by lines to the right were excised and
subjected to LC-MS-MS. The bands identified, including those for
HBV Pol, Hsp90, Hsc70, Hsp40, and DDX3, are labeled. Molecular
weight markers are indicated to the left. Three immunoglobulin G
bands are denoted by dots.
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DDX3 does not affect pgRNA encapsidation. We next
wanted to determine at which step in HBV DNA synthesis
DDX3 manifests its inhibitory effect. Since (i) DDX3 can un-
wind RNA secondary structure and (ii) DDX3 bound HBV
Pol, which specifically recognizes the 5� ε stem-loop structure
of the pgRNA (see Fig. 9), it was possible that DDX3 inhibited
HBV DNA synthesis by blocking encapsidation through the
alteration of the structure of the 5� ε stem-loop. Thus, we
examined pgRNA encapsidation, the step preceding viral
DNA synthesis or reverse transcription. To determine the ef-
fect of DDX3 overexpression on encapsidation, HepG2 cells
were transfected with increasing amounts of the HA-DDX3
expression plasmid and the 1.3-mer construct, as indicated in
Fig. 4. Three days following transfection, the cells were har-
vested and the cytoplasm was divided into two fractions: (i)
total cytoplasm and (ii) capsid. RNAs from the fractions were
extracted and analyzed by RPA (Fig. 4). The RPA data indi-
cated that the encapsidation efficiency remained unchanged,
even when DDX3 was overexpressed (Fig. 4). These data in-
dicated that DDX3 did not inhibit encapsidation. Instead,
DDX3 appeared to exert its inhibitory effect on HBV genome
replication downstream of encapsidation, most likely by inhib-
iting reverse transcription.

DDX3 ATPase activity is required for the inhibition of HBV
genome replication. Since DDX3 is an RNA helicase, we next
sought to determine if RNA helicase activity is required for the
inhibition of HBV DNA synthesis. To test this issue, we uti-

lized two DDX3 mutants, DDX3-Mut1 and DDX3-Mut2, that
have been characterized previously (39). DDX3-Mut1 has an
inactive ATPase motif, while DDX3-Mut2 has a mutation of
the SAT motif that unlinks ATPase activity from the RNA
helicase activity (Fig. 5A). Since DDX3-Mut1 has no ATPase
activity, it also lacks RNA helicase activity (39). In contrast,
DDX3-Mut2 retains its ATPase activity but lacks RNA heli-
case activity (39). HBV synthesis of the 1.3-mer construct was
examined following the ectopic expression of these two mu-
tants. Unexpectedly, Southern blot analysis showed that HBV
DNA synthesis was enhanced upon the expression of DDX3-
Mut1 (Fig. 5B). The upregulation of HBV DNA by the expres-
sion of DDX3-Mut1 suggested that DDX3-Mut1 may act in a
dominant-negative manner, antagonizing endogenous DDX3
in the suppression of viral DNA synthesis (see Discussion). On
the other hand, HBV DNA synthesis was reduced upon the
expression of DDX3-Mut2 (Fig. 5C). Thus, DDX3-Mut2 re-
tained HBV replication-inhibiting activity similar to that of
wild-type (WT) DDX3. Since DDX3-Mut2 retained ATPase
activity, this function may be responsible for the inhibitory
activity on viral DNA synthesis (see Discussion).

DDX3 is incorporated into the nucleocapsid. The DDX3-
mediated inhibition of reverse transcription led us to speculate
that DDX3 may exert its inhibitory activity inside of the nu-
cleocapsid. To determine if DDX3 is incorporated into capsid
particles, we carried out density gradient analyses of nucleo-
capsids. We employed the 1.3-mer HBV Pol null construct,

FIG. 2. Coimmunoprecipitation of DDX3 and HBV Pol. (A) HEK293 cells were transfected with 10 �g of each plasmid as indicated. The
pgRNA carrying the 5� ε stem-loop structure was provided by transfecting cells with the HBV C null, Pol null construct that could express the
pgRNA but not the viral proteins. Anti-HA antibody (�-HA) was used to immunoprecipitate proteins from the cell lysates. The immunoprecipi-
tated proteins (IP) were blotted with anti-HA antibody to detect HA-tagged proteins and anti-Flag antibody to detect coimmunoprecipitated HBV
Pol. The fraction of immunoprecipitated HBV Pol out of the total cell lysate (as a percentage � standard deviation) is denoted below each lane.
Cell lysates (input, 2%) were analyzed in parallel by immunoblotting (IB). (B) An additional analysis was the same as that described in the legend
to panel A, except that cell lysates were pretreated with RNase A (100 �g/ml) and DNase I (100 �g/ml) for 1 h at 37°C prior to immunopre-
cipitation. �, present; �, absent.
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which can induce viral genome replication only when comple-
mented by HBV Pol expression, as described previously (33).
HEK293 cells were transfected with the HBV Pol null, HBV
Pol, and HA-DDX3 expression constructs. Cell lysates were

subjected to OptiPrep density gradient centrifugation, and
DDX3, HBV Pol, and the core protein in each fraction were
detected by immunoblot analysis with the respective antibodies
(Fig. 6A). The core protein was detected in fractions 9 to 11,
indicating that these three fractions contained HBV nucleo-
capsids. In contrast, HBV Pol and DDX3 were detected pri-
marily in fractions 5 to 12. Because DDX3 is involved in RNA
metabolism, we speculated that the DDX3 detected may rep-
resent DDX3 associated with various cellular RNP complexes.
To remove these RNP complexes, cell lysates were treated with
RNase A prior to density gradient analysis (Fig. 6B). Following
RNase A treatment, DDX3 was abundantly detected in upper
fractions, with a possible peak in fraction 5, reflecting the
dissociation of DDX3 from the RNP complexes. HBV Pol and
core proteins, similar to those in the analysis described above,
were detected in fractions 5 to 12 and fractions 9 to 11, re-
spectively (Fig. 6B). To determine whether DDX3 enzymes
detected in fractions 9 to 11 are incorporated into nucleocapsid
particles, cell lysates were treated with proteinase K and
RNase A. Remarkably, the data revealed that DDX3 and HBV
Pol were detected only in the fractions containing HBV nu-
cleocapsids (Fig. 6C). Weak detection of both HBV Pol and
DDX3, in comparison to that of the core protein, may reflect
the fact that only a few molecules of these two proteins are
incorporated into nucleocapsid particles, as opposed to 180 or
240 molecules of the core proteins, depending on the triangu-
lation number of the capsids (37). Further, the data suggested
that the vast majority of HBV Pol proteins remained unencap-
sidated, since they were sensitive to proteinase K treatment
(Fig. 6C). Parallel findings for unencapsidated Pol proteins in

FIG. 3. DDX3 inhibits HBV genome replication. (A) Southern blot analysis. HepG2 cells were cotransfected with the HBV 1.3-mer construct
and increasing amounts of the HA-DDX3 construct. (Top panel) Viral DNA strands within capsids were extracted and analyzed by Southern
blotting. Viral replication intermediates, the RC, DL, and single-stranded (SS) DNA forms, are labeled. The value for lane 1 was set to 100, and
values shown below the other lanes are relative to this standard. Data represent the means � standard deviations of results from four independent
transfections. (Bottom panel) DDX3, HBV Pol, and core protein levels were measured by Western blot analysis (WB) using anti-DDX3, anti-Flag,
and anticore antibodies, respectively. (B) Southern blot analysis was performed similarly to that described in the legend to panel A, except that
the AS-DDX3 construct was used in place of the HA-DDX3 construct for transfection. Western blot analysis was done as described in the legend
to panel A. �, present.

FIG. 4. DDX3 does not inhibit HBV pgRNA encapsidation.
HepG2 cells were cotransfected with the HBV 1.3-mer construct and
increasing amounts of the HA-DDX3 construct. Approximately three
times more cell equivalents of the core particles (C) than of total
cytoplasmic RNA (T) were loaded. Extracted RNAs were analyzed by
RPA, as detailed in Materials and Methods. The riboprobes for the
detection of the pgRNA and the protected fragment of the pgRNA are
labeled by open and closed arrowheads, respectively. Yeast RNA
served as a negative control and was analyzed without (Y�) and with
(Y�) RNase treatment. The encapsidation (encap.) efficiency (ex-
pressed as a percentage) was estimated by comparing the amount of
the pgRNA detected in the C fraction to that detected in the T
fraction. RPA results representative of those from at least four exper-
iments are shown. Data represent the means � standard deviations of
results from four independent transfections. �, present.
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duck HBV, as well as HBV, were reported previously (9, 38).
Finally, a subset of DDX3 detected in the fractions containing
nucleocapsids was resistant to proteinase K treatment, in-
dicating that DDX3 was incorporated into the nucleocapsid
particles.

DDX3 is incorporated into nucleocapsids in an HBV Pol-
dependent manner. It was possible that DDX3 was incorpo-
rated into nucleocapsids independently of HBV Pol, because
HBV core protein can assemble into capsids without HBV Pol
(8). To assess this possibility, we carried out density gradient
analyses of nucleocapsids following transfection with the HBV
Pol null construct and the HA-DDX3 plasmid but without the
HBV Pol expression plasmid (Fig. 7). Capsids were detected in
fractions 9 to 11 (Fig. 7A), while DDX3 was detected in frac-
tions 3 to 11, with two possible peaks in fractions 5 and 10 (Fig.
7A). However, DDX3 became undetectable following protein-
ase K treatment (Fig. 7B), indicating that DDX3 was not
incorporated into nucleocapsids. Together, these data support

the likelihood of the HBV Pol-mediated incorporation of
DDX3 into nucleocapsids.

Encapsidated DDX3 is detected following immunoprecipi-
tation with anticore antibody. Since DDX3 was relatively
abundant in the fractions containing capsids (fractions 9 to 11)
prior to proteinase K treatment (Fig. 6 and 7), it is possible
that the trace amount of DDX3 detected following proteinase
K treatment may represent residual DDX3 molecules remain-
ing due to incomplete digestion. However, if DDX3 is incor-
porated into capsids, then DDX3 should be detectable follow-
ing the immunoprecipitation of capsid particles by using
anticore antibodies in a method similar to that for the detec-
tion of duck HBV Pol in capsids (38). HEK293 cells were
transfected with the HBV Pol null, HBV Pol, and HA-DDX3
expression constructs. Immunoprecipitation was carried out
with the antibodies indicated above the lanes in Fig. 8, and
HBV Pol, DDX3, and core protein in each fraction were de-
tected by immunoblotting with the respective antibodies. Im-

FIG. 5. DDX3 inhibits viral genome replication in a manner that requires ATPase activity. (A) Schematic representation of the two DDX3
mutants. The lysine (K) in the ATPase motif was changed into glutamic acid (E) in DDX3-Mut1, while in DDX3-Mut2, the serine (S) in the
helicase motif was changed into leucine (L). DDX3-Mut1 loses both ATPase and helicase activity, while DDX3-Mut2 lacks RNA helicase activity
but maintains ATPase activity, as shown by the chart to the right. �, present; �, absent. (B) Southern blot analysis was performed as described
in the legend to Fig. 3A but with increasing amounts of the DDX3-Mut1 construct. The value for lane 1 was set to 100, and values shown below
the other lanes are relative to this standard. Data represent the means � standard deviations of results from four independent transfections. The
DDX3 level was determined by Western blot analysis (WB) using an anti-DDX3 antibody (bottom panel). SS, single-stranded DNA. (C) Southern
blot analysis was performed as described in the legend to Fig. 3A but with increasing amounts of the DDX3-Mut2 construct. The details are the
same as those given in the legend to panel B.
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munoprecipitation with anti-Flag or anti-HA antibody showed
that the HBV Pol-DDX3 interaction occurs in the context of
the replicon system, as anticipated (Fig. 8, upper panel, lanes
1 and 2). In contrast, the lack of detection of the core protein
suggested that Pol-core or DDX3-core interactions did not
measurably occur (Fig. 8, lanes 1 and 2). However, both HBV
Pol and DDX3 were modestly detected by immunoprecipita-
tion with the anticore antibody in a manner that depended on
HBV Pol expression (Fig. 8, upper panel, lane 3 versus lane 5).
This result is consistent with the detection of HBV Pol and
DDX3 molecules incorporated into nucleocapsids. Further,
the modest detection of both Pol and DDX3 after immuno-
precipitation with anticore antibody was consistent with the
incorporation of one or a few of these molecules into nucleo-
capsids. Finally, Pol and DDX3 were not detectable when the
capsid assembly-defective �L42 mutant, which has a deletion
of leucine 42 from the core protein, was expressed from the
HBV �L42 Pol null construct (Fig. 8, upper panel, lane 7) (19).
These results further supported the notion that DDX3 de-
tected after the immunoprecipitation of the core protein (Fig.

8, upper panel, lane 3) was contained within capsid particles.
Overall, the data presented here indicate that DDX3 is incor-
porated into capsid particles.

DISCUSSION

This study identified HBV Pol binding proteins by using
affinity purification coupled with mass spectrometry. The work
presented here focused on one identified host factor, the
DDX3 DEAD-box RNA helicase. We provided evidence that
DDX3 inhibited HBV reverse transcription. Further, we showed
that DDX3 is incorporated into nucleocapsids in an HBV Pol-
dependent manner. Based upon this model, HBV Pol in nu-
cleocapsids assembled without DDX3 would be capable of
viral reverse transcription, while Pol in nucleocapsids assem-
bled with DDX3 would not (Fig. 9). To our knowledge, DDX3
is the first host factor that inhibits HBV reverse transcription
following incorporation into nucleocapsids.

These data indicate that DDX3 inhibits viral reverse tran-
scription. First, we showed that the ectopic expression of

FIG. 6. DDX3 is incorporated into nucleocapsids. An OptiPrep density gradient analysis was performed as detailed in Materials and Methods.
HEK293 cells were cotransfected with the 1.3-mer HBV Pol null construct and the HBV Pol and HA-DDX3 expression constructs. Three days
following transfection, the cells were lysed with NP-40 lysis buffer and the lysates were subjected to a 10 to 50% OptiPrep density gradient. Results
obtained after no treatment (A), after RNase A treatment (B), and after RNase A and proteinase K treatments (C) are shown. The HBV Pol,
DDX3, and core proteins were detected by Western blot analysis with anti-Flag, anti-HA, and anticore antibodies, respectively.

FIG. 7. The incorporation of DDX3 into nucleocapsids depends on HBV Pol. Cells were cotransfected with the 1.3-mer HBV Pol null construct
and HA-DDX3 expression constructs. Note that the HBV Pol expression plasmid was not included for transfection. OptiPrep density gradient
analysis was done as described in the legend to Fig. 6. Results obtained after no treatment (A) and after RNase A and proteinase K treatments
(B) are shown. The DDX3 and core proteins were detected by Western blot analysis with anti-HA and anticore antibodies, respectively.
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DDX3 diminished HBV DNA synthesis (Fig. 3A). This finding
was further strengthened by the observation that the knock-
down of endogenous DDX3 enhanced HBV DNA synthesis
(Fig. 3B). Given that DDX3 possesses ATPase-dependent

RNA helicase activity, it is conceivable that a secondary struc-
ture in the RNA template, such as the 5� ε stem-loop structure,
may be the target for DDX3’s inhibitory action (39). However,
the observation that DDX3 does not block pgRNA encapsida-

FIG. 8. Evidence that DDX3 is incorporated into nucleocapsid particles. Cells were transfected as indicated above each lane, and cell lysates
were immunoprecipitated with the antibodies indicated above each lane. The immunoprecipitated proteins (IP) were detected by immunoblotting
(IB) using the antibodies denoted to the left. A fraction of total lysate (input, 2%) was analyzed in parallel by immunoblotting. �-Flag, �-HA, and
�-core, anti-Flag, anti-HA, and anticore antibodies, respectively; �, present; �, absent.

FIG. 9. Schematic model illustrating the inhibitory role of DDX3 in HBV reverse transcription. The structure of the pgRNA is shown on top, with an
emphasis on the 5� ε stem-loop structure. It is most likely that the RNP complex (pgRNA-HBV Pol), rather than free HBV Pol, interacts with DDX3, although
the data presented in Fig. 2 demonstrated that HBV Pol could interact with DDX3 in the absence of the pgRNA. Following the incorporation of DDX3 into
the nucleocapsid (hexagon), DDX3 inhibits viral reverse transcription, perhaps disrupting a secondary structure of the pgRNA that is necessary for viral genome
replication (1, 28, 36). Nucleocapsids assembled with DDX3 represent the replication-incompetent particles (A), whereas nucleocapsids assembled without
DDX3 represent the replication-competent particles that can execute viral reverse transcription (B).
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tion (Fig. 4), a process that requires the integrity of the stem-
loop structure, indicated that the 5� ε stem-loop structure is not
the target of the inhibitory activity of DDX3. Instead, the data
suggested that DDX3 exerts its inhibitory effect on viral re-
verse transcription. Southern blot analysis indicated that RC
and DL DNA levels were reduced to similar extents (Fig. 3A),
suggesting a defect in minus-strand DNA synthesis, which is
the first step of reverse transcription. We speculated that a
secondary structure arising during the minus-strand DNA syn-
thesis, such as one involving base pairing between the 5� ε
sequence and the 3� 	 sequence, might be the target for DDX3
(1, 28, 36). To determine the actual target of DDX3, further
investigation is needed to uncover the exact step of viral re-
verse transcription in which DDX3 interferes.

Importantly, we demonstrated that DDX3 is incorporated
into nucleocapsid particles (Fig. 6). A density gradient analysis,
together with RNase and proteinase K protection analyses,
revealed that DDX3 is packaged into nucleocapsids in an HBV
Pol-dependent manner (Fig. 6 and Fig. 7). This finding is
further strengthened by the detection of DDX3 from immu-
noprecipitated capsids in a manner dependent on HBV Pol
expression and the functional assembly of capsid particles (Fig.
8). Thus, we speculate that DDX3 inhibits HBV reverse tran-
scription following incorporation into nucleocapsids.

Finally, genetic analysis of DDX3 provided further insights
into the mechanism by which DDX3 interferes with HBV
reverse transcription. Similar to that of WT DDX3, the expres-
sion of DDX3-Mut2 inhibited viral DNA synthesis (Fig. 5C).
Since both WT DDX3 and DDX3-Mut2 retain ATPase activ-
ity, the simplest interpretation would be that the ATPase ac-
tivity exerts the inhibitory effect on HBV DNA synthesis (39).
In contrast, the expression of DDX3-Mut1 enhanced viral
DNA synthesis (Fig. 5B). Perhaps the incorporation of DDX3-
Mut1 into nucleocapsid particles (data not shown) precludes
the incorporation of endogenous DDX3, resulting in enhanced
DNA synthesis. Thus, the incorporation of the noninhibitory
DDX3-Mut1 into nucleocapsids acts in a dominant-negative
manner against the inhibitory activity of endogenous DDX3.
Previously, DDX3 was shown to exhibit ATPase-dependent
RNA helicase activity such that ATP hydrolysis, by ATPase
activity, precedes RNA helicase activity (32). Thus, it is possi-
ble that the inhibition of HBV reverse transcription occurs at
a step following ATP hydrolysis but prior to helicase activity.
We favor this possibility.

DDX3 is a novel cellular host factor that restricts HBV
genome replication. Recently, DDX3 was found to be dereg-
ulated in hepatitis virus-associated HCC, a finding that defines
DDX3 as a potential tumor suppressor gene (11). It is of
interest to determine whether the deregulation of DDX3 is
linked to the advancement of HBV-associated HCC. In addi-
tion, the extent to which DDX3 may contribute to the tissue
tropism of HBV infection remains to be determined.
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