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ABSTRACT

Mutational analyses have indicated that the carboxyl-terminal domain (CTD) of hepadnavirus core protein and its state of phos-
phorylation are critical for multiple steps in viral replication. Also, CTD interacts with host proteins in a phosphorylation state-
dependent manner. To ascertain the role of CTD in viral replication without perturbing its sequence and the role of CTD-host
interactions, CTD of the human hepatitis B virus (HBV) or duck hepatitis B virus (DHBV) core protein, either the wild type
(WT) or with alanine or glutamic acid/aspartic acid substitutions at the phosphorylation sites, was expressed in cells replicating
DHBV with the WT core protein. A dramatic decrease in phosphorylation of the DHBV core protein (DHBc) was observed when
the WT and most HBV core protein CTD (HCTD) variants were coexpressed in trans, which was accompanied by a profound
reduction of viral core DNA and, in particular, the double-stranded DNA. One HCTD variant that failed to change DHBc phos-
phorylation also had no effect on DHBV core DNA. All WT and variant HCTDs and DHBc CTDs (DCTDs) decreased the DHBV
covalently closed circular (CCC) DNA. Identification of CTD-host interactions indicated that CDK2 binding by CTD may medi-
ate its inhibitory effect on DHBc phosphorylation and reverse transcription via competition with DHBc for the host kinase,
whereas importin � binding by CTD may contribute to inhibition of CCC DNA production by competitively blocking the nu-
clear import of viral nucleocapsids. These results suggest the possibility of blocking multiple steps of viral replication, especially
CCC DNA formation, via inhibition of CTD functions.

IMPORTANCE

Mutational analyses have suggested that the carboxyl-terminal domain (CTD) of hepadnavirus core protein is critical for viral
replication. However, results from mutational analyses are open to alternative interpretations. Also, how CTD affects virus repli-
cation remains unclear. In this study, we took an alternative approach to mutagenesis by overexpressing CTD alone in cells repli-
cating the virus with the wild-type core protein to determine the roles of CTD in viral replication. Our results revealed that CTD
can inhibit multiple stages of viral replication, and its effects may be mediated at least in part through specific host interactions.
They suggest that CTD, or its mimics, may have therapeutic potential. Furthermore, our experimental approach should be
broadly applicable as a complement to mutagenesis for studying protein functions and interactions while at the same time pro-
viding a means to identify the relevant interacting factors.

Hepadnaviruses are a family of small hepatotropic DNA vi-
ruses, including the global human pathogen hepatitis B virus

(HBV) and closely related animal viruses, such as the duck hepa-
titis B virus (DHBV) (1). Hepadnaviruses contain a small (ca.
3-kb), partially double-stranded (DS), relaxed circular (RC) DNA
genome enclosed within an icosahedral capsid that is, in turn,
formed by multiple copies (240 or 180) of the viral capsid or core
protein (2, 3). All hepadnaviruses replicate their genomic DNA via
an RNA intermediate, termed the pregenomic RNA (pgRNA), by
reverse transcription (4). Upon entering the host cells, the virion
RC DNA is released into the nucleus for conversion into a cova-
lently closed circular (CCC) DNA, which then serves as the viral
transcriptional template for the synthesis of all viral RNAs, includ-
ing pgRNA, by the host RNA polymerase II. After being packaged
together with the viral reverse transcriptase (RT) protein into as-
sembling immature nucleocapsid (NC) (5, 6), the pgRNA is con-
verted, by the multifunctional RT, first to a single-stranded (SS)
DNA and then to the characteristic RC DNA (4, 7). The mature
(i.e., RC DNA-containing) NCs are then encapsulated by the viral
envelope proteins and secreted extracellularly as virions, or they
can deliver their RC DNA content to the nucleus to be con-

verted to more CCC DNA via an intracellular amplification
pathway (8–10).

The viral core protein consists of two separate domains: the
N-terminal domain (NTD) that is sufficient to form the capsid
shell and the C-terminal domain (CTD) that is dispensable for
capsid assembly but nevertheless essential for viral replication
(11–13) (Fig. 1A and C). The CTD is highly basic, is rich in argi-
nine, and contains multiple sites of serine/threonine (S/T) phos-
phorylation (13–16). The HBV core protein (HBc) contains three
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major S phosphorylation sites (S155, S162, and S170) (15), and
three additional S/T phosphorylation sites (T160, S168, and S176)
have recently been identified (17) (Fig. 1B). Besides these six
known phosphorylation sites, another potential CTD phosphor-
ylation site (S178) (Fig. 1B) is also conserved among most HBV
isolates. Similarly, the duck hepatitis B virus (DHBV) core protein
(DHBc) contains six known S/T phosphorylation sites at its CTD
(S230, S232, T239, S245, S257, and S259) (14, 16) (Fig. 1E). Mu-
tational analyses indicate that the phosphorylation state of HBc
CTD (HCTD) is important for RNA packaging and DNA synthe-
sis (17–19). The phosphorylation state of DHBc CTD (DCTD) has
only a minor effect on viral RNA packaging but is essential for viral
DNA synthesis such that phosphorylation at the S/T sites is re-
quired for minus-strand DNA synthesis and dephosphorylation is
needed for the synthesis and accumulation of mature RC DNA
(13, 16, 20–22). Several kinases have been reported to phosphor-
ylate the core protein in vitro, including protein kinase C (23, 24)
and the serine-arginine protein kinases 1 and 2 (SRPK1 and
SRPK2) (25), but it remains uncertain what, if any, specific sites of
the core protein or CTD are phosphorylated by these kinases in

vivo. We have recently reported that the host cyclin-dependent
kinase 2 (CDK2) can phosphorylate the functionally critical S/T-P
sites in HCTD and DCTD in vitro and in vivo and CDK2 or a
CDK2-like kinase is incorporated into NCs (26), accounting for
the major part of the so-called endogenous kinase activity re-
ported decades ago (27). The putative cellular phosphatase(s) that
mediates dephosphorylation of mature NCs remains to be identi-
fied.

Hepadnavirus CCC DNA is the molecular basis of viral persis-
tence, but the exact mechanism for CCC DNA formation is still
obscure. It is generally accepted that RC DNA within the mature
NC must be released, which is probably facilitated by preferential
destabilization of the mature NCs (28), and imported into the
nucleus to be converted to CCC DNA (10, 29). It is still unclear
how the mature NC disassembles and delivers RC DNA to the
nucleus, but several studies have proposed that NCs can be di-
rected to the nuclear pore by nuclear localization signals (NLSs)
located on the CTD of the viral core protein, following the classical
nuclear targeting pathway (24, 30, 31), in which soluble transport
receptors importin �/importin � bind to the NLS of the core pro-

FIG 1 Schematic diagram of HBc and DHBc domains and GST-HCTD and -DCTD fusion constructs. (A) HBc contains an N-terminal domain (NTD) from
amino acids 1 to 140 and a C-terminal domain (CTD) that includes a flexible linker region from amino acids 141 to 149 and a phosphor (P) domain from 150
to 183. (B) The WT GST-HCTD fusion protein, HCTD141, contains the CTD from residue 141 to the end of HBc. Alanine (A) or glutamic acid (E) substitutions
at the three major phosphorylation sites (S155, S162, and S170) or all seven potential phosphorylation sites (T160, S168, S176, and S178 in addition to the
aforementioned three major sites) in the WT GST-HCTD fusion protein were named HCTD141-ATASASS, HCTD141-ETESESS, HCTD141-AAAAAAA, and
HCTD141-EEEEEEE, respectively. (C) DHBc contains an NTD from amino acids 1 to 185 and a CTD from 186 to 262, including a flexible linker region from
amino acids 186 to 228 and the phosphor (P) domain from 229 to 262. (D) The linker region from amino acids 196 to 228 was fused with GST and named
DCTD196 –228. (E) The WT GST-DCTD fusion protein, DCTD196, contains the linker region and the phosphor domain, in which six phosphorylation sites
(S230, S232, T239, S245, S257, and S259) are localized. All six phosphorylation sites in DCTD196 were substituted for A or aspartic acid (D), and the resultant
mutants were named DCTD196-AAAAAA and DCTD196-DDDDDD, respectively.
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tein and mediate attachment of the complex to the nuclear pore
complexes (NPCs). At the nuclear pore, with the assistance of
components of NPC, mature NCs may selectively disintegrate and
deliver their RC DNA content to the nucleus (30, 31). The multi-
ple NLSs of HCTD overlap the phosphorylation sites (15, 24, 32–
35), while the single NLS reported for DHBc was localized up-
stream of the DCTD phosphorylation sites in the so-called linker
region (36) (Fig. 1). It has been suggested that the phosphoryla-
tion state of CTD could affect its NLS function and thus poten-
tially RC DNA nuclear import and CCC DNA formation (15, 24,
30, 36).

The roles of CTD phosphorylation of the hepadnavirus core
protein in viral replication, as outlined above, have been analyzed
by extensive mutational analyses of the phosphorylation sites.
However, it remains possible that the sequence changes per se,
rather than the CTD phosphorylation state, were responsible for
the various effects reported. Furthermore, it is still unclear how
the CTD phosphorylation state affects virus replication. One pos-
sibility is that the core protein exerts its multiple roles by interact-
ing, dynamically, with distinct viral or host factors at different
stages of viral replication, in a CTD phosphorylation state-depen-
dent fashion (37). Efforts to manipulate directly the host kinases
or other CTD-interacting host factors as a means of affecting CTD
phosphorylation state and functions have been complicated by the
pleiotropic and toxic effects of these manipulations on cell biology
due to the multiple roles of these host factors in the cells.

To further ascertain the role of CTD in viral replication, with-
out perturbing its sequence, and the role that CTD-host interac-
tions may play at different stages of viral replication, we took an
alternative approach to mutagenesis by overexpressing HCTD or
DCTD, either wild type (WT) or with A or E/D substitutions at the
phosphorylation sites, in cells replicating DHBV with the WT core
protein (Fig. 1). We have recently shown that both HCTD and
DCTD, when expressed without the NTD, serve as appropriate
substrates for phosphorylation by cellular kinases in vivo and in
vitro, mimicking the CTD in the context of full-length HBc or
DHBc (26, 37). Furthermore, the isolated HCTD and DCTD can
interact with host factors such as B23 and I2PP2A in a phosphor-
ylation-regulated manner, as in the context of the full-length pro-
teins (37). Thus, we reasoned that the isolated CTD might be able
to affect viral replication, in trans, by competing for the cellular
kinases or other host factors with the WT, full-length DHBc. The
effects of HCTD/DCTD on various steps of DHBV replication,
including core protein phosphorylation, capsid assembly, pgRNA
packaging, reverse transcription, and CCC DNA synthesis were
analyzed. Our results revealed that CTD could indeed regulate
hepadnavirus reverse transcription and CCC DNA formation,
and its effects may be mediated at least in part through specific
host interactions.

MATERIALS AND METHODS
Plasmids and antibodies. pCMV-DHBV-Env� directs the expression of
the WT DHBV pgRNA under the control of the human cytomegalovirus
promoter and is defective in the expression of all DHBV surface proteins
(10, 38, 39). HCTD coding sequences from 141 to 183 (WT and phos-
phorylation site mutants) were generated by PCR amplification and sub-
cloned to pEBG (39), downstream of the glutathione S-transferase (GST)-
coding sequences, for expression of the GST-HCTD fusion proteins. The
WT sequence is designated HCTD141, and the phosphorylation site mu-
tants, S/T to A and S/T to E at the three SP sites (S155, S162, and S170), are
designated HCTD141-ATASASS and HCTD141-ETESESS, respectively

(Fig. 1B). These three GST-HCTD fusion protein expression constructs
have been described previously (37). In addition, HCTD141-AAAAAAA
and HCTD141-EEEEEEE were generated in this study with all seven po-
tential phosphorylation sites (T160, S168, S176, and S178, in addition to
the aforementioned three sites) substituted by A or E (Fig. 1B). The GST-
DCTD fusion protein expression constructs have also been described pre-
viously (37). Briefly, DCTD coding sequences from 196 to 262, the WT
sequence, or sequences with S/T-to-A or S/T-to-D substitutions at all six
phosphorylation sites (S230, S232, T239, S245, S257, S259) were sub-
cloned to pEBG for expression of DCTD196, DCTD196-AAAAAA, or
DCTD196-DDDDDD, respectively (Fig. 1E), and DCTD coding se-
quences from 196 to 228 (the linker region) were subcloned for expression
of DCTD196 –228 (Fig. 1D).

A rabbit polyclonal antibody against DHBc was generously provided
by William Mason (40). Monoclonal mouse anti-GST (Thermo Scien-
tific), mouse anti-importin � (Sigma), and polyclonal rabbit anti-CDK2
(Santa Cruz) were commercially obtained. Goat anti-rabbit IgG horserad-
ish peroxidase (HRP)-conjugated antibody (Southern Biotech) and goat
anti-mouse HRP-conjugated antibody (Invitrogen) were used as second-
ary antibodies.

Cell cultures and transient transfections. Cells from the human em-
bryonic kidney cell line HEK293 were cultured in Dulbecco’s modified
Eagle’s medium (DMEM)-F12 supplemented with 10% fetal bovine se-
rum (FBS) (HyClone), as previously described (10). HEK293 cells were
seeded in 60-mm or 100-mm dishes and transfected at 70% confluence
with mixtures of pCMV-DHBV-Env– and the indicated GST-HCTD/
DCTD expression constructs or with GST-HCTD/DCTD expression
constructs alone, using a CalPhos mammalian transfection kit (Clon-
tech) (41).

Detection of DHBc and GST-HCTD/DCTD fusion protein expres-
sion. Five days posttransfection, HEK293 cells were harvested, and the
core protein expression levels were analyzed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and Western blotting
as described previously (26, 39), with minor modifications. Briefly,
HEK293 cells were lysed in NP-40 lysis buffer (10) (50 mM Tris-HCl [pH
8.0], 1 mM EDTA, 1% NP-40, and 1� protease inhibitor cocktail
[Roche]), and the cell lysates were resolved on a 12.5% SDS-PAGE gel.
Proteins were transferred to a polyvinylidene difluoride (PVDF) mem-
brane (PerkinElmer) and detected by incubation with the rabbit poly-
clonal antibody against DHBc (40) (1:5,000 dilution), followed by the
goat anti-rabbit secondary antibody (1:20,000 dilution) and Western
Lightning enhanced chemiluminescence reagent (PerkinElmer), and the
signals were visualized with a Chemi-Doc MP imaging system (Bio-Rad)
and quantified using Image Lab software version 4.1 (Bio-Rad). Samples
were also probed with the mouse monoclonal antibody against GST (1:
1,000 dilution), followed by the goat anti-mouse secondary antibody (1:
20,000 dilution).

Analysis of viral DNA. DHBV core and protein-free (PF) DNAs were
isolated 5 days posttransfection, as previously described (10), with minor
modifications. Briefly, for isolation of core DNA, HEK293 cells were lysed
in NP-40 lysis buffer as described above. After removal of the nuclear
pellet by brief centrifugation, the supernatant (cytoplasmic lysate) was
incubated with micrococcal nuclease (MNase) (Roche) (150 units/ml)
and CaCl2 (5 mM) at 37°C for 90 min, and proteinase K (Invitrogen) was
then used to digest viral DNA-protein complexes after NCs were precip-
itated with polyethylene glycol and disrupted by SDS. Viral core DNA was
then purified by phenol-chloroform extraction and ethanol precipitation.
PF DNA was isolated using Hirt extraction (10, 42). Briefly, HEK293 cells
were lysed in SDS lysis buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA,
150 mM NaCl, and 1% SDS). After being incubated for 5 min at room
temperature, the cell lysates were mixed with 2.5 M KCl and incubated at
4°C overnight with gentle rotation. The lysate was then spun at 14,000 �
g for 20 min, and the supernatant was extracted three times with phenol
and once with chloroform. The DNA was then recovered by ethanol pre-
cipitation.
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Purified core or PF DNA was analyzed by agarose gel electrophoresis
and Southern blotting, as previously described (43–45). Briefly, viral DNA
was separated on a 1% agarose gel. The gel was then subjected to denatu-
ralization in a solution containing 0.5 M NaOH and 1.5 M NaCl, followed
by neutralization in a buffer containing 1.5 M NaCl and 1 M Tris-HCl (pH
7.5). The DNA was then transferred onto a positively charged nylon mem-
brane (GE) and detected with a 32P-radiolabeled DHBV DNA probe pre-
pared by using the Random Priming labeling kit (Roche). Hybridization
signals were visualized by phosphorimaging (Typhoon, GE) and quanti-
fied using the Quantity One software, version 4.5.0 (Bio-Rad).

Analysis of viral RNA packaging. DHBV RNA packaging was ana-
lyzed 5 days posttransfection, as previously described (21). Briefly, intact
NCs from MNase-digested cell lysate were analyzed by native agarose gel
electrophoresis, followed by detection using a 32P-labeled DHBV plus-
strand-specific riboprobe against the 5= end of the pgRNA. Hybridization
signals were visualized and quantified as described above. Under the con-
ditions used for RNA packaging assay, plus-strand-specific riboprobes
(complementary to viral plus-strand DNA or pgRNA) do not detect the
plus-strand DNA (or minus-strand DNA) (46), likely due to the fact that
the plus-strand DNA is always hybridized to the minus-strand DNA in the
viral NC and is thus unavailable to hybridize to the riboprobes. The same
membrane was subsequently probed with an anti-DHBV core polyclonal
antibody (40) to detect the core protein, and the signals were visualized
using a Chemi-Doc MP imaging system (Bio-Rad) and quantified using
Image Lab software version 4.1 (Bio-Rad).

GST pulldown assay. Three days posttransfection, GST fusion pro-
teins and potentially bound host proteins were purified from HEK293
cells and analyzed as described previously (37). Briefly, HEK293 cells were
lysed in pulldown lysis buffer containing 50 mM Tris (pH 8.0), 150 mM
NaCl, 1 mM EDTA, 1% NP-40, and protease inhibitors (complete pro-
tease inhibitor cocktail; Roche) and phosphatase inhibitors (10 mM so-
dium fluoride, 50 mM �-glycerophosphate, 10 mM sodium pyrophos-
phate, and 2 mM sodium orthovanadate). Cell debris and nuclear pellet
were removed by centrifugation at 11,000 � g for 20 min at 4°C, and the
cleared supernatant was treated with RNase A (67 �g/ml; Sigma) for 1 h at
room temperature with gentle agitation. The supernatant was removed
from the precipitates and applied to the glutathione (GSH) resin (Sigma)
overnight at 4°C with rotating. The resin was collected by two-minute
centrifugation at 800 � g, and unbound proteins were removed. The resin
was washed extensively in the pulldown lysis buffer, except that 1% NP-40
was replaced with 0.1% NP-40. Bound proteins were eluted in 20 mM
GSH (Sigma) in 200 mM Tris (pH 8.0) with the protease inhibitor cocktail
(Roche) and analyzed by SDS-PAGE and detected by protein staining and
Western blotting.

RESULTS
HCTD but not DCTD strongly inhibited DHBc phosphoryla-
tion. To ascertain if the isolated HCTD or DCTD could affect viral
replication, HEK293 cells were cotransfected with pCMV-DHBV-
Env–, which expresses a surface protein-defective DHBV genome
that allows enhanced amplification of CCC DNA (38), together
with the indicated GST-HCTD (WT or mutant; Fig. 1B) or GST-
DCTD (WT or mutant; Fig. 1D and E) expression plasmid. As we
have shown before, HCTD and DCTD can bind specific host fac-
tors differently depending on the state of CTD phosphorylation
(37). HCTD and DCTD mutants mimicking either the nonphos-
phorylated state (HCTD141-ATASASS and -AAAAAAA and
DCTD196-AAAAAA) or the phosphorylated state (HCTD141-
ETESESS and -EEEEEEE and DCTD196-DDDDDD) (Fig. 1) were
included along with the WT HCTD and DCTD fusion proteins.
HCTD141-ATASASS and -ETESESS had the three major HCTD
phosphorylation sites (all within the SP motif) substituted, but the
other non-SP sites were unchanged. HCTD141-AAAAAAA and
-EEEEEEE and DCTD196-AAAAAA and -DDDDDD had all

seven potential phosphorylation sites in HCTD and all six phos-
phorylation sites in DCTD substituted, respectively. An additional
DCTD construct was included containing only the linker region
(196 to 228), as we have shown recently that this region alone,
without the downstream phosphorylated region in DCTD, could
mediate CTD binding to specific host factors (37). HEK293 cells
were chosen, as they are known to support high-level DHBV and
HBV replication, including CCC DNA formation (10, 39, 47).
Furthermore, they can be transfected at high efficiency to allow
overexpression of the HCTD or DCTD fusion proteins so as to
enhance the likelihood of their successful competition for host
factors with the full-length DHBc protein. DHBV, rather than
HBV, was used as the target virus for regulation by HCTD and
DCTD in trans, as DHBV is known to form CCC DNA much more
efficiently than HBV in cell cultures, particularly when the expres-
sion of the viral envelope proteins was eliminated (10). Although
hyperamplification of DHBV CCC DNA was shown to be cyto-
toxic in primary duck hepatocytes (not in chicken hepatoma cell
line LMH) (48), no apparent cytotoxicity was observed under
transient-transfection conditions in established cell lines (10, 49).

We first examined if the expression pattern of DHBc was af-
fected by the HCTD or DCTD fusion proteins via SDS-PAGE and
Western blotting. As reported previously (21, 50), DHBc clearly
exhibited heterogeneity in mobility on SDS-PAGE gels, with at
least two main distinct bands detected (Fig. 2A, C, and D, top),
representing hyperphosphorylated (Hyper-P; top band) and hy-
pophosphorylated (Hypo-P; bottom band) DHBc (14, 21, 50).
Compared with the pattern of DHBc when GST was coexpressed,
which showed more hyperphosphorylated DHBc than hypophos-
phorylated DHBc (Fig. 2A [lanes 1 to 5], C [lane 1], D [lanes 1 to
7]), the DHBc phosphorylation pattern was clearly changed when
HCTD141 (WT), HCTD141-ATASASS, HCTD141-ETESESS,
and HCTD141-EEEEEEE were coexpressed, with more hypo-
phosphorylated DHBc than hyperphosphorylated DHBc (Fig. 2A
[lanes 6 to 8 and 10] and B). These results clearly demonstrated
that these HCTD variants decreased DHBc phosphorylation, lead-
ing to more hypophosphorylated DHBc than the hyperphosphor-
ylated form and a 4- to 5-fold decrease in the ratio of hyperphos-
phorylated DHBc to hypophosphorylated DHBc (Fig. 2B). In
sharp contrast, the variant HCTD141-AAAAAAA, which mimics
the nonphosphorylated state at all seven HCTD sites, had no ap-
preciable effect on DHBc phosphorylation (Fig. 2A [lane 9] and
B). Expression of HCTD-AAAAAAA was poor compared with
that of the other HCTD variants (Fig. 2A), but increasing the
expression of this variant, to levels above those of the other vari-
ants when they inhibited DHBc phosphorylation, still failed to
change DHBc phosphorylation (Fig. 2C, lanes 11 to 13 compared
with the GST control in lane 1 and the other HCTD variants in
lanes 2, 5, 8, and 14). For reasons unknown at this time, the HCTD
constructs increased the expression of DHBc (with a given DHBV
plasmid amount transfected), as most clearly shown in Fig. 2C.
We also determined whether DCTD could have a similar effect as
HCTD on DHBc phosphorylation. As shown in Fig. 2D and E,
coexpression of DCTD196-AAAAAA and DCTD196-DDDDDD
had no effect on DHBc phosphorylation (Fig. 2D [lanes 9 and 10]
and E), and coexpression of DCTD196 and DCTD196 –228 had
only a slight inhibitory effect on DHBc phosphorylation (Fig. 2D
[lanes 8 and 11] and E). These results thus indicated that HCTD
had a strong inhibitory effect on DHBc phosphorylation, whereas
DCTD had little to no effect.
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As will be described below, we noticed that DHBV CCC DNA
formation could be saturated when viral core DNA levels reached
a certain limit, which would lead to underestimation of any effect
of HCTD or DCTD on CCC DNA formation. To keep viral core
DNA levels under this limit, the amount of pCMV-DHBV-Env–

was deliberately decreased when cotransfected with HCTD141-
AAAAAAA (Fig. 2A, lane 9) or all of the DCTD variants (Fig. 2D,
lanes 8 to 11), compared with cotransfection with the other HCTD
variants (Fig. 2A, lanes 6 to 8 and 10). This was done because
HCTD141-AAAAAAA and the DCTD variants did not decrease
DHBV core DNA, but the other HCTD variants did. To facilitate
comparison of the HCTD or DCTD cotransfections to the appro-

priate control GST cotransfection, the control GST cotransfection
was done with a range of amounts of the pCMV-DHBV-Env–

plasmid. Therefore, the HCTD or DCTD cotransfections were
compared to the appropriate GST control transfection showing a
similar level of DHBc expression (or capsid assembly, pgRNA
packaging, core DNA synthesis) (see the figure legends for de-
tails), when determining the effects of the HCTD and DCTD fu-
sion proteins on capsid assembly (or pgRNA packaging, core
DNA synthesis, and CCC DNA formation). Thus, the effect on a
particular step in the viral life cycle was always normalized to the
preceding step. As shown in Fig. 2 and as will be described later in
the legends to Fig. 3 and 4, DHBc phosphorylation, capsid assem-

FIG 2 Effect of HCTD and DCTD on DHBc phosphorylation. HEK293 cells were cultured in 60-mm dishes and transfected with pCMV-DHBV-Env– and the
indicated GST-HCTD (A and C) or GST-DCTD (D) expression plasmids, as detailed below. In all transfections, the total DNA amount per transfection was kept
constant (10 �g) by adding the GST expression plasmid as a filler when needed. The expression of DHBc and GST-HCTD/DCTD fusion proteins was analyzed
by SDS-PAGE and Western blotting with a DHBc-specific (panels A, C, and D, top) or GST-specific (panels A, C, and D, bottom) antibody, respectively. In panel
A, lanes 1 to 5, 0.0625 �g, 0.125 �g, 0.25 �g, 0.5 �g, or 1 �g of pCMV-DHBV-Env– was transfected into HEK293 cells, together with the control GST expression
plasmid. For lanes 6 to 10, 0.5 �g (lanes 6 to 8 and 10; thick horizontal line) or 0.125 �g (lane 9; thin horizontal line) of pCMV-DHBV-Env–,together with 1 �g
of the indicated GST-HCTD expression plasmid, was cotransfected into HEK293 cells. In panel C, 1 �g of pCMV-DHBV-Env– was cotransfected into HEK293
cells together with the GST expression plasmid alone (lane 1) or with increasing amounts (1 �g for lanes 2, 5, 8, 11, 14; 4 �g for lanes 3, 6, 9, 12, 15; 9 �g for lanes
4, 7, 10, 13, 16) of the indicated GST-HCTD expression plasmid. In panel D, lanes 1 to 7, 0.0625 �g, 0.125 �g, 0.25 �g, 0.5 �g, 1 �g, 2 �g, or 4 �g of
pCMV-DHBV-Env– was transfected into HEK293 cells, together with the GST expression plasmid. For lanes 8 to 11, 0.125 �g of pCMV-DHBV-Env– and 9.875
�g of the indicated GST-DCTD expression plasmid were cotransfected into HEK293 cells. (B and E) The relative levels of hyperphosphorylated DHBc (Hyper-P;
the top band of DHBc in panels A and D) and hypophosphorylated DHBc (Hypo-P; the bottom band of DHBc in panels A and D) were quantified and the ratios
of Hyper-P to Hypo-P (Hyper-P/Hypo-P) DHBc from GST-HCTD (A) or -DCTD (D) cotransfections were normalized to that of the control (GST) cotrans-
fection that is set to 100 (lane 4 in panel A and lane 2 in panel D). The arrowheads denote the GST-DCTD fusion proteins that were detected by the antibody
against DHBc. Data are presented as means and the standard errors of the means (SEM) from four (B) or three (E) independent experiments.

Liu et al.

2922 jvi.asm.org March 2015 Volume 89 Number 5Journal of Virology

http://jvi.asm.org


FIG 3 Effect of HCTD and DCTD on DHBV capsid assembly and pgRNA packaging. HEK293 cells were cotransfected as described in the legend to Fig. 2.
Cytoplasmic capsids were analyzed by native agarose gel electrophoresis and transferred to a nitrocellulose membrane. A radiolabeled, plus-strand-specific
DHBV riboprobe was used to detect the packaged pgRNA (A, B, and E, bottom), and the capsid protein on the same membrane (A, B, and E, top) was detected
by an anti-DHBc antibody. Transfections shown in panels A and E were the same as those shown in Fig. 2A and D, respectively. Lanes 1 to 4 in panel B shows the
same transfections as in lane 1 and lanes 11 to 13 in Fig. 2C. (C and F) The relative levels of assembled capsids from the GST-HCTD (A) or GST-DCTD (E)
cotransfections were normalized to those of the total core protein detected by SDS-PAGE (shown in Fig. 2) (capsid/core) to estimate the assembly capability of
DHBc. The capsid/core ratios from GST-HCTD (A) or GST-DCTD (E) were compared to that of the control (GST) transfection that is set to 100 (lane 4 in panel
A and lane 2 in panel E). (D and G) The relative levels of packaged pgRNA were normalized to those of assembled capsids (packaged pgRNA/capsid) in the same
manner. The packaged pgRNA/capsid ratios from the GST-HCTD (A) or GST-DCTD (E) cotransfections were compared to that of the control (GST)
transfection that is set to 100 (lane 4 in panel A and lane 2 in panel E) to estimate DHBV RNA packaging capability. Data are presented as means and SEM from
three independent experiments.
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bly, pgRNA packaging, and core DNA synthesis efficiency were
not affected by the amount of pCMV-DHBV-Env– transfected (or
DHBc expression levels). This result suggested that these steps of the
viral life cycle, in contrast to CCC DNA formation (Fig. 5 and 6), were
not saturated under our experimental conditions.

HCTD and DCTD had little effect on DHBV capsid assembly
and pgRNA packaging. To address whether the coexpressed GST-
HCTD/DCTD would have any effect on DHBV capsid assembly
and pgRNA packaging, we estimated the levels of DHBV assem-
bled capsids and pgRNA packaged in capsids by the native agarose

gel assay. Given the effect on DHBc protein expression levels by
the HCTDs as described above, the efficiencies of DHBV capsid
assembly and pgRNA packaging under the different conditions
were determined by normalizing the level of assembled capsids to
that of total DHBc protein or the level of packaged pgRNA to that
of assembled capsids, respectively. As shown in Fig. 3, compared
with the GST-alone control samples, coexpression of neither
HCTD nor DCTD led to any significant changes in the level of
assembled capsids (Fig. 3A, B, and E, top) after normalization to
total DHBc protein levels (Fig. 2). Similarly, coexpression of none

FIG 4 Effect of HCTD and DCTD on DNA synthesis. (A, B, and E) HEK293 cells were cotransfected as described in the legend to Fig. 3A, B, and E, except that
in panel A, the HCTD141-AAAAAAA cotransfection (with strong core DNA signal) was loaded in lane 10 after HCTD141-EEEEEEE in lane 9. Replicative viral
DNA intermediates were isolated from cytoplasmic NCs and analyzed by Southern blotting using a radiolabeled DHBV DNA probe. (C and F) The relative levels
of total core DNA from the GST-HCTD (A) and GST-DCTD (E) cotransfections were normalized to those of the packaged pgRNA (shown in Fig. 3A and E,
respectively), and the core DNA/packaged RNA ratios were compared with that of the control (GST) cotransfection, set to 100 (lane 4 in panel A and lane 2 in
panel E). (D) The relative levels of RC DNA from the GST-HCTD cotransfections were normalized to those of SS DNA. The RC DNA/SS DNA ratios were
compared to that of the control (GST) cotransfection, set to 100 (lane 4 in panel A). Data are presented as means and SEM from three independent experiments.
RC, relaxed circular DNA; SS, full-length single-stranded DNA; M, DNA marker.
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of the HCTD or DCTD variants had any major effect (less than
2-fold at most) on the normalized levels of DHBV pgRNA pack-
aging (Fig. 3A, B, and E, bottom). Among the GST-alone coex-
pression controls, the levels of capsid assembly (Fig. 3A [lanes 1 to
5] and E [lanes 1 to 7]) were proportional to the total DHBc levels
(Fig. 2A [lanes 1 to 5] and D [lanes 1 to 7]), and levels of pgRNA
packaging were proportional to those of capsid assembly (Fig. 3A
[lanes 1 to 5] and E [lanes 1 to 7]). This indicated that DHBc
capsid assembly and pgRNA packaging did not reach saturation
under these conditions. Thus, these results indicated that HCTD
and DCTD had little to no effect on DHBc assembly or pgRNA
packaging.

Effect of HCTD and DCTD on DHBV DNA synthesis. To
determine whether the coexpressed GST-HCTD/DCTD would
have any effect on DHBV DNA synthesis, the levels of DHBV core
DNA were analyzed by Southern blotting. Core DNA synthesis
efficiency was estimated by normalizing levels of total core DNA
to RNA packaging levels. When HCTD141, HCTD141-ATASASS,
HCTD141-ETESESS, and HCTD141-EEEEEEE were coex-
pressed, DHBV core DNA synthesis was dramatically inhibited (7-
to 12-fold reduction) (Fig. 4A [lanes 6 to 9] and C). When the
expression of these HCTD variants was increased by transfecting
more expression plasmids, as shown in Fig. 2C, they decreased
DHBV core DNA in a dose-dependent manner. At the largest
amount of HCTDs transfected, almost no core DNA was detect-
able (data not shown). These were the same HCTD variants that
also inhibited DHBc phosphorylation (Fig. 2). Notably,
HCTD141-AAAAAAA, the one HCTD variant that did not affect
DHBc phosphorylation (Fig. 2), also had little effect on core DNA

synthesis (Fig. 4A [lane 10] and C), even when its expression was
increased (Fig. 4B and C). The apparent increase in DHBV DNA
synthesis by HCTD141-AAAAAAA (Fig. 4B, lanes 2 to 4), relative
to the GST control, was caused by the increase in DHBc protein
expression (Fig. 2C, lanes 11 to 13). On the other hand, none of the
DCTD variants had any major effect on DHBV core DNA synthe-
sis, with only DCTD196 (WT) showing a modest (2-fold) inhibi-
tory effect (Fig. 4E and F), correlating with its modest to no inhi-
bition on DHBc phosphorylation (Fig. 2). Among the GST-alone
coexpression controls, the levels of core DNA (Fig. 4A [lanes 1 to
5] and E [lanes 1 to 7]) were proportional to the RNA packaging
levels (Fig. 3A [lanes 1 to 5] and E [lanes 1 to 7]), indicating that
core DNA synthesis did not reach saturation under these condi-
tions.

A close inspection of the core DNA pattern also revealed that 4
of the 5 HCTD variants, again with the exception of HCTD141-
AAAAAAA, were able to preferentially reduce the levels of mature
RC DNA (i.e., plus-strand DNA synthesis), beyond their inhibi-
tory effects on total core DNA synthesis (Fig. 4A and D). When the
mature RC DNA levels were normalized to those of the SS DNA,
coexpression of HCTD141, HCTD141-ATASASS, HCTD141-
ETESESS, and HCTD141-EEEEEEE led to a further 4- to 5-fold
reduction of RC DNA (Fig. 4A [lanes 6 to 9] and D). Again,
HCTD141-AAAAAAA, the one HCTD variant which had little
effect on total core DNA synthesis, also had no effect on RC DNA
(Fig. 4A [lane 10] and D).

HCTD and DCTD strongly reduced the DHBV CCC DNA
levels. Next, we examined whether DHBV CCC DNA formation
might be affected by the coexpression of the GST-HCTD/DCTD

FIG 5 Effect of HCTD and DCTD on CCC DNA synthesis. (A and C) HEK293 cells were cotransfected as described in the legend to Fig. 4A and E. CCC DNA
was extracted using Hirt extraction and analyzed by Southern blotting using a radiolabeled DHBV DNA probe. (B and D) The relative levels of CCC DNA from
the GST-HCTD (A) and GST-DCTD (C) cotransfections were normalized to those of RC DNA (shown in Fig. 4A and E, respectively), and the CCC DNA/RC
DNA ratios were compared with that of the control (GST) cotransfection having similar RC DNA levels, set to 100 (lane 3 in panel A for the HCTD141-
AAAAAAA cotransfection, lane 1 in panel A for the other GST-HCTD cotransfections, lane 3 in panel C for DCTD196 cotransfections, and lane 4 in panel C for
the other GST-DCTD cotransfections). Data are presented as means and SEM from three independent experiments. CCC, covalently closed circular DNA; M,
DNA marker.

Inhibition of DHBV Replication by Core CTD in trans

March 2015 Volume 89 Number 5 jvi.asm.org 2925Journal of Virology

http://jvi.asm.org


fusion proteins. CCC DNA formation efficiency was estimated by
normalizing levels of CCC DNA to those of RC DNA. As alluded
to above, titration assay showed that the efficiency of CCC DNA
formation from RC DNA decreased when the level of RC DNA
was increased to certain levels (as is described in the legend to Fig.
6). Thus, the normalized levels of CCC DNA from each HCTD/
DCTD cotransfection were compared to that from the indicated
GST control cotransfection that showed similar levels of RC DNA
(see Fig. 4A and E). As shown in Fig. 5, coexpression of all the
HCTD variants, including HCTD141-AAAAAAA, which had no
effect on DHBc phosphorylation or core DNA synthesis, led to a
significant decrease of CCC DNA (Fig. 5A [lanes 6 to 9 compared
with lane 1 as the GST control; lane 10 compared with lane 3] and
B). Similarly, the level of CCC DNA decreased significantly when
DCTD196, DCTD196-DDDDDD, and DCTD196 –228 were co-
expressed (Fig. 5C [lane 8 compared with lane 3; lane 10 and 11
compared with lane 4] and D). Coexpression of DCTD196-
AAAAAA also led to a decrease of DHBV CCC DNA, though the
extent of the decrease was not as great as that achieved with the
other DCTD fusion proteins (Fig. 5C [lane 9 compared with lane
4] and D). These results indicate that HCTD and DCTD could
inhibit the CCC DNA production from RC DNA. This effect of the
CTD fusion proteins on CCC DNA was independent of their ef-
fects on DHBc phosphorylation or core DNA synthesis, because

HCTD141-AAAAAAA and most DCTD variants didn’t change
the phosphorylation of DHBc or core DNA synthesis (Fig. 2 and 4)
but did suppress CCC DNA formation (Fig. 5).

Relative efficiency of CCC DNA formation was decreased
when RC DNA was increased. As mentioned above, when DHBV
core DNA was increased, by increasing the amount of DHBV
DNA transfected, the ratio of CCC DNA to core RC DNA was
decreased, indicating a decrease in the relative efficiency of CCC
DNA formation from RC DNA. This was clearly shown in Fig. 6,
and the same result could also be seen by comparing the CCC
DNA levels shown in Fig. 5 to core RC DNA levels shown in Fig. 4
for the GST control lanes (Fig. 4A and 5A [lanes 1 to 5] and 4E and
5C [lanes 1 to 7]). This result indicated that the CCC DNA forma-
tion reached saturation; when core RC DNA was increased to a
certain level, CCC DNA formation could not be increased propor-
tionally. Absolute quantification showed that the range of the av-
erage copy number per cell of RC DNA was from 1 to 282 when the
amount of pCMV-DHBV-Env– transfected was increased, while
the average copy number per cell of CCC DNA was estimated to be
from 2 to 443 (Fig. 6C and F). Before the total RC DNA synthe-
sized (estimated by adding the core RC DNA and CCC DNA that
was derived from the core RC DNA) reached ca. 60 copies per cell,
the copy number of CCC DNA per cell increased proportionally
with the increase in core RC DNA (Fig. 6A to C). However, once

FIG 6 Titration assay to estimate the efficiency of CCC DNA formation from increasing amounts of RC DNA. (A, B, D, E) Lanes 1 to 6, HEK293 cells in 60-mm
dishes were transfected with pCMV-DHBV-Env– (0.03125, 0.0625, 0.125, 0.25, and 0.5 �g for lanes 1 to 5 in panels A and B; 0.0625, 0.125, 0.25, 0.5, 1, and 2 �g
for lanes 1 to 6 in panels D and E). The GST expression plasmid was cotransfected to keep the total DNA amount per transfection constant (10 �g). RC DNA (A,
D) and CCC DNA (B, E) were isolated and analyzed as described in the legends to Fig. 4 and 5, respectively. (C, F) The ratios of CCC DNA to RC DNA (CCC
DNA/RC DNA) were estimated as described in the legend to Fig. 5 and normalized to that of lane 1, set to 1. Graph C is based on the results shown in panels A
and B, and graph F is based on panels D and E. The average copy numbers of RC DNA, CCC DNA, and RC plus CCC DNA per cell are indicated at the bottom
of the graphs. S1 to S6, 486, 162, 54, 18, 6, and 2 pg of the 3-kb DHBV DNA was loaded as quantification standards. M, DNA marker; RC, relaxed circular DNA;
SS, full-length single-stranded DNA; CCC, covalently closed circular DNA.
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the total RC DNA reached above ca. 70 copies per cell, the increase
in CCC DNA no longer kept pace with the RC DNA increase (Fig.
6D to F). Nevertheless, it was notable that HEK293 cells were able
to make over 400 copies of CCC DNA per cell (Fig. 6F), which was
as efficient as what was reported in primary duck hepatocytes (49).

HCTD and DCTD interactions with CDK2 and importin �.
To determine whether interactions with specific host factors
might be involved in the effects of HCTD and DCTD on DHBc
phosphorylation, core DNA synthesis, and CCC DNA formation,
we performed GST pulldown experiments using the same HCTD/
DCTD fusion proteins and HEK293 cells that were used for the
functional analyses described above and analyzed the host pro-
teins that might be associated with the CTD fusion proteins by
SDS-PAGE and Western blotting. As shown in Fig. 7A, two host
proteins, CDK2 and importin �, were copurified with GST-
HCTD/DCTD fusion proteins. To correct for nonspecific bind-
ing of CDK2 or importin � to GST alone or the affinity resin
and the variation in the expression levels of the fusion proteins,
we estimated the binding capabilities of GST-HCTD/DCTD to
CDK2 or importin � by normalizing the level of CDK2 or im-
portin � to the amount of GST or GST-HCTD/DCTD in the
pulldown. HCTD141, HCTD141-ATASASS, HCTD141-ETESESS,
and HCTD141-EEEEEEE had higher binding capacities to CDK2
than HCTD141-AAAAAAA and all the DCTD fusion proteins (Fig.
7B). In contrast, none of the HCTD variants, except HCTD141-
ATASASS, showed specific binding to importin �, but all DCTD fu-
sion proteins could bind importin � specifically (Fig. 7C). These re-
sults suggested that HCTD and DCTD variants could interact with
the host CDK2 and importin �, which was influenced by the se-
quence (HCTD versus DCTD) and the phosphorylation state of CTD
(HCTD141-ATASASS versus all the other HCTD variants).

DISCUSSION

In this study, we analyzed the effects of the hepadnavirus core
protein CTD and the CTD-host interactions on multiple steps in
viral replication by coexpression of GST-CTD fusion proteins in
trans in DHBV replicating cells. Our results showed that WT
HCTD and all of its phosphomimetic and/or nonphosphomi-
metic mutants, except HCTD141-AAAAAAA, changed the phos-
phorylation state of DHBc dramatically and led to a profound
reduction of viral core DNA and, in particular, the plus-strand
DNA. Intriguingly, WT HCTD and all mutant HCTDs tested,
including HCTD141-AAAAAAA, also strongly decreased the level
of DHBV CCC DNA. In contrast, the WT and mutant DCTDs had
a much smaller effect on DHBc phosphorylation or core DNA.
Nevertheless, the DCTDs, like the HCTDs, also significantly de-
creased DHBV CCC DNA. GST pulldown assays revealed that the
isolated HCTD and DCTD could interact with the cellular CDK2
and importin �, with different binding capacities, which could, at
least partially, explain their inhibitory effects on DHBc phos-
phorylation/core DNA synthesis and CCC DNA formation, re-
spectively.

One HCTD mutant, HCTD141-AAAAAAA, mimicking the
nonphosphorylated CTD, and all the DCTDs tested had no or
only a slight effect on DHBc phosphorylation and also showed low
CDK2 binding capabilities. In contrast, the WT and all the other
HCTD variants reduced DHBc phosphorylation significantly and
also showed strong CDK2 binding. Therefore, there was a strong
correlation between CDK2 binding and inhibition of DHBc phos-
phorylation among all the HCTD and DCTD variants tested, sug-

gesting that CDK2 binding by the isolated CTD may mediate its
inhibitory effect on DHBc phosphorylation via competition with
the CTD in the full-length DHBc for the host kinase (Fig. 8). These
results also support our previous findings indicating that CDK2 is
a major cellular kinase responsible for DHBc phosphorylation in
vivo (26).

It remains to be understood why HCTD141-AAAAAAA had a
weaker CDK2 binding capacity than all the other HCTD variants.
It is possible that the S-to-A substitutions removed the CTD phos-
phorylation sites, which were required for CDK2 binding to CTD.
However, the fact that HCTD141-EEEEEEE, in which the phos-
phorylation sites were also removed, showed CDK2 binding ca-
pacity similar to that of the WT HCTD and the other HCTD
mutants seems to rule out this possibility. Another possibility is

FIG 7 Interactions between CDK2 or importin � and HCTD or DCTD
detected by GST pulldown assay. HEK293 cells in 100-mm dishes were
transfected with 20 �g of the indicated GST-HCTD or GST-DCTD fusion
constructs. Three days posttransfection, cells were harvested and GST pull-
down assay was performed. (A) Copurified proteins were resolved by SDS-
PAGE and detected by either Coomassie blue staining (bottom) or Western
blotting using the CDK2-specific (top) or importin �-specific (middle)
antibody. Arrowheads indicate the unidentified protein that was copurified
with the GST-HCTD fusion proteins. (B and C) The relative levels of CDK2
and importin � associated with the HCTD or DCTD variants were normal-
ized to those of the GST fusion proteins in the pulldown. The ratios of
CDK2 or importin � to the GST fusion proteins were compared to that of
the control (GST), set to 100. Data are presented as means and SEM from
three independent experiments.

Inhibition of DHBV Replication by Core CTD in trans

March 2015 Volume 89 Number 5 jvi.asm.org 2927Journal of Virology

http://jvi.asm.org


that the S-to-A substitutions at all seven (potential) phosphoryla-
tion sites in CTD led to a change in its net charge, which interfered
with CDK2 binding. The fact that HCTD141-ATASASS, which
only had S-to-A substitutions in the three SP motifs, showed
stronger CDK2 binding than HCTD141-AAAAAAA suggested
that phosphorylation (or negative charges) at the four non-SP
sites in CTD could be important for CDK2 binding even though
CDK2, as a classical proline-directed kinase, preferentially phos-
phorylates the SP motifs as the substrates (26). The weaker CDK2
binding by DCTD compared to HCTD is another intriguing ob-
servation that warrants further investigation. These results suggest
that HBV and DHBV may interact with their respective host ki-
nases differently. It also remains possible that DCTD may have
evolved to interact with the homologous duck CDK2 better than
the heterologous human CDK2 tested here, although DHBc is
phosphorylated and DHBV replicates well in HEK293 cells.

None of the HCTD or DCTD variants showed any significant
effect on DHBV RNA packaging. This is consistent with the pre-
vious suggestion, obtained through mutagenesis of the CTD phos-
phorylation sites in the context of the full-length DHBc, that CTD
phosphorylation does not play a major role in DHBV pgRNA
packaging (18, 20–22). On the other hand, previous mutagenesis
studies in the context of the full-length DHBc indicated that CTD
phosphorylation in DHBV is required for the synthesis of the mi-
nus-strand DNA, while its dephosphorylation facilitates the mat-
uration of the plus-strand DNA and the stabilization of the mature
NCs (16, 21). Here, we have shown that all the HCTD variants that

decreased DHBc phosphorylation also decreased DHBV core
DNA, whereas the one HCTD variant and all the DCTD variants
that failed to inhibit DHBc phosphorylation also couldn’t reduce
DHBV core DNA. This nearly perfect correlation between the
effects on DHBc phosphorylation and DHBV core DNA synthesis
among all the HCTD and DCTD variants tested here thus con-
firmed that DHBc phosphorylation is indeed required for core
DNA synthesis. Our results provide further evidence that the host
CDK2, by binding and phosphorylating CTD, is an important,
bona fide host factor critical for viral replication. It is not yet clear
why the DCTD did not efficiently inhibit DHBc phosphorylation.
One possibility is that the affinity of the isolated DCTD for human
CDK2 is not as high as that of the same CTD in the context of the
full-length DHBc.

The strong effect of the HCTD variants on DHBV plus-strand
DNA synthesis suggested they might also have sequestered the
putative cellular phosphatase(s) that mediates CTD dephosphor-
ylation thought to be critical for plus-strand elongation and sta-
bilization of mature NCs (Fig. 8) (21). Although the net effect of
these HCTD variants on DHBc phosphorylation was a decrease in
phosphorylation, it remains possible that the dynamics of CTD
phosphorylation and dephosphorylation, not just the net out-
come of these dynamic events, are important for NC maturation
and were disturbed by the HCTD variants expressed in trans in
our experiments. Alternatively, these results could suggest that
plus-strand DNA synthesis and NC maturation requires addi-
tional host factors, unrelated to CTD (de)phosphorylation, that

FIG 8 Model for HCTD and DCTD effects on DHBc phosphorylation, core DNA synthesis, and CCC DNA formation through interactions with different host
factors. Shown schematically is a simplified diagram of the DHBV life cycle, with its major steps highlighted. The interactions between the HCTD and DCTD
variants with the host CDK2, importin �, a putative cellular phosphatase (PPase), or unknown factors (indicated by the question marks) are proposed to
sequester these factors so that they are unavailable for interactions with the CTD on the full-length core protein, thus inhibiting viral replication at the various
steps. The gray letters in parentheses denote that those fusion proteins fail to interact with the relevant host factors. The capsid is depicted as hexagons, and capsid
phosphorylation is denoted by the letter “P” inside the circles. The dashed line of the mature NCs (i.e., containing RC DNA) denotes the fact that they are less
stable than the immature NCs (i.e., containing pgRNA or SS DNA). RC, relaxed circular DNA; SS, single-stranded DNA; CCC, covalently closed circular DNA.
See the text for details.
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were effectively sequestered by the HCTD variants. Interestingly,
whatever putative phosphatase(s) or other host factors important
for plus-strand DNA synthesis may be, they seemed to share the
CTD interaction properties with CDK2, in that they could be se-
questered effectively by all HCTD variants tested, except
HCTD141-AAAAAAA, but not by any of the DCTD variants.

In contrast to the effects on DHBc phosphorylation and core
DNA synthesis, which varied depending on the HCTD state of
phosphorylation and between the HCTD and DCTD fusion pro-
teins, all HCTD and DCTD variants expressed in trans strongly
decreased DHBV CCC DNA, independent of their effects on
DHBc phosphorylation or core DNA synthesis. As delivery of RC
DNA in mature NCs to the nucleus is an important step during the
conversion of RC DNA to CCC DNA, and CTD is thought to play
an important role in directing the nuclear import of NCs, the
HCTDs and DCTDs likely suppressed CCC DNA synthesis by
blocking the nuclear import of NCs via competition with the CTD
on the mature NCs for key factors in the nuclear import pathway.
Indeed, we could show that the DCTDs could interact with im-
portin � (Fig. 8). The observation that the DCTD linker region
alone was able to bind importin � and inhibit CCC DNA forma-
tion as efficiently as the full CTD containing also the downstream
phosphor domain suggests that this region, rather than the phos-
phor domain, harbors the binding site for importin �. Interest-
ingly, we have previously shown that this same region in DCTD
also harbors the binding site for two other host proteins (37),
suggesting that this linker region is a focal point for host interac-
tions. One HCTD variant, HCTD141-ATASASS, which showed a
stronger inhibitory effect on CCC DNA than all the other HCTD
variants, also showed increased importin � binding compared to
that of all other HCTD variants, further implicating this nuclear
import factor in CCC DNA formation. However, the fact that the
other HCTD variants that could not bind to importin � still de-
creased CCC DNA suggests that other host factors involved in
CCC DNA formation might also be targeted by HCTDs (Fig. 8).

The differential binding of importin � by DCTD versus HCTD
implies that DHBV and HBV may employ different pathways to
mediate nuclear import of RC DNA for CCC DNA formation.
This is consistent with the observation that DHBV CCC DNA
formation is more efficient than HBV, at least in commonly used
cell cultures (10, 51). Our observation that CCC DNA formation
could not be increased further beyond certain levels, even when
core RC DNA continued to increase, suggests that a factor(s) in at
least one step of CCC DNA formation from RC DNA was limiting
and could be saturated.

The present study illustrates the role of CTD and the CTD-host
interactions in the multiple steps of hepadnaviruses replication
and the role of the dynamic CTD phosphorylation state on host
interaction and viral replication. The experimental approach to
effecting changes in protein phosphorylation state or interactions
by overexpression in trans of part of the target protein (analogous
to dominant negative inhibition), without mutagenesis of the tar-
get protein sequence itself, should also be broadly applicable to
test vigorously conclusions generated from mutagenesis studies
while at the same time providing a means to identify the putative
factors involved. The fact that we were able to effect strong
changes in DHBc phosphorylation, core DNA synthesis, and CCC
DNA formation, all in the absence of any overt cytotoxicity, con-
trasts sharply with the inability to achieve similar effects by target-
ing the host factors involved with chemical inhibitors (26, 37).

Other than the obvious issue of off-target effects of chemical in-
hibitors, these results may also suggest that the overexpressed
CTDs might have preferentially sequestered a subpopulation of
the relevant host factors (CDK2, importin, etc.) that are hijacked
by the virus during its replication while leaving the rest of these
factors largely unaffected to carry out their normal cellular func-
tions. Thus, our results further suggest the exciting possibility that
CTD, or CTD mimics, could have therapeutic potential by in-
hibiting multiple steps of viral replication, especially CCC
DNA synthesis, which cannot be targeted directly by current
antiviral therapy.
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