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ABSTRACT Hepatitis B virus (HBV) core protein consists of an N-terminal assembly
domain and a C-terminal domain (CTD) with seven conserved serines or threonines
that are dynamically phosphorylated/dephosphorylated during the viral replication
cycle. Sulfamoylbenzamide derivatives are small molecular core protein allosteric
modulators (CpAMs) that bind to the heteroaryldihydropyrimidine (HAP) pocket be-
tween the core protein dimer-dimer interfaces. CpAM binding alters the kinetics and
pathway of capsid assembly and can result in the formation of morphologically “nor-
mal” capsids devoid of viral pregenomic RNA (pgRNA) and DNA polymerase. In order
to investigate the mechanism underlying CpAM inhibition of pgRNA encapsidation,
we developed an immunoblotting assay that can resolve core protein based on its
phosphorylation status and demonstrated, for the first time, that core protein is hy-
perphosphorylated in free dimers and empty capsids from both mock-treated and
CpAM-treated cells but is hypophosphorylated in pgRNA- and DNA-containing nu-
cleocapsids. Interestingly, inhibition of pgRNA encapsidation by a heat shock protein
90 (HSP90) inhibitor prevented core protein dephosphorylation. Moreover, core pro-
teins with point mutations at the wall of the HAP pocket, V124A and V124W, assem-
bled empty capsids and nucleocapsids with altered phosphorylation status. The re-
sults thus suggest that core protein dephosphorylation occurs in the assembly of
pgRNA and that interference with the interaction between core protein subunits at
dimer-dimer interfaces during nucleocapsid assembly alters not only capsid struc-
ture, but also core protein dephosphorylation. Hence, inhibition of pgRNA encapsi-
dation by CpAMs might be due to disruption of core protein dephosphorylation
during nucleocapsid assembly.

IMPORTANCE Dynamic phosphorylation of HBV core protein regulates multiple
steps of viral replication. However, the regulatory function was mainly investigated
by phosphomimetic mutagenesis, which disrupts the natural dynamics of core pro-
tein phosphorylation/dephosphorylation. Development of an immunoblotting assay
capable of resolving hyper- and hypophosphorylated core proteins allowed us to
track the phosphorylation status of core proteins existing as free dimers and the va-
riety of intracellular capsids and to investigate the role of core protein phosphoryla-
tion/dephosphorylation in viral replication. Here, we found that disruption of core
protein interaction at dimer-dimer interfaces during nucleocapsid assembly (by
CpAMs or mutagenesis) inhibited core protein dephosphorylation and pgRNA pack-
aging. Our work has thus revealed a novel function of core protein dephosphoryla-
tion in HBV replication and the mechanism by which CpAMs, a class of compounds
that are currently in clinical trials for treatment of chronic hepatitis B, induce the as-
sembly of empty capsids.
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Hepatitis B virus (HBV) infection affects approximately one-third of the world
population, and more than 240 million people are chronically infected by the virus,

for which the currently available antiviral therapies fail to provide a cure for the vast
majority of patients (1, 2). HBV core protein is a small polypeptide of 183 amino acid
residues that exists in hepatocytes as free dimers, as well as structural components of
empty capsids and nucleocapsids containing viral RNA progenome or DNA replication
intermediates (3). Specifically, core protein dimers first package a pregenomic RNA
(pgRNA)-viral DNA polymerase complex into the nucleocapsid, where DNA polymerase
converts the pgRNA first into the single-stranded (minus polarity) DNA and then into a
partially double-stranded relaxed circular DNA (rcDNA) (4). As illustrated in Fig. 1A, HBV
core protein contains two structural domains connected by a 9-amino-acid-residue
hinge region. The N-terminal 140 amino acids (aa) form the capsid assembly domain,
which is sufficient to assemble into empty capsids. The C-terminal 34 amino acid
residues specify the C-terminal domain (CTD), containing multiple arginine-rich motifs
and seven conserved serines or threonines that can be dynamically phosphorylated
and dephosphorylated during the viral life cycle (5–7). The CTD has been demonstrated
to play multiple roles in HBV replication, and execution of the different functions in viral
replication is regulated by its dynamic phosphorylation at multiple sites (3, 8–11).
Specifically, it has been shown with HBV and duck hepatitis B virus (DHBV) that,
whereas the core proteins in the intracellular nucleocapsids are phosphorylated at
multiple sites within the CTD, the core proteins in intracellular mature nucleocapsids
and secreted virions are hypophosphorylated (12–15). Recently, it was further demon-
strated that, while the CTD is unphosphorylated in complete HBV virions, it is phos-
phorylated in empty virions. However, although nucleocapsid maturation and secretion
of complete virions are associated with core protein CTD dephosphorylation, it appears
that neither phosphorylation nor dephosphorylation of the CTD is required for virion
secretion (16). In addition, it was shown that core protein phosphorylation regulates
capsid stability/uncoating and delivery of viral rcDNA into the nucleus for covalently
closed circular DNA (cccDNA) synthesis (17–20).

Due to its unique structure and essential role in viral replication, disruption of nucleo-
capsid assembly with small molecular core protein allosteric modulators (CpAMs) repre-
sents a new frontier in the development of novel antiviral agents against chronic HBV
infection (3). Binding of the CpAMs to a hydrophobic pocket, designated the heteroaryl-
dihydropyrimidine (HAP) pocket, at the dimer-dimer interface near the C termini of core
protein subunits induces large-scale allosteric conformational changes in core protein
subunits and alters the capsid assembly kinetics and pathways (21, 22). While HAPs,
such as Bay 41-4109 and GLS4, misdirect capsid assembly to form noncapsid polymers
of core proteins (21, 23), all the other chemotypes of CpAMs, including sulfamoylben-
zamides (SBAs), benzamines (BAs) and phenylpropenamides (PPAs), induce the forma-
tion of empty capsids with distinct quaternary and/or tertiary structure changes and
thus preclude viral DNA replication (24–26). However, it is not yet known how the
capsid assembly modulators inhibit pgRNA encapsidation and favor empty-capsid
assembly. In an effort to understand the mechanism underlying the SBA inhibition of
pgRNA encapsidation, we developed a Western blot assay that can resolve HBV core
proteins into hyper- and hypophosphorylated species and obtained evidence support-
ing the notion that core protein dephosphorylation occurs in pgRNA encapsidation and
that alteration of the interaction between core protein dimers during capsid assembly
changes not only the capsid structure, but also core protein dephosphorylation. Hence,
inhibition of pgRNA encapsidation by CpAMs may be due to their disruption of proper
dephosphorylation of core protein during nucleocapsid assembly.

RESULTS
CpAM treatment alters the phosphorylation status of intracellular HBV core

protein. Although we demonstrated previously that the CTD of HBV core protein did
not play a role in CpAM-induced assembly of structurally altered empty capsids, its role
in CpAM-induced suppression of pgRNA encapsidation remains to be determined (27).
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Considering the critical role of the core protein CTD and its phosphorylation in pgRNA
encapsidation (9–11), it is conceivable that binding of CpAMs at the HAP pocket may
disrupt the dynamic phosphorylation/dephosphorylation of core protein subunits and
consequently interfere with pgRNA packaging. Obviously, investigation of this hypoth-
esis requires accurate determination of the core protein phosphorylation status in the
different forms of intracellular capsids. Unfortunately, unlike DHBV core protein, which
can be resolved into 2 to 4 distinct bands based on their CTD phosphorylation status
(12–14), regular SDS-PAGE cannot resolve phosphorylated and dephosphorylated HBV
core proteins. However, as shown in Fig. 1B and C, Western blot assay using a NuPAGE
12% Bis-Tris protein gel (Invitrogen) with morpholineethanesulfonic acid (MES) SDS
running buffer and probing with a rabbit polyclonal antibody against a peptide (aa 170
to 183) of HBV core protein (HBc-170A) revealed doublet HBV core protein bands with
molecular masses of approximately 22 and 21 kDa. As anticipated, the core protein
bands were detected in the lysates of AML12HBV10 or HepAD38 cells cultured only in
the absence of tetracycline (Tet) to induce HBV pgRNA transcription and HBV DNA
replication. Interestingly, while treatment with the HBV polymerase inhibitor entecavir
(ETV) did not alter the doublet bands, treatment with either the SBA derivative
ENAN-34017 or the HAP derivative Bay 41-4109 dramatically reduced the faster-

FIG 1 HBV capsid assembly modulators alter the phosphorylation status of HBV core protein. (A) Schematic representation of the
domain structure of HBV core protein. The three major (red) and four minor (orange) phosphor acceptor sites are indicated. (B and
C) AML12HBV10 (B) or HepAD38 (C) cells cultured in the absence of Tet were mock treated or treated with 2 �M Bay 41-4109, 5 �M
ENAN-34017, or 0.1 �M ETV for 2 and 6 days, respectively. HepG2 cells were transfected with plasmid pCI-HBc-WT (WT), pCI-HBc-3A
(3A), or pCI-HBc-7A (7A) and harvested at 72 h posttransfection. Intracellular core proteins were analyzed by a Western blot assay with
antibody HBc-170A. �-Actin served as a loading control. (D) AML12HBV10 and HepAD38 cells were mock treated or treated with 2 �M
Bay 41-4109 or 5 �M ENAN-34017 for 2 or 8 days, respectively. Intracellular HBV capsids were pelleted by ultracentrifugation and mock
treated or treated with protein phosphatase 1 for 16 h at 30°C. HBV core proteins were detected by a Western blot assay with
HBc-170A antibody. (E) Wild-type (WT) and mutant core proteins (Cp) with three major or all seven phosphoacceptor sites replaced
with A or E were synthesized in RRL, with or without CIAP treatment, and analyzed by a Western blot assay with antibody HBc-170A.
The nonspecific band labeled with an asterisk served as a loading control. Hyper-P and Hypo-P, hyper- and hypophosphorylated core
protein, respectively.
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migrating, but the not slower-migrating, core protein species. As controls for differen-
tially phosphorylated (or dephosphorylated) core proteins, wild-type and mutant core
proteins with alanine substitutions for three major (3A) or all seven (7A) phosphoac-
ceptor amino acid residues in the CTD were expressed in HepG2 cells. As shown in Fig.
1B and C, lanes 7 to 9, those three core proteins ran with distinct electrophoresis
mobilities under these experimental conditions. Accordingly, we speculated that the
doublet bands revealed by the anti-HBV core antibody in AML12HBV10 and HepAD38
cells might represent hyper- and hypophosphorylated core proteins. In support of this
notion, we further demonstrated that treatment of HBV capsids prepared from mock-
treated and ENAN-34017- or Bay 41-4109-treated AML12HBV10 or HepAD38 cells with
protein phosphatase 1 (PP1) converted the slower-migrating core protein species into
the faster-migrating species (Fig. 1D). Moreover, as shown in Fig. 1E, HBV core protein
synthesized in rabbit reticulocyte lysate (RRL) was hyperphosphorylated (28), and
treatment with calf intestinal alkaline phosphatase (CIAP) increased its electrophoresis
mobility (Fig. 1E, compare lanes 2 and 3). Similar to the results presented in Fig. 1B and
C, replacement of three major (3A) or all seven (7A) phosphoacceptor sites with
alanines to mimic the partially or completely dephosphorylated core protein incremen-
tally increased the electrophoresis mobility. On the other hand, replacement of three
major or all seven phosphorylation sites with glutamic acids to mimic phosphorylated
core proteins (3E or 7E) provided electrophoresis mobility similar to that of the
wild-type core protein. Taken together, those results indicate that we had established
Western blot assay conditions that were able to resolve HBV core protein based on its
phosphorylation status.

Characterization of core protein phosphorylation status with three antibodies
against HBV core proteins. To further investigate the properties of differentially
phosphorylated core protein species and to determine the extent of their phosphory-
lation, Western blot assays were performed with three antibodies that recognize
epitopes in different regions of the core protein, with full-length core proteins ex-
pressed in Escherichia coli as a control for nonphosphorylated core protein. As shown
in Fig. 2A, antibody HBc-170A recognized only full-length core protein, but not core
proteins with deletions of 6 or more amino acid residues from the C terminus. As
anticipated, the Dako antibody, which recognizes an epitope in the assembly domain,
could detect full-length and also the C-terminally truncated core proteins (Fig. 2A,
middle). Antibody 10E11 recognizes the N-terminal 2 to 8 amino acid residues of the
core protein. As shown in Fig. 2B to D, all three antibodies can detect both the hyper-
and hypophosphorylated core proteins from AML12HBV10 cell lysates. Similar to
antibody HBc-170A, antibody 10E11 can also demonstrate that CpAM treatment re-
duced the amounts of hypophosphorylated core protein (Fig. 2D). Moreover, compared
to core protein expressed in E. coli, the hypophosphorylated core protein species in
AML12HBV10 lysates migrated with slightly lower mobility. The results thus suggest
that the observed hypophosphorylated core protein in replicating HBV cells may not be
completely dephosphorylated.

Characterization of the phosphorylation status of intracellular capsids in
CpAM-treated cells. While the results presented above indicated that CpAM treatment
reduced the amount of hypophosphorylated core proteins, it did not reveal the core
protein phosphorylation status in the different HBV capsids in cells. Accordingly, HBV
capsids from the cytoplasmic lysates of mock-treated and ENAN-34017-treated cells
were separated by sucrose gradient centrifugation, and the fractions positive for core
protein were subjected to analysis of capsid electrophoresis mobility, HBV DNA content,
and core protein phosphorylation by particle gel and Western blot assays (Fig. 3). As
shown in Fig. 3A, capsids from mock-treated AML12HBV10 cells sedimented faster than
those from ENAN-34017-treated cells and peaked at fractions 8 or 9 and 10 or 11,
respectively. However, the viral DNA-containing capsids in both mock- and ENAN-
34017-treated cells sedimented at similar velocities and peaked at fraction 7. As
expected, the total amount of DNA-containing capsids was significantly reduced in
ENAN-34017-treated cells. To determine the core protein phosphorylation status in
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empty and DNA-containing capsids, the viral capsids from fractions 5 to 14 were further
concentrated by ultracentrifugation and subjected to particle gel and Western blot
analyses. First, electrophoresis in a 1.5% native agarose gel resolved HBV capsids into
two distinct bands (Fig. 3B, middle). The slower-migrating band appeared between
fractions 5 and 13 and peaked at fraction 9, while the faster-migrating band appeared
between fractions 9 and 14 and peaked at fraction 10. HBV DNA was detected in
fractions 5 to 9 and peaked at fractions 6 and 7 (Fig. 3B, bottom). These results
demonstrate that, while there are two populations of empty capsids with higher and
lower electrophoresis mobilities, the DNA-containing capsids have similar (or slightly
higher) electrophoresis mobility with slower-migrating empty capsids. Second, Western
blot assays revealed two distinct populations of core proteins in the mock-treated cells
(Fig. 3B, top). The hyperphosphorylated (slower-migrating) core protein was detected
in fractions 7 to 13 and peaked at fraction 9, whereas the hypophosphorylated
(faster-migrating) core protein was detected in fractions 5 to 8 and peaked at fraction
6. Based on the cosedimentation profiles, we speculated that the core proteins in both
the slower- and faster-migrating empty capsids were hyperphosphorylated but that
they were hypophosphorylated in DNA-containing capsids. Third, a particle gel assay
revealed that capsids in ENAN-34017-treated cells comigrated with the fast-migrating

FIG 2 Characterization of core protein phosphorylation status with three antibodies against HBV core proteins. (A) AML12 cells were
cotransfected with pTet-off and vector plasmid (pTRE2) or a plasmid expressing either wild-type full-length core protein (pTRE2-
HBc183) or the indicated C-terminally truncated core proteins. The cells were harvested at 48 h posttransfection. (Top and middle)
Core protein expression was detected by Western blotting assay with antibody HBc170A (top) or anti-core antibody from Dako
(middle). (Bottom) �-Actin served as a loading control. (B) Cell lysates from AML12HBV10 cells cultured in the presence or absence of
Tet for 2 days and HepG2 cells transfected with plasmid pCI-HBc-WT, pCI-HBc-3A, or pCI-HBc-7A and harvested at 72 h posttrans-
fection, as well as HepG2 cell lysate containing 10 ng HBV core protein expressed in E. coli, were resolved by SDS-PAGE. HBV core
protein was detected with antibody HBc170A or Dako antibody. �-Actin served as a loading control. (C) Cell lysates from AML12HBV10
cells cultured in the presence or absence of Tet for 2 days and cell lysates of AML12HBV10 cells (cultured in the presence of Tet)
containing 10 ng HBV core protein expressed in E. coli were detected by a Western blot assay with antibody 10E11. �-Actin served
as a loading control. (D) AML12HBV10 cells were mock treated or treated with 2 �M Bay 41-4109, 5 �M ENAN-34017, or 0.1 �M ETV
for 2 days. Intracellular core proteins were analyzed by a Western blot assay with antibody 10E11. �-Actin served as a loading control.
Non-P, nonphosphorylated core protein.
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empty capsids in mock-treated cells and peaked at fraction 10. HBV DNA could be
detected in fractions 5 to 10 and peaked at fraction 7. However, similar to what was
seen in mock-treated cells, a Western blot assay detected two distinct species of core
proteins in ENAN-34017-treated cells. While the hyperphosphorylated core proteins
cosedimented with empty capsids, hypophosphorylated core proteins cosedimented
with the residual DNA-containing capsids. Hence, our results demonstrated that empty
capsids and DNA-containing capsids had distinct biophysical and biochemical proper-

FIG 3 HBV core protein is hyperphosphorylated in empty capsids but hypophosphorylated in DNA-containing capsids. (A)
AML12HBV10 cells were cultured in Tet-free medium and left untreated or treated with 5 �M ENAN-34017 for 2 days. Intracellular
capsids were sedimented on a sucrose gradient (15 to 30%) with a Beckman SW28 rotor. Eighteen equal-volume (1.5-ml) fractions were
collected from the bottom of the tube, and. 50 �l of each fraction was applied to a nylon membrane. The membrane was probed with
an antibody against HBc (Dako) to detect HBc and then hybridized with a minus-strand-specific full-length HBV riboprobe to detect
HBV DNA. Relative amounts of HBV core protein and DNA were quantified with a Li-Cor Odyssey system and a Typhoon phosphor-
imager system, respectively. The dot blot images for each of the assays were derived from two consecutive rows of a 96-well dot blot
manifold. (B) HBV capsids in the remaining samples of fractions 5 to 14 (highlighted by the red box in panel A) were pelleted by
ultracentrifugation and dissolved in TNE buffer. One half of the sample from each fraction was used for Western blot analysis of core
protein with antibody HBc-170A and the other half for analyses of capsids and their associated HBV DNA in 1.5% native agarose gel
assays. The slow- and fast-migrating capsids are indicated by green and blue arrows, respectively.
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ties, and irrespective of ENAN-34017 treatment, core proteins were predominantly
hyperphosphorylated in empty capsids but hypophosphorylated in DNA-containing
capsids.

Core protein in DNA-containing capsids is hypophosphorylated. To further

confirm the observation that HBV core proteins are hypophosphorylated in DNA-
containing capsids but hyperphosphorylated in empty capsids in human hepatocyte-
derived cells, we analyzed core protein phosphorylation profiles in capsids prepared
from HepG2 cells transfected with a plasmid supporting HBV replication (pHBV-1.3) and
a plasmid that expresses core protein alone (pCMV-HBcAg) and thus assembles only
empty capsids.

Similar to the capsids from AML12HBV10 cells, capsids from HepG2 cells transfected
with the two different plasmids sedimented at similar velocities in sucrose gradient
centrifugations and peaked at fraction 8 or 9 (Fig. 4A). As anticipated, HBV DNA was
detected only in pHBV-1.3-transfected cells, and the DNA-containing capsids sedi-
mented faster than the major population of capsids and peaked at fraction 6 (Fig. 4A
and B). To determine the core protein phosphorylation status, HBV capsids in fractions
4 to 13 of pHBV-1.3-transfected cells (Fig. 4B) and pCMV-HBcAg-transfected cells (Fig.
4C) were further concentrated by ultracentrifugation and subjected to particle gel and
Western blot analyses. As shown in Fig. 4B and C, the particle gel assay resolved capsids
from the transfected cells into two or three distinct bands. Due to their existence in cells
transfected with both plasmids, the slower- and faster-migrating capsids that peaked at
fractions 8 and 9 should be empty capsids. However, capsids (red arrow) that migrated
between the faster-migrating (blue arrows) and the slower-migrating (green arrows)
capsids appeared only in cells transfected with the wild-type HBV genome (pHBV-1.3)
and cosedimented with core DNA and peaked at fractions 5 and 6. Those capsids are
thus most likely DNA-containing capsids. Western blot assays revealed that the core
proteins in capsids from pCMV-HBcAg-transfected cells were exclusively hyperphos-
phorylated, whereas both hyper- and hypophosphorylated core proteins could be
detected in capsids from pHBV1.3-transfected cells. The results thus indicate that in
both human and mouse hepatocytes, the core proteins associated with both slower-
and faster-migrating empty capsids are predominantly hyperphosphorylated, whereas
the hypophosphorylated core proteins predominantly cosedimented with DNA-
containing capsids. This observation is consistent with the findings from genetic studies
that viral DNA synthesis is associated with core protein dephosphorylation (12–15).

Core protein of pgRNA-containing capsids is hypophosphorylated. To rigorously

determine the phosphorylation status of core proteins in pgRNA-containing capsids, we
first established an AML12-derived stable cell line, designated AML12HBVpolY63F, that
Tet-inducibly expresses pgRNA encoding Y63F mutant DNA polymerase that is deficient
in priming negative-strand DNA synthesis and thus accumulates only pgRNA-contai-
ning capsids. Comparative analyses of capsids derived from AML12HBV10 and
AML12HBVpolY63F cells by sucrose gradient centrifugation indicated that, while the total
capsids from both cell lines peaked at fraction 6, the DNA-containing capsids from
AML12HBV10 cells and pgRNA-containing capsids from AML12HBVpolY63F cells sedi-
mented at similar velocities and peaked at fraction 4 (Fig. 5A). Western blot and particle gel
assays further revealed that, while the slower- and faster-migrating capsids cosedimented
with the hyperphosphorylated core proteins, the capsids (red arrows) that migrate between
the faster-migrating (blue arrows) and the slower-migrating (green arrows) capsids ap-
peared to cosediment with viral DNA or pgRNA and hypophosphorylated core proteins
(Fig. 5B and C). Moreover, although the mature DNA-containing capsids sedimented faster
than the single-stranded-DNA-containing capsids (Fig. 5B, bottom), the core protein phos-
phorylation status among those capsids could not be rigorously distinguished, due to
the existence of large amounts of empty capsids. These results suggest that, similar to
DNA-containing capsids, core proteins of pgRNA-containing capsids are also hypophos-
phorylated.
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Core-protein-free dimers are hyperphosphorylated. It has been speculated that
HBV core protein is co- or posttranslationally phosphorylated and that its proper
phosphorylation is required for capsid assembly and pgRNA encapsidation (13, 14, 28).
However, the phosphorylation status of HBV core-protein-free dimers in HBV-infected
cells has not been determined. The fact that the vast majority of intracellular core
protein exists in assembled capsids makes this a technically difficult question to be

FIG 4 Core proteins in DNA-containing nucleocapsids are hypophosphorylated. HepG2 cells were transfected with plasmid pHBV-1.3
or pCMV-HBcAg and harvested at 72 h posttransfection. Intracellular capsids were sedimented on a sucrose gradient (15 to 30%) with
a Beckman SW28 rotor. (A) HBV core protein/capsids and core DNA in each fraction were detected by a dot blot assay. The dot blot
images for each of the assays were derived from two consecutive rows of a 96-well dot blot manifold. (B and C) The indicated fractions
of HBV capsids in the remaining samples were pelleted by ultracentrifugation and dissolved in TNE buffer. One half of the sample from
each fraction was used for Western blot detection of core protein with antibody HBc-170A. The other half of the sample was used for
analyses of capsids and HBV DNA in a 1.5% native agarose gel assay. The slow- and fast-migrating capsids are indicated by green and
blue arrows, respectively. The capsids migrating between the slow and fast capsids are indicated by the red arrow. (C, top, far-right
lane) For Western blot detection of HBV core protein from pCMV-HBcAg-transfected cells, pHBV-1.3-transfected cell lysate was used
as a control for HBV core protein phosphorylation status.
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FIG 5 Core proteins in pgRNA-containing nucleocapsids are hypophosphorylated. AML12HBV10 and
AML12HBVpolY63F cells were cultured in Tet-free medium for 2 days. Intracellular capsids were sedimented
on a sucrose gradient (15 to 50%) with a Beckman SW28 rotor at 24,000 rpm for 16 h. Sixteen equal-volume
(2-ml) fractions were collected from the bottoms of the tubes, and 50 �l of each fraction was applied to a

(Continued on next page)
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answered. Recently, it was found that the tyrosine residue at position 132 of core
protein stabilizes the interaction between HBV core protein dimers, and this interaction
is essential for the assembly of capsids (29). When this tyrosine is replaced with an
alanine, the mutant (Y132A) core protein becomes deficient in capsid assembly and
exists as free dimers (22). Indeed, as demonstrated in Fig. 6A, sucrose gradient centrif-

FIG 5 Legend (Continued)
nylon membrane. The membrane was probed with an antibody against HBc (Dako; B0586) to detect HBV
core protein and then hybridized with a minus-strand-specific full-length HBV riboprobe to detect HBV DNA
or with a plus-strand-specific full-length HBV riboprobe to detect HBV RNA. Relative amounts of HBV core
protein, DNA, or RNA were quantified with a Li-Cor Odyssey system and a Typhoon phosphorimager
system, respectively. The dot blot images for each of the assays were derived from two consecutive rows
of a 96-well dot blot manifold. (B and C) HBV capsids in the remaining samples of fractions 2 to 10 were
pelleted by ultracentrifugation and dissolved in TNE buffer. One-tenth of the sample from each fraction was
used for Western blot analysis of core protein with antibody HBc-170A or for analyses of capsids and their
associated HBV DNA or pgRNA in a 1.5% native agarose gel assay. HBV DNA was extracted from one-third
of the sample from each fraction derived from AML12HBV10 cells and analyzed by Southern blotting
hybridization assay. The slow- and fast-migrating capsids are indicated by green and blue arrows, respec-
tively. The capsids migrating between the slow and fast capsids are indicated by red arrows.

FIG 6 Sucrose gradient centrifugation analysis of Y132A mutant core protein. (A) HepG2 cells were transfected with plasmid pHBV-1.3
or pHBV-1.3/coreY132A and harvested at 72 h posttransfection. Intracellular capsids were sedimented on a sucrose gradient (15 to
30%) with a Beckman SW28 rotor. HBV core protein/capsids in each fraction were detected by a dot blot assay and quantified with
a Li-Cor Odyssey system. The sucrose density of each fraction is also plotted. The dot blot images for each of the assays were derived
from two consecutive rows of a 96-well dot blot manifold. (B) HBV capsids in the cytoplasmic lysates of HepG2 cells mock transfected
or transfected with plasmid pHBV-1.3 or pHBV-1.3/coreY132A were detected by 1.5% native agarose gel particle assay. (C) HepG2 cells
were mock transfected or transfected with the indicated plasmids and harvested at 72 h posttransfection. Intracellular HBV core
protein was analyzed by a Western blot assay with antibody HBc-170A.
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ugation analyses showed that, while the core protein in the cytoplasmic lysates of
HepG2 cells transfected with pHBV-1.3 sedimented as assembled capsids, the core
protein in the lysates of HepG2 cells transfected with pHBV1.3/coreY132A was detected
in the top fractions of the sucrose gradient. In addition, particle gel assays failed to
detect assembled capsids in pHBV-1.3/coreY132A-transfected HepG2 cells (Fig. 6B).
Hence, it is conceivable that the phosphorylation status of Y132A mutant core protein
in transfected cells should reflect the phosphorylation status of wild-type HBV core-
protein-free dimers. We therefore compared the phosphorylation profiles of core
proteins in cells transfected with pHBV-1.3 and pHBV-1.3/coreY132A, with those of cells
transfected with plasmids expressing wild-type core protein, HBc3A or HBc7A as
controls, by a Western blot assay (Fig. 6C). In agreement with the results presented
above, in addition to a dominant hyperphosphorylated core protein band, a minor
hypophosphorylated core protein band could also be detected in cells transfected with
pHBV-1.3. However, only the hyperphosphorylated core protein species were detected
in cells transfected with the plasmid pHBV-1.3/coreY132A or pCI-HBc. As anticipated,
core proteins from cells transfected with plasmid pCI-HBc-3A or pCI-HBc-7A migrated
faster than the hyperphosphorylated wild-type core protein. The results thus suggest
that the core-protein-free dimers in HBV-infected hepatocytes are most likely hyper-
phosphorylated.

Inhibition of pgRNA encapsidation by an HSP90 inhibitor prevented core
protein dephosphorylation. Because core-protein-free dimers, the building blocks of
pgRNA-containing capsids, are hyperphosphorylated but pgRNA-containing capsids
contain hypophosphorylated core proteins, it is reasonable to hypothesize that de-
phosphorylation of core protein occurs during pgRNA packaging. Because the heat
shock protein 90 (HSP90) chaperone complex is required for viral polymerase to bind
the � RNA element, an essential step for packaging of the viral polymerase-pgRNA
complex into nucleocapsids and priming of negative-strand DNA synthesis (30), inhi-
bition of HSP90 ATPase with geldanamycin derivatives can efficiently prevent pgRNA
encapsidation (31). Taking advantage of this observation, we examined the effects of
the HSP90 inhibitor 17-dimethylamino geldanamycin (17-DMAG) and ENAN-34017,
alone or in combination, on pgRNA encapsidation and core protein dephosphorylation
in AML12HBV10 cells. As expected, both 17-DMAG and ENAN-34107 did not alter the
amounts of total viral RNA but reduced the amounts of encapsidated pgRNA (Fig. 7A
and B). Also, consistent with previous reports (27, 31) and the results presented in Fig.
1, while 17-DMAG treatment did not alter the migration of HBV capsids in the native
agarose gel electrophoresis, ENAN-34017 treatment induced the formation of faster-
migrating capsids (Fig. 7C). However, compared with mock-treated controls, both
17-DMAG and ENAN-34107 treatments reduced the amounts of core-associated HBV
DNA (Fig. 7C, bottom) and hypophosphorylated HBV core protein (Fig. 7D). The latter
observation is consistent with the notion that core proteins in empty capsids are
hyperphosphorylated and strongly suggests that dephosphorylation of core protein
occurs during the encapsidation of pgRNA.

Investigating the relationship between capsid assembly and core protein
phosphorylation. To further investigate whether interference of core protein dimer-
dimer interaction at the HAP pocket during capsid assembly disrupts the dynamic
phosphorylation and dephosphorylation of core proteins, we took advantage of well-
characterized mutant core proteins with point mutations of critical amino acid residues
on the wall of the HAP pocket that mimics CpAM effects on capsid assembly and
pgRNA encapsidation (32, 33). Specifically, as reported previously, while the wild-type
core protein in pHBV1.3-transfected HepG2 cells supported the assembly of both slow-
and fast-migrating capsids, V124A and V124W mutant core proteins supported the
assembly of predominantly slow- and fast-migrating capsids, respectively (27) (Fig. 8A).
Moreover, HBV DNA replication levels in pHBV-1.3/coreV124A- and pHBV-1.3/coreV124W-
transfected cells were approximately 32% and 9% of that in cells transfected with pHBV1.3
(Fig. 8A, particle gel assay). To analyze the core protein phosphorylation status in the
capsids assembled from wild-type and mutant core proteins, capsids in the transfected-
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cell lysates were separated by sucrose gradient ultracentrifugation. As shown in Fig. 8B
to D, consistent with the results presented in Fig. 4, the particle gel assay was able to
partially resolve capsids from the cells transfected with the wild-type HBV genome
(pHBV-1.3) into three distinct bands, i.e., slower- and faster-migrating empty capsids in
factions 8 to 14 and DNA-containing capsids that migrate between the two empty-
capsid species in fractions 5 to 9 (Fig. 8B). On the other hand, the capsids from
pHBV-1.3/coreV124A-transfected cells were resolved into the slower-migrating empty
capsids in fractions 8 to 12 and a slightly faster-migrating capsid species in fractions 5
to 8. This result is consistent with the particle gel assay results with total cell lysates (Fig.
8A) showing that V124A core protein did not support the assembly of faster-migrating
empty capsids and that HBV DNA replication was arrested at the stage of full-length
minus-strand DNA (Fig. 8C, bottom) (33). Also, in agreement with the results shown in
Fig. 8A, V124W core protein predominantly supported the assembly of faster-migrating

FIG 7 Disruption of pgRNA encapsidation by an HSP90 inhibitor reduced the amount of dephosphoryl-
ated core protein. AML12HBV10 cells were mock treated or treated with 5 �M ENAN-34017 or 300 nM
17-DMAG, alone or in combination, in the absence of Tet for 2 days. (A) Total and encapsidated pgRNAs
were determined by Northern blotting hybridization assays. 28S and 18S rRNAs served as loading
controls. (B) Encapsidated pgRNA was determined by Northern blotting hybridization assay. (C) Cyto-
plasmic HBV capsids were analyzed by a particle gel assay with 1.8% agarose gel electrophoresis. The
slow- and fast-migrating capsids are indicated by green and blue arrows, respectively. Capsid-associated
HBV DNA was determined by hybridization with a full-length riboprobe specific for minus-strand HBV
DNA. (D) The phosphorylation status of core protein was determined by a Western blot assay with
antibody HBc-170A. �-Actin served as a loading control.
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capsids, but DNA-containing capsids could not be detected. Interestingly, Western blot
analysis revealed that, whereas DNA-containing capsids from pHBV1.3-transfected cells
cosedimented with hypophosphorylated core proteins, DNA-containing capsids from
pHBV-1.3/coreV124A-transfected cells cosedimented with both hyper- and hypophos-
phorylated core proteins. Moreover, the empty capsids from pHBV-1.3/coreV124W-

FIG 8 Analyses of effects of core protein mutation on capsid assembly, DNA replication, and core protein phosphorylation. (A)
HepG2 cells were transfected with plasmid pHBV-1.3, pHBV-1.3/coreV124A, or pHBV-1.3/coreV124W and harvested at 72 h
posttransfection. (Top and middle) HBV capsids and HBV DNA were detected by a 1.5% native agarose gel assay. The slow- and
fast-migrating capsids are indicated by green and blue arrows, respectively. Encapsidated pgRNA was determined by Northern
blotting hybridization. (Bottom) The cytoplasmic HBV DNA replication intermediates were analyzed by Southern blotting hybrid-
ization. (B to D) HepG2 cells were transfected with plasmid pHBV-1.3 (B), pHBV-1.3/coreV124A (C), or pHBV-1.3/coreV124W (D) and
harvested at 72 h posttransfection. Intracellular capsids were sedimented on a sucrose gradient (15% to 30%). Sucrose density, HBV
core protein, and DNA from each of the fractions were determined. Core protein and capsids in fractions 5 (high sucrose density)
to 14 (low sucrose density) were analyzed by Western blotting and particle gel assays as described in the legend to Fig. 4. HBV DNA
replicative intermediates were analyzed by Southern blotting hybridization. The slow- and fast-migrating capsids are indicated by
green and blue arrows, respectively. The capsids migrating between the slow and fast capsids are indicated by red arrows.
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transfected cells were associated with predominantly hyperphosphorylated, but de-
tectable amounts of hypophosphorylated, core protein. These results thus suggest that
alteration of HBV capsid assembly via genetic replacement of a key amino acid residue
mediating the dimer-dimer interaction alters the phosphorylation status of core protein
in both empty and DNA-containing capsids.

DISCUSSION

HBV and DHBV core proteins were discovered as phosphoproteins in the late 1980s
by using 32P metabolic labeling and phosphatase treatment/immunoblotting assays,
respectively. Unlike DHBV core protein, which can be resolved into 2 to 4 distinct
species based on their phosphorylation status, the regular immunoblotting assay failed
to resolve the differentially phosphorylated HBV core proteins (12–14, 34). In this study,
we defined SDS-PAGE conditions that could resolve HBV core proteins into doublet
bands with molecular masses of approximately 22 and 21 kDa (Fig. 1B). Conversion of
the slower-migrating species into a faster-migrating species by phosphatase treatment
convincingly demonstrated that the slower- and faster-migrating bands represent the
hyper- and hypophosphorylated core proteins, respectively (Fig. 1D). Moreover, the
electrophoresis conditions were also able to separate core proteins expressed in E. coli
and in vitro-translated or intracellularly expressed wild-type and mutant core proteins
with replacement of the three major or all seven phosphoacceptor sites by alanines or
glutamic acids with three antibodies recognizing epitopes located at the N terminus, C
terminus and middle of core protein (Fig. 1 and 2). Hence, we have developed a
Western blot assay that allows us, for the first time, to conveniently monitor core
protein phosphorylation status during viral replication and under antiviral treatment.
With this technical advantage, we have made several interesting findings and have
investigated their biological implications, as summarized in Fig. 9 and discussed below.

First, because the vast majority of core proteins in HBV replicating cells exist in
assembled capsids, the phosphorylation status of intracellular core-protein-free dimers,
the building blocks of capsids, cannot be unambiguously determined (35). Moreover,
the fact that purified capsids from HBV-infected cells contain cellular kinases, such as
cyclin-dependent kinase 2 (CDK2), that are able to phosphorylate the S/T-P sites in the

FIG 9 Schematic representation of dynamic core protein phosphorylation/dephosphorylation during
viral replication and the impacts of CpAMs. See the text for a detailed explanation. ssDNA, single-
stranded DNA.
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HBV and DHBV CTDs under in vitro endogenous kinase assay conditions suggests that
core protein phosphorylation can occur after capsid assembly (36, 37). However, to
better understand the dynamics and function of core protein phosphorylation during
capsid assembly and DNA replication, it is important to know the initial phosphoryla-
tion status of core protein dimers. Taking advantage of Y132A mutant core protein,
which fails to assemble capsids, we showed that the core-protein-free dimers exist with
hyperphosphorylated status (Fig. 6). Considering that the core proteins in all the empty
capsids from HBV-replicating cells or cells expressing core protein alone, with or
without ENAN-34017 or HSP90 inhibitor treatment, are hyperphosphorylated, signifi-
cant dephosphorylation of core protein may not occur during the assembly of empty
capsids. Moreover, the exclusive existence of hyperphosphorylated core protein in Bay
41-4109-treated cells indicates that the formation of HAP-induced noncapsid core
protein polymers also does not require core protein dephosphorylation (Fig. 1). How-
ever, it was demonstrated recently that core protein dephosphorylation was required
for capsid assembly in RRL in vitro (28). This discrepancy could be due to either the
difference in phosphorylated sites in core proteins or factors that regulate the assembly
of capsids in the cytoplasm of hepatocytes and RRL.

Second, previous phosphomimetic mutagenesis studies have indicated that phos-
phorylation of the core protein CTD is required for HBV pgRNA packaging and DNA
synthesis (7, 9, 11, 35). For DHBV, CTD phosphorylation is needed for first-strand DNA
synthesis and dephosphorylation is required for second-strand DNA synthesis (14, 34,
38, 39). However, a problem with phosphomimetic mutagenesis studies is that the
mutations prevent the dynamic phosphorylation/dephosphorylation of core protein
during viral replication, and the experimental results derived from such studies may
sometimes be misleading. The ability to monitor core protein phosphorylation status
without disruption of its natural dynamics, therefore, is much preferred. Using our
immunoblotting assay, we consistently demonstrated that the hypophosphorylated
core proteins cosediment with viral DNA- or pgRNA-containing capsids (Fig. 3 to 5).
These results are consistent with the finding from previous genetic studies that core
protein dephosphorylation is required for viral DNA synthesis. However, our findings
also imply that at least partial dephosphorylation of core proteins occurs in the
assembly of pgRNA-containing capsids or nucleocapsids. Interestingly, side-by-side
comparison of pgRNA- and DNA-containing capsids indicated that the two capsid
species have similar sedimentation velocities and electrophoresis mobilities and con-
tain core proteins with indistinguishable phosphorylation status (Fig. 5). However,
because the current immunoblotting assay cannot reveal the (de)phosphorylation
status of core proteins at each of the phosphoacceptor sites in the CTD, the exact
phosphorylation profiles of the different capsids and nucleocapsids remain to be
determined. Nevertheless, our findings are supported by results showing that inhibition
of pgRNA encapsidation by an HSP90 inhibitor significantly reduced the amount of
hypophosphorylated core protein (Fig. 6) and are consistent with a recent report
suggesting that both hyper- and hypophosphorylation of core protein inhibited pgRNA
packaging (28). Moreover, studies are under way to identify the cellular protein
phosphatases responsible for the dephosphorylation of core protein (40) and to
determine their role in pgRNA encapsidation.

Third, the fact that CpAM treatment inhibits the formation of dephosphorylated
capsids implies that disrupting the interaction of core protein dimers interferes with
their dephosphorylation. Structural biology and genetic analyses indicate that all the
chemotypes of CpAMs reported thus far disrupt HBV capsid assembly by binding to the
hydrophobic (HAP) pocket between core protein dimer-dimer interfaces to enhance
their interaction (21, 22, 24, 25). As illustrated in Fig. 9, except for HAPs, which induce
assembly of noncapsid core protein polymers that are subsequently degraded by
proteasomes, all the CpAMs induce the assembly of morphologically “normal” empty
capsids. Because the CpAMs enhance the interaction of core protein dimers and
consequently accelerate the kinetics of core protein assembly (41), the reduced con-
centration of cytoplasmic free core protein dimers and/or the accelerated assembly
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kinetics may disrupt encapsidation of the viral pgRNA-polymerase complex. However,
recent mutagenesis studies have shown that alteration of core protein interaction at
the dimer-dimer interfaces alters not only capsid assembly kinetics, but also pgRNA
packaging (32, 33). By analyzing two mutant core proteins with distinct capsid assembly
phenotypes, we showed that modulation of the core protein dimer-dimer interaction
changed the core protein phosphorylation profiles. Hence, it is possible that, rather
than being mutually exclusive, inhibition of pgRNA encapsidation by CpAMs is due to
not only the accelerated capsid assembly kinetics, but also the disrupted core protein
dephosphorylation dynamics that resulted from alteration of the interaction between
core protein dimer interfaces during capsid assembly.

Finally, the ability to monitor core protein phosphorylation with a convenient
immunoblotting assay should allow the investigation of other molecular events in HBV
replication that are possibly regulated by dynamic core protein phosphorylation, such
as nucleocapsid envelopment and uncoating and delivery of rcDNA into nuclei for
cccDNA synthesis (17–20, 34, 42). In addition, studies investigating the role of core
protein dephosphorylation in interferon inhibition of HBV pgRNA encapsidation (43, 44)
and accelerated decay of DNA-containing capsids (45) are under way.

MATERIALS AND METHODS
Cell cultures and antiviral compounds. HepAD38 was obtained from Christoph Seeger at Fox

Chase Cancer Center, Philadelphia, PA (46). The AML12HBV10 cell line was established in our laboratory
as described previously (45). Both HepAD38 and AML12HBV10 are stable cell lines supporting HBV
pgRNA transcription and DNA replication in a Tet-inducible manner. The HepG2 cell line was purchased
from the ATCC and maintained in Dulbecco’s modified Eagle’s medium (DMEM)–F-12 medium (1:1)
supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 �g/ml streptomycin. AML12
cells (a gift from Chen Liu at Florida State University, Jacksonville, FL) were maintained in DMEM–F-12
medium (Invitrogen) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 �g/ml
streptomycin. ETV was a gift from William S. Mason at Fox Chase Cancer Center, Philadelphia., PA.
ENAN-34017 was synthesized in house (27). Bay41-4109 was a gift from Lai Wei at the Hepatology
Institute, People’s Hospital, Beijing University, Beijing, China. 17-Dimethylamino geldanamycin was
purchased from InvivoGen.

Antibodies. A rabbit polyclonal antibody against HBV core protein was purchased from Dako
(B0586). A monoclonal antibody (10E11) recognizing 2 to 8 amino acid residues of HBV core protein was
purchased from Abcam (ab8639). A rabbit polyclonal antibody against the C-terminal 14 amino acids (aa
170 to 183) of HBV core protein was generated at GenScript, Piscataway, NJ, USA. Unlike the previous
batch of the antibody designated HBc-170, which predominantly recognized dephosphorylated core
protein (28, 47), the new batch of antibody used in this study recognized both full-length HBV core
proteins with phosphorylated and dephosphorylated CTDs, as shown in Fig. 1 and 2. To distinguish the
new batch of antibody, it was designated HBc-170A. Antibody against �-actin was obtained from CST
(catalog no. 4967).

Plasmids. Wild-type HBV replicons pHBV-1.3 and pCMV-HBcAg and pHBV-1.3-derived plasmids
expressing mutant core proteins (V124A, V124W, or Y132A), pTRE2 (Clontech), and a derived plasmid
expressing full-length and C-terminally truncated HBV core proteins were described previously (27). The
plasmids pCI-HBc-WT, pCI-HBc-3A, pCI-HBc-7A, pCI-HBc-3E,a nd pCI-HBc-7E were described previously
(28).

Establishment of a stable cell line expressing pgRNA encoding DNA polymerase with a Y63F
mutation. The DNA polymerase Y63F substitution was introduced into pTRE_HBV_DE (48) by an
overlapping-PCR strategy. Specifically, DNA fragments were amplified first with primers F1 (5=-AAGTCG
AGCTCGGTACCCGGGTCGA-3=) and R63 (5=-GGTACAGTAGAAGAAAAAAGACCAGTAA-3=) and primers F63
(5=-TTACTGGTCTTTTTTCTTCTACTGTACC-3=) and R1 (5=-AAAGGTTGTGGAATTCCACTGCATG-3=). A ligation
PCR was performed using these two DNA fragments as templates with the F1 and R1 primers. The
resulting DNA fragment was digested with SphI and EcoRI to replace the corresponding fragment of
pTRE_HBV_DE, yielding plasmid pTRE_HBV_DEpolY63F. AML12 cells were cotransfected with the plas-
mids pTRE_HBV_DEpolY63F and pTet-off (Clontech) at a molar ratio of 10:1. The transfected cells were
selected with 400 �g/ml G418 in the presence of 1 �g/ml tetracycline. G418-resistant colonies were
picked and expanded into cell lines. HBV pgRNA transcription was induced by culturing cells in
tetracycline-free medium, and the levels of pgRNA-containing capsids were determined by Northern
blotting hybridization and particle gel assays. One of the cell lines with the highest level of pgRNA-
containing capsid assembly, designated AML12HBVpolY63F, was chosen for this study.

Analyses of HBV capsids, core DNA, and RNA. The cytoplasmic HBV capsids and associated viral
DNA were analyzed by a native agarose gel electrophoresis-based assay (27). Southern blot analysis of
HBV core DNA from transfected HepG2 cells was done as described previously (27). Total cellular RNA was
extracted with TRIzol reagent (Invitrogen) following the manufacturer’s directions. Encapsidated HBV
RNA was extracted as previously described (45). HBV mRNA and encapsidated HBV RNA were analyzed
by Northern blot hybridization with an [�-32P]UTP-labeled full-length minus-strand RNA probe.
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Western blot assay. Cells in the wells of a 12-well plate were lysed in 150 �l of 1� LDS loading
buffer (Invitrogen), and a total of 25 �l of the cell lysate was resolved in a NuPAGE 12% Bis-Tris protein
gel (Invitrogen) and transferred onto a polyvinylidene difluoride (PVDF) membrane (Invitrogen). The
membrane was blocked with phosphate-buffered saline containing 0.1% Tween 20 and 5% nonfat dry
milk and probed with the appropriate primary antibody. The bound antibody was revealed by IRDye
secondary antibodies and visualized with a Li-Cor Odyssey system.

In vitro transcription/translation. The pCI-derived plasmids were used to express the HBV core
proteins in a TNT-coupled RRL in vitro translation system (Promega) as described previously (28). One unit
of calf intestinal alkaline phosphatase (New England BioLabs) per microliter of the final reaction mixture
volume was added at the end of translation, and the reaction mixture was incubated for 16 h at 37°C.
HBV core proteins were analyzed by a Western blot assay with antibody HBc-170A.

Ultracentrifugation analysis of HBV capsids. Cells in a 10-cm plate were lysed in 2 ml of cell lysis
buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5% NP-40) at room temperature for 10 min. The cell lysates
were cleared by centrifugation at 10,000 � g for 10 min at 4°C. The supernatant was loaded onto a 20%
sucrose cushion and centrifuged at 46,000 rpm for 3 h (Beckman; SW55 rotor). The pellet was dissolved
in 200 �l TNE buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 1 mM EDTA) containing protease and
phosphatase inhibitors (Invitrogen) overnight and then loaded onto a 15% to 30% linear sucrose
gradient in TNE buffer and spun at 27,000 rpm for 4 h (Beckman; SW28 rotor). Fractions (1.5 ml/each)
were collected from the bottom of the centrifugation tube, and 50 �l of each fraction was applied to dot
blot assays to detect viral capsids with anti-HBcAg antibody (Dako; B0586) and core DNA by hybridiza-
tion. The sucrose concentration of each fraction was measured with a Densito 30PX (Mettler Toledo). The
rest of each fraction was mixed with 3 ml TNE buffer and pelleted by centrifugation at 46,000 rpm for
3 h. The pellet was dissolved in 40 �l TNE buffer. Twenty microliters of capsid solution was resolved in
a NuPAGE 12% Bis-Tris protein gel (Invitrogen) to detect hyper- or hypophosphorylated HBcAg by
probing with anti-HBcAg antibody (HBc-170A); 20 �l of capsid solution was fractionated on a nonde-
naturing 1.5% agarose gel and transferred to a nitrocellulose membrane. HBV core protein/capsids (HBc)
were detected by probing the membrane with anti-HBcAg antibody (Dako; B0586). Core DNA was
detected by hybridization.

Protein phosphatase treatment. AML12HBV10 or HepAD38 cells cultured in 10-cm plates were
lysed by the addition of 2 ml of cell lysis buffer at room temperature for 10 min. The cell lysates were
cleared by centrifugation at 10,000 � g for 10 min at 4°C. The supernatant was loaded onto a 20%
sucrose cushion and centrifuged at 46,000 rpm for 3 h (Beckman; SW55 rotor). The pellet was dissolved
in 85 �l TNE buffer. One half of the capsid samples were treated with8 units per microliter protein
phosphatase 1 (New England BioLabs) for 16 h at 30°C. The other half were mock treated. HBV core
proteins were analyzed by a Western blot assay with antibody HBc-170A.
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