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ABSTRACT Hepatitis B virus (HBV) capsid or core protein (HBc) consists of an N-ter-
minal domain (NTD) and a C-terminal domain (CTD) connected by a short linker pep-
tide. Dynamic phosphorylation and dephosphorylation of HBc regulate its multiple
functions in capsid assembly and viral replication. The cellular cyclin-dependent ki-
nase 2 (CDK2) plays a major role in HBc phosphorylation and, furthermore, is incor-
porated into the viral capsid, accounting for most of the “endogenous kinase” activ-
ity associated with the capsid. The packaged CDK2 is thought to play a role in
phosphorylating HBc to trigger nucleocapsid disassembly (uncoating), an essential
step during viral infection. However, little is currently known on how CDK2 is
recruited and packaged into the capsid. We have now identified three RXL motifs in
the HBc NTD known as cyclin docking motifs (CDMs), which mediate the interactions
of various CDK substrates/regulators with CDK/cyclin complexes. Mutations of the
CDMs in the HBc NTD reduced CTD phosphorylation and diminished CDK2 packag-
ing into the capsid. Also, the CDM mutations showed little effects on capsid assem-
bly and pregenomic RNA (pgRNA) packaging but impaired the integrity of mature
nucleocapsids. Furthermore, the CDM mutations blocked covalently closed circular
DNA (CCC DNA) formation during infection while having no effect on or enhancing
CCC DNA formation via intracellular amplification. These results indicate that the HBc
NTD CDMs play a role in CDK2 recruitment and packaging, which, in turn, is impor-
tant for productive infection.

IMPORTANCE Hepatitis B virus (HBV) is an important global human pathogen and
persistently infects hundreds of millions of people, who are at high risk of cirrhosis
and liver cancer. HBV capsid packages a host cell protein kinase, the cyclin-depend-
ent kinase 2 (CDK2), which is thought to be required to trigger disassembly of the
viral nucleocapsid during infection by phosphorylating the capsid protein, a prereq-
uisite for successful infection. We have identified docking sites on the capsid protein
for recruiting CDK2, in complex with its cyclin partner, to facilitate capsid protein
phosphorylation and CDK2 packaging. Mutations of these docking sites reduced cap-
sid protein phosphorylation, impaired CDK2 packaging into HBV capsids, and
blocked HBV infection. These results provide novel insights regarding CDK2 packag-
ing into HBV capsids and the role of CDK2 in HBV infection and should facilitate the
development of antiviral drugs that target the HBV capsid protein.
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Chronic hepatitis B virus (HBV) infection affects approximately 292 million people
worldwide, which results in 887,000 deaths annually primarily from complications

of cirrhosis and hepatocellular carcinoma (1, 2). Current therapies for chronic HBV
infection can reduce viral replication and alleviate diseases but rarely cure the infection
(1, 3). HBV belongs to the family Hepadnaviridae, a family of hepatotropic DNA viruses
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with a ca. 3.2-kb partially double-stranded, relaxed circular (RC) DNA genome in an ico-
sahedral capsid, which is in turn enclosed in an envelope studded with three viral en-
velope (surface) proteins (4, 5). During infection, the RC DNA from the incoming virion
is delivered to the hepatocyte nucleus and converted to the covalently closed circular
(CCC) DNA, which is a definitive sign of successful infection. CCC DNA then serves as
the transcriptional template for the production of all viral RNAs, including the prege-
nomic RNA (pgRNA). pgRNA serves as the mRNA for the translation of the HBV capsid
(core) protein (HBc) and the reverse transcriptase (RT) protein. HBc, together with the
RT protein, packages the pgRNA into an immature nucleocapsid (NC) during capsid as-
sembly in which the pgRNA is converted to a single-stranded (SS) DNA and then to the
RC DNA by the RT in a process termed NC maturation. The resulting mature NC, con-
taining the RC DNA, then interacts with the envelope proteins to form virions, which
are secreted out of the cell. Interestingly, the mature NC, instead of being enveloped,
can also deliver its RC DNA content back to the nucleus to form more CCC DNA in a
process called intracellular CCC DNA amplification or recycling (6–8).

HBc contains 183 (or 185, depending on genotypes) residues and can be divided
into two domains. The N-terminal domain (NTD) consists of residues 1 to 140, which
are linked by a flexible linker to the arginine-rich C-terminal domain (CTD; residues 150
to 183) (9, 10). The NTD is known to self-assemble into capsids at sufficiently high con-
centrations, but assembly is dependent on, and regulated by, the CTD under physio-
logical conditions in vitro or in vivo (11, 12). The linker was traditionally thought to be
merely a spacer between the NTD and CTD but was recently shown to play a major
role in multiple stages of viral replication (13, 14). The CTD contains seven conserved
phosphor acceptor sites, the dynamic (de)phosphorylation of which plays multiple
roles in regulating HBV capsid assembly, pgRNA packaging, and DNA synthesis
(15–21). The three S-P sites at positions 155, 162, and 170 are highly conserved major
phosphorylation sites (16, 22, 23), whereas T160, S168, S176, and S178 are potential
minor phosphorylation sites (15, 21, 24, 25). Our recent work suggests that two S-P
sites (S44 and S49) in the NTD may also undergo transient phosphorylation to facilitate
disassembly (uncoating) (see below) (25). HBc phosphorylation state does not appear
to play an essential role in directing virion formation (24–26). Instead, a region on the
capsid surface (the matrix binding domain [MBD]) interacts with a linear, ca. 22-amino-
acid-long domain (the matrix domain [MD]) of the L surface protein for virion secretion
(26–29), which is further regulated by the HBc linker (14, 21).

HBc can regulate CCC DNA formation, a critical step in the establishment and per-
sistence of HBV infection, through at least three potential mechanisms. First, through
its interactions with the envelope proteins for virion secretion, HBc can negatively reg-
ulate CCC DNA formation via a negative-feedback mechanism, which can be impaired
by mutations in the L envelope protein as well as HBc, resulting in enhanced CCC DNA
amplification (14, 30–34). Second, NC disassembly, which is subject to regulation by
dynamic HBc phosphorylation and dephosphorylation (25, 35, 36), controls the release
of the RC DNA genome and, thus, its subsequent conversion to CCC DNA (14, 25, 37).
In fact, NC disassembly may be a critical determinant of HBV host species tropism (38).
Third, HBc controls CCC DNA formation via the regulation of RC DNA nuclear import.
During NC maturation, the increased negative charge from RC DNA synthesis may
induce exposure of the HBc CTD, located inside immature NCs, to the surface of mature
NCs, allowing the nuclear localization signals (NLSs) in the CTD to function in delivering
the RC DNA into the nucleus for CCC DNA formation (39–41). The HBc function in nu-
clear import is also subject to regulation by the CTD phosphorylation state (39, 42).

Several host cell protein kinases have been proposed to phosphorylate one or more
phosphor acceptor sites in the HBc CTD, including the cyclin-dependent kinase 2
(CDK2), serine-arginine protein kinase (SRPK), protein kinase C (PKC), and the polo-like
kinase 1 (PLK1) (22, 23, 43–45). For HBc dephosphorylation, the protein phosphatase 1
(PP1) is reported to be involved in the initial dephosphorylation during pgRNA packag-
ing (46), whereas protein phosphatase 2A (PP2A) is thought to mediate the subsequent
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dephosphorylation during RC DNA synthesis (14). Furthermore, a so-called “endoge-
nous kinase,” packaged into the HBV capsid that can phosphorylate HBc at S/T residues
in the capsid, was discovered decades ago (47, 48). Our previous work identified CDK2
as the major endogenous kinase, which is packaged into capsids independent of other
viral proteins or pgRNA (23). Consistent with the known specificity of CDK as a proline-
directed kinase (with a preference for S/T-P-X-K/R motifs) (49), CDK2 mainly phospho-
rylates the three major S-P sites at S155, S162, and S170 in the HBc CTD in vitro and in
vivo (23). In addition, CDK2 phosphorylation at these S-P sites may promote subse-
quent phosphorylation at the other CTD sites by other kinases (15, 43, 50). The pack-
aged CDK2 is thought to be responsible for phosphorylating HBc at its NTD S-P sites
(S44 and S49), transiently during infection, to facilitate NC uncoating and thus CCC
DNA formation (25).

How CDK2 is recruited to HBc or packaged into capsids remains unknown. In the
cell cycle, CDKs are activated by complexing with a particular cyclin partner, which also
plays an important role in targeting the partnered CDK to appropriate substrates.
CDK2 can be complexed with either cyclin A or E depending on the cell cycle stage
and is partnered with cyclin E during the late G1 phase (51, 52). HBV replication is
thought to require the host hepatocytes to exit from G0 but then stall in the G1 phase
of the cell cycle (53–55). Cyclin proteins contain a conserved domain called cyclin box
that is responsible for the recognition of the cyclin docking motifs (CDMs) on the sub-
strates and regulators of CDK/cyclin complexes. One such CDM, with the sequence
RXL, mediates association with multiple cyclins, including cyclin E or A (56–59), and to-
gether with the phosphor acceptor site sequence helps to recruit the CDK/cyclin com-
plexes to the substrates.

The HBc CTD alone, containing the CDK consensus phosphorylation sites, shows
measurable interactions with CDK2 in vitro (21). However, as with other CDK substrates,
the phosphor acceptor sites alone are unlikely to be sufficient to recruit CDK2 to HBc
and particularly for CDK2 packaging into the capsid. Inspection of the HBc sequences
allowed us to identify three highly conserved RXL sequences in its NTD as putative
CDMs, potentially helping recruit the CDK2/cyclin complex to HBc and package the ki-
nase into the capsid. Our mutagenesis analysis of these putative CDMs in the HBc NTD
provides evidence that these sites indeed play a role in regulating HBc phosphoryla-
tion and packaging of CDK2 into the capsid, which, in turn, is important for HBV infec-
tion. Our results also reveal that the CDM residues play a key role in regulating the sta-
bility/integrity of mature NCs and in virion formation, which in turn have a major effect
on CCC DNA formation.

RESULTS
Identification of three putative CDMs in the HBc NTD. We have reported previ-

ously that CDK2 can phosphorylate the three major phosphorylation sites in the HBc
CTD and is the major kinase packaged inside HBV capsid (endogenous kinase) (23).
CDK2, in complex with cyclins (mainly cyclin E or A), is known to be recruited to spe-
cific substrates, in part through cyclin interaction with CDMs in the substrates with the
sequence RXL, where X is any amino acid residue (56). Inspection of the HBc sequence
indeed showed three such CDMs (RXL) at positions 28 to 30, 82 to 84, and 98 to 100,
all in the NTD, separate from the major CDK2 sites of phosphorylation located at the
HBc CTD (Fig. 1A and B). To ascertain the role of these three motifs in HBV replication,
including the regulation of HBc phosphorylation, we generated two panels of mutants,
the A series and the AA series, replacing the conserved R residue at position 28, 82, or
98 alone or in combination with the conserved L residue at position 30, 84, or 100,
respectively, either individually or in various combinations, with an A residue (Fig. 1A).
If one or more of the CDMs are involved in recruiting CDK2-cyclin to phosphorylate
HBc and facilitate CDK2 packaging into capsids, their mutations, by impairing cyclin
binding to HBc, diminish CDK2 recruitment to HBc and thus negatively affect HBc
phosphorylation by CDK2 and CDK2 packaging to capsids. Both the R and L residues in
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the RXL motif are important for cyclin docking, with the R side chain involved in ionic
interactions with cyclins while the L side chain makes hydrogen bond or van der Waals
interactions with cyclins (57). Thus, the AA mutations were anticipated to more
severely disrupt CDK2/cyclin docking than the A mutations.

The HBc CDM mutations affected CTD phosphorylation. To determine if the RXL
mutants could affect HBc unphosphorylation, we took advantage of two different
monoclonal antibodies (MAbs) that selectively recognize the unphosphorylated HBc
CTD at two different locations, as we reported before (24). MAb A701 is selective for
unphosphorylated S162, which is one of the major CTD sites of phosphorylation, and it
may also recognize the unphosphorylated T160, one of the minor phosphorylation
sites (Fig. 1A). Another MAb, 25-7, is selective for an unphosphorylated S178 (14),
another minor CTD phosphorylation site. An increase in the signals detected by these
MAbs could indicate decreased phosphorylation at these CTD sites, although it could
also, in principle, reflect increased dephosphorylation at these same sites (see
Discussion). We also monitored CTD phosphorylation levels by using MAb 14-2, selec-
tive for a phosphorylated epitope between positions 164 and 182 in the HBc CTD, spe-
cifically phosphorylated S170. A decrease in the signal detected by Mab 14-2 could

FIG 1 Summary of the HBc CDM mutants and their phenotypes. (A) Schematic of HBc protein structure highlighting key domains, residues, and MAb
epitopes. The NTD, linker, and CTD are indicated. The multiple RXL motifs in the assembly domain (NTD) of HBc at positions 28 to 30, 82 to 84, and 98 to
100 are indicated. The CDM A and CDM AA mutants are described, as is the CTD sequence (positions 150 to 183), with the three major S/T-P
phosphorylation motifs (S155, S162, S170) and four minor sites of CTD phosphorylation highlighted. The epitopes/regions recognized by the indicated
MAbs are also shown. (B) Localization of the three CDM sites (with the conserved R and L residues in each motif) highlighted in red on the HBc dimer
structure (NCBI Protein ID 6HTX) (71). (C) Summary of the effects of the HBc CDM (RXL) mutations on HBc CTD phosphorylation, endogenous kinase
activity, and HBV replication in HepG2 cells. The levels of HBc protein that were nonphosphorylated at T160/S162 (within the A701 epitope) or S178 (within
the 25-7 epitope) were normalized to total HBc detected by the NTD MAb T2221. The endogenous kinase activity detected by 32P labeling was normalized
to the total capsid amount detected by the NTD MAb T2221. RC DNA was normalized to SS DNA as a measure for RC DNA synthesis/stability. The CCC
DNA amount normalized to RC DNA represents CCC DNA synthesis efficiency. Mature NC stability was tested by DNase digestion of RC DNA. The DNA
virion level was normalized to the intracellular RC DNA amount as a measure of virion secretion efficiency. Viral infectivity was defined by the CCC DNA
amount produced during infection by using the same MOI. The normalized level for each parameter from the WT HBc is set at 1.00. unstab, unstable NC;
stab, stable NC (similar to WT); NA, not applicable (not enough virion available to assess infectivity); 2, undetectable.
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indicate decreased phosphorylation at S170, although it could also, in principle, reflect
increased dephosphorylation at this site. The total HBc protein levels were measured
by using the NTD-specific MAb T2221, recognizing an HBc epitope approximately
between positions 130 and 140 and thus detecting HBc independent of its phosphoryl-
ation state (Fig. 1A).

We expressed both the A and AA series of the HBc CDM mutants in the human hep-
atoma cell lines HepG2 and Huh7. Although only results from HepG2 cells are shown
here, similar results were also obtained in Huh7 cells regarding HBc phosphorylation
state (as well as all the other parameters measured; see below). Following resolution of
the wild-type (WT) or mutant HBc proteins (monomers) by SDS-PAGE (Fig. 2A, top four
panels) or capsids by native agarose gel electrophoresis (NAGE) (Fig. 2A, bottom four
panels), immunoblot analysis was conducted using the above MAbs (Fig. 1A). The lev-
els of the unphosphorylated HBc or capsid at T160/S162 and S178, respectively,
detected by MAb A701 and MAb 25-7, and phosphorylated HBc or capsid at S170,
detected by 14-2, were all normalized to total HBc or capsid levels detected by T2221
(Fig. 2B). Both the total HBc protein (monomers) and capsid levels from all the A and
AA mutants were similar to those of the WT, indicating that the mutations did not sig-
nificantly affect HBc expression or assembly. Interestingly, all mutants containing the

FIG 2 Effects of the HBc CDM mutations on HBc CTD phosphorylation state. HepG2 cells were transfected with the indicated HBc expression constructs.
Five days later, the cytoplasmic lysates were collected. (A) Levels of HBc (top) or assembled capsid (bottom) were measured following SDS-PAGE and
transfer to a PVDF membrane or agarose gel electrophoresis and transfer to a nitrocellulose membrane, respectively, using the indicated MAbs. MAb A701
or 25-7 specifically recognizes HBc CTD unphosphorylated at T160 (possibly also S162) or S178, respectively. MAb 14-2 recognizes CTD phosphorylated at
S170. Total HBc or capsid levels were determined by the NTD-specific MAb T2221. (B) The A701, 25-7, or 14-2 signals were normalized to the T2221 signals
for each CDM mutant or WT HBc, and the normalized values are expressed relative to that of the WT, which was set at 1.00. Total HBc levels (i.e.,
assembled and nonassembled), either phosphorylated as detected by MAb 14-2 or dephosphorylated as detected by MAb A701 or 25-7, after
normalization to all HBc as detected by MAb T2221 were derived from SDS-PAGE Western blots. Similarly, capsid levels (assembled capsids) were derived
from native agarose gel electrophoresis/Western blots. Data are presented as the mean and SD of results from at least three independent experiments.
Asterisks indicate significant differences in comparison with the WT (*, P, 0.05; **, P, 0.01; ***, P, 0.001).
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R82A substitution migrated slower on an SDS-PAGE gel than the WT HBc, possibly due
to increased phosphorylation or conformational change (Fig. 2A, lanes 3, 5, 7, 8, 11, 13,
15, and 16; see below). Although some differences were observed between the SDS-
PAGE and NAGE Western blots for some mutants (e.g., the A701 signals from R28/98A
and R28/82/98A), the HBc phosphorylation state was largely consistent between the
two assays for all mutants (Fig. 2). Although the minor differences between the two
assays for some mutants could be significant (e.g., in terms of capsid assembly) and
warrant further studies in the future, we decided to describe below the results from
these two assays together as similar results.

The levels of nonphosphorylated HBc were significantly increased in the R98-con-
taining R98A, R28/98A, R82/98A and R28/82/98A mutants at both the A701 (T160/
S162) and 25-7 (S178) epitopes (Fig. 2A, lanes 4, 6, 7, and 8). The R28/82A double mu-
tant also showed increased unphosphorylation, as detected by 25-7 (Fig. 2A, lane 5),
while no obvious differences were detected in the R28A and R82A single mutants.
Interestingly, the AA panel of mutants showed less effect on the HBc phosphorylation
state at the A701 and 25-7 epitopes than did the corresponding A mutants. However,
the mutation involving site 98, RL98AA, still showed the strongest effect on increasing
the A701 signal (Fig. 2A, lane 12; Fig. 2B). On the other hand, no major differences
could be detected by the phosphor-specific (S170) MAb 14-2 in any of the A or AA
mutants (Fig. 2). Therefore, the substitutions at the three potential CDMs (positions 28,
82, and 98) seemed to affect CTD phosphorylation differently and in a phosphorylation
site-specific manner, with the RXL motif at positions 98 to 100 playing a dominant role
among the three CDMs in influencing the HBc phosphorylation state at the CTD sites
monitored. However, in contrast to our anticipation that the AA series mutants would
have stronger effects than the A series of mutants due to substitutions at both of the
conserved residues (R and L) instead of only the R residue, RL98AA showed less effect
in reducing phosphorylation at S178 (but similar or greater effect at S162 [T160]) than
R98A (Fig. 2B) (see more on this in Discussion).

Phos-tag SDS-PAGE revealed multiple hypophosphorylated HBc species
caused by the CDM mutations. To determine the effects of the CDM mutations on
the HBc phosphorylation state in more detail, we performed Phos-tag SDS-PAGE
analysis of HBc proteins from HepG2 cells transfected with the HBV replicon plasmids
harvesting the A mutants, as described recently (14, 25). We used HBc expressed and
purified from Escherichia coli, which is completely nonphosphorylated, as a nonphos-
phorylated HBc control. As expected, the E. coli-derived HBc migrated as a single band
to the bottom of the gel and was strongly detected by MAbs A701 and 25-7, selective
for the unphosphorylated HBc, as well as by MAb T2221 (used to detect total HBc) (Fig.
3A), but was not detected at all by MAb 14-2, selective for the phosphorylated CTD
(Fig. 3A). We also used the HBc 3A mutant, in which the three major CTD phosphoryla-
tion sites (S155, S162, S170) (Fig. 1A) are replaced with Ala, expressed in the HEK293T
cells, as a hypophosphorylated control (25). For total HBc, MAb T2221 detected a series
of 5 closely spaced bands in this mutant near the bottom of the gel (Fig. 3B), with
band 1 comigrating with E. coli-derived HBc. MAb A701, selective for unphosphoryl-
ated HBc at S162/T160, detected 4 bands comigrating with bands 1 to 4 detected by
T2221. On the other hand, MAb 25-7, selective for unphosphorylated HBc at S178,
detected predominantly the fastest-migrating (i.e., completely nonphosphorylated)
species. In contrast, no band was detected by MAb 14-2, consistent with the complete
loss of phosphorylation at S170 due to the three Ala substitutions. These control HBc
proteins thus indicated that the Phos-tag gel can resolve different HBc phosphor spe-
cies at high resolution, consistent with our recent results (14, 25), and combined with
antibodies selective for different phospho-isoforms may allow identification of HBc
species phosphorylated at different sites.

As reported by us and others (14, 25, 45), the hyperphosphorylated WT HBc
expressed in human cells could be resolved into two major species migrating near the
top of the gel, consistent with their severely retarded mobility in the gel (Fig. 3C, lane
1), which can be detected by MAb T2221. In contrast, neither of the these
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hyperphosphorylated species was detected by MAb A701 or 25-7, indicating that these
HBc species were highly phosphorylated at the A701 and 25-7 epitopes (T160/S162
and S178). The phosphor-specific MAb 14-2 detected the same two bands as those
detected by T2221 in the WT HBc, confirming that these hyperphosphorylated HBc
species were indeed phosphorylated at S170. In contrast, MAb A701 detected two fast-
migrating, hypophosphorylated species (Fig. 3C, lane 1), including the fastest-migrat-
ing species that comigrated with the nonphosphorylated HBc from E. coli. MAb 25-7
detected, besides the fastest-migrating species that comigrated with the nonphos-
phorylated HBc from E. coli, a series of hypophosphorylated species migrating between
the nonphosphorylated HBc and the hyperphosphorylated WT HBc expressed in
HepG2 cells. The hypophosphorylated (and potentially nonphosphorylated) HBc spe-
cies from HepG2 cells were not detected by MAb T2221 (Fig. 3C, lane 1), indicating
that these hypophosphorylated (nonphosphorylated at S178) HBc species were pres-
ent at only very low levels, with the majority WT HBc being hyperphosphorylated.

As with the regular SDS-PAGE analysis, any mutant containing the R82A substitu-
tion, including R82A, R28/82A, R82/98A and R28/82/98A, migrated significantly slower
than the WT HBc on the Phos-tag gel, irrespective of the MAbs used for detection (Fig.
3C, lanes 3, 5, 7, and 8 versus lane 1). Although it remains possible that the slower mo-
bility of these mutants was due to a change caused by the R82A substitution in the
HBc state of phosphorylation at some sites that could not be monitored here, the fact
that all four MAbs that were nonselective or were selective for phosphorylated or non-
phosphorylated HBc at three (four) different CTD sites all detected this upshift sug-
gested instead that this substitution likely caused a conformational change leading to
the slower mobility of mutants harboring the substitution. Compared with the total
HBc signals detected by MAb T2221, MAbs A701 and 25-7 detected stronger un- or hy-
pophosphorylated (fast-migrating) HBc species, which were unphosphorylated at
T160/S162 or S178, respectively, in all mutants containing the R98A substitution, i.e.,
R98A, R28/98A, R82/98A, R28/82/98A, than in the WT (Fig. 3C, lanes 4, 6, 7, and 8 versus
lane 1). In addition, MAb 25-7 detected a series of hypophosphorylated HBc species in
these same four mutants, which were absent or weaker in the WT, in the middle of the
gel, indicating that these mutants contained increased levels of multiple hypophos-
phorylated species (nonphosphorylated at S178), consistent with the increased non-
phosphorylation revealed by the regular SDS-PAGE described above (Fig. 2A).

FIG 3 Analysis of the phosphorylation state of the HBc CDM mutants by Phos-tag SDS-PAGE. HepG2 cells were transfected with HBV replicon constructs
expressing the indicated CDM mutants or WT HBc. (C) The transfected cells were harvested at 5 days posttransfection, cell lysates were subjected to Phos-
tag SDS-PAGE, and HBc proteins were detected by immunoblot analysis using the indicated anti-HBc MAbs. (A and B) HBc protein expressed and purified
from E. coli control (A) or cytoplasmic lysate from pCI-HBc-3A-transfected HEK293T cells (B) was also used as a nonphosphorylated or hypophosphorylated
HBc control, respectively. Hyper, hyperphosphorylated HBc; Hypo, hypophosphorylated HBc. *, nonspecific background bands. The numerals 1 to 5 denote
the hypophosphorylated HBc-3A species, with species 1 comigrating with the unphosphorylated HBc.
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Although no major differences were found between any of the A mutants and WT
HBc by the phosphor-specific MAb 14-2 in regular SDS-PAGE, our Phos-tag gel analysis
using this MAb revealed clear differences in HBc phosphorylation for some A mutants.
As expected, the major HBc species in the WT and all A mutants detected by 14-2 were
the same two hyperphosphorylated species at the top of the gel as those detected by
T2221, indicating that these predominant hyperphosphorylated species were both
phosphorylated at S170, which was not dramatically affected in any of the A mutants.
However, all the R98A-containing mutants, as well as the R28/82A mutant, showed
multiple heterogeneous bands in the middle of the gel representing hypophosphory-
lated species (Fig. 3C, lanes 4 to 8), which were absent in the WT. These results indi-
cated that the R98A substitution by itself, and R28A and R82A substitutions in combi-
nation, did decrease HBc phosphorylation significantly to generate the multiple
hypophosphorylated species detectable by MAb 14-2 on the Phos-tag gel (i.e., remain-
ing phosphorylated at S170 but unphosphorylated at other sites), in accordance with
the increased levels of unphosphorylated HBc detected by A701 and 25-7.

In contrast to the R98A mutant, the single-substitution CDM mutants R28A and
R82A showed little to no effects on HBc phosphorylation in comparison with the WT,
based on the Phos-tag gel analysis and detection with either the non-phosphor-spe-
cific MAbs A701 and 25-7 or the phosphor-specific MAb 14-2 (Fig. 3C, lanes 2 and 3),
consistent with the regular SDS-PAGE analysis described above (Fig. 2B). Thus, both
the regular and Phos-tag SDS-PAGE and Western blot analyses indicated that among
the three CDMs in the HBc NTD, the RXL motif at positions 98 to 100 played a domi-
nant role in enhancing HBc phosphorylation (in particular, at T160/S162 and S178),
possibly by recruiting the CDK2-cyclin complex. We also attempted Phos-tag gel analy-
sis of the AA mutants but did not observe any significant differences between the
mutants and the WT HBc, consistent with their weaker effects on CTD phosphorylation,
in comparison with the A mutants, revealed by the regular SDS-PAGE and Western blot
analyses described above.

The CDM mutant capsids showed decreased levels of endogenous kinase
activity in vitro. To test whether the CDM (RXL) motifs could serve to recruit CDK2
into HBV capsids, we isolated WT and mutant capsids from HepG2 cells and conducted
the endogenous kinase reaction in vitro to measure the levels of endogenous kinase
activity in the different capsids. In addition, we attempted to block the endogenous ki-
nase activity by inhibitor CDK2iii, an ATP-competitive inhibitor highly specific to CDK2
(25). Consistent with a role for the CDMs in facilitating the packaging of the endoge-
nous kinase (mainly CDK2), all CDM mutants showed various levels of decrease in the
endogenous kinase activity compared with that of the WT, after normalization of the in
vitro phosphorylated capsid amount to the total capsid amount (Fig. 4). Among the
single-A mutants, the R98A mutant appeared to show the most decrease in endoge-
nous kinase activity in comparison with the WT, consistent with the predominant role
of this CDM in recruiting the CDK2-cyclin complex to HBc as revealed above.
Surprisingly, the double substitution at this same site showed only a weak effect on en-
dogenous kinase activity (see Discussion). In general, the decrease in endogenous ki-
nase activity was more pronounced in the double- and triple-A or AA mutants (Fig. 4B),
suggesting that the CDMs may work cooperatively to facilitate kinase packaging into
the capsid.

The CDK2-specific inhibitor reduced the endogenous kinase activity in the WT cap-
sid as anticipated (Fig. 4A, lane 2). However, as we reported before (23), residual en-
dogenous kinase activity remained, suggesting that other kinases may also be pack-
aged and could replace CDK2 to phosphorylate the capsid during the endogenous
kinase reaction. Furthermore, the CDK2 inhibitor also reduced the endogenous kinase
activity in all CDM mutant capsids, suggesting that other than the three putative CDM
sites in the HBc NTD, additional HBc sequences may also mediate low levels of CDK2
packaging into capsids, consistent with the association between CDK2 and the HBc
CTD that we detected before (21).
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The HBc CDM mutants showed no significant defect on pgRNA packaging. We
were next interested in the effects of the RXL mutations on the ability of HBc to pack-
age the pgRNA. Levels of WT and mutant capsids from transfected HepG2 cells were
measured by the NAGE assay. Levels of HBV pgRNA packaging was normalized to the
capsid levels for the WT HBc and each mutant. The results showed that none of the
CDM mutants had any defect in pgRNA packaging (Fig. 5). The R98A and R28/98A
mutants showed a modestly increased (less than 2-fold) level of pgRNA packaging.

Combined CDM mutations at both sites 28 and 98 impaired the stability/
integrity of mature NCs. To determine the effects of the CDM mutations on HBV DNA
synthesis, viral DNA was released from NCs by SDS/proteinase K treatment and
detected by Southern blotting analysis, either with no pretreatment (Fig. 6A) or with
pretreatment with DNase (Fig. 6B), which is intended to degrade plasmid DNA but can
also degrade viral NC (core) DNA if NCs are unable to protect their DNA content (14,

FIG 4 Effect of the HBc CDM mutations on the endogenous kinase activity in capsids. (A) HepG2 cells were transfected and harvested as described in the
legend to Fig. 2. An in vitro endogenous kinase reaction (EKR) assay was conducted with the indicated HBV capsids without or with 400 mM CDK2 inhibitor
III (inh III). The reaction products were resolved by agarose gel electrophoresis, phosphorylated capsids labeled by the endogenous kinase were detected
by autoradiography (top panel), and total capsid levels were measured by Western blot analysis by using the HBc MAb T2221 (bottom). (B) The effects of
the CDM mutations on the EKR efficiency were calculated by normalizing the phosphorylation (32P) signal of the WT HBc or CDM mutants, with or without
the inhibitor, to the respective capsid level and are expressed relative to the normalized signal of the WT capsid in the absence of the inhibitor, which was
set at 1.0. Data are presented as the mean and SD of results from three independent experiments. Asterisks indicate significant differences in comparison
with the WT (*, P, 0.05; **, P, 0.01; ***, P, 0.001).
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38). By comparing the levels of the various DNA species with and without DNase pre-
treatment, we could evaluate the overall levels of viral DNA synthesis as well as the in-
tegrity or stability of viral NCs harboring different viral DNA species. We found that
most of the A series of mutants showed no significant defect in DNA synthesis as all
DNA species were detectable, with or without DNase treatment (Fig. 6). The core DNA
levels in R98A, R28/98A and R82/98A showed a slight increase over that of the WT (Fig.
6A and B, lanes 4, 6, and 7), but this could be accounted for by the slightly increased
pgRNA packaging in these mutants (Fig. 5). Interestingly, R28/98A and especially R28/
82/98A produced small DNA fragments running faster than the SS DNA (with apparent
sizes in the 600- to 800-bp range) (Fig. 6A, lanes 6 and 8), which were further increased
following DNase treatment (Fig. 6B, lanes 6 and 8). In addition, after DNase treatment,

FIG 5 Effects of the HBc CDM mutations on pgRNA packaging. HepG2 cells were transfected with the HBV replicon constructs
harboring the CDM A mutants and harvested as described in the legend to Fig. 3. For the CDM AA mutants, HepG2 cells were
cotransfected with the indicated HBc expression constructs together with the HBV genomic construct defective in HBc
expression and harvested at 5 days posttransfection. (A) Cytoplasmic lysate was analyzed for pgRNA packaging, following
agarose gel electrophoresis and transfer to nitrocellulose membrane, using the antisense HBV RNA probe and MAb T2221 to
detect the packaged pgRNA and assembled capsids, respectively. (B) RNA packaging efficiency was determined by
normalizing the levels of RNA packaging to those of capsids, with the efficiency from the WT set at 1.0. Data are presented as
the mean and SD of results from three independent experiments. Asterisks indicate significant differences in comparison with
the WT (*, P, 0.05).
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the RC DNA levels in these mutants were reduced (Fig. 6B, lanes 6 and 8), suggesting
that both the RC DNA-containing NCs from these mutants were unstable, leading to
the digestion of their DNA content to the small fragments observed. R28/82/98A pro-
duced DNA fragments even smaller than those in R28/98A, suggesting that the R-to-A
substitutions at all three sites may have contributed to further NC disruption than the
substitutions at CDM sites 28 and 98.

For the AA series of mutants, it was notable that RL28/98AA and RL28/82/98AA
showed significantly reduced levels of RC DNA compared with the WT even without
prior DNase treatment (Fig. 6A, lanes 14 and 16). After DNase pretreatment, these two
mutants showed no detectable RC DNA, indicating that the low levels of RC DNA in
these two mutants could not be protected by their mature NCs (Fig. 6B, lanes 14 and
16). Also, a small DNA fragment appeared in the RL28/82/98AA mutants after DNase
treatment, which migrated a bit faster than those in R28/82/98A, suggesting more
complete DNA degradation in RL28/82/98AA than R28/82/98A but still partial protec-
tion of the small DNA fragment. Therefore, whereas the single R-to-A substitutions in

FIG 6 Effects of the HBc CDM mutations on core DNA levels. HepG2 cells were transfected and harvested as described in the legend to Fig. 5. HBV NC-
associated DNA (core DNA) was released from cytoplasmic lysate of transfected cells, without (A) or with (B) Turbo DNase pretreatment, by SDS-proteinase
K digestion and analyzed by Southern blotting using an HBV DNA probe. Arrows indicate the short DNA fragments in lanes 6 and 8 in panel A and lanes 6,
8, and 16 in panel B, likely derived from incomplete DNA degradation. (C) The minus-strand (SS) DNA synthesis efficiency is represented by the relative
levels of SS DNA normalized to those of the packaged pgRNA, and the SS DNA/pgRNA ratios are compared with that of the WT, which was set at 1.0. The
plus-DNA strand synthesis efficiency was calculated by normalizing the relative levels of RC DNA to those of the SS DNA, and the RC DNA/SS RNA ratios
were compared with that of the WT, which was set at 1.0. Data are presented as the mean and SD of results from three independent experiments.
Asterisks indicate significant differences in comparison with the WT (*, P, 0.05; **, P, 0.01; ***, P, 0.001).
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R28/98A and R28/82/98A already destabilized the mature NCs, the additional L-to-A
substitutions in RL28/98AA and RL28/82/98AA led to their further destabilization/dis-
ruption. The other AA mutants showed little to no effect on viral DNA synthesis.

CDM mutations at sites 28 and 98 increased PF-RC and CCC DNA levels during
intracellular amplification. To ascertain the potential effects of the CDM mutations
on HBV CCC DNA formation, protein-free (PF) DNAs, including PF-RC DNA and CCC
DNA, isolated from transfected HepG2 cells were analyzed by a Southern blot assay. In
order to detect the CCC DNA more robustly and accurately, we digested the PF DNAs
by exonuclease I (Exo I) and III, which remove noncovalently closed DNA but preserve
CCC DNA and covalently closed minus-strand DNA intermediate (60). HBV PF-RC DNA
and CCC DNA levels were then normalized to those of the core RC DNA, the ultimate
precursor to both PF-RC DNA and CCC DNA. The results showed that whereas the sin-
gle or double substitutions at site 82 (i.e., R82A and RL82AA) showed little effect, the A
and AA mutants containing substitutions at site 28 or 98 increased the levels of PF-RC
DNA and CCC DNA compared with the WT (Fig. 7A). The increase ranged from 2- to 40-
fold. The substitutions at site 98 showed a stronger effect than those at site 28, with
the AA mutants showing stronger effects than the A mutants, and both A and AA
mutants with mutations at sites 28 and 98 showed additive/synergistic effects (Fig. 7B).

To determine if the differences in CCC DNA formation by the HBc mutants in
HepG2-NTCP during infection versus the parental HepG2 cells during transfection
might be due to potential clonal differences among HepG2 cells or cell culture condi-
tions (HepG2-NTCP cells were cultured with diethyl sulfoxide [DMSO] after infection
whereas HepG2 cells were not), we transfected the HBc mutants into HepG2-NTCP cells
and treated the transfected HepG2-NTCP cells with or without DMSO. We obtained
essentially the same results regarding HBV replication, including CCC DNA formation,
in transfected HepG2-NTCP cells with or without DMSO treatment as in transfected
HepG2 cells (Fig. 7C; and data not shown), which indicated that the differential effects
of the CDM mutations on CCC DNA levels in infected HepG2-NTCP cells versus trans-
fected HepG2 cells were not due to clonal variation of HepG2 cells or cell culture
conditions.

The L100A substitution severely impaired virion secretion. To determine the
effects of the CDM mutations on virion secretion, HBV particles released from cell cul-
ture supernatants of transfected HepG2 cells were resolved by NAGE, followed by
Southern blotting, to detect virion-associated DNA. For most single-site A or AA
mutants, the virion DNA levels were similar to those of the WT (Fig. 8, lanes 1 to 4 and
9 to 11). However, RL98AA showed almost no virion DNA signal (Fig. 8, lane 12). On the
other hand, all double- and triple-site A and AA mutants showed apparently less naked
capsid release and increased virion signals than the WT (Fig. 8, lanes 5 to 8 and 13 to
16). However, these results could be explained by the aggregation of naked capsids,
leading to their comigration with virions for these mutants. Therefore, to determine
the virion secretion levels for these mutants, the concentrated supernatant from these
mutants, along with the WT as well as the virion secretion-defective RL98AA mutant,
was fractionated using CsCl density gradient ultracentrifugation to separate virions
from naked capsids based on the higher density of naked capsids than virions (24, 61,
62).

The CsCl gradient fraction results showed that all double- and triple-site A mutants
secreted virions at levels comparable to that of the WT (Fig. 9A). Together with the
results shown in Fig. 8, these results showed that none of the A mutants adversely
affected secretion of complete virions. As expected from the secretion block detected
with unfractionated supernatant above (Fig. 8), RL98AA showed very few virions (Fig.
9B). Moreover, all RL98AA-containing mutants showed dramatically reduced virion lev-
els compared with the WT, with RL28/98AA and RL28/82/98AA showing no detectable
virions (Fig. 9B). In contrast, the RL28/82AA mutant, with AA substitutions at both posi-
tions 28 and 82 but not at position 98, showed WT-like virion secretion. These results
thus indicated that it was the AA substitutions at position 98 alone that blocked virion
secretion.
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Since R98A had little effect on virion secretion, the secretion defect of RL98AA was
likely caused by the L100A substitution. To test if the L100A substitution alone could
block virion secretion, we constructed the L100A single substitution mutant (i.e., with-
out the R98A mutation). We found that this single substitution, alone, was indeed suffi-
cient to block virion secretion, with little effects on intracellular DNA synthesis or NC
stability (Fig. 10A and B). Due to the severe block in virion secretion, L100A also dra-
matically increased PF-RC DNA and CCC DNA levels (by ca. 6- and 8-fold, respectively)
(Fig. 10C). Indeed, this effect of L100A probably accounted for most of the increase in
PF-RC and CCC DNA levels by all L100A-containing mutants, i.e., RL98AA, RL28/98AA,
RL82/98AA, and RL28/82/98AA (Fig. 7A, lanes 12 and 14 to 16).

FIG 7 Effects of the HBc CDM mutations on CCC DNA formation. HepG2 cells were transfected and harvested as described in the legend to Fig. 5. (A) PF
DNA, including PF-RC and CCC DNA, was purified and digested by DpnI as described in Materials and Methods to remove plasmid DNA copurifying with
the HBV PF DNA (top panel). HBV PF DNA was further treated with Exo I and III to remove noncovalently closed DNA for specific detection of CCC DNA
(bottom panel). (B) CCC DNA levels (top panel) and PF-RC DNA levels (bottom panel) from the WT and mutants were normalized to those of core RC DNA.
Normalized CCC DNA or PF-RC DNA level from the mutants was compared to that of the WT, which was set at 1.0. Data are presented as the mean and SD
of results from three independent experiments. Asterisks indicate significant differences in comparison with the WT (*, P, 0.05; **, P, 0.01; ***, P, 0.001).
(C) HepG2-NTCP cells were transfected and harvested as described in the legend to Fig. 5. PF DNA was extracted from transfected HepG2-NTCP cells
cultured without (top two panels) or with (bottom two panels) supplementation with 2% DMSO after transfection. DNA was analyzed by Southern blot
analysis. Closed minus-strand DNA was derived from PF-RC DNA in which the minus strand is covalently closed but the plus strand remains open (60).
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CDM mutants at position 82 or 98 blocked HBV infection in HepG2-NTCP cells.
To test if the CDM mutants affected viral infection, we measured HBV CCC DNA forma-
tion, the definitive sign of productive HBV infection, in infected HepG2-NTCP cells at 3
days postinfection, when only CCC DNA formation from the input virus occurs and in-
tracellular CCC DNA amplification has not started (25, 60, 63). We prepared WT and
CDM mutant inocula using concentrated culture supernatant from transfected HepG2
cells, except for the four mutants containing the L100A substitution (RL98AA, RL28/
98AA, RL82/98AA, and RL28/82/98AA) that secreted little to no DNA virions (Fig. 9B).
HepG2-NTCP cells were infected with the WT and mutant viruses at equal multiplicities
of infection (MOI) (ca. 400 genome equivalents [GE]/cell), and PF DNAs including CCC
DNA were extracted from infected cells 3 days after infection and analyzed by
Southern blotting. The results showed that among all the mutants tested, R28A
showed infectivity similar to that of the WT and RL28AA showed slightly reduced infec-
tivity (Fig. 1C and (11), indicating that this CDM site does not play an essential role in
infection. The A (R82A, R98A, R28/82A, R28/98A, R82/98A, and R28/82/98A) and AA
(RL28AA, RL82AA, and RL28/82AA) mutations at sites 82 and 98 strongly diminished
infectivity (Fig. 1C and 11). To test further whether these mutants were indeed defec-
tive in infection, we increased the mutant inocula by 2 to 5 times during infection and
still observed little infection by the mutants (data not shown). Since all these mutants
could form CCC DNA at levels similar to or higher than the WT during intracellular
amplification (Fig. 7), these results clearly demonstrated that the CDM mutations could

FIG 8 Effects of the HBc CDM mutations on virion secretion. HepG2 cells were transfected as
described in the legend to Fig. 5. Cell culture supernatant was collected on day 5 posttransfection.
HBV particles in concentrated culture supernatant were resolved by agarose gel electrophoresis and
transferred to a nitrocellulose membrane. HBV DNA in virions and naked capsids was detected by
using the HBV DNA probe.
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differentially affect CCC DNA formation during infection versus intracellular amplifica-
tion (Fig. 1C).

DISCUSSION

Our ongoing attempts to understand how CDK2 is packaged into HBV capsids led
us to the identification of three conserved CDMs (RXL) in the HBc NTD at positions
28 to 30, 82 to 84, and 98 to 100. Our mutagenesis analysis of these CDMs in general
supports a role for these CDMs in facilitating the recruitment to HBc, and packaging
into capsids, of CDK2. In particular, substitutions of the CDM at positions 98 to 100,
and to a lesser degree at the other two CDMs as well, decreased the levels of HBc
phosphorylation in transfected cells at two different CTD sites (S162, S178, and pos-
sibly also T160 and other sites). At least some of the combined substitutions at two
or three of the CDMs together showed stronger reduction in CTD phosphorylation,
consistent with the notion that the CDMs act together to recruit the kinase for CTD
phosphorylation. Furthermore, most of the CDM mutants showed decreased endog-
enous kinases activity in the capsid (less packaging of CDK2). Whereas none of the
CDM mutants showed strong defects in pgRNA packaging, mature NCs containing
mutations at both CDM sites 28 and 98 were destabilized, which was associated
with significantly enhanced CCC DNA formation. While mutants containing the
L100A substitution were defective in virion secretion, implicating L100 as an impor-
tant residue in envelope interaction, mutations at either CDM site 82 or 98 caused a
severe defect in infection, supporting a role of the CDMs and the packaged CDK2 in
the infection process (Fig. 12).

FIG 9 CsCl density gradient analysis of virion secretion by HBc CDM mutants. HepG2 (A) and Huh7 cells (B) were transfected with the indicated constructs.
Cell culture supernatant was collected on day 5 posttransfection. Concentrated culture supernatant was fractionated on isopycnic CsCl density gradients.
Selected fractions (F14 to F22) were resolved by native agarose gel electrophoresis. Following transfer to a nitrocellulose membrane, HBV DNA in virions
and naked capsid released into the culture supernatant were detected by using the HBV-specific DNA probe. The virion and capsid fractions are indicated.

Role of CDMs in CDK2 Recruitment for HBV Replication Journal of Virology

June 2021 Volume 95 Issue 12 e00230-21 jvi.asm.org 15

https://jvi.asm.org


Among the three CDMs at the HBc NTD, mutations at site 98 had the strongest
effect, in comparison to the WT, in reducing CTD phosphorylation, as reflected by the
increase in nonphosphorylated HBc detected by both MAbs A701 and 25-7, selective
for nonphosphorylated S162 (and possibly T160) and S178, respectively, suggesting
that site 98 played a dominant role in CDK2/cyclin recruitment. Phos-tag gel analysis
also further revealed that the R98A substitution, alone or in combination with other
mutations, generated multiple hypophosphorylated HBc species that were absent or
present only at very low levels in the WT, indicative of decreased and more heteroge-
neous phosphorylation than with the WT. In addition, double- and triple-A mutations
involving site 98, such as R28/98A and R28/82/98A, decreased HBc phosphorylation
even more than substitutions at site 98 alone, particularly at S162 (T160), suggesting
that site 28 cooperates with site 98 in recruiting CDK2 to phosphorylate these HBc CTD
sites.

However, the double substitutions (i.e., both the R and L residues in the CDM) at
site 98 (RL98AA) actually had less effect in reducing phosphorylation at S178 than the
single R-to-A substitution at the same site (R98A), even though the double substitution
may be expected to disrupt cyclin/CDK2 binding more severely than the single substi-
tution. Furthermore, the effects of CDM mutations could vary depending on the CTD
phosphorylation sites (S162 [T160] versus S178) (especially in the case of RL98AA) (see
Fig. 1C for a summary). These results are likely a reflection of the complex regulation of
HBc phosphorylation dynamics. For example, kinases other than CDK2 that can also
mediate HBc phosphorylation may be affected by the CDM mutations in ways that are
difficult to predict. Moreover, the phosphorylation state at one CTD site can affect that at
the other sites. For example, the S-P site phosphorylation at the HBc CTD was reported
to prime phosphorylation at the other CTD sites; however, we recently found that S-to-A
substitutions at the three CTD S-P sites, which prevent their phosphorylation, could also

FIG 10 Effects of the HBc L100A mutation on virion secretion, core DNA, and PF DNAs. HepG2 cells were
transfected as described in the legend to Fig. 5. (A) Cell culture supernatant was collected on day 5
posttransfection. HBV particles in concentrated culture supernatant were resolved by agarose gel
electrophoresis and transferred to a nitrocellulose membrane. HBV DNA in virions and naked capsids was
detected by Southern blot analysis using the HBV DNA probe. (B) Core DNA released from cytoplasmic lysate
of L100A-transfected HepG2 cells, without (lanes 1 and 2) or with (lanes 3 and 4) Turbo DNase pretreatment,
was analyzed by Southern blot analysis as described in the legend to Fig. 6. (C) PF DNA from L100A-
transfected HepG2 cells was analyzed by Southern blot analysis as described in the legend to Fig. 7.
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enhance phosphorylation at one or both of the S-Q sites in the CTD (11, 14, 25, 43).
This interdependent nature of the CTD phosphorylation dynamics can further con-
found the interpretation of the direct versus indirect effects of the CDM mutations.
Finally, as non- or hypophosphorylated HBc may be less stable than (hyper)phospho-
rylated HBc (11), the steady-state levels of HBc phosphorylation may also be affected
by the stability of the different phosphor isoforms, which can further be affected by
the CDM mutations. In particular, the A and AA substitutions combined at sites 28
and 98 (R28/98A, R28/82/98A, RL28/98AA, and RL28/82/98AA) led to capsid destabili-
zation, which may be related to the surprising results that the AA mutations at these
two or three sites together led to less nonphosphorylated HBc species than the A
mutations (Fig. 1C). For example, it is possible that AA mutations at these sites
actually led to a more pronounced reduction in HBc phosphorylation than the corre-
sponding A mutations but that the rapid degradation (loss) of these severely under-
phosphorylated or nonphosphorylated species would lead to their apparent
decrease. The close proximity of CDM sites 28 and 98 on the capsid structure (Fig. 1B)
increases the likelihood that combined mutations at these sites could alter some
aspects of the capsid structure and dynamics.

Our mutational analysis of the HBc CDMs in general supports a role for these sites,
in a collaborative manner, in facilitating CDK2 packaging into HBV capsids. The endog-
enous kinase activity decreased significantly in almost all CDM mutants, with the muta-
tions at site 82 and especially at site 98 reducing it more strongly than those at site 28
(Fig. 1C), in comparison with the WT, suggesting that the RXL motifs at positions 82 to
84 and especially at positions 98 to 100 functioned as the major cyclin docking sites,
which is consistent with the strongest effect in reducing CTD phosphorylation in cells
by site 98 mutation. Surprisingly, the reduction in endogenous kinase activity in
RL98AA was less severe than that in R98A, in comparison to the WT. One possible ex-
planation is that the RL98AA capsid contained more non- and hypophosphorylated
HBc species than R98A, which meant that more HBc sites could be available for phos-
phorylation during the endogenous kinase reaction in vitro, thus generating the stron-
ger signals observed. In any case, low levels of CDK2 were apparently still packaged

FIG 11 Effects of the HBc CDM mutations on infection. HBV inocula were prepared from HepG2 cells
cotransfected with the indicated WT or mutant HBc expression construct plus the HBc-defective
replicon. HBV PF DNA was extracted from HepG2-NTCP cells 3 days after infection and measured by
Southern blot analysis using a 32P-labeled HBV DNA probe.
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into all the mutant capsids, possibly due to the interaction of the HBc CTD with CDK2
(21). On the other hand, the reduction in endogenous kinase activity that we could
measure could be an underestimate of the reduction in CDK2 packaging, as other cel-
lular kinases may be packaged at increased levels when CDK2 packaging is reduced
due to the CDM mutations. The above-mentioned interdependence of phosphoryla-
tion at the different CTD sites can further complicate the interpretation of the endoge-
nous kinase reaction results. Also, the exact cyclin partner(s) for CDK2 that is packaged
remains unknown. Given the cell cycle preference of HBV replication in the G1 phase of
the cell cycle (52–54), it is possible that the HBc CDMs interact with cyclin E for packag-
ing into the capsid. Since only a single copy of CDK2 is packaged (23), HBc-CDK2
(cyclin) interactions are likely transient and of low affinity, so it is difficult to identify
the cyclin component(s) directly or to determine the reduction in CDK2/cyclin packag-
ing caused by the CDM mutations more accurately, e.g., by immunoblotting or mass
spectrometry methods. Our attempts to directly detect the HBc-cyclin E interaction
through immunoprecipitation have been unsuccessful so far (H. Liu and J. Hu, unpub-
lished results). However, we found that overexpression of CDK2 and cyclin E2 could
increase HBc phosphorylation expressed in transfected human cells, which could be
abrogated by at least some of the CDM mutations (H. Liu and J. Hu, unpublished
results), further supporting a role of CDK2/cyclin E in phosphorylating HBc in vivo as
well as the potential packaging of cyclin E into the HBV capsid.

We have recently suggested that the packaged CDK2 in HBV capsids facilitates HBV
CCC DNA synthesis during infection by possibly phosphorylating the virion capsid
from inside to trigger disassembly (uncoating) by increasing the electrostatic repulsion
between the RC DNA and the phosphorylated capsid (25). Also, the host hepatocytes
are normally stationary and may thus lack the kinases needed to phosphorylate the
incoming virion capsid at the start of infection. Here, by reducing kinase packaging, we

FIG 12 Model for CDK2/cyclin regulation of HBV NC assembly and disassembly during intracellular CCC DNA
amplification and de novo infection. HBc subunits are heavily phosphorylated at the CTD in the cytoplasm by
host protein kinases, including the CDK2/cyclin complex and others, and are partially dephosphorylated during
pgRNA packaging by PP1. CDK2/cyclin is packaged into immature NCs during NC assembly. HBc is
subsequently further dephosphorylated by PP2A during NC maturation. Rephosphorylation of the mature NC in
the virion during infection triggers NC disassembly (uncoating) to facilitate release of the RC DNA to the
nucleus for CCC DNA formation. During intracellular CCC DNA amplification, cellular kinases from the
cytoplasm may phosphorylate HBc in the mature NC to initiate its disassembly such that the packaged kinase
may not be essential for uncoating in this pathway of CCC DNA formation. See the text for details.
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provide additional evidence further confirming an important role of the packaged
CDK2 in supporting efficient HBV infection. The more severely impaired endogenous
kinase activity in site 82 and 98 mutations was generally correlated with more impaired
CCC DNA formation during infection, whereas the mutations at site 28 showed little
impairment in the endogenous kinase activity or CCC DNA formation during infection.
As discussed above, it is plausible that the three CDMs work cooperatively to recruit
and package CDK2/cyclin into the capsid, as suggested by the results that mutations at
two or three CDMs showed more severe reduction in endogenous kinase activity and
blocked infection more strongly.

The reduction in HBc phosphorylation levels at S162 (and T160) and S178 caused
by mutations at CDM sites 28, 82, and 98, individually or in some combination, did not
significantly impair pgRNA packaging or RC DNA synthesis, consistent with previous
reports (28, 64). On the other hand, multiple reports indicate that both HBV pgRNA
packaging and DNA synthesis depend on dynamic HBc phosphorylation and dephos-
phorylation (24, 35, 36, 65). The stability of RC DNA-containing mature NCs is also
thought to be dependent on HBc dephosphorylation based on the charge balance hy-
pothesis (14, 35, 36, 66). To interpret the apparent lack of effects of the CDM mutations
on these processes, it is important to keep in mind that the HBc phosphorylation state
at CTD sites other than S162 (and T162) and S178 cannot yet be monitored directly
due to the lack of antibodies selective for their state of phosphorylation. Potential
changes at these other sites might have compensated for any deleterious effects of
reduced HBc phosphorylation at S162 (and T160) and S178 on pgRNA packaging or
DNA synthesis. Moreover, as ca. 90% of HBV capsids formed in human cells are empty
and ca. only 10% of capsids contain pgRNA or HBV DNA (5, 62), the mutations might
not have affected the HBc state of phosphorylation in the minor population of pgRNA
or DNA-containing NCs, which is difficult to ascertain without separating these NCs
from empty capsids, a difficult task at present.

Interestingly, all the A and AA substitution mutants at CDM sites 28 and 98, but not
at site 82, enhanced CCC DNA formation during intracellular amplification. Other than
the impairment of virion formation by the L100A substitution, which could have
accounted for the effect of this mutation on CCC DNA formation (see below), com-
bined substitutions at these two CDM sites with or without mutations at site 82 (R28/
98A, RL28/98AA, R28/82/98A, and RL28/82/98AA) appreciably affected the stability/in-
tegrity of mature NCs, which could also have increased CCC DNA formation by enhanc-
ing NC uncoating and RC DNA release. Interestingly, degradation of the NC DNA, which
was further increased by adding exogenous DNase, in R28/98A and R28/82/98A and in
RL28/82/98AA after DNase digestion, led to the accumulation of small DNA fragments
with apparent sizes of hundreds of base pairs. Future studies to determine how the NC
DNA is degraded to these fragments, which were then apparently protected from fur-
ther digestion, in these mutants, may provide insights into how the DNA genome is
released from the capsid (i.e., uncoating), a process essential for HBV replication (and
for many other viruses) and yet poorly understood. It remains possible that even muta-
tions at CDM site 28 or 98 alone have also affected NC stability, albeit less drastically
than the combined mutations at both of these sites, which escaped detection by our
DNase protection assay but could, nevertheless, have accounted for the increased CCC
DNA levels by these mutants.

How the CDM mutations at CDM sites 28 and 98 destabilized the mature NCs
remains to be determined. At the levels that we could discern, there did not appear to
be any clear correlation between the HBc phosphorylation state and the NC stability of
the CDM mutants. We have reported that mutations in the HBc NTD (e.g., L60A and
I126A) (67) and linker (e.g., S141A and L143I) (14) similarly impair mature NC stability
and increase CCC DNA formation. Structural effects on the capsid, in addition to or
instead of alterations in HBc phosphorylation state, may account for the effects of
these mutations on NC stability/integrity. These two CDM sites, at positions 28 to 30
and 98 to 100, are located in close proximity on the capsid structure (Fig. 1B) and may
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function together to regulate maturation-associated NC structural changes, in order to
accommodate the increasing negative charge and internal pressure as a result of RC
DNA synthesis (37, 66, 68). These structural dynamics during NC maturation may be
impaired in the mutants that selectively destabilize mature NCs. Previously, it was
reported that substitutions at the HBc dimer interface (e.g., V124A) also selectively
reduced RC DNA levels, which was thought to be due to alterations of capsid structural
dynamics impairing RC DNA synthesis (69). In light of our results here and reported
recently (14), those dimer interface mutants may also destabilize mature NCs.

All mutants containing the L100A substitution also had increased CCC DNA, likely
due to the block in virion secretion leading to the overamplification of CCC DNA, anal-
ogous to the effects of the envelope mutations (30, 31, 33). When this substitution was
combined with the NC destabilization mutations at CDM sites 28 and 98 (in RL28/98AA
and RL28/82/98AA), synergistic effects on CCC DNA formation were observed (Fig. 1C),
as expected. L100, an important residue newly discovered here for virion secretion, lies
close to L95 and K96 on the capsid structure, two residues previously shown to be also
critical for mature NC envelopment and virion formation, and thus may be part of the
MBD on the capsid interacting with the MD of the L envelope protein (26, 27, 70, 71).

As a third potential mechanism to increase CCC DNA formation, some of the CDM
mutations might result in increased nuclear import of RC DNA in mature NCs. The HBc
CTD, which harbors multiple NLSs, can be localized to both the interior and exterior of
the capsid (41, 72, 73), which is also subject to regulation by the HBc phosphorylation
state as well as the nucleic acid content of the capsid. This possibility has been difficult
to test experimentally due to the difficulty in specifically tracking the nuclear import of
mature NCs versus immature NCs or empty capsids.

As discussed above, the effects on CDK2/cyclin binding and CDK2 packaging by the
AA series of mutants, compared to the A series of mutants, might have been con-
founded by the potential effects of the additional L-to-A substitutions, present in the
AA but not A mutants, on HBc stability and structure. In the case of the effect of L100A
on virion secretion, it is unlikely due to any effects on CDK2/cyclin E binding, given
that the CTD state of phosphorylation per se does not affect virion secretion signifi-
cantly (24). Similarly, others have recently reported that HBc residues 27, 31, 98, and
101, which are near two of the CDMs studied here, are part of a nucleolar retention sig-
nal (74). Although it seems unlikely that any effects we observed here were related to
nucleolar localization, mutations at the CDM sites could certainly have pleiotropic
effects beyond affecting cyclin binding, which warrants future studies.

The striking differential effects of the CDM mutations on CCC DNA formation during
intracellular amplification versus de novo infection highlights the different role of the
packaged CDK2 and the capsid structure in general in regulating CCC DNA formation
through these two pathways. We have excluded here any potential effects of clonal
variation of the HepG2 cells or cell culture conditions (i.e., DMSO treatment). The pack-
aged CDK2 in the capsid, while critical for efficient capsid uncoating during infection,
appears to be less critical during intracellular CCC DNA amplification, as none of the
CDM mutations here impaired this pathway (Fig. 12). In addition, NC destabilization
due to some of the CDM mutations, while enhancing CCC DNA formation during intra-
cellular amplification, may lead to premature NC disruption during the virion entry pro-
cess and thus block CCC DNA formation during infection. We have also recently identi-
fied other HBc mutations, in the linker region, that similarly block CCC DNA formation
during infection but not during intracellular CCC DNA amplification (14), suggesting
that multiple regions of HBc are involved in the infection process. Future studies to elu-
cidate the mechanism underlying this differential effect of the HBc mutations should
bring new insights into the requirements of the HBV infection process, which remains
poorly understood at present.

MATERIALS ANDMETHODS
Plasmid constructs. pCI-HBc-WT and pCI-HBc-3A for expression of the WT or 3A mutant (containing

S-to-A substitutions at positions 155, 162, and 170) HBc proteins have been previously described (11).
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The panel of cyclin docking motif (CDM) mutants of HBc, in the same plasmid backbone pCI as in pCI-
HBc-WT, including the CDM A mutants R28A, R82A, R98A, R28/82A, R28/98A, R82/98A, and R28/82/98A,
were constructed by changing the first conserved residue in the CDM motif (RXL), R28, R82, or R98, indi-
vidually or in various combinations to A via PCR-mediated mutagenesis (In-Fusion cloning). Similarly, the
CDM AA mutant panel, including RL28AA, RL82AA, RL98AA, RL28/82AA, RL28/98AA, RL82/98AA, and
RL28/82/98AA, were constructed by changing both the conserved R (position 28, 82, or 98) and L (posi-
tion 30, 84, or 100) residues to A individually or in various combinations, as with the CDM A mutants.
Moreover, pCI-HBc-L100A was constructed by changing L100 to A. The HBV replicon plasmid pCIDA-
HBV-HBc-WT has been described before (25, 67, 75, 76). The entire panel of CDM A mutants were sub-
cloned from the pCI-HBc background into pCIDA-HBV-HBc-WT and express the mutated HBV pgRNA car-
rying the same HBc CDM A mutations as in the pCI-HBc CDM A mutant panel. pCIDA-HBV-HBc-C2 was
constructed by replacement of the 4th codon (GAC) in the HBc open reading frame (ORF) with a stop
codon (TAG), which is capable of supporting viral replication upon complementation with HBc (14).

Cell culture and transient transfection. The human hepatoma cell lines HepG2 and Huh7, as well
as HepG2-NTCP cells expressing the HBV receptor NTCP (25, 60), were cultured in Dulbecco’s modified
Eagle’s medium (DMEM)-F12 supplemented with 10% fetal bovine serum (FBS) (HyClone) and 50mg/ml
of penicillin-streptomycin, as previously described (24, 25). HepG2 cells were seeded in 60-mm dishes
and transfected at 70% confluence with 4mg (total) of plasmid using X-tremeGENE HP DNA transfection
reagent (Roche). Huh7 cells were transfected with the FuGENE 6 transfection reagent (Promega). A 1:1
mass ratio of each plasmid was used when two plasmids were used for cotransfections (24).

SDS-PAGE and Western blot analysis. Cells were lysed with NP40 lysis buffer, and HBc proteins in
the cytoplasmic lysate were resolved by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), transferred to a polyvinylidene difluoride (PVDF) membrane, and detected by the indi-
cated antibodies. The mouse MAb clone T2221 (catalog no. 2AHC24) (13), specific for the HBc NTD, was
purchased from Tokyo Future Style. The HBc CTD-specific MAbs A701 and 25-7, which specifically recog-
nize unphosphorylated T160/S162 and S178, respectively, have been described before (11, 13, 14, 24).
The HBc CTD-specific rabbit MAb 14-2 was also custom-made (Abcam) and recognizes a phosphorylated
CTD epitope between positions 164 and 183, specifically the phosphorylated S170 (61, 77).

Phos-tag gel electrophoresis. Phos-tag SDS-PAGE was performed by adding Phos-tag acrylamide
AAL-107 (Wako Pure Chemical Corporation) plus MnCl2 to the acrylamide solutions for conventional
SDS-PAGE resolving gels, as described previously (14, 25). Briefly, cytoplasmic lysate containing HBc pro-
teins was boiled in SDS sample buffer containing 1mM MnCl2 and 10% b-mercaptoethanol (b-ME) for
10min and then resolved on an SDS-polyacrylamide gel (10%, acrylamide/bisacrylamide ratio of 37.5:1)
containing 100mM Phos-tag acrylamide and 200mM MnCl2. The gel was soaked in transfer buffer
(39mM glycine, 48mM Tris, 20% [vol/vol] methanol [MeOH]) containing 10mM EDTA with gentle shak-
ing for 30min for three times to chelate the Mn21 left in the gel that could impact the transfer efficiency.
Subsequently, the gel was soaked in the transfer buffer without EDTA with gentle shaking for 10 min
before transfer to a PVDF membrane.

Nucleocapsid assembly and virion secretion assay. To detect NC or virion particles, cytoplasmic
lysate or DNase I-digested polyethylene glycol 8000 (PEG 8000)-precipitated cell culture supernatant
was resolved on a 1% native agarose gel (native agarose gel electrophoresis [NAGE]) by using previously
reported procedures (62, 78). Briefly, after NAGE and transfer of the viral particles to a nitrocellulose
membrane, the pgRNA packaged into NCs was detected using a 32P-labeled minus-sense riboprobe, and
the viral DNA associated with the particles was detected using a 32P-labeled HBV DNA probe. The 32P sig-
nals were quantified using a phosphor imaging system (Azura). The same membrane was subsequently
incubated with the indicated HBc-specific antibodies to detect HBc.

Isolation and analysis of viral DNA. HBV core DNA (NC-associated DNA) and protein-free (PF) DNAs
were isolated 5 days posttransfection as previously described (30, 60). Briefly, for isolation of HBV core
DNA, cells were lysed in the NP40 lysis buffer and the cytoplasmic lysates were digested with 0.6mg/ml
of proteinase K (PK) and 0.5% SDS at 37°C for 1 h. To test the NC integrity, cytoplasmic lysate was incu-
bated with Turbo DNase (0.2 U/ml) at 37°C for 30min, and then the digestion was terminated by adding
EDTA (30mM final concentration). The DNase-pretreated lysate was subsequently subjected to PK/SDS
digestion as described above. The released core DNA was resolved on a 1.5% agarose gel as described
previously (13). PF DNA (including PF-RC DNA and CCC DNA) was isolated using a modified Hirt extrac-
tion method as previously described (30). PF DNA was further digested by DpnI (NEB) to remove the
transfected plasmids. To detect CCC DNA more robustly and more accurately, PF DNA was digested with
exonuclease I and III as described previously (60), which removes single-stranded DNA and double-
stranded DNA, respectively, from 39 ends. The PF DNA was resolved on a 1.2% agarose gel. HBV core
and PF DNA were detected by standard Southern blot analysis using a 32P-labeled HBV DNA probe.
Hybridization signals were visualized by phosphor imaging as described above.

EKR assay. An endogenous kinase reaction (EKR) assay to measure the packaging of CDK2 into HBV
capsids was performed as described before (23, 25). Briefly, 15-ml volumes of NP40 lysates from trans-
fected HepG2 or Huh7 cells were digested at 37°C with proteinase K for 30 min (final concentration,
0.5mg/ml). The reaction was then stopped by adding the proteinase K inhibitor (Calbiochem) (final con-
centration, 1mM) and incubating the mixture for 10 min at room temperature. EKR assay was carried
out by adding the kinase reaction buffer (10mM sodium phosphate, pH 7.0, 10mM MgCl2, 0.01% Brij)
supplemented with fresh EDTA-free protease inhibitor cocktail (Roche), 1mM dithiothreitol (DTT), and 5
mCi [g-32P]ATP (3,000 Ci/mmol, 10mCi/ml; Perkin Elmer) to the PK-digested lysates and incubating the
mixture at 37°C for 1 h (23, 25). In reaction mixtures that included the CDK2 inhibitor III [2(bis-(hydrox-
yethyl)amino)-6-(4-methoxybenzylamino)-9-isopropyl-purine] (Millipore Sigma; catalog no. 238803), the
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inhibitor was added before the start of the reaction at a final concentration of 400mM. CDK2 inhibitor III
is a potent, selective, reversible, and ATP-competitive inhibitor of Cdk2 (50% inhibitory concentrations
[IC50s], 0.5mM for Cdk2/A and Cdk2/E, 4.2mM for Cdk1/B, and 215mM for Cdk4/D1) (23). It inhibits other
kinases only at much higher concentrations (IC50 . 1.25mM for MAPK, PKA, and PKC). Therefore, at 400
mM, it should remain specific for CDK. We found that this fairly high concentration was needed to obtain
consistent inhibitory effects in our EKR assay, presumably due to the fact that CDK2 packaged in capsids,
rather than the purified enzyme, was used in the EKR assay. The IC50 values may be increased due to
issues with accessibility to the packaged kinase by the inhibitor. The reaction mixture was loaded onto a
1% agarose gel. After electrophoresis, the gel was washed in distilled water for several hours to remove
the free isotope from the gel. Upon transfer to a nitrocellulose membrane, the radiolabeled capsids
were visualized by phosphor imaging (Azura). The same membrane was subsequently incubated with
MAb T2221 to detect the capsid.

Analysis of HBV virion secretion by CsCl density gradient fractionation. Cell culture supernatant
containing HBV particles (virions and naked NCs) was concentrated by PEG precipitation, digested by
DNase I at a final concentration of 1mg/ml at 37°C for 1 h to eliminate residual plasmid DNA, and then
fractionated by isopycnic CsCl gradient ultracentrifugation (62). The purified virion fractions or concen-
trated and DNase-digested supernatant samples were analyzed by NAGE, and the viral DNA associated
with the particles was detected using a 32P-labeled HBV DNA probe.

HBV infection of HepG2-NTCP cells. HepG2-NTCP cells were seeded in collagen I-coated 35-mm tis-
sue culture dishes to reach 100% confluence the next day. HBV inoculum harvested from transiently
transfected HepG2 or Huh7 cells was added to HepG2-NTCP cells at a multiplicity of infection (MOI) of
400 genome equivalents (GE)/cell in the presence of 4% PEG 8000 (25, 63). After 16 h of incubation, the
inoculum was removed and the cells were maintained in complete cell culture medium supplemented
with 2% DMSO. The cells were harvested 3 days postinfection for extraction of PF DNA, which was
detected by Southern blot analysis as described above.

Quantification and statistical analysis. All experiments were repeated at least three times. DNA or
RNA signals from Southern blot analysis were detected and quantified by phosphor imaging using the
Sapphire biomolecular imager (Azure Biosystems). Protein signals from Western blot analysis were
detected and quantified using the Image Lab system 6.0.1 (Bio-Rad) as described before (14, 25, 61).
Subtraction of background signals was done separately for each individual lane. All quantifications were
done within the linear range of the instruments in the absence of signal saturation. The data are shown
as mean 6 standard deviation (mean 6 SD), with statistical analysis performed using the two-tailed,
unpaired Student's t test.
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