JVI

Journals.ASM.org

Alteration of Mature Nucleocapsid and Enhancement of Covalently
Closed Circular DNA Formation by Hepatitis B Virus Core Mutants
Defective in Complete-Virion Formation

Xiuji Cui,? Laurie Luckenbaugh,? Volker Bruss,® Jianming Hu?

Department of Microbiology and Immunology, The Pennsylvania State University College of Medicine, Hershey, Pennsylvania, USA?; Institute for Virology, Helmholtz
Zentrum Muenchen, Technische Universitaet Muenchen, Neuherberg, Germany®

ABSTRACT

Assembly of hepatitis B virus (HBV) begins with packaging of the pregenomic RNA (pgRNA) into immature nucleocapsids (NC),
which are converted to mature NCs containing the genomic relaxed circular (RC) DNA as a result of reverse transcription. Ma-
ture NCs have two alternative fates: (i) envelopment by viral envelope proteins, leading to secretion extracellularly as virions, or
(ii) disassembly (uncoating) to deliver their RC DNA content into the host cell nucleus for conversion to the covalently closed
circular (CCC) DNA, the template for viral transcription. How these two alternative fates are regulated remains to be better un-
derstood. The NC shell is composed of multiple copies of a single viral protein, the HBV core (HBc) protein. HBc mutations lo-
cated on the surface of NC have been identified that allow NC maturation but block its envelopment. The potential effects of
some of these mutations on NC uncoating and CCC DNA formation have been analyzed by transfecting HBV replication con-
structs into hepatoma cells. All envelopment-defective HBc mutations tested were competent for CCC DNA formation, indicat-
ing that core functions in envelopment and uncoating/nuclear delivery of RC DNA were genetically separable. Some of the envel-
opment-defective HBc mutations were found to alter specifically the integrity of mature, but not immature, NCs such that RC
DNA became susceptible to nuclease digestion. Furthermore, CCC DNA formation could be enhanced by NC surface mutations
that did or did not significantly affect mature NC integrity, indicating that the NC surface residues may be closely involved in NC
uncoating and/or nuclear delivery of RC DNA.

IMPORTANCE

Hepatitis B virus (HBV) infection is a major health issue worldwide. HBV assembly begins with the packaging into immature
nucleocapsids (NCs) of a viral RNA pregenome, which is converted to the DNA genome in mature NCs. Mature NCs are then
selected for envelopment and secretion as complete-virion particles or, alternatively, can deliver their DNA to the host cell nu-
cleus to maintain the viral genome as nuclear episomes, which are the basis for virus persistence. Previous studies have identified
mutations on the capsid surface that selectively block NC envelopment without affecting NC maturation. We have now discov-
ered that some of the same mutations result in preferential alteration of mature NCs and increased viral nuclear episomes. These
findings provide important new insights into the regulation of the two alternative fates of mature NCs and suggest new ways to
perturb viral persistence by manipulating levels of viral nuclear episomes.

he human pathogen hepatitis B virus (HBV) belongs to the

family of Hepadnaviridae, a group of small, hepatotropic DNA
viruses that also include closely related animal viruses, such as the
duck hepatitis B virus (DHBV) (1). Hepadnaviruses contain a
small (ca. 3-kb), partially double-stranded (ds-), relaxed circular
(RC) DNA genome enclosed within an icosahedral capsid that is,
in turn, formed by multiple copies (240 or 180) of the viral capsid
or core protein (2, 3). All hepadnaviruses replicate their genomic
DNA via an RNA intermediate, termed the pregenomic RNA
(pgRNA), by reverse transcription (4, 5). Upon entering the host
cells, the virion RC DNA is released into the nucleus for conver-
sion into a covalently closed circular (CCC) DNA, which then
serves as the viral transcriptional template for the synthesis of all
viral RNAs, including pgRNA, by the host RNA polymerase II.
After being packaged together with the viral reverse transcriptase
(RT) protein into assembling immature nucleocapsid (NC) (6, 7),
the pgRNA is converted by the multifunctional RT, first to a sin-
gle-stranded DNA (ssDNA) and then to the characteristic RC
DNA (4, 8). The mature (i.e., RC DNA-containing) NCs are then
encapsulated by the viral envelop proteins and secreted extracel-
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lularly as virions, or they can deliver their RC DNA content to the
nucleus to be converted to more CCC DNA via an intracellular
CCC DNA amplification pathway (9-11).

The HBV core protein (HBc) consists of two separate domains:
the N-terminal domain (NTD), which is sufficient to form the
capsid shell, and the C-terminal domain (CTD), which is dispens-
able for capsid assembly but nevertheless essential for viral repli-
cation (12-14). The CTD is highly basic and dynamically phos-
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phorylated, which is thought to be important for viral RNA
packaging and DNA synthesis (14-24). The NTD has also been
shown recently to play a role in viral DNA synthesis beyond its role
in capsid assembly (25, 26).

The two alternative fates of mature NCs (i.e., envelopment
versus CCC DNA amplification) are known to be regulated by the
viral envelope proteins (9, 27-29). Since HBc forms the NC shell,
itis also likely to play a key role in these processes (30, 31). Indeed,
core mutants affecting NC envelopment have been identified (32,
33). In particular, substitutions of single residues within the N-
terminal assembly domain, spatially located on the capsid surface,
block envelopment of mature NC and thus secretion of complete
HBV virions (34, 35). The effects of these mutations on CCC DNA
are currently unknown. On the other hand, the HBc CTD harbors
the nuclear localization signal (NLS) and thus is thought to play an
important role in delivering the RC DNA in mature NCs to the
nucleus for CCC DNA formation (15, 24, 36, 37). Since at least
partial disassembly (uncoating) of the mature NCs is required to
allow RC DNA release to the host cell nucleus for CCC DNA
formation, NC stability or integrity likely plays a critical role in
CCC DNA formation (9, 38). In established human hepatoma
cells in culture, which have limited ability to support HBV CCC
DNA formation, a processed form of RC DNA called protein-free
(PF) or deproteinated (dp) RC DNA, also accumulates to high
levels (9, 38). PF-RC DNA is derived from RC DNA, but the viral
RT protein, which is used as a protein primer to initiate viral DNA
synthesis (39, 40) and remains attached to RC DNA in mature
NCs, has been removed. At least partial uncoating of the mature
NCs is also thought to be required for the removal of RT from RC
DNA and the generation of the PE-RC DNA (9, 37). Thus, regard-
less of whether PF-RC DNA is a true intermediate during the
conversion of RC to CCC DNA (9, 37, 38), it may serve as a useful
marker for the uncoating of mature NCs.

To explore the role of HBc in coordinating the two alternative
fates of mature NCs—envelopment versus CCC DNA forma-
tion—we selected a number of HBc mutants that are defective in
virion formation and tested their potential effects on CCC DNA
formation. Our results indicate these events are genetically sepa-
rable, and structural changes of mature NCs are likely involved in
both of these processes.

MATERIALS AND METHODS

Plasmids. DNA sequences encoding the wild-type (WT) and mutant HBc
proteins were cloned from the pSVcore constructs (34) into pCMV-HBV/
Env™ (9). A 345-bp BglII-BspEII fragment encoding HBc amino acid
residues 30 to 144 from pSVcore, containing the WT sequences, or the
L60A, LI5A, K96A, 1126A substitutions was used to replace the corre-
sponding sequences in pCMV-HBV/Env ™. To transfer the WT and mu-
tant core coding sequences to the envelope-WT HBV constructs, a 1.6-kb
SnaBI-EcoRI fragment containing the cytomegalovirus (CMV) promoter
plus the coding sequences for the 5" third of pgRNA, encoding either the
WT or mutant HBc¢ proteins as described above, from pCMV-HBV/Env ™~
was used to replace the CMV promoter and the 5’ HBV sequences (until
the unique EcoRI site) in pCIdA-HBV (41). The resulting pCIdA-HBV/
pgRNA constructs direct the expression of the HBV pgRNA, expressing
either WT or mutant HBc, under the CMV promoter and expression of
the WT envelope proteins from the native HBV promoters.

Transient transfection. Transfection of HepG2 and Huh?7 cells was
done as previously described (42). Briefly, HepG2 cells in 60-mm dishes
were transfected with 4 g of plasmid using FuGENE6 (Promega). Huh7
cells seeded in 60-mm dishes were transfected with 10 pg of plasmid using
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the CalPhos mammalian transfection kit (Clontech). Cells were harvested
on day 7 posttransfection for DNA analysis and the RNA packaging assay.

EPR. NCs in 10 pl cytoplasmic lysate were pretreated with micrococ-
cal nuclease (MNase [0.25 U/pl]) and CaCl, (5 mM) at 37°C for 1 h. The
MNase was then inactivated by adding EGTA to 10 mM. The treated
lysates were used in the endogenous polymerase reaction (EPR) as previ-
ously described (30, 42). Briefly, the lysate was incubated with 100 uM
each dATP, dGTP, dCTP, and TTP, an EDTA-free protease inhibitor
cocktail (Roche), and the EPR buffer (50 mM Tris-HCI [pH 7.5], 10 mM
MgCl,, 0.1% NP-40, 0.1% 2-mercaptoethanol) for 16 h at 37°C for EPR in
a final volume of 20 pl, whereby the viral RT packaged within NCs syn-
thesizes DNA using the endogenous viral RNA and DNA templates pack-
aged within the NCs (4, 43). The DNA synthesized was then released by
SDS-proteinase K digestion and detected by Southern blotting following
agarose gel electrophoresis as previously described (9, 44).

Analysis of purified viral DNA. HBV core DNA (i.e., NC-associated
DNA) and PF DNAs were isolated as previously described (9), with minor
modifications. Briefly, for isolation of core DNA, HepG2 or Huh7 cells
were lysed in NP-40 lysis buffer. After removal of the nuclear pellet by
brief centrifugation, the supernatant (cytoplasmic lysate) was incubated
with MNase (150 U/ml) and CaCl, (5 mM) at 37°C for 90 min, and
proteinase K was then used to digest viral DNA-protein complexes after
NCs were precipitated with polyethylene glycol and disrupted by SDS.
Viral core DNA was then purified by phenol-chloroform extraction and
ethanol precipitation. PF DNA was isolated by Hirt extraction (9, 45).
Briefly, cells were lysed in SDS lysis buffer (50 mM Tris-HCI [pH 8.0], 10
mM EDTA, 150 mM NacCl, 1% SDS). The cell lysates were mixed with KCI
and incubated at 4°C overnight with gentle rotation. The lysate was then
spun at 14,000 X g for 20 min, and the supernatant was extracted three
times with phenol and once with chloroform. The DNA was then recov-
ered by ethanol precipitation. To isolate core DNA without MNase nu-
clease digestion, the MNase-CaCl, treatment step was omitted, and Dpnl
digestion was used to remove plasmid DNA. Dpnl digestion was also used
to treat PF DNA to remove plasmid DNA (9). Confirmation of CCC DNA
by heat denaturation and linearization by EcoRI digestion were per-
formed as described before (9). Purified core or PF DNA was analyzed by
agarose gel electrophoresis and Southern blotting, as previously described
(9,44). Various viral DNA species were quantified by phosphorimaging or
densitometry, and the signal of a particular DNA species from the HBc
mutants was normalized first to that of the corresponding DNA species
from the WT analyzed on the same gel. The normalized values were then
used to calculate the ratios of the different DNA species shown in Table 1.

Detection of NC-associated viral RNA (RNA packaging assay). Viral
RNA packaging was analyzed as previously described (21, 22, 42, 44).
Briefly, intact NCs from MNase-digested cell lysate were analyzed by na-
tive agarose gel electrophoresis followed by detection using a **P-labeled
HBV plus-strand [(+)-strand]-specific riboprobe without the NaOH de-
naturation step prior to transfer to membrane. Under these conditions,
we have shown previously that only pgRNA, but not (+)-strand DNA, in
HBV NCs is detected (44, 46). The same membrane was subsequently
probed with an anti-HBV core polyclonal antibody (Dako) to detect the
core protein (9, 44).

RESULTS

Some but not all secretion-defective core NTD mutants accu-
mulated little to no mature RC DNA. Previously, a number of
HBc NTD mutations were shown to block secretion of DNA-
containing virions (34). These mutations still allowed the synthe-
sis of mature HBV RC DNA in vitro in the endogenous polymerase
assay. To analyze the potential effects of the HBc mutants on re-
verse transcription and CCC DNA synthesis inside the cells, we
transfected HepG2 and Huh7 cells with HBV-replicating con-
structs harboring these NTD mutations. Two versions of these
constructs were used, either with or without the expression of the
viral envelope proteins, which are known to regulate CCC DNA
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TABLE 1 Relative levels of HBV DNA species accumulated by WT and mutant NCs

Relative level of DNA species™

With MNase Without MNase

Envelope Core Core RC/SS PF-RC/core RC CCC/core RC Core RC/SS PE-RC/core RC CCC/core RC
WT WT 1.0 1.0 1.0 1.0 1.0

L60A - High High =0.2" =3.6 =39

LI95A 0.8 1.8 0.9 1.2 1.1 0.8

K96A 0.4 4.3 4.9 0.9 2.3 3.3

1126A - High High 0.4 4.2 12.8
Defective WT 1.0 1.0 1.0 1.0 1.0

L60A - High High =0.2" =26 =24

1126A - High High 0.3 3.7 7.8

@ Reported as the ratio of the indicated viral DNA species normalized to that obtained with the WT NC, which is set as 1.0. Average values from multiple experiments are shown.
The signal of a particular DNA species (e.g., core RC DNA) from the HBc mutants was normalized first to that of the corresponding DNA species from the WT analyzed on the
same gel. The normalized values were then used to calculate the ratios of the different DNA species shown. Note that for the L60A and 1126A HBc mutants, no RC DNA could be
detected when MNase was used (indicated by “—”). Therefore, the exact ratios of PF-RC DNA or CCC DNA to core RC DNA in those cases could not be calculated but were much

higher than those of the WT (“high”).

b Due to the very small amounts of core RC DNA detected from the L60A mutant even in the absence of MNase digestion, this value might be an overrepresentation. Therefore, the
ratios of PF-RC DNA or CCC DNA to core RC DNA in those cases represent only the minima.

formation (9, 27, 29). We found that in both cell lines, either with
or without expression of the envelope proteins, the L95A and
K96A mutants showed a core DNA (i.e., NC-associated DNA)
pattern similar to that of the WT (Fig. 1 and Table 1). However,
L60A and 1126A mutants accumulated no detectable mature RC
DNA. The minor form of mature DNA, the double-stranded lin-
ear (DSL) DNA (47), was affected the same way by the core mu-
tations as RC DNA. All of these mutants made the ssDNA and
immature dsDNA (Fig. 1). To further analyze the lengths of the
viral minus-strand [(—)-strand] DNA and plus-strand [(+)-
strand] DNA separately, the core DNA was first denatured before
analysis. As expected from the analysis of the native core DNA, the
WT and all HBc mutants made full-length (—)-strand DNA (Fig.
2). The level of full-length (—)-strand DNA [as well as the incom-
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FIG 1 Analysis of NC-associated HBV DNA extracted following exogenous
nuclease digestion. HBV-replicating plasmids expressing the WT or the indi-
cated HBc mutants were transfected into HepG2 (A) or Huh7 (B) cells. HBV
NC-associated DNA (core DNA) was isolated from cytoplasmic lysate of trans-
fected cells following removal of the transfected plasmids by MNase digestion
(see Materials and Methods) and analyzed by Southern blotting using a viral
DNA probe. “Env*” or “Env™” denotes that the HBV envelope proteins were
expressed or not expressed by the transfected plasmids. SS, single-stranded
[(—)-strand] DNA. Lanes 9 to 16 in panel A represent a longer exposure (exp)
of the same samples shown in lanes 1 to 8.
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FIG 2 Strand-specific analysis of NC-associated HBV DNA extracted follow-
ing exogenous nuclease digestion. The same HBV core DNA samples from Fig.
1—all from replication constructs expressing the envelope proteins (Env")
(HepG2 cells in Fig. 1A, lanes 1 to 5, and Huh7 cells in Fig. 1B, lanes 1 to
5)—were heat denatured first and then analyzed by Southern blotting using a
strand-specific RNA probe to detect the (—)-strand (A, lanes 1 to 5; B, lanes 1
to 5, 11, and 12) or (+)-strand viral DNA (A and B, lanes 6 to 10). FL, full-
length (—)- or (+)-strand DNA. Lanes 11 to 12 in panel B represent a longer
exposure of the same samples shown in lanes 1 and 2.
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FIG 3 Analysis of HBV NC assembly and RNA packaging. The same HBV-
replicating plasmids as in Fig. 1 were transfected into HepG2 (A) or Huh7 (B)
cells. HBV NCs from cytoplasmic lysate of transfected cells were resolved by
native agarose gel electrophoresis and transferred to nitrocellulose membrane.
The NC-associated RNA was detected by an HBV-specific riboprobe (top),
and the capsids were detected by an anti-HBc antibody (bottom).

plete (—)-strand DNA] made by the L60A mutant in the HepG2
cells (in the Env™ background) (Fig. 1A, lanes 7 and 15) or in
Huh?7 cells (in both the Env" and Env~ backgrounds) was less
than the those of the others (Fig. 1B, lanes 2 and 7; Fig. 2B, lanes 2
and 12), due to the lower levels of pgRNA-containing capsids
formed by L60A in that experiment (Fig. 3; see below). The L95A
and K96A mutants showed a pattern of (+)-strand DNA similar
to that of the WT, including the presence of full-length (+)-strand
DNA (Fig. 2), in agreement with the detection of mature RC DNA
in the native DNA (Fig. 1). As anticipated from the lack of mature
RC DNA in the native DNA, the L60A and 1126A mutants showed
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only incomplete (+)-strand DNA and no full-length (+) strands
(Fig. 2).

As mentioned above, the levels of core DNA in the L60A mu-
tant were significantly lower in some cases than in the WT and the
other mutants. We thus measured the RNA packaging levels of the
WT and mutant core proteins. All of the core mutants assembled
similar or higher levels of pgRNA-containing capsids compared to
the WT, but the L60A mutant showed 2- to 3-fold-lower levels of
pgRNA-containing capsids in Huh7 cells (Fig. 3B, lanes 2 and 7)
and when expressed from the Env™ background in HepG2 cells
(Fig. 3A, lane 7) in the experiment shown. This decrease in pgRNA
packaging could therefore account for the lower levels of core
DNA in the L60A mutant observed above (Fig. 1 and 2). The faster
mobility of the K96A mutant (Fig. 3) was consistent with the loss
of a positive charge contributed by K96 on the capsid surface,
causing the mutant capsid to move faster toward the bottom (cat-
ionic) side of the agarose gel.

All secretion-defective HBc mutants tested accumulated
high levels of PF DNA, including CCC DNA. In contrast to the
apparent defect in core DNA accumulation described above, all
core mutants tested were able to accumulate PF-RC (and PF-DSL)
and CCC DNA at levels similar to or higher than those of the WT
in HepG2 cells (Fig. 4). The identity of the CCC DNA was verified
by heat denaturation (Fig. 4B and C) and heat denaturation fol-
lowed by linearization with the single-cutter restriction enzyme
EcoRI (Fig. 4D), as we described earlier (9). In particular, even
though the L60A and 1126A mutants showed no RC DNA in NCs
(Fig. 1), they showed abundant PF-RC DNA and CCC DNA. Since
no core RC DNA, the precursor to both the PF-RC and CCC
DNA, was detectable after the routine MNase digestion in the
L60A and I1126A mutants, the normalized PF-RC and CCC DNA
levels in these two mutants would be infinitely higher than those in
the WT (Table 1). However, as will be described in the next section
below, we were able to detect low levels of core RC DNA in the
1126A mutant when the MNase digestion was omitted during core
DNA extraction. Upon normalization to the low but detectable
levels of this nuclease-sensitive core RC DNA in the 1126A mu-
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FIG 4 Analysis of HBV PF DNA. HBV-replicating plasmids as in Fig. 1 were transfected into HepG2 cells. PF DNA was extracted and analyzed by Southern
blotting, using an HBV-specific DNA probe (A and D) or a (—)-strand-specific (B) or (+)-strand-specific (C) RNA probe. Plasmid DNA copurifying with the
PF HBV DNA was degraded by Dpnl digestion as described in Materials and Methods. The plasmid fragments are indicated (A). Following Dpnl digestion, the
DNA was further denatured by boiling before analysis (B and C) or boiling followed by EcoRI digestion (D). SS, single-stranded [full-length (—)- or (+)-strand]
DNA derived from the denatured PF-RC and PF-DSL DNA; CCC/E1, CCC DNA linearized by EcoRI digestion.
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FIG 5 Analysis of NC-associated HBV DNA extracted without exogenous
nuclease digestion. HBV-replicating plasmids (all in the Env™ background)
expressing the WT or the indicated HBc mutants were transfected into HepG2
cells. HBV NC-associated DNA (core DNA) was released from cytoplasmic
lysate of transfected cells, without the MNase digestion step, by SDS-protei-
nase K digestion and analyzed by Southern blotting usingan HBV DNA probe.
Lanes 6 and 7 represent a longer exposure of lanes 1 and 2. SS, single-stranded
[full-length (—)-strand] DNA.

tant, the PF-RC and CCC DNA levels were 4.2- and 12.8-fold
higher than those in the WT, respectively (Table 1). Similarly, very
low levels of RC DNA were also detected in the L60A mutant NCs
without the MNase digestion, which were even lower than those in
the I126A mutant (Fig. 5 and Table 1). Upon normalization to the
very small amounts of core RC DNA detected without the MNase
digestion step, the PF-RC DNA and CCC DNA levels in L60A were
atleast 3.6- and 3.9-fold higher than those in the WT, respectively
(Fig. 4A and B, lanes 2 and 7; Table 1). The K96A mutant, which
accumulated mature RC DNA in contrast to the L60A and 1126A
mutants (Fig. 1), also showed higher levels (by 4- to 5-fold) of both
PF-RC and CCC DNA than the WT (Table 1), whereas the L95A
mutant had levels of PF-RC DNA and CCC DNA similar to those
of the WT (Table 1). The presence or absence of the viral envelope
proteins did not affect the pattern of the PF or core DNA from the
L60A or I126A mutant (Fig. 1 and 4 and Table 1). The apparently
somewhat lower level of PF-RC and CCC DNA from the L60A
mutant (in the Env™ background) compared to the WT (Fig. 4A
to C, lane 7) could be accounted for by the smaller amount of
pgRNA packaging and consequently lower core DNA levels (Fig.
1A, lanes 7 and 15, and 3A, lane 7).

The presence of full-length (+)-strand DNA, as well as full-
length (—)-strand DNA, in the PF-RC DNA from the WT or all
HBc mutants tested was further confirmed by its detection after
denaturation of the PF-RC DNA (Fig. 4B and C), in contrast to the
absence of full-length (+) strands in the core DNA from the L60A
and I126A mutants (Fig. 2A and B, lanes 7 and 10). Also, essen-
tially the same results were obtained in Huh7 cells, although the
overall PF-RC and CCC DNA levels by the WT and core mutants
were lower than those in the HepG2 cells (data not shown).

The HBc mutants failed to protect RC DNA. The lack of RC
DNA detection in NCs (Fig. 1) was apparently contradictory to the
abundance of PF-RC and CCC DNAs (Fig. 3) for the L60A and
I126A mutants, since the PF-RC and CCC DNAs are all derived
from the core RC DNA following uncoating of mature NCs. One
possibility that could account for this discrepancy was that these
core mutants were in fact competent in making RC DNA, but
mutant mature NCs containing the RC DNA were unstable and
thus failed to accumulate. The instability of the mature NCs
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formed by the mutant core proteins, resulting in the disruption of
the mutant mature NCs, could lead, on one hand, to enhanced
uncoating resulting in a failure to accumulate mature NCs, as
observed, and on the other, to rapid deproteination of RC DNA
and CCC DNA formation, accounting for the abundant levels of
these DNA species shown for these mutants (see Discussion).
Since an exogenous nuclease (MNase in this study) treatment was
used, as is routine in the field, to remove input plasmids during the
core DNA extraction shown in Fig. 1 and 2 (see Materials and
Methods), the putative unstable mature NCs formed by the mu-
tant core proteins, which might have been accumulated in the
cells, could have been eliminated as a result of the nuclease diges-
tion. This possibility was supported by previous studies by us and
others showing that certain capsid mutations of DHBV can indeed
lead to preferential destabilization of mature NCs (21, 48, 49). To
test this possibility, we extracted HBV core DNA in the absence of
exogenous nuclease digestion of the cytoplasmic lysate. Dpnl di-
gestion was subsequently used to degrade the input plasmids (but
not replicative viral DNA) from the purified core DNA.

As shown in Fig. 5, in the absence of MNase treatment, the
levels of core RC DNA shown by the L95A and K96A core mutants
were similar to those of the WT, just like the results obtained with
core DNA extracted with MNase treatment (Fig. 1), indicating
that these mutant capsids were able to protect the mature RCDNA
like the WT capsids. Furthermore, significant amounts of core RC
DNA were also detected in the 1126 A mutant, and low levels of RC
DNA were detected in the L60A mutant (Fig. 5), despite the fact
that no RC DNA was detected in cells transfected by these two core
mutants when MNase was used to digest the lysate prior to viral
DNA extraction. These results thus confirmed that at least some
mature NCs were formed by the L60A and 1126A mutants, but
they failed to protect their RC DNA content. The failure of the
mutant mature NC to protect its RC DNA content indicated a loss
of structural integrity, which was consistent with its destabiliza-
tion, but alternative interpretations remained possible (see Dis-
cussion). Upon normalization to the ssDNA levels, the levels of
RCDNA in the I126A mutant were still ca. 3-fold lower than those
of the WT, and those in the L60A mutant were at least 5-fold lower
(Table 1). The fact that only very low levels of RC DNA were
detected in the L60A mutant, even in the absence of MNase diges-
tion, coupled with the detection of abundant levels of PE-RC DNA
and CCC DNA in this mutant further indicated that mature L60A
NCs might be even more unstable than the I126A mutant NCs and
that the mutant failed to accumulate significant amounts of ma-
ture NCs due to rapid uncoating.

I126A mutant NCs matured in vitro by EPR also failed to
protect their RC DNA content. To test further the preferential
instability induced by the 1126A core mutation, we decided to
make mature NCs in vitro using EPR. MNase digestion was used to
eliminate all the mature NCs from the I126A mutant (and some
WT mature NCs too) (30). The remaining (immature) NCs were
then used for EPR to convert a portion of them to mature NCs,
and the stability of the mature NCs made in vitro was tested by
DNase I digestion (Fig. 6). The results showed that while a portion
(ca. 30% or less) of mature WT NCs were unable to protect their
RC DNA content, as observed before (30), all mature I1126A mu-
tant NCs formed in vitro failed to protect their RC DNA. Thus, the
1126A mature NCs formed in vitro, like those formed in vivo, lost
their integrity. In contrast, ssDNA inside immature NCs was pro-
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FIG 6 Analysis of HBV NCs by EPR. The HBV-replicating plasmid expressing
the WT (lanes 1 to 3) or [126A mutant (lanes 4 to 6) HBc was transfected into
HepG2 cells. Cytoplasmic lysate of transfected cells was treated with MNase
and then used in EPR in vitro (lanes 2, 3, 5, and 6) or not (lanes 1 and 4).
Following EPR, a portion of the reaction mixtures was treated with DNase I (1
mg/ml) (lanes 3 and 6). HBV core DNA was then released from NCs by SDS-
proteinase K digestion and analyzed by Southern blotting using an HBV DNA
probe. An HBV DNA-containing plasmid was included as a control to verify
the efficacy of DNase digestion following EPR. SS, single-stranded [full-length
(—)-strand] DNA.

tected from DNase digestion by either the WT or 1126A mutant
NCs, as shown above.

DISCUSSION

We have shown recently that the mature HBV NCs are preferen-
tially destabilized relative to immature ones (30). Here we have
uncovered an important role for the HBc NTD in the integrity of
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mature NCs. We found that two NTD mutations, L60A and
1126A, both located on the capsid surface and shown previously to
block mature NC envelopment (34) (Fig. 7), failed to protect their
RC DNA content from exogenous nuclease digestion. Analysis of
NCs matured in vitro using EPR indicated that the loss of integrity
of the I126A mature NCs was an intrinsic property conferred by
the HBc mutation. A very recent report showed that mutations at
another NTD site, V124, at the core-dimer interface (Fig. 7), close
to 1126, also led to a selective defect in mature RC DNA accumu-
lation, although the defects of those mutants were attributed to
RC DNA synthesis rather than destabilization (25). It is important
to point out that the precise quantification of the synthesis versus
degradation of the different DNA species was difficult, due to the
dynamic nature of NC maturation and degradation, NC uncoat-
ing, RC DNA deproteination, and conversion to CCC DNA. It
remains possible that some of the defect in accumulation of ma-
ture NCs by the L60A and I126A mutants was also due to de-
creased synthesis of mature RC DNA. Nevertheless, these results
clearly demonstrate that HBV NCs are highly dynamic and un-
dergo significant changes during maturation in vivo. In vitro, the
core protein structure in the context of recombinant capsids is
shown to be dynamic (i.e., capsid “breathing”) by hydrogen-deu-
terium exchange experiments (50, 51). In particular, consistent
with our finding of preferential alteration of mature NCs in vivo,
the HBV capsids assembled artificially in vitro in the presence of
dsDNA, in contrast to those assembled in the presence of RNA or
ssDNA, are reported to be in a spring-loaded, metastable structure
(52). Furthermore, preferential destabilization of mature NCs is
also caused by core mutations in DHBV (12, 49), and particularly
by mutations mimicking constitutive CTD phosphorylation in
the DHBV core protein (21). Thus, both the NTD and CTD of the
core protein of hepadnaviruses are involved in regulating the dy-
namic stability of the mature NCs.

It remains to be understood how mutations on the capsid sur-
face such as L60A and I126A preferentially affect mature NC in-

tip of spike

capsid lumen

FIG 7 Location of the HBc residues mapped onto the three-dimensional structure of an HBc dimer. The L60, L95, K96, and 1126 positions analyzed here, as well
as the V124 position alluded to in the Discussion section, are highlighted in dark gray. See the text for details.
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tegrity. The role of the 1126, together with that of the nearby V124
at the dimer interface (25) (Fig. 7), in mature NC formation/
integrity suggests that maturation-associated NC structural
changes, perhaps triggered by the altered interactions of HBc with
the dsDNA in mature NCs versus the ssDNA or pgRNA in imma-
ture NCs (52), may be initiated and/or propagated through the
dimer interface. Interestingly, a previous study indicated that the
neighboring R127 is susceptible to protease digestion in the con-
text of recombinant capsids as a consequence of dynamic local
unfolding and refolding (53), consistent with an important role of
this region in the structural dynamics of NC during maturation.
L60 is located at the base of the spike on the capsid surface, and our
results suggest that this location is also involved in regulating NC
integrity associated with NC maturation. The exact nature of the
NC alterations caused by the HBc mutations, which led to the
selective nuclease sensitivity of mature NCs, remains to be deter-
mined. We have used the term “destabilization” or “loss of integ-
rity” here fairly loosely to denote the fact that the mutant mature
NC:s failed to protect their RC DNA content from exogenous nu-
clease digestion during core DNA extraction, and they failed to
accumulate in the cells, presumably due to their susceptibility to
endogenous nucleases in the host cells.

We have recently shown that even with WT HBc, a fraction (ca.
30% or less) of mature NCs, so-called “M3” NCs, also fail to pro-
tect their RC DNA content (30). These M3 NCs further displayed
slower sedimentation on sucrose gradients, slower migration on
agarose gels, and increased susceptibility to protease degradation
(30), which is consistent with a loosening up (or expansion) of the
capsid shell allowing access of exogenous nuclease to the interior
RC DNA. In the L60A and 1126A mutants, it seems that all mature
NCs, instead of only a small fraction, become destabilized, and
their degree of destabilization may be even greater than that seen
in the M3 subpopulation of the WT NCs as the 1126A mutant
mature NCs apparently could not survive the sucrose gradient
ultracentrifugation (X.J.C. and J.H., unpublished results). It re-
mains also possible that the thermodynamic stability of NCs dur-
ing maturation is actually unaltered by these mutations but a bar-
rier to active uncoating (NC disassembly) is lowered: e.g., by
prematurely exposing a putative uncoating signal as a result of the
mutations. Interestingly, the properties of the I126A mutant ma-
ture NCs are phenocopied by WT mature NCs formed in an im-
mortalized mouse hepatocyte cell line, AML12HBV 10, which also
show a lack of accumulation of RC DNA and loss of integrity of
mature NCs, accompanied by high levels of PF-RC DNA and CCC
DNA (54). This suggests that NC integrity and uncoating are also
subject to host regulation. As normal mouse hepatocytes are un-
able to form CCC DNA or significant amounts of PF-RC DNA
(54, 55), possibly due to a deficiency in NC uncoating (54), and are
resistant to HBV infection, even after receptor reconstitution (56,
57), these results further implicate NC disassembly or uncoating
as a critical step in determining HBV species tropism.

Our results also demonstrate that the core NTD can signifi-
cantly affect CCC DNA levels. The effect of L60A and 1126A on
mature NC integrity suggests that these mutations likely increased
CCC DNA levels by enhancing NC uncoating and the release of
RC DNA. On the other hand, the K96A mutation, which appar-
ently did not significantly affect the integrity of the mature NCs, at
least as measured here, still enhanced CCC DNA levels. Among
other possibilities, K96A mutation may instead affect the intracel-
lular trafficking and nuclear import of the mature NC and its RC
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DNA content, prerequisites for CCC DNA formation. Although
only the core CTD is known to harbor nuclear localization signals
(NLSs), it is possible that NTD could regulate the use of these
NLSs in the CTD on the mature NC. Interestingly, the L95A mu-
tation, right next to the K96A mutation, did not affect either NC
integrity or CCC DNA formation (Fig. 7). Clearly, more work will
be needed to elucidate further the mechanisms by which these NC
surface mutations affect CCC DNA formation.

All of the core NTD mutations tested here are located on the
exterior surface of NCs (Fig. 7) and are defective in forming com-
plete virions, indicating that the residues affected by these muta-
tions are involved in mediating the interaction of mature NCs
with the viral envelope proteins during virion formation (34).
These residues may form part of the actual binding site on mature
NCs that directly interacts with the viral envelope proteins. Thus,
the mutations at positions 95 and 96, which showed no significant
effect on NC integrity as measured here, may be part of a site that
is directly recognized by the envelope proteins (34, 58). Alterna-
tively, the mutations at other sites (particularly L60 and I126) may
affect NC-envelope interactions indirectly (e.g., by affecting the
structural integrity of the mature NCs). In so doing, these muta-
tions may interfere with the generation of the putative structural
changes associated with NC maturation: i.e., with the emergence
of the putative maturation signal that is recognized by the enve-
lope proteins (4, 59). On the other hand, all of these mutants
remain competent for delivering RC DNA to the host cell nucleus
for CCC DNA formation. Thus, the determinants on the mature
NC important for uncoating, nuclear import, and CCC DNA for-
mation can be separated genetically from those for its envelop-
ment.

The two alternative fates of the mature HBV NC, nuclear im-
port for CCC DNA formation and envelopment for virion secre-
tion, likely require that its stability be carefully regulated. If the
mature NC is too stable, it will interfere with NC disassembly
(uncoating). Thus, the preferential destabilization of mature NCs,
as we reported recently (30), is most likely a reflection of the ne-
cessity to disassemble the mature NCs so their RC DNA content
can be released into the host cell nucleus and is available for CCC
DNA formation. On the other hand, if the NC is too unstable, as
suggested here for the L60A and I126A mutants, it may interfere
with the maturation-associated structural changes required to
trigger envelopment and virion secretion. Therapeutic manipula-
tion of NC stability/integrity can thus potentially block CCC DNA
synthesis and/or virion secretion.
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