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ABSTRACT

Hepatitis B virus (HBV) DNA replication occurs within the HBV icosahedral core particles. HBV core protein (HBc) contains an
arginine-rich domain (ARD) at its carboxyl terminus. This ARD domain of HBc 149-183 is known to be important for viral repli-
cation but not known to have a structure. Recently, nucleocapsid proteins of several viruses have been shown to contain nucleic
acid chaperone activity, which can facilitate structural rearrangement of viral genome. Major features of nucleic acid chaperones
include highly basic amino acid residues and flexible protein structure. To test the nucleic acid chaperone hypothesis for HBc
ARD, we first used the disassembled full-length HBc from Escherichia coli to analyze the nucleic acid annealing and strand dis-
placement activities. To exclude the potential contamination of chaperones from E. coli, we designed synthetic HBc ARD pep-
tides with different lengths and serine phosphorylations. We demonstrated that HBc ARD peptide can behave like a bona fide
nucleic acid chaperone and that the chaperone activity depends on basic residues of the ARD domain. The loss of chaperone ac-
tivity by arginine-to-alanine substitutions in the ARD can be rescued by restoring basic residues in the ARD. Furthermore, the
chaperone activity is subject to regulation by phosphorylation and dephosphorylation at the HBc ARD. Interestingly, the HBc
ARD can enhance in vitro cleavage activity of RNA substrate by a hammerhead ribozyme. We discuss here the potential signifi-
cance of the HBc ARD chaperone activity in the context of viral DNA replication, in particular, at the steps of primer transloca-
tions and circularization of linear replicative intermediates.

IMPORTANCE

Hepatitis B virus is a major human pathogen. At present, no effective treatment can completely eradicate the virus from patients
with chronic hepatitis B. We report here a novel chaperone activity associated with the viral core protein. Our discovery could
lead to a new drug design for more effective treatment against hepatitis B virus in the future.

Hepatitis B virus (HBV) is a human pathogen that chronically
infects about 350 million people worldwide. Chronic HBV

carriers have an increased risk of developing cirrhosis and hepa-
tocellular carcinoma (1–4). As an enveloped DNA virus, HBV
reverse transcribes an encapsidated pregenomic RNA (pgRNA) to
generate a double-strand DNA genome with a relaxed circular
(RC) conformation (rcDNA).

The full-length HBV core protein (HBc) consists of 183 to 185
amino acid residues. It contains two distinct domains connected
by a hinge region. The N terminus is an assembly domain of HBc
1-140, and the C terminus is the arginine-rich domain (ARD) of
HBc 150-183 (5, 6) (see Fig. 2A). The ARD is dispensable for
capsid assembly in Escherichia coli but is required for pgRNA
packaging (5, 7, 8). The ARD can be phosphorylated predomi-
nantly at serines 155, 162, and 170. HBV RNA encapsidation,
DNA synthesis, and virion secretion are known to be regulated by
serine phosphorylation at the ARD domain (9–13).

Proteins with nucleic acid chaperone activity can either pre-
vent RNAs from misfolding or help to resolve misfolded RNA
without ATP (14–16). These chaperones generally bind RNA only
weakly and with low specificity, indicating that the interaction
between the RNA and nucleic acid chaperone is transient and
predominantly electrostatic. The nucleic acid chaperone activity
of proteins can be determined by strand annealing or strand dis-
placement assays. A more complex assay is its ability to rescue the
formation of misfolded complex structures of a catalytic RNA,

such as the hammerhead ribozymes (HHRs) (17–19). Nucleic acid
chaperone activity has been identified in nucleocapsid proteins of
retroviruses, coronaviruses, hepatitis delta virus, hantavirus, and
some Flaviviridae (20–24). Relative to the capsid proteins of many
other viruses, HBc contains a very high helical content (25, 26). To
date, it remains unclear whether such a highly structured HBc
protein could still contain any nucleic acid chaperone activity.

In this study, we examined the possibility that HBc could dis-
play any nucleic acid chaperone activity. We demonstrated here
that HBc can facilitate DNA annealing and unwinding, as well as
hammerhead ribozyme cleavage in vitro. These chaperone activi-
ties can be regulated by phosphorylation and dephosphorylation
of HBc ARD peptides. Loss of chaperone activity in vitro by mu-
tations in the ARD is associated with loss of viral DNA replication
in cell culture. Conversely, significant chaperone activity in vitro is
associated with significant viral DNA replication in cell culture.
We discuss the potential significance of HBc chaperone activity in
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viral DNA synthesis in hepatocytes, particularly at the steps of
primer translocation and circularization from linear to relaxed
circular forms. Our study provides the first experimental demon-
stration that the nucleic acid chaperone activity of a viral nucleo-
capsid protein could be regulated by serine phosphorylation and
dephosphorylation.

MATERIALS AND METHODS
Plasmid DNAs. DNA fragments Hammerhead F= (5=-GCGATGACCTGA
TGAGGCCGAAAGGCCGAAACGTTCCC-3=) and Hammerhead R= (5=-G
GGAACGTTTCGGCCTTTCGGCCTCATCAGGTCATCGC-3=) were used
to generate recombinant plasmid pT-HH in the T-A cloning site of a T&A
cloning vector (RBC Bioscience). The plasmid pET15bs was described previ-
ously (24). HBc R-to-A mutants ARD-I (R151A and R152A, created with
oligonucleotide 5=-CTACTGTTGTTAGAGCCGCCGGCAGGTCCCC-3=),
HBc ARD-II (R157A and R158A, created with oligonucleotide 5=-GGCAGG
TCCCCTGCCGCCAGAACTCCCTCGCCTCGC-3=), ARD-III (R165A and
R166A, created with oligonucleotide 5=-CTCCCTCGCCTCGCGCCGCCA
GGTCTCAATCGCCGCG-3=), and ARD-IV (R173A and R174A, created
with oligonucleotide 5=-GGTCTCAATCGCCGCGT GCCGCCAGATCTC
AATCTCGGGAATCTC-3=) were generated with a site-directed mutagenesis
kit (Stratagene, USA) using wild-type (WT) HBV replicon pCH-9/3091 as a
template (27). Underlined sequences represent mutation sites. HBc R-to-K
substitution mutants ARD-III (R165K and R166K, created with oligonucle-
otide 5=-CTCCCTCGCCTCGC AAGAAGAGGTCTCAATCGCCG-3=) and
ARD-IV (R173K and R174K, created with oligonucleotide 5=-GGTCTCAAT
CGCCGCGTAAGAAGAGATCTCAATCTC GGGAATC-3=) were also gen-
erated with the site-directed mutagenesis kit (Stratagene, USA). All mutants
were confirmed by DNA sequencing. For HBV DNA replication analysis, the
WT or HBc mutants were cotransfected with HBV tandem dimer 1903,
which is a core-deficient construct, as described previously (28).

Peptides. HBc peptides were purchased from Yao-Hang Co., Taiwan.
These peptides were characterized by high-performance liquid chroma-
tography (HPLC) and mass spectrometry (MS). Crude peptides were dis-
solved in a stock buffer (20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 1 mM
EDTA, and 20% glycerol) and stored at �80°C.

Expression and purification of HBV capsids in E. coli. Expression,
purification, and characterization of the E. coli-produced HBV capsids
have been described previously (5, 29).

Transfection, core particle isolation, and core-associated HBV DNA
extraction. Wild-type and mutant cores in pCH-9/3091 plasmids were
cotransfected with plasmid 1903 (28) into Huh7 cells using transfection
reagent PolyJet (SignaGen Laboratories) according to the manufacturer’s
protocol. Intracellular core particles and core-associated HBV DNAs were
purified as previously described.

Antibodies. The antibodies used in this study included rabbit poly-
clonal anti-HBc antibodies (Dako) and mouse monoclonal anti-alpha-
tubulin antibody (ICON-GeneTex, Taiwan). The anti-HBc antibody can
recognize both full-length HBc 183 and HBc capsid. Secondary antibodies
for Western blotting included polyclonal goat anti-mouse (Santa Cruz)
and goat anti-rabbit– horseradish peroxidase (HRP) (Santa Cruz).

TAR DNA. The following 56-mer oligonucleotides used for DNA an-
nealing and duplex conversion are derived from the HIV-1 TAR se-
quences (MAL strain) in both sense and antisense orientations: Tar(�)
(sense), 5=-GGTCTCTCTTGTTAGACCAGGTCGAGCCCGGGAGCTC
TCTGGCTAGCAAGGAACCC-3=; Tar(�) (antisense), 5=-GGGTTCCT
TGCTAGCCAGAGAGCTCCCGGGCTCGACCTGGTCTAACAAGAG
AGACC-3=; and Tar(�)m5 (with 5 mismatch mutations), 5=-GGGTTCC
TTGCTAGCCAGAGAGCTCCCGGGCTCGACCTGGTCTAACTTGTG
TGTCC-3=. Tar(�) was 32P labeled with [32P]ATP using T4 polynucle-
otide kinase (New England BioLabs), and labeled Tar(�) was purified by
10% PAGE with 7 M urea in TBE buffer (90 mM Tris-HCl, 90 mM boric
acid, and 1 mM EDTA). 32P-Tar(�) was recovered, ethanol precipitated,
and dissolved in TE buffer (10 mM Tris-HCl [pH 8.0] and 1 mM EDTA)

before use. The concentrations of labeled Tar(�) were calculated from its
specific radioactivity.

In vitro RNA synthesis. Hammerhead ribozyme (HHR) and 15bs
RNAs were synthesized by using T7 RNA polymerase (Promega) with
linearized plasmid DNAs as templates. Plasmids pT-HH and pET22b-
15bs were digested with BamHI and XbaI, respectively. These RNAs were
labeled with [�-32P]UTP in an in vitro transcription reaction and purified
from 10% polyacrylamide–7 M urea gels. The concentration of labeled
RNA was calculated from its specific radioactivity.

DNA annealing and strand displacement. A 1 nM concentration of
32P-labeled Tar(�) and equal amounts of unlabeled Tar(�) were incu-
bated with HBc peptides in 10 �l reaction buffer (40 mM Tris-HCl [pH
7.5], 50 mM NaCl, 0.01 mM EDTA, and 2% glycerol). Annealing reac-
tions were performed at 37°C for 5 min, followed by treatment with 0.2
mg/ml proteinase K at 37°C for 30 min. A positive control for the anneal-
ing reaction mixture was incubated at 62°C for 30 min. The reactions were
stopped with 3 �l of stop solution (50 mM EDTA [pH 8.0], 37% glycerol,
0.01% xylene cyanol, and 0.01% bromophenol blue). Duplex DNA and
single-stranded oligonucleotide were resolved on 8% acrylamide gels in
TBE buffer with 0.1% SDS at 4°C. Gels were dried and autoradiographed.

The preannealed DNA duplex was made by mixing 0.5 �M 32P-labeled
Tar(�) with 0.5 �M complementary Tar(�)m5 in annealing buffer (40
mM Tris-HCl [pH 7.5] and 50 mM NaCl). The DNA mixture was heated
at 90°C for 5 min and then allowed to cool slowly to room temperature
(for at least 2 h) and stored at �20°C before use. The 32P-labeled prean-
nealed DNA duplex was diluted in TE buffer and mixed with a competitor
Tar(�) DNA in the presence or absence of HBc peptides in 10 �l reaction
buffer at 37°C for 5 min. Electrophoresis of DNA samples and data anal-
ysis were performed as described for the annealing assay.

HHR cleavage. Hammerhead ribozyme (HHR) and 15bs substrate
RNAs were independently heated for 5 min at 90°C in a dry bath, and
heated RNAs were slowly cooled to room temperature for at least 30 min.
The two RNAs (2 nM HHR and 1 nM 15bs) were mixed and preincubated
with HBc ARD peptides in a 10-�l reaction buffer at 37°C for 30 min. The
cleavage reaction mixture, with reaction initiated by the addition of
MgCl2 to a final concentration of 12 mM, was allowed to incubate at 37°C
for 30 min, followed by treatment with 0.2 to 0.7 mg/ml proteinase K at
37°C for 30 min. RNA samples were then added to 10 �l formamide
loading buffer (80% formamide, 10 mM EDTA [pH 8.0], 1 mg/ml xylene
cyanol and 1 mg/ml bromophenol blue) before heating for 2 to 5 min.
Heated RNA samples were chilled on ice and analyzed on a 12% denatur-
ing polyacrylamide gel containing 7 M urea in TBE buffer. The radioac-
tivity of each ribozyme cleavage product was visualized by autoradiogram,
followed by quantification using a PhosphorImager (ImageQuant; Amer-
sham Biosciences).

Dephosphorylation of HBc ARD peptides by lambda phosphatase
treatment. Wild-type and phosphorylated HBc ARD peptides (5 �M)
were treated with 20 U lambda protein phosphatase (Millipore) in 50 �l
phosphatase buffer (50 mM HEPES [pH 7.5], 0.1 mM EDTA, 2 mM
MnCl2, and 5 mM dithiothreitol [DTT]) for 2 h at 37°C. Phosphatase-
treated HBc peptides were serially diluted in dilution buffer (20 mM Tris-
HCl [pH 7.5], 500 mM NaCl, 1 mM EDTA, and 20% glycerol) before
assays for DNA annealing and strand displacement activities.

Micrococcal nuclease treatment of E. coli-derived HBV capsids. Dis-
assembly of HBV capsids was as described previously (29). In brief, puri-
fied HBV capsids in Tris-buffered saline (0.1 M NaCl, 2 mM KCl, 25 mM
Tris, pH 7.4) were diluted 20-fold into distilled water before incubation
overnight at 37°C with an excess amount of micrococcal nuclease S7 in the
presence of 8 mM CaCl2 and 25 mM DTT. The effect of micrococcal
nuclease S7 digestion was evaluated on 1% agarose gels sequentially
stained with SYBR green II and SYPRO Ruby.

Nucleic acid chaperone activities of disassembled HBc 1-183 parti-
cles. S7-induced capsid disassembly was terminated by adding EDTA to a
final concentration of approximately 25 mM. After incubation at room
temperature for 10 min, full-length HBc in disassembled capsid particles
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was analyzed by DNA annealing and strand displacement assays. An ali-
quot of 2 to 5 �l S7-induced and uninduced samples of HBV capsids were
incubated with DNA annealing or strand displacement reaction buffer in
40 mM Tris-HCl (pH 7.4) and 50 mM NaCl. The reaction conditions, gel
electrophoresis, and data analysis were as described above.

RESULTS
Full-length disassembled HBV core exhibits nucleic acid chap-
erone activity. Escherichia coli-expressed HBc can spontaneously
self-assemble into 28-nm capsid particles, and such capsid parti-
cles have been shown to package RNAs transcribed in E. coli (5, 7,
8, 30, 31). In a previous study (29), Newman et al. tested the
“electrostatic interaction hypothesis” (called the “charge balance
hypothesis” in reference 32) of HBV capsid stability and assembly
and established an in vitro capsid disassembly/reassembly system
using bacterially expressed HBV capsids. Taking advantage of this
system, we disassembled HBc particles by removing the packaged
RNA via micrococcal nuclease S7 treatment (Fig. 1A). The diges-
tion of encapsidated RNAs was monitored by SYBR green II stain-
ing of encapsidated RNA on a native agarose gel (Fig. 1B, lanes 1
and 2). To monitor whether the capsids were indeed disassembled
by the micrococcal nuclease treatment, the same gel was later
restained with SYPRO Ruby for protein (Fig. 1B, lanes 3 and 4). As
an internal control, HBc monomer from micrococcal nuclease-
treated and untreated samples was visualized by denaturing SDS-
PAGE and Western blotting using anti-HBc antibody (Fig. 1B,
lower panel). Using this full-length HBc protein prepared from
disassembled HBc capsid particles, we examined the nucleic acid
chaperone activity of full-length HBc by performing both DNA
annealing (Fig. 1C, D, and E) and strand exchange (displacement)
(Fig. 1F and G) assays. As mentioned in the introduction, a nucleic
acid chaperone could resolve misfolded structure and promote
the formation of the most stable nucleic acid conformation. This
process includes duplex dissociation and strand annealing, which
could be analyzed by the strand annealing and exchange assays.

As shown in a time course experiment (Fig. 1D), disassembled
HBc particles (lanes 7 to 11) could facilitate duplex formation of
Tar(�)/Tar(�) more efficiently than untreated assembled HBc
particles (lanes 2 to 6) in a time-dependent manner (15 s to 5
min). Figure 1E shows the kinetic difference in DNA annealing
activity between disassembled and assembled HBc particles (Fig.
1D) in a graphic format. For the strand exchange assay (Fig. 1F),
an imperfect DNA duplex Tar(�)/Tar(�)m5 was formed by
heating and annealing, followed by adding HBc particles (disas-
sembled versus assembled) and another DNA oligonucleotide,
Tar(�), which has the potential to form a perfect duplex with
Tar(�). After incubation, HBc particles were removed by protei-
nase K digestion, and the ratio between the perfect and imperfect
DNA duplexes was measured by polyacrylamide gel electrophore-
sis. Migrations of the two DNA duplexes and single-stranded
Tar(�) were resolved and visualized. As shown in a time course
experiment (Fig. 1G), disassembled particles (lanes 6 to 10) can
kinetically more efficiently facilitate the strand exchange between
perfectly matched Tar(�) and mismatched Tar(�)m5 than as-
sembled HBc particles (lanes 1 to 5).

It cannot be rigorously excluded that the chaperone activity of
disassembled HBc particles shown in Fig. 1 could originate from
contamination of HBc-unrelated chaperone proteins from E. coli.
Another issue is where on the full-length HBc 1-183 such a chap-
erone activity is located. We attempted to address these two issues

by using synthetic HBc peptides which are thought to be free from
any E. coli chaperone contamination.

One hallmark of nucleic acid chaperones is the lack of highly
ordered structure (6, 25). To assess the intrinsic disorder in the
core protein of the HBV ayw (J02203) strain, we used the Protein
DisOrder prediction program, developed by Ishida and Kinoshita
(33) (http://prdos.hgc.jp/cgi-bin/top.cgi) (Fig. 2B). The predic-
tion identified two highly disordered regions at HBc 1-9 and HBc
151-183 (Fig. 2C). This prediction is consistent with the lack of
structure at the C terminus of HBc in the context of an icosahedral
particle as determined by cryo-electron microscopy (cryo-EM)
(25, 34–37) and X-ray crystallography (38).

To assess the putative nucleic acid chaperone activity, we asked
whether ARD peptide HBc 147-183 could enhance the annealing
of two complementary Tar DNA oligonucleotides (Fig. 3A).
Spontaneous annealing between the 56-mer Tar(�) and Tar(�)
DNA oligonucleotides can occur at 37°C (39). Strand annealing
can be facilitated at high temperatures or in the presence of a
protein with nucleic acid chaperone activity (40). Tar(�) and 32P-
labeled Tar(�) were incubated with increasing amounts of HBc
147-183 peptides at 37°C for 5 min (Fig. 3A, lanes 2 to 11). For-
mation of a Tar(�)/Tar(�) hybrid was analyzed by polyacryl-
amide gel electrophoresis after removing the peptides by protease
K digestion. In the absence of ARD peptides, no significant an-
nealing was detected at 37°C (Fig. 3A, lane 2). The annealing ac-
tivity of ARD peptide HBc 147-183 was dose dependent within a
narrow range of peptide concentration, and the annealing reac-
tion appeared to be cooperative (Fig. 3A and B). In contrast, we
detected no DNA annealing activity using peptide HBc 1-15 (data
not shown).

To map the minimal essential region of HBc 147-183 re-
quired for DNA annealing activity, we designed serially deleted
ARD peptides (Fig. 4A). HBc peptides containing four ARD
subdomains enhanced the strongest duplex formation at 50
nM (Fig. 4B, lanes 3 and 6), relative to HBc peptides containing
only three ARD subdomains (Fig. 4B, lanes 5, 7, and 8). HBc
peptides containing only two ARD subdomains at 50 nM ex-
hibited only borderline annealing activity (Fig. 4B, lanes 4 and
9). However, at higher peptide concentrations, moderate levels
of annealing activity can be visualized (Fig. 4B, lanes 13 and
14). HBc 1-15 peptide did not promote duplex formation at
either low (50 nM) or high (123 nM) peptide concentrations
(Fig. 4B, lane 12). As shown in Fig. 4C, we compared the an-
nealing activities of peptides containing various lengths and
arginine contents. Longer peptides containing more arginine
residues displayed stronger activity than shorter peptides con-
taining a reduced number of arginine residues. Although the
effects of length and arginine content were not thoroughly dis-
sociated in this study, we detected no apparent difference in
annealing between HBc 147-183 (Fig. 4B, lane 3) and HBc 147-
175 (Fig. 4B, lane 6).

There are three major serine phosphorylation sites at posi-
tions HBc 155, 162, and 170. Phosphorylation and dephos-
phorylation at these residues are known to be important for
HBV replication (9–13). We asked whether serine phosphory-
lation at these sites could affect the DNA annealing activity of
HBc ARD peptides. We designed ARD peptides containing
phosphorylation at these three major sites, individually or in
combination. These peptides were characterized by Tricine
SDS-PAGE (Fig. 5A and B) before testing the DNA annealing
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activity. When HBc 147-183 peptides were phosphorylated, the
DNA annealing activity was significantly reduced. The higher
the serine phosphorylation of HBc peptides, the lower the DNA
annealing activity and duplex formation (Fig. 5C). This result

was confirmed by treatment with lambda phosphatase to re-
move the phosphorylated residues at HBc 155, 162, and 170. As
expected, the DNA annealing activity of dephosphorylated
ARD peptides could now be detected (Fig. 5D). In summary,

FIG 1 Full-length HBc 1-183 of disassembled HBc particles can promote DNA annealing and strand displacement activities. (A) Schematic presentation of
induction of capsid disassembly by treating HBc particles with nuclease S7 and low salt (29). According to the charge balance hypothesis (29, 32, 62), capsid
instability and disassembly can be induced by the loss of encapsidated nucleic acid macromolecules upon nuclease S7 digestion. Capsid particle assembly and
disassembly can be visualized in native agarose gel electrophoresis by SYPRO Ruby staining for protein or by SYBR green II staining for encapsidated RNA (29).
Disassembled capsid protein monomers can be monitored in denaturing SDS-PAGE by Western blotting. (B) Encapsidated RNA of HBV capsids on a native
agarose gel was stained with SYBR green II, and the same gel was later stained with SYPRO Ruby for HBc protein. No RNA or HBc protein signals were detected
after treatment with micrococcal nuclease S7. Lower panel, full-length HBc protein monomer was detected by SDS-PAGE and Western blot analysis, indicating
that HBc protein remains intact and full length after S7 treatment. (C) Cartoon illustration of the nucleic acid annealing assay. Radioactively labeled Tar(�) DNA
and the complementary Tar(�) DNA oligonucleotides were incubated in the presence of HBc particles with or without capsid disassembly pretreatment.
Efficient formation of the Tar(�)/Tar(�) duplex was detected only in the presence of disassembled particles. The oligonucleotides used in the experiment are
indicated. (D) The kinetics of DNA annealing activity in the presence of assembled versus disassembled HBc particles were measured. A time course from 15 s
to 5 min was conducted by using the Tar(�) and Tar(�) DNA annealing assay as detailed for panel C. (E) Graphic comparison of DNA annealing activity
between assembled and disassembled HBc particles based on the data in panel D. The annealing activity (%) was calculated as the ratio of the banding intensities
between duplex molecules and total intensities: [32P-labeled Tar(�)/Tar(�)]/{[32P-labeled Tar(�)/Tar(�)] � 32P-labeled Tar(�)}. (F) Schematic presentation
of the DNA strand exchange assay. Radioactively labeled Tar(�) DNA was preannealed to the complementary Tar(�)m5 DNA, which contained a 5-nucleotide
mismatch. Perfectly matched complementary Tar(�) DNA was added in the absence or presence of HBc ARD peptides. The oligonucleotides used in the
experiment are indicated. (G) The kinetics of strand exchange (displacement) activity in the presence of assembled versus disassembled HBc particles were
measured. A time course from 15 s to 5 min was conducted by using the Tar(�) and Tar(�) strand exchange assay as detailed for panel F.
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the strand annealing activity of HBc 147-183 can be regulated
by phosphorylation and dephosphorylation.

The HBc 147-183 peptide has DNA strand exchange activity.
A strand exchange assay was performed as described in Fig. 1E.
As shown in Fig. 6A, ARD peptide HBc 147-183 facilitated the
exchange of the Tar(�)m5 strand in the mismatched duplex
for the perfect matched strand Tar(�) in a dose-dependent
manner. In the deletion mapping experiment, no significant
strand exchange (displacement) activity was detected by pep-
tides HBc 1-15, HBc 147-159, and HBc 162-175 at 50 nM (Fig.
6B, lanes 2, 4, and 9) or higher concentration (Fig. 6B, lane 12).
In general, at least three ARD subdomains are required to effect
the strand exchange. Peptides containing only two ARD sub-
domains (HBc 147-159 and HBc 162-175) can also facilitate
strand exchange, albeit to a measurable degree only at very high
concentrations. Although arginine content per se is very critical
for the strand exchange (Fig. 6B) or DNA annealing activities
(Fig. 4B), it cannot be excluded that the effect of the total length
of HBc peptides could be important as well. Next, we evaluated
the effect of serine phosphorylation of peptide HBc 147-183 on
the strand exchange activity (Fig. 6C). Similar to the results
from the DNA annealing assay (Fig. 5), serine phosphorylation
of HBc 147-183 reduced the formation of a perfect duplex.
Again, the higher the serine phosphorylation of peptide HBc
147-183, the lower the formation of a perfect duplex. This re-

sult was confirmed by the increased DNA strand exchange ac-
tivity in the phosphatase treatment experiment (Fig. 6D, lane 5
versus lane 6 and lane 11 versus lane 12). Altogether, these
results demonstrated that peptide HBc 147-183 exhibited both
DNA annealing and strand exchange activities, and these nu-
cleic acid chaperone activities of HBV core protein can be reg-
ulated by serine phosphorylation and dephosphorylation.

Enhancement of HHR cleavage by HBc 147-183. It has been
reported in the literature that some nucleic acid chaperone pro-
teins can stimulate hammerhead ribozyme (HHR) cleavage of an
RNA substrate (Fig. 7A) (24, 41, 42). Ribozyme cleavage is possi-
ble only when the ribozyme and its substrate can form a very
specific and precise complex conformation through inter- and
intramolecular base pairing and RNA folding. In the absence of
nucleic acid chaperones, hammerhead ribozyme-mediated cleav-
age is relatively slow, because the biologically active conformation
and base pairing between the ribozyme and its RNA substrate
cannot be formed efficiently. To investigate whether HBc ARD
contains any chaperone-like activity for ribozyme cleavage, we
established an in vitro assay using a hammerhead ribozyme re-
ported previously in the literature (41, 42). Specifically, radiola-
beled HHR (82 nucleotides [nt]) and 15bs substrate (57 nt) were
boiled independently and cooled down to room temperature

FIG 2 Prediction of disorder in HBV core protein (HBc). (A) Full-length HBc
contains a capsid assembly domain and an arginine-rich domain (ARD). Here
we asked whether the nucleic acid chaperone activity of HBc could reside in the
ARD domain. (B) Disordered regions in HBV core protein (accession number
J02203) were predicted using the Protein DisOrder prediction system (http:
//prdos.hgc.jp/cgi-bin/top.cgi). If the amino acid score is over 0.5, this amino
acid is considered to reside in a disordered environment. If the amino acid
score is less than 0.5, this amino acid is within an ordered region. (C) The
disordered residues are displayed in boldface, and four arginine-rich sub-
domains (ARD I to IV) are included in this region.

FIG 3 The arginine-rich domain (ARD) of HBc 147-183 exhibits DNA an-
nealing activity. (A) DNA annealing activity is dependent on HBc ARD pep-
tides in a dose-dependent manner. Annealing of Tar(�)/Tar(�) was pro-
moted by HBc ARD peptides. 32P-labeled Tar(�) DNA (1 nM) was incubated
with unlabeled Tar(�) DNA (1 nM) in the presence of increasing amounts of
HBV core peptides HBc 147-183 (0.5 to 1000 nM) at 37°C for 5 min. (B) The
annealing reaction is plotted against HBc ARD peptide concentrations based
on the data in panel A. The reaction kinetics appeared to be cooperative after
10 nM before reaching a plateau. The annealing activity (percent) was calcu-
lated as the ratio of the banding intensities between duplex molecules and total
intensities: [32P-labeled Tar(�)/Tar(�)]/{[32P-labeled Tar(�)/Tar(�)] �
32P-labeled Tar(�)}.
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slowly. The ribozyme and substrate were first incubated at 37°C
for 10 min, followed by the addition of ARD peptide HBc 147-183,
and allowed to incubate for 30 min before the addition of MgCl2.
HBc peptides were removed by protease K, and RNA products
were analyzed by PAGE with 7 M urea.

In the absence of HBc peptides, ribozyme cleavage of the sub-
strate occurred slowly (Fig. 7B, lane 2). In contrast, peptide HBc
147-183 stimulated ribozyme-directed cleavage of the 15bs RNA
substrate (Fig. 7B, compare lane 1 and lanes 5 to 12). However,
ribozyme cleavage activity became compromised when the con-

centration of peptide HBc 147-183 was too high (Fig. 7B, lanes 11
and 12) (17, 43). We also examined the effect of phosphorylation
of HBc ARD peptide on the hammerhead ribozyme cleavage ac-
tivity. As shown in Fig. 7D, serine phosphorylation of HBc ARD
peptide at 25 and 50 nM reduced the ribozyme cleavage activity.
However, at very high concentrations of wild-type HBc ARD pep-
tide, ribozyme activity was reduced (Fig. 7C). Presumably, when
the chaperone protein was present at too high a concentration,
RNA molecules of both ribozyme and substrates were nonspecifi-
cally occupied, resulting in distortion of inter- and intramolecular
RNA secondary structures (17).

We have demonstrated so far that HBc ARD peptides contain-
ing clustering arginines with positive charges could behave like
nucleic acid chaperones in DNA annealing, strand displacement,
and ribozyme cleavage (Fig. 3 to 7). Serine phosphorylation of
HBc ARD peptides could dampen these activities, probably due to
its negative charges of the phosphate groups. To directly demon-
strate that positive charges from the arginine residues of HBc ARD
could be important for the nucleic acid chaperone activity, we
designed different arginine-to-alanine (R-to-A) substitutions in
HBc ARD peptides (Fig. 8A) and assayed the nucleic acid chaper-
one activities of the mutant HBc ARD peptides. These mutant
HBc peptides were first characterized by Tricine SDS-PAGE (Fig.
8A). R-to-A mutant HBc peptides, particularly ARD peptide III-
IV-AA, exhibited the most significantly reduced DNA annealing
activity at 25, 50, or 100 nM (Fig. 8B, lanes 2 to 5, 8 to 11, and 14 to
17). Such a reduction in DNA annealing activity was not observed
with arginine-to-lysine (R-to-K) substitutions in ARD peptide
III-IV-KK (Fig. 8B, lanes 6, 12, and 18). Similar to the results in
Fig. 8B, both DNA strand exchange and hammerhead ribozyme
cleavage activities were dependent on the positively charged
amino acids, arginine or lysine (Fig. 8C and D).

Role of HBc nucleic acid chaperone activity in HBV replica-
tion. So far, our assays for the nucleic acid chaperone activities
of HBc ARD peptides were performed in an in vitro cell-free
setting. We attempted to extend the study to a more in vivo
experimental setting in culture. The HBV (ayw) tandem dimer
plasmid 1903 was replication defective due to the ablated AUG
initiation codon of HBc at nucleotide 1903 (28). In a comple-
mentation assay, we cotransfected this core-deficient plasmid
1903 into Huh7 cells with the core-positive replicon plasmid
pCH-9/3091 containing wild-type ARD or different HBc ARD
mutations (Fig. 9A) (see Materials and Methods). As shown in
Fig. 9B, core-associated HBV DNA synthesis was drastically
decreased in R-to-A substitution mutants HBc ARD II-AA,
ARD III-AA, and ARD IV-AA as determined by Southern blot-
ting. In contrast, viral DNA synthesis was most resistant to HBc
ARD I-AA mutation (Fig. 9B, lane 2), and R-to-K substitution
mutants of HBc ARD III and IV were not replication defective
(Fig. 9C). This result is consistent with our earlier report that
SVC173RR and SVC173KK can replicate almost equally well,
while mutant SVC173GG is replication defective (32). Internal
controls of HBV capsid particles (native agarose gel), HBc core
monomer (SDS-PAGE), and tubulin were assayed by Western
blotting using anti-HBc antibody (Fig. 9C, lower panels). To-
gether, the results show that positive charge content in the HBc
ARD domain is important for both HBV DNA replication in
vivo (Fig. 9) and nucleic acid chaperone activity in vitro (Fig. 8).

FIG 4 Mapping the minimal essential region of HBc ARD peptides required
for DNA annealing activity. (A) Amino acid sequences of HBc ARD peptides
used in the deletion mapping experiment. (B) Labeled Tar(�) and cold
Tar(�) were incubated with HBc ARD peptides with different lengths and
arginine contents. The dotted line between lanes 6 and 7 indicates that lanes 1
to 6 and lanes 7 to 15 are spliced from the same gel. (C) Dose-response curves
for DNA annealing activities were compared by using various HBc ARD pep-
tides with different lengths and arginine contents. The calculation of the effi-
ciency of DNA annealing activity was as described for Fig. 1. As shown in panel
A, peptides HBc 1-15, 147-159, 147-167, and 147-183 contain 0, 2, 3, and 4
ARD subdomains, respectively.
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DISCUSSION

In this study, we demonstrated the nucleic acid chaperone activity
of wild-type ARD peptide HBc 147-183 and disassembled HBc
particles using assays for DNA annealing, DNA strand exchange,
and hammerhead ribozyme cleavage. The chaperone activity of
HBc ARD peptides is dependent on the content of positively

charged amino acids, independent of ATP (data not shown), and
is strongly influenced by serine phosphorylation and dephosphor-
ylation. Mutations causing the loss of in vitro chaperone activity
also caused the loss of viral replication in culture. Similarly, mu-
tations which can rescue the in vitro chaperone activity also res-
cued the viral replication in culture. It is tempting to speculate

FIG 5 Phosphorylation and dephosphorylation of HBc ARD peptides can influence DNA annealing activity. (A) Amino acid sequences of different HBc ARD
peptides phosphorylated at different positions. (B) Characterization of HBc ARD peptides by Tricine SDS-PAGE. Peptides were stained with Green Angel. (C)
Labeled Tar(�) and cold Tar(�) were incubated with 25 and 50 nM phosphorylated HBc ARD peptides at 37°C for 5 min. (D) Rescue of the reduced DNA
annealing activity of HBc ARD peptides by dephosphorylation treatment with lambda phosphatase.
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here that the chaperone activity could contribute to viral DNA
replication in natural infection (Fig. 10A).

Implications in primer translocations and circularization.
The nucleocapsid protein (NCp7) of human immunodeficiency
virus type 1 (HIV-1) was shown to contain nucleic acid chaperone
activity and is likely to regulate RNA-RNA and RNA-DNA inter-
actions and genomic RNA rearrangements in multiple steps of
HIV replication (17, 43). In this study, on HBV capsid protein, it
is natural to ask whether the in vitro nucleic acid chaperone activ-
ities also contribute to viral replication.

During HBV DNA replication (Fig. 10B), HBV pgRNA is pack-
aged into capsid particles via an encapsidation signal, ε (44–46).
After encapsidation, the bulge of ε on pgRNA is used as the tem-
plate for reverse transcription (47, 48), and tyrosine 63 of the
terminal protein (TP) domain of polymerase serves as the priming
residue of minus-strand DNA synthesis (49, 50). The short, nas-
cent minus-strand cDNA then translocates to a complementary
DR1 sequence near the 3= end of the pgRNA, which allows the
minus-strand cDNA to continue its synthesis to completion (TP
protein primer translocation) (47, 48, 51). During the minus-

FIG 6 Strand exchange (displacement) activities of HBc ARD peptides. (A) A DNA duplex of 32P-Tar(�)/Tar(�)m5 (1 nM) was incubated with an excessive
amount of Tar(�) DNA (2 nM) in the absence or presence of HBc ARD peptides at various concentrations at 37°C for 5 min. (B) Deletion mapping of the
minimal essential region of HBc peptides important for strand displacement activity. (C) Serine phosphorylation can attenuate the strand displacement activity
of HBc ARD peptides. (D) Dephosphorylation of HBc ARD peptides by lambda phosphatase treatment can restore the chaperone activity of HBc ARD peptides
in the strand displacement assay.
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strand DNA synthesis, the majority of the pgRNA template is di-
gested by the RNase H activity of the polymerase protein, except
for the 5 to 17 nucleotides at the 5= end of pgRNA (52). This
undigested short RNA fragment could serve as an RNA primer for
plus-strand DNA synthesis by undergoing a template switch from
the 3= end of the nascent minus-strand DNA to a cDNA sequence,
termed DR2, near the 5= end (RNA primer translocation) (52).
When the elongating plus-strand DNA reaches the 5= end of the
minus-strand DNA template, another template translocation
happens in which the 3=-end sequences of the minus-strand DNA
could displace its own 5=-end sequences and establish base pairing
with the complementary sequences of plus-strand DNA. As a con-
sequence, a circular molecule containing a triple-strand disconti-
nuity region can be generated, which then allows the elongating
nascent plus-strand DNA to continue its DNA synthesis (circular-
ization) (53, 54).

In summary, the in vivo replication defect of HBc mutant
ARD-III�IV (Fig. 9) could in part result from the loss of the
chaperone activity (Fig. 8). We hypothesize here that the chaper-
one activity of HBc ARD could contribute to the minus-strand

DNA synthesis by affecting the DNA-RNA base pairing at the step
of the TP-protein primer translocation to the 3= DR1 on pgRNA
(Fig. 10B). Indeed, it has been reported recently that a sequence
element designated phi is complementary to the RNA packaging
signal epsilon, and such complementarity is required for efficient
minus-strand DNA synthesis, probably related to the TP-protein
primer translocation from epsilon to DR1 (55). Similarly, the
chaperone activity could contribute to the plus-strand DNA syn-
thesis by affecting the DNA-RNA base pairing at the step of RNA
primer translocation to DR2 (Fig. 10B), as well as DNA-DNA base
pairing between cis-acting DNA sequences (h3E and hM) in-
volved in template switching during relaxed-circle (RC) DNA
synthesis (56). Furthermore, DNA-DNA base pairing and strand
displacement at the step of the minus-strand DNA circularization
are necessary for plus-strand DNA synthesis to continue and for
formation of RC DNA (Fig. 10B). It is tempting to speculate
whether the enhancement of ribozyme RNA cleavage activity by
HBc ARD peptides (Fig. 7) could be related to the generation of
the RNA primer for plus-strand DNA synthesis. The RNA primer
can be spared from the progressive digestion of the RNA moiety of

FIG 7 Enhancement of hammerhead ribozyme (HHR) cleavage by HBc ARD peptides. (A) Schematic diagrams of HHR and substrate 15bs RNAs. Only parts
of the sequences of HHR and substrate 15bs are shown, and the arrow represents the cleavage point. (B) HBc ARD peptides promote hammerhead ribozyme
cleavage. HHR RNA ribozyme and 15bs substrate RNA were incubated with various concentrations of HBc ARD peptides and analyzed as described in Materials
and Methods. (C) Serine phosphorylation of HBc ARD peptides at lower concentrations attenuate the hammerhead RNA ribozyme cleavage activity yet increase
the ribozyme activity at higher concentrations (above 120 nM). The cleavage activity of hammerhead ribozyme was calculated as the banding intensities of 44-nt
and 13-nt cleaved substrates divided by the total intensities of 57-nt uncleaved substrates plus 44-nt and 13-nt cleaved substrates. (D) Hammerhead ribozyme
cleavage activity using various phosphorylated ARD HBc 147-183 peptides.
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the pgRNA/(�)DNA hybrid by RNase H during reverse transcrip-
tion.

Phosphorylation changes the nucleic acid chaperone activity
of HBc. It is known that phosphorylation and dephosphorylation
of HBc in vivo play an important role in multiple steps in the HBV
life cycle, including RNA encapsidation, capsid assembly, DNA
replication, virion secretion, and nuclear import of HBc (9–13,
57–60). In the in vitro assays of DNA annealing, strand displace-
ment, and hammerhead ribozyme cleavage, we observed that
phosphorylation of HBc ARD peptides at either serine 155, 162, or
170, significantly attenuated nucleic acid chaperone activity. On
the other hand, at higher HBc ARD peptide concentrations, phos-

phorylated HBc 147-183 peptides exhibited higher hammerhead
cleavage activity (�60%) than their unphosphorylated counter-
parts (�40%) (Fig. 7E). By cryo-EM studies, phosphorylation of
the HBc ARD domain appeared to affect the density and structural
organization of encapsidated RNA (61). This phenomenon can be
simply explained in the context of a previously proposed charge
balance hypothesis (29, 32, 62). It would be interesting to demon-
strate experimentally whether phosphorylation of HBc ARD
could alter the RNA structure via a nucleic acid chaperone activity.
In our current study, phosphorylation of HBc ARD peptides at
either serine 155, 162, or 170 significantly attenuated DNA an-
nealing and strand displacement activity in vitro (Fig. 5C and D

FIG 8 Positive charge content of HBc ARD is important for nucleic acid chaperone activity. (A) Amino acid sequences of mutant HBc ARD peptides containing
various arginine-to-alanine (R-to-A) or arginine-to-lysine (R-to-K) substitutions and characterization of HBc ARD peptides by Tricine SDS-PAGE. These
peptides were stained with Green Angel. (B) The DNA annealing activity of HBc ARD peptides was significantly reduced by R-to-A substitutions (lanes 3 to 5 and
9 to 11) but not by R-to-K substitutions (lanes 6, 12, and 18). (C) The strand displacement activity of HBc ARD peptides was significantly reduced by R-to-A
substitutions (lanes 4 to 6 and 9 to 11) but not by R-to-K substitutions (lanes 7, 12, and 17). (D) The enhancement of hammerhead ribozyme cleavage activity
by HBc ARD peptides was significantly reduced by R-to-A substitutions, but not by R-to-K substitutions, at 25 and 50 nM.
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and 6C and D), as well as ribozyme cleavage activity at lower
peptide concentrations (Fig. 7C).

In theory, for each chaperone activity (annealing, strand dis-
placement, or RNA cleavage), one can attempt to calculate the
optimum stoichiometry between negative charges (from pack-
aged nucleic acids and phosphorylated serine residues) and posi-
tive charges (from arginines at the HBc ARD) in the context of an
icosahedral particle (T � 4). However, without specific informa-
tion on the three-dimensional (3D) structure of the HBc ARD
peptide and the detailed folding of the packaged pgRNA in the

capsid interior, it remains uncertain whether such calculations
could truly reflect the dynamic in vivo situation.

To our knowledge, this is the first direct experimental demon-
stration of nucleic acid chaperone activity associated with hepati-
tis B virus. Nucleic acid chaperone activity has been detected in the
nucleocapsid proteins of several other viruses (20, 24, 27, 32, 55).
These earlier studies with different viruses on the nucleic acid
chaperone hypothesis in the literature can perhaps be extended to
hepatitis B virus, as was discussed in the study of the arginine
clusters of the carboxy-terminal domain of HBc (63). One major

FIG 9 Positive charge content of HBc ARD is important for HBV replication in Southern blot analysis. (A) Complementation analysis of HBV DNA replication
was conducted by cotransfection of HBV replicon plasmid pCH-9/3091 containing R-to-A or R-to-K substitutions at the HBc ARD and core-deficient HBV
tandem dimer plasmid p1903, which can provide functional polymerase. The amino acid sequences of HBc ARD mutations are designed to contain various
positive charge contents by R-to-A or R-to-K substitutions. I to IV indicate the four different ARD subdomains. (B) HBV DNA replication of ARD mutants
ARD-I to -IV in Huh7 cells was analyzed by Southern blotting assay. The most severe defect in replication was observed in HBc ARD-IIIAA and ARD-IVAA. The
lower panel shows the control of intracellular HBV capsids from transfected cell lysates separated on 1% agarose gel and visualized by Western blotting using
anti-HBc antibody. (C) However, the severe replication defect in mutant ARD-III AA and mutant ARD-IV AA was not observed for R-to-K substitutions in
ARD-III and ARD-IV. Similarly, mutant ARD-III�IV AA, missing four arginines, is replication defective, yet no severe replication defect was observed for
R-to-K substitutions in both ARD-III and ARD-IV. The lower panels (HBV capsids, HBV core protein, and tubulin) show controls for sample loading. This result
is consistent with our previous studies of R-to-K substitutions in HBc ARD (32).
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difficulty in testing this hypothesis in HBV by in vivo experiments
is related to the multiple overlapping functions of the ARD do-
main in the life cycle of HBV, including capsid assembly/disas-
sembly (29, 62), RNA encapsidation (10, 11, 30, 32), core protein
trafficking (57, 58, 64–66), DNA synthesis (9–13, 32, 62, 63, 67),
and antimicrobial activity (68). Given such an extreme degree of
functional complexity associated with a very short HBc ARD do-
main (HBc 147-183), it is conceivable that attempts to dissociate
nucleic acid chaperone activity of HBc ARD from its many other
reported functions in vivo will be very challenging in the future. To
the best of our knowledge, the current study provides the first
experimental demonstration in vitro that the nucleic acid chaper-
one activity of viral nucleocapsids, such as in the case of HBV core

protein, could be regulatable by serine phosphorylation and de-
phosphorylation.
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