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Background It is generally believed that hepatitis B virus (HBV) core protein (HBc) dephosphorylation (de-P)
is important for viral DNA synthesis and virion secretion. HBV polymerase contains four domains for terminal protein,

Methods HBV Polymerase mutants were transfected into HuH-7 cells and assayed for replication and HBc de-P
by the Phos-tag gel analysis. Infection assay was performed by using a HepG2-NTCP-AS2 cell line.

Results Here, we show that a novel phosphatase activity responsible for HBc de-P can be mapped to the C-terminal
domain of the polymerase overlapping with the RNase H domain. Surprisingly, while HBc de-P is crucial for viral infec-
tivity, it is essential for neither viral DNA synthesis nor virion secretion. The potential origin, significance, and mecha-
nism of this polymerase-associated phosphatase activity are discussed in the context of an electrostatic homeostasis
model. The Phos-tag gel analysis revealed an intriguing pattern of “bipolar distribution” of phosphorylated HBc

Conclusions It remains unknown if such a polymerase-associated phosphatase activity can be found in other related
biosystems. This polymerase-associated phosphatase activity could be a druggable target in clinical therapy for hepa-

Keywords Hepatitis B virus (HBV), HBV core protein (HBc), Capsids dephosphorylation (de-P), Phosphatase,

Background

Hepatitis B virus (HBV) is a human hepatotropic DNA
virus (hepadnavirus) [5, 53, 63]. Chronic active hepati-
tis B patients have a higher risk to develop liver cirrhosis
and hepatocellular carcinoma. At present, no treatment
can effectively eradicate the virus in the liver reservoir
of chronic patients [51]. Therefore, continuous lifetime
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treatment is required to inhibit HBV from reactivation.
It is inevitable that long term treatment can lead to the
emergence of drug resistant variants.

HBYV core particles contain endogenous kinase activ-
ity and can be labelled with **P isotope [18, 68]. It
has been known for decades that phosphorylation
and dephosphorylation (de-P) of HBV core protein
(HBc) play an important role in HBV life cycle, includ-
ing pregenomic RNA (pgRNA) encapsidation, capsid
assembly, reverse transcription and virion secretion [4,
11, 16, 30, 32, 34, 39, 44, 56, 59, 69, 70, 74]. Lan et al.
[32] and Gazina et al. [16] first performed phospho-
mimetic mutagenesis at three major serine (ser or S)
phosphoacceptor sites at ser-155, ser-162 and ser-170
of HBc. Changing from serine to phosphomimicking
aspartic acid (D) or glutamic acid (E) (S162D/E and
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S170D/E), supported HBV pgRNA encapsidation, but
not viral DNA synthesis (Fig. 1A). In contrast, chang-
ing from serine to de-P-mimicking alanine (A) (S162A
and S170A), resulted in the lack of pgRNA encapsida-
tion, and thus no consequent pgRNA-templated DNA
synthesis. These results suggested that while HBc ser-
ine phosphorylation is required for pgRNA encapsi-
dation, it is inhibitory for viral DNA synthesis. These
results have always been interpreted as implying, albeit
with no direct experimental proof, that HBc de-P is
required for viral DNA synthesis. Indeed, reversible
and dynamic HBc (de)phosphorylation is considered
an important regulatory mechanism in the hepadna-
viral life cycle [4, 30, 69, 70, 74]. A recent study also
compared HBV core (de)phosphorylation between a
replicon and a non-replicon system, and a correlation
between HBc de-P and viral replication was observed
[56]. Many cellular kinases have been reported to be
involved in HBc phosphorylation [12, 13, 19, 26], while
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few cellular phosphatases were proposed to be involved
in HBc de-P [22, 65].

Another highly popular concept is that core de-P could
facilitate, or is required, for HBV virion secretion [44,
52]. Using a biochemistry approach in a duck hepatitis
B virus (DHBV) model, Pugh et al. [44] compared HBc
phosphorylation between the intracellular capsids and
secreted extracellular virions. Intracellular core protein
is fully or partially phosphorylated, relative to the extra-
cellular virion-associated core protein. Because both
HBc ser-162 and ser-170 are important phosphoryla-
tion sites, mutants S162A and S170A are severely defec-
tive in pgRNA encapsidation and DNA synthesis [16,
32] (Fig. 1A). It is therefore impossible to know whether
S-to-A core mutants (mimicking HBc de-P) are better
or worse in the late event of genome-containing virion
secretion than WT-DHBV or S-to-D/E mutants (mim-
icking HBc phosphorylation) [40].
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Fig. 1 Dephosphorylation of HBV core protein (HBc) is correlated only with the presence of HBV polymerase, but not with the HBs envelope

or the HBx protein. A The C-terminus of HBc contains three major and four minor phosphorylation sites. A summary of previous phosphomimicking
mutagenesis studies on the major phosphoacceptor sites of HBc serine-162 and serine-170. Mutant S162D/E and mutant S170D/E enabled HBV
pregenomic RNA encapsidation, but not viral DNA synthesis. B Cartoon illustration of three HBV mutant plasmids used in Fig. 1C. A mutant pol

null is ablated at the first ATG initiation codon and the second ATG codon is engineered into a stop codon TAG. Mutant HBx null contains two
engineered TAA stop codons in the HBx gene. Mutant HBs null lost the initiation codon of the small envelope protein. C Top panel: Phos-tag

gel electrophoresis separated the fully phosphorylated HBc from HBc with partial or no phosphorylation. Completely dephosphorylated (De-P)
HBc migrated faster than phosphorylated HBc. Different mutants in Fig. 1B produced similar amounts of HBc by Western blot analysis. Middle
panel: Lack of HBx protein from mutant plasmid HBx null by Western blot using an anti-HBx antibody. Bottom panel: Mutant HBs null produced

no HBs envelope protein in the medium by NAGE and Western blot using an anti-HBs antibody. Pol is known to be expressed at a very low level

and no good antibody for pol is available
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In this study, we succeeded in dissociating the tight
correlations between HBc de-P, viral DNA synthesis, and
virion secretion. Surprisingly, several site-directed muta-
tions in the RNase H domain of HBV polymerase abol-
ished HBc de-D, yet spared the bulk activity of viral DNA
synthesis, and exhibited only a minor reduction (less
than 2-fold) in virion secretion. Core dephosphorylation
is neither necessary nor sufficient for viral DNA synthesis
and virion secretion. Strikingly, these RNase H domain
mutants defective in HBc de-P displayed a 10-fold
reduced viral infectivity in cell culture, despite the fact
that they are replication competent in normal viral DNA
synthesis in the plasmid DNA transfection system.

Materials and methods

Cells and transfection

HuH-7 cells, HepG2-NTCP-AS2 cells and HEK293T cells
were maintained in DMEM medium (Invitrogen) supple-
mented with 10% fetal bovine serum (Gibco), 100 U/ml
penicillin and 100 pg/ml streptomycin. HepG2 cells were
transduced by the NTCP-expressing lentivirus, followed
by selection with 40 pg/ml blasticidin. After serial dilu-
tions and passages, a single cell clone of HepG2-NTCP-
AS2 cells was isolated. Plasmid DNA were transfected
by using PolyJet™ In Vitro DNA Transfection Reagent
(Signagen).

Anti-viral reagents

HBV RT inhibitors Lamivudine, Tenofovir, Clevudine,
Emtricitabine and Entecavir were purchased from Selleck
Chemicals. Myrcludex B (MyrB) is a synthetic lipopeptide
of the HBV pre-S1 domain from MYR Pharmaceuticals.

Antibodies

A rabbit anti-core antibody [36, 67] (1:2000) was used
for Western blot analysis, Phos-tag SDS-PAGE, native
agarose gel electrophoresis (NAGE) (1:5000), and immu-
nofluorescence analysis (IFA) (1:200). A rabbit anti-HBx
antibody (Abcam, ab39716) (1:2000) was used for West-
ern blot analysis of HBx protein. A goat anti-HBs anti-
body (B0560, Dako) (1:5000) was used for detecting HBs
by NAGE. A mouse a-tubulin antibody (DM1A) (Gene-
tex, GTX11302) (1:2000) was used for Western blot anal-
ysis. A mouse HA-tag antibody (Genetex, GTX115044)
(1:1000) was used for immunoprecipitation assay (2 pg)
and Western blot analysis. A mouse anti-Flag M2 anti-
body (Sigma, F1804) (1:2000) was used for immunopre-
cipitation assay (2 pug) and Western blot analysis.

Plasmids

An HBV replicon plasmid pCHT-9/3091 contains a
1.1mer HBV genome (genotype D, ayw) (30). The epsilon
mutants and RNase H mutants V686E, V698D and L712E
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were derived from replicon pCHT-9/3091. Plasmid pMT-
pol is a WT polymerase expression vector [45]. The Pol
mutants and RNase H mutants were generated from
pMT-pol for complementation with a pol-null pCHT-
9/3091 replicon [6]. Site direct mutagenesis was gener-
ated by using a QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent). The 3xHA-Pol expression
plasmid was generated by cloning the polymerase ORF
from pCHT9/3091 into pCDNA3.1, and a 3xHA epitope
was inserted in-frame into a position upstream and adja-
cent to the ATG start site of Pol by site directed mutagen-
esis. The Flag-tagged PPla, PP1p and PPly expression
plasmids were purchased from Genecopoeia.

Phos-tag SDS-PAGE

HBYV transfected cells in six-well plates were harvested at
5 days post transfection. Capsids were purified through
a 20% sucrose cushion before analysis on the polyacryla-
mide-Mn?*bound Phos-tag SDS-PAGE (Wako Pure
Chemical Industries, Richmond, VA, USA) [28, 38, 56].
The subsequent Western blot analysis was performed by
using a rabbit anti-core antibody [6, 36, 67] (1:2000).

Native agarose gel electrophoresis (NAGE)

Cell lysates and supernatant of HBV replicon transfected
HuH7 cells were collected at 5 days post-transfection.
Intracellular or extracellular HBV particles were resolved
by 1% native agarose gel electrophoresis, followed by
Western and Southern blot analyses [9, 56]. HBV capsids
and HBsAg/virions were detected with a rabbit anti-core
antibody (1:5000) and a goat anti-HBs antibody (B0560,
Dako) (1:5000), respectively. The digoxygenin (DIG)-
labeled full-length HBV specific DNA probe was used for
hybridization in Southern blot analysis.

HBV infection

HBYV virions were collected from the supernatant of HBV
replicon-transfected cell culture. For hepatocyte dif-
ferentiation, HepG2-NTCP-AS2 cells were maintained
in DMEM with 2.5% DMSO for 48 h. Virion-associated
HBV DNA was estimated by substraction of the naked
capsid-associated HBV DNA from the total viral DNA.
Briefly, the amount of virion-associated HBV DNA was
estimated by first measuring the ratio of Southern blot
banding intensities between the slow-migrating viri-
ons (V) and the faster-migrating naked capsids (NC) on
the native agarose gel electrophoresis (NAGE). This V/
(V+NCQ) ratio from Southern blot was then used to cal-
culate the amount of virion-associated HBV DNA (VGE),
by multiplication of this ratio with the total amount of
HBV DNA (V+NC) measured by qPCR [66]. Differen-
tiated HepG2-NTCP-AS2 cells were infected with HBV
for 16 h at 500 virion genome equivalent (VGE) per cell
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in DMEM medium containing 2% FBS, 4% PEG-8000 and
2.5% DMSO [8]. HBV infection was detected by immu-
nofluorescence analysis (IFA) and ELISA. For the HBV
attachment assay, HepG2-NTCP-AS2 cells were inocu-
lated with 2000 HBV VGE/cell at 4°C for 4 h in the PEG-
free DMEM medium. After washing by 1X PBS, the cell
surface-associated HBV DNA was measured by qPCR
assay. For HBV internalization assay, HepG2-NTCP-AS2
cells were inoculum with 2000 VGE/cell of HBV at 4°C
for 4 h in PEG-free DMEM medium. After washing by
1X PBS, cells were further incubated at 37 °C for 24 h to
allow viral internalization. The internalized HBV DNA
was assayed by qPCR.

Other experimental procedures

Preparations of capsid-associated RNA, DNA and total
intracellular RNA were as described elsewhere [11, 34,
39, 56]. Immunofluorescence analysis (IFA) for HBc was
performed as detailed previously [36, 67]. The images of
HBc positive cells were scored by the MetaMorph anal-
ysis software (Molecular Devices). ELISA for HBsAg
and HBeAg were according to the vendor’s protocol.
Quantification of HBV DNA by qPCR was performed
as reported elsewhere [6]. Co-immunoprecipitation and
Western blot assay were performed as detailed elsewhere
[6].

Quantification and statistical analysis

All Statistical analyses were performed by the GraphPad
Prism software. The statistical significance was analyzed
by Student’s t test. ***P<0.001; **P<0.01; *P<0.05.

Results

Phosphorylation status of HBV core protein

The arginine-rich domain (ARD) at the C-terminus of
HBc contains three major and four minor phospho-
rylation sites, in addition to one non-phosphorylated
serine-181 [12, 19] (Fig. 1A). Different degrees of HBc
phosphorylation can be well resolved by using the so-
called Phos-tag gel electrophoresis [19, 56]. For example,
in Supplementary Figure S1, mutant 8A mimicked the
completely dephosphorylated HBc by changing all the
phosphorylation sites into an alanine. HBc of mutant 8A
migrated much faster than the phosphorylated HBc on
the Phos-tag gel.

Pol is needed for HBc dephosphorylation

HBV is known to encode four major proteins [53]: the
core/precore proteins (HBc), polymerase (pol), envelope
proteins (preS1/preS2/S), and the HBx protein (Fig. 1B).
We asked whether any of these viral proteins could influ-
ence core protein (de)phosphorylation. As shown in
Fig. 1C, we ablated each viral protein individually in the
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replicon plasmid, followed by plasmid transfection into
HuH-7 cells for the Phos-tag gel assay. Neither the enve-
lope HBs protein nor the HBx protein is required for HBc
de-P. Only the absence of the polymerase resulted in the
loss of HBc de-P.

The RNA packaging signal epsilon (g)

HBYV polymerase is best known for its function in pgRNA
encapsidation and viral DNA synthesis [53]. The former
depends on the polymerase recognition of epsilon - a cis-
element with a higher order stem-loop structure near the
5%end of pgRNA [3, 14, 21, 25, 72]. Since polymerase can
affect HBc de-P (Fig. 1C), we examined in Fig. 2 whether
the epsilon signal and pgRNA encapsidation could also
affect HBc de-P. Unlike the wild type HBV, both the
single epsilon mutant R and its compensatory mutant
L lost the normal structure at the lower stem of epsilon
[72] (Fig. 2A). Both mutants lost pgRNA encapsidation
(Fig. 2B) and HBc de-P simultaneously (Fig. 2C). How-
ever, when the normal stem-loop structure of epsilon
was restored in the double mutant R+L (Fig. 2A), both
pgRNA encapsidation and DNA synthesis were almost
completely recovered (Fig. 2B), and HBc de-P was res-
cued simultaneously by the Phos-tag gel assay (Fig. 2C).
These results strongly suggest that core de-P is not only
dependent on the polymerase (Fig. 1), but also hinges
on the epsilon RNA structure and pgRNA encapsidation
(Fig. 2). Since the polymerase is known to bind to the
epsilon [3, 14, 21, 25, 72], most likely, it is the pol-epsilon
complex that triggers HBc de-P.

Uncoupling HBc de-P and replication

Previously, another epsilon mutant pkex-1 was engi-
neered to contain a disrupted upper stem structure of
the epsilon RNA [14]. This pkex-1 mutant exhibited
strongly increased RNA encapsidation, no DNA synthe-
sis (Fig. 2B), yet maintained core de-P in our Phos-tag
gel assay (Fig. 2C). The dissociation between viral DNA
synthesis and core de-P was examined in another experi-
mental setting. When viral replication (SS and RC DNA
synthesis) of wild type HBV was inhibited with thera-
peutic nucleos(t)ide analogs (Supplementary Figure S2A
and S2B), we observed a strongly increased signal of
de-P core protein (Supplementary Figure S2C). Taken
together, core de-P is not sufficient for viral DNA synthe-
sis and the timing of core de-P must occur before DNA
synthesis, either during or immediately after pgRNA
encapsidation [73].

RNase H domain mutant and HBc de-P
HBV polymerase contains four different domains, includ-
ing terminal protein (TP), spacer, reverse transcriptase
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Fig. 2 Dephosphorylation of HBc core protein is dependent on the encapsidation signal of the pregenomic RNA. A Encapsidation of pregenomic
RNA (pgRNA) requires a highly ordered structure of the RNA packaging signal (epsilon) and polymerase. Epsilon mutant R and mutant L each
contain a disrupted stem-loop structure of epsilon [68]. Double mutant R+ L restored the wild type-like stem-loop structure of epsilon. Mutant
pkex-1 contains a disrupted base pairing in the lower portion of the upper stem loop structure of the epsilon RNA [14]. B Upper panel: Single
mutant R and single mutant L are defective in pgRNA encapsidation by Northern blot analysis, while the double mutant R+ L restored pgRNA
encapsidation. Mutant pkex-1 exhibited stronger signal intensity of encapsidated pgRNA than WT-HBV. Middle panel: Total cytoplasmic viral RNAs
by Northern blot analysis. Lower panels: Viral DNA synthesis was detected only in WT-HBV and mutant R+ L. RC: relaxed circle; DL: double-strand

linear; SS: single-strand DNA

(RT) and RNase H (Fig. 3A). Because of the association
between polymerase and core de-P (Fig. 1), we set out to
map the core de-P activity using a number of mutants in
different polymerase domains. As shown in Fig. 3A, char-
acterizations of eight different pol domain mutants were
summarized here. These pol domain mutants were all
designed according to the previous literature [9, 29, 33,
47, 54, 60, 61]. For example, similar to the replicon-only
control experiment with no exogenous co-transfected
polymerase (lane 1, Fig. 3B), mutant HMDD exhibited
only a faint residual DNA signal after a longer exposure
of the X-ray film in Southern blot. While the RC DNA is
absent in most of the pol mutants, we noted that RNase
H mutant R781A displayed a zebra-banding DNA pattern
(lane 10, Fig. 3B).

No need for HBc de-P in DNA synthesis

Surprisingly, one RNase H domain mutant V686E (red
asterisk, Fig. 3B) was capable of synthesizing both SS
and RC DNA replicative intermediates (Fig. 3B), often at
a somewhat reduced level relative to the WT-HBV. This
mutant V686E always exhibited no apparent core de-P
(Fig. 3C). Therefore, in contrast to the previous concept
extended from the phosphomicmicking mutagenesis
experiments [16, 32], our combined results from the epsi-
lon mutant pkex-1, the nucleo(s)tide analog treatment, and
particularly the HBc de-P deficient mutant V686E, broke
the tight correlation between core de-P and viral DNA
synthesis. Similar to the epsilon mutant pkex-1, a poly-
merase TP domain mutant Y63D is known to accumulate
a high level of encapsidated pgRNA, due to a defect in
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analysis. Due to the leaky polymerase expression in the CMV-driven replicon plasmid pol-null (Fig. 1; see Methods), trace amount of residual SS DNA
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V686E (red asterisk) exhibited no detectable dephosphorylated HBc by the Phos-tag gel. D No dephosphorylated HBc was detected in the double

mutant Y63D/V686E (red asterisk)

the initiation of viral DNA synthesis [9, 33] (Supplemen-
tary Figure S3A). This mutant Y63D exhibited a much
stronger signal of de-P HBc than the WT on the Phos-tag
gel (lane 3, Fig. 3D). However, the double mutant Y63D/
V686E exhibited no detectable de-P HBc (lane 5, Fig. 3D),
even though the amount of its encapsidated pgRNA was
higher than the WT-HBV by Northern blot analysis (Sup-
plementary Figure S3B). Therefore, as expected, core de-P
is not required for pgRNA encapsidation. Altogether, these
results of the double mutant Y63D/V686E indicated that
the mutation V686E is dominant over the mutation Y63D
in core de-P. Furthermore, the complete absence of the
de-P HBc of mutant V686E, cannot be attributed to its
somewhat attenuated viral replication.

More RNase H domain mutants and HBc de-P

Next, we tested further if this mutation V686E is an idi-
osyncratic or a general phenomenon of RNase H domain
mutants? By changing from hydrophobic to acidic resi-
dues in the RNase H domain between amino acid 680
and 720, we engineered a total of eleven site-directed
substitution mutants in a polymerase expression vector

pMT-pol (Fig. 4A). A pol-null replicon plasmid and vari-
ous RNase H domain mutants in pMT-pol were cotrans-
fected into HuH-7 cells for Southern blot and the Phos-tag
gel assays. Like mutant V686E, mutants V698D, L712E,
L719D, and L720E (red asterisk) are also replication com-
petent (Fig. 4B), despite their nearly complete absence
of de-P HBc (Fig. 4C). As summarized in Fig. 4D, five
RNase H domain mutants, changing from a hydrophobic
residue into an acidic residue, can undergo normal viral
DNA synthesis without any significant HBc de-P. In con-
trast, changing from a hydrophobic residue into a neutral
alanine or a basic arginine, did not clearly uncouple viral
DNA synthesis and core de-P (Supplementary Figure S4).

No need for HBc de-P in virion secretion

A previous classic study revealed that the virion-asso-
ciated core protein was highly increased in dephospho-
rylation, suggesting that a hypo-P core particle could be
a prerequisite for virion secretion [44]. We examined
virion secretion of HBc de-P-deficient mutants V686E,
V698D and L712E by native agarose gel and Southern
blot analysis (Fig. 5A). All three mutants exhibited only
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slightly reduced amount of mature genome-containing
virions by approximately 2-fold or less, while their levels
of secreted HBsAg, naked capsids, and virion-associated
core protein were all similar to those of the WT-HBV
control (top panel, Fig. 5A and B). It is well known that
HBV empty virions exist in large excess to the DNA
genome-containing virions in patients and cell culture

[17, 41, 48]. Therefore, similar intensities of the core pro-
tein signal in total virions on the native agarose gel (mid-
dle panel, Fig. 5A) strongly suggested that the secretion
of empty virions of mutants V686E, V698D and L712E
were not appreciably affected by their absence of core
de-P. Altogether, these results do not argue for the notion
that core de-P is required for secretion of either empty or
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Fig. 5 A moderate effect of HBc core dephosphorylation on genome-containing virion secretion. A Upper panel: Three putative
phosphatase-deficient RNase H domain mutants secreted significantly less amount of virion-associated viral DNA than wild type HBV, while HBsAg/
virions and naked capsids were similar between wild type and mutants. Middle panel: Extracellular viral and subviral particles were collected

from the media of HuH-7 cells on day 5 post-transfection with WT-HBV and mutants. PEG precipitated particles were resolved by native agarose gel,
followed by Western blot analyses using anti-core and anti-HBs antibodies. Lower panel: Intracellular capsid particles were analyzed for viral DNA
and core by Southern and Western blot analyses. B A bar graph comparison of virion-associated viral DNAs between wild type and three RNase

H domain mutants. Signal intensities of HBV DNA associated with mature virions in the top panel of A) were normalized to HBV DNAs associated
with intracellular capsids at the bottom panel of A). Signal intensities were quantified by densitometry and an Image J software, *** p <0.001, **

p<0.01. p value refers to the Student’s t-test statistical analysis

genome-containing virions. It is noteworthy that the level
of secreted mature virions in Fig. 5A appears to be cor-
related with the level of de-P HBc in Fig. 4C. Therefore,
even though HBc de-P is not indispensable for virion
secretion, it remains possible that core de-P might still
facilitate virion secretion.

Need HBc de-P for viral infectivity

Since core de-P is not a prerequisite for viral replication
and virion secretion, what could then be the biological
significance of core de-P, if any? We compared the in vitro
infectivity between WT-HBV and the HBc de-P-deficient
mutants (Fig. 6; Methods). Equal amounts of genomic
equivalent (GE) of WT and mutant virions were allowed
to infect HepG2-NTCP-AS2 cells overnight, and confo-
cal immunofluorescence assay (IFA) was performed to
visualize core protein-positive cells at 7 dpi. Surprisingly,
in sharp contrast to WT, the frequency of core-positive
cells was significantly reduced by ~ 10 fold in three out of
three mutants (Fig. 6A and B). Furthermore, HBsAg and
HBeAg in the medium in all three mutants dropped to an
almost undetectable level by ELISA at 7 dpi (Fig. 6C). We
also performed the virus attachment assay by monitoring
the binding of genome-containing virions to the HepG2-
NTCP-AS2 cells at 4 °C for 4 h (left panel, Fig. 6D). In the
subsequent assay for virus internalization, we switched

the temperature from 4 °C to 37 °C for another 20 h post-
binding (right panel, Fig. 6D). By qPCR analysis for HBV
DNA, mutant V686E exhibited a significant reduction by
2.5-fold in both attachment and internalization assays.
Therefore, loss of core de-P could compromise the effi-
ciency of viral entry, which contributed to the lost infec-
tivity. A summary of results is shown in Fig. 7.

Discussion
Reverse transcriptase and RNase H were first found in
retroviruses [1, 2, 55, 62]. Although HBV has a DNA
genome, it replicates via an RNA intermediate [59].
Pregenomic RNA needs to be encapsidated before the
initiation of reverse transcription [14]. Based on the
phosphomimicking studies, phosphorylation at HBc ser-
162 and ser-170 is required for HBV pgRNA encapsida-
tion [16, 31, 32], but the EEE or DDD mutant (S155D/E,
S162D/E and S170D/E) is severely defective in viral DNA
synthesis [24, 31, 32, 35]. It is generally assumed that
the lack of viral DNA synthesis of mutants DDD or EEE
is caused by their irreversible lack of HBc de-P. Indeed,
viral DNA synthesis appears to be well correlated with
capsid de-P by the Phos-tag gel assay [56].

The polymerase TP domain mutant Y63D can encap-
sidate pgRNA (Supplementary Figure S3), but it is
defective in the priming of reverse transcription [9, 33]
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Fig. 6 Core dephosphorylation-deficient RNase H mutants exhibited a 10-fold reduction in viral infectivity. A & (B) A 10-fold reduction in HBc
core protein signal was detected by confocal IFA in RNase H domain mutants deficient in putative phosphatase activity at 7 dpi. None of the pol
mutation sites overlaps with the S envelope ORF. HepG2-NTCP-AS2 cells were in vitro infected with equal amounts of virions from WT-HBV

and mutants defective in core dephosphorylation. MYR: a preS1 inhibitory control peptide. C The ELISA assays for HBsAg (left) and HBeAg (right)
in the media detected a 10-fold reduction in cells infected with RNase H domain mutants. D RNase H domain mutant V686E exhibited a 2.5-fold
reduction in attachment (left) and subsequent internalization (right). Naked capsids do not bind to NTCP and are present in near equal proportion
in WT and mutant virions. HBV DNA was measured by gPCR. *** p <0.001, p value refers to the Student’s t-test statistical analysis

(Fig. 3A and B). By Phos-tag gel analysis, mutant Y63D
exhibited a strong signal of capsid de-P (Fig. 3C and D).
Single mutant V686E is competent in DNA synthesis,
yet defective in capsid de-P (Fig. 3B and C). In the con-
text of a double mutant Y63D/V686E, mutation V686E
still abrogated capsid de-P (Fig. 3D). Therefore, mutation

V686E could inactivate capsid de-P either with or with-
out viral DNA synthesis. Since there is no association
between capsid de-P and viral DNA synthesis, our cur-
rent study excluded a proposed essential role of HBc de-P
in viral DNA synthesis (Figs. 3 and 4) [16, 32]. (see fur-
ther discussion on electrostatic homeostasis below).
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Fig. 7 A summary of the functional significance of HBc de-phosphorylation A novel putative phosphatase with an HBc de-P activity was detected
at the C-terminal domain of HBV polymerase by site-directed mutagenesis and the Phos-tag gel assay. Depending on the specific position

of the missense point mutation, the phosphatase-defective pol mutants exhibited various degrees of reduction in viral replication, virion secretion
and viral infectivity. The origin of this putative phosphatase could come from an unknown intrinsic phosphatase encoded by the HBV pol

ORF. Alternatively, it could come from a cellular phosphatase physically associated with HBV polymerase. In one of our previous reports [56],
hyperphosphorylated capsids are biased to preferentially encapsidate shorter spliced RNAs, instead of the full-length 3.5 kb pgRNA. This putative
phosphatase could play a regulatory role in pgRNA packaging and capsid assembly through modulating HBc dephosphorylation and thus
maintaining electrostatic homeostasis in the capsid interior. Relative to the parental single mutant Y63D, core-particle-associated viral RNA

is significantly reduced in the double mutant Y63D/V686E (Fig. S3B). This result suggests that the loss of HBc de-P by VE86E can result in a reduced
amount of viral RNA encapsidation. The thickness of arrows reflect their respective degree of functional effects upon the loss of HBc de-P

So far, we found that only the polymerase amino acid
680-720 (within the RNase H ORF) is associated with
the HBc de-P. In theory, the de-P activity could origi-
nate from a cellular phosphatase complex associated
with the RNase H domain of the viral polymerase. In
this scenario, our HBc de-P-deficient mutants prob-
ably have lost their ability to bind to a putative cellular
phosphatase. In literature, cellular protein phosphatase 1
(PP1) and phosphatase 2 A had been proposed to regu-
late HBc de-P [22, 65]. PP1 is known to dephosphoryl-
ate the majority of Ser/Thr-linked phosphorylations in
eukaryotes [20]. Therefore, knockdown or overexpres-
sion of PP1 has a pleiotropic and global effect on many
cellular machineries directly or indirectly, such as RNA
polymerase II transcriptional termination [43] and
elF2a-mediated translational initiation [46]. In our co-
immunoprecipitation experiment, Flag-PPla appeared
to bind to HA-Pol better than Flag-PP1p and Flag-PP1y
(Supplementary Figure S5A). However, in another exper-
iment, we detected no apparent difference in the binding
to Flag-PPla or Flag-PP1p between HA-pol, HA-Pol-
V686E and HA-Pol-V698D (Supplementary Figure S5B).
There is no apparent correlation between HBc de-P and
pol binding to the PP1 phosphatase.

In addition to the cellular phosphatase scenario, an
alternative possibility is that a previously unidentified

intrinsic phosphatase activity is directly encoded in the
known RNase H open reading frame. Our experimental
results from mutant V686E and mutant R781A strongly
suggest that the RNase H activity and the HBc phos-
phatase activity are clearly distinct from each other.
Mutant V686E is replication competent (lane 8, Fig. 3B)
without any de-P HBc (Fig. 3C). Conversely, mutant
R781 is RNase H-defective (zebra-banding of lane 10,
Fig. 3B), yet fully competent for HBc de-P (next to the
last lane, Fig. 3C). Importantly, it should be noted here
that none of the HBc de-P-deficient mutants, such as
V686E, V698D, L712E, L719D, and L720E, are defective
in the replication and RNase H activity (Fig. 4).

It remains to be investigated whether HBV polymer-
ase per se contains any HBc phosphatase activity. How-
ever, in our cotransfection experiment using pMT-pol
and HBc expression plasmids, we detected no de-P
HBc by the Phos-tag gel assay (Chih-Hsu Chang and
Chiaho Shih, unpublished results). This result, by its
negative nature, cannot be interpreted as the lack of a
phosphatase activity intrinsic to HBV polymerase. In
literature, both Streptomyces and Mycobacteria con-
tain a bifunctional enzyme consisting of an RNase H
domain and an acid phosphatase domain [23, 42]. It is
unclear what could be the biological or evolutionary
significance for a bacterial enzyme with dual functions
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in phosphatase and ribonuclease H. We are not aware
of any viral polymerase or cellular telomerase with
bifunctional activities in reverse transcriptase/RNase H
and phosphatase.

It is generally believed that core de-P has a role in
virus maturation and virion secretion. In our current
study, several phosphatase defective mutants lack of core
de-P, secreted a normal level of empty virions as well as
a 2-fold reduced level of genome-containing virions. By
using an infection assay, we observed a striking differ-
ence in viral infectivity between the wild type virus and
the phosphatase deficient mutants. Viral attachment and
internalization were also reduced by about 2.5-fold for
these phosphatase mutants. As a side note, HBc ARD
was shown to exhibit RNA chaperon activity in vitro
and ARD phosphorylation dampened the RNA chap-
eron activity [10]. We detected only a mild to moderate
degree of reduction in viral DNA synthesis in these de-P-
defective mutants (Figs. 3 and 4). Therefore, in vitro RNA
chaperon activity may not play a major role in HBV life
cycle in vivo.

Nuclear transport of HBc could be influenced by its
phosphorylation and dephosphorylation [27, 37]. In
addition to viral entry, the decreased infectivity of these
phosphatase mutants could also be caused by the post-
entry events, such as a compromised nuclear import of
the hyper-P capsids (Er-Yi Huang, Hung-Cheng Li, and
Chiaho Shih, unpublished results). It is generally believed
that mature capsids in the cytoplasm could directly bud
into ER/Golgi for virion secretion [6]. Recently, we dem-
onstrated that mature capsids in the cytoplasm need to
be first transported into the nucleus in order to access
the ER/Golgi compartment via the CRMI-mediated
nuclear export pathway [57]. The potential significance
of exosomes in virion secretion in a recent report also
remains to be further investigated [64]. In our current
study, core de-P appears to be required for embarking
a new round of productive infection with the progeny
viruses.

In our previous cryoEM studies of the full-length core
particles, we observed filamentous density of ~20 A in
length protruding from the hole at each local three-fold
position [71]. We interpret this filamentous density as
part of the externally exposed HBc ARD tail. Our cry-
oEM observation of the exposed ARDs could explain
the known ARD’s accessibility to protease digestion and
antibody recognition [15, 49]. Here, we speculate that
the HBc ARD phosphorylation status could influence its
exposure to the capsid exterior [71], which in turn could
affect multiple events pleiotropically. For example, ARD
phosphorylation could influence its interactions with the
cellular importin machinery during nuclear import of
capsids, with the envelopment machinery during virion
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morphogenesis, the topological switch of the pre-S1
polypeptide to the virion surface [50], and ultimately the
NTCP receptor binding. It is reminiscent that a phos-
phoserine at the capsid protein position 259 is required
for initiation of DHBYV infection [70].

Finally, it is tempting to speculate that this HBc de-P
activity could contribute to the electrostatic homeostasis
in the capsid interior during RNA encapsidation [11, 34,
39, 56]. For example, HBV is known to produce shorter
spliced RNAs [7, 58]. In previous studies, highly phos-
phorylated capsids, with an excessive negative charge
content, tend to encapsidate spliced shorter RNAs or
even no RNA (empty capsids) [11, 34, 39, 56]. Here, con-
sistent with the conceptual framework of electrostatic
homeostasis, we noted that the double mutant Y63D/
V686E contained no de-P HBc (i.e., increased nega-
tive charge content). To achieve charge balance, mutant
Y63D/V686E appeared to package a significantly reduced
amount of viral RNA than its parental mutant Y63D
(Fig. 4D; Supplementary Figure S3B).

There are two interesting and very consistent observa-
tions in all of the Phos-tag gel results (Figs. 1C, 3 and 4;
Supplementary Figure S2C and S4B). The first observa-
tion is the “bipolar pattern” of HBc phosphorylation on
the Phos-tag gel. HBc ARD contains a total of 8 poten-
tial phosphorylation sites (n=8) (Fig. 1A). The last ser-
ine-181 of HBc is not phosphorylated by SRPK1 in an
E. coli co-expression system [19]. This bipolar pattern
exhibits the slow-migrating hyper-P HBc (say n=6, 7)
and the frontier-running de-P doublet (=0, 1). We
have never observed any HBc Phos-tag gel pattern with
an intermediate degree of phosphorylation (say n=3,
4). The second intriguing observation is the consistent
association between pgRNA encapsidation and a charac-
teristic de-P doublet near the bottom of every Phos-tag
gel in this paper. This doublet probably represents com-
pletely de-P and mono-P HBc. If so, the exact location of
the mono-P site can be mapped in further details, e.g., by
using phosphorylation state and site specific antibodies
or by mass spectrometry-based sequencing.

We provided here an explanation for the bipolar HBc
Phos-tag gel pattern based on the electrostatic homeo-
stasis concept [11, 34, 39, 56]. We postulate that capsids
with intermediate-P (n=3 or 4) may be in an “electrostatic
dilemma” for capsid assembly and stability. On the one
hand, to form a stable empty capsid without any encap-
sidated RNA, the total negative charge content contrib-
uted from the intermediate-P HBc, may not have sufficient
amount of negative charge to counter-balance the excessive
amount of positive charged arginines of ARD. On the other
hand, to form a stable RNA-containing capsid, an excessive
amount of negative charge in the capsid interior could be
a problem. An imbalanced charge content, either positive
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or negative charge in excess, is not favorable for capsid
assembly and stability. In brief, the bipolar pattern could be
related to an electrostatic dilemma in charge balance and
capsid assembly for the intermediate-P HBc (n=3, 4).

As for the front-running doublet on the HBc Phos-tag
gel (Figs. 1C, 3 and 4; Supplementary Figures S2C and
S4B), the upper band of the doublet probably represents
a mono-P HBc and the lower band represents the HBc
devoid of any phosphorylation. The ratio of signal inten-
sities between the upper and lower bands of the doublet
is around 1:2, indicating that de-P HBc is approximately
2-fold over the mono-P HBc. It is well known that the de-P
HBc from the AAA mutant (with S-to-A mutations at HBc
aa 155, 162, 170), cannot support pgRNA encapsidation
[16, 31, 32]. Therefore, it is tempting to speculate that the
optimal charge content for capsids to accommodate the
3.5 kb pgRNA could be those mosaic capsids, consisting
of ~33% mono-P and ~66% de-P HBc. In other words,
for productive pgRNA encapsidation and assembly of an
icosahedral capsid (T =4, 240-mer), the most favored stoi-
chiometry for pgRNA encapsidation could be a mixture of
~ 80 copies of mono-P and ~ 160 copies of de-P HBc mol-
ecules. It remains unclear whether a pol-associated phos-
phatase could also be found in other systems, such as HIV,
the telomerase complex, or retrotransposons.

Conclusion

It is a totally unexpected finding that the C-terminal
domain of the polymerase is associated with a novel phos-
phatase activity responsible for HBc de-P. In contrast to the
conventional wisdom, HBc de-P is not required for viral
DNA synthesis and virion secretion. This putative poly-
merase-associated phosphatase appears to play a functional
role in modulating the electrostatic homeostasis in capsid
interior and is crucial for viral infectivity (Fig. 7).
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DSDNA  Double-stranded DNA

ARD Arginine-rich domain

RNaseH  An enzyme encodes a ribonuclease activity which degrades the
RNA moiety of RNA-DNA hybrids
NAGE Native agarose gel electrophoresis

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512929-024-01022-9.

[ Supplementary Material 1. }

Page 12 of 14

Acknowledgements

We thank DNA Sequencing Core Facility of the Institute of Biomedical
Sciences, Academia Sinica for DNA sequencing analysis. The core facility is
funded by Academia Sinica Core Facility and Innovative Instrument Project
(AS-CFII-111-211).

Authors’ contributions

Chih-Hsu Chang: Experimental design, Conducted the experiments, Data
analysis and writing. Chiaho Shih: Experimental design, Data analysis and
writing.

Funding
This research is supported by China Medical University, Taichung, Taiwan, and
National Science and Technology Council, Taiwan (NSTC 112-2320-B-039-061).

Availability of data and materials
All data generated in this study are included in this manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
We declare no competing financial or non-financial interests.

Received: 18 October 2023 Accepted: 19 March 2024
Published online: 01 April 2024

References

1. Baltimore D. RNA-dependent DNA polymerase in virions of RNA tumour
viruses. Nature. 1970;226(5252):1209-11.

2. Baltimore D, Smoler DF. Association of an endoribonuclease with the
avian myeloblastosis virus deoxyribonucleic acid polymerase. J Biol
Chem. 1972;247(22):7282-7.

3. Bartenschlager R, Schaller H. Hepadnaviral assembly is initiated by
polymerase binding to the encapsidation signal in the viral RNA genome.
EMBO J. 1992;11(9):3413-20.

4. Basagoudanavar SH, Perlman DH, Hu J. Regulation of hepadnavirus
reverse transcription by dynamic nucleocapsid phosphorylation. J Virol.
2007;81(4):1641-9.

5. Blumberg BS, Hepatitis B. Virus, the vaccine, and the control of primary
cancer of the liver. Proc Natl Acad Sci U S A. 1997,94(14):7121-5.

6. Chang CH, Chou SF, Shih C. A nuanced role of the small loop of hepatitis
B virus small envelope protein in virion morphogenesis and secretion. J
Biomed Sci. 2021,28(1):82.

7. Chen PJ,Chen CR, Sung JL, Chen DS. Identification of a doubly spliced
viral transcript joining the separated domains for putative protease and
reverse transcriptase of hepatitis B virus. J Virol. 1989,63:4165-71.

8. Choijilsuren G, Jhou RS, Chou SF, Chang CJ, Yang HI, Chen YY, Chuang
WL, Yu ML, Shih C. Heparin at physiological concentration can enhance
PEG-free in vitro infection with human hepatitis B virus. Sci Rep.
2017;7(1):14461.

9. Chou SF, Tsai ML, Huang JY, Chang YS, Shih C. The dual role of an ESCRT-0
component HGS in HBV transcription and Naked Capsid Secretion. PloS
Pathog. 2015;11(10):e1005123.

10. ChuTH, Liou AT, Su PY, Wu HN, Shih C. Nucleic acid chaperone activity
associated with the arginine-rich domain of human hepatitis B virus core
protein. J Virol. 2014;88(5):2530-43.

11. Chua PK,Tang FM, Huang JY, Suen CS, Shih C. Testing the balanced
electrostatic interaction hypothesis of hepatitis B virus DNA synthesis by
using an in vivo charge rebalance approach. J Virol. 2010,84(5):2340-51.

12. Daub H, Blencke S, Habenberger P, Kurtenbach A, Dennenmoser J, Wiss-
ing J, Ullrich A, Cotten M. Identification of SRPK1 and SRPK2 as the major


https://doi.org/10.1186/s12929-024-01022-9
https://doi.org/10.1186/s12929-024-01022-9

Chang and Shih Journal of Biomedical Science

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2024) 31:34

cellular protein kinases phosphorylating hepatitis B virus core protein. J
Virol. 2002;76(16):8124-37.

Diab A, Foca A, Fusil F, Lahlali T, Jalaguier P, Amirache F, N'Guyen L,

Isorce N, Cosset FL, Zoulim F, Andrisani O, Durantel D. Polo-like-kinase

1 is a proviral host factor for hepatitis B virus replication. Hepatology.
2017,66(6):1750-65.

Fallows DA, Goff SP. Mutations in the epsilon sequences of human hepati-
tis B virus affect both RNA encapsidation and reverse transcription. J Virol.
1995,69(5):3067-73.

Gallina A, Bonelli F, Zentilin L, Rindi G, Muttini M, Milanesi G. A recom-
binant hepatitis B core antigen polypeptide with the protamine-like
domain deleted self-assembles into capsid particles but fails to bind
nucleic acids. J Virol. 1989;63(11):4645-52.

Gazina EV, Fielding JE, Lin B, Anderson DA. Core protein phosphorylation
modulates pregenomic RNA encapsidation to different extents in human
and duck hepatitis B viruses. J Virol. 2000;74(10):4721-8.

Gerin JL, Ford EC, Purcell RH. Biochemical characterization of Australia
antigen. Evidence for defective particles of hepatitis B virus. Am J Pathol.
1975,81(3):651-68.

Gerlich WH, Goldmann U, Muller R, Stibbe W, Wolff W. Specificity and
localization of the hepatitis B virus-associated protein kinase. J Virol.
1982;42(3):761-6.

Heger-Stevic J, Zimmermann P, Lecoq L, Bottcher B, Nassal M. Hepatitis

B virus core protein phosphorylation: identification of the SRPK1 target
sites and impact of their occupancy on RNA binding and capsid struc-
ture. PLoS Pathog. 2018;14(12):e1007488.

Heroes E, Lesage B, Gornemann J, Beullens M, Van Meervelt L, Bollen M.
The PP1 binding code: a molecular-lego strategy that governs specificity.
FEBS J. 2013;280(2):584-95.

Hirsch RC, Lavine JE, Chang LJ, Varmus HE, Ganem D. Polymerase gene
products of hepatitis B viruses are required for genomic RNA packaging
as wel as for reverse transcription. Nature. 1990,344(6266):552-5.

Hu Z, Ban H, Zheng H, Liu M, Guo JT. Protein phosphatase 1 catalyzes
HBV core protein dephosphorylation and is co-packaged with viral
pregenomic RNA into nucleocapsids. PloS Pathog. 2020;16(7):e1008669.
Jacewicz A, Shuman S. Biochemical characterization of Mycobacterium
smegmatis RnhC (MSMEG_4305), a bifunctional enzyme composed of
Autonomous N-Terminal type | RNase H and C-Terminal acid phosphatase
domains. J Bacteriol. 2015;197(15):2489-98.

Jung J, Hwang SG, Chwae YJ, Park S, Shin HJ, Kim K. Phosphoacceptors
threonine 162 and serines 170 and 178 within the carboxyl-terminal
RRRS/T motif of the hepatitis B virus core protein make multiple contribu-
tions to hepatitis B virus replication. J Virol. 2014,88(16):8754-67.
Junker-Niepmann M, Bartenschlager R, Schaller H. A short cis-acting
sequence is required for hepatitis B virus pregenome encapsidation and
sufficient for packaging of foreign RNA. EMBO J. 1990;9(10):3389-96.
Kann M, Gerlich WH. Effect of core protein phosphorylation by protein
kinase C on encapsidation of RNA within core particles of hepatitis B
virus. J Virol. 1994;68(12):7993-8000.

Kann M, Sodeik B, Vlachou A, Gerlich WH, Helenius A. Phosphorylation-
dependent binding of hepatitis B virus core particles to the nuclear pore
complex. J Cell Biol. 1999;145(1):45-55.

Kinoshita E, Kinoshita-Kikuta E, Koike T. Separation and detection

of large phosphoproteins using Phos-tag SDS-PAGE. Nat Protoc.
2009;4(10):1513-21.

Ko C, Shin YC, Park WJ, Kim S, Kim J, Ryu WS. Residues Arg703, Asp777,
and Arg781 of the RNase H domain of hepatitis B virus polymerase are
critical for viral DNA synthesis. J Virol. 2014;88(1):154-63.

Kock J, Kann M, Putz G, Blum HE, Von Weizsacker F. Central role of a serine
phosphorylation site within duck hepatitis B virus core protein for capsid
trafficking and genome release. J Biol Chem. 2003;278(30):28123-9.

Kock J, Nassal M, Deres K, Blum HE, von Weizsacker F. Hepatitis B

virus nucleocapsids formed by carboxy-terminally mutated core

proteins contain spliced viral genomes but lack full-size DNA. J Virol.
2004,78(24):13812-8.

Lan YT, Li J, Liao W, Ou J. Roles of the three major phosphorylation

sites of hepatitis B virus core protein in viral replication. Virology.
1999,259(2):342-8.

Lanford RE, Notvall L, Lee H, Beames B. Transcomplementation of nucleo-
tide priming and reverse transcription between independently expressed

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 13 of 14

TP and RT domains of the hepatitis B virus reverse transcriptase. J Virol.
1997,71(4):2996-3004.

Le Pogam S, Chua PK, Newman M, Shih C. Exposure of RNA templates
and encapsidation of spliced viral RNA are influenced by the arginine-rich
domain of human hepatitis B virus core antigen (HBcAg 165-173). J Virol.
2005;79(3):1871-87.

Lewellyn EB, Loeb DD. Serine phosphoacceptor sites within the core
protein of hepatitis B virus contribute to genome replication pleiotropi-
cally. PloS One. 2011;6(2):e17202.

Li HC, Huang EY, Su PY, Wu SY, Yang CC, Lin YS, Chang WC, Shih C. Nuclear
export and import of human hepatitis B virus capsid protein and parti-
cles. Plos Pathog. 2010;6(10):e1001162.

Liao W, Ou JH. Phosphorylation and nuclear localization of the hepatitis
B virus core protein: significance of serine in the three repeated SPRRR
motifs. J Virol. 1995;69(2):1025-9.

Nassal M. The arginine-rich domain of the hepatitis B virus core

protein is required for pregenome encapsidation and productive

viral positive-strand DNA synthesis but not for virus assembly. J Virol.
1992,66(7):4107-16.

Newman M, Chua PK, Tang FM, Su PY, Shih C. Testing an electro-

static interaction hypothesis of hepatitis B virus capsid stability by

using an in vitro capsid disassembly/reassembly system. J Virol.
2009;83(20):10616-26.

Ning X, Basagoudanavar SH, Liu K, Luckenbaugh L, Wei D, Wang C, Wei B,
ZhaoY,YanT, Delaney W, Hu J. Capsid Phosphorylation State and Hepad-
navirus Virion Secretion. J Virol. 2017;91(9):e00092.

Ning X, Nguyen D, Mentzer L, Adams C, Lee H, Ashley R, Hafenstein S,

Hu J. Secretion of genome-free hepatitis B virus—single strand block-

ing model for virion morphogenesis of para-retrovirus. Plos Pathog.
2011,7(9):21002255.

Ohtani N, Saito N, Tomita M, Itaya M, Itoh A. The SCO2299 gene from
Streptomyces coelicolor A3(2) encodes a bifunctional enzyme consist-
ing of an RNase H domain and an acid phosphatase domain. FEBS J.
2005;272(11):2828-37.

Parua PK, Booth GT, Sanso M, Tanny BB, Lis JC J.T. and, Fisher RP. A
Cdk9-PP1 switch regulates the elongation-termination transition of RNA
polymerase II. Nature. 2018;558(7710):460-4.

Pugh J, Zweidler A, Summers J. Characterization of the major duck hepa-
titis B virus core particle protein. J Virol. 1989,63(3):1371-6.

Radziwill G, Tucker W, Schaller H. Mutational analysis of the hepatitis

B virus P gene product: domain structure and RNase H activity. J Virol.
1990,64(2):613-20.

Rojas M, Gingras AC, Dever TE. Protein phosphatase PP1/GLC7 interac-
tion domain in yeast elF2gamma bypasses targeting subunit require-
ment for elF2alpha dephosphorylation. Proc Natl Acad Sci U S A.
2014;111(14):E1344-1353.

Roychoudhury S, Farugi AF, Shih C. Pregenomic RNA encapsidation
analysis of eleven missense and nonsense polymerase mutants of human
hepatitis B virus. J Virol. 1991,65(7):3617-24.

Schormann W, Kraft A, Ponsel D, Bruss V. Hepatitis B virus particle forma-
tion in the absence of pregenomic RNA and reverse transcriptase. J Virol.
2006;80(8):4187-90.

Seifer M, Standring DN. A protease-sensitive hinge linking the two
domains of the hepatitis B virus core protein is exposed on the viral
capsid surface. J Virol. 1994,68(9):5548-55.

Seitz S, lancu C, Volz T, Mier W, Dandri M, Urban S, Bartenschlager R. A
slow maturation process renders Hepatitis B Virus infectious. Cell Host
Microbe. 2016;20(1):25-35.

Shih C, Chou SF, Yang CC, Huang JY, Choijilsuren G, Jhou RS. Con-

trol and eradication strategies of Hepatitis B Virus. Trends Microbiol.
2016;24(9):739-49.

Shih C, Wu SY, Chou SF, Yuan TT. Virion secretion of Hepatitis B Virus
naturally occurring core antigen variants. Cells. 2020;10(1):43.

Shih C, Yang CC, Choijilsuren G, Chang CH, Liou AT. Hepat B Virus Trends
Microbiol. 2018;26(4):386-7.

Shin YC, Ko C, Ryu WS. Hydrophobic residues of terminal protein domain
of hepatitis B virus polymerase contribute to distinct steps in viral
genome replication. FEBS Lett. 2011;585(24):3964-8.

Skalka AM, Goff S. Reverse transcriptase. Plainview NY: Cold Spring Harbor
Laboratory Press; 1993.



Chang and Shih Journal of Biomedical Science (2024) 31:34 Page 14 of 14

56. Su PY,Yang CJ, ChuTH, Chang CH, Chiang C, Tang FM, Lee CY, Shih
C. HBV maintains electrostatic homeostasis by modulating negative
charges from phosphoserine and encapsidated nucleic acids. Sci Rep.
2016;6:38959.

57. SuPY,Yen SCB, Yang CC, Chang CH, Lin WC, Shih C. Hepatitis B virus virion
secretion is a CRM1-spike-mediated late event. J Biomed Sci. 2022;29:44.

58. SuUTS, et al. Hepatitis B virus transcript produced by RNA splicing. J Virol.
1989;63:4011-8.

59. Summers J, Mason WS. Replication of the genome of a hepati-
tis B-like virus by reverse transcription of an RNA intermediate. Cell.
1982;29(2):403-15.

60. Tajwar R, Bradley DP, Ponzar NL, Tavis JE. Predicted structure of the hepa-
titis B virus polymerase reveals an ancient conserved protein fold. Protein
Sci. 2022;31(10):e4421.

61. Tavis JE, Cheng X, Hu Y, Totten M, Cao F, Michailidis E, Aurora R, Meyers MJ,
Jacobsen EJ, Parniak MA, Sarafianos SG. The hepatitis B virus ribonuclease
H is sensitive to inhibitors of the human immunodeficiency virus ribonu-
clease H and integrase enzymes. PLoS Pathog. 2013;9(1):e1003125.

62. Temin HM, Mizutani S. RNA-dependent DNA polymerase in virions of
rous sarcoma virus. Nature. 1970;226(5252):1211-3.

63. Tiollais P, Pourcel C, Dejean A. The hepatitis B virus. Nature.
1985,317(6037):489-95.

64. Wu Q, Glitscher M, Tonnemacher S, Schollmeier A, Raupach J, Zahn T,
Eberle R, Krijnse-Locker J, Basic M, Hildt E. Presence of intact Hepatitis B
virions in exosomes. Cell Mol Gastroenterol Hepatol. 2023;15(1):237-59.

65. XiJ, Luckenbaugh L, Hu J. Multiple roles of PP2A binding motif in hepati-
tis B virus core linker and PP2A in regulating core phosphorylation state
and viral replication. PLoS Pathog. 2021;17(1):e1009230.

66. Yan R, Zhang, Cai D, Liu'Y, Cuconati A, Guo H. Spinoculation
enhances HBV infection in NTCP-Reconstituted hepatocytes. Plos One.
2015;10(6):0129889.

67. Yang CC, Chang CH, Chen HL, Chou MC, Yang CJ, Jhou RS, Huang EY, Li
HC, Suen CS, Hwang MJ, Shih C. CRM1-spike-mediated nuclear export of
hepatitis B virus encapsidated viral RNA. Cell Rep. 2022;38(10):110472.

68. Yeh CT, Ou JH. Phosphorylation of hepatitis B virus precore and core
proteins. J Virol. 1991,65(5):2327-31.

69. Yu M, Summers J. Multiple functions of capsid protein phosphorylation in
duck hepatitis B virus replication. J Virol. 1994;68(7):4341-8.

70. Yu M, Summers J. Phosphorylation of the duck hepatitis B virus capsid
protein associated with conformational changes in the C terminus. J Virol.
1994,68(5):2965-9.

71. Yu X, JinL, Jih J, Shih C, Zhou ZH. 3.5A cryoEM structure of hepati-
tis B virus core assembled from full-length core protein. Plos One.
2013;8(9):269729.

72. YuanTT, Farugi A, Shih JW, Shih C. The mechanism of natural occurrence
of two closely linked HBV precore predominant mutations. Virology.
1995;211(1):144-56.

73. Zhao Q,Hu Z, Cheng J,Wu S, Luo Y, Chang J, Hu J, Guo JT. Hepatitis B
Virus core protein dephosphorylation occurs during pregenomic RNA
encapsidation. J Virol. 2018;92(13):02139.

74. Zlotnick A, Venkatakrishnan B, Tan Z, Lewellyn E, Turner W, Francis S.

Core protein: a pleiotropic keystone in the HBV lifecycle. Antiviral Res.
2015;121:82-93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Significance of hepatitis B virus capsid dephosphorylation via polymerase
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Cells and transfection
	Anti-viral reagents
	Antibodies
	Plasmids
	Phos-tag SDS-PAGE
	Native agarose gel electrophoresis (NAGE)
	HBV infection

	Other experimental procedures
	Quantification and statistical analysis

	Results
	Phosphorylation status of HBV core protein
	Pol is needed for HBc dephosphorylation
	The RNA packaging signal epsilon (ε)
	Uncoupling HBc de-P and replication
	RNase H domain mutant and HBc de-P
	No need for HBc de-P in DNA synthesis
	More RNase H domain mutants and HBc de-P
	No need for HBc de-P in virion secretion
	Need HBc de-P for viral infectivity

	Discussion
	Conclusion
	Acknowledgements
	References


