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ABSTRACT The biosynthesis of hepatitis B virus (HBV) covalently closed circular DNA
(cccDNA) requires the removal of the covalently linked viral polymerase from the 5= end
of the minus strand [(�)strand] of viral relaxed circular DNA (rcDNA), which generates a
deproteinated rcDNA (DP-rcDNA) intermediate. In the present study, we systematically
characterized the four termini of cytoplasmic HBV DP-rcDNA by 5=/3= rapid amplification
of cDNA ends (RACE), 5= radiolabeling, and exonuclease digestion, which revealed the
following observations: (i) DP-rcDNA and rcDNA possess an identical 3= end of (�)strand
DNA; (ii) compared to rcDNA, DP-rcDNA has an extended but variable 3= end of plus
strand [(�)strand] DNA, most of which is in close proximity to direct repeat 2 (DR2); (iii)
DP-rcDNA exhibits an RNA primer-free 5= terminus of (�)strand DNA with either a phos-
phate or hydroxyl group; and (iv) the 5= end of the DP-rcDNA (�)strand is unblocked at
nucleotide G1828, bearing a phosphate moiety, indicating the complete removal of
polymerase from rcDNA via unlinking the tyrosyl-DNA phosphodiester bond during
rcDNA deproteination. However, knockout of cellular 5= tyrosyl-DNA phosphodiesterase
2 (TDP2) did not markedly affect rcDNA deproteination or cccDNA formation. Thus, our
work sheds new light on the molecular mechanisms of rcDNA deproteination and
cccDNA biogenesis.

IMPORTANCE The covalently closed circular DNA (cccDNA) is the persistent form of the
hepatitis B virus (HBV) genome in viral infection and an undisputed antiviral target for
an HBV cure. HBV cccDNA is converted from viral genomic relaxed circular DNA (rcDNA)
through a complex process that involves removing the covalently bound viral polymer-
ase from rcDNA, which produces a deproteinated-rcDNA (DP-rcDNA) intermediate for
cccDNA formation. In this study, we characterized the four termini of cytoplasmic DP-
rcDNA and compared them to its rcDNA precursor. While rcDNA and DP-rcDNA have an
identical 3= terminus of (�)strand DNA, the 3= terminus of (�)strand DNA on DP-rcDNA
is further elongated. Furthermore, the peculiarities on rcDNA 5= termini, specifically the
RNA primer on the (�)strand and the polymerase on the (�)strand, are absent from DP-
rcDNA. Thus, our study provides new insights into a better understanding of HBV rcDNA
deproteination and cccDNA biosynthesis.
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Hepatitis B virus (HBV) is the prototype member of the Hepadnaviridae family, which
is a group of hepatotropic DNA viruses that replicate their genomic DNA via

reverse transcription of a pregenomic RNA (pgRNA) (1). Despite having an effective
vaccine for prophylaxis, more than 257 million people are chronically infected with HBV
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worldwide and are awaiting a curative therapy to eliminate the virus infection and
deadly sequelae, including cirrhosis and hepatocellular carcinoma (2).

The genetic material in HBV particles is a double-stranded relaxed circular DNA
(rcDNA). Upon infection of a hepatocyte via the viral receptor sodium taurocholate
cotransporting polypeptide (NTCP) (3), the HBV capsid delivers rcDNA into the cell
nucleus, where the rcDNA is converted into an episomal covalently closed circular DNA
(cccDNA) form. The cccDNA exists as a nonreplicative minichromosome that serves
as the transcription template to produce four viral mRNAs differentiated by length,
including the 3.5-kb precore (pc) mRNA and pregenomic RNA (pgRNA), the 2.4-kb and
2.1-kb surface protein (HBsAg) mRNAs, and the 0.7-kb X protein mRNA. The pgRNA is
translated into viral core/capsid protein and polymerase, which the three components
in turn self-assemble into the nucleocapsid containing the pgRNA/pol complex with
the assistance of host chaperones and kinases. The encapsidated pgRNA is then reverse
transcribed into rcDNA by viral polymerase via an asymmetric DNA replication mech-
anism. The newly synthesized rcDNA-containing capsid is either enveloped by viral
surface proteins to yield progeny virion or redirected into the nucleus to replenish the
cccDNA reservoir (4). The longevity and transcriptional activity of cccDNA govern the
persistence of HBV infection and are refractory to the currently available antiviral drugs.
Hence, to achieve a cure of chronic hepatitis B, an effective regimen should be able to
target the metabolism of cccDNA, including formation, maintenance, and transcription
(5–7).

To date, our knowledge about the mechanism of HBV cccDNA formation is still
rudimentary. Broadly speaking, cccDNA formation involves nuclear transportation of
rcDNA and uncoating, rcDNA-to-cccDNA conversion, and cccDNA chromatinization.
Regarding the conversion of rcDNA into cccDNA, it is generally acknowledged that the
host DNA repair machinery is hijacked by HBV for its purposes (6, 8–10). The rcDNA
possesses a number of unique peculiarities at the gap and nick regions, specifically the
covalently attached viral polymerase at the 5= end of minus-strand DNA [(�)DNA], a
short stretch of redundant sequence at the both termini of (�)DNA, the capped RNA
primer conjugated at the 5= end of plus-strand DNA [(�)DNA], and an incomplete 3=
end of (�)DNA, all of which are required to be removed and/or fixed during the repair
of rcDNA into cccDNA (Fig. 1). In line with this, previous studies have identified a few
host DNA repair factors responsible for cccDNA formation, including the ATR-CHK1
complex (11), topoisomerases (12), Pol � and Pol � (13), Pol � (14), FEN-1 (15), LIG1 and
LIG3 (16), and the five core components of the DNA lagging-strand synthesis apparatus
(17), although the precise bioreactions mediated by these proteins on rcDNA remain to
be fully defined.

Considering that multiple host DNA repair factors are involved in cccDNA formation,
it is conceivable that a DNA intermediate(s) exists in rcDNA-to-cccDNA conversion.
Indeed, we and others have previously identified a deproteinated (DP)-rcDNA species
(also called protein-free [PF]-rcDNA) in HBV-replicating cells where the covalently
attached viral polymerase is absent from rcDNA (18–20). Further studies demonstrated
that the cytoplasmic rcDNA deproteination induces an exposure of the nuclear local-
ization signal of the viral capsid, which in turn directs the transportation of DP-rcDNA-
containing capsids into the nucleus, where the DP-rcDNA is uncoated and repaired into
cccDNA (21, 22). The molecular mechanism underlying rcDNA deproteinization remains
elusive. Previous studies have demonstrated that the host tyrosyl-DNA phosphodies-
terase 2 (TDP2) is able to unlink viral polymerase from rcDNA in an in vitro biochemical
reaction, but its role in cccDNA formation in cell cultures has not been well defined
(23–26).

To further elucidate the mechanism of rcDNA deproteinization and its role in
cccDNA formation, we set out to map the sequences of the termini of cytoplasmic
DP-rcDNA and revealed features different from those of rcDNA. The results presented
here provide novel insights into the mechanisms of rcDNA deproteination and cccDNA
formation.
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RESULTS
Experimental design of 5=/3= RACE. As illustrated in Fig. 1B, the rcDNA possesses

two free 3= ends and two 5= terminal modifications on the (�)- and (�)DNA. On the 5=
end of (�)DNA, the viral polymerase is covalently linked to the DNA terminus via a
tyrosyl-DNA phosphodiester bond, which results from the protein-priming activity
using tyrosine (Y) 63 of the polymerase terminal protein (TP) domain at the initiation of
HBV reverse transcription (27). On the 5= end of (�)DNA, there is a capped RNA primer
derived from the 5= end of pgRNA by RNase H cleavage during (�)DNA synthesis (28).
Our previous work of mapping the 5= end of the duck hepatitis B virus (DHBV)
DP-rcDNA minus strand by primer extension has demonstrated an intact terminal
sequence, indicating that the polymerase is removed by either hydrolysis of the
tyrosyl-DNA phosphodiester bond or proteolytic digestion of viral polymerase, or both,

FIG 1 Structure of HBV rcDNA and putative moiety at the 5= end of minus strand on DP-rcDNA upon deproteination. (A)
The plus (�) and minus (�) strands of rcDNA are labeled. The broken line in plus-strand DNA indicates strand
incompletion. The RNA primer at the 5= end of the plus strand is drawn as a curved line. Polymerase covalently linked to
the 5= end of minus-strand DNA is indicated as a solid dot. The cccDNA formation steps involved in converting rcDNA to
cccDNA are indicated. (B) The structure of the terminal cohesive region in rcDNA is illustrated with DNA sequences and
terminal modifications. The strand directionality (5= or 3= end) of rcDNA is denoted. The parallel dotted lines represent the
omitted internal DNA sequences between two gaps. DR1 and DR2 regions are boxed. The 5= m7G capped RNA primer
sequences are shown in lowercase letters; the tilted sequences indicate the 5= noncomplementary tail. The terminal
redundant sequences (r) on minus-strand DNA are shown in italic characters. The nucleotide (nt) positions of genotype D
HBV DNA are according to the Galibert nomenclature (52). Viral polymerase is drawn according to the predicted topology
with the domain of terminal protein (TP), spacer, reverse transcriptase (RT), and RNase H (RH) (31). The tyrosine residue
(Y63) in TP is shown with denoted amino and carboxyl groups, and the tyrosyl-DNA phosphodiester bond between the
hydroxyl group of Y63 and the 5= phosphate group of 1828G (major) or 1829T (minor or nonexistent) is denoted. Upon
rcDNA deproteination (removal of polymerase) through different putative cleavages, the leftover moiety at the 5= end of
the minus-strand DNA is predicted.
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during rcDNA deproteination (19, 21). While the complete unlinking of polymerase
from rcDNA will generate either a phosphate or hydroxyl group at the 5= end of the
DP-rcDNA minus strand, the proteolysis of polymerase will leave an amino group and
a carboxyl group on DP-rcDNA. On the other hand, it remains unknown whether the
RNA primer still exists at the 5= end of the DP-rcDNA plus strand. Based on these
possibilities, we designed a rapid amplification of cDNA ends (RACE) method to assess
the accessibilities of each terminus of rcDNA and DP-rcDNA to oligonucleotide adaptors
and determined the terminal sequence of each DNA end. As shown in Fig. 2, upon heat
denaturing the purified virion rcDNA and cytoplasmic DP-rcDNA into single-stranded
DNA, the accessible DNA ends will be ligated with anchored oligonucleotide with either
phosphate or hydroxyl modification at the conjugating end, followed by PCR amplifi-
cation of the corresponding terminal sequence region, DNA cloning, and sequencing.

Mapping the 3= end of minus strand of cytoplasmic DP-rcDNA. The 3= RACE of
(�)DNA of virion rcDNA and cytoplasmic DP-rcDNA (here referred to as rcDNA and
DP-rcDNA, respectively) obtained identical results. The terminal nucleotide was uni-
formly mapped at T1821, bearing a hydroxyl group at the 3= end, which is comple-
mentary to the 5= end of pgRNA as the completion of (�)DNA synthesis during reverse
transcription of pgRNA (Fig. 3). This result indicates that the 3= end of (�)DNA,
including the terminal redundant sequence (r), is unprocessed during rcDNA depro-
teination.

Mapping the 3= end of plus strand of DP-rcDNA. The 3= RACE analysis of the rcDNA
and DP-rcDNA plus strands revealed that the ends of both DNA species are heteroge-
neous with a hydroxyl group (Fig. 4). While the 3= ends of the rcDNA plus strand are
scattered within a longer range between nucleotide (nt) 649 and 1310, which indicates
an ongoing plus-strand DNA synthesis at various degrees during rcDNA maturation or
an arrested DNA elongation due to the depletion of the deoxynucleoside triphosphate
(dNTP) pool in the capsid after envelopment (29), the 3= ends of DP-rcDNA are clustered

FIG 2 Experimental design of rcDNA/DP-rcDNA 5= and 3= RACE. As described in Materials and Methods,
the purified rcDNA and DP-rcDNA are heat denatured into ssDNA. The oligonucleotide anchor containing
the phosphate or hydroxyl group at both 5= and 3= termini is conjugated to the ligatable ends of
rcDNA/DP-rcDNA-derived ssDNA by T4 RNA ligase, followed by PCR using the indicated primer sets
(Table 1) to amplify the corresponding terminus. AP, anchor-specific primer. VP, virus-specific primer.
Three VP primers are used to amplify the variable 3= ends of the plus strand. The PCR products are cloned
into TA vector for sequencing.
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in a section (nt 1450 to 1585) close to the DR2, and some even reach into the DR2
region. These results are consistent with previous studies that measured the plus-strand
DNA of DP-rcDNA at a complete or almost complete unit-length by two-dimensional
(2D) agarose gel electrophoresis and alkaline denaturing agarose gel electrophoresis
assays (18, 19). Furthermore, compared to rcDNA, the extended 3= end of the DP-rcDNA
plus strand indicates that the continued elongation or completion of plus-strand DNA
is a preevent, or trigger, of rcDNA deproteination.

Mapping the 5= end of plus strand of DP-rcDNA. The 5= RACE of the rcDNA plus
strand did not yield any valid cDNA clone for sequencing due to the blocked terminus

FIG 3 3=-End sequence of rcDNA and DP-rcDNA (�)strand. The DNA sequences obtained from RACE
assay are shown as minus strands in 5= to 3= orientation, and the nucleotide position (nt) of the last
residue (in boldface) at the 3= end of the (�)strand is indicated. The potential 3=-end modifications,
specifically the hydroxyl group (-OH) and phosphate group (-PO4), are denoted. The omitted sequence
is shown in dashed lines. DR1 sequence is indicated in a gray-shaded box. The 3= terminal redundant
sequence (r) is underlined. The fraction in parentheses indicates the number of each clone sequence
(numerator) versus the total number of RACE clones with valid DNA sequencing result (denominator).

FIG 4 3=-End sequence of rcDNA and DP-rcDNA (�) strand. The RACE-derived DNA sequences are shown as plus
strands in the 5= to 3= direction. The potential 3=-end modifications, specifically the hydroxyl group (-OH) and
phosphate group (-PO4), are denoted. The nucleotide position (nt) of the last residue (in boldface) at the 3= end of
the (�) strand is indicated. The omitted sequence is shown in dashed lines. A partial DR2 sequence is indicated in
a gray-shaded box. The fraction in parentheses indicates the number of each clone sequence (numerator) versus
the total number of RACE clones with valid DNA sequences (denominator).

Mapping the Termini of Cytoplasmic HBV DP-rcDNA Journal of Virology

January 2021 Volume 95 Issue 1 e00922-20 jvi.asm.org 5

https://jvi.asm.org


with the capped RNA primer; however, the 5= RACE of the DP-rcDNA plus strand
successfully mapped the terminal sequences at the junction between the DNA se-
quence and 3= end of DR2, and the 5= end of the DP-rcDNA plus strand possesses either
a phosphate or hydroxyl group (Fig. 5). Interestingly, while most of the plus-strand 5=
ends are located exactly at the boundary of full-length DR2 or 1 nucleotide inside
DR2, there are a few ends stretching into DR2 that are 2 to 8 nt long, indicating a partial
digestion of DR1 sequence of pgRNA by the RNase H activity of polymerase during
(�)DNA synthesis, as previously described (28, 30). These results suggest that the RNA
primer is removed from rcDNA during or after deproteination, at least for those
DP-rcDNAs with plus strands permissive to 5= RACE.

Mapping the 5= end of minus strand of DP-rcDNA. As expected, the 5= end of the
rcDNA minus strand was nonsusceptible to RACE due to the covalently attached amino
acids from viral polymerase, at least the Y63 residue, which survived the protease
digestion step in virion rcDNA extraction procedures (Fig. 6). In contrast, the 5= end of

FIG 5 5=-End sequence of rcDNA and DP-rcDNA (�) strand. The RACE-derived DNA sequences are shown
as plus strands in 5= to 3= orientation. The potential 5=-end modifications, specifically the hydroxyl group
(-OH) and phosphate group (-PO4), are denoted. The nucleotide position (nt) of the last residue (in
boldface) at the 5= end of the (�)strand is indicated. The omitted sequence is shown in dashed lines. The
partial DR2 sequences are indicated in gray-shaded boxes. The fraction in parentheses indicates the
number of each clone sequence (numerator) versus the total number of RACE clones with valid DNA
sequences (denominator).

FIG 6 5=-End sequence of rcDNA and DP-rcDNA (�)strand. The RACE-derived DNA sequences are shown
as minus strands in 5= to 3= orientation. The potential 5=-end modifications, specifically the hydroxyl
group (-OH) and phosphate group (-PO4), are denoted. The nucleotide position (nt) of the last residue (in
boldface) at the 5= end of the (�)strand is indicated. The omitted sequence is shown in dashed lines. A
partial DR1 sequence is indicated in a gray-shaded box. The 5=-terminal redundant sequence (r) is
underlined. The fraction in parentheses indicates the number of each clone sequence (numerator) versus
the total number of RACE clones with valid DNA sequences (denominator).

Cai et al. Journal of Virology

January 2021 Volume 95 Issue 1 e00922-20 jvi.asm.org 6

https://jvi.asm.org


the DP-rcDNA minus strand was successfully amplified by RACE using an oligonucle-
otide anchor with the 3= hydroxyl group and uniformly mapped at the first nucleotide,
G1828, of the minus strand. The anchor bearing a 3= phosphate group did not generate
any valid RACE signal, indicating that G1828 possesses a 5= phosphate group at the
terminus of the DP-rcDNA minus strand. G1828, together with the succeeding two
adenosine nucleotides (1827AA1826), form the first trinucleotide primed by HBV poly-
merase using Y63 as the primer and the 5= epsilon of pgRNA as the template during the
initiation of reverse transcription. The primed nascent DNA is subsequently translo-
cated to 3= DR1 of pgRNA to form base pairs with 1826TTC1828 and continues the
synthesis of minus-strand DNA (Fig. 6) (31, 32). Thus, these results demonstrate that the
5= end of HBV DP-rcDNA possesses the authentic terminal sequence of rcDNA, indicat-
ing a complete removal of viral polymerase without trimming the DNA terminus during
rcDNA deproteination. In addition, the RACE analyses of both 5= and 3= ends of
DP-rcDNA revealed that the two copies of terminal redundant sequence (r) are main-
tained on cytoplasmic DP-rcDNA, indicating that the removal of one copy of r occurs
after the nuclear import of DP-rcDNA, which may be mediated by the flap endonu-
clease FEN-1 (15, 17).

Radiolabeling of the 5= termini of DP-rcDNA. Considering that the RACE assay
only selects the DNA substrate with free termini as the template, it remains possible
that DP-rcDNA is a mixed population with both blocked and unblocked ends. To
address this concern, we conducted 32P-labeling by polynucleotide kinase (PNK)
to qualitatively and quantitatively determine the 5=-end accessibility of DP-rcDNA to
phosphorylation compared to rcDNA (Fig. 7A). The 3.2-kb EcoRI-linearized unit-length
HBV DNA served as a control. As shown in Fig. 7B, while the alkaline phosphatase
(AP)-treated 3.2-kb HBV DNA marker was efficiently labeled by [�-32P]ATP (lane 2), the
rcDNA could not be labeled even after AP treatment, which is due to the 5=-end
blockade by the amino acid(s) on the minus strand and the capped RNA primer on the
plus strand (lane 3). rcDNA then was cut by MfeI to generate free ends, and upon AP
treatment, the MfeI-linearized rcDNA was efficiently labeled as the 3.2-kb HBV DNA
marker (lane 4 versus lane 2). Moreover, when the rcDNA was converted into double-
stranded linear DNA by mild heat treatment that melted the cohesive overlap between
the 5= ends of minus- and plus-strand DNA and was further fragmented by MfeI without
further AP treatment, the resulting 2.4-kb and 0.8-kb fragments could be labeled by 32P,
albeit with a weaker labeling signal due to the inefficient phosphate exchange activity
of PNK (lane 5, arrows). Interestingly, DP-rcDNA could be labeled by 32P at low
efficiency without any pretreatment (lane 6), and the labeling efficiency was enhanced
by mild heat pretreatment to fully expose the 5= ends on a linear DNA form with an
overhanging position (lane 7). Furthermore, the AP-treated DP-rcDNA was more effi-
ciently labeled by 32P (lane 8), and the DP-rcDNA with both mild heat pretreatment and
AP treatment was labeled at the same efficiency as the MfeI-linearized, AP-treated
rcDNA (lane 9 versus 4). These results demonstrate that, in contrast to rcDNA, the
DP-rcDNA possesses accessible 5= ends for 32P labeling, and, consistent with the RACE
results showing that the 5= ends of DP-rcDNA bear the phosphate group with only a
small portion bearing the hydroxyl group at the 5= end of plus-strand DNA (Fig. 5
and 6), the majority of the DP-rcDNA was labeled by 32P at low efficiency with the
phosphate exchange activity of PNK but at high efficiency with PNK’s phosphate
transfer activity when the 5= ends of DP-rcDNA were dephosphorylated by AP.

We further determined the strand specificity and sensitivity of DP-rcDNA for 5= 32P
labeling by following the experimental design shown in Fig. 8A. The AP-treated 3.2-kb
linear HBV DNA marker served as a labeling and size control (Fig. 8B, lane 1), and both
the rcDNA and DP-rcDNA substrates were first linearized by mild heat treatment before
performing further reactions. Consistent with the results shown in Fig. 7B, the linearized
rcDNA was not susceptible to 32P labeling even after AP treatment (Fig. 8B, lane 2),
while the MfeI-digested, AP-treated linear rcDNA fragments of 2.4 kb and 0.8 kb were
efficiently labeled (lane 3). Considering that the molar ratio between these two MfeI
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FIG 7 5= Radiolabeling of rcDNA and DP-rcDNA. (A) Experimental design. rcDNA and DP-rcDNA, with or
without 75°C heat treatment (a condition to melt the cohesive ends of rcDNA and form a double-stranded
linear DNA [dslDNA] substrate) or MfeI linearization, were either untreated or treated with alkaline phospha-
tase (AP), followed by polynucleotide kinase (PNK)-catalyzed 5= 32P labeling. (B) One nanogram of each rcDNA
and DP-rcDNA substrate with the indicated treatments and time sequence were subjected to agarose gel
electrophoresis and autoradiography. The 1-kb DNA marker (1 ng) and 3.2-kb unit-length HBV DNA marker
(1 ng) served as controls. The positions of rcDNA, DP-rcDNA, dslDNA, and MfeI-restricted fragments are
indicated. Band intensities were quantified and expressed as a percentage of the control signal (3.2-kb DNA
marker in lane 2). The intensities of 2.4-kb and 0.8-kb bands in lane 5 are shown separately in parentheses
underneath the sum.
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FIG 8 Both 5= termini of DP-rcDNA could be radiolabeled. (A) Experimental design. rcDNA and DP-rcDNA
were preheated at 75°C to generate the dslDNA substrates. The rcDNA-derived dslDNA was either treated
with AP and subjected to 32P labeling or cleaved by MfeI, followed by AP treatment and 5= 32P labeling
(left arm). The DP-rcDNA-derived dslDNA was left untreated or treated with AP before 32P labeling,
followed by either MfeI digestion or no undigestion. Before MfeI digestion, the radiolabeling reaction was
heated at 65°C for 20 min to inactivate PNK (right arm). (B) One nanogram of rcDNA and DP-rcDNA
substrates with the indicated treatments and time sequence was subjected to agarose gel electropho-

(Continued on next page)
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fragments should be 1:1, the reason why the intensity of the 0.8-kb band was stronger
than that of the 2.4-kb band is unclear. Without AP pretreatment, the linearized
DP-rcDNA was only modestly labeled by 32P, with approximately one-third of the
labeling efficiency of an equal amount of AP-treated 3.2-kb HBV DNA marker (lane 4
versus lane 1), and a further MfeI fragmentation of the labeled linear DP-rcDNA
revealed that the labeling mainly occurred at the 5= end of the plus strand, as indicated
by the labeled 0.8-kb band with about 50% labeling efficiency compared to that
derived from labeling of an equal amount of MfeI-digested, AP-treated linear rcDNA,
and a very weak labeled band of 2.4 kb could also be visualized (lane 5, arrow, versus
lane 3). When the linear DP-rcDNA was pretreated with AP, the DP-rcDNA was labeled
at the same efficiency as an equal amount of AP-treated 3.2-kb HBV DNA marker (lane
6 versus lane 1), and MfeI digestion of the labeled linear DP-rcDNA revealed the
intensity of 2.4-kb and 0.8-kb DNA bands was the same as that derived from labeling
of an equal amount of MfeI-digested, AP-treated linear rcDNA (lane 7 versus lane 3).

Collectively, the results of 32P labeling of DP-rcDNA are highly consistent with the
DP-rcDNA 5= RACE results (Fig. 5–8). Thus, we conclude that the cytoplasmic DP-rcDNA
exhibits accessible 5= ends with the viral polymerase and RNA primer being completely
removed, while a phosphate group predominantly exists at the 5= end of minus-strand
DNA and the 5= end of plus-strand DNA bears either a phosphate or hydroxyl group.
Considering PNK’s phosphate exchange activity, although it occurred at low efficacy, it
remains unclear whether the distribution of the phosphate group and hydroxyl group
at the 5= end of DP-rcDNA plus strand is close to 50/50, as indicated by the RACE result.

Susceptibility of DP-rcDNA to exonucleases. We next assessed the accessibility of
rcDNA and DP-rcDNA termini to 5= and 3= exonucleases. Theoretically, rcDNA and
ssDNA are resistant to 5= exonuclease T5 due to the blocked 5= ends; however, it has
been reported that the 5= exonuclease T5 also possesses a minor endonuclease activity
and completely digests HBV rcDNA and ssDNA at 5 U for 2 to 3 h (33, 34). Thus, we first
titrated the doses of T5 to treat the HBV cytoplasmic core DNA for a short treatment
duration of 30 min. While 5 U of T5 completely digested HBV core DNA, 1 U of T5 only
partially digested core DNA, as a slightly faster gel migration of treated DNA was
observed (Fig. 9A, lanes 6 and 7). Furthermore, core DNA was almost resistant to T5 with
a dose of 0.8 U, and it became completely resistant to T5 with doses lower than 0.8 U
(Fig. 9A, lanes 1 to 5). The resistance of core DNA to 0.8 U of T5 was repeatedly
observed, regardless of the large amount of rcDNA or the small amount of (�)ssDNA
in this specific sample (Fig. 9B, lane 2 versus lane 1), but both strands of DP-rcDNA were
completely digested under the same T5 treatment condition (Fig. 9C, lane 2 versus lane
1). In contrast, the strict 3= exonuclease combination ExoI/III indistinguishably digested
rcDNA and DP-rcDNA without strand specificity (Fig. 9B, lane 3, and C, lane 3). These
results further confirmed that all four termini of DP-rcDNA are unblocked.

TDP2 is not required for rcDNA deproteination or cccDNA formation. The
above-described results from RACE, 32P labeling, and exonuclease assays clearly sup-
port the conclusion that the viral polymerase is removed through unlinking the
tyrosyl-DNA phosphodiester bond between the protein and DNA terminus during
rcDNA deproteination. Previous studies have demonstrated that the host tyrosyl-DNA
phosphodiesterase 2 (TDP2) can release the attached viral polymerase from HBV and
DHBV rcDNA in the in vitro biochemical assays (23–26), but knocking out TDP2 in
HepG2-NTCP cells did not affect HBV infection (24). Due to such discrepancy, we
knocked out TDP2 in HBV stable cell line HepAD38 cells and analyzed the production
of DP-rcDNA and cccDNA. As shown in Fig. 10, HBV core DNA replication was slightly
higher in TDP2 knockout (KO) cells than in control cells, which is consistent with a

FIG 8 Legend (Continued)
resis and autoradiography. The 3.2-kb unit-length HBV DNA marker (1 ng) served as a control. The
positions of radiolabeled fragments are indicated. Band intensities were quantified and expressed as a
percentage of control signal (3.2-kb DNA marker in lane 1). The intensities of 2.4-kb and 0.8-kb bands are
shown separately in parentheses underneath the sums (in lanes 3, 5, and 7).
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previous TDP2 knockdown study (24). However, after normalizing the loading amount
of Hirt DNA by the relative levels of rcDNA (the precursor for DP-rcDNA), the levels of
DP-rcDNA and cccDNA were not markedly affected by TDP2 knockout, further suggest-
ing that TDP2 is dispensable for rcDNA deproteination and cccDNA formation.

DISCUSSION

In this study, by utilizing a battery of molecular and biochemical assays, we systemat-
ically characterized the features of all four termini of HBV rcDNA and cytoplasmic DP-rcDNA.
The latter has been proposed as a putative intermediate and precursor for cccDNA
formation by previous studies (18, 19, 21). There are multiple lines of evidence supporting
DP-rcDNA (also called PF-rcDNA) as a functional precursor of cccDNA from previous studies,
including that (i) it always appears earlier than cccDNA in the inducible HBV stable cell lines
as well as in HBV-infected HepG2-NTCP cells (18, 19, 22, 35); (ii) inhibiting rcDNA depro-
teination by the disubstituted sulfonamide (DSS) compounds or blocking DP-rcDNA nuclear
transport by inhibiting cellular karyopherin �1 resulted in reduced cccDNA formation (21,
36); (iii) inhibition of the nonhomologous end-joining (NHEJ) DNA repair pathway in cells
exclusively replicating the DHBV double-stranded linear DNA (dslDNA) genome led to an
accumulation of nuclear DP-dslDNA but reduction of cccDNA (37); and (iv) the transfection
of purified DHBV DP-rcDNA into cells resulted in de novo viral DNA replication, suggesting
a successful conversion of DP-rcDNA into cccDNA (19). DP-rcDNA is derived from the
cytoplasmic rcDNA and exists in both cytoplasm and nucleus (19, 21). We focused on
the cytoplasmic DP-rcDNA in this study because it is directly processed from rcDNA in the
nucleocapsid, which likely still possesses the first-hand information related to rcDNA
deproteination, unlike the nuclear DP-rcDNA that has undergone nuclear transportation
and possible further processing. Characterizing the molecular details at the termini of
cytoplasmic DP-DNA will not only further illustrate the nature of this DNA molecule but also
provide insights into a better understanding of the biogenesis of DP-rcDNA and cccDNA as
well as aid the development of therapeutic means for targeting cccDNA biosynthesis.

When comparing the 3= ends between rcDNA and DP-rcDNA by RACE analysis, the
3= ends of minus-strand DNA are identical and the terminal redundant sequence (r)

FIG 9 Susceptibility of rcDNA and DP-rcDNA to exonuclease digestion. (A) HBV cytoplasmic core DNA
was left untreated (mock) or treated with 5= exonuclease T5 at the indicated doses at 37°C for 30 min,
followed by Southern blotting with HBV (�)- or (�)strand-specific riboprobe. (B and C) Similar amounts
of HBV cytoplasmic core DNA and DP-rcDNA were left untreated or treated with 5= exonuclease T5 (0.8
U) or the 3= exonuclease combination ExoI/III (10/50 U) at 37°C for 30 min and subjected to Southern
blotting and hybridization with HBV DNA strand-specific riboprobes.
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remains unprocessed (Fig. 3); however, the 3= end of the plus strand is extended at
various degrees on DP-rcDNA (Fig. 4), which is consistent with previous studies
showing that the length of the DP-rcDNA plus strand is longer than that in rcDNA, as
measured by 2D gel and alkaline denaturing gel assays (18, 19). We have previously
shown that the purified DHBV virion underwent rcDNA deproteination upon restarting
viral DNA synthesis by endogenous polymerase reaction (EPR), inferring that the further
DNA elongation of the rcDNA plus strand serves as a trigger for deproteination (21).
Based on the 3= RACE sequencing data, the switch point for rcDNA deproteination
during plus-strand DNA synthesis may be located between nt 1311 and 1593, and
apparently, the switch point for rcDNA deproteination is not at a fixed position, as the
DP-rcDNA is a mixed population with heterogeneous 3= ends of plus-strand DNA (Fig.
4). It is speculated that the plus-strand DNA elongation during rcDNA deproteination is
catalyzed by viral polymerase, as cytoplasmic rcDNA deproteination takes place inside
the virus capsid (19, 21). Considering that the hepadnaviral polymerase does not have
strand displacement activity (38), the observation of a small portion of DP-rcDNA (6 out
of 41 RACE clones) with their plus-strand DNA 3= ends being extended into the DR2
region indicates that the bound RNA primer was removed during rcDNA deproteina-
tion, or these longest 3=-end sequences are from the contaminating DP-dslDNA, in
which the RNA primer is located at the DR1 position (37). It also remains unknown
whether the released viral polymerase, if intact, still can continue to polymerize the

FIG 10 TDP2 does not play an indispensable role in rcDNA deproteination or cccDNA formation. The
HepAD38-control knockout (KO) and TDP2 KO cells were cultured in tet-free medium for the indicated
times. The knockout of TDP2 was confirmed by Western blotting, with �-actin serving as a loading
control. At day 6 postinduction, the cytoplasmic core DNA and total Hirt DNA were analyzed by Southern
blotting, and the loading amount of Hirt DNA was normalized by the relative levels of rcDNA (% of
control) on core DNA Southern blotting. The Hirt DNA samples at day 12 postinduction were heat
denatured at 85°C for 5 min, followed by Southern blotting. The ssDNA was derived from DP-rcDNA after
heat denaturation. The relative levels of the analyzed HBV DNA are indicated.
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plus-strand DNA in capsids. Previous studies demonstrated that the cytoplasmic DP-
rcDNA is associated with the partially disassembled capsid, and the in vitro EPR reaction
could cause destabilization of the nucleocapsid (21, 39), which indicates that the further
extension of plus-strand DNA and/or the release of polymerase from rcDNA creates an
internal tension to open up the capsid, an event possibly related to the electrostatic
repulsion due to the increased negative charge of DNA and capsid phosphorylation
(40–42).

The 5= RACE, 5= radiolabeling, and T5 exonuclease assays revealed that the RNA
primer is absent from DP-rcDNA (Fig. 5, 7–9). The heterogeneous terminus of the 5= end
of plus-strand DNA of DP-rcDNA is due to the variable length of RNA primers generated
at the 5= end of pgRNA by the RNase H activity upon the completion of minus-strand
DNA synthesis (28, 30). It has been reported that the length of the RNA primer for HBV
plus-strand DNA synthesis was determined to be 11 to 16 nt long by primer extension
analysis, corresponding to 5 to 11 nt complementary to the 11-nt DR2 sequence (28).
In this study, the RACE analysis of the 5=-end DNA sequence of the DP-rcDNA plus
strand revealed that the majority of RNA primers translocated to the DR2 have 10- to
11-nt base pairing with the latter, but an RNA primer having as short as 3-nt base pairs
with DR2 can initiate plus-strand DNA synthesis to make rcDNA (Fig. 5). Compared to
the previous study, the identification of RNA primers shorter than 11 nt is likely due to
the higher sensitivity of the RACE assay. Interestingly, the 5= end of the DP-rcDNA plus
strand bears either a phosphate or hydroxyl group, indicating that dephosphorylation
occurs at the 5= end of the plus strand of DP-rcDNA. The enzyme responsible for
removing the RNA primer from the plus-strand DNA is unknown. A plausible candidate
is the RNase H activity of viral polymerase. Initially, the RNA primer left uncleaved
during minus-strand DNA synthesis may be due to the restricted access by viral
polymerase covalently bound to the 5= end of minus-strand DNA and/or the distance
between the reverse transcriptase and RNase H activity sites on the polymerase when
the minus-strand DNA elongation reaches the 5= end of pgRNA (30). However, when
the polymerase is released from rcDNA, the RNase H domain of polymerase may gain
access to the RNA primer and minus-strand DNA duplex and cleave off the RNA primer
from DP-rcDNA. Nonetheless, although potential RNase activity has been prevented as
much as possible during the cytoplasmic DP-rcDNA isolation and purification and the
integrity of purified DP-rcDNA has been confirmed by Southern blotting (data not
shown), we cannot completely rule out the possibility that the RNA primer on cyto-
plasmic DP-rcDNA, if any, is removed inadvertently during the experimental procedures
specific to DP-rcDNA.

In addition, the 5= RACE, 5= 32P labeling, and T5 exonuclease treatment experiments
demonstrate that the viral polymerase is completely released from rcDNA through
unlinking the tyrosyl-DNA phosphodiester bond during rcDNA deproteination, with the
G1828 residue bearing a 5= phosphate group being left at the 5= end of the minus
strand of DP-rcDNA (Fig. 6–9). These results indicated that the cellular TDP2 is the most
likely enzyme to catalyze the deproteination of rcDNA. The host function of TDP2 is to
remove the cellular DNA topoisomerase 2 (Top2) covalently conjugated at the 5= ends
of a chromosome double-strand DNA break during DNA repair (43). Intriguingly, a
previous study demonstrated that TDP2 unlinks the protein-RNA covalent linkage
between poliovirus VPg protein and the terminus of viral RNA during viral replication
(44). However, although TDP2 was able to remove HBV or DHBV polymerase from
the purified viral DNA replicative intermediates in the in vitro enzymatic assays, it
exhibited negligible effects on cccDNA formation in cell cultures (23–26). Further-
more, pharmacological inhibitors of TDP2 did not inhibit HBV infection in vitro (45).
In this study, we have also tested the role of TDP2 in HBV replication by knocking
out TDP2 in HepAD38 cells, and our results demonstrated that TDP2 knockout did
not markedly reduce the levels of DP-rcDNA and cccDNA (Fig. 10). Altogether, these
results suggest that TDP2 is not involved in HBV rcDNA deproteination or cccDNA
formation, perhaps because TDP2 is a nuclear protein but rcDNA deproteination
first occurs in the cytoplasm. While the enzyme(s) catalyzing rcDNA deproteination
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remains mysterious, an unknown TDP2-like protein responsible for this host-virus
reaction may exist in cells, and it is of interest to determine the termini of
DP-rcDNA, especially the 5= end of minus-strand DNA, in the absence of TDP2. It has
been shown that the unlinkase activity of TDP2 against the irreversible Top2-DNA
linkage requires the proteolytic degradation of Top2 (46), which raises the question
of whether the proteolysis of HBV polymerase takes place before the TDP2-like
enzyme starts to cleave the tyrosyl-DNA bond. Interestingly, our previous study
demonstrated that a broad-spectrum serine protease inhibitor, 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF), inhibited EPR-mediated DHBV
rcDNA deproteination in nucleocapsids in vitro (21), indicating that the virus
nucleocapsid has sufficient requirements for rcDNA deproteination, including the
protease and unlinkase. A high-resolution proteomic analysis of DP-rcDNA-
containing capsid may provide clues for identifying the factors responsible for
rcDNA deproteination in a future study. Moreover, it is also possible that the HBV
polymerase self-releases from rcDNA upon synthesizing the plus-strand DNA to the
putative switching point for rcDNA deproteination, although a viral genome-bound
terminal protein self-disassociation mechanism has not been seen in other viruses,
such as bacteriophage �29 and adenoviruses (47).

During HBV reverse transcription, the priming of HBV DNA synthesis on the 5=
epsilon of pgRNA occurs primarily at the C1867 position by covalently conjugating a
trinucleotide, GAA, to amino acid Y63 of the TP domain of viral polymerase, and then
this nascent DNA is translocated to the 3= DR1 of pgRNA and serves as the primer to
continue (�)DNA synthesis. In rare cases, the priming reaction can take place at one
nucleotide downstream of C1867 and synthesizes a quadrinucleotide, TGAA, to form
base pairs with DR1, giving rise to an extra terminal T residue at the 5= end of the minus
strand of rcDNA (Fig. 1B) (31, 32, 48). However, a later study on in vitro HBV polymerase
priming suggests that the true priming reaction initiates at C1867 but not A1868 (25).
Nonetheless, our RACE assay mapped the terminal nucleotide of the 5= end of the HBV
DP-rcDNA minus strand exclusively to G1828 (Fig. 6). Such a result could be due to
the absence or low abundancy of rcDNA or DP-rcDNA with T1829 at the 5= end of
minus-strand DNA, or the G1828 residue linked to Y63 of polymerase is required for an
efficient rcDNA deproteination. Interestingly, the terminal nucleotide at the 5= end of
DHBV rcDNA and DP-rcDNA minus strands is also a G residue (G2537) (19). Further
study is needed to investigate the potential DNA sequence specificity of the tyrosyl-
DNA linkage for rcDNA deproteination. In this regard, it is worth noting that the in vitro
TDP2 enzymatic activity against polymerase Y63-DNA linkage does not exhibit any DNA
sequence specificity (24–26).

Among the total HBV DP-rcDNA intermediates, a closed minus-strand (cM)-rcDNA
with plus strand remaining open was recently identified by digesting the DP-rcDNA
with 3= exonucleases ExoI/III, which may represent a further processed DP-rcDNA in-
termediate in rcDNA-to-cccDNA conversion (34). The existence of cM-rcDNA further
confirmed that the removal of viral polymerase and one copy of the terminal redundant
sequence indeed take place in the HBV DNA replication cycle. We did not detect the
cM-rcDNA in the 5= radiolabeling and exonuclease treatment of cytoplasmic DP-rcDNA
(Fig. 7 and 9), which might be due to the low abundancy of cM-rcDNA or its specific
nuclear localization. Future study will be carried out to characterize the termini of
nuclear HBV DP-rcDNA species.

Taken together, our study provides more details on the molecular mechanism of
cccDNA formation, and an updated model for DP-rcDNA-dependent HBV cccDNA
formation has been proposed. As summarized in Fig. 11, upon further elongation of the
plus-strand DNA of nucleocapsid HBV rcDNA, the viral polymerase covalently attached
at the 5= end of minus-strand DNA and the bound RNA primer at the 5= end of
plus-strand DNA are removed, the resulting DP-rcDNA is translocated into the nucleus,
where one copy of the terminal redundant sequence (r) on the minus-strand DNA is
excised during a series of DNA end processing by host DNA repair machinery to
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generate ligatable DNA termini, and ultimately the nicks are joined by host DNA ligases
to form cccDNA.

MATERIALS AND METHODS
Cell lines. The HepG2-based, tetracycline (tet)-inducible HBV stable cell lines HepAD38, HepDE19,

and HepDES19 were established previously (19, 49) and maintained in the same way as HepG2 but with
the addition of 1 �g/ml tet. To induce HBV replication in the inducible HBV stable cell lines, tet was
withdrawn from the culture medium and the cells were cultured for the indicated times. To establish
TDP2 knockout (KO) cells, HepAD38 cells were cotransfected with TDP2 CRISPR/Cas9 KO plasmid and
TDP2 HDR plasmid according to the manufacturer’s instructions (Santa Cruz). TDP2 HDR plasmid
transfection alone was used to establish control KO cells. The transfected cells were selected by 3 �g/ml
puromycin, and the antibiotic-resistant cells were pooled to form HepAD38-TDP2 KO and HepAD38-
control KO cell lines. The knockout of TDP2 was confirmed by Western immunoblotting using TDP2
antibody (clone H-6; Santa Cruz).

HBV DNA Southern blotting. HBV cytoplasmic core DNA and DP-rcDNA were extracted and
subjected to Southern blotting as described previously (19, 21). HBV total DP-rcDNA and cccDNA were
coextracted by a modified Hirt DNA extraction method and subjected to Southern blot analysis
according to our published protocol (50). Hybridization signals were recorded on a phosphorimager
screen and scanned by the Typhoon FLA-7000 imager (GE Healthcare).

Purification of virion rcDNA. HepDE19 cells were cultured in tet-free medium to induce HBV
replication and virion production for 12 days, and the collected culture fluid was gently rotated overnight
with anti-HBs monoclonal antibody (Dako) at 4°C to precipitate HBV virions. The pelleted beads were
digested at 37°C for 1 h in 400 �l of digestion buffer containing 0.5 mg/ml pronase, 0.5% SDS, 150 mM
NaCl, 25 mM Tris-HCl (pH 8.0), and 10 mM EDTA. The digestion mixture was extracted with phenol, and
virion DNA was precipitated with ethanol and dissolved in elution buffer (10 mM Tris-Cl, pH 8.5). The
integrity and concentration of the purified virion rcDNA were determined by Southern blotting using a
3.2-kb HBV DNA marker with known concentration.

Purification of cytoplasmic DP-rcDNA. HepDES19 cells were cultured in tet-free medium to
induced HBV replication and DP-rcDNA production for 12 days. Cells from a 10-cm dish were lysed
on ice with 3 ml of 1% NP-40 lysis buffer containing RNasin RNase inhibitors (Promega). Cell debris
and nuclei were removed by centrifugation, the purity of the cytoplasmic fraction was assessed by
Western blotting of cytoplasmic marker annexin I and nuclear marker lamin A/C as previously
described (51), and the clarified supernatant was mixed with 200 �l of 10% SDS. After 30 min of
incubation at room temperature, 5 M NaCl was added to bring the final concentration of NaCl to 1
M, and the mixture was kept at 4°C overnight. The sample was then clarified by centrifugation at
10,000 rpm for 30 min at 4°C and extracted twice with phenol and once with phenol-chloroform.
DNA was precipitated with ethanol and dissolved in elution buffer. The contaminating RNA was
precipitated with 2.5 M LiCl, and DNA-containing supernatant was further precipitated with ethanol
and dissolved in Tris-EDTA buffer. DNA then was resolved in a 1.5% agarose gel, and the DP-rcDNA
band (�4 kb) was excised and purified by a gel extraction kit (Qiagen). The integrity and concen-
tration of the purified virion rcDNA were determined by Southern blotting using a 3.2-kb HBV DNA
marker with known concentration.

rcDNA and DP-rcDNA RACE. Approximately 20 pg of HBV virion rcDNA or cytoplasmic DP-rcDNA
was denatured at 95°C for 10 min and then kept on ice. The denatured DNA was mixed with 5 �l of 2�
T4 RNA ligase 1 reaction buffer containing 50% polyethylene glycol 8000, 2 mM hexamine cobalt
chloride, 0.5 �l of 50 �M PO4-Anchor or OH-Anchor (Table 1 and Fig. 2), and 1 �l of T4 RNA ligase 1. Water
was supplied to bring the reaction mixture volume to 10 �l, and the mixture was incubated at room
temperature overnight. Three microliters of linked DNA product was mixed with 5 �l of 10� PCR buffer,
5 �l of 10 mM dNTP, 1 �l of 50 �M Anchor- and HBV-specific primer sets (Table 1 and Fig. 2), and 1 �l
of polymerase (Clontech Advantage HF 2 PCR kit). Water was supplied to bring the reaction mixture

FIG 11 Updated model of cccDNA formation via rcDNA deproteination. In the cytoplasm, the gap filling of plus-strand DNA of rcDNA
results in the complete removal of viral polymerase and RNA primer covalently attached at the 5= end of rcDNA (�)strand and
(�)strand, respectively. The generated DP-rcDNA translocates into the nucleus, where one copy of the terminal redundant sequence
(r) on (�)strand DNA is removed, and the (�)strand DNA gap is completely filled, by the host DNA repair apparatus, giving rise to
ligatable ends for ligases to complete cccDNA formation.
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volume to 50 �l. The reaction mixture was denatured at 95°C for 10 min, and the amplification was set
for 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 50 s, with an additional 10-min extension at 72°C
after the last cycle. The PCR products were ligated into the T-vector system (Promega) for Sanger
sequencing.

5=-Radiolabeling of DNA. One nanogram of the 1-kb plus DNA marker (Invitrogen), the unit-length
3.2-kb HBV double-stranded linear DNA marker, or purified rcDNA and DP-rcDNA, with or without various
pretreatments in different combinations, including Apex heat-labile alkaline phosphatase (AP) (Epicentre)
treatment, 75°C heat denaturation, and MfeI digestion, as indicated in Fig. 7 and 8, was mixed with 2 �l
of NEB 10� T4 PNK buffer, 20 U of PNK, and 1 �l of [�-32P]ATP (3,000 Ci/mmol) (PerkinElmer). Water was
added to bring the total volume to 20 �l. The radiolabeling reaction was conducted at 37°C for 1 h. The
labeled DNA was undigested or digested by MfeI and resolved in 1.3% agarose gel, followed by an
extensive water rinse to remove the free isotopes. The gel was then dried in a gel dryer (Bio-Rad) and
exposed to a phosphorimager screen, and the recorded signal was scanned by the Typhoon FLA-7000
imager (GE Healthcare).

Exonuclease digestion. HBV cytoplasmic core DNA and DP-rcDNA extracted from HepDE19 cells
were digested with 5= exonuclease T5 (NEB) or 3= exonuclease ExoI/III (NEB) at the indicated doses in a
total volume of 30 �l per reaction mixture at 37°C for 30 min. The digested HBV DNA samples were
analyzed by Southern blotting with strand-specific HBV riboprobes.
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