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ABSTRACT Hepatitis B virus (HBV) covalently closed circular (CCC) DNA functions as
the only viral template capable of coding for all the viral RNA species and is thus es-
sential to initiate and sustain viral replication. CCC DNA is converted, in a multistep
and ill-understood process, from a relaxed circular (RC) DNA, in which neither of the
two DNA strands is covalently closed. To detect putative intermediates during RC
DNA to CCC DNA conversion, two 3’ exonucleases, exonuclease | (Exo 1) and Exo llI,
were used in combination to degrade all DNA strands with a free 3’ end, which
would nevertheless preserve closed circular DNA in either single-stranded (SS) or
double-stranded (DS) form. Indeed, an RC DNA species with a covalently closed minus
strand but an open plus strand (closed minus-strand RC DNA [cM-RC DNA]) was de-
tected by this approach. Further analyses indicated that at least some of the plus
strands in such a putative intermediate likely still retained the RNA primer that is at-
tached to the 5’ end of the plus strand in RC DNA, suggesting that minus-strand closing
can occur before plus-strand processing. Furthermore, the same nuclease treatment
proved to be useful for sensitive and specific detection of CCC DNA by removing all
DNA species other than closed circular DNA. Application of these and similar approaches
may allow the identification of additional intermediates during CCC DNA formation and
facilitate specific and sensitive detection of CCC DNA, which should help elucidate the
pathways of CCC DNA formation and the factors involved.

IMPORTANCE The hepatitis B virus (HBV) covalently closed circular (CCC) DNA, by
serving as the viral transcriptional template, is the molecular basis of viral persis-
tence. CCC DNA is converted, in a multistep and ill-understood process, from relaxed
circular (RC) DNA. Little is currently understood about the pathways or factors in-
volved in CCC DNA formation. We have now detected a likely intermediate during
the conversion of RC DNA to CCC DNA, thus providing important clues to the path-
ways of CCC DNA formation. Furthermore, the same experimental approach that led
to the detection of the intermediate could also facilitate specific and sensitive detec-
tion of CCC DNA, which has remained challenging. This and similar approaches will
help identify additional intermediates during CCC DNA formation and elucidate the
pathways and factors involved.

KEYWORDS covalently closed circular DNA, exonuclease, hepatitis B virus,
intermediate, relaxed circular DNA

pproximately 2 billion people worldwide have been infected by hepatitis B virus
(HBV), among whom at least 250 million are chronically infected (1). Chronic HBV
infection carries a high risk of development of liver fibrosis, cirrhosis, and hepatocellular
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FIG 1 Biochemical reactions thought to be required for RC DNA conversion to CCC DNA. The structures
of the HBV RC DNA found in mature intracellular nucleocapsids and extracellular complete virions and
of the CCC DNA found in the host cell nucleus are shown schematically. The viral minus (—)-strand DNA
and plus (+)-strand DNA are represented by black lines. RT, the viral RT protein covalently attached to
the 5" end of the minus strand of RC DNA; gray bar, the capped RNA oligomer attached to the 5’ end
of the plus strand of RC DNA; r, a short (ca. 9-nt-long) terminal repeat at both ends of the minus strand
of RC DNA. The gap in the inner circle represents the region in the incomplete plus strand of RC DNA
that is yet to be synthesized during CCC DNA formation. Note that the numerals 1 through 6 refer only
to the putative biochemical reactions required for RC DNA to CCC DNA conversion and do not necessarily
reflect the order of events in this conversion.

carcinoma, which result in 650,000 deaths per year. HBV is the prototype virus of the
Hepadnaviridae family, which comprises a group of enveloped viruses with a small (ca.
3.2-kb), relaxed circular (RC), partially double-stranded (DS) DNA genome (2). Upon
infection, RC DNA is converted in the nuclei of infected hepatocytes to covalently
closed circular (CCC) DNA (Fig. 1), which serves as the transcriptional template for
generating all the viral gene products required for viral replication and virus production
(2, 3). Current treatment options for chronic hepatitis B are limited to pegylated
interferons or nucleos(t)ide analogues (NAs) that target the viral polymerase protein, a
multifunctional reverse transcriptase (RT) essential for the synthesis of RC DNA from an
RNA intermediate called pregenomic RNA (pgRNA) (4). These drugs can reduce viremia
(i.e., RC DNA-containing virions in the blood) through the inhibition of viral replication
and, in the case of interferons, also immune modulation. However, curing of chronic
HBV infection is rarely achieved as the nuclear CCC DNA reservoir can persist, despite
years of therapy, to sustain viral persistence (5, 6).

Little is currently known about the molecular mechanisms of CCC DNA formation. In
addition to the RC DNA from the incoming virions, which is the substrate for CCC DNA
formation during infection, progeny RC DNA produced de novo, via reverse transcrip-
tion, in cytoplasmic mature nucleocapsids within the infected cell can also be delivered
to the nucleus to increase the nuclear pool of CCC DNA, via an intracellular amplifica-
tion pathway (7-9). Based on the RC DNA structure, its conversion to CCC DNA may
consist of up to six distinct biochemical reactions (Fig. 1). Due to the low levels of HBV
CCC DNA formation in current cell culture model systems, it has proven difficult to
study the pathway(s) of CCC DNA formation, including the order of events that are
thought to be necessary for CCC DNA formation (Fig. 1) and the factors involved.
Identification of intermediates present during RC DNA to CCC DNA formation would
likely reveal important insights into the pathway of CCC DNA formation and factors
involved, but no such intermediates have been convincingly identified. A form of RC
DNA called protein-free (PF)-RC DNA or deproteinated (dp)-RC DNA has been identified
in immortalized/transformed cell lines replicating HBV from which the viral RT protein
covalently attached to the 5’ end of the minus strand of RC DNA has been removed (8,
10-12). Whether this PF-RC DNA is indeed a true intermediate in CCC DNA formation
or instead represents a dead-end but stable product processed from RC DNA remains
unresolved (8, 10, 13).

Another key issue related to studies on CCC DNA is the difficulty of its specific and
sensitive detection, especially in the presence of the structurally related RC DNA, which
can outnumber CCC DNA by 100- to 1,000-fold. CCC DNA copy numbers are generally
low (especially in clinical samples), limiting the use of Southern blot analysis (with a
detection limit of ca. 106 CCC DNA copies), which can clearly resolve CCC DNA from RC
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DNA and is thought to be the most unequivocal means of detecting CCC DNA. A
selective CCC DNA detection technique, “over-gap” PCR, was developed by using
primers spanning the nick and the single-stranded (SS) gap in RC DNA (Fig. 1), which
provides relative but not absolute discrimination between CCC and RC DNA (6), due to
the fact that the gapped region can be “repaired” following DNA extension from the 3’
ends of RC DNA or of the primers.

As one approach to identifying putative intermediates during CCC DNA formation
from RC DNA, we have tested a number of different exonucleases in attempts to
selectively eliminate RC DNA while preserving putative intermediates during RC DNA to
CCC DNA conversion, especially those in which only one of the two strands in RC DNA
may be covalently closed. By treating PF DNA extracted from hepatoma cells that
support CCC DNA formation with a combination of two different exonucleases, exo-
nuclease | (Exo I) and Exo Il (Exo 1&lll), we revealed a likely intermediate during CCC
DNA formation in which the minus strand of RC DNA was covalently closed but the plus
strand remained unprocessed. The same treatment would also preserve the intact
circular strand in nicked CCC DNA molecules, which can be amplified subsequently.
Accordingly, we have demonstrated that this treatment could also facilitate the specific
and sensitive detection of small amounts of CCC DNA in the presence of excess RC DNA.

RESULTS

SS circular DNA derived from nicked plasmid was preserved after Exo &Il
digestion but eliminated after Exo T5 digestion. It was recently reported that
exonuclease T5 (Exo T5) can be used to degrade RC DNA to enhance the detection
specificity of CCC DNA by quantitative PCR (qPCR) (14). However, Exo T5 is known to
have an SS endonuclease activity (15) (NEB) in addition to its 5’ exonuclease activity.
The SS endonuclease activity of T5 could remove any putative intermediate during RC
DNA to CCC DNA conversion even when one of the two DNA strands is already closed.
Therefore, we chose a combination of Exo | and Il (Exo 1&lll), as they do not have any
known endonuclease activity. Also, the 5 ends of RC DNA are modified by the
covalently attached RT protein on the minus strand and the capped RNA oligomer on
the plus strand, respectively, which may or may not be processed in any putative
intermediate during RC DNA to CCC DNA conversion and may affect the activity of 5’
exonucleases. In contrast, RC DNA has free 3’ ends in both strands, which would be
sensitive to the 3’ exonucleases (Exo 1&Ill), which digest SS and DS DNA, respectively,
from the 3’ end. In principle, a combination of Exo | and lll would be able to remove
any DNA that has an unblocked free 3’ end but would preserve CCC DNA and SS closed
circular DNA, as may be found in putative intermediates in CCC DNA formation that
have only one of the two DNA strands covalently closed.

We first verified the expected activities of Exo I&Ill and Exo T5 using plasmid model
substrates. pCl-HBc (16), which contains the HBV core (HBc) gene sequence in plasmid
vector pCl (Promega), was mixed with Hirt DNA extracted from uninduced HepAD38
cells (mock PF DNA, i.e., cellular DNA, including mitochondrial DNA and any residual
nuclear DNA) so as to mimic the PF DNA extracted from induced HepAD38 cells. The
plasmid DNA mix was digested with the nicking endonuclease Nb.BbvCl, which cuts the
HBV sequence once only on the minus strand (based on the HBV sequence) specifically,
to generate a nicked pCl-HBc DNA that had a closed plus strand and an open (nicked)
minus strand. The plasmid DNA, with or without prior nicking treatment, was then
digested with Exo T5 or Exo I&lIl for 2 to 3 h (Fig. 2A). Strand-specific probes were then
used to detect the plus and minus strands separately by Southern blotting. The results
showed that Exo T5 degraded all the DNA species, including the closed circular strand,
as well as the linear (i.e., nicked) strand, of the nicked plasmid, due to its SS endonu-
clease activity as well as exonuclease activity, such that only the supercoiled DS DNA
survived the digestion (Fig. 2B and C, lanes 4 and 8). In contrast, Exo I&IIl degraded the
nicked strand (minus strand) from the Nb.BbvCl nicked circular DNA, generating
abundant levels of the closed plus-strand circles (Fig. 2B, lanes 6 and 7). In addition, low
levels of SS circular DNA of minus polarity were detected following Exo 1&lll digestion
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FIG 2 Exo I&lll versus Exo T5 digestion of plasmid DNA. (A) Diagrams showing expected digestion results of various plasmid
DNA species. A break in the circle denotes the nick on the DNA strand. (B and C) Plasmid pCl-HBc (2.5 ng) was mixed with
20 ul of mock PF DNA extracted from uninduced HepAD38 cells. The DNA mix was first treated with Nb.BbvCl (5 units) to
nick the plasmid DNA specifically on the minus strand (B and C, lanes 5 to 8) or was left untreated (B and C, lanes 1 to 4)
before digestion with Exo 1&IIl (5 units and 25 units, respectively) in two different buffers or with Exo T5 (5 units). The DNA
samples were then resolved on an agarose gel, and HBc DNA was detected by Southern blotting using a riboprobe specific
for the viral plus-strand (B) or minus-strand (C) DNA. The diagrams on the right of panel C depict the various DNA species
and their migration on the gel. B3, 1X NEB buffer 3; BCS, 1X NEB buffer Cutsmart; PE, phenol extraction.

of the Nb.BbvCl-nicked plasmid (Fig. 2C, lanes 6 and 7), which were likely derived from
random nicking of the plasmid on the plus (as well as the minus) strand during DNA
extraction and manipulation. This was also clearly evidenced by the detection of low
levels of SS circular DNA, of both minus and plus polarity at approximately equal
abundances, following Exo I&lIll digestion of the plasmid without prior deliberate
nicking with the nicking endonuclease (Fig. 2B and C, lanes 2 and 3). The Exo 1&lll
digestion worked equally well in two different buffers (Fig. 2). In contrast, no SS circles,
of either minus-strand or plus-strand polarity, were detected following Exo T5 digestion
(Fig. 2B and C, lane 8), as expected from its SS endonuclease activity as well as
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exonuclease activity. In the experiment represented by Fig. 2, a portion of the randomly
nicked plasmid DNA appeared to be resistant to T5 (Fig. 2B and C, lane 4) and, to a
lesser extent, also resistant to Exo 1&lll digestion under some conditions (Fig. 2B and C,
lane 2), presumably due to incomplete digestion. It was clear, however, that upon
deliberate nicking with Nb.BbvCl, all nicked strands of the plasmid DNA were digested
by T5 or Exo I&lll (Fig. 2B and C, lanes 6 to 8). Thus, digestion of the model plasmid DNA
verified the exonuclease activity of Exo I&lll; the SS endonuclease activity was detected
only with Exo T5 and not with Exo | or Ill, as expected.

Both Exo I&Ill treatment and Exo T5 treatment were able to remove the HBV
RC DNA and preserve CCC DNA. We then subjected the HBV core DNA extracted from
HepAD38 cells to exonuclease digestions performed as described above for the treat-
ment of plasmid DNA. To simulate the digestion conditions of the authentic HBV PF
DNA, we added mock PF DNA extracted from uninduced HepAD38 cells to the core
DNA before digestion. As shown in Fig. 3A, the PF DNA as extracted may contain, in
addition to CCC DNA and the previously identified PF-RC DNA, a mixture of nicked CCC
DNA and potential intermediates during RC DNA to CCC DNA conversion in which one
of the two strands of RC DNA is covalently closed. These potential intermediates, as well
as nicked CCC DNA, comigrated with RC DNA on a native agarose gel (Fig. 3B and C)
and could have escaped detection by previous analysis (8, 10). Southern blot analysis
showed, as expected, that all HBV DNA species in the core DNA preparation, including
both strands of RC DNA, were effectively degraded by Exo T5 or Exo I&lll (Fig. 3B). PF
DNA extracted from HepAD38 cells, which contain CCC DNA and even higher levels of
PF-RC DNA (Fig. 3C, lanes 1 and 8) (8), were then treated in the same way. Southern blot
analysis showed that the PF-RC DNA could be degraded either by Exo I&lll or by Exo T5
whereas CCC DNA was resistant to both treatments (Fig. 3A and C, lanes 3, 6, 10, and
13). Linearization of CCC DNA by the single-cutter restriction enzyme Mfel, which
changed the mobility of CCC DNA to that of the double-stranded linear (DSL) DNA (a
minor form of both core DNA and PF DNA; Fig. 3A), further confirmed the DS,
supercoiled nature of CCC DNA (Fig. 3C, lanes 5, 7, 12, and 14).

Exo I&lll digestion uncovered a likely intermediate in CCC DNA formation with
a covalently closed minus (cM) strand and an open plus strand. Following Exo I&lll
treatment, we observed a DNA species, of minus polarity, migrating just below the SS
linear DNA, in addition to CCC DNA (Fig. 3C, lane 10 versus lane 9; see also Fig. 4C, lane
6 versus lane 2, bottom, for a better separation of this DNA species from the SS linear
DNA). This species was not detected following Exo T5 digestion (Fig. 3C, lanes 6 and 13)
and was resistant to Mfel digestion (Fig. 3C, lane 12). Given the known SS DNA-specific
endonuclease activity of T5, but not Exo I&IIl, we surmised that this DNA species
represented an SS circular DNA of minus polarity which was previously shown to
migrate slightly faster than linear SS DNA following native agarose gel electrophoresis
(17). This hypothesis was confirmed directly by the removal of this DNA species by Exo
T5 digestion following Exo I&lIl treatment (Fig. 3C, lane 11) and was further supported
by its resistance to Mfel (Fig. 3C, lane 12). Furthermore, as an SS circular DNA of plus
polarity was not detected (Fig. 3C, lane 3) or was detected only at levels much lower
than those seen with the minus-strand SS circle in other experiments (data not shown),
the minus-strand circle was unlikely to have been derived from randomly nicked CCC
DNA, which would have produced equal levels of minus-strand and plus-strand circles,
as shown for the randomly nicked plasmid in Fig. 2 (top).

Given the structure of RC DNA and the specificities of the nucleases used in the
experiment described above, we surmised that the minus-strand circle detected fol-
lowing Exo 1&III digestion was most likely derived from a processed RC DNA in which
the minus strand was covalently closed but the plus strand remained open, i.e., an
incompletely processed RC DNA probably on its way to becoming CCC DNA and thus
a likely intermediate during CCC DNA formation. To confirm this suggestion and to
determine further the structure of this putative intermediate during CCC DNA forma-
tion, we digested the PF DNA with the BmgBlI restriction enzyme before the Exo 1&lll
digestion. BmgBI cuts CCC DNA (including nicked CCC DNA) once to convert it to linear
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FIG 3 Exo I&Ill versus Exo T5 digestion of HBV core and PF DNA. (A) Diagrams showing expected results of digestion with various HBV PF DNA species. Left,
structures of known and potential HBV PF DNA species; middle and right, expected digestion products of the various DNA species. The DNA species in the
rectangular box, with a covalently closed minus strand and an open plus strand, represents a potential intermediate during RC DNA to CCC DNA conversion
that was identified in the current study (see the text for details). The black dot at the 5’ end of the minus strand of the PF-RC and PF-DSL DNA denotes the
unknown modification of this end upon removal of the RT protein (deproteination; see the text for details). (B and C) HBV core DNA (0.3 ul) combined with
mock PF DNA (20 ul) extracted from uninduced HepAD38 cells (B) or PF DNA (20 wl) extracted from induced HepAD38 cells (C) was treated with Exo I1&IIl (5
units and 25 units, respectively) (lanes 3 and 10) or Exo T5 (5 units) (lanes 6 and 13) in 1X NEB CutSmart buffer. Subsequently, Mfel-HF (10 units) was used
to linearize CCC DNA (lanes 5, 7, 12, and 14) and Exo T5 (5 units) was used to digest the SS circular DNA (lanes 4 and 11). Heat treatment (95°C, 10 min) was
used to denature RC DNA to SS linear DNA (lanes 2 and 9). The DNA samples were then resolved on an agarose gel, and the various HBV DNA species were
detected by Southern blotting using a riboprobe specific for the plus-strand (lanes 1 to 7) or minus-strand (lanes 8 to 14) DNA. The diagrams on the sides depict
the various DNA species and their migration on the gel. The positions of the various RC DNA species, CCC DNA species, and SS linear and circular DNA species
are indicated by the schematic diagrams. Note that the linearized CCC DNA comigrates with the DSL DNA, a minor form present in both core DNA and PF DNA
(lanes 1 and 8).

DNA but cannot cut RC DNA due to the presence of the RNA primer within the BmgBl
recognition sequence (an RNA-DNA hybrid would be resistant to the restriction diges-
tion) (Fig. 4A, B, and C, lanes 2 and 5). The subsequent Exo I&IIl digestion would thus
remove all CCC DNA as well as RC DNA (with both strands open) (Fig. 4B and C, lanes
3 and 6). Again, we detected a SS circular DNA, of minus but not plus polarity, migrating
at the same position as the minus-strand circle detected with Exo &Il digestion in the
absence of BmgBI pretreatment (Fig. 4B and C, lane 6). These results thus suggested
that the minus-strand closed circle was contained in an RC DNA species that likely
retained the RNA primer at the 5’ end of its plus strand. Although it is formally possible
that the BmgBI digestion result could be explained also by the removal of the RNA
primer at the 5’ end of the plus strand in RC DNA (i.e., the BmgBlI site would become
SS and thus resistant to digestion), there is currently no evidence for the existence of
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such a DNA species (3, 6). We also consider this explanation to be unlikely as the
removal of the 5" RNA primer (which is capped; Fig. 1) would presumably lead to rapid
degradation of the resulting plus-strand DNA if such a putative RC DNA intermediate
were not further converted to CCC DNA.

Low-level digestion of the DNA-RNA hybrid at the 5’ end of the plus strand of RC
DNA appeared to have occurred, as treatment of both core DNA and PF DNA linearized
a small amount of RC DNA, resulting in an increase in the DNA signal migrating at the
position of the DSL DNA (Fig. 4B and C, lanes 2 and 5). This result suggested that the
DNA-RNA hybrid might not be completely resistant to BmgBI digestion. This might
have led to a slight underestimation of the levels of the cM-strand circle hybridized to
an unprocessed open plus strand still containing the 5’ RNA oligomer (Fig. 1), which
would also have been digested at a low level by BmgB1. However, this should not have
otherwise affected the conclusion presented above concerning the existence of this RC
DNA processing product.

To further confirm the identity of the closed minus strand in the processed RC DNA,
we created a closed minus-strand circle from authentic CCC DNA. Thus, we used the
nicking endonuclease Nt.BbvCl to cut the plus strand of CCC DNA once and then
subjected the nicked CCC DNA to digestion with Exo I&lIl (Fig. 4D and E). The resulting
minus-strand circle from Nt.BbvCl-nicked CCC DNA would be predicted to migrate
exactly as seen with the minus-strand circle derived from the processed RC DNA. After
Nt.BbvCl and Exo I1&lll digestion, the PF-RC and DSL DNA was completely removed, and
the CCC DNA level was decreased compared to the Exo I&lll digestion results (Fig. 4E,
lanes 4 and 8 versus lanes 2 and 6), as expected. Nt.BbvCl nicking of CCC DNA was
incomplete in this particular experiment (complete nicking was seen in other experi-
ments), and thus some CCC DNA remained (Fig. 4E, lanes 3 and 7). On the other hand,
there were clearly more minus-strand circles present following Nt.BbvCl and Exo 1&llI
digestion than following treatment with Exo &Il only (Fig. 4E, lane 8 versus lane 6).
Furthermore, the minus circles generated from the processed RC DNA in cells migrated
exactly the same as the minus circles created artificially from CCC DNA, supporting the
identification of the former DNA species. Since the plus strand in RC DNA remains open
in the PF DNA and since Nt.BbvCl specifically nicks the plus strand of RC and CCC DNA,
no plus-strand circle was detected (Fig. 4E, lanes 1 to 4).

It remained formally possible that the resistance of the minus-strand DNA to Exo &Il
was due to an unknown modification at its 3’ end that may block the 3’ exonucleases,
instead of to its circularization, although no such modification has ever been identified
in any known DNA repair processes (3, 6). How such a hypothetical, 3'-modified SS DNA
would migrate on agarose gels is uncertain. To exclude this possibility and further verify
the identity of the minus-strand circle derived from the processed RC DNA, we
amplified it by PCR and sequenced the resulting PCR product. We used a pair of primers

FIG 4 Legend (Continued)

(short gray line) at the 5" end of the plus strand in RC DNA prevents BmgBI digestion (panel A; arrow blocked by a short
line). The black dot at the 5’ end of the minus strand of the PF-RC DNA denotes the unknown modification of this end upon
removal of the RT protein. The DNA species indicated in the rectangular box, with a covalently closed minus strand and
an open plus strand, represents a potential intermediate during RC DNA to CCC DNA conversion that was identified in this
study (see the text for details). (B and C) HBV core DNA (0.3 ul) combined with mock PF DNA (20 wl) extracted from
uninduced HepAD38 cells (lanes 1 to 3) or PF DNA (lanes 4 to 6) extracted from induced HepAD38 cells was treated with
BmgBI (5 units) in 1X NEB buffer 3 to linearize all supercoiled and nicked CCC DNA (lanes 2, 3, 5, and 6) or was mock treated
(lanes 1 and 4). For lanes 3 and 6, the DNA samples were further digested with Exo I&lIIl after BmgBI treatment. The samples
were then resolved on an agarose gel, and various HBV DNA species were detected by Southern blotting using a riboprobe
specific for the viral plus-strand (B) or minus-strand (C) DNA. The diagrams on the right of panel C depict the various DNA
species and their migration on the gel. (E) PF DNA extracted from induced HepAD38 cells was treated with Nt.BbvCl (5
units) in 1X NEB Cutsmart buffer to nick all CCC DNA (lanes 3, 4, 7, and 8) or mock treated (lanes 1 and 5). For lanes 4 and
8, the DNA samples were further digested with Exo I&IIl after Nt.BbvCl treatment. The samples were then resolved on an
agarose gel, and various HBV DNA species were detected by Southern blotting using a riboprobe specific for the viral
plus-strand (lanes 1 to 4) or minus-strand (lanes 5 to 8) DNA. The diagrams on the right depict the various DNA species
and their migration on the gel. Marker, the DNA marker lane. The size of the DNA markers is indicated (in kilobase pairs).
The blank spaces between the lanes in panels B, C, and E indicate where other lanes from the same gel that were deemed
nonessential for this work were cropped out during the preparation of the figure.
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Closed (-) DNA PCR product TCTGCACGTCGCATGGAGACCACCGTGAACGCCCACCGAATGTTGCCCAAGGTCTTACATAAGAGGACTCTT
HBV ayw strain  GCTTCACCTCTGCACGTCGCATGGAGACCACCGTGAACGCCCACCGAATGTTGCCCAAGGTCTTACATAAGAGGACTCTT

GGACTCTCTGCAATGTCAACGACCGACCTTGAGGCATACTTCAAAGACTGTTTGTTTAAAGACTGGGAGGAGTTGGGGGA
GGACTCTCTGCAATGTCAACGACCGACCTTGAGGCATACTTCAAAGACTGTTTGTTTAAAGACTGGGAGGAGTTGGGGGA

GGAGATTAGATTAAAGGTCTTTGTACTAGGAGGCTGTAGGCATAAATTGGTCTGCGCACCAGCACCATGLAACTTTTTCA
GGAGATTAGATTAAAGGTCTTTGTACTAGGAGGCTGTAGGCATAAATTGGTCTGCGCACCAGCACCATGLAACTTTTTCA

CCTCTGCCTAATCATCTCTTGTTCATGTCCTACTGTTCAAGCCTCCAAGCTGTGCCTTGGGTGGCTTTGGGGCA
CCTCTGCCTAATCATCTCTTGTTCATGTCCTACTGTTCAAGCCTCCAAGCTGTGCCTTGGGTGGCTTTGGGGCATGGACA

1670

1750

1830

1910

FIG 5 Sequencing of the PCR product amplified from the circular minus-strand DNA after BmgBI-Exol&IIl digestion of PF DNA. PF DNA
extracted from induced HepAD38 cells was digested with BmgBI and Exo I&lll for 3 h. Following phenol extraction, the digestion
product was amplified by PCR using a pair of primers flanking the gap in RC DNA (see Fig. 7). The PCR product was then sequenced
directly. The sequence of the PCR product from the closed minus-strand DNA (top; shown in plus-strand polarity) was compared with
the sequence of HBV strain ayw (as harbored in HepAD38 cells) (bottom). The arrowhead indicates the predicted junction of the 5’
and 3’ ends of DNA during CCC DNA formation after removal of the RT protein and precisely one copy of the terminal repeat (r) and

ligation of the minus strand (Fig. 1).

flanking the gap in RC DNA that is known to facilitate selective amplification of CCC
DNA over RC DNA (see Materials and Methods; also see Fig. 7), in order to further
reduce the chance of amplification of any residual RC DNA with both open strands that
might be present even following the BmgBI and Exo I&IIl digestions. We amplified the
PF DNA only after it had been treated with BmgBI and Exo I&lll (as in Fig. 4; thus, only
the putative minus-strand circle remained) under low-cycle-number conditions in
which no products were amplified from core DNA (thus, no RC DNA amplification
occurred). The sequencing result indicated that the putative minus-strand circle from
the processed RC DNA was in fact closed precisely at the 5’ and 3’ end junction, upon
removal of one copy of the r sequence (Fig. 5), as would be predicted to occur during
conversion of RC DNA to authentic CCC DNA (Fig. 1).

Formation of the closed minus-strand RC DNA intermediate during de novo
infection. To ascertain if the RC DNA from the virion can be processed to form CCC
DNA during HBV infection in the same way as during intracellular CCC DNA amplifica-
tion (i.e., as described above for the HepAD38 cells), we isolated HBV PF DNA during the
first few days after infection from HBV-infected HepG2-NTCP cells, which are derived
from HepG2 cells by ectopic expression of the HBV receptor sodium taurocholate
cotransporting polypeptide (NTCP) (13, 18, 19). Under our infection conditions, HBV
CCC DNA was readily detectable by Southern blotting as early as day 1 postinfection
and its level increased further from day 1 to day 2 postinfection (Fig. 6A, lanes 2 to 4).
At day 0.5 postinfection, PF-RC DNA, but not CCC DNA, was detectable (Fig. 6A, lane 1).
The level of PF-RC DNA decreased from day 1 to day 2 as the level of CCC DNA
increased, consistent with the conversion of at least some of the PF-RC DNA detected
in these infected cells to CCC DNA. The nature of CCC DNA in the PF DNA from the
infected cells was verified using the same Exo I&IIl digestion as that described above for
the PF DNA from HepAD38 cells (Fig. 6A, lanes 6 to 8). In addition, low levels of closed
minus-strand circles appeared to be present in the PF DNA from the infected cells (Fig.
6A, lanes 6 to 8). To confirm the existence of PF-RC DNA with a closed minus strand,
BmgBI and Exo I&IIl were used as described for Fig. 4B and C above to remove all viral
DNA species other than the minus-strand circle hybridized to the plus strand that still
retained its 5' RNA primer. Core DNA and PF DNA extracted from induced HepAD38
cells were included as negative and positive controls, respectively. As shown in Fig. 6B,
a closed minus-strand DNA circle was indeed detected by Southern blotting starting
from day 1 postinfection (lanes 2 to 4) and migrated to the same position as the closed
minus-strand circle from HepAD38 cells (lane 6). As expected, RC DNA (from core DNA)
containing both open strands was completely digested by the sequential nuclease
digestion (lane 5), as shown in Fig. 4. These results thus indicated that a partially
processed RC DNA species, with its minus strand closed but its plus strand still open,
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FIG 6 Detection of CCC DNA, PF-RC DNA, and PF-RC DNA with closed minus strand in HBV-infected
HepG2-NTCP cells. (A) HBV PF DNA was extracted from infected HepG2-NTCP cells at the indicated days
(day 0.5 [D0.5], D1, D1.5, and D2) postinfection. The PF DNA was either mock treated (lanes 1 to 4) or
treated with Exo 1&Ill (lanes 5 to 8). (B) The HBV PF DNA extracted from infected HepG2-NTCP cells (lanes
1 to 4 [processed as described for panel A]), along with core and PF DNA extracted from induced HepD38
cells (lanes 5 and 6), was digested with BmgBI followed by Exo &Il digestion. The samples were then
resolved on an agarose gel, and various HBV DNA species were detected by Southern blotting using a
riboprobe specific for the viral minus-strand DNA.

was formed during CCC DNA formation both in de novo infection and in intracellular
amplification.

Exo 1&I1l digestion facilitated specific and sensitive detection of CCC DNA by
qPCR. The results described above suggested that Exo I&lll treatment should allow
specific detection of CCC DNA by removing all DNA species with free 3" ends, including
RC DNA. Furthermore, as Exo I&IIl treatment lacks the SS DNA endonuclease activity
that Exo T5 treatment has, the former treatment would allow PCR amplification of CCC
DNA, even following the inevitable and variable nicking that occurs during DNA
extraction and manipulation (as long as one of its two strands remains intact). In
contrast, treatment with Exo T5 before qPCR, as reported recently (14), would poten-
tially lead to underestimation of CCC DNA levels since Exo T5 degrades the nicked CCC
DNA. To test the effects of Exo I&lll treatment versus those of Exo T5 treatment on CCC
DNA detection by qPCR, we treated core and PF DNA extracted from induced HepAD38
cells with either Exo I&IIl or Exo T5 and subjected the treated DNA samples to qPCR,
using a set of primers flanking the gap in RC DNA (Fig. 7, diagram on the right) to
facilitate selective amplification of CCC DNA over RC DNA as described above. Both
treatment conditions were able to remove all HBV DNA species, including RC DNA, in
the core DNA preparation (Fig. 7, right graph), such that only background PCR signals
were detected. This result was thus consistent with the Southern blot analysis described
above (Fig. 3 and 4). When the PF DNA was analyzed in the same way, the levels of the
PCR signals were decreased severalfold following Exo I&lIl treatment (Fig. 7, left graph),
consistent with the removal of the PF-RC (and PF-DSL) DNA, but not the CCC DNA (Fig.
3C). The level of qPCR signals from PF DNA following Exo T5 treatment was decreased
further (by ca. 2-fold) compared with the level seen following Exo I1&lIl treatment (Fig.
7, left graph). Since the CCC DNA levels detected by Southern blotting were similar
following the two treatments but the SS minus-strand circles were preserved only by
Exo &Il treatment and not by Exo T5 treatment (Fig. 3), the enhanced qPCR signals
detected following Exo I&IIl treatment versus T5 treatment were most likely due to the
amplification of the SS circles, as detected by the Southern blotting results described
above and shown in Fig. 3 to 6.
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FIG 7 Specific and sensitive detection of CCC DNA by gPCR following Exo I&IIl versus Exo T5 treatment. HBV core DNA (right graph) or PF DNA
(left graph) from HepAD38 cells was treated using Exo &Il or Exo T5 exactly as described for Fig. 3 or was left untreated. Subsequently, serially
diluted DNA samples were subjected to qPCR as described in Materials and Methods. Dashed lines denote the levels of background signal
produced in the absence of any template. The diagram on the right shows the structure of RC DNA, with the positions of the gap-spanning
primers (DR-F and DR-R) indicated.

DISCUSSION

We report here the identification of a potential intermediate during the conversion
of HBV RC DNA to CCC DNA which contained a covalently closed minus strand and an
open plus strand (Fig. 8, middle). The identification of this processed RC DNA species,
which we named closed minus-strand (cM)-RC DNA, is supported by several lines of
evidence. First, the closed minus-strand DNA, derived from cM-RC DNA, was Exo 1&lll
resistant and Exo T5 sensitive. Second, the mobility of the closed minus-strand DNA on
the agarose gel was consistent with that of an SS circle. Third, the closed minus-strand
DNA was resistant to restriction digestion. Fourth, all or some of the plus strand in this
putative intermediate possibly retained the RNA primer at the 5’ end of its plus strand,
as in the unprocessed RC DNA precursor (Fig. 8). Fifth, sequencing of the minus-strand
circle confirmed that its 5’ and 3" ends were ligated upon removal of precisely one copy
of the r sequence, as is required for authentic CCC DNA production (Fig. 1). Although
cM-RC DNA was present at much lower levels than the previously identified PF-RC DNA,
careful selection of exonucleases that were able to remove the PF-RC DNA, but not
cM-RC DNA, has allowed us to uncover this DNA species despite its low abundance and
the presence of an excess of other PF-RC DNA species.

In contrast to the PF-RC DNA identified before, in which the viral RT protein is no
longer attached to the 5’ end of the minus strand but neither of the two strands is
covalently closed (8, 10, 11, 13), the cM-RC DNA identified here would be more
advanced in the process of RC DNA to CCC DNA conversion, with deproteination,

— I ?
) Degradation?
\‘\oi 'ﬂﬂo

— _> ccc
\ cM-RC DNA
< —p Stable dead-end?

PF-RC DNA

FIG 8 Model for productive versus nonproductive RC DNA processing in its conversion to CCC DNA. The
dashed box in the middle denotes the cM-RC DNA detected in this study and considered to be a likely
intermediate during CCC DNA formation. The letters X and Y refer to putative pathways of RC DNA
processing to produce the cM-RC DNA and PF-RC DNA, respectively. See the text for details.
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minus-strand trimming (removal of one copy of the r sequence), and ligation being
completed (Fig. 1). Although some PF-RC DNA was reported to be present in the
cytoplasm (possibly in partially disassembled mature nucleocapsids), it is thought to be
mostly nuclear (8, 10, 20). Similarly, we assume that the newly identified cM-RC DNA is
formed in the nucleus, although future studies will be needed to test this directly. How
the RT protein is removed from RC DNA to produce this PF-RC DNA versus cM-RC DNA,
which may be accomplished via distinct mechanisms (Fig. 8), is not yet understood. We
and others have shown that the cellular DNA repair enzyme tyrosyl-DNA phosphodi-
esterase 2 (TDP2), which functions to cleave the cellular topoisomerase Il from its DNA
adducts (21), is clearly able to cleave, in vitro, the phosphotyrosyl linkage between the
RT protein and the 5’ end of the minus strand in RC DNA, which is chemically identical
to the linkage between the topoisomerase Il and DNA (13, 22-24). However, whether
TDP2 plays a role in vivo in releasing the RT protein from RC DNA or in HBV CCC DNA
formation remains unclear, and it may actually inhibit CCC DNA formation by allowing
rapid degradation of the deproteinated RC DNA (Fig. 8, top) (13). Although the exact
nature of the 5’ end of the minus strand in the PF-RC DNA remains to be defined, it
appears that the bulk of it is modified such that it is resistant to at least some 5’
exonucleases (8, 13) (W. Gao and J. Hu, unpublished results). Thus, TDP2 may not be
responsible for producing the PF-RC DNA detected in the hepatoma cells unless the
free 5 end of the minus strand produced by TDP2 cleavage, which is susceptible to 5’
nucleases, is rapidly modified. However, our previous results showing that TDP2
knockdown does not affect PF-RC DNA levels (13) suggest that the TDP2-processed RC
DNA is instead rapidly degraded and thus does not contribute significantly to the
formation of PF-RC DNA (Fig. 8, top). Some as-yet-unknown mechanism must be
involved in producing the PF-RC DNA, which, with its 5’-blocked minus strand, prob-
ably could not be converted further to CCC DNA (i.e., it would be a stable dead-end
product) (Fig. 8, bottom). Similarly, we consider it unlikely that TDP2 is involved in the
production of the newly identified cM-RC DNA, a putative CCC DNA intermediate, since
TDP2 knockdown or knockout does not block CCC DNA production (13). The mecha-
nism and factors involved in RT removal, minus-strand trimming and ligation to
produce the cM-RC DNA remain to be defined.

On the other hand, our identification here of a minus-strand closed RC DNA
suggests that the removal of the RT protein from the 5’ end of the minus strand in RC
DNA and minus-strand covalent closing may be coordinated (Fig. 8, middle). Alterna-
tively, deproteination, by some but not all mechanisms, can be followed immediately
by minus-strand closing. This may be important so as to avoid rapid degradation of the
deproteinated RC DNA or secondary modifications of the liberated 5’ end of minus
strand following deproteination, which may preclude ligation of its 5’ and 3’ ends and
lead to the accumulation of the potentially dead-end PF-RC DNA (Fig. 8, bottom).
Assuming that this cM-RC DNA is indeed a true intermediate during RC DNA to CCC
DNA conversion, its accumulation suggests that under certain conditions, minus-strand
processing and closing can occur before processing of the plus strand and, further-
more, that plus-strand processing may be limiting under certain conditions. Cellular
DNA polymerases involved in DNA damage repair have recently been implicated in
completing the plus strand (25). These polymerases, or other factors that are necessary
to remove the capped RNA oligomer or ligate the plus strand, may be limiting in
commonly used cell culture systems for studying HBV replication, accounting for the
accumulation of ctM-RC DNA. The identification of the cM-RC DNA also suggests that a
putative DSL DNA, derived from RC DNA via strand displacement DNA synthesis and
containing a long terminal repeat (LTR) (the so-called cohesive-end linear DNA) (26),
may not be needed for CCC DNA formation. This putative LTR-DSL DNA could in
principle be converted to CCC DNA via homologous recombination at the LTR. Rather,
our results reported here suggest that RC DNA can be converted directly to CCC DNA,
without the need for the putative LTR-DSL DNA.

The previously identified PF-RC DNA, which can accumulate to levels that are
severalfold above those of CCC DNA in cultured hepatoma cells (Fig. 3C) (8, 11), appears
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to be present (if at all) at much lower levels than CCC DNA in the HBV-infected human
or chimpanzee liver in vivo or in primary human hepatocytes in culture (27-29). This
suggests that RC DNA processing may be altered in established cell lines versus in
normal hepatocytes. Interestingly, in HBV-infected HepG2-NTCP cells, abundant levels
of PF-RC DNA were detectable at early time points after infection which decreased
subsequently as CCC DNA levels increased. This suggests that at least some PF-RC DNA
species detected in these infected cells may be true precursors to CCC DNA. However,
it is important to note that the PF-RC DNA band detected by Southern blotting
represents a mixture of various species of RC DNA whose structures remain to be more
completely characterized. It is already clear from our results reported here that at least
two distinct PF-RC DNA species are present in hepatoma cells, one with both strands
remaining open and the other with a covalently closed minus strand. Experimental
manipulations of factors that are involved in the various steps of CCC DNA formation
may alter the levels of these putative intermediates and possibly lead to the accumu-
lation of novel intermediates that normally would not accumulate and thus would
escape detection. Therefore, further analysis of the conditions that influence the
production of these intermediates during CCC DNA formation would provide important
new insights into the pathways of RC DNA to CCC DNA conversion and the factors
involved.

The Exo I&lll treatment reported here also holds promise for facilitation of specific
and sensitive detection of CCC DNA by gPCR. As reported recently for Exo T5 treatment
(14), our Exo I&Ill treatment could enhance selectivity for qPCR-based CCC DNA
detection by removing RC DNA before PCR. Compared to Exo T5 treatment, Exo I&lll
treatment has an added advantage in that it does not remove the intact (closed) strand
of a nicked CCC DNA, which can be subsequently amplified during PCR but would be
eliminated by the Exo T5 SS endonuclease activity. As nicking of CCC DNA is inevitable
and can be variable during DNA extraction and manipulation, the Exo I1&lIl treatment
would thus allow detection of CCC DNA that is more robust and more accurate than
that seen with Exo T5 treatment.

MATERIALS AND METHODS

Cell cultures. The HepAD38 cell line (30), derived from a human hepatoblastoma cell line, HepG2,
was maintained in Dulbecco modified Eagle F-12 (DMEM/F12) medium supplemented with 10% fetal
bovine serum (FBS), 50 wg/ml of penicillin-streptomycin, 400 wg/ml of G418 (Gibco), and 5 wg/ml of
tetracycline. HepAD38 cells were induced to express HBV pgRNA and replicate HBV DNA upon removal
of tetracycline from the culture medium.

Isolation of viral DNA. HepAD38 cells were cultured without tetracycline for 10 or 8 days to
accumulate viral DNA. Core DNA (i.e., HBV DNA species contained in cytoplasmic nucleocapsids or cores
and with the RT protein covalently attached) and PF DNA (i.e., HBV DNA no longer attached to the RT
protein) were isolated from these cells as previously described (8, 12, 31), with minor modifications. For
isolation of core DNA, cells in a 60-mm-diameter dish were lysed in 600 ul NP-40 lysis buffer (50 mM
Tris-HCI [pH 8.0], 1 mM EDTA, 1% NP-40, and 1X protease inhibitor [Roche]). After removal of the nuclear
pellet by centrifugation, the supernatant (cytoplasmic lysate) was incubated with micrococcal nuclease
(MNase) (Roche) (final concentration, 150 units/ml) and CaCl, (final concentration, 5 mM) at 37°C for 90
min to degrade the nucleic acids outside nucleocapsids. The MNase was then inactivated by addition of
EDTA to reach a concentration of 10 mM. After the nucleocapsids were precipitated with polyethylene
glycol (PEG), proteinase K and sodium dodecyl sulfate (SDS) were added at 0.6 mg/ml and 0.5%,
respectively, to remove all proteins, including the viral RT that is covalently attached to RC DNA. DNA was
then purified by phenol and chloroform extraction and ethanol precipitation. Purified core DNA was
resuspended in 20 wl TE (10 mM Tris-HCI-1 mM EDTA [pH 8.0]). Hirt extraction was used for PF DNA
isolation (32). Cells in a 60-mm-diameter dish were lysed in 1 ml SDS lysis buffer (50 mM Tris-HCI [pH 8.0],
10 mM EDTA, 150 mM NaCl, 1% SDS). After incubation for 5 min at room temperature, the cell lysate was
transferred to a 1.5-ml microcentrifuge tube, mixed with 0.25 ml of 2.5 M KCl, and incubated at 4°C
overnight with gentle rotation. After centrifugation at 14,000 X g for 20 min, PF DNA was purified
from the supernatant by phenol and chloroform extraction. The purified PF DNA was resuspended
in 200 ul TE.

HBYV infection of HepG2-NTCP cells. HBV was concentrated 100-fold from the culture medium of
HepAD38 cells with 6% polyethylene glycol (PEG) (33) and resuspended in serum-free DMEM/F12
medium. HepG2-NTCP cells (13, 19), kindly provided by Christoph Seeger from Fox Chase Cancer Center,
were cultured in 35-mm-diameter plastic dishes. Infection of HepG2-NTCP cells was carried out overnight
in the presence of 4% PEG-serum-free DMEM/F12 medium-2% dimethyl sulfoxide (DMSO), with a
multiplicity of infection of 400 genome equivalents per cell. The inoculum was removed the next day,
and the cells were washed three times with phosphate-buffered saline (PBS). Infected cells were then
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cultured in complete medium containing 10% fetal calf serum and 2% DMSO. Cells were harvested for
viral DNA isolation as described above at the indicated days postinfection.

Exonuclease treatment. For Exo | and Exo Il (Exo I&lll) digestion, 20 ul PF DNA prepared as

described above was treated with 0.25 ul each of Exo | (NEB; 5 units) and Exo Il (NEB; 25 units) in 1X
NEB Cutsmart buffer (50 mM potassium acetate, 20 mM Tris—acetate, 10 mM magnesium acetate, 100
ng/ml bovine serum albumin [BSA], pH 7.9 [prepared at 25°C]) or 1X NEB buffer 3 (100 mM NacCl, 50 mM
Tris-HCl, 10 mM MgCl,, 100 ug/ml BSA, pH 7.9 [prepared at 25°C]), as indicated, at 37°C for 2 to 3 h in
a total volume of 23 ul. Equivalent results were obtained using both buffers. The amount of Exo | was
able to be increased 4-fold from the standard conditions without affecting CCC DNA detection, but a
2-fold increase in the amount of Exo lll sometimes led to some decrease in CCC DNA levels. Treatment
with either Exo | or Exo Il alone did not appear capable of degrading all RC DNA completely such that
viral DNA smears remained detectable by Southern blotting following digestion. For exonuclease T5 (Exo
T5) digestion, 20 ul PF DNA sample was treated with 0.5 ul (5 units) Exo T5 in 1X Cutsmart buffer (NEB)
in a total volume of 23 ul (15) at 37°C for 2 to 3 h. Phenol extraction was then used to remove the
nucleases before gPCR.

Restriction endonuclease digestion, heat denaturation, and Southern blot analysis. To confirm

the circular nature of CCC DNA, samples were heated at 95°C for 10 min with or without subsequent
Mfel-HF (10 units) digestion to linearize the circular DNA. Exonucleases, when used prior to restriction
digestion, were inactivated or removed as described above before the restriction digestion. Where
indicated, BmgBlI (5 units for 20 ul DNA) was used to linearize CCC DNA. DNA samples were resolved on
a 1.2% agarose gel made in 1X TAE buffer (40 mM Tris—acetate, T mM EDTA or EDTA) containing 0.5
rg/ml ethidium bromide and were detected by standard Southern blot analysis using a 32P-labeled HBV

DNA probe or a strand-specific RNA probe, as previously described (11, 31).
Quantitative PCR (qPCR). qPCR was performed with three technical replicates in adhesive-sealed

96-well plates using a Step One real-time PCR system (ABI) in a 20-ul volume consisting of 1X PowerUp
SYBR green master mix (Life Technologies), a 300 nM final concentration of each primer, and serially
diluted DNA samples. The cycling conditions were 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C
for 1 min. Amplification specificity was validated by verifying the products in a melting curve analysis or
on a 1% agarose gel. Data analysis was performed using Expression Suite software (Applied Biosystems,
version 1.0). The primers used for CCC DNA-specific amplification (34) were DR-F (GTCTGTGCCTTCTCA
TCTGCQ) (nucleotides [nt] 1553 to 1572) and DR-R (ACAAGAGATGATTAGGCAGAGG) (nt 1830 to 1851).
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