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Hallmarks of the hepadnavirus replication cycle are the formation of covalently closed
circular DNA (cccDNA) and the reverse transcription of a pregenomic RNA (pgRNA)
in core particles leading to synthesis of the relaxed circular DNA (rcDNA) genome.
cccDNA, the template for viral RNA transcription, is the basis for the persistence of these
viruses in infected hepatocytes. In this review, we summarize the current state of knowledge
on the mechanisms of hepadnavirus reverse transcription and the biochemical and structural
properties of the viral reverse transcriptase (RT). We highlight important gaps in knowledge
regarding cccDNA biosynthesis and stability. In addition, we discuss the impact of current
antiviral therapies on viral persistence, particularly on cccDNA.

he animal hepadnaviruses, together with the

mammalian foamy viruses and plant cauli-
moviruses, take a special place within the group
of viruses that replicate their genomes with the
help of a reverse transcriptase (RT): their ge-
nomes are DNA, not RNA. These viruses syn-
thesize DNA in the infected cell “before” the
release of infectious, DNA-containing particles,
in contrast to conventional retroviruses that
perform DNA synthesis immediately “fol-
lowing” infection (Fig. 1). Another feature that
sets the hepadnaviruses apart from even its clos-
est relatives lies in the mechanism of RNA pack-
aging and initiation of DNA synthesis, closely
linked events that result in a covalent linkage
between the first (minus) DNA strand and the
RT. The DNA polymerase and RNase H activi-

ties encoded in the RT gene are the only known
enzymatic functions specified by hepadnavirus
genomes and are major targets for antiviral
therapies relying on nucleoside analogs that
can suppress, but not cure viral infections. The
failure to cure hepatitis B virus (HBV) infec-
tions is a consequence of yet another unique
property of the hepadnavirus life cycle: the in-
tracellular amplification of the viral covalently
closed circular DNA (cccDNA) and its apparent
stability in nuclei of infected hepatocytes.

FORMATION OF cccDNA

The DNA genome of hepadnaviruses, a relaxed
circular DNA (rcDNA), is held together by
complementary overlaps that span the region
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Figure 1. Hepadnavirus life cycle. The figure shows a model for the life cycle of hepadnaviruses RNA- and DNA-
containing capsids are shown in red and blue, respectively. For simplicity, only pregenomic RNA (pgRNA) is
shown. ccc, covalently closed circular; dsl, double-stranded linear; env, envelope; rc, relaxed circular. (From
Seeger et al. 2013; adapted, with permission, from the authors.)

between the 5’ ends of the two DNA strands (Fig.
2). In mammalian hepadnaviruses, plus strands
are shorter than minus strands and have het-
erogeneous 3’ ends. In avian hepadnaviruses,
plus-strand DNA synthesis is almost complete.
Following infection of a hepatocyte, the first step
in the viral DNA replication cycle is the conver-
sion of rcDNA into cccDNA (Fig. 1). In addition
to the extension of plus strands, this process
requires removal of the RT from the 5" end of
minus-strand DNA and a primer comprising
a capped, ~18-nucleotide-long RNA derived
from the 5 end of pgRNA (Figs. 2 and 3). In
addition, one of the two 9-nucleotide-long ter-
minally redundant segments on minus-strand
DNA (r) (Fig. 3D) is removed and the two
DNA strands are ligated resulting in the forma-
tion of cccDNA.

The exact mechanism for cccDNA forma-
tion is still obscure and represents a major gap
in our knowledge of the hepadnavirus life cycle.
Infection of ducklings with the duck hepatitis B
virus (DHBV) revealed that cccDNA forma-
tion can occur within a few hours after infection
(Tagawa et al. 1986). In theory, cccDNA could
be formed by at least two different mechanisms.
The first invokes a role for the viral RT. It could
be envisioned that the RT, covalently linked
to the 5" end of minus-strand DNA, could facil-
itate a cleavage—ligation reaction to release itself
from the DNA while closing the DNA strand,
analogous to the function of the A protein of
bacteriophage ¢x174 during rolling circle DNA
replication (Roth et al. 1984). However, muta-
genesis-based analyses of the RT, genetic analy-
sis of viral replication, and biochemical studies
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Figure 2. Hepatitis B virus (HBV) genome structure.
The relaxed circular DNA (rcDNA) genome of HBV
with a complete minus strand (black) and incomplete
plus strand (cyan) is shown, together with prege-
nomic RNA (pgRNA) (red) and the core and pol
genes required for DNA replication. Reverse tran-
scriptase (RT) and a capped RNA oligomer at the 5’
ends of minus- and plus-strand DNA, respectively,
are indicated. The positions of the start sites for the
translation of the precore, presurface 1, -2, surface,
and X proteins are marked by arrows (PC, PS1, PS2,
S, and X, respectively). R, large terminal redundancy
on pgRNA; DR, direct repeat; TP, terminal protein
of RT.

with RT inhibitors have, so far, failed to provide
any evidence for a role of this enzyme in the
conversion of rc- to cccDNA (Fourel et al.
1994b; Seeger et al. 1996; Moraleda et al. 1997;
Zhu et al. 2001; Sohn et al. 2009). Alternatively,
rc- to cccDNA conversion could rely on cellular
enzymes normally involved in base excision re-
pair (BER) of DNA damage caused by UV or
DNA adducts formed by certain chemicals
(Hanawalt and Spivak 2008). Required activi-
ties would include an endonuclease, such as
XPG, to cleave the viral DNA strands close to
their 5" ends to remove the RT protein and the
capped RNA, respectively. A cellular DNA po-
lymerase, such as DNA polymerase k, and either
ligase I or ligase I1I could fill in and join the 5’
and 3’ ends of the two DNA strands. Such a
model would imply that rcDNA is recognized
as “damaged” DNA on delivery into the cell
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nucleus. Recently, it has been shown that the
DNA repair enzyme, Tdp2, a tyrosyl-DNA
phosphodiesterase that normally releases cova-
lently trapped topoisomerase II-DNA complex
by cleaving precisely at the protein—DNA junc-
tion (Cortes Ledesma et al. 2009), can release
the RT from the 5 end of minus-strand DNA in
vitro (Jones et al. 2012; Jones and Hu 2013). It
remains to be determined what role, if any,
Tdp2 plays in the synthesis of cccDNA in vivo.
Interestingly, a protein-free HBV rcDNA form
has been identified in cultured hepatoma cells
(Gao and Hu 2007; Guo et al. 2007), but not in
the liver or cultured primary hepatocytes (Mil-
ler and Robinson 1984; Rumin et al. 1996), sug-
gesting that the mechanisms and pathways used
for deproteination and, possibly, cccDNA for-
mation, could vary, depending on the cells used
for experiments.

In addition to the canonical pathway for
cccDNA formation, a second pathway exists in
which double-stranded linear DNA (dsIDNA)
is a precursor. As will be explained below,
dsIDNA is the product of a minor, alternative
form of plus-strand priming (Fig. 1). Circular-
ization of dsIDNA occurs by nonhomologous
recombination, which leads to the formation
of cccDNA with small deletions/insertions,
which can nevertheless function as templates
for replication of dsl genomes (Yang and Sum-
mers 1995, 1998; Yang et al. 1996). dsIDNA can
also be integrated into chromosomal DNA by
illegitimate recombination (Gong et al. 1995).
As integrated DNA cannot function as a tem-
plate for pgRNA, it cannot participate in viral
DNA synthesis. However, it can contribute to
the development of liver cancer, by activating
cellular genes and through the production of
truncated surface protein, believed to have on-
cogenic potential (Seeger et al. 2013).

Once formed, cccDNA is transcribed from
four promoters into pg, presurface (preS), sur-
face (S), and X RNAs (Figs. 1 and 2). pgRNA is
the template for the synthesis of the two pro-
teins required for viral DNA synthesis, core,
and RT. Following translation, pgRNA serves
as the template for reverse transcription of mi-
nus-strand DNA, as will be described in detail in
the following sections.
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RNA PACKAGING AND ASSEMBLY
OF THE REPLICATION COMPLEX

A critical, but still not-well-understood step in
the replication cycle of hepadnaviruses is the
sequestration of pgRNA from the translation
machinery, which coincides with or is followed
by pgRNA packaging into core particles (Fig. 1).
Packaging of pgRNA depends on the binding of
the RT to a stem-loop structure, termed epsilon
(¢) near the 5 end of pgRNA (Figs. 3 and 4)
(Bartenschlager et al. 1990; Hirsch et al. 1990;
Junker-Niepmann et al. 1990). A second copy of
& present at the 3’ end of the RNA does not play
any role in packaging or DNA replication. In
avihepadnaviruses, packaging requires a second
RNA segment that overlaps the beginning of
the pol gene (Calvert and Summers 1994). How
it contributes to the assembly process is not
known. Reverse genetic experiments revealed
that pgRNAs that encode a functional pol gene
are preferentially encapsidated, suggesting that
translation and sequestration of pgRNA are cou-

pled events (Bartenschlager et al. 1990). Consis-
tent with such a model are results indicating that
the cap structure at the 5’ end of pgRNA is re-
quired for packaging, suggesting that the RT
could interact with the translation machinery
to induce the packaging process (Jeong et al.
2000).

Cellular proteins, belonging to the family of
molecular chaperones, are required for the ini-
tial binding of the polymerase to eRNA (dis-
cussed below). This interaction, then, activates
the protein-priming reaction for minus-strand
DNA synthesis and the assembly of core pro-
teins into capsids. The exact sequence of events
of the RNA-packaging and protein-priming re-
actions is not well understood because, to date,
only the latter reaction could be reconstituted in
vitro. The protein-priming reaction comprises
formation of a covalent linkage between a tyro-
sine residue, located in the amino-terminal do-
main of the RT, termed terminal protein (TP),
and dGMP (deoxyguanosine monophosphate)
(Weber et al. 1994; Zoulim and Seeger 1994). As
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Figure 3. DNA replication cycle. The figure shows a model for the formation of relaxed circular DNA (rcDNA)
and double-stranded linear (dsl) from pregenomic RNA (pgRNA). (A) Transfer of the DNA primer from & to
DRI near the 3’ end of pgRNA, (B) synthesis of minus-strand DNA and digestion of pgRNA by RNase H, (C)
transfer of the capped RNA primer from DR1 to DR2, (D) synthesis of plus-strand DNA to the 5’ end of minus-
strand DNA, (E) template switch of the nascent plus strand with the help of the small terminal redundancies, 5'r
and 3'r, resulting in circularization of the genome, (F) completion of plus-strand DNA synthesis, (G) in situ
priming of plus-strand DNA, and (H ) formation of dsIDNA.
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Figure 4. Ribonucleoprotein complex for the protein-
priming reaction. The figure shows a model for the
first steps of pregenomic RNA (pgRNA) packaging
and protein priming of reverse transcription. Binding
of eRNA to the terminal protein (TP) and polymer-
ase domains of the reverse transcriptase (RT) is facil-
itated by chaperones (blue circle). @ depicts the RNA
segment that is believed to base pair with & and is
required for circularization of pgRNA. Additional
protein factors believed to play a role in RNA pack-
aging by binding to the cap structure are indicated
(gray circle). dNTP, deoxyribonucleotide triphos-
phate; Hsp90, heat shock protein 90.

a consequence of this covalent attachment,
hepadnaviral polymerases, in contrast to retro-
viral RTs, are template specific. Moreover, the
nucleocapsid assembly mechanism of hepadna-
viruses favors packaging of pgRNAs that encode
structurally and functionally intact polymerase,
further contributing to accurate propagation of
the viral genome. To complete the priming re-
action, the RT copies 3—4 nucleotides from the
bulge of eRNA (Figs. 3 and 4) and remains co-
valently linked to the 5 end of minus-strand
DNA during all subsequent steps of viral DNA
synthesis (Gerlich and Robinson 1980; Molnar-
Kimber et al. 1983). DHBV capsids in duck
livers contain capsids with minus strands of
at least 30 nucleotides in length, supporting
the view that the very early stage of viral DNA
synthesis takes place inside core particles (Mol-
nar-Kimber et al. 1983). On the other hand,
experiments with DHBV capsids isolated from
tissue culture cells treated with an RT inhibitor
suggest that pgRNA and RT first assemble with
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core subunits to form a metastable complex for
the DNA-priming reaction, which is then con-
verted to a stable capsid during the elongation
of minus strands (Guo etal. 2003). Interestingly,
packaging of pgRNA is, at least, partially in-
hibited in cells treated with interferon (IFN),
further suggesting that several unknown param-
eters control this complex mechanism (Guo et
al. 2003).

VIRAL DNA SYNTHESIS

To continue DNA synthesis, the 3—4-nucleo-
tide-long DNA oligomer linked to the RT is
transferred to the 3’ end of pgRNA, where it
anneals with a complementary sequence motif
located within a 10—12-nucleotide-long region
known as DR1 (Fig. 3) (Wang and Seeger 1993).
As expected, the 3- to 4-nucleotide acceptor
site by itself is insufficient to specify the transfer
to DR1. This step requires additional sequences
on pgRNA. Moreover, acceptor and donor sites
are likely held in close physical proximity to fa-
cilitate the transfer of the oligomer across the
pregenome. Consistent with such a model, a
short cis-acting element, termed ¢, was identi-
fied upstream of the acceptor site at DR1 (Figs. 3
and 4) (Abraham and Loeb 2006; Maguire and
Loeb 2010). Sequences in ¢ can base pair with
the 5 region of &, thereby stabilizing a circular
conformation of pgRNA and facilitating the
transfer of the short minus-strand DNA. In ad-
dition, ¢ RNA can anneal with another RNA
sequence, termed w, which is located down-
stream from DRI, and is also required for mi-
nus-strand DNA synthesis (Abraham and Loeb
2007).

Following the translocation reaction, mi-
nus-strand DNA synthesis continues all the
way to the 5 end of pgRNA (Fig. 2), which is
concomitantly degraded by the RNase H activ-
ity of the RT (Summers and Mason 1982). Be-
cause of the location of DRI within the large
terminal redundancy on pgRNA, minus strands
bear short 9-nucleotide-long terminal redun-
dancies, termed r, that play an important role
in the circularization of the viral genome, which
facilitates plus-strand DNA synthesis (Seeger
et al. 1986; Lien et al. 1987).
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Plus-strand DNA synthesis is primed by an
18-nucleotide-long, capped RNA oligomer de-
rived from the 5" end of pgRNA following its
degradation by RNase H. The 3’ portion of this
RNA coincides with DR1, which is essential for
annealing to complementary sequences at DR2
near the 5" end of the minus-strand DNA (Fig.
3) (Lien et al. 1986; Seeger et al. 1986; Loeb et al.
1991). As expected, mutations that disrupt the
homology between DR1 and DR2 block the for-
mation of rcDNA and, instead, favor an in situ
DNA-priming reaction that leads to the forma-
tion of dsIDNA (Figs. 1 and 3) (Staprans et al.
1991). The in situ priming reaction also occurs
under normal conditions with a frequency of
~5%—20% relative to the translocation event
described for rcDNA formation. In addition
to the direct repeats, structural features of mi-
nus strands in core particles most likely pro-
mote the transfer of the RNA primer across
the genome. Studies with DHBV and HBV re-
vealed the presence of three sequence motifs in
minus strands that could form short duplexes,
which stabilize a secondary structure required
for the translocation of the RNA (Liu et al. 2003;
Lewellyn and Loeb 2007). Mutations that dis-
rupt the formation of these duplexes inhibited
rcDNA, but not dsIDNA synthesis (Liu et al.
2003).

Following the priming reaction at DR2,
plus-strand DNA synthesis progresses to the 5
end of the minus-strand DNA, where a template
switch is again required for the continuation of
DNA synthesis (Fig. 3). This switch is respon-
sible for circularization of the genome and de-
pends on the aforementioned terminally redun-
dant sequences, r, in the minus-strand DNA. As
with priming at DR2, this step also depends on
the formation of small duplexes at distant sites
in the minus-strand DNA, indicating that these
two critical reactions in plus-strand DNA syn-
thesis might be controlled by similar mecha-
nisms (Mueller-Hill and Loeb 2002).

In mammalian hepadnaviruses, plus-strand
DNA synthesis in core particles arrests to varying
degrees when approximately half of the genome
has been copied from minus strands, producing
plus strands with heterogeneous 3’ ends (Sum-
mers et al. 1975). This arrest in DNA synthesis

could be caused by constraints imposed by the
capsid and/or the RT. The fact that plus-strand
DNA synthesis in DHBV is complete under nat-
ural conditions suggests that the HBV capsid
structure may be responsible for arresting plus-
strand DNA synthesis (Lien et al. 1987). The in-
fluence of capsid structure on plus-strand DNA
synthesis has also been shown with genetic ex-
periments. For example, DHBV capsids assem-
bled from core proteins with truncated carboxy
termini, or substitutions that mimic constitutive
phosphorylation of certain serine residues, also
show defects in plus-strand DNA elongation
(Yu and Summers 1991; Basagoudanavar et al.
2007). Alternatively or additionally, it is conceiv-
able that the nucleotide triphosphate pool in
HBV capsids is depleted before completion of
the plus-strand DNA. This possibility is sup-
ported by the demonstration that plus-strand
DNA can be extended in an in vitro reaction in
the presence of nucleotide substrates and non-
ionic detergents that disrupt the viral envelope
(Kaplan et al. 1973; Summers et al. 1975).

As a consequence of DNA synthesis, capsids
acquire the signals necessary for assembly with
envelope proteins and the subsequent egress
from infected hepatocytes (Summers and Ma-
son 1982; Gerelsaikhan et al. 1996; Wei et al.
1996; Perlman and Hu 2003). Paradoxically,
HBV capsids containing no RNA or DNA are
assembled and secreted from hepatocytes and
hepatoma cells as genome-free, empty envel-
oped particles that are in large excess over com-
plete, DNA-containing virions (Kaplan et al.
1976; Ningetal. 2011). DNA-containing capsids
can also enter a retrograde pathway that delivers
rcDNA into the cell nucleus (Tuttleman et al.
1986; Wu et al. 1990). In DHBYV, envelope pro-
teins play a major role in regulating the fate of
capsids (Summers et al. 1990, 1991; Lenhoff and
Summers 1994). Early in infection, when enve-
lope protein levels are low, the retrograde trans-
port pathway is favored over the virion assembly
pathway, leading to the accumulation of 5-30
copies of cccDNA per infected hepatocyte nu-
cleus (Fig. 1). It should be noted that cccDNA
cannot replicate in a semiconservative manner
and, hence, reverse transcription is the only
known mechanism that leads to its amplifica-
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tion (Tuttleman et al. 1986). Experiments with
DHBV-infected ducks showed that certain en-
velope mutants accumulate cccDNA in much
higher amounts than normal, which results in
death of infected hepatocytes (Summers et al.
1990; Lenhoff and Summers 1994). In mamma-
lian hepadnaviruses, the envelope proteins plus
additional, so far unknown, factors are believed
to play a role in the regulation of intracellular
cccDNA amplification (Gao and Hu 2007; Guo
et al. 2007; Lentz and Loeb 2011).

THE RT

RT Structure and Functions

RT has an approximate molecular weight
(MW) of 90 kd and contains four domains:
TP a spacer, the polymerase/RT domain, and
RNase H (Fig. 5) (Toh et al. 1983; Radziwill et al.
1990). The TP domain is unique to hepadnavi-
ruses and does not share any apparent amino
acid sequence similarities or known structural
features with other viral or cellular proteins. TP
carries the tyrosine residue that is essential for
the priming of minus-strand DNA synthesis
(Weber et al. 1994; Zoulim and Seeger 1994;
Lanford et al. 1997; Jones et al. 2012) and, to-
gether with the polymerase domain, is required
for binding to the eRNA (Wang et al. 1994; Hu

Hepadnavirus Genome Replication and Persistence

and Anselmo 2000; Hu and Boyer 2006). The
spacer region is believed to provide a flexible
hinge between the TP and polymerase domains
of the RT. The latter harbors a YMDD motif,
which is conserved across all RTs, and is essen-
tial for both RNA- and DNA-dependent DNA
synthesis, including protein priming (Chang et
al. 1990; Radziwill et al. 1990; Xiong and
Eickbush 1990; Lanford et al. 1997; Jones et al.
2012). The RNase H domain at the carboxyl
terminus of the RT contains a stretch of ~100
amino acids harboring a “D-E-D-D” catalytic
motif known to coordinate metal ion binding
(Nowotny et al. 2005). As mentioned earlier, the
RNase H activity degrades pgRNA during mi-
nus-strand DNA synthesis and exerts a critical
function in the formation of the primer for
plus-strand DNA synthesis (Chang et al. 1990;
Radziwill et al. 1990; Chen and Marion 1996;
Tavis et al. 2013). Because the RT remains at-
tached to the 5’ end of minus-strand DNA in
infectious virus particles, it is possible that it
plays a final role in the conversion of rcDNA
into cccDNA, as alluded to above.

In addition to its enzymatic function, RT
is also an essential mediator of € —RT binding,
protein priming, and RNA packaging into func-
tional nucleocapsids. However, the structural
requirements differ among the three reactions.
For example, genetic analyses of the HBV RT

1 199 300 832 pgRNA
1 199 5 Packaging
| ' Protein priming
42 196, | 520 o
1 ] €RNA binding
63 : : YMDD DEDD
[ Terminal protein | Spacer | PolymBrase | RNaseH |
|Fingers| Palm HFingersl Palm |Thumb|
I
DR

Figure 5. Physical and functional map of the hepatitis B virus (HBV) reverse transcriptase (RT). The figure shows
the four domains of the RT (terminal protein, spacer, polymerase, and RNase H) described in the text. The
predicted structural subdomains of the polymerase domain (fingers, palm, and thumb) are based on compar-
ison with the crystal structure of human immunodeficiency virus (HIV) RT (Das et al. 2001). The location of
mutations that confer drug resistance to nucleotide analogs currently used in antiviral therapy is indicated (drug
resistance, DR). The regions of the RT required for RNA packaging, protein priming, and binding to e RNA are
shown above the figure (see text for details).
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revealed multiple residues in the TP and poly-
merase domains that are dispensable for bind-
ing to eRNA, but are critical for RNA packaging
and protein priming (Shin et al. 2011a,b; Jones
et al. 2014). In contrast to RNA packaging, the
in vitro protein-priming reaction does not de-
pend on a structurally intact RNase H domain
(Fig. 5) (Bartenschlager et al. 1990; Hirsch et al.
1990; Chen et al. 1994; Jones et al. 2014). It is
conceivable that the RNase domain is required
for an interaction with the core protein during
the assembly of core particles that are compe-
tent for genome replication. Finally, neither
polymerase nor RNase H activities are required
for RNA packaging (Bartenschlager et al. 1990;
Hirsch et al. 1990; Jones et al. 2012; Cao et al.
2013; Jones and Hu 2013).

Requirements for & in pgRNA Packaging
and Protein Priming

As described earlier in this review, e RNA is crit-
ical for the activities of RT related to RNA pack-
aging and protein priming (Junker-Niepmann
et al. 1990; Hirsch et al. 1991; Bartenschlager
and Schaller 1992; Wang et al. 1994; Jones
etal. 2012). The € structure consists of two short
stems, formed by two inverted repeats, which
are connected by an apical loop and an internal
bulge (Fig. 4). Although pgRNA packaging and
protein priming require the apical loop of e,
binding of RT does not (Knaus and Nassal
1993; Pollack and Ganem 1993, 1994; Hu et al.
2004; Jones et al. 2012). Differences also exist in
the structural requirements for RNA packaging
versus protein priming. For example, most of
the internal bulge appears to play, mainly, a
structural role in RNA packaging, whereas the
exact sequence is important for minus-strand
DNA synthesis, as described before (Wang and
Seeger 1993; Tavis et al. 1994; Nassal and Rieger
1996). Also, certain mutations in the upper
stem do not affect RNA packaging, but abolish
DNA synthesis, presumably caused by a defect
in protein priming (Fallows and Goff 1995).
HBV RNA packaging, as well as protein
priming, also depend on the presence and loca-
tion of the 5 cap structure, which has to be
separated by <70 nucleotides from & (Fig. 4)

(Jeongetal.2000; Jonesetal. 2012). In allknown
hepadnavirus genomes, € is always located up-
stream of the AUG initiation codon for transla-
tion of the core protein. In fact, translation of the
nucleotide sequence encoding & abolishes its ac-
tivity in RNA packaging. Most likely, the passage
of 80S ribosomes disrupts some structural fea-
tures of € required for packaging. For this rea-
son, messenger RNA (mRNA) for the precore
protein (e-antigen), which initiates ~30 nucle-
otides upstream of pgRNA, is not a substrate
for packaging and reverse transcription (Fig.
2) (Nassal et al. 1990).

Host Factors Required for DNA
Replication

Early biochemical studies of hepadnavirus RT
were thwarted by difficulties in obtaining an
active independently expressed protein (Hu and
Seeger 1996a). It was not until 1992 that enzy-
matically active RT of DHBV was expressed in
a rabbit reticulocyte lysate (RRL) in vitro trans-
lation system (Wang and Seeger 1992). With
this system, it could be shown that & is the
template for the initiation of DNA synthesis
and tyrosine residue 96 in the DHBV TP do-
main served as a primer for this reaction. These
results established that packaging and priming
of reverse transcription are linked events in the
hepadnavirus life cycle and both are triggered by
the RT—e¢ interaction. The observation that the
enzymatic activity of the RT expressed in RRL
was much higher than in the wheat germ in
vitro translation systems indicated that certain
host factors must be required for RT activity.
This prediction was confirmed by the demon-
stration that molecular chaperones, consisting
of heat shock protein 90 (Hsp90) and its cofac-
tor p23 (PTGES3), are required for the forma-
tion of a ribonucleoprotein (RNP) complex be-
tween eRNA and RT, in an energy-dependent
manner (Fig. 4) (Hu and Seeger 1996b; Hu et al.
1997). Validation of the results originally ob-
tained with the help of a cell-free RRL system
included the demonstration that geldanamycin,
a known inhibitor of Hsp90, inhibited packag-
ing of pgRNA into capsids in tissue culture cells.
Furthermore, p23, a cochaperone of Hsp90, is
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incorporated into pgRNA-containing, but not
empty capsids in cells replicating DHBV (Hu
et al. 1997).

Reconstitution experiments with RT pro-
teins purified from bacterial expression systems
and host chaperone proteins helped to define
the minimal cellular requirements for RNP
formation and protein priming (Hu and An-
selmo 2000; Hu et al. 2002, 2004). Together
with Hsp90, several other chaperone proteins,
including Hsp70, Hsp40, Hop, and p23, all
known components of the Hsp90 complex,
are necessary for the specific binding of the
RT to € in vitro (Hu et al. 2002, 2004). Such a
reconstituted RT—& complex of DHBV (but not
HBYV; see below) is then competent for the pro-
tein-priming reaction (Hu and Anselmo 2000;
Hu et al. 2002).

The precise function of chaperones in pro-
tein priming is not completely understood
because high-resolution structural information
about RT is still lacking. It is possible that the
chaperones stabilize an energetically unfavor-
able RT conformation and, in so doing, facili-
tate its binding to & (Fig. 4). There is evidence
that DHBV RTwith deletion of the entire RNase
H domain and the carboxy-terminal portion of
the polymerase domain has £-binding and pro-
tein-priming activities in the absence of cellular
chaperones (Wang et al. 2003). Thus, the car-
boxy-terminal domain might hold the RT in a
“closed,” inactive conformation that, in the
absence of chaperones, prevents the interaction
with &. Two conserved short-sequence motifs
at the carboxy-terminal region of TP (T3) and
at the amino-terminal section of RT (RT1), as
well as residues outside these motifs, are critical
for the binding of RT to & (Fig. 5) (Cao et al.
2005, 2013; Badtke et al. 2009; Jones et al. 2014).
The T3 motif resides in a region of the TP that is
transiently exposed at the surface of RT follow-
ing its ATP-dependent activation by the host
chaperones (Stahl et al. 2007).

Once RT binds to &, a presumably stabilized
structure promotes the enzymatic activity re-
quired for the protein-priming reaction (Tavis
and Ganem 1996; Tavis et al. 1998). The eRNA
also undergoes structural changes as a result of
RT binding, which are thought to be required

Hepadnavirus Genome Replication and Persistence

for protein priming and, possibly, pgRNA pack-
aging (Beck and Nassal 1997, 1998).

Based on current knowledge, we can envi-
sion a process in which initiation of reverse
transcription and assembly of replication com-
petent core particles requires at least three dis-
tinct steps, each of which depend on different
signals on the RT and pgRNA: (1) the interac-
tion of TP and polymerase domains with the
internal bulge and the surrounding stem se-
quences of €, (2) the priming of reverse tran-
scription, which requires a functional TP and
enzymatically active polymerase domains, as
well as the bulge of & and, (3) encapsidation
of the RNP complex with core subunits, which
depend on structurally intact RT and e RNA.

Differences between HBV and DHBV RTs

HBV and DHBV RTs are structurally very sim-
ilar, having the same domain organization and
the same mechanism of protein priming. Nev-
ertheless, they show some distinct properties.
For example, HBV RT expressed in RRL does
not show enzymatic activity, which is a major
reason why most investigations described above
were performed with DHBV. HBV RTexpressed
in insect cells using baculovirus vectors shows
some in vitro protein-priming activity. In this
system, tyrosine 63, corresponding to tyrosine
96 in DHBYV, acts as a primer for DNA synthesis.
However, the reaction did not depend on the
presence of eRNA (Lanford et al. 1995, 1997).
Although HBV RT isolated from human tissue
culture cells in a complex with host chaperones
can bind to € in vitro (Jones et al. 2012), pro-
tein-priming activity can only be detected when
RT is isolated from cells as an RNP with . Fur-
thermore, as mentioned above, HBV protein
priming requires a closely spaced 5’ cap on &,
which is not needed for DHBV priming. Unlike
DHBV RT, the carboxy-terminal portion of the
HBV RT, including most of the RNase H do-
main, although dispensable for eRNA binding,
is essential for protein priming (Lanford et al.
1999; Jones et al. 2014). Under conditions that
are permissive for priming with DHBV RT,
HBV RT can bind eRNA, but does not display
any protein-priming activity (Hu et al. 2004; Hu
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and Boyer 2006). These and other observations
indicate that additional, as yet elusive, cellular
factors might be required for the HBV protein-
priming reaction.

RT and Genome Variability

HBV has been classified into eight different
genotypes based on differences in nucleotide
sequence that exceed 4% in the surface gene
and 8% across the complete genome (Kramvis
and Kew 2005). Sequence heterogeneity among
HBYV isolates is expected because the RTs have
no proofreading activities and, as a conse-
quence, show error rates that are ~10,000 times
higher than those of cellular DNA polymerases
during replication of chromosomal DNA. How-
ever, in contrast to HIV or hepatitis C virus, a
positive-strand RNA virus, sequence variations
observed within the virus population in an in-
fected patient or experimentally infected ani-
mals, are often difficult to detect (Hannoun
et al. 2000). One reason for the difficulty lies
in the complexity of the small HBV genome
that limits survival capacity of mutants. All viral
genes are overlapped either by a second reading
frame or regulatory signals, such as enhancers,
promoters, and signals for RNA packaging and
DNA replication (Fig. 2). Nevertheless, selective
pressure exerted by the host immune system or
antiviral therapy can result in the accumula-
tion of genetic variants within an infected host.
For example, vaccination of children can result
in the selection of vaccine escape variants with
mutations in S that do not jeopardize the func-
tion of the overlapping pol gene (Locarnini and
Yuen 2010). Similarly, antiviral therapy can re-
sult in the emergence of drug-resistant variants
that show mutations in the polymerase domain
of the RT at sites known to play a role in the
binding of nucleotide triphosphates (Scaglione
and Lok 2012). Interestingly, two nucleos(t)ide
analog RT inhibitors show the highest barriers
to drug resistance: entecavir, a carbocyclic G
analog, and tenofovir disoproxil fumarate, an
acyclical A analog, which can also block the
protein-priming reaction competitively (Gish
et al. 2012; Jones et al. 2013). In fact, resistance
to tenofovir has, so far, not been reported. How-

ever, from these results it is difficult to extrap-
olate the actual natural mutation rate of hepad-
naviruses because the degree of virus replication
varies among patients as a result of differences
in the activity of the immune response against
infected hepatocytes and other unknown pa-
rameters.

For DHBYV, the frequency of spontaneous
mutation and, hence, the mutation rate, could
be estimated from the appearance of non-
cytopathic DHBV derived from a cytopathic
DHBV strain during experimental infections
of ducklings (Pult et al. 2001). Under the select-
ed conditions, the mutation rate was estimated
to ~2 x 107> per nucleotide per generation.
The number of genomes produced each day
during an infection is about a millionfold high-
er, indicating that every possible mutation is
likely present at the time when selection for a
particular variant occurs. The rate at which the
variants accumulate depends not only on inher-
ent replication fitness, but also on the fraction of
uninfected hepatocytes required for establish-
ment and amplification of the mutant genomes.

Besides misincorporation of nucleotides in-
to minus- and plus-strand DNA during DNA
replication, deamination of cytidine residues by
members of the apolipoprotein B mRNA-edit-
ing catalytic polypeptides (APOBECs) can lead
to the production of viral genomes with G to A
hypermutations (Janahi and McGarvey 2013).
Whether this mechanism contributes to the
production of viable viral mutants or plays
any role in viral pathogenesis remains to be de-
termined.

VIRAL PERSISTENCE

The availability of nucleos(t)ide analog RT in-
hibitors markedly slows the progression of
chronic hepatitis B by suppressing DNA replica-
tion. Although antiviral therapy prevents de
novo production of viral DNA, it does not di-
rectly affect existing viral products. Assuming
that the RT can be completely blocked, the con-
centration of the viral DNA products is expected
to decline as a function of their respective half-
lives. For example, viral titers in the blood of
HBV-infected patients treated with different
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RT inhibitors, including lamivudine, adefovir
dipivoxil, and tenofovir disoproxil fumarate,
declined rapidly within hours after drug admin-
istration, leading to an estimation of the ¢, /, for
virus particles in the range of 12—36 h (Nowak
et al. 1996; Tsiang et al. 1999; Lewin et al. 2001,
2009). Similar results have been reported from a
study with woodchucks infected with the wood-
chuck hepatitis virus (WHV) and treated with
entecavir (Genovesi et al. 1998). Experiments
aimed at determining the decay rates of intra-
cellular viral DNA during antiviral therapy are
more difficult to perform in vivo because of the
limited number of liver biopsies that can be per-
formed on a single animal. For example, a study
with chronically infected woodchucks treated
with the RT inhibitor 1-(2-fluoro-5-methyl-
B,L-arabinofuranosyl )uracil (.-FMAU) revealed
that replicative DNA declined within the first
2 wk of treatment and dropped to barely detect-
able levels by 6 wk (Zhu et al. 2001). Although
these results are consistent with the model for
DNA replication, which predicts that DNA-con-
taining core particles bind to envelope proteins
and enter the secretory pathway, they could also
indicate that RT inhibition is incomplete, result-
ing in the observed persistence of core DNA in
the liver for several weeks posttreatment.

In contrast to replicative intermediates, the
amount of cccDNA in infected livers declined
at a slow rate, with an estimated half-life rang-
ing from 30 to 50 d, similar to that of hepato-
cytes (Zhu et al. 2001). Notably, the ratio of
virus positive hepatocytes to cccDNA levels in-
creased during antiviral therapy, indicating that
the copy number of cccDNA in infected hepa-
tocytes declined. As noted earlier in this review,
infected hepatocytes harbor multiple copies of
cccDNA per nucleus and, in theory, cccDNA
cannot be reamplified if viral replication is
blocked with an RT inhibitor. However, if the
block is incomplete, it is conceivable that some
cccDNA may be replenished by the intracellular
cccDNA amplification pathway during antivi-
ral therapy. Despite these reservations, the re-
sults are consistent with the interpretation that
cccDNA is stable in resting hepatocytes and de-
clines as a consequence of dilution through cell
division. The persistence of cccDNA is mani-
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fested by the rapid rebound of viremia known
to occur following termination of antiviral ther-
apy in experimental animals, as well as in hu-
man patients (Genovesi et al. 1998).

In summary, based on all the evidence
derived from observations with patients and
experimental animals treated with the RT in-
hibitors that are currently available, it can be
concluded that free virions decay much more
rapidly than intracellular replicative intermedi-
ates. As the decay rate of cccDNA is similar to
the death rate of infected hepatocytes, it is likely
that cccDNA is stable in infected cells. Hence,
cell death and dilution of cccDNA during cell
division of infected hepatocytes must be pri-
marily responsible for the observed depletion
of cccDNA during antiviral therapy. As will
be discussed in the following paragraphs, the
scenario in transient infections, which elicit a
strong immune response against virus-infected
hepatocytes, might be more complex.

In contrast to currently available antiviral
therapies, a strong immune response against
HBV-infected hepatocytes can cure an infec-
tion. Key questions in this case concern the
mechanisms responsible for the loss of cccDNA
and prevention of new cccDNA synthesis by
intracellular amplification or de novo infection
of hepatocytes. Investigations into the mecha-
nism of viral clearance rely on experimental in-
oculation either of chimpanzees, woodchucks,
or ducks, and the collection of multiple serum
and liver samples during the course of such in-
fections. Although there is uniform agreement
that cccDNA levels decline as a consequence of
elimination of infected hepatocytes by cytotoxic
T cells, there is still a debate about the extent
of noncytolytic destruction of cccDNA during
the clearance phase (Fourel et al. 1994a; Murray
et al. 2005; Mason et al. 2009). For example,
based on the analyses of blood and tissue sam-
ples from three HBV-infected chimpanzees and
data-fitting analysis of the immune clearance
phase, it has been proposed that cccDNA has a
half-life of ~3 d during the clearance phase,
implying that noncytolytic mechanisms could
contribute to the overall loss of cccDNA (Mur-
ray et al. 2005). Experiments with transiently
infected woodchucks revealed that as much as
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a complete liver equivalent of cells could be
replaced because of killing by cytotoxic T cells
within a few weeks during the recovery phase
(Kajino et al. 1994; Guo et al. 2000; Summers
et al. 2003). Mathematical modeling of data
derived from cccDNA analyses of liver tissues
from infected woodchucks also indicated that
cccDNA loss could not be explained solely
by dilution during cell division (Mason et al.
2009). But solid evidence for a noncytolytic
mechanism leading to cccDNA loss has, so
far, not been forthcoming. An intriguing pos-
sibility would be that host antiviral factors
produced during the clearance phase could de-
grade cccDNA. In fact, a recent report suggested
that IFN-« or activation of the lymphotoxin-
B-receptor could induce the production of
APOBECs, resulting in cytidine deamination
and, subsequently, degradation of cccDNA (Lu-
cifora et al. 2014). On the other hand, it is
conceivable that the rates for cell killing and re-
generation of hepatocytes during the early phase
of the clearance process are higher than estimat-
ed from the analyses of biopsied liver tissues,
and, as a consequence, cccDNA is lost at a
much higher rate than predicted from mathe-
matical modeling. In this case, clearance would
be possible without a specific antiviral activity
againstcccDNA. Finally, itis conceivable thatina
fraction of cccDNA genomes, transcription is
silenced by epigenetic mechanisms. This would
explain why cccDNA can be detected in liver
samples for months to years after apparent reso-
lution of an acute infection (Murray et al. 2005).

To overcome the limitations imposed by
experiments with animal models, tissue culture
systems have been used to investigate the fate
of cccDNA in resting and dividing cells. For
example, experiments with primary woodchuck
hepatocyte cultures infected with WHV and
treated with different RT inhibitors, includ-
ing (-)-B-1-2/,3'-dideoxy-3'-thiacytidine (3TC,
lamivudine) and L-FMAU, to block viral DNA
synthesis revealed that cccDNA had half-lives
exceeding 30 d, indicating that it was stable in
nondividing cells (Moraleda et al. 1997; Zhu
et al. 2001). In contrast, experiments with es-
tablished tissue culture cell lines that produce
DHBYV and lamivudine showed that cccDNA is

lost during cell division (Guo et al. 2003). Be-
cause this loss could be accounted for by dilu-
tion, it appears that at least some cccDNA can
survive mitosis, essentially, as predicted from
experiments with woodchucks treated with RT
inhibitors described previously.

PERSPECTIVES

Information gained from investigations during
the past 30 years has provided us with many
details concerning the hepadnavirus replication
cycle. Besides the function of the viral core and
RT proteins, the role of host proteins in RNA
packaging and reverse transcription have been
revealed. However, important gaps in knowl-
edge still exist. For example, we still lack struc-
tural information about the unique TP region
of the RT, a potential target for the development
of non-nucleoside RT inhibitors, enzymes, and
other proteins required for cccDNA synthesis
are still elusive, the fate of cccDNA remains con-
tentious, and questions concerning the role of
cytokines or any other factors in cccDNA desta-
bilization remain unanswered. A better under-
standing of the factors that are required for the
maintenance of cccDNA is critical for the de-
sign of future antiviral therapies that can cure
chronic hepatitis B.
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