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Circularization of an RNA template via long-range base pairing is critical for
hepadnaviral reverse transcription
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Abstract

Although an overall genetic strategy for hepadnaviral reverse transcription has been established, the mechanism that underlies the minus-strand
transfer is still poorly defined. We and others independently identified a novel cis-acting element, termed β or ϕ, respectively, that is critical for the
minus-strand DNA synthesis of hepatitis B virus. A 5′–3′, long-range interaction of the RNA template was proposed that involves the 5′ ε sequence
(encapsidation signal) and the 3′ β/ϕ sequence. We subjected the hypothesized base pairing to genetic analysis. The data indicated that mutations
abrogating the hypothesized base pairing markedly impaired minus-strand DNA synthesis, while compensatory mutations that restored the base pairing
rescued the minus-strand DNA synthesis. These results demonstrated the critical role of the 5′–3′, long-range interaction in minus-strand DNA
synthesis. We speculate that such a long-range interaction may precisely juxtapose a donor to an acceptor during minus-strand transfer.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Human hepatitis B virus (HBV) is a member of the hapadna-
virus family of small, enveloped, animal DNA viruses (Ganem
and Schneider, 2001). Other members of the family include the
duck hepatitis B virus (DHBV) and the woodchuck hepatitis virus
(WHV).HBVis amajor cause of liver diseaseworldwide, ranging
from acute and chronic hepatitis to liver cirrhosis and hepatocel-
lular carcinoma.

The hepadnaviruses are unique among the animal DNAviruses
in that they replicate through reverse transcription of an RNA
intermediate. The strategy of hepadnaviral reverse transcription
parallels that of retroviruses to some degree. For instance, both
reverse transcription reactions require multiple template switching
events for the completion of viral genome replication. In addition,
these template switching events are mediated primarily through
complementary sequences in the terminal redundancy regions of
their RNA genomes (Dang and Hu, 2001; Nassal and Rieger,
1996; Tavis et al., 1994).
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Hepadnaviral reverse transcription occurs inside nucleocap-
sids that follow selective encapsidation of the pregenomic RNA
(pgRNA). Encapsidation proceeds by recognition of a stem-loop
structure (encapsidation signal or ε) near the 5′ end of the pgRNA
by the viral polymerase (P) (Hirsch et al., 1991; Junker-Niepmann
et al., 1990). Initiation of minus-strand DNA synthesis occurs
through a novel mechanism during which P itself acts as a primer
by forming a covalent linkagewith the first nucleotide of theDNA
(Wang and Seeger, 1992); the template for this priming reaction is
a bulge of 5′ ε (Fig. 1) (Nassal and Rieger, 1996; Tavis et al.,
1994; Wang and Seeger, 1993). In other words, the P protein
directs the packaging of the pgRNA as well as the priming, and
5′ ε serves not only as an encapsidation signal but also as the
initiation site for minus-strand DNA synthesis. The fact that both
P and 5′ ε play pivotal roles in the priming reaction as well as in
encapsidation suggests that the initiation of minus-strand DNA
synthesis is mechanistically coupled to pgRNA encapsidation.

Our current understanding of hepadnaviral minus-strand
transfer is far from complete. Minus-strand DNA synthesis, the
first step of hepadnaviruses reverse transcription, features two
characteristic processes—protein priming and minus-strand
transfer. Following synthesis of the first 3 or 4 nucleotides via
protein priming, the P-linked oligonucleotide translocates from
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Fig. 1. Schematic diagram depicting minus-strand transfer during hepadnaviral
reverse transcription. The pgRNA with cis-acting elements relevant to minus-
strand transfer is shown. The open boxes represent direct repeat sequences of 11
nucleotides, designated 1 and 2 (i.e., DR1 and DR2); DR1 is present twice due to
terminal redundancy and the DR nearest the 3′ end is designated DR1⁎. The
encapsidation signal (ε) near the 5′ terminus, which folds into a stem-loop structure,
is shown. The viral P protein (shaded oval) synthesizes the first 3 or 4 nucleotides of
minus-strandDNAby using the UUCAsequencewithin the bulge of the stem-loop
structure as a template. The P protein, covalently linked to the oligonucleotide, is
transferred to the UUCA at DR1⁎, which is referred to as an acceptor, and then
resumes minus-strand DNA synthesis. A gray box denotes a cis-acting element,
referred to as the β/ϕ sequence. Figure is not drawn to scale.
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the donor (i.e., bulge of 5′ ε, a stem-loop structure) to the acceptor
site [i.e., the UUCmotif of the 3′DR1 (direct repeat) or DR1⁎] at
the opposite end, where minus-strand DNA synthesis resumes
(Fig. 1). This process is termed minus-strand transfer or template
switching (Pollack and Ganem, 1994; Tavis et al., 1994; Wang
and Seeger, 1993). An immediate question arises of how accurate
transfer to theUUCmotif ofDR1⁎ can be ensured. Intriguingly, in
DHBV, a juxtaposition of the donor and acceptor sites during
minus-strand transfer has been implicated by observation of a
marked preference for the wild-type acceptor site over other
nearby UUC motifs (Loeb and Tian, 1995). Subsequently, such
juxtapositions that could occur via circularization of the pre-
genome were suggested to explain how strand transfer occurs
(Rieger and Nassal, 1996). Circularization can be achieved either
by 5′–3′, long-range RNA-RNA interactions or by RNA-protein
interactions.

Recently, we and others independently identified a novel cis-
acting sequence – a 28-nucleotide sequence located upstream of
DR1⁎ – that is required for minus-strand DNA synthesis (Shin
et al., 2004; Tang and McLachlan, 2002), and termed β or ϕ ,
respectively (Fig. 1). The two reported sequences most likely
represent an identical cis-acting element (here referred to as β/ϕ),
since mutants with alterations in these sequences manifested an
indistinguishable phenotype (Shin et al., 2004; Tang and
McLachlan, 2002), and these two cis-acting elements essentially
overlap. To account for the role of the β/ϕ element, we previously
hypothesized that the β element contributes to the accurate and
efficient minus-strand transfer (Shin et al., 2004). Intriguingly,
Tang and McLachlan (2002) hypothesized a novel circular struc-
ture of the pgRNA formed via significant base pairing between the
5′ ε and the β/ϕ sequences. In support of the latter hypothesis, we
now present evidence for the 5′–3′, long-range interaction that
could occur during minus-strand DNA synthesis. Similar conclu-
sions have recently been reported by others (Abraham and Loeb,
2006; Oropeza and McLachlan, 2007). Additional deletion
analysis defined a short, 7-nucleotide RNA sequence, immediately
adjacent to UUCA at DR1⁎, which is an important determinant in
selecting the wild-type acceptor site of DR1⁎ during minus-strand
transfer.

Results

Experimental strategy

As stated above, a novel cis-acting sequence, adjacent to the
acceptor site and independently termed the ϕ or β sequence, was
identified (Shin et al., 2004; Tang and McLachlan, 2002).
However, it remains to be established how the β/ϕ sequence
contributes to minus-strand DNA synthesis. Tang and McLachlan
(2002) proposed a novel circular structure of the pgRNA that was
mediated by significant base pairing between the 5′ ε and ϕ
sequences (Fig. 2B). Importantly, the proposed structure that
brings the donor and acceptor into proximity appeared to be
conserved among hepadnaviruses (Tang and McLachlan, 2002).
To evaluate thismodel, we subjected the hypothesized base pairing
to stringent genetic analysis. Briefly, the first step was to identify
multiple substitution mutants in the 5′ ε stem-loop structure that
are competent for encapsidation but fail to yield viral DNA. The
next step was to determine whether a compensatory mutation that
recovers the base pairing could restore DNA synthesis. In fact, the
process of pgRNA encapsidation was shown to be extremely
sensitive to alterations in the secondary structure aswell as primary
sequence of 5′ ε (Fallows and Goff, 1995; Pollack and Ganem,
1993). It was noted, however, that a region on the left side of the
upper stem was found to be tolerant of substitution (Fallows and
Goff, 1995; Pollack and Ganem, 1993) (Fig. 2A). Therefore, this
regionwas subjected to genetic analysis.We reasoned that ablation
of 3 out of 9 base pairs would be sufficient to destabilize the upper
portion of the hypothesized structure (Fig. 2A) since a similar
extent of substitution was sufficient to impair the encapsidation
function of DHBV ε (Pollack and Ganem, 1993). We generated
three 3-nucleotide substitutions and one 4-nucleotide substitution
on the left side of the upper stem (Fig. 3A).

The mutations at 5′ ε are impaired in the minus-strand DNA
synthesis

We first confirmed normal encapsidation of the four mutants.
HBV DNA replicons of each mutant were transfected into Huh7
cells along with a helper plasmid, R063. The helper plasmids were
cotransfected to provide C (core), P (polymerase) in trans to ensure
that their amounts were not limiting (Shin et al., 2004). To prevent
the degradation of the pgRNA by the RNase H activity associated
with the P protein, cells were treated with lamivudine for 2 days,
an established inhibitor of the viral reverse transcriptase (Ono



Fig. 2. Schematic diagram depicting the hypothesized base pairing between the 5′ ε and β/ϕ sequences. (A) The pregenomic RNA is illustrated schematically with only
relevant nucleotide sequence in 5′ ε andβ/ϕ region. (B) The pregenomic RNA is depictedwith emphasis on the hypothesized base pairing. Double-arrowed lines denote the
region spanning the 5′ ε andβ/ϕ sequences, respectively. Notably, the 5′ ε bulge on the left side of the base pairing structure remains unpaired. Although the size (6 nt) of the
bulge region remains unchanged, it is noted that the bulge region shifted one nucleotide toward the 3′ end, relative to the stem-loop structure (see Fig. 1). Symbols are as in
Fig. 1.
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et al., 2001). Three days post-transfection, RNA was extracted
from capsid and cytoplasm, respectively. The pgRNA was
analyzed by RNase protection analysis (RPA), as described
previously (Shin et al., 2004). RPA data, shown in Fig. 3B,
indicated that pgRNAs derived from all mutants were normally
encapsidated, as anticipated from previous result (Fallows and
Goff, 1995). Next, we examinedwhether these mutants supported
the viral genome replication.

Nucleocapsids that contained the viral replication intermediates
were isolated from cells transfected with eachmutant DNA and the
capsid-associated DNAs were then analyzed by Southern blot
analysis (Fig. 3C). As anticipated, transfection of the wild-type
HBV construct yielded three major replication intermediates:
relaxed circular DNA (RC), duplex linear DNA (DL) and single-
stranded DNA (SS) (Fig. 3C, lane 1). By contrast, the amounts of
the viral DNAs produced by all mutants weremarkedly diminished
(Fig. 3C, lane 1 versus lanes 2 to 5). To obtain a more quantitative
estimation, we carried out primer extension analysis to measure the
minus-strand DNA that was initiated at DR1⁎, as previously
described (Shin et al., 2004). The data shown in Fig. 3, panels D
and E, indicated that minus-strand DNA synthesis was substan-
tially reduced in all mutants compared to the wild type. Trans-
fection into a different hepatoma cell line, HepG2, yielded
essentially identical results (data not shown). Further, the results
were in accordance with those of the Southern blot analysis shown
above. Therefore, we concluded that all four mutants, bearing
substitutions on the left side of the upper stem, were unimpaired in
encapsidation but severely impaired in minus-strand DNA
synthesis.

Compensatory mutations rescue the viral DNA synthesis

Nonetheless, we did not know whether the mutants were de-
fective in protein priming or in subsequent minus-strand transfer.
We considered two possibilities to which the substituted region
could contribute. First, the substituted region constituted a core
element that was recognized by the P protein, which is critical for
the priming reaction (Schaaf et al., 1999). Second, the substituted
region possessed a novel function that is critical for minus-strand
transfer. We decided to examine the latter possibility by evaluation
of the hypothesized base pairing shown in Fig. 2B.We generated a
set of compensatory substitutions (double-site mutations) that
restored the base pairing that had been ablated by the initial
substitutions (single-site mutations) (Fig. 4A). It was expected that
the double-site mutations could rescue viral DNA synthesis if only
the hypothesized base pairing contributed to minus-strand DNA
synthesis.

Four double-site mutant DNAs were transfected and analyzed
similarly as described above. First, RPAwas carried out as shown
in Fig. 3B. RPA data confirmed that encapsidation proceeded



Fig. 3. Mutants with substitutions on the left side of the upper-stem of the hypothesized structure were competent for encapsidation but failed to yield minus-strand DNA.
(A) Schematic diagram showing the hypothesized base pairing between the 5′ ε and β/ϕ sequences along with nucleotide sequences substituted in the mutants. Nucleotide
sequences of four mutants are presented below, with altered bases underlined. (B) RNase protection analysis was carried out to examine the encapsidation efficiency. Cells
were cotransfectedwith each substitutionmutant or wild type, as indicated above each lane, alongwith a helper plasmid,R063, as detailed inMaterials andmethods.On next
day, transfected cells were treatedwith lamivudine (20μM,LGLife Science Inc., Korea). pLZ-ε-30 plasmid that transcribes a LacZ transcript capable of being encapsidated
was cotransfected as an internal control, as described (Shin et al., 2004). The protected RNA fragments, derived from HBV RNA and the lacZ transcript, are indicated by
closed and open, left-facing arrowheads, respectively. The probes used for the analysis of HBV RNA and the lacZ RNA are indicated by closed and open, right-facing
arrowheads, respectively. Yeast RNA shown in two leftmost lanes was used as a nonspecific RNA control. One fifth of the RNAs extracted from total cells (T) were loaded
relative to those of capsids (C). Representative results of at least three experiments are shown. (C) Southern blot analysis of the replication-intermediateDNAs extracted from
cytoplasmic core particles. Cells were transfected with each substitution mutant or wild type (WT), along with the helper plasmid, R063. The positions of RC, DL and SS
DNA are indicated by open arrowheads. Two restriction fragments of 3.3 and 2.0 kb serve as sizemarkers (SM). For a comparison, only one tenth of the extractedDNA from
the wild type was loaded relative to those of the mutants. Representative results of at least five experiments are shown. (D) Primer extension analysis. Primer extension
analysiswas performed tomeasure the amount ofminus-strandDNA initiated at DR1⁎, as described inMaterials andmethods. The position of the extended products derived
from the DNA initiated at DR1⁎ is denoted by a closed arrowhead. I.C.: internal control. Representative results of at least three experiments are shown. (E) Quantitative
analysis. Relative DNA synthesis by each mutant was estimated by normalizing the amounts of viral DNAs, as determined by Southern blot analysis (dark) or primer
extension analysis (gray), to the amount of the encapsidated RNA detected in the capsid that has been normalized to the encapsidated LacZ transcript, as performed
previously (Shin et al., 2004). Error bars represent standard deviations from five independent transfections.
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Fig. 4. Compensatory substitutions rescued minus-strand DNA synthesis. (A) Schematic diagram showing the hypothesized base pairing between the 5′ ε and β/ϕ
sequences along with a strategy for compensatory substitution mutagenesis. Nucleotide sequences of four mutants with a compensatory substitution mutation are presented
belowwith only altered bases underlined. Symbols are as in Fig. 3A. (B) RPA analysis was performed as described in the legend for Fig. 3B. (C) Southern blot analysis was
performed as described in the legend for Fig. 3C, except that all samples were equally loaded. (D) Primer extension analysis was performed as shown in Fig. 3D.
(E) Quantitative analysis. Quantitation was carried out as detailed in Fig. 3E. Error bars represent standard deviations from four or more independent transfections.
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normally in all mutants having the double-site mutation (Fig. 4B).
Remarkably, Southern blot analysis indicated that a set of mutants
that had compensatory substitutions, with the possible exception of
mutant R839, markedly rescued the viral DNA synthesis (Fig. 4C
versus Fig. 3C). Primer extension analysis indicated that the
minus-strand DNA synthesis initiated at DR1⁎ in all mutants was
substantially restored (Fig. 4D), in accordance with that of
Southern blot analysis. Overall, quantitative estimation that fol-
lowed normalization of encapsidated RNA supported the notion
that the base pairing between the 5′ ε and β/ϕ sequences is critical
for the synthesis of minus-strand DNA (Fig. 4E).

On the other hand, quantitative estimation revealed that in the
case of R839, minus-strand DNA synthesis was not substantially
recovered, unlike to those of the other three mutants (Fig. 4E). It is
possible that the priming reaction could be affected by a residue
that is altered only inmutant R839 (i.e., nt 1873U), but not in other
mutants (Fig. 3A). Unlike its DHBV counterpart (Schaaf et al.,
1999), the inability to recapitulate the protein priming reaction in
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vitro by using HBV polymerase did not allow us to address this
question further.

The mutations at 3′ β/ϕ region are impaired in the minus-strand
DNA synthesis

To substantiate the above finding, it is crucial to demonstrate
that a single site mutation in 3′ β/ϕ region is defective as well
Fig. 5. Mutants in the β/ϕ sequences are defective for the minus-strand DNA synthes
Symbols are as in Fig. 3A. (B) RPA analysis was performed as described in the leg
loaded relative to those of capsids (C). (C) Southern blot analysis was performed as de
shown in Fig. 3D. (E) Quantitative analysis as shown in Fig. 3E. Error bars represe
for the minus-strand DNA synthesis. To this end, we generated
a series of corresponding single site mutation in 3′ β/ϕ region
and measured the extent to which these mutants are impaired in
the minus-strand DNA synthesis (Fig. 5A). First, we sought to
confirm that encapsidation proceeds normally in these mutants.
RPAwas carried out as shown in Fig. 3B. As anticipated, RPA
indicated that encapsidation proceeds normally in these 3′ β/ϕ
region mutants (Fig. 5B). Nonetheless, Southern blot analysis
is. (A) Schematic diagram showing a single site mutation in the β/ϕ sequences.
end for Fig. 3B. Only one fifth of the RNAs extracted from total cells (T) were
scribed in the legend for Fig. 4C. (D) Primer extension analysis was performed as
nt standard deviations from three independent transfections.
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demonstrated that the DNA synthesis appeared to be signifi-
cantly reduced in all four mutants (Fig. 5C). Likewise, primer
extension analysis showed that the minus-strand DNA synthesis
was significantly reduced in these mutants (Fig. 5D). Normal-
ization to the level of the encapsidated RNA revealed that four
Fig. 6. A region spanning from the β/ϕ sequence to the DR1⁎ sequence is dispensable f
deletion mutants. The pgRNA, expanded below, shows the relative position of the UU
nucleotide sequences deleted in eachmutant are indicatedwithin parenthesis, with the co
by single asterisk) and another at 25 nucleotides away from the former (denoted by doub
the R844mutant, the next downstreamUUCA sequence is relocated at the wild-type acc
extension analysis was performed as shown in Fig. 3D to determine the 5′ termini of
single site mutants in 3′ β/ϕ region are severely defective in the
minus-strand DNA synthesis (Fig. 5E), although the extent of
the defect of the 3′ β/ϕ region mutants was lesser than those of
the 5′ ε region mutants (Fig. 3E versus Fig. 5E). It appeared that
the single site mutations in the 5′ ε sequence were more
or acceptor site selection during minus-strand synthesis. (A) Diagram showing four
CA sequences present downstream of the wild-type acceptor site at DR1⁎. The
rresponding deletion size. TwoUUCA sequences are shown: one at DR1⁎ (denoted
le asterisks). Closed triangles mark identical positions for the 5′ end; for example, in
eptor positionwith respect to the 5′ end. Symbols are as shown in Fig. 1. (B) Primer
minus-strand DNAs.
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detrimental to the viral genome replication than those in the β/ϕ
sequences. However, it is unclear yet as to what is responsible
for the discrepancy regarding the extent of the defects seen
between these two groups of the single site mutants. Never-
theless, the substantive reduction of the minus-strand DNA
synthesis seen in the single site mutants of the β/ϕ region
further strengthened the interpretation made above. Overall, we
concluded that the long-range base pairing between the 5′ ε and
β/ϕ sequences is critical for the synthesis of minus-strand
DNA.
Fig. 7. Sequences flanking thewild-type acceptor site at DR1⁎ are critical for acceptor si
immediately adjacent to DR1⁎, are shown. Symbols are as shown in Fig. 1. (B) RPA an
was performed as described in the Fig. 4C legend. (D) Primer extension analysis was per
as determined by Southern blot analysis (dark) or primer extension analysis (gray), we
deviations from four or more independent transfections.
A 7-nt sequence critical for the acceptor site selection

Having established the critical role of this 5′–3′ association,we
next wanted to define the sequences that were critical for acceptor
site selection. In other words, it is of considerable interest to
determine how the wild-typeUUC site of DR1⁎ is selected among
numerous UUC motifs present in pgRNA. In DHBV, a marked
preference for the wild-type acceptor site was observed over
numerous nearby UUC motifs (even over a site only 3 nt away)
(Loeb and Tian, 1995). These data are consistent with the
te determination. (A) Twomutants lacking a 7-nucleotide sequence (shaded boxes),
alysis was performed as described in the Fig. 3B legend. (C) Southern blot analysis
formed as shown in Fig. 3D. (E) Quantitative analysis. The amounts of viral DNAs,
re normalized to the amount of encapsulated RNA. Error bars represent standard
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interpretation that the P-pgRNA complex exerts a sort of
measuring function (e.g., distance) in selecting the acceptor site.

To substantiate this idea, we asked whether the sequence that
spans the β/ϕ sequence and the wild-type acceptor at DR1⁎, if
any, contributes to acceptor site selection. To this end, we made
four small deletion mutants that lacked 6 to 25 nucleotides
(Fig. 6A). Particularly for the R844 mutant, a 25-nucleotide
deletion was made, such that the next downstream UUC motif
was newly positioned at the location of the wild-type UUC site
with respect to theβ/ϕ sequence. If the physical distance from the
β/ϕ sequence to the UUC motif is a critical determinant for
acceptor selection, we expected the downstream UUC motif at
nucleotide 1851 to be utilized.

Primer extension analysis revealed that the extension products
that were detected for each mutant were predictably shorter than
those of the wild type, implying that the minus-strand DNA
transferred to DR1⁎ rather than the downstream UUC sequence
(Fig. 6B). In other words, thewild-typeUUCmotif was used as an
acceptor for all four mutants. It appeared that the region that
spanned from theβ/ϕ sequence to theDR1⁎ sequencewas largely
dispensable for acceptor site selection. We interpreted these data
as indicating that the sequences immediately adjacent to the UUC
motif instead are more important.

To evaluate the contribution of sequences surrounding the
UUCA sequence at DR1⁎, we generated two mutants that lack
7-nucleotide sequences that flank either upstream or down-
stream of the UUCA sequence at DR1⁎: (i) a 7-nucleotide se-
quence that spans from the β/ϕ sequence to the DR1⁎ sequence
in R844 was deleted in the R845 mutant (Fig. 7A), and (ii) a 7-
nucleotide sequence that represents the DR1⁎ sequence except
for the wild-type acceptor (UUCA) was deleted in the R846
mutant (Fig. 7A). Transfection was performed as described
above. RPA confirmed that encapsidation proceeded normally
in these mutants (Fig. 7B). Southern blot analysis indicated that
the R845 mutant yielded a markedly reduced amount of viral
DNA, whereas the reduction was less pronounced in the R846
mutant transfected cells (Fig. 7C). In addition, primer extension
analysis detected coordinate reductions in the amount of minus-
strand DNA initiated at DR1⁎ in the two mutants (Fig. 7D).
Quantification that followed normalization of the encapsidated
RNA further confirmed the above results (Fig. 7E). Based on
these findings, we concluded that the 7-nucleotide sequence that
was located immediately upstream of the UUCA at DR1⁎ was
critical in selecting the acceptor site during minus-strand trans-
fer; this 7-nucleotide sequence was termed here as the acceptor
determining sequence (ads).

Discussion

Strand transfer (or template switching) is a hallmark of the
reverse transcription reaction that is employed by retrovirus-like
elements including hepadnaviruses (Telesnitsky and Goff,
1997). Although the donor and the acceptor sites have been
defined both for minus- and plus-strand DNA transfer, the
mechanism of template switching has been enigmatic for some
time. In the case of plus-strand DNA transfer, however,
mechanistic insight has been provided by Loeb and his
colleagues in that a long-range base pairing between appropriate
sequence elements is critical, which could bring the donor into
close proximity with the acceptor to facilitate transfer (Lewellyn
and Loeb, 2007; Liu et al., 2003). In contrast, a parallel finding
has not been made for minus-strand transfer.

Here, we asked how the β/ϕ sequence (Shin et al., 2004; Tang
and McLachlan, 2002), a recently identified, novel cis-acting
element, acts to facilitate minus-strand DNA synthesis. We
provided experimental evidence for the hypothesized closed-loop
RNA structure that involves a long-range base pairing between
the 5′ ε and β/ϕ sequences (Fig. 4). Similar conclusions have
been recently obtained by others (Abraham and Loeb, 2006;
Oropeza and McLachlan, 2007). More recently, another cis-
acting element that is engaged in the long-range base pairing was
reported (Abraham and Loeb, 2007); the third cis-acting element,
called ω element, is located immediately 3′ to the acceptor site.
Possibly, the P-pgRNA complex that undergoes conformational
alteration upon priming might direct a juxtaposition of the donor
to the acceptor that is present at opposite ends of the RNA
template. Perhaps, the precise juxtaposition of the donor to the
acceptor is a critical constraint that is imposed on the RNA
template during minus-strand transfer. We further speculate that a
precise juxtaposition could be achieved via a triple-strand helices
(triplex) formation (Fig. 8).

Presently, how exactly the 5′ ε sequence that folds into a stable
stem-loop structure could interact with the β/ϕ sequence via base
pairing remains uncertain. Perhaps upon priming, the 5′ ε stem-
loop structure undergoes structural alterations (melting) such that
the β/ϕ sequence could invade and anneal to an appropriate part
of the 5′ ε sequence. In fact, evidence is available in DHBV to
suggest that both the stem-loop structure and P protein undergo
marked structural rearrangements that accompany the melting of
the upper stem (Beck and Nassal, 1998; Tavis and Ganem, 1996).
In particular, the melting of the 5′ ε upper stem precedes the
formation of a replication-competent P-ε complex (Beck and
Nassal, 1998). In keeping with this idea, we observed that the
upper stem in the hypothesized structure shown in Fig. 2A ismore
critical than the lower stem for minus-strand DNA synthesis (data
not shown). In fact, a lesser importance of the lower stem was
anticipated by Tang and McLachlan (2002), as the lower stems
found inmammalian hepadnaviruses are not conserved in DHBV.

How then is the acceptor site selected from numerous UUC
motifs present on the pgRNA? A marked preference for the wild-
type acceptor site implied a limited flexibility in selecting the site
of transfer (Loeb and Tian, 1995). In this regard, our results argue
that the constraints in selecting the acceptor are primarily
imparted by sequences surrounding the acceptor site (Fig. 6).
Subsequent deletion analysis defined a 7-nucleotide element (ads)
that directs acceptor site selection (Fig. 7). In fact, only subset of
the 7-nt could be critical for the acceptor site selection. In parallel,
a hexanucleotide (AAUUAC; the acceptor site italicized) was
previously identified in DHBV as the primary cis element that
direct the acceptor site selection (Tavis and Ganem, 1995).
Importance of a short stretch sequence (2 ormore nt) immediately
upstream to the acceptor site appears to be a conserved features
between avian and mammalian hepadnaviruses. Possibly, the
viral P protein specifically recognizes the ads sequence and



Fig. 8. Schematic model illustrating the minus-strand transfer of hepadnaviruses. We hypothesized that the base pairing between the 5′ ε and β/ϕ sequences mediates
the precise juxtaposition of the donor to the acceptor via triple helix formation. A hypothesized triplex consists of the P-linked trinucleotides (5′-GAA-3′) that link the
donor (5′-UUC-3′) and the acceptor (5′-UUC-3′). Hoogsteen base pairing is denoted by dotted lines, whereas Watson–Crick base pairing is denoted by solid lines.
ads: acceptor determining sequence. Symbols are as shown in Fig. 1.
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facilitate the strand transfer (Fig. 8). On the other hand, the ads
sequence happens to overlap the r (repeat) sequence element,
which is critical for template switching that occurs during plus-
strand DNA synthesis (Habig and Loeb, 2003; Loeb et al., 1997).
It should be noted, however, that the ads sequence acts at the
RNA level, whereas the r sequence acts at the DNA level. Thus, it
is unlikely that these two elements are mechanistically related.

What is the exact mechanism whereby strand transfer or
template switching occurs at the growing end? From the viral
perspective, it is crucial to avoid copying an extra base at the 5′ ε
bulge region, as the P-linked oligomer would otherwise fail to
translocate to DR1⁎ due to a mismatched base at the 3′ end
(Fig. 8). Conformational alteration was suggested by earlier
observation that noted altered sensitivity of the P protein to PFA
(phosphonoformate) in vitro reaction: from PFA resistance to
PFA sensitive (Wang and Seeger, 1992). We consider it possible
that, following oligomer synthesis, the P protein undergoes a
drastic conformational alteration that accompanies template
switching from the donor to the acceptor. One could even
speculate that a triple-stranded intermediate is formed that
involves the newly synthesized oligomer (Fig. 8). A triple-
stranded helix has been, in fact, demonstrated for T7 DNA
polymerase (Rocher et al., 2001). Triplexes typically are com-
posed of polypurine- or polypyrimidine-rich sequences, where
not only Watson–Crick base pairs but also Hoogsteen base pairs
are involved (Frank-Kamenetskii and Mirkin, 1995). Possibly,
the P-linked oligomer could interact with the donor via Watson–
Crick base pairs, but simultaneously could interact with the
acceptor via Hoogsteen base pairs or vice versa. According to
this scenario, strand transfer merely represents a process of
changing the Watson–Crick base pairing partner of the P-linked
oligomer from the donor to the acceptor (Fig. 8). Certainly,
experimental evaluation of this triplex hypothesis requires
further investigation.

In fact, a 5′–3′, long-range RNA-RNA interaction for reverse
transcription is not unprecedented. A parallel, 5′–3′, long-range
base pairing interaction was shown to be critical for the initiation
of minus-strand DNA synthesis in Ty1 RNA (Cristofari et al.,
2002), a retrotransposon in budding yeasts. Moreover, a recent
study reported that a 5′–3′ association via a lariat-like structure,
involving a covalent 2′–5′ linkage, was found during reverse
transcription of Ty1 RNA (Cheng and Menees, 2004). Although
the underlying molecular mechanisms are not mechanistically
related, circularization of an RNA template appeared to be a
conserved strategy to facilitate template switching commonly
adopted by hepadnaviruses and Ty elements during evolution
(Fig. 8).Whether the circularization strategy could be extended to
retroviruses is a matter of speculation.
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Evidently, identification of the cis-acting element that is
critical for hepadnaviral minus-strand transfer has provided an
important clue toward a more complete molecular description of
strand transfer events. We now present an insight into how cis-
acting elements contribute to strand transfer. A detailed
understanding of hepadnaviral minus-strand transfer will
provide not only new insight into our understanding of RNA-
directed DNA synthesis, but also possibly uncover new targets
for therapeutic antiviral intervention.

Materials and methods

Cell culture and transfection

The human hepatoma cell lines, Huh7 and HepG2, were
cultured as previously described (Lee et al., 2004b). Plasmid
DNAs were transfected into cells by calcium phosphate
transfection (Jeong et al., 2000).

Plasmid construction

All HBV constructs were derived from a wild-type HBV
expression clone, pCMV-HBV/30 plasmid as previously
described (Jeong et al., 2000). The nucleotide sequence of the
HBV genome was numbered starting from the unique EcoRI
site of the HBV ayw subtype (Galibert et al., 1979). In this
numbering system, the 5′ end of the pregenomic RNA is at nt
1820 (Nassal et al., 1990). All substitution and deletion mutants
were generated by overlap extension PCR protocol as
previously described (Lee et al., 2004a). The details of the
molecular cloning of any plasmid construct will be provided
upon request. All mutants were sequenced to confirm the base
change. The helper plasmid, R063, is designed to yield the
pgRNA lacking the encapsidation signal (5′ ε) as previously
described (Jeong et al., 2000).

Isolation of encapsidated RNA

Cells were transfected with each mutant along with a helper
plasmid, R063. To account for variation between plates, we
extracted both capsid RNA and total cytoplasmic RNA from a
single plate. A day following transfection, cells were treated
with lamivudine (20 μM) for 48 h before harvest. Cells were
lysed with lysis buffer (10 mM Tris [pH 8.0], 1 mM EDTA.
0.5% Nonidet P-40). One fifth of the lysate was used to isolate
the total cytoplasmic RNA, while the rest was used to isolate the
capsid RNA. RNA extraction was performed essentially as
previously described (Jeong et al., 2000).

RNase protection assay

RNA extraction and RNase protection assay (RPA) was
performed essentially as previously described (Jeong et al.,
2000). Briefly, samples of total RNA (30 μg) or core-associated
RNA were hybridized with two [α-32 P]UTP(3000 Ci/mmol;
Amersham)-labeled probes for 16 h at 42 °C. RNase digestions
were carried out with a mixture of RNase A and RNase T1
(Ambion) at 37 °C for 30 min. The digested products were
separated on a 6% acrylamide-8 M urea gel. The gels were dried
and autoradiographed on Hyperfilm-MP (Amersham) at −70 °C.
Phosphorimages were quantified using a bio-imaging analyzer
(BAS-2500; Fujifilm). The RNA probe used to detect HBV-
specific pgRNAs was generated by the in vitro transcription of
plasmid R654, which encodes the core coding sequence from nt
1909 to 2140. The lacZ RNA probe was used for these RNase
protection analysis as previously described (Shin et al., 2004).

Isolation of viral DNAs

Viral DNAs from cytoplasmic capsids were isolated from
Huh7 cells 3 days or from HepG2 cells 4 days, respectively, after
transfection as described (Nassal, 1992). Half of the extracted
DNAwas used for Southern blot analysis, and the other half was
used for primer extension analysis.

Southern blot analysis

Southern blot analysis was performed as previously described
(Shin et al., 2004). Briefly, the extracted viral DNAs were
electrophoresed through a 1.3%agarose gel in a 0.5× Tris-acetate-
EDTA buffer. The membrane was prehybridized and hybridized
with a 32P-labeled full-length HBVDNAprobe in a hybridization
solution for 16 h at 65 °C. The membrane was autoradiographed
with film (Hyperfilm-MP; Amersham) at −70 °C. Phosphor-
imageswere quantified using a bio-imaging analyzer (BAS-2500;
Fujifilm).

Primer extension analysis

Primer extension analysis was performed as previously
described (Shin et al., 2004). Briefly, primer extension with the
M2 primer [nt 1548–1570] was used to determine the 5′ end of
minus-strand DNA from all substitution mutants and to measure
the level of minus-strand DNA initiated at DR1⁎. Thermocycling
parameters used for extension with M2 primer were 20 cycles of
95 °C for 40 s, 54.5 °C for 40 s and 72 °C for 40 s. Samples were
denatured at 95 °C for 5min prior to electrophoresis through a 6%
polyacrylamide-8 M urea sequencing gel. Gels were dried and
autoradiographed with Hyperfilm-MP (Amersham) at −70 °C.
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