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Hepadnaviral reverse transcription requires template switches for the genesis of relaxed circular (RC) DNA,
the major genomic form in virions. Two template switches, primer translocation and circularization, are
required during the synthesis of the second, or plus, strand of DNA. Studies of duck hepatitis B virus (DHBV)
indicate that in addition to the requirement for repeated sequences at the donor and acceptor sites, template
switching requires at least three other cis-acting sequences, 5E, M, and 3E. In this study we analyzed a series
of variant heron hepatitis B viruses (HHBV) in which the regions of the genome that would be expected to
contain 5E, M, and 3E were replaced with DHBV sequence. We found that all single and double chimeras were
partially defective in the synthesis of RC DNA. In contrast, the triple chimera was able to synthesize RC DNA
at a level comparable to that of unchanged HHBV. These results indicate that the three cis-acting sequences,
5E, M, and 3E, need to be compatible to contribute to RC DNA synthesis, suggesting that these sequences
interact during plus-strand synthesis. Second, we found that the defect in RC DNA synthesis for several of the
single and double chimeric viruses resulted from a partial defect in primer translocation/utilization and a
partial defect in circularization. These findings indicate that the processes of primer translocation and
circularization share a mechanism during which 5E, M, and 3E interact.

Hepatitis B viruses infect the livers of a number of mamma-
lian and avian species, resulting in acute and chronic liver
diseases, such as hepatitis, cirrhosis, and hepatocellular carci-
noma (for reviews see references 3, 8, and 24). Hepadnaviruses
are small (�3 kb), enveloped, circular double-stranded DNA
viruses that replicate through an RNA intermediate via reverse
transcription (27). Reverse transcription takes place within the
viral nucleocapsid in the cytoplasm of the initially infected cell
(27). The coencapsidation of pregenomic RNA (pgRNA) and
the viral reverse transcriptase (P protein) into a nascent nu-
cleocapsid (1, 2, 10) and the initiation of DNA synthesis (28,
29) are the first two steps in DNA replication and are likely to
occur simultaneously. Both steps use the same trans factor, P
protein, and cis element, epsilon (21, 29). After polymerization
of 4 nucleotides (nt), the nascent minus-strand DNA switches
templates to a position near the 3� end of the pgRNA (20, 28,
29). Minus-strand DNA synthesis resumes with RNase H ac-
tivity of the P protein (4, 22) degrading the pgRNA that has
been copied into DNA (27). Minus-strand synthesis proceeds
to the 5� end of pgRNA template, resulting in a full-length
minus strand (Fig. 1A) (13, 23, 30). The final RNase H cleav-
age leaves a short segment of RNA (18 or 19 nt) that will be
the primer for the initiation of plus-strand synthesis (Fig. 1A)
(12, 14). The 3� end of the primer contains a 12-nt sequence
called direct repeat 1, or DR1. A second copy of these 12 nt,
called DR2, is found near the 5� end of the minus strand. After
completion of the minus strand, the replication pathway di-
vides into two pathways that lead toward two different double-

stranded DNA species (26). The dominant pathway leads to
the synthesis of relaxed circular (RC) DNA (Fig. 1A through
E). In this pathway the plus-strand primer translocates to DR2,
where it will prime plus-strand DNA synthesis (Fig. 1B) (12).
DR2 is within 50 nt of the 5� end of the minus strand, and
synthesis proceeds to the 5� end of the template (Fig. 1C). To
allow elongation past the 5� end of the minus strand, the final
template switch, called circularization, occurs (Fig. 1D) (12).
The minus strand is terminally redundant for 7 or 8 nt (13).
This redundancy, called r, is the donor and acceptor site for
circularization. Once the 3� end of the nascent plus strand
anneals to 3�r, plus-strand synthesis resumes. Elongation will
ultimately yield RC DNA (Fig. 1E). The second form of dou-
ble-stranded DNA arises when the plus-strand synthesis ini-
tiates from DR1 (Fig. 1F). This type of synthesis, called in situ
priming, yields a duplex linear (DL) form of the genome (26).

DNA replicative intermediates isolated from capsids from
cells infected or transfected with duck hepatitis B virus
(DHBV) or heron hepatitis B virus (HHBV) reveals, when
analyzed by Southern blotting, a characteristic pattern of three
major bands: RC DNA, DL DNA, and a 3-kb minus-strand
species (SS) of DNA (Fig. 2, lanes 1 and 3). These three main
bands are found at characteristic proportions for wild-type
HHBV and DHBV, with RC DNA being the most abundant
(Fig. 2, lanes 1 and 3). When one of the steps in plus-strand
synthesis is inhibited, the proportions of the three forms is
altered. For example, variants of DHBV have been described
in which the identity of DR1 and DR2 has been altered (14).
This variant synthesizes DL DNA instead of RC DNA. A
variant in which the identity of r was changed accumulated an
SS species at the expense of RC DNA (15). A region M variant
of DHBV accumulated SS DNA at the expense of RC DNA
(9). Thus, Southern blotting can reveal whether a viral variant

* Corresponding author. Mailing address: McArdle Laboratory for
Cancer Research, University of Wisconsin Medical School, 1400 Uni-
versity Ave., Madison, WI 53706. Phone: (608) 262-1260. Fax: (608)
262-2824. E-mail: loeb@oncology.wisc.edu.

4260



is defective in template switching during plus-strand DNA syn-
thesis.

In addition to DR1, DR2, 5�r, and 3�r, the viral genome
contains other cis-acting sequences that are important for plus-
strand DNA replication. The analysis of DHBV reverse tran-
scription has identified three additional cis-acting sequences
that participate in plus-strand DNA synthesis (9). One of these
sequences, called M, lies near the middle of the minus strand.
The other two regions, called 3E and 5E, are near the 3� and
5� ends of the minus-strand template, respectively. We have
used chimeras of HHBV and DHBV to study the mechanism
by which the three cis-acting sequences, 3E, M, and 5E, con-
tribute to the synthesis of plus-strand DNA. Our analyses dem-
onstrate that 3E, M, and 5E contribute to both plus-strand
template switches, indicating that the mechanisms of primer
translocation and circularization share a common component.
In addition, our analyses demonstrate that 3E, M, and 5E need
to be derived from the same virus to function properly, indi-
cating that 3E, M, and 5E interact during plus-strand DNA
synthesis. This work provides evidence for a template structure
in which regions M, 3E, and 5E interact to juxtapose the ends
of the minus-strand template to facilitate plus-strand primer
utilization and circularization.

MATERIALS AND METHODS

Viruses and molecular clones. Molecular clones were derived from HHBV4
(25; accession number M22056) and DHBV16 (17; accession number K01834).
The pgRNA of HHBV4 and its chimeric derivatives were expressed from a
plasmid that contained 1.4 tandem copies of HHBV4 DNA (19). The pgRNA
expressed from these plasmids was null for C and P protein production. A 4-nt
insertion at the unique HindIII site (nt 38) prevented expression of C protein,
and a 4-nt deletion at the unique BstXI site (nt 1439) ablated expression of P

protein (19). Expression plasmids for both HHBV and DHBV replication pro-
teins have been described previously (9, 19). In each of the chimeric clones,
HHBV sequence was replaced with an analogous segment of DHBV16 sequence
(Fig. 3). The M chimera was replaced between nt 718 to 823. To make its
molecular clone, oligonucleotide-directed site-specific mutagenesis (11) was used

FIG. 1. Synthesis of plus-strand DNA for DHBV. HHBV is likely to employ an identical strategy, except that the sequence of r is 5�-GTAA
TCT-3�. (A) Completion of synthesis of minus-strand DNA and generation of the RNA primer for the synthesis of plus-strand DNA. Black lines
represent minus-strand DNA. White ovals labeled P represent the P protein, which is covalently attached to the 5� terminus of the minus strand.
The rectangles that contain nucleotide sequences represent the direct repeats, DR1 and DR2. The final RNase H cleavage during the synthesis
of minus-strand DNA generates the RNA primer used for the initiation of plus-strand DNA synthesis. The primer is 18 or 19 nt and contains the
DR1 at its 3� end. (B) Primer translocation. For a majority of minus-strand DNA templates the plus-strand primer is translocated from DR1 to
DR2. (C) Initiation of plus-strand DNA synthesis from DR2. DNA synthesis initiates from DR2 and proceeds to the 5� end of template copying
5�r. Thin parallel lines represent plus-strand DNA. (D) Circularization. To permit elongation past the 5� end of minus-strand DNA, the 3� end of
the nascent plus strand anneals to 3�r at the 3� end of minus-strand DNA. (E) Resumption and elongation of plus-strand DNA synthesis yields
RC DNA. (F) A small subset of minus-strand DNA templates have plus-strand DNA synthesis initiated from DR1. This is called in situ priming
and generates a DL form of the genome.

FIG. 2. When HHBV contains an M region from DHBV, less RC
DNA is synthesized. Southern blotting was performed on viral DNA
extracted from cytoplasmic capsids from transfected LMH cells. Lane
1, wild-type HHBV; lane 2, M chimera; lane 3, wild-type DHBV; lane
4, a variant of DHBV that is deficient in M function because nt 724 to
832 have been deleted. The viral DNA in lanes 1 and 2 was detected
with a probe derived from nt 1165 to 2057 of HHBV that was specific
for minus-strand DNA. Lanes 3 and 4 were hybridized with a genome-
length DHBV probe that was specific for minus-strand DNA. Positions
of RC, DL, and SS DNA are indicated.
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to introduce an EcoRV site at nt 718 and an AatII site at nt 823 into HHBV4.
Subsequently, an EcoRV to AatII restriction fragment from DHBV16 was in-
troduced into HHBV4. DNA sequencing was performed to verify the absence of
unwanted mutations. The individual 3E and 5E variants were constructed with
restriction enzyme sites common to DHBV and HHBV. Standard procedures
were used to make these molecular clones, and details describing their construc-
tion will be provided upon request. The molecular clone of the 3E variant
expressed a pgRNA whose first 253 nt (nt 2535 to 2787 [BspLU11I site]) were
DHBV, and the remainder were HHBV. Therefore, the 3E chimera expressed a
minus-strand DNA that was replaced with 253 nt of DHBV sequence at its 3�
end. The molecular clone of the 5E variant expressed a pgRNA whose first 2,699
nt was HHBV followed by an insertion of DHBV sequence beginning at the
SgrAI site (nt 2206) to its 3� end. Therefore, the 5E chimera expressed a HHBV
minus-strand DNA that was replaced with 338 nt of DHBV sequence at its 5�
end. The plasmids that expressed each of the double and triple chimeras were
generated by replacing the appropriate restriction fragments with analogous
fragments from individual single chimeras. Lastly, chimeras that contained either
DHBV 3E or 5E substitutions had the DHBV r sequence change to the HHBV
version. DHBV and HHBV r sequences differ: 5�-GTAATTCT-3� versus 5�-GT
AATCT-3�, respectively.

Cell cultures, transfections, and isolation of replicative intermediates. The
chicken hepatoma cell line LMH was used in all cell culture experiments (7).
Transfections were performed by the calcium phosphate method of Chen and
Okayama (5). Typically, 6 �g of plasmid DNA was transfected into LMH cells
that were at 50 to 70% of confluency on 60-mm-diameter plates. In all transfec-
tions, the ratio of protein donor plasmid to pgRNA expression plasmid was 1:1.
Viral DNA was isolated from cytoplasmic core particles 3 days after the trans-
fection. Transfected cells were lysed in 0.5 ml of a solution containing 10 mM
Tris, 1 mM EDTA, and 0.2% NP-40 (pH 8.0). Nuclei and cellular debris were
removed by pelleting in a microcentrifuge at 4°C. Cytoplasmic lysates were
treated with a solution containing 22.5 �g of DNase I, 10 �g of RNase A, and 6
mM magnesium acetate for 1 h at 37°C, followed by a 1-h treatment at 37°C with
200 �g of pronase in a solution containing 5 mM EDTA, 100 mM NaCl, and
0.4% sodium dodecyl sulfate. Final purification of viral DNA was done by
phenol-chloroform extraction and ethanol precipitation.

Southern blotting. DNA electrophoresis (1.25% agarose in Tris-borate-EDTA
buffer) and transfer to Hybond-N (Amersham) were carried out by using stan-
dard methods (18). Typically, 1/10 to 1/5 of a single transfection was analyzed.
Hybridizations were carried out by the methods of Church and Gilbert (6). The
radiolabeled probe was minus-strand specific and was derived from HHBV nt
1165 to 2057. All chimeras contained HHBV sequence over these nucleotides.
Autoradiography was performed with a Molecular Dynamics PhosphorImager
445SI. The data in Tables 1 and 3 were derived by measuring the levels of RC,
DL, and SS DNA for a virus and expressing each of the three DNA forms as a

percentage of the total. A deficiency in primer translocation or circularization
will lead to altered proportions of the three DNA forms.

Primer extension analysis. A detailed description of the primer extension
analysis, its underlying rationale, and calculation of values derived from this
analysis can be found in Loeb and Tian (16). Briefly, the primer extension
reactions used Vent exo� thermostable DNA polymerase and 10 reaction cycles.
Each sample was analyzed in three different primer extension reactions. An
internal standard was added to each sample of viral DNA to permit the com-
parison of the level of viral DNA from the different reactions. The internal
standard was the 320-nt HinfI fragment (nt 2318 to 2636) of HHBV DNA, which
was from a plasmid. Each measurement of viral DNA was normalized to the level
of the internal standard. The first primer extension reaction measured the level
of minus-strand DNA in the sample, which defines the value C. The primer used
in this reaction, called primer C, was derived from HHBV nt 2423 to 2439. From
the second primer extension reaction the value B was derived, which was the
level of plus-strand DNA that had initiated from DR2 and had extended at least
to the 5� end of the minus-strand template. The primer used in this reaction,
called primer B, was derived from the sequence that is represented by the first 18
nt of minus-strand DNA. The third reaction was used to derive the value A,
which represented the level of plus-strand DNA initiating from DR2 that had
successfully circularized and elongated by at least an additional 85 nt. This
primer, called primer A, was derived from HHBV nt 2605 to 2628. From these
three primary values, ratios (expressed as percentages) were derived from three
pair-wise comparisons of these three measurements (Table 2). The percentages
in Table 2 reflect the efficiencies of priming from DR2 (B/C), priming from DR2,
and circularization (A/C). The value A/B represents the efficiency of circulariza-
tion.

RESULTS

Aim, experimental design, and rationale. Our aim was to
learn how the three cis-acting elements, 3E, 5E, and M, con-
tribute to the synthesis of plus-strand DNA. Our strategy was
to use chimeras of HHBV and DHBV as tools to study the
function of 3E, 5E, and M. A previous study indicated that an
HHBV variant that contained an approximately 1,000-nt sub-
stitution of DHBV sequence within the middle of the minus
strand had a cis-acting defect during the synthesis of plus-
strand DNA (19). These findings indicated that the study of
HHBV/DHBV chimeras could be informative. We asked
whether 3E, 5E, and M need to be derived from the same virus
for the synthesis of RC DNA synthesis. The necessity for 3E,
5E, and M to be compatible would suggest that these three
cis-acting sequences interact, either directly or indirectly, to
contribute to the synthesis of RC DNA synthesis. Our first goal
was to determine whether we could use chimeras as tools to
study the function of 3E, M, and 5E. Throughout our studies a
common experimental strategy was used to examine the syn-
thesis of viral DNA. LMH cells were transfected with two
plasmids to initiate viral DNA synthesis. One plasmid ex-

FIG. 3. Structure and names of single, double, and triple chimeric
viruses. Each rectangle is a linear representation of minus-strand
DNA. The top rectangle represents wild-type (WT) HHBV with its 5�
and 3� ends, with DR1, DR2, and r indicated. In each chimera the
region replaced by DHBV sequence is indicated by diagonal shading.
The name of each chimera is indicated on the right side.

TABLE 1. Proportions of replicative intermediates
measured by Southern blotting

DNA
form

% DNA form (mean � SD) ina:

HHBV 3E 5E M 3EM 3E5E M5E 3EM5E

RC 59 � 5 52 � 11 30 � 4 15 � 5 41 � 9 9 � 4 31 � 4 57 � 6
DL 15 � 2 12 � 3 14 � 1 8 � 2 11 � 4 8 � 2 13 � 1 13 � 2
SS 26 � 4 36 � 9 56 � 4 77 � 6 48 � 7 83 � 5 56 � 4 30 � 5

a Values are based on measurements made on intracellular viral DNA isolated
from independent transfections; 24 for HHBV, 17 for 3E, 9 for 5E, 16 for M, 16
for 3EM, 15 for 3E5E, 9 for M5E, and 22 for 3EM5E. Two-sample separate
variance t test was used to detect differences in means between HHBV and
mutant values (mean percentage) for RC DNA. Statistical tests were carried out
with Systat software. P values are as follows: 3E, 0.01; 5E, �0.001; M, �0.001;
3EM,�0.001; 3E5E, �0.001; M5E, �0.001; 3EM5E, 0.109.
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pressed pgRNA that served as the initial template for DNA
synthesis. Molecular clones that expressed pgRNA were mod-
ified to not express the viral C and P proteins, which are
necessary for viral DNA synthesis. Instead, the replication
proteins were translated from a variant pgRNA transcribed
from the second plasmid which, due to a cis-defect in encap-
sidation, did not serve as a template for DNA synthesis (18).
Several days after transfection of LMH cultures, viral DNA
was isolated from cytoplasmic extracts and plus-strand DNA
synthesis was evaluated by Southern blotting and primer ex-
tension.

HHBV containing DHBV sequence from nt 718 to 823 is
defective for the synthesis of RC DNA. A previous analysis
indicated that a derivative of HHBV containing DHBV se-
quence from nt 403 to 1364 had a cis-acting defect for the
synthesis of RC DNA (19). This analysis indicated that cis-
acting sequences for RC DNA synthesis were within the al-
tered region and that the DHBV version of these sequences
could not function in the context of the remainder of HHBV
template when acted on by HHBV C and P proteins. An
independent study of DHBV indicated that removal of nt 724
to 832 resulted in a cis-acting defect for the synthesis of RC
DNA (9). No other cis-acting sequences for RC DNA synthesis
were found between nt 403 to 1364 in the analysis of DHBV,
although the region between nt 455 to 723 could not be ana-
lyzed due to the presence of the second encapsidation signal.
On the basis of both of these analyses the existence of cis-
acting element M was proposed. We wanted to know if HHBV
that only contained a DHBV M region was defective for RC
DNA synthesis. To this end we constructed and analyzed an
HHBV variant that contained DHBV sequence from nt 718 to
823, named M chimera (Fig. 3). Southern blotting of viral
DNA isolated from cytoplasmic capsids indicated that M chi-
mera supported the synthesis of substantially less RC DNA
than did HHBV (Fig. 2, lanes 1 and 2, and Table 1). As a
comparison, Southern blotting of DHBV and the variant of
DHBV with a deletion of nt 724 to 832 can be seen in lanes 3
and 4 of Fig. 2. This analysis indicated that HHBV and DHBV
have the same cis-acting sequence, called M, located at similar
positions within their genomes. The M chimera pregenome did
not support the synthesis of normal levels of RC DNA when it
was replicated with DHBV C and P protein (Table 3). With
this result in hand we asked whether region M needed to be
compatible with region 3E and/or 5E for the synthesis of nor-

mal levels of RC DNA. To answer this question we analyzed a
series of variants of HHBV that were substituted by DHBV
either singly, doubly, or triply with M, 3E, and 5E (Fig. 3).

Single and double chimeras are partially defective for RC
DNA accumulation. Although previous studies of DHBV in-
dicated the presence of the 3E and 5E cis-acting sequences, the
extent and boundaries of these elements were not precisely
determined (9). Because of this uncertainty we substituted
relatively large sections of sequence when constructing the 3E
and the 5E chimeras (Fig. 3). The minus-strand DNA ex-
pressed by the 3E chimera was replaced with 253 nt of DHBV
sequence, from nt 2787 to the 3� end (nt 2535). Minus-strand
DNA has a terminal redundancy, named r, that participates in
the template switch to circularize the genome (Fig. 1D and E).
DHBV and HHBV r sequences differ: 5�-GTAATTCT-3� ver-
sus 5�-GTAATCT-3�, respectively. Therefore, a chimera such
as 3E would have a DHBV 3�r and a HHBV 5�r. To eliminate
the potential that nonidentical r sequences would negatively
affect circularization and therefore the synthesis of RC DNA,
the DHBV r sequence in the 3E chimera was changed to match
that of its HHBV counterpart by deleting a single nucleotide.
The 5E chimera expressed a HHBV minus-strand DNA that
was replaced by 338 nt of DHBV sequence from nt 2206 to the
5� end (nt 2542). The DHBV little r sequence was changed to
the HHBV sequence. Southern blotting of DNA extracted
from cytoplasmic capsids of the 5E chimera indicated a reduc-
tion in the proportion of RC DNA (Fig. 4 and Table 1) and an
increase in the proportion of SS DNA (56%, versus 26% for
wild type). The 3E chimera synthesized slightly less RC DNA
than unchanged HHBV (Fig. 4 and Table 1). Although the
magnitude of the defect for both the 3E and 5E chimeras was
not as great as that observed for the M chimera, these results

TABLE 2. Efficiency of plus-strand DNA synthesis as determined by primer extension of chimeric viruses
replicated with HHBV P and C proteinsa

Plus-strand
eventb

Steps
shown in

Fig. 1

% Efficiency (mean � SD [P value]) for:

HHBV 3E 5E M 3EM 3E5E M5E 3EM5E

Priming from DR2c A to C 67 � 15 (1.0) 62 � 20 (0.6) 47 � 14 (0.02) 40 � 16 (0.01) 63 � 12 (0.6) 37 � 12 (0.001) 73 � 22 (0.6) 71 � 14 (0.7)
Priming from DR2

and circularizationd
A to E 30 � 4 (1.0) 25 � 2 (0.02) 17 � 3 (�0.001) 6 � 1 (�0.001) 18 � 5 (0.001) 5 � 2 (�0.001) 14 � 5 (0.003) 34 � 5 (0.1)

Circularizatione C to E 45 40 31 15 29 14 19 48

a Values are based on measurements made with intracellular viral DNA isolated from the following numbers of independent transfections: for HHBV, 7; for 3E, 5;
for 5E, M, 3EM, 3E5E, M5E, and 3EM5E, 6. Two-sample separate variance t test was used to detect differences in means between HHBV and mutant values for priming
from DR2 and for priming from DR2 and circularization. Statistical tests were carried out with Systat software.

b See Materials and Methods for an explanation.
c B/C value.
d A/C value.
e A/B value.

TABLE 3. Proportions of replicative intermediates measured by
Southern blotting of chimeras replicated with DHBV P and C

DNA
form

% DNA form (mean � SD) ina:

DHBV HHBV 3E 5E M 3EM 3E5E M5E 3EM5E

RC 72 � 8 33 � 1 23 � 1 11 � 5 3 � 1 15 � 5 4 � 2 14 � 6 38 � 7
DL 11 � 2 14 � 1 6 � 2 16 � 3 11 � 3 10 � 1 10 � 2 12 � 2 15 � 1
SS 17 � 7 53 � 1 71 � 1 73 � 7 86 � 4 76 � 6 86 � 4 74 � 6 47 � 7

a Values are based on measurements made on intracellular viral DNA isolated
from three independent transfections.
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indicated that analysis of the double and triple chimeras could
be informative. Southern blot analysis of DNA extracted from
cytoplasmic capsids of the doubly substituted viruses, 3E5E,
3EM, and M5E (Fig. 3), indicated that each made less RC
DNA than the unchanged virus (Fig. 4 and Table 1). The
proportion of RC DNA synthesized by 3EM and M5E was 41
and 31%, respectively (versus 59% for wild type). More strik-
ingly, the proportion of RC DNA made by the 3E5E virus was
only 9%. The magnitude of the defect for the 3E5E double
chimera was substantially greater than that of each of the two
constituent single substitutions, 3E and 5E. In general in the
Southern blot analyses, when a chimera synthesized less RC
DNA a concomitant increase in the proportion of SS DNA was
seen (Fig. 4 and Table 1). Overall, the two viruses with the
greatest defect in the synthesis of RC DNA were the M and
3E5E chimeras. This observation suggested that both ends of
the minus-strand template need to be compatible with its mid-
dle for normal RC DNA synthesis.

The triple chimeric virus synthesizes RC DNA efficiently.
Southern blotting of intracellular DNA synthesized by the
3EM5E virus indicated RC DNA levels had been impressively
restored. The proportion of RC DNA in the 3EM5E chimera
was 57%, versus 59% for wild type (Fig. 4 and Table 1). These
results are evidence that 3E, M, and 5E need to be compatible
with each other to synthesize normal levels of RC DNA and
suggest that the 3E, M, and 5E cis-acting sequences interact to
contribute to the mechanism of RC DNA synthesis. In this
experiment the pgRNA of 3EM5E was replicated with HHBV
C and P proteins. Therefore, the ability of 3EM5E to synthe-
size normal levels of RC DNA indicated that an incompatibil-
ity between the HHBV replication proteins and the DHBV 3E,
M, and 5E sequences did not exist, suggesting that the defect
seen with single and double chimeras was not due to an in-
compatibility with the HHBV C and/or P protein.

M region contributes to both template switches during plus-
strand DNA synthesis. Although the M chimera virus was
defective for RC DNA formation, Southern blot analyses did
not indicate which step(s) in plus-strand DNA synthesis was

inhibited. The accumulation of SS DNA in the Southern blot
analysis suggested two likely possibilities. Plus-strand primers
normally destined for DR2 were not utilized, resulting in the
accumulation of full-length minus-strand DNA. Another pos-
sible reason for the accumulation of SS DNA would be failure
to circularize plus strands that had primed from DR2. An
analysis based on primer extension has been used to measure
the extent to which a variant virus has primed plus-strand DNA
from DR2 and then the extent to which those plus strands have
circularized (9, 15, 16). This analysis relies on making three
measurements with three different primer extension reactions
and is illustrated in Fig. 5. The primer extension analysis was
performed on unchanged HHBV and the M chimera variant
and is summarized in Table 2. The level of plus-strand DNA
initiating from DR2 normalized to the level of minus strand for
the region M mutant was about 60% of that of the unchanged
HHBV (Table 2, priming from DR2 value, 40% versus 67%).
In addition, the M chimera had a defect in circularization
(Table 2, circularization value). Only 15% of the plus strands
that had initiated from DR2 and elongated to the 5� end of
minus-strand DNA had circularized. This result is in contrast
to that for unchanged HHBV, which had circularized 45% of
its plus-strand DNA primed from DR2. The cumulative effect
of the two deficiencies was an 80% reduction, relative to values
for wild-type HHBV, in the fraction of minus-strand DNA
templates that were primed from DR2 and subsequently cir-
cularized. The M chimera virus did not support a measurable

FIG. 4. Southern blotting of chimeras. The triple chimera, 3EM5E,
is restored in its ability to synthesize RC DNA. Southern blotting was
performed on viral DNA extracted from cytoplasmic capsids from
transfected LMH cells. The blot was hybridized with a probe derived
from nt 1165 to 2057 of HHBV that was specific for minus-strand
DNA. WT, wild type.

FIG. 5. The strategy to measure the extent to which a virus carries
out primer translocation/utilization and circularization by primer ex-
tension. Three primers, named C, B, and A, are used. Primer C mea-
sures the level of minus-strand DNA. Primer B measures the level of
plus-strand DNA initiated from DR2 and elongated to at least the 5�
end of the minus strand. Primer A measures the level of plus-strand
DNA initiating from DR2 that has successfully circularized. (A) RC
DNA will be detected with all three primers. (B) A replicative inter-
mediate inhibited for circularization. It will be detected with primers C
and B but not with primer A. (C) A replicative intermediate inhibited
for primer translocation/utilization. It will be detected with primer C
but not with primers A and B.
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increase in plus-strand priming from DR1 as judged by South-
ern blotting (Table 1). Thus, the primer extension analysis of
M chimera virus indicated that the reduction in the level of RC
DNA was the result of two defects during plus-strand DNA
synthesis. First, there was a reduction in the level of plus-strand
DNA initiating from DR2, suggesting an inhibition of primer
translocation/utilization without increased priming in situ. Sec-
ond, for the plus strands that had translocated and initiated
from DR2 a partial reduction in the level of circularization was
measured. These results indicated that region M contributes to
the processes of primer utilization/translocation and circular-
ization, suggesting that the mechanisms of these two template
switches share a common feature. Primer extension analysis of
the 3E5E chimera revealed similar trends. 3E5E supported
initiation of plus-strand DNA synthesis at 55% of the level of
unchanged HHBV (Table 2). In addition, for 3E5E only 14%
of the plus strands of DNA that initiated from DR2 circular-
ized, in contrast to 45% for the wild type (Table 2). The net
effect was an 83% reduction relative to values for unchanged
HHBV in the percentage of minus-strand DNA templates that
had plus-strand priming from DR2 and subsequently circular-
izing. In summary, the primer extension analysis indicated that
for the M and 3E5E chimera viruses, both template switches
during the synthesis of plus-strand DNA were affected.

Primer extension analysis of the remaining single and double
chimeras indicated that each of the variants were defective, to
various degrees, for primer translocation/utilization and/or cir-
cularization, although the magnitude of the sum of both de-
fects for the remaining single and double chimeras was less
than that seen for the M or 3E5E viruses. In addition, in
general a good agreement was seen between the results of the
primer extension and those of the Southern blotting analyses.
A decrease in the level of plus-strand DNA primed from DR2
and circularized as measured by primer extension was paral-
leled with a decrease in the proportion of RC DNA seen by
Southern blotting (Fig. 6). The rank order of the ability of
variants to prime plus-strand DNA synthesis from DR2 and
subsequently circularize their genomes judged by primer ex-
tension was similar to the rank order of RC DNA synthesis as

judged by Southern blotting. Lastly, the 3EM and M5E viruses
primarily had defects in circularization.

Primer extension analysis of the 3EM5E virus indicated that
it carried out primer translocation/utilization and circulariza-
tion at least as well as our unchanged HHBV. The findings
from this analysis were consistent with those of the Southern
blot studies and reinforce the interpretation that 3E, M, and
5E need to be compatible with each other for their proper
function.

Replication of the chimeric viruses with DHBV P and C
proteins results in more severe defects in plus-strand synthe-
sis. In the above analyses the chimeras were replicated with
HHBV C and P proteins. We asked whether the magnitude of
the defect in RC DNA synthesis for the chimeric viruses could
be lessened if they were replicated with DHBV C and P pro-
tein. To answer this question we cotransfected expression plas-
mids for either HHBV, DHBV, or the various chimeric
pgRNAs that were deficient for C and P protein production
with a plasmid that expressed DHBV C and P protein. Repli-
cative intermediates were isolated after 3 days, and Southern
blotting was performed. A summary of this analysis is pre-
sented in Table 3. All of the chimeric viruses synthesized less
RC DNA when replicated with DHBV replication proteins
than when replicated with the HHBV counterparts. Consistent
with this trend, when the HHBV pgRNA was reverse tran-
scribed by the DHBV proteins a 50% decrease in the propor-
tion of RC DNA was seen compared to that for replication
with its endogenous proteins.

DISCUSSION

Our analysis shows that 3E, M, and 5E need to be compat-
ible with each other for proper function. The requirement for
compatibility strongly suggests that these cis-acting sequences
interact with each other to carry out their function. Our anal-
ysis does not tell us the nature of the interaction or whether it
is direct or indirect. The most pronounced mutant phenotypes
were seen when the sequence at ends of the minus-strand
template was from a different virus than the sequence of the M
region (the 3E5E and M chimeras). Primer extension analysis
of the 3E5E and M variants indicated that 3E, M, and 5E
contribute to both primer translocation/utilization and circu-
larization, indicating that the mechanisms of these template
switches have a common component. Based on these con-
clusions we propose a model. The role of M is to interact
simultaneously with 3E and 5E to position the ends of the
minus-strand template to facilitate primer translocation and
circularization.

The use of chimeric HHBV/DHBV viruses as tools to study
plus-strand DNA synthesis has been informative. In particular,
the M, 3E5E, and 3EM5E viruses all display striking pheno-
types that lend themselves to straightforward interpretations.
But the chimeric approach is not without limitations. In gen-
eral, a mutant phenotype indicates that an important mecha-
nism has been affected and suggests that the substituted se-
quence contains an important cis-acting sequence. But lack of
a mutant phenotype cannot be interpreted to indicate the
absence of the cis-acting element. It could mean that a cis-
acting sequence is present in the substituted region but no
functional incompatibility exists. For example, the small defect

FIG. 6. Results from Southern blotting and primer extension anal-
ysis corroborate. Comparison of the proportion of RC DNA as deter-
mined by Southern blotting or the level of priming from DR2 and
circularization as determined by primer extension between HHBV and
the chimeras. In this comparison, all values are relative to that of the
wild type (WT), which has been normalized to 100.
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measured for the 3E virus cannot be interpreted to indicate
that HHBV does not have a 3E element. In light of all of our
results a more likely interpretation is that DHBV 3E is func-
tional within the context of an HHBV M and 5E.

The ability of the 3EM5E triple chimeric virus to synthesize
RC DNA at wild-type levels when replicated with HHBV P
and C proteins means that either the replication proteins, C
and P, do not interact with 3E, M, or 5E in a sequence-specific
manner or that they do interact in a sequence-specific manner
and an incompatibility between the HHBV replication proteins
and the DHBV cis-elements does not exist. In a different anal-
ysis, we found that when the HHBV pregenome was replicated
with DHBV proteins a 50% decrease in the proportion of RC
DNA was seen (Table 3). This was not the case with the
reciprocal complementation. A DHBV pgRNA replicated with
HHBV replication proteins displayed normal levels of RC
DNA (data not shown). The reason underlying the incompat-
ibility between the DHBV replication proteins and the HHBV
pgRNA is not clear, but it does not appear to be operating
through 3E, M, and 5E.
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