
JOURNAL OF VIROLOGY, May 1995, p. 3067–3073 Vol. 69, No. 5
0022-538X/95/$04.0010
Copyright q 1995, American Society for Microbiology

Mutations in the ε Sequences of Human Hepatitis B Virus Affect
both RNA Encapsidation and Reverse Transcription

DOROTHY A. FALLOWS AND STEPHEN P. GOFF*

Howard Hughes Medical Institute and Department of Biochemistry and Molecular Biophysics,
Columbia University College of Physicians and Surgeons, New York, New York 10032

Received 24 October 1994/Accepted 16 February 1995

Hepadnaviruses replicate by reverse transcription of an RNA intermediate within subviral core particles in
the cytoplasm of infected hepatocytes. Recognition of the « encapsidation signal located on the 5* end of the
pregenomic RNA by the viral polymerase occurs early in core particle assembly. The « sequences contain a set
of nested inverted repeats which form a stable stem-loop structure shown to play a role in RNA packaging and
recently implicated as the site of initiation of minus-strand DNA synthesis. We have introduced a variety of
site-directed mutations into the « sequences of human hepatitis B virus to study their effects on viral
replication in transfected HuH7 cells. We have identified two classes of mutations: those which adversely affect
packaging and those which package RNA but adversely affect DNA synthesis. Analysis of these mutants has
allowed us to identify separate features of the « cis-acting signal which function in the processes of RNA
packaging and reverse transcription.

Human hepatitis B virus (HBV) is a member of the hepad-
navirus family of small enveloped animal viruses all character-
ized by a pronounced liver tropism and narrow species speci-
ficity. Hepadnaviral replication is carried out by reverse
transcription of an RNA intermediate within subviral core
particles assembled in infected hepatocytes (21, 23). Core par-
ticle assembly involves the interactions of the structural pro-
teins, core (C) and polymerase (P), with the pregenomic RNA
(pgRNA). pgRNA serves as the template for reverse transcrip-
tion, as well as for translation of the C and P proteins. The
incorporation of P protein and pgRNA into assembling core
particles is mutually dependent (3), and the argument for the
central role of the P protein in RNA packaging has been
supported by several genetic studies (2, 8, 9, 14, 26). Although
C protein domains involved in self-assembly and RNA pack-
aging have been defined (13, 22, 28), the interactions of P and
pgRNA with C protein have not been further elucidated.
In HBV, the cis-acting signal for encapsidation, termed ε,

has been defined by a region of 85 nucleotides (nt) near the 59
end of pgRNA which is sufficient to direct packaging of foreign
RNA sequences into viral core particles (16). Deletion analy-
ses of the related duck hepatitis B virus (DHBV) have identi-
fied a similar cis-acting packaging domain at the 59 end of
pgRNA but showed that additional sequences near the middle
of pgRNA are required for RNA encapsidation (5, 15). The 59
packaging regions of both HBV and DHBV contain several
nested inverted repeats with the capacity to form a bulged
stem-loop structure (Fig. 1) (16). Structural probing analyses
with single strand- and double strand-specific nucleases have
confirmed the presence of this folded structure, including the
base-paired regions shown in Fig. 1, in packaged HBV RNA
(17, 24). Furthermore, genetic studies using a heterologous
RNA packaging system have shown that major disruptions of
this structure in HBV interfere with encapsidation (17, 24).
The ε sequences are located within the terminal redundancy on
pgRNA and are present at both the 59 and 39 ends of the
molecule. Mutations in the 39 homologous sequences have no

effect on RNA packaging (15), and it is not clear what distin-
guishes the 59 sequences as the signal for encapsidation. More-
over, some debate continues about the possible requirement in
HBV packaging for sequences adjacent to the ε stem-loop (3,
10, 16, 24).
Our current understanding of reverse transcription in hep-

adnaviruses is far from complete. Initiation of DNA replica-
tion occurs through a novel mechanism in which the poly-
merase itself acts as a primer for the minus strand by forming
a covalent linkage with the first nucleotide of the DNA (34,
36). The 59 end of the minus strand has been mapped to a
location within an 11- to 12-nt direct repeat sequence present
at both the 59 and 39 ends of the terminally redundant pgRNA,
termed DR1 (20, 29, 38). Mutational analyses of woodchuck
hepatitis virus (WHV) have identified the 39 copy of DR1 as
the apparent site of minus-strand initiation (31). However,
studies on DHBV P protein expressed in vitro have suggested
that the priming of minus-strand DNA occurs on template
sequences within the bulge region of the ε stem-loop, produc-
ing a short DNA oligomer covalently bound to P. Following
initiation, the nascent DNA is apparently dissociated from its
template in ε and translocated to complementary sequences in
the 39 DR1 copy (35, 37). Mutational analysis of the DHBV
stem-loop has shown a strong correlation between the se-
quence requirements for in vivo RNA packaging and in vitro
DNA priming (25) and has suggested that both of these pro-
cesses depend upon interactions between the P protein and the
RNA structure. Although it has been presumed that replica-
tion in HBV proceeds via a similar priming mechanism, this
question has not been directly addressed for HBV.
We have introduced a variety of site-directed mutations into

the ε sequences of HBV to investigate the functional require-
ments of the region for viral replication. The phenotypes of the
viruses carrying these mutations fell into two classes: those
which affected pgRNA encapsidation and those which affected
DNA replication. The range of mutations which adversely af-
fected RNA packaging suggests that this process is extremely
sensitive to changes, not only in secondary structure but also in
primary sequences of ε. The second class of mutations did not
affect packaging but resulted in a severe defect in DNA syn-
thesis, thus providing the first evidence that the ε sequences in
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HBV play a critical role in reverse transcription. Analysis of
these mutants has additionally allowed us to identify separate
features of the ε cis-acting signal which function in the pro-
cesses of RNA packaging and DNA synthesis.

MATERIALS AND METHODS

Cloned DNAs and DNA constructions. Plasmid pTHBV, which contains two
head-to-tail copies of the HBV genome, subtype ayw, was a gift from G. Acs (11).
pCMV-1 was a gift from C. Seeger and contains a hybrid genome consisting of
the FspI (nt 1804)-to-BstXI (nt 2829) fragment of HBV contiguous with the
BstXI (nt 1022)-to-SphI (nt 3302) portion of WHV under the control of the
cytomegalovirus (CMV) immediate-early promoter. pBluescript (KS2) and
M13mp18 phage were obtained from Stratagene. All HBV sequences in the
DNA constructions were derived from pTHBV, and nucleotide positions were
numbered beginning with the unique EcoRI site as position 1.
Cloning manipulations were carried out by standard methods (27). pBShbv

NNB contains an overlength HBV genome consisting of an NcoI (nt 1370)-
digested full-length HBV genome and the NcoI (nt 1370)-to-BglII (nt 1986)
fragment of HBV cloned into pBluescript (KS2). pCMVhbv was constructed by
replacing the BstXI (nt 2829)-to-HindIII WHV sequences of pCMV-1 with the
BstXI (nt 2829)-to-SacI fragment of pBShbvNNB containing the corresponding
HBV sequences. The core-minus HBV variant, pBShbvNNB C2, was con-
structed from pBShbvNNB by linearization at the BglII site (nt 1986), blunting of
the ends with the Klenow fragment of DNA polymerase 1, and religation; these
steps create a frameshift in the core open reading frame, leading to premature
termination at codon 46. pBSCMVNBs contains the 735-nt NcoI-to-BspEI
fragment of pCMVhbv cloned into the polylinker of pBluescript (KS2).
M13CMVhbv was made by placing the NcoI fragment of pCMVhbv, which
carries a portion of the CMV promoter sequences and the 59 end of the HBV
genome, into an NcoI linker in the SmaI site of M13mp18. Mutations in
M13CMVhbv were created by standard techniques of oligonucleotide-mediated
site-directed mutagenesis (18).
Cell culture. HuH7 human hepatoma cells were cultured in minimal essential

medium (GIBCO Laboratories) supplemented with 2 mM L-glutamine, 1 mM
sodium pyruvate, 0.1 mM minimal essential medium nonessential amino acids,
and 10% fetal bovine serum. For each transfection, 10 mg of plasmid DNA was

introduced into HuH7 cells in a 10-cm-diameter dish by the calcium phosphate
procedure described by Chen and Okayama (7), with reagents from Stratagene.
Mock transfection mixtures contained calcium phosphate precipitates with no
added DNA.
Isolation of core particles. Four to five days after transfection, cells were lysed

in 6 ml of 1% Nonidet P-40–50 mM Tris (pH 7.4)–50 mM NaCl–200 mM KCl–1
mM EDTA–0.01% 2-mercaptoethanol. The lysates were cleared of cellular de-
bris by centrifugation in an SW-41 rotor at 10,000 rpm for 40 min and were
pelleted over a 4-ml cushion of 25% sucrose, 20 mM Tris (pH 7.5), 50 mM NaCl,
and 1 mM EDTA at 25,000 rpm for 4 h. The pellets were resuspended in 1%
Nonidet P-40 and 50 mM Tris (pH 7.4).
Endogenous polymerase assay. Core particles obtained from one-half dish of

transfected cells were used for each experiment. The reaction conditions for the
endogenous polymerase assay were based on a published procedure (6). Labelled
DNA products were separated on a 1% agarose gel and were viewed by auto-
radiography.
Isolation of total RNA. Total RNA was prepared from transfected cells by a

standard guanidinium thiocyanate lysis procedure (1). To eliminate possible
plasmid DNA contamination, resuspended RNAs were digested with 10 U of
RNase-free DNase I in 5 mM Tris (pH 7.5), 1 mM MgCl2, and 50 mg of
acetylated bovine serum albumin per ml at 378C for 15 min, phenol-chloroform
extracted, and ethanol precipitated. Each sample was digested with DNase I
nuclease twice, and the quality of the RNAs was assessed on formaldehyde-
agarose gels.
Isolation of encapsidated (core) RNA. Four to five days after transfection, two

dishes of transfected cells were lysed and pooled and core particles were har-
vested by centrifugation as described above. The pellets were resuspended in 400
ml of 25 mM Tris (pH 7.4)–0.5% Nonidet P-40–8 mM CaCl2–10 mM MgCl2
before treatment with 24 U of S7 micrococcal nuclease and 10 U of DNase I for
30 min at 378C. Sodium dodecyl sulfate, EDTA, and proteinase K were added to
final concentrations of 1%, 20 mM, and 200 mg/ml, respectively, and the incu-
bation continued for 2 h at 378C, followed by phenol and chloroform extractions
and ethanol precipitation. The DNase I digestions were repeated once.
In vitro synthesis of RNA probes. pBSCMVNBs DNA was purified on cesium

chloride gradients and linearized with HindIII to provide templates for in vitro
transcription by T7 RNA polymerase. High-specific-activity radiolabelled RNA
probes were synthesized according to a published protocol (4). The integrity of
RNA probes was assessed on denaturing polyacrylamide gels.

FIG. 1. Mutations in the stem-loop structure of the HBV ε encapsidation
signal. (A) Positions of the cis-acting signals on pgRNA. DR1 sequences (solid
boxes), DR2 (outlined box), and the ε packaging signal (hatched box) are rep-
resented. (B) Folded RNA structure of the ε sequence, with the regions of the
mutations boxed and labelled. The start site for translation of the C gene product
is indicated by an arrow. (C) Nucleotide sequences and positions of the stem
mutations in ε and a summary of the mutant phenotypes. The 7-nt deletion in
pkdl 7 is boxed, and the positions of the inverted repeats are shown by the arrows
above the sequence.
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RNase protection analysis. RNase protections were performed according to a
published procedure (1). Briefly, samples of total RNA (30 mg) or core RNA
(from the equivalent of one dish of transfected cells) were annealed with 33 105

cpm of 32P-labelled probe at 458C overnight. RNase digestions were carried out
with a mixture of RNase A and RNase T1 (Ambion Corp.) at final concentrations
of 2.5 mg/ml and 50 U/ml, respectively. The digested products were separated on
a 6% denaturing polyacrylamide gel for analysis by autoradiography. Undigested
labelled probe was included as a size marker.

RESULTS

Analysis of mutations which disrupt the stem-loop structure
of «. To examine the cis-acting elements in the HBV ε encap-
sidation signal, a series of mutations was made within the
conserved stem-loop (Fig. 1). In mutants pkex-1 and pkex-2,
five consecutive nucleotides were altered on the left and right
sides, respectively, of the upper stem. Each mutation alone
abolishes base pairing in the upper stem, while the double
mutation pkex-112 restores the formation of the stem in the
presence of the altered sequences. Similarly, the 5-nt ex-
changes in the pkex-3 and pkex-4 mutations disrupt base pair-
ing in the lower stem which is restored in the double mutation
pkex-314 (Fig. 1). In addition to these sequence exchanges, a
7-nt deletion of the bulge sequences, pkdl 7, was made (Fig. 1).
Each mutation was transferred into the 59 copy of the ε se-
quences of pCMVhbv, which allows expression of a replica-
tion-competent HBV genome under the control of the CMV
immediate-early promoter. DNA sequencing of the final plas-
mid constructions confirmed the presence of the mutations.
Mutant viral genomes were introduced into HuH7 cells by

calcium phosphate-mediated transfections; 4 days later, vi-
ral cores were isolated from the transfected cell lysates and
were assayed for DNA replication in endogenous polymerase
reactions. As shown in Fig. 2 in the lanes marked HBV, wild-
type genomes yielded the expected relaxed circular and linear
products in these assays. In contrast, no detectable replicative
intermediates were produced by the mutants. The slight smear-
ing in the lanes marked pkex-112 and pkdl 7 was not consis-
tently present. These results suggest that an early step in viral
replication has been interrupted in the mutants.
To ensure that the observed defects were not simply the

result of impaired C protein synthesis, mutant genomes were
tested for their abilities to complement a core-minus defect in
cotransfection experiments. As expected, the core-minus ge-
nome pBShbvNNB C2 was unable to replicate. However, in
cotransfections of pBShbvNNB C2 with each of the mutants,
the levels of labelled DNA products were similar to those of
the wild type, indicating no impairment of C protein synthesis.
Primary sequences within « are required for RNA encapsi-

dation. The inabilities of the mutants to produce viral replica-
tive intermediates could be due to a defect in RNA packaging
or DNA synthesis. The efficiency of RNA packaging was de-
termined in RNase protection assays using radiolabelled anti-
sense RNA probes prepared by in vitro transcription of pB-
SCMVNBs linearized with HindIII (Fig. 3A). Total RNAs
were prepared from cells transfected with the mutant genomes
by lysis in guanidinium thiocyanate, and encapsidated RNAs
were prepared from core particles harvested by centrifugation.
The isolated RNAs were incubated with labelled probe under
annealing conditions prior to digestion with RNase T1 and
RNase A. The 735-nt antisense probe which includes CMV
promoter sequences was predicted to protect a 527-nt portion
of the 59 end of pgRNA. As shown in Fig. 3, a protected species
of the expected size was present in total RNA preparations
from each of the mutants. The protected fragments in the
mutants were slightly smaller than the wild-type fragments as a

result of the presence of mismatched bases at the position of
each mutation.
In the lower-stem mutants, neither single mutants pkex-3

and pkex-4 nor double mutant pkex-314 showed evidence of
encapsidated RNA, indicating that base pairing in the lower
stem was not sufficient for RNA packaging (Fig. 3B). There-
fore, at least some of the primary sequences which have been
altered in these mutants are necessary for the recognition of ε
and encapsidation of pgRNA. In the analysis of the mutations
in the upper stem, the results were somewhat different (Fig.
3C). Although RNA was not found in core particles of pkex-2
and pkex-112, RNA encapsidation in pkex-1 was unaffected.
We conclude that base pairing in the lower portion of the
upper stem is not required for encapsidation. Rather, some or
all of the primary sequences altered in pkex-2 are evidently
required for RNA packaging in HBV. Furthermore, the defect
observed in the endogenous polymerase analysis of pkex-1
suggests that some later stage of viral replication requires
either specific sequences on the left side of the upper stem or

FIG. 2. Viral replication of stem mutants. Viral genomes carrying the mutant
sequences indicated above the lanes were transfected into HuH7 cells. Core
particles were harvested from cell lysates after 4 days and were assayed in
endogenous polymerase reactions. (A and B) Results with mutants in the lower
stem (A) and mutants in the upper stem and bulge (B). pBShbvNNB C2 (NNB
C2) contains a frameshift in the C open reading frame that terminates prema-
turely at codon 46. RC, relaxed circular DNA; L, linear duplex DNA; mock,
mock transfection. The reaction products are indicated by arrowheads.
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the presence of the stem. In addition to mutations in the stem
portions of ε, we analyzed a mutant missing 7 nt in the bulge
region. RNase protection analysis of this mutant, pkdl 7, re-
vealed complete abrogation of RNA packaging (Fig. 3B).
Thus, the presence of the unpaired bulge sequences is essential
for packaging.
Point mutations within the unpaired bulge sequences abro-

gate DNA replication but not RNA encapsidation. Recent
studies of DHBV have indicated that minus-strand initiation
occurs within the bulge sequences of ε (35, 37). The short
oligomer of DNA which is formed is then translocated to
complementary sequences in the 39 DR1. In the minus-strand
DNA of HBV, the first 3 nt attached to the primer are 39-
AAG-59 (38). This short sequence is complementary to the 39
portion of the ε bulge, 59-CUGUUC-39, which could be used as
a template for priming. To examine the role of the ε bulge
sequences in viral replication, a set of these ε-bulge mutations
was made, by altering one or two bases in the upper portion of
the bulge (Fig. 4A). Each mutation was cloned into the 59 ε
sequences of pCMVhbv for analysis. Endogenous polymerase
reactions of core particles from cells transfected with the mu-
tants revealed severe replication defects (Fig. 4B and C). In
ε-A, the level of DNA synthesis was reduced to less than 10%
of the wild-type level, with a small amount of linear duplex
DNA and no relaxed circles produced. The predominant spe-
cies of DNA synthesized was represented by a small band
which may correspond to the single-strand DNA form. Al-
though the overall reduction in DNA synthesis might have
been predicted, the effect on plus-strand synthesis evidenced

by the absence of relaxed circles was surprising. Similarly, the
ε-G mutant produced only linear and single-strand DNA
forms, in barely detectable amounts. DNA synthesis in ε-AG
was completely undetectable.
The bulge mutants were next examined for their abilities to

package viral RNA. None of these mutants displayed a reduc-
tion in pgRNA encapsidation in RNase protection analyses
(Fig. 4D). The results indicate that these altered ε sequences,
while having no effect on RNA packaging, nonetheless play a
critical role in reverse transcription. By analogy to the DHBV
model, the phenotypes of these mutations can be explained as
a defect in translocation of the primer from ε to DR1 and
differences among the mutants may reflect a low tolerance for
the mismatched bases in ε-A and ε-G.
To test the requirement for homology between ε and DR1 in

viral replication, the same sequence alterations made in ε-A
and ε-G were placed into the 39DR1 of pCMVhbv. Viral cores
produced by genomes with the single mutations DR1-A and
DR1-G or double mutations ε/DR1-A and ε/DR1-G were as-
sayed for endogenous polymerase activity (Fig. 4C). Surpris-
ingly, mutants DR1-A and DR1-G were more severely affected
than ε-A and ε-G and produced no labelled DNA. If the
ε-bulge mutants were defective in translocation of a nascent
minus strand to noncomplementary wild-type DR1 sequences,
then we expected to see a similar phenotype in the reciprocal
situation in which wild-type ε sequences were translocated
to a mutant DR1. Moreover, double mutants ε/DR1-A and
ε/DR1-G showed no evidence of viral replication, which indi-
cates that the presence of complementary sequences in the

FIG. 3. RNase protection analysis of stem mutants. RNAs were prepared from total transfected cell lysates or from core particles isolated from transfected cell
lysates. (A) Diagram of pgRNA showing the position of the probe. The protected species of the wild-type RNA is indicated by the line at the bottom. The symbols
used are as described in the legend for Fig. 1. (B) Analysis of lower-stem and bulge mutants and (C) analysis of upper stem mutants. T, total cellular RNA; C,
encapsidated RNA; p, position of the 735-nt undigested RNA probe; pp, position of the wild-type 527-nt protected species. mock, mock transfection.
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ε-primed minus strand and the 39 DR1 is not sufficient to allow
DNA replication. On the basis of these results, it is clear that
specific sequences in the ε bulge and in the 39 DR1 are critical
for the process of minus-strand synthesis.

DISCUSSION

A stem-loop structure at the 59 end of pgRNA has been
shown to play a critical role in RNA encapsidation in both
HBV and DHBV (17, 24, 25) and to be involved in minus-

strand DNA synthesis in DHBV (35, 37). The presence of this
structure in packaged HBV RNA has been confirmed in pre-
viously reported structural probing analyses (17, 24). To assess
the essential features of this folded structure, we have intro-
duced a variety of mutations into this region of the HBV
genome, termed ε, and have analyzed their effects on viral
replication. Two classes of mutant phenotypes were distin-
guished: those which were unable to package pgRNA and
those which packaged RNA but were defective in DNA syn-
thesis. The implications of these findings are discussed below.
Analysis of the mutations in the upper and lower stems of

the ε stem-loop and of the 7-nt deletion mutant suggests that
the process of pgRNA encapsidation is extremely sensitive to
changes in both primary sequences and potential secondary
structure in this region. Disruption of the lower stem in pkex-3
and pkex-4 completely abrogated RNA packaging, consistent
with the results of similar mutations reported by Pollack and
Ganem (24). However, they reported that a compensatory
double mutation in the lower stem restored RNA encapsida-
tion to nearly wild-type levels, while our compensatory double
mutant, pkex-314, was not packaged. The discrepancy in these
results may be accounted for by the differences in the two sets
of mutants. The mutations of Pollack and Ganem were 4-base
substitutions, whereas ours were 5-base substitutions; and the
specific sequence alterations made were not the same in both
experiments. Either the additional bases altered in our mutants
are essential for packaging or else the sequences which we
have introduced more drastically interfere with recognition of
ε than the mutations of Pollack and Ganem. We conclude that,
in addition to lower-stem base pairing, primary sequences in
this region contribute significantly to the cis-acting signal in
RNA packaging.
Neither of the mutants carrying altered sequences on the

right side of the upper stem, pkex-2 and pkex-112, was able to
package RNA, but pkex-1 pgRNA was encapsidated with wild-
type efficiency. On the basis of these results, it is apparent that
base pairing in the lower portion of the upper stem is not
necessary but primary sequences in the right upper stem are
essential for RNA encapsidation. Thus, although the se-
quences altered in pkex-1 and pkex-2 are normally paired (17,
24), base pairing in this region of the RNA is not required for
packaging. Similar findings were reported by Pollack and Ga-
nem (24), who also showed that efficient packaging requires
base pairing in the upper portion of the upper stem adjacent to
the loop. The phenotypes of pkex-1, pkex-2, and pkex-112
have allowed us additionally to identify separate features of the
cis-acting signal in the processes of RNA packaging and DNA
synthesis. Although upper stem formation and the 5 nt encom-
passed by pkex-1 are completely expendable in packaging, at
least some of these features are essential for reverse transcrip-
tion.
The replication defect in pkex-1 provides the first evidence

that the ε encapsidation signal in HBV plays a critical role in
reverse transcription. This observation is consistent with a
mechanism of replication similar to that of DHBV, in which
the minus strand initiates within the bulge sequences of the ε
stem-loop and translocates to DR1 (35, 37). If priming occurs
at ε and the template for minus-strand initiation is provided by
the unpaired nucleotides immediately adjacent to the upper
stem, it is likely that base pairing in this region may be impor-
tant for positioning of the polymerase at the appropriate site.
It is equally conceivable that the specific sequences altered in
pkex-1 are required for reverse transcription. Our results do
not completely rule out the more exotic possibility that minus-
strand priming in HBV occurs at the 39 DR1 and that se-
quences of ε are necessary for positioning the polymerase at

FIG. 4. Analysis of the ε bulge and DR1 mutations. (A) Sequences of the ε
and DR1 point mutations. The point mutations are indicated by underlined
letters in boldface type. (B and C) Endogenous polymerase assays of intracellular
core particles isolated from HuH7 cells transfected with the ε (panel B) and ε
and DR1 (panel C) mutant genomes indicated above the lanes. RC, relaxed
circular DNA; L, linear duplex DNA; SS, single-strand minus-strand DNA. (D)
RNase protections of total and encapsidated (core) RNAs from cells transfected
with the mutant genomes. p, position of the 735-nt undigested probe; pp, size of
the 527-nt protected species (see Fig. 3). mock, mock transfection.
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the appropriate initiation site, for example, through RNA-
RNA interactions bringing together the two ends of pgRNA or
through altering the structure of P and allowing it to recognize
a cis-acting signal at the 39 end of pgRNA.
Additional evidence of ε-mediated minus-strand priming in

HBV was provided by examination of bulge mutants ε-A, ε-G,
and ε-AG. Our results with pkdl 7 and with these bulge mu-
tants show that, consistent with previous reports, although the
presence of the unpaired bases is required for RNA encapsi-
dation, specific sequences are not critical for this function (17,
24). Moreover, the severe replication defects in the ε-bulge
mutants point to an essential role for these sequences in DNA
synthesis. A previous report (17) described two mutants in the
ε bulge of HBV which were completely replication competent,
albeit at reduced efficiencies. In the ε packaging signal of HBV,
the three nucleotides in the bulge which are complementary to
the 59 end of minus-strand DNA are 59-UUC-39. The muta-
tions described by Knaus and Nassal (17) were all conservative
pyrimidine-to-pyrimidine changes at these positions and may
not disrupt pairing of the 39 end of the primer DNA after
translocation. Our mutations were all purine substitutions, and
the mismatched base pairing which would result from translo-
cation of our mutant sequences to DR1 may not be as well
tolerated by the polymerase.
While the level of overall DNA synthesis was profoundly

reduced, an interesting aspect of the ε-A and ε-G phenotypes
was the selective loss of relaxed circular DNA. This result
suggests that plus-strand DNA synthesis was adversely affected
in the mutants. The plus-strand primer is derived from a short
oligoribonucleotide located at the 59 end of pgRNA which is
cleaved by RNase H and translocated to the DR2 position on
minus-strand DNA (19, 30, 33). Relaxed circles are then
formed by elongation of the plus strand through a short ter-
minal redundancy on the minus strand which enables plus-
strand jumping. One possible explanation for these results is
that the minus-strand DNAs produced by ε-A and ε-G do not
contain the terminal redundancies required for plus-strand
jumping. Such an effect could result from the translocation of
a nascent minus strand from the ε region to an inappropriate
position on the RNA, or from the impairment of signals re-
sponsible for positioning of the polymerase correctly at the 39
DR1. Deletion analyses of WHV and DHBV have shown that,
in the absence of 39 DR1 sequences, minus-strand DNA syn-
thesis from a variety of aberrant positions located at the 39 end
of the pgRNA can still occur (12, 32). Alternatively, it is pos-
sible that our mutations have in some way interfered with
translocation of the plus-strand primer to DR2.
The phenotypes of the ε bulge and DR1 mutants are con-

sistent with a model of reverse transcription in which the tem-
plate for the initiation of minus-strand synthesis is provided by
sequences in the 59 ε bulge region (35, 37). According to this
model, the defects in both the ε and DR1 mutants likely reflect
problems in translocation of the primer resulting from non-
complementarity between the sequences of the ε-primed DNA
and the DR1 site on pgRNA. The inabilities of double mutants
ε/DR1-A and ε/DR1-G to produce replicative intermediates
indicate that complementarity between ε and DR1 is not suf-
ficient to allow DNA synthesis. Viewed in the context of the
ε-mediated priming model, these results and the differences
between the ε and DR1 mutants imply that the process of
primer translocation depends upon the presence of specific
sequences in these two regions of the pgRNA. Analyses of the
effects of similar ε/DR1 compensatory double mutations on
DHBV replication in vivo show significantly reduced efficien-
cies of DNA synthesis relative to that of the wild type (35, 37).
One possible explanation is that sequences in either DR1 or ε

serve an additional function as a recognition signal necessary
for translocation of the primer. It is interesting that, in contrast
to the results of studies of WHV and DHBV (12, 32, 35, 37),
HBV genomes carrying single mutations in the 39 DR1 se-
quences were not able to synthesize DNA. This observation
suggests that the signals required for reverse transcription to
proceed may be more stringent in HBV than in other hepad-
naviral variants.
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