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Hepadnavirus reverse transcription requires that pregenomic RNA first be selectively packaged into a
cytoplasmic core particle. This process presumably requires the presence of specific recognition sequences on
the pregenomic RNA. To define the cis-acting sequences required for pregenome encapsidation in the duck
hepatitis B virus (DHBV), we assayed the packaging efficiency of a series of pregenomic RNA deletion mutants
and hybrid DHBV/lacZ fusion transcripts. The 5' boundary of the packaging signal lies within the precore
region, starting approximately 35 nucleotides from the cap site of pregenomic RNA; thus, the DR1 sequence
required for proper viral DNA synthesis is not included in this signal. To define the 3' boundary of the
encapsidation signal, fusion transcripts bearing foreign (lacZ) sequences fused to DHBV at different sites 3' to
the pregenomic RNA start site were examined. A surprisingly large region of the DHBV genome proved to be
required for packaging of such chimeras, which are efficiently encapsidated only when they contain the first
1,200 to 1,400 nucleotides of DHBV pregenomic RNA. However, mutant genomes bearing insertions within this
region are packaged efficiently, making it likely that the actual recognition elements for encapsidation are
smaller discontinuous sequences located within this region.

Hepadnaviruses are small, hepatotropic DNA viruses that
can produce persistent infections of hepatocytes in a variety
of animal hosts (for review, see reference 10). In such
infections, their DNA genomes are replicated via reverse
transcription of an RNA intermediate (25). As in retrovi-
ruses, hepadnavirus reverse transcription does not occur in
a soluble form in the cytoplasm but rather takes place in a
subviral core particle composed of the major capsid (C)
protein, the polymerase (P) protein, and the RNA template
(9). Hence, a key step in the replicative cycle of the virus is
the selective encapsidation of the appropriate viral RNA into
subviral core particles.
The basic steps in the hepadnavirus life cycle are now well

established. Following viral entry, the genome is delivered
to the nucleus, where it is transcribed into two classes of
RNAs (Fig. 1): subgenomic transcripts, which serve as
mRNAs for viral surface proteins, and genome-length RNAs
(4, 7). Genomic RNAs are bifunctional; they serve as both
mRNA (for C and P proteins) and as the templates for
reverse transcription (4, 10). Concomitant with or following
the translation of these proteins, genomic transcripts are
assembled into nascent subviral cores, whereupon reverse
transcription begins (8).

Until recently, little was known about the proteins that
mediate the packaging of viral RNA into cores and about the
particular features of the genomic RNA that dictate its
selective encapsidation. We have recently employed a ge-
netic approach to demonstrate that in the duck hepatitis B
virus (DHBV), the P gene product is required not only for
reverse transcription but also for the efficient packaging of
the genomic RNA into viral cores: mutant viruses unable to
synthesize P gene products produce empty cores lacking
viral RNA (13). Similar findings for the human hepatitis B
virus (1, 12) have also been made. Presumably, the packag-
ing of genomic RNA occurs as a result of specific interac-
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tions between the P gene product (or a protein complex
containing the P gene product) and a cis-acting encapsidation
signal on the genomic RNA.
The structure and location of the DHBV encapsidation

signal are unknown. To map and characterize this signal, we
have analyzed the encapsidation efficiency of RNAs pro-
duced from a series of DHBV deletion mutants and from
gene fusions between DHBV and heterologous sequences.
In this article, we report that this signal contains essential
elements that are dispersed over a surprisingly large region,
extending from the precore region through the first third of
the P open reading frame.

MATERIALS AND METHODS

Materials. Enzymes were purchased from New England
BioLabs and were used according to the manufacturer's
protocols. Radionuclides were purchased from Amersham
Corporation.

Plasmids and plasmid construction. pPC1 is a tandem
dimer of the European strain of DHBV (24) bearing an 8-bp
ClaI linker insertion in the AccI site at nucleotide (nt)
position 2577. To generate pPC1, an NcoI (DHBV nt posi-
tion 2351) to EcoRI fragment (DHBV nt position 3020) of
pD3-SP65, a unit-length DHBV genome inserted at the
EcoRI site of pSP65 (Promega Biotec), was subcloned into
pSP65 to yield pD3N/R. pD3N/R was linearized with AccI
and blunted with Klenow, and an 8-bp ClaI linker was
inserted with T4 DNA ligase to yield pD3N/R-ClaI. The
NcoI to EcoRI fragment of pD3N/R-ClaI was recloned into
pD3-SP65 cut with NcoI and EcoRI to yield a unit-length
DHBV genome bearing a ClaI linker insertion in the AccI
site at nt position 2577. This genome was reconstructed into
a tandem dimer, pPC1. pPC2 was generated in precisely the
same manner except that two ClaI linkers were cloned into
the AccI site.
For construction of deletion mutants (mutants Al to A5) in

the DHBV precore region, we generated pD3-Xho-PCS.
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FIG. 1. Genetic and transcriptional map of DHBV. The inner
circles represent the partially double-stranded DNA genome. The 5'
end of the full-length minus strand is linked to a terminal protein
(solid oval). The 5' end of the plus strand is in a fixed position and
is linked to an oligoribonucleotide (wavy line), whereas the 3' end of
the plus strand is variably situated as indicated by the dotted line.
The three thin lines represent the major transcripts seen in infected
cells: the 2.1-kb mRNA encoding presurface antigen, the 1.8-kb
mRNA encoding surface antigen, and the 3.3-kb RNA serving both
as the template for reverse transcription and as the mRNA encoding
the core antigen and the P gene product. The thick outer bars
indicate the coding regions for the presurface/surface, precore/core,
and P proteins. An indicates the mRNA poly(A) tail.

pD3-Xho-PCS was generated by cloning a synthetic oligo-
nucleotide containing PstI, ClaI, and SpeI sites (in that
order) into a unique XhoI site that had been created at nt

position 2548 of pD3-SP65 by using site-specific mutagene-

sis. pD3-Xho-PCS was digested with PstI and SpeI and then
subjected to digestion with exonuclease III and nuclease Si
(double-strand nested deletion kit; Pharmacia). The extent of
the deletions was verified by DNA sequencing.
For construction of overlength linear genomes with dele-

tions only in the 5'-terminal redundancy (e.g., A2-5' and
A5-5'), pDl.5G (an overlength DHBV genome between
positions 1658 and 3020) was cut with ScaI, treated with calf
intestinal alkaline phosphatase and digested with NsiI. The
resultant fragments were ligated with either A2 or A5 ge-

nomes that had been cut with NsiI and treated with calf
intestinal alkaline phosphatase, yielding a tandem dimeric
genome bearing the appropriate deletion only in the region
corresponding to the 5'-terminal redundancy. For construc-

tion of overlength linear genomes with deletions only in the
3'-terminal redundancy (e.g., A2-3' and A5-3'), pD.5G (a

partial DHBV genome between positions 1658 and 3020) was
cut with EcoRI and treated with calf intestinal alkaline
phosphatase. The resultant fragment was ligated with either
A2 or A5 genomes that had been digested with Scal, treated

with calf intestinal alkaline phosphatase, and then cut with

EcoRI. The ligation yielded overlength DHBV genomes (1.5

mers between positions 1658 and 3020) bearing the appropri-

ate deletion only in the region corresponding to the 3'-
terminal redundancy.
The DHBV/lacZ fusion transcripts (pseudopregenomes)

were derived from pCMV-DHBV9 (6) as the source of the
CMV-IE promoter-driven DHBV sequences and from pON3
(22) as the source of the Escherichia coli lacZ sequences and
the simian virus 40 polyadenylation signal. Pseudoprege-
nomes p136-X and p319-N were derived, respectively, from
pCMV-DHBV9 from which sequences from XbaI (DHBV nt
position 2662) or from NsiI (DHBV nt position 2845) to
BamHI (polylinker) were removed and were replaced with a
3.0-kb HpaI-XbaI fragment from pON3. p508-H was gener-
ated by removing the Hindlll (DHBV nt position 14) to
BamHI (polylinker) fragment of pCMV-DHBV9 and replac-
ing it with the 2.5-kb ClaI-XbaI fragment of pON3. p814-S
was derived from pCMV-DHBV9 from which the sequence
between SmaI (DHBV nt position 320) and BamHI (poly-
linker) has been replaced with a 2.2-kb EcoRV-XbaI frag-
ment of pON3. p1212-R was generated by removing the
EcoRV (DHBV nt position 718) to BamHI (polylinker)
fragment of pCMV-DHBV9 and replacing it with the 1.8-kb
AvaII-XbaI fragment of pON3. p1396-T and p1780-K were
derived, respectively, from pCMV-DHBV9 from which se-
quences between TthlllI (DHBV nt position 902) or KpnI
(DHBV nt position 1290) and BamHI (polylinker) were
removed and replaced with the 1.4-kb SacI-XbaI fragment of
pON3. p1780-K-src was generated by excising the 821-bp
BglIl (DHBV nt position 391) to XhoI (DHBV nt position
1212) fragment and replacing it with the 800-bp MluI-BglIll
fragment of the chicken c-src gene (16).
pD3-0X118 was constructed by cutting pD3-SP65 with

NsiI (DHBV nt position 2845), generating blunt ends by
treatment with T4 DNA polymerase, and inserting a 118-bp
HaeIII fragment (nt 4758 to nt 4876) of 0X174 DNA.

Cell culture and transfections. LMH avian hepatoma cells
(6) were grown in Dulbecco's minimum essential medium-
Ham's nutrient mixture F12 supplemented with 10% fetal
calf serum and were passaged every 3 to 4 days at a 1:3
dilution. DNA transfections were performed by the calcium
phosphate coprecipitation method exactly as described pre-
viously (11).
RNA preparation and RNA analysis. Polyadenylated total

cellular RNA was extracted from LMH cells 72 h posttrans-
fection as previously described (11, 17). Encapsidated RNA
was isolated from LMH cells 72 h posttransfection by
purifying cytoplasmic core particles with polyethylene gly-
col precipitation followed by proteinase K digestion and
phenol extraction as described previously (11, 17). Primer
extension analysis of pregenomic RNA with a synthetic
18-base oligonucleotide (spanning positions 2658 to 2640
within the core gene) was carried out as described previously
(17). RNase protection analysis of pregenomic RNA and
synthesis of [a-32P]CTP-labeled RNA probes was carried out
as described previously (13). Probe 4421inP was transcribed
from plasmid p4421inP, which has been described previously
(13). Probe lacZ-P108 was transcribed from plasmid placZ-
P108. Plasmid placZ-P108 was generated by cloning the
425-bp MluI-MluI fragment of pON3 into the HincII site of
pGEM 3Z (Promega Biotec); linearization with HindIII and
transcription with T7 RNA polymerase (Promega Biotec)
yields a 475-nt transcript with about 50 nonhybridizing
polylinker nucleotides and 425 nt of lacZ that are comple-
mentary to the fragments of lacZ cloned into all of the
DHBV/lacZ fusion pseudopregenomes. Probe D3-X/R-P
was transcribed from plasmid pD3-X/R-P. Plasmid pD3-X/
R-P was generated by cloning the 358-bp XbaI (DHBV nt
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position 2662) to EcoRI (DHBV nt position 3020) fragment
into the HinclI site ofpGEM 3Z such that linearization with
Hindlll and transcription with T7 RNA polymerase yields a
414-nt transcript with 56 nonhybridizing polylinker nucleo-
tides. Since this probe is derived from sequences within the
terminal redundancy of pregenomic RNA, it is complemen-
tary to 358 nt at the 5' end of pregenomic RNA and 140 nt at
the 3' end of pregenomic RNA.
Note that both the American (19) and European (24)

strains of DHBV have been employed in these studies. In
experiments where complementation is performed, the wild-
type (WT) donor is always of the same strain as the mutant
recipient.

RESULTS

Experimental strategy. To define the cis-acting site re-
quired for DHBV genomic RNA encapsidation, we con-
structed mutant DHBV genomes and assayed their ability to
package genomic RNA. To assay for RNA packaging, the
mutant DNAs were transfected into the avian hepatoma cell
line LMH (6) by calcium phosphate-mediated transfection.
Following transfection, we isolated total cellular poly(A)+
RNA from one-half of each sample of transfected cells; from
the other half, we purified cytoplasmic core particles and
extracted their nucleic acids. The genomic RNA present in
equal portions of each preparation was then quantitated by
primer extension or RNase mapping; the ratio of encapsi-
dated to total RNA is a reflection of the packaging efficiency
of the mutant pregenome (13, 17).

Several of the mutations we have constructed affect not
only the cis-acting regions of pregenomic RNA but also the
coding regions for the C and/or P gene products, both of
which are essential for genomic RNA encapsidation (1, 3,
13). Accordingly, in these cases, the mutant genomes were
cotransfected with a WT genome to provide (in trans) the
viral proteins required for encapsidation (17). Although this
trans complementation is less efficient than WT packaging
(in which P proteins act preferentially in cis to encapsidate
their own pregenomic RNAs [13]), it is sufficient to allow
analysis of such constructions.

Sequences residing within the terminal redundancy of ge-
nomic RNA are required for encapsidation. Our first clue to
the location of cis-acting encapsidation sequences within the
pregenome came from mutants PC1 and PC2 (Fig. 2).
Mutants PC1 and PC2 bear, respectively, a single or double
(tandem) insertion of an 8-bp ClaI linker at an AccI site
within the terminal redundancy of the genomic RNA. Ac-
cordingly, as depicted in Fig. 2b, these insertions were
represented at both ends of the mutant pregenome. Trans-
fection of cells with these mutants results in levels of
progeny DNA synthesis that are drastically reduced com-
pared with those of the WT (data not shown). Primer
extension analysis of total cellular poly(A)+ RNA from cells
transfected with PC1 (Fig. 2a, lane 3) and with PC2 (data not
shown) revealed that they accumulate levels of properly
initiated genomic RNA equivalent to that of the WT (lane 1;
note that the PC1 extension product is 8 nt longer than the
WT extension product because of the linker insertion). But
when we examined the encapsidated RNA from cells trans-
fected with these mutants, we found that PC1 (lane 4) is
significantly impaired compared with the WT (lane 2) in
pregenome encapsidation and that encapsidated PC2 RNA is
essentially undetectable (data not shown).
Mutants PC1 and PC2 are able to complement core-

defective mutants with WT efficiency, and cotransfection
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FIG. 2. Primer extension analysis of total and encapsidated
pregenomic RNA in transfected cells. (a) Cells were transfected
with either WT DHBV DNA (lanes 1 and 2) or PC1 DNA (lanes 3
and 4). From one half of the transfected cells, total cellular poly(A)+
RNA (T) was isolated, and from the other half, cytoplasmic cores
(C) were purified and the nucleic acid was extracted. The genomic
RNA present in equal portions of each nucleic acid preparation was
quantitated by primer extension of an end-labeled oligonucleotide
primer complementary to the 5' region of the C open reading frame.
Lanes 5 through 8, sequence ladder of WT DHBV DNA genome
generated with the same primer utilized for primer extension. The
bands representing the 5' ends of WT pregenomic RNA and PC1
pregenomic RNA are indicated by a solid arrow and a broken arrow,
respectively. The PC1 extension product is 8 nt longer than the WT
extension product because of the linker insertion. (b) Schematic
representation of mutants PC1 and PC2 and of the strategy for
primer extension. Mutants PC1 and PC2 harbor, respectively, single
and tandem insertions of an 8-bp ClaI linker at the AccI site within
the terminal redundancy of pregenomic RNA. Primer extension was
performed with a 5'-end-labeled primer (solid circle) complementary
to the 5' region of the C gene and to the identical sequence in the
downstream terminal redundancy of the RNA. Extension products
other than the authentic 5' end of pregenomic RNA are due to strong
stops to extension from the downstream priming site. The intensity
of the extension product that is longer than the authentic 5' end of
pregenomic RNA is greatly decreased in the pool of encapsidated
RNA relative to the pool of total cellular poly(A)+ RNA because of
the 3'-to-5' degradation of pregenomic RNA by RNase H during
reverse transcription.

with WT genomes ruled out the possibility that precore
insertions had created a dominant negative phenotype. Ad-
ditionally, both mutants can complement a P- mutant ge-
nome as effectively as WT DHBV, indicating that levels of P
gene expression are normal for this mutant (data not shown).
Since the failure of PCI and PC2 to encapsidate their
genomic RNA is not attributable to aberrant C or P protein
synthesis, we conclude that their phenotype is due to a
defect in a cis-acting signal for encapsidation.
To further define the extent of this signal, we engineered a

set of mutants, Al to A5, bearing deletions within the region
of the genome that comprises the terminal redundancy of
genomic RNA (Fig. 3a). Recircularized monomeric genomes
bearing these lesions were transfected into LMH cells; thus,
in these mutants (as in PCI), the lesions are represented in
both ends of pregenomic RNA. Total or encapsidated RNA
was then examined by RNase protection (Fig. 3b and c). The
uniformly labeled RNA probe used in this RNase protection
assay, 4421inP, contains a linker not found in pregenomic
RNA (Fig. 3c). Therefore, following annealing to genomic
RNA and removal of single-stranded regions by RNase
treatment, two product fragments, of 430 and 300 nt, will be
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FIG. 3. RNA packaging by mutants bearing deletions in both
terminal redundancies. (a) Schematic representation of the 5' end of
pregenomic RNA. The extent of the deletion in mutant genomes
ADR1 and Al to A5 are indicated by the double-headed arrows.
Mutant ADR1 is a precise deletion of the DR1 sequence in the
5'-terminal redundancy of pregenomic RNA. Since mutants Al to A5
bear deletions in the terminal redundancy of the genomic RNA, the
lesion is represented twice in the RNA: once in the 5'-terminal
redundancy (as depicted in this figure) and once in the 3'-terminal
redundancy (data not shown). The encapsidation efficiency of the
mutant genomes relative to that of the WT is indicated by + and -

signs as follows: ++ +, equivalent to WT; +, <30% of WT; -, no
detectable encapsidated RNA. (b) Cells were transfected with WT
DHBV DNA or mutant DNA; from one-half of each sample, total
cellular poly(A)+ RNA was isolated, and from the other half,
cytoplasmic cores were purified and the nucleic acid was extracted.
The genomic RNA present in equal portions of each preparation was
quantitated by nuclease protection as described for panel c. Lanes:
1, size standards; 2, full-length (780 nt) undigested probe; 3, probe
digested in absence of added sample RNA; 4, 6, 8, and 10, fragments
protected by core RNA (C) from cells transfected with WT, A2, A3,
and A5 DNA, respectively; 5, 7, 9, and 11, fragments protected by
total cellular poly(A)+ RNA (T) from cells transfected with WT, A2,
A3, and A5 DNA, respectively. (c) Nuclease protection assay. SP6
transcription of p4421inP generates a uniformly labeled 780-nt RNA
probe (wavy line) that contains a linker (black box) not found in
pregenomic RNA. Following annealing to pregenomic RNA and
removal of single-stranded regions by nuclease treatment, two
product fragments of 430 and 300 nt are generated.

generated. As expected, in WT-transfected cells, abundant
quantities of genomic RNA are present in the pool of total
cellular poly(A)+ RNA (Fig. 3b, lane 5). Analysis of encap-
sidated RNA from the same cells confirms that a large
fraction of the genomic RNA is found within core particles
(lane 4). Similar analysis of deletion mutants A2, A3, and A5
reveals that A2 encapsidates its genomic RNA at WT effi-
ciency (lanes 6 and 7), while A3 is greatly decreased in
packaging efficiency (lanes 8 and 9), and in A5 (lanes 10 and
11), encapsidated RNA is nearly undetectable. Deletion
mutant Al, like A2, encapsidates at WT efficiency, and
deletion mutant A4, like A5, is greatly decreased in encapsi-
dation efficiency (data not shown). Furthermore, since dele-
tion mutants Al to A5 are able to complement core-defective
mutants as efficiently as WT, we conclude that the failure of
mutants A3, A4, and A5 to package their genomic RNA at
WT efficiency is due to a defect in their cis-acting encapsi-
dation signal. These data indicate that sequences within the
terminal redundancies of the genomic RNA are required for
encapsidation.

Sequences residing in the 5'-terminal redundancy are re-
quired for encapsidation. In order to determine whether
sequences within one or both of the terminal redundancies
are recognized by the packaging apparatus, deletion mutants
A2 and A5 were reconstructed into overlength linear ge-
nomes such that the effects of deletions in the 5' and 3'
copies of the terminal redundancy could be assayed inde-
pendently (Fig. 4a). LMH cells were transfected with mu-
tants A2 or A5 bearing deletions in either the 5'-terminal
redundancy (A2-5' and A5-5'; Fig. 4a) or in the 3'-terminal
redundancy (A2-3' and A5-3'; Fig. 4a), and total or encapsi-
dated RNA was examined by RNase protection assay with
the same uniformly labeled RNA probe, 442linP, depicted in
Fig. 3b and c.

Recall that mutant A5, bearing a deletion in both the 5'-
and 3'-terminal redundancies, is defective for RNA encap-
sidation. Analysis of mutants A5-5' and A5-3' reveals that
both mutants accumulate abundant quantities of genomic
RNA in the pool of total cellular poly(A)+ RNA (Fig. 4b,
lanes 8 and 10). (The 5' deletions were cloned as tandem
dimers, while the 3' deletions were cloned as 1.5-mers. For
unknown reasons, we consistently observe lower levels of
pregenomic RNA in total cellular poly(A)+ RNA in cells
transfected with dimeric genomes than in cells transfected
with 1.5-mer genomes (compare lanes 4 and 8 with lanes 6
and 10). This is also true for WT DHBV genomes.) Exami-
nation of the encapsidated RNA from the same cells reveals
that mutant A5-5' (Fig. 4b, lane 7), like mutant A5, is
defective for RNA encapsidation, while mutant A5-3' (lane
9) encapsidates at WT efficiency. Analysis of encapsidated
and total cellular poly(A)+ RNA from mutants A2-5' (lanes 3
and 4) and A2-3' (lanes 5 and 6) reveals that, like that of
mutant A2, their genomic RNA is encapsidated at WT
efficiency. This demonstrates that sequences required in cis
for pregenome encapsidation lie in the 5'-terminal redun-
dancy within the precore region.
The results obtained from the previous experiments sug-

gested that the DR1 sequence is not required for encapsida-
tion. To explicitly address this, we generated mutant ADR1
by engineering a precise deletion of the DR1 sequence within
the 5'-terminal redundancy (Fig. 3a). Analysis of encapsi-
dated and total cellular poly(A)+ RNA from cells transfected
with ADR1 revealed that it is encapsidated at WT efficiency
(data not shown). Taken together, the data suggest that the
5' boundary of the packaging signal lies within the precore
region approximately 35 nt downstream of the genomic RNA
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which various segments from the 5' en

pregenomic RNA are fused to 3'-terminal fi
the constructs initiate at the cap site of preg
are promoted by a CMV-IE promoter an(
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40. The pseudopregenomes were construc
total size of the RNA is nearly equivalent 1

DHBV pregenomic RNA. They are design
of the number of nucleotides of the 5' en

pregenome contained in the construct. (TI

numbered such that nucleotide 1 corresponds to the 5' end of
authentic pregenomic RNA.) Plasmids encoding pseudopre-
genomes were cotransfected with WT DHBV DNA as a

PACKAGING donor for C and P gene products, and their ability to be
encapsidated was assayed by nuclease protection using a
lacZ-specific probe. Annealing of the lacZ-specific probe to
any of the DHBV/lacZ fusions results in protection of a
425-nt fragment. In cells transfected with DHBV/lacZ fu-
sions containing 508, 814, 1,212, and 1,396 bp of DHBV
sequence, normal quantities of lacZ-containing RNA appear
in the total cellular poly(A)+ RNA (Fig. 5b, lanes 4, 6, 8, and
10). Analysis of encapsidated RNA from the same transfec-
tants (lanes 3, 5, 7, and 9) reveals that DHBV/lacZ fusions
containing up to 814 nt of DHBV sequence are not encapsi-
dated (lane 5), fusions with 1,212 nucleotides of DHBV are
inefficiently encapsidated (lane 7), and fusions with 1,396

.41
nucleotides of DHBV are encapsidated with WT efficiency

T (lane 9).
In light of what is known about the encapsidation signal in

HBV (15) and in retroviruses (2, 20, 21), we were surprised
by the large extent of the DHBV genome required to mediate
efficient packaging of a foreign RNA into subviral core
particles. We were initially concerned that the additional
lacZ sequences present in constructs possessing less than
1,396 bp of the 5' end of the DHBV pregenome might

_ specifically inhibit the encapsidation machinery. To address
this concern, we constructed mutant 1780-K-src (Fig. 5a),
which is analogous to mutant 319-N except that lacZ se-

lO quences between nt 319 and 1705 have been replaced with a
Ls bearing deletions fragment of the same size from the chicken c-src gene
rminal redundancy. (1780-K-src also retains 78 nt of DHBV sequence between
eletion mutants A2 the src and lacZ sequences). Analysis of total cellular
)verlength genomes poly(A)+ RNA and encapsidated RNA from cells trans-
5'-terminal redun- fected with 1780-K-src reveals that it, like mutant 319-N, is
indancy (A2-3' and defective for encapsidation (data not shown). Therefore, the
deletions in these failure of chimeric RNAs possessing less than 1,212 nt of
ows. The ability of DHBV sequence to be encapsidated is not due to an inhib-
:ction analysis was itory effect of lacZ sequences but to some defect in the
for Fig. 3b and c. encapsidation signal.f, probe digested in Finally, to determine whether the continuity of the entire
, and 9, fragments 5' 1,396 nt is required for a functional packaging signal, we
d with A2-5', A2-3', interrupted it by inserting a fragment of foreign DNA.
and 10, fragments Specifically, we inserted a 118-nt fragment of 0X174 DNA
m cells transfected into the C gene at position 318 of the pregenomic RNA to
ctively. yield mutant D3-0X118 (Fig. 6a). Since this insertion is 3' of

the DHBV polyadenylation signal (represented by the solid
diamond in Fig. 6a), it is found only at the 5' end of

asition, including pregenomic RNA. To determine whether D3-0X118 could
tion. be encapsidated, it was cotransfected with WT as a donor for
lent of the prege- the C gene product, and pregenomic RNA in total cellular
dation of a foreign poly(A)+ RNA and cytoplasmic cores was quantitated by
ned the 5' bound- RNase protection. For this experiment, we used a 414-nt
o identify the 3' uniformly labeled RNA probe, D3-X/R-P, which overlaps
series of DHBV/ the site of insertion of the 0X174 DNA in mutant D3-0X118.
and tested their Following annealing to this probe and digestion with RNase,
enome analogs in the 5' end of WT genomic RNA protects an RNA of 358 nt,
d of the DHBV whereas the 5' end of D3-0X118 RNA protects fragments of
ragments of lacZ; 183 and 175 nt. Since probe D3-X/R-P overlaps the termi-
Jenomic RNA but nally redundant part of the pregenome, it also anneals to the
d are polyadeny- 3' ends of both WT and D3-0X118 pregenomic RNA,
from simian virus resulting in protection of a fragment of approximately 140 nt.
ted such that the Examination of the total cellular poly(A)+ RNA in cells
to the size of WT transfected with WT and D3-0X118 DNA reveals that both
ated on the basis WT (Fig. 6b, lane 5) and mutant (lane 9) genomes are
id of WT DHBV abundantly transcribed and that their RNAs generated pro-
he constructs are tected fragments of appropriate size. As expected, a sub-
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FIG. 5. Encapsidation of DHBV/lacZ fusion pseudopregenomes. (a) Schematic representation of DHBV/IacZ fusion pseudopregenomes.
The pseudopregenomes consist of a CMV-IE promoter driving various segments from the 5' end of the DHBV pregenomic RNA, which are
fused to 3'-terminal fragments of lacZ and are polyadenylated by a downstream simian virus 40 polyadenylation signal. The hatched lines
represent segments of DHBV pregenomic RNA, the solid lines represent 3-terminal segments of lacZ, and the stippled line represents a
segment of the chicken c-src gene. The pseudopregenomes are numbered such that nucleotide 1 corresponds to the 5' end of authentic
pregenomic RNA and are designated on the basis of the number of nucleotides of the 5' end of WT DHBV pregenome that they contain. The
encapsidation efficiency of the pseudopregenomes relative to that of the WT is indicated by + and - signs as follows: + + +, equivalent to
WT; +, -30% of WT; -, no detectable encapsidated RNA. (b) RNase protection data. Cells were cotransfected with WT DNA and with DNA
encoding pseudopregenomes, and the genomic RNA present in equal portions of preparations of total cellular poly(A)+ RNA and
encapsidated RNA were quantitated by nuclease protection with a lacZ-specific probe. Annealing of the lacZ-specific probe to any of the
DHBV/lacZ fusions results in protection of 425 nt of the 475-nt full-length lacZ probe. Lanes: 1, full-length undigested probe; 2, probe
digested in absence of added sample RNA; 3, 5, 7, and 9, fragment protected by core RNA (C) from cells cotransfected with WT DNA plus
508-H, 814-S, 1212-R, and 1396-T DNA, respectively; 4, 6, 8, and 10, fragments protected by total cellular poly(A)+ RNA from cells
cotransfected with WT DNA plus 508-H, 814-S, 1212-R, and 1396-T DNA, respectively.

stantial amount ofWT RNA was found in cores (lane 4), but
no D3-0X118 RNA was packaged since D3-0X118 is defec-
tive for core biosynthesis (lane 8). Analysis of assembled
cores (lane 6) and total cellular poly(A)+ RNA (lane 7) from
cells cotransfected with WT and D3-0X118 DNA reveals
that the WT and mutant genomic RNAs are encapsidated
with identical efficiency. These data suggest that although a
surprisingly large portion of the DHBV genome appears to
be required to mediate efficient packaging, it is likely that the
cis-acting encapsidation signals of DHBV are composed of
smaller discontinuous sequences located within this region
of the genome.

DISCUSSION

The finding that genomic but not subgenomic viral RNAs
are encapsidated suggested early on that structural features
of these RNAs mediated their selective recognition and
packaging (8). In this article, we have further characterized
the cis-acting recognition sequences in DHBV. Our results
indicate that they function to mediate encapsidation at very
high efficiency (-50%) and that they are distributed over a
ca. 1,200-nt region at the 5' end of pregenome, a region that
is not present in the subgenomic RNAs.
We have previously shown that a mutant DHBV genome

bearing a 2-bp insertion at the AccI site in the precore region

is fully infectious and replicates with WT efficiency (5). It
therefore came as a surprise that mutants bearing 8-bp and
16-bp insertions at the same AccI site were drastically
reduced in their encapsidation efficiency. Interestingly,
Junker-Niepmann et al. (15) have pointed out that this
particular part of the precore region contains a potential
stem-loop structure that is also found at a similar position in
the mammalian hepadnaviruses (Fig. 7). As shown in Fig. 7,
the AccI site, in boldface, is found within the stem of this
putative stem-loop structure. While insertion of 2 bp at this
site would likely not significantly alter the stem-loop struc-
ture, the 8- and particularly the 16-bp insertions might be
expected to more drastically disrupt the structure of this
region, particularly that of the bulge region in the 5' stem.
While we have no direct evidence to prove that this structure
exists in the RNA, it is interesting to note that mutant A2-5',
which deletes nucleotides up to but not including the base of
the stem-loop, is encapsidated at WT efficiency (Fig. 4 a and
b), while mutants A3 and A5-5', which delete increasing
amounts of the 5' half of the stem, have increasingly delete-
rious effects on encapsidation (see Fig. 7). Further studies
are required to investigate the possible role played by this
predicted stem-loop structure in pregenome encapsidation.

Recent work of Junker-Niepmann et al. (15) indicates that
for HBV, a 137-nt sequence from the 5' end of pregenomic
RNA is sufficient to mediate encapsidation of heterologous
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FIG. 6. RNase protection analysis of a mutant with an insertion
in the C gene. (a) Schematic representation of pregenomic RNA.
Mutant D3-0X118 contains an insertion of a 118-nt fragment of
0X174 DNA into the C gene at position 318 of the pregenomic RNA.
Since this insertion is 3' of the polyadenylation signal (represented
by the solid diamond), it is found only at the 5' end of the
pregenome. (b) Cells were transfected with WT DHBV DNA,
D3-0X118 DNA, or both, and the genomic RNA present in equal
portions of preparations of total cellular poly(A)+ RNA and encap-
sidated RNA were quantitated by nuclease protection using a 414-nt
uniformly labeled RNA probe which overlaps the site of insertion of
the 0X174 DNA in mutant D3-0X118. Following annealing to this
probe and digestion with RNase, the 5' end of WT genomic RNA
protects a fragment of 358 nt, whereas the 5' end of D3-0X118 RNA
protects fragments of 183 and 175 nt. Since this probe overlaps the
terminally redundant part of the pregenome, it also anneals to the 3'
end of both WT and D3-0X118 pregenomic RNA, resulting in
protection of a fragment of 140 nt. The intensity of the 140-nt
protected fragment that corresponds to the 3' end of pregenomic
RNA is greatly decreased in the pool of encapsidated RNA relative
to the pool of total cellular poly(A)+ RNA, because of the 3'-to-5'
degradation of genomic RNA by RNase H during reverse transcrip-
tion. Lanes: 1, molecular size standards; 2, full-length undigested
probe; 3, probe digested in the absence of added sample RNA; 4, 6,
and 8, fragments protected by core RNA (C) from cells transfected
with WT DNA, WT and D3-0X118 DNA, and D3-0X118 DNA,
respectively; 5, 7, and 9, fragments protected by total cellular
poly(A)+ RNA (T) from cells transfected with WT DNA, WT and
D3-0X118 DNA, and D3-0X118 DNA, respectively.

RNA into HBV cores. In view of this, we were surprised
that sequences distributed over 1,200 nt of the DHBV
pregenome seemed to be required to facilitate encapsidation
of lacZ RNA into DHBV cores. However, while the overall
strategies of encapsidation in DHBV and HBV are similar,
there is a substantial difference in the efficiency of the
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FIG. 7. Potential stem-loop structure in the precore region of
DHBV. The sequence is numbered starting at the cap site of the
pregenomic RNA as nucleotide 1. The AccI site is in boldface, and
the site of insertion of the ClaI linker(s) in mutants PC1 and PC2 is
designated by the asterisk. The extents of the deletions in mutants
A2, A3, and A5 are indicated by the appropriately labeled patterned
lines.

process between the two viruses. While DHBV encapsidates
50 to 60% of the pregenomic RNA transcripts it produces,
HBV typically encapsidates only about 10% of its prege-
nomic RNA products (1, 12, 15). It seems likely that DHBV
may employ a more complex signal in order to achieve this
higher encapsidation efficiency.
How do DHBV sequences participate in genomic RNA

packaging? We envision an interaction between this signal
and the P gene product, either alone or in association with
core antigen (or other proteins). Since the data of Fig. 6
suggest that the packaging signal is discontinuous, it is
possible that the P gene product (or a complex containing the
P protein) interacts with two or more widely separated
sequence elements on the genomic RNA. Alternatively, P
protein binding to one site on the genomic RNA may
facilitate an alteration of the secondary structure of the RNA
such that a second sequence required for packaging is
exposed. Such a sequence might also be a target for P or C-P
complex binding or might interact with C subunits or other
factors required for encapsidation.
When we initially noted the requirement for P protein in

encapsidation, we wondered whether the same P-RNA (or
C-P-RNA) complex involved in packaging might also be
involved in minus-strand initiation (13). But our finding (Fig.
4 and 5) that the essential packaging elements are in the 5'
portion of the RNA makes this simple model unlikely, since
minus-strand initiation occurs at the 3' end of the pregenome
(18, 23). Also a complete deletion of DR1 does not impair
packaging but strongly affects reverse transcription (14, 18),
again implying that the packaging and priming steps are
distinct and have different sequence requirements. But it
remains possible that these steps could be coupled in some
way. For example, proteins bound to the packaging signal
might alter the structure of the RNA to expose the reverse
transcriptase initiation site at the other end of the molecule.
Our exploration of the cis-acting sequences required for

DHBV pregenome encapsidation also has implications for
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the potential of this virus to serve as a vector for the delivery
of foreign genes to the liver. In addition to its obvious
hepatotropism and its known ability to produce persistent
noncytocidal infections, DHBV encapsidates RNA ex-
tremely efficiently; these factors are clearly desirable at-
tributes of a potential vector. On the other hand, the
complexity of its encapsidation signal(s) and the limited size
of the viral genome may severely limit the amount of foreign
DNA that could be carried by the vector. Clearly, further
definition of the minimal sequences required for efficient
RNA packaging by DHBV will be needed to optimize
strategies for gene transfer mediated by this virus.
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