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Naturally Occurring Point Mutation in the C Terminus of the
Polymerase Gene Prevents Duck Hepatitis B Virus RNA Packaging
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A duck hepatitis B virus (DHBV) genome cloned from a domestic duck from the People's Republic of China
has been sequenced and exhibits no variation in sequences known to be important in viral replication or
generation of gene products. Intrahepatic transfection of a dimer of this viral genome into ducklings did not
result in viremia or any sign of virus infection, indicating that the genome was defective. Functional analysis
of this mutant genome, performed by transfecting the DNA into a chicken hepatoma cell line capable of
replicating wild-type virus, indicated that viral RNA is not encapsidated. However, virus core protein is made
and can assemble into particles in the absence of encapsidation of viral nucleic acid. Using genetic approaches,
it was determined that a change of cysteine to tyrosine in position 711 in the polymerase (P) gene C terminus
led to this RNA-packaging defect. By site-directed mutagenesis, it was found that while substitution of Cys-711
with tryptophan also abolished packaging, substitution with methionine did not affect packaging or viral
replication. Therefore, Cys-711, which is conserved in all published sequences of DHBV, may not be involved
in a disulfide bridge structure essential to viral RNA packaging or replication. Our results, showing that a
missense mutation in the region of the DHBV polymerase protein thought to be primarily the RNase H domain
results in packaging deficiency, support the previous findings that multiple regions of the complex hepadnaviral
polymerase protein may be required for viral RNA packaging.

Hepadnaviruses are a small group of enveloped DNA
viruses which consist of human, duck, ground squirrel,
woodchuck, and heron hepatitis B viruses (4, 19, 20, 28, 31).
The major steps thought to be fundamental to the replication
of hepadnaviral genomes are (i) conversion of virion relaxed-
circular DNA to covalently closed circular (CCC) DNA; (ii)
transcription of CCC DNA to generate pregenomic RNA;
(iii) encapsidation of pregenomic RNA and products of the P
gene into virus cores or nucleocapsids; (iv) synthesis by
reverse transcription of the first (minus) strand ofDNA using
the P gene-encoded protein primer (terminal protein); and (v)
synthesis of the second (plus) strand of DNA using an
oligomer of viral RNA as a primer (6, 12). In the encapsida-
tion or packaging reaction, viral proteins specifically recog-
nize and bind the viral pregenome and each other. To date,
little is known about the molecular mechanisms involved in
this process. A short sequence located near the 5' end of
pregenomic RNA has recently been identified as the signal
important for encapsidation of HBV pregenomic RNA (1,
17). Viral core protein, the product of the C gene, is the
principal structural protein of the viral nucleocapsid (12).
There is recent evidence that the product of the P gene is
required in addition to that of the C gene for virus RNA
encapsidation (1, 15).

In this study, we have analyzed a naturally occurring
defective duck hepatitis B virus (DHBV) DNA cloned in
bacteria by observing its properties in a transient transfec-
tion system in which infectious virus can be produced (11,
30). We have found that the defective DHBV genome was
unable to encapsidate viral RNA, although it produced
adequate amounts of both core protein and viral pregenomic
RNA. The lesion has been localized to a change in a single
amino acid residue in the carboxy terminus of the P protein.

* Corresponding author.

The DHBV22 genome is defective in encapsidating viral
RNA into cores. DHBV22 is a viral DNA cloned from virus
from the serum of a duck from Qidong county in the People's
Republic of China. Sequencing of DHBV22 DNA did not
reveal any variation in sequences known to be important in
viral replication or generation of gene products (29). Intra-
hepatic transfection of this viral genome into susceptible
Pekin ducklings did not result in infection, in contrast to
control transfection of wild-type (DHBV16) DNA (19a).
To investigate the replication defect in DHBV22, we

tested the ability of this mutant to synthesize viral DNA,
transcripts, and proteins. A head-to-tail dimer ofDHBV16, a
functional genome, cloned into the plasmid pGEM-4 EcoRI
site (25) and a similar construct of the mutant genome
DHBV22 were transfected into LMH cells as described
previously (8). Three to five days posttransfection, core
particles were isolated from cells transfected with each
DNA, and the DNAs were purified from the particles (25)
and analyzed by Southern blotting (33). The results are
shown in Fig. 1A. Cells receiving the DHBV16 genome (in
plasmid pGEM-DHBV16) contained both single-stranded
viral DNA and relaxed-circular DNA, i.e., the replicating
and mature viral DNA forms, respectively (Fig. 1A, lane 1).
In contrast, cells transfected with the DHBV22 genome (in
plasmid pGEM-DHBV22) did not express any replicating
and maturing viral DNA in core particles (lane 2). Thus, the
transfected DHBV22 genome failed to be converted into a
packaged single-stranded or relaxed-circular DNA molecule.
The limit of DHBV22 replication did not appear to be the

result of a drastically reduced level of viral RNA. When the
total poly(A)+ virus-specific RNA (14) from transfected cells
was examined 2 days after transfection with either DHBV16
or DHBV22, two major classes of virus-related transcripts
corresponding to genomic (3.3 kb) and subgenomic (1.9 and
2.0 kb) RNA were detected at approximately the same levels
(data not shown). The levels of core proteins and surface
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FIG. 1. (A) DNA replication of the DHBV16 and DHBV22
genomes and transcomplementation analysis of pGEM-DHBV22
and ADR1. Southern blot analysis of cytoplasmic DNA isolated
from LMH cells at 5 days posttransfection. LMH cells were grown

on 6-well plates under previously described conditions (11). DNA
transfections were performed with 5 ,ug of plasmid DNA per well of
nearly confluent cells. Kodak XAR film was exposed to the filter at
-70°C for 2 days. Lanes: 1, pGEM-DHBV16; 2, pGEM-DHBV22;
3, ADR1; 4, pGEM-DHBV22 and ADR1; M, 32P-labelled DNA size
markers from a HindIlI digest of bacteriophage lambda. Lane 3 was
overexposed to allow detection of the small amount of single-
stranded viral DNA. (B) DNA replication after transfection with
pGEM-DHBV16 or pGEM-DHBV16-2301 DNAs. Southern blot
analysis of cytoplasmic DNA isolated from LMH cells at 5 days
posttransfection. Film was exposed to the filter overnight at -70°C.
Lanes: 1, pGEM-DHBV16; 2, pGEM-DHBV16-2301; M, 32P-la-
belled DNA size markers from a HindIlI digest of bacteriophage
lambda. RC indicates the position of relaxed-circular DHBV DNA,
and SS indicates single-stranded DHBV DNA.

proteins in LMH cells transfected with DHBV22 were
identical to those seen in DHBV16-transfected- cells by using
immunofluorescence staining (33) (data not shown), showing
that the viral transcripts were able to serve as mRNA for the
synthesis of these antigens. No infectious virus was pro-
duced by LMH cells transfected with DHBV22 (data not
shown).
To determine whether DHBV22 viral RNA was encapsi-

dated into core particles, cytoplasmic extracts of cells taken
from three 6-well plates 2 days after transfection were
layered onto 8 ml of 10% sucrose in TNE (18) and centri-
fuged at 68,000 x g for 24 h at 4°C. The supernatant was
removed, and the pellet was suspended in TNE buffer. CsCl
was added to yield a solution with a density of 1.35 g/ml, and
the samples were subjected to isopycnic centrifugation at
200,000 x g for 24 h at 10°C. Four hundred microliters of
each fraction was collected from the bottom of the tube, and
the density was determined with a refractometer. A 40-,ul
sample from each fraction was analyzed by Northern (RNA)
slot blotting by using a 32P-labelled DHBV antisense RNA
probe (23). The results shown in Fig. 2A indicate that in cells
transfected with DHBV16, viral RNA is present in core
particles at a density of 1.34 g/ml, similar to results obtained
in previous studies of core particles (21, 32). However, no
viral RNA was detected at this density or at any other
density in the extracts of cells transfected with DHBV22
(Fig. 2B). These studies indicate either that no core particles
are made by DHBV22 or that little or no viral RNA is
encapsidated.
To investigate whether core particles were produced by

DHBV22, samples of CsCl gradient fractions were analyzed

A change of Cys to Tyr at amino acid residue 711 in the
carboxy terminus of the P gene product leads to the encapsi-
dation deficiency. To determine which nucleotide sequence
in DHBV22 confers viral RNA encapsidation deficiency, we
made a series of chimeric dimers of DHBV16 and DHBV22.
Each chimeric dimer was transfected into LMH cells, and
the replicating and mature viral DNA was detected by
Southern blotting (data not shown). Detection of viral DNA
in this fashion can be used as an indirect measurement to test
pregenome RNA encapsidation, as it tests for a step in the
life cycle which is dependent upon prior RNA encapsidation
(1). This study indicated that the sequences related to the
encapsidation deficiency were found between nt 2184 and
2352 of the second monomer of the pGEM-DHBV22 ge-
nome. A comparison of DHBV nucleotide sequences of
published DHBV genomes cloned from ducks from the
People's Republic of China, the United States, and Europe
(26a) indicated that two nucleotide changes in this region
were unique to DHBV22, one at nt 2301 (G to A) and the
other at nt 2236 (C to T). Only the first change results in an
amino acid change, in which the cysteine at amino acid
residue 711 of the P protein is replaced with a tyrosine. This
cysteine is conserved in all the other cloned DHBV DNAs,
though not in all hepadnaviruses, and is located in the
carboxy-terminal region of the P protein.
To determine whether the encapsidation deficiency of

DHBV22 can be rescued by a viral genome which expresses
a functional P protein, we tested the ability of the ADR1
mutant to complement DHBV22. This mutant has 12 nucle-
otides deleted in the DR1 region and provides all viral
proteins in trans, but is itself defective in production of
packaged relaxed-circular viral genome (16). When DHBV22
and the ADR1 genome were cotransfected into LMH cells,
relaxed-circular viral DNA was detectable in core particles
(Fig. 1A, lane 4), and only a very small amount of minus-
strand DNA was seen when ADR1 was transfected alone
into LMH cells (Fig. 1A, lane 3). This result indicates that
the encapsidation deficiency of DHBV22 can be overcome
by P protein supplied in trans.
We next focused on the change at nt 2301 which leads to

a missense mutation and generated a site-specific mutation
of DHBV16 in which the G at nt 2301 was changed to A. By
using oligonucleotides containing the desired sequences, the
fragment was amplified by PCR and cloned back into pGEM-
DHBV16 (13), which was then used to make a head-to-tail
dimer to test for viral DNA replication and encapsidation.
Figure 1B shows that no viral DNA replication was detect-
able after the missense mutant pGEM-DHBV16-2301 was
transfected into LMH cells (lane 2), although immunofluo-
rescence staining showed that pGEM-DHBV16-2301
strongly expressed core and surface antigens (data not
shown), indicating that this mutant can synthesize normal
levels of viral transcripts. No encapsidated viral RNA from
DHBV16-2301 was detected in nucleocapsids by Northern
slot blot analysis, in contrast to DHBV16 nucleocapsid RNA
analysis (Fig. 3A), although similar amounts of core particles
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FIG. 2. Detection of DHBV nucleocapsids in LMH cells transfected with pGEM-DHBV16 (A and C) or pGEM-DHBV22 (B and D)
DNAs. Cells lysed at 2 days posttransfection were subjected to isopycnic centrifugation in CsCl. Gradient densities are shown by the open
squares. Viral RNA, shown by the filled squares (A and B), was detected by Northern slot blotting (23). Core protein (C and D) was detected
by Western blotting. Lanes containing material from individual fractions are located beneath the appropriate fraction number.

were present in both cytoplasmic lysates (Fig. 3B). These
data confirm that changing cysteine to tyrosine at amino acid
residue 711 in the carboxy terminus of the P protein prevents
packaging of DHBV RNA into virus particles.

Cys-711 may not be in a disulfide bridge structure. To
better understand the involvement of Cys-711 in viral pack-
aging, two additional missense mutants were made: pGEM-
16-711M, in which Cys-711 was changed to methionine, and
pGEM-16-711W, in which tryptophan was substituted for
Cys-711. These amino acids were tested for packaging
activity because methionine is similar in size to cysteine and
also has a sulfur-containing side chain, yet gives an altered
predicted P product structure when substituted for Cys-711
(Chou-Fasman structure prediction not shown) and because
tryptophan bears size and side chain similarity to tyrosine
but does not result in the predicted altered P protein struc-
ture seen when tyrosine is substituted for Cys-711. When the
mutants were transfected into LMH cells, immunofluores-
cence staining showed that both strongly expressed core and
surface antigens (data not shown), indicating that the mu-

tants can synthesize normal levels of viral transcripts. We
then tested (by Southern blotting) viral replication of these
two mutants after transfection into LMH cells (Fig. 4). While
a pattern of replicating viral DNA was present in core

particles from cells transfected with the mutant pGEM-16-
711M (lane 2), no detectable viral DNA replicating forms
were seen in core particles from cells transfected with the
mutant pGEM-16-711W (lane 3). In this experiment, in

which cells were lysed at 3 days posttransfection, the
predominant replicating viral DNA form was single
stranded, in contrast to the pattern seen in Fig. 1, obtained
with cells harvested at 5 days after transfection. This muta-
tional study indicates that computer structural analyses were
less predictive of P protein encapsidation function at this
amino acid residue than were similarity in size or side chain.
Moreover, the ability of methionine to substitute for Cys-711
to allow packaging and replication indicates that Cys-711 is
unlikely to be involved in a disulfide bridge structure essen-
tial to viral RNA packaging or replication.
From the results of mutational and theoretical structural

analyses of the P protein, as well as sequence comparison
with other genes producing reverse transcriptases, the hep-
adnavirus P product has been divided into the following four
domains, listed from the N terminus to the C terminus: the
terminal protein thought to serve as primer of the minus
DNA strand, a spacer region, the reverse transcriptase, and
the RNase H domain (2). Genetic studies of both HBV and
DHBV P genes indicate that frameshift mutations through-
out the P gene were defective for viral RNA encapsidation
(1, 15). Bartenschlager and colleagues found that in-frame
deletions of all four P protein domains also led to a drastic
reduction in packaging efficiency of HBV (1). Blum and
coworkers have recently reported a missense mutation in the
terminal protein domain of the HBV polymerase protein
which results in an inability to package viral RNA (3). Our
missense mutation is located at the opposite end of the
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FIG. 3. Detection of encapsidated DHBV RNA and core proteins in viral particles from LMH cells transfected with pGEM-DHBV16 and
pGEM-DHBV2301. (A) Cells lysed at 2 days posttransfection were subjected to isopycnic centrifugation in CsCl. Viral RNA in the fractions
was detected by Northern slot blotting. (B) Particulate core proteins detected by Western blotting.

DHBV P gene, in the RNase H domain. These data support
the notion that multiple regions of the P protein are required
for RNA encapsidation by hepadnaviruses (1, 7).
The specific requirement for the P gene product in the

encapsidation process suggests the possibility that this pro-
tein may provide for the specific recognition of the prege-
nomic RNA, possibly at the RNA encapsidation signal, or at
the signal for reverse transcription (27), which is 3 kb away,
or at both locations (1). The P protein of DHBV appears to
bind firmly to nucleocapsids found in natural infection (26).
This binding, in turn, could be due to a specific binding of the
P protein to viral nucleic acid which is bound to the capsid
proteins, a specific binding of the P protein to the capsid
proteins, or a combination of the two.
At least two possibilities might explain why a missense

mutation in the reverse transcriptase/RNAse H portion of
the P protein prevents packaging. First, the mutation may
affect the stability of this protein, which may exist and
function as a large uncleaved molecule (5), and lead to its
rapid degradation. As it was not possible for us to examine

directly the turnover of this protein in transfected cells, we
turned to the use of limited proteolytic digestion of mutant
and wild-type P proteins made by in vitro translation (data
not shown) but were unable to detect a difference in the rate
of appearance of trypsin fragments of the mutant compared
with that of the wild type. This result suggests that the
missense mutation does not alter the protein conformation
to the extent that normally protected trypsin cleavage sites
are made accessible. In the cell, however, this mutant
protein may still be more quickly degraded than its normal
counterpart. A second possible reason for the lack of pack-
aging with the mutant protein is that it may be unable to
interact with the viral RNA or the capsid proteins, either
because of a conformational change in which the specific
recognition sites are altered or because this amino acid
residue is involved in specific recognition. Additional site-
directed mutagenesis studies will be necessary to determine
whether Cys-711 may be part of a recognition signal for
packaging of DHBV RNA.
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FIG. 4. Southern blot analysis of DHBV DNAs after transfec-
tion with pGEM-DHBV16 (lane 1), pGEM-DHBV16-711M (lane 2),
and pGEM-DHBV16-711W (lane 3) DNAs. Analysis was of cyto-
plasmic DNA isolated from LMH cells at 3 days after transfection.
Film was exposed to the filter for 2 days at -70°C. RC, relaxed
circular viral DNA; SS, single-stranded viral DNA.
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