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The hepadnavirus reverse transcriptase binds cotranslationally to the viral pregenomic RNA. This ribonu-
cleoprotein complex is then encapsidated into nascent viral core particles, where the reverse transcriptase
copies the viral RNA into DNA. Here we report that 75% of the duck hepatitis B virus reverse transcriptase
present in transfected LMH cells does not follow this well-known pathway but rather exists in the cell separate
from the core protein or nucleocapsids. The nonencapsidated reverse transcriptase is also abundant in infected
duck liver. The nonencapsidated reverse transcriptase exists as a complex set of isoforms that are most likely
produced by posttranslational modification. Interestingly, only the smallest of these isoforms is encapsidated
into viral core particles. The nonencapsidated reverse transcriptase is bound to a large cellular cytoplasmic
structure(s) in a detergent-sensitive complex. The cellular distribution of the reverse transcriptase only
partially overlaps that of the core protein, and this distribution is unaffected by blocking encapsidation. These
observations raise the possibilities that the metabolic fate of the reverse transcriptase may be posttranscrip-
tionally regulated and that the reverse transcriptase may have roles in the viral replication cycle beyond its
well-known function in copying the viral genome.

Hepatitis B virus (HBV) is the type member of the hepad-
naviruses, a group of small DNA-containing viruses that rep-
licate by reverse transcription and are highly hepatotropic (8).
These viruses have a lipid envelope surrounding an icosahedral
protein core particle. Within the core particle, the partially
double-stranded viral DNA genome is covalently linked to the
viral reverse transcriptase. Other hepadnaviruses infect woolly
monkeys, woodchucks, ground squirrels, ducks, and herons
(18, 30). Although significant differences exist between various
hepadnaviruses, they all share a high degree of hepatotropism,
follow the same replication cycle, and are nearly identical in
genetic organization.

The hepadnavirus replication cycle starts with binding of the
virus to the hepatocyte (8). Fusion of the viral envelope with a
cellular membrane liberates the subviral core particle into the
cell, where the core particle releases the partially double-
stranded viral DNA. In the nucleus the DNA is repaired to a
covalently closed circular episome, which is the template for
transcription via host RNA polymerase II. The viral mRNAs
are transported to the cytoplasm and translated to produce the
viral proteins. One of the largest RNAs (the pregenomic RNA
[pgRNA]) is packaged into nascent viral core particles as a
nucleoprotein complex with the viral polymerase. The pgRNA
carries the genetic information of the virus and is also the
mRNA for the core and polymerase proteins. Reverse tran-
scription is primed by the reverse transcriptase itself, and
hence the viral DNA is covalently attached to the viral poly-
merase. DNA synthesis is catalyzed by the reverse transcrip-
tase within immature core particles in the cytoplasm. The ma-

ture core particles containing DNA either are transported back
into the nucleus to maintain the pool of transcriptional tem-
plates or bud into the endoplasmic reticulum (ER), where they
pick up the envelope and viral surface glycoproteins. The viri-
ons are then secreted from the cell noncytolytically.

The hepadnavirus reverse transcriptase (polymerase) con-
tains four domains (Fig. 1) (5, 27). The terminal protein and
spacer domains are unique to the hepadnavirus polymerases.
The terminal protein domain contains the tyrosine residue that
primes DNA synthesis and covalently links the polymerase to
the viral DNA (41, 45). The spacer domain has no known
function other than to link the terminal protein to the rest of
the molecule, and the reverse transcriptase and RNase H do-
mains contain the two known enzymatic active sites. These
latter two domains are related to the corresponding domains of
the polymerases from retroviruses and other retroelements
(19, 23, 25).

The polymerase has two roles in the formation of virions.
The first role is structural, because the polymerase must bind
to a stem-loop (ε) at the 59 end of the pgRNA to form the
ribonucleoprotein complex that is encapsidated into the nas-
cent core particle (1, 12, 15). If this complex does not form,
neither the polymerase nor pgRNA is encapsidated. The sec-
ond role of the polymerase is enzymatic, as the polymerase
synthesizes the viral DNA. ε is essential for the enzymatic role
of the polymerase for two reasons: binding of ε to the poly-
merase promotes the maturation of the polymerase to an en-
zymatically active form (36, 37), and ε contains the origin of
reverse transcription (24, 35, 38, 39).

The polymerase has been assumed to be present in low
levels in cells and to be located almost exclusively within sub-
viral core particles (13, 14, 20) for four reasons. First, hepad-
navirus reverse transcriptase activity cannot be detected out-
side core particles. Second, the polymerase open reading frame
is downstream from the core protein open reading frame in the
bicistronic pgRNA, and synthesis of downstream open reading
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frames in eukaryotic polycistronic mRNAs is typically ineffi-
cient. Third, the polymerase is believed to bind to ε on the
pgRNA cotranslationally (12), and no stable cellular interme-
diates in core particle formation have been found in cells above
the level of core protein dimers (31). Finally, DNA synthesis
takes place inside the nascent viral core particles, and hence
there is no apparent need for the polymerase outside of viral
capsids once it has bound to the pgRNA.

Here we report detection of a large pool of nonencapsidated
duck hepatitis B virus (DHBV) polymerase in cultured cells
and in infected liver tissue. The nonencapsidated polymerase is
found in the cytoplasm in a large detergent-sensitive complex.
Its distribution within cells only partially overlaps that of the
core protein and is not affected by blocking encapsidation.

MATERIALS AND METHODS

Viruses, cells, and plasmids. DHBV strain 3 (32) was used in all experiments.
LMH cells are a chicken hepatoma cell line (6). D1.5G is a plasmid that contains
1.5 copies of the viral genome cloned into pBS(2) (Stratagene). When trans-
fected into LMH cells, D1.5G directs production of infectious DHBV; D1.5G
and its derivatives were used whenever transfections employing the complete
DHBV genome were performed. D1.5G(KOF) contains a deletion (nucleotides
[nt] 1291 to 4) that causes a frameshift that truncates the polymerase after amino
acid 374. D1.5G(Y96F) contains a point mutation in the polymerase open read-
ing frame altering Y96 to F; this mutation prevents covalent attachment of
DNA to the polymerase. D1.5G(ε-dlBulge), D1.5G(ε-LowerL/R), and DHBV(ε-
Loop5,6) contain mutations in the 59 copy of the coding sequences for ε and have
been described elsewhere (26). D1.5G(DR1/SL) contains mutations that flank
the 59 copy of the ε coding sequences (C2555A, T2556A, and insertion of
GTCGACACCTTTGGTA between nt 2616 and 2617); these mutations have
minimal effects on reverse transcription in LMH cells. pCMV-DPol contains
DHBV nt 170 to 3021 cloned downstream of the cytomegalovirus (CMV) pro-
moter in pCDNA3.1-Zeo1 (Invitrogen). pCMV-DPol expresses polymerase
containing a P2A mutation resulting from optimization of the polymerase Kozak
sequence (17). pDTP39His contains DHBV nt 170 to 791 cloned into the NdeI-
EcoRI sites of pRSET-C (Invitrogen); this plasmid directs production of DHBV
polymerase amino acids 1 to 207 followed by LGHHHHHH.

Tissue culture, transfection, and isolation of intracellular DHBV cores. LMH
cells were maintained in Dulbecco’s modified Eagle’s medium–F-12 medium
with 10% fetal bovine serum. Transfections employed FuGENE (Roche) ac-
cording to the manufacturer’s instructions. Cores were isolated from cytoplasmic
lysates of transfected LMH cells by sucrose sedimentation as described else-
where (37).

Immunoprecipitation. Transfected LMH cells were lysed in radioimmunopre-
cipitation assay buffer (RIPA; 20 mM Tris [pH 7.2], 1% sodium deoxycholate,
1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 150 mM NaCl) for 10 min
on ice, and the lysates were clarified at 14,000 3 g for 10 min at 4°C. Antibody
was bound to fixed Staphylococcus aureus cells (Sigma) and incubated with the
lysate on ice for 3 to 4 h. Immunocomplexes were washed three times with 1 ml
of RIPA, and the polymerase was released with Laemmli buffer. In some exper-
iments, cells were lysed in CPLB (10 mM Tris [pH 7.5], 1 mM EDTA, 0.25%
NP-40, 50 mM NaCl, 8% sucrose) on ice for 10 min, and the lysate was clarified
as above. The CPLB lysates were used directly for immunoprecipitation, or
detergent was added to bring the concentrations to 1% sodium deoxycholate, 1%
Triton X-100, and 0.1% SDS prior to immunoprecipitation. Cells were fraction-
ated into nuclear and cytoplasmic fractions as described previously (33); nuclei

were extracted with RIPA, and the cytoplasmic extracts were brought to high
detergent concentrations as above prior to immunoprecipitation of the polymer-
ase. Duck liver extracts were prepared by homogenizing liver in RIPA (5%,
wt/vol) with a Dounce homogenizer and incubating the tissue on ice for 10 min
prior to clarification as above. All lysates were prepared in the presence of 1 mM
phenylmethylsulfonyl fluoride, 2 mg of aprotinin per ml, and 3 mg of leupeptin
per ml.

Western analysis. The polymerase was resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to Immobilon P membranes (Millipore)
under standard conditions (22). Polymerase was detected with anti-DTP39His
(see Results) monoclonal antibody (MAb) 11 or MAb 9 and anti-mouse immu-
noglobulin G (IgG)-alkaline phosphatase conjugate (Promega) followed by in-
cubation with nitroblue tetrazolium–5-bromo-4-chloro-3-indolylphosphate (Pro-
mega) according to the manufacturer’s instructions. Core protein and ERP72
were detected with rabbit polyclonal anticore or anti-ERP72 sera and anti-rabbit
IgG-alkaline phosphatase conjugate (Roche).

Cytoplasmic fractionation. The cytoplasmic contents of transfected LMH cells
were fractionated as described in reference 9. Briefly, five 100-mm-diameter
plates of LMH cells were transfected with D1.5G or pCMV-DPol; 3 days later,
cytoplasmic extracts were prepared by harvesting the cells, disrupting them in a
Parr bomb, and clarifying the extract at 800 3 g for 10 min. Membranes and
particulate matter were collected from the lysate by ultracentrifugation at
150,000 3 g. The pellet was suspended in Tris-EDTA, homogenized with a
Dounce homogenizer, brought to 50 or 65% sucrose, and layered over a satu-
rated sucrose cushion. A 50 to 15% or a 65 to 30% sucrose gradient was poured
over the sample, and the sample was centrifuged at 113,000 3 g overnight. The
tube was pierced, and fractions were taken from the bottom. Sucrose concen-
tration was determined for each fraction by refractometry, the Golgi apparatus
was located by measuring UDP-galactose:N-acetylglucossamine galactosyltrans-
ferase activity (9), and the ER was located by detecting ERP72 by Western blot
analysis (10). Mature cores were tested by the endogenous polymerase assay
using conditions described for recombinant DHBV polymerase (34). The pres-
ence of DHBV core protein was detected by Western analysis. Nonencapsidated
polymerase was detected by diluting the fractions into RIPA and immunopre-
cipitating the polymerase.

Immunofluorescence. LMH cells were grown on glass coverslips and trans-
fected with D1.5G, D1.5G(ε-dlBulge), pCMV-DPol, or pBS(2). Two days post-
transfection, cells were fixed with 3.7% paraformaldehyde and permeabilized
with methanol. Cells were blocked by incubation with phosphate-buffered saline
(PBS) containing 1% bovine serum albumin and 2% fetal bovine serum at 37°C
for 30 min. Primary and secondary antibodies were diluted in PBS–1% bovine
serum albumin–2% fetal bovine serum; each incubation was at 37°C for 1 to
1.5 h. Coverslips were washed four times in PBS. Standard immunofluorescence
was performed at a magnification of 31,000, and images were captured digitally
with a SPOT camera attached to an Olympus fluorescence microscope. Confocal
microscopy was performed at an magnification of 3600 on a Bio-Rad MRC 1024
confocal system attached to a Nikon Optiphot microscope.

RESULTS

Generation of antibodies and immunological detection of
the polymerase. We generated mouse MAbs 9 and 11 and
rabbit polyclonal antibodies against the DHBV terminal pro-
tein domain expressed in Escherichia coli (DTP39His; amino
acids 1 to 207). MAb 9 and MAb 11 can detect DHBV poly-
merase encapsidated in viral cores in cytoplasmic extracts from
transfected LMH cells by Western analysis (Fig. 2). Detection
of the polymerase is enhanced by degradation of the viral DNA

FIG. 1. DHBV polymerase structure in the context of the pgRNA. The domain structure of the polymerase is shown in its relative position on the pgRNA (thin
line). The positions of the core and pre-S/S surface glycoprotein open reading frames are indicated above, and sequences included in DTP39His (to which antibodies
were raised) are indicated below. TP, terminal protein domain; RT, reverse transcriptase domain; RNaseH, RNase H domain; Y96, tyrosine 96 to which DNA is
covalently bound; 374, the amino acid position at which the KOF mutation truncates the polymerase. The approximate amino acid boundaries of the domains are
indicated above the polymerase.
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prior to electrophoresis (compare lanes 2 and 3), as would be
expected for a chimeric DNA-protein molecule. Since poly-
merase molecules linked to large DNA strands migrate slowly
and do not transfer well from gels, the polymerase detected
without nuclease digestion (lane 2) is likely to be molecules
that have not yet initiated DNA synthesis or those that have
synthesized only small amounts of DNA. Mutating ε to prevent
encapsidation of the pgRNA eliminated detection of the poly-
merase in core preparations (Fig. 2, lanes 4 and 7), whereas
mutations in and near ε that have no effect on encapsidation of
the pgRNA have no effect on detection of core-associated
polymerase (lanes 5 and 6). The level of DNA polymerase
activity in these preparations correlated perfectly with the pro-
tein level detected by Western analysis (data not shown). This
pattern is consistent with the known encapsidation mechanism
of the hepadnaviruses in which the polymerase and pgRNA are
encapsidated together as a ribonucleoprotein complex (26).
This experiment demonstrates that our antibodies are suffi-
ciently sensitive to detect the low levels of polymerase within
core particles. It also demonstrates that the antibodies are
specific for the polymerase because the large majority of the
protein in the extracts is cellular, yet the antibodies recognize
only the polymerase.

Detection of nonencapsidated polymerase in transfected
cells. We used our antipolymerase antibodies to determine if
the polymerase could be detected in transfected LMH cells, a
chicken hepatoma cell line that produces infectious DHBV
upon transfection with the viral genome. DHBV polymerase
was immunoprecipitated from cells transfected with the com-
plete DHBV genome (Fig. 3A, lane 2). Introduction of a
frameshift mutation at amino acid 374 of the polymerase open
reading frame reduced the mobility of the polymerase frag-
ment to its predicted position just above that of the MAb 11
IgG heavy chain [DHBV(KOF); lane 3]. The polymerase could
readily be detected from whole-cell lysates when the cells were
disrupted with a harsh buffer (RIPA) but was not detectable
when cells were lysed with CPLB, the mild buffer used to make
cytoplasmic extracts from which cytoplasmic viral cores are
isolated (compare lanes 2 and 3 to lanes 4 and 5). These results
are consistent with three possibilities: (i) the polymerase is

bound to a large cellular structure in a detergent-sensitive
complex, (ii) the polymerase is in the nucleus, or (iii) the
polymerase is from intracellular cores dissociated by RIPA.

The possibility that the polymerase came from disrupted
cores was disproved by adding purified cores to a RIPA lysate
of nontransfected LMH cells and attempting to immunopre-
cipitate the polymerase. Lane 6 in Fig. 3A shows that the
polymerase could not be detected by immunoprecipitation in

FIG. 2. Detection of polymerase within intracellular cores. Cytoplasmic ex-
tracts enriched for intracellular core particles were prepared from transfected
LMH cells, disrupted in Laemmli buffer, and resolved by SDS-PAGE; the poly-
merase was detected by Western analysis with MAb 11. Core-associated nucleic
acids were destroyed in samples for lanes 3 to 7 by permeabilization at low pH
(28) and digestion with micrococcal nuclease. The DHBV genome transfected
into cells is indicated at top; DPol59His is a whole-cell lysate containing recom-
binant histidine-tagged full-length DHBV polymerase expressed via vaccinia virus.

FIG. 3. Transfected LMH cells contain cytoplasmic nonencapsidated poly-
merase. DHBV Cores, intracellular DHBV cores lacking covalently attached
DNA isolated from LMH cells transfected with D1.5G(Y96F). (A) Immunopre-
cipitation of nonencapsidated polymerase. LMH cells were transfected with
D1.5G or D1.5G(KOF) and lysed in RIPA or CPLB; the polymerase was im-
munoprecipitated and detected by Western analysis with MAb 11. Lane 6 con-
tains an untransfected LMH lysate spiked with purified DHBV core particles
prior to immunoprecipitation. (B) The nonencapsidated polymerase is primarily
cytoplasmic. Transfected cells were lysed in RIPA (lanes 2 and 5) or were
fractionated into nuclear and cytoplasmic fractions and then diluted into RIPA
prior to immunoprecipitation of the polymerase and Western analysis with MAb
11. DHBV, D1.5G-transfected cells; DHBV Polymerase, pCMV-DPol-trans-
fected cells. (C) The majority of the polymerase is nonencapsidated. LMH cells
transfected with either DHBV or DHBV(Y96F) were lysed, the lysate was
divided in three equal portions, and each portion was immunoprecipitated with
the indicated polyclonal antibodies. Core and polymerase were detected by
Western analysis.
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lysates spiked with fivefold more cores than were used as a
marker in lane 1, indicating that RIPA was unable to dissociate
cores sufficiently to expose the polymerase for immunoprecipi-
tation. High levels of detergent were also needed to immuno-
precipitate the polymerase when it was expressed in the ab-
sence of the core protein (data not shown), eliminating the
possibility that polymerase detected by immunoprecipitation
was derived from immature cores that were detergent sensi-
tive. The possibility that the polymerase was in the nucleus was
disproved by separating transfected LMH cells into nuclear
and cytoplasmic fractions by differential detergent lysis, dilut-
ing the nuclear and cytoplasmic fractions into RIPA, and im-
munoprecipitating the polymerase (Fig. 3B). The polymerase
was found primarily in the cytoplasmic fraction, but it was also
found at low levels in the nuclear fraction in some experiments.

To determine the relative levels of polymerase associated
with core protein versus polymerase not associated with core
protein, LMH cells were transfected with the wild-type DHBV
genome and a DHBV genome that expressed mutant polymer-
ase (Y96F) unable to be covalently bound to DNA. The cells
were lysed with RIPA, and the lysate was clarified. One-third
of the lysate was immunoprecipitated with polyclonal anticore
serum, one-third was immunoprecipitated with polyclonal anti-
polymerase serum, and one-third was immunoprecipitated
with preimmune serum. Each immunoprecipitate was assayed
for both the core and polymerase proteins by Western analysis.
Two observations are apparent in Fig. 3C. First, no core pro-
tein was coimmunoprecipitated when antipolymerase antibod-
ies were used for the precipitation, but a significant amount of
polymerase was coimmunoprecipitated when anticore antibod-
ies were used. Second, a large majority of the polymerase
within cells was not associated with the core protein. Quanti-
tation of these data indicates that 84% of the total polymerase
in cells is not associated with the core protein in wild-type
DHBV-transfected cells, and 75% was not associated with
core protein in DHBV(Y96F)-transfected cells. The encap-
sidated polymerase is underrepresented in the wild-type
DHBV sample because polymerase molecules attached to
large DNAs barely enter SDS-polyacrylamide gels and do
not transfer well from gels during Western analysis. There-
fore, the DHBV(Y96F) sample yields the best estimate of
the relative proportions of core-associated and non-core-
associated polymerase in cells. Subtraction of the DHBV
value from that of DHBV(Y96F) implies that approximately
9% of the total polymerase in LMH cells is covalently bound

to long DNA strands and hence is in the latter stages of
reverse transcription.

These results indicate that the polymerase we detect by
immunoprecipitation of transfected LMH cells is nonencapsi-
dated. These experiments further indicate that the failure to
immunoprecipitate the polymerase directly from cytoplasmic
extracts without additional detergent (Fig. 3A, lanes 4 and 5)
was due to a failure to solubilize the polymerase rather than
either a failure to disrupt intracellular viral cores or a nuclear
localization of the polymerase. These data therefore indicate
that the nonencapsidated polymerase is bound to a large in-
soluble cytoplasmic structure in a detergent-sensitive complex.

Nonencapsidated polymerase is found in infected duck liver.
To determine if the nonencapsidated polymerase detected in
transfected LMH cells is a normal feature of DHBV replica-
tion, we assayed for the polymerase in liver tissue by immuno-
precipitation in congenitally DHBV-infected ducks or ducks
that had been infected 1 day posthatching with DHBV. In-
fected or noninfected duck liver was suspended in RIPA (5%,
wt/vol) and dissociated with a Dounce homogenizer. The mix-
ture was clarified, and the polymerase was immunoprecipitated
with either monoclonal or polyclonal anti-DTP39His antibod-
ies. The polymerase was easily detected in RIPA extracts from
ducks infected either vertically or horizontally (Fig. 4, lanes 2
and 3) but was not found in uninfected liver (lane 3). Because
encapsidated polymerase is inaccessible to antibodies and
RIPA does not disrupt core particles (Fig. 3A, lane 6), the
ability to immunoprecipitate the polymerase indicates that it is
nonencapsidated. The polymerase could not be immunopre-
cipitated from infected duck livers when they were extracted
with CPLB (Fig. 4, lane 5). This indicates that the polymerase
in infected duck livers is bound to a cellular structure in a
detergent-sensitive complex, similar to the situation observed
in transfected LMH cells.

Nonencapsidated polymerase exists in multiple electro-
phoretic forms. Polymerase from cytoplasmic core particles
migrates on SDS-polyacrylamide gels as a single band of about
89 kDa, in agreement with its predicted mobility (Fig. 2). The
nonencapsidated polymerase immunoprecipitated from in-
fected liver migrates as two different bands in both vertically
and horizontally infected ducks (Fig. 4, lanes 2 and 3). The
slower-migrating form of the polymerase is not found within
cores (isolated from infected duck liver or transfected LMH
cells) or in nonencapsidated polymerase immunoprecipitated
from transfected LMH cells (Fig. 5A). It is not known why the
upper form of the polymerase is found only in infected duck
liver, but the retarded mobility of the upper form is probably

FIG. 4. Nonencapsidated polymerase is found in infected duck liver. Infected
or uninfected duck liver was extracted with RIPA or CPLB. The polymerase was
immunoprecipitated from the extracts with polyclonal anti-DTP39His antibodies
and detected by Western analysis with MAb 9.

FIG. 5. The polymerase exists in multiple electrophoretic forms. (A) Non-
encapsidated polymerase was immunoprecipitated from liver or LMH cells with
polyclonal anti-DTP39His antibodies, and encapsidated polymerase was immu-
noprecipitated from LMH cells with anticore antibodies prior to detection of the
polymerase and core protein by Western analysis. (B) High-resolution compar-
ison of nonencapsidated polymerase immunoprecipitated from LMH cells and
encapsidated polymerase (lacking DNA due to the Y96F mutation). Arrows
indicate positions of the barely resolved bands in the nonencapsidated polymer-
ase.
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not due to attachment of DNA because exhaustive DNase
treatment does not alter its mobility (data not shown).

Both the upper and lower electrophoretic forms of the non-
encapsidated polymerase resolve into sets of very closely
spaced bands, as seen upon careful examination (Fig. 5). These
bands are very difficult to resolve clearly (for example, only the
largest form in Fig. 5A, lane 1, resolved on that gel). The
molecular masses of the upper set of bands found only in liver
tissue range from about 95 to 100 kDa, and the molecular
masses of the lower set of bands found in liver tissue and LMH
cells range from about 88 to 90 kDa. The encapsidated poly-
merase migrates similarly to the fastest-migrating isoform of
the nonencapsidated polymerase immunoprecipitated from ei-
ther liver or LMH cells. In some experiments we detected a
third set of polymerase-specific bands that migrated from 55 to
65 kDa (data not shown). Because these lowest bands were
detected at various levels in different immunoprecipitations
from the same infected liver sample, we suspect that they may
be proteolytic cleavage products of the polymerase generated
during extraction.

Nonencapsidated polymerase is found in at least two differ-
ent forms in the cytoplasm. As a first step to identify the
structure(s) to which the polymerase is bound, we fractionated
the cytoplasm of LMH cells transfected with the DHBV ge-
nome (9). Cytoplasmic lysates were prepared by disrupting
cells in a Parr bomb in the absence of detergent followed by
low-speed centrifugation to remove the nuclei. Membranes
and large components of the cytoplasm were collected by ul-
tracentrifugation. The pellet was suspended in 50% sucrose,
and a 15 to 50% sucrose gradient was poured over the sample.
The cytoplasmic extract was ultracentrifuged overnight, and
components with densities less than that of 50% sucrose
(;1.22 g/cm3) floated upward into the gradient. The gradient
was split into 21 fractions, and each fraction was assayed for six
parameters: (i) sucrose concentration, (ii) nonencapsidated
polymerase (by diluting the fractions into RIPA and immuno-
precipitating the polymerase), (iii) core protein (by Western
analysis), (iv) intact core particles (by the endogenous poly-
merase assay, an assay that measures DNA synthesis by the
polymerase within viral cores), (v) ERP72, an ER-resident
chaperone (by Western analysis), and (vi) UDP-galactose:N-
acetylglucosamine galactosyltransferase activity, a marker of
the Golgi apparatus.

Intact viral core particles were detected at the bottom of the
gradient as indicated by endogenous polymerase activity and
Western analysis of the core protein (Fig. 6A). This was ex-
pected because core particles are large cytoplasmic macromo-
lecular complexes (and hence would be in the sample loaded
onto the gradient) that are too dense to float upward during
centrifugation. Core protein was also concentrated at the bot-
tom of the gradient, as would be expected for the major protein
component of the core particle. The ER (ERP72) was found
primarily in fractions 1 to 5, with lower levels extending to the
top of the gradient. Galactosyltransferase activity indicative of
the Golgi apparatus was found as a broad peak from fractions
4 to 11.

Nonencapsidated polymerase was detected primarily in frac-
tions 1 to 5 and at a lower level in fractions 15 to 17 (Fig. 6A).
Although the bulk of the nonencapsidated polymerase did not
resolve from the encapsidated polymerase in this experiment,
the encapsidated and nonencapsidated forms of the polymer-
ase are clearly separate because polymerase encapsidated
within core particles cannot be immunoprecipitated with anti-
polymerase antibodies (Fig. 3A, lane 6) and because core par-
ticles are released from cells at low detergent concentrations,
but high levels of detergent are needed to release the nonen-

capsidated polymerase (Fig. 3). A portion of the nonencapsi-
dated polymerase was also found at a lighter position in the
gradient where there was no detectable core protein (fractions
15 to 17). The nonencapsidated polymerase cosedimented with
the ER and was clearly separated from the Golgi apparatus.

To obtain better resolution of the denser fractions, cytoplas-
mic fractionation of DHBV-transfected cells was repeated us-
ing a 65 to 30% sucrose gradient (Fig. 6B). Again, nonencap-
sidated polymerase was found at the bottom of the gradient.
Some of the polymerase floated upward and was detected
between fractions 11 and 14. The distribution of core protein,
intact core particles (as measured by the endogenous polymer-
ase assay), and ER closely mirrored that of the nonencapsi-
dated polymerase. Cytoplasmic lysates of transfected cells ex-
pressing the polymerase under control of the CMV promoter
were also fractionated through a 65 to 30% sucrose gradient.
Under these conditions, the polymerase was detected as a
single broad peak similar to the lighter fraction of the nonen-
capsidated polymerase from DHBV-transfected cells (data not
shown). These data indicate that the nonencapsidated poly-
merase is found in at least two separate states that are sepa-
rable by sucrose sedimentation and that some of the nonen-
capsidated polymerase is in a complex with a density
considerably less than that typical for monomeric or aggre-
gated proteins.

The cellular distribution of the polymerase only partially
overlaps that of the core protein and is unaffected by blocking
encapsidation. The intracellular distribution of the nonencap-
sidated polymerase was assessed by immunofluorescence of
transfected LMH cells with MAb 9. The polymerase was
readily detectable in the cytoplasm of transfected LMH cells in
a grainy, uneven pattern (Fig. 7A) that was reminiscent of the
distribution of the human HBV polymerase overexpressed in
Huh7 cells (46). The majority of the transfected cells were
weakly positive, but occasional cells stained extremely brightly
for the polymerase. Expression of the polymerase in the ab-
sence of the pgRNA or core protein (Fig. 7B) yielded the same
staining pattern as was found in cells replicating the virus, but
the signal was brighter, presumably due to the strong CMV
promoter directing expression of the polymerase. Polymerase
was not detected when cells transfected with DHBV were
stained with an irrelevant MAb (Fig. 7C) or when nontrans-
fected cells were stained with MAb 9 (Fig. 7D).

LMH cells transfected with complete DHBV or DHBV (ε-
dlBulge) genomes were stained simultaneously with MAb 9
and rabbit anti-DHBV core polyclonal antibodies to determine
(i) if the nonencapsidated polymerase was produced in cells
that were also producing the core protein, (ii) if the two pro-
teins colocalized, and (iii) if the intracellular distribution of the
polymerase or core proteins was altered when encapsidation
was blocked by the ε-dlBulge mutation. The cells were ana-
lyzed by confocal immunofluorescence microscopy to obtain
higher resolution than available by standard microscopy. Both
the polymerase (Fig. 7E and H) and core protein (Fig. 7F and
I) were easily detectable in the cytoplasm of transfected cells in
an uneven, grainy pattern. Low levels of polymerase were de-
tected in the nuclei of some cells, but core protein was rarely
found in the nucleus (data not shown). The core signal was
stronger than that of the polymerase in the large majority of
cells, and the level of the polymerase protein varied widely
among the transfected cells. Polymerase could be detected in
87% of the cells in which core was detected, and core could be
detected in all cells in which polymerase was detected (data not
shown). Merging the polymerase and core signals (Fig. 7G and
J) revealed a complex, grainy pattern with extensive overlap
between the core and polymerase signals (overlap is indicated
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by yellow). However, significant areas of the cytoplasm con-
tained only core protein (red), only polymerase protein
(green), or neither protein (black). There was no noticeable
difference in the distribution or overlap of the core or poly-
merase proteins when encapsidation was blocked by the
ε-dlBulge mutation (compare Fig. 7G and J).

This experiment excludes the possibility that the nonencap-
sidated polymerase is found only in a subset of cells in which
core protein synthesis (and hence encapsidation) was somehow
blocked. These data further indicate that the core and poly-
merase proteins are found in complex patterns that are only
partially overlapping and that these patterns are unchanged

FIG. 6. The nonencapsidated polymerase is tightly bound to a large cytoplasmic structure. Particulate and membrane-associated material from cytoplasmic lysates
of LMH cells transfected with the wild-type DHBV genome were fractionated through sucrose gradients. Sucrose concentration and endogenous polymerase activity
are shown in the graphs. The relative levels and position in the gradient of the Golgi apparatus, ER, nonencapsidated polymerase, and core protein are indicated by
the number and size of the 1 symbols. (A) Fractionation of cytoplasmic components through a 50 to 15% sucrose gradient; (B) fractionation through a 65 to 30%
gradient.
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when encapsidation is blocked. This observation excludes the
possibility that all of the polymerase detectable by immunoflu-
orescence is in association with the core protein and hence
confirms our biochemical characterization of at least this sub-
set of the polymerase as nonencapsidated.

Confocal microscopy was also performed on cells trans-
fected with the DHBV or DHBV(ε-dlBulge) genomes and
stained with antipolymerase MAb 9 and rabbit polyclonal anti-
ERP72 antibodies because sucrose sedimentation implied an
association between the polymerase and the ER. The polymer-
ase (Fig. 7K) and ERP72 (Fig. 7L) were widely distributed in
the cytoplasm, but the merge of the data sets (Fig. 7M) re-
vealed little overlap between the two signals. The distribution
and overlap of the polymerase and ERP72 proteins were un-
affected by blocking encapsidation with the ε-dlBulge mutation
(data not shown).

DISCUSSION

Here we report that the large majority of the DHBV poly-
merase within LMH cells is nonencapsidated and that nonen-
capsidated polymerase is also easily detectable in infected duck
liver. The nonencapsidated polymerase is found in multiple
isoforms, only one of which is found within viral core particles.
The nonencapsidated polymerase is bound to a cytoplasmic
structure in a large detergent-sensitive complex. Finally, the
intracellular distribution of the polymerase is highly complex,
only partially overlaps that of the core protein, and is not
dependent on the encapsidation reaction.

The nonencapsidated DHBV polymerase may have been
observed before (40). In this experiment, LMH cells were
transfected with a DHBV genome carrying mutations that
inserted a protein kinase A phosphorylation site into the poly-
merase. A cellular lysate was prepared, and core particles were
removed by ultracentrifugation. The polymerase was then im-
munoprecipitated from the lysate, phosphorylated in vitro, and
reimmunoprecipitated prior to resolution by SDS-PAGE (3).
These experiments revealed a protein of about 90 kDa and a
number of smaller bands. Because the lysate had been cleared
of cores and as there was no DNA attached to the phosphor-
ylated protein, it was concluded that the 90-kDa band was
probably nonencapsidated DHBV polymerase.

We have been unable to demonstrate DNA polymerase ac-
tivity by the nonencapsidated polymerase (data not shown).
This failure may be due to technical reasons. However, no
hepadnavirus-specific DNA polymerase activity has been
found outside of viral cores in infected cells or tissue despite
diligent attempts by multiple groups. This supports the possi-
bility that the nonencapsidated polymerase is truly enzymati-
cally inactive. If the encapsidated pool of the polymerase di-
verges from the nonencapsidated pool of polymerase at the
stage of binding of the polymerase to ε on the pgRNA, we
expect that the nonencapsidated polymerase would be enzy-
matically inactive because binding to ε promotes enzymatic
maturation of the polymerase (36, 37).

Nonencapsidated polymerase from liver tissue migrates as
two major bands in SDS-PAGE, whereas nonencapsidated
polymerase from LMH cells migrates as only a single major

band, equivalent to the lower form observed in liver tissue. It
is unknown why the upper form present in liver is not found in
LMH cells. The lower form that is found in both liver and
LMH cells migrates as predicted from the primary sequence of
the gene. Upon close examination, both the upper and lower
forms of the nonencapsidated polymerase are seen to resolve
into multiple species (Fig. 4). These species are very closely
related in size and are difficult to resolve clearly. The slower-
migrating isoforms are probably produced by differential post-
translational modification of the polymerase, because all of the
polymerase is produced from a single viral gene and there is no
evidence for differential splicing in the generation of the poly-
merase mRNA. Not all isoforms of the polymerase are com-
petent for encapsidation because only the very fastest migrat-
ing (and presumably least modified) isoform is found within
core particles produced in either LMH cells or duck liver. This
raises the possibility that the metabolism of the polymerase
within cells may be regulated by posttranslational modification,
with the more highly modified molecules remaining nonencap-
sidated.

The insoluble cytoplasmic component(s) to which the non-
encapsidated polymerase is bound appears to be of cellular
origin. This is because the only viral components that have not
been excluded from being associated with the nonencapsidated
polymerase are the RNA sequences encoding the polymerase
and the viral surface glycoproteins (which are encoded in a
different reading frame within the polymerase gene [Fig. 1]).
Because there is no evidence for an interaction between the
polymerase and the surface glycoproteins and as association
with the DHBV RNA would increase rather than decrease the
polymerase’s density, these viral components cannot account
for the cellular association of the polymerase. Therefore, the
polymerase must be either bound to a large cellular component
or aggregated. Although aggregation cannot be rigorously ex-
cluded, it is insufficient to account for the sedimentation be-
havior of the nonencapsidated polymerase because the sam-
ples in Fig. 6B were dissolved in sucrose at a concentration of
about 1.28 g/cm3 and overlaid with a gradient whose density
declined to about 1.15 g/cm3. Proteins typically have a density
of 1.3 g/cm3 or higher, and they certainly would be denser than
the 1.16 g/cm3 at which the lighter fraction of the nonencap-
sidated polymerase is found. The only way the polymerase
could have reached this position in the gradient would have
been to float upward during centrifugation due to association
with a cellular component of lower density, probably a mem-
brane-containing component. Despite the provocative cosedi-
mentation of the nonencapsidated polymerase with the ER,
confocal microscopy indicates there is little colocalization of
the polymerase with the ER in cells. Therefore, the identity of
putative cellular partner(s) is unknown.

It is not known if nonencapsidated HBV polymerase exists
in infected human cells, but one observation suggests that it
may. Antibodies to the polymerase can be found in people
infected with HBV and in woodchucks infected with wood-
chuck hepatitis virus (4, 7, 16, 42, 43). If the polymerase were
made only in the trace amounts needed to provide one or two
molecules per virion, it would be hard to imagine how anti-
bodies could routinely develop against it, especially as the

FIG. 7. The cellular distribution of the polymerase only partially overlaps that of the core protein and is unaffected by blocking encapsidation. Transfected LMH
cells were fixed and permeabilized, and the polymerase, core, and ERP72 proteins were detected by immunofluorescence microscopy. DHBV, D1.5G-transfected cells;
DHBV(ε-dlBulge), D1.5G(ε-dlBulge)-transfected cells; Polymerase, pCMV-DPol-transfected cells. Antipolymerase antibody was MAb 9; anti-influenza virus HA1 was
MAb 12CA5; anticore and anti-ERP72 were rabbit polyclonal antibodies. MAbs were detected with an anti-mouse fluorescein isothiocyanate-labeled secondary
antibody, and anticore and anti-ERP72 were detected with an anti-rabbit rhodamine-labeled secondary antibody. (A to D) Standard immunofluorescence; (E to M)
confocal immunofluorescence microscopy. Yellow and orange in panels G, J, and M indicate colocalization of the stained proteins.
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polymerase is not exposed on the outside of the virus. The
detection of DHBV polymerase in the cytoplasm of cells pro-
ducing infectious virus indicates that much more polymerase is
made than had been previously assumed. We therefore predict
that nonencapsidated HBV polymerase also exists. MAbs
against the human HBV polymerase that can detect recombi-
nant HBV polymerase in Western analysis, immunoprecipita-
tion, and immunofluorescence have recently been generated
(46), but detection of nonrecombinant HBV polymerase has
not yet been reported. However, this inability to detect the
polymerase in transfected cells may stem from the low levels of
HBV replication supported by hepatoma cell lines (R. Lan-
ford, personal communication).

The data presented here reveal that the DHBV polymerase
has two possible major metabolic fates that result in either
encapsidated or nonencapsidated polymerase (Fig. 8). The en-
capsidation pathway is well known; it involves cotranslational
binding of the polymerase to ε (12), followed by a structural
alteration to the polymerase that results in its enzymatic acti-
vation (36, 37). This ribonucleoprotein complex is then encap-
sidated into core particles (1, 12, 15). The second possible fate
of the polymerase is to bind to a cytoplasmic component and
become posttranslationally modified. It is unknown if the poly-
merase enters this pathway directly following translation, or if
polymerase at other stages of encapsidation may enter the
nonencapsidated pathway (these possibilities are not mutually
exclusive). Figure 8 illustrates the polymerase binding to its
cytoplasmic partner(s) prior to posttranslational modification
because some of the nonencapsidated polymerase is appar-
ently not modified (Fig. 5). However, it is possible that the
polymerase is modified first and then binds to its cytoplasmic
partner(s) or that different isoforms of the nonencapsidated
polymerase follow different pathways. It is not known what
regulates the partitioning of the polymerase into these two
pathways.

There is no obvious role for the polymerase outside of viral
particles in hepadnaviral replication, but we envision three
possibilities. First, the nonencapsidated polymerase may be a
metabolic by-product of an inefficient encapsidation process.

Second, the nonencapsidated polymerase may be an interme-
diate in the encapsidation reaction. Finally, the nonencapsi-
dated polymerase may regulate cellular or viral processes.
These possibilities are not mutually exclusive.

Three observations argue that the nonencapsidated poly-
merase is not just a metabolic by-product. First, a remarkably
large amount of nonencapsidated polymerase accumulates in
cells, despite its translation from the downstream open reading
frame of a bicistronic mRNA. This accumulation is even more
remarkable when the short half-life of the polymerase in cells
is considered (the human HBV polymerase has a half-life of
;40 min [2], and our preliminary data indicate the DHBV
nonencapsidated polymerase half-life to be less than 40 min).
This implies that the polymerase is synthesized rapidly to main-
tain the high steady-state level detected by immunoprecipita-
tion. Second, the nonencapsidated polymerase is tightly asso-
ciated with a cellular structure in what appears to be a specific
complex. Third, the nonencapsidated polymerase exists as mul-
tiple isoforms, but only one of these forms is encapsidated.

Some of the nonencapsidated polymerase molecules may be
encapsidation intermediates. Results of in vitro studies using
translation of the HBV core protein in wheat germ extract
imply the existence of high-molecular-weight intermediates in
the assembly of core particles (21). These studies did not in-
clude the polymerase, and other studies in cells have failed to
find stable intermediates in core particle assembly larger than
core protein dimers (31). However, it is reasonable to suggest
that such complexes may exist in cells during the assembly
of bona fide core particles containing the polymerase and
pgRNA. If these putative intermediates exist, some of the
nonencapsidated polymerase could be in detergent-sensitive
complexes with partially formed capsids. The denser fraction
of immunoprecipitable polymerase detected by sedimentation
(Fig. 6B, fractions 1 to 3) may contain polymerase molecules
from such intermediates because this portion of the polymer-
ase is found only in cells transfected with the complete DHBV
genome. However, much of the nonencapsidated polymerase
in the cell must have a fate other than encapsidation for four
reasons. First, the detergent extraction characteristics of the
polymerase are the same in the presence or absence of the core
protein, or in the presence or absence of a functional encap-
sidation signal. This indicates that the polymerase-containing
complexes which are disrupted by RIPA do not require any of
the other viral components of the encapsidation reaction. Sec-
ond, confocal microscopy reveals that some of the polymerase
in cells transfected with wild-type DHBV does not colocalize
with the core protein (Fig. 7G). Third, the cellular distribution
of the polymerase in cells (as measured by confocal microscopy
or nuclear/cytoplasmic fractionation) is the same in the pres-
ence or absence of the core protein or in the presence or
absence of a functional encapsidation signal. Finally, it is dif-
ficult to propose that all isoforms of the polymerase are en-
capsidation intermediates when only one isoform is found in
cores.

A role for the polymerase as a regulator of a viral or cellular
process is speculative but reasonable given the hepadnaviruses’
unusual replication cycle. The hepadnavirus genome is very
small, and all nucleotides code for protein, most of them in
more than one frame simultaneously. This places severe con-
straints on the number of proteins that the virus can produce.
Three of the four hepadnavirus open reading frames are
known to regulate cellular or viral functions. The X open
reading frame encodes a regulatory protein with transcrip-
tional transactivation activity (44). The C open reading frame
encodes both the major capsid protein and the e antigen, a
secreted protein believed to function in immune evasion (8).

FIG. 8. Metabolism of the DHBV polymerase. Two fates of the polymerase
are indicated, with the encapsidated pool on the right and the nonencapsidated
pool on the left. P, primary translation product of the polymerase gene; P:ε,
polymerase bound to ε on the pgRNA; Pp:ε, polymerase (bound to ε) that has
undergone the structural alteration leading to enzymatic maturation; 1P, post-
translationally modified polymerase corresponding to any of the slower-migrat-
ing isoforms detectable by immunoprecipitation. The grey shape represents the
cytoplasmic component(s) to which the polymerase is bound. Dotted arrows
indicate nonexclusive possibilities.
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The S open reading frame encodes the viral surface glycoproteins.
The smallest of these glycoproteins is secreted at high levels into
the blood and is probably involved in immune evasion, and the
largest surface glycoprotein can be a transcriptional regulator (11,
29). Even the polymerase itself has been proposed to be a sup-
pressor of core protein translation (13). Therefore, there is ample
precedence for a role of the hepadnavirus polymerase as a regu-
lator of cellular or viral processes beyond its obvious role in
genomic replication. Further research into this intriguing possi-
bility is needed to clarify the role of the nonencapsidated poly-
merase in hepadnavirus biology.
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