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Hepadnaviruses contain a DNA genome, but they replicate via an RNA intermediate, synthesized by the
cellular RNA polymerase II in the nucleus of the infected cell. Thus, nuclear transport of the viral DNA is
required in the viral life cycle. Protein-free DNA is only poorly imported into the nucleus, so one or more of
the viral proteins must be involved in the transport of the viral genome. In order to identify these viral proteins,
we purified woodchuck hepadnavirus (WHYV) core particles from infected woodchuck liver, isolated WHY DNA,
and extracted the covalent complex of viral polymerase from the particles using urea. Intact core particles, the
polymerase-DNA complex, or protein-free WHYV DNA from core particles was added to digitonin-permeabilized
HuH-7 cells, in which the cytosol was substituted by rabbit reticulocyte lysate (RRL) and an ATP-generating
system. The distribution of the viral genome was analyzed by semiquantitative PCR or by hybridization in total
nuclei, RRL, nuclear membranes, and nucleoplasm. The polymerase-DNA complex was efficiently transported
into the nucleus, as indicated by the resistance of the nucleus-associated DNA to a short-term treatment with
DNase I of the intact nuclei. The DNA within core particles stayed mainly in the cytosol and remained protected
against DNase I. A minor part of the encapsidated DNA was bound to nuclei. It was protected against DNase
I but became accessible after disruption of the nuclei. Deproteinized viral DNA completely remained in the cytosol.
These data show that the viral polymerase is probably sufficient for mediating the transport of a hepadnavirus

genome into the nucleus and that the viral core particles may release the genome at the nuclear membrane.

The family of the Hepadnaviridae is composed of hepato-
tropic species-specific viruses which infect certain mammalian
and avian species. Human hepatitis B virus (HBV) is the pro-
totype of the Hepadnaviridae, while the woodchuck hepatitis
virus (WHYV) serves as an important model for infection (11).
Hepadnaviruses contain within their envelope a small icosahe-
dral nucleocapsid (or core) with a 30- or 34-nm diameter (8,
22). The core particles encapsidate a circular DNA genome of
approximately 3,200-base length (31). This DNA is partially
double stranded with a complete minus DNA strand, which is
covalently bound at the 5" end (12, 26) to the viral polymerase
(4). In addition to the genomic DNA and viral polymerase, a
protein kinase is present in the lumen of the core particles (2, 13),
which has been identified as a protein kinase C (PKC) (19, 20).

Although all hepadnaviruses contain a DNA genome, they
replicate via an RNA intermediate (34) that is synthesized by
the cellular RNA polymerase II of the infected cell (23). Thus,
the viral DNA has to be imported into the nucleus of the
infected cell.

In an established infection with duck hepatitis B viruses
(DHBYV), approximately 20 to 50 copies of viral covalently
closed circular DNA (cccDNA) can be found in the nucleus of
an infected duck hepatocyte (35). The half-life of the cccDNA
was determined to be 2 to 3 days (6, 7), implying an initial
accumulation and permanent regeneration of the cccDNA
pool. While primary hepatocytes lose their susceptibility to
infection within 3 days after being put into culture (35), the
main amplification of the cccDNA pool occurs 10 days after
infection of primary hepatocytes. This observation implies that
the cccDNA amplification is caused not by a reinfection of the
cells but by reentry of the viral genomes from the mature core
particles (36) which assemble in the cytosol (32).
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In theory, there are at least three different possibilities for
nuclear entry of the viral genome during de novo infection or
intracellular amplification. (i) The viral DNA is released from
the nucleocapsid or virion and deproteinized outside the nu-
cleus, and then the genome is imported into the nucleus sim-
ilarly to artificial transfection. (ii) The incoming virus loses the
surface proteins during entry, and complete core particles are
transported into the nucleus. (iii) A third possibility for the
nuclear import of the viral genome would begin with disassem-
bly of the core particles outside the nucleus. The subsequent
transport of the genome could be mediated either by the co-
valently linked polymerase or by nonassembled core protein
subunits attached to the polymerase-DNA complex.

Available hepatocyte lines are not susceptible to infection
with hepadnaviruses, so there is no readily available system for
studying nuclear entry. To study the process of nuclear import,
we used the established system of permeabilized cell cultures
which allow free access of macromolecules to nuclei and main-
tain active transport of nucleus-bound substances (1). As a
source for viral components we used livers from WHV-in-
fected woodchucks. The covalent polymerase-DNA complex
and protein-free WHV DNA were prepared from WHYV core
particles and also subjected to the in vitro system for nuclear
transport. The distribution of viral DNA between nuclei and
surrounding medium was measured by PCR or by autoradiog-
raphy of the viral DNA, which had been *?P-labeled by the
endogenous polymerase reaction. The release of the viral
DNA from core particles made it accessible for DNase I. Our
study suggests that the covalently bound polymerase mediates
the nuclear transport of the hepadnavirus genome.

MATERIALS AND METHODS

Purification of the WHYV core particles. Approximately 30 g of WHV-infected
woodchuck liver, stored at —70°C, was thawed in ice-cold TKM buffer (50 mM
Tris-HCI [pH 7.5], 10 mM KCl, 1 mM MgCl,) and cut into small pieces. To
remove anti-WHYV antibodies, the liver pieces were washed several times in 200
ml of TKM buffer until the supernatant appeared clear. The sedimented liver
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pieces were resuspended in 15 ml of TKMD (TKM buffer plus 1 mM dithio-
threitol [DTT], 1% Nonidet P-40 [NP-40], 30 g of aprotinin, 30 pg of pepstatin,
30 pg of leupeptin [Sigma, Deisenhofen, Germany]) and homogenized in a
motor-driven homogenizer (Ultra-Turrax T25; IKA-Labortechnik, Staufen i. Br.,
Germany) (11 30-s cycles). The homogenate was precleared by centrifugation for
20 min at 1°C at 3,000 X g. The core particles in the supernatant were pelleted
through an 8-ml 30% (wt/wt) sucrose cushion in phosphate-buffered saline (PBS)
(171 mM NaCl, 3.4 mM KCl, 10 mM Na,HPO,, 1.9 mM KH,PO,) for 24 h at
25,000 rpm at 4°C in an SW28 rotor (Beckman). The pellet was resuspended in
TNE (10 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA) by 10 10-s cycles
of sonification (Sonoplus HD70 with a UW70 head and a microtip [Bandelin,
Berlin, Germany]) and subjected to ultracentrifugation through a sucrose gradi-
ent (10 to 50% [wt/wt] sucrose-PBS) for 14 h at 15,000 rpm at 4°C in an SW28
rotor. The gradient was harvested in 23 fractions of 1.6 ml. An endogenous
polymerase reaction of a 10-pl aliquot of each fraction was carried out overnight
at 37°C in the presence of 50 uCi of [«*?P]dCTP (3,000 Ci/mmol) (Amersham)
50 mM NH,CI, 50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 7 mM MgCl,, 0.1%
NP-40, 10 oM dGTP, 10 uM dATP, and 10 uM dTTP in a volume of 30 pl. After
the incubation, 10 pl of the reaction mixture was subjected to electrophoresis
through a 1% agarose gel. The gel was fixed by two 10-min washes in 10%
trichloroacetic acid (TCA) and two 5-min washes in 5% TCA, dried, and ana-
lyzed by autoradiography. Fractions 6 to 12 (33 to 24% sucrose), where a band
appeared at approximately 3,000 bp, were pooled. To this pool of *?P-labeled
WHYV core particles, TNE was added to a final volume of 4.4 ml, and the core
particles were sedimented in an SW60 rotor for 24 h at 4°C at 45,000 rpm. To
remove surface proteins, potentially adhering to the core particles, the pellet was
resuspended in 150 pl of 1% NP-40-0.02% B-mercaptoethanol-1X PBS and
incubated 60 min at 37°C. The nucleocapsids were sedimented for 60 min at 4°C
at 30 Ib/in? in an Airfuge (Beckman). The pellet was resuspended in 180 pl of
ice-cold TNE and stored in aliquots at —20°C. The corresponding aliquots of
nonlabeled core particles were treated in an analogous way without endogenous
polymerase reaction.

Preparation of the polymerase-DNA complex and of deproteinized WHV DNA.
Twenty microliters of the core preparation was incubated for 60 min at 37°C in
50 pl of 4 M urea-1% B-mercaptoethanol, 1X PBS. The released polymerase-
DNA complex was sedimented through a 15% (wt/wt) sucrose-PBS cushion for
2 hat 135,000 X g in an Airfuge. The pellet was resuspended in 20 pl of 1X PBS
and stored in aliquots at —20°C.

For preparation of the deproteinized WHV DNA, 20 pl of the core prepara-
tion was incubated in 100 mM Tris-HCI (pH 7.5)-12.5 mM EDTA-150 mM
NaCl-1% sodium dodecyl sulfate (SDS)-100 wg of proteinase K (Sigma) per ml
in a volume of 40 pl overnight at 56°C. The sample was phenol-chloroform
extracted, and the supernatant was ethanol precipitated in the presence of 20 g
of glycogen (Boehringer Mannheim). The pellet was resuspended in 20 pl of 1X
PBS and stored at —20°C.

In order to study whether core protein might reach the pellet during centrif-
ugation and, thus, contaminate the polymerase-DNA complex preparation, 4.4
wg of Escherichia coli-derived core particles was phosphorylated by PKC in the
presence of 10 pCi of [y->>P]JATP by the method of Kann and Gerlich (20). Half
of the reaction mixture was subjected to the treatment described for the poly-
merase-DNA complex preparation. The rest of the reaction mixture was centri-
fuged without disruption of core particles. After sedimentation and resuspension
of the pellets, protein-bound radioactivity was determined in the supernatants
and in the resuspended pellets after TCA precipitation.

Detection of WHV DNA. Detection of WHV DNA by filter hybridization was
carried out as described by Zyzik et al. (39) with the unlabeled components. As
probe, the digoxigenin-labeled WHV DNA insert of plasmid pWHc2 (kind gift
of S. Menne and M. Roggendorf), representing the core gene region, was used.
Detection was performed by using a horseradish peroxidase (HRPO)-labeled
antidigoxigenin antibody and 3’,3’-diaminobenzidine as substrate as recom-
mended by the vendor (Boehringer Mannheim).

For PCR, samples were lysed in 0.1 M NaOH for 1 h at 37°C and neutralized
by 1.5 volume of 0.2 M Tris-HCI, pH 7.5. Twenty microliters of the denatured,
neutralized sample was subjected to the PCR, using 0.2 M primer WHV11 (5’
GAGGAGGGCAGCATTGAT 3’ [positions 1901 to 1919]), WHV12 (5" ATT
CTTGAACTGTATGTT 3’ [positions 2372 to 2351]), 1X Taq buffer (Promega,
Madison, Wis.), 1.5 mM MgCl,, and 2.5 U of Tag polymerase (Promega) in 100
wl. The PCR was carried out in a thermocycler (Hybaid Omnigene) for 35 cycles
(95°C for 60 s, 60°C for 60 s, and 72°C for 90 s) after initial denaturation for 3
min at 95°C. PCR was finished by a terminal incubation of 3 min at 72°C. The
amplification products of 473 bp were separated on a 2% agarose gel and
visualized by ethidium bromide staining.

Immunoprecipitation. Five microliters of the core particles containing 32P-
labeled DNA was incubated with 2 pl (46 pg) of antibody to human hepatitis B
core antigen (HBcAg) (anti-HBc), which cross-reacts with WHcAg (DAKO,
Hamburg, Germany) or polyclonal rabbit antibody to woodchuck surface antigen
(kind gift of T. Tolle and M. Roggendorf) for 2 h at 37°C. Immunocomplexes
were bound to 30 ul of protein G-agarose (Sigma), which had been preincubated
with 0.5 ml of 1% bovine serum albumin for 1 h at 4°C. Thereafter, the beads
were sedimented and washed twice with 0.5% Tween 20-PBS, twice with 0.1%
Tween 20-PBS, once with PBS, and once with H,O (1 ml each time) before they
were resuspended in proteinase K buffer. After incubation, as described for the
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deproteinization of the WHV DNA, the redissolved precipitate was separated on
an agarose gel and the 3?P-labeled DNA was visualized by autoradiography.

Transport assay in permeabilized HuH-7 cells. The permeabilization and
subsequent transport assay were performed by the method of Adam et al. (1). A
16-cm plate with 50 to 70% confluent HuH-7 cells was washed with 15 ml of
serum-free Mixed Medium (1.972% Instamed Medium 199 Eagle [Seromed,
Berlin, Germany], 8.32% Instamed RMPI 1640 [Seromed], 2% NaHCO;, 20 mM
L-glutamine [GIBCO BRL, Paisley, United Kingdom], 1X nonessential amino
acids [GIBCO BRL], 10 mM sodium pyruvate). The cells were permeabilized for
5 min in 15 ml of serum-free Mixed Medium-40 ug of digitonin (Sigma) per ml
at 37°C. After permeabilization, the cells were washed twice with 1X transport
buffer (2 mM Mg acetate, 20 mM HEPES [pH 7.3], 110 mM K acetate, 5 mM Na
acetate, 1 mM EGTA, 2 mM DTT) before they were harvested with a rubber
policeman. The suspended cells were pelleted (for 1 min at 2,000 rpm at 4°C in
an Eppendorf centrifuge) and resuspended in 1 ml of 1X transport buffer. A
50-pl aliquot of the suspension was used per assay. The cell aliquot was pelleted
and resuspended in 34 pl of a transport mix, so that the assay after addition of
the viral component contained final concentrations of 50% rabbit reticulocyte
lysate (RRL) (Promega) (final concentration, 35 mg/ml), 50 mM creatine phos-
phate (Sigma), 10 U of creatine phosphokinase (CPK) (Sigma), and 1X transport
buffer. In the assays using an ATP-depleting system, the resuspension mixture of
1X transport buffer and RRL without ATP, phosphocreatine, and CPK was
preincubated for 15 min at 30°C in the presence of 100 mM glucose and 4 U
hexokinase. Six microliters of the WHV component, containing approximately
2 X 107 WHV DNA copies was added immediately after the resuspension of the
cells. After the samples were incubated for 20 min at 30°C the cells, were
sedimented for 2 min at 2,000 rpm at 4°C. The supernatant was withdrawn and
a 4-pl aliquot was diluted with 146 pl of 1X transport buffer. The pellet was
washed gently three times with 40 wl of 1X ice-cold transport buffer before
integrity of the nuclei was determined microscopically. Two aliquots of 4 ul were
withdrawn and diluted in 146 pl of 1X transport buffer each. One additional 4-pl
aliquot was used for disintegration of the nuclei, which was done by the method
of Qiao et al. (30). To this end, the cells were diluted in 146 pl of H,O and
subjected to five freezing and thawing cycles. After microscopical control of the
effect of disruption, the membranes were sedimented for 15 min at 15,000 rpm
at 4°C and the supernatant, i.e., the nucleoplasm, was removed. The membrane
pellets were washed twice in 200 wl of 1X transport buffer and finally resus-
pended in 150 pl of 1X transport buffer. From each sample, 7 wl was withdrawn
and treated with 2 U of DNase I for 10 min at 37°C. To 7 pl of the original
samples, 2 pl of PBS was added to adjust the volume, and these samples were
also incubated for 10 min at 37°C. All samples were analyzed by PCR.

Purity of the nucleoplasma preparation. For controlling the separation be-
tween nucleoplasm and membranes, cells were permeabilized and subjected to a
transport assay as described above. After the assay, the cells were washed and
lysed by freezing and thawing cycles without dilution. The sedimented mem-
branes were resuspended in the same volume of 1X transport buffer as the
nucleoplasm. A dilution series of the resuspended membranes and an aliquot of
the nucleoplasma were separated on an 10% SDS-polyacrylamide gel. After-
wards, the gel was blotted in a blotting device (TE Transphor electrophoresis
series [Hoefer, San Francisco, Calif.]) overnight on a polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, Mass.). The membrane was blocked by
5% milk powder-PBS for 1 h at room temperature before the anticalnexin
antibody (antibody against the cytoplasmic tail of calnexin [kind gift of Ari
Helenius]) was added in a final concentration of 1:200 for 2 h. The membrane
was washed four times for 10 min each at room temperature in PBS-0.05%
Tween 20-0.1% milk powder and incubated in the same buffer with a 1:2,500
dilution of alkaline phosphatase-labeled antirabbit antibody (Sigma) for 1 h at
room temperature. After the membrane was washed as described above, detec-
tion of calnexin was performed with an ECL detection system, according to the
instructions of the vendor (BM Chemiluminescence Blotting Substrate [Boehr-
inger Mannheim]).

RESULTS

Characterization of WHV core particles. WHV core parti-
cles were purified from liver homogenate by several centrifu-
gation steps. In order to ascertain the identity and purity of the
viral components used for this study, the encapsidated viral
DNA in the purified core particles was labeled with [**P]dCTP
by the endogenous polymerase. Separation of the labeled par-
ticles on an agarose gel showed a single band in autoradiog-
raphy (Fig. 1A, lane 3). Phenol-chloroform extraction of the
encapsidated DNA after proteinase K digestion showed that
the core particles contained full-length genomes without a
significant amount of heterogeneous replicative intermediates
(Fig. 1A, lane 1). To confirm that the labeled DNA was en-
capsidated in the nucleocapsids, the core particles were immu-
noprecipitated with a polyclonal antibody against hepadnavirus
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FIG. 1. Characterization of WHV DNA-containing samples. (A) Autora-
diography of a 1% agarose gel of deproteinized WHV DNA (lane 1), WHV
polymerase-DNA complex (lane 2), and WHYV core particles (lane 3). DNAs of
the three preparations were labeled with [a-*P]dCTP by the endogenous poly-
merase reaction. All samples contained 0.1% SDS. (B) Autoradiography of a 1%
agarose gel on which the DNA extracted from the immunoprecipitated 32P-
labeled preparations was separated. After immunoprecipitation, the samples
were proteinase K digested, phenol-chloroform extracted, and ethanol precipi-
tated. Lane 4, protein-free DNA as negative control, immunoprecipitated with
anti-WHs; lane 5, protein-free DNA, immunoprecipitated with anticore antibod-
ies; lane 6, WHV core particles, immunoprecipitated with anti-WHs; lane 7,
WHYV core particles, immunoprecipitated with anticore antibodies; lane 8§, WHV
polymerase-DNA complex, immunoprecipitated with anti-WHs; lane 9, WHV
polymerase-DNA complex, immunoprecipitated with anticore antibodies.

core antigen (Fig. 1B, lane 7). The absence of viral surface
proteins (WHs) was verified by a negative result of the immu-
noprecipitation using a polyclonal anti-WHs antiserum (Fig.
1B, lane 6).

Isolation of the polymerase-DNA complex. Core particles
containing *?P-labeled DNA were treated with urea, in order
to dissociate the core protein subunits. Since disulfide bonds
between the core subunits might have been generated during
core particle preparation, B-mercaptoethanol was added to
prevent trapping of the polymerase-DNA complex within the
cross-linked core protein subunits. Since the covalently linked
polymerase-DNA complex sediments with 14S (12) faster than
the core protein monomers or dimers, the reaction mixture was
subjected to centrifugation through a sucrose cushion in a
small ultracentrifugation rotor, leading to a complete sedimen-
tation of the radioactive DNA after 2 h. To an aliquot of the
resuspended pellet, agarose gel loading buffer was added, pro-
ducing a final concentration of 0.1% SDS in the sample. The
complex was separated on a 1% agarose gel. Autoradiography
of the gel (Fig. 1A, lane 2) showed a slower migration of the
protein-DNA complex than of the protein-free DNA. This
confirmed the association of the released radioactive WHV
DNA with a protein. To further study this association, the
sample was extracted in the presence of SDS with phenol-
chloroform and TCA precipitated in order to remove residual
amounts of free **P-labeled nucleotides. TCA-precipitable ra-
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FIG. 2. Determination of the number of viral genomes by dot blot hybrid-
ization. Ten microliters of each component and their 10-fold dilutions were alkali
lysed prior to blotting and hybridized with a digoxigenin-labeled WHV DNA
fragment, covering the core region of a WHYV isolate. The signal was visualized
with an HRPO-labeled antidigoxigenin antibody. The upper row shows a dilution
series of the plasmid standard. The numbering above this row gives the number
of genomes per sample.

dioactivity was extracted by phenol, confirming the presence of
a covalent protein-DNA complex (12).

Since the migration of the polymerase-DNA complex in the
native agarose gel was slower than the migration of intact core
particles, the native structure of the nucleocapsids must have
been disrupted and the DNA unfolded.

In order to exclude the presence of core particles in the
polymerase-DNA preparation, an aliquot of the sample was
immunoprecipitated with a polyclonal interspecies reactive an-
tibody against HBcAg. Figure 1B (lane 9) shows that the com-
plex was not precipitable, indicating the absence of core par-
ticles in the sample. To determine whether core protein might
cosediment during pelleting of the polymerase-DNA complex,
E. coli-derived core particles, radioactively labeled by protein
kinase C were lysed and centrifuged as for preparation of the
polymerase-DNA complex from liver-derived core particles.
The TCA-precipitable radioactivity of **P-labeled core protein
was found exclusively in the supernatant, whereas the sediment
revealed a radioactivity slightly lower than the background
(supernatant, 7,597 cpm; pellet, 118 cpm; background, 124
cpm). Thus, sedimentation of core protein subunits in the
centrifugation appears unlikely, although a cosedimentation,
caused by binding to the polymerase, could not be excluded by
the use of the E. coli-derived core particles in this experiment.
A further control experiment with phosphorylated nondena-
turated core particles showed that 80% of the TCA-precipita-
ble radioactivity was in the pellet.

Semiquantitative assay of WHV DNA. In order to determine
the number of viral genomes in the various preparations, a dot
blot hybridization of a dilution series of the different samples
was performed. As a standard, purified plasmid DNA pWHc2,
which contains the core gene region of WHV, was used. The
number of genomes in the WHV core sample and in the
preparations derived from them was adjusted to the final con-
centration of approximately 5 X 10° genomes per ml (Fig. 2).

Since the DNA distribution during the transport reaction
was analyzed by single-round PCR, we examined the amplifi-
cation efficiencies of the different components, by amplifying a
dilution series of each sample. The result (Fig. 3), showed that
the DNA of the polymerase-DNA complex and of the depro-
teinized WHV DNA was amplified slightly better than the
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FIG. 3. Semiquantitative assays of WHV DNA in core particles (upper pan-

el), the polymerase (pol)-DNA complex (middle panel), and free DNA (lower
panel) using PCR. The amplification products were separated on a 2% agarose
gel and stained by ethidium bromide. The left lanes in the panels show the DNA
molecular weight marker (Boehringer VIII). The numbers at the top show the
number of genomes per sample in a 10-fold dilution series.

DNA within core particles. The detection limit ranged from
5 X 10° to 5 X 10* copies per sample. In all samples, the
fluorescence intensity of the amplification products was pro-
portional to the amount of the component within the range
from 5 X 107 to 5 X 10* copies per sample.

In vitro nuclear transport of the components. The distribu-
tion of WHV DNA in the in vitro transport system was initially
analyzed by using approximately 1,000 *?P-labeled viral ge-
nomes per cell. After the transport reaction, the RRL as cy-
tosol substitute was separated from the nuclei and both frac-
tions were subjected to native agarose gel electrophoresis.
With the protein-free WHV DNA, less than 10% of the **P
was found in the nuclear fraction. In the cytosolic fraction,
approximately 40% of the DNA migrated as free DNA and
60% remained in the pockets of the gel (Fig. 4), indicating
formation of protein-DNA complexes. Addition of SDS to the
sample resulted in a disruption of the complex and migration
as in Fig. 1A (data not shown). In contrast to the distribution
of the protein-free DNA, the polymerase-DNA complex was
completely associated with the nuclear fraction (Fig. 4). The
complex did not migrate and remained in the pockets of the gel
(Fig. 4). When entire core particles were used in the assay
approximately one-third of the radioactivity was found in the
nuclear fraction (Fig. 4) and two-thirds in the cytosol. In both
cases, the core particles were bound to large structures, pre-
venting entry of labeled DNA into the gel.

To simulate the in vivo situation where only small amounts
of core particles are present in the cytosol, further transport
assays were performed, using approximately 10 nonlabeled
genomes per cell. Due to this small amount of DNA, samples
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FIG. 4. Distribution of 3?P-labeled WHV DNA after transport assays with
radioactively labeled preparations. The samples from the transport assay were
separated into the nuclear fraction and the cytosolic fraction. The fractions were
analyzed in the absence of detergent on a 1% agarose gel. The gel was TCA fixed
and subjected to autoradiography. The radioactivity at the top of the figure
indicates the amount of WHV DNA bound to structures which did not enter the
gel, i.e., intact nuclei or cytosolic structures.

had to be analyzed by semiquantitative PCR. In an aliquot of
the nucleus-containing fraction, the nuclei were disrupted by
freezing and thawing and separated into nuclear membranes
and the nucleoplasm. From each fraction an aliquot was di-
Iuted 1:37.5 before PCR to prevent inhibitory effects of sub-
stances in the transport assay. The volume of the aliquots for
PCR was adjusted in order to allow detection of approximately
1/10 of the genomes added to the reaction mixture. Thus, a
negative result in the PCR means that less than 10% of the
genomes were present in the analyzed fraction.

To control the efficiency of the separation into nucleoplasm
and into nuclear membranes, a Western blot was performed,
using anticalnexin as marker for nuclear and endoplasmic re-
ticulum (ER) membranes. Comparison of calnexin signal
strength in a dilution series of the membrane fraction with the
undiluted nucleoplasm revealed that the nucleoplasm con-
tained at most 2% of the calnexin found in the nuclear mem-
brane preparation (Fig. 5). Since 10% of the genome in an
assay must be present for obtaining a positive result in the
PCR, this result supports the conclusion that the WHV DNA
detected in the nucleoplasmic fraction was indeed localized
within the nucleoplasma.

The in vitro transport assay in the presence of an ATP-
generating system confirmed the data of Fig. 4 that deprotein-
ized WHV DNA almost completely remained in the cytoplas-
mic fraction (Fig. 6C). This suggests not only that protein-free
WHYV DNA is not transported or bound in a significant
amount to the nucleus but also that the nuclear membrane
remained essentially intact during the transport reaction.
DNase I treatment prior to the PCR prevented the amplifica-
tion of DNA (Fig. 6F), indicating that the WHV DNA does not
form an undegradable complex with cellular proteins.

In the transport assay using the polymerase-DNA complex,
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FIG. 5. Determination of contamination of the nucleoplasm with mem-
branes. Ten microliters of the nucleoplasm and a dilution series containing the
indicated amounts of the membrane fraction were separated on an SDS-10%
polyacrylamide gel. After blotting on a PVDF membrane and reaction with
anticalnexin and HRPO-conjugated anti-rabbit antibodies, detection of calnexin
as a marker of nuclear and ER membranes was done by enhanced chemilumi-
nescence (ECL). nm, nuclear membrane fraction; np, nucleoplasm; m, molecular
weight marker.

the viral genomes were found to be associated mainly with the
nuclei (Fig. 6B, lane n). PCR after separation of nuclear mem-
brane and nucleoplasm showed that the major part of the viral
DNA was in the nucleoplasm (Fig. 6B, lane np). Since the
nucleoplasm represents the supernatant after several steps of
pelleting, an accidental copurification with nuclei due to the
stickiness of the polymerase-DNA complex could be excluded.
Another part was bound to the membrane (Fig. 6B, lane nm).
These findings showed that (i) the in vitro transport system is
applicable to high-molecular-weight complexes containing
DNA, (ii) the permeabilization led to holes in the cellular
membrane, large enough to allow the diffusion of the polymer-
ase-DNA complex into the cytosol, and (iii) the polymerase-
DNA complex was efficiently transported into the nucleus. The
resistance of the viral DNA in the nuclei against DNase I
digestion of the samples showed that the genomes were pro-
tected within the nuclei (Fig. 6E, lane n). The viral DNA was,
however, digestible after disruption of the nuclei (Fig. 6E,
lanes nm and np). These data show that viral DNA within the
polymerase-DNA complex is accessible to DNase I and con-
firm the intranuclear localization of the viral DNA after the
transport reaction. Furthermore, the observations show that
during the short incubation period no significant diffusion of
the DNase I through the nuclear pores into the nucleoplasm
occurred.

A different cellular distribution of the viral genomes was
found when the entire core particles were used in the transport
assay. Although the majority of the genomes were found in the
cytoplasm, a significant proportion of WHV DNA appeared in
the nuclear fraction. Separation of this fraction into nuclear
membranes and nucleoplasm revealed that WHV genomes
were present in both samples (Fig. 6A). The DNase I digest of
the same samples showed that the genomes, associated with
the nucleus, were protected against the DNase I treatment
when the intact nuclei were used (Fig. 6D, lane n) but were
digestible after disruption of nuclear structure (Fig. 6D, lanes
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FIG. 6. PCR analysis of WHV DNA distribution in transport assays. PCR
amplification products were separated on a 2% agarose gel and stained by
ethidium bromide. (A to C) Transport assay in the presence of an ATP-gener-
ating system; (D to F) transport assay with DNase I digestion prior to the
amplification; (G and H) transport assay in the presence of an ATP-depleting
system. (A, D, and G) Distribution of DNA added as component of core parti-
cles; (B, E, and H) distribution of the polymerase (pol)-DNA complex; (C and
H) distribution of the protein-free DNA. Lane m in panel D, DNA molecular
weight marker VIII (Boehringer); lanes m in panel A and G, DNA molecular
weight marker VII; lanes ¢, PCR of the RRL representing the cytosol; lanes n,
intact nuclei; lanes nm, nuclear membranes; lanes np, nucleoplasm.

np and nm). Since the DNA inside the core particles is DNase
I protected (Fig. 6D, lane c), these findings indicate that a
disintegration of the core particles had taken place prior to or
during nuclear transport. In contrast to the association of the
core particles with the nuclear membrane, the amplification
products derived from the nucleoplasm did not appear in all of
the performed experiments (data not shown). Thus, a nuclear
binding of the core particles has been demonstrated, but effi-
cient release and transport of DNA to the nucleoplasm is not
yet proven.

ATP dependence of nuclear import. To verify whether the
observed nuclear import of the polymerase-DNA complex was
an active process, the assay was performed with RRL, which
was ATP depleted. In these assays, neither the genome of the
polymerase-DNA complex nor the DNA in the core particles
was transported into the nucleoplasm (Fig. 6G and H), indi-
cating that ATP is a prerequisite for the transport. Thus, pas-
sive diffusion of the DNA into the nucleus could be excluded.
Nevertheless, besides a significant fraction in the cytosol, an
association of the WHV genomes with the nucleus was found
in both assays, with core particles and the polymerase-DNA
complex. Further fractionation showed that the DNA was ex-
clusively bound to the nuclear membrane, indicating ATP-
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independent binding of both components to membranes (Fig.
6G and H, lanes n and nm).

DISCUSSION

Previous studies have shown that core protein (9, 29, 37), as
well as hepadnavirus polymerase (10, 31a), contains one or
more nuclear localization signals (NLS). Since the NLS of the
core protein overlaps and interferes with the nucleic acid bind-
ing domain (5, 17, 28), the NLS may not be exposed to the
surface of the core particles. However, phosphorylation of the
core protein in vitro leads to disappearance of the RNA en-
capsidation capacity (20), which is in accordance with the ob-
servation that in vivo-phosphorylated core protein does not
bind nucleic acids (17, 25). Thus, phosphorylation may allow
translocation of the NLS to the surface of the core particles. In
any event, the nuclear membrane is an impermeable barrier for
the intact core particles in transgenic mice (16). Thus, trans-
port of the viral genome within the complete core particle into
the nucleus is highly unlikely during natural infection. It is
possible that core protein dimers (38) mediate the transport of
the viral genome by binding the viral DNA with one core
subunit and exposing the NLS with the second subunit. This
possibility is consistent with the observation that in vitro only
every second core molecule can be phosphorylated by PKC
(20). If core protein mediates viral genome transport, a partial
or complete disintegration of the core particle structure in the
cytosol, in subcellular organelles, or at the nuclear membrane
is implied.

A second possibility is that the nucleocapsids are completely
disintegrated prior to the transport, leading to a release of the
polymerase-DNA complex. In this second model, the viral
polymerase would be the mediator for the nuclear import of
the viral genome. Studies showing the presence of an NLS in
the polymerase (10, 31a) support this theory, especially since
the polymerase is, in contrast to the core protein, covalently
bound to the minus DNA strand of the virion-encapsidated
form of the genome. To investigate whether the viral polymer-
ase is sufficient for mediating the nuclear import of the WHV
genome or whether the presence of the entire nucleocapsid is
a prerequisite for nuclear transport, we performed an in vitro
transport assay using digitonin-permeabilized cells with both
structures and, for control, with protein-free WHV DNA. The
results obtained with the polymerase-DNA complex indicate
that the transport system was highly efficient, even with a
nucleoprotein of 2.2 MDa, whereas until now, this transport
system was established only for the transport of smaller pro-
teins. We could show that core particles were absent in this
preparation and, thus, a transport involving particle structure
could be excluded. Due to the limited sensitivity of the detec-
tion system, a contamination of the polymerase-DNA complex
with a few core protein subunits per complex could not be
excluded. Since core protein from liver does not bind nucleic
acids (25), copurification of core proteins caused by binding to
the WHV DNA is unlikely, but binding of a core protein
monomer or dimer to the polymerase cannot be excluded.
While the results suggest that the polymerase is essential for
mediating the transport of the genome in vitro, it may in fact
be mediated by the polymerase-bound core protein subunits.
Additionally, a redundancy of karyophilic targeting of the ge-
nome, as suggested for HIV MA protein and Vpr (18), by both
polymerase and core protein may exist.

An active nuclear import of the polymerase-DNA complex
was confirmed by its ATP dependence. Inside core particles,
the viral polymerase seems to be uncleaved (3). Thus, the
observation of Foster et al. (10), who showed nuclear import of
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the amino-terminal portion of the polymerase, suggests that
proteolytic cleavage of the polymerase after nucleocapsid dis-
assembly prior to nuclear transport may occur. The transport
activity of the polymerase in our in vitro transport system
could, furthermore, be induced by the treatment with urea
which was used for dissociation of the core proteins from the
complex.

The observed binding of the polymerase-DNA complex to
the nucleus in the absence of ATP most likely indicates that
the complex binds in an ATP-independent manner via its NLS
to the nuclear pore complex, without being imported. This
assumption is in accordance with the observations of Moore
and Blobel (27) and Gorlich et al. (14), who showed similar
reactivity patterns for the nuclear transport of fluorescein iso-
thiocyanate-labeled peptide conjugates and nucleoplasmin
with and without ATP. Nevertheless, binding to other copuri-
fied membrane-bound structures cannot be excluded by our
experiments.

Both PCR and autoradiography after the transport assays
using complete core particles revealed that only one-third of
the genomes were bound to the nuclear fraction. The majority
of the genomes remained in the cytosol. Since core particle-
encapsidated viral DNA in the reticulocyte lysate was DNase I
resistant, a disassembly of the majority of the core particles in
the lysate is unlikely. In contrast, the viral DNA present in or
at the nuclei was DNase I resistant only as long as the nuclei
were intact. Thus, nuclear import occurs most probably only by
disassembly of the core particles which were bound to the
nucleus. This hypothesis is in accordance with recent findings
(18a) where phosphorylation-dependent binding of core par-
ticles to the nuclear pore complex could be directly shown. The
low efficiency of genome transport from core particles into the
nucleoplasm in our system, in contrast to the efficient transport
of the polymerase-DNA complex, suggests that the core par-
ticles are only slowly degraded. This assumption is in accor-
dance with the report of Qiao et al. (30), who found intracel-
lular accumulation of core particles after abortive infection of
an established cell line (HepG2) but no nuclear import. Fur-
thermore, these findings are consistent with the observation
that in transfected HepG2 cells only a small pool of approxi-
mately 10 copies of viral cccDNA exists (33). The relatively
inefficient release of hepadnavirus genomes from core particles
might be one of several reasons for the nonsusceptibility of the
established hepatocyte lines for hepadnaviruses. On the other
hand, the poor nuclear import of the hepadnavirus genome in
this assay may be caused by absence of the natural entry path-
way of the core particles through another cellular compart-
ment or by the lack of hepatic factors. For adenoviruses it has
been shown that reductive activity in the endosomes led to a
destabilization of nucleocapsids (15) and may lead to an acti-
vation of a sulfhydryl-dependent protease, which seems to be a
prerequisite for nuclear import of the adenovirus genome.

Two main strategies of genome transport to the nucleus for
viral capsids have been suggested. Our results are consistent
with the expectation that opening of the core particles occurs
prior to nuclear transport of the genome. The genome of
influenza virus is released in the cytoplasm of the infected cell
(21, 24). The finding that the released hepadnavirus polymer-
ase-DNA complex could be transported into the nucleus re-
sembles the transport of the influenza virus ribonucleoprotein
into the nucleus (21, 24). On the other hand, the observed
association of the hepadnavirus nucleocapsids with the nuclear
membrane (30) shows more similarity to the disassembly of
adenoviruses, where the nucleocapsid is destabilized in the
cytoplasm and then bound to the nuclear pore complex and the
genome is then released into the nucleoplasm. Since there is
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no evidence for passage of the hepadnavirus core particles
through an acidic compartment, at least during the intracellu-
lar amplification cycle, the destabilization of the nucleocapsids
is probably mediated by another mechanism. A candidate for
such a mechanism is the phosphorylation of the core particles
during genome maturation, since phosphorylation leads to in-
hibition of the nucleic acid binding (20, 25) of the core parti-
cles. Thus, the stabilization of particle structure by its nucleic
acid binding (5) would be terminated. This mechanism would
provide a signal that nucleocapsids with the mature DNA ge-
nome could release their genome for nuclear transport. Fur-
ther mechanisms like proteolysis of the polymerase or struc-
tural changes may be involved in the nuclear transport of the
viral genome and must be subjected to further studies.

ACKNOWLEDGMENTS

We thank Stephan Menne for plasmid pWHc2, Tanja Tolle and
Michael Roggendorf for WHV-infected woodchuck liver and the anti-
WHs antibody, Ari Helenius for the anticalnexin antibody, Hans Will
for communicating unpublished data, Bruce Boschek for critically
reading the manuscript, and Christine Reitz for preparing the figures.

This work was supported by grants from the Deutsche Forschungs-
gemeinschaft to M.K. (Ka 1193/1-1) and W.H.G. (SFB272/C4).

REFERENCES

1. Adam, S. A,, R. S. Marr, and L. Gerace. 1990. Nuclear protein import in
permeabilized mammalian cells requires soluble cytoplasmic factors. J. Cell
Biol. 111:807-816.

2. Albin, C., and W. S. Robinson. 1980. Protein kinase activity in hepatitis B
virus. J. Virol. 34:297-302.

3. Bartenschlager, R., C. Kuhn, and H. Schaller. 1992. Expression of the
P-protein of the human hepatitis B virus in a vaccinia virus system and
detection of the nucleocapsid-associated P-gene product by radiolabelling at
newly introduced phosphorylation sites. Nucleic Acids Res. 20:195-202.

4. Bartenschlager, R., and H. Schaller. 1988. The amino-terminal domain of
the hepadnaviral P-gene encodes the terminal protein (genome-linked pro-
tein) believed to prime reverse transcription. EMBO J. 7:4185-4192.

5. Birnbaum, F., and M. Nassal. 1990. Hepatitis B virus nucleocapsid assembly:
primary structure requirements in the core protein. J. Virol. 64:3319-3330.

6. Bishop, N., G. Civitico, Y. Y. Wang, K. J. Guo, C. Birch, I. Gust, and S.
Locarnini. 1990. Antiviral strategies in chronic hepatitis B virus infection. I.
Establishment of an in vitro system using the duck hepatitis B virus model.
J. Med. Virol. 31:82-89.

7. Civitico, G. M., and S. A. Locarnini. 1994. The half-life of duck hepatitis B
virus supercoiled DNA in congenitally infected primary hepatocyte cultures.
Virology 203:81-89.

8. Crowther, R. A, N. A. Kiselev, B. Bottcher, J. A. Berriman, G. P. Borisova,
V. Ose, and P. Pumpens. 1994. Three-dimensional structure of hepatitis B
virus core particles determined by electron cryomicroscopy. Cell 77:943-950.

9. Eckhardt, S. G., D. R. Milich, and A. McLachlan. 1991. Hepatitis B virus
core antigen has two nuclear localization sequences in the arginine-rich
carboxyl terminus. J. Virol. 65:575-582.

10. Foster, G. R., A. M. Ackrill, R. D. Goldin, I. M. Kerr, H. C. Thomas, and
G. R. Stark. 1991. Expression of the terminal protein region of hepatitis B
virus inhibits cellular responses to interferons alpha and gamma and double-
stranded RNA. Proc. Natl. Acad. Sci. USA 88:2888-2892.

11. Ganem, D. 1996. Hepadnaviridae and their replication, p. 2703-2737. In B.
Fields, D. M. Knipe, and P. M. Howley (ed.), Virology. Lippincott-Raven,
Philadelphia, Pa.

12. Gerlich, W. H., and W. S. Robinson. 1980. Hepatitis B virus contains protein
attached to the 5’ terminus of its complete DNA strand. Cell 21:801-809.

13. Gerlich, W. H., U. Goldmann, R. Miiller, W. Stibbe, and W. Wolff. 1982.
Specificity and localization of the hepatitis B virus-associated protein kinase.
J. Virol. 42:761-766.

14. Gorlich, D., S. Prehn, R. A. Laskey, and E. Hartmann. 1994. Isolation of a
protein that is essential for the first step of nuclear protein import. Cell
79:767-778.

15. Greber, U. F., M. Willetts, P. Webster, and A. Helenius. 1993. Stepwise
dismantling of adenovirus 2 during entry into cells. Cell 75:477-486.

J. VIROL.

16. Guidotti, L. G., V. Martinez, Y. T. Loh, C. E. Rogler, and F. V. Chisari. 1994.
Hepatitis B virus nucleocapsid particles do not cross the hepatocyte nuclear
membrane in transgenic mice. J. Virol. 68:5469-5475.

17. Hatton, T., S. Zhou, and D. N. Standring. 1992. RNA- and DNA-binding
activities in hepatitis B virus capsid protein: a model for their roles in viral
replication. J. Virol. 66:5232-5241.

18. Heinzinger, N. K., M. 1. Bukrinsky, S. A. Haggerty, A. M. Ragland, V.
Kewalramani, M. A. Lee, H. E. Gendelman, L. Ratner, M. Stenenson, and
M. Emerman. 1994. The Vpr protein of human immunodeficiency virus type
1 influences nuclear localization of viral nucleic acids in nondividing host
cell. Proc. Natl. Acad. Sci. USA 91:7311-7315.

18a.Kann, M. Unpublished data.

19. Kann, M., R. Thomssen, H. G. Kochel, and W. H. Gerlich. 1993. Charac-
terization of the endogenous protein kinase activity of the hepatitis B virus.
Arch. Virol. 8(Suppl.):53-62.

20. Kann, M., and W. H. Gerlich. 1994. Effect of core protein phosphorylation
by protein kinase C on encapsidation of RNA within core particles of hep-
atitis B virus. J. Virol. 68:7993-8000.

21. Kemler, I, G. Whittaker, and A. Helenius. 1994. Nuclear import of micro-
injected influenza virus ribonucleoproteins. Virology 202:1028-1033.

22. Kenney, J. M., C. H. Bonsdorff, M. Nassal, and S. D. Fuller. 1995. Evolu-
tionary conservation in the hepatitis B virus core structure: comparison of
human and duck cores. Structure 3:1009-1019.

23. Kock, J., and H. J. Schlicht. 1993. Analysis of the earliest steps of hepad-
navirus replication: genome repair after infectious entry into hepatocytes
does not depend on viral polymerase activity. J. Virol. 67:4867-4874.

24. Martin, K., and A. Helenius. 1991. Nuclear transport of influenza virus
ribonucleoproteins: the viral matrix protein (M1) promotes export and in-
hibits import. Cell 67:117-130.

25. Melegari, M., V. Bruss, and W. H. Gerlich. 1991. The arginine-rich carboxy-
terminal domain is necessary for RNA packaging by hepatitis B core protein,
p. 164-168. In F. B. Hollinger, S. M. Lemon, and H. S. Margolis (ed.), Viral
hepatitis and liver disease. Williams & Wilkins, Baltimore, Md.

26. Molnar Kimber, K. L., J. Summers, J. M. Taylor, and W. S. Mason. 1983.
Protein covalently bound to minus-strand DNA intermediates of duck hep-
atitis B virus. J. Virol. 45:165-172.

27. Moore, M. S., and G. Blobel. 1992. The two steps of nuclear import, targeting
to the nuclear envelope and translocation through the nuclear pore, require
different cytosolic factors. Cell 69:939-950.

28. Nassal, M. 1992. The arginine-rich domain of the hepatitis B virus core
protein is required for pregenome encapsidation and productive viral posi-
tive-strand DNA synthesis but not for virus assembly. J. Virol. 66:4107-4116.

29. Ou, J. H., C. T. Yeh, and T. S. Yen. 1989. Transport of hepatitis B virus
precore protein into the nucleus after cleavage of its signal peptide. J. Virol.
63:5238-5243.

30. Qiao, M., T. B. Macnaughton, and E. J. Gowans. 1994. Adsorption and
penetration of hepatitis B virus in a nonpermissive cell line. Virology 201:
356-363.

31. Sattler, F., and W. S. Robinson. 1979. Hepatitis B viral DNA molecules have
cohesive ends. J. Virol. 61:2280-2285.

31a.Schilling, R., and H. Will. Personal communication.

32. Seifer, M., S. Zhou, and D. N. Standring. 1993. A micromolar pool of
antigenically distinct precursors is required to initiate cooperative assembly
of hepatitis B virus capsids in Xenopus oocytes. J. Virol. 67:249-257.

33. Sells, M. A., A. Z. Zelent, M. Shvartsman, and G. Acs. 1988. Replicative
intermediates of hepatitis B virus in HepG2 cells that produce infectious
virions. J. Virol. 62:2836-2844.

34. Summers, J., and W. S. Mason. 1982. Replication of the genome of a
hepatitis B-like virus by reverse transcription of an RNA intermediate. Cell
29:403-415.

35. Tuttleman, J. S., C. Pourcel, and J. Summers. 1986. Formation of the pool
of covalently closed circular viral DNA in hepadnavirus-infected cells. Cell
47:451-460.

36. Wu, T. T., L. Coates, C. E. Aldrich, J. Summers, and W. S. Mason. 1990. In
hepatocytes infected with duck hepatitis B virus, the template for viral RNA
synthesis is amplified by an intracellular pathway. Virology 175:255-261.

37. Yeh, C. T., Y. F. Liaw, and J. H. Ou. 1990. The arginine-rich domain of
hepatitis B virus precore and core proteins contains a signal for nuclear
transport. J. Virol. 64:6141-6147.

38. Zhou, S., and D. N. Standring. 1992. Hepatitis B virus capsid particles are
assembled from core-protein dimer precursors. Proc. Natl. Acad. Sci. USA
89:10046-10050.

39. Zyzik, E., W. H. Gerlich, A. Uy, H. Kochel, and R. Thomssen. 1986. Assay of
hepatitis B virus genome titers in sera of infected subjects. Eur. J. Clin.
Microbiol. 5:330-335.



