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Abstract. 

 

Although many viruses replicate in the nu-
cleus, little is known about the processes involved in the 
nuclear import of viral genomes. We show here that in 
vitro generated core particles of human hepatitis B vi-
rus bind to nuclear pore complexes (NPCs) in digito-
nin-permeabilized mammalian cells. This only occurred 
if the cores contained phosphorylated core proteins. 
Binding was inhibited by wheat germ agglutinin, by an-
tinuclear pore complex antibodies, and by peptides cor-
responding either to classical nuclear localization sig-
nals (NLS) or to COOH-terminal sequences of the core 
protein. Binding was dependent on the nuclear trans-

 

port factors importins (karyopherins) 

 

a

 

 and 

 

b

 

. The re-
sults suggested that phosphorylation induces exposure 
of NLS in the COOH-terminal portion of the core pro-
tein that allows core binding to the NPCs by the impor-
tin- (karyopherin-) mediated pathway. Thus, phos-
phorylation of the core protein emerged as an 
important step in the viral replication cycle necessary 
for transport of the viral genome to the nucleus.
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S

 

INCE

 

 many viruses depend on the host cell machinery
present in the nucleus for genome replication, tran-
scription, and mRNA processing, they have the ca-

pacity to target their genome and accessory proteins to the
nucleus. This requires multiple steps 

 

i

 

n nondividing cells:
active transport or diffusion of the virus or viral capsids to
the nucleus, binding to the nuclear pores, and importing of
the genome and accessory proteins through the nuclear
pore complex (NPC).

 

1

 

 In this study, we have addressed
nuclear targeting of human hepatitis B virus (HBV) cores. 

HBV is an important pathogen that causes acute and
chronic hepatitis and eventually hepatocellular carcinoma.
HBV particles contain an envelope with surface glycopro-

teins and an icosahedral capsid (core) with a diameter of
32 or 36 nm (7, 33). Cores occur in two forms with either
180 or 240 copies of a positively charged protein, the core
protein (21 kD). They also contain a viral DNA poly-
merase covalently attached to the viral DNA (14) and the
host cell proteins, heat shock protein (hsp90; 25) and pro-
tein kinase C (PKC; 31, 32).

The pathway of HBV entry is difficult to study because
the virus does not infect cultured cell lines. However, it is
known that after fusion of the viral envelope with a cellu-
lar membrane, the core is delivered into the cytosol (45).
Afterwards, the DNA genome enters the nucleus

 

 

 

(53, 54).
With a diameter of 

 

.

 

25 nm, the core exceeds the size limit
for nuclear localization signal (NLS)-coated colloidal gold
particles that can enter through nuclear pores (9). Thus,
import of DNA should involve disassembly or deforma-
tion of the core particle.

Inside the nucleus, the partially double-stranded viral
DNA is converted into a covalently closed circular DNA
(cccDNA) and transcribed by host RNA polymerase II
(34). The resulting mRNAs are transported to the cytosol
and used to translate viral proteins. A pregenomic, full
length RNA is also produced as an RNA polymerase tran-
script. After transport to the cytosol, it associates with a
protein complex that contains viral polymerase (2, 23, 28)
and host cell hsp90 (25). The RNA protein complex is en-
capsidated together with PKC (31) into the assembling
core structure made up of the core protein. Inside this par-
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tion; NBS, nuclear pore binding signal; NLS, nuclear localization signal;
NPC, nuclear pore complex; PKC, protein kinase C; P-rHBc, phosphory-
lated 

 

E
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E
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 coli
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ticle, the viral polymerase uses the RNA as a template to
reverse-transcribe a negative sense DNA (51). As in retro-
viruses, reverse transcription is concomitant with the step-
wise degradation of the RNA template. Next, a positive
strand viral DNA is synthesized using the minus strand as
a template. Coordinately with reverse transcription, the en-
capsidated PKC phosphorylates COOH-terminal serines
in the core protein giving rise to mature phosphorylated
progeny core particle (31).

The mature core particles assembled in the cytosol have
two possible fates. They can be targeted to the nucleus for
additional rounds of genome replication and for amplifi-
cation of cccDNA (54). This reinfection process is par-
ticularly frequent early in infection (53). It is thought to
promote establishment of the full-blown infection. Alter-
natively, in the presence of large and small surface pro-
teins, cores can bud into the intermediate compartment (5,
26) between the endoplasmic reticulum and the Golgi
complex, and exit the cell as enveloped virions through the
secretory pathway (29).

Core proteins contain an NLS in their COOH terminus
(10) overlapping with a nucleic acid–binding domain (21)
and five potential serine phosphorylation sites (36). Cryo-
electronmicroscopy has shown that the COOH-terminal
sequence is not exposed on the surface of unphosphory-
lated core, but rather faces the internal cavity (60). Unas-
sembled core proteins, where this sequence is exposed, were
shown to be imported into the nucleus of HBV-infected
cells (36). Inside the nucleus, the imported core proteins
spontaneously assemble into core particles devoid of nu-
cleic acids (19). There are several strategies for nuclear im-
port of viral genomes (57). As with adenoviruses and her-
pes viruses, the capsids may bind to the nuclear pore and
release a complex of viral DNA and associated viral pro-
teins through the pore into the nucleoplasm. Alterna-
tively, smaller genome–protein complexes may be gen-
erated by disassembly and targeted for import into the
nucleus. Small viruses may in fact enter intact through
the NPC.

For HBV the nuclear import of the genome must be a
tightly regulated event. Premature release of the poly-
merase–DNA complex into the nucleus (30) would lead to
abortion of second strand DNA synthesis (41) and abor-
tion of the viral life cycle. To identify the strategy of nu-
clear binding and its regulation, we analyzed the structures
and mechanisms that target HBV core particles to the nu-
cleus. We reconstituted the nuclear binding of core par-
ticles in vitro and analyzed its regulation in permeabi-
lized human hepatoma cell lines. Using bacterially
expressed and authentic cores, we identified the required
host factors.

 

Materials and Methods

 

Preparation of PKC-phosphorylated Core Particles

 

Purified 

 

Escherichia coli

 

–derived core particles, as characterized by
Crowther et al. (7), were obtained from Drs. Galina Borisova and Paul
Pumpens (Biomedical Research and Study Centre, University of Latvia,
Riga, Latvia). The particles were subjected to permeabilization and phos-
phorylation as described previously (31). Because of the RNA content of
the particles, the incubation temperature and time for phosphorylation
were increased to 37

 

8

 

C and 30 min, respectively. After reconstitution of

particle integrity, entire core particles were separated from free nucle-
otides, protein kinases, and unassembled core proteins by sedimentation
through a 0.5 ml 25% (wt/vol) sucrose cushion in TNE buffer (40 mM
Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA) using a rotor (TL100;
Beckman Instruments) at 100,000 rpm at 15

 

8

 

C for 1 h. The pellet was resu-
spended in 50 

 

m

 

l TNE, aliquoted, and stored at 

 

2

 

80

 

8

 

C until further use. The
core particle concentration was determined using a core ELISA (

 

.

 

20 ng/

 

m

 

l; ref. 47) using a standard of

 

 E

 

.

 

 coli–

 

expressed core particles (Chiron).

 

Analysis of PKC-phosphorylated Core Particles

 

20 ng of phosphorylated or unphosphorylated core particles was separated
on a 1% agarose gel, using agarose gel loading buffer without SDS. To dis-
integrate the particle structure, cores in parallel samples were incubated in
0.1% trifluoroacetic acid (TFA), heated to 50

 

8

 

C for 10 min, neutralized by
adding 0.5 vol of 0.1 M Tris-HCl, pH 8.8, before loading on the gel. Pro-
teins were blotted on an Immobilon-P membrane overnight (Millipore;
50). The membrane was blocked for 1 h at room temperature in 5% (wt/
vol) fat-free milk in PBS followed by addition of the first antibody (anti-
HBc; DAKO) at a dilution of 1:4,000 in 5% milk/PBS for 2 h at room tem-
perature. After washing (3

 

3 

 

for 10 min in 0.1% milk/0.1% Tween 20/PBS
at room temperature), the second antibody reaction was performed with
HRP-labeled donkey anti–rabbit antibody (Dianova Co.) at a dilution
of 1:5,000 in 5% milk/PBS for 1 h at room temperature. After washing,
the antibodies were visualized by an enhanced chemiluminescence kit
(Boehringer Mannheim GmbH). For analyzing the radioactive phosphor-
ylation with [

 

g

 

-

 

32

 

P]ATP (Amersham), the membrane was washed three
times for 10 min in PBS before analysis by phosphoimaging (BAS-IIIS for
Fuji BAS1000 Bioimager; Fuji Photo Film Co.).

For quantification of core phosphorylation, 2 

 

m

 

l of the samples was
spotted on GF/C filters (Whatman), air dried, washed twice for 10 min in
ice-cold 10% (wt/vol) TCA and twice for 5 min in ice-cold 5% TCA. The
filters were dried and protein-bound radioactivity was determined by liq-
uid scintillation counting.

For isopycnic centrifugation a CsCl gradient was performed with a den-
sity of 1.51–1.22 g/ml PBS in an SW60 rotor (Beckman). The 

 

32

 

P-labeled
core particle preparation was loaded on top and centrifuged at 35,000 rpm
for 16 h at 10

 

8

 

C. The gradient was harvested in 20 fractions of 175

 

 m

 

l. 20 

 

m

 

l
of each aliquot was subjected to core ELISA and to liquid scintillation
counting. To analyze the dephosphorylation of phosphorylated core parti-
cles, 20 ng of particles was incubated with bacterial alkaline phosphatase
(200 U/ml; New England Biolabs) or with 4,000 U/ml calf intestinal phos-
phatase (Boehringer Mannheim GmbH) in 100 mM Tris-HCl, pH 7.5, 150
mM NaCl or 100 mM Tris-HCl, pH 8.5, 150 mM NaCl, respectively. In the
control reaction, phosphorylated core particles were disintegrated by
TFA, as described above, before dephosphorylation. Samples were incu-
bated for 30 min at 37

 

8

 

C. Samples containing core particles and the un-
phosphorylated control were separated on an agarose gel, blotted, and ex-
posed as described above. Disintegrated core protein samples were
separated on a 16% SDS-PAGE, stained with Coomassie brilliant blue,
and dried before autoradiography.

 

Generation of Core Particles from the Culture Medium 
of HBV-transfected Cells

 

HepG2.2.15 cells were grown on 16-cm dishes in 5% CO

 

2

 

 at 37

 

8

 

C. After
reaching confluency DMEM containing 3% FCS was added for 4 d. 500
ml of medium was collected and insoluble components were sedimented
by centrifugation at 3,500 

 

g 

 

for 30 min at 4

 

8

 

C. HBV of the supernatant was
sedimented through 3-ml cushions of 25% (wt/wt) sucrose/TNE in an
SW27 rotor at 27,000 rpm for 36 h at 4

 

8

 

C. Each pellet was resuspended in
150 

 

m

 

l TNE adjusted to a CaCl

 

2

 

 concentration of 5 mM and incubated
with 25 U/ml S7 nuclease (Boehringer Mannheim GmbH) for 1 h at 37

 

8

 

C.
To remove the surface proteins from the virus, NP-40 was added to 0.1%.
After incubation, insoluble components were sedimented through a 0.5-
ml cushion of 25% (wt/wt) sucrose/TNE for 10 min at 10

 

8

 

C in a TL100 ro-
tor (Beckman Instruments) at 100,000 rpm. The upper phase, including
the interphase, contained the core particles. They were sedimented
through a 0.5-ml cushion of 25% (wt/wt) sucrose/TNE for 2 h at 10

 

8

 

C in a
TL100 rotor (Beckman) at 100,000 rpm. The pellet was resuspended in
200 

 

m

 

l TNE.

 

Generation of FITC-BSA Conjugates

 

FITC-BSA (Sigma Chemical Co.) was conjugated with NLS according
to Görlich et al. (18). The NLSs used were the SV-40TAg NLS
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(PKKKRKVED; 18) and M9 domain of hnRNP (YNNQSSNFGPMK).
Both contain a spacer (amino acid sequence CGGG; 18) at their NH

 

2

 

 ter-
minus. Matrix-assisted laser desorption/ionization (MALDI) mass spec-
trometry (Dietmar Linder and Monica Linder, Institute of Biochemistry,
Department of Medicine, Giessen, Germany) of the conjugates showed,
on average, 19 NLS were linked to 1 BSA molecule.

 

Binding and Transport Assay

 

Cells were grown in DMEM with 7% FCS on collagen (Sigma Chemical
Co.) or Cell-Tak (Becton Dickinson) coated 12-mm coverslips in 24-well
dishes in 5% CO

 

2

 

 at 37

 

8

 

C. The cells were washed with 1 ml serum-free
DMEM and permeabilized with 80 

 

m

 

g/ml digitonin (Sigma Chemical Co.)
in DMEM for 10 min at 37

 

8

 

C (1). They were washed twice for 10 min at
4

 

8

 

C in washing buffer (transport buffer: 2 mM Mg-acetate, 20 mM Hepes,
pH 7.3, 110 mM K-acetate, 1 mM EGTA, 5 mM Na-acetate/1 mM DTT)
containing 1% BSA and 10% goat serum (Dianova) followed by a 10-min
incubation at 37

 

8

 

C in a humidified box using washing buffer. Preincuba-
tion of permeabilized cells with 50 

 

m

 

g/ml WGA/ml transport buffer (Boeh-
ringer Mannheim GmbH) or 200 

 

m

 

g antibodies (anti-NPC antibody,
mAb414 [BAbCO]/ml transport buffer, anti-NS2, or anticalnexin), was
performed during this step.

Permeabilized cells were incubated with 5 

 

m

 

g/ml core particles in 20 

 

m

 

l
transport buffer containing 30 mg/ml rabbit reticulocyte lysate (RRL;
Promega Corp.); 10 

 

m

 

g/ml aprotinin (Sigma Chemical Co.), 10 

 

m

 

g/ml leu-
peptin (Sigma Chemical Co.), 10 

 

m

 

g/ml pepstatin (Sigma Chemical Co.)
for 20 min at 37

 

8

 

C. If required, an ATP-generating system (1 mM ATP, 5
mM creatine phosphate, and 20 U/ml creatine phosphokinase; Sigma
Chemical Co.) or ATP-depleting system (7 mM glucose, 1 U/ml hexoki-
nase; Sigma Chemical Co.) was added (1).

In some experiments, RRL was preincubated with peptides, represent-
ing parts of the COOH terminus of the core protein (amino acids 142–155,
TLPETTVVRRRDRG; amino acids 158–168, PRRRTPSPRRR; amino
acids 165–175, PRRRRSQSPRR; amino acids 173–183, PRRRRSQ-
SRES), or the NLS of SV-40 T antigen (STPPKKKRKRKV), or lamin B2
(RSSRGKRRRIE) at a concentration of 2 mM for 10 min on ice. The
peptides were synthesized by Dr. Ursula Friedrich (Institute of Medical
Virology, Giessen, Germany) on an Applied Biosystems 431A Peptide
Synthesizer, purified by HPLC, and analyzed by MALDI mass spectrome-
try (Dietmar Linder and Monika Linder).

For incubation of cores in the absence of cytosolic proteins, BSA was
added instead of reticulocyte lysate to the same protein concentration (30
mg/ml). In some experiments, importin (karyopherin) 

 

a

 

 (Rch 1) and 

 

b

 

(gift of D. Görlich, ZMBH, Heidelberg, Germany) were added to BSA-
containing buffer at a concentration of 30 ng/

 

m

 

l (16) each. For the trans-
port assay, FITC-labeled BSA conjugate with SV-40TAg NLS was added
to a final concentration of 20 

 

m

 

g/ml. After incubating for 20 min at 37

 

8

 

C,
cells were washed in washing buffer as described above.

When the phosphorylated 

 

E. coli–

 

derived core (P-rHBc) was used for
blocking the import of the FITC-BSA–M9 conjugate, P-rHBc was added
at a concentration of 100 ng/

 

m

 

l to the assay in the presence of RRL and in-
cubated for 20 min at 37

 

8

 

C as described above. In the control experiment,
cells were treated identically but without addition of P-rHBc. After the
binding reaction, cells were washed three times in washing buffer for 10
min at 0

 

8

 

C. The coverslips were loaded on a new reaction mixture contain-
ing reticulocyte lysate, ATP-generating system and 20 ng/

 

m

 

l of the FITC-
BSA–M9 conjugate. After a second incubation period of 20 min at 37

 

8

 

C,
the coverslips were washed as described above.

To quantitate the amount of bound core particles, cells were scraped
off the coverslip using a rubber policeman, counted in a Neubauer cham-
ber, and lysed by addition of 100 

 

m

 

l 10 mM Tris-HCl, pH 7.5, 0.1% Triton
X-100, 10 mM MgCl

 

2

 

, 150 mM NaCl containing 20 U DNase I, and 2 mg/
ml RNase A.

 

 

 

Cells were incubated for 15 min at 37

 

8

 

C and lysis was con-
trolled microscopically before analysis by ELISA.

 

Immunofluorescence Microscopy

 

For immunofluorescence microscopy, cells were fixed onto the coverslips
using 3% paraformaldehyde (Merck) in PBS, pH 7.4, for 30 min at room
temperature. The coverslips were washed once in PBS and in PBS/0.1%
Triton X-100 for 5 min. After two additional washings for 5 min in PBS at
room temperature, cells were exposed to a mixture of anti-HBc antibody
(1:200) and anti-NPC (1:1,000) in PBS/10% goat serum/1% BSA for 90
min at 37

 

8

 

C. Coverslips were washed in PBS three times for 5 min at room
temperature and incubated with secondary antibodies (affinity-purified
FITC-conjugated goat anti–rabbit IgG, H

 

1

 

L; Dianova; affinity-purified

 

Texas red–conjugated goat anti–mouse IgG, H

 

1

 

L; Dianova) in PBS/10%
goat serum/1% BSA for 40 min at 37

 

8

 

C. Cells were washed as described
above and embedded in 50 mg/ml DABCO/moviol (Sigma Chemical Co.
and Hoechst, respectively). Microscopy was performed on a Zeiss fluores-
cence microscope, equipped with a 63

 

3 

 

plan apochromat objective
(Zeiss). Photographs were taken on Kodak TMAX 400 pro film. Nega-
tives were developed at 1600 ASA.

Confocal immunofluorescence microscopy was performed on a Leica
DM IRBE microscope. Analysis of core-NPC colocalization and of the
nuclear localization of FITC-labeled conjugates was done by using the
TRITC- and FITC-fittings at a pinhole size of 0.

 

Coimmunoprecipitation of Importin 

 

b

 

 and Core 
Particles from Reticulocyte Lysate

 

7 

 

3

 

 10

 

6

 

 sheep anti–rabbit conjugated biomagnetic beads (Dynal) were
washed twice in PBS according to the vendor’s manual, resuspended in
500 

 

m

 

l PBS containing 2 

 

m

 

l anti-core antibody-containing rabbit serum
(DAKO), and incubated overnight at 4

 

8

 

C. After washing as described
above, 25 ng core was added and incubated overnight at 4

 

8

 

C. The beads
were washed three times in 500 

 

m

 

l PBS, resuspended in 500 

 

m

 

l 0.1% BSA/
PBS, and incubated for 1 h at 4

 

8

 

C. Afterwards, the beads were added to
100 

 

m

 

l of RRL for 30 min at 37

 

8

 

C. In a control experiment, 2 mM of lamin
B2 NLS (RSSRGKRRRIE) was added to the lysate. Further controls
were performed by replacing lysate either with 300 ng importin 

 

b

 

 and 450
ng importin 

 

a

 

 in transport buffer, or by 300 ng importin 

 

b

 

 alone. The
beads were washed three times in 500 

 

m

 

l PBS, 1

 

3

 

 500 

 

m

 

l PBS/0.1% Tween
20, and transferred to a new tube. After three cycles of washing in 500 

 

m

 

l
PBS, the pellet was resuspended in 30 

 

m

 

l Laemmli buffer (66 mM Tris-
HCl, pH 6.8, 10% [vol/vol] glycerin, 5% [vol/vol] 

 

b

 

-mercaptoethanol, 2%
[wt/vol] SDS, 0.015% [wt/vol] bromphenol blue), and denatured for 5 min
at 96

 

8

 

C. The samples were separated on an 12% SDS-PAGE and blotted
overnight to an Immobilon-P membrane (Millipore) by wet transfer. The
membrane was blocked for 1 h at room temperature in 5% fat-free milk in
PBS and the first antibody (anti-importin 

 

b

 

, gift from D. Görlich) was
added at a dilution of 1:4,000 in 5% milk/PBS for 2 h at room tempera-
ture. Washing, incubation with the second antibody, and detection were
performed as described above.

 

Results

 

Generation of Core Particles

 

The in vitro generated cores (rHBc) used in this study
were obtained by expressing the core protein in 

 

E

 

.

 

 coli 

 

in
the absence of other viral proteins. In the bacterial cytosol,
the core proteins assemble into particles (43) that have the
same size and symmetry as authentic cores (33). Instead of
viral DNA, they contain unspecific 

 

E

 

.

 

 coli

 

 RNA (3, 13,
39). When analyzed by isopycnic centrifugation in CsCl,
the cores produced banded at 1.355 g/ml in CsCl (Fig. 1
A), the same density as authentic cores (1.355–1.36 g/ml;
ref. 22). In contrast to cores expressed in eukaryotic cells,

 

E

 

.

 

 coli–

 

derived cores are not phosphorylated.
To generate P-rHBc gradient purified cores were per-

meabilized using low salt, incubated in the presence of
PKC and ATP, reconstituted in physiological salt solution,
and repurified by gradient centrifugation (31). Using
[

 

32

 

P]ATP for labeling, the extent of phosphorylation was

 

z

 

12–24 phosphate groups per particle. In native agarose
gel electrophoresis, both P-rHBc and rHBc comigrated as
a homogeneous band (Fig. 1 B). Alkaline phosphatase did
not remove the

 

 

 

phosphorus-32 label of intact core particles
(Fig. 1 C, lanes 2 and 3) but after disruption of the particle
structure (Fig. 1 D, lanes 2 and 3). Thus, it was apparent
that the phosphorylation sites were inaccessible to enzy-
matic hydrolysis as in authentic cores (15). The phosphor-
ylation sites are located close to the COOH terminus of
the core protein overlapping with an arginine-rich region
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(15, 37) containing several putative NLS (59). Immuno-
precipitation of core protein after disruption of particle
structure using an antibody specific to a phosphorylated
peptide derived from amino acids 166–177 (mAb 2212; ref.
37) demonstrated that serine 172 was phosphorylated by
PKC (data not shown). Identical results were obtained for
core proteins derived from human liver (37) or HBV
DNA-transfected hepatoma cell lines (36).

In addition, infectious HBV particles (48) from the sta-
ble HBV DNA-transfected hepatoma cell line HepG2.2.15
were purified from the culture medium. In contrast to in
vitro generated cores, these cores are from mature viruses
and contain the full complement of viral DNA, poly-
merase, and host cell components. Treatment of the virus
with the detergent NP-40 released the cores from the sur-
face proteins (P-hHBc; 24). These cores migrated in CsCl
gradients with a density of 1.36 g/ml and did not show any
reactivity to antisurface glycoprotein antibodies in ELISA
or immunoblot after separation on a native agarose gel
(data not shown). Thus, regardless of the source of the
cores, P-rHBc and P-hHBc behaved similarly by several
biochemical and immunological criteria.

 

In Vitro Phosphorylated Core Particles Bind to Nuclei

 

To determine whether the viral cores can associate with
nuclei, we used the human hepatoma cell line, HuH-7,
grown on coverslips. The plasma membrane was perme-
abilized using digitonin (1), the cytosol was washed out,
and the 

 

E

 

.

 

 coli–

 

generated HBV cores (rHBc or P-rHBc)
were added in the presence or absence of RRL, which
is a source of cytosolic factors. In some samples, the ly-
sates were complemented with either an ATP generating
(

 

1

 

ATP) or depleting system (

 

2

 

ATP). After fixation,
cores and NPCs were localized by double indirect immu-
nofluorescence microscopy using core specific antibodies
and antibodies to NPC. Immunoblotting of cores electro-
phoresed in agarose gels (Fig. 1 B) and quantitative
ELISA assays (not shown) confirmed that both rHBc and
P-rHBc reacted equally well with the anti-core antibody.
The antibodies were selective for intact cores, since they
bound to heat-denatured particles with 

 

z

 

100-fold lower
efficiency.

The P-rHBc gave a strong rimlike fluorescence pattern
characteristic of ligand association with the nuclear enve-

Figure 1. Characterization of
in vitro phosphorylated core
particles. (A) Centrifugation
of PKC-phosphorylated core
particles through a continu-
ous CsCl/PBS-gradient with a
density from 1.51 to 1.20 g/ml.
The different fractions were
analyzed for their core con-
tent by ELISA and for their
radioactivity by liquid scintil-
lation counting. Densities are
drawn as black squares; core
concentrations as triangles,
and radioactivity as open cir-
cles. Radioactivity and core
particles comigrated at a den-
sity of 1.355 g/ml. (B) Native
agarose gel of unphosphor-
ylated and PKC-phosphor-
ylated core particles and pro-
teins. Phosphorylation was
performed in the presence of
[g-32P]ATP. (Left) Immuno-
blot with anti-core antibody is
shown. Detection was per-
formed by enhanced chemilu-
minescence. (Right; radioac-
tivity) Bioimager scan of the

same membrane is shown: (lane 1) TFA-denatured phosphorylated core protein; (lane 2) TFA-denatured core protein; (lane 3) phos-
phorylated core particles; and (lane 4) unphosphorylated core particles. The immunoblot shows the reactivity of the anti-core antibody
exclusively with the core particles (lanes 3 and 4) but not with the denatured core subunits (lanes 1 and 2). Phosphorylated (lane 3) and
unphosphorylated core particles (lane 4) reacted equally well. (C) Phosphatase resistance of in vitro phosphorylated core particles.
Phosphorus-32–labeled core particles were treated with phosphatase and separated on a 1% native agarose gel. Particles were detected
by immunoblotting (left) or by autoradiography (right): (lane 1) untreated core particles; (lane 2) core particles treated with bacterial
alkaline phosphatase; or (lane 3) calf intestinal phosphatase. The phosphatases had no effect on phosphorylation of core particles. (D)
Dephosphorylation of TFA-denatured PKC-phosphorylated core proteins. Phosphorus-32–labeled core protein was separated on an
16% SDS-PAGE and autoradiographed. Lanes 1–3 are as described in C; lane m shows the molecular mass marker (66, 46, 30, 21.5, and
14.3 kD). Phosphorylated core protein migrated with an apparent molecular mass of 20.5 kD (lane 1). Treatment of the core subunits
with phosphatases removed radioactive phosphate residues (lanes 2 and 3).
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lope (Fig. 2, P-rHBc, 1RRL, top row). The labeling colo-
calized extensively with the one for NPCs (Fig. 2, lower
row). In contrast, core particles that had not been phos-
phorylated (not shown) or had been mock phosphorylated
in the absence of PKC (rHBc) did not bind to the perme-
abilized cells (Fig. 2, rHBc, top row), to the nucleus, nor to
other cellular structures. Thus, the lack of association of
the rHBc with the nucleus cannot be explained by com-
petition with nonnuclear structures. Additionally, a differ-
ential entry of the different types of cores into the perme-
abilized cells seemed unlikely since they looked identical
in electron microscopy (31) and behaved identically in bio-
chemical analysis (Fig. 1). The binding of the P-rHBc to
the nucleus indicated that phosphorylated core proteins
were essential for nuclear association.

P-rHBc bound to nuclei only if a cell lysate was present
(Fig. 2, P-rHBc, 1RRL). Inclusion of ATP-generating or
-depleting systems had no detectable effect (Fig. 2, 1RRL
1ATP vs. 1RRL 2ATP). When the reticulocyte lysate
was replaced by buffer containing BSA, no binding was
observed (Fig. 2, 2RRL). Taken together, these findings
showed that HBV cores interacted with the nucleus of per-
meabilized cells, and that binding depended on core phos-
phorylation and cytosolic factors but not on metabolic en-
ergy. Identical results were obtained with the human
hepatoma cell line HepG2 and with the mouse fibroblast
cell line LTK (data not shown).

Confocal immunofluorescence microscopy showed that
the bound cores were localized at the nuclear envelope

and not imported deeper into the nucleoplasm (Fig. 3), at
least not in a form detected by the antibodies used. The
nuclei were import-competent as shown by the efficient
uptake of FITC-labeled SV-40TAg NLS-linked BSA (Fig.
4, positive control). Preincubation of the cells with WGA,
a lectin that binds to N-acetylglucosamine containing pro-

Figure 2. In vitro binding of rHBc and P-rHBc to digitonin-per-
meabilized HuH-7 cells. (Top) Core-specific immunofluores-
cence and (bottom) immunofluorescence of NPCs are shown.
Binding was performed in the presence (1RRL) or absence
(2RRL) of RRL and an ATP-generating (1ATP) or depleting
system (2ATP). Only P-rHBc bound to the nuclei. Binding was
dependent on RRL but independent of ATP.

Figure 3. Confocal immunofluorescence micros-
copy of phosphorylated core particles bound to
the NPCs in the presence of reticulocyte lysate
and ATP. (A) The fluorescence of the core parti-
cles is shown in green. (B) The fluorescence of
the NPC is shown in red. (C) The merge of the
fluorescence is shown in yellow. The overlap of
the two stains show an extensive colocalization
of core particles and nuclear pores.

Figure 4. Confocal immunofluorescence microscopy of FITC-
labeled BSA conjugated with SV-40TAg NLS after nuclear im-
port into the nuclei of digitonin-permeabilized HuH-7 cells.
(Top) The following was performed for the controls: transport in
the presence of RRL and an ATP-generating system (left); trans-
port as described above, but after pretreatment of the permeabi-
lized cells with WGA (50 mg/ml; right). (Middle and bottom)
Transport in the presence of RRL and an ATP-generating sys-
tem but with addition of the different core peptides 142–155,
158–168, 165–175, and 173–183 (all 2 mg/ml). Two of the COOH
terminus–derived peptides (158–168 and 165–175) blocked the
import of the karyophilic FITC-labeled conjugate, whereas the
two other peptides (142–155 and 173–183) did not.
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teins of the NPC (11), prevented detectable nuclear im-
port of the substrate (Fig. 4, negative control).

Phosphorylation-dependent binding of cores to nuclei
was quantitated by an ELISA (Table I). As already men-
tioned, the ELISA detected both types of cores equally
well (Fig. 1 A). 17% of the P-rHBc were bound to perme-
abilized cells. This corresponds to z3,400 core particles
per nucleus. Of the rHBc, only 4% associated with the

permeabilized cells. If the cores were added to cells with-
out prior digitonin permeabilization, a background associ-
ation of ,4% was observed. Analysis of the supernatants
after binding verified the presence of intact core particles
(data not shown). Thus, unbound core particles were nei-
ther disassembled nor degraded during the assay.

Cores Bind to NPCs

To characterize the site of association, binding assays were
performed in the presence of agents known to block bind-
ing of karyophilic proteins to NPCs. Preincubation with
WGA prevented detectable binding of cores and also re-
duced the signal of the anti-NPC labeling (Fig. 5, WGA).
Binding was also blocked by pretreating the permeabilized
cells with an excess of anti-NPC antibodies (Fig. 5, anti-
NPC). Antibodies against irrelevant proteins, e.g., anti-
NS2 (Fig. 2, anti-NS2) or against the cytoplasmic tail of
calnexin (20), an integral membrane protein of the ER
(data not shown), had no effect. These observations
strongly suggested that cores bound to components of the
NPC. Note, in Fig. 2, anti-NS2, no labeling for NPC was
performed since the competing NS2-antibody was gener-
ated in the same species.

Table I. Quantification of the Binding of Phosphorylated and 
Unphosphorylated Core Particles to Permeabilized HuH-7 
Cells by ELISA

Sample Input
Bound to un-

permeabilized cells
Bound to per-

meabilized cells

ng cores/assay ng cores/assay ng cores/assay

Unphosphorylated cores 92 3.6 4.0
Phosphorylated cores 96 3.2 16.0

All samples were tested in duplicates and were compared with a standard dilution se-
ries of E. coli–derived core particles. The depicted numbers show the mean value of
the tests. The cut off was set as the mean value of four negative samples plus three
SDs and was determined as 1.6 ng core particles per sample. The detection limit was
,1.6 ng.

Figure 5. In vitro binding of P-rHBc to digito-
nin-permeabilized HuH-7 cells in the presence of
RRL. (Core) Core-specific immunofluorescence
and (NPC) immunofluorescence of NPC (not
done in anti-NS2) are shown. Transport was per-
formed after pretreatment of the permeabilized
cells with WGA (50 mg/ml), anti-NPC and anti-
NS2 antibodies (influenza virus; 200 mg/ml each),
or in the presence of various peptides (2 mg/ml)
representing potential NLS of the core (142–155,
158–168, 165–175, 173–183) or classical basic
NLS (SV-40TAg-NLS, lamin B2-NLS).
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Putative NLS on the Phosphorylated Core Particles

To map NLS on the cores, various synthetic peptides were
added to the RRL before incubation with cores and cells.
Four of the peptides corresponded to positively charged
sequences in the COOH-terminal domain of the core pro-
tein. They were chosen because they resemble classical nu-
clear localization sequences found in karyophilic proteins
and because they are close to the core phosphorylation
sites. They had the following positions within the core pro-
tein and amino acid sequences: 142–155 (TLPETTVVR-
RRDRG), 158–168 (PRRRTPSPRRR), 165–175 (PRRR-
RSQSPRR), and 173–183 (PRRRRSQSRES). As controls,
two peptides corresponding to the known NLS sequences
of SV-40 T antigen (STPPKKKRKV) and lamin B2 were
used (27).

As shown by immunofluorescence microscopy, four of
the peptides blocked binding of P-rHBc to the NPCs.
These were peptides 158–168 and 165–175, and both con-
trol peptides (Fig. 5, 158–168, 165–175, SV-40TAg-NLS,
lamin B2-NLS). The other two peptides 142–155 and
173–183 did not block binding (Fig. 5, 142–155 and
173–183), although peptide 173–183 differed only by two
amino acids from peptide 165–175. The similarity between
these two peptides with regard to their basic amino acids
strongly argues against an unspecific blocking caused by
their positive charges. Peptides 158–168 and 165–175 also
inhibited nuclear import of SV-40TAg-NLS linked FITC-
BSA (Fig. 4). These results suggested that the binding of
HBV cores to the NPCs was mediated by factors involved
in the nuclear import of proteins containing classical NLS.
Furthermore, the data implied that the COOH-terminal
domain of the core protein contained sequences that
served as a nuclear pore binding signal (NBS).

Nuclear Binding Is Mediated by Importins

To determine whether binding of cores was mediated by
importins, the experiment was performed in the presence
of a buffer complemented with recombinant importins a
and b. No other cytosolic components were present. The
added importins conferred full binding activity to the
P-rHBc (Fig. 6, importin a 1 b), indicating that core-NPC
association was mediated by importins. To confirm that
the binding of the cores was mediated by the classical nu-
clear import pathway that involves both importin a and b,
the assay was performed using either importin a or b sepa-
rately. Neither component alone (Fig. 6, importin a, im-
portin b) could promote binding of P-rHBc to the NPCs.
The requirement of both importins suggested that an in-
teraction of importin a to the NBS signal on the core parti-
cle surface was required for binding of importin b.

Core Particles from Infectious HBV 
Coimmunoprecipitate Importin b out of
Reticulocyte Lysate

To confirm the binding of importin b, authentic core parti-
cles were purified from the supernatant of HepG2.2.15
cells. As P-rHBc and cores from human liver (37), these
cores are phosphorylated at serine residues between amino
acids 166 and 177, which is a prerequisite for secretion of
enveloped virus (58). For our immunofluorescence experi-
ments z1010 particles were used, an amount which cannot
be purified from HBV of culture medium (z106/ml).
Therefore, the binding of P-hHBc to importins was stud-
ied by coimmunoprecipitation performed with smaller
amounts of cores. P-hHBc immobilized to biomagnetic
beads by the particle-specific anti-core antibody reaction

Figure 6. Confocal immunofluorescence micros-
copy of in vitro phosphorylated core particles
bound to HuH-7 nuclei in the presence or ab-
sence of importin a and b. The following amounts
were used: (importin a) 5 ng/ml core and 30 ng/ml
importin a; (importin b) 5 ng/ml core and 30 ng/
ml importin b; and (importin a 1 b) 5 ng/ml core
and 30 ng/ml importin a and 30 ng/ml importin b.
All assays were performed in the presence of
buffer and BSA. (Top) Core-labeling is shown in
green. (Middle) NPC-labeling is shown in red.
The bottom row shows a merge of core- and
NPC-labeling. Neither importin a nor b alone re-
constituted binding of P-rHBc to the NPCs. Ad-
dition of both importin a and b mediated the
binding of P-rHBc to the NPCs.
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that precipitated importin b from reticulocyte lysate (Fig.
7 B, lane 1). Comparison with a standard dilution series of
importin b (Fig. 7 A) showed that about four importin
molecules were associated with one core particle. In vitro
phosphorylated P-rHBc also coimmunoprecipitated impor-
tin b (Fig. 7 B, lane 3) but not the unphosphorylated rHBc
(Fig. 7 B, lane 5).

To confirm that P-hHBc and HBV-derived cores do not
interact with importin b directly without importin a, as
shown for P-rHBc (Fig. 6), a lamin B2 NLS that binds im-
portin a was added to RRL. The loss of importin b precip-
itation by P-rHBc and HBV-derived cores (Fig. 7, C and
D, fourth lanes) showed the involvement of importin a in
the importin b binding to these cores. To further confirm
this finding, RRL was replaced by importin b containing
buffer. The results documented in Fig. 7, C and D (third
lanes), showed that regardless of the origin or phosphory-
lation status of the core particles no coimmunoprecipita-
tion of importin b with core occurred. In the control reac-
tion, where importin a and b were added, importin b was

precipitated by the P-rHBc and HBV-derived cores (Fig.
7, C and D, first lanes).

Nuclear Binding of Core Particles Blocks
Nuclear Import

The above data showed an importin-mediated binding of
the core particles to the NPC. To test whether the binding
of cores to the NPC occurred so close to the nuclear pore
that nuclear import of other substrates was inhibited, nu-
clei of digitonin-permeabilized cells were pretreated with
an excess of P-rHBc. Next, the cells were used in a trans-
port assay with FITC-BSA linked to the M9-domain trans-
port signal of hnRNPs. This substrate was chosen because
its import does not require importin a and b involved in
P-rHBc binding. A control without pretreatment of the
cells with P-rHBc showed nuclear import of this substrate
(Fig. 8, control). In contrast, preincubation with P-rHBc
abolished the nuclear import of the M9-FITC-BSA (Fig. 8,
preincubation with P-rHBc). The bound cores thus pre-
vented uptake of an independently targeted karyophilic
substrate.

Discussion
The target and transport of viral capsids to the nucleus
constitutes a key step in the replication cycle of most DNA
viruses and some RNA viruses. With the exception of in-
fluenza and retroviruses, little information exists about
these processes (57). We studied the targeting of HBV
cores by applying concepts and in vitro assays originally
developed to analyze the cell biology of nuclear import of
karyophilic cell proteins. These included the use of digito-
nin permeabilized cells and binding and uptake experi-
ments with isolated ligands (16, 40).

We found that only phosphorylated HBV cores were
specifically targeted to the nucleus by mechanisms and
host factors involved in the NLS-mediated uptake of cellu-
lar proteins. Attachment occurred to NPCs and blocked
the import of other karyophilic substrates, thereby giving
evidence for association with the nuclear pore. The bind-
ing required the presence of importins a and b. The in-
volvement of importins was confirmed by the coimmuno-
precipitation of importin b from reticulocyte lysate using
HBV-derived core particles. Thus, the contents of the au-
thentic core particles, e.g., polymerase, hsp90, and viral
DNA, had apparently no influence on nuclear binding.
However, phosphorylation of the core subunits was neces-
sary for exposure of NBS. The inhibition by specific pep-
tides strongly implied that nuclear binding of HBV cores
involved sequences present in the COOH-terminal por-
tion of the core protein.

During core assembly the pregenomic RNA, the viral
polymerase (2, 23), hsp90 (25), and PKC (32) are first en-
capsidated into a particle containing multiple core protein
subunits. The COOH-terminal domain of the core protein
is highly positively charged. In unphosphorylated cores,
cryoelectronmicroscopy has shown that it is located inside
the cores close to small holes in the capsid wall (60). It
binds to nucleic acid (21, 41) and also provides the phos-
phorylation site(s) for the protein kinase trapped in the
central cavity (21, 31, 32, 36, 37). Since the phosphoryla-

Figure 7. Coimmunoprecipitation of importin b by solid-phase
bound core particles. After coimmunoprecipitation bound pro-
teins were denatured and separated on 12% SDS-PAGE. Impor-
tin b was detected by immunoblotting. (A) Dilution series of im-
portin b is shown: (lane 1) 50 ng, (lane 2) 10 ng, and (lane 3) 2 ng.
(B) Immunoblot of the coimmunoprecipitated importin b from
RRL is shown: (lane 1) core particles from HBV; (lane 2) bio-
magnetic beads without core and anti-core antibodies; (lane 3) in
vitro P-rHBc; (lane 4) biomagnetic beads with anti-core antibod-
ies but without core; and (lane 5) rHBC. (C and D) Requirement
of importin a for the coimmunoprecipitation of importin b with
HBV-derived cores (C) or with in vitro P-rHBc (D). Lane 1
shows the addition of recombinant importin b (300 ng/sample)
and recombinant importin a (450 ng/sample) into the coimmuno-
precipitation reaction and lane 2 shows the addition of RRL.
Lane 3 shows the addition of recombinant importin b (300 ng/
sample) alone and lane 4 shows the addition of RRL and 2 mM
of competitor NLS from lamin B2 (RSSRGKRRRIE). HBV-
derived core particles (B, lane 1) and in vitro P-rHBC (B, lane 3)
precipitated importin b from RRL, whereas unphosphorylated
core particles (B, lane 5) did not. Biomagnetic beads without
anti-core antibodies (B, lane 2) or without core (B, lane 4) did
not show any precipitation. Neither HBV-derived cores (C, lane
3) nor in vitro-P-rHBc particles (D, lane 3) precipitated importin
b directly, but after addition of importin a (C and D, first lanes).
This finding was confirmed by the inhibition of importin b coim-
munoprecipitation by these cores from reticulocyte lysate when
the importin a binding lamin B2 NLS peptide was added to the
lysate (C and D, fourth lanes).
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tion sites on core proteins compete with the encapsidated
RNA (31), phosphorylation of the core protein is most
likely linked with DNA synthesis.

Peptide inhibition studies suggested that the region ex-
posed as an NBS may include the sequence between
amino acids 158 and 175. As in authentic cores (15, 37),
the phosphate groups were not removed by alkaline phos-
phatase unless the particles were destroyed. Thus, the
phosphates most likely remained hidden. This suggests
that only the nonphosphorylated part of the COOH termi-
nus was exposed on the particle surface.

Many cases have been described in which phosphoryla-
tion either up- or downregulates nuclear transport of pro-
teins. This is known for lamins (35), SV-40 T antigen (46),
PKC (4), v-Jun (52), and NF-AT (49). The export of influ-
enza viral RNPs also requires phosphorylation (56). More-
over, it has been suggested that phosphorylation of a small
number of M proteins of HIV-1 by kinases trapped in the
virion triggers M protein release from the viral membrane
and exposure of NLSs close to the phosphorylation sites
(12). Core proteins contain an NLS in their COOH ter-
minus (10) overlapping with a nucleic acid binding do-
main (21) and serine phosphorylation sites (36). Unassem-
bled core proteins, where this sequence is exposed, are
imported into the nucleus of HBV-infected cells (36). In-
side the nucleus, these imported core proteins spontane-
ously assemble into core particles (47) devoid of nucleic
acids (19).

Our results suggest that phosphorylation of core sub-
units induces a conformational change that exposes the
COOH-terminal NLSs in such a way that the phospho-
serine residues remain inaccessible to added phosphatases.
The positively charged COOH-terminal domain may dis-
sociate from the nucleic acids inside the core. They may
protrude through the neighboring holes in the capsid wall
and become partially exposed on the surface to serve as a
nuclear targeting signal. This structural change may in-
volve only a fraction of proteins in a core. In the P-rHBc
used in this study, on average 12–24 of the 240 core pro-
teins per core were phosphorylated. This was evidently
sufficient to target the cores to the nucleus.

Both importin a and b were necessary and sufficient for
core binding to NPCs. Thus, HBV cores followed the clas-
sical nuclear targeting pathway and not alternative path-

ways used by protein A1 of U snRNPs (38), M9-like do-
mains of hnRNPs (44), influenza virus nucleoprotein (55),
and glycoconjugates (8). Importin a binds to positively
charged, T antigen–like NLSs, whereas importin b is
thought to bind to this complex and mediate attachment of
the complex to the fibrils that extend from the NPCs into
the cytosol. This binding reaction is energy independent
(for review see 6, 17, 42). With a diameter of .25 nm, the
core exceeds the size limit for NLS-coated colloidal gold
particles that can enter through nuclear pores (9). Thus,
import of DNA should involve disassembly or deforma-
tion of the core particle.

We postulate that phosphorylation of core protein is an
important control element in the viral life cycle. During
encapsidation, the interaction with the COOH-terminal
arginine-rich sequences of the core proteins helps to con-
dense the pregenomic RNA into the small space offered
by the central cavity (Fig. 9, step 1). The binding of RNA
prevents the encapsidated PKC from phosphorylating this
core domain (Fig. 9, step 2). During reverse transcription,
the RNA is degraded. This allows the PKC to phosphory-
late the COOH-terminal domain of some core protein
subunits (Fig. 9, step 3). Phosphorylation induces a confor-
mational alteration in the core proteins. As a conse-
quence, the COOH terminus is exposed on the particle
surface (Fig. 9, step 4) that serves as a nuclear pore target-
ing signal.

By association with importins a and b (Fig. 9, step 5),
the cores are targeted to the nuclear membrane and bind
to the nuclear pores (Fig. 9, step 6). There, they release
their DNA/polymerase complex by unknown mechanisms
(Fig. 9, step 7), which is transported into the nucleoplasm
(Fig. 9, step 8). Alternatively, the viral cores can undergo
budding at the intermediate compartment between the
ER and the Golgi apparatus leading to virus formation
(Fig. 9, step 9). When the viral cores enter new host cells
(Fig. 9, step 10), they can again make use of the importins
and the classical pathway of nuclear import. One of the
potential advantages of this strategy is that as long as the
viral DNA is packaged it can be moved through the cyto-
sol to reach its defined targets. Therefore, the release of
the bulky DNA molecule occurs only upon reaching the
nuclear envelope. The molecular mechanisms of this path-
way can now be elucidated experimentally.

Figure 8. Confocal immunofluorescence of the
nuclear transport of M9-domain linked FITC-
BSA (green) into permeabilized HuH-7 cells
with and without previous P-rHBc binding (core
stain in red). The binding reaction was per-
formed in the presence of RRL and an ATP-gen-
erating system without addition of P-rHBc (top,
control) or in the presence of P-rHBc (bottom,
100 ng/ml). After washing the cells, the nuclear
transport of the FITC-BSA–M9 conjugate was
performed. The M9 conjugate of FITC-labeled
BSA was efficiently imported in the mock-
treated cells (top). Binding of P-rHBc to the
NPC blocks the import of the substrate (bottom).



The Journal of Cell Biology, Volume 145, 1999 54

We thank Drs. Maria Seifer (Schering-Plough., Kenilworth, NJ) for per-
forming core ELISAs, Ursula Friedrich for synthesis of the peptides,
Monica and Dietmar Linder for MALDI analysis of the peptides, Paul
Pumpens and Galina Borisova for providing the purified E. coli–derived
core particles, Stefan Schmehl (Institute for Medical Virology, Giessen,
Germany) for purification of the HBV from HepG2.2.15 cells, Dirk Gör-
lich for importin a and b and the anti-importin b antibody, and Päivi
Ojala (University of Helsinki, Helsinki, Finland) and Gary Whittaker
(Cornell University, Ithaca, NY) for many stimulating discussions. 

This work was supported by a grant of the Deutsche Forschungsge-
meinschaft to M. Kann (Ka 1193/1-1 and SFB 535, B5) and W.H. Gerlich
(SFB 272, C4); B. Sodeik and A. Helenius were supported by a grant from
the National Institutes of Health to A. Helenius (AI 18599) and a Euro-
pean Molecular Biology Organization postdoctoral fellowship to B. So-
deik (ALTP 2S4-1993).

Received for publication 21 August 1998 and in revised form 11 February
1999.

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. Bartenschlager, R., and H. Schaller. 1992. Hepadnaviral assembly is initi-
ated by polymerase binding to the encapsidation signal in the viral RNA
genome. EMBO (Eur. Mol. Biol. Organ.) J. 11:3413–3420.

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

4. Boulikas, T. 1995. Phosphorylation of transcription factors and control of
the cell cycle. Crit. Rev. Eukaryot. Gene Expr. 5:1–77.

5. Bruss, V., and D. Ganem. 1991. Mutational analysis of hepatitis B surface
antigen particle assembly and secretion. J. Virol. 65:3813–3820.

6. Corbett, A.H., and P.A. Silver. 1997. Nucleocytoplasmic transport of mac-
romolecules. Microbiol. Mol. Biol. Rev. 61:193–211.

7. 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.

8. Duverger, E., C. Pellegrin-Mendes, R. Mayer, A.C. Roche, and M. Mon-
signy. 1995. Nuclear import of glycoconjugates is distinct from the classi-
cal NLS pathway. J. Cell Sci. 108:1325–1332.

9. Dworetzky, S.I., and C.M. Feldherr. 1988. Translocation of RNA-coated
gold particles through the nuclear pores of oocytes. J. Cell Biol. 106:575–
584.

10. 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.

11. Finlay, D.R., D.D. Newmeyer, T.M. Price, and D.J. Forbes. 1987. Inhibi-
tion of in vitro nuclear transport by a lectin that binds to nuclear pores. J.
Cell Biol. 104:189–200.

12. Gallay, P., S. Swingler, J. Song, F. Bushman, and D. Trono. 1995. HIV nu-
clear import is governed by the phosphotyrosine-mediated binding of
matrix to the core domain of integrase. Cell. 83:569–576.

13. Gallina, A., F. Bonelli, L. Zentilin, G. Rindi, M. Muttini, and G. Milanesi.
1989. A recombinant hepatitis B core antigen polypeptide with the prot-
amine-like domain deleted self-assembles into capsid particles but fails to
bind nucleic acids. J. Virol. 63:4645–4652.

14. Gerlich, W.H., and W.S. Robinson. 1980. Hepatitis B virus contains protein
attached to the 59 terminus of its complete DNA strand. Cell. 21:801–809.

15. Gerlich, W.H., U. Goldmann, R. Müller, W. Stibbe, and W. Wolff. 1982.
Specificity and localization of the hepatitis B virus-associated protein ki-
nase. J. Virol. 42:761–766.

16. Görlich, D., and I.W. Mattaj. 1996. Nucleocytoplasmic transport. Science.
271:1513–1518.

17. Görlich, 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.

18. Görlich, D., S. Kostka, R. Kraft, C. Dingwall, R.A. Laskey, E. Hartmann,
and S. Prehn. 1995. Two different subunits of importin cooperate to rec-
ognize nuclear localization signals and bind them to the nuclear enve-
lope. Curr. Biol. 5:383–392.

19. 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 nu-
clear membrane in transgenic mice. J. Virol. 68:5469–5475.

20. Hammond, C., and A. Helenius. 1994. Quality control in the secretory
pathway: retention of misfolded viral membrane glycoprotein involves
cycling between the ER, intermediate compartment, and Golgi appara-
tus. J. Cell Biol. 126:41–52.

21. 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 vi-
ral replication. J. Virol. 66:5232–5241.

22. Hess, G., W. Arnold, and K.H. Meyer zum Buschenfelde. 1981. Demon-
stration and partial characterization of an intermediate HBcAg (Dane
particle) population. J. Med. Virol. 7:241–250.

23. Hirsch, R.C., J.E. Lavine, L.J. Chang, H.E. Varmus, and D. Ganem. 1990.
Polymerase gene products of hepatitis B viruses are required for genomic
RNA packaging as well as for reverse transcription. Nature. 344:552–555.

24. Hruska, J.F., and W.S. Robinson. 1977. The proteins of hepatitis B Dane
particle cores. J. Med. Virol. 1:119–131.

25. Hu, J., D.O. Toft, and C. Seeger. 1997. Hepadnavirus assembly and reverse
transcription require a multi-component chaperone complex which is in-
corporated into nucleocapsids. EMBO (Eur. Mol. Biol. Organ.) J. 16:59–
68.

26. Huovila, A.P., A.M. Eder, and S.D. Fuller. 1992. Hepatitis B surface anti-
gen assembles in a post-ER, pre-Golgi compartment. J. Cell Biol. 118:
1305–1320.

27. Jans, D.A., and S. Hubner. 1996. Regulation of protein transport to the nu-
cleus: central role of phosphorylation. Physiol. Rev. 76:651–685.

28. Junker-Niepmann, M., R. Bartenschlager, and H. Schaller. 1990. A short
cis-acting sequence is required for hepatitis B virus pregenome encapsi-
dation and sufficient for packaging of foreign RNA. EMBO (Eur. Mol.
Biol. Organ.) J. 9:3389–3396.

29. Kamimura, T., A. Yoshikawa, F. Ichida, and H. Sasaki. 1981. Electron mi-
croscopic studies of Dane particles in hepatocytes with special reference
to intracellular development of Dane particles and their relation with

Figure 9. Schematic diagram of the intracellular life cycle of the
HBV core particle and the HBV genome. (1 and 2) After assem-
bly of RNA (waved line), pol, PKC, and core subunits, (3) pol
synthesizes the minus DNA strand (circle), and phosphorylation
of the core subunits by PKC. (4) Phosphorylation induces a struc-
tural change of the core so that the hidden NBS becomes ex-
posed on particle surfaces. (5) The NBS is bound by importins
(importin a and importin b) that mediate (6) binding of the cores
to the NPC, where (7) they disintegrate. (8) The released pol/
DNA complex is imported into the nucleus where the DNA is
converted to cccDNA. From the cccDNA the pregenomic RNA
is transcribed which encodes for pol and core subunits.



Kann et al. Regulated Binding of HBV Cores to the Nuclear Pore 55

HBeAg in serum. Hepatology. 1:392–397.
30. Kann, M., and W.H. Gerlich. 1994. Effect of core protein phosphorylation

by protein kinase C on encapsidation of RNA within core particles of
hepatitis B virus. J. Virol. 68:7993–8000.

31. Kann, M., R. Thomssen, H.G. Köchel, and W.H. Gerlich. 1993. Character-
ization of the endogenous protein kinase activity of the hepatitis B virus.
Arch. Virol. Suppl. 8:53–62.

32. Kann, M., A. Bischof, and W.H. Gerlich. 1997. In vitro model for the nu-
clear transport of the hepadnavirus genome. J. Virol. 71:1310–1316.

33. Kenney, J.M., C.H. von 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.

34. Köck, 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.

35. Leukel, M., and E. Jost. 1995. Two conserved serines in the nuclear local-
ization signal flanking region are involved in the nuclear targeting of hu-
man lamin A. Eur. J. Cell Biol. 68:133–142.

36. Liao, W., and J.H. Ou. 1995. Phosphorylation and nuclear localization of
the hepatitis B virus core protein: significance of serine in the three re-
peated SPRRR motifs. J. Virol. 69:1025–1029.

37. Machida, A., H. Ohnuma, F. Tsuda, A. Yoshikawa, Y. Hoshi, T. Tanaka, S.
Kishimoto, Y. Akahane, Y. Miyakawa, and M. Mayumi. 1991. Phosphor-
ylation in the carboxyl-terminal domain of the capsid protein of hepatitis
B virus: evaluation with a monoclonal antibody. J. Virol. 65:6024–6030.

38. Marshallsay, C., A. Dickmanns, F.R. Bischoff, H. Ponstingl, E. Fanning,
and R. Lührmann. 1996. In vitro and in vivo evidence that protein and
U1 snRNP nuclear import in somatic cells differ in their requirement for
GTP-hydrolysis, Ran/TC4 and RCC1. Nucleic Acids Res. 24:1829–1836.

39. Melegari, M., V. Bruss, and W.H. Gerlich. 1991. The arginine-rich carboxy-
terminal domain is necessary for RNA packaging by hepatitis B core pro-
tein. In Viral Hepatitis and Liver Disease. F.B. Hollinger, S.M. Lemon,
and H.S. Margolis, editors. Williams & Williams, Inc., Baltimore, MD.
164–168.

40. Moroianu, J., G. Blobel, and A. Radu. 1995. Previously identified protein
of uncertain function is karyopherin alpha and together with karyopherin
beta docks import substrate at nuclear pore complexes. Proc. Natl. Acad.
Sci. USA. 92:2008–2011.

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

42. Nigg, E.A. 1997. Nucleocytoplasmic transport: signals, mechanisms and
regulation. Nature. 386:779–787.

43. Pasek, M., T. Goto, W. Gilbert, B. Zink, H. Schaller, P. MacKay, G. Lead-
better, and K. Murray. 1979. Hepatitis B virus genes and their expression
in E. coli. Nature. 282:575–579.

44. Pollard, V.W., W.M. Michael, S. Nakielny, M.C. Siomi, F. Wang, and G.
Dreyfuss. 1996. A novel receptor-mediated nuclear protein import path-
way. Cell. 86:985–994.

45. Qiao, M., T.B. Macnaughton, and E.J. Gowans. 1994. Adsorption and pen-

etration of hepatitis B virus in a nonpermissive cell line. Virology. 201:
356–363.

46. Rihs, H.P., and R. Peters. 1989. Nuclear transport kinetics depend on phos-
phorylation-site-containing sequences flanking the karyophilic signal of
the Simian virus 40 T-antigen. EMBO (Eur. Mol. Biol. Organ.) J. 8:1479–
1484.

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

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

49. Shibasaki, F., E.R. Price, D. Milan, and F. McKeon. 1996. Role of kinases
and the phosphatase calcineurin in the nuclear shuttling of transcription
factor NF-AT4. Nature. 382:370–373.

50. Southern, E.M. 1975. Detection of specific sequences among DNA frag-
ments separated by gel electrophoresis. J. Mol. Biol. 98:503–517.

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

52. Tagawa, T., T. Kuroki, P.K. Vogt, and K. Chida. 1995. The cell cycle-
dependent nuclear import of v-Jun is regulated by phosphorylation of a
serine adjacent to the nuclear localization signal. J. Cell Biol. 130:255–
263.

53. 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.

54. Tuttleman, J.S., J.C. Pugh, and J.W. Summers. 1986. In vitro experimental
infection of primary duck hepatocyte cultures with duck hepatitis B virus.
J. Virol. 58:17–25.

55. Wang, P., P. Palese, and R.E. O’Neill. 1997. The NPI-1/NPI-3 (karyopherin
alpha) binding site on the influenza a virus nucleoprotein NP is a noncon-
ventional nuclear localization signal. J. Virol. 71:1850–1856.

56. Whittaker, G., I. Kemler, and A. Helenius. 1995. Hyperphosphorylation of
mutant influenza virus matrix protein, M1, causes its retention in the nu-
cleus. J. Virol. 69:439–445.

57. Whittaker, G.R., and A. Helenius. 1998. Nuclear import and export of vi-
ruses and virus genomes. Virology. 246:1–23.

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

59. Yeh, C.T., C.M. Chu, and Y.F. Liaw. 1995. A single serine mutation on the
nuclear localization signal of hepatitis B virus core protein abolishes the
inhibition of nuclear transport by surface proteins. Biochem. Biophys.
Res. Commun. 213:1068–1074.

60. Zlotnick, A., N. Cheng, S.J. Stahl, J.F. Conway, A.C. Steven, and P.T.
Wingfield. 1997. Localization of the C terminus of the assembly domain
of hepatitis B virus capsid protein: implications for morphogenesis and
organization of encapsidated RNA. Proc. Natl. Acad. Sci. USA. 94:9556–
9561.


