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Highly purified hepatitis B virus core particles were obtained in large amounts from the cytoplasm of infected
human liver cells. This DNA polymerase-negative core preparation had only hepatitis B core antigen-specific
antigenicity and showed a surprising stability. Two forms of a single protein of 22,000 molecular weight, P22,
were resolved electrophoretically; the slower moving species, P22a, appeared to be a reduced form of the
protein, and the faster moving species, P22b, could have represented a conformational isomer containing an
intramolecular disulfide bond(s). The immunological properties and DNA-binding activity of the reduced form,
P22a, were examined following separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and by
transfer onto nitrocellulose membranes (Western blotting). We found that the hepatitis B virus C gene protein
shared the antigenic site responsible for both hepatitis B core and e antigen reactivity. We also demonstrated
that the core protein(s) bound specifically the genomic hepatitis B virus DNA in comparison with a plasmid
DNA (pBR322). This last observation was further substantiated by a radioimmunological method. P22a was
also found to be phosphorylated in vitro by the endogenous protein kinase activity, copurified with the hepatitis
B core antigen particles. These findings suggest that P22 is a multifunctional protein which is incorporated into
core particles within the cytoplasm of the host cell before DNA encapsidation. A critical role of this protein in
hepatitis B virus assembly is suggested.

Hepatitis B virus (HBV) is a 42-nm particle (the Dane
particle) consisting of an internal 27-nm nucleocapsid bear-
ing the hepatitis B core (HBc) antigen (HBcAg) surrounded
by an antigenically and morphologically distinct lipoprotein
surface (HBs) component (HBsAg) (9). In addition, a third
HBV-specific antigen, hepatitis B e (HBe) antigen (HBeAg)
has been shown to be a cryptic form of core antigen (6). Viral
core particles and their major antigen (HBcAg) can be
extracted from HBsAg-positive sera containing Dane parti-
cles by detergent treatment (3, 9). They are present in the
hepatocytes of chronically infected patients (3, 13). A pro-
tein of 19,000 molecular weight, P19, has been found to be
their major component (14). The complete HBV is a heavy
subpopulation of Dane particles containing viral DNA (25)
and an endogenous DNA-dependent DNA polymerase (16).
Most Dane particles are believed to lack DNA as a DNA-
polymerase activity and thus represent defective HBV. So
two subfractions of core particles can be isolated either from
serum HBV or from liver cells, which have been found to
have densities of 1.36 g/ml for the DNA-containing full
capsids and 1.30 g/ml for the empty capsids (15).

Recently, a protein kinase (PK) activity was detected in
purified preparations of HBV core particles; this enzyme
phosphorylates the major core protein in vitro (2). Gerlich et
al. (11) have shown that PK is a part of the viral core
particles and phosphorylates one or several serine residues
of the major core protein per particle at a site sterically
protected against enzymatic hydrolysis.
The gene coding for P19, the major protein of the viral

core, has been identified on the HBV DNA (21). It produces
a polypeptide chain composed of 183 amino acid residues,
with a calculated molecular weight of 21,042. The C-terminal
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region of this polypeptide is remarkable because it manifests
a protamine-like structure with repeating arginines separated
by serine and proline, suggesting its involvement in binding
to the HBV-DNA within the Dane particles. The DNA-bind-
ing properties of HBcAg are as yet unknown.
Up to now the antigenicity of HBcAg has not been

detected on the two polypeptides P19 and P45 derived from
the core of Dane particles by the conventional in vitro assay
methods (27, 28). However, an antibody response against
HBcAg has been obtained in addition to the antibody against
HBeAg after immunization with P19 (28). Furthermore,
recently, Takahashi et al. (29) have found HBcAg epitopes
on HBeAg polypeptides P15.5 and P19 from cores of Dane
particles, by using monoclonal antibodies.

In this study, the Western blotting analysis was used to
identify with immunological procedures the core protein(s)
electrophoretically separated in gels and to detect the DNA-
binding protein(s) of HBV. We found that the more fully
reduced and unfolded form of a single core protein, P22,
shared HBcAg and HBeAg determinants and bound effi-
ciently the HBV DNA. We provide further evidence that
intact empty virus capsids composed of a simple protein
(P22) could be isolated from the cytoplasm of hepatocytes in
which nuclear HBcAg was detected by immunofluores-
cence. Moreover, we demonstrate that such core particles
had a high HBcAg activity and were stable over a long
period of time, in contrast to the instability of the HBcAg
obtained from the nucleus.

MATERIALS AND METHODS

Purification procedure of core particles from liver. An HBV-
infected human liver obtained from a patient on dialysis and
screened for the presence ofHBcAg in nuclei by immunofluo-
rescence was the starting material for the purification pro-
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cedure. Frozen liver tissue (20 g) was minced and then
homogenized in an Ultra turrax homogenizer at low speed
with 4 volumes of chilled buffer containing 0.25 M sucrose in
TKM (0.05 M Tris-hydrochloride [pH 7.6], 0.025 M KCl, and
0.005 M MgCl2) and two protease inhibitors, 1 mM phenyl-
methylsulfonyl fluoride (Sigma Chemical Co., St. Louis,
Mo.) and 100,000 U of Iniprol (Laboratoire Choay, Paris).
The 20% (wt/vol) homogenate was filtered through four lay-
ers of gauze and centrifuged at 750 g for 10 min as previously
described for the isolation of nuclei (4). The pellet was
suspended in the same volume of the homogenizing medium
by using a hand-operated Potter-Thomas homogenizer. The
resulting supernatants were pooled and centrifuged again at
3,000 x g for 15 min.
Core particles were then purified by the method described

by Onodera et al. (20) with minor modifications. The pooled
supernatants obtained above were centrifuged at 30,000 rpm
(160,000 x g) for 12 h in an MSE (Crawley, Sussex,
England) swing-out rotor (6 by 14 ml) to condense the core
particles. The resulting pellet was suspended in 1 volume of
0.14 M NaCl-0.01 M Tris-hydrochloride, pH 7.6 (TN buffer),
and centrifuged at 8,000 x g for 30 min. The supernatant was
then layered over a 30% (wt/vol) sucrose cushion in an MSE
rotor. After 18 h at 27,000 rpm (130,000 x g), the core-rich
pellet was suspended in a 0.25 volume of TN buffer. Further
purification was carried out by gel filtration from this mate-
rial containing 2 to 3 mg of protein per ml and a very high
titer of HBcAg (1:211 in solid-phase [SP]-radioimmunoassay
[RIA]). A 2-ml sample (ca. 5 mg of protein) was passed
through a column (100 by 1.6 cm) of Bio-Gel A 0.5-m (200 to
400 mesh), with 4 to 5 ml of TN buffer per h. Absorbancy
profiles were determined by measurements at 280 nm on a

spectrophotometer (ISCO UA-5, Roucaire, France). The
fractions were assayed for HBcAg by SP-RIA. The HBcAg-
positive peak fractions were pooled and stored in samples at
-80°C. The specific activity of HBcAg obtained was 1:217
SP-RIA titers per mg of protein.
Human polyclonal anti-HBc. Human anti-HBc immuno-

globulin G (IgG) was obtained from HBeAg-positive sera of
asymptomatic HBsAg carriers highly positive for anti-HBc
(RIA titer, 1:105) and negative for anti-HBe in RIA (CORAB
and Abbott-HBe, Abbott Laboratories, North Chicago, Ill.).
The IgG fraction was separated by gel filtration on Sephadex
G200 (Pharmacia Fine Chemicals, Inc., Uppsala, Sweden)
and by chromatography on DEAE Trisacryl M (Industrie
Biologique Francaise, Clichy, France). The anti-HBc rea-
gent (10 mg of protein per ml for an RIA titer of 1:105) was

negative for HBsAg, HBeAg, anti-HBs, and anti-HBe by
commercial RIA kits from Abbott Laboratories (AUSRIA
II, AUSAB, and Abbott-HBe). For the determination of
anti-HBe activity in the Abbott-HBe test, we analyzed the
neutralizing reagent, which was found to be reactive for
HBeAg and HBsAg and also to be highly positive for
anti-HBc. Consequently, we concluded that the HBe reagent
was an infectious human serum negative for HBcAg as
confirmed by the selective detection of HBcAg activity in
this reagent by our RIA method as described below.
Sandwich SP-RIA of HBcAg. Core particles isolated from

the liver preparation were tested for HBcAg activity by a
sandwich SP-RIA developed in our laboratory for the spe-
cific detection of HBcAg in serum HBV particles (M.-A.
Petit, F. Capel, A. Budkowska, and J. Pillot, submitted for
publication). Briefly, polycarbonate Removawell Strips
(Dynatech Laboratories, Inc., Alexandria, Va.) were coated
with human anti-HBc IgG at a concentration of 50 ,ug of
protein per ml. The plate was then saturated with 2% bovine

serum albumin. The test sample was incubated for 18 h at
room temperature, and the bound antigen was detected by
the same anti-HBc IgG labeled with 125I to a specific activity
of 0.5 ,uCi/,g by the modified procedure of Fraker and Speck
(10). The plate was further incubated, and the radioactivity
bound to each well was counted. Results were expressed as
the ratio of the counts per minute of the test sample (P) to the
average counts per minute of five negative controls (N); a
test sample was considered positive if the P/N ratio was
.2.1.

Selective determination of HBeAg. HBeAg was measured
by a modified method with the Abbott-HBe. Because the
antiserum used in this commercial test contains anti-HBe as
well as anti-HBc, titers of both HBeAg and HBcAg were
assayed by the kit. Therefore, to determine specifically
HBeAg in the core preparation, it was necessary to add an
excess of human anti-HBc IgG (prepared as described
above) to the test sample to neutralize the HBcAg activity.
The blocking was successful since the test sample became
negative for HBcAg as measured by our selective method
described above. Positive control for Abbott-HBe, which is
reactive for HBeAg and HBsAg and negative for HBcAg
(highly positive for anti-HBc), was found to be unaffected by
such a neutralizing procedure.

Polyacrylamide gel electrophoresis and transfer to nitrocel-
lulose sheets. Core particles were solubilized by incubation
for 10 min at 60°C in 0.0125 M Tris-hydrochloride-0.1%
sodium dodecyl sulfate (SDS), pH 6.8, containing 2% SDS
with or without 5% 2-mercaptoethanol (2-ME), 10% gly-
cerol, and 0.02% bromophenol blue (sample buffer). SDS-
polyacrylamide gel electrophoresis (PAGE) was carried out
on 12.5% separating slab gels in the discontinuous system of
Laemmli (17), with a ratio of acrylamide to bisacrylamide of
37:1. As molecular weight markers, a set of proteins (Phar-
macia) with the following molecular weights was used:
14,400, 20,100, 30,000, 43,000, 67,000, and 94,000.

After electrophoresis, the gel was cut into two pieces. One
part was stained with Coomassie brilliant blue (R-250) in a
methanol-acid acetic mixture (31), whereas the other part
was submitted to a transfer procedure adapted by Burnette
(8) from Towbin et al. (30). The electrophoretic transfer of
proteins to nitrocellulose membranes (NCM; BA85 mem-
brane filters, 0.45 ,um, Schleicher & Schuell, Dassel, Federal
Republic of Germany) was done as previously described
(23).

Immunoreactivity of core polypeptides. For determination
of the immunoreactivity of proteins bound to NCM, the
NCM were incubated either with 125I-labeled human anti-
HBc IgG, used for the SP-RIA and negative for anti-HBe, at
37°C for 4 h or with anti-HBe-anti-HBc, from the Abbott-
HBe test kit, at 45°C for 3 h. After extensive washings with
TN buffer, the NCM were dried and subjected to autoradi-
ography (23).
DNA binding. The DNA-binding activity was determined

by the method described by Bowen et al. (5). After protein
transfer, the NCM were immersed in standard binding buffer
(0.01 M Tris-hydrochloride [pH 7.0], 0.001 M Na-EDTA,
0.02% bovine serum albumin, 0.02% Ficoll, and 0.02%
polyvinyl pyrrolidone containing 0.05 M NaCl) overnight at
4°C to reduce background binding slightly. The NCM were
then incubated either with a 32P-labeled pBR322 plasmid or
with the cloned 32P-labeled HBV DNA for 1 h at room
temperature to permit DNA binding. The DNA probes
(supplied by C. Brechot) were labeled by nick translation to
a specific activity of 2 x 108 to 4 x 108 cpm/,ug. After
incubation, the NCM were extensively washed in standard
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binding buffer. (If desired, the NCM can be washed in
binding buffer containing a higher NaCl concentration [0.2 or

0.5 M].) After that, the NCM were dried and exposed to
X-ray film. The protein bands detected by autoradiography
were excised, and the radioactivity was counted in a Beta
SL 30 counter (Kontron Analytical, Montigny-le-Bretonn-
eux, France).
The DNA-binding activity was also detected by using a

radioimmunological method. After solubilization in 2% SDS
and 5% 2-ME, as described for SDS-PAGE, followed by
extensive dialysis for 3 to 5 days against TN buffer, core
particles were incubated with polycarbonate Removawell
Strips (Dynatech) coated with either a pBR322 plasmid or
the genomic HBV DNA at the same concentration of 1 ng/ml
for 1 h at room temperature. The bound core protein was

revealed by 125I-labeled anti-HBe and anti-HBc (anti-HBe
reagent from Abbott), and the radioactivity bound to each
well was counted as described for the determination of
HBcAg. A test control was performed by coating wells of
Removawell Strips with TN buffer containing 2% bovine
serum albumin. For detection of DNA binding, anti-HBe
reagent rather than specific 125I-labeled anti-HBc IgG was
used to achieve maximal test sensitivity.
PK reaction. The PK reaction was carried out as described

by Gerlich et al. (11) in 100 pAl with 20 to 60 ,uCi of
[-y-32P]ATP (3,000 Ci/mmol, Amersham France S.A., Les
Ulis) and increasing HBcAg concentrations from 7 to 60 ,ug
of protein. After 1 h at 37°C, 10 IlI of sample buffer
containing 20% SDS and 50% 2-ME was added. The mixture
was incubated at 60°C for 10 min and then analyzed by
SDS-PAGE with a 12.5% polyacrylamide gel, as described
above. After staining and drying of the gel (Slab Gel Dryer
Unit, LKB Instruments, Inc., Bromma, Sweden), the
phosphorylated protein was localized by autoradiography
(23).
Other assays. DNA polymerase activity was analyzed as

reported by Alberti et al. (1). Protein concentration was

determined by the method of Peterson (22). Electron micros-
copy was performed, after phosphotungstic acid staining,
with a Siemens microscope.

RESULTS
Physicochemical and morphological characteristics of cyto-

plasmic core particles (HBcAg) isolated from liver. HBc
particles were isolated from the soluble fraction of a human
liver homogenate after removal of nuclei by low-speed
centrifugation (750 x g). They were further purified by
centrifugation in TKM buffer and sucrose cushion followed
by gel filtration (20). Contrary to core particles isolated from
nuclear extracts, which showed a gradual loss (t112, 22 days)
of the HBc antigenicity when stored at 4°C (7), our purified
core preparation had a high HBcAg activity specifically
detected up to a dilution of 1:211 in SP-RIA (Fig. 1). Our
preparation was very stable when stored either at 0°C or

frozen at -20 and -80°C. In fact, cytoplasmic core particles
in liver revealed a notable morphological stability for over 1
year without any loss of HBc antigenicity or release of
HBeAg.
Throughout the purification procedure, we did not use

CsCl density gradient centrifugation, to avoid releasing
HBeAg from core particles by affecting their morphology
(19). When our HBcAg preparation was tested specifically
for HBeAg activity, an RIA titer of <1:2' was found,
corresponding to an HBeAg/HBcAg activity ratio of <0.02.
HBV-infected cells expressing HBsAg in the cytoplasm
were also assayed, and such activity was detected by RIA

only in the core preparation without dilution, corresponding
to an HBsAg/HBcAg activity ratio of <0.005.
The buoyant density of this material was determined by

layering a 200-,ul sample of fractions pooled from gel filtra-
tion onto a discontinuous CsCl gradient (1.1 to 1.5 g/ml) and
by centrifugation in a TGA-65 ultracentrifuge with a TST 41
rotor (Kontron) for 18 h at 35,000 rpm (200,000 x g). A
single peak of HBcAg activity was recovered from the
gradient at a density of 1.30 g/ml (Fig. 2), indicating that the
material consisted almost entirely of light core particles.
These cores were negative for specific DNA polymerase
activity (data not shown).

Electron-microscopic examination of the HBcAg prepara-
tion (Fig. 3) revealed the presence of spherical particles 27
nm in diameter.
These results indicate that the physicochemical and mor-

phological properties of cytoplasmic HBcAg in liver are
similar to those described earlier for cores obtained from the
nuclei of hepatocytes (7, 19). The physical stability reported
here, however, has never been observed before.

Immunological properties: HBcAg and HBeAg reactivity on
the core proteins. The polypeptide composition of the cyto-
plasmic HBcAg was determined by SDS-PAGE after treat-
ment at 60°C for 10 min in 2% SDS with or without 5%
2-ME. The sample prepared in SDS alone showed a pair of
closely migrating bands in the region of polyacrylamide gel
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FIG. 1. Titration of HBcAg in purified core preparations derived

from the supernatant of liver homogenate with an anti-HBc IgG-
coated solid phase, HBcAg dilutions, and 125I-labeled anti-HBc IgG
(SP-RIA). The results are expressed as the ratio of the counts per
minute of the test sample (P) to the average counts per minute of five
negative controls (N); a test sample was considered positive if the
P/N was .2.1.
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corresponding to ca. 21,000 daltons, after Coomassie blue
staining. The molecular weights of the two bands were
determined to be 20,000 and 22,000 by comparison with the
migration of proteins of known molecular weight (Fig. 4,
lanes A and B). Because we believe these two bands to be
two different forms of the major core protein P22, we named
the slower migrating band P22a and the faster migrating band
P22b. When the core particles were prepared in sample
buffer containing 5% 2-ME, only the P22a form was ob-
served (Fig. 4, lane C). These results argue in favor of a P22a
form representing the more fully reduced form of P22, which
could be converted by oxidation to the disulfide-bonded
form (P22b) which migrated faster owing to a folded struc-
ture. Presumably, the two polypeptide species were present
in the core preparation, and the faster moving species, P22b,
was converted to the slower moving species, P22a, by high
concentrations of reducing agent in the gel sample buffer.
Moreover, we noticed that the major core proteins could be
obtained by treatment with SDS alone, suggesting a possible
noncovalent association between the P22 molecules.
The polypeptides separated electrophoretically were then

transferred to nitrocellulose paper and incubated with spe-
cific 1251 anti-HBc IgG or 125I IgG containing both anti-HBe
and anti-HBc activities (anti-HBe reagent from Abbott) (Fig.
5). Thus, the slower moving species, P22a, largely present
on gels after reduction, appeared as the shared antigenic site
responsible for HBcAg and HBeAg reactivity. One clearly
visible band corresponding to 22,000 daltons was detected
on the autoradiographs after incubation with anti-HBc IgG
(prepared by us) which did not contain any anti-HBe activity
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FIG. 2. Isopycnic banding of purified cytoplasmic core particles

in CsCl. A 200-,ul sample of core particle preparation (RIA titer of
HBcAg, 1:211) which had been purified by Bio-Gel A 0.5-m column
chromatography was layered onto a discontinuous CsCl gradient
(1.1 to 1.5 g/ml) and centrifuged in a TST 41 Kontron rotor for 18 h
at 35,000 rpm. Fractions collected by bottom puncture were assayed
for HBcAg activity (0) at a dilution of 1:4 by SP-RIA and for CsCl
density (A) by refractometry.

FIG. 3. Electron micrograph of core particles isolated from the
cytoplasm of a human liver cells after purification by gel filtration (at
a final concentration of 140 pg of protein per ml).

detectable in RIA (Fig. 5, lane A). This protein, P22a, also
revealed immunoreactivity to anti-HBe after incubation with
anti-HBe reagent, and a very weak band at 41,000 daltons
(P41; not stained by Coomassie blue in gels and only
suspected after anti-HBc reaction) was detected (Fig. 5, lane

A B1 (.'
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FIG. 4. SDS-polyacrylamide gel analysis of marker proteins (A)
and of purified cytoplasmic core particles (RIA titer of HBcAg,
1:211) which were dissolved in gel sample buffer containing 2% SDS
in the absence (B) or presence (C) of 5% 2-ME and electrophoresed
on a 12.5% polyacrylamide gel. The polypeptides were visualized by
Coomassie blue staining. Molecular weights of marker proteins
(x 103) are on the left.
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B). This last positive reaction was caused by anti-HBe and
did not result from the presence of anti-HBc in the anti-HBe
reagent. To examine this reaction, we performed triplicate
blots which were all first incubated with anti-HBc IgG that
was free of detectable anti-HBe activity, and we subse-
quently again incubated two of these blots either with
anti-HBc IgG (as in the first assay) or with the Abbott
anti-HBe reagent. An intensified labeling of bands compared
with those in the control blot, incubated once, was observed
only after a second incubation in the presence of anti-HBe
antibodies, in contrast to observations after successive in-
cubations with anti-HBc IgG alone (data not shown). This
result suggests an effective blocking of the HBcAg deter-
minant(s) and a further detection of the HBeAg determi-
nant(s).
These results indicate that the more fully reduced form of

the core protein, P22a, released from empty HBV capsids,
could react with both anti-HBc and anti-HBe IgG under our
experimental conditions. The immunological properties of
the possible conformational isomer containing an intramo-
lecular disulfide bond(s) (P22b) could not be detected due to
an insufficient protein concentration in the gels.
PK activity. Cytoplasmic HBcAg particles from HBV-in-

fected liver cells were examined for endogenous PK activity.
After PK reaction in the presence of [y -32P]ATP, radiola-
beled polypeptides were identified by SDS-PAGE under
reducing conditions and subsequent autoradiography. The
only phosphorylated product had an electrophoretic mobil-
ity corresponding to an apparent molecular weight of 22,000
(P22a) (Fig. 6). The amount of 32P bound to P22a followed
quantitatively the core protein concentration layered on the
polyacrylamide gel (7 and 14 ,ug/ml [Fig. 6, lanes a and c,
respectively]). For the same HBcAg concentration (7 or 14
,ug of protein per ml), doubling the concentration of [-y-
32P]ATP (3,000 Ci/mmol) in the PK reaction mixture (13
instead of 7 pmol) produced a doubling of the band intensity
(compare Fig. 6, lanes a and c with lanes b and d, respec-
tively) only up to 20 pmol. This supports the results obtained
by Gerlich et al. (11) and indicates a strong endogenous PK
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e 14.4

FIG. 5. Immunoreactivity of core proteins electrophoretically
separated in gels under reducing conditions (as described in the
legend to Fig. 4C) after transfer to nitrocellulose paper (Western
blotting). (A) Incubation with specific '25I-labeled anti-HBc IgG
(prepared as described in the text). (B) Incubation with 'l25-labeled
anti-HBe and anti-HBc IgG (Abbott reagent). Autoradiographs were
exposed for 7 h. Molecular weights of marker proteins (x 103) are on
the right. Core polypeptides are indicated by arrows on the left.

a b c d

P22 -* -up -w

FIG. 6. SDS-PAGE of PK 32P-labeled core polypeptides. Cyto-
plasmic core particles were purified, and PK reactions were carried
out as described in the next. Radioactive polypeptides were ana-
lyzed by SDS-PAGE under reducing conditions and detected by
autoradiography of the dried gel. Core proteins (7 ,ug [lanes a and b]
or 14 ,ug [lanes c and d] per ml) were layered on the gel. There was
7 pmol (lanes b and d) or 13 pmol (lanes a and c) of [y-32P]ATP,
present in the PK reaction mixture.

activity associated with DNA polymerase-negative light core
particles isolated from hepatocyte cytoplasm.

Demonstration of a specific binding of the core proteins to
the HBV DNA. We first tested the ability of the core proteins
to bind viral and nonviral DNA by using the protein blotting
method, which combines the high resolving power of gel
electrophoresis with a nitrocellulose filter binding assay,
requiring small amounts of the labeled probe. For this assay,
after protein transfer, the NCM were incubated with DNA
probes, either 32P-labeled pBR322 plasmid (Fig. 7A) or
cloned 32P-labeled HBV DNA (Fig. 7B), in the same con-
centration of 1 ng per ml to permit DNA binding. After
washing in standard binding buffer containing 0.05 M NaCl,
the 22,000-dalton major core polypeptide, P22a, efficiently
bound the HBV DNA. It appeared that P22a was also able to
bind plasmid DNA but that such a nonspecific binding
represented only ca. 40% of the specific binding activity of
P22a for HBV DNA (Fig. 7C). Consequently, we propose
that P22a is a DNA-binding protein of HBV. We determined
the stability of this HBV DNA protein complex in buffers of
increasing salt concentrations (0.05 to 0.5 M NaCl). NaCl
(0.2 M) removed the majority (ca. 95%) of HBV DNA from
core protein P22a (Fig. 8A). After extensive washings in
buffer containing 0.2 or 0.5 M NaCl, bands were, however,
still visualized in autoradiography after a longer exposure
time (24 h instead of 3.5 h in 0.05 M binding buffer [Fig. 8B])
in contrast to nonspecific interactions with plasmid DNA.
The filters were extensively washed to increase the degree of
specificity, and we noticed that no binding was observed for
the marker proteins (phosphorylase b, bovine serum albu-
min, ovalbumin, carbonic anhydrase, trypsin inhibitor, and
a-lactalbumin) analyzed in parallel by the same technique
(Fig. 8C).
By this method, which required highly purified proteins as

our core preparation, it was demonstrated that P22a bound
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daltons was, however, stained under these conditions,
whereas the staining was closely localized at 22,000 daltons
as a limited band after resolution in SDS-PAGE with reduc-
tion (Fig. 10 compared with Fig. 7). Consequently, we

believe that all of these forms bound specifically the HBV
DNA. Such a finding suggests that these polypeptides had
identical C-terminal amino acid sequences where the DNA-
binding site was probably localized (11). It also indicates that
P22 was a polypeptide monomer which exhibited different
conformational states within core particles, and all of the
polypeptides represented the DNA-binding proteins of HBV.

DISCUSSION
DNA polymerase-negative light core particles were iso-

lated from the cytoplasm of HBV-infected hepatocytes after

E

A

t
P22a

FIG. 7. Specific binding of the P22a core polypeptide to HBV
DNA as determined by filter binding assay. Core particles (RIA titer
of HBcAg, 1:211) were treated with 2% SDS-5% 2-ME (as described
in the legend for Fig. 4C) before SDS-PAGE. After protein transfer,
the nitrocellulose paper was incubated either (A) with a 32P-labeled
pBR322 plasmid or (B) with the 32P-labeled HBV DNA. (C) The
radioactive band which migrated like a protein of 22 kilodaltons (as
determined by appropriate marker proteins; cf. Fig. 4A) on auto-
radiograms (A) and (B) was excised from the nitrocellulose paper,
dissolved in Dynagel (Baker), and counted in a scintillation counter.
After incubation with 32P-labeled DNA probes, the filters were

washed in binding buffer containing 0.05 M NaCl. Autoradiographs
were exposed for 3.5 h.

the HBV DNA with a greater affinity that it bound a plasmid
DNA. Therefore, to further explore this observation, we
developed a DNA-binding immunoassay. With this second
method, protein-DNA complexes were identified by reaction
with '251-labeled anti-HBe-anti-HBc reagent (Abbott). The
results obtained by both procedures, filter binding and
immunoprecipitation, were fully compatible. HBcAg, after
treatment with 2% SDS and 5% 2-ME at 60°C for 10 min
(which resulted in only a single 22,000 polypeptide immuno-
reactive to anti-HBc and anti-HBe, P22a), bound the HBV
DNA with a high specificity in contrast to its binding of
pBR322 plasmid DNA (Fig. 9). In this experiment, we used
TN buffer containing 0.14 M NaCl, and we observed that the
nonspecific activity of P22a for plasmid DNA was insignifi-
cant at this salt concentration compared with its specific
activity for the HBV DNA (Fig. 9).

All of these results indicate that the reduced form, P22a, is
a DNA-binding protein of HBV. Furthermore, we showed
that both forms of the core protein were resolved in SDS-
PAGE without reduction. P22a, P22b, and P41 (probably a
dimeric form of P22) were detected on the autoradiographs
after the filter DNA-binding assay (Fig. 10). Certainly P22b
was not clearly resolved from P22a because they migrated
very close to each other. A broad band from 20,000 to 22,000
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FIG. 8. Salt sensitivity of the P22a core polypeptide binding to
specific and nonspecific DNA. Core proteins were applied to the gel
as described in the legend for Fig. 4C. After protein transfer, the
nitrocellulose paper was first incubated with the 32P-labeled HBV
DNA or plasmid (pBR322) DNA as described in the legend to Fig. 7
and then washed with 0.05, 0.2, or 0.5 M NaCl. (A) Radioactivity in
the protein-HBV DNA complex (0) or in the protein-plasmid DNA
complex (0) measured as described in the legend to Fig. 7. (B)
Autoradiograms made from filters washed in binding buffer contain-
ing increasing salt concentrations for the protein-HBV DNA com-

plex. (C) Control (marker) proteins applied to the gel as described in
the legend for Fig. 4A. After protein transfer and incubation with the
32P-labeled HBV DNA, an autoradiogram was made from the filter
washed in binding buffer containing 0.05 M NaCl. Exposure times
for autoradiograms are below the filters.
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FIG. 9. Immunological assay for DNA binding of the P22a core

polypeptide. Purified core particles (200 ,ug of protein per ml)
treated with 2% SDS-5% 2-ME for 10 min at 600C and extensively
dialyzed were incubated in wells coated either with TN buffer
containing 2% bovine serum albumin as a control (A) or with
plasmid pBR322 (0), or with the genomic HBV DNA (0). Bound
protein was subsequently identified by the immunoprecipitation
technique, carried out as described in the text, with 251I-labeled
anti-HBe reagent (Abbott). We present the ratio (P/N) of the counts
per minute obtained for the test sample (P) to the average counts per
minute of three negative controls (N) as a function of core protein
dilution. Samples were considered positive when the P/N ratio was
.2.1.

removal of the nuclei by low-speed centrifugation and were
further purified by gel filtration rather than by conventional
CsCl banding. This confirms the presence of large amounts
of cytoplasmic HBcAg as empty particles in liver (12, 26).
Unlike core particles isolated from nuclear extracts of liver
cells (7), HBcAg activity associated with such cytoplasmic
particles shows a surprising stability when stored at -80°C
or at 0°C. Therefore, it was noteworthy that in the same liver
homogenate, there was a complete loss of HBc antigenicity
in nuclei preparations after the procedure for isolation of the
nuclear protein matrix, whereas the HBe antigenicity was
still present (data not shown). These findings suggest that
excess HBcAg, stable both morphologically and immunolog-
ically, may be present in hepatocyte cytoplasm as empty
capsids, although small amounts of nuclear HBcAg are
readily degraded, thus releasing HBeAg activity. Such he-
patocytes might represent cells undergoing HBV DNA rep-
lication, with or without mature virion formation (12). We
conclude that core particles with high HBcAg activity are
localized into the cytoplasm of the host cell as empty capsids
showing a strong physical stability. Low HBcAg activity is
only found in nuclear extracts where degradative processes
seem to exist.
Our preparation of HBcAg isolated from hepatocyte cyto-

plasm had both morphological and isopycnic entities identi-
cal to those of light core particles extracted from nuclei (7).
Its density in CsCl was 1.30 to 1.32 g/ml, and it consisted
mainly of empty spherical particles 27 nm in diameter.
The PK activity associated with the cytoplasmic HBcAg

reported in this study is similar to the PK activity found in

cores from nuclei of infected liver cells reported previously
(2, 11). A single polypeptide with a molecular weight of
22,000, P22, was obtained by SDS-PAGE under reducing
conditions (18, 19). So far we have identified two protein
bands which migrate near P22 when subjected to electropho-
resis without reduction. It is conceivable that the relation-
ship between the two forms of P22 could be precursor to
product. We envision a conversion by oxidation of the
reduced P22 molecule to a disulfide-bonded, folded form
within the infected cell. The disulfide bonding (also between
two P22 molecules leading to a dimeric form, P41) may be
facilitated by the tertiary structure of the protein, which
shows three cysteines (at positions 48, 61, and 107) in the
first 140 residues of its amino-terminal portion (21). We
suggest that this conformational change corresponds to a
stage of maturation related to the function of the protein.
However, further work is needed to determine the exact
relationship between the two P22 polypeptide species.

Furthermore, by Western blotting, the P22 molecule was
shown to bear a strong HBeAg activity, which is not
recovered after it has been assembled as a core protein that
displays only HBcAg determinants. Such a production of
viral core antigen (HBcAg) was supported by HBeAg syn-
thesis in HBcAg-negative mouse cells with active core
antigen genes (24). We have also identified additional HBc
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FIG. 10. Specific binding of different forms of the core polypep-
tide P22 to HBV DNA as determined by filter binding assay. Core
particles were treated with 2% SDS alone (cf. Fig. 4B) before
SDS-PAGE followed by protein transfer. The nitrocellulose paper
was subsequently incubated either (A) with the 32P-labeled plasmid
DNA(pBR322) or (B) with the 32P-labeled HBV DNA as described
in the legend to Fig. 7. (C) Radioactivity in the protein-DNA
complexes, measured as described in the legend to Fig. 7. Auto-
radiographs were exposed for 3.5 h.
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antigenicity on the core particle-derived polypeptide of
22,000 daltons, P22, by a protein transfer method with
selective anti-HBc IgG, which does not contain any detect-
able anti-HBe reactivity. This result seems to be a variance
with data from Ohori et al. (18) which indicate that a single
polypeptide with a molecular weight of 21,500 released from
core particles is immunoreactive only to anti-HBeAg-1 and
anti-HBeAg-2 but not to anti-HBcAg. We suppose that this
apparent contradiction results from the experimental varia-
tions carried out by those authors upon the basic method of
protein transfer (8, 30). In fact, the immunoreactivity of P22
molecules from core particles to anti-HBcAg could be pref-
erentially lost during the Western blot because of a greater
sensitivity to denaturation and subsequent renaturation of
the core protein rather than the immunoreactivity to anti-
HBeAg. Our finding can, however, explain the immunogen-
icity of HBcAg in an HBeAg polypeptide (P19) (27) and
confirms the results recently obtained by Takahashi et al.
(29), with monoclonal antibodies to P19. Moreover, we have
observed that the HBcAg activity associated with the P22
molecules released from core particles can be detected not
only by immunoautoradiography after electroblotting but
also by using a double antibody specificity RIA with a
solid-phase anti-HBc and labeled anti-HBe-anti-HBc (Petit
et al., submitted for publication). This would suggest that
there is an HBc-specific determinant(s) on HBeAg mole-
cules.

In this paper, we demonstrate for the first time the binding
affinity of P22 for DNA. We have also determined that the
P22 polypeptides released from core particles showed a
greater affinity for the HBV DNA than for a plasmid DNA,
indicating a specific interaction between these core proteins
and the DNA molecule of HBV. The portion of the P22
protein involved in this DNA binding is probably the C-ter-
minal region containing basic residues (21). As shown by the
filter binding assay (5), HBV DNA-protein complexes were
dissociated by increasing the NaCI concentration to 0.2 M in
the washing solution. However, this specific binding was not
completely lost at 0.2 M NaCl in contrast to nonspecific
binding. The ability of the P22 to bind efficiently the HBV
DNA was confirmed in a DNA-binding immunoassay. By
using this method in 0.14 M NaCl, nonspecific DNA-protein
interactions appeared insignificant compared with specific
binding. These experiments indicate that P22 can bind HBV
DNA not only as a polypeptide monomer, P22a, but also as
a possible conformational isomer containing an intramolecu-
lar disulfide bond(s) and a dimeric form resulting from
intermolecular disulfide bonding (P41).
The mode of HBV assembly has not yet been established

conclusively. The findings reported above suggest that the
core protein, P22, might play an important role during HBV
morphogenesis, particularly in HBcAg particle formation
and DNA encapsidation. Apart from the identification of
core protein P22, which is phosphorylated, nothing is known
about the role, if any, of this phosphorylation. Such a role
may be examined, and phosphate cycles during the late
stages of maturation of HBV particles could exist. Further
investigation with different genetic and biochemical ap-
proaches is required to characterize the DNA-binding activ-
ity of the HBV nucleocapsid antigen and to determine the
role of post-translational modifications of this protein in the
virus replication cycle.
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