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Core protein is the major component of the core particle (nucleocapsid) of human hepatitis B virus. Core
particles and core proteins are involved in a number of important functions in the replication cycle of the virus,
including RNA packaging, DNA synthesis, and recognition of viral envelope proteins. Core protein is a phos-
phoprotein with most, if not all, of the phosphorylation on C-terminal serine residues. In this study, we iden-
tified a serine kinase activity from the ribosome-associated protein fraction of cytoplasm that could specifically
bind and phosphorylate the C-terminal portion of recombinant core protein. This kinase is referred to as
core-associated kinase (CAK). CAK could be inhibited by the kinase inhibitors heparin and manganese ions
but not by spermidine, DRB, H89, or H7, indicating that CAK is distinct from protein kinase A and protein
kinase C. CAK could be partially purified by heparin-Sepharose CL-6B and phosphocellulose P11 columns. By
using a far-Western assay, three specific proteins, of 46, 35, and 13 kDa, were shown to interact with the
C-terminal part of the core protein. These three proteins were present only in the eluted fractions that contains
the CAK activity. An in-gel kinase assay showed that a 46-kDa kinase in the same fraction could bind and
phosphorylate the C-terminal part of the recombinant core protein. These results indicate that this 46-kDa
kinase is most probably CAK. A similar 46-kDa kinase, which exhibits the same profile of sensitivity to kinase
inhibitors as that of CAK, is present in both purified intracellular core particles and extracellular 42-nm
virions, suggesting that CAK is a candidate for the core particle-associated kinase.

Human hepatitis B virus (HBV) is a small, enveloped DNA
virus. The 42-nm virion is composed of a 27-nm core particle
(nucleocapsid) and an envelope. The core particle is involved
in a number of important functions in the replication cycle of
the virus, including RNA packaging, DNA synthesis, and rec-
ognition of viral envelope proteins. The first step of core par-
ticle assembly is the formation of dimers from monomeric core
protein (32). The subsequent assembly into a core particle is
combined with the specific packaging of the pregenomic RNA,
which is mediated by the viral polymerase (2, 12). The 21-kDa
core protein can be detected in the nucleus, the cytoplasm, or
both within infected hepatocytes (22). Its N-terminal 144
amino acid residues can direct the assembly of the core particle
(7, 10). In contrast, the protamine-like carboxyl terminus, from
residues 150 to 185 (HBV subtype adw) or 183 (ayw), is dis-
pensable for particle assembly but mediates interactions be-
tween the core protein and the nucleic acid. This region con-
tains four blocks of arginine residues (amino acids 150 to 152,
159 to 161, 166 to 169, and 174 to 177) and three overlapping
SPRRR motifs (amino acids 157 to 161, 164 to 168, and 172 to
176). The first block of arginine residues drives RNA binding,
while the other three blocks of arginine residues are required
for binding of viral DNA (10, 23, 29).

In addition to core proteins, polymerase, and pregenomic
RNA, a protein kinase is present in the core particle. This en-
zyme activity, termed core particle-associated kinase, was ini-
tially identified in 1980 by the ability of virions to incorporate
radioactive phosphate into core proteins upon incubation with
labeled ATP in vitro (1). It was capable of phosphorylating the

serine residues at the C-terminal SPRRR motifs of core pro-
teins in core particles, which are exposed to the inside of core
particles (8, 21, 26). This kinase was also found in core particles
of duck hepatitis B virus, woodchuck hepatitis virus, and
ground squirrel hepatitis virus (6, 9, 24). Core particle-associ-
ated kinase is apparently of cellular origin, since core particles
contain an encapsidated kinase when produced in insect cells
in the absence of other viral gene products (18). Since phos-
phorylation occurs in a region which is important for the pack-
aging of pregenomic RNA and the synthesis of viral DNA,
phosphorylation has been implicated in modulation of the abil-
ity of core protein to interact with viral genome in vivo (10, 21).
The evolutionary conservation of core particle-associated ki-
nase activity among these hepadnaviruses and its possible
phosphorylation effect on genome replication suggest that this
cellular kinase plays important role(s) in the viral life cycle.
The identity and characteristics of this core particle-associated
kinase remain unknown.

Core protein is a phosphoprotein in vivo. Most, if not all, of
the amino acid residues for phosphorylation in the core protein
are the serine residues at the C-terminal SPRRR motifs (19,
25). The serine residues of three SPRRR motifs can serve as
acceptor sites for phosphorylation with equal efficiency. The
nuclear localization of the core protein appears to be regulated
in a cell cycle-dependent manner and correlates with its phos-
phorylation status (28). Phosphorylation has been proposed to
negatively regulate the nuclear localization (19).

In this paper, we identify a serine kinase activity that can
specifically bind and phosphorylate the C-terminal part of re-
combinant core protein. This kinase is designated core-associ-
ated kinase (CAK). By using an in-gel kinase assay, we show
that a 46-kDa kinase which coeluted with the CAK activity can
bind and phosphorylate the C-terminal part of the recombi-
nant core protein. A similar 46-kDa kinase which exhibits the
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same profile of sensitivity to inhibitors as that of CAK is pres-
ent in both purified core particles and 42-nm secreted virions.

MATERIALS AND METHODS

Plasmid construction. Plasmids GST-Core, GST-9/10C, and GST-2/5C con-
tain sequences encoding the entire length, the segment from amino acids 29 to
185, and the segment from amino acids 119 to 185, respectively, of the HBV core
protein on the pGEX-3X vector. Plasmid GST-2/5CdB is derived from GST-2/5C
and contains an internal deletion corresponding to amino acids 170 to 177 of the
core protein in GST-2/5C. Plasmid GST-CoreD2/5C is derived from GST-Core
and contains the segment encoding amino acids 1 to 117. Plasmid pHBV3.6
consists of more than a unit length of the HBV genome with the sequence from
nucleotides 1636 to 1990 (30).

In vitro binding and kinase reaction. All glutathione S-transferase (GST)
fusion proteins were expressed in bacterial strain RR1. Bacterial cultures (50 ml)
was grown to mid-log phase and then induced with 1 mM isopropyl-b-D-galac-
toside (IPTG). The culture was then grown for another 3 h. The cells were
pelleted and lysed at 4°C for 15 min in 5 ml of phosphate-buffered saline (PBS)
(170 mM NaCl, 3 mM KCl, 10 mM Na2PO4, 2 mM KH2PO4) containing 1%
Triton X-100. All subsequent steps were carried out at 4°C. The lysates were
broken in a French press and centrifuged at 18,000 3 g for 30 min. The super-
natant was filtered through a 0.45-mm-pore-size filter (Millipore).

Approximately 1 mg of GST fusion protein in 1 ml of PBS was incubated with
40 ml of glutathione-Sepharose beads (50% slurry) preequilibrated in PBS con-
taining 0.5% Triton X-100. The beads were pelleted at 200 3 g for 2 min and
washed three times with PBS containing 0.5% Triton X-100. The beads were
then incubated with ribosome-associated proteins (RAP) (see below) for 30 min
at 4°C with rocking, collected after centrifugation at 200 3 g for 2 min, and
washed four times with kinase buffer (20 mM Tris-HCl [pH 7.5], 10 mM MgCl2,
100 mM NaCl). The kinase assay was performed at room temperature for 20 min
with 50 ml of a reaction mixture containing 20 ml of beads, 10 ml of 53 kinase
buffer, and 50 mCi of [g-32P]ATP (5,000 Ci/mmol; Amersham). After the kinase
reaction, the beads were washed four times with PBS containing 0.5% Triton
X-100, and the adsorbed proteins, including kinase-treated products, were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (12% polyacrylamide) and visualized by autoradiography.

For kinase inhibitor experiments, inhibitors such as H7 [1-(5-isoquinolinesul-
fonyl)-2-methylpiperazine 2 HCl] (100 mM, Sigma), H89 [N-(2-[p-bromocin-
namylamino]-ethyl)-5-isoquinolinesulfoamide 2 HCl] (100 mM; Sigma), DRB
(5,6-dichloro-1-b-D-ribofuranosylbenzimidazole) (6 mM; BioMol), heparin (25
U/ml; Sigma), spermidine (500 mM; Sigma), and manganese (5 mM) were added
individually to kinase reaction mixtures (3, 5, 11, 31). For phosphorylation of the
core protein by protein kinase A (PKA) and protein kinase C (PKC), 1 ml of
PKA (100,000 U/ml; Promega) and 1 ml of PKC (100,000 U/ml; Promega),
respectively, were incubated with GST-2/5C.

Preparation of ribosome-associated proteins and purification of CAK. Ribo-
somes and ribosome-associated proteins were prepared essentially as described
by Lin (20) and Spedding (27). HuH-7 cells or minced porcine liver tissues were
washed with 0.25 M sucrose in TKM buffer (20 mM Tris-HCl [pH 7.6], 50 mM
KCl, 12.5 mM MgCl2) three times, homogenized with 9 volumes of the same
buffer with 13 strokes, and centrifuged at 8,000 3 g for 15 min. The supernatant
was then filtered through glass wool fabric. Triton X-100 was added to the filtrate
to a final concentration of 1%. After centrifugation at 8,000 3 g for 15 min, the
supernatant was centrifuged in an SW41 rotor (Beckman) at 280,000 3 g for
2.5 h and 4°C on a 1 M sucrose cushion in TKM buffer. The pellet (80S ribosome)
was stored at 270°C. The 80S ribosome pellet was further washed with TKM
buffer containing 0.5 M KCl and centrifuged at 280,000 3 g for 2.5 h at 4°C. The
supernatant, containing RAP, was dialyzed against TKM buffer and stored at
270°C.

For further purification of CAK, 20 mg of RAP in TKM buffer was loaded
onto a heparin-Sepharose CL-6B (Pharmacia) column (10 mm by 10 cm) equil-
ibrated with TKM buffer and eluted stepwise at a flow rate of 1 ml/min with the
same buffer containing 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, or 0.8 M KCl. Each fraction
was pooled, dialyzed against TKM buffer, concentrated about 50-fold, and tested
for CAK activity. For an additional round of purification, 200 mg of proteins from
the combined 0.3 and 0.4 M fractions from the heparin-Sepharose CL-6B column
was loaded onto a phosphocellulose P11 column (Whatman) and eluted under
the same condition as for the heparin-Sepharose CL-6B column.

Analysis of phosphoamino acids. The GST-Core protein and its deletion
proteins which were labeled in the in vitro kinase reaction and resolved by
SDS-PAGE were excised from the gel and partially hydrolyzed in 5.7 M HCl at
110°C for 1 h. The phosphoamino acids were separated on thin-layer cellulose
plates in two dimensions, the first dimension in pH 1.9 buffer (formic acid-acetic
acid-water, 1:3.55:40.77) and the second dimension in pH 3.5 buffer (glacial
acetic acid-pyridine-water, 10:1:189). The migration of cold phosphoamino acid
standards was determined by ninhydrin staining, while that of radioactive amino
acids was detected by autoradiography.

Far-Western analysis of associated proteins. Samples (20 mg) of proteins from
the 0.2 and 0.4 M fractions from the phosphocellulose P11 column were resolved
by SDS-PAGE (12% polyacrylamide). After being transferred to nitrocellulose
filters in transfer buffer (39 mM glycine, 48 mM Tris-HCl, 0.037% SDS, 20%

methanol), proteins on filters were renatured for 24 h at 4°C in renaturation
buffer (10 mM HEPES [pH 7.5], 10 mM MgCl2, 0.1 mM EDTA, 1 mM dithio-
threitol [DTT], 100 mM KCl, 10% glycerol, 5% nonfat milk) and then washed
with binding buffer (20 mM HEPES [pH 7.5], 10 mM MgCl2, 0.25 mM EDTA,
0.5 mM DTT, 100 mM KCl, 0.25% nonfat milk) three times. The filters were
then incubated with 100 mg of GST fusion protein in binding buffer for 1 h at 4°C
and washed with TNT buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05%
Tween 20) three times. These filters with bound GST fusion protein were incu-
bated with anti-GST antibody in TNT buffer for 1 h at room temperature,
washed with TNT buffer three times, incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody (Promega) for 1 h at room temperature,
and washed with TNT buffer. Finally, these treated filters were incubated at
room temperature in the 4-chloro-1-naphthol developing solution. The multi-
tude of proteins present in the 0.2 and 0.4 M fractions was visualized by using the
silver stain method.

In-gel kinase assay. Our in-gel kinase assay was modified from previously
reported procedures (4, 13). Briefly, 20-mg samples of proteins from fractions
eluted with 0.2 and 0.4 M salt were resolved on by SDS-PAGE (12% polyacryl-
amide) containing 2 mg of GST-2/5C protein per ml. The gel was washed four
times with 200 ml of 40 mM HEPES (pH 7.6) buffer and twice with the same
buffer containing 25% 2-propanol over a period of 4 to 6 h. Proteins in the gel
were denatured in denaturation buffer (7 M guanidine-HCl, 50 mM Tris-HCl
[pH 7.5], 2 mM EDTA, 10 mM DTT) for 1 h at room temperature and renatured
in renaturation kinase buffer (25 mM HEPES [pH 7.9], 12.5 mM MgCl2, 100 mM
KCl, 0.1 mM EDTA, 0.1% Nonidet P-40) for 8 h at room temperature. Proteins
in the gel were then subjected to kinase reactions for 1 h at room temperature in
renaturation kinase buffer containing 250 mCi of [g-32P]ATP (5,000 Ci/mmol;
Amersham). The gel was then washed with 40 mM HEPES (pH 7.4) buffer six
times. A 20-g portion of Sephadex G-50 resin, which could bind free [g-32P]ATP,
was included in the buffer during the last two washes. The gel was washed for an
additional 3 h in 40 mM HEPES (pH 7.6) buffer containing 1% sodium pyro-
phosphate. Then the gel was fixed in 250 ml of fixation solution (10% 2-propanol,
5% acetic acid, 1% sodium pyrophosphate) for 1 h, vacuum dried, and autora-
diographed.

Preparation of intracellular core particles and extracellular 42-nm virions.
Human hepatoma HuH-7 cells were transiently transfected with plasmid
pHBV3.6, which contains more than a unit length of the HBV genome and is
capable of viral replication and 42-nm virion assembly (30). For purifying intra-
cellular core particles, transfectants were pelleted at 6,000 3 g for 10 min. The
cell pellet was then treated for 2 h at 4°C with PBS containing 0.5% Triton X-100
and centrifuged at 10,000 3 g for 15 min. Intracellular core particles were im-
munoprecipitated from the supernatant with human anti-core protein A–Sepha-
rose beads and washed extensively with PBS buffer containing 0.5% Nonidet
P-40. To purify extracellular 42-nm virions, the culture medium of the transfec-
tants was centrifuged at 20,000 3 g for 30 min at 4°C. The supernatant was then
centrifuged in a Ti 55.2 rotor (Beckman) at 227,000 3 g for 80 min at 4°C. The
pellet was resuspended in TNE buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl,
1 mM EDTA), immunoprecipitated with anti-surface protein A–Sepharose
beads, and washed extensively with TNE buffer.

The immunoprecipitated core particles were pretreated with proteinase K in
50 ml of TNE containing 1, 5, 25, 50, 100, or 200 ng of proteinase K at 37°C for
20 min (2).

Core particle-associated kinase activity. The assays of core particle-associated
kinase activity for both purified core particles and virions were performed by
adding 10 ml of kinase buffer followed by 50 mCi of [g-32P]ATP (5,000 Ci/mmol)
and then incubating the mixtures at room temperature for 10 min. For virions,
additional Triton X-100 was added to the kinase buffer to a final concentration
of 0.5%. Phosphorylated core proteins were visualized by autoradiography after
SDS-PAGE. Other conditions were as described for the in vitro kinase assay. For
kinase inhibitor experiments, kinase inhibitors were added before [g-32P]ATP.

Endogenous DNA polymerase activity. To assay the endogenous DNA poly-
merase activity of intracellular core particles and extracellular virions (16), sam-
ples were incubated in polymerase assay buffer (50 mM Tris-HCl [pH 7.5], 40
mM NH4Cl, 5 mM MgCl2, 0.5% Nonidet P-40, 0.2% 2-mercaptoethanol, 50 mM
each TTP, dGTP, and dCTP, 100 mCi of [a-32P]dATP [3,000 Ci/mmol]) at 37°C
for 2 h, dATP was added to 50 mM, and the mixtures were further incubated for
1.5 h. DNA bound to core particles was digested with Staphylococcus aureus
nuclease at a final concentration of 15 U/ml for 1 h at 37°C. The core particles
were subsequently digested with proteinase K at 0.5 mg/ml in the presence of 1%
SDS for 2 h at 37°C. The samples were then extracted several times with equal
volumes of chloroform. Yeast tRNA was added to each sample to a final con-
centration of 1 mg/ml, and the mixture was passed through a Sephadex G-50
column and precipitated with ethanol. The precipitate was dissolved in TE buffer
(10 mM Tris-HCl [pH 8.0], 1 mM EDTA), electrophoresed in a 1% agarose gel,
and autoradiographed.

RESULTS

Phosphorylation of the core protein by a kinase present in
RAP. The core protein of human HBV is phosphorylated by
PKA and PKC (14) (see Fig. 4). We have recently detected a
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kinase activity in the RAP (17). To test whether the core pro-
tein can be phosphorylated by this kinase, a GST-Core fusion
protein construct expressing full-length HBV core protein was
made (Fig. 1). The GST-Core fusion protein was purified with
glutathione-Sepharose beads and analyzed by SDS-PAGE (Fig.
2A). The GST-Core fusion protein on the beads was incubated
with RAP purified from a differentiated human hepatoma cell
line HuH-7. After extensive washing, the bound complex was
incubated with [g-32P]ATP in an in vitro kinase assay and the
product was analyzed by SDS-PAGE. As shown in Fig. 2B,
phosphorylation of the GST-Core protein (lane 2) but not GST
alone (lane 1) was detected. Without prior incubation with
RAP, no phosphorylation of the GST-Core protein was de-
tected (data not shown). This result indicates that the core
protein can interact with a kinase present in RAP and serve as
its substrate. We refer to this kinase activity as CAK.

Minimal sequence of the core protein sufficient for phos-
phorylation by CAK. Two core protein deletion mutants were
constructed to determine the minimal sequence of the core
protein which could interact with and be phosphorylated by
CAK. GST-9/10C and GST-2/5C contained segments of core
protein from amino acids 29 to 185 and from 119 to 185, re-
spectively (Fig. 1). Both GST-9/10C and GST-2/5C proteins
bound to glutathione-Sepharose beads could interact with
CAK and could also be phosphorylated by CAK (Fig. 2, lanes
3 and 4). We then created an internal deletion from amino
acids 170 to 177 of the C-terminal portion of the core protein
in the GST-2/5C construct, GST-2/5CdB, by taking advantage
of an internal BglII site. Phosphorylation of GST-2/5CdB was
also detected (lane 5). However, GST-CoreD2/5C, which con-
tained the segment of the core protein from amino acids 1 to
117, could not be phosphorylated by CAK (lane 6). Therefore,
the region from amino acids 119 to 185 of the core protein is
sufficient for interaction with and phosphorylation by CAK.

Phosphorylation of the core protein by CAK at serine resi-
dues. GST-Core, GST-9/10C, GST-2/5C, and GST-2/5CdB were
labeled by in vitro kinase reactions with CAK. Phosphorylated
GST fusion proteins were eluted from SDS-PAGE gels and
subjected to acid hydrolysis. The products were resolved on a
two-dimensional thin-layer cellulose plate (bottom four panels
of Fig. 3). The migration of unlabeled phosphoserine, phos-

phothreonine, and phosphotyrosine controls was determined
by ninhydrin staining (top panel of Fig. 3). The labeled amino
acid from GST-Core, GST-9/10C, GST-2/5C and GST-2/5CdB
migrated exclusively with phosphoserine.

FIG. 1. Depiction of wild-type and deletion mutant GST-Core fusion proteins. The core protein has 185 (adw subtype) amino acids. GST-Core contains the
full-length core protein. Deletion mutants GST-9/10C and GST-2/5C contain the segments from amino acids 29 to 185 and 119 to 185 of core protein, respectively.
GST-2/5CdB is derived from GST-2/5C and contains an internal deletion from amino acids 170 to 177 of the core protein in GST-2/5C. GST-CoreD2/5C is derived from
GST-Core and contains the segment from amino acids 1 to 117 of the core protein.

FIG. 2. Phosphorylation of wild-type and deletion mutant GST-Core pro-
teins by CAK. (A) Expression of GST fusion proteins. The glutathione-Sepha-
rose beads were incubated with GST fusion proteins, extensively washed, and
then analyzed by SDS-PAGE (12% polyacrylamide) followed by Coomassie bril-
liant blue staining. (B) Phosphorylation of GST fusion proteins by CAK. Beads
with the same amount of GST fusion proteins as in panel A were incubated with
RAP of HuH-7 cells, extensively washed, and subjected to an in vitro kinase
assay. The products were analyzed by SDS-PAGE (12% polyacrylamide). Other
experimental details are as described in Materials and Methods. Lanes: 1, GST;
2, GST-Core; 3, GST-9/10C; 4, GST-2/5C; 5, GST-2/5CdB; 6, GST-CoreD2/5C.
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Sensitivity of CAK to a variety of kinase inhibitors. A variety
of kinase inhibitors were tested for their ability to inhibit the
phosphorylation of GST-2/5C (Fig. 4A) and GST-2/5CdB (Fig.
4B) by CAK. Heparin, manganese ions, and spermidine are
inhibitors of S6 kinase (5). DRB, H89, and H7 are inhibitors of
casein kinase II, PKA, and PKC, respectively (3, 11, 31). In-
hibitors were added during the kinase assays, and the phos-
phorylation of GST-2/5C and GST-2/5CdB was measured. As
controls, PKA (Fig. 4C) and PKC (Fig. 4D) were incubat-
ed with GST-2/5C, which served as a substrate. Our results
showed that phosphorylation of both GST-2/5C and GST-2/
5CdB by CAK could be inhibited by heparin and manganese
ions but not by spermidine, DRB, H89, or H7. CAK appears to
be distinct from PKA or PKC since they exhibit different sen-
sitivities to the panel of inhibitors.

Partial purification of CAK. To purify CAK, RAP was frac-
tionated by ion-exchange chromatography by being loaded
onto a heparin-Sepharose CL-6B column and step eluted with
buffers containing increasing concentrations of KCl. As shown
in Fig. 5A, CAK activity was first detected in the fraction with
0.3 M KCl and was completely eluted with buffer containing 0.4
M KCl. When the combined 0.3 and 0.4 M KCl fractions were
subjected to a second round of ion-exchange chromatography
on a phosphocellulose P11 column, CAK activity was detected
in both 0.3 and 0.4 M KCl fractions, as shown in Fig. 5B.

Identification of proteins interacting with core protein. To
identify CAK, far-Western assays were performed to search for
proteins that could interact with the C-terminal portion of the

core protein. The CAK-containing fraction (eluted with 0.4 M
KCl; Fig. 6, lanes 1) and CAK-free fraction (eluted with 0.2 M
KCl, lane 2) from the P11 column chromatography were sub-
jected to SDS-PAGE, blotted onto nitrocellulose filters, and

FIG. 3. Phosphorylation of core protein by CAK on serine residue(s). GST-
Core, GST-9/10C, GST-2/5C, and GST-2/5CdB labeled by an in vitro kinase as-
say were eluted from 12% polyacrylamide SDS-PAGE gels and subjected to
hydrolysis. Phosphoamino acid analysis was performed in two dimensions as
described in Materials and Methods and shown in the bottom four panels. The
migration of phosphoamino acid standards visualized by ninhydrin staining is
shown in the top panel.

FIG. 4. Sensitivity of CAK to different kinase inhibitors. Beads with GST-
2/5C (A) or GST-2/5CdB (B) were incubated with RAP. After extensive washing,
the sensitivity of CAK, adsorbed onto beads coated with GST fusion protein, to
different kinase inhibitors was tested. As a control, beads with GST-2/5C were
incubated with purified PKA (C) or PKC (D). The inhibitors used in the assay
were 25 U of heparin per ml (lane 2), 500 mM spermidine (lane 3), 5 mM
manganese (lane 4), 6 mM DRB (lane 5), 100 mM H89 (lane 6), and 100 mM H7
(lane 7). Lane 1 is no inhibitor control.

FIG. 5. Partial purification of CAK. (A) A 20-mg portion of RAP was loaded
on a heparin-Sepharose column and eluted with TKM buffer containing increas-
ing concentrations of KCl, from 0.05 to 0.8 M. Each fraction was collected,
dialyzed, concentrated, and analyzed for CAK activity. CAK activity was mea-
sured by phosphorylation of bead-bound GST-2/5CdB as in Fig. 4. (B) After
dialysis, the pooled 0.3 and 0.4 M fractions from heparin-Sepharose column
chromatography were loaded onto a phosphocellulose P11 column and eluted
with TKM buffer containing 0.05 to 0.8 M KCl. Each fraction was collected,
dialyzed, concentrated, and analyzed for CAK activity.
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renatured. These filters were then incubated with GST (Fig.
6B) and GST-2/5C (Fig. 6C), respectively. Proteins that could
interact with the GST-2/5C protein were subsequently visual-
ized with antiserum against GST. GST-2/5C, compared with
GST, bound to three specific proteins, of 46, 35, and 13 kDa,
which were present in the 0.4 M fraction but not in the 0.2 M
fraction. These three proteins were present only in the fraction
containing CAK activity. This suggested that they were candi-
dates for CAK. The silver-staining pattern of proteins in two
fractions is shown in Fig. 6A.

CAK is most probably a 46-kDa protein. In-gel kinase assays
with GST-2/5C as the substrate were performed to determine
which protein(s) possessed kinase activity and therefore was
likely to be CAK. 0.4 M (Fig. 7, lane 1) and 0.2 M (lane 2) KCl
eluted fractions from P11 column chromatography were sub-
jected to SDS-PAGE containing the GST-2/5C protein. Pro-
teins in the gel were denatured, renatured, and then incu-
bated with [g-32P]ATP under conditions optimized for kinase
activity. The gel was then extensively washed, dried, and auto-
radiographed. As shown in Fig. 7, a 46-kDa phosphorylated
signal was present in the 0.4 M KCl fraction (lane 1) but not in

the 0.2 M KCl fraction (lane 2). No signal was detected when
GST was used as the substrate (data not shown). This result
demonstrated that a 46-kDa protein could phosphorylate the
C-terminal portion of the core protein (GST-2/5C) and was
present only in the fraction where CAK activity was present.

The observations that (i) a 46-kDa protein can bind to the
GST-2/5C protein, (ii) a 46-kDa protein can phosphorylate the
GST-2/5C protein, and (iii) this 46-kDa protein is present only
in the fraction possessing CAK activity indicate that this 46-
kDa protein is most probably CAK.

CAK as a candidate for the core particle-associated kinase.
The ability of CAK to bind and phosphorylate the C-terminal
portion of the core protein raised the possibility that CAK was
the core particle-associated kinase. To address this possibility,
we transiently transfected pHBV3.6, which was able to pro-
duce intracellular core particles and extracellular 42-nm viri-
ons, in the human hepatoma HuH-7 cell line (30). Intracellular
core particles (Fig. 8A, lane 2) were isolated with immunopre-
cipitation from cell lysates by anti-core (anti-HBc) antibody.
The extracellular virions (lane 3) were collected with immuno-
precipitation from medium by anti-surface (anti-HBs) anti-
body. The integrity of these core particles and secreted virions
was verified by endogenous DNA polymerase assays. These
assays measured the incorporation of radioactively labeled de-
oxynucleotides into incomplete viral genomes by an endoge-
nous reverse transcriptase enclosed in core particles. Both
open-circular and linear forms of viral DNA products were
detected. This result demonstrated that intracellular core par-
ticles and extracellular virions could be produced and har-
vested in this transient-transfection system.

FIG. 6. Detection of proteins binding to the C-terminal portion of core
protein by a far-Western assay. (B and C) Proteins (20 mg) from 0.4 M KCl (lane
1) and 0.2 M (lane 2) KCl eluted fractions from phosphocellulose P11 column
chromatography were separated by SDS-PAGE (12% polyacrylamide) and trans-
ferred to nitrocellulose filters. After renaturation, these filters were blotted with
GST (B) and GST-2/5C (C) first and then incubated with a secondary anti-GST,
HRP-conjugated antibody. Proteins capable of binding to GST fusion proteins
were visualized by the addition of HRP substrates. (A) Silver-staining pattern of
proteins present in each fraction.

FIG. 7. Detection of the CAK by an in-gel kinase assay. Proteins (20 mg)
from 0.4 M KCl (lane 1) and 0.2 M KCl (lane 2) eluted fractions were separated
by SDS-PAGE (12% polyacrylamide) with GST-2/5C protein as the substrate.
After denaturation and renaturation, proteins in the gel were incubated with
[g-32P]ATP and tested for kinase activity. After being washed, the protein(s)
containing the kinase activity was visualized by autoradiography.

FIG. 8. Comigration of the core particle-associated kinase with CAK in an
in-gel kinase assay. (A) Production of intracellular core particles and extracel-
lular secreted virions as analyzed by endogenous DNA polymerase activity. Plas-
mid pHBV3.6 was transfected into HuH-7 cells. The cell lysate and medium were
collected 4 days after the transient transfection. Intracellular core particles were
prepared by immunoprecipitation of the cell lysate with anti-HBc antibody (Ab)
(lane 2). Extracellular virions were collected by immunoprecipitation of medium
with anti-HBs antibody (lane 3). The endogenous DNA polymerase activity was
then measured as described in Materials and Methods. OC, open circular; LIN,
linear. (B) Proteins from the 0.2 M KCl eluted CAK-negative fraction (lane 1),
the 0.4 M KCl eluted CAK-positive fraction (lane 2), immunoprecipitated intra-
cellular core particles (lane 3), and extracellular virions (lane 4) were separated
by SDS-PAGE (12% polyacrylamide) with GST-2/5C protein as the substrate.
An in-gel kinase assay was performed as described in the legend to Fig. 7.
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An in-gel kinase assay of intracellular core particles was
performed to characterize the core particle-associated kinase.
Intracellular core particles were subjected to SDS-PAGE with
GST-2/5C protein as the substrate, followed by an in-gel kinase
reaction as described above. A 0.4 M KCl CAK-positive frac-
tion (Fig. 8B, lane 2) and a 0.2 M KCl CAK-negative fraction
(lane 1) were included as controls. The intracellular core par-
ticles contained a 46-kDa kinase, the same molecular mass as
CAK, that could phosphorylate the C-terminal portion of core
protein (lane 3).

The core particle-associated kinase could also be detected by
phosphorylation of the core protein after incubation of the
core particles with [g-32P]ATP (Fig. 9A, lane 1). When core
particles were incubated with different inhibitors before the
addition of [g-32P]ATP, core particle-associated kinase ap-
peared to exhibit the same profile of sensitivity toward differ-
ent inhibitors as CAK did (compare Fig. 9A with Fig. 4A).

To show that the 46-kDa kinase was truly encapsidated
rather than simply adsorbed on the outside of core particles, a
protease protection experiment was performed (2). First, iso-
lated intracellular core particles were treated with increasing
concentrations of proteinase K to degrade exposed protein.
Core particle-associated kinase was then detected by an in-gel
kinase assay (Fig. 10B) and by phosphorylation of the core
protein after incubation of core particles with [g-32P]ATP (Fig.
10A). Solubilized PKA, which could phosphorylate GST-2/5C
in the in-gel kinase assay (Fig. 10D) and could also autophos-
phorylate after incubation with [g-32P]ATP (Fig. 10C), was
used as a control. The kinase activity in intracellular core
particles could withstand the treatment with 25 ng of protein-
ase K and showed a gradual decline at higher concentrations
(Fig. 10A and B). In contrast, the activity of PKA in solution
was completely abolished at 1 ng of proteinase K (Fig. 10C and
D). Thus, the 46-kDa kinase was indeed located inside the core
particle. In line with the above observation, the core particle-
associated kinase in intracellular core particles after treatment
with 25 ng of proteinase K still exhibited the same profile of
sensitivity toward different inhibitors as did the one without
treatment (compare Fig. 9A and B).

To demonstrate that this 46-kDa kinase is associated with

extracellular virions, virions were subjected to SDS-PAGE
with GST-2/5C protein as the substrate and an in-gel kinase
reaction was performed. The virions indeed contained a 46-
kDa kinase that could phosphorylate the C-terminal portion of
the core protein (Fig. 8B, lane 4). The core particle-associated
kinase activity present in secreted virions could be demon-
strated by the incorporation of radioactive labels into core
proteins of permeabilized virions after 0.5% Triton X-100
treatment. This core particle-associated kinase from isolated
virions exhibited the same profile of sensitivity toward different
inhibitors as that of CAK (data not shown).

The above evidence indicates that CAK is a candidate for
core particle-associated kinase.

DISCUSSION

In this paper, we present evidence that the C-terminal por-
tion of the core protein can be phosphorylated at its serine
residues by a cellular kinase termed CAK. As shown by the
in-gel kinase assay, CAK is apparently a 46-kDa protein. The
activity of CAK was discovered during our study of another
serine kinase in ribosome-associated proteins of cytoplasm
(17). Our preliminary study showed that CAK is localized
predominantly in RAP of cytoplasm; no CAK activity is de-
tected in the nucleus, mitochondria, endoplasmic reticulum,
Golgi complex, or lysosome (data not shown). Our observation
that deletion of the last SPRRR motif led to the reduction of
the phosphorylation of the C-terminal portion of core protein
by CAK is consistent with a recent report that serine residues
of three SPRRR motifs are phosphorylated with equal effi-
ciency in vivo (19).

Although PKA and PKC can also phosphorylate serine res-
idues at the C-terminal portion of core protein (14) (Fig. 4),

FIG. 9. Sensitivity of core particle-associated kinase to different kinase in-
hibitors. The activity of the core particle-associated kinase from intracellular
core particles either without the proteinase K pretreatment (A) or with the
proteinase K (25 ng) pretreatment (B) was assayed by the incorporation of
[g-32P]ATP into core protein. The kinase assay was performed in the absence
(lane 1) or presence of kinase inhibitors: 25 U of heparin per ml (lane 2), 500
mM spermidine (lane 3), 5 mM manganese (lane 4), 6 mM DRB (lane 5), 100
mM H89 (lane 6), and 100 mM H7 (lane 7).

FIG. 10. The activity of core particle-associated kinase is resistant to pro-
teinase K digestion. Purified intracellular core particles (A and B) and solubi-
lized PKA (C and D) were treated with increasing concentrations of proteinase
K (1, 5, 25, 50, 100, and 200 ng) and assayed by incorporation of [g-32P]ATP into
core protein (A) and autophosphorylation of PKA (C) or by an in-gel kinase
assay with GST-2/5C as the substrate, as described in the legend to Fig. 7 (B and
D).

VOL. 72, 1998 CORE-ASSOCIATED KINASE 3801



CAK has a profile of sensitivity toward kinase inhibitors quite
distinct from those of PKA and PKC. Although it has also been
reported that the core protein can be phosphorylated in a cell
cycle-dependent manner, the nature and localization of the
responsible kinase have not been characterized (19, 28). The
possibility that CAK is involved in this cell cycle-dependent
phosphorylation of core protein cannot be excluded.

A 46-kDa protein can bind and phosphorylate the GST-2/5C
protein in the in-gel kinase experiment. Besides, it is present
only in the eluted fraction possessing CAK activity. These
results indicated that this 46-kDa protein is most probably
CAK. On the other hand, three specific proteins, of 46, 35, and
13 kDa, could interact with the C-terminal part of the core
protein in the far-Western experiment. These three proteins
were present only in the eluted fraction that contained the
CAK activity. These suggested that the 46-kDa protein detect-
ed in the far-Western experiment is most probably the 46-kDa
CAK detected in the in-gel kinase experiment. The 35- and 13-
kDa proteins can also interact with the C-terminal part of the
core protein. Whether they form a complex with the 46-kDa
CAK requires further study. Since the 46-kDa CAK alone has
the kinase activity, neither the 35- nor the 13-kDa protein is
required for the kinase activity of the 46-kDa CAK. Our stud-
ies (see below) showed that the 46-kDa CAK may be present
in the core particles. Whether the 35- and 13-kDa proteins are
also present in the core particles needs further study.

A serine kinase, which phosphorylates amino acid residues
in the arginine-rich domain in the C-terminal part of the core
protein, is present in core particles of human HBV, woodchuck
hepatitis virus, and ground squirrel hepatitis virus (1, 6, 9, 24).
This encapsidated kinase is apparently of cellular origin (18);
its characteristics remain largely unknown. Our study indicates
that CAK, a 46-kDa serine kinase found in RAP, is a candidate
for the core particle-associated kinase. This conclusion is
drawn based upon the following: (i) both CAK and core par-
ticle-associated kinase can bind and phosphorylate the C-ter-
minal portion of core protein; (ii) both CAK and core particle-
associated kinase are serine kinases; (iii) in the in-gel kinase
assay, CAK comigrated with a 46-kDa kinase activity present in
both core particles and virions; (iv) this 46-kDa protein is
resistant to protease treatment and therefore is encapsidated
within core particles; and (v) both CAK and kinase present in
core particles and virions display the same profile of sensitivity
toward a panel of kinase inhibitors. An earlier report excluded
the possibility that PKA or cdc kinases were the core particle-
associated kinases (15). A subsequent study showed by immu-
noblotting that PKC might be present in liver-derived core
particles (14). Our study showed, however, that both CAK and
core particle-associated kinase were distinct from PKC based
upon their molecular weights and sensitivity to kinase inhibi-
tors. The reason for this discrepancy is not clear.

The function of the core particle-associated kinase is un-
known. Since the phosphorylation occurs within a region which
is important for pregenome encapsidation and conversion of
viral RNA pregenome to DNA (10), this kinase may have
essential functions in the viral life cycle. Our finding that a 46-
kDa kinase is a candidate for the core particle-associated ki-
nase is an important step toward understanding the role of this
kinase in the HBV life cycle.
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