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Hepatitis B virus precore and core proteins are related. The precore protein contains the entire sequence of
the core protein plus an amino-terminal extension of 29 amino acids. The amino-terminal extension of the
precore protein contains a signal sequence for the secretion of the precore protein. This signal sequence is
removed after the translocation of the precore protein across the endoplasmic reticulum membrane to produce
the precore protein derivative named P22. We demonstrate that both P22 and the core protein can be
phosphorylated in cells. Microsomal fractionation and trypsin digestion experiments demonstrate that a
fraction of phosphorylated P22 is located in the endoplasmic reticulum lumen. Phosphorylation of P22 likely
occurs in the carboxy terminus, since the P22 derivative P16, which lacks the carboxy terminus of P22, is not
phosphorylated. Linking the carboxy terminus of the precore-core protein to heterologous secretory and
cytosolic proteins led to the phosphorylation of the resulting chimeric proteins. These results indicate that
phosphorylation of P22 and the core protein is likely mediated by cellular kinases.

The hepatitis B virus (HBV) C gene encodes two related
proteins named the core and precore proteins. Both proteins
are translated from the same reading frame but from different
initiation codons. Thus, the precore protein contains the
entire sequence of the core protein plus an amino-terminal
extension of 29 amino acid residues (precore region). The
core protein is the major constituent of the nucleocapsid
(core particle) of HBV, and the precore protein is the
precursor of the serum e antigen detected in HBV-infected
patients (for reviews, see references 6 and 24).

The first 19 amino acids of the precore region constitute a
signal sequence (18, 25). This signal sequence directs the
precore protein to the endoplasmic reticulum, where it is
cleaved off, resulting in the translocation of the precore
protein derivative P22 into the lumen of endoplasmic retic-
ulum (ER) (3, 7, 13). After an initial event of forming a
high-molecular-weight complex, possibly through self-aggre-
gation (17), P22 is further processed by a protease(s) at its
carboxy terminus and secreted as smaller-molecular-weight
species known as e antigen (18, 20, 28).

After cleavage of its signal sequence, the majority of P22
is translocated into the ER lumen for secretion. However, a
small but significant portion of P22 is released back into the
cytosol and subsequently transported into the nucleus (7,
21). This observation has led us to the discovery of a nuclear
localization signal in the carboxy terminus of the precore-
core protein sequence (31).

Core particles purified from the mature HBV particles
contain a protein kinase activity (1, 8). This kinase activity
can phosphorylate the core protein in the core particles. This
kinase activity is also found in the core particles of related
hepadnaviruses, including duck HBV (22), ground squirrel
HBV (5), and woodchuck HBV (12). The nature of this
kinase activity is unclear. It could be of host or viral origin;
alternatively, because of its tight association with the core
particle, it could be an intrinsic activity of the core protein
(12). Because the core protein isolated from duck HBV-
infected hepatocytes is phosphorylated and the core protein
isolated from mature duck HBV virion is not, it has been
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speculated that phosphorylation of the core protein regulates
the maturation of the virion (22).

Although it has been very well demonstrated that the core
protein can be phosphorylated, the phosphorylation of pre-
core protein has not been studied. Lanford and Notvall (14)
showed that the precore protein expressed in insect cells
with a baculovirus vector is phosphorylated. In their report,
however, the precore protein accumulated in the cytosol and
was not proteolytically processed and secreted.

In this report, we describe our studies on the phosphory-
lation of precore and core proteins in human hepatoma cells.
Our results demonstrate that the precore protein derivative,
P22, can be phosphorylated. Some of the phosphorylated
P22 is located in the ER lumen, and the majority of it is at
least partially exposed in the cytosol. Furthermore, our
results indicate that the phosphorylation of precore and core
proteins is likely mediated by a cellular kinase(s).

MATERIALS AND METHODS

Construction of DNA plasmids. Plasmids pRSV-PC and
pRSV-C express the precore and the core proteins, respec-
tively. To construct pRSV-PC, site-directed mutagenesis
was used to generate a HindIIl site at nucleotide 1757
(sequence TAGGTT to AAGCTT) of the adw HBV genome
(29). The HindIII-Bglll HBV DNA fragment containing
the entire genomic information was then inserted into the
HindIII-BamHI polylinker site of pSP64 (Promega Biotec) to
generate pSP64-PC. The 300-bp Nael-HindIIl fragment in
pSP-PC was then replaced with the 400-bp Nrul-HindIII
fragment isolated from pRSV-CAT (10). Thus, in this plas-
mid construct, the precore sequence is located immediately
adjacent to the Rous sarcoma virus long terminal repeat. The
construction of pRSV-C was essentially identical to that of
pRSV-PC, except that the HindIII site was generated at
nucleotide 1821 (sequence AACTTT to AAGCTT), 1 bp
downstream from the precore ATG.

Plasmids pECE-GH and pECE-G express human growth
hormone and human alpha-globin sequences, respectively.
In these two plasmids, expression is regulated by the simian
virus 40 early promoter. The construction of these two
plasmids has been described before (21, 31).

Plasmid pECE-GHC expresses the fusion protein contain-
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ing the growth hormone and the carboxy-terminal sequence
of the precore-core protein. To construct this plasmid, the
~500-bp Hpall-BstEIl DNA fragment was isolated from the
HBYV genome, made blunt ended, and inserted into the Sall
site (blunt ended) of pECE-ATG, a plasmid previously
constructed in our laboratory (31). This ligation resulted in
the restoration of a Sall site. A ~500-bp Sall (blunt ended)-
Xbal fragment was isolated from the resulting plasmid and
ligated to the 4.3-kb BgIII (blunt ended)-Xbal fragment of
pECE-GH. This results in the creation of the plasmid
pECE-GHC.

Plasmid pECE-GlobC expresses the fusion protein con-
taining the alpha-globin sequence and the carboxy-terminal
sequence of precore-core protein. The construction of this
plasmid has been described before (31). This plasmid was
originally named pECE-HpaG.

Cell lines and DNA transfection. COS-7 cells and Alex-
ander hepatoma cells (PLC/PRF/5) were maintained in Dul-
becco modified Eagle medium containing 5% fetal bovine
serum. DNA transfection was carried out by the CaPO,
precipitation method (11). The Alex-PC stable transfectant
was established by cotransfecting Alexander cells with
pRSV-PC and p007LTR, a DNA plasmid containing the
neomycin gene sequence (19), followed by selection with
G418, a neomycin analog. The Alex-C stable transfectant
was established by cotransfecting Alexander cells with
pRSV-C and p007LTR.

Cell labeling for radioimmunoprecipitation. Cells starved
for methionine (or phosphate) for 2 h were labeled with
[>*SImethionine (or *2P,) for 1 h and then lysed in TBS (10
mM Tris-HCI1 [pH 7.2], 150 mM NaCl) containing 0.5%
Nonidet P-40 (NP40). After a brief centrifugation to remove
nuclei and NP40-insoluble cell debris, the cell lysate was
mixed with an equal volume of RIPA (10 mM Tris-HCI [pH
7.0], 150 mM NacCl, 1% Triton X-100, 1% sodium deoxycho-
late, 0.1% sodium dodecyl sulfate for radioimmunoprecipi-
tation.

Microsomal fractionation and trypsin digestion. The proce-
dures for microsomal fractionation and trypsin digestion
experiments have been described before (17). Briefly, cells
labeled with either [**S]methionine or 3°P; as described
above were lysed in 0.1x TBS. After a brief centrifugation to
remove the nuclei, the cell lysate was divided into three
aliquots: to the first aliquot, 100 pl of phosphate-buffered
saline was added; to the second aliquot, 100 pl (50 pg) of
trypsin (GIBCO) was added; and to the third aliquot, 100 wl
of trypsin plus NP40 (final concentration, 0.5%) was added.
The samples were incubated at 37°C for 1 h, and the
reactions were stopped by the addition of 100 U of aprotinin
(Boehringer Mannheim) and phenylmethylsulfonyl fluoride
to a final concentration of 2 mM. After the termination of the
reactions, the microsomes were pelleted through 4 ml of 10%
sucrose cushion in a Beckman SWS5S5 rotor at 45,000 rpm for
3 h. The supernatant was combined with an equal volume of
RIPA, and the pellet was suspended in 0.5 ml of RIPA for
radioimmunoprecipitation experiments.

RESULTS

Phosphorylation of precore and core proteins. To study
whether the precore protein is a phosphoprotein, we ex-
pressed the core and the precore proteins in Alexander cells,
a human hepatoma cell line. Two different stable cell clones,
Alex-PC and Alex-C, expressing the precore and the core
proteins, respectively, were established by G418 (a neomy-
cin analog) selection procedures (see Materials and Meth-
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FIG. 1. Phosphorylation analysis of HBV precore and core pro-
teins. Lanes: 1 through 3, cells labeled with [**S]methionine; 4
through 6, cells labeled with 32P;; 1 and 5, Alex-C cells; 2 and 4,
Alex-PC cells; 3 and 6, control Alexander cells. Precore and core
proteins were immunoprecipitated by rabbit anti-denatured core
protein prepared by us (21). The relative amounts of P22 and the
core protein expressed were measured by densitometer scanning.

ods). The expression of the precore and core protein se-
quences in these two cell clones was regulated by the Rous
sarcoma virus promoter.

The 21-kDa core protein (Fig. 1, lane 1) and the 22-kDa
precore protein derivative P22 (lane 2) were produced in
Alex-C and Alex-PC cells, respectively. For Alex-PC cells,
an additional protein band of about 16 kDa (P16) was also
detected. Pulse-chase labeling experiments indicated that
P16 was derived from P22 (data not shown). This is consis-
tent with previous reports showing that P22 was converted
to P16 by proteolytic cleavage of its carboxy terminus before
secretion (20, 27).

Both P22 (Fig. 1, lane 4) and the core protein (lane 5) can
be labeled with *2P. This demonstrates that both the core
protein and P22 are phosphoproteins. P16 was not signifi-
cantly labeled with ?P; this indicates that the phosphoryla-
tion site(s) of P22 mostly likely resides in the carboxy
terminus.

When [>*S]methionine was used as the label, the signal of
the core protein band, as quantified by densitometer scan-
ning, was approximately 10-fold weaker than that of P22.
This indicates that the amount of the core protein expressed
in Alex-C cells is approximately 10-fold lower than that of
P22 expressed in Alex-PC cells. This observation was con-
firmed by RNA analysis (data not shown). Interestingly,
when *2P; was used as the label, the signal of the core protein
band was more than 40-fold higher than that of P22. This
result, which is reproducible, indicates that the phosphory-
lation efficiency of the core protein is more than 400-fold
higher than that of the precore protein. This difference of
phosphorylation efficiency could be caused by different
subcellular localization of the precore and core proteins
and/or the involvement of different cellular kinases (see
below). Alternatively, it could be caused by different tertiary
structures of the precore and core proteins.

Subcellular localization of phosphorylated P22. Since P22
can be released into the cytosol and transported into the
nucleus after cleavage of its signal sequence (7, 21), phos-
phorylated P22 may be located in the cytosol instead of the
lumen of the ER. For this reason, we performed microsomal
fractionation experiments to investigate the subcellular lo-
calization of phosphorylated P22.

Most P22 labeled with [>S]methionine was associated
with the microsomal (ER) fraction (Fig. 2, lanes 2 and 3); as
determined by densitometer scanning, approximately 90% of
it was resistant to trypsin digestion (lane 4). The resistance
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FIG. 2. Microsomal fractionation and trypsin digestion experi-
ments of P22 expressed in Alex-PC cells. Details for the experiments
are described in Materials and Methods. Lanes: 2 through 5,
proteins labeled with [3*S]methionine; 6 through 9, proteins labeled
with 3P;; 1 and 10, full-length precore (25-kDa) and core (21-kDa)
protein markers synthesized in vitro with synthetic RNA and rabbit
reticulocyte lysates (21); 2 and 6, postmicrosomal supernatant; 3 and
7, microsomal pellet; 4 and 8, microsomes treated with trypsin; 5
and 9, microsomes treated with trypsin and NP40. A small amount
of P22 but not the core protein was detected in lane 2 after a
prolonged exposure of the gel on the film. Proteins were immuno-
precipitated by rabbit anti-denatured core protein. Densitometer
scanning was used to determine the relative amounts of P22 in lanes
3,4,7, and 8.

to trypsin digestion is lost when the microsomal membrane is
solubilized by the nonionic detergent NP40 (lane 5). These
results indicate that most P22 associated with the microso-
mal fraction is located in the lumen of microsomes.

Most P22 labeled with 3?P; was also associated with the
microsomal fraction (Fig. 2, lane 7). Approximately 20% of
P22 associated with the microsomal fraction was resistant to
trypsin digestion in the absence of NP40 (lane 8), which is
indicative of lumenal localization. The majority of phosphor-
ylated P22, however, was trypsin sensitive in the absence of
NP40 (lane 8), which is indicative of cytosolic localization.
To make sure that this is not an artifact caused by the
subcellular fractionation procedures, we performed a control
microsomal fractionation experiment with human growth
hormone, a known secretory protein. The results are similar
to those with [*°S]methionine-labeled P22; approximately
90% of growth hormone is resistant to trypsin digestion,
indicating lumenal localization (Fig. 3). These results dem-
onstrate that the majority of phosphorylated P22 is at least
partially exposed in the cytosolic side of the ER membrane.

[>*SImethionine labeling experiments (Fig. 2) demonstrate
that most of P22 molecules are resistant to trypsin digestion
and are located in the ER lumen. However, 3?P labeling
experiments indicate that the majority of phosphorylated
P22 molecules are sensitive to trypsin digestion and are at
least partially exposed in the cytosolic side of the membrane.
The discrepancy of these two experimental results would be
resolved, if only a small fraction of P22 molecules were
phosphorylated. This possibility is supported by the obser-
vation shown in Fig. 1, which indicates that the phosphory-
lation of P22, when compared with that of the core protein,
is extremely inefficient. If this speculation is true, the result
shown in Fig. 2 further suggests that phosphorylation in-
creases the sensitivity of P22 to trypsin, possibly by imped-
ing the process of membrane translocation.

A protein species with the same mobility on the gel as the
core protein was detected in the cytosolic supernatant of
Alex-PC cells (Fig. 2, lane 6). This protein is likely to be the
core protein translated from the internal AUG codon of the
precore mRNA. This protein band is not detected in the
cytosolic supernatant when the protein is labeled with
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FIG. 3. Microsomal fractionation and trypsin digestion experi-
ments of human growth hormone. Human growth hormone was
expressed in COS-7 cells by plasmid pECE-GH (see Materials and
Methods). Lanes: 1, microsomal pellet; 2, microsome treated with
trypsin; 3, microsome treated with trypsin and NP40. Human
growth hormone was immunoprecipitated with rabbit anti-human
growth hormone. Densitometer scanning was used to measure the
relative amounts of human growth hormone in lanes 1 and 2.
Approximately 90% of human growth hormone, as revealed by
densitometer scanning, is resistant to trypsin digestion.

[3*S]methionine (lane 2). This could be explained by the high
phosphorylation efficiency of the core protein, which prob-
ably substantially increased the sensitivity of detection.
Phosphorylation of core and precore proteins is probably
mediated by cellular kinases. To investigate whether the
phosphorylation of core and precore proteins requires other
HBYV gene products, we fused the putative phosphorylation
sites (the carboxy terminus) of the precore-core protein to a
secretory protein, the human growth hormone, to create the
fusion protein GHC (Fig. 4A) and to a cytosolic protein, the
human alpha-globin, to create the fusion protein GlobC (Fig.
5A). These two fusion proteins were then transiently ex-
pressed in COS-7 cells, a monkey kidney cell line.
Although growth hormone (Fig. 4B, lanes 2 and 5) and
alpha-globin (Fig. 5B, lanes 2 and 5) were not phosphory-
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FIG. 4. (A) Schematic illustration for the construction of GHC
fusion protein. The entire lengths of the full-length human growth
hormone (HGH) and precore protein (PC) are 217 and 214 amino
acids, respectively. GHC was created by fusing amino acids 1
through 164 of human growth hormone to amino acids 174 through
214 of the precore protein. This region of the precore protein
sequence is arginine rich and contains the putative phosphorylation
sites. Details for the construction of plasmid pECE-GHC for the
expression of the fusion protein are described in Materials and
Methods. (B) Phosphorylation study of the GHC fusion protein.
Lanes: 1 through 3, proteins labeled with [**SImethionine; 4 through
6, proteins labeled with 32P,;; CONT, control COS-7 cells; GH,
COS-7 cells transiently transfected with pECE-GH; GHC, COS-7
cells transiently transfected with pECE-GHC.
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FIG. 5. (A) Schematic illustration for the construction of the
GlobC fusion protein. Globin, Human alpha-globin; PC, precore
protein. The length of the full-length globin is 142 amino acids.
GlobC fusion protein was created by fusing amino acids 174 through
214 of the precore protein to the amino terminus of globin. The
construction of plasmid pECE-GlobC for the expression of the
GlobC fusion protein is discussed in Materials and Methods. (B)
Phosphorylation study of the GlobC fusion protein. Lanes: 1
through 3, proteins labeled with [**Slmethionine; 4 through 6,
proteins labeled with 32P;; Cont, control COS-7 cells; Globin, COS-7
cells transfected with pECE-G; GlobC, COS-7 cells transfected with
pECE-GlobC.

lated, the fusion proteins GHC (Fig. 4B, lanes 3 and 6) and
GlobC (Fig. 5B, lanes 3 and 6) were. These results confirm
that the carboxy terminus of the precore-core protein con-
tains the phosphorylation site(s) and further demonstrate
that phosphorylation of P22 and the core protein does not
require HBV gene products and is probably mediated by
cellular kinases.

DISCUSSION

We have demonstrated that both the core protein and the
precore protein derivative P22 can be phosphorylated in
cells. Furthermore, our results indicate that the phosphory-
lation efficiency of the core protein is approximately 400-fold
higher than that of P22 (Fig. 1). This may be related to the
protein structures, their subcellular localizations, or the
involvement of different cellular Kinases in the phosphory-
lation of P22 and the core protein.

P22 is proteolytically cleaved at its carboxy terminus and
converted to P16 by proteolytic cleavage before its secretion
(20, 27). P16 was not significantly phosphorylated (Fig. 1).
This result indicates that the phosphorylation site(s) in P22
and possibly also in the core protein is located at the carboxy
terminus. This is confirmed by the results shown in Fig. 4
and 5, which demonstrate that chimeric proteins containing
the carboxy terminus of the precore-core protein are phos-
phorylated.

Microsomal fractionation experiments shown in Fig. 2
indicate that approximately 20% of phosphorylated P22
molecules are present in the lumen of the ER. However, the
majority of phosphorylated P22 molecules are sensitive to
trypsin digestion and thus are probably exposed in the
cytosolic side of the membrane (Fig. 2). This result is
reproducible and is unlikely to be an experimental artifact,
because when human growth hormone, a secretory protein,
was used as a control, it was found mostly (approximately
90%) in the ER lumen (Fig. 3).

It is unclear whether phosphorylated P22 is peripherally
attached to the ER membrane or is as an integral membrane
protein with the carboxy terminus (phosphorylation sites)

J. VIROL.

exposed in the cytosolic side. The latter possibility is sup-
ported by the report of Bruss and Gerlich (3), which sug-
gested that P22 could be a transmembrane protein with the
carboxy terminus in the cytosolic side.

Fusing protein experiments shown in Fig. 4 and 5 indicate
that phosphorylation of P22 and the core protein does not
require other HBV gene products or the rest of the precore
or core protein sequence. Because the carboxy terminus of
P22 used for the fusion protein experiments is short and
arginine rich, it probably does not contain a kinase activity.
Thus, it is likely that phosphorylation is mediated by cellular
kinases. Phosphorylation of P22 may occur in the ER and
Golgi apparatus, since protein kinases and the phosphoryla-
tion of secretory proteins in these two subcellular compart-
ments have been reported before (2, 4, 9, 16, 30). Alterna-
tively, since the majority of phosphorylated P22 is at least
partially exposed in the cytosol (Fig. 2), it is also likely that
phosphorylation of P22 occurs in the cytosol before the
complete translocation of P22 across the ER membrane.

Since the core protein is a cytosolic protein (21), its
phosphorylation probably only occurs in the cytosol. This
speculation is supported by the results shown in Fig. 2,
which indicate that phospho-core protein is present only in
the cytosolic supernatant (lane 6).

Phosphorylation of the core protein has been proposed to
be important for regulating the maturation of HBV particles
(22). The importance of P22 phosphorylation, on the other
hand, is unclear. Since it has been reported that phosphor-
ylation of casein, a secretory protein, can alter the sensitiv-
ity of casein to proteases (2, 15), it is conceivable that
phosphorylation of P22 can also modulate proteolytic con-
version of P22 to P16 for secretion.

The core proteins of HBV (5, 12, 26), woodchuck HBV
(12), and ground squirrel HBV (5) are phosphorylated pri-
marily on the serine residues. There are seven serine resi-
dues in the arginine-rich carboxy terminus of the precore-
core protein, and six of them are in a highly conserved region
(31). Interestingly, this region has been shown to contain a
signal for nuclear transport (31). Since nuclear transport of
the simian virus 40 T antigen can be facilitated by phosphor-
ylation of the serine residues flanking the nuclear localiza-
tion signal (23), phosphorylation of the serine residues in the
carboxy terminus may also play an important role in regu-
lating nuclear transport of P22 and the core protein.

In conclusion, our results demonstrate that both the
precore protein derivative P22 and the core protein can be
phosphorylated in cells. Furthermore, our results indicate
that phosphorylation of P22 and the core protein is likely
mediated by cellular kinases. The mechanism of P22 and
core protein phosphorylation and its significance in the
biology of HBV remain largely unresolved. Further research
in this area will undoubtedly generate many more exciting
results.

ACKNOWLEDGMENTS

We thank T. S. B. Yen for critical reading of the manuscript and
members of J. Ou’s laboratory for helpful discussions throughout
this entire project.

This work was supported by Public Health Service grant A126244
from the National Institutes of Health.

REFERENCES

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

2. Bingham, E. W., H. M. Farrell, Jr., and J. J. Basch. 1972.
Phosphorylation of casein. J. Biol. Chem. 247:8193-8194.



VoL. 65, 1991

10.

11.

12.

13.

14.

15.

16.

17.

. Bruss, V., and W. H. Gerlich. 1988. Formation of transmem-

brane hepatitis B e antigen by cotranslational in vitro processing
of the viral precore protein. Virology 163:268-275.

. Capasso, J. M., T. W, Keenan, C. Abeijon, and C. B. Hirsch-

berg. 1989. Mechanism of phosphorylation in the lumen of the
Golgi apparatus. J. Biol. Chem. 264:5233-5240.

. Feitelson, M. A., P. L. Marion, and W. S. Robinson. 1982. Core

particles of hepatitis B virus and ground squirrel hepatitis virus.
J. Virol. 43:741-748.

. Ganem, D., and H. E. Varmus. 1987. The molecular biology of

the hepatitis B viruses. Annu. Rev. Biochem. 56:651-693.

. Garcia, P. D., J.-H. Ou, W. J. Rutter, and P. Walter. 1988.

Targeting of the hepatitis B virus precore protein to the endo-
plasmic reticulum membrane: after signal peptide cleavage
translocation can be aborted and the product released into the
cytoplasm. J. Cell Biol. 106:1093-1104.

. Gerlich, W. H., U. Goldmann, R. Muller, W. Stibbe, and W.

Wolff. 1982. Specificity and localization of the hepatitis B
virus-associated protein kinase. J. Virol. 42:761-766.

. Glossl, J., W. Hoppe, and H. Kresse. 1986. Post-translational

phosphorylation of proteodermatan sulfate. J. Biol. Chem.
261:1920-1923.

Gorman, C. M., G. T. Merlino, M. C. Willingham, I. Pastan,
and B. H. Howard. 1982. The Rous sarcoma virus long terminal
repeat is a strong promoter when introduced into a variety of
eukaryotic cells by DNA-mediated transfection. Proc. Natl.
Acad. Sci. USA 79:6777-6781.

Graham, F. L., and A. J. van der Ed. 1973. A new technique for
the assay of infectivity of human adenovirus S DNA. Virology
52:456467.

Hantz, O., 1. Fourel, B. Buendia, I. Baginski, and C. Trepo.
1988. Specificity of the woodchuck hepatitis virus-associated
protein kinase, p. 471475. In G. N. Vyas et al. (ed.), Viral
hepatitis and liver Disease. Alan R. Liss, Inc., New York.
Junker, M., P. Galle, and H. Schaller. 1987. Expression and
replication of the hepatitis B virus genome under foreign pro-
moter control. Nucleic Acids Res. 15:10117-10132.

Lanford, R. E., and L. Notvall. 1990. Expression of hepatitis B
virus core and precore antigens in insect cells and characteriza-
tion of a core-associated kinase activity. Virology 176:222-233.
Mercier, J.-C. 1981. Phosphorylation of caseins, present evi-
dence for an amino acid triplet code posttranslationally recog-
nized by specific kinases. Biochimie 63:1-17.

Oegema, T. R., Jr., E. L. Kraft, G. W. Jourdian, and T. R.
VanValen. 1984. Phosphorylation of chondroitin sulfate in pro-
teoglycans from the swarm rat chondrosarcoma. J. Biol. Chem.
259:1720-1726.

Ou, J.-H., and K. D. Bell. 1990. Comparative studies of hepatitis
B virus precore and core particles. Virology 74:185-191.

PHOSPHORYLATION OF HBV PRECORE AND CORE PROTEINS

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

2331

Ou, J.-H., O. Laub, and W. J. Rutter. 1986. Hepatitis B virus
gene function: the precore region targets the core antigen to
cellular membranes and causes the secretion of the e antigen.
Proc. Natl. Acad. Sci. USA 83:1578-1582.

Ou, J.-H., and W. J. Rutter. 1987. Regulation of secretion of the
hepatitis B virus major surface antigen by the pre-S-1 protein. J.
Virol. 61:782-786.

Ou, J.-H., D. N. Standring, F. R. Masiarze, and W. J. Rutter.
1988. A signal peptide encoded within the precore region of
hepatitis B virus derects the secretion of a heterogeneous
population of e antigens in Xenopus oocytes. Proc. Natl. Acad.
Sci. USA 85:8405-8409.

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

Pugh, J., A. Zweidler, and J. Summers. 1989. Characterization
of the major duck hepatitis B virus core particle protein. J.
Virol. 63:1371-1376.

Rihs, H.-P., and R. Peters. 1989. Nuclear transport kinetics
depend on phosphorylation-site-containing sequences flanking
the karyophilic signal of the simian virus 40 T-antigen. EMBOJ.
8:1479-1484.

Robinson, W. S. 1990. Hepadnaviridae and their replication, p.
2137-2169. In B. N. Fields and D. M. Knipe (ed.), Virology.
Raven Press, New York.

Roossnick, M. J., S. Jameel, S. H. Loukin, and A. Siddiqui. 1986.
Expression of hepatitis B virus core regions in mammalian cells.
Mol. Cell. Biol. 6:1391-1400.

Roossinck, M. J., and A. Siddiqui. 1987. In vivo phosphorylation
and protein analysis of hepatitis B virus core antigen. J. Virol.
61:955-961.

Schlicht, H.-J., and H. Schaller. 1989. The secretory core
protein of human hepatitis B virus is expressed on the cell
surface. J. Virol. 63:5399-5404.

Uy, A., V. Bruss, W. H. Gerlich, H. G. Kochel, and R.
Thomssen. 1986. Precore sequence of hepatitis B virus inducing
e antigen and membrane association of the viral core protein.
Virology 155:89-96.

Valenzuela, P., M. Quiroga, J. Zaldivar, P. Gray, and W. J.
Rutter. 1980. The nucleotide sequence of the hepatitis B viral
genome and the identification of the major viral genes, p. 57-70.
In B. N. Fields, R. Jaenisch, and C. F. Fox (ed.), Animal virus
genetics. Academic Press, Inc., New York.

Wang, S.-Y., and D. L. Williams. 1982. Biosynthesis of the
vitellogenins. J. Biol. Chem. 257:3837-3846.

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



