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Hepadnaviruses encode two core-related open reading frames. One directs the synthesis of the p21 core
protein, which subsequently becomes a structural component of the viral nucleocapsid. The other produces a
p25 precore protein that is targeted by a signal peptide to a cell secretory pathway where N-terminal processing
will create a p22 species. This molecule will be further modified at the C-terminal region to generate p17, and
the truncated protein is secreted from the cell as hepatitis B e antigen (HBeAg). The function of the precore
gene in the biology of hepadnaviruses is unknown. We found that ablation of the precore gene resulted in the
generation of a hepatitis B virus (HBV) species with a high-replication-level phenotype. More important,
expression in trans of physiologic levels of p25 restored viral replication to wild-type levels. Moreover, transient
or stable overexpression of the precore gene resulted in striking inhibition of HBV replication. The molecular
species responsible for this viral inhibitory effect was identified as the p22 nonsecreted HBeAg precursor
protein. By sucrose gradient sedimentation analysis, we determined that expression of p22 leads to the
formation of nucleocapsids similar to those made with wild-type p21 core protein. Immunoprecipitation
experiments revealed that the p21 and p22 physically interact and form hybrid nucleocapsid structures devoid
of pregenomic viral RNA. These experiments suggest that expression of the precore gene may be important in
the regulation of HBV replication and describe a possible molecular mechanism(s) for this effect.

Hepatitis B virus (HBV) is the prototype member of the
hepadnavirus family, a group of enveloped DNA viruses that
primarily infect the liver. HBV infection may lead to significant
liver disease, ranging from acute liver failure to chronic active
hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC)
(23). The HBV genome consists of a partially double-stranded
3.2-kb DNA molecule arranged in a relaxed circular confor-
mation. Sequence analysis of the genome reveals that HBV
encodes four partially overlapping open reading frames (ORF)
that direct the synthesis of at least seven viral gene products.
This expansion of coding capacity is due to the presence of
multiple in-frame initiation codons within the precore-core
and envelope ORFs, which generate proteins with a common
carboxy terminus but extended amino-terminal regions. This
phenomenon is exemplified by the precore-core ORF. The
genomic promoter of HBV directs the synthesis of two types of
3.5-kb transcripts that differ at their 59 initiation sites. The
shorter transcript is initiated 5 nucleotides downstream from
the precore initiation codon (49). It serves as the mRNA for
the core and the polymerase genes (10). This mRNA species
following encapsidation into viral nucleocapsids represents the
template for reverse transcription to generate viral DNA (3,
19). The second transcript has a 59-end extension that direct
the synthesis of the precore gene product, but this molecular
species is not packaged into viral nucleocapsids (29, 50).
The 21-kDa viral core protein assembles into a 180-subunit

nucleocapsid structure (4, 14). This molecule is also involved in
nucleic acid binding and promotes viral replication (18, 30).
Translation of the precore gene results in a core-related
polypeptide designated p25. The precore protein has a 29-
amino-acid (aa) amino-terminal extension. In this regard, the

first 19 aa acts as a signal peptide and directs the protein into
the secretory pathway of the cell (6, 35). The 19-aa peptide is
subsequently cleaved to generate a p22 intermediate protein
product that is either translocated to the endoplasmic reticu-
lum or released back into the cytoplasm (15). In the endoplas-
mic reticulum, p22 is cleaved at the carboxy terminus in an
arginine-rich domain to create a 17-kDa soluble hepatitis B e
antigen (HBeAg) that will be secreted from the cell (23).
The function of HBeAg in the biology of HBV infection is

unknown. HBeAg is found in the serum of HBV-infected in-
dividuals, where it generally correlates with high levels of vire-
mia. HBV titers have been found to decrease in serum when
there is a detectable anti-HBeAg immune response (23). It has
been proposed that the precore protein or the processed
shorter p22 form may play a role in virion morphogenesis (6,
35). There is also evidence to suggest that HBeAg may func-
tion as a circulating protein that blocks cytotoxic T-cell activity
against HBV core-associated epitopes (25). Finally, it has been
demonstrated that HBeAg determinants are expressed on the
surfaces of infected hepatocytes and present HBeAg and hep-
atitis B core antigen (HBcAg) epitopes in the context of HLA
class I molecules to the host immune response (41).
However, a functional precore gene appears not to be es-

sential for viral replication, particularly in animals experimen-
tally infected with the related duck hepatitis B virus (9, 40) and
woodchuck hepatitis virus (11). With respect to HBV, genomes
defective in HBeAg synthesis are frequently found in individ-
uals with chronic infection. The most common mutation de-
tected is a TGG-to-TAG transition that introduces an amber
termination signal at codon 28 in the precore ORF. This nat-
urally occurring HBV mutant has been associated with fulmi-
nant hepatitis and high levels of viral replication (8, 21, 34) as
well as with chronic infection (5, 7, 28, 32, 46). However, the
question of whether HBeAg-negative HBV genomes are asso-
ciated with a more severe form of chronic liver disease is still
controversial. In this respect, one study demonstrated that
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transfection of an HBeAg-negative genome into human HCC
cells resulted in increased viral replicative forms compared to
wild-type HBV (20). In the present study, we investigated if the
HBV precore gene influences viral replication following tran-
sient and stable transfection into HCC cells.

MATERIALS AND METHODS

Plasmid constructs. The design of the plasmid vectors utilized in this study is
depicted in Fig. 1. The plasmids payw1.2 and pCMVHBV express HBV pre-
genomic RNA under the control of the endogenous or the cytomegalovirus
(CMV) immediate early (IE) promoters, respectively. These vectors allow HBV
replication to occur in HCC cells and in cells of nonhepatic origin (12, 43). The
payw1.2 construct contains more than one genome length of HBV (13) and
carries the genomic fragment between the AatII (nucleotide [nt] position 1411,
where nt 1 [underlined] is by convention located at GAATTC in the unique
EcoRI site) and the BspEI (nt 2327) sites; the 39-end BspEI site was blunted by
Klenow DNA polymerase I to allow cloning into AatII and SmaI restriction sites
of the pGEM7 Zf (1) vector (Promega Corporation, Madison, Wis.).
The plasmid payw*28 has a 0.9-kb AatII-BspEI fragment derived from the

plasmid pC*28 (47). This construct carries the nonsense TGG-to-TAG mutation
that introduces a stop codon in the precore ORF at codon 28. This mutant DNA
fragment also carries 14 other nucleotide substitutions in the precore-core ORF.
In particular, it carries the sequence ATGAT (wild-type ayw has AAGGT),
which has been found in naturally occurring HBV mutants either alone or in
combination with the stop codon 28 mutation in the precore ORF (33). By
exchanging the FspI (1798)–BspEI (2327) fragment in payw1.2, we generated a
plasmid, paywFB, that contains only the stop codon at position 28 in the precore
ORF. The counterpart paywOM construct contains the AatII-FspI fragment

from pC*28 and therefore has the sequence ATGAT (1759 to 1763) but lacks the
stop at codon 28 in the precore ORF.
Plasmid pCMVHBe expresses the precore ORF under the control of the CMV

IE promoter. The precore ORF was obtained from the plasmid paywSP2 (un-
published data), which harbors a deletion in the payw1.2 genome between nt
2471 and 486. This deletion ablates the HBV pre-S1 and pre-S2 genes and a large
portion of the HBV polymerase genes but leaves the precore-core ORF intact.
The paywSP2-derived FspI (1798)–SpeI (677) fragment was cloned into the
EcoRV and XbaI sites of the pcDNA3 polylinker (Invitrogen Co., San Diego,
Calif.). As a control, we generated the plasmid pCMVHBe*28, containing, in the
same unit, a stop codon at position 28 in the precore-core ORF. To make this
construct, a plasmid designated paywSP2*28 was generated by cassette exchange
of the 0.9-kb AatII-BspEI fragment obtained from pC*28 and inserted into the
backbone of paywSP2. From this plasmid, a FspI-SpeI DNA fragment was ob-
tained and cloned into the EcoRV and XbaI sites of the pcDNA3 expression
vector. This vector does not allow the synthesis of either p25 precore or p21 core
proteins, as shown by in vitro translation experiments in a wheat germ extract
system (data not shown).
Plasmid pCMVKM22 expresses the precore protein lacking the signal peptide

sequence under the control of the CMV IE promoter. The coding sequence was
modified by PCR amplification using the sense primer KM22 (59 CGGGGTAC
CATGTCCAAGCTGTGCCTTGGGTG 39) which engineers a KpnI restriction
site (underlined) upstream from an artificial ATG codon (bold), and SP6 as
the antisense primer. The DNA template employed was a SmaI-linearized
pCMVHBe plasmid. We carried out 25 cycles of PCR amplification (1 min at
958C, 1 min at 408C, and 1 min at 728C) in a solution containing 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 200 mM (each) deoxynucleoside triphosphates, 2 mM
MgCl2, 50 pM each primer, and 2.5 U of TaqDNA polymerase/100 ml of reaction
mixture (Roche Molecular Systems, Inc., Branchburgh, N.J.). The amplified
DNA was cut by KpnI and ApaI restriction enzymes and cloned into the unique

FIG. 1. Genetic organization of the plasmids used in this study. (A) payw1.2, payw*28, paywFB, and paywOM are more-than-one-genome-length constructs that
express HBV pregenomic RNA from the homologous promoter. HBV DNA derived from restriction sites AatII (1411) to BspEI (2327) was cloned into the AatII-SmaI
sites of pGEM7 Zf(1), as represented by the dotted lines. The core promoter region and precore and core ORF are depicted. The darker areas correspond to DNA
exchanged from a naturally occurring HBV mutant carrying the amber termination signal at codon 28 in the precore ORF (p) and point mutations in the core promoter
(F). Relevant restriction sites used to define the exchanged fragments are indicated. (B) pCMVHBV expresses the pregenomic RNA. pCMVHBe expresses the entire
precore and core ORF, whereas pCMVHBe*28 contains the amber mutation at codon 28 in the precore ORF (p). The position of the first amino acid in precore ORF
is indicated as 229. pCMVKM22 expresses a cDNA with an engineered ATG in front of serine210 in the precore ORF. The pCMVKMF construct is identical to
pCMVKM22 except that a FLAG epitope has been engineered into the loop (hatched area) of the core protein. The pCMVKMBs construct expresses a protein that
stops at proline144 of the core molecule. A polyadenylation signal was provided by the pcDNA3 vector in all plasmids except pCMVHBV, where the polyadenylation
site is derived from the endogenous HBV sequence.
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KpnI-ApaI sites in the pcDNA3 polylinker. This plasmid directs the synthesis of
a protein that has serine210 as the second amino acid of the p22 precore protein.
A carboxy-terminal truncated version of pCMVKM22 was generated by diges-
tion with the single BspEI cutter and filling-in of the staggered ends by Klenow
DNA polymerase I followed by plasmid self-ligation to generate the vector
pCMVKMBs. Expression of this vector generates a protein of 18 kDa; the amino
acid sequence following the core proline144 is AlaGlyAspTyrCysCysAmber.
Moreover, to differentially immunoprecipitate the wild-type p21 core protein
from p22 synthesized by pCMVKM22, a derivative was generated (pCMVKMF)
that contained an in-frame FLAG epitope (Eastman Kodak Co., New Haven,
Conn.) engineered into the B-cell epitope loop at aa 74 to 83 (45) of the core
protein, which was substituted for wild-type aa 78 to 81. This modification was
accomplished by PCR with a reverse primer containing an XbaI site, the FLAG
sequence, and the HBV-specific sequence (59 GCTCTAGACTTGTCATCGT
CGTCCTTGTAATCTTCCAAATTAACACCCACCCAGG 39) and with the
above-described KM22 sense primer. The DNA template employed was a SmaI-
linearized pCMVKM22 plasmid, and PCR was carried out as described above.
The PCR product was digested with XbaI, and the 166-bp fragment was gel
purified and cloned into XbaI-digested pCMVKM22.
The retroviral pBabepuro vector (27) was used to express the precore ORF

under the transcriptional control of the retroviral long terminal repeat. For this
purpose, the pCMVHBe plasmid was digested with BamHI, which cuts 59 to
the precore cDNA start in the pCMVHBe polylinker and again at nt 486 in
the ayw genome. The BamHI insert was then cloned into the BamHI site of
the pBabepuro polylinker and controlled for correct orientation to generate the
plasmid pBP HBe. Finally, the plasmid pCMV Luc(1) was utilized to monitor
the transfection efficiency in HCC cells. This plasmid contains the firefly lucif-
erase gene under the control of the CMV IE promoter and inserted into the
pcDNA3 expression vector.
Assessment of the correct design of the plasmids was ascertained by restriction

digest mapping and by direct DNA sequencing. The restriction enzymes were
provided by New England BioLabs (Beverly, Mass.). Sequencing reactions were
carried out with the Sequenase version 2.0 enzyme (U.S. Biochemicals, Cleve-
land, Ohio). Plasmid DNAs were grown in Escherichia coli JM109 cells and
purified by a commercially available kit by using the manufacturer’s instructions
(Wizard Maxiprep kit; Promega Co.).
Tissue culture. The HepG2 and HuH-7 lines were utilized, since they will

support a complete viral replication cycle and produce infectious virions follow-
ing transient transfection with HBV containing plasmids (1). The highly trans-
fectable HEK 293 human embryo kidney-derived cell line (16) was also utilized,
since it efficiently supports viral replication following transfection with a plasmid
expressing the HBV pregenome under the control of CMV IE promoter
(pCMVHBV) and to a lesser extent the payw1.2 construct driven by the endog-
enous viral promoter.
HepG2, HuH-7, and HEK 293 cells were grown in Dulbecco modified Eagle

medium supplemented with 10% fetal bovine serum. Ten million cells, seeded in
a 10-cm-diameter dish, were transiently cotransfected by means of the calcium
phosphate procedure (CaPO4 transfection kit; 59-39, Inc., Boulder, Colo.) with 10
mg of a construct expressing wild-type HBV together with different amounts of
the other plasmid constructs. Plasmid pGEM7 Zf(1) was added to keep the final
amount of transfected DNA constant. The HepG2215 cell line constitutively
produces infectious virions (44). Two pools of cells called HepG2215BP and
HepG2215BPHBe were derived from this parental cell line by infection with the
parental Babepuro and BabepuroHBe retroviral stocks, respectively (26). Trans-
fection efficiency was monitored by adding 1 mg of pCMV Luc(1) to the trans-
fection reaction mixtures, and approximately 1/100 of the cell lysate was sub-
jected to the luciferase assay (2). After transfection, cells were harvested at 2, 3,
and 5 days for RNA, protein, and DNA analyses, respectively.
Analysis of viral DNA replication. HBV DNA replication following transient

transfection of cell lines was assessed by Southern blot analysis of viral DNA
extracted from purified intracellular core particles as described by Pugh et al.
(37). The same technique was used to evaluate HBV DNA replication in the
HepG2215BP and HepG2215BPHBe cell lines. In these experiments, 5 3 106

cells were seeded in a 10-cm tissue culture dish. The cells were harvested and
counted and the capsid-associated viral DNA was measured after 3 days of
culture as described above. DNA was fractionated on agarose gels in 13 TAE
buffer and transferred onto Hybond N1 (Amersham International, Little Chal-
font, United Kingdom) for Southern blot analysis. HBV DNA was detected by
hybridization with a randomly primed 32P-labeled full-length HBV probe. Pre-
hybridization, hybridization, and washings were performed as previously re-
ported (24).
Detection of viral proteins. Human HCC cells transfected with the various

expression vectors were lysed at 48C by the addition of 500 ml of a mixture
containing 10 mM Tris-Cl, 100 mM NaCl, and 1 mM EDTA (TNE), 1% Nonidet
P-40 (NP-40), and protease inhibitors (Boehringer Mannheim Corp., Indianap-
olis, Ind.). The cellular lysates were cleared of nuclei and cellular debris by
centrifugation at 10,000 3 g for 1 min. Cell lysates were mixed with Laemmli
sample buffer, boiled for 5 min, and electrophoresed through a sodium dodecyl
sulfate–15% polyacrylamide gel (Protogel; National Diagnostics, Atlanta, Ga.).
The separated proteins were then blotted onto Immobilon-P membranes (Mil-
lipore Co., Bedford, Mass.) (17). HBcAg and HBeAg were detected by a rabbit
polyclonal antiserum raised against recombinant core protein (Dako Co.,

Carpinteria, Calif.) as described elsewhere (39). The same antibody was used for
immunoprecipitation of core nucleocapsids at a 1:250 dilution in TNE–1%
NP-40 buffer. The anti-FLAG antibody was used for both immunoprecipitation
and Western blot analysis. Bound antibody was detected by horseradish perox-
idase-labeled goat anti-rabbit or anti-mouse immunoglobulin G antibodies and
revealed by the chemiluminescence method (SuperSignal; Pierce, Rockford, Ill.).
Exposure was performed with NEN reflection films (Dupont Company, Boston,
Mass.) for 5 to 20 s. Detection of HBeAg in the transfected-cell supernatants was
performed by a specific radio immunoassay kit for HBeAg (EBK 125I RIA KIT;
Incstar Corporation, Stillwater, Minn.). Measurement of hepatitis B surface
antigen (HBsAg) in the cell culture supernatants was performed with a radio-
immunometric assay as described previously (24).
Viral nucleocapsid isolation. Transiently transfected HEK 293 cells were

lysed, and 200-ml aliquots of the clarified cell lysates were ultracentrifuged at
500,000 3 g through 2 ml of a 20% sucrose-TNE (wt/wt) cushion for 1 h at 48C
by using a TLA 100 rotor (Beckman Instruments, Palo Alto, Calif.). Under these
conditions, viral core particles are pelleted whereas free core protein and soluble
HBeAg remain in the supernatant (52). The pelleted material was directly
analyzed by Western blot analysis or again subjected to ultracentrifugation on
sucrose gradients. The resuspended pellet was layered onto 2 ml of a 25 to 60%
(wt/wt) sucrose–TNE–1% NP-40 mixture. Gradients were established by ultra-
centrifugation at 55,000 rpm (corresponding to 200,000 3 g) with a TLS55 rotor
for 1 h at 48C. Fifteen 150-ml aliquots were collected and proteins were concen-
trated as described previously (22). The resuspended pellet was electrophoresed
through a sodium dodecyl sulfate–15% polyacrylamide gel followed by Western
blot analysis.
Extraction and analysis of viral RNA. Total RNA was extracted at 2 days after

transient transfection as described previously (39). Core particles derived from
the cytoplasm of transfected cells were immunoprecipitated with anticore anti-
bodies, and protein A-Sepharose was added. The precipitate was washed with
lysis buffer and encapsidated viral RNA was extracted as previously described
(38) followed by gel electrophoresis and Northern blot analysis of total and
encapsidated viral RNA (2).
Generation of recombinant retroviral vectors and infection of HCC cell lines.

The plasmids pBabepuro and pBabepuroHBe were used to generate recombi-
nant retroviruses (26). Characterization of the packaging cell lines Bosc 23 and
PA317 (American Type Culture Collection, Rockville, Md.) as well as the con-
ditions for their maintenance and infection have been described (26, 36). Briefly,
the pBabepuro and pBP HBe plasmids were transiently transfected into the
ecotropic packaging cell line Bosc23. Two days later, the culture supernatant was
harvested, and polybrene was added (final concentration, 8 mg/ml) and used to
infect the amphotropic packaging cell line PA317. Two days after infection, 2 mg
of puromycin per ml was added to the culture medium. The medium derived
from drug-resistant cells contained recombinant amphotropic retroviruses, and
it is important to note that PA317 cells infected with pBP HBe were shown to
have HBeAg in the supernatant as well. Viral titers were measured as described
elsewhere (2). HepG2215 cells were infected with 106 CFU of recombinant
retrovirus per ml. After 2 weeks of drug selection, pooled puromycin-resistant
clones were expanded and designated HepG2215BP and HepG2215BPHBe,
respectively.

RESULTS

A stop codon in the precore ORF generates a high-replica-
tion-level viral phenotype. Increased levels of HBV replication
were observed in HCC cells transiently transfected with
payw*28 vector containing a stop signal at codon 28 in the
precore ORF. Southern blot analysis of purified HBV core
particles demonstrated that transfection of payw*28 alone pro-
duced a severalfold increase in HBV DNA replicative forms
compared to the wild-type payw1.2 construct (Fig. 2). The
difference between the two plasmids resides only in mutations
present in the precore promoter and precore ORF. To further
analyze the specific mutation(s) responsible for this phenotype,
a selected DNA fragment was cassette exchanged into parental
payw1.2. This paywFB construct now carries the amber muta-
tion at codon 28 of the precore ORF and produces a high-
replication-level phenotype comparable to that of the mutant
payw*28 genome. paywOM, a construct that carries a 2-nt
substitution in a putative transcription factor binding site of the
precore promoter region (51), yielded substantially the wild-
type level of HBV replication (Fig. 2). To ascertain that the
difference in HBV replicative pattern was not related to the
cell type used for transfection, experiments were performed
with both HepG2 and HuH-7 HCC cell lines, and similar
results were obtained, as shown in Fig. 2.
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Precore protein expression inhibits HBV replication. Next,
the effect of the precore gene product on HBV replication was
evaluated. The wild-type payw1.2 HBV-expressing construct
was cotransfected with a plasmid expressing the full-length
precore protein (pCMVHBe). Under these conditions there
was striking reduction of wild-type HBV replication. In con-
trast, this level of wild-type HBV DNA replication was not
affected when the payw1.2 construct was cotransfected with a
plasmid (pCMVHBe*28) incapable of producing both the pre-
core and core proteins (Fig. 3A). The same inhibition of HBV
replication was observed when pCMVHBV was cotransfected
with pCMVHBe (see Fig. 5B). The pCMVHBV construct ex-
presses the pregenomic RNA but does not express a precore
transcript (HBeAg is absent in supernatant derived from trans-
fected cells) due to the positioning of the transcription initia-
tion site downstream from the CMV IE promoter. In order to
assess experimental variability, all transfections were repeated
at least five times, with comparable results. From these exper-
iments it appears that the lack of a functional precore gene
results in enhanced HBV replication and that expression of the
HBV precore gene product results in striking inhibition of
HBV DNA replication.
Precore gene expression did not appear to have an adverse

effect on transfected cells at the plasmid concentrations used in
this study. Indeed, HCC cells were routinely analyzed by light
microscopy, and no evidence of cytotoxicity was observed (data
not shown). Moreover, we evaluated whether HBV precore
gene expression negatively influences the activity of a panel of
transcriptional elements controlling the expression of the fire-
fly luciferase gene, including HBV precore promoter and en-
hancer I, the HBV core promoter, AP1 responsive elements,
the Rous sarcoma virus long terminal repeat, the simian virus
40 promoter and enhancer, and the CMV IE promoter. These
elements were not significantly influenced by cotransfection of
pCMVHBe at a DNA molar ratio varying from 20:1 to 1:1
(data not shown).
Inhibition of HBV replication in HepG2215 cells by a ret-

rovirus expressing the precore protein. It was of interest to
determine if the expression of the precore ORF in a differ-
ent experimental system would also inhibit HBV replica-

tion. Replication of HBV DNA was substantially reduced in
HepG2215BPHBe cells compared to that in empty retroviral
vector-infected HepG2215BP cells (Fig. 3B). Densitometric
scanning analysis estimated that the HBV DNA content of
these cells was reduced by at least 90% compared to that in the
mock virus-infected cells. The cell culture supernatants were
assessed for the HBsAg levels, and there was no difference
compared to the levels found in the parental HepG2215 cell
line. Finally, the retrovirus-infected HepG2215 cells appeared
to be identical to the noninfected parental cell line with respect
to growth rate and cellular morphology (data not shown).
Overexpression of the HBV precore gene leads to alter-

ation of the nucleocapsid structure. It is possible that the
precore protein was acting as a dominant negative factor
on the nucleocapsid assembly process, as had been previ-
ously observed with a mutant core-surface envelope pro-
tein (39). Thus, the capsid structure formed in HuH-7 cells
transfected with pCMVHBV alone, with pCMVHBV and
pCMVHBe in combination (at a 1:1 molar ratio), and with
pCMVHBe alone was evaluated. A single 21-kDa band corre-
sponding to the wild-type HBV core protein was detected in
cells transfected with pCMVHBV alone (Fig. 4A). It was of
interest that a fainter core-immunoreactive band with a lower
electrophoretic mobility, of about 22 kDa, was also found in
cells cotransfected with pCMVHBV and pCMVHBe. The
same p22 core-immunoreactive protein was detected in cells
transfected with the pCMVHBe alone. No HBV core-immu-
noreactive bands were detected in the lysate derived from the
mock DNA-transfected cells. The cell lysate-derived material
retained on top of the sucrose cushion was analyzed by West-

FIG. 2. A stop signal at codon 28 in the precore ORF leads to high-level viral
replication. A Southern blot of HBV DNA extracted from intracellular core
particles following transient transfection of HepG2 cells (lanes 1 to 4) and
HuH-7 cells (lanes 5 to 8) is shown. DNA of wild-type HBV virions extracted
from HepG2215 cells was used as a positive (pos.) control. The arrows on the left
indicate the relaxed circular (RC), double-stranded linear (DL), and single-
stranded (SS) HBV DNA species.

FIG. 3. Expression of the precore ORF inhibits HBV replication. (A) South-
ern blot analysis of HBV DNA extracted from intracellular core particles fol-
lowing transfection of HuH-7 cells with payw1.2, illustrating the level of wild-type
HBV replication, with payw*28, a plasmid carrying a stop signal at codon 28
of the precore gene, with equal amounts of payw1.2 and pCMVHBe, or with
payw1.2 and pCMVHBe*28. (B) Southern blot analysis of intracellular core
particles derived from HepG2215 cells infected with a recombinant retrovirus
that expresses the precore gene. HBV DNA was extracted from two independent
pools of HepG2215 cells stably transduced with the parental Babepuro retrovirus
illustrating the level of HBV replication (lanes 1 and 2) or from two independent
pools of HepG2215 infected with a Babepuro retrovirus expressing the HBV
precore gene (lanes 3 and 4).
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ern blot analysis. There were no p21 or p22 HBV core-reactive
proteins when the material was studied at a protein concen-
tration comparable to that in the lanes loaded with the resus-
pended pellets (data not shown). Finally, the 17-kDa secreted
form (HBeAg) of the precore protein was not detected in the
cytoplasm of transfected cells by Western blot analysis.
Expression of the p22 nonsecreted HBeAg precursor protein

inhibits HBV DNA replication. The size of the p22 protein close-
ly resembles that of the processed nonsecreted HBeAg precur-
sor protein (15, 31, 42, 45). Thus, selective expression of this
protein was studied with respect to effects on HBV replication.
pCMVKM22 will direct the synthesis of a precore-related pep-
tide that lacks the signal peptide sequence. HuH-7 and HEK
293 cells were transiently transfected with pCMVHBV alone,
pCMVHBV plus pCMVHBe, or pCMVHBV plus pCMVKM22,
and the level of HBV replication was determined. The results
obtained from HuH-7 and from HEK 293 cells were equiva-
lent. Transfection of pCMVHBV in HEK 293 cells resulted
in 20-fold-higher levels of HBV DNA than transfection in
HuH-7 cells; the patterns of replicative forms in the two cell
lines were indistinguishable. Cotransfection of pCMVHBV with
pCMVHBe resulted in substantial reduction of viral replica-
tion. More striking was the experiment where pCMVHBV was
cotransfected with pCMVKM22. Under these conditions,
HBV replication was almost completely inhibited (Fig. 5B).
This observation suggests that p22 was a more potent and
direct inhibitor of HBV DNA replication than its immediate
p25 precursor protein. Titration experiments were then per-
formed, and pCMVHBe was found to maximally inhibit viral
DNA synthesis when transfected at a 1:1 molar ratio with
pCMVHBV. In contrast, maximal inhibition exhibited by
pCMVKM22 was observed at a DNA molar ratio of 1:15 (data
not shown). Therefore, based on a molar ratio of viral DNA,

the pCMVKM22 construct was about 15-fold more potent in
inhibiting HBV replication than the pCMVHBe construct.
The pCMVKM22 construct expressed a protein that was

found in core-like particles when transfected either alone or in
combination with pCMVHBV (Fig. 4B). Analysis of the pellet
derived from cells transfected with these constructs demon-
strated two protein bands of the same intensity. A minor band
corresponding in size to the wild-type p21 core protein was
evident in cells transfected with pCMVKM22. We speculate
that this protein may have originated from the use of the core
AUG codon of the KM22 mRNA (31). Analysis of pellets of
cells transfected with pCMVHBe alone revealed that the core-
reactive band migrated slightly faster than the KM22 polypep-
tide but slower than the wild-type p21 core protein (Fig. 4B).
This may be due to the methione residue engineered into the
KM22 protein, which would add an extra 130 Da to the
polypeptide chain, or the faster-migrating p22 could represent
a partially processed carboxy-terminal form of the translocated
precore protein (31, 42).
The p22 protein inhibits HBV replication by interfering

with pregenomic RNA encapsidation. The inhibition of viral
replication may be due to the lack of pregenomic RNA
encapsidation into the nucleocapsids. To evaluate this pos-
sibility, viral RNA was extracted from nucleocapsids im-
munoprecipitated from HEK 293 cells transfected with
pCMVHBV or pCMVKM22 alone or in combination. Total
cytoplasmic and capsid-containing viral RNA was compared by
Northern blotting (Fig. 6). This experiment demonstrated that
encapsidation of 3.5-kb pregenomic RNA was abolished when
the pCMVKM22 was cotransfected with pCMVHBV (Fig. 6,
lane 6). Inside the wild-type viral nucleocapsids, pregenomic
RNA as well as a smear of specific viral RNA was present (Fig.
6, lane 4), probably due to the RNAse H activity of the viral
polymerase. The transcript expressed by pCMVKM22 was
not encapsidated as predicted (3, 19). Moreover, there was
no evidence of inhibition of transcription of the pregenomic

FIG. 4. Processed precore protein assembles into nucleocapsids. (A) West-
ern blot analysis of pellets derived from transfected HuH-7 cells. The 21-kDa
core protein was found in viral nucleocapsids following transfection with
pCMVHBV. The 22-kDa core-reactive polypeptide was found in cells trans-
fected with pCMVHBe. Cells cotransfected with the pCMVHBV and
pCMVHBe constructs showed both the p21 and p22 core-related polypeptides.
Mock-transfected cells served as a negative (neg.) control. MWM, molecular
weight markers. (B) Western blot analysis of pellets from HEK 293 cells trans-
fected with various constructs. The p21 core protein was derived from nucleo-
capsids following transfection with pCMVHBV; cells transfected with
pCMVKM22 showed core-related polypeptides of 22 kDa and a weaker, 21-kDa,
band. p21 and p22 core-related peptides were detected in cells cotransfected with
pCMVHBV and pCMVKM22. Cells transfected with pCMVHBe showed a
22-kDa core-reactive polypeptide. The negative (neg.) control was mock-trans-
fected cells, and the positive (pos.) control was derived from HepG2215 cells.

FIG. 5. Inhibition of HBV replication by precore proteins. A Southern blot
of HBV DNA derived from nucleocapsids is shown. (A) HuH-7 cells transfected
with payw1.2 or payw*28 alone or in combination with pCMVHBe (amounts are
in micrograms). Wild-type HBV replication was obtained following transfection
with payw1.2. An enhanced replication phenotype was exhibited by the payw*28
mutant. (B) HEK 293 cells transfected with the wild-type pCMVHBV alone or
in combination with pCMVHBe, pCMVKM22, and/or pCMVKMBs. The arrows
on the left indicate the relaxed circular (RC), double-stranded linear (DL), and
single-stranded (SS) DNA species.
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RNA by the pCMVKM22-derived transcript (Fig. 6, lanes 1
through 3). The same type of analysis performed on RNA
extracted from polyethylene glycol-precipitated nucleocapsids
revealed similar results (data not shown).
Comparison of the relative inhibitory activities of precore

proteins on HBV DNA replication. It was of interest to deter-
mine if the expression of precore gene reverses the high-rep-
lication-level phenotype exhibited by the payw*28 construct.
Southern blot analysis of HCC cells transiently transfected
with payw*28 together with increasing amounts of pCMVHBe
demonstrated that only 2 mg of pCMVHBe was required to
reduce the high level of viral replication exhibited by the mu-
tant payw*28 (Fig. 5A) to wild-type HBV levels. Transfection
of increasing amounts of pCMVHBe further depressed both
payw*28- and wild-type payw1.2-generated HBV DNA repli-
cative forms. This inhibitory effect was shown to be dependent
on the presence of a functional wild-type precore gene, since
expression of pCMVHBe*28 does not affect wild-type HBV
DNA replication (Fig. 3A and data not shown).
The question of the relative potency of precore-related pro-

teins with respect to inhibition of HBV DNA replication in
the HEK 293 cells was studied, since this system has a very
high wild-type HBV replication capacity (Fig. 5B). When
pCMVHBV was cotransfected along with pCMVHBe, inhibi-
tion of viral replication was about 10 times less than that
observed with the pCMVKM22 or pCMVKMBs construct.
The pCMVKMBs protein product (p18) was capable of exert-
ing the same degree of inhibition on viral replication as the p22
species produced from the parental pCMVKM22 construct.
This experiment demonstrates that the domain responsible for
the inhibition of viral replication was not located within the
arginine-rich carboxy-terminal region encoded by the core
ORF.
Expression of p22 precore protein results in the formation

of hybrid nucleocapsids. Previous experiments had demon-
strated that p22 protein was found in the pellet either alone or

in combination with wild-type p21 core after sedimentation
through a 20% (wt/wt) sucrose cushion. It became of interest,
therefore, to determine if p22 was forming hybrid nucleo-
capsids with p21. The pellet derived from HEK 293 cells
transiently transfected with pCMVHBV, pCMVKM22, or
pCMVHBV plus pCMVKM22 was resuspended and loaded
onto 20 to 60% (wt/wt) sucrose gradients and ultracentrifuged
at 200,0003 g for 1 h. Following this sedimentation procedure,
15 150-ml fractions were sequentially removed from the top of
the gradient and half of each fraction was analyzed by Western
blot analysis for the presence of core-immunoreactive proteins.
Under these experimental conditions, mature core particles
have been found predominantly in fractions 4 to 10 (52).
HEK 293 cells transfected with the wild-type HBV-express-

ing construct demonstrated the expected sedimentation pat-
tern for core protein. The majority of the core polypeptides
assembled into native nucleocapsids were found to reside in
fractions 4 to 9 (Fig. 7A). When wild-type HBV and p22-
expressing constructs were transfected together, p22 cosedi-
mented in the same fractions as native nucleocapsids (Fig.
7C). It was also of interest that p22 expressed from the
pCMVKM22 construct alone also sediments as particulate nu-
cleocapsids in the same fraction as wild-type p21. Indeed, the
sedimentation pattern of p22 overlaps with that of the wild-
type nucleocapsids. The same results were obtained when the
pCMVHBe was transfected alone or in combination with
pCMVHBV, but the intensity of the protein band signal was
weaker (data not shown). These results suggest that hybrid
capsid-like particles consisting of p21- and p22-derived core
proteins are assembled in HEK 293 following transient trans-
fection.
Since the p22 protein makes nucleocapsids, it was not pos-

sible to address the question of whether heterodimers or ag-
gregates of other multiplicities with p21 were also formed.
Moreover, since p22 and p21 were indistinguishable by the
antibodies employed, a FLAG epitope was introduced into
the B-cell immunodominant loop of the p22 core protein
derived from plasmid pCMVKM22. This pCMVKMF con-
struct expressed a pF22 protein that has the sequence
D78YKDDDDKS81 (FLAG epitope is underlined) instead of
D78PAS81. The pF22 protein also assembles into nucleocapsid
particles as well as the p22 parental protein (Fig. 8B, lane 4).
Western blot analysis of the pellet derived from HEK 293 cells
transfected with pCMVKMF demonstrated that pF22 was not

FIG. 6. Expression of the processed precore protein inhibits pregenomic
RNA encapsidation in HEK 293 cells. A Northern blot of total cellular RNA and
viral RNA isolated from nucleocapsids is shown. One half of the cells present in
a 10-cm tissue culture dish was used for total RNA extraction, while the other
half was employed for immunoprecipitation of viral capsids and extraction of
encapsidated RNA (ε RNA). About 1/40 of the total RNA and all the encapsi-
dated RNA were analyzed. For lane 4, HBV RNA was derived from nucleocap-
sids immunoprecipitated by anti-HBc following transfection with pCMVHBV.
Lane 5 shows a lack of encapsidation of viral RNA following transfection with
pCMVKM22 and lane 6 shows greatly reduced levels of encapsidated RNA
following cotransfection with pCMVHBV and pCMVKM22. The arrows on the
left indicate the relative sizes of the 3.5-kb pregenomic RNA and subgenomic
transcripts. Note that pCMVKM22 expresses a 1.2-kb transcript.

FIG. 7. Western blot analysis of various sucrose gradient fractions (lanes 1 to
15) showing nucleocapsid formation in HEK 293 cells transiently transfected
with pCMVHBV (A), pCMVKM22 (B), or pCMVHBV and pCMVKM22 (C).

350 SCAGLIONI ET AL. J. VIROL.



detectable by the polyclonal anticore antibodies, suggesting
that the immunoreactivity was directed against the same anti-
genic loop where the FLAG epitope was inserted (Fig. 8A,
lane 4). When the resuspended pellet derived from cells co-
transfected with pCMVHBV and pCMVKMF was immuno-
precipitated by the anti-FLAG antibody and the immuno-
precipitate was analyzed by Western blot analysis with the
polyclonal anticore antibodies, the wild-type p21 core protein
was detected (Fig. 8C, lane 7). Thus, wild-type p21 core and
pF22 proteins coimmunoprecipitate, and this observation sug-
gests that the two peptide species physically interact. Taken
together with the sedimentation properties of p21 and p22, the
results indicate that these two polypeptides will assemble to
form hybrid nucleocapsids.
Finally, it was interesting that the p18 protein expressed

from pKMBs traverses the sucrose cushion poorly (Fig. 8A,
lane 5). This finding is in agreement with previous studies
demonstrating that a core protein truncation upstream from aa
144 results in formation of a less stable nucleocapsid structure
(4, 14). However, when this expression vector was cotrans-
fected with pCMVHBV not only was there almost total inhi-
bition of HBV replication (Fig. 5B, lane 4) but also p18 was
detected at a much higher level in the pelleted material to-
gether with wild-type p21 core protein. Thus, although partially
deficient with respect to self-assembly into nucleocapsids, p18
was still capable of incorporation into nucleocapsids along with
p21.

DISCUSSION
The biological function of the precore protein has been

difficult to define. It has been established that precore proteins
are not required for viral replication in both avian and mam-
malian species (5, 7, 9, 11, 40, 46). Therefore, it was surprising
that transient expression of the HBV precore gene resulted in
inhibition of viral DNA synthesis. In the present study, we
determined if ablation of the precore gene product influences
HBV replication in HCC cells. Our findings indicate that the
absence of a functional precore gene results in approximately
a 10-fold increase in the level of HBV replication as previously
reported by Lamberts et al. (20). Mutations in the precore

promoter region have also been proposed to affect the repli-
cation of HBV (33). In this regard, a modest increase in HBV
replication (Fig. 2, lanes 3 and 7) was observed when HCC cells
were transfected with an HBV construct containing precore
promoter mutations upstream of an intact precore gene. Thus,
the high-replication-level phenotype exhibited by HBeAg-neg-
ative mutant viruses and commonly found in patients with
chronic HBV infection may be due, in part, to the absence of
the precore gene product. Indeed, when HBeAg was provided
in trans, replication of the mutant genome was reduced to
levels observed with wild-type HBV. It is noteworthy that the
precore gene overlaps with ε, a structure required for encap-
sidation of pregenomic RNA and DNA priming. Point muta-
tions in this structure could interfere with HBV replication.
This appears not to be the case, since it has been shown that
the amber termination signal introduced at aa 28 does not
affect pregenomic RNA encapsidation (29) and HBV replica-
tion (unpublished data).
We confirmed that overexpression of the precore gene re-

sults in a striking inhibition of wild-type HBV DNA replication
(20). Moreover, constitutive expression of the precore gene
resulted in a substantial reduction of HBV replication in
HepG2215 cells as well. This effect was not due to inhibition of
transcription of HBV pregenomic RNA since by Northern blot
analysis, we found no evidence for reduced levels of pre-
genomic RNA in the cytoplasm of transfected cells. The pos-
sible molecular mechanism(s) of inhibition exhibited by these
precore gene products was explored. It has been well estab-
lished that the HBV pregenomic RNA is encapsidated to-
gether with the polymerase gene product into nucleocapsid
structures as formed by multimeric assembly of p21 core pro-
teins (3, 19). Following expression of the precore gene, the
nucleocapsid particles were found to contain both wild-type
p21 and a larger, 22-kDa, protein product. We are led to
believe that this p22 species was a proteolytically cleaved prod-
uct of the precore gene product (p25) following removal of the
signal peptide sequence (15). Indeed, when a plasmid designed
to express the nonsecreted p22 form of the precore protein was
transfected into HCC cells along with a construct expressing
wild-type HBV, p22 was identified in approximately the same
proportion as p21 in the nucleocapsids. More important, for-
mation of such particles was associated with striking inhibition
of HBV replication. One attractive hypothesis is that the high
degree of inhibition of HBV replication was, in fact, due to
increased cellular levels of p22 and the formation of hybrid
nucleocapsids.
The sedimentation properties of the viral nucleocapsids pro-

duced in the presence or absence of p22 protein were identical.
Wild-type p21 core and p22 proteins were found in the same
gradient fractions when their respective constructs were trans-
fected into HCC cells either separately or in combination.
More direct evidence that the two protein species coassembled
into particles was provided by the finding that wild-type p21
and pF22 will coimmunoprecipitate with an anti-FLAG mono-
clonal antibody. These results suggest that the two proteins
physically interact and probably assemble into hybrid particles.
With respect to a possible molecular mechanism for inhibi-

tion of viral replication, isolated nucleocapsids were found to
be devoid of pregenomic RNA when p22 was coexpressed with
p21. Assembly of replication-competent HBV nucleocapsids
requires the specific interaction of at least three viral compo-
nents, including the core and polymerase proteins and the
pregenomic RNA. The most likely explanation to account for
this packaging defect is that the hybrid nucleocapsids do not
allow proper RNA encapsidation. Thus, p22 may interfere with
the recognition of the pregenomic RNA–polymerase complex

FIG. 8. Western blot (WB) and immunoprecipitation (IP)-Western blot
analyses demonstrating that p22 physically interacts with wild-type p21 core
protein in HEK 293 cells. (A and B) Western blot analysis with anti-HBc
antibodies (A) and anti-FLAG M2 monoclonal antibody (B). (C) Cell lysates
were immunoprecipitated with anti-FLAG monoclonal M2 antibody, and West-
ern blot analysis was performed with polyclonal anti-HBc antibodies. Lanes 1
show results for nontransfected cells.
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by the p21 core protein. In this regard, expression of p18, a
protein with the same amino terminus as p22 but formed as the
result of a truncation of the arginine-rich region from the
carboxy terminus (i.e., it most closely resembles the secreted
17-kDa HBeAg species), strikingly inhibited wild-type HBV
replication as well. The core portion of this protein has been
previously shown to have the minimal sequence requirement to
form capsid-like structures (4, 14). Indeed, when p18 was ex-
pressed alone, nucleocapsid-like particles were far less effi-
ciently formed than nucleocapsids made with wild-type p21
core protein. Nevertheless, following coexpression with p21,
the 18-kDa protein was found at much higher levels in nucleo-
capsid-like structures. We speculate that p21 may have served
as a framework and facilitated the assembly into nucleocapsids
of a less stable but interacting hybrid subunit(s). Taken to-
gether, these findings suggest that the role of p22 and p18 in
inhibiting HBV replication may be due to an altered protein
structure created by the N-terminal region of the precore gene
that renders the nucleocapsids unable to incorporate pre-
genomic RNA. However, it will be important in future studies
to determine the amino acid sequence of p22 and/or p18 dur-
ing natural HBV infection or as a product of pCMVHBe
following transient-transfection experiments.
These studies indicate that wild-type HBV replication was

inhibited by the processed form of the precore protein. Previ-
ous studies have described a mutant core-envelope fusion pro-
tein that exhibited a potent dominant negative phenotype with
respect to HBV replication. In these studies, it was found that
the formation of core particles was abolished as the molecular
mechanism for the dominant negative effect (39). In the pres-
ent investigation, we have identified a naturally occurring mol-
ecule with a 15-fold more potent inhibitory effect on viral
replication and a different mechanism of action, since it occurs
at the level of either RNA encapsidation or RNA-polymerase–
core interaction. Whether this phenomenon occurs in vivo
during natural HBV infection is of course unknown, but it is of
interest that proteins of the size of p22 and p23 have been
identified in the liver of woodchuck hepatitis virus-infected
woodchucks (48). If this were the case with HBV, a large
fraction of the nucleocapsids produced during active infection
would predictably be devoid of pregenomic RNA and presum-
ably replication incompetent. Further experiments are war-
ranted to substantiate this hypothesis.
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ADDENDUM

While this paper was under review, Buckwold et al. demon-
strated that reduction in precore gene expression was accom-
panied by an increase in progeny virus production (6a) and
Guidotti et al. demonstrated in transgenic mice that the pre-
core protein can exert a dominant negative effect on HBV
replication (16a). These findings also indicate that the precore
protein may be important in the life cycle of HBV.
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