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The proper folding and assembly of viral envelope proteins are mediated by host chaperones. In this study,
we demonstrated that an endoplasmic reticulum luminal chaperone GRP78/BiP bound specifically to the
pre-S1 domain of the L protein in vitro and in vivo where complete viral particles were secreted, suggesting that
GRP78/BiP plays an essential role in the proper folding of the L protein and/or assembly of viral envelope

proteins.

The hepatitis B virus (HBV) is a noncytopathic double-
stranded DNA virus of the hepadnavirus family that causes
acute and chronic liver disease. Chronic HBV infection can
lead to cirrhosis and finally to hepatocellular carcinoma. HBV
is an enveloped virus whose envelope consists of three related
proteins, designated the small (S), middle (M), and large (L)
surface proteins (27). All of these proteins have a common
carboxy-terminal sequence of 226 amino acid residues (S pro-
tein). The M protein has an additional sequence (pre-S2) of 55
amino acid residues located at the amino terminus. The L
protein contains an additional sequence (pre-S1) of 108 or 119
amino acid residues (depending on the presence of subtype ay
or ad, respectively) at the amino terminus of the M protein. All
three proteins are found either unglycosylated or glycosylated
at Asnl46 of the S protein. The M protein is additionally
glycosylated at Asn4 within its pre-S2 region (15). The M and
S proteins are cotranslationally inserted into the endoplasmic
reticulum (ER) membrane with their amino termini translo-
cated in the ER lumen (9). Conversely, the pre-S region (pre-
S1 plus pre-S2) of the L protein fails to be cotranslationally
translocated and remains on the cytosolic side of the ER mem-
brane. During maturation, approximately half of the L protein
molecules posttranslationally translocate their pre-S region
into the luminal space, thereby generating a dual topology that
is maintained in the secreted viral particles (3, 28, 35). The
dual transmembrane topology, disposing the pre-S region at
either a luminal (external) or a cytosolic (internal) site, may
provide such crucial functions as hepatocyte receptor binding
or capsid envelopment, respectively, in the viral life cycle (3,
28, 35). The envelope proteins synthesized as transmembrane
proteins of rough ER oligomerize rapidly. Virus assembly is
thought to occur at post-ER/pre-Golgi membranes where pre-
formed cytosolic nucleocapsids are packaged by transmem-
brane envelope proteins (2, 18, 40). Virions then bud into
intraluminal cisternae and leave the cell via the constitutive
pathway of secretion. An excess of M and S proteins, however,
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is not incorporated into virion envelopes but self-assembles
into secreted subviral particles (15, 26).

Eucaryotic viruses usually use host cell factors during their
entire life cycle. Given the known importance of cellular chap-
erones for correct folding and assembly of host proteins, it is
likely that the proper folding and assembly of viral structural
proteins are mediated by host chaperones. So far, two host
chaperones are known to be involved in HBV morphogenesis.
It is suggested that the cytosolic chaperone Hsc70 plays a role
in maintaining the dual topology of the pre-S region of the L
protein, while the ER transmembrane chaperone calnexin pro-
motes proper folding and trafficking of the M protein and is
involved also in intracellular retention of the L protein that is
expressed in the absence of the M and S proteins (22, 35, 36,
41). Thus, calnexin is suggested to play a crucial role in folding
and assembly of the HBV proteins.

GRP78/BiP, which is a member of the hsp70 family of pro-
teins and is found in the lumen of the ER, is known to be
associated with a variety of folding and assembly intermediates
of cellular and viral membrane proteins (1, 5, 6, 8, 10, 11, 19,
24). In this study, we demonstrated that GRP78/BiP binds to
the L protein in the cells where the infectious viral particles are
secreted, suggesting that GRP78/BiP is involved in folding of
the L protein and/or assembly of HBV.

In a previous study (39), Ryu et al. found that an 80-kDa
protein (p80) on the surface of the hepatocyte specifically
bound to the pre-S1 domain of HBV and proposed that the
p80 protein is involved in the viral entry. For further charac-
terization of p80, we sought to purify the protein. To begin
with, the purified glutathione S-transferase (GST) or GST-
pre-S1 protein (39) was coupled to agarose resin in an Amino-
Link column (Pierce) to prepare a GST or GST—pre-S1 affinity
column, as recommended by the manufacturer. A large-scale
preparation of nonbiotinylated HepG2 cell lysates was incu-
bated with a GST affinity column, and the unbound proteins
(precleared lysate) were incubated with the GST—pre-S1 col-
umn and washed with lysis buffer (25 mM Tris-HCI [pH 7.4],
250 mM NaCl, 5 mM EDTA [pH 8.0], 1% Nonidet P-40, 2 pg
of aprotinin/ml, 100 g of phenylmethylsulfonyl fluoride/ml, 5
pg of leupeptin/ml). The bound proteins were eluted with 0.1
M glycine (pH 2.5) and subjected to sodium dodecyl sulfate—
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FIG. 1. Purification and Western blot analysis of GRP78/BiP. Non-
biotinylated HepG2 lysates (lane 1), proteins bound to a GST-Sepha-
rose column (lane 2), and proteins bound to a GST-pre-S1-Sepharose
column (lane 3) were subjected to Western blotting using goat anti-BiP
and HRP-conjugated anti-goat IgG antibodies. Molecular size markers
(in kilodaltons) (lane M) are shown on the left. GRP78/BiP is indi-
cated with an arrow.

7.5% polyacrylamide gel electrophoresis (SDS-7.5% PAGE)
followed by silver staining. Expectedly, a protein of approxi-
mately 80 kDa was detected (data not shown). Next, the N-
terminal amino acid sequence of the purified protein was de-
termined with a Procise 491 automatic sequencer (Applied
Biosystems) according to the supplier’s recommendations. The
result showed that the 22 amino acid residues of the N-termi-
nal sequence (N-EEEDKKEDVGTVVGIDLGTTYS-C) were
the same as those of the glucose-regulated protein/immuno-
globulin (Ig) heavy-chain binding protein (GRP78/BiP), which
is a molecular chaperone of the HSP70 family and is found in
the lumen of the ER (13, 14). To validate the identity of the
protein, Western blot analysis was carried out using goat anti-
BiP antibody (Santa Cruz) (specific to the N terminus of hu-
man BiP) and anti-goat IgG-horseradish peroxidase (HRP)
conjugates. After rinsing with PBS-T (phosphate-buffered sa-
line [PBS] containing 0.1% Tween 20), the blots were visual-
ized by the enhanced chemiluminescence procedure as rec-
ommended by the supplier (Amersham). As shown in Fig. 1,
the p80 protein reacted strongly with the anti-BiP antibody
(lane 3). To further confirm that the protein was GRP78/BiP,
the immunoblot was probed with another anti-BiP antibody
(Santa Cruz) (specific to the C terminus of human BiP; data
not shown), which clearly showed that GRP78 bound to the
pre-S1 region.

Although it was confirmed that GRP78/BiP binds to the
pre-S1 region of HBV, we were unable to rule out the possi-
bility that GRP78/BiP nonspecifically binds to the pre-S1 re-
gion. It has been reported that the binding and release of
GRP78/BiP are controlled by the ATPase activity of the chap-
erone (25, 30). To test whether ATP is able to dissociate the
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GRP78/BiP-pre-S1 complex in vitro, the biotinylated HepG2
lysates were incubated with GST—pre-S1 bound to glutathione-
Sepharose beads. After extensive washing, the bound GRP78/
BiP was eluted once with PBS (Fig. 2, lane 2) and once (lane
3) or twice (lane 4) with ATP elution buffer (2.5 mM ATP, 10
mM Mg®* in PBS) and was finally eluted by boiling in the
protein sample buffer (lane 5). The eluted proteins were sub-
jected to Western blot analysis, using anti-GRP78/BiP poly-
clonal antibody (Fig. 2). The results showed that the GRP78/
BiP bound to the GST-pre-S1 beads was completely eluted
with ATP and thus was not detected even after boiling the
GST-pre-S1 beads (Fig. 2, lane 5). HepG2 cell lysates, in-
cluded as a control, themselves gave a strong signal in the
Western blot analysis (Fig. 2, lane 1), suggesting that GRP78/
BiP is a housekeeping protein and is present in abundance.
The data indicate that the binding of GRP78/BiP to the pre-S1
domain is reversible by ATP hydrolysis, supporting the idea of
a specific interaction between GRP78/BiP and the pre-S1 do-
main.

To investigate whether GRP78/BiP binds to the L protein of
HBYV, we carried out cell-free expression of the L protein in a
coupled in vitro transcription-translation-translocation system
and coimmunoprecipitated the product using anti-GRP78/BiP
antibody. To begin with, the coding sequence of the S, M, or L
protein was synthesized from pHBV315 (adr subtype [21]) by
PCR and subcloned into the BamHI-Sacl, PstI-Sacl, or Sall-
Sacl sites of pSP64(polyA) (Promega) to yield pSP64-S,
pSP64-M, or pSP64-L, respectively. The coding sequences of
GST were also cloned into pSP64(polyA) on a Sall-Sacl frag-
ment to yield pSP64-GST. The nucleotide sequences of the
cloned genes were checked by DNA sequencing for fidelity.
Next, in vitro transcription and translation were performed
using a TnT quick-coupled transcription-translation system
(Promega) according to the protocol recommended by the
supplier, with slight modifications (35). The L gene was tran-
scribed in vitro and translated in rabbit reticulocyte lysate
supplemented with [**S]methionine and dog pancreas micro-
somes. The M and S genes of HBV and non-HBV proteins
(GST and luciferase) were included as negative controls. After
the in vitro reaction was run for 90 min, microsomes were
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FIG. 2. GRP78/BiP binding is ATP dependent. Biotinylated HepG2
lysates were incubated with GST and further incubated with glutathi-
one-Sepharose beads. The unbound proteins (precleared lysate; lane
1) were incubated with GST-pre-S1 fusion protein that bound to
glutathione-Sepharose beads. After the beads were extensively washed
with lysis buffer, the bound proteins were eluted with PBS (lane 2),
ATP elution buffer (lane 3), and ATP elution buffer again (lane 4), in
that order, before they were eluted by boiling in the protein sample
buffer (lane 5). All eluates were divided into two parts and subjected to
SDS-PAGE and Western blotting using goat anti-BiP and HRP-con-
jugated anti-goat IgG antibodies. Molecular size markers (in kilodal-
tons) (lane M) are shown on the left.
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FIG. 3. GRP78/BiP binds to the L protein in vitro. The S (lane 2), M (lane 3), and L (lane 4) proteins of the HBV envelope, along with GST
(lane 1) and luciferase (lane 5) as negative controls, were synthesized in vitro using a TnT quick-coupled transcription-translation system and
canine microsomes. Equal amounts of proteins were subjected to SDS-PAGE either directly (A) or after coimmunoprecipitation with anti-BiP

antibody (B).

recovered by sedimenting the reaction mixture on 1 ml of 250
mM sucrose-TBS (10 mM Tris-HCI [pH 7.4], 150 mM NaCl)
at 15,000 X g for 30 min and were diluted 20-fold in ice-cold
NET buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.1%
Nonidet P-40, 1 mM EDTA [pH 8.0], 0.25% gelatin) to pre-
pare the microsomal extract. Equal amounts of the microsomal
proteins were subjected to SDS-PAGE directly (Fig. 3A) or
after immunoprecipitation with the anti-GRP78/BiP antibody
(Fig. 3B). The SDS-PAGE analysis of the immunoprecipitates
revealed that only the L protein (Fig. 3B, lane 4) and not the
S (lane 2) or M (lane 3) protein was coimmunoprecipitated
with the anti-GRP78/BiP antibody (Fig. 3B). This result sug-
gests that GRP78/BiP binds to the pre-S1 domain of the L
protein in vitro.

To study whether GRP78/BiP interacts with the L protein in
vivo, the L protein was expressed under the control of a human
cytomegalovirus promoter in COS7 cells. The coding sequence
of the L protein was cloned into pcDNA3 (Invitrogen) on a
BamHI-EcoRV fragment to yield pCDNAL. This plasmid,
or pcDNA3 as a negative control, was transfected with
Lipofect AMINE reagent (Life Technologies) into COS7 cells
according to the protocol recommended by the supplier. After
culturing for 2 days, the transfected cells were harvested and
incubated in lysis buffer (50 mM Tris-HCI [pH 7.4], 5 mM
EDTA, 150 mM NacCl, 0.5% Nonidet P-40, 1 mM phenylmeth-
ylsulfonyl fluoride, 1 wg of leupeptin/ml, 1 pg of aprotinin/ml)
at 4°C for 30 min. After further lysis by sonication, the super-
natant was harvested by centrifugation at 8,000 X g at 4°C for
10 min. The cell lysate was subjected to Western blot analysis
with the humanized version of an anti-pre-S1 monoclonal an-
tibody, KR127 (23); the analysis showed that the nonglycosy-
lated (p39) and the glycosylated forms (gp42) of the L protein
were expressed in the cells (Fig. 4A, lane 2). The two glycosy-
lated forms (gp33 and ggp36) and the nonglycosylated form
(p30) of the M protein were also detected with anti-pre-S2
antibody (17) (data not shown). Subsequently, the cell lysates
were coimmunoprecipitated with anti-GRP78/BiP antibody
and the immunoprecipitates were analyzed by Western blot-
ting with anti-pre-S1 murine monoclonal antibody as the pri-
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FIG. 4. GRP78/BiP binds to the L protein in vivo. (A) The COS7
cell lysates, transfected with pCDNA3 as a control vector (lane 1) or
the L protein expression plasmid, pPCDNAL (lane 2), were subjected to
Western blotting with the humanized version of anti-pre-S1 antibody.
(B) The COS7 cell lysates, transfected with pCDNA3 (lane 1) or
pCDNAL (lane 2), were immunoprecipitated with anti-BiP antibody.
The immunoprecipitates were subjected to Western blot analysis using
the humanized version of anti-pre-S1 antibody and HRP-conjugated
anti-human IgG antibody. (C) The HepG2 cell lysates, transfected with
mock DNA (lane 1) or pHBV5.2 (lane 2), were subjected to Western
blotting with anti-pre-S2 antibody. (D) The HepG2 cell lysates, trans-
fected with mock DNA (lane 1) or pHBVS5.2 (lane 2), were immuno-
precipitated with anti-BiP antibody, and the immunoprecipitates were
subjected to Western blot analysis using anti-pre-S2 monoclonal anti-
body and HRP-conjugated anti-murine IgG antibody. The L and M
proteins and the heavy chain of anti-BiP antibody that was reacted with
HRP-conjugated anti-murine IgG antibody or anti-human IgG anti-
body are indicated. Molecular size markers (in kilodaltons) (lane M)
are shown on the right.
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mary antibody. As shown in Fig. 4B, the anti-GRP78/BiP an-
tibody coimmunoprecipitated the two forms of the L protein
(lane 2), while goat IgG used as a negative control did not
(lane 1), suggesting that the GRP78/BiP interacts with the L
protein in vivo, irrespective of the state of glycosylation.

To examine whether GRP78/BiP interacts with the L protein
in the cells where the production and secretion of complete
virus particles are actually taking place, HepG2 cells were
transfected with a replication-competent plasmid, pHBV5.2
(38), by using LipofectAMINE reagent (Life Technologies).
Using the HBV genome as a probe, the production of the HBV
particles was confirmed by Southern blot analysis of the culture
supernatant of the transfected HepG2 cells (data not shown)
as described previously (38). The expression of the viral sur-
face proteins in the cells was also confirmed by Western blot
analysis, using the anti-pre-S2 monoclonal antibody (which,
unlike most anti-S monoclonal antibodies, does not recognize
conformation-dependent epitopes), of the transfected HepG2
cell lysates (17). As expected, nonglycosylated and glycosylated
forms of the L protein (p39 and gp42) and two glycosylated
forms of the M protein (gp33 and ggp36) were detected (Fig.
4C, lane 2). Next, to investigate the interaction between
GRP78/BiP and the L protein, the cell lysates were coimmu-
noprecipitated with anti-GRP78/BiP antibody and the immu-
noprecipitates were analyzed by Western blotting with anti-
pre-S2 antibody as the primary antibody. As shown in Fig. 4D,
the L protein was coimmunoprecipitated with anti-GRP78/BiP
antibody (lane 2), while the M protein was not. A minor
amount of the M protein (gp33 and ggp36) was also detected
when the film was exposed for a long time (data not shown).
This might have been due to the intermolecular disulfide bond
formation between the L and M proteins during the viral
assembly. Taken together, these findings led to our conclusion
that GRP78/BIiP interacts with the L protein of HBV in vitro
and in vivo.

It has been shown that the L protein expressed in the ab-
sence of the S and M proteins is retained in the lumen of the
post-ER and thus is not secreted (4, 29, 34, 41). In this case,
calnexin was shown to interact with the L protein particles
(41). However, the study showed that the retained L particles
were also found in the center of the ER lumen, implying that
an intraluminal factor(s) may also be involved in the retention
of the L protein particles (41). GRP78/BiP has been postulated
to prevent aggregation by binding to folding intermediates that
are incompletely folded, disulfide bonded, or assembled, both
to help solubilize aggregates and to promote folding and oli-
gomerization (7, 20, 31-33, 37). It has also been suggested that
its function is to prevent transport of incompletely assembled,
misfolded, or aggregated proteins from the ER (12, 16, 19).
Therefore, it is likely that GRP78/BiP interacts with the in-
completely assembled L protein particles and retains them in
the lumen of ER to prevent their secretion.

Virus assembly is thought to occur at post-ER/pre-Golgi
membranes where preformed cytosolic nucleocapsids are
packaged by transmembrane envelope proteins (2, 18, 40).
Virions then bud into intraluminal cisternae and leave the cell
via the constitutive pathway of secretion. We observed that
GRP78/BiP interacted with both the glycosylated and nongly-
cosylated forms of the L protein in the cells where viral repli-
cation actually took place and complete viral particles were
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secreted (Fig. 4D). Therefore, GRP78/BiP may play an impor-
tant role in HBV morphogenesis by regulating proper folding
of the L protein and/or assembly of the envelope proteins. The
exact function of GRP78/BiP remains to be established.

This work was supported by a grant (NLM0030224) from the Min-
istry of Science and Technology of Korea.
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