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Borna disease virus (BDV) is characterized by highly neurotropic infection. BDV enters its target cells using
virus surface glycoprotein (G), but the cellular molecules mediating this process remain to be elucidated. We
demonstrate here that the N-terminal product of G, GP1, interacts with the 78-kDa chaperone protein BiP. BiP
was found at the surface of BDV-permissive cells, and anti-BiP antibody reduced BDV infection as well as GP1
binding to the cell surface. We also reveal that BiP localizes at the synapse of neurons. These results indicate
that BiP may participate in the cell surface association of BDV.

Borna disease virus (BDV) belongs to the Bornaviridae family
of nonsegmented, negative-strand RNA viruses and is charac-
terized by highly neurotropic and noncytopathic infection (18,
33). BDV infects a wide variety of host species and causes
central nervous system (CNS) diseases in animals, which are
frequently associated with behavioral disorders (14, 19, 29, 31).
BDV cell entry is mediated by endocytosis, following the at-
tachment of viral envelope glycoprotein (G) to the cellular
receptor (2, 7, 8). BDV G is translated as a precursor protein,
GP, which is posttranslationally cleaved by the cellular pro-
tease furin to generate two functional subunits of the N (GP1)
and C (GP2) termini (28). Recent studies revealed that GP1 is
involved in virus interaction with as-yet-unidentified cell sur-
face receptor(s) and that GP2 mediates a pH-dependent fusion
event between viral and cell membranes (2, 7, 27). In addition,
a previous work using a hippocampal culture system suggested
that BDV G is required for viral dissemination in neurons (2);
however, cellular factors involved in BDV cell entry, especially
cell surface association, remain to be elucidated.

To extend our understanding of the role of BDV G in the
interaction with the cell plasma membrane, we transfected
GP1 fused with hemagglutinin-tobacco etch virus protease
cleavage site-FLAG tags (GP1-TAP) into human oligodendro-
glioma OL cells. GP1-TAP was purified using anti-FLAG M2
affinity gel (Sigma). To verify that GP1-TAP binds to OL cells,
the cells were incubated with 4 �g/ml GP1-TAP, and binding
was detected by anti-FLAG M2 antibody (Sigma). A flow cy-
tometric analysis indicated that GP1-TAP binds to OL cells

(Fig. 1A). To further validate the binding of GP1-TAP, we
tested whether GP1-TAP inhibits BDV infection. OL cells
were pretreated with 4 �g/ml GP1-TAP for 30 min. Proteins
purified from mock-transfected cells using an anti-FLAG M2
affinity gel served as a control. The cells were then mixed with
cell-free BDV. After 1 h of absorption, the supernatants were
removed and fresh medium was added. At 3 days postinfection,
the viral antigens were stained with anti-nucleoprotein (N)
monoclonal and anti-matrix (M) polyclonal antibodies. As
shown in Fig. 1B, GP1-TAP reduced BDV infection by 40%
compared to levels for mock-treated cells. This result was con-
sistent with earlier reports showing that recombinant GP1 pro-
tein binds to the cell surface and inhibits BDV infection (6, 20).

To investigate the host factor(s) that mediates the interac-
tion of GP1 with the cell surface, a combination of tandem
affinity purification (TAP) and liquid chromatography tandem
mass spectrometry analyses was designed (13). We transfected
GP1-TAP into OL cells and then purified GP1 from cell ho-
mogenates using a TAP strategy. We compared the purified
proteins from the whole-cell and cytosol fractions (Fig. 2A),
and the bands detected only in the whole-cell fraction were
determined as GP1-binding proteins in the membrane and/or
nuclear fractions. In addition to GP1 protein (Fig. 2A, arrow),
we identified a specific band around 80 kDa in the whole-cell
homogenate, but not in the cytosol fraction (Fig. 2A, arrow-
head), and determined that the band corresponded to the BiP
(immunoglobulin heavy chain-binding protein) molecular
chaperone, also called glucose-regulated protein 78 (GRP78),
by mass spectrometry analysis. We confirmed the specific in-
teraction between endogenous BiP and BDV G in infected
cells by immunoprecipitation analysis (Fig. 2B). To map the
binding domain on BiP to GP1, we constructed a series of
deletion mutants of the green fluorescent protein (GFP)-
tagged BiP plasmid (Fig. 2C). We transfected the mutant plas-
mids into BDV-infected OL cells and then performed an im-
munoprecipitation assay using anti-GFP antibody (Invitrogen).
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As shown in Fig. 2D, BDV G was coimmunoprecipitated with
truncated BiP mutants, except for BiP�N-GFP, which lacks
the ATP-binding domain of BiP (lane 3), suggesting that BiP
interacts with GP1 via its N-terminal region.

BiP is known to be resident primarily in the endoplasmic
reticulum and functions as a molecular chaperone involved in
the folding process of nascent proteins, mostly through inter-
action with its peptide-binding domain (12, 17, 21). On the
other hand, BiP has been reported to serve as a coreceptor of
certain viruses at the plasma membrane (15, 34). Recent stud-
ies also revealed that cell surface BiP mediates the internal-
ization of its ligands into cells (1, 10). We first investigated
whether BiP is expressed on the cell surface of BDV-permis-
sive OL and 293T cells using an anti-BiP polyclonal antibody
(H-129; Santa Cruz Biotechnology, Inc.). As shown in Fig. 3A,
BiP expression is detected on the surface of both cell lines.
This result is in agreement with recent observations that BiP is
expressed on the surface of various types of cells (9, 10, 15, 23,
24, 34). We also investigated whether BiP is expressed on the
cell surface of BDV-nonpermissive cell lines, such as HeLa and
CHO cells. As shown in Fig. 3A, we detected BiP expression on
the surface of HeLa, but not CHO, cells. These observations
were confirmed by immunofluorescence analysis (Fig. 3B).
Note that BiP is clearly detected at the endoplasmic reticulum
in the permeabilized CHO cells by the antibody (see Fig. S1 in
the supplemental material), suggesting that BiP is expressed at
a very low level, if at all, on the surface of CHO cells. We next
examined whether cell surface BiP serves as a binding mole-
cule of BDV GP1. To test this, we performed an inhibition
assay using an anti-BiP polyclonal antibody (N-20; Santa Cruz
Biotechnology, Inc.) which recognizes the N terminus of BiP.
As shown in Fig. 3C, the antibody inhibited GP1 binding to the
cell surface by 40%. Furthermore, BDV infection was found to
decrease by 70% when cells were treated with the antibody
(Fig. 3D).

To investigate the role of cell surface BiP in the infection of
BDV, the BiP expression was inhibited by short interfering
RNA (siRNA) in OL cells (see Fig. S2A in the supplemental
material). We selected an siRNA (Hs_HSPA5_4; Qiagen, Inc.)
which could partially downregulate the cell surface expression

of BiP (see Fig. S2B in the supplemental material). However,
siRNA treatment of BiP did not influence the infectivity of
BDV in OL cells (see Fig. S2C in the supplemental material).
This may be due to an incomplete reduction of BiP expression
on the cell surface. Alternatively, while BiP mediates at least in
part the cell surface association of BDV particles, this result
may exhibit the presence of another, as-yet-unidentified BDV
G-binding protein that is involved in the binding and subse-
quent cell entry of BDV.

Previous studies demonstrated that BDV can be traced cen-
tripetally and transsynaptically after olfactory, ophthalmic, or
intraperitoneal inoculation (3, 25). Migration of BDV to the
CNS after footpad infection can be prevented by sciatic nerve
transection (3). These observations suggest that BDV may
disseminate primarily via neural networks. Recently, it has
been demonstrated that BDV G was expressed at the termini

FIG. 1. BDV GP1 binds to the cell surface. (A) Binding of BDV
GP1 to OL cells. OL cells were incubated with GP1-TAP (solid line),
and its binding was detected using anti-FLAG M2 antibody and flow
cytometry. As a control, cells incubated with proteins purified from
mock-transfected cells were detected by an anti-FLAG M2 antibody
(dotted line). (B) Inhibition of BDV infection by GP1. OL cells pre-
treated with GP1-TAP were inoculated with the BDV huP2br strain.
Values are the means � standard deviations (SD) from three inde-
pendent experiments. **, P � 0.01.

FIG. 2. BDV GP1 interacts with BiP molecular chaperone.
(A) TAP analysis of BDV GP1. Proteins coimmunoprecipitated with
GP1-TAP in OL cells were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and visualized by silver staining. Cyt,
cytosol fraction; Wc, whole-cell homogenate. Arrow, GP1-TAP; ar-
rowhead, BiP. (B) Coimmunoprecipitation (IP) of BDV G and endog-
enous BiP. BDV G was immunoprecipitated from BDV-infected OL
cells by anti-BDV G polyclonal antibody. Endogenous BiP was then
detected by anti-BiP monoclonal antibody (Becton Dickinson). IgG,
immunoglobulin G. (C) Schematic representation of deletion mutants
of recombinant BiP-GFP. The known functional regions are indicated.
(D) Immunoprecipitation analysis of BiP-GFP mutants in BDV-in-
fected OL cells. The deletion plasmids were transfected and immuno-
precipitated by anti-GFP antibody. Specific binding was detected using
anti-BDV G antibody. Lane 1, GFP; lane 2, BiP-GFP; lane 3, BiP�N-
GFP; lane 4, BiP�PB-GFP; lane 5, BiP�C-GFP.
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of neurites or at contact sites of neurites (2), suggesting that
local assembly of BDV may take place at the presynaptic ter-
minals of synapses, similar to assembly of other neurotropic
viruses (22, 26, 32). If BiP localizes at synapse sites, BiP may
efficiently participate in the transmission of BDV particles at
the synapses. To evaluate this hypothesis, we examined BiP
localization in primary culture of mouse hippocampal neurons.
After in vitro culture for 17 days, BiP localization was deter-
mined by an immunofluorescence assay without permeabiliza-
tion. As shown in Fig. 4A, BiP signals were clearly detected at
neurites, including the contact sites between dendrites and
axons, as punctate staining (arrows), suggesting that BiP is
expressed at the neuronal surface, most likely at the synapses.
We next examined the localization of BiP with postsynaptic
density 95 (PSD-95), a marker of postsynaptic density (5).
Although BiP signals were detected mainly in the perinuclear
area of the hippocampal neurons, punctate staining was also
found at neurites colocalized with PSD-95 (Fig. 4B, arrows).
Taken together, these observations suggested that BiP is dis-
tributed at the synaptic surface, including the postsynaptic
membrane, of neurons, a possible site for BDV budding and
entry (2).

In summary, this study demonstrates that BiP is a GP1-
binding protein at the synaptic surface. This is the first report
showing the BDV G-binding factor on the cell surface. The
first step of BDV entry might be mediated by the interaction of
GP1 with as-yet-unidentified cell surface receptors, which may
form a complex with other molecules, such as BiP. We showed
that treatment with anti-BiP antibody affects BDV infection as
well as GP1 binding to the cell surface (Fig. 3). Furthermore,
synaptic distribution of BiP was found in hippocampal primary
neurons (Fig. 4). These findings strongly suggest that BiP plays
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FIG. 3. Cell surface BiP mediates cell association of BDV. (A) Flow cytometric analysis was performed with anti-BiP antibody (H-129) in
BDV-permissive (OL and 293T) and -nonpermissive (HeLa and CHO) cells (solid lines). Cells stained with normal rabbit immunoglobulin G were
used as a control (dotted lines). (B) Immunofluorescence analysis was performed by using anti-BiP antibody (H-129) with BDV-permissive and
-nonpermissive cells. Arrows indicate BiP staining at the membrane. Scale bars, 10 �m. (C) Inhibition of GP1 binding by anti-BiP antibody (N-20).
OL cells were pretreated with anti-BiP antibody, followed by labeling with GP1. GP1 binding on the cell surface was detected using flow cytometry.
Values are the means � SD from three independent experiments. *, P � 0.05. (D) Inhibition of BDV infection by anti-BiP antibody. OL cells were
incubated with 10 �g/ml anti-BiP antibody or normal goat immunoglobulin G and then the cells were mixed with cell-free BDV. After 1 h
absorption, the supernatants were replaced with fresh medium. Virus infection was measured by immunofluorescence analysis using anti-N and
-M antibodies at 3 days postinfection. Values are the means � SD from three independent experiments. *, P � 0.05. IgG, immunoglobulin G.

FIG. 4. BiP localizes at the synaptic surface of hippocampus neu-
rons. (A) Localization of BiP at synaptic surface. Hippocampal neu-
rons were immunostained with anti-BiP antibody (N-20) without per-
meabilization. A differential interference contrast (DIC) image is
shown. Dotted lines in the Merge panel indicate the dendrite outline.
Arrows indicate BiP staining at the contact sites between axons and
dendrites. (B) Colocalization between BiP and a postsynaptic protein.
Hippocampal neurons were immunostained with anti-BiP (N-20) and
anti-PSD-95 (Millipore) antibodies. Arrows indicate colocalized sig-
nals of BiP and PSD-95 at neurites. Scale bars, 10 �m.
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critical roles in BDV association with the neuronal surface via
interaction with GP1. On the other hand, a BDV-nonpermis-
sive cell line, HeLa, appeared to express BiP on the cell sur-
face, suggesting that the cell surface BiP may not be necessarily
involved in the infectivity of BDV. A recent study by Clemente
et al. (6) revealed that following initial attachment to the cell
surface, BDV is recruited to the plasma membrane lipid raft
(LR) prior to internalization of the particles. The study sug-
gested that BDV may use the LR as a platform to interact with
additional host cell factor(s) required for efficient BDV inter-
nalization. Because BiP does not contain transmembrane re-
gions, BiP needs another host protein(s) with transmembrane
regions on the cell surface. It has been reported that cell
surface BiP interacts with diverse proteins, such as major his-
tocompatibility complex class I molecules (34), the voltage-
dependent anion channel (9), and the DnaJ-like protein
MTJ-1 (4), all of which associate with LR in the plasma mem-
brane (16, 24, 35). Once BDV has attached to the cell surface,
it might utilize such BiP-associated LR proteins for efficient
cell surface attachment or internalization. Previously, it has
been proposed that kainate 1 (KA-1) receptor might represent
the BDV receptor within the CNS (11). Because some gluta-
mate receptors are shown to bind to BiP (30), KA-1 receptors
might interact with BiP and serve as a receptor complex for
BDV. Further studies are required for a full understanding of
the cell association processes, especially receptor binding, of
BDV.
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