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Borna disease virus (BDV) is a nonsegmented, negative-strand RNA virus that belongs to the Mononegavi-
rales order. Unlike other animal viruses in this order, BDV replicates and transcribes in the nucleus of infected
cells. Therefore, regulation of the intracellular movement of virus components must be critical for accom-
plishing the BDV life cycle in mammalian cells. Previous studies have demonstrated that BDV proteins are
prone to accumulate in the nucleus of cells transiently transfected with each expression plasmid of the viral
proteins. In BDV infection, however, cytoplasmic distribution of the viral proteins is frequently found in
cultured cells and animal brains. In this study, to understand the modulation of subcellular localization of
BDV proteins, we investigated the intracellular localization of the viral phosphoprotein (P). Transient-
transfection analysis with a cDNA clone corresponding to a bicistronic transcript that expresses both viral X
and P revealed that P efficiently localizes in the cytoplasm only when BDV X is expressed in the cells.
Furthermore, our analysis revealed that the direct binding between X and P is necessary for the cytoplasmic
localization of the P. Interestingly, we showed that X is not detectably expressed in the BDV-infected cells in
which P is predominantly found in the nucleus, with little or no signal in the cytoplasm. These observations
suggested that BDV P can modulate their subcellular localization through binding to X and that BDV may
regulate the expression ratio of each viral product in infected cells to control the intracellular movement of the
viral protein complexes. The results presented here provide a new insight into the regulation of the intracel-
lular movement of viral proteins of a unique, nonsegmented, negative-strand RNA virus.

Intracellular localization is essential for many proteins in
regulating their activities. Numerous cellular proteins drasti-
cally alter their subcellular localization to control cellular ac-
tions such as transcriptional regulation, cell cycle, and differ-
entiation. Viral proteins have also been known to change their
distribution in infected cells. Many viruses control the intra-
cellular movement of their proteins in association with viral life
stages or various cellular stresses. Thus, analysis of the trans-
location of viral proteins in infected cells provides a good way
to understand not only regulation of the viral life cycle but also
the relationship between virus replication and cellular re-
sponses.

Borna disease virus (BDV) belongs to the Bornaviridae fam-
ily, within the nonsegmented negative-strand RNA virus,
Mononegavirales, which is characterized by highly neurotropic,
noncytopathic replication and persistent infection (5, 8, 9, 37).
Epidemiological studies have demonstrated that natural infec-
tion of BDV has been found in a wide variety of vertebrate
species and suggested that the host range of BDV probably
includes all warm-blooded animals (2, 25, 36). Although
mounting evidence suggests that BDV infects humans and
causes certain mental disorders, a substantial risk of contami-
nation of human samples by laboratory BDV strains makes the

establishment of any relationship between human BDV and
psychiatric disorders highly controversial (3, 10, 16, 23, 29, 32).

BDV has several distinguishing features among animal-de-
rived Mononegavirales. One of the most striking characteristics
is its localization for transcription. BDV replicates and tran-
scribes in the nucleus of infected cells (7), while the other
members undergo their life cycle in the cell cytoplasm. There-
fore, regulation of the intracellular movement of the virus
components must be critical for accomplishing the BDV life
cycle in mammalian cells. BDV contains at least six different
proteins. Of these proteins, the nucleoprotein (N) and phos-
phoprotein (P) are major products of BDV and are abundantly
expressed in infected cultured cells and animal brains (17, 24,
35, 43, 44). In addition, a small open reading frame (ORF), X,
which overlaps the P ORF, encodes another major protein (X)
of BDV (47). Recent studies have revealed that N, X, and P, as
well as polymerase (L) protein of BDV, contain nuclear trans-
port activity, which is mediated by specific targeting signals
(nuclear localization signal [NLS] and nuclear export signal
[NES]) in their sequences (18, 19, 34, 39, 41, 46, 49). Because
these proteins form complexes and are probably essential com-
ponents of the viral ribonucleoprotein (RNP) (7, 27, 40, 45,
47), translocation of the signal-containing proteins may play a
key role not only in nucleocytoplasmic shuttling of the BDV
RNP but also in the determination of replication status of
BDV in infected cells. Previous studies have demonstrated that
these components of BDV localize in the nucleus by the tran-
sient transfection of the expression plasmid encoding each
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protein (19, 34, 39, 41, 45, 49), although the 38-kDa isoform of
N protein (p38N), which lacks the NLS-containing N-terminal
13-amino acids of an intact form of N (p40N), accumulates in
the cytoplasm by its NES function (18, 19, 34). However, p38N
can also localize in the nucleus of cells cotransfected with p40N
or P expression plasmid by direct binding to the proteins,
suggesting that BDV protein complexes are prone to accumu-
late in the nucleus in nature. In BDV infection, however,
cytoplasmic distribution of BDV proteins is frequently found
in cultured cells and animal brains (11, 13, 19, 27, 41, 47). This
observation indicates that the mechanism by which the protein
complex of BDV regulates their intracellular distribution exists
in infected cells. Although it has been proposed that the ex-
pression ratio among the viral proteins in infected cells may
control the intracellular movement of BDV protein complexes
(18), the detailed mechanism has remained unresolved.

To understand the alteration of subcellular localization of
BDV proteins, we examined the intracellular localization of P,
because this protein shows clear nuclear localization activity
and is known to directly bind to all other components of the
viral RNP (1, 14, 40, 45). We demonstrate here that the inter-
action with X inhibits nuclear localization of the BDV P. Tran-
sient-transfection analysis with a cDNA clone corresponding a
bicistronic 0.8-kb mRNA that expresses both X and P revealed
that P efficiently localizes in the cytoplasm only when X is
expressed in the cells. Our analysis demonstrated that the
direct binding between X and P, but not phosphorylation of the
proteins, is required for the cytoplasmic localization of P. In-
terestingly, we showed that BDV-infected cells in which P is
mainly found in the nucleus with little or no signal in the
cytoplasm express no detectable X in the cells. Furthermore,
we found that the expression ratio between X and P is changed
in association with the alteration of the intracellular distribu-
tion of P in transiently transfected cells. These results sug-
gested that BDV P can modulate their subcellular localization
by the interaction with X, which is encoded in the overlapping
ORF, and also that BDV may regulate the expression ratio of
each viral product to determine the direction of the protein
complexes in infected cells. This observation may provide a
unique strategy in the regulation of the intracellular movement
of viral proteins of negative-stranded RNA viruses.

MATERIALS AND METHODS

Cell lines. Madin-Darby canine kidney (MDCK) cells persistently infected
with BDV (MDCK/BDV) were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. The OL cell line, derived from human
oligodendroglioma, was grown in Dulbecco’s modified Eagle’s medium–4.5%
high glucose supplemented with 10% fetal calf serum. The recombinant vaccinia
virus (vTF7-3), which is designed to overexpress the T7 RNA polymerase, was
kindly provided by B. Moss (12) and was used to produce recombinant BDV
proteins in the HeLa cells.

Plasmid construction. To generate the eukaryotic expression plasmids encod-
ing green fluorescent protein (GFP)-fused BDV X/P, pgX, pgP, and pgX/P, BDV
cDNAs were amplified by PCR with pcX/P construct (20) and were inserted into
the EcoRI-BamHI site of the pEGFP-N1 vector (Clontech Laboratories, Inc.,
Palo Alto, Calif.). The BDV X expression plasmids, pcX and pcXf, were con-
structed by insertion of PCR fragments from the pcX/P plasmid into the EcoRI-
XhoI site of the pcDNA3 vector (Invitrogen, San Diego, Calif.). To create the T7
promoter-containing vector, ptfX, a cDNA fragment corresponding to BDV X
ORF was amplified by PCR and was inserted into the pTF1 plasmid (42). The
construction of BDV P expression vectors, pcPf and pcP’f, previously referred to
as pcP-FLAG and pcP’-FLAG, respectively, is described elsewhere (20). The
mutant forms of these expression plasmids were generated from wild-type plas-

mids by using PCR amplification and recloning or a PCR-based site-directed
mutagenesis technique. Oligonucleotide primers used in PCR to create the
plasmids are available on request. Nucleotide sequences of the recombinant
constructs were confirmed by DNA sequencing.

Eukaryotic expression. Cells were seeded in 35-mm tissue culture plates or
eight-well chamber slides (Lab-Tek Nunc Inc., Naperville, Ill.). After overnight
culture at 37°C, the cells were transfected with TransFast transfection reagent
(Promega, Madison, Wis.). The amounts of plasmids used for each experiment
were described in figure legends. One or 2 days after transfection, the cells were
subjected to indirect immunofluorescence assay, GFP fluorescence assay, or
immunoprecipitation analysis. The expression of recombinant proteins from
each plasmid was determined by immunoblotting.

Indirect immunofluorescence assay and GFP fluorescence assay. The trans-
fected cells were fixed with 4% paraformaldehyde prior to treatment with 0.4%
Triton X-100 (18). After a reaction with the optimal antibodies (anti-X, -P
[1:500], and/or -FLAG [Sigma Chemical Co., St. Louis, Mo.] antibodies [1:500])
as the first antibody, the cells were stained with fluorescein isothiocynate- or
Cy3-conjugated secondary antibodies as described previously (18). GFP fusion
proteins were visualized with GFP fluorescence. Fluorescence was detected by
using a confocal laser-scanning microscope (Bio-Rad Japan, Tokyo, Japan).

Metabolic labeling of mammalian cells and phosphorylation analysis. To
analyze the phosphorylation of BDV X, HeLa cells were infected with vTF7-3
virus (multiplicity of infection of 5 PFU per cell) and were transfected with ptfX
plasmid after a 1-h adsorption period. Sixteen hours after transfection, the cells
were labeled with [32P]phosphate (500 �Ci/ml) or [35S]methionine (100 �Ci/ml)
for 4 h. Labeled cells were lysed in radioimmunoprecipitation assay buffer (50
mM Tris [pH 7.6], 1% deoxycholic acid, 1% Nonidet P-40 [NP-40], 0.1% sodium
dodecyl sulfate [SDS], and 150 mM NaCl). After centrifugation, the soluble
fraction was subjected to immunoprecipitation analysis and was size fractionated
by SDS–15% polyacrylamide gel electrophoresis. The coprecipitants were ana-
lyzed by autoradiography.

Pull-down assay. Transfected cells were lysed by freeze-thaw cycling in NP-40
lysis buffer (10 mM Tris [pH 7.6], 150 mM NaCl, 0.5% NP-40, and 1.0 mM
phenylmethylsulfonyl fluoride). After centrifugation, the soluble fraction was
reacted with anti-X, -P, or -FLAG antibody for 2 h at 4°C, and the precipitates
were then recovered by incubation with protein G agarose beads (Santa Cruz
Biotechnology, Inc., Santa Cruz, Calif.) for 24 h at 4°C. After a thorough wash-
ing, proteins bound to the agarose beads were separated by SDS-polyacrylamide
gel electrophoresis and were analyzed by Western blotting. The specific reactions
were detected by an enhanced chemiluminescence Western blotting kit (Amer-
sham Pharmacia Biotech, Uppsala, Sweden).

RESULTS

Cytoplasmic localization of BDV phosphoprotein. Previous
studies with transient-transfection systems have revealed that
each BDV protein predominantly localizes in the nucleus via
its NLS function (19, 39, 41, 46, 49). In addition, coexpression
of BDV proteins also shows nuclear distribution of the protein
complexes in transfected cells (18, 26, 40). These results sug-
gested that nuclear direction of the viral proteins must be
essential for the viral replication and transcription in infected
cells. Nevertheless, cytoplasmic distribution of the viral pro-
teins with BDV-specific nuclear foci is frequently found in
BDV-infected cultured cells (Fig. 1B, panels a to c) (11, 13, 19,
27, 41, 47). This observation indicated that cytoplasmic distri-
bution of the viral proteins may be an important step in the
viral life cycle and also that the mechanism by which BDV
proteins accumulate into the cytoplasm must exist in infected
cells. To understand the intracellular movement of BDV pro-
tein, therefore, we analyzed the subcellular localization of the
P by using expression plasmids that contain BDV cDNA cor-
responding to an entire bicistronic X/P mRNA (Fig. 1A). This
construct efficiently expresses both X and P in transfected cells
(20). We introduced the expression plasmids into the OL cells
and investigated the intracellular distribution of the viral pro-
teins 48 h posttransfection. As reported in previous studies (27,
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39–41), transfection of either P or X expression plasmid alone
revealed nuclear or diffused distribution of the protein in the
cells, respectively (Fig. 1B, panels d and e). In contrast, inter-
estingly, both X and P predominantly localized in the cyto-
plasm in cells transfected with an intact X/P mRNA expression
plasmid (Fig. 1B, lanes g to i). The GFP fusion in the C
terminus of the P ORF did not affect the intracellular distri-
bution of the P in transfected cells (Fig. 1B, lanes j to l).
Transfection of a mutant in which the initiation codon for X,
A49TG, is converted to T49TG, however, redistributed P in the
nucleus (Fig. 1B, lanes m to o). These observations suggested
that expression of X in the cells leads to the cytoplasmic lo-
calization of P.

To confirm the effect of X in the alteration of the intracel-
lular distribution of P, OL cells were cotransfected with pcX
and pgP expression plasmids and the subcellular localization of
P was examined by GFP fluorescence. The distribution pattern
of P in the cells was divided into three types, i.e., nucleus,
cytoplasm, and nucleus/cytoplasm. We determined the per-
centages of the cells showing each distribution type of P in the
transfected cells. Twenty-four hours after the transfection, P
was mainly found in the nucleus in the presence of a smaller
amount of X, whereas increasing the ratio of X in the trans-
fected cells (P:X � 1:5) led to the cytoplasmic distribution of
P (Fig. 1C). On the other hand, coexpression with BDV N did
not alter the nuclear distribution of P in the transfected cells
(Fig. 1C). These results indicated that BDV X could efficiently
promote cytoplasmic localization of P in the transfected cells.

Interaction with BDV X determines the intracellular distri-
bution of P. Recent studies have demonstrated that X directly
binds to P with its short amino acid domain in the N terminus
(26, 48). These observations raised a possibility that the inter-
action with BDV X influences the intracellular localization of
P. Thus, we first generated amino acid deletion or substitution
mutants in the P-binding domain of X by using the GFP-fused
X/P expression plasmid and analyzed the subcellular localiza-
tion of P (Fig. 2A). As shown in Fig. 2B, the pgX/P-S1, -S2, and
-S3-transfected cells exhibited the cytoplasmic distribution of
P, as was the case for the wild-type pgX/P-transfected cells. In
contrast, GFP signals were detected only in the nucleus of the
cells transfected with pgX/P-�1, -S4, and -S7 (Fig. 2B). In
addition, in the cells transfected with pgX/P-S5, -S6, and -S8, P
was diffusely expressed but was predominantly found in the
nucleus (Fig. 2B). Cytoplasmic codistribution of X and P was
clearly found in the transfected cells (Fig. 2A). To confirm
whether this distribution of the P is dependent on the binding
capacity between BDV X and P, we performed a pull-down
assay with the X expression plasmid, pcX, and its mutants
corresponding to the mutants shown in Fig. 2A. The cell lysates
transfected with X and P expression plasmids were immuno-
precipitated with anti-P antibody, and coprecipitants were then
detected with anti-X antibody. As shown in Fig. 2C, X was
efficiently precipitated in the cells transfected with S1, S2, and
S3 mutants but not in the others. This result was consistent
with those in previous studies (26, 48) and demonstrated that
the cytoplasmic localization of BDV P is correlated with the
binding capacity between X and P. This observation suggested
that interaction with BDV X inhibits nuclear localization of P
in transfected cells.

To verify the effect of the interaction between X and P in the

FIG. 1. Intracellular localization of BDV phosphoprotein.
(A) Construction of expression plasmids that contain a BDV cDNA
clone corresponding a bicistronic X/P mRNA. (B) Subcellular local-
ization of BDV X and P in infected (panels a to c) and transiently
transfected cells. The cells were transfected with expression plasmids
as follows: panel d, pcP; e, pcX; f, mock; g to i, pcX/P; j to i, pgX/P; and
m to o, pcX/PA49T. The expressions of P and X were detected with
anti-P (fluorescein isothiocyanate in panels a, d, g and m) and -X (Cy3
in panels b, e, h, k, and n) antibodies and GFP fluorescence (panel j).
The overlap in the distribution of X and P is evident in the merged
image (panels c, f, i, l, and o). (C) BDV X promotes cytoplasmic
localization of P. The OL cells were cotransfected with pgP and pcX
expression plasmids in the ratios of 5:1 (0.5:0.1 �g), 1:1 (0.25:0.25 �g),
and 1:5 (0.1:0.5 �g) on eight-well chamber slides. Twenty-four hours
posttransfection, the subcellular localization of P was visualized by
GFP fluorescence, and the percentage of cells showing each type of P
distribution in the transfected cells was determined. P and N expres-
sion plasmids (ratio 1:1 [0.25:0.25 �g]) were also cotransfected into OL
cells, as control.
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subcellular localization of P, we next generated a deletion
mutant, pcPf-�1, in which a part of the X-binding region of the
P was lacking (Fig. 3A). The mutant plasmid, as well as the
wild-type P (pcPf) and p16P’-expression plasmids (pcP’f) (20),
was cotransfected with X expression plasmid, and the subcel-
lular localization of BDV P was analyzed by anti-P antibody
48 h posttransfection. As shown in Fig. 3B, BDV P was local-
ized in the cytoplasm in the pcPf and pcP’f-transfected cells
(panels a and b), whereas pcPf-�1 showed nuclear distribution
of the P in transfected cells (panel c). The pull-down assay also
revealed that the deletion protein could not bind to X in the
transfected cells (Fig. 3C, lane 4). This result confirmed that
interaction with BDV X is required for cytoplasmic localiza-
tion of P and also suggested that at least amino acids 73 to 86
of P are essential for the interaction with BDV X.

Phosphorylation of X and P does not influence the intracel-
lular localization of P. Numerous reports have demonstrated
that many cellular and viral proteins alter their intracellular
localization by phosphorylation (4, 6, 15, 28, 30, 33). In BDV,
it has been reported that the P has phosphorylation sites for
protein kinase Cε (S26 and S28) and for casein kinase II (S70

and S86) in the sequence (38). Although phosphorylation of X
has not yet been demonstrated, it is possible that the binding
between X and P prevents phosphorylation of X/P and then
alters their intracellular distribution. In fact, the X-binding
region of the P contains two phosphorylation sites for casein

FIG. 2. Mutations of P-binding region on X abolish cytoplasmic
localization of P. (A) Schematic diagram of the P-binding domain of
BDV X. Deletion or substitution mutations of the domain were intro-
duced into the pgX/P plasmid. The intracellular distributions of P in
the cells transfected with each mutant are shown on the right. C,
cytoplasm; N, nucleus; and N/C, nucleus and cytoplasm. (B) Subcel-
lular localization of BDV P. The expression of P was detected by GFP
fluorescence in OL cells transfected with 0.5 �g of the mutant plasmid.
Panels: a, pgX/P-�1; b, pgX/P-S1; c, pgX/P-S2; d, pgX/P-S3; e, pgX/
P-S4; f, pgX/P-S5; g, pgX/P-S6; h, pgX/P-S7; and i, pgX/P-S8. (C) Im-
munoprecipitation of BDV P and X. The P expression plasmid, pcP,
was cotransfected in the ratio of 1:1 (3:3 �g) into OL cells by using
60-mm-diameter culture plates with X mutant plasmids containing the
corresponding mutations shown in panel A. The antibody used for the
immunoprecipitation was anti-P antibody. The precipitants were de-
tected by Western immunoblotting with anti-X antibody. Lanes: 1,
pcXf alone; 2, pcP and pcXf; 3, pcP and pcXf-�1; 4, pcP and pcXf-S1;
5, pcP and pcXf-S2; 6, pcP and pcXf-S3; 7, pcP and pcXf-S4; 8, pcP and
pcXf-S5; 9, pcP and pcXf-S6; 10, pcP and pcXf-S7; and 11, pcP and
pcXf-S8. Expression level of each recombinant protein in the trans-
fected cells was confirmed by Western immunoblotting before pull-
down assay.

FIG. 3. Binding to X is necessary for the cytoplasmic localization of
P. (A) Schematic representation of FLAG-fused deletion mutants of
BDV P. F, FLAG. (B) Subcellular localization of BDV P mutants in
the presence of wild-type X. X and P expression plasmids were co-
transfected into OL cells in the ratio of 5:1 (0.5:0.1 �g) on eight-well
chamber slides. Panels: a, pcPf and pcX; b, pcP’f and pcX; and c,
pcP-�1 and pcX. (C) Immunoprecipitation of BDV P and X. Lanes: 1,
pcX alone, 2, pcPf and pcX; 3, pcP’f and pcX; 4, pcPf-�1 and pcX. The
cell lysates transfected with P mutant and X expression plasmids (ratio,
1:1 [3:3 �g]) were immunoprecipitated with anti-FLAG antibody, and
coprecipitants were detected with anti-X antibody.
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kinase II (38). Therefore, we examined the role of phosphor-
ylation of BDV X and P in the alteration of subcellular local-
ization of the proteins.

Because there is no report about the phosphorylation of X,
we first investigated whether X has phosphorylation capacity in
mammalian cells. HeLa cells infected with recombinant vac-
cinia virus expressing T7 RNA polymerase were transfected
with X expression plasmids, ptfX, and then were labeled with
[32P]phosphate or [35S]methionine. As controls, P and p16P’
expression plasmids, ptfP and ptfP’, were also transfected.
Four hours after labeling, the cell lysates were immunoprecipi-
tated with anti-X antibody. As shown in Fig. 4A, phosphory-
lation of X, as well as P and p16P’, was efficiently observed in
the cells (Fig. 4A, lane 6). Sequence analysis indicated that
BDV X contains several potential phosphorylation sites. Of
these sites, three sites, T8, S34, and T37, are well conserved
among different BDV strains, including strain No/98 (31).
Therefore, we next examined which potential sites are domi-
nantly responsible for phosphorylation of the protein. We gen-
erated a deletion, ptfX�3/16, and substitution mutants, ptfXT8A,
ptfXS34A, and ptfXT37A, in which the T8, S34, and T37 residues
are each replaced by an alanine residue (Fig. 4B). As shown in
Fig. 4C, ptfX�3/16, ptfXT8A, and ptfXT37A were clearly phos-
phorylated, as was shown in the wild-type ptfX (Fig. 4C, lanes
2 to 4 and 6), while phosphorylation was not detected in the
cells transfected with ptfXS34A construct (Fig. 4C, lane 5),
indicating that the S34 of X is a major phosphorylation site in
the protein.

With the result of phosphorylation of X, we generated sev-
eral mutants that contain substitutions in the phosphorylation
sites of X/P, i.e., pgPS26,28A, pgPS70,86A, pgX/PS26,28A, pgX/
PS70,86A, and pgXS34A/P (Fig. 5A). Forty-eight hours after the
transfection into the OL cells, subcellular localization of
P was visualized by GFP fluorescence, and the percentages
of cells showing each type of intracellular distribution of P
were determined (Fig. 5B). The pgP mutants, pgPS26,28A and
pgPS70,86A, clearly showed nuclear distribution of P in the
transfected cells. As well as wild-type pgX/P plasmid, P was
dominantly distributed in the cytoplasm in all pgX/P mutants,
except for pgX/PS70,86A (Fig. 5B). In the cells transfected with
pgX/PS70,86A, around 60% of the cells contained P in both the
nucleus and cytoplasm, while only a small number of the cells
(� �8%) showed nuclear distribution of P (Fig. 5B). The
pull-down analysis with pgX/PS70,86A plasmid indicated that X
and P weakly bind to each other in the transfected cells (data
not shown). Together with the nuclear distribution of the pgP
mutants, these results suggested that phosphorylation of the
viral proteins is not involved in the modulation of the intracel-
lular distribution of BDV P.

BDV-infected cells in which P is mainly found in the nucleus
express no detectable X. The results shown above indicated
that binding to BDV X is important for the cytoplasmic local-
ization of P. This finding raised a possibility that the binding
capacity and/or expression ratio between X and P may be
changed during the life cycle of BDV, because nuclear local-
ization distribution of P is frequently found in the infected
cells. Thus, we next investigated the expression and subcellular
localization of BDV proteins in the persistently BDV-infected
cells, i.e., the MDCK/BDV line. The infected cells showed
several different distribution patterns of viral proteins with

BDV-specific nuclear foci (Fig. 6). As demonstrated in previ-
ous studies (19, 41), codistribution of BDV N and P was de-
tected in the cells by using antibodies against the proteins (Fig.
6, panels a to c). On the other hand, intriguingly, anti-X anti-
body demonstrated that BDV-infected cells in which P is
mainly found in the nucleus with little or no signal in the
cytoplasm express no detectable X in the cells (Fig. 6, panels d
to f). BDV X was found only in the cells that express P in the
cytoplasm (Fig. 6, lanes d to f). Analysis of other BDV-infected
cell lines, C6BV and OL/BDV (29), also revealed the same

FIG. 4. Identification of phosphorylation site of BDV X. (A) HeLa
cells infected with vTF7-3 were transfected with mock plasmid (lanes
1 and 5), ptfX (lanes 2 and 6), ptfP (lanes 3 and 7), and ptfP’ (lanes 4
and 8) and were then labeled with [35S]methionine (lanes 1 to 4) or
[32P]phosphate (lanes 5 to 8). The cell lysates were immunoprecipi-
tated with anti-P (lanes 1, 3, and 4) or -X (lanes 2 and 6) antibody.
(B) Construction of deletion or substitution mutants of potential phos-
phorylation sites of BDV X. (C) HeLa cells infected with vTF7-3 were
transfected with X expression plasmid, and the cell lysates were im-
munoprecipitated with anti-FLAG antibody. Lanes: 1, mock; 2, ptfX;
3, ptfX�3/16; 4, ptfXT8A; 5, ptfXS34A; and 6, ptfXT37A.
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expression pattern of X and P as in the MDCK/BDV cells
(data not shown). These results suggested that BDV may reg-
ulate the expression ratio between X and P in infected cells to
control the intracellular distribution of the viral proteins, de-

spite X and P being produced from a bicistronic mRNA of
BDV.

Alteration of the expression ratio between X and P in the
transiently transfected cells. To understand whether BDV X/P
mRNA has a capacity to alter the expression ratio between the
encoding proteins, we finally investigated the movement of
cellular localization of P, as well as the expression ratio be-
tween X and P, in the cells transfected with pgX/P plasmid 24
and 48 h posttransfection. As shown in Fig. 7A, most of the
transfected cells diffusely contained P in both the nucleus and
cytoplasm 24 h posttransfection. Interestingly, extension of the
incubation period gradually increased the cells that contain P
only in the cytoplasm (Fig. 7A). To understand the time-de-
pendent modification of the P localization in transfected cells,
we performed immunoblotting by using the lysates of the cells.
Repeated analysis revealed that the expression ratio of X ob-
viously increased in the transfected cells with extension of the
incubation period (Fig. 7B). The expression of X increased
2.31-fold in the transfected cells by 24 h from 1 day posttrans-
fection (Fig. 7B). Although we could not find any cells lacking
X expression in the transfected system, this result suggested
that the cellular translational machinery could promote differ-
ential expression of X and P from bicistronic X/P mRNA,
resulting in the modulation of intracellular localization of
BDV P, without the other viral proteins or the virus infection.

DISCUSSION

BDV is the only known animal nonsegmented negative-
strand RNA virus that replicates and transcribes in the nucleus
of infected cells. Thus, analysis of the intracellular movement
of BDV proteins would provide a unique strategy for the reg-
ulation of nucleocytoplasmic transport of viral proteins in
mammalian cells. In this study, we demonstrated that interac-
tion with BDV X modulates the nuclear localization of P.
Transient-transfection analysis with BDV X/P constructs
clearly revealed that P efficiently localizes in the cytoplasm only
when X is expressed in the cells (Fig. 1). Furthermore, we

FIG. 5. Neither X nor P phosphorylation is required for cytoplas-
mic localization of P. (A) Schematic representation of a series of
substitution mutants of the phosphorylation sites in BDV P or X.
Putative phosphorylation sites in the P and X were replaced by an
alanine residue. The numbers indicate amino acid positions in each
protein. (B) Intracellular distribution pattern of BDV P in the OL cells
transfected with 0.5 �g of mutants shown in panel A. Forty-eight hours
posttransfection, the percentages of cells showing each distribution
type of P were determined by visualization of GFP fluorescence.

FIG. 6. Aberrant expression of BDV X in the persistently infected cells. MDCK cells persistently infected with BDV were detected with anti-P
(fluorescein isothiocyanate in panels a and d), -N (Cy3 in panel b), and -X (Cy3 in panel e) antibodies. The overlap in the distribution of the P
and N (panel c) or P and X (panel f) is evident in the merged image.
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demonstrated that the direct interaction between X and P but
not phosphorylation of the proteins is necessary for the cyto-
plasmic localization of BDV P (Fig. 2, 3, and 5). Intriguingly,
we showed that X is not detectably expressed in the BDV-
infected cells in which P is predominantly found in the nucleus
with little or no signal in the cytoplasm (Fig. 6). These results
suggested that BDV P modulates their subcellular localization
through the binding to X and that BDV may regulate the

expression ratio of each viral product in infected cells to con-
trol the intracellular movement of the viral protein complexes.

Modulation of the intracellular localization of virus proteins
during the viral life cycle must be critical for many viruses.
Previous studies have revealed that several viral proteins alter
their subcellular distribution in association with the viral rep-
lication stages (e.g., influenza virus nucleoprotein [NP] and
varicella-zoster virus immediate early protein 63) (4, 22). In
this study, we demonstrated that persistently BDV-infected
cells contain different patterns of intracellular distribution of P
(Fig. 1 and 6). Interestingly, we found that P initially appears
in the nuclei of cells freshly inoculated with BDV, while, a few
days postinfection, many cells begin to express this protein in
the cytoplasm (T. Kobayashi and K. Tomonaga, unpublished
data). These observations suggested that BDV P efficiently
modulates their subcellular localization during the viral life
cycle. Although the precise role of BDV P has not fully been
understood, it is assumed that this protein associates and co-
operates with the L protein to play a pivotal role in viral
transcription and replication in the nucleus (9, 37, 45). We
have previously proposed that abundant expression of P in the
nucleus leads to retention of the viral RNPs in the nucleus to
promote viral replication (18). Thus, alteration of the intracel-
lular localization of BDV P could be critical for viral replica-
tion and transcription in the nucleus. It is likeliest that the
cytoplasmic distribution of the P modifies the expression level
of this protein in the nucleus, resulting in the suppression of
viral transcription and replication. Furthermore, intracellular
movement of P may also affect the movement of BDV RNPs in
infected cells, because P directly interacts with essential com-
ponents of RNP, such as N, X, and L (1, 14, 40, 45). The
retention of P in the cytoplasm could result in prevention of
the reimport of the newly synthesized viral RNPs to the nu-
cleus. More attractively, if the X/P complex is positively ex-
ported from the nucleus to the cytoplasm, translocation of the
P to the cytoplasm could directly lead to nuclear export of
BDV RNPs to generate progeny virions. In all cases, the sub-
cellular distribution of BDV P could determine the direction of
the viral life cycle in infected cells.

Recent works have revealed that virus proteins employ sev-
eral strategies to modify their intracellular localization during
the viral life cycle. The NP of influenza virus alters the intra-
cellular distribution in a dose-dependent fashion (30). In a
transient expression system, low levels of NP were efficiently
targeted to the nucleus, while large amounts drastically
changed their distribution to the cytoplasm without any other
viral components. This phenomenon was explained by satura-
tion of the nuclear import machinery leading to cytoplasmic
accumulation of NP (30). On the other hand, as demonstrated
in many cellular proteins, phosphorylation is also known to be
responsible for a suitable cellular localization of viral proteins,
such as varicella-zoster virus immediate-early protein 63 (4),
human immunodeficiency virus matrix (6) and rotavirus NSP5
(33). Furthermore, cell-type-dependent modulation of the cel-
lular distribution has also been identified in several viral pro-
teins. In BDV infection, X and P may provide a unique mech-
anism for alteration of the intracellular distribution of viral
proteins, because these proteins directly interact with each
other. The binding proteins generally change their subcellular
distribution in association with the movement of their coun-

FIG. 7. Modification of the expression level between BDV X and
P. (A and B) OL cells were transfected with pgP or pgX/P expression
plasmid (0.5 �g), and 24 (A) and 48 (B) h posttransfection, subcellular
localization of the P was visualized by GFP fluorescence. The percent-
age of cells showing each type of P distribution was determined.
(C) Alteration of the expression ratio between X and P in the cells
transfected with the pgX/P plasmid. The OL cells were transfected
with mock (lane 1) or pgX/P (lanes 2 and 3) plasmid, and the expres-
sion of X and P was detected by Western immunoblotting by using
anti-P and -X antibodies both 24 (lane 2) and 48 (lane 3) h after the
transfection. The expression level of X in the cells was determined
from the ratio of the protein to P by using NIH Image software. Similar
cited X/P ratios were obtained from at least three independent exper-
iments.
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terparts. Indeed, viral proteins that lack nuclear targeting sig-
nals can usually travel between the cytoplasm and nucleus by
interaction with NLS- or NES-containing proteins (21, 22). To
date, however, only nuclear localization activity has been dem-
onstrated in BDV X and P (39, 41, 49). Furthermore, the
cytoplasmic targeting of X and P does not appear until the
proteins bind to each other. Therefore, it is possible that bind-
ing between X and P results in masking of the NLSs in both the
proteins and leads to cytoplasmic retention of the protein
complexes. In fact, the P-binding region in X completely over-
laps with the NLS of X (26, 48). However, NLSs of P are not
directly covered by binding to X; the NLSs of P are found in
both the N and C termini of the protein, whereas the X-binding
domain is situated in the central region of P (40). This fact
suggested that conformational change of P via binding to X
may be necessary for concealing the NLSs of P. On the other
hand, as described above, it may also be possible that X/P
contains NES in the sequences. Although previous studies (26,
40, 48) and our own have not detected nuclear export activity
of X/P, it is likely that the activity does not emerge until X and
P generate protein complexes leading to the covering of their
NLSs. A similar case may have been demonstrated in BDV N
protein; the nuclear export activity of the N protein was clearly
demonstrated only in the observation of p38N, which transla-
tionally lacks the NLS (18, 19). Further experiments are pres-
ently in progress to elucidate the possibility that X/P contains
active NES in their sequences.

Previous works clearly demonstrated that major components
of BDV RNP, N, P and X, interact with each other to form the
polymerase complex in infected cells (27, 40). The data showed
that N could directly bind to both X and P in vivo. Considering
the complex formation of these proteins in infected cells,
therefore, it may be possible that the presence of N influences
the intracellular movement of the X/P complex in infected
cells. As shown in Fig. 6, however, P can localize in the cyto-
plasm even in the presence of N in BDV-infected cells, sug-
gesting that N may not be able to modify intracellular local-
ization of the X/P complex. Furthermore, we have previously
shown that P interacts with N via the NES region on N and
determines intracellular movement of p38N in transiently
transfected cells (18). In addition, it has been shown that N-
and X-binding regions on P do not overlap each other (40).
These observations suggested that BDV P, but not N, may play
a key role in the determination of direction of the viral protein
complex in infected cells.

Another interesting finding in this study was obtained from
analysis of the expression level of X and P in the BDV-infected
cells. We found that the ratio of X expression to P expression
is obviously altered in association with subcellular localization
of the P in BDV-infected and plasmid-transfected cells (Fig. 6
and 7). These observations strongly suggested that the bicis-
tronic X/P mRNA of BDV may modulate the expression level
of X and P in the cells with or without BDV infection. It has
been previously suggested that the leaky scanning mechanism
is involved in translational initiation at start codons down-
stream of the bicistronic X/P mRNA and also that the 5�-
untranslated region of the mRNA may contain regulational
sequences for initiation efficacy of the upstream X ORF (20).
These mechanisms, however, may not be sufficient to explain
the differential expression between BDV X and P in infected

cells. Intriguingly, it was demonstrated that translation effi-
ciency of X ORF may be low early after the transfection com-
pared with that of downstream P (Fig. 7) (20), although the
AUG codon for X has a better Kozak’s motif (PuNNAUG)
than for P (PyNNAUGPu) (20). These observations raised the
possibility that the regulatory mechanism by which transla-
tional activity of the X ORF is repressed may exist. It is likely
that cellular proteins are involved in the mechanism. Given
that cellular proteins take part in the suppression of X trans-
lation, consumption of the proteins by accumulation of the X/P
mRNA might explain the increase of X expression in the late
stage. We are now focusing on the detailed mechanism for the
translational control of the X/P mRNA of BDV. Elucidation of
this mechanism would promote our understanding of the BDV
life cycle in mammalian cells.

The results presented here provide a new insight into the
regulation of the intracellular movement of viral proteins of a
unique nonsegmented, negative-strand RNA virus. These ob-
servations must be valuable not only for understanding the
regulation of the BDV life cycle but also for generation of a
reverse-genetic system of this virus, which must require a strict
ratio of expression of each viral protein in transfected cells.
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