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Epstein-Barr virus (EBV) replication proteins are transported into the nucleus to synthesize viral genomes. We here report mo-
lecular mechanisms for nuclear transport of EBV DNA polymerase. The EBV DNA polymerase catalytic subunit BALF5 was
found to accumulate in the cytoplasm when expressed alone, while the EBV DNA polymerase processivity factor BMRF1 moved
into the nucleus by itself. Coexpression of both proteins, however, resulted in efficient nuclear transport of BALF5. Deletion of
the nuclear localization signal of BMRF1 diminished the proteins’ nuclear transport, although both proteins can still interact.
These results suggest that BALF5 interacts with BMRF1 to effect transport into the nucleus. Interestingly, we found that Hsp90
inhibitors or knockdown of Hsp90� with short hairpin RNA prevented the BALF5 nuclear transport, even in the presence of
BMRF1, both in transfection assays and in the context of lytic replication. Immunoprecipitation analyses suggested that the mo-
lecular chaperone Hsp90 interacts with BALF5. Treatment with Hsp90 inhibitors blocked viral DNA replication almost com-
pletely during lytic infection, and knockdown of Hsp90� reduced viral genome synthesis. Collectively, we speculate that Hsp90
interacts with BALF5 in the cytoplasm to assist complex formation with BMRF1, leading to nuclear transport. Hsp90 inhibitors
may be useful for therapy for EBV-associated diseases in the future.

The Epstein-Barr virus (EBV), a human lymphotropic herpes-
virus featuring linear double-stranded DNA (dsDNA) 172 kb

in length (1), infects resting B lymphocytes, inducing their con-
tinuous proliferation without production of virus particles, which
is termed latent infection. Productive (lytic) infection, which oc-
curs spontaneously or can be induced artificially, is characterized
by the expression of lytic genes, leading to virus production. Dur-
ing productive infection, the EBV genome is amplified 100- to
1,000-fold by viral replication machinery composed of the BALF5
DNA polymerase catalytic subunit, the BMRF1 polymerase pro-
cessivity factor, the BALF2 single-stranded DNA-binding protein,
and the BBLF4-BSLF1-BBLF2/3 helicase-primase complex in dis-
crete sites in nuclei, called replication compartments (2–4). With
progression of lytic replication, replication compartments be-
come enlarged and fuse to form large globular structures that
eventually fill the nucleus in late stages (2).

The BALF5 protein, a DNA polymerase catalytic subunit with
both DNA polymerase and 3=-to-5= exonuclease activities, forms a
complex with the BMRF1 polymerase processivity factor with
1-to-1 stoichiometry (5–7). The resultant holoenzyme is charac-
terized by significantly elevated polymerase processivity (6, 7).
BMRF1 is a major phosphoprotein demonstrating abundant ex-
pression in lytic replication-induced cells (8, 9) when the expres-
sion level of the BALF5 protein is low. The BMRF1 can form
head-to-head homodimer or tetrameric ring in solution (10).
Judging from the finding that almost all expressed BMRF1 pro-
teins bind to viral genome DNA (2, 11), the factor could not only
act as a polymerase processivity factor but also perform other
unknown functions (2). We have recently reported subnuclear
domains that are highly enriched in viral polymerase processivity
factor BMRF1, designated BMRF1 cores, inside replication com-
partments (4). Viral genomes are synthesized mainly outside the
core and then transported inward. Thus, each replication com-

partment can be partitioned into two subdomains, outside and
inside the BMRF1 core.

Viral replication proteins are predominantly localized in nu-
clei of lytic replication-induced cells. BMRF1 possesses a nuclear
localization signal (NLS) at the carboxy-terminal domain (amino
acids [aa] 378 to 404) (12). BALF2 single-stranded DNA (ssDNA)
binding protein is also transported into nucleus by itself (13). The
concurrent presence of all three components of the helicase-pri-
mase complex is required for the nuclear localization of BBLF2/3
and BSLF1 proteins (14). On the other hand, the BBLF4 protein
can be converted from a strictly cytoplasmic pattern to a strictly
nuclear pattern simply by interacting with the BZLF1 oriLyt bind-
ing protein (14). However, the mechanisms of nuclear localization
of the BALF5 DNA polymerase catalytic subunit remain unclear.

Regarding the nuclear transport mechanism of the herpesvirus
DNA polymerase catalytic subunit, it was reported that UL30 of
herpes simplex virus 1 (HSV-1), being complexed with its proces-
sivity factor UL42 as a holoenzyme, translocated to nuclei utilizing
its own NLS (15). It was also demonstrated that nuclear translo-
cation of HSV-1 UL30 was strongly inhibited by the inhibitors of
heat shock protein 90 (Hsp90), resulting in decreased HSV-1
yields and viral DNA synthesis (16). The inhibition occurred even
when UL30 was solely transduced in cells, indicating that Hsp90
directly participates in the nuclear translocation of UL30 (16).

Heat shock proteins (HSPs) induced by various stresses are
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known to be involved in quality control of cellular proteins and
homeostasis in cells (17–19). One example, Hsp90, is one of the
most abundant cellular proteins. An evolutionarily well-con-
served molecular chaperone, Hsp90 has two cytosolic isoforms,
Hsp90� (inducible form) and Hsp90� (constitutive form), both
featuring ATP-binding domains in their N-terminal domains and
demonstrating functional dependence on binding and hydrolyzing
ATP. Through the ATPase cycle, Hsp90 facilitates conformational
maturation, stabilization, protein interaction, and intracellular traf-
ficking of many client proteins. Radicicol and 17-allylamino-17-de-
methoxygeldana-mycin (17-AAG), a geldanamycin derivative, are
“Hsp90 inhibitors” that associate directly with the ATP-binding
pocket of Hsp90, preventing ATP binding and interaction with client
proteins (20).

In the present study, we demonstrate that the viral DNA poly-
merase BALF5 does not translocate to the nucleus by itself. Rather,
BALF5 accumulates inside the nucleus only when viral polymer-
ase processivity factor BMRF1 is coexpressed, making a clear con-
trast to the nuclear translocation mechanism of HSV-1 UL30 (16).
Intriguingly, in spite of the apparently different translocation
mechanisms employed by EBV and HSV-1 DNA polymerases,
EBV replication was also strongly inhibited by Hsp90 inhibitors,
in analogy to the case of HSV-1 replication. Our overall results
indicate that EBV DNA polymerase interacts with the BMRF1
polymerase processivity factor via molecular chaperone Hsp90,
resulting in its nuclear translocalization. The difference of nuclear
transport mechanisms between EBV and HSV-1 is discussed.

MATERIALS AND METHODS
Cells. HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) and the B95-8 B lymphoblastoid cell line in RPMI 1640 me-
dium, both supplemented with 10% fetal bovine serum. To induce lytic
EBV replication of B95-8 cells, 12-O-tetradecanoylphorbol-13-acetate
(TPA), A23187, and sodium butyrate were added to the culture medium
at final concentrations of 20 ng/ml, 0.25 �M, and 5 mM, respectively.
Tet-BZLF1/B95-8 cells (21) were maintained in RPMI 1640 medium sup-
plemented with 1 �g puromycin and 250 �g of hygromycin B per millili-
ter and 10% tetracycline-free fetal bovine serum. To induce lytic EBV
replication, the tetracycline derivative doxycycline (Dox) was added to the
culture medium at a final concentration of 4 �g/ml. AGS-CR2/EGFP-
EBV cells were maintained in RPMI 1640 medium containing 150 �g of
hygromycin B and 400 �g G418 per milliliter. For their preparation, an
EBV-negative cell line from gastric cancer, AGS, was stably transfected
with CR2 (CD21, the receptor for EBV) expression vector (22) and in-
fected with an enhanced green fluorescent protein-expressing EBV
(EGFP-EBV) strain (23) followed by G418 selection.

Antibodies and reagents. BMRF1 protein-specific rabbit polyclonal
antibodies (Ab) were raised as described previously (11, 24, 25). Anti-
BALF5 protein-specific rabbit polyclonal Ab (26) were affinity purified
with BALF5 protein coupled-Sepharose 4B (27). An anti-EBV EA-D-
p52/50 (BMRF1 gene product) protein-specific mouse monoclonal anti-
body (MAb), clone name R3 (Chemicon, Inc.), anti-Hsp90� mouse MAb
(Enzo Life Science), antihemagglutinin (anti-HA) tag mouse MAb
(Roche), anti-FLAG tag rabbit polyclonal Ab (Sigma), anti-Chk1 rabbit
polyclonal Ab (Cell Signaling), anti-cdc2 mouse MAb (Oncogene), and
anti-tubulin rabbit polyclonal Ab (Cell Signaling) were purchased and
used as primary antibodies. Horseradish peroxidase-linked goat antibod-
ies against mouse, rabbit, and rat IgG (Amersham Biosciences) and Alexa
Fluor 488-, 594-, or 688-conjugated goat antibodies against rabbit,
mouse, and rat IgG (Molecular Probes) were purchased for application as
secondary antibodies.

Radicicol and 17-allylamino-17-demethoxygeldanamycin (17-AAG)
were purchased from Wako Pure Chemicals (Osaka, Japan), with stock

solutions being prepared at concentrations of 10 mM in dimethyl sulfox-
ide (DMSO). Stocks of these drugs were aliquoted and kept at �20°C until
use. The final concentration of each drug used is indicated in the figure
legends.

Transfection. All transfections were carried out using Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer’s protocol. The
total amounts of plasmid DNAs were standardized by addition of an
empty vector.

Immunofluorescence analyses. HeLa cells were grown on coverslips
and transfected with pcDNA-FLAG-BALF5, pcDNA-BMRF1, pcDNA-
BMRF1�C, and pcDNA-HA-Hsp90 (provided by Y. Matsuura, Osaka
University). AGS-CR2/EGFP-EBV cells were grown on coverslips and
transfected with pcDNA-BZLF1. At 24 h posttransfection, cells were
washed with ice-cold phosphate-buffered saline (PBS) and fixed by 3.7%
formalin for 15 min. Fixed cells were washed with PBS and incubated in a
blocking buffer (2.5% bovine serum albumin [BSA], 0.2 M glycine, 0.1%
Triton X-100, 0.02% sodium azide in PBS) for 30 min at room tempera-
ture. The samples were then incubated with the primary antibodies di-
luted in blocking buffer at 4°C overnight, followed by the incubation with
diluted secondary goat anti-rabbit, anti-rat, and anti-mouse IgG antibod-
ies conjugated with Alexa Fluor 488, 594, or 688 for 30 min at room
temperature.

Lytic infection-induced Tet-BZLF1/B95-8 cells were treated with ice-
cold modified cytoskeleton (mCSK) buffer [10 mM piperazine-N,N=-
bis(2-ethanesulfonic acid) (PIPES) (pH 6.8), 300 mM sucrose, 1 mM
MgCl2, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 0.5% Triton X-100] on ice for 10 min. Multiple protease inhib-
itor cocktails (Sigma; 25 �l/ml), 200 �M Na3VO4, and 20 mM NaF were
also added to the buffer, followed by fixation with 70% ethanol at �20°C
overnight. The cells then were washed with PBS containing 0.1% normal
goat serum and 0.01% Tween 20, permeabilized with 0.5% Triton X-100
in PBS for 15 min, and blocked for 1 h in 10% normal goat serum in PBS.
Samples were then incubated overnight with the primary antibodies di-
luted in PBS containing 0.1% normal goat serum and 0.01% Tween 20,
followed by the incubation with diluted Alexa Fluor 488- or 594-conju-
gated secondary antibodies for 1 h.

All of the primary antibodies were employed at a 1:100 dilution, and
the secondary antibodies were employed at a 1:200 dilution. All washes
after antibody incubation were performed with PBS containing 0.1% nor-
mal goat serum and 0.01% Tween 20. Both samples were mounted in
ProLong Gold antifade reagent with 4=,6=-diamidino-2-phenylindole
(DAPI) (Molecular Probes) and analyzed by laser-scanning confocal mi-
croscopy (Carl Zeiss MicroImaging, Inc.). Images were captured with a
plan-Apochromat 100�/1.4-numerical aperture oil immersion objective
and processed using an LSM510 Meta microscope.

IP analyses. HEK293T cells in 6-cm dishes were transfected with
pcDNA-FLAG-BALF5, pcDNA-BMRF1, and pcDNA-HA-Hsp90 and
cultivated for 24 h. The cells were harvested, washed with cold PBS, and
then lysed for 10 min on ice with 500 �l of ice-cold mCSK buffer contain-
ing 0.1% Triton X-100, 50 mM NaCl, and 25 �l/ml protease inhibitor
cocktail (Sigma). When BMRF1 was expressed, the samples were treated
with DNase I (1,000 U/ml) for 30 min at 25°C to solubilize BMRF1. After
treatment, homogenates were centrifuged at 3,000 � g at 4°C for 5 min.
The supernatant fraction was used as extracts for assays. One hundred
microliters each of the Triton X-100-extractable fractions was diluted
with mCSK buffer to 500 �l and then mixed with 1 �g each of anti-HA,
anti-BALF5, or anti-BMRF1 antibodies or 10 �l anti-M2 beads (Sigma)
for 3 h at 4°C. After the addition of 20 �l of protein G-Sepharose beads,
the mixtures were further incubated for 1 h at 4°C. The beads were then
washed with 0.1% mCSK buffer containing 50 mM NaCl, and the immu-
noprecipitates were boiled in SDS sample buffer and subjected to immu-
noblotting analysis. As the IgG control experiments, the same amounts of
extracts (500 �l of diluted extracts) were subjected to immunoprecipita-
tion (IP) using the same amounts (1 �g each) of normal IgG (Santa Cruz
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Biotechnology) and were precipitated with the same amounts of protein
G-Sepharose beads.

Where indicated, 20 mM disodium molybdate dehydrate (Wako) was
added in the mCSK buffer to stabilize and enhance the binding of Hsp90
to client proteins and included throughout the IP experiments (including
the washing steps).

Immunoblotting analysis. HeLa cells, 293T cells, short hairpin RNA
(shRNA)-transduced AGS-CR2/EGFP-EBV cells, and luciferase shRNA
(shLuc)-transduced HeLa cells were harvested at the indicated condition.
Cells were washed with phosphate-buffered saline (PBS) and treated with
lysis buffer (0.02% sodium dodecyl sulfate [SDS], 0.5% Triton X-100, 300
mM NaCl, 20 mM Tris-HCl [pH 7.6], 1 mM EDTA, 25 �l/ml protease
inhibitor cocktail [Sigma]) for 20 min on ice. Samples were centrifuged at
12,000 � g for 10 min at 4°C, and the clarified cell extracts were measured
for protein concentrations by using a Bio-Rad protein assay kit. Samples
underwent in SDS– 8% or –10% PAGE (acrylamide/bisacrylamide ratio,
29.2:0.8) and then were transferred to polyvinylidene difluoride mem-
branes. After washing with a wash buffer (1� PBS containing 0.1% Tween
20) and blocking for 60 min in a wash buffer containing 10% low-fat
powdered milk, the membranes were incubated with primary antibodies
in wash buffer containing 5% low-fat powdered milk for 60 min at room
temperature, followed by incubation with a horseradish peroxidase-con-
jugated secondary antibody at room temperature for 60 min. Target pro-
teins were detected with an enhanced chemiluminescence detection sys-
tem (Amersham).

Quantification of viral DNA synthesis during lytic replication. Lev-
els of viral DNA were determined by quantitative real-time PCR (28).
Lytic replication induced B95-8 cells were harvested, suspended in 200 �l
of a lysis buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.001% Triton
X-100, 0.001% SDS), sonicated, and then incubated at 50°C for 2 h with 50
�g/ml of proteinase K (Sigma). Primers and a probe for a sequence within
the BALF2-coding region were designed using Primer Express (Applied
Biosystems). The sequences were as follows: 5=-GCCCGTCCGGTTGTC
A-3= (forward primer), 5=-AATATCTGGTTGTTGCCGTTGA-3= (re-
verse primer), and 5=-6-carboxyfluorescein (FAM)-CTGCCAGTGACCA
TCAACAAGTACACGG-6-carboxytetramethylrhodamine (TAMRA)-3=
(probe). PCR was performed in 10 �l of aqueous solution containing 1
�M each primer, 0.4 �M labeled probe, Fast Start Universal Probe Master
(Roche), and 1 �l of DNA mixture using the 7300 real-time PCR system
(Applied Biosystems). PCR included 2 min at 50°C, 10 min at 95°C, and
40 cycles at 95°C for 15 s followed by 1 min at 60°C.

Cell viability and cell growth. Cell viability was determined by the
trypan blue dye exclusion test. B95-8 cells were induced to enter lytic
replication in either the presence or the absence of radicicol treatment.
The induced cells were harvested at 24, 48, and 72 h postinduction and
resuspended in trypan blue solution. Cell viability and cell growth were
determined by counting the numbers of unstained (live) and stained
(dead) cells by using a hemocytometer.

Knockdown of Hsp90� with an shRNA. Knockdown of Hsp90� was
carried out with a retrovirus shRNA system. The target sequence for the
Hsp90� shRNA was 5=-AGCCTACGTTGCTCACTAT-3=. A retroviral
vector expressing shRNA for luciferase (shLuc) was used as a control.
AGS-CR2/EGFP-EBV cells and HeLa cells were infected with retroviral
vectors expressing either luciferase shRNA or Hsp90� shRNA. Puromycin
was added to the transduced cells at 24 h postinfection, and puromycin-
resistant cell pools were obtained at 72 h postinfection.

RESULTS
Nuclear transfer of the BALF5 DNA polymerase catalytic sub-
unit is dependent on the BMRF1 polymerase processivity factor.
All EBV DNA replication proteins localize to nuclei of lytic repli-
cation-induced cells. However, the nuclear localization of
BBLF2/3 and BSLF1 proteins, constituting the viral helicase-pri-
mase complex, requires the concurrent presence of BBLF4 protein
(14). Therefore, we first examined localization of the BALF5 DNA

polymerase catalytic subunit in HeLa cells transfected with FLAG-
tagged BALF5 and/or BMRF1 expression vectors, using immuno-
fluorescence staining. As shown in Fig. 1A, when FLAG-BALF5
was expressed alone, it was detected predominantly in the cyto-
plasm. In contrast, BMRF1 was observed exclusively in the nu-
cleus (Fig. 1B). When both proteins were coexpressed, BALF5
efficiently localized to the nucleus (Fig. 1C). It is known that the
BMRF1 protein interacts with the BALF5 polymerase catalytic
subunit to form a heterodimer complex, resulting in acquirement
of enhanced polymerase processivity and exonuclease activities (7,
26). The coimmunoprecipitation assay confirmed that BALF5 in-
teracted with BMRF1 (Fig. 1D). These results clearly indicate that
BALF5 by itself cannot translocate to the nucleus, but it can do so
in a BMRF1-dependent manner.

It is known that BMRF1 protein possesses a nuclear localiza-
tion signal (NLS) in its C-terminal domain (Fig. 2A) (29). A
BMRF1 mutant lacking the C-terminal domain (BMRF1�C) still

FIG 1 Nuclear transport of the BALF5 DNA polymerase catalytic subunit
requires the BMRF1 polymerase accessory protein. HeLa cells were transfected
with pcDNA-FLAG-BALF5 (A) or pcDNA-BMRF1 (B) or cotransfected with
both expression vectors (C). Cells were fixed at 24 h posttransfection, immu-
nostained with anti-FLAG (green) and anti-BMRF1 (red) antibodies, and ex-
amined by laser-scanning confocal microscopy. In each sample, nuclei were
stained with DAPI (blue). The right panels are merged images. (D) Interaction
between BALF5 and BMRF1. HEK293T cells were transfected with pcDNA-
FLAG-BALF5, pcDNA-BMRF1, or both. Cells were harvested at 24 h post-
transfection, and immunoprecipitation (IP) analysis was carried out, as de-
scribed in Materials and Methods. The antibodies used for IP and subsequent
immunoblot (IB) analysis are indicated.
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possesses double-stranded DNA binding activity and functions as
a polymerase processivity factor in vitro, just like wild-type
BMRF1 (10). Expectedly, unlike wild-type BMRF1, BMRF1�C
was detected in the cytoplasm (Fig. 2B). This truncated mutant
could also physically interact with BALF5 (Fig. 2C). When the
BMRF1�C mutant and BALF5 were coexpressed, BALF5 re-
mained in the cytoplasm. (Fig. 2D), suggesting that BALF5 utilizes
the NLS function of BMRF1 for its transport into the nucleus.

Hsp90 inhibitors prevent BMRF1-dependent nuclear trans-
port of the BALF5 protein. Hsp90 is known to facilitate confor-
mational maturation, stabilization, protein interaction, and intra-
cellular trafficking of many client proteins. It was reported that
Hsp90 was involved in nuclear translocation of UL30, a DNA

polymerase catalytic subunit of HSV-1 (16). Therefore, we exam-
ined the possibility that it might be involved in the nuclear trans-
port of BALF5 and BMRF1 proteins. In the presence or absence of
an Hsp90 inhibitor, radicicol, BALF5 was detected in the cyto-
plasm when the protein was expressed alone (Fig. 3A), while
BMRF1 was found in the nucleus (Fig. 3B), indicating at least that
nuclear transport of the BMRF1 protein is independent of Hsp90.
When both proteins were coexpressed, BMRF1-dependent nu-
clear transport of BALF5 was clearly inhibited by radicicol (Fig.
3C). Figure 3D shows a numerical analysis of the intracellular
localization patterns of BALF5. In the absence of Hsp90 inhibi-
tors, BALF5 was predominantly localized in the nucleus in almost
all of the cells expressing both proteins (Fig. 3D). In the presence
of radicicol or 17-AAG, cell populations localizing in cytoplasm
increased vastly. Thus, BALF5 nuclear localization is absolutely
dependent on BMRF1 and blocked by Hsp90 inhibitors. It should
be noted that the expressed Hsp90 was localized predominantly in
the cytoplasm in all cases.

Hsp90 inhibitor, in general, decreases the expression levels of
client proteins. To verify the efficacy of the Hsp90 inhibitor in this
experimental system, we examined whether the Hsp90 inhibitor
affected the expression level of Chk1, a host Hsp90 client protein.
The result revealed that the level of Chk1 was greatly decreased by
radicicol treatment (Fig. 3E), confirming that the inhibitor was
working efficiently in this system. From these results, we speculate
that Hsp90 is involved in the association between the BALF5 and
BMRF1 proteins in the cytoplasm.

Next, to confirm whether Hsp90 inhibition prevents nuclear
transport of the BALF5 DNA polymerase catalytic subunit in lytic
replication-induced cells, subcellular localizations of BALF5 and
BMRF1 were examined in lytic infection-induced Tet-BZLF1/
B95-8 cells with or without Hsp90 inhibitors. Tet-BZLF1/B95-8
cells treated with doxycycline were harvested at 24 h postinduc-
tion, extracted with 0.5% Triton X-100 in mCSK buffer, and fixed
with 70% ethanol (EtOH), followed by immunostaining with
anti-BALF5 polyclonal or anti-BMRF1 monoclonal antibodies. In
the absence of Hsp90 inhibitors, both BALF5 and BMRF1 proteins
were observed within replication compartments in the nucleus
[Fig. 4, Dox(�)]. In their presence, BALF5 exhibited cytoplasmic
localization (Fig. 4A). Accordingly, replication compartments di-
minished, and BMRF1 was distributed throughout nuclei
(Fig. 4B). Thus, Hsp90 inhibitors prevented nuclear localization
of the BALF5 protein not only in an overexpression system but
also in the context of cells featuring lytically replicating viruses.

BALF5 is a possible client protein of Hsp90. To validate our
findings, 293T cells were transfected with combinations of HA-
tagged Hsp90, FLAG-tagged BALF5, and BMRF1 expression vec-
tors in the absence or presence of the Hsp90 inhibitor radicicol,
and protein-protein interactions were examined by immunopre-
cipitation analysis (Fig. 5). Cells were extracted with 0.1% Triton
X-100 –mCSK buffer containing 50 mM NaCl (and treated with
DNase I only when BMRF1 was expressed), and soluble fractions
were reacted with anti-HA or anti-FLAG antibody-conjugated
beads, anti-BMRF1 IgG, or nonimmune IgG as a control. With the
combination of HA-Hsp90 and FLAG-BALF5, anti-HA antibod-
ies could coimmunoprecipitate FLAG-BALF5 protein (Fig. 5A,
lane 11). Conversely, anti-FLAG antibodies could coimmunopre-
cipitate the HA-Hsp90 protein (Fig. 5A, lane 12). Although the
interaction between FLAG-BALF5 and HA-Hsp90 was fairly weak
(Fig. 5A), it is known that interactions of Hsp90 and client pro-

FIG 2 A BMRF1 mutant lacking the nuclear localization signal (NLS) does not
support nuclear transport of the BALF5 DNA polymerase catalytic subunit.
(A) Functional domains of BMRF1 protein. BMRF1 protein, consisting of 404
amino acids, has an NLS in its C terminus (amino acids 372 to 404). A BMRF1
mutant lacking the C-terminal 90 amino acids (aa 1 to 317; BMRF1�C) is
indicated. (B) Subcellular localization of BMRF1�C. HeLa cells were trans-
fected with pcDNA-BMRF1�C, fixed at 24 h posttransfection, immuno-
stained with anti-BMRF1 (red), and examined by laser-scanning confocal mi-
croscopy. Nuclei were stained with DAPI (blue). (C) Physical interaction
between BALF5 and BMRF1�C. HEK293T cells were transfected with
pcDNA-FLAG-BALF5 alone or both pcDNA-FLAG-BALF5 and pcDNA-
BMRF1�C. Cells were harvested at 24 h posttransfection, and immunopre-
cipitation (IP) analysis was carried out, as described in Materials and Methods.
The antibodies used for IP and subsequent immunoblot (IB) analysis are in-
dicated. (D) Subcellular localization of BALF5 in the presence of BMRF1�C.
HeLa cells were transfected with pcDNA-FLAG-BALF5 and pcDNA-
BMRF1�C, fixed at 24 h posttransfection, immunostained with anti-FLAG
(green) and anti-BMRF1 (red), and examined by laser-scanning confocal mi-
croscopy. Nuclei were stained with DAPI (blue). The right panels are merged
images.
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teins are generally not so strong as to be detected easily by immu-
noprecipitation analysis. The interaction was diminished by
radicicol treatment (Fig. 5B, compare lanes 3 and 4 with lanes 7
and 8), supporting the idea that Hsp90 and BALF5 interact with

each other. The amount of BALF5 protein did not change by
Hsp90 inhibitor (radicicol) treatment, while the amount of cdc2
protein, a host Hsp90 client protein, was decreased (Fig. 5C). This
result indicates that the diminished interaction between Hsp90

FIG 3 Prevention of BMRF1-dependent nuclear transport of BALF5 DNA polymerase catalytic subunit by the Hsp90 inhibitor radicicol. HeLa cells were
transfected with the indicated combinations of pcDNA-FLAG-BALF5, pcDNA-BMRF1, and pcDNA-HA-Hsp90 in the absence or presence of 1 �M radicicol.
After fixation 24 h posttransfection, the cells were immunostained with anti-FLAG (green) and anti-HA (yellow) antibodies (A), with anti-BMRF1 (red) and
anti-HA (yellow) antibodies (B), and with anti-FLAG (green), anti-BMRF1 (red), and anti-HA (yellow) antibodies(C). Nuclei were stained with DAPI (blue).
(D) Numerical analysis of the localization pattern of BALF5 in transfected cells. The proportions of cells showing each localization pattern are expressed as
percentages out of the examined cells (more than 100). The images in the upper panels represent the typical BALF5 localization patterns. (E) Effect of Hsp90
inhibitor. HeLa cells were treated with 0.5 �M radicicol for 24 h and harvested. Clarified cell lysates were prepared, separated by SDS–10% PAGE, and applied
for Western blot analyses with anti-Chk1 protein polyclonal antibody.

FIG 4 Effects of Hsp90 inhibitors on the subcellular localization of BALF5 and BMRF1 proteins in lytic replication-induced cells. Tet-BZLF1/B95-8 cells were
treated with doxycycline (4 �g/ml) to induce lytic replication in the absence or the presence of 1 �M radicicol or 1 �M 17-AAG, and the cells were processed for
immunostaining at 24 h postinduction with anti-BALF5 (A; red) or anti-BMRF1 (B; red) antibodies. DAPI-stained images (upper panels) and merged images
(lower panels) are also shown.
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and BALF5 is not due to the reduction of BALF5 protein. We
further examined immunoprecipitation analysis in the presence
of molybdate to confirm the interaction between BALF5 and
Hsp90. It is known that molybdate stabilizes the interaction of
Hsp90 and its client proteins (30, 31). The Hsp90-BALF5 interac-
tion was significantly stabilized in the presence of molybdate (Fig.
5D, compare lane 3 with lane 6). In contrast, when HA-Hsp90 and
BMRF1 were coexpressed, BMRF1 did not coimmunoprecipitate
with Hsp90 (Fig. 5E, lane 3) and vice versa (Fig. 5E, lane 4). Any
association between BMRF1 and Hsp90 was not detected even in
the presence of molybdate (Fig. 5E, lanes 7 and 8). Taken together,
the results indicate that BALF5, but not BMRF1, is a possible client
protein of Hsp90.

Hsp90 assists complex formation between the BALF5 and
BMRF1 proteins. Next, we examined whether Hsp90 is included
in the BALF5-BMRF1 complex. When three factors were overex-
pressed, protein-to-protein interactions of BALF5 and BMRF1
proteins could be clearly demonstrated by immunoprecipitation
using each antibody (Fig. 5F, lanes 4 and 5). However, association
of Hsp90 with the BALF5-BMRF1 complex could barely be de-
tected (Fig. 5F, lane 3), suggesting that Hsp90 is absent in the
BALF5-BMRF1 complex. Radicicol treatment attenuated the
BALF5-BMRF1 association (Fig. 5F, lanes 9 and 10). Considering
these observations, we speculate that Hsp90 interacts at least with
BALF5 protein to facilitate BALF5-BMRF1 complex formation.

Hsp90 inhibition suppresses EBV DNA replication. Because
Hsp90 inhibitors changed localization of EBV DNA polymerase
catalytic subunit, we speculated that such treatment might sup-
press EBV DNA replication. With quantitative real-time PCR, lev-
els of viral DNA increased with time (Fig. 6A, closed squares) in
lytic replication-induced B95-8 cells. Treatment of cells with 1 �M
radicicol almost completely blocked viral genome synthesis at
each time point (Fig. 6A, closed triangles). Similar effects were
observed when cells were treated with another Hsp90 inhibitor,
17-AAG (data not shown). Importantly, Hsp90 inhibitor did not
affect the expression level of BZLF1 (Fig. 6B). Furthermore, the
Hsp90 inhibitor did not affect cell viability (Fig. 6C), although the
induction of lytic replication resulted in complete growth arrest
(Fig. 6D). These observations indicate that the inhibition of EBV
DNA replication by the Hsp90 inhibitor was not due to cell death.
Thus, Hsp90 inhibitors can completely inhibit EBV DNA replica-
tion.

FIG 5 Interaction of Hsp90 with the BALF5 DNA polymerase catalytic sub-
unit. (A) Coimmunoprecipitation of Hsp90 with BALF5. HEK293T cells were
transfected with pcDNA-FLAG-BALF5 alone, pcDNA-HA-Hsp90 alone, or
both pcDNA-FLAG-BALF5 and pcDNA-HA-Hsp90. Cells were harvested at
24 h posttransfection, and immunoprecipitation (IP) analysis was carried out
as described in Materials and Methods. The antibodies used for IP and subse-
quent immunoblot (IB) analysis are indicated. (B) Disruption of the interac-
tion between BALF5 and Hsp90 by radicicol. HEK293T cells were transfected
with pcDNA-FLAG-BALF5 and pcDNA-HA-Hsp90 in the absence or the
presence of 0.5 �M radicicol. Cells were harvested at 24 h posttransfection, and

IP was carried out, as described in Materials and Methods. Antibodies used for
IP and subsequent IB are indicated. (C) The indicated amounts of input sam-
ples of panel B were electrophoresed and analyzed by immunoblotting with
anti-FLAG, anti-cdc2, and antitubulin antibodies. (D) Stabilization of the in-
teraction between BALF5 and Hsp90 by molybdate. HEK293T cells transfected
with pcDNA-FLAG-BALF5 and pcDNA-HA-Hsp90 were lysed in 0.5% mCSK
buffer in the presence or absence of 20 mM molybdate. Lysates were subjected
to IP and subsequent IB analyses. The antibodies used for IP and IB are indi-
cated. (E) Hsp90 does not associate with BMRF1. HEK293T cells were trans-
fected with pcDNA-BMRF1 and pcDNA-HA-Hsp90 in the absence or pres-
ence of 20 mM molybdate. Cells were harvested at 24 h posttransfection, and
IP was carried out as described in Materials and Methods. The antibodies used
for IP and subsequent IB analyses are indicated. (F) Hsp90 contributes to
BALF5-BMRF1 complex formation. HEK293T cells were transfected with
pcDNA-FLAG-BALF5, pcDNA-HA-Hsp90, and pcDNA-BMRF1. Cells were
harvested at 24 h posttransfection, and IP was carried out as described in
Materials and Methods. The antibodies used for IP and subsequent IB analyses
are indicated. On each panel, the input lane contains 10% of the amount of the
soluble fractions that were subjected to immunoprecipitation.
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Knockdown of Hsp90� prevents EBV DNA replication. To
elucidate whether the results obtained by Hsp90 inhibitors are
actually due to Hsp90 functional block, we examined the effect of
Hsp90 knockdown. First, we confirmed EBV DNA replication by
transducing Hsp90 shRNA into virus-producing cells. Since it is
known that Hsp90� is not induced during EBV lytic infection, we
focused on the effect of Hsp90� knockdown. The Hsp90� expres-
sion level was significantly reduced in shHsp90�-transduced
AGS-CR2/EGFP-EBV cells harboring recombinant EBV ge-
nomes, compared to the level in shLuc-transduced cells (Fig. 7A).
When lytic replication was induced in shLuc-transduced cells by
BZLF1 transfection as a positive control, the level of EBV DNA
markedly increased (more than 40-fold) (Fig. 7B, shLuc�BZLF1).
In contrast, when lytic replication was induced in shHsp90�-
transduced cells, the increase in viral DNA synthesis was far less
than that of BZLF1-transfected shLuc-transduced cells (Fig. 7B).
Thus, knockdown of Hsp90� prevented EBV DNA replication.

Knockdown of Hsp90� prevents BMRF1-dependent nuclear
translocalization of BALF5. Next, the effects of Hsp90� knock-
down on localization of BALF5 and BMRF1 proteins were exam-
ined. When lytic replication was induced in shLuc-transduced
AGS-CR2/EGFP-EBV cells by BZLF1 transfection, both BALF5
and BMRF1 proteins were accumulated in the nucleus (Fig. 8A-a).

FIG 6 Effects of radicicol on viral DNA synthesis in lytic replication-induced
cells. (A) Lytic replication was induced in B95-8 cells with the addition of
doxycycline in the presence or the absence of 1 �M radicicol, and the cells were
harvested at the indicated hours postinduction. The levels of viral DNA syn-
thesis were determined by quantitative real time-PCR assay and plotted as
ratios to the value at 0 h � the standard error of the mean from three indepen-
dent experiments. (B) The expression levels of BZLF1 were determined by
Western blotting analyses using anti-BZLF1 protein polyclonal antibody. (C)
Cell viabilities were determined by trypan blue dye exclusion test. The percent-
ages of viable cells out of total cells (more than 100 cells counted for each
sample) are indicated. (D) The growth curves of the cells in panel C are shown.

FIG 7 Hsp90� knockdown prevents viral DNA synthesis in lytic replication-
induced AGS-CR2/EGFP-EBV cells. (A) AGS-CR2/EGFP-EBV cells express-
ing either luciferase shRNA (shLuc) or Hsp90� shRNA (shHsp90�) were sub-
jected to immunoblotting analysis with anti-Hsp90� and antitubulin
antibodies. (B) Cells transduced with shLuc or shHsp90� were transfected
with either pcDNA or pcDNA-BZLF1 to induce lytic replication and were
harvested at 72 h posttransfection. Levels of viral DNA synthesis were deter-
mined by quantitative real time-PCR assay. Bars indicate ratios compared to
the value of the pcDNA-transfected shLuc cells at 0 h.
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On the other hand, in the shHsp90�-transduced AGS-CR2/
EGFP-EBV cells, BALF5 protein remained in the cytoplasm
(Fig. 8A-b). We also observed the localization of both proteins on
the overexpressed system in Hsp90�-knockdown HeLa cells. The

Hsp90� expression level was significantly reduced in shHsp90�-
transduced HeLa cells compared to that in shLuc-transduced cells
(Fig. 8B-c). In the shLuc-transduced cells expressing both pro-
teins, BALF5 efficiently localized to the nucleus as well as BMRF1
(Fig. 8B-a). Hsp90� mainly localized in the cytoplasm. In con-
trast, even in the presence of BMRF1, BALF5 localized to the cy-
toplasm in shHsp90�-transduced cells (Fig. 8B-b). These results
correlated well with results of experiments with Hsp90 inhibitors.
Thus, constitutively expressed Hsp90� is involved in the BMRF1-
dependent nuclear transport of the BALF5 DNA polymerase cat-
alytic subunit.

DISCUSSION

The present investigation of mechanisms of nuclear transport of
the EBV DNA polymerase catalytic subunit BALF5 demonstrated
a dependence on BMRF1 polymerase processivity factor and mo-
lecular chaperone Hsp90.

It is well known that DNA polymerase processivity factors of
many human herpesviruses such as UL42 of herpes simplex virus
1 (HSV-1) (32), BMRF1 of EBV (33), UL44 of human cytomega-
lovirus (HCMV) (34), PF-8 of Kaposi’s sarcoma-associated her-
pesvirus (KSHV) (35), p41 of human herpesvirus 6 (HHV-6) (36),
and U27 of human herpesvirus 7 (HHV-7) (37) localize to the
nucleus when expressed alone. Processivity factors other than p41
of HHV-6 have been shown to contain a functional NLS (12, 35,
37–39). Indeed, we observed that BMRF1 protein, when it was
expressed alone, localized to the nucleus (Fig. 1B), while C-termi-
nally truncated BMRF1 lacking NLS did not (Fig. 2B). On the
other hand, nuclear transport mechanisms of DNA polymerase
catalytic subunits differ among herpesviruses. In the case of
HSV-1 DNA polymerase (UL30), it was previously reported that
UL30 possesses an NLS and can by itself be transferred to the
nucleus, even in the absence of UL42 polymerase processivity fac-
tor (15, 16, 40). Also, HCMV DNA polymerase catalytic subunit
(UL54) possesses an NLS in the C-terminal domain and can itself
move to the nucleus (40). Unlike HSV-1 UL30 and HCMV UL54,
the Pol-8 of the KSHV DNA polymerase catalytic subunit alone
remains localized in cytoplasm and translocates to the nucleus
with the help of PF-8 polymerase processivity factor, although
involvement of Hsp90 in their association has not been clarified
(35). We here have demonstrated that coexpression of BMRF1
possessing an NLS is required for nuclear translocation of BALF5
with help from Hsp90.

Hsp90 inhibitors are small molecules that specifically inhibit
the Hsp90 chaperone machinery by binding to the ATP-binding
domain (20). It is assumed that Hsp90 contributes to the stabili-
zation, maturation, and trafficking of client proteins. Our results
revealed that, in analogy to HSV-1 DNA replication, EBV DNA
replication is inhibited by Hsp90 inhibitors. Their inhibitory ef-
fects are through the inhibition of DNA polymerases in both cases.
However, it has become apparent that there are several critical
differences regarding the nuclear translocation mechanisms of the
DNA polymerase of EBV (BALF5) and that of HSV-1 (UL30).
First, UL30 has its own NLS and by itself translocates to nuclei,
while BALF5 does not have one. Second, UL30 appeared to inter-
act with Hsp90 and get stabilized. This is because the addition of a
proteasome inhibitor, MG132, antagonized the destabilization of
UL30 caused by Hsp90 inhibitors (16). In contrast, MG132 treat-
ment did not affect the level of BALF5 in the presence of Hsp90
inhibitors (data not shown). Thus, it appears that Hsp90 is in-

FIG 8 Hsp90� knockdown blocks nuclear transport of BALF5 DNA polymer-
ase catalytic subunit. (A) AGS-CR2/EGFP-EBV cells expressing either lucifer-
ase shRNA (shLuc) (a) or Hsp90� shRNA (shHsp90�) (b) were subjected to
immunofluorescence analysis. Each cell was transfected with pcDNA-BZLF1
to induce lytic replication and harvested 24 h posttransfection. Harvested cells
were fixed and immunostained with anti-BALF5 (green), anti-Hsp90� (red),
and anti-BMRF1 (yellow) antibodies. Nuclei were stained with DAPI (blue).
(B) HeLa cells expressing either luciferase shRNA (shLuc) (a) or Hsp90�
shRNA (shHsp90�) (b) were transfected with pcDNA-FLAG-BALF5 and
pcDNA-BMRF1. At 24 h posttransfection, cells were fixed and immunostained
with anti-FLAG (green), anti-Hsp90� (red), and anti-BMRF1 (yellow) anti-
bodies. Nuclei were stained with DAPI (blue). Hsp90� expression levels of
each cell were confirmed by immunoblot analysis (c).
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volved in both trafficking and stabilization of HSV-1 UL30, while
Hsp90 is not involved in stabilization of EBV BALF5. Rather, the
Hsp90 inhibitor radicicol prevented the complex formation be-
tween BALF5 and BMRF1 (Fig. 5F). Thus, Hsp90 promotes the
association of BALF5 with BMRF1, and consequently BALF5
translocates to nuclei.

Immunoprecipitation analyses demonstrated that BALF5 in-
teracted with Hsp90 and that the BALF5-BMRF1 complex, how-
ever, did not contain Hsp90 (Fig. 5D). It is reported that aryl
hydrocarbon receptor (AhR) interacts with Hsp90 for its stabili-
zation and heterodimerizes with the AhR nuclear translocator
(Arnt), resulting in dissociation of Hsp90 (41). Molecular chap-
erones such as Hsp90 were originally thought to mediate the post-
translational assembly of protein complexes, without becoming
actual components of complexes (42). From this point of view,
since Hsp90 was not detected at all in the BALF5-BMRF1 com-
plex, it is possible that Hsp90 dissociates from BALF5 when
BALF5 forms a complex with BMRF1.

Overall, Hsp90 is an essential host factor for the nuclear trans-
fer of EBV DNA polymerase. As a result, Hsp90 inhibitors might
efficiently prevent EBV genome replication. Sun et al. previously
reported that Hsp90 inhibitors decreased expression of EBNA1 in
EBV-infected cells, retarding the growth of EBV latently infected
malignant cells via an EBNA1-dependent mechanism (43). Jeon et
al. described geldanamycin induction of apoptotic cell death in
Epstein-Barr virus-positive NK/T-cell lymphoma cells by Akt
downregulation (44). It is possible that inhibition of EBV DNA
replication by the Hsp90 inhibitor may be due to effects not only
on EBV DNA polymerase but also on other essential factors. For
instance, cyclin-dependent kinases (CDKs) are known to interact
with Hsp90, and their activities were essential for the expression of
viral immediate early and early lytic proteins (45). Retardation of
BALF5 nuclear transport might contribute, at least partly, to the
inhibition of EBV DNA replication. Hsp90 inhibitors are effective
with both latent and lytic EBV infections. Geldanamycin deriva-
tives are in fact currently being examined in clinical trials for the
treatment of various cancers (46, 47). Rapid progress in the field of
Hsp90 biology has brought about more potent and less toxic in-
hibitors. These may become useful as antiviral drugs against EBV-
associated disorders.
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