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Epstein-Barr virus (EBV) nuclear antigen leader protein (EBNA-LP) is a phosphoprotein suggested to play
important roles in EBV-induced immortalization of B cells. One of the potential functions of EBNA-LP is a
cooperative induction with EBNA-2 of viral and cellular gene expression, including that of the genes for viral
latent membrane protein 1 (LMP-1) and cellular cyclin D2. We report here that the phosphorylation of
EBNA-LP by cellular kinase(s) is critical to its ability to cooperate with EBNA-2 in up-regulating the
expression of LMP-1 in a B-lymphoma cell line. Our conclusion is based on the following observations. (i)
Mass-spectrometric analysis of purified EBNA-LP and mutational analyses of EBNA-LP revealed that the
serine residue at position 35 in the W2 repeat domain is the major phosphorylation site of EBNA-LP in vivo.
(ii) Substitutions of this site in each W2 repeat domain with alanine markedly reduced the ability of the protein
to induce LMP-1 expression in combination with EBNA-2 in Akata cells. (iii) Replacement at the major
phosphorylation sites with glutamic acids restored the wild-type phenotype. It is well established that this
substitution mimics constitutive phosphorylation. These results indicated that the coactivator function of

EBNA-LP is regulated by phosphorylation.

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus
that is frequently associated with a variety of neoplastic dis-
eases, including endemic Burkitt’s lymphoma, nasopharyngeal
carcinoma, Hodgkin’s disease, various other lymphomas, and
gastric carcinoma (17, 30). In vitro, EBV can efficiently immor-
talize human B cells, and the resultant lymphoblastoid cell
lines express only a limited number of viral proteins (EBV
nuclear antigen 1 [EBNA-1], 2, 3A, 3B, 3C, and leader protein
[LP] and latent membrane protein 1 [LMP-1], 2A, and 2B) (17,
30), although the EBV genome encodes more than 80 (3).
Among the viral proteins expressed in lymphoblastoid cell
lines, we have been focusing on EBNA-LP. EBNA-LP consists
of a multirepeat domain (W1W2) and a unique C-terminal
domain (Y1Y2) (Fig. 1A) and is, therefore, expressed as a
protein ladder, possibly as the result of heterogeneous
polypeptides with different numbers of W1W2 repeats (7).
Studies with recombinant EBNA-LP mutants revealed that
EBNA-LP is not essential for EBV-induced B-cell immortal-
ization, but the mutant viruses showed much less efficiency in
the phenotype, indicating that EBNA-LP is a critical regulator
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of EBV-induced B-cell transformation (9, 21). Although the
actual role of EBNA-LP in EBV-induced B-cell immortaliza-
tion remains to be elucidated, several lines of evidence listed
below suggest biological functions of EBNA-LP.

(i) EBNA-LP is primarily known as a coactivator of
EBNA-2. It has been reported that EBNA-LP and EBNA-2
cooperatively stimulate the gene expression of cellular and
viral proteins such as cyclin D2 (33) and LMP-1 (10, 24).
Although the mechanism by which EBNA-LP functions as a
coactivator of EBNA-2 is largely unknown, recent studies in-
dicated that nuclear localization and/or nuclear matrix local-
ization of EBNA-LP is required for the function (28, 42).

(i) EBNA-LP interacts with various cellular proteins and
structures. EBNA-LP was shown to bind to p53 and pRb in in
vitro binding assays (37) and to be colocalized with an anti-
genically distinct form of pRb in a nuclear domain named
ND10 (12, 38). However, EBNA-LP doesn’t induce significant
changes in the transcriptional activity of either p53 or E2F, at
least not in transient-transfection assays (11). It was also re-
ported that EBNA-LP and the 70-kDa family of heat shock
proteins (hsp70s) are associated in vivo, colocalized in ND10,
and translocated to the nucleolus under conditions of cellular
stress, such as heat shock and high cell density (18, 22, 39).
Recently we have shown that EBNA-LP is localized in the
cytoplasm as well as the nucleus of EBV-infected cells and
interacts with a cellular cytoplasmic protein, HAX-1 (14).
HAX-1 has been suggested to be involved in B-cell signal
transduction and apoptosis (36). Although the biological sig-
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FIG. 1. (A) Schematic diagram of the sequence of the EBV genome and location of the EBNA-LP gene. Line 1, linear representation of the
EBYV genome. The unique sequences are represented as unique 1 to 5 (U1 to U5). The terminal and internal repeats flanking the unique sequences
are shown as open rectangles with their designations given above. Line 2, expanded section of the domain encoding the EBNA-LP gene. The exons
of EBNA-LP open reading frames are derived from the BamHI W and Y fragments. Line 3, the structures of the EBNA-LP transcript and coding
regions. (B) The predicted amino acid sequence of the EBNA-LP isoform containing one W repeat. The corresponding exon structures are
indicated above the sequence. The conserved regions (CR1 to CRS5) defined by Peng et al. (27) are indicated below the sequence. The conserved
serines or threonines are indicated by asterisks. The major phosphorylation site identified in this study is shown by an arrow.

nificance of the interaction between EBNA-LP and the cellular
proteins is unclear at present, these results suggest that
EBNA-LP is not only a coactivator of EBNA-2 but also a
multifunctional protein that modulates various components of
cellular machinery and that the functions of EBNA-LP in
EBV-induced B-cell immortalization result from the sum of
these interactions with viral and cellular proteins.
Phosphorylation of proteins by protein kinases is one of the
most important strategies employed by eukaryotic cells to reg-
ulate cellular functions, such as transcription, translation, and
protein degradation pathways (5, 41). Phosphorylation and
dephosphorylation affect cellular and viral proteins in many
ways, including their cellular localization, stability, interac-
tions, and DNA binding activity (5, 41). Like the other EBV
regulatory proteins, EBNA-LP is phosphorylated in EBV-in-
fected cells (29, 31). The pattern of EBNA-LP phosphorylation
is dependent on the cell cycle stage in that EBNA-LP is hy-
perphosphorylated in G,/M phase and hypophosphorylated in
G,/S phase (19). Two-dimensional gel electrophoretic analysis
revealed that EBNA-LP is phosphorylated at multiple sites,
and p34°?? and casein kinase II mediate the phosphorylation
of EBNA-LP in vitro (19). Taken together, these results sug-

gest that the functions of EBNA-LP are regulated by phos-
phorylation.

To demonstrate the significance of the phosphorylation of
EBNA-LP, we mapped and mutagenized a major phosphory-
lation site in EBNA-LP. Here we report that (i) serine 35 in the
W2 repeat domain is the major phosphorylation site in
EBNA-LP in vivo, (ii) the substitution of alanine for serine 35
abolished the cooperative induction of LMP-1 with EBNA-2 in
B cells, and (iii) the substitution of glutamic acid for serine 35,
which is considered to mimic constitutive phosphorylation
(20), restored the wild-type phenotype. These results strongly
support the hypothesis that the phosphorylation of EBNA-LP
is crucial to one of its functions in infected cells.

MATERIALS AND METHODS

Cells. BJAB is an EBV-negative B-cell line. BOSC23 cells are derived from
293T cells (25). BOSC23 and COS-7 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS). Akata
cells are derived from a sporadic Burkitt’s lymphoma (40). BJAB and Akata cells
were grown in RPMI medium supplemented with 10% FCS.

Plasmids. pEBVHis-EBNA-LP(F) was generated by cloning the EBNA-LP
c¢DNA (a generous gift from E. Kieff) tagged with a FLAG epitope sequence at
its C-terminal end into pEBVhis (Invitrogen) as described previously (42). De-
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pM-W2(H), pM-W1(H), and pM-Y1Y2(H) expressing the hemagglutinin (HA)-
tagged EBNA-LP domain fused to the GAL4 DNA binding domain and the
series of deletion mutants of pM-W2(H) shown in Fig. 4B and D, respectively,
were generated as described previously (42). pM-W2-S33A(H) and pM-W2-
S35A(H) were constructed using the GeneEditor in vitro site-directed mutagen-
esis system (Promega) with the oligonucleotidle CGGACAGCTCCTAAGAAG
GCACCGGGCGCCCAGTCCTACCAGAGGGGGCCAAG for pM-W2-S33A
(H) or GCTCCTAAGAAGGCACCGGTCGCCCGCTCCTACCAGAGGGG
GCCAAGAACCC for pM-W2-S35A(H) from a template of pM-W2(H) accord-
ing to the manufacturer’s instructions. To construct pME-EBNA-LPR1(F), a
PCR fragment encoding the entire coding sequence of EBNA-LP containing
only one W repeat was cloned into pBS-Flag-Stop [pBS-EBNA-LPR1(F)] (42),
and then the EcoRI-NotI fragment of pBS-EBNA-LPR1(F) was inserted into the
EcoRI and Notl sites of pME18S (a generous gift from K. Maruyama). pME-
EBNA-LPR3(F) was constructed by insertion of the Apal fragments of pZip-

FIG. 3. Photographic images of a silver-stained denaturing gel (left
panel) and an immunoblot (right panel) of electrophoretically sepa-
rated cell proteins bound to anti-FLAG monoclonal antibody (M2)-
conjugated agarose beads. BOSC23 cells were transiently transfected
with the empty vector (lanes 1 and 3) or pEBVHis-EBNA-LPR4(F)
(lanes 2 or 4), harvested, solubilized, and reacted with anti-FLAG
monoclonal antibody (M2)-conjugated agarose beads. The beads were
pelleted, rinsed extensively, and eluted with the FLAG peptide. The
eluted fractions were then electrophoretically separated in duplicate
on two denaturing gels. Each gel was subjected to silver staining (left
panel) or immunoblotting with anti-FLAG monoclonal antibody (M2)
(right panel). The band corresponding to EBNA-LP was cut out,
digested with trypsin, and subjected to mass-spectrometric analysis as
described in the text.



5122 YOKOYAMA ET AL. J. VIROL.

A
CR1 CR2 CR3
5 10 15 20 25 30 35 40
| | | | | | I |
w2 GPLGQLLRRHRSPiPTRGGQEPRRVRRRVLVQQEEEVVSGSPSG
S35
GAL4 DNA
B binding domain Phospholyration c
pM(H)
~ T
L Sy S S S
pM-W2-1-5aa(H) - I] ¥ §F 5
FEEFEEdE <
pM-W2-1-10aa(H) - PPl alioliollol X ¥y
SEFFSFS S48
[kDa}
pM-W2-1-20aa(H) - D N
pM-W2-1-25aa(H) - D * — e e e — e = —50
pM-W2-1-30aa(H) - I:I + -—37
pM-W2-1-35aa(H) - D + w_gs
——
pM-W2-1-40aa(H) - |:| * :
123 4 586 7 89101112 13 14 15 16 17 18 19 20 2122 23 24
wwees [T + | .
p blot:anti-HA autoradiography
pM-Y1Y2(H) -
E
D GAL4 DNA ~ =
binding domain Phospholyration £ £ é_\;; £ e é\ff
< T <
e §§§§55 é\é(??é’f:s
TSFFsss gfFgess
oM-W2(H) H E + §333333 3333333
i [kDa} - L
pM-W2-S33A(H) @ . - !w |
- E—
PM-W2-S35A(H) @ ———————_

+

pM-W2-6-44aa(H) u

pM-W2-11-44aa(H) | |

1 [ '
- —
PM-W2-16-44aa(H) D - 1 234656 7 8 9 10 111213 14

blotanti-HA autoradiography

FIG. 4. Identification of the major phosphorylation site in EBNA-LP. (A) The amino acid sequence of the W2 exon of EBNA-LP. The
numbering of amino acids (relative to the first codon of the W2 domain) is shown above the sequence. Conserved regions defined by Peng et al.
(27) are indicated as broken lines with their designation given above. The conserved serine that was found to be phosphorylated is indicated by
an arrow. (B) Schematic representation of various deletion mutants of HA-tagged EBNA-LP domains fused to the GAL4 DNA binding domain.
The levels of phosphorylation of the mutants are also shown. (C) BOSC23 cells were transiently transfected with the indicated expression vectors
described in panel B, labeled with [**P]orthophosphate for 4 h, and then harvested, solubilized, immunoprecipitated with anti-GAL4 DNA binding
domain monoclonal antibody (RK5C1), and electrophoretically separated in duplicate on two denaturing gels. Each gel was subjected to
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EBNA-LP (a generous gift from E. Kieff) into the Apal site of pME-EBNA-
LPRI(F). pME-EBNA-LPR3-SA(F) or pME-EBNA-LPR3-SE(F), expressing
mutant EBNA-LP in which serines 35, 101, and 167 (relative to the initiation
codon of EBNA-LP) were replaced with alanines or glutamic acids, respectively,
were constructed using the GeneEditor in vitro site-directed mutagenesis system
(Promega) with the oligonucleotide GCTCCTAAGAAGGCACCGGTCGCCC
GCTCCTACCAGAGGGGGCCAAGAACCC for the alanine substitution or
GCTCCTAAGAAGGCACCGG TCGCCCGAACCTACCAGAGGGGGCCA
AGAACCC for the glutamic acid substitution from the template of pME-
EBNA-LPR3 according to the manufacturer’s instructions. pcDNA4/HisMax-
EBNA-LPR3(F), pcDNA4/HisMax-EBNA-LPR3-SA(F) and pcDNA4/HisMax-
EBNA-LPR3-SE(F) were generated by cloning the EcoRI-Norl fragment of
PME-EBNA-LPR3(F), pME-EBNA-LPR3-SA(F), and pME-EBNA-LPR3-
SE(F), respectively, into the pcDNA4/HisMax C vector (Invitrogen). pME-
EBNA-2 was generated by inserting the EcoRI fragment of pSG-E2 (a generous
gift from S. Fujiwara) into the EcoRI site of the pME18S vector.

Transfections. COS-7 or BOSC23 cells were seeded one day before transfec-
tion, and 60 to 80% confluent cells were transfected with various expression
plasmids by calcium phosphate precipitation methods using the Profection mam-
malian transfection system (Promega). At 12 h posttransfection, the cells were
washed and placed in fresh DMEM growth medium. At 48 h after transfection,
the cells were harvested and used for further experiments. BJAB or Akata cells
growing in log phase were washed twice with RPMI supplemented with 10%
FCS. Then, 107 cells were suspended in 0.5 ml of RPMI containing 10% FCS
medium and mixed with 25 wg of plasmid DNA. Cells were electroporated at
0.25 kV (BJAB cells) or 0.27 kV (Akata cells) and 960 wF and then suspended
in 10 ml of RPMI containing 10% FCS and cultured at 37°C in a humidified 5%
CO, atmosphere. Transfected BJAB cells were selected in the presence of
hygromycin B (500 pg/ml) for 2 weeks to generate stable transformants express-
ing EBNA-LP and its mutants. Transfected Akata cells were harvested at 48 h
posttransfection by pelleting them down, washed with phosphate-buffered saline
(PBS), lysed with sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis sample buffer (62.5 mM Tris-HCI [pH 6.8], 2% SDS, 0.7 M beta-
mercaptoethanol) at a concentration of 5 X 107 cells per ml, and subjected to
electrophoresis on polyacrylamide gels containing SDS.

Metabolic labeling and immunoprecipitation. At 48 h posttransfection,
BOSC23 cells were washed with phosphate-free DMEM twice and cultured in
phosphate-free DMEM supplemented with dialyzed 10% FCS for 1 h. Cells were
then labeled with [3?PJorthophosphate (Phosphorus32; Amersham Pharmacia
Biotech) at a final concentration of 50 wCi/ml for 4 h. The labeled cells were
washed with phosphate-buffered saline (PBS) once and lysed in lysis buffer (20
mM sodium phosphate [pH 7.0], 250 mM NaCl, 30 mM sodium pyrophosphate,
0.1% Nonidet P-40, 5 mM EDTA, 10 mM NaF, 0.1 mM Na;VO,, protease
inhibitor cocktail [complete EDTA-free; Roche] [one tablet/50 ml], and 1 mM
AEBSF [4-2-aminoethyl benzene sulfonyl fluoride; Boehringer Mannheim]). Im-
munoprecipitations were done as described previously (16). Briefly, supernatant
fluids obtained after centrifugation of the lysates at 40,000 rpm for 30 min were
reacted with the appropriate antibody for 1 h on ice. Protein G-Sepharose beads
(Pharmacia) were then added and allowed to react for an additional 2 h at 4°C
with rotation. The beads were washed five times with 1 ml of the lysis buffer and
subjected to electrophoresis on denaturing gels.

Affinity purification and mass spectrometry of EBNA-LP. Lysates of the
BOSC23 cells that transiently express EBNA-LP were prepared as described
above. To a 1/100 volume of the lysate, agarose beads coupled with anti-FLAG
antibody (FLAG M2; Sigma) were added and allowed to react for 4 h at 4°C with
rotation. The beads were washed five times with 1 ml of the lysis buffer, and the
bounded proteins were eluted by addition of 10 volumes against a bed volume of
0.2 mg of FLAG peptide/ml in lysis buffer for 1 h at 4°C with rotation. The eluted
aliquot was concentrated by centrifugation on a nanocep (PALL) column, mixed
with 2X SDS-polyacrylamide gel electrophoresis sample buffer, and electro-
phoretically separated in a denaturing gel. The gel was then stained with Coo-
massie brilliant blue, and the band corresponding to EBNA-LP was cut out,
transferred to a new tube, incubated with 10 pg of trypsin/ml in 0.1 M N-
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ethylmorpholine acetate, pH 8.0, overnight, and analyzed by a mass spectrome-
ter, MALDI-TOF MS (TOF Spec2E; Micromass).

Phosphatase treatment. The immunoprecipitates prepared as described above
were washed twice and resuspended in NEB 2 buffer containing 1 mM AEBSF.
The suspension was incubated with 50 U of calf intestinal alkaline phosphatase
(New England Biolabs) at 37°C for 1 h. Then the immunoprecipitates were
subjected to electrophoresis on a denaturing gel.

Immunoblotting. The electrophoretically separated proteins transferred to
nitrocellulose sheets were reacted with the appropriate antibodies as described
elsewhere (15). Briefly, the nitrocellulose sheets were blocked with 5% skim milk
in PBS containing 0.1% Tween 20 for 1 h or overnight, rinsed twice, washed once
for 15 min and twice for 5 min, and reacted for 2 h with primary antibodies. The
blots were then washed as before, reacted for 1 h with peroxidase-conjugated
goat anti-mouse immunoglobulin G (IgG) (Santa Cruz Biotechnology), rinsed
twice, washed once for 15 min and four times for 5 min each time in PBS
containing 0.1% Tween 20 and developed using the ECL chemiluminesence
reagent (Amersham-Pharmacia).

Indirect immunofluorescence. Cells on coverslips were washed with PBS, fixed
in 4% formaldehyde in PBS, and permeabilized with 0.25% Triton X-100 in PBS.
The fixed cells were blocked for 1 h at 37°C in PBS containing 10% FCS, reacted
for 1.5 h at 37°C with the appropriate primary antibody, rinsed three times with
PBS, reacted for 1 h at 37°C with the appropriate secondary antibody, rinsed
three times with PBS, and mounted in PBS containing 90% glycerol. Goat
anti-mouse and anti-rabbit IgG conjugated to fluorescein isothiocyanate was
used as a secondary antibody. For 4',6'-diamidino-2-phenylindole (DAPI) stain-
ing, the fixed cells were reacted in 2 ug of DAPI/ml in PBS for 3 min at room
temperature and then washed four times with PBS and mounted in PBS con-
taining 90% glycerol. The coverslips were examined in a Nikon fluorescence
microscope.

Cellular fractionation. Nuclear and cytoplasmic fractions were obtained as
described previously (13, 42). Briefly, BOSC23 cells transiently transfected with
various EBNA-LP expression plasmids were harvested, washed with PBS, and
resuspended in buffer A (10 mM HEPES [pH 7.4], 1.5 mM MgCl,, 10 mM NaCl,
and 1 mM AEBSF [Boehringer Mannheim]). The cells were then lysed by
addition of Nonidet P-40 to 0.1%, and the nuclei were pelleted by centrifugation
at top speed in a microcentrifuge. The supernatant (cytoplasmic fraction) was
transferred to a new tube. The pellet was washed twice with buffer A, resus-
pended with CSK buffer [10 mM piperazine-N,N’-bis(2-ethanesulfonic acid)
(PIPES) (pH 6.8), 300 mM sucrose, 100 mM NaCl, 3 mM MgCl,, 1 mM EGTA,
0.5% Triton X-100, 2 mM VRC (vanadyl riboside complex) (5 Prime-3 Prime),
and 1 mM AEBSF (Boehringer Mannheim)], and subjected to nuclear matrix
fractionation. Subnuclear fractionation was performed as described elsewhere (6,
34, 42) by sequential extraction with CSK buffer and extraction buffer (10 mM
PIPES [pH 6.8], 250 mM ammonium sulfate, 300 mM sucrose, 3 mM MgCl,, 1
mM EGTA, 2 mM VRC, and 1 mM AEBSF) each for 4 min at 4°C, and then the
fractions were incubated with digestion buffer (10 mM PIPES [pH 6.8], 300 mM
sucrose, 50 mM NaCl, 3 mM MgCl,, 1 mM EGTA, 0.5% Triton X-100, 2 mM
VRC, 1 mM AEBSF, and 300 U of RNase-free DNase I [Roche]/ml) for 50 min at
32°C. Nucleoplasm, histone H1, and chromatin fractions were soluble materials
obtained after extraction with the CSK, extraction, and digestion buffers, respec-
tively. The residual insoluble fractions after extraction with digestion buffer were
used as the nuclear matrix fractions. The integrity of this procedure was de-
scribed in our previous paper (42).

Antibodies. Anti-FLAG mouse monoclonal antibody (M2; Sigma), anti-HA
rat monoclonal antibody (3F10; Boehringer Mannheim), antipolyhistidine rabbit
polyclonal antibody (H15; Santa Cruz Biotechnology), anti-GAL4 DNA binding
domain mouse monoclonal antibody (RK5CI; Santa Cruz Biotechnology), anti-
EBNA2 mouse monoclonal antibody (PE2; DACO), and anti-EBNA-LP mouse
monoclonal antibody (JF186; a generous gift from G. Klein) were used as the
primary antibodies for immunoblotting or immunofluorescence assays.

immunoblotting with anti-HA monoclonal antibody (3F10) (lanes 1 to 12) or autoradiography (lanes 13 to 24). (D) Schematic representation of
various deletion or substitution mutants of the HA-tagged W2 domain fused to the GAL4 DNA binding domain. The levels of phosphorylation
of the mutants are also shown. (E) Autoradiographic and photographic images of **P-radiolabeled transfected BOSC23 cell lysates that were
immunoprecipitated with anti-GAL4 DNA binding domain monoclonal antibody (RK5C1) and subjected to immunoblotting with anti-HA
monoclonal antibody (3F10) (lanes 1 to 7) or autoradiography (lanes 8 to 14). Experiments were done exactly as described in the legend to panel
C, except that BOSC23 cells were transfected with the indicated expression vectors described in panel D.
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FIG. 5. (A) Schematic representation of FLAG epitope-tagged
wild-type EBNA-LP and EBNA-LP mutants with serine-alanine and
serine-glutamic acid substitutions at the identified phosphorylation
site. (B) Photographic images of immunoblots of electrophoretically
separated lysates of BOSC23 cells transiently transfected with the
empty vector and the expression vectors shown in panel A, harvested,
solubilized, electrophoretically separated in denaturing gels, and sub-
jected to immunoblotting with anti-His polyclonal antibody (H15) (left
panel) or anti-FLAG monoclonal antibody (M2) (right panel). Molec-
ular weights, given in thousands, are shown on the right. (C) Autora-
diogram (left panel) and photograph of an immunoblot (right panel) of
32P-labeled proteins immunoprecipitated with anti-FLAG monoclonal
antibody from lysates of BOSC23 cells transiently transfected with the
indicated expression vectors. Experiments were done exactly as de-
scribed in the legend to Fig. 4C, except that BOSC23 cells were trans-
fected with the indicated expression vectors and the cell lysates were
immunoprecipitated with anti-FLAG monoclonal antibody (M2). Mo-
lecular weights, given in thousands, are shown on the right. (D) Pho-
tographic image of an immunoblot of proteins immunoprecipitated
with the anti-FLAG monoclonal antibody (M2) from lysates of trans-
fected BOSC23 cells, treated with alkaline phosphatase as described in
Materials and Methods, electrophoretically separated in a denaturing
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RESULTS

EBNA-LP is phosphorylated in BJAB cells. The objectives
of the first set of experiments were to confirm that EBNA-LP
stably expressed in B cells is in fact phosphorylated in vivo and
to map the site(s) of phosphorylation. To this end, an expres-
sion vector of EBNA-LP [pEBVHis-EBNA-LPR4(F)] and a
series of deletion mutants of the EBNA-LP Y domain [pEB
VHis-EBNA-LPR4(F)d1, pEBVHis-EBNA-LPR4(F)d2, and
pEBVHis-EBNA-LPR4(F)d3] were constructed as shown in
Fig. 2A. BJAB cells were transfected with each expression
plasmid and selected in the presence of hygromycin B for two
weeks. The cells stably expressing EBNA-LPs tagged with both
FLAG and polyhistidines were labeled with [**PJorthophos-
phate, and EBNA-LP immunoprecipitates obtained with anti-
FLAG antibody (M2) or antipolyhistidine antibody (D-8) from
the labeled cell lysate prepared as described in Materials and
Methods were then solubilized, electrophoretically separated
on denaturing gels, and subjected to autoradiography.

The results were that wild-type EBNA-LP was labeled with
32P in BJAB cells, and all deletion mutants of the EBNA-LP Y
domain were labeled with *?P as efficiently as the wild type.
These results indicate that (i) stably expressed EBNA-LP is in
fact phosphorylated in B cells, (ii) the phosphorylation doesn’t
require the expression of any viral genes other than that for
EBNA-1, and (iii) the Y domain of EBNA-LP is dispensable
for EBNA-LP phosphorylation.

Identification of the major phosphorylation site of EBNA-
LP. Next, we attempted to identify the phosphorylation site of
EBNA-LP by mass spectrometry (MS). For purification of
EBNA-LP, BOSC23 cells were transfected with pEBVHis-
EBNA-LP(F), harvested, and lysed at 48 h posttransfection.
Transiently expressed EBNA-LP was then affinity purified us-
ing the agarose beads coupled with anti-FLAG antibody (M2),
eluted by FLAG peptide, separated in duplicate on denaturing
gels, and subjected to silver staining or immunoblotting with
anti-FLAG antibody (M2) (Fig. 3). Then the band correspond-
ing to EBNA-LP was excised and subjected to mass-spectro-
metric analysis. Although various sizes of peptide fragments
that covered with almost entire amino acid sequence of
EBNA-LP were successfully identified with MS, the peptide
fragment between amino acid codons 33 and 44 (SPSPTRGG
QEPR) couldn’t be detected in the expected mass size. In
contrast, the signal of the phosphorylated form of the peptide
fragment could be detected. The data suggested that the frag-
ment of EBNA-LP between amino acid codons 33 and 44
(SPSPTRGGQEPR) is phosphorylated.

To confirm that EBNA-LP is phosphorylated in the region
between codons 33 and 44 (relative to the initiation codon of
EBNA-LP), we constructed a series of deletion mutants of
HA-tagged EBNA-LP fused to the GAL4 DNA binding do-
main (Fig. 4B and D) and tested whether these mutants tran-
siently expressed in BOSC23 cells were phosphorylated. Be-

gel, transferred to a nitrocellulose sheet, and reacted with anti-His
polyclonal antibody (H15). BOSC23 cells were transfected with the
indicated expression vectors, harvested, and subjected to immunoblot-
ting with anti-HIS polyclonal antibody (H15). A molecular weight
marker, given in thousands, is shown on the right.
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FIG. 6. Subcellular localization of EBNA-LP mutants. (A) COS-7 cells were transiently transfected with the expression vectors described in Fig.
4A and subjected to an indirect immunofluorescence assay as described in Materials and Methods. The expressions of EBNA-LPs were visualized
with anti-FLAG monoclonal antibody (M2) and fluorescein isothiocyanate conjugated anti-mouse IgG antibody (a to ¢). DNA was visualized with
DAPI (d to f). (B) BOSC23 cells were transiently transfected with pME-EBNA-LPR3(F) (upper panel), pME-EBNA-LPR3SA(F) (middle panel),
and pME-EBNA-LPR3SE(F) (lower panel) and fractionated as described in Materials and Methods. Each fraction (lane 1, whole extract; lane 2,
cytoplasmic fraction; lane 3, nucleoplasmic fraction; lane 4, H1 fraction; lane 5, chromatin fraction; lane 6, nuclear matrix fraction) was solubilized,
separated in denaturing gels, and subjected to immunoblotting with anti-FLAG monoclonal antibody (M2).

cause molecules with only one W repeat domain were difficult
to express, presumedly due to instability, we expressed the
EBNA-LP mutant fused to the GAL4 DNA binding domain in
order to make sure of its nuclear localization (32) and increase
the stability of the protein, as reported previously (42).
BOSC23 cells were transfected with each mutant and labeled
with [>?PJorthophosphate. Immunoprecipitates obtained with
the anti-GAL4 DNA binding domain (RK5C1) from the la-
beled cell lysates as described in Materials and Methods were
then solubilized, electrophoretically separated in duplicate on
denaturing gels, and subjected to immunoblotting with an-
ti-HA antibody (3F10) or autoradiography (Fig. 4C and D).
The results were as follows.

(i) Among the EBNA-LP mutants containing W1, W2, and
Y1Y2 domains, only the mutant containing the W2 domain
was labeled (Fig. 4C, lanes 10 to 12 and 22 to 24). We should
point out that the mutant containing the Y1Y2 domain was not
expressed as efficiently as those containing the W1 or W2
domain. It therefore remains unknown whether the Y1Y2 do-
main is phosphorylated. These results indicated that the W2
domain contains the phosphorylation site(s).

(ii) With the aid of 3’ (Fig. 4C, lanes 1 to 10 and 13 to 22)
and 5’ (Fig. 4E, lanes 5 to 7 and 12 to 14) sequential deletion
mutants of the W2 domain, the region of the domain to be
phosphorylated was mapped to amino acids RSPSP between
residues 11 and 15 (relative to the first codon of the W2
domain), which corresponds to positions 32 to 36 (relative to
the initiation codon of EBNA-LP) (Fig. 1B and 4A). These
results were consistent with those obtained by MS analysis.

(iii) In the mapped region, there are two potential phosphor-
ylation sites, serines 33 and 35 (relative to the initiation codon
of EBNA-LP). We therefore mutagenized the GAL4-W2 con-
struct by replacing each serine in the region with alanine as
described in Materials and Methods and tested whether these

mutants are phosphorylated. Here we refer to the gene prod-
ucts of pM-W2(H), pM-W2-S33A(H), and pM-W2-S35A(H)
as GAL4-W2, GAL4-W2-S33A, and GAL4-W2-S35A, respec-
tively. The results were that the GAL4-W2-S33A mutant was
phosphorylated as efficiently as GAL4-W2 (Fig. 4E, lanes 3
and 10); while the level of phosphorylation of GAL4-W2-S35A
was severely reduced (Fig. 4E, lanes 4 and 11).

We concluded from these results that serine 35 is the major
phosphorylation site of EBNA-LP in vivo. We should note that
a weak signal of phosphorylation in autoradiography of the
GAL4-W2-S35A mutant was detected (Fig. 4E, lanes 11 and
14), suggesting that some other phosphorylation site(s) exists
within the W2 domain.

Construction of EBNA-LP mutants containing multiple W
repeat domains in which the mapped phosphorylation site in
each W2 domain has a substitution of alanine or glutamic
acid. Nitsche et al. reported that more than two copies of the
W repeat are required for EBNA-LP to express one of its
biological phenotypes, the up-regulation of LMP1 with
EBNA-2 (24). To investigate the importance of phosphoryla-
tion of EBNA-LP for its function, we mutagenized EBNA-LP
cDNA containing three repeats of the W domain in the ex-
pression vector [pcDNA4/HisMax-EBNA-LPR3(F)] by intro-
ducing an alanine [pcDNA4/HisMax-EBNA-LPR3SA(F)] or
glutamic acid [pcDNA4/HisMax-EBNA-LPR3SE(F)] at the
phosphorylation site in each W repeat domain (Fig. 5A).
We refer to the gene products of pcDNA4/HisMax-EBNA-
LPR3(F), pcDNA4/HisMax-EBNA-LPR3SA(F), and pcDNA4/
HisMax-EBNA-LPR3SE(F) as EBNA-LPR3, EBNA-LPR3SA,
and EBNA-LPR3SE, respectively. The results were as follows.

(i) Immunoblot analysis of BOSC23 cells transfected with
each expression vector showed that the wild-type and mutant
EBNA-LPs were expressed at similar levels, while the EBNA-
LPR3SA mutant migrated faster than EBNA-LPR3 and
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FIG. 7. Photographic images of immunoblots of electrophoretically
separated Akata cells transiently transfected with various EBNA-LP
expression vectors in combination with pME18S (V) (lanes 1 to 4) or
PME-EBNA-2 (EBNA-2) (lanes 5 to 8). At 48 h posttransfection, cells
were harvested, solubilized, and subjected to immunoblotting with
anti-LMP1 monoclonal antibody (S-12) (upper panel), anti-EBNA-LP
monoclonal antibody (JF186) (middle panel), or anti-EBNA-2 mono-
clonal antibody (PE2) (lower panel).

EBNA-LPR3SE (Fig. 5B), presumably due to a different state
of phosphorylation.

(ii) As predicted, the mutant EBNA-LPs were labeled in
vivo with [*?Plorthophosphate much less efficiently than the
wild-type EBNA-LP (Fig. 5C). Consistent with the results
shown in Fig. 4E, the mutant EBNA-LPs were slightly labeled.
Furthermore, phosphatase treatment of EBNA-LPR3, EBNA-
LPR3SA, and EBNA-LPR3SE affected the electrophoretic
mobility (Fig. 5D), supporting the possibility that another
phosphorylation site exists in EBNA-LP.

EBNA-LPR3SA and EBNA-LPR3SE mutants show the
same pattern of subcellular localization as the wild-type
EBNA-LP. It has been reported that EBNA-LP containing
more than one copy of the W1W2 repeat is localized predom-
inantly in the nucleus (14, 28, 29) and is associated with the
nuclear matrix (29, 42). To examine whether phosphorylation
of EBNA-LP affects the subcellular localization of the protein,
we examined the localization of EBNA-LPR3, EBNA-
LPR3SA, and EBNA-LPR3SE by immunofluorescence assay
and cell fractionation analysis using BOSC23 cells transfected
with each expression vector. As shown in Fig. 6, there was no
difference in the patterns of localization among the wild-type
and mutant EBNA-LPs.

Phosphorylation of EBNA-LP is critical for its cooperative
induction of LMP-1 with EBNA-2 in B cells. As described
above, EBNA-LP functions as a coactivator for EBNA-2 and
induces the expression of LMP-1 in B cells (10, 24). To exam-
ine whether the phosphorylation of EBNA-LP is required for
its coactivator function, Akata cells were transfected with the
EBNA-LPR3, EBNA-LPR3SA, or EBNA-LPR3SE expression
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vector along with the EBNA-2 expression vector, harvested at
48 h posttransfection, solubilized, electrophoretically sepa-
rated in a denaturing gel, and subjected to immunoblotting
with anti-LMP-1 monoclonal antibody (S-12), anti-EBNA-LP
monoclonal antibody (JF186), and anti-EBNA-2 monoclonal
antibody (PE2).

As reported previously (24), the expression of LMP-1 was
markedly induced in Akata cells when both the wild-type
EBNA-LP and EBNA-2 were coexpressed (Fig. 7, lane 6). In
contrast, EBNA-LPR3SA only weakly induced the expression
of LMP-1 in combination with EBNA-2 in Akata cells, the
extent of the induction being much less than that with the
wild-type EBNA-LP and EBNA-2 (Fig. 7, lane 7). Further-
more, the wild-type phenotype was restored when the EBNA-
LPR3SE mutant and EBNA-2 were coexpressed (Fig. 7, lane
8). It is well established that substitution of an amino acid for
glutamic acid mimics constitutive phosphorylation (20). The
expression of EBNA-LP and of EBNA-2 was constant (Fig. 7,
middle panel and lower panel).

These results indicate that phosphorylation of EBNA-LP at
serines 35, 107, and 167 is crucial for its transactivation of
LMP-1 expression with EBNA-2 in B cells and that this activity
of EBNA-LP is regulated by phosphorylation.

DISCUSSION

Phosphorylation of proteins by protein kinase is a major
strategy employed by eukaryotic cells to regulate various cel-
lular functions (5, 41). Viruses adapt to the cellular environ-
ment and use a similar strategy to regulate the replicative
process. The key finding reported here is that the coactivator
function of EBNA-LP, an important regulator for EBV-in-
duced B-cell immortalization, is regulated by phosphorylation
by cellular protein kinase(s) in EBV-infected B cells. The sa-
lient features of our results are as follows.

(i) Peptide mapping of the purified EBNA-LP by MS and
mutational analyses identified the serine codon at position 35
in the W2 repeat domain as the major site of phosphorylation
of EBNA-LP by cellular kinase(s). These results are consistent
with the published observation that EBNA-LP is phosphory-
lated on serine residues only (19). Furthermore, this phosphor-
ylation site is well conserved among a subset of primate gam-
maherpesviruses, suggesting that the phosphorylation at serine
35 has a significant role in EBNA-LP function.

(ii) Substitution at the major phosphorylation site in each
W2 repeat domain with alanine resulted in a substantial di-
minishment of the ability to transactivate with EBNA-2 the
expression of LMP-1 in EBV-infected B cells. Similar results
were reported quite recently by Peng et al., who intended to
focus on the serine 35 residue because it is evolutionarily
conserved (27). Substitution at the major phosphorylation sites
with glutamic acids, which is known to mimic constitutive phos-
phorylation, restored the wild-type phenotype, further sup-
porting our conclusion that phosphorylation at serine 35 in the
W2 repeat domain is critical for the cooperative function with
EBNA-2. These results also eliminate the slim possibility that
replacement of the serine residues with other amino acids led
by chance to a significant conformational change of the protein
and that the reduced cooperative activity is due to a structural
change of the protein.
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In summary, these results support our conclusion that phos-
phorylation of EBNA-LP is critical for one of its functions. The
relevant issues are as follows.

(i) Further elucidation of the biological significance of the
phosphorylation of EBNA-LP at the conserved serine in each
W2 repeat domain requires identification of the cellular pro-
tein kinase(s) responsible for the phosphorylation. Kitay and
Rowe reported that EBNA-LP is phosphorylated in vitro by
cdc-2 kinase and casein kinase II (19, 26). A consensus phos-
phorylation site for cdec-2 kinase ([S/T]PX[KR]) completely
matches the flanking region of the identified phosphorylation
site (SPTR) (23). Furthermore, the major phosphorylation re-
gion of EBNA-LP also fills the requirement of the consensus
phosphorylation site of calmodulin-dependent kinase II,
cGMP-dependent kinase, and protein kinase C (26). It should
also be noted that EBV encodes a serine-threonine protein
kinase (4; K. Kato, K. Hirai, and Y. Kawaguchi, unpublished
observation). Further study to investigate whether these pro-
tein kinases are in fact involved in the phosphorylation of
EBNA-LP in infected cells is needed and is currently under
way in this laboratory.

(i) The EBNA-LPR3SA mutant was weakly labeled with
[**P]orthophosphate in vivo (Fig. 5C). This result indicates
that EBNA-LP has additional phosphorylation site(s). Consis-
tently, Petti et al. and Kitay and Rowe predicted a potential
phosphorylation site in the Y domain of EBNA-LP. We also
provided evidence that there is an additional phosphorylation
site(s) in the W2 domain, based on the observation that the
GALA-W2SA mutant is weakly labeled with [**PJorthophos-
phate in vivo. It is conceivable that the function of EBNA-LP
is regulated by multiple phosphorylation events involving cel-
lular kinases. Furthermore, we should note that the signal of
EBNA-LPR3SE(F) is much stronger than that of EBNA-
LPR3SA(F) (Fig. 5C, lane 8). These results raised the possi-
bility that the residual phosphorylation of EBNA-LP is cou-
pled with that at serine 35.

(iii) The functions of various coactivators are known to be
regulated by phosphorylation. For instance, CBP interacts with
various sequence-specific transcription factors and stimulates
their transcription by acetylating histones in the vicinity of the
recognition sequences (8, 35). It has been reported that CBP is
phosphorylated by cell cycle-dependent kinases and p44 mito-
gen-activated protein kinase/ERK1 and that the phosphoryla-
tion stimulates the histone acetyl transferase activity of CBP in
vitro (1, 2). BOB.1/OBF.1 is also a transcriptional coactivator
which interacts with the Octl and Oct2 transcription factors.
BOB.1/OBF.1 is phosphorylated at serine 184 in vivo, and this
modification is required for its coactivator function (43). Thus
phosphorylation of coactivators is frequently employed to reg-
ulate their activities. These results further support our conclu-
sion that phosphorylation of EBNA-LP by cellular kinase(s) is
important to expression of the functional activity of the pro-
tein.
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