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Self-association of viral proteins is important for many of their functions, including enzymatic, transcrip-
tional, and transformational activities. Epstein-Barr virus (EBV) nuclear antigen leader protein (EBNA-LP)
contains various numbers of W1W2 repeats and a unique carboxyl-terminal Y1Y2 domain. It was reported that
EBNA-LP associates with a variety of cellular proteins and plays a critical role in EBV-induced transformation.
We report here that EBNA-LP self-associates in vivo and the domain responsible for the homotypic association
is a multifunctional domain mediating nuclear localization, nuclear matrix association, and EBNA-2-depen-
dent coactivator function of the protein. Our conclusions are based on the following observations. (i) EBNA-LP
interacts with itself or its derivatives in the yeast two-hybrid system. (ii) A purified chimeric protein consisting
of glutathione S-transferase fused to EBNA-LP specifically formed complexes with EBNA-LP transiently
expressed in COS-7 cells. (iii) When Flag epitope-tagged EBNA-LP with either one or two W1W2 repeats and
EBNA-LP containing four W1W2 repeats were coexpressed in COS-7 cells, the latter was specifically coim-
munoprecipitated with the former. (iv) Mutational analyses of EBNA-LP with deletion mutants revealed that
the region between codons 19 and 39 (relative to the first amino acid residue of the W2 domain) is essential
for self-association of the protein. The mapped region almost completely overlaps with CR2 and CR3, regions
conserved among a subset of primate �-herpesviruses and critical for EBNA-2-dependent coactivator function.
Amino acid substitutions in CR2 alone abolished the ability of the protein to self-interact. This laboratory
previously reported that CR2 is also responsible for nuclear localization and nuclear matrix association (A.
Yokoyama, Y. Kawaguchi, I. Kitabayashi, M. Ohki, and K. Hirai, Virology 279:401–413, 2001). (v) Sucrose
gradient sedimentation showed that amino acid substitutions in CR2 reduced the ability of the protein to form
protein complexes in B cells. These results suggest that self-association of EBNA-LP may be important for its
various functions and interactions of the protein with multiple cellular proteins.

Epstein-Barr virus (EBV) is a ubiquitous human pathogen
closely associated with infectious mononucleosis and a variety
of neoplastic diseases, including Burkitt’s lymphoma, nasopha-
ryngeal carcinoma, various other lymphomas, Hodgkin’s dis-
ease, and gastric carcinoma (24, 35). In vitro, EBV infection
induces a very long-term proliferation of resting human B cells
(24, 35). In the resulting lymphoblastoid cell lines, the EBV
genome is maintained as an episomal form, and only a limited
number of viral proteins (EBNA-1, EBNA-2, EBNA-3A,
EBNA-3B, EBNA-3C, EBNA leader protein [EBNA-LP],
LMP1, LMP2A, and LMP2B) are expressed (24, 35). Among
these latency-associated EBV proteins, EBNA-1, EBNA-2,
EBNA-3A, EBNA-3C, EBNA-LP, and LMP1 are critical for
EBV-induced B-cell immortalization, while EBNA-3B,
LMP2A, and LMP2B are not (4, 10, 22, 27, 29, 43).

EBNA-LP, the subject of this report, is the first viral gene
product to be expressed together with EBNA-2 during EBV-
induced B-cell immortalization (1). EBNA-LP consists of a
multirepeat domain (W1W2) and a unique carboxyl-terminal

domain (Y1Y2) (Fig. 1A) and is therefore detected as a pro-
tein ladder in immunoblot analyses, possibly as the result of
heterologous polypeptides with different numbers of W1W2
repeats (6). EBNA-LP is considered critical for EBV-induced
B-cell immortalization, based on the observation that recom-
binant EBNA-LP mutants showed severely impaired trans-
forming activity (2, 10, 27). Relevant background information
that may account for the mechanisms by which EBNA-LP acts
in EBV-induced B-cell immortalization is as follows.

(i) EBNA-LP is known primarily as a transcriptional coac-
tivator of EBNA-2. It has been reported that EBNA-LP and
EBNA-2 cooperatively stimulate expression of cyclin D2 in
resting B cells and the progression of these cells from G0 to G1

in the cell cycle (36). It has also been shown that EBNA-LP
cooperates with EBNA-2 in up-regulating the expression of the
essential viral transforming gene product LMP1 in B cells
(12, 31). Recent studies have identified functional domains
of EBNA-LP required for transcriptional cooperation with
EBNA-2 (33, 51, 52). EBNA-LP has five conserved regions
(CR1 to CR5) among related primate �-herpesviruses (32).
This laboratory has demonstrated that the conserved region
called CR2 is responsible not only for nuclear localization but
also for nuclear matrix association of the protein and that
nuclear and/or nuclear matrix localization is critical to
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EBNA-LP’s ability to induce LMP1 in concert with EBNA-2 in
B cells (52). Phosphorylation by cellular kinase(s) is also im-
portant for the function of EBNA-LP (34, 51). Mapped major
sites of EBNA-LP phosphorylation by cellular kinase(s) have
been mapped to serine 35 in the W2 repeat region, and it has
been shown that replacement of the major phosphorylation
sites in each W2 repeat with alanines abolished the cooperative
induction of LMP1 with EBNA-2 in B cells, while replacement
of the identified sites with glutamic acids restored the wild-type
phenotype (51). The requirement of CR2 and serine 35 for the
functions of EBNA-LP was also reported by Peng et al. (33).

(ii) EBNA-LP interacts with numerous cellular proteins.
EBNA-LP is localized in both the nucleus and the cytoplasm in
EBV-infected cells (19). So far it has been reported that
EBNA-LP binds to p53 and pRb in vitro (39) and associates
with the 70-kDa family of heat shock proteins (Hsp70s), HS1-
associated protein X-1 (HAX-1), the DNA-dependent protein
kinase catalytic subunit, HA95, �- and �-tubulin, and Hsp27 at
the cellular level (11, 19, 25, 28). In lymphoblastoid cell lines,

EBNA-LP is localized in nuclear structures called ND10 and
translocated to the nucleolus together with Hsp70s under con-
ditions of cellular stress, including heat shock and high cell
density (40, 41). Although the functional consequence of the
interactions remains largely unknown at present, these results
suggest that EBNA-LP is not only a coactivator of EBNA-2 but
also a multifunctional protein that interacts with and modu-
lates various components of cellular machinery during EBV-
induced transformation.

Self-association of viral proteins often plays significant roles
in their functions, such as enzymatic, transcriptional, and trans-
formational activities (16, 23, 26, 37, 47). For example, EBV
EBNA-2 and ICP0 of herpes simplex virus, a regulatory pro-
tein for gene expression, both of which interact with multiple
cellular proteins (5, 8, 9, 14, 15, 17, 20, 21, 44–46, 48–50),
self-associate, and the domain of the homotypic-association is
critical to their functions, possibly because it facilitates their
interaction with multiple cellular targets simultaneously (3, 7,
13, 30, 47). As described above, EBNA-LP also interacts with

FIG. 1. Homomeric interaction between molecules of EBNA-LP in the yeast two-hybrid system. (A) Schematic diagram of the sequence of the
EBV genome and location of the EBNA-LP gene. The top line is a linear representation of the EBV genome. The unique sequences are designated
U1 to U5. The terminal and internal repeats flanking the unique sequences are shown as open rectangles with their designations given above. The
middle line shows an expanded section of the domain encoding the EBNA-LP gene. The exons of EBNA-LP open reading frames are derived from
BamHI W and Y fragments. The bottom line shows the structures of the EBNA-LP transcript and coding regions. (B) EBNA-LP constructs used
in the yeast two-hybrid system (left) and �-galactosidase activity detected for respective constructs in the yeast two-hybrid system (right).
�-Galactosidase activity was determined by liquid assay procedures as described in Materials and Methods. The values are the means and standard
deviations for three independent experiments.
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multiple cellular proteins, raising the possibility that EBNA-LP
self-associates and homodimerization of the protein is impor-
tant for its function. In this report we show that EBNA-LP
self-associates through CR2, which has been shown to be crit-
ical for nuclear localization, nuclear matrix association, and the
coactivator function of the protein.

MATERIALS AND METHODS

Cells. An African green monkey kidney epithelial cell line, COS-7, was grown
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.
An EBV-negative B-lymphoma cell line, BJAB, was grown in RPMI 1640 me-
dium supplemented with 10% fetal calf serum.

Plasmids. To construct pAS-EBNA-LPR1 and pAS-EBNA-LPR4, EcoRI and
PstI fragments of pGBT9-EBNA-LPR1 and pGBT9-EBNA-LPR4 (19), respec-
tively, were cloned into EcoRI and PstI sites of pAS2-1 (Clontech, Palo Alto,
Calif.) in frame with the DNA-binding domain of GAL4. pACT-EBNA-LPR1
and pACT-EBNA-LPR4 were generated by cloning PstI-NcoI fragments of pAS-
EBNA-LPR1 and pAS-EBNA-LPR4 (PstI sites were blunt ended), respectively,
into NcoI and EcoRI sites of pACT2 (EcoRI sites were blunt ended) (Clontech)
in frame with the activation domain of GAL4. Plasmids encoding the DNA-
binding domain of GAL4 fused to various fragments of EBNA-LP (pAS-EBNA-
LP�Y2, pAS-EBNA-LP�Y1Y2, pAS-EBNA-LPW0, pAS-EBNA-LPW2,
pAS-EBNA-LP�W0W2, pAS-EBNA-LPY2, pAS-EBNA-LPW2�1, pAS-
EBNA-LPW2�2, pAS-EBNA-LPW2�3, pAS-EBNA-LPW2�4, pAS-EBNA-
LPW2�5, and pAS-EBNA-LPRA) were obtained by PCR of pGBT9-EBNA-
LPR1 with appropriate primer pairs. pACT2HAX-1.1, isolated in a yeast
two-hybrid screen using EBNA-LPR4 as bait, contains a partial cDNA encoding
HAX-1 as described previously (19). pGEX-EBNA-LPR1 was constructed by
cloning the EcoRI-SalI fragment of pGBT9-EBNA-LPR1 into EcoRI and SalI
sites of pGEX4T-1 (Amersham Pharmacia, Uppsala, Sweden) in-frame with
glutathione S-transferase (GST). PCR fragments of pGBT9-EBNA-LPR2 and
pGBT9-EBNA-LPR4 (19) were cloned into pBS-Flag-Stop to yield pBS-EBNA-
LPR2(F) and pBS-EBNA-LPR4(F), respectively. Then the EcoRI-NotI frag-
ments of pBS-EBNA-LPR2(F) and pBS-EBNA-LPR4(F) were cloned into
EcoRI and NotI sites of pME18S (kindly provided by K. Maruyama), respec-
tively. Construction of pME-EBNA-LPR4RA(F) was described previously (52).

Yeast two-hybrid system. The yeast two-hybrid system was used to detect
dimerization of EBNA-LP or interaction of EBNA-LP with cellular proteins as
described previously (21). Quantitative analyses were conducted by a liquid
�-galactosidase assay as described in the Clontech yeast protocol handbook
PT3024-1 with minor modifications. Briefly, yeast colonies were grown overnight
at 30°C in synthetic defined medium lacking the appropriate amino acids. Two
milliliters of each overnight culture was inoculated in 9 ml of yeast extract-
peptone-dextrose and incubated at 30°C for 0.5 to 2 h until an optical density
(600 nm) of 0.8 to 1 was reached. The culture was then centrifuged, resuspended
in Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4),
frozen in liquid nitrogen, and supplemented with o-nitrophenyl-�-D-galactopy-
ranoside (ONPG) and �-mercaptoethanol to 0.67 mg/ml and 0.2%, respectively.
The reaction mixtures were incubated at 30°C for 1 to 8 h, and absorbance at 420
nm was measured to calculate �-galactosidase activity. One unit of �-galactosi-
dase activity was defined as the amount which hydrolyzes 1 �mol of ONPG per
min per cell. Yeast protein extracts were prepared as described in the Clontech
yeast protocol handbook (PT3024-1) with minor modifications. Briefly, yeast
colonies were grown overnight at 30°C in synthetic defined medium lacking the
appropriate amino acids. Two milliliters of each overnight culture was inoculated
in 9 ml of yeast extract-peptone-dextrose and incubated at 30°C until an optical
density (600 nm) of 0.8 to 1 was reached. The culture was then centrifuged, and
the pellet was washed once with ice-cold water and then frozen immediately in
liquid nitrogen. The pellets were then resuspended in prewarmed complete
cracking buffer (8 M urea, 5% sodium dodecyl sulfate, 40 mM Tris-HCl [pH 6.8],
0.1 mM EDTA, 0.4 mg of bromophenol blue per ml, 1% �-mercaptoethanol,
5 mM phenylmethylsulfonyl fluoride) containing acid-washed glass beads (Sig-
ma), incubated at 70°C for 10 min, and vortexed vigorously for 1 min. Each
sample was centrifuged, and the supernatant was removed into a new tube. The
pellet was incubated at 100°C for 5 min, vortexed vigorously for 1 min, and
centrifuged again. The second supernatant was combined with the first superna-
tant and subjected to immunoblotting.

Transfection. COS-7 cells were transfected with plasmids by DEAE-dextran
methods as described previously (19). At 48 to 72 h posttransfection, the cells
were harvested and used for further experiments. For transfection of plasmids
into BJAB cells, 1.5 � 107 cells in 0.4 ml of RPMI 1640 medium were electro-

porated with 15 �g of plasmid DNA at 0.2 kV and 960 �F using a Bio-Rad gene
pulser. At 24 h after transfection, BJAB cells were harvested and used for further
experiments.

Affinity precipitation with GST-EBNA-LP fusion protein, coimmunoprecipi-
tation, and immunoblotting. A GST fusion protein was expressed in Escherichia
coli BL21 transformed with pGEX-EBNA-LPR1, purified on glutathione-Sepha-
rose beads (Amersham Pharmacia), and quantified as described previously (21).
Affinity precipitation with GST-EBNA-LP fusion protein, immunoprecipitation,
and immunoblotting were performed as described previously (17, 18, 21).

Sucrose gradient. BJAB cells were transfected with either pME-EBNA-
LPR4RA(F) or pME-EBNA-LPR4(F) as described in Materials and Methods.
At 24 h posttransfection, cells were harvested, washed twice with phosphate-
buffered saline, and then lysed in NP-40 buffer (50 mM Tris-HCl [pH 8.0], 150
mM NaCl, 1% NP-40, and 1 mM phenylmethylsulfonyl fluoride). The superna-
tants obtained after centrifugation of cell lysates were applied to a 10-to-30%
sucrose gradient in 50 mM sodium phosphate buffer (pH 7.4) containing 0.1%
NP-40 and 1 mM dithiothreitol. The gradient was run for 16 h at 35,000 rpm and
4°C in an SW41 rotor (Beckman Corp). The gradient was collected from the top
as 35 0.3-ml fractions. Each fraction was subjected to electrophoresis on a 10%
polyacrylamide gel containing sodium dodecyl sulfate, transferred to a nitrocel-
lulose membrane, and reacted with a mouse monoclonal antibody to EBNA-LP
(JF186) (kindly provided by G. Klein).

RESULTS

EBNA-LP self-associates in the yeast two-hybrid system.
The objective of the first series of experiments was to deter-
mine whether EBNA-LP self-associates. To this end, the entire
coding sequence of EBNA-LP containing either one (EBNA-
LPR1) or four (EBNA-LPR4) W1W2 repeats was cloned next
to the GAL4 activation and DNA-binding domains of the
yeast two-hybrid vectors (Fig. 1B), and a yeast two-hybrid
assay was performed. The plasmids pAS-EBNA-LPR4 and
pACT2HAX-1.1, encoding HAX-1, which is a cellular protein
known to physically interact strongly with EBNA-LP (19), were
used in the assay as positive controls. As shown in Fig. 1B,
EBNA-LPR1 interacts with itself or versions containing a dif-
ferent number of W1W2 repeats, while neither EBNA-LP in-
teracted with the GAL4 activation or DNA binding domain
alone in the yeast two-hybrid system. These results indicate
that EBNA-LP self-interacts in yeast. The positive controls,
EBNA-LP and HAX-1, yielded �-galactosidase activity as high
as 9.3 � 10�2 U. Thus, the EBNA-LP self-interactions were
relatively weak in yeast.

EBNA-LP self-aggregates in mammalian cells. To deter-
mine whether EBNA-LP self-associates in mammalian cells,
COS-7 cells transfected with expression vectors (Fig. 2 and 3)
were immunoprecipitated with a mouse monoclonal antibody
to Flag epitope (M2; Sigma). Immunoprecipitates were solu-
bilized, separated on denaturing gels, transferred to nitrocel-
lulose sheets, and reacted with mouse monoclonal antibody
to EBNA-LP. The anti-Flag antibody coprecipitated EBNA-
LPR4 with Flag epitope-tagged EBNA-LPR1 [EBNA-LPR1
(F)] when EBNA-LPR4 and EBNA-LPR1(F) were coex-
pressed in COS-7 cells (Fig. 2A, lane 2). In contrast, when
EBNA-LPR4 was expressed by itself (Fig. 2A, lane 1) or
EBNA-LPR4 and unrelated Flag epitope-tagged protein
(BMAL1) were coexpressed (lane 3), EBNA-LP was not co-
immunoprecipitated with the antibody. The levels of expres-
sion of EBNA-LPR4 in whole-cell extracts of the transfected
cells were equivalent (Fig. 2A, lanes 4 to 6), and the electro-
phoretic mobility of the protein was similar to that of the form
coimmunoprecipitated with EBNA-LPR1(F). Figure 2B shows
the results of immunoblotting of the same nitrocellulose mem-
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brane depicted in Fig. 2A but reprobed with the anti-Flag
antibody. The results indicate that BMAL1 tagged with Flag
epitope was appropriately expressed in COS-7 cells and immu-
noprecipitated with the antibody to the Flag epitope.

It has been reported that EBNA-LPR1 shows biological
activity different from that of EBNA-LPs with multiple W1W2
repeats when it is transiently expressed in mammalian cells (19,
31, 33, 52). Unlike EBNA-LP with more than two W repeats,
EBNA-LPR1 shows a distinct cellular localization and has no
activity to function cooperatively with EBNA-2. Because the
EBNA-LP in Fig. 2 was one with a single W1W2 repeat, it
could be argued that self-association of EBNA-LP in mamma-
lian cells is specific to EBNA-LPR1. To eliminate this possi-
bility, we tested whether EBNA-LPs with multiple W1W2 re-
peats self-interact. The results (Fig. 3) were that the anti-Flag
antibody specifically coimmunoprecipitated EBNA-LPR4 with
EBNA-LPR2(F).

These observations indicate that EBNA-LP self-associates in
mammalian cells and that self-association is independent of
the number of W repeats. An earlier report from this labora-
tory showed that transiently expressed EBNA-LP is predomi-
nantly localized in the cytoplasm, while EBNA-LPs with mul-
tiple W1W2 repeats are mainly localized in the nucleus of
COS-7 cells (19, 33). The results (Fig. 2 and 3) also suggest that
self-association of EBNA-LP occurs in both the nucleus and
cytoplasm of COS-7 cells.

Mapping of the domains of EBNA-LP responsible for self-
association. To map the domain of EBNA-LP responsible for
the homodimerization of EBNA-LP, various EBNA-LPR1 de-
letion clones fused to the GAL4 DNA binding domain were
constructed (Fig. 4) and tested for interaction with EBNA-
LPR4 fused to GAL4 activation domain in the yeast two-
hybrid system. As shown in Fig. 4, deletion of W2 abolished the
interaction with EBNA-LPR4, while the W2 domain alone was
able to interact with EBNA-LPR4, indicating that this domain
is involved in homodimerization of EBNA-LP.

To further map the site responsible for homodimerization, a
series of internal deletion mutants of the W2 domain fused to
the GAL4 DNA binding domain were constructed (Fig. 5A)
and tested for interaction with EBNA-LPR1 fused to the

FIG. 2. Interaction of EBNA-LPR1 with EBNA-LPR4 in mamma-
lian cells. COS-7 cells transiently expressing the indicated proteins
were immunoprecipitated with the mouse monoclonal antibody to the
Flag epitope. The immunoprecipitates were subjected to electrophore-
sis on a denaturing gel, transferred to a nitrocellulose sheet, reacted
with the mouse monoclonal antibody to EBNA-LP (A), and then
reprobed with anti-Flag antibody (B). One-tenth of the COS-7 whole-
cell extract (WCE) input in immunoprecipitation reactions for lanes 1,
2, and 3 was loaded in lanes 4, 5, and 6, respectively. Positions of
molecular mass markers are on the left. W.B., Western blot.

FIG. 3. Interaction of EBNA-LPR2 with EBNA-LPR4 in mamma-
lian cells. Experiments were done as described in the legend to Fig. 2.
Positions of molecular mass markers are on the left. W.B., Western
blot.

FIG. 4. Mapping of the domain of EBNA-LP for self-association.
The EBNA-LP deletion mutants (left) and �-galactosidase activity for
each construct in the presence of EBNA-LPR4 in the yeast two-hybrid
system (right) are shown. �-Galactosidase activity was determined by
liquid assay procedures as described in the legend to Fig. 1.
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GAL4 activation domain in the yeast two-hybrid system. The
site of the W2 domain of EBNA-LP required for self-associa-
tion mapped to the amino acid region between Gly-19 and
Ser-39 (relative to the first amino acid residue of the W2
domain) (Fig. 5A), which overlaps with the conserved regions,
named CR2 and CR3, among a subset of primate �-herpesvi-
ruses (32). A mutant with amino acid substitutions of alanines
for clustered arginines in CR2 that we previously generated to
map a domain responsible for nuclear matrix association and
nuclear localization (52) was also tested for interaction with
EBNA-LPR1. The experiments with this mutant (EBNA-
LPRA) showed that the amino acid substitutions resulted in
abolishment of the interaction with EBNA-LPR1 (Fig. 5A).
Figure 5B shows the expression levels of the EBNA-LP mu-
tants in Fig. 5A; the wild-type and mutant proteins were ex-
pressed in yeast to approximately similar levels, eliminating the
possibility that the negative data with EBNA-LP�3, -�4, and
-RA mutants in Fig. 5A were the consequence of insufficient

expression of each mutant. These results indicated that the
amino acid region between Gly-19 and Ser-39 contained the
major determinant for self-association of EBNA-LP and the
amino acid substitutions in CR2 alone abolished the homo-
typic interaction of the protein.

Mutations in EBNA-LP CR2 resulted in impaired complex
formation mediated by EBNA-LP in B cells. Self-association of
viral proteins often mediates the formation of a multiprotein
complex by forming oligomers and by interacting with various
viral and cellular proteins (13). Therefore, we tested whether
self-association of EBNA-LP plays a role in the formation of
protein complexes mediated by the protein. Since EBNA-LP
species expressed in EBV-infected cells contain multiple
W1W2 repeat domains, we used pME-EBNA-LPR4RA (52),
which expresses a mutant containing four W1W2 repeat do-
mains in which the clustered arginines of CR2 in each W2
domain were replaced by alanines.

First, we examined whether the EBNA-LPR4RA mutant

FIG. 5. Fine mapping of the region responsible for self-interaction of EBNA-LP. (A, left) Line 1 is a schematic representation of the exon
structures of EBNA-LPR1. Line 2 shows the predicted amino acid sequence of the EBNA-LP W2 domain. Conserved regions defined by Peng et
al. (32) are indicated as lines with their designation given above. Internal deletion and amino acid substitution mutants of the EBNA-LPW2 domain
are shown below the amino acid sequence of W2. (A, right) �-Galactosidase activity detected for each construct in the yeast two-hybrid system,
determined by liquid assay procedures as described in the legend to Fig. 1. (B) Immunoblot of electrophoretically separated lysates from yeasts
transfected with expression plasmids for wild-type and mutant EBNA-LPR1 proteins shown in panel A. Yeast protein lysates were prepared as
described in Materials and Methods and subjected to electrophoresis on a denaturing gel, transferred to a nitrocellulose sheet, and reacted with
the anti-EBNA-LP monoclonal antibody. Positions of molecular mass markers are on the left. W.B., Western blot.
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lacks the ability to self-interact by GST pull-down experiments.
The GST-EBNA-LPR1 fusion protein was expressed and pu-
rified in E. coli, and an equal amount of GST-EBNA-LPR1 or
GST bound to glutathione-Sepharose beads (Amersham Phar-
macia) was reacted with an extract from COS-7 cells trans-
fected with pME-EBNA-LPR4(F) or pME-EBNA-LPR4RA
(F) (data not shown). After extensive rinsing, the protein com-
plex captured on the beads was solubilized, subjected to elec-
trophoresis in a denaturing gel, transferred to a nitrocellulose
sheet, and reacted with the anti-Flag antibody. GST-EBNA-
LPR1 pulled down Flag epitope-tagged EBNA-LPR4 (Fig. 6,
lane 5), whereas GST alone did not (lane 4). The electro-
phoretic mobility of the EBNA-LP that complexed with GST-
EBNA-LPR1 (Fig. 6, lane 5) was similar to that found in
whole-cell extracts of the transfected cells (lane 6). In contrast,
neither GST-EBNA-LPR1 nor GST pulled down EBNA-
LPR4RA(F) (Fig. 6, lanes 1 and 2). These results indicated
that EBNA-LPR4RA is deficient in the ability to self-associate
and that CR2 is critical for self-association of EBNA-LP.

In the second series of experiments, BJAB cells were trans-
fected with the expression vector for EBNA-LPR4(F) or

EBNA-LPR4RA(F), harvested 1 day after transfection, solu-
bilized, and applied to a 10-to-30% sucrose gradient. After the
gradient had been run for 16 h, fractions were collected, sub-
jected to electrophoresis in denaturing gels, transferred to ni-
trocellulose sheets, and reacted with the anti-EBNA-LP mono-
clonal antibody. As shown in Fig. 7, in the gradients, wild-type
EBNA-LPR4(F) was detected between fractions 8 and 14,
while EBNA-LPR4RA(F) showed a lower molecular mass and
was detected between fractions 4 and 8. These results suggest
that the self-association of EBNA-LP is important for forma-
tion of protein complex mediated by the protein in B cells.

DISCUSSION

Most viral regulatory proteins examined to date express
their functions by associating with themselves or with cellular
or viral proteins. Here we demonstrated that EBNA-LP, an
important regulator in EBV-induced B-cell immortalization,
self-associates. The salient features of this study are as follows.

(i) In the yeast two-hybrid system, EBNA-LP interacts with
itself or with a derivative having a different number of W1W2
repeat domains (Fig. 1). The self-association of EBNA-LP was
also demonstrated by using the GST-EBNA-LP fusion protein
in GST pull-down experiments (Fig. 6), which supported the
evidence of physical self-interaction of EBNA-LP. Consistent
with the binding data obtained with yeast and in vitro, tran-
siently expressed EBNA-LP containing four W1W2 repeats
was coimmunoprecipitated with chimeric protein having one
or two W repeat domains when both proteins were transiently
coexpressed in COS-7 cells (Fig. 2 and 3). These results indi-
cate that the self-association of EBNA-LP occurs at the cellu-
lar level in mammalian cells.

(ii) Mutational analyses using deletion and substitution mu-
tants in the yeast two-hybrid system revealed that CR2 is re-
quired for self-association of EBNA-LP. This was confirmed by
additional in vitro biochemical assays in which the GST-
EBNA-LP fusion protein did not pull down a EBNA-LPR4RA
mutant with arginine-to-alanine substitutions in CR2 in each
W repeat domain, while it did pull down the wild-type EBNA-
LPR4 (Fig. 6). This laboratory previously reported that CR2 is

FIG. 7. Immunoblots of the sucrose gradient sedimentations of
wild-type EBNA-LPR4(F) and EBNA-LPR4RA(F). BJAB cells were
transfected with the expression vector for EBNA-LPR4(F) or EBNA-
LPR4RA(F), harvested 1 day after transfection, solubilized, and ap-
plied to a 10-to-30% sucrose gradient. The gradient was run for 16 h,
and then samples were collected from the top as 35 0.3-ml fractions,
subjected to electrophoresis in denaturing gels, transferred to nitro-
cellulose sheets, and reacted with anti-EBNA-LP monoclonal anti-
body. Lane 11, 10% of whole-cell extract (WCE) used in the sucrose
gradient sedimentations. Positions of molecular mass markers are on
the right.

FIG. 6. Immunoblot of transfected-cell proteins bound to GST or
chimeric GST-EBNA-LPR1, electrophoretically separated in a dena-
turing gel, and reacted with a mouse monoclonal antibody to the Flag
epitope. Lysates of COS-7 cells transfected with pME-EBNA-LPR4
(F) or pME-EBNA-LPR4RA(F) were reacted with GST or GST-
EBNA-LPR1 chimeric protein immobilized on glutathione-Sepharose
beads. The beads were pelleted, rinsed extensively, subjected to elec-
trophoresis on a denaturing gel, transferred to a nitrocellulose sheet,
and reacted with the anti-Flag epitope antibody. Lanes 1 and 2, whole-
cell extracts (WCE) from COS-7 cells transfected with pME-EBNA-
LPR4RA (F) bound to GST and GST-EBNA-LPR1, respectively; lane
3, 10% of WCE from COS-7 cells transfected with pME-EBNA-
LPR4RA(F) used in the binding reaction; lanes 4 and 5, WCE from
COS-7 cells transfected with pME-EBNA-LP R4(F) bound to GST
and GST-EBNA-LPR1, respectively; lane 6, 10% of WCE from COS-7
cells transfected with pME-EBNA-LPR4(F) used in the binding reac-
tion. Positions of molecular mass markers are on the left.
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important for nuclear matrix association and nuclear localiza-
tion of EBNA-LP and that the mutant EBNA-LPR4RA is in-
active in its transcriptional coactivator function with EBNA-2
(52). From these observations, we concluded that CR2 of
EBNA-LP is a multifunctional domain mediating self-associa-
tion, nuclear localization, nuclear matrix association, and co-
activator function with EBNA-2.

(iii) Mutations in EBNA-LP CR2 and CR3, which are crit-
ical for self-association of the protein, abolished its cooperative
transcriptional activation with EBNA-2 (33, 52). At present it
is unknown whether there is any connection between EBNA-
LP homodimerization and the EBNA-2-dependent coactivator
function of the protein, because we were not able to com-
pletely distinguish the domains of EBNA-LP mediating self-
association, nuclear matrix association, and nuclear localiza-
tion of the protein. However, this is understandable in that
many transcription factors express their transcriptional activity
followed by homodimerization (13, 16, 26, 30, 42). For in-
stance, the human T-cell lymphoma virus type 1 Tax transcrip-
tional regulator, which like EBNA-LP has no intrinsic DNA-
binding activity, interacts with a host transcription factor,
CREB (cyclic AMP response element-binding protein), and
the homodimerization of Tax protein is required for it to as-
sociate with CREB (38, 42). It has been shown that the Tax-
CREB complex enhances human T-cell lymphoma virus type 1
transactivation.

(iv) Another possible role of the EBNA-LP self-association
is to facilitate the formation of a multiple-protein complex
mediated by EBNA-LP. Recently, Harada et al. reported that
EBNA-2, which functions through interaction with multiple
host cellular proteins, self-associates and that the self-associa-
tion is likely to be critical for the ability of the protein to
interact with multiple cellular proteins simultaneously (13,
47, 49). Supporting this hypothesis, EBNA-LP has also been
shown to interact with a variety of cellular proteins (11, 19, 25,
28, 39) and the mutant EBNA-LP deficient in the ability to
self-associate was demonstrated here to form complexes with a
lower molecular mass that those formed by wild-type EBNA-
LP in B cells (Fig. 7). Furthermore, it is conceivable that
EBNA-LP forms high-order oligomers because in infected
cells, EBNA-LP contains multiple W1W2 repeat domains,
which we identified in this study as the region responsible for
self-association of EBNA-LP. EBNA-LP oligomerization may
enable the protein to form higher-order protein complexes.

In conclusion, homotypic associates form between molecules
of EBNA-LP and CR2, which is responsible for the self-asso-
ciation and is a multifunctional domain mediating several
aspects of EBNA-LP function. A series of recent reports
including this study indicate that key functional domains of
EBNA-LP center on the W repeat domain (11, 19, 31, 33, 51,
52). The EBNA-LP mutant viruses examined to date lack the
ability to express the Y1Y2 domain, and studies of such viruses
showed a much reduced but not a complete loss of transform-
ing activity, leading to the consensus that EBNA-LP is not
essential for the EBV-induced transformation process. It is,
therefore, of interest and importance to determine whether
EBNA-LP is truly a nonessential transforming protein by using
a mutant virus that is unable to express the W1W2 domain of
EBNA-LP.
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