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EBNA-LP is a viral nuclear oncoprotein implicated in the immortalization of B lymphocytes by Epstein-Barr
virus. An analysis of EBNA-LP migration on polyacrylamide gels was performed with protein derived from the
X50-7 lymphoblastoid cell line blocked by hydroxyurea or aphidicolin at the G1/S phase of the cell cycle or by
nocodazole at the G2/M phase. More slowly migrating species of EBNA-LP were detected in G2/M phase-
arrested cell extracts. Release from nocodazole G2/M block or treatment with phosphatase caused the more
slowly migrating species of EBNA-LP to disappear. Analyses of 32PO4

32-labeled EBNA-LP protein immuno-
precipitated from the drug-synchronized cells showed that phosphorylated EBNA-LP was present throughout
the cell cycle but that phosphorylation increased in G2 and was maximal at G2/M. Phosphoamino acid analysis
revealed that all phosphorylation was on serine residues only. The ability of EBNA-LP to be phosphorylated
by p34cdc2 kinase and casein kinase II exclusively on serines implicates these enzymes as being potentially
involved in EBNA-LP phosphorylation.

The immortalization of B lymphocytes by Epstein-Barr virus
(EBV) is an integral part of the virus life cycle (21). Molecular
genetic analyses reveal that the viral genome encodes several
proteins (latent membrane protein type 1 [LMP1], EBNA1,
EBNA2, EBNA3A, EBNA3C, and EBNA-LP) expressed in
immortalized cells that have roles in this process (15, 20, 21,
32). LMP1 is an integral membrane protein and may be a
growth factor receptor, but it certainly plays some role in signal
transduction since it interacts with tumor necrosis factor re-
ceptor-associated factor type 1 (TRAF1) and LMP-associated
protein type 1 (LAP1), a RING finger motif-bearing protein
with considerable homology to TRAF2 (37). EBNA2 and
EBNA3C are transcriptional activators (34, 45). EBNA2, in
particular, activates expression of the other EBNAs, including
EBNA3C and LMP1, by activating EBNA2 response elements
in the upstream regions of responsive promoters. EBNA2 can
be found complexed with a cellular protein, RBP1-JK, at the
conserved core DNA sequence of the EBNA2 response ele-
ments (14, 16, 26, 29, 35, 46, 48, 49). Cellular genes for the
B-cell activation markers CD21 and CD23 and the oncogene
c-fgr are also activated in EBNA2-expressing cells (8). EBNA1
is a viral origin of replication (oriP)-binding protein which is
essential for maintenance of the viral episome in proliferating
cells (39).
The role of EBNA-LP is not understood. The open reading

frame for EBNA-LP is derived from the repeating W1 and W2
leader exons of the major internal repeat (IR1) and the Y1 and
Y2 exons which are located just beyond the 39 end of IR1 in the
standard EBV map. The length of the W1W2 reiteration varies
in different cDNAs and leads to expression of a series of
related protein species in virus-infected cells. The minimal
EBNA-LP polypeptide with only one repeat would be 110
residues in length and rich in argenines (19 residues) and
prolines (18 residues). Recombinant viruses lacking Y1 and Y2

exons are defective but not entirely deficient in the immortal-
ization phenotype (15, 32). Immortalization efficiency is re-
duced 10-fold and requires the presence of fibroblast feeder
layers. Immortalized cells grow slowly with an atypical small
rounded appearance. With passage in culture, cells eventually
achieve lymphoblastoid features and feeder layer indepen-
dence; however, most colonies do not give rise to long-term
lymphoblastoid cell lines. Previous work has focused attention
on cell cycle-related effects of EBNA-LP expression (1). Along
with EBNA2, it is the first viral gene product detected upon
primary infection of resting lymphoblasts, and EBNA-LP mu-
tant virus-immortalized cells show delayed transit through the
G1 phase of the cell cycle. Resting B cells, primed by CD21
cross-linking with the gp340 virus envelope protein to mimic
virus infection and transfected with EBNA2 and EBNA-LP
expression vectors, enter and progress through the cell cycle as
evidenced by synthesis of cyclin D2 (42). The conclusion of
these studies is that EBNA2 and EBNA-LP are key regulators
of cyclin D2 expression and that these two viral proteins co-
operate to induce a G0-to-G1 transition.
EBNA-LP has been found by immunofluorescence analysis

to colocalize in the nucleus of infected cells with Rb (the
retinoblastoma susceptibility gene product) (18) and also to
bind the Rb and the tumor suppressor p53 in in vitro binding
experiments (44). These findings have not been reproduced by
other laboratories (23, 33), and studies designed to test the
effect of EBNA-LP on Rb and p53 functions have failed to
show any significant consequences of EBNA-LP expression (2,
17). Specific association with the 70-kDa family of heat shock
proteins has been demonstrated (23, 33). In vitro interaction
studies have shown that the COOH domain, which is required
for immortalization, is also necessary for heat shock protein
binding. Immunofluorescence studies suggest that under stress
conditions, the HSP70 and EBNA-LP proteins coalesce in the
nucleolar region of the nucleus (43). Biochemically, EBNA-LP
is often detected in immortalized cells as a protein ladder with
an iteration of 7 kDa, usually with one or two major bands
surrounded by minor bands (10, 11). The size differences cor-
respond to the number of W1W2 repeating exons incorporated
into the final mRNA. The protein is phosphorylated (40), and
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each band may be separated by isoelectric focusing into several
(as many as eight, in one case) isoforms with approximate pIs
between 5.5 and 6.7 (38, 40). The isoforms have been sug-
gested to arise by differential phosphorylation. Here, we report
a detailed characterization of EBNA-LP phosphorylation. We
show that the protein is phosphorylated on serine residues
only. Phosphorylation occurs in a cell cycle stage-specific man-
ner, with the protein being hyperphosphorylated in late G2. In
common with other proteins that are involved in cell cycle
regulation and that have similar phosphorylation patterns,
EBNA-LP contains a substrate motif recognized and phos-
phorylated by casein kinase II (CKII). The protein is also a
substrate for the cyclin-dependent p34cdc2 kinase which is ac-
tive at the time EBNA-LP is hyperphosphorylated.

MATERIALS AND METHODS

Cell culture. X50-7 cells (a gift of G. Miller, Yale University, New Haven,
Conn.) are human cord blood lymphocytes that are immortalized in vitro by
B95-8 EBV and express only the genes for EBNAs and LMPs (47). IARC/BL36
(a gift of G. Lenoir, International Agency for Research on Cancer, Lyons,
France) is an EBV-positive Burkitt’s lymphoma cell line of the group III phe-
notype which also expresses the EBNAs and LMPs (27). Both cell lines were
grown at 378C in a 5% CO2-containing humidified atmosphere in RPMI 1640
supplemented with Glutamax (Gibco BRL) and containing 10% heat-inactivated
fetal bovine serum (Atlanta Biologicals, Norcross, Ga.), penicillin (100 IU/ml),
and streptomycin (100 mg/ml; Gibco BRL).
To obtain cells arrested at the G1/S boundary, exponentially growing cells at

5 3 105/ml were incubated with either 1 mM hydroxyurea (HU; Sigma) or 5 mg
of aphidicolin (Sigma) per ml for 16 h. To obtain cells arrested at the G2/M
boundary, 5 3 105 cells per ml were first synchronized at G1/S by exposure to 1
mM HU for 16 h. The cells were then washed to remove trace amounts of HU
and released in fresh media containing 50 ng of nocodazole [methyl-(5-[2-thie-
nylcarbonyl]-1H-benzimidazol-2-yl) carbamate dissolved in dimethyl sulfoxide
(Sigma) per ml for a further 12 h. For some experiments, cells were blocked at
G2/M by incubation in the presence of 50 ng of nocodazole per ml for 24 h
without G1/S synchronization. Cytofluorimetric analysis was used to confirm the
cell cycle status.
For 32P labeling, either exponentially growing cells or synchronized cells were

washed twice in Tris-buffered saline (25 mM Tris-Cl [pH 7.4], 150 mM NaCl),
resuspended in phosphate-free RPMI 1640 (ICN Biomedicals, Inc.) containing
2% dialyzed fetal bovine serum and 1 mM glutamine at 4 3 106 cells per ml, and
labeled for 2 h with 1 mCi of 32Pi (500 mCi/ml, carrier free; ICN Biomedicals).
For arrested cells, the washing buffer and the labeling media contained drug at
the concentration used for arrest. Following labeling, the cells were washed twice
in ice-cold Tris-buffered saline containing 0.4 mM EDTA and 0.4 mM Na3VO4
and lysed as described below.
Propidium iodide staining and flow cytometry. Cells (2 3 106) from each

fraction were collected by centrifugation, washed in Hanks balanced salt solution
(Gibco BRL), and fixed with 70% ethanol for at least 1 h at 48C. The fixed cells
were washed twice with sodium citrate buffer (50 mM sodium citrate [pH 7.8],
150 mM NaCl), and the cell pellet was stained with 1 ml of propidium iodide
staining solution (50 mg of propidium iodide and 50 mg of RNase A per ml of
citrate buffer) at 48C overnight. The fluorescence intensities of the samples were
measured by quantitative flow cytometry with a Becton Dickinson FACSTAR
scanner. Analysis was based on the accumulation of 5,000 cells, and all data were
linearly scaled.
Immunoprecipitation and immunoblotting. Cells for immunoprecipitation

were lysed in EBC buffer (50 mM Tris-Cl [pH 8.0], 120 mM NaCl, 0.5% Nonidet
P-40, 100 mM NaF, 200 mM sodium orthovanadate, 10 mg of aprotinin per ml,
5 mg of leupeptin per ml, 1 mM phenylmethylsulfonyl fluoride) at 2 3 107 cells
per ml for 1 to 2 h on ice. The DNA was sheared by sonication, and the lysates
were cleared by centrifugation at 14,000 3 g for 15 min. Extracts from 32P-
labeled cells were twice precleared for 1 h each with protein G-Sepharose beads
(Sigma). EBNA-LP was immunoprecipitated from the supernatant with 10 mg of
mouse monoclonal antibody JF186 per ml (kindly provided by M. Rowe, Uni-
versity of Birmingham, Birmingham, United Kingdom). Immunocomplexes were
collected with 50 ml of protein G-Sepharose beads, washed extensively with EBC
buffer, and eluted from the protein G-Sepharose with electrophoresis sample
buffer (0.625 M Tris [pH 6.8], 2% sodium dodecyl sulfate [SDS], 0.1% 2-mer-
captoethanol, 10% glycerol, 0.02 mM bromophenol blue) by boiling for 3 min.
Denatured immune complexes were separated by electrophoresis and trans-
ferred to Immobilon polyvinylidene difluoride (PVDF) membranes (Millipore).
EBNA-LP was visualized by either exposing the membrane to XAR5 X-ray film
(Kodak), as in the case for labeled samples, or immunoblotting, if the samples
were unlabeled. EBNA-LP phosphorylation was quantitated on a Phosphor-
Imager (Molecular Dynamics).
Whole-cell extracts were prepared by solubilization in electrophoresis sample

buffer, sonication, and subsequent boiling for 3 min. Samples equivalent to 106

cells were electrophoresed by discontinuous SDS polyacrylamide gel electro-
phoresis (10% polyacrylamide). For immunoblotting, proteins were transferred
to Immobilon PVDF membrane and blocked in Tris-saline (10 mM Tris-Cl [pH
8.0], 150 mM NaCl) containing 5% nonfat milk powder. The membrane was
probed with JF186 at a total antibody concentration of 1 mg/ml at 48C from 4 h
to overnight. Goat anti-mouse 125I-antibody (2 to 15 mCi/mg; ICN Biomedicals,
Inc.) was used to visualize sites of antibody binding.
Phosphatase treatment. Immunocomplexes bound to protein G-Sepharose

beads were washed with EBC buffer as described above. After the final wash, the
beads were washed twice in AP buffer (100 mM Tris-Cl [pH 8.0], 50 mM MgCl2,
1% aprotinin). Each sample was divided in half to give a control and an exper-
imental sample. The control and experimental samples were resuspended in 45
ml of AP buffer to which 5 ml of alkaline phosphatase (1 U/ml; Boehringer
Mannheim) was added and incubated at 378C for 30 min. The reaction was
stopped by adding 50 ml of electrophoresis sample buffer.
Phosphoamino acid analysis. 32P-labeled protein was either immunoprecipi-

tated with the JF186 antibody from labeled cells or phosphorylated in vitro with
purified kinases. The protein was electrophoresed on an SDS–10% polyacryl-
amide gel, transferred to Immobilon PVDF membrane, and excised from the
membrane with an autoradiogram as a template. The membrane was rehydrated
with ethanol and water and washed extensively with water. The protein was
hydrolyzed by boiling the membrane for 1 h in 6 N HCl. The acid was removed
by Speed-Vac, and the hydrolysate was resuspended in 5 to 10 ml of pH 1.9 buffer
(88% formic acid, glacial acetic acid, water; 25:78:897 [vol/vol/vol] to which 1.5
mg of unlabeled phosphoamino acid standards (phoshoserine, phosphotyrosine,
and phosphothreonine [Sigma]) and 1 ml of xylene cyanol (1 mg/ml) were added.
The samples were applied to a 0.250-mm thin-layer cellulose plate (Sigma-
Aldrich) and separated by two-dimensional electrophoresis in a flatbed electro-
phoresis unit (Multiphor II System; Pharmacia LKB). Electrophoresis in the first
dimension was performed in pH 1.9 buffer for 1.5 h at 900 V and in the second
dimension in pH 3.5 buffer (pyridine, glacial acetic acid, water; 10:100:1,890
[vol/vol/vol]) for 45 min at 900 V. The position of unlabeled standards was
determined by ninhydrin staining; labeled amino acids were detected by autora-
diography and PhosphorImager analysis.
Preparation of bacterial fusion proteins. The plasmid pMAL-cRI, which en-

codes a maltose-binding protein (MBP)–b-galactosidase fusion protein (MBP-
lacZ), was purchased from New England Biolabs. The plasmid pMBP was con-
structed by inserting a stop codon downstream of the malE gene on pMAL-cRI,
thereby inhibiting the expression of lacZ. Plasmids encoding the MBP fused to a
one-repeat EBNA-LP (pMBP-W1W2Y1Y2) or various fragments of EBNA-LP
(pMBP-W1, pMBP-W1W2, pMBP-W2Y1Y2, PMBP-Y1Y2, and pMBP-Y2)
were obtained by PCR amplification of a one-repeat EBNA-LP cDNA clone,
pSp64-WY1 (derived from IB4WY and kindly provided by S. Speck, Washington
University, St. Louis, Mo.). Each 59 amplimer contained an EcoRI site, and each
39 amplimer contained either a BamHI site or an XbaI site such that the resulting
PCR product, upon digestion with EcoRI and BamHI or EcoRI and XbaI, could
be ligated in frame downstream of the malE gene of pMAL-cRI. All clones were
verified by restriction mapping and DNA sequencing with the Sequenase 2.0 kit
(U.S. Biochemicals Corp.), using the protocol suggested by the manufacturer.
MBP fusion protein expression and purification were performed essentially as

described by Smith and Johnson (42a). Overnight cultures of Escherichia coli
(INVaF9; Invitrogen) transformed with plasmid DNA were diluted in Luria-
Bertani broth (Difco Laboratories) containing ampicillin (100 mg/ml), and incu-
bated at 378C for 2 h. Fusion proteins were induced by addition of 0.2 mM
isopropyl-b-D-galactoside (IPTG) to the culture for 3 h, after which cells were
recovered by centrifugation at 5,000 3 g for 15 min at 48C and lysed on ice by
sonication with two 30-s pulses in a 1/10 volume of NETN buffer (20 mM Tris-Cl
[pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40). The suspension was
cleared by centrifugation at 12,000 3 g for 15 min at 48C. Cleared lysates were
loaded onto amylose agarose beads (New England Biolabs), washed extensively
with NTN (NETN buffer without EDTA), and eluted with 10 mM maltose. For
analysis of the concentration and purity of the fusion proteins, samples were
suspended in equal volumes of electrophoresis sample buffer and loaded onto
SDS-polyacrylamide gels. The proteins were visualized by Coomassie blue stain-
ing in comparison with protein standards of known concentration. In some
instances, the protein concentration was equilibrated as determined by the Lowry
protein assay.
In vitro kinase assays. Purified CKII (15 U/ml; Promega) and purified pp34cdc2

(7.5 U/ml; Promega) were used to phosphorylate EBNA-LP fusion proteins in
vitro. Fusion proteins were expressed and purified on amylose agarose beads,
washed twice with HB buffer [25 mM morpholinepropanesulfonic acid (MOPS;
pH 7.2), 15 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic
acid (EGTA), 15 mM p-nitrophenylphosphate, 60 mM b-glycerophosphate, 15
mM MgCl2, 1 mM dithiothreitol, 0.1 mM sodium orthovanadate, 1% Triton
X-100, 5 mg of leupeptin per ml, 5 mg of pepstatin per ml) and eluted from the
beads with 50 ml HB–10 mM maltose. Equal amounts of protein (2 mg) were
incubated with enzyme in HB buffer (total volume, 25 ml) with 5 mCi of
[g32P]ATP (5,000 to 10,000 cpm/pmol; NEN) for 15 min at 308C. The reaction
was terminated by the addition of 25 ml of electrophoresis sample buffer.
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RESULTS

Cell cycle-specific changes in EBNA-LP migration in poly-
acrylamide gels. Previous studies had revealed that cells im-
mortalized by recombinant EBV lacking the Y1 and Y2 exons
(the COOH-terminal 45 amino acids of EBNA-LP) displayed
phenotypic differences (delays) in cell cycle progression after
release from starvation arrest (1). This preliminary work sug-
gested that EBNA-LP functions might be dependent upon or
perhaps even influence the stage of the cell cycle in which the
cell was located. Therefore, cell populations synchronized to
particular stages of the cell cycle should provide useful tools
for analyzing EBNA4 function. As a technique for accomplish-
ing synchronization the starvation arrest procedure coupled to
[3H]thymidine labeling had two serious drawbacks. First, the
[3H]thymidine-labeling procedure measured the entry of only

some cells into S phase without revealing the status or propor-
tions of cells in the other phases of the cell cycle. Second,
starvation arrest caused a loss of viability in a large segment of
the arrested population (in excess of 50% as determined by
trypan blue exclusion).
We have used cytofluorimetric analysis of propidium iodide-

stained EBV-immortalized lymphocytes to develop procedures
for arresting the cells at the G1/S or G2/M boundary and
rendering them viable and competent to proceed synchro-
nously through the cell cycle. G1 blocks are best accomplished
with an 18-h exposure to 1 mM HU (Fig. 1). Although aphidi-
colin and other drugs are sufficient to establish the block,
HU-blocked cells show better viability and synchronicity fol-
lowing release. G2 blocks are best accomplished by first incu-
bating the cells for 16 h in HU and then releasing them into

FIG. 1. Changes in EBNA-LP polyacrylamide gel electrophoresis migration related to cell cycle stage. (A) Flow-cytometric profiles of X50-7 cells treated with the
indicated drugs to produce cell cycle arrest at G1/S (HU, aphidicolin) and G2/M (HU followed by nocodazole [Noc.] or nocodazole alone). (B) Western immunoblots
of drug-arrested cells probed for EBNA-LP with JF186 monoclonal antibody. (C) Kinetics of EBNA-LP migration changes following release from the HU block (G1
release) or HU-nocodazole block (G2 release). Released cells were harvested in electrophoresis sample buffer at the times indicated and analyzed by Western
immunoblotting with JF186 monoclonal antibody.
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medium containing 50 ng of nocodazole per ml for a further
12 h. When nocodazole is used alone, half the cells remain in
G1 regardless of the length of the incubation period with the
inhibitor. This indicates that there is probably a nocodazole-
sensitive step in the G1 phase of the cell cycle of EBV-immor-
talized B cells. Cells arrested by HU (and aphidicolin) have
apparently passed this critical step. Extracts of X50-7 cells
arrested at the G1/S boundary and the G2/M boundary were
subjected to polyacrylamide gel electrophoresis and probed by
Western blotting (immunoblotting) for EBNA-LP expression
(Fig. 1). EBNA-LP was present in the G1 and G2 phases of the
cell cycle at the same levels as were detected in asynchronously
growing cells. Therefore, EBNA-LP in X50-7 (and other lym-
phoblastoid cell lines and BL cells we have examined) did not
show cell cycle-related changes in concentration. Cells arrested
in G2 had a component of the EBNA-LP band that migrated
more slowly. From a comparison of the HU-released/nocoda-
zole-arrested cells (a larger number of G2 cells in the popula-
tion) with the nocodazole-alone arrested cells (fewer G2 cells
in the population), it appeared that the amount of the more
slowly migrating species correlated with the presence of cells in
G2.
To confirm that the more slowly migrating band was related

to the G2 status and was not an artifact of nocodazole treat-
ment, cell populations arrested in G1 with HU or in G2 with
nocodazole were released and sampled 4, 8, 12, 16, and 20 h
post-release. The movement of cells arrested in G1 or G2 was
monitored by flow cytometry. Fast-migrating EBNA-LP was
converted to the slowly migrating form corresponding to the
cell cycle transit. Cells arrested in G2 by treatment with no-
codazole alone rapidly shifted to G1 DNA content when re-
leased, and most of the cells were in G1 within 4 h. This
transition was accompanied by the loss of the more slowly
migrating species. By 12 to 16 h post-release, cells were reen-
tering G2 and the more slowly migrating species reappeared.
Thus, the appearance of the more slowly migrating forms of
EBNA-LP correlated with the cell cycle stage and was not due
to either HU- or nocodazole-induced artifacts. The rapid loss
of the slowly migrating species was analyzed in HU-released/
nocodazole-arrested G2-enriched populations. At most, only
half of the EBNA-LP is present as the more slowly migrating
form in the G2-enriched populations. Cells released from the

G2 block were sampled at intervals of 15 min for the first 1 h
and at intervals of 30 min thereafter for 2.5 h. The results
showed that there was rapid loss of the more slowly migrating
form of EBNA-LP following release (Fig. 1). More than 70%
of the DNA content shift occurs within the first 4 h post-
release, suggesting that the kinetics of the disappearance of the
slowly migrating species corresponds to events related to the
G2-to-G1 transition.
Slowly migrating species of EBNA-LP are modified by phos-

phorylation. The most likely explanation for the migration
shift detected in the EBNA-LP protein during cell cycle transit
is modification by phosphorylation. A rapid and simple test of
this hypothesis involved treating the protein with alkaline
phosphatase to remove the added phosphates. Treatment of
EBNA-LP immunoprecipitates with alkaline phosphatase had
little effect on the migration of the fast species of EBNA-LP
(Fig. 2). Dephosphorylation caused complete loss of the slow
species of EBNA-LP from the immunoprecipitate of G2-ar-
rested cells. Dephosphorylation always seemed to cause an
overall reduction in the amount of EBNA-LP present. The
untreated extracts were mock-incubated controls, suggesting
that, to some extent, the slow species might also be phosphor-
ylated and that phosphorylation may help to stabilize the pro-
tein.

FIG. 2. Phosphatase treatment of EBNA-LP from cell cycle-arrested cells.
(A) Immunoblot of EBNA-LP immunoprecipitated from X50-7 cells blocked at
G1 with HU or at G2 with nocodazole alone or with HU and released into
nocodazole. Untreated cycling cells were included as controls. Immunoprecipi-
tated proteins were incubated with 10 U of alkaline phosphatase for 10 min. (B)
Immunoprecipitates (IP) from 32PO432-labeled G2-arrested BL36 cells with
control or JF186 anti EBNA-LP antibodies are shown on the left. An immuno-
blot of whole-cell extracts of G2-arrested BL36 is shown to the right.

FIG. 3. Quantitation of EBNA-LP phosphorylation. EBNA-LP was immu-
noprecipitated from 2 3 107 IARC/BL36 cells labeled with 32Pi at various
positions in the cell cycle. All cells were verified for cell cycle position by
propidium iodide staining and flow cytometry. (A) Cycling cells; (B) G1/S-
blocked cells; (C) G2/M-blocked cells; (D) 2-h release from G2/M block. The
phosphorylated proteins were subjected to Western blotting, and the membranes
were scanned in a Molecular Dynamics PhosphorImager and quantified by band
volume integration. A histogram of the relative levels of phosphorylation was
generated. A, Cycling cells; B, cells blocked at G1/S with HU for 16 h; C, cells
blocked at G2/M with 16 h of HU treatment followed by 12 h in nocodazole; D,
cells blocked at G2/M and then released into fresh medium; E, cells blocked at
G2/M and then treated with alkaline phosphatase after immunoprecipitation.
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EBNA-LP phosphorylation level is related to cell cycle stage.
Experiments with immunoprecipitation of 32PO4

32-labeled
X50-7 cells were complicated by the presence of a major non-
specific species of 42 kDa (possibly actin) that comigrated with
the major X50-7 EBNA4 band. BL36 EBNA-LP migrates as a
49-kDa protein whose cell cycle-related properties were iden-
tical to X50-7 EBNA-LP and whose further analysis following
in vivo labeling was not hindered by backround contaminants.
Immunoprecipitation of EBNA-LP from 32PO4

32-labeled no-
codazole-arrested BL36 cells produced two bands on poly-
acrylamide gel electrophoresis that comigrated with the
EBNA-LP doublet detected by Western immunoblotting (Fig.
2). Growing BL36 cells were switched into HU medium and
incubated for a further 16 h. During the last 2 h of the block,
the cells were resuspended in phosphate-free medium and
labeled with 32PO4

32. A similar labeling procedure was used to
32PO4

32 label a population of cells released from the HU
block into nocodazole-containing medium. Cytofluorometric
profiles of similarly treated but unlabeled cells confirmed the
enrichment of cells in G1 or G2 after the labeling procedure
(Fig. 3). Immunoprecipitated EBNA-LP was run on a poly-
acrylamide gel, and the total amount of 32PO4

32 incorporated
was estimated by PhosphorImager analysis. As expected, the
smallest amount of 32PO4

32 was incorporated into EBNA-LP
in G1-arrested cells and the largest (threefold more) was in-
corporated into G2-arrested cells. Some

32PO4
32 labeling was

detected in all phases of the cell cycle; therefore, to some level,
the protein appears to be constitutively phosphorylated but
becomes hyperphosphorylated in the G2 phase of the cell cycle.
Cells released from the G2 block showed a decrease in
32PO4

32 labeling. These results are consistent with the inter-

pretation of the changing pattern of multiple species in West-
ern blots as being due to altered phosphorylation.
Amino acid analysis of 32PO4

32 labeled EBNA-LP. The min-
imal unique sequence of EBNA-LP contains eight serines, five
theonines, and one tyrosine. These amino acids are distributed
fairly evenly along the length of the primary sequence. An
analysis of the labeling pattern at different points around the
cell cycle would provide valuable clues for determining which
sites become phosphorylated. The 32PO4

32-labeled EBNA-LP
was immunoprecipitated from asynchronous, G1-arrested, G2-
arrested, and G2-arrested-released BL36 cells. The slowly mi-
grating and fast-migrating species were excised from polyacryl-
amide gels, hydrolyzed to their constituent amino acids, and
analyzed by cellulose thin-layer electrophoresis to identify the
amino acids which were phosphorylated. Only phosphoserine
was detected (Fig. 4). Long exposures on the PhosphorImager
plates failed to reveal even trace labeling of threonine or ty-
rosine at any stage of the cell cycle. The PhosphorImager
analysis of the 32PO4

32 present in each serine spot indicated
that cycling and G1-arrested cells contained similar amounts of
phosphoserine in the faster-migrating EBNA-LP species (Fig.
4A and B). This was approximately one-third the amount of
phosphoserine from the same species in G2-arrested cells (Fig.
4C). Release of cells from the G2 block caused a drop in the
phosphoserine content in this faster-migrating species (Fig.
4D). The more slowly migrating species showed a similar pat-
tern of labeling (Fig. 4F to I). The main difference was in the
very low levels of phosphorylated slowly migrating species re-
coverable at the G1/S boundary (Fig. 4G). These changes in
serine phosphorylation patterns which correlate with cell cycle

FIG. 4. Amino acid analysis of EBNA-LP phosphorylation. Immunoprecipitates of 32PO432-labeled EBNA-LP from different cell cycle stages were analyzed for
phosphoramino acid content. Phosphorylated residues from the upper band (A to D) and the lower band (F to I) were analyzed. A and F) Cycling cells; (B and G)
G1/S-arrested cells; (C and H) G2/M-arrested cells; (D and I) G2/M-arrested cells released from the block for 2 h. Histograms show phosphorImager quantitation of
the relative level of serine phosphorylation. E and J represent background signal. S, phosphoserine; T, phosphothreonine; Y, phosphotyrosine.
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stage are reminiscent of the phosphorylation patterns observed
in key cell cycle regulatory molecules (5, 6, 25, 31).
Phosphorylation of EBNA-LP by p34cdc2 kinase and casein

kinase II. A long and growing list of cellular and viral nuclear
proteins show cell stage-specific phosphorylation (4–6, 12, 36).
Many of these proteins (e.g., Myc, Max, Myb, Fos, p53, Rb,
Abl, E1a, human papillomavirus E7, and simian virus 40 Tag)
are substrates for the same cellular kinases (3, 7, 31, 36).
Inspection of the EBNA4-LP primary sequence revealed a
motif at the COOH terminus of the protein that was similar to
sequences in other proteins that were phosphorylated by CKII
(Table 1). To determine if EBNA-LP was a potential phos-
phorylation substrate for CKII, a purified bacterial fusion pro-

tein containing MBP sequences linked to EBNA-LP sequences
was incubated with CKII and [g-32P]ATP. Polyacrylamide gel
analyses revealed that the MBP-LP fusion was a substrate for
CKII which, as shown above, also autophosphorylates its own
45-kDa subunit in the in vitro reaction. MBP alone was not a
substrate for CKII. In EBNA-LP, both threonine and serine
residues are located in the CKII substrate motif. Amino acid
analysis of the in vitro-labeled protein showed that CKII phos-
phorylates EBNA-LP on serine residues only, which is consis-
tent with the lack of threonine phosphorylation in vivo.
Another enzyme which shares many of the same substrate

proteins as CKII (p53, Rb, Myb, simian virus 40 Tag, RNA
polymerase nucleolin, and CKII) is p34cdc2 kinase (9, 22, 25,
28, 30, 41). The activity of p34cdc2 is regulated and high in late
G2, when its action is considered to be critical to the onset of
mitosis. Owing to the similarities in phosphorylation patterns
between some of these cell cycle regulators and EBNA-LP, we
tested the ability of EBNA-LP to serve as a substrate for
p34cdc2 kinase in vitro (Fig. 5). MBP-LP was a substrate for
p34cdc2 kinase, and thin-layer phosphoamino acid analysis of
the in vitro-labeled protein showed that it was phosphorylated
exclusively on serines.
Mapping in vitro sites of phosphorylation. As a preliminary

step in the characterization of EBNA-LP phosphorylation in
vivo, we attempted to determine the sites of phosphorylation
by CKII and p34cdc2 in vitro. Fusion proteins that had deletions
corresponding to the exon structure (W1W2Y1Y2) of the
EBNA-LP gene were constructed. The mutants which were
made had progressively fewer exons on the N or C terminus.
Candidate phosphorylation sites for both enzymes were iden-
tified by comparison with consensus phosphorylation se-
quences. For the CKII enzyme, there was a single consensus
site in Y2 which had the predicted b turn and acidic domain
present in other nuclear oncogenes phosphorylated by CKII
(Table 1). Mutants with progressive deletions of EBNA-LP
sequences from the COOH terminus were not phosphorylated
by the CKII, as would be predicted (Fig. 6). Unexpectedly,
removal of the W2 exon, as in the Y1Y2 and Y2 constructs,
also abolished phosphorylation. The alteration of conforma-
tion of the final fusion protein that we suspected to be primar-
ily responsible for eliminating substrate specificity could not be
relieved by heat denaturing the fusion proteins prior to incu-
bation with the enzyme.
The same set of fusion proteins were used in in vitro kinase

assays with purified p34cdc2 kinase. Potential phosphorylation
sites (minimally a serine preceding a proline) are more difficult
to predict, but two potential candidate residues reside in the
W2 exon. Phosphorylation of EBNA-LP was dependent on the
presence of the W2 exon in the sequence, indicating that one
or both of the two serines (S-33 and S-62) in W2 may be
phosphorylated by p34cdc2 kinase. Interestingly, removal of
Y1Y2 sequences produced a fusion protein that was hyper-

FIG. 5. In vitro phosphorylation of EBNA-LP. Purified CKII (15 U/ml; Pro-
mega) and p34cdc2 (7.5 U/ml; Promega) were used to phosphorylate purified
bacterial fusion proteins MBP and MBP-LP. The proteins were separated by
SDS-polyacrylamide gel electrophoresis (10% polyacrylamide) and either fixed
and stained with Coomassie blue or transferred to Immobilon PVDF membrane
before exposure to X-ray film. The Coomassie blue-stained gel shows the mi-
gration of the phosphorylated proteins. The CKII-phosphorylated MBP-LP band
lies just above the autophosphorylated CKII 45-kDa subunit (arrows to the left
of the lane). The phosphorylated proteins were excised from the PVDF mem-
brane, hydrolyzed, and run in a two-dimensional thin-layer electrophoresis on
cellulose plates. Both p34cdc2 and CKII phosphorylated the fusion protein on
serine residues only.

TABLE 1. Protein sequence motifs in nuclear oncoproteins phosphorylated by CKII

Protein Species Rb binding LxCxE sequencea P (S/T) (b turn)
sequence

D/E (acidic domain)
sequence

E1a Adenovirus types 2 and 5 1 LTCHEAGF -PPS- DDEDEEGEE
1Tag Simian virus 40 1 LFCSEEM- PSS- DDEATADS
E7 Human papillomavirus 1 LYCYEQLND- SS- EE
Fos Human 2 VEQL- SP- EEEE
Myc Human 2 HEE- TPPTTSS- DSEEEQEDEEE
EBNA-LP EBV 2 HFE- PPTVTTQRQSVYI EEEEDED

a Underlines indicate residues of the LXCYE Rb-binding motif.
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phosphorylatable relative to the wild-type EBNA-LP. The
Y1Y2 fusion was also a substrate for p34cdc2 kinase, but the Y1
sequence alone was not. Since Y1 contains no serines, its
addition to the fusion protein must change the Y2 conforma-
tion and allow phosphorylation.

DISCUSSION

EBNA-LP is a viral nuclear protein that has been implicated
in the immortalization of B cells by virus principally because of
the phenotype of deletion mutants of the virus lacking the
COOH-terminal Y1Y2 exons. Immortalization efficiency is re-
duced 10-fold and requires the presence of fibroblast feeder
layers. Colonies of proliferating cells grow slowly, and most do
not give rise to long-term lymphoblastoid cell lines. There is

some evidence that early-passage mutant lines have G1 delays
after release from starvation arrest. By using transient trans-
fection of resting B cells primed by CD21 cross-linking with
vectors expressing EBNA-LP along with EBNA2, it has been
shown that coexpression lifts the cells out of G0 and into G1 as
evidenced by cyclin D2 gene expression.
All these studies suggest that EBNA-LP affects cell cycle

regulation. Since EBNA-LP was a nuclear phosphoprotein and
other nuclear phosphoproteins involved in cell cycle regulation
have cell cycle-specific patterns of phosphorylation, it was rea-
sonable to expect that if EBNA-LP were involved in cell cycle
regulation, then it, too, might show cell-cycle-stage-specific
phosphorylation. An analysis of stage-specific phosphorylation
could also provide clues to function, which thus far remains
unknown. Our first task was to identify conditions which could

FIG. 6. In vitro phosphorylation of EBNA-LP fusion protein substrates with purified CKII and CDK1 (p34cdc2) (A) Coomassie blue-stained gel of the purified
fusion proteins with EBNA-LP exon deletions used in the kinase assays. (B) CKII phosphorylation of fusion protein MBP-LP and MBP-W2Y1Y1. (C) p34cdc2 kinase
phosphorylation pattern including hyperphosphorylation of MBP-W1W2. (D) Summary of phosphorylation patterns compared with the heat shock protein (HSP)-
binding ability of the same proteins.
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be used to enrich cell populations in various stages of the cell
cycle. While drug arrests with HU or aphidicolin were ade-
quate for accumulating G1-enriched cells, G2 enrichment re-
quired releasing a G1/S-blocked population into a G2 block.
Cells handled in this way tend to be fragile and may break up
during subsequent processing for cytofluorometric analysis. Al-
though this observation indicates that there are drug-related
effects on these cells, block release experiments with HU and
nocodazole alone suggest that the phosphorylation patterns of
EBNA-LP are not artifactual. In addition, cell-cycle-stage-spe-
cific phosphorylation of the Rb protein, which has been studied
in other systems (19), showed expected phosphorylation pat-
terns in G1- and G2-arrested cells (data not shown).
Western blots of EBNA-LP from cells enriched for G1 or G2

populations or at various times after release from blocks
showed that unlike some cell cycle regulatory molecules (e.g.,
cyclins), EBNA-LP was relatively stable and present at similar
concentrations in all samples examined. There was a notice-
able change in the migration of the protein in G2, since the
band seemed to broaden in some gels and resolve into two
discernible species in high-resolution gels of cells arrested at
the G2/M boundary. Corresponding bands in 32PO4

32 immu-
noprecipitates contained phosphoserine. Phosphorimager
analysis of the phosphoserine content indicated that EBNA-LP
was hypophosphorylated in late G1 and hyperphosphorylated
in G2. The evidence collected strongly indicated that hyper-
phosphorylation accounted for the slowly migrating species of
the protein. Transition through the M phase corresponded to
a disappearance of the hyperphosphorylated form of the pro-
tein. It is tempting to conclude from the biological evidence
suggesting G1-related effects for EBNA-LP expression and by
analogy to the functional effects of the phosphorylation pattern
of Rb (which EBNA-LP mimics) that hypophosphorylated
EBNA-LP is active and hyperphosphorylated EBNA-LP is in-
active.
Further elucidation of the functional significance of phos-

phorylation of EBNA-LP will require identification of the en-
zymes responsible for phosphorylation and the in vivo serine
residues involved. The immunoprecipitates of EBNA-LP do
not possess endogenous protein kinase activity (not shown).
Nevertheless, potential phosphorylation sites for two candidate
enzymes (CKII and p34cdc2 kinase) are present in the
EBNA-LP sequence, and the protein is a substrate for phos-
phorylation by these enzymes. CKII phosphorylates EBNA-LP
on serine, and phosphorylation is dependent upon the pres-
ence of the COOH-terminal unique region where the consen-
sus CKII site is located. This strongly implicates S-100 as a
potential phosphorylation site in vivo. Two other EBV pro-
teins, EBNA2 and ZEBRA, are also CKII phosphorylation
targets (13, 24), although no EBV-specific consensus among
these proteins is apparent. The capability of p34cdc2 kinase to
phosphorylate EBNA-LP on serines was also demonstrated.
The behavior of fusions containing this site alone in the CKII
kinase assay was unpredictable. The larger proteins with Y1Y2
termini were phosphorylated, but the shorter proteins were
not. In a curious paradox, the Y1Y2 sequence also had an
effect on phosphorylation by the p34cdc2 kinase. After removal
of the Y1Y2 COOH end, the W1W2 repeat sequence became
hyperphosphorylated in the in vitro kinase assays. The Y1Y2
and Y2 fusion proteins might be considered to behave ana-
molously because they adopt unnatural configurations; how-
ever, in one other assay of their function (heat shock protein
binding in vitro), these truncated products behave like the
full-length fusion protein. It will be interesting to determine if
mutant proteins have similar characteristics in vivo. In any
event, there are two potential serines (S-33 and S-62) that

match p34cdc2 consensus sites within the 44 residues of the W2
exon to which the phosphorylation has been mapped. Either or
both sites could be involved in vivo and could be responsible
for the iteration pattern of spots previously described for iso-
electric focused EBNA-LP (38, 40). Peptide mapping and mu-
tational analyses will determine if these sites are also phos-
phorylated in vivo and if the posttranslated modifications are
critical for function.

ACKNOWLEDGMENTS

We thank Paul Robbins, Frank Tung, and David Tweardy for help-
ful discussions and JoEllen Walker for wordsmithing the manuscript.
We thank Martin Rowe for the gift of JF186 antibody.
This work was supported by grant MV-556 rom the American Can-

cer Society.

REFERENCES

1. Allan, G. J., G. J. Inman, B. D. Parker, D. T. Rowe, and P. J. Farrell. 1992.
Cell growth effects of Epstein-Barr virus leader protein. J. Gen. Virol. 73:
1547–1551.

2. Allday, M. J., A. Sinclair, G. Parker, D. H. Crawford, and P. J. Farrell. 1995.
Epstein-Barr virus efficiently immortalizes human B cells without neutraliz-
ing the function of p53. EMBO J. 14:1382–1391.

3. Barbosa, M. S., C. Edmonds, C. Fisher, J. T. Schiller, D. R. Lowy, and K. H.
Vousden. 1990. The region of the HPV E7 oncoprotein homologous to
adenovirus E1a and Sv40 large T antigen contains separate domains for Rb
binding and casen kinase II phosphorylation. EMBO J. 9:153–160.

4. Bischoff, J. R., P. N. Friedman, D. R. Marshak, C. Prives, and D. Beach.
1990. Human p53 is phosphorylated by p60-cdc2 and cyclin B-cdc2. Proc.
Natl. Acad. Sci. USA 87:4766–4770.

5. Bousset, K., M. H. Oelgeschlager, M. Henriksson, S. Schreek, H. Burkhardt,
D. W. Litchfield, J. M. Luscher-Firzlaff, and B. Luscher. 1994. Regulation of
transcription factors c-Myc, Max, and c-Myb by casen kinase II. Cell. Mol.
Biol. Res. 40:501–511.

6. Carroll, D., N. Santoro, and D. R. Marshak. 1988. Regulating cell growth:
casein-kinase-II-dependent phosphorylation of nuclear oncoproteins. Cold
Spring Harbor Symp. Quant. Biol. 53:91–95.

7. Cisek, L. J., and J. L. Corden. 1989. Phosphorylation of RNA polymerase by
the murine homologue of the cell-cycle control protein cdc2. Nature (Lon-
don) 339:679–684.

8. Cordier-Busset, M., M. Billand, A. Calender, and G. M. Lenoir. 1993. Ep-
stein-Barr virus (EBV) nuclear antigen 2 induced upregulation of CD21 and
CD23 molecules is dependent on a permissive cellular context. Int. J. Cancer
53:153–160.

9. Dumont, D. J., and P. E. Branton. 1992. Phosphorylation of adenovirus E1A
proteins by the p34cdc2 protein kinase. Virology 189:111–120.

10. Dillner, J., B. Kallin, and H. Alexander. 1986. An EBV determined nuclear
antigen (EBNA5) partly encoded by the transformation associated Bam-
WYH region of EBV-DNA: preferential expression in lymphoblastoid cell
lines. Proc. Natl. Acad. Sci. USA 83:6641–6645.

11. Finke, J., M. Rowe, B. Kallin, I. Ernberg, A. Rosen, J. Dillner, and G. Klein.
1987. Monoclonal and polyclonal antibodies against Epstein-Barr virus nu-
clear antigen 5 (EBNA5) detect multiple protein species in Burkitt’s lym-
phoma and lymphoblastoid cell lines. J. Virol. 61:3870–3878.

12. Firzlaff, J. M., D. A. Galloway, R. N. Eisenmann, and B. Luscher. 1989. The
E7 protein of human papillomavirus type 16 is phosphorylated by casein
kinase II. New Biol. 1:44–53.

13. Grasser, F. A., P. Hais, S. Gottel, and N. Mueller-Lantzsch. 1991. Biochem-
ical characteristics of Epstein-Barr virus nuclear antigen 2A. J. Virol. 65:
3779–3788.

14. Grossman, S. R., E. Johannsen, X. Tong, R. Yalamanchili, and E. Kieff.
1994. The Epstein-Barr virus nuclear antigen 2 recombination signal binding
protein. Proc. Natl. Acad. Sci. USA 91:7568–7572.

15. Hammerschmidt, W., and B. Sugden. 1989. Genetic analysis of immortaliz-
ing functions of Epstein-Barr virus in human B lymphocytes. Nature (Lon-
don) 340:393–397.

16. Henkel, T., P. D. Ling, D. S. Hayward, and M. G. Peterson. 1994. Mediation
of Epstein-Barr virus EBNA2 transactivation by recombination signal bind-
ing JK. Science 265:92–95.

17. Inman, G. J., and P. J. Farrell. 1995. Epstein-Barr virus EBNA-LP and
transcription regulation properties of pRb, p107 and p53 in transfection
assays. J. Gen. Virol. 76:2141–2149.

18. Jiang, W.-Q., L. Szekely, V. Wendel-Hansen, N. Ringertz, G. Klein, and A.
Rosen. 1991. Co-localization of the retinoblastoma protein and the Epstein-
Barr virus-encloded nuclear antigen EBNA5. Exp. Cell Res. 197:314–318.

19. Kaelin, W. G., D. C. Pallas, J. A. DeCaprio, F. J. Kaye, and D. M. Livingston.
1991. Identification of cellular proteins that can interact with the T/E1a-
binding region of the retinoblastoma gene product. Cells 64:521–532.

7892 KITAY AND ROWE J. VIROL.



20. Kempkes, B., D. Pich, R. Zeidler, B. Sugden, and W. Hannerschmidt. 1995.
Immortalization of human B lymphocytes by a plasmid containing 71 kbp of
Epstein-Barr virus DNA. J. Virol. 69:231–238.

21. Kieff, E. 1996. Epstein-Barr virus and its replication, p. 2343–2396. In B. N.
Fields, D. M. Knife, et al. (ed.), Fields virology. Raven Press, New York.

22. Kipreos, E. T., and J. Y. Wang. 1990. Differential phosphorylation of c-Ab1
in cell cycle determined by cdc2 kinase and phosphatase activity. Science
248:217–220.

23. Kitay, M. K., and D. T. Rowe. 1996. Protein-protein interactions between
Epstein-Barr virus nuclear antigen-LP and cellular gene products: binding of
70Kd heat shock proteins. Virology 220:91–99.

24. Kolman, J. L., N. Taylor, D. R. Marshak, and G. Miller. 1993. Serine-173 of
the Epstein-Barr virus ZEBRA protein is required for DNA binding and is
a target for casein kinase II phosphorylation. Proc. Natl. Acad. Sci. USA
90:10115–10119.

25. Lees, J. A., K. J. Buchkovich, D. R. Marshak, C. W. Anderson, and E.
Harlow. 1991. The retinoblastoma protein is phosphorylated on multiple
sites by human cdc2. EMBO J. 10:4279–4290.

26. Leibowitz, D., and E. Kieff. 1990. Epstein-Barr virus and its replication, p.
1889–1920. In B. N. Fields, D. M. Knipe, et al. (ed.), Fields virology. Raven
Press, New York.

27. Lenoir, G. M., M. Vuillaume, and C. Bonnardel. 1985. Use of lymphomatous
and lymphoblastoid cell lines in the study of Burkitt’s lymphoma, p. 309–318.
In G. M. Lenoir, G. O’Connor, and C. L. M. Olweny (ed.), Burkitt’s lym-
phoma: a human cancer model. Scientific publication no. 60. International
Agency for Research on Cancer, Lyon, France.

28. Lin, B. T.-Y., S. Gruenwald, A. O. Morta, W. H. Lee, and J. Y. J. Wang. 1991.
Retinoblastoma cancer-suppressor gene product is a substrate of the cell
cycle regulator cdc2 kinase. EMBO J. 10:857–864.

29. Ling, P. D., D. R. Rawlins, and S. D. Hayward. 1993. The Epstein-Barr virus
immortalizing protein EBNA-2 is targeted to DNA by a cellular enhancer-
binding protein. Proc. Natl. Acad. Sci. USA 90:9237–9241.

30. Litchfield, D. W., B. Luscher, F. J. Lozeman, R. N. Eisenman, and E. G.
Krebs. 1992. Phosphorylation of casein kinase II by p34-cdc2 in vitro and at
mitosis. J. Biol. Chem. 267:13943–13951.

31. Luscher, B., and R. N. Eisenman. 1992. Mitosis-specific phosphorylation of
the nuclear oncoproteins Myc and Myb. J. Cell Biol. 118:775–784.

32. Mannick, J. B., J. I. Cohen, M. Birkenbach, A. Marchini, and E. Kieff. 1991.
The Epstein-Barr virus nuclear protein encoded by the leader of the EBNA
RNAs is important in B-lymphocyte transformation. J. Virol. 65:6826–6837.

33. Mannick, J. B., X. Tung, A. Hennes, and E. Kieff. 1995. The Epstein-Barr
virus nuclear antigen leader protein association with hsp72/hsc73. J. Virol.
69:8169–8172.

34. Marshall, D., and C. Sample. 1995. Epstein-Barr virus nuclear antigen 3C is
a transcriptional regulator. J. Virol. 69:3624–3630.

35. Matsunami, N., Y. Hamaguchi, Y. Yamamoto, K. Kuze, K. Kangawa, H.
Matsuo, M. Kawaichi, and T. Honjo. 1989. A protein binding to the J kappa
recombination sequence of immunoglobulin genes contains a sequence re-
lated to the integrase motif. Nature (London) 342:934–937.

36. Meek, D. W., S. Simon, U. Kikkawa, and W. Eckhart. 1990. The p53 tumor
suppressor protein is phosphorylated at serine 389 by casein kinase II.
EMBO J. 9:3253–3260.

37. Mosialos, R., M. Birkenbach, R. Yalamanchili, T. Van Arsdale, C. Ware, and
E. Kieff. 1995. The Epstein-Barr virus transforming protein LMP1 engages
signaling proteins for the tumor necrosis factor receptor family. Cell 80:389–
400.

38. Petti, L., C. Sample, and E. Kieff. 1990. Subnuclear localization and phos-
phorylation of Epstein-Barr virus latent infection nuclear protein. Virology
176:563–574.

39. Rawlins, D. R., G. Milman, S. D. Hayward, and G. S. Hayward. 1985.
Sequence specific DNA binding of the Epstein-Barr virus nuclear antigen
(EBNA-1) to clustered sites in the plasmid maintenance region. Cell 42:859–
688.

40. Sauter, M., H. Boos, F. Hirsch, and N. Muller-Lantzsch. 1988. Character-
ization of a latent protein encoded by the large internal repeats and the
BamHI Y fragment of the Epstein-Barr virus (EBV) genome. Virology
165:586–590.

41. Schneider, H. R., and O. G. Issinger. 1988. Nucleolin (CD23), a physiolog-
ical substrate for casein kinase II. Biochem. Biophys. Res. Commun. 156:
1390–1397.

42. Sinclair, A. J., I. Palermo, G. Peters, and P. J. Farrell. 1994. EBNA2 and
EBNA-LP cooperate to cause G0 and G1 transition during immortalization
of resting human B lymphocytes by Epstein-Barr virus. EMBO J. 13:3321–
3328.

42a.Smith, D. B., and K. S. Johnson. 1988. Single-step purification of polypep-
tides expressed in E. coli as fusions with glutathione S-transferase. Gene
67:31–40.

43. Szekely, L., W. Jiang, K. Pokrovshaja, K. Wiman, G. Klein, and N. Rigerty.
1995. Reversible nucleolar translocation of Epstein-Barr virus-encoded EBNA5
and hsp70 proteins after exposure to heat shock or cell density congestion.
J. Gen. Virol. 76:2423–2432.

44. Szekely, L., G. Selivanova, K. P. Magnusson, G. Klein, and K. G. Wiman.
1993. EBNA-5, an Epstein-Barr virus-encoded nuclear antigen, binds to the
retinoblastoma and p53 proteins. Proc. Natl. Acad. Sci. USA 90:5455–5459.

45. Tsui, S., and W. H. Schubach. 1994. Epstein-Barr virus nuclear protein 2A
forms oligomers in vitro and in vivo through a region required for B-cell
transformation. J. Virol. 68:4287–4294.

46. Waltzer, L., F. Logeat, C. Brou, A. Israel, A. Sergeant, and E. Manet. 1994.
The human J kappa recombination signal sequence binding protein (RBP-J
kappa) targets the Epstein-Barr virus EBNA2 protein to its DNA responsive
elements. EMBO J. 13:5633–5638.

47. Wilson, G., and G. Miller. 1979. Recovery of Epstein-Barr virus from non-
producer neonatal human lymphoid cell transformants. Virology 95:351–358.

48. Zimber-Strobl, U., E. Kremmer, F. Grasser, G. Marschall, G. Laux, and
G. W. Bornkamm. 1993. The Epstein-Barr virus nuclear antigen 2 interacts
with an EBNA2 responsive cis-element of the terminal protein 1 gene pro-
moter. EMBO J. 12:167–175.

49. Zimber-Strobl, U., L. J. Strobl, C. Meitinger, R. Hinrichs, T. Sakai, T.
Furukawa, T. Honjo, and G. W. Bornkamm. 1994. The Epstein-Barr virus
nuclear antigen 2 exerts its function through interaction with recombination
signal binding protein RBP-J kappa, the homologue of Drosophila suppres-
sor of hairless. EMBO J. 13:4973–4982.

VOL. 70, 1996 EBNA-LP PHOSPHORYLATION 7893


