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CKII Site in Epstein-Barr Virus Nuclear Protein 2 Controls Binding to
hSNF5/Ini1 and Is Important for Growth Transformation
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Substitution mutagenesis of EBNA2 shows that its interaction with hSNF5/Ini1 involves two sites (286IPP
and DQQ313), and a mutation at a CKII phosphorylation site (SS469) is essential for the interaction. An
alanine substitution (SS469AA) prevents binding to EBNA2 and diminishes the growth-promotion potential of
EBNA2 in the transcomplementation assay.

The ability of Epstein-Barr virus (EBV) to drive resting B
lymphocytes into G1 and maintain them in an immortalized
state is absolutely dependent on the expression of the viral
nuclear protein 2 (EBNA2) (17, 23, 24). The resultant prolif-
erative program, referred to as type III latency, shares pheno-
typic features with the malignant B lymphocytes that populate
EBV-associated lymphomas that occur in immunosuppressed
patients whose underlying disease or immunosuppressive ther-
apy results in impairment of the normal cellular immune re-
sponse that curbs the proliferation of B cells latently infected
by EBV (55).

EBNA2 acts as an adaptor molecule that has the potential
for recruitment of a large number of interacting proteins that
modulate the expression of a subset of crucial viral and cellular
genes that are in turn involved in the immortalization program.
The EBNA2-responsive genes of the viral genome include
those encoding the viral latency-associated nuclear proteins
(42) and the regulatory region for the viral transforming pro-
tein LMP1 and a membrane protein involved in maintaining
the latent state, LMP2A (21, 31, 33, 39, 48, 58). The cellular
genes that respond to EBNA2 include the potential B-cell
growth factors CD23 (5, 6, 47) and tumor necrosis factor beta
(9), the Fgr tyrosine kinase (26), a component of the EBV
receptor, CD21 (7, 29), the key proliferative transcription fac-
tor, Myc (20, 22), and the transcription factor AML-2 (41).

The mechanism by which EBNA2 influences the expression
of its target genes is complex and dependent on the cell con-
text. EBNA2 complexes are directed to their sites of action by
binding to the DNA binding proteins CBF1/RBPJ�, PU.1, or
ATF/CRE (15, 18, 21, 30, 40, 57). It interacts with basal tran-
scription factors to assemble the preinitiation complex (43, 44)
or can recruit transcription coactivators, such as SKIP and
BS69 (1, 56), as well as the dual-function proteins, such as the
transcription activator and antiapoptosis protein NUR77 (32),
the RNA helicase DP103 (16), and the RNA processing com-
plex associated with the survival motor neuron protein (3).
Among the proteins that interact with EBNA2 are those in-
volved in chromatin remodeling through covalent modifica-

tions of histone tails, PCAF and p300/CBP (49), or through the
association with multiprotein chromatin remodeling complexes
(51).

The paradigm of these chromatin remodeling machines is
the SWI/SNF complex of Saccharomyces cerevisiae and its hu-
man homologue, the human SWI/SNF complex (hSWI/SNF)
(also called the BAF [BRG1-associated factor] complex). Sim-
ilar complexes in yeast, Drosophila, and frogs have been stud-
ied (4). The SWI/SNF complex can activate or repress tran-
scription of a subset of genes through alteration of chromatin
structure, probably by altering the effects on transcription im-
posed by nucleosomal packaging of DNA. This effect results
both from altering the physical association between histones
and DNA in an ATP-dependent, catalytic fashion and from
recruitment by the complex of other factors that modulate
gene expression or modify chromatin structure. SWI/SNF can
both catalyze the movement of histones and displace them
from DNA (reviewed in references 10, 34, and 36)]. Our work
and that of several others have demonstrated that the complex
is directed to sites of action by its association with specific
transcription factors, EBNA2 providing one example of this
activity (2, 27, 52).

We have found that a phosphorylated fraction of lymphocyte
EBNA2 associates with a component of the hSWI/SNF com-
plex, hSNF5/Ini1 (51). Using chromatin immunoprecipitation,
we showed that EBNA2 directs the complex to an episomal
chromatin template containing the LMP2A regulatory seg-
ment. We also showed that this is dependent on binding by
CBF1/RBPJ� to its recognition sequence, as well as on
EBNA2 expression. In addition, we found that EBNA2 directs
the hSWI/SNF complex to the cellular CD23 gene regulatory
region. These activities were also dependent on the presence of
the TATA element of the promoter (52).

In an effort to establish the role that the association between
EBNA2 and the hSWI/SNF complex may play in B-cell pro-
liferation, we identified the sites in EBNA2 that mediate its
binding to hSNF5/Ini1 by the generation of mutant alleles of
EBNA2 that diminish or disrupt its interaction with hSNF5/
Ini1. We have incorporated these noninteracting alleles of
EBNA2 into retrovirus vectors to determine whether they sup-
port the growth of lymphocytes in an established transcomple-
mentation assay (11). We have found that two sites that reside
within the divergent region of EBNA2 are important for its
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binding to hSNF5/Ini1. Phosphorylation of a consensus CKII
site residing near the carboxyl terminus of EBNA2, and remote
from the region that directly mediates the EBNA2-hSNF5/Ini1
interaction, is essential for binding. Mutant alleles of EBNA2
that are not substrates for CKII do not bind hSNF5/Ini1 and
show a reduction in the growth-promoting effects that result
from the expression of this mutant form relative to that seen as
a result of expression of wild-type EBNA2.

Two sites within the divergent region of EBNA2 are impor-
tant for binding to hSNF5/Ini1. The association between
EBNA2 and hSNF5/Ini1 was originally inferred from the re-
sults of a two-hybrid screen with yeast cells. The bait construct
in that screen spanned amino acids 244 to 349 of EBNA2,
which encompasses a region of the molecule that differs sig-
nificantly between the type A and type B alleles, as depicted in
Fig. 1 (8). Type A alleles of EBNA2 function as more potent
transcription activators in experimental assays, and virions har-
boring type A alleles immortalize B cells more efficiently than
do those harboring type B alleles (38). We found that hSNF5/
Ini1 fusion proteins bound with comparable affinities to both
type A and type B alleles of EBNA2 when expressed in yeast
cells (data not shown). We also found that phosphorylated
EBNA2 coimmunoprecipitated with hSNF5/Ini1 from EBV-
immortalized lymphocytes or Burkitt lymphoma cell lines (51).
We exploited these results in designing a set of alanine substi-
tution and point mutants of EBNA2 that might disrupt its
interaction with hSNF5/Ini1. These are depicted in Fig. 1. We
introduced alanine substitution mutations in peptide stretches

that are conserved between both type A and type B alleles
within the divergent region. Because of the importance of
phosphorylation for the interaction with hSNF5/Ini1, we also
made a substitution mutant at a presumed CKII phosphoryla-
tion site at position 469. In addition, we made substitution
mutations in the CBF1/RBPJ� binding site (WW325FF) and in
the acidic transactivation domain that mediates interaction
with basal transcription factors (DESW455AAAA). Mutant
alleles similar to the latter two have been shown to be inactive
in viral immortalization assays.

Plasmids expressing these EBNA2 mutations were cotrans-
fected into 293T cells together with plasmids expressing full-
length hSNF5/Ini1 fused at its amino terminus to the FLAG
epitope. Following transfection, cell lysates were prepared and
complexes were immunoprecipitated with anti-FLAG antibody
(M2). The washed immunoprecipitates were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), blotted, and probed with a monoclonal antibody di-
rected against EBNA2, R3 (28). This assay resulted in variable
results that were very dependent on transfection efficiency and
antibody preparations, and the experiment required multiple
replications in order to arrive at definitive conclusions. In this
assay, the observed association of FLAG-Ini1 with EBNA2 was
relatively weak (Fig. 2A, lane 2) and was significantly weaker
than the interaction that we have consistently observed be-
tween endogenous hSNF5/Ini1 and EBNA2 in lymphocyte nu-
clear extracts (51). Although the results were somewhat vari-
able, we observed a decrease in FLAG-Ini1 binding by EBNA2

FIG. 1. Mutant alleles of EBNA2 used in this study. Portions (amino acids 247 to 346 and 446 to 475) of the derived amino acid sequence of
the coding sequence of the EBNA2A gene from the M-ABA strain of EBV that encompasses the divergent and carboxyl-terminal regions are
depicted. For comparison, the sequence encoded by the EBNA2B allele (8) is indicated. Amino acid identities between A and B types are shaded.
Point mutations that were constructed for this study are indicated below the sequence, and alanine substitution mutations are depicted above the
sequence. Alanine substitution mutations were generated by standard techniques, using PCR and oligonucleotides that introduced the alanine
substitution mutations indicated (19). The modification resulting in the alanine substitutions also generated a new PstI site within the coding region
in addition to a preexisting PstI site that resides at its 3� end. Specific PCR-generated fragments representing the amino and carboxyl portions of
these mutations were cleaved with appropriate enzymes and ligated together in the pSG5 expression vector. All mutants were sequenced to verify
the presence of the mutation and the absence of additional mutations. pSG5FLAG-Ini1 was constructed by introducing two tandem FLAG-
encoding sequences at the amino terminus of the entire hSFN5/Ini1 open reading frame in the pSG5 vector.
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mutants IPP286AAA and DQQ313AAA compared with the
other mutants and an overall slight decrease in binding com-
pared to wild-type FLAG-EBNA2 in the majority of replica-
tion of these experiments. Examples of these results are de-
picted in Fig. 2A, lanes 6 and 7. By contrast, when the terminal
19 amino acids of EBNA2 were deleted in the �469-487 mu-
tant or when the serines at positions 469 to 470 were replaced
by alanines, binding to FLAG-Ini1 was abolished (Fig. 2A,
lanes 3 and 4). The sequence around amino acid 469 predicts
it to be a consensus substrate for CKII phosphorylation, and it
has been suggested that this site is a major phosphorylation site
in lymphocyte EBNA2 (12). Substitution of phenylalanines for
tryptophans at position 325, which abolished binding to RBPJ�,
does not affect binding to hSNF5/Ini1 (Fig. 2D). These results
suggest, but do not conclusively demonstrate, that these sites
are involved in the interaction with hSNF5/Ini1. In cases where

several peptides within a protein mediate a protein-protein
interaction, it may not be possible to definitively identify the
specific amino acid residues that are critical to the interaction.

Phosphorylation of a CKII site in EBNA2 is essential for
binding to hSNF5/Ini1. We have shown that a phosphorylated
subfraction of EBNA2 bound hSNF5/Ini1 in lymphocytes.
Grasser and his colleagues have shown that EBNA2 is phos-
phorylated, predominantly at serine residues (12, 13), and they
have further shown that the carboxyl-terminal region encom-
passing residues 469 to 470 is a substrate for CKII in vitro (12).
Based on these results, we mutated this site by alanine substi-
tution, as shown in Fig. 1. In the coimmunoprecipitation assay,
we found that substitution of the potential phosphorylation
sites at serines 469 and 470 abolished detectable hSNF5/Ini1
binding. When we generated the pseudo-revertant mutation
by substituting glutamic acid residues for phosphoserines,
(SS469EE), binding to hSNF5/Ini1 was restored to a level that
consistently exceeded that seen with the wild-type allele. This
result suggests that the constitutive negative charge imparted
by the substitution of glutamic acids in 293T cells results in
enhanced binding of hSNF5/Ini1 compared with that seen with
the wild-type allele in this cell line. It is therefore possible that
this mutation unmasks all potential interaction sites within the
domain and that the 286 and 313 peptides are not directly
involved in the hSNF5/Ini1 interaction in B cells, as they ap-
pear to be in 293T cells. Nevertheless, these results demon-
strate that phosphorylation at the putative CKII site is essential
for hSNF5/Ini1 binding.

In order to determine whether in fact this site was phosphor-
ylated under these experimental conditions, extracts of 293T
cells were transfected with these EBNA2 alleles expressed as
FLAG-EBNA2 fusion proteins, immunoprecipitated with anti-
FLAG antibody, washed extensively, separated by SDS-PAGE,
blotted, and probed with antibodies directed against phospho-
serine or EBNA2. These results, shown in Fig. 3, show that
substitution of serines at the putative CKII site resulted in a
more than 50% reduction in overall EBNA2 serine phosphor-
ylation. This result shows that this is a major phosphorylation
site of EBNA2 under these conditions, consistent with previ-
ously published results (12).

The bait construct that was used in the yeast two-hybrid
screen that identified hSNF5/Ini1 as a potential EBNA2 bind-
ing partner lacked the phosphorylation site that is crucial for its
interaction. This suggests that the phosphorylation or its re-
sultant negative charge domain results in some structural al-
teration that is crucial for binding. This could result from un-
folding or exposure of a domain as a result of electrostatic
forces engendered by the phosphate (or carboxyl) side chains.
We propose that this domain is exposed and accessible for
hSNF5/Ini1 binding in the yeast fusion protein and in both the
phosphorylated form of EBNA2 and the phenotypic revertant
that results from substitution of glutamic acids for serine at the
putative CKII. An analogous conformational modification in
the intracellular domain of Src has been demonstrated (53, 54).
In the latter case, phosphorylation of a crucial tyrosine in the
activation loop relieves stearic inhibition of substrate binding
and establishes enzymatic activity. A similar conformational
change may uncover a region of EBNA2 that is directly in-
volved in hSNF5/Ini1 binding, such as the sequence at 286 or
313.

FIG. 2. In vivo interactions of mutant EBNA2 and hSNF5/Ini1 as
shown by coimmunoprecipitation of EBNA2 and FLAG-Ini1 in 293T
cells. 293T cells were transfected by the calcium phosphate technique
with 5 �g of indicated plasmid DNA. After 48 h, transfected cells were
lysed in NP-40 lysis buffer (0.5% NP-40, 50 mM Tris [pH 7.5], 150 mM
NaCl, 5 mM EDTA), the nuclear debris was removed by centrifuga-
tion, and the supernatant was used for immunoprecipitation by binding
to anti-FLAG agarose (Sigma, Saint Louis, Mo.). (A) Samples were
separated by SDS-PAGE, blotted, probed with the EBNA2-specific rat
monoclonal antibody (R3) (14), and developed with anti-rat horserad-
ish peroxidase and the ECL substrate kit (Amersham). Panels B and C
are immunoblots showing the expression of EBNA2 and FLAG-Ini1,
respectively. Panel D shows a coimmunoprecipitation experiment us-
ing a mutant of EBNA2, WW325FF, that does not bind to CBF1/
RBPJ�.
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Binding to hSNF5/Ini1 correlates with EBNA2 growth trans-
formation functions. In an effort to determine whether binding
to hSNF5/Ini1 correlated with the global effect of EBNA2 on
cell growth and survival, we determined the function of the
binding and nonbinding alleles of EBNA2 in a modification
of the transcomplementation assay (11). In this assay, the
EREB2.5 cell line that conditionally expresses an estrogen
receptor-EBNA2 fusion protein (ER-EBNA2) molecule is
used. These cells grow normally in the presence of estrogen but
undergo growth arrest in its absence. The cells can be rescued
by retrovirus transduction of a functional allele of EBNA2,
permitting proliferation in the absence of exogenous estrogen.
This assay serves to determine whether the EBNA2 proteins
expressed serve to maintain growth transformation, an estab-
lished function of EBNA2. Various mutant forms of EBNA2
that either bind or do not bind hSNF5/Ini1 were introduced
into the plasmid pAG138 (also referred to as pLIG.EBNA2)
(11), which expresses the wild-type allele of type A EBNA2.
These were transferred into EREB2.5 cells following a previ-
ously described protocol (11). The transduced cells were grown
in estrogen-free medium for 4 weeks, and after this period of
outgrowth, we performed Alamar blue assays (BioSource) of
aliquots of the cells. This assay provides a semiquantitative
measure of the ability of the EBNA2 mutants to drive prolif-
eration. These results are shown in Fig. 4. These data show that
the mutants that partially disrupt the EBNA2-hSNF5/Ini1 in-
teraction (DQQ313AAA and IPP286AAA) are essentially in-
distinguishable from wild-type EBNA2 (pAG138) in this assay.
By contrast, the SS469AA mutant, which disrupts the interac-

tion, demonstrates about half of the proliferative potential of
wild-type EBNA2. We conclude that phosphorylation of the
CKII site at residue 469 is important for B-cell growth trans-
formation or immortalization. Interestingly, the SS469EE mu-
tant, which apparently binds hSNF5/Ini1 with enhanced effi-
ciency compared with the wild type, is as active as wild-type
EBNA2 in this assay. Cells transduced by virions derived from
the empty vector, pAG131, showed no activity in this modifi-
cation of the transcomplementation assay.

These results are consistent with the conclusion that the
EBNA2-hSNF5/Ini1 interaction is important for B-cell immor-
talization; however, other interpretations are possible. Because
the phosphorylation site may be remote from the physical
binding site, it is possible that its modification results in expo-
sure of other regions of the molecule that play indispensable
roles in B-cell immortalization, such as the Ski interaction
region. We have found that recombinant virions harboring a
mutation that would be predicted to interrupt this interaction
(P307A,V309G) are completely inactive in a standard B-cell
immortalization assay (data not shown). Also, because CKII is
ubiquitous and confers wide-ranging effects as a result of its
ability to phosphorylate a large number of cellular substrates
(35), the diminished binding to hSNF5/Ini1 may be only one of
a potentially large number of molecular interactions that CKII
phosphorylation may effect in EBV-immortalized B cells.

SNF5/Ini1 is essential for murine embryonic development
(25), and although hSNF5/Ini1 is not the core catalytic com-
ponent of the hSWI/SNF complex, all of the SWI/SNF homo-

FIG. 3. Serine phosphorylation of EBNA2 at the CKII site. 293T
cells were transfected by the calcium phosphate technique with pSG5-
FLAG-EBNA2 wild type or the SS469AA substitution mutant. Cells
were lysed and processed as described in the legend to Fig. 2 in NP-40
lysis buffer supplemented with both protease inhibitor (Roche Diag-
nostics GmbH, Mannheim, Germany) and phosphatase inhibitor
(phosphatase inhibitor cocktail I, P-2850, and phosphatase inhibitor
cocktail II, P-5726 [Sigma]). Lysed cell supernatants were immunopre-
cipitated with anti-FLAG M2 affinity gel (Sigma), washed extensive-
ly, blotted, and probed with mouse monoclonal anti-phosphoserine
ascites fluid, P-3430, (Sigma), or a rat monoclonal antibody against
EBNA2 (R3). Immunoblots were developed by using ECL, and bands
were quantitated by using OptiQuant version 4.0 analysis software
(Packard Instrument Co.).

FIG. 4. Proliferative activities of mutant EBNA2 alleles. Specific
mutants of EBNA2 were placed into the pAG138 vector (11) by re-
moval of the appropriate sequences from the various pSG5-EBNA2
alleles. This was done by partial digestion of the pSG5 mutant con-
struct with PstI, blunt-end formation, and subsequent complete diges-
tion with BstEII. Fragments of appropriate size were then ligated into
pAG138 previously digested with SmaI and BstEII. The alteration was
verified by sequence analysis. Transfection of plasmids and transduc-
tion of EREB2.5 cells were performed as previously described (11).
The transduced cells were cultured in the presence of 1 �M estradiol
for 5 days, after which they were transferred to estrogen-free medium
for 4 weeks. Proliferation was determined by reduction of Alamar blue
according to the manufacturer’s instructions (BioSource). For each
transduced culture, a proliferative index was established by determin-
ing the least-squares fit of the time course of the measured percentage
of Alamar blue reduction for a fixed number of cells (5 � 104 cells/
well) in a 96-well plate over a 48-h period. The ordinate indicates the
relative proliferation compared with pAG138-transduced cells in this
assay. All assays were carried out in triplicate. The complete assay was
performed on three separate occasions, using separate plasmid prep-
arations for all of the components of the assay. Each error bar indi-
cates the standard deviation for the three different determinations.
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logues that have been characterized contain a SNF5 compo-
nent, its presence contributes to the catalytic activity of the
complex (37), and antibodies directed against hSNF5/Ini1 can
be used to affinity purify the entire complex from human cells
(50), suggesting that hSNF5/Ini1 plays a central and critical
role in both the structure and function of the whole complex.
It has also been suggested that hSNF5/Ini1 acts as a tumor
suppressor independently of its chromatin remodeling activity.
Homozygous deletion or inactivation of hSNF5/Ini1 is found in
a malignant rhabdoid tumor of childhood (46), and ectopic
expression hSNF5/Ini1 in cell lines deficient for this protein
can induce cell cycle arrest in an Rb-dependent fashion (45).
How this function of hSNF5/Ini1 relates to its role in EBV
transformation is unclear. It is possible that binding of EBNA2
to hSNF5/Ini1 results in inactivation of the tumor suppres-
sor activity of the latter and contributes to immortalization
through removal of a normal block to entry into S phase.
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