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The Epstein-Barr virus EBNA2 protein is a transcriptional activator that achieves promoter specificity
through interaction with the cellular DNA-binding protein CBF1/RBPJk. Within the amino acid 252-to-425
EBNA2 domain that targets CBF1/RBPJk lie three amino acid clusters, conserved regions (CR) 5, 6, and 7, that
are retained in the Epstein-Barr virus type A and type B and herpesvirus papio proteins. To further define the
important features of the targeting domain, we constructed EBNA2 polypeptides containing deletions in the
targeting domain and double or triple point mutations in the conserved motifs. The ability of these polypep-
tides and the type B and herpesvirus papio domains to interact with CBF1/RBPJk was examined by performing
electrophoretic mobility shift assays and correlated with the effect of the mutations on EBNA2 transactivation.
Both human type B EBNA2 and herpesvirus papio EBNA2 bound CBF1/RBPJk efficiently. Mutation of
hydrophobic residues in CR6 severely impaired CBF1/RBPJk interaction and transactivation, while mutation
of CR5 led to a moderate decrease in both activities. Mutation of CR7 had only a minor effect. Synthetic
peptides corresponding to each of the conserved motifs were also used as competitors in an electrophoretic
mobility shift assay. Only the peptide representing CR6 (amino acids 318 to 327), and not a version of this
peptide mutated at the tryptophan residues at positions 323 and 324 (WW323,324), could compete for EBNA2
complex formation with CBF1/RBPJk. Overall, the data indicated that CR5 contributes to an optimal inter-
action, perhaps through stabilizing contacts, while CR6 forms a crucial interface with CBF1/RBPJk. The
peptide competition data are consistent with direct contacts between WW323,324 and CBF1/RBPJk.

Epstein-Barr virus (EBV) is associated with several B-cell
malignancies, including Burkitt’s lymphoma and a proportion
of Hodgkin’s lymphoma and lymphomas in immunocompro-
mised individuals (13, 18, 26, 29, 33). EBV immortalizes B
lymphocytes with a high degree of efficiency concomitant with
establishment of latent infection. EBNA1 is required for main-
tenance of the EBV genome during latency (43). In addition,
genetic studies have shown that EBNA2, EBNA3A, EBNA3C,
and LMP1 are required for in vitro immortalization of B cells
(2, 7, 16, 20, 25, 27, 35, 36) and that EBNA-LP affects immor-
talization efficiency (16, 27). EBNA2 is a transcriptional acti-
vator that regulates viral latency gene expression and activates
expression of cellular genes (1, 4, 6, 9, 24, 30, 31, 40). The viral
LMP1 (12, 37), LMP2A (44, 45), and latency C promoters (Cp)
(19, 24, 34, 42) are upregulated by EBNA2, as is expression of
the cellular CD21, CD23, and c-fgr genes (21, 39, 41). Activa-
tion of cellular genes by EBNA2 is likely to have an important
role in altering B-cell growth control.
The mechanism of EBNA2-mediated transactivation has be-

come an area of intensive investigation. Data from our labo-
ratory (22, 23) and from Zimber-Strobl et al. (44) indicated
that EBNA2 did not bind directly to DNA, but rather was
tethered to target promoters through interaction with a cellu-
lar DNA-binding protein designated CBF1. Peptide sequenc-
ing and cloning recently revealed CBF1 to be identical to
recombination binding protein J kappa (RBPJk) (15, 17). This
latter protein was named on the basis of its ability to bind to
the heptamer sequence in the immunoglobulin J kappa gene
(28), a property that was subsequently found to be artifactually
generated by the addition of a BamHI linker to the heptamer
probe (15, 17). CBF1/RBPJk is highly conserved in sequence

between species as divergent as humans and members of the
genus Drosophila (3, 14, 32). The Drosophila homolog is en-
coded by the suppressor of the hairless gene and plays a key
role in determination of neuronal cell fate (14, 32). An exam-
ination of the binding site for CBF1/RBPJk identified an es-
sential core sequence, GTGGGAA, with flanking sequences
influencing binding affinity (22). The acceptable flanking se-
quences have been defined by binding-site selection to yield a
consensus, g/cYGTGGGAAa/c (38). A database search with
this sequence identifies CBF1/RBPJk-binding sites in a large
number of cellular promoters. Thus, EBNA2 has the potential
to reprogram B-cell gene expression to a much greater extent
than originally recognized.
To obtain comparative information that would aid in iden-

tification of important functional domains within EBNA2, we
had previously cloned and sequenced the EBNA2 gene of the
baboon virus herpesvirus papio (HVP) (24). Comparison of
the amino acid sequence with that of the human type A and
type B EBNA2 proteins (11) revealed nine conserved regions
(CR). CR8 proved to represent the critical hydrophobic seg-
ment of the activation domain, and CR9 is a strong karyophilic
signal sequence (6, 7, 24). The CBF1/RBPJk interaction do-
main in EBNA2 was initially located to amino acids (aa) 252 to
425, a sequence which contains three conserved regions, CR5,
CR6, and CR7 (23) (Fig. 1). An important role for CR6 had
already been indicated by the inability of a polypeptide carry-
ing a double mutation of tryptophans 323 and 324 to interact
with CBF1/RBPJk in an electrophoretic mobility shift assay
(EMSA) (23). Using the comparative information as a guide,
we created a series of deletions and point mutations to further
define the CBF1/RBPJk interaction domain.
Contribution of hydrophobic residues in CR5, CR6, and

CR7 to the stability of complex formation with CBF1/RBPJk.
To further define the critical features within the domain for* Corresponding author. Phone: (410) 955-2548. Fax: (410) 955-8685.
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interaction with CBF1, the truncated and mutated polypep-
tides diagrammed in Fig. 1A were synthesized by in vitro tran-
scription-translation and tested for their ability to form com-
plexes with CBF1 that could be detected in an EMSA. The
polypeptides were labeled with [35S]methionine and checked
for integrity by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). To ensure that equal amounts of
the EBNA2 polypeptides were added to each binding reaction
mixture, the SDS-PAGE bands were quantitated with a Mo-
lecular Dynamics PhosphorImager and the volume of the sam-
ples was adjusted on the basis of polypeptide size and the
number of methionine residues. As illustrated in Fig. 2, a

polypeptide lacking CR7 (aa 376 to 425 deleted) (del376-425)
could inhibit the CBF1 complex by competition as effectively as
could EBNA2(252-425) (EBNA2 containing aa 252 to 425),
but the E2/CBF1 complex itself was reduced in amount and
apparently was less stable than that formed with the larger aa
252-to-425 polypeptide (aa252-425). Further truncation at the
carboxy terminus resulted in a polypeptide, del343-425, that
could partially compete for the CBF1 complex but was unable
to generate a stable E2/CBF1 complex. Polypeptides lacking
CR5 and CR6 (del252-366) or lacking CR5 (del252-309,398-
425) neither competed for the CBF1 complex nor formed a
supershifted E2/CBF1 complex.

FIG. 1. Features of the EBNA2 domain that interacts with CBF1/RBPJk and summary of mutations created in this domain. (A) Schematic representation of the
EBNA2 protein indicating the relative positions of functional domains (black rectangles). The expanded map of the CBF1/RBPJk interaction domain (aa252-425) shows
the regions synthesized as synthetic peptides (hatched bars); the locations of conserved motifs (open rectangles); a conserved, putative PKC phosphorylation site (oval);
the glycine-arginine repeats (G/R) (hatched oval); the end points of deletions; and the positions of mutations introduced into this domain. For the mutated
constructions, wild-type amino acids are shown before the amino acid number and the substituted amino acids are shown after the number. (B) Alignment of the type
A (B95-8), type B (AG876), and HVP amino acid sequences from aa 252 to 425. Clusters of amino acids that are conserved between all three EBNA2 proteins are
indicated, as is a positionally conserved, putative PKC phosphorylation site (boxes). Asterisks denote amino acid identity, and vertical lines indicate amino acid
similarity.
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A concern with the use of truncated polypeptides is that the
smaller polypeptide size might affect the ability to form stable
complexes with CBF1 and influence the results obtained. We
therefore generated aa252-425 polypeptides carrying double
and triple point mutations within CR5, CR6, and CR7 and
within a conserved, putative protein kinase C (PKC) phosphor-
ylation site (Fig. 1). Mutation of two hydrophobic residues in
CR7 (LGL at position 389 changed to SRT) (LGL389SRT)
produced a 50% reduction in the ability of aa252-425 to form
an EBNA2/CBF1 complex (Fig. 2). In contrast to this polypep-
tide, whose mutation resulted in a relatively small effect,
polypeptides carrying mutations in hydrophobic residues in
CR5 (II307SR) and CR6 (WW323SR and PI326SR) did not
compete for the CBF1 complex and produced little or no
EBNA2/CBF1 supershifted complex. Mutation of two nonhy-
drophobic residues in CR6 (GP320SR) had no effect on the
behavior of the polypeptide in the EMSA, indicating that the
hydrophobic residues in CR6 are functionally dominant. The
combined results suggested that CR7 makes a small contribu-
tion to the stability of the interaction with CBF1 but is not
essential, while CR5 and CR6 are more important contribu-
tors.
We also examined the contribution of the glycine-arginine

repeats (aa346-356) and a putative PKC phosphorylation site
(aa357-363). Removal of the glycine-arginine repeats (del344-
357) did not negatively affect EBNA2/CBF1 complex forma-
tion (Fig. 2), and mutation of the PKC site (SR360VD) had
only a small effect, reducing EBNA2/CBF1 complex formation
by 40% relative to the level for the wild-type polypeptide.
Mutations in CR5 and CR6 also affect EBNA2 transactiva-

tion function. In order to correlate the effect of the mutations
on CBF1 interaction measured in the in vitro binding assays
with the effects on CBF1 interaction in vivo in cultured cells,
the point mutations and the glycine-arginine deletion were

incorporated into full-length EBNA2 proteins which were used
to study EBNA2 targeting in transactivation assays. The mu-
tant proteins were synthesized in equal abundance in trans-
fected cells, as assessed by Western immunoblot analysis (Fig.
3A). Figures 3B and C compare the abilities of wild-type and
mutant EBNA2 proteins to transactivate expression from the
EBV latency C promoter in a dose-response assay.
The CR7 and the PKC mutations, which had a small (ap-

proximately twofold) effect in reducing the amounts of
EBNA2/CBF1 complex formed, did not affect transactivation,
and the dose-response curves obtained with these mutants
were indistinguishable from the wild-type EBNA2 response
(Fig. 3B). It is possible that these mutations have some effect
on protein conformation in the smaller aa252-425 polypeptides
used in the EMSA but that this perturbation is compensated
for in the context of the intact protein. The glycine-arginine
deletion did not negatively affect complex formation in the
EMSA, and the deleted EBNA2 protein transactivated the
Cp-CAT target plasmid at 150% of wild-type levels in the
linear range (0.5 mg of effector DNA).
The correlation between binding affinity as measured by

EMSA and transactivation effectiveness was also observed with
the CR5 and CR6 mutations. Mutation of the hydrophobic
residues in CR5 impaired the ability of the aa252-425 polypep-
tide to form an EBNA2/CBF1 complex, and transactivation in
the linear range was only 10% that of the wild-type EBNA2
(Fig. 3B). Interestingly, the deficit could be overcome by in-
creasing the amount of effector DNA and at the highest dose
of EBNA2 (2 mg), transactivation by the CR5 mutant ap-
proached wild-type levels. We interpret these results to indi-
cate that CR5 contributes to a local polypeptide conformation
that stabilizes the EBNA2/CBF1 interaction or mediates sta-
bilizing contacts with CBF1.
Mutation of nonhydrophobic residues in CR6 had no effect

on complex formation in the EMSA, and as expected, trans-
activation by this mutant (CR6 GP320SR) mirrored that of
wild-type EBNA2 (Fig. 3C). The CR6 mutation WW323SR
had previously been shown to abolish both complex formation
with CBF1 and transactivation of the Cp (23) (Fig. 2), and the
data in Fig. 3C confirm the inability of this mutant to transac-
tivate the Cp even at high doses of effector. Mutation of the
only other hydrophobic residue in CR6 (PI326SR) severely
impaired the ability to form a complex with CBF1 in an EMSA,
and transactivation at 0.5 mg of effector was only 2% that of
wild-type EBNA2 (Fig. 3C). In contrast to what was observed
with the CR6 WW323SR mutant, transactivation was observed
at the highest levels of effector DNA, but even then the re-
sponse was only 20% that of the wild type. Table 1 gives a
quantitative summary of results of EMSAs and transient trans-
fection experiments. The data are consistent with a model in
which the hydrophobic residues in CR6 play a critical role in
forming the contact interface between EBNA2 and CBF1, and
tryptophans 323 and 324 are absolutely essential for this inter-
action.
The homologous domain of HVP binds CBF1. The rationale

for focusing attention on CR5, CR6, and CR7 lay in the con-
servation of these regions between the human type A and type
B and the HVP EBNA2 proteins and the low level of amino
acid sequence conservation (23% identity) between HVP
EBNA2 and the human proteins outside these three conserved
regions (Fig. 1B). Outside CR5, CR6, and CR7, there are only
five positionally conserved hydrophobic residues between aa
252 and aa 425. Two of these lie downstream of CR7 in a
region that is unlikely to contribute to CBF1 interaction on the
basis of the behavior of del376-425, and the other three occur
immediately upstream of CR5. To validate the thesis that CR5

FIG. 2. Effect of mutations on the ability of EBNA2(252-425) to interact with
CBF1/RBPJk. Results of an EMSA using CBF1 purified by heparin-agarose
chromatography and a 30-bp oligonucleotide probe containing the Cp CBF1
binding site (23) are shown. EBNA2(252-425) and mutant EBNA2 polypeptides
were in vitro transcribed and translated, and equimolar amounts were added to
the binding reaction mixtures. Addition of unprogrammed reticulocyte lysate to
the CBF1 extract (1lysate) produced a minor band shift that migrated in the
range of the E2/CBF1 complex. The EBNA2/CBF1 complexes vary in mobility
depending on the size of the added EBNA2 polypeptide.
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and CR6 contain the most important sequences for EBNA2/
CBF1 complex formation, it was important to show that the
same domain of HVP EBNA2 did indeed mediate interaction
with CBF1. The homologous segment of HVP EBNA2 (288-
470) was in vitro translated, and the ability of this polypeptide
to form an EBNA2/CBF1 complex was examined by EMSA
(Fig. 4A). The HVP polypeptide bound CBF1 as efficiently as
did the type A EBNA2, converting all the DNA-bound CBF1
complex to the supershifted EBNA2/CBF1 complex. In view of
the very low level of amino acid homology between HVP and
the human isolates in the aa252-425 targeting domain, the
emphasis on CR5 and CR6 appears to be justified.
Type B EBNA2 binds CBF1 and transactivates in a manner

comparable to that of type A EBNA2. Type A EBV immortal-
izes B cells more efficiently than does type B virus, and this
phenotype maps to EBNA2 (8). It has been reported that type
A EBNA2 transactivates the cellular CD23 promoter more
efficiently than does type B (41), raising the possibility that
transactivation ability might contribute to the immortalization
phenotype. Since the activation domains of the two proteins
have been shown to have equivalent activity (5), we tested
whether there might be a difference in the abilities of the type
A and type B proteins to interact with CBF1. In an EMSA (Fig.
4A), type B EBNA2 (aa216-392) and type A EBNA2 bound
CBF1 comparably, although twofold more of the type B
polypeptide was required to achieve conversion of all the
CBF1 to the supershifted complex. To evaluate whether this
small difference in in vitro binding was biologically significant,
we reexamined the transactivation efficiencies of the two pro-
teins in dose-response assays using the Cp and the CD23 pro-
moters as targets (Fig. 4). The type A and type B proteins are
synthesized equally in transfected cells (Fig. 3A). Type B
EBNA2 transactivated expression from a Cp reporter plasmid
slightly better than did the type A protein at the lower doses of
EBNA2 and equally at higher doses (Fig. 4B). The type B

protein has also been reported to be more efficient at transac-
tivating the LMP1 promoter (41). Expression from our CD23
promoter construction was transactivated equally by the type A
and type B proteins over a range of input effector DNA con-
centrations (Fig. 4C). On the basis of the observation that the
type A and type B proteins interacted comparably with CBF1
and that the type B protein was not at a disadvantage in
transactivating either a viral or a cellular promoter in cotrans-
fection assays, it seems likely that other activities mediated by

TABLE 1. Quantitative summary of results of EMSAs and
transient transfection experiments

Protein % Complex formationa % Transactivationb

aa252-425 (wild type) 100 100
del376-425 10 NT
del343-425 ,1 NT
del252-366 ,1 NT
del252-309,398-425 ,1 NT
del344-357 100 150
II307SR (CR5) 20 20c

GP320SR (CR6) 90 120
WW323SR (CR6) ,1 0
PI326SR (CR6) 5 2c

SR360VD (PKC) 60 110
LGL389SRT (CR7) 50 100

a Complex formation relative to that obtained with wild-type EBNA2(252-
425). The amount of EBNA2/CBF1 supershifted complex was quantitated by
using a phosphoimager. The amount of nonspecific complex formation by the
reticulocyte lysate alone was subtracted.
b Relative EBNA2 transactivation of the Cp determined from Fig. 3. Values

were calculated at DNA concentrations that gave 50% acetylation for wild-type
EBNA2. NT, not tested.
cMutant showed increased transactivation at higher concentrations of effector

DNA.

FIG. 3. Effect of mutations in CBF1 interaction domain on EBNA2 transac-
tivation. (A) Immunoblot analysis demonstrating equal expression of the differ-
ent EBNA2 effector constructions in transfected cells. Lane 1, type B EBNA2;
lanes 2 and 11, wild-type (type A) EBNA2; lane 3, CR7 LGL389SRT; lane 4,
delGly/Arg; lane 5, PKC mutant SR360VD; lane 6, CR6 PI326SR; lane 7, CR6
WW323SR; lanes 8 and 9, CR6 GP320SR; lane 10, CR5 II307SR. (B and C)
Transactivation, in DG75 cells, of a Cp-CAT construction (24) cotransfected at
2 mg with increasing amounts (0, 0.25, 0.5, 1.0, and 2.0 mg) of the indicated
EBNA2 effector DNAs. wtEBNA2, wild-type EBNA2.
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the amino-terminal half of EBNA2 may be responsible for the
inefficient immortalizing phenotype.
A synthetic peptide, CR6 aa318-327, can compete for

EBNA2/CBF1 interaction, whereas a peptide mutated at
WW323,324 cannot. Overall, the EMSA and transactivation
data implicated CR5 as contributing to the stability of the
EBNA2/CBF1 interaction and suggested that CR6, and in par-
ticular the tryptophan residues at positions 323 and 324,
formed a contact interface with CBF1. CR6 could perform this
function by generating a specific secondary or tertiary structure
that facilitated interaction (a lock-and-key model of interac-
tion). Alternatively, CR6 could mediate direct protein-protein
contacts, perhaps through the formation of a tryptophan
bridge (10). To further examine the proposed contributions of
CR5, CR6, and CR7 and to probe the role of CR6, we syn-
thesized five 10- to 15-mer peptides and tested them for the
ability to compete with EBNA2 for complex formation with
CBF1. The relative locations of the peptides are illustrated in
Fig. 1A, and the exact positions of the sequences can be de-
termined from Fig. 1B. The peptides are as follows: control,
aa265-279 (STPNDPDSPEPPSPT); CR5, aa299-314 (APA
QPPPGIINDQQL); CR6, aa318-327 (PSGPPWWPPI); CR6
WW323SR, aa318-327 (PSGPPSRPPI); and CR7, aa380-391
(PSMPELSPVLGL).

Increasing amounts of the peptides were added to the bind-
ing reaction mixtures, which were then analyzed by using an
EMSA (Fig. 5). Neither the control peptide nor the peptides
spanning CR5 or CR7 had any effect on the formation of the
EBNA2/CBF1 complex. In contrast, addition of the 10-mer
CR6 peptide gave an interesting result. The CR6 peptide elim-
inated by competition 40% of the EBNA2/CBF1 complex
while at the same time regenerating the DNA-bound CBF1
complex to the levels seen in the absence of added EBNA2. It
is known that EBNA2 can interact with CBF1 in solution (15,
17), and a typical binding reaction mixture presumably con-
tains both DNA-bound and non-DNA-bound EBNA2/CBF1
complexes. Glutathione S-transferase (GST) affinity assays us-
ing GST–EBNA2(252-425) and 35S-labeled, in vitro-translated
CBF1 confirmed that the CR6 peptide could also compete for
EBNA2 interaction with CBF1 in solution (data not shown).
The amount of CBF1/EBNA2 complex detected by EMSA is
therefore likely to be influenced by the equilibrium between
DNA-bound and free CBF1/EBNA2 complexes and by any
difference in the affinity for DNA that CBF1 may exhibit when
binding alone versus binding as a CBF1/EBNA2 complex. Mu-
tation of the tryptophan residues at positions 323 and 324
within an otherwise identical CR6 peptide abolished the ability
of the peptide to compete with EBNA2 for interaction with
CBF1 as assayed both by EMSA (Fig. 5) and in a GST affinity
assay (data not shown).
In summary, we conclude that CR5 plays a role in generating

an optimal local conformation for interaction with CBF1 and
may make stabilizing protein-protein contacts. Critical protein-
protein contacts are made by CR6. A 10-amino-acid peptide is
too small to establish a stable secondary structure. The fact
that the 10-mer CR6 peptide was able to compete for EBNA2
binding to CBF1 and the inability of the peptide carrying the

FIG. 4. Comparison of the CBF1/RBPJk-binding properties of HVP EBNA2
and human type A and type B EBNA2 and transactivation by the human pro-
teins. (A) EMSA comparing the abilities of type A EBNA2(252-425) (EBNA2A)
and the homologous domains of type B EBNA2 (aa216-392) (EBNA2B) and
HVP EBNA2 (aa288-470) (HVPEBNA2) to form complexes with CBF1/RBPJk.
The EBNA2 polypeptides and CBF1/RBPJk were prepared by in vitro transcrip-
tion and translation. EBNA2 polypeptides were added with twofold increases in
amount (black triangles) to a binding mixture containing a constant amount of
CBF1/RBPJk and the 30-bp Cp CBF1 binding site probe. Retic., reticulocyte. (B
and C) Cotransfection assays comparing the abilities of type A EBNA2 and type
B EBNA2 to transactivate expression from Cp-CAT (B) and CD23p-CAT (C)
(22) constructions in DG75 cells. The target plasmids were transfected at a
constant amount (2 mg), and the effector DNAs were transfected at increasing
amounts of 0, 0.5, 1.0, 2.0, and 4.0 mg.
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WW mutation to perform this function strongly suggest that
the two tryptophan residues in CR6 are responsible for directly
contacting CBF1. This interpretation is compatible with the
transactivation data which showed that only the WW mutation
in CR6 could completely abolish transactivation function. The
ability of such a small peptide to compete for EBNA2 binding
to CBF1 also suggests that targeting the disruption of this
interaction may be a viable antiviral strategy.

We thank Jie Tan for technical assistance and Feng Chang for
manuscript preparation. The type B EBNA2 gene was kindly provided
by Elliott Kieff.
This work was supported by grant RO1 CA42245 from the National

Institutes of Health. P.D.L. was partially supported by a Leukemia
Society of America special fellowship. S.D.H. is the recipient of an
American Cancer Society award (FRA 429).

REFERENCES

1. Abbott, S. D., M. Rowe, K. Cadwallader, A. Ricksten, J. Gordon, F. Wang, L.
Rymo, and A. B. Rickinson. 1990. Epstein-Barr virus nuclear antigen 2
induces expression of the virus-encoded latent membrane protein. J. Virol.
64:2126–2134.

2. Alfieri, C., M. Birkenbach, and E. Kieff. 1991. Events in Epstein-Barr virus-
infection of human B lymphocytes. Virology 181:595–608.

3. Amakawa, R., W. Jing, K. Ozawa, N. Matsunami, Y. Amaguchi, F. Matsuda, M.
Kawaichi, and T. Honjo. 1993. Human Jk recombination signal binding protein
gene (IGKJRB): comparison with its mouse homologue. Genomics17:306–315.

4. Calender, A., M. Billaud, J. P. Aubry, J. Bauchereau, M. Vuillaume, and G.
Lenoir. 1987. Epstein-Barr virus (EBV) induces expression of B cell activa-
tion markers in in vitro infection of EBV-negative B-lymphoma cells. Proc.
Natl. Acad. Sci. USA 84:8060–8064.

5. Cohen, J. I. 1992. A region of herpes simplex virus VP16 can substitute for
a transforming domain of Epstein-Barr virus nuclear protein 2. Proc. Natl.
Acad. Sci. USA 89:8030–8034.

6. Cohen, J. I., and E. Kieff. 1991. An Epstein-Barr virus nuclear protein 2
domain essential for transformation is a direct transcriptional activator. J.
Virol. 65:5880–5885.

7. Cohen, J. I., F. Wang, and E. Kieff. 1991. Epstein-Barr virus nuclear protein
2 mutations define essential domains for transformation and transactivation.
J. Virol. 65:2545–2554.

8. Cohen, J. I., F. Wang, J. Mannick, and E. Kieff. 1989. Epstein-Barr virus
nuclear protein 2 is a key determinant of lymphocyte transformation. Proc.
Natl. Acad. Sci. USA 86:9558–9562.

9. Cordier, M., A. Calender, M. Billaud, U. Zimber, G. Rousselet, O. Pavlish,
J. Banchereau, T. Tursz, G. Bornkamm, and G. M. Lenoir. 1990. Stable
transfection of Epstein-Barr virus (EBV) nuclear antigen 2 in lymphoma

cells containing the EBV P3HR1 genome induces expression of B-cell acti-
vation molecules CD21 and CD23. J. Virol. 64:1002–1013.

10. Corina, K., S. R. Grossman, J. Barsoum, S. S. Parkash, E. J. Androphy, and
R. B. Pepinsky. 1993. The tryptophan bridge is a critical feature of the
papillomavirus E2 DNA binding domain. Virology 197:391–396.

11. Dambaugh, T., K. Hennessey, L. Chamnankit, and E. Kieff. 1984. U2 region
of Epstein-Barr virus DNA may encode Epstein-Barr virus nuclear antigen
2. Proc. Natl. Acad. Sci. USA 81:7632–7636.

12. Fahraeus, R., A. Jansson, A. Rickinson, and L. Rymo. 1990. Epstein-Barr
virus encoded nuclear antigen 2 activates the viral latent membrane pro-
moter by modulating the activity of a negative regulatory element. Proc.
Natl. Acad. Sci. USA 87:7390–7394.

13. Filipovich, A. H., R. Shapiro, L. Robison, A. Mertens, and G. Frizzera. 1990.
Lymphoproliferative disorders associated with immunodeficiency, p. 135–
154. In I. T. Magrath (ed.), The non-Hodgkin’s lymphomas. Williams and
Wilkins, Baltimore.

14. Furukawa, T., M. Kawaichi, N. Matsunami, H. Ryo, Y. Nishida, and T.
Honjo. 1991. The drosophila RBP-J kappa gene encodes the binding protein
for the immunoglobulin J kappa recombination signal sequence. J. Biol.
Chem. 266:23334–23340.

15. Grossman, S. R., E. Johannsen, X. Tong, R. Yalamanchili, and E. Kieff.
1994. The Epstein-Barr virus nuclear antigen 2 transactivator is directed to
response elements by the Jk recombination signal binding protein. Proc.
Natl. Acad. Sci. USA 91:7568–7572.

16. 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.

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

18. Herbst, H., F. Dallenbach, M. Hummel, G. Niedobitek, S. Pileri, N. Muller-
Lantzsch, and H. Stein. 1991. Epstein-Barr virus latent membrane protein
expression in Hodgkin and Reed-Sternberg cells. Proc. Natl. Acad. Sci. USA
88:4766–4770.

19. Jin, X. W., and S. H. Speck. 1992. Identification of critical cis elements
involved in mediating Epstein-Barr virus nuclear antigen 2-dependent activ-
ity of an enhancer located upstream of the viral BamHI C promoter. J. Virol.
66:2846–2852.

20. Kaye, K. M., K. M. Izumi, and E. Kieff. 1993. Epstein-Barr virus latent
membrane protein 1 is essential for B-lymphocyte growth transformation.
Proc. Natl. Acad. Sci. USA 90:9150–9154.

21. Knutson, J. C. 1990. The level of c-fgr RNA is increased by EBNA-2, an
Epstein-Barr virus gene required for B-cell immortalization. J. Virol. 64:
2530–2536.

22. Ling, P. D., J. J.-D. Hsieh, I. K. Ruf, D. R. Rawlins, and S. D. Hayward. 1994.
EBNA-2 upregulation of Epstein-Barr virus latency promoters and the cel-
lular CD23 promoter utilizes a common targeting intermediate, CBF1. J.
Virol. 68:5375–5383.

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

FIG. 5. Synthetic 10-amino-acid peptide representing CR6 competes with EBNA2 for complex formation with CBF1/RBPJk. Results of an EMSA examining the
abilities of synthetic peptides representing CR5 (PEP.CR5), CR6 (PEP.CR6), mutant CR6 (CR6 WW323SR) (PEP.CR6 WW.SR), CR7 (PEP.CR7), and a control,
nonconserved region (aa265-279) (CONTROL) to compete for EBNA2/CBF1 complex formation are shown. Increasing amounts of peptide (1.25, 2.5, 5.0, and 10 mg
[black triangles]) were added to the binding reaction mixtures containing the Cp CBF1 binding site probe, in vitro-translated wild-type EBNA2(252-425), and
heparin-agarose-purified CBF1.

VOL. 69, 1995 NOTES 1949



24. Ling, P. D., J. J. Ryon, and S. D. Hayward. 1993. EBNA-2 of herpesvirus
papio diverges significantly from the type A and type B EBNA-2 proteins of
Epstein-Barr virus but retains an efficient transactivation domain with a
conserved hydrophobic motif. J. Virol. 67:2990–3003.

25. Longnecker, R., C. L. Miller, X. Q. Miao, B. Tomkinson, and E. Kieff. 1993.
The last seven transmembrane and carboxy-terminal cytoplasmic domains of
Epstein-Barr virus latent membrane protein 2 (LMP2) are dispensable for
lymphocyte infection and growth transformation in vitro. J. Virol.67:2006–2013.

26. MacMahon, E. M. E., J. D. Glass, S. D. Hayward, R. B. Mann, P. S. Becker,
P. Charache, J. McArthur, and R. F. Ambinder. 1991. Epstein-Barr virus in
AIDS-related primary central nervous system lymphoma. Lancet 338:969–
973.

27. 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.

28. 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.

29. Miller, G. 1990. Epstein-Barr virus, p. 1921–1958. In B. N. Fields, D. M.
Knipe, R. M. Chanock, M. S. Hirsch, J. L. Melnick, T. P. Monath, and B.
Roizman (ed.), Virology, 2nd ed. Raven Press, New York.

30. Rickinson, A. B., L. S. Young, and M. Rowe. 1987. Influence of the Epstein-
Barr virus nuclear antigen EBNA2 on the growth phenotype of virus-trans-
formed B cells. J. Virol. 61:1310–1317.

31. Rooney, C. M., M. Brimmell, M. Buschle, G. Allan, P. J. Farrell, and J. L.
Kolman. 1992. Host cell and EBNA-2 regulation of Epstein-Barr virus la-
tent-cycle promoter activity in B lymphocytes. J. Virol. 66:496–504.

32. Schweisguth, F., and J. W. Posakony. 1992. Suppressor of hairless, the
drosophila homolog of the mouse recombination signal-binding protein
gene, controls sensory organ cell fates. Cell 69:1199–1212.

33. Staal, S. P., R. F. Ambinder, W. E. Beschorner, G. S. Hayward, and R. Mann.
1989. A survey of Epstein-Barr virus DNA in lymphoid tissue. Frequent
detection in Hodgkin’s disease. Am. J. Clin. Pathol. 91:1–5.

34. Sung, N. S., S. Kenney, D. Gutsch, and J. S. Pagano. 1991. EBNA-2 trans-
activates a lymphoid-specific enhancer in the BamHI C promoter of Epstein-
Barr virus. J. Virol. 65:2164–2169.

35. Tomkinson, B., and E. Kieff. 1992. Use of second-site homologous recom-
bination to demonstrate that Epstein-Barr virus nuclear protein 3B is not

important for lymphocyte infection or growth transformation in vitro. J.
Virol. 66:2893–2903.

36. Tomkinson, B., E. Robertson, and E. Kieff. 1993. Epstein-Barr virus nuclear
proteins EBNA-3A and EBNA-3C are essential for B-lymphocyte growth
transformation. J. Virol. 67:2014–2025.

37. Tsang, S.-F., F. Wang, K. M. Izumi, and E. Kieff. 1991. Delineation of the
cis-acting element mediating EBNA-2 transactivation of latent infection
membrane protein expression. J. Virol. 65:6765–6771.

38. Tun, T., Y. Hamaguchi, N. Matsunami, T. Furukawa, T. Honjo, and M.
Kawaichi. 1994. Recognition sequence of a highly conserved DNA binding
protein RBP-J kappa. Nucleic Acids Res. 22:965–971.

39. Wang, F., C. Gregory, M. Rowe, A. B. Rickinson, D. Wang, M. Birkenbach,
H. Kikutani, T. Kishimoto, and E. Kieff. 1987. Epstein-Barr virus nuclear
antigen 2 specifically induces expression of the B cell activation antigen
CD23. Proc. Natl. Acad. Sci. USA 84:3452–3456.

40. Wang, F., C. Gregory, C. Sample, M. Rowe, D. Liebowitz, R. Murray, A. B.
Rickinson, and E. Kieff. 1990. Epstein-Barr virus latent membrane protein
(LMP1) and nuclear proteins 2 and 3C are effectors of phenotypic changes
in B lymphocytes: EBNA-2 and LMP1 cooperatively induce CD23. J. Virol.
64:2309–2318.

41. Wang, F., H. Kikutani, S. Tsang, T. Kishimoto, and E. Kieff. 1991. Epstein-
Barr virus nuclear protein 2 transactivates a cis-acting CD23 DNA element.
J. Virol. 65:4101–4106.

42. Woisetschlager, M., X. W. Jin, C. N. Yandava, L. A. Furmanski, J. L.
Strominger, and S. H. Speck. 1991. Role for the Epstein-Barr virus nuclear
antigen 2 in viral promoter switching during initial stages of infection. Proc.
Natl. Acad. Sci. USA 88:3942–3946.

43. Yates, J. L., N. Warren, and B. Sugden. 1985. Stable replication of plasmids
derived from Epstein-Barr virus in a variety of mammalian cells. Nature
(London) 313:812–815.

44. 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.

45. Zimber-Strobl, U., K.-O. Suentzenich, G. Laux, D. Eick, M. Cordier, A.
Calender, M. Billaud, G. M. Lenoir, and G. W. Bornkamm. 1991. Epstein-
Barr virus nuclear antigen 2 activates transcription of the terminal protein
gene. J. Virol. 65:415–423.

1950 NOTES J. VIROL.


