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Epstein-Barr virus (EBV) nuclear antigen 3A (EBNA-3A) is essential for virus-mediated immortalization of
B lymphocytes in vitro and is believed to regulate transcription of cellular and/or viral genes. One known
mechanism of regulation is through its interaction with the cellular transcription factor Jk. This interaction
downregulates transcription mediated by EBNA-2 and Jk. To identify the amino acids that play a role in this
interaction, we have generated mutant EBNA-3A proteins. A mutant EBNA-3A protein in which alanine
residues were substituted for amino acids 199, 200, and 202 no longer downregulated transcription. Surpris-
ingly, this mutant protein remained able to coimmunoprecipitate with Jk. Using a reporter gene assay based
on the recruitment of Jk by various regions spanning EBNA-3A, we have shown that this mutation abolished
binding of Jk to the N-proximal region (amino acids 125 to 222) and that no other region of EBNA-3A alone
was sufficient to mediate an association with Jk. To determine the biological significance of the interaction of
EBNA-3A with Jk, we have studied its conservation in the simian lymphocryptovirus herpesvirus papio (HVP)
by cloning HVP-3A, the homolog of EBNA-3A encoded by this virus. This 903-amino-acid protein exhibited 37%
identity with its EBV counterpart, mainly within the amino-terminal half. HVP-3A also interacted with Jk
through a region located between amino acids 127 and 223 and also repressed transcription mediated through
EBNA-2 and Jk. The evolutionary conservation of this function, in proteins that have otherwise significantly
diverged, argues strongly for an important biological role in virus-mediated immortalization of B lymphocytes.

The ubiquitous human gammaherpesvirus Epstein-Barr vi-
rus (EBV) infects epithelial cells in the oropharynx and then
establishes a latent infection in B lymphocytes (for a review,
see reference 28). These latently infected B cells are believed
to constitute the reservoir of virus that sustains the host’s
lifelong infection. In vitro, EBV-mediated immortalization of
B lymphocytes generates lymphoblastoid cell lines in which the
full set of viral latent genes is expressed (for reviews, see
references 28, 46, and 51). This so-called growth program of
latency, or the latency III program, is also observed during the
early phase of latent infection in vivo and in EBV-associated
lymphoproliferative disorders which occur in immunocompro-
mised patients. The ability to immortalize B lymphocytes in
vitro and the association with lymphomas and lymphoprolif-
erative disorders are shared by distantly related lymphocryp-
toviruses that infect Old World primates such as chimpanzees,
baboons, or rhesus macaques (9, 14). Infection of rhesus ma-
caques with their respective virus mirrors EBV infection of
humans, making them excellent animal models of EBV infec-
tion (39).

Only a very limited number of gene products encoded by
EBV can be detected in EBV-immortalized B cells. Three of
these are members of the EBV nuclear antigen 3 (EBNA-3)

family, two of which, EBNA-3A and -3C, are essential for the
establishment of a latent infection in B lymphocytes in vivo
(55). An increasing body of evidence indicates that the func-
tion of the EBNA-3 proteins, at least in part, is to regulate
transcription. The EBNA-3 proteins all bind to the cellular
transcription factor Jk and repress Jk-mediated transcription
by preventing Jk from binding to DNA (30, 32, 48, 63). Jk, a
highly conserved ubiquitous DNA-binding protein, is the ef-
fector component of the Notch signaling pathway, which spec-
ifies cell fate during development (for a review, see reference
1). Due to its likely role in development, the molecular mech-
anism of transcriptional regulation by Jk is the focus of intense
research. Jk alone does not activate transcription but rather
functions as a repressor. A repression domain has been iden-
tified in the center of the protein (19), and several potential
mechanisms for mediating repression have been proposed.
First, by contacting both transcription factor IIA (TFIIA) and
TFIID, Jk is thought to hinder optimal interaction between
these two general transcription factors (40). Second, Jk inter-
acts with a corepressor complex that contains the histone
deacetylase HDAC-1 (21, 27, 59). Jk can also specifically re-
press NF-kB-mediated transactivation of the NF-kB2 and in-
terleukin-6 genes, by preventing binding of NF-kB to the pro-
moter or its association with a cofactor (26, 41, 43). In addition
to its role as a repressor, Jk can also function as a transcrip-
tional activator. Activation of the Notch receptor, which binds
Jk, releases its intracellular domain complexed to Jk in a man-
ner that conceals the repression domain and activates tran-
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scription. In EBV-transformed cells, EBNA-2 mimics activated
Notch by binding to Jk and activating transcription (15, 20, 35).
In Drosophila melanogaster, the homologue of Jk, Suppressor
of Hairless [Su(H)] is regulated by the protein Hairless which
prevents binding of Jk to its consensus sequence (4). The
EBNA-3 proteins thus function in a similar manner to Hairless
to repress EBNA-2–Jk-mediated transcription. Regulation by
Jk thus involves multiple mechanisms, mediated through pro-
tein interactions. This complexity likely reflects the necessity
for tight control of expression of its target genes.

Although many promoters contain the core heptamer rec-
ognized by Jk and represent potential targets, only a limited
number have actually been demonstrated to be regulated by Jk
or Su(H). Among these are cellular genes, such as human
interleukin-6 (26), murine Hairy Enhancer of Split-1 (22, 23), or
the enhancer of split complex genes (2, 33), as well as viral
genes such as the adenovirus pIX (8), the EBV LMP-1 and
LMP-2 promoters, and the EBV Cp used for transcription of
the EBNAs during latency III (17, 24, 31, 56, 60, 61). Jk is likely
a key player in EBV latent infection, especially during latency
program III. Not only is Jk involved in regulation of the ex-
pression of most EBV latent genes expressed during latency III
but also, because EBNA-2 and the EBNA-3 proteins regulate
Jk-mediated transcription, every gene regulated by Jk repre-
sents a potential target of deregulation by the virus. Clearly,
then, regulation of Jk-mediated transcription is likely to play
an important role in the immortalization of B lymphocytes by
EBV. One question that remains to be answered is whether all
three EBNA-3 proteins are required to regulate Jk-mediated
transcription.

In addition to their biological similarities, the EBV and
herpesvirus papio (HVP) genomes exhbit a homologous, co-
linear organization, and most HVP latent genes have now been
cloned (10, 11, 18, 36, 42, 57; B. Zhao, R. Dalbiès-Tran, and
C. E. Sample, manuscript in preparation). The global picture
emerging from these reports is that, despite a significant over-
all divergence in the sequence, many elements important for
the function of EBV proteins are conserved in their HVP
counterparts. Such homology extends to other regions of the
genome with essential functions, such as promoters or origins
of replication (10, 13, 49). Of particular interest, several fea-
tures related to the role of Jk during latent infection are con-
served. The EBNA-2 homolog can interact with Jk and activate
transcription from a reporter gene controlled by Jk binding
sites (34, 36). Moreover, the consensus sequence for Jk is
conserved in the simian virus Cp promoter, which, like its EBV
counterpart, is responsive to EBNA-2 (13). Whether the ho-
mologues of the EBNA-3 proteins would also regulate Jk-
mediated transcription was unknown.

Clearly, the conservation of a given function of an EBV gene
product in its HVP homologue is an excellent way to evaluate
its biological significance. An alternative way to address this
question is to generate a recombinant EBV that is defective in
a given function. A recombinant virus encoding a mutant
EBNA-3 protein that does not affect Jk-mediated transcrip-
tional regulation would be a powerful tool for analyzing the
biological significance of regulation of Jk-mediated transcrip-
tion by EBNA-3. Before we can use either of these techniques,
it is necessary to characterize the interaction between EBNA-3
proteins and Jk and to identify the amino acids that are essen-

tial for this interaction. The domain that binds Jk has been
most convincingly mapped for EBNA-3C and is localized to a
domain in the amino terminus that is conserved in all EBNA-3
proteins (48, 63). Mutations within conserved amino acids dis-
rupt both binding between EBNA-3C and Jk, as well as the
resultant repression of transcription mediated through Jk (63).
For EBNA-3A, there have been conflicting reports as to
whether the corresponding domain binds Jk. Although we and
others have reported that EBNA-3A–Jk binding is mediated
through the conserved domain (3, 63), others have reported
binding through a more N-terminal or a more C-terminal do-
main (6, 48).

Here, we demonstrate that the conserved domain alone was
sufficient for interaction with Jk and that mutations of amino
acids conserved between the EBNA-3 proteins prevented this
interaction. These mutations also disrupted the ability of
EBNA-3A to regulate EBNA-2–Jk-mediated transcription.
Surprisingly, however, the full-length EBNA-3A mutant pro-
tein remained able to associate with Jk, although we were
unable to identify a second domain that alone was sufficient to
mediate an interaction. Finally, as a measure of the biological
relevance of the interaction between EBNA-3A and Jk, we
demonstrate that, although the HVP and EBV 3A proteins
share only 37% identity, the interaction of 3A with Jk was
conserved. The conservation of this function suggests that the
regulation of EBNA-2–Jk-mediated transcription by 3A pro-
teins plays a significant role in the life cycle of these viruses.

MATERIALS AND METHODS

Cell lines. Louckes and BJAB are EBV-negative Burkitt lymphoma and B-
lymphoma cell lines, respectively. S594 is an HVP-infected B-cell line derived
from the peripheral blood of a baboon. All cell lines were maintained in RPMI
1640 medium supplemented with 2 mM glutamine and 10% fetal bovine serum
(HyClone).

Plasmids. Using the Quickchange site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions, a HindIII site was introduced into
pSG5-Jk (37) at the end of the coding sequence with the oligodeoxynucleotide
primer pair 59-GCCACAGTGGTATCCAAGCTTCCGTCTTTTTGCTAG
GAC and 59-GTCCTAGCAAAAAGACGGAAGCTTGGATACCACTGTG
GC. The HindIII restriction fragment from pCMXVP16 (a gift of Paul Brindle,
St. Jude Children’s Research Hospital, Memphis, Tenn.), encoding the VP16
activation domain, was cloned into this site.

Mutations in the N-proximal region of EBNA-3A. Mutations were introduced
into pSG5-EBNA3A (63) using the Quickchange mutagenesis kit, with the
primer pairs 59-GCGGGTGCCCAGGCATACAGCAGCTGG and 59-GGCAC
CCGCAGGCCATCCGGCGGCCAGGG (resulting in mutation of amino acids
172 and 174, L region), 59-GCAGCTGGGGCCACAGGTGGCCGTAGGTGT
CACG and 59-GGCCCCAGCTGCCGCCTGGAGATGTACGAATGTGG (re-
sulting in mutation of amino acids 199, 200, and 202, M region), and 59-GCCG
CTGCCGCCGGCACCTTTAAGCTGCCG and 59-GGCAGCGGCCACGTG
ACACCTACGGCC (resulting in mutation of amino acids 211 to 213, R region).
Successive mutations were introduced to generate the double (EBNA-3ALM,
-3ALR, and -3AMR) and triple (EBNA-3ALMR) mutants. All mutations were
confirmed by sequencing.

To express Gal4 DNA-binding domain (Gal4DBD) fusion proteins, we used
the pM vector system (51). Using the Quickchange site-directed mutagenesis kit,
a BamHI site was introduced into pSG5-EBNA3A at the following sites relative
to the first coding nucleotide: 26 (primers 59-CCGTCTCCTTTAAGGATCCA
TGGACAAGG and 59-CCTTGTCCATGGATCCTTAAAGGAGACGG), 667
(primers 59-GCCGCGATGTGGATCCGGGGATCGCC and 59-GGCGATCC
CCGGATCCACATCGCGGC), and 1701 (primers 59-GCCCCGGGGATCCT
TCTGGCATTAGACGC and 59-GCGTCTAATGCCAGAAGGATCCCCGG
GGC). We cloned the BamHI restriction fragments 26 to 373, 374 to 667, and
668 to 1701 into pM2 BamHI site to generate the fusion proteins Gal4DBD-
3A1–126, Gal4DBD-3A125–222, and Gal4DBD-3A224–566, respectively. Using the
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same strategy, we generated expression plasmids for Gal4DBD-3AM125–222,
Gal4DBD-3ALR125–222, and Gal4DBD-3ALMR125–222. The generation of the
expression plasmids for Gal4DBD-3A455–627 and Gal4DBD-3A627–805 will be
described elsewhere (D. R. Marshall, R. Dalbiès-Tran, E. Stigger-Rosser, and
C. E. Sample, manuscript in preparation). Finally, we introduced a BamHI site
into HVP-3A gene sequence at position 753 (primers 59-CCATGGGTAGGAT
CCCGTGCCGATT and 59-AATCGGCACGGGATCCTACCCATGG) and
cloned the BamHI restriction fragment 463 to 753 into pM2 BamHI site to
express Gal4DBD-HVP-3A127–223.

EBNA-3A cDNA restriction fragments (see above for details) were cloned
into pGEX2T (Amersham-Pharmacia Biotech) to express glutathione S-trans-
ferase (GST)-3A125–222, GST-3A224–566, and GST-3A627–805.

Transfection and reporter assay. A total of eight million cells were transfected
by electroporation at 250 V and at 950 mF. At 48 h posttransfection, cells were
harvested, extracts were prepared, and chloramphenicol acetyltransferase (CAT)
activity was determined as previously described (37). The human growth hor-
mone, used as a control for transfection efficiency, was quantitated using the
HGH-TGES Radioimmunoassay Kit (Nichols Institute Diagnostics) according
to the manufacturer’s protocol.

Recruitment of Jk-VP16 to the reporter promoter. Louckes cells were trans-
fected with 7.5 mg of pG5Ec (a CAT reporter gene under control of Gal4-binding
sites 50), 1 mg pCMVhGH as a control for transfection efficiency, 5 mg of pSG5
or pSG5-JkVP16, and 5 mg of pM2 or a pM-derived plasmid.

Repression of EBNA-2-mediated transactivation. BJAB cells were transfected
with 5 mg of C10BLCAT (a CAT reporter gene under control of Jk consensus
sequences), 1 mg of pCMVhGH, 2.5 mg of pSG5-EBNA2 (or pSG5 as a control),
and 2.5, 5, or 10 mg of an expression plasmid for wild-type or mutant EBNA-3A
or HVP-3A (or the empty vector as a control).

Coimmunoprecipitation. BJAB cells were cotransfected with 7.5 mg of expres-
sion plasmids for Jk containing a hemagglutinin (HA) epitope, wild-type or
mutant EBNA-3A, or the empty vector. At 48 h posttransfection, cells were
harvested and lysed in 20 mM Tris (pH 8.0)–120 mM NaCl–1 mM EDTA–0.5%
Nonidet P-40. Aliquots of the supernatant fraction were saved for analysis of
protein expression, and the remainder was divided into two and immunoprecipi-
tated with either an anti-HA antibody (Roche) or an anti-EBNA-3A polyclonal
antibody (Exalpha Corporation, Roxbury, Mass.), followed by treatment with
protein G- or protein A-Sepharose beads (Amersham-Pharmacia Biotech), re-
spectively.

Immunoblotting. Proteins were separated on sodium dodecyl sulfate-polyac-
rylamide gels and detected by immunoblotting using an anti-HA, anti-EBNA-3A,
anti-EBNA-2 (Dako), or anti-c-MYC Ab-1 (Oncogene Research Products) an-
tibody, followed by enhanced chemiluminescence (ECL System; Amersham-
Pharmacia Biotech).

GST fusion chromatography. Purification of GST fusion proteins expressed in
Escherichia coli and interaction with in vitro-translated proteins have been de-
scribed previously (53, 63). [35S]methionine-labeled proteins were prepared us-
ing the TNT T7 Quick Coupled Transcription-Translation System (Promega).

Cloning of HVP-3A. DNA enriched for the HVP genome was purified from
S594 cells (a gift from Fred Wang, Harvard Medical School, Boston, Mass.) using
a modified Hirt method, as previously described (45). After partial digestion with
XhoI and EcoRI, restriction fragments were cloned into pBKCMV, and a library
was generated using the ZAP Express system (Stratagene) according to the
manufacturer’s protocol. This library was first screened using the HindIII restric-
tion fragment from pBKCMV-HVP3C (64). It allowed us to determine the last
26 nucleotides of the HVP-3A coding sequence. Two oligonucleotides, one
annealing in this region and a second one corresponding to nucleotides 595 to
628 of EBNA-3A cDNA, were designed as primers to generate a PCR fragment,
using HVP genomic DNA as a template. This fragment was used to screen the
library. A pBKCMV-HVP-3A1–2769 plasmid was isolated and used to determine
the sequence of HVP-3A. To generate a pSG5-based expression vector, this
plasmid was digested with BglII, and the restriction fragment containing most of
the HVP-3A gene was cloned between the BamHI and the BglII sites of pSG5.
Into that plasmid’s BglII site was inserted the duplex oligonucleotide 59-GATC
TCGAGGATCCTCAAGATGAGGAACAGAAACTCATCTCTGAAGAGG
ATCTGTAA–59-GATCTTACAGATCCTCTTCAGAGATGAGTTTCTGTTC
CTCATCTTGAGGATCCTCGA, corresponding to the HVP-3A carboxy termi-
nus, followed by a c-MYC epitope. Finally, the amino-terminal end was recon-
stituted by replacing the EcoRI/FseI fragment, including the initiation codon,
with the annealed oligodeoxynucleotides 59-AATTCAAAAATGGAAGAAGA
CCGGCCGG and 59-CCGGTCTTCTTCCATTTTTG to generate pSG5-HVP3A.

Nucleotide sequence accession number. The HVP-3A gene sequence has been
deposited in GenBank under accession no. AF317285.

RESULTS

Amino acids 199, 200, and 202 of EBNA-3A are essential for
repression of EBNA-2–Jk-mediated transcription. We and
other groups have demonstrated that Jk interacts with the
N-proximal domain of the EBNA-3 family members (48, 63);
although a few scattered amino acids can be aligned between

FIG. 1. Amino acids 199, 200, and 202 are essential for functional
interaction with Jk. (A) Sequence homology among the EBNA-3 family
members within the N-proximal region and mutations introduced into
EBNA-3A are shown. Amino acids that were mutated are underlined. (B)
EBNA-3A represses EBNA-2–Jk-mediated transcription. Cells were
transfected with a CD23-CAT reporter gene in the presence of EBNA-2
alone or with EBNA-3A. (C) Mutation of amino acids 199, 200, and 202
affects EBNA-3A’s ability to repress EBNA-2–Jk-mediated activation.
BJAB cells were cotransfected with C10BLCAT, pCMVHGH, and pSG5-
EBNA2 and with increasing amounts (2.5, 5, and 10 mg) of expression
plasmids for wild-type or mutant EBNA-3A. In the controls, the empty
vector pSG5 was used to maintain a constant amount of total DNA
transfected. The average result and standard error of triplicate experi-
ments are presented. (D) EBNA-3A does not affect levels of EBNA-2.
Protein extracts from cells transiently transfected with EBNA-2 alone
(control) or in the presence of wild-type or mutant EBNA-3A were
analyzed by immunoblotting with a monoclonal antibody to EBNA-2. (E)
EBNA-3A does not affect Jk-independent transcription. Reporter genes
controlled by either the histone H4 promoter (solid bars) or the EBV Qp
promoter (hatched bars) were transfected into cells in the presence of
wild-type or mutant EBNA-3A.
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these proteins, the domain located between amino acids 170
and 221 is the only region that has any significant homology
(Fig. 1). We have generated a series of mutant EBNA-3A
proteins by substituting alanine residues for the most con-
served amino acids in three blocks of homologous amino acids
termed L (left), M (middle), and R (right) for their location
within this N-proximal conserved domain located between
amino acids 170 and 221. The mutant proteins were named
after the mutated regions (Fig. 1A). First, we assessed the
effect of these mutations on the ability of EBNA-3A to repress
EBNA-2–Jk-mediated transcription. EBNA-3A represses
transcription mediated through Jk (6, 31), as shown here for
the CD23 promoter (Fig. 1B), and has been previously shown
to repress transcription mediated solely by Jk using a synthetic
promoter regulated by Jk elements (63). Because we wished to
determine the effect of these mutations specifically on Jk-
regulated transcription, we used this artificial construct in cells
cotransfected with expression plasmids for EBNA-2 and vari-
ous EBNA-3A proteins. As we have shown previously (refer-
ence 63 and Fig. 1B), wild-type EBNA-3A almost completely
repressed transcription mediated by EBNA-2–Jk. Mutation in
either the L or the R region had no significant effect, even

when both L and R mutations were present in the same mol-
ecule (EBNA-3ALR). In contrast, mutation of the M region
largely prevented EBNA-3A from repressing EBNA-2–Jk-me-
diated transcription, with only a slight effect exerted by a four-
fold-higher level of EBNA-3AM expression vector. To ensure
that EBNA-3A had no effect on EBNA-2 expression, we mea-
sured the levels of EBNA-2 protein in the presence or absence
of EBNA-3A. As seen in Fig. 1D, neither the EBNA-3A wild
type nor the mutant protein had any significant effect on the
level of EBNA-2. Additionally, all of the EBNA-3A mutant
proteins are stably expressed (data not shown). As an addi-
tional control, we examined whether EBNA-3A had any effects
on constitutively active promoters not controlled by Jk sites,
such as the histone H4 and the EBV Qp promoters (Fig. 1E).
EBNA-3A had no effect on expression from either of these
promoters.

These findings indicated that these conserved amino acids
were playing a significant role in the interaction of EBNA-3A
with Jk. To determine whether this domain of EBNA-3A alone
is sufficient to mediate an interaction with Jk, we performed a
mammalian two-hybrid assay using amino acids 125 to 222 of
wild-type or mutant EBNA-3A fused to the Gal4DBD and an

FIG. 1—Continued.
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expression vector for JkVP16, a fusion protein composed of Jk
and the activation domain of the herpes simplex virus tran-
scriptional activator VP16. Interaction between these proteins
was measured using a reporter gene expressed under the con-
trol of Gal4 binding sites. As seen in Fig. 2A, amino acids 125
to 222 of EBNA-3A were sufficient to interact with Jk. Muta-
tion in both L and R regions had no effect, whereas mutation
in the M region, as well as the triple mutation, completely
abolished expression of the reporter gene. As controls, we
verified that the mutant protein was expressed by immunoblot-
ting (Fig. 2B) and that the LMR mutation has no effect on the
ability of the fusion protein to enter the nucleus (data not
shown). These results suggested that mutation of amino acids
199, 200, and 202 in the M region prevented interaction of
Jk-VP16 with the N-proximal conserved domain of EBNA-3A.

Wild-type and mutant EBNA-3A coimmunoprecipitate with
Jk. Because this mutation also significantly reduced the ability
of the full-length protein to repress EBNA-2-mediated trans-
activation, these data suggest that these amino acids play an
important role in the interaction of EBNA-3A with Jk. To

examine directly whether mutation in the M region affected the
ability of EBNA-3A to interact with Jk, we performed coim-
munoprecipitation from extracts of cells transiently transfected
with the expression plasmids for both Jk tagged with an HA
epitope (Jk-HA) and wild-type or mutant EBNA-3A. As we
have reported previously (63), interaction between Jk and
wild-type EBNA-3A is readily demonstrated by coimmunopre-
cipitation (Fig. 3). Mutation of the L and R regions, singly or
in combination, had no effect on this interaction (data not
shown). To our surprise however, mutation of the M region,
which our other data suggested abrogated the interaction, had
no effect on the interaction of the full-length protein with Jk
(Fig. 3).

Only the N-proximal domain is sufficient to interact with Jk.
One possibility suggested by these results is that a second
domain of EBNA-3A can also bind to Jk. In support of this
possibility, there have been conflicting data regarding the re-
gion of EBNA-3A that binds Jk (3, 6, 48, 63). To resolve this
issue, we sought to determine whether any other domain of
EBNA-3A was sufficient to interact with Jk by generating fu-

FIG. 2. Mutation of amino acids 199, 200, and 202 abolishes recruitment of Jk by the N-proximal domain. (A) Louckes cells were cotransfected
with pG5Ec, pCMVHGH, pSG5-JkVP16, and expression plasmids for Gal4DBD alone or fused to amino acids 125 to 222 of wild-type or mutant
EBNA-3A. The data shown are representative of two experiments performed in duplicate. (B) Extracts from cells expressing Gal4DBD alone
(Gal4) or fused to amino acids 125 to 222 of wild-type or LMR mutant EBNA-3A were analyzed by immunoblotting using a monoclonal antibody
to Gal4.

FIG. 3. Jk and either wild-type or mutant EBNA-3A coimmunoprecipitate. BJAB cells were cotransfected with expression plasmids for Jk-HA
and/or wild-type or mutant EBNA-3A and/or the empty vector as indicated above each lane. Whole-cell extracts, present on the left of each
immunoblot, were immunoprecipitated with an anti-HA or anti-EBNA-3A antibody; bound proteins were analyzed by immunoblot using
anti-EBNA-3A (left panel) or anti-HA (right panel) antibodies. The migration of molecular mass markers is indicated.
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sion proteins between various regions of EBNA-3A and
Gal4DBD and then testing their abilities to recruit Jk-VP16 to
a Gal4-controlled promoter (Fig. 4A). The expression of all
fusion proteins was verified by immunoblotting (Fig. 4B), and
all were shown to localize in the nucleus by immunofluores-
cence with a Gal4-specific antibody (data not shown). Specific
activation in the presence of Jk-VP16 is observed only when
Gal4DBD is fused to amino acids 125 to 222. In contrast, for
regions 1 to 126, 224 to 566, and 455 to 627, CAT activity is
limited to background level, indicating that these regions of
EBNA-3A are unable to interact with Jk. Our finding that the
region between amino acids 224 and 566 did not bind Jk is in
agreement with data published by Bourillot et al. (3) but con-
trasts with conclusions from a GST-Jk binding assay done by
Cludts and Farrell (6).

Because amino acids 627 to 805 constitute an activation
domain (37), this assay did not allow us to conclude whether
this region interacted with Jk. To address whether this C-
terminal region binds Jk, fusion proteins between GST and
EBNA-3A amino acids 125 to 222, 224 to 566, and 627 to 805
were assayed for interaction with in vitro-translated radiola-
beled Jk. Binding was weak even with GST-3A125–222 (,1% of
input Jk), and detection was rendered difficult by nonspecific
binding with GST. However, no significant specific interaction
between Jk and either GST-3A224–566 or GST-3A627–805 could
be detected (data not shown). Therefore, although a weak
interaction with these regions is possible, we think it unlikely
that they interact with Jk.

Sequence homology between EBNA-3A and HVP-3A. To de-
termine the biological relevance of EBNA-3A’s association
with Jk, we sought to determine whether this interaction is
conserved in HVP-3A, the homolog encoded by the simian
lymphocryptovirus HVP. To first determine whether the se-
quences that interacted with Jk were conserved, we isolated
viral genomic DNA from S594 cells and cloned and sequenced
the gene encoding HVP-3A. In the 2,795-bp HVP-3A gene, we
identified an intron located between nucleotides 345 and 429
which separates a short and a long exon, a gene structure that

is almost identical to that of EBNA-3A (Fig. 5A). The pre-
dicted protein encoded by this gene is 903 amino acids long,
slightly shorter than EBV type 1 and 2 EBNA-3A. Accord-
ingly, its apparent molecular mass, estimated from its migra-
tion on a polyacrylamide gel under denaturing conditions (not
shown), is 130 kDa compared to 160 kDa for EBNA-3A. Se-
quence alignment of HVP-3A and type 1 and type 2 EBNA-3A
(Fig. 5B) revealed 37% identity (45% similarity) between the
HVP and EBV proteins. This homology is localized mainly in
the amino-terminal half, which includes the region that the
above assays indicate constitutes the Jk binding site, and at the
immediate carboxy terminus. Between these two regions, the
amino acid sequences are largely divergent, although both are
relatively rich in glutamine and proline residues, as are the C
termini of all the EBNA-3 family members.

HVP-3A interacts with Jk. Because the domain that mediates
the interaction between EBNA-3A and Jk, including the M re-
gion, is conserved (Fig. 5B), we asked whether HVP-3A also
interacts with Jk. Because Jk has been highly conserved during
evolution, we assumed that we could use human cell lines and the
human Jk gene in reporter assays identical to those described
above. Like EBNA-3A, HVP-3A was able to repress EBNA-2-
mediated transcription activation (Fig. 6A). Immunoblotting con-
firmed that HVP-3A, like EBNA-3A, had no effect on expression
of EBNA-2 (Fig. 5B). To confirm that HVP-3A interacts with Jk
through the corresponding domain, we fused the Gal4DBD to
amino acids 127 to 223 of HVP-3A. A strong and specific activa-
tion of the CAT gene was detected only in presence of Jk-VP16
(Fig. 6C), demonstrating its recruitment to the promoter. These
results indicate that throughout evolution nuclear antigen 3A has
conserved its ability to repress EBNA-2-mediated transactivation
and to interact with the cellular transcription factor Jk through a
domain proximal to the amino terminus.

DISCUSSION

Of more than 80 genes potentially encoded by the EBV
genome, only 12 are expressed during latent infection in vitro.

FIG. 4. Recruitment of Jk by various region of EBNA-3A. (A) Louckes cells were cotransfected with pG5Ec, pCMVhGH, pSG5-JkVP16, and
an expression plasmid for Gal4DBD alone or fused to the indicated regions of EBNA-3A. The data shown are representative of two experiments
performed in duplicate. (B) Extracts of cells expressing Gal4DBD alone or fused to the indicated regions of EBNA-3A were analyzed by
immunoblotting using a monoclonal antibody to Gal4. Asterisks indicate the positions of full-length proteins.
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This restricted pattern of expression is possible because the
virus harnesses the activity of numerous cellular proteins. Not
only does EBV use the cellular transcriptional machinery to
express the LMP, BARF0, or EBNA genes, but viral proteins

in turn cooperate with cellular factors to exert their activity. A
well-studied example is EBNA-2, a transcriptional activator
that is targeted to its responsive promoters through interaction
with Jk, a ubiquitous sequence-specific DNA-binding tran-

FIG. 5. Homology between EBV types 1 and 2 and HVP nuclear antigens 3A. (A) Gene structure. (B) Sequence alignment of the proteins.
Amino acids conserved in EBNA-3 proteins are shown in boldface. The D repeat is underlined.
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scription factor. The Jk consensus sequence is present within
the promoters of many cellular and viral genes, including EBV
latent promoters. Proteins of the EBNA-3 family can also
interact with Jk and repress EBNA-2–Jk-mediated transcrip-
tional activation in reporter gene assays (25, 30, 32, 37, 47, 48,
58, 61, 63). It has been suggested that interaction between Jk
and the EBNA-2 and -3 proteins may be involved in the up-
regulation of interleukin-1b expression in EBV-infected cells
(29). Together, these data position Jk at the heart of the dialog
between the virus and its host during latent infection.

In this study, we have characterized the association between
EBNA-3A and Jk, and demonstrated its conservation in the
simian HVP homolog. EBNA-3A interacts with Jk through a
N-proximal region located between amino acids 125 and 222.
This is the only region of significant sequence homology be-
tween the EBNA-3 family members, and it is contained within
the domain from amino acids 1 to 223 that was originally
reported by our group to bind Jk as demonstrated by an in
vitro experimental approach (63). Since subsequent studies
provided conflicting data as to the domain of EBNA-3A that
was involved (3, 6, 48), we reexamined this question using a
sensitive assay that would detect interaction within the cell. We
demonstrate (i) that the N-proximal domain, located between
amino acids 125 and 222, is sufficient to recruit Jk in B cells and
(ii) by site-directed mutagenesis, that residues 199, 200, and
202 within this domain are of particular importance in this
interaction and in the ability of EBNA-3A to regulate tran-
scription mediated through Jk. In contrast, mutation of other
short sequences conserved among the EBNA-3 proteins (i.e.,
amino acids 172, 174, and 211 to 213 of EBNA-3A) had no
detectable consequence in the same experiments. Surprisingly,

the loss of transcriptional regulation by EBNA-3A does not
correlate with its inability to interact with Jk, since the full-
length EBNA-3AM remained able to coimmunoprecipitate
with Jk. Our first hypothesis was that a second region of
EBNA-3A was also able to bind Jk. In support of this hypoth-
esis, others have reported a direct interaction with the amino-
terminal 138 amino acids (48) or the central region (residues
224 to 566) (6), but these conclusions were based on a weak
interaction between in vitro-translated and GST fusion pro-
teins. Our results show that no region outside the N-proximal
conserved domain is sufficient to mediate recruitment of Jk in
B cells, although we cannot exclude that such a region might
have a role in stabilizing the association in the context of the
whole molecule.

One possibility that may explain our results is that
EBNA-3A and Jk are components of a higher-order protein
complex. Since previous data favor a direct contact between
the two proteins (63), we propose that within such a complex,
the N-proximal region of EBNA-3A interacts with Jk but that
one or several cofactors stabilize the association. This model
would also explain why the interaction observed in vitro ap-
pears weak, while the interaction is readily seen in vivo (63),
although an alternative explanation is that posttranslational
modifications are required for an efficient interaction. Consis-
tent with this hypothesis, EBNA-3 proteins, as well as Jk, have
been recently reported to associate with multiprotein com-
plexes involved in transcription, such as the RNA polymerase
II holoenzyme (40), a histone deacetylase complex (21, 27, 44)
as well as cellular transcription factors (54, 64). It is therefore
conceivable that mutation of residues 199, 200, and 202 does
not disrupt the whole complex but rather generates sufficient
instability that transcription mediated through Jk is affected.

FIG. 6. Interaction with Jk is conserved in HVP-3A. (A) HVP-3A
represses EBNA-2–Jk-mediated activation. BJAB cells were cotrans-
fected with C10BLCAT, pCMVHGH, pSG5-EBNA2, and expression
plasmids for EBV or HVP nuclear antigen 3A, or pSG5 in control
experiments. The data shown are representative of three experiments
performed in duplicate. (B) Extracts from cells transfected with
EBNA-2 alone (control) or in the presence of EBNA-3A or p3A
proteins were analyzed by immunoblotting using a monoclonal anti-
body to EBNA-2. (C) HVP-3A N-proximal region recruits Jk. Louckes
cells were cotransfected with pG5Ec, pCMVhGH, and expression plas-
mids for Gal4DBD alone or fused to the N-proximal region of
EBNA-3A or HVP-3A. The data shown are representative of two
experiments performed in duplicate.
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There are two major subtypes of EBV that exhibit differ-
ences mostly in the EBNA-2 and -3 proteins. The identities
between type 1 and 2 proteins were 54, 84, 80, and 72% for
EBNA-2, -3A, -3B, and -3C, respectively (7, 52). In the context
of this study, it is important to note that EBNA-3A and -3C
encoded by both EBV subtypes have been shown to interact
with Jk in B cells (30, 58). Although the HVP-3A gene exhibits
a structural homology with EBNA-3A with a short and a long
exon, the amino acid sequence is relatively divergent. Se-
quence alignment of HVP-3A and type 1 and 2 EBNA-3A
reveals 37% identity (45% homology) in the predicted amino
acid sequences (Fig. 4B), values within the range observed for
the other latent proteins. EBNA-2 types 1 and 2 are 35 and
37% identical, respectively, to their homologs encoded by
HVP extracted from B65 cells, and the simian virus protein did
not appear to fall in either category (36). HVP-3A and
EBNA-3A types 1 and 2 have predicted lengths of 903, 944,
and 925 amino acids, respectively. Most of the difference is
accounted for by a 29-amino-acid element, the so-called D
repeat, near the carboxy terminus; HVP-3A contains only one
D repeat, whereas EBNA-3A contains two. Conservation of
this sequence suggests that it probably has functional impor-
tance, which remains to be characterized, while the presence of
a single copy in HVP-3A implies that its repetition in
EBNA-3A is simply redundant. Shorter deletions or insertions
of one to six amino acids can be found in HVP-3A in regions
that are well conserved between the EBV subtypes but, inter-
estingly, none of the insertions characteristic of type 1
EBNA-3A are present in HVP-3A. This suggests that the HVP
isolated from S594 cells is closer to type 2 EBV. To our knowl-
edge, there is to date no evidence for different subtypes of
HVP, but the existence of two subtypes of the related rhesus
virus has been recently reported (5). Given that several fea-
tures of the phylogenetic tree of herpesviruses support the
hypothesis of cospeciation with the host (for a review, see
reference 38), it is tempting to assume that divergence into two
subtypes is anterior to differentiation between Old World pri-
mates and hominidae. Nevertheless, the possibility of cross-
species infection and recombination of one subtype with an-
other virus, most likely a primate virus, exists. Sequencing of
EBNA-2, -3A, -3B, and -3C homologs from different strains of
HVP and rhesus lymphocryptoviruses may further support one
of these hypotheses. The identity between EBNA-3A and
HVP-3A is mainly localized to the amino-terminal half, a find-
ing reminiscent of the homology among the EBNA-3 proteins.
Amino acids that we characterized as essential in the M region
are conserved in HVP-3A and, like EBNA-3A, the N-proximal
domain between amino acids 127 and 223 interacts with human
Jk. These findings are consistent with our observations that
these residues play an essential role in the interaction of
EBNA-3A with Jk. Conservation throughout evolution of the
interaction and resulting transcriptional regulatory activity sug-
gests that they play a significant biological role.

Interaction with Jk is a common feature of the EBNA-3
family members and involves a conserved domain of these
proteins. Yet our group has demonstrated that the mutant
EBNA-3CLMR protein and Jk do not coimmunoprecipitate
when overexpressed in B cells (Marshall et al., in preparation),
in contrast to the observation published here for EBNA-
3ALMR. Moreover, mutations in both the L and R regions

altered EBNA-3C’s ability to repress Jk-mediated activation of
transcription (Marshall et al., in preparation), whereas EBNA-
3ALR retained this ability to repress transcription. This might
reflect a difference in the interaction of EBNA-3A and
EBNA-3C with Jk itself or, more likely, with different cofactors
within multiprotein complexes and raises the possibility that
interaction of EBNA-3A and EBNA-3C with Jk influence dis-
tinct molecular pathways. Based on our results, recombinant
EBV encoding mutant EBNA-3A can now be generated and
used to investigate whether this transcriptional regulatory
mechanism is essential for the EBV-mediated immortalization
of B lymphocytes in vitro.
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