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Two regions of the EBNA-3A protein of Epstein-Barr virus were shown to be capable of binding to the cell
protein RBP-Jk (also known as CBF-1), a component of the Notch signaling pathway. Consistent with this
binding, EBNA-3A inhibited reporter gene expression from plasmids containing RBP-Jk DNA binding sites
within their promoters, including the Cp promoter. When EBNA-3A was linked to a GAL4 DNA binding
domain, it repressed the activity of a promoter containing GAL4 binding sites at all plasmid concentrations
tested. However, a deletion mutant of EBNA-3A lacking amino acids 100 to 364 showed a biphasic response in
the GAL4 assay: it inhibited transcription at low DNA concentrations but activated it at high DNA concen-
trations. There appears to be a gene activation function within EBNA-3A that is masked in the full-length
protein in this assay. Current models for EBNA-3 function have stressed transcription repression through
binding to RBP-Jk, but we consider an alternative scheme in which the role of the binding of EBNA-3A, -3B,
and -3C to RBP-JKk is to buffer the levels of active EBNA-3 protein. We have also found that the behavior of
EBNA-3A in a cell fractionation procedure that distinguishes insoluble matrix from soluble cell fractions is

modified by EBNA-LP, indicating a further novel level of interplay between the EBNA proteins.

Six viral genes have been shown to be required for efficient
transformation of B lymphocytes by Epstein-Barr virus (EBV).
These produce the nuclear proteins EBNA-1, -2, -3A, -3C, and
-LP and the membrane protein LMP-1 (reviewed in reference
25). The timing of expression of the transforming genes and
the levels of the viral proteins are coordinated; this fact is
apparent both in the organization of the viral genome and in
the strategy used to express the viral genes. This coordination
is thought to reflect the complexity of driving infected resting
B cells into the cell cycle and subsequently maintaining their
growth without causing apoptosis. Also, some of the viral pro-
teins (e.g., LMP-1) are toxic if they are expressed at too high a
level (14). The interactions and coordination of activity of the
transforming genes are thus important issues in EBV transfor-
mation, along with the biochemical functions of their protein
products.

EBNA-3A is essential for EBV transformation of B lympho-
cytes (50) but may only be required during the establishment of
the immortalized cell line (23). It is a nuclear phosphoprotein
with a calculated protein molecular mass of 103 kDa but mi-
grates on sodium dodecyl sulfate (SDS) gels at about 145 kDa
(16, 22, 38). The coding exons of the EBNA-3A, -3B, and -3C
genes are adjacent on the viral genome, and the three genes
are similar in their exon structure and in the N-terminal parts
of their coding sequences (10).

The mechanism of action of EBNA-3A in viral transforma-
tion is not known, but the discovery that the EBNA-3A, -3B,
and -3C proteins can all bind to the cell DNA binding protein
RBP-Jk, also known as CBF1, has greatly advanced analysis of
their functions (28, 39, 40, 52, 54). Of the three EBNA-3
proteins, EBNA-3A has been reported to show the weakest
binding to RBP-Jk in vitro (40, 52, 54). The region of EBNA-
3A that binds to RBP-Jk has been mapped in two different
studies (40, 54). There is a discordance in the published data,
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since one study concluded that amino acids 1 to 138 of EBNA-
3A are sufficient (40) and the other mapped the binding site to
amino acids 1 to 223, with residues between positions 172 and
223 being essential (54).

RBP-Jk is also bound by EBNA-2, and part of the activation
of gene expression caused by EBNA-2 is mediated through its
interaction with RBP-Jk, which provides the specific DNA
binding function absent in EBNA-2 (reviewed in reference 9).
EBNA-3A, -3B, and -3C binding to RBP-Jk has been reported
to prevent the binding of RBP-Jk to its target DNA sequence
in vitro (39, 40, 52, 54). The same general model has been
proposed for all of the EBNA-3 proteins, in which they nega-
tively modulate the transcription activation caused by EBNA-
2; the EBNA-3 proteins are thus seen as antagonistic to the
activation of Notch pathway gene expression that is mediated
by EBNA-2 through RBP-Jk (20, 29, 40, 52, 54). Measurement
of the amounts of RBP-Jk complexed with EBNA-2, -3A, -3B,
and -3C has shown that significant proportions of RBP-Jk in
cells are complexed with each of the proteins (20). The inhi-
bition of EBNA-2-activated transcription would modulate cell
and viral promoters dependent on EBNA-2, including the
EBV Cp promoter, thus resulting in a feedback loop of inhi-
bition by EBNA-3 proteins of their own synthesis.

The EBNA-LP protein (also known as EBNA-5) cooperates
with EBNA-2 to activate gene expression (15, 34, 45), but the
mechanism by which this cooperative activation occurs is not
yet understood. Early in infection, EBNA-LP is expressed at a
very high level, but as the immortalized cells grow, the EBNA-
LP protein level subsides. EBNA-LP is a phosphoprotein (36)
whose phosphorylation is altered at different stages of the cell
cycle (26). In newly infected cells, EBNA-LP is diffusely pres-
ent in the nucleoplasm (48, 49), but in established lymphoblas-
toid cell lines (LCLs), the EBNA-LP protein is located at dis-
crete sites in the nucleus (36) which are identical to the sites at
which the PML protein is found, now known as ND10 domains
(48). These represent a nuclear compartment in which several
proteins have been found to be located, including PML and a
specific fraction of the Rb protein in the cell (18, 19). In
transfected cells, EBNA-LP is present both diffusely in the
nucleoplasm and in nuclear bodies, but these sites are not the
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ND10 domains (48). EBNA-LP has also been found to asso-
ciate with Hsp70 (27, 32) and has been shown to be attached to
the nuclear matrix in LCLs (36). EBNA-3A is also located at
specific sites in the nucleus, but these seem to be different from
the ND10 domains at which EBNA-LP is found in established
LCLs (36).

In this paper, we analyze further the binding of EBNA-3A to
RBP-Jk and show that two independent segments of the
EBNA-3A protein are both able to bind in vitro to RBP-Jk.
We also show that cotransfection of EBNA-LP is able to mod-
ulate the distribution of EBNA-3A, altering its association with
the nuclear matrix cell fraction. Deletion analysis of EBNA-3A
with GAL4 fusion proteins has revealed a novel transcription
activation function for EBNA-3A, perhaps analogous to that
reported previously for EBNA-3C (33), although there is no
substantial sequence homology between the two proteins in the
parts involved in transcription activation. Consideration of the
transcriptional properties of the EBNA-3A protein has led us
to consider an alternative interpretation of the significance of
the binding of EBNA-3 proteins to RBP-Jk.

MATERIALS AND METHODS

Cell cultures. The EBV-negative human Burkitt lymphoma-derived cell line
DG75 (4) was grown at 37°C in RPMI 1640 medium supplemented with 15%
(vol/vol) heat-inactivated fetal calf serum, 2 mM glutamine, and 100 U each of
penicillin and streptomycin per ml.

Human Hela and 293 epithelial cell lines were grown at 37°C in Dulbecco
modified Eagle medium supplemented with 10% (vol/vol) heat-inactivated fetal
calf serum, 2 mM glutamine, and 100 U each of penicillin and streptomycin per
ml.

Reporter plasmids. pBLCAT2 contains the herpes simplex virus thymidine
kinase promoter upstream of the chloramphenicol acetyltransferase (CAT) gene
(30), and pUASCAT contains five copies of the GAL4 DNA binding sequence
(upstream activating sequence) upstream of the thymidine kinase promoter in
the pBLCAT?2 vector (53). The plasmid used for normalization of transfection
efficiency, pPCMV19BGal, has the B-galactosidase gene under the control of the
cytomegalovirus (CMV) immediate-early promoter.

p1.4Cp-CAT encodes the CAT gene under the control of the B95-8 Cp region
(B95-8 EBV nucleotides 9911 to 11336) (41), and p1.4Cp-CAT E2RE mut is
similar but has a 5-nucleotide mutation of the RBP-Jk binding site (7).

The reporter plasmids 4Jk-TK-CAT wt and E2RE mut were previously de-
scribed (identical to pTK-CAT-Cp4x and pTK-CAT-CpM4x, respectively, of
Waltzer et al. [51]). They contain four wild-type or mutant copies, respectively,
of a double-stranded oligonucleotide containing the RBP-Jk binding site of the
Cp promoter cloned into pBLCAT?2. They were kind gifts from Evelyne Manet
and Alain Sergeant.

GALA4 plasmids. pGAL4-E3A(1-944) was constructed by cloning into a GAL4
vector (see below) the EBNA-3A gene isolated by Pfu PCR from cosmid p23 (13)
with primers TTTGTTGGATCCACCATGGACAAGGACAGGCCG and CAC
ACTTCTAGACCTTTGCTTAGGCCTCA. The GALA4 vector used for this pro-
cedure was derived from pBS(RSV)GALA4-E2F1(368-437) (21) by removal of its
E2F1 fragment by BamHI-Xbal digestion, leaving sites into which the PCR
fragment could be cloned. pGAL4-E3A(A100-364) was prepared by elimination
of a BglII fragment (B95-8 EBV nucleotides 92539 to 93422) in pGALA4-E3A(1-
944). Control vector pGAL4(1-147) has been described elsewhere (3).

EBNA expression plasmids. pSNOC-LP, in which the expression of the
EBNA-LP gene is driven by the CMV immediate-early promoter in the pSNOC
vector, was described previously (1). pPSNOC-E3A was constructed by Pfu PCR
from B95-8 cosmid p23 with primers GCCAGAGTCGACATGGACAAGGAC
AGGCCG and CACACTTCTAGACCTTTGCTTAGGCCTCA and cloned as a
Sall-Xbal fragment into pPSNOC. The p294-EBNA-1 plasmid, in which EBNA-1
is expressed from the CMV immediate-early promoter, was a kind gift from
Wolfgang Hammerschmidt. The pSV-EBNA-2 expression plasmid (8) contains a
BglII-Notl fragment of the BarmHI WYH region (B95-8 EBV nucleotides 44664
to 50628) cloned into pSV2-gpt and was a kind gift from Lars Rymo.

EBNA-3A mutant plasmids and glutathione S-transferase (GST) fusion plas-
mids. pSP72-E3A(1-944) was constructed by subcloning of the EBNA-3A T2
cDNA clone (5) between the Sall and EcoRI sites of pSP72. pSP72-E3A(A100-
364) was prepared by elimination of a Bg/II fragment (B95-8 EBV nucleotides
92539 to 93422) from pSP72-E3A(1-944), and pSP72-E3A(1-524) was similarly
prepared by deletion of a Stul fragment (B95-8 EBV nucleotides 93900 to
95160).

Further deletion mutants were prepared by truncation of pSP72-E3A(1-944)
with restriction enzymes and recircularization of the blunt-ended fragments:
pSP72-E3A(1-277) with EcoRI (B95-8 EBV nucleotide 93162), pSP72-E3A(1-
224) with Smal (B95-8 EBV nucleotide 93002), pSP72-E2A(1-172) with BstETI
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(B95-8 EBV nucleotide 92847), pSP72-E3A(1-138) with Ncol (B95-8 EBV nu-
cleotide 92743), pSP72-E3A(1-124) with BamHI (B95-8 EBV nucleotide 92703),
and pSP72-E3A(1-99) with Bg/II (B95-8 EBV nucleotide 92539).

EBNA-3A mutants lacking the N terminus of EBNA-3A were cloned in vector
cDNA3HA, a kind gift from Eric Lam. cDNA3HA-E3A(124-364) was prepared
by cloning the BamHI-Bg/II fragment (B95-8 EBV nucleotides 92703 to 93422)
from pSP72-E3A into cDNA3HA at the BamHI site. Similarly, cDNA3HA-
E3A(622-826) and cDNA3HA-E3A(500-944) were prepared by cloning a Hincll
fragment (B95-8 EBV nucleotides 94195 to 94808) and ApalI-EcoRV fragments
(B95-8 EBV nucleotides 93826 to 95239), respectively, from pSP72-E3A into the
EcoRV site of cDNA3HA. cDNA3HA-E3A(224-566) was prepared by cloning
the Smal fragment (B95-8 EBV nucleotides 93002 to 94028) from pSP72-E3A
into the blunted Xhol site of cDNA3HA.

The GST-RBP-Jk plasmid was kindly supplied by Diane Hayward, and the
empty vector pGEX-3X was purchased from Pharmacia. All plasmids were
purified by anion-exchange chromatography (Qiagen, Inc.).

Transient transfection assays. DG75 cells were transfected by electroporation
(3). HeLa and 293 cells were transfected by calcium phosphate coprecipitation
essentially as described previously (12). In all cases, the total amount of effector
DNA in each transfection remained constant by making up the difference with
the appropriate empty vector, pGAL4(1-147) or pSNOC. A constant amount of
pCMV19-BGal was cotransfected as an internal control (2 wg in DG75 and HeLa
cells and 0.5 g in 293 cells).

Cells were harvested 40 to 48 h after transfection, and lysates were prepared
by three cycles of freezing-thawing. The B-galactosidase activity of each sample
was determined by use of chlorophenol red—f3-p-galactopyranoside as a substrate
(Boehringer). For CAT assays, a sample of lysate was incubated with ['*Clacetyl
coenzyme A and chloramphenicol, the reaction mixture was extracted with ethyl
acetate, and the organic phase was added to scintillation fluid prior to counting
(46). All counts were normalized to B-galactosidase activity. All transfections
were performed at least three times with different batches of plasmid DNA.

GST fusion pull-down assays. GST and the fusion protein GST-RBP-Jk were
purified as described elsewhere (3). Coupled transcription-translation reactions
were carried out with the TNT system (Promega); labelling was done with
[**S]methionine. In vitro-synthesized proteins were adsorbed to GST-coated
beads for 1 h by rotation at 4°C in 100 pl of EBC buffer (140 mM NacCl, 0.5%
Nonidet P-40 [NP-40], 50 mM Tris-Cl [pH 8.0], 0.5 mM phenylmethylsulfonyl
fluoride, 2 mM dithiothreitol, 5 wg of aprotinin per ml, 1 mg of bovine serum
albumin per ml). The beads were sedimented by centrifugation, and the cleared
supernatant was incubated with GST or GST-RBP-Jk protein on beads in a total
volume of 200 pl at 4 or 30°C for 30 min. The beads were washed three times
with 1 ml of NETN buffer (300 mM NaCl, 1 mM EDTA, 0.5% NP-40, 20 mM
Tris-Cl [pH 8.0]). The beads were heated at 95°C for 5 min in SDS sample buffer
(45), and bound proteins were resolved by SDS-polyacrylamide gel electrophore-
sis and visualized by autoradiography. Results were quantified by densitometry of
autoradiographs or PhosphorImager analysis.

Fractionation and immunoblotting. DG75 cells were harvested 48 h after
transfection, washed twice with cold phosphate-buffered saline, and resuspended
in RIPA buffer (50 mM Tris-Cl [pH 8.0], 150 mM NaCl, 0.1% SDS, 1% NP-40,
0.5% sodium deoxycholate, 100 pg of phenylmethylsulfonyl fluoride per ml, 5 pg
of aprotinin per ml). They were left on ice for 30 min. The cells were further
disrupted by sonication as needed. The lysates were centrifugated for 5 min at
4°C. The pellets were resuspended in SDS sample buffer and heated at 95°C for
5 min. The supernatants were diluted in SDS sample buffer and heated at 95°C
for 5 min. Proteins were separated by SDS-polyacrylamide gel electrophoresis,
transferred to Protan nitrocellulose (Schleicher & Schuell), and blocked with 5%
dried milk in TBST (150 mM NacCl, 10 mM Tris-Cl [pH 7.4], 0.05% Tween 20)
for 1 h at room temperature. Antibodies were applied overnight at 4°C with 5%
dried milk in TBST. The antibodies used were mouse monoclonal antibody
JF186 to EBNA-LP (11) diluted 1:10, mouse monoclonal antibody T2.78 to
EBNA-3A (42) diluted 1:10, mouse monoclonal antibody sc-510 to GAL4 (Santa
Cruz Biotechnology) diluted 1:500, mouse monoclonal antibody PE-2 to EBNA-
2 (Dako) diluted 1:500, and mouse monoclonal antibody EBNA-OT1x to EBNA-
1 (6) diluted 1:1,500. After extensive washing, the secondary antibody, a horse-
radish peroxidase-conjugated sheep anti-mouse antibody (Amersham) diluted
1:2,500, was applied for 30 min at 4°C. Detection was performed with enhanced
chemiluminescence analysis (Amersham).

RESULTS

Two regions of EBNA-3A bind to RBP-Jk. The previously
reported deletion analyses of EBNA-3A binding to RBP-Jk
(40, 54) used sequential deletion mutations from the C termi-
nus of the protein. They did not consider the possibility that
there might be more than one RBP-Jk binding site within
EBNA-3A. There is also a discordance in the published data
on the boundaries of the RBP-Jk binding segment of EBNA-
3A (40, 54). We independently prepared a series of deletion
mutants of EBNA-3A and assayed their ability to associate
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FIG. 1. GST pull-down assay identifying two regions within EBNA-3A capable of binding to RBP-Jk. (A) In vitro-translated proteins analyzed by SDS-polyacryl-
amide gel electrophoresis and autoradiography. This film was exposed for one-seventh the time used in panels B and C. (B) In vitro-translated EBNA-3A proteins that
bound to GST-RBP-Jk in a binding assay performed at 4°C. (C) Negative control binding of in vitro-translated EBNA-3A proteins to GST at 4°C. Positions of protein
size markers are shown in kilodaltons. (D) EBNA-3A and deletion mutants. Numbers are the amino acids of the 944-amino-acid EBNA-3A protein present, except
for A100-364, in which residues 100 to 364 are absent. The percentage of input protein that bound to GST-RBP-Jk in panel B was quantified by densitometry and is
shown on the right. (E) Time course of GST-RBP-Jk binding with EBNA-3A mutants at 30°C. The bound EBNA-3A protein was quantified by PhosphorImager analysis

and expressed as a percentage of the input protein.

with RBP-Jk. In these experiments, the EBNA-3A protein was
labelled with [**S]methionine by in vitro translation, and
RBP-Jk was isolated as a fusion protein with GST. The pro-
portion of input EBNA-3A that bound to GST-RBP-Jk was
estimated with the binding of the same EBNA-3A protein to
GST as a negative control (Fig. 1A to C). Consistent with
earlier reports, the results (Fig. 1D) showed that truncation of
EBNA-3A from the C terminus increased the proportion of
the protein which bound to a fixed amount of GST-RBP-Jk
(for example, mutant 1-277 bound better than 1-944). Deletion
analysis of the remaining part of EBNA-3A showed that two
regions of EBNA-3A were competent to bind GST-RBP-Jk
(mutants 1-224 and 224-566 both bound efficiently). Further
truncation of each of these regions indicated that the more
N-terminal binding region, which lies within residues 1 to 224,
suffered a partial loss of activity as it was truncated to 172 and
138 and then a complete loss of activity when it was further
shortened to 124. Deletion of sequences between 100 and 364
(the main region of sequence homology among EBNA-3A,
-3B, and -3C) in the context of the whole protein only slightly
reduced GST-RBP-Jk binding. The N-terminal GST-RBP-Jk

binding site should be inactivated by this deletion, so it appears
that part of the more C-terminal binding site lies between
residues 364 and 500. This conclusion would be altered if there
were complementation between a residual part of the N-ter-
minal site and the C-terminal site in mutant A100-364. Similar
relative affinities of the key fragments were observed at 4 and
30°C (data not shown) and over a time course of binding at
30°C (Fig. 1E). The results showed that there are at least two
sites for the association of EBNA-3A and RBP-Jk in vitro, only
one of which was detected in earlier studies.

EBNA-3A can repress transcription from the Cp promoter.
No cell or viral promoter has been reported to be regulated by
wild-type EBNA-3A. Since the EBV Cp promoter is known to
be inhibited by EBNA-3C expression (37), we also tested the
ability of EBNA-3A to inhibit Cp. As shown in Fig. 2A, trans-
fection of increasing amounts of an EBNA-3A plasmid in
DGT75 cells progressively inhibited Cp reporter activity, al-
though the effect was small (about twofold). A larger repres-
sion (about 10-fold) was observed in 293 cells (Fig. 2B). Even
0.1 pg of the pPSNOC-E3A plasmid caused a fourfold inhibition
of Cp reporter activity in 293 cells. The progressively increas-
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FIG. 2. Repression of promoters containing RBP-Jk binding sites by EBNA-3A. The results in panels A to C are expressed as relative CAT activity, the CAT activity
with the empty vector pSNOC being set at 100. (A) EBNA-3A inhibits Cp in DG75 cells. pPSNOC-E3A (0.5 to 5 ng) was titrated on p1.4Cp-CAT (black bars) or
pl1.4Cp-CAT E2RE mut (grey bars). (B) EBNA-3A inhibits Cp in 293 cells. pPSNOC-E3A (0.1 to 2.5 ng) was titrated as in panel A. (C) EBNA-3A inhibits a promoter
containing four RBP-Jk binding sites. pPSNOC-E3A (0.5 to 5 ng) was titrated in DG75 cells on 4Jk-TK-CAT (black bars) or 4Jk-TK-CAT E2RE mut (grey bars). (D)
Western immunoblot analysis of EBNA-3A expression. Samples from panel B were analyzed with antibody T2.78. EBNA-3A concentrations are given in micrograms.

ing inhibition of Cp activity correlated with increased EBNA-
3A protein expression in the transfected cells (Fig. 2D). The
ability of EBNA-3A to inhibit Cp is likely to be mediated
through an interaction of EBNA-3A with RBP-Jk, since
EBNA-3A also inhibits the activity of a model promoter de-
pendent on the activity of four RBP-Jk sites (Fig. 2C). This
finding was specific to the RBP-Jk sites, since EBNA-3A failed
to inhibit the residual activity of a corresponding promoter
construct in which the RBP-Jk binding sites had been mutated.
There may thus be feedback inhibition from EBNA-3A of its
own promoter, Cp, through the RBP-Jk site, independent of
EBNA-2. The same situation has been proposed for EBNA-3C
(37), but the effect with EBNA-3A is smaller than that ob-
served with EBNA-3C.

Although mutation of the RBP-Jk sites in the 4Jk-TK-CAT
construct resulted in a promoter whose residual activity was
unaffected by EBNA-3A, there was a small repressive effect of
EBNA-3A on the Cp promoter in which the RBP-Jk site had
been mutated (Fig. 2A). This result may imply that EBNA-3A
is also able to affect the RBP-Jk-independent activity of Cp or
alternatively that the mutation introduced into Cp does not
completely prevent RBP-Jk binding in cells, even though bind-
ing to the mutated site is abolished in vitro (7).

Induction of gene expression by an EBNA-3A deletion mu-
tant targeted to a promoter. Much of the EBNA-3A protein
sequence does not appear to be required for binding to RBP-
Jk, so we investigated other possible transcriptional effects of
EBNA-3A. Since it is not known whether EBNA-3A can bind
directly to DNA, we analyzed the effects of EBNA-3A on gene
expression using a fusion of the GAL4 DNA binding domain to
EBNA-3A on a model promoter containing a GAL4 binding
site. Consistent with a recently reported analysis of EBNA-3A
in HeLa cells with the GAL4 system (52), GAL4-E3A was
found to repress transcription in the human B-cell line DG75
(Fig. 3A). A similar result has been reported with GAL4 fu-
sions to EBNA-3C (3, 52). These phenomena have been dis-
cussed in the context of RBP-Jk binding exhibited by both
proteins.

By analyzing additional mutants of EBNA-3A, we have
found evidence for a further novel function of EBNA-3A. In
DGT75 cells at low levels of input DNA, the deletion mutant
GALA4-E3A(A100-364) repressed like wild-type GALA4-E3A,

but at higher levels of transfected DNA, GAL4-E3A(A100-
364) was found to be an activator of transcription (Fig. 3B).
This effect was dependent on the presence of a GAL4 DNA
binding site in the target promoter. Since the activation phe-
nomenon was not observed with a fusion of full-length EBNA-
3A to GALA4, it appears that the part of EBNA-3A that in-
cludes some of the sequences involved in RBP-Jk binding acts
to mask this transcription-activating property of EBNA-3A.
Western blotting analysis of the GALA4 fusion proteins in
DGT75 cells (Fig. 3E) showed approximately similar levels of
expression of the GAL4-E3A and GAL4-E3A(A100-364) pro-
teins and the expected increasing expression of the GALA4-
E3A(A100-364) protein with increasing input DNA. So, the
biphasic response in CAT activity is not due to biphasic ex-
pression of the GAL4-E3A(A100-364) protein.

In the assays shown here, activation by GAL4-E3A(A100-
364) depended on the cell type used for transfection. Although
activation by GAL4-E3A(A100-364) was reproducibly ob-
served in DG75 lymphoid cells (in 10 different experiments
with three different preparations of plasmid DNA), no activa-
tion occurred in HeLa or 293 cells (Fig. 3C and D). In fact, in
these cells, GAL4-E3A(A100-364) repressed transcription to a
similar degree as full-length GAL4-E3A(1-944), about three-
to fivefold. Similar levels of GAL4-EBNA-3A expression from
the wild-type and GAL4-E3A(A100-364) fusion protein con-
structs were found by Western blotting of extracts of trans-
fected cells with antibodies to both GAL4 and EBNA-3A (Fig.
3F).

To exclude the possibility that the lack of transcription ac-
tivation in 293 and HeLa cells by GAL4-E3A(A100-364) could
be a consequence of lower levels of expression of the trans-
fected GAL4 constructs in these cells, the levels of protein
expression in 293 and DG75 cells were compared by Western
blotting, correcting for transfection efficiency. The transfection
efficiencies (20% for 293 and 0.75% for DG75) were measured
by immunofluorescence and fluorescence-activated cell sorter
analyses (data not shown). The results indicated that with
equivalent levels of input DNA, about 30 times as much fusion
protein was expressed per cell in 293 cells as in DG75 cells, so
the lack of activation was not a consequence of lower levels of
protein expression. Titration of the GAL4-E3A(A100-364)
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FIG. 3. Comparison of transcription regulation by EBNA-3A and EBNA-
3A(A100-364) in the GALA4 system. The results in panels A to D are expressed
as relative CAT activity, the CAT activity with vector pGALA4(1-147) being set at
100. (A) GALA4-E3A inhibits transcription from a GAL4-dependent promoter in
transfected DG75 cells. GAL4-E3A (0.5 to 5 ng) was titrated on pUASCAT (5
ug; black bars) or pPBLCAT2 (5 pg; grey bars). (B) Effect of GAL4-E3A(A100-
364) on transcription in transfected DG75 cells. Symbols are as in panel A. (C)
GALA4-E3A and GAL4-E3A(A100-364) both inhibit transcription from pUAS-
CAT in transfected HeLa cells (5 pg of pUASCAT and 5 pg of GAL effector
DNA were transfected). (D) GAL4-E3A and GAL4-E3A(A100-364) both inhibit
transcription from pUASCAT in transfected 293 cells (5 ng of pUASCAT and 5
ug of GAL effector DNA were transfected). (E) Western blot analysis of GALA4-
E3A and GAL4-E3A(A100-364) expression in transfected DG75 cells. Samples
from panels A and B were assayed with GAL4 monoclonal antibody sc-510. The
arrows indicate the GAL4-E3A and GAL4-E3A(A100-364) proteins. (F) West-
ern blot of extracts of transfected 293 cells with sc-510 anti-GAL4 (left panel) or
T2.78 anti-EBNA-3A (right panel) antibodies. Lanes: 1, GAL4(1-147); 2, GAL4-
E3A; 3, GAL4-E3A(A100-364). Only the high-molecular-weight EBNA-3A re-
gion of the gel is shown, so the small GAL4(1-147) protein is not seen in lane 1
of the left panel.
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plasmid to levels of input DNA 10-fold lower than that shown
in Fig. 3D also failed to reveal any activation.

The binding of RBP-Jk to EBNA-2, -3A, -3B, and -3C links
and coordinates the functions of these proteins in the cell.
Since the levels of LMP-1 are partly determined by the activity
of EBNA-2 (24), RBP-Jk would play a key role in modulating
the activity or level of five of the six transforming genes of
EBV. The remaining EBV gene required for efficient transfor-
mation, EBNA-LP, does not appear to associate with RBP-Jk
(20), but we showed (see below) that its expression appears to
modulate the biochemical distribution of EBNA-3A in trans-
fected cells.

Effects of EBNA-LP on EBNA-3A distribution in the cell.
EBNA-LP and EBNA-3A are both nuclear proteins. EBNA-
3A is observed under the immunofluorescence microscope as a
pattern of dots within the nucleus of EBV-infected cells, pre-
sumably as a consequence of association with some uncharac-
terized structure within the nucleus. EBNA-LP is also present
as dots, which have been shown to be ND10 domains, where
PML, Rb, and Hsp70 may be located under some conditions.
In biochemical extraction procedures, most of the EBNA-LP
in LCLs behaves as though it is attached to the nuclear matrix
(36, 47).

We tested whether the presence of EBNA-LP might affect
the behavior of EBNA-3A in cells by transfecting expression
vectors for the two proteins into DG75 cells. The transfected
cells were lysed with RIPA buffer, and the lysates were centri-
fuged to separate the soluble material from the insoluble ma-
trix. The matrix was then extracted with SDS sample buffer,
which almost completely dissolved it. Aliquots of the RIPA
buffer-soluble material and the insoluble matrix were analyzed
by Western blotting for EBNA-3A. When a plasmid expressing
EBNA-3A was transfected alone or with a control (empty)
vector, the EBNA-3A was distributed between the soluble and
insoluble matrix fractions (Fig. 4); sonication of the cells in
RIPA buffer before centrifugation made all of the EBNA-3A
RIPA buffer soluble. In contrast, when a plasmid expressing
EBNA-LP was cotransfected with the EBNA-3A plasmid, the
EBNA-3A was almost entirely found in the RIPA buffer pellet
under our standard extraction conditions (Fig. 4). Only when
the extraction time in RIPA buffer was extended to 60 min did
sonication render some of the EBNA-3A RIPA buffer soluble
in the EBNA-LP-cotransfected cells. When an EBNA-LP ex-
pression vector was transfected alone, the EBNA-LP was
mostly RIPA buffer insoluble, and cotransfection with the
EBNA-3A plasmid had no effect on the distribution of EBNA-
LP. As a control to check that EBNA-LP did not cause all
proteins expressed from cotransfected plasmids to become
RIPA buffer insoluble, the EBNA-LP expression plasmid was
cotransfected with expression vectors for EBNA-2 or EBNA-1.
EBNA-LP made no difference in the distribution of these
proteins in the RIPA buffer extracts; EBNA-2 and EBNA-1
were always in the RIPA buffer-soluble fractions.

DISCUSSION

Localization effects of EBNA-LP. Cotransfection of an
expression vector for EBNA-LP caused a relocation of
EBNA-3A expressed from a transfected plasmid into a
RIPA buffer-insoluble form. This effect was specific for
EBNA-3A; EBNA-1 or EBNA-2 was unaffected by EBNA-
LP. Because the endogenous levels of EBNA-3A are very
low in LCLs, we have not been able to test whether EBNA-
3A and EBNA-LP bind to each other in LCLs, but the fact
that they do not seem to be localized in the same spots (36,
47) argues against this idea. When the proteins are newly



VoL. 72, 1998

EBNA-3A blot EBNA-3A EBNA-3A + vector
sonic sonic
S5t MM M0
s e - . .
EBNA-3A blot EBNA-3A + EBNA-LP EBNA-3A + EBNA-LP
sonic sonic .
SN - AAOA= HA o S PSP A o
-— - <> e w <> -
EBNA-LP blot EBNA-LP EBNA-LP + EBNA-3A
sonic sonic
S S PSP fOHAARE,
T e P .
EBNA-1 blot EBNA-1 i EBNA-1 + EBNA-LP
sonic sonic
S PSP S PSP itHIRAAOA o
=3 =3 - - P p—
- - "
- i - = -
EBNA-2 blot EBNA-2 EBNA-2 + EBNA-LP
sonic sonic
5 R e LN - M- B0 o AR o
- [e) - - - - -
-

FIG. 4. EBNA-3A, a nuclear protein, is relocated to the nuclear matrix frac-
tion by transfection of EBNA-LP. Western immunoblotting for the indicated
proteins was done with extracts of DG75 cells transfected with combinations of
EBNA expression plasmids. RIPA buffer extracts of transfected cells were cen-
trifuged, yielding a soluble fraction (S) and a pellet (P). Where indicated (sonic),
the RIPA buffer extracts were sonicated before centrifugation. Standard RIPA
buffer extractions were done for 30 min, but in the panel marked with an asterisk,
the extractions were done for 60 min. In each case (right-hand panels), expres-
sion of the transfected EBNA protein was demonstrated by comparison of cells
transfected with the EBNA plasmid (+) and cells transfected with the corre-
sponding empty vector (—).

made, however, they may be accessible to each other. It is
notable that early in infection the distribution of EBNA-LP
is more diffuse (47) and the protein is expressed at a higher
level than in established LCLs. Our transient transfection
results indicate that the expression of EBNA-LP may alter
the nuclear structure such that EBNA-3A, which is already
partially in the RIPA buffer-insoluble fraction, becomes al-
most entirely insoluble. This idea suggests a further novel
level of interplay between the EBNA proteins.

Multiple functions of EBNA-3A. Using in vitro binding as-
says, we have shown that more than one region of EBNA-3A
is able to bind to RBP-Jk. Although we have attempted trans-
fection experiments with a panel of GAL4-E3A deletion mu-
tants (data not shown) to assess the relative significance of
these binding sites in gene regulation, interpretation of those
experiments has been limited by the instability of many of the
mutated proteins in transfected cells. We have therefore fo-
cused on the relative activities of GAL4 fusions of wild-type
EBNA-3A and the GAL4-E3A(A100-364) mutant, both of
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which are similarly well expressed upon transfection. The
properties of GAL4-E3A(A100-364) indicate that EBNA-3A
contains both repression and activation functions, which can be
revealed under different conditions and in different cell types.
A region which can act as an activation domain has also been
identified (33) in EBNA-3C (amino acids 724 to 826), and both
activation and repression effects of EBNA-3C on the promoter
for LMP-1 have been reported (33). There is, however, no
obvious primary sequence homology between EBNA-3A and
-3C in the C-terminal parts of the proteins, even though both
contain repeat sequences (2).

The ability of EBNA-3A to act as both an activator and a
repressor of transcription, depending on conditions, has pre-
cedents in some cell transcription factors. For example, the
Sp3 protein functions as a repressor when it is bound to a
promoter through multiple DNA binding sites but as an acti-
vator when it is targeted to a promoter through a single binding
site (31). It is a bifunctional regulator whose predominant
effect depends on the context of the Sp3 DNA binding sites
and on the nature of corepressors present in the cell back-
ground. Another example is the Acanthamoeba TATA-binding
protein (TBP) promoter binding factor, which can regulate
TBP in a dose-related manner (17). At low concentrations, this
factor binds to a cis element located upstream of the TATA
box and functions as an activator. When its concentration in-
creases, it can also bind to a lower-affinity sequence located
between the TATA box and the transcription initiation site,
and then it acts as a repressor. The TBP promoter binding
factor is thus a transcription factor whose action is determined
by both its concentration and the sequence context of its bind-
ing sites.

The way in which the Drosophila Kriippel protein acts as a
dual-function regulator may be of particular relevance to our
observations with the GAL4-E3A(A100-364) protein. When
assayed on promoters containing a single Kriippel binding site,
the Kriippel protein is converted from an activator to a repres-
sor, depending on its concentration (44). At low concentra-
tions, it is a monomer that activates transcription, whereas at
higher concentrations, it is a homodimer that binds to the same
DNA sequence as the monomer but acts as a repressor. The
two forms of the Kriippel protein specifically contact distinct
general transcription factors, the monomers binding transcrip-
tion factor IIB and the dimers interacting with transcription
factor IIEB (43).

It would be interesting to determine whether the repression-
activation transition observed with GALA4-E3A(A100-364) is
due to multimerization of the protein, which might affect its
ability to interact with other transcription factors, or is due to
titration of a cell cofactor that is limiting in DG75 cells. The
properties of a previously reported (50) truncated EBNA-3A
protein which appeared to act in a dominant negative manner,
preventing the function of wild-type EBNA-3A, may also be
consistent with EBNA-3A complexing with other proteins or
itself when it is active in cells. The cell context is probably also
important since in our experiments, no activation was detected
in HeLa or 293 cells, perhaps suggesting a cell type-specific
cofactor for EBNA-3A.

Significance of the interaction of EBNA-3 proteins with
RBP-Jk: coordinating role of RBP-Jk. EBV is exceptionally
efficient in B-cell immortalization, and this fact is reflected in
the large number of viral genes required for the process. These
genes are organized in both time and level of expression. The
order of expression of the EBNA proteins is apparently deter-
mined by the locations of the EBNA genes in the genome and
by sequential promoter usage, the Wp promoter being active
upon infection, followed by the Cp promoter, which normally
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takes over expression of the EBNA genes in established LCLs.
The layout of the EBNA genes in the genome is consistent with
the timing of expression, EBNA-LP being the first detectable
protein, closely followed by EBNA-2, the EBNA-3 family, and
EBNA-1. The amounts of the EBNA proteins are controlled to
some extent at the transcriptional level, the Cp promoter being
under feedback control from the EBNA proteins in both pos-
itive and negative ways. Because the EBNA proteins appear to
have low turnover rates, coordination of their activity most
likely occurs at the protein level. One of the simplest ways
to coordinate the activities of the proteins would be for
them to be buffered through interaction with a single common
factor.

RBP-Jk has been shown to bind to EBNA-2 and to EBNA-
3A, -3B, and -3C. The binding of EBNA-2 to RBP-Jk has been
well characterized and shown to be important in the role
of EBNA-2 in EBV transformation. Measurement of the
amounts of RBP-Jk bound to EBNA-2 and to EBNA-3A, -3B,
and -3C has shown that the association with the EBNA-3
proteins is quantitatively significant compared to the amount
of RBP-Jk bound to EBNA-2 (20), and the binding of the
EBNA-3 proteins has been interpreted as counterbalancing
the activating effects of EBNA-2 mediated through RBP-Jk
(20, 40, 52, 54), for example, on the Cp promoter. However, Cp
is in fact only partially dependent on EBNA-2-RBP-Jk in
LCLs, since the binding site for RBP-Jk can be mutated with-
out a loss of Cp function (7). It is also remarkable that EBV
should require four large viral proteins comprising 79% of the
sequence complexity of the six viral proteins required for trans-
formation to control signalling through RBP-Jk. The conven-
tional explanation of the role of EBNA-3A, 3B, and 3C is
negative modulation of the activation by EBNA-2 of signalling
through RBP-Jk, the parts of the EBNA-3 proteins not re-
quired for RBP-Jk binding presumably integrating other sig-
nals into this pathway. However, we have considered an alter-
native interpretation of the significance of the binding of
EBNA-3 proteins to RBP-Jk which might be equally relevant.

EBNA-3A, -3B, and -3C are clearly related genes and prob-
ably arose through gene multiplication events, but the relation-
ship of their exon structures and protein sequences is only
significant in the N-terminal parts of the proteins. The parts of
the proteins that are related in primary sequence lie within the
region that is involved in binding to RBP-Jk. Although all
three proteins have repetitive sequence elements in the C-
terminal regions, these are unrelated at the sequence level. In
this alternative model, EBNA-3A, -3B, and -3C might have
different roles in EBV biology; the significance of the binding
to RBP-Jk would be to buffer the levels of the active protein,
the EBNA-3-RBP-Jk complexes representing inactive forms
of the EBNA-3 proteins in this respect. This model supposes
that there are novel functions unrelated to RBP-Jk binding for
EBNA-3A and EBNA-3C in EBV transformation. Clues to
these functions might be available in the gene activation that
we observed in a deletion mutant of EBNA-3A (see above), in
the activation domain reported for EBNA-3C (33), and in the
cooperation of EBNA-3C with activated Ha-ras in the trans-
formation of primary murine fibroblasts (35). There is consid-
erable evidence that the levels of EBV transforming proteins
have to be tightly regulated in LCLs, and this buffering of
EBNA-3 proteins on RBP-Jk would be an effective way of
coordinating the level of EBNA-3 proteins with EBNA-
2-RBP-Jk activity.
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