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The Epstein-Barr virus (EBV) nuclear antigen 3C (EBNA3C) is essential for EBV-dependent immortaliza-
tion of human primary B lymphocytes. Genetic analysis indicated that amino acids 365 to 992 are important
for EBV-mediated immortalization of B lymphocytes. We demonstrate that this region of EBNA3C critical for
immortalization interacts with prothymosin alpha (ProTa), a cellular protein previously identified to be
important for cell division and proliferation. This interaction maps to a region downstream of amino acid 365
known to be involved in transcription regulation and critical for EBV-mediated transformation of primary B
lymphocytes. Additionally, we show that EBNA3C also interacts with p300, a cellular acetyltransferase. This
interaction suggests a possible role in regulation of histone acetylation and chromatin remodeling. An increase
in histone acetylation was observed in EBV-transformed lymphoblastoid cell lines, which is consistent with
increased cellular gene expression. These cells express the entire repertoire of latent nuclear antigens,
including EBNA3C. Expression of EBNA3C in cells with increased acetyltransferase activity mediated by the
EBYV transactivator EBNA2 results in down-modulation of this activity in a dose-responsive manner. The
interactions of EBNA3C with ProTa and p300 provide new evidence implicating this essential EBV protein
EBNA3C in modulating the acetylation of cellular factors, including histones. Hence, EBNA3C plays a critical
role in balancing cellular transcriptional events by linking the biological property of mediating inhibition of
EBNA2 transcription activation and the observed histone acetyltransferase activity, thereby orchestrating

immortalization of EBV-infected cells.

Epstein-Barr Virus (EBV) is a human gammaherpesvirus
predominantly infecting epithelial cells of the oropharynx and
human primary B lymphocytes (41, 63). EBV is the etiological
agent of infectious mononucleosis and is also associated with
various human malignancies, including Burkitt’s lymphoma,
nasopharyngeal carcinoma, non-Hodgkin’s disease, AIDS im-
munoblastic lymphomas, and lymphoproliferative disease (3,
63). Infection of the oropharyngeal epithelium is predomi-
nantly a lytic type of infection with the production of progeny
virus (33, 61, 63, 73). Infection of human primary B lympho-
cytes by EBV transforms them into continuously proliferating
lymphoblastoid cell lines (LCLs) in vitro (11, 29). Recent stud-
ies have demonstrated that EBV utilizes two major cellular
signaling pathways for transforming B cells, the NOTCH1I sig-
naling pathway and the TNF signaling pathway (6, 34, 57).

After initial infection of B lymphocytes, EBV typically es-
tablishes a latent infection with the expression of 11 viral tran-
scripts (41, 63). These genes are the six EBV nuclear antigens
(EBNAs), three latent membrane proteins (LMPs), and the
EBYV early RNAs (41). Only a selected number of these genes
are necessary for EBV-mediated immortalization of B lympho-
cytes (65). EBNA2, EBNA3A, EBNA3C, and LMP1 are es-
sential for EBV-induced immortalization of B lymphocytes;
however, EBNA3B, EBV early RNAs, and LMP2 are dispens-
able for B lymphocyte immortalization (11, 40, 47, 49, 76-78).
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EBNAL is important for the persistence of the EBV episome
in infected cells (1, 89).

Previous genetic analysis of EBNA3C demonstrated that
introduction of an amber stop codon at amino acid (aa) 365 in
EBNA3C renders the recombinant EBV incapable of immor-
talizing human primary B lymphocytes (78). This suggests that
interactions with cellular or viral factors that occur down-
stream of aa 365 of the EBNA3C protein are critical for EBV
immortalization of B lymphocytes. EBNA3C is an essential
viral transcription factor with motifs similar to those of the
cJun/cFos family of transcription factors (41, 69, 78). The basic
structure of the protein sequence (see Fig. 1B) shows a large
polypeptide of 992aa with a putative nuclear localization sig-
nal, leucine zipper motif, acidic domains, and proline- and
glutamine-rich domains (41, 69, 78). EBNA3C demonstrates
an ability to act as both a repressor and an activator of tran-
scription in transient-reporter assays (7, 53, 64, 66, 67, 90). In
transient-reporter assays the two acidic domains have been
reported to function as a negative regulator of transcription
and the glutamine-rich region has been reported to function
as an activator when fused to the GAL4-DNA binding do-
main (GAL4DBD) (7, 44, 53, 66). The amino-terminal portion
of EBNA3C can interact with a ubiquitous, sequence-specific
cellular transcription factor, RBP-Jk (67, 90). This interaction
results in disruption of RBP-Jk with its cognate sequence (67,
90). EBNA3C also competes with EBNA2, the EBV transac-
tivator for binding to RBP-Jk (66). Therefore EBNA3C acts as
a modulator of transcription through interaction with and in-
hibition of RBP-Jk from binding to DNA or other transcrip-
tional regulators such as the EBV transactivator EBNA2 (53,
66, 67, 90). These functions resemble that of the Drosophila
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melanogaster protein Hairless in regulating Suppressor of Hair-
less (SuH), the Drosophila homolog of RBP-Jk (8, 64).

To identify cellular proteins interacting with the region of
EBNA3C downstream of the RBP-Jk binding site, we used a
yeast two-hybrid screen with an EBV-positive lymphoblastoid
cell line-derived cDNA library (31). A truncated form of
EBNA3C (aa 365 to 992) was cloned into a yeast expression
vector fused to the GALADBD and used to screen for inter-
acting cellular proteins crucial for EBV-induced B-lymphocyte
immortalization. A cellular protein isolated multiple times
from the screen was identified as prothymosin alpha (ProTa),
known to be important for cell division and proliferation (26,
68, 71, 86).

ProTa is a 112-aa, highly acidic nuclear protein ubiquitously
expressed in most eukaryotic cells (21, 24, 70). Although the
specific functions of this highly conserved protein remain un-
known, ProTa has been implicated as a crucial factor in cell
division and proliferation (26, 68, 71, 86). Previous studies to
support this notion have shown that expression of ProTa is
elevated in proliferating lymphocytes and is activated by the
proto-oncogene c-myc, a cellular oncogene known to be in-
volved in driving cell proliferation (15, 25). ProTa has also
been shown to be present during all stages of the cell cycle,
increasing at the S/G, transition point (81). In addition, anti-
sense oligonucleotides directed against ProTa mRNA inhib-
ited cell division and proliferation in myeloma cells (71).
ProTa has also been associated with a number of human tu-
mors (56). The mRNA levels of ProTa correlate with that of
the c-myc transcripts in human colon cancers, and elevated
levels of the protein were seen in malignant tissues of the
intestine and breast (13, 79).

ProTa also interacts with histones in vitro and may be in-
volved in chromatin remodeling (12, 23, 39). Moreover, cellu-
lar gene expression is regulated at the level of chromatin struc-
ture through histone acetylation by the recruitment of histone
acetyltransferases (HATS) like p300 and CREB-binding pro-
tein (CBP) (32, 35, 43). The addition of acetyl groups to core
histones results in disassociation of the chromatin and nucleo-
somal structure, thereby rendering the transcriptional regula-
tory sites accessible to the transcription machinery (22, 72, 74,
75). These findings prompted us to investigate the potential
role that the interaction of EBNA3C and ProTa may have in
regulation of HAT activity. These studies demonstrate the first
association of EBNA3C with acetyltransferases and show that
EBNA3C may be recruited to the chromatin through a specific
nuclear factor, ProTa, thereby modulating histone acetylation
balancing transcriptional events. These results suggest a finely
tuned mechanism for immortalization of human B lympho-
cytes.

MATERIALS AND METHODS

Cell lines and antibodies. BJAB is an EBV-negative Burkitt’s lymphoma cell
line obtained from Elliott Kieff (41, 52). BIAB EBNA3C and BJAB neo control
are BJAB cells transfected with pZipneo eukaryotic expression vector with
EBNA3C or vector alone (66). LCL1 and LCL2 are recently immortalized LCLs
transformed by EBV. All cells were cultured in RPMI 1640 supplemented with
2 mM glutamine, 25 U of penicillin-streptomycin per ml, 200 pg of neomycin
(Gibco-BRL) per ml when necessary, 10% fetal bovine serum, and 20 pg of
gentamicin (Gemini-Bioproducts Inc.) per ml. 293 embryonic kidney epithelial
cells were cultured in Dulbecco’s modified Eagle medium supplemented with 2
mM glutamine, 25 U of penicillin-streptomycin (Gibco-BRL) per ml, 10% fetal
bovine serum, and 20 ug of gentamicin (Gemini-Bioproducts Inc.) per ml.

A10 is a mouse monoclonal hybridoma antibody against EBNA3C obtained
from Martin Rowe (54). The anti-EBNA3C serum is a rabbit polyclonal that was
made from a glutathione S-transferase (GST) fusion protein of EBNA3C by
Cocalico Inc. 9E10 is a mouse monoclonal antibody directed against the myc tag.
The antibodies used for detection of p300 were purchased from Santa Cruz.
Histone H1 monoclonal antibody was purchased from Upstate Biotechnology.
The anti-ProTa rabbit polyclonal serum was initially obtained from Fernando
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Dominquez and was also made from a GST fusion of the entire ProTa gene by
Cocalico Inc.

Plasmids and constructs. pASIAEBNA3C encodes a truncated form of
EBNA3C (aa 365 to 992) created by removing the amino-terminal 364 aa by Spel
digestion and ligating the carboxy fragment (aa 365 to 992) into the pAS1 vector
at the Ndel site. All yeast vectors and the cDNA library were previously de-
scribed and were obtained from Stephen Elledge (30). A GST-ProTa fusion pro-
tein was obtained from Fernando Dominguez as clone pAV1 (46). pA3MProTa
is a ProTa-myc fusion protein constructed by ligating the entire coding sequence
of ProTa that was amplified out of pAV1 using Vent Polymerase (NEB) in frame
with the myc epitope in pA3M (6). Primers flanking the coding sequence of
ProTa contained EcoRI and EcoRYV restriction sites in the forward and reverse
primers, respectively (forward primer, 5’GGAATTCCATGTCAGACGCAGC
CGTAGACA3', and reverse primer, 5’GGATATCGGGTCATCCTCGTCGG
TCTTCTG3'). pSGSEBNA3C and 3" and 5’ P300 clones have been previously
described (59, 66).

For construction of GST fusions of specific regions of EBNA3C, we digested
EBNA3C with Alul and Rsal restriction enzymes. Fragments from these diges-
tions were isolated and then fused to GST in the pGEX2T vector. All fusions
obtained from Rsal digestion were denoted as R1 to R10, and all fusions ob-
tained from AluI digestions were denoted as Al to A10 (numbered from largest
to smallest fragment). Alul fragments were cloned into the EcoRI site of
pGEX2T, and the Rsal fragments were cloned into the Smal or EcoRI site.

Yeast two-hybrid cDNA screen. An EBV-positive B-lymphoblastoid cell line-
derived cDNA library was screened using a yeast two-hybrid system as previously
described (30, 57). Briefly, Y190 yeast cells were first stably transformed with
pASIAEBNA3C. The Y190 expressing the truncated EBNA3C molecule was
then transformed with the pACTcDNA library, and resulting transformants
growing on media lacking histidine, tryptophan, and leucine were tested for
B-galactosidase (B-Gal) reactivity. To confirm positive reactivity, positive clones
were retransformed into yeast with pASIAEBNA3C and screened again for
positive B-Gal reactivity. Yeast cells that produced blue color within 15 min to
1 h were considered positive clones. After isolation of plasmids and retesting of
B-Gal activity, the positive clones were then sequenced using an automated
sequencing core facility or by manual sequencing using the Thermo-Sequenase
kit (Amersham). Sequences obtained were compared to other known sequences
in GenBank by using the BLAST program.

Northern blot analysis. [*>P]dCTP-labeled cDNA probes were used in North-
ern blot analysis of poly(A) RNA from multiple human tissues (CLONTECH
Laboratories Inc.) and EBV-positive and -negative B-lymphocyte cell lines. A
32p_labeled ProTa probe was made using a random primer kit and purified using
a Nuc-Trap probe purification column (Stratagene). A [*?P]dCTP-labeled cDNA
probe was created using B-actin control cDNA that was provided with the
multiple human blots (CLONTECH Laboratories Inc.). DNA used for the
GAPDH probe was from a cDNA clone obtained from Fred Wang. Hybridiza-
tion conditions were as suggested by the manufacturer (CLONTECH Labora-
tories Inc.).

In vitro protein binding assays. EBNA3C, 3'P300, and 5'P300 were translated
in vitro (TNT system; Promega) from T7 expression plasmids using >°S-met/cys
Express label (NEN-Dupont). In competition binding experiments, nonlabeled
EBNA3C was in vitro translated using the same method without 3°S-met/cys
translabel. The GST-ProT« fusion protein was expressed from pAV1 in Esche-
richia coli DH5a and purified using glutathione-Sepharose beads. All binding
experiments were done as previously described (6, 66). Dried gels were analyzed
using a PhosphorImager (Molecular Dynamics), and signals were quantified
using ImageQuant software.

In pull-down assays, 10% cells were lysed as described below (“Immunopre-
cipitations and immunoblotting”). Lysates were incubated with glutathione-
bound GST beads for 30 min at 4°C. After brief centrifugation to remove beads,
cell lysates were incubated with glutathione-bound GST-ProTa overnight at 4°C.
Beads were collected by brief centrifugation, washed four times in radioimmu-
noprecipitation assay (RIPA) buffer, and denatured in sodium dodecyl sulfate
(SDS)-B-mercaptoethanol lysis buffer. Proteins were analyzed by SDS-polyacryl-
amide gel electrophoresis (PAGE) and transferred to 0.45-wm-pore-size nitro-
cellulose membranes.

For mapping the region of EBNA3C interacting with ProTa, the plasmid
containing the ProTa gene was used in an in vitro translation reaction using the
Promega TNT system. In vitro-translated ProTa was used in binding experiments
with GSTAEBNA3C fusion proteins. Bound proteins were fractionated by SDS-
PAGE, dried, and exposed to a PhosphorImager as described above.

Immunoprecipitations and immunoblotting. A total of 10® cells were lysed in
RIPA buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 2 mM EDTA, 1% Nonidet
P-40, 1 mM phenylmethylsulfonyl fluoride, aprotinin [1 pg/ml], and pepstatin [1
pg/ml]) for 1 h on ice with brief vortexing every 15 min. A portion of the lysate
was removed for use as the control. Lysates were precleared by incubation with
2 wl of normal rabbit serum for 30 min at 4°C, and bound precipitates were
collected with protein A-Sepharose beads (Sigma). In some cases, lysates were
precleared using the same incubation with protein A-Sepharose beads alone.
Anti-EBNA3C monoclonal (A10), anti-ProTa, or anti-5" p300 (Santa Cruz)
antibodies were incubated with lysates overnight at 4°C. Immunoprecipitates
were collected with protein A-Sepharose beads and washed four times in RIPA
buffer. For p300 analysis, cells were subjected to Dounce homogenization with 10
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strokes to remove cell membrane and cytoplasm. The nuclear fraction was then
collected and lysed in RIPA buffer for 1 h on ice with brief vortexing every 15
min. Proteins were heated in SDS-B-mercaptoethanol lysis buffer and then
analyzed by SDS-PAGE. Western blot analyses were done using specific anti-
bodies for detection of EBNA3C, ProTa, and p300.

Transfections and colocalizations. Five million 293 cells were transfected with
20 pg of pA3M, pA3M-ProTa, pSG5/EBNA3C, and pA3M/ProTa, or with no
DNA as a control, using a Bio-Rad electroporation apparatus at 210 V and 975
wF. Cells were resuspended in 10 ml of Dulbecco’s modified Eagle medium
prepared as described above. Cells were collected and used for immunoprecipi-
tations 24 h posttransfection. Cells were washed once in 1X phosphate-buffered
saline (PBS). Immunoprecipitation was performed as described above. Anti-myc
ascites antibody was used to obtain immunoprecipitates. Anti-ProTa and anti-
EBNA3C antibodies were used for Western blot analysis.

For colocalizations of ProTa and EBNA3C in EBV-immortalized human
primary B lymphocytes, 1 million cells were transferred to a 1.5-ml Eppendorf
tube and washed in sterile PBS. A sample of the cells was fixed onto slides with
methanol-acetone (1:1) for 10 min at —20°C. Cells were blocked with 20% goat
serum. Primary antibodies used were anti-rabbit ProTa (1:100) and anti-mouse
EBNA3C A10 ascites (1:1,000). Secondary antibodies used were goat anti-rabbit
Texas red and goat anti-mouse fluorescein isothiocyanate (FITC) (1:1,000). Cells
were subjected to four 5-min washes with 1X PBS after each antibody. Cells were
visualized using standard fluorescence microscopy on an Olympus BX60 micro-
scope. Digital pictures were obtained using an Olympus digital camera and
Esprit computer software program (version 1.2).

In vivo HAT assay. Immunoprecipitates were collected as described above
(“Immunoprecipitations and immunoblotting”) using ProTa or 5’ p300 antibod-
ies from lysates of EBV-infected LCLs (LCL1 and LCL2) and B cells expressing
EBNA3C or no EBNA as a control. For transient transfections BJAB cells were
transfected at 210 V and 960 wF using a Bio-Rad electroporator. Expression
constructs containing EBNA2 or EBNA2 and EBNA3C were mixed with BJAB
cells, electroporated, and then incubated for 24 h. Cells were collected by cen-
trifugation and lysed in RIPA buffer. Protein complexes containing acetylases
were obtained by immunoprecipitation with polyclonal antibodies against the 5’
region of p300. Immunoprecipitates were washed twice in RIPA buffer (same as
previously described except with 0.5% Nonidet P-40) followed by two washes in
HAT assay buffer (50 mM Tris-HCI [pH 8.0], 10 mM sodium butyrate, 10%
glycerol, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride). Immu-
noprecipitates were incubated in HAT buffer with 25 ug of crude histones
(Sigma) and 500 nCi of [*H]coenzyme A for 1 h at 30°C. After brief centrifu-
gation to pellet protein A-Sepharose beads, the supernatant was spotted onto
p-81 filters (Whatman) and washed in 0.2 M sodium carbonate three times using
vacuum filtration. Filters were allowed to dry under a heat lamp before being
placed in ScintiVerse scintillation cocktail and analyzed in a Beckman LS3801
scintillation counter.

RESULTS

A yeast two-hybrid screen indicates that a cellular protein
interacting with the critical carboxy terminus of the EBNA3C
protein is ProTa. A truncated form of EBNA3C (aa 365 to
992) was fused in frame to the GAL4DBD. This fusion protein
was used in a two-hybrid screen for identifying interacting
c¢DNAs in an EBV-positive LCL-derived cDNA library (31).
The GALA4 activating domain was fused to the cDNA clones in
the library made from LCLs (30). As a control, the RBP-Jk
molecule cloned into the vector containing the activating do-
main did not interact with our GALADBDAEBNA3C (aa 365
to 992) and resulted in a negative result for B-Gal activity. As
expected, the full-length EBNA3C fused to the GAL4DBD in
pASI scored positive for B-Gal activity, with RBP-Jk demon-
strating the specificity for EBNA3C-interacting proteins
(E3CIP) to aa 365 to 992 of EBNA3C (Table 1). A number of
B-Gal-positive transformants growing on medium lacking His,
Leu, and Trp were detected in the presence of 50 mM 3-ami-
notriazole. These clones were analyzed further by replating on
medium lacking His, Leu, and Trp and tested for B-Gal activ-
ity. Two of the interacting clones were consistently positive
for B-Gal activity within 30 min. The two E3CIP interacted
with the truncated EBNA3C (aa 365 to 992) fused to the
GALA4DBD on replating as determined by B-Gal activity (Ta-
ble 1). These clones were sequenced and found to be identical
to a molecule identified through a BLAST sequence search in
GenBank as ProTa. Our submitted sequence was 99% identi-
cal to the known GenBank sequences (16, 25, 26). All other
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TABLE 1. ProTa interacts with AEBNA3C (aa 365 to 992) in the
yeast two-hybrid assay as determined by B-galactosidase activity”

GAL4DBD GAL4-AD B-Gal activity

PASIAEBNA3C (aa 365 to 992) -

pASIAEBNA3C (aa 365 to 992) pACTcDNA (E3CIP) ++++
PASIAEBNA3C (aa 365 to 992) pACTRBP-Jk -
PASIEBNA3C pACTRBP-Jk ++++

“The yeast strain Y190 was transformed with the pAS1 constructs, and the
transformed colonies were isolated and checked for expression of the fusion
proteins. The transformants were then transformed with the individual pACT
plasmid constructs as indicated. As expected, the control experiments show that
EBNA3C interacts with RBP-Jk in the yeast system (53, 66). The truncated
EBNA3C with the deletion of the 5’ amino-terminal portion encoding the
RBP-Jk binding site does not interact with RBP-Jk in this assay. The truncated
EBNAC fusion molecule pASTAEBNA3C (aa 365 to 992) does not activate in 50
mM aminotriazole. However, E3CIP demonstrated strong interaction with the
truncated EBNA3C (aa 365 to 992) molecule by B-Gal activity. The intensity of
the B-Gal signal is denoted as follows: ++++, strongly positive; ———, negative.

deposited sequences were identical with a single deleted GAG
codon except for one sequence, which contained this addi-
tional codon 3’ to aa 39 (16). Analysis of the amino acid
sequence revealed a central acidic domain from aa 41 to 85,
rich in glutamic acid and asparagine, with potential for random
coil formation (21). A small basic region is seen in the amino-
terminal region of ProTa, and a nuclear localization signal is at
the carboxy end (shown in the schematic diagram in Fig. 1A)
(24,51, 81). The insert isolated from the yeast cDNA clone was
approximately 1.2 kb in size and contained the entire open
reading frame of the ProTa gene, including a 138-bp region of
leader sequence.

A stop codon inserted at aa 365 of EBNA3C (see Fig. 1B)
results in the inability of EBV to transform B lymphocytes,
suggesting that cellular molecules interacting at the carboxy
terminus are potentially an important requirement for EBV to
transform primary B lymphocytes. Therefore, this newly iden-
tified interaction of ProTa and AEBNA3C (aa 366 to 992) may
also be critical for immortalization of B lymphocytes.

Expression of ProTa in human tissues and cell lines. North-
ern blot analyses of poly(A) RNA from human tissues and
EBV-positive and -negative cell lines were performed to de-
termine the levels of ProTa expression in tissues and in pre-
viously transformed cell lines infected with EBV. We also
wanted to determine if virus infection leads to upregulation of
the ProTa transcript. An a->?P-labeled ProTa DNA probe was
hybridized to membranes containing poly(A) RNA isolated
from various cell lines and tissues (top panels in Fig. 2). The
ProTa transcripts are ubiquitously expressed in all tissues and
cell lines examined (Fig. 2). In BL41, a Burkitt’s lymphoma,
EBV-negative cell line, ProTa is readily detected. No dramatic
upregulation was seen in the BL41 EBV-infected (isolate
B95-8) cell line BL41/B95-8 or the primary B-cell lines trans-
formed by EBV, IB4, and LCL1 (see Fig. 2A, lanes 1 to 4),
suggesting that similar levels of ProTa are expressed in
EBV-negative and -positive Burkitt’s lymphoma-derived cell
lines. However, ProTa may be induced as a consequence of
the initiation of the transformation event in primary B cells
after EBV infection or may be a consequence of other changes
in cellular events leading to cell proliferation (26, 68, 71, 86).

We then wanted to determine the comparative levels of
ProTa expression in tissue. An increase in the level of ProTa
transcripts was seen in the heart, liver, pancreas, thymus, small
intestine, and peripheral blood leukocytes (Fig. 2B and C). In
skeletal muscle the levels of ProTa transcripts were lower (at
least a fourfold decrease) than those in the other tissues (Fig.
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FIG. 1. ProTa was isolated from a yeast two-hybrid cDNA library screen as a cellular molecule interacting with EBNA3C. (A) The sequence of the cDNA obtained
from screen was matched against the previously known ProTa sequence found with a BLAST search in GenBank. Shown is a schematic representation of the ProTa
protein, showing the locations of the central acidic domain (AD) that may have a random coil conformation, the putative nuclear localization signal (NLS), and the
amino-terminal basic region (Br) (16, 19, 26). (B) Diagram showing a schematic representation of the EBNA3C protein. The RBP-Jk binding site is indicated by the
open boxed region. The putative leucine zipper motif (L), the ADs, the NLS, the proline-rich repeats (P), and glutamine-rich regions (Q) are indicated on the diagram.
The stop signal indicates position aa 365 where the amber codon was introduced in the genetic analysis of the EBNA3C gene (41, 69).

2B, lane 6). The two transcripts seen in the control B-actin
lanes (Fig. 2B and C) for heart and skeletal muscle are due to
alternative splicing of B-actin in these tissues (CLONTECH
Laboratories Inc.). Another alternative transcript for ProTa of
approximately 1.8 to 2.0 kb was predominantly seen in heart
(Fig. 2B, lane 1), and an approximately 4.4-kb transcript was
seen in primary blood leukocytes (Fig. 2C, lane 8), indicating
that in some tissues there are possible alternatively spliced
transcripts or forms of ProTa not previously documented in
other studies (50, 80).

ProTa interacts with EBNA3C in vitro. To verify EBNA3C
and ProTa interaction, GST-ProTa coupled to glutathione-
Sepharose beads was incubated with cell lysates from an
EBV-positive LCL and BJAB cells converted with the pZipneo
eukaryotic expression vector containing either full-length
EBNA3C or no insert as a vector control. Bound proteins were

A B

Actin

123 4

1 2 3 4

collected, fractionated by SDS-PAGE, and analyzed by West-
ern blotting. EBNA3C was found to interact with GST-ProTa
in BJAB cells expressing EBNA3C and in a recently trans-
formed EBV-positive LCL, LCL1, expressing appropriate lev-
els of EBNA3C required to maintain growth transformation of
human primary B cells that is mediated by EBV latent gene
expression (Fig. 3A, lanes 6 and 9). To further corroborate this
finding, an in vitro binding experiment was conducted using in
vitro-translated *S-labeled EBNA3C and a GST fusion pro-
tein containing the full-length ProTa used in the above-men-
tioned binding experiment. Luciferase protein was also in vitro
translated with *>S-translabel and incubated with GST-ProTa
coupled to glutathione-Sepharose beads as a binding control.
%S-labeled EBNA3C bound to GST-ProTa protein in this
experiment at levels approximately 20-fold over binding
with GST beads alone as determined by arbitrary counts

C
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FIG. 2. ProTa is expressed in various tissue types and in EBV-infected cells. (A) Northern blot analysis of poly(A) RNA in EBV-infected LCLs and Burkitt’s
lymphoma cell lines shows ProTa. LCL1, IB4, and B/B958 are EBV-positive cell lines, while BL41 is an EBV-negative Burkitt’s lymphoma cell line. The top panel shows
Northern blot analysis using a 3*P-labeled ProTa DNA probe. The lower panel shows Northern blot analysis using a [*’P]GAPDH DNA probe. (B and C). Northern
blot analysis of poly(A) RNA in Multiple Tissue Northern Blots (CLONTECH Laboratories Inc.). The top panels show Northern blot analysis using a 3*P-labeled
ProTa DNA probe. The lower panels show Northern blot analysis using a 3>P-labeled human B-actin cDNA probe.
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LCL1

5 6

FIG. 3. EBNA3C and ProTa associate in cell lysates and interact in vitro. (A) BJAB cells converted with a eukaryotic expression vector containing EBNA3C (BJAB
pZIP E3C) or no insert (BJAB pZIP) and an EBV-positive LCL (LCL1) were used in GST pull-down analysis. Cell lysates from 100 million cells were incubated with
GST fusion protein coupled to glutathione-Sepharose beads followed by GST-ProTa fusion protein coupled to glutathione-Sepharose beads. Lysates (1%) were used
as a control. Proteins were fractionated by SDS-7% PAGE, transferred to 0.45-wm-pore-size nitrocellulose membranes, and Western blotted for EBNA3C using the
monoclonal antibody A10 (55). (B) GST and GST-ProTa fusion protein coupled to glutathione-Sepharose beads were incubated with 3>S-labeled in vitro-translated
EBNA3C or luciferase (Luc). A 10% input of in vitro-translated proteins was run as a control. Bound proteins were fractionated by SDS-7% PAGE, dried, and analyzed

on a PhosphorIlmager (Molecular Dynamics) using ImageQuant software.

using the Molecular Dynamics software ImageQuant sup-
plied with the PhosphorImager unit (Fig. 3B, compare lane 3
with lane 5). No detectable signal was seen in the negative
control lane using luciferase incubated with GST-ProTe, indi-
cating that the interaction of EBNA3C with GST-ProTa is a
specific interaction in vitro.

ProTa associates with EBNA3C in cotransfected cells. Co-
transfection experiments were conducted to further support
the association of ProTa and EBNA3C in human cells. 293
cells were transfected with eukaryotic expression vectors con-
taining either no insert, ProTa-myc alone, or EBNA3C and
ProTa-myc. Transfections were balanced using pSGS5 vector to
provide equivalent amounts of DNA per transfection. Addi-
tionally, no DNA was used as a mock control. At 24 h post-
transfection, cell lysates were incubated with anti-myc ascites
antibodies and immunoprecipitates were fractionated by SDS-
PAGE followed by Western blot analysis. EBNA3C was de-
tected as an immunoprecipitate of anti-myc antibodies where
ProTa and EBNA3C were transiently transfected into 293 cells
(Fig. 4A, lane 4). Cell lysates were analyzed by SDS-PAGE to
demonstrate protein expression for ProTa and EBNA3C (Fig.
4B and C, respectively). To detect ProTa by Western blotting
we used a 0.2-pm-thick transfer membrane to minimize the
loss of the small proteins that occurred frequently with the
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FIG. 4. EBNA3C coimmunoprecipitates with ProTa in transiently trans-
fected cells. 293 cells were transfected with pA3M, pA3M/ProTa, pA3M/ProTa
and pSG5/EBNA3C, or no DNA (Mock). Anti-myc ascites antibodies were used
to collect immunoprecipitates. (A) Proteins were fractionated by SDS-7%
PAGE, transferred to 0.45-pum-pore-size nitrocellulose membranes, and Western
blotted for EBNA3C (A10). Cell lysates (5%) were also analyzed by SDS-PAGE
to serve as a control. (B) ProTa was analyzed on a 15% gel, transferred to
0.2-wm-pore-size nitrocellulose membranes, and Western blotted with rabbit
anti-ProTa antibody (1:100). (C) EBNA3C was detected by Western analysis as
described for panel A.
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FIG. 5. ProTa interacts with EBNA3C 3’ to aa 365. GSTAEBNA3C fusion proteins were incubated with in vitro-translated ProTa. Bound proteins were
fractionated by SDS-12% PAGE, dried, and then exposed to a PhosphorImager. (A) EBNA3C fragments fused to GST in pGEX vector. The appropriate amino acids
for each fragment are indicated, and the names of each fragment begin with R for Rsal fragments and with A for Alul fragments. (B) Results of binding experiment
indicating that the EBNA3C fragment from aa 260 to 509 interacts with ProTa. Another fragment, aa 393 to 641, does not interact, indicating that the region of
interaction lies before aa 393. Lane 1, input in vitro-translated ProTa; lane 4, ProTa bound to R2 fragment.

0.45-pum-pore-size nitrocellulose membranes (39, 51). These
results demonstrate that EBNA3C and ProTa can associate
with each other in transiently transfected 293 cells.

ProTa interacts with EBNA3C in a region downstream
from aa 365. To determine the region of EBNA3C interacting
with ProTa we constructed overlapping clones of regions of
EBNA3C fused to GST protein (Fig. 5A). These fusion pro-
teins were then used in binding experiments to determine the
approximate position of interaction. In vitro-translated ProTa
was made and incubated with equivalent amounts of fusion
proteins bound to glutathione beads. The resulting bound
ProTa was fractionated and exposed to a PhosphorImager
screen. The results indicate that a fusion protein (R2) contain-
ing a region of EBNA3C from aa 260 to 509 bound to ProTa
(Fig. 5B). Additionally, another fusion protein (A2) which
overlaps with R2 from aa 393 to 509 did not bind to ProTa,
suggesting that the interaction domain lies between aa 260 and
393 (Fig. 5).

The data from the two-hybrid screen where GAL4DBDA
EBNA3C365-992 amino acids interacted with ProTa (Table 1)
strongly indicated that the domain of interaction lies within the
carboxy terminus of EBNA3C. This information along with the
GST binding data above puts the interaction domain within
a 28-aa stretch which lies between aa 365 and 393 of the
EBNA3C sequence.

ProTa coimmunoprecipitates with EBNA3C and p300 in
LCLs. Recent studies on ProTa have shown that it may be
involved in chromatin remodeling and interacts with histones
in vitro (12, 23). We therefore decided to address the possi-
bility that ProTa is involved in recruiting transcription factors
involved in modifying the histones for activating or repress-
ing transcriptional activities. It was possible that EBNA3C is
recruited to the chromatin structure in association with p300
and other cellular factors regulating transcription. To deter-
mine if EBNA3C, p300, and histone H1 can associate with
ProTa in B-lymphoblastoid cells we immunoprecipitated cel-

lular factors associated with ProTa using a rabbit poly-
clonal antiserum against ProTa. The complexes were analyzed
by Western blotting for the presence of EBNA3C, p300, and
histone H1. Immunoprecipitates were collected from BJAB
cells converted with the pZipneo resistant eukaryotic expres-
sion vector containing full-length EBNA3C compared to no
insert as a control. Western blot analysis with mouse anti-
EBNA3C identified specific bands migrating at the correct size
for EBNA3C in the cell lysate as well as in the immunopre-
cipitate lane (Fig. 6A, lanes 4 and 6). The multiple alternative
bands seen in the position where EBNA3C migrates is due to
posttranslational modification of the EBNA3C protein as seen
in previous studies (36, 67). Moreover, Western blot analysis
with mouse anti-histone H1 indicated that ProT« can associate
with histone H1 in B-lymphoblastoid cells, as shown in the
immunoprecipitate of ProTa in the control EBNA3C-negative
BJAB cells as well as in BJAB cells expressing EBNA3C (Fig.
6C, compare lanes 1 and 3 with 4 and 6). Note that histone H1
migrates as a tight doublet on SDS-PAGE gels (27).

To 