
JOURNAL OF VIROLOGY,
0022-538X/00/$04.0010

Jan. 2000, p. 379–389 Vol. 74, No. 1

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Sequence and Functional Analysis of EBNA-LP and EBNA2
Proteins from Nonhuman Primate Lymphocryptoviruses

RONGSHENG PENG,1 ALEXEY V. GORDADZE,1 EZEQUIEL M. FUENTES PANANÁ,1 FRED WANG,2
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The Epstein-Barr virus (EBV) EBNA-LP and EBNA2 proteins are the first to be synthesized during
establishment of latent infection in B lymphocytes. EBNA2 is a key transcriptional regulator of both viral and
cellular gene expression and is essential for EBV-induced immortalization of B lymphocytes. EBNA-LP is also
important for EBV-induced immortalization of B lymphocytes, but far less is known about the functional
domains and cellular cofactors that mediate EBNA-LP function. While recent studies suggest that serine
phosphorylation of EBNA-LP and coactivation of EBNA2-mediated transactivation are important, more
detailed mutational and genetic studies are complicated by the repeat regions that comprise the majority of the
EBNA-LP sequence. Therefore, we have used a comparative approach by studying the EBNA-LP homologues
from baboon and rhesus macaque lymphocryptoviruses (LCVs) (baboon LCV and rhesus LCV). The predicted
baboon and rhesus LCV EBNA-LP amino acid sequences are 61 and 64% identical to the EBV EBNA-LP W1
and W2 exons and 51% identical to the EBV EBNA-LP Y1 and Y2 exons. Five evolutionarily conserved regions
can be defined, and four of eight potential serine residues are conserved among all three EBNA-LPs. The major
internal repeat sequence also revealed a highly conserved Wp EBNA promoter with strong conservation of
upstream activating sequences important for Wp transcriptional regulation. To test whether transcriptional
coactivating properties were common to the rhesus LCV EBNA-LP, a rhesus LCV EBNA2 homologue was
cloned and expressed. The rhesus LCV EBNA2 transcriptionally transactivates EBNA2-responsive promoters
through a CBF1-dependent mechanism. The rhesus LCV EBNA-LP was able to further enhance rhesus LCV
or EBV EBNA2 transactivation 5- to 12-fold. Thus, there is strong structural and functional conservation
among the simian EBNA-LP homologues. Identification of evolutionarily conserved serine residues and regions
in EBNA-LP homologues provides important clues for identifying the cellular cofactors and molecular mech-
anisms mediating these conserved viral functions.

Epstein-Barr virus (EBV) is a gammaherpesvirus and a pre-
eminent tumor virus in humans. EBV is associated with a
variety of cancers, including endemic Burkitt’s lymphoma, na-
sopharyngeal carcinoma, Hodgkin’s lymphoma, and lymphoma
in the immunosuppressed (40). Consistent with its association
with human malignancy, EBV also immortalizes human B lym-
phocytes with high efficiency in vitro (35). Efficient immortal-
ization of B lymphocytes requires expression of only a subset of
viral genes (22). These genes include several EBV nuclear
antigens (EBNAs), EBNA1, EBNA2, EBNA3A and -C, and
EBNA-LP, and an integral latent membrane protein, LMP-1.
EBNA-LP is the first protein along with EBNA2 made during
infection of lymphocytes by EBV (1). Despite a growing body
of knowledge on the molecular mechanisms of latent protein
functions, the role of EBNA-LP for EBV-induced immortal-
ization remains enigmatic.

The EBNA-LP protein (also referred to as EBNA-5 or
EBNA-4) contains multiple copies of a 66-amino-acid repeat
domain encoded by two exons in the internal repeat 1 (IR1)
repeats W1 (22 amino acids) and W2 (44 amino acids) fol-
lowed by a unique 45-amino-acid domain encoded by the Y1
and Y2 exons located within the Bam Y fragment just down-
stream of the IR1 repeats (6, 44, 46). Genetic studies using

recombinant viruses lacking the last two EBNA-LP exons (Y1
and Y2) or a stop codon placed after the first amino acid in Y1
were unable to immortalize lymphocytes unless cocultivated
with fibroblast feeder cells (16, 33). While this assay was unable
to determine the biochemical mechanism of EBNA-LP func-
tion, it gave rise to the hypothesis that EBNA-LP was im-
portant but not essential for EBV-induced immortalization.
EBNA-LP localizes to the nucleus in distinct foci now rec-
ognized as nuclear domain 10 (ND10) bodies or promyelo-
cytic leukemia-associated protein (PML) oncogenic domains
(PODs) (21, 39). Several cellular proteins, including PML,
hsp70, and an antigenically distinct form of RB, have been
reported to be present in PODs or ND10 bodies (7, 21, 26, 49,
50, 54). Although little is known about the functions of pro-
teins present in the PODs, they appear to be involved in cel-
lular proliferation processes. Immunofluorescence and in vitro
binding studies have suggested that EBNA-LP interacts with
p53 and RB (51). However, coexpression of EBNA-LP and RB
or p53 did not result in any functional effect on RB- or p53-
dependent transcription from reporter plasmids (19). EBNA-LP
also interacts with hsp72/hsc73, although the functional conse-
quence of such an interaction is unclear (24, 34). EBNA-LP
has also been shown to be phosphorylated on serine residues,
and it is phosphorylated to greater amounts during the late G2
stage of the cell cycle (23, 39). Both casein kinase II (CKII) and
the cyclin-dependent p34cdc2 kinase could also phosphorylate
EBNA-LP in vitro (23).

Recent studies have found that while EBNA-LP has little
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effect on transcription alone, it stimulated EBNA2 activation
of the LMP-1 promoter and a regulatory region from the
latency BamHI C promoter (Cp) (17, 38). Interestingly, a min-
imum of two W1/W2 repeats was required for these assays, and
the Y1 and Y2 exons were dispensable (17, 38). Consistent
with these studies, it has also been shown that introduction of
both EBNA2- and EBNA-LP-expressing plasmids into resting
B lymphocytes results in activation of cyclin D2 and progres-
sion of these cells from G0 to G1 (45). These data provided
direct evidence for an effect of EBNA-LP on cell phenotype.

Genetic analysis of EBNA-LP is difficult because EBNA-LP
is derived from several repeated exons in the major internal
repeat of the virus (IR1). An alternative approach for eluci-
dating functional domains and their associated cellular cofac-
tors in viral proteins is to focus on regions of the protein that
are evolutionarily conserved. Several lymphocryptoviruses
(LCVs) have been isolated from nonhuman primates, includ-
ing rhesus macaques (rhesus LCV or cercopithicine herpesvi-
rus 15) and baboons (herpesvirus papio or cercopithicine her-
pesvirus 12). For consistency, we will refer to these viruses as
rhesus LCV and baboon LCV. We previously sequenced the
EBNA2 homologue from a baboon LCV and identified several
clustered regions of homology between the different EBV
EBNA2 proteins (32). The EBNA2 protein functions as a
transcriptional regulator of viral and cellular genes and is es-
sential for EBV-induced immortalization (8, 25, 36, 48, 52, 55,
60). EBNA2 function is mediated through interactions with
cellular DNA binding proteins that include CBF1 and Spi-1/
Pu.1 (15, 18, 27, 31, 53, 58). EBNA2 also contains a strong
acidic activation domain whose function is also mediated by
cellular factors (3, 4, 32). Identification of conserved regions
served as an important tool for identification of the CBF1
interaction domain, nuclear localization signals, and an impor-
tant element of the transactivation domain (29–32). It seems
likely that a similar comparative approach will be equally ef-
fective for dissecting important functional domains in the
EBNA-LP protein. The comparative approach is also sup-
ported by data suggesting that the pathogenesis and establish-
ment of a persistent carrier infection by rhesus LCV in rhesus
macaques is similar to that observed for EBV in humans (37).
Like human immunodeficiency virus-infected individuals who
can develop EBV-associated lymphomas, SIV-infected ma-
caques also can develop rhesus LCV-associated lymphomas (9,
10).

To further our understanding of functional domains in
EBNA-LP, we have cloned and sequenced the genomic regions
encoding EBNA-LP from rhesus and baboon LCVs. We have
also isolated a cDNA for the rhesus LCV EBNA-LP and tested
its ability to stimulate EBNA2-mediated transactivation of re-
porter plasmids. To evaluate whether EBNA-LP cooperation
might be dependent on the EBNA2 derived from a syngeneic
strain, we have also cloned, sequenced, and expressed the
rhesus EBNA2 homologue and tested it for function in tran-
sient transfection assays. The sequence information and func-
tional analysis of the EBNA-LP homologues will provide a
framework for elucidating novel functional domains that are
likely to be important for EBV immortalization of B lympho-
cytes. In addition, functional analysis of these proteins will
further confirm the importance of cooperation between
EBNA-LP and EBNA2.

MATERIALS AND METHODS

Cell culture. DG75, BJAB, and CA46 are EBV-negative Burkitt’s lymphoma
cell lines. They were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum and incubated in 5% CO2 at 37°C. B95-8, P3HR1, 26CB-1 (baboon
LCV-infected cell line; obtained from the American Type Culture Collection

[ATCC] as CRL-1495), BA65 (baboon LCV-infected cell line), H254 (rhesus
LCV-infected cell line), and LCL8664 (rhesus LCV-infected cell line; ATCC
CRL-1805) were similarly maintained.

Transient transfection analysis. DNA transfections were carried out by using
a DEAE-dextran method for DG75 cells and electroporation for BJAB cells (13,
14, 17). Cells were transfected with the indicated amounts of target and effector
plasmids. Total amounts of plasmid DNA for transfections were equalized by
using SG5 (Stratagene) plasmid DNA. Transfections were harvested after 2 days
of incubation, cells were lysed with reporter lysis buffer (Promega), and chlor-
amphenicol acetyltransferase (CAT) or luciferase assays were carried out as
previously described (13, 14). A constitutively expressing luciferase reporter
vector (pGL2-control; Promega) was used as an internal control for transfec-
tions, and the values from CAT assays were normalized to luciferase activity. A
constitutively expressing CAT reporter vector (pGL2-control; Promega) was
used as an internal control for transfections, and the values from CAT assays
were normalized to luciferase activity. A constitutively expressing CAT reporter
vector (pCAT control; Promega) was used as an internal control for experiments
using luciferase reporters, and the values from luciferase assays were normalized
to CAT activity. In some experiments, transfection assay results were measured
using the Promega dual-luciferase reporter assay system. Reporter plasmids
expressing the firefly luciferase protein were cotransfected with a plasmid ex-
pressing the Renilla luciferase, which was used as an internal control as described
by the manufacturer.

Western blot analysis. Cells transfected with plasmids expressing EBV or
rhesus LCV EBNA2 or EBNA-LP proteins were lysed in sample buffer, soni-
cated, and boiled. The proteins were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) on an 8.0% gel and transferred to
nitrocellulose. The membranes were blocked with phosphate-buffered saline
containing 5% nonfat dried milk, and the blots were incubated with monoclonal
antibody PE2 (DAKO) for detection of EBNA2 or monoclonal antibody JF186
(11) or M2 (anti-Flag; Sigma) to detect EBNA-LP proteins, followed by a
secondary horseradish peroxidase-conjugated anti-mouse antibody. The proteins
were then detected by enhanced chemoluminescence (ECL) using an Amersham
ECL detection kit.

Plasmids and cDNA cloning. RcosCC1 is a cosmid containing a fragment from
the rhesus LCV genome derived from infected cell line LCL8664 and is approx-
imately colinear between positions 1600 to 57000 of the EBV genome (unpub-
lished observations). The cosmid was digested with restriction enzyme, XhoI, and
the resulting six fragments were subcloned into the SalI site of pGH56 (pUC19
derivative containing a BglII site in the polylinker). pAG6 contains a 1.4-kb XhoI
fragment encoding W1 and W2 exon regions for the EBNA-LP homologue and
also 500 bp of sequence homologous to the Bam W promoter (Wp) from EBV.
Plasmid pAG2 contains a 5.6-kb XhoI fragment which contains the rhesus LCV
EBNA2 homologue. The Y1 and Y2 exons are also found in pAG2. The baboon
LCV Xba P and K fragments containing EBNA-LP, Wp-like, and EBNA2 coding
regions were generated and characterized as described previously (43). The
rhesus LCV EBNA2 open reading frame (ORF) was amplified by PCR and
subcloned into the SG5 expression vector (Stratagene) as an EcoRI/BglII frag-
ment. A large internal part of this PCR-derived DNA fragment (AgeI-SapI) was
subsequently replaced with the corresponding genomic DNA (derived from
pAG2). Sequences flanking the AgeI and SapI restriction sites were sequenced to
ensure that no PCR-generated errors were present. The final rhesus LCV
EBNA2 expression plasmid is pAG115. The target reporter plasmid used for
EBNA-LP cooperation experiments (BamCp8LUC) was made by excising the
multimerized EBNA2 enhancer unit from pBamCp8CAT (30) and introducing it
into the pGL3 promoter vector (Promega).

mRNA was prepared from the LCL8664 cell line as described previously (14).
A 39 primer (OPL321; 59-CATTTAACCGGCAAAAATCATCTAAACC-39)
complementary to the end of the Y2 exon was annealed to the mRNA and
extended by using reverse transcriptase. The cDNA was then amplified by PCR
using primers OPL321 and 320 (OPL320 is complementary to the end of the C1
exon; 59-TTAGATCTCTTCCTCCTCTTCTATGTAGACCCTTCG-39) (12).
The resulting 1.0-kb DNA products were then separated on a 0.8% agarose gel,
excised and purified by using a Qiaex II kit (Qiagen), and cloned into the
pGEM-T Easy vector (Promega). The resulting clones were then analyzed by
sequencing. Clone pPDL398, which contained a translational initiation codon,
was subsequently cloned into the eukaryotic expression plasmid SG5, yielding
pTLD100. pTLD100 was then cleaved with BglII, which cuts proximal to the
rhesus LCV EBNA-LP termination codon, and an oligonucleotide which en-
codes sequences for the Flag epitope was inserted. The SG5 rhesus LCV
EBNA-LP clone containing the Flag epitope is plasmid pJT117.

DNA sequencing. DNA sequencing of rhesus LCV plasmid clones was per-
formed with an automated ABI sequencing system. Plasmid clones pAG2 and
pAG6 were sequenced by using universal forward and reverse primers. Based on
sequence information derived from these primers, new oligonucleotides were
designed and used for obtaining further sequences until the end of the cloned
insert was reached. Additional primers were designed and synthesized to se-
quence the complementary strand of DNA. Baboon LCV plasmid clones XbaI P
(pPDL73) and K (pPDL74) were sequenced as described previously (43). Clones
pPDL397 (cDNA.2) and 398 (cDNA.1) containing rhesus LCV EBNA-LP
cDNA were sequenced by using T7 and SP6 primers.
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DNA and amino acid sequences were compared and aligned by using the
ClustalW program in MacVector version 6.0.

Nucleotide sequence accession numbers. Rhesus and baboon LCV Wp,
EBNA-LP, and EBNA2 sequences have been deposited in GenBank and
assigned accession no. AF200821, AF200822, AF200823, AF200364, and
AF200187.

RESULTS

Predicted amino acid sequence of rhesus and baboon LCV
EBNA-LP homologues and identification of Wp-like se-
quences. A large cosmid, RcosCC1, which is colinear to EBV
sequences from positions 1600 to 57000 was cleaved by using
XhoI, and the subsequent DNA fragments were cloned. Initial
sequencing analysis of the ends from five of these clones was

performed. Based on homology with the known EBV genome
sequence, the arrangement of the XhoI DNA fragments is
shown in Fig. 1. Sequence analysis of plasmid pAG6, contain-
ing a 1.4-kb XhoI fragment (see Materials and Methods), re-
vealed that this sequence is largely colinear to part of the EBV
BamHI W repeat sequence including putative EBNA-LP W1
and W2 exons. Similarly, the XbaI P fragment (pPDL73) de-
rived from the baboon LCV cosmid JR4 also encoded the
EBNA-LP W1 and W2 exons (43). Sequencing of pAG2 and
XbaI K (pPDL74) revealed the presence of EBNA-LP coding
exons for Y1 and Y2 from rhesus and baboon LCVs. For
simplicity, the EBV, rhesus, and baboon LCV EBNA-LP
amino acid sequences containing one copy of the W1 and W2
repeats are shown aligned with each other (Fig. 2). The pre-
dicted EBNA-LP ORF from type 2 EBV was derived from
previously reported P3HR1 and AG876 sequences and thus
represents a hypothetical type 2 protein sequence (5, 20). The
type 1 sequence is represented by EBV strain B95-8. The
baboon LCV EBNA-LP is 61% identical to EBV EBNA-LP
W1 and W2 exons and 51% identical to the Y1 and Y2 exons.
The rhesus LCV EBNA-LP is 64% identical to the W1 and W2
exons of EBV and 51% identical to the Y1 and Y2 exons of
EBV EBNA-LP. Interestingly, the baboon and rhesus LCV
EBNA-LP sequences are more similar to each other and are
67% identical between W1 and W2 and 69% identical between
Y1 and Y2. The type 1 and 2 EBV EBNA-LP proteins appear
to be 89% homologous to each other, with most of the diver-
gence occurring in regions that also are not conserved among
the other LCVs.

For purely heuristic value, we chose to focus on conserved
regions in the EBNA-LP protein that consisted of three or
more consecutively conserved amino acid residues. With this
criterion, some regions were separated by only one or two
nonconserved amino acids, and we have chosen to combine
some of these groups into a single conserved region which is
then subdivided into smaller regions. By this criterion, we have
identified five conserved regions in the EBNA-LP protein (Fig.
2). Conserved region 1 (CR1) and CR3 consist of three and
two smaller subregions, respectively. After taking into consid-
eration that a methionine is required for translation initiation,
the three conserved amino acid residues at the N-terminal end
of the protein were not identified as a conserved region since
that region would then include only two conserved residues.
It should be noted, however, that a minimal functional

FIG. 1. Restriction enzyme maps of the left end of the EBV, baboon LCV
and rhesus LCV genomes. Four IR1 repeats are shown for EBV for purposes of
comparison to the other LCVs, and it should be noted that the prototype B95-8
published sequence contains 11 repeats. The restriction enzymes used are shown
at the right. Since a complete analysis of the rhesus LCV genome has not been
described, the plasmid name containing each XhoI-derived DNA fragment is
indicated below the rhesus LCV genome, and the size of each fragment is
indicated in kilobases below the plasmid name. Preliminary restriction digests for
RcosCC1 indicate approximately four copies of the internal repeats for rhesus
LCV (unpublished observations), while similar analysis for the baboon LCV
clone JR4 has also indicated four repeats (43). The XhoI restriction enzyme
cleaves the homologous IR1 repeats (approximately 3.0 kb) in the rhesus LCV
clone twice so that each repeat consists of both pAG5 and pAG6 fragments (1.6
and 1.4 kb, respectively). The approximate boundaries of the rhesus LCV cosmid
used for these studies are shown above the rhesus LCV map.

FIG. 2. Alignment of the predicted amino acid sequences from EBV type 2, baboon LCV, and rhesus LCV EBNA-LP proteins with the EBV type 1 EBNA-LP
amino acid sequence. Amino acid residues identical between sequences are indicated by asterisks, and similar nonidentical residues are indicated by a dotted line.
Conserved regions are boxed and numbered in consecutive order as CR1 to CR5. Amino acid numbers are indicated at the beginning and end of each line. The
boundaries of the W1, W2, Y1, and Y2 exons are shown above the sequences. The triangles indicate conserved serine residues that are potential phosphorylation sites.
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FIG. 3. Alignment of the DNA sequence for the predicted EBV, baboon, and rhesus LCV Wp sequences. (A) UAS1 and UAS2 are indicated by brackets above
the sequence. The dark and light shaded sequences in UAS1 indicate important distinct cis-acting elements that bind unknown cellular factors (2). Conserved cis-acting
elements that bind cellular factors are boxed. The putative elements are also labeled. The W0 exon is shown by the arrow. The putative W0 splice donor site is indicated
by a dashed box. The putative splice acceptor sites are indicated by the underlined bases and black (W1-generated splice acceptor) and white (W19-generated splice
acceptor) boxes. Nucleic acid numbers are indicated at the beginning and end of each line. The first number is arbitrary and begins at the XhoI restriction site for rhesus
LCV clone pAG6. The EBV and baboon LCV sequences were then given consistent numbers based on the alignment. For EBV, base 1 corresponds to position 44547
and base 742 corresponds to position 45289 of the last W repeat in the EBV genome. (B) Alignment of EBV splice donor and acceptor sites and the predicted homologous
sites for baboon LCV (bLCV) and rhesus LCV (rLCV). Consensus donor and acceptor sites are shown at the top, and the exon junctions are shown at the left.
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EBNA-LP protein consists of two repeat sequences and the N
terminus of the second W1 exon contains an extra amino acid,
PRGD versus MGD, which is also conserved in all LCVs (Fig.
4B and unpublished data). Earlier identification of conserved
regions for EBNA2 was postulated from sequence inspection
(32). This was possible since the sequence of EBNA2 is con-
siderably larger, and regions of conserved amino acids that fell
into clusters were easily apparent. Using the criteria that we
chose for EBNA-LP, we would have identified all conserved
regions outlined in Fig. 6 for EBNA2 but would have also
subdivided some of the conserved regions into two or more
subregions.

Phosphorylation of EBNA-LP has been suggested to be im-
portant for function. EBNA-LP appears to be only serine phos-
phorylated. Four of eight serine residues are well conserved.
The serine at EBV EBNA-LP amino acid 76 is contained
within a predicted CKII consensus site ([S/T]X2[D/E]). There
are two conserved serines at amino acids 35 and 60 in the EBV
W2 exon that may also be phosphorylated by cdc2 kinase (24).
The conserved serine at position 5 and the other nonconserved
serine residues are not contained in any apparent phosphory-
lation consensus sites. Two positively charged regions which
may encode karyophilic signals (CR1c and CR2) and two neg-
atively charged regions of unknown function (CR3a and CR5)
also are well conserved.

The 59 end of pAG6 contains approximately 500 bp of se-
quence similar to the EBV Wp. The baboon LCV XbaI P
fragment also contained similar sequences. Bell et al. (2) re-
cently reported that Wp activity was primarily modulated by
three upstream regions termed UAS1 to UAS3. The region
most upstream to the transcription start site, UAS3, is likely to
be located in plasmid pAG5 from the rhesus LCV, and thus
our Wp comparisons are limited to regions including UAS1
and UAS2. An alignment of the predicted rhesus and baboon
LCV Wp sequences is shown in Fig. 3A. The baboon LCV Wp

is 80% identical to the EBV Wp and 82% identical to the
rhesus LCV Wp. The rhesus LCV Wp is 83% identical to the
EBV Wp. This high level of homology is similar to that found
between the lytic origin of replication and the Qp promoters
from baboon and rhesus LCVs (42, 43). The regulation of Wp
has only recently been explored in detail (2). UAS1 appears to
confer tissue-specific augmentation of Wp activity in B cells,
while UAS2 and UAS3 function in a cell lineage-independent
manner. The studies by Bell et al. have identified a YY1 site in
UAS2 (2). In addition, two subdomains within UAS1 also
bound unidentified cellular factors that are required for Wp
activity. Cellular proteins binding to one end of UAS1 that
could be recognized by CREB/ATF antibodies in gel mobility
shift assays were also identified (2). The different cellular fac-
tor binding sites within UAS1 and UAS2 are indicated in Fig.
3A. Notably, analysis of the Wp sequences from the different
LCVs by using a transcription factor database (NCBI TFD
database available on MacVector 6.0) also identified a consen-
sus TATA box, CTF/CAAT, and ETS/PU-box regulatory mo-
tifs (Fig. 3A).

Initial transcription from the EBV Wp results in an initial
short exon termed W0 that is spliced to the W1 exon through
the use of alternative splice acceptor sites termed W1 and W19
(Fig. 3A) (41). A W0/W1 splice results in a transcript without
an initiation codon for EBNA-LP, whereas a W0/W19 splicing
event gives rise to a message containing an initiation codon and
thus codes for EBNA-LP. The sequences comprising the pu-
tative transcription initiation sites are well conserved, as are
the first splice donor and acceptor sites that give rise to W0/W1
and W0/W19 spliced transcripts (Fig. 3A). Genomic sequenc-
ing downstream of the Wp for both rhesus and baboon LCVs
revealed several well-conserved splice donor and acceptor sites
that flank putative coding regions for the W1, W2, Y1, and Y2
exons (Fig. 3B).

Cloning and expression of a rhesus LCV EBNA-LP cDNA.
To verify that structural features of rhesus or baboon LCV
cDNA were analogous to EBV, we attempted to clone and
sequence their cDNAs. Using primer pairs complementary to
the Y2 coding exon and the C1 exons, we were able to clone
two cDNAs (rLPcDNA-1 and -2) from the rhesus LCV-in-
fected cell line LCL8664 but were unable to obtain an
EBNA-LP cDNA by using a W0-Y2 primer pair. rLPcDNA-1
contains an in-frame splice that utilizes the W19 alternative
splice site and generates an initiation codon for EBNA-LP
(Fig. 4). rLPcDNA-2 contains a C1/C2 exon splice to the W1
exon and is unable to code for EBNA-LP because it lacks an
ATG initiation codon (data not shown). Sequencing of both
cDNAs revealed that they have four copies of the W1/W2
repeats which correspond to genomic sequences except for the
final W1/W2 exon, where several amino acid changes were
identified in both clones (Fig. 4B). These changes are unlikely
to be from PCR-generated errors, as these clones were ob-
tained from independent PCRs. Since only one genomic frag-
ment containing the W1 and W2 exons was sequenced, it
remains a strong possibility that the last IR1 repeat in the
LCL8664 strain is different from the first three copies. The
functional relevance of this has yet to be determined.

To test whether we could express rLPcDNA-1, it was engi-
neered to encode a carboxy-terminal Flag epitope tag, cloned
into a eukaryotic expression vector (SG5), and transfected
into EBV-negative DG75 cells. A similar EBV EBNA-LP was
also cloned and expressed. As shown in Fig. 4C, the EBV
EBNA-LP but not the rhesus LCV EBNA-LP protein was
detected by Western blot analysis with monoclonal antibody
JF186, which recognizes the EBV EBNA-LP protein. This
finding is consistent with earlier reports that JF186 reacts only

FIG. 3—Continued.
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with EBV type 1 EBNA-LP (11). Both EBV and rhesus LCV
EBNA-LP proteins were detected by monoclonal antibody M2,
which recognizes the Flag epitope tag, although the abundance
of the rhesus LCV EBNA-LP protein is significantly less (Fig.
4D). Some of this difference may be due to differential reac-
tivity of the anti-FLAG antibody to amino-terminal (EBV
EBNA-LP) versus carboxy-terminal (rhesus LCV EBNA-LP)
Flag locations or possibly protein stability or mRNA stability.
We conclude from analysis of these clones that the predicted
rhesus LCV EBNA-LP sequence is transcribed in infected cells
and the corresponding cDNA can be expressed to produce a
protein of expected molecular weight.

Predicted amino acid sequence of a rhesus LCV EBNA2.
Before testing the rhesus LCV EBNA-LP homologue for co-
operativity with EBNA2, we considered it important to identify
and express a functional EBNA2 protein from the same LCV
species. Plasmid pAG2 from the rhesus LCV contained se-
quences homologous to the EBNA2 ORF. Further sequence
analysis of this clone revealed an ORF with homology to EBV
EBNA2. The amino acid sequence is shown in Fig. 5 in align-
ment with other known EBNA2 protein sequences. Previous
analysis has shown that the EBNA2 homologue in rhesus
LCV-infected cells is significantly larger than its EBV coun-
terpart (37). Consistent with this, the rhesus LCV EBNA2 is
the largest EBNA2 isolate to date and contains 605 amino acid
residues. The rhesus LCV EBNA2 is 38% identical to type 1
(B95-8), 34% identical to type 2 (AG876), and 40% identical
to the baboon LCV EBNA2. The rhesus LCV EBNA2 has a
33-residue polyproline region that is intermediate to type 1
(42-residue) and type 2 (16-residue) polyproline stretches but
slightly larger than the baboon LCV (21-residue) EBNA2.
Similar to EBV and baboon LCV EBNA2s (32), the rhesus
LCV EBNA2 amino acid homology is not evenly dispersed
throughout the protein but rather consists of small clustered
blocks of homology interspersed with larger regions of little
homology. The central region of these proteins contains the
greatest amount of divergence. The predominant reason for
the large size difference between the rhesus LCV EBNA2
ORF and other EBNA2 proteins is a large insertion in the
divergent region. Several well-conserved regions known to con-
tain functional domains, such as the CBF1 interaction domain
(CR6) and an important component of the transactivation
domain (CR8), are well conserved in the rhesus LCV EBNA2

isolate. We would suggest, however, that CR4 may be slightly
larger than previously predicted (Fig. 5) (32). Interestingly,
EBV recombinants carrying deletions in EBNA2 CR4 have
significantly reduced ability to immortalize B lymphocytes (4).

Functional analysis of the rhesus LCV EBNA2 protein. We
cloned and expressed the rhesus LCV EBNA2 ORF in DG75
cells (Fig. 6). The protein product was made in slightly higher
amounts than was type 1 EBNA2 expressed from a similar
clone. It also matched the predicted size, as judged by its
migration on SDS-PAGE (37). It is unclear why the rhesus
LCV protein is made in larger amounts, but it may in part be
because this protein contains a smaller polyproline region.
Derivatives of EBV EBNA2 that contain deletions in the
polyproline region, or lack this region altogether, also appear
to accumulate to larger amounts than the wild-type protein in
transfected cells (unpublished observations).

The rhesus LCV EBNA2 protein was tested for its ability to
transactivate several reporter plasmids that have previously
been shown to be activated by EBV EBNA2 in transient co-
transfection analysis (29–32, 59). Rhesus LCV EBNA2 stimu-
lated expression from both the EBV Cp (21024 to 13) and
rhesus LCV Cp (21024 to 13) three- and sixfold, respectively,
similar to the levels obtained with EBV EBNA2 (Fig. 7A and
B). In general, EBV EBNA2 transactivated EBV Cp better
than rhesus LCV EBNA2, while the reverse was true for rhesus
LCV Cp. The ability of each EBNA2 to stimulate Cp better
when it was derived from the same virus may be due to subtle
evolutionary changes that are optimal for their interactions. In
addition, EBV EBNA2 stimulated the LMP2A promoter up to
15-fold, whereas rhesus LCV EBNA2 gave a close to 30-fold
effect (Fig. 7C). While these results are statistically significant,
it is unclear at this time why rhesus LCV EBNA2 displayed
higher transactivating activity than the EBV EBNA2 protein,
but this may be related to its overall greater accumulation in
transfected cells.

The major cellular cofactor that mediates EBNA2 promoter
targeting activity is the cellular DNA binding protein CBF1.
The primary motif for binding to the CBF1 protein is located
in CR6, which is well conserved in both the rhesus and baboon
LCV EBNA2 proteins (29, 57). To test whether rhesus LCV
EBNA2 also depended on CBF1 for transcriptional activation,
we tested its ability to transactivate Cp reporter plasmids that
contained mutant, nonfunctional CBF1 binding sites. As seen

FIG. 4. Sequence and expression of a rhesus LCV EBNA-LP cDNA clone. (A) Sequence of rLPcDNA-1 59 untranslated termini. rLPcDNA-1 contains an in-frame
splice to generate an initiation codon. The EBV C2 exon sequence is shown below the rLPcDNA-1 sequence for comparison. (B) The entire predicted amino acid
sequence of rLPcDNA-1. The W1, W2, Y1, and Y2 boundaries are shown above each line. Amino acid numbers are shown at the beginning and end of each line.
Sequence changes in the last W1/W2 exons leading to amino acid changes are indicated in bold. The predicted amino acids at those positions based on genomic
sequencing are indicated below in plain type. (C) Western blot analysis of DG75 cells transfected with a rhesus LCV EBNA-LP expression plasmid (lane 1), vector
expression plasmid only (lane 2), and an EBV EBNA-LP expression plasmid (lane 3). The blot was probed with a monoclonal antibody reactive with the EBV EBNA-LP
protein (JF186). The arrow designates the detected EBNA-LP band. (D) Same as panel C except that the blot was probed with monoclonal antibody M2, which reacts
with the Flag epitope that was engineered to be expressed on both EBV and rhesus LCV EBNA-LP proteins. Both EBNA-LP cDNAs used in these assays contain four
BamHI W repeats. The two arrows indicate the detected EBV EBNA-LP and rhesus LCV EBNA-LP bands.
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FIG. 5. Alignment of the rhesus LCV EBNA2 amino acid sequence with the EBV type 1 (B95-8), type 2 (AG876), and baboon LCV EBNA2 amino acid sequences.
Amino acid residues identical between sequences are indicated by asterisks, and amino acid residues with overall similarity are indicated by a dotted line. Conserved
regions have been boxed and shaded and numbered in consecutive order as CR1 to CR9. Amino acid numbers are indicated at the beginning and end of each line.

VOL. 74, 2000 EBNA-LP AND EBNA2 FROM NONHUMAN PRIMATE LCVs 385



in Fig. 7D, a functional CBF1 binding site in the rhesus LCV
Cp is required for rhesus LCV EBNA2 to transactivate this
promoter. This finding is consistent with previous studies uti-
lizing EBV EBNA2 and suggests that transactivation signaling
through CBF1 has been maintained during the evolutionary
divergence of these proteins.

Functional analysis of the rhesus LCV EBNA-LP protein.
Having cloned and expressed rhesus LCV EBNA-LP and
EBNA2 proteins (Fig. 4 and 6), we attempted to address two
specific questions. First, does the rhesus LCV EBNA-LP co-
activate rhesus LCV EBNA2-mediated transactivation, and
does it do so to a similar order of magnitude as EBV
EBNA-LP stimulation of EBV EBNA2? Second, are the
EBNA-LP and EBNA2 homologues from different species in-
terchangeable for coactivation? To carry out these experi-
ments, we used a reporter plasmid containing the EBNA2
enhancer element from the latency C promoter which has been
previously shown to be synergistically activated by EBNA2 and
EBNA-LP (17). The rhesus LCV EBNA-LP protein was able
to stimulate transcription with either rhesus or EBV EBNA2
to levels 5- to 12-fold above those obtained with EBNA2 alone
(Fig. 8). Likewise, the EBV EBNA-LP protein was also able to
stimulate both EBV and rhesus LCV EBNA2 proteins in tran-
sient cotransfection assays. Neither of the EBNA-LP expres-
sion plasmids activated the Cp reporter plasmid on their own
(Fig. 8), and in some cases they actually repressed basal activity
(unpublished observations). Consistent with the fact that the
EBV EBNA-LP protein accumulates in larger amounts in
transfected cells, it stimulated EBNA2 activation to higher
levels than the rhesus LCV EBNA-LP. Subsequent experi-
ments using larger amounts of the rhesus LCV EBNA-LP-
expressing plasmid have indicated that we can approach levels
of synergy similar to those achieved with the EBV EBNA-LP
protein (data not shown). These results indicate that costimu-
lation of EBNA2 by EBNA-LP is not dependent on both
proteins being derived from the same viral species and that the
magnitude of rhesus LCV stimulation of EBNA2 transactiva-
tion approaches that of EBV EBNA-LP.

DISCUSSION

This study demonstrates that the EBNA-LP and EBNA2
proteins encoded by the nonhuman primate LCVs from ba-
boon and rhesus macaques have strong sequence and func-
tional conservation. Sequences colinear to the EBV BamHI
Wp were also identified and are highly conserved between
EBV and baboon and rhesus LCVs. We also show that the
EBNA-LP homologue from rhesus LCV is transcribed in rhe-
sus LCV-infected cells and the RNA is structurally similar to
EBV EBNA-LP mRNAs. In addition, we show that the rhesus

LCV EBNA2 is functionally similar to EBV EBNA2 and stim-
ulates EBNA2-responsive promoters through a CBF1-depen-
dent mechanism. Finally, the rhesus LCV EBNA-LP protein
stimulates EBNA2-mediated transactivation similarly to EBV
EBNA-LP, and transcriptional cooperation is not restricted
between human and rhesus macaque LCV-encoded EBNA-LP
and EBNA2 proteins.

Alignment of the EBNA-LP protein sequences from baboon
and rhesus LCVs with EBV type 1 and 2 EBNA-LP sequences
reveals several well-conserved regions and serine residues (Fig.
2). Although somewhat divergent at the sequence level com-
pared to EBV, other latent proteins from nonhuman primate
LCVs demonstrate a high degree of functional conservation.
Examples include EBNA2 interaction with CBF1 and LMP-1
interaction with tumor necrosis factor receptor-associated fac-
tors (12, 31). This new comparative sequence information will
allow us to circumvent a random approach toward identifica-
tion of novel EBNA-LP functional domains by highlighting
potentially important conserved amino acid regions and phos-
phorylated residues. Thus, we anticipate that some of the con-
served regions identified from our comparison of EBNA-LP
from EBV with other LCV EBNA-LP proteins will provide
important clues for identifying the cellular cofactors and mo-
lecular mechanisms mediating EBNA-LP function.

Some attempts have been made to characterize phosphory-
lation of EBNA-LP (23, 39). EBNA-LP appears to be exclu-
sively serine phosphorylated (23, 39). Only four of eight serines

FIG. 6. Detection of the rhesus LCV EBNA2 protein in transiently trans-
fected lymphoid cells. Western blot analysis of transfected cell lysates was per-
formed with monoclonal antibody PE2. The cell lysates were prepared from cells
transfected with SG5 vector (lane 1), pPDL176A (EBNA2 expression plasmid)
(lane 2), and pAG115 (rhesus LCV EBNA2 expression plasmid) (lane 3). The
arrows indicate the detected EBNA2 and rhesus LCV EBNA2 (rEBNA2) pro-
teins, which are approximately 87 and 100 kDa, respectively.

FIG. 7. The rhesus LCV EBNA2 protein stimulates the latency C and
LMP2a promoters in transient cotransfections and is dependent on CBF1. Both
EBV EBNA2 and rhesus LCV EBNA2 were tested for the ability to activate
reporter plasmids containing EBNA2-responsive promoters. The amount of tar-
get plasmid in all experiments was 2.0 mg. The results are shown as an average
of three experiments; the T-bars indicate standard errors. (A) Transactivation of
the EBV Cp (21024 to 13) (11). EBV EBNA2 is shown as white bars, and rhesus
LCV EBNA2 is shown as black bars. (B) Transactivation of the rhesus LCV Cp
(21024 to 13) (12). EBV EBNA2 is shown as white bars, and rhesus LCV EBNA2
is shown as black bars. (C) Transactivation of the EBV LMP2A promoter (60).
EBV EBNA2 is shown as white bars, and rhesus LCV EBNA2 is shown as black
bars. (D) The rhesus LCV EBNA2 was the only effector plasmid used in these
experiments. The white bars indicate rhesus LCV induction of a wild-type rhesus
LCV Cp, and the shaded bars indicate the level of rhesus LCV EBNA2 induction
of a rhesus LCV Cp containing a mutant CBF1 binding site (12).
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are conserved between the LCV EBNA-LP proteins (Fig. 2).
None of the conserved serines in the repeats appears to be
associated with a recognizable phosphorylation site. Since the Y1
and Y2 exons are dispensable for cooperation with EBNA2-me-
diated transactivation, phosphorylated serines at positions 5,
35, and 60 (Fig. 2) are likely candidates for potentially modu-
lating cooperativity function with EBNA2. CR4 contains a
consensus CKII site, (S/T)X2(D/E), and can be phosphorylated
in vitro by CKII. The exact role of phosphorylation at this
position is unclear and is probably not required for coopera-
tion with EBNA2 since this region of the protein can be de-
leted without affecting cooperative function. By using the com-
parative approach, the number of potential serine mutants
needed to determine the role of phosphorylation required for
EBNA-LP function can be substantially reduced.

The rhesus and baboon LCV EBNA-LP proteins show
greater than 60% homology to EBV EBNA-LP between the
W1 and W2 exons. In contrast, a previous study has reported
the sequence of putative W1 and W2 exons for the EBNA-LP
protein from herpesvirus macaca fascularis (HVMF1), which
shows only 51% identity to EBV EBNA-LP (28). It should be
noted however, that HVFM1 and rhesus LCV EBNA-LP pro-
teins are 71% identical between their W1 and W2 exons and
are slightly more related to each other than to the other
EBNA-LP proteins. HVMF1 infects cynomolgus macaques, a
species related to rhesus macaques. The reason for such a
marked difference in homology compared to other primate
LCVs is unclear but is due in part to several nonconserved
amino acid changes and a four-amino-acid deletion in the W1
exon (28). The HVFM1 sequence was obtained from DNA
isolated from a cell line (H50) derived from a lymphoma.
Additional mutations introduced during lymphomagenesis,
PCR amplification, or sequencing errors (only a single strand
was sequenced) may have contributed to sequence changes.
Analysis of additional HVMF1 isolates should help to resolve
whether the HVFM1 EBNA-LP diverges significantly from
EBV EBNA-LP relative to the other LCV EBNA-LP proteins.
Nonetheless, with the exception of an absence of a serine at
position 5 and no homology in CR1a, the HVMF1 EBNA-LP

repeat exon protein sequence retains amino acid residues con-
served among the other LCV EBNA-LP proteins presented
here (e.g., CR1b and -c, CR2, and CR3).

The putative Wp sequences from EBV and rhesus and ba-
boon LCVs are more highly conserved overall (greater than
80%) than the latency C promoter sequence (14). The latency
Q promoter and the origin of lytic replication are the only
sequences between LCVs that are this highly conserved (42,
43). Recent analysis of the Wp has revealed three distinct
regions, termed UAS1 to UAS3, that contribute substantially
to Wp activity (2). A YY1 site within UAS2 which has been
found to be important for Wp activation is well conserved (2).
Three cis-acting elements within UAS1 have been found to
bind cellular factors and are also well conserved (2). One of
these is a partially conserved CREB/ATF site that binds cel-
lular factors reactive with CREB/ATF1 antibodies (Fig. 3).
Two other elements within UAS1 binding unidentified cellular
factors have also been found (Fig. 3) (2). Since a paucity of
conserved transcription factor binding sites was found in a
search of a transcription factor database, the sequence com-
parison is likely to be an informative tool for elucidating ad-
ditional and possibly novel cellular regulatory proteins.

In addition to identification of homologous Wp sequences, it
appears that the strategy for alternative splicing and genera-
tion of EBNA-LP coding and noncoding transcripts has been
evolutionarily conserved (47). All potential splice donor and
acceptor sites identified from analysis of EBV genomic and
EBNA-LP cDNAs also are present in the nonhuman primate
LCVs (Fig. 4A and B) (47). Cloning and sequence analysis of
two rhesus LCV EBNA-LP-encoding cDNAs also confirm that
these viruses likely utilize similar transcription strategies. Since
the number of cDNAs isolated in our study is small, additional
EBNA-LP cDNAs will need to be isolated to confirm if the
structure of EBNA-LP cDNA found in rhesus or baboon LCV-
infected cells is generally identical to that of EBV-infected cell
mRNAs.

Several functional domains have been identified in the
EBNA2 protein. These include a nuclear localization domain,
a transactivation domain, and a domain that interacts with the
cellular DNA binding protein CBF1. All of these functional
domains are well conserved among EBV and baboon LCV
EBNA2 proteins (32). In this study, we report the amino acid
sequence of another EBNA2 protein derived from the rhesus
LCV. All of the characterized functional domains are also well
conserved in the rhesus LCV EBNA2 protein sequence. In
addition, several conserved regions (CR1 to CR4) in the ami-
no-terminal half of the EBNA2 which have yet to be assigned
functions are also conserved in the rhesus LCV EBNA2 pro-
tein. Previous genetic analysis has indicated that parts of the
amino-terminal half of EBNA2 can be deleted without disrupt-
ing immortalizing function (56). At least one essential domain
appears to be the polyproline domain, although it is not clear
whether the 39 acidic region proximal to the polyprolines or
CR4 may also be essential (4, 56). Notably, the rhesus LCV
EBNA2 contains a large stretch of polyprolines that is inter-
mediate in size to the type 1 and type 2 EBV EBNA2 proteins.
The usefulness of the EBNA2 sequence comparisons would be
strengthened if the EBNA2s from the other related LCVs
could be functionally tested. To this end, we cloned and ex-
pressed the rhesus LCV EBNA2 protein in lymphocytes and
tested it for the ability to stimulate a variety of EBNA2-re-
sponsive promoters. Like EBV EBNA2, rhesus EBNA2 was
able to transactivate both the EBV and rhesus LCV Cp and
EBV LMP2a promoters. In addition, transactivation of the Cp
required a functional CBF1 binding site (Fig. 7). Despite only
38% amino acid identity between rhesus LCV EBNA2 and

FIG. 8. EBNA-LP from either rhesus LCV or EBV enhances EBNA2-me-
diated transactivation of the BamCpLUC reporter gene. Plasmids expressing
EBNA2 (white bars) or rhesus LCV (rLCV) EBNA2 (black bars) were trans-
fected into DG75 cells (1.0 mg). The reporter plasmid was BamCp8LUC, which
contains eight copies of the 100-bp EBNA2 enhancer from the latency C pro-
moter (see Materials and Methods for details). In some samples, EBV
EBNA-LP or rhesus LCV EBNA-LP expression plasmids were cotransfected.
The presence or absence of the EBNA-LP or EBNA2 plasmids is indicated
below the graph.
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EBV EBNA2, the rhesus LCV EBNA2 appears to retain a
similar transactivation function at least, which is likely to be
modulated through conserved domains. This is consistent with
our earlier studies which have shown that CBF1 and CBF2
binding sites are important elements required for rhesus LCV
Cp activation by EBV EBNA2 (13). Characterization of the
rhesus LCV EBNA2 will serve as an important tool for further
development of the rhesus animal model for EBV infection
and disease.

To verify that other LCV EBNA-LP proteins can function
like EBV EBNA-LP, we tested the rhesus LCV EBNA-LP
protein for the ability to stimulate EBNA2 transactivation in
transient cotransfection assays. Both rhesus LCV EBNA-LP
and EBV EBNA-LP proved capable of stimulating transcrip-
tion mediated by an EBNA2 derived from either EBV or
rhesus LCV. Currently, there are no genetic data that link
EBNA-LP synergy function to EBV immortalization. How-
ever, retention of this synergistic function between rhesus LCV
EBNA-LP and EBNA2 suggests that it is a universal function
important for the LCV life cycle. The conserved EBNA-LP
function also validates an approach for future studies targeting
conserved regions for mutagenesis that will allow elucidation
of novel EBNA-LP functional domains, which in the future can
be used to assess EBNA-LP function in genetically based as-
says.
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