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Recombinant plasmids containing sequences from the BamHI-E rightward reading frames 2a and 2b
(BERF2a and 2b) of the Epstein-Barr virus (EBV) genome were isolated from a library of cDNA clones which
had been previously made from the EBV B95-8 lymphoblastoid cell line (M. Bodescot, O. Brison, and M.
Perricaudet, Nucleic Acids Res. 14:7103-7114, 1986). The characterization of these clones in combination with
RNase mapping experiments led to the identification of one leftward and several rightward transcripts
traversing the EBV-determined nuclear antigen EBNA3B coding region. One cDNA (T7) contains a continuous
open reading frame generated by the splicing together of BERF2a and BERF2b. The T7 clone was used to
reconstruct a complete fused BERF2a/2b open reading frame in an adenovirus-based expression vector.
Western immunoblotting and immunofluorescence experiments using human 293 cells showed that the
recombinant plasmid is capable of expressing a protein with a size, immunological characteristics, and a
subcellular localization indistinguishable from those of native B95-8 EBNA3B.

The Epstein-Barr virus (EBV) has been identified as an
etiological agent of infectious mononucleosis and is now
clearly established to be associated with two human cancers,
Burkitt’s lymphoma and nasopharyngeal carcinoma. Its host
range is limited to human and closely related primate B
lymphocytes and certain epithelial cells. Resting B lympho-
cytes are immortalized to perpetual growth in vitro upon
infection with EBV, thus generating lymphoblastoid cell
lines. Most information on EBV gene expression which has
been gathered to date has come from the study of lympho-
blastoid cell lines or B-cell lines derived from Burkitt’s
lymphoma biopsies. In the majority of cases, a state of viral
latency is established, with a restricted set of viral genes
being expressed (2). The identification of these genes is a key
step towards deciphering the mechanisms responsible for the
establishment and maintenance of the immortalized state
and for the control of virus gene expression itself.

In lymphoblastoid cell lines, a family of at least six
EBV-determined nuclear antigens (EBNAs) is expressed.
Three of these proteins, EBNA3A, -3B, and -3C (EBNA3,
-4, and -6, respectively, by alternative nomenclature) are
encoded by genes which have been mapped to the BamHI-E
region of the EBV genome. The EBNA3A and -3C tran-
scripts have been shown to be rightward in direction and
structurally similar, with each containing short and long
open reading frames joined together by splicing to generate
long open reading frames encoding each protein (BLRF3
plus BERF1 [3, 4, 7, 9] and BERF3 plus BERF4 [1, 4, 12,
15], respectively). A description of this region of the EBV
genome is presented in Fig. 1A and B. The coding sequence
for EBNA3B has only been partially mapped to BERF2b
(11, 13, 16). In this report, we describe the structure of the
EBNA3B transcript in the region of its coding exons and
demonstrate the transient expression of the complete
EBNA3B protein in a human cell line by using an adenovirus
expression vector.
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A cDNA bank made from the cytoplasmic polyadenylated
mRNAs of the EBV B95-8 cell line (4) was screened by in
situ hybridization for clones from the EBNA3B region. The
DNA probe used was a 727-base-pair (bp) Ncol subfragment
of BERF2b in Fig. 1B, hatched box. cDNAs thus isolated
were characterized by restriction endonuclease mapping and
partial DN A sequencing after subcloning into pUC13 or M13
vectors.

The structures of five cDNA clones (T7 to T11) are
presented in Fig. 1C. The T7 clone, which is 1.9 kbp long,
begins in BERF2a and ends in BERF2b (EBV genome
positions 95524 to 97524) (2). It contains a continuous open
reading frame generated by the splicing together of the short
and long open reading frames. The splice involves the
excision of a 78-base intron (95710 to 95787) from a right-
ward transcript and has not been previously demonstrated.
Since the flanking EBNA3A and EBNA3C are each encoded
by a short and long exon pair (processed from BLRF3 and
BERF1 and from BERF3 and BERF4, respectively), it is
likely by analogy and by the splicing motif used that the T7
clone represents a part of the EBNA3B transcript. None of
the other clones were found to contain this splice, making it
impossible to further describe this particular transcript by
this means. The 4.4-kbp T8 clone (which begins 3’ to the
splice acceptor site identified in T7) represents part of a
novel transcript extending into the EBNA3C coding se-
quence. This clone contains the corresponding EBNA3C
splicing motif between BERF3 and BERF4 and as such is
derived from a transcript potentially capable of expressing
the EBNA3C protein. In EBV-infected cells, transcripts
containing the same splice as that in the T8 clone have
previously been described by different groups (4, 12, 15), and
one of these has been shown to encode full-size EBNA3C
(12). These latter transcripts, however, do not contain
BERF2b sequences, as they are spliced from upstream
noncoding sequences to an acceptor site just 5’ to BERF3
and thus bear no relationship to the T8 clone. The T8 cDNA,
if derived from the same transcript as T7, would suggest that
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FIG. 1. (A) EBV B95-8 BamHI restriction map. (B) Enlarged BamHI-L to -E region showing open reading frames encoding EBNA3A,
-3B, and -3C (described in text). The position of the probe region in BERF2b used to isolate the cDNAs is indicated ( ). Polyadenylation
signals (AATAAA) are indicated. C, Complementary strand. (C) Structures and locations of cDNAs T7 to T11; arrows indicate the direction

of transcription where known.

the EBNA3B and -3C mRNAs share the same 3’ end.
Whether or not EBNA3B and -3C can be translated from a
bicistronic message is impossible to prove, however, in the
absence of the corresponding full-length cDNA.

The remaining three clones indicated in Fig. 1C are not
spliced. The T11 clone represents part of a novel mRNA
transcribed from the strand complementary to that encoding
EBNA3B and is polyadenylated 12 bp after an AATAAA
sequence (position 95272) located just 5’ to BERF2a. The
discovery of this leftward transcript implies that any of the
unspliced cDNAs (except T10; see below) may also repre-
sent sequences from it. No major open reading frame could
be identified within its sequence, and as it does not begin
near any consensus polymerase II promoter sequences, it is
likely to be incomplete. It may be the case that this left-
to-right mRNA simply has a long untranslated 3’ end and/or
serves to down regulate the expression of EBNA3B by in
vivo hybridization to its transcript. We have not yet deter-
mined whether this transcript is produced during latent,
early, or late viral transcription. Nonetheless, it is remark-
able that a virus with such a large genome should generate
different mRNAs with long complementary tracts. The un-
spliced T10 cDNA which begins at the endogenous EcoRI
site 5’ to BERF2a (and the polyadenylation signal used in the
T11 clone) may also represent another species of transcript
from this region. Because of the fact that the T9 and T10
cDNA clones are neither spliced nor polyadenylated, it
cannot be ruled out that they were generated by the reverse
transcription of nuclear RNAs during cDNA synthesis and
therefore may not represent parts of processed cytoplasmic
mRNAs.

RNase mapping was used to further investigate the nature
of the rightward transcripts containing the BERF2a/2b junc-
tion (Fig. 2). An EcoRI-Sphl subfragment of BamHI-E was
cloned into the plasmid pGEM 3Zf(+), thus allowing the
generation of a leftward RNA probe from its Sp6 promoter.
Total cellular RNA was prepared by the guanidium thiocy-

anate method (5). Labeled transcript was synthesized by
using Sp6 polymerase and [a->>P]JUTP as recommended by
Promega Biotec. Forty micrograms of total RNA was hy-
bridized with 10 cpm of probe and then digested with RNase
A and T1 as described previously (10). Samples were run on
a 4.5% denaturing polyacrylamide gel which was then dried
and autoradiographed at —70°C with an intensifying screen.
This experiment established several facts. (i) The splice
acceptor site identified in the T7 cDNA clone is used in the
EBV-positive cell lines B95-8, IB4, BJAB/B95-8, and Na-
malwa (Fig. 2A, band C). (ii) A splice acceptor site was
mapped in three of these lines to a position about 40 bp 5’ to
BERF2a (Fig. 2A, band B). This corresponds well with an
excellent consensus splice acceptor site present on the DNA
sequence (position 95788) and when used would thus give
splicing motifs similar to those of EBNA3A and -3C. (iii) The
existence of a novel transcript containing the sequence from
EcoRlI to the splice donor site at the end of BERF2a can be
implied from band A.

The identification by RNase mapping of a functional splice
acceptor site just 5’ to BERF2a implied that the ATG located
at the left extremity of BERF2a (position 95353) is the first of
the open reading frames created by the fusion of BERF2a
and BERF2b. Two in-phase stop codons between the splice
acceptor site and this ATG eliminated the possibility that
upstream candidate initiation codons exist. Three down-
stream ATGs located close to the BERF2a/2b junction
(positions 95704, 95857, and 95865) could theoretically also
be used to translate the BERF2b sequence alone. We have
not succeeded in identifying the polyadenylation site used to
terminate EBNA3B transcripts. However, on the basis of
some of the cDNAs obtained and the fact that the closest
poly(A) addition site is situated at the end of EBNA3C (Fig.
1B), it is likely that transcripts for both of these proteins
share the use of this signal. The data lead one to conclude
that the EBNA3B coding sequence is assembled from exons
structurally similar to those of EBNA3A and -3C.
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FIG. 2. RNase protection analysis of rightward transcripts con-
taining the BERF2a/2b junction. (A) Lanes: 1, probe only; 2, Jurkat
EBV-negative T-cell line; 3 to 6, EBV-positive cell lines JCS5, IB4,
Namalwa, and B95-8, respectively. Size markers (in base pairs) are
indicated on the right. Bands A, B, and C are discussed in the text.
(B) Map of the EBNA3B coding region showing splice donor (D) and
acceptor (A) sites, the location of the RNA probe used, and the
identities of bands A, B, and C indicated on the autoradiograph in
panel A.

The T7 cDNA clone was used to reconstruct a complete
fused BERF2a/2b open reading frame under the transcrip-
tional control of the adenovirus major late promoter and
using the simian virus 40 T-antigen gene polyadenylation
signal (construction pMLP T7) (Fig. 3). In a second con-
struction (pMLP T7A2a), most of the BERF2a component
of the fused open reading frame (including the first ATG) was
deleted in order to determine whether downstream initiation
codons were also functional. These two plasmids were
tested for the ability to direct the synthesis of EBNA3B in a
transient expression assay after transfection of human 293
cells. Proteins corresponding to 2 X 10° cells were run on a
9% sodium dodecyl sulfate—polyacrylamide gel. After being
blotted onto a nitrocellulose filter, specific proteins were
detected with a 1/25 dilution of a human serum, RS22, taken
from a rheumatoid arthritis patient. This serum has been
previously shown to react specifically with the EBNA3
family of proteins (14). To eliminate antibody reactivity with
cellular proteins migrating close to EBNA3B, the serum was
preincubated with mock-transfected 293 cellular protein
extract. Western (immuno-) blotting was performed as de-
scribed previously (9). Only the pMLP T7 construction was
seen to express an immunologically reactive protein which
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FIG. 3. Construction of pMLP T7 and pMLP T7A2a plasmids.
The EcoRI-Kpnl subfragment of EBV BamHI-E was first substi-
tuted for the HindllI-Ncol fragment of the pMLP CAT plasmid (8),
thus generating pMLP 2ab. To construct pMLP T7, the Spel-Sfil
fragment of pMLP 2ab was substituted by the Spel-Sfil fragment of
the T7 ¢cDNA in which BERF2a and BERF2b were fused through
splicing. To construct pMLP T7A2a, the HindIII-Ncol fragment of
pMLP CAT was substituted for the Spel-Xbal fragment of pMLP
T7. pMLP T7A2a thus contains the right end of BERF2a fused to
BERF2b. EBV open reading frames (lll) are indicated.

comigrated with the 165-kilodalton EBNA3B band of EBV
B95-8 (Fig. 4A). This strongly implies that the EBV se-
quence contained in pMLP T7 is sufficient for the expression
of a complete EBNA3B protein. Nevertheless, it cannot be
ruled out that the failure to detect EBNA3B expression from
pMLP T7A2a is due to the lack of antibodies directed against
the BERF2b-encoded portion of the protein or to the dele-
tion of sequences critical for proper translation initiation
from the methionine codons located downstream. An immu-
nofluorescence experiment (6) (Fig. 4B and C) demonstrated
that the protein which is transiently synthesized in 293 cells
transfected with pMLP T7 is located in the nucleus. Cells
were harvested 24 h after transfection and treated as de-
scribed previously (9), and RS22 serum (1/10 dilution) was
again used to detect EBNA3B protein. In summary, these
experiments showed that the pMLP T7 plasmid is capable of
expressing a protein with a size, immunological characteris-
tics, and a subcellular localization similar to those of native
B95-8 EBNA3B.

Identification of the intron sequence excised in the T7
clone enabled a prediction of the primary structure of
EBNA3B to be made. The 938-amino-acid sequence is
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FIG. 4. (A) Western blot analysis of proteins extracted from 293
cells transfected with carrier DNA (lane 1), pMLP T7A2a (lane 2),
pMLP T7 (lane 3), and pMLP 10T2, which expresses the EBNA3A
protein (9) (lane 4), and from BJAB cells superinfected with EBV
B95-8 (lane 5), the EBV-negative cell line BJAB (lane 6), and Raji
cells, which are EBNA3C negative (lane 7). Molecular masses in
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FIG. S. Primary structure of the EBNA3B protein as predicted
from the spliced T7 cDNA clone and genomic BERF2a and -2b
DNA sequences. The amino acid sequence is presented in the
one-letter code, and proline residues are highlighted by shading. The
spliced junction between the BERF2a and BERF2b sequences is
indicated (%). Amino acid residues found at the same positions in
each of EBNA3A, -3B, and -3C are underlined. Arrows show the
location of a proline-rich repetition.

shown in Fig. 5. The sequence displays a high proline
content (13.5% overall), in particular between amino acids
525 and 755, indicating a structural similarity with the
EBNA3A (3, 9) and -3C (12) proteins, which share this
feature at approximately the same locations. No major
hydrophobic regions were apparent, as predicted from the
primary structure, indicating that the protein is not directly
associated with the nuclear membrane. Alignment of the
three EBNA3 primary sequences revealed a homologous
region located between amino acids 140 and 320 (approxi-
mately) where 32 residues are conserved at the same posi-
tion in all three sequences (Fig. 5). The homologous region in
EBNAJ3A constitutes the major part of a sequence already

kilodaltons are shown on the left and were determined with pres-
tained standard proteins (Amersham Corp.). The positions of
EBNAJ3A, -3B, and -3C are indicated on the right. (B and C) Indirect
immunofluorescence staining of 293 cells transfected with carrier
DNA (B) or pMLP T7 (C).
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shown to be of importance in the process leading to nuclear
localization (9). We have not, however, been able to locate
any known consensus nuclear localization signals on the
EBNA3B protein sequence (1). The ability to express the
complete EBNA3B protein from plasmid constructs will
enable the performance of experiments directed toward the
elucidation of its function.
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ments.
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