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BZLF1 is also transcribed from the BRLF1 promoter (PR).
The mRNA transcribed from this promoter is bicistronic, consisting of BRLF1 and BZLF1 (27). Previous studies have
shown that the Zta protein is translated from the monocistronic BZLF1 mRNA during the immediate-early stage and
that the activation of the PZ promoter is crucial for the disruption of EBV latency, allowing the virus to enter the lytic
cycle (41). The PZ promoter comprises an AP-1-responsive
element, Zta-binding sites or Zta-responsive elements, and
negative regulatory elements (13, 28, 29). Zta-responsive elements allow Zta to upregulate the expression of BZLF1 (12).
Like PZ, PR is activated at the immediate-early stage of the
EBV lytic cycle. The activation of PR requires Sp1 (46) and is
mediated by the transcription factors Zif268 and Zta (41, 45).
The mRNA transcribed from PR, 4.0 kb in length, is spliced
into a 3.3-kb mRNA and a 0.8-kb mRNA (27). The 0.8-kb
mRNA encodes an Rta-Zta fusion protein called RAZ, which
is an inhibitor of Zta (15). The 3.3-kb transcript is bicistronic,
consisting of both BRLF1 and BZLF1. In addition, although
the 4.0- and 3.3-kb bicistronic mRNAs are not spliced into a
monocistronic BZLF1 mRNA, they can translate Rta and Zta
in COS cells (27). However, according to a more recent study
in which transfection of EBV-positive cells with a Zta-overexpressing plasmid activated PR but not PZ, the bicistronic
mRNA transcribed under these conditions is not translated
efficiently (24). In this study, we substituted a luciferase (luc)
gene for the BZLF1 component of the BRLF1-BZLF1 translational unit transcribed from a cytomegalovirus (CMV) immediate-early promoter (PC). The results showed that the reporter gene can be efficiently translated from the bicistronic
mRNA. Genetic analysis also revealed that a functional Rta
protein is also necessary for this translation.

Epstein-Barr virus (EBV) is a herpesvirus which infects human B lymphocytes, T lymphocytes, and epithelial cells. This
virus is the etiological agent of infectious mononucleosis
and is closely associated with several neoplastic diseases, including nasopharyngeal carcinoma, Burkitt’s lymphoma, Hodgkin’s disease, and T-cell lymphoma (35). After infection of B
lymphocytes, EBV immortalizes the cells and is maintained as
an episome under latent conditions. During this stage, only a
few genes, including six EBV nuclear antigens, three membrane proteins, and two small RNA species, are expressed (21).
EBV can be switched from latency to a lytic cycle when the
latently infected cells are exposed to extracellular stimuli, including phorbol esters, butyrate, calcium ionophores, and antiimmunoglobulin (3, 9, 25, 42, 47). When EBV enters a lytic
cycle, the first genes expressed from the viral genome are
BZLF1 and BRLF1 (4, 14, 42). BZLF1 encodes a transcriptional factor called Zta or ZEBRA. This protein is a transcription factor of the b-Zip family which exhibits homology to
c-Fos and C/EBP (10, 22). The Zta protein can upregulate
the expression of EBV lytic genes that are necessary for lytic
DNA replication (6, 12, 19, 20, 39). The Zta protein also
binds to the lytic origin of replication of EBV; this binding
is a prerequisite for EBV replication (11, 38). Therefore, expression of BZLF1 is necessary for activation of the EBV
lytic cycle.
BZLF1 is transcribed from a promoter, PZ, located immediately upstream from BZLF1. The mRNA transcribed from
this promoter is monocistronic, consisting of only BZLF1 (27).
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The BZLF1 gene of Epstein-Barr virus (EBV), which encodes a transcription factor, Zta, is transcribed into
monocistronic and bicistronic mRNAs from two different promoters during the immediate-early stage of the
EBV lytic cycle. It is generally accepted that the Zta protein translated from the monocistronic mRNA
profoundly influences the activation of the EBV lytic cycle. In this study, we constructed a plasmid, pCMVRZLUC, which can transcribe a bicistronic mRNA consisting of BRLF1 and a BZLF1-luc fusion gene under
latent conditions. P3HR1 cells transfected with this plasmid produce a luciferase activity which is approximately 17-fold higher than the activity exhibited by pRZLUC, a plasmid incapable of transcribing the bicistronic mRNA. Genetic analyses indicated that mutations in BRLF1 not only can decrease the translation of the
fusion gene from the bicistronic mRNA but can also be complemented by a functional BRLF1 gene in cis. This
observation implies that the product of BRLF1, Rta, is involved in the translation of the downstream gene. Results presented herein also demonstrate that these mutations cannot be complemented in trans with a plasmid
overexpressing Rta, suggesting that the amount of Rta in the vicinity of the intercistronic region may be crucial
for the translation. Furthermore, our results correspond to those of previous investigations indicating that the
Zta protein can be translated from the bicistronic mRNA and that, similar to the translation of bicistronic
ZLUC, mutations in BRLF1 also hinder the translation of Zta from the BRLF1-BZLF1 bicistronic mRNA.
Translation of Zta from the bicistronic mRNA may play an essential role in the activation of the EBV lytic cycle.
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FIG. 1. Restriction map of the BRLF1-BZLF1 region of the EBV genome
and the plasmids used in this study. The numbers correspond to nucleotide
positions of the EBV genome. ZLUC, a fusion gene consisting of BZLF1 and
luc; RLUC, a fusion gene consisting of BRLF1 and luc; PC, immediate-early
promoter of CMV; PZ, promoter of BZLF1.

Cell lines. P3HR1, Rael, and Akata are EBV-positive Burkitt’s lymphoma cell
lines. An EBV-negative Akata cell line was derived from Akata cells (40). Liang
is a lymphoblastoid cell line obtained by transformation of human normal primary B lymphocytes with EBV strain B95-8. Cells, except Rael, were cultured in
RPMI 1640 medium supplemented with 10% fetal calf serum. Rael cells were
cultured in the RPMI 1640 medium containing 20% fetal calf serum.
Transfection and luciferase assay procedures. Plasmids were prepared from
Escherichia coli by CsCl gradient centrifugation in accordance with a method
described elsewhere (36). For plasmid transfection, 10 mg of plasmid DNA was
mixed with 5 3 106 cells in 300 ml of culture medium. Electroporation was
performed at 960 mF and 0.2 V with a Bio-Rad (Richmond, Calif.) Gene-Pulser
electroporator. To closely examine gene expression under latent conditions, cells
were transferred to 10 ml of fresh culture medium. Gene expression under lytic
conditions was studied by transferring cells to 10 ml of medium containing 30 ng
of 12-O-tetradecanoylphorbol-13-acetate (TPA) and 3 mM sodium butyrate. Cell
lysate was prepared 24 h after transfection in accordance with the method of de
Wet et al. (8) but with slight modifications. Briefly, cells were harvested by
centrifugation and were washed with phosphate-buffered saline. Cells were then
lysed in 200 ml of lysis buffer containing 25 mM Tris-phosphate (pH 7.8), 2 mM
dithiothreitol, 2 mM 1,2-diaminocyclohexane-N,N,N9,N9-tetraacetic acid, 10%
glycerol, and 1% Triton X-100. The lysate was centrifuged with a microcentrifuge
at 11,750 3 g for 5 min at room temperature, and the supernatant was used for
the determination of luciferase activity. Luciferase assay solution (100 ml), containing 20 mM Tricine, 1.07 mM (MgCO3)4Mg(OH)2 z 5H2O, 2.67 mM MgSO4,
0.1 mM EDTA, 33.3 mM dithiothreitol, 270 mM coenzyme A, 470 mM luciferin,
and 530 mM ATP, was automatically injected into a test tube containing 20 ml of
the cell lysate. Luciferase activity was then monitored for 10 s with a luminometer (model LB953; Berthod, Bad Wildbad, Germany). Each transfection experiment was repeated at least three times, and each sample in the experiment was
prepared in duplicate.
Plasmid construction. A DNA fragment containing BRLF1 and BZLF1 (from
nucleotide [nt] 105412 to nt 101351 of the EBV genome) (Fig. 1) was isolated
from cosmid CM302-23 (34) by BglII digestion. This fragment was inserted into
the SmaI site of pGEM-7Zf(2) (Promega Corp., Madison, Wis.) to generate
plasmid pRZ. Plasmid pCMV-RZ was constructed by inserting the CMV immediate-early promoter (PC), isolated from pCMV-CAT by HindIII digestion, into
the HindIII site of pRZ. Plasmid pCMV-LUC was constructed by inserting PC
into the HindIII site of pGL2-Basic (Promega Corp.). Plasmid pRZLUC contained BRLF1 and a BZLF1-luc fusion gene (ZLUC). This plasmid was constructed by inserting the 2.4-kb HindIII fragment of pRZ, consisting of the entire
BRLF1 gene, the intercistronic region between BRLF1 and BZLF1, and the 59
75-bp region of BZLF1, into the HindIII site of pGL2-Basic. Plasmid pCMVRZLUC was constructed by inserting a repaired PC fragment into the repaired
BglII site of pRZLUC. APA-FS and BST-FS were two 21-frameshift mutations
(4-bp deletion) generated at the ApaI and BstXI sites of BRLF1, respectively, by
treating the ApaI- or BstXI-digested DNA fragment with T4 DNA polymerase
and then self-ligating the DNA fragments with T4 DNA ligase. The APA-linker
A and APA-linker B mutations were generated by inserting a double-stranded
18-bp linker into the ApaI site of BRLF1. The 18-bp double-stranded linker
consisted of two oligonucleotides: 59-TGAGCTCGAATTCTGGCC and 59-AG
AATTCGAGCTCAGGCC. This linker, when inserted in the linker A orientation, contained a translational termination codon, TGA. The linker did not
contain a termination codon if inserted in the opposite orientation (linker B).
Next, deletion mutations in BRLF1 were generated by restriction digestion. The
deletion mutation DStuI was generated by StuI digestion. This deletion changed
the reading frame of BRLF1. The DStuI-L mutation was then constructed by
replacing the StuI fragment of BRLF1 with the linker 59-CATCCTTTTTCGG.
This insertion restored the original reading frame of BRLF1. The deletion
mutation DBA was generated by double digestion with BstXI and ApaI and

replacement of the deleted fragment with the linker 59-AGAATTCGAGCTCA
GGCC. The DAB mutation was generated by deleting the ApaI-BamHI fragment
of BRLF1, treating the digested plasmid with T4 DNA polymerase, and inserting
an 8-bp linker, 59-GGCCCCAA, at the deletion site. Neither DBA nor DAB
changed the reading frame of BRLF1. The DNsiI mutation consisted of an 85-bp
deletion which removed the termination codon of BRLF1. Tricistronic constructs pCMV-RRZLUC(APA-FS), pCMV-RRZLUC(DAB), and pCMVRRZLUC(2APA-FS) were prepared by inserting the DNA fragment containing
PC and BRLF1, isolated from pCMV-RZLUC(KspI) by MluI-KspI double digestion and repaired by T4 DNA polymerase, into the repaired MluI sites of the
bicistronic pRZLUC mutant constructs. The KspI site in pCMV-RZLUC(KspI)
was previously created by site-directed mutagenesis at a location 5 bp downstream from the termination codon of BRLF1. Plasmid pCMV was constructed
by inserting PC into the HindIII site of pGEM-7Zf(2). Plasmid pCMV-R was
generated by inserting the repaired BglII-HindIII fragment of pRZLUC (nt
105412 to 103080 of the EBV genome) into the SmaI site of pCMV. Plasmid
pBMLF1-LUC contained a luc gene driven by the BMLF1 promoter (nt 84805
to 84289 of the EBV genome). Plasmid pZLUC contained a luc gene driven by
the promoter of BZLF1 (nt 104040 to 103141 of the EBV genome). Finally,
plasmid pCMV-RLUC was constructed by inserting the XmnI fragment of
pCMV-RZLUC, which contained PC and the 59-most 29 bp of BRLF1, into the
XmnI-HindIII sites of pGL2-Basic. Finally, plasmids pCMV-RRZ(APA-FS) and
pCMV-RRZ(2APA-FS) were constructed by inserting the SalI fragments of
pCMV-RRZLUC(APA-FS) and pCMV-RRZLUC(2APA-FS), which contained
wild-type BRLF1 and mutated BRLF1 (APA-FS), respectively, into the SalI site
of pCMV-RZ(APA-FS).
Northern blot analysis. P3HR1 cells were cultured for 24 h after transfection.
Total RNA was extracted from P3HR1 cells with guanidinium isothiocyanate
and was purified by CsCl centrifugation in accordance with a method described
elsewhere (36). Alternatively, total RNA was purified from the cells with an
RNeasy kit purchased from Qiagen (Hilden, Germany). RNA was separated by
electrophoresis on a 1% agarose–formaldehyde gel and was then transferred to
a nylon membrane (Amersham). Hybridization was performed in a solution
containing 63 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.5%
sodium dodecyl sulfate (SDS), and 100 mg of denatured salmon sperm DNA per
ml. A b-actin probe (codons 220 to 303) and a luc probe (codons 16 to 221) were
prepared by in vitro transcription with T7 RNA polymerase. Hybridization was
performed at 68°C for 16 h. After hybridization, the membrane was initially
washed at 25°C for 15 min with 23 SSC containing 0.1% SDS and then washed
at 68°C for 1 h with 0.13 SSC containing 0.5% SDS. Finally, autoradiography
was performed in accordance with a method described elsewhere (36).
Western blot analysis. Zta protein was detected by Western blot analysis with
4F10 monoclonal antibody (provided by C.-H. Tsai) and an ECL detection kit
(Amersham) in accordance with a method described elsewhere (42a).
Site-directed mutagenesis. Site-directed mutagenesis was performed by the
method of Ho et al. (18). Mutant TAA contained a nonsense mutation at nt
103403 of the EBV genome, which converted a TCA codon to TAA. This
mutation resulted in premature termination of BRLF1 translation, and the
protein encoded by the mutant gene was 12 amino acids shorter at the C
terminus than wild-type Rta. Mutant CAG contained a mutation at the termination codon of BRLF1, at nt 103368 of the EBV genome. This mutation
extended the translation of BRLF1 into the intercistronic region and resulted in
an Rta protein which was 15 amino acids longer at the C terminus than wild-type
Rta. The TATA sequence of PZ in mutant pCMV-RZ(XbaI) was mutated from
TTTAAA to TCTAGA.
DNA sequencing. DNA sequencing was performed with Sequenase (U.S. Biochemical Corp. Inc.) in accordance with the chain termination method of Sanger
et al. (37). The constructs reported herein were confirmed by DNA sequencing.

RESULTS
Transcription of ZLUC mRNA. Plasmid pCMV-RZLUC contains PC, BRLF1, PZ, and a BZLF1-luc fusion gene (ZLUC)
(Fig. 1). In this study, we transfected P3HR1 cells with this
plasmid to determine whether a bicistronic BRLF1-ZLUC
mRNA was transcribed from this plasmid. Northern analysis, using the luc sequence as a probe, revealed that under
latent conditions the ZLUC mRNA transcribed from pCMVRZLUC had a size of approximately 5 kb, i.e., approximately 2
kb larger than the monocistronic luc mRNA transcribed from
pCMV-LUC (Fig. 2A). However, ZLUC mRNA was not detected in the cells transfected with pRZLUC (Fig. 2A), a plasmid identical to pCMV-RZLUC except that it lacks PC. We
have also transfected P3HR1 cells with plasmids containing
two copies of BRLF1 and one copy of ZLUC (see below).
These plasmids transcribed a 7-kb ZLUC transcript (Fig. 2B).
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Translation of bicistronic ZLUC. We have used luciferase
activity as an indicator of ZLUC translation. Cells transfected with pRZLUC or pCMV-RZLUC were induced for lytic
replication by TPA-sodium butyrate treatment. Those results
showed that both plasmids exhibited a high level of luciferase
activity (Fig. 3), indicating that PZ was activated by the treatment. Northern blot analysis revealed that a monocistronic
ZLUC transcript was transcribed from the plasmids after TPAsodium butyrate treatment (Fig. 2A), indicating that the luciferase activity observed was attributed to translation of monocistronic ZLUC mRNA transcribed from the promoter. On the
other hand, these two plasmids expressed luciferase activity
at different levels under latent conditions. The activity of
pRZLUC was close to the background level; the pCMVRZLUC luciferase activity was 17-fold higher than the
pRZLUC activity (Fig. 3). Since PZ is inactive and monocistronic ZLUC mRNA was not transcribed under latent conditions (Fig. 2), the luciferase activity expressed by pCMVRZLUC could be attributed to the translation of ZLUC from
the bicistronic BRLF1-ZLUC mRNA.
As mentioned earlier, ZLUC can be translated from the
bicistronic mRNA under latent conditions. Therefore, in this
study, we compared the translation of BRLF1 and ZLUC of
the bicistronic mRNA. In doing so, the translation of BRLF1luc (RLUC) and that of bicistronic ZLUC fusion genes were
compared at different time intervals after transfection. The
experimental results indicated that the luciferase activity exhibited by pCMV-RLUC (Fig. 1) was 1.3-fold higher than that
of pCMV-RZLUC at 24 h and that these activities were approximately equal at 36 and 48 h (Fig. 4). These results demonstrated that despite the presence of a 1.8-kb BRLF1 in the
FIG. 2. Analysis of luc transcripts in P3HR1 cells by Northern blot hybridization. RNA was prepared from cells transfected with the following: bicistronic constructs, including pRZLUC, pCMV-RZLUC, pCMV-RZLUC(APA-FS), pCMVRZLUC(Linker A), and pCMV-RZLUC(Linker B) (A); tricistronic constructs,
including pCMV-RRZLUC(APA-FS), pCMV-RRZLUC(2APA-FS), and pCMVRRZLUC(DAB) (B); and bicistronic constructs with mutations in BRLF1, including pCMV-RZLUC(CAG), pCMV-RZLUC(TAA), pCMV-RZLUC(DNsiI),
pCMV-RZLUC(DAB), and pCMV-RZLUC(DStuI-L) (C). pRZLUC1TPA
and pCMV-RZLUC1TPA are cells transfected with pRZLUC and pCMVRZLUC respectively, and treated with TPA and sodium butyrate for 24 h. In
panel A, pCMV-LUC, which transcribed a monocistronic luc transcript, was used
as a control. In panel B, pCMV-RZLUC and pCMV-RZLUC(APA-FS), which
transcribed bicistronic mRNAs, were used as controls. In panel C, pRZLUC and
pCMV-RZLUC were used as controls. The sizes of mRNAs transcribed from
pCMV-LUC, bicistronic constructs, and tricistronic constructs are approximately
3 kb, 5 kb (28S), and 7 kb, respectively.

FIG. 4. Expression of ZLUC under latent conditions by pCMV-RLUC,
pCMV-RZLUC, and pRZLUC. Activities were examined 24 h (white bars), 36 h
(gray bars), and 48 h (black bars) after transfection.
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FIG. 3. Translation of monocistronic and bicistronic ZLUC in P3HR1 cells.
Translation was examined under latent (white bar) or lytic (black bar) conditions.
Plasmid pGL2-Basic was used as a negative control.
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bicistronic mRNA, ZLUC was still translated at approximately
the same level as BRLF1. Plasmid pRZLUC did not transcribe
a ZLUC transcript, and therefore the construct exhibited a
background level of luciferase activity during this period (Fig.
4).
Mutations in BRLF1 and the translation of bicistronic
ZLUC. In this study we generated two 21-frameshift mutations, APA-FS and BST-FS, at the ApaI and BstXI sites in
BRLF1, respectively, to examine whether mutations in BRLF1
affected the translation of ZLUC. Similar to the results shown
in Fig. 3, a 16-fold difference in the luciferase activities of
pCMV-RZLUC and pRZLUC was observed under latent conditions (Fig. 5). The APA-FS and BST-FS mutations in
pCMV-RZLUC, on the other hand, decreased ZLUC expression by approximately 85% (Fig. 5A). Next, the effects of
mutations in BRLF1 were more closely examined by inserting
an 18-bp linker (linker A), consisting of a termination codon,
into the ApaI site of BRLF1 (Fig. 1). This insertion decreased
ZLUC translation by approximately 85% (Fig. 5A). This linker
was also inserted in the opposite orientation (linker B). In this
orientation, the linker did not stop the translation of BRLF1
and did not lower the expression of ZLUC (Fig. 5A), indicating that translation of the entire BRLF1 is necessary for the
translation of bicistronic ZLUC. We also generated three mutations in the 39 region of BRLF1. Mutation TAA was a nonsense mutation generated at a location 36 nt upstream from
the termination codon of BRLF1. Mutant CAG had a mutation at the termination codon of BRLF1 which changed the
TAG sequence to CAG and extended the translation of
BRLF1 into the intercistronic region. Mutant DNsiI had an
NsiI deletion which removed the termination codon of BRLF1
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(Fig. 1). These three mutations lowered the level of ZLUC
expression by approximately 70 to 90% (Fig. 5B). Based on the
above observations, we could conclude that precise termination of translation at the termination codon of BRLF1 is essential for the translation of ZLUC from the bicistronic
mRNA. To further demonstrate exactly how BRLF1 mutations
influence bicistronic ZLUC translation, we also generated deletions in BRLF1. The DStuI mutation consisted of a deletion
of the StuI fragment of BRLF1 (Fig. 6). This deletion resulted
in a reading frame shift in BRLF1. In addition, this mutation
in pCMV-RZLUC decreased the translation of ZLUC by
approximately 85% (Fig. 6). The StuI fragment was replaced
with a 13-bp linker (DStuI-L) to restore the reading frame of
BRLF1. Interestingly, this mutation in pCMV-RZLUC still resulted in the mutant phenotype and did not restore the luciferase activity (Fig. 6). We also generated two in-frame deletion
mutations, DBA and DAB (Fig. 6). Similar to DStuI-L, these
two deletions decreased the luciferase activity by approximately 80%. Unlike pCMV-RZLUC, pRZLUC and its mutant
constructs expressed ZLUC activity at the background level
(Fig. 5 and 6).
Involvement of Rta in translation of bicistronic ZLUC. In
the study described in the preceding section, mutations in
BRLF1 were found to decrease the translation of ZLUC from
the bicistronic mRNA. Therefore, complementation experiments were performed to investigate the possible involvement
of Rta in the translation. For the cis-complementation study, a
DNA fragment containing PC and BRLF1 was inserted in
pRZLUC(APA-FS) and pRZLUC(DAB) (Fig. 7A). This insertion restored the ZLUC translation of the APA-FS mutant
construct, albeit at a reduced level (Fig. 7A). Similarly, the
DAB mutation in pCMV-RZLUC was also complemented by a
BRLF1 gene in cis (Fig. 7A). ZLUC was not translated, however, if two copies of a mutant BRLF1 were placed upstream
from ZLUC (Fig. 7A). Also used in this study was a plasmid,
pCMV-R, which consisted of an intact BRLF1 gene driven by
PC. However, this plasmid could not rescue the function of

FIG. 6. Deletion in BRLF1 and the expression of bicistronic ZLUC. Deletion DStuI changed the reading frame of BRLF1, but deletions DBA, DAB, and
DStuI-L did not. ZLUC expression from pCMV-RZLUC (black bars) and
pRZLUC (white bars) containing these mutations was examined under latent
conditions.
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FIG. 5. Effect of BRLF1 frameshift mutations and nonsense mutations on
translation of bicistronic ZLUC. In panel A, APA-FS and BST-FS were 21frameshift mutations generated at the ApaI and BstXI sites of BRLF1, respectively; linker A consisted of a termination codon, and its insertion terminated the
translation of BRLF1 at the insertion site; linker B had a sequence identical to
that of linker A but was inserted in the opposite orientation, such that there was
not a termination codon and the reading frame of BRLF1 was not changed. In
panel B, the CAG mutation changed the termination codon of BRLF1 to a CAG
codon, the TAA mutation prematurely terminated translation of BRLF1 at a
location 36 nt upstream from the termination codon of BRLF1, and DNsiI was
a deletion which removed the termination codon of BRLF1. ZLUC expression
from pCMV-RZLUC (black bars) and pRZLUC (white bars) containing these
mutations was examined in P3HR1 cells under latent conditions.
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lines, CA46 and BJAB. The RLU values observed in CA46
cells were approximately 500- to 1,000-fold lower than that
expressed in P3HR1 cells, at a level of approximately 103 RLU.
In addition, in contrast to the expression in the two EBVpositive cell lines and in the EBV-negative Akata cell line, in
which the differences in the luciferase activities of the wild-type
and mutant plasmids were obvious, no difference in the luciferase activities of CA46 cells transfected with these plasmids
could be detected (data not shown). In BJAB cells, the lucif-
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FIG. 7. Complementation studies. (A) A cis-complementation study. A functional BRLF1 was located between PC and the BRLF1 mutant gene. (B) A trans
study. pCMV-R was cotransfected with wild-type pCMV-RZLUC, mutant
pCMV-RZLUC plasmids, and pZLUC. White bars, plasmid (5 mg) cotransfected with pCMV (5 mg); black bars, plasmid (5 mg) cotransfected with
pCMV-R (5 mg).

BRLF1 mutations in bicistronic translation in trans (Fig. 7B).
According to our results, the pCMV-R construct could also
activate the BMLF1 promoter in pBMLF1-LUC by roughly 30to 60-fold in P3HR1 cell (data not shown), indicating that a
lack of complementation in trans was not attributable to a lack
of Rta expression in the cells.
Translation of bicistronic ZLUC in different cell lines. In
addition to its expression in P3HR1 cells, ZLUC was also
translated from the bicistronic mRNA in two EBV-positive cell
lines, Rael and Akata, in EBV-negative Akata cells, and in
Liang cells (Fig. 8). With approximately the same numbers of
cells and the same amount of pCMV-RZLUC, ZLUC was
consistently expressed at the highest level in P3HR1 cells. The
100% values in Fig. 8 represent approximately 107, 5 3 105,
106, 5 3 105, and 106 relative light units (RLU) for the activity
detected in P3HR1, Rael, Akata, EBV-negative Akata, and
Liang cells, respectively; the background values exhibited by
pGL2-Basic were consistently approximately 1% of the value
exhibited by pCMV-RZLUC. Similar to the expression in
P3HR1 cells, the APA-FS and DAB mutations in pCMVRZLUC also decreased ZLUC translation in Rael, Akata,
EBV-negative Akata, and Liang cells (Fig. 8). In addition to
these four cell lines, the expression of ZLUC from pCMVRZLUC was also examined in two other EBV-negative cell

FIG. 8. Translation of ZLUC from BRLF1-ZLUC bicistronic mRNA in
Akata, EBV-negative Akata, Liang, P3HR1, and Rael cells. APA-FS and DAB
were mutants that could not translate ZLUC from bicistronic mRNA. The
results shown represent the averages of values obtained from two independent
experiments. White bars, pRZLUC and its mutant derivatives; black bars,
pCMV-RZLUC and its mutant derivatives.
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erase activity translated from pCMV-RZLUC was extremely
low. The RLU readings from pCMV-RZLUC and its mutant
derivatives were usually less than 100 (data not shown).
Translation of Zta from bicistronic and tricistronic mRNAs.
In this study, we also examined whether the BRLF1 mutations
actually affect the translation of Zta from the BRLF1-BZLF1
bicistronic mRNA. This determination was made by cotransfecting EBV-negative Akata cells with an effector plasmid
which could transcribe the BRLF1-BZLF1 bicistronic mRNA
and with a reporter plasmid containing a luc gene driven by PZ
(pZLUC). Activation of the PZ promoter of pZLUC by the
effector plasmid was used as an indicator of the expression of
Zta from the bicistronic mRNA. Our results showed that plasmid pRZ, which lacked PC and PR, did not activate the PZ
promoter of pZLUC (Fig. 9A). The luc gene in pZLUC was
also not activated by a plasmid containing a BRLF1 gene
transcribed from PC (pCMV-R) or by a plasmid containing
only PC (pCMV). On the other hand, plasmid pCMV-RZ,
which could transcribe the BRLF1-BZLF1 bicistronic mRNA,
activated the PZ promoter at a level approximately 22-fold
higher than that exhibited by pRZ (Fig. 9A).
Also examined in this study was the effect of the APA-FS
and DAB mutations on the translation of bicistronic BZLF1.
According to our results, pCMV-RZ containing the mutations
could not activate the PZ promoter of the reporter plasmid
(Fig. 9A). We also changed the TATA sequence of PZ from
TTTAAA (a DraI cutting sequence) to TCTAGA (an XbaI
cutting sequence). In a separate experiment, we demonstrated
that this mutation in pRZLUC destroyed the function of PZ
and prevented the plasmid from transcribing the monocistronic BZLF1 mRNA under lytic conditions (data not shown).
This mutation in pCMV-RZ, however, only slightly decreased
the plasmid’s ability to activate the PZ promoter of pZLUC
under latent conditions (Fig. 9A). Western blot analysis also
revealed that Zta protein was translated from pCMV-RZ in
EBV-negative Akata cells under latent conditions at a level
only slightly lower than that expressed by TPA-treated
P3HR1 cells (Fig. 9C). On the other hand, the amount of
Zta expressed by pCMV-RZ(APA-FS) was significantly
less, approximately equal to the amount of Zta expressed
by P3HR1 cells under latent conditions (Fig. 9C). These results confirm that Zta is indeed translated from the BRLF1BZLF1 bicistronic mRNA and that BRLF1 is involved in the
translation.
We also constructed a tricistronic plasmid, pCMV-RRZ
(APA-FS), which contained a functional BRLF1, in cis, upstream from the mutated BRLF1 (APA-FS). We found that
the Zta protein was efficiently translated from this plasmid under latent conditions in EBV-negative Akata cells (Fig. 9C). This
plasmid has a structure similar to that of pCMV-RRZLUC
(APA-FS) (Fig. 7A), except that the ZLUC gene has been
replaced with BZLF1. Notably, this plasmid could activate the
PZ promoter of pZLUC at a level approximately 76% of that
exhibited by the control plasmid, pCMV-RZ (Fig. 9B). On
the other hand, cells cotransfected with pZLUC and pCMVRRZLUC(2APA-FS), which contains two copies of mutant
BRFL1, exhibited luciferase activity at the background level
(Fig. 9B). This observation implies that Zta protein was not
translated from the plasmid. Western blot analysis also confirmed this, further indicating that Zta protein was efficiently
translated by pCMV-RRZ(APA-FS) but not by pCMV-RRZ
(2APA-FS) (Fig. 9C). The above results demonstrate that BRLF1
mutations can be complemented by a wild-type BRLF1 gene in
cis.
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FIG. 9. (A and B) Translation of BZLF1 from bicistronic and tricistronic
mRNA. The reporter plasmid pZLUC contained a luc reporter gene transcribed
from PZ. The effector plasmids used in this study are indicated on the x axes. This
study was carried out in EBV-negative Akata cells transfected with 5 mg each of
effector and reporter plasmids under latent conditions. The results shown represent the averages of values obtained from two independent experiments. (C)
Zta protein translated in the cells was analyzed by Western blotting. P3HR1,
cells were maintained under latent conditions; P3HR11TPA, cells were treated
with TPA and sodium butyrate for 24 h.
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significantly reduce the luciferase activity expressed from
pCMV-RZLUC (Fig. 5 and 6). These mutations are unlikely to
affect the hypothetical activation of PZ by PC. The possibility of
RNA splicing can also be ruled out, since Northern blot hybridization did not detect such a spliced mRNA species (Fig.
2).
Having demonstrated that the ZLUC fusion gene can be
translated from BRLF1-ZLUC bicistronic mRNA, we also examined the efficiency of this translation. In doing so, the luciferase activity exhibited by pCMV-RLUC was compared with
that exhibited by pCMV-RZLUC. According to those results,
cells transfected with these two plasmids expressed luciferase
at approximately the same level during a 2-day period (Fig. 4).
Comparing the translation of two different genes simply on
the basis of the amount of luciferase detected in the cells
can occasionally be difficult, since the stability of the mRNA
and the fusion protein can also affect expression. However, in
RLUC and ZLUC, the genes consist of only 29 and 75 nucleotides of the BRLF1 and BZLF1 sequences, respectively. Inserting such short sequences into the luc sequence may not
significantly affect the stability of the mRNA and the proteins.
Therefore, if the RLUC mRNA and the Rta-Luc fusion protein are not less stable than ZLUC and the Zta-Luc fusion
protein, Fig. 4 indicates that ZLUC is translated from the
bicistronic mRNA as efficiently as RLUC. In fact, this finding
is somewhat unexpected, since in nearly all cases known so far
the translation of the downstream gene of a bicistronic mRNA
in eukaryotic cells is always affected by the presence of an
upstream open reading frame (uORF) and is less efficient than
the translation of the uORF (23). Our finding also appears to
contradict data from a previous investigation which demonstrated that although the BRLF1-BZLF1 bicistronic mRNA is
transcribed at the lytic stage, only a small amount of Zta
protein can be detected in the cells (24). The discrepancy may
originate from the fact that in our system we used the pCMVRZLUC construct, which does not produce Zta and does not
activate the EBV lytic cycle. Moreover, there exists the possibility that translation of Zta from the bicistronic mRNA may
be inhibited under lytic conditions when Zta is expressed at an
excessive level.
Translation of bicistronic ZLUC could theoretically involve
one of three translation mechanisms. One of those mechanisms is internal initiation (31). An internal ribosome entry
site, such as the one present in the RNA of picornaviruses (17,
33, 43), may be located upstream from the initiation codon of
BZLF1. The 40S ribosome may directly bind to the site and
start to scan the downstream region for the initiation codon to
initiate translation. However, ZLUC is unlikely to be translated by this mechanism, since if an internal ribosome entry site
does exist, the 40S ribosome should recognize this entry site to
initiate the translation of ZLUC; moreover, the mutations in
BRLF1 should not have affected the translation of ZLUC from
the bicistronic mRNA (Fig. 5 and 6).
The second mechanism known to be involved in the translation of bicistronic mRNA is leaky scanning (5, 23). When a
bicistronic mRNA is translated by this mechanism, the initiation codon of a uORF is frequently surrounded by a sequence
which is unfavorable for translation initiation (23). Consequently, only some ribosomes start translation from the initiation codon of the uORF; the others may skip the initiation
codon and use an AUG codon further downstream to start
protein synthesis. In the case of BRLF1-ZLUC bicistronic
mRNA, 41 AUG codons are present upstream from the initiation codon of BZLF1, 5 of which are located in the intercistronic region. If ZLUC is translated by the leaky scanning
mechanism, the 40S ribosome must neglect these AUG codons
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BZLF1 is an important gene expressed during the EBV lytic
cycle. The protein encoded by this gene, Zta, binds to the lytic
origin of replication, which not only is required for EBV DNA
replication during the lytic cycle but also functions as a transcription factor to activate early viral genes (6, 12, 19, 20, 39).
Therefore, expression of Zta is a prerequisite for activation of
the EBV lytic cycle. BZLF1 can be transcribed from PZ as a
monocistronic mRNA or from PR as a part of the BRLF1BZLF1 bicistronic mRNA (27). In this study, we have constructed a plasmid, pCMV-RZLUC, to examine the translation
of the bicistronic mRNA. Northern hybridization was initially
used to examine the ZLUC mRNA transcribed under latent
conditions in P3HR1 cells. According to those results, the cells
transfected with pCMV-RZLUC transcribed a 5-kb ZLUC
mRNA (Fig. 2A). On the other hand, ZLUC mRNA was not
detected in the cells transfected with pRZLUC (Fig. 2A).
These results indicated that although ZLUC was transcribed
from PC by pCMV-RZLUC, the mRNA either was not transcribed or was transcribed from pRZLUC at a level undetectable by Northern blot analysis. In addition, the size of the
ZLUC mRNA detected in the cells transfected with pCMVRZLUC correlated with the distance between the PC promoter
and a polyadenylation signal located downstream from the
RZLUC fragment, implying that the mRNA is probably bicistronic, with BRLF1 located upstream and ZLUC located
downstream. We also found that pCMV-RRZLUC(APA-FS)
and pCMV-RRZLUC(DAB) transcribed mRNAs of approximately 7 kb (Fig. 2B), indicating that these transcripts are
tricistronic. These results confirm that transcription does not
terminate within the BRLF1-BZLF1 region.
At the immediate-early stage of its lytic cycle, EBV is known
to transcribe the BRLF1-BZLF1 bicistronic mRNA from PR.
We speculated that at the time when EBV switches from latency to the lytic cycle, most viral lytic genes would not have
been expressed and the cells might still maintain an environment resembling the conditions of the latent stage. Therefore,
examination of ZLUC translation from the bicistronic mRNA
under latent conditions might reveal whether BZLF1 is translated from the bicistronic mRNA at the immediate-early stage
of the lytic cycle. More importantly, experimentally defining
the immediate-early stage after lytic induction and examining
the expression under such conditions could be difficult. Therefore, based on these reasons, we examined the translation of
the bicistronic mRNA under latent conditions. In this study, we
first compared the luciferase activities exhibited by pRZLUC
and by pCMV-RZLUC under lytic conditions in P3HR1 cells.
Since both plasmids contain PZ, which can be activated under
lytic conditions, these two plasmids can transcribe the monocistronic ZLUC mRNA and express luciferase activity at a high
level after TPA-sodium butyrate treatment (Fig. 3). On the
other hand, under latent conditions, the luciferase activity exhibited by pCMV-RZLUC is 17-fold higher than the activity
exhibited by pRZLUC (Fig. 3). Northern blotting results indicated that pRZLUC does not transcribe a detectable amount
of bicistronic or monocistronic ZLUC mRNA. This finding
suggests that the difference in luciferase activity might be attributed to the transcription and the translation of ZLUC from
the BRLF1-ZLUC bicistronic mRNA. On the other hand, it is
possible that the PC promoter in pCMV-RZLUC somehow
elevates the transcription of monocistronic ZLUC, albeit at a
level undetectable by Northern hybridization (Fig. 2); this elevated transcription could have contributed to the difference
observed herein. However, our mutagenesis experiments revealed that frameshift and deletion mutations in BRLF1 can
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than the mRNA transcribed from the wild-type plasmid. This
may only partially account for the decreased luciferase activity
of the mutant plasmids. In fact, the complementation study
suggests that this instability may not be the major cause of the
low-level expression, since the instability is unlikely to be corrected by placing a functional BRLF1 in cis (Fig. 7A). Notably,
a wild-type BRLF1 in cis can partially complement the mutations, to a level approximately 80% of that exhibited by the
wild-type construct. It is possible that in the tricistronic constructs the wild-type BRLF1 is 1.8 kb away from ZLUC and
that this distance affected the translation. Furthermore, the
tricistronic constructs used in this study are approximately 20%
larger than the bicistronic plasmids. Since we have used the
same amount of plasmid in all of the transfection experiments,
the number of molecules of the tricistronic plasmids used in
the study is smaller than that of the bicistronic plasmids.
This may also explain why the activity exhibited by pCMV
-RRZLUC was lower than that of pCMV-RZLUC. Our results
also confirm that BRLF1 mutations cannot be complemented
by a functional BRLF1 in trans (Fig. 7B). Therefore, it is likely
that the concentration of Rta in the vicinity of the intercistronic region must be sufficiently high to allow the bicistronic
translation to occur. If this is indeed the case, the newly synthesized Rta protein may immediately assist the ribosome in
initiating the translation of the downstream gene.
The notion of Rta being a translational initiation factor that
assists in the translation of ZLUC is intriguing, and it is not
without a basis. According to our analyses, the N-terminal 482
amino acids of Rta actually exhibits 21% identity and 53%
similarity to the sequence of elF-4B (STM1 protein) of Saccharomyces cerevisiae (2, 7). However, the significance of this
similarity to the bicistronic translation remains unclear. Since
we have determined that bicistronic ZLUC translation relies
on Rta, the similarity may imply that Rta has a role in translation initiation. However, further studies are necessary to
elucidate the function of Rta in translation. Furthermore, experimental results indicate that bicistronic ZLUC can be translated in Akata, P3HR1, Rael, an EBV-negative cell line derived from Akata, and a lymphoblastoid cell line, Liang (Fig.
8), but cannot be translated in two EBV-negative cell lines,
CA46 and BJAB. These data suggest that in addition to Rta,
the bicistronic translation may also require EBV-induced cellular factors.
In addition to showing that the ZLUC gene is translated
from bicistronic mRNA, the data presented herein also indicate that BZLF1 is translated from the BRLF1-BZLF1 bicistronic mRNA (Fig. 9). This conclusion comes from the fact
that in EBV-negative Akata cells, a PZ-luc reporter plasmid
(pZLUC) is activated by an effector plasmid (pCMV-RZ) which
can transcribe BRLF1-BZLF1 bicistronic mRNA. Moreover,
this activation is only slightly affected by a TATA mutation
in PZ [pCMV-RZ(XbaI)] (Fig. 9A). Since the monocistronic
BZLF1 is not transcribed from pCMV-RZ(XbaI), the activation of the reporter plasmid by this mutant indicates that Zta
protein is translated from the bicistronic mRNA. The question
that now arises is why EBV translates Zta protein from two
different types of BZLF1 transcripts during the lytic cycle. It is
generally believed that the EBV lytic cycle is triggered by the
Zta protein translated from the monocistronic mRNA transcribed from PZ (41). However, the mechanism which activates
the transcription of PZ in vivo still remains unclear. Since PR is
activated in B lymphocytes by Zif268 or by Zta, activation of
PR may involve a mechanism which differs from that by which
PZ is activated (45). It is possible that under natural conditions,
when PR is activated at the immediate-early stage of the EBV
lytic cycle, Zta protein is translated from the bicistronic mRNA
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and start translation from the initiation codon of BZLF1, an
event unlikely to occur under normal circumstances. In fact, we
have changed the five AUG codons in the intercistronic region
by site-directed mutagenesis, and none of the mutations affected ZLUC translation (unpublished data). These results suggest
that translation of ZLUC probably does not involve leaky scanning.
The third mechanism known to be involved in bicistronic
mRNA translation is reinitiation (1, 23, 30, 32). In fact, this is
the translation mechanism used most frequently by eukaryotic
bicistronic mRNAs. A bicistronic mRNA that uses this mechanism for translation usually has a uORF of less than 120 nt
(26). As generally accepted, a ribosome may retain some of the
initiation factors after translating a short uORF, which may
allow the ribosome to scan the intercistronic region to initiate
the translation of the downstream gene. Under such conditions, the translation of the downstream gene can be significantly reduced by the translation of a uORF (23, 26). A uORF
consisting of more than 120 nt may cause the ribosome to lose
all of the translation initiation factors during translation, resulting in the dissociation of the ribosome from the mRNA
after translation of the uORF. Under these circumstances, the
downstream gene of the bicistronic mRNA is not translated
(26). In the BRLF1-ZLUC bicistronic mRNA, the length of
the uORF (BRLF1) is 1.8 kb; i.e., it markedly exceeds the limit
of 120 nt. However, this length does not seem to affect the
translation of ZLUC (Fig. 4). Furthermore, in-frame deletions
in pCMV-RZLUC can abolish the translation of ZLUC from
the bicistronic mRNA (Fig. 6). This finding suggests that although the translation of the uORF is terminated at the termination codon of BRLF1, the ribosome cannot reinitiate the
translation of the ZLUC gene, indicating that ZLUC translation probably does not involve the reinitiation mechanism. In
fact, our cis-complementation experiment (Fig. 7A) indicated
that ZLUC is probably translated by a ribosome shunting mechanism (16, 44). This is owing to the fact that in the tricistronic
mRNA, the BRLF1 frameshift and deletion mutations, which
are situated in the middle of the construct, do not seem to
block the action of the ribosome and prevent the translation of
downstream ZLUC. Our results (not shown) also suggest that
the 40S ribosome actually jumps to an acceptor site in the
intercistronic region after the translation of BRLF1 and then
initiates the translation of ZLUC.
Results from this study indicated that frameshift mutations
and deletions in BRLF1 can affect the translation of ZLUC
from the bicistronic mRNA (Fig. 5 and 6). In fact, the most
interesting finding of this study is that even in-frame deletions
(DBA, DAB, and DStuI-L) in BRLF1 can abolish the translation of ZLUC (Fig. 6). These mutations allow translation to
terminate precisely at the end of BRLF1, and yet the downstream gene is not translated. The only logical explanation for
this is that the function of BRLF1 is also necessary for the
translation of ZLUC. Actually, the strongest evidence suggesting the involvement of Rta in the translation of bicistronic
ZLUC comes from the fact that a functional BRLF1 in cis can
complement the BRLF1 mutations (Fig. 7A). Therefore, the
Rta protein may actually assist the ribosome in initiating the
translation of ZLUC from bicistronic mRNA. As Fig. 2C depicts, the lack of expression of ZLUC by a CAG, TAA, DNsi,
DAB, or DStu-L mutant could not be attributed to mRNA
instability caused by the mutation since the amount of mRNA
in the cells was approximately equal to the ZLUC mRNA in
the cells transfected with wild-type plasmid pCMV-RZLUC.
On the other hand, the mRNAs transcribed from the frameshift mutants seem to be present to a lesser extent in the cells,
suggesting that the mutant mRNAs are probably less stable
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and then upregulates the transcription from PZ. If this hypothesis is correct, the translation of BZLF1 from the bicistronic
mRNA may profoundly influence the lytic development of
EBV.
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