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Several Epstein-Barr virus (EBV) early promoters respond to a new EBV transactivator encoded by BRLF1,
designated R. Transactivation was measured in chloramphenicol acetyltransferase assays on Raji, BHK, and
Vero cells that were cotransfected with the transactivator and target promoters linked to the cat gene. The
divergent promoter of BamHI-H was particularly responsive to R transactivation. This large promoter region
consists of a leftward TATA box for the Nofl repeat gene (BHLF1) and a probable rightward TATA box for
the EA-R gene (BHRF1) separated by 940 base pairs of unusual sequence complexity. Sequences within this
divergent promoter region appear to confer inducibility by EBV transactivators R and Z (BZLF1). The Z
transactivator stimulated expression in both the leftward and rightward directions, and R stimulated
expression primarily in the rightward direction, but the MS transactivator (BMLF1) had no activity in either
direction. The adenovirus E3 promoter also responded to the R transactivator, but several other herpesvirus
and human promeoters were nonresponsive. When the divergent promoter was linked to the EA-R gene as it is
in the EBV genome, the R and Z transactivators also induced the expression of EA-R in cotransfected cells. This
cytoplasmic early antigen is encoded by BHRF1 and may be anchored in intracellular membranes by a

carboxy-terminal transmembrane region.

Like other herpesviruses, Epstein-Barr virus (EBV) has
both a lytic and a latent life cycle. In addition to B lympho-
cytes, EBV will infect the nasopharyngeal and cervical
epithelium (55-57). Infection of epithelial cells results in cell
death and production of progeny virus, which provides for
transmission of the virus to a new host, where it can cause
infectious mononucleosis. Infection of lymphocytes usually
leads to a latent infection which, in conjunction with other
factors such as immunosuppression, can lead to B-cell
lymphomas (28). Together with environmental, genetic, or
other factors which have not been clearly defined, EBV also
contributes to nasopharyngeal carcinoma (26) and Burkitt’s
lymphoma (46, 63).

When human peripheral B lymphocytes are infected with
EBYV in vitro, several events occur: the cells are stimulated
to produce antibody, a latent infection is established, and the
cells are immortalized such that they will grow continuously
in culture (36, 45, 48). Gene expression during the latent
cycle is tightly regulated, and only a few of the approxi-
mately 100 genes are expressed (12). The events that occur
in a B cell to prevent or shut down the lytic cycle have not
been determined.

Because a permissive system for study does not exist, a
commonly used technique is to induce immortalized B cells
to enter the lytic cycle by treating them with various
chemicals including 12-O-tetradecanoylphorbol-13-acetate
(TPA) (65). Thus, induction by TPA makes endogenous lytic
cycle gene expression subject to experimentation. The
mechanism of TPA activation is unknown. Furthermore, it is
not known which EBV promoters are TPA responsive. TPA
could serve to activate a transactivator or the target(s) of this
transactivator. Several EBV genes have been reported to
encode transactivators. The Z transactivator, encoded by
BZLF1 (BamHI-Z left reading frame no. 1), when transfec-
ted into latently infected cells, can induce early antigen
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production in Raji cells and production of infectious virus
from X50-7 cells (8, 19). The MS transactivator, encoded by
BMLF1, activates a number of different promoters from
various sources (32). A latent-cycle gene product, EBV
nuclear antigen no. 1 (EBNA1), encoded by an open reading
frame in the BamHI K fragment, has been shown to activate
transcription (via BamHI-C enhancer sequences) in addition
to its role in maintaining the latent episome (47). There is
also eviderice to suggest that another latent-cycle product,
EBNAZ2, induces expression of the human CD23 gene (61).

Takaki et al. (59) reported that an EBV subclone, 302-23,
could induce the expression of an EBV cytoplasmic early
antigen (EA-R) encoded by BamHI-HF. They further sug-
gested that this transacting activity of 302-23 was localized
within a smaller fragment, HindIII I2. It has since become
clear that all the transactivators described above (except
EBNAZ2) are encoded within the EBV subclone 302-23.
However, none of these transactivators is encoded within
the HindIll 12 fragment. Takada et al. (58) activated the
same cytoplasmic early antigen with the BamHI-Z fragment
(containing the Z transactivator gene). Because only the
amino-terminal 25 residues of the Z gene (BZLF1) are
encoded within the HindIII 12 fragment, it was possible that
an additional transactivator was encoded by HindIII 12.

In this report we describe a new transactivator, designated
R. This lytic-cycle transactivator is encoded by BRLFI1,
which is contained intact within the HindIII I2 fragment. R
has specificity for a complicated divergent promoter in
BamHI-H, leading to stimulated synthesis of the cytoplas-
mic early antigen, EA-R, encoded by BHRF1.

MATERIALS AND METHODS

Plasmid construction. EBV DNA fragments from B95-8 or
M-ABA were cloned into pGHS52 (a simian virus 40 [SV40]
expression vector), pCAT (a vector for the chloramphenicol
acetyltransferase [CAT] gene [cat]), pPGHS56 (a derivative of
pUCI18 with HindIII-BgllI-HindIII sites in place of the
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HindlIII site), or pBR322. pGHS2 is pSV2neo with HindIII-
BglIl/HindIII sites in place of the HindIII site. The car
vector pCATB’' was obtained from O. Andrisani, Purdue
University, Lafayette, Ind. pCATC’ is the BamHI-Sall
fragment of pCATB’ (containing the cat gene and SV40
polyadenylation signals) cloned into pUC13. Cosmid clones
780-35 and 302-23 of M-ABA (44) were obtained from G.
Bornkamm, University of Freiburg, Freiburg, Federal Re-
public of Germany. pSL77 contains the BamHI H fragment
of B95-8 (22). pPL17 has the BamHI Z fragment of B95-8
inserted at the BglII-BamHI sites of pGHS52. pPL23A has a
230-base-pair (bp) Sau3 Al fragment of EBV B95-8 BamHI-a
(promoter region of the ribonucleotide reductase small sub-
unit) ligated into the BamHI sites of pPCATB'. pTS6 contains
the MS transactivator as described previously (10). pDH136
contains the Sphl-Nhel fragment of B95-8 BamHI-S inserted
into pCATB’. A-10CAT was obtained from G. Khoury,
National Institutes of Health, Bethesda, Md. E3-CAT con-
tains the adenovirus type 5 E3 regulatory sequences fused to
the cat gene as previously described (62). SAA-CAT con-
tains the hormone-responsive promoter region of serum
amyloid A protein fused to the cat gene and was obtained
from C. Lowell and J. Morrow, Johns Hopkins Medical
School, Baltimore, Md. TK-CAT (pPOH3) and 17SKCAT
(pPOH2) were constructed as described previously (37, 38).
pMHI1A contains the Bcll fragment (promoter region for
BMRF1) which crosses the BamHI-aM boundary cloned
into the BamHI site of pPCATB'. pMH16 was constructed by
cloning the BglII W fragment (containing the EA-R gene) of
EBV M-ABA into the BgllI-BamHI sites of pGHS52. pMH17
was made by inserting the BamHI-Nael fragment of BamHI
Z into pCATB'. pMH24 contains the BamHI R fragment of
EBV M-ABA inserted at the BamHI site of pBR322. pMH?25
was generated by cloning the HindIII 12 fragment of EBV
M-ABA into the HindIII site of pPGHS6. pMH10 contains the
Sphl-Stul fragment (Notl gene) of B95-8 BamHI-H inserted
at Sphl-Hincll sites of pPGHS6. pMH39 was constructed by
picking up the BamHI-BgIII fragment of pMH10 (containing
the B95-8 subfragment) and inserting it into the Bg/II-BamHI
sites of pGHS2. pMH44 has the MspMI-Clal fragment
(regulatory sequences for BRLF1) of pMH24 inserted at the
BamHI and Clal sites of pCATB’. pMH11 was constructed
by ligating the Stul-Bglll fragment (divergent promoter,
leftward orientation) of B95-8 BamHI-H into the Bglll-
Hincll sites of pGHS56. pMH47 contains the BamHI-H
sequences of pMH11 which were excised at the BamHI and
Bglll sites and ligated into the BamHI site of pCATC'.
pMH49 contains the same insert as pMH47, except in the
opposite orientation, such that the rightward divergent pro-
moter is driving cat. pMH48 (SV40 promoter driving
BRLF1) was constructed by ligating the HindIII 12 fragment
of EBV M-ABA into the HindlIII sites of pGH52. pMHS50, a
deletion mutant of pMH48, lacks the Sall-Xhol fragment
which contains most of BRRF1 and spans the Bg/II site.
pMHSS8, also a deletion mutant of pMH48, lacks the Mstll
fragment that spans the two BamHI sites between Z and R.
pMHS53 contains the Bglll W fragment of EBV M-ABA
inserted at the Bg/II site of pMH11 (divergent promoter
driving the EA-R gene). pMHS81 is a partial Xmal deletion
mutant of pMHS53 lacking 1,133 bp of the divergent promoter
but retains the TATA box.

Cells and transfections. Vero, BHK, and NIH 3T3 cells
were maintained in Dulbecco modified Eagle minimal essen-
tial medium with 10% fetal calf serum and were transfected
by the calcium phosphate precipitation method (17, 37). At
24 h before transfection, cells were seeded into cluster
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dishes (each with six 35-mm wells) at 5 x 10° cells per well
or into two-well slides at 2 X 10° cells per well. The medium
was changed and antibiotics were added 3 to 4 h before
transfection. The transfection cocktail contained 1 pg of
each plasmid DNA, 125 ul of 2x HEPES (N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid)-buffered saline
(274 mM NaCl, 10 mM KCl, 1.4 mM Na,HPO,, 12 mM
glucose, 42 mM HEPES [pH 7.04]), and H,O to a final
volume of 238 pl. While the transfection cocktail was
bubbled, 12 pl of 2.5 mM CaCl, was added over a 30-s
period. Samples were incubated at room temperature for 20
min to allow precipitate formation and then added dropwise
to the culture medium. The cells were glycerol shocked 4 h
posttransfection (39) by being treated for 30 s with 15%
glycerol in medium without serum. The cells were washed
with phosphate-buffered saline to remove the glycerol and
incubated with complete medium plus antibiotics for 40 h.
B95-8 and Raji cells were maintained in RPMI 1640 with
10% fetal calf serum and were transfected by the DEAE-
dextran procedure (34), modified by Takada et al. (58). Fresh
medium was added 24 h before transfection. The transfec-
tion mix contained 2 pg of each plasmid DNA, 300 pl of
calcium TBS (containing, per liter, 0.1 g of MgCl, - 6H,0,
0.1 g of CaCl,, 8.0 g of NaCl, 0.38 g of KCI, 0.1 g of
Na,HPO, - 12H,0, and 3.0 g of Tris hydrochloride [pH
7.5]), and 300 pl of calcium TBS with 1 mg of DEAE-dextran
per ml. Cells were washed with calcium TBS and suspended
at 5 x 107 per ml of calcium TBS, and 100 pl was added to
the DNA mix. Samples were incubated at room temperature
for 30 min and mixed every 5 min. Transfected cells were
washed with TBS (without Ca) and incubated for 40 h with
1.5 ml of medium plus antibiotics in a 24-well cluster dish.
CAT assays. Cell lysate was prepared and CAT assays
were performed essentially as described by Gorman et al.
(16) and O’Hare and Hayward (37). Transfected cells were
washed with phosphate-buffered saline, suspended (suspen-
sion cultures) or scraped (monolayers) in 1 ml of TEN (0.04
M Tris hydrochloride [pH 7.4], 1 mM EDTA, 0.15 M NaCl),
and kept on ice. Cells were pelleted and suspended in 50 pl
(Raji and BJAB) or 100 pl (Vero and BHK) of 0.25 M Tris
hydrochloride (pH 7.9). Lysates were prepared by sonica-
tion, and debris was removed by microcentrifuging (Eppen-
dorf) at 14,000 rpm for 5 min in the cold. Each cell lysate
(50 ul, unless otherwise stated) was mixed with 100 pl of
CAT mix (70 pl of 1 M Tris hydrochloride [pH 7.4], 27 pl of
H,0, 2 pl of 40 mM acetyl coenzyme A, and 1 pl of [**C]
chloramphenicol [0.1 pCi, 60 mCi/mmol]) and incubated at
37°C for 60 min in Eppendorf polypropylene micro-test
tubes. The chloramphenicol and its acetylated derivatives
were extracted by adding 1 ml of ethyl acetate and vortexing
for 30 s. The organic phase was separated by centrifugation
and transferred to a new tube before being dried down in a
vacuum. The dried samples were solubilized in 16 pl of ethyl
acetate and spotted onto a silica gel 60 thin-layer plate. The
acetylated forms were separated by chromatography in a
chloroform-methanol solvent (95:5 [vol/vol]). Plates were
exposed to XAR film, and the radioactivity was quantitated
by liquid scintillation counting in 2,5-diphenyloxazole
(PPO)-1,4-bis(5-phenyloxazolyl)benzene (POPOP)-toluene.
The percent acetylation was determined as the percentage of
total radioactivity found in the chloramphenicol-1-acetate,
chloramphenicol-3-acetate, and chloramphenicol-1,3-diace-
tate forms. The fold increase in CAT activity was defined as
the ratio of the percent acetylation of the sample to the
percent acetylation of the control (pBR322).
Immunofluorescent staining. Transfected cells were fixed
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with acetone at —20°C for 10 min. The acetone was removed
by washing with phosphate-buffered saline, and nonspecific
sites were blocked with 0.1% bovine serum albumin. All
antibodies were diluted in phosphate-buffered saline-0.1%
bovine serum albumin. Nasopharyngeal carcinoma sera 145
(anti-EA-R titer, 240) and 406 (anti-EA-R titer, 160) were
obtained from S. Spring, National Institutes of Health,
Bethesda, Md. EA-R monoclonal antibody 5B11 was a
generous gift from G. Pearson and was prepared against a
fusion peptide containing sequences from BHRF1 (40). Each
sample was incubated for 30 min at room temperature with
20 pl of NPC serum (1:25 dilution) or 5B11 (1:500 dilution),
washed, and incubated again with fluorescein isothiocya-
nate-conjugated goat anti-human or goat anti-mouse second
antibody. Slides were washed and mounted in 1 mg of
p-phenylenediamine per ml to retard the fading of fluores-
cence.

Isolation and analysis of RNA. B95-8 cells were treated
with TPA (40 ng/ml) for 48 h and washed twice with
phosphate-buffered saline. RNA was isolated from whole
cells with guanidine thiocyanate (9). Cells (0.2 to 0.4 ml)
were treated with 3 ml of RNA buffer (4 M guanidine
thiocyanate, 50 mM sodium acetate [pH 5.0], 10 mM EDTA,
136 mM sarcosyl, 7% B-mercaptoethanol) and vortexed for
60 s to shear the DNA. The sample was mixed with 1 g of
CsCl, layered onto 1 ml of CsCl cushion solution (5.7 M
CsCl, 50 mM sodium acetate [pH 5.0], 10 mM EDTA), and
overlaid with 200 ul of 10% CsCl in 50 mM sodium acetate
(pH 5.0). RNA pellets were suspended in 0.5 ml of TES (10
mM Tris hydrochloride [pH 7.5], 1 mM EDTA, 20% sodium
dodecyl sulfate) and ethanol precipitated with 0.2 M LiCl.
Poly(A)* RNA was separated on oligo(dT)-cellulose type 7
(Pharmacia, Inc.) by following the protocol described by
Maniatis et al. (33). mRNAs were separated on formalde-
hyde gels (5 pg per lane), transferred to nitrocellulose, and
hybridized to EBV DNA probes (33). Probes were se-
quenced by chemical degradation to confirm their origin.
Labeled probes were generated by isolating DN A restriction
fragments from agarose gels and end labeling them with T4
polynucleotide kinase or Klenow fragment (International
Biotechnologies, Inc.) as recommended by the manufac-
turer. Radioactively labeled material was separated from
unincorporated radioactivity on a NENsorb column (New
England Nuclear Corp.). Labeled probe was eluted with 50%
methanol and dried under vacuum. Heat-denatured probes
were incubated with RNA blots for 2 to 4 days.

RESULTS

Mapping the cytoplasmic early antigen (EA-R) gene. Our
preliminary experiments confirmed an earlier report by
Takaki et al. (59) who showed that the cosmid clone 302-23
(Fig. 1A and C) of EBV could induce the expression of an
early antigen (EA-R) encoded by cosmid clone 780-35 (Fig.
1A and B). These cosmids were cotransfected into BHK
cells, and EA-R was detected by staining with human sera.
Since both of these subclones contain many different genes,
we prepared a series of constructs to better define the effects
of specific genes and to eliminate the possible cooperative
effects of gene combinations. The EBV sequences in these
constructs are represented diagrammatically in Fig. 1.

The cytoplasmic EA-R was presumed to be encoded by
one of the four open reading frames in 780-35 (Fig. 1B). The
leftmost reading frame may not encode a protein, but short
exons in this vicinity encode a latent-cycle nuclear protein,
LP or EBNAS (14, 49). The open reading frame which spans
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FIG. 1. Maps of EBV genomic DNA and EBV-containing plas-
mid constructions. (A) Map of EBV B95-8 genome. Letters indicate
BamHI fragments in order of size (A to Z, a to h). The three e
fragments are designated el to e3. Numbers indicate length in
kilobase pairs. Brackets mark the analogous sequences present in
EBV M-ABA cosmid clones. M-ABA has an additional BamH]I site
at approximately 50,000 bp on the B95-8 map. (B and C) Maps of
cosmid clones 780-35 (panel B) and 302-23 (panel C) and subclones
containing either M-ABA or B95-8 sequences. Cosmid clone 780-35
is a Bglll (partial)-Sall fragment of M-ABA. Cosmid clone 302-23
resulted from a partial Hindl1II digest of M-ABA (44). Arrows above
or below the open bar represent open reading frames identified by
DNA sequencing (3). Symbols: mmm , Notl repeat units; mmm,
divergent promoter; P, TATA boxes. The length, a brief description,
and the clone name of each subclone from these regions are
indicated. The direction of transcription from EBV promoters
cloned into CAT-vectors is indicated by arrows. A detailed descrip-
tion of the plasmid constructions can be found in Materials and
Methods.

the BamHI-YH boundary (BYRF1) encodes another latent-
cycle nuclear antigen, EBNA2 (35, 50). The remaining two
open reading frames (BHLF1 and BHRF1) were placed
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FIG. 2. Analysis of RNA transcribed from the divergent pro-
moter. (A) Northern blot analysis of poly(A)* RNA from TPA-
induced B95-8 cells. RNA sizes (in kilobases) were determined by
comparison with DNA fragments of HindIII-digested lambda bac-
teriophage. (B) Map of probes used for Northern blot analysis.
Probe ‘‘a’’ (bp 3708 to 6006 of BamHI-H) was used to detect
transcription in both the rightward and leftward directions. Probe
“b*” (bp 3719 to 6006 of BamHI-H) was used to detect transcription
in the rightward direction only.

under the regulation of the SV40 early promoter (pMH39 and
pMH16, respectively). No product of the leftward NotI gene
(BHLF1 [27]) was detected in transfected BHK cells. How-
ever, the rightward reading frame expressed a cytoplasmic
antigen detected by serum samples from nasopharyngeal
carcinoma patients. The immunofluorescence pattern was
the same as that obtained with the entire 780-35 cosmid (data
not shown). Therefore, an EA-R is encoded by BHRF1.
These results confirm a recent report by Pearson et al. (40) in
which the early antigen recognized by an EA-R monoclonal
antibody was mapped to BHRF1.

Identification of a potential EA-R promoter. The EA-R
gene was expressed only when cells were cotransfected with
cosmid 302-23 or when EA-R was driven by the strong SV40
promoter. Presumably, the EBV DNA sequence that con-
trols the expression of EA-R is responding to a gene product
from the cosmid clone 302-23. To identify the promoter
region for EA-R, we isolated poly(A)* RNA from TPA-
induced B95-8 cells and analyzed it by Northern (RNA) blot
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hybridization (Fig. 2A). The probe contained the entire
noncoding region between the Notl and EA-R genes plus
most of the EA-R open reading frame (Fig. 2B). To detect
transcription in the rightward direction only, we cleaved the
double-strand probe with Avrll, which removed the label
and 11 bp from the left end. The probe was sequenced to
confirm its unidirectionality (data not shown). Several right-
ward mRNAs were detected including a 1.9-kilobase (kb)
mRNA. This size correlates with the predicted size of
approximately 1,750 bases plus poly(A) for an EA-R tran-
script initiating 30 bases down from a putative TATA box
(TATTAA) and terminating near a predicted poly(A) adeny-
lation signal in BamHI-F. A smaller mRNA of 1.4 kb could
represent a spliced version of the 1.9-kb mRNA (see the
Discussion). A similar, presumably rightward RNA of 1.95
kb from BHRF1 was recently reported by Pfitzner et al. (43).
Our Northern analysis detected several additional rightward
RNAs which varied in size from 8 to 0.5 kb, indicating that
the transcription pattern through this region is complicated.
A splice acceptor consensus sequence (TTTTCTAG/) is
located about 40 bp upstream from the initiating codon for
EA-R. Utilization of this acceptor site would help explain
the complex RNA pattern and suggest that EA-R could be
expressed from a further upstream promoter. The only
additional RNA observed with the bidirectional probes was
a 2.3-kb species that was previously identified as an abun-
dant transcript for the Notl repeats (24, 27). This leftward
RNA is initiated by a promoter element located about 300 bp
upstream of the AUG (29; M. Hardwick, unpublished data).

The potential EA-R promoter lies in an interesting region
of the EBV genome. Located between the Notl and EA-R
genes is a stretch of over 1,000 bp which is rich in direct and
indirect repeats and palindromes. We refer to this region as
a divergent promoter, because the TATA box for the left-
ward Notl transcript is located near the left end of this region
and a potential TATA box for the rightward EA-R transcript
is located near the right end. This stretch of repetitive
sequences flanked by divergent transcriptional start sites
may serve as a target for EBV transactivators.

Expression of EA-R from the divergent promoter in re-
sponse to EBV transactivators. Thus far we have identified
the EA-R gene and a potential promoter for this gene. If the
divergent promoter is indeed the functional promoter for
EA-R, then it should respond to EBV transactivators. The
EA-R open reading frame under the regulation of the diver-
gent promoter (pMHS53) was cotransfected with potential
transactivators. The BamHI-Z DNA fragment (containing
the Z transactivator, pPL17 [Fig. 3A]), as well as the HindIII
12 fragment (containing the R transactivator, pMH25 [Fig.
3B]), induced the expression of EA-R. A similar staining
pattern was observed when the BamHI Z and HindIII 12
DNA fragments were both present (Fig. 3C). EA-R was
detected by immunofluorescent staining with a monoclonal
antibody to EA-R (40). Neither the MS transactivator (pTS6)
nor the BamHI R fragment (pMH24) could induce EA-R
expression (Fig. 3D). No activation by any transactivator
was observed when the divergent promoter had a partial
Xmal deletion which removed 1,133 bp, leaving the TATA
box intact (pMH81; data not shown). Therefore, this palin-
drome-rich region must contain an element (or elements)
which responds to EBV transactivators. Furthermore, the
transactivators which activate this promoter are encoded by
BamHI-Z and HindIII 12.

To determine the subcellular localization of EA-R, we
performed immunofluorescence assays on transfected NIH
3T3 cells because they spread out on the substratum, making
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FIG. 3. Induction of EA-R expression by EBV transactivators.
Transfected NIH 3T3 cells were fixed and stained with 5B11
monoclonal antibody specific for EA-R. The region of the EBV
genome containing the rightward divergent promoter and the EA-R
gene (pMHS53) was cotransfected with BamHI-Z under the regula-
tion of the SV40 promoter (pPL17) (A), HindIII-I12 (pMH2S) (B),
both BamHI-Z and HindIII-12 (pPL17 and pMH25) (C), or the MS
transactivator encoded by BMLF1 (pTS6) (D). The BamHl H
fragment in pBR322, pSL77, which lacks the 3’ end of the EA-R
open reading frame, was cotransfected with BamHI-Z (pPL17) (E)
or HindllI-12 (pMH25) (F). (G) Diagram of the EA-R gene product.
The open box and the underlined amino acid (AA) residues corre-
spond to the hydrophobic domain.
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intracellular structures more discernable. The staining pat-
tern observed in Fig. 3A to C suggests that the EA-R protein
is localized in the trans-reticular Golgi network (64). Pro-
teins associated with this vesicular network can be either in
the lumen or anchored in the lipid bilayer. Integral mem-
brane proteins are anchored by a stretch of uncharged amino
acids which span the lipid bilayer (13, 20, 41). A deletion to
the right of the BamHI site in the EA-R gene results in a
truncated protein that is missing a 24-amino-acid hydropho-
bic stretch near the carboxy terminus (Fig. 3G). Cotransfec-
tion of this mutant with either the Z transactivator (pPL17;
Fig. 3E) or the HindIIl 12 fragment (pMH25; Fig. 3F)
produced a fluorescence pattern which was relocalized to the
extramembranous cytoplasm. This result suggests that the
hydrophobic stretch near the carboxy terminus serves as a
transmembrane anchor. The amino acid sequence of the
putative transmembrane region (Fig. 3G) is typical of mem-
brane anchors. Of the 24 uncharged residues, 15 are nonpo-
lar, and the sequence is leucine rich (30%).

Mapping the R transactivator gene. We have identified a
divergent promoter which can respond to EBV transactiva-
tors and express the EA-R gene product in cotransfected
cells. The HindIII 12 fragment appears to code for a transac-
tivator that can work on this divergent promoter. Although
the HindIIl 12 fragment contains sufficient sequence to
encode 25 amino-terminal residues of the Z transactivator, it
seemed likely that an additional transactivator gene was
present. The HindIII 12 fragment contains two head-to-head
complete open reading frames, BRLF1 and BRRF1. To
determine which of the two encodes the transactivator, we
made deletion mutations in each open reading frame (Fig.
4C). The wild type and mutants were tested for their ability
to activate the rightward divergent promoter (EBV-CAT) in
a CAT assay. For this assay the divergent promoter was
linked to the bacterial gene for CAT (pMH49) and was
cotransfected with the potential transactivators into Vero
cells. The results of this and several other experiments show
that HindIIl 12 can activate the rightward divergent pro-
moter by three- to fivefold over the basal level (Fig. 4A).
Similar results were obtained when the HindIII 12 fragment
was placed in an SV40 expression vector (p]MH48). A 606-bp
deletion removing most of the BRRF1 coding sequence did
not affect activity, whereas a 312-bp deletion near the 3’ end
of BRLF1 reduced the activity to basal levels (see maps in
Fig. 4C). The BamHI R fragment, which does not contain an
intact BRLF1, also did not activate the EBV promoter.
Deletion of the 5' 25 codons of the Z transactivator which are
present in HindIIl 12 did not affect transactivation (not
shown). Therefore, we concluded that a new EBV transac-
tivator, designated R, is encoded by BRLF1.

The same experiment described above was performed in
EBV-positive Raji cells. The results obtained were the same
with two exceptions. The HindIII 12 fragment did not have
transacting activity unless it was placed in an SV40 vector in
which the SV40 promoter was driving the leftward open
reading frame, BRLF1. Therefore, a promoter driving the R
transactivator (presumably contained in the upstream EBV
sequences) is functioning in Vero cells but not in Raji cells.
This difference between Raji and Vero cells is likely to be
due to differences in cellular transcription factors. Second,
and in the same vein, the divergent promoter has 50- to
500-fold-higher basal activity in Vero and BHK cells than in
Raji cells (compare pBR322 controls in Fig. 4A and B). In
Raji cells, in which the basal activity of the divergent
promoter is low, R activated this promoter 20- to 70-fold.

Bidirectional response of divergent promoter to EBV tran-
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FIG. 4. Identification of the R transactivator gene by mutational analysis. The rightward divergent promoter linked to the cat gene
(pPMH49) was cotransfected into (A) Vero or (B) Raji cells with pBR322 (control), BamHI-R (pMH24), HindIII-12 (pMH2S), HindlII-I2 driven
by the SV40 promoter (pMH48), a mutant with a deletion in BRRF1 (pMHS50), or a mutant with a deletion in BRLF1 (pMHS58).
Autoradiograms of the CAT assay results are shown. The chromatography plates were scraped and counted for quantitation. The fold increase
in CAT activity compared with the pBR322 control is indicated and was assumed to reflect the extent of transactivation. Only S pl of Vero
cell extracts was used in this analysis, compared with 50 ul of Raji cell extracts. (C) Map of overlapping HindIII 12-BamHI R fragments of
EBV. Long arrows indicate open reading frames and the direction of transcription. Dashed arrows indicate the direction of transcription from
the SV40 early promoter. EBV sequences and restriction enzyme deletions of DNAs used in the CAT assay are indicated.

sactivators. Because the Z transactivator also has been
shown to induce EA-R expression (58), we assayed all three
lytic transactivators, MS, Z, and R, for their ability to
transactivate in both the leftward and rightward directions.
The left-CAT (pMH47) and right-CAT (pMH49) constructs
contain identical promoter sequences that differ only in
orientation. In Raji cells the Z transactivator worked in both
directions, the MS transactivator did not work in either
direction, and the R transactivator worked primarily in the
rightward direction (Fig. 5). Combinations of transactivators
did not produce a synergistic effect in this experiment. These
results are consistent with the fluorescence assay in which
both Z and R, but not MS, activated EA-R.

Response of heterologous promoters to the R transactivator.
To determine the specificity of the R transactivator, we
tested several heterologous promoters for their responsive-
ness to R in a CAT assay (Fig. 6). Both Raji and Vero cells
were cotransfected with R (pMH48) and the heterologous
promoter-CAT constructs. The results of the CAT assay
indicate that in Raji cells R does not transactivate the
promoter for the herpes simplex virus immediate-early gene
IE175 (ICP4), the herpes simplex virus thymidine kinase
promoter (TK-CAT), the human serum amyloid gene pro-
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FIG. 5. Transactivation of the divergent promoter. The diver-
gent promoter was linked to the CAT gene either in the leftward
(pMH47) or rightward (pMH49) orientation. Lytic-cycle transacti-
vator Z (pPL17), MS (pTS6), or R (pMH48) or combinations of
transactivators were cotransfected into Raji cells with the target
promoter-cat construct. The fold increase in transactivation com-
pared with the pBR322 control is indicated.
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FIG. 6. Response of the adenovirus E3 promoter to the R
transactivator. Several plasmid DNAs containing heterologous tar-
get promoters linked to the CAT gene were cotransfected into Raji
or Vero cells with pBR322 or the R transactivator (pMH48). The
target promoters included the EBV rightward divergent promoter
(pPMH49), 175-CAT (promoter region for the herpes simplex virus
type 1 immediate-early IE175 gene; ICP4), TK-CAT (promoter
region for the herpes simplex virus type 1 thymidine kinase gene),
A10-CAT (the SV40 early promoter minus the 72-bp repeats),
E3-CAT (adenovirus type 5 E3 promoter region), and SAA-CAT
(serum amyloid gene promoter region). The fold increase in transac-
tivation compared with the pBR322 control is indicated. CAT assays
were performed with 50 pl of cell extract, except for pMH49 in Vero
cells, for which only 0.5 pl was used.

moter (SAA-CAT), or the enhancerless SV40 promoter
(A10CAT). In contrast, R activated the adenovirus E3
promoter 6- to 20-fold in Raji cells. R activation of the E3
promoter was consistently one-quarter to one-third as effi-
cient as the response of the rightward EBV divergent pro-
moter. In Vero cells (or BHK cells; data not shown) no
transactivation of heterologous promoters was observed.
However, a threefold-lower level of activation of the E3
promoter than the divergent promoter in these cells would
not be detectable.

Response of EBV promoters to the R and Z transactivators.
The R and Z transactivators were also tested for their ability
to transactivate other EBV early promoters (Fig. 7). The
right and left divergent promoters were included as controls.
Again, in both Raji and BHK cells the Z transactivator
worked in both directions, whereas R worked primarily
rightwards. Some activation of the leftward promoter by R
was occasionally observed as seen in this experiment with
Raji cells. A stimulation of two other EBV promoter con-
structs, M-CAT and MS-CAT, was observed with the Z
transactivator in Raji cells; the most striking was a 15- to
50-fold stimulation of the M promoter in BHK cells (and
Vero cells; data not shown). The M-CAT construct
(PMH1A) contains 754 bp of sequences upstream from the
EA-D gene encoded by BMRF1 at the left end of BamHI-M.
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The promoter contained in these sequences has been
mapped and classified as early (3, 42, 51). The MS-CAT
construct (pDH136) contains 737 bp upstream from the MS
transactivator encoded by BMLF1 and BSLF2. This pro-
moter was mapped in S1 analyses by Sample et al. (51).

In addition to the divergent promoter, R stimulated
expression from the MS promoter fivefold in all cell types
tested. In BHK or Vero cells R also activated other EBV-
promoter constructs: M-CAT, RR-CAT (pPL23A), and R/Z-
CAT (pMH44). RR-CAT contains 320 bp upstream from the
gene for the ribonucleotide reductase small subunit. This
promoter and the RNA transcript were identified and clas-
sified as early (3, 51). A TATA box for the R transactivator
has been identified by cDNA analysis as the CATAAAA
located between BRRF1 and BRRF?2 (5). This transcript was
classified as immediate early and contains both the R and Z
open reading frames. The region containing the CATAAAA
and three other potential TATA boxes was placed upstream
from the CAT gene (Z/R-CAT) and was stimulated twofold
by the R transactivator. This region apparently serves as a
promoter driving R in transfected Vero and BHK cells (see
HindIII-12 in Fig. 3 and 4A), since no SV40 sequences were
required for transactivation by R.

TPA induction of the divergent promoter. Treatment of
latently infected B-cell lines with TPA induces lytic-cycle
gene products, perhaps via activation of protein kinase C (4,
7). We do not know which EBV genes respond to TPA
induction. Perhaps the sequences upstream from the trans-
activators contain TPA response elements. Alternatively,
the targets of these transactivators may be activated by
TPA. To test which promoters respond to TPA, we trans-
fected Raji cells with a variety of EBV promoter-CAT
constructs and then treated them with 40 ng of TPA per ml or
left them untreated for 40 h. The results indicated that none
of the EBV promoters tested was activated in the absence of
TPA (Fig. 8). However, in the presence of TPA the divergent
promoter was stimulated 3.5-fold in both the rightward and
leftward directions. This level of induction is similar to that
of a number of other TPA-responsive promoters (15, 25).
TPA induction of the other EBV promoters may occur, but
was not detectable in this assay. Induction of the divergent
promoter by TPA was also observed in BJAB cells, which
are EBV negative (not shown); therefore, induction was not
mediated by another EBV gene product. This evidence
suggests that the divergent promoter contains a TPA re-
sponse element. Transactivation of the rightward divergent
promoter by Z and R was included as a control to demon-
strate that the system was operating as expected.

DISCUSSION

We have identified a new EBV transactivator, designated
R, which is encoded by the BRLF1 open reading frame in the
BamHI R/Z fragments. This transactivator activates the
expression of a cytoplasmic early antigen (EA-R) encoded
by BHRF1 which crosses the BamHI H-F boundary. R
appears to activate EA-R expression via upstream promoter
sequences found in BamHI-H. In the BamHI H fragment of
EBYV is a region of over 1,000 bp which has a sequence of
unusual complexity. It contains two large palindromes of 18
and 20 bp, plus several others of 16, 14, and 12 bp. There are
also several direct and indirect repeats of similar complexity.
In addition, this region contains sequence motifs (detailed
below) which resemble the binding sites of regulatory pro-
teins. This suggests that this region and its duplicated
equivalent, which is located upstream from the Ps¢I repeats
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FIG. 7. Response of EBV promoters to the R and Z transactivators. Raji or BHK cells were cotransfected with plasmids containing EBV
promoters linked to CAT, plus Z (pPL17), R (pMH48), or pBR322 as a control. The target promoters included rightward (pMH49) and
leftward (pMH47) divergent promoters, M-CAT (promoter region for BMRF1 [pMH1A]), MS-CAT (promoter region for BMLF1 [pDH136]),

RR-CAT (promoter region for ribonucleotide reductase small subunit [pPL23A]), and Z/R-CAT (promoter region upstream from the R
transactivator [pMH44]). CAT assays were performed on 50 .l of cell extract with the following exceptions: pMH49 and pMH47 in BHK cells
(0.5 pl) and MS-CAT in BHK cells (10 pl). The fold increase in transactivation compared with the pBR322 control is indicated.

(deleted in B95-8), may be important regions for the regula-
tion of EBV gene expression. Although this promoter region
does not appear to initiate transcription during latency, it
does appear to be important in the lytic cycle and possibly in
the initial stages of primary infection of B cells (52). This
structurally complex region in BamHI-H is situated appro-
priately to regulate the expression of two flanking genes.
There is a promoter at its left end which drives the leftward
Notl repeat gene transcript (27, 29). The NotI mRNA is one
of the most abundant early transcripts found in induced
EBV-positive cells (24). Although this gene has maintained
an open reading frame in all three reading frames, efforts to
identify a protein product thus far have been unsuccessful.
The gene to the right of this structurally complex region
(BHRF1) extends into BamHI-F and encodes an EA-R
cytoplasmic antigen. A putative TATA box for EA-R is
located near the right end of this complex region; hence, we
refer to the entire region as the divergent promoter. The Ps¢I
repeat promoter reported by Chevallier-Greco et al. (8)
contains sequences which are homologous to the leftward
divergent promoter.

Transcription in the rightward direction from this diver-
gent promoter appears complicated, since a number of
poly(A)™ species were identified by Northern analysis (8.0,
6.3, 4.5, 1.9, and 1.4 kb; Fig. 2). It is possible that one or
more of these species extends or is spliced beyond the
putative EA-R adenylation signal in BamHI-F. Hudson et al.
(23) identified transcripts (ca. 10 and 6.5 kb) containing
BamHI-F open reading frames but having 5’ ends to the left
of fragment F, possibly in fragment H. In addition, the EA-R
transcripts may have alternate 5’ ends. Pfitzner et al. (43)

recently identified four cDNAs of EA-R transcripts ranging
in size from 1.5 to 2.8 kb. Although all of these RNA
transcripts had 3’ termini near the expected adenylation
signal, their 5’ ends (all in BamHI-H) are not located near a
promoter element, and their significance is uncertain. Pear-
son et al. (40) recently reported two major groups of EA-R
transcripts, based on cDNA data. One group of RNAs was
spliced from BamHI-W and BamHI-Y, similarly but not
identically to the latent EBNA mRNAs. The other group of
RNAs had 5’ ends just downstream from the TATTAA near
the right end of the divergent promoter of BamHI-H. They
also identified a spliced version of this RNA which has a
440-base intron in the leader sequences upstream of the
EA-R gene. These RNAs probably correspond to the 1.9-
and 1.4-kb transcripts on our Northern blots. Bodescot and
Perricaudet (6) have also identified a highly spliced EA-R
transcript which contains BamHI-C as well as BamHI-W
and BamHI-Y sequences. This long-range splicing is remi-
niscent of the latent EBNA RNA transcripts and suggests
that EA-R may be regulated by both latent-cycle and lytic-
cycle promoters. It is intriguing that EA-R shares some
amino acid sequence homology with bcl-2 (B-cell lympho-
ma/leukemia 2), a putative onc gene found at the breakpoints
of chromosome translocations with the immunoglobulin
heavy-chain locus (11, 60). The possibility that bcl-2 and
EA-R could have functional similarity is interesting in light
of the fact that EA-R may be expressed in the latent cycle as
well as the lytic cycle.

Additional evidence for a rightward lytic-cycle promoter
in BamHI-H is derived from the CAT assays. Expression
from lytic-cycle promoters appears to require induction by a
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FIG. 8. TPA induction of the divergent promoter in Raji cells. A
series of EBV promoter-CAT constructs were transfected into Raji
cells and incubated in the presence or absence of TPA. The
promoter targets tested in this CAT assay included the rightward
(pPMH49) and leftward (pMH47) divergent promoters, M-CAT (pro-
moter for BMLF1 [pMH1A]), MS-CAT (promoter for MS transac-
tivator [pDH136]), RR-CAT (promoter for ribonucleotide reductase
small subunit [pPL23A]), Z-CAT (promoter in BamHI-Z for the Z
transactivator [pMH17]), and Z/R-CAT (promoter for the R transac-
tivator in BamHI-R [MH44]). As a positive control the rightward
divergent promoter-CAT construct (pMH49) was cotransfected with
EBY transactivators as described for Fig. 4.

positive regulator (or release from a negative regulator),
since they are not normally expressed in B cells. When the
divergent promoter was excised from BamHI-H and placed
upstream from the CAT gene, it was not expressed in Raji
cells, but responded to EBV transactivators. This suggests
that no other EBV sequences are required for inducibility
and that the divergent promoter is behaving as would be
expected for a lytic-cycle promoter. Also, the basal activity
of this promoter varied greatly depending on the cell type in
which it was placed. The divergent promoter was still
inducible in BHK and Vero cells, but its basal activity was
50- to 500-fold higher than in Raji cells. Although lytic-cycle
promoters in epithelial cells, in which EBV infection is lytic
rather than latent, have not been studied, these results
suggest that cellular transcription factors play a key role in
the biology of EBV.

The BamHI Z fragment, which contains the Z transacti-
vator (BZLF1), stimulated the divergent promoter in both
the left and right directions, whereas the MS transactivator
(BMLF1) did not activate in either direction. The rightward
divergent promoter was also activated by a new transactiva-
tor, designated R, encoded by BRLF1 (Fig. 4). The R
transactivator gene lies in the leftward orientation just up-
stream from the Z transactivator gene. The carboxy termi-
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nus of R could potentially be expressed from the BamHI Z
fragment alone, and its contribution to Z activity has not
been determined. Both the R and Z transactivators stimu-
lated expression from several other EBV early promoters
(Fig. 7). Biggin et al. (5) recently reported that transcripts for
BRLF1 and BZLF1 appear to be the only lytic-cycle imme-
diate-early RNAs (synthesized in the absence of protein
synthesis). Therefore, the R transactivator, in addition to the
Z transactivator, would be expected to play an important
role in initiation or reactivation of the lytic cycle. The open
reading frame for the R transactivator is sufficient to code for
a 605-amino-acid protein. Seibl et al. (53) produced a rabbit
antiserum directed against an R fusion protein. This antise-
rum precipitated a 93- to 96-kilodalton in vitro translation
product, and a slightly larger product was precipitated from
infected cells, suggesting that R is posttranslationally modi-
fied.

The R and Z transactivators also induced the expression of
the cytoplasmic early antigen, EA-R, when the EA-R gene
was linked to the divergent promoter as it is in the EBV
genome. The EA-R gene product was identified by immuno-
fluorescent staining of cotransfected cells (BHK, Vero, or
NIH 3T3) with serum samples from nasopharyngeal carci-
noma patients or the SB11 monoclonal antibody to EA-R
(40). Analogous to the CAT assays, in the immunofluores-
cence assay the MS transactivator failed to induce expres-
sion of the EA-R gene. A combination of R and Z usually
produced a synergistic effect, suggesting that Z and R may
function cooperatively. The immunofluorescent staining pat-
tern suggested that the subcellular localization of EA-R is
the trans-reticular Golgi network (64). Thus, EA-R may be
translocated across the endoplasmic reticulum, perhaps
modified in the Golgi apparatus, and then sorted into vesicles
which can be targeted for secretion, plasma membrane
insertion, endosomes, or lysosomes (18). Proteins which
pass through this network can be either membrane anchored
(i.e., membrane glycoproteins) or free (i.e., secreted pro-
teins). Near the carboxy terminus of EA-R is a stretch of 24
uncharged amino acids which could serve as a transmem-
brane anchor region. When the carboxy-terminal 30 amino
acids, containing the hydrophobic stretch, were deleted,
EA-R was relocalized within the cell. The mutant EA-R
appeared to be free in the extramembranous cytoplasm,
indicating that the carboxy-terminal hydrophobic region is a
functional transmembrane anchor. Furthermore, if the car-
boxy-terminal mutant of EA-R is truly free in the cytoplasm
and not within the endoplasmic reticulum, this would sug-
gest that the transmembrane anchor also serves as a func-
tional signal sequence (21, 54). Additional experimental
results are required to clearly identify the EA-R transloca-
tion signal and subcellular localization.

Because EBV lytic-cycle genes can be induced by TPA, it
was of interest to determine which EBV promoters respond
to TPA treatment. Since the Z transactivator has been
shown to activate latent virus, it is possible that TPA
activates Z gene expression and no other EBV genes.
However, we show here that the divergent promoter region
of BamHI-H can be activated by TPA treatment in both the
leftward and rightward directions. Similar results were ob-
tained with both Raji and BJAB cells. TPA induction in
BJAB cells was only just above the lower limits of detection.
The increased level in Raji cells could be due to a greater
transfection efficiency, a higher basal level of expression, or
a boosting of the response by the endogenous Z. The
promoter for Z in BamHI-Z and the promoter for R in
BamHI-R did not respond to TPA in our experiments.
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Longer exposures of the CAT assays suggested that the Z
promoter may be TPA responsive, but this was not measur-
able in our assay.

Several TPA-inducible genes have been identified, includ-
ing human collagenase (1), human metallothionein IIA (2),
interleukin-2 (15), and SV40 early antigens (25). All of their
upstream regulatory sequences contain the motif TGACT in
either a 5’ or a 3’ orientation. This motif binds the transcrip-
tion factor AP-1, which apparently mediates one of many
pathways for induction by TPA. When purified AP-1 was
footprinted on the SV40 early promoter enhancer sequence,
three binding sites were observed (31). One of these binding
sites has a slight variation in sequence: CIGACACAC. A
closely related sequence, TGACACAC occurs between —50
and —150 (from the TATA box) in the EBV divergent
promoter; once upstream from the rightward promoter and
twice upstream from the leftward promoter. It is possible
that these elements confer TPA inducibility in EBV. An-
other cellular factor, E4F1, binds a similar sequence up-
stream from the adenovirus E4 promoter (30). This bind-
ing-site consensus sequence GT(G/T)ACGT also occurs
upstream from the E1A, E2, and E3 promoters and is in a
functionally important region for induction by E1A. The
same sequence (GTGACGT) occurs upstream from the
rightward divergent promoter. Since the R transactivator
activates both the adenovirus E3 promoter and the rightward
divergent promoter, it is possible that this E1A response
element is the same as the R response element.
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