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ZEBRA is a modular protein similar to other transcriptional
activators of the bZip family, such as the cellular AP-1 activators c-Fos and c-Jun (1, 9, 31, 37, 48, 50, 52, 57, 64). The
activating domain of ZEBRA consists of 93 amino acids, located in the amino terminus of the protein, that are indispensable for transcriptional activation and an accessory activation
domain found in the carboxy-terminal 18 amino acids (aa) (10,
22, 45). ZEBRA’s DNA-binding domain consists of three elements: aa 178 to 196 are basic amino acids, homologous to
those of c-Fos and c-Jun, that determine the specificity of DNA
recognition (9, 17, 50); aa 197 to 227, postulated to form a
coiled-coil region, are responsible for homodimerization (20,
36); and a putative regulatory region, aa 167 to 177, contains a
serine, S-173, which, when phosphorylated by casein kinase II,
abrogates DNA binding in vitro (35). The nuclear targeting
signal overlaps the basic domain (26, 44). The general organization of the DNA-binding domain of cellular bZip activators
is similar to that of ZEBRA (17, 35).
In the present report, the technique of chimeric mutagenesis was employed to explore the specific requirement of the
ZEBRA DNA recognition domain for disruption of latency.
We asked whether substitution of the DNA recognition domain of ZEBRA with that of c-Fos would alter ZEBRA’s
capacity to promote entry into the EBV lytic cascade. Several
observations provoked this inquiry. ZEBRA and c-Fos both
bind a canonical AP-1 heptamer site, TGAGTCA, and activate
transcription of reporter genes containing AP-1 sites in their
upstream regions (9, 17, 41, 61). A number of ZEBRA-responsive EBV promoters contain AP-1 sites in addition to ZEBRAspecific response elements (ZREs) with the consensus T z G or
T z A or T z G z T or C z C or A z A (invariant nucleotides are

The switch between Epstein-Barr virus (EBV) latency and
lytic replication, as studied in cultured human B-lymphoid
cells, is hypothesized to consist of three events. The first step,
occurring within 1 to 2 h after addition of an inducing stimulus,
is activation of viral immediate-early gene expression through
the action of cellular transcription factors binding to Zp, a
promoter immediately upstream of BZLF1, the gene encoding
ZEBRA, the immediate-early transactivator (14, 21, 43, 49,
58). The second stage is thought to be autostimulation of
BZLF1 transcription at two promoters, Zp and Rp (7, 19, 39,
43, 58). The third stage results in activation by ZEBRA of early
viral lytic cycle genes whose promoters contain ZEBRA binding sites (13, 17, 30, 32, 39–41, 50, 53, 55, 58, 63). ZEBRA also
binds to the lytic origin of EBV DNA replication and acts as an
essential replication factor (18, 56).
The first phase of the activation cascade may be triggered by
addition of inducing agents, such as 12-O-tetradecanoylphorbol-13-acetate (TPA), n-butyrate, and calcium ionophores, or
by cross-linking of the surface of the B cell with anti-immunoglobulin (anti-Ig) (14, 16, 42, 59, 62, 65). The second and third
stages of activation may be reproduced by infection with stocks
of EBV that contain het DNA, from which ZEBRA expression
is constitutive, or by transfection of plasmids that overexpress
ZEBRA (11, 12, 29, 46, 54, 60).
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The lytic cycle of Epstein-Barr virus (EBV) can be activated by transfection of the gene for ZEBRA, a viral
basic-zipper (bZip) transcriptional activator. ZEBRA and cellular AP-1 bZip activators, such as c-Fos, have
homologous DNA-binding domains, and their DNA-binding specificities overlap. Moreover, EBV latency can
also be disrupted by phorbol esters, which act, in part, through AP-1 activators. It is not known whether
ZEBRA and AP-1 factors play equivalent roles in the initial stages of reactivation. Here, the contribution of
ZEBRA’s basic DNA recognition domain to disruption of latency was analyzed by comparing ZEBRA with
chimeric mutants in which the DNA recognition domain of ZEBRA was replaced with the analogous domain
of c-Fos. Chimeric ZEBRA/c-Fos proteins overexpressed in Escherichia coli bound DNA with the specificity of
c-Fos; they bound a heptamer AP-1 site and an octamer TPA response element (TRE). ZEBRA bound the AP-1
site and an array of ZEBRA response elements (ZREs). In assays with reporter genes, both ZEBRA and
ZEBRA/c-Fos chimeric mutants activated transcription from Zp, a promoter of the ZEBRA gene (BZLF1) that
contains the TRE and multiple ZREs. However, despite their capacity to activate reporters bearing Zp, neither
ZEBRA nor the c-Fos chimeras activated transcription from Zp in the context of the intact latent viral genome.
In contrast, ZEBRA but not ZEBRA/c-Fos chimeras activated Rp, a second viral promoter that controls
ZEBRA expression. Hence, transcriptional autostimulation by transfected ZEBRA occurred preferentially at
Rp. Both ZEBRA and the ZEBRA/c-Fos chimeras activated transcription from reporters with multimerized
AP-1 sites. However, in the context of the virus, only ZEBRA activated the promoters of two early lytic cycle
genes, BMRF1 and BMLF1, that contain an AP-1 site. Thus, overexpression of an activator that recognized
AP-1 and TRE sites was not sufficient to activate EBV early lytic cycle genes.

1494

KOLMAN ET AL.

J. VIROL.

boldfaced) (13). Furthermore, in certain EBV-containing lymphoid cell lines, latency can be disrupted by TPA, whose effects
are mediated by AP-1 transcription factors such as c-Fos and
c-Jun (2, 3). Zp itself can be activated by TPA (21). The effect
is partially mediated by an octamer sequence, TGACGTCA,
located at 255 relative to the transcriptional start site (21).
This octamer sequence, variably called a TPA response element (TRE), a ZII site, or a Z-AP-1 octamer, is identical to the
TPA-responsive element in the c-Jun promoter and will be
referred to here as a TRE (2). When present in a doublestranded oligonucleotide, this site is bound by proteins containing the c-Fos or c-Jun DNA recognition domain but not by
ZEBRA (21, 61). These data suggested that recognition of the
AP-1 and TRE sites might be sufficient to trigger entry of EBV
into the lytic cycle.
In the present experiments, the early events in the EBV lytic
cycle were analyzed following introduction of chimeric activators containing the DNA recognition domain of either
ZEBRA or c-Fos. The chimeras were evaluated for DNAbinding specificity, transcriptional activation capacity, ability to
disrupt EBV latency, and autostimulation of Zp and Rp. Chimeric mutants containing the c-Fos DNA-binding domain
were similar to ZEBRA in their capacity to bind AP-1 sites and
to activate transcription from Zp fused to reporter genes. Surprisingly, neither transfected ZEBRA nor ZEBRA/c-Fos chimeras stimulated Zp from the latent virus. Thus, the activity of
Zp in reporter assays in response to ZEBRA or ZEBRA/c-Fos
chimeras did not reflect its activity in the context of the viral
genome. Moreover, only those activators with the ZEBRA
DNA-binding domain drove EBV into the lytic cycle.
MATERIALS AND METHODS
Plasmids for expression in Escherichia coli. All proteins were expressed as
TrpE fusions in pATH vectors (Fig. 1B) (34). ZEBRA-encoding sequences were
derived from the BZLF1 cDNA (43, 55). The full-length ZEBRA cDNA, Z(1–
245), and the deletion mutant Z(141–245) have been described elsewhere (61).

A Fos-GCN4 chimera, F(126–162)G(251–281), contains the c-Fos basic DNAbinding domain fused to the GCN4 leucine zipper at an introduced XhoI site
(37). A chimeric clone, Z(141–197)G(251–281), expressing the ZEBRA basic
domain fused to the GCN4 leucine zipper was constructed by ligating a blunted
XhoI site at the 59 end of GCN4 sequences to a blunted PstI site at codon 197/198
in Z(141–245). A chimera expressing the c-Fos basic domain fused to the
ZEBRA dimerization domain, designated F(126–162)Z(198–245), was made by
ligating a blunted XhoI site at the 39 end of c-fos to the blunted PstI site of
Z(141–245). The spacing between the basic region and the dimerization domain
was conserved in the three chimeras F(126–162)G(251–281), F(126–162)Z(198–
245), and Z(141–197)G(251–281).
Plasmids for eukaryotic expression. All genes were expressed following fusion
to the cytomegalovirus (CMV) immediate-early gene promoter-enhancer in the
vector pHD1013 (Fig. 2A) (15). The construction of Z(1–227)VP(411–490) has
been described elsewhere (6). Z(1–171)F(137–162)Z(198–245) was constructed
by PCR mutagenesis of the template F(126–162)Z(198–245). The 59 oligonucleotide primer 59TCTCCTGAATGCGAAGAG generated a BsmI site in frame at
codon 171 of ZEBRA. The carboxy termini of Z(1–245) and F(126–162)Z(198–
245) were then swapped at the BsmI site. Z(1–197)G(251–281) was constructed
by substituting sequences beyond the BsmI site of Z(1–245) with those of Z(141–
197)G(251–281). Z(1–197)G(251–281)Z(229–245) was constructed by generating a PCR product encompassing all of Z(1–197)G(251–281) by using an oligonucleotide 59 to ZEBRA coding sequences and the oligonucleotide 59GCGGTT
CGCCAACTAATTTC at the 39 end of GCN4 sequences. This DNA fragment
was ligated to a second PCR product generated with 59TCCATTATCCCCCGG
ACAC at its 59 end and another oligonucleotide consisting of ZEBRA 39 coding
sequences. In this way, ZEBRA’s accessory activation domain, aa 228 to 245, was
added. Z(1–177)F(143–162)Z(198–245) was constructed by ligating two PCR
products. One product was generated with an oligonucleotide complementary to
ZEBRA’s N-terminal nucleotide sequence and 59TATTTCTAGTTCAGAATC
as the distal primer, with Z(1–245) as the template. The other PCR product was
made from a template of F(126–162)Z(198–245) with 59CGAAGAGAACGGA
ATAAG and an oligonucleotide representing the C terminus of ZEBRA. The
clone CMV Z(1–171)F(137–162)Z(198–227)VP(411–490) was made by ligating
two fragments: (i) CMV Z(1–171)F(137–162)Z(198–245) cut with XhoI, blunted
with Klenow, and then cut with BamHI and (ii) CMV Z(1–227)VP(411–490) cut
with PstI, blunted with T4 DNA polymerase, and then cut with BamHI. All
inserts were sequenced by the dideoxynucleotide chain termination protocol.
c-Junε, a c-Jun derivative that lacks the ε inhibitory domain, was expressed on a
plasmid by using the Rous sarcoma virus long terminal repeat (5).
Reporter plasmids. Reporters for transcriptional activation in human B cells
were derivatives of pE4CAT, which contains a minimal adenovirus E4 promoter
fused to the chloramphenicol acetyltransferase (CAT) gene (Fig. 3A) (28). The
reporter Zp/E4CAT contains a BamHI-to-DraI subfragment of EBV BamHI Z.
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FIG. 1. DNA binding by ZEBRA, ZEBRA/GCN4, ZEBRA/c-Fos, and c-Fos/GCN4 chimeric proteins. (A) Schematic diagram of the functional domains of the
ZEBRA protein. CKII, casein kinase II phosphorylation site. (B) Diagrams of proteins expressed in E. coli as TrpE fusions. Vertical lines demarcate the domains of
ZEBRA. (C) DNA-binding assays. Equal amounts of each protein were tested for the capacity to cause electrophoretic mobility shifts of a panel of duplex
oligonucleotides (see Table 1). Only the shifted portion of the gel is shown.
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EAp/E4CAT contains a BamHI-to-RsaI subfragment of the EBV BamHI M
fragment. Reporter plasmids containing variable numbers of AP-1 sites were
constructed by annealing two single-stranded oligonucleotides, 59TCATGAGTC
AGTGT and 59GAACACTGACTCAT, and then self-ligating them to make
oligomers of different lengths. The oligomers were blunted with T4 DNA polymerase and cloned into the EcoRV site of pBluescript (pBS KSII). The number
of AP-1 repeats cloned into each pBS recombinant was determined by nucleotide
sequencing. Inserts containing a desired number of repeats were excised with
XhoI and PstI and moved to pE4CAT cut with the same enzymes.
Protein expression. TrpE fusion proteins were expressed in E. coli AG1 as
described before (61). Protein concentrations were measured by Coomassie blue
staining of sodium dodecyl sulfate (SDS)-polyacrylamide gels and equalized for
use in DNA-binding assays. The amount of activator protein generated from
eukaryotic expression plasmids in human BJAB and Raji cells was assessed by
immunoblotting 20 h after electroporation (6). Cell extracts were electrophoresed through a 10% polyacrylamide–SDS gel, transferred to nitrocellulose, and
reacted with a 1:200 dilution of rabbit antibody raised to TrpE/ZEBRA exon 1,
followed by 1 mCi of 125I-protein A (60).
EMSAs. For electrophoretic mobility shift assays (EMSAs), E. coli extract
containing 300 ng of fusion protein was incubated with 4 3 10213 duplex oligonucleotides (Table 1) that had been radiolabeled with 32P at their 39 recessed
ends. The buffers and electrophoresis conditions have been described before
(60).
Assays for transcriptional activation. Raji or BJAB cells (1.5 3 107) were
suspended in 0.4 ml of growth medium (RPMI 1640 plus 8% fetal calf serum) in
an electroporation cuvette with a 0.4-cm gap. Ten micrograms of reporter and of
activator plasmid were added, and the cells were exposed to 0.25 kV and 960 mF
with a Bio-Rad Gene Pulser. Extracts of cells harvested 48 h after electroporation were assayed for CAT activity. The stimulation index is the ratio of percent
acetylation obtained with an activator to percent acetylation measured on the
same reporter cotransfected with the vector pHD1013.
Assays for disruption of latency. Raji or B95-8 cells were electroporated with
10 mg of activator. Disruption of latency was assessed by expression of lytic cycle
mRNAs or proteins. Cytoplasmic RNA samples were prepared 20 h after transfection by a modification of a previously described protocol (6). The lysis buffer
contained 150 mM NaCl, 10 mM Tris (pH 8.0), and no MgCl2. The SDS and
proteinase K steps were substituted with a purification in 7 M urea–350 mM
NaCl–10 mM Tris (pH 7.5)–20 mM EDTA. The RNA was electrophoresed in a
1% agarose–6% formaldehyde gel in 20 mM MOPS (morpholinepropanesulfonic acid; pH 7). The gel was transferred to Nytran (Schleicher and Schuell) and
hybridized with a 32P-labeled probe. Probes were derived from BMRF1, a 531-bp
EagI fragment (nucleotides 80141 to 80672 in the B95-8 sequence [4]), BMLF1
(82917 to 84233), and a TaqI-to-SalI subfragment of BRLF1 (104577 to 105297).
RNA blots were reprobed with a 1.8-kbp portion of the b-actin cDNA.
Protein extracts prepared 72 h after electroporation were assayed for EA-D
(BMRF1) expression by immunoblotting. Extracts were electrophoresed in a
10% polyacrylamide–SDS gel and transferred to nitrocellulose. The R3.1 monoclonal antibody (51) was used at a 1:800 dilution, followed by a 1:100 dilution of
rabbit anti-mouse Ig and then 1 mCi of 125I-radiolabeled staphylococcal protein
A.
Assays for autostimulation. Raji cells were transfected as described above.
RNA was prepared 20 h later with the Trizol reagent (GIBCO). Northern
(RNA) blots were hybridized with a 623-bp BamHI-to-PstI subfragment of the

BZLF1 cDNA, with the BRLF1 probe, or with a 2.2-kb PstI subfragment of the
vector containing the CMV immediate-early gene promoter-enhancer.

RESULTS
DNA-binding specificity of ZEBRA and ZEBRA/c-Fos chimeras. The creation of ZEBRA/c-Fos chimeric mutants for
use in latency disruption experiments was predicated on the
assumption that the basic and dimerization domains of bZip
proteins are modular. When the basic regions of two bZip
proteins are exchanged, the resulting chimeric protein binds
DNA with the specificity of the basic region (1, 9, 48). ZEBRA
was tested for modular domain structure by swapping its basic
domain with that of c-Fos. Chimeric proteins containing either
the ZEBRA or the c-Fos DNA recognition domain linked to
the dimerization domains of ZEBRA or the yeast bZip activator GCN4 were overexpressed in E. coli, normalized for
protein content, and tested for DNA-binding specificity in EMSAs. These assays used a panel of duplex oligonucleotides
(Table 1) that were derived from two viral promoters, Zp and
MSp, the promoter of the BMLF1 gene (Fig. 3A).
Figure 1C shows that chimeric proteins containing the
ZEBRA DNA-binding domain recognized a different subset of
oligonucleotides than were recognized by chimeras containing
the c-Fos DNA recognition domain. Full-length ZEBRA protein [Z(1–245)] bound to oligonucleotides containing a heptamer AP-1 site (lane 2) and naturally occurring heptamer
ZREs, such as ZIIIA and ZIIIB (lanes 4 and 7). Chimeras
containing the c-Fos basic domain also bound the heptamer
AP-1 site but failed to bind ZIIIA and ZIIIB. Binding by
ZEBRA was not markedly affected by single-point mutations
in the oligonucleotides designated AP-1*, ZIIIA*, and ZIIIB*
(lanes 3, 5, and 8). However, c-Fos-mediated DNA binding was
decreased on AP-1* (lane 3) and slightly increased on ZIIIB*
(lane 8). Only chimeras containing the c-Fos basic domain
bound to the oligonucleotide containing the TRE site found in
Zp (lane 1). When the dimerization regions of two bZip pro-
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FIG. 2. Expression of ZEBRA/c-Fos chimeric proteins in B lymphocytes. (A)
Diagram of chimeric ZEBRA proteins. Constructs were derivatives of the
BZLF1 cDNA; they were driven by the CMV immediate-early promoter. (B)
Expression of ZEBRA and ZEBRA/c-Fos chimeras. Approximately 10 mg of
DNA was transfected by electroporation into BJAB or Raji cells. Cell extracts
were prepared 20 h after transfection and analyzed by immunoblotting. ZEBRA
was detected with a rabbit polyclonal antibody (60).
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FIG. 3. Transcriptional activation by ZEBRA, ZEBRA/c-Fos, and ZEBRA/GCN4 chimeras. (A) Diagram of the Zp and EAp promoters that were fused to a CAT reporter. The promoters of the BMLF1 and BRLF1 genes,
MSp and Rp, respectively, that were scored in disruption-of-latency experiments (Fig. 4 and 5) are also diagrammed. (B and C) Transcriptional activation assays. Cells were transfected by electroporation with 10 mg of each
activator and Zp/E4CAT or EAp/E4CAT. Data are the means for three experiments. (B) In BJAB cells, the background with vector alone was 2.0% acetylation with Zp/E4CAT and 0.33% acetylation with EAp/E4CAT. (C)
In Raji cells, the background activity was 1.95% acetylation on Zp/E4CAT and 0.44% acetylation on EAp/E4CAT.
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TABLE 1. Duplex oligonucleotides used in EMSAsa
Bound by:

Designation

CTAGAAACCATGACATCACAGAGGATC
TCTTCATGAGTCAGTGCTTC
TCTTCATTAGTCAGTGCTTC
CTAGCTATGCATGAGCCACAGATC
CTAGCTATGCATGAGCAACAGATC
CTAGCTATGCAGAATTCACAGATC
CTAGCAGGCATTGCTAATGTACCGATC
CTAGCAGGCATTGCTCATGTACCGATC
CTAGCAGGATCCGCTAATGTACCGATC
GACTATGCATGAGCCACAGGCATTGCTAATGTACCGA
TGGCATGCTGCTGACATCTGGC

ZEBRA

c-Fos

2
11
11
11
11
2
11
11
2
11
1

11
11
1
2
2
2
2
1
2
1
2

a
Bold sequences are derived from EBV DNA. Underlined sequences are ZREs. Italicized sequences are mutant. p, mutations which allow ZEBRA to bind DNA
(56). m, mutations which eliminate ZEBRA binding. Zp, promoter of the BZLF1 gene. MSp, promoter of the BMLF1 gene. ZIIIA and ZIIIB are sites in Zp previously
found to confer a response to ZEBRA (19). Data for binding by ZEBRA and c-Fos/ZEBRA chimeras are shown in Fig. 1C. 11, strong binding; 1, binding; 2, no
binding.

teins are swapped, the resulting chimera is affected in its selection of a dimerization partner but not in its DNA-binding
specificity (37, 38, 57). Figure 1C shows that substitution of the
ZEBRA dimerization region with that of the yeast activator
GCN4, as in the chimera Z(141–197)G(251–281), had little
effect on ZEBRA’s DNA-binding specificity in vitro. The single exception was that Z(141–197)G(251–281) consistently
bound a ZIIIA site (lane 4) with less affinity than did Z(141–
245), a construct that contained ZEBRA’s own dimerization
domain. The DNA-binding specificities of the two chimeras
with the c-Fos basic domain, F(126–162)G(251–281), which
had the GCN4 dimerization domain, and F(126–162)Z(198–
245), which had the ZEBRA dimerization domain, were identical in vitro.
Creation of ZEBRA/c-Fos chimeras and expression in human B cells. A set of constructs were designed to assess the
capacity of chimeric proteins containing either ZEBRA’s own
DNA recognition domain or that of c-Fos to activate transcription and to disrupt EBV latency in human B-cell lines (Fig.
2A). All chimeras retained ZEBRA’s amino-terminal activation domain. In one ZEBRA/c-Fos chimera, Z(1–171)F(137–
162)Z(198–227)VP(411–490), the carboxy-terminal 18 aa of
ZEBRA were replaced with VP16 sequence. This construct
was compared with Z(1–227)VP(411–490), a construct previously shown to possess enhanced capacity to drive early-gene
expression as the result of substitution of the strong activation
domain of VP16 for the carboxy-terminal activation module of
ZEBRA (6). We tested two other ZEBRA/c-Fos chimeras. In
Z(1–177)F(143–162)Z(198–245), the basic region of ZEBRA
was replaced with that of c-Fos. In the second chimera, Z(1–
171)F(137–162)Z(198–245), both the basic and regulatory regions of ZEBRA were replaced with the comparable regions of
c-Fos.
The ZEBRA/c-Fos chimeric proteins diagrammed in Fig.
2A were expressed to a level comparable to that of ZEBRA in
EBV-negative human B cells (Fig. 2B and data not shown).
Furthermore, addition of the VP16 activation domain to ZEBRA or to the ZEBRA/c-Fos chimeras did not affect the level
of expression (data not shown). Higher ZEBRA protein levels
were measured following expression of Z(1–245) in EBV-positive cells than in EBV-negative cells, possibly as a result of
autostimulation of endogenous ZEBRA expression from the
latent virus (see Discussion). No protein corresponding to the
molecular weight of the endogenous ZEBRA was detected in
Raji cells following transfection of Z(1–171)F(137–162)Z(198–

227)VP(411–490), a ZEBRA/c-Fos chimera that also contained a VP16 activation domain (Fig. 2B, lane 4). Thus, unlike
native ZEBRA, constructs with the c-Fos basic domain could
not stimulate ZEBRA synthesis from the endogenous virus.
ZEBRA/c-Fos chimeras activate transcription from Zp but
not EAp reporters. ZEBRA and the ZEBRA chimeras were
assayed for their abilities to activate a synthetic reporter composed of five copies of an AP-1 heptamer fused to a minimal
promoter and the CAT gene. The assays were conducted by
cotransfection of activator and reporter into EBV-negative
human B cells (BJAB). The chimera Z(1–171)F(137–
162)Z(198–245) reproducibly activated the model reporter
plasmid to two- to threefold the level of wild-type ZEBRA
over a range of input doses of activator plasmid (data not
shown). These experiments demonstrated that c-Fos could efficiently substitute for ZEBRA’s DNA recognition domain in
activation of transcription from multimerized AP-1 sites.
The activators were then examined for their capacity to
stimulate transcription of reporter genes bearing the upstream
sequences of two known ZEBRA-responsive EBV promoters.
Zp (19) and EAp (30), the promoter of the BMRF1 gene,
contain various numbers and orientations of ZREs, octamer
TREs, and AP-1 sites (Fig. 3A). These assays were conducted
in EBV-negative BJAB cells (Fig. 3B) and EBV-positive Raji
cells (Fig. 3C).
ZEBRA itself stimulated transcription from Zp and EAp,
while ZEBRA/c-Fos chimeras could activate transcription
from Zp but not EAp (Fig. 3B and C). In response to ZEBRA,
EAp was stimulated 10-fold more strongly than Zp. The lower
level of activation of Zp was partially due to a four- to sixfoldhigher level of background activation by cell factors on Zp than
on EAp, as recently described (13). Substitution of the carboxy-terminal 18 aa of ZEBRA with VP16 sequence led to
enhanced transactivation of Zp and EAp in both EBV-positive
and EBV-negative cells. However, augmentation of the activation potency of the ZEBRA/c-Fos chimera with a comparable substitution of VP16 did not restore its capacity to activate
EAp.
Nonetheless, all the ZEBRA/c-Fos chimeras were able to
activate Zp. The chimera containing the c-Fos basic domain as
well as VP16 was equivalent to ZEBRA in activating Zp in
Raji cells (Fig. 3C) and about threefold more potent than
ZEBRA in activating Zp in BJAB cells (Fig. 3B). These experiments indicated that both Zp and EAp could be activated
through ZEBRA’s DNA recognition domain; only Zp was
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ZEBRA and were induced three- to fivefold more strongly by
ZEBRA/VP16 than by ZEBRA (Fig. 5B, lanes 4 and 5 and 8
and 9, and Fig. 5C, lanes 6 and 7). However, the 1.0-kb BZLF1
mRNA was not detected following transfection of Z(1–245) or
Z(1–227)VP(411–490) (Fig. 5B, lanes 4 and 5 and 8 and 9).
Instead, 1.3- and 1.4-kb mRNAs were seen; these mRNAs
represent the transcripts from the transfected expression plasmid, since they were also detected by a CMV probe (data not
shown). Thus, in the context of the virus, ZEBRA autostimulates BZLF1 expression from Rp but not from Zp. In contrast,
transfection of a plasmid expressing the ZEBRA/c-Fos/VP16
chimeric protein failed to induce the bicistronic transcripts
from Rp or monocistronic transcript from Zp (Fig. 5B, lanes 6
and 10, and Fig. 5C, lane 8).
In summary, these experiments showed that activators with
ZEBRA’s own DNA recognition domain autostimulated Rp.
They did not autostimulate Zp, even though they were able to
activate Zp/E4CAT reporters. Chimeric mutants with the cFos DNA recognition domain did not activate Zp or Rp from
the latent virus, even though these chimeric activators activated Zp in reporter constructs. Moreover, the ZEBRA/c-Fos
chimeras could not bypass the requirement for endogenous
ZEBRA. They could not directly stimulate promoters of EBV
lytic genes even though the promoters contained AP-1 sites.
DISCUSSION
ZEBRA/c-Fos chimeras fail to disrupt latency. ZEBRA and
cellular AP-1 activators bind AP-1 sites in vitro and activate
transcription from reporter genes that contain oligomerized
AP-1 sites (17, 41, 61). Furthermore, several ZEBRA-responsive promoters contain AP-1 sites or TREs (8). Therefore, our
experiments sought to determine whether the EBV lytic cycle
could be activated exclusively through AP-1 sites or TREs.
Transfection of chimeric activators that recognize these sites in
in vitro DNA-binding assays (Fig. 1) and activate reporter
genes containing such sites (Fig. 3) nevertheless did not stimulate EBV to enter the lytic cascade (Fig. 4). The results of
DNA-binding assays and assays for transcriptional activation
with reporters with synthetic or natural promoters were discordant from those of assays for activation of natural promoters in the context of the latent viral genome.
The failure of the ZEBRA/c-Fos chimeras to disrupt latency
presented several paradoxes. One paradox was the failure of
ZEBRA/c-Fos chimeras to activate EAp or MSp, promoters
containing AP-1 sites, in reporter constructs (Fig. 3B and C) or
in the context of the intact EBV genome (Fig. 4A, C, and D);
yet chimeric proteins with the c-Fos DNA recognition domain
and the ZEBRA dimerization domain efficiently bound an
AP-1 site derived from MSp in vitro (Fig. 1C). Furthermore,
ZEBRA/c-Fos chimeric proteins strongly activated reporters
with multimerized AP-1 sites in human B cells (data not
shown). Binding of the single AP-1 sites in EAp or MSp may
not be sufficient to activate these promoters (30, 32). Binding
of the AP-1 site may need to be accompanied by contact with
another cellular protein, such as c-Myb or the EBV activator
Rta (32, 33, 53). Both the ZREs and the AP-1 site may need to
be bound to activate transcription. The occupation of two or
more sites might reflect transcriptional synergy by ZEBRA (8).
A second paradox was the capacity of ZEBRA/c-Fos chimeras to activate Zp when it was linked to a CAT reporter (Fig.
3) but their inability to activate Zp in the latent virus (Fig. 5B).
Even augmentation of the activation potency of the ZEBRA/
c-Fos chimera with VP16 did not enable it to activate Zp from
the viral genome. There was a discrepancy between assays with
plasmid reporters containing Zp and assays for transcriptional
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stimulated by chimeric activators containing the DNA recognition domain of c-Fos.
Disruption of latency. Transcription of two EBV early lytic
cycle genes, BMRF1 and BMLF1, from a latent EBV genome
following transfection of a clone expressing ZEBRA or a
ZEBRA/c-Fos chimera was used as a measure of the ability to
initiate the EBV lytic genetic program. ZEBRA is known to
transactivate EAp, the BMRF1 promoter, directly, whereas
activation of MSp, the BMLF1 promoter, requires other viral
early lytic cycle gene products (32). Introduction of Z(1–245)
or Z(1–227)VP(411–490) into Raji (Fig. 4A and B), B95-8
(Fig. 4C), or Daudi (not shown) cells resulted in transcription
of BMRF1 (Fig. 4A and C) and BMLF1 (Fig. 4B). The abundance of these mRNAs was greater following transfection of
ZEBRA activators containing VP16 than following introduction of ZEBRA alone (compare Fig. 4A and C, lane 2, with
Fig. 4A and B, lane 7, and Fig. 4C, lane 3). Transfection of
chimeric constructs containing substitutions of ZEBRA’s basic
domain with c-Fos failed to induce expression of lytic cycle
mRNAs. These effects were tested over a wide range of input
DNA concentrations. In addition, Z(1–245) and Z(1–227)
VP16(411–490) each caused an increase in the early lytic cycle
protein EA-D, but the chimeric ZEBRA/c-Fos/VP16 protein
did not (Fig. 4D, lanes 3 to 5). Thus, a ZEBRA chimera
containing the c-Fos basic domain was unable to drive EBV
lytic gene expression even when its transcriptional activation
potency was enhanced by the addition of VP16.
Similarly, a nonchimeric transcriptional activator which specifically binds TREs, c-Junε, was unable to activate lytic EBV
gene expression from the endogenous virus (Fig. 4C, lane 6);
however, this construct was able to activate transcription from
reporter genes containing multimerized AP-1 sites (5) (data
not shown).
Comparing autostimulation by ZEBRA and ZEBRA/c-Fos
chimeras. The next series of experiments were prompted by an
apparent paradox. ZEBRA/c-Fos/VP16 chimeras strongly activated Zp/E4CAT reporters (Fig. 3B and C); yet these same
chimeras lacked the ability to disrupt latency, as assessed by
transcription or translation of early lytic cycle genes (Fig. 4A to
D). If ZEBRA/c-Fos chimeras could activate Zp, why were
they unable to initiate the EBV lytic cycle through activation
of expression of the BZLF1 gene encoding the endogenous
ZEBRA protein? Therefore, we sought to determine whether
ZEBRA with a native or c-Fos-substituted DNA recognition
domain could stimulate expression of mRNAs containing
BZLF1 from the latent viral genome.
By cloning cDNAs, Manet and her colleagues found that
several BZLF1-specific mRNAs were transcribed following
chemical induction of the lytic cycle in Raji cells (Fig. 5A) (43).
A 4.0-kb and a 3.0-kb mRNA, differing in the presence or
absence of an untranslated leader, encompass both the upstream BRLF1 open reading frame and the BZLF1 gene, while
a 1.0-kb mRNA encodes only BZLF1. Transcription of the
bicistronic mRNAs is controlled by Rp, a promoter which is
upstream of the BRLF1 gene, while the smaller RNA is controlled by Zp. In addition, a 1.3-kb mRNA contains the
BRRF1 lytic cycle gene. Deleted, bicistronic BZLF1/BRLF1
mRNAs, called RAZ, are of low abundance and are not regularly detected by Northern analysis (25). The presence of
these BZLF1-specific mRNAs was assessed after transfection
of Raji cells with ZEBRA or ZEBRA/c-Fos chimeras (Fig. 5B
and C).
The previously described BZLF1 mRNAs were detected on
Northern blots of RNA prepared from chemically induced
cells (Fig. 5B, lane 1, and Fig. 5C, lanes 1 and 3). The 4.0- and
3.0-kb bicistronic mRNAs were seen following transfection of
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activation of Zp from the viral genome. In the latent EBV
genome, the TRE or other sites in Zp that are recognized
directly or indirectly by c-Fos may be occluded by a specific
cellular repressor or by chromatin. Alternatively, the TRE may
be accessible, but binding of the TRE alone may not be sufficient to drive BZLF1 transcription from the viral genome. An
unlikely explanation is that Zp is not functional in the viral
genome. Zp activity, as evidenced by the presence of the
monocistronic BZLF1 transcript, was readily detected following chemical induction (Fig. 5B).
Taken together, the experiments with the ZEBRA/c-Fos
chimeras show that disruption of latency requires the ZEBRA
basic domain and cannot be mediated by a potent activator
which binds only to AP-1 and TRE sites. This conclusion is
supported by experiments showing that introduction of c-Junε
did not activate the lytic cascade (Fig. 4C). A clue to the
importance of the ZEBRA basic domain in activating the EBV
lytic cycle may be gleaned from a comparison of its amino acid
sequence with that of c-Fos/c-Jun. The crystal structure of the
c-Fos/c-Jun heterodimer bound to DNA (27) shows that four
of the five amino acids of c-Fos/c-Jun that contact DNA are
conserved in ZEBRA. These correspond to N-182, A-185,
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FIG. 4. Activation of expression of EBV early lytic cycle genes by ZEBRA,
ZEBRA/c-Fos, and ZEBRA/GCN4 chimeras. (A to C) Activation of lytic cycle
mRNAs. (A) BMRF1 transcripts in Raji cells. (B) BMLF1 transcripts in Raji
cells. (C) BMRF1 in B95-8 cells. (D) Activation of EA-D (BMRF1) protein in
Raji cells. The probe was monoclonal antibody R3.1.
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FIG. 5. Activation of BZLF1 and BRLF1 mRNAs. (A) Diagram of the major
BZLF1 and BRLF1 mRNAs based on cDNA cloning by Manet et al. (43). (B)
Raji cells were transfected with 10 mg of activator plasmid. RNA prepared after
20 h was analyzed by Northern blotting with a BZLF1-specific probe. Lanes 3 to
6 and lanes 7 to 10 represent duplicate samples. RNA from chemically treated
cells is found in lane 1. (C) The experimental protocol was the same as for panel
B. Chemically treated HR-1 Cl. 16 cells (lane 1) and Raji cells (lane 3) were used.
The probe was a subfragment of BRLF1.
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FIG. 6. Model for the entry pathway into the EBV lytic cascade. Zp, promoter of BZLF1; Rp, promoter of BRLF1; TRE, octamer TPA response element or ZII site (20); ZRE, ZEBRA response element; AP-1, an AP-1 family
b-Zip activator such as c-Fos/c-Jun; Z, ZEBRA; H, host cell protein, possibly
chromatin; C, host cell activator other than AP-1.

cycle suggests that the two promoters that control ZEBRA
expression, Zp and Rp, are inactive during latency as the result
of the absence of a positive activator. Upon induction, a signal
is transmitted from the cell surface, and an activator of the AP-1
family binds Zp, causing ZEBRA to be expressed. ZEBRA
then autostimulates its own synthesis through its action on Zp
and Rp.
Two predictions of this simplified but heuristically useful
model are inconsistent with the data presented here. One
prediction is that the first stage of activation should be reproduced by introduction of an AP-1-type activator. We showed
that introduction of a powerful composite activator, such as
Z(1–171)F(137–162)Z(198–227)VP(411–490), is not sufficient
to activate the endogenous viral locus or disrupt latency. The
second prediction is that ZEBRA should autostimulate Zp in
the latent genome by acting through the ZREs. However,
following introduction of ZEBRA or ZEBRA/VP16 chimeras,
Zp-specific mRNAs transcribed from the latent genome were
not detected. Therefore, neither introduction of ZEBRA nor
an AP-1 activator alone is a sufficient stimulus to activate Zp
from the virus.
These experiments suggest an alternative model for entry of
EBV into the lytic cascade (Fig. 6). During latency, Zp and
possibly Rp are inactive as the result of repression mediated by
chromatin or silencers. Candidate suppressors of BZLF1 expression include the cellular transcription factor YY1 (47) and
the cellular factor which binds to ZI elements in both Zp and
Rp (21). Whereas the ZREs and TRE in Zp are blocked, the
ZRE in Rp is available, since Rp can be activated by transfection of ZEBRA (58) (Fig. 5). Thus, Rp may be silent simply
because it lacks its specific activator, ZEBRA. The initial phase
of the activation cascade is accompanied by changes in the
structure of Zp and its associated proteins. Proteins normally
bound in the latent state may be lost, and other cellular proteins may be added (19, 21, 50). Thereafter, BZLF1 is transcribed. Since kinetics experiments show that Zp and Rp are
activated simultaneously after application of inducing stimuli
(14, 19, 23, 49, 58), the two promoters are likely to be coordinately regulated, possibly through similar changes in promoter
structure. Although autostimulation of BZLF1 expression may
occur at Rp without changes in promoter structure, autostimulation is likely to occur at Zp only after chromatin changes or
elimination of a specific repressor makes the ZREs and TRE
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C-189, and R-190 of ZEBRA. The fifth amino acid, alanine in
c-Fos/c-Jun, corresponds to S-186 in ZEBRA. This serine may
account for the ability of ZEBRA to bind the ZREs and thus
to drive EBV early lytic cycle gene expression.
ZEBRA autostimulation. The concept that ZEBRA autostimulates its own expression is derived from several previous
experiments. In cells bearing het DNA, two polymorphic
ZEBRA variants can be detected, one with the electrophoretic
mobility of het ZEBRA and the other with the mobility of
standard (HR-1) ZEBRA (60). This observation was interpreted as showing that ZEBRA expressed constitutively from
het DNA stimulates expression of the standard gene. In transient-transfection assays, transfection of ZEBRA expression
vectors stimulates expression of reporters containing Zp (13,
19) (Fig. 4). The ZREs in Zp (19) and Rp (58) are thought to
mediate this autostimulation. ZEBRA has also been proposed
to stimulate its own expression in a manner independent of
binding DNA. For example, non-DNA-binding mutants of ZEBRA stimulate Zp reporters, presumably through interactions
with cellular proteins bound to sites in Zp other than the ZREs
(24). Also, inhibitors of protein synthesis block high-level expression of BZLF1 mRNAs in cells triggered into the lytic
cycle by cross-linking cell surface Igs (23). High-level BZLF1
transcription is thought to be the result of autostimulation.
The experiments reported here are the first to analyze autostimulation by comparing activation of Zp reporters with
activation of transcription of the BZLF1 gene in the latent viral
genome. They also address whether autostimulation in the
context of the viral genome takes place at Zp or Rp. Both
ZEBRA and ZEBRA/VP16 chimeras strongly activated Zp/
E4CAT, consistent with previous postulates about autostimulation at Zp (13, 19). However, when examined for their effects
on the latent virus, neither of these activators induced expression from Zp at a time when mRNAs derived from Rp were
abundant (Fig. 5B). This is in contrast to BZLF1 transcription
in cells induced by surface Ig cross-linking (14, 23, 59) or
chemical inducing agents (Fig. 5B). In these cells, Zp and Rp
messages are equally abundant. Furthermore, they appear with
the same kinetics following induction (14, 49, 59a) and have
the same half life, about 3.5 h (data not shown).
One hypothesis for the absence of the 1.0-kb BZLF1 mRNA
following transfection is that overexpression of ZEBRA suppresses transcription of BZLF1 from Zp. Such an effect is
suggested by in vitro footprinting experiments, in which lowlevel binding of ZEBRA is seen at the start of transcription in
Zp (39). This suppression may not occur when Zp/E4CAT
reporters are used because the large amount of target DNA
present in transiently transfected cells titrates the ZEBRA
protein. However, suppression of Zp by ZEBRA could still
occur in cells with latent EBV containing far less template.
Another hypothesis is that Zp responds exclusively to cellular
activators. These factors may only be transcribed or made
active by posttranslational modification following stimulation
of the cell by chemicals that mimic physiologic inducing stimuli.
We favor the hypothesis that the ZREs in Zp of the latent
viral genome are blocked and hence unable to mediate stimulation by transfected plasmids that express ZEBRA. ZEBRA
may activate the endogenous Zp only after the ZREs become
accessible as the result of physiologic events that are mimicked
by TPA and n-butyrate. By contrast, the ZRE in Rp is available
at all times; therefore, Rp, and not Zp, is the major site of
autostimulation following introduction of ZEBRA expression
vectors.
Models for entry into the EBV lytic cascade. The simplest
model (19, 39, 58, 63) proposed for regulation of the EBV lytic
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in Zp available for activation by ZEBRA, AP-1, and other
cellular proteins. Finally, ZEBRA stimulates transcription
from its other targets in the EBV genome and plays a role in
lytic viral DNA replication. Thus, entry into the EBV lytic
cascade is a complex process involving changes in Zp and Rp
promoter structure, autostimulation, and, ultimately, activation of lytic gene expression.
ACKNOWLEDGMENTS

REFERENCES
1. Agre, P., P. F. Johnson, and S. L. McKnight. 1989. Cognate DNA binding
specificity retained after leucine zipper exchange between GCN4 and
C/EBP. Science 246:922–925.
2. Angel, P., K. Hattori, T. Smeal, and M. Karin. 1988. The jun proto-oncogene
is positively autoregulated by its product, Jun/Ap-1. Cell 55:875–885.
3. Angel, P., M. Imagawa, R. Chiu, B. Stein, R. J. Imbra, H. J. Rahmsdorf, C.
Jonat, P. Herrlich, and M. Karin. 1987. Phorbol ester-inducible genes contain a common cis element recognized by a TPA-modulated trans-acting
factor. Cell 49:729–739.
4. Baer, R., A. T. Bankier, M. D. Biggin, P. L. Deininger, P. J. Farrell, T. J.
Gibson, G. Hatful, G. S. Hudson, S. C. Satchwell, C. Seguin, P. S. Tuffenell,
and B. Barrell. 1984. DNA sequence and expression of the B95-8 EpsteinBarr virus genome. Nature (London) 310:207–211.
5. Baichwal, V. R., A. Park, and R. Tjian. 1992. The cell-type-specific activator
region of c-Jun juxtaposes constitutive and negatively regulated domains.
Genes Dev. 6:1493–1502.
6. Baumann, R., E. Grogan, M. Ptashne, and G. Miller. 1993. Changing Epstein-Barr viral ZEBRA protein into a more powerful activator enhances its
capacity to disrupt latency. Proc. Natl. Acad. Sci. USA 90:4436–4440.
7. Biggin, M., M. Bodescot, M. Perricaudet, and P. J. Farrell. 1987. EpsteinBarr virus gene expression in P3HR-1-superinfected Raji cells. J. Virol.
61:3120–3132.
8. Carey, M., J. L. Kolman, D. A. Katz, L. Gradoville, L. Barberis, and G.
Miller. 1992. Transcriptional synergy by the Epstein-Barr virus transactivator
ZEBRA. J. Virol. 66:4803–4813.
9. Chang, Y.-N., D. L.-Y. Dong, G. S. Hayward, and S. D. Hayward. 1990. The
Epstein-Barr virus Zta transactivator: a member of the bZip family with
unique DNA-binding specificity and a dimerization domain that lacks the
characteristic heptad leucine zipper motif. J. Virol. 64:3358–3369.
10. Chi, T., and M. Carey. 1993. The ZEBRA activation domain: modular
organization and mechanism of action. Mol. Cell. Biol. 13:7045–7055.
11. Countryman, J., H. Jenson, R. Seibl, H. Wolf, and G. Miller. 1987. Polymorphic proteins encoded within BZLF1 of defective and standard EpsteinBarr viruses disrupt latency. J. Virol. 61:3672–3679.
12. Countryman, J., and G. Miller. 1985. Activation of expression of latent
Epstein-Barr herpesvirus after gene transfer with a small cloned subfragment
of heterogenous viral DNA. Proc. Natl. Acad. Sci. USA 82:4085–4089.
13. Countryman, J. K., L. Heston, L. Gradoville, H. Himmelfarb, S. Serdy, and
G. Miller. 1994. Activation of the Epstein-Barr virus BMRF1 and BZLF1
promoters by ZEBRA in Saccharomyces cerevisiae. J. Virol. 68:7628–7633.
14. Daibata, M., S. H. Speck, C. Mulder, and T. Sairenji. 1994. Regulation of the
BZLF1 promoter of Epstein-Barr virus by second messengers in anti-immunoglobulin-treated B cells. Virology 198:446–454.
15. Davis, M. G., and E. S. Huang. 1988. Transfer and expression of plasmids
containing human cytomegalovirus immediate-early gene 1 promoter-enhancer sequences in eukaryotic and prokaryotic cells. Biotechnol. Appl.
Biochem. 10:6–12.
16. Faggioni, A., C. Zompetta, S. Grimaldi, G. Barile, L. Frati, and J. Lazdins.
1986. Calcium modulation activates Epstein-Barr virus genome in latently
infected cells. Science 232:1554–1556.
17. Farrell, P. J., D. T. Rowe, C. M. Rooney, and T. Kouzarides. 1989. EpsteinBarr virus BZLF1 trans-activator specifically binds to a consensus AP-1 site
and is related to c-fos. EMBO J. 8:127–132.
18. Fixman, E. D., G. S. Hayward, and S. D. Hayward. 1992. trans-Acting requirements for replication of Epstein-Barr virus ori-Lyt. J. Virol. 66:5030–
5039.
19. Flemington, E., and S. H. Speck. 1990. Autoregulation of Epstein-Barr virus
putative lytic switch gene BZLF1. J. Virol. 64:1227–1232.
20. Flemington, E., and S. H. Speck. 1990. Evidence for coiled-coil dimer formation by an Epstein-Barr virus transactivator that lacks a heptad repeat of
leucine residues. Proc. Natl. Acad. Sci. USA 87:9459–9463.

21. Flemington, E., and S. H. Speck. 1990. Identification of phorbol ester response elements in the promoter of Epstein-Barr virus putative lytic switch
gene BZLF1. J. Virol. 64:1217–1226.
22. Flemington, E. K., A. M. Borras, J. P. Lytle, and S. H. Speck. 1992. Characterization of the Epstein-Barr virus BZLF1 protein transactivation domain. J. Virol. 66:922–929.
23. Flemington, E. K., A. E. Goldfeld, and S. H. Speck. 1991. Efficient transcription of the Epstein-Barr virus immediate-early BZLF1 and BRLF1 genes
requires protein synthesis. J. Virol. 65:7073–7077.
24. Flemington, E. K., J. P. Lytle, C. Cayrol, A. M. Borras, and S. H. Speck.
1994. DNA-binding-defective mutants of the Epstein-Barr virus lytic switch
activator Zta transactivate with altered specificities. Mol. Cell. Biol. 14:3041–
3052.
25. Furnari, F. B., V. Zacny, E. B. Quinlivan, S. Kenney, and J. S. Pagano. 1994.
RAZ, an Epstein-Barr virus transdominant repressor that modulates the
viral reactivation mechanism. J. Virol. 68:1827–1836.
26. Giot, J.-F., I. Mikaelian, M. Buisson, E. Manet, I. Joab, J.-C. Nicolas, and A.
Sergeant. 1991. Transcriptional interference between the EBV transcription
factors EB1 and R: both DNA-binding and activation domains are required.
Nucleic Acids Res. 19:1251–1258.
27. Glover, J. N., and S. C. Harrison. 1995. Crystal structure of the heterodimeric bZip transcription factor c-Fos-c-Jun bound to DNA. Nature
(London) 373:257–261.
28. Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982. Recombinant genomes which express chloramphenicol acetyltransferase in mammalian cells.
Mol. Cell. Biol. 2:1044–1051.
29. Gradoville, L., E. Grogan, N. Taylor, and G. Miller. 1990. Differences in the
extent of activation of Epstein-Barr virus replicative gene expression among
four non-producer cell lines stably transformed by oriP/BZLF1 plasmids.
Virology 178:345–354.
30. Holley-Guthrie, E., E. B. Quinlivan, E.-C. Mar, and S. Kenney. 1990. The
Epstein-Barr virus (EBV) BMRF1 promoter for early antigen (EA-D) is
regulated by the EBV transactivators BRLF1 and BZLF1 in a cell-specific
manner. J. Virol. 64:3753–3759.
31. Johnson, P. F., and S. L. McKnight. 1989. Eukaryotic transcriptional regulatory proteins. Annu. Rev. Biochem. 58:799–938.
32. Kenney, S., E. Holley-Guthrie, E.-C. Mar, and M. Smith. 1989. The EpsteinBarr virus BMLF1 promoter contains an enhancer element that is responsive
to the BZLF1 and BRLF1 transactivators. J. Virol. 63:3878–3883.
33. Kenney, S. C., G. E. Holley, E. B. Quinlivan, D. Gutsch, Q. Zhang, T. Bender,
J. F. Giot, and A. Sergeant. 1992. The cellular oncogene c-myb can interact
synergistically with the Epstein-Barr virus BZLF1 transactivator in lymphoid
cells. Mol. Cell. Biol. 12:136–146.
34. Koerner, T. J., J. E. Hill, A. M. Myers, and A. Tzagoloff. 1991. Highexpression vectors with multiple cloning sites for construction of trpE fusion
genes: pATH vectors. Methods Enzymol. 194:477–490.
35. Kolman, J. L., N. Taylor, D. R. Marshak, and G. Miller. 1993. Serine-173 of
the Epstein-Barr virus ZEBRA protein is required for DNA binding and is
a target for casein kinase II phosphorylation. Proc. Natl. Acad. Sci. USA
90:10115–10119.
36. Kouzarides, T., G. Packham, A. Cook, and P. J. Farrell. 1991. The BZLF1
protein of EBV has a coiled coil dimerization domain without a heptad
leucine repeat but with homology to the C/EBP leucine zipper. Oncogene
6:195–204.
37. Kouzarides, T., and E. Ziff. 1989. Leucine zippers of Fos, Jun and GCN4
dictate dimerization specificity and thereby control DNA binding. Nature
(London) 340:568–571.
38. Kouzarides, T., and E. Ziff. 1988. The role of the leucine zipper in the
Fos-Jun interaction. Nature (London) 336:646–651.
39. Lieberman, P. M., and A. J. Berk. 1990. In vitro transcriptional activation,
dimerization, and DNA-binding specificity of the Epstein-Barr virus Zta
protein. J. Virol. 64:2560–2568.
40. Lieberman, P. M., J. M. Hardwick, and S. D. Hayward. 1989. Responsiveness of the Epstein-Barr virus NotI repeat promoter to the Z transactivator
is mediated in a cell-type-specific manner by two independent signal regions.
J. Virol. 63:3040–3050.
41. Lieberman, P. M., J. M. Hardwick, J. Sample, G. S. Hayward, and S. D.
Hayward. 1990. The Zta transactivator involved in induction of lytic cycle
gene expression in Epstein-Barr virus-infected lymphocytes binds to both
AP-1 and ZRE sites in target promoter and enhancer regions. J. Virol.
64:1143–1155.
42. Luka, J., B. Kallin, and G. Klein. 1979. Induction of the Epstein-Barr virus
(EBV) cycle in latently infected cells by n-butyrate. Virology 94:228–231.
43. Manet, E., H. Gruffat, M. C. Trescol-Biemont, N. Moreno, P. Chambard,
J. F. Giot, and A. Sergeant. 1989. Epstein-Barr virus bicistronic mRNAs
generated by facultative splicing code for two transcriptional transactivators.
EMBO J. 8:1819–1826.
44. Mikaelian, I., E. Drouet, V. Marechal, G. Denoyel, J. C. Nicolas, and A.
Sergeant. 1993. The DNA-binding domain of two bZip transcription factors,
the Epstein-Barr virus switch gene product EB1 and Jun, is a bipartite
nuclear targeting sequence. J. Virol. 67:734–742.
45. Miller, G., H. Himmelfarb, L. Heston, J. Countryman, L. Gradoville, R.

Downloaded from http://jvi.asm.org/ on September 17, 2019 by guest

We thank V. Baichwal, R. Baumann, M. Carey, P. Farrell, E. Flemington, E. C. Huang, S. Kenney, A. Sergeant, and E. Ziff for gifts of
plasmids. We thank M. Carey, N. Maizels, and N. Raab-Traub for
helpful discussions.
This work was supported by grant CA12055 from the NIH and grant
VM24N from the American Cancer Society.

1503

1504

46.
47.
48.
49.
50.
51.

53.

54.
55.

Baumann, T. Chi, and M. Carey. 1993. Comparing regions of the EpsteinBarr virus ZEBRA protein which function as transcriptional activating sequences in Saccharomyces cerevisiae and in B cells. J. Virol. 67:7472–7481.
Miller, G., M. Rabson, and L. Heston. 1984. Epstein-Barr virus with heterogeneous DNA disrupts latency. J. Virol. 50:174–182.
Montalvo, E. A., M. Cottam, S. Hill, and Y. J. Wang. 1995. YY1 binds to and
regulates cis-acting negative elements in the Epstein-Barr virus BZLF1 promoter. J. Virol. 69:4158–4165.
Nakabeppu, Y., and D. Nathans. 1989. The basic region of Fos mediates
specific DNA binding. EMBO J. 8:3833–3841.
Packham, G., M. Brimmell, D. Cook, A. J. Sinclair, and P. J. Farrell. 1993.
Strain variation in Epstein-Barr virus immediate early genes. Virology 192:
541–550.
Packham, G., A. Economou, C. M. Rooney, D. T. Rowe, and P. J. Farrell.
1990. Structure and function of the Epstein-Barr virus BZLF1 protein. J.
Virol. 64:2110–2116.
Pearson, G. R., B. Vroman, B. Chase, T. Sculley, M. Hummel, and E. Kieff.
1983. Identification of polypeptide components of the Epstein-Barr virus
early antigen complex with monoclonal antibodies. J. Virol. 47:193–201.
Ptashne, M. 1988. How eukaryotic transcriptional activators work. Nature
(London) 335:683–689.
Quinlivan, E. B., G. E. Holley, M. Norris, D. Gutsch, S. L. Bachenheimer,
and S. C. Kenney. 1993. Direct BRLF1 binding is required for cooperative
BZLF1/BRLF1 activation of the Epstein-Barr virus early promoter,
BMRF1. Nucleic Acids Res. 21:1999–2007.
Rabson, M., L. Heston, and G. Miller. 1983. Identification of a rare EpsteinBarr virus mutant that enhances early antigen expression in Raji cells. Proc.
Natl. Acad. Sci. USA 80:2762–2766.
Rooney, C., D. T. Rowe, T. Ragot, and P. J. Farrell. 1989. The spliced BZLF1
gene of Epstein-Barr virus (EBV) transactivates an early EBV promoter and
induces the virus productive cycle. J. Virol. 63:3109–3116.

J. VIROL.
56. Schepers, A., D. Pich, and W. Hammerschmidt. 1993. A transcription factor
with homology to the AP-1 family links RNA transcription and DNA replication in the lytic cycle of Epstein-Barr virus. EMBO J. 12:3921–3929.
57. Sellers, J. W., and K. Struhl. 1989. Changing Fos oncoprotein to a Junindependent DNA-binding protein with GCN4 dimerization specificity by
swapping ‘leucine zippers’. Nature (London) 341:74–76.
58. Sinclair, A. J., M. Brimmell, F. Shanahan, and P. J. Farrell. 1991. Pathways
of activation of the Epstein-Barr virus productive cycle. J. Virol. 65:2237–
2244.
59. Takada, K., and Y. Ono. 1989. Synchronous and sequential activation of
latently infected Epstein-Barr virus genomes. J. Virol. 63:445–449.
59a.Taylor, N. Unpublished data.
60. Taylor, N., J. Countryman, C. Rooney, D. Katz, and G. Miller. 1989. Expression of the BZLF1 latency-disrupting gene differs in standard and defective Epstein-Barr viruses. J. Virol. 63:1721–1728.
61. Taylor, N., E. Flemington, J. L. Kolman, R. P. Baumann, S. H. Speck, and
G. Miller. 1991. ZEBRA and a Fos-GCN4 chimeric protein differ in their
DNA-binding specificities for sites in the Epstein-Barr virus BZLF1 promoter. J. Virol. 65:4033–4041.
62. Tovey, M. G., G. Lenoir, and L. J. Begon. 1978. Activation of latent EpsteinBarr virus by antibody to human IgM. Nature (London) 276:270–272.
63. Urier, G., M. Buisson, P. Chambard, and A. Sergeant. 1989. The EpsteinBarr virus early protein EB1 activates transcription from different responsive
elements including AP-1 binding sites. EMBO J. 8:1447–1453.
64. Vinson, C. R., P. B. Sigler, and S. L. McKnight. 1989. Scissors-grip model for
DNA recognition by a family of leucine zipper proteins. Science 246:911–
916.
65. zur Hausen, H., F. J. O’Neill, U. K. Freese, and E. Hecher. 1978. Persisting
oncogenic herpesvirus induced by tumor promoter TPA. Nature (London)
272:373–375.

Downloaded from http://jvi.asm.org/ on September 17, 2019 by guest

52.

KOLMAN ET AL.

