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The ZEBRA protein mediates the switch between the latent and lytic life cycles of Epstein-Barr virus.
Z(S186A), a point mutant in ZEBRA’s basic domain in which serine 186 is changed to alanine, is unable to
induce expression of lytic cycle mRNAs or proteins from the latent EBV genome even though it retains the
ability to activate transcription from reporters bearing known ZEBRA-responsive promoters (A. L. Francis et
al., J. Virol. 71:3054–3061, 1997). We now describe three distinct phenotypes of ZEBRA mutants bearing
different amino acid substitutions at S186. These phenotypes are based on the capacity of the mutants to
activate expression of the BRLF1 and BMRF1 genes, which are targets of ZEBRA’s action, and to synergize
with the BRLF1 gene product Rta (R transactivator) in activating expression of downstream genes. One mutant
class, represented by Z(S186T), was similar to the wild type, although reduced in the capacity to activate
BRLF1 and BMRF1 early lytic cycle genes from the latent virus. A second class, represented by Z(S186C) and
Z(S186G), was impaired in transcriptional activation, unable to activate early lytic cycle products from the
latent virus, and not rescued by overexpression of Rta. A third class, Z(S186A), although unable by itself to
activate BRLF1 or other lytic cycle genes, synergized with Rta. Rta rescued the capacity of Z(S186A) to activate
the BMRF1 early lytic cycle gene from the latent virus. All mutant classes bound to DNA in vitro, although their
capacity to bind to different ZEBRA response elements varied. Serine 186 of ZEBRA is a critical residue that
is required for the distinct activities of induction of BRLF1 expression and for synergy with Rta. Since only
Z(S186T) among the mutants behaved similarly to the wild type, activation of BRLF1 likely requires phos-
phorylation of S186. However, since Z(S186A) could synergize with Rta, synergy with Rta does not appear to
be dependent on phosphorylation of S186. S186 likely mediates DNA recognition on the BRLF1 promoter in
the context of the latent virus, protein-protein interactions, or both. The Z(S186) mutants define the amino
acid side chains required for these functions.

The human gammaherpesvirus Epstein-Barr virus (EBV)
establishes a persistent infection in B lymphocytes and remains
primarily in a latent state for the lifetime of the host. The basic
mechanisms underlying latency of EBV and the switch into
viral lytic cycle gene expression can be analyzed in cultured B
lymphocytes. Two viral genes, BZLF1, encoding the ZEBRA
protein, and BRLF1, encoding the R transactivator (Rta), play
critical roles in this switch (10, 11, 22–24). Both genes are
activated simultaneously soon after treatment of cultured B
cells with agents that induce the lytic cycle (14, 18, 32, 41).
Transfer of ZEBRA-expressing plasmids into B-cell lines la-
tently infected with EBV activates BRLF1 and ultimately in-
duces the entire lytic cycle cascade (26, 28, 39). Transfer of Rta
expression plasmids also activates EBV lytic gene expression in
epithelial cells and in B cells (38, 45). In some permissive B-cell
backgrounds, Rta activates ZEBRA expression; lytic viral
DNA replication and late gene expression ensue. Thus,
ZEBRA and Rta may reciprocally stimulate each other’s ex-

pression. The two proteins synergistically activate promoters of
several downstream target genes, including BHRF1, encoding
the EBV Bcl2 homologue, and BMRF1, encoding a DNA
polymerase processivity factor (8, 12, 20, 24, 25, 37).

The ZEBRA protein, a member of the basic-zipper (bZIP)
family of transcriptional activators, shows extensive amino acid
identity with cellular bZIP proteins such as c-Fos/c-Jun in the
basic DNA recognition domain (16, 34). ZEBRA homodimers
and c-Fos/c-Jun heterodimers each bind specifically to DNA
containing AP-1 heptamer sites (TGAGTCA); however,
ZEBRA dimers recognize an array of ZEBRA response ele-
ments (ZREs) that are poorly bound by c-Fos/c-Jun (6, 16, 17,
29, 30, 34, 42). Moreover, substitution of ZEBRA’s basic do-
main with that of c-Fos leads to formation of a chimeric pro-
tein that is unable to stimulate EBV lytic cycle gene expression
(26). While exploring differences in DNA binding and biologic
activity between ZEBRA and c-Fos, we changed serine 186 in
the ZEBRA DNA recognition domain to alanine, the amino
acid found at the corresponding position of c-Fos/c-Jun. In the
crystal structure of c-Fos/c-Jun bound to an AP-1 site, the
alanine at this position was shown to make specific contacts
with DNA (21). The resultant mutant, Z(S186A), exhibited a
remarkable phenotype. While retaining the ability to bind to
ZREs and the capacity to activate transcription from chloram-
phenicol acetyltransferase (CAT) reporters bearing the pro-
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moter of a known ZEBRA-responsive gene, BMRF1,
Z(S186A) was unable to stimulate expression of three lytic
cycle mRNAs, i.e., BRLF1, BMRF1, and BaRF1, from the
endogenous virus. The Z(S186A) mutation thus affected a
crucial biologic function of ZEBRA, namely, its capacity to
disrupt latency by activating lytic gene expression from a latent
virus (19).

Several hypotheses were offered to account for this pheno-
type. The most obvious explanation was that the Z(S186A)
mutation altered the DNA binding properties of ZEBRA. Gel
mobility shift experiments showed that in vitro binding of
Z(S186A) to some DNA sites but not others was altered com-
pared to wild-type ZEBRA. For example, Z(S186A) bound to
several ZREs, such as ZIIIB (TTAGCAA) and ZRE-2
(TGAGCAA), approximately as well as wild-type ZEBRA,
bound to ZRE-R (TGAGCGA) and ZIIIA (TGAGCCA) less
well than ZEBRA, and bound to an octamer AP-1/CREB site
(TGACATCA) more efficiently than wild-type ZEBRA. Since
the Z(S186A) mutation destroyed a consensus protein kinase
C (PKC) phosphorylation site, another hypothesis to account
for the phenotype of Z(S186A) was that this mutation elimi-
nated a phosphorylation site that was essential for activation of
lytic cycle transcription from the intact latent viral genome.
Perhaps this phosphorylation site mediated protein-protein in-
teractions that were essential for activating lytic gene expres-
sion from the viral genome but were dispensable for activation
of reporter plasmids in transient transfection assays.

The present report provides further delineation of the func-
tional role of amino acid 186 of ZEBRA. We describe the
phenotypes of additional Z(S186) mutants that have a threo-
nine (T), glycine (G), cysteine (C), valine (V), aspartate (D), or
glutamate (E) at this position. We analyzed the phenotype of
this expanded group of mutants by using assays of DNA bind-
ing, activation of ZEBRA target promoters fused to reporters
in transient transfections, and the capacity to activate lytic
cycle mRNAs and proteins. Since mutations in ZEBRA’s
DNA binding domain are known to affect synergy with Rta
(20), assessment of the phenotypes of these Z(S186) mutants
also included studies of transcriptional synergy with Rta on
CAT reporters and on genes expressed from the intact viral
genome. The diverse phenotype of the mutants emphasize that
S186 of ZEBRA is a crucial residue required for transcrip-
tional activation of BRLF1 and for synergy with Rta, the
BRLF1 gene product. While mutants such as Z(S186T) pre-
served both functions, and mutants such as Z(S186G) and
Z(S186C) lost both functions, the Z(S186A) mutant demon-
strated that there are distinct requirements for activation of
BRLF1, the most proximal target of ZEBRA action, and for
synergy with Rta on downstream lytic cycle genes such as
BMRF1.

MATERIALS AND METHODS

Bacterial expression systems. Wild-type BZLF1 cDNA and mutant BZLF1
constructs containing substitutions at S186 were cloned into the NcoI and BamHI
sites of pET-11d (Stratagene). The mutants were made by PCR, using Taq DNA
polymerase and BZLF1 cDNA as a template. The mutations were introduced by
two PCRs that produced overlapping DNA fragments. The 59 fragment was
made with one primer, containing an NcoI site, complementary to the 59 end of
BZLF1 cDNA and another primer complementary to BZLF1 cDNA encoding
amino acids (aa) 188 to 181 but with a mutation at aa 186. The 39 fragment was
made with one primer, containing a BamHI site, complementary to the 39 end of
BZLF1 cDNA and another primer complementary to aa 184 to 190 with a
mutation at aa 186. The two PCR fragments were purified from agarose and used
as a template in a second PCR with the primers containing NcoI and BamHI
sites. The final PCR product was cloned into pET-11d and transformed into
Escherichia coli AG1. Minilysate DNA from individual colonies was screened for
the mutation by sequencing across the region encoding aa 186.

E. coli BL21(DE3), featuring inducible T7 RNA polymerase, was transformed
with constructs expressing wild-type or mutant ZEBRA. Ampicillin-resistant

cultures were grown to an optical density of 0.7 and induced with 1 mM isopro-
pyl-b-D-thiogalactopyranoside for 4 h. Induced cultures were harvested at 4°C,
and pellets were resuspended in 1/5 volume of 6 M urea and sonicated on ice for
eight rounds of 15 s each. Urea was removed by dialysis against DNA binding
buffer, and the bacterial extracts, calibrated by immunoblotting to contain ap-
proximately equal amounts of ZEBRA protein, were used in DNA binding
assays.

DNA binding assays. Oligonucleotides containing ZREs and identical top-
strand and bottom-strand flanking sequences were used as probes as described
elsewhere (19). In other experiments (kindly suggested by S. Kenney), probes
contained flanking sequences found in the promoter of the BRLF1 gene. These
probes were Rp ZIIIA (59 GATCTGCCAATGGCTCATAAAAGA) and Rp
ZRE-R (59 GATCAAGCTTATGAGCGATTTTAT) (the ZREs are under-
lined). A 100-ng aliquot of each top- and bottom-strand oligonucleotide was
annealed in TM buffer (0.1 M Tris [pH 7.5], 0.1 M MgCl2, 0.1 M dithiothreitol)
at 95°C for 5 min, 65°C for 10 min, 37°C for 10 min, and room temperature for
30 min. The annealed oligonucleotides were labeled by one of two different
methods. They were end labeled with 50 mCi of [g-32P]ATP, using 10 U of T4
polynucleotide kinase (Boehringer Mannheim) for 30 min at 37°C. Alternatively,
they were synthetically labeled with 50 mCi of [a-32P]dCTP and 1 mM de-
oxynucleoside triphosphates, using 2 U of Klenow enzyme (Boehringer Mann-
heim) for 15 min at 25°C. Unincorporated radioactive nucleotides were removed
on a P4 resin column (Bio-Rad). Probes were stored at 220°C until used.

Binding reactions of 10 ml contained protein extracts that were diluted in DNA
binding buffer (15 mM HEPES [pH 7.5], 75 mM KCl, 0.2 mM EDTA, 1 mM
dithiothreitol), 1 mg of poly(dI-dC), and 3 3 104 cpm of radiolabeled duplex
oligonucleotide. The DNA binding mixtures were incubated for 10 min at 25°C
and electrophoresed in a 6% acrylamide gel in 0.53 TBE (45 mM Tris, 45 mM
boric acid, 1.5 mM EDTA) at 200 V. The gel was dried at 80°C for 2 h and
exposed to film overnight. The proportion of bound and free probe was deter-
mined by phosphorimagery.

Eukaryotic expression systems. The expression construct for ZEBRA con-
tained EBV genomic DNA from nucleotides (nt) 102115 to 103181 (a NaeI-to-
NcoI subfragment of BamHI-Z) cloned into pHD1013 (15), which utilizes the
cytomegalovirus (CMV) immediate-early promoter for constitutive expression of
genes in mammalian cells. The preparation of Z(S186A) and Z(S186T) has been
described elsewhere (19). The additional ZEBRA constructs containing point
mutations at position S186 were constructed by a two-step PCR process identical
to that described for expression constructs in E. coli except that EBV genomic
DNA was the template and the mutants were constructed as XbaI and BamHI
fragments for cloning into pHD1013. The sequence of primers used for addi-
tional mutagenesis at this position to create mutants with G, C, or V substitutions
are available upon request. All mutants were sequenced in their entirety by
automated DNA sequencing. The expression construct for EBV Rta, pRTS15, a
kind gift from Diane Hayward, contains the BRLF1 gene linked to the simian
virus 40 early promoter and is followed by a polyadenylation signal in the plasmid
pRTS2. pRTS D HindIII (pRTS) was used as a vector control (38).

Cell culture and transfections. The ability of ZEBRA and Z(S186) mutants to
activate transcription and to synergize with Rta in transient transfection assays
using promoter/CAT fusions was determined in the EBV-negative B-cell line
BJAB (33). The capacity of wild-type and mutant ZEBRA to activate lytic cycle
gene expression from the endogenous latent EBV genome was measured in the
EBV-positive Burkitt lymphoma cell line Raji. Cell lines maintained in RPMI
1640 medium containing 8% fetal bovine serum were subcultured to 2 3 105 cells
per ml and transfected 48 to 72 h later when the cell counts were approximately
0.7 3 106 to 1.0 3 106/ml. Appropriate amounts of plasmid DNA were mixed
with 107 cells in 500 ml of RPMI 1640 plus 5% fetal bovine serum. Cells were
electroporated with 0.25 V in a Bio-Rad gene pulse unit. The electroporated cells
were subcultured at 106 cells per ml, incubated at 37°C in 5% CO2–air, and
harvested after 72 h for CAT assay, or after 24 to 48 h for RNA or immunore-
active protein assays.

Reporters and CAT assays. Three reporter constructs fused promoters of EBV
genes to CAT. These were BMRF1p/CAT, containing EBV nt 79537 to 79871
(41), BRLF1p/CAT (Rp/CAT) containing EBV nt 106123 to 107143 (39), and
divergent promoter CAT (Dp/CAT) controlling BHRF1 and BHLF1 (20, 23),
containing EBV nt 52568 to 54361. All promoters were cloned into pCAT Basic
(Promega). Cells transfected 72 h previously with 10 mg of reporter and 5 to 10
mg of activator DNA were washed in phosphate-buffered saline and resuspended
at 8 3 104/ml in reporter lysis buffer (Promega). A 150-ml enzyme reaction
mixture, containing 59 ml of cell extract supernatant, 66 mg of acetyl coenzyme A,
and 1 ml of [14C]chloramphenicol in 0.5 M Tris (pH 7.8), was incubated for 1 h
at 37°C. The reaction was extracted into ethyl acetate and resuspended in 30 ml
of ethyl acetate. Each spot on thin-layer chromatography paper (Baker-Flex)
contained the equivalent of 4.7 3 106 cells. The thin-layer chromatography plate
was developed in 95% chloroform–5% methanol for 1 h. The proportion of
[14C]chloramphenicol that was acetylated was determined by liquid scintillation
counting. If the reactivity was off scale, the assay was repeated with smaller
amounts of cell extract. Each value represents two or more transfections. Fold
activation was calculated as percent acetylation of chloramphenicol in the pres-
ence of the activator/percent acetylation in the presence of the vector alone.

RNA preparation and Northern blotting. Total RNA was prepared from 4 3
106 cells 24 to 48 h after transfection, using RNeasy and Qiashredder spin
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columns (Qiagen) according to the manufacturer’s protocol. Each lane of a gel
was loaded with the RNA from 2 3 106 cells. Northern blots were prepared as
described previously (26). Blots were probed with a 531-nt restriction fragment
of EBV DNA (EBV genomic sequence 80141 to 80672) that detects transcripts
from the BMRF1 and BaRF1 genes and with a 720-nt restriction fragment of
EBV DNA (EBV genomic sequence 104577 to 105297) that detects transcripts
of the BRLF1 gene. To control for RNA loading, the blots were probed with a
370-nt NcoI-to-PstI restriction fragment from the cDNA for the H1 component
of human RNase P (3). Probes were labeled by the random-prime method with
[a-32P]dCTP and Klenow enzyme (Boehringer Mannheim). The abundance of
mRNA was measured by phosphorimagery and standardized to the level of
RNase P.

SDS-polyacrylamide gel electrophoresis and immunoblotting. Protein extracts
were prepared from transfected cells that had grown in culture for 24 to 48 h.
Cells were harvested by centrifugation, resuspended in sodium dodecyl sulfate
(SDS) sample buffer, and sonicated for 15 s. Samples containing 3 3 106 cells
were boiled and electrophoresed through a 10% polyacrylamide–SDS gel before
proteins were transferred to nitrocellulose. The immunoblots were reacted with
a 1:200 dilution of a rabbit antiserum to exon I of ZEBRA (44) or a 1:150
dilution of a rabbit antiserum to the N-terminal 320 aa of Rta (38) in skim milk.
To detect the BMRF1 product, also known as diffuse early antigen (EA-D), a
1:1,000 dilution of the R3.1 mouse monoclonal antibody (36) was used, followed
by a 1:400 dilution of a rabbit anti-mouse immunoglobulin bridge (Axell; Accu-
rate Chemical and Scientific Corp.). Protein loading was controlled by probing
the immunoblot with a 1:100 dilution of affinity-purified antibody to b-actin
(Sigma A2066). Immunoreactive bands were detected with 125I-labeled protein
A and autoradiographed.

RESULTS

Only wild-type ZEBRA and the Z(S186T) mutant activate
the BRLF1 and BMRF1 lytic cycle genes. When transfected
into EBV-positive Raji cells, wild-type ZEBRA activates ex-
pression of the viral BRLF1 gene as well as downstream target
genes such as BMRF1, which is known to be a synergistic
target of ZEBRA and Rta (26, 28, 37). Of the seven point
mutants examined, only Z(S186T) activated expression of the
BRLF1 product, Rta, and the BMRF1 product, EA-D (Fig. 1
and 5 and data not shown). In the studies shown in Fig. 1, the
mutants were overexpressed, from 2- to 10-fold relative to
wild-type ZEBRA, to determine whether this would compen-
sate for their inability to activate Rta. Nonetheless, only wild-
type ZEBRA and Z(S186T) induced the appearance of
BRLF1 mRNA (Fig. 1A). In the experiment illustrated in Fig.

1B, the amount of Rta induced by transfected wild-type or
mutant ZEBRA was measured and corrected for the amount
of ZEBRA protein that was expressed and for the level of
b-actin present in the cellular extracts. Z(S186T) induced ex-
pression of Rta and EA-D less efficiently than wild-type
ZEBRA. Wild-type ZEBRA induced a 60-fold increase in Rta
protein relative to Z(S186A), which was at background levels,
and Z(S186T) induced a 15-fold increase of Rta relative to
Z(S186A) (Fig. 1B). The other mutants did not stimulate Rta
expression.

Comparative DNA binding affinities of ZEBRA and the
Z(S186A) mutant on various ZREs. One explanation for the
inability of ZEBRA mutants to activate BRLF1 or BMRF1
expression could reside in a diminished capacity to bind ZRE
DNA in the promoters of these genes. In previous work we
showed, by means of a competition electrophoretic mobility
shift assay (EMSA), that wild-type ZEBRA and Z(S186A)
bound with similar affinities to ZRE2, one of the ZREs present
in the BMRF1 promoter (19). This method involved subjecting
constant amounts of ZEBRA and Z(S186A) binding com-
plexes to competition with increasing amounts of the same
competitor DNA binding protein, ZD131, a truncation mutant
lacking the N-terminal 131 aa of ZEBRA but containing a
wild-type DNA binding domain. We extended these competi-
tion assays to four additional ZEBRA binding sites, including
an AP-1 heptamer site found in the BMRF1 promoter, as well
as ZRE-R and ZIIIA, the two sites found in the BRLF1 pro-
moter (Fig. 2 and data not shown). When the AP-1 heptamer
site was the target, ZD131 competed more effectively with
ZEBRA than with the Z(S186A) mutant (Fig. 2A). The affinity
of wild-type ZEBRA for an AP-1 site was approximately 70%
that of the Z(S186A) mutant. However, when a probe contain-
ing a ZRE-R site was used in a similar assay, the mutant bound
considerably less well than the wild type. On oligonucleotide
probes containing AP-1 heptamer and AP-1 octamer sites, the
Z(S186A) mutant bound with higher affinity than the wild type.
On probes containing ZRE-2 and ZIIIB sites, the wild-type
and mutant bound with comparable affinities. On probes con-

FIG. 1. Capacity of Z(S186) mutants to activate the EBV BRLF1 gene. Raji cells were chemically induced (lane 1), untreated (lane 2), or transfected with various
amounts of expression vector (from 1.2 to 14.3 mg) plus pHD1013 to a total of 15 mg of plasmid DNA (lanes 3 to 9) to ensure that the expression level of each of the
mutants equaled or exceeded the wild-type ZEBRA expression level. RNA and protein extracts were prepared 24 h after transfection. Each lane of a Northern blot
(A) contained RNA from 2 3 106 cells. The Northern blot was probed with BRLF1 and the H1 component of RNase P to control for RNA loading. Each lane of an
immunoblot (B) contained an extract of 3 3 106 cells. The immunoblot was probed with monospecific antibodies to Rta, to ZEBRA, and to b-actin to control for protein
loading. T/B, tetradecanoylphorbol acetate/n-butyrate.
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taining ZIIIA and ZRE-R, the two sites present in Rp, wild-
type ZEBRA bound with higher affinity, 2.4- and 8.5-fold,
respectively, than the S186A mutant.

Comparing DNA binding by ZEBRA and an additional
group of Z(S186) mutants. Using EMSA, we compared
ZEBRA, Z(S186A), and three additional Z(S186) mutants
that were unable to activate BRLF1 or BMRF1 (Fig. 3). Ex-
tracts of E. coli in which the mutants were expressed were
standardized for the amount of immunoreactive ZEBRA pro-
tein (Fig. 3A). The probes, consisting of a panel of radiola-
beled oligonucleotides containing ZREs and AP-1-like se-
quences, were labeled either with polynucleotide kinase or by
filling in with Klenow fragment of DNA polymerase, with sim-
ilar results. To estimate the relative DNA binding ability of the
mutants, we tested equal amounts of all mutants at the same
time on the same probe and measured the fraction of probe
shifted by each mutant by phosphorimagery. No proteins con-
tained in extracts of E. coli BL21(DE3) with or without the
expression vector, pET-11d, shifted the mobility of any probe.

Consistent differences were observed in the capacity of
Z(S186) mutants to interact with different sites (Fig. 3B). All
mutants were impaired relative to the wild type in the capacity
to bind the two sites in the BRLF1 promoter, ZRE-R
(TGAGCGA) and ZIIIA (TGAGCCA). The Z(S186V) mu-
tant was particularly deficient in binding to these two sites.
Nonetheless, the Z(S186V) mutant bound well to several other
sites, including ZIIIB and AP-1 heptamer. All of the mutants
bound well to ZIIIB, AP-1, and ZRE-2. As previously re-
ported, the Z(S186A) mutant bound to the octamer site mark-
edly better than the wild type. The Z(S186C) mutant also
bound to this site as efficiently as the wild type, but the other
mutants bound to the octamer site poorly. In summary, al-
though all of the mutants containing substitutions at S186

retained the capacity to bind DNA, the various substitutions
differentially affected their ability to interact with different
sites.

When the EMSAs were repeated with probes that contained
the ZREs in Rp (ZRE-R and ZIIIA) in the context of natu-
rally occurring flanking sequences, all mutants were reduced in
binding relative to wild-type ZEBRA. The G and V mutants
were most reduced in the capacity to bind DNA, and the
Z(S186A) mutant was affected least (data not shown).

Ability of ZEBRA and Z(S186) mutants to activate tran-
scription of reporter constructs containing viral early lytic
cycle promoters. We found that the Z(S186T) mutant, which
was reduced in its ability to disrupt latency (Fig. 1 and 5), was
also about twofold reduced in activity relative to the wild type
in activation of BMRF1p/CAT in transient assays in EBV-
negative BJAB cells (Fig. 4A). The activities of the C, G, and
V substitution mutants, which were unable to disrupt latency,
were only 1 to 3% of those of wild-type and Z(S186A), exam-
ined in parallel. Since Rp, the promoter of the BRLF1 gene, is
considered one of the most proximal targets of ZEBRA, the
panel of Z(S186) substitution mutants was studied for the
capacity to activate a CAT reporter bearing Rp (Fig. 4B). The
results were generally similar to those for assays using the
BMRF1 promoter; the S186A and S186T mutants were slightly
less active than the wild type, and the S186C and S186G mu-
tants were markedly reduced in activity. There was, however,
one notable exception: Z(S186V), a mutant that was inactive
on BMRF1p/CAT (Fig. 4A), was equivalent to wild-type
ZEBRA in its ability to activate Rp/CAT (Fig. 4B).

There was a discrepancy between the results from the in
vitro DNA binding assays and assays for transcriptional acti-
vation. The C, G, and V mutants, which were markedly im-
paired in their capacity to activate BMRF1 CAT in vivo, were

FIG. 2. Comparison of DNA binding by ZEBRA and Z(S186A) by competition EMSA. The oligonucleotide probe contained an AP-1 heptamer site (A) or the
ZRE-R site (B). In panel A, 1 U of ZEBRA and Z(S186A) was determined to be that amount of bacterial extract that contained an approximately equivalent amount
of immunoreactive ZEBRA or mutant protein; in panel B, the volume of cell extract required to achieve equivalent immunoreactivity is indicated. The binding of
ZEBRA and Z(S186A) was assessed alone or in the presence of increasing amounts of competitor ZD131 extract. The proportion of probe that was bound by each
protein was quantitated by phosphorimage analysis and is indicated below the gel.
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nonetheless able to bind to ZRE2 and AP-1 sites, the two
known ZEBRA binding sites in the BMRF1 promoter, effi-
ciently in vitro (Fig. 3B). The Z(S186V) mutant, which acti-
vated Rp/CAT as well as wild type in transient reporter assays
(Fig. 4B), showed negligible in vitro binding to the two
ZEBRA binding sites in Rp, ZIIIA and ZRE-R (Fig. 3B). The
S186C mutant, which activated Rp/CAT poorly, bound the two
sites in Rp more efficiently than did S186V, which activated
Rp/CAT well.

Ability of ZEBRA and Z(S186) mutants to synergize with
Rta to activate expression of reporter constructs containing
lytic cycle promoters. ZEBRA synergizes with Rta in activa-
tion of certain lytic cycle promoters such as Dp (divergent
promoter) that controls expression of BHRF1 and BHLF1
(12). In preliminary experiments we found that wild-type
ZEBRA, Z(S186A), and Z(S186T) demonstrated 5- to 20-fold
synergy with Rta on the reporter Dp/CAT (not shown). The G,
V, and C mutants had markedly diminished ability or were
unable to synergize with Rta.

Synergy between ZEBRA and Rta was also clearly evident
when Rp/CAT reporter constructs were used (Fig. 4B). Wild-
type ZEBRA stimulated Rp/CAT less than 20-fold in EBV-
negative BJAB cells and Rta stimulated the promoter less than
5-fold, yet the two activators together stimulated Rp/CAT
more than 100-fold. Thus, the level of synergy for wild-type
ZEBRA was about 4.8-fold. The Z(S186A) and Z(S186T) mu-
tants could synergize with Rta to the same extent as wild-type
ZEBRA. The Z(S186V) mutant manifest increased activity in
the presence of Rta. The level of synergy was only 1.5-fold in
the experiment illustrated but was 5-fold in additional experi-
ments (not shown). The Z(S186C) and Z(186G) mutants,
which manifested low activity on Rp by themselves, were un-
able to synergize with Rta.

FIG. 3. Comparison of DNA binding activities by ZEBRA and a group of
Z(S186) mutant proteins. (A) Bacterial lysates containing ZEBRA or Z(S186)
mutant proteins were examined by immunoblotting with rabbit antiserum to
ZEBRA. The level of expressed protein was quantitated by phosphorimagery
and adjusted so that all DNA binding reactions contained approximately equal
amounts of immunoreactive protein. (B) EMSAs of ZEBRA and Z(S186) mu-
tant proteins with duplex oligonucleotide probes harboring one of several known
ZEBRA binding sites labeled with polynucleotide kinase. Lane 6 contained
extract of bacterial cells transformed with the vector pET-11d; lane 7 contained
extract of E. coli BL21(DE3) cells alone. Only the portion of the gel containing
probe that was shifted by the protein is shown.

FIG. 4. Transcriptional activation of promoter/CAT reporters by ZEBRA
and a panel of Z(S186) mutants. (A) Activation of BMRF1p/CAT. BJAB cells
were transfected with 10 mg of BMRF1 promoter reporter plasmid and 10 mg of
wild-type (wt) or mutant BZLF1 expression plasmid. The wild type and mutants
are indicated by the amino acid present at position 186. The data represent the
mean and standard error of the mean of three separate transfections. Fold
activation is percent acetylation in the presence of BZLF1 or mutant expression
vector/percent acetylation in the presence of CMV vector alone. (B) Activation
of BRLF1p/CAT (Rp/CAT). BJAB cells were cotransfected with 10 mg of Rp/
CAT reporter and with a total of 10 mg of activator plasmid. The activator
consisted of 5 mg of BZLF1 or mutant expression vector plus 5 mg of vector alone
(CMV) (solid bars) or 5 mg of Rta (open bars). Transfection efficiency was
corrected by transfection of 1 mg of pGL2 Basic 1 HMP. Fold activation is
relative to the level with reporter together with 10 mg of CMV. Synergy index:
percent acetylation by ZEBRA or Z(S186) mutant in the presence of Rta/
percent acetylation by ZEBRA or mutant alone plus percent acetylation by Rta
alone.
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Transcriptional synergy between Z(S186A) and Rta on pro-
moters residing on the viral genome. The experiments using
transient transfection reporter assays showed that while the
Z(S186A) mutant was unable to induce expression of Rta, it
was nonetheless capable of synergy with Rta on at least two
promoters, Dp and Rp (Fig. 4B). Therefore we examined the
effect of supplying Rta in trans on the capacity of the Z(S186A)
mutant to activate transcription from the viral genome. The
Rta protein by itself weakly activated the BMRF1 and BaRF1
genes in Raji cells (not shown). Increasing the input level of
Rta expression plasmid to more than 10 mg did not increase the
extent of activation of these two lytic cycle genes, as measured
by the abundance of stable mRNA. The Z(S186A) mutant by
itself activated neither of these two genes. However, if
Z(S186A) was cotransfected with Rta, there was massive am-
plification of expression of the BMRF1 gene, as indicated by
the abundance of BMRF1 mRNA and by the level of immu-
noreactive EA-D protein. In contrast, BaRF1 gene expression
did not increase when Z(S186A) was introduced together with
Rta. These results indicated that Z(S186A) and Rta acted in
synergy on the BMRF1 promoter from the viral genome. The
BaRF1 promoter was maximally stimulated by Rta alone;
Z(S186A) did not synergize with Rta on this promoter.

Among the panel of Z(S186) mutants, only Z(S186A) and
Z(S186T) work in synergy with Rta in activating expression of
the BMRF1 gene from the intact viral genome. A panel of
seven Z(S186) mutants was tested for the capacity to activate
the BMRF1 gene in Raji cells in the absence or presence of
cotransfected Rta (Fig. 5 and data not shown). In the absence
of Rta, transfection of Raji cells with constructs expressing
wild-type ZEBRA or the Z(S186T) mutant resulted in in-
creased abundance of the 2.5-kb BMRF1 transcript (Fig. 5A,
lane 5). Expression of Rta by itself led to weak activation of
BMRF1 (lane 9). However, when Rta was coexpressed with
the Z(S186A) mutant, the level of BMRF1 mRNA expression
was markedly higher than the level induced by Rta alone (lane
11) even though the Z(S186A) mutant by itself failed to acti-
vate BMRF1 expression (lane 4). The level of activation of
BMRF1 was also increased by coexpression of the Z(S186T)
mutant and Rta (lane 12). The other mutants were unable by
themselves to activate BMRF1 expression and were not res-
cued by cotransfection of Rta. Rta by itself also induced the
appearance of the BaRF1 mRNA, the abundance of which was
unaffected by wild-type ZEBRA or any of the mutants, a find-
ing that emphasizes the primary role played by Rta in control
of the BaRF1 ribonucleotide reductase gene.

In the second half of this experiment, immunoblots were
probed for the expression of EA-D, the BMRF1 product, for
Rta, and for ZEBRA in order to determine if Rta rescued the
capacity of any of the mutants to activate the EA-D protein
(Fig. 5B). Only wild-type ZEBRA and the Z(S186T) mutant
induced expression of EA-D (lane 5). The level of EA-D ex-
pression stimulated by the T mutant was reduced, commensu-
rate with its reduced ability to activate BMRF1 mRNA (Fig.
5A). When Rta was supplied in trans, the amount of EA-D that
was expressed in the presence of the Z(S186A) mutant was
similar to the level expressed by wild-type ZEBRA and Rta,
even though Z(S186A) was unable to stimulate EA-D expres-
sion in the absence of Rta (compare lanes 11 and 4). The
amount of EA-D expressed following cotransfection of Rta
and Z(S186T) was also greater than that after cotransfection
with Z(S186T) alone (compare lane 12 with lane 5). Cotrans-
fection of Rta with each of the Z(S186C), Z(S186G), and
Z(S186V) mutants did not restore their ability to induce EA-D
expression.

The experiment illustrated in Fig. 5 demonstrated that the

Z(S186A) and Z(S186T) mutants could synergize with Rta in
inducing BMRF1 gene expression from the latent virus, while
mutants with substitutions of G, C, and V at position 186 were
unable to synergize with Rta. In related experiments (not
shown), we found that mutants with substitutions of aa 186
with glutamate and aspartate were also unable to synergize
with Rta.

DISCUSSION

Serine 186 of ZEBRA is critical for at least two distinct
functions of the ZEBRA protein, namely, its ability to activate
expression of the most proximal downstream viral target gene,
BRLF1, and its capacity to synergize with the BRLF1 product,
Rta, in activation of certain early kinetic class genes such as
BMRF1.

Classification of the mutants. Side chain substitutions define
three phenotypic classes of mutants with different capacities to
activate Rp and to synergize with Rta on the viral genome (Fig.
6). One class, represented by Z(S186T), is similar to wild-type
ZEBRA though diminished in the ability to activate Rta ex-
pression and downstream lytic cycle genes from the latent EBV
genome (Fig. 1 and 5). If Rta is provided in trans, the defect in
the capacity of Z(S186T) to activate BMRF1 is overcome.
Another class, represented by Z(S186A), is unable to activate
BRLF1 expression but appears fully competent to activate
BMRF1 if Rta is provided in trans. The third class, represented
by the G, V, C, D, and E substitutions at position S186, is
unable to activate BRLF1 or BMRF1 from the viral genome,
and this defect is not remedied by supplying Rta. Thus, all of
the mutants except Z(S186T) are defective in activation of
BRLF1; the C, G, V, D and E mutants are additionally defec-
tive in synergy with Rta.

If one considers the behavior of the mutants in activating the
BMRF1 and BRLF1 promoters linked to CAT in transient
transfection assays in EBV-negative cells in the absence and
presence of Rta (Fig. 4), a somewhat different classification
arises. In transient transfection reporter assays, the mutants
Z(S186A) and Z(S186T) behave more or less like wild-type
ZEBRA and are fully competent to engage in synergy with
Rta. Mutants with C or G substitutions are poor activators,
either on Rp/CAT or on BMRF1p/CAT; this low activity is not
overcome by providing Rta. The Z(S186V) mutant exemplifies
a special case: while it is unable to activate BMRF1p/CAT, it
does activate Rp/CAT and can synergize with Rta on this
reporter.

Thus, this group of mutants illustrate that the amino acid
side chain substitutions at position 186 discriminate between
target templates that are present in the chromatinized latent
viral genome and the presumably un- or underchromatinized
targets present on plasmids in transient transfection assays.
Three of the five mutants are concordant in their behavior on
the two types of templates: the T substitution mutant is active,
and the C and G substitution mutants are inactive or markedly
impaired in both assays. Two of the mutants are discordant in
their behavior on the two templates: both Z(S186A) and
Z(S186V) can activate transcription in reporter assays, but
neither by itself induces expression of viral genes in the context
of the viral genome.

Abnormalities in binding to DNA. The most appealing ex-
planation to account for this panoply of phenotypes would be
that the mutants display distinct abnormalities in binding to
DNA. However, in general there was poor correlation between
in vitro DNA binding assays and the capacity of the mutants to
activate transcription in cells. All of the mutants were impaired
relative to the wild type in the ability to bind to the two sites,
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ZIIIA and ZRE-R, present in Rp, whether examined in the
context of identical flanking sequences or naturally occurring
flanking sequences. But this decrease in binding to ZREs in Rp
did not account for the behavior of the mutants in the activa-
tion of transcription from Rp. For example, the Z(S186A) and
Z(S186C) mutants bound ZIIIA and ZRE-R with approxi-
mately equal affinities, yet the two mutants were distinctly
different in the ability to activate Rp/CAT. Furthermore, the
Z(S186V) mutant, which was most impaired in binding to the
two ZRE sites in Rp, was nonetheless able to activate Rp/CAT
to a higher level than mutants such as Z(S186G) that bound
these sites efficiently. As a further example, all mutants bound

with similar affinities to ZRE-2 and AP-1 (heptamer), the two
sites in the BMRF1 promoter, yet the mutants differed mark-
edly in the ability to activate BMRF1p/CAT.

Several possibilities could account for the discordance be-
tween DNA binding and transcriptional activation. One poten-
tial defect might lie in cooperative binding to DNA. Positive
control mutants in the basic region of MyoD, which bound
DNA but lost the capacity to activate transcription, were found
to lose the ability to bind DNA in a cooperative fashion (5). It
was suggested that such mutants failed to undergo upon bind-
ing to DNA conformational changes that allowed them to bind
cooperatively. Further in vitro studies using purified ZEBRA

FIG. 5. Capacity of Rta to rescue BMRF1 expression following cotransfection with various Z(S186) mutants. Raji cells were chemically treated (lane 1) or
transfected with 10 mg of pRTS, the expression vector for Rta (lanes 2 and 9), or with wild-type or Z(S186) mutant expression plasmids (lanes 3 to 8 and 10 to 15).
In lanes 2 to 10, the cells received an additional 10 mg of empty vector pRTS; in lanes 9 to 15, the cells received pRTS/Rta. For the Northern blot shown in panel A,
cells were harvested 46 h after transfection; for the immunoblot in panel B, cells were harvested 48 h after transfection. T/B, tetradecanoylphorbol acetate/n-butyrate.
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mutant proteins would be required to determine whether the
S186 mutants display differences in cooperative DNA binding.
Alternatively, the mutations may affect the way ZEBRA makes
protein-protein interactions that are required for transcrip-
tional activation. Although the two EBV promoters studied in
detail, the BMRF1 promoter and Rp, contain ZREs, it is
nonetheless possible that they are activated by indirect mech-
anisms that require protein-protein interactions that are af-
fected by mutations at Z(S186). We have experimentally ex-
cluded the explanations that the Z(S186) mutants do not
activate transcription because they fail to find their way to the
nucleus (not shown) or that the proteins are not expressed
(Fig. 1 and 5).

Possible role of phosphorylation of Z(S186). Our experi-
ments implicate phosphorylation of serine 186 as essential for
the ability of ZEBRA to activate expression of BRLF1 from
the intact viral genome (Fig. 6A). However, since Z(S186A),
which could not be phosphorylated at this position, is compe-
tent to synergize with Rta, phosphorylation is not needed for
synergy (Fig. 6B). The single mutant that resembles wild-type
ZEBRA in its capacity to activate BRLF1 is Z(S186T). A
serine-threonine kinase would phosphorylate Z(S186T). More-
over, mutants that substitute acidic residues, glutamate and
aspartate, for serine 186 are still unable to activate the lytic
cycle, as assessed by the expression of Rta and EA-D (data not
shown). Therefore, negative charge at position 186, alone, is
not sufficient for activation of BRLF1.

ZEBRA is phosphorylated at multiple sites in vivo (13).
Serine at position 186 of ZEBRA fits a consensus for a site that
can be phosphorylated by PKC (44), and we have found that
bacterially expressed ZEBRA can be phosphorylated in vitro
by PKC (18a). Baumann et al. have recently shown that
ZEBRA but not Z(S186A) can be phosphorylated in vitro by
PKCa (4). Baumann et al. find that tetradecanoyl phorbol
acetate treatment of 293 cells causes additional phosphoryla-
tion of wild-type ZEBRA but not Z(S186A). Thus, position

186 likely functions as a substrate for PKC-mediated phos-
phorylation in vivo.

What might be the function of phosphorylation of S186? It
is not absolutely required for transcriptional activation, since
Z(S186A) can efficiently activate transcription from reporters
bearing the BMRF1 and BRLF1 promoters (Fig. 4). However,
this requirement for phosphorylation might be specific for cer-
tain promoters in some cell backgrounds, since Baumann et al.
show that tetradecanoyl phorbol acetate treatment markedly
enhances the ability of ZEBRA to activate the BHRF1 pro-
moter in EBV-negative BL41 cells (4). In our view, a likely
biologic function of phosphorylation of ZEBRA at position
S186 would be to enhance its interaction with a coactivator that
is required for the activation of the BRLF1 gene in the context
of the viral genome (Fig. 6A).

A candidate coactivator that might interact with ZEBRA is
the CREB binding protein known as CBP/p300 (9). CBP/p300
has been found to interact with many different transcriptional
activators (27). CBP/p300 not only provides a bridge to the
general transcription machinery but also has histone acetylase
activity that may modify chromatin to a transcriptionally active
state (7, 31). Interactions of transcription factors such as
CREB (35), c-Jun (2), and NF-kB p65 (46) with CBP are
modulated by phosphorylation and dephosphorylation. Often
phosphorylation is required for the association of the tran-
scription factor with CBP. An attractive hypothesis is that
phosphorylation of ZEBRA at S186 allows the protein to form
a stable interaction with CBP and thus allows ZEBRA to
activate gene expression from a chromatinized latent EBV
genome. Alternatively, phosphorylation of ZEBRA at S186
may allow interaction with a component of the general tran-
scription apparatus that is needed for activation of BRLF1
from a chromatinized viral genome but not from a transfected
plasmid.
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