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BZLF1 is a member of the extended AP-1 family of transcription factors which binds to specific BZLF1 se-
quence motifs within early Epstein-Barr virus (EBV) promoters and to closely related AP-1 motifs. BZLF1’s
activity is regulated at the transcriptional level as well as through protein interactions and posttranslational
modifications. Phorbol esters or immunoglobulin cross-linking both reactivate EBV from latently infected B
cells via transactivation of BZLF1. We report here that the phorbol ester 12-O-tetradecanoylphorbol-13-acetate
(TPA) is capable of inducing BZLF1’s activity even further. The induction occurs at the posttranscriptional lev-
el and depends on a single serine residue located in the DNA binding domain of BZLF1. This serine residue (S186)
is phosphorylated by protein kinase C in vitro and in vivo after stimulation with TPA. Phosphorylation of S186
per se interferes with the DNA binding affinity of BZLF1 in vitro but is mandatory for TPA-induced increase
in DNA binding of BZLF1, as shown in gel retardation assays and reconstruction experiments with cellular ex-
tracts. In transcriptional reporter assays, S186 is essential for the activation of BZLF1 by TPA. Presumably,
a yet-to-be-identified cellular factor restores the DNA binding affinity and enhances the transcriptional activity
of S186-phosphorylated BZLF1, which is required to induce the lytic phase of EBV’s life cycle.

A critical aspect in the life cycle of all herpesviruses is the
decision between maintenance and disruption of viral latency.
Epstein-Barr virus (EBV), for example, is a human herpesvirus
which infects B cells in vivo and in vitro to establish a latent
infection (for a review, see reference 38). In these latently in-
fected cells, the induction of the lytic phase of EBV’s life cycle
can be achieved by compounds such as 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) or cross-linking of surface immuno-
globulin (62, 69). These agents activate expression of the viral
immediate-early protein BZLF1, also termed EB1, Zta, Z, or
ZEBRA (10, 38 [and references therein], 45, 61, 63). Convers-
ly, BZLF1 is repressed in EBV’s latent phase to prevent the
onset of the lytic phase and the eventual death of the host cell.

BZLF1 is a sequence-specific DNA binding protein related
to the bZip family of transcription factors which transactivates
several early, lytic-phase viral promoters via cis-acting ZRE
(for Zta responsive element) DNA binding motifs (66). BZLF1
contains a carboxy-terminal domain (see Fig. 1A, upper part)
that mediates homodimerization through a coiled-coil interac-
tion (9, 42) and a basic region which shares sequence homology
with the DNA binding domain of members of the AP-1 family
of transcription factors (18, 66). Hence, BZLF1 binds to TRE
(for TPA responsive element) or AP-1 sequence motifs with
high affinity (18, 46). The amino-terminal domain of BZLF1

plays a role in transcriptional activation (11, 12, 22) and is also
directly involved in the activation of the EBV lytic origin of
DNA replication, oriLyt (2, 56–58).

Suppression of BZLF1 is critical in order to sustain the la-
tent phase of EBV’s life cycle, but specific stimuli relieve
suppression under certain conditions to allow the transition
to EBV’s lytic phase. Therefore, BZLF1 expression is not de-
tectable in latently infected B cells, but the BZLF1 promot-
er region contains several TPA-responsive binding motifs for
transcription factors like ATFa, ATF1, ATF2, and c-Jun (67),
as well as ZRE sites which trigger BZLF1’s expression via a
positive feedback mechanism (14, 20). As a consequence, stimu-
li which are capable of inducing AP-1 activity are potent induc-
ers of BZLF1 expression (6). Besides transcriptional control,
BZLF1’s activity is regulated by protein-protein interactions
(24, 32, 36, 37, 60, 68) and phosphorylation (13, 41, 55).

Phosphorylation is a fundamental regulatory modification of
cellular and viral transcription factors, altering their affinity for
DNA binding or transcriptional activities (for a review, see
reference 30). For instance, the regulation of c-Jun, the para-
digmatic member of the AP-1 family, has been found to be
mediated by two distinct phosphorylation events. Phosphory-
lation of two serine residues located in the N-terminal tran-
scription activation domain by Jun N-terminal kinase (JNK) in
response to various stimuli, such as TPA, UV radiation, or
intracellular signal transducers, leads to enhanced transcrip-
tional activity of c-Jun (5, 16, 53). On the other hand, phos-
phorylation of c-Jun at sites next to its DNA binding domain
decreases DNA binding affinity, while dephosphorylation of
one of these sites results in increased DNA binding (7). These
phosphorylations regulate each other, since phosphorylation of
the c-Jun N-terminal transactivation domain by JNK/stress-
activated protein kinase seems to alter the accessibility of the
carboxy-terminal sites to phosphatases and kinases (50). Sim-
ilarly, BZLF1 is phosphorylated close to its basic DNA binding
domain by casein kinase II in vitro, which affects the affinity of
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BZLF1 binding (41). BZLF1 is also found phosphorylated in
vivo, but the relevance of this finding is not clear (13). In
addition, a consensus phosphorylation motif for protein kinase
C (PKC) has been proposed within the DNA binding domain
of BZLF1 at serine amino acid residue 186, which was found
to be critical for the full biological activity of BZLF1 (23).

Besides regulation of DNA binding, phosphorylation can
affect complex formation of proteins to direct their activation
potential. The interaction of the cyclic AMP responsive factor
CREB with the coactivator CREB-binding protein (CBP), for
example, requires the phosphorylation of CREB at a serine resi-
due located in the CBP-binding domain (51). This recruitment
is critical for targeted gene induction in response to cyclic AMP.
Therefore, like the src homology 2 domains which bind phos-
photyrosine-containing peptides, signal transduction through
serine/threonine kinase pathways may also require protein in-
teraction motifs which are capable of recognizing phosphory-
lated amino acids.

PKC is a serine/threonine protein kinase which is directly
activated by phorbol esters like TPA (for a review, see refer-
ence 49). PKC isozymes are crucially implicated in signal trans-
duction cascades following a variety of different stimuli altering
cellular functions and proliferation. In vitro, a large number of
proteins have been shown to be phosphorylated by the differ-
ent isoforms of PKC. Only a few proteins have been demon-
strated to be physiological substrates for PKC by in vivo studies
(for a review, see reference 27), e.g., MARCKS (for myristo-
ylated alanine-rich C kinase substrate) (for a review, see ref-
erence 1), cytoskeletal protein receptors (31), and intracellular
transducers such as Raf-1 (39) and p53 (64).

Being interested in the functional characterization of BZLF1,
we noticed that its transcriptional activity can be augmented by
TPA. We therefore addressed the hypothesis of whether BZLF1
could be a substrate for a TPA-activated kinase and whether this
putative relationship has any functional significance. In this pa-
per, we provide genetic, biochemical, and biological evidence
that the complete activation of BZLF1 is dependent on phos-
phorylation of S186, which might be influential for the recruit-
ment of a cooperating cellular factor.

MATERIALS AND METHODS

Plasmids for protein expression in Escherichia coli. All proteins were ex-
pressed in E. coli DH5a (29) as glutathione S-transferase (GST) fusions in
pGEX-1lT (Pharmacia). The BZLF1-encoding cDNA sequence was derived
from EBV strain B95.8 (4, 10). Full-length BZLF1 cDNA (amino acids [aa] 1 to
245) was inserted into the BamHI/EcoRI-cut pGEX-1lT plasmid to provide a
thrombin cleavage site between the two protein domains. This recombinant plas-
mid was termed pGST:BZLF1-wt. pGST:BZLF1-T159A, pGST:BZLF1-S186A,
pGST:BZLF1-T159A/S186A, and pGST:BZLF1-S186D, expressing different sub-
stitution mutants of BZLF1, were generated by site-directed mutagenesis in the
pBluescript II SK(2) vector (Stratagene). The coding parts of all plasmids which
were used to express BZLF1 and its mutants were subjected to sequence analysis.

Recombinant eukaryotic plasmids. The reporter plasmids pBHRF1-Luc and
pBHLF1-Luc were constructed as described previously (57, 59). p4xZRE5tk-Luc
is a reporter plasmid containing four copies of the ZRE5 binding site, which was
multimerized by ligation of synthetic oligonucleotides (described below). The
multimeric binding site of ZRE5 was inserted upstream and in close proximity to
a minimal thymidine kinase promoter from herpes simplex virus type 1 fused to
the luciferase reporter gene. Plasmid pCMV-BZLF1-wt is an expression vector
which efficiently induces the lytic phase of EBV’s life cycle. The BZLF1 gene is
driven in this retroviral vector construct by the promoter of the immediate-early
genes of the human cytomegalovirus, as described previously (28). The BZLF1
chimeric transcription factor plasmid pCMV-BZLF1(trans):E2 was cloned as
reported in detail previously (57). pCMV-BZLF1(trans):E2 consists of the tran-
scriptional activation domain of BZLF1 (aa 1 to 169) fused to the DNA binding
and dimerization domain (aa 281 to 410) of the bovine papillomavirus E2
transcription and replication factor. Other recombinant or native transcription
factors expressed from various vector plasmids [pCMV-c-jun(trans):E2 and
pCMV-E2-TR] were generous gifts from Paul Lambert (44). Plasmid pLPV-
BZLF1-wt expresses a cDNA of the BZLF1 gene from the promoter of the early
genes of the lymphotropic papovavirus (52). BZLF1 substitution mutants were

generated by site-directed mutagenesis, as described above, and the correspond-
ing plasmids were designated pCMV-BZLF1-S186A, pLPV-BZLF1-S186A,
pLPV-BZLF1-S186D, and pLPV-BZLF1-S186E.

Bacterial protein synthesis and purification. E. coli DH5a strains transformed
with expression plasmids for GST-BZLF1 variants were grown in 400 ml of
Luria-Bertani medium to an optical density at 600 nm of 0.5 and induced for 1 h
with 2 mM IPTG (isopropyl-b-D-thiogalactopyranoside) at 37°C. Cells were
harvested and the bacterial pellet was resuspended in 5 ml of cold lysis buffer (13
Tris-EDTA, 1% Triton X-100, and the following protease inhibitors: 0.5 mg of
leupeptin per ml, 1 mg of pepstatin per ml, 1 mM phenylmethylsulfonyl fluoride,
50 mM benzamidin, 1 mM pefabloc, and 0.5 mg of aprotinin per ml) and sonified
for 10 min. After ultracentrifugation at 45,000 rpm for 1 h, the cleared extracts
were bound to Sepharose beads coupled with glutathione (Pharmacia). BZLF1
was released by enzymatic cleavage with 1 U of thrombin (Sigma) for 30 min
from its fusion with GST. Proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie staining. Pro-
tein content was determined by standard procedures.

Transient transcription assays. Human embryonic kidney 293 cells and the
EBV-negative Burkitt lymphoma cell line BL41 were grown in RPMI 1640 me-
dium supplemented with 10% fetal calf serum. BL41 cells (5 3 106 per DNA
transfection) were transfected by electroporation with 5 mg of reporter plasmid
(pBHRF1-Luc, pBHLF1-Luc, p7xE2-BHRF1-Luc, or p4xZRE5tk-Luc) together
with 2 mg of activator plasmid [pCMV-BZLF1-wt or pCMV-BZLF1-S186A; pLPV-
BZLF1-wt, pLPV-BZLF1-S186A, pLPV-BZLF1-S186D, or pLPV-BZLF1-S186E;
or pCMV-c-Jun(trans):E2, pCMV-BZLF1(trans):E2, or pCMV-E2-TR]. The
same amounts of plasmid DNAs were used to transfect 5 3 106 293 cells per
DNA transfection with Lipofectamine (Gibco BRL Life Technologies). Eight
hours after transfection, cells were treated with 100 ng of TPA per ml and/or
1 mmol of PKC inhibitor GF109203X (Biomol) per liter for 12 h. The luciferase
activity was measured in cell extracts, as described in detail previously (59). All
reactions were performed at least in quadruplicate.

Transient replication assay. The cell line D98HR1 was derived from a somatic
cell hybrid between the EBV genome-positive Burkitt’s lymphoma cell line
P3HR1 and the human epithelial cell line D98 (25). This adherent cell line
contains ;20 copies of the EBV genome (data not shown) and was maintained
in Dulbecco’s Eagle’s medium containing 5% fetal and 5% newborn calf serum.
Ten micrograms of the oriLyt plasmid p526 were cotransfected with 5 mg of
either pCMV-BZLF1-wt or pCMV-BZLF1-S186A by electroporation. Plasmid
p526 has been described previously (28). The concomitant introduction of
pCMV-BZLF1 efficiently induces the lytic cycle of EBV. Two days after co-
transfection, DNA was prepared, input plasmid DNA was digested with BamHI
and DpnI to eliminate methylated prokaryotic DNA, and the efficiency with
which p526 replicated was quantitated according to specific signals detected after
Southern blot hybridization and autoradiography by standard procedures.

Nuclear extraction. 293 cells were transfected with 2 mg of plasmid pCMV-
BZLF1-wt or pCMV-BZLF1-S186A as described above or mock transfected and
then treated with TPA (100 ng/ml) for various periods up to 1 h. The cells were
harvested immediately and resuspended in 300 ml of hypotonic buffer A (10 mM
HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 1.5 mM MgCl2, 0.5 mM dithio-
threitol [DTT], protease inhibitors [see above], and the phosphatase inhibitors
b-glycerolphosphate, NaF, pyrophosphate, molybdate, orthovanadate, and oca-
daic acid at 1 mM each) and incubated on ice for 30 min. Permeabilized nuclei
were recovered by brief centrifugation, and the crude nuclear pellet was resus-
pended in 200 ml of hypertonic buffer B (20 mM HEPES [pH 7.9], 0.4 M NaCl,
0.1 mM EDTA, 1.5 mM MgCl2, 0.5 mM DTT, 25% glycerol, and protease and
phosphatase inhibitors as described above) followed by incubation on ice for 30
min. After centrifugation, the supernatant was used for gel retardation assays
and for immunoblot analysis with the anti-BZLF1 monoclonal antibody Z130
(48) (see below).

Gel retardation assays. Gel shift experiments were performed with bacterially
expressed BZLF1 as well as with nuclear extracts from cells transfected with
BZLF1 expression plasmids. The different protein preparations were mixed with
32P-labeled oligonucleotides (20,000 dpm per sample) containing an AP-1 site or
different ZRE sites in a 25-ml solution of 10 mM HEPES (pH 7.9), 10% (vol/vol)
glycerol, 60 mM KCl, 0.1 mM EDTA, 0.25 mM DTT, and 2 mg of poly(dI-dC).
The DNA probes were labeled with T4 polynucleotide kinase. Binding reactions
were carried out at room temperature for 30 min in the presence or absence of
the anti-BZLF1 monoclonal antibody Z125 (48) and separated on a 7.5% poly-
acrylamide gel (20:1 acrylamide-bisacrylamide) in 0.23 TBE (13 TBE is 90 mM
Tris, 64.6 mM boric acid, and 2.5 mM EDTA [pH 8.3]). The gels were dried and
exposed to Kodak XAR-5 film. The following oligonucleotides were used for gel
shift experiments (binding sites are underlined): AP-1, 59-TCGAAGCTATGA
CTCATCCGGTCGA-39 (54); ZRE2/7, 59-CTAGCTCACCTTGAGCAATTTG
GTCTAGAA-39 (9); ZRE3A, 59-CTAGCTATGCATGAGCCACAGATC-39
(65); and ZRE5, 59-CTAGATGTCACCTTTGCACATTTGGTCAG-39 (46).

Western blot analysis. Aliquots of the various protein samples were boiled in
Laemmli buffer, subjected to SDS-PAGE on 15% polyacrylamide gels, and elec-
trotransferred onto nitrocellulose membranes. BZLF1 was detected by Western
blotting with monoclonal antibodies which recognize an epitope between aa 59
and 93 (Z125) or an epitope between aa 177 and 196 (Z130) of BZLF1 (48), a
horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (Pro-
mega), and ECL detection reagent (Amersham).
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In vitro phosphorylation. Purified BZLF1 was phosphorylated in a reaction
mixture (15 ml) containing kinase buffer (25 mM Tris-HCl [pH 7.5], 1.32 mM
CaCl2, 5 mM MgCl2, 1 mM EDTA, 1.25 mM EGTA, and 1 mM DTT) supple-
mented with 10 nM TPA, 5 mg of phosphatidylserine per ml, 5 mM ATP, and 0.5
mCi of [g-32P]ATP. Reaction mixtures were incubated at room temperature with
purified PKC for 15 min. Products were subsequently separated by electrophore-
sis in SDS–15% polyacrylamide gels and visualized by autoradiography.

In vivo labeling. 293 cells were transfected with 10 mg of pCMV-BZLF1-wt or
pCMV-BZLF1-S186A, as described above. Twelve hours after transfection, 293
cell cultures (in 90-mm dishes) were rinsed twice with phosphate-buffered saline
and incubated in 5 ml of phosphate-free Dulbecco’s modified Eagle’s medium
(Sigma) for 3 h. [32P]orthophosphate (2.5 mCi) (Amersham) was then added.
After a 4-h labeling period (the last hour in the presence or absence of TPA [100
ng/ml]), the cells were washed twice with ice-cold phosphate-buffered saline and
labeled proteins were immunoprecipitated from cell lysates with the Z130 mono-
clonal antibody directed against BZLF1 coupled to protein G-Sepharose (Phar-
macia). Bound proteins were eluted by boiling in Laemmli buffer and were
analyzed by SDS-PAGE. The SDS-polyacrylamide gel was blotted onto a nitro-
cellulose membrane, and the labeled proteins were detected by autoradiography
(data not shown). The amount of immunoprecipitated BZLF1 was evaluated by
immunodetection with biotinylated Z125 (data not shown).

Mass spectrometry. Mass spectrometry analysis was performed on an ABI
Micropurification System 173 connected to a Perkin-Elmer API 100 quadrupole
mass spectrometer and a Berthold radioactivity detector. BZLF1 was phosphor-
ylated and digested as described below. Tryptic peptides from 5 mg of BZLF1
were loaded onto an ABI 100- by 0.3-mm reversed-phase (C18) column. A gra-
dient of 0 to 35% acetonitrile in 100 min, and subsequently of 35 to 70% in 20
min, was run at 5 ml/min. Masses were determined in 0.1-atomic mass unit steps
over an m/z range of 500 to 1,500, with an orifice voltage of 20 V.

Phosphopeptide mapping. BZLF1 was radiolabeled in vivo, immunoprecipi-
tated, and subjected to SDS-PAGE, as described above. After autoradiography,
the BZLF1 band was excised from the corresponding area of the gel, washed
extensively with water, and digested to completion with trypsin in 50 mM NH4
HCO3 at 37°C overnight. After trypsin treatment, the released peptides were sub-
jected to lyophilization, resuspended in water, and applied to high-performance
liquid chromatography or thin-layer cellulose sheets for two-dimensional peptide
mapping. Separation of the labeled phosphopeptides was performed in the
horizontal dimension by electrophoresis at pH 1.9 for 20 min at 1,000 V and in
the vertical dimension by ascending chromatography. The same peptide mapping
procedures were utilized for recombinant BZLF1 phosphorylated in vitro by
PKCa, as described above.

Induction of GFP-tagged EBV and titer determination. A fully recombinant
EBV genome has recently been established; it carries the gene for green fluo-
rescent protein (GFP) under control of the human cytomegalovirus immediate-
early promoter/enhancer. Virus production was induced by transfecting up to
1 mg of pCMV-BZLF1-wt into 293 cells which carry the recombinant EBV
genome in a latent fashion. Transfected 293 cells were kept in the presence of
1 mmol of PKC inhibitor GF109203X per liter (or dimethyl sulfoxide [DMSO]
only, as a negative control) for 4 days. Supernatants were harvested from these
293 cells and used to superinfect 5 3 104 Raji cells in a dose-dependent manner.
Raji cells, an EBV-positive Burkitt lymphoma cell line, were grown in RPMI
1640 medium supplemented with 10% fetal calf serum. The virus titers were
determined by analyzing the number of green Raji cells by UV light microscopy
or by fluorescence-activated cell sorter (FACS) analysis 4 days after infection, as
described in detail elsewhere (15).

RESULTS

Expression of BZLF1-responsive genes is stimulated by
TPA. The expression of BZLF1 in latently infected EBV-pos-
itive B cells activates as many early promoters as does treat-
ment of these cells with TPA (10). TPA induction of EBV early
promoters is generally explained by TPA-mediated upregula-
tion of the BZLF1 promoter Zp via its AP-1 responsive sites
(6, 14, 21, 40). Subsequently, the BZLF1 gene product trans-
activates its own promoter, as well as the promoters of a num-
ber of lytic genes, thereby initiating a cascade of viral gene
expression (6, 14, 19). Our initial observations indicated that
TPA might also be capable of modulating BZLF1’s transcrip-
tional activity independently of the induction of the BZLF1
gene.

The upstream regions of the divergently transcribed EBV
early genes BHRF1 and BHLF1 constitute BZLF1-responsive
promoters which colocalize with oriLyt, the lytic origin of DNA
replication of EBV (Fig. 1B) (28). In order to measure the TPA
inducibility of these BZLF1-responsive promoters, we replaced
the open reading frames of the BHRF1 and BHLF1 genes with

luciferase to measure the relative transcriptional activities en-
zymatically (59). To exclude effects due to induction of endog-
enous BZLF1, we chose the EBV-negative Burkitt lymphoma
cell line BL41 for these and most of the following experiments.

As shown in Fig. 2A, cotransfection of a BZLF1 expression
plasmid (pLPV-BZLF1-wt) with the reporter plasmid BHRF1-
Luc led to a 5- to 10-fold upregulation of the BHRF1 pro-
moter, which was dramatically stimulated by the addition of
TPA. TPA treatment in conjunction with the PKC inhibitor
GF109203X resulted in repression of the TPA effect, whereas
treatment of the cells with TPA and/or PKC inhibitor in the

FIG. 1. Trans- and cis-acting elements of the lytic cycle of EBV. (A) (Upper
part) The schematic modular structure of the functional domains in BZLF1 is
similar to that of other members of the AP-1 family. BZLF1 consists of a tran-
scriptional activation domain involved in DNA replication as well as in transcrip-
tional activation, a basic DNA binding domain, and a dimerization domain which
is responsible for homodimerization of BZLF1. (Lower part) Alignment of the
amino acid sequences of the basic DNA binding domains of human c-Jun and
BZLF1. Identical amino acids are indicated by vertical lines; double and single
points mark similar and less similar residues, respectively. Arrowheads indicate
amino acids in c-Jun that were shown to contact DNA bases (26). The serine at
aa 186 in BZLF1 differs from the highly conserved alanine (open arrowhead) found
at the equivalent position in the majority of bZip proteins. The amino acids se-
rine 186, arginine 187, and lysine 188 in BZLF1, which form a conserved PKC
motif, are highlighted. (B) Fine structure of oriLyt, with its cis-acting elements.
oriLyt is located in a divergently transcribed promoter region which is shown
schematically at the top. The flanking genes BHLF1 and BHRF1 are illustrated
on the left and right (hatched boxes) together with their promoters (black bars).
The open rectangles delineate the essential sequence elements which encompass
the minimal oriLyt (59). The shaded regions represent poorly defined regions
which function as auxiliary elements of oriLyt. An enlarged view of oriLyt is given
at the bottom of the figure, including known functional sequence elements which
are indicated by icons representing seven binding sites for BZLF1 (ZRE1 to
ZRE7), one cluster of binding sites for the viral enhancer factor R, and the
TATA and CCAAT boxes.
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absence of BZLF1 did not induce the BHRF1 reporter. Very
similar observations were made with the BHLF1 promoter
(Fig. 2A, lower panel) as well as in different cell lines, including
293 cells (see below).

To confirm that treatment with TPA or PKC inhibitor or the
combination of both had no effect on the levels of BZLF1
expressed from the transfected plasmid pLPV-BZLF1-wt, we
analyzed the cell lysates for BZLF1 protein by Western blot-
ting. No difference in the steady-state levels of BZLF1 was
detected (Fig. 2B and data not shown).

TPA-mediated activation of c-Jun is partly due to phosphor-
ylation of its activation domain by c-Jun N-terminal kinase (16,
35). Since BZLF1 shares some characteristics with c-Jun (18),
we asked whether TPA induction of BZLF1-responsive pro-
moters relied on a similar mechanism. For this purpose, chi-
meric transcription factors which consist of the DNA binding
domain of the bovine papillomavirus E2 protein fused to the
activation domain of c-Jun [c-Jun(trans):E2] (44) or BZLF1
[BZLF1(trans):E2] (57) were used. The TPA responsiveness of
these chimeras was analyzed with a BHRF1 luciferase reporter

construct in which all seven ZRE sites had been replaced by E2
binding sites (57) (Fig. 2C). Transcriptional activation of this
reporter plasmid depends on transcription factors which con-
tain the DNA binding domains of E2 (57).

As expected, the chimeric transcription factor c-Jun(trans):
E2 was induced by TPA about eightfold (Fig. 2C). In contrast,
TPA induction with BZLF1(trans):E2 was only about twofold.
This level of induction was also observed with the reporter
plasmid alone, with wild-type BZLF1 (which cannot bind to
the reporter construct, which lacks all binding sites for wild-
type BZLF1), or with the transcriptional repressor E2-TR.

Together, these data suggest that the induction of the BHRF1
promoter depends on (i) DNA binding of BZLF1 to cis-acting
ZRE sites and (ii) BZLF1’s carboxy-terminal basic and/or di-
merization domains but not on its N-terminal transactivation
domain.

EBV titer is influenced by PKC levels. Recently, we cloned
the complete 172-kbp genome of EBV strain B95.8 in E. coli
onto an F-factor-derived plasmid which also includes the genes
for hygromycin resistance and GFP as genetic and phenotypic

FIG. 2. TPA induces BZLF1-responsive gene expression. (A) BL41 cells were transiently transfected with the luciferase reporter plasmid pBHRF1-Luc (upper
panel) or pBHLF1-Luc (lower panel). Where indicated, the BZLF1 expression plasmid pLPV-BZLF1-wt was cotransfected. The cells were treated with either TPA,
the PKC inhibitor GF109203X, or a combination of both. Relative transcriptional activation was calculated on the basis of the luciferase activity in cells transfected
with the reporter plasmid and vector (left column), which was set to one. (B) Neither TPA nor PKC inhibitor affect steady-state protein levels of BZLF1. Aliquots of
the cell lysates which were analyzed in parallel for luciferase activity, as shown in panel A of this figure, were analyzed for the amount of BZLF1 by Western blotting.
(C) Transcriptional activation of the mutant reporter construct p7xE2-BHRF1-Luc. This plasmid is identical to the reporter plasmid pBHRF-1-Luc shown in panel A
of this figure, with the exception of the seven ZRE motifs which were replaced by seven E2 binding sites. Chimeric transcription factors [pCMV-c-Jun(trans):E2 and
pCMV-BZLF1(trans):E2] which consist of the transactivation domains of c-Jun and BZLF1, respectively, fused to the DNA binding domain E2 of bovine papillo-
mavirus were cotransfected with the reporter plasmid in comparison with pCMV-BZLF1-wt (which is unable to bind to the reporter plasmid) and a version of E2 itself
(pCMV-E2-TR). Cells were treated subsequently with TPA or were left untreated, as indicated. Relative transcriptional activation is based on the measured luciferase
activity in cells transfected only with the reporter plasmid (left column). TPA induction in cells transfected with the reporter plasmid alone led to an about twofold
increase in luciferase activity.
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markers, respectively. After transfection into 293 cells, the
B95.8–F-factor DNA molecules are maintained extrachromo-
somally under selection with hygromycin. Virus production can
be achieved by transfecting an expression vector encoding
BZLF1, and virus titers can be easily assessed by superinfec-
tion of Raji cells and visualization of GFP-positive cells (15).
Since growth factors present in the cell culture media provide
a low constitutive level of endogenous PKC activity, we spec-
ulated that PKC inhibitors might influence the efficiency of
lytic-phase induction in 293 cells carrying B95.8–F-factor ge-
nomes. The pCMV-BZLF1-wt expression plasmid was trans-
fected into these cells by Lipofectamine, and the cells were
kept either in the presence of the PKC inhibitor GF109203X

or in equivalent concentrations of its solvent DMSO only, for
4 days. Cell-free supernatants were used to infect Raji cells as
described in Materials and Methods, and GFP-positive cells
were counted in corresponding sets or analyzed by FACS 4
days following superinfection. As exemplified in Fig. 3, EBV
titers were reduced by a factor of five to six in supernatants
obtained from cells treated with the PKC inhibitor compared
to the negative control. The same tendency could be seen with
different multiplicities of infection of Raji cells (data not
shown), indicating that induction of EBV’s lytic phase and/or
virus maturation depend to some extent on endogenous PKC
levels within the cell which support virus production. Since the
protein levels of constitutively overexpressed BZLF1 were not

FIG. 3. A PKC inhibitor reduces the titer of EBV released from 293 cells. A fully recombinant EBV genome which carries the gene for GFP under control of the
human cytomegalovirus immediate-early promoter/enhancer was established in a latent fashion in the epitheloid cell line 293, as described previously (15). Virus
production was induced by transfecting pCMV-BZLF1-wt. Half of the transfected 293 cells were kept in the presence of the PKC inhibitor GF109203X or DMSO only,
as a negative control, for 4 days. Cell-free supernatants were harvested from these 293 cells and 1/10 each of virus supernatants was used to infect Raji cells. The virus
titers were determined by analyzing the number of green Raji cells by UV light microscopy, as shown in comparison to phase contrast micrographs. Supernatants which
were obtained from 293 cells treated with PKC inhibitor show lower EBV titers (factor of five to six) than cells treated with DMSO only, as a negative control.

VOL. 72, 1998 PHOSPHORYLATION OF BZLF1 8109



affected by PKC activation or inhibition (Fig. 2B), GF109203X
could influence the posttranscriptional modification of BZLF1,
mediated directly or indirectly by PKC.

Phosphorylation of BZLF1 by PKC in vitro. As TPA and the
PKC inhibitor GF109203X directly affect the enzymatic func-
tions of PKC, we asked whether BZLF1 could be a substrate
for PKC. As shown in Fig. 4A, bacterially expressed BZLF1
protein was readily phosphorylated by PKCa in vitro. In order
to map BZLF1’s phosphorylation sites, bacterially expressed
BZLF1 was incubated with [g-32P]ATP in the presence of
PKCa and analyzed by mass spectrometry after trypsin cleav-
age. We were able to identify two possible candidate sites for
PKC phosphorylation of BZLF1: a threonine residue at posi-
tion 159 (T159) and a serine residue at position 186 (S186),
both of which are part of a perfect PKC consensus motif (S/T-
R-K) (see Fig. 1A, lower part, for the S186 motif) (3). BZLF1
mutants with single-amino-acid substitutions were generated.
Both T159 and S186 were replaced by alanine (A), changing
the PKC consensus motif to the sequence A-R-K. Mutation of
the motif S186 (but not T159) led to a dramatic reduction of
phosphorylation (Fig. 4), indicating that S186 is the main tar-
get for PKC-dependent phosphorylation of BZLF1 in vitro.
PKCh, PKCd, and PKCz, which belong to the different cate-
gories of novel and atypical PKCs (34), each phosphorylated
BZLF1 to a similar extent (data not shown).

Phosphorylation of BZLF1 in vivo. Together with the trans-
activation assays (Fig. 2), our data suggested that BZLF1 might
be a target for phosphorylation by TPA-activated kinases, e.g.,
PKCs, in vivo. To address the phosphorylation status of BZLF1 in
vivo, we transfected 293 cells with either pCMV-BZLF1-wt or
pCMV-BZLF1-S186A. The cells were incubated with [32P]or-

thophosphate and treated with TPA for 1 h. BZLF1 was im-
munoprecipitated from the cell lysate, and precipitated pro-
teins were analyzed by SDS-PAGE prior to autoradiography in
parallel with immunodetection of BZLF1 (data not shown).
Following tryptic digestion and two-dimensional gel electro-
phoresis, phosphopeptide maps of immunoprecipitated BZLF1-
wt and BZLF1-S186A were compared with bacterially ex-
pressed and in vitro-phosphorylated BZLF1-wt (Fig. 5).

In vitro, two spots (x and y [Fig. 5A]) were detected, al-
though the tryptic digestion of BZLF1 should theoretically
yield only one peptide from aa 184 to 187. The detection of two
spots is most likely due to partial trypsin cleavage (8), since
trypsin usually cleaves C-terminally of an arginine residue or a
lysine residue and S186 is followed immediately by both amino
acids (Fig. 1A). As mentioned above, BZLF1-S186A was not
detectably phosphorylated in vitro, and therefore, no phospho-
peptides were detected (data not shown). As shown in Fig. 5B,
BZLF1-wt and BZLF1-S186A are constitutively phosphory-

FIG. 4. BZLF1 is phosphorylated by PKCa at serine 186 in vitro. (A) Auto-
radiography of in vitro-labeled BZLF1. BZLF1-wt and point mutants BZLF1-
T159A, BZLF1-S186A, and BZLF1-T159A/S186A were expressed as GST fusion
proteins in E. coli and phosphorylated in vitro by PKCa. Following separation on
an SDS gel, labeled proteins were analyzed by autoradiography. Only BZLF1-wt
and the BZLF1 mutant T159A were efficiently phosphorylated by PKCa in vitro.
(B) Coomassie stain of SDS gel from panel A of this figure. The amounts of the
different GST-BZLF1 fusion proteins were comparable, as verified by Coomassie
staining.

FIG. 5. Phosphopeptide mapping of BZLF1. (A) Bacterially expressed GST-
BZLF1-wt was phosphorylated by PKCa in vitro prior to SDS-PAGE. The
radiolabeled GST-BZLF1 band was identified by autoradiography, excised, and
subjected to tryptic digestion. The released peptides were separated by two-
dimensional electrophoresis and visualized by autoradiography. Two signals (x
and y), which correspond to two partially digested peptides which carry S186,
were detected. BZLF1-S186A failed to be phosphorylated by PKCa in vitro (Fig.
4) and consequently did not produce peptide spots (data not shown). (B) Two-
dimensional tryptic phosphopeptide mapping of BZLF1-wt and BZLF1-S186A
proteins from transiently transfected 293 cells which were metabolically labeled
with [32P]orthophosphate in vivo. The cells were left untreated or were incubated
with TPA for 1 h prior to harvest. BZLF1 was immunoprecipitated and run on
SDS-PAGE. The band was excised and subjected to tryptic digestion and two-
dimensional phosphopeptide chromatography. BZLF1 is constitutively phos-
phorylated, as indicated by five spots labeled a through e which can be seen in all
four panels. In addition, after TPA stimulation, BZLF1-wt but not BZLF1-
S186A revealed two additional signals, labeled x and y. These signals correspond
to the same spots seen with in vitro PKC-phosphorylated BZLF1, as shown in
panel A of this figure. Arrowheads indicate the positions where the peptide
samples were applied.
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lated in nonstimulated 293 cells (spots a to e), as has been
reported previously (13). Treatment with TPA induced two
additional phosphorylated peptides, designated x and y, in
BZLF1-wt, which revealed a migration pattern identical to the
phosphopeptides derived from BZLF1-wt phosphorylated in
vitro. Phosphopeptide mapping of BZLF1-S186A yielded no
additional spots after TPA treatment (Fig. 5B), indicating that
S186 is the target for phosphorylation in vivo, which might
involve TPA-activated PKC.

S186A abrogates TPA activation of BZLF1-responsive pro-
moters and TPA responsiveness. S186 is located in the DNA
binding domain of BZLF1, which raised some concerns regard-
ing whether its phosphorylation could be responsible for the
enhancement of BZLF1 functions by TPA. To scrutinize this
hypothesis, wild-type BZLF1 and the BZLF1-S186A mutant
carrying an alanine substitution at position 186 were analyzed

for the capacity to transactivate the BHRF1 luciferase reporter
construct pBHRF1-Luc in BL41 cells in the presence or ab-
sence of TPA. As shown in Fig. 6A (upper panel). BZLF1-
S186A expressed from the LPV promoter was slightly impaired
in transactivating the BHRF1 promoter, but its TPA inducibil-
ity was dramatically reduced. Similar results at a somewhat
lower level were obtained in the embryonic kidney cell line 293,
indicating that no B-cell-specific factor is necessarily involved
in this phenomenon (Fig. 6A, lower panel). In addition, two
BZLF1 point mutants carrying the acidic amino acid aspartic
acid (D) or glutamic acid (E) at position 186, BZLF1-S186D
and BZLF1-S186E, were tested. Neither of them caused mea-
surable transactivation (Fig. 6A, upper panel), indicating the
requirement for phosphorylation at this position, which cannot
be replaced by a negative charge. The BZLF1 mutant carrying
a threonine substitution at position 159 (BZLF1-T159A) ex-
hibited a phenotype comparable to that of BZLF1-wt, showing
that S186 is crucial in mediating the TPA response (data not
shown).

Since the BHRF1 promoter is structurally complex, we also
tested a minimal luciferase reporter plasmid containing four
multimerized ZRE5 sites upstream of the basal thymidine ki-
nase promoter (p4xZRE5tk-Luc). Up to fivefold transactiva-
tion and TPA inducibility were demonstrated with increasing
amounts of BZLF1-wt but not with BZLF1-S186A (Fig. 6B).

The expression of BZLF1 is sufficient to trigger activation of
the lytic cycle of EBV to induce DNA amplification from the
lytic origin of DNA replication, oriLyt (for a review, see refer-
ence 38). We therefore asked whether the mutation of serine
186 has any significance on BZLF1’s capacity to induce DNA
replication. oriLyt activation was measured in transient repli-
cation assays with the oriLyt plasmid p526, as described previ-
ously (28, 57, 59). Amplification of this plasmid is a direct
consequence of DNA replication during the lytic phase. Sub-
stitution of serine 186 by alanine in BZLF1 completely abol-
ished p526 amplification (data not shown), as has been con-
cluded recently (23).

Taken together, these results emphasize the importance of
serine 186 as a functional residue contributing to both tran-
scription and DNA replication. Yet these data raised the ques-
tion of whether phosphorylation of serine 186 primarily mod-
ulates the DNA binding affinity of BZLF1 for its different
DNA binding motifs.

Serine 186 is critical for TPA-induced enhanced DNA bind-
ing of BZLF1. Since S186 is located in the DNA binding do-
main of BZLF1, it was expected that mutation of this amino
acid would affect BZLF1’s DNA binding affinity. Interestingly,
S186 lies in a stretch of amino acids which is homologous to
other transcription factors of the AP-1-family, such as c-Jun,
c-Fos, and GCN4 (21). The crystal structure of c-Fos–c-Jun
heterodimers bound to DNA demonstrates that five amino
acids in the DNA binding domain contact DNA (26). Four
of these five amino acids are conserved between c-Jun and
BZLF1; they correspond to asparagine (N) 182, alanine (A)
185, cysteine (C) 189, and arginine (R) 190 in the DNA bind-
ing domain of BZLF1 (Fig. 1A, lower part). The fifth amino
acid, alanine in c-Fos–c-Jun, corresponds to S186 in BZLF1.
BZLF1-S186A, therefore, is identical to the core DNA bind-
ing domain of c-Jun, as has been noticed previously (40). In
gel retardation assays, we observed that bacterially expressed
BZLF1-S186A showed a slightly reduced relative binding af-
finity to some but not all BZLF1 binding sites. The formation
of DNA-protein complexes with BZLF1-S186A was weaker
with regard to ZRE3A and ZRE5 but as strong as BZLF1-wt
with regard to ZRE2/7 and AP-1 sites, which are both better

FIG. 6. Mutation of serine 186 reduces the activation of BZLF1-dependent
promoters and their TPA inducibility. (A) (Upper panel) BL41 cells were tran-
siently transfected with the luciferase reporter plasmid BHRF1-Luc and a con-
stitutive expression vector for either BZLF1-wt, BZLF1-S186A, BZLF1-S186D,
or BZLF1-S186E. After treatment with TPA for 12 h, the cells were harvested
and lysed, and luciferase activity was determined and compared with extracts
from untreated cells. The reporter activity is expressed as fold stimulation based
on relative light units in cells transfected with reporter plasmid and vector (left
column). BZLF1 mutants were expressed at levels similar to wild-type (wt)
BZLF1, as confirmed by Western blotting (data not shown). (Lower panel) The
same assay as described in the upper panel was repeated with 293 cells, yielding
comparable results. (B) Transient transfection of BL41 cells with the minimal
reporter construct 4xZRE5tk-Luc, containing four ZRE5 sites upstream of the
basal thymidine kinase promoter. The cells were cotransfected with increasing
amounts of pLPV-BZLF1-wt or pLPV-BZLF1-S186A with or without TPA treat-
ment, and the luciferase activities of the different cellular extracts were deter-
mined as in panel A.
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targets than ZRE3A and ZRE5 (Fig. 7A and data not shown)
(46).

To determine the influence of TPA on BZLF1’s DNA bind-
ing affinity in vivo, we performed gel retardation assays with nu-
clear extracts of 293 cells transiently transfected with pCMV-
BZLF1-wt and pCMV-BZLF1-S186A with or without TPA
treatment. In parallel, nuclear extracts were subjected to West-
ern blot analysis to ensure equal amounts of BZLF1 (Fig. 7C).
As shown in Fig. 7B, TPA treatment reproducibly enhanced
the DNA binding affinity of BZLF1-wt but not of BZLF1-
S186A, which exhibited a reduced DNA affinity similar to bac-
terially expressed BZLF1-S186A (Fig. 7A). These observations
suggested that TPA treatment improves the DNA binding af-
finity of BZLF1 and underscored the significance of residue
S186, which again proved to be critical for the TPA effect.

To confirm that the DNA-protein complexes actually con-
tained BZLF1, supershift assays with a BZLF1-specific anti-
body (Z125) (48) were performed. As expected, supershift com-

plexes revealed a higher DNA binding affinity for ZRE2/7 (Fig.
7B) as well as AP-1 sites (data not shown) with BZLF1-wt after
TPA treatment. Supershift complexes with BZLF1-S186A ex-
hibited no TPA response (data not shown). In competitive gel
shift analyses, DNA-protein complexes could be readily com-
peted with the respective unlabeled oligonucleotides in a con-
centration-dependent manner, indicating the specificity of DNA
recognition by BZLF1 (data not shown).

Putative recruitment of a cell factor upon BZLF1 phosphor-
ylation. Phosphorylation of amino acids which are integral parts
of DNA binding domains is inhibitory of DNA binding affinity
in general (30). Consequently, incorporation of a negatively
charged phosphate at S186 which, in analogy to c-Jun, might
contact DNA directly is likely to cause repulsion of DNA
molecules. To address this problem, we analyzed DNA binding
of recombinant purified BZLF1 which was phosphorylated in
vitro by PKCa up to 50% (data not shown). As expected, in
vitro phosphorylation decreased the efficiency of DNA-protein
complex formation considerably (Fig. 8; compare lanes 5 and 6
to lanes 1 and 2 and lanes e and f to lanes a and b).

In order to establish experimental conditions similar to those
in vivo, in vitro-phosphorylated BZLF1 was incubated with nu-
clear extracts from 293 cells prior to incubation with the la-
beled oligonucleotides in the presence of phosphatase in-
hibitors. This reconstruction experiment led to a reproducible
two- to threefold increase of the DNA binding affinity of only
phosphorylated BZLF1 (Fig. 8; compare lanes 5 and 6 to lanes
7 and 8 and lanes e and f to lanes g and h), which is about the
same magnitude seen with BZLF1-wt extracted from TPA-
treated 293 cells (Fig. 7B). No such effect was observed with
nonphosphorylated BZLF1 (Fig. 8; compare lanes 5 and 7 to
lanes 1 and 3 and lanes f and h to lanes b and d), suggesting the
feasible involvement of a putative cell factor in a phosphory-
lation-dependent manner. However, no evidence was obtained
in these experiments for any additional factor in the shift
complex which is recruited upon phosphorylation of S186.

FIG. 7. Role of S186 mutation and TPA treatment in DNA binding affinity of
BZLF1. (A) Gel retardation assay with bacterially expressed and purified BZLF1-wt
and BZLF1-S186A. Equal concentrations of BZLF1 protein were incubated with
labeled oligonucleotides with different ZRE or AP-1 motifs prior to electro-
phoresis. Each reaction sample was performed in duplicate with extracts from
different preparations. For unclear reasons, complexes with the ZRE1 oligonu-
cleotide were not detected. As a control, a GST fusion protein which lacks the
DNA binding domain of BZLF1 (GST-BZLF1D167-245) was used. (B) Gel
retardation assay with nuclear extracts of 293 cells transfected with BZLF1-wt
and BZLF1-S186A and treated or not with TPA for 1 h. Nuclear extracts were
incubated with labeled ZRE2/7 or ZRE5 oligonucleotides in the absence or
presence of the BZLF1-specific antibody Z125. (C) Immunodetection of BZLF1
in nuclear extracts of the transfected 293 cells used in panel B demonstrates
equal amounts of BZLF1 protein in the differently treated extracts.

FIG. 8. A putative cellular factor restores the DNA binding activity of BZLF1
phosphorylated in vitro. The relative binding affinity of bacterially expressed
BZLF1 for different oligonucleotides with either AP-1 (left panel) or ZRE2/7
(right panel) motifs was analyzed after in vitro phosphorylation of BZLF1 by
PKCa. The percentage of phosphate incorporation was about 50%, as deter-
mined with [32P]ATP (data not shown). Comparable amounts of nonphosphor-
ylated and phosphorylated BZLF1-wt were used in each case, as confirmed by
Western blotting (data not shown). Nuclear extracts prepared from mock-trans-
fected 293 cells were added prior to incubation with the appropriate oligonucle-
otide in the indicated samples. To demonstrate the presence of BZLF1 in the
protein-DNA complexes, a BZLF1-specific antibody (Z125) was added to yield
supershifted complexes. Numbers above and below the autoradiography signals
mark the relative enhancement of signal intensities in corresponding sample
pairs following incubation with mock-transfected nuclear extracts. Signal inten-
sities were quantified by a phosphorimager.
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DISCUSSION

Our findings suggest that phorbol esters induce the post-
translational phosphorylation of BZLF1 to further activate na-
tive and artificial BZLF1-responsive promoters. Transcription-
al activation assays with mutant and chimeric BZLF1 point to
the serine residue at position 186 in BZLF1’s basic domain.
Our data argue for the phosphorylation of S186 in response to
TPA treatment, leading to enhanced DNA binding and tran-
scriptional activity of the BZLF1 protein, while other mecha-
nisms could be excluded (e.g., increased nuclear translocation
of BZLF1 after TPA treatment [data not shown]).

The identification of S186 as the target for PKC in vitro (Fig.
4) and in vivo after TPA stimulation (Fig. 5) suggests that PKC
might be the kinase phosphorylating BZLF1, since S186 is
located within a conserved PKC phosphorylation motif (Fig.
1A). The phenotype of the BZLF1-S186A mutant is charac-
terized by a marked reduction of the TPA effect on BZLF1-
responsive promoters (Fig. 6), an effect which is comparable to
that of a PKC inhibitor (Fig. 2A). Therefore, the most straight-
forward explanation for this finding involves PKC phosphory-
lating S186 in order to activate BZLF1 in a rapid response to
TPA or related stimuli. The finding that virus titers depend on
endogenous PKC levels is in line with this assumption.

Our data contradict those by Daibata and coworkers (13).
They suggest a TPA-induced dephosphorylation and, after
treatment with a PKC inhibitor, an enhanced phosphorylation
of BZLF1. Although these discrepancies could be the result of
cell-specific differences or experimental setup variations, we
also noticed intensity changes in phosphopeptide spots a to e
between mutant and wild-type BZLF1 (Fig. 5). Thus, we can-
not rule out the possibility that phosphorylation of S186 has
consequences for other phosphoacceptor residues in BZLF1 as
well. It will be interesting to determine if S186 or S173 (41) is
also a target for phosphatases, as has been shown for c-Jun (7).
Furthermore, Jun family members are phosphorylated by a
variety of cellular kinases (16, 43, 47), some of which might
also be responsible for constitutive phosphorylation of BZLF1
(Fig. 5) (41). Future studies should reveal the nature of the
PKC isoform and the subcellular location where BZLF1 phos-
phorylation takes place.

S186 phosphorylation seems to have opposite consequences
for the DNA binding potential of BZLF1 in vitro and in vivo.
The addition of nuclear fractions in gel shift experiments par-
tially restored and improved binding of purified and phosphor-
ylated BZLF1, which may indicate that BZLF1 cooperates
with another protein in a phosphorylation-dependent manner
(Fig. 8). Alternatively, phosphatase activity present in nuclear
extracts or allosteric conformational changes might also mod-
ulate the DNA binding affinity of S186-phosphorylated BZLF1.
Although we lack physical evidence for a cellular factor, this is
an intriguing hypothesis, as several protein-protein interac-
tions involve the basic DNA binding domain of transcription
factors to stabilize DNA binding (17, 33). This finding is also
supported by a report of Lieberman and coworkers, who ob-
served the induction of a cellular binding activity together with
BZLF1 in Raji cells after treatment with TPA (46). If this
hypothesis is true, mutation of S186 to alanine would interfere
with the recruitment of the BZLF1 interacting factor(s), which
results in the inability to respond to TPA or similar signals.

A BZLF1-S186A mutant has been analyzed independently
by Francis and coworkers (23) and was found to be unaffected
in its ability to bind to ZRE sites or to activate transcription.
BZLF1-S186A, but not a BZLF1-S186T mutant, failed to dis-
rupt viral latency in EBV-infected Raji cells (22a), which im-
plies that the threonine residue at position 186 in BZLF1-

S186T could well serve as a PKC substrate like S186. However,
no attempt was made to analyze these mutants in the presence
of PKC activators, such as phorbol esters.

We propose that the mere binding of BZLF1 is not sufficient
to fulfill its function as a transcription and replication factor.
For full activation, BZLF1 needs to become phosphorylated at
S186, presumably by PKC or a related kinase. By providing a
phosphoserine-specific docking site, S186 might recruit an in-
teracting cellular factor which stabilizes DNA binding and en-
hances transcriptional activation. Thus, future work will con-
centrate on the identification of this putative factor.
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