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The Epstein-Barr virus (EBV)-encoded lytic activator Zta is a bZIP protein that can stimulate nucleosomal
histone acetyltransferase (HAT) activity of the CREB binding protein (CBP) in vitro. We now show that
deletion of the CBP bromo- and C/H3 domains eliminates stimulation of nucleosomal HAT activity in vitro and
transcriptional coactivation by Zta in transfected cells. In contrast, acetylation of free histones was not affected
by the addition of Zta or by deletions in the bromo or C/H3 domain of CBP. Zta stimulated acetylation of
oligonucleosomes assembled on supercoiled DNA and dinucleosomes assembled on linear DNA, but Zta-
stimulated acetylation was significantly reduced for mononucleosomes. Western blotting and amino-terminal
protein sequencing indicated that all lysine residues in the H3 and H4 amino-terminal tails were acetylated by
CBP and enhanced by the addition of Zta. Histone acetylation was also dependent upon the Zta basic DNA
binding domain, which could not be substituted with the homologous basic region of c-Fos, indicating speci-
ficity in the bZIP domain nucleosome binding function. Finally, we show that Zta and CBP colocalize to viral
immediate-early promoters in vivo and that overexpression of Zta leads to a robust increase in H3 and H4
acetylation at various regions of the EBV genome in vivo. Furthermore, deletion of the CBP bromodomain
reduced stable CBP-Zta complex formation and histone acetylation at Zta-responsive viral promoters in vivo.
These results suggest that activator- and bromodomain-dependent targeting to oligonucleosomal chromatin is

required for stable promoter-bound complex formation and transcription activity.

Chromatin modification is thought to be an early and inte-
gral step in the regulation of transcription and DNA replica-
tion (2, 18, 27, 28, 30, 44). Initiation sites for transcription and
DNA replication are specified by sequence-specific DNA bind-
ing proteins which are subject to multiple levels of regulation
through signaling pathways that respond to changes in intra-
and extracellular conditions. Higher order chromatin struc-
tures associated with repressive heterochromatin are thought
to prohibit sequence-specific transcription and DNA replica-
tion factors from binding to their recognition sites. Precisely
how sequence-specific factors can access their sites in these
regions of the genome, recruit chromatin modifying and re-
modeling activities, and initiate the processes of transcription
and DNA replication remains poorly understood (50). Previ-
ous work, however, has suggested that a subset of bZIP pro-
teins can stimulate chromatin modifying activity in the absence
of sequence-specific recognition, suggesting that these proteins
may function as early-acting factors in the chromatin remod-
eling process (9).

The Epstein-Barr virus (EBV) immediate-early protein Zta
is a transcription and DNA replication factor that must disrupt
chromatin-repressed latent viral genomes to initiate the lytic
cycle transcription program (15, 39; reviewed in references 34
and 43). Zta is a member of the bZIP family with significant
sequence similarity to the basic and zipper regions of the adi-
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pocyte differentiation factor C/EBP, the erythroid-specific fac-
tor NF-E2, and the protooncogene c-Fos. In latently infected B
lymphocytes, the EBV genome exists as a nonintegrated nu-
clear episome with nucleosome phasing indistinguishable from
that of cellular chromatin (32, 52). The majority of viral genes
required for lytic replication are repressed but can be reacti-
vated by overexpression of Zta or by treatment of cells with
pleiotropic agents, such as sodium butyrate, trichostatin A,
calcium ionophores, or phorbol esters (34, 43). It is thought
that chromatin-based repression is one important component
of maintaining the transcription silence of lytic cycle gene
products during viral latency. Consistent with this hypothesis is
the fact that transcriptional coactivators with histone acetylase
activity can cooperate with Zta to stimulate lytic cycle gene
expression (1, 55).

The CREB binding protein (CBP) and its close relative,
p300, are transcriptional coactivator proteins with intrinsic hi-
stone acetyltransferase activity (3, 41; reviewed in references 6,
7, and 26). CBP and p300 are essential for early embryonic
development and can costimulate transcription driven by nu-
merous cellular and viral transcription factors (47, 53). The
association of CBP and p300 with several activators can be
regulated by phosphorylation, and it is thought that recruit-
ment of CBP and/or p300 can be limiting for transcription
initiation of several target genes (7, 25, 48). In this way, CBP
and p300 are thought to integrate the complex network of
transcription signals. The inactivation of p300 and/or CBP by
viral oncogenes, including SV40 T antigen, adenovirus E1A,
and papilloma virus E7, may play an important role in cellular
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growth transformation. The near ubiquitous requirement for
CBP and/or p300 in transcription regulation underscores the
importance of coactivators and histone acetylation in coordi-
nating gene expression. Despite the enormous number of tran-
scription factor interactions with CBP, the precise mechanism
of CBP coactivator function remains poorly understood, and it
is especially unclear whether CBP can function to facilitate the
initial recognition of sequence-specific factors to their cognate
binding sites in promoter regulatory regions.

Zta activates transcription of numerous viral and cellular
genes in the early stages of the EBV lytic reactivation cycle (10,
19, 33, 37). Zta exists as a homodimer that binds with high
affinity to a large family of degenerate sequence recognition
sites found in the upstream regulatory regions of responsive
viral genes (36). In addition to activation of transcription, Zta
also binds to several sites in the EBV origin of lytic DNA
replication and recruits virally encoded lytic replication en-
zymes to the origin (24, 45, 46). Thus, Zta not only is a tran-
scriptional activator but also participates directly in the process
of DNA replication initiation. The amino-terminal transcrip-
tional activation domain of Zta has been examined by several
groups in some detail (11, 16, 20). It has been found that
aromatic hydrophobic residues in the activation domain are
essential for transcription activation and recruitment of CBP
(16). The Zta transcriptional activation domain binds to the
cysteine-histidine (C/H)-rich regions 1 and 3 of CBP, and this
interaction is strictly dependent on the aromatic residues that
are critical for transcription function (16, 55). It was also found
that Zta can stimulate CBP histone acetyltransferase (HAT)
activity directed toward small oligonucleosomes (SONs) in
vitro (9). Stimulation of HAT activity was also dependent on
the aromatic residues in the Zta activation domain, suggesting
that a strong correlation exists between the activation of HAT
activity and transcription. Stimulation of CBP HAT activity
was found to be dependent on the Zta DNA binding domain as
well, and this correlated with the ability of Zta to bind directly
to oligonucleosomes. Similar concentrations of other bZIP or
CBP binding proteins did not share this activity, with the ex-
ception of C/EBP and NF-E2, two bZIP proteins with high
sequence similarity to the Zta basic DNA binding and zipper
dimerization domains. These results suggested that a subset of
bZIP proteins shared the ability to direct CBP HAT activity to
nucleosomal DNA lacking an obvious sequence recognition
site (9).

In this study, we further characterize the activation of CBP
HAT activity by Zta and suggest that the mechanism of acti-
vation is more complex than the simple recruitment of enzyme
to substrate. We found that the activation of EBV lytic tran-
scription correlated with the stimulation of CBP HAT activity
by Zta, and both required the CBP bromo- and C/H3 domains.
We also found that the basic region of Zta is essential for
targeting CBP to oligonucleosomes, which also correlated with
transcription activation. Finally, chromatin immunoprecipita-
tion (ChIP) assays revealed that stable promoter-bound CBP
and histone acetylation are dependent on the CBP bromodo-
main. Based on these results, we propose that Zta initiates
nucleosomal targeting of CBP HAT activity, which facilitates
stable promoter binding and sequence-specific transcription
activation.
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MATERIALS AND METHODS

Cells and plasmids. 293 and D98/HR1 cells were passaged in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine serum and antibi-
otics. Raji and ZKO-293 cells were passaged in RPMI supplemented with 10%
fetal bovine serum and antibiotics. EBV reactivation in Raji cells was induced
with 100 ng of tetradecanoyl phorbol acetate (TPA) per ml and 1 wM ionomycin
(Sigma). The BRLF1-luciferase plasmid contains nucleotides —178 to +28 rel-
ative to the transcription initiation site cloned into the Nhel and HindIlI sites of
pGL3Basic (Promega). BHLF1-Luc has been described previously (16). CMV-
CBP-AHAT (L1690K/C1691L), CMV-CBP-ABromo (A1101-1171), and CMV-
CBP-AC/H3 (D1805-1890) were generated by site-directed mutagenesis of
pCMV-CBP-FLAG (gift of M. G. Rosenfeld). Baculovirus expression plasmids
for CBP-FL, CBP-ABromo, and CBP-AHAT were generated by subcloning the
CBP gene from the cytomegalovirus (CMV) expression vector construct into the
Notl site of pFASTBAC (Pharmingen). Zta wt and ZFZ were expressed in the
pQES bacterial expression plasmid (Qiagen). ZFZ was derived from a mamma-
lian expression vector provided by G. Miller and consists of Zta (nucleotides
1-171), Fos (nucleotides 137-162), and Zta (nucleotides 198-245) (22). Zta sub-
stitution mutants were generated by site-directed mutagenesis (Stratagene Quick
Change) in pCDNA3 (Invitrogen) for mammalian cell expression and in the
pQES (Qiagen) vector for expression in Escherichia coli. Saccharomyces cerevi-
siae NAP1 was expressed from plasmid pET28-yNAP1 (a gift from T.
Tsukiyama). Mammalian expression vectors SRa (pcDLSRa296) and SRa-Zta
have been described previously (55). 293 and D98/HRI1 cells were transfected
with Lipofectamine 2000 (Invitrogen), and luciferase assays were performed as
described previously (16).

HAT assays and kinetic analysis. Typical HAT assays contained 200 ng of
histone substrate (SONs, dinucleosomes, mononucleosomes, or free histones),
0.25 pCi of [*HJacetyl coenzyme A (Amersham), and 20 ng of baculovirus-
expressed CBP in a 30-pl reaction volume as described previously (9). For kinetic
studies, baculovirus-derived CBP (20 ng) was mixed with 0.1, 0.2, 0.5, or 1.0 ug
of purified HeLa SONSs in a 15-pl reaction volume and incubated at 30°C for 1,
2,5, or 10 min in the presence or absence of 200 ng of Zta. Histone acetylation
was quantitated by phosphorimager analysis using a tritium-sensitive screen.
Lineweaver-Burk analysis was used to calculate V,,,,, and K,,,.

Nucleosome assembly in vitro. Nucleosomes were assembled in vitro by use of
yeast NAP1 as an assembly protein as previously published (23), with modifica-
tions by T. Tsukiyama (personal communication). Yeast NAP1 was expressed
and purified from E. coli by MonoS chromatography. Histone octamers were
purified from HeLa nuclear pellets by hydroxyapatite chromatography to remove
nucleosomal DNA (14). Chromatin was assembled in a reaction containing 0.1
mg of bovine serum albumin per ml, 0.75 mg of yNAP1, 0.3 mg of histone
octamer, and 0.3 mg of pBKSII plasmid DNA in buffer ExB (10 mM HEPES [pH
7.6], 50 mM KCl, 5 mM MgCl,, 0.5 mM EGTA, and 10% glycerol). Nucleosomes
were assembled by incubation for 4 h at 30°C. Assembly was confirmed by a gel
mobility shift assay (data not shown) and by a supercoiling assay with topoi-
somerase-relaxed plasmid DNA as described previously (23). Topoisomerase I
was purchased from Topogen, Inc. Histone acetylation reactions were described
previously (9). Mononucleosomes and dinucleosomes were assembled by high-
salt dialysis and purified by glycerol gradient centrifugation as described previ-
ously (13).

ChIP. ChIP was performed as described previously (42). EBV sequences were
amplified with the following primers: BMRF1 sense, ACCTACATGACTAGC
ATCAAGCAA; BMRF1 antisense, GGCCTCCATAGTTTACAGACAGAA;
BHLF1 sense, AGGTGTGTCATTTTAGCCCG; BHLF1 antisense, CCTACC
TCTAGGCTCCACCC; Cp sense, AAAATTGAACCTTGTTGGCG; Cp anti-
sense, ATGGTAAGAACCCTGCGATG; EBER sense, AGGTCAGACCACG
AAAGGTC; EBER antisense, AGACAGACTACGTCACCGTG; BZLF1
sense, ATCTTCAGCAAAGATAGCAAAGGT; BZLF1 antisense, TAGAGTC
CATGACAGAGGATTTGA; BRLF1 sense, TTCTGCCATGCAATACAAAT
AAAT; BRLF1 antisense, ATTTCCTCCAGAAGAGTGACATC; cellular gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense, TCACCACCAT
GGAGAAGGCT); and GAPDH antisense, GCCATCCACAGTCTTCTGGG.
Antibodies for acetylated histones were purchased from Upstate Biotechnolo-
gies, Inc. Hemagglutinin (HA) antibodies were obtained from Babco, Inc., and
Boehringer. Flag M2 antibody was obtained from Sigma. CBP antibodies (A2)
and normal rabbit immunoglobulin G (IgG) were purchased from Santa Cruz
Biotechnologies. EBV-specific antibodies for Western blotting were monoclonal
anti-Rta (Argene), anti-EA-D (Advanced Biotechnologies), and polyclonal rab-
bit anti-Zta.
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RESULTS

CBP bromo- and C/H3 domains are required for transcrip-
tional coactivation by Zta. We have found that cotransfection
of CBP with Zta can cooperatively stimulate transcription from
several viral promoters in transient transfection assays (55). In
a previous study, it was found that deletion of the CBP HAT
domain compromised transcription activation of the BZLF1
promoter, indicating that HAT activity is required for the
autoactivation of Zta gene transcription (9). We and others
have subsequently found that the CBP HAT domain is partic-
ularly important for the coactivation function of the BRLF1
promoter (Fig. 1B) (1). BRLF1 encodes the Rta transactivator,
which is required for full lytic cycle gene expression and is a
critical early target of Zta transcription regulation. To further
explore the mechanism of CBP coactivation, we tested whether
deletion of additional subdomains of CBP affected transcrip-
tion stimulation by Zta. We deleted the CBP bromodomain
and E1A interacting region of the C/H3 domain. The bromo-
domain has been implicated in chromatin (38) and acetyl-
lysine binding (17, 29, 31, 54), and the C/H3 domain is the
target of numerous protein interactions, including contacts
with Zta (55). Consistent with previous findings, full-length
CBP modestly stimulated Zta activation of the BRLF1 pro-
moter (Fig. 1B). Cotransfection of CBPAHAT repressed Zta
transcription activation of BRLF1, indicating that HAT activ-
ity is important for BRLF1 activation. We now show that
deletion of the bromodomain (CBPABromo) and the E1A
interacting region of the C/H3 domain (CBPAC/H3) also in-
hibits transcription activation of BRLF1 by Zta (Fig. 1B).
Since Zta can bind to the C/H1 domain of CBP, we suggest
that these mutations in CBP function as dominant-negative
inhibitors that interfere with Zta and native CBP associations.
This suggests that native CBP requires the bromo- and C/H3
domains for coactivation of the BRLF1 promoter by Zta.

CBP full-length and internal deletion mutants were tested
for the ability to stimulate viral reactivation from latently in-
fected D98/HR1 cells. Viral reactivation was measured by
Western blotting of early antigen D (EA-D). We found that
CBPAHAT and CBPABromo were modest inhibitors of Zta
activation, while full-length CBP stimulated EA-D activation
by Zta. Although CBPAC/H3 was barely detectable by West-
ern blotting, it had the strongest inhibitory effect on EA-D
coactivation by Zta (Fig. 1C). These results are consistent with
the findings shown in Fig. 1B and indicate that CBP HAT,
bromo- and C/H3 domains are important for Zta coactivation
of latent EBV genomes as well as of transiently transfected
reporter genes.

The CBP bromo- and C/H3 domains are required for stim-
ulation of nucleosomal HAT activity. Previous work had indi-
cated that Zta stimulated CBP HAT activity directed toward
SONs. We have previously shown that HAT activity of immu-
noprecipitates of CBP expressed in 293 cells could be stimu-
lated by the addition of recombinant Zta in vitro. We also
showed that CBPAHAT lacked HAT activity in immunopre-
cipitates and could not be further stimulated by the addition of
Zta, indicating that the CBP HAT domain and not a CBP-
associated HAT was required for HAT activity. We now tested
whether the CBP bromodomain or the C/H3 domain was im-
portant for mediating Zta stimulation of CBP HAT activity
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(Fig. 2). Flag-tagged full-length (FL) CBP, CBP-ABromo, and
CBP-AC/H3 were expressed in 293 cells and subjected to im-
munoprecipitation with anti-Flag antibody (Fig. 2A). As con-
trols, we used baculovirus-expressed and -purified CBP-FL and
the transcription factor NF-E2, which had also been shown to
stimulated CBP HAT activity in vitro. Addition of Zta or
NF-E2 to baculovirus CBP-FL stimulated HAT activity as ex-
pected (Fig. 2B). Similarly, Zta and NF-E2 stimulated HAT
activity of immunoprecipitates of Flag-tagged CBP-FL. In con-
trast, neither Zta nor NF-E2 was capable of stimulating CBP-
ABromo. Interestingly, we found that HAT activity of immu-
noprecipitates of CBP-AC/H3 was not stimulated by Zta and
was stimulated at reduced levels by NF-E2. These results sug-
gest that Zta and NF-E2 may have different mechanisms for
stimulating CBP HAT activity, although both activators re-
quire the bromodomain.

To confirm these results and rule out the possibility that
additional cellular factors bound to CBP were influencing the
properties of CBP deletion mutants, we assayed CBP deletion
mutants that were expressed and purified from baculovirus
(Fig. 2C). It was previously found that baculovirus-expressed
CBP, but not CBPAHAT, could be stimulated by Zta (9). As
expected, Zta stimulated HAT activity of full-length CBP when
SONSs were used as substrates. In contrast, CBP-ABromo had
robust HAT activity when assayed with free histones but had
no detectable HAT activity with SONs in the presence or
absence of Zta. Deletion of the C/H3 domain also reduced
Zta-activated acetylation of SONs but had little effect on free
histone acetylation. These results indicate that the CBP bro-
mo- and C/H3 domains are required for Zta-stimulated nu-
cleosome acetylation by CBP, suggesting that this activity cor-
relates with transcription activation in vivo.

Stimulation of CBP HAT requires nucleosome assembly.
Histone octamers stripped of nucleosomal DNA by hydroxy-
apatite were not substrates for Zta activation, while SONs
could be stimulated for acetylation (9). To better understand
the substrate specificity of SONs, we determined whether in
vitro-assembled nucleosomes on supercoiled plasmid DNA
could reconstitute the substrate specificity for Zta and CBP.
Yeast Napl functions as a histone chaperone that deposits
histone octamers on supercoiled DNA resembling natural
chromatin to some extent (23, 40). Nucleosomes were assem-
bled in vitro using HeLa octamers, yeast NAP1, and super-
coiled Bluescript plasmid DNA (Stratagene), which lacks any
obvious high-affinity Zta binding sites. Nucleosomes were as-
sembled in the presence of yNapl (23), and the extent of the
assembly reaction was determined by examining the change in
superhelical density by use of a topoisomerase relaxation assay
(Fig. 3B). We found that nucleosomes assembled in this man-
ner could not be acetylated by CBP, suggesting that nucleo-
some assembly inhibits histone acetylation by CBP (Fig. 3C).
However, the addition of Zta strongly stimulated acetylation of
histones assembled in the presence of yNapl. In contrast, oc-
tamers incubated with DNA in the absence of yNap1l were not
assembled (Fig. 3B), did not inhibit CBP acetylation (Fig. 3C),
and were not further acetylated by the addition of Zta (Fig.
3C). These results indicate that Zta can facilitate the acetyla-
tion of nucleosomes assembled in vitro on supercoiled DNA.
Inclusion of specific Zta-responsive element (ZRE) binding
sites in the assembled templates did not significantly alter the
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FIG. 1. The CBP bromo- and C/H3 domains are required for transcriptional coactivation. (A) Schematic diagram of CBP mutants used for
these studies. (B) The BRLF1-luciferase reporter plasmid was cotransfected with Zta and CBP deletion mutants in 293 cells and assayed at 48 h
posttransfection for luciferase activity. CBP and CBP deletion mutants are indicated above each bar. (C) Zta and CBP deletion mutants were
cotransfected into D98/HR1 cells latently infected with EBV and assayed for expression of EA-D viral antigen by Western blotting (top panel).
Transfected Flag-tagged CBP derivatives were detected with anti-Flag antibody (middle panel). HA-Zta was detected with anti-HA antibody

(lower panel). Transfected plasmids are indicated above each lane.

stimulation of histone acetylation, suggesting that Zta interac-
tion with nucleosomes was sufficient for this activation (data
not shown). These results also indicate that nucleosome as-
sembly inhibits CBP acetylation of histones and that Zta func-
tions to derepress this inhibition.

We also compared the ability of Zta to stimulate histone
acetylation on defined-length templates that were assembled
by high-salt dialysis and purified by use of a glycerol gradient

(13). We found that equivalent concentrations of oligonucleo-
somes, dinucleosomes, and mononucleosomes were acetylated
at similar levels in the absence of Zta (Fig. 3D). However,
Zta-dependent HAT activity was significantly higher for SONs
and dinucleosomes than for mononucleosomes. These results
indicate that oligonucleosomal length is an important param-
eter for substrate targeting by Zta.

Zta stimulates acetylation of all lysine residues in histones
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FIG. 2. The CBP bromodomain is required for stimulation of HAT activity by Zta. (A) Western blot of immunoprecipitated Flag-tagged CBP
proteins used for HAT assays. (B) HAT assay showing the fluorogram of *H-acetylated histones in reactions with either baculovirus-generated CBP
(lanes 1 to 3) or immunoprecipitates (I.P.) of CBP-FL (lanes 4 to 6), CBP-ABromo (lanes 7 to 9), or CBP-AC/H3 (lanes 10 to 12). Zta or NF-E2
proteins were added (+) or not added (—) to HAT reactions as indicated above. (C) HAT assay with baculovirus-expressed and purified CBP or
deletion mutant ABromo or AC/H3 in the presence (+) or absence (—) of Zta. SONs or free histones were used as substrates in HAT assays as

indicated above each lane.

H3 and H4. Specific lysine residues in histones H3 and H4 have
been associated with particular functions in gene expression
and chromatin assembly in various organisms and developmen-
tal models. To determine if Zta targets specific lysine residues
for acetylation by CBP, we first utilized acetyl-lysine-specific
antibodies in Western blots (Fig. 4A). SONs were assayed in
vitro with recombinant CBP and Zta in the presence of unla-
beled acetyl-coenzyme A and were subjected to Western blot
analysis with various lysine-specific antibodies. Antibodies for
the hyperacetylated forms of histone H3 and histone H4
showed significant stimulation of acetylated histones in the
presence of Zta. We also found that antibodies specific for
histone H4 K5 and K12 caused significantly increased acetyla-
tion after the addition of Zta. Histone H4 K8 acetylation was
also stimulated by Zta, but to a lesser extent than other lysine
residues. The acetylation of lysine residues on histone H3 was
examined by Edman degradation of *H-acetylated histones
(Fig. 4B). In this analysis, we found that Zta stimulated acet-
ylation of all lysines, including K4, K9, K14, K18, and K23.
Interestingly, the greatest incorporation of the [*H]acetyl
group per mole was at K14, K19, and K23, which are residues

not typically thought to be subject to significant levels of acet-
ylation. Edman degradation analysis of H4 lysines was not
possible since the amino termini of H4 were blocked in HeLa
cells. Nevertheless, these results indicate that Zta stimulates
CBP acetylation of all lysine residues in the amino-terminal
tails of histones H3 and H4 and may preferentially stimulate
lysine residues at the C-terminal ends of the N-terminal tails.

The basic DNA binding domain of Zta is required for stim-
ulation of HAT activity. Our previous data suggested that the
Zta bZIP domain provided a nucleosome binding function that
is important for stimulation of CBP HAT activity (9). Substi-
tution of the Zta basic region with the c-Fos basic region
(ZFZ) has been shown by others to allow binding of Zta to
AP-1 sites and stimulation of transcription from AP-1-respon-
sive reporter genes to levels similar to those of wild-type Zta.
ZFZ failed to activate lytic cycle gene expression since it could
not bind to all ZRE sites. However, substitution of serine 186
with alanine resulted in the ability of Zta to bind ZRE sites and
to activate EBV lytic promoters in transfected reporter plas-
mids but in its failure to activate chromatin-associated viral
genes (21, 22). To determine if the Zta basic region conferred
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FIG. 3. In vitro reconstitution of Zta activation of CBP HAT activity. (A) Yeast NAP1 was expressed and purified from E. coli and examined
by Coomassie staining of sodium dodecyl sulfate-polyacrylamide electrophoresis gels. (B) A supercoiling assay was used to indicate that
nucleosomes were deposited on assembled templates. A supercoiled plasmid (lane 1) or topoisomerase I-relaxed template (lane 2) was used as an
indicator of supercoiled DNA. Templates assembled with yNAP1 (lane 3) or without yNAP1 (lane 4) were compared in agarose gels containing
chloramphenicol. (C) Plasmid DNA assembled with core histone and yNAP1 (lanes 1 and 2) or without yYNAP1 (lanes 3 and 4) was assayed in HAT
reactions with CBP in the absence (—) or presence (+) of Zta as indicated. (D) HAT assays reconstituted with recombinant CBP and 200 ng of
SONs, dinucleosomes (Di), or mononucleosomes (Mono) in the presence (+) or absence (—) of 50 ng of Zta.

specific properties important for chromatin-specific reactiva-
tion function, we assayed several basic region substitution mu-
tants for the ability to stimulate CBP nucleosomal HAT activ-
ity, bind nucleosomes and ZRE DNA, and stimulate
transcription from plasmid or viral chromosomal targets (Fig.
5). Substitution mutants S186A, SIS86E, VASR-MAAA, AKF-
NKR, QLLQ-ELLD, and ZFZ (Fig. SA) were expressed and
purified from E. coli, normalized by Coomassie staining, and
assayed for the ability to stimulate acetylation of SONs by CBP
(Fig. 5B). We found that S186E, MAAA, and ZFZ had signif-
icantly reduced stimulation of HAT activity. These same mu-
tants were then assayed for nucleosome binding by an electro-
phoretic mobility shift assay (EMSA) with **P-labeled SONs
(Fig. 5C) (9). We found a perfect correlation between nucleo-
some binding and stimulation of HAT activity, suggesting that
nucleosome binding is necessary for HAT stimulation by Zta.
These substitution mutants were then assayed for binding to a
ZRE from the BHLF1 promoter (Fig. 5D). We found that all

of the substitution mutants, except for ZFZ, were capable of
binding to this ZRE, indicating that nucleosomal binding was
distinct from DNA binding. These same mutants were then
assayed in transient transfection assays for activation of
BHLF1 promoter fused to luciferase. Transcriptional activa-
tion of the transfected plasmid DNA correlated perfectly with
the ability of Zta mutants to bind nucleosomes and stimulate
CBP HAT activity (Fig. 5E). However, when these mutants
were assayed for the ability to activate transcription from viral
chromosomal genes, we found that S186A, in addition to
S186E, MAAA, and ZFZ, was defective (Fig. 5F). This result
is consistent with the findings of Francis et al. (21, 22), who
showed that S186A is specifically defective for transcription of
viral chromosome-associated genes. These findings with S186A
suggest that stimulation of CBP HAT is not sufficient for tran-
scriptional activation of viral chromosomal genes and that
posttranslational modification of this residue may also be re-
quired for viral reactivation in vivo (4). Nevertheless, these
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FIG. 4. Characterization of acetylated histone lysines stimulated by Zta. (A) Western blots of HAT reactions containing SONSs, baculovirus
CBP, and Zta as indicated. Acetylated histones were detected by Western blotting with antibodies specific for hyperacetylated H3, H4, or H4-acetyl
KS, -acetyl K8, or -acetyl K12 as indicated (upper panel). A Coomassie stain of histone H3 is also shown (lower panel). (B) Histone H3 was assayed
by N-terminal sequencing for incorporation of *H. Histone H3 was isolated from sodium dodecyl sulfate-polyacrylamide electrophoresis gels from
a reaction containing SONs, CBP, and [*H]acetyl-coenzyme A with or without Zta. *H incorporation was measured in counts per minute per cycle.

data suggest that nucleosomal binding is a specific feature of
the Zta basic region, is not found in the c-Fos basic region, and
is essential for stimulation of CBP HAT activity.

The mechanism by which Zta stimulates CBP HAT activity
was further analyzed by use of Michaelis-Menten kinetics (Ta-
ble 1). Purified baculovirus-expressed CBP was assayed in the
presence or absence of Zta with SONs (ranging from 0.1 to 1
ng) to generate plots for 1 to 30 min of reaction time. Lin-
eweaver-Burk analysis was used to calculate the K, and V.,
for three independent experiments. We found that the addi-
tion of Zta decreased the K,,, by an order of magnitude but had
only an approximately twofold effect on V... This suggests
that the predominant mechanism of activation of Zta is to
increase the effective local concentration of nucleosomes for
HAT catalysis by CBP.

Zta stimulates histone acetylation in vivo. Latently infected
Raji Burkitt lymphoma cells can be induced to enter the lytic
cycle by treatment with TPA and ionomycin, which stimulates
transcription of the BZLF1 promoter (49). This treatment has
been shown by others to lead to hyperacetylation of the
BRLF1 immediate-early promoters (8). However, in these

studies it was not clear if TPA and ionomycin treatment in-
volved Zta or CBP for gene activation and histone acetylation.
We now show that TPA-ionomycin leads to an increased as-
sociation of Zta and CBP with immediate-early promoters
BZLF1 and BRLF1 in vivo by using a ChIP assay (Fig. 6). We
also found that TPA-ionomycin leads to an increase in hyper-
acetylated histones H4 and H3 at the BZLF1 and BRLF1
promoter (Fig. 6). This result demonstrates that CBP functions
in association with Zta at the immediate-early promoters dur-
ing in vivo reactivation, and this correlates with an increase in
histone acetylation.

We have shown that Zta can stimulate CBP histone acety-
lation in vitro and transcription activation in vivo. To deter-
mine if Zta stimulates histone acetylation in vivo, we assayed
histone acetylation by ChIP after transfection of latently in-
fected D98/HRI1 cells with a Zta expression plasmid (+) or
control vector (—) (Fig. 7). Since Zta stimulates viral replica-
tion in these cell lines, input viral copy number was increased
three- to ninefold after transfection with Zta (Fig. 7, input).
ChIP revealed that histone H3 and H4 acetylation increased at
EBV lytic promoters but not at a viral latent transcript
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mutants purified from E. coli is also shown (lower panel). (C) Binding of Zta substitution mutants to **P-labeled SONs measured by EMSA.
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plasmid in transient transfections. (F) Western blot of latently infected 293-ZKO cells transfected with Zta substitution mutants and assayed 48 h

later by Western blotting with antibodies to Zta, Rta, or EA-D.

(EBERS) or a cellular gene (glutaraldehyde-3-phosphate de-
hydrogenase [GAPDHY]). Quantitation of the ChIP PCR prod-
ucts as percentages of input DNA revealed that lytic immedi-
ate-early promoters BZLF1 and BRLF1 were increased two-

to fourfold with acetylated histones H3 and H4 (Fig. 7B). In
contrast, Zta transfection did not stimulate histone acetylation
at EBERS or GAPDH, and no PCR product was detectable
with control IgG antibody (Fig. 7). These results indicate that
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TABLE 1. Michaelis-Menten kinetic analysis of CBP acetylation of
oligonucleosomes in the presence or absence of Zta“

K, (mM) Vinas (min~")
Expt no.
— Zta + Zta — Zta + Zta
1 32x1073 32x 1074 12x 1073 20x%x 1073
2 32%x1073 12x107° 39x 1074 7.4 %1074
3 3.0x 1073 53%x107° 45%x 1074 9.4 x 1074

“ Lineweaver-Burk plot analysis was used to generate quantities for K,,, and
V,

max*

Zta can stimulate acetylation of histones H3 and H4 at tran-
scriptionally responsive lytic viral gene promoters.

The ChIP assay was next used to determine if the bromo-
domain of CBP was important for histone acetylation at EBV-
responsive promoters in vivo (Fig. 8). Zta was cotransfected
with the CBP-Flag or CBP-ABromo-Flag expression vector
into highly transfectable ZKO-293 cells. As expected, the ad-
dition of Zta increased the input copy number for EBV DNA.
Interestingly, the addition of CBP, but not CBP-ABromo, fur-
ther increased input DNA levels, suggesting that CBP stimu-
lates DNA replication. ChIP assays with antibodies to Zta,
Flag (CBP), and acetylated histones H3 and H4 revealed a
striking increase at EBV lytic promoters (BRLF1, BMRF1,
and BHLF1) relative to latent transcripts (EBERS and Cp) or
cellular genes (GAPDH). By adjusting PCR levels as percent-
ages of input DNA to normalize for replicating genomes, we
found a consistent two- to fourfold increase of Zta, CBP, and
acetylated histones at EBV lytic promoters. Importantly, this
increase was dependent upon the bromodomain, since trans-
fection of CBP-ABromo had no significant effect on histone
acetylation or promoter association of Zta or CBP. CBP and
CBP-ABromo were expressed at similar levels and did not
affect Zta expression levels, as determined by Western blotting
(Fig. 8B). These results indicate that the CBP bromodomain is
required for the increase in histone acetylation at Zta-respon-
sive promoters and for the stable association of Zta and CBP
with promoter DNA in vivo.

DISCUSSION

Histone acetylation is thought to be a prerequisite for tran-
scriptional activation of genes that may be silenced by heritable
chromatin structures (5, 28). Transcriptional coactivators with
intrinsic HAT activity can be recruited by sequence-specific
DNA binding proteins to alter the local histone acetylation
pattern and to stimulate transcription complex assembly (28,
51). The mechanism by which HAT complexes facilitate se-
quence-specific DNA binding of transcription factors remains
poorly understood, since it is not clear how the initial sequence
recognition occurs in higher-order chromatin structures that
limit DNA accessibility. One simple mechanism that would
overcome this problem is for initiating activators to recruit
HAT complexes to nucleosome arrays found in repressed chro-
matin. Our data suggest that the EBV immediate-early bZIP
protein Zta stimulates CBP acetylation of nucleosomal chro-
matin to enhance transcription complex assembly at viral lytic
gene promoters.

Previously, it was shown that a class of bZIP proteins which
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FIG. 6. Stimulation of CBP HAT activity in vivo. (A) Raji cells
stimulated for reactivation with TPA-ionomycin were assayed by ChIP.
Extracts from treated (+) or untreated (—) cells were immunoprecipi-
tated with rabbit IgG (as a negative control) or antibodies specific for
Zta, CBP, acetylated H3, or acetylated H4, as indicated. Immunopre-
cipitated DNA was assayed by PCR with primers specific for the
promoter regions of EBV lytic genes (BZLF1, BRLF1, BMLF1, and
BHLF1), EBV latent genes (EBERS and Cp), or the cellular GAPDH
coding region. (B) Quantitation of three independent ChIP experi-
ments is presented as percentages of input PCR product. All reactions
were determined to be within the linear range of PCR (data not
shown).

included Zta, C/EBP-B, and NF-E2 was capable of stimulating
CBP HAT activity directed towards oligonucleosomes (9).
Here we further characterized the ability of Zta to stimulate
CBP HAT activity. Most significantly, we found that the CBP
bromo- and C/H3 domains were important for Zta activation
of transcription and nucleosomal HAT activity. The bromodo-
main was required for both Zta and NF-E2 stimulation, but the
C/H3 domain deletion had a greater effect on Zta activation,
suggesting that Zta and NF-E2 may stimulate HAT activity by
different mechanisms. Zta binds to the C/H1 and C/H3 do-
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FIG. 7. Zta stimulates histone acetylation of viral lytic promoters in
vivo. (A) D98/HR1 cells were transfected with Zta (+) or control
expression vector (—) and fixed for ChIP assay at 48 h posttransfection.
Chromatin immunoprecipitated with antibodies specific for hyper-
acetylated histone H3 or H4 was assayed for DNA by PCR with
primers specific for EBV lytic promoters BZLF1, BRLF1, and
BMRF1, EBV latent promoter EBERS, or cellular coding region
GAPDH. (B) Quantitation of three independent experiments is pre-
sented as percentages of input PCR DNA product.

mains of CBP with near equal affinity in vitro (55). Deletion of
the C/H3 domain may reduce CBP binding to Zta, but it is
unlikely to eliminate the strong interaction with C/H1 and
therefore is unlikely to eliminate CBP-Zta association in vivo.
We suggest that Zta binding to two domains of CBP provides
allosteric enhancement of nucleosome-specific histone acety-
lation. Kinetic studies showed that Zta had a weak but repro-
ducible effect on the V,,,, of CBP HAT activity, suggesting that
some stimulation of catalysis may exist (Table 1). However, the
predominant effect of Zta was on the K,,, which was reduced
~10-fold in the presence of Zta. This suggests that Zta alters
the substrate accessibility, either by recruitment of CBP to
nucleosomes or by altering substrate-enzyme interactions to
make acetylation more favorable. A similar observation was
made with RpAp48, a histone binding factor that stimulates
CBP HAT domain targeting to core histones and nucleosomes
(56). Although simple recruitment of CBP to nucleosomes can

MoL. CELL. BIOL.

stimulate nucleosome acetylation, we consider it more likely
that Zta facilitates the accessibility of nucleosomal histone tails
to the catalytic HAT domain of CBP. However, direct evidence
for any conformational change in CBP or in the histone tails
after the addition of Zta awaits further experimentation.

Bromodomains from several different proteins have been
shown to interact with acetylated histones, and it has been
proposed that the bromodomain four-helix bundles bind acety-
lated lysine (17, 31, 54). The p300 bromodomain, which is most
closely related to the CBP bromodomain, was shown to be
important for transcription initiation and responsiveness to
estrogen receptor activation in vitro (35). The p300 bromodo-
main was also found to bind to chromatin and was essential for
a stable, template-committed transcription complex (38). The
bromodomains of Swi2 and GCN5 were also found to be re-
quired for anchoring of these chromatin-modifying complexes
to acetylated chromatin templates (29). Binding to acetylated
lysine may be important for the recognition of nucleosomal
substrates, since we also observed that CBPABromo had a
reduced ability to acetylate oligonucleosomes relative to free
histones (Fig. 2). We suggest that the bromodomain facilitates
processive targeting of multiple lysine residues in the amino-
terminal tails of all four histones. Bromodomain association
with acetylated lysines may help target adjacent lysine residues
on neighboring histone tails. We hypothesize that Zta facili-
tates this process by interactions with the C/H1 and C/H3
domains of CBP as well as by providing essential interactions
with nucleosomes.

Several lines of evidence suggest that the bZIP domain of
Zta interacts with nucleosomes to facilitate histone acetylation
by CBP. Zta bound HeLa-derived oligonucleosomes in vitro
and stimulated histone acetylation of nucleosomes assembled
on defined plasmid templates lacking known high-affinity ZRE
sites (Fig. 3). Nucleosome assembly in vitro inhibited CBP
acetylation of core histones, which could be reversed by the
addition of Zta, suggesting that Zta altered the accessibility of
histone tails in packed nucleosomes. Substitution of the Zta
basic region with the c-Fos basic region eliminates the ability to
target SONs for acetylation. Mutation of a single amino acid
residue in the Zta bZIP domain from serine to glutamic acid
inhibited nucleosome binding and HAT activation but did not
eliminate ZRE DNA binding (Fig. 5). This suggests that S186
is important for nucleosome-specific binding and HAT activa-
tion. Interestingly, mutation of Zta serine 186 to alanine had
no effect on HAT activity but eliminated transcription activa-
tion of viral chromosomal, but not plasmid-borne, genes. The
complex behavior of S186 mutations suggests that additional
events, like phosphorylation, may regulate the nucleosome
binding and activation properties of Zta in vivo (4).

ChIP assays with TPA-ionomycin-induced Raji cells or Zta-
transfected cells indicated that histone acetylation was in-
creased at specific viral lytic promoters but not at viral latent
transcripts or at cellular genes. Zta is known to stimulate
transcription from these viral lytic genes (16), indicating that a
good correlation exists between transcription activation and
histone acetylation of Zta-responsive promoters. Interestingly,
we found that cotransfection of wild-type CBP, but not CBP-
ABromo, increased histone acetylation of Zta-responsive
genes, as well as increased the promoter association of Zta and
CBP themselves. Thus, transcription activation is correlated
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expressed. (C) Quantitation of three independent ChIP experiments is presented as percentages of corresponding input DNA. Samples lacking Zta
were not within the linear range in these reactions and therefore were not quantitated in these experiments.

with increased occupancy of the activator-coactivator complex.
This in vivo observation is consistent with recent biochemical
studies showing that the bromodomain anchors coactivators to
nucleosomal templates (29). The bromodomain-dependent in-
crease in Zta binding to Zta-responsive genes suggests that
CBP and Zta function in concert to select specific promoter
sequences in nucleosome-repressed chromatin.

Higher-order chromatin structures can present a significant
barrier to transcription initiation and DNA recognition by se-
quence-specific DNA binding proteins. Nucleosome binding
and chromatin opening activity have been described for the
“pioneering” proteins HNF3 and GATAA4, which initiate liver-
specific gene expression during development (12). Zta may
also function as a pioneering protein with a different mecha-
nism of action. Our data suggest that Zta recruits CBP to
compact chromatin to induce transient histone acetylation,
which in turn facilitates scanning for high-affinity Zta binding
sites in compact chromatin. This pioneering function may be
shared by other bZIP proteins, like C/EBP-B and NF-E2, that
have a similar ability to target the nucleosomal HAT activity of

CBP (16). The results presented here demonstrate the impor-
tance of the bromodomain as a nucleosome targeting element
that may facilitate processive acetylation of histones in com-
pact chromatin and promoter scanning by sequence-specific
activators such as Zta. Finding the structural basis through
which Zta facilitates nucleosome acetylation in a bromo- and
C/H3 domain-dependent manner remains the work of future
studies.
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