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The Epstein-Barr virus (EBV) nuclear protein 2 (EBNA2) and herpes
simplex virion protein 16 (VP16) acidic domains that mediate
transcriptional activation now are found to have affinity for p300,
CBP, and PCAF histone acetyltransferases (HATs). Transcriptionally
inactive point mutations in these domains lack affinity for p300,
CBP, or PCAF. P300 and CBP copurify with the principal HAT
activities that bind to EBNA2 or VP16 acidic domains through
velocity sedimentation and anion-exchange chromatography.
EBNA2 binds to both the N- and C-terminal domains of p300 and
coimmune-precipitates from transfected 293T cells with p300. In
EBV-infected Akata Burkitt's tumor cells that do not express the
EBV encoded oncoproteins EBNA2 or LMP1, p300 expression en-
hances the ability of EBNA2 to up-regulate LMP1 expression.
Through its intrinsic HAT activity, PCAF can further potentiate the
p300 effect. In 293 T cells, P300 and CBP (but not PCAF) can also
coactivate transcription mediated by the EBNA2 or VP16 acidic
domains and HAT-negative mutants of p300 have partial activity.
Thus, the EBNA2 and VP16 acidic domains can utilize the intrinsic
HAT or scaffolding properties of p300 to activate transcription.

pstein-Barr virus (EBV) nuclear protein 2 (EBNA2) is an

activator of viral and cellular gene transactivation (1) and is
essential for EBV-mediated primary B lymphocyte growth trans-
formation (2, 3). EBNA2 binds to DNA sequence-specific cell
proteins RBP-Jk (4, 5) and PU.1/Spi-1(6) and activates tran-
scription through its C-terminal acidic activation domain (7). By
reverse genetic analyses, the acidic and RBPJ«/PU.1 interacting
domains are the principal EBNA2 domains essential for lym-
phocyte growth transformation (8-11).

The acidic domain of EBNAZ2 is similar to herpes simplex
VP16 acidic domain (12). Both acidic domains can bind tran-
scription factors including RPA70, TAF40, TFIIB (13-15), and
TFIIH (16). Point mutations in a key hydrophobic residue in
these domains that abolish transcriptional activation also abolish
biochemical interaction with these transcription factors, provid-
ing a genetic linkage between the biochemical interaction and
transcriptional activity (8, 17). Moreover, the core VP16 domain
can substitute for the core EBNA?2 domain in transactivation and
in chimeric EBV recombinant-mediated transformation of pri-
mary B lymphocytes (12).

More than 20 transcriptional activators have been shown to
interact with coactivators such as p300, CBP, PCAF, GCNS, and
TAF250 that are histone acetyltransferases (HATs) (18, 19). The
HAT activities of CBP, PCAF, and GCNS are important for
their coactivating effects (20-23). In the experiments reported
here, we set out to determine whether the EBNA2 and VP16
transcriptional activators also interact with coactivators that
have intrinsic HAT activity.

Materials and Methods

Cell Culture. The EBV-negative human Burkitt’s ymphoma B cell
line BJAB and the EBV-positive Burkitt’s lymphoma B cell line
Akata were grown in RPMI 1640 medium supplemented with
10% FCS (R10). 293 T cells were grown in DMEM supple-
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mented with 10% FCS (D10). All cultures were maintained in a
5% CO; atmosphere at 37°C.

Plasmids. The glutathione S-transferase (GST) fusion to acidic
domains of EBNA2 (amino acids 427-483) or VP16 (amino
acids 413-490) and their transcriptionally null mutants
EBNA2W454T (8) or VP16F442P (17) have been described. The
GST-p300 fusion plasmids were described before (24). For
transfection assays, GAL4-EBNA2 or GAL4-VP16 acidic do-
main fusion has been described (7). The reporter plasmid
pFR-Luc is from Stratagene. The pCI-p300, p300 HAT mutants,
pCI-PCAF, and PCAF HAT mutants expression vectors are a
gift from Yoshihiro Nakatani at the National Institutes of
Health. The pSG5-p300 used in Akata cell experiments was
subcloned from CMVB-p300 (25) as a HindIII-NotI fragment
into pSGS.

Purification of His-Tagged Protein and GST Binding. His-tagged p100
and EBNA2 were purified with Ni-nitrilotriacetic acid (NTA)
beads (Qiagen). The wild-type and mutant forms of GST-
EBNAZ2 or GST-VP16 fusion proteins were adsorbed to gluta-
thione beads and used for pull-down assays from BJAB cell
extracts (15).

HAT Assays and Purification of HAT Activity. The HAT activity that
bound to GST fusion-coated beads was determined by using 5 ul
of 50% bead slurry in a liquid HAT assay (26). To purify EBNA2
acidic domain-associated HAT activity, lysates from 2 liters of
BJAB cell culture were precleared with GST beads for 1 hr at
4°C in lysis buffer that consists of 10 mM Hepes (pH 8.0), 1%
Nonidet P-40, 1 mM DTT, and protease inhibitors, with 100 mM
NaCl. The precleared extracts were incubated with 2 ml of 50%
GST-EBNAZ slurry in lysis buffer with 100 mM NacCl at 4°C for
4 hr. The beads then were washed in the same buffer five times.
HAT activity was eluted from the GST-EBNA2 beads by five
10-min incubations in 1.2 ml of lysis buffer containing 200 mM
NaCl. A final elution with 1.2 ml of lysis buffer containing 500
mM NacCl resulted in a 20% increase in HAT activity, and this
usually was combined with the previous elutes. Aliquots of 2 ml
of the eluates were loaded on one 35-ml, 10-30% sucrose
gradient and centrifuged at 25,000 X g for 20 hr at 4°C in a SW27
rotor. Fractions of 1.5 ml were collected from the bottom, and
a 5-pl sample from each fraction was assayed for HAT activity.
Fractions containing HAT activity were pooled and applied to
an anion-exchange column, UNO Q (Bio-Rad). Proteins were
eluted with a linear 50-300 mM NaCl gradient. Fractions of 0.5
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Fig. 1. HAT activity from BJAB lysates binds specifically to the EBNA2 and
VP16 acidic domains. The wild-type EBNA2 (E2) or VP16 (VP) or their null point
mutant (E2m and VPm) acidicdomains were fused to GST (G), and glutathione-
Sepharose beads coated with fusion protein were used in pull downs with
extracts from BJAB B cell lymphoma cells. The presence of HAT activity in
proteins bound to beads was determined by liquid HAT assay. HAT activity was
shown as 103 X count per minute. Results from one representative experiment
of five similar experiments are shown.

ml were collected, and a 2-ul fraction was used to assay HAT
activity.

Transfections. Ten million Akata cells were electroporated with a
Bio-Rad Gene Pulser at 200 V and 960 uF. Cells were harvested
40 hr later, lysed directly in 250 ul SDS of sample buffer, and
sonicated briefly. Whole-cell lysate (10 wl) was separated by
SDS/PAGE and blotted with S12 to detect LMP1 expression.
For 293 T cell transfection, 5 X 10° cells were transfected with
15 wl of Superfect solution (Qiagen). Cells were harvested 20 hr
later for assaying luciferase activity with the luciferase assay kit
from Promega.

Coimmunoprecipitation. Transfected 293 T cells were resuspended
in lysis buffer containing 170 mM NaCl. After the cell debris was
spun down, supernatant was incubated with 15 ul of M2 beads
at 4°C overnight. Beads were washed extensively in the same lysis
buffer and then subjected to SDS/PAGE. The coimmunopre-
cipitation of EBNA?2 was detected by PE2.

Results

HAT Binding to the EBNA2 and VP16 Acidic Domains. To ascertain
whether HATs specifically associate with the EBNA2 or VP16
acidic domains, GST fusion proteins with the wild-type or
transcriptional null point mutant EBNA2 (8) or VP16 (17) acidic
domains were used as affinity matrices for HATSs in extracts from
BJAB B cell lymphoma cells. As shown in Fig. 1, HATs did not
bind to GST or to GST fusions to the transcriptional null point
mutant EBNA2 or VP16 acidic domains. In contrast, consider-
ably more HAT activity bound to GST fusions to wild-type
EBNA2 or VP16 acidic domains than could be detected in the
whole-cell extracts. This indicates that the EBNA2 and VP16
acidic domains have significant specific affinity for HATs. The
HATSs that bound to EBNA2 and VP16 acidic domains acety-
lated histones H3 and H4 (data not shown). When these HATSs
were eluted from GST-VP16, diluted in binding buffer, and
incubated with GST-EBNA2, almost all of the HAT bound to
GST-EBNAZ2. The reciprocal experiment yielded the same
result. These data indicate that VP16 and EBNAZ2 acidic do-
mains bind the same HAT(s).

Purification of the EBNA2-Bound HAT Results in Purification of p300/
CBP. To further characterize the EBNA2-associated HAT(s),
three approaches were undertaken. First, because an EBNA2
and VP16 acidic domain-associated protein, pl00 (15), was
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found in a HAT preparation (27), we considered the possibility
that p100 might be the HAT that specifically bound to the
EBNAZ2 and VP16 acidic domains. The potential intrinsic HAT
activity of p100 was assayed by using recombinant 6 X His-tagged
p100 purified from Escherichia coli with Ni-NTA beads (15).
However, His-tagged p100 on beads or after release from beads
lacked intrinsic HAT activity. Furthermore, incubation of His-
tagged pl00 NTA beads with extracts of BJAB cells did not
result in adsorption of detectable HAT activity to the p100
beads. Thus, p100 lacks intrinsic HAT activity and cannot bind
HAT activity from lymphoblast extracts.

In a second series of experiments, we attempted to identify the
size of the EBNA2- and VP16-associated HAT proteins. Some
HATS such as hGCN5 and TAF250 retain activity after SDS/
PAGE (28) and can be detected in an in-gel HAT assay (29).
EBNAZ2- or VP16-bound HAT activities were eluted from beads,
and in-gel HAT assays were run. No significant HAT activity
could be detected under conditions that can detect hGCNS or
TAF250 (data not shown).

Having failed in specific attempts to identify the EBNA2- or
VP16-associated HAT activity, we set out to biochemically
characterize the activity. The HAT activity associated with
EBNAZ2 was eluted from GST-EBNA?2 beads with 0.2 M NaCl.
A total of SE7 cpm HAT activity was obtained from 2 liters of
BJAB cell extracts. HAT activity could not be recovered after
cation-exchange, size-exclusion, inorganic hydroxyapatite, or
hydrophobic-interaction column chromatography, suggesting
the HAT activity is quite labile. Most HAT activity precipitated
with 10% saturated (NH4),SO4 and could be recovered as
soluble activity. However, (NH4),SOy-precipitated HAT could
not be purified further.

Velocity sedimentation and anion-exchange chromatography
were compatible with recovery of most of the starting HAT
activity, and these therefore were used for purification. Among
21 fractions collected from the bottom of a tube after velocity
sedimentation in sucrose gradients, HAT activity was detected
in fractions 16, 17, and 18, near the top of the gradients. The total
HAT activity of these three fractions was 6E7 cpm, similar to the
starting activity. P100 was readily detected in fractions 10—19 and
was not more abundant in fractions 16—18, which had most of the
HAT activity. Fractions 16, 17, and 18 were pooled and purified
further by FPLC using a linear salt gradient elution from an
anion-exchange column. A total of 2E7 cpm HAT activity was
recovered in fractions 15-17 from the anion-exchange column.
Histones H3 and H4 were the dominant substrates for the
HAT(s) in these fractions.

The proteins in all fractions from the anion-exchange column
were separated by SDS/PAGE and visualized by silver staining.
A cluster of proteins with an apparent size greater than 220 kDa
were enriched in fractions 15-17 containing HAT activity.
Western blot analysis was used to test whether they were
p300/CBP. P300/CBP sedimented in sucrose gradients and
eluted from anion-exchange columns in complete correlation
with the EBNAZ2-associated HAT activity. In sucrose gradients,
HAT activity was mostly in fractions 16, 17, and 18 (Fig. 24
Upper), which correlated well with the presence of p300/CBP
proteins in these three fractions, as shown by Western blot with
mAb AC26, which recognizes both p300 and CBP (Fig. 24
Lower). When antibody specific to the large subunit of RNA
polymerase II was used to blot the sucrose gradient fractions,
RNA polymerase II could be detected in fraction 9 and not in
fractions with HAT activity (data not shown). Thus, although
some RNA polymerase II binds to the EBNA2 acidic domain,
and p300 and CBP have been associated with RNA polymerase
IT holoenzyme preparations (30), the HAT and p300/CBP that
bound to EBNA2 from BJAB extract is not associated with RNA
polymerase II. The correlation between HAT activity and the
presence of p300/CBP continued in anion-exchange chroma-
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Fig.2. Purification of GST-EBNA2-associated HAT activity. BJAB cell extracts

were incubated with GST-EBNA2 beads. The HAT activity was eluted from the
beads with 0.2 M NaCl and loaded onto 10-30% sucrose gradient. Fractions
containing HAT activity were pooled, applied to anion-exchange column, and
eluted with a linear 50- to 300-mM NaCl gradient. Protein fractions from
sucrose gradient (A) and UNO Q column (B) were separated by SDS/PAGE and
identified by Western blot with anti-CBP/p300 antibody (Lower). The HAT
activity of these fractions also was measured (Upper) and shown in 104 X count
per minute. Fraction numbers are indicated just below the Upper parts of A
and B.

tography. HAT activity peaked in fractions 15-17 (Fig. 2B
Upper). Antibodies specific for both p300 and CBP as well as
antibodies specific for p300 or CBP detected p300 and CBP in
fractions 15-17, in parallel with the HAT activity (Fig. 2B Lower
and data not shown). A 2-hr incubation with beads coated with
antibody specific for both p300 and CBP depleted up to 70% of
the HAT activity from fraction 15, whereas beads coated with
antibody specific for p300 or CBP depleted 30-40% of the HAT
activity and beads coated with control antibody had a minimal
effect. Thus, p300 and CBP are the predominant EBNA2- and
VP16-associated HAT activities and there appears to be similar
activities attributable to p300 or CBP.

Wild-Type EBNA2 and VP16 Acidic Domains Specifically Bind p300/CBP
and PCAF. To further explore the similarity between the EBNA2-
and VP16-associated HATS, the proteins that bound to EBNA2
or VP16 acidic domain-GST fusion proteins were subjected to
SDS/PAGE and probed with CBP/p300 antibody. GST-VP16,
like GST-EBNAZ2, retained CBP/p300 from BJAB cell lysates
(Fig. 3). EBNA2 and VP16 bound similar amounts of CBP/p300,
consistent with the similar binding of HAT activity. Also con-
sistent with HAT activity, neither CBP nor p300 bound to the
null point mutant acidic domain—-GST fusion proteins. These
data indicate that p300 and CBP bind only to the wild-type VP16
and EBNAZ2 acidic domains in parallel with the HAT activity.

PCAF binds to p300 and CBP and also has intrinsic HAT (31).
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Fig.3. The EBNA2 and VP16 acidic domains specifically bind p300, CBP, and
PCAF. BJAB cell extracts were incubated with glutathione-Sepharose beads
loaded with wild-type GST-EBNA2 or GST-VP16 acidic domains or with the null
point mutants. The amount of p300, CBP, or PCAF that bound to the beads was
assayed by SDS/PAGE followed by Western blot with anti-CBP/p300 antibody
or with anti-PCAF antibody.

432 | www.pnas.org

A GST-
<
= = 8 £L
o =] o =]
a 8 8 8 8
£ ST %. a [=4 [=%
f - -
B EBNAZ
EBNAZ p300 p300
5 5 5
g o £ o £ o

Fig. 4. EBNAZ2 interacts with p300 in vitro and in vivo. (A) EBNA2 interacts
with amino- and carboxyl-terminal of p300 in vitro. GST fusions to the p300
amino-terminal (amino acids 1-585, p300N), middle (amino acids 766—1571,
p300M), carboxyl-terminal (amino acids 1572-2370, p300C), or HAT (amino
acids 1195-1701, p300HAT) domains were expressed in E. coli, purified by
using glutathione-Sepharose beads, and incubated with His-tagged full-
length wild-type EBNA2 protein that has also been purified from E. coli.
EBNA2 binding to GST-p300 beads was assayed by Western blot with an
EBNA2-specific mAb (PE2) after SDS/PAGE of proteins that bound to the
beads. The amount of protein used in the binding assays was five times that
shown as input. (B) EBNA2 coimmune-precipitates with p300 from 293 T cells
overexpressing both proteins. EBNA2, flag-tagged p300, or both were trans-
fected into 293 T cells. Cell extracts were incubated with M2 beads to immune-
precipitate flag-tagged p300, and EBNA2 was detected by Western blot with
PE2 mAb. P300 was precipitated from 10 times the amount of lysate shown as
input.

To test whether PCAF also binds specifically to the wild-type
EBNA2 and VP16 acidic domains, the proteins bound to
EBNAZ2 or VP16 acidic domain fusion proteins were examined
by Western blot with PCAF antibody. As shown in Fig. 3, PCAF
also bound specifically to the wild-type GST-EBNA2 and VP16
acidic domains. However, PCAF was not present in the anion-
exchange column fractions 15-17 that contain most of the
EBNAZ2- or VP16-associated HAT activity (data not shown).
These data indicated that PCAF is among the HATSs that can
bind to EBNA?2 but does not fractionate with the dominant HAT
activity. Despite its absence from the p300 and CBP fractions,
PCATF binding to the wild-type EBNA?2 or VP16 fusion proteins
could be direct or through p300 or CBP.

EBNA2 Binds to the N- and C-Terminal Domains of p300 and Precipi-
tates with p300 from 293T Cells in Which Both Proteins Are Overex-
pressed. To identify the part of p300 that can interact with
EBNAZ2, the amino-terminal, middle, carboxyl-terminal, and
HAT domains of p300 were expressed as GST fusion proteins in
E. coli and bound to glutathione beads. Ni-NTA bead, purified
6xHis-tagged full-length wild-type EBNA?2 was incubated with
GST p300 fusion proteins. As shown in Fig. 44, EBNA?2 did not
bind to either the p300 middle (p300M) or HAT domain
(p300HAT), but approximately 20% of the EBNA2 bound to
both the amino- (p300N) and carboxyl-terminal domains
(p300C). Because both EBNA2 and p300 proteins are soluble
recombinant proteins purified from E. coli, these data indicate
that wild-type full-length EBNA?2 can interact directly with p300.
In interacting with the p300 amino and carboxyl termini, EBNA?2
is similar to p53 (32).

To study the interaction between p300 and EBNA2 in vivo,
vectors expressing Flag-tagged p300 and EBNA2 were cotrans-
fected into 293 T cells. M2 bead immune precipitation of the
Flag-tagged p300 protein brought down about 20% of the p300
in the lysate (data not shown) and coimmune-precipitated about
3% of the EBNA2 as detected by Western blot with mAb to the
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Fig. 5. P300 coactivates LMP1 expression mediated by EBNA2 in Akata
EBV-infected but EBNA2-negative cells, and PCAF potentiates the activation.
Akata cells were transfected with 10 pg of SG5-EBNA2, 10 g of SG5-p300, 20
ng of pCl-PCAF, or 20 png of HAT-negative PCAF mutants A579-608 and
A609-624 protein expression vectors. Empty vector was used to balance the
transfections to 40 pg of total DNA when necessary. Whole-cell extracts were
Western-blotted with the $S12 anti-LMP1 mAb.

EBNAZ2 acidic domain (Fig. 4B). Thus, about 15% of the
EBNAZ2 in the cotransfected cells is associated with the Flag-
tagged p300.

P300 (and CBP) Increase Endogenous LMP1 Expression Through EBNA2,
and the HAT Activity of PCAF Potentiates p300's Effect. One impor-
tant function of EBNA2 is to transcriptionally activate and
maintain expression of the EBV-encoded latent membrane
protein 1 (LMP1) gene in latently infected cells. The ability of
p300 and PCAF to coactivate EBNA2-mediated endogenous
LMP1 expression therefore was evaluated by using Akata cells.
Akata is an EBV-positive Burkitt’s lymphoma cell line with a
type I latency infection pattern in which EBNA2 and LMP1 are
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Fig. 6.

not expressed. Expression of wild-type full-length EBNA2 or
p300 in Akata had little effect on LMP1 expression, whereas
p300 coactivated EBNAZ2’s induction of LMP1 expression in
Akata cells (Fig. 5). The EBNA2 protein level was not affected
by p300 cotransfection (data not shown). Cotransfection of
PCAF and EBNAZ2 had no effect on LMP1 expression, consis-
tent with the lack of effect of PCAF on EBNAZ2 acidic domain-
mediated activation in 293 T cells (see below). However, when
PCAF was cotransfected into Akata cells with EBNA?2 and p300,
PCAF reproducibly increased p300’s coactivation of EBNA2-
mediated LMP1 expression (Fig. 5). PCAF deletion mutants that
lack HAT activity, PCAFA579-608 and PCAFA609-624,
though expressed at a similar level as wild-type PCAF (data not
shown), failed to increase p300’s up-regulation of EBNA2-
mediated transcription. Thus, p300 coactivates EBNA?2-
mediated endogenous LMP1 expression, and the HAT activity
of PCAF is required for PCAF to potentiate p300’s coactivation
effect.

P300 and CBP (but Not PCAF) Coactivate GAL4-EBNA2 or GAL4-VP16
Acidic Domain-Mediated Transcription. The effects of p300 on
EBNA2 and VP16 acidic domain-mediated activation were
tested by transfecting GAL4-EBNA2 or GAL4-VP16 acidic
domain fusion into 293 T cells along with a plasmid containing
a luciferase reporter with 5XGAL4 DNA-binding sites and
increasing amounts of p300 expression plasmid (Fig. 64). GAL4-
EBNA2 activated reporter gene expression less than 2-fold,
whereas p300 alone had a minimal effect. Cotransfection with 1,
2, or 4 pg of p300 expression vector DNA resulted in 10-, 24-, or
134-fold activation, respectively, over GAL4-EBNA2 acidic
domain alone. Similar results were obtained when GALA4-
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The effect of p300, CBP, or PCAF overexpression on GAL4-EBNA2 (GE) or GAL4-VP16 (GV) acidic domain-mediated transactivation of a GAL4-dependent

promoter in 293 T cells. Various amounts of p300 expression vector (A) or 3.5 ug of CBP expression vector (B) was transfected into 293 T cell with 0.2 ug of
GAL4-EBNA2 or 0.01 ug of GAL4-VP16 expression plasmids and 0.5 ug of reporter plasmid. The amount of cotransfected p300 DNA is indicated (in pg) in the
figure. The fold activation induced by p300/CBP is relative to that induced by GAL4-EBNA2 or GAL4-VP16 alone. In C, the effect of 4 ug of p300 expression vector
on coexpressed GAL4-EBNA2 acidic domain-mediated transactivation is compared with that of p300 HAT-negative mutants p300A1472-1522 or A1603-1653 in
293 T cells. The extent of cotransactivation by p300 mutants is shown relative to that by wild-type p300. In D, the effect of PCAF on GAL4-EBNA2- or
GAL4-VP16-mediated activation of a GAL4-responsive promoter is assayed as described in A above. For all experiments in this figure, vector DNA was used to
balance the different amounts of DNA used in different transfections. Luciferase activity was adjusted to the transfection efficiency represented by
B-galactosidase activity. The results shown are the average of four to five independent experiments, with error bars representing SE.

Wang et al. PNAS | January 4,2000 | vol.97 | no.1 | 433

MICROBIOLOGY



EBNA2 and p300 were cotransfected in BJAB cells (data not
shown), indicating that GAL4-EBNA?2 coactivation by p300 is
not cell type-specific. In contrast to small activating effects of
GAL4-EBNA2 alone, GAL4-VP16 activated reporter gene
expression more than 100-fold. Despite the high level of GAL4-
VP16-mediated activation, cotransfection with 1, 2, or 4 ug of
p300 expression vector DNA increased GAL4-VP16 acidic
domain-mediated luciferase activity 3.5-, 13-, or 30-fold, respec-
tively, over that with GAL4-VP16 alone.

CBP also coactivated the GAL4-dependent luciferase re-
porter when CBP expression vector was cotransfected into 293T
cells with GAL4-EBNA?2 or GAL4-VP16 expression vectors.
Transfection of 3.5 pug of CBP expression plasmid activated
GAL4-EBNA2 or GAL4-VP16 acidic domain-mediated lucif-
erase activation about 10-fold and 4-fold, respectively (Fig. 6B).
Although CBP appears to be less active than p300 at the single
concentration of expression plasmid used in those studies, we
have not compared the changes in p300 and CBP levels that
result from these transfections, and the apparent difference
could be due to suboptimal CBP expression.

To evaluate the extent to which the p300 effect on EBNA2-
and VP16-mediated transcription activation is due to its HAT
activity, two p300 deletion mutants that lack HAT activity were
transfected into 293 T cells with GAL4-EBNA2 or GAL4-VP16
and the 5XGALA4 site reporter plasmids. Wild-type p300 ex-
pression plasmid increased GAL4-EBNA2 and GAL4-VP16
activity more than 100- and 30-fold, respectively (Fig. 6.4 and C).
The HAT deletion mutants, p300A1472-1522 and p300A1603—
1653, had 20-50% of wild-type p300 activity (Fig. 6C). However,
both p300 mutants were expressed at much lower levels than
wild-type p300 (data not shown). Because EBNA2 and VP16
coactivation by p300 is dependent on the amount of p300
expressed (Fig. 64), most of the p300 coactivation in 293 T cells
is not due to p300 HAT activity.

To test whether PCAF is involved in EBNA2 and VP16 acidic
domain-mediated transcription activation, a PCAF expression
vector was cotransfected into 293 T cells with expression vector
for GAL4-EBNA2 or GAL4-VP16 and a reporter plasmid.
Different amounts of PCAF expression vector were tested, but
PCAF could activate only GAL4-EBNA2- or GAL4-VP16-
mediated transcription 1- to 2-fold (Fig. 6D). Thus, PCAF does
not appear to contribute significantly to GAL4-EBNA2 or
GAL4-VP16 transcription activation in 293 T cells.

Discussion

Under physiological conditions, transcription is believed to be
positively affected by the balance of histone acetylase over
deacetylase activities near transcriptional start sites (18, 19).
These experiments were initiated to determine whether the
transcriptionally activating EBNA2 and VP16 acidic domains
can specifically bind HAT(s) and to identify the HAT(s). Indeed,
substantial HAT activity bound to the EBNA2 or VP16 acidic
domains and the binding was highly specific for the wild-type
acidic domains. Although the EBNA2- and VP16-associated
protein p100 is similar to HAT in binding to the wild-type and
not to the transcriptionally inactive null point mutant acidic
domains (15) and p100 peptides were present in a purified HAT
preparation (27), E. coli-expressed p100 lacked HAT activity
and pl00 did not copurify with the EBNA2- and VP16-
associated HAT activity on sucrose gradients or on ion-exchange
chromatography. Thus, p100 is not a significant component of
the EBNA2- or VP16-bound HAT activity.

Three other proteins, p300, CBP, and PCAF, that have
intrinsic HAT activity bound specifically to the EBNA2 or VP16
wild-type acidic domains, but not to the EBNA2 or VP16 null
mutant acidic domains. Most of the EBNA2 or VP16 acidic
domain bound HAT activity fractionated by sucrose gradient
and anion-exchange chromatography with p300 and CBP and
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not with PCAF. Indeed, full-length wild-type EBNA2 bound
specifically to both the N- and C-terminal domains of p300, and
immune precipitation of p300 resulted in coimmune precipita-
tion of EBNA2. Thus, p300 and CBP are the predominant
EBNA2 and VP16 acidic domain-associated HATS.

The PCAF that binds to EBNA2 and VP16 acidic domains
could be associated with p300 or even CBP because p300 can
directly bind EBNA?2 and PCAF is tightly associated with p300
and CBP (31). However, PCAF did not remain associated with
p300 and CBP through our HAT purification and is not a
component of the principal, purified HAT activity. We have not
determined whether PCAF purifies with p300/CBP in velocity
sedimentation, but PCAF is not detectable in any of the fractions
from the ion-exchange column. Nevertheless, PCAF overexpres-
sion potentiates p300’s coactivation of EBNA2-mediated LMP1
expression. This potentiation requires p300 expression and the
intrinsic HAT activity of PCAF, because wild-type PCAF is
inactive in the absence of p300 coexpression and HAT null
mutants of PCAF cannot potentiate.

The HAT activities of p300, CBP, and PCAF are likely to be
important for EBNA2 activation of promoters, including the
promoter for the EBV oncogene, LMP1. In EBV-transformed B
lymphocytes, EBNA?2 is highly associated with a cellular tran-
scription factor, RBP-Jk (4, 5). RBP-Jk brings EBNAZ2 to viral
and cellular promoters, including the LMP1 promoter (4, 5).
RBP-Jk can have repressive effects, and a negative transcrip-
tional regulatory domain of RBP-J« binds to SMRT and CIR,
which associate with histone deacetylase complexes (33, 34).
Another site in the LMP1 promoter can bind Sin3A, which also
associates with histone deacetylase (35). Further, evidence for
the importance of these histone deacetylase activities in repress-
ing transcription from the LMP1 promoter comes from the
observation that treatment of EBV-infected Burkitt’s lymphoma
cells with histone deacetylase inhibitors results in induction of
LMP1 expression even in the absence of EBNA2 (35). Thus,
EBNAZ2 is likely to need to counter the repressive effect of
RBP-Jk and Sin3A by bringing p300, CBP, and PCAF HAT: to
the LMP1 promoter. Indeed, PCAF potentiation of p300 coac-
tivation of LMP1 expression in Akata cells required PCAF HAT
activity. The participation of PCAF HAT activity in potentiating
p300 coactivation of EBNA2-mediated LMP1 expression is
likely to be an important biological effect because of the critical
role of EBNA?2 in regulating LMP1 expression.

EBNAZ2 is also critical for the earliest effects of EBV in
turning on viral and cellular gene expression upon EBV infection
of resting human B lymphocytes (3). EBNA2-mediated regula-
tion of the LMP1 and c-myc (36) promoters is critical for
initiation and maintenance of EBV-mediated primary B lym-
phocyte transformation. Thus, coactivation of EBNAZ2-
mediated transcription by p300 and CBP and potentiation by
PCAF are likely to be critical to EBV initial transformation of
resting primary B lymphocytes as well as for maintenance of the
transformed state.

EBNA?2 and VP16 are likely to recruit p300 and CBP not only
for their intrinsic HAT activities, but also for their role in
bridging to other transcriptional factors. As noted above, p300
bridging to PCAF potentiates p300 coactivation of EBNA2-
mediated LMP1 expression in Akata cells, and this requires
PCAF HAT activity. Further, in 293 T cells, expression of p300
mutants lacking intrinsic HAT activity coactivates transcription
mediated by the binding of the EBNA2 or VP16 acidic domains
to a minimal promoter with five upstream GAL4-binding sites.
Coactivation of the EBNA2 and VP16 acidic domains by p300
proteins that lack intrinsic HAT activity indicates that this p300
effect in 293 T cells is through bridging to other positively acting
transcription factors. Such bridging effects also have been ob-
served with more complex promoters under more physiologically
relevant cell types. For example, the HAT activity of p300 is

Wang et al.



unnecessary for Tat- or MyoD-mediated transcription of the
HIV long terminal repeat and p21 promoters (20, 37).

EBNAZ2 interaction with p300/CBP could be important in the
ability of EBV to cause resting B lymphocytes to enter cell cycle,
to proliferate perpetually, and to slow differentiation. These
effects could be pleiotropic because p300 and CBP appear to be
important for E2F1-mediated (38), NF-«B-mediated (39, 40), or
p53-mediated (41, 42) transcriptional activation. In lymphocytes,
E2F1 and NF-kB can effect c-myc transcription (43, 44) and
E2F1-mediated transcription is important for G; transition to S
phase (45), whereas p53-mediated transcription is important for
cell cycle arrest (46). In interacting with p300/CBP, EBNA2 may
sequester p300/CBP for EBNA2-mediated promoter activations
or may be brought by p300 to promoters that are regulated by
these other transcription factors. While this paper was in prep-
aration, CBP and PCAF were shown to have a 2-fold effect on
EBNAZ2 activation of a c-myc promoter in murine embryo
fibroblasts and immunoprecipitation of p300 resulted in the
coprecipitation of EBNA2 expressed in these cell (47), consis-
tent with a role for p300, CBP, or PCAF in the effects of EBNA2
on the c-myc promoter.
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CBP, p300, and PCAF coactivate or potentiate transcription
mediated by EBV EBNA2 and herpes simplex virus VP16 acidic
domains. Both of these viral transactivators normally function at
the outset of virus infection in G cells. These acidic domains are
likely to have evolved to take advantage of the HAT and
scaffolding properties of p300, CBP, and PCAF so as to effi-
ciently regulate viral and cell gene expression. In interacting with
p300, CBP, and PCAF, these herpes virus trans-activators have
incorporated strategies in common with adenovirus E1A (25),
SV40 T antigen (48), HPV-16 E6 (49, 50), HIV Tat (37, 51), and
HTLYV Tax (52), which appear to use p300, CBP, and PCAF for
their intrinsic HAT activities, as scaffolds for bridging to other
transcription factors and as transcriptionally limiting coactiva-
tors whose sequestration from p53 or other factors may have cell
cycle entry, growth promoting, or survival effects.
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