
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 13501–13506, November 1998
Biochemistry

Long-distance transcriptional enhancement by the histone
acetyltransferase PCAF

ANTON KRUMM†‡, LINDA MADISEN†, XIANG-JIAO YANG§, RICHARD GOODMAN¶, YOSHIHIRO NAKATANI§,
AND MARK GROUDINE†i

†Division of Basic Sciences, Fred Hutchinson Cancer Research Center, 1100 Fairview Ave North, Seattle, WA 98109; iDepartment of Radiation Oncology,
University School of Medicine, Seattle, WA 98104; §Laboratory of Molecular Growth Regulation, National Institutes of Child Health and Human Development,
National Institutes of Health, Bethesda, MD 20892-2753; and ¶Vollum Institute, Oregon Health Sciences University L474, 3181 Southwest Sam Jackson Park
Road, Portland, OR 97201-3098

Communicated by Robert N. Eisenman, Fred Hutchinson Cancer Research Center, Seattle, WA, September 21, 1998 (received for review
August 21, 1998)

ABSTRACT Enhancers are defined by their ability to
stimulate gene activity from remote sites and their require-
ment for promoter-proximal upstream activators to activate
transcription. Here we demonstrate that recruitment of the
p300yCBP-associated factor PCAF to a reporter gene is
sufficient to stimulate promoter activity. The PCAF-mediated
stimulation of transcription from either a distant or promot-
er-proximal position depends on the presence of an upstream
activator (Sp1). These data suggest that acetyltransferase
activity may be a primary component of enhancer function,
and that recruitment of polymerase and enhancement of
transcription are separable. Transcriptional activation by
PCAF requires both its acetyltransferase activity and an
additional activity within its N terminus. We also show that
the simian virus 40 enhancer and PCAF itself are sufficient to
counteract Mad-mediated repression. These results are com-
patible with recent models in which gene activity is regulated
by the competition between deacetylase-mediated repression
and enhancer-mediated recruitment of acetyltransferases.

In higher eukaryotes, gene expression often is influenced by
enhancers that stimulate, independent of their orientation,
gene activity from remote positions. This enhancement of
transcription requires upstream activators immediately adja-
cent to the core promoter region (1). Enhancers contain
multiple transcription factor binding sites, and many transcrip-
tion factors can stimulate gene expression as a component of
either promoter or enhancer. These observations have led to
a model in which enhancer-bound elements synergize with
upstream activators, bound at the immediate vicinity of the
TATA box, to recruit RNA polymerase II complexes to the
transcription start site. This recruitment model of gene acti-
vation is compatible with the enhancer-mediated increase in
the rate of transcriptional initiation (2, 3) andyor an increase
in the number of templates actively engaged in transcription
(ref. 4 and references therein).

Enhancers may function to relieve chromatin-mediated re-
pression of promoters (5). The binding of transcription factors
to their respective promoter recognition sequence is impeded
by chromosomal barriers imposed by nucleosomal arrays (re-
viewed in ref. 6). The stimulation of promoter activity requires
the alteration of repressive chromatin structures by remodeling
activities or by posttranslational modification of the core
histones (reviewed in refs. 7 and 8).

The activity of enhancers, including the simian virus 40
(SV40), Ig heavy chain, polyoma, and insulin enhancers, is

suppressed by the adenoviral protein E1a (9, 10). The analysis
of E1a mutants indicates that E1a repression of enhancer
function requires its N-terminal domain (reviewed in ref. 11).
This domain interacts with the transcriptional coactivators
p300 and cAMP response element binding protein [CREB
binding protein, (CBP); ref. 12], which are very similar in
sequence and function. Overexpression of p300 mutants that
do not associate with E1a abrogates the E1a-mediated repres-
sion of SV40 enhancer activity (12). This result indicates that
p300yCBP is an important component of SV40 enhancer
function. P300yCBP interacts with a variety of transcriptional
activators (reviewed in ref. 13) and has been found stably
associated with a fraction of RNA polymerase II holoenzyme
(14).

P300yCBP also binds to PCAF (p300yCBP-associated fac-
tor); this interaction is disrupted when E1a is overexpressed
(15). These observations suggest that disruption of the p300y
CBP-PCAF complex could be the molecular basis of SV40
enhancer suppression by E1a. Both p300yCBP and PCAF
contain histone acetyltransferase (HAT) activity in vitro (15–
17). The HAT domains of p300yCBP andyor PCAF are
required for the activity of several transcription factors, in-
cluding MyoD (18), the retinoic acid receptor, and CREB (19).
These results have been interpreted to suggest that both
p300yCBP and PCAF mediate their effect on transcriptional
regulation partially through histone acetylation. However, the
recent discovery of acetylated forms of transcriptional activa-
tors such as p53 (20) and of general transcription factors TFIIE
and TFIIF (21) extends the range of potential pathways by
which an acetyltransferase might regulate transcription.

In contrast to acetyltransferases, deacetylases are known to
repress transcription. Repressors with sequence specific DNA
binding activity, including Mad, unliganded nuclear receptor,
YY1, and Ume6, associate with a protein complex including
the mSin3 protein, the nuclear coreceptor protein N-CoRy
SMRT, the mSin3-associated polypeptide SAP18, and histone
deacetylase 1 (HDAC1) or its homologues (reviewed in refs.
22–24).

Below, we present evidence that transcriptional enhance-
ment from a promoter-distant position uses a mechanism
fundamentally different from transcriptional activation at a
promoter-proximal site. We show that the recruitment of the
HAT PCAF is sufficient to enhance transcription from a
distance, but is not sufficient to activate transcription when
recruited to the vicinity of the TATA box. The PCAF-
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mediated stimulation of transcription from either a distant or
promoter–proximal position requires the presence of an up-
stream activator, suggesting that PCAF does not recruit RNA
polymerase. Thus, in contrast to gene activation by promoter-
proximally bound upstream activators (25–27), transcriptional
enhancement from a distance does not comprise the ability of
transcription factors to recruit RNA polymerase. We also show
that the SV40 enhancer and PCAF itself are sufficient to
counteract Mad-mediated repression. In combination, these
results support a model in which gene activity is regulated by
the competition between deacetylase-mediated repression and
enhancer-mediated recruitment of acetyltransferases (28).

MATERIALS AND METHODS

Plasmids and Constructs. The constructs SP1-TATA-MG
and SP1-TATA-SVE are described in ref. 29. The reporter
construct SP1-TATA-MG-Gal was generated by inserting an
oligonucleotide containing three Gal4-DNA recognition se-
quences into the Aat II recognition site of SP1-TATA-MG.
The construct TATA-MG-Gal lacking recognition sequences
for cellular transcription factors was derived from SP1-TATA-
MG-Gal through excision of the Sp1 binding sites by HpaI and
BglII and insertion of an oligonucleotide containing two
recognition sites for the prokaryotic LexA protein. Expression
vectors for Gal4-PCAF fusion proteins were generated by
inserting a PCR fragment coding for the Gal4-DNA binding
domain into the unique EcoRI site of pCX-PCAF (15). PCAF
deletion mutants were generated by site-directed mutagenesis.
Expression vectors coding for Gal4-VP16, Gal4-VP16mad,
and Gal4-VP16madpro are described in ref. 30. LexVP16mad
and LexVP16madpro were constructed by inserting a PCR
fragment containing the coding region for the mSin3-
interacting domain of Mad into the 59 region of the LexVP16
hybrid gene driven by the cytomegalovirus (CMV) promoter.

Transient Transfection Experiments. The procedure for
transient transfection of mouse melanoma B78 cells using the
calcium phosphate precipitation method is described in detail
in ref. 29. The total amount of transfected DNA (27.5 mg DNA
per 15-cm dish) was kept constant through addition of empty
vector DNA. Experiments were performed several times, and
representative results are shown. For treatment with Tricho-
statin A (TSA), transfected cells first were pooled 24 hr
postaddition of DNA, then split onto two 15-cm dishes. TSA
then was added to a final concentration of 100 ngyml for 16 hr.

Nuclease S1 Assays. Analysis of steady-state RNA was done
with S1-nuclease protection experiments as described in ref.
29. Briefly, an end-labeled probe extending from position
1131 to 22073 relative to the transcription initiation site was
hybridized to 5 or 10 mg RNA. After digestion with S1-
nuclease, the samples were run on a 8% denaturing acryl-
amideyurea gel.

Western Analyses. Aliqouts of transfected cells from a
150-mm tissue culture dish were lysed in RIPA buffer con-
taining protease and phosphatase inhibitors (10 mM Tris, pH
7.4y0.15 M NaCly1% Nonidet P-40y1% deoxycholatey0.1%
SDSy10 mg/ml each of aprotonin, leupeptin, and pepstatiny50
mM NaFy1 mM vanadate). Extracts were quantified, electro-
phoresed on 8% polyacrylamide gels, and transferred to
poly(vinylidene difluoride) membranes. Membranes were in-
cubated with primary antibodies. Proteins were visualized with
horseradish peroxidase-conjugated secondary antibodies fol-
lowed by ECL according to the manufacturer (Amersham).

HAT Assay. DNA fragments coding for wild-type and
mutant PCAF proteins were subcloned into a baculovirus
expression vector. FLAG-tagged PCAF derivatives were ex-
pressed and affinity-purified. The analysis of HAT was per-
formed as described in ref. 15.

RESULTS

Inhibition of Deacetylases Does Not Increase SV40 Enhanc-
er-Stimulated Transcription. Highly acetylated histones have
been found associated with transcriptionally active chromatin,
whereas hypoacetylated histones generally are correlated with
transcriptionally inert chromatin (reviewed in refs. 31 and 32).
However, the increase in transcriptional activity in response to
inhibitors of deacetylation such as butyrate or TSA is restricted
to only a subset of the genome (22). The molecular basis for
this specificity remains unknown. We have determined the
influence of TSA on the transcription of two previously
characterized DNA templates (29). Both reporter constructs
consist of a myc-globin (MG) fusion gene and are driven by the
same Sp1 promoter composed of multiple SP1 binding sites
upstream of a consensus TATA box. The SP1-TATA MG-SVE
template additionally contains the SV40 enhancer 3.1 kb
downstream of the transcription start site. Transcripts from the
enhancer-less reporter construct SP1*-TATA-MG are distin-
guished from the enhancer-containing template SP1-TATA-
MG-SVE through insertion of a 30-nt oligomer at 138. These
constructs were transfected into mouse B78 cells, as described
(29).

After transfection, transcription of the templates was mea-
sured with S1-nuclease assays within 48 hr. Consistent with our
previous analysis (29), the Sp1 promoter of the enhancer-less
construct SP1*-TATA-MG mediates only low-level transcrip-
tion of the linked MG reporter gene (Fig. 1, lanes 1, 3, and 5).
The addition of the HDAC inhibitor TSA results in a 10-fold
increase in transcriptional activity (Fig. 1, lanes 2, 4, and 6). In
contrast to its strong stimulation of the enhancer-less con-
struct, TSA does not significantly increase the activity of the
enhancer-containing reporter construct SP1-TATA-MG-
SVE. Transfection experiments with varying amounts of SP1-
TATA-MG-SVE demonstrate that the failure of TSA to
activate the SV40 enhancer-containing plasmid is not caused

FIG. 1. SV40 enhancer-activated transcription is not stimulated in
the presence of the deacetylation inhibitor TSA. Nuclease S1 analysis
of RNA from mouse B78 cells transfected with the reporter constructs
SP1*-TATA-MG and SP1-TATA-MG-SVE in the presence and ab-
sence of the deacetylase inhibitor TSA. Cells were transfected with
12.5 mg of SP1*-TATA-MG and different amounts of SP1-TATA-
MG-SVE (lanes 1 and 2, 12.5 mg; lanes 3 and 4, 2.5 mg; lanes 5 and 6,
0.5 mg). Half of the transfected cells was treated with TSA (100 ngyml)
for 16 hr, and RNA from treated and nontreated cells was subjected
to nuclease S1 analysis using an end-labeled probe derived from the
SP1*-TATA-MG template (see Materials and Methods). The tran-
scribed regions of SP1-TATA-MG-SVE (SVE) and SP1*-TATA-MG
(MG*) differ through a 30-nt sequence; therefore, transcripts can be
distinguished by using the same probe.
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by a limitation of cellular factorsyactivities (Fig. 1). The
differential effect of TSA on the enhancerless- and enhancer-
containing templates suggests that the activation of transcrip-
tion by the deacetylase inhibitor TSA and by enhancer ele-
ments share the same molecular pathway.

Direct Recruitment of the Acetyltransferase PCAF Activates
Transcription From a Distance. Stimulation of gene activity by
the SV40 enhancer requires the transcriptional coactivator
p300yCBP (12). P300yCBP and its associated factor PCAF
possess acetyltransferase activity that catalyzes the acetylation
of nucleosomes and nonhistone proteins (15–17, 20, 21).
Clearly, these activities could account for the lack of SV40
enhancer-containing templates to respond to treatment with
TSA (Fig. 1). Thus, we determined whether PCAF andyor
p300yCBP, like the SV40 enhancer, stimulate promoter activ-
ity from a distant position and whether they require upstream
activators in the vicinity of the TATA box for their activities.
The SV40 enhancer, located 3.1 kb downstream of the tran-
scription start site within the reporter construct SP1-TATA-
MG-SVE (29), was replaced with Gal4-DNA binding sites. The
ability of Gal4-p300 and Gal4-PCAF fusion proteins to stim-
ulate transcription of this reporter was tested after transfection
into mouse B78 cells. As shown in Fig. 2A, Gal4-p300 stimu-
lated Sp1-promoter activity from a downstream position.
Similarly, full-length PCAF fused to the Gal4 DNA binding
domain was sufficient to enhance promoter activity. Quanti-
tative PhosphorImager analysis of several independent exper-
iments revealed that Gal 4-PCAF stimulated the Sp1-promoter
on average 13-fold, whereas Gal4-p300 increases MG-RNA
levels 19-fold.

PCAF Activates Transcription From a Distance But Does
Not Recruit RNA Polymerase. We determined whether the
activation by Gal4-PCAF and Gal4-p300 requires RNA poly-
merase loading onto the template by promoter-proximal ac-
tivators, similar to conventional enhancers. The dependence
on upstream activators was investigated initially by using a
reporter gene containing Gal4-DNA binding sites distant from
the TATA box and lacking DNA binding sites for endogenous,
cellular transcriptional activators (TATA-MG-Gal, Fig. 2B).
In contrast to its ability to transcriptionally activate the SP1-
TATA-MG-Gal template, Gal4-PCAF does not activate tran-
scription from a distance on reporter genes that lack binding
sites for promoter-proximal activators (TATA-MG-Gal tem-
plate, Fig. 2B). In addition, neither Gal4-VP16 nor Gal4-p300
significantly transactivate transcription of the TATA-MG-Gal
template.

P300 and VP16 can activate transcription when recruited to
the vicinity of a TATA box. To determine whether PCAF also
can stimulate transcription from an upstream position, we
compared the ability of Gal4-PCAF, Gal4-p300, and Gal4-
VP16 to activate transcription when recruited to a position
immediately adjacent to the TATA box in a template devoid
of binding sites for an upstream activator (the Gal-TATA-MG
template). As shown in Fig. 2C, Gal4-p300 and Gal4-VP16
activate transcription to a high level when recruited to the
vicinity of the TATA box on the Gal-TATA-MG template,
whereas Gal4-PCAF does not. However, Gal4-PCAF can
activate transcription more than 15-fold when it is recruited to
a position immediately adjacent to the Sp1 upstream activator
in the Gal-SP1-TATA-MG template (Fig. 2D). Thus, in con-
trast to Gal4-p300 and Gal4-VP16, Gal4-PCAF activates tran-
scription in the presence, but not absence, of Sp1, even when
recruited to the core promoter region. The PCAF stimulation
of Sp1-activated transcription requires tethering of PCAF to
the promoter, because overexpression of PCAF without the
Gal4-DNA tether does not stimulate Sp1-promoter activity
(data not shown). Recruitment of the Gal4-Sp1 fusion protein
to the Gal-SP1-TATA-MG and SP1-TATA-MG-Gal tem-
plates, respectively, had no effect on the transcriptional activity
of these reporter genes (Fig. 2 D and A, respectively).

In summary, these results demonstrate that recruitment of
Gal4-PCAF to the template is sufficient to stimulate promoter
activity, and that this stimulation depends on the presence of
an upstream activator (Sp1). In contrast, and similar to Gal4-
VP16, Gal4-p300 can stimulate transcription from the proxi-
mal upstream site in the absence of Sp1. These differences
suggest that, unlike Gal4-PCAF, Gal4-p300 may associate with
transcription activators and basal transcription factors (re-
viewed in ref. 13) or directly contactyrecruit RNA polymerase
II holoenzyme (14).

FIG. 2. Direct recruitment of PCAF enhances Sp1-promoter ac-
tivity similar to the SV40 enhancer. (A) Stimulation of the SP1-TATA-
MG-Gal reporter construct by the acetyltransferase PCAF fused to the
Gal4-DNA binding domain was compared with the transcriptional
enhancement by the known transactivators Gal4-Sp1 and Gal4-p300.
The reporter construct SP1-TATA-MG-Gal was transiently trans-
fected with empty vector DNA, Gal4-Sp1, Gal4-p300, or Gal4-PCAF
and with the CMV-hGH gene as an internal control for efficiency of
transfection. Steady-state RNA levels of the MG fusion genes and the
human growth hormone (hGH) gene were determined with the
S1-nuclease assay as described in Materials and Methods. (B) The
activity of the reporter gene TATA-MG-Gal, lacking upstream-Sp1
binding sites, in the presence of Gal4-VP16, Gal4-p300, and Gal4-
PCAF, is shown. For comparison, the stimulation of transcription by
Gal4-PCAF in the presence of Sp1 upstream activating sequences is
shown in the left two lanes. (C) Gal4-PCAF does not activate
transcription by itself. The steady-state levels of the transfected
Gal-TATA-MG construct in the presence of Gal4-PCAF were com-
pared with the activity of the reporter gene after cotransfection of
empty vector DNA, Gal4-Sp1, Gal4-p300, and Gal4-VP16. The sam-
ples derived from cotransfections with different Gal4-fusion proteins
were mapped with the same end-labeled probe in the nuclease-S1
assay; however, the Gal4-VP16 derived sample was run on a separate
gel. (D) Stimulation by Gal4-PCAF bound at a proximal position,
adjacent to the Sp1 upstream activator sites. The reporter gene
Gal-SP1-TATA-MG, which contains three copies of Gal4 recognition
sites just upstream of multiple Sp1-sites, was cotransfected with
Gal4-Sp1 or the Gal4-PCAF expression plasmid.
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HAT Activity of PCAF Is Not Sufficient for Promoter
Stimulation. To map protein domains required for PCAF
function, we determined the ability of PCAF deletion mutants
to stimulate promoter activity (Fig. 3). The mutant Gal4-
PCAFDHAT(574–608) contains a deletion within the HAT
domain, and Gal4-PCAFDN(65–112) is deleted in the N-
terminal region. The HAT activity of these mutants was tested
with in vitro histone acetylation assays (Fig. 3B). Whereas the
deletion in the N terminus does not affect the ability of PCAF
to acetylate histones in vitro, the HAT activity of PCAF is
completely abolished by deletion of amino acids 574–608. As
shown in Fig. 3A, this deletion within the HAT domain also
abrogates the ability of Gal4-PCAF to stimulate transcription
from a distance. Surprisingly, the deletion of amino acids
65–112 in the N terminus also results in loss of enhancer
activity, although this mutation does not affect the ability of
the mutant protein to acetylate histones in vitro (Fig. 3B).
Western analyses of extracts from transiently transfected cells
demonstrate that the Gal4-fusion proteins containing the
wild-type or the mutant PCAF proteins are expressed at
equivalent levels (data not shown). These results demonstrate
that the HAT domain of PCAF is necessary, but not sufficient,
to enhance the activity of the Sp1 promoter (see Discussion).

P300yCBP-, But Not PCAF-, Mediated Enhancement of
Transcription Is Repressed by E1a. As mentioned in the
Introduction, the disruption of the p300yCBP-PCAF complex
could be the molecular basis of enhancer suppression by E1a.
In this model, enhancer-bound transcription factors interact
with p300yCBP, which in turn recruits PCAF. This model
further predicts that Gal4-p300 induced stimulation of Sp1
promoter activity would be suppressed in the presence of E1a,
whereas Gal4-PCAF mediated enhancement should remain
unaffected.

To test these predictions, we analyzed the activation of
transcription by Gal4-p300 and Gal4-PCAF in the presence
and absence of E1a. As shown in Fig. 4, coexpression of E1a
reduces Gal4-p300 induced stimulation of the SP1-TATA-
MG-Gal reporter construct 4-fold. In contrast, Gal4-PCAF-
mediated enhancement of transcription remains unaffected or
is slightly increased in the presence of E1a. Western blot
analyses demonstrate that E1a is expressed at the same level

in both transient transfection experiments (data not shown). In
summary, these results are consistent with a model in which
PCAF is an important component of the SV40-enhancer-
mediated long-distance activation of promoter activity.

The SV40 Enhancer and PCAF Acetyltransferase Counter-
act MadymSin3-Mediated Repression. To further investigate
whether gene activity actually can be influenced by changes in
the acetylationydeacetylation balance, we determined whether
the SV40 enhancer can counteract repression mediated by
deacetylases recruited by Mad. A 35-residue region of Mad
known to interact with mSin3 (Sin3 interacting domain or SID)
is sufficient to repress transactivation domains of a linked
VP16 activator (30). Two mutations in the SID domain
(L12PyA16P) of Gal4-VP16mad (Gal4-VP16madpro) abolish
binding to mSin3 and restore full transactivation potency of the
fused VP16 protein.

The ability of Gal4-VP16, Gal4-VP16mad, or Gal4-VP16-
madpro to activate reporter constructs with and without SV40
enhancer (Gal-TATA-MG-SVE and Gal-TATA-MG, respec-
tively) was determined in transiently transfected B78 cells (Fig.
5A). Consistent with previous observations (30), Gal4-VP16
and Gal4-VP16madpro highly stimulated transcription of the
Gal-TATA promoter, whereas Gal4-VP16mad only marginally
activates the Gal-TATA-MG construct (Fig. 5A, lanes 1–3).
Remarkably, the insertion of SV40 enhancer sequences 2.5 kb
downstream of the transcription start site of the reporter
construct Gal-TATA-MG-SVE also permits a high level of
promoter activity in the presence of Gal4-VP16mad (Fig. 5B,

FIG. 3. The HAT domain of PCAF is required, but not sufficient,
to stimulate promoter activity. (A) Deletions within the N or C
terminus of PCAF abrogate the ability of PCAF to enhance the
Sp1-driven reporter gene. Two deletions within Gal4-PCAF were
tested: DHAT(574–608), a Gal4-PCAF mutant containing a deletion
within the HAT domain of the C-terminal portion of PCAF; and
DN(65–112), a Gal4-PCAF mutant containing a deletion of amino
acids 65–112 within the N-terminal portion of PCAF. RNA from
transfected B78 cells was tested with S1-nuclease protection assays.
(B) HAT activity in vitro. Wild-type and mutant PCAF proteins were
tested for acetyltransferase activity in vitro.

FIG. 4. Gal4-PCAF-mediated stimulation of transcription is resis-
tant to suppression by the adenoviral protein E1a. B78 cells were
transfected with the reporter construct SP1-TATA-MG-Gal and ex-
pression vectors for Gal4-p300 and Gal4-PCAF. The transfection
mixtures contained the CMV-promoter driven human growth hor-
mone (hGH) gene as an internal control. The E1a gene was expressed
from the Rous sarcoma virus (RSV) promoter in pRcyRSV (Invitro-
gen). (Upper) S1-nuclease assay using end-labeled probes homologous
to the hGH gene and the MG reporter gene. (Lower) Quantitative
PhosphorImager analyses of the S1-nuclease assay reveals a 4-fold
decrease in Gal4-p300 mediated activation in the presence of E1a. In
contrast, Gal4-PCAF stimulated transcription remains unaffected or
increases slightly.

13504 Biochemistry: Krumm et al. Proc. Natl. Acad. Sci. USA 95 (1998)



lanes 4–6). Thus, the SV40 enhancer counteracts MadymSin3-
mediated transcriptional repression.

To determine whether the direct recruitment of an acetyl-
transferase is sufficient to overcome the Mad-mediated re-
pression of VP16 activity, Gal4-PCAF was tethered down-
stream of the transcription unit via Gal4-DNA binding sites.
For this experiment, the activating region of VP16 with the
normal or mutated Mad domain was linked to the LexA DNA
binding domain. As expected, Lex-VP16madpro is a potent
transactivator of the LEX-TATA-MG-Gal reporter gene con-
taining Lex-DNA-binding sequences upstream of the TATA
box and Gal4 DNA binding sites downstream of the MG
reporter gene (Fig. 5B, lane 1). Lex-VP16mad, however, is
inactive (Fig. 5B, lane 2). Although coexpression of the Gal4
DNA binding domain or Gal4-Sp1 does not reverse the
MadymSin3-mediated repression of transactivation (data not
shown), the expression of Gal4-PCAF renders Lex-VP16mad
active (Fig. 5B, lane 3). Thus, the direct recruitment of PCAF
is sufficient to overcome the MadymSin3-mediated repression
of gene activity.

DISCUSSION

We have presented several lines of evidence that suggest a
primary role for acetyltransferases in transcriptional enhance-
ment from a distance: (i) Inhibition of deacetylation fails to
further stimulate enhancer-activated transcription. (ii) The
direct recruitment of PCAF via a Gal4-DNA binding domain
can enhance transcription from a distance. PCAF-mediated
transcriptional enhancement requires the presence of up-

stream activators to recruit RNA polymerases to the promoter.
(iii) Both the SV40 enhancer and PCAF itself can counteract
the repressive effect of deacetylases.

The mechanisms by which transcription activators enhance
promoter activity from a distance appear to differ from
transcriptional activation close to the TATA box. Activator
proteins bound in the vicinity of the TATA box interact with
components of the holoenzyme complex to recruit RNA
polymerase to the transcription start site (25–27). In contrast,
transcriptional stimulation from a distance may involve the
activity of acetyltransferases recruited by enhancer-bound
activator proteins, but does not comprise the ability to recruit
RNA polymerase complexes. Consistent with this model,
transcription activators bound at the proximal promoter can
function autonomously, but transcriptional stimulation from a
distance additionally requires activators bound in the vicinity
of the TATA box. For example, the strong acidic activator
Gal4-VP16 and Gal4-p300yCBP transactivate expression of a
linked reporter gene when bound in the vicinity of the TATA
box (Fig. 2; refs. 33 and 34). The mechanism by which VP16
and p300yCBP increase transcriptional activity from a pro-
moter-proximal position may rely on their ability to contact the
general transcription factor TBP (TATA box-binding protein)
(35) and recruit RNA polymerase holoenzyme (36). However,
despite their ability to contact RNA polymerase II, Gal4-p300
and Gal4-VP16 have very little transactivation potential when
recruited to a downstream position in the absence of promoter-
proximal transactivators. Thus, the ability of these factors to
stimulate transcription from a distance and their ability to
recruit RNA polymerase II complexes appear to be separable
phenomena. This functional distinction is exemplified by Gal4-
PCAF which, in contrast to Gal4-p300 and Gal4-VP16, fails to
transactivate from either the promoter or downstream position
in the absence of an upstream activator, but strongly stimulates
transcription from a distal position in the presence of upstream
activators. The notion PCAF does not activate transcription via
recruitment of initiation-competent RNA polymerase is sup-
ported further by the recent demonstration that PCAF does
not interact with the nonphosphorylated form of RNA poly-
merase (37).

Previous analyses have indicated that the HAT activity of
the yeast counterpart of PCAF, Gcn5p, is critical for tran-
scriptional activation of Gcn5p-dependent genes (38, 39). The
analysis of mutant PCAF proteins (Fig. 3) indicates that the
acetyltransferase activity, located in the C-terminal portion of
PCAF, is required but not sufficient to stimulate Sp1-driven
transcription from a distance. Although a mutant with a
deletion in the N-terminal region efficiently acetylates histones
in vitro, it does not transactivate Sp1 promoter activity. Thus,
this region contains an as-yet-unknown stimulatory activity or
associates with other factors required for transcriptional en-
hancement from a distance.

The observation that acetyltransferase activity is the pri-
mary component of enhancer function is consistent with our
recent finding that the Ig heavy chain 39Ca enhancer mediates
a significant increase in histone acetylation along a linked gene
(40). Significantly, the increase in acetylation was not re-
stricted to nucleosomes within the promoter region, but also
was apparent both far upstream and downstream of the
transcription start site. In addition, synergistic activation by the
interferon b enhanceosome requires the transcription coacti-
vator p300yCBP (41), and SV40 enhancer function depends on
p300yCBP (12). Furthermore, the adenoviral protein E1a,
which disrupts p300yCBP-PCAF interaction (15), inhibits
transcriptional activation from a distance by the SV40 en-
hancer (9, 10). These results suggest that the partial repression
of enhancer activity by E1a is caused by disruption of the
interaction between PCAF or similar factors with p300yCBP.
Consistent with this model, the direct recruitment of PCAF via

FIG. 5. The SV40 enhancer or the recruitment of PCAF counter-
acts HDAC-mediated repression. (A) The reporter constructs Gal-
TATA-MG (Left, 2SVE) and Gal-TATA-MG-SVE (Right, 1SVE),
which differ through SV40 enhancer sequences (SVE) downstream of
the transcribed MG gene, were transfected into mouse B78 cells along
with the CMV-hGH gene as an internal control and with Gal4-VP16,
Gal4-VP16 mad, or Gal4-VP16 madpro as transactivators. Gal4-VP16
mad contains the Sin3 interaction domain (SID) of the Mad protein,
whereas Gal4-VP16 madpro is mutated within SID, and therefore does
not interact with Sin3 (30). RNA from transfected cells was analyzed
with S1-nuclease assays. Transactivation by Gal4-VP16 mad is signif-
icantly less (12-fold) than transactivation by Gal4-VP16 and Gal4-
VP16 madpro. (B) Gal4-PCAF counteracts Mad-mediated repression
of VP16 transactivation. The LEX-TATA-MG-Gal reporter construct
was cotransfected into B78 cells with expression vectors encoding
Lex-VP16 madpro (left lane), LexVP16 mad (middle and right lanes),
and Gal4-PCAF (right lane). The CMV-hGH plasmid was included as
an internal control for transfection efficiency. RNA was analyzed in
S1-nuclease assays.
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the Gal4-DNA binding domain bypasses the repressive effect
of E1a (Fig. 4).

Enhancers have been suggested to relieve chromatin-
mediated repression of weak promoters (5). Consistent with
this, the SV40 enhancer counteracts repression mediated by
HDACs recruited by Mad. The HDAC-mediated inhibition is
partly reversed by treatment with TSA (42) or by direct
recruitment of the Gal4-PCAF fusion protein, suggesting that
an acetyltransferase activity associated with the SV40 en-
hancer is responsible for promoter derepression. In contrast to
transcriptional activation by Gal4-PCAF from a distance, the
counteraction of Mad-mediated-repression does not require
the N-terminal region of PCAF. Curiously, deletion of the
HAT domain within the Gal4-PCAF fusion protein reduced
the ability to counteract Mad-mediated repression to only 50
percent (data not shown). Although the reason for this result
is unclear, it is reminiscent of the partial inhibition of tran-
scription mediated by a mutated mSin3 protein deficient in
interaction with HDAC (42).

The precise target of acetyltransferase activities of PCAF or
its associated proteins is not known. Nucleosomes are acety-
lated by PCAF in vitro and, consistent with the observations of
others (reviewed in ref. 43), the transiently transfected tem-
plates in our experiments are associated with nucleosomes
(data not shown). Hyperacetylation of histones facilitates the
access of transcriptional activators to the promoter (reviewed
in refs. 22–24, 31, and 32), which could explain the enhancer-
mediated increase in transcription initiation. However, en-
hancers, such as the SV40 and the Ig heavy chain 39Ca,
increase gene expression to a large extent by modulation of the
elongation competence of RNA polymerase II (29, 44). Im-
portantly, the TSA-mediated activation of an episomal c-myc
gene also is caused primarily by an increase in the transcrip-
tional elongation efficiency of RNA polymerases, rather than
to an increase in transcription initiation (40). The interaction
of PCAF with the elongation-competent, highly phosphory-
lated form of RNA polymerase II is also consistent with a
model in which acetyltransferases alter the elongation com-
petence of already recruited transcription complexes (37). In
combination, these results suggest that the recruitment of
acetyltransferases by enhancers may activate transcription by
modulating the elongation competence of the transcription
complex. This increase in elongation efficiency could be
accomplished by the acetylation of histones andyor compo-
nents of the transcriptional machinery itself. Clearly, insights
into the mechanisms by which PCAF and other acetyltrans-
ferases affect gene expression await identification of their
targets in the various assays used to examine acetyltransferase
function, as well as characterization of the function and the
factors that associate with the N-terminal andyor acetyltrans-
ferase domains of PCAF.
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