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The TATA sequence of the human, estrogen-responsive pS2 promoter is complexed in vivo with a rotationally
and translationally positioned nucleosome (NUC T). Using a chromatin immunoprecipitation assay, we
demonstrate that TATA binding protein (TBP) does not detectably interact with this genomic binding site in
MCEF-7 cells in the absence of transcriptional stimuli. Estrogen stimulation of these cells results in hyper-
acetylation of both histones H3 and H4 within the pS2 chromatin encompassing NUC T and the TATA
sequence. Concurrently, TBP becomes associated with the pS2 promoter region. The relationship between
histone hyperacetylation and the binding of TBP was assayed in vitro using an in vivo-assembled nucleosomal
array over the pS2 promoter. With chromatin in its basal state, the binding of TBP to the pS2 TATA sequence
at the edge of NUC T was severely restricted, consistent with our in vivo data. Acetylation of the core histones
facilitated the binding of TBP to this nucleosomal TATA sequence. Therefore, we demonstrate that one specific,
functional consequence of induced histone acetylation at a native promoter is the alleviation of nucleosome-
mediated repression of the binding of TBP. Our data support a fundamental role for histone acetylation at
genomic promoters in transcriptional activation by nuclear receptors and provide a general mechanism for

rapid and reversible transcriptional activation from a chromatin template.

Transcription by RNA polymerase II (RNA pol II) from
most eukaryotic promoters requires the evolutionarily con-
served interaction of TATA binding protein (TBP) with a
TATA sequence (42) in a chromatin context. Transcriptional
activity, at least in yeast, correlates strongly with the degree of
TBP occupancy of TATA box elements (30, 32). However,
TBP can be severely inhibited from binding DNA sites located
within unaltered mononucleosomes (17, 24). Positioning of a
nucleosome over the TATA region appears to be a common
mechanism for repressing basal transcription. In yeast, the
TATA sequences of the inactive PHOS5 (2), ADH2 (54),
GALSBO (34, 35), and CHA1 (37) promoters are all contained
within positioned nucleosomes that are disrupted during in-
duction-dependent chromatin rearrangements. Similar mech-
anisms have been observed in other organisms. Both the re-
pressed human immunodeficiency virus type 1 promoter in
unstimulated human T cells (53) and the inactive beta phase-
olin gene in vegetative tobacco tissues (31) contain nucleo-
somes that occlude their respective TATA sequences and are
subsequently disrupted concomitant with transcriptional acti-
vation.

Of the multiple modifications required for conversion of
chromatin from an inactive to active state, one consistent fea-
ture of active chromatin is the highly acetylated state of the
core histones in the nucleosomes (13, 22, 52). Core histone
acetylation influences both the interaction of specific proteins
with nucleosomal DNA and the activation of gene expression
(reviewed in reference 57). A broad range of transcriptional
regulatory proteins possess intrinsic histone acetylase and
deacetylase activity (for review, see references 49, 56, and 61).
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Included among the proteins that possess histone acetyltrans-
ferase (HAT) activity are several nuclear receptor coactivators
that interact directly with the estrogen receptor (ER), in-
cluding SRC-1/NCoA-1, ACTR/RAC3/(P/CIP), TIF2/GRIP1/
NCoA-2, and CBP (also called p300), as well as the CBP-
associated factor (P/CAF) (11). Of these coactivators, the
HAT activity of p300 has recently been demonstrated to be
critical for hormone-induced histone H4 hyperacetylation on
the pS2 promoter (9). The coactivators CBP and pCAF can
also acetylate nonhistone proteins, including transcription fac-
tors p53, E2F1, ELKF, GATA 1, TFIIF, and TFIIER and the
nuclear receptor coactivator ACTR (reviewed in reference 29).
While the crucial role of the acetylase activity of the nuclear
receptor coactivators in hormone-induced gene regulation has
been demonstrated (9), the functional consequences of acety-
lation of core histones remain unresolved.

Given the complexity of the structural parameters governing
binding of transcription factors to nucleosomal templates, an
understanding of transcriptional activation at a natural pro-
moter requires knowledge of the native chromatin structure.
To this end, we have previously mapped the chromatin struc-
ture of the human, estrogen-responsive pS2 promoter within
the context of its normal genomic location in human mammary
epithelial cells (48). The TATA box at —30 to —24 of the pS2
promoter is situated at the 3’ edge of a rotationally and trans-
lationally positioned nucleosome, NUC T (at nucleotides —23
to —165). NUC T remains stably positioned even upon the
transcriptional induction of the gene in vivo (48). This con-
trasts with the previously discussed nucleosomal disruptions
over other transcriptionally active TATA sequences (2, 31, 34,
35, 37, 53, 54) and suggests an alternative mechanism of alle-
viating nucleosomal repression of the binding of TBP. The pS2
promoter can be activated through several estrogen receptor-
dependent pathways, including direct binding of steroid hor-
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mone to the receptor (6) and phosphorylation of the receptor
resulting from activation of the protein kinase C (PKC) path-
way (39) or the Ras mitogen-activated protein kinase cascade
of the growth factor signaling pathway (28). Here we examine
how induction by estradiol and the PKC pathway results in
transcriptional activation of the pS2 gene on a chromatin tem-
plate. First, we establish that the binding of TBP is intrinsically
linked to ER-dependent transcriptional activation of the pS2
promoter. Second, we demonstrate that the core histones H3
and H4 of the nucleosomal pS2 promoter are differentially
hyperacetylated in response to these transcriptional stimuli.
And most significantly, we demonstrate that hyperacetylation
of core histones facilitates the binding of the basal transcrip-
tion factor, TBP, to the TATA sequence within the pS2 chro-
matin.

MATERIALS AND METHODS

Cell cultures. CMT cells (an African green monkey kidney cell line that stably
produces simian virus 40 [SV40] T antigen) and the human breast adenocarci-
noma cell line MCF-7 were maintained in Dulbecco’s modified Eagle’s medium
with 10% fetal calf serum in a 5% CO, atmosphere at 37°C. Proliferating MCF-7
cells were grown in phenol red-free EX-CELL 320, serum-free media (JRH
Biosciences) to eliminate any estrogenic activity from the media for 48 h prior to
experimental treatment and chromatin immunoprecipitation (ChIP). In addi-
tion, the antiestrogen ICI 182,780 (Tocris) was added at 2 wM for this 48-h
period to the unstimulated samples to fully block ER activation of the pS2
promoter. Cells were stimulated with 200 nM 17B-estradiol (Sigma) and 100 ng
of tetradecanoyl phorbol acetate (TPA) (Sigma)/ml for 3 h prior to harvesting for
ChIP assays.

ChIP and in vivo TBP binding assay. Approximately 3 X 10® MCF-7 cells were
used for each experimental group. ChIPs were performed essentially as previ-
ously described (5; as adapted for mammalian cell culture per instructions of
Upstate Biotechnology). After the designated treatments, cells were fixed by the
direct addition of formaldehyde to the culture medium to a final concentration
of 1% and incubation for 10 min at 37°C. Cells were washed with ice-cold
phosphate-buffered saline containing protease inhibitors (1 mM phenylmethyl-
sulfonyl fluoride, 1 wg of aprotinin/ml, and 1 ug of pepstatin A/ml) and were
lysed with 1.2 ml of sodium dodecyl sulfate (SDS) lysis buffer (1% SDS, 10 mM
EDTA, 50 mM Tris-HCI [pH 8.1]) containing the same protease inhibitors. This
lysate was sonicated three times for 30 s using a Branson Sonifer 250 at 20%
constant maximal power, resulting in an average DNA length of approximately
500 bp, as determined by electrophoresis through a 1% agarose—Tris-acetate-
EDTA gel and ethidium bromide staining. After clarification, the supernatant
fraction was diluted 10-fold in ChIP dilution buffer (0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI [pH 8.1], 167 mM NaCl) to a final
volume of 12 ml. Protein levels of the 12-ml samples were quantitated with a
detergent-compatible protein assay kit (Bio-Rad) per manufacturer’s directions,
and protein concentrations were equalized. Immunoprecipitations were per-
formed by incubating 2 ml of sample at 4°C overnight with saturating amounts of
antibodies: 10 pl of anti-acetyl-histone H4 rabbit antiserum or 10 pg of anti-
acetyl-histone H3 rabbit polyclonal immunoglobulin G antibody (Upstate Bio-
technology). Isolation of the immunocomplexes and further purification of the
coprecipitated DNA were conducted as described previously (5). Specific se-
quences in the immunoprecipitates were detected by PCR, under conditions
optimized for each primer set in which the yield of product was within the linear
range relative to input DNA (data not shown). Identical immunoprecipitates
were assayed for levels of the pS2 proximal promoter sequence, using primer set
TE (5'-ATGGGCTTCATGAGCTCC and 5'-GCGACCCCGAGTCAGG), and
for the control sequence, beta interferon proximal promoter sequence, using
primer set F (41). Immunoprecipitations and PCRs were performed in duplicate
in each experiment, and multiple independent experiments were performed to
ensure reproducibility.

Measurement of the in vivo interaction of TBP with the pS2 proximal pro-
moter was performed by modifying the ChIP protocol. Instead of anti-acetylated
histone antibodies, 25 pg of anti-TBP antibodies (Santa Cruz Biotechnology) was
used to immunoprecipitate cross-linked protein-DNA complexes followed by
quantitative PCR analysis of the purified MCF-7 DNA fragments.

MC and core MC isolation. CMT cells were infected with the recombinant
SV40/pS2 promoter virus SVSpS2, and minichromosomes (MCs) were isolated
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and purified as described previously (21). Where indicated, CMT cells were
treated with 400 nM trichostatin A (TSA) (Waco Pure Chemical Inc.) 3 h prior
to MC isolation (21). Core MCs were isolated after incubation in 0.5 M NaCl as
described previously (16), except that bovine serum albumin (BSA) (Worthing-
ton Biochemicals) was added to a concentration of 0.1 mg/ml before the final
dialysis step at 4°C against 30 mM HEPES (pH 7.5), 1 mM EDTA, 0.1% Nonidet
P-40 (ICN Biomedicals Inc.), 1 mM 2-mercaptoethanol, and 15% sucrose.

TBP-DNA binding reactions. Human TBP, a glutathione transferase-tagged
fusion protein (Santa Cruz Biotechnology), was added to either SVSpS2 viral
DNA or to the indicated MCs. Human TFIIA, added to MCs in addition to TBP,
was overexpressed in bacteria and was purified by affinity chromatography as
described previously (14). The binding reactions for TBP with free DNA con-
tained 55 mM KCl, 10 mM NaCl, 6 mM MgCl,, 0.1 mg of BSA/ml, 20 mM
HEPES (pH 7.5), 20% glycerol, and 10 mM dithiothreitol. The binding reactions
for TBP on MCs and core MCs contained 47 mM KCl, 10 mM NaCl, 3 mM
MgCl,, 0.1 mg of BSA/ml, 20 mM HEPES (pH 7.5), 10% glycerol, 3% sucrose,
and 10 mM dithiothreitol. In addition, the core MC preparation added a final
concentration of 0.2 mM EDTA, 0.2 mM 2-mercaptoethanol, and 0.02% Non-
idet P-40 to the reactions. All binding reactions were carried out at 30°C for 45
min in a final volume of 30 l. Following this incubation with TBP, DNA or MCs
were digested with DNase I (Worthington Biochemicals) at 0.005 or 0.05 g/
reaction mixture, respectively. The digestions were performed by adding 30 .l of
DNase I in 150 mM sucrose, 80 mM KCI, 35 mM HEPES (pH 7.5), 5 mM
K,HPO,, 5 mM MgCl,, 0.1 mg of BSA/ml, and 2 mM CaCl, to the 30-pl binding
reaction mixture for 2 min at 20°C. DNase I cleavage was terminated by the
addition of 1 pg of EcoRI-digested genomic DNA from CMT cells and 5 pg of
yeast tRNA in 60 wl of 20 mM EDTA and 20 mM Tris (pH 7.8). This mixture was
placed on ice for 10 min, followed by the addition of 0.2% cetyltrimethylammo-
nium bromide, and was incubated at 20°C for 10 min, and the DNA was precip-
itated by centrifugation in a microcentrifuge for 10 min at 15,000 X g. The
cetyltrimethylammonium bromide was removed by resuspension of the DNA-
tRNA pellet in 3 M sodium acetate, followed by ethanol precipitation. Ligation-
mediated PCR (LMPCR) of 25 ng of isolated DNA was performed with primer
set NTV-T, as described previously (48). The end-labeled PCR product was
visualized on preflashed Reflection NEF-495 autoradiography film (Dupont)
following electrophoresis through a 6% polyacrylamide-7 M urea gel (1:15,
bisacrylamide:acrylamide).

Micrococcal nuclease and Western blot analysis of chromatin templates. The
nucleosomal structure of the pS2 promoter within MCs, core MCs, and genomic
DNA in MCF-7 cells was monitored by micrococcal nuclease digestion and
LMPCR as previously described (48). For Western blot analysis, 500 ng of MC
DNA (containing approximately 500 ng of core histones) was electrophoresed
through an SDS-12.5% polyacrylamide gel. Proteins were transferred onto a
polyscreen polyvinylidene difluoride membrane (New England Nuclear), and the
membranes were incubated with either anti-acetylated-histone H4 rabbit anti-
serum (1:2,000 dilution) or anti-acetylated-histone H3 rabbit polyclonal immu-
noglobulin G antibody (2 pg/ml) (Upstate Biotechnology) in phosphate-buffered
saline containing 3% nonfat milk. Acetylated histone H4 and H3 blots were
subsequently incubated with anti-rabbit horseradish peroxidase-conjugated an-
tibody (1:3,000) (Bio-Rad) and anti-rabbit alkaline phosphatase-conjugated an-
tibody (1:2,000), respectively. Immunoreactive species were visualized by chemi-
luminescence using either a Dupont NEN Renaissance kit and autoradiography
or Amersham Pharmacia ECF Western blotting kit and Fluorimager (Molecular
Dynamics) per manufacturers’ directions. Additionally, duplicate samples not
subjected to Western blotting were electrophoresed and visualized by silver
staining, per directions of the manufacturer (Daiichi Co.).

RESULTS

ER activation induces hyperacetylation of histones and
binding of TBP within the pS2 promoter. The basal transcrip-
tion factor TBP can be severely inhibited from binding DNA
sites located within unaltered mononucleosomes (17, 24). In
the human estrogen-responsive pS2 promoter, the TATA se-
quence lies within a tightly positioned nucleosome (Fig. 1A)
whose translational boundary is defined by nucleosome-depen-
dent micrococcal nuclease-hypersensitive sites (48) (Fig. 1B,
bracket). Strikingly, this nucleosome positioning remains un-
changed upon transcriptional induction of the gene (48) (Fig.
1B, lanes 2 and 3). Given that the nucleosome-covering TATA
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FIG. 1. The translational positioning of the nucleosome overlap-
ping the TATA sequence is unchanged upon induction of the pS2
promoter. (A) The upper panel is a linear representation of the pS2
proximal promoter illustrating the positions of the estrogen response
element (ERE) (hatched box) and TATA sequence (grey box) relative
to the positions of the two nucleosomes (NUC E and NUC T). The
transcriptional start site is denoted with an arrow. The lower panel
further illustrates the positioning of the TATA sequence (nucleotides
=30 to —24) of the human estrogen-responsive pS2 promoter within
the rotationally and translationally positioned NUC T (nucleotides
=23 to —165) (48). (B) The boundary of NUC T is defined by chro-
matin-dependent micrococcal nuclease cleavages (bracketed on right)
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sequence is not disrupted upon induction, we examined
whether NUC T might be altered instead by modifications that
would allow the binding of TBP. In particular, the biological
relevance of histone acetylation of the human pS2 proximal
promoter to activation with ER-dependent stimuli was inves-
tigated in the human MCF-7 cell line, a breast cancer cell line
that constitutively expresses the ER. Transcriptional activation
of the pS2 gene both by estradiol and by the PKC activator
TPA is dependent upon the ER, and induction by these path-
ways is synergistic (10, 26) (Fig. 1C, lanes 2 to 4). In our
experiments, levels of pS2 mRNA in the MCF-7 cells were
stimulated 5-fold by estradiol, 9.5-fold by TPA, and 29-fold by
a combination of the two agents. Transcriptional induction by
both stimuli is inhibited by pure antiestrogens (8).

The acetylation states of histones H3 and H4 within the pS2
promoter were analyzed under our experimental conditions
using the ChIP assay. Sheared cellular chromatin was immu-
noprecipitated with antibodies raised against either a diacety-
lated synthetic peptide corresponding to residues 1 to 21 of
histone H3 or a tetra-acetylated peptide corresponding to res-
idues 2 to 19 of histone H4. As a control, chromatin was also
mock immunoprecipitated in the absence of antibody. The
DNA from these precipitates was initially analyzed by quanti-
tative PCR utilizing primers that flank sequences containing
NUC T. The background level of recovered DNA in the mock
immunoprecipitates was identical, whether derived from cells
treated with ICI, estradiol, or TPA (data not shown).

With the ChIP assays, significant changes in modification
states were demonstrated upon induction of gene expression.
With antibodies reactive against acetylated histone H3, we
observed a significant enhancement in immunoprecipitation of
the pS2 promoter region in response to treatment with estro-
gen, as compared to treatment with the antiestrogen ICI, and
an even greater enhancement upon treatment with both estra-
diol and TPA (Fig. 2A and C). A somewhat distinct result was
obtained with antibodies reactive against acetylated histone
H4. As compared to levels of the pS2 promoter DNA associ-
ated with acetylated histone H4 in the presence of ICI, equiv-
alent increases were observed upon treatment with estradiol
either in the presence or absence of TPA (Fig. 2A and C). We
note that the amount of pS2 DNA immunoprecipitated from
ICI-treated samples by the H4 antibodies was much higher
than the amount immunoprecipitated by the H3 antibodies.
This may reflect a higher basal level of histone H4 acetylation
within the pS2 proximal promoter region in its uninduced state
or may reflect recognition of all acetylated forms of histone H4
by the anti-acetylated-histone H4 antibodies (33), in contrast

and is situated within the 3" edge of the TATA sequence (48). MCF-7
cells were treated with either the antiestrogen ICI 182,780 (ICI) or
17B-estradiol (E,) before chromatin was digested in vivo by addition of
micrococcal nuclease. For comparison, purified genomic DNA (Free
DNA) was digested in vitro and similarly analyzed. (C) Levels of pS2
RNA were determined by Northern blot analysis following treatment
of MCF-7 cells for 48 h with ICI 182,780 (ICI) or for 3 h with 178-
estradiol (E,) and/or TPA. Twenty micrograms of total isolated
MCF-7 RNA per sample was electrophoresed through a 1.2% form-
aldehyde-agarose gel and transferred to a charged nylon membrane
(NEN). The pS2 RNA was detected by hybridization with a random
primed DNA probe generated from the pS2 gene sequence.
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to recognition of only highly acetylated isoforms of histone H3
by the anti-acetylated-histone H3 antibodies (4).

In order to ensure that the enhanced histone acetylation
associated with the pS2 promoter did not reflect global nucleo-
some modifications, we examined the acetylation state of the
chromatin associated with the beta interferon proximal pro-
moter region, encompassing its TATA sequence. Analysis of
the identical chromatin immunoprecipitates in three indepen-
dent experiments revealed no statistical change in the acetyla-
tion state of histones H3 or H4 associated with this control
promoter upon addition of estradiol and TPA (Fig. 2B and C).
This correlates with nondetectable levels of beta interferon
mRNA in samples isolated from MCF-7 cells treated with ICI
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FIG. 2. Hyperacetylation of histones H3 and H4 and binding of
TBP within the pS2 proximal promoter in response to the transcrip-
tional stimuli estradiol and TPA. (A) Chromatin fragments were im-
munoprecipitated with anti-acetylated-histone H3 or H4 antibody as
indicated, from human mammary MCF-7 cells treated with the pure
antiestrogen ICI 182,780 (lanes 1 and 4), 17B-estradiol (lanes 2 and 5),
or 17B-estradiol plus TPA (lanes 3 and 6). DNA purified from these
immunoprecipitations was analyzed by quantitative PCR, with the
product consisting of nucleotides —440 to +18 of the pS2 promoter.
(B) The same immunoprecipitates described for panel A (same lane
designations) were analyzed by quantitative PCR with primer set F
from the human beta interferon promoter region (=241 to —1) (41).
(C) The relative levels of DNA immunoprecipitated with antibodies
against acetylated histones H3 and H4 at the pS2 and beta interferon
promoters were quantitated using a PhosphorImager (Molecular Dy-
namics). The average amounts of recovered DNA, with standard de-
viations, were determined from three independent sets of experiments
with separate batches of cells. Levels of DNA immunoprecipitated
with anti-acetylated-histone H3 antibodies from ICI-treated cells were
similar (within twofold) to background levels of precipitated DNA in
the absence of antibodies. Thus, the actual enhancement in association
of pS2 proximal promoter DNA with highly acetylated histone H3 may
be even more pronounced. (D) Genomic chromatin fragments from
MCEF-7 cells, treated as described for panel A with either ICI 182,780
(lanes 1, 3, 5, and 7) or 17B-estradiol plus TPA (E, + TPA) (lanes 2,
4, 6, and 8), were immunoprecipitated either with anti-TBP antibodies
(lanes 5 to 8) or with anti-acetylated-histone H3 antibodies (lanes 1 to
4). —, absence of E, + TPA; +, presence of E, + TPA. Duplicate
experimental samples are shown to illustrate reproducibility. The rel-
ative levels of TBP binding to the proximal pS2 promoter and of
immunoprecipitation with the anti-acetylated histone H3 antibody of
this region were analyzed by quantitative PCR. The average increase in
TBP binding with transcriptional stimuli was 4.1 = 1.1-fold over back-
ground levels, based upon four independent experiments. Quantitative
PCR analysis was performed on DNA isolated from input samples
prior to immunoprecipitation to confirm equalization of initial cellular
material.

or estradiol and TPA, as analyzed by Northern blotting (data
not shown).

In these assays, the levels of histone acetylation were deter-
mined following 3 h of exposure of the cells to the hormone.
However, increases in acetylation of both histones H3 and H4
were observed as early as 15 min after treatment with estradiol
(data not shown). These data are generally consistent with the
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recent findings of Chen and colleagues (9), although they differ
in details (see Discussion).

The influence of transcriptional stimuli on the binding of the
critical downstream general transcription factor, TBP, to the
genomic pS2 proximal promoter was also examined using an
immunoprecipitation assay. The experimental design was iden-
tical to the ChIP assay, except for the use of anti-TBP anti-
bodies. The basal level of recovered DNA after a mock immu-
noprecipitation protocol was the same as the level of DNA
recovered in anti-TBP immunoprecipitates from extracts of
IClI-treated cells (data not shown). Thus, in the presence of the
pure antiestrogen ICI 182,780, TBP did not detectably interact
with this pS2 proximal promoter region, which includes the
TATA sequence (Fig. 2D, lanes 5 and 7). This is a significant
result, as TBP is sometimes associated with cellular promoters
that remain in an inactive state (23).

Activation of ER by estradiol and TPA induced the binding
of TBP to the pS2 promoter (Fig. 2D, compare lanes 5 and 7
with lanes 6 and 8). The level of binding of TBP in the induced
state was fourfold higher than background levels. However,
given that background levels in the absence of transcriptional
stimuli were the same with or without anti-TBP antibodies, the
actual extent to which transcriptional activation of the genomic
pS2 promoter by ER promotes binding of TBP is undoubtedly
much greater.

The nucleosome naturally positioned over the pS2 TATA
sequence severely restricts accessibility to TBP binding. Given
that core histones complexed with the genomic pS2 promoter
are specifically hyperacetylated in response to transcriptional
stimuli and that these same stimuli lead to increased binding of
TBP, we investigated a possible functional connection at this
promoter between histone acetylation and the binding of this
basal transcription factor. Assembly of the preinitiation com-
plex at most RNA pol II promoters is critically dependent on
the binding of TBP with its associated factors to a TATA
sequence, as RNA pol II cannot directly recognize target ini-
tiation sites (reviewed in reference 7). The binding of TBP to
the TATA box within the positioned nucleosome of the human
pS2 promoter was studied using a minichromosome model
system. Previously, it was demonstrated that nucleotides
—1100 to +10 of the pS2 promoter are sufficient to establish
the positioning of NUC T, as this region of the promoter, when
placed in the context of a recombinant SV40 viral genome,
generates in vivo-assembled chromatin templates with struc-
tural features virtually identical to those of the genomic pS2
promoter (48). SV40 MCs are comprised of an array of the
normal cellular nucleosomes, including histone H1, complexed
with the viral genome. Nonhistone proteins are also bound to
the MCs (for review, see references 12 and 15).

The basic characteristics of the TBP footprinting pattern and
its binding avidity to the pS2 TATA sequence were initially
defined on deproteinized, recombinant viral DNA (Fig. 3A).
Due to the sequence specificity of DNase I, there was little
cleavage of the free DNA directly within the TATA sequences
(Fig. 3A, lane 1). However, a characteristic footprint was none-
theless evident upon addition of increasing amounts of TBP.
The binding of TBP resulted in protection against cleavage at
the 5’ edge of the TATA box from nucleotides —35 to —29
(Fig. 3A, lanes 5 to 7, bracket). DNase I footprints of TBP
extending 5’ of the TATA sequence are commonly observed,
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such as on the adenovirus major late promoter TATA se-
quence, where the protected footprint extends to nucleotide
—36 (62). The interaction of TBP with the TATA sequence
also caused several base pairs immediately 5 of the foot-
printed region (nucleotides —37 and —38) to become hyper-
sensitive to DNase I cleavage. DNase I-hypersensitive sites
have also been observed on the adenovirus major late and
human heat shock protein 70 promoters, 5’ of the regions
footprinted by TFIID (38). The apparent affinity of TBP for
the free pS2 TATA sequence is quite weak. In these experi-
ments, the half-maximal concentration for binding is nearly 0.6
pM TBP (0.2 uM active TBP). Thus, the apparent K, is ap-
proximately 2 orders of magnitude lower than the reported
affinity of TBP, 2.0 nM, for the adenovirus major late promoter
TATA box (19, 25). This is due partly to differing sequences
flanking the TATA boxes and also to binding conditions that
are necessitated by the subsequent assays utilizing MCs (see
below). In particular, BSA was present in our assays at con-
centrations that were previously shown to reduce the affinity of
TBP for the adenovirus major late promoter TATA box by
fivefold (25).

The general initiation factor TFIIA can enhance the binding
of TBP to naked DNA when TBP binding conditions are sub-
optimal (25, 62), and it has therefore been included in previous
studies of binding of TBP to reconstituted nucleosomal tem-
plates (17, 24). In the presence of TFIIA, the affinity of TBP
for the naked pS2 TATA sequence under these binding con-
ditions was increased but by less than 10-fold (compare Fig.
3A, lanes 5 and 6, with Fig. 3B, lane 4). On this DNA, the
presence of TFIIA also enlarged the footprint significantly
upstream of the TATA sequence (compare the bracketed
areas in Fig. 3A and B).

When TBP alone was added in a parallel experiment to
recombinant viral chromatin containing the pS2 promoter, no
detectable footprint was observed even at the highest concen-
trations of TBP (Fig. 3C, lane 3). Thus, the binding of TBP to
the pS2 TATA sequence was strongly inhibited within the
context of the positioned NUC T and surrounding chromatin,
despite location of the TATA sequence at the extreme edge of
NUC T (Fig. 1B). Upon inclusion of TFIIA, TBP binding to
the nucleosomal pS2 TATA sequence in the MC context was
still only minimally detectable at the highest concentrations of
TBP (Fig. 3D and 4A, lanes 1 to 6). Although the evidence for
an interaction between TBP and unmodified chromatin in the
presence of TFIIA was subtle, often only the appearance of
DNase I hypersensitivity at nucleotides —37 and —38, this
result was reproducible. TFIIA was included in all subsequent
experiments.

Enhanced binding of TBP to the nucleosomal pS2 TATA
sequence in the context of highly acetylated chromatin. Given
the extremely weak interaction of TBP with the nucleosomal
pS2 TATA sequence, a role for histone acetylation on the
binding of TBP to the nucleosomal pS2 promoter was tested,
using highly acetylated chromatin templates. In order to isolate
such chromatin, cells were infected with the recombinant SV40
virus containing the pS2 promoter and were treated subse-
quently with TSA. By inhibiting histone deacetylase activity,
TSA causes accumulation in vivo of highly acetylated core
histones (63). Western blotting analyses confirmed the higher
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FIG. 3. The binding of TBP to the pS2 TATA sequence is severely restricted by the in vivo chromatin structure of the promoter. (A) Purified
viral DNA containing the pS2 promoter (100 ng, 1.0 nM) was incubated with increasing concentrations of human TBP, at the concentrations (in
micromolars) indicated above the individual lanes. Subsequently, the reaction mixtures were digested with DNase I, and the DNA products were
amplified by LMPCR (48). TBP preparations were assayed for the percentages of TBP molecules that were active for specific DNA binding as
described previously (25). The preparation used for the experiments illustrated in Fig. 3D, 4A, and 5A contained essentially all active protein, while
the preparation used for the experiments shown in Fig. 3A to C was approximately 30% as active. A control DNA sample was incubated in the
absence of TBP (lanes 1 and 8). Dimethyl sulfate/piperidine-treated SVSpS2 viral DNA provided a G ladder (lane G); the nucleotide positions
of the pS2 promoter are indicated to the left of this lane. The position of the TATA box is illustrated by the pS2 sequence TATAAAA. The binding
of TBP is evidenced by a region of protection from cleavage as delineated by the bracket to the right. (B) Purified viral DNA containing the pS2
promoter was incubated with TBP at the protein concentrations indicated above the individual lanes but supplemented either with the basal
transcription factor TFIIA (+) or with TFIIB (lanes 5 and 6). TFIIA and TFIIB concentrations equaled or exceeded that of TBP; TFIIA
concentrations were as follows: lanes 1 and 2, 0.13 nM; lane 3, 0.25 wM; lane 4, 0.63 wM. TFIIB concentrations were as follows: lane 5, 0.14 uM;
lane 6, 0.35 wM. The designations are as given for panel A. (C) MCs (230 pM) containing the pS2 promoter were isolated from CMT cells and
were incubated with TBP at the concentrations noted. The position of NUC T is diagrammed on the left. The remaining designations are as noted
above. (D) MCs were incubated with TBP as described for panel C, with the addition of the basal transcription factor TFIIA. TFIIA concentrations
were as follows: lanes 1 to 4, 0.25 pM; lane 5, 0.50 uM; lane 6, 1.0 uM.
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FIG. 4. MCs isolated from TSA-treated cells support enhanced levels of TBP binding to the pS2 TATA sequences within NUC T. (A) MCs
(230 pM) isolated from either untreated cells (lanes 1 to 6) or TSA-treated cells (lanes 7 to 13) were incubated with increasing concentrations of
TBP for DNase I footprinting. These same MC preparations were analyzed for panel D for the acetylation state of histones H3 and H4. The
concentration of TBP is indicated above each lane. TFIIA concentrations were as follows: lanes 1 to 4, 7 to 10, and 13, 0.25 wM; lanes 5 and 11,
0.50 wM; lanes 6 and 12, 1.0 uM. The position of NUC T is diagrammed on both sides of the lanes. The nucleotide positions within the pS2
promoter are numbered to the left. The region of highly specific, TBP-dependent protection from DNase I cleavage (bracket) is indicated to the
right. The results shown in this figure are representative of four independent experiments. (B) The bands within the TBP-dependent footprint
region (panel A, bracket) were scanned using a Phosphorlmager (Molecular Dynamics). The upper graph illustrates the TBP interaction with
normal chromatin (panel A, lanes 1, 3, and 5); the lower graph illustrates the TBP interaction with TSA-treated chromatin (Fig. 4A, lanes 7, 9,
and 11). The positions of the nucleotides —30 to —27 (TATA) are indicated above their respective peaks. The x axis represents the relative position
within the gel, while the y axis illustrates band intensity. The brackets denote the region of DNase I protection. (C) The relative DNase I
accessibility of the TBP-dependent footprint region was compared for the two preparations of chromatin. The intensities of DNase I cleavage
within the TBP footprint, denoted by brackets in panels A and B, were quantitated and corrected for total lane intensity by dividing this
measurement by the intensity of a region within the lane unaffected by the binding of TBP (3). The accessibility without the addition of TBP was
arbitrarily set at 1, with increased protection by TBP resulting in lower accessibility to DNase 1. DNA sequences that became hypersensitive to
DNase I were not included as part of the footprinted region. (D) Western blot analysis of the acetylation level of histones H4 and H3, from MCs
isolated from either untreated or TSA-treated (+TSA) cells (preparations used for panel A). The indicated antibodies were used to probe the
histone modification state. The anti-acetylated-histone H4 rabbit antiserum also interacts with acetylated histone H2B under conditions of
substantial excess antibody (Upstate Biotechnology Co., personal communication). Marker lanes contained high-performance liquid chromatog-
raphy-purified chicken erythrocyte histones H3 and H4. MC samples were also analyzed by staining with silver (bottom panel). The amounts of
histones in the MCs from untreated versus TSA-treated cells were comparable. However, TSA treatment led to an accumulation of hyperacetylated
histones H3 and H4.
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levels of acetylation of histones H3 and H4 within MCs iso-
lated from cells incubated with TSA (Fig. 4D).

Incubation of TBP with this highly acetylated chromatin led
to stable, highly specific binding at the pS2 TATA sequence
(Fig. 4A, lanes 7 to 13, footprint over 5’ half of TATA box,
nucleotides —30 to —34, as marked by bracket). The binding of
TBP was dramatically enhanced as compared to its binding to
MC:s isolated from untreated cells. The differences in binding
to the two chromatin preparations were quantitated both as
protection from DNase I cleavage of individual bases (Fig. 4B)
and as protection of the entire footprinted region relative to a
region outside of the binding area (3) (Fig. 4C). At a TBP
concentration (130 nM) resulting in 50% occupancy of the pS2
TATA sequence within the TSA-treated MCs (Fig. 4A, lane 9;
B, blue line, TSA-treated chromatin; and C, 0.13 wM), binding
to the same sequence within the unmodified MCs was unde-
tectable (Fig. 4A, lane 3; B, blue line, normal chromatin; and
C, 0.13 pM). In fact, acetylation of the MCs and the presence
of TFIIA permitted levels of binding of TBP to the nucleoso-
mal pS2 TATA sequence roughly comparable to those for
binding of pure TBP to free DNA (compare Fig. 3A and 4A,
noting the correction for the specific concentration of active
TBP in each experiment, as indicated in the Fig. 3A legend).

Acetylation specifically of the core histones facilitates bind-
ing of TBP to NUC T. MCs assembled in vivo contain many
chromatin components that may be acetylated in addition to
the core histones (for example, see reference 9). In order to
test definitively whether acetylation specifically of the core
histones on the MCs facilitated the binding of TBP, we ana-
lyzed MCs containing only the core histones. Incubation of the
native MC preparations with 0.5 M NaCl prior to purification
by sucrose gradient sedimentation dissociates histone HI,
along with all nonhistone proteins normally associated with
native MCs, while leaving the core nucleosomes intact (16).
Such core MCs were prepared from both normal and highly
acetylated preparations of MCs. It was critical to verify that the
in vivo translational positioning of NUC T was retained fol-
lowing the high-salt treatment. Therefore, both MCs and core
MCs were analyzed for positioned nucleosomes by digestion
with micrococcal nuclease. Nucleosome-dependent micrococ-
cal nuclease-hypersensitive cleavages at nucleotide positions
—23 and —24 are indicative of the edge of NUC T in the
genomic pS2 promoter (48) (Fig. 1B and 5B, lane 7). These
hypersensitive cleavages were evident in all purified MC and
core MC samples of the recombinant SV40/pS2 promoter virus
SVSpS2 (Fig. 5B, lanes 3 to 6) but not in the deproteinated
viral DNA samples (Fig. 1B, lane 1, and 5B, lanes 1 to 2),
proving that the nucleosomes remained positioned over the
appropriate sequences under all conditions.

Stable binding of TBP was readily observed on the core
nucleosomal templates prepared from highly acetylated MCs
(Fig. 5A, bracket, lanes 9 to 17), as evidenced by complete
protection from DNase I cleavage within the 5’ region of the
TATA sequence. The footprint in this experiment encom-
passed protection of one major cleavage site near the 5’ end of
the TATA sequence, as well as two minor cleavage sites in the
center and on the 3’ end. In contrast, very limited protection
from DNase I cleavage was observed within this region on
normal core MCs when titrated with increasing amounts of
TBP (Fig. 5A, lanes 1 to 8). These data indicate that acetyla-
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tion of core histones is sufficient to facilitate the binding of
TBP to its nucleosomal site in the pS2 promoter.

At high concentrations of TBP, enhanced sensitivity to
DNase I cleavage upstream of the TATA sequence was ob-
tained on both normal and highly acetylated core MCs (Fig.
5A, lanes 6 to 8 and 14 to 16, region above bracket). Notably,
on the acetylated core MCs, significant amounts of hypersen-
sitivity occurred at TBP concentrations higher than those suf-
ficient to observe DNase protection. While a DNase I footprint
results from continuous protection of a specific DNA sequence
from nuclease throughout the entire digestion period, thereby
signifying a stable interaction between a protein and DNA,
hypersensitivity to cleavage by DNase I can capture a transient
interaction between a protein and DNA. Thus, we infer that
transient binding of TBP to the normal core MCs did occur,
with the dissociation rate being too fast to permit a stable
interaction at the TATA sequence.

DISCUSSION

Many reports, beginning with in vitro transcription studies of
the adenovirus major late promoter, have demonstrated that
when a TATA sequence is placed within a chromatin context,
competition between the binding of TBP and of the core his-
tones leads to repression of transcription by nucleosomes (36,
58, 59). Similarly, we demonstrate that on a native promoter, a
highly positioned nucleosome, NUC T, represses binding of
TBP to the pS2 TATA sequence in vitro within an array of
positioned nucleosomes. Furthermore, we provide evidence
that repression by chromatin occurs at this promoter in vivo, as
the binding of TBP to the genomic pS2 TATA sequence is
repressed in the absence of activated ER (Fig. 2D).

How such inhibition can be overcome is critical for under-
standing transcriptional activation of this type of promoter.
Our data are the first to directly show that acetylation of the
core histones is sufficient to permit a stable interaction be-
tween TBP and a nucleosomal TATA sequence at a native
promoter. In a previous report, the presence of the amino-
terminal tails of the core histones in a mononucleosome was
shown to decrease the accessibility of a nucleosomal TATA
box (17). These data were interpreted to suggest that histone
acetylation would enhance the binding of TBP to a nucleoso-
mal TATA sequence. However, histone acetylation and pro-
teolytic tail removal have recently been shown to have distinct
effects on nucleosomes, with histone acetylation unexpectedly
increasing nucleosome stability (55). Thus, effects of acetyla-
tion must be the result of defined changes in the specific
structures and conformations adopted by the histone tails
rather than a general charge neutralization effect (20). In our
study, the binding of TBP was not only investigated with acety-
lated histones but also on a naturally positioned nucleosomal
array in a native promoter. This provides biochemical evidence
of histone acetylation facilitating the binding of TBP in a
biologically relevant context.

ER and histone acetylation. The facilitated binding of TBP
is a critical step in our proposed model of transcriptional ac-
tivation of the genomic pS2 promoter by active ER. We sug-
gest that binding of ER to the nucleosomal pS2 template
recruits coactivators, which results in targeted histone acetyla-
tion of adjacent nucleosomes, including NUC T encompassing
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the TATA sequence. Histone acetylation of NUC T then fa-
cilitates the binding of TBP (as part of the TFIID complex)
and subsequent transcription of the gene. This model proposes
that the regulated accessibility of the TATA sequence is a
necessary but perhaps not sufficient step for transcriptional
activation. Multiple regulatory steps seem to be involved in
activation of the pS2 promoter by ER. This is demonstrated by
the observation that elevated levels of core histone acetylation,
resulting from treatment of MCF-7 cells with the deacetylase
inhibitor TSA, do not constitutively activate transcription from
this promoter in vivo (43; G. F. Sewack and U. Hansen, un-
published observations). In vitro transcription studies have
also demonstrated the complexity of ligand-dependent activa-
tion by ER. In a highly purified human transcription system,
the TBP-associated factors (TAF;s), the other components of
TFIID, were strictly required for activation both of a synthetic
DNA promoter and of a chromatin template (60). In fact,
direct protein-protein interactions between ER and a variety of
potential targets in the basal transcription machinery have
been well documented (27, 45, 46). Therefore, transcriptional
activation of the genomic pS2 promoter by ER is likely to

mixtures were incubated without TBP (lanes 1, 9, and 17). The desig-
nations are as given for Fig. 4A. The results shown in this figure are
representative of four independent experiments. The detailed pattern
of DNase I cleavages near the TATA sequence obtained here differed
slightly from the pattern obtained for Fig. 3C and D and 4A. In our
experience, the final step of the LMPCR procedure that generates the
radiolabeled DNA products yields slight variability from experiment to
experiment in the pattern of relative intensities of different bands.
However, within any single experiment, consistency in the detailed
DNase I cleavage patterns is observed. (B) The translational position-
ing of NUC T is strictly maintained on the salt-treated core MCs. MCs
and core MCs, both normal and more highly acetylated (Ac) (lanes 3
to 6), were digested with micrococcal nuclease (0.05 U) prior to
LMPCR amplification to establish the boundary of NUC T. In vivo
micrococcal nuclease cleavage of genomic DNA within MCF-7 human
breast cells, followed by LMPCR (48), demonstrates the in vivo trans-
lational positioning of NUC T (lane 7). Micrococcal nuclease cleavage
(lane 1, 0.005 U; lane 2, 0.01 U) of purified recombinant viral DNA
(Free DNA) is shown as controls. The enhanced cleavages present in
all the chromatin preparations but not in the free DNA are delineated
with a bracket. The positions of NUC T and the TATA box are
indicated schematically at the sides of the lanes.

involve multiple mechanisms, including both direct factor re-
cruitment via protein-protein interactions and directed chro-
matin modification (discussed in detail below). The require-
ment for both functions of classical activation domains has
recently been demonstrated, using synthetic yeast promoters in
which the TATA sequence was assembled into a nucleosome.
In this system, an artificially recruited TFIID, which essentially
mimics the direct recruitment of TBP to a promoter, was
insufficient to activate promoters with nucleosomal TATA el-
ements (44).

The importance of histone acetylation in activation of tran-
scription from estrogen-responsive promoters is supported by
a variety of data. Histone acetylation is not required, however,
for interaction of ER with the chromatin template, as ER binds
effectively in vitro to the estrogen response element (—405 to
—393) within nucleosome E of the chromatin-assembled pS2
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promoter (Sewack and Hansen, unpublished). Therefore, the
critical question in this regard is how binding of ER activates
the promoter in its native chromatin context to facilitate binding
of subsequent transcription factors. ER contains two activation
domains, AF-1 and AF-2. The activity of the ligand-indepen-
dent, N-terminal AF-1 is stimulated by phosphorylation of
serine residues (1, 18, 28). Such phosphorylation of the AF-1
domain in ERB by the mitogen-activated protein kinase path-
way leads to the recruitment of the coactivator SRC-1 (51).
Likewise, transcriptional induction by the conserved hormone-
dependent AF-2 domain is dependent on the recruitment of
nuclear receptor coactivators, including, as possible candi-
dates, SRC-1, TIF2/GRIP1, ACTR/AIB1/RAC3/pCIP, CBP,
and pCAF, many of which possess HAT activity (9; for review,
see references 11 and 50). Formation of a complex between
activated ER and coactivators containing HAT activity can be
an integral component of transcriptional activation by ER
from a chromatin template, as was shown directly by the in-
ability of HAT-negative coactivators to mediate estrogen-de-
pendent transcription (9).

We show in this study that in vivo transcriptional stimulation
results in hyperacetylation of histones H3 and H4 within the
region of the pS2 promoter containing NUC T. Our data are in
line with a recent study demonstrating enhanced acetylation of
histones H3 and H4 within the proximal promoter regions of
nuclear hormone receptor-responsive genes in response to
hormone treatment (9), including both estrogen-responsive
genes (genes for pS2, c-myc, EB-1, and cathepsin D) and
retinoic acid receptor target genes (genes for p21 and CD38).
For the cathepsin D and p21 promoters, enhanced acetylation
was localized, in that the acetylation states of histones H3 and
H4 located 3 to 4 kb upstream of the initiation sites were
unchanged by hormone treatment (9). Furthermore, hyper-
acetylation of histone H4 was rapid and transient at several
hormone-regulated promoters, correlating with RNA pol II
association on the cathepsin D promoter and expression of this
gene. These data suggested a general role for core histone
acetylation in the rapid transcriptional activation of nuclear
receptor target genes.

Localized hyperacetylation of histones H3 and H4, centered
around the transcription start site of the beta interferon pro-
moter, also correlated with transcriptional activation of this
gene (41). Given that the highly localized region containing
hyperacetylated core histones also contained the TATA se-
quence, facilitation of binding of TBP by histone acetylation
may be a common mechanism of transcriptional activation at
many RNA pol II promoters.

Even though the importance of histone acetylation in tran-
scriptional activation is becoming increasingly clear, the direct
effect of specific acetylation events remains unresolved. Spe-
cialized roles for individual coactivators in the transcriptional
activation process at a given promoter are suggested by the
different acetylation substrate specificities of the nuclear re-
ceptor coactivators (40, 47). Our study supports regulation by
multiple coactivators, in that acetylation of histone H3 and
histone H4 at the pS2 promoter was differentially regulated. In
particular, whereas combined treatment of cells with TPA and
estradiol resulted in consistently higher levels of histone H3
acetylation than with estradiol alone, enhancement of histone
H4 acetylation was unchanged by the inclusion of TPA (Fig.
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1C). The time courses of acetylation of histones H3 and H4
also appeared to differ. Histone H4 was transiently acetylated
on the pS2 promoter (9). The time course of histone H4 acet-
ylation correlated with association of ACTR, p300, and CBP
coactivators with the promoter but not of ER, which remained
bound to the pS2 proximal promoter for at least 6 h (9). In
contrast, we demonstrate that highly acetylated histone H3
remained associated with the pS2 promoter even after 3 h of
estradiol stimulation (Fig. 1C). By nuclear run-on assay, the
pS2 gene remains maximally active at this time, in contrast to
other estrogen-stimulated promoters (6). Taken together,
these results suggest a role for histone H3 acetylation in the
maintenance of a transcriptionally active promoter, even
though histone H4 acetylation is transient. Histone H3 acety-
lation could be maintained by the activity of a different coac-
tivator. We hypothesize that either acetylation event would
facilitate the binding of TBP to its nucleosomal binding site in
the promoter.

In conclusion, given the lack of disruption of highly posi-
tioned nucleosomes upon induction of the pS2 promoter and
the reversibility of histone acetylation in this region, we spec-
ulate that acetylation of histones within NUC T, containing the
pS2 TATA sequence, provides a rapid and reversible regula-
tory step characteristic of nuclear receptor-controlled tran-
scription. And finally, because the binding of TBP to a nucleo-
somal TATA sequence represents a general regulatory step in
RNA pol II transcription (reviewed in reference 7), we pro-
pose that the acetylation of core histones to facilitate binding
of TBP will provide a general mechanism of facilitating tran-
scriptional activation at many TATA sequence-containing pro-
moters.
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