P300 and estrogen receptor cooperatively
activate transcription via differential
enhancement of initiation and reinitiation

W. Lee Kraus and James T. Kadonaga®

Department of Biology and Center for Molecular Genetics, University of California, San Diego,
La Jolla, California 92093-0347 USA

Estrogen- and antiestrogen-regulated, AF-2-dependent transcriptional activation by purified full-length human
estrogen receptor (ER) was carried out with chromatin templates in vitro. With this system, the ability of
purified human p300 to function as a transcriptional coactivator was examined. In the absence of
ligand-activated ER, p300 was found to have little effect (less than twofold increase) on transcription, whereas,
in contrast, p300 was observed to act synergistically with ligand-activated ER to enhance transcription. When
transcription was limited to a single round, p300 and ER were found to enhance the efficiency of transcription
initiation in a cooperative manner. On the other hand, when transcription reinitiation was allowed to occur,
ER, but not p300, was able to increase the number of rounds of transcription. These results suggest a
two-stroke mechanism for transcriptional activation by ligand-activated ER and p300. In the first stroke, ER
and p300 function cooperatively to increase the efficiency of productive transcription initiation. In the second
stroke, ER promotes the reassembly of the transcription preinitiation complex. Therefore, ER exhibits distinct,
dual functions in transcription initiation and reinitiation.
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The transduction of extracellular signals into intracellu-
lar responses is a fundamental and important process.
Lipophilic hormones, which include both steroids (such
as sex steroids, corticosteroids, mineralocorticoids, and
ecdysteroids) and nonsteroids (such as retinoic acid, thy-
roid hormone, and vitamin D), are a group of molecules
involved in signal transduction in both vertebrates and
invertebrates (Reichel and Jacob 1993; Mangelsdorf et al.
1995). The intracellular targets for the lipophilic hor-
mones are a group of structurally related receptors that
bind specifically to the hormones (Beato et al. 1995;
Mangelsdorf and Evans 1995; Mangelsdorf et al. 1995).
These receptors, which collectively constitute the
nuclear hormone receptor superfamily, are sequence-
specific DNA-binding transcription factors that alter
patterns of gene expression in response to their cognate
ligands (Evans 1988; Mangelsdorf et al. 1995).

The superfamily of nuclear receptors has been subdi-
vided into several different classes on the basis of the
dimerization and DNA-binding properties of the pro-
teins (Mangelsdorf et al. 1995). Class | receptors are ste-
roid hormone receptors that homodimerize and bind to
response elements organized as inverted repeats, whereas
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class Il receptors include vitamin and thyroid hormone
receptors that share the common heterodimerization
partner retinoid X receptor (RXR) and typically bind to
response elements organized as direct repeats (Truss and
Beato 1993; Glass 1994). The estrogen receptor (ER) is a
class | receptor that binds to a structurally related group
of steroidal ligands known as estrogens, which includes
the abundant natural ligand, 17B-estradiol (E,). The ER is
a ligand-modulated transcription factor that is transcrip-
tionally inactive in the absence of ligand (Gronemeyer
1991; Beato et al. 1996). Two independent activation
functions, termed AF-1 and AF-2, have been identified in
the ER. AF-1 is a ligand-independent activation region in
the amino-terminal portion of the protein, whereas AF-2
is a ligand-dependent activation region in the carboxyl
terminal ligand-binding domain (Webster et al. 1988;
Tora et al. 1989; Danielian et al. 1992; Tzukerman et al.
1994). The available data suggest that an estrogen-in-
duced conformational change in the ER promotes a syn-
ergistic interaction between AF-1 and AF-2 that leads to
transcriptional activation (Beekman et al. 1993; Kraus et
al. 1995).

Several transcriptional coactivators have been found
to interact with nuclear hormone receptors in a ligand-
dependent manner and to enhance the transcriptional
activity of ER and other nuclear receptors (Horwitz et al.
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1996). These factors include the steroid receptor coacti-
vator 1 (SRC1)-like family of proteins (such as SRC1/
NCoAl, GRIP1/TIF2/NCoA2, pCIP/ACTR/RAC3/AIB1)
(Onate et al. 1995; Hong et al. 1996, 1997; Kamei et al.
1996; Voegel et al. 1996; Chen et al. 1997; Anzick et al.
1997; Li et al. 1997; Torchia et al. 1997) as well as p300
and CREB-binding protein (CBP; these related proteins
are collectively referred to as p300/CBP) (Chakravarti et
al. 1996; Hanstein et al. 1996; Kamei et al. 1996). p300/
CBP functions as a coactivator both for nuclear receptors
and for transcription factors that are not in the receptor
superfamily (Kwok et al. 1994; Bhattacharya et al. 1996;
Dai et al. 1996; Eckner et al. 1996; Oliner et al. 1996;
Akimaru et al. 1997). p300 and CBP have been found to
possess histone acetyltransferase activity (Bannister and
Kouzarides 1996; Ogryzko et al. 1996) as well as to in-
teract with RNA polymerase Il-containing complexes
(Kee et al. 1996; Nakajima et al. 1997a,b). It will be in-
teresting and important to understand the mechanisms
by which these coactivators participate in ligand-acti-
vated transcription by nuclear receptors.

In this work, we have used a biochemical approach to
study the function of the human ER and p300. We ini-
tially established a chromatin transcription system that
recreates estrogen- and anti-estrogen-regulated and AF-
2-dependent transcription by purified, full-length ER.
Then, we investigated the mechanisms of ligand-regu-
lated transcriptional activation by ER and p300. These
studies revealed two differential strategies by which ER
and p300 function cooperatively to activate transcription.

Results

Ligand-dependent transcriptional activation by ER is
specific for chromatin templates

To study the mechanism of ER function, it was first
necessary to establish a ligand-dependent in vitro tran-
scription system with purified, full-length human ER.
We therefore, synthesized Flag epitope-tagged versions of
wild-type ER and an AF-2 single amino acid substitution
mutant ER (Leu-540 to Gln; designated L540Q) in
Spodoptera frugipenda (Sf9) cells by using a baculovirus
expression vector (Fig. 1A). The L540Q amino acid sub-
stitution impairs the AF-2 activation domain but does
not affect the ligand-binding activity of ER (Wrenn and
Katzenellenbogen 1993). Immunoaffinity purification of
the recombinant proteins yielded preparations of ligand-
free ER and ER(L540Q) of (B0% homogeneity (Fig. 1B)
that exhibited nearly equivalent ligand-binding activity
(Fig. 1C) as well as DNA-binding activity (Fig. 1D).
Because of the potentially important role of chromatin
in the regulation of transcription by ER, we analyzed the
transcriptional activity of the purified ER with chroma-
tin templates. Periodic nucleosomal arrays were as-
sembled by using a chromatin assembly extract termed
S190 (Kamakaka et al. 1993; Bulger and Kadonaga 1994),
and transcription reactions were carried out with a HelLa
nuclear extract (Dignam et al. 1983). As a reporter tem-
plate, we used the plasmid pERE, which contains four
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Figure 1. Purification of human ER and L540Q variant. (A)
Schematic diagram of wild-type and epitope-tagged ERs. The
locations of the amino-terminal Flag epitope tag and the Leu-
540 - GIn (L540Q) point mutation are indicated. (B) Synthesis
and purification of epitope-tagged ERs. Flag-tagged ER and
ER(L540Q) were synthesized in Sf9 cells by using a baculovirus
expression vector and affinity-purified with monoclonal anti-
bodies that recognize the FLAG epitope. The proteins were sub-
jected to 8% polyacrylamide-SDS gel electrophoresis. (Left) To-
tal protein was visualized by staining with Coomassie Brilliant
Blue R-250; (right) ERs were detected by Western blot analysis
with anti-ER antibodies. (C) Ligand-binding activity of purified
recombinant ERs. The *H-E, binding activity of approximately
equimolar amounts of purified ERs was determined by ligand
binding assays. Specific binding activity was determined by ana-
lyzing a second set of samples in the presence of a 200-fold
excess of unlabeled E,. The net binding of *H-E, (in fmoles) is
shown. (D) DNA-binding activity of purified recombinant ERs.
Gel mobility shift assays were performed with approximately
equimolar amounts of purified ERs. The samples were incu-
bated with a 32P-end-labeled double-stranded oligonucleotide
containing a consensus ERE sequence in the presence or the
absence of E, and then analyzed with a nondenaturing 4.8%
polyacrylamide gel.

copies of the Xenopus vitellogenin A2 gene estrogen re-
sponse element (ERE) upstream of the adenovirus E4
core promoter. As shown in Figure 2A, we observed po-
tent activation of transcription by purified ER when the
factor was added either to naked DNA prior to chroma-
tin assembly (added during assembly) or to preassembled
chromatin (added after assembly). Full transcriptional



activation by ER was dependent on 17B-estradiol (E,),
although a severalfold increase in transcription was seen
in the absence of ligand. (In this experiment, there was
(075-fold activation, though we typically observed [30- to
50-fold activation by ER * E,.) The concentrations of ER
and E, in these transcription reactions were 4.5 and 30
nwm, respectively, which are approximately the optimal
concentrations of these components, as determined by
titration studies (data not shown). By Western blot analy-
sis, the ER remained intact as the full-length polypeptide
throughout the course of chromatin assembly (Fig. 2B).
In addition, the inclusion of ER in the assembly reac-
tions did not affect the efficiency or quality of chromatin
assembly (Fig. 2C).

To test whether this transcriptional activation is de-
pendent on packaging of the template into chromatin,
we compared the transcriptional activity of ER with
chromatin and nonchromatin templates. In these experi-
ments, a hontemplate competitor DNA (pUC118) was

Two-stroke model for transcription activation

added to the chromatin assembly reactions prior to the
addition of the template DNA (pERE) at a 3:1 mass ratio
of pUC118/pERE. Chromatin was initially assembled
onto pUC118 DNA for 30 min to deplete the free his-
tones prior to addition of pERE template DNA. As
shown in Figure 2D, depletion of histones by the addi-
tion of pUC118 before pERE (competitor DNA added be-
fore assembly) led to an increase in the amount of basal
transcription in the absence of ER and a low (about two-
fold) amount of transcriptional activation by ER + E,. In
contrast, as a control, when pERE was assembled into
chromatin prior to the addition of a threefold mass ex-
cess of pUC118 (competitor DNA added after assembly),
strong activation of transcription by ER + E, was ob-
served. We have also found that ligand-dependent tran-
scriptional activation by ER does not occur in standard
in vitro transcription assays with naked DNA templates
in the absence of the S190 assembly extract (data not
shown). Therefore, these data suggest that E,-stimulated
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o ﬂ ! cal nuclease digestion and DNA supercoil-
88 ing analyses. Where noted, the DNA super-

coiling gel contained 2 pm chloroquine. The
positions of nicked circular (N) and super-
coiled (S) DNAs are indicated. (D) Ligand-
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StimultionyEp - (1) 13 - (1) 18 - 1] 18  matin. Chromatin assembly and in vitro
Chromatin Mor- Chromatin transcription reactions were performed as
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in A. To inhibit assembly of the pERE tem-
plate DNA into chromatin, a nontemplate

competitor DNA (pUC118; at a pUC118:pERE mass ratio of 3) was added to the assembly reactions 30 min prior to the addition of
pERE template DNA (before assembly). As a control, pUC118 was added to the assembly reactions subsequent to assembly of pERE
into chromatin (after assembly). The amounts of transcription in each lane are directly comparable in terms of autoradiography
exposure time and the amounts of reaction products that were applied to each gel lane. The relative transcription levels for each set
of reaction conditions (i.e., the presence or absence of competitor DNA added before or after chromatin assembly) are normalized to
the transcription reactions in which ER and E, were not included, as designated by (1). The final concentrations of ER and E, in the

transcription reactions were 4.5 and 30 nwm, respectively.
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transcription by ER is specific for chromatin templates
and that the ER functions effectively with a preas-
sembled chromatin template, as approximately the same
amount of transcription was observed when ER was
added either to naked DNA prior to chromatin assembly
or to preassembled chromatin templates.

Transcriptional activation by ER in vitro requires
the AF-2 domain and is blocked by anti-estrogens

To test the specificity of ER function with the chromatin
transcription system, we examined the relative ability of
wild-type ER and L540Q mutant ER to activate tran-
scription. The Leu-540 residue is in a conserved region of
ER [in the putative twelfth helix of the ligand-binding
domain (Wurtz et al. 1996)] that is critical for AF-2 func-
tion (Danielian et al. 1992). In transient transfection as-
says, L540Q ER is transcriptionally inactive in response
to E, (Wrenn and Katzenellenbogen 1993); however,
L540Q ER possesses DNA- and ligand-binding activities
that are approximately equivalent to those of the wild-
type ER (Fig. 1C,D). As seen in Figure 3A (left), L540Q ER
is transcriptionally inactive in the presence of E,. West-
ern blot analysis revealed that both the wild-type and
L540Q ERs remained intact throughout the course of
chromatin assembly (Fig. 3B). Therefore, transcriptional
activation (but not DNA or ligand binding) by ER is spe-
cifically affected by alteration of the Leu residue at po-
sition 540 in the AF-2 domain.

We also examined whether activation by ER is depen-
dent on the presence of EREs in the reporter template. To
this end, we tested the transcriptional activity of ER
with pERE (containing four ERES) or plEO (which is
equivalent to pERE, except that it lacks EREs) and found
that the ER-mediated activation is dependent on the
EREs in the pERE reporter plasmid (Fig. 3A). Thus, tran-
scriptional activation by ER in the chromatin transcrip-
tion assay requires binding of the factor to the chromatin
template.

We then tested the specificity of the transcriptional
response to estrogens and anti-estrogens. Anti-estrogens
compete with estrogens for binding to the ER and are
thought to configure the receptor in a transcriptionally
inactive conformation (McDonnell et al. 1994). We
examined the effects of two anti-estrogens, trans-
hydroxytamoxifen (TOT) and ICI 164,384 (ICl). TOT is
a nonsteroidal triphenylethylene derivative that has par-
tial agonist activity in some assays, whereas IClI is a ste-
roidal compound with pure antagonist activity (Santen
et al. 1990; Wakeling 1990; McDonnell et al. 1995). As
depicted in Figure 3C, neither TOT nor ICI induced tran-
scriptional activation by ER. Moreover, TOT and ICI
were each able to block E,-induced transcription by ER
(at a 200:1 molar ratio of anti-estrogen/E,). Western blot
analysis revealed that there was no apparent difference
in the stability of ER in the presence or the absence of E,,
TOT, or ICI (Fig. 3D). Interestingly, ICI consistently in-
hibited transcription to a greater extent than TOT.
Hence, the differing antagonist effects of TOT and ICI, as
observed in vivo, appear to be evident in vitro. Further-
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Figure 3. In vitro transcriptional activation by ER requires the
AF-2 domain and is blocked by anti-estrogens. (A) Transcrip-
tional activation by ER is ERE- and AF-2-dependent. pERE (four
ERESs) and plEO [which is identical to pERE, except that it does
not contain any EREs (no EREs)] were assembled into chromatin
with ER, ER(L540Q), and/or E, and then subjected to in vitro
transcription-primer extension analysis. The final concentra-
tions of receptor and E, in the transcription reactions were 4.5
and 30 nwm, respectively. (B) ER and ER(L540Q) are not degraded
during chromatin assembly. Aliquots of chromatin assembled
with the indicated components were subjected to Western blot
analysis with anti-ER antibodies. (C) Anti-estrogens inhibit E,-
dependent activation by ER with chromatin templates in vitro.
Chromatin assembly—-in vitro transcription reactions were per-
formed with ER, E,, TOT, and IClI, as indicated. The final con-
centrations of ER, E,, and anti-estrogens in the transcription
reactions were 4.5 nm, 15 nm, and 3 pm, respectively. (D) ER is
not degraded during chromatin assembly in the presence of anti-
estrogens. Aliquots of chromatin assembled with the indicated
components were subjected to Western blot analysis with anti-
ER antibodies.

more, inhibition of transcription by anti-estrogens was
observed with chromatin templates but not with non-
chromatin templates (data not shown). These results
suggest that packaging of the DNA template into chro-
matin is an important component of anti-estrogen func-
tion. Therefore, on the basis of the transcriptional re-
quirement for ER and E, (Fig. 2), EREs in the reporter
gene (Fig. 3A), and AF-2 (Leu-540) of ER (Fig. 3A), as well
as the inhibition of transcriptional activation by anti-



estrogens (Fig. 3C), we conclude that the mechanism of
transcriptional activation by ER with chromatin tem-
plates in vitro resembles the natural mechanism of ac-
tion of ER in vivo.

Binding of ER to chromatin is not sufficient
for transcriptional activation

To address whether or not binding of ER to chromatin
correlates with transcriptional activation, we directly
subjected the chromatin templates (assembled with the
same concentrations of ER and ligands used in the tran-
scriptional analyses shown in Figure 3) to partial diges-
tion with DNase | and resolved the resulting cleavage
patterns by primer extension analysis (Gralla 1985; Pazin
et al. 1994). As shown in Figure 4A, wild-type ER binds
to the EREs in pERE in either the presence or the absence
of E,. In addition, DNA binding by ER is not inhibited by
the presence of either TOT or ICI (Fig. 4B). Moreover,
L540Q mutant ER binds to chromatin in a manner that
is indistinguishable from wild type ER (Fig. 4C). These
data indicate that the presence of ER is sufficient for
binding to chromatin and that this binding is not signifi-
cantly affected by E,, TOT, ICI, or the L540Q mutation
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Figure 4. The sequence-specific binding of ER to chromatin is
not affected by estrogens or anti-estrogens. Chromatin was as-
sembled onto pERE with the indicated components and then
directly subjected to DNase I-primer extension footprinting
analysis. The concentrations of ER and ligands are identical to
those used in the corresponding transcriptional analyses (Fig. 3),
for which the samples were subsequently diluted by a factor of
0.3. The schematic diagrams denote the locations of the EREs,
TATA box, and RNA start site. (A) The binding of ER to chro-
matin is not affected by E,. The positions of increased (solid
arrowheads) and decreased (open arrowheads) sensitivity to DN-
ase | are shown. (B) The binding of ER to chromatin is not
affected by anti-estrogens. (C) Both ER and ER(L540Q) bind to
chromatin.

Two-stroke model for transcription activation

in AF-2. It is particularly important to note that the con-
ditions for chromatin assembly in the footprinting ex-
periments are identical to those used in the chromatin
transcription studies. Therefore, binding of the ER to
chromatin is not sufficient for transcriptional activation,
because the factor binds to chromatin under conditions
in which it is not transcriptionally active. These data
suggest a model for ER function in which the critical
step for transcriptional activation is not the binding of
ER to DNA but is instead the generation of the estrogen-
dependent active conformation of the DNA-bound fac-
tor.

p300 synergistically enhances ligand-dependent
transcriptional activation by ER

To investigate the function of p300/CBP as a coactivator
of ER, we tested the ability of p300 to enhance ligand-
dependent transcriptional activation by ER. We therefore
synthesized and purified full-length, Hisg-tagged human
p300 (Fig. 5A). The effect of the purified p300 on ligand-
dependent activation by ER was then examined in the
chromatin transcription assay. As shown in Figure 5B,
the inclusion of p300 enhances transcriptional activa-
tion by ER * E, (>7-fold enhancement at 30 nm p300) yet
only modestly affects (<2-fold increase) transcription in
the absence of ER + E, or with ER alone. Thus, p300 acts
cooperatively with ER + E, to enhance transcription (as
the amount of transcriptional activation with p300 and
ER + E, together is greater than the multiplicative prod-
uct of the respective amounts of activation that are seen
with p300 alone and with ER + E, alone).

We then tested whether the p300-mediated enhance-
ment of transcription was specific for chromatin tem-
plates by competitor DNA (pUC118) analysis, as in Fig-
ure 2D. These experiments revealed that p300 enhances
ligand-dependent transcriptional activation by ER with
chromatin but not with nonchromatin templates (Fig.
5C). We also examined whether anti-estrogens affect the
ability of p300 to enhance ER-activated transcription
(Fig. 5D). These experiments revealed that a 200-fold mo-
lar excess of either TOT or ICI (relative to E,) blocked
transcriptional activation by ER + E, in the presence of
p300. Moreover, as in Figure 3C, the amount of inhibi-
tion with ICI was consistently greater than that seen
with TOT. Thus, these experiments demonstrate that
p300 acts cooperatively with ER + E, to enhance tran-
scription in a chromatin-specific and ligand-regulated
manner.

A dual function of ER in transcription initiation
and reinitiation

To examine the steps in the transcription process that
are regulated by ER and p300, we used the detergent
Sarkosyl to analyze the ability of these factors to in-
crease the efficiency of transcription in a single round as
well as to promote transcription reinitiation. Sarkosyl
was used at a concentration [0.2% (wt/vol)] that inhibits
the assembly of the transcription preinitiation complex
but not the elongation of the transcriptionally engaged
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Figure 5. The transcriptional coactivator

p300 functions synergistically with ER to

enhance ligand-dependent transcription

with chromatin templates in vitro. (A)

Synthesis and purification of human p300.

Hisg-tagged, human p300 was synthesized A
in Sf9 cells by using a baculovirus expres-

sion vector and purified by nickel chelate

chromatography. The protein was sub- kDa

jected to 8% polyacrylamide-SDS gel elec- 212- b

trophoresis and staining with Coomassie

Blue R-250. (B) Purified, exogenous p300 116
stimulates ligand-dependent transcription 37—
by ER. pERE was assembled into chroma-

tin with ER and E,, as noted, and the
samples were subjected to in vitro tran-
scription analysis in the presence or the
absence of p300. The final concentrations

of ER and E, in the transcription reactions

were 4.5 and 30 nm, whereas p300 varied

from 0 to 30 nm. (C) Transcriptional en-
hancement by p300 requires a chromatin
template. Chromatin assembly-in vitro B

transcription reactions were performed as p303}  OmM

ER - + =

R

Relive e e o e s e e a
Tramscripon (1) 22 33 1339190 (1) 1546 11 22 57
Stmulaion by Ez - {1} 5 — (1} 4% - (1) 25 - [1) 26

in B. (Right, non-chromatin) pUC118 com-

petitor DNA was added to the assembly Ez - ..4 .

reactions prior to pERE, as in Fig. 2D. The
final concentrations of ER, E,, and p300 in
the transcription reactions were 4.5, 30,
and 15 nm. (D) Anti-estrogens inhibit tran-
scriptional synergism between ER and
p300. Chromatin assembly-in vitro tran-
scription reactions were performed as in B,
with the indicated components. The final
concentrations of factors and ligands in
the transcription reactions were ER (4.5 Relative

nm), p300 (15 nm), E, (15 nm), and anti-
estrogens (3 pm).

polymerase (Hawley and Roeder 1985, 1987; Kadonaga
1990). Therefore, the addition of Sarkosyl immediately
after transcription initiation (upon addition of ribo-
nucleoside 5'-triphosphates) results in a single round of
transcription, because the detergent inhibits the reas-
sembly of the preinitiation complex. In this manner, we
measured the amount of transcription that occurs in a
single round of transcription (+Sarkosyl) as well as in mul-
tiple rounds of transcription (-Sarkosyl) (Fig. 6A). Then,
by division of the amount of transcription that is seen in
the absence of Sarkosyl (multiple rounds) by the amount
of transcription seen in the presence of Sarkosyl (single
round), we were able to determine the average number of
rounds of transcription for each experimental condition.
It is also important to indicate that the single round tran-
scription experiments reveal the efficiency of the tran-
scription initiation process, because transcriptional
elongation occurs readily in the presence of Sarkosyl.
We thus analyzed the basis for transcriptional activation
by ER. In a single round of transcription, only a 3.8-fold
activation of transcription by ER + E, was seen (Fig. 6A,
lane 9). Thus, ER + E, has a modest effect upon increasing
the efficiency of transcription initiation. When transcrip-

336 GENES & DEVELOPMENT

Transcripiion [1) 24 30 15 27 & 20 37z
Simuladionby Ep — (1] 13 1]

Relafiwe o« w0 o T T S T
Trarscripion (1] 28 32 1.9 47 12032 T2 £4 40

- M) 3 - [

tion was not limited to a single round, however, a 44-fold
stimulation of transcription by ER + E, was observed (Fig.
6A, lane 3). These experiments revealed an average of three
rounds of transcription in the absence of ER + E, (Fig. 6A,
lane 1), an average of six rounds of transcription with ER
only (Fig. 6A, lane 2), and an average of 33 rounds of tran-
scription in the presence of ER + E, (Fig. 6A, lane 3). Hence,
these results show that an important component of ligand-
activated transcription by ER is to promote transcription
reinitiation. [It is also interesting to note, parenthetically,
that the major RNA start site in the first round of tran-
scription appears to be a few nucleotides upstream of the
major RNA start site that is used in subsequent rounds of
transcription (cf., e.g., Fig. 6A, lanes 3, 6, and 12).]

We then examined the coactivator function of p300. In
a single round of transcription, p300 synergistically en-
hances (3.8-fold activation by ER + E, only, 1.3-fold ac-
tivation by p300 only, and 100-fold activation by ER + E,
and p300) ligand-dependent transcriptional activation by
ER (Fig. 6A, cf. lanes 9, 10, and 12). Hence, ligand-acti-
vated ER and p300 act cooperatively to increase the ef-
ficiency of productive transcription initiation. Yet, in
contrast to ER, p300 does not increase the number of
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Figure 6. Ligand-activated ER promotes
transcription reinitiation, whereas p300 en-
hances transcription initiation. (A) Single
and multiple round transcriptional analysis
with ER and p300. Chromatin assembly-in

vitro transcription reactions were carried
out as in Fig. 5B with the indicated compo-
nents. (Right, single round) Sarkosyl was
added 10 sec after initiation of transcription
by the addition of rNTPs. Under these con-
ditions, Sarkosyl inhibits transcription re-
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initiation but not elongation and, therefore,
a single round of transcription is obtained.
For each reaction condition, the number of
rounds of transcription was determined by
dividing the amount of transcription in the
absence of Sarkosyl by the corresponding
amount of transcription in the presence of
Sarkosyl. In these experiments, Sarkosyl
was used at 0.2% (wt/vol) final concentra-
tion, but identical results were observed
with 0.05% and 0.4% Sarkosyl (data not
shown). The final concentrations of ER, E,,
and p300 in the transcription reactions were
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rounds of transcription (Fig. 6A, cf. lanes 3 and 6). In that
experiment, however, it was possible that the amount of
transcription (and thus, the number of rounds of tran-
scription) was limited by a factor other than p300 (e.g.,
such as polymerase). We therefore analyzed the effect of
p300 on transcription reinitiation under conditions
where the transcriptional capacity was not limiting, and
these experiments revealed that p300 increases the
amount of transcription but not the number of rounds of
transcription (Fig. 6B, 12 nm p300). Thus, these results
show that ligand-activated ER stimulates transcription
by promoting transcription reinitiation, whereas p300
functions as a coactivator that acts cooperatively with
ER to enhance transcriptional initiation but not reinitia-
tion.

Although it appears that ER and p300 function syner-
gistically to activate the transcription initiation process,
we also sought to test the ability of p300 to increase the
extent of transcriptional elongation. To this end, we car-
ried out chromatin transcription reactions and subjected
the reaction products to primer extension analysis with

4.5, 30, and 15 nm. (B) p300 enhances the
efficiency of transcription but does not pro-
mote transcription reinitiation. Reactions
were performed with the indicated compo-
nents, as in A. The final concentrations of
ER and E, were 4.5 and 30 nwm. (C) p300 does
not enhance transcriptional elongation. Re-
actions were performed with the indicated
components, as in A. Primer extension
analyses were performed with four different
primers that yield reverse transcription
products of the indicated lengths. The final
concentrations of ER, E,, and p300 in the
transcription reactions were 4.5, 30, and
15 nm.
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a series of primers that detect transcripts that vary in
length from 52 to 333 nucleotides. As shown in Figure
6C, the transcriptional enhancement by p300 that we
observe does not occur at the latter stages of transcrip-
tional elongation. Thus, the data collectively indicate
that p300 can enhance the efficiency of productive tran-
scription initiation, which involves preinitiation com-
plex assembly, initiation of RNA synthesis, and pro-
moter clearance.

These results therefore reveal a dual function of ER in
both transcription initiation and reinitiation. ER func-
tions cooperatively with p300 to increase the efficiency
of productive initiation. In addition, ER, but not p300,
promotes the reassembly of transcription complexes to
facilitate reinitiation.

Discussion

This study describes ligand-regulated, AF-2-dependent
transcriptional activation with purified, full-length hu-
man ER by using chromatin templates in vitro. With this
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system, purified human p300 functions cooperatively
with estrogen-activated ER to enhance transcription.
Single versus multiple round transcriptional analyses re-
vealed that ER has the dual function of increasing tran-
scription initiation in a cooperative manner with p300 as
well as promoting transcription reinitiation. p300 was
found to enhance transcription initiation, but not reini-
tiation, in conjunction with ER. In addition, p300 had
little effect on transcription in the absence of ER. These
results suggest a two-stroke model for transcriptional ac-
tivation by ER and p300 (Fig. 7). In the first stroke, ER
and p300 function cooperatively to increase the effi-
ciency of productive transcription initiation. In the sec-
ond stroke, ER promotes the reassembly of the transcrip-
tion preinitiation complex. These processes involve two
levels of transcriptional enhancement by ligand-acti-
vated ER. First, there is the cooperativity between ER
and p300 in the activation of transcription initiation.
Second, there is the multiplicative ability of ER to pro-
mote transcription reinitiation.

Chromatin is an integral component of transcriptional
regulation by the ER

Estrogen- and anti-estrogen-regulated transcriptional ac-
tivation by ER was observed with chromatin templates,
but not with nonchromatin templates. These findings
reveal the central importance of chromatin structure in
the function of the ER. Earlier biochemical studies of the
transcriptional activity of steroid receptors (e.g., estro-
gen, glucocorticoid, progestin, and androgen receptors)
were generally carried out with nonchromatin tem-
plates. In those experiments, the amount of activation
was found to correlate with the binding of the factors to
the naked DNA templates. In some instances, the recep-
tor bound constitutively to DNA and ligand-indepen-
dent transcriptional activation was observed (see, e.g.,
Bagchi et al. 1990a; Elliston et al. 1990; Klein-Hitpass et
al. 1990; Tsai et al. 1990; Shemshedini et al. 1992; Schmitt

Transcription
Complex  m
Reassembly

ER [
p300 |

Productive
Transcription
Initiation

|

Transcripts

Figure 7. A two-stroke model for transcriptional activation by
ER and p300. In this model ER and p300 function cooperatively
to increase productive transcription initiation in the first
stroke, whereas ER promotes the reassembly of the transcrip-
tion preinitiation complex in the second stroke.
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and Stunnenberg 1993; De Vos et al. 1994). In other in-
stances, ligand-dependent transcriptional activation was
seen upon ligand-dependent binding of the receptor to
DNA (see, e.g., Bagchi et al. 1990b; Elliston et al. 1992;
Beekman et al. 1993). In studies with naked DNA tem-
plates partial or no antagonism of progesterone receptor
or glucocorticoid receptor by antihormones has also been
found in situations where the antihormone-receptor
complexes remained bound to DNA (Bagchi et al. 1990b;
Tsai et al. 1990; Klein-Hitpass et al. 1991; Shemshidini et
al. 1992). In addition, the transcriptional activity of
ER + E, was examined with chromatin templates that
were reconstituted by salt-urea dialysis (Schild et al.
1993). In that work, a greater extent (sevenfold) of tran-
scriptional activation by ER +E, was observed with
chromatin templates than with nonchromatin tem-
plates, but it was not shown whether or not transcription
was regulated by estrogens and anti-estrogens.

In this study we have analyzed the properties of puri-
fied human ER with periodic nucleosome arrays. Tran-
scriptional activity of the ER was observed to be regu-
lated by estrogens and anti-estrogens (Figs. 2 and 3), as
well as to be abolished by a single amino acid substitu-
tion (Leu-540 to GlIn) in AF-2 (Fig. 3). In addition, the
coactivator p300 was able to enhance transcriptional ac-
tivation by ER with chromatin, but not with nonchro-
matin, templates (Fig. 5). These results suggest that the
role of chromatin in the function of nuclear receptors is
more specific than that of a general transcriptional re-
pressor. It will be interesting to determine, especially
with regard to the structure and function of the core
histones, whether or not there are specific, functionally
important interactions between ligand-activated recep-
tors and components of chromatin.

Relation between binding of ER to chromatin
and transcriptional activation

The binding of purified recombinant ER to chromatin
was found to occur efficiently in the presence or the
absence of estrogens or anti-estrogens (Fig. 4). These
findings are generally consistent with the results of pre-
vious experiments on the binding of ER (in the absence
of associated heat shock proteins) to naked DNA in vitro
(see, e.g., Murdoch et al. 1990; Furlow et al. 1993;
Metzger et al. 1995; Cheskis et al. 1997). We do not,
however, extrapolate these data to the behavior of ER in
vivo, as these experiments with free polypeptide ER do
not involve issues such as the association of heat shock
proteins with ER and nuclear localization. Nevertheless,
these studies do indicate that transcriptionally inactive
ER (i.e., unliganded, anti-estrogen-bound, or AF-2 mu-
tant version ER) can bind to chromatin templates. Thus,
the binding of ER to chromatin is necessary (Fig. 3) but
not sufficient (Fig. 4) for transcriptional activation.
These findings are in contrast to earlier results obtained
in biochemical studies of steroid receptors that did not
distinguish between DNA binding and transcriptional
activation (as discussed above). These experiments
therefore provide biochemical evidence for the impor-



tance of the proper estrogen-induced, transcriptionally
active conformation of chromatin-bound ER to achieve
gene activation. It is also notable that these data are con-
sistent with the observation that DNA binding by the
progesterone receptor is not sufficient to mediate tran-
scriptional activation in cultured cells (Mymryk and
Archer 1995).

ER promotes transcription reinitiation
with chromatin templates

An important component of transcriptional activation
by ER is its ability to promote transcription reinitiation.
Upon activation by ER + E,, there was a >10-fold in-
crease in the number of rounds of transcription (from [
to [B5 rounds) (Fig. 6). Because transcriptional activation
by the ER occurs with chromatin but not with nonchro-
matin templates, we suggest that chromatin provides an
environment that is conducive to multiple cycles of
transcription, such as that mediated by the ER. It has
also been found that ER interacts with TBP, hTAF,,30,
hTAF,28, and TFIIB (Ing et al. 1992; Jacq et al. 1994;
Sadovsky et al. 1995; Beato and Sanchez-Pacheo 1996;
May et al. 1996). Thus, the results collectively suggest
that there might be a complex containing ER and TFIID
and/or TFIIB that remains bound at the promoter for
multiple cycles of transcription and facilitates reinitia-
tion.

It is interesting to note that we consistently observed
[B3-39 rounds of transcription by E,-induced ER in a
30-min transcription reaction, which corresponds to
greater than one round of transcription per minute. By
comparison, only about two to five rounds of transcrip-
tion are typically seen under comparable conditions with
HeLa extracts and naked DNA templates (see, e.g., Haw-
ley and Roeder 1987; White et al. 1992; Yean and Gralla
1997). In addition, the transcriptional activator Gal4-
VP16 was found to increase the amount of transcription
reinitiation only by a factor of [11.4 (7.2 rounds in the
presence of Gal4-VP16 and 5.2 rounds in the absence of
Gal4-VP16 in a 45-min reaction) with nonchromatin
templates (White et al. 1992). Hence, the number of
cycles of transcription that is achieved by ER with the
chromatin templates is significantly higher than that
seen previously with other transcription systems.

The coactivator function of p300 with ligand-
activated ER

Estrogen-induced ER and p300 act in a cooperative fash-
ion to increase the efficiency of productive transcription
initiation (Figs. 5 and 6). p300-Mediated transcriptional
enhancement is dependent on ligand-activated ER as
well as a chromatin template. In the absence of ER, p300
has little or no effect on basal transcription and there-
fore, does not stimulate transcription nonspecifically. It
should also be noted that there is endogenous p300/CBP
in the Hela transcription extract used in these experi-
ments and, hence, the amount of transcriptional en-

Two-stroke model for transcription activation

hancement by p300 is likely to be higher than that which
we have observed.

It is worthwhile to consider how ligand-activated ER
and p300 increase the efficiency of transcription initia-
tion (Fig. 5). That is, how might ER and p300 increase the
number of transcripts that are generated in a single
round of transcription? A few possible explanations,
which are not mutually exclusive, are as follows. First,
ER and p300 might increase the propensity to assemble a
transcription preinitiation complex at a promoter, pos-
sibly via interactions with the RNA polymerase Il com-
plex (Kee et al. 1996; Nakajima et al. 1997a,b). Second,
ER and p300 might increase the ratio of productive (i.e.,
leading to a transcript that has cleared the promoter)
versus nonproductive transcription. It is known, for in-
stance, that there is a significant amount of abortive ini-
tiation in transcription by RNA polymerase Il (see, e.g.,
Luse and Jacob 1987). Third, p300 might covalently
modify transcription factors and/or components of chro-
matin by protein acetylation to yield more active tran-
scription factors and/or less repressive chromatin (Ban-
nister and Kouzarides 1996; Ogryzko et al. 1996).

In the future it will be important to extend our under-
standing of the function of ER and p300. For instance, it
will be interesting to examine the role of p300/CBP-as-
sociated factor (PCAF), SRC-1, and related factors in this
process. In this manner, we hope to obtain an increas-
ingly accurate view of the molecular events that occur
during transcriptional activation by ER and other nucle-
ar receptors.

Materials and methods
Purification of ER and p300

The ligand-binding, DNA-binding, and transactivation activi-
ties of wild-type and Flag epitope-tagged ERs were compared by
Scatchard analyses, gel mobility shift assays, and transient
transfection assays, and the amino-terminal Flag tag did not
affect the activity of the ERs in these assays (data not shown).
Flag-tagged ER and ER(L540Q) were prepared by infection of Sf9
cells with the appropriate recombinant baculovirus followed by
immunoaffinity chromatography of a high salt cell extract with
an anti-Flag M2 affinity resin (Kodak/IBl). Protein was eluted
with 0.2 mg/ml of Flag peptide (Kodak/IBl), frozen in liquid
nitrogen, and stored at —-80°C. [High salt (0.5 m NaCl) extraction
removes associated heat shock proteins from the ER (Bresciani
etal. 1990; Pratt et al. 1996).] A 500-ml culture typically yielded
[7-10 pg of purified ER or ER(L540Q). Ligand-binding and
DNA-binding assays were performed as described previously
(Pakdel and Katzenellenbogen 1992; Kraus et al. 1994). Western
blot assays were carried out with a monoclonal antibody (H-151;
Stressgen) directed against the carboxyl-terminus of ER or with
a polyclonal antiserum raised against a bacterially expressed,
affinity-purified, Hisg-tagged amino-terminal fragment (amino
acids 1-113) of ER.

Hisg-tagged human p300 was prepared by infection of Sf9 cells
with the appropriate recombinant baculovirus followed by af-
finity chromatography of a whole cell extract with Ni-NTA
affinity resin (Qiagen). Protein was eluted with buffer contain-
ing 250 mm imidazole, frozen in liquid nitrogen, and stored at
-80°C. p300 concentrations and purity were estimated by BCA
protein assays (Pierce) and by comparison to BSA standards on

GENES & DEVELOPMENT 339



Kraus and Kadonaga

SDS gels stained with Coomassie Brilliant Blue R-250. Typical
yields were [40-50 pg of protein/15-cm-diam. plate.

Chromatin assembly and analysis

pPERE contains four tandem copies of the Xenopus vitellogenin
A2 gene ERE (Walker et al. 1984) located 67 bp upstream of the
adenovirus E4 core promoter in plEO (Pazin et al. 1994). Chro-
matin assembly reactions were performed with the S190 extract
derived from Drosophila embryos (Kamakaka et al. 1993; Bulger
and Kadonaga 1994). DNA supercoiling and micrococcal nucle-
ase digestion analyses were performed as described (Kamakaka
et al. 1993; Bulger and Kadonaga 1994). The binding of ER to
chromatin was analyzed by DNase | primer extension footprint-
ing (Pazin et al. 1994).

In a standard chromatin assembly reaction (500 ng of tem-
plate DNA; 100 pl final volume), S190 (30 ul) was incubated
with purified Drosophila core histones (0.7 pg) in a final volume
of 55 pl for 30 min at room temperature. In a separate tube, ER
(or corresponding buffer, as a control), pERE or plEO (500 ng), and
ligands (or corresponding buffer, as a control) in a final volume
of 30 pl were mixed and incubated on ice for 15 min. Then, the
S190-histone mix (55 pl) and the ER-DNA template mix (30 ul)
for each reaction were combined with ATP mix (15 ul; 0.2 m
phosphocreatine, 20 mm ATP, 650 pg/ml of creatine phospho-
kinase, 30 mm MgCIl,), and the mixture (100 pl) was incubated
at 27°C for 4.5 hr. Where specifically indicated, components
such as ER, ligand, and/or p300 were not included in the initial
assembly reaction, but were added to chromatin after the as-
sembly reactions were complete (after four hours reaction time).
In such cases, the reactions were incubated for an additional 30
min at 27°C after the components were added to allow interac-
tion of the factors with the preassembled chromatin. From a
single assembly reaction, aliquots of chromatin were removed
for DNA supercoiling, micrococcal nuclease digestion, foot-
printing, and/or transcription analyses. Also, in some cases, the
integrity of the ER in the reaction mixtures was monitored by
Western blot analysis. In experiments with mock-assembled
nonchromatin templates (Figs. 2D and 5C), competitor DNA
(1.5 pg of pUC118; a threefold mass excess relative to the spe-
cific template DNA) was incubated at 27°C for 30 min with the
S190-histone mix (55 pl) and ATP mix (15 ul). Then, the ER-
template mix (30 pl; containing 500 ng of pERE) was added, and
the reactions were then incubated for an additional 4 hr at 27°C.

In vitro transcription

in vitro transcription reactions were performed with HeLa cell
nuclear extracts (Dignam et al. 1983), as modified slightly by the
use of 0.42 m KCI for the extraction of nuclei instead of 0.42 m
NaCl. Transcription of chromatin (or mock-assembled non-
chromatin templates) with the HelLa nuclear extract was per-
formed as described elsewhere (Sheridan et al. 1995; Pazin et al.
1996). Also, in the initial experiments (Figs. 2 and 3), chromatin
was assembled in the presence of HMG-17 (10 molecules/180
bp of specific template DNA) (Paranjape et al. 1995). When
added at this amount, the HMG-17 increased the E,-dependent
activity of the ER with the chromatin templates by a factor of
1.5-2. All reaction conditions were performed in duplicate, and
each experiment was performed a minimum of two separate
times to ensure reproducibility. Quantitation of the data was
carried out with a Phosphorlmager (Molecular Dynamics).
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