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The estrogen receptor (ER) is a ligand-dependent transcription factor that regulates the expression of
estrogen-responsive genes. ER-mediated transcriptional changes are brought about by interaction of the ER
with the estrogen response element (ERE). In this study, we examined the interaction of the Xenopus laevis ER
DNA binding domain (DBD) and the intact ER with the X. laevis vitellogenin A2 ERE and the human pS2 ERE.
Using gel mobility shift, DNase I footprinting, and methylation interference assays, we demonstrated that the
DBD bound only as a dimer to the A2 ERE. However, the DBD bound as a monomer to the consensus pS2 ERE
half site at lower DBD concentrations and then as a homodimer to the consensus and imperfect pS2 ERE half
site at higher DBD concentrations. Antibody supershift experiments carried out with partially purified, yeast-
expressed full-length ER demonstrated that three ER-specific antibodies interacted differentially with A2 and
pS2 ERE-bound ER, indicating that receptor epitopes were differentially exposed. Furthermore, partial diges-
tion of the A2 and pS2 ERE-bound ER with chymotrypsin or trypsin produced distinct protease cleavage pat-
terns. Taken together, these data provide evidence that differential interaction of the DBD with the A2 and pS2
EREs brings about global changes in ER conformation. The conformational changes in ER induced by indi-
vidual ERE sequences could lead to association of the receptor with different transcription factors and assist
in the differential modulation of estrogen-responsive genes in target cells.

Estrogen is a hormone of central importance in regulating
the development, growth, and maintenance of reproductive
tissues. Estrogen’s actions are mediated by the intracellular
estrogen receptor (ER), which interacts with estrogen re-
sponse elements (EREs) present in target genes to bring about
changes in transcription. Although the ER-ERE interaction
plays a crucial role in regulating gene expression, the mecha-
nisms by which this interaction leads to changes in transcrip-
tion are unclear.

A number of thermodynamic and structural studies have
demonstrated that specific contacts between protein and DNA
are often accompanied by conformational changes in protein,
DNA, or both (1, 9, 31, 39, 42, 48). These findings have led to
the hypothesis that DNA can act as an allosteric modulator of
protein conformation in a number of different systems (9, 39).
For example, basic regions of leucine zipper proteins are poor-
ly ordered in solution but are induced to form a-helical struc-
tures upon binding to DNA (31, 43). Nuclear factor NF-kB p50
subunits form chymotrypsin-resistant homodimers that serve
as powerful transcriptional activators when bound to some
recognition sequences (10). However, when bound to other
recognition sequences, the same p50 subunits are degraded by
chymotrypsin and are poor transcription activators. This dif-
ferential sensitivity to protease digestion implies that homo-
dimer conformations differ and that conformational variations
can lead to differences in transcription activation.

The ER DNA binding domain (DBD) and the glucocorti-
coid receptor DBD undergo conformational changes on bind-
ing to their cognate hormone response elements. X-ray crys-
tallographic studies demonstrate that local DBD regions,

which are unfolded in solution, assume more ordered struc-
tures when bound to DNA (15, 21, 36, 37). In addition, crys-
tallographic analysis of the ER DBD bound to the vitellogenin
B1 ERE2 (AGTCAnnnTGACC [50]), which differs from the
vitellogenin A2 ERE (GGTCAnnnTGACC [16]) by a single
base pair (underlined), has demonstrated that the substitution
of an adenine for a guanine in the 59 half site causes the
rearrangement of a lysine side chain, disruption of a salt bridge
between lysine and glutamic acid residues, and destruction of a
hydrogen bond with the guanine residue (38). When the DBD
is bound to the vitellogenin B1 ERE2, the lysine residue ac-
commodates the nucleotide substitution by forming hydrogen
bonds with a nearby tyrosine residue and the substituted ade-
nine residue. Thus, the change of one nucleotide requires the
formation of a new and different interconnected hydrogen
bond network and implies that each ERE sequence may induce
unique conformational changes in DBD structure.

At this point, it is uncertain whether changes in DBD con-
formation can be transmitted to other receptor regions and
thereby alter receptor function. Starr et al. (41) have provided
evidence that mutation of a single amino acid in the glucocor-
ticoid receptor DBD induces conformational changes in a tran-
scription activation domain of the receptor. However, other
studies have demonstrated that ER DNA and ligand binding
domains function as independent entities, which can be fused
to heterologous units and still effectively activate transcription
(12, 20, 45, 51).

A number of laboratories have demonstrated that EREs
with imperfect ERE half sites are weaker transcriptional acti-
vators than the A2 ERE (6, 22, 32). Interestingly, we recently
demonstrated that the orientation of a consensus or an imper-
fect ERE relative to the TATA sequence can have profound
effects on the expression of an estrogen-responsive reporter
plasmid (28). The A2 ERE maximally activates transcription
when it is separated from the TATA sequence by 2.6 or 3.6
helical turns, whereas the pS2 ERE maximally activates tran-
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scription when it is separated from the TATA sequence by 3
helical turns. From these studies, we hypothesized that the
ERE may act as an allosteric modulator of ER conformation
and that these DNA-induced changes in ER conformation
could in turn influence ER-protein interactions and lead to
changes in transcription activation.

To determine if an ERE sequence could induce specific
changes in receptor conformation, we have characterized the
interaction of the ER DBD and the intact ER with the vitel-
logenin A2 and the pS2 ERE sequences. The Xenopus laevis
vitellogenin A2 ERE is a perfectly palindromic, consensus
ERE sequence (GGTCAnnnTGACC [16]) and differs from
the human pS2 ERE in the 39 half site by one base pair (GG
TCAnnnTGGCC [30]). We detect differences in the interac-
tion of the purified ER DBD with the A2 and pS2 EREs in gel
mobility shift, DNase I footprinting, and methylation interfer-
ence assays. The differential interaction of ER-specific anti-
bodies with A2 and pS2 ERE-bound ER implies that there are
differences in ER conformation. Protease sensitivity assays pro-
vide further evidence that the conformations of the A2 and pS2
ERE-bound ER are distinct. We believe that these DNA-in-
duced conformational changes in ER can form the basis for
differential transcription of estrogen-responsive genes.

MATERIALS AND METHODS

Preparation of 32P-labeled DNA fragments, ER DBD, and ER. For gel mobility
shift assays, DNase I footprinting, and methylation interference experiments,
5 mg of circular permutation plasmids B3consERE and B3pS2ERE (28) were
digested with EcoRV and HindIII to produce 278-bp ERE-containing DNA
fragments containing the A2 and pS2 EREs, respectively, flanked by identical
nucleotide sequence. To label the coding strand, the ERE-containing DNA
fragments were combined with 50 mM Tris (pH 8.0), 10 mM MgCl2, 50 mM
NaCl, 25 pmol (150 mCi) of [a-32P]dATP, 25 pmol (150 mCi) of [a-32P]dGTP,
140 mM dTTP, 140 mM dCTP, and 1 U of Klenow DNA polymerase in a final
volume of 40 ml. After 20 min at room temperature, 140 mM dATP and 140 mM
dGTP were added to the samples, and the reaction mixture was incubated for
another 5 min at room temperature. DNA fragments were fractionated on a 5%
acrylamide gel, excised, isolated by electroelution, precipitated, and resuspended
in TE (10 mM Tris [pH 8.0], 1 mM EDTA). ERE-containing DNA fragments
were also labeled on the noncoding strand and used in DNase I footprinting and
methylation interference experiments. To label the noncoding strand, plasmids
B3consERE and B3pS2ERE were cut with EcoRV and NheI to produce 388-bp
ERE-containing DNA fragments. The fragments were filled in on the noncoding
strand as described above except that 25 pmol (150 mCi) of [a-32P]dCTP,
25 pmol (150 mCi) of [a-32P]dTTP, 140 mM dATP, and 140 mM dGTP were used.
After 20 min, 140 mM dCTP and 140 mM dTTP were added to the reaction
mixture. 32P-labeled probes were fractionated on an acrylamide gel and electro-
eluted as described for the coding strand.

For the antibody supershift experiments, 5 mg of each of plasmids B3consERE
and B3pS2ERE was cut with HindIII and 32P labeled as described above for the
coding strand. The 425-bp, end-labeled, ERE-containing DNA fragments were
gel purified on a 5% acrylamide gel, excised, electroeluted, precipitated, and
resuspended in TE.

For protease sensitivity experiments, 5-mg aliquots of plasmids B3consERE and
B3pS2ERE were cut with EcoRI and BamHI to produce 55-bp ERE-containing
DNA fragments. The fragments were gel purified and labeled as described above
except that 49.5 pmol (300 mCi) of [a-32P]dATP and 16.5 pmol (100 mCi) of
[a-32P]dGTP were used. The probes were gel purified a second time on a 5%
acrylamide gel, excised, electroeluted, precipitated, and resuspended in TE.

The expression and purification of the 111-amino-acid X. laevis ER DBD (ami-
no acids 171 to 281) and the partially purified yeast-expressed human ER have
been described elsewhere (27, 28). These studies were carried out exclusively with
the ERa DBD and full-length receptor, not the recently discovered ERb (18).

Gel mobility shift assays. Gel mobility shift assays were carried out as previ-
ously described (29). Briefly, EcoRV/HindIII 32P-labeled DNA fragments (0.05
to 0.1 pmol) containing the A2 ERE were combined with 0 to 0.37 pmol of pu-
rified DBD in binding reaction buffer (15 mM Tris [pH 7.9], 0.2 mM EDTA, 10%
glycerol, 4 mM dithiothreitol) with 80 mM KCl and 50 ng of poly(dI-dC) to a
final volume of 20 ml. The DBD-DNA mixture was incubated for 15 min at room
temperature and then fractionated on an 8% low-ionic-strength acrylamide gel.
32P-labeled DNA fragments containing the pS2 ERE were identically processed
except that 0 to 1.83 pmol of purified DBD were used in the binding reactions.

DNase I footprinting. EcoRV/HindIII-digested A2 ERE-containing DNA
fragments (0.5 to 1.0 pmol), which had been labeled on the coding strand, were
combined with 0 to 7.34 pmol of purified DBD in binding reaction buffer with

80 mM KCl, 50 ng of poly(dI-dC), 1.25 mM MgCl2, and 0.5 mM CaCl2 to a final
volume of 20 ml. DNA fragments containing the pS2 ERE were identically
processed except that 0 to 36.7 pmol of purified DBD was used. Ovalbumin was
also included in each reaction so that the total protein concentration was 2.5 mg.
The binding reaction mixtures were incubated for 15 min at room temperature.
Then 0.4 U RQ1 RNase-free DNase I (Promega, Madison, Wis.) was added in
the absence of the DBD, and 0.8 U of DNase I was added to reactions containing
the DBD. The samples were cleaved for 1.5 or 2.5 min, respectively, after which
digestion was terminated by addition of 20 ml of DNase I stop solution (200 mM
NaCl, 1% sodium dodecyl sulfate, 30 mM EDTA). The DNA was extracted with
phenol-chloroform, precipitated, washed twice with 70% ethanol, and dried. The
A2 and pS2 ERE-containing DNA fragments were resuspended in loading
buffer, incubated at 90°C for 1.5 min, and electrophoresed on an 8% sequencing
gel. The gel was dried and visualized by autoradiography.

The protection of each A2 and pS2 ERE half site was quantitated by using a
PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale,
Calif.). Each lane was normalized to account for unequal loading, and then the
level of radioactivity in each ERE half site was quantitated before and after
addition of increasing amounts of DBD. The level of protection, which is ex-
pressed as the percentage of cleaved DNA, was calculated by determining the
amount of cleaved DNA in each ERE half site in the presence of DBD relative
to the amount of cleaved DNA in each ERE half site in the absence of DBD.

Methylation interference. EcoRV/HindIII-digested, end-labeled DNA frag-
ments (8 to 10 pmol; 106 cpm) were methylated in 211 ml of DMS (dimethyl
sulfate) buffer (50 mM sodium cacodylate [pH 8.0], 1 mM EDTA) with 0.5%
DMS. After 3 min, the reaction was terminated with 50 ml of DMS stop solution
(1.5 M sodium acetate [pH 7.0], 1 M b-mercaptoethanol, 100 mg of tRNA per
ml) and 750 ml of cold ethanol. The modified DNA was precipitated twice and
resuspended in TE. Then 1.5 to 3.0 pmol of methylated A2 or pS2 ERE-
containing probe was combined with 3.7 or 7.4 pmol of purified DBD, respec-
tively, in binding reaction buffer with 80 mM KCl and 50 ng of poly(dI-dC). The
20-ml reaction mixture was fractionated on an 8% nondenaturing polyacrylamide
gel. The free probe and protein-DNA complexes were detected by autoradiog-
raphy of the wet gel and excised. The modified DNA was isolated by electroelu-
tion, precipitated, and then cleaved for 30 min with 10% piperidine at 90°C. The
piperidine solution was evaporated, and the modified DNA was resuspended in
30 ml of water, lyophilized, resuspended in 20 ml of water, and lyophilized. The
A2 and pS2 ERE-containing DNA fragments were resuspended in loading
buffer, incubated at 90°C for 1.5 min, and electrophoresed on an 8% sequencing
gel. The gel was dried and visualized by autoradiography.

Antibody supershifts. Monoclonal antibody P1A3 was made against purified
X. laevis ER DBD at the Immunological Resource Center, University of Illinois
at Urbana-Champaign. The production of antibodies ER 21, H226, D547, H222,
and D75 has been described previously (4, 13). Polyclonal antibodies ER6 and
ER1 and monoclonal antibody h151 were provided by Robin Fuchs-Young
(M. D. Anderson Cancer Center, University of Texas, Smithville) and Dean
Edwards (University of Colorado, Denver), respectively.

Gel mobility supershift assays were carried out with partially purified, yeast-
expressed human ER (28). For these assays, 0.05 to 0.1 pmol of the EcoRV/
HindIII-digested, end-labeled DNA fragments containing the A2 or pS2 ERE
were combined with 285 or 570 fmol of ER in binding reaction buffer with 10 mg
of bovine serum albumin, 1 mg of poly(dI-dC), 20 mM KCl, 50 mM ZnCl2, and
1027 M 17b-estradiol (E2). The reaction mixtures were incubated for 10 min at
room temperature before one of the indicated ER-specific antibodies was added
to the A2 or pS2 ERE-containing samples. After 5 min at room temperature, the
protein-DNA complexes were fractionated for 4 h at 300 V on a nondenaturing
8% acrylamide gel and processed as described above. The amount of free and
bound DNA was determined with a PhosphorImager and ImageQuant software.

Partial ER proteolysis. The 55-bp, 32P-labeled DNA fragments (0.05 to
0.1 pmol) containing either the A2 or pS2 ERE were combined with 285 or
570 fmol of ER, respectively, as described above. After a 10-min incubation, 0,
0.05, 0.5, 1.25, 2.5, 3.75, or 5 ng of chymotrypsin (Sigma, St. Louis, Mo.) was
added to the A2 and pS2 ERE-containing reaction mixtures. The samples were
incubated for an additional 10 min and loaded onto a running, 8% nondenatur-
ing acrylamide gel. The gel was electrophoresed for 2 h at 300 V, dried, and
visualized by autoradiography. A2 or pS2 ERE-ER complexes were also exposed
to trypsin cleavage and processed similarly except that 0, 0.05, 0.5, 1.25, 2.5, 3.75,
or 5 ng of trypsin (Worthington Biochemical Corporation, Freehold, N.J.) was
added to each sample.

RESULTS

To be certain that the ER-ERE interaction was not influ-
enced by other proteins, we began our investigations by using
highly purified preparations of X. laevis ER DBD. There are
several advantages to using the DBD. First, it is easily ex-
pressed in bacteria and can be highly purified in a two-step
chromatographic procedure (27). Second, the DBD retains
many of the characteristics of the intact receptor including
specific interaction with the ERE, differential binding to EREs
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that deviate from the consensus sequence, and activation of an
estrogen-responsive reporter construct (6, 27). Third, the DBD
structure has been defined in detail by nuclear magnetic reso-
nance and X-ray crystallographic techniques (36–38). Fourth,
because the amino acid sequence of steroid hormone receptor
DBDs is highly conserved, delineating how one DBD interacts
with its cognate response element may also help to delineate
how other members of the nuclear receptor superfamily acti-
vate transcription.

Differential interaction of the DBD with A2 and pS2 EREs is
detected in gel mobility shift assays. To begin characterizing
the DBD-ERE interaction, gel mobility shift assays were car-
ried out. 32P-labeled DNA fragments containing the A2 ERE
or the pS2 ERE were combined with increasing amounts of
purified DBD and fractionated on nondenaturing polyacryl-
amide gels. The DBD formed a single complex with the A2
ERE regardless of DBD concentration, suggesting that the
DBD occupied both of the consensus ERE half sites (Fig. 1).
These results are consistent with previous X-ray crystallo-
graphic and gel mobility shift assays which demonstrate that
even at extremely low DBD concentrations, the DBD bound as
a dimer to a consensus ERE sequence (27, 36, 38). In contrast
to our findings with the A2 ERE, DNA fragments containing
the pS2 ERE formed two complexes with the DBD. Complex
2 had the same mobility as the single complex formed with the
A2 ERE, indicating that the DBD was probably binding as a
dimer to the pS2 ERE (Fig. 1, arrow 2). Complex 1 migrated
more rapidly than complex 2 and probably represents one
DBD monomer interacting with the pS2 ERE-containing
DNA fragments (Fig. 1, arrow 1). The disappearance of com-
plex 1 and the appearance of complex 2 with increasing DBD
concentration supports the idea that a monomer-to-dimer
transition was occurring with the pS2 ERE. Although the DBD
bound to both the A2 and pS2 EREs, significantly lower levels
of DBD were required for occupation of the consensus A2
ERE than for occupation of the imperfect pS2 ERE. This was
not surprising since we have previously demonstrated that the
affinity of the intact receptor is twofold lower for the pS2 ERE
than for the A2 ERE (28).

DNase I footprinting demonstrates that the DBD dimer
interacts with the A2 ERE but that both the DBD monomer
and dimer interact with the pS2 ERE. To determine if the
complexes formed in the gel shift assays corresponded to DBD
monomer and dimer binding and to further characterize the
interaction of the DBD with the A2 and pS2 EREs, DNase I
footprinting was carried out. This technique utilizes the non-

specific cleavage properties of DNase I to identify DNA
regions that are protected by proteins. DNA fragments con-
taining the A2 ERE or the pS2 ERE were 32P-labeled on the
coding strand and then combined with increasing amounts of
purified DBD. The reactions were subjected to DNase I diges-
tion, and the resulting cleavage products were separated on a
sequencing gel. As seen in Fig. 2, the DBD interacted only with
the region of the DNA fragments that included either the A2
ERE or the pS2 ERE. Although the areas of protection were
similar for the A2 and pS2 EREs, there were distinguishable
differences in the pattern of cleavage. Quantitative analysis of
the A2 and pS2 ERE half sites demonstrated that both A2
ERE half sites were equally protected regardless of protein
concentration (Fig. 3). These findings indicated that the DBD
bound to each ERE half site with equal affinity and confirmed
that only the DBD dimer bound to the A2 ERE. The pS2 ERE
half sites, however, were differentially protected with the con-
sensus pS2 ERE half site (GGTCA), requiring lower DBD
concentrations for protection than the imperfect pS2 ERE half
site (TGGCC). Thus, the DBD bound to the pS2 ERE as a
monomer at lower DBD concentrations and as a dimer at
higher DBD concentrations. It should be noted, however, that
higher DBD concentrations were required for protection of
the pS2 ERE than for protection of the A2 ERE (Fig. 2 and 3).
Interestingly, hypersensitive sites were observed at the 39 ends
of both the A2 and pS2 ERE footprints (Fig. 2, p).

DNA fragments containing the A2 or the pS2 ERE were
also 32P-labeled on the noncoding strand and subjected to
DNase I cleavage. Like the coding strand, the region protected
on the noncoding strand included only the A2 or the pS2 ERE
(Fig. 4), the A2 ERE half sites were equally protected, and
lower DBD concentrations were required for protection of the

FIG. 1. The DBD forms one complex with the A2 ERE but forms two
complexes with the pS2 ERE. Increasing concentrations of purified DBD (0,
0.007, 0.03, 0.07, 0.18, or 0.36 pmol for the A2 ERE; 0, 0.07, 0.36, 0.73, or 1.83
pmol for the pS2 ERE) were incubated with 32P-labeled A2 or pS2 ERE-
containing DNA fragments as described in Materials and Methods. The binding
reactions were fractionated on a nondenaturing acrylamide gel, and the gel was
dried and subjected to autoradiography. Complexes 1 and 2, formed between the
DBD and A2 or pS2 EREs, are indicated to the right.

FIG. 2. DNase I footprinting defines regions of the coding strand that are
involved in DBD binding. Increasing concentrations of purified DBD were in-
cubated with A2 or pS2 ERE-containing DNA fragments which had been labeled
on the coding strand. The binding reactions were subjected to limited DNase I
digestion, and the cleaved DNA was fractionated on a denaturing acrylamide gel.
The gel was dried and subjected to autoradiography. The positions and se-
quences of the A2 ERE and the pS2 ERE and DNase I-hypersensitive sites (p)
are indicated.
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pS2 ERE consensus half site than for protection of the imper-
fect pS2 ERE half site. Lower DBD concentrations were again
required to protect the A2 ERE than the pS2 ERE. These data
from the noncoding strand demonstrate that the DBD bound
only as a dimer to the A2 ERE, while both the DBD monomer
and dimer bound to the pS2 ERE.

Guanine residues in the A2 and pS2 EREs are required for
DBD dimer binding, but only guanine residues in the pS2 ERE
consensus half site are necessary for DBD monomer binding.
Because DNase I is a large globular protein, steric hindrance
of this molecule with other proteins may result in an overesti-
mation of the DNA region protected by bound proteins.

Therefore, to more specifically define and compare the con-
tacts between the DBD and the A2 and pS2 ERE sequences,
methylation interference assays were carried out. This method
of footprinting uses DMS, a small molecule, to modify guanine
residues. The modified DNA is then incubated with a DNA
binding protein that specifically interacts with a recognition
sequence present in the DNA strand. Because methylation of
guanine residues in a recognition sequence inhibits protein
binding, guanine residues that are required for efficient pro-
tein-DNA interaction can be identified.

A2 ERE- or pS2 ERE-containing DNA fragments were
modified by DMS treatment and combined with 5.5 or 29.3
pmol of purified DBD, respectively, so that approximately 50%
of the DNA fragments were bound to the DBD. Free DNA
and DBD-DNA complexes were fractionated on a nondena-
turing acrylamide gel, isolated, cleaved, and resolved on a
denaturing gel. Methylation of guanine residues in the A2 and
pS2 ERE half sites strongly inhibited DBD binding, as indi-
cated by the diminished intensity of the bands corresponding
to these nucleotides (Fig. 5). Specific DBD binding required
the participation of guanine residues (bold faced) in both half
sites of the A2 ERE (GGTCAcagTGACC). Interaction of the
DBD dimer with the pS2 ERE also required unmodified gua-
nine residues in both the consensus and imperfect half sites
(GGTCAcggTGGCC). These findings are consistent with X-
ray crystallographic studies carried out with the ER DBD and
methylation interference assays carried out with the full-length
ER (17, 36). Of particular interest was the interaction of the
DBD monomer with the pS2 ERE, which required only the
participation of guanine residues in the consensus half site

FIG. 3. Lower DBD concentrations are required to protect the A2 ERE than
the pS2 ERE. The level of A2 and pS2 ERE half site protection on the coding
strand is expressed as the percentage of cleaved DNA and was calculated by
determining the amount of cleaved DNA in each ERE half site in the absence of
DBD relative to the amount of cleaved DNA in each ERE half site in the
presence of DBD. Each point represents the mean 6 standard error of the mean
from three to four independent experiments.

FIG. 4. DNase I footprinting defines regions of the noncoding strand that are
involved in DBD binding. Increasing concentrations of purified DBD were in-
cubated with A2 or pS2 ERE-containing DNA fragments which had been labeled
on the noncoding strand. The binding reaction was subjected to limited DNase
I digestion, and the cleaved DNA was fractionated on a denaturing acrylamide
gel. The gel was dried and subjected to autoradiography. The positions and
sequences of the A2 and pS2 EREs are indicated.

FIG. 5. Methylation interference experiments delineate guanine residues re-
quired for efficient binding of the DBD to the A2 and pS2 EREs. A2 or pS2
ERE-containing DNA fragments which had been labeled on the coding (A) or
noncoding (B) strand were modified with DMS. The modified DNA fragments
were incubated with purified DBD and fractionated on a nondenaturing acryl-
amide gel. The free probe (lanes f), DBD-ERE complex 1 (lanes 1), and DBD-
ERE complex 2 (lanes 2) were detected by autoradiography. The DNA from
each band was isolated, cleaved, fractionated on a denaturing gel, and visualized
by autoradiography. The positions and sequences of the A2 and pS2 EREs are
indicated.
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(Fig. 5). These data are in good agreement with our DNase I
footprinting results (Fig. 2 to 4) and provide additional evi-
dence that first the DBD binds as a monomer to the consensus
pS2 ERE half site and then a second monomer binds to the
imperfect pS2 ERE half site as DBD concentrations are in-
creased.

Differences in ER epitope availability are detected in anti-
body supershift experiments when the receptor is bound to the
A2 or the pS2 ERE. The gel shift and footprinting experiments
established that the DBD interacted differently with the A2
and pS2 EREs but did not provide direct evidence that DBD
conformation was different when bound to these two EREs.
We reasoned that subtle changes in DBD structure might be
translated to other ER regions, resulting in more global con-
formational changes in the intact receptor. Therefore, mono-
clonal and polyclonal antibodies directed against several ER
regions (Fig. 6A) were used in antibody supershift experiments
to determine if differences in epitope availability could be
detected when the ER was bound to the A2 or pS2 ERE.
Partially purified, yeast-expressed ER was combined with 32P-

labeled A2 or pS2 ERE-containing DNA fragments. Antibod-
ies directed against different ER epitopes were then added to
the binding reaction mixtures, and the resulting complexes
were fractionated on nondenaturing polyacrylamide gels. The
level of each receptor-DNA complex was quantitated so that
the effect of each antibody on the A2 and the pS2 ERE-ER
complex formation could be assessed. The most striking dif-
ference in epitope availability was observed with monoclonal
antibody P1A3, which was made against purified X. laevis
DBD. P1A3 enhanced the ER-A2 ERE complex formation
approximately sixfold (Fig. 6B; compare lanes 1 and 7) and
strongly inhibited ER-pS2 ERE complex formation (compare
lanes 2 and 8) but failed to supershift either the A2 or pS2
ERE-ER complex. Two other antibodies also discriminated
between the pS2 and A2 ERE-bound ER. ER21 and D75,
which are directed against the amino and carboxy termini of
the receptor, respectively, did not alter the supershifted ER-
A2 ERE complex formation but decreased formation of the
ER-pS2 ERE complex (Fig. 6B; compare lane 2 with lanes 4
and 20). The decreased pS2 ERE-ER complex formation was
more apparent when increased amounts of receptor were in-
cluded in the binding reaction (Fig. 6C). The other antibodies
tested (H226, ER6, ER1, D547, h151, and H222) supershifted
both the A2 and pS2 ERE-containing complexes in a similar
manner. The differential interaction of three ER-specific anti-
bodies with A2 and pS2 ERE-bound ER implied that there
were differences in ER epitope availability not only in the
DBD but also in the amino and carboxy termini of the recep-
tor.

Sequence-mediated changes in ER conformation are detect-
ed after limited protease digestion of the A2 and pS2 ERE-
bound ER. The antibody supershift experiments provided ev-
idence that ER epitopes were differentially exposed when the
receptor was bound to the A2 and pS2 EREs and therefore
that differences in receptor conformation may exist. To more
directly assess possible differences in receptor conformation,
protease sensitivity assays were carried out with A2 and pS2
ERE-bound ER. This assay utilizes limited proteolysis of a
DNA-bound protein to produce a pattern of digestion based
on amino acid accessibility and provides information about
native protein conformation (35, 44). 32P-labeled DNA frag-
ments containing the A2 or pS2 EREs were combined with 285
or 570 fmol of partially purified yeast-expressed ER, respec-
tively. This twofold difference in ER concentration was used to
account for the lower binding affinity of the intact ER for the
pS2 ERE (28). The protein was then subjected to limited pro-
teolysis by exposure to increasing concentrations of chymotryp-
sin, and the resulting complexes were fractionated on nonde-
naturing polyacrylamide gels. The differences in the digestion
patterns observed with the A2 ERE-bound ER and the pS2
ERE-bound ER were striking (Fig. 7A). Limited digestion of
the A2 ERE-bound ER produced a larger stable ER-DNA
complex (C3) than was observed with the pS2 ERE-bound
ER after chymotrypsin treatment (C5). The numbers of in-
termediate ER-DNA complexes observed with A2 and pS2
ERE-bound ER were also quite distinct. While chymotrypsin
digestion of the A2 ERE-bound receptor produced several
ER-DNA complexes of intermediate size (C1 to C5), digestion
of the pS2 ERE-bound ER produced few intermediate-size
ER-DNA complexes.

The difference in digestion patterns observed with these two
EREs was not due to differences in ER or DNA concentra-
tions, since different amounts of ER and DNA produced the
same digestion pattern, nor was it due to a difference in chy-
motrypsin concentrations, since the same digestion patterns
were produced at higher and lower chymotrypsin concentra-

FIG. 6. Antibodies to various ER epitopes can detect differences in confor-
mation of the A2 and pS2 ERE-bound receptor. (A) Schematic representation of
the epitopes for ER-specific antibodies used. (B) Partially purified, yeast-ex-
pressed ER (285 fmol) was incubated with A2 ERE-containing DNA fragments
(odd-numbered lanes) or pS2 ERE-containing DNA fragments (even-numbered
lanes). After a short incubation, antibodies (Ab) were added to the binding
reactions as indicated and the complexes were fractionated on a nondenaturing
acrylamide gel. The complexed DNA and free probe were visualized by autora-
diography. (C) Partially purified, yeast-expressed ER (570 fmol) was incubated
with pS2 ERE-containing DNA fragments. Samples were processed as for panel B.
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tions. Since we have observed similar digestion patterns with
partially purified yeast-expressed ER and ER-containing nu-
clear extracts from estrogen-treated CHO-ER cells, the differ-
ence in digestion patterns did not result from the association of
different proteins with the ER (data not shown). Furthermore,
the difference in digestion patterns was not due to dissociation
of the ER from the pS2 ERE and enhanced proteolysis of the
free receptor, since the amount of ER-DNA complex observed
at the highest chymotrypsin concentration was similar to the
amount of ER-DNA complex observed in the absence of pro-
tease (compare lanes 8 and 14). Finally, the higher mobility
complexes (C1 to C5) produced by chymotrypsin cleavage were
due to specific cleavage of the protein and not degradation of
DNA since the free DNA was not degraded as chymotrypsin
levels increased. Digestion of the A2 and pS2 ERE-bound ER
was done in parallel, and the results were completely repro-
ducible.

Trypsin digestion also resulted in distinctly different cleav-
age patterns of the A2 and pS2 ERE-bound ER (Fig. 7B).
Digestion of the A2 ERE-bound ER with trypsin produced
several products (T1 to T4), with complex T2 being most stable
at high trypsin concentrations (Fig. 7B, lanes 1 to 7). In con-
trast, digestion of the pS2 ERE-bound ER produced fewer
trypsin products, with complex T3 being the most stable (lanes
8 to 14). The pS2 ERE-bound ER appeared to be particularly
susceptible to trypsin cleavage as evidenced by the loss of

ER-DNA complex at higher trypsin concentrations. Therefore,
we believe that the different digestion patterns that we ob-
served with the A2 and pS2 ERE-bound ER resulted from
differences in receptor conformation and that the conforma-
tion was dictated by the ERE sequence.

DISCUSSION

This study focused on the differential interaction of the ER
DBD and the intact receptor with A2 and pS2 EREs. The A2
ERE (GGTCAnnnTGACC [16]) differs from the pS2 ERE
(GGTCAnnnTGGCC [30]) by a single base pair (underlined)
in the 39 half site. Although the adenine residue in the 39 A2
ERE half site can serve as a hydrogen bond donor and accep-
tor, the guanine residue residing in a comparable position in
the pS2 ERE can function only as a hydrogen bond acceptor.
From previous crystallographic studies of the vitellogenin A2
ERE (36) and B1 ERE2 (38), one would predict that substi-
tution of a guanine for an adenine in the 39 ERE half site
would not only affect the hydrogen bond with the substituted
nucleotide but also require the modification of a localized
hydrogen bond network formed between the ERE and the
DBD. We have previously demonstrated that binding of the
ER DBD and the full-length ER to the ERE induces confor-
mational changes in DNA structure (25, 26, 28, 29, 33). We
now provide evidence that the DBD-DNA interaction is a
dynamic process involving conformational changes in both the
receptor and DNA.

Our DNase I footprinting studies revealed that 1.3 pmol of
DBD was required to occupy 50% of the 59 A2 ERE half site.
In contrast, 6.5 pmol of DBD was required to occupy 50% of
the 59 pS2 ERE half site. Despite the fact that these 59 ERE
half sites have identical nucleotide sequences, the relative af-
finity of the DBD is ;5-fold lower for the 59 pS2 ERE half site
than for the 59 A2 ERE half site (Fig. 3), suggesting that two
adjacent consensus ERE half sites can act cooperatively to
enhance DBD binding. When comparing the intact EREs, we
found that the affinity of the DBD is more than sixfold greater
for the two adjacent A2 ERE half sites than for the consensus
and imperfect pS2 ERE half sites. We have previously dem-
onstrated that the affinity of the intact ER is twofold lower for
the pS2 ERE than for the A2 ERE (28). Thus, regions outside
the DBD are important for enhancing binding of the intact
receptor to the A2 ERE but may be even more important in
enhancing binding of the receptor to imperfect ERE se-
quences.

We observed an apparent monomer-to-dimer transition as
increasing concentrations of purified DBD were combined
with the pS2 ERE. A similar monomer-to-dimer transition has
been observed in experiments carried out with the ER DBD
and the imperfect vitellogenin B1 ERE 2 (38), which differs
from the consensus sequence by a single base pair in the 59 half
site (AGTCAnnnTGACC [50]). In contrast to the pS2 ERE
and the B1 ERE2, we did not observe occupation of a single
half site with the A2 ERE, implying that the DBD binds only
as a dimer to the A2 ERE. Binding of the ER dimer to the A2
ERE has been a subject of substantial controversy. While
NMR and crystal structure studies provide evidence for ER
DBD dimer binding (36, 37), an antibody-based DNA binding
assay (11) suggests that the ER may bind as a monomer to the
A2 ERE. Taken together, our gel mobility, DNase I footprint-
ing, and methylation interference assays examining the A2 and
pS2 EREs in tandem provide compelling evidence that the
DBD binds as a dimer to the A2 ERE and as a monomer and
a dimer to the pS2 ERE.

Since we know that the DBD is a monomer in solution (27),

FIG. 7. Distinct protease digestion patterns of A2 and pS2 ERE-bound ER
provide evidence for ERE-mediated differences in receptor conformation. (A)
Partially purified, estrogen-occupied ER was combined with A2 or pS2 ERE-
containing DNA fragments. After a short incubation, 0, 0.05, 0.5, 1.25, 2.5, 3.75,
or 5 ng of chymotrypsin was added to the binding reaction. ER-DNA complexes
and free DNA were fractionated on a nondenaturing acrylamide gel, and the gel
was dried and subjected to autoradiography. The undigested ER-DNA complex
(C0) and ER-DNA complexes formed with chymotrypsin-proteolyzed receptor
(C1 to C5) are indicated. (B) Partially purified ER and A2 or pS2 ERE-con-
taining DNA fragments were combined as for panel A except that 0, 0.05, 0.5,
1.25, 2.5, 3.75, or 5 ng of trypsin was added to the binding reactions. The
undigested ER-DNA complex (T0) and ER-DNA complexes formed with tryp-
sin-proteolyzed receptor (T1 to T4) are indicated.
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dimerization must occur upon binding of the DBD to the ERE.
Dimerization could be fostered by simultaneous binding of two
DBD monomers or binding of one DBD monomer and the
subsequent recruitment of a second DBD monomer. In either
case, protein-protein and protein-DNA interactions would
help stabilize binding of the DBD dimer and discourage dis-
sociation of one of the monomers from the A2 or pS2 ERE.
Monomer binding to the pS2 ERE could result from the in-
ability of the DBD monomer bound to the consensus half site
to recruit a second DBD monomer to the imperfect 39 half site
or more rapid dissociation of the DBD from the imperfect 39
ERE half site.

From our combined experiments, it is possible to compare
binding of the ER DBD and the full-length ER to the A2 and
pS2 EREs. The ER DBD bound to the pS2 ERE as a mono-
mer at low DBD concentrations and then as a dimer at higher
DBD concentrations. These findings are similar to those of
studies examining binding of the full-length ER to the vitel-
logenin B1 ERE2 (22). In contrast to these results, the full-
length ER used in our experiments bound only as a dimer to
the A2 and pS2 ERE, as indicated by the migration of the
ER-ERE complexes in gel mobility shift assays (Fig. 6 and 7).
The exclusive binding of the ER dimer to the pS2 ERE em-
phasizes that the dimerization domain present in the ligand
binding domain (8) plays an important role in ER stabilization.
Methylation interference assays demonstrated that guanine
residues in both A2 ERE half sites were important for ER
DBD binding. Since the exact same guanine residues are in-
volved in binding of the full-length ER to the A2 ERE (17), the
ER DBD and the full-length ER must bind to the A2 ERE in
a very similar fashion.

Protease sensitivity assays demonstrated that there were dis-
tinct differences in the digestion patterns of the A2 and pS2
ERE-bound receptor. What is uncertain at this point is the
conformational state of the individual ER monomers. We an-
ticipate that the two ER monomers bound to the A2 ERE
would have the same conformation. However, it is not known
whether both of the ER monomers bound to the pS2 ERE
have the same conformation. One might argue that the mono-
mer bound to the consensus pS2 ERE half site would have the
same conformation as the monomers bound to the consensus
A2 ERE half sites but that the conformation of the monomer
bound to the imperfect pS2 half site would be different. Alter-
natively, it is possible that binding of the ER monomer to the
imperfect ERE half site would induce the formation of an
altered dimerization interface, which would in turn cause con-
formational changes in the adjacent ER monomer. Our data
favor this latter model since we do not see two superimposed
digestion patterns, one for each ER monomer, after partial
digestion of the pS2 ERE-bound receptor.

Antibody supershift experiments demonstrated that several
antibodies directed at different ER epitopes enhanced ER-
ERE binding. The ability of ER-specific antibodies to enhance
ER-DNA complex formation has been previously reported by
Fawell et al. (7), who suggested that this enhanced binding is
due to stabilization of the ER dimer. P1A3 had the most
dramatic effect on ER-ERE complex formation. It significantly
enhanced ER binding to the A2 ERE, decreased ER binding
to the pS2 ERE, and yet failed to supershift either ER-ERE
complex. These results suggest that ER binding to antibody
and binding to DNA are mutually exclusive events. The inabil-
ity of P1A3 to supershift the ERE-bound ER was not unex-
pected, since this antibody is directed against the ER DBD and
binding of the DBD to the ERE could presumably occlude the
antibody epitope. The ability of P1A3 to enhance ER binding
to the A2 ERE yet inhibit binding to the pS2 ERE was some-

what perplexing. However, a similar phenomenon in which an
antibody directed against the vitamin D3 receptor DBD en-
hanced binding of receptor to the osteopontin response ele-
ment and inhibited binding of receptor to the osteocalcin re-
sponse element, but did not supershift either complex, has
been reported (40). Staal et al. (40) proposed that the presence
of the additional immunoglobulin G protein may have simply
increased the association of the receptor for its cognate re-
sponse element and thereby enhanced binding. However, we
find that inclusion of additional nonspecific protein in our
binding reactions did not affect ER-DNA complex formation
(data not shown). It seems more probable that P1A3 enhanced
A2 ERE binding by promoting ER dimerization and that bind-
ing of the ER dimer to the A2 ERE dissociated the antibody.
The inability of the receptor to interact with the pS2 ERE in
the presence of P1A3 may be attributed to more efficient bind-
ing of the ER to antibody than to the ERE or to an unfavor-
able presentation of the antibody-stabilized ER dimer to the
pS2 ERE.

A number of studies have demonstrated that the activity of
many ERE-containing promoters is cell type specific (3, 23, 24,
46, 47). It is generally thought that these tissue-specific effects
are brought about by restricting the expression of required
regulatory cofactors to target cells. A more versatile way of
differentially regulating gene expression would be to provide
the receptor with a large repertoire of functional surfaces that
can be formed and serve as contact points for other cellular
proteins. The presentation of these functional surfaces and the
selection of ER-associated proteins, which is dictated by the
unique ERE sequence, would provide tremendous regulatory
versatility to a single cell harboring multiple estrogen-respon-
sive genes.

We propose that the conformation of nuclear hormone re-
ceptors is subject to two ligands—hormone and DNA—and
that binding of either ligand can induce changes in receptor
conformation. The ability of hormone to induce conforma-
tional changes in nuclear receptor ligand binding domains has
been demonstrated (2, 5, 14, 34, 49). Our studies with the ER
complement those carried out with glucocorticoid and the vi-
tamin D receptors and suggest that DNA-induced conforma-
tional changes in the DBD can be transmitted to other regions
of the receptor (19, 40, 41). Taken together, these studies pro-
vide evidence that conformational changes induced by DNA
binding may serve as a common mechanism for regulating
transcription of hormone-responsive genes.
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