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INTRODUCTION

The estrogen receptor alpha (ERa) is a member of the superfamily of nuclear receptors
for small hydrophobic ligands, including steroid hormones, thyroid hormone, vitamin D, and
retinoic acid (1). As a class, these receptors are transcription factors whose activity is regulated
allosterically by ligand binding. Upon diffusion into the cell, estradiol binds to the ER initiating a
series of events including receptor dimerization, release and recruitment of accessory proteins,
and hyperphosphorylation, whereupon the receptor is activated for transcription. The ERa
mediates estrogenic responses in target tissues including the brain, mammary gland, and tissues
of the reproductive tract as well as hormone-sensitive cancers such as breast cancer.

Transcriptional activation is mediated by at least two activation domains in the ER, AF-1
in the N-terminus and AF-2 in the ligand binding domain (LBD). Mounting evidence suggest
that the activity of AF-1 is modulated by growth factors acting through the MAP kinase pathway
(2) while AF-2 activity is responsive to ligand binding (3). Crystal structure analyses of the
ligand binding domains of retinoid X reéeptor o, (RXRo) (4), retinoic acid receptor Y (RARY) (5),
thyroid hormone receptor 8 (TRB) (6), and ERa (7, 8), demonstrate that a conformational change
results from ligand binding, allowing realignment of a conserved helical region (Helix 12)
essential for AF-2 activity.

Antiestrogens, such as the major adjuvant chemotherapeutic agent tamoxifen, antagonize
the effects of estrogens by competing for receptor binding. Once bound to the receptor, the
subsequenct steps by which these compounds alter the regulation of estrogen-dependent gene
transcription remain largely undefined. Tamoxifen has partial agonistic activities in the uterus
which complicate its therapeutic use. ICI 182, 780 (ICI) has been shown to be a complete
antagonist and may interfere with receptor dimerization or promote receptor degradation.
Clearly there are still a number of key aspects of ligand-mediated receptor activity that remain
unresolved.

The results presented here represent our ongoing characterization of the process by which

ERa is transformed from an inactive state in the absence of ligand to an activated state. The
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major focus of our studies has been to identify proteins that act as adapters, coregulators, and/or
effectors to modulate the transcriptional activity of the ERa. We specifically wish to test the
hypothesis that estrogen agonists and antagonists promote differential transcriptional activity of
the ER by altering accessory protein interactions. Consistent with this theory, biochemical and
genetic approaches over the last several years have led to the identification of potential
coactivator proteins that associate in a ligand-dependent manner with nuclear receptors (9).
These include RIP160 (10), RIP140 (11), SRC-1/N-CoA1l (12), TIF2/GRIP1 (SRC-2) (13,
14), RAC3/ACTR/AIB1 (SRC-3) (15), and CBP/p300 (16). Many of these proteins enhance
ligand-dependent transcriptional activation by several different nuclear receptors (17, 18). In
addition. the recent report of partial hormone resistance in mice with a disrupted SRC-1 gene
(19) provides convincing evidence for true coactivator function.

Many of these coactivator proteins, including SRC-1, GRIP1/TIF2 and CBP/p300
associate with nuclear receptors through a short signature motif (LxXLL) called a nuclear
receptor box (NR box) (20). Both mutagenesis and peptide binding studies indicate that most
of the binding affinity coactivators have for NRs can be attributed to this short peptide sequence.
Binding preferences and specificity are presumed to be inherent in sequences flanking the NR
box.

To identify novel ERa regulatory proteins, we have used the ligand binding domain of
human ERq (aa 282-595), fused to glutathione-S-transferase (GST-LBD), to adsorb proteins
from mammalian cell extracts whose association with ER is dependent upon the liganded state of
the receptor. We too have isolated several other candidate proteins from cell extracts (T47D,
CHO-K1, Hel.a, MCF7k1) that recognize the transcriptionally active form of ERo by this
technique. In the course of preliminary studies, in vitro kinase assays indicated that at least one
of these proteins, which binds to GST-LBD only in the presence of estrogen agonists such as
estradiol, diethylstilbestrol, and estriol, is a kinase that can phosphorylate the LBD in a ligand-
dependent manner. OHT and ICI 182,780 were unable to promote phosphorylation by this

kinase. Most studies of ERo phosphorylation have forcused on serine 118, shown to be
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regulated by the MAP kinase pathway and to stimulate transcription through AF-1 (2). Serine
167 of hERa has previously been identified by amino acid sequencing as a ligand-induced
phosphorylation site (21, 22). The Notides lab has suggested that phosphorylation of serine
167 is important for DNA binding and transcriptional activation (23) while more recent studies
suggest that phosphorylation of serine 167 aids in regulating the transcriptional activity of AF-1,
possibly coupling multiple signaling pathways (24). Because the kinase activity we have
isolated represents an apparently novel phosphorylation site, is agonist-specific, and associated

with the AF-2 region of ERa, we chose to pursue its identity and further characterize its binding

to the ERa-LBD.

MATERIALS AND METHODS

Culture of Mammalian Cells

HeLa, CHO-k1, and CHO-ER cells were cultured in Dulbecco's Modified Eagle
Medium/F-12 nutrient mixture (DMEM/F-12 1:1 mixture, without phenol red, Sigma)
supplemented with 10% calf serum (Hyclone), 44 mM NaHCO3, and 1X antibiotics-antimycotic
liquid (penicillin, streptomycin, and amphotericin, GibcoBRL). 5 mg/L insulin was also added
for CHO-k1 and CHO-ER cells. To maintain the expression and selection of the ER gene, 50
UM ZnSO4 and 40 uM CdSO4 were included in CHO-ER cultures and serum was charcoal
stripped to remove steroids. MCF7-k1 cells were grown in Modified Eagle Medium (MEM with
Hank's salts and phenol red, GibcoBRL) supplemented with 10% calf serum (Hyclone), 0.01 M
HEPES, 1X penicillin/streptomycin (GibcoBRL), 5 mg/L. Gentamicin Reagent Solution
(GibcoBRL), and 44 mM NaHCO3. For experiments requiring steroid-free media, MCF7-k1
cells were grown in phenol red-free MEM (Sigma) with 10% charcoal-stripped calf serum. All
cells were grown at 37 C in a humidified, 5% CO2 atmosphere.

For preparation of whole cell extracts, subconfluent cells were released from tissue
culture vessels with a non-enzymatic cell dissociation solution (Sigma). The cell suspension was

collected, pelleted gently at 1000 rpm for 10 minutes, and washed twice with phosphate buffered
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saline (PBS). The cell pellet was resuspended in 4 volumes of detergent lysis buffer (50 mM
Tris-HCI, pH 7.4, 400 mM NaCl, 2 mM EDTA, 1 mM DTT, 0.25% NP-40) containing protease
inhibitors (leupeptin, chymostatin, pepstatin A, antipain, aprotinin and PEFABLOC). Cells were
incubated for 20 minutes at 4 C to complete lysis followed by passage through a 25 gauge needle
to sheer DNA. The cell debri was pelleted at 15,000 rpm for 20 minutes and supernatants were

frozen in the presence of 5% glycerol and stored at -70 C until use.

Production of GST-ERo Fusion Proteins

The GST-LBD vector encoding amino acids 282-595 of human ERo fused to
glutathione-S-transferase was transformed into the BL21 strain of E.coli. (Stratagene).
Overnight cultures were diluted 1:10 and grown at room temperature in selective media (LB, 50
pg/ml ampicillin). Cells were induced with isopropyl-8-D-thiogalactoside (0.1 mM) at an
absorbance of 1.5 (at 600 nm). After three hours of induction, bacteria were collected by
centrifugation, resuspended in four volumes of detergent lysis buffer (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 2 mM EDTA, 2 mM DTT, 0.5% NP-40) containing protease inhibitors. Extracts
were cleared by sonication followed by centrifugation at 10,000 rpm for 20 minutes. Expression
was monitored by western blotting with a rabbit polyclonal antibody against GST and an anti-ER
monoclonal antibody (H222). Receptor levels were determined by controlled-pore glass bead
(CPQG) assay.
Site Directed Mutagenesis

Mutagenesis of GST-LBD was performed using the QuikChange™ Site-Directed
Mutagenesis Kit (Stratagene) following manufacturer instructions. Briefly, plasmid DNA was
denatured and appropriate oligonucleotide primers containing the desired mutation were
annealed. Pfu DNA polymerase was used to extend and incorporate the mutagenic primers.
Methylated, non mutated parental DNA was digested with Dpnl restriction enzyme and the
resulting DNA was used to transform XL 1-Blue supercompetent cells. Mutations were verified

by automated DNA sequencing (University of Chicago Cancer Research Center DNA
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Sequencing Facility). Mutants were retransformed into BL21 and proteins were expressed as

described above. Resultant proteins were analyzed for ligand binding by CPG assay.

GST-Pulldown and In vitro Kinase Assays

Bacterial extracts of GST-LBD were preincubated with or without 1 uM of the
appropriate ligand for 1 hour at 4 C. Affinity columns were prepared by immobilizing 30 pmole
of GST-LBD on 10 pl glutathione-Sepharose-4B (Pharmacia). Columns were washed 5 times
with washing buffer containing 20 mM HEPES, pH 7.4, 400 mM NaCl, 2.5 mM MgCl2, 0.05%
NP-40. Mammalian cell extracts were diluted so that the final composition of the buffer was 20
mM Tris-HCI, pH 7.4, 75 mM NaCl, 10 mM MgCl2, 0.5 mM DTT, 20 mM B-glycerophosphate,
and 0.1 mM Na3VOQg4, Diluted extracts were mixed with prepared affinity columns and
incubated for 3 hours at 4 C. Nonspecific proteins were removed by washing with buffer
containing 20 mM HEPES, pH 7.4, 400 mM NaCl, 2.5 mM MgCl2, 0.1 mM EDTA, and 0.05%

NP-40.

For in vitro kinase assays, the pelleted sepharose beads were resuspended in kinase buffer
(50 mM HEPES, pH 7.6, 150 mM NaCl, 12 mM MgCl2, 2 mM MnCl2, 10 uM Na3VO4, 0.5
mM DTT, 20 mM B-glycerophosphate) containing 5 UM cold ATP and 1 puCi y{32P]JATP/5 pl
kinase buffer (3000 Ci/mmol, Amersham). After 20 minutes at 30 C, the reaction was terminated
by repeated washes in column washing buffer as before. Proteins were eluted by incubation at
95 C in Laemmli sample buffer, resolved by SDS-PAGE, and visualized by Coomassie staining.
GST-LBD phosphorylation was analyzed by autoradiography of dried gels.

For GRIP1 pulldown assays, the pSG5-GRIP1 construct (gift of M. Stallcup) was used
for in vitro transcription and translation of 35[S]-labeled GRIP1 protein using the TNT Coupled
Reticulocyte Lysate System and manufacturer instructions (Promega). 2.5 pl of the reaction

mixture, diluted to 300 pl in tris-buffered saline (TBS), was incubated with immobilized GST-

LBD for an additional 2.5 hours, followed by five washes in TBS containing 0.05% NP-40.
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Proteins were eluted by boiling beads for 10 minutes in 2X protein samples buffer. Bound
35[S]-GRIP1 was analyzed by 10% SDS-PAGE followed by fluorography.
Purification of Kinase Activity

0-30% sucrose gradients were prepared (25 mM Tris-HCI, pH 7.4, 400 mM NaCl, 1 mM
EDTA, 2 mM DTT, 1 mM NaN3) by careful layering of 30, 25, 20, 15, 10% sucrose stock
solutions followed by equilibration for 2 hour at 4 C.. Cell extracts were applied to the top of
prepared centrifuge tubes and then fractionated for 15 hr at 50,000 rpm in a Beckman L8-70
ultracentrifuge. Gradient fractions were collected sequentially through the bottom of each tube.
Fractions were analyzed for kinase activity by GST-LBD in vitro kinase assays.

Fractions containing kinase activity were further purified by ion exchange
chromatography using the Pharmacia LCC FPLC system equipped with a HiTrapQ (Pharmacia)
anion exchange column. Samples were applied in low salt buffer (50 mM HEPES, pH 7.4, 50
mM NaCl, 2.5 mM MgCl2, 0.1 mM EDTA, 0.05% NP-40, 0.5 mM DTT) and washed for 10
minutes with a flow rate of 1 ml/min. A linear salt gradient from 50 mM to 1.0 M NaCl was
applied for 20 minutes and then the column was washed for 10 minutes in 1.0 M NaCl. Samples
containing the Kinase activity, as assessed by in vitro kinase assays, were pooled.

Fractions were pre-cleared on GST-LBD columns in the absence of estradiol.
Supernatants were reapplied to colunns containing GST-LBD in the presence of estradiol. After
extensive washing in buffer containing 20 mM Tris-HCI, pH 7.4, 1.5 M NaCl, 2.5 mM MgCl»,
0.05% NP-40, kinase activity was eluted by exchange of OHT for E2 for 30 minutes at room
temperature in exchange buffer (50 mM Tris-HCl, 100 mM NaCl, 10 mM MgClp, 0.1 mM
EDTA, 1 mM DTT, 0.05% NP-40). Purification was analyzed by SDS-PAGE followed by silver
staining.

For the large scale preparation for microsequencing, HeLa cells were expanded over time
and cells representing three hundred 150 cm? dishes were harvested. The final purified proteins
were separated by 7.5% SDS-PAGE and were visible by coomassie blue staining. Selected

proteins bands (E2, E3, E4) were excised from acryalmide gels, dehydrated by two washes in
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50% acetonitrile, and stored in micrcentrifuge tubes at -20 C. Protein samples were sent to Dr.
William Lane at the Harvard Microchemistry Facility. After in-gel tryptic digestion, HPLC
separation of peptides, and screening by LC/MS, select peptides were sequenced by tandem mass
spectrometry (MS/MS) on a Finnigan LCQ Quadrupole Ion Trap Mass Spectrometer. Resultant
peptides were subjected to BLAST searches using the available databases from the NCBI.
Sequences were aligned using the MacVector program.
Western Blotting

Partially purified cell extracts were separated by SDS-PAGE and transferred to
nitrocellulose for western blotting. Membranes were incubated in blocking buffer (3% dry
milk/TBS/0.2% Tween-20) for 1 hour at room temperature. Blots were then incubated with
1pg/ml of anti-CamKII$ polyclonal antibody (Santa Cruz Biotechnology) diluted in a 1% dry
milk/TBS/0.2% Tween-20 solution for 2 hour, followed by four 5 minute washes in TBS/0.2%
Tween-20. Membranes were incubated in a 1:2,000 dilution of mouse-anti-goat IgG linked to
horseradish peroxidase (Zymed) for 1 hour, followed by washing in TBS/O.Z% Tween-20. Blots
were visualized using the SuperSignal Chemiluminescent Substrate (Pierce) following
manufacturer instructions.

Immunoprecipitation

CHO-ER cells, stably expressing the full-length ER, were stimulated for 5 minutes or 2
hour with 20 nM E2 or ethanol vehicle. Cells were lysed directly on tissue culture dishes by 3
cycles of freeze/thaw in liquid N7 in the presence of lysis buffer (50 mM Tris, pH 7.4, 400 mM
NaCl, 1 mM DTT, protease inhibitors). Lysates were recovered from dishes, DNA was sheared
by passage through a 25 gauge needle, and cell debris was pelleted by centrifugation at 15,000
rpm at 4 C. Salt concentrations were diluted to 200 mM NaCl and lysates were incubated with 2
pg of an anti-ERo. monoclonal antibody (H222) for 2 hours. 20 pl Protein-A-Sepharose
(Pharmacia) was added to tubes and the incubation was continued for an additional hour.
Immunoprecipitates were washed three times in TBS containing 0.05% NP-40 and bound

proteins were released by boiling in 2X protein sample buffer. Proteins were separated on 7.5%
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SDS-PAGE, transferred to nitrocellulose, and western blots were performed with the anti-
CamKIId antibody as described above, with and without incubation with 5 pg/ml antigenic
blocking peptide (Santa Cruz Biotechnology). Reactive proteins were visualized by

chemiluminescence.
Transfection and Reporter Assays

MCF7-k1 cells, maintained in steroid-free media for at least 48 hours, were transfected
with a reporter containing the chloramphenicol acetyl transferase (CAT) gene downstream of an
estrogen responsive element (ERE) and collagenase promoter (ERE-collA60). The control vector
(collA60) was used to determine background levels (reporters were gifts from P. Kushner).
Transfections were performed in 6-well dishes using Superfect Transfection Reagent (Qiagen)
and following manufacturer instructions. Following transfection, cells were stimulated with E2,
KN-62 (Sigma), or vehicle for 24 hours. Cell lysates were prepared in 300 tl 1X Promoter Lysis
Buffer (Promega) and a liquid scintillation method utilizing 3[H]acetyl-CoA (NEN) and

chloramphenicol was used to assay CAT activity (25, 26).

GRIP1 Peptide Binding and Competition

The human ERo-LBD297-555 was overexpressed and purified as described previously
(7). ERo-LBD, complexed to E2 or OHT, was incubated with or without a peptide
corresponding to amino acids 686-699 of human GRIP1 at molar ratios of 1:2, 1:3, and 1:10.
Incubations were performed on ice for 45 minutes in buffer containing 20 mM Tris, pH 8.1, 1
mM DTT, and 200 mM NaCl. Samples were then subjected to 6% native PAGE for 1 hour at 12
watts. Proteins were stained with GELCODE Blue stain reagent (Pierce).

For competition and release assays, GST-LBD columns were prepared as decribed above
and incubated with purified kinase extracts in the presence of estradiol. Columns were then
incubated for 30 minutes at room temperature in exchange buffer (50 mM Tris-HCI, 100 mM
NaCl, 10 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 0.05% NP-40) cogtaining increasing

)
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amounts of the GRIP1 peptide. Kinase activity remaining on GST-LBD columns was assessed

by in vitro kinase assays. Released proteins were analyzed by SDS-PAGE and silver staining.

RESULTS AND DISCUSSION

We have continued to characterize a protein complex that binds ir vitro to the ligand
binding domain of the ERa in a hormone-dependent manner. Preliminary experiments had
demonstrated that at least one protein contained in this complex is a kinase capable of
phosphorylating the receptor. Phosphoamino acid analysis, tryptic peptide mapping, and
mutagenesis identified the site of phosphorylation as serine 559 in the hERo.. Progress was
previously reported on the biochemical purification of the kinase activity, the major advance
being the selective release of the kinase from GST-LBD columns upon treatment with a small
excess of the estrogen antagonist 4-hydroxytamoxifen. The results discussed here represent our
continued characterization of this interesting protein complex including identification of the
kinase by microsequencing, demonstration of binding to the ERa in vivo, and mapping of the

protein binding site on the ERo-LBD.

Large scale purification and microsequence analysis identifies the kinase.

We have used a combination of chromatographic steps to purify a protein complex
containing kinase activity. Sucrose density gradient fractionation of cell extracts followed by in
vitro kinase assays localized the activity to fractions representing a large molecular weight
protein or complex of proteins. Subsequent ion exchange chromatography further purified the
activity. The protein complex was purified to homogeneity after affinity chromatography on
GST-LBD columns in the presence of estradiol and release by treatment of colums with the
estrogen antagonist 4-hydroxytamoxifen as described in materials and methods. Analysis of
proteins purified from HeLa cell extracts representing thirty 150 cm? tissue culture dishes
followed by SDS-PAGE and silver staining indicates 4 prominant protein bands of molecular

weight 31.8 (E1), 354 (E2), 51.6 (E3), and 62.1 kDa (E4) that bind in a hormone-dependent
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manner to GST-LBD columns (figure 1). To obtain sufficient quantities for microsequence
analysis, HeLa cells were expanded over time and lysates representing three hundred 150 cm?
dishes were purified as described. After separation, the bands were visible by coomassie
staining. Protein bands representing E2, E3, and E4 were sent to the Harvard Microchemistry
Facility for microsequencing. Two peptide sequences were obtained for each protein (figure 2).
BLAST searches of the available databases indicate that both E2 peptides match to several EST
(expressed sequence tag) partial cDNA entries with homology to the 5' region of human
pyrroline-5-carboxylate reductase. Sequence alignment of the two peptides shows 75% identity
(figure 3). Pyrroline-5-carboxylate reductase (EC 1.5.1.2) is a cytosolic enzyme that catalyzes
the NADPH-dependent conversion of pyrroline-5-carboxylate to proline (27). Due to the nature
of the enzymatic activity catalyzed by this enzyme, its reported cytosolic localization, and the
fact that this protein band was unique to protein complexes purified from HeLa cell extracts (data
not shown), it is difficult to propose a roll for its association with the ER. It may be informative
to purify the protein complex from HeLa nuclei to determine if this 35 kDa band is absent from
the nuclear kinase complex, and therefore not required for kinase recruitment as we suspect.

Both peptides from sample E3 had strong homology to the delta subunit of rat
Ca2+/calmodulin—dependent protein kinase II (CamKIId) (figure 4). To date, no human form of
the delta subunit has been cloned, although both peptides match predicted CamKIIS sequences in
the human EST database. Peptides from sample E4 show identity with CamKII gamma isoforms
(figure 5). Therefore, we proposed that the kinase activity we have been following is most likely
composed of at least 2 different CamKII isoforms.

CamKII is a well-known effector of the actions of Ca2+ and calmodulin, originally
discovered in rat as a major protein in differentiated neuronal tissue where it was implicated in
long-term potentiation and neurotransmitter release (28). CamKII has since been discovered in a
variety of organisms including yeast, mold, fruit flies, and humans. The kinase functions as a
multimer consisting of 8-12 subunits derived from one or more isoforms (o, B, 7y, 8). Isozymes

are encoded as single polypeptides, each containing a catalytic, regulatory, variable, and an
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association domain. «, 3, and B' isoforms predominate in brain and neuronal tissues. yand J are
the most recently discovered isozymes and Northern blot analyses have shown widespread tissue
distribution (29). The kinase is activated in response to increases in intracellular calcium and
phosphorylates multiple substrates localized in the nucleus, cytoskeleton, membrane, and cytosol
(30).

Western blotting verifies CamKII identification.

We obtained an antibody raised against an epitope within the C-terminus of the delta
subunit of rat origin that has been reported to crossreact with proteins from human origin. GST-
pulldown assays of sucrose density fractionated HeLa cell extracts were performed in the
presence and absence of estradiol (E2). Bound proteins were released from GST-LBD columns
and blotted for the presence of CamKIIJ. Positive bands of the expected molecular weight were
observed most prominently in fractions #2-5 of the gradients (figure 6). Protein association was
hormone-dependent. To verify that the observed immunoreactive band corresponds to the
protein sent for microsequence analysis, a comparative silver stain and western blot were
performed on kinase complexes purified from CHO-k1 and cell extracts in the absence and
presence of E2. CHO-kl samples did indeed show the expected 52 kDa band was

immunoreactive (figure 7).

We have most recently obtained a CamKII antibody reported to crossreact with o, B, 7,
and 0 isoforms (Upstate Biotechnology). It will be informative to analyze the immunoreactivity
of the purified protein complex as we expect the antibody to recognize at least two of the protein
components according to our microsequence data to date.

CamKII associates with the ER in vivo.

To address whether CamKIId can associate with the ER in an intact cell, co-
immunoprecipitations were attempted. CHO-ER cells, stably expressing the full-length ERa,
were stimulated for 5 minutes or 2 hr with 20 nM E2 or ethanol vehicle. Cell lysates were
incubated with anti-ER antibodies (H222) and protein-A-sepharose. After separation by SDS-

PAGE and transfer to nitrocellulose, immunoprecipitated proteins were probed with the anti-
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CamKII$ antibody. Figure 8 shows an immunoreactive band of the expected molecular weight
in lanes from cells treated with E2 for 5 minutes and 2 hours. Importantly, this band is
competable when immunizing peptide is included during blotting. While there are no previous
reports of a direct interaction between nuclear receptors and CamKII, Le Bihan et al. recently
reported that CamKII inhibitors inhibit progestin and glucocorticoid receptor-mediated
transcription in the human breast cancer cell line T47D (31).

A CamKII inhibitor blocks ER-regulated transcription.

In order to start addressing what role CamKII may play in ER action, we performed
transfection/reporter assays in the presence and absence of E2 and the CamKII inhibitor, KN-62.
KN-62's efficacy is reported to result from the compound's ability to bind to the calmodulin
binding site on CamKII, thereby blocking Ca2+/calmodulin binding and kinase activation
competitively (32). MCF7k1 cells, expressing endogenous ERa, were transfected with a
reporter containing the chloramphenicol acetyl transferase (CAT) gene downstream of an
estrogen responsive element (ERE) and collagenase promoter (ERE-collA60). Cells were
stimulated +/- E2 and +/- KN-62 for 24 hours. Results are presented in figure 9. A 5-fold
induction of CAT activity is seen when cells are treated with 10 nM estradiol. KN-62 treatment
decreases this induction significantly.

Kinase activity is recruited through a consensus co-activator interacting sequence.

Regions of the nuclear receptor co-activator protein GRIP1 which interact with ER have
been mapped (13) (figure 10). To test if small peptides corresponding to these regions are able
to bind to the ER, we analyzed complexes by native gel electrophoresis. Increasing amounts of a
peptide corresponding to aa 686-699 of GRIP1 were incubated with purified ER-LBD bound to
either estradiol (E2) or OHT. Native gel analysis shows a characteristic shift in LBD-E2
mobility with increasing amounts of peptide indicating the peptide is binding directly to the
receptor (figure 11). Conversely, no shift is seen in the presence of the antagonist OHT.

This peptide contains the recently defined motif which appears to mediate transcriptional

co-activator binding to members of the nuclear receptor family (LxxLL) (20). We were
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interested in determining if this peptide might compete for kinase association and we therefore
tested its ability to inhibit kinase activity in in vitro kinase assays. Indeed, increasing amounts of
the GRIP1 peptide were able to block kinase activity in direct competition assays (data not
shown). We next checked for the ability of the peptide to elute kinase activity from complexes
preassembled on GST-LBD in the presence of E2. Again, a small excess of the GRIP1 peptide
was able to diminish kinase activity (figure 12). Kinase activity could be reconstituted from
unbound fractions after removal of the peptide by size exclusion chromatography. Analysis of
released proteins show similar patterns to those obtained for OHT elutions (data not shown).
Interestingly, both & and y isoforms of CamKII contain the consensus nuclear receptor coactivator
interacting sequence LxxLL. In lieu of of the fact that the GRIP1 peptide will compete for
kinase binding, it is tempting to speculate that these LxxLL sequences are responsible for
recruitment of CamKII to the activated ER.

To investigate binding specificity further, we have made a series of mutations in putative
surface residues of the GST-LBD proposed to be involved in recruitment of coactivator proteins
(33, 34). Mutants were tested for their ability to recruit both GRIP1 and the kinase complex.
Figure 13 indicates that the ability to recruit GRIP1 exactly parallels the ability of the GST-LBD
to recruit the kinase activity.

Taken together, our data support a model in which CamKII is capable of modulating
transcriptional activity through ERa by direct association with the ligand binding domain of the
receptor in the presence of agonists. What role phosphorylation may play is a topic of current
interest in the lab. Many studies have focused on the effect that multiple signaliing pathways
have on nuclear receptor action (35, 36). CamKII, a known effector of Ca2* signals within the

cell, may indeed help integrate these pathways at the point of nuclear receptor activity.
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FIGURE LEGENDS

Figure 1. Analysis of purified proteins shows a stoichiometric complex of 4 hormone-
dpeendent proteins. (A) Kinase activity was purified in the absence (--) and presence of E2
(+E2) from HeLa and CHO-k1 cell extracts as described in materials and methods. Proteins
were separated by 7.5% SDS-PAGE and silver stained. Interestingly, the two cell lines show
somewhat different protein profiles. (B) Coomassie stained gel of large scale purification from

HeLa cell extracts. Arrows indicate proteins sent for microsequencing(E2, E3, and E4).

Figure 2. Peptide sequences from E2, E3, and E4. Mass spectrometric data from the Harvard
Microchemistry Facility for proteins E2, E3, and E4 show close correlation between predicted
and observed molecular weights. Asterisks indicate isobaric amino acid residues (I/L=113,
Q/K=128, F/Msx=147) that cannot be unambiguously differentiated in mass spectrometric

sequencing.

Figure 3. Sequence alignment of peptides derived from sample E2 with human pyrroline-

5-carboxylate-reducatase.

Figure 4. Sequence alignment of peptides derived from sample E3 with the rat CamKII5

isozyme.

Figure 5. Sequence alignment of peptides derived from sample E4 with two isoforms of

human CamKIlIy.

Figure 6. Western blotting verifies protein identification. HeLa cell extracts were
fractionated by sucrose density gradients and fractions #1-6 were subjected to GST-LBD

pulldown assays in the absence and presence of E2. Resultant proteins were analyzed for the
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presence of CamKIIS by western blotting show a roughly 52 kDa immunoreactive band assumed

to correspond to CamKII®.

Figure 7. Comparison of silver stained and immunoreactive bands shows CamKII3
immunoreactivity corresponds to the expected silver stained band. Kinase activity was
purified from CHO-k1 cell extracts and described in materials and methods. Proteins were
separated by 7.5% SDS-PAGE. Parallel lanes were silver stained or transferred to nitrocllulose

and blotted for CamKIIS. Arrows indicate the position of protein E3.

Figure 8. hERo and CamKIIS associate in vivo. hERa immunoprecipitates from cells treated
with E2 for 5 minutes or 2 hr were separated by 7.5% SDS-PAGE and blotted for the presence of
CamKII§ Addition of CamKIIs immunizing peptide during western blotting shows the

immunoreactive band at 52 kDa (arrows) to be specific.

Figure 9. The CamKII inhibitor KN-62 blocks estrogen induced gene expression. MCF7-k1
cells were transfected with ERE-CollA60-CAT or control CollA60-CAT reporter vectors and

CAT activity was monitored after cells were treated with or without E2 (20 nM) or KN-62 (10

uM) for 24 hr. Transfections were performed in triplicate.

Figure 10. GRIP1 nuclear receptor interaction sites. Regions of GRIP1 which interact with
ER have been mapped. All sites contain the concensus nuclear receptor interaction motif

(LxxLL). The peptide used in these studies is marked with an arrow.

Figure 11. GRIP1 peptide binds to ER-LBD in the presence of E2 but not OHT. A)
Increasing amounts of GRIP1 peptide were incubated with purified ER-LBD in the presence of

E2. Samples were analyzed by 6% native gel electrophoresis followed by coomassie staining.
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Peptide binding causes the ER-LBD band to shift. B) ER-LBD in the presence of OHT does not

shifted after incubation with the GRIP1 peptide.

Figure 12. GRIP1 peptide is able to release kinase activity from GST-LBD columns. A)
GST-LBD/kinase complexes were preassembled in the presence of E2. Increasing amounts of
the GRIP1 peptide were applied to columns followed by analysis by in vitro kinase assays.
Autoradiography demonstrates that 10-fold excess peptide vs. receptor is able to abolish kinase
activity. B) Eluted samples were applied to G25 size exclusion columns to remove peptide and
samples were reapplied to GST-LBD columns in the presence of E2. Kinase activity can be
reconstituted from these samples demonstrating that the peptide can cause release of the kinase

from GST-LBD.

Figure 12. Ability to recruit kinase activity parallels the ability to recruit the coactivator
GRIP1 for GST-LBD mutants. (A) GST-LBD mutants were analyzed for the ability to recruit
35[S]-GRIP1 by GST pulldown assay with (+E2) and without (--) ligand. Bound proteins were
analyzed by SDS-PAGE and fluorography. (B) Likewise, GST-LBD mutants were analyzed by
in vitro kinase assays. GST-LBD phosphorylation was analyzed by SDS-PAGE and

autoradiography.
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E2 Peptides:

I*I*D E I*G A DV Q* A R

Peptide mass: 1298.69
Experimental: 1298.61

I**A S SPEMNUL*P TV SAL*R

Peptide mass: 1813.97
Experimental: 1813.92

E3 Peptides:

F*T D E Y Q*L*F*E E L* G K*

Peptide mass: 1617.76
Experimental: 1617.60

WQ* NV H F*H R

Peptide mass: 1122.56
Experimental: 1122.58

E4 Peptides:

G A I*L*T T M L*V S R

Peptide mass: 1160.67
Experimental: 1160.44

F*T D D Y Q*L*F*E E L*G K*

Peptide mass: 1603.75
Experimental: 1603.70

Figure 2.

27




ClustalW Formatted Alignments

20
Translation of HUMPSCR M S V G F 1 GAGQLAFALAKGFTAAGVLAAHK;I’;
peptide #1&2 T

Translation of HUMP5CR
peplide #1&2

Translation of HUMP5CR QHSDVLFLAVKPHIIP
peptide #1&2 S e e e e e e e ool L

E|D[R]n
Q|AIR

100 120
Translation of HUMPSCR 1 VV SCAAGV TI1 S S | EKKLSAFRPAPRVIRC
peptide #1&2

140
Translation of HUMP5SCR MTNTPVVVREGATVYATGTHAQVEDGRLME
peptide #1&2

160 180
Translation of HUMP5CR QLLSTVGFCTEVEEDLIDAVTGLSGSGPAY
peptide #1&2

200
Translation of HUMP5CR AFTALDALADGGVKMGLPRRLAVR LGAQAL
peptide #1&2

220 240
Translation of HUMPS5CR L G AAKMVLLHS EQHPGQLKDNVSSPGGATIH
peptide #1&2

260
Translation of HUMP5CR ALHVLESGGFRSLLINAVEASCIRTRELQS
peptide #18&2

280 300
Transiation of HUMPSCR MADQEQV SPAAIKKT 1 LDKVKLDSPAGTAL
peptide #1&2

320
Translation of HUMPSCR S P SGH TK L L P RSLAPAGKD
peptide #1&2

Figure 3.
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Estrogen Receptor Accessory Proteins
Augment Receptor-DNA Interaction and
DNA Bending

Carolyn Church Landel,’ Sara J. Potthoff,’ Ann M. Nardulli,’ Peter
J. Kushner’ and Geoffrey L. Greene’*
!Department of Molecular and Integrative Physiology, University of Illinois at Urbana-Champaign, Urbana,
IL 61801, U.S.A.; *Mezabolic Research Unit, University of California, San Francisco, CA 94143, U.S.A. and

3The Ben May Institute for Cancer Research and Department of Biochemistry and Molecular Biology, University of
Chicago, 5841 South Maryland Avenue, MC 6027, Chicago, IL 60637, U.S.A.

Increasing evidence suggests that accessory proteins play an important role in the ability of the es-
trogen receptor (ER) and other nuclear hormone receptors to modulate transcription when bound

. to cis-acting hormone response elements in target genes. We have previously shown that four pro-

teins, hsp70, protein disulfide isomerase (PDI) and two unknown proteins (p48 and p45), copurify
with ER that has been isolated by site-specific DNA chromatography (BERE) and influence the in-
teraction of ER with DNA in vitro. To better define the nature of these effects, we used filter binding
and electrophoretic mobility shift assays to study the ability of these proteins to alter the Kkinetics of
ER-DNA interaction and to influence the ability of ER to bend DNA when bound to an estrogen re-
sponse element (ERE). The results of both assays indicate that ERE-purified ER, with its four as-
sociated proteins (hsp70, PDI, p48, p45), has a greater ability to bind to the vitellogenin A2 ERE
than ER purified by estradiol-Sepharose chromatography in the absence (ESeph) or presence
(EATP) of ATP, in which p48, p45 (ESeph) and hsp70 (EATP) are removed. Surprisingly, the rates
of association and dissociation of ER and ERE were essentially the same for all three mixtures,
suggesting that one or more ER-associated proteins, especially p45 and p48, may be required for ER
to attain maximum DNA binding activity. In addition, circular permutation and phasing analyses
demonstrated that the same ER-associated proteins produced higher order ER-DNA complexes
that significantly increased the magnitude of DNA distortion, but did not alter the direction of the
ER-induced bend of ERE-containing DNA fragments, which was toward the major groove of the
DNA helix. These results suggest that p45 and/or p48 and possibly hsp70, play an important role
both in the specific DNA binding and bending activities of ER and thus contribute to the overall
stimulation of transcription in target genes that contain cis-acting EREs. © 1997 Elsevier Science
Ltd. All rights reserved
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INTRODUCTION vitamins such as retinoic acid and vitamin D. A num-
ber of other orphan nuclear receptors, whose ligands
have yet to be identified, have been described as
well [1]. For ER, as well as other steroid receptors,
tors. In addition to the steroid receptors, the super- binding of ligand results in activation of the receptor,
family includes receptors for thyroid hormone and a process that includes conformational changes, post-
translational modifications and changes in receptor—
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to these sites, the activated receptor modulates the
rate of transcription of responsive genes.

Although much has been learned about the beha-
vior of ER functional domains and the nature of tar-
get DNA sequences, the molecular details of ER-
mediated transcriptional regulation remain unclear. It
is possible that ER enhances the formation of an
RNA polymerase II preinitiation complex by stabiliz-
ing or recruiting the assembly of a template-com-
mitted complex of transcription factors. For
progesterone receptor (PR), such a stablized complex
is postulated to be poised for rapid initiation of tran-
scription by the polymerase and includes multiple fac-
tors other than receptor, such as TFIID, IIA, IIB and
IIE/F [2]. The precise roles of each of these factors in
the initiation process are only partially understood.
What is clear, however, is that steroid receptors do
not act in isolation, but rather in concert with various
receptor-associated proteins.

The identities and functions of receptor-associated
proteins are only beginning to emerge. Steroid recep-
tors can interact with other transcription activators
(e.g. AP-1) [3] as well as various co-regulators (e.g.
CBP and SRC-1) [4-6] and members of the basal
transcription apparatus. For example, the basal tran-
scription factor TFIIB interacts with both the pro-
gesterone and estrogen receptors in  wvitro [7].
Furthermore, as measured by an i vitro assay, TFIIB
was able to stimulate receptor-mediated transcrip-
tional activation, suggesting that interaction of the
receptors with TFIIB may be a critical component to
receptor-mediated activation. Still other reports
suggest that nuclear accessory factors or coactivators
are needed for receptor-mediated transactivation. A
55-kDa nuclear accessory factor (NAF) appears to be
essential for maximal binding of the vitamin-D recep-
tor to the vitamin-D response element from the
human osteocalcin promoter [8]. Similarly, a 65-kDa
factor termed triiodothyronine receptor-auxiliary pro-
tein (TRAP), which exhibits limited independent
DNA binding, enhances thyroid receptor binding to
DNA [9]. The non-histone high mobility group chro-
matin protein, HMG-1, can substitute for an uniden-
tified factor present in partially purified PR fractions
and is responsible for promoting PR-DNA
binding [10]. More recent studies have identified a
protein, Trip-1 (thyroid hormone receptor interacting
protein), that interacts with both thyroid hormone
receptor (TR) and retinoic-X receptor (RXR) in a
ligand-dependent fashion [11]. Tripl has significant
homology with the yeast transcriptional mediator
Sugl. Significantly, Tripl can functionally substitute
for Sugl in yeast, and both proteins interact i vitro
with the thyroid hormone receptor.

Identification of proteins that associate with acti-
vated ER has been the focus of many recent investi-
gations. TIF1 was identified as a protein which
stimulated RXR transcriptional activity in yeast and

was subsequently shown to potentiate ER activity as
well [12]. Another study identified a 45-kDa single-
strand DNA-binding protein (DNA-binding stimu-
latory factor; DBSF) that stimulated the interaction of
purified ER with an estrogen response element (ERE)
wm vitro [13]. Biochemical analysis recently revealed a
160-kDa ER-associated protein (ERAP160) that exhi-
bits estradiol-dependent binding to the receptor [14].
Significantly, mutational analysis of the receptor
demonstrated that its ability to activate transcription
paralleled its ability to bind ERAP160. Furthermore,
antiestrogens were unable to promote ERAP160 bind-
ing and could block the estrogen-dependent associ-
ation in a dose-dependent manner. In a similar study,
another set of ER-associated proteins (receptor-inter-
acting proteins; RIPs) were identified by two in witro
techniques, GST pull-down assay and far-Western
blotting [15]. The far-Western technique identified
three RIPs with molecular masses of 160, 140 and
80 kDa. The GST pull-down assay failed to detect
RIP140 and RIP80, but did detect RIP160 as well as
two additional RIPs with molecular weights of 100
and 50 kDa. Importantly, these interactions were only
observed with the transcriptionally active, estrogen-
occupied ER and were abolished by antiestrogens. It
is thought that these proteins may contribute to hor-
mone-dependent transcriptional activation by ER. A
recent study suggests that CREB binding protein
(CBP) may represent a common, limiting factor that
integrates the transcriptional activities of nuclear
receptors by interacting with both receptor and SRC-
1, pl60 and pl140 co-activators [4]. In addition, we
have previously described four proteins, including
hsp70, protein disulfide isomerase (PDI), and two
unknown proteins (p48 and p45), that copurify with
ER using three chromatographic techniques [16]. Gel
shift experiments demonstrated that these ER-associ-
ated proteins influenced the ER-ERE interaction [16].
Thus, while a number of receptor-associated proteins
have been identified, the mechanisms by which these
proteins alter ER activity #n vivo is still unknown.

Because many prokaryotic and eukaryotic transcrip-
tion factors alter DNA structure upon binding to their
recognition sequences [17-22], it has been proposed
that DNA distortion and bending may be involved in
transcription activation. Several members of the
nuclear receptor superfamily including estrogen, pro-
gesterone, thyroid, retinoid X and glucocorticoid
receptors and the orphan receptor RORx induce con-
formational changes in DNA structure upon binding
to their cognate recognition sequences [23-29]. The
TATA binding protein, which is instrumental in
forming the basal transcription initiation complex,
also induces a sharp bend in DNA [30].

Evidence to support a role for DNA bending in
transcription activation includes the observation that
intrinsically bent DNA can replace a protein binding
site in the promoter and mediate either repression or
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activation of transcription in a number of systems [31—
34]. The ER DNA-binding domain, which is less
effective in activating transcription than full length
ER, binds specifically to the ERE and induces a 34°
distortion  angle in  ERE-containing DNA
fragments [26]. The full-length human ER, when
expressed in yeast, MCF-7, or COS cells, induces a
significantly larger 56—65° distortion angle [34, 35].
Thus, there appears to be a relationship between the
magnitude of DNA bending and transcription acti-
vation. Because these earlier experiments with the
full-length ER utilized a complex array of cellular pro-
teins in addition to the receptor, it was of interest to
examine the ER-ERE interaction using more highly
purified ER preparations to determine if ER-associ-
ated proteins influence ER-induced DNA distortion
and/or bending.

In this study, extracts from CHO-ER cells [36],
which express high levels of human ER, were used as
a source of affinity purified ER to examine the effects
of several associated proteins (hsp70, PDI, p45, p48)
on ER-ERE interactions in filter binding and electro-
phoretic mobility shift assays. Surprisingly, we find
that one or more of these proteins influences the ab-
solute ability of purified ER to interact with ERE, but
not the rate of association or dissociation of ER and
ERE. In addition, the same ER-associated proteins
significantly influence the magnitude, but not the
direction, of ER-induced bending of ERE-containing
DNA fragments. Higher order ER-ERE~-protein com-
plexes displayed distortion angles as high as 97°, com-
pared to 62-66° for the smaller and more abundant
ER-ERE complexes normally observed. Our results
suggest that one or more ER-associated proteins may
play an important role in both the DNA binding and
bending activities of ER and thus contribute to the
overall transcriptional stimulation of target genes.

MATERIALS AND METHODS

Culture of mammalian cells

CHO-ER cells [36] were cultured in Dulbecco’s
Modified Eagle Medium/Ham F-12 Nutrient Mixture
(1:1; Sigma, St. Louis, MOQO) without phenol red
(Sigma) with 10% iron-supplemented newborn calf
serum (Sigma) that did not require charcoal treat-
ment, as previously described [16], 44 mM NaHCOs3,
1X antibiotic—antimycotic liquid (penicillin, strepto-
mycin and amphotericin; Gibco BRL, Grand Island,
NY) and 5 mg/l insulin. To maintain expression and
selection of the ER gene, 50 yM ZnSO, and 40 uM
CdSO, were also included in the medium.

Cell fractionation

For the preparation of whole cell and nuclear
extracts, subconfluent cells were released from tissue
culture vessels with a non-enzymatic cell dissociation

solution (Sigma, St. Louis, MO). The releasing action
was inactivated by the addition of serum-containing
media. Cells were pelleted gently at 800 x g for 5 min
and washed three times with PBS. To prepare whole
cell extracts, the cell pellet was resuspended in 4
volumes of ice cold extraction buffer (50 mM Tris,
pH 7.9, 2mM DTT, 400 mM NaCl (high salt buf-
fer), 5 ug/ml aprotinin, 10 ug/ml leupeptin and
0.2 mM PEFABLOC). Cells were lysed in an ice bath
with a dounce (type B pestle) homogenizer, pelleted
at 4°C by centrifugation at 10000 x g and the super-
natant was frozen in aliquots and stored at —80°C.
ER content was determined by the controlled-pore
glass bead (CPG) assay as previously
described [16,37,38] following treatment of the
extract with excess [6,7->H]estradiol (Amersham Life
Sciences, Arlington Heights, IL).

To obtain nuclear ER, pelleted CHO-ER cells were
resuspended in 10 volumes of PBS containing 10%
glycerol and 60 nM [6,7->H]estradiol and incubated
for 30 min at room temperature with rocking. Cells
were pelleted and the procedure was repeated. The
final cell pellet was resuspended in 4 volumes of
50 mM Tris, pH 7.9, 2mM DTT (salt-free buffer)
that contained a protease inhibitor cocktail. The cells
were then lysed in an ice bath by dounce homogeniz-
ation and the mixture was centrifuged for 30 min at
10 000 x g at 4°C. The crude nuclear pellet was resus-
pended in salt-free buffer and centrifuged again to
remove residual cytosolic proteins. To extract the
retained [6,7->H]estradiol-ER complex, the crude
nuclear pellet was resuspended in four times the orig-
inal packed cell volume of 50 mM Tris, pH 7.9,
2mM DTT, 400 mM NaCl (high salt buffer) con-
taining protease inhibitor cocktail and incubated for
60 min on ice with occasional dounce homogeniz-
ation. The homogenate was centrifuged as before and
the supernatant was collected as the nuclear fraction,
which was further clarified by centrifugation for
30 min at 50 000 x g and stored at —80°C. The [6,7-
3H]estradiol-ER content in the nuclear fraction was
determined by direct liquid scintillation counting and
by specific adsorption to controlled pore glass beads
(CPGQG) as described above.

Purification of hER from CHO-ER extracts

Estradiol-sepharose  chromatography  (ESeph  and
EATP). To obtain ESeph-purified proteins, 2.5 ml of
CHO-ER whole cell extract, adjusted to contain
0.7 M NaCl and 1 M urea, was applied to a 200 ul
estradiol-Sepharose column and incubated batchwise
for 1 h at 4°C, as described previously [16]. The col-
umn was washed with 20 bed volumes each of loading
buffer 20 mM Tris, pH 7.4, 1 mM EDTA, 1 mM
DTT, 700 mM NaCl, 1 M urea) and the same buffer
with 400 mM NaCl and 3 M urea. Bound ER was
eluted with 2 x 10> M [6,7->H]estradiol in a buffer
that contained 20 mM Tris, pH 7.4, 1 mM EDTA,
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1 mM DTT, 200 mM NaCl and 5 M urea. The yield
of ER was determined by specific adsorption to con-
trolled-pore glass beads. To obtain EATP-purified
proteins, CHO-ER whole cell extract was treated with
ATP prior to purification of hER by E-Seph chroma-
tography, which significantly reduced the amount of
associated hsp70, consistent with the reported beha-
vior of hsp70 proteins [39].

DNA-affinity chromatography (BERE). To obtain
BERE-purified proteins, 2.5 ml of CHO-ER whole
cell extract was labeled with excess [6,7->H]estradiol
for 1 h at 4°C and then dialyzed against a buffer con-
taining 20 mM Tris, pH 7.4, 1 mM EDTA, 1 mM
DTT, 100 mM NaCl and 1 M urea. The ER content
in the extract was determined by CPG assay [16].
Excess biotinylated ERE was added to the extract at a
ratio of 5 pmol of ERE to 1 pmol of ER along with
50 mg poly(dIdC) and 10 mg of the progesterone re-
sponse element (PRE) (TGACTTGGTTTGGTA-
CAAAATGTTCTGATCTG) from the MMTV long
terminal repeat as carrier DNA. This mixture was
incubated for 20 min at 22°C, followed by an ad-
ditional incubation for 40 min at 4°C and applied to a
200 ml UltraAvidin-agarose column and incubated
batchwise for 1h at 4°C. The column was washed
with 20 bed volumes of loading buffer (20 mM Tris,
pH 7.4, 1 mM EDTA, 1 mM DTT, 100 mM NaCl,
1 M urea). Bound ER was eluted in a buffer contain-
ing 20 mM Tris, 1 mM EDTA, 1mM DTT, 1M
NaCl, 1 M urea and quantitated by CPG assay as
well as by direct counting in scintillation cocktail.
When CHO-ER nuclear extracts were used, the pro-
cedure was the same as described except that incu-
bation with [6,7->H]estradiol was not necessary since
the cells were pre-labeled with [6,7->H]estradiol in
culture.

Labeling of oligonucleotides for filter binding assays

Oligonucleotides (10 pmol) were end-labeled with
[y-32P]-ATP as previously described [16]. Crude
radiolabeled oligonucleotides were purified by electro-
phoresis on 9% polyacrylamide-bis (29:1) gels con-
taining 0.045 M Tris-borate, 0.001 M EDTA, pH 8.0
(0.5x TBE). The desired double-stranded oligonu-~
cleotides were located by autoradiography, extracted
from excised gel slices, precipitated from ethanol in
the presence of 10 ug of tRNA (Sigma, St. Louis,
MO) carrier and pelleted by centrifugation. The
resulting pellets were washed with 70% ethanol, dried
and resuspended in 10 mM Tris, pH 8.0 and 1.0 mM
EDTA [16]. The specific activity of each labeled oli-
gonucleotide was determined prior to purification by
thin layer chromatography on polyethyleneimine-im-
pregnated cellulose developed in 0.5 M KH,PO,, pH
3.4. The oligonucleotide remains at the origin,
whereas ATP and inorganic phosphate migrate in the
direction of the solvent front.

- DNA fragments

Nitrocellulose filter binding assay

In a 96-well microtiter plate, 30-ul reaction mix-
tures containing 1 ug poly(dIdC), 30 ug BSA, 20 mM
Tris, pH 7.9, 1 mM DTT and 0.1 M NaCl were pre-
pared. 30 fmol of ER were delivered from either a
crude extract or a partially purified ER fraction and
the plate was incubated on ice for 5 min. Specific
competitor, when used, was added at this stage at the
desired molar excess. The plate was then centrifuged
briefly in a refrigerated table top centrifuge at
800 rpm to bring all liquid to the bottom of the well.
While on ice, 120 fmol of *?P-labeled ERE (37-mer;
(AGCTTGTCCAAAGTCAGGTCACAGTGACC-
TGATCAAA) derived from the vitellogenin A2 gene
was added to the side of each well. The plate was
again spun briefly to mix the probe with the reaction
mixture. The reaction mixture was then incubated for
30 min at room temperature. A 96-well nitrocellulose
multiscreen plate was prepared in a vacuum manifold
(both from Millipore, Bedford, MA) by prewetting
each well with 20 mM Tris, pH 7.9, 1 mM DTT,
0.1 M NaCl (washing buffer). 100 pul of washing buf-
fer was left in each well for sample dispersion.
Following the 30 min incubation, samples were trans-
ferred from the microtiter plate using a multichannel
pipetman into the appropriate wells of the multiscreen
plate. Once all samples were transferred, vacuum was
applied to the manifold. All wells were then washed
three times with 200 ul of washing buffer containing
0.01% NP-40. Once washing was complete, the vac-
uum was increased to dry the membranes. When dry,
the multiscreen plate was removed from the manifold
and 40 pl of scintillation fluor was added to each well.
The plates were counted in a Packard Top Count
microtiter plate scintillation counter.

Preparation of DNA fragments for electrophoretic assays

The circular permutation vector, ERE BendI [40],
was digested with EcoRI, HindIIl, EcoRV, Nhel, or
BamHI to produce 427 bp fragments containing a
consensus ERE at the 3’ end, an intermediate 3’ pos-
ition, the middle, intermediate 5’ position, or at the 5'
end of the DNA fragment, respectively. *2P-labeled
were prepared as previously
described [40]. All 427 basepair DNA fragments con-
tained the same nucleotide sequence. The only differ-
ence in the fragments was the placement of the ERE.

For phasing analysis, the phasing vectors, ERE26,
ERE28, ERE30, ERE32, ERE34 and ERE36 [34],
each of which contained a consensus ERE separated
from an intrinsic DNA bend by 26, 28, 30, 32, 34 or
36 basepairs, respectively, were digested with EcoRI
and HindIIl. The resulting 281-291 basepair DNA
fragments were labeled with [y*2P]-ATP as described
[34]. DNA bending standards [22] were digested and
labeled as previously described [34].
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Circular permutation and phasing analysis electrophoretic
assays

Gel mobility shift assays were carried out with
BERE-, ESeph- and EATP-purified proteins.
250 fmol of BERE-purified proteins or 100 fmol of
ESeph- or EATP-purified proteins were incubated
with 1 ug poly (dI-dC), 10% glycerol, 8 mM KClI,
15mM Tris, pH 7.9, 0.2 mM EDTA, pH 8.0 and
4mM DTT at 4°C for 15 min. The reactions were
then incubated at room temperature for 15 min with
10000 cpm of the 3?P-labeled DNA fragment.
Protein-DNA mixtures were fractionated on low ionic
strength acrylamide gels [41] at 4°C with buffer recir-
culation. For supershift experiments, 240 ng of the
ER-specific monoclonal antibody H222 was included
in the binding reaction and the room temperature in-
cubation was extended to 20 min. For competition
assays, equimolar amounts of specific or nonspecific
competitor were added to the initial binding reaction.
15.3 ng of a 30 bp annealed oligo containing a con-
sensus ERE was used as the specific competitor. A
54 bp annealed oligo comprised of sequence from the
Xenopus laevis vitellogenin B1 noncoding sequence
was used as the nonspecific competitor.

Calculation of distortion and bending angles

A Molecular Dynamics phosphorimager and Image
Quant software (Molecular Dynamics, Sunnyvale,
CA) were utilized to determine the migration distance
of each ER-DNA complex and free probe. The mag-
nitude of the distortion angle (¢p) was determined by
comparing the relative mobility of each ER-DNA
complex with the relative mobilities of DNA bending
standards [22] as previously described [26,40]. The
magnitude of a directed DNA bending angle (og) was
determined using the empirical formula of Kerppola
and Curran [40, 42]:

Apn/2

tan(kog/2) = tan(kzc/2)
where op is the ER-induced distortion angle, o is the
intrinsic DNA bend angle, Apy is the phasing ampli-
tude and k& is a coefficient used to adjust for electro-
phoretic conditions. By comparing the relative
mobility of 5 sets of DNA bending standards with the
known bend angles, a value of 2 =0.991 was deter-
mined using the formula u/ug=cos(kap/2), where
Unm is the relative mobility of the ER-DNA complex
when the ERE is in the middle of the DNA fragment
and ug is the relative mobility of the ER-DNA com-
plex when the ERE is at the end of the DNA
fragment [22]. To determine if there were statistical
differences in distortion and directed bending angles,
determination of variance was followed by two-sample
t-tests using Microsoft Excel.

RESULTS

Measurement of the rate of ER-ERE association

We first characterized the ER-ERE interaction
using a nitrocellulose filter binding assay. The filter
binding assay is a simple method of quantitating
DNA bound to protein and is based on the ability of
nitrocellulose to bind proteins but not double-
stranded DNA. Free DNA will pass through the
nitrocellulose filter while protein and any interacting
DNA is retained. The use of radioactively labeled
DNA allows one to quantitate the association and dis-
sociation rates of the differentially purified ER prep-
arations and to examine the specificity of the ER-
ERE interaction. ER and various associated proteins
were purified from high salt extracts of CHO-ER cells
by specific adsorption of ER to Sepharose-bound
estradiol (ESeph, EATP) or biotinylated vitellogenin
A2 ERE (BERE), as described previously [16,43] and
summarized in Table 1. The association rate of the
vitellogenin A2 ERE with each ER mixture was
measured by analyzing the DNA binding reaction at
time points from 0-30 min following the addition of
[**P]ERE (Fig. 1). As observed previously, the
amount of ER-DNA complex formed in the presence
of excess unlabeled ERE was significantly greater for
the BERE-purified proteins (hsp70/hER/PDI/p48/
p45) than for either the ESeph- (hsp70/hER/PDI) or
EATP- (hER/PDI) purified proteins. In addition, it
appeared that under these experimental conditions,
maximal ER-ERE binding occurred by 10 min for all
mixtures. Although the initial rates of association,
reflected by the slopes of the curves prior to satur-
ation, appeared to differ for each ER mixture, the
large differences in the height of each curve (total
binding) made a visual comparison difficult.
Reduction of the incubation temperature to 4°C did
not alter the profiles significantly (data not shown).
Therefore Scatchard analyses as well as analyses of
the rates of dissociation of each ER-ERE complex
were performed to clarify this issue.

Table 1. Summary and properties of ER-associated proteins iso-
lated by different chromatographic techniques

Proteins present

Source of ER? (kDa)® Relative DNA binding
NE total nuclear proteins ++++

BERE 70, 66, 55, 48, 45 +++ +
ESeph 70, 66, 55 ++

EATP 66, 55 +

#Methods used to isolate ER from CHO-ER cells: nuclear extract
(NE), site-specific DNA-affinity chromatography (BERE), estra-
diol-Sepharose affinity chromatography (ESeph) and estradiol-
Sepharose affinity chromatography in the presence of ATP
(EATD).

PThe identity of the proteins indicated in the table are: 70 = hsp70;
66 = ER; 55 = PDI; 48 and 45 are unidentified. Adapted from
Landel, Kushner and Greene [43].
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Fig. 1. Graph of the ER-ERE rate of association. 2p.jabeled vitellogenin A2 ERE (37-mer; 120 fmol;
-AGGTCAcagTGACCT-) was added to partially purified ER complexes (30 fmol) and incubated at 25°C for
0-30 min. At the indicated time points, aliquots of the reaction mixture were removed. The samples were
immediately applied to nitrocellulose filters and washed thoroughly to stop the reaction. The time course was
performed with CHO-ER nuclear extract and BERE-, ESeph- and EATP-purified proteins.

Measurement of the rate of ER-ERE dissociation

A variation of the filter binding assay was used to
measure the rate of ER-ERE dissociation. These ex-
periments were performed by incubating CHO-ER
nuclear extract or the BERE-, ESeph- or EATP-puri-
fied proteins with [>>P]JERE. After the reactions had
reached equilibrium (30 min), they were diluted ten-
fold to quench the forward reaction. Subsequent to
dilution, an aliquot of each reaction was removed and
spotted onto nitrocellulose as the initial time point.
Either TE control, ERE, mtERE (2bp inversion
in the second half of the palindrome:
-AGGTCAcagTGCACT-), or nonspecific PRE was
then added to the reaction mixtures and time points
were collected for 60 min. As shown in Fig. 2, no dis-
sociation of ER from [*’P]ERE was observed in the
absence (TE) or presence of PRE, whereas both
mtERE and ERE were able to displace [*’P]ERE
when present at a 200-fold molar excess. Notably, the
dissociation rate profiles among the four ER mixtures
were not significantly different within each competitor
series (Fig. 2). Therefore, the ER-associated proteins
do not appear to exert their influence on the rate of
ER-ERE dissociation.

Partially purified ER protein complexes exhibit different
binding capacities for the vitellogenin A2 ERE

To independently assess any differences in the ca-
pacities of ER/ERE interactions, equilibrium satur-
ation binding studies were carried out with the
BERE-, ESeph- and EATP-purified proteins. The ex-
periments were performed by incubating fixed
amounts (30 fmol) of the BERE-, ESeph- and
complexes with increasing

EATP-purified ER

amounts of [>?P]ERE. The equilibrium binding con-
stants were then determined by Scatchard analysis for
each partially purified ER-containing fraction. As
expected from the association and dissociation rate
data, no significant differences in equilibrium dis-
sociation constants (Ky=3-5 x 10~° M) were observed
among these complexes. Only the absolute ER-ERE
binding capacities (Bmax) were different, as shown in
Fig. 3.

Effect of associated proteins on the ER-ERE interaction in
the presence of competitor DNA

The filter binding assay was also used to examine
the specificity of the interaction between the ER com-
plexes and the ERE. These experiments were per-
formed by incubating ER complexes with [*2PJERE
in the presence of three doses of either ERE, mtERE,
or PRE competitor. For each competitor, the binding
profiles for the BERE-, ESeph- and EATP-purified
ER complexes, as well as ER in nuclear extracts,
appeared to be virtually identical (Fig. 4), although a
difference between the effectiveness of mtERE and
ERE was readily apparent. From these data, we con-
clude that the specificity of the ER-ERE interaction
was not altered by the associated proteins. This result
contrasts with previously published gel shift data that
appeared to show a greater sensitivity of the ESeph-
and EATP-purified proteins to competition by the
mtERE than the BERE-purified proteins [16].
However, these earlier experiments were performed
under somewhat different binding conditions with
only one dose (200-fold molar excess) of competitor.
It is also possible that the gel shift assay is more strin-

ye
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Fig. 2. Graph of the ER-ERE rate of dissociation. Partially purified ER complexes (30 fmol) were incubated

for 30 min at 25°C with [*?P]ERE (120 fmol) to allow the ER-ERE complexes to reach equilibrium. The reac-

tion mixtures were then diluted 10-fold to quench the forward reaction. At indicated time points following the

addition of either TE (control) or a 200-fold molar excess of ERE, mtERE (-AGGTCAcagTGCACT-) or PRE,

samples were applied to nitrocellulose filters and washed thoroughly. The time course was performed with
CHO-ER nuclear extract and BERE-, ESeph- and EATP-purified proteins.
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Fig. 3. Scatchard analysis of the [*’P]ERE binding affinity and capacity of three different ER complexes. ER

complexes (30 fmol) were incubated for 30 min at 25°C with five different concentrations of [*’P]JERE

(30-500 fmol). Each reaction was then applied directly to nitrocellulose filters and washed to stop the reaction

and remove unbound [**P]ERE. The negative reciprocal of the slope of each line was used to calculate the

equilibrium dissociation constant (K,). The analysis was performed with BERE-, ESeph- and EATP-purified
proteins.
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Fig. 4. Graph to assess the specificity of the ER-ERE interaction. Partially purified ER complexes (30 fimol)

were incubated for 30 min at 25°C with [*?P]JERE (120 fmol) in the presence of three different doses of either

ERE, mtERE or PRE. The samples were then applied to nitrocellulose filters and washed thoroughly. The
analysis was performed with CHO-ER nuclear extract and BERE-, ESeph- and EATP-purified proteins.

gent than the filter binding assay and therefore facili-
tates the disruption of weaker ER-ERE complexes.

ER binds specifically to ERE-containing DNA fragments
n gel mobility shift assays

Although the filter binding assays provided detailed
information about the kinetics of ER association and
dissociation with the ERE, they did not provide infor-
mation about the composition of the ER-ERE com-
plex. To determine if the different ER-ERE
complexes varied in composition, BERE-, ESeph-, or
EATP-purified proteins were incubated with 427 bp

32p_labeled DNA fragments containing a consensus
ERE. When the protein-DNA mixtures were fractio-
nated on a low ionic strength, nondenaturing acryl-
amide gel, five ER-DNA complezes (1, 2, 3a, 3b and
4) were observed in the BERE-purified proteins and
two ER-DNA complexes were observed (1 and 2)
with the ESeph- and EATP-purified proteins (Fig. 5).
Although complexes 3a and 3b were sometimes pre-
sent in both the ESeph and EATT purified extracts,
these complexes were consistently far less prominent
than complexes 1 and 2. Antibody supershift exper-
iments were performed to determine if the protein—

N
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Fig. 5. BERE-, ESeph- or EATP-purified proteins interact specifically with ERE-containing DNA fragments.

Nhe I cut ?P-labeled DNA fragments were incubated with BERE-, ESeph- or EATP-purified proteins and

then fractionated on a nondenaturing 8% acrylamide gel. The ER-specific monoclonal antibody H222 was

included in the binding reaction as indicated (+H222). Binding reactions contained either no competitor DNA

(-), a 100-fold excess of unlabeled ERE (ERE), or a 100-fold excess of unlabeled nonspecific DNA fragment
(NS). ER-DNA complexes are identified by numbers at the left of each figure.

DNA complexes observed contained ER. When the
ER-specific monoclonal antibody H222 was included
in the binding reactions, the protein—-DNA complexes
were supershifted, indicating that ER-specific binding
was occurring (Fig. 5).

Competition experiments were also carried out to
determine if binding of the ER to the ERE-containing
DNA fragments was specific. An oligo containing
either the consensus ERE or a nonspecific DNA
sequence was included in binding reactions. Although
the ERE-containing oligo competed with the ?P-
labeled probe for ER binding (Fig. 5, panel B), the
oligo containing a nonspecific DNA sequence failed
to compete (Fig. 5, panel B, NS lanes). These data
indicated that the 13 bp ERE present in the large 32P-
labeled DNA fragment was responsible for the ER—
DNA complexes observed.

ER-induced distortion of ERE-containing fragments 1is
influenced by additional proteins

We have previously demonstrated that human ER
from transfected COS cell nuclear extracts, MCF-7
whole cell extracts, and partially purified yeast
extracts induces 56-65° distortion angles in ERE-con-
taining DNA fragments [34,40,44]. By using the
more highly purified ER present in BERE-, ESeph-
and EATP-purified mixtures, we were able to deter-
mine if the associated proteins (hsp70, PDI, p45 and

p48) altered ER-induced distortion of DNA. Each
DNA fragment used in these circular permutation
assays contained a single consensus ERE located at
various positions within the 427 bp fragment. Earlier
studies demonstrated that a DNA fragment with a
bend in the middle migrates more slowly on an acryl-
amide gel than a DNA fragment with a bend at the
end [22]. Thus, by observing the migration of ER-
DNA complexes formed with DNA fragments con-
taining an ERE at the end or in the middle of the
DNA fragment, it is possible to detect and quantitate
the magnitude of the distortion induced by ER bind-
ing to ERE-containing DNA fragments. BERE-,
ESeph- and EATP-purified proteins were incubated
with 32P-labeled DNA fragments containing an ERE
at the end, at an intermediate position, or in the
middle of the fragment. When the ERE was at the 3’
or 5" end of the DNA fragment, the migration of the
ER-DNA complex was more rapid (Fig. 6, RI and B,
respectively) than when the ERE was at an intermedi-
ate 3’ or 5 position (H and N, respectively). The
ER-DNA complex with the slowest migration was
formed with the DNA fragments containing an ERE
in the middle (RV). This differential migration of the
ER-DNA complexes indicates that ER binding
caused distortion in the DNA fragments. The magni-
tude of the distortion was calculated by comparing
the relative mobility of the ER-DNA complex with
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BERE

ESeph

EATP

IRI H RV N BHR H RV BHI H RV N BI

Fig. 6. Circular permutation analysis demonstrates that ER-associated proteins influence ER-DNA complex

formation and distortion of ERE-containing DNA fragments. BERE-, ESeph- and EATP-purified proteins

were incubated with 427 basepair 32P-labeled DNA fragments that had been isolated from the circular permu-

tation vector ERE Bend 1[26] after digestion with EcoRI, Hindlll, EcoRV, Nkel or BamHI (RI, H, RV, N and

B) and end labeling with [y?P]JATP. The protein-DNA mixtures were fractionated on an 8% nondenaturing

polyacrylamide gel. The gel was dried and radioactive bands were visualized by autoradiography. ER-DNA
complexes are identified by numbers at the left of the figure.

the migration of DNA bending standards [22]. The
results of several combined experiments are shown in
Table 2. ER-purified proteins induced distortion
angles of 62° and 66° in complexes 1 and 2, respect-
ively. These two smaller ER-DNA complexes were
observed with all three of the ER mixtures tested.
Three higher order complexes were observed in the
BERE-purified mixtures, which contain p48 and p45
in addition to the hsp70, ER and PDI (p55).
Complexes 3a and 3b, which were always observed
with the BERE-purified proteins, occasionally with

Table 2. ER-induced distortion and bending angles

Purified ER Complex Distortion angle Bend angle
BERE 1 62+ 0.9 (5) 6.7+ 0.1 (3)
2 66 + 0.6 (5) 7.0+ 0.3 (3)
3a 75+ 1.9 (5) 6.5+ 0.2 (3)
3b 934+ 1.6 (5) 12.2+2.2 (3)
4 97 +2.5 (5) 15.7 +2.3 (3)
ESeph 1 624 0.9 (4) 5.7+0.3 (4)
2 65+ 0.4 (4) 6.9+0.3 (5
EATP? 1 62+ 1.0 (5) 544 0.6 (5)
2 64+0.5 (4) 6.0+ 0.2 (5)

Distortion angles and directed bending angles induced by ER bind-
ing to ERE-containing DNA fragments were determined by cir-
cular permutation and phasing analysis, respectively. Values are
reported as the mean + S.E. The number of individual determi-
nations is indicated in parenthesis. The protein composition of
each purified ER mixture is listed in Table 1.

the ESeph-purified proteins, but rarely with the
EATP-purified proteins, displayed distortion angles of
75° and 93°, respectively. The largest distortion angle
of 97° was observed only with the BERE-purified pro-
teins (complex 4). No differences in the center of the
bend were detected with any of the ER preparations.

ER-associated proteins influence the magnitude but not the
direction of an ER-induced DNA bend

Phasing analysis was carried out to determine the
direction of the DNA bends induced by ER in the
BERE-, ESeph- and EATP-purified mixtures. This
method uses DNA fragments that have an intrinsic
DNA bend separated from a single consensus ERE by
26, 28, 30, 32, 34 or 36 nucleotides. The spacing
between the intrinsic and ER-induced DNA bends is
incrementally varied over one turn of the DNA helix
so that there will be a point at which the two bends
are out of phase and will have the effect of straighten-
ing the DNA fragment and a point at which the two
bends will be in phase and form a larger overall bend.
When the intrinsic and ER-induced DNA bends are
in phase, the ER-DNA complex will be inhibited in
its migration and when the DNA bends are out of
phase, the ER-DNA complex will migrate more
rapidly through an acrylamide matrix. By observing
the migration of the DNA fragments containing an
ERE separated from an intrinsic DNA bend by var-
ious increments, we can determine the direction of an
ER-induced DNA bend.

»
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32P_labeled DNA fragments containing an ERE and
an intrinsic DNA bend separated by 26-36 basepairs
were incubated with BERE-, ESeph- and EATP-puri-
fied proteins and then separated on a nondenaturing
acrylamide gel. With all three of the ER mixtures, the
DNA fragments that contained 32 basepairs between
the ERE and the intrinsic DNA bend migrated most
rapidly through the acrylamide gel (Fig. 7). This 32
basepair separation places the ERE and the intrinsic
DNA bend on the same side of the DNA helix and
indicates that the bends are out of phase. Because the
intrinsic DNA bend is toward the minor groove of the
DNA helix, the ER-induced DNA bend must be di-
rected toward the major groove of the DNA helix.
These findings are consistent with previous phasing
analysis experiments carried out with MCF-7 and
COS expressed ER[34, 35].

Phasing analysis can also be used to determine
the degree of directed DNA bending associated
with ER binding to ERE-containing DNA frag-
ments. Data from several phasing analysis exper-
iments were combined and utilized to determine the
degree of directed ER-induced DNA bending, as
previously described [35]. All ER preparations con-
tained complexes 1 and 2, which induced directed
DNA bending angles of 5° to 7°. The BERE-purified
proteins induced formation of complexes 3a, 3b and
4, which represented directed DNA bends of 7°, 12°
and 16°.

BERE

ESeph

DISCUSSION

We have used two complementary methods to
examine the interacion of BERE-, ESeph- and
EATP-purified ER complexes with the vitellogenin
A2 ERE [45,46]. Both filter binding (Figs 1-3) and
electrophoretic mobility shift assays (Figs 5-7) indi-
cate that BERE-purified ER, with its four associated
proteins (hsp70, PDI, p48, p45), has a greater ca-
pacity for interaction with the vitellogenin A2 ERE
than either ESeph- or EATP-purified ER, in which
p48, p45 (ESeph) and hsp70 (EATP) are missing
(Table 1). These findings are consistent with pre-
viously published gel shift experiments [16]. Filter
binding analyses were performed to determine
whether this differential binding was related to the as-
sociation (Fig. 1) or dissociation (Fig. 2) rate of the
ER-DNA complex or whether the absolute capacity
of the ER and its associated proteins to bind to the
ERE differed (Fig. 3). Analysis of the rates of associ-
ation and dissociation for all three ER mixtures
revealed no significant difference in these parameters,
suggesting that the enhanced formation of the ER-
DNA complex with BERE-purified proteins reflected
the overall ability of ER and its associated proteins to
bind to the ERE. Scatchard analysis demonstrated
that the equilibrium ER-ERE dissociation constants
(K4=3-5 x 10° M) for BERE-ESeph- or EATP-puri-
fied proteins were not significantly different (Fig. 3).

EATP

[26 28 30 32 34 361126 28 30 32 34 361126 28 30 32 34 36l

Fig. 7. Phasing analysis demonstrates that BERE-, ESeph- and EATP-purified proteins induce directed bends

in ER-containing DNA fragments. BERE-, ESeph- and EATP-purified proteins were incubated with 281-291

basepair 32P-labeled DNA fragments containing an intrinsic DNA bend separated from a consensus ERE by

26, 28, 30, 32, 34 or 36 basepairs. ER-DNA mixtures were fractionated on a nondenaturing acrylamide gel.

The gel was dried and subjected to autoradiography. ER-DNA complexes are identified by numbers at the left
of the figure.
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Furthermore, the Scatchard analysis clearly ident-
ified an enhanced capacity of the BERE-purified ER
mixture to interact with an ERE when compared to
the ESeph- and EATP-purified proteins. These data
suggest that one or more receptor-associated pro-
teins may facilitate the conversion of ER from an
inactive state (unable to bind ERE) to an active
state (able to bind to the ERE), or perhaps stabilize
the active state, independent from ligand binding
activity.

The decreased binding of more highly purified
receptors to their cognate recognition sequences has
been reported by others [10,13]. We have observed
an inverse relationship between the number of ER-as-
sociated proteins present in the ER preparation and
the ability of the receptor to interact with ERE. The
most highly purified ER preparation, which contains
only ER and PDI (EATP; Table 1), was the least
able to form stable ER-DNA complexes. The pre-
sence of hsp70 (ESeph-purified proteins) increased
ER-DNA complex formation. BERE-purified ER,
which contains four detectable associated proteins
(Table 1), afforded the most ER-DNA complex in
the presence of excess ERE. Thus, similar to the
DNA-binding stimulatory factor described by
Mukherjee [13], ER-associated proteins, and especially
p45 and p48, may promote absolute ER DNA-bind-
ing activity. Although we cannot rule out the possi-
bility that denaturation contributes to the decreased
ER activity of highly purified ER, our data strongly
suggest that one or more of the proteins we have iso-
lated contributes directly to the formation of ER com-
plexes with enhanced affinity for ERE and increased
bending. Our own previously published reconstitution
experiments have confirmed that addition of p48/p45
and hsp70 to the EATP-purified ER can enhance the
ER-ERE interaction [16]. Significantly, this process
could not be mimicked by the addition of other pro-
teins (e.g. albumin, insulin). As shown here and dis-
cussed below, these proteins appear to participate in
the formation of higher order ER complexes with
improved ERE binding and bending abilities,
suggesting that these proteins do not simply renature
defective ER molecules.

Although the DNA fragments used in circular per-
mutation and phasing analysis experiments were
different, the ER-DNA complexes observed were
quite similar for both assays. While all three of the
ER preparations (Table 1) formed complexes 1 and
2, only the BERE-purified proteins consistently
formed complexes 3a and 3b and only BERE-purified
proteins formed complex 4 (Figs 5-7). Thus, p45 and
p48, which are present in the BERE preparations, but
not in the ESeph or EATP preparations, may be
instrumental in the consistent formation of complexes
3a and 3b and are absolutely required for the for-
mation of complex 4. Complexes 3a and 3b are some-
times present in small amounts with ESeph-purified

proteins, but are rarely observed with EATP-purified
proteins. These findings suggest that hsp70, which is
present in the ESeph preparation, but not in the
EATP preparation, may be involved in the formation
of complexes 3a and 3b, but that p45 and p48 are
required to maintain these two higher order com-
plexes. We have also observed higher order ER-ERE
complexes with MCF-7 whole cell, nuclear and cyto-
solic extracts [34], indicating that similar complexes
can form in wive. Thus, both circular permutation
and phasing analysis experiments indicate that the
observed multiplicity of ER-DNA complexes reflects
the population of associated proteins present in the
different ER preparations. ER and PDI are involved
in formation of complexes 1 and 2. Although hsp70
may be involved in forming Complex 3a and 3b,
maintenance of complexes 3a, 3b and 4 requires the
presence of p45 and p48. Interestingly, complexes 1
and 2 have the same mobility as two ER-DNA com-
plexes formed with yeast-expressed ER, which was
purified on an estradiol-sepharose column [44],
suggesting that the ER may associate with similar pro-
teins even though the cellular context is distinctly
different. The number of ER-DNA complexes
described here differs from an earlier study that used
the same ER preparations, but a much smaller DNA
probe, different gels and buffers, and different recep-
tor:probe ratios [16]. However, the ability of the
BERE-purified proteins to more readily form higher
order complexes was observed in both studies.

Electrophoretic assays have been used to examine
various characteristics of DNA structure. Circular
permutation is typically used to detect regions of
undirected, increased flexibility in DNA structure and
phasing analysis is used to detect bends with a fixed
spatial orientation [21]. We have used circular permu-
tation analysis to determine whether ER-associated
proteins might alter the magnitude of distortion
induced by the binding of ER to ERE-containing
DNA fragments. Complexes 1 and 2 induced distor-
tion angles of 62° and 66°, respectively, in ERE-con-
taining DNA fragments with all of the ER
preparations utilized. These finding are in agreement
with our previous determinations of the distortion
angle induced by human ER isolated from yeast,
MCF-7 and COS cells [34, 40, 44]. Complexes 3a, 3b
and 4, which were most prominent when BERE-puri-
fied proteins were used, induced significantly larger
distortion angles of 75°, 93° and 97°, respectively
(Table 2). Thus, receptor-associated proteins were re-
sponsible for producing new, higher order ER-DNA
complexes, which caused greater distortion in DNA
structure. The ER-associated proteins did not, how-
ever, appear to alter the distortion angles of com-
plexes 1 and 2.

Phasing analysis was utilized to examine the ability
of ER-associated proteins to affect the magnitude and
the direction of the ER-induced DNA bending. As

ot
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seen with the circular permutation experiments, the
formation of higher order ER-DNA complexes
caused an increase in the magnitude of the directed
DNA bend (Table 2). However, the direction of the
ER-induced DNA bend, which was toward the major
groove of the DNA helix, was unaltered by the pre-
sence of the ER-associated proteins. Thus, both circu-
lar permutation and phasing analysis experiments
support the idea that ER and its associated proteins
promote the formation of higher order complexes (3a,
3b and 4) that induce greater distortion and directed
bending angles in ERE-containing DNA fragments.
The ER-induced DNA bend was directed toward the
major groove of the DNA helix. This is the same
orientation as ROR-, RXR- and PR-induced
bends [23,24,47]. The observation that all nuclear
receptor superfamily members examined to date
induce DNA bends toward the major groove of the
DNA helix may result from the homologous structure
of these proteins.

The relationship between alterations in DNA struc-
ture and transcription activation is unclear. Because
such a large number of transcription factors, including
nuclear receptors, induce DNA to bend, it has been
hypothesized that distortion or bending of DNA
might facilitate the interaction of regulatory proteins
with members of the basal transcription complex and
thus be required for transcription activation[7, 23, 48].
ER-mediated transactivation probably requires a large
repertoire of proteins to maintain function.
Association of ER with one set of proteins may main-
tain the receptor in a quiescent state. The change in

ER conformation induced by hormone binding may
dissociate some of these proteins and recruit others.
Likewise, interaction of ER with DNA, which induces
conformational changes in the dimerization interface
of the DNA binding domain [49], could initiate more
global changes in ER structure and modulate receptor
—protein associations. Therefore, we propose a model
(Fig. 8) in which the unliganded ER is associated
with PDI and hsp70, as well as hsp90, hsp56 and per-
haps other as yet unidentified factors. Following
ligand binding, hsp90 and hsp56 dissociate, while
hsp70 and PDI remain associated with the ‘activated’
ER, although the hsp70 interaction is perhaps
weakened [39]. The ‘activated” ER complex then
recruits or stabilizes the binding of at least two ad-
ditional proteins, p45 and p48, when ER binds to an
ERE, resulting in an increased ability of ER to bind
ERE. The resulting change in DNA structure gener-
ated by the binding of this complex is likely to con-
tribute to effective transcriptional stimulation. In this
model, the ER that does not interact with the ERE
dissociates from hsp70, thereby rendering it inactive.
Additional proteins identified by other laboratories
(e.g. TFIIB, p140, CBP/p300, SRC-1) may partici-
pate in one or more of these steps as well [4,5,7, 15].
Clearly, a better understanding of the role of p45
and/or p48 in ER action will require the separation
and identification of these two proteins. In addition,
the contribution of DNA bending to the formation
and/or stabilization of an active transcription complex
will ultimately be determined by a more detailed
structural analysis of a functional transcription unit.

Fig. 8. Model of ER-associated proteins. This model is based on our current results as well as some additional
data reported by others for ER. The model depicts the hormone dependent dissociation of hsp90, as well as
significant conformational changes associated with hormone binding, dimerization and DNA binding. Further
dissociation of ER-associated proteins can occur in the presence of estradiol, namely loss of hsp70. However,
in the presence of an ERE, both PDI and hsp70 are retained. Significantly, the presence of p45 and p48 appear
to be necessary for high capacity ER-ERE interaction. The contact sites between ER and p45, p48, PDI and
hsp70 are unknown, as are the true stoichiometric relationships among the proteins present in the complexes
depicted.
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DBD bound only as a dimer to the A2 ERE. However,
half site at lower DBD concentrations and then as a

expressed full-length ER demonstrated that three ER-
pS2 ERE-bound ER, indicating that receptor epitopes
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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,
DNA binding domain (DBD) and the intact ER with the X, lnevis vitellogenin A2 ERE and the human pS2 ERE.
Using gel mobility shift, DNase I footprinting, and methylation interference assays, we demonstrated that the

the DBD bound as a monomer to the consensus pS2 ERE

homodimer to the consensus and imperfect pS2 ERE half
site at higher DBD concentrations. Antibody supershift experiments carried out with partially purified, yeast-
specific antibodies interacted differentially with A2 and
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. ‘

we examined the interaction of the Xenopus lnevis ER

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-«B pS0
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,
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paign, 524 Burrill Hall, 407 South Goodwin Ave., Urbana, IL 61801.
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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 5’ 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 diffetent 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). V :

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 3’ 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 *?P-labeled DNA fragments, ER DBD, and ER. For gel mobility
shift assays, DNase I footprinting, and methylation interference experiments,
5 wg 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 MgCl,, 50 mM
NaCl, 25 pmol (150 pCi) of [«-*2P]dATP, 25 pmol (150 pCi) of [a-**P]dGTP,
140 uM dTTP, 140 uM dCTP, and 1 U of Klenow DNA polymerase in a final
volume of 40 pl. After 20 min at room temperature, 140 uM dATP and 140 pM
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 labe! the noncoding strand, plasmids
B3consERE and B3pS2ERE were cut with EcoRV and Nkel 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 uCi) of [a-*2P]dCTP,
25 pmol (150 p.Ci) of [«->2P]dTTP, 140 wM dATP, and 140 pM dGTP were used.
After 20 min, 140 pM dCTP and 140 pM dTTP were added to the reaction
mixture. **P-labeled probes were fractionated on an acrylamide gel and electro-
eluted as described for the coding strand.

For the antibody supershift experiments, 5 pg of each of plasmids B3consERE
and B3pS2ERE was cut with HindIII and 2P 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-p.g 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 uCi) of [a->P]dATP and 16.5 pmol (100 n.Ci) of
[«-*2P]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 ul. The DBD-DNA mixture was incubated for 15 min at room
temperature and then fractionated on an 8% low-ionic-strength acrylamide gel.
32p.Jabeled 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 1 footprinting. EcoRV/HindliI-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
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80 mM KCl, 50 ng of poly(dI-dC), 1.25 mM MgCl,, and 0.5 mM CaCl, to a final
volume of 20 pl. 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 pg.
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 ul 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

Phosphorlmager 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/HindlIII-digested, end-labeled DNA frag-
ments (8 to 10 pmol; 10° cpm): were methylated in 211 pl 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 pl of DMS stop solution
(1.5 M sodium acetate [pH 7.0], 1 M B-mercaptoethanol, 100 p.g of tRNA per
ml) and 750 pl 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-p! 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 pl of water, lyophilized, resuspended in 20 pl 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/
HindllI-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 pg
of bovine serum albumin, 1 pg of poly(dI-dC), 20 mM KCl, 50 pM ZnCl,, and
10~7 M 178-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 ge!l 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, *2P-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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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 3?P-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 ERE;, are indicated to the right.

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. *P-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). R

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 thc_non-
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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 *?P-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 3’ ends
of both the A2 and pS2 ERE footprints (Fig. 2, *).

DNA fragments containing the A2 or the pS2 ERE were
also **P-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

A2 ERE pS2 ERE
8 7.318.3367

DBD (pmoles)

N

0OPO-HOD 0 PO-HOO
aoffo-40aa»0-00

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 ()
are indicated. - s .
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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 * standard error of the mean
from three to four independent experiments.

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.

A2 ERE
DBD (pmoles) 0 18 3.7 0

pS2 ERE
18 7.3 183 36.7
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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 DNasc
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.
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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.

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
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Ab: ER21 H226 P1A3 ER6 ER1 D547 h1§1 H222 D75

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
:he 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.

(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 EEE
Partially purified, yeast-expressed ER was combined with ““P-
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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-
for.

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). **P-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. o

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-
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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 CS5) 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.

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
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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 3’ half site. Although the adenine residue in the 3' 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 EREZ2, (38), one would predict that substi-
tution of a guanine for an adenine in the 3' 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 5' A2 ERE half site.
In contrast, 6.5 pmol of DBD was required to occupy 50% of
the 5’ pS2 ERE half site. Despite the fact that these 5' ERE
half sites have identical nucleotide sequences, the relative af-
finity of the DBD is ~5-fold lower for the 5’ pS2 ERE half site
than for the 5" 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 5’ half
sitt (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 ERE:s 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. ! ' . S

Since we know that the DBD is a monomer in solution (27),
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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
«clp stabilize binding of the DBD dimer and discourage dis-
«ociation 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 3’ half site
or more rapid dissociation of the DBD from the imperfect 3’
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
tudies 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 n.
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-

MODULATION OF ER CONFORMATION 1933

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. i

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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Oestrogens are involved in the growth, development and homeo-
stasis of a number of tissues'. The physiological effects of these
steroids are mediated by a ligand-inducible nuclear transcription
factor, the oestrogen receptor (ER)>. Hormone binding to the
ligand-binding domain (LBD) of the ER initiates a series of
molecular events culminating in the activation or représsion of
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target genes. Transcriptional regulation arises from the direct
interaction of the ER with components of the cellular transcrip-
tion machinery>*, Here we report the crystal structures of the LBD
of ER in complex with the endogenous oestrogen, 173-oestradiol,
and the selective antagonist raloxifene’, at resolutions of 3.1 and
2.6 A, respectively. The structures provide a molecular basis for
the distinctive pharmacophore of the ER and its catholic binding
properties. Agonist and antagonist bind at the same site within
the core of the LBD but demonstrate different binding modes. In
addition, each class of ligand induces a distinct conformation in
the transactivation domain of the LBD, providing structural
evidence of the mechanism of antagonism.

The structure of the complex between ER’s LBD and the antago-
nist raloxifene (RAL) was determined by conventional multiple
isomorphous replacement in combination with multicrystal aver-
aging, and was subsequently used as a phasing model in molecular
replacement to solve the structure of the complex of the LBD

with 17B-oestradiol (E,) (see Methods and Table 1). The overall
architecture of the ER LBD (helices H3—H12) is similar to that seen
in the crystal structures of other nuclear receptor LBDs*, and
emphasizes the universal nature of this fold within this receptor
superfamily’. The LBD is folded into a three-layered antiparallel
a-helical sandwich comprising a central core layer of three helices
(H5/6, H9 and H10) sandwiched between two additional layers of
helices (H1—4 and H7, H8, H11). This helical arrangement creates a
‘wedge-shaped” molecular scaffold that maintains a sizeable ligand-
binding cavity at the narrower end of the domain. The remaining
secondary structural elements, a small two-stranded antiparallel
B-sheet (S1 and S2) and HI2, are located at this ligand-binding
portion of the molecule, and flank the main three-layered motif
(Fig. 1a).

The ER LBDs are arranged as non-crystallographic dimers within
both the E, and RAL complex crystals in a manner consistent with
both the oligomeric state of liganded ER in solution'® and previous

Table 1 Data collection, phase determination and refinement statistics

ER RAL derivatives

ER RAL ER E» PCMBS-1 PCMBS-2 KAU(CN),
(4mM, 5 day) (4mM, 14 day) {4mM, 2 day)

Resolution (A) 25-2.6 20-31 20-3 20-3 20-3.6
Unique reflections 15,433 33,981 10,335 9,316 5,835
Completeness (%) 95.7 991 976 89.0 94.2
Muttiplicity 45 25 4 31 25
Reym (1) 8.0 10.0 81 9.2 70
Riot 16.9 20.7 13.7
Phasing power {centric/acentricl 1.22/1.88 1.23/2.02 0.71/0.94
Recuis (centric/acentric)§ 0.75/0.68 0.76/0.66 0.90/0.85
Refinement
Reflections used (Riree S€1) 13,868 (1,565) 30,583 (3,398)
Reryst (Rireell 219 (29.9) 218 (251)
Protein {solvent) atoms 3,633 (100) 11,382 (114)
% AB,L(ablp)f R 94.2 (5.8) 94.2 (5.8)
R.m.s.d. bond lengths/angles (A} 0.016/0.035 0.011/0.039
R.m.s.d. n.c.s. protein (A)* 0.66 0.07
R.m.s.d. n.c.s. B (A%** 79 115

*Reymll) = 100 X E il = ¢IEsT iy where / is the observed intensity. { } is the average intensity of multiple observations of symmetry-related reflections.

1R e = EliFent — IFpll/EIFs|, where |Fp| is the protein structure factor amplitude and |Fpy| is the heavy-atom derivative structure factor amplitude.

$Phasing power for centric and acentric reflections = r.m.s. (IFul/E), where Fyy is the heavy atom structure factor amplitude and E is the residual lack of closure error.
8R s = ZIEIE|IFen| — IFe| for centric and acentric reflections. Figure of merit was 0.48 for acentric reflections and 0.67 for centric reflections {20-3 A).

Cryst

=100 X E|IF | — IFLIVEIFol; Riree is the same as Royst but was calculated using a separate validation set of reflections that was excluded from the refinement process.

{Percentage of residues located in most favoured (additional) regions of the Ramachandran plot as determined by PROCHECK®.

#R.m.s. deviation in bond length and angle distances from Engh and Huber ideal values.

*Root mean squared distance between all non-crystallographic symmetry (n.c.s.} related protein atom positions.

**R m.s. difference between all n.c.s.-related atomic temperature factors.

Figure 1 Ribbon representations of the ER-o LBD. a, The ER-a LBD indicating the
locations of the secondary structural elements. a and 3y helices (H) are coloured
red, extended regions (S) are yellow, and coil regions are blue. All secondary
structural elements have been numbered in keeping with the nomenclature that
has been established for other nuclear receptor LBDs. The monomer is displayed
looking onto the dimerization face. The dotted line indicates the unmodelled
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region between H8 and H10. b, ER-« LBD homodimer viewed perpendiculartothe
dimer axis. ¢, ER-« LBD homodimer viewed down the dimer axis. The component
monomers are drawn in red and green. The N and C termini and the helices that
are involved in the dimer interface are labelled. Ez is coloured blue and depicted in
space-filling form.
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mutagenesis studies’. All crystal forms of the liganded ER LBD
obtained so far contain identical non-crystallographic dimers (data
not shown). The overall homodimeric arrangement is the same in
both the E, and RAL complexes, and is reminiscent of the crystal-
lographic apo-retinoid-X receptor homodimer®. The dimer axis
roughly coincides with the longest dimension of the LBD with
each molecule tilted approximately 10° away from the two-fold
axis. This symmetric ‘head-to-head’ arrangement locates the
chain termini of each monomer on opposite sides of the dimer
with the carboxy termini projecting towards the two-fold axis
(Fig. 1b). The H8/H11 face of the monomers line up to form an
extensive dimerization interface that encompasses about 15%
(1,703 A%) of each monomer’s surface area. Contacts between the
two molecules are made primarily through the H11 helices, which
intertwine to form a rigid backbone, but also involve H8 from one
monomer and parts of H9 and H10 from the neighbouring mono-
mer (Fig. Lc).

. -~
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The E, binding cavity is completely partitioned from the
external environment and occupies a relatively large portion of
the ER LBD’s hydrophobic core (Fig. 1a). It is located at one end of
the molecule and is formed by parts of H3 (Met 342 to Leu 354),
Hé6 (Trp 383 to Arg 394), H8 and the preceding loop (Val 418 to
Leu 428), H11 (Met 517 to Met 528), H12 (Leu 539 to His 547) and
the S1/S2 hairpin (Leu 402 to Leu 410). Hormone recognition is
achieved through a combination of specific hydrogen bonds and
the complementarity of the binding cavity to E,’s non-polar
character (Fig. 2a,c). E, binds diagonally across the cavity between
H11, H3 and H6 and adopts a low-energy conformation. The
phenolic hydroxyl of the A-ring (O3; see Fig. 2¢ for atom number-
ing) nestles between H3 and H6 and makes direct hydrogen
bonds to the carboxylate of Glu 353, the guanidinium group of
Arg 394, and a water molecule. The 17-f hydroxyl (017) of the D-
ring makes a single hydrogen bond with His 524 in H11. The
remainder of the molecule participates in a number of hydrophobic

Leub525

¢ His 524 d
His 524
Gly 521
Met 528, valsiy Leu $25 . L et 421
\J ./ 28
val 534 g
Len 525 Thr 347
-J J Leu 5& Leu 536 \J o 64%

Alz 350,
Leu 354

Glu 383

Figure 2 Agonist and antagonist binding modes. a, The 3.1-A resolution, six-fold
averaged electron-density map {using model phases) for the ER LBD-E,
complex. b, The experimental, 2.6-A resolution electron-density map for the ER
LBD-RAL complex after DMMULT| multicrystal averaging. In both cases, the map
is contoured at 1o and overlaid on the final refined models. ¢, d, Schematic
representation of the interactions made by E; (¢) and RAL {d} within the binding
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cavity. Residues that interact with ligand and/or line the cavity are shown in
their approximate positions. Those that make direct hydrogen bonds are
depicted in ball-and-stick style with broken lines between the interacting
atoms. The hydrogen-bond distances shown are averaged between the six (E;)
or two (RAL) monomers. The atom names and ring nomenclature of E; are also
given.
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contacts that are concentrated over the A, A/B interface and D-rings.
The A-ring, as well as the planar A/B-ring interface, is sandwiched
between the side chains of Ala 350 and Leu 387 on its B face and
Phe 404 on its « face. At the other end of the binding cavity, the D-
ring makes non-polar contacts with Ile 424, Gly 521 and Leu 525.
Although the cavity itself appears to be devoid of ordered water
molecules, an extensive solvent channel runs from the A-ring
hydroxyl’s water ligand to the exterior of the LBD between H3
and H5/6. The combination of the specific polar and non-polar
interactions account for the ability of ER to selectively recognize and
bind E, with subnanomolar affinity over the large and varied range
of endogenous steroids.

Extensive binding studies of E, analogues have provided a
detailed description of the pharmacophore of ER". The ER is
unique among the steroid receptors in its ability to embrace a
wide variety of non-steroidal compounds. Although the ‘pincer-
like’ arrangement around the A-ring imposes an absolute require-
ment on effective ligands to contain an aromatic ring, the
remainder of the binding pocket can accept a number of different
hydrophobic groups'". This overall promiscuity can be attributed
to the size of the cavity, which has a probe accessible volume
(450 A%) nearly twice that of E;’s molecular volume (245 A®). The
length and breadth of the E, skeleton is well matched by the
receptor, but there are large unoccupied cavities opposite the o
face of the B-ring and the B face of the C-ring (Fig. 2a). The
positions of these preformed cavities are similar to those predicted
from binding studies™.

This structure is the first example of an LBD from the steroid class
of nuclear receptors, and provides an instructive model for
members of this family. A similar overall hormone-binding mode
is anticipated with the A-ring probably bound between H3 and H6
by an arginine (homologue of Arg 394) and a glutamine (homo-
logue of Glu 353). This exclusive replacement of the Glu 353 of ER
by a glutamine fulfils the hydrogen-bonding requirements of the 3-
keto steroids. The model proposed for the ligand binding mode of
dexamethasone in the human glucocorticoid receptor’, in which the
D-ring binds between H3 and H6, should therefore be re-examined
in the light of our observations.

RAL is a clinically relevant selective antagonist that specifically
counters the mitogenic effects of E, in the reproductive tissues,

while maintaining beneficial oestrogenic effects in other tissues™.

Figure 3 Positioning of helix H12. Position is shown in a, the ER LBD-E; complex;
and b, the ER LBD-RAL complex. H12 is drawn as a cylinder and coloured blue (E;
complex) or green (RAL complex). The remainder of the ER LBD is shown in red.
Dotted lines indicate unmodelled regions of the structures. Hydrophobic residues
located in the groove between H3 and H5 (yellow) and Lys 362 (K362, pink) are
depicted in space-filling form. The locations of Asp 538, Glu 542 and Asp 545 are
highlighted (brown spheres) along with the helices that interact with H12 in the
two complexes.
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RAL binds at the same site as E, within the LBD (Fig. 2b,d), with the
hydroxyl group of the benzothiophene moiety (O3; see Fig. 2d for
atom numbering) mimicking the A-ring phenolic hydroxyl of E, by
binding in the polar pocket between H3 and H6. In contrast, the
binding mode of RAL at the ‘D-ring end’ of the cavity, between H8
and H11, is markedly different from that of E;. Although the
phenolic hydroxyl (O11) hydrogen bonds with His 524, it is
displaced 5.1 A from the position occupied by the 178-OH in the
E, complex. Consequently, the imidazole ring of His 524 rotates in
the RAL complex to compensate for the change in oxygen position
and to maintain a favourable hydrogen-bonding position. The
remainder of the core is involved in non-polar contacts similar to
those seen for E,. The side chain of RAL makes extensive hydro-
phobic contacts with H3 and H5/6, H11 and the loop between H11
and H12. It is anchored to the protein by a direct hydrogen bond
between Asp 351 and the piperazine ring nitrogen (N26). However,
at over 11 A in length, the side chain is too long to be contained
within the confines of the binding cavity, and instead it displaces
H12 and protrudes from the pocket between H3 and H11. This helix
displacement is anticipated to be a general feature of both steroidal
and non-steroidal anti-oestrogens that possess a bulky side-chain
substitutent. The importance of the narrow cleft at the A-ring end of
the cavity in determining the overall ligand-binding mode is high-
lighted by the observation that RALs benzothiophene moiety
occupies the same spatial position as the A and B rings of E,. The
alternate D-ring binding mode of RAL presumably arises as a result
of both the inflexibility of the arylbenzothiophene core and the
limited scope for positioning the side chain. The orientation of E,
and RAL should allow the accurate positioning of most of ER’s
ligands, but further structural studies will be required to understand
both the cavity’s plasticity and the reported range of different
binding modes®.

The LBD’s transcriptional activation function (AF-2) can interact
with a number of putative transcriptional coactivators in a ligand-
dependent manner®'**%. Helix 12 is essential for such transactiva-
tion as both loss or mutation in this region results in a receptor that
is unresponsive to ligand". Mutational analyses in both ER and
other nuclear receptors?®? have identified several additional resi-
dues that influence the function of AF-2, suggesting that the LBD’s
coactivator recruitment surface, although centred on H12, probably
also encompasses parts of the surrounding helices H3, H5/6 and
H11.

In the E,-liganded complex, H12 sits snugly over the ligand-
binding cavity and is packed against H3, H5/6 and H11. Although it
makes no direct contact with E,, it forms the ‘lid’ of the binding
cavity and projects its inner hydrophobic surface towards the
bound hormone. Its charged surface, comprising Asp 538, Asp
545 and the highly conserved Glu 542, is directed away from the
body of the LBD on the side of the molecule lying perpendicular
to the dimerization interface (Fig. 3a). This precise positioning of
H12, which is observed in all known structures of the liganded
forms of the LBD%, seems to be a prerequisite for transcriptional
activation as, by sealing the ligand-binding cavity, it generates a
competent AF-2 that is capable of interacting with coactivators. In
contrast, the alignment of H12 over the cavity is prevented by RAL,
and instead the helix lies in a groove formed by H5 and the carboxy-
terminal end of H3. This antagonist-induced repositioning of H12
involves a rotation of 130° combined with a 10-A rigid-body shift
towards the amino terminus of the LBD compared with the agonist-
induced conformation (Fig. 3b). The complementarity of this
hydrophobic groove to the inner surface of H12 suggests that its
positioning in the RAL complex represents a real conformation
rather than an artefact produced by the crystal lattice. A highly
conserved lysine residue (Lys 362), which is required for efficient
E,-dependent recruitment of certain coactivators™, is located at one
end of this hydrophobic groove, and is partly buried by the reoriented
helix. Taken together, these observations provide compelling evidence
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that the antagonistic properties of RAL are based on its ability to
prevent the formation of a transcriptionally competent AF-2 con-
formation, The movement of H12 clearly disrupts the overall surface
topography of AF-2, but it is feasible that the tissue selectivity of
RAL may reside in its ability to occlude particular coactivator
recruitment sites on the surface of the ER LBD.

Selective antagonism of the kind exhibited by RAL is a compli-
cated phenomenon that arises through the interplay of a number of
factors, such as differential ligand effects on the transactivation
functionalities of the ER, the type of coactivator recruited, and the
cell and promoter context>*?*?, Nevertheless, our data on these
structures give valuable insights into the binding of ligands to this
receptor, and provide the basis for the structure-based design of
improved agonists and antagonists for the treatment of oestrogen-
related diseases. il
Methods
Protein purification and crystallization. The LBD of human ER-o (residues
Ser 301 to Thr 553) was expressed, purified and carboxymethylated as
described®. ER LBD~E, and LBD-RAL complexes were prepared by including
75 uM of the respective ligand in the column elution buffer. The ER LBD is
particularly refractive to crystallization, and carboxymethylation of the free
thiol groups was essential for growing crystals suitable for diffraction studies.
Examination of the electron-density maps shows that Cys 381 is uniformly
modified and the remaining three cysteines are either unmodified (Cys 447) or
in flexible regions of the structure. The ER LBD-RAL and LBD-E, complexes
were crystallized using the hanging-drop technique at 18°C. For the RAL
complex, the reservoir solution contained 12% (w/v) PEG 4000, 0.2M
magnesium chloride, 50 mM r-lysine, 0.1 M sucrose and 5% 1,4-dioxane in
0.1 M Tris-HCl, pH 8.5. Hanging drops were composed of equal volumes of
protein (7.2 mg ml™) and reservoir solutions. Monoclinic crystals, belonging to
the space group C2 with unit cell dimensions a = 104.53A, b= 53.684,
¢=102.714, = 116.79° and containing one ER LBD dimer per asymmetric
unit, appeared within 2—4 weeks. Two other crystal forms were grown by subtle
manipulation of the crystallization conditions (C2, @ = 89.914, b = 75.09 A,
c=87.50A, B = 103.01% C222,,a = 6547 A, b = 95.99 A, ¢ = 168.14 A). For
the E, complex, drops containing equal volumes of protein (7-13 mg mI™") and
reservoir solution were equilibrated against 0.1M Tris-HCl, pH 8.1, 24 M
ammonium formate and 8% dimethylsulphoxide. The E; complex crystals
belong to the space group P2;, with unit cell dimensions a = 61.48 A,
b=115.16A, c = 137.38A, B = 98.8°, and contain three ER LBD dimers
per asymmetric unit.

Data collection, phasing and refinement. For the ER LBD-RAL complex,
native diffraction data were collected from a single frozen crystal (120K) on
beamline X11 at EMBL (DESY, Hamburg). Heavy-atom derivatives were
collected in-house from flash-frozen crystals. Data were integrated and reduced
using the programs DENZO and SCALEPACK®. MIR analysis was performed
using the CCP4 suite of programs®. Diffraction data for the alternate C2 (York)
and €222, (DESY, Hamburg) crystal forms were collected to resolutions of 3.0
and 3.1 A, respectively. Initial phases were calculated to 3 A using MLPHARE?®
and subsequent two-fold averaging, non-crystallographic matrix refinement
and phase extension were carried out using DM*. An initial polyalanine trace
was used to generate a dimeric search model which was correctly positioned in
the alternate C2 and (222; crystal forms using molecular replacement
(AMoRe™). Twenty cycles of cross-averaging between all three crystal forms
were carried out with DMMULTI?, using only the MIR phase information. The
resultant electron-density map showed no bias towards the input mode] and
enabled the unambiguous tracing of the remainder of the molecule and the
assignment of most of the amino-acid sequence. Refinement was performed
with REFMAC? using bulk solvent corrections and anisotropic scaling. All data
between 25 and 2.6 A were included with no sigma cut-offs. Tight non-
crystallographic restraints were maintained during the initial cycles but were
loosened in the final stages of refinement. Phases from multicrystal averaging
were included at all stages and individual atomic temperature factors were
refined isotropically. The final model comprises residues 307-459, 470—528
and 535-547. The missing regions correspond to flexible loops between helices
H9 and H10 (460-469) and H11 and H12 (529-534) and the chain termini.

NATURE|VOL 389116 OCTOBER 1997

letters to nature

Residues Tyr 331(A), Asp 332(A), His 377(B), Glu 397(AB), Lys 416(AB), Glu
419(AB), Glu 423(B), Leu 469(B), Glu 470(AB), Glu 471(AB), Lys 472(AB),
Arg 477(AB), Lys 492(A), Glu 542(A), Arg 548(B) and Leu 549(B) were poorly
resolved in the electron-density maps and not fully modelled.

For the ER LBD-E, complex, diffraction data were collected at room
temperature from a single ER LBD-E, crystal on beamline X11 at EMBL
(DESY, Hamburg). Initial phase estimates were obtained with AMoRe using the
refined ER LBD-RAL dimer as a search model. The correct solution,
corresponding to three ER LBD dimers, had a correlation coefficient of 69.8
and an R-factor of 40.6 after AMoRe rigid-body refinement. Six-fold averaging
was performed using DM and the structure was refined with REFMAC using
tight non-crystallographic restraints, averaged phases from DM, bulk solvent
corrections and anisotropic scaling. All data between 20 and 3.1 A were
included with no sigma cut-offs. A single, overall B-value was applied in the
early stages of refinement until the Rg.. converged. Subsequent cycles used
tightly constrained, full isotropic B-value refinement. The final model for each
monomer comprises residues 305-548 but includes two unmodelled loops
between residues 331-336 and 462—464. The first four (301—-304) and last five
(549-553) residues are disordered. The side chains of Leu 306, Leu 466, Leu
469, Lys 492, Lys 531 and Leu 536 were poorly resolved in the electron-density
maps and not modelled beyond their Cf atoms. All model building was carried
out using the graphics package QUANTA (Molecular Simulations Inc., San
Diego).

Illustrations. Figures 1, 2a,b, 3 were prepared with QUANTA (Molecular
Simulations Inc., San Diego); Fig. 2c, d was prepared with LIGPLOT*.
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