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Proteomics Analysis of the Estrogen Receptor

o Receptosome™s

Ivan Nalvartet§, Thomas Schwendt], and Jan-Ake Gustafssont]

The estrogen receptors (ERs) are ligand-dependent tran-
scription factors that activate transcription by binding to
estrogen response elements. Estrogen-mediated effects
are tissue- and cell type-specific, determined by the co-
factor recruitment to the ERs among other factors. To
understand these differences in estrogen action, it is im-
portant to identify the various compositions of the ER
complexes (ER receptosomes). In this report, we describe
a fast and efficient method for the isolation of the ER«
receptosome for proteomics analysis. Using immobilized
estrogen response element on a Sepharose column in
combination with two-dimensional electrophoresis and
MALDI-TOF MS, significant amounts of proteins could be
isolated and identified. Differences in ERa complex com-
position with the ER ligands 173-estradiol, 4-hydroxyta-
moxifen, and ICI-182,780 could also be observed. Thus,
this approach provides an easy and relevant way of iden-
tifying ERa cofactor and transcription factor recruitment
under different conditions. Molecular & Cellular Pro-
teomics 9:1411-1422, 2010.

The steroid hormone 17g-estradiol (E,)' plays important
roles in numerous physiological processes such as growth,
differentiation, function of the male and female reproductive
systems, and maintenance of bone mass (1). In addition, E, is
thought to have protective effects in cardiovascular and neu-
rodegenerative diseases (2, 3). However, E, also represents a
risk factor for the development of breast and endometrial
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cancers. The complex E, signaling pathways giving rise to the
diverse effects of E, are mainly mediated through the estro-
gen receptors (ERs). The ERs belong to the superfamily of
nuclear receptor (NR) transcription factors. Upon binding of
ligand (e.g. E,), the ERs change conformation, leading to
dimerization and recruitment of cofactors. This complex binds
with very high affinity to estrogen response elements (EREs) in
promoter regions of E,-responsive genes, which in turn leads
to gene transcription. Two subtypes of estrogen receptors
exist, ERa and ERp, and although they share high sequence
homology and E, affinities and both bind to ERE sequences,
they have radically different, sometimes opposing, effects in
different tissues (4). In general, ERa is thought to promote
proliferation, whereas ERpB is thought to promote differentia-
tion (5). Furthermore, effects of various ligands appear to
differ between different tissues, both normal and pathological.
For example, the general ER antagonist 4-hydroxytamoxifen
(4-OHT) displays antagonistic effects on ERa in some tissues
and is thus used as a potent therapy for estrogen-dependent
breast cancers, whereas in other tissues, it displays agonistic
effects (6). To add to the complexity, many breast cancers
develop resistance toward 4-OHT via unknown mechanisms
(6, 7). The molecular mechanisms underlying the effects of
ERs in different tissues upon ligand exposure are far from
understood. However, the release of some and recruitment of
other coregulatory proteins by the ERs is thought to play a
major role. Hence, the investigation of the composition of the
DNA-bound ER protein complex (the ER receptosome) is of
great importance.

Several attempts to isolate nuclear receptor complexes
have been made, and much useful information has been
generated regarding complex compositions (8-13). However,
the methods used often rely on laborious prefractionations
and enormous amounts of starting material, making these
methods inconvenient for efficient analysis of nuclear receptor
complexes. In addition, ligand effects are either not ad-
dressed or cannot be addressed using previous methods. As
mentioned above, upon agonist ligand exposure, the active
ER complexes bind to the ERE sequence regions with excep-
tionally high affinity (K, of 0.5 nm) (14, 15). This implies that ER
receptosomes, at least in their active form, need to be isolated
bound to DNA. Because stringent purification procedures
often include several steps and thus take time, many relevant
proteins are lost when using techniques like classical tandem
affinity purification tagging or immunoprecipitations, yielding
too low amounts of isolated proteins for efficient MS identifi-
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cation. Thus, a method for fast, stringent, and reproducible
nuclear receptor protein complex isolation and identification
would greatly benefit the understanding of nuclear receptor
function and endocrine signaling pathways.

Here we report an effective method for the isolation of
DNA-bound ERa complexes in the presence of the ligands E,,
4-OHT, and ICI-182,780. The method used relies on a single
step stringent purification of proteins bound to a 9XERE
oligonucleotide immobilized on Sepharose beads. Although
DNA affinity chromatography of ERa has been reported pre-
viously (16), we expanded the method for proteomics analysis
of ligand-bound ERa complexes. This method was very effi-
cient in isolating protein complexes bound to the ERE oligo-
nucleotide and showed a high preference for immobilizing
ERa. Surprisingly, low amounts of starting material yielded
enough purified proteins for MS analysis. Hence, this tech-
nigue proved to be a fast and efficient method for ERa com-
plex isolation that can be used for studying ligand-specific
effects on the ER receptosome.

EXPERIMENTAL PROCEDURES

Construction of ERE Columns—80 pmol each of the oligonucleo-
tides representing either a functional 3XERE (ERE-5'-2, “GATCGAA-
TTCATGAGGTCACAGTGACCTAGCATGAGGTCACAGTGACCTAG-
CATGAGGTCACAGTGACCTAGCGAATTCGATC”, ERE-3'-2, “GAT-
CGAATTCGCTAGGTCACTGTGACCTCATGCTAGGTCACTGTGAC-
CTCATGCTAGGTCACTGTGACCTCATGAATTCGATC”) or a non-
functional (NF; control) 3XERE (ERE-5'-Mut, “GATCGAATTCATGG-
GCGCACAGTGATCTAGCATGGGCGCACAGTGATCTAGCATGGG-
CGCACAGTGATCTAGCGAATTCGATC”; ERE-3'-Mut, “GATCGAA-
TTCGCTAGATCACTGTGCGCCCATGCTAGATCACTGTGCGCCC-
ATGCTAGATCACTGTGCGCCCATGATTCGATC”), all containing
flanking EcoRlI restriction sites, were annealed and digested with
EcoRl. The digested double-stranded 3XERE oligonucleotides
were then allowed to ligate with each other for 20 min at room
temperature and then ligated into an EcoRlI-digested and dephos-
phorylated pCDNA3 vector (Invitrogen) at +14 °C overnight. The
vector constructs were then propagated in XL1(blue) bacteria, ex-
tracted, purified, and sequenced. A construct with the 3 X 3XERE
(9XERE) sequence and another one with the 3 X 3XNF-ERE
(9XNF-ERE) sequence were used as templates for PCR amplifica-
tion using 5 nmol of each of the primers (pCDNA3-FW-ERE,
“ATAGGGAGACCCAAGCTTGG”; pCDNA3-Rev-ERE, “GACAC-
TATAGAATAGGGCC”), yielding 202-bp oligonucleotides. After the
PCR that was carried out for 47 cycles, the oligonucleotides were
sodium acetate/ethanol-precipitated, dried, and resuspended in 1
ml of coupling buffer (0.2 m NaHCO;, 0.5 m NaCl, pH 8.3). The
amino groups of the nucleotide bases were used for linking the
EREs to a HiTrap NHS column (GE Healthcare). Although it is
common to use 5'-aminated sequences for this linking reaction to
the Sepharose, we noticed that the efficiency of the reaction was
equal or better when using non-5"-aminated nucleotides, utilizing
the amino groups of the nucleotide bases to form the amide bond
to the NHS-Sepharose (data not shown). Approximately 2 nmol of
9XERE sequences were immobilized on the column following the
protocol of the column supplier (GE Healthcare), yielding a theo-
retical binding capacity of 18 nmol of ERa protein complexes,
supposedly sufficient for proper identification. The coupling was
stopped, and the columns were washed by flushing with alternating
volumes of 0.5 m ethanolamine, 0.5 m NaCl, pH 8.3 and 0.1 M

sodium acetate, 0.5 m NaCl, pH 4. Unless directly used, the deac-
tivated columns could be stored in 10% ethanol at +4 °C.

Cell Culturing—The human mammary carcinoma cell line MCF-7
(ATCC) was cultured in Dulbecco’s modified Eagle’s medium contain-
ing 1 mg/ml b-glucose and supplemented with 0.3 mg/ml L-glutamine
and 10% FCS (Invitrogen). To increase E, sensitivity and endogenous
ERa expression and suppress E,-mediated complex formation (17),
the medium was exchanged to medium without phenol red supple-
mented with 0.3 mg/ml L-glutamine (Invitrogen) and 5% dextran-
charcoal-treated FCS (Hyclone) 48 h prior to harvest. All cell culturing
was performed at 37 °C at 5% CO, in a humidified incubator, and the
medium was changed every 2-3 days.

Isolation of ERa Complexes—Approximately 3 X 10° MCF-7 cells
were used for each purification procedure. The cells were washed
twice in 1X PBS and then collected in 40 ml of ice-cold cell collection
buffer (200 mm Tris-HCI, 10 mm DTT, pH 9.4). The cells were sedi-
mented, resuspended in 600 ul of a hypotonic buffer (10 mm Tris-HCI,
pH 7.4,1 mm EDTA, 1X protease inhibitor mixture), homogenized with
20 strokes using a Dounce glass-glass homogenizer (B-pestle), and
sedimented at 4000 X g for 15 min at +4 °C. The cytosol (superna-
tant) was saved, and the pellet was resuspended in 500 ul of 200 mm
Tris-HCI, pH 7.4, 1.5 mm MgCl,, 25% (v/v) glycerol, 1X protease
inhibitor mixture. 10% (v/v) of the cytosolic fraction and 10 ug of
salmon sperm DNA (Sigma) were added to this nuclear extract, and
the sample was sonicated in a +4 °C waterbath for 15 min. Thereaf-
ter, 20 pg of recombinant ERa (Invitrogen) and 100 nm ligand (E,,
4-OHT, or ICI-182,780; all from Sigma) were added to the extract and
incubated at 37 °C for 45 min. Insoluble cell debris were sedimented,
and the supernatant was split into two samples, one applied to a 1-ml
HiTrap NHS column (GE Healthcare) with covalently immobilized
9XERE sequences and the other applied to a 1-ml HiTrap NHS
column with immobilized 9XNF-ERE sequences. The flow rate was
set to 0.2 ml/min using 10 mm Tris-HCI, pH 7.4 as mobile phase, and
the samples were reapplied twice. The columns were washed with
10 mm NaCl, 10 mm Tris-HCI, pH 7.4 for 10 column volumes at 0.5
ml/min and eluted with 1 m NaCl, 10 mm Tris-HCI, pH 7.4 at 0.5
ml/min. After ~4 ml, all proteins were eluted and concentrated to
250 ul using Amicon ultraconcentration filter devices (Millipore).
Thereafter, protein concentration was measured. All steps were
performed at +4 °C.

Western Blot Analysis—15% of the volume of concentrated eluted
proteins (~40 ng; except for control sample, which had a lower
protein concentration, ~15 pg) was denatured, separated on a
4-20% gradient Tris-glycine one-dimensional gel (Invitrogen) by
SDS-PAGE, and electrotransferred onto a nitrocellulose membrane
(GE Healthcare). The membrane was blocked using 10% (w/v) fat-free
milk powder in 1X PBS supplemented with 0.1% (v/v) Tween 20
(PBS-T). Primary antibodies were rabbit anti-human ERa (sc-543,
HC-20, Santa Cruz Biotechnology) diluted 1:1000, chicken anti-hu-
man ERB antibody (ab14021, Abcam) diluted 1:700, mouse anti-
human p300 (RW128, Millipore) diluted 1:300, mouse anti-human
RNA polymerase Il (Pol-1l) (610985, BD Biosciences) diluted 1:300,
mouse anti-human histone deacetylase 3 (HDAC3) (sc-17795, B-12,
Santa Cruz Biotechnology) diluted 1:300, mouse anti-human Hsp70
(sc-24, W27, Santa Cruz Biotechnology) diluted 1:2000, rabbit anti-
human splicing factor proline/glutamine-rich (SFPQ) (ab38148, Ab-
cam) diluted 1:600, goat anti-human 100-kDa coactivator SND1 (sc-
34753, C-17, Santa Cruz Biotechnology) diluted 1:200, and goat
anti-human acidic nuclear phosphoprotein 32 family member 3
(PHAPI2) (sc-68219, G-12, Santa Cruz Biotechnology) diluted 1:200.
Secondary antibodies were sheep anti-mouse HRP-linked IgG
(NA931, GE Healthcare) diluted 1:5000, donkey anti-rabbit HRP-
linked 1gG (NA934, GE Healthcare) diluted 1:5000, donkey anti-goat
HRP-linked 1gG (sc-2020, Santa Cruz Biotechnology) diluted 1:2000,
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and rabbit anti-chicken HRP-linked IgY (A-9046, Sigma) diluted
1:2000. All antibodies were diluted in PBS-T supplemented with 1%
milk (w/v). The immunoblotted proteins were detected by enhanced
chemoluminescence (ECL kit, GE Healthcare) and exposure to a
light-sensitive charge-coupled device camera (ChemiDocXRS,
Bio-Rad).

Two-dimensional Electrophoresis (2-DE)—All eluted and concen-
trated proteins (with the exception of the aliquot for 1-DE and Western
blot analysis) were purified from salts by acetone precipitation using
a 2-D Cleanup kit (Bio-Rad). The precipitate was resuspended in 7 m
urea, 2 M thiourea, 4% (w/v) CHAPS, 50 mm DTT, 0.5% pH 3-11
non-linear ampholyte, 0.002% (w/v) bromphenol blue and allowed to
rehydrate an 18-cm non-linear pH 3-11 IPG strip (GE Healthcare) for
12 h. |IEF was then carried out at +20 °C at 500 V for 1000 V-h, 1000
V for 2000 V-h, and 8000 V for 40,000 V-h (maximum 50 wA/strip)
using an IPGphor (GE Healthcare). The strips were then equilibrated
for the second dimension by soaking them first in equilibration buffer
(6 M urea, 30% (v/v) glycerol, 5% (w/v) SDS, 50 mm Tris-HCI, pH 8.8,
0.002% (w/v) bromphenol blue) containing 1% DTT and then in equil-
ibration buffer containing 5% iodoacetamide (IAA; Sigma) for 15 min
each. For the second dimension, 1-mm-thick plastic-backed slab
gels (T = 12.5%) (GE Healthcare) were used. The IPG strips were
applied onto the second dimension by embedding them in 0.5% (w/v)
agarose in electrophoresis running buffer (25 mm Tris, 192 mm gly-
cine, 0.1% (w/v) SDS). Thereafter, the second dimension electro-
phoresis was carried out with the Ettan DALT six system (GE Health-
care) at 2.5 watts/gel for 1 h and then at 20 watts/gel until the
bromphenol dye front reached the bottom of the gel. The gels were
washed 3 X 10 min with H,O, then stained with Coomassie Rapid
Stain (G Biosciences) for 1 h, and destained with H,O overnight. The
2-DE gels were scanned using an image scanner and analyzed using
the PDQuest Advanced 8.0.1 two-dimensional gel analysis software
(Bio-Rad).

MALDI-TOF Analysis—All visible spots on the two-dimensional
gels were excised with a 1.5-mm-inner diameter needle using the
ExQuest spot-picking robot (Bio-Rad). The gel pieces were washed
three times with water and then dehydrated with 50 and 100% ace-
tonitrile for 10 min each. Disulfide bonds were reduced by incubating
the gel pieces in 1% (w/v) DTT in 100 mm NH,HCO,, pH 8 for 30 min
at 50 °C. The gel pieces were then washed three times with water
and again dehydrated with acetonitrile, and thereafter, the cysteines
were alkylated with 2% IAA (Sigma) in 100 mm NH,HCO3, pH 8 for 30
min at room temperature. The IAA was removed by washing three
times with water, and the gel pieces were dehydrated with acetoni-
trile. The acetonitrile supernatant was removed after 10 min, and the
gel pieces were air-dried. The proteins were in-gel digested by rehy-
drating the gel pieces with 19 ul of trypsin solution (10 ng/ul trypsin
(porcine, Promega) in 50 mm NH,HCO4, pH 8) and incubating at 37 °C
overnight. The tryptic digests were acidified by addition of 1 ul of 10%
TFA (Sigma), and the peptides were concentrated and desalted using
n-Cyg ZipTip microcolumns (Millipore). Peptides were eluted with 1 ul
of 50% acetonitrile onto a MALDI target plate. The solvent was
evaporated, and the spots were covered with 0.2 ul of a-cyano-4-
hydroxycinnamic acid matrix solution (Agilent Technologies).

The MALDI-TOF/TOF mass spectrometer (Ultraflex 2, Bruker Dal-
tonics) was calibrated with peptide calibration standard 2 (Bruker
Daltonics), and mass spectra were acquired in the positive ion mode
at an acceleration voltage of 25 kV and pulsed ion extraction time of
80 ns. On average, 300 shots were combined for each spectrum that
were annotated using the FlexAnalysis 2.2 software (Bruker Daltonics)
and searched against the NCBI non-redundant database (NCBInr,
July 9, 2009, containing 9,775,507 sequences of which 224,015 orig-
inated from human protein sequences) using the MASCOT search
engine (version 2.1, Matrix Science) with the restriction to human

proteins. The search parameters used were: peptide tolerance, 120
ppm; fixed modification, carbamidomethylation; variable modifica-
tion, methionine oxidation; enzyme, trypsin; allow one missed cleav-
age. Molecular weight search (MOWSE) scores higher than 70 were
considered significant (at >95% confidence level). Peptide mass
fingerprint (PMF) spectra were internally calibrated using the trypsin
autolysis peptides with monoisotopic masses (m/z 842.51, 1045.56,
and 2211.10).

RESULTS

Isolation of Liganded ERa Complexes on 9XERE-Sepha-
rose—The purification of ERa complexes has been hampered
by the low amounts of receptor in most cells. Additionally,
activated receptors bind with high affinity to EREs and have to
be eluted under conditions that are not compatible with com-
plex purification (e.g. high salt). We therefore used a Sepha-
rose column containing immobilized EREs and let complex
formation occur by addition of cell extracts, ligands, and
recombinant unliganded ERa. To exclude false positive iden-
tifications, we repeated this procedure in parallel on NF-EREs
that do not bind ERa. Additionally, to diminish the effect of
in-gel variations, staining was always performed in parallel
between the ligand treatments. The basic flow scheme of the
method used for the isolation of the ERE-bound ERa is de-
picted in Fig. 1A.

Because many cofactors are situated in the cytoplasm un-
der basal conditions, we decided to include the cytoplasm in
the sample. However, using whole cell extracts yielded heavy
contamination with structural proteins and chaperones;
hence, a ratio of 90% nuclear and 10% cytosolic extract from
~3 X 10° MCF-7 cells (a fast growing, E,-dependent human
mammary carcinoma cell line) was used as the working sam-
ple applied on the column. The cell extracts were treated with
100 nm ligand, either E, or the ER antagonists ICI-182,780 and
4-OHT. In addition, 20 pug of recombinant human ERa were
added to the extract for quantifiable reproducibility and to
avoid ERa from being the limiting factor for complex forma-
tion. An incubation step was included to enable the formation
of complexes, and then the extracts were divided into two
samples, one added to a column containing 2 nmol of 9 XERE
and the other added to a column containing 2 nmol of 9XNF-
ERE oligonucleotides composed of a sequence that has no
affinity for ERa (Fig. 1B) (18-20). The latter will be referred to
as control sample. It is important to process all samples in
parallel to avoid variations. Elution was performed using the
mild conditions of a hypertonic buffer to disrupt DNA-protein
and protein-protein interactions.

Analysis of Endogenous ER Content and Identification of
Known ER« Interactors—To ensure that the MCF-7 cells do
contain endogenous amounts of ERa and thus represent a
relevant biological system for ERa complex formation, we
performed Western blot analysis on cell extracts. Indeed, we
could detect significant amounts of ER« (Fig. 2A). In addition,
no ERB was detected in this cell line, suggesting that ER
ligands act solely through the ER« subtype in this system. To
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3xNF-ERE: 5'-GATCGAATTCATGgGCcgCACAGTGALCTAGCATGGCgCACAGTGALCTAGCATGGGegCACAGTGALCTAGCGAATTCGATC-3'

evaluate our procedure, we used Western blot to detect ER«
and known ERa complex members in the eluted fractions. We
could detect enrichment not only of ERa itself but also of
different known classical transcriptional regulators and Pol-II
(21) (Fig. 2B). ERa was found in all ERE eluates although
mostly in those from E,- and 4-OHT-treated extracts, sug-
gesting that ER« binds to the ERE regardless of ligand type.
Small traces of receptor were found in the E, control sample
purified on NF-ERE, representing its background binding to
DNA or to proteins that bind DNA. The classical NR coacti-
vator and acetyltransferase p300 (22) was seen enriched only
in the eluate from E,-treated extracts. The transcription inter-
mediary factor 2 (TIF2), a protein belonging to the p160 family
of NR coactivators (23, 24), was enriched in the eluate from
E,-treated extracts. HDACS (25) could only be observed in the
eluates from 4-OHT-treated extracts, whereas Pol-Il, the ef-
fector of NR-mediated transcription, was more enriched in E,
eluates. The discrepancy between E, and 4-OHT ligand-in-
duced receptosomes supports the common notion that dif-
ferent ligands induce a different ER conformation, thus at-
tracting different cofactors (21, 26). Enrichment of these

cofactors showed that the ERa complex isolation was specific
and effective.

Identification of ERE-interacting Proteins by 2-DE and
MALDI-MS —To separate and quantify the isolated proteins, a
broad range 2-DE covering pl 3-11 and 10-150 kDa was
performed. 240 distinct spots could be detected on the gel
from E,-treated extracts, 206 spots could be detected from
4-OHT-treated extracts, 177 spots could be detected from
ICI-182,780-treated extracts, and at most, 96 spots could be
detected from each control sample (Fig. 3A). The identification
of the spots was performed using MALDI-TOF MS and re-
sulted in the total detection of 108 proteins. The identified
proteins are summarized in Table |. Proteins matching a PMF
spectrum with a MOWSE score of 70 or higher were consid-
ered significant. Hence, the protein spot identification was
estimated to encompass around 80% of total spots, not
counting spots of post-translationally modified isoforms. The
intensity of each spot on the two-dimensional gel was quan-
tified by measuring the Gaussian distribution of the spot in x,
y, and z directions using the PDQuest Advanced gel image
analysis software and compared between the gels. This is
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FiG. 2. Western blot analysis of ERa and ERp levels and iden-
tification of known ERa interactors. A, analysis of endogenous
levels of ERa and ERpB in MCF-7 cell extracts (90% nuclear, 10%
cytosolic). B, 15% of the volume of eluted ERE-interacting proteins
from extracts treated with 100 nm E,, ICI-182,780, or 4-OHT. The
proteins were separated by one-dimensional SDS-PAGE, electro-
transferred to a nitrocellulose membrane, and immunoblotted using
antibodies directed against ER«, p300, TIF2, Pol-Il, and HDACS3.
Control samples were treated equally but separated on 9XNF-ERE.
Input represents 40 ug of cell extract prior to column chromatogra-
phy. ICI, ICI-182,780.

summarized as percentage of the highest intensity in Table I.
For simplicity, control sample here is represented by the
NF-ERE eluate from the E, treatment. Fig. 3B shows a typical
comparison between the same protein spot (Hsp70) on the
different gels. However, not all proteins could be detected by
2-DE alone, probably due to solubility problems, large protein
mass, difficulties for some proteins to enter the second di-
mension, and/or protein degradation. In this case, one-dimen-
sional gels were run as complements to the two-dimensional
gels by which eight additional proteins could be identified
(Fig. 3C and Table I). Among these were the histones H2A,
H2B, H3, and H4, which could suggest that nucleosomal
structures actually can be formed on the immobilized DNA or
that the histones are attracted to co-purify with the ER«a
complexes by specific interactions with receptosomal pro-
teins. The latter hypothesis is supported by lower amounts of
histones detected in the control samples.

Interestingly, apart from some of the known ER« cofactors,
many novel interactors were identified of which a large part is
involved in not only transcription but also in, among others,
cell structure, translation, and nucleic acid stability. The gen-
eral ligand specificities (if any) toward functional categories of
proteins identified are summarized in Table Il. Studying Table
l'in detail, it is apparent that several of the proteins eluted from
the columns are contaminants such as abundant structural
proteins (annexin A2, septins, B-actin, and keratins), which are
also abundant in the control sample. Several protein families
were overrepresented in the eluates from E,- and 4-OHT-
treated extracts. These include the heterogeneous nuclear
ribonucleoproteins (hnRNPs) of which the function of many is

still unknown. Another group belongs to the DEA(D/H) box
family of RNA helicases that have a conserved Asp-Glu-Ala-
(Asp/His) motif and are multifunctional proteins that, in addi-
tion to RNA unwinding, are involved in RNA processing, ex-
port, and translation. A third group of abundant eluted
proteins belong to eukaryotic translation initiation and elon-
gation factors. These proteins are members of the translation
complexes involved in initiation of translation and stabilizing
elongation of mMRNA and participate in polypeptide synthesis
by attracting tRNAs (27, 28). The eukaryotic elongation factors
and eukaryotic translation initiation factors are basically not
found in the control samples, suggesting that these factors
bind indirectly (or nonspecifically) to the large protein com-
plexes assembled on the ERE. An interesting group of eluted
proteins is associated with mRNA splicing: paraspeckle pro-
tein 1 (PSP1), SFPQ, and the p54nrb splicing factor. At least
the latter two proteins form heterodimers and have been
shown, in addition to their RNA splicing ability, to have several
other functions, including transcriptional regulation of NRs
(29-31). SF2 on the other hand is known to interact with at
least hnRNP A1 and PP2A (both found in Table I) as part of a
larger translation/splicing complex (32, 33). Most of these
proteins were mainly found in eluates from E,-treated ex-
tracts, but some were also in ICI-182,780 and 4-OHT eluates.

The overlap of proteins found in the E,-, ICI-182,780-, and
4-OHT-liganded complexes are summarized in Fig. 4. Inter-
estingly, using the cutoff of 2-fold enrichment, no unique
proteins could be detected in the ICI-182,780 complex, sug-
gesting the effect of this ligand to be mediated differently than
by ERa-ERE binding.

Confirmation of MALDI-MS Analysis—Four proteins identi-
fied by MALDI MS in eluted fractions were selected for West-
ern blot confirmation (Fig. 5): two proteins found to a larger or
smaller extent in all fractions, Hsp70 and SFPQ; one protein
found predominantly in the eluate from E,-treated extracts,
100-kDa coactivator SND1; and one protein only found in the
eluate from 4-OHT-treated extract, PHAPI2 (also known as
pp32). The Western blot analysis confirmed the two-dimen-
sional gel image analysis of these proteins and the MALDI MS
identification.

DISCUSSION

It is clear that cofactors are responsible for mediating bal-
anced and accurate transcriptional effects of NRs. Under-
standing the cofactor complex composition of NRs (the re-
ceptosomes) in different tissues, on different promoter
elements, and upon different ligand binding would thus be of
great importance in deciphering the complex signaling of the
NR-mediated transcription. To date, several attempts have
been made to isolate nuclear receptor complexes either
whole or in smaller parts (8—13). However, several difficulties
have limited the isolation and proteomics analyses of NR
complexes of which the largest have been the low amounts of
endogenous NRs and the compromise between stringency
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4-OHT treatments as well as control 28 28
sample (E,-treated and isolated on
9XNF-ERE column). The indicated 17 47
bands (a—h) correspond to the proteins
listed in Table I. Control samples were
treated equally but separated on ICI Control
9XNF-ERE. For simplicity, only the E,
control sample is shown (4-OHT and B C
ICI-182,780 control samples are avail- 60% 100% A-OHT c ¢

able as supplemental Fig. S1).

0%

ICl = Control

and efficiency of the methods applied. In addition, the strong
association of liganded NRs to DNA has also posed a problem
for efficient complex isolation (15). Recently, Schultz-Norton
et al. (13, 34) demonstrated a method for the isolation of
DNA-bound ERa complex separated on an agarose gel. Al-
though their technique is very straightforward, we could not
reproduce their results stringently enough using MCF-7 cells
and the ligands E,, ICI-182,780, and 4-OHT. Instead, the
efficiency of this method was hampered by co-purification of
large amounts of chaperones and structural proteins (proba-
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bly due to co-migration of numerous other protein complexes
with the ERa complex in the gel), making it difficult to distin-
guish false positives from true positives. In this report, we
present a different approach, using the high affinity of ligan-
ded ERa toward ERE sequences for its receptor complex
isolation from MCF-7 cells in a one-step column chromatog-
raphy procedure. This mammary carcinoma cell line has high
endogenous levels of ERa (no ERpB) and is referred to as an
E,-sensitive cell line, thus representing a relevant biological
system for ERa complex isolation. Although we used the
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TABLE |
Isolated proteins bound to the ERE-speharose upon different ligand treatments

NCEI gi : Quantitation of spots (% & SD)
accession Peptides Total Sequence MOWSE
no. Protein name hed peptid g Score E2 ICl 4-OHT c" Function
Protein phosphatase, catalytic 100.0 535+ i .
4506005 subunit, beta 1 8 45 23% 92 34 22 0 ] Cell division, translation
Cellular retinoic acid binding o 100.0 T7.5+ 80+ . -
18314500 protein 1 7 24 43% 7 70 58 0 55 Cell growth, differentiation
4885409 High density lipoprotein binding 1 207 1% 90 1000;  repds 0 0 Cholesterol transport
protein +53 7.3
Heterogenous nuclear 100.0 76.1+ . - 2
14110420 ribonucleoprotein D 6 39 15% 64 +3.9 6.8 0 ] Mucleic acid stability
DMA topoisomerase |l binding 100.0 i 2
3845613 prote 15 182 14% 72 84 v] 0 0 Transcription, DNA topology
Far upstream element-binding P 100.0 217+ Transcription, DNA
17402900 protein 17 T4 4% 145 126 20 0 0 unwinding
5729858 NCOAZ (TIFZ) 21 127 21% 75 1023 923; 1] o Transcriptional regulation
28558979 Mediator complex subunit 27 9 49 2% 7 T 0 415 Transcriptional regulation
119617744 E2F-transcription factor 7 9 104 12% 75 wos,  Aas 0 0 Transcriptional regulation
21327715 Iranscnptmnal elongation factor 14 143 10% 115 ‘;Og.g 0 0 ;I;:Eﬁ;:nphonal regulation
100.0 0+ Transcriptional regulation,
34932414 pS4nrb 30 T2 53% 124 36 31 Q 0 RNA splicing
8923421 SeryHRNA synthetase 2 8 78 19% 75 bt 0 0 0 Translation
108773810 Leucyl-tRNA synthetase 22 163 25% a4 Lﬂ;] : 0 1] o Translation
Eukaryotic translation elongation 100.0 820+ .
29826335 factor 2 beta 5} 56 21% 8z 04 6.3 0 0 Translation
Eukaryotic translation initiation 3 100.0 68.1+ Translation, interacts with
436002 factor 44 16 &0 2% 19 +11.2 7.5 0 i DEAD-box proteins
5031957 Polyglutamine binding protein 1 7 36 41% 94 :C:l'])t; 635% 5 0 ] Unknown
42558250 Cell cycle associated protein 1 1 52 19% 84 e e b 0 Gell cycle regulation
Structural Maintenance of o 100.0 66+ Chromosome segregation,
S0pGT13S Chromoseme 1A 15 &2 18% i +14.2 20 2 BRCA1 interactor
5901926 Nudix-type motif 21 10 31 40% 98 o ks 0 Translation
31958 Glutamyl-tRNA synthetase 25 214 23% 147 1‘0_:]'?0 o 363; o Translation
62896511  Asparty-tRNA synthetase 17 86 39% 161 b 0 Translation
21666261 F-box DNAhelicase 8 123 % 70 1000 Br 100t 92 DNAunwinding
55957496 Lamin AIC 20 98 46% 266 Jooo  &:0x  WOx AT0: Nuclear structure
181250 Cyclophilin 10 a7 9% 103 : 202'% 535; aflt 414'? * Protein folding
90kDa Nuclear factor associated o 100.0 109+ 101 & .
12746295 with dsRNA (NFAR) protein 12 95 22% 122 £10.1 31 24 0 RNA stability
P = 100.0 3.0+ 1.0+ i A
6959304 MY B binding protein 1a (p160) 14 183 15% &9 +92 46 53 o Transcriptional regulation
799177 100.0kDa Coactivator SND1 18 127 25% 154 we e B 0 Transcriptional regulation
4507947 Tyrosyl-tRMA synthetase 15 93 29% 102 :g‘:a 9220; 3'22; 0 Translation
Synaptotagmin binding,
33874520 cytoplasmic RNA interacting 12 63 2% 116 000 82e 83+ 102*  fransiation
protein - ’ : '
28175596 Phenylalanyl-tRNA Synthetase 8 67 17% &8 :gga Eéﬁ?t 145%* o Translation
100.0 51% 11.1 % 54+ :
45439306 Aspartyl-tRNA synthetase 13 86 28% 127 +12.1 1.9 0.1 a8 Translation
32129199 CIP29 7 3 37% 78 e 80 = 0 Cell cycle regulation
4099506 ErbB3-binding protein 1 27 51 58% 155 W =i Sle 0 Cell proliferation
3 i 100.0 85.0+ 217+ 45.1+ Cytokinesis, vesicle
119626209 Septin 11 13 63 34% 101 + 41,4 3.9 51 23 trafficking
Aryl hydrocarbon receptor - 100.0 30,0+ 19.2 + 16.1 ¢ Nuclear transport,
45720457 interacting protein-like 1 5 3 8% i +91 1.2 0.5 28 chaperone activity
Cold inducible RNA binding A 100.0 745+ 18.9+ 19.9 + ;
4502847 protein 6 27 41% 75 £33 26 a8 35 Translation
5031573 Actin-related protein 3 homolog 9 53 23% 92 Logg 161'21 22'191 121:: £ Unknown, actin assembly
Unknown, binds to pS4nrb
109240550 Paraspeckle protein 1 (PSP1) 15 77 30% 111 10.?: 911'08 * zi' i: aio?t and is localized in nuclear
s E ¥ T paraspeckles
\ 100.0 522+ 251+ 41.2+% e
18645167 Annexin A2 16 59 43% 169 +10.1 45 11 19 Cell growth, migration
66346679 Serpine mRNA binding protein 9 60 20% 83 logg 315'2 : 3‘1' Lt 1625], 4 mRMNA stability, unknown
16306954  NUDT16 protein 8 3 69% 70 b 0 iy RNA stability
P 100.0 44,5+ 21z 8.0+ Transcription, nuclear
N o,
238776833 THO complex 4 9 35 35% 79 £12.0 6.6 25 34 chaperone
Heterogenous nuclear u 100.0 333+ 329+ 77t i -
75517570 ribonucleoprotein Al 8 40 32% &9 489 31 58 1.0 Transcriptional regulation
= 100.0 301+ 42+
45146467 HSPC117 12 69 27% 112 8.1 37 50 o Unknown
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TABLE |—continued

NCEI gi : Quantitation of spots (% & SD)
accession Peptides Total Sequence MOWSE
no. Protein name hed peptid ] Score E2 ICl 4-0HT c" Function
119627830 SFPQ 2% 91 45% 108 2995 MaAr 2= 100* Transcriptional regulation
PRP4 pre-mRMA processing 100.0 46.2 + 411 ¢ 620+ z
48146327 fastor 4 9 T4 24% 106 £17.2 35 37 38 Translation
15920104 MethionyltRNA synthetase 11 93 17% 85 e Mln Ae 0 Translation
11095909 LysyltRNA Synthetase 16 a1 27% 138 :22_05 518::: «igi Translation
1040970 Fusion-like protein 8 44 21% 7 1000 e&sx  308x 2T rransiation
. ’ 5 100.0 48.9+ 46.7 + 13.32 .
607793 Ribosomal protein LS 6 27 44% 68 +11.0 33 39 18 Translation
Eukaryotic translation initiation 100.0 722+ 9.3+ x
7661920 factor 4.3 10 65 24% 107 +128 a8 12 ] Translation
DMA dependent protein kinase 100.0 131+ 66.3 £ - -
13606056 catalytic subunit ™ 33 587 9% 115 41 16 70 i} Transcription, DMNA stability
145843637 SET translocation 13 28 7% 11 e o= At el I{;:i:'g::;;' (AP
DEAH (Asp-Glu-Ala-His) box G 100.0 46,1 736+ 81z :
100.0913206 polypeptide 9 a0 165 28% 267 +6.0 66 41 2.1 Translation
100.0 T1.4+ 67.5% 63,9+
55613379 CLE 13 45 56% =2l +20.2 a0 15 52 Unknown
Structural Maintenance of 100.0 522 830z 4.4+ Chromosome segregation
4385398 Chromosome 3 2 21 % 122 +18.2 1.9 30 0.8 and stability
: & 100.0 49.9 + 84.1% 5.9+ Cytokinesis, vesicle
218520987 Septin 8 8 59 25% 100 +12.6 58 73 11 trafficking
. o 100.0 82.2 4+ 91.0% 109 i i
2245365 ER-60 protein 12 &0 28% 125 +19.2 5.5 57 10 Protein folding
Y 100.0 90.7 + 95.8 T2+ " .
119609105 Prohibitin 2 10 51 40% 72 +205 44 48 23 Transcriptional regulation
62821794 Estrogen receptor alpha 1" 60 26% &8 Logf 32; :). = 925‘1 = 11’?‘* Transcriptional regulation
: r 100.0 95.0 + 94,1+ 295
4504301 Histone H4 1M 15 61% 122 82 15 27 46 Nucleosome structure
51859376  Histone H3® 5 21 33% 72 109 #ox %AE 2135 Nuckeosome structure
1568557 Histone H2B " 8 20 53% 81 1000 w0x 90 4% Nuckeosome structure
24638448 Histone H2A ¢ [ 16 62% 145 ]‘0_?;,] 935% + 9?;2 = 3% 19 £ MNucleosome structure
Eukaryotic translation elongation " 100.0 60.3 & 93.1% .
4503481 factor 1 gamma 9 &1 19% 80 by 102 18 0 Translation
Heterogenous nuclear i 90.0 £ 100.0 42,6 ¢ 46.1 : . i
34740329 ribonucleoprotein AZ/B1 16 48 56% 125 42 +95 6.5 75 Mucleic acid stability
DEAD/H (Asp-Glu-Ala-Asp/His) 89.1+ 100.0 95.8 + 124+ i
87196351 box polypeptide 2 21 1086 30% 155 06 +77 13.0 24 Translation
181573 Keratin 8 18 87 50% 175 s debe D SR z‘i’";'r:H::'“'e' adhesion,
Guanine nucleotide binding 86.0 £ 941+ 100.0 239+ .
5174447 protein (G-protein) beta 2-like 1 3 4% L L a1 22 +50 2.1 Cell adhesion
119591368 Mucleolin 13 78 26% 116 82?60 * lugg 1] a Translation
23274163 Septin2 11 55 43% 88 By 0 SRt gl E:f;:"(’:::'a Vealgs
g 81.2 % 733+ 100.0 1262 Cell structure, adhesion,
46249758 Ezrin 20 110 24% 170 55 44 $49 16 migration
Interconversion of 1-carbon
2p13663y  prorere SRl 24 133 3% 197 e OF T0) GF seamesol
ydrog ¥ . ! ! tetrahydrofolate
Heterogenous nuclear 61.0 + 100.0 334z 10.0 = : . i
55958544 ribonucleoprotein K 14 G4 39% 126 6.7 459 4.0 22 Mucleic acid stability
6005942 Valosin containing protein 26 122 33% 152 il 0 Protein degradation
10835063  Nucleophosmin 10 42 36% 76 o s EEE e f:;bn‘;‘;ﬂ akaszambly,and
DEAD (Asp-Glu-Ala-Asp)-box 56.0 + 738+ 100.0 129+ .
38201710 polypeptide 17 18 20 27% 120 1 < Lad 55 Translation
467977 N-Ethylmaleimide-sensitive factor 19 120 26% 135 ar  Eas A 0 Vesicle fusion
. 50.5 + TT.4+ 48.1 = 100.0
78057661 Septin 7 10 &5 32% 118 6.3 23 39 +78 Cell structure, unknown
Retinoblastoma binding protein 46.5 171+ 100.0 71+ . z
5032027 4A 12 40 22% 94 17 51 446 0.8 Histone deacetylation
Mucleosome assembly protein 1- 47.0 T1.0¢ 100.0 9.0+
5174613 ke 4 10 43 30% 102 52 16 122 05 Mucleosome assembly
Eukaryotic translation elongation 45.9 + 82+ 100.0 .
4503483 factor 2 18 126 21% 124 59 20 4 6.1 Translation
Heterogenous nuclear 383+ 22+ 100.0 28.2 . . "
34740329 rbontcleoprotein A3 1 48 33% 81 23 5g +12.5 6.1 Mucleic acid stability
4507677 Hsp90 beta 17 123 22% 111 o9x  WTx 1000 B protein folding
62897129 Hsp70 25 a1 4% 276 611' Is * 21?'93 5 ltn?o ': 9;‘03* Protein folding
307086 Keratin 10 17 66 35% 75 e Wax AE R ;fg;ﬁ::““' adhesion,
" 22+ 340+ 100.0 245+ Cell structure, adhesion,
14250401 Beta-actin 17 51 55% 129 46 41 +16.0 57 migration
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TABLE |—continued

NCEI gi : Quantitation of spots (% & SD)
accession Peptides Total Sequence MOWSE
no. Protein name matched peptides coverage Score E2 ICl 4-0HT ch Function
: bl 3.5+ 57.5¢ 100.0 13.4 Transcription, DNA
1806048 Nuclear DNA helicase [l 27 165 26% 145 24 82 +14.1 42 unwinding
38349106 LIM homeobox 8 4 13 42% 58 2"'1'59 £ 22 i 2 LO?': 0 Transcriptional regulation
Proteasome 26 non-ATPase N 200+ 100.0 58.8 + . .
25777600 subinit1 7 17 1% 43 22 +72 52 0 Protein degradation
234+ 100.0 786+ 85+
662841 Hsp27 10 27 57% 92 6.1 +9.1 5.2 15 Chaperone, cell stress
. 222+ 54.5+ 100.0 44,0 + Cell structure, adhesion,
4557888 Keratin 18 23 73 49% 164 63 49 +9.9 6.1 imighetion
SRC1 and TIF2 associated 17.9+ 14.4 + 100.0 v :
34559495 binding protein 9 172 10% 72 40 11 +4.9 0 Transcriptional regulation
; : 98+ T4+ 100.0 :
4580013 Sorting Nexin 6 10 65 26% 87 05 1.0 +25 0 Intracellular trafficking
13.5+ 5.0+ 100.0 55+ .
63148618 SIAH1 6 25 18% 80 08 13 $3.7 11 Ubiquitination
L 40¢ 23.4 4 100.0 Cell structure, adhesion,
338695 Tubulin beta 17 51 42% 7 04 0.9 +7.0 0 migration
" s 66 ¢ 6.9 % 100.0 141 % Cell structure, adhesion,
24234699 Keratin 19 21 74 53% 233 12 25 +58 20 migration
Thyroid hormone binding protein “ 6.1+ 21.0+ 100.0 50+ 2 :
339647 precursor 14 a0 28% 155 24 42 +8.8 14 Protein folding
Glutamate-rich WD repeat 57+ 15.5 + 100.0 46+ 2
237820620 containing 1 1 45 3% 94 10 29 +12.0 12 Ribosomal assembly
119608214 Spectrin, alpha, non-erythrocytic- 28 441 14% 86 0 0 100.0 0 Cell cycle. regulation, actin
1 +22 organization
Phosphatase 2A regulatory = 100.0
189428 subunit (PP2A) 12 82 27% 97 0 0 + 41 0 Cell growth
14389309  Tubulin alpha 6 14 54 0% 125 0 11e 1000 0 oel stuchurs, adhesion;
1.2 +14.9 migration
392890 Drebrin E2 10 64 17% 83 0 0 Bl 0 Cell structure, migration
Acidic nuclear phosphoprotein 32 100.0 Inhibition of histone
171848685 iy member 3 (PHAPI2) I 28 4 L 0 9 £1.7 0 acetylation
Heterogenous nuclear 79.0 ¢ 100.0 2221% £ : .
14249958 ribonucleoprotein C 12 55 39% 120 0 23 +4.0 19 Mucleic acid stability
i3 20.7 £ 100.0 Protein maturation, GLUT4
48255889 Protein kinase C substrate 80K-H 10 47 21% 100 0 26 +8.9 0 transport
Eukaryotic translation initiation " 100.0 "
219553707 factor 5A 3] 30 42% 79 0 Q 4.4 0 Translation
89365957 Eukaryotic translation elongation - 100.0 T lati
factor 3A 12 255 1% 137 0 0 £31 0 ranslation

1) Control sample represent E2-treated extracts separated on NF-ERE.

a)-h): Identified on 1D gel.

TaBLE Il
Summary of ligand specificity versus function of proteins identified
bound to ERE-ER

Category No.fgl:ﬂtéems Ligand specificity®
Cell cycle regulation 7 E,
Cell structure, adhesion, migration 12 4-OHT
Cytokinesis, vesicle trafficking 4 No specificity
Histone deacetylation 2 4-OHT
Nucleic acid stability 14 No specificity
Nucleosome structure 4 No specificity
Protein degradation 2 E,/ICIP
Protein folding 7 E,/4-OHT
Transcriptional regulation 20 E,
Translation 31 E,
Other 7 No specificity

2 Cutoff of 2-fold enrichment between ligand treatments used.
b1ClI-182,780.

MCEF-7 cell line exclusively, this method could be adapted to
other cell lines or even tissue samples. The method would
also be applicable to other NRs that have affinity toward a
specific DNA sequence. Encouragingly, the method pre-
sented here uses relatively low amounts of starting material
(approximately 3 X 10° cells) and is fast and efficient in

E2 s 4-OHT
! 20

ICI

FiG. 4. Venn diagram showing overlap of proteins found in E,-,
ICI-182,780-, and 4-OHT-induced ERa complexes. Of 108 proteins
identified, 25 proteins were found enriched at the ERE under E,
treatment and 20 were enriched under 4-OHT treatment, whereas no
significant enrichment could be observed under ICI-182,780 (/Cl)
treatment. Additionally, seven proteins were found in all eluates,
including control sample (not shown here). A 2-fold enrichment cutoff
was set to discriminate between the treatments.

isolating significant amounts of ERa complexes. Previous at-
tempts in NR complex isolations have required enormous
amounts of starting material as is common in many pro-
teomics analyses of low abundance proteins, making every
experiment extremely laborious. Our method isolates any-
thing bound to the ERE sequence, not only the ERa com-
plex but also many factors associated with the DNA. Hence,
it is important to include a good control for false positive
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E2 ICI 4-OHT
” o o &
a w W w oW wooW
£ § 2 & & & =
'- - . — SFPQ
— —— X 100kDa Coactivator SND1
- PHAPI2

Fic. 5. Western blot analysis of MS-identified ERE-interacting
proteins. 15% of the volume of eluted ERE-interacting proteins from
extracts treated with 100 nm E,, ICI-182,780 (/IC/), and 4-OHT was
analyzed. The proteins were separated by one-dimensional SDS-
PAGE, electrotransferred to a nitrocellulose membrane, and immuno-
blotted using antibodies against Hsp70, SFPQ, 100-kDa coactivator
SND1, and PHAPI2. Control samples were treated equally but sepa-
rated on 9XNF-ERE. Input represents 40 ug of cell extract prior to
column chromatography.

interactors (background binding). Here we used an NF-ERE
sequence to identify any proteins that might associate to
the DNA itself in vitro. In addition to various factors associ-
ated with nucleic acid stability, mRNA processing, transla-
tion, and cell structure, we also detected small amounts of
ERa bound to the NF-ERE. The binding of ERa to NF-ER
could imply a weak (probably unspecific and tethered) bind-
ing of ERa to this sequence, and we cannot rule out that
some of the identified proteins in the control sample are
false negatives. In this sense, it is important to analyze the
relative amounts of each protein spot between the gels and
draw conclusions on specificity based on this. This method
is thus compatible with relative quantitative analyses such
as two-dimensional DIGE. Another interesting benefit of this
method is the limitless modification of the DNA sequence
immobilized on the beads. Any classical promoter site and
variations thereof may be used, making this method an easy
way of studying the effect of promoter region heterogeneity
(20, 35), in combination with different ligands, on cofactor
recruitment. A drawback of this method was apparent heavy
contamination with structural and chaperone proteins (e.g.
keratins, p-actin, Hsp70, and Hsp90) when using whole cell
extracts of MCF-7 cells. To reduce this contamination, we
used starting material consisting of a 9:1 ratio between
nuclear and cytosolic extracts. Although this adds to the
artificiality, we reasoned that this would not affect the
method per se. In fact, it is very hard to mimic the complex
from an in vivo environment with compartmentalization of
different proteins that are affected by E, signaling, espe-
cially when isolating protein complexes. In this sense, one
needs to determine the parameters (e.g. choice of cell type,
cellular extract, ligand exposure, and DNA sequence) for the
purification beforehand based on known facts and previous
experiences.

The identified proteins were all detected using Coomassie
staining, which has a good stoichiometric linear range and
sensitivity down to 0.5 pmol of protein. Using a more sen-

sitive staining dye (e.g. SYPRO Ruby or silver staining) for
detection of some very low abundance proteins proved
insufficient for significant MALDI MS identification. How-
ever, using a combination of Western blot and MALDI MS,
we could detect several classical cofactors such as Pol-Il,
p300, and TIF2, suggesting this method to work and that
scaling up the sample size would likely identify even very
low abundance proteins efficiently. Interestingly, not only
transcriptional regulatory proteins were found, but also
many proteins associated with translation, mRNA process-
ing, cell structure, and cell cycle regulation were isolated.
Some overrepresented proteins belong to the hnRNP and
DEA(D/H) box multifunctional protein families. Although the
function of many of these proteins is still not completely
understood, it has been demonstrated that hnRNPs can
bind specifically to DNA and RNA (36, 37) and also to EREs
(38), modulating ER transcriptional activity. Members of the
DEA(D/H) box family have also been recognized as cofac-
tors of ERa-mediated transcription (39, 40). It is not known
whether these proteins are components of the ERa complex
or are associated directly or indirectly with the ERE, and
future experiments to characterize these interactions would
be of great interest. Our data possibly propose the ERa
complex to be much larger than previously thought, prob-
ably due to dynamic interactions with surrounding structural
and nucleotide-binding proteins. For example, the histones
H2A, H2B, H3, and H4 were found in all eluates, which could
suggest that the immobilized ERE sequences (202 bp) are
large enough for nucleosome assembly. Lower amounts of
all histones were found in the control eluate, suggesting that
they have some affinity to the ERa complex or specificity to
functional EREs. It is known that ERa-mediated gene tran-
scription is associated with histone acetylation and chro-
matin remodeling (41), a process that is mediated by histone
acetyliransferase cofactors such as p300. On the contrary,
histone deacetylation by corepressors such as HDACs in-
hibits ERa transcription. It is still debated whether and how
a physical interaction between the ER transcriptional com-
plex and nucleosomes would be of functional significance,
although an interaction between histone acetyltransferases
and other cofactors (e.g. ATP-dependent chromatin remod-
elers such as Brahma-related gene 1) could lead to such
interactions (42, 43).

We found that ER« binds to the ERE after treatment, not
only with E, but also with 4-OHT and, to a lesser extent,
ICI-182,780, two ER antagonists. The issue of the ERa
complex affinity for the ERE under various ligand treatments
is still debated, although the common notion is that the
effect of the ligand is mediated via different cofactor affin-
ities to ERa rather than via ERE binding. 4-OHT induces a
conformation that attracts corepressors to the ERE, render-
ing the complex inactive, and deacetylates the histones.
However, in some tissues, 4-OHT attracts other cofactors to
activate gene transcription at estrogen-regulated promoters
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(44). The molecular action of ICI-182,780, on the other hand,
seems to down-regulate ER protein levels by degrading the
receptor (45, 46) rather than to inhibit ER-ERE binding. This
could explain why we could not detect significant enrich-
ment of any unique proteins at the ERE after ICI-182,780
treatment (Fig. 4). However, we found two novel proteins
involved in proteasomal degradation to associate with the
ERa complex mainly following ICI-182,780 treatment: valo-
sin-containing protein and proteasome 26 non-ATPase sub-
unit 1. The 4-OHT-induced ERa conformation was found to
attract several histone deacetylases (or inhibitors of acety-
lation) such as PHAPI2 (pp32) and retinoblastoma protein
binding members 4A and 7. The PHAPI2 and retinoblastoma
proteins have been found to associate in large complexes to
NR-regulated promoters inhibiting gene transcription (29,
47). A protein mainly isolated from the E, treatment was the
SET nuclear oncogene. This protein is a member of the SET
complex of multifunctional histone chaperones of which
PHAPI2 is also a member and has been shown to have
different transcription modulating activities on different
genes (47, 48) and to enhance transcription by interacting
with the NR coactivator cAMP-response element-binding
protein (CREB)-binding protein (CBP) (49). Furthermore, the
members of the pre-mRNA processing machinery, SFPQ,
p54nrb, and PSP1, found mostly in the eluates from E,
treatment, have also been shown to be associated with
PHAPI2 and appear to modulate NR-mediated transcription
in different ways (29, 30). Noteworthy is that ER« liganded
with 4-OHT appears more prone to interact with tubulins
and the heat shock proteins Hsp70 and Hsp90. Similar
associations have been seen previously for NRs outside the
nucleus and might be involved in the degradation of cyto-
plasmic ER« (50, 51).

In conclusion, we have developed an effective method for
isolating the liganded ERa complex as it is assembled on
the ERE. In addition to several classical cofactors, we iden-
tified proteins associated with e.g. chromatin remodeling,
nucleic acid processing, cell structure, and transcriptional
and translational regulation to interact directly or indirectly
with ERa. This may result in a transcriptional megacomplex
of various factors in an intricate network of interactions that
delivers a measured, cell- and promoter-specific response
to ligand stimulation (52, 53). The functional characteriza-
tion of the identified proteins will be an exciting task for the
future.
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