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A B S T R A C T

Xenoestrogenic compounds are abundant in the modern environment including phytoestrogens from

plants, chemical by-products from industry, and secondary metabolites from microbes; all can

profoundly affect human health. Consequently mechanism-based screens are urgently needed to

improve the rate at which the xenoestrogens are discovered. Estrogen Receptor (ER) dimerization is

required for target gene transcription. The three ER dimer pairs (ERa/a homodimers, ERb/b
homodimers, and ERa/b heterodimers) exhibit diverse physiological responses in response to ligand-

dependent activation with ERa/a homodimers being pro-proliferative and ERb/b homodimers being

anti-proliferative. The biological role of the ERa/b heterodimer remains unclear. We previously

developed a cell-based, bioluminescence resonance energy transfer (BRET) assay that can distinguish

natural estrogenic compounds based on their abilities to activate the three diverse ER dimer pairs. Using

BRET assays, we sought to identify novel xenoestrogens from soil bacteria that preferentially activate

ERa/b heterodimer with hopes of shedding light on the biological function of this elusive dimer pair.

Here we describe the application of BRET assays in high throughput screens of crude bacterial extracts not

previously screened for ER modulatory function and originating from unique ecological niches. Here we

report the discovery and biological evaluation of a new natural product, actinopolymorphol A (1), that

preferentially induces ERa/b dimerization. Actinopolymorphol A represents the first representative of a

new ER modulatory scaffold.
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1. Introduction

The Estrogen Receptors (ERs) are hormone dependent tran-
scription factors existing in two forms: ERa and ERb. The binding
of both endogenous (i.e. 17b-estradiol, also known as E2) and
exogenous estrogenic ligands to these receptors induces confor-
mational changes leading to dissociation from the Hsp90 molecu-
lar chaperone complex, subsequent receptor dimerization,
interaction with coactivator proteins, and recognition of Estrogen
Response Elements (EREs) in the promoter regions of target genes
Abbreviations: BRET, bioluminescence resonance energy transfer; ERa, estrogen

receptor a; ERb, estrogen receptor b; LBD, ligand binding domain; FP, Fluorescence

Polarization; HTS, high throughput screening; NPE, natural product extract; EDC,

endocrine disrupting compound; MS, mass spectrum; HPLC, high performance

liquid chromatography; NMR, nuclear magnetic resonance.
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to activate target gene transcription. Transcriptional activity of ERs
is strongly influenced by ligands at each step including (i) the
binding of a given ligand for ERa vs. ERb, (ii) the conformational
changes induced upon ligand binding which influence dimer
partner preference (i.e. ERa/a and ERb/b homodimers, or ERa/b
heterodimers), (iii) cofactor recruitment, and (iv) interaction with
chromatin. The differential regulation of ERa and ERb by
endogenous and exogenous estrogenic compounds has extensive
physiological implications, as transcriptional activation of ERa by
these ligands is known to stimulate cellular proliferation, while
transcriptional activation of ERb inhibits cell growth [1–6].

In addition to the genomic transcriptional activities of ERa and
ERb in estrogenic signaling, ERs can also be regulated by growth
factors such as epidermal growth factor (EGF) and insulin-like
growth factor (IGF) [7–10]. The effects of many of these growth
factor pathways are believed to reflect their abilities to change the
phosphorylation state of ERs, as well as that of coregulators and
other proteins with which ERs interact to modulate gene
expression. Furthermore, in addition to the well-documented
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synergistic effects of estrogens and growth factors on gene
transcription, estrogens also exert rapid membrane-initiated
effects that are known to massively impact cell signaling and
may also influence gene transcription in the nucleus. Membrane-
bound ERs have been shown to mediate estrogenic effects in ER-
negative cells via activation of the MAPK pathway [11]. These non-
genomic mechanisms of estrogenic signaling should therefore be
carefully considered as important mechanisms of global estrogen
action.

The cellular functions of ERa and ERb homodimers are well
established. However, the biological role of the ERa/b heterodimer
remains a topic for intense study and debate, due largely to the lack
of tools to study ERa/b heterodimerization in a physiological
context. The co-expression of ERa and ERb results in a heteroge-
neous pool of homodimers and heterodimers, and thus the activity
of heterodimers cannot be deciphered from that of either
homodimer, although evidence strongly suggests that ERb
antagonizes the proliferative action of ERa via formation of
growth-inhibitory heterodimers [1,3,4,12,13]. To elucidate the
biological role of these heterodimers, we have developed novel
bioluminescence resonance energy transfer (BRET) assays in order
to study ERa/b heterodimerization in a cell-based, physiological
environment in real time [14]. We have used these assays to study
the basic intermolecular mechanism of ERa/b heterodimerization.
Another important application of the BRET assay involves the
identification of selective ERa/b heterodimer-inducing small
molecules. Of particular significance here is the application of
the BRET assay to identify new natural products able to activate
ERa/b heterodimerization.

Exogenous estrogenic ligands are ubiquitous in the natural
environment and include xenoestrogenic industrial by-products
and phytoestrogens such as genistein, a principle constituent of
soy. Metabolites of xenoestrogenic and phytoestrogenic com-
pounds have been demonstrated to be produced by several
bacterial strains including those present in the intestinal flora [15–
20] and soil bacteria [21,22]. For example, bisphenol A (BPA) can be
metabolized by many organisms ranging from microorganisms to
animals, and these transformations represent an important
pathway for its detoxification [23]. Other studies have shown
that many natural products produced by bacteria serve as
xenoestrogens [24,25]. Screening of such compounds for their
ability to selectively activate ER homodimers and heterodimers is
important in order to determine the physiological effects of these
environmental ligands as they may act through pro-proliferative
ERa/a homodimers or anti-proliferative ERb/b heterodimers.
Moreover, the identification of such compounds represents an
important undertaking as compounds displaying selective ER
activation may serve as scaffolds which may be used for the
development of novel therapeutics or biochemical tools. Inspired
by the realization that the chemical structures of natural products
remain either the source of, or the basis for, the majority of drug
discovery and synthesis [26], this study sought to identify new
natural products able to induce selective ER heterodimer forma-
tion leading to subsequent transcriptional activity with the
rationale that these structures may be useful as a basis for
chemical synthesis of therapeutically-useful ER dimer-selective
ligands. Natural products of interest were produced by actinomy-
cetes of terrestrial origin.

The application of our novel ER dimer-specific BRET assay
[14,27] for high throughput screening (HTS) of a microbial library
of crude extracts resulted in the identification of actinopolymor-
phol A from the actinomycete Actinopolymorpha rutilus whose
structure has not previously been reported or characterized as an
ER ligand. This discovery was enabled by the novelty of the BRET
assay with its rapid in-cell format which circumvents the need for
tissue-culture grade crude extracts and serves as an excellent assay
for activity-guided chemical fractionation of crude extracts
containing an assortment of natural products.

2. Materials and methods

2.1. High throughput screening BRET of the UWCCC SMSF Discovery

Library

HTS BRET was performed at the University of Wisconsin
Small Molecule Screening Facility. ERa/a homodimerization
was examined using ERa-RLuc and ERa-YFP, ERb/b homodimer-
ization was examined using RLuc-ERb and YFP-ERb, and ERa/b
heterodimerization was examined using ERa-RLuc and YFP-ERb
using the optimized conditions described previously [14]. Cells
were transfected with these fusion proteins (0.73 mg RLuc
fusion + 2.8 mg YFP fusion) in batches on 10 cm plates to reduce
well-to-well variation in phenol red free DMEM + 5% SFS. Empty
vector (pCMX-pL2) and RLuc fusions were also transfected alone in
order to calculate the Correction Factor (CF) portion of the BRET
ratio [14]. Twenty-four hours after transfection, the cells were
trypsinized from their 10 cm plates and resuspended to 10,000
cells per well of 384-well white bottom plates in PBS. On each
plate, dimer pairs were plated by quadrant (i.e. ERa/a homodimers
were plated in quadrant 1, ERb/b homodimers were plated in
quadrant 2, and ERa/b heterodimers were plated in quadrants 3
and 4). Thus, all three dimer pairs were present within the same
plate in order to avoid confounding plate-to-plate variation. Cells
were treated with a final concentration of 5 mM library compounds
for 1 h, and each condition was performed in triplicate for each
compound. The RLuc substrate coelenterazine h was then added to
a final concentration of 5 mM. The RLuc and YFP emission signals
were detected at 470 nm and 530 nm, respectively, on a Victor
Wallac V plate reader (PerkinElmer).

2.2. Cell-based assays

2.2.1. Cells and culture

MDA-MB-231 breast cancer cells were purchased from ATCC
(cat. no. HTB-26) and were maintained in DMEM + 10% FBS. PC3
human prostate cancer cells were kindly provided by the
laboratory of Dr. Douglas McNeel (Department of Medicine,
UW-Madison) and were maintained in DMEM + 10% FBS, and
HC11 normal mouse mammary cells were kindly provided by the
laboratory of Dr. Caroline Alexander (Department of Oncology,
UW-Madison) and were maintained in RPMI1640 + 10 ng/mL EGF,
5 mg/mL insulin, and 10% FBS.

2.2.2. HEK293 ERE-luciferase reporter assays

HEK293 cells were transfected in batches in 48-well plates
using 2.5 ng of each indicated ER and 50 ng tk-ERE-luc vector per
well as described above. After allowing 48 h for protein expression
and incubating with the indicated ligands for 24 h, cells were lysed,
and firefly luciferase emission was detected upon addition of the
firefly luciferase substrate (Promega) on a PerkinElmer Victor 3-V
plate reader using a luminescence detection setting. b-gal was
analyzed using the Tropix b-galactosidase detection kit (Tropix),
and emission was detected on a PerkinElmer Victor 3-V plate
reader using a luminescence detection setting. Luciferase counts
were normalized to b-gal counts in each well.

2.2.3. Cell growth and viability assays

1 � 105 PC3 or HC11 cells were seeded onto 6 cm plates in
phenol red free DMEM + 5% SFS and allowed to attach overnight.
The next day, media was replaced with media containing the
indicated concentration of ligands or 0.1% DMSO, and the total
amount of DMSO per plate was kept constant at 0.1%. Time points
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were harvested at 24 h, 48 h, 72 h, and 96 h by trypsinizing cells,
inactivating the trypsin with DMEM + 10% FBS and transferring to
2 mL eppendorf tubes, and centrifuging at 3000 rpm for 5 min.
Media + trypsin was then removed from the cell pellets, and the
pellet was resuspended in 200 mL PBS + 200 mL of a 1:1 dilution of
Trypan blue and PBS. Cells were then loaded onto cell counting
chambers (18 mL per chamber side) in duplicate and each side was
read in triplicate using the Cellometer. The Cellometer protocol
was ‘‘initial cell type’’ with a dilution of 2, and cell viability was
measured on each read. The cell number per mL was then
extrapolated to total cell number based on the total 400 mL
volume.

2.2.4. MTT assays for cellular metabolic activity

This assay measures mitochondrial activity when yellow MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is re-
duced to its purple formazan metabolic product [28]. Thus, the
ability of a cell to metabolize MTT to formazan is correlated to its
metabolic activity. These assays were performed in a variety of cell
types following the same protocol. Cells were seeded to a confluency
of �10% on Day 1 in phenol red free DMEM supplemented with 5%
FBS stripped 6 times with charcoal and dextran (SFS) in 48-well
plates. Cells were allowed to attach overnight, and on Day 2 the
appropriate dilution of DMSO vehicle, 10 nM E2, or actinopolymor-
phol A was added with a final DMSO concentration of 0.1%. Four
consecutive time points were then harvested on Days 3, 4, 5, and 6
(24 h, 48 h, 72 h, and 96 h post-treatment), and ligands were
refreshed every 48 h by replacing the media. Each time point was
harvested by adding MTT to a final concentration of 500 mg/mL and
incubating for 30 min at 37 8C, 5% CO2 in humidified air. The
media + MTT solution was removed from each well with suction and
50 mL of DMSO was added to each well, incubated at room
temperature with shaking to solubilize the purple formazan crystals,
and transferred to a clear flat-bottom 96-well plate. The plate was
then read at 595 nm for formazan absorbance and 650 nm for
background absorbance, and these values were normalized by
subtraction. Each condition was performed in triplicate.

2.3. Statistical analysis

T-Tests were employed to statistically analyze data. Compar-
isons were made between each ligand treatment condition
concentration and treatment with the vehicle DMSO.

2.4. Quantitation of proteins and mRNA

2.4.1. Western blots

Cells were lysed with Triton X-100 lysis buffer with added
protease inhibitors and 50 mg total protein was loaded onto an 8%
SDS-PAGE gel. Proteins were transferred to nitrocellulose mem-
branes for 1 h (for ERa) or 2 h (for ERb) at 0.35 A. Membranes were
blocked overnight in 5% nonfat milk (for ERa) or 10% nonfat milk
(for ERb) in PBS Tween. ERa was detected with a 1:10,000 dilution
of Santa Cruz HC-20, and ERb was detected with a 1:5000 dilution
of Santa Cruz H-150. b-Actin was detected with a 1:5000 dilution
of Sigma A5441.

2.4.2. RT-PCR

Cellular RNA was isolated using the Trizol extraction method.
DNA was digested with DNase I, and RNA was quantitated using
the Nanodrop (Thermo Scientific, Wilmington, DE). cDNA was
reverse transcribed from RNA using the Superscript II Reverse
Transcription kit according to the manufacturer’s instructions, and
PCR amplification was performed using the following primers: ERa
Forward 50-TTATGGAGTCTGGTCCTGTG-30, Reverse 50-CAT-
CATTCCCACTTCGTAGC-30; ERb Forward 50-TTTGGGTGATTGCCAA-
GAGC-30, Reverse 50-AGCACGTGGGCATTCAGC-30; b-actin Forward
50-AGGCACCAGGGCGTGATGGT-30, Reverse 50-GGTCTCAAACAT-
GATCTGGG-30.

2.5. Fluorescence Polarization Assays for measuring ligand binding

affinity to ERa and ERb

The binding affinity of ligands for ERa and ERb was measured
using Estrogen Receptor Competitor Assays from Invitrogen
(PanVera) (Part # P2614, P2698 for ERa; Part # P2615, P2700
for ERb) according to the manufacturer’s instructions. Using
purified ERa or ERb provided in the kit, serial dilutions of test
compounds were prepared ranging in concentration from 2 mM to
20 pM by preparing 1:10 dilutions in provided screening buffer.
The concentration of DMSO was kept below 1%. Compounds were
diluted 2-fold in the final reaction with a mixture of 30 nM purified
ERa, 2 nM Fluormone, and screening buffer such that the final
concentration of test ligand was serially diluted 1 mM to 10 pM,
the final concentration of ERa was 15 nM, and the final
concentration of Fluormone was 1 nM. Test ligands were prepared
in a similar fashion for ERb using a final concentration of 10 nM
ERb. This mixture was incubated in the dark at room temperature
for 2 h, and polarization values were read in individual glass tubes
using a Beacon 2000 instrument.

2.6. Molecular modeling

Crystal structure of ERa-estradiol (2OCF.pdb) and ERb-estradiol
(2J7X.pdb) complex was retrieved from PDB databank
(www.rcsb.org). The structure of actinopolymorphol A was built
and minimized with OPLS 2005 force field in Maestro (Maestro,
version 8.5, Schrodinger, LLC, New York, NY, 2008) interface. All the
molecular files were prepared by Maestro in Schrodinger program.
The grid-enclosing box was centered on the E2 present in the LBD
with approximate dimension of 25 Å � 25 Å � 25 Å. A scaling factor
of 1.0 was set to van der Waals (VDW) radii of those receptor atoms
with the partial atomic charge less than 0.25. The minimized
actinopolymorphol A was docked into the ligand binding pocket of
each ER using Glide (Glide, version 5.0, Schrödinger, LLC, New York,
NY, 2008) software package using with standard parameters (SP). All
structure figures were prepared using PyMOL (DeLano Scientific).

3. Results

3.1. Identification of ERa/b heterodimer-inducing compound

actinopolymorphol A by high throughput screening

3.1.1. High throughput BRET screening of the University of Wisconsin

Discovery Library (WDL)

In order to identify ligands capable of differentially inducing ERa/
a and ERb/b homodimerization and ERa/b heterodimerization, a
BRET assay was developed and optimized [14]. Distinct from the
existing ER reporter assay, the BRET assay is exquisitely sensitive and
allows the formation of different dimer types to be detected
independently, including ERa/a, ERb/b, and ERa/b dimers. This is
especially important in the case of the ERa/b heterodimer, as the co-
expression of ERa and ERb allows the formation of all three dimer
pairs, which prevents a clearly delineated understanding of
heterodimer function in vivo. The BRET assay allows the visualiza-
tion of ERa/b heterodimers and downstream function without
interference from either homodimer. Moreover, because the BRET
assay takes place in a physiological environment, it allows selection
for small molecules that penetrate into the appropriate intracellular
compartments. This assay involved the transfection of DNA
encoding an ERa-Renilla Luciferase (RLuc) fusion protein and an
ERb-YFP fusion protein into ER-negative HEK293 cells. The high

http://www.rcsb.org/
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Fig. 1. BRET assay methodology. (a) Schematic representing ligand-dependent dimerization and resonance energy transfer between RLuc and YFP fusions via BRET. (b)

Schematic representing the BRET assay 96-well format protocol.
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transfectability (>90%), low doubling time, and ER-negative status
of this cell line made it an attractive candidate for the high
throughput ER BRET screening, as interference from endogenous ERs
was not a concern. Cells were transfected with the fusion proteins
described in the Methods section in batches in phenol red free
DMEM + 5% SFS on 10 cm plates to reduce well-to-well variation.
Twenty-four hours after transfection, the cells were trypsinized and
resuspended to 10,000 cells per well in white 384-well plates. 1 mL
Library extract was then added and incubated with cells for 1 h, at
which point the RLuc substrate coelenterazine h was added to a final
concentration of 5 mM. Coelenterazine h induces RLuc emission at
�470 nm; if ER dimerization has occurred, YFP is in close proximity
to RLuc, which results in resonance energy transfer to YFP and its
emission at 530 nm. Thus, YFP emission is indicative of dimerization
(Fig. 1). After the addition of coelenterazine h, RLuc and YFP signals
were detected at 470 nm and 530 nm, respectively, on a Victor
Wallac V plate reader (PerkinElmer). These values were used to
calculate the BRET ratio described previously [14,29]. A schematic of
the BRET assay format is shown in Fig. 1b. E2 was used as a positive
control. Because the ER antagonist ICI 182,780 also induces
dimerization [14], vehicle (DMSO) served as the sole negative
control. Internal positive and negative controls were included on
each plate. HEK293 cells transfected with the ER-RLuc fusion alone
(in the absence of YFP) were included on each plate and treated with
the vehicle DMSO in order to calculate the Correction Factor portion
of the BRET ratio [14]. Each compound was tested in an ERa/a
homodimer BRET assay, an ERb/b homodimer BRET assay, and an
ERa/b heterodimer BRET assay. On each plate, dimer pairs were
plated by quadrant (i.e. ERa/a homodimers were plated in quadrant
1, ERb/b homodimers were plated in quadrant 2, and ERa/b
heterodimers were plated in quadrants 3 and 4). Thus, all three
dimer pairs were present within the same plate in order to prevent
confounding plate-to-plate variation. Each condition was performed
in triplicate for each compound. This assay setup allowed
verification of the specificity of each primary hit compound based
on its ability to activate ERa/b heterodimers in comparison with its
ability to activate each respective homodimer.
3.1.2. Rationale for choice of University of WDL (natural products and

microbial extracts library)

The University of Wisconsin is intensely interested in the
discovery of new small molecules possessing novel and useful
bioactivities. Reflective of this interest, researchers at UW have
established a library of small molecules and microbial extracts
referred to as the Wisconsin Discovery Library (WDL). The WDL is
composed of a wide assortment of privileged natural products and
natural product-inspired synthetic compounds in addition to>1000
natural product extracts from un- and underexplored microorgan-
isms. The molecular diversity displayed by WDL members is
extraordinary particularly among the natural product extracts
which likely possess heretofore unknown structural scaffolds with,
as yet, unidentified bioactivities. For this reason, we applied the
BRET assay to a selection of natural product extracts available to us
through the WDL. Beyond the molecular diversity presented by
natural product extracts, a strong motivator for interest in the
screening of natural product extracts is their ready availability via
scaled up fermentation of the producing organism and our ability to
produce analogs via the application of combinatorial biosynthesis
methods. Finally, it is well established that terrestrial microbes are a
rich source for xenoestrogens [21,22,30–33]. This realization
supported our hypothesis that crude extracts from the WDL might
be an excellent source of ER modulators.

3.1.3. Characterization of hit crude extracts from the WDL

HTS ERa/b heterodimer BRET assays were performed on
selected members of the WDL, and crude extracts capable of
inducing ERa/b heterodimerization were re-tested alongside each
homodimer pair. A total of 25% of the extracts induced ERa/b
heterodimerization, and the strongest 1% (10 extracts) were re-
tested alongside each homodimer pair. This high number of
heterodimer-inducing compounds is likely due to the large size
and flexibility of the ERa and ERb LBD, which is accommodating
for a variety of chemical structures. Because heterodimerization
only was initially tested, this number is not reflective of dimer
selectivity. Because of the unrefined and unknown composition of
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Fig. 2. BRET HTS identifies one natural product extract SB83e capable of

preferentially inducing anti-proliferative ERb/b and ERa/b dimers while

minimally inducing pro-proliferative ERa/a homodimers. Error bars represent

standard deviation from the mean. SB83e 1:10 diluted or non-diluted was

incubated with HEK293 cells transfected with different pairs of ER fusion plasmids

for 1 h before reading of Rluc and YFP signals.
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crude extracts, the concentration of specific components could not
be determined. Therefore extracts were tested at 1 mL per well to
avoid any toxicity from DMSO. Natural product extract SB83e
appeared to exhibit a preference for inducing ERa/b heterodimer-
ization relative to either homodimer pair (Fig. 2), and was therefore
chosen for subsequent investigation. While a low level of ERa/a
homodimerization was also induced by this extract, the crude
mixture of multiple compounds did not preclude the possibility of
a heterodimer-specific compound coexistent with a dimer non-
selective compound.

Bioactivity-guided fractionation of the crude extract SB83e led
to the identification of one discrete compound, actinopolymorphol
A, responsible for ERa/b heterodimerization observed in BRET
assays [41]. Actinopolymorphol A (Fig. 3a, inset) was found to
activate the transcriptional activity of ERb alone and ERa + ERb,
[(Fig._3)TD$FIG]
Fig. 3. Dimer-selective natural product extract SB83e was fractionated, and the constitue

assays showing the dimer selectivity of actinopolymorphol A for ERb/b and ERa/b. (b) E

induce the transcription of ERa alone (ERa homodimers), ERb alone (ERb homodimers), o

antagonist ICI 182,780. Error bars represent standard deviations from the mean.
but was not able to activate the transcriptional activity of ERa
alone. The dimer selectivity was subsequently confirmed using the
BRET assay in a dose response from 1 mM to 100 mM (Fig. 3a).
These BRET assays showed an optimal 5-fold increase in ERa/b
heterodimerization at 100 mM purified actinopolymorphol A, and
this concentration minimally induced either homodimer (less than
1.5-fold). 10 mM purified actinopolymorphol A likewise induced 3-
fold induction for ERa/b heterodimers; at this concentration
neither ERa/a or ERb/b homodimerization was induced (Fig. 3a).
Similarly, both 10 mM and 100 mM exhibited a preference for the
transcriptional induction of both ERb alone and ERa + ERb, but not
ERa alone (Fig. 3b). The fold induction of both the BRET ratio and
transcriptional activity of ERa + ERb was greater than that
obtained with ERb alone, indicating that this compound retains
some level of heterodimer selectivity. Furthermore, this transcrip-
tional activity on an ERE-luciferase reporter was shown to be ER-
specific in the presence of the ER pure antagonist ICI 182,780
(Fig. 3b). ICI 182,780 completely abrogated actinopolymorphol A-
dependent reporter activity in the presence of ERa + ERb (Fig. 3b).
This is in contrast to the failure of ICI 182,780 to reduce the basal
transcriptional activity of ERb homodimer alone (Fig. 3b). ERb was
previously found to display a high level of ligand-independent
dimerization [14] and transcriptional activity [34]. The apparent
discrepancy between BRET and reporter assays for ERb/b
homodimers at 10 mM purified actinopolymorphol A is likely
due to the lower sensitivity of the ERb/b homodimer BRET assay
relative to the reporter assay because the BRET assay only captures
receptor dimerization transiently whereas the reporter assay
detects accumulated product formation over time. Synthetic
actinopolymorphol A was confirmed to retain its ability to
selectively induce ERa/b dimerization (Fig. 4a) and to enhance
transcriptional activity (Fig. 4b) of ERs in a fashion comparable to
the natural product from Actinopolymorpha rutilus. Thus, because
this compound selectively induced the activity of anti-proliferative
nt compound responsible for dimer selectivity was identified and purified. (a) BRET

RE-luciferase assays in HEK293 cells showing the ability of actinopolymorphol A to

r ERa + ERb (all three dimer pairs). The transcriptional response is ablated by the ER
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Fig. 4. The dimer selectivity for synthetic actinopolymorphol A was confirmed via

BRET assays (a) and ERE-luciferase assays in HEK293 cells (b). Error bars represent

standard deviations from the mean.

[(Fig._5)TD$FIG]

Fig. 5. The synthetic actinopolymorphol A inhibits cell growth. (a) ERa and ERb expressio

Western blotting (right panel). b-Actin served as a loading control. (b) Cell growth and vi

cell lines as determined by cell counting and Trypan blue staining. Error bars represen
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ERb/b homodimers and ERa/b heterodimers while not having a
pronounced effect on the activity of proliferative ERa/a homo-
dimers, we hypothesized that this compound may be able to
inhibit cell growth by enhancing ERb dimerization leading to a
dampening of the proliferative effects of ERa.

3.2. Molecular characterization of actinopolymorphol A

3.2.1. The novel ER heterodimer-inducing actinopolymorphol A

inhibits cellular proliferation

Synthetic actinopolymorphol A was used in cell proliferation
and viability assays in ERa and ERb positive cell lines to determine
its effect on cell growth. Fig. 5a shows confirmation of ERa and ERb
expression in these cell lines by RT-PCR (left panel) and Western
blotting (right panel). MDA-MB-231 was used as a negative
control. Consistent with previous reports, HC11 mouse mammary
epithelial cells and PC3 human prostate cancer cells have both ERa
and ERb co-expressed [2,35]. Fig. 5b shows the effect of the novel
compound in HC11 cells (top panels) and PC3 cells (bottom panels)
on cell number (left panels) and viability (right panels). In HC11
cells, a statistically non-significant decrease in cell number was
observed in the presence of 10 mM compound, but these decreases
are statistically significant at 100 mM (p = 0.06 and 0.02, respec-
tively). Neither concentration was generally cytotoxic compared to
the vehicle DMSO in this cell line, as observed by Trypan blue
staining. In PC3 cells, statistically significant decreases in cell
number are observed in the presence of both 10 mM and 100 mM
actinopolymorphol A (p = 0.03 and p = 0.002, respectively). Similarly
to HC11 cells, neither concentration was generally cytotoxic to PC3
n in PC3 and HC11 cells was confirmed via semi-quantitative RT-PCR (left panel) and

ability were decreased by treatment with the synthetic actinopolymorphol A in both

t standard deviations from the mean.
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Fig. 6. Fluorescence Polarization Competition Binding Assays for ERa and ERb. (a)

Genistein binds to ERa and ERb with different affinities consistent with previous

reports and served as a positive control for the Fluorescence Polarization

Competition Binding Assay. (b) The synthetic actinopolymorphol A binds to ERb
with 2-fold higher affinity than to ERa.
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cells. We hypothesize that the difference in the compound’s ability
to influence cell growth in these two cell lines depends on the
relative expression level of ERa and ERb as well as the expression
levels of coactivator and corepressor proteins. The effect of
actinopolymorphol A on growth and viability cannot be completely
reversed by the antagonist ICI 182,780 in ER-positive HC11 and PC3
cells (Fig. S1), suggesting that other pathways, including non-
genomic estrogenic signaling pathways, could be partially respon-
sible for this compound’s effects on cell growth. Thus, actinopoly-
morphol A is a weak estrogenic ligand which may exert cellular
effects through both genomic and non-genomic pathways.

3.2.2. Actinopolymorphol A binds differentially to both ERa and ERb
In order to determine the binding affinity of actinopolymorphol A

to ERa and ERb, we employed in vitro Fluorescence Polarization (FP)
Competition Binding Assays. The basis of this assay lies in the
capturing of polarized light in horizontal and vertical planes if a
fluorescent ligand remains stationary by binding to a protein during
plane-polarized light excitation. A non-fluorescently labeled com-
pound is then titrated to a saturating concentration of fluorescently
labeled ligand, and the degree of competition is measured as the
fluorescently labeled ligand is competed off and freely tumbled
during the period of excitation, the emitted light will be random or
depolarized. Measurements of the binding affinity of actinopoly-
morphol A for recombinant ER proteins using this assay were
validated commercially [36,37] and in our experiment using the
characterized compound genistein (Fig. 6a). Genistein has been
reported to have a�10-fold greater binding affinity for ERb over ERa
[38], and our results showed a �15-fold greater binding affinity for
ERb (Fig. 6a). As shown in Fig. 6b, actinopolymorphol A was able to
effectively compete with fluorescently labeled E2 for binding to both
ERa and ERb with a �2-fold higher affinity for binding to ERb. This
data strongly suggests the ability of this compound to bind within
the ligand binding domain (LBD) of ERa and ERb, and furthermore,
the differential binding affinity likely contributes to the compound’s
ability to selectively activate ERb/b homodimers relative to ERa/a
homodimers. The IC50 values for actinopolymorphol A binding to
ERa and ERb were 29 mM and 15 mM, respectively, correlating to Ki

values of 6.2 mM and 4.3 mM, respectively.

3.3. Actinopolymorphol A induces the agonist conformation of both

ERa and ERb

Molecular modeling indicated that actinopolymorphol A is well
accommodated in the agonist conformation in the LBD of both ERa
[(Fig._7)TD$FIG]
Fig. 7. Comparison of predicted binding mode of actinopolymorphol A and bindin

actinopolymorphol A and 17b-estradiol in the ligand binding domain of ERa (a) and ER

binding pocket of ERa (b) and ERb (e). (c and f) Important interactions between actinop

hydrogen bonds were shown as yellow dash line. (For interpretation of the references to
and ERb (Fig. 7). The C-3 hydroxyl group of A-ring of 17b-estradiol
forms strong hydrogen bonds with conserved residues Glu353 and
Arg394 from one side of the ligand binding pocket of ERa (Glu260
and Arg301 in ERb) (Fig. 7b and e). The 17b-hydroxyl of estradiol
makes direct hydrogen bond with the residue His524 on the other
side of the binding pocket of ERa (His430 in ERb). The phenolic
hydroxyl group of actinopolymorphol A mimics the C-3 hydroxyl
group of 17b-estradiol and participates in the same kind of
hydrogen bond interactions observed with residues Glu and Arg in
both ERs’ binding pockets. However, by virtue of its limited size
and simple architecture, actinopolymorphol A cannot extend to the
g mode of 17b-estradiol from crystal structure. (a and d) Superimposition of

b (d). (b and e) Important interaction between estradiol and residues in the ligand

olymorphol A and residues in the ligand binding pocket of ERa (c) and ERb (f). The

color in this figure legend, the reader is referred to the web version of the article.)
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right side of the LBD pocket to form tight interactions with residue
His514 in ERa or His430 in ERb, which is likely responsible for the
lower docking scores compared to E2. The relatively similar
docking scores of actinopolymorphol A to ERa (�8.13) and ERb
(�8.02) agree well with our findings of similar Ki values from
Fluorescence Polarization Competition Binding Assays. These high
docking scores indicate that actinopolymorphol A takes an
acceptable low-energy conformation and is accommodated by
the physic-chemical environment of the pocket. Thus, based on the
binding mode predicted by this molecular modeling, more potent
ER dimer-selective estrogenic compounds could be designed based
on the structure of this scaffold.

4. Discussion

It is well established that phytochemicals serve as recruitment
signals resulting in the symbiotic activation of plant growth signals
by soil bacteria, and that the presence of endocrine disrupting
compounds (EDCs) contained in pesticides and other industrial by-
products can disrupt this process [38–40]. The direct production of
xenoestrogenic compounds by soil bacteria is not as well
established and therefore represents an opportunity for discovery
of new chemical scaffolds with possible utility as, or the potential
for optimization of, ER modulators. Secondary metabolites have
been identified through drug discovery methods and include
valuable compounds such as antitumor and antibacterial agents.
The University of Wisconsin’s WDL contains crude bacterial
extracts consisting of various natural products and was therefore
screened using three highly optimized BRET assays to identify
novel inducers of ERa/a and ERb/b homodimerization as well as
ERa/b heterodimerization. The application of these BRET assays to
screen identify new ER modulators from crude extracts obtained
from actinomycetes originating from unique ecological niches
resulted in the identification of a novel, previously uncharacter-
ized, dimer-selective ER agonist named actinopolymorphol A.

High throughput, mechanism-based assays are on call to
advance the discovery of xenoestrogens and drug leads at a rapid
pace. Two types of high throughput assays are popularly used for
large-scale screening of ER structural scaffolds and agonists or
antagonist ligands. A Fluorescence Polarization (FP) method that
measures the capacity of a competitor chemical to displace a high
affinity fluorescent E2 from purified, recombinant ERa or ERb have
been adapted for testing environmental chemicals for ER binding
interactions [36]. However, this method requires pure preparation
of receptor, and the fluorescence from the test compounds could
interfere with fluorescence readout [36]. Thus far this method has
been restricted to use with pure compounds and has not been
applicable to whole cell extracts or bioassay-guided fractionation
efforts.

Transcriptional reporter assays can be applied to library
extracts or compounds but require 18–24 h incubations. Thus,
these extracts or compounds must be sterile and of high-quality
tissue-culture grade to avoid contamination and concomitant
ablation of the transcriptional output signal. The BRET assays
described herein circumvent this issue because the library extract
or compound in question needs only to be incubated with cells
expressing ER fusion proteins for 1 h to induce dimerization.
Furthermore, the three possible ER dimer pairs (ERa/a homo-
dimers, ERb/b homodimers, and ERa/b heterodimers) may be
directly examined in parallel yet in isolation from each other, thus
providing an added layer of sensitivity and complexity to the
library extract or compound’s ability to act as an agonist or
antagonist ligand. Thus, the utility of this cell-based assay for high
throughput crude extract screening lies in its rapid assay time
frame. In addition, this method does not require sterile tissue-
culture grade extracts. Using this BRET screening method, the
crude extract from A. rutilus was found to selectivity induce
formation and transcriptional activity of ERb/b homodimers and
ERa/b heterodimers. This screening method allowed assay-guided
fractionation of the extract, and the pure compound responsible for
induction of dimerization and subsequent transcriptional activity
was identified as actinopolymophol A, a previously unknown
natural product. However, estrogenic compounds identified by
BRET assays may activate both genomic and non-genomic
signaling pathways. Different from the classical genomic signaling
through EREs, these non-genomic signaling pathways initiated at
the cell membrane may also require receptor dimerization and
couples with a variety of other signaling partners that can
eventually culminate in the phosphorylation of transcription
factors and their partners, ultimately influencing transcriptional
outcome, and thus physiological effects such as cell division and
apoptosis. Thus, the physiological effects of BRET identified
compound await further characterization.

It is worth noting that BRET assays measure the ligand’s ability
to induce receptor dimerization and the FP method measures
ligand replacement of E2 in ER pocket; neither of these assays can
distinguish agonists from antagonists. Transcriptional reporter
assays measure the ability of the lead compound to induce or
inhibit (in the presence of E2) transcription of ER subtypes,
allowing determination of agonist or antagonist activity of a ligand.
For example, while a low level of ERa/a homodimerization was
induced by this compound and substantiated via the BRET assay,
these proliferative dimers were not transcriptionally active in ERE-
luciferase reporter assays. Because of the limitation of each assay,
all three were employed in the present study leading to the
discovery of the estrogenic natural product.

The structure of this novel ER dimer-selective natural product
from A. rutilus was determined by NMR and mass spectroscopic
analysis and its absolute stereochemistry was established by total
synthesis using an optically pure starting material ((S)-2-hydroxy-3-
(4-hydroxyphenyl)-propionic acid). [41]. Combined, the results of
structural characterization and coordinated BRET assays reveal that
actinopolymorphol A represents a novel scaffold for estrogenic small
molecule design. Molecular modeling suggests that, although the
phenolic hydroxyl group of actinopolymorphol A mimics the C-3
hydroxyl group of 17b-estradiol and makes the same hydrogen
bond interactions with residues Glu and Arg in both ERs’ binding
pockets (Fig. 7), other structural elements of the natural product do
not strictly adhere to predictions likely to be made on the basis of
other ER ligands such as tamoxifen or raloxifene. The modeled
structure explains how actinopolymorphol A may compete with E2
in binding to the same LBD in FP assay while also displaying a lower
binding affinity due to the absence of functionalities needed to H-
bond with histidine distal to the Glu and Arg end of the ER LBD. This
modeling indicates that the agonist or partial agonist conformation
is adopted by ERa and ERb and that their ligand binding cavities are
shaped into a low-energy conformation by actinopolymorphol A.
Perhaps most significantly, actinopolymorphol A is, to the best of our
knowledge, the first ER dimerization modulator identified from
actinomycetes. As such, discovery of this natural product and
subsequent association with ER modulatory function unveils a new
molecular scaffold with a novel and potentially useful bioactivity.
This structure may serve as a molecular scaffold upon which
chemical modifications may be made in order to increase the
selectivity and efficacy of this novel compound.

The application of ER BRET assays for high throughput
screening of crude natural product extracts and subsequent
bioassay-guided fractionation leading to the identification of
actinopolymorphol A showcases a new molecular scaffold but also
highlights the utility of BRET assays in discovering new, otherwise
difficult to detect, natural products with ER modulatory activity.
These ER modulatory compounds may function through genomic
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or non-genomic signaling pathways. Follow-up assays showed
that actinopolymorphol A is able to act as an agonist on ERs and can
decrease the growth of ERa and ERb positive cell lines while not
adversely affecting their viability. Despite its low activity on ERs,
this novel structure is able to compete with endogenous E2 for LBD
binding in both ERa and ERb. Competitive LBD binding by
actinopolymorphol A is rationalized on the basis of molecular
modeling which suggests the natural product can induce an
agonist conformation upon binding to both ERs. Combined, these
data reveal the unique application of BRET assays to find new ER
modulators and reveal actinomycetes as a potentially rich source
of such bioactive natural products, the apparent first example of
which, highlights a unique molecular scaffold which may serve as a
lead for drug discovery and therapeutic intervention in ER
dependent diseases such as breast and prostate cancers.

Acknowledgements

We thank Erin Shanle for proofreading the manuscript and the
Analytical Instrumentation Center of the School of Pharmacy, UW-
Madison for support in obtaining MS and NMR data. This work is
supported by NIH Grants R01CA125387 and R03MH089442 to
W.X., T32 CA009135 to E.P. and CA113297 to B.S.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bcp.2010.06.030.

References

[1] Chang EC, Frasor J, Komm B, Katzenellenbogen BS. Impact of estrogen receptor
beta on gene networks regulated by estrogen receptor alpha in breast cancer
cells. Endocrinology 2006;147:4831–42.

[2] Helguero LA, Faulds MH, Gustafsson JA, Haldosen LA. Estrogen receptors alfa
(ERalpha) and beta (ERbeta) differentially regulate proliferation and apoptosis
of the normal murine mammary epithelial cell line HC11. Oncogene
2005;24:6605–16.

[3] Liu MM, Albanese C, Anderson CM, Hilty K, Webb P, Uht RM, et al. Opposing
action of estrogen receptors alpha and beta on cyclin D1 gene expression. J Biol
Chem 2002;277:24353–60.

[4] Pettersson K, Delaunay F, Gustafsson JA. Estrogen receptor beta acts as a
dominant regulator of estrogen signaling. Oncogene 2000;19:4970–8.

[5] Shoker BS, Jarvis C, Sibson DR, Walker C, Sloane JP. Oestrogen receptor
expression in the normal and pre-cancerous breast. J Pathol 1999;188:237–44.

[6] Tilli MT, Frech MS, Steed ME, Hruska KS, Johnson MD, Flaws JA, et al. Intro-
duction of estrogen receptor-alpha into the tTA/TAg conditional mouse model
precipitates the development of estrogen-responsive mammary adenocarci-
noma. Am J Pathol 2003;163:1713–9.

[7] Kato S, Endoh H, Masuhiro Y, Kitamoto T, Uchiyama S, Sasaki H, et al. Activation
of the estrogen receptor through phosphorylation by mitogen-activated pro-
tein kinase. Science 1995;270:1491–4.

[8] Aronica SM, Katzenellenbogen BS. Stimulation of estrogen receptor-mediated
transcription and alteration in the phosphorylation state of the rat uterine
estrogen receptor by estrogen, cyclic adenosine monophosphate, and insulin-
like growth factor-I. Mol Endocrinol 1993;7:743–52.

[9] Ignar-Trowbridge DM, Nelson KG, Bidwell MC, Curtis SW, Washburn TF,
McLachlan JA, et al. Coupling of dual signaling pathways: epidermal growth
factor action involves the estrogen receptor. Proc Natl Acad Sci USA
1992;89:4658–62.

[10] Bunone G, Briand PA, Miksicek RJ, Picard D. Activation of the unliganded
estrogen receptor by EGF involves the MAP kinase pathway and direct
phosphorylation. EMBO J 1996;15:2174–83.

[11] Filardo EJ, Quinn JA, Bland KI, Frackelton Jr AR. Estrogen-induced activation of
Erk-1 and Erk-2 requires the G protein-coupled receptor homolog, GPR30, and
occurs via trans-activation of the epidermal growth factor receptor through
release of HB-EGF. Mol Endocrinol 2000;14:1649–60.

[12] Monroe DG, Secreto FJ, Subramaniam M, Getz BJ, Khosla S, Spelsberg TC.
Estrogen receptor alpha and beta heterodimers exert unique effects on
estrogen- and tamoxifen-dependent gene expression in human U2OS osteo-
sarcoma cells. Mol Endocrinol 2005;19:1555–68.

[13] Stossi F, Barnett DH, Frasor J, Komm B, Lyttle CR, Katzenellenbogen BS.
Transcriptional profiling of estrogen-regulated gene expression via estrogen
receptor (ER) alpha or ERbeta in human osteosarcoma cells: distinct
and common target genes for these receptors. Endocrinology 2004;
145:3473–86.

[14] Powell E, Xu W. Intermolecular interactions identify ligand-selective activity
of estrogen receptor alpha/beta dimers. Proc Natl Acad Sci USA
2008;105:19012–7.

[15] Liu X, Tani A, Kimbara K, Kawai F. Metabolic pathway of xenoestrogenic short
ethoxy chain-nonylphenol to nonylphenol by aerobic bacteria, Ensifer sp.
strain AS08 and Pseudomonas sp. strain AS90. Appl Microbiol Biotechnol
2006;72:552–9.

[16] Gorbach SL. Estrogens, breast cancer, and intestinal flora. Rev Infect Dis
1984;6(Suppl. 1):S85–90.

[17] Xie LH, Ahn EM, Akao T, Abdel-Hafez AA, Nakamura N, Hattori M. Transfor-
mation of arctiin to estrogenic and antiestrogenic substances by human
intestinal bacteria. Chem Pharm Bull (Tokyo) 2003;51:378–84.

[18] Hori Y, Abe Y, Ezaki M, Goto T, Okuhara M, Kohsaka M. R1128 substances,
novel non-steroidal estrogen-receptor antagonists produced by a Streptomy-
ces. I. Taxonomy, fermentation, isolation and biological properties. J Antibiot
(Tokyo) 1993;46:1055–62.

[19] Hori Y, Abe Y, Nishimura M, Goto T, Okuhara M, Kohsaka M. R1128 substances,
novel non-steroidal estrogen-receptor antagonists produced by a Streptomy-
ces. III. Pharmacological properties and antitumor activities. J Antibiot (Tokyo)
1993;46:1069–75.

[20] Hori Y, Takase S, Shigematsu N, Goto T, Okuhara M, Kohsaka M. R1128
substances, novel non-steroidal estrogen-receptor antagonists produced by
a Streptomyces. II. Physico-chemical properties and structure determination. J
Antibiot (Tokyo) 1993;46:1063–8.

[21] Kondo H, Nakajima S, Yamamoto N, Okura A, Satoh F, Suda H, et al. BE-14348
substances, new specific estrogen-receptor binding inhibitors. Production,
isolation, structure determination and biological properties. J Antibiot (Tokyo)
1990;43:1533–42.

[22] Matseliukh BP, Polishchuk LV, Lutchenko VV, Bambura OI, Kopiyko OP. Syn-
thesis of daidzein and genistein by streptomycetes and their effect on pro-
duction of antibiotics. Mikrobiol Z 2005;67:12–21.

[23] Kang JH, Katayama Y, Kondo F. Biodegradation or metabolism of bisphenol A:
from microorganisms to mammals. Toxicology 2006;217:81–90.

[24] John DM, White GF. Mechanism for biotransformation of nonylphenol poly-
ethoxylates to xenoestrogens in Pseudomonas putida. J Bacteriol
1998;180:4332–8.

[25] Clavel T, Henderson G, Alpert CA, Philippe C, Rigottier-Gois L, Dore J, et al.
Intestinal bacterial communities that produce active estrogen-like com-
pounds enterodiol and enterolactone in humans. Appl Environ Microbiol
2005;71:6077–85.

[26] Newman DJ, Cragg GM, Snader KM. Natural products as sources of new drugs
over the period 1981–2002. J Nat Prod 2003;66:1022–37.

[27] Powell E, Wang Y, Shapiro DJ, Xu W. Differential requirements of Hsp90 and
DNA for the formation of estrogen receptor homodimers and heterodimers. J
Biol Chem 2010;285:16125–34.

[28] Mosmann T. Rapid colorimetric assay for cellular growth and survival: appli-
cation to proliferation and cytotoxicity assays. J Immunol Methods
1983;65:55–63.

[29] Pfleger KD, Eidne KA. Illuminating insights into protein–protein interactions
using bioluminescence resonance energy transfer (BRET). Nat Methods
2006;3:165–74.

[30] Wang CL, Takenaka S, Murakami S, Aoki K. Isolation of a benzoate-utilizing
Pseudomonas strain from soil and production of catechol from benzoate by
transpositional mutants. Microbiol Res 2001;156:151–8.

[31] Tsai SC, Tsai LD, Li YK. An isolated Candida albicans TL3 capable of degrading
phenol at large concentration. Biosci Biotechnol Biochem 2005;69:2358–67.

[32] Sweetman AJ, Valle MD, Prevedouros K, Jones KC. The role of soil organic
carbon in the global cycling of persistent organic pollutants (POPs): inter-
preting and modelling field data. Chemosphere 2005;60:959–72.

[33] Du Y, Zhou M, Lei L. Role of the intermediates in the degradation of phenolic
compounds by Fenton-like process. J Hazard Mater 2006;136:859–65.

[34] Tremblay A, Tremblay GB, Labrie F, Giguere V. Ligand-independent recruit-
ment of SRC-1 to estrogen receptor beta through phosphorylation of activation
function AF-1. Mol Cell 1999;3:513–9.

[35] Maruyama S, Fujimoto N, Asano K, Ito A, Usui T. Expression of estrogen
receptor alpha and beta mRNAs in prostate cancers treated with leuprorelin
acetate. Eur Urol 2000;38:635–9.

[36] Bolger R, Wiese TE, Ervin K, Nestich S, Checovich W. Rapid screening of
environmental chemicals for estrogen receptor binding capacity. Environ
Health Perspect 1998;106:551–7.

[37] Parker GJ, Law TL, Lenoch FJ, Bolger RE. Development of high throughput
screening assays using fluorescence polarization: nuclear receptor–ligand-
binding and kinase/phosphatase assays. J Biomol Screen 2000;5:77–88.

[38] Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT, et al.
Interaction of estrogenic chemicals and phytoestrogens with estrogen recep-
tor beta. Endocrinology 1998;139:4252–63.

[39] Baker ME. Flavonoids as hormones. A perspective from an analysis of molec-
ular fossils. Adv Exp Med Biol 1998;439:249–67.

[40] Peters NK, Frost JW, Long SR. A plant flavone, luteolin, induces expression of
Rhizobium meliloti nodulation genes. Science 1986;233:977–80.

[41] Huang S.-X., Powell E., Rajski S., Zhao L.-Z., Jiang C.-L., Duan Y., et al. Discovery
and total synthesis of a new estrogen receptor heterodimerizing actinopoly-
morphol A from Actinopolymorpha rutilus. Organic Letters 2010, in press.

http://dx.doi.org/10.1016/j.bcp.2010.06.030

	Identification and characterization of a novel estrogenic ligand actinopolymorphol A
	Introduction
	Materials and methods
	High throughput screening BRET of the UWCCC SMSF Discovery Library
	Cell-based assays
	Cells and culture
	HEK293 ERE-luciferase reporter assays
	Cell growth and viability assays
	MTT assays for cellular metabolic activity

	Statistical analysis
	Quantitation of proteins and mRNA
	Western blots
	RT-PCR

	Fluorescence Polarization Assays for measuring ligand binding affinity to ER&alpha; and ER&beta;
	Molecular modeling

	Results
	Identification of ER&alpha;/&beta; heterodimer-inducing compound actinopolymorphol A by high throughput screening
	High throughput BRET screening of the University of Wisconsin Discovery Library (WDL)
	Rationale for choice of University of WDL (natural products and microbial extracts library)
	Characterization of hit crude extracts from the WDL

	Molecular characterization of actinopolymorphol A
	The novel ER heterodimer-inducing actinopolymorphol A inhibits cellular proliferation
	Actinopolymorphol A binds differentially to both ER&alpha; and ER&beta;

	Actinopolymorphol A induces the agonist conformation of both ER&alpha; and ER&beta;

	Discussion
	Acknowledgements
	Supplementary data
	References


