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Abstract

Synthesis and biological evaluation of steroidal derivatives with anticancer properties is an active
area of drug discovery. Here we measured the relative affinities of D-seco modified steroidal
derivatives for estrogen receptor ., estrogen receptor B or androgen receptor ligand binding
domains using an optimized non-transcriptional fluorescent cell assay in yeast. Ligand binding
domains of steroid receptors were expressed in-frame with yellow fluorescent protein in the
yeast Sacharomyces cerevisiae. Addition of known steroid ligands to yeast expressing the
appropriate cognate receptor results in increased fluorescence intensity, enabling estimation of
receptor binding affinities in a dose-response and time-dependent manner. Relative binding
affinities of D-seco modified steroidal derivatives 1-4 were then evaluated using this yeast
system by live cell fluorimetry and fluorescence microscopy, coupled with in vitro cytotoxicity
and in silico molecular docking studies. D-seco estratriene derivative 2displayed strong affinity
for both estrogen receptor o and B ligand binding domains and negligible affinity for the
androgen receptor ligand binding domain. Compound 2 also showed moderate cytotoxicity
against estrogen receptor positive MCF-7 breast adenocarcinoma cells. In addition to
identification of new ligands for steroid receptors, this assay could also be used to filter out
compounds with potential for off-target interactions with steroid receptors during the early stages
of compound screening.
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1. Introduction

Hormone-sensitive breast and prostate cancers are leading causes of death worldwide,
and modulation of steroid signaling is an effective treatment strategy [1]. Hormonal steroids and
their metabolites influence the proliferation of hormone-responsive (e.g. ovarian, prostate,
endometrial and breast) and other cancers (e.g. cervical and colorectal) [2]. The ability to
selectively interfere with steroid hormone signaling in these cancers may lead to improved
strategies for prevention and treatment.

Steroid hormones carry out their physiological effects by binding steroid receptors that
function as ligand-activated transcription factors. Steroid receptors consist of two functional
units: DNA-binding and ligand-binding domains (LBD). Steroid receptor activation involves
dimerization of the receptor after ligand binding, translocation of the complex to the nucleus and
interaction with co-regulatory proteins and specific DNA sequences, resulting in transcription of
target genes [3]. Estrogen receptor (ER) signaling plays a major role in the development and
growth of normal breast epithelium, as well as malignant transformations [4]. Two ER isoforms,
ERa and ERp, have been identified with sequence and structural homology but differences in
tissue distribution [5]. Both ER isoforms are involved in breast cancer progression, while a
relationship may exist between ERP and colon adenocarcinoma [6]. Similarly, androgen receptor
(AR) is associated with prostate development as well as prostate cancer progression [7].

Several steroidal anticancer drugs in use against breast or prostate cancer (e.g.
exemestane, abiraterone) inhibit steroidogenic enzymes; while others (e.g. fulvestrant, megestrol
and cyproterone) target hormone receptors. For example, fulvestrant blocks breast cancer
proliferation by binding and destabilizing ERo and has been effective in the treatment of

hormone-sensitive advanced breast cancer [8]. In contrast, activation of steroid hormone



signaling by agonists may be effective for conditions such as osteoporosis [9] and menopause
[10]. Because of the prevalance of cancers resistant to current treatments, characterization of
steroidal derivatives with anticancer properties remains necessary.

Our group previously synthesized D-seco steroidal derivatives (1-4) (Figure 1), with
antiproliferative (1) and antiestrogenic (2-4) properties suggesting interaction with ER signaling.
Steroidal 16,17-seco-16,17a-dinitrile (1) displayed selective submicromolar antiproliferative
activity against hormone dependent and independent breast cancer cells; while a 17-bromo
derivative of 16,17-seco-estratriene-16-nitrile (2) and other 16,17-substituted-16,17-seco-
estratrienes (3-4) exhibited antiestrogenic activity in a uterotrophic assay [11-15]. We
hypothesize that D-seco derivatives of steroid receptor ligands may retain affinity for their

steroid receptor while perturbing intermolecular interactions necessary for receptor activation

[16].
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Figure 1. Chemical structures of tested D-seco steroid derivatives: 1 (3-Oxo-16,17-secoandrosta-1,4-
diene-16,17a-dinitrile), 2 (3-Hydroxy-17-bromo-16,17-secoestra-1,3,5(10)-triene-16-nitrile), 3 (3-
Hydroxy-17-methyl-17-ox0-16,17-secoestra-1,3,5(10)-triene-16-nitrile) and 4 (16-Amino-17-methyl-
16,17-secoestra-1,3,5(10)-triene-3,17-diol)



Therefore, in the present study we set out to evaluate the relative binding affinities of 1-4
for ERa, ERP and AR. Although sensitive transcription-based activation assays for ERa and AR
have been reported using mammalian cell cultures, test compounds can be metabolized. In
contrast, yeast have low metabolic activities, meaning screening results should correspond to the
bioactivity of the original synthetic product. In addition, yeast do not express endogenous steroid
receptors, reducing cross-activation by other signaling pathways. Furthermore; yeast cells are
highly robust and tolerate many of the solvents and byproducts present following organic
synthesis of steroids [17,18]. Transcription-based assays, such as the yeast estrogen screen
(YES) or yeast androgen screen (YAS) involve ligand-mediated activation of ERa or AR,
translocation to the nucleus and activation of the expression of a reporter gene such as [3-
galactosidase or green fluorescent protein (GEP) [17,19]. Expression of GFP is monitored by
fluorescence while measurement of -galactosidase induction requires additional chemicals and
cell lysis for detection. Possible disadvantages include reports that partial ERo antagonists such
as tamoxifen activate ERo in transcription-based assays, leading to potential ambiguity in
identification of new antagonists or agonists [19]. Also, reporter gene based assays require
completion of steps beyond ligand binding, including nuclear translocation, binding to DNA and
activation of cell transcription machinery. Such transcription-based screens might miss
compounds that bind steroid receptors but are inefficient at inducing all of the steps necessary for
reporter gene activation [18].

Because of the above, in the present study we optimized a non-transcriptional assay
originally reported by Muddana and Peterson [20] (Figure 2). In this assay, LBDs of ERa, ERf
and AR are expressed in-frame with yellow fluorescent protein (YFP) in yeast: enabling

fluorescent resonance energy transfer (FRET) between two YFP molecules upon receptor



dimerization [21]. Because receptor dimerization is ligand-dependent, fluorescence intensity
correlates with ligand binding affinity [20]. Relative binding affinities of D-seco derivatives 1-4
were evaluated using two methods: live cell fluorimetry and fluorescence microscopy.
Compounds were also tested for in vitro cytotoxicity against two human tumor cell lines, ER+
breast adenocarcinoma (MCF-7) and prostate cancer (PC3), and one human non-cancerous cell
line, normal fetal lung fibroblasts (MRC-5), as well as in silico molecular docking studies against

X-ray crystal structures of ERa and ERp.
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Figure 2. Schematic of the fluorescent cellular biosensor. Expression of the LBDs of selected steroid
receptors fused with YFP in Sacharomyces cerevisiae FY250 strain. Ligand binding induces steroid
receptor dimerization causing increased fluorescence due to FRET between two YFP molecules. The
intensity of fluorescence correlates with ligand binding affinity.

2. Materials and methods
2.1. Chemicals

Yeast nitrogen base without amino acids, yeast synthetic drop-out medium supplements
without tryptophan, raffinose, galactose, steroid hormones and tamoxifen were purchased from
Sigma-Aldrich. Solvent dimethyl-sulfoxide (DMSO) was purchased from Lach-Ner. Test
compounds 1-4 were synthesized in our laboratory as previously described: 1 (3-Oxo-16,17-
secoandrosta-1,4-diene-16,17a-dinitrile) [11], 2  (3-Hydroxy-17-bromo-16,17-secoestra-
1,3,5(10)-triene-16-nitrile) [12,13], 3 (3-Hydroxy-17-methyl-17-0x0-16,17-secoestra-1,3,5(10)-
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triene-16-nitrile) and 4 (16-Amino-17-methyl-16,17-secoestra-1,3,5(10)-triene-3,17-diol) [14].
Stock solutions of all test compounds were freshly prepared in DMSO. All reagents were of
analytical grade and used without further purification.
2.2. Yeast strains, plasmids and growth conditions

Saccharomyces cerevisiae FY250 strain (MATa, ura3-52, his32400, leu2A1, trpl46) and
plasmid constructs pRF4-6-hERo. LBD-EYFP, pRF4-6-hERf LBD-EYFP< and pRF4-6-hAR
LBD-EYFP (in further text LBD-YFP) for the fluorescent cellular sensor used in this study, were
generously provided by Dr. Blake Peterson (The University of Kansas) [20]. Expression of all
LBD-YFP proteins is under control of galactose-inducible GAL1 promoter. We used a standard
lithium acetate/polyethylene glycol method for yeast transformation with these LBD-YFP
expression vectors [22]. Selection of transformants was performed on tryptophan dropout plates
for 3 days at 30°C. Selected individual transformed colonies were picked and restreaked onto a
master plate.
2.3. Fluorescent cellular assay

Pre-cultures were grown to saturation at 28°C in selection media (yeast nitrogen base
without amino acids and appropriate dropout powder) supplemented with 2% raffinose with
agitation and aeration. Recombinant strains were initially grown in raffinose instead of glucose
as a carbon source, because raffinose relieves glucose repression of the GAL1 promoter without
inducing expression [23]. Expression of LBD-YFP proteins can then be induced by adding
galactose to the growth media [23]. Cell density was determined by measuring absorbance at 600
nm (optical density, ODgpo) on a spectrophotometer plate reader (ThermoLabsystems Multiscan
EX). Saturated yeast cells were diluted in fresh selection media supplemented with 2% raffinose

at an ODggo of 0.1. Fresh culture was incubated under identical conditions until cells reached



logarithmic phase of growth, ODggo of 0.4-0.6 and 2-3 doublings occurred (approximately 12h).
In mid logarithmic phase of growth, expression of LBD-YFP proteins was induced by addition
of galactose to the growth media to a final concentration of 2%. Simultaneously, test compounds
1-4 were added to final concentrations of 10 uM. High-affinity ER ligands, tamoxifen [24] and
estrone and a low-affinity ligand androstenedione, were used as positive and negative controls,
respectively, in cells expressing LBD of ERa and ERP. For cells expressing the LBD of AR,
androstenedione was used as a positive control, high affinity ligand, whereas tamoxifen and
estrone were used as negative controls. All ligands were used at the same final concentration of
10 uM. In order to test for solvent fluorescence, DMSO without ligand was added to a final
concentration of 1% (DMSO control). Additionally, an aliquot of cell culture without added
galactose and ligand served as an uninduced control. Incubation was continued at 25°C for 14-16
h in the dark. At or below room temperature more efficient expression and folding of green
fluorescent protein variants, such as YFP, has been reported [25]. Finally, fluorescence intensity
following 14-16 h expression of LBD-YFP fusion proteins in the presence or absence of added
ligand was measured using two different detection methods: fluorescence microscopy and
fluorescence measurements in 96-well format.
2.3.1. Fluorescence microscopy

Fluorescence microscopy was used to visualize expressed YFP protein fused with the
appropriate LBD in recombinant yeast cells. To obtain a large number of cells per field of view,
useful for further image analysis, cells were concentrated five-fold by centrifugation for 10 min
at 5000 x g. For visualization, 10 pl of each cell suspension was taken and observed under the
fluorescence microscope (Axio Imager 2) using a FITC filter (excitation of 485 nm and emission

of 535 nm) and 40 x objective. In order to test the method, dose-response and time-dependence



curves were created. For dose response curves, the change in mean fluorescence of yeast cells
expressing AR LBD-YFP was measured by fluorescence microscopy upon addition of the known
AR ligand, dihydrotestosterone, at six different concentrations (0.001, 0.01, 0.1, 1, 10 and 100
uM) and 16h exposure time. A similar dose response curve was created for yeast cells expressing
ERB LBD-YFP using estradiol as a known ligand (see supplemental data). Time-dependent
changes in mean fluorescence were also monitored in yeast cells expressing'ERf LBD-YFP in
the presence of the ERp ligand, estradiol, at a final concentration of 10 uM over a period of 30
h.2.3.2. ImageJ analysis

Images were analyzed by densitometry using Imagel] freeware [26]. Bright-field and
appropriate fluorescent images were overlapped. Background signal was then subtracted. Cells
were manually outlined and the mean pixel intensity of outlined regions was determined. This
value is directly proportional to the mean fluorescence intensity of a cell. Fifty cells per sample
were analyzed. Ligand binding affinity was expressed as fold fluorescence to DMSO control and

calculated as follows:

mean fluorescence intensity of the cellsgmpie

€]

fold fluorescence = . .
mean fluorescence intensity of the cellppso control

Histograms were plotted using Origin Pro 8, data analysis software. Error bars represent
propagated standard errors of the mean (SE).
2.3.3. Fluorescence measurement in 96-well format

For fluorescence readings aliquots of 100 pl intact cell suspension were added to a 96-
well microplate (Carl Roth). Wells containing growth medium were used as a blank. All samples
were tested in triplicate. Cell density was determined by measuring the absorbance at 600 nm.
Fluorescence intensity was measured at 25°C using excitation and emission wavelengths of 485

nm and 538 nm, respectively on a fluorimeter (Fluoroskan Ascent FL). The plate was shaken



each time before measurements to avoid aggregation of yeast cells. Fluorescence intensity values
represent the mean of three probes. Ligand binding affinity was expressed as fold fluorescence to

DMSO control and calculated as follows:

fluorescence intensity per cellsgmple— fluorecence intensity per cellypinduced

2

fold fluorescence = - - - -
fluorescence intensity per cellppmso control—fluorecence intensity per cellyninduced

Histograms were plotted using Origin Pro 8, data analysis software. Error bars represent propagated
standard errors of the mean (SE).2.4. Cell lines

Two human tumor cell lines, ER+ breast adenocarcinoma (MCF-7) and prostate cancer
(PC3), and one human non-cancerous cell line, normal fetal lung fibroblasts (MRC-5), were used
in in vitro cytotoxicity assays. Cells were grown in Dulbecco’'s modified Eagle's medium
(DMEM) with addition of 4.5% glucose. The medium was supplemented with 10% of fetal calf
serum (FCS, Sigma) and antibiotics (100 IU/mL of penicillin and 100 pg/ml of streptomycin
(Sigma). Cells were cultured in flasks (Costar, 25 cm’) at 37°C in 100% humidity atmosphere
with 5% CO,. Only viable cells, as determined by dye exclusion assay, were used in the
cytotoxicity assay.

2.5. Cytotoxicity assay

In vitro cytotoxic activity of test compounds against all cell lines was evaluated by the
tetrazolium colorimetric MTT assay [27]. Cells were exposed to test compounds 2-4 and
doxorubicin for a period of 48 h, in a concentration range from 10™ to 10 M.

MTT assay is based on cleavage of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), to formazan by mitochondrial dehydrogenases in viable cells.
Exponentially growing cells were harvested, counted by trypan blue exclusion and plated onto
96-well microplates (Costar) at an optimal seeding density of 5x10° cells per well to assure

logarithmic growth rate throughout the assay period. Viable cells were plated in a volume of 90
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pl per well, and preincubated in complete medium at 37 °C for 24 h to ensure cell stabilization
prior to the addition of substances. Test compounds, at 10 x the required final concentration, in
growth medium (10 pl per well) were added to all wells except controls and microplates were
incubated for 48 h. The wells containing cells without tested compounds were used as control.
Three hours before the end of incubation period, 10 pl of MTT solution was added to each well.
MTT was dissolved in medium at 5 mg/ml and filtered to sterilize and remove a small amount of
insoluble residue present in some batches of MTT. Acidified 2-propanol (100 pl of 0.04 M HC1
in 2-propanol) was added to each well and mixed thoroughly to dissolve the dark blue crystals.
After a few minutes at room temperature to ensure that all crystals were dissolved, plates were
read on a spectrophotometer plate reader (Multiscan MCC340, Labsystems) at 540/690 nm.
Wells without cells, containing complete medium and MTT served as a blank. Doxorubicin was
used as a nonspecific cytotoxicity control. The cytotoxicity was expressed as ICsp (the
concentration required to inhibit the growth of the cells by 50%). The ICsy of each test
compound was determined by Median effect analysis.
2.6. Molecular docking
2.6.1. Protein (receptor) structural coordinate preparation

Three-dimensional structural coordinates for ERa-LBD (PDB ID: 1A52 [28]) and ERp-
LBD (PDB ID: 30LS [29]) were obtained from the Protein Data Bank [30,31]. Coordinates for
ligands and all water molecules were removed using a text editor. Hydrogen atoms and Gasteiger
partial charges were added using the script ‘receptor.c’ in VEGA ZZ 3.1.0 [32]. Nonpolar
hydrogen atoms were merged in VEGA ZZ and receptor coordinates were saved in PDBQT
format for docking simulations.

2.6.2. Ligand structural coordinate preparation
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Structural models of compounds 1-4 were created using AVOGADRO 1.1.1 [33,34].
Hydrogen atoms were added and ligand geometries were optimized (MMF94s forcefield: 500
steps of conjugate gradient energy minimization followed by 500 steps of steepest descent
energy minimization with a convergence setting of 10x10”) in the program AVOGADRO.
Nonpolar hydrogen atoms were merged and Gasteiger partial charges were calculated using the
script ‘ligand.c’ in VEGA ZZ 3.1.0 and the resulting ligand coordinate files were saved in
PDBQT format. cLogP values were calculated for each compound in the program VEGA.

2.6.3. Grid parameter file preparation

Grid maps were calculated for each receptor using AutoGrid 4 and AutoDockTools [35],
based on ligand coordinates present in crystal structures. Individual grid maps were centered on
each protein molecule and a default box size of 50x50x50 points with default grid spacing of
0.375 A was chosen. Maps were calculated for each atom type (including hydrogen bond donors,
acceptors and aromatic atoms) in the ligand along with an electrostatic and desolvation map
using a default dielectric value of —0.1465.

2.6.4. Docking parameter file preparation and molecular docking simulations

Initial ligand  position, orientation and dihedral offset values were set as random. The
number of torsional degrees of freedom (i.e. rotatable bonds) for each ligand was determined
during the ligand preparation stage in AutoDockTools [35]. Molecular docking studies were
conducted using the Lamarckian genetic algorithm. The maximum number of energy evaluations
was set to 2500000 and the GA population size was 150. A total of 50 hybrid GA-LS runs were
performed for each simulation. Results were visualized using PyMOL [36] and compared to X-
ray structures of ligand bound receptor complexes (1A52 for ERa and 30LS for ERP). AutoGrid

and AutoDock calculations were run remotely at the National Biomedical Computational

12



Resource [37,38] using the PyRx virtual screening tool [39]. All control redocking simulations
using ligands from X-ray crystal structures correctly reproduced ligand-protein geometries found
in their respective X-ray structures. Based on these control docking simulations, predicted
binding energies < —10.21 kcal/mol (ERa) and < -10.77 kcal/mol (ERB) were indicative of
strong binding.
3. Results and discussion
3.1. Optimization of a non-transcriptional fluorescent cell assay in yeast for detection of
steroid receptor ligands

Previous observations suggest that D-seco steroid derivatives 1-4 may have
antiproliferative (1) or antagonist properties (2-4) involving ER signaling [11-15]. To estimate
the relative binding affinities of 1-4 for ERa, ERB and AR, we chose to optimize a non-
transcriptional fluorescent assay in yeast reported by Muddana and Peterson, that directly
measures binding of ligands to the LBD of steroid receptors [20]. Using flow cytometry, this
assay has a reported sensitivity similar to transcription-based yeast screens for known ERa or
AR ligands. However, the sensitivity required for characterization of purified synthetic steroidal
derivatives is less than that for envirionmental or biomedical samples. Thus, in the present study
the assay was optimized to quickly estimate the affinities of steroidal derivatives by fluoresence
microscopy or spectroscopy using standard laboratory equipment. Results from this assay can be
combined with results from other tests of bioactivity to guide organic synthesis efforts. In fact, it
is often a goal of organic synthesis to develop steroidal compounds with no detectable affinity
for ERo or AR, to reduce off-target activation of ER or AR signaling: for example in the design

of steroidal inhibitors of aromatase (CYP19) or 17a-hydroxylase (CYP17) for the treatment of

hormone-sensitive cancers [40].
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Ligand binding domains of ERa, ERB and AR fused to YFP were expressed in yeast
under control of a GALI-inducible promoter and detected by fluoresence microscopy. Because
ligand binding may stabilize folding of LBD-YFP proteins during expression [20], test ligands
were added simultaneously with galactose used for induction of YFP expression, resulting in
improved cell fluorescence (not shown). As can be seen in results from a typical experiment
(Figure 3) cell fluorescence intensity rises sigmoidally with increasing ligand concentration,
reaching saturation at 100 uM (Figure 3A). Similarly, upon addition of test ligand at 10uM, cell
fluorescence intensity increases with increasing exposure time, reaching saturation after 15 h

(Figure 3B).
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Figure 3. A) Dose-response curve. Change in mean fluorescence of yeast cells (n=15) expressing AR
LBD-YFP upon addition of the AR ligand, dihydrotestosterone, at six different concentrations (0.001,
0.01, 0.1, 1, 10 and 100 uM) and 16 h exposure time. The concentration range on the X axis is given in
logarithmic scale. B) Time-dependent change in mean fluorescence of yeast cells (n=8) expressing ER}
LBD-YFP in the presence of the ERp ligand, estradiol, at a final concentration of 10 uM. In both cases
mean cell fluorescence was determined by analyzing fluorescence images by densitometry using Imagel.
Data were fitted in Origin Pro 8 using sigmoidal curve fitting. Error bars represent standard errors of the
mean.
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3.2. Measurement of the relative binding affinities of ligands for ERa, ERp and AR by live
cell fluorescence microscopy

A panel of bright field and fluorescence micrographs of live recombinant yeast cells
expressing ERa LBD-YFP, ERf} LBD-YFP or AR LBD-YFP exposed to different test ligands
vs. controls is shown in Figure 4. In the absence of galactose (uninduced control), no
fluorescence was detectable, while baseline YFP fluorescence was observed in cells upon
induction of expression of each receptor LBD-YFP construct with galactose. In the absence of
ligand (DMSO control), fluorescence was found to be localized for all LBD-YFP constructs and
the least intense in cells expressing AR LBD-YFP.

Yeast expressing ERo. LBD-YFP or ERB LBD-YFP were treated with tamoxifen [24] or
estrone as high-affinity ER ligands (positive control) and compared with the same cells treated
with androstenedione, a steroidal ligand expected to have low-affinity for both ER isoforms
(negative control). For yeast cells expressing the AR LBD-YFP, androstenedione was considered
to be a high-affinity /AR ligand (positive control), while tamoxifen or estrone were low-affinity
AR ligands (negative control). As can be seen in Figure 4, addition of high-affinity ligands to
cells expressing the corresponding cognate receptor resulted in a strong increase in fluorescence
intensity, coupled with a visual change in the cellular distribution of YFP. In agreement with
previous observations, ligand binding appears to induce a redistribution of steroid receptor LBD-
YFP fusions from some intracellular organelle (presumably the endoplasmic reticulum) to the
cytoplasm [20]. This change in cellular localization provides a rapid qualitative measure of the

potential bioactivity of test compounds using fluoresence microscopy.
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Figure 4. Representative bright field and fluorescence micrographs of recombinant yeast cells expressing
ERa LBD-YFP, ERp LBD-YFP and AR LBD-YFP tretated with DMSO (DMSO control), estrone,
tamoxifen, androstenedione, or test compounds 1-4 at a final concentration of 10 uM for 14-16h vs.
uninduced cells (uninduced control). All fluorescence micrographs were captured with an identical
exposure time of 500 ms using a FITC filter. Cell fluorescence intensity correlates with relative ligand
binding affinity for these receptors.

To quantitate the affinities of 1-4 for ERa,, ERf and AR LBDs, fluorescent micrographs
of ligand-treated yeast cells were analyzed by densitometry using the program ImageJ [26] and

expressed as the fold fluorescence change between ligand-treated and DMSO control cells

(Figure 5).
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Figure 5. Fold fluorescence change between ligand-treated and DMSO control cells in the absence of
ligand expressing ERo. LBD-YFP, ERB LBD-YFP and AR LBD-YFP measured by fluorescence
microscopy. Fold fluorescence changes were calculated from fluorescence intensity per cell after 14-16 h
exposure to 10 uM ligands or 1% DMSO, as a control. Higher values correspond to stronger binding
affinity. Images were analyzed by densitometry using ImagelJ freeware. Histograms were plotted using
Origin Pro 8. Error bars represent propagated standard errors of the mean, based on analysis of 50 cells
for each sample (n=50 cells)

Estrone and tamoxifen showed strong binding affinity for both ERa and ERp, with fold
fluorescence enhancements in the range of ~1.5 to 1.7 vs. controls, as expected. Similarly,
androstenedione showed strong binding affinity for AR, with a fold fluorescence enhancement of
~1.5. Surprisingly, although tamoxifen had no affinity for AR as expected, estrone displayed
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measureable affinity for the AR. This is in agreement with previous reports that estrone may be a
weak agonist of AR signaling in transcription based yeast androgen assays [19].

Quantification of fluorescence microscopy results suggests that compounds 1-4 have
much lower affinity for AR-LBD than . androstenedione (Figure 5). In contrast, compounds 2
and 3 appear to bind strongly to both ERa and ERp isoforms by fluoresence microscopy, with
affinitites comparable to estrone or tamoxifen. These results are in agreement with the reported
antiestrogenic activities of 2 and 3 in uterotrophic assays [12,14].
3.3. Measurement of the relative binding affinities of ligands for ERa, ERP and AR by
fluorimetry in 96-well plates
To test if the assay can be used in high-throughput format, the same experiments were repeated
using a 96-well fluoresence plate reader for measurements on intact yeast cells. Yeast expressing
ERa LBD-YFP, ERB LBD-YFP or AR-LBD-YFP were treated with test or control ligands and
the fluoresence intensity of live yeast was measured in standard 96-well polystyrene plates.
Ligand binding affinities for ERa, ERB and AR were expressed as the fold fluorescence change
between ligand-treated and DMSO control cells normalized for cell density and fluorescence
values for uninduced cells. As can be seen from Figure 6, estrone and tamoxifen showed strong
binding affinities for both ERa and ERp, with 1.4-1.6 fold fluorescence enhancements compared
to controls. Similarly, androstenedione showed binding affinity for AR, with a fold fluorescence
enhancement of ~1.3. Negative controls estrone and tamoxifen had no measureable affinity for

the AR, and androstenedione had no measureable affinity for either ER isoform.
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Figure 6. Fold fluorescence change between ligand-treated and DMSO control cells in the absence of
ligand expressing ERo. LBD-YFP, ERp LBD-YFP and AR LBD-YFP measured by fluorimeter in 96-well
format. Fold fluorescence change was calculated from fluorescence intensity per cell after 14-16 h
exposure to 10 uM ligands and 1% DMSO, as a control. Histograms were plotted using Origin Pro 8.
Error bars represent propagated standard errors of the mean.

Results from fluorescence spectroscopy also suggest that compounds 1-4 lack affinity for
AR-LBD, in agreement with fluorescence microscopy analysis. Similarly, compound 2 was
again found to have strong binding affinity for ERa and ERP by fluorescence spectroscopy. In
contrast, compound 3 appears to have strong affinity only for ER[3 based on 96-well fluorescence

spectroscopy measurements.
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A comparison between fold fluorescence changes (ligand-treated vs. DMSO control
cells) obtained by 96-well fluorescence spectroscopy and fluorescence microscopy is shown in
Figure 7. As can be seen, there is qualitative agreement between these results, and both methods

suggest that compounds 2 and 3 have affinity for ERa or ER.
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Figure 7. Comparison between fold fluorescence change between ligand-treated and DMSO control cells
in the absence of ligand expressing ERa LBD-YFP, ER} LBD-YFP and AR LBD-YFP measured by
fluorimeter in 96-well format and fluorescence microscopy. Histograms were plotted using Origin Pro 8.
Error bars represent propagated standard errors of the mean. Pearson's r correlation coefficients were also
calculated to compare results obtained by the two methods: ERa LBD-YFP (r=0.87), ERp LBD-YFP
(r=0.94), AR LBD-YFP (0.95).
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Based on these results, fluorescence measurements of intact yeast in 96-well format can
be used as a rapid screen for identification of potential steroid receptor ligands, followed by
further evaluation of the same cells using fluorescence microscopy. Fold fluorescence changes
obtained by fluorescence microscopy were proportionally higher than those obtained by 96-well
fluorescence spectroscopy, suggesting the higher sensitivity of individual cell analysis by
fluorescence microscopy.

While the present assay is designed to measure the affinities of steroid derivatives for
homodimeric steroid receptors, it is possible to develop a similar system to study heterodimeric
steroid receptor pairs. This could be accomplished in yeast by either 1) fusing each steroid
receptor LBD to a different 'FRET-compatible' fluorescent protein (e.g. YFP/CFP) [41] or 2)
using a biomolecular fragment complementation (BiFC) approach involving split fluorescent
proteins (e.g. split-YFP) [42]. Using our present assay, it would also be interesting to test the
effects of co-expression of steroid receptor co-activators on ligand binding affinities [43].

3.4. In vitro antiproliferative activity of compounds 1-4

To further characterize the biological activities of tested compounds, we determined their
antiproliferative potential against a panel of human cancer cell lines. Compounds 2-4 were tested
for antiproliferative activity in vitro against two human cancer cell lines: MCF-7 and PC3 using
the standard MTT assay [27]. Normal, non-cancerous MRC-5 cells were included as a control
cell line and results were compared with the non-selective antiproliferative drug, doxorubicin.
ICsp values for the antiproliferative activity of each compound are shown in Table 1.

Compound 1 has been reported previously to have submicromolar antiproliferative

activity against both ER+ and ER- breast cancer cell lines, suggesting a mechanism of action
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possibly involving molecular targets other than ER signaling [11]. Among tested compounds 2-4,
compound 2 displayed the strongest antiproliferative activity against the MCF-7 cell line, with an
ICso of 26.22 uM. MCEF-7 breast adenocarcinoma cells express ER isoforms (ER+) and are
considered to be estrogen senstive. This is in agreement with our results showing that compound
2 binds the LBD of ERa with high affinity. In addition, compound 2 was reported to have
antiestrogenic activity [12]. Thus, it is possible that compound 2 may inhibit the growth of ER+
breast cancer cells by blocking the activity of ERo. While compound 3 was also found to have
high affinity for ERa, it showed only low antiproliferative activity against MCF-7 cells. One
possible explanation for this disparity is the fact that compound 3 is not as lipophillic as
compound 2 (clogP=2.74 vs. 4.18) and may not cross the cell membrane as efficiently.
Compound 4 displayed low antiproliferative activity against MCF-7 cells (ICsp 48.51 uM), in
agreement with its negligible affinity for ERa. All test compounds showed low antiproliferative
activity against PC3 cells, although the cytotoxicity of 4 was slightly greater with an ICsg 37.91
uM.  Although PC3 cells express- AR, their proliferation is considered to be hormone-
independent [44]. Importantly, all tested steroid derivatives were non-toxic to normal MRC-5
cells, in contrast to doxorubicin which is highly cytotoxic. Doxorubicin controls showed low

cytotoxicity against PC3 cells (ICsy 95.6 IM), in agreement with David-Beabes et al [45].

Table 1. Antiproliferative activity of compounds 2-4 and doxorubicin against two human cancer cell
lines: MCF-7 and PC3 versus a normal non-cancerous control cell line, MRC-5. Antiproliferative activity
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was determined using the MTT assay after exposure to 0.001, 0.01, 0.1, 1, 10 and 100 uM test compound
for 48 h. Two independent experiments were conducted in quadruplicate for each concentration of test
compound. Mean values and standard deviations were calculated for each concentration, and ICsy values
were determined by Median effect analysis.

Compound IC50 (uM)

MCF-7 PC-3 MRC-5*
2 26.22 63.42 >100
3 51.58 54.93 >100
4 48.51 3791 >100
Doxorubicin' 0.75 95.61 0.12

'Control antiproliferative compound; “Non-cancerous control cells

3.4. Molecular docking of tested compounds against ERa and ER

Computational docking techniques, such as AutoDock, can correctly predict the geometry
of ligands found in X-ray crystal structures, but have a lower accuracy of free energy prediction
[46]. Thus, although docking programs can predict the corrrect geometry of protein-ligand
interactions with very high accuracy, ab initio ranking of compounds based only on simulated
docking energies may be problematic without experimental data [46]. However, in test libraries,
sets of compounds that are predicted to bind tightly to a protein receptor are highly enriched with
compounds that actually show binding by experimental measurements [46]. Therefore, in the
present study we use molecular docking only to suggest possible binding geometries for
compounds shown by fluorescence measurements to have high affinity for ERo or ERp.
Molecular docking simulations were conducted against the X-ray crystal structures of ERa-LBD
(PDB ID: 1A52 [28]) and ERB-LBD (PDB ID: 30LS [29]) (Table 2). Control redocking
simulations were conducted using estradiol, a natural steroidal ligand present in the X-ray crystal
structures of both ER receptors, andreproduced accurate ligand-protein binding geometries

present in the respective crystal structures (RMSD < 0.6 A). Predicted binding energies < -10.21
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kcal/mol for ERa and < -10.77 for ERJ were thus considered significant based on control
redocking simulations.

Table 2. Comparison of experimental binding affinities of 1-4 for ERa and ERP (fold fluoresence by
microscopy) with molecular docking simulations (Autodock binding energies). Binding energies of
ligands present in X-ray crystal structures were obtained from redocking simulations.

Compound Fold Autodock binding
fluorescence energies (kcal/mol)
ERa
1 0.94 -10.31
2 1.45 -10.79
3 1.46 -10.37
4 1.05 n.b.?
Estrone 1.45 -10.15
Estradiol' - -10.21
ERp
1 1.32 -10.55
2 1.60 -11.06
3 1.57 -10.79
4 1.16 n.b.?
Estrone 1.60 -10.66
Estradiol' - -10.77

'Ligand present in X-ray crystal structure (control); “Non-binding

Compound 1 was predicted by docking to have somewhat higher affinity for ERP over
ERa in agreement with our previous work [11]. However, docking studies predict a higher fold
fluorescence change for 1 than observed in our experiments. Because 1 is strongly cytotoxic to
ER- breast cancer cells that do not express ER, its mechanism of action likely involves other as

yet unidentified protein target(s) [11].

24



In agreement with experimental measurements, molecular docking simulations suggest
strong binding of compound 2 to ERa and ER[ isoforms, while compound 3 is predicted by
docking to have stronger affinity for ERP than ERa.. As can be seen in Figure 8, compound 2
appears to be able to bind to both estrogen receptors in a similar orientation as estradiol, but with
higher predicted binding affinity. Similar to X-ray structures of estradiol in complex with ER
isoforms, the binding geometry of 2 also involves polar contacts between O3 and R394/346; and
between H3 and E353/305 of ERo/ERP [28,29]. However, the stronger predicted binding energy
of compound 2 vs. estradiol could be due to halogen bonding between the 17-bromine
modification and a conserved ER histidine residue (H524 for ERa and H475 of ERp), which
appears to mimic hydrogen bonding between the same histidine residue and O17 in estradiol.

Depending on the context, halogen bonds can be stronger than hydrogen bonds [47].

Figure 8. ERa (left) and ER P (right) docked with compound 2 (magenta), and estradiol (green).
Compound 2 binds in similar orientation as estradiol and displays a similar network of hydrogen bonds,
with the exception of a halogen bond formed between 17-bromine and H524 for ERa and H475 of ERp.

The presence of a nitrile group on C16 of the steroid core also appears to correlate with
binding affinity for ERs. Addition of a nitrile group modification has been shown to increase the
binding of a synthetic ERp ligand [48], and may contribute to the affinity of compound 2 for

both ERs via hydrogen bonding. Compound 4 lacks a nitrile moiety, which we speculate might
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be a possible cause for its lower affinity for ERo and ERB. Results from molecular docking
could be combined with fluorescence and other data to help design steroidal derivatives with

higher affinity and selectivity for ERa or ERp that could be tested in the assay described here.

4. Conclusions

The relative binding affinities of D-seco modified steroid derivatives 1-4 were estimated
for the ligand binding domains of estrogen receptor @, estrogen receptor 3 or androgen receptor
using an optimized non-transcriptional fluorescent cell assay in yeast. Based on these results a D-
seco estratriene derivative 2 with a 17-bromine modification displays selective estrogen receptor
binding and in vitro cytotoxicity against MCF-7 estrogen receptor positive breast
adenocarcinoma cells. The assay described here can identify potential modulators of steroid

receptor signaling or help filter out compounds with off-target affinity for steroid receptors.
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Highlights

Relative binding affinities of D-seco modified steroid derivatives were estimated for
estrogen receptor o, estrogen receptor 3 or androgen receptor using an optimized non-
transcriptional fluorescent cell assay in yeast.

D-seco estratriene derivative 2 displays selective estrogen receptor binding and in vitro
cytotoxicity against MCF-7 estrogen receptor positive breast adenocarcinoma cells.

The assay described here can identify potential modulators of steroid receptor signaling

or filter out compounds with off-target affinity for steroid receptors.
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