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Abstract

The estrogen receptor (ER) is a hormone-regulated transcription factor that binds, as a dimer, to
estrogens and to specific DNA sequences. To explore at a fundamental level the geometric and
topological features of bivalent-ligand binding to the ER dimer, dimeric ER crystal structures were
used to rationally design nonsteroidal bivalent estrogen ligands. Guided by this structure-based
ligand design, we prepared two series of bivalent ligands (agonists and antagonists) tethered by
flexible spacers of varying lengths (7-47A) and evaluated their ER-binding affinities for the two
ER subtypes and their biological activities in cell lines. Bivalent ligands based on the agonist
diethylstilbestrol (DES) proved to be poor candidates, but bivalent ligands based on the antagonist
hydroxytamoxifen (OHT) were well suited for intensive study. Binding affinities of the OHT-
based bivalent ligands were related to spacer length in a distinctive fashion, reaching two
maximum values at 14 and 29A in both ER subtypes. These results demonstrate that the bivalent
concept can operate in determining ER-ligand binding affinity and suggest that two distinct modes
operate for the binding of bivalent estrogen ligands to the ER dimers, an intermolecular as well as
an intramolecular mode. Our insights, particularly the possibility of intramolecular bivalent
binding on a single ER monomer, may provide an alternative strategy to prepare more selective
and active ER antagonists for endocrine therapy of breast cancer.
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Introduction

The estrogen receptor (ER) is a nuclear receptor (NR) that binds various estrogens and
regulates diverse physiological and pathological activities, largely at the level of gene
transcription.1=3 Like other members of the NR superfamily, agonist binding causes a
conformational change in the ER ligand binding domain (LBD) that induces receptor
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dimerization and results in the reorientation of the C-terminal helix (helix-12), completing
the formation of a hydrophobic groove on the protein surface that is the docking site for the
binding of coactivators, mediators of further transcriptional signaling.#® Because estrogen
action can have both beneficial and detrimental health effects, major research efforts have
been devoted to developing estrogens having selective activities.

The two human ER subtypes, ERa and ERp, have different tissue distributions and distinct
as well as overlapping regulatory functions,8 and thus provide interesting targets through
which ER subtype-selective ligands might provide, for example, effective menopausal
hormone replacement without increasing the risk of breast cancer.’~12 Ligands, such as
tamoxifen and raloxifene (TAM and RAL, Figure 1), have been termed selective estrogen
receptor modulators (SERMSs) because they display tissue-selective pharmacology,
protecting bone but blocking breast cancer, presumably by exploiting differences in cellular
content of coregulator proteins in different target tissues. Hydroxytamoxifen (OHT, Figure
1), an active metabolite of tamoxifen, however, causes hot flashes and increases the risk of
endometrial cancer.13

Beyond ER subtype-selective ligands and SERMs, there are other, intriguing modes by
which selective estrogens might be developed. Considerable work has gone into developing
inhibitors of ER action that directly block coactivator-binding,14-16 although potent,
selective agents have not yet been found. Finally, because ligand binding to the ER-LBD
also induces receptor dimerization, which is essential for its transcriptional activity,17-18 an
alternative strategy for regulating ER activity is to prepare bivalent estrogen ligands that can
bridge between two ER-LBDs. Such bivalent ligands might bind especially well or in an
unusual fashion that could affect the stability of the ER dimer and alter its transcriptional
activity. Consequently, they might form the basis for the design of novel agents that could
provide improved tissue selectivity or endocrine therapies.

During the last two decades, several groups have studied different bivalent estrogen ligands
tethered with various types of spacers, such as flexible oligomers or rigid duplex DNA, to
determine the optimal spacer length for two estrogen moieties to bind simultaneously to two
ER-LBDs.19-25 Recently, we reported on bivalent raloxifene ligands (BRLs, Figure 1)
tethered by oligoethylene glycol (OEG) spacers of varying length.26 BRLs tethered by long
spacers bound more weakly to ER-LBD dimers than did those tethered by short spacers; the
latter, short-spacer tethered BRLs, appeared to engage in /intramolecular bivalent binding on
the same ER-LBD monomer, rather than intermolecular binding between dimer pairs, a
rather unexpected finding. Such a relationship between the architecture of other multivalent
ligands and their ligand-protein binding mechanisms has also been observed.27:28

Herein, we report on bivalent ligands based on the agonist diethylstilbestrol (DES, Figure 1)
and the antagonist OHT in studies designed to complement and extend our prior work on
BRLs. The focus here was to examine how ER-binding affinities and cellular activities
would be affected by the agonist versus antagonist nature of the ligand and the length and
nature of the spacer. From our experimental and molecular modeling studies, we developed
structure-activity relationships and obtained a number of insights from which we can draw
instructive conclusions regarding further design of bivalent estrogen ligands. Our findings
regarding the importance of ligand affinity, ER conformation, nature of the spacer, and
especially our evidence that certain bivalent ligands bind to ER dimers in an intramolecular
fashion—simultaneously in the cognate binding site and in the coactivator-binding groove of
one ER monomer component—suggest a number of alternative strategies for preparing more
selective and active ER ligands that might be useful in various endocrine therapies.
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Results and Discussion

A thermodynamic approach to bivalent ligand design

The affinity (K®) of a binding event is characterized by the Gibbs free energy (A G°=
—-RT:InK®), made up of enthalpic (A ~°) and entropic components (T-A 5°). Although free
energy enhancement resulting from bivalent binding is attributed mostly to the entropic
component,29-31 the influence of the binding moiety on the overall binding affinity of a
bivalent ligand was unknown. Whereas the standard enthalpy A A° and entropy A S° can be
considered to arise from changes in the intermolecular ligand-protein binding energies and
the rearrangements undergone by water during the binding, respectively,32 one would expect
that high-affinity estrogen agonist like DES or antagonist like OHT would have different
effects on the enthalpic component, based on their distinctive patterns of hydrogen bonding
and van der Waals interactions with ER; the interactions with these ligands would likely also
be different from those of RAL, the ligand used our earlier study of BRLs. Thus, a
comparison between agonist and antagonist (i.e., DES vs. OHT and RAL), which have very
different conformations of binding to the ER,33-3% can help us parse out what components of
bivalent ligands contribute to their binding affinity.

On the basis of thermodynamic considerations and to facilitate these comparisons, we
constructed the new bivalent DES and OHT ligands using the same OEG spacers we had
used for BRLs, ensuring that the spacers would have the same conformational entropic cost,
so we could ascribe a decrease or increase in the Gibbs free energy for ER binding of our
new bivalent ligands to changes in enthalpy rather than entropy. Because the nonsteroidal
ligands contain a double bond, they provide us with both homo-bivalent (Z-Zor £-£
isomers) and hetero-bivalent (Z- £ isomer) ligands. Since double bond geometry affects ER-
binding affinity, comparisons between homo- and hetero-bivalent ligands offer the potential
to explore and interrogate at a more general level geometric and topological features of
bivalent interactions.

Studies with DES-based bivalent ligands

DES-based ligand design—The structure of the ERa.-LBD dimer bound to two DES
molecules (PDB ID 3ERD) was modeled using PyMOL (Figure 2a). The closest distance
between two DES molecules at carbon 1 of the stilbene structure is 30.0A. As an ER
agonist, DES binds deeply in the hydrophobic cognate binding site, and the direct path
between ligands passes through portions of protein. Thus, a spacer would need to be longer
than 30A to adopt a non-linear pathway avoiding steric obstruction by the protein.

As previously, we chose OEG spacers of 39.5 to 46.7A length (EG4g to EG1o,
approximately 10A longer than the calculated distance) to tether two DES moieties via an
amide link, producing bivalent ligands having the potential for intermolecular bivalent
binding between two cognate binding sites in the ER dimer (Figure 3, 1-3). Moreover, to
minimize the folding and conformational entropic cost of the OEG spacer, two carbon-
hybrid OEG spacers and one biphenyl-hybrid OEG spacer, with extended lengths of 34.8 to
39.8A, were chosen (4-6, Figure 3). In addition, a bivalent DES ligand (7) tethered by a
much shorter 1,2-diethoxyethylene spacer (EG, 10.8A, Figure 3) and three monovalent
DES ligands (8-10, Figure 3) were also prepared. Because the geometric isomers of DES
bind with different affinities, separation of the low-binding Z-isomer from the desired high-
binding £-isomer was performed.36

DES-based ligand ER-binding affinity—Binding affinities of £-£isomers of mono-

and bivalent DES ligands (1-10) were evaluated by radiometric binding assays,37:38 using
full-length human ERa and ERB, with [3H]-E, as tracer and E, as standard. They are
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expressed as relative binding affinity (RBA) values, relative to that of E;, (RBA = 100%;
Table 1). The affinities of ligands 1-10, except for DES itself, were considerably lower than
E,. Among ligands 1-6, ligand 2 tethered by a 43.1A OEG spacer had the highest affinity,
which, however, was 10-fold lower than that of ligand 7, tethered by a 10.8A spacer on both
ER subtypes.

The low affinities of bivalent DES ligands suggest two things: (1) Introduction of a polar
group (carboxylic acid, ester, or amide, 8-10) onto the hydrophobic core of DES
dramatically reduces ER-binding affinity, presumably because of the hydrophobic character
of the binding pocket.12:39 (2) Agonist ligands, such as DES and E,, stabilize an ER-LBD
conformation with ligand fully encapsulated by protein, with no obvious way for a tethering
group to exit the fully enclosed pocket, making it particularly challenging to create bivalent
estrogens based on agonist ligands.

DES-based ligand biological activity—Since RBA values do not reflect biological
effects, the £- £ isomers of bivalent DES ligands 1-7 were evaluated for their hormonal
activities on ERa and ERB-regulated reporter genes using U20S cells transiently transfected
with ER expression plasmids pSG5-ERa (U20S/ERa) or pSG5-ERB FL (U20S/ERp) and
the reporter plasmid p(ERE)2-luc+ (Table 2).26 The intrinsic activity (1A) of each ligand
was assayed at 10.M. Ligands 1-7 showed pure agonistic activity that was related to spacer
length: Ligands 1 and 4-6 with spacer lengths of 34.8-39.8A had less than 50% IA values
on ERa, while on ERp only ligands 1 and 5 have similar 1A values. Cell density was used to
evaluate cytotoxic effects, and none of these ligands influenced U20S cell growth.

In further evaluation of growth inhibitory effects in ER-positive (MCF-7) and ER-negative
(MDA-MB-231) cell lines,28 ICs values were calculated from concentration-dependent
Treated/Controlgorr (T/Ceorr [%0]) Values after a 96h incubation (Table 2). ER agonists often
show non-ER-mediated growth inhibition at high concentrations, exemplified by
monovalent DES having an ICgq value of 5..M for both cell lines, and most bivalent ligands
showed similar, non-ER dependent growth suppression. Ligand 6 (£-£isomer) was an
exception, showing unusual cell line-dependent effects, being completely inactive in ER-
negative cells (ICsg >20.M) but rather potent in ER-positive cells (ICsp <0.63M).
Remarkably, despite its low binding affinity (0.003%) for ERa., the £-Zisomer of ligand 6
showed identical growth suppression as its £-£ isomer in both cells.

A possible explanation for the more potent growth suppression of ER-positive cells by
ligand 6, lies in its unique spacer structure, the biphenyl segment; it might be interrupting
ER signaling by a different mechanism, namely, a hydrophobic-driven interaction between
the bis-arene and the coactivator-binding site of ERa. In this manner, ER signaling in
support of cell proliferation would be inhibited in ER-positive but not ER-negative cells.
Certain biphenyl systems are known to function as inhibitors of coactivator-binding,
suggesting that this alternate mode of inhibition by ligand 6 is feasible.? In summary, the
effects of these ligands mirrored that of the parent DES ligand: they were mostly pure
agonists and did not show any ER-dependent suppression of cell growth.

Studies with OHT-based bivalent ligands

OHT-based ligand design—Unlike ER agonists, the structures of ER bound to OHT are
enlarged in the 11p direction to accommodate the bulky side chain. This local remodeling
provides the OHT molecule access to the exterior of the ER, where the basic amino group
forms a salt bridge with a surface aspartic acid (Asp351 ERa.; Asp303 ERB).34:3% This
amino group, positioned at the protein surface, offers a promising site through which to
tether the OHT moieties. To rationally design bivalent OHT ligands, computer modeling of
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dimeric ER-LBD crystal structures bound to OHT (PDB ID 3ERT for ERa and 2FSZ for
ERpB) was performed using PyMOL. We found that the closest distance between two
nitrogen atoms in the crystal structure is 33.2 and 34.3A, for ERa and ERP, respectively
(Figure 2bc).

Notably, there are four OHT molecules in the dimeric ERB-LBD crystal structure, two in the
cognate binding sites and the other two in the hydrophobic coactivator-binding grooves on
the protein surface.#? The distance between the nitrogen atom of one OHT molecule in the
cognate binding site and the nitrogen atom of the other OHT molecule in the coactivator-
binding groove on the same monomer component is much less, only 16.7A.

To further understand the intra- vs. intermolecular bivalent binding relationship with
bivalent OHT ligands, we prepared nine bivalent OHT ligands 11-19 (Figure 4) tethered
through the amino groups by nine OEG spacers, with spacer lengths, 7.24-43.1A, sufficient
to span either intra- or intermolecular bivalent binding. Additionally, one monovalent OHT
ligand 20 (Figure 4) with a side chain was prepared as a control. The stereochemistry of
OHT molecules affects ER-ligand binding: Z~OHT is an antagonist with a 3-fold higher
affinity than E,, while £OHT is an agonist with only 5% the affinity of E,.42 As with DES
ligands, geometric isomerization of OHT-based ligands means that separations need to be
performed carefully.43

OHT-based ligand ER-binding affinity—The eight bivalent ligands (11-17 and 19)
evaluated are of two types: (1) homo-bivalent ligands — both OHT moieties are high affinity
Z-isomers, and (2) hetero-bivalent ligands — one Z~OHT moiety tethered to one low affinity
E-OHT moiety. Because hetero-bivalent ligands (Z-£ isomers) have essentially the same
lipophilicity as homo-bivalent ligands (Z-Zisomers), the binding of hetero-bivalent ligands
can be considered as bivalent controls for specific versus non-specific effects of binding to
the second site. Both isomers of the monovalent control 20 were evaluated; binding
affinities are expressed as RBA values (Table 3).

Generally, binding affinities of bivalent OHT ligands are only somewhat lower than that of
E,, with ERa higher than ERB. Thus, the amino link and the OEG spacer are tolerated by
the cognate binding site. The monovalent ligand 20Z also had a much higher binding
affinity than its £-isomer 20E. The Z-Zisomers (13-16) had overall stronger ER-binding
affinities than the Z-Eisomers on ERp but not ERa, indicating that stereochemistry plays a
variable role in second-site ER-binding.

Figure 5 illustrates the relationship between RBA values and spacer lengths of the bivalent
OHT ligands: Affinities peaked at 14.4 and 28.8A (EG3 and EG>, respectively) in both
subtypes. This is not only consistent with our previous interpretation of /nfra- vs.
intermolecular binding modes of BRLs,28 but also precise enough to provide spacer-length
information for each binding mode. Interestingly, 11ZZ, tethered by a 7.24A spacer (EGy),
did not reach a maximum like the BRL with a 4.71A spacer,26 while ligand 13ZZ, tethered
by a longer 14.4A spacer, peaked on both ER subtypes. This distinction suggests that the .z
OHT moiety binds to a different secondary site in ERa than did the RAL moiety. Thus,
intramolecular bivalent binding can be achieved by the longer spacer of ligand 13ZZ.
Moreover, the affinity difference between 13ZZ and 13ZE on ERa (37.2% vs. 8.16%) is
greater than that on ERp (13.9% vs. 9.57%), suggesting that the stereochemical tolerance of
this secondary site on ERa is lower than on ERp. Furthermore, ligand 12ZE tethered by a
10.8A-long spacer (EG,) also reached a maximum binding peak on ERa., suggesting the £
OHT moiety can bind to a different secondary site, whereas the Z-OHT moiety cannot.

ACS Chem Biol. Author manuscript; available in PMC 2014 April 19.
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A second maximum binding peak was reached by ligand 16 tethered by a 28.8A-long spacer
(EG7) on both subtypes, consistent with intermolecular bivalent binding between two ER
cognate binding sites. It is challenging to rationalize why ER-binding affinities of 16ZZ and
16ZE on the ERa were nearly identical (30.7% vs. 32.3%), but the stereochemical tolerance
at the second binding site might be rather low, so once one Z-OHT moiety binds in the
cognate binding site of one monomer, the lipophilic nature of the second OHT moiety,
rather than its Z/£ stereochemistry, determines its ability either to bind to the second cognate
binding site or elsewhere on the ERa surface. While the secondary site involved in
intramolecular bivalent binding, the coactivator-binding groove, is precedented in the ERP
structure, the location of a non-cognate site for intermolecular bivalent binding cannot be
ascertained with certainty.

In contrast to ERa., affinity differences between 16ZZ and 16ZE on ERp (20.7% vs. 9.48%)
were larger, suggesting that the ERP subtype is more stereochemically discriminating in
binding the second OHT moiety. Remarkably, a gradual decrease in affinity with increasing
spacer length (1622-18ZZ) on ERa but not on ER, revealed that intermolecular bivalent
binding could still be achieved with spacers longer than 28.8A on the ERa, whereas on the
ERP it peaked sharply with a 28.8A spacer. This may reflect that the ERa cognate binding
site is approximately 100A3 larger than ERp.12

OHT-based ligand biological activity—Because of cytotoxicity, we could not evaluate
the biological activity of the OHT-based ligands (11-17, 19, and 20) in U20S cells using the
ER-regulated reporter genes used earlier for the DES ligands. Thus, their growth inhibitory
effects were evaluated with MCF-7 and MDA-MB-231 cells (Table 4).

All the Z-Zisomers (except 17ZZ) were potent growth inhibitors of MCF-7 cells (ICsq <
0.11M). Notably, these bivalent ligands were more potent than the monovalent control 20Z
(entry 10) or OHT itself (entry 12). The potency advantage of bivalent ligands compared to
monovalent control 20Z and OHT is especially important, because it suggests that bivalent
binding can significantly enhance activity. The growth inhibitory effects of all ligands is
also higher in the ER-positive cells, with MDA-MB-231/MCF-7 potency ratios ranging
from 7 (16ZZ, entry 6) to 32 (1922, entry 8). The Z-Zisomer of ligand 19ZZ was the most
potent in both cell lines, while the growth inhibition of its 2 £ isomer (entry 9) was 15-fold
weaker in ER-positive cells. By contrast, the monovalent controls 20Z and 20E had rather
similar growth inhibitory potencies in both cell lines (entries 10 and 11).

While growth suppression of ER-positive cells can be attributed to the antagonist activity of
bivalent OHT ligands, growth inhibition in ER-negative cells is significant and suggests that
the cytotoxicity of the bivalent OHT ligands may be a combination of ER-dependent and
ER-independent effects.

Computer modeling

ERB complex with ligand 13ZZ and ligand 12ZE—The binding mode of the second
OHT moiety in the ERB coactivator-binding groove is known from a crystal structure
(Figure 2c). Our binding mode for ligand 13ZZ, predicted by modeling, allows for
interaction with the same residues as in the crystal structure (2FSZ), although the OHT
moiety in the coactivator-binding groove adopts a reversed orientation, where the nitrogen
atom connected to the spacer points towards the cognate binding site (Figure 6a), with the
ethyl group protruding outward into solvent.

Ligand 12ZE is equally able to form interactions with the coactivator-binding groove,
provided the spacer adopts an extended conformation, but the £-OHT moiety is less well
accommodated in the coactivator-binding groove, because now the phenyl group from the
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outside OHT protrudes into solvent (Figure 6b). Thus, a better accommodation of this
outside OHT moiety in the coactivator-binding groove may have been hindered by its short
spacer, as is consistent with the RBA measurements.

ERa complex with ligand 13ZZ and ligand 12ZE—Because the topology of the
coactivator-binding groove for the second OHT moiety is dependent on the position of
helix-12, which in turn is dependent on the activation state of ERa, prediction of ERa
binding modes at the coactivator-binding groove is complicated. Using structural knowledge
on ER coactivator-site binding modes, we could obtain a stable binding mode for ligand
1377 that interacted with key residues of the groove and helix-12 (Figure 6¢). The model
suggests that helix-12 performs a slight shift due to interactions between the ZOHT moiety
and the coactivator-binding groove, while enclosing it as a binding site with multiple
interactions. Interestingly, we could not find a stable binding mode for ligand 12ZE. The
EG, spacer is insufficient to enable good intramolecular binding with ERa,, and the outside
E-OHT moiety flipped over, forming non-specific interactions with other residues on the
ERa surface.

ERa and ERB complexes with ligand 16ZZ—By modeling ligand 16ZZ into the
cognate binding sites of ERa and ERp (Figure 6de), we found that it could bridge between
both of them in an intermolecular bivalent binding fashion. The Z-OHT moieties were
slightly shifted compared to the monovalent OHT in the crystal structure, possibly due to
minor rearrangements during the simulation or constraints from the attached spacer that
distort the ideal arrangement of the Z-OHT moieties in the cognate binding site.

Summary and Conclusion

Intermolecular and intramolecular modes of bivalent binding and unusual biological
activity in cell

We have prepared two series of bivalent estrogen ligands tethered by OEG spacers of
varying lengths (7.24 to 46.7A) and evaluated their binding affinities and biological
properties. Previously, several different types of spacers (e.g., flexible oligomers and rigid
duplex DNA) were used to tether various estrogen binding moieties. Compared to rigid
spacers, an oligomer like OEG has the advantage of high flexibility to avoid steric clashes
with proteins. We found two peaks of binding affinity with bivalent OHT ligands tethered
with 14.4 and 28.8A spacers, which, based on our modeling efforts, correspond to the intra-
and intermolecular bivalent ER-binding modes, respectively. Most notably, many bivalent
OHT ligands are potent growth inhibitors of MCF-7 cells; they are more potent on ER-
positive than ER-negative cells, and more potent than the monovalent control and OHT
itself. Thus, bivalent OHT ligands exhibit some unusual biological activities in ER-positive
cells, although it is less clear how growth inhibitory potency correlates with binding affinity
and apparent bivalent binding behavior.

Global observations on bivalent ligand design

Based on our results and others,19-26 we can reach a number of conclusions regarding
factors that influence bivalent ER-ligand interaction. First, an estrogen antagonist (e.g., RAL
or OHT) induces an antagonistic ER-binding conformation, where the displacement of
helix-12 creates a channel through which certain substituents can escape the confines of the
cognate binding site in the direction of the ER dimer interface. By contrast, a substituent on
an estrogen agonist has difficulty in getting access to the protein exterior unless it is at the
17a position of the steroidal structure;3345 however, a spacer extending from this site is
directed away from the dimer interface.23 Notably, the bivalent ethynyl estradiol (EE»)
ligands prepared by LaFrate et al.23 had better ER-binding affinity than bivalent E; ligands
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tethered elsewhere.?122 Second, the functional group through which the spacer is linked to
the ligand needs to be compatible with the environment of the bound ligand. Thus,
introduction of a polar amide at C1 of the DES ligands dramatically reduced their affinity;
by contrast, the tertiary amine in bivalent OHT ligands maintained salt bridge interactions
with protein residues and gave them higher affinities. Third, a high-affinity estrogen
antagonist like OHT gave bivalent ligands with higher affinity than BRLs studied earlier,26
attributed to a more negative enthalpy caused by OHT binding to the ER. Fourth, use of a
rigid central element224 can help to minimize the conformational entropy loss and enhance
the binding affinity, as noted by bivalent estrogens tethered by rigid duplex DNA, studied
previously.2> While avoiding intramolecular hydrophobic interactions between spacer units
like the biphenyl segment and DES moieties,*” it is also good to avoid additional
mechanisms of activity, unless a coactivator-binding inhibition is desired. Finally, flexible
spacers can have conformational biases; e.g., OEGs form helical coils because of their
preferred gauche orientation.*® Spanning the same distance with more flexible oligomers,
such as oligopropylene and oligobutylene glycols, might raise binding affinities.*?

Consideration of heterofunctional bivalent ligand design

Methods

The good evidence for intramolecular ER-binding we provide suggests that even better
bivalent ligands might be designed by explicitly optimizing their heterofunctional nature,
i.e., one binding moiety optimized for the cognate binding site and the other for the
coactivator-binding groove (or at other secondary sites on the same monomer). Presently
most coactivator inhibitors designed on the basis of the LXXLL binding motif or found by
high throughput screening have only micromolar activities, leaving a need for developing
high-affinity ligands for this site.14-16:50 Nevertheless, our finding of the intramolecular
bivalent binding mode suggests tantalizing new opportunities for the design of novel
heterofunctional bivalent ligands as an alternative strategy to create more active and
selective estrogens.

Chemical preparations, characterizations, biological evaluations, and computer modeling of
mono-/bivalent ligands (1-20) are provided in Supporting Information. Cellular assays were
performed according to the previous report.26

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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X =H, ~tamoxifen (TAM) . Diethylstilbestrol (DES)
X = OH, hydroxytamoxifen (OHT) Raloxifene (RAL)

Bivalent raloxifene ligands (BRLs)

Figure 1.
The chemical structure of tamoxifen (TAM), hydroxytamoxifen (OHT), diethylstilbestrol

(DES), raloxifene (RAL), and bivalent raloxifene ligands (BRLS).
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Dimeric ERa-LBD Dimeric ERa-LBD Dimeric ERB-LBD
DES complex OHT complex OHT complex

Figure 2.

a) The distance between two DES molecules (spheres in green and red) bound to dimeric
ERa-LBD (ribbon in gray, helix-12 in orange, coactivator in red, 3ERD) is 30.0A. b) The
distance between two OHT molecules in dimeric ERa-LBD (3ERT) is 33.2A. ¢) The
distance between two OHT molecules bound in two cognate binding sites of dimeric ERB-
LBD (2FSZ) is 34.3A, between one OHT molecule bound in one cognate binding site and
one OHT molecule (spheres in cyan and red) bound in the coactivator-binding groove is
16.7A.
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The chemical structure of £ and £- £ isomers of mono- and bivalent DES ligands 1-10.
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The chemical structure of mono- and bivalent OHT ligands 11-20.
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The relationship between relative binding affinity (RBA) values of mono- and bivalent OHT

ligands (11-17, 19, and 20) in both ER subtypes and their maximum spacer lengths.
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Figure 6.

a) Ligand 13ZZ (sticks in green and red) in complex with ERB-LBD (ribbon in gray). b)
Ligand 12ZE in complex with ERB-LBD. c) Ligand 13ZZ in complex with ERa-LBD. d)
Ligand 16ZZ in complex with ERa-LBD. e) Ligand 16ZZ in complex with ERB-LBD.
Results based on a 10ns simulation in explicit water. An overlay with OHT from crystal
structure is shown in purple.
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