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SUMMARY

Small molecules stabilize specific protein conformations from a larger ensemble, enabling 

molecular switches that control diverse cellular functions. We show here that the converse also 

holds true, where the conformational state of the estrogen receptor can direct distinct orientations 

of the bound ligand. “Gain of allostery” mutations that mimic the effects of ligand in driving 

protein conformation allowed crystallization of the partial agonist ligand WAY-169916 with both 

the canonical active and inactive conformations of the estrogen receptor. The intermediate 

transcriptional activity induced by WAY169916 is associated with the ligand binding differently 

to the active and inactive conformations of the receptor. Analyses of a series of chemical 

derivatives demonstrated that altering the ensemble of ligand binding orientations changes 

signaling output. The coupling of different ligand binding orientations to distinct active and 

inactive protein conformations defines a novel mechanism for titrating allosteric signaling activity.

INTRODUCTION

Defining the principles of ligand binding and allostery are important for understanding small 

molecule signaling in cellular physiology, and for developing improved therapeutic agents. 
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In their folded state, proteins display an ensemble of conformations that encompass an 

energy landscape (Figure 1)1-5. Within this framework, current ligand binding theory holds 

that a given ligand will interact with a subset of conformations that are competent for 

binding, thus redistributing the native state population and allowing allosteric changes in 

other binding sites 6-13. Small molecule selection of protein conformation is fundamental to 

many cellular processes, including signal transduction 14, molecular movement 15, allostery 
16,17, and nucleotide polymerization 18. A critical feature of these events is that the selection 

of protein conformation drives an on-off type switch in function. However, allosteric 

modulators, including ligands for nuclear receptors 19-21, kinases, and GPCRs 22, can induce 

graded signaling outcomes, through mechanisms that are as yet poorly understood.

Nuclear steroid hormone receptors, such as estrogen receptor-α (ERα), are allosterically 

regulated transcription factors that undergo ligand-driven conformational selection 9,10,23. 

The ER ligand-binding domain (LBD) is comprised of twelve alpha helices and a beta sheet, 

which are organized into a hydrophobic core, a ligand-binding pocket, and a transcriptional 

coregulator binding site. The most C-terminal helix, helix 12, is stabilized by full agonist 

ligands to dock against helices 3 and 11, a conformation where it forms part of the binding 

site for transcriptional coactivator proteins that carry forward the agonist signal 10,23. In 

contrast, antagonists such as tamoxifen stabilize an inactive conformation of the receptor, 

because their bulky and basic side chain obstructs the active conformation of helix 12, 

repositioning this helix into the coactivator-binding pocket, blocking coregulator 

interactions and interrupting the signal 10,24. This helix 12 allosteric switch is highly 

conserved in the nuclear receptor superfamily 23,25, allowing ligand selection of either the 

active or inactive conformations. However, nuclear receptors can also direct ligand-specific, 

graded activity through poorly understood mechanisms. The impact of conformational 

dynamics on the bound ligand is also poorly understood.

In order to analyze the effects of different conformations on the bound ligand, we used 

surface mutations to stabilize the canonical active and inactive conformations of ERα. Here 

we show that distinct active and inactive conformations of ERα bind the ligand in different 

orientations. Remarkably, the partial ER agonist WAY-169916 (Table 1, 1) bound 

differently to the active and inactive conformers of ERα, suggesting a novel mechanism for 

titrating activity. We synthesized new derivatives of WAY-166916 that crystallized with 

ERα in different binding orientations from the parent compound, which are consistent with 

the distinct activity profiles of these new compounds. These findings suggest a new 

mechanism for generating graded allosteric signaling, whereby an ensemble of bound ligand 

orientations determines the percent of active and inactive protein conformers in solution.

RESULTS

Characterization of WAY-169916-driven ER activities

The ERα partial agonist ligand, WAY-169916 (Table 1), represents the first example of an 

ER ligand that has broad anti-inflammatory activity in vivo, but that lacks the proliferative 

effects associated with strong transcriptional activation 26,27. As expected, WAY-169916 

demonstrated limited activation of an estrogen response element (ERE)-driven luciferase 

reporter (Figure 2a-b) and endogenous estrogen- responsive genes, pS2/Trefoil and Greb1 
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(Figure 2c). However, WAY-169916 strongly inhibited TNFα-induced expression of the 

inflammatory gene, Monocyte Chemoattractant Protein-1 (MCP-1, Figure 2d), 

demonstrating that this ERα ligand is active in cells and that it suppresses this 

mechanistically distinct, NF-κB dependent signaling pathway 26. Further, estradiol-

dependent interaction between ERα and the Grip1 transcriptional coactivator was 

completely blocked by the full antagonist, ICI182,780 (Fulvestrant), but was only partially 

blocked by WAY-169916 (Figure 2e). Therefore, WAY-169916 displays partial agonist 

transcriptional activity and intermediate coactivator recruitment.

Validation of gain of allostery ERα mutants

Partial agonists have proven difficult to crystallize, which we surmise relates to their 

induction of a mixed population of active and inactive conformers, interfering with 

crystallization. To overcome this, we previously demonstrated that ERα Y537S stabilizes 

helix 12 in the agonist conformation by adding an additional hydrogen bond between helices 

3 and 12 28, allowing us to crystallize a series of partial agonists. Importantly, the Y537S 

mutation is on the surface of the ERα LBD and does not affect the interaction of the receptor 

with its ligands, as shown previously by the crystallization of genistein with both wild type 

and Y537S mutant 28. Further, the mutation can be fully antagonized by tamoxifen in cells 
29, demonstrating that a single hydrogen bond can only stabilize conformers that are 

reasonably well populated in solution. Thus this gain of allostery approach allowed us to 

interrogate ligand specific reorganizations inside the ligand binding pocket, within the 

context of the active conformation 28,30. We used this mutant to obtain the crystal structure 

of WAY-166916 bound to ERα Y537S, in the active conformation (Supplemental Figure 1a, 

Supplemental Table 1).

To define the interaction of WAY-169916 bound to the inactive conformation of the 

receptor, we crystallized it with ERα LBD L536S/L372R (Supplemental Figure 1b, 

Supplemental Table 1), a receptor with mutations that stabilize helix 12 in the conformation 

seen with eleven published antagonist-bound ERα structures. These mutations were 

designed to add hydrogen bonds and stabilize helix 12 in the canonical inactive 

conformation. This 2.3 Å structure revealed an overall fold, and location of helix 12, 

identical to that seen with the previously published structures of ERα with antagonists 

(Supplemental Figure 2a). We also obtained a crystal structure of Raloxifene with ERα 

L536S (Supplemental Table 1), which also displayed the canonical inactive conformation of 

helix 12 (Supplemental Figure 2b), and identical ligand binding compared to a published 

wild-type structure24 (Supplemental Figure 2c). Thus, the mutations stabilize the canonical 

inactive conformation without altering ligand interactions with the receptor.

As an additional functional test, we examined corepressor association with inactive 

conformation mutants using a mammalian two-hybrid assay. A stabilization of helix 12 in 

the coregulator-binding cleft should block recruitment of corepressors to the coregulator 

binding site 9, and indeed this was manifest for both the L536S and L372R mutations 

(Supplemental Figure 2d). Though all mutants were expressed at levels lower than wild type 

ERα (Supplemental Figure 2e), deletion of helix 12 (531stop) allowed full interaction with 

corepressor. Thus, the failure of the 372R and 536S mutants to bind to NCoR is not due to 
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reduced expression, and helix 12 blocks the NCoR interaction. Structure and coregulator 

binding thus establish that these mutants indeed stabilize the well-characterized inactive 

conformation of ERα.

Crystallization with the active conformation of ERα

The structure of WAY-169916 when bound to the active conformation of Y537S ERα LBD 

was solved at 1.8 Å resolution (Supplemental Table 1), and displays very clear electron 

density for the ligand (Figure 3a). As with other partial agonist ligands crystallized with the 

active conformation of the ERα LBD 28,30, WAY-169916 shifted helix 11 towards helix 12 

(Figure 3b), mediated by ligand-specific repositioning of L525 and H524 in helix 11 (Figure 

3c). This shift in helix 11 pushes the C-terminal half of helix 12 away from the core of the 

receptor, relative to full agonist structures (Figure 3b-c). This suboptimal packing of helix 

12 suggests that partial agonists induce a “strain” in the active conformation, leading to helix 

12 adopting the active conformation only part of the time in solution. Here, the mutant 

hydrogen bond stabilizes the strained active conformation, allowing it to be visualized.

Generally, allosteric modulators could induce intermediate activity by stabilizing a specific 

conformation of the second binding site that is distorted (Figure 1). If this “suboptimal 

conformation model” were operative, it should be evident by changes in the coactivator 

binding site that would lead to reduced affinity for coactivators. Alternatively, intermediate 

activity could derive from a “mixed population model” consisting of distinct active and 

inactive conformers that coexist.

We superimposed the coactivator binding sites of the WAY-169916 and a full agonist 

structure 31, including helices 3-5 and helix 12. An R.M.S.D. of 0.24 Å for the superimposed 

coactivator binding sites suggests no differences, and visualization of this region shows 

identical conformations for the coactivator peptide, and the amino acids contacting the 

peptide (Figure 3d). While the C-terminus of helix 12 is shifted indirectly by WAY-169916, 

the N-terminal portion that contacts the Grip1 coactivator peptide is identical to the full 

agonist structure. Further analysis of seven partial agonist structures demonstrates that the 

N-terminus of helix 12 is not changed (Figure 3e, black arrow), even though helix 11 is 

distorted (Figure 3e, red arrow). Strikingly, the androgen receptor shows the opposite 

pattern (Figure 3f), where partial agonists grossly distort the coactivator binding site by 

repositioning the N-terminus of helix 12. Thus, for ERα, partial agonist activity is not 

associated with a distorted coactivator binding site, but rather with control of helix 12 

dynamics by helix 11, suggesting that both active and inactive conformers are significantly 

populated in solution.

Protein conformation determines ligand orientation

In the active conformation structures, helix 12 constrains the mobility of helices 3 and 11. 

This suggested that WAY-169916 could induce a further widening of the pocket when helix 

12 relocates in the inactive conformer mutant (Supplemental Figure 1b). We measured the 

intra-molecular distances of helix 12 L525 to either A350 in helix 3, or F404 in the beta-

sheet, for all four molecules in the asymmetric unit of the WAY-169916 inactive ERα 

conformer structure. Compared to eleven published inactive conformation structures bound 
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to various antagonists, the widening of the pocket by more than 2 Å caused by 

WAY-196619 is highly significant (Student’s t-test, p< 1×10-6)(Figure 4a).

This widening is largely due to shifts in the positioning of helix 11 in both chains in the 

WAY-166916-bound inactive conformation dimer (Figure 4b, red arrow). Helix 11 forms 

part of the dimer interface, where the C-terminal ends of the paired helices 11 move 3.1 Å 

closer to each other, compared to the agonist conformation structure of WAY-169916 

(Supplemental Figure 2). Importantly, the nearest crystal contact is more than 12 Å from the 

C-terminus of helix 11, indicating that the shift is indeed ligand induced, and not a result of 

crystal packing. In contrast to helix 11, the two chains in the dimer show differences in the 

degree of movement in helix 3 (Figure 4b, black arrow). Specifically, in one molecule of 

the dimer, helix 3 has no crystal contacts, allowing unconstrained motion of both helix 3 and 

helix 11. In the other monomer, the loop preceding helix 3 is stabilized by significant crystal 

packing interactions (Figure 4c), which limit its flexibility, resulting in a partially 

constrained conformation that lies between the fully constrained (agonist conformation) and 

fully unconstrained positions (Figure 4b).

The fully, partially, and un-constrained conformations of helices 3 and 11 define three 

unique binding modes for WAY-169916. We coined the ligand orientation in the active 

conformer as orientation #1 (Figure 5). Remarkably, the unconstrained conformer 

demonstrates simultaneous binding of two non-overlapping molecules of the ligand, in 

orientations #2 and #3 (Figure 4b, Figure 5, and Supplemental Figures 3 and 4), a novel 

finding for the steroid hormone receptors. The slight narrowing of the pocket in the partially 

constrained conformer is further associated with an additional ligand orientation #4, which 

overlaps with orientations #2 and #3, and is described in more detail in the supplemental 

results and Supplemental Figures 3 and 4.

Collectively these findings suggest a revised model of the dynamics of the ligand-protein 

ensemble, whereby protein dynamics are coupled to different ligand binding orientations 

(Figure 5). The ligand binds to the agonist conformation in a strained fashion, enabling 

productive coactivator recruitment and transcriptional activity. As helix 12 switches from 

the active conformation, the strain is relieved, allowing helices 3 and 11 to move further 

apart, and the ligand to rotate into ligand orientation #4. As the pocket continues to widen, 

the ligand flips into orientation #2, allowing the docking of the second ligand in orientation 

#3 (Figure 5). Thus, the trapping of conformational substates with targeted mutations, and 

fortuitous crystal packing, demonstrates that protein conformation is coupled to and is 

instructive in directing changes in ligand orientation and binding stoichiometry.

The ligand binding ensemble directs graded signaling

If an ensemble of ligand binding modes is physiologically relevant to producing graded 

signaling responses, then one should be able to produce chemical derivatives that favor 

specific orientations having distinct activity profiles. We synthesized a series of derivatives 

(Table 1), in which the allyl group of WAY-169916 was replaced with bulkier substitutions 

(2-7), designed to block the dual binding of orientations #2 and #3. These compounds show 

at least a two-fold higher affinity for ERα than WAY-169916 (Table 1), and were tested in 

luciferase activity assays (Figure 6). Strikingly, the three derivatives with two rotatable 
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bonds (2-4) in the side group showed greater agonist activity than WAY-169916, while the 

derivatives with one rotatable bond induced less transcriptional activity (Figure 6, 5-7). Thus 

small changes in the side chain elicit graded signaling output.

From this series, we obtained crystal structures of the methylbutenyl 5 and benzyl 6 
derivatives bound to the inactive conformation of ERα: these derivatives that have reduced 

efficacy compared to WAY-169916. These structures are in the same space group as the 

WAY-169916 structure (Supplemental Table 1), with identical crystal packing, and again 

produce an unconstrained and partially constrained conformer in each dimer. Both 

derivatives bound in orientation #4 in the unconstrained conformer, but adopted 

conformation #1 in the partially constrained conformer (electron density maps surrounding 

the ligand are shown in Supplemental Figure 5). In the unconstrained conformer, with 

orientation #4, the benzyl (Figure 7a) or methylbutenyl group (Supplemental Figure 5) 

extends between helices 3 and 11, forcing them apart in a conformation that is incompatible 

with docking of helix 12 in the agonist conformation. When superimposed on the agonist 

WAY-169916 structure, the side chains also directly clashed with the agonist conformation 

of helix 12 (Figure 7a).

In the partially constrained chains of ERα bound to the benzyl or methylbutenyl derivatives, 

the ligands adopted conformation # 1 (Figure 7b, Supplemental Figure 5). Importantly, there 

was no widening of the pocket relative to the agonist conformation structure of 

WAY-169916, suggesting that this ligand orientation is instructive in directing the limited 

transcriptional activity of these compounds through stabilizing the active conformer. These 

data further demonstrate that targeted changes in the ensemble of binding orientations 

change the activity profile of the compounds.

If bulkier derivatives can adopt two distinct binding orientations, what determines their 

relative activity profile? One possibility is that the compounds differ in their population of 

the two orientations, only one of which supports an active receptor conformer. This 

hypothesis predicts that compounds with very low efficacy, such as the benzyl derivative, 

favor orientation #4 in solution, with the bulky group disrupting the agonist conformation of 

helix 12, while compounds with higher efficacy favor orientation #1. Indeed, modeling 

demonstrates this for the dimethylbutyl derivative 3, which has greater agonist activity than 

WAY-169916. In orientation #4, this bulky side group has strong clashes with helices 3, 11, 

and 12, and cannot be rotated into a favorable orientation, just as observed with the benzyl 

derivative (Figure 7c). However, in orientation #1, the side group displays additional close 

van der Waals interactions with L428 and F425 that are not seen with the benzyl or 

methylbutenyl derivatives (Figure 7d). These favorable interactions suggest that the 

increased efficacy of this compound derives from a change in the population of ligand 

orientations, with this derivative showing greater affinity for the protein in orientation #1, 

which supports the agonist conformation.

A second determinant of activity could be that compounds differ in their distortion of the 

agonist conformation with ligand orientation #4. Modeling of the butyl derivative 2, which 

has the highest transcriptional activity of the WAY-169916 derivatives, supports this 

mechanism. Here, the butyl group can adopt packing interactions that are readily 
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accommodated in the agonist conformation (Figure 7e), and include additional favorable 

stabilizing interactions with helix 12 not seen with the parent compound. Thus, activity is 

regulated both by the ensemble of ligand orientations, and the specific ERα substructures 

that they stabilize. These additional structures demonstrate: 1) that protein conformation and 

ligand orientation can adopt coupled ensembles; and 2) that differential ligand binding to 

active and inactive conformations regulate graded signaling output, which can be used for 

rational drug design.

DISCUSSION

This work demonstrates that protein conformation determines ligand binding orientation in a 

dynamic fashion. Current theories of ligand binding suggest that proteins display an 

ensemble of conformations, and that small molecules select for or bind to a subset of these. 

This is shown quite dramatically in the therapeutic targeting of specific protein 

conformations. For example, tamoxifen binding is specific for the inactive conformation of 

ERα, as this agent physically obstructs the active conformation 10. In this context, switching 

conformation induces the dissociation of ligands that are highly selective for a specific 

conformation. In contrast, our findings establish that conformational change can also direct 

adaptable interactions, where different conformers of a receptor are instructive in selecting 

for and/or binding to different orientations—or even stoichiometry—of a given ligand, 

giving a mixed population of protein conformation/ligand orientation states that collectively 

determine biological activity.

Several examples support the notion that the differential binding of a small molecule to 

distinct protein conformations is a general phenomenon. For example, Imatinib binds 

differently to the active conformation of Syk 32 versus to the inactive conformation of Abl 8. 

This effect is also seen with a compound that flips in its binding mode between ERα and 

ERβ 33, which have highly conserved binding pockets. The differential binding of one ligand 

to two such closely related proteins suggests that differential binding of a ligand to distinct 

conformers of one protein can also occur, as shown here. We have also observed flipped 

ligand binding modes of two very closely related compounds when bound to PPARγ 34, and 

closely related compounds also bind in a distinct fashion to p38 in the DFG-in and –out 

binding modes 35. Notably, the binding epitopes for the flipped ligand orientations #1 and #4 

of the partial agonist WAY-169916 are highly conserved in the steroid receptor family. 

Indeed, superposition of our benzyl derivative-ERα structure with other steroid receptor 

crystal structures demonstrates many examples of ligand side groups in both orientations 

(Supplemental Figure 6). Collectively, these observations suggest that ligand dynamics 

should be explored in other allosteric signaling systems, and as a novel approach to drug 

design.

Defining how allosteric modulators elicit graded signaling is broadly important for 

understanding basic mechanisms of protein dynamics and allostery, their impact on 

physiology, as well as therapeutic development. The development of allosteric modulators 

with intermediate, or partial agonist activity are widely sought for improved specificity and 

side effect profiles for a number of nuclear receptors26,27,36-38, and more broadly for 

kinases and GPCRs22.
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In general, allosteric mechanisms that produce graded responses could stabilize a specific 

conformer that reduces the affinity of the second binding site for its substrate or ligand 

(Figure 1). This occurs with the androgen receptor, where partial agonists directly perturb 

the helix 12 portion of the coactivator binding cleft. Alternatively, an allosteric modulator 

may change the proportion and/or population of active versus inactive conformers. We show 

here that WAY169916 destabilizes the helix 11-helix 12 interface. This shift, however, does 

not alter the coactivator-binding site, supporting a model where activity levels reflect the 

population of conformers having helix 12 in the active conformation. Thus, graded 

responses occur through changes in the ensemble of protein conformations. NMR studies 

have established that protein conformational dynamics and higher energy substates mediate 

allostery and enzyme activity 2-4. Here, we show that the same concept applies to small 

molecule ligands, where different ligand conformations control signaling output. This 

suggests that ligand dynamics should be explored in other allosteric signaling systems, and 

as a novel approach to drug design.

The conformational trapping approach applied here was designed to mimic the allosteric 

effects of ligands in stabilizing the well-characterized active and inactive conformations of 

ERα, through addition of one or two surface mutations. There are many examples of 

mutations that alter binding of a ligand. While such mutations alter structure, our approach 

differs by stabilizing well characterized, pre-existing conformers. Crystallization of wild-

type and mutant proteins in both active 28 and inactive conformers (Supplemental Figures 

1-2), bound to identical ligands, clearly demonstrates that our conformation trapping does 

not perturb ERα structure or ligand interactions, but rather changes the equilibrium between 

pre-existing conformers. While other inactive conformations may exist in solution, we have 

shown that the key structural feature is the removal of the constraining effects of helix 12 on 

helices 3 and 11, allowing the widening of the pocket.

One potential caveat is that the higher energy substate of WAY-169916 bound to ER in the 

active conformation might be an artifact of the Y537S point mutation. However, the shift in 

helix 11 with partial agonists has now been seen with six distinct chemical scaffolds (Figure 

3, 28,30). Moreover, these compounds, and WAY-169916, do not have the larger side groups 

seen with androgen receptor antagonists that distort AR helix 12. Thus, there is no physical 

basis to suggest how WAY-169916 could induce a single suboptimal conformation, as seen 

with AR. Most importantly, we tested our hypothesis with targeted chemistry and 

demonstrated, with two different scaffolds, that simply removing a single methyl group 

rendered new derivatives as stronger agonists, and eliminated the shift in helix 11 28,30. 

Further, a shifted position of helix 11 has been seen with partial agonists bound to wild-type 

ERβ 39, the retinoid X receptor 40, and the constitutive androstane receptor 41. Thus ligand 

control of helix 12 via positioning of helix 11 is a general phenomenon among at least a 

subset of nuclear receptors. To support the active conformation, only a certain degree of 

helix 11 shift can be tolerated. This supports a model where helices 3 and 11 show dynamic 

motions coupled to ligand orientation, and as they come closer together, helix 12 can adopt 

the active conformer. The gain of allostery approach presented here thus allows one to 

visualize a higher energy conformer that can be gently trapped by one or two surface 

mutations.
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METHODS

Protein Purification and Crystallization

The ERα LBD (amino acids 298-554) was mutated (Tyr-537-Ser or Tyr-536-Ser) with the 

Stratagene Quickchange Mutagenesis kit, and cloned into a modified PET vector with a 

ligation independent cloning site, His6-tag, and TEV protease site 42. The protein was 

induced in BL21 (DES) cells, and purified as described 28. Chemical synthesis of the ligands 

will be described elsewhere. For each receptor-ligand complex, both the Emerald 

Biosciences Wizard I&II and Hampton Research Index I&II screens were probed. Initial hits 

were optimized using a grid screen around pH, precipitant concentration, and protein 

concentration. The crystals were cryoprotected in either glycerol, PEG, or sucrose added to 

the mother liquor.

Data was collected at SER-CAT at the Advanced Photon Source, Argonne, Illinois, as well 

as at SSRL beamline 11-1 and scaled with HKL2000. The structures were solved with 

molecular replacement using Phaser. Compound pdb and cif files were generated with 

PRODRG 43. Refinement and rebuilding were performed with CCP4 44, Phenix 45, and Coot 
46. Molecular graphics images were generated with CCP4 Molecular Graphics 47.

The omit maps for the WAY-169916 ERα 372S/536S structure were generated following 

refinement with a bias removal protocol. After deleting the ligands from the final model, 

three cycles of refinement were performed in PHENIX including NCS (grouping chain B 

with A, and chain D with C), 1 Å shake of the atomic coordinates, starting B factors reset to 

30, and simulated annealing. This model was sent to the TLS Motion Determination server 

to define TLS groups 48. Three cycles of refinement were then carried out with NCS, TLS 

(20 groups/chain), ordered solvent, and geometry optimization.

Plasmid DNA and Transient Transfections

The ERE and NFκB luciferase assays, and native gene analysis were performed in MCF-7 

cells as described 31. The GAL4-NCoR expression construct encodes NCoR residues 

2220-2295, which harbors receptor interaction domain 1 (NCoR-ID1). The fragment was 

generated by PCR using gene specific primers that incorporated SalI and MluI restriction 

sites and subcloned into the pBIND GAL4-DNA binding domain expression vector (Z. Jin 

& CL Smith). Mammalian two-hybrid assays were performed essentially as described 

previously (1). Briefly, HeLa cells were transfected with 100 ng of expression vector for 

VP16, VP16-ERα wt, VP16-ERα 536S, 372R, or 531Stop), as well as 100 ng of either the 

GAL4 or GAL4-NCoR expression plasmids, and 1 mg of the pG5-Luc reporter construct, 

using 4 ml Lipofectamine reagent (Invitrogen, Carlesbad, CA) per well. Approximately 16 

hr thereafter, cells were treated with 100 nM raloxifene or ethanolic vehicle for 24 hr and 

then harvested for measurement of luciferase activity. Relative luciferase measurements 

were normalized to total cellular protein determined using the Bio-Rad Protein Assay 

system (Bio-Rad, Hercules, CA).
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RNA isolation and qRT-PCR

Total RNA was isolated from MCF7 cells using RNeasy (Qiagen), which was used to 

generate cDNA. PCR analysis was performed on an ABI PRISM 7900HT. Values are 

normalized with 18S rRNA content.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. An Energy Landscape Model of Ligand Binding
The relationship between protein conformations and energy is depicted as an energy well, 

with folded proteins populating the bottom regions of the well. In the statistical ensemble 

model of ligand binding, the relative population of different protein conformers is 

determined by the statistical sum of the thermodynamic energy of each protein-ligand 

substate. In the absence of ligand, nuclear receptors are thought to be conformationally 

dynamic, shown as black spikes at the bottom of the energy well. Full agonists or 

antagonists productively interact with a subset of lower energy conformations, shown in red. 

For nuclear receptors, agonist or antagonist ligands stabilize specific conformations of helix 

12 (H-12). Partial agonists could either stabilize a unique conformer with suboptimal 

coactivator binding, or induce a mixed population of active and inactive conformers.
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Figure 2. WAY-169916 is an ERα partial agonist
(a) Estrogen responsive luciferase assays were performed by transfection of a 3xERE-luc 

reporter in ER-positive MCF-7 cells. After 24 hr, cells were treated with the indicated doses 

of ligands overnight, and then assessed for luciferase activity.

(b) The indicated cells were transfected as in (a), but with the addition of an ERα expression 

plasmid. Shown are dose responses to WAY-169916, relative to estradiol treatment.

(c) Estrogen responsive gene expression was assayed in MCF-7 cells treated for 2 hr with 

the indicated doses of WAY-169916. Cells were then processed for qRT-PCR analysis of 

mRNA, which was normalized to 18S rRNA levels.

(d) The NFκB responsive gene, MCP-1 was induced by treating MCF-7 cells for 2 hr with 

15 ng/ml of TNFα, and increasing doses of WAY-169916, and then processed for qRT-PCR 

analysis of mRNA levels.

(e) A mammalian two-hybrid assay was used to define the ligand dependent interaction of 

the Gal4-Grip1 coactivator and VP16-ERα LBD, using a Gal4 response element luciferase 

reporter. Data represent mean + SEM for (a-e), and are plotted as a percentage of the 

maximal response seen with estradiol for (b-e). ICI = ICI182,780 (faslodex, Fulvestrant)
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Figure 3. The structure of WAY-169916 bound to the active conformation of ERα

(a) A 2Fo-Fc map shows the electron density for the ligand, and is contoured to 2.0 σ.

(b) A portion of the structure of WAY-169916 bound to ERα in the active conformation 

(green) is shown superimposed with the structure of ERα bound to a full agonist (gray) 31. 

The ligand is oriented in the Z-axis of the image and is circled. The Grip1 coactivator 

peptide is colored red. The red arrow indicates the shift in the positioning of helix 11, and 

the associated shift in the C-terminus of helix 12 in the WAY-169916 structure.

(c) Selected residues in the ligand-binding pocket are shown, illustrating how the positioning 

of WAY-169916 (magenta) induces a shift in helix 11 (green), relative to the full agonist 

structure (gray). The red dashed lines show clashes between the WAY-169916 induced 

position of helix 11 and helix 12 in the superimposed full agonist structure.

(d) The WAY-169916 (green) and full agonist structure (gray) 31 were superimposed on the 

coactivator binding site, including helices 3-5 and 12. Shown are the amino acids that 

directly contact the Grip1 peptide, which is colored red in the WAY-169916 structure.

(e) The WAY-169916 structure and 6 published partial agonist structures (green) 28,30 were 

superimposed with 7 full agonist structures (gray) 28,31, and shown as c-α traces.

(f) A series of 17 androgen receptor structures were superimposed, and colored as in (e). 

Here, partial agonists distort the helix 12 portion of the coactivator binding cleft.
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Figure 4. An unconstrained inactive conformation of ERα shows two non-overlapping 
orientations of WAY-169916
(a) The width of the ligand-binding pocket was measured between the main chain carbon of 

the indicated amino acids. Shown is the distance for the 4 chains of the WAY-169916 

inactive conformation structure compared with 11 published ERα structures bound to 

different antagonists.

(b) The active conformer structure (red) was superimposed with the two chains of the dimer 

in the inactive conformation structure. Both of these chains (blue and green) show similar 

large shifts in helix 11 (red arrow), but differential shifts in helix 3 (black arrow). Two 

molecules of bound WAY-169916 are colored magenta and cyan, defining ligand 

orientations #2 and #3, respectively.

(c) The chain with a partially constrained conformer of helix 3 shows stabilization of the 

preceding loop by crystal packing. The symmetry related model is show as thin sticks, and 

the dashed lines represent hydrogen bonds. The partially constrained conformer is shows as 

c-alpha trace, with helix 3 and the preceding loop colored green, along with selected amino 

acids that participate in crystal packing.
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Figure 5. Protein substates define a pathway of ligand dynamics
(a) A comparison of the active and inactive conformation structures, with helix 12 colored 

blue and the Grip1 coactivator peptide is colored red. In the active conformation, helix 12 

packs against helices 3 and 11, constraining their movement. The ligand is bound in 

orientation #1, and is colored magenta. As the strained active conformation results in the 

relocation of helix 12 into the inactive conformation, the pocket widens, allowing binding of 

multiple ligands in orientations #2 and #3, colored blue.

(b) A model of ligand dynamics associated with different protein substates. Helix 12 is not 

shown to allow visualization of the different ligand orientations associated with distinct 

protein conformers. The width of the ligand binding pocket supports distinct ligand binding 

orientations, #1-4.
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Figure 6. Activity profiles of WAY-169916 derivatives
Estrogen responsive luciferase assays were performed by transfection of a 3xERE-luc 

reporter in ERα-positive MCF-7 cells. After 24 hr, cells were treated with the indicated 

doses of ligands overnight, and then assessed for luciferase activity.
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Figure 7. Ligand binding ensembles direct ERα activity profiles
(a) The structure of the benzyl derivative with ERα in the inactive conformation has one 

molecule in the dimer with an unconstrained conformer, and one molecule with a partially 

constrained conformer. The unconstrained conformer is shown in green, bound to the benzyl 

derivative, which is colored magenta. The ligand adopts an orientation identical to 

orientation #4 of WAY-169916. The superimposed structure of WAY-169916 in the active 

conformation is colored gray. The red arrows indicate clashes with the superimposed active 

conformation structure, and widening of the pocket to accommodate this ligand orientation.

(b) Same as (a), but with the partially constrained inactive conformer of ERα. The ligand 

adopts an orientation identical to orientation #1 of WAY-169916. Here, there are no clashes 

with the superimposed active conformation.

(c) The dimethylbutyl substitution was modeled onto the structure of the benzyl derivative in 

the unconstrained conformer in orientation #4, and shows similar clashes with superimposed 

active conformation structure.

(d) The dimethylbutyl derivative was modeled onto ligand orientation #1, in the partially 

constrained conformer. As with the benzyl derivative, there are no clashes with the active 

conformation. However, the dimethylbutyl shows additional favorable VDW contacts with 

L428 and F425, suggesting that this orientation is more highly populated in solution.

(e) The butyl derivative was modeled into ligand orientation #4 on the active conformation 

structure. The butyl group forms favorable VDW interactions with the indicated amino 

acids.
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Table 1

Chemical Derivatives of Way-169916

Substitution ERα RBA*

Allyl Way-169916, 1

0.076

Butyl, 2

0.32

Dimethylbutyl, 3

0.36

Butenyl, 4

1.46

Methylbutenyl, 5

0.25

Benzyl, 6

0.20

Isobutyl, 7

0.32

*
Relative Binding Affinity as a percentage of estradiol affinity (0.2nM)
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