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Significance

The estrogen receptor-α (ER) 
regulates transcription in 
response to a hormonal milieu 
that includes low levels of 
estradiol, a variety of 
environmental estrogens, as well 
as ER antagonists such as breast 
cancer antihormonal therapies. 
While ER has been studied as a 
homodimer, the variety of ligand 
and receptor concentrations in 
different tissues means that the 
receptor can be occupied with 
two different ligands, with only 
one ligand in the dimer, or as a 
monomer. Here, we use X-ray 
crystallography and molecular 
dynamics simulations to reveal a 
mode for ligand regulation of ER 
activity whereby sequence-
identical homodimers can act as 
functional or conformational 
heterodimers having unique 
signaling characteristics, with 
ligand-selective allostery 
operating across the dimer 
interface integrating two 
different signaling outcomes.
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The estrogen receptor-α (ER) is thought to function only as a homodimer but responds 
to a variety of environmental, metazoan, and therapeutic estrogens at subsaturating 
doses, supporting binding mixtures of ligands as well as dimers that are only partially 
occupied. Here, we present a series of flexible ER ligands that bind to receptor dimers 
with individual ligand poses favoring distinct receptor conformations—receptor con-
formational heterodimers—mimicking the binding of two different ligands. Molecular 
dynamics simulations showed that the pairs of different ligand poses changed the corre-
lated motion across the dimer interface to generate asymmetric communication between 
the dimer interface, the ligands, and the surface binding sites for epigenetic regulatory 
proteins. By examining the binding of the same ligand in crystal structures of ER 
in the agonist vs. antagonist conformers, we also showed that these allosteric signals 
are bidirectional. The receptor conformer can drive different ligand binding modes to 
support agonist vs. antagonist activity profiles, a revision of ligand binding theory that 
has focused on unidirectional signaling from the ligand to the coregulator binding site. 
We also observed differences in the allosteric signals between ligand and coregulator 
binding sites in the monomeric vs. dimeric receptor, and when bound by two different 
ligands, states that are physiologically relevant. Thus, ER conformational heterodimers 
integrate two different ligand-regulated activity profiles, representing different modes 
for ligand-dependent regulation of ER activity.

estrogen receptor | X-ray crystallography | molecular dynamics simulations

The nuclear receptor (NR) superfamily includes some NRs that act as heterodimers part-
nered with retinoid X receptor (RXR) (1, 2), but the estrogen receptor-α (ER) and other 
steroid receptors comprise a subgroup of these transcription factors that are thought to 
act as homodimers (3, 4). NRs contain globular domains for DNA- and ligand-binding 
(DBDs and LBDs), the latter of which also contains a structurally conserved binding site 
for epigenetic regulatory proteins, called activation function-2 (AF-2) (5). By binding to 
the LBD, the ligand regulates the structure of ER to drive dimerization, select DNA 
binding sites, and control the AF-2 site and other protein interaction surfaces (6, 7), 
enabling it to assemble an ensemble of interacting coregulators that modify chromatin 
structure and regulate transcription (7–13). This unidirectional regulatory connection 
from ligand binding to coregulator recruitment is thought to underlie the diverse and 
ligand-selective effects of estrogens on reproduction, cancer, bone, muscle, metabolism, 
and cognition.

While allostery between the ligand binding and coregulator binding sites has been studied 
in the context of individual receptor monomers (8, 9, 14–21), it has not been investigated 
with respect to cross-dimer signaling in ER homodimers or of asymmetrical ER dimers, 
those only partially occupied by ligand or bound by two different ligands (3, 22). Such ER 
species with varied stoichiometries are likely involved in the actions of ER in vivo, in complex 
environments with widely varying levels of different endogenous and exogenous estrogens 
as during pregnancy, hormone therapy, and environmental exposures (23–26).

A barrier to studying asymmetrical ER signaling and ligand mixtures has been the lack 
of tools to isolate and study the relevant liganded complexes with mixtures of ligands or 
ligand poses. In the current work, we isolated the canonical antagonist conformers of the 
LBD crystallized with a series of ligands with a range of activity profiles. This designed 
set of flexible ER ligands bound to ER with different ligand conformations in each mon-
omer of the dimer, mimicking the binding of two different ligands. Here, we observed 
receptor conformational heterodimers with coupled sequence-identical monomers show-
ing unique allostery across the dimer interface. We performed molecular dynamics sim-
ulations (MDS) with these structures and extended the simulations for models of 
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monomers, single-liganded dimers, and dimers bound to both an 
agonist and an antagonist. We find that asymmetrical allosteric 
communication occurs between the sequence-identical monomers 
of ER conformation to integrate information from different oli-
gomeric states and liganded species, representing effective means 
for ligand regulation of ER activity. Our findings provide insight 
into the diverse modes by which ligands may regulate ER in com-
plex in vivo environments, resulting in the diverse activities of 
natural and synthetic estrogens.

Results

Ligand Design Strategy and Ligand Activities. To explore 
different ways that ER homodimers might engage in asymmetrical 
interactions and the functional consequences, we prepared a set 
of ER ligands with conformational flexibility to interact with the 
two sequence-identical ER monomers in both different ligand 
orientations and receptor conformations. We based these new 
compounds on an oxabicycloheptene sulfonamide (OBHSN) core 
ligand (17, 27), to which we added a phenol and a series of other 
substituents, R1 or X onto the sulfonamide nitrogen (see Fig. 1 
A and B and SI Appendix, Fig. S1, for ring designations in these 
ligands). The E-ring, found in most ER antagonists, provides a 
launching point for side chains that exit the LBD between helices 3 
(h3) and h11, directly displacing h12 of the AF-2 surface to block 
coregulator binding (8, 9) (Fig. 1A and SI Appendix, Fig. S1A). 
The F-ring, characteristic of these OBHSN core ligands, as well 
as the appended R1 and X groups, are directed at the start of the 
h11-h12 loop or to h11 itself and modulate the disposition of 
h12—and antagonist effects—encased within the ligand binding 
pocket to regulate surface activity indirectly, which we call indirect 
antagonism (Fig. 1 A and B and SI Appendix, Fig. S1B) (17).

 These newly synthesized OBHSN compounds (SI Appendix, 
Scheme S1) showed affinities, reported as Ki values, that are in the 
sub-µM range of 0.0054 to 0.220 μM (SI Appendix, Table S1). They 
were profiled for estrogen-responsive luciferase activity and for inhi-
bition of growth of MCF-7 breast cancer cells with ER-WT or 
MCF-7 cells engineered to have one allele of the most common con-
stitutively activating mutations found in metastatic treatment-resistant 
breast cancer, ER-Y537S or ER-D538G (Fig. 1 and SI Appendix, 
Tables S1 and S2) (21). Ligands k-402 and k-400 showed maximal 
efficacy (Emax) significantly better than fulvestrant, while many of 
the other compounds showed efficacy equivalent to fulvestrant, the 
ER antagonist used to treat metastatic treatment-resistant breast cancer 
(Fig. 1C). K-403, k-411, and k-409 profiled as partial agonist/antag-
onists, while k-410 was neutral, showing neither growth stimulatory 
nor inhibitory effects. In the two mutant ER cell lines, 4OHT 
(4-hydroxytamoxifen, an active metabolite of tamoxifen) and the 
OBHSN ligands showed similar patterns as with the WT ER but 
reduced antagonist efficacy (Fig. 1C and SI Appendix, Fig. S2A). 
Potency was not correlated between cell lines, but the Y537S mutant 
cells showed significantly reduced potency compared to the D538G 
cells (SI Appendix, Fig. S2B).

To probe the ability of the compounds to regulate transcription, 
we measured expression of ER target genes in MCF-7 cells. The 
OBHSN inhibitors down-regulated expression of the ER-regulated 
genes, PGR, GREB1, and TFF1/pS2 below that of the control 
vehicle cells (Fig. 1D and SI Appendix, Fig. S2C). For k-400 and 
k-402, we cotreated with E2, which reversed the inhibitory effects 
(Fig. 1D and SI Appendix, Fig. S2A). Compounds k-409, k-410, 
and k-411 were agonists, with upregulation of GREB1 and TFF1, 
and PGR mRNA levels. Thus, the pharmacophores around the two 
substituents on the sulfonamide nitrogen of the OBHSN com-
pounds directed a range of ER-mediated cell proliferation and 
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Fig. 1.   OBHSN scaffold compounds display mixed agonist–antagonist activity. 
(A) Chemical structure of OBHSN scaffold and its orientation with respect to 
h11 and h12 of the ER LBD and noting the location of the F-ring. (B) Chemical 
structures of OBHSN compounds. (C) Maximum efficacy (Emax) from dose–
response curves for compound inhibition of proliferation in WT MCF-7 or 
engineered ERWT/Y537S and ERWT/D538G cells. Datapoints are mean ± SEM, n = 6 
from two biological replicates from dose curve data from two different cell 
passages. The orange and blue dots and lines represent the activity levels 
of 4-hydroxytamoxifen (4OHT) and fulvestrant (fulv), respectively. *P < 10−6 
compared to fulvestrant; †, not significantly different from DMSO. Data 
analyzed with one-way ANOVA with Dunnett test. (D) Steroid-deprived MCF-7 
cells were treated with 1 μM ligands for 24 h and analyzed by qPCR. Vehicle 
level of gene expression is set at 1. Values are mean ± SD from three biological 
replicates. (E) MCF-7 cells cultured in charcoal-stripped fetal bovine serum were 
treated with E2 for 5 d and analyzed for cell number. Kd was calculated as 
described in the Methods through displacement of [3H] E2 from recombinant 
ER. Values are mean ± SEM from two biological replicates. (F) Primary female 
skeletal muscle stem cells were differentiated into multinucleated myotubes 
in steroid-free conditions and treated with E2 for 24 h for qPCR analysis. Mean 
+ SEM was calculated with N = 2. (G) Myotubes were treated with 50 pM E2 
for 5 d. The tube area was measured by high-content image analysis. Mean + 
SEM, N = 16. (H) Gene expression studies were repeated in MCF-7 cells growing 
normally in full media. Data are mean + SEM of n = 5 replicates.
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transcriptional activities that we studied below with crystal struc-
tures and molecular dynamics simulations.

We also explored the concentration ranges over which E2 shows 
activity in cells. E2 induced cell growth at doses 2 logs below the 
Kd of 0.1 nM for E2 binding (Fig. 1E), which is similar to the 
Kd of 0.1 to 0.5 nM for receptor dimerization (28–30). By defi-
nition, at the Kd concentration ER is 50% occupied by E2, giving 
a ligand-bound fraction of 1 to 10% at 1 to 10 pM, with a similar 
fraction of ER as a dimer. Skeletal muscle is another important 
target tissue for ER activity (31). As with growth of MCF-7 cells 
treated with E2, Greb1 expression was biphasic with an inflection 
point below the ligand Kd in primary female mouse myotubes 
(Fig. 1F). E2 maintained primary myotube diameter at a 50 pM 
dose (Fig. 1G), further supporting the physiological relevance of 
E2 at doses with limited ER occupancy.

The effects of low dose E2 suggest that the receptor can bind 
two different ligands simultaneously. The combination of the 
SERM bazedoxifene and conjugated estrogens have unique prop-
erties not seen with either treatment alone (26, 32), leading to 
FDA approval as Duavee for prevention of both bone loss and 
menopausal symptoms. To explore why k-403 is not an agonist 
in the gene expression studies (Fig. 1D and SI Appendix, Fig. S2C), 
we first showed that its agonism in proliferation is reversed by 
fulvestrant (SI Appendix, Fig. S2D). We then tested its effects on 
the context of ~ 1 pM E2 found in normal FBS-containing media. 
As expected E2 showed less induction of gene expression, but 
k-403 profiled as an agonist (Fig. 1H and SI Appendix, Fig. S2E). 
We also observed genes that showed differential responses to ful-
vestrant in the presence of low dose E2 (SI Appendix, Fig. S2F), 

unlike the classical ER target gene GREB1 that responded similarly 
with E2. Nonmonotonic dose and low dose responses are common 
in the steroid receptors (33, 34) by unknown mechanisms (35). 
Based on these fundamental pharmacological principles and other 
studies (3, 22–26, 32), ER activity can derive from ligands bound 
to a monomer or to dimers as ligand/apo complexes, and respond 
uniquely to mixtures of ligands (25, 26, 32, 34–36), species which 
we characterize below.

Crystal Structures Reveal Formation of Conformational 
Heterodimers of Both the Ligand and Receptor. We obtained 
crystal structures of 8 OBHSN ligands with ER in the antagonist 
conformation (SI  Appendix, Table  S3), with electron density 
maps for the ligands shown in SI Appendix, Table S2. The flexible 
elements of the OBHSN ligands extending from the nitrogen 
demonstrated an array of orientations and receptor interactions. 
The F-ring adopted three different binding modes: The F-ring 
faced out toward the h11-h12 loop; down in between h11 and h8; 
and back toward h8 (Fig. 2 A–C and SI Appendix, Table S4). Many 
of the LBD dimers showed ligands in two different poses, i.e., 
ligand conformational heterodimers. Some ligands stabilized the 
same receptor conformation, while other ligands drove different 
receptor conformations in each subunit of the dimer, i.e., receptor 
conformational heterodimers.

The antagonist k-402 bound with the F-ring out and the 
cyclohexane pushing on the backbone of h11 in between H524 
and L525 in three of the four monomers comprising the two 
dimers in the asymmetric unit (Fig. 2D). In the fourth monomer, 
the positions of the F-ring and cyclohexane were switched but still 
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structure. (F) Structure of k-411 with the ER A and B chains superimposed showing different positions of the R group and h11. (G) MM-GBSA calculations of binding 
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stabilized a similar shift in h11, with differences becoming appar-
ent in molecular dynamics simulations, described below. These 
interactions contributed to an overall shift of h11 by 2 Å compared 
to the agonist conformer, destabilizing the end of h11 and the 
h11/12 loop so that they were not resolved in the structure, but 
indirectly destabilized h12 to drive antagonism (Fig. 2 D and E). 
Heterogeneity of ligand conformations and receptor conforma-
tions was also found with agonist OBHSN ligands. K-410 and 
k-411 adopted multiple conformations across the different subu-
nits (SI Appendix, Table S4), either down or back, but here we saw 
two different positions of h11, representing coupling between 
ligand conformational heterodimers and receptor conformational 
heterodimers (Fig. 2F).

To evaluate how these different ligand binding poses relate to 
the activity state of the receptor, we used molecular mechanics 
with generalized Born and surface area solvation (MM-GBSA) 
methods to calculate the differential free energy of ligand binding. 
The antagonist conformer in which the F-ring is out, parallel to 
the E-ring, was most energetically favorable for the antagonists 
k-400 and k-402. In contrast, the backward conformer was ener-
getically favored over the downward R group conformer with the 
agonist, k-411 (Fig. 2G). Thus, the outward orientation of the 
F-ring—with the ensuing displacement of h11—is energetically 
favored with the indirect antagonists but disfavored with the ago-
nist. This supports a model in which the binding of one ligand 
transmits allosteric information to the dimer partner to predispose 
a different ligand binding pose in the dimer partner. In contrast 
to the energy differences between the two subunits of these 
OBHSN bound conformational heterodimers, estradiol, ralox-
ifene, or lasofoxifene showed no differences in binding energy 
between the subunits of the dimer (Fig. 2G).

Reciprocal Control of Ligand and Receptor Conformations across 
the Dimer Interface with Bidirectional Allostery. The current 
dogma is that NR signal transduction flows unidirectionally, 
where the bound ligand acts by stabilizing an LBD conformation 
that modulates AF-2 activity. We found that allostery between 
ligand and coregulator binding sites is bidirectional, receptor 
conformation also driving different ligand binding modes. The 
hydroxyethyl substituent on the sulfonamide of k-403 showed 
the F-ring group facing outward in all subunits of the two dimers 
modeled in the antagonist conformation structure (SI Appendix, 
Table S4). We used flexible sidechain docking to probe how k-
403 bound to the agonist conformation structure. In the full 
agonist conformation of the receptor, the F-ring of the agonist 
k-403 is preferentially positioned downward into the pocket of 
space between h8 and h11 instead of out toward h12 (Fig. 2H), 
demonstrating that different binding modes of the ligand are 
driven by different receptor conformers. The crystal structure 
of a related full antagonist 13, which we previously obtained 
with ER in the agonist conformer (25), is shown here bound 
to ER in the antagonist conformer (Fig.  2I). The structure of 
compound 13 has a CF3CH2- group at the R1 substituent and 
an ortho-Cl- group on the F-ring. The different substates of ER 
(i.e., agonist vs. antagonist conformer) stabilized the ligand F-ring 
in different positions, either back into the pocket or out toward 
h12, demonstrating that different receptor conformations can 
determine different ligand binding poses.

Mapping Ligand-selective Allosteric Communication across 
the Dimer Interface. To further characterize conformational 
heterodimerization and effects on h11, we superimposed the 
B chains onto the A chains from the dimer for each structure 
and then measured the distance between the chains for the 

backbone amides or sidechains of H524 and L525 to compare the 
positioning of h11 between the receptor monomers (Fig. 3A). E2, 
raloxifene, and lasofoxifene showed almost identical monomers, 
with distances <0.5 Å. In contrast, most of the OBHSN structures 
showed conformationally heterogeneous positions of h11 
compared with E2 (Fig.  3A). With k-409, k-410, and k-411, 
we observed that one chain shifted away from h12 (SI Appendix, 
Fig. S3A, blue), representing an indirect antagonist conformation 
by pulling on the h11-12 loop and destabilizing h12. However, 
the other chain in the dimer showed h11 shifted toward h12 
(SI Appendix, Fig. S3A, yellow), a conformation that is consistent 
with the neutral to agonist activity of these ligands. Thus, ER 
displayed conformational heterodimers where each monomer 
showed coupled ligand–receptor conformations with known, 
distinct activity profiles of h11 positioning.

To further understand the mechanisms and consequences of 
conformational heterodimerization, we performed all atom MDS. 
Looking at the distribution of the h11 dimer states, we found that 
the L525–L525 distance across the dimer interface was shorter in 
the k-402 and k-411 structures than with raloxifene-bound ER 
by ~1.5 Å (SI Appendix, Fig. S3B), consistent with the shifts in 
h11 seen in the crystal structures. The interactions across the 
dimer interface include a series of intermolecular hydrogen bonds 
from amino acids S512 to E523, which are adjacent to the ligand 
contacts at G521, H524, and L525 (Fig. 3 B and C and 
SI Appendix, Fig. S3C). We measured the resident times of these 
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contacts at 3.3 Å distance and found that H-bond interactions 
were highly populated through most of the simulations with k-402 
and k-411, but much less so with raloxifene (Fig. 3C). These data 
support a model where the different positions of h11, transmitted 
through ligand contacts with G521, H524, and L525, affect 
H-bonds between R515, H516, and N519 across the h11 dimer 
interface.

Correlation Network Analysis Reveals Ligand-selective 
Allosteric Signaling Mechanisms. A correlated motion network 
was generated from the respective MDS to identify routes of 
communication between the two ligands in the dimer. Individual 
residues are represented as nodes in the network with edges 
reflecting correlated motion between different residues, and the 
weight of the edges corresponds to correlation value. Raloxifene 
communicated a direct and symmetrical route across the dimer 
interface between the regions of h11 adjacent to the ligand, 
between G521 and Y526 (Fig. 4A), including a water-mediated 
H-bond network between N519, K520, and E523 (Fig. 4B).

Pathway analysis with k-402/ER showed different communi-
cation through the center of h11. This included a region between 
G521 and R515, with an asymmetrical distribution of interactions 
where H516 in the A chain communicated with R515 in the B 
chain, but not vice versa (Fig. 4C). The F-ring in the back position 
elicited additional nodes involving h8 I424 and M427, which 
contact residues in h11 (Fig. 4C). The back position of the F-ring 
shifted the position of F425 on the opposite face of h8 from I424 

and M427 (Fig. 4D), suggesting that this contact directs the 
ligand-selective allosteric network.

The agonist k-411 showed greater asymmetry of communication 
between ligands (Fig. 4E). This was through a more indirect route, 
from h11 to h5 of the coactivator binding site, and then across the 
dimer interface to the loop between h9 and h10, and finally to 
residues contacting the other ligand in h3. The down position of 
the R group shifted G521 and showed a larger change in H524 
and L525 position at one side of the allosteric network, while shifts 
in the position of the E-ring altered the positioning of h3 including 
T437 (Fig. 4F). These analyses show that cross-dimer signaling has 
ligand-selective characteristics and is asymmetrical, producing 
ligand and/or protein conformational heterodimers.

Accelerated MDS Identification of Ligand-specific Conformational 
Substates. To probe whether the ligands are switching binding 
modes in  situ or only upon initial binding, we measured the 
movement of the F-ring relative to the E-ring for ER bound to 
k-411 or k-402 with accelerated MDS (aMDS) (SI  Appendix, 
Fig.  S4A), enabling sampling of larger conformational changes 
that occur on longer time scales. With k-402, the A-ring to F-ring 
ligand distance showed two distinct, nonoverlapping positions, 
consistent with selection of the protein/ligand conformer upon 
ligand binding (Fig. 5A). The time course of ligand motion for k-
402 showed little variance in the E-ring to F-ring distance, being 
different but stable in the A and B chains of ER (SI Appendix, 
Fig.  S4B). Examining the total grid boundary that the ligand 
occupied throughout the simulation confirmed this behavior with 
k-402 exhibited small fluctuations of the ligand E-ring to F-ring 
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distance that would not support switching conformers in  situ 
(SI Appendix, Fig. S5A).

To assess monomer-selective dynamics of h11 in the confor-
mational heterodimers, we calculated the distance between h3 and 
h11. With k-402 bound ER, there were substantial and largely 
nonoverlapping differences in h11 positioning (Fig. 5B and 
SI Appendix, Fig. S5B), where the F-ring out position of the ligand 
led to a more open h3–h11 position of the receptor. With k-402, 
but not raloxifene, there were differences in the fluctuations in 
h12 between chains (Fig. 5C and SI Appendix, Fig. S5C), demon-
strating that the differences in ligand and h11 positioning were 
transmitted to the AF-2 surface. The nonoverlapping positions of 
the ligand and h11 in the dimer subunits support semistable recep-
tor substates in this conformational heterodimer.

The ligand and receptor interconverted between substates with 
k-411. The E-ring to F-ring ligand distance was closer in the A 
chain (Fig. 5D and SI Appendix, Fig. S5D), which showed a dis-
tribution between two ligand positions. However, in the bimodal 
distribution seen in the aMDS, most of the time was spent with 
the ligand in the more extended conformer with the R group 
facing back into the pocket (Fig. 5D). Examining the total grid 
boundary that the ligand occupied throughout the simulation 
confirms this dynamic behavior for k-411 specifically (SI Appendix, 
Fig. S5E). For k-411 bound to the B chain, the extended ligand 
conformer showed brief incursions into the rare more condensed 
conformer over time (SI Appendix, Fig. S4C). In the A-chain, 
k-411 showed longer times of occupancy of both ligand conform-
ers during the first half of the simulation. After three switches 
between binding modes, k-411 settled into a similar pattern as 
seen in the B chain, with the ligand largely in the extended 

conformer (SI Appendix, Fig. S4C). This demonstrated a form of 
structural memory, where the receptor retained conformational 
aspects of the compact ligand binding form while the ligand 
rotates into the extended form.

With the receptor, the k-411 bound B chain showed a bimodal 
distribution of h11 relative to h8, (Fig. 5E and SI Appendix, 
Fig. S5F), switching between a more compact form and a more 
extended, open conformer. The RMSF with k-411 showed an 
overall increase in h11 dynamics in the B chain (Fig. 5F), consist-
ent with the extended, bimodal distribution of h11. The confor-
mational stability of these two types of ligand dynamics makes 
physical sense: With its larger substituents, the k-402 ligand has 
a more stable conformation while bound to ER, while k-411 has 
a smaller substituent and can interconvert while still bound. 
Differences in ligand binding in the conformational heterodimers 
thus translated to differences in the key regulators of activity, 
including the h11-12 loop and the h12 portion of the AF-2 coac-
tivator binding site.

Ligand Heterodimers Alter Dimer Partner Allostery between 
the Agonist and the AF-2 Coactivator Binding Site. To study the 
effects of mixed ligand complexes, we superimposed the WT ER 
lasofoxifene (Laso)-structure on the WT E2-bound structure to 
generate an E2/Laso-bound ER dimer, and then used this ligand 
heterodimer for comparison with the E2/E2 and Laso/Laso ligand 
homodimers. MDS of the mixed E2/ Laso dimer showed that Laso 
broadly increased dynamics in the E2-bound partner subunit, 
including the AF-2 surface, h11, and the SRC-2 peptide, relative 
to the E2/E2-bound structure (Fig. 6 A and B). The combination 
of agonist and antagonist in a mixed dimer generated widespread 
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agonist/antagonist dimer with E2 and lasofoxifene 
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dimers. (B) Box plot of the average RMSF from the aMDS 
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from MDS.
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increased dynamics in both chains in the dimer (Fig. 6 A and B and 
SI Appendix, Fig. S6 A and B). Despite the increased dynamics, 
the average structure showed a reduced area of the AF-2 surface in 
the E2-bound monomer in the mixed agonist–antagonist dimer 
(Fig. 6C). To assess the functional consequences of these changes 
in the AF-2 surface, we performed steered MDS to measure the 
amount of force required to remove the SRC-2 peptide from 
the surface. More work was required to remove the coactivator 
peptide from the E2/E2 ER dimer than from the E2/lasofoxifene 
ER dimer (Fig. 6D). demonstrating altered allostery in the ligand 
heterodimer partner.

Suboptimal pathway analysis of correlated motion between 
ligands showed the E2/E2 dimer communication was symmetrical 
through ligand contacts with G521 and H524 that were trans-
mitted to R515 and H516 in the h11 part of the dimer interface 
(SI Appendix, Fig. S6C). The E2/Laso dimer showed little allosteric 
communication between the two ligands (Fig. 6E). This contrasted 
with MDS of E2/bazedoxifene heterodimers, which showed asym-
metrical correlated motion including communication between 
the h11-h12 loop in the bazedoxifene monomer and G420 in h9 
of the E2 monomer (SI Appendix, Fig. S6D), but little differences 
in RMSF. E2/tamoxifen liganded heterodimers showed a different 
pattern, with symmetrical correlation motion across dimer, but 
enhanced dynamics of h3–h5 of the AF-2 surface and SRC-2 
peptide (SI Appendix, Fig. S6). The three antagonist/E2 heterod-
imers showed different patterns of asymmetrical allostery, but 
together demonstrate that ligand ER heterodimers have unique 
signaling properties.

Environmental estrogens are often present as complex mixtures 
with unique activity profiles (35, 36), where ligands with no effect 
at low dose can combine to drive uterine proliferation, for example 
(36). To test whether asymmetry occurred between two different 
agonist ligands, we generated heterodimeric ER bound to E2 and 
the environmental estrogen, PBA, with both h12’s in the agonist 
conformer and bound to SRC-2 peptides. The E2 monomer with 
PBA as a ligand partner showed increased dynamics of h3-5 and 
h12 of the AF-2 surface, and increased surface area of AF-2 (Fig. 6 
G and H). These experiments provide structural explanations for 
how mixtures of estrogens can have unique outcomes.

Differential Dynamics of Monomeric vs. Dimeric ER. We 
performed MDS with structures from k-402 or k-411 bound 
to ER monomers, and to single-liganded dimers where one 
ligand was removed, leaving a ligand in either the A chain only 
or the B chain only (SI Appendix, Fig. S7). Both k-402 and k-
411 showed that compared to monomeric ER (black trace), the 
single-liganded dimers (red trace) stabilized the h11 portion of the 
dimer interface between residues 500 to 520 to a greater degree 
(SI Appendix, Fig. S7). K-411 showed dramatic differences in h11–
h12 depending upon the different binding modes of the ligand 
in the A vs. B chains, and dimerization (SI Appendix, Fig. S7), 
defining oligomeric status as a ligand-selective regulator of the 
AF-2 surface.

To probe for more pronounced effects of monomeric vs. doubly 
liganded dimers, we ran aMDS with monomeric A or B chains 
from the structures of k-402 and k-411 bound ER (Fig. 7 A–D) 
and compared them with the results from the two-liganded dimer 
receptor simulations (Fig. 5). With k-402 bound to both subunits 
in the dimeric receptor there was greater dynamics in h12 and h3 
of the AF-2 surface, the SRC-2 peptide, and in the h10–h11 part 
of the dimer interface compared to the monomer (Fig. 7A). In 
contrast, with k-411 we observed the opposite—that monomeric 
ER showed greater fluctuations across the receptor compared to 
the dimer ER (Fig. 7B). We analyzed ligand and h11 substates in 

the aMDS of monomeric receptors (Fig. 7 C and D) to compare 
with the aMDS analysis of the dimer (Fig. 5). With k-402, the A 
chain showed a mixture of conformers in the aMDS of the mon-
omer (Fig. 7C, red arrow), but a single conformer in the dimer 
(Fig. 5B). With k-411, the monomeric receptor showed two over-
lapping populations of ligand conformers in both chains, with 
increased population of the more compact form of the ligand in 
the monomer (Fig. 7D, red arrow). The monomeric B chain 
showed that the h8-h11 distance contained an additional, 
expanded conformer (Fig. 7D, blue arrow) compared to simula-
tion of the dimer (Fig. 5E). These studies demonstrate that mon-
omeric ER has different allostery between ligand and coregulator 
binding sites than singly and doubly liganded dimeric ER. These 
analyses provide another example of signaling in the reverse 

R
M

SF
 (Å

)

k-402
A

R
M

SF
 (Å

)

B

Monomer Dimer

M
on

om
er

D
im

er

M
on

m
er

D
im

er

R
M

SF
 (Å

)

*

**

0

2

4

6

8

Residue

Residue

1 3 4 5 6 7 12111098β

1 3 4 5 6 7 12111098β

E-
rin

g–
F-

rin
g

E-
rin

g–
F-

rin
g

H
3–

H
11

H
3–

H
11

H
8–

H
11

H
8–

H
11

0
5

10
15
20
25

D
ist

an
ce

(Å
)

B chain
A chaink-402

0
5

10
15
20
25

D
ist

an
ce

(Å
)

E-
rin

g–
F-

rin
g

E-
rin

g–
F-

rin
g

H
3–

H
11

H
3–

H
11

H
8–

H
11

H
8–

H
11

B chain
A chaink-411

C D

AF-2’

L’

AF-2

L

AF-2’

L’

AF-2

L

AF-2

L

AF-2

L

E F G

300 350 400 450 500 550
0

2

4

6

8

300 350 400 450 500 550
0

2

4

6

8 Monomer Dimer
k-411

0
2
4
6
8

10

R
M

SF
 (Å

)

k-402 k-411

Receptor Receptor

Fig.  7.   MDS of monomeric vs. dimeric ER. (A and B) The structures of ER 
bound to k-402 or k-411 were analyzed as monomers or dimers with aMDS. 
* Student’s t test, P = 2 × 10−36; **P= 2 × 10−51. Bold horizontal bars indicate 
regions of maximum differences; red for k-102 and black for k-411. (C and 
D) Monomeric receptors were analyzed with aMDS for effects on ligand and 
h11 conformers, as assessed by the distance from h11 H524 to h3 E353 or 
h11 H525 to h8 M424. Arrows indicate significant differences from dimeric 
receptors (shown in Fig. 5). (E) Inside-out allostery is shown in a cartoon of the 
ER LBD homodimer, illustrating ligand (L) regulation of the coregulator binding 
site (AF-2) and dimerization. (red arrows). (F) Outside-in signaling is illustrated 
in a cartoon of conformational heterodimers of ER bound to two different 
ligands or to the same ligand bound in two conformations, showing effects of 
the dimer partner (darker green) regulating ligand binding or AF-2 across the 
dimer interface (red arrows). (G) Cartoon of three routes of correlated motion 
(red lines) between ligands in conformational heterodimers (detailed in Fig. 4).

http://www.pnas.org/lookup/doi/10.1073/pnas.2321344121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321344121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321344121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321344121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321344121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321344121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321344121#supplementary-materials


8 of 10   https://doi.org/10.1073/pnas.2321344121� pnas.org

direction, as dimerization changes the ensemble of ligand con-
formers for k-411, as well as the conformational dynamics of the 
surface coregulator binding site.

Discussion

The current model for steroid hormone action is that the receptors 
act as homodimers to recruit coregulators that regulate transcrip-
tional programs (6–13). Here, we identified structural underpin-
nings of how ligands regulate asymmetrical ER complexes, 
including conformational heterodimers with one or two bound 
ligands, and monomeric receptors. When visualized with X-ray 
crystallography, the OBHSN ligands induced conformational 
heterodimers where the individual ligands and/or receptor mon-
omers showed different ligand conformations in the dimer, mim-
icking the binding of two different ligands. We also found that 
ER in either the agonist or antagonist conformer led to altered 
ligand binding interactions, demonstrating that allostery and con-
formational heterodimerization are bidirectional (Fig. 7 E–G). 
This represents a revision to ligand binding theory that has focused 
on unidirectional signaling, i.e., namely inside-out signaling, 
whereby ligand binding to the LBD affects the coregulator binding 
surface (Fig. 7E), as opposed to outside-in signaling, in which the 
LBD conformation alters the orientation of bound ligand 
(Fig. 7F), as we demonstrated.

To understand underlying mechanics of this allosteric signaling 
and conformational dynamics, we performed MDS with the 
OBHSN-bound and other ER structures, and extended the sim-
ulations for models of monomers, single-liganded dimers, and 
mixed agonist/antagonists including enhanced sampling methods. 
We also observed outside-in signaling in the monomer vs. dimer 
aMDS with k-411, where dimerization altered the distribution of 
liganded conformers. Ligand communication in protein confor-
mational heterodimers occurred through asymmetrical coupled 
motion in the receptor, reflecting ligand-selective effects through 
the dimer interface (Fig. 7G). Protein conformational heterodi-
mers had differential effects on the transcriptional coregulator 
binding surface of the ER LBD (Fig. 7F), illustrating a unique 
mode by which receptor activity can be modulated, which has not 
been visualized by previous simulations of monomeric ER (14, 21), 
or conceptualized within the framework of steroid receptors as 
homodimer signaling molecules.

Our findings add insight into many of the diverse activities of 
estrogens and the conformational modes by which they act through 
ER. Asymmetrical ER complexes are physiologically relevant, as 
there is a significant population of monomeric ER that can bind 
with high affinity to E2 (29), as does a dimeric ER engineered to 
only bind one ligand (22). Apo dimers can also bind DNA, while 
mutations that drive dimerization of the apo ER generate some 
constitutive activity and are found in treatment-resistant metastatic 
breast cancer (37). ER ligands vary in their stabilization of dimer-
ization (28), which we show here is a primary regulator of receptor 
dynamics and conformational heterodimerization. Number and 
brightness microscopy data indicate that ER bound to DNA as a 
mixture of monomers and dimers in contrast to other steroid recep-
tors that formed dimers and higher order oligomers (38), while 
cryo-EM and other data show that there is asymmetry in the bound 
coregulator complexes (11, 39).

The modern hormonal milieu dictates that ER responds to a variety 
of metazoan, environmental and phytoestrogens as complex mixtures 
of estrogens with a wide range of concentrations. Throughout the 
course of the menstrual cycle, levels of the highest affinity estrogen, 
17β-estradiol (E2), vary from low pM to low nM, covering the ~200 

to 500 pM range of the Kd (i.e., 50% bound) of ER for dimerization 
and E2 binding. This supports that E2 frequently occupies mono-
meric ER or has only one ligand bound to the dimer, species that exist 
in solution (3, 22), or as mixed liganded heterodimers as could occur 
with pregnancy estrogens.

In addition to the clear role of E2 in activating monomeric or 
single-liganded dimers based on its cellular concentration, there 
are many other examples of ligands that are present at nonsatu-
rating concentrations, such as the antiestrogen fulvestrant (40), 
the naturally occurring antagonist 27-hydroxycholesterol (41), 
and the variety of environmental and phytoestrogens. However, 
it is also likely that these subsaturating ligands can bind together 
with E2 in the dimer partner to generate conformational heterod-
imers with two distinct ligands or two different ligand conformers 
(42). This was shown by the different gene expression profiles of 
antiestrogens given with E2 compared to either ligand alone (25, 
26), and the unique effects of mixtures of low dose environmental 
estrogens (34–36). Our work showed that different ligand-binding 
conformers or combinations of ligands can regulate the coregula-
tor binding site and receptor dynamics in the ER dimer partner.

In sum, this work identified dimerization and oligomeric status 
as regulators of ER action, including ligand-selective conforma-
tional heterodimerization, providing mechanisms by which ER 
can integrate information from multiple or low-dose ligands in 
the in vivo hormonal milieu.

Materials and Methods

Cell Culture. MCF7-ERα-Y537S and MCF7-ERα-D538G were a gift from Steffi 
Oesterreich, University of Pittsburgh Medical Center, and were cultured as pre-
viously described (17). Primary skeletal muscle stem cells and myotube differ-
entiation were isolated from the leg muscles of 5-wk-old female C57BL/6 mice, 
cultured as previously described (43).

Luciferase Reporter Assay. Steroid-deprived MCF7 cells were transfected with 
a 3xERE-luc reporter and treated with compounds as previously described (44).

Cell Proliferation Assay. Cells were suspended in steroid-free media supple-
mented with 10% charcoal-stripped FBS and placed in 384-well plates. The next 
day cells were treated with compounds and assessed for cell growth 5 d later 
using CellTiterGlo (Promega).

RNA Isolation and Real-time PCR. Real-time PCR was performed using 
SYBRgreen PCR Master Mix (Quantabio) as described (45).

Macromolecular X-ray Crystallography. The ERα-L372S/L536S mutant 
LBD was purified and crystallized, and the structures were solved as previously 
described (46, 47) PHENIX software suite version 1.20 (48) and COOT (49). Images 
were generated with PyMOL (Schrodinger).

Classical and Accelerated Molecular Dynamics Simulations. Dimers with 
two ligands were generated by superpositioning the two relevant structures and 
combining A and B chains from the different structures using COOT (49). Missing 
portions of ER LBD were modeled in COOT by using other ER crystal structures 
with the same conformation trapping mutation and crystal packing environment. 
The Modeller46 extension (50) within UCSF Chimera (51) was used to fill in all 
other missing parts. 500 ns production simulations were run in triplicates for 
each complex using AMBER.

For accelerated MD, a short 10 ns classical MD simulation was used to compute 
average dihedral and potential energies as reference for the aMD parameters. A 
dual-boost approach was used by applying independent energy thresholds to 
enhance sampling (52). The aMD parameters were defined in terms of E and α, 
where E represents the total boost energy level and α is a tuning parameter for 
the acceleration potential. Etotal, Edihedral, αtotal, and αdihedral were calculated using 
the average Etotal and Edihedral from the 10 ns classical MD simulation, as detailed in 
AMBER Advanced Tutorial 22 (https://ambermd.org/tutorials/advanced/tutorial22/).

https://ambermd.org/tutorials/advanced/tutorial22/
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Simulation Analysis. Trajectory postprocessing was performed with CPPTRAJ (53). 
The autoimage command was used to recenter the trajectory coordinates and the strip 
command was used to remove water and ion molecules. The resulting trajectories 
were analyzed using CPPTRAJ and Bio3D (54). Suboptimal paths between designated 
“source” and “sink” nodes were drawn with the Bio3D cnapath() function, as previously 
described (55). The ligands on both sides of the ER-LBD dimer were designated as the 
source and sink nodes of the path construction. One hundred paths were collected 
for each pair of nodes that were analyzed. Suboptimal paths between residue sites 
were visualized as edges in VMD. Betweenness centrality was calculated with Bio3D.

Potential Binding Energy Calculation. Calculating the potential binding 
energy of each monomer with MM-GBSA module without flexible residues using 
Schrodinger Inc. software.

Statistical Analyses. Statistics were calculated using ANOVA with multiple com-
parisons, or Student’s t test, as appropriate, using GraphPad Prism 9.5.1 software.

Data, Materials, and Software Availability. PDB coordinate files are deposited 
as 8VZ0 (56), 8W07 (57), 8VZP (58), 8VZQ (59), 8VZ1 (60), 8VYX (61), 8VYT (62), 
and 8W03 (63). RNA-seq dataset is available at GSE231397 (64).
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