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Abstract:

Molecular dynamics (MD) simulations have been used to model dynamic fluctuations in the
structure of estrogen receptor-alpha (ER-a)) upon binding to the natural agonist 173-estradiol
(E2) and to the active metabolite of the breast cancer drug and antagonist, 4-hydroxytamoxifen
(OHT). We present the most extensive MD simulations to date of ER-a.,, with over 1 us of
combined simulations for the monomer and dimer forms. Simulations reveal that the antagonist-
bound complex includes significant fluctuations while the agonist-bound complex is tightly
restrained. OHT increases dynamic disorder in the loops located to either side of the tail H12
helix; H12 has been associated with the activation status of ER-o.. We also report that
fluctuations near H12 lead to greater conformational variation in the binding mode of the
ethylamine tail of OHT. Both the agonist and antagonist conformations are stable throughout the
240 ns simulations, supporting the hypothesis that there are no transitions between these two
states or into intermediate states. The stable position of H12 in the OHT-bound conformation
suggests that OHT stabilizes a well-defined antagonist conformational ensemble rather than
merely blocking the agonist-driven activation of ER-a.. Simultaneously, the increased dynamic

properties of the OHT-bound complex is a potential source of binding entropy.
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Introduction

Estrogen receptor alpha (ER-a) is a transcription factor that mediates the primary
physiological response to estrogens. It is a member of the nuclear hormone receptor family,
which includes receptors for hormones such as thyroid hormone, androgens, and glucocorticoids
[1,2]. Nuclear hormone receptors play a central role in mediating and regulating cell growth and
death, development, metabolism, and immune responses. They are the targets of drugs for
treating cancer, diabetes, inflammation, and autoimmune diseases [3,4]. Clinically used ER-a
agonists include estrogen derivatives for contraception and menopausal symptoms. Drugs with
mixed tissue-dependent antagonist and agonist effects are known as selective estrogen receptor
modulators (SERMs) and include tamoxifen (used to treat breast cancer), clomiphene (used to
treat infertility), and raloxifene (used to treat osteoporosis) [5,6].

ER-a, like other nuclear hormone receptors, contains three structural domains, an N-
terminal domain that mediates dimerization and interacts with co-regulator proteins to promote
gene expression, a DNA binding domain, and a C-terminal ligand binding domain (LBD) [7].
The crystal structure of full-length ER-a has not yet been determined; however, recent
breakthroughs provided crystal structures of intact nuclear hormone receptor complexes bound to
DNA that reveal close allosteric interactions between the domains [8].

Ligand interactions are entirely confined to the LBDs. LBDs have been the primary focus
of structural studies and drug discovery efforts [9]. Over a hundred crystal structures of LBDs
from nuclear hormone receptors bound to ligands have been published including dozens with the
ER-a LBD co-crystallized with both agonists and SERMs. The active and inhibited states are

associated with two different conformations of the C-terminal H12 helix (residues 538-548)
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through a “mouse trap” mechanism (Fig. 1) [2]. In the structure of the LBD bound to estradiol
(E2), an agonist, H12 closes over the ligand to form part of the interaction surface with co-
activators. When bound to antagonist (as in the structure of the LBD bound to SERM 4-
hydroxytamoxifen (OHT)), H12 extends away from the ligand and occupies the co-activator
binding site. Antagonists are generally larger than agonists (Fig. 2), and their bulk prevents H12

from adopting the active conformation.

Fig. 1. Crystal structures of ER-a bound to agonist and antagonist. A) Helix H12 (circled) adopts
a closed conformation in the agonist (E2) bound structure (pink, PDB Zere, 3.1 A). Helix H12
extends away from the ligand in the antagonist (OHT) bound structure (blue, PDB 3ert, 1.9 A).
B) The agonist and antagonist bound conformations are distinguished by the distance between
Glu523 and Lys548, which is short in the agonist-bound conformation (pink) and long in the

antagonist-bound structure (blue).
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Fig. 2. Structures of ER-a ligands. A) Physiological agonist 17-p-estradiol (E2). B) SERM

antagonist 4-hydroxytamoxifen (OHT).

Recently, a number of studies have described surprising plasticity in the ER-a ligand
binding site, supporting a link between distinct binding orientations and intermediate output
states between full agonist and antagonist activities [10,11]. Molecular dynamics (MD)
simulations have yielded further details into the dynamic properties of the agonist- and
antagonist-bound conformations [12-17]. These studies indicate that the OHT-bound
conformation is compatible with the docking of 11 other antagonists [14], suggest potential
mechanisms for ligand release [15,16,18], demonstrate that the agonist-bound conformation is
locked by co-activator peptide [12], and suggest the trajectory of the transition between the apo

and agonist-bound conformations [12].

We hypothesized that an antagonist-bound complex would show greater dynamic activity
than the agonist-bound complex. An agonist must lock the receptor into an active state to bind
the co-activator, whereas an antagonist merely needs to interfere with the process. Here we

present the results of the most extensive molecular dynamics calculations to date on ER-a. with
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both agonist (E2) and antagonist (OHT) ligands, in monomer and dimer forms. Each monomer
system was simulated in three parallel, independent runs for 240 ns. The dimers were simulated
in single runs for 240 ns. Our calculations support the hypothesis that the antagonist complex is
more dynamic than the agonist-bound conformation and identify receptor regions with increased

fluctuation.

Methods

The X-ray crystal structures of human ER-a with the physiological agonist, 1783-
estradiol, (PDB 1lere) [19] and with the synthetic antagonist, 4-hydroxytamoxifen, (PDB 3ert)
[20] were used as initial models for energy minimization and MD calculations. PDB 3ert is a
high-resolution crystal structure with diffraction data to 1.9 A, whereas PDB 1ere is based on a
crystal that diffracted to 3.1 A. Residues missing from the ligand binding domain, such as
flexible loops, were modelled with Modeller [21] and Chimera [22]. All solvent and ion atoms
located in the crystal structures were removed from the models for further calculations. Ligands
were parameterized for the General Amber Force Field (GAFF) [23] using LEaP and
Antechamber [24] from AmberTools 15 [25]. Hydrogen atoms missing from the crystal
structures were added by LEaP. Each receptor-ligand complex was solvated in a rectangular box
of TIP3P water molecules [26] in LEaP extending 10 A from the complex in 0.15 M NaCl.

The solvated complexes were minimized by PMEMD in Amber 14 using the ff14SB [27]
and GAFF force fields with the particle mesh Ewald method [28] with an 8 A cutoff.
Minimization was performed over three cycles in which the atomic coordinates were

harmonically restrained with a weight of 5.0, then a weight of 1.0, and finally, were unrestrained.
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Each cycle included 100 steps of minimization by steepest descent and 900 steps by conjugate
gradient.

Energy minimized structures were then equilibrated in MD simulations using the CUDA
version of Amber PMEMD to support acceleration with NVIDIA graphics processing units
[29,30]. Equilibration was performed in three cycles of 50,000 steps each, with a timestep of 1
fs, at constant pressure using a Berendsen barostat [31]. Temperature was maintained at 298 K
with Langevin dynamics. In the equilibration cycles, the atomic coordinates were harmonically
restrained with a weight of 5.0, a weight of 1.0, and, finally, a weight of 0.1.

Following equilibration, MD production runs of 240 ns were performed with Amber
PMEMD with CUDA acceleration with constant pressure and a temperature of 298 K. Atomic
coordinates were not restrained. The SHAKE algorithm was used to enable timesteps of 2 fs
[32]. Different random number seeds were used for independent trajectories.

MD trajectories were analyzed with VMD 1.9.2 [33] and the CPPTRAJ tools from
AmberTools 15 [34]. Protein structure figures were drawn with PyMol (Schrédinger, LLC). Root
mean square deviations (RMSDs) of protein structures were calculated against the initial
structure after the equilibration phase of molecular dynamics simulations using CPPTRAJ.

Trajectories are available for download at http://holeungng.com.

Results and discussion

We performed three independent MD simulations for monomer ER-a bound to E2 and
bound to OHT using Amber14 accelerated with Nvidia GPUs, with each run lasting 240 ns
[25,29,30]. Simulations started from crystal structures of ER-a with these ligands. These are the

longest MD simulations reported to date with ER-o.. We performed the simulations with one of


https://doi.org/10.1101/061069
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/061069; this version posted June 29, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

the most current and accurate force fields, ff14SB [27], with explicit solvent. This is also the first
report of parallel simulations with ER-a,, which allowed for more thorough configurational
sampling and assessment of the significance and reproducibility of results. Our longer
simulations showed that the calculated RMSD for Co atoms in ER-a. monomers did not reach a
stable value until 20 ns (Fig. 3), longer than the total simulation time, 5 ns, of the most thorough
MD study of ER-a published previously [12]. The mass-weighted radii of gyration of both E2
and OHT complexes converge at 18.7 and 18.9 A during the simulations (Supplementary Fig. 1).
The gyration radii of the E2 complex is stable from the beginning but that of the OHT complex
does not plateau until 60 ns into the simulation. The stability of the radii of gyration for all the
simulations supports the structural stability of the complexes under the trajectory parameters.
Throughout all six runs, both E2 and OHT remained in the binding site, as demonstrated by the
distance between the hydroxyl oxygen OE2 in ER-a Glu353 and the closest oxygen atom in the
ligands (O3 for E2 and O4 for OHT) (Supplementary Fig. 2). In each of the three MD runs with
OHT, the Ca RMSDs (average and maximum RMSD = 2.6 and 4.0 A) were larger than those in
runs with E2 (average and maximum RMSD = 2.1 and 3.3 A). The increased fluctuations of the
OHT complex relative to the E2 complex was also observed in the shorter 5-ns MD calculations
reported by Celik et al., which showed a maximum RMSD of 3.5 A for OHT vs 2.0 A for E2
[12]. Our data support that longer trajectories are important when evaluating the significance of
fluctuations as large RMSD fluctuations of up to 1.5 A occurred within 10-ns time frames in

both the E2 and OHT trajectories.
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Fig. 3. RMSD for Ca atoms throughout the MD simulations of ER-a with (A) E2 and (B) OHT.

Previous molecular dynamics studies focused on the monomeric form of ER-a because it
was expected that binding and dimerization were independent events due to the remote distance
of helix H12 from the dimerization interface [12]. However, data was not presented to support
this assumption. We have performed 240 ns of molecular dynamics simulations of ER-o dimers
with E2 and OHT to test this hypothesis. The Cao RMSDs for ER-a dimer with E2 plateaued at
2.1 A after 60 ns, behaving similarly to the monomer (Supplementary Fig. 3). In contrast, the Ca
RMSDs for ER-a dimer with OHT did not plateau but gradually increased over the simulation.
At 240 ns, the Co. RMSD for ER-a. dimer with OHT was 3.1 A. Significantly longer simulations

are probably needed to observe RMSD stability of the OHT dimer complex. Nevertheless, as
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with the monomers, the OHT dimer complex showed larger fluctuations than the E2 dimer. Both
the E2 and OHT dimers show stable radii of gyration through the simulations (Supplementary
Fig. 4), supporting the structural integrity of the dimers.

Analysis of root mean squared fluctuations (RMSFs) by residue in the monomers
revealed that the increased dynamics of the OHT-complex compared to that of the E2-complex
results from movement located exclusively in two regions, residues 526-535 and 545-550,
corresponding to the loops that contact the ends of the terminal helix H12 (Fig. 4). Fluctuations
in the loops surrounding H12 were also observed in a MD simulation that started with ER-a in
the OHT-bound conformation but not when OHT was removed prior to the MD run [13].
Surprisingly, fluctuations in helixes H11 (residues 497-530) and H12 were similar in magnitude
between the E2- and OHT-bound receptor trajectories despite significant conformational
differences. This may reflect the high affinity of ER-a for each of these ligands. We also
observed high dynamic activity in a loop preceding H9 (residues 160-166) in one of the three
runs of ER-a with E2 (Fig. 4A). The increased fluctuations in this region was also observed
previously in a 5 ns simulation of ER-o with E2 [35] and a 10 ns simulation with the mixed
agonist/antagonist resveratrol [36]. Simulations of the dimers show the same regions with
increased fluctuations as the monomers, further supporting that these dynamic effects are due to
ligand binding (Supplementary Fig. 5). As the dimer simulations do not appear to provide
significant additional information to the monomer simulations, the rest of our analysis focuses
only on the monomers.

Analyses of interatomic distances further support that transitions do not occur between
the agonist- and antagonist-bound conformations during the simulations of the monomers. The

two conformations are easily characterized by the distance between the Leu544 in H12 and
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adjacent residues in either the agonist- and antagonist-bound states. The position of H12 was
tracked in the E2-bound conformation by the distance between the centers of mass of Tyr526 and
Leu544. In the crystal structure; this distance is 6.9 A. Over the three trajectories, the mean
distance between these two atoms was 7.0 A (Fig. 5A). The position of H12 was tracked in the
OHT-bound conformation by the distance between the centers of mass of 11358 and Leu544. In
the crystal structure; this distance is 6.3 A. Over the three trajectories, the mean distance between
l1e358 and Leu544 was 6.3 A (Fig. 5B). The stabilities of the agonist and antagonist
conformations throughout our simulations support our hypothesis that there are no transitions
between these two states and no well-defined intermediate states within 240 ns.

Snapshots of coordinates taken at 180 and 240 ns in the three MD runs with E2- and
OHT-bound receptor monomers also support that the receptor-ligand complexes are stable over
the simulated time scale (Fig. 6, Supplementary Fig. 6). There was little deviation in the
coordinates of the E2-bound complex (Fig. 6A). Most residues of the OHT-bound complex also
showed little deviation with the exception of loop regions, particularly those surrounding H12 as
described previously (Fig. 6B). The C-terminal amino acids partially unravel only in the OHT-

bound complex.
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A) +E2 B) +OHT

Fig. 6. Coordinate snapshots taken at 180 and 240 ns from the three MD runs with ER-o bound
to (A) E2 and (B) OHT. Green is from MD run 1, blue is from MD run 2, purple is from MD run

3.

Increased conformational variation of the receptor translates to the ligand binding site.
Coordinate snapshots taken at 180 and 240 ns from the three MD runs of monomers of both
complexes were aligned based on Ca atoms. The conformation and binding orientation of E2
shows relatively little variation (Fig. 7A). In contrast, OHT shows more conformational and
binding variation, especially in the ethylamine tail (Fig. 7B). We believe this is the first time the
flexibility of bound OHT has been reported. This flexibility may be a source of entropy driving
binding. OHT analogs with less conformational entropy in the bound state may be more potent
antagonists. Alternatively, OHT may be bound more rigidly in a cellular environment in the

presence of ER-a interacting proteins.
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A) E2

Fig. 7. Ligand dynamics in the binding pocket for A) E2 and B) OHT. Atoms are colored green

(carbon), red (oxygen), blue (nitrogen).

Conclusions

We performed and analyzed the longest (240 ns) molecular dynamics simulations to date
of ER-a with the agonist E2 and antagonist/SERM OHT. Our simulations indicate that
simulations of at least 20 ns are required in order to ensure that the receptor-ligand complexes
reach equilibration. Both the E2- and OHT-bound receptors were surprisingly stable throughout
the course of multiple simulations. ER-o bound to OHT had much more significant structural
fluctuations than did the receptor bound to the agonist. The fluctuations were primarily in the
loops surrounding the key terminal helix H12. The fluctuating regions were conserved in
simulations of dimeric ER-a with E2 and OHT, supporting that the dynamic differences are
ligand driven. We also report that fluctuations near H12 lead to greater conformational variation
in the binding mode of the ethylamine tail of OHT. Nevertheless, the well-defined conformation
of H12 in the OHT-bound conformation supports the conclusion of an earlier study that OHT
stabilizes a distinct antagonist conformational state rather than merely blocking the agonist-
driven activation of ER-a [20]. Synthetic co-repressor peptides have been identified that bind to
the OHT-bound complex [37], however, no natural co-repressors have been identified.
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The conformational stability of H12 in our MD trajectories is consistent with
hydrogen/deuterium exchange (HDX) studies that demonstrated equal levels of exchange
protection of H12 in the E2- and OHT-bound complexes [38]. The loops surrounding H12 that
we have identified as the most dynamic were not studied by HDX. Intriguingly, OHT showed a
unique HDX protection signature different from the SERM raloxifene, suggesting that our MD
results are reflective of differential fluctuations in solution.

An unresolved question in estrogen receptor pharmacology is the molecular mechanism
for partial agonism and mixed SERM activity. Clearly, the classical H12 on/off model is
inadequate and does not account for graded and mixed ligand activity. Structural fluctuations
explored in molecular dynamics simulations but not captured in static crystal structures may
reveal deeper insights into these mechanism and identify features exploitable for drug discovery

[39].

Acknowledgements

The author is funded by NSF CAREER award 1350555.

Competing financial interests

The author declares no competing financial interests.

15


https://doi.org/10.1101/061069
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/061069; this version posted June 29, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

References

[1] D.L. Bain, A.F. Heneghan, K.D. Connaghan-Jones, M.T. Miura, Nuclear Receptor
Structure: Implications for Function, Annu. Rev. Physiol. 69 (2007) 201-220.
doi:10.1146/annurev.physiol.69.031905.160308.

[2] P.Huang, V. Chandra, F. Rastinejad, Structural Overview of the Nuclear Receptor
Superfamily: Insights into Physiology and Therapeutics, Annu. Rev. Physiol. 72 (2010)
247-272. doi:10.1146/annurev-physiol-021909-135917.

[3] T. Chen, Nuclear receptor drug discovery, Curr. Opin. Chem. Biol. 12 (2008) 418-426.
doi:10.1016/j.cbpa.2008.07.001.

[4] J.T. Moore, J.L. Collins, K.H. Pearce, The Nuclear Receptor Superfamily and Drug
Discovery, ChemMedChem. 1 (2006) 504-523. doi:10.1002/cmdc.200600006.

[5] B.S. Komm, S. Mirkin, An overview of current and emerging SERMs, J. Steroid Biochem.
Mol. Biol. 143 (2014) 207-222. doi:10.1016/j.jsbmb.2014.03.003.

[6] P.Y.Maximov, T. M. Lee, V. Craig Jordan, The Discovery and Development of Selective
Estrogen Receptor Modulators (SERMSs) for Clinical Practice, Curr. Clin. Pharmacol. 8
(2013) 135-155. doi:10.2174/1574884711308020006.

[7] R. Kumar, M.N. Zakharov, S.H. Khan, R. Miki, H. Jang, G. Toraldo, R. Singh, S. Bhasin,
R. Jasuja, The Dynamic Structure of the Estrogen Receptor, J. Amino Acids. 2011 (2011)
€812540. doi:10.4061/2011/812540.

[8] F. Rastinejad, V. Ollendorff, I. Polikarpov, Nuclear receptor full-length architectures:
confronting myth and illusion with high resolution, Trends Biochem. Sci. 40 (2015) 16-24.
d0i:10.1016/j.tibs.2014.10.011.

[9] S. Ellmann, H. Sticht, F. Thiel, M.W. Beckmann, R. Strick, P.L. Strissel, Estrogen and
progesterone receptors: from molecular structures to clinical targets, Cell. Mol. Life Sci. 66
(2009) 2405-2426. doi:10.1007/s00018-009-0017-3.

[10] J.B. Bruning, A.A. Parent, G. Gil, M. Zhao, J. Nowak, M.C. Pace, C.L. Smith, P.V.
Afonine, P.D. Adams, J.A. Katzenellenbogen, K.W. Nettles, Coupling of receptor
conformation and ligand orientation determine graded activity, Nat. Chem. Biol. 6 (2010)
837-843. d0i:10.1038/nchembio.451.

[11] S. Srinivasan, J.C. Nwachukwu, A.A. Parent, V. Cavett, J. Nowak, T.S. Hughes, D.J.
Kojetin, J.A. Katzenellenbogen, K.W. Nettles, Ligand-binding dynamics rewire cellular
signaling via estrogen receptor-a, Nat. Chem. Biol. 9 (2013) 326-332.
d0i:10.1038/nchembio.1214.

[12] L. Celik, J.D.D. Lund, B. Schigtt, Conformational Dynamics of the Estrogen Receptor a:
Molecular Dynamics Simulations of the Influence of Binding Site Structure on Protein
Dynamicst, Biochemistry (Mosc.). 46 (2007) 1743-1758. d0i:10.1021/bi061656t.

[13] T.D. McGee, J. Edwards, A.E. Roitberg, Preliminary Molecular Dynamic Simulations of
the Estrogen Receptor Alpha Ligand Binding Domain from Antagonist to Apo, Int. J.
Environ. Res. Public. Health. 5 (2008) 111-114. doi:10.3390/ijerph5020111.

[14] J.-Y. Liu, S.D. Mooney, Characterization of ligand type of estrogen receptor by MD
simulation and mm-PBSA free energy analysis, Int. J. Biochem. Mol. Biol. 2 (2011) 190—
198.

[15] M.T. Sonoda, L. Martinez, P. Webb, M.S. Skaf, I. Polikarpov, Ligand Dissociation from
Estrogen Receptor Is Mediated by Receptor Dimerization: Evidence from Molecular

16


https://doi.org/10.1101/061069
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/061069; this version posted June 29, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

Dynamics Simulations, Mol. Endocrinol. 22 (2008) 1565-1578. doi:10.1210/me.2007-
0501.

[16] S. Burendahl, C. Danciulescu, L. Nilsson, Ligand unbinding from the estrogen receptor: A
computational study of pathways and ligand specificity, Proteins Struct. Funct. Bioinforma.
77 (2009) 842-856. doi:10.1002/prot.22503.

[17] D. Jereva, F. Fratev, I. Tsakovska, P. Alov, T. Pencheva, I. Pajeva, Molecular dynamics
simulation of the human estrogen receptor alpha: contribution to the pharmacophore of the
agonists, Math. Comput. Simul. (n.d.). doi:10.1016/j.matcom.2015.07.003.

[18] J. Shen, W. Li, G. Liu, Y. Tang, H. Jiang, Computational Insights into the Mechanism of
Ligand Unbinding and Selectivity of Estrogen Receptors, J. Phys. Chem. B. 113 (2009)
10436-10444. doi:10.1021/jp903785h.

[19] A.M. Brzozowski, A.C.W. Pike, Z. Dauter, R.E. Hubbard, T. Bonn, O. Engstrém, L.
Ohman, G.L. Greene, J.-A. Gustafsson, M. Carlquist, Molecular basis of agonism and
antagonism in the oestrogen receptor, Nature. 389 (1997) 753-758. doi:10.1038/39645.

[20] A.K. Shiau, D. Barstad, P.M. Loria, L. Cheng, P.J. Kushner, D.A. Agard, G.L. Greene, The
Structural Basis of Estrogen Receptor/Coactivator Recognition and the Antagonism of This
Interaction by Tamoxifen, Cell. 95 (1998) 927-937. d0i:10.1016/S0092-8674(00)81717-1.

[21] B. Webb, A. Sali, Protein structure modeling with MODELLER, Methods Mol. Biol.
Clifton NJ. 1137 (2014) 1-15. d0i:10.1007/978-1-4939-0366-5_1.

[22] E.F. Pettersen, T.D. Goddard, C.C. Huang, G.S. Couch, D.M. Greenblatt, E.C. Meng, T.E.
Ferrin, UCSF Chimera--a visualization system for exploratory research and analysis, J.
Comput. Chem. 25 (2004) 1605-1612. doi:10.1002/jcc.20084.

[23] J. Wang, R.M. Wolf, J.W. Caldwell, P.A. Kollman, D.A. Case, Development and testing of
a general amber force field, J. Comput. Chem. 25 (2004) 1157-1174.
d0i:10.1002/jcc.20035.

[24] J. Wang, W. Wang, P.A. Kollman, D.A. Case, Automatic atom type and bond type
perception in molecular mechanical calculations, J. Mol. Graph. Model. 25 (2006) 247—
260. doi:10.1016/j.jmgm.2005.12.005.

[25] R. Salomon-Ferrer, D.A. Case, R.C. Walker, An overview of the Amber biomolecular
simulation package, Wiley Interdiscip. Rev. Comput. Mol. Sci. 3 (2013) 198-210.
doi:10.1002/wcms.1121.

[26] W.L. Jorgensen, J. Chandrasekhar, J.D. Madura, R.W. Impey, M.L. Klein, Comparison of
simple potential functions for simulating liquid water, J. Chem. Phys. 79 (1983) 926-935.
doi:10.1063/1.4458609.

[27] J.A. Maier, C. Martinez, K. Kasavajhala, L. Wickstrom, K.E. Hauser, C. Simmerling,
ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Parameters from
ff99SB, J. Chem. Theory Comput. 11 (2015) 3696-3713. doi:10.1021/acs.jctc.5b00255.

[28] T. Darden, D. York, L. Pedersen, Particle mesh Ewald: An N-log(N) method for Ewald
sums in large systems, J. Chem. Phys. 98 (1993) 10089-10092. doi:10.1063/1.464397.

[29] A.W. Gotz, M.J. Williamson, D. Xu, D. Poole, S. Le Grand, R.C. Walker, Routine
Microsecond Molecular Dynamics Simulations with AMBER on GPUs. 1. Generalized
Born, J. Chem. Theory Comput. 8 (2012) 1542—-1555. doi:10.1021/ct200909;.

[30] R. Salomon-Ferrer, A.W. Gotz, D. Poole, S. Le Grand, R.C. Walker, Routine Microsecond
Molecular Dynamics Simulations with AMBER on GPUs. 2. Explicit Solvent Particle
Mesh Ewald, J. Chem. Theory Comput. 9 (2013) 3878-3888. d0i:10.1021/ct400314y.

17


https://doi.org/10.1101/061069
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/061069; this version posted June 29, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

[31] H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiNola, J.R. Haak, Molecular
dynamics with coupling to an external bath, J. Chem. Phys. 81 (1984) 3684—3690.
doi:10.1063/1.448118.

[32] J.-P. Ryckaert, G. Ciccotti, H.J.C. Berendsen, Numerical integration of the cartesian
equations of motion of a system with constraints: molecular dynamics of n-alkanes, J.
Comput. Phys. 23 (1977) 327-341. doi:10.1016/0021-9991(77)90098-5.

[33] W. Humphrey, A. Dalke, K. Schulten, VMD: visual molecular dynamics, J. Mol. Graph. 14
(1996) 33-38, 27-28.

[34] D.R. Roe, T.E. Cheatham, PTRAJ and CPPTRAJ: Software for Processing and Analysis of
Molecular Dynamics Trajectory Data, J. Chem. Theory Comput. 9 (2013) 3084—-3095.
doi:10.1021/ct400341p.

[35] J. Zeng, W. Li, Y. Zhao, G. Liu, Y. Tang, H. Jiang, Insights into Ligand Selectivity in
Estrogen Receptor Isoforms: Molecular Dynamics Simulations and Binding Free Energy
Calculations, J. Phys. Chem. B. 112 (2008) 2719-2726. doi:10.1021/jp710029r.

[36] S. Chakraborty, A.S. Levenson, P.K. Biswas, Structural insights into Resveratrol’s
antagonist and partial agonist actions on estrogen receptor alpha, BMC Struct. Biol. 13
(2013) 27. d0i:10.1186/1472-6807-13-27.

[37] N. Heldring, T. Pawson, D. McDonnell, E. Treuter, J.-A. Gustafsson, A.C.W. Pike,
Structural Insights into Corepressor Recognition by Antagonist-bound Estrogen Receptors,
J. Biol. Chem. 282 (2007) 10449-10455. doi:10.1074/jbc.M611424200.

[38] S.Y. Dai, M.J. Chalmers, J. Bruning, K.S. Bramlett, H.E. Osborne, C. Montrose-Rafizadeh,
R.J. Barr, Y. Wang, M. Wang, T.P. Burris, J.A. Dodge, P.R. Griffin, Prediction of the
tissue-specificity of selective estrogen receptor modulators by using a single biochemical
method, Proc. Natl. Acad. Sci. 105 (2008) 7171-7176. doi:10.1073/pnas.0710802105.

[39] D.J. Kojetin, T.P. Burris, Small Molecule Modulation of Nuclear Receptor Conformational
Dynamics: Implications for Function and Drug Discovery, Mol. Pharmacol. 83 (2013) 1-8.
doi:10.1124/mol.112.079285.

18


https://doi.org/10.1101/061069
http://creativecommons.org/licenses/by-nd/4.0/

