1' frontiers
in Chemistry

ORIGINAL RESEARCH
published: 07 May 2019
doi: 10.3389/fchem.2019.00315

OPEN ACCESS

Edited by:
Yong Wang,
Ningbo University, China

Reviewed by:
Dingguo Xu,
Sichuan University, China
Fei Xia,
East China Normal University, China
*Correspondence:
Kelin Xia
xiakelin@ntu.edu.sg
Yuguang Mu
ygmu@ntu.edu.sg

Specialty section:
This article was submitted to
Theoretical and Computational
Chemistry,
a section of the journal
Frontiers in Chemistry

Received: 24 March 2019
Accepted: 23 April 2019
Published: 07 May 2019

Citation:
Zheng L, Xia K and Mu Y (2019)
Ligand Binding Induces Agonistic-Like
Conformational Adaptations in Helix
12 of Progesterone Receptor Ligand
Binding Domain. Front. Chem. 7:315.
doi: 10.3389/fchem.2019.00315

Check for
updates

Ligand Binding Induces
Agonistic-Like Conformational
Adaptations in Helix 12 of
Progesterone Receptor Ligand
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Progesterone receptor (PR) is a member of the nuclear recept (NR) superfamily and
plays a vital role in the female reproductive system. The nfahction of it would lead
to several types of cancers. The understanding of conform&inal changes in its ligand
binding domain (LBD) is valuable for both biological funch studies and therapeutically
intervenes. A key unsolved question is how the binding of agiand (agonist, antagonist,
or a selective modulator) induces conformational changes foPR LBD, especially its
helix 12. We applied molecular dynamics (MD) simulations &xplore the conformational
adaptations of PR LBD with or without a ligand or the co-represor peptides binding.
From the simulations, both the agonist progesterone (P4) ahthe selective PR modulator
(SPRM) asoprisnil induces agonistic-like helix 12 conforations (the “closed” states) in
PR LBD and the complex of LBD-SPRM is less stable, comparingtthe agonist-liganded
PR LBD. The results, therefore, explain the partial agonismf the SPRM, which could
induce weak agonistic effects in PR. We also found that co-fgressor peptides could
be stably associated with the LBD and stabilize the LBD in a &mi-open” state for helix
12. These ndings would enhance our understanding of PR stratural and functional
relationships and would also be useful for future structureand knowledge-based
drug discovery.

Keywords: progesterone receptor, ligand binding domain, co nformational changes, molecular dynamics, helix 12

INTRODUCTION

As a member of the NR superfamily, PR is involved in versatilpartant biological functions,
especially female development, reproduction and maintenéiieegelsdorf et al., 1995; Huang
etal., 2010 There are majorly two sub-types of PR, PRA and PRB, traretdind translated from
the same gene but with di erent promoter&éstner et al., 1990; Vegeto et al., )9These two
types of PR di er in the length of the amino acid sequences, @iRB has full-length sequence
and PRA lacks a 164 residue N-terminal pa#p(tz, 2005; Hill et al., 20).2Binding of P4 (or
other progestins) in the PR ligand binding pocket (LBP) wouldune conformational changes of
PR LBD and homo-dimerization (two same PR isoforms) or PRRBFhetero-dimerization in PR
positive cell cytosolfpitz, 200k
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The dimer then enters the nucleus and binds to specic(Tanenbaum et al., 1998; Batista and Martinez, 20it3s not
DNA sequences, the PR response elements (PREs), and recraitsar whether the longer helix 12 in PR LBD takes such an
co-activator proteins, such as steroid receptor co-activato ordered con guration.

1 (SRC-1) and CREB-binding protein (CBP)V{(liams and The biological e ects of some of PR LBD binding ligands
Sigler, 1998; Liu et al., 2002; Spitz, 20@Bus facilitates the have been studied thoroughly. There are majorly three types
subsequent gene expressior®ifz, 200r Whereas, binding of PR LBD ligands: agonists, antagonists and SPRMs. P4
of an antagonist or SPRM would also induce PR dimerizatiomnd other progestins, though have dierent pharmacological
and the relocation from cell cytosol to the nucleus, but vebul proles and e ects Gitruk-Ware, 2004; Sitruk-Ware et al.,
induce co-repressor binding with the activation function 22009, they generally activate the functional gene expressions,
(AF2), thus prohibit the normal gene expression functionsrepress estrogen induced endometrial proliferation, andhith
(Spitz, 2005; Madauss et al., 2p07 the endometrial mitogenic e ects of estrogensge@eto et al.,

The overall structure of PR LBD resembles the generdl993; Kraus et al., 1995; Schindler et al., 20B8other type
NR LBD conformations Bain et al.,, 2007 The early X-ray of PR LBD ligands, the SPRMs, such as asoprigmlManno
crystallography studies indicate that with agonists bindiPR et al., 2008 would in some case bring the partial agonism as
LBD adopts the agonistic conformation (the “closed” state)pbserved in clinical trials and animal testsiger et al., 2000;
where it forms the classic sandwich folding scheme withkieti  Spitz, 2003; Chwalisz et al., 200)a]ihe third group of ligands
tightly patched on the LBP/illiams and Sigler, 1998Hydrogen the antagonists of PR LBD, such as RU486 and ABUItt,
bonds between M909 in the N-terminal part of helix 12 and2003; Petit-Topin et al., 20).4The antagonists pose inhibitory
E723 (in helix 3) hook helix 12 in the “closed” state, mean&hi e ect against biological active PR LBDs and would be used
more hydrogen bonds formed between the loop linking helixfor pregnancy termination and the treatment of certain PR
11 and helix 12 (named H11-H12 loop hereafter) and helix 3nediated conditions.
further stabilize the “closed” conformatiom\(lliams and Sigler, So far there are lots of unknowns for the liganded structural
1998; Petit-Topin et al., 20DSPRM binding in the LBD would features of PR LBD. For example, how are agonistic and
induce di erent conformational changesvadauss et al., 2007; antagonistic conformations formed or stabilized by dieten
Raaijmakers et al., 2009; Lusher et al., 2011, 2012; RgiitrT ligands? We hypothesize that agonists or SPRMs binding would
et al., 2011 The ligand soaking experiments of PR LBD withinduce conformational adaptation of PR LBD through re-
SPRM asoprisnil usher et al., 20)2and antagonist RU486 positioning helix 12 in the “closed” agonistic conformation,
(Raaijmakers et al., 20pBinding witness the unstable agonistic and the additional co-repressor peptides would stabilize the
conformations of PR LBD. In those PR LBD crystal structures;open” antagonistic conformation together with SPRMs. MD
helix 12 covers on the LBP and adopts the AF2 activatiosimulations were adopted to explore the atomic level mechasis
state, though helix 12 has rather large b-factors. In otheof PR LBD conformational dynamics. We found that ligand
scenarios, SPRM-bound PR LBD would adopt the antagonistizinding would stabilize PR LBD in “closed” state, and both
conformation (the “open” state) and recruits co-represset&sh  agonist and SPRM binding would induce the “open-to-closed”
as nuclear corepressor (NCoR) and silencing mediator rafinoitransition of the LBD involving the repositioning of helix 12
and thyroid hormone (SMRT), binding in the hydrophobic cleft in an agonistic-like orientation. The detailed ligand-irckd
formed by helix 3 and helix 5ghen and Evans, 1995; Leonhardtconformational transition of PR LBD could be divided into
and Edwards, 2002; Liu et al., 2002; Spitz, 2003; Madauss et thiree steps: hydrophobic cluster forming, helix 12 patching an
2007; Petit-Topin et al., 2014 H11-H12 loop re-accommodation. And the driving forces of

The deposited crystal structures of PR LBD in RCSB Proteithe ligand-induced conformational adaptation are also désad.
Data Bank (PDB) all adopt a typical 11 helices folding scheme d$1e atomic-level understanding of the agonist P4 and SPRM
other LBDs in NR family Bain et al., 2007 All the structures asoprisnil induced conformational adaptations explains the
areholoform, either with a ligand or together with a co-peptide partial agonism of SPRM, because it binds PR LBD inducing
(a segment of SMRT co-repressor peptides),apeform PR  unstable agonistic “closed” conformations of helix 12. S&e
LBD conformations have been determined using X-ray or NMRndings broaden our knowledge of the structure-function
methods. Our previous theoretical studyheng et al., 2006 relationship of LBD-ligand complex system, and also feedséut
has proved that, fompoform PR LBD, there exists multiple knowledge-based drug design against PR LBD.
intermediate states, which include the agonistic confdiores
(the “closed” states) with helix 12 hooked by helix\Bil(iams
and Sigler, 1998; Petit-Topin et al., 2)0forming a solvent MATERIALS AND METHODS
inaccessible isolated LBP.

Though no experimental models have been solved for th&imulation Protocols
structures of theapaform PR LBD, computational simulation Molecular dynamics simulations are useful tools to explore
study and time-resolved uorescent anisotropy decay methodnolecular behavior and mechanism in atomic level. In thislgt
have proved that the helix 11, H11-H12 loop and helixwe harness the power of graphic processing unit (GPU) cards
12 are highly exible Batista and Martinez, 2013; Zhengto perform micro-second range conventional MD simulations
et al.,, 201} Helix 12 was observed to form a totally extendto understand the determinants of the PR LBD conformation
conformation in the apoform of aER and aRXR LBDs changes. Several systems were built to study the protein
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TABLE 1 | Summary of the simulation systems in this study. Analysis Methods
RMSD used in one of our previous studiegheng et al.,

imulation LBD Ligand  Co-peptid # of Simulati . .
Simulation - LB 1gand. - o-peptides ° muiaton 2018, is de ned by the di erence between two root mean square
systems initial Repeats Time (ns) A X

deviation (RMSD) values, RMSD1 and RMSD2, which are the
s1 1A28, chain A P4 None 1 2,000 instance RMSD calculated using crystal “open” state (PDB ID
s2 1A28, chain A None None 1 2,000 20VH, chain A) and “closed” state (PDB ID 1A28, chain A) LBD
s3 20VH, chain A Asoprisnil None 3 2,000 conformations as references.
sa 20VH, chain A None None 1 2,000 The principle component analysis (PCA) were performed
S5 20VH, chainA None  20VH,chainB 1 2,000 using python scikit-learn package and numpy packagé(
S6 20VH, chain A P4 None 1 1,000 et al., 201). The alpha carbongC) atom distance matrices
s7 20VH, chain A Asoprisnil 20VH, chain B 1 2,000 were used as datasets for PCA analysis. For one simulation

trajectory, the conformations of every 100 ps were collecad
the distances between alC atoms were calculated. The dataset
conformation/dynamics in the presence of ligands and/or cothus was fed into the scikit-learn decomposition module, &mel
peptides (a segment of SMRT co-repressor peptides), as listedtiansformed dataset was plotted. Based on the PCA analisis, t
theTable 1 eigenvectors pesiC atom were determined and adopted for the
Initial structures of the LBD, ligands and co-peptides weraessential dynamics of each residue and visualized using VEID 1.
downloaded from RCSB protein data bank (PDB) (3able 1).  (Humphrey etal., 1996
Original water molecules in the PDB structures were removed Clustering analysis were performed using Gromacs g_cluster
missing atoms and residues of LBD were modeled in SWIS$sol with gromos algorithm and a 0.2 nm RMSD cuto . Quasi-
MODEL online server (https://swissmodel.expasy.ogghiwede Harmonic conformational entropyl(evy et al., 1994alculations
et al., 2008 For simulation system S6, the initial LBD-ligand of PR LBD were performed using Gromacs g_covar and g_aneig
complexes were modeled by removing the original ligand frontools. The method assumes that there exists a harmonic multi-
LBP and docking P4 into LBD using GOLD docking packagevariant probability distribution of all 8/ atoms in the calculation
(Verdonk et al., 2003 The docking calculations of P4 based onsystem, wher&l represents the number of atoms in a molecule.
the 20VH chain A, without co-peptide binding, using the defaul Similar method has been applied for the exibility proximation
parameters for GOLD, and the best docking pose together witbf di erent macromolecule system&\(lliams and Maher, 2000;
the LBD receptor was selected for initial structure for sys&5.  Okonogi et al., 2002; Podesta et al., 2@t one of our previous
The amber99sb-ildn force eldL(ndor -Larsen et al., 201D  studies Zheng et al., 2018
was used for LDB and co-peptides. As for ligands, AM1-bcc The Home SapiensPR, androgen receptor (AR)a
charges together with amber ga force eld were usétlgng estrogen receptor aER), mineralocorticoid receptor (MR)
et al., 200% The Gromacs format ligand topology les could and glucocorticoid receptor (GR) sequences were downloaded
be freely accessible in Figshare (https:// gshare.conules/ from NCBI protein sequence database, and the alignment of
Small_molecular_GAFF_force_ eld_ les/7982333). Thé®|.Br  these sequences were performed using T-Co ee alignment server
the LBD in complex with ligand or co-peptides were solvatedhttp://tco ee.crg.cat/apps/tco ee/index.htmljotredame et al.,
in abundant TIP3P Ilark and Nilsson, 2001water molecules 2000, and the alignment gure was generated using BoxShade
as well as 0.15M NaCl salt condition. All simulations wereserver (https://embnet.vital-it.ch/software/BOX_fotrml).
completed with Gromacs 5.1.2 packadgédii@aham et al., 2015 The rst hydration shell according tdSinha et al. (2008)
together with GPU acceleration on National Supercomputings around 5 A, therefore we used this distance as cuto for
Center (NSCC), Singapore (https://www.nscc.sg/). calculating the coordination number between the proteintfwi
Each simulation systemwas rstly energy minimized using th ligand where necessary) and solvent water molecules. Ttex wa
steepest descent algorithm, and then equilibrated with pindes ~ residence time was calculated based on the distance between a
well as ligands if exists) heavy atom position constrainédgia  molecule and a protein residue within 5 A during a continuous
1,000 kJ/mohm? force constant undeNPT ensemble at 300K time, using a home-made python package (https:/github.com/
and 1 bar for 10 ns. Production runs were performed und®T  zhenglz/dockingML). Bridging water molecule was de ned if a
ensemble at 300K. The time step for all simulations was 2 fajater molecule oxygen atom is within 0.35 nm distance range of
while the coordinate data were stored every 2 ps. Thermostab®mth W755 sidechain nitrogen atom and V912 backbone nitroge
and pressure coupling were achieved using velocity rescalimgom. The residence time of the bridging water molecule is
(Bussi et al., 200°and Berendsen pressure couplirisefendsen calculated if itis continuously remaining close to the twsideies
et al., 198¥ method, respectively. Bonds between heavy (nonfor a period.
hydrogen) atoms were restricted with LINCS algorithivieGs The electrostatic potential energies are calculated bas#teo
et al., 199, while bonds between hydrogen atoms and heavyjollowing formula:
atoms were xed according to SHAKE algorithiRyckaert et al., 0
1977. Particle mesh Edwald (PME) schemBagden et al., ED YRR
1993 algorithm was adopted for the long-range electrostatic 0
potential calculation. A 1.2nm distance cuto for both long- Where" D 80 in this equation. And the electrostatic potential
range electrostatic and van der Waals interactions was.used surface of the LBD were generated using Chimé?ratiersen

Frontiers in Chemistry | www.frontiersin.org 3 May 2019 | Volume 7 | Article 315


https://swissmodel.expasy.org/
https://figshare.com/articles/Small_molecular_GAFF_force_field_files/7982333
https://figshare.com/articles/Small_molecular_GAFF_force_field_files/7982333
https://www.nscc.sg/
http://tcoffee.crg.cat/apps/tcoffee/index.html
https://embnet.vital-it.ch/software/BOX_form.html
https://github.com/zhenglz/dockingML
https://github.com/zhenglz/dockingML
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zheng et al. Conformational Adaptations in PRLBD

et al., 200)using default parameters. Here we only calculated thél1-H3 loop (the loop between helix 1 and helix Bigure 1D).
electrostatic interactions between fully solvent expossidues In P4-bound LBD, this loop shifts toward helix 3 and C-terraln
(R899, K731, K734, K740, E723, E907, and E911), therefere, tf helix 11, and it binds tightly with region 1 and region 2 in
water e ect should be taken into account and a lafg® 80 P4-bound LBD majorly through electrostatic interactionsda
was used. hydrogen bondsSupplementary Figure L
In conclusion, the loss of P4 binding increases exibility

of residues around the LBP. H1-H3 loop shows dierent

RESULTS conformations inapoform state and P4-bound state, though

P4 Binding Reduces Agonistic PR LBD the biological signicance of the dynamics of this loop

Conformation Flexibility remains unknown.
Agonist P4 binding would stabilize the residues around th T :
binding pocket. (simulation S1, see experimental procedurej?:4 Blndmg_ Induced HeI!X 12

(Figure 1A). Three regions located around helix 5-7, helix onformational Adaptation Is

11 and 12, and the loops around these helices, are mog Multiple-Stage Process

exible in P4-bound LBD Figures1B,§. And they have It has been reported that induced tting is quite a general
higher con gurational entropy inapoform LBD (1529.86 mechanism in NR LBDs-ligand recognitio®in et al., 2007
Jmol 1K 1) than P4-bound LBD (1230.43 JmdK 1). Larger however, it is still unclear how agonists induce refoldifgP®

con gurational entropy generally indicates a more exible LBD. Our simulations indicate that binding of P4 results het
instinct. The evidence thus indicates that these residogklde  “open-to-closed” orientation rearrangement of helix 12 vl
stabilized with P4 binding. as the H11-H12 loop.

Comparing the PCA projections of apo-form (simulation S1) We use the RMSDto assess how far the conformation is
and P4-bound (simulation S2) LBD simulations also indicatérom the native “closed” state, and the smaller the valuentioee
overall exibility of the later system is more signi cantsahe it is similar to the “closed” state. TheRMSDof the P4-bound
projections on the PC2 are much broader &woform LBD than  antagonistic simulation (repeat #1 system S6) quickly dropped
those for P4-boundholoform LBD. The major con guration below 0.1 nm withinthe rst50 ns Figure 2A). The decreasing
di erences between unliganded and liganded LBD come fronof the RMSDis majorly caused by the large conformational

A B0 P Region 1 Region 2 Region 3

apo-form = apo-form
== holo-form

0.05 s
E 025
0.00 =
- - 0.20
025 holo-form E
E 020 0.15
£
2 015 0.10
Z 010
0.05
0.05
0.00 0.00
500 1000 1500 2000 700 750 800 850 900
Time (ns) Residue Index
C D
20 .
holo-form  apo-form N T
2000 2000 W /Region 1"\ :
sl ] 2 ‘y v : . Region2
\ i
C £ \
1600 1600 & y \ 4 } \
101 / \
| P4-bound
~ st 4 1200 1200
&
of 1 |4{800 800
i : 1 ({400 400
=10}
(4] ]
Time (ns)

BTy B e
-20-15-10 -5 0 5 10 15 20
PC1

FIGURE 1 | P4 binding stabilizes agonistic PR LBD conformation(A) The aC atoms RMSDs ofapo-form and P4-bound LBD. (B) The residue RMSFs ofapo-form
and P4-bound LBD. (C) PCA projections of contact matrix ofaC atoms of apo-form and P4-bound LBD. (D) Structure alignment of the representative structures from
apo-form and P4-bound LBD simulations. Theapo-form and P4-bound LBD simulations are systems S1 and S2, rgsectively. The helices are labeled as “H,” for
example, H12 in(D) (and all other gures where necessary) represents helix 12.
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changes of helix 11, helix 12 and the H11-H12 lobjg(re 2B).

Initially, helix 12 rapidly folds back and facilitates the LBD| A o4 e,
forming the “closed” state, which resembles the native &gion B —
“closed” state with aC atoms RMSDXx 0.2 nm Figure 2A). The 03

H11-H12 loop started to form contacts with P4 from around 30Q
ns. For example, L901 and M908 form non-polar contacts with
the b11 position of P4 $upplementary Figure 2 The contacts
are also observed in crystal P4-bound PR LBD structure.

M909 plays a vital role in stabilizing the agonistic state of
PR LBD @etit-Topin et al., 2009 and R899/E723 hydrogen
bonds may a ect the conformational dynamics apoform PR
LBD (zZheng et al., 2006 These interactions would be good
features to depict the conformational transition of P4-bduPR
LBD. Initially, R899 is quite exible and fully exposed to the o ‘ ‘ ‘
solvent, and helix 12 remains the “open” orientatidfigure 3, - 200 400Time (ns)600 . o0
time D 0 ns). The repositioning of helix 12 can be decompose
into several stages. For stage 1 (fast, from 0 ns 89 ns),
R899 quickly approaches N719 and form transient contacts hy
hydrogen bonds, and then with E723 and forms hydrogen bond
by the sidechain oxygen atoms of E723. And V912, 1913, W75
and P4 gradually form a hydrophobic core, thus restricting th
exibility of helix 12. This stage is characterized by thdt-sa
bridges formation and the emergence of a hydrophobic core i
the LBP.

As for stage 2 (from 3050 ns), after the formation of
electrostatic interactions and hydrogen bonds betweerBErn2i
R899, M909 sidechain starts inserting into the hydrophobi@cor oy P P 300 2000
and forms a hydrogen bond with the side chain of E723, resgilti Time (ns)
in dropping of distances between M909 and E723 within the
rst 30 ns and remaining under 0.5nm throughout the whole| FIGURE 2 | The conformational changes of antagonistic PR LBD with P4
simulation, patching N-terminal end helix 12 tightly agaiihglix | Pinding. (4) The RMSD change along the simulation, where PR LBD adopts
3 (Figure 3 time D 30 ns). the “open” conformation at beglnm.ng and the‘ clo§ed confemation at the

end. (B) The a-carbon RMSDs of different regions in PR LBD.

For stage 3, (after 50 ns), R899 moves far apart from
E723 and thus frees the restrictions around helix 11 C-taahi
end (Figure 3 time D 400 ns). The re-orientation of R899
dismisses the space clash around helix 12 N-terminal end arSPRM-bound “closed” state PR LBD and found that helix 12 is
enables the conformational adjustment of H11-H12 loop teda less stable than when comparing to that in P4-bound LBD.
simulation, and helix 11 would be relatively more stablehwit Initially, asoprisnil-bound LBD adopts the “open”
the hydrogen bonds forming between R899 and SFigufe 3  conformation, and RMSD is quite large. After 60 ns, the
time D 1,000 ns). RMSD decreases below 0.1nm, and helix 12 blocks the

In summary, MD simulations reveal the multi-stage trangitio pocket from the solvent access. Therefore, starting from the
of PR LBD from “open” state to “closed” state: (1) fast‘open” conformation, asoprisnil-bound LBD quickly shifts
hydrophobic core forming; (2) fast patching of helix 12 ontotoward the “closed” state, though the H11-H12 loop region is
helix 3; and (3) slow adjustment of H11-H12 loop, highlysigni cantly disordered. Three independent repeat simuas
coupling with key hydrogen bonds and distances of M909/E72Both support the ndings Supplementary Figure 3.
and R899/E723. The induced adaptation patterns were found to be similar

to P4 induced conformational changes. During the early guic

W " folding process, R899 approached N719 within a very short time
PR LBD Forms the “Closed scale (2 ns), their distance quickly drops from 2.0 to 0.3nm.
Conformations Upon SPRM Binding R899 forms salt bridges with E723 side chain and facilitates t
PR LBD may not adopt the antagonistic “open” state uporformation of a hydrophobic core by L893, W755, V912, 1913, and
antagonists or SPRMs (such as RU486, asoprisnil) bindingsoprisnil. Then the sidechain of M909, as well as that of M908,
(Raaijmakers et al., 2009; Lusher et al., YCdrid helix 12 patches inserts into the hydrophobic core, leading to the patching elixi
on the LBP and the LBD adopts the “closed” conformation ad.2 onto helix 3 and the closing of the LBD.
solved by soaking-based x-ray crystallography experimerits, The dierences from P4-bound LBD case are that R899
helix 12 partially destabilized though{sher et al., 20)2The interacts with thebll oxygen atom of asoprisnil, and the
simulations (system S3, asoprisnil-bound PR LBD) recovéited interactions are rather stable and create steric hindrafore
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structures [PDB ID: 1E3KNatias et al., 2000 1ZUC Zhang
et al., 200f 1SQN (Madauss et al., 20p&and so on], helix 12
and H11-H12 loop are less ordered.

Co-peptides Bound PR LBD Remains

Unstable
Co-peptides binding would not stabilize the unliganded “open”
state LBD (simulation system S5). Th€ RMSD of PR LBD
structure with reference to the native “open” state rise<kyi
(Supplementary Figure 5A. And the conformation of PR LBD
also diverges from the agonistic “closed” state, where W85 a
K919 sidechains remain close to each other.

W755 remains quite close to V912 for rather long simulation

£

g i

g 15 Time=0ns 500 E time, and E723 does not form any hydrogen bonds with M909

i k= 200 s w00 3 or M908. These evidences indicate that helix 12 C-terminal

g 10 : | © half part is restricted by the W755/V912 interactions and it

&) , takes the similar position as that in the native “closed” state
05 ' Time=30ns 1> whereas N-terminal half remains exible and exposed to the

“ \ 100 solvent. However, at late stage of the simulation (after0150

0.0

0 ns), L2263 and 12267 in co-peptide gradually form hydrophobic
interactions with W755 and push V912 in helix 12 away from
W?755 (Figure 5).

Helix 11 prohibits helix 12 patching and “closed” state
formation by shifting toward the LBP and making contacts
with the middle part of helix 3 through R899/E723 salt bridges
(Figure 5). Helix 12 is almost identical to that in the “closed”
state, characterized by a solvent exported K919, while irveati
“open” state LBD, K919 side chain is buried deeply in the LBP

0.5 1.0 15 2.0
Distance M909*/E723 (nm)

FIGURE 3 | The conformational adaptation of antagonistic PR LBD with and forms a hydrogen bond with W755 side chain.
agonist P4 binding during the system S6 MD simulation. P4 wagstly docked Overall, for unliganded LBD, if the co-peptide exists, the N-
into antagonistic PR LBD binding pocket. The MD simulationgsimulation terminal part of helix 12 adopts the “open” state and is still

system S6) were then performed starting from the docked comfex

: - quite exible and the LBP is totally exposed to solvent. In the
conformation. Several snapshots are presented here usingastoons.

presence of both asoprisnil and the co-peptide binding, the
antagonistic “open” conformation of the LBD is well maintaihe
(Supplementary Figure 5B

H11-H12 loop optimization, and the main chain of M909 does
not form stable hydrogen bonds with E723 in the asoprisnil-

bound case. DISCUSSION

Helix 12 remains relatively stable in the later simulation . . .
stage (after 100 ns). From PCA projections, it is clear thatlydrophobic Effect Facilitates Helix 12
the system goes through a quick transition from “open” toRe-packing
“closed” state globallyF{gures 4A,B. However, the diusive The hydrophobic e ect is recognized as the dominant driving
spreading of the conformations along PC2, indicates that PRorce for protein folding Epolar et al., 1989; Dill, 1990; Callaway,
LBD does not have one to two major stable states, but rather it994; Pace et al., 199@on-polar residues tend to be buried
experiences structure adaptation. The representative strest inside the protein core, inaccessible to solvent water nubésc
have been extracted from regions 1 and 2Kigure 4B) showing  With a ligand binding, the protein may become more stable
a disordered H11-H12 loog~{gures 4C,D. We also performed or less stable and the ligand conformational entropy de@&eas
metadynamics simulations to explore the free energy surfasgould not be favorable for ligand-induced folding@uzmann,
along the “open-to-closed” transition. The free energy deece  1959; Levy and Onuchic, 2008However, it has been proved
between the “open” state and the “closed” state is around 2hat the translational entropy gains of water molecules gisca
kJ/mol (Supplementary Figure % from protein surface would at least compensate thé&trano and
Overall, a SPRM binding would also induce conformationaKinoshita, 2004; Kinoshita, 20009
changesinhelix 12, helix 11 and H11-H12 loop, though the H11— The steroids or steroid-like ligands are mostly hydrophobic
H12 loop remains disordered during the simulations (system(Williams and Sigler, 1998; Petit-Topin et al., 2009; Lusher
S3). This disordering e ect is rarely sampled in P4-bound LBDet al., 201)L and the binding of these ligands would induce
simulation (system S6). The conclusion is well consistetth w the forming of hydrophobic core and dehydration of the LBP,
that fact that in native antagonist-bound and SPRM-bound LBDby re-orientating non-polar residues surrounding the pogket
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FIGURE 4 | Conformational transitions of Asoprisnil bound PR LBO@A) RMSD of simulation system S3.(B) The PCA projections of the rst two PCs using the
coordinates. (C) Representative structure in PCA map region 1 i(B). (D) Representative structure in PCA map region 2 iB).

therefore also facilitate the conformational changes dixHEL,
helix 12, and H11-H12 loop in PR LBD. Such ligand-induced
conformational changes were also observed in other NR LBDs
(Mangelsdorf et al., 1995; Levenson et al., 2001; Huang,et al.
2010. In the early stage of P4-bound induced conformationa : y v
adaptation of PR LBD, the non-polar residues from helix 12
(M908, V912, and 1913), helix 11 (C890 and F895), helix b =
(W755), as well as helix 3 (L727), together with the hydroptiob

ligand P4, forms a hydrophobic clusteFigure 6A), marking =&, 4@

N

as the early event of the helix 12 re-orientation. Similarly E L7228
in asoprisnil-bound induced re-positioning of helix 12, tees Co-pepiide W75
residues, except C890 and F895, also come close to each othe N _,;iuzes V
and exclude the solvent molecules near the LBRjUre 6B). -~ ’ -
Sequence alignment of several other NR LBDs indicatestibaét
non-polar residues are quite conservddgure 6D). Especially,
W?755 is highly conserved in all ve NR LBDs, suggesting ted vi H12
importance of this residue, while the other non-polar resislue
in PR LBD have their equivalent non-polar counterpartseR,
AR, MR, and GR LBDs. FIGURE 5 | The representative conformation (green) of the largest paation
We also observed the rapid loss of water m0|ecu|escluster superimposed with antagonistic PR LBD conformatio (white).
in the rst hydration shell upon ligand-binding induced
conformational changes. More speci cally, coupling with the

) . R .
hydrophobic cluster formation, the number ofayer hydration daptation. Meanwhile, the loss of stabilized water molecule

water molecules outside PR LBD surface decreases in tﬁe - . .
. . o within the rst hydration shell would also contribute to large
early stage of the “open-to-closed” transitiorFigure 6C

Supplementary Figure § During the helix 12 reorientation for favorable free energies to the helix 12 “open-to-closed’sitam.

liganded LBD, more hydration water molecules are released f . . .
the protein surface. Electrostatic Interactions Contribute to

To summarize, the ligand-induced formation of hydrophobic Helix 12 Patching
cluster by several conserved non-polar residues around @ L The short-range electrostatic interactions are important i
and helix 12, is a key driving force for the conformationalprotein folding and stability, and statistical analysis icatie that
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FIGURE 6 | The hydrophobic cluster that may facilitate helix 12 patchg. (A) t D 30 ns the hydrophobic cluster formed during simulation(B) Asoprisnil-bound PR
LBD hydrophobic coret D 60 ns. (C) Number of rst hydration shell water molecules forapo-form “open” state LBD (system S4), P4-bound LBD (system S6jand
asoprisnil-bound LBD (system S3). The blocked averages ofié time series water numbers are shown in cyan line§D) Sequence alignment of PR, ARaRER, GR, and
MR LBDs.

around 80% of the ion-pairs or polar-interactions of proteime a LBD and asoprisnil-bound LBD. The decrease of E723/R899
exposed to the solvenBpolar et al., 1999In PR LBD, we also distance from around 1.5nm to 0.3nm would contribute to
identi ed several key short-range electrostatic inteimetpairs a favorable 2.5 kJ/mol electrostatic energy change. Another
or hydrogen bonds pairs. hydrogen bond between H888/Q916 (formed in 67.9 and
Our previous simulation study suggested that E723 is actively8.2% of the snapshots of simulation systems S6 and S3,
involved the conformational dynamics of PR LBBheng et al., respectively) also stabilizes helix 12 in the “open-to-closed’
20169. Here, in this study, the highly frequent electrostatictransition of PR LBD. While the RMSDof the ligand-induced
interactions and hydrogen bonds between E723 and R899 ak8D conformation decreases, the distance between H888/Q916
recorded in the early “open” to “close” transitions of P4-bpdu  uctuates in quite a large range (0.1 to 1.3nm), indicating
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that local interactions around helix 12 changes accorginglto 2.0 nm, and it would contribute to a favorable 2.5 kJ/mol
(Supplementary Figure J. electrostatic potential energy changégure 7D).

Furthermore, cancer genome sequencing studies showed the These electrostatic interactions, hydrogen bonds and
vital role of E723 whose E723K mutants detected in breastdirect water bridging, are crucial for PR LBD ligand-balin
cancer patient tissues\étwork, 201}, indicating the possible conformation recon guration and structural ability.
importance of the positive charge of this residue, as well as

the electrostatic interactions for a functional PR LBD. Hmer, Bulk 11 b Group Blocks Stable Helix 12

the details had never been explained in atomic level els.@NheHOOklng and H11-H12 Loop Reordering
In aER, an equivalent residue D351 also stabilizes helix 12 . ; .
u " . L ere has been discussed for long that M909 sidechain would
the “closed” state LBD, the D351Y mutation and other artlki . . .
sterically clash with the bulk blgroup on the steroid sca old of

mutations would abolish the agonistic e ectaER (Webb et al., . o L
2000; Levenson et al., 2001; Herynk and Fuqua, 2004; LushPB antagonists (mifepristone) and SPRM asoprishilifmann

et al., 201p. Overall, we believe that E723 is an important residu%%gg_’ Eggﬁérff grarzd(;niziif: ngr?;hiotgi; F;?t?glmaakoer:isérit a
for functional PR LBD possibly through electrostatic intetrans. or thle loss of a (.)’nist response pof the mgleculm%(auss '
Bridging water molecules are commonly involved in proteinet al. 2007 Pegtit-To in er;t al ’2009, Huang et al. 2010:
folding processl(evy and Onuchic, 2006These water molecules Lushé’r et al ’2031 P v ' g v '
would accelerqte protein folding by taking a st.ructural fole From the;,asoprisnil-bound simulations, it is clear that the
hyqrogen bOt"l(.iIng between two hydrophoblg residues thrOth@)qu 11b group works as a double edge, sword for PR LBD
w:t';:]qu(;% FZ;T|I(I.;-CS?,?§E|%OEZ 2;025('9:%2\/?&'% I?jtrir i’]tggf ?Oreagonistic conformation formation and stabilization. In emvay,
. . P ydrop It would facilitate the positioning of helix 12 to the agongssitate,
These collecltlve emptying of water moleculeg from hydrophoplb stabilizing the electrostatic interaction network fagth by
corq are quite common and the process is called dewetti 899, E723, N719, and SPRM asoprisnil, and further restricting
(drying) e ect, where the water molecules escape and Iargervapﬁ]e motions of helix 11 C-terminal region. On the other hand
bubbles form Huang et al., 2003; Levy and Onuchic, 2006 ; '

. however, it makes clashes with the antagonist ligand anibitth
We also record the existence of the structural water motecul the close contacts between M909 and E723, therefore prohibits
in our simulations Figure 7A) around W755 and V912. ’ P

Interestingly, W755 captures V12 backbone oxygen atom iF]he hydrogen bonds formation and helix 12 conformational

helix 12 indirectly, bridging by a well-conserved water ewlle adaptation. M909 plays a vital role for the agonistic conforiorat

(Figure 7B), as also observed in several crystal structures %lablllty as revealed in severa| studiésafauss et al, 2007,

PR LBD [PDB ID: 1A28 \(filiams and Sigler, 1998 1SQN  cu-Topin et al., 2009 it forms a hydrogen bond with E723

i contributing a favorable interaction to the “closed” agdius
(Madauss et al., 20j422W8Y Raaijmakers et al.,, 20BDI0 state, it also shields the LBP from solvent access. Thus, the
(Petit-Topin et al., 2009 3G80 {Thompson et al., 2009 ' ) '

3ZR7 (usher et al., 2091 and 3ZRB (usher et al., 20)]. inability to form this critical hydrogen bond _Would resullt in
. . R . an unstable helix 12, and subsequently contribute to theiglart
The residence time of this interior water molecule duringth

simulations is larger than 1 ns, which is correlated welhvite agonism of asoprisnil-bound PR LBIY¢tit-Topin et al., 2009;

experimental residence time of buried water moleculeslfa Raaijmakers et al., 2009; Huang etal., 3010

: The bulk 1b group destabilizes the agonistic contacts
et al., 2008 Since we removed all crystal water molecule . .
A . . . etween H11-H12 loop with helix 3 as well. Hydrogen bonds
at the beginning of the simulations, the resampling of the

. . formed between S712/L901, T716/E904, and N719/E904 are well
important structural water in the conserved crystal water

o . . maintained in agonistic conformation simulations (systeBis
position indicates that our simulations could capture keytdieas nd S2), but not in asoprisnil-bound LBD simulations (system
of solvation dynamics around PR LBD, and that conserve ’ P Y

structure water could facilitate the conformational staiof 3). The observations are cons_|_stent W'Fh the evidence ¥airia
liganded PR LBD. 11b group would lead to destabilized helix 12 and H11-H12 loop

- . (Raaijmakers et al., 2009; Lusher et al., 2012
Furthermore, the long-range electrostatic interactionaym . . . .
. X i . We believe that the bulk group in blposition of steroid
also contribute to the helix 12 patching process. The N-teahin linands hinders the occupation of the agonistic “closed” i
end of helix 12 (H12NT) is negatively charged (the negativ 9 P 9 pos

charge center), mainly due to the existence of several pola(icr)r helix 12 and H11-H12 loop. Though SPRM asoprisnil also

residues E904. E907, and E9Eig(re 70). The C-terminal induces the conformational adaptation of helix 12, the space

. SN . lashes contribute to the instability of this helix, as wslhalix
end .O.f helix 3 (H3CT), however, is highly po_smvely charged%:il and H11-H12 loop, which correlates with the nding of pattia
(positive charge center) due to two polar residues, K733 an

R740 Figure 7Q. The mutation of the positively charged agonism of the SPRM ligands.

residue R740, such as R740Q, would lead to breast cancer . .

(Network, 201%. The energetic favorable long-range electrostatigor‘fc’rma-t'c’nal Adaptions of PR LBD Upon
attractions between the positive charge center and the hegat a Ligand Binding

charge center thus would further contribute to the “open” tolt has been shown thagpoform PR LBD is exible and
“closed” transition. The distance between the positive ghar there exists multiple intermediates, among which the aganis
center and the negative charge center shrinks from about 3:@losed” conformation is a rather stable state. Ligandsi(an
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FIGURE 7 | Structural water bridging helix 12 stabilization and longange electrostatic interactions in PR LBD simulationgA) Stable interaction formed between
W755 and V912 bridging by a stable water molecule in P4-bound.BD simulation (system S6t D 100 ns). (B) Structural alignment of several crystal structures of PR
LBD with a conserved water molecule (red sphere) bridging Wb5/V912 interactions, the colors of the PDB structures are gren for 1A28, blue for 1SQN, yellow for
2W8Y, magenta for 3D90, cyan for 3G80, orange for 3ZR7, and gty for 3ZRB.(C) A cartoon representation shows the two highly charged centes in PR LBD
surface. (D) The distance between H12NT and H3CT during asoprisnil-bowhLBD simulation, while the cyan line shows the time-blocked@verage of the distance.
The blue asterisk indicates a close-contact sodium ion neathe LBD.

FIGURE 8 | PR LBD conformational adaptations. SMRT co-repressor pejes are shown in orange. Only 4 helices (helices 3, 5, 11, antR), as well as some loops,
in the LBD are presented, whereas helix 12 is in ice-blue cotoKey loops and tails in the LBD are shown as black lines.

peptides) binding, however, induces conformational changelfyands or co-peptidesFH{gure 8). Firstly, both P4 and SPRM
or stabilizes one of the intermediates. From our simulasion asoprisnil would induce the formation of agonistic-like “stxd”
we recorded the evidences of ligand and co-peptides bindingtate PR LBD, in which helix 12 covers the hydrophobic LBP.
induced conformational adaptations. However, in SPRM-bound LBD, the “closed” state complex is
Based on the simulation results, we propose a possibleot stable, helix 12 N-terminal end is not hooked by E723, and
roadmap of PR LBD conformational adaptation induced byH11-H12 loop is not re-orientated to tightly patched against
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helix 3 in a short simulation period. These conformationalFurther study of the conformational transition kinetics wid

adaptations thus explain the partial agonism of the SPRMe required to enhance our understanding of this PR LBD

(Leonhardt and Edwards, 2002; Chwalisz et al., 2PD@srondly, conformational adaptation roadmap.

with co-repressor peptides binding in the cleft formed by

helix 3 and helix 5, helix 12 bends outwards, thus theDATA AVAILABILITY

PR LBD samples the semi-open antagonistic conformations,

which would be favorable for both agonists or antagonist§he datasets generated for this study can be found in

binding, but resists against co-activator bindinggrmain et al., Figshare, https:// gshare.com/articles/Small_molecuAFF

20032). Thirdly, with both co-repressor peptides and the SPRMorce_ eld les/7982333

ligand binding, the antagonistic PR LBD conformations are

well maintained. This is not surprising, since the SMRT co-AUTHOR CONTRIBUTIONS

repressor peptides could form ternary complex with RAR

in complex with RAR-response element€Hien and Evans, LZ and YM designed the experiments. LZ, KX, and YM

1995; Glass and Rosenfeld, 200the agonist binding induces performed simulations and analyzed the data. LZ wrote the paper

releasing of SPRM co-repressor peptides, from RAR andith YM and KX.

thyroid-hormone receptor (TR;Chen and Evans, 19B5or

possibly from PR, which may results from the spatial clasheEUNDING

between helix 12 and the SMRT co-repressor peptitlesifuss

et al.,, 200y, And it is highly possible that there is a The research funding was provided by a Tier 1 grant

binding competition between co-repressor peptides and cofRG146/17) from Ministry of Education, Singapore for YM. KX

activator peptidesGlass and Rosenfeld, 2000; Germain et alacknowledges the Singapore Ministry of Education Academic

2002; Madauss et al., 2007 and only with both SPRM Research Fund Tier 1 (RG126/16 & RG31/18) and Tier 2

and co-repressor peptides binding, PR LBD could adopt théMOE2018-T2-1-033).

antagonistic conformations. Meanwhile, an antagonist oRBIP

ligand binding with LBD would facilitate the co-repressor ACKNOWLEDGMENTS

peptides association and suppress the co-activator binding

(Germain et al., 2002; Madauss et al., 2007 The computational work for this article was fully performed on
However, there are still missing parts in this roadmap, suctcPU and GPU resources of the National Supercomputing Center,

as how would theapoform LBD react to the pure antagonistic Singapore (https://www.nscc.sg).

binding? We do observe the destabilization of agonistioset!”

LBD with an antagonist (RU486) binding. We did not observeSUPPLEMENTARY MATERIAL

the transition ofapoform “closed” LBD to “open” state. The

time scale of such transition may be beyond our simulationThe Supplementary Material for this article can be found

timescales. Besides, at moment we don't know how antagonisamline at: https://www.frontiersin.org/articles/10.Z8&hem.

of antagonists is related to conformational changes of PR.LB 2019.00315/full#supplementary-material
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