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Abstract

Follicle-stimulating hormone receptor (FSHR) is a G-protein coupled receptor (GPCR) and
a prototype of the glycoprotein hormone receptors subfamily of GPCRs. Structural data of
the FSHR ectodomain in complex with follicle-stimulating hormone suggests a “pull and lift”
activation mechanism that triggers a conformational change on the seven a-helix transmem-
brane domain (TMD). To analyze the conformational changes of the FSHR TMD resulting
from sequence variants associated with reproductive impairment in humans, we set up a
computational approach combining helix modeling and molecular simulation methods to
generate conformational ensembles of the receptor at room (300 K) and physiological (310
K) temperatures. We examined the receptor dynamics in an explicit membrane environment
of polyunsaturated phospholipids and solvent water molecules. The analysis of the confor-
mational dynamics of the functional (N680 and S680) and dysfunctional (mutations at D408)
variants of the FSHR allowed us to validate the FSHR-TMD model. Functional variants dis-
play a concerted motion of flexible intracellular regions at TMD helices 5 and 6. Disruption of
side chain interactions and conformational dynamics were detected upon mutation at D408
when replaced with alanine, arginine, or tyrosine. Dynamical network analysis confirmed
that TMD helices 2 and 5 may share communication pathways in the functional FSHR vari-
ants, whereas no connectivity was detected in the dysfunctional mutants, indicating that the
global dynamics of the FSHR was sensitive to mutations at amino acid residue 408, a key
position apparently linked to misfolding and variable cell surface plasma membrane expres-
sion of FSHRs with distinct mutations at this position.
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Introduction

Follicle-stimulating hormone (FSH) or follitropin is a glycoprotein hormone synthesized by the
anterior pituitary gland. By binding to and activating its cognate receptor, the FSH receptor
(FSHR), this hormone plays a key role in the control of gonadal function. The FSHR is a G pro-
tein-coupled receptor (GPCR) that belongs to the conserved Class A (Rhodopsin-like) family of
the GPCR superfamily [1-3]. As other structurally related glycoprotein hormone receptors, the
luteinizing hormone-chorionic gonadotropin receptor (LHCGR) and the thyroid-stimulating
hormone receptor (TSHR), the FSHR is composed of a large NH,-terminal extracellular domain
or ectodomain, where recognition and binding of its cognate ligand occur [2]. The COOH-ter-
minal end of the ectodomain includes the signal specificity subdomain or hinge region, which
structurally links the leucine-rich ectodomain with the seven o-helix transmembrane (TM)
domain (TMD). The activation mechanism of the FSHR relies on a complex conformational
change and interaction of the ectodomain (FSHRgp) with the TMD, which occurs via the hinge
region [4]. The TMD ends with a carboxyl-terminal extension (Ctail) at the cytoplasmic side,
which contains several motifs and residues important for receptor trafficking and function [2].

Structural data of FSH in complex with the entire FSHRgp, [4], indicates that a sulfated tyro-
sine residue (sY335) located in the hinge region accommodates into a well suited pocket
located in the interface of the o- and B-subunits of the hormone and that is formed after hor-
mone binding to the receptor ectodomain [4, 5]. This movement of the hinge region “unlocks”
its inhibitory effect on the TMD, leading to conformational changes of the latter and eventually
to receptor activation [4, 5]. Although important advances in the structural elucidation of the
FSHRgp, and its role on FSHR activation have been achieved during the last 10 years [4-6], our
understanding on the mechanisms subserving FSHR activation remain largely unknown due,
in part, to the scarce number of known structures of human GPCRs [3, 7-10]. Therefore,
computational methods emerge as a complementary strategy to improve our understanding of
the structure-function relationships of this type of membrane receptors.

Jiang et al. (2014) proposed a homology model for the seven TM helices of the FSHR using
the B2-adrenergic receptor as master template, and the rhodopsin and A2A-adenosine recep-
tor as supplementary templates [5]. The cavity at the top half of the receptor included T449,
1411, L415, V450, S453, Y530, L537, S589, M585, H615, 1588, S589, K608 and V612, which in
principle could work as a binding pocket. Indeed, the structural features of the model were
consistent with previews reports. For example, site-directed mutagenesis experiments sug-
gested that T449 was essential for binding an allosteric agonist to the FSHR [11]; residues
Y511 and K513, located in the second extracellular loop (EL2), were identified as conserved
residues in known GPCR crystal structures [5]. Nonetheless, the homology strategy for model-
ing GPCRs might underestimate the structural differences among members of a given family,
since the coordinates of a template (or multiple templates) are transferred to the model assum-
ing similarity of structures through conserved sequences. To overcome some of the caveats of
the homology modeling, the GPCR-I-Tasser [12] was proposed, among other strategies, as a
hybrid protocol using ab-initio modeling of the TM helices and experimental data. In this
approach, instead of assigning coordinates from the template, contact maps and residue orien-
tations suggested by mutagenesis experiments are converted into 3D restraints in order to
reduce the degrees of freedom in the GPCR structure computer simulation [12]. Thus, the
modeling procedure of the seven TM helices of the human FSHR using the hybrid approach
may provide a starting structure to study conformational changes and to analyze more deeply
the impact of point mutations in the TMDs.

Studies on membrane protein receptors using computational approaches include molecular
dynamics (MD) methods [13]. The main result of a MD calculation is a simulation trajectory,
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which contains the coordinates of the system particles as a function of time. By analyzing atom
positions, it is possible to calculate averages over time for thermodynamic, structural or
dynamical properties [14, 15]. Moreover, the simulation results can be compared against
experimental data since, in the heart of the algorithms to solve the motion equations, the
potential energy function is built from atomistic properties as well as macroscopic properties
measured experimentally [15]. Molecular dynamics studies on membrane proteins have pro-
vided meaningful insights on protein function, binding sites interactions, receptor activation,
and protein folding, among other important processes, from a biological perspective. In addi-
tion, MD methods have been used as a procedure to refine GPCR models using the all atom
force field approximation [16-18]. One advantage of the MD approach is the possibility of
analyzing the conformation dynamics considering the molecular environment of the protein,
including the lipid bilayer, the water solvent, and ions, concurrently interacting at physiologi-
cal temperature and normal pressure [19].

Mutations on the human FSHR have allowed identification of amino acid residues impor-
tant for receptor function. For example, the loss-of-function, naturally occurring mutation
D408Y found in patients with hypergonadotropic amenorrhea has been associated with intra-
cellular trapping of the receptor probably due to misfolding and impaired upward traffic from
the endoplasmic reticulum to the cell surface plasma membrane [20, 21]. Expression of the
most common and best studied functional variants of the wild-type (WT) FSHR resulting
from single nucleotide polymorphisms (SNP) with either alanine or threonine at position 307,
and asparagine or serine at position 680 (which are expressed in strong linkage disequilibrium)
also have been studied [22, 23]. Interestingly, the expression of the A307/S680 FSHR variant
has been associated with variations in the sensitivity of the FSHR to its cognate ligand and the
target cell response to FSH stimulation in vitro [24, 25] and in vivo [26, 27] among other bio-
logical effects. Thus, it is expected that a FSHR model sensitive to point mutations may help to
unveil structural and, more importantly, functional effects imposed by particular amino acid
substitutions on residues D408 and/or N680, corresponding to a FSHR dysfunctional mutant
and functional variant, respectively.

In the present study, we applied a MD set up to determine the conformational dynamics of
the FSHR protein in a lipid bilayer environment (of polyunsaturated fatty acid tails), at room
(27°C) and physiological (37°C) temperatures. More specifically, our primary objective was to
evaluate the impact of point mutations on the structure and conformational dynamics of the
FSHR TMD. To this end, we analyzed the trajectories generated for the WT FSHR (I1 variant)
as well as the functional S680 variant (I2 variant), and the loss-of-function D408Y (M3
mutant). The interhelical interactions of the carboxylate group of D408 were further explored
by replacing its side chains atoms with alanine or arginine in the D408A (M1 mutant) and
D408R (M2 mutant) mutant FSHRs. Although the overall structure was well preserved, the
conformational dynamics was distinguishable between the functional FSHR variants and dys-
functional mutants. The protein dynamics was indeed reproducible at room and physiological
temperatures, suggesting that our MD protocol may generate consistent results for a comple-
mentary model validation of a membrane protein receptor. The refinement MD procedure
and analysis described herein, may be useful to analyze the conformational dynamics of other
members of the glycoprotein hormone receptors family, such as the LHCGR and the TSHR.

Methods

In vitro studies

Construction of S680 and D408A/R/Y FSHRs. Construction of the FSHR variant and
mutants was performed employing the full-length WT human FSHR cDNA [28] [GenBank
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Accession Number S59900] cloned into the mammalian expression vector pSG-5 or
pcDNA3.1 (Invitrogen, Waltham, MA, USA). Residues at positions 680 (in the Ctail) or 408
(in TMD helix 2) (Fig 1C) were individually replaced with serine (FSHR N680S) or alanine,
arginine or tyrosine (FSHR D408A, D408R, D408Y, respectively) by site directed mutagenesis,
cloned into the pSG5 and/or pcDNA3.1 vectors and transiently expressed in human embry-
onic kidney 293 (HEK293) cells by liposome-mediated endocytosis, as previously described
[18]. Forward and reverse mutagenic oligonucleotide primers (Eurofins, Ebersberg, Germany)
were designed following the cDNA sequence reported for the testicular WT FSHR [28]

(Table A in S1 Text). The identity of all cDNA constructs and the correctness of the PCR
yielded sequences were verified by DNA sequencing using the 3500xL automated genetic ana-
lyzer (Applied Biosystems, Waltham, MA, USA). For transfection, large scale plasmid DNAs
were prepared using an Endofree maxiprep kit (Qiagen, Mexico City, Mexico).

Measurement of cAMP production. Forty-eight hours after transfection with the WT
and D408Y FSHR cDNAs (cloned into the pSG5 plasmid), cells (in 24-well dishes) were
washed with DMEM-5% fetal-calf serum and then stimulated with increasing doses of human
recombinant FSH (Merck-Serono, Mexico City, Mexico) in the presence of 0.125 mM 3-isobu-
tyl-methyl-xanthine (Sigma Aldrich, Mexico City, Mexico). At the end of the incubation
period (2 h), the medium was removed and total (extracellular plus intracellular) cAMP accu-
mulation was measured by radioimmunoassay as reported previously [29].

Reporter gene assay. For the reporter gene assay, HEK293 cells were transiently cotrans-
fected with the WT or mutant (D408A or D408R) FSHR ¢cDNAs (cloned into the pSGS5 plas-
mid) and the cAMP-sensitive pSOMLuc reporter plasmid, employing a previously described
procedure [30]. After a 6 h incubation period in the presence or abscence of increasing doses
of recombinant human FSH, the cells were lysed and the luciferase activity was measured
using a luciferase assay system (Promega Corp., Madison, WI, USA). The light produced was
measured in a luminescence counter and expressed as fold increase over basal.

FSHR immunoblotting. After sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (7.5%), Western blotting of whole cell lysates from HEK293 cells expressing the
WT or mutant FSHRs was performed employing as primary antibody the highly specific anti-
human FSHR antibody mAb106.105 [31] and the secondary anti-mouse IgG horseradish per-
oxidase conjugate (Biosource International, Armadillo, CA, USA), as previously described
[32]. Development of the signal was performed employing the Pierce ECL Western Blotting
detection kit (Rockford, IL, USA). A reprobed membrane with a 1:10000 anti-glyceraldehyde-
3-phosphate dehidrogenase (GAPDH) antibody (Sigma) and 1:15000 goat-anti-mouse IgG
conjugated with horseradish peroxidase (Biosource) was used to confirm equal protein gel
loading.

In silico studies

Receptor modeling. The initial receptor coordinates were taken from the FSHR model
previously reported [18]. Briefly, the modeling procedure was based on the GPCR-I-TASSER
platform [12], selecting the highest scored model for subsequent refinement by MD simulation
using the all-atom force field approximation [16]. We chose the GPCR-I-TASSER protocol
because it was designed to overcome the lack of known protein structures (templates) in
homology-based methods of the GPCR superfamily. The modeling protocol includes multiple
sequence alignments over a GPCR-specific database containing residue contact maps, distance
restraints, and residue orientations as reported through experimental measurements [33]. One
additional advantage of the GPCR-I-TASSER relies on the ab-initio helix modeling whenever
homology templates are unavailable, which improves the TM-score for helical domains of
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Fig 1. Functional and structural identification of the WT FSHR variant I1, and M3 mutant (D408Y). (A) Representative
Western blot of FSHR protein variant I1 (WT FSHR) and mutant M3 (D408Y). The immunoblot shows the relevant portion of an
autoradiogram in which the mature [80 kDA (m)], plasma membrane-expressed, fully glycosylated form of the D408Y mutant is
considerably reduced compared with that of the WT FSHR I1 variant. The blot shows the migration of FSHRs from protein extracts
of HEK293 cells transiently transfected with the WT or mutant FSHR cDNAs inserted either in the pSG5 or pcDNA3.1 vectors. The
first lane from left to right, shows the migration of the WT FSHR I1 variant from HEK293 cells stably expressing the receptor. The
immunoblot also shows that the majority of the D408Y mutant FSHR is present as immature, intracellular forms [kDa < 75; (i)]. (B)
FSH-stimulated production of cAMP by cells expressing the WT or D408Y FSHRs. Compared to the WT receptor, cAMP
production was significantly reduced in the M3 mutant (areas under the FSH-stimulated dose-response cAMP curve (pmol/well) =
8218 + 275 and 4224 + 346 (means + SEM) for the WT and M3 FSHR, respectively (p<0.01; Student’s ¢ test). (C) Structure domains
of the FSHR (magenta ribbons) in the context of the membrane lipid bilayer (white spheres). The seven helix transmembrane
domain corresponds to the model of the I1 variant in the lipid bilayer, and the ectodomain was taken from the crystal structure
PDB:1XDW [6]. Solvent water molecules were not represented for clarity. Also shown are atoms for residues D408 and N680
depicted as spheres and colored by atom names using the code: C-cyan, O-red, N-blue, and H-white. The hinge region links the
transmembrane domain and the ectodomain. (D) Sequence alignments showing the location of the point mutations at the TM helix
2 and the Ctail of the FSHR variants I1 and 12, and mutants M1-3.

https://doi.org/10.1371/journal.pone.0207526.9001
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unknown structures of GPCR [12]. Hence, we used for the initial coordinates the model with
the highest TM-score (0.4 + 0.14) according to the results of the GCPR-I-TASSER server for
the protein fragment from D317 to N695. The receptor model was inserted in a pre-equili-
brated lipid bilayer of 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (SDPC)
molecules obtained from previous simulations of a GPCR crystal structure [19]. Importantly,
interhelical water molecules stable in the squid rhodopsin set up [34] were preserved for the
present FSHR model since they are associated to a functional role in the GPCR activation pro-
cess [35-39]. Disulfide bonds were defined between C338-C356 and C442-C517. Palmitoy-
lated tails were included in C644 and C646 by forming tioester bonds [40]. The protein
structure was relaxed for approximately 20 ns of MD simulation [18].

Preparation of FSHR mutants and variants. We proposed modifications of the interheli-
cal interactions and electrostatics at position D408 by replacing the carboxylate group by a
neutral side chain in D408A (M1 mutant), a basic side chain in D408R (M2 mutant), and a
polar group in D408Y (M3 mutant). The D408Y mutation was previously described as a natu-
rally occurring mutation causing hypergonadotropic amenorrhea [20]. The D408Y and
D408A mutations lead to reduced surface cell plasma membrane expression and impaired sig-
naling due to intracellular trapping of the mutant receptor in an immature form (Fig 1A and
1B and Fig A in S1 Text), whereas the D408R FSHR mutant is subnormally expressed at the
plasma membrane but exhibits severely impaired signaling (Fig A. in S1 Text). To assess the
impact of loss of function mutations in the interhelical region (Fig 1C), models for two func-
tional variants of the WT FSHR were generated, namely I1 variant with N680 and I2 variant
with S680 (Fig 1D) in the intracellular Ctail. The expression and function of these FSHR vari-
ants have been previously tested in vitro [24, 25]. The main difference between these variants is
that the S680 FSHR stimulates more slowly second messenger production [25] and internalizes
faster [24] than the N680 variant when exposed to agonist. All FSHR models were prepared
and simulated using the same computational protocol.

Molecular dynamics. The simulation box included a bilayer of SDPC lipid molecules,
water molecules, sodium ions for system neutrality, and the FSHR receptor (Fig 2A). All simu-
lations were performed with the NAMD 2.11 software [41]. To eliminate any repulsive contact,
we performed 10 K steps of energy minimization and subsequently 20 ps of simulation at 300
K and constant volume conditions (NVT ensemble). The simulation trajectories were pro-
longed for ~70 ns for each system at constant pressure conditions (NPT ensemble). A Lange-
vin dynamics to maintain a constant temperature and a Nosé-Hoover Langevin piston to
maintain constant pressure of 1 bar were applied [42, 43]; pressure was controlled anisotropi-
cally, i.e. cell dimensions were allowed to fluctuate independently in the x-, y-, and z-directions
for a proper equilibration of the membrane bilayer [44-46]. Simulation trajectories for each
system were generated at temperatures of 310K and 300K for sampling the protein configu-
rational space at physiological temperature and laboratory conditions, respectively. Additional
trajectories of ~20 ns were generated at 310 K using as initial conditions time frames (includ-
ing coordinates and velocities) at ~30 ns and ~50 ns of the main trajectory; these are hereinaf-
ter referred to as RO, R1 and R2 runs for the main trajectory, and the replicated trajectories
starting at ~30 ns and ~50 ns, respectively. The R1 and R2 trajectories were generated for eval-
uation of statistical significance of results. Therefore, calculations correspond to averages for
three replicas: the last 20 ns of trajectory RO, 20 ns of R1, and 20 ns of R2 (see Table B in S1
Text). The all-atom CHARMM36 force field parameter set was used for the protein [47] and
lipids [45]. Water molecules were modeled using the TIP3P model [48]. A multiple time-step
scheme for integration of the motion equations was used, 2 fs for the short non-bonding inter-
actions and 4 fs for the electrostatic interactions. The particle-mesh Ewald method was
employed to calculate the electrostatic interactions with a tolerance of 107 for the direct part
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Fig 2. Simulation box including the FSHR and the lipid bilayer. (A). Snapshot at the end of the MD trajectory RO for
the I1 FSHR model. The upper surface in the interhelical region (colored in magenta) corresponds to the putative
binding pocket with residues T449, 1411, L415, V450, $453, Y530, L537, S589, M585, H615, 1588, $589, K608 and
V612. The receptor backbone is depicted as orange ribbons; water molecules in the interhelical region are depicted as
spheres, with hydrogen in white and oxygen in red; phosphorous atoms are depicted as bronze spheres. In the
background, the lipid hydrocarbon tails are depicted as orange spheres. Water is depicted as a continuum solvent in
ochre color. (B) Number density across the normal bilayer for water, phosphate and terminal methyl groups, of the
lipid heads and tails of the SDPC molecules, respectively. Solid gray lines represent density profiles for the I1 variant at
310 K (line width corresponding to + standard deviation), and magenta lines at 300 K. The hydrophobic core of the
bilayer was defined using the SDPC methyl groups distribution and interfaces using the SDPC phosphate groups
distributions. Water molecules in the interhelical region formed a channel communicating the extra- and intracellular
sides.

https://doi.org/10.1371/journal.pone.0207526.9002

of the Ewald sum, a fourth-order interpolation scheme, and a grid spacing of ~1.0 A for each
box side [49]. All bond lengths involving hydrogen atoms were constrained using the SHAKE
algorithm [50]. Graphics and scripts for analysis were used as implemented in the Visual
Molecular Dynamics platform [51], whereas other scripts were developed in house for prepar-
ing data files and plots.

Trajectory analysis. A set of analysis was performed to evaluate the impact of a point
mutation in the TM domains of the FSHR structure, as well as the overall conformational
dynamics, in functional and dysfunctional phenotypes. The structure integrity was assessed by
analyzing the root mean square deviation (RMSD) of the backbone atoms in the o-helical
domains and root mean square fluctuations (RMSF) of the Co atoms. Contact maps were cal-
culated to identify changes in protein interactions at position 408 of the I1 and 12 variants, and
M1-3 mutants. Secondary structure analysis were performed with the DSSP software [52] as
implemented in GROMACS 5.1 [53], which identify patters of H-bonds along the protein
structure according to a secondary structure dictionary [54]. Density profiles were calculated
to determine the bilayer topology and water-lipid interfaces as well as the hydrophobic core of
the bilayer, which is the molecular environment stabilizing the receptor model structure and
modulating its conformational dynamics.
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Variance-covariance matrices were calculated for the Co. atoms of the TM domain, includ-
ing D358 to C646, after a RMSD fitting of the receptor conformation at time f on top of the
conformation at time 0, for time frames taken every 4 ps for trajectories R0-2 [55]. Principal
component analysis (PCA) was performed in order to summarize the main fluctuations using
the first principal component axis [56]. The GROMACS 5.1 analysis packages were used for
the PCA calculations [53]. By projecting the MD trajectories over the first principal compo-
nent (PC1) we could identify the global collective motion along the axis containing the main
conformational variability. Then, we parametrized the motion of specific Co atoms, located at
the bilayer interfaces in the upper and lower leaflets of TM helices, and helix 8, by a multiple
linear regression technique with categorical (dummy) variables. The parameters that better
described the motions of the Co atoms in trajectories R0-2 were used to detect significant dif-
ferences in the motion of TM helices among the functional and dysfunctional phenotypes
explored (see Table C and Fig L in S1 Text).

Community network analysis was performed for the Co. atoms using the normalized vari-
ance-covariance matrix for the full length of trajectories at 300 and 310 K, collecting time
frames every 100 ps, in order to identify concerted motions of the TM domains [57]. In the
network, clusters of atoms that are highly intra-correlated but loosely inter-correlated are
decomposed into communities using the Girvan-Newman algorithm [58]. Communities may
be connected in the network structure. Interestingly, the community network can be visualized
to identify possible communicating pathways in which perturbations propagates throughout
the receptor structure, with communities shown as spheres and communicating edges as rods
in a 3D-VMD representation [51]. This analysis was used to explore how a point mutation
impacts the network connectivity of the TM domains. The Bio3d package implemented in the
R package suit was used to perform the dynamical network analysis [57]. Each Co atom was
used as a communicating node in the network, as we were interested in disclosing backbone
correlations along the receptor structure [59]. The network structure relies on the concept of
edge betweenness, which measures the number of shortest paths crossing an edge, and the
edge with the greatest betweenness is removed on each iteration. The convergence criterion
for the network structure is the modularity that represents the probability between the intra-
and interconnectivity of communities, with values in the interval 0 to 1. Optimal modularity
scores in dynamic correlation network analysis from MD trajectories are typically in the inter-
val from 0.4 to 0.7 [60].

Results

Structural integrity of the FSHR in a lipid bilayer of polyunsaturated SDPC
phospholipids

Structural features of functional I1 and I2 FSHR variants. The TM helical domains of
the functional I1 and 12 FSHR variants were well preserved in the lipid bilayer environment as
a result of favorable lipid-, water-protein and interhelical interactions (Fig 2A). Because I1 and
I2 differ in a single residue at position 680, in the intracellular Ctail, the helical domains were
expected to show similar structural features. For example, residues T449, 1411, L415, V450,
$453, Y530, L537, S589, M585, H615, 1588, S589, K608, and V612 were located in the upper
half of the receptor (purple surface in Fig 2A), altogether forming a putative binding pocket
for drugs [5]. I1 and I2 exposed key extracellular lysines (Fig 2A) such as the conserved K513,
as they could interact with acidic residues at the hairpin loop of the hinge region [2, 5]. Palmi-
toylated cysteines C644 and C646 were well inserted into the lipid bilayer, anchoring helix 8
(H8 in Fig 2A) into the bilayer. To keep the NH,-terminus in close interaction with the extra-
cellular domains, we defined a disulfide bond between C338 and C356, and a second bond at
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the extracellular side, between C442 and C517 [2, 18]. Interhelical water molecules were stable
in the internal region of the helix bundle, forming a communicating channel between the
extracellular and intracellular regions (Fig 2A). Fig 2B shows the number density for water and
lipids across the bilayer for the I1 variant. Density profiles were calculated at 300 K and using
three trajectories, RO, R1 and R2, at 310 K for the calculation of standard deviations. Profiles
across the bilayer for water, lipid heads (phosphate groups), and lipid tails (methyl groups) of
the SDPC molecules allowed us to identify some characteristics of the bilayer topology such as
the span of the hydrophobic core, within the interval -10 to 10 A, and the water-lipid interfaces
within the interval 15 to 25 A for the upper leaflet, and -15 to -25 for the lower leaflet. Interest-
ingly, the water distribution in the interhelical region was similar at 300 K and 310 K, except
for a slight density increase in the upper half of the receptor (Fig 2B), which corresponds to the
location of the binding pocket. The interhelical water molecules play an important role in the
function of membrane receptors; on the one hand, the receptor binding pocket is accessible
from the extracellular side and forms a communicating channel toward the intracellular side
and, on the other, hydration of side chains promotes the formation of hydrogen bonds that
may be important for the conformational dynamics of the receptor [61]. The interhelical water
molecules in the hydrophobic core of the bilayer might affect the integrity of the helix domains
by turning polar the lipid environment. Therefore, we evaluated the integrity of the TMD heli-
ces by a secondary structure analysis as shown in Fig 3A. The bands corresponding to the o-
helices showed stable fluctuations, and no significant impact of the hydration levels on the
structural integrity of the TM domains was noted. Because the bands width of Fig 3A corre-
spond to the number of residues forming a specific secondary structure pattern, we calculated
the number of residues in the o-helix of the TMDs 1 to 7 in the I1 and 12 variants (Fig 3B).
The average number of residues forming the o-helix was in fact similar in both variants; TM
helix 4 and 7 were the shortest helices with 15 residues, and TM helix 3 was the longest with 30
residues. One additional analysis to assess helix integrity was the calculation of RMSD vs simu-
lation time of each TM helix in the I1 and 12 variants (Fig C in S1 Text). TM helices and helix

ml1

Residue

0 5 10 15 20 25 30
Time / ns number of residues in a—Helix

[ Coil [l B-Sheet [l Bend [] Turn [l A-Helix [l 5-Helix [l 3-Helix

Fig 3. Secondary structure analysis for the FSHR I1 and 12 variants. (A) Secondary structure breakdown of the
receptor residues vs time for the last 20 ns of trajectory R2 in the I1 variant. Residues forming the TMDs 1 to 7 are
represented in blue, B-sheets in red, random coil in white, helix 3 in gray, helix 5 in purple, turns in yellow, and hairpin
bends in green. The height of the bands represents the number of residues forming the specific structural pattern. (B)
Average number of residues forming o-helix for the TMDs 1-7, and helix 8 domains. TM helix 4 and TM helix 7 were
the shortest helical domains with only 15 residues long, while TM helix 3 and TM helix 6 were the largest helical
domains with 25-30 residues long. Averages and standard deviations are calculated for 20 ns of the RO-2 trajectories
generated for the I1 and 12 variants. See also Fig B in S1 Text.

https://doi.org/10.1371/journal.pone.0207526.9003
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8, showed fluctuations within 0.5 and 1.5 A, except for TM helices 1 and 7 of variant I2 at 300
K with RMSD >2 A. Moderate RMSD values (~2 A) were observed for TM helices 1, 2, and 6.
The overall receptor structure in the I1 and 12 variants was well preserved in our simulation
set up in the polyunsaturated lipid environment of SDPC molecules, and fluctuations of the
structural domains such as the TM helices were stable in the complexity of the molecular envi-
ronment of the lipid bilayer. Both, fluctuations and stabilizing interactions form, ultimately, a
set of conditions that modulate the receptor function, and disruption interactions in key posi-
tion may impact the receptor structure, dynamics, and stability, as described below.
Structural features of the loss of function M1-3 mutant FSHRs. The mutations intro-
duced in the WT ESHR consisted of replacing the side chain atoms at position 408 from aspar-
tate to alanine in M1, to arginine in M2, and to tyrosine in M3. Residue 408 was located in the
upper half of the TM helix 2 (Figs 1C, 1D and 2A). In all mutants, integrity of the TMD was
assessed using the same procedure described above for the I1 and I2 variants, namely, a sec-
ondary structure analysis and the RMSD for the individual TM helices (Fig D in S1 Text). The
calculated RMSD values were within a 1.0 A- 2.0 A interval, suggesting stable fluctuations of
the TMDs. The bilayer topology and interhelical water molecules were determined by number
density profiles across de normal bilayer (Fig E in S1 Text). The results showed that the struc-
tural features described above for the I1 and 12 variants, such as putative binding pocket and
location of the conserved extracellular lysines, disulfide bonds, and palmitoylated cysteins at
helix 8, were also present in the M1-3 mutants (Fig 2A). For comparative purposes, the sec-
ondary structure analysis for the M3 mutant is shown in Fig 4A, and the number of residues
forming the TM helices in the M1-3 mutants in Fig 4B. In contrast with a previews study that
detected a significant disruption of the secondary structure upstream to the TM helix 4 in a
model of the D408Y mutant FSHR [20], our analysis revealed an increase in the number of

A B
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Fig 4. Secondary structure analysis for the FSHR M1-3 mutants. (A) Secondary structure breakdown of the receptor
residues vs time, for the last 20 ns of trajectory (R2) in the M3 mutant. Residues forming the TMDs 1 to 7 are identified
in blue, B-sheets in red, random coil in white, helix-3 in gray, helix-5 in purple, turns in yellow, and hairpin bends in
green. The height of the band represents the number of residues forming the specific structural pattern. (B) Average of
the number of residues forming o-helix for the TMDs 1-7 and helix 8 domains. TMD helix 4 and TM helix 7 were the
shortest helical domains with only 15 residues long, while TM helix 3 and TM helix 6 were the largest helical domains
with 20-25 residues long. Averages were calculated for 20 ns of the R0-2 trajectories generated for the M1-3 mutants.
TM helix 2 was one turn longer in all mutants when compared to the corresponding TMD in the I1 and 12 variants.
See also Fig B in S1 Text.

https://doi.org/10.1371/journal.pone.0207526.9004
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Table 1. Trajectory length and hydration level in the interhelical region. The number of water molecules in the hydrophobic core was calculated by integrating the
water density profiles from -10 to 10 A in the hydrophobic core of the bilayer.

System

11
RO
R1®
R2°
R3¢
2
RO
R1
R2
Ml
RO
R1
R2
M2
RO
Rl
R2
M3
RO
Rl
R2

*Main trajectory;

Trajectory length ns®

70.654

64.308

66.664

63.121

70.805

PTrajectory initialized at ~30 ns of R0;

“Trajectory initialized at the end of R0;

Trajectory initialized at 37 ns of RO.

300K 310K

Number of interhelical water Molecules® Trajectory length ns Number of interhelical water Molecules

53.18-54.35 51.516 41.81-42.51

21 47.42-48.41

21 46.80-47.54

21 52.46-53.25

71.22-72.81 52.5 52.83-53.92

22.5 52.33-53.74

22.5 54.87-56.16

45.8-46.6 52.074 42.87-43.63

22.47 41.99-42.93

22.5 44.24-45.20

43.49-44.39 52.074 47.01-48.05

22.5 50.05-51.20

22.5 42.76-43.58

55.20-56.58 52.734 36.89-37.58

22.5 38.51-39.45

22.343 37.78-38.51

“Simulation length trajectories completed according to availability of supercomputing resources.

‘Integration of the number density profile in the interval -10 A to 10 A in volume elements dz* (Auverage +/-)-

https://doi.org/10.1371/journal.pone.0207526.t001

residues in the TM helix 2 from 25.3 + 0.4 and 25.6 £ 0.3 in the I1 and 12 variants, respectively,
to 28.9 + 0.8 in the M3 mutant, which represents approximately one-turn difference. The addi-
tional turn of TM helix 2 was also observed in the M1 and M2 mutant FSHRs (Fig 4B). Thus,
disordering of TM helix 2 due to the D408Y mutation previously found [20] was not replicated
in our secondary structure analysis.

The interhelical hydration level and the trajectory lengths for all systems are summarized in
Table 1. Approximately, fifty water molecules were found in the interhelical region, with a
minimum of 37 molecules for the M3 mutant at 310 K and a maximum of 73 molecules for the
I2 variant at 300 K. The relative variability of the hydration level had no impact on the stability
of the TM helices in any of the FSHR mutants.

Interhelical interactions of the side chains of residue 408. Interhelical interactions were
disrupted upon mutation of aspartate 408. In I1 and I2 variants, direct hydrogen bonds
between the carboxylate group and hydroxyl groups of S619 and the amide group of N622 of
TM7 were detected (Fig 5A). The interaction between helices TM2 and TM7 was broken in
the M1 mutant because of the aliphatic side chain of alanine; in M2 the large side chain of argi-
nine was close to N618, N622 and Y626, without forming direct hydrogen bonds; finally, in
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Fig 5. H-bonds interactions of side chain atoms of D408 in I1 and 12 variants, and contact maps in mutants M1-3.
For clarity only small fragments of TM2 and TM?7 are depicted as ribbons. Side chain atoms are depicted in licorice
and the following color code: C-cyan, O-red, N-blue, H-white. (A) H-bonds (dashed lines) between D408 at TM2, and
$619 and N622 at TM7. (B) Contact map for alanine 408 in M1 mutant. Represented TM1, TM2 and TM?7, and side
chain atoms of A408, N380, H615, and S619. (C) Contact map for arginine 408 in M2 mutant. Represented TM2 and
TM7, and side chain atoms of N618, N622 and Y626. (D) Contact map for tyrosine 408 in mutant M3. Represented
TMI1-3 and TM7, and side chain atoms of N380, $456, N618 and N622. The inset plots in panels A-D show all contacts
detected as function of simulation time for the residue at position 408. Contacts of side chain atoms at 408 were
different upon mutation of aspartate. Data collected for 20 ns of trajectory R1 at 310 K. See also Fig G in S1 Text.

https://doi.org/10.1371/journal.pone.0207526.9005

M3 the tyrosine ring approached to N380 of TM1, S456 of TM3, and N618 and N622 of TM?7.
None of the mutants were able to form interhelical hydrogen bonds due to the replacement of
the carboxylate group of D408 with side chains incompatible for hydrogen bonding (Fig 5).
We then examined the impact of these interactions on the conformational dynamics of the
receptor backbone in terms of fluctuations of Co. atoms, analysis of principal components, cor-
relations, and formation of dynamical networks communities as a benchmark to measure the
extent in which a point mutation may promote larger conformational changes.

Conformational dynamics of the FSHR backbone in functional and
dysfunctional phenotypes

Fluctuations along the backbone were calculated by means of the RMSF of Co. atoms as a mea-
sure of the amplitude of the atom motion relative to its average position. Fig 6 displays a com-
parison of the RMSF for the I1 and I2 variants vs M3 for runs RO-2 at 310 K, with the line
widths defined by the standard deviation (+ 0). From these data, flexible and rigid regions
were identified; for example, loops connecting TM helices showed larger RMSF values (>2 A),
whereas rigid helices showed lower RMSF values (<1 A). Intracellular regions were the most
flexible in the I1 and I2 variants. The rigid core encompasses TM helices 1 to 3, and the flexible
regions TM helices 4 to 7 (Fig 6B). The second intracellular loop (IL2) connecting TM helices
3 and 4, peaks at L477, and is located in a interesting location next to the highly dynamics
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intracellular region of TM helices 5 and 6, which have been described as flexible regions in
other GPCR [35]. In the M3 mutant flexibility increased significantly when compared to the I1
and 12 variants, in a larger extent from TM helix 5 to helix 8 (Fig 6A). Fluctuations calculated
for the FSHR variants and mutants showed remarkable differences between the functional and
dysfunctional variants (Fig F in S1 Text), that could hint some important differences to
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Fig 6. Root mean square fluctuations (RMSF) for Ca atoms of residues 358 to 646 (TMD). (A) RMSF of I1 and 12
variants, and the M3 mutant, at 310 K. Line widths correspond to standard deviations calculated for trajectories R0-2
of each system. Larger RMSF values identify flexible regions of the receptor, and lower values rigid regions. (B)
Structure of the seven TM helices (1-7) and helix 8 colored in a red-white-blue color scale according with the RMSF
values for those in the interval 0.5 to 3.0 A. Intracellular regions were the most flexible including intracellular loops
connecting helix 1 and helix 2, helix 3 and helix 4, and helix 5 and helix 6, and the intracellular halves of TM helix 5
and 6. Significant increase of fluctuations was noted in the M3 mutant from TM helix 5 to helix 8.

https://doi.org/10.1371/journal.pone.0207526.g006
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understand the abnormal expression and activation found in FSHR likely induced by disrup-
tion of specific interhelical interactions at position 408.

The conformational dynamics of the TM domains of the FSHR model was further explored
by a principal component analysis (PCA) of the variance-covariance matrices. We focused on
the first principal component (PC1) because it represents the largest contribution to the total
fluctuation. By projecting the simulation trajectories over PCl1, collective motions of the TM
domains were identified. For trajectories RO and R2, spanning ~70 ns of simulation time for
each phenotype, the cosine content (CC) was calculated to evaluate the contribution of ran-
dom thermal fluctuations over the PC1 axis. CC values close to 1 indicate random diffusion,
which could be used as a parameter for evaluation of convergence of fluctuations [56]. We
found relatively high random fluctuations according to the CC values of the PC1: 0.89 in I1,
0.821in 12, 0.74 in M1, 0.90 in M2, and 0.44 in M3. Thus, thermal fluctuations were part of the
dynamics detected along the PC1 axis, suggesting that the receptor backbone fluctuations were
essentially slight deviations from an average structure stabilized by the molecular environment
of the lipid bilayer, water molecules in the interhelical region, and receptor intramolecular
interactions. In this setting, the PCA analysis served to identify differences in the global
dynamics that were likely induced by point mutations in a similar background of thermal fluc-
tuations. The global motion of the TM domains in the I1 variant, which highlights some com-
parative differences between I1 and the FSHR 12 variant and M1-3 mutants are next described.

Visualization of the motion projected over the PC1 axis in the I1 variant confirmed the flex-
ibility of intracellular domains found by the RMSF calculations (Fig 6). In fact, position D408
seems to be important for stabilizing specific interactions among the TM helices, as suggested
by the motion over PCI1, where TM helix 2-4 formed a rigid region in a flexible context such
as the up-dawn motion of TM helix 7, the seesaw motion of TM helix 1 and 5, and the back
and forth contortion of TM helix 6 (Fig 7; S1 Movie). Helix 8 moved in concert with TM helix
7; specifically, the upward motion of the TM helix was linked to a back and forth motion of
helix 8 in the bilayer plane (Fig 7B). Intracellular loops were very dynamic, particularly the
loop connecting the TM helices 3 and 4 (IL2), which moved in concert to the loop connecting
TM helices 5 and 6 (IL3); the former moved inwards to the helix bundle whereas the latter
moved away from the helix bundle, in perpendicular direction (S1 Movie). At the extracellular
side, the loop between TM helix 6 and 7 (EL3) moved along with its connecting helices, i.e. the
lift of TM helix 7 and the backwards contortion of helix 6 correlated with the motion of EL3
from helix 7 to helix 6 (Fig 7B). EL3 also correlated with the motion of the EL2 between TM
helix 4 and 5 (EL2; Fig 7B). In comparison to I1, the 12 variant showed smaller amplitudes (Fig
Hin S1 Text). Interestingly, the motion of helix 8 moved in direction to helix 7 causing disrup-
tion of the last turn in the TM o-helix (Fig H in S1 Text). In I2 the rigid core formed by TM
helices 2-4 was present, with a slight contortion of TM helix 2 (52 Movie). In contrast to the
motion observed in the I1 variant, the loops of the M1 mutant showed almost no motion along
the PCI1 axis; the main backbone motion was a lift of the TM helix 6 (S3 Movie). In the M2
mutant, the backbone motion showed two anti-correlated regions. TM helices 1, 6, 7, and
helix 8 moved upwards while TM helices 4 and 5 moved downwards (54 Movie; see also Fig I
in S1 Text). TM helices 2 and 3 still formed a rigid core, only TM helix 3 was straight at the
end of the motion (S5 Movie). In M3, the amplitude backbone motion was smaller than that in
the I1 variant (S6 Movie; see also Fig J in S1 Text). The main backbone motion was a lift of TM
helix 6 and helix 8, a contortion of TM helix 5, and the seesaw motion of TM helix 1 and 7. In
summary, the first principal component allowed us to compare motions of the backbone
atoms along the PCI axis, in a similar background of thermal fluctuations. The M1 and M3
were the phenotypes with the smallest overall fluctuations along the PC1 axis, which might be
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Fig 7. Projection simulation trajectory of the I1 variant over the first principal component axis. (A) Side view of
the TM domains showing the initial conformation of the I1 variant (blue ribbons). D408 (red sphere) is located in TM
helix 2. White arrows represent the motion of the Cot atoms and define both direction and distance spanned by the
motion along the PC1 axis. (B) Intracellular view of the I1 variant. EL3 moved toward TM helix 6, while helix 7 move
upward to the extracellular side. TM helices 2-4 formed a rigid core, and intracellular loops IL2 and IL3 were flexible
regions moving in opposite directions.

https://doi.org/10.1371/journal.pone.0207526.9007

an indication that interactions induced by charged side chains such as aspartate or arginine
induced important interactions in the TM domains.

Dynamical network analysis for the FSHR variants and mutants. Cross correlations of
the Co fluctuations were calculated from the normalized variance-covariance matrix. The cor-
relation coefficients stored in the dynamical cross correlation matrix (DCCM) were used to
perform a community network analysis over the full length of trajectories at 300 K and 310 K,
for time frames stored every 100 ps, in order to include all the variability of the backbone sam-
pled in our simulations. Residues highly correlated (cutoff-c;; = 0.7) were identified as commu-
nities from the DCCM calculation (Fig K in S1 Text). In Fig 8 the communities (spheres) and
edges (rods) connecting communities are shown. Only communities including at least 10 Co.
atoms were represented. Communities at the upper and lower segments of the TM helices
were consistently found in all phenotypes; in particular, we focused on the communities in the
upper segment of the TM helix 2, and the lower segment of TM helix 5. On the one hand, the
TM helix 2 community shown in Fig 8 was in a location close to D408 and the rigid core iden-
tified in the PCA analysis (Fig 7), which also coincide with the location of the putative binding
site (Fig 2A). On the other hand, community of the TM helix 5 shown in Fig 8 was located in a
very dynamic region according to RMSF and PCA analysis (Figs 6 and 7). Interestingly, the
TM helix 2 and TM helix 5 were edge connected in I1, 12 and M2 phenotypes, but no edge con-
nection was found in M1 and M3 (Fig 8). The difference in the network connectivity of pheno-
types with a charged side chains at position 408 (such as I1, 12, and M2) and phenotypes with
polar or non-polar (such as M1 and M3) suggests that interactions promoted by electrostatic
interactions in the interhelical region play a role in the global dynamics of the receptor struc-
ture. Therefore, it is expected that mutants M1 and M3 behave in a similar fashion regarding
expression and function, as shown in Fig 1A and 1B, and Fig A in S1 Text, while the M2
mutant could share similarities in expression to I1 and I2 (Fig A in S1 Text).
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Fig 8. Dynamical network analysis of the FSHR variants I1 and 12, and M1-3 mutants. Each sphere represents a community
including at least 10 Co atoms. Edges connecting communities represent communicating pathways among the TMDs. Highlighted
in red the edge connectivity between communities of TM helix 2 and TM helix 5 in I1, I2 and M2. The network structure of M1 and
M3 showed differences in the connectivity relative to the functional I1 and I2 phenotypes and the M2 mutant. The FSHR backbone
is depicted in cyan ribbons to provide the context of the location of the network communities.

https://doi.org/10.1371/journal.pone.0207526.g008

Discussion

In the present study, we set up a computational approach to develop a model for the TMDs of
the FSHR, combining modeling and MD simulation methods using the all-atom force field
approximation. The TMD of the FSHR variants and mutants were stable in the bilayer topol-
ogy generated by polyunsaturated SDPC lipid molecules, including the bulk solvent region,
the water-lipid interfaces, and the hydrophobic core. Our computational implementation pro-
vided a working FSHR model to unveil structural features of the TMD as well as conforma-
tional dynamics at room and physiological temperatures that could be relevant for targeting
the glycoprotein hormone family of GPCRs for drug discovery [62]. The computational proto-
col we set up consisted of the following stages: a. Generation of initial receptor coordinates by
the GPCR-I-Tasser [12]; b. Insertion of the model in a lipid environment of polyunsaturated
lipid molecules; c. Addition of ions for system neutrality and solvent water molecules for
hydration of the protein loops, NH,- and COOH-terminus, and lipid heads; d. Generation of a
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simulation trajectory at physiological temperature; and f. Analysis of the conformational
dynamics in terms of fluctuations of secondary structure, principal components, or dynamical
network analysis. Our computational approach, addressed to understand the structure and
dynamics of a prototype member of the glycoprotein hormone receptor family, may be imple-
mented for the study of other related receptors, such as the TSHR or the LHCGR, to analyze
some physiological aspects at the molecular level [5].

The FSHR model of the TMDs described herein was sensitive to point mutations at the
middle of the TM helix 2, confirming the key role of D408 on the interhelical environment.
The electrostatics of the side chain of aspartate (carboxyl group) induces interactions with
internal water molecules and other charged or polar amino acid side chains. Contact maps for
D408 showed interactions with S619 and N622 (TM helix 7) in the functional I1 and 12 vari-
ants; in fact, interactions between TM2 and TM?7 helices have been described for family A
(rhodopsin-like) of GPCRs [62]. In the case of the M3 mutant, which leads to hypergonadotro-
pic primary amenorrhea [20], we found that replacement of aspartate with tyrosine at this
position led to disruption of the interactions between TM helix 2 and helix 7 detected in the
functional variants, with Y408 showing contacts with N380 of TM helix 1, S456 at TM helix 4,
C584 at TM helix 6, and H615, N618, and N622 at TM helix 7, not exhibited by the WT I1 var-
iant. The interhelical interactions disrupted in Y408 impacted on the receptor dynamics by
reducing the conformational variability at the backbone level, which could be a feature recog-
nized by the quality control system of the cell, thereby leading to intracellular trapping of the
mutant receptor [21], a situation shared by M1. Map contacts in M1 and M2 mutants also evi-
denced the influence of the side chain atoms at position 408: a. Alanine side chain in M1
almost lost interaction with S619 at TM helix 7; and b. The large side chain of the arginine resi-
due in M2 was rather promiscuous, showing contacts with N380 at TM helix 1, C584 at TM
helix 6, and N618 and N622 at TM helix 7. Accordingly, local interactions and electrostatics of
the side chain atoms provoked distinctly different conformational dynamics of the FSHR
according to the fluctuation analysis performed (such as the PCA) and the formation of highly
correlated groups of atoms (communities network) dynamically interconnected. Global fluctu-
ations detected by PCA revealed that the first principal component of the I1, 12 variants and
M2 mutant, showed larger concerted motions than those of M1 and M3 mutants. It is possible
that these similarities may be due to the strong electrostatics of the arginine side chain atoms,
in contrast to the alanine and tyrosine side chain atoms of the M1 and M3 mutants.

In a network community analysis of highly correlated regions, networks of the I1 and 12
variants and M2 mutant showed some similar features. For example, the flexible intracellular
halves of TM helix 5 and 6 were connected directly or indirectly to TM helix 2, where D408
was indeed located (Fig 8). This observation confirms the key role of D408 in the structure and
the conformational dynamics of the FSHR; on the one hand its location in the putative binding
pocket and, on the other, its role on communication pathways for conformational changes.
Our results suggest that the residue at position 408 impacts on the conformational dynamics
due to specific protein interactions that could promote correlations throughout to the whole
receptor structure.

Variants at position 680 (I1 and I12) have been described as common functional phenotypes
of the FSHR in humans [23]. In assisted reproduction, variant 12 shows lower response to
ovarian stimulation, among other differences in biological function [26]. In the cell machinery,
the recognition of the FSHR variants may involve epitopes or motifs that induce different cel-
lular responses [2]. Because of its location, having asparagine or serine at positions 680 likely
triggers distinct internalization dynamics and signaling processes associated with the Ctail
rather than to the structure of the TM domains [24, 25, 63]. In fact, variants I1 and 12 showed
structural integrity of the TM domains with similar residue length of the o-helix structure and
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TM helix 2-TM helix 5 network community connectivity. The intricate balance between flexi-
ble or rigid regions could impact the overall conformational dynamics, an aspect that some-
how modulates the physiological function of the receptor, such as that of FSHR variants with
asparagine/serine at position 680.

Conclusions

Current computational methods provide a set of strategies to uncover the impact of small dif-
ferences in a few atoms (as occurs by point mutations), on the conformational dynamics of a
membrane receptor in the complexity of the lipid bilayer environment. Our benchmarks on
simulation trajectories in the ~100 ns time scale, including 130 thousand atoms, suggest that
the specific interactions in the interhelical region impact the backbone conformational dynam-
ics of the FSHR. Non-polar or polar side chain residues at 408, such as alanine or tyrosine, dis-
rupted the concerted backbone motions. More specifically, H-bonds promoted by aspartate at
408 between TM helix 2 and 7 seem to be essential to preserve the receptor functionality. The
strategy we used to test the relevance of point mutations in the transmembrane domain of the
FSHR could help to understand the impact of point mutations on other members of the glyco-
protein receptor family of GPCR.

Supporting information

S1 Text. Experimental data for the evaluation of the expression and activation of the FSRH
variants and mutants. Computational data obtained for evaluation of the structure and con-
formational dynamics of the FSHR variants and mutants. Table A. Oligonucleotide primers
used to construct the FSHR S680 variant and mutant receptors cDNAs. Fig A. Experimental
data for functional identification of the FSHR M1 and 2 mutants. Fig B. Secondary structure
analysis for FSHR I1 and I2 variants and M1-3 mutants Fig C. RMSD calculation for the TM
helices in the FSHR variants I1 and I2 Fig D. RMSD calculation for the TM helices in the
FSHR mutants M1-M3 Fig E. Number density profiles across the bilayer normal for water,
phosphate, and methyl groups of the lipid molecules Fig F. Root mean square fluctuations
(RMSF) for the Co atoms of M1 and M2 mutants. Fig G Map contacts for the I1 variant and
the M1-3 mutants at 300K and 310K. Fig H. Motion of the TM domains along the PC1 for the
I2 FSHR variant. Fig I. Motion of the TM domains along the PC1 for the M2 FSHR mutant
Fig ] Motion of the TM domains along the PC1 for the M3 FSHR mutant. Fig K. Chart for
dynamical cross correlation matrices for the FSHR phenotypes. Table B. Number of atoms
and transversal box area for each system Table C. Parameters for local regression planes for
the motion of Ca atoms projected over the first principal component. Fig L. Parameterized
plane for RO-2 of the first Cot in the S12 Table.

(DOCX)

S1 Movie. Motion of fluctuations projected over the first principal component axis in the
I1 vairant.
(MPG)

S$2 Movie. Motion of fluctuations projected over the first principal component axis in the
I2 vairant.
(MPG)

$3 Movie. Motion of fluctuations projected over the first principal component axis in the
M1 mutant.
(MPG)

PLOS ONE | https://doi.org/10.1371/journal.pone.0207526 November 21, 2018 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207526.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207526.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207526.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207526.s004
https://doi.org/10.1371/journal.pone.0207526

®PLOS | one

FSHR-seven helix membrane domain modeling embedded in a lipid bilayer of polyunsaturated phospholipids (SDPC)

S4 Movie. Motion of fluctuations projected over the first principal component axis in the
M2 mutant.
(MPG)

S5 Movie. Intracellular view of the fluctuations projected over the first principal compo-
nent axis in the M2 mutant.
(MPG)

S6 Movie. Motion of the fluctuations projected over the first principal component axis in
the M3 mutant.
(MPG)

S$7 Movie. Intracellular view of the fluctuations projected over the first principal compo-
nent axis in the M3 mutant.
(MPG)

Acknowledgments

Authors thank supercomputing support and facilities accessed to generate the simulation tra-
jectories: Cluster YOLTLA at UAM-Iztapalapa, Cluster ABACUS-1 at the ABACUS-CINVES-
TAV Supercomputing National Laboratory, and Cluster Axolotl at UAM-Lerma.

Author Contributions
Conceptualization: Eduardo Jardon-Valadez, Alfredo Ulloa-Aguirre.
Data curation: Teresa Zarifian.

Formal analysis: Eduardo Jardon-Valadez, Derik Castillo-Guajardo, Ivan Martinez-Luis,
Teresa Zariiian, Alfredo Ulloa-Aguirre.

Investigation: Eduardo Jardon-Valadez, Ivan Martinez-Luis, Rubén Gutiérrez-Sagal, Teresa
Zarinan, Alfredo Ulloa-Aguirre.

Methodology: Eduardo Jardon-Valadez, Ivin Martinez-Luis, Alfredo Ulloa-Aguirre.
Software: Eduardo Jardon-Valadez.

Supervision: Alfredo Ulloa-Aguirre.

Validation: Eduardo Jardon-Valadez.

Visualization: Eduardo Jardon-Valadez.

Writing - original draft: Eduardo Jardon-Valadez.

Writing - review & editing: Eduardo Jardon-Valadez, Derik Castillo-Guajardo, Alfredo
Ulloa-Aguirre.

References

1. Fredriksson R, Langerstrom MC, Lundin L-G, Schi6éth HB. The G-protein-coupled receptors in the
human genome form five main families. phylogenetic analysis, paralogon groups, and fingerprints. Mol
Pharmacol. 2003; 63:1256—72. https://doi.org/10.1124/mol.63.6.1256 PMID: 12761335

2. Ulloa-Aguirre A, Zarifian T. The follitropin receptor: matching structure and function. Mol Pharmacol.
2016; 90:596—608. https://doi.org/10.1124/mol.116.104398 PMID: 27382014

3. Rosenbaum DM, Rasmussen SGF, Kobilka BK. The structure and function of G-protein-coupled recep-
tors. Nature 2009; 459:356—63. https://doi.org/10.1038/nature08144 PMID: 19458711

PLOS ONE | https://doi.org/10.1371/journal.pone.0207526 November 21, 2018 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207526.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207526.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207526.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207526.s008
https://doi.org/10.1124/mol.63.6.1256
http://www.ncbi.nlm.nih.gov/pubmed/12761335
https://doi.org/10.1124/mol.116.104398
http://www.ncbi.nlm.nih.gov/pubmed/27382014
https://doi.org/10.1038/nature08144
http://www.ncbi.nlm.nih.gov/pubmed/19458711
https://doi.org/10.1371/journal.pone.0207526

o @
@ : PLOS | ONE FSHR-seven helix membrane domain modeling embedded in a lipid bilayer of polyunsaturated phospholipids (SDPC)

10.

11.

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

Jiang X, Liu H, Chen X, Chen P-H, Fischer D, Sriraman V, et al. Structure of follicle-stimulating hormone
in complex with the entire ectodomain of its receptor. Proc Nat Acad Sci USA. 2012; 109:12491-6.
https://doi.org/10.1073/pnas.1206643109 PMID: 22802634

Jiang X, Dias JA, He X. Structural biology of glycoprotein hormones and their receptors: Insights to sig-
naling. Mol Cell Endocrinol. 2014; 382:424-51. https://doi.org/10.1016/j.mce.2013.08.021 PMID:
24001578

Fan QR, Hendrickson WA. Structure of human follicle-stimulating hormone in complex with its receptor.
Nature. 2005; 433:269-77 https://doi.org/10.1038/nature03206 PMID: 15662415

Rosenbaum DM, Zhang C, Lyons JA, Holl R, Aragao D, Arlow DH, et al. Structure and function of an
irreversible agonist-B, adrenoceptor complex. Nature. 2011; 469:236—40. https://doi.org/10.1038/
nature09665 PMID: 21228876

Lebon G, Warne T, Edwards PC, Bennett K, Langmead CJ, Leslie AGW, et al. Agonist-bound adeno-
sine Aoa receptor structures reveal common features of GPCR activation. Nature. 2011; 474:521-5.
https://doi.org/10.1038/nature10136 PMID: 21593763

KangY, Zhou X, Gao X, He Y, Liu W, Ishchenko A, et al. Crystal structure of rhodopsin bound to arrestin
by femtosecond X-ray laser. Nature 2015; 523:561-7. https://doi.org/10.1038/nature 14656 PMID:
26200343

Bokoch MP, Zou Y, Rasmussen SGF, Liu CW, Nygaard R, Rosenbaum DM, et al. Ligand-specific regu-
lation of the extracellular surface of a G-protein-coupled receptor. Nature. 2010; 463:108—12. https://
doi.org/10.1038/nature08650 PMID: 20054398

van Koppen CJ, Verbost PM, van de Lagemaat R, Karstens WJ, Loozen HJ, van Achterberg TA, et al.
Signaling of an allosteric, nanomolar potent, low molecular weight agonist for the folliclestimulating hor-
mone receptor. Biochem Pharmacol. 2013; 85:1162-70. https://doi.org/10.1016/j.bcp.2013.02.001
PMID: 23415902

Zhang J, Yang J, Jang R, Zhang Y. GPCR-I-TASSER: A hybrid approach to g protein-coupled receptor
structure modeling and the application to the human genome. Structure. 2015; 23:1538—49. https://doi.
org/10.1016/j.str.2015.06.007 PMID: 26190572

Almeida JG, Preto AJ, Koukos PI, Bonvin AMJJ, Moreira I. Membrane proteins structures: A review on
computational modeling tools. Biochim Biophys Acta Biomembr. 2017; 1859:2021-39. https://doi.org/
10.1016/j.bbamem.2017.07.008 PMID: 28716627

Kukol A, editor. Molecular modeling of proteins. Totowa, New Jersey, USA: Humana press; 2008.

Tuckerman ME. Statistical Mechanics: Theory and molecular simulation. New York, USA: Universty
Press Oxford; 2010.

Jardon-Valadez E, Ulloa-Aguirre A, Pifieiro A. Modeling and molecular dynamics simulation of the
human gonadotropin-releasing-hormone receptor in a lipid bilayer. J Phys Chem B. 2008; 112:10704—
13. https://doi.org/10.1021/jp800544x PMID: 18680336

Jardén-Valadez E, Aguilar-Rojas A, Maya-Nufiez G, Leafios-Miranda A, Pifieiro A, Conn PM, et al.
Conformational effects of lys191 in the human gonadotrophin- releasing hormone receptor (hGnRHR).
Mutagenesis and molecular dynamics simulations studies. J Endocrinol. 2009; 201:297-307.

Melo-Nava B, Casas-Gonzalez P, Pérez-Solis MA, Castillo-Badillo J, Maravillas-Montero JL, Jardon-
Valadez E, et al. Role of cysteine residues in the carboxyl-terminus of the follicle stimulating hormone
receptor in intracellular traffic and postendocytic processing. Front Cell Devel Biol. 2016; 4:1-13.
https://doi.org/10.3389/fcell.2016.00076 PMID: 27489855

Jardon-Valadez E, Bondar A-N, Tobias DJ. Coupling of Retinal, Protein, and Water Dynamics in Squid
Rhodopsin. Biophys J. 2010; 99:2200-7. https://doi.org/10.1016/j.bpj.2010.06.067 PMID: 20923654

Bramble MS, Goldstein EH, Lipson A, Ngun T, Eskin A, Gosschalk JE, et al. A novel follicle-stimulating
hormone receptor mutation causing primary ovarian failure: a fertility application of whole exome
sequencing. Hum Reprod. 2016; 31:905-14. https://doi.org/10.1093/humrep/dew025 PMID: 26911863

Ulloa-Aguirre A, Zarifian T, Gutiérrez-Sagal R, Dias JA. Intracellular trafficking of gonadotropin recep-
tors in health and disease. In: Ulloa-Aguirre A, Tao Y-X, editors. Trafficking in drug development. Swit-
zerland: Springer; 2017. p. 1-39.

Greb RR, Grieshaber K, Gromoll J, Sonntag B, Nieschlag E, Kiesel L, et al. A common single nucleotide
polymorphism in exon 10 of the human follicle stimulating hormone receptor is a major determinant of
length and hormonal dynamics of the menstrual cycle. J Clin Endocrinol Metab. 2005; 90:4866—72.
https://doi.org/10.1210/jc.2004-2268 PMID: 15886248

Simoni M, Casarini L. Mechanisms in endocrinology: Genetics of FSH action: a 2014-and-beyond view.
Eur J Endocrinol. 2014; 170(3):R91-107. Epub 2013/11/30. https://doi.org/10.1530/EJE-13-0624
PMID: 24288354

PLOS ONE | https://doi.org/10.1371/journal.pone.0207526 November 21, 2018 20/22


https://doi.org/10.1073/pnas.1206643109
http://www.ncbi.nlm.nih.gov/pubmed/22802634
https://doi.org/10.1016/j.mce.2013.08.021
http://www.ncbi.nlm.nih.gov/pubmed/24001578
https://doi.org/10.1038/nature03206
http://www.ncbi.nlm.nih.gov/pubmed/15662415
https://doi.org/10.1038/nature09665
https://doi.org/10.1038/nature09665
http://www.ncbi.nlm.nih.gov/pubmed/21228876
https://doi.org/10.1038/nature10136
http://www.ncbi.nlm.nih.gov/pubmed/21593763
https://doi.org/10.1038/nature14656
http://www.ncbi.nlm.nih.gov/pubmed/26200343
https://doi.org/10.1038/nature08650
https://doi.org/10.1038/nature08650
http://www.ncbi.nlm.nih.gov/pubmed/20054398
https://doi.org/10.1016/j.bcp.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23415902
https://doi.org/10.1016/j.str.2015.06.007
https://doi.org/10.1016/j.str.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26190572
https://doi.org/10.1016/j.bbamem.2017.07.008
https://doi.org/10.1016/j.bbamem.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28716627
https://doi.org/10.1021/jp800544x
http://www.ncbi.nlm.nih.gov/pubmed/18680336
https://doi.org/10.3389/fcell.2016.00076
http://www.ncbi.nlm.nih.gov/pubmed/27489855
https://doi.org/10.1016/j.bpj.2010.06.067
http://www.ncbi.nlm.nih.gov/pubmed/20923654
https://doi.org/10.1093/humrep/dew025
http://www.ncbi.nlm.nih.gov/pubmed/26911863
https://doi.org/10.1210/jc.2004-2268
http://www.ncbi.nlm.nih.gov/pubmed/15886248
https://doi.org/10.1530/EJE-13-0624
http://www.ncbi.nlm.nih.gov/pubmed/24288354
https://doi.org/10.1371/journal.pone.0207526

o @
@ : PLOS | ONE FSHR-seven helix membrane domain modeling embedded in a lipid bilayer of polyunsaturated phospholipids (SDPC)

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Tranchant T, Durand G, Piketty V, Gauthier C, Ulloa-Aguirre A, Crepieux P, et al. N680S snp of the
human FSH receptor impacts on basal FSH and estradiol level in women and modifies PKA nuclear
translocation and creb-dependent gene transcription in vitro. Hum Reprod. 2012; 27(Suppl):i45.

Casarini L, Moriondo V, Marino M, Adversi F, Capodanno F, Grisolia C, et al. FSHR polymorphism p.
N680S mediates different responses to FSH in vitro. Mol Cell Endocrinol. 2014; 393:83-91. https://doi.
org/10.1016/j.mce.2014.06.013 PMID: 24970684

Casarini L, Santi D, Marino M. Impact of gene polymorphisms of gonadotropins and their receptors on
human reproductive success. Reproduction. 2015; 150(6):R175-84. https://doi.org/10.1530/REP-15-
0251 PMID: 26370242

Garcia-Jimenez G, Zarinan T, Rodriguez-Valentin R, Mejia-Dominguez NR, Gutierrez-Sagal R, Her-
nandez-Montes G, et al. Frequency of the T307A, N680S, and -29G>A single-nucleotide polymor-
phisms in the follicle-stimulating hormone receptor in mexican subjects of hispanic ancestry. Reprod
Biol Endocrinol. 2018; 16(1):100. https://doi.org/10.1186/s12958-018-0420-4 PMID: 30340493

Kelton CA, Cheng SV, Nugent NP, Schweickhardt RL, Rosenthal JL, Overton SA, et al. The cloning of
the human follicle stimulating hormone receptor and its expression in COS-7, CHO, and Y-1 cells. Mol
Cell Endocrinol. 1992; 89(1—2):141-51. PMID: 1301382

Zambrano E, Barrios-de-Tomasi J, Cardenas M, Ulloa-Aguirre A. Studies on the relative in-vitro biologi-
cal potency of the naturally-occurring isoforms of intrapituitary follicle stimulating hormone. Mol Hum
Reprod. 1996; 2(8):563—71. PMID: 9239668

Tranchant T, Durand G, Gauthier C, Crépieux P, Ulloa-Aguirre A, Royére D, et al. Preferential 3-arrestin
signalling at low receptor density revealed by functional characterization of the human FSH receptor
A189 V mutation. Mol Cell Endocrinol. 2011; 331:109-18. https://doi.org/10.1016/j.mce.2010.08.016
PMID: 20801186

Lindau-Shepard B, Brumberg HA, Peterson AJ, Dias JA. Reversible immunoneutralization of human fol-
litropin receptor. J Reprod Immunol. 2001; 49(1):1-19. PMID: 11137109

Ulloa-Aguirre A, Dias JA, Bousfield G, Huhtaniemi |, Reiter E. Trafficking of the follitropin receptor.
Methods Enzymol. 2013; 521:17—-45. Epub 2013/01/29. https://doi.org/10.1016/B978-0-12-391862-8.
00002-8 PMID: 23351732

Zhang J, Zhang Y. GPCRRD: G protein-coupled receptor spatial restraint database for 3D structure
modeling and function annotation. Bioinformatics. 2010; 26(23): 3004-5. https://doi.org/10.1093/
bioinformatics/btq563 PMID: 20926423

Jardon-Valadez E, Bondar A-N, Tobias DJ. Dynamics of the internal water molecules in squid rhodop-
sin. Biophys J. 2009; 96:2572—6. https://doi.org/10.1016/j.bpj.2008.12.3927 PMID: 19348742

Murakami M, Kouyama T. Crystal structure of squid rhodopsin. Nature. 2008; 453:363-8. https://doi.
org/10.1038/nature06925 PMID: 18480818

Murakami M, Kouyama T. Crystal Structure of the Lumi Intermediate of Squid Rhodospin PLoS One.
2015; 10:e0126970. https://doi.org/10.1371/journal.pone.0126970 PMID: 26024518

Grossfield A, Pitman MC, Feller SE, Soubias O, Gawrisch K. Internal hydration increases during activa-
tion of the G-protein-coupled receptor rhodopsin. J Mol Biol. 2008; 381:478-86. https://doi.org/10.1016/
j.jmb.2008.05.036 PMID: 18585736

Okada T, Fujiyoshi Y, Silow M, Navarro J, Landau EM, Shichida Y. Functional role of internal water mol-
ecules in rhodopsin revealed by x-ray crystallography. Proc Natl Acad Sci USA. 2002; 99(9):5982-7.
https://doi.org/10.1073/pnas.082666399 PMID: 11972040

Ota T, Furutani Y, Terakita A, Shichida Y, Kandori H. Structural changes in the Schiff base region of
squid rhodopsin upon photoisomerization studied by low-temperature FTIR spectroscopy. Biochemis-
try. 2006; 45:2845-51. https://doi.org/10.1021/bi0519371 PMID: 16503639

Uribe A, Zarifian T, Pérez-Solis M, Gutiérrez-Sagal R, Jardén-Valadez E, Pifieiro A, et al. Functional
and structural roles of conserved cysteine residues in the carboxyl-terminal domain of the follicle-stimu-
lating hormone receptor in human embryonic kidney 293 cells. Biol Reprod. 2008; 78:869-82. https://
doi.org/10.1095/biolreprod.107.063925 PMID: 18199880

Phillips JC, Braun B, Wang W, Gumbart J, Tajkhorshid E, Villa E, et al. Scalable molecular dynamics
with NAMD. J Comput Chem. 2005; 26:1781-802. https://doi.org/10.1002/jcc.20289 PMID: 16222654

Feller SE, Zhang Y, Pastor RW, Brooks BR. Constant pressure molecular dynamics simulation: The
Langevin piston method. J Chem Phys. 1995; 103(11):4613-21.

Martyna GJ, Tobias DJ, Klein ML. Constant-pressure molecular-dynamics algorithms. J Chem Phys.
1994; 101:4177-89.

Pastor RW, Mackerell AD. Development of the CHARMM force field for lipids. J Phys Chem Lett. 2011;
2:1526-32. https://doi.org/10.1021/jz200167q PMID: 21760975

PLOS ONE | https://doi.org/10.1371/journal.pone.0207526 November 21, 2018 21/22


https://doi.org/10.1016/j.mce.2014.06.013
https://doi.org/10.1016/j.mce.2014.06.013
http://www.ncbi.nlm.nih.gov/pubmed/24970684
https://doi.org/10.1530/REP-15-0251
https://doi.org/10.1530/REP-15-0251
http://www.ncbi.nlm.nih.gov/pubmed/26370242
https://doi.org/10.1186/s12958-018-0420-4
http://www.ncbi.nlm.nih.gov/pubmed/30340493
http://www.ncbi.nlm.nih.gov/pubmed/1301382
http://www.ncbi.nlm.nih.gov/pubmed/9239668
https://doi.org/10.1016/j.mce.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20801186
http://www.ncbi.nlm.nih.gov/pubmed/11137109
https://doi.org/10.1016/B978-0-12-391862-8.00002-8
https://doi.org/10.1016/B978-0-12-391862-8.00002-8
http://www.ncbi.nlm.nih.gov/pubmed/23351732
https://doi.org/10.1093/bioinformatics/btq563
https://doi.org/10.1093/bioinformatics/btq563
http://www.ncbi.nlm.nih.gov/pubmed/20926423
https://doi.org/10.1016/j.bpj.2008.12.3927
http://www.ncbi.nlm.nih.gov/pubmed/19348742
https://doi.org/10.1038/nature06925
https://doi.org/10.1038/nature06925
http://www.ncbi.nlm.nih.gov/pubmed/18480818
https://doi.org/10.1371/journal.pone.0126970
http://www.ncbi.nlm.nih.gov/pubmed/26024518
https://doi.org/10.1016/j.jmb.2008.05.036
https://doi.org/10.1016/j.jmb.2008.05.036
http://www.ncbi.nlm.nih.gov/pubmed/18585736
https://doi.org/10.1073/pnas.082666399
http://www.ncbi.nlm.nih.gov/pubmed/11972040
https://doi.org/10.1021/bi051937l
http://www.ncbi.nlm.nih.gov/pubmed/16503639
https://doi.org/10.1095/biolreprod.107.063925
https://doi.org/10.1095/biolreprod.107.063925
http://www.ncbi.nlm.nih.gov/pubmed/18199880
https://doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
https://doi.org/10.1021/jz200167q
http://www.ncbi.nlm.nih.gov/pubmed/21760975
https://doi.org/10.1371/journal.pone.0207526

o @
@ : PLOS | ONE FSHR-seven helix membrane domain modeling embedded in a lipid bilayer of polyunsaturated phospholipids (SDPC)

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

Klauda JB, Venable RM, Freites JA, O’'Connor JW, Tobias DJ, Mondragon-Ramirez C, et al. Update of
the CHARMM all-atom additive force field for lipids: validation on six lipid types. J Phys Chem B. 2010;
114:7830-43. https://doi.org/10.1021/jp101759q PMID: 20496934

Feller SE, Pastor RW. Constant surface tension simulations of lipid bilayers: The sensitivity of surface
areas and compressibilities. J Chem Phys. 1999; 111(3):1281-7.

Best RB, Zhu X, Shim J, Lopes PEM, Mittal J, Feig M, et al. Optimization of the additive CHARMM all-
atom protein force field targeting improved sampling of the backbone phi, psi and side-chain chi1 and
chi2 dihedral angles. J Chem Theory Comput. 2012; 8:3257—73. https://doi.org/10.1021/ct300400x
PMID: 23341755

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential
functions for simulating liquid water. J Chem Phys. 1983; 79(2):926—-35.

Darden T, York D, Pedersen L. Particle mesh Ewald: An Nelog(/N) method for Ewald sums in large sys-
tems. J Chem Phys. 1993; 98:10089-92.

Ryckaert J-P, Ciccotti G, Berendsen HJC. Numerical integration of the Cartesian equations of motion of
a system with constraints: Molecular dynamics of n-alkanes. J Comput Phys. 1977; 23:327—41.

Humphrey W, Dalke W, Schulten K. VMD: Visual molecular dynamics. J Mol Graph. 1996; 14(1):33-8.
PMID: 8744570

Touw WG, Baakman C, Black J, te Beek TAH, Krieger E, Joosten RP, et al. A series of PDB-related
databanks for everyday needs. Nucleic Acids Res. 2015; 43:D364-D8. https://doi.org/10.1093/nar/
gku1028 PMID: 25352545

Abraham MJ, Murtola T, Schulz R, Pall S, Smith JC, Hess B, et al. GROMACS: High performance
molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX.
2015; 1:19-25.

Kabsch W, Sander C. Dictionary of protein secondary structure: Pattern recognition of hydrogen-
bonded geometrical feature. Biopolymers. 1983; 22:2577-637. https://doi.org/10.1002/bip.360221211
PMID: 6667333

Cossio-Pérez R, Palma J, Pierdominici-Sottile G. Consistent principal component modes from molecu-
lar dynamics simulations of proteins. J Chem Inf Model. 2017; 57:826—34. https://doi.org/10.1021/acs.
jcim.6b00646 PMID: 28301154

Hess B. Convergence of samplig in protein simulations. Phys Rev E. 2001; 65:031910-10.

Skjeerven L, Yao X-Q, Scarabelli G, Grant BJ. Integrating protein structural dynamics and evolutionary
analysis with Bio3D. BMC Bioinformatics. 2014; 15:399. https://doi.org/10.1186/s12859-014-0399-6
PMID: 25491031

Newman MEJ, Girvan M. Finding and evaluating community structure in networks. Physi Rev E. 2004;
69:026113-15.

VanWart AT, Eargle J, Luthey-Schulten Z, Amaro RE. Exploring Residue Component Contributions to
Dynamical Network Models of Allostery. J Chem Theory Comput. 2012; 8:2949-61. https://doi.org/10.
1021/ct300377a PMID: 23139645

Grant BJ, Rodrigues APC, Elsawy KM, McCammon JA, Caves LSD. Bio3d: An R package for the com-
parative analysis of protein structures. Bioinformatics. 2006; 22:2695-6. https://doi.org/10.1093/
bioinformatics/btl461 PMID: 16940322

Bondar A-N, White SH. Hydrogen bond dynamics in membrane protein function. Biochim Biophys Acta.
2012; 1818:942-50. https://doi.org/10.1016/j.bbamem.2011.11.035 PMID: 22178866

Salon JA, Lodowski DT, Palczewski K. The significance of G protein-coupled receptor crystallography
for drug discovery. Pharmacol Rev. 2011; 63:901-37. https://doi.org/10.1124/pr.110.003350 PMID:
21969326

Ulloa-Aguirre A, Reiter E, Crepieux P. FSH receptor signaling: complexity of interactions and signal
diversity. Endocrinology. 2018; 159(8):3020-35. https://doi.org/10.1210/en.2018-00452 PMID:
29982321

PLOS ONE | https://doi.org/10.1371/journal.pone.0207526 November 21, 2018 22/22


https://doi.org/10.1021/jp101759q
http://www.ncbi.nlm.nih.gov/pubmed/20496934
https://doi.org/10.1021/ct300400x
http://www.ncbi.nlm.nih.gov/pubmed/23341755
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1093/nar/gku1028
https://doi.org/10.1093/nar/gku1028
http://www.ncbi.nlm.nih.gov/pubmed/25352545
https://doi.org/10.1002/bip.360221211
http://www.ncbi.nlm.nih.gov/pubmed/6667333
https://doi.org/10.1021/acs.jcim.6b00646
https://doi.org/10.1021/acs.jcim.6b00646
http://www.ncbi.nlm.nih.gov/pubmed/28301154
https://doi.org/10.1186/s12859-014-0399-6
http://www.ncbi.nlm.nih.gov/pubmed/25491031
https://doi.org/10.1021/ct300377a
https://doi.org/10.1021/ct300377a
http://www.ncbi.nlm.nih.gov/pubmed/23139645
https://doi.org/10.1093/bioinformatics/btl461
https://doi.org/10.1093/bioinformatics/btl461
http://www.ncbi.nlm.nih.gov/pubmed/16940322
https://doi.org/10.1016/j.bbamem.2011.11.035
http://www.ncbi.nlm.nih.gov/pubmed/22178866
https://doi.org/10.1124/pr.110.003350
http://www.ncbi.nlm.nih.gov/pubmed/21969326
https://doi.org/10.1210/en.2018-00452
http://www.ncbi.nlm.nih.gov/pubmed/29982321
https://doi.org/10.1371/journal.pone.0207526

