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a  b  s  t  r  a  c  t

Neurosteroids  are the  principal  endogenous  modulators  of GABAA receptors  (GABAARs),  which  are  pen-
tameric  membrane-bound  proteins  that  regulate  the  passage  of  chloride  ions  from  the extracellular  to
the  intracellular  compartment.  As  consequence  of  their  ability  to modify  inhibitory  functions  in  the
brain,  neurosteroids  have  high  physiological  and  clinical  importance  and  may  act  as anesthetic,  anticon-
vulsant  and  anxiolytic  drugs. Despite  their relevance,  essential  issues  regarding  neurosteroid  action  on
GABAARs are  still unsettled.  In  particular,  residues  taking  part  of  the  steroid  recognition  are  not  definitely
identified.  Taking  as  starting  point  the first  reported  crystal  structure  of a human  GABAA receptor  (a �3
homopentamer),  we  have  explored  through  a  combination  of  computational  methods  (a  cavity-detection
algorithm,  docking  and  molecular  dynamics  simulations)  the binding  mode  of  two  structurally  different
representative  neurosteroids,  pregnanolone  and  allopregnanolone.  We  have  identified  a  neurosteroid
binding  site  between  the  TM3  of  one  subunit  and  TM1  and  TM4  of  the adjacent  subunit  that  is  consis-
tent  with  the  set of  experimental  data  reported  for the action  of  neurosteroids  on  �3 homopentamers.

These  sites  are  able  to  properly  accommodate  both  overall  torsioned  and  flat  steroidal  structures  and
they  specifically  recognize  the  3-OH  group,  explaining  the  requirement  of  a 3�-configuration  for  the
activity.  We  believe  that  this  work  provides  for first time  convincing  information  about  the  molecular
interaction  between  neurosteroids  and  a GABAAR. This  information  largely  increases  our  understanding
of  this  fundamental  ligand-receptor  system.
. Introduction

The major inhibitory neurotransmitter in vertebrate central ner-
ous system (CNS), �-Aminobutyric acid (GABA), exerts its action
rimarily by activating the Gamma-Aminobutyric Acid type A
eceptors (GABAARs) [1]. This neurotransmitter-receptor system

s involved in practically all neuronal circuits, modulating func-
ions of critical physiological importance. Central roles in cognition,
earning and memory, as well as in anxiety, schizophrenia and
pilepsy, among other diseases, have been related to these recep-
ors [2]. Moreover, since a variety of small molecules, such as

enzodiazepines, barbiturates, ethanol and neurosteroids, exhibit
he ability to modulate their action by binding to different allosteric
inding sites, GABAARs are of high pharmaceutical relevance [3–5].
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The GABAARs are pentameric membrane-bound proteins
belonging to the Cys-loop superfamily of ligand-gated ion channels
[6,7]. They may  be assembled from at least 19 subunits belonging
to eight different classes (6�,  3�, 3�, 1�, 1�, 1�, 1� and 3	). Each
subunit can be subdivided into three domains: the extracellular
domain (ECD), the transmembrane domain (TMD) formed by four
�-helices (TM1–TM4), and a cytoplasmic loop of variable length.
The assembling of subunits creates a central ion conducting pore for
the passage of chloride ions from the extracellular to the intracellu-
lar compartment. The GABA-binding pocket and sites for allosteric
modulators have been located in the ECDs [5,6].

The principal endogenous modulators of GABAergic function in
the brain are neurosteroids. They exhibit clear behavioral effects
that include anxiolysis, sedation and analgesia [8–10]. Despite the
relevance of GABAAR-neurosteroid interaction, and the intense

efforts focused to elucidate the molecular mechanism of action, the
neurosteroid binding site has not been yet determined. Endogenous
steroids, such as 3�-hydroxy-5�-pregnan-20-one (pregnanolone)
and its 5� isomer (allopregnanolone) (Fig. 1), and exogenous
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Fig. 1. Neurosteroid modulators of the GABAAR-�3. (a) Structure of pregnanolone
and allopregnanolone; (b) Schematic representations of the optimized geometries
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Fig. 2. The GABAAR-�3 TMD  presents five surface cavities which are partially delim-
ited by Phe301 residues. The centers of alpha spheres generated by fpocket are
depicted as black points. (a) Overall view of the GABAAR-�3 TMD  structure show-
ing the localization of the subunits (A–E), TM �-helices (TM1–TM4) and cavities

2.2.1. Pregnanolone
Pregnanolone is an endogenous 5� steroid with an overall tor-
t  the HF/6-31G** level of theory.

euroactive steroids can either potentiate the chloride currents
licited by GABA or directly activate the receptor, suggesting
hat two different binding sites could be present. Previous evi-
ence indicates that these sites should be located in the TMD
5,11,12], but the specific residues involved in the steroid recog-
ition are still not convincingly established. In a pioneer work,
osie et al combined mutational studies with a homology model
f �1�2�2 receptor constructed from the structure of the nico-
inic acetylcholine receptor, to suggest that a site located between
TM1  and �TM4  is the responsible for the potentiation action,
hile other localized between �TM1  and �TM3  is involved in the
irect activation [13,14]. However, recently reported biochemical
ata and more reliable models based in more conserved tem-
lates seem to indicate that these sites would not be operative
12,15–17].

Auspiciously, the X-ray structure of a GABAAR homopentamer
omposed by �3 subunits (GABAAR-�3), the first structure reported
or a mammalian anion channel, was recently solved [18]. Although
ABAAR-�3 has not been identified as discrete populations in

he CNS, it can efficiently form functional channels that can be
odulated by some general anesthetics, such as barbiturates and

eurosteroids [19] and may  actually be employed as a simplified
odel for the study of GABAAR function. In contrast to other recep-

ors, �3 homopentamers have one class (rather than two classes) of
eurosteroid binding sites [19,20]. Furthermore, employing a pho-
olabeling analogue of pregnanolone (6-azipregnanolone), Chen
t al have found that only one residue of GABAAR-�3 (Phe301 in the
M3) resulted photolabeled [20], suggesting that a specific neuro-
teroid binding site near this residue might exist.

Computational techniques for modeling protein-ligand binding
ave emerged during the last decades as an important tool to com-
lement experimental information. In recent years, the increase

n the computing power and in the accuracy of the models, made
ossible to draw biologically relevant conclusions and propose new
ypothesis based mainly on computer generated data. In the spe-
ific case of steroid receptors, our group and others have obtained
aluable information regarding the ligand binding mode and the
olecular basis of action [21–28].
In this work we used state of the art computational schemes

o explore in detail the neurosteroid binding mode in the recently
haracterized GABAAR-�3 receptor. Our results clearly confirm that
n open cavity exists in the GABAAR-�3 surface, partially delim-

ted by Phe301, in which neurosteroid molecules can be stably and
pecifically recognized.
detected by fpocket (I–V). Residues Phe301 and Trp241 of each subunit are indicated.
(b and c) Detailed view of cavity IV (b) and cavity V (c) showing the conformation
of  Phe301 and Trp241.

2. Results and discussion

2.1. Preliminary analysis of the GABAAR-ˇ3 TMD  structure

An intracellular view of GABAAR-�3 TMD (PDB ID: 4COF)
describing the relative disposition of �-helices is shown in Fig. 2a.
The ion channel is located along the central symmetry axis, bor-
dered by five TM2  segments, which, in turn, are surrounded by
TM1  and TM3  �-helices, shielding TM2  residues from the mem-
brane. TM4  helices are located at the periphery of the protein and
are buried in the membrane. The intersubunit contact is formed
mainly by residues of TM1  and TM3  �-helices.

As a first approximation to investigate the neurosteroid bind-
ing mode, we  examined the TMD  structure in search of superficial
cavities that may  be able to accommodate a steroid molecule. With
this goal in mind we  used the fpocket program [29], a pocket/cavity
detection algorithm based on Voronoi tessellation. We  found eight
superficial and mainly hydrophobic cavities in the membrane
exposed area of the GABAAR-�3 TMD. Remarkably, five of them
(termed I to V) are located very close to Phe301 (TM3) of each sub-
unit, the residue that was  photolabeled by 6-azipregnanolone [20].
The other three cavities, located very far away from these residues,
are not large enough to contain steroidal molecules, and so will not
be further considered in this study.

A detailed visual inspection of fpocket results reveals that cav-
ities I–V are mainly delimited by two  aromatic residues, Phe301
(TM3) on one subunit and Trp241 (TM1) of the adjacent subunit
(Fig. 2a). In these cavities, the relative disposition of Phe301 and
Trp241 is very similar (see Fig. 2b as example), which generate
holes comparable in volume (VI = 489 Å3; VII = 552 Å3; VIII = 591 Å3

and VIV = 527 Å3). In contrast, the different conformation of Trp241
observed for the subunit E (Fig. 2c) produces a cavity considerably
larger (VV = 669 Å3). Hence, a preliminary analysis of the GABAAR-
�3 TMD  structure revealed the presence of conserved cavities in
the interface between TM1  and TM3  of adjacent subunits, which
are large enough to accommodate steroidal molecules.

2.2. Docking of neurosteroids on the GABAAR-ˇ3 TMD
sioned conformation produced by the cis junction between A and B
rings (Fig. 1b). It is known that this neurosteroid is able to modulate
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Fig. 3. Docking of pregnanolone in the GABAAR-�3 TMD  reveals that the steroid is
preferentially located in the cavities I–V. Cluster distribution for docking of preg-
nanolone in the GABAAR-�3 TMD. The x-axis represents the frequency observed and
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Again, taking into account the above mentioned results obtained for
he y-axis represents the Lowest Binding Autodock Energy. Clusters corresponding
o  cavities I–V are indicated.

he activity of several classes of GABAARs, but regarding to effects
n �3 homopentamers, no information has been reported to our
nowledge. Nevertheless, Chen et al have recently determined
hat a photolabeling analog of pregnanolone, 6-azipregnanolone,
nhibited [35S]TBPS binding to GABAAR-�3 in a concentration
ependent manner [20]. This strongly suggests that this class of
ABAAR is also able to bind torsioned steroidal molecules. With this

n mind, we used the Autodock program [30] to analyze possible
inding modes of pregnanolone into the GABAAR-�3 TMD  crystal
tructure. In the docking process, the ligand was considered flexi-
le while the receptor was assumed to be a rigid. In the first place,
e constructed large grids centered in the geometrical center of

he TMD  using a large point spacing (0.5 Å), in a way  to include
ll receptor residues. 500 runs of genetic algorithm analyzed with

 cluster tolerance of 10 Å showed a total of 22 clusters, although
nly five are certainly relevant, with both low energy and high fre-
uency values (Fig. 3). Consistently with the fpocket results, these
ve docking clusters correspond to solutions in which the preg-
anolone molecule is located in each one of the cavities I–V. The
ocking analysis performed with 6-azipregnanolone showed very
imilar results (data not shown), indicating that the small group
ttached at C-6 position did not alter the binding mode of the
teroid.

In order to refine the previous docking study, we constructed
ner grids (point spacing equal to 0.2 Å) centered in the geometri-
al center between Phe301 and Trp241 of each cavity. Fig. 4a shows
esults obtained through 500 runs of genetic algorithm on each
avity (I–V), analyzed with a cluster tolerance of 2 Å. We  found
hat pregnanolone can exhibit three principal different orientations
pose A, pose B and pose C) inside cavities, with one (pose A) more
xtensively represented (frequency larger than 45%) for cavities
–IV.

In this pose, the D ring was located pointing toward the Phe301
TM3) while the A ring was located on the Trp241 (TM1) (Fig. 4b).
ther residues from the TM3  (Phe293, Leu297, Ala300 and Tyr304)
nd from the TM1  (Ile234, Trp237, Val238 and Phe240) and the
M4  (Arg428 and Pro432) of the adjacent subunit are in contact
ith the steroid. The 3�-OH group of pregnanolone in pose A occu-
ies a position in which two hydrogen bonds with receptor residues
re established. On one side, the oxygen atom accepts the hydro-
en atom bounded to the NE1 nitrogen atom of Trp241 (TM1). On
he other, the hydrogen atom interacts with the oxygen backbone
tom of the Arg428 (TM4). No hydrogen bonds are formed between

he 20-carbonyl group of pregnanolone and receptor residues. In
he case of the less probable pose B, the steroid is positioned in an
nverse mode, with the A-ring toward the Phe301 and the D-ring
stry & Molecular Biology 154 (2015) 159–167 161

on the Trp241 (Fig. 4c). In this disposition, no hydrogen bonds are
formed between the ligand and the receptor. Finally, a much less
frequent pose (pose C) was  observed, in which the steroid is ori-
ented with the C-18 and C-19 methyl groups pointing to the Trp241
(Fig. 4d).

For cavity V, pose A was less frequent. As consequence, poses
A and B have similar frequencies (Fig. 4a). This alteration can be
explained taking in consideration that in this cavity the Trp241
presents an alternative conformation. In the pose A, the polar group
of the indol is positioned too far away from the ligand 3�-OH group,
losing one of the ligand-receptor hydrogen bonds, and therefore
disfavoring this binding mode. With the goal to examine if this
cavity presents, besides of the Trp241 modification, a more global
alteration, we rotated the �1 and �2 torsion angles of Trp241 in way
to obtain a conformation similar to the observed in the other cav-
ities. Then we redocked the pregnanolone molecule, finding now
that pose A was extensively more favored, with a frequency supe-
rior to 59%, while pose B resulted much less probable (10%). This
suggests that the overall shape of cavity V is similar to other cavities,
and that the only rotation of Trp241 could reestablish the docking
pattern observed in the other cavities.

Taken together the docking results, we  can conclude that there
is a very favored orientation of pregnanolone, in which specific
neurosteroid-GABAAR-�3 hydrogen bonds are involved.

2.2.2. 3ˇ-pregnanolone
Large accumulated evidence of the structure–activity relation

indicates that the configuration of the 3-OH group results deter-
minant to the neurosteroid activity [31]. 3� estereoisomers of
3�-OH neurosteroids lose the capacity to modulate GABAAR action.
In particular, it was found that the GABAAR-�3 was not photola-
beled by 3�-6-azipregnanolone [20], indicating that the inversion
of C-3 stereochemistry also affect the binding at this class of
GABAARs. Therefore, in order to investigate the molecular determi-
nants involved in this phenomenon, we docked 3�-pregnanolone
into the cavity IV of the GABAAR-�3 TMD. This cavity was cho-
sen since pregnanolone presented the highest preference for the
pose A. A different cluster distribution (Fig. 5a) was obtained for
3�-pregnanolone. Although the pose A was  again the more fre-
quent, the pose B resulted more energetically favored. The visual
inspection of pose A revealed that the inverse orientation of 3�-OH
group impedes the formation of both hydrogen bonds observed
with pregnanolone (Fig. 5b). Thus, the lack of these polar interac-
tions has a considerably effect on the Autodock energy, inverting
the corresponding values for poses A and B compared to the preg-
nanolone results.

The docking study performed on the GABAAR-�3 TMD  structure
indicated that specific ligand–receptor interactions observed for
pregnanolone are not established when the configuration of the
3-OH is changed, which could explain the lack of activity of this
3� estereoisomer. On the other hand, this result also suggests that
cholesterol, being a 3� steroid, could not be bound at this GABAAR-
�3 TMD  site, which is expected to be specific to neurosteroids.

2.2.3. Allopregnanolone
In allopregnanolone, the 5� isomer of pregnanolone, the trans

junction between A and B rings produces an overall flat structure
(Fig. 1b). Davies et al have showed that allopregnanolone also mod-
ulate the [35S]TBPS binding to GABAAR-�3 [19], suggesting that this
receptor has a binding site structurally capable of accommodating
both torsioned and flat steroids, and the motivating our interest
in the study of how allopregnanolone binds to �3 homopentamers.
pregnanolone, only the cavity IV was  used. Docking results showed
that four main binding modes for allopregnanolone are possible,
but again only one (pose A) was  much more frequent than the
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ig. 4. Docking of pregnanolone in cavities I–IV of the GABAAR-�3 TMD  reveals th
ocking  poses are shown. (a) Cluster distribution for docking of pregnanolone in ca
-axis  represents the Lowest Binding Autodock Energy; (b, c and d) Poses of pregna

thers (Fig. 5a). In this pose, allopregnanolone acquired a similar

lobal orientation than pregnanolone, with hydrogen bonds estab-
ished between atoms of the ligand 3�-OH group and Trp241 and
ys428 residues (Fig. 5c). The superposition of the best solutions of
regnanolone and allopreganolone, allows comparing the relative

ig. 5. Docking of 3�-pregnanolone and allopregnanolone in cavity IV reveals different an
etailed view of docking poses are shown. (a) Cluster distribution for docking of 3�-pr
epresents the frequency observed and the y-axis represents the Lowest Binding Autodoc
f  allopregnanolone in the cavity IV. (d) Superposition of poses A in cavity IV of pregnan
olor  in this figure legend, the reader is referred to the web  version of the article.)
 pose A is the more favored orientation. Cluster distribution and detailed view of
 I–V of the GABAAR-�3 TMD. The x-axis represents the frequency observed and the
e in the cavity IV: pose A (b); pose B (c) and pose C (d).

location of these molecules in the cavity IV (Fig. 5d). The B rings

of steroids occupy practically the same position, with a distance
between the C19 atoms of only 0.6 Å. However, C and D rings of
allopregnanolone are displaced above of the pregnanolone ones.
This modification in the global inclination of the allopregnanolone

d similar results compared to pregnanolone, respectively. Cluster distribution and
egnanolone and allopregnanolone in cavity IV of the GABAAR-�3 TMD. The x-axis
k Energy for each cavity. (b) Pose A of 3�-pregnanolone in the cavity IV. (c) Pose A
olone (blue) and allopregnanolone (green). (For interpretation of the references to
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arbon skeleton allows that the C-3 atoms of the A ring of both
teroid reside in close proximity (distance equal to 0.5 Å), and then
he 3-OH group acquire a similar orientation (oxygen atoms are
eparated by 0.8 Å).

Hence, the neurosteroid binding site of the GABAAR-�3 also has
he ability to accommodate overall flat steroids, which is consistent
ith the reported activity of allopregnanolone.

.3. MD  simulations of GABAAR-ˇ3 systems

With the goal of investigating the dynamic behavior of
he GABAAR-�3 TMD, we carried out MD  simulations of the
eceptor immersed in a model of lipidic membrane com-
osed by 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphatidylcholine
POPC) molecules. In the first place, we performed a 100 ns long
mber-MD trajectory starting from the TMD  crystal structure (apo
ystem). Next, different holo complexes were constructed from the
ocking solutions obtained with pregnanolone and allopregnanole,
nd then 100 ns of MD  trajectories were obtained in each case.

.3.1. apo GABAAR-ˇ3 TMD  system
The root mean square desviation (RMSD) measured over the CA

toms of TMD  �-helices revealed a stable trajectory in which the
our �-helices of all subunits practically conserved their original
osition (Fig. 6a). Regarding to cavities detected by fpocket pro-
ram, the visual inspection of the trajectory indicates that four of
hem (II–V) were rapidly occupied by atoms of POPC molecules.
s example, Fig. 6b shows a representative snapshot of the cavity

V describing the disposition that a palmitoyl chain of the POPC
eached between Phe301 and Trp241. In all cases, an extensive
ontact between POPC carbon atoms and the planar surface of the
rp241 side chain was observed.

The cavity I (Fig. 6c) was not occupied by lipidic molecules, but a
irect aromatic–aromatic interaction between Phe301 and Trp241
as stably formed. In order to further characterize the dynamic

ehavior of neurosteroid cavities, we deleted all lipidic molecules
rom the MD  trajectory and performed an analysis with mdpocket, a
rogram that applied the fpocket algorithm on extracted snapshots.
alculating the time evolution of the volume between Phe301 and
rp241 generated in this way, we can estimate the cavities behavior
long the timescale of the simulation. Results revealed that volumes
f cavities II–V are stabilized after 40 ns, achieving values smaller
han the ones observed in the initial crystal structure (Fig. 6d). Cav-
ty II resulted the more reduced (with an average volume in the last
0 ns equal to 138 Å3), while the cavity V was the larger (439.0 Å3).
avities III and IV have similar intermediate dimensions (307 and
41 Å3, respectively). Consistently, mdpocket does no detect any
ree space in the cavity I, in where Phe301 and Trp241 are directly
n contact.

The MD results obtained with the apo GABAAR-�3 system
evealed that the neurosteroid cavities are rapidly occupied by
ipidic molecules.

.3.2. GABAAR-ˇ3/pregnanolone complexes
Docking results have clearly indicated that the pose A is the more

avored binding mode of pregnanolone in the GABAAR-�3. Since
his pose was particularly preferred in the cavity IV, we selected
he best solution obtained in this cavity and constructed the cor-
esponding GABAAR-�3 TMD/pregnanolone complex immersed in
he POPC membrane model. Then, 100 ns of Amber-MD simulation
rom these initial coordinates were obtained. The analysis of the

D trajectory clearly revealed a tight pregnanolone binding mode.

he RMSD measured over ligand atoms was always less than 2.5 Å,
ndicating that only minor modification occurred in the position of
he steroid (Fig. 7a). Furthermore, pregnanolone always contacted
he same residues: Phe293, Leu297, Ala300, Phe301 and Tyr304 of
stry & Molecular Biology 154 (2015) 159–167 163

the TM3  (subunit E); Ile234, Trp237, Val238, Phe240 and Trp241
of the TM1  (subunit D); Arg428 and Pro432 of the TM4  (subunit
D) (Fig. 8a). On the other hand, several POPC molecules were in
close interaction with pregnanolone during the timescale of our
simulation.

Regarding the polar interactions, strong hydrogen bonds
between the 3�-OH group of pregnanolone and Trp241 or Arg321
were formed (Fig. 7b). This ligand hydroxyl group conserved the
same orientation during the whole 100 ns simulation (Fig. 7c),
establishing very frequent interactions with these residues (94 and
93% of the total simulation time, respectively). No polar interac-
tions were observed between the 20-carbonyl group of the steroid
and receptor residues, showing that the hydrogen bonding between
the steroid D-ring and the GABAAR-�3 residues seems to be not
essential for a stable binding. A similar conclusion was formulated
for �1�2�2L receptors, in which hydrogen bonding with the 17�-
substituent is not a critical requirement for channel potentiation
[32]. However, in these receptors, a steroid analogue without a
hydroxyl group on C3 also has the ability to modulate their activity
[33]. Since receptors composed of different subunits are expected to
have non-identical binding sites for neurosteroids, it is not possible
to extract general conclusions.

In this way, MD results confirmed that a highly conserved neu-
rosteroid binding mode was  established in this system, in which
both the non-specific hydrophobic and the specific polar interac-
tions predicted by the docking analysis were actually conserved in
the MD study.

In order to investigate what happens when the GABAAR-�3
TMD/pregnanolone complex is constructed with pregnanolone
in the less favored pose B, we  also carried out an Amber-MD
simulation from these initial coordinates. Notably, a very unsta-
ble pregnanolone binding mode was  observed, as indicated by
the highly fluctuating RMSD values measured over ligand atoms
(Fig. 7a). The steroid rapidly left its initial position in the cavity,
moving away towards the membrane (Fig. 8b). No hydrogen bonds
were formed between the ligand polar groups and the receptor
residues. This dynamic behavior clearly showed that the receptor
was unable to recognize the pregnanolone in pose B.

With the goal to investigate if the receptor can be adapted in
order to properly bind the 3� isomer of pregnanolone, we con-
structed the GABAAR-�3 TMD/3�-pregnanolone complex using the
best solution of pose A in cavity IV. The visual inspection of the MD
trajectory revealed that the steroid is expelled from the cavity dur-
ing the first nanoseconds and it never recovers its original position
(data not shown).

Taking these results together, we  confirmed by MD simulations
the above mentioned docking findings: while the pose A of preg-
nanolone is the favored binding mode in the GABAAR-�3, neither
the pose B nor the pose A of its 3� isomer can be appropriately
recognized.

2.3.3. GABAAR-ˇ3/allopregnanolone complex
Finally, we  analyzed the dynamic behavior of the GABAAR-�3

TMD/allopregnanolone complex. The system was constructed with
allopregnanolone in cavity IV using the best solution of pose A.
Both the visual inspection of the trajectory and the RMSD val-
ues measured over ligand atoms (Fig. 7a) revealed that, after a
slightly initial readjustment of the steroid position, a stable bind-
ing mode was achieved (Fig. 8c). Comparing to the binding mode of
pregnanolone, the major difference resides in the behavior of the
3�-OH group. Although the hydrogen bond with the NE1 nitrogen
atom of Trp241 (TM1) was stablished (Fig. 7d), it was much less

frequent (24%). More markedly, the interaction with the oxygen
backbone atom of the Arg428 (TM4) disappeared (Fig. 7d). Instead,
the 3�-OH group rotated in a way to form persistent hydrogen
bonds (51%) with the oxygen backbone atom of a residue at TM3
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Fig. 6. The MD simulation of the apo GABAAR-�3 system shows that the neurosteroid cavities II–V are occupied by lipidic molecules. Temporal evolution of the RMSD and
representative snapshots of the system are shown. (a) RMSD measured over CA atoms of GABAAR-�3 TMD. (b) Representative snapshot of the apo GABAAR-�3 TMD  system
showing the palmitoyl chain (in green) of the POPC lipid inside of the cavity IV (left panel: side view, right panel: top view). (c) Representative snapshot of the apo GABAAR-�3

TMD  system showing the direct contact between Phe301 and Trp241 in cavity V. (d) Time evolution of the cavity volume (II in orange, III in green, IV in blue and V in red).
(For  interpretation of the references to color in this figure legend, the reader is referred to the web  version of the article.)

Fig. 7. The MD simulations of the GABAAR-�3/pregnanolone and GABAAR-�3/allopregnanolone systems reveal a stable neurosteroid binding. Temporal evolution of the
RMSD  and temporal evolution of selected distances and torsion angles are shown. (a) RMSD measured over ligand atoms for GABAAR-�3 TMD/pregnanolone complexes (pose
A  in blue and pose B in red) and GABAAR-�3 TMD/allopregnanolone complex (pose A in green). (b) Distance evolution in the GABAAR-�3/pregnanolone complex (pose A)
between the HE1 atom of Trp241 and the oxygen atom of the 3�-OH group (in purple) and between the oxygen backbone atom of Arg428 and the hydrogen atom of the
3�-OH  group (in orange). (c) Temporal evolution of the C2-C3-O-H torsion angles of pregnanolone (blue) and allopregnanolone (green) systems. (d) Distance evolution in the
GABAAR-�3 TMD/allopregnanolone complex (pose A) between the HE1 atom of Trp241 and the oxygen atom of the 3�-OH group (in purple), between the oxygen backbone
atom  of Arg428 and the hydrogen atom of the 3�-OH group (in orange) and between the oxygen backbone atom of Trp237 and the hydrogen atom of the 3�-OH  group (in
cyan).  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 8. The MD  simulations of the GABAAR-�3/pregnanolone and GABAAR-�3/allopregnanolone systems reveal differences in the recognition of the 3�-OH group. Rep-
resentative snapshots of the systems are shown. (a) Representative snapshot of the GABAAR-�3/pregnanolone complex (pose A). (b) Representative snapshot of the
GABAAR-�3/pregnanolone complex (pose B), showing the pregnanolone molecule in the initial (yellow) and final position (green). (c) Representative snapshot of the
GABAAR-�3/allopregnanolone complex (pose A), showing the allopregnanolone molecule in the initial (yellow) and final position (green). POPC molecules are omitted for
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Trp237) (Fig. 7d). The difference of orientation of the 3�-OH group
etween neurosteroids can be clearly observed by monitoring the
ime evolution of the C2-C3-O-H torsion angles (Fig. 7c). Anyway,
ince allopregnanolone atoms always contacted the same residues
han pregnanolone, the global conformation of the binding site was
ell conserved.

Thus, MD  simulations showed that the binding mode deter-
ined by docking resulted unstable for allopregnanolone.
owever, a rapid and small modification of the disposition of the

teroid allowed a stable binding mode, in which also two  hydrogen
onds were involved. Although these interactions were less effi-
ient than in the pregnanolone system, they are maintained during
he timescale of the simulation, suggesting that GABAAR-�3 also
ould be able to properly recognize an overall flat structure.

. Conclusion

In the past, understanding the molecular basis of neurosteroid
odulation of GABAARs was extremely difficult, mainly due to the

ack of structural information. Fortunately, the recent resolution
f the crystal structure of the �3 homopentamer has paved the
ay to achieve this goal. Due to the heterogeneity of the system,
ifferent scenarios should be considered in order to comprehen-
ively decipher the intricate relationship among steroids, protein
nd membrane, including a possible unspecific action of neuros-
eroids through the modification of the physical properties of the

embrane [12].
In order to shed light on the molecular basis of the direct neu-

osteroid action, we believe that a mandatory first step resides
n the precise identification of receptor residues involved in
he binding of these compounds. We  have applied a combina-
ion of computational methods to examine the GABAAR-�3 TMD
tructure and its interaction with neurosteroids, discovering that
here are conserved superficial cavities between TM1 and TM3
-helices of adjacent subunits in which neurosteroids are specif-

cally recognized. These theoretical findings are well supported
y the set of experimental data reported for the action of neu-
osteroids on �3 homopentamers. First, the residue that was

hotolabeled (Phe301) by 6-azipregnanolone is actually part of
he neurosteroid binding site. Although in this binding mode the
istance between the C6 of the steroid and Phe301is too large
o directly interact, we speculate that the reaction between the
erred to the web version of the article.)

photoreactive group and the aromatic ring could take place during
the binding or unbinding processes. Second, both overall torsioned
and flat steroids can be properly bound, sustaining the inhibi-
tion of [35S]TBPS binding observed with 6-azipregnanolona and
allopregnanolone, respectively. Third, the selectivity for the � con-
figuration of the 3-OH group can be certainly explained based on
the structural characteristics of this site. Thus, to our knowledge,
this constitutes the first neurosteroid binding site identified for a
GABAARs.

As was previously discussed by Chen et al. [20], it is not trivial
to assign this site to the potentiation or the activation functional
effects of neurosteroids, basically because these effects have not
been characterized in �3 homopentamers. In HEK293 cells express-
ing these receptors, allopregnanolone did not activate discernible
currents in electrophysiological assays [19], suggesting that the
identified neurosteroid site would not be functional. However, this
steroid does caused a small enhancement of propofol-activated
currents and strongly inhibited the [35S]TBPS binding [19]. As these
authors have indicated, the relationship between the electrophys-
iological actions of neurosteroids and the modulation of GABAA
receptor binding is complex, and correlations between these two
experimental approaches are not trivial due to their different time
courses.

Nevertheless, we propose that the inhibition of [35S]TBPS bind-
ing can be associated with the presence of neurosteroids at the
identified site. Since this effect is produced at high neurosteroid
concentration, it could be correlated with sites mediating direct
activation in heteropentameric GABAARs [20]. On the other side,
Hosie et al have proposed that the activation site in �1�2�2 receptor
is formed by residues of adjacent subunits, while the potentiation
site is formed by residues of the same subunit [13,14], supporting
the idea that the site we  found at subunit interface is involve in
the activation effects. Nevertheless, since the number and class of
neurosteroid sites depend on the subunit composition, extrapo-
lations between GABAARs could not be in principle possible, and
each particular case should be considered. The construction of
homology models using the GABAAR-�3 as template, followed by
a computational analysis, could provide a valuable tool to identify

neurosteroid binding sites in other, more physiological, receptors.
In this context, our finding could be taken as a first step to explore
the allosteric mechanism by which these small lipophilic molecules
affect the receptor structure and dynamics.
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. Computational methods

.1. Initial GABAAR-ˇ3 TMD  structure

The initial coordinates of GABAAR-�3 TMD  were obtained from
he crystal structure of the full-length GABAAR-�3 (PDB ID: 4COF)
18] by removal of residues 1–213 of each subunit. In this way, the
sed GABAAR-�3 TMD  is formed only by residues 214–447. The
rtificial loops between TM3  and TM4  were conserved as in the
rystal structure. The name of subunits (A–E) corresponds to the
ame of crystalized chains.

.2. Initial structures of steroids

The structure of 3�-hydroxy-5�-pregnan-20-one (preg-
anolone), 3�-hydroxy-5�-pregnan-20-one (3�-pregnanolone),
�-hydroxy-5�-6-azi-pregnan-20-one (6-azipregnanolone) and
�-hydroxy-5�-pregnan-20-one (allopregnanolone) were opti-
ized with the ab initio method HF/6-31G** using the Gaussian 03

rogram [34].

.3. Cavity detection

The fpocket method [29] was applied on the initial GABAAR-�3
MD  structure using the default parameters, except the -m values
hat was adjust to 4 Å in order to analyze more solvent exposed cav-
ties, thus filtering out very buried ones. The mdpocket method was
pplied using the default parameters over 100 snapshots extracted
rom the apo GABAAR-�3 TMD  trajectory, in which were previously
eleted all lipidic and water molecules. Then cavities II–V were
elected with the Pymol program [35] and the time evolution of
olumes were calculated.

.4. Docking

The Autodock 4.2 method [30] was used to dock the optimized
tructures of steroids in the GABAAR-�3 TMD. Rotatable bonds of
teroids (C3-O3 and C17-C20) were allowed to rotate freely, the
eceptor was considered as a rigid molecule. Two strategies were
sed for docking pregnanolone. On one side, a grid of 126x126x64
oints with a spacing of 0.5 Å centered in the origin of the GABAAR-
3 TMD, was calculated and used to obtain 500 runs of the genetic
lgorithm method. The solutions obtained were analyzed with a
luster tolerance of 10 Å. On the other side, five grids (one for each
avity I–V) of 110x110x110 points with a spacing of 0.2 Å centered
n the geometrical center between residues Phe301 and Trp241,

ere calculated and used to obtain 500 runs of the genetic algo-
ithm method. In this case, solutions were analyzed with a cluster
olerance of 2 Å. The dockings of 3�-pregnanolone and allopreg-
anolone were performed in the cavity IV using the same calculated
rid. For all steroids, the torsion angles defined by the C3-O bond
nd the C17–C20 bond were considered as rotables.

.5. Molecular dynamics simulation

Molecular dynamics simulations (MD) were performed with the
MBER 14 software package [36]. The initial coordinates of the
ABAAR-�3 TMD  immersed in a 1-Palmitoyl-2-Oleoyl-sn-Glycero-
-Phosphatidylcholine (POPC) membrane bilayer (apo system)
ere obtained with the Membrane Builder utility [37] using the

eplacement method. The first principal axis of the receptor was
ligned to the z-axis and then the receptor was embedded into
 125 Å × 125 Å POPC membrane fully hydrated with TIP3P water
olecules (thickness of 30 Å on top and bottom of the system). Na+

nd Cl− were added to obtain a final ion concentration of 0.15 M.
he resultant system is composed by one GABAAR-�3 TMD, 418
stry & Molecular Biology 154 (2015) 159–167

POPC, 110 Cl− ions, 85 Na+ ions, and 35.545 water molecules given
a total of over 173.000 atoms.

All holo systems were constructed from the initial apo system
using the best docking solution of pose A and B of pregnanolone,
pose A of 3�-pregnanolone and pose A of allopregnanolone in the
cavity IV. No superpositions between steroids and POPC molecules
were found in these initial systems. The FF14SB force field param-
eters were used for all receptor residues and the Lipid14 force field
parameters were used for POPC molecules. Steroids parameters
were assigned according to the general AMBER force field (GAFF)
and the corresponding RESP charges at the HF/6-31G** level using
the Antechamber module.

All systems were initially minimized for 10,000 steps and
then were heated through two sequential steps of 250 picosec-
onds. First, systems were heated to 200 K at constant volume.
Then temperature was  slowly increased at constant pressure
to the desired production temperature (300 K). In both steps a
restraint (10 kcal/mol/Å2) fixing the backbone protein and lipid
atoms was applied. Finally, 250 picoseconds were carried out at
1 atm and 300 K in which the restraint on the protein back-
bone and lipids was  gradually reduced to zero. Starting from
these equilibrated structures, MD production runs of 100 ns of
apo GABAAR-�3 TMD, GABAAR-�3 TMD/pregnanolone in pose A
and B, GABAAR-�3 TMD/3�-pregnanolone in pose A, GABAAR-�3
TMD/allopregnanolone in pose A were carried out. All production
simulations were performed at 1 atm and 300 K, maintained with
the Berendsen barostat and thermostat, respectively, using peri-
odic boundary conditions and the particle mesh Ewald method
(grid spacing of 1 Å) for treating long-range electrostatic interac-
tions with a uniform neutralizing plasma. The SHAKE algorithm was
used to keep bonds involving H atoms at their equilibrium length,
allowing the use of a 2 fs time step for the integration of Newton’s
equations. In all systems, in order to maintain the overall position
of the truncated N-terminal extreme, a small harmonic restraint
(with force constant of 3 kcal/mol/Å2) was  applied to CA atoms of
residues 214 and 215 of each subunit. A hydrogen bond was defined
as present whenever the distance between the hydrogen atom and
the heavy atom involved in the interaction was less than 2.5 Å.

Acknowledgment

We thank Dr. Ariel Petruk for his technical advice regarding
membrane simulation setups. This work was supported by grants
from Agencia Nacional de Promoción Científica y Tecnológica (PICT
2012-2512).

References

[1] M.  Chebib, G.A. Johnston, The ‘ABC’ of GABA receptors: a brief review, Clin. Exp.
Pharmacol. Physiol. 26 (1999) 937.

[2] U. Rudolph, H. Mohler, GABAA receptor subtypes: therapeutic potential in
Down syndrome, affective disorders, schizophrenia, and autism, Annu. Rev.
Pharmacol. Toxicol. 54 (2014) 483.

[3] G.A.R. Johnston, GABAA receptor channel pharmacology, Curr. Pharmaceut.
Des. 11 (2005) 1867.

[4] H.C. Hemmings Jr., M.H. Akabas, P.A. Goldstein, J.R. Trudell, B.A. Orser, N.L. Har-
rison, Emerging molecular mechanisms of general anesthetic action, Trends
Pharmacol. Sci. 26 (2005) 503.

[5] W.  Sieghart, Allosteric modulation of GABAA receptors via multiple drug-
binding sites, Adv. Pharmacol. 72 (2015) 53.

[6] E. Sigel, M.E. Steinmann, Structure, function, and modulation of GABA(A) recep-
tors, J. Biol. Chem. 287 (2012) 40224.

[7] C.J. Dacosta, J.E. Baenziger, Gating of pentameric ligand-gated ion channels:
structural insights and ambiguities, Structure 21 (2013) 1271.
[8] M.  Gasior, R.B. Carter, J.M. Witkin, Neuroactive steroids: potential therapeutic
use  in neurological and psychiatric disorders, Trends Pharmacol. Sci. 20 (1999)
107.

[9] D. Belelli, J.J. Lambert, Neurosteroids: endogenous regulators of the GABA(A)
receptor, Nat. Rev. Neurosci. 6 (2005) 565.

http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0190
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0195
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0200
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0205
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0210
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0215
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0220
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0225
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0230


chemi

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

L.D. Alvarez, D.A. Estrin / Journal of Steroid Bio

10] D.S. Reddy, M.A. Rogawski, Neurosteroids—Endogenous Regulators of Seizure
Susceptibility and Role in the Treatment of Epilepsy, in: J.L. Noebels et al. (Eds.),
Jasper’s Basic Mechanisms of the Epilepsies, 2012, Bethesda (MD).

11] G. Akk, D.F. Covey, A.S. Evers, J.H. Steinbach, C.F. Zorumski, S. Mennerick, The
influence of the membrane on neurosteroid actions at GABA(A) receptors, Psy-
choneuroendocrinology 34 (Suppl. 1) (2009) S59.

12] M.  Chisari, L.N. Eisenman, D.F. Covey, S. Mennerick, C.F. Zorumski, The sticky
issue of neurosteroids and GABA(A) receptors, Trends Neurosci. 33 (2010) 299.

13] A.M. Hosie, M.E. Wilkins, H.M. Da Silva, T.G. Smart, Endogenous neurosteroids
regulate GABAA receptors through two  discrete transmembrane sites, Nature
444 (2006) 486.

14] A.M. Hosie, M.E. Wilkins, T.G. Smart, Neurosteroid binding sites on GABA(A)
receptors, Pharmacol. Ther. 116 (2007) 7.

15] G.D. Li, D.C. Chiara, J.B. Cohen, R.W. Olsen, Neurosteroids allosterically modu-
late  binding of the anesthetic etomidate to gamma-aminobutyric acid type A
receptors, J. Biol. Chem. 284 (2009) 11771.

16] M.  Bali, M. Jansen, M.H. Akabas, GABA-induced intersubunit conformational
movement in the GABAA receptor alpha 1M1-beta 2M3  transmembrane sub-
unit interface: experimental basis for homology modeling of an intravenous
anesthetic binding site, J. Neurosci. 29 (2009) 3083.

17] D.B. Williams, A mutant residue in the third transmembrane region of the
GABA(A) alpha1 subunit causes increased agonistic neurosteroid responses,
Neurochem. Int. 58 (2011) 794.

18] P.S. Miller, A.R. Aricescu, Crystal structure of a human GABAA receptor, Nature
512 (2014) 270.

19] P.A. Davies, E.F. Kirkness, T.G. Hales, Modulation by general anaesthetics of rat
GABAA receptors comprised of alpha 1 beta 3 and beta 3 subunits expressed in
human embryonic kidney 293 cells, Br. J. Pharmacol. 120 (1997) 899.

20] Z.W. Chen, B. Manion, R.R. Townsend, D.E. Reichert, D.F. Covey, J.H. Steinbach,
W.  Sieghart, K. Fuchs, A.S. Evers, Neurosteroid analog photolabeling of a site in
the third transmembrane domain of the beta3 subunit of the GABA(A) receptor,
Mol. Pharmacol. 82 (2012) 408.

21] P. Wang, C. Mcinnes, B.T. Zhu, Structural characterization of the binding inter-
actions of various endogenous estrogen metabolites with human estrogen
receptor alpha and beta subtypes: a molecular modeling study, PLoS One 8
(2013) e74615.

22] S. Chakraborty, A.S. Levenson, P.K. Biswas, Structural insights into Resveratrol’s
antagonist and partial agonist actions on estrogen receptor alpha, BMC  Struct.
Biol. 13 (2013) 27.

23] A.M. Capelli, A. Bruno, A. Entrena Guadix, G. Costantino, Unbinding pathways
from the glucocorticoid receptor shed light on the reduced sensitivity of gluco-
corticoid ligands to a naturally occurring, clinically relevant mutant receptor,
J.  Med. Chem. 56 (2013) 7003.

24] X. Xu, W.  Yang, X. Wang, Y. Li, Y. Wang, C. Ai, Dynamic communication between
androgen and coactivator: mutually induced conformational perturbations in

androgen receptor ligand-binding domain, Proteins 79 (2011) 1154.

25] L.D. Alvarez, M.V. Dansey, M.A. Marti, P.Y. Bertucci, P.H. Di Chenna, A. Pecci,
G.  Burton, Biological activity and ligand binding mode to the progesterone
receptor of A-homo analogues of progesterone, Bioorg. Med. Chem. 19 (2011)
1683.

[

stry & Molecular Biology 154 (2015) 159–167 167

26] L.D. Alvarez, M.A. Marti, A.S. Veleiro, D.M. Presman, D.A. Estrin, A. Pecci, G.
Burton, Exploring the molecular basis of action of the passive antiglucocorticoid
21-hydroxy-6,19-epoxyprogesterone, J. Med. Chem. 51 (2008) 1352.

27] L.D. Alvarez, M.A. Marti, A.S. Veleiro, R.I. Misico, D.A. Estrin, A. Pecci, G. Bur-
ton,  Hemisuccinate of 21-hydroxy-6,19-epoxyprogesterone: a tissue-specific
modulator of the glucocorticoid receptor, ChemMedChem. 3 (2008) 1869.

28] A. Bernardes, P.C. Souza, J.R. Muniz, C.G. Ricci, S.D. Ayers, N.M. Parekh, A.S.
Godoy, D.B. Trivella, P. Reinach, P. Webb, M.S. Skaf, I. Polikarpov, Molecular
mechanism of peroxisome proliferator-activated receptor alpha activation by
WY14643: a new mode of ligand recognition and receptor stabilization, J. Mol.
Biol.  425 (2013) 2878.

29] V. Le Guilloux, P. Schmidtke, P. Tuffery, Fpocket: an open source platform for
ligand pocket detection, BMC  Bioinformat. 10 (2009) 168.

30] G.M. Morris, R. Huey, W.  Lindstrom, M.F. Sanner, R.K. Belew, D.S. Goodsell,
A.J.  Olson, AutoDock4 and AutoDockTools4: automated docking with selective
receptor flexibility, J. Comput. Chem. 30 (2009) 2785.

31] A.S. Veleiro, G. Burton, Structure-activity relationships of neuroactive steroids
acting on the GABAA receptor, Curr. Med. Chem. 16 (2009) 455.

32] P. Li, A.K. Bandyopadhyaya, D.F. Covey, J.H. Steinbach, G. Akk, Hydrogen bonding
between the 17beta-substituent of a neurosteroid and the GABA(A) receptor is
not obligatory for channel potentiation, Br. J. Pharmacol. 158 (2009) 1322.

33] G. Akk, P. Li, J. Bracamontes, D.E. Reichert, D.F. Covey, J.H. Steinbach, Muta-
tions of the GABA-A receptor alpha1 subunit M1 domain reveal unexpected
complexity for modulation by neuroactive steroids, Mol. Pharmacol. 74 (2008)
614.

34] M.J. Frisch, G.W.T., H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, J.A.
Montgomery, Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar,
J.  Tomasi, V. Barone, B. Mennucci, M.  Cossi, G. Scalmani, N. Rega, G.A. Peters-
son, H. Nakatsuji, M. Hada, M.  Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P.
Hratchian, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Strat-
mann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich,
A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari,
J.B.  Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Ste-
fanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith,
M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M.  Challacombe, P.M. W.  Gill, B. John-
son, W.  Chen, M.W.  Wong, C. Gonzalez, J.A. Pople Gaussian 03, Revision C.02.
Gaussian, Inc., Wallingford CT. 2004.

35] The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.
36] D.A. Case, V.B., J.T. Berryman, R.M. Betz, Q. Cai, D.S. Cerutti, T.E. Cheatham, Iii, T.A.

Darden, R.E. Duke, H. Gohlke, A.W. Goetz, S. Gusarov, N. Homeyer, P. Janowski,
J.  Kaus, I. Kolossváry, A. Kovalenko, T.S. Lee, S. Legrand, T. Luchko, R. Luo, B.
Madej, K.M. Merz, F. Paesani, D.R. Roe, A. Roitberg, C. Sagui, R. Salomon-Ferrer,
G.  Seabra, C.L. Simmerling, W.  Smith, J. Swails, R.C. Walker, J. Wang, R.M. Wolf,

X. Wu,  P.A. Kollman, 2014, Amber 14, University of California, San Francisco.

37] E.L. Wu,  X. Cheng, S. Jo, H. Rui, K.C. Song, E.M. Davila-Contreras, Y. Qi,  J. Lee,
V.  Monje-Galvan, R.M. Venable, J.B. Klauda, W.  Im, CHARMM-GUI Membrane
Builder toward realistic biological membrane simulations, J. Comput. Chem. 35
(2014) 1997.

http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0240
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0245
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0250
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0255
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0260
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0265
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0270
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0275
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0280
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0285
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0290
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0295
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0300
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0305
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0310
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0315
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0320
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0325
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0330
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0335
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0340
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0345
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0350
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370
http://refhub.elsevier.com/S0960-0760(15)30025-X/sbref0370

	Exploring the molecular basis of neurosteroid binding to the β3 homopentameric GABAA receptor
	1 Introduction
	2 Results and discussion
	2.1 Preliminary analysis of the GABAAR-β3 TMD structure
	2.2 Docking of neurosteroids on the GABAAR-β3 TMD
	2.2.1 Pregnanolone
	2.2.2 3β-pregnanolone
	2.2.3 Allopregnanolone

	2.3 MD simulations of GABAAR-β3 systems
	2.3.1 apo GABAAR-β3 TMD system
	2.3.2 GABAAR-β3/pregnanolone complexes
	2.3.3 GABAAR-β3/allopregnanolone complex


	3 Conclusion
	4 Computational methods
	4.1 Initial GABAAR-β3 TMD structure
	4.2 Initial structures of steroids
	4.3 Cavity detection
	4.4 Docking
	4.5 Molecular dynamics simulation

	Acknowledgment
	References


