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Abstract Gamma-aminobutyric type A receptor (GABAAR)
is amember of the Cys-loop family of pentameric ligand gated
ion channels (pLGICs). It has been identified as a key target
for many clinical drugs. In the present study, we construct the
structure of human 2x;,23,y, GABAAR using a homology
modeling method. The structures of ten benzodiazepine type
drugs and two non-benzodiazepine type drugs were then
docked into the potential benzodiazepine binding site on the
GABAR. By analyzing the docking results, the critical res-
idues His102 (), Phe77 (y,) and Phel00 (&) were identi-
fied in the binding site. To gain insight into the binding
affinity, molecular dynamics (MD) simulations were per-
formed for all the receptor—ligand complexes. We also exam-
ined single mutant GABAAR (His102A) in complexes with
the three drugs (flurazepam, eszopiclone and zolpidem) to
elucidate receptor—ligand interactions. For each receptor—li-
gand complex (with flurazepam, eszopiclone and zolpidem),
we calculated the average distance between the C, of the
mutant residue His102A («,) to the center of mass of the
ligands. The results reveal that the distance between the C
of the mutant residue His102A («;) to the center of
flurazepam is larger than that between His102 (o) to
flurazepam in the WT type complex. Molecular mechanic-
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generalized Born surface area (MM-GBSA)-based binding
free energy calculations were performed. The binding free
energy was decomposed into ligand-residue pairs to create a
ligand-residue interaction spectrum. The predicted binding
free energies correlated well (R*=0.87) with the experimental
binding free energies. Overall, the major interaction comes
from a few groups around His102 («;), Phe77 (y,) and
Phel00 (). These groups of interaction consist of at least
of 12 residues in total with a binding energy of more than
1 keal mol . The simulation study disclosed herein provides a
meaningful insight into GABA R-ligand interactions and
helps to arrive at a binding mode hypothesis with implications
for drug design.

Keywords Gamma-aminobutyric acid type A receptors -
Homology modeling - Molecular dynamics simulation -
Molecular docking - Molecular mechanic-generalized Born
surface area

Introduction

Gamma-aminobutyric type A receptors (GABAARs) can un-
derlie fast inhibitory synaptic transmissions in the central
nervous system and are members of the Cys-loop family of
receptors, which also includes the nicotinic acetylcholine re-
ceptor (nAChR), the 5-hydroxytryptamine type 3 receptor
(5HT3R), the glycine receptor (GlyR), and gamma-
aminobutyric type C receptor (GABACR) [1]. GABARs
are multi-subunit chloride-permeable ion channels and have
activities that can be controlled by binding gamma-
aminobutyrics (GABAs). As targets of a variety of pharma-
cologically and clinically important drugs, including benzodi-
azepines, neuroactive steroids, anesthetics and convulsants,
GABA ARs can modulate anxiety, learning and memory [2—5].
GABAARs are formed as pentameric combinations of 19
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different (x1-6, 31-3, y1-3, 9, ¢, 7, 0, pl-3) polypeptide
subunits and display diverse biological functions [6-9]. Most
native GABA4Rs contain two «, two {3 and one y or one
subunit, and the majority of native receptors are of the
20(12[32'Y2 GABAAR type.

Although GABAsRs have been studied for many years,
there is still no high-resolution crystal structure available for
any subtype of the GABARs because of difficulties in pro-
tein expression and the crystallization of membrane proteins.
Thus, computational modeling has been utilized extensively
to make crucial advances in understanding the structure and
function of GABARs.

Recently, the structure of the activated homopentameric
Caenorhabditis elegans glutamate-gated chloride channel
was resolved and provides an excellent basis for modeling
the structure of pentameric ligand gated ion channels
(pLGICs) [10]. Thus far, this structure shares the highest
known sequence identity with GABAR (33.4 %).

Multiple studies have identified residues that are involved
in mediating the apparent binding affinity of benzodiazepine
binding site ligands. Czajkowski et al. [11] measured the
effects of 22 single cysteine mutations, which were introduced
throughout the benzodiazepine binding site on the potentia-
tion of Igapa by flurazepam (FZM), eszopiclone (ESZ), and
zolpidem (ZOP). They found that the residues that line the
benzodiazepine binding site pocket most likely have different
roles. For instance, some residues might interact directly with
the ligand, while others might stabilize the structure of the
binding site or mediate local conformational movements im-
portant for coupling benzodiazepine binding to the modula-
tion of IG ABA-

In the present study, we applied homology modeling and
molecular dynamic simulation methods to develop 3D molec-
ular models of the GABA4R based on the structure of the
glutamate-gated chloride channel (GluCl) (PDB code:
3RHW) [12]. We used the structure of the GABAAR to
generate the hypothetical binding modes of ten classical ben-
zodiazepine drugs and two non-benzodiazepine drugs. These
drugs can all bind to the benzodiazepine binding site on the
2012357, GABA AR, which mediates its therapeutic hypnotic
properties [13—15]. Finally, we analyzed the interactions be-
tween key residues in the binding pocket and multiple ligands
based on previous experiments.

Towards understanding the mechanism of benzodiazepine
and non-benzodiazepine drugs in the binding site, we per-
formed an extensive analysis of molecular dynamics simula-
tions performed for all receptor-ligand complexes. Further-
more, single mutant His102A (oc;) GABAAR molecular dy-
namics simulations were also performed for the complexes
H102A-FZM, H102A-ESZ and H102A-ZOP to test the func-
tion of His102 («;) in the benzodiazepine binding site. We
considered the way mutations affect the structure and com-
pared common features between single mutant and wild-type
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(WT) GABARs. The energetic contributions of the residues
in the benzodiazepine binding site were then assessed by
performing molecular mechanics-generalized Born surface
area (MM-GBSA) calculations on all the receptor—ligand
complexes [16, 17]. Interactions between the drugs and each
residue in the benzodiazepine binding site were analyzed
using the MM-GBSA method to calculate the absolute bind-
ing free energies, which were further decomposed on a per-
residue basis. The predicted binding free energies correlated
well with the experimental binding free energies (R*=0.87).
The estimation of the binding free energy and its relative
change (between WT and mutant) gives valuable information
on drug—target relationships.

Computational details
Homology modeling

The sequences of the human GABAAR o4 (UniProt ID:
P14867), 3, (UniProt ID: P47870) and v, (UniProt ID:
P18507) subunits were retrieved from the ExXPASy Molecular
Biology Server (http://us.expasy.org). Recently, Hibbs and
Gouaux [10] presented the first three-dimensional (3D) struc-
ture of an inhibitory anion-selective Cys-loop receptor (PDB
ID: 3RHW), which shares sequence identity (33.4 %) with
GABAAR and can be used as a template for the GABAAR
receptor. Additionally, it should be noted that we did not
construct the IC domain of the GABAAR. It was difficult to
build the IC domain because there was no suitable template to
model this region, although it has been demonstrated that the
IC domain can contribute to ion permeation [18, 19]. Howev-
er, the IC domain has no effect on the benzodiazepine binding
site because the two regions are a long distance apart and
cannot interact with each other. To the best of our knowledge,
no mutant experiments have yet demonstrated the influence of
binding affinity of benzodiazepine drugs in the IC domain.
Thus far, studies on drug binding affinity have focused only
on the residues that line the benzodiazepine binding site
pocket. Hence, here we discuss only the contribution of the
ligand-binding site.

The sequences of the «;, 3,, and 'y, subunits were aligned
to the corresponding subunits of the templates, as implement-
ed using the Align Sequences protocol within the Discovery
Studio 3.0 software package [20]. Twenty homology models
were built and scored by the discrete optimized protein energy
(DOPE) method [21]. Sigel et al. [22] previously demonstrat-
ed the absolute arrangement of the «;3,y, GABAR. Only
one of these arrangements, which is shown in Fig. 1, was well
accepted and thus chosen for our study. The quality of the
constructed models was assessed with the Rampage server
(http://www-cryst.bioc.cam.ac.uk). The structure of the
mutant GABAAR was prepared based on WT GABA4R,


http://us.expasy.org/
http://www-cryst.bioc.cam.ac.uk/

J Mol Model (2013) 19:5489-5500

5491

+ -

Fig. 1 The view from the synaptic cleft shows the absolute subunit
arrangements of the 20;23,y, gamma-aminobutyric type A receptor
(GABAAR). The four transmembrane segments of each subunit are
colored to illustrate the TM, segments lining the pore region of the
channel. + (plus) and — (minus) refer to the asymmetric sides of the
subunits

and the procedure was performed using the Build Mutants
protocol with the Discovery Studio 3.0 software package.

Molecular docking

The classical binding pocket for benzodiazepines is located in
a cleft between the «; and v, subunits (Fig. 2). However, it is

Benzodiazepine
Binding Site

I Membrane I

Fig. 2 View of the benzodiazepine binding site, looking parallel to the
membrane

important to realize that these binding sites can interact not
only with drugs that have a benzodiazepine structure but also
some drugs with f-carboline, imidazopyridine,
triazolopyridazine and cyclopyrrolone segments [23]. To ex-
plore the key residues of the benzodiazepine binding site of
the GABAR, molecular docking of ten benzodiazepine and
two non-benzodiazepine drugs to the GABAAR was per-
formed using AutoDock 4.0 [24]. The model of the GABAAR
was converted to PDBQT format using AutoDock Tools
(ADT) version 1.5.4 (http://mgltools.scripps.edu). Then,
Kollman united atom partial charges were assigned for the
receptor. The grid size for the search space was set at 60 A x
60 Ax60 A, centered on the interface between the o, and vy,
subunits, with a default grid point spacing of 0.375 A. The
Lamarckian genetic algorithm was used with a population size
of 200 dockings and 25 million energy evaluations. The
results were clustered according to the root-mean-square de-
viation (RMSD) criterion. Neither the highest ranking nor the
lowest energy structures were used as the final result; instead,
the final result was determined based on a combination of
clustering, energy and interacting residue data, as shown in
Supplementary data.

Molecular dynamics

Molecular dynamics simulations using Amberl2 were per-
formed to generate an ensemble of conformations for each
receptor-ligand complex, followed by MM-GBSA calcula-
tions to estimate the binding free energy [25]. The Amber
ff99SB force field was used in the system [26]. The empirical
charge model AM1-BCC generated the ligands’ atomic partial
charges by using the Antechamber module in AmberTools 12
[26, 27]. Each complex was solvated in a TIP3P water box
with a minimum distance of 8 A from the surface of the
complex to the edge of the simulation box. Each system was
neutralized by adding Na* or CI ions.

The solvated complex was subject to an initial energy
minimization with solute restraint followed by a complete
minimization without restraint. Each energy minimization
consisted of a 5,000-step steepest descent minimization
followed by another 1,000-step conjugated gradient. Subse-
quently, a 100-ps MD simulation was performed with the
complex subject to positional restraint. The 100-ps MD sim-
ulation was used to heat the system from 0 to 300 K in NVT
ensemble. Finally, a 10-ns unrestrained NPT simulation was
performed, with temperature and pressure controlled at 300 K
and 1 atm, respectively, by applying the Berendsen weak-
coupling algorithm [28]. The particle mesh Ewald (PME)
method was used to treat long-range electrostatic interactions
[29]. The cut-off distances for the real space of PME and the
van der Waals interactions were set to 10 A. All bonds
involving hydrogen atoms were constrained using the
SHAKE algorithm [30].
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The binding free energies of the receptor—ligand complexes
were calculated by the MM-GBSA method. In this method the
binding free energy, AGy;,g, is calculated as the sum of MM
energy, AEyn with the solvation free energy contribution to
binding, AG,, and the conformational entropic contribution,
—TAS. This can be represented as AGying=AEymt AGgo
—TAS; where both AEyy and AGg, can be divided into
two parts: AEyy=AEc et AEvdw; AGeoi=AGg,+AGy,
where AE.. and AE,q,, are the electrostatic interaction and
van der Waals (vdw) energy in the gas phase and AGyy, and
AG;,, are the polar and non-polar contributions to the solva-
tion free energy, respectively. The polar contribution of the
solvation energy (AGyy,) was calculated using the GB model,
in which the parameters were developed by Onufriev et al
[31]. —TAS is generally calculated using classical statistical
thermodynamics and normal mode analysis.

Results and discussion
Validation of the homology models

The homology models were validated using the Rampage
server. Ninety-five percent of the residues were found in the
favored regions of the Ramachandran plot, and 4 % of the
residues reside were in the accepted regions (Fig. 3). This
suggested that the homology model structure had a satisfac-
tory geometry and could be used for further MD simulation
studies. The template used to model the GABA R was GluCl,
which had a high sequence identity to GABAAR, especially in
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Fig. 3 Ramachandran plot of the GABAR. A total of 95.5 % of the
residues fall in the favorable areas, and 4 % of the residues reside in
allowed areas
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loop B, loop E, TM;, and TM, as shown in Fig. 4. The
following residues were conserved and have been identified
with site-specific mutagenesis experiments: Phel00 («,),
Argl44 (v,), Thr261 («;) and Thr255 (3,) [32-34].

Molecular docking
Docking study of benzodiazepine drugs

Two clusters of FZM docking poses were obtained (Supple-
mentary Fig. S2-S4, Table S1). Cluster 2 had the most
docking conformations of FZM and a key residue His102
() formed a hydrogen bond with FZM. Therefore, we chose
it as the best docking pose of FZM. FZM was found docked
into the binding pore regions of GABAAR and surrounded by
Lys156 (o), Val203 (), Val212 («;), Tyr210 («,), His102
(o¢1), Tyr160 (), Asn60 (y,), Phe77 (v,), Phel00 (&),
Tyr58 (v,). The orientation of the ligand was observed to
favor its stability, which is required for interaction with the
receptor. The adjacent His102 (x1) was in a good position to
interact with the N atom of the seven-membered ring in FZM
via hydrogen bonds. As observed in the 3D model of FZM
with GABAAR, which is depicted in Fig. 5a, four residues
interact directly with the ligand via hydrophobic contacts.
These contacts are between (1) the benzene ring and Val203
(1), Phe77 (v»), and (2) the N, N-diethylethanamine moiety
and Phel00 (o), Val212 (). According to the docking
results of each benzodiazepine drug, we found that the ten
drugs shared the same binding mode. First, the orientation of
the skeleton structures 2,3-dihydro-1H-benzo[e][1,
4]diazepine was highly semblable. Second, the interactions
between the receptor and ligands were very similar. To give a
clear explanation, a detailed view of docked benzodiazepine
drugs with the binding pocket of GABA4R is given in Fig. S1.
The nitrogen atom of acrylamide as the hydrogen bond ac-
ceptor was hydrogen-bonded with His102 (o). The phenyl
groups all point to Alal61 (o). All of the above indicated the
good predictive ability of the docking model.

Docking study of non-benzodiazepine drugs

Three clusters of ESZ docking poses were obtained (Supple-
mentary Fig. S5-S8, Table S2). We chose cluster 1 as the final
docking pose of ESZ because it had the most docking poses
and the lowest docked energy. The docking study performed
for ESZ suggests that the oxygen atom of its carbonyl group
was hydrogen-bonded to Ser205 («), and the predicted H-
bond distance was 2.76 A. The N atom of the pyrazine ring in
the structure was also hydrogen-bonded to residue Thr207 («,).
Met130 (v;), Phe77 (v;), and Val203 («;) were also located
within 5 A of ESZ; however, these three residues were involved
in hydrophobic contacts rather than hydrogen-bonding interac-
tions. As mentioned above, hydrophobic interactions were also
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Fig.4 Target sequences (GABAAR «;, 3, and 'y, subunits) are aligned with the template sequence (GluCl 3RHW). The deeper the color of the residues,

the higher the sequence identity

identified between Phe77 (y,), Val203 («;) and FZM; thus, it
was obvious that these residues played significant roles in
benzodiazepine binding. More importantly, ESZ is a chiral
compound and is responsible for all the desired effects, while
the other enantiomer seems to be inactive. Fig. 5b shows that
the chiral chain 4-methylpiperazine has a hydrophobic interac-
tion with Phe77 (y»); thus, we inferred that Phe77 (y,) is a
crucial residue for the selective activity of ESZ.

Four clusters of ZOP docking poses had more than ten
conformations (Supplementary Fig. S9-S13, Table S3). Thus
far, many mutagenic data showed that His102 («;) is an
essential recognition site point for zolpidem. Therefore, clus-
ter 2 was chosen as the best docking pose because it is the only
cluster that has a hydrogen bond with His102 (). ZOP binds
with high affinity and acts as a full agonist for the o;-contain-
ing GABAAR and approximately 10-fold lower affinity for
o»- or az-containing GABA AR isoforms [35]. To date, many

docking studies have been performed to illustrate the binding
mode of ZOP with GABAAR [36, 37]. In this study, to gain
insights into the potential interactions between ZOP and
GABA 4R, we evaluated all residues within 5 A of the ligand.
A 3D model of ZOP in the active pocket is shown in Fig. 5c.
The only carbonyl group of the ligand was rotated consider-
ably to accommodate H-bonding to the amino group of
His102 (o). Additionally, most of the residues around ZOP
were involved in hydrophobic contacts, including Val203
(1), Val212 (1), Met130 (v5), Phel00 (o), and Phe77 (v»).

Comparison with data from mutagenesis experiments
In summary, the docking results provide new insights into the
roles of some conserved residues in the binding of six typical

agonists to human «;f,y, GABA,R. These data will be
helpful in the design of novel agonists for GABAARs. As
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Fig. 5a—c The putative agonist binding site is represented in ribbon form,
and ligands are shown as stick representation, colored by element. Other
cluster docking poses are shown with wire frames to indicate the degree
of variability in the docking procedure. a Docked flurazepam (FZM) with
GABAAR. b Docked eszopiclone (ESZ) with GABAAR. ¢ Docked
zolpidem (ZOP) with GABAARFZM
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shown by these results, His102 () and Phe77 (y,) were the
most critical residues, while residues Val203 («;), Val212
(1), Metl30 (y;), and Phel00 (o) were also important
binding determinants that had strong hydrophobic interactions
with the ligands. Therefore, we should take special note of
those ligands that interact with the above residues in virtual
drug screening. In comparing our results with results from
site-directed mutagenesis experiments, we found that several
key residues in our docking predictions were relevant to
previous studies. In biological experiments, Phel00 (),
Phe77 (v,), and His102 («;) were identified as important
residues for benzodiazepines binding [11, 38, 39]. Further-
more, Thr207 («;) and Phe77 (y,) can also interact with ESZ.
Phel00 (), Val212 (&), His102 (), Met130 (y,), and
Phe77 (v,) played important roles in the inhibition of ZOP
[11, 40-42]. In our docking study, Met130 (y,) had a hydro-
phobic interaction with ZOP; however, Morlock and
Czajkowski [11] reported that Met130 (y,) was not a key
residue for the inhibition of ZOP, which partly contradicted
the results of Sigel’s experiments [40-42]. Additionally, we
found that Ser205 («,;) formed a hydrogen bond with ESZ.
Although the mutant o¢;S205C3, Y, GABAAR could decrease
ESZ potentiation compared with the wild type (WT)
GABAR, this effect was small. In Czajkowski’s study [11],
the ESZ maximal potentiation of Igaga with o¢;S205CR,v»
was 1.7£0.2; the ESZ maximal potentiation of Igapa With
WT GABAAR was 2.8+0.3, where the maximal potentiation
was calculated as [(Igapa + gsz/Igasa) — 1]. However, only a
few site-directed mutagenesis studies have investigated the
inhibition of ESZ, so we could not obtain more information
about this residue. It is normal for experimental data collected
in different systems to contain some discrepancies. Thus,
additional experiments should be conducted for these three
drugs to assess our docking results. Moreover, depending on
the ligands, the effects of some mutations were different,
indicating that the structural mechanisms underlying the abil-
ity of ligands to interact with divergent structures are distinct.
Details of the comparisons of our docking study with exper-
imental data have been listed in Table 1. Overall, these com-
parisons confirmed the reliability of our homology modeling
and docking results.

Molecular dynamics
Stability of trajectories

Here, we describe 15 MD simulation systems, including 12
WT receptor-ligand complexes and 3 mutant receptor-ligand
complexes. The simulation time was 10 ns each for all ligand—
receptor complexes, which allowed us to extract reliable con-
formational and functional features of the benzodiazepine
binding site of the GABAAR. As an indicative measure of
the stability and conformational drift of the proteins in the
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Table 1 Key residues in docking

studies and mutagenesis Ligand Docking results Mutagenesis in Reference
experiments
FZM His102 (1) Phe77 (v2) Phel00 (¢p) [11]
Phel00 () Val203 (o) Phe77 (v,) [38]
Val212 (o) His102 (1) [39]
ESZ Ser205 (&) Thr207 (ot;) Thr207 (o) [11]

Phe77 (v,) Val203 («;)

Met130 (v2)

ZOP His102 (¢;) Val203 (o)
Val212 () Met130 (y,)
Phel00 (x;) Phe77 (v2)

Phe77 (v») [40]

Val212 (&) Phel00 (¢;) His102 (o) [11]
Met130 (y,) [41]

Phe77 (v,) Met130 (v,) [42]

simulations, the RMSDs of the backbone atom coordinates
from their initial values were monitored as a function of
simulation time. The RMSD values of the GABAAR reached
a plateau within the first 4 ns of the simulation (Fig. 6). This
result signifies that the RMSD of all complexes were similar
from the starting structures during the course of simulations,
with values approximately 2 A to 3.5 A, ensuring stable
trajectories. The RMSD plots indicate that the conformations
of the WT and single mutant His102A (o¢;) complexes are in
good equilibrium.

To obtain the receptor-ligand interactions, we followed a
simple method of calculating the average distance between the
C, of a key residue His102 («;) to the center of mass of the
three agonists (FZM, ESZ and ZOP). In the H102A-ligand
complexes, we calculated the average distance between the C,
of the mutant residue His102A () to the center of mass of
the three agonists (FZM, ESZ and ZOP). A time-series plot for
the interactions showed that the six trajectories run parallel to
each other and ranged from 6 A to 12 A (Fig. 7). The result
shows all three agonists fit properly and are accommodated
well inside the binding site cavity in each of the complexes.
The distance between the C,, of the mutant residue His102A
(1) to the center of FZM is larger than that between His102
(1) to FZM in WT type complex, which might be the factor
for the change of binding energy in the two complexes.

On the other hand, stable interactions were not observed
between FZM and mutant His102A (o). This suggests that
the interaction between FZM and His102 (o) might stabilize
the binding mode. During the course of the MD simulation for
GABAAR-FZM, the phenyl group from FZM moves towards
residues Alal61 () and Val212 («;), which form hydropho-
bic interactions. This is a fairly stable interaction and seems to
help lock the molecule in place. Also the protein residues near
the binding site close up around the benzodiazepines and
partially bury them.

Binding free energy calculation for WT and mutant complexes

Free energy simulations predict conformational domains in-
volved in receptor—ligand interactions using the MM-GBSA
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Fig. 6 Root-mean-square deviation (RMSD) plot for backbone Cx
atoms relative to their initial minimized complex structures as a function
of time
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Fig. 7 Time-series plot of ligands distance for WT and H102A mutant
simulations of the receptor—ligand complexes

calculation. As shown in Table 2, the calculated binding free
energies with the contribution of the entropy was found to be
—11.28 kcal mol ! for GABAAR-FZM, —10.08 kcal mol ! for
GABA4R-ESZ, and —10.11 kcal mol ! for GABAAR-ZOP.
This suggests that the binding free energy of FZM for the
receptor—ligand complex is considerably higher than the bind-
ing affinities of ESZ and ZOP to WT GABAR. The results
for the WT complexes agree with the available experimental
affinities.

A breakdown of the different free energy components
described in Table 2 for the three WT complexes and
Table S4-S6 for the other benzodiazepine drugs revealed that
the electrostatic component of enthalpy of solvation (AG g)
contributed unfavorably to binding (AG>0) for all three
agonists, while AE ., which is the interaction energy due to
electrostatic interactions between the receptor and agonists,
led to favorable binding; however, the data showed that the
non-polar component, AG,,, systematically contributed

Table 2 Binding free energies (kcal mol ') of the wild-type receptor-
ligand complexes. FZM Flurazepam, ESZ eszopiclone, ZOP zolpidem,
SD standard deviation

favorably (AG<0) as expected because the formation of
complexes reduced the solvent accessible surface area
(SASA). These results suggest the molecular mechanical
component of the free energy of binding between the three
agonists and GABAAR is the dominant factor promoting
stability. In all three GABAR-ligand complexes, the inter-
molecular van der Waals interactions (AE,4,) make the most
significant contribution to the binding free energies, whereas
the overall electrostatic interaction energies (AE ) are posi-
tive and unfavorable for the binding free energies.

Comparisons of the free energy components between the
WT complexes and the mutant complexes were carried out to
elucidate the interaction mechanism. In accordance with the
energy components of the binding free energy shown in
Tables 2 and 3, the van der Waals energies in the gas phase
provided the dominant favorable contributions for the binding
of all six receptor-ligand complexes. Non-polar solvation
energies (AG ) resulting from the interment of the SASA
of all three ligands also have similar small favorable contri-
butions to the binding affinity in all cases. Conversely, polar
solvation energies (AG ) of the GABA 4R and entropy com-
ponents (—TAS) brought about an unfavorable contribution to
their binding.

The MM-GBSA results revealed the impact of mutations
on the binding affinity of FZM, ESZ and ZOP to His102A
(Table 3). Our calculations supported His102A being a major
mutation for FZM, as it had a reduced binding energy com-
pared to the GABAAR-FZM complex (AAGying=
6.35 keal mol !, AAGy;q is the difference between the bind-
ing free energy for WT and mutant receptor—ligand com-
plexes). By decreasing the potential for hydrogen bond for-
mation inside the binding cavity, FZM might not be bound as
effectively. On the other hand, the His102A mutation did not
greatly affect the binding of the ESZ and ZOP, although the
lowest impact was observed in the single mutant His102A,

Table 3 Binding free energies (kcal mol ') of mutant receptor-ligand
complexes

FZM ESZ ZOP FZM ESZ ZOP

WT SD  WT SD  WT SD HI02A std  HI02A std  HI2A  std
AE . ~764 225 2274 348 ~6.13 346  AE. 693 226 -13.16 3.8 -1330 217
AEy, — —4634 233 4347 231 3571 215  AE., -39.80 1.17 4736 233 3472 146
AGg 271 117 3996 3.66 1806 305  AGy 20.12 244 3336 228 2453 176
AG -527 029 493 035 -438 019 AG,, 440 026  -517 019 440 025
AEvy  —5398 342 6621 445 4184 353  AEyum -46.73 303 —6052 307 4802 255
AGy 1744 162 3503 3.6l 1368 211  AGy, 1572 227 2819 218 2013 141
AGuw 3654 318 3118 376 2816 237  AGuw -31.01 209 3233 235 2789 26l
-TAS 2526 937 21.1 6.17 1805 809  -TAS 2608 925 2378 721 19.07 888
AGyng  —1128 ~10.08 ~10.11 AGuina -4.93 -8.55 -8.82
AGep — —10.64 ~10.24 ~10.26 AAGing 6.35 1.53 1.29
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with a binding energy of —8.55 kcal mol ' for ESZ
(AAGying=1.53 kcal mol™') and a binding energy of
—8.82 kcal mol™" for ZOP (AAGping=1.29 kcal mol ™).
The entropy term (—TAS) was slightly higher for the three
mutant H102A-ligand complexes; it was still close to the
relevant WT GABAR-ligand complexes. In order to evalu-
ate quantitatively the difference of the affinities of the studied
drugs to GABAAR, the MM-GBSA method was used to
calculate the binding free energy for each complex. The
correlation between the predictions of MM-GBSA with the
experimental binding free energies is R2=0.87

(Fig. 8. Table 4). This suggests that MM-GBSA has as
good a capability to rank the bioactivities as molecular
docking. We observe that the calculated free energy results
have the same trend as the experimental inhibition constant
Ki values [13-15, 43-47].

Free-energy decomposition analysis

The interaction between the ligands and each GABA R
residue was computed using the MM-GBSA decomposition
process applied in the mm-pbsa module in AMBER12. The
binding interaction of each inhibitor-residue pair includes four
terms: van der Waals (AE,q,) contribution and electrostatic
(AE,) contribution (in the gas phase), polar solvation
(AGp,) contribution, and nonpolar solvation (AGy,pe1) con-
tribution.

AGinhibitor-residue = AEvaw + AEete + AGpot + AGhopol

The polar contribution (AG ) to solvation energy was
calculated using the generalized Born (GB) module. All ener-
gy components were calculated using 50 snapshots from the
last 2.0 ns of the MD simulation.

To characterize the different contributions to the binding
free energies of FZM, ESZ and ZOP with WT GABAAR and

8-

AGhina (kcal/mol)
g 2

'12 T T T L) L) L)
-14 -13 -12 -11 -10 -9 -8 -7

Experimental AGexp (kcal/mol)

Fig. 8 Correlation of the predicted binding energies by molecular me-
chanic-generalized Born surface area (MM-GBSA) with available exper-
imental binding energies

Table 4 Experimental Ki values and binding free energies predicted by
the molecular mechanic-generalized Born surface area (MM-GBSA)
method

Compound Predicted AGping  Ki (nM)? AGeyp
(kcal mol ™) (keal mol "°

Flurazepam -11.28 16 [13] -10.63
Diazepam —8.98 160 [45] -9.27

Estazolam -9.81 19 [46] —10.53
Flumazenil -11.31 1.9 [43] -11.90
Bretazenil —12.80 0.16 [45] —13.36
Bromazepam -10.53 45 [44] —10.02
Chlordiazepoxide -9.01 670 [47] -8.42

Clobazam -8.76 222 [44] -9.08

Oxazepam -9.61 36 [46] -10.15
Lorazepam —11.45 2.1 [45] —11.83
Eszopiclone —10.08 31[15] -10.24
Zolpidem —-10.11 30 [14] -10.26

* Experimental Ki values are taken from the references noted
b AG ¢xp=—RTIn(K1i), where the temperature 7" is determined as 298.15 K

mutant GABAR, absolute binding free energies were calcu-
lated for the six complexes by the MM-GBSA method. The
binding free energy was decomposed into ligand-residue pairs
to generate a ligand-residue interaction spectrum. As seen in
Fig. 9, the contribution of individual residue to binding varies
from +0.3 to —4.0 kcal mol . These groups of interaction
consist at least of 12 residues in total with the binding energy
of more than 1 kcal mol ™', The decomposition approach was
helpful for locating residues that contribute to the receptor—
ligand interaction.

For FZM, ESZ and ZOP, the major binding attractions
come from the residues Phel00 («;), His102 (&) and
Phe77 (y,). This phenomenon can be explained by the fact
that His102 (o) hydrogen bonds to FZM and ZOP. Phe100
(o¢;) and Phe77 (y,) are the important amino acids that make
the greatest contributions to the binding affinities. The main
force for amino acid Phel00 (&) and Phe77 (y,) is the van
der Waals energy, which also predominantly drives the bind-
ing of the drug to Val212 («;) and Met130 (y,) in the
GABAAR-ZOP complex. Argl44 (y;), Ser205 («;) and
Thr207 (o) are all important residues in the GABA,R-ESZ
complex. The total contribution from polar salvation energies
and electrostatic energy is the key driving force for the binding
of ESZ to these residues. Morlock and Czajkowski [11] have
identified that these residues might directly interact with the
ligand and stabilize the structure of the binding site and
contribute to benzodiazepine binding affinity; His102 (o)
mediates local conformational movements important for cou-
pling ligand binding to the modulation of Igapa-

A subsequent analysis of the separate energy terms con-
tributing to the MM-GBSA free energy suggested that
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Fig. 9a—f Decomposition of AG on a per-residue basis for the ligand-GABA R complex. a FMZ-WT, b FMZ-H102A, ¢ ESZ-WT, d ESZ-H102A, e

ZOP-WT, f ZOP-H102A

favorable Van der Waals and nonpolar interactions mainly
drive the association between GABAR and each agonist.
Specifically, amino acids Phel00 (), His102 (&), Phe77
(v2), Val212 («;) and Met130 (y,) were found to be respon-
sible for the high affinity interaction, as observed when sepa-
rating the binding free energy into individual components.
The binding free energy decomposition analysis also dem-
onstrates an obvious reduction of the energy contribution of
residue His102A (o) in the mutant complexes. Apart from
the variation in His102A («;), the contribution of residue
Argl44 (y,) is also reduced substantially in ESZ and ZOP

@ Springer

complexes. According to the energy decomposition results,
the energy reduction of Argl44 (y,) results mainly from the
impact of the polar interactions (AEge+AGg), which indi-
cates that even subtle alterations of ligand geometry can
produce profound differences in electrostatic interactions.

Conclusions

In the absence of a crystal structure of GABAR, we con-
structed a 3D model of the human 20;23,y, GABAAR.
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Molecular docking of two sets of ligands for the GABAAR
was also performed in this study. The results of docking in the
GABA AR revealed the main differences in the binding modes
of these ligands and the critical residues that are involved in
the recognition of the agonists. There are three important
residues in the benzodiazepine binding site: His102 (),
Phe77 (v,), and Phel00 (o). His102 () can form hydrogen
bonds with benzodiazepine drugs and ZOP, and the other
residues were clearly involved in hydrophobic interactions.
These results were all confirmed by comparisons with previ-
ous biological experiments. Hence, future studies should fo-
cus on these residues to design new potential agonists for
GABAAR.

In this study, we used a series of molecular modeling
techniques, including conventional MD simulations, MM-
GBSA binding free energy predictions, and MM-GBSA bind-
ing free energy decomposition analysis, to explore the impact
of one mutation in the benzodiazepine binding site. The
predicted binding free energies of ten benzodiazepine drugs
and two non-benzodiazepine drugs to the WT complexes are
consistent with the experimental data. Results of both MM-
GBSA calculations give the correct order in which to rank the
inhibitory potency of the studied systems: WT>His102A
(¢1). The binding mode of the binding site was quite stable
around the molecule. The MM-GBSA-based free energy cal-
culations showed that the FZM bound with greater specificity
than the other two non-benzodiazepine drugs (ESZ and
ZOP) to the GABAAR. Moreover, our computational sim-
ulations demonstrate that the mutation of His102A (o) has
a great influence on the benzodiazepine binding site, and
the variations in polar interactions, involving primarily the
residues His102 (), Phe77 (y,), and Phel00 (), which
play critical roles in the development of drug resistance.
We demonstrated that the structural determinants for high-
affinity binding of ESZ and FZM are different. We can
envision that, depending on the orientation of the ligands in
the binding pocket and their contact residues, some of the
residues involved in the initial coupling of binding might
differ. ESZ binding is dependent largely on shape recogni-
tion; Ser205 and Thr207 might cause ESZ to prefer a
position that has a greater efficacy.

In accordance with the energy components of the binding
free energy, the van der Waals energies provided the dominant
contribution to ligand binding for all WT GABA,R-ligand
complexes. In the absence of an experimentally determined
structure for o>y, GABAAR, our model will be valuable
for further biochemical and pharmacological studies
concerning the detailed structure of the protein and other
subtypes of GABAARs.
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