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Biological cell is the fundamental building block of every living system. The plasma

membrane, a phospholipid bilayer consisting of two asymmetric leaflets, defines

its existence by separating the interior from the exterior. This low dielectric barrier

selectively prevents the passage of hydrophilic and charged compounds including

small ions. Integral transmembrane proteins span the entire bilayer and take part

in small-molecule transport and complex signaling pathways while functioning as

receptors and/or ion channels. These proteins carry important biological functions

and hence are attractive drug targets. Present review considers the members of two

important protein superfamilies that provided themajor pharmaceutical drug-targets, viz.,

Cys-loop pentameric ligand gated ion channels (pLGICs) and class A G-protein-coupled

receptors (GPCRs). The crystal structures of integral membrane proteins (IMPs) are

difficult to obtain. Their unavailability has limited the structural investigation and

associated structure-based drug designing (SBDD). However, recent advancement in

crystallographic techniques yielded some important crystal structures. The advancement

of computational science guided IMPs study even in the absence of crystal structures

through the homology/comparative modeling approaches. These proteins possess

multiple ligand binding sites including both orthosteric and allosteric sites. Addressing

the multidimensional problem of understanding the structure and dynamics of such big

proteins, multisite-protein-ligand complexes is now possible with molecular dynamics

simulation approach, enabled with highly enhanced computational power. Overall the

discussion highlights the understanding of structure-function relationship that guides

SBDD of these interesting and important transmembrane proteins.

Keywords: pLGIC, GPCRs, GABA A receptor, structure based drug design, MD simulations, CNS drug discovery,

molecular docking, virtual screening

INTRODUCTION

Lipids are one of the major macromolecules present in the cell which are amphipathic in
nature with polar head groups and hydrophobic tails. This amphipathic nature helps the lipid
molecules to arrange themselves in bilayers which are about 5 nm thickness in living cells [1].
Various proteins are associated with these membranes which carry out varied functions of the cell
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including passage of selective molecules inside the cell, molecule
recognition, and signal transduction [2]. The functions of the
membrane associated proteins are modulated by the biophysical
properties of the bilayer membrane which in turn depend on
the lipid composition of bilayer. The glycerophospholipids are
the major constituent of bilayers along with sphingomyelin and
cholesterol [1]. The proteins associated with bilayer membranes
are of two types—integral membrane proteins (IMPs) and
peripheral proteins. IMPs are embedded directly into the lipid
bilayer. Peripheral membrane proteins are not inserted into the
lipid bilayer but are attached to the membrane by interactions
with the peripheral regions of the bilayer or with integral
proteins [2]. The structures of most of the IMPs are α-
helical in nature. These α-helical domains are embedded in
the membranes by hydrophobic interactions with the bilayer
and also by polar interactions with the polar head groups
of the phospholipids [3]. Few IMPs have single α-helix such
as glycophorin, which in the active state forms dimer [3].
Most of the IMPs have multiple transmembrane helices. The
pentameric ligand gated ion channels (pLGICs) have four
transmembrane helices contributing per subunit, so in total
20 helices forming the channel pore, while G-protein coupled
receptors (GPCRs) have seven helices spanning the entire
membrane [3]. Another type of IMPs, such as porins, has
different structure as it forms β-barrel. Amino acids of porins
are largely polar [3]. The IMPs include transporters, linkers
(proteins attached to the cytoplasmic side regulating downstream
proteins), channels, receptors, enzymes, structural membrane-
anchoring domains, proteins involved in accumulation and
transduction of energy and proteins responsible for cell
adhesion. Peripheral proteins adhere temporarily to the bilayer
membranes. Different peripheral membrane proteins include
enzymes, electron carriers, hormones, toxins, carriers of small
molecules etc. Membrane proteins thus play huge functional role
in any organism. To study the structural biology of these proteins,
3D structural information is needed which are very limited due
to difficulty in protein expression and purification process [4].
It is even more difficult to crystalize membrane protein as it
needs two types of environment—hydrophobic for the trans-
membrane domain (TMD) region and hydrophilic for the extra
cellular domain (ECD) region. Till now only 4,193 membrane
proteins have been determined by experimental methods [4].

Abbreviations: pLGICS, pentameric ligand gated ion channels; GPCRs, G-
protein-coupled receptors; SBDD, structure-based drug designing; IMPs, integral
membrane proteins; TMD, trans-membrane domain; ECD, extra cellular
domain; IC, intra-cellular; TM, transmembrane; GABA-Rs, γ-amino butyric
acid receptors; IPSP, inhibitory postsynaptic potential; CNS, central nervous
system; NT, neurotransmitter; IFD, induced fit docking; VSCC, voltage-sensitive
calcium channel; BZD, benzodiazepine; GLIC, Gloeobacter violaceus; CCK,
cholecystokinin; β1AR, β1-adrenergic receptor; β2AR, β2-adrenergic receptor,
A2A-adenosine receptor; MDS, Molecular dynamics simulations; POPC, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; CXCR4, chemokine receptor 4;
aMD, accelerated molecular dynamics simulations; MSMs, Markov State Models;
NMA, normal mode analysis; ENM, Elastic Network Model; CG, coarse-
grained; HBA, H-bond acceptors; HBD, H-bond donors; HY, hydrophobic; RA,
aromatic rings; HTS, high throughput screening; QSAR, Quantitative structure-
activity relationship; RMSD, root mean-square deviation; nACh-Rs, nicotinic
acetylcholine receptors; cryo-EM, cryo-electron microscopy.

These limitations of experimental structure determination could
at least be partially overcome by use of computational methods.
This review focusses on the use of suchmethods in two important
classes of transmembrane proteins viz., pLGICs and class A
GPCRs.

Ligand Gated Ion Channels (LGICs)
Human brain is center of nervous system containing billions of
nerve cells with a mind-boggling complexity. On average, each
neuron is connected to other neurons through about thousands
of synapses depending on local neuro-anatomy. The speedy
electrical signals from pre-synaptic neurons cause the release
of neurotransmitters at synaptic cleft. The converted chemical
signals of neurotransmitters bind to the ligand gated ion
channels (LGICs) embedded in the membrane of post-synaptic
neurons. Once activated LGIC superfamily proteins mediate
the passage of ions at the post-synaptic membrane. The LGIC
receptors mediate specific synaptic transmissions by forming a
unique signal transduction system re-converting the chemical
signals of neurotransmitters back to the electrical signals.
Overall this arrangement delivers fast and timely transmissions
needed for responses of complex organisms. The dicarboxylic
amino acids like glutamate, aspartate mediate excitatory
responses, while monocarboxylic ω-amino acids like γ-amino
butyric acid (GABA), glycine, β-alanine, and taurine mediate
inhibitory stimuli [5]. There exists a delicate counter-balance
between endogenous chemicals to harmonize the optimal brain
function. Any imbalance may lead to number of neurological
disorders. It makes LGICs as pharmaceutically important
drug targets, which can be modulated by both endogenous
neurotransmitters and exogenous allosteric modulators.
Pharmaceutically important anion selective inhibitory members
are GABAA/C-Rs [6, 7], strychnine-sensitive glycine receptors
(Gly-Rs) [8, 9] and invertebrate glutamate gated chloride
channels (GluCl) [10–12], while cation selective excitatory
members are nicotinic acetylcholine receptors (nACh-Rs)
[13, 14] and 5-hydroxytryptamine type-3receptors (5-HT3Rs)
[15, 16].

G-Protein Coupled Receptors (GPCRs)
G-protein-coupled receptors (GPCRs) are the largest and
most diverse group of membrane receptors in eukaryotes and
constitute about 40% of the drug targets [17]. GPCRs are
single polypeptide chain composed of around 300 amino acids,
arranged in 7 transmembrane (TM) helices with alternate
intracellular (IC) and extracellular (EC) loops. Upon ligand
binding, conformational changes take place in the GPCRs. This
conformational information is then transmitted to G proteins
and effectors to initiate signal transduction [18]. The various
physiological roles of GPCRs include visual sense (rhodopsin),
taste, olfactory sense, behavioral regulation (serotonin and
glutamate receptors), immune system regulation (chemokine),
nervous system transmission, growth and metastasis. Based on
phylogenetic criteria, human GPCRs have been divided into
5 families—rhodopsin, glutamate, adhesion, frizzled/taste2, and
secretin [19]. Of these rhodopsin is the largest family with highest
number of drug targets, hence, this review will focus on the
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rhodopsin family (class A) of GPCRs which will be discussed
in details. The secretin family is another small family of GPCRs
consisting of 15 members. Few members of this family are
the calcitonin and calcitonin-like receptors, the corticotropin-
releasing hormone receptors, the glucagon receptor, the gastric
inhibitory polypeptide receptors, the glucagon-like peptide
receptors, the growth-hormone-releasing hormone receptor
among others. These receptors share 21–67% homology among
themselves [19]. The binding site for the ligands consists of both
N-terminal domain and EC region of transmembrane domains
[19]. Adhesion family of receptors are the second largest family
of GPCRs after Rhodopsin family. They are characterized by
long N-terminal domain. They play a role in immune system,
neuronal development and bone marrow and hematapoietic
stem cells interactions. The binding sites of these receptors are
located in the N-terminal domains [19]. Frizzled receptors play
major roles in cell polarity, embryonic development, formation
of neural synapses, cell proliferation, and many other processes
in developing and adult organisms [19].

A BRIEF EVOLUTIONARY HISTORY OF
THE pLGIC AND GPCRs

The pLGIC descended from an early lateral transfer from
prokaryotic source before the prokaryote-eukaryote dichotomy
[20]. The pLGIC diversity is ancient and for divergent subunits
only 10–15% of sequence identity is witnessed, however,
multiple sequence alignment across entire superfamily clearly
indicates high degree of conservation for important residues
[20, 21]. Taken together the pLGIC superfamily shows lack of
conservations at sequence level with highly conserved structures
[22]. The most conserved regions are the transmembrane region
(TM) and ligand-binding region in ECD while the remaining
regions are less conserved [22, 23].

The GPCRs are present in all the five kingdoms of life with
abundance in mammals. Approximately 4% of the mammalian
genes encode for GPCRs [24]. GPCRs play a significant role
in inter and intra-communication between organisms. The
evolutionary success of GPCRs could be attributed to the
fine-tuning of this communication process, and for this fine-
tuning structural diversity is essential [25]. Intra-chromosomal
gene duplications, entire chromosomal and whole genome
duplications have helped GPCRs to evolve through all kingdoms
of life [26]. Rhodopsin family, the largest family in GPCRs is
considered the most evolved family. The ligand-binding site is
located in the TM regions in this family, whereas in other GPCR
families, N-terminal region of the receptors also play a crucial
role in binding of ligands [25].

STRUCTURE-FUNCTION DETAILS OF
pLGICs AND CLASS A GPCRs

The structural assembly of pLGICs uses five subunits and
provide regions like ECD, membrane embedded TMD forming
ion channel with flanking intracellular domain. The subunit
composition determines ion selectivity, neurotransmitter affinity,

subcellular localization, gating kinetics, and pharmacology [21].
There exist different stoichiometry and subunit arrangements
forming either homopentameric (identical subunits) or
heteropentameric (variable subunits) receptors [27].

The depolarizing nACh-Rs and 5-HT3R channels provide
excitatory synaptic signals while hyperpolarizing GABAA/C-Rs,
Gly-Rs, and GluCl channels provides inhibitory signals. The
diversity of subunit isoforms and further mRNA splice variants
gives enormous heterogeneity for pentamer formation. The
human nACh-Rs carries the repertoire of 16 different subunit
subtypes α1−α7, α9, α10, β1−4, γ, δ, and ε [28] and GABAA-R
uses 19 different subunit subtypes, α1−6, β1−3, γ1−3, δ, ε, π, θ,
and ρ1−3 [6, 29–31]. This review exclusively considers GABAA-
R as LGIC representative, thence provides its detailed discussion
hereafter. Human brain contains 20–30% GABAergic neurons
[32], where GABA mainly acts through ionotropic (GABAA,
GABAC) and metabotropic (GABAB) receptors. The native and
most abundant GABAA-R form comprises of two α1, two β2, and
one γ2 subunits (about in 70–90% of all GABAA-Rs) [33–35]. The
homopentamers are mostly limited to ρ and β1/3 subunits [36].

The physiological significance of diversity equips each of
the divergent combination having different channel kinetics,
affinity for GABA, rate of desensitization and ability for transient
chemical modification such as phosphorylation [37]. Hetero-
oligomeric channel assembly is known to form more efficiently
with added benefits of higher chloride ion passage and possibly
at lower GABA concentrations [38].

Each GABAA-R subunit consists of (i) extracellular ligand
binding (∼200–250 amino acids) N-terminal domain which
starts from α-helix and further uses 10 β-strands to fold
into a curled β-sandwich of inner and outer β-strands [39];
(ii) hydrophobic trans-membrane domain (TMD) of four α-
helices (M1-4) where M2-helix lines ion channel; (iii) flanking
intracellular loop domain (ICD); and (iv) a small C-terminal
extracellular domain. Almost 10 small ligand binding sites are
found at GABAA-R structure [40].Most of these receptor sites are
present at the subunit junctions and are spread all over receptor
structure [40]. These allosteric and orthosteric sites couple ECD
and TMD regions of GABAA-R covalently and functionally. The
change over from closed (switched OFF) to open state starts
when two GABA molecules bind at the orthosteric sites present
at β+/α- subunit interfaces [41]. The conformational changes
started after the binding of neurotransmitter in ECD region
reaches to TMD region resulting in the opening of channel pore
(switched ON), which further permits the influx of chloride
ions and the initiation of an inhibitory postsynaptic potential
(IPSP) [32]. Generally, chloride ion influx is from extracellular
to intracellular region [35]. However, in developmental stage
intracellular concentration exceeds extracellular levels causing
ion efflux from inside to outside for neuronal depolarization
(excitation) [35, 42]. GABAA-R controls the excitability of
the brain to modulate anxiety, feeding and drinking behavior,
circadian rhythms and cognition, vigilance, memory and learning
[43]. Overall, immense therapeutic opportunities exist that work
through GABAergic inhibition.

Out of total 799 members of full length GPCRs, class A GPCR
also known as rhodopsin family has around 670 members [44].
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The rhodopsin family is highly diversified based on both the basis
of its sequence in the N-terminal and the TM regions, and the
ligand binding characteristics. The TM region consists of 7 TM
helices arranged in anticlockwise pattern. Rhodopsin family is
further subdivided in to 4 classes, namely, α, β, γ, and δ [45].
This class of GPCRs is target for various ligands such as peptides,
amines and purines. The α group consists of various drug targets
such as histamine receptors, dopamine receptors, serotonin
receptors, adrenoreceptors, muscarinic receptors, prostanoid
receptors, and the cannabinoid receptor. Widely used drugs such
as antihistamines, antacids, antipsychotic, and cardiovascular
drugs bind to these receptors [46]. The binding site of these
receptors is located in the TM region The β subfamily consists
of endothelin, gonadotrophin-releasing hormone, and oxytocin
receptor. The ligands for these receptors are mainly peptidic
ligands with binding site consisting of TM regions, EC loops
and N-terminal region. The γ group consists of opioid receptors,
somatostatin receptors, and angiotensin receptors [45]. The
members of δ subfamily of rhodopsin family have very low
sequence homology with rhodopsin protein. However, they have
a series of conserved residues in the TM region, which categorize
them in the rhodopsin class of receptors [47]. The conserved
residues of each of the TM helices [47] are provided in Table 1.
The numbering scheme of the residues is followed for class A
GPCRs [48] where the first number denotes the helix (1–7) and
the second is the residue position relative to the most conserved
position, which is assigned the number 50. Both the hydrophobic
and polar residues are important for receptor activation [49].
The residue 3.40 stabilizes the receptor in the active state and
mutation of this residue in histamine H1 receptor abolishes
its activity [50]. The crystallographic structure of β2 adrenergic
receptor complexed with G protein shows that during the process
of receptor activation, R3.50 interacts with Y5.58 and Y 7.53 [51].

LGICs AND GPCRs: IMPLICATION FOR
DRUG DISCOVERY

Currently entire mankind is facing the challenge of maintaining
the proper balance of immensely operative brain due to
extremely competitive and stressful life. The Global Burden of
Disease Study 2010 indicated 28.6% contribution of neurological
disorders [52] presenting significant disease burden. Considering
the desperate need, the drug discovery programs targeting LGICs
and GPCRs hold profound potential.

TABLE 1 | Conserved residues in each of the TM helices in rhodopsin family [44].

TM helix Conserved residues

TM1 N1.50, G1.49, and V1.53

TM2 D2.50, L2.56, and A2.57

TM3 R3.50, E/D3.49, Y3.51 (DRY motif), I3.40, L3.43, and C3.25

TM4 W4.50

TM5 Y5.58 and F5.47

TM6 F6.44, C6.47, W6.48, and P6.50

TM7 NPxxY motif with P7.50

In mammals, GABA is present in more than 30% of the
central nervous system (CNS) neurons [53]. Excessive GABA-
mediated inhibition may lead to coma, depression, low blood
pressure, sedation, whereas excessive excitation may result in
convulsions, anxiety, high blood pressure, restlessness, and
insomnia [54]. The neuropharmacology of GABAA-R is vital as
it is a major therapeutic target for anxiety disorders, cognitive
disorders, epilepsies, mood disorders, schizophrenia, and sleep
disorders [54]. The widespread distribution and broad effects
made them important drug targets [55]. The latest study indicates
that the mental health disorders cost for not treating the
depression and anxiety affects the global economy nearly by
$1trillion every year [56]. The investment cost needed over the
period of 2016–30 to substantially scale up effective treatment
coverage for depression and anxiety disorders is estimated to
be US$147 billion [56]. Another level of consideration for
CNS drug discovery is coupling of neurotransmitter (NT)
receptors to ion channels in the brain [57]. The convergence
and divergence of NT actions give rise to diversity in
neuronal signaling [57]. Apart from activating or deactivating
the channels, NTs can simultaneously alter the properties of
voltage-dependent ion channel conductance thus controlling
cell excitability [58]. The few interesting coupling examples
to understand while perusing CNS drug discovery are: (i)
opioid inhibits GABA-mediated synaptic currents by controlled
presynaptic voltage-dependent potassium conductance, [59]; (ii)
Kir3 potassium channels coupling with metabotropic GABAB-R
controls neuronal excitation [60], and (iii) GABAB-Rs inhibit
many voltage-sensitive calcium channel (VSCC) subtypes and
may control Ca-dependent neuronal processes [61] etc. Thus,
different receptor types modulate the same ion channel either
using shared second messenger system or separate systems
viz., NTs like GABA, serotonin, and adenosine act on different
receptors but activate same G protein to open a common K+
channel [57]. Overall the considerations of (i) amount of NT
released and (ii) type of receptor and coupling mechanism
determines the complexity in neuronal signaling [57].

Drug Designing Hierarchy Considerations:
Subtypes, States, and Sites of Receptors
Taking into account the different subtypes forming the pentamer
(for selective actions), states of receptor (for functional reasons)
and binding sites (targeted binding), there are three critical
factors to be considered for drug discovery (Figure 1B).

In GABAA-Rs the molecular genetics and pharmacological
data indicated that α2/3-subunit containing GABAA-Rs show
“anxiolytic” action, whereas α1-subunit containing show
“sedative” actions [62]. Thus, a compound selective for α2/α3-
GABAA-Rs and having no activity at α1-GABAA-Rs would
provide benefits from non-sedating anxiolytic actions and its less
addictive nature.

The receptor composition having α1, α2, α3, or α5 subunits
in addition to β- and γ- subunits are benzodiazepine (BZD)-
sensitive [63, 64]. They are largely located synaptically and
mediate phasic inhibition in the brain [65]. The BZDs acting
through BZD site, present at α (+)/γ (–) subunit interface,
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FIGURE 1 | (A) Animated top view of GABAA-R showing (i) The subunit arrangement and channel pore; (ii) Location of orthosteric site-2 and site-1 with bound GABA

having capped C-loop; (iii) allosteric BZD-site. (B) Drug designing hierarchy: The major consideration is subtypes to target, next come the “states” of receptor it brings

responsibility of finding functionally important sites or hidden allosteric sites from the ensemble of conformations, and finally the sites to be targeted, whether

orthosteric or allosteric.

affect the preactivation step and cause global conformational
rearrangements of GABAA-R structure [66]. Overall it shifts the
equilibrium between the ligand bound resting and preactivated
states before channel opening [66]. The pentamers consisting
α4- or α6-subunits together with β and δ subunits, located
extrasynaptically, mediate tonic inhibition and are insensitive
to BZD modulation [67]. The diverse subtype combinations
with different regional, cellular and sub-cellular distribution [35]
provides opportunity to modulate different neuronal circuits
entitled with the novel selective actions, viz., selective affinity or
efficacy.

Apart from already discussed closed and open states, there
exist other receptor states like uncapped state with GABA-
unbound or antagonist bound states [68–72], desensitized state
[73] and doubly/singly GABA bound states having unique role to
play in mediating fast inhibitory neurotransmissions.

Structurally, LGICs possess five subunit junctions with ligand
binding possibilities, out of which three sites in ECD are
important in case of nACh-R [74] and GABAA-R (two GABA
binding sites and one BZD-site, shown in Figure 1A).

The GABA binding site is located just beneath the C-
loop, hence, its positioning can be considered as a main
barrier for GABA entry [68]. The GABA unbound intermediate
“Uncapped receptive state” originates form closed state and
provides accessibility path for GABAs to enter and bind. The
extra C-loop opening at site-2 offers more time and space for
GABA binding than the less opened C-loop of site-1, making
site-2 as favored GABA binding site [68, 75]. This uncapped state
controls the subsequent formation of doubly and/or singly bound
states. The projected journey centered on uncapped receptive
state [68] with GABAA-R opening-closing cycle is shown in
Figure 2.

The exploration of third (allosteric) site is needed when there
is decrease in apparent affinity or concentration of GABA to
elicit chloride ion currents [76]. The restoration of neuronal
balance can be achieved through therapeuticmodulation through

BZD-site. So, what happens to the cross-talk between two
cooperative orthosteric GABA sites whenwe bring third allosteric
BZD-site into consideration? And also, how it is connected with
subtype selective modulations? These are the required questions
to be addressed for subtype selective drug designing. In summary,
the critical factors to be considered for drug designing are
the subtype composition, states (bound, unbound, desensitized,
intermediate etc.) and sites (orthosteric and allosteric) of the
receptor.

GPCRs: Implication for Drug Discovery
Various GPCR proteins are targets for diseases associated with
CNS. Positive and negative allosteric modulators could help
in modulating these GPCRs [77]. P2Y, a purinergic GPCR is
a target for Alzheimer’s disease and is distributed throughout
the brain. An allosteric binding site for this receptor has been
deciphered by crystallography. Negative allosteric modulators
could be identified using the binding site inhibition [78].
Muscarinic acetylcholine receptors (mAchRs) are involved in
cognitive, memory and motor functions [77]. M1 and M4
mAchRs subclasses are considered as important targets for
schizophrenia, Alzheimer’s disease and Parkinson’s disease [79].
Positive allosteric modulators could help in increasing the
reduced cholinergic transmission [80]. Various subtype selective
positive allosteric modulators of mAchRs have been undergoing
clinical trials [77]. Metabotropic glutamate (mGlu) receptors
are class C GPCRs which have a large extracellular domain for
binding glutamate and have been divided into eight subtypes
[77]. They are targets for Parkinson disease (mGlu4; mGlu5);
cerebellar ataxia (mGlu1) and Alzheimer’s disease (mGlu2,
mGlu5) [77]. The orthosteric sites for the different subtypes are
highly conserved, so it is very difficult to identify subtype selective
ligands. Role of GPCRs’ structural data for drug discovery
of neurodegenerative process have been reviewed thoroughly
[78]. Recent elucidation of various crystallographic structures of
GPCRs have helped in better understanding of structural biology
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FIGURE 2 | Central role of uncapped receptive state in governing state as well as site dependant characteristics of GABAA-Rs. Reprinted by permission of Taylor &

Francis Ltd, http://www.tandfonline.com [68].

at the orthosteric site. Studies on β1 adrenergic receptor and
β2 adrenergic receptor elucidates that the substrate selectivity is
due to specific regions in the EC loop of each receptors [79].
Likewise, crystallographic structures of other GPCRs have shed
insights into the subtype selectivity of ligands at the orthosteric
sites [78]. Another important aspect for understanding the

structural biology of GPCRs is their conformations in the lipid
environment. The composition of lipid bilayer specifically the
concentration of cholesterol modifies the conformational states
and activation of these receptors [80]. Another aspect of GPCR
structural biology is the presence of homo/hetero dimerization
of the receptors which also modulates the binding of ligands and
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the signal transduction process [81, 82]. Various conformational
states of GPCRs are present which are in between active and
inactive states and conformational stabilization of these states
could not be explained only by the presence of orthosteric
ligand-binding sites. On the other hand, allosteric modulators
could potentially target various subtypes. These allosteric binding
sites are present in EC domain and help in stabilization of
intermediate states and ligand binding which promote alternate
signaling pathways [78, 83]. The biggest advantage of allosteric
site is that it is under less evolutionary pressure and thus it may
easier to develop subtype selective ligands. A list of available
subtype selective modulators of class A GPCRs have been
summarized [83]. Allosteric modulators of mGlu receptors have
been found to demonstrate symptomatic treatment potential in
preclinical studies in mouse models [77]. Thus, identification of
allosteric modulators of GPCRs involved in CNS diseases appears
to be promising in subtype modulation of these receptors and is
a therapeutically major area of research.

RECENT THREE-DIMENSIONAL
STRUCTURES

Recent Three-Dimensional Structures of
GABAA-Rs and Structural Homologs
First high-resolution structure of membrane protein was for
soluble acetylcholine binding protein (AChBP) containing
extracellular region [84]. Initially, the structure of apo AChBP
from Aplysia Californica [85] served as template for many
modeling works restricted to only the ligand binding domain
(LBD) of receptor. The first complete structure was from
heteromeric nAChR of Torpedo marmorata electric organ at
4Å resolution [86, 87]. The resolved crystal structures of two
bacterial homologs from Erwinia chrysanthemii (ELIC) [88]
and Gloeobacter violaceus (GLIC) [89] provided understanding
about the closed and open states, respectively. By serving
as representative templates, these biologically important states
provided valuable understanding of GABAA-R structure and
function [23, 68]. The first resolved structure of an anion-
selective glutamate-gated chloride ion channel homopentamer
(GluClα) was from Caenorhabditis elegans [90, 91]. These
homologous proteins opened the doors to understand the
structure of GABAA-Rs. Recent disclosure of human β3-
homopentamer [39] provided opportunity to understand the
structural details of GABAA-R, however, its desensitized state
nature limited its utility for modeling other states of receptors.
The latest structures are apo GluCl from Caenorhabditis elegans
[92] and agonist-bound form [90], nanobody-bound mouse
5HT3R [93], agonist-bound human GlyRα3 [94], and ivermectin
bound form [95] further providing the structure-function
understanding.

Recent Three-Dimensional Structures of
GPCRs
The first crystallographic structure of GPCR was that of bovine
rhodopsin in 2000 [96]. The structure of squid rhodopsin was
deposited in 2008 [97]. The first crystallographic structure of

human β2-adrenergic-receptor complexed with inverse agonist
was deposited in 2007 [98] and thereafter structures bound to
antagonist [99] and irreversible agonist were deciphered [100].
The structures of Turkey β1-Adrenergic-aceptor complexed with
antagonist [79], partial agonist and agonist were deciphered
[101]. Thereafter the crystallographic structures of human
Alpha2 Adenosine receptor bound to antagonist [102] and
agonist [103] were deciphered. These structures paved the
way for better understanding of structural basis of receptor-
ligand interaction in GPCRs. These structures also served
as new templates for homology modeling of other GPCRs.
Crystallographic structures of all three opioid receptors bound
to antagonists were deciphered in 2012 [104–106]. All available
crystallographic structures of GPCRs are listed in the following
database (https://zhanglab.ccmb.med.umich.edu/GPCR-EXP/).

COMPUTATIONAL STRUCTURE-BASED
DRUG DESIGNING APPROACHES IN
SOLVING LGIC AND CLASS A GPCR
STRUCTURES AND PROTEIN-LIGAND
RECOGNITION

Traditional vs. Modern Drug Discovery
The unfulfilled clinical need accompanied by disease or clinical
condition is the mother of all drug discovery program initiatives.
One of the costliest, time consuming, and complex ideas to
explore is dreaming about a drug molecule from the pool
of billions of chemical compounds. It takes arduous input of
almost 12–15 years and expense of more than $ 1 billion [107].
Traditional drug discovery was mainly driven by combinatorial
chemistry taking chances in a trial and-error manner. Also,
the strategy of one size-fits-all-diseases does not follow while
identifying and validating drug candidate. It is impractical
to conduct experiments on biological screening of publicly
accessible billions of compounds. Hence, the current drug
discovery program is an interdisciplinary endeavor that considers
input from all the essential disciplines to avoid end stage drug
failures saving huge loss of time, money and resources.

The rational drug designing follows “one gene, one drug,
one disease” paradigm [108], which arose from the agreement
between genetic reductionism and latest molecular biology
techniques helping in characterization of disease-causing genes.
The most widely used “reductionistic” target-based approach
[109] focuses on identification and validation of small molecule
compounds against a specific protein target. The chosen target
function must be essential for disease-phenotype. The process
of choosing a drug-target for a costly drug discovery program is
pivotal. The key preclinical stages of the drug discovery process
are as follows: (i) initial target identification and validation; (ii)
thorough assay development; (iii) high throughput screening;
(iv) hit identification; (v) lead optimization and final selection
of candidate molecule for clinical development [107]. The drug
discovery and development pipeline is shown in Figure 3.

One of the first drugs based on rational designing approach
was Relenza [111], used to treat influenza. Computational
methodologies form the essential part of modern drug discovery
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FIGURE 3 | The pipeline for drug discovery and development. The long process starting from initial idea to a marketed drug takes ∼12–15 years and success rate of

finally reaching 1 in 5,000 compounds to the market (may vary depending on the disease area). The preclinical stage gives most failures so need to detect it as early

as possible. Pipeline follows hit-to-lead process by assessing “hits” for relevant biological and drug-like properties (Reprinted by permission from Macmillan

Publishers, Ltd.: Nature Horizon, ref. [110], copyright 2004).

programs [112] assisting with enormous inputs. The inputs assist
at every level of drug designing process including the use in high
throughput screening [113]. Overall it has tremendously fostered
the process of drug designing saving up to 50% of total drug
design cost [114].

The era of 1990s favored and extensively followed
“reductionistic” target-based approach. In the present
postgenomic era, its sole follow up yielded persistent failures
[115]. More holistic approach involves the screening of test
compounds to determine the ability to elicit phenotypic changes
in mammalian cells/animal model [109]. This phenotype-based
approach is not limited to individual genes or proteins, however,
it covers the investigation of signaling pathways in a systems-
based manner [116]. This approach aims at providing the
chemical tools against every protein encoded by the genome. The
phenotype-based versus target-based drug discovery pipeline
follow up is given in Figure 4.

In structure-based drug design, 3D-structure of a drug target
interacting with small molecules is used to guide drug discovery
[117]. As mentioned by Raymond Stevens, “We’re in a very

target-rich but lead-poor post-genomics era for drug discovery”
[117]. The source of structural information can be achieved
through X-ray crystallography, nuclear magnetic resonance
(NMR) spectroscopy or cryo-electron microscopy (cryo-EM).

In the new era of molecular biology, the determination
of large, fragile, or flexible ion channel structures can be
achieved through the resolution revolution in cryo-EM method
[118]. Without protein crystallization this technique can
capture full conformational states [119]. The resolution for
most of the cryo-EM ion channels is in the modest range
of 3–4 Å [119]. By combining cryo-EM and MDS studies
significant insights about drug binding to ion channels
can be achieved [119] for such structures. Latest (2018)
cryo-EM structure of pLGIC member 5-HT3A serotonin
receptor in its apo-sate [120] is the best example to mention
here. 3D structures of GPCRs such as calcitonin receptor
complexed with peptide ligand and heterotrimeric Gαsβγ

protein [121] and glucagon-like peptide receptor complexed
with Gs [122] have been determined recently using cryo-EM
technology.
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FIGURE 4 | Phenotype-based vs. target-based drug discovery. The figure demonstrates the identification of molecular target and lead molecules during early phase

drug discovery process. The phenotype-based approach first obtains lead molecules, and then proceeds with target deconvolution for identifying the targets that

highlights observed phenotypic effects. In target-based approach identification and validation of molecular targets takes place before starting the actual lead discovery

(Reprinted by permission from Macmillan Publishers, Ltd.: Nature Reviews Drug Discovery, ref. [109], copyright 2007).

The site-directed spin labeling and electron paramagnetic
resonance (SDSL-EPR) spectroscopy provides another approach
for studying structure-functions details of ion channels. The
study on K+ channel KcsA outer vestibule is an excellent
example where authors used combined SDSL-EPR and restrained
ensemble (RE) simulations to gain insights on gating-induced
structural dynamics [123]. The combined approach of using EPR-
spectroscopy and computer simulations carries a potential to
answer problems on ion channels [123, 124].

Focused combinatorial chemistry is the best thing that
ever happened to structure-based drug design [117]. Target
knowledge based combinatorial chemistry could guide the
rapid generation of numerous compounds. Michael Milburn
mentioned, “Structure is a really good way of quickly getting
a handle on how the lead compound binds to the target of
interest and what one might be able to do with chemistry to
modify the molecule to get the desired properties” [117]. So,
when we know about the binding profile of any compound we
also know where it can possibly be modified to improve its
druggability. When 3D-structures of the targets are unavailable
the path of structure based drug designing could be nicely guided
by homology/comparative modeling of the target.

Homology Modeling and Molecular
Docking
Structure based studies without experimentally determined
three-dimensional structure availability can be completed with
the help of homology modeling technique. The obvious reason to
perform modeling is rightly stated by Henry A. Bent, “A model
must be wrong, in some respect, else it would be the thing itself.
The trick is to see where it is right” [125].

Homology modeling predicts the tertiary structure of an
unknown protein using known 3D-structure of protein(s) with
homologous sequence as template(s) [126, 127]. Unfortunately,
the 3D-structures of many pharmaceutically important drug
targets like GPCRS and ion channels are not available as
structure elucidation is often hampered by difficulties in isolating
pure protein, diffracting crystals and many other technical

aspects. Homology modeling is based on twomajor observations:
(1) the structure of a protein is uniquely determined by its
amino acid sequence; and (2) during evolution, the structure
changes much slowly than the associated sequence, hence,
similar sequences adopt identical structures and distantly related
sequences fold into similar structures [128, 129]. One of the
most successful and largely used tools for homology modeling
is MODELLER [126, 130, 131]. The first step of homology
modeling is to select an appropriate template for the query
sequence. Alignment is reliable when a structure with high
sequence homology from PDB [132] (>50%) is available. As
identity continues to decrease below 30%, the task of recognizing
the appropriate template becomes increasingly difficult [133].
Methods such as BLAST [134] and PSI-BLAST [135] are often
used for finding templates. After identification of the best
template for comparative modeling, an optimal alignment must
be made, which plays a crucial role in determining the quality
of the model. Methods like Smith Waterman algorithm [136]
Clustal X [137], Dialign [138], Fugue [139], and PROMALS-
3D [140] are routinely employed for sequence alignment. The
issue of low template-target sequence identity is common in
membrane protein modeling. Despite this, it is well accepted
that the members of pLGIC super family adopt similar 3D-
structures. Suitable models can be obtained even with low
sequence identity [23]. Consequently, the use of profile-based
sequence-structure methods like Fugue and PROMALS-3D are
recommended for obtaining reliable IMP models. It is advised
to use multiple templates to increase the sequence coverage for
such cases. Additionally, knowledge of experimental data from
biochemical and pharmacological experiments can be used to
guide the process of model generation by applying structural
restrains. Once a proper target-template alignment is ready,
the model building starts with generation of 3D coordinates of
backbone. After the initial model building, the model should
be optimized using either energy minimization or molecular
dynamics simulation methods. Validation of homology models
is carried out for stereochemical accuracy, fold reliability and
packing quality. Various programs and servers like WhatIf [141],
Procheck [142], Prosa [143], Verify3D [144], and Molprobity
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[145] are routinely employed to check the reliability of the
models. A reliable measure of model quality assessment is Cα-
RMSD values obtained after RMSD fitting of model with native
state template. Homology modeling methods are applicable for
membrane protein modeling as it is to water-soluble proteins
[146]. The acceptable models can be obtained with Cα-RMSD
values to the native of 2 Å or less in the transmembrane regions at
30% or higher sequence identity [146]. Details of binding modes
for the known compounds and presence of reported interactions
can provide important criteria to judge the quality of obtained
model and to confirm the proper modeling of active-sites. Mostly
obtained models represent the unliganded state and hence post-
modeling confirmation is required. With this approach accurate
homology models of IMPs have been obtained [23]. However,
it can also be taken care during modeling process by implying
ligand-aware modeling approaches [147]. It treats ligands as an
integral part of a model throughout the entire modeling process
like ligand steered modeling (LSM) which heavily relies on
correct ligand placement. The binding site remodeling approach
applies ligand restraints on the initial model to build a second
refined model [148], such approach showed success rate of 70%
in producing near-native binding-site geometries (rmsd < 2.0Å)
with MODELLER [148]. For mutagenesis studies low-accuracy
models can be completely sufficient while structure-based virtual
screening requires greater accuracy [149].

To understand the world of protein, it is essential to know
the different ways of communication operating through the
molecular interactions at its functional sites. Both transient
and long-lasting interactions between macromolecules and their
molecular partners are fundamentally important for all the
biological mechanisms and it lies at the conceptual heart
of protein function [150]. The protein binding site is of
prime importance and involves in the binding events. The
3D-arrangement of a binding site consists of specific amino
acids, which confers characteristic (i) geometry: the size and
shape and (ii) physicochemical properties: hydrophobic or
polar, for molecular binding [1]. The event of molecular
recognition between protein and any small molecule considers
the complementarity between the two binding partners [151].
Adequate steric complementarity, large interaction interfaces
and specific geometric constrains are necessary for proper
binding.

Docking is a method of computationally predicting
conformations of a ligand and its proper orientation into
the binding site of the protein of interest using different search
algorithms. It is used for predicting protein-ligand interactions
and binding affinity. Protein-ligand docking is a tool to identify
novel ligands using structure-based virtual screening approach.
The basic requirements for docking are 3D-structures of the
protein and ligands and a docking tool with validated search
algorithm and scoring function [152]. The origin of degrees of
freedom to consider comes from the relative orientation of two
binding partners (i.e., three rotations and three translations)
as well as their conformational flexibility (rotatable torsion or
dihedral angles). Given a binding site, ligand sampling algorithm
generates putative ligand orientations called as poses. Search
algorithms for sampling the conformations of the ligand can

be broadly divided into three categories, namely, systematic
methods (incremental construction), random or stochastic
methods (Monte Carlo, genetic algorithms), and simulation
methods [152].

Docking procedures can be classified into three levels by their
degree of flexibility [152]: (1) Rigid body docking approach which
uses conventional lock and keymodel and treats both protein and
ligand as rigid solid bodies. (2) Semi-flexible docking approach,
where one of the two molecules, usually the smaller ligand is
considered as flexible, while the receptor is regarded as rigid. (3)
Flexible docking approach, in which both ligand and protein are
treated as flexible.

Scoring functions are mathematical methods, which are used
to predict the strength of the binding affinity of protein-ligand
complex after docking. Different types of scoring functions, used
in docking are [152]:

(i) Force field-based methods use non-bonded interaction
energies from existing force fields to estimate binding affinity.
These methods approximate the binding free energy of
protein-ligand complexes by summing the van der Waals and
electrostatic interactions.

(ii) In empirical scoring functions, the binding affinity
is decomposed into sum of few chemically acceptable
interactions. These scoring functions are made up of
terms accounting for hydrogen bonds, ionic interactions,
hydrophobic interactions, and entropic contributions.

(iii) The knowledge-based scoring functions model the protein-
ligand affinity by means of statistical analysis of structural
data of different protein-ligand complexes. The frequency of
occurrence of a particular combination of atom types is a
measure of its contribution to binding affinity.

Few popular docking algorithms are LigandFit [153], FlexX
[154], DOCK [155], GOLD [156], AutoDock [157], Glide [158],
and InducedFit. LigandFit considers protein as rigid molecule.
FlexX, AutoDock, DOCK, and Glide consider partial flexibility
of protein. GOLD involves flexibility of side chains of protein.
InducedFit algorithm uses more realistic approach that considers
the flexibility of both the binding partners adding induced
protein flexibility.

Homology Modeling of GABAA-Rs and Docking of

Ligands
The structural homology across the pLGIC superfamily has been
explored for advancing the knowledge of members difficult to
crystalize, using homology modeling approaches. Continuous
efforts have been made to build better homology models
of GABAA-Rs [23, 159–169]. Most of the available crystal
structures used for LGIC modeling are homopentameric while
the structures to be modeled are heteropentameric in nature.
The use of different templates for modeling is discussed under
recent 3-Dimentional structures of LGIC heading. The issue
of homo for hetero needs to be addressed for using these
templates properly. The following parameters need to be carefully
considered and addressed during modeling: (a) the sequence
coverage between target-template sequence; (b) maximizing
evolutionary important conservations with sequence-structure

Frontiers in Physics | www.frontiersin.org 10 September 2018 | Volume 6 | Article 52

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Payghan et al. Drug Designing Against Transmembrane Receptors

based alignment across all the subunits; (c) subunit order
whether clockwise or anti-clockwise to obtain biologically
relevant subunit arrangement; (d) dealing with the unaligned
intra-cellular regions; (e) considering multiple templates to
combat low sequence identity issue; and (f) the state of
the considered template structure whether (apo, holo, closed,
or open etc.). The very common observation about all the
modeling studies is that they are successful in providing valuable
information based on where the model is right. This skillful
utilization of modeling technique is encouraged where obtaining
a crystal structure is difficult. The homology modeling has
helped in understanding the GABAA-R structures and is still
serving the purpose. The recently available templates carry
more sequence identity and are contributing for model building
depending on their states for addressing problems within
scope.

In normal physiological conditions, two orthosteric GABA
binding sites of GABAA-R function to open the channel for
IPSPs. These sites consist of residues Phe64, Arg66, Arg119,
Arg131 from α (–) subunit and Glu155, Tyr157, Phe200, Tyr205,
Thr202 from β (+) subunit [161, 169–171] (see Figure 1A).
Understanding the binding of very small and flexible GABA
molecule with so many reported binding site residues is difficult
task. Previous studies have explained the molecular recognition
of GABA and most of them are in accord with literature
findings pinpointing not all but important binding residues at
the respective models [23, 68, 169]. The binding pockets of
such multimeric protein involves the junctions between two
subunits, hence, to cover their contribution the ligand flexibility
alone cannot be sufficient. So, to obtain reliable binding solution
the flexibility of both binding partners needs to be considered
for huge proteins like GABAA-Rs. Next question to address
for multisite binding problem is: which of the two orthosteric
binding sites to consider for first docking experiment, which
for the second and why? The earlier literature suggests that
site-2 is favored GABA binding site over site-1 [68, 75], these
observations address this issue of binding site prioritization
for docking experiment. It can also be quickly tracked by
performing IFD experiment separately on each of the sites
and comparing their scores finally to go with the highest
scoring site. To combat with the diseased situations, exploring
positive allosteric modulatory (PAM) effects by targeting BZD-
site remains the choice of need. The allosteric BZD-site is present
at the subunit junction of α(1,2,3,5)(+)/γ2(−). As a whole, BZD-
site is formed by the contribution of α-subunit residues Tyr159,
Ser204, Tyr209, and His101, and γ2-subunit residues Phe77,
Met130, and Thr142 residues [169, 172, 173]. Compared to
endogenous neurotransmitters the allosteric binders are larger in
size and mostly more stable/less flexible. Their binding with α1-
subunit containing GABAA-R shows type I BZD-binding profile
with sedation and α2/α3-and α5-subunit containing receptors
shows type II BZD-binding profile without sedation [174]. There
are lot of studies which have shown the binding of allosteric
modulators at BZD-site [161–164, 169]. In common agreement
they are able to pose allosteric modulators at the binding
site.

Homology Modeling of Class A GPCRs and Docking

of Ligands
Class A GPCRs (rhodopsin family) include hormone,
neurotransmitter, and light receptors, altogether representing
the largest family of drug targets. These are characterized
by 7 transmembrane helices with extracellular N-terminal
region and intracellular C-terminal region. The basic step of
homology modeling is to identify a proper template. Earlier
in the 1990s, the homology models of GPCRs were generated
using bacteriorhodopsin as template [175]. But it has <20%
sequence similarity with the GPCRs. From the analysis of
hydropathy profiles and sequence alignments of 39 GPCRs,
it was found that there is high degree of homology between
the 7 transmembrane helices of GPCRs [176]. 3D-models
of various neurotransmitter receptors (serotonergic 5-HT2,
dopaminergic D2, muscarinic m2, adrenergic α2 and β2)
were generated based on the bacteriorhodopsin as template.
The binding pockets of these receptors were also identified.
Negatively charged Aspartic acid of TM3 and hydrophobic
residues of TM4, TM5, TM6, and TM7 were found to be the
part of ligand binding site. 3D-structure of melanocortin-1
receptors complexed with MSH peptide was generated using
bacteriorhodopsin [177]. This peptide also formed salt bridge
with Asp of TM3. Crystal structure of bovine rhodopsin was
deposited in the year 2000 [96], since then bovine rhodopsin
has been used as a template for modeling GPCRs [178]. The
crystallographic structure of bovine rhodopsin was the first real
template for GPCR modeling. Homology model of 5-HT1A
serotonin receptor was also generated using bovine rhodopsin as
template [179]. The model was improved by docking of ligands
to the initial structure. With this model, crucial interactions of
arylpiperazine derivatives were identified which corroborated
with the experimental binding affinity data. Homology models
of mu, delta, and kappa opioid receptors have been generated
using bovine rhodopsin as template [180, 181]. 3D-structure
of α1a adrenergic receptor was generated using homology
modeling with bovine rhodopsin as template [182]. A known
agonist norepinephrine and antagonist WB-4101 were docked
to the homology model. Specific interactions for agonist and
antagonist binding were determined which corroborated with
experimental mutagenesis studies. A homology model of P2Y
purinergic receptor was also generated using bovine rhodopsin
as template [183]. The transmembrane helices of this receptor
were modeled based on the template sequence and then the
homology model was energy optimized. The residues found to be
critical for ligand binding corroborated with the experimentally
determined important residues for binding. They have also
found few other residues near the extracellular interface to
be crucial for ligand binding. Another study which attempted
to model cholecystokinin (CCK) receptor [184] suggested
that bovine rhodopsin may not be well suited for modeling
different conformational states of all GPCRs. Bovine rhodopsin
as a template is good for dopamine D2, muscarinic M1 and
histamine H4 receptors and for all GPCRs which have structural
divergences. Few years later, new crystallographic structures
of β1-adrenergic receptor (β1AR), β2-adrenergic receptor
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(β2AR), A2A-adenosine receptor (A2AR), and squid rhodopsin
[97, 185, 186] were deposited which paved the way for realistic
generation of homology models of different GPCRs. It was also
shown that use of multiple templates resulted in better homology
models in case of low sequence identity [187, 188]. Opioid
receptors have <30% identity with the new available templates.
Homology models of all the three opioid receptors (µ, δ, κ) were
generated using multiple templates [189]. The use of multiple
templates significantly improved the sequence similarity of the
transmembrane regions and overall structural quality of the
homology models [189].

Use of Molecular Dynamics Simulations for
Structure-Based Drug Designing
Richard Feynman in 1963 nicely described wiggling and jiggling
of atoms as, “In an attempt to understand life, it is that, all
things are made of atoms, and that everything that living things
do can be reduced to wiggling and jiggling of atoms.” The
component rigidity is required to maintain the structure, while
flexibility is needed to perform the function, accordingly, we need
the method that properly make us understand both of these.
Molecular dynamics simulations (MDS) are used to understand
the inherent properties of the molecular systems, e.g., proteins,
where the time evolution motions of a set of interacting atoms
are followed by integrating their equations of motions using the
Newton’s laws [190]. Monitoring the time dependent evolution of
molecular systems allows studying their structural, dynamic, and
thermodynamic properties. First molecular dynamics of protein
was performed on Bovine pancreatic trypsin inhibitor in 1977
[191]. This study was fundamental in proving that proteins
are not rigid and are dynamic in nature. Since then molecular
dynamics simulation technique has been used in studying the
protein folding problem and the impact of internal motions
of proteins in ligand binding. The motions of a system are
simulated under the influence of a specified force field according
to Newton’s equation of motion. The total force on each particle
in the system at a time t is calculated as the vector sum of its
interactions with other particles. From the force, the accelerations
of the particles can be determined, which are then combined with
the positions and velocities at a time t to calculate the positions
and velocities at a time t + δt, where δt is the increment in time
(1 to 2× 10−15 s or 1–2 fs).

For simulating molecules either explicit solvent or implicit
solvent can be used. Periodic boundary conditions (PBC) are
employed to mimic a bulk phase in which one side of the
simulation loops back to the opposite side. The commonly
employedMD packages for simulations of proteins are AMBER1,
CHARMM 2, GROMACS 3, and NAMD 4.

Molecular dynamics simulation may be useful for
pharmacology in different ways. First, it may help in enabling the
analysis of communication within the protein-protein complexes
with a future aim of enabling the development of drugs that may

1http://ambermd.org/
2http://www.charmm.org/
3http://www.gromacs.org/
4http://www.ks.uiuc.edu/Research/namd/

disrupt the communication [192]. In one such example [193],
oligomerization process was studied in a dimeric complex of
tryparedoxin peroxidase for a very small time-scale of 10 ns.
Second, the analysis of the effects of known ligands on protein
dynamics will elucidate the effects of ligand binding as in the all-
atom molecular dynamics simulation study of neuraminidases
of H1N1 bound with Relenza and Tamiflu for 20 ns [194].
Third, finding of different conformations associated with specific
cellular function to enable the discovery of conformationally
selective ligands for example all-atom molecular dynamics
simulation study of crystallographic structure of Escherichia coli
MutS complexed with DNA for 10 ns [195].

MDS requires sample preparation, here it is system setup
which determines the success or failure of the simulation
experiment. MDS is also used in the determination of structures
from x-ray crystallography and from NMR experiments.

Molecular Dynamics (MD) Simulation Studies on

LGICs
Transmembrane (TM) α-helices form an important structural
organization of IMP that functions as membrane embedded
channel. Proper system setup of LGICs is challenging task as it
explicitly consists protein, lipid bilayer, waters and ions forming
a huge system (Figure 5) [68]. The physiologically relevant and
friendly cross-talk between all these constituents is mandatory for
successful simulation studies. Difficulties in obtaining the LGIC
protein crystal structures, progress of MDS force-fields/methods
and computational power altogether compensated for delayed
use of computer simulations, particularly for IMPs. The earliest
reported simulation study was on pore-lining M2δ helix of the
nACh-Rs [196].

Initially when complete structures were unavailable, studies
focused on ECD region for understanding the ligand binding
without bilayer [169, 173]. Meanwhile with the availability of
complete ion channel structures full length setups with complete
ionophore complex were studied [88, 89]. However, for more
complex (heteropentameric) and still unavailable structures like
GABAA-Rs, bacterial homolog-based models were used for MDS
studies [23, 68]. The preliminary (solvent)-(protein-membrane)-
(solvent) set up can be tailored to answer complex biological
problems. To study gradient based ion passage, set up with
different ion gradient across the bilayer is required. Based on the
considerations of multiple factors like, (i) mixed lipid bilayers; (ii)
multiple-ligand bound complexes; (iii) ion pulling; (iv) dummy
spin labeled atoms [197]; (v) ligand binding pathway search;
and (vi) Mutations etc., system set up may vary. The selection
of proper simulation method depending on the problem to be
addressed and the time length of simulation are two critical
factors to be considered for LGIC MD simulations.

The simulations on endogenous GABA bound complexes
viz. singly and doubly, for ∼100-ns run provided answers for
closed to open state transitions of GABAA-R [68]. The positive
cooperativity of twoGABA binding sites was evident highlighting
(i) singly bound states possess less GABA residence and (ii)
GABA binding at one site affects the nature of C-loop changes
at the other site, controlling ligand residence/accessibility. The
MD simulations can also provide insights on the flexibility
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FIGURE 5 | System setup of full length ionophore complex for molecular dynamics simulation (closed state). The regions specify the different cellular compartments

that are divided by the presence of membrane. At the center of the membrane, protein is embedded considering the proper placement of structural regions like ECD,

TMD, and ICD to form the final setup. The number of atoms for (i) protein (15,688); (ii) lipids (25,896); (iii) waters (207,033); and (iv) ions (140) of system shown.

issue underlining the contribution of “clamping residues” which
participates in late ligand binding events. As rightly mentioned
by David Colquhoun in 1998 “when the receptor is in its active
conformation, several amino acids now clamp down onto the
ligand and form the part of its binding pocket and these residues
affect the extent of ligand binding.” [198]. These residues might
not show any binding initially, however during dynamics they
may clamp down to form the part of binding pocket. Our study
on GABAA-R showed that the residue Thr202 was lately involved
in GABA binding event and its involvement was there till the
detachment of GABA from the pocket [68].

Molecular Dynamics (MD) Simulation Studies on

GPCRs
Very early MD simulation studies on GPCRs were performed
on a 3D-model of transmembrane helices of 5-HT2 receptor
[199]. The 3D-model was generated based on bacteriorhodopsin
as template [199]. MD simulations of 125-ps were performed
with agonist and antagonist bound structures where agonist
bound structure showed some structural changes in the binding
site where as no change was observed in the antagonist bound
structure. Homology models of three opioid receptors (µ, δ,
κ) were built using bacteriorhodopsin as template and MD
simulations were performed for 2-ns [180]. The MDS studies
could differentiate between the dynamics of ligand-binding
sites of the three different subtypes. They also categorized
motions sensitive to ligand binding. CXC chemokine receptor 4
(CXCR4) was modeled based on bovine rhodopsin as template
and then 2.5-ns MD simulation was carried out [200]. MD
simulation resulted in minimized structure and provided many
structural details about the receptor. It resulted in opening
of a “mouth shaped void” and gradual closing of that void.

It also resulted in formation of salt bridge between Arg188-
Glu277, which is crucial for active state of the receptor. After
the deposition of crystallographic structure of bovine rhodopsin,
MD simulation was carried out on the crystallographic structure,
which provided useful insights about the conformational changes
in the protein backbone leading to the signal transduction.
The results suggested molecular mechanism of intramolecular
signal transduction in GPCRs [201]. Other MDS studies have
also been performed on bovine rhodopsin in an explicit
dioleoyl-phosphatidylcholine bilayer which showed that the
retinal rhodopsin protein undergoes a conformational change
[202]. This conformational change results in local changes,
which further leads to global conformational changes in the
protein. These large-scale motions eventually activate the G-
proteins. MD simulation studies were performed on a homology
model of adenosine A3 receptor, based on bovine rhodopsin as
template [203]. MD simulations provided with the insights into
how the receptor responds on binding of agonist and inverse
agonist. Molecular dynamics simulation of human histamine
H4 receptor was carried out in explicit membrane complexed
with its endogenous activator histamine and with selective
hH4R antagonist JNJ7777120 [204]. Studies corroborated with
experimental data on GPCR activation. Histamine formed an
interaction with Asn147 which is important for hH4R activation.
Also, the intracellular side of TMhelix 6moved significantly away
from TM helices 3 and 7 whereas in JNJ7777120-hH4R complex
the intracellular side of TM6 moved toward the TM3. With
the advancement of computational resources and availability
of new crystallographic structures as templates, simulations
with much longer timescales were performed, which could
reveal the mechanisms of receptor activation and drug binding.
Microsecond level simulations have been performed on β1- and
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β2-adrenergic receptors complexed with three antagonists and
one agonist [205]. To identify the mechanism of drug binding
they haven’t docked the ligands to the receptor, instead placed
the ligands 15 Å away from the receptor. In majority of the
simulation runs drug entered the binding pocket through similar
pathway and the receptor had undergone similar intermediate
states. The drug first passed through the EC loop 2 and 3
contacting with hydrophobic residues Tyr308, Phe193, Ala200,
His296, and Val297 and then it passes through the crevice
between EC loop 2 and TM 5, 6, and 7 to reach the binding
pocket. Authors also suggested that dehydration of both ligand
and receptor facilitates the drug entry to the binding pocket.
Their unbiased simulation and drug binding identified some
metastable drug binding sites which could delineate the binding
site for allosteric modulators. Using accelerated molecular
dynamics simulation approach, activation of inactive state of M2
muscarinic receptor was achieved [206]. The study found that
formation of hydrogen bond between Tyr206-Tyr440 and tilting
of cytoplasmic end of TM6 characterize the receptor activation.
Also, the residue Tyr430 is flipped away from the binding site.
Communication in the intracellular domains gets weakened as a
result of activation of the receptor. They also found that motions
of residues in ligand binding site and G-protein coupling sites are
correlated. Several other studies have reviewed MD simulations
of GPCRs [207, 208].

Time-Scales and Methodological Basis for Using MD

Simulations to Address Structure-Based Drug

Designing
Understanding of molecular motions is essential for perusing
successful drug designing. Starting from early motionless “lock
and key” MWC (Monod-Wyman-Changeux) model [209],
“induced-fit” KNF (Koshland-Nemethy-Filmer) model [210] to
modern conformational ensemble model [211–218], it is evident
that nature uses full spectrum of conformational heterogeneity
[219] for executing allosteric mechanisms. Thus, time length
of simulations is an important criterion for capturing the
relevant dynamics of rigid body, side-chains, backbones, local
unfolding, and intrinsic disorder of proteins [218] covering
full conformational space with increasing disorderness. Longer
the simulations, - greater will be the chance to observe large-
scale conformational changes. The nanosecond scale simulations
are appropriate for observing local-fluctuations covering the
coordinated motions of nearby residues and fast allosteric signals
[220].

Large scale-unbiased simulations offer useful sampling
approach to obtain diverse protein conformations involved in
protein allostery. They are well suited to study many large-
scale conformational changes [220], finding of hidden allosteric
or cryptic sites [221] and complete ligand binding-unbinding
events. The very recent 11min MD simulation depicted the
unbinding process of inhibitor TPPU at enzyme target soluble
epoxide hydrolase [222]. They achieved pharmacologically
relevant time scales using weighted ensemble-based algorithm
WExplore. Large-scale unbiased simulations were used to study
the spontaneous binding of beta blockers at β2-adrenergic
receptors by placing them away from orthosteric binding sites

[205]. The blockers bound similarly as the crystallographic poses.
Their binding pathway also scanned low-sampled conformations
finding hidden allosteric sites in extracellular vestibule to be
targeted further. These computational studies are very expensive
and not all research endeavors can avail such facilities.

Under such circumstances acceleratedMD simulations (aMD)
comes as handy approach. The aMD methods are very useful for
proteins with slow timescale dynamics [223]. The aMD methods
[224, 225] modify the potential energy landscape to escape
the energy minima thus allowing state transitions normally
unavailable through conventional simulations. The stochastic
conformational sampling approach of Mote-Carlo simulations
uses slight modification of starting conformation to obtain new
one. The acceptance or rejection of obtained conformation
depends on the fulfillment of potential energy criteria [220,
226]. The limitation is time-scale information connecting two
conformations remains unrevealed.

MD-based Markov State Models (MSMs) uses stochastic
kinetic model to describe the transition probabilities between the
discrete states at a fixed time interval [220, 227–229]. To build
a model it requires multiple independent simulation trajectories
to enable proper sampling of entire conformational space. To
understand the ligand modulation of β2-adrenergic receptor
activation pathways, generation of numerous trajectories was
achieved through Google cloud computing facility [230] followed
with MSM based analysis. Authors found intermediate states,
which were further utilized for successful virtual screening
studies.

To capture structural fluctuations Normal Mode Analysis
(NMA) uses harmonic approximations that decompose
harmonic orthogonal modes near equilibrium into low-
frequency modes having multi-atom motions [231, 232]. The
use of NMA based Elastic Network Model (ENM) [233] starting
from open and closed states of GABAA-Rs indicated “Twist to
Turn” global motions where ECD rotates counterclockwise and
TMD rotates clockwise around the central axis [23] along the
transition pathway.

When all-atom modeling is unable to answer the posed
biological problem due to computational constrains the
coarse-grained (CG) modeling with reduced representation of
biomolecule is preferred. With the use of coarse-grained (CG)
simulation model increase in time length of simulations (from
nano-scale to micro-scale level) can be secured by modifying
all-atom membrane protein model to CG-model [234]. The CG-
simulation has also been employed for the proper immersion of
protein in a phospholipid bilayer [235]. CG models have been
developed for detergents and lipid bilayers and CG simulations
have been performed to study the interactions of membrane
protein and peptides with the lipid bilayer [236]. Accurate
positions of proteins of varied sizes and architecture in the lipid
bilayer have also been studied with CG simulations [237]. Both
all-atom and CG simulation approaches and associated problems
for ion-channel proteins have been extensively reviewed by
Tieleman et al. [238].

Overall, while applying conformational sampling techniques
to understand modern allostery for drug designing the proper
follow up of drug designing hierarchy (Figure 1B) is mandatory.
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After choosing subtype of functional interest the second
level hierarchy of states carries immense potential as these
“conformational states” can be of functional importance or
hidden allosteric sites. Exploration of these states can guide the
path leading us to the final level for targeting of “novel or existing
sites” for structure-based drug designing with increased success
rate.

Energy Calculations Using Simulations
Free energy is a state function and depends on the event of energy
change from afore state to after event state irrespective of the
path of energy change. To calculate drug binding affinity one
can use technique called alchemical transformations [239]. In
MDS the non-bonding forces from ligand are gradually turned off
without incorporating any errors, practically allowing ligand to
disappear from simulation [240]. This vanishing of bound ligand
takes care of both protein as well as solution interactions. This
indirect measurement of drugs potency requires running of two
simulations to study ligand detachment from: (a) protein-ligand
complex and (b) solvent-ligand complex [240]. The calculation
considers 1G bind + 1G protein – 1G water = 0, thus 1G bind =

1G water – 1G protein gives us the free energy of binding [240].
This method has been accurately used to calculate ligand binding
[241], but they need to be used cautiously for their sensitivity to
incomplete sampling [242].

Other Drug-Designing Approaches
Pharmacophore Modeling and Virtual Screening

Pharmacophore modeling
To find new ligands for a protein, it is necessary to find out
compounds which share a set of common three-dimensional
features with the already known ligands. This set of common
features in 3D space that interact with a set of complementary
sites on the biological target is known as pharmacophore.
The IUPAC defines a pharmacophore to be “an ensemble of
steric and electronic features that is necessary to ensure the
optimal supramolecular interactions with a specific biological
target and to trigger (or block) its biological response” [243].
Pharmacophore key elementsmight be a group of atoms, a part of
the volume of the molecule, “classical” pharmacophoric features
like H-bond acceptors (HBA) and donors (HBD), charged or
ionizable groups, hydrophobic (HY), and/or aromatic rings (RA)
together with geometrical constraints like distances, angles, and
dihedral angles [244]. The set of these features is known as
pharmacophore model.

Virtual screening
One of the key steps in drug design process is virtual screening,
which includes the identification of chemical compounds (hits)
that display the desired pharmacological properties toward
the specific biological target [245]. It is used as a lead
identification technique and has been applied largely in recent
years. Virtual screening is a complementary technique to high
throughput screening (HTS) [113]. It has several advantages
over experimental HTS as a lead identification method: higher
number of compounds can be screened within a reasonable
amount of time than traditional HTS. Second, compounds with

predicted activity against the biological target must be tested
in vitro, thus reducing the cost at a considerable amount. Third,
compounds can be built into virtual libraries for screening that
have not yet been synthesized, saving the considerable time
and expense of building a screening library for high-throughput
screening. Virtual screening can be classified into two types:
ligand-based approaches which do not utilize the structure of the
biological target in screening, and structure-based approaches,
which utilize the structure of the biological target. Different
approaches for virtual screening have been identified which
involve searching of existing databases using pharmacophore
and other ligand and structure-based information [245]. The
pharmacophore based virtual screening can be very useful
for finding new ligands with different chemical scaffolds. The
schematic representation of pharmacophore-based screening
approach in shown in Figure 6 [244].

Use of Drug Designing Techniques for GPCR Drug

Discovery
The binding site of class A GPCRs is located between TM3-
TM6. The major binding requirement of GPCRs is fulfilled
by aspartic acid of TM3 which forms salt bridge with a
protonated nitrogen of the ligands. However, compounds with
non-protonated nitrogen have been identified to be active toward
κ opioid receptor (class A GPCR) [246] and also the binding
requirements of such compounds have been identified using
docking studies. The structure of the active compound is shown
in Figure 7 [247]. The other interactions are mainly hydrophobic
in nature formed with residues from TM4, TM5, and TM6.
Several computational studies have been performed to identify
the binding sites, generating a pharmacophore based on the
binding site and designing new ligands for specific receptors.
A pharmacophore derived for opioid class of receptors (class A
GPCRs) show four minimum features as binding requirements of
ligands to the receptors [248] comprising of one positive charge,
one aromatic interaction, and two hydrophobic interactions
(Figure 8). Hits for both µ and κ opioid receptors were
predicted using integrated computational approach involving
shape based virtual screening methodology [248]. Quantitative
structure-activity relationship studies (QSAR), which correlate
various physicochemical, topological, and structural properties
of compounds with their biological activities, have been used to
predict the activities of the new hits leading to the enrichment of
hits [248].

The structure of the binding sites and the important
interactions with the ligands were derived for various GPCR
receptors such as human D2 DR, human β2 AR, human M1
MAR, human CCR1 chemokine receptor, and mouse MrgC11
receptors [249]. They have docked ligands using HierDock
procedure [250] or MSCDock [251]. This study was able to
identify difference between the agonist and antagonist binding
for the different receptors. The antagonists of α1A adrenergic
receptor are discovered using virtual screening [252], which
was guided by 3D pharmacophoric model. The identified
hits were docked to the homology model of α1A adrenergic
receptor using GOLD. The top ranked hits were evaluated
using radioligand binding assay. Thirty-seven compounds were
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FIGURE 6 | Typical pharmacophore-based virtual screening workflow.

FIGURE 7 | The chemical structure of the non-protonated ligand showing

activity toward κ-opioid receptor. Reproduced with permission from Bentham

Science Publishers [247].

identified with better Ki values. In another study structure-
based pharmacophore was used to identify antagonists for
cannabinoid receptor [253]. In this study authors have first
generated an antagonist bound complex of the cannabinoid
receptor and then used MD simulations to optimize the system.
The binding requirements of the antagonist were analyzed, and
they have further refined the binding pocket using docking of
known antagonists to the receptor and developed a consensus
scoring which could differentiate between potential antagonist
and any random compound. The X-ray structure of the β2

FIGURE 8 | The common feature pharmacophore for mu and kappa opioid

ligands.

adrenergic receptor was identified in the ground state which was
not sufficient to distinguish between binding of agonists and
antagonists. A study aimed to generate correct conformational
states of β2 adrenergic receptor was carried out for binding
of agonists and antagonists [254]. Novel compounds as potent
ligands for Dopamine 3 (D3) subtype receptor were identified
using pharmacophore based virtual screening [255]. Structure-
based pharmacophore modeling and virtual screening of large
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databases were used for identification of novel D3 ligands.
Finally, eight promising compounds were identified after D3
binding assay. Selective agonists of κ-opioid receptor and
allosteric modulators of µ-opioid receptor have been identified
using structure and ligand-based computational approaches
[256, 257].

Applicability and availability of various ligand-based and
structure-based computational techniques for identification of
drug candidates in GPCRs have been thoroughly reviewed by
Basith et al [258]. The virtual screening strategy has been
successful in identifying hits for different GPCR targets. Various
ligands for both orthosteric and allosteric sites have been
identified in the past few years [259, 260]. GPCR focused
libraries have also been made available in database such as
Chembridge, ChemDiv, Asinex among others [258]. However,
several limitations exist which effect the success rates of these
strategies. One of the major limitation is the error in the model
development based on cheminformatics tools. These errors may
be due to flaws in the statistical models or due to experimental
data which are taken into account while developing the model
[258, 261, 262]. In spite of availability of large no. of databases,
the entries in the databases are often erroneous due to errors in
ligand structures, bioactivities, activity types [263, 264]. Another
major limitation is the unavailability of accurate approximation
of the energy terms which result in false prediction of hits [258].
Though there has been significant increase in the computational
resources, calculation of energetic terms, and free energy
calculations are still not accurate. And finally, though the number
of crystallographic structures of GPCRs has increased recently,
huge number of GPCR structures still remain unresolved. Also,
since it is now known that there exist several intermediate
states in between active and inactive states, these intermediate
conformations need to be captured either by experimental or
theoretical molecular simulation approaches. These states play a
crucial role in alternate signal transduction pathways and subtype
selectivity of GPCRs.

CONCLUSION

Drug discovery is difficult task but when it comes to CNS
drug discovery it is even more challenging and complex. The
underlining obvious reason is the enormous complexity of highly

operative brain. The speedy intercellular neurotransmissions
commence through the IMPs. Understanding the structural
biology of membrane proteins is limited due to inherent
difficulties to crystalize them and their heteromeric nature.
To understand normal CNS mechanisms vs. abnormal CNS
pathophysiological conditions computational approaches have
greatly assisted. In this review, we have mentioned the use of
important computational methods which have helped CNS drug
discovery program over the time, irrespective of the hurdles
for studying it with experimental methods. The methods used
and their progress have exclusively been focused on LGIC
representative GABAA-R and GPCR representative class A
GPCRs. The observations from computational studies need to be
linked with experimental studies for further validation/support
with the recent technology development. This interdisciplinary
approach increases the chances of reaching success in CNS
drug discovery endeavors by several folds. In this era of
technological development, both methods complement each
other and they are inseparable. In summary, the success in
simultaneous and resourceful utilization of these two approaches
can fill the gap in between, which is acting as bottleneck. The
hierarchical considerations of subtypes (functionally selective),
then states (captured from ensemble of conformations) and
finally the sites (orthosteric and allosteric) are the roadmap
to follow for efficient structure-function understanding. The
modern interdisciplinary approaches hold the potential to hunt
and couple normal vs. abnormal (patho-) physiology of CNS
for the benefit of drug discovery-oriented neuro-pharmacological
research.
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