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Abstract The nicotinic acetylcholine receptors (nAChRs)
are members of the Cys-loop superfamily and contain ligand
gated ion channels (LGIC). These receptors are located
mostly in the central nervous system (CNS) and peripheral
nervous system (PNS). nAChRs reside at pre-synaptic
regions to mediate acetylcholine neurotransmission and in
the post synaptic membrane to propagate nerve impulses
through neurons via acetylcholine. Malfunction of this
neurotransmitter receptor is believed to cause various
neurodegenerative diseases, such as Alzheimer’s disease,
Parkinson’s disease and schizophrenia, and nAChRs are thus
important drug targets. In the present work, starting from an
earlier model of pentameric ot;nAChR, a considerable effort
has been taken to investigate interaction with ligands by
performing docking studies with a diverse array of agonists
and antagonists. Analysis of these docking complexes
reveals identification of possible ligand-interacting residues.
Some of these residues, e.g. Ser34, GIn55, Serl46, and
Tyr166, which are evolutionarily conserved, were specifical-
ly subjected to virtual mutations based on their amino acid
properties and found to be highly sensitive in the presence of
antagonists by docking. Further, the study was extended
using evolutionary trace analysis, revealing conserved and
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class-specific residues close to the putative ligand-binding
site, further supporting the results of docking experiments.
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Introduction

More than one-half of current drugs target membrane proteins.
A significant proportion of these membrane proteins are
involved in diverse functions like signal transduction.
Nicotinic acetylcholine receptors (nAChRs)—integral mem-
brane proteins with cationic channels that express an
excitatory response both in neurons and muscles—are one
such class of membrane protein receptors [1]. nAChRs were
the first ion channel and membrane receptor of a neurotrans-
mitter to be isolated (chemically identified by Salvaterra and
Moore in 1973 [2]), and remain one of the best known
membrane proteins involved in signal transduction.
nAChRs mediate synaptic transmission in many parts of
the central nervous systems (CNS) and peripheral nervous
systems (PNS) in vertebrates. nAChRs play a vital role in
perception, cognition, emotion and pain, and are also
equally involved in signal transduction in the autonomic
ganglia, retina and adrenal medulla. They are located on the
surfaces of cytoplasmic membranes in the CNS and PNS.
Channel opening is induced by neurotransmitters like
acetylcholine (ACh) or nicotine. Neurotransmitter binding
results in depolarization of the membrane, leading to
modulation of either neuronal activity or muscle contraction.
These receptors have been implicated in diverse functions
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such as stabilizing synapse formation during development,
learning and memory, and neuronal survival [3].

The recent determination of the crystal structure of the
acetylcholine binding protein (AChBP) of the great pond
snail (Lymnaea stagnalis) has been an important milestone
in this area. The subunit shares sequence similarity of about
22-27% with the N-terminal extracellular domain (ECD) of
nAChR and related channels and has all the structural
hallmarks of &7 ECDs [4]. Thus, AChBP can be used as a
structural template for modeling the ECD of nAChR and
related channels [5]. Apart from the structural similarity of
AChBP in that it forms a homopentamer, it is also highly
sensitive to «-bungarotoxin («-BTX) and other a;nAChR
cholinergic ligands with comparable affinities, making it a
suitable structural model for a;nAChR [6].

Spectroscopic studies conducted on the recombinant
amino-terminal ECD of various nAChR subunits revealed
that the ECDs of nAChRs contain a high proportion of
residues belonging to 3-strands. The AChBP monomer has a
short o-helix at the N-terminus, followed by two short 3,
helices and ten (3-strands, termed (3;—(3;o. The protein
conforms to a modified immunoglobulin (Ig) topology in
which an inner 3-sheet (composed of 3, 35, B3 Bs, P and
[3g) is linked to an outer (3-sheet (composed of B4, 37, Bo
and 3;0) by means of a “cys-loop” disulfide bridge between
Cysl123 and Cysl36, and is organized in a curled f(3-
sandwich. The cys-loop is a feature of the N-terminus of
the ACh ion channel superfamily, and can be found between
Cys126 and Cysl40 of aynAChR. The only contacts
between the subunits of the pentamer are the two dimer
interfaces of each protomer. There are five nAChR ligand
binding sites, located at these five protomer interfaces, close
to the outside surface of the pentameric AChBP ring [7].

The residues forming the binding pockets are highly
conserved between members of the ligand-gated ion
channel (LGIC) superfamily, despite the poor homology
of the residues lining the interface between protomer pairs.
In addition, the nAChR subunit contains three potential
sites of N-linked glycosylation (N22, N68 and N111)
within the ECD, although the absence of glycosylation
does not appear to affect ligand binding. The binding of
either an agonist or antagonist to the binding pockets in the
ECD may cause changes in the molecular structure of the
receptor, which are then transduced to the transmembrane
domain (TMD) resulting in the opening or closing of the
ion channel [8].

The TMD of a;nAChR is composed of four putative «-
helices or membrane spanning region (MSR), consisting of
an average of 19-24 amino acids (MSR 1-24, 1I-19, III-20
and IV-19). There exists a short cytoplasmic region
between MSR I and II [7] and a short extracellular (EC)
region between MSR II and IIl. A large intracellular
domain exists, however, between MSR III and IV [9].
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Four functional states have been described in nAChRs:
the resting (closed) state, the open state, the fast-onset
desensitized (closed) state, and the slow-onset desensitized
(closed) state. The resting state is the most stable state in
the absence of agonist, and the slow-onset desensitized state
is the most stable state in the presence of agonist. The open
state and the fast-onset desensitized state are metastable
states, in that their concentrations rise transiently and reach
a very low value at equilibrium. After prolonged exposure
to ACh or nicotinic drugs, the ionic response slowly and
gradually decreases, leading to a state of high affinity where
the ion channel is closed—a phenomenon referred to as
desensitization [10].

Protein chemistry and sequence analysis studies reveal
a general pattern for each polypeptide subunit of nAChR
that is common for all pentameric neurotransmitter
receptor channels of the Cys-loop family, including the
GABA and glycine receptors. This is a well-known
situation already investigated in great detail in regulatory
proteins referred to as allosteric proteins. This allosteric
character of nAChR is proposed to be mediated by a
conformational change in the molecule. It is purported
that o7 might play a role in a range of diseases including
epilepsy, schizophrenia, Alzheimer’s disease and anxiety
disorders [11].

The ligand binding domain (LBD) of human neuronal o,
nAChR is a cationic channel that belongs to the LCIX
superfamily, known as Cys-loop receptors. The LGIC
superfamily comprises a wide variety of receptors, which
includes muscle type and neuronal type nAChRs, 5-
hydroxytryptamine type-3 receptors (SHT3), y-aminobutyric
acid typea (GABA,) and typec (GABAC() receptors, Glycine
receptors (GlyR), and chloride permeable glutamate recep-
tors (GIuRCl). The disulfide-linked cysteines at positions
188—189 are uniquely conserved in the x-subunit, and can be
selectively labeled as the binding site [12].

There are at least 17 different nAChR subunits, which
can be divided into two categories: muscle type (o, B1,
5, ¢, v) and neuronal type (a,—o¢;p and (,—(4). The
neuronal nAChR channel is composed of five subunits,
which can be subdivided into two groups: subunits
carrying the principle ACh binding site component
(x,—¢1p), and subunits carrying the complementary
component of the ACh binding site (non-a or [3,—[f4).
The channels formed by these subunits can be either
homomeric, consisting of five subunits comprising the
same type homomeric (x7—Xog), or heteromeric, where the
pentameric channel consists of two or more different
subunits [13]. a7nAChR is the only homomeric nicotinic
receptors expressed in the human brain and is one of the
two most abundantly expressed nicotinic receptor sub-
types in the brain, the other being the heterodimer
consisting of a4 and 3, subunits [14].
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These structural data support the view that ligand
binding to nAChR gives rise to a conformational transition
of the receptor molecule. In this respect, nAChR appears
to function as a typical allosteric protein. These basic
properties are of critical importance for disease progres-
sion because mutations, which are also found in many
other receptor categories, might be highly pathological.
Moreover, future pharmacology of nicotinic agents (e.g.,
the many drugs acting on membrane receptors) should
address the structural differences existing between these
conformations [2].

In the present study, we use our previously generated
theoretical model for docking studies with a diverse group
of ligand molecules. Residues at the binding site were
reported in our previous studies to be highly conserved
among the superfamilies [15]. These highly conserved
residues were subjected to mutagenesis and the analysis
was further extended to docking studies with the same
docking protocol performed in the previous step. Docked
complexes were analyzed for interacting residues and the
results were further substantiated by evolutionary trace
analysis using their closest homologues. The ECD of
neuronal type nAChR sequences of «,, 3, &y, &7 and oo
were subjected to evolutionary trace analysis. The con-
served and class-specific residues among these sequence
groups, from the derived phylogenetic tree and for a
particular trace alignment, were analyzed in detail for
spatial distribution of polar and hydrophobic residues on
the surfaces of the theoretical model. The docking of
agonists versus antagonists and screening investigations for
these receptors should be useful in studying the distinct and
discrete (resting versus active) conformations of the protein.
Such studies will make it easier for scientists to model the
diversity of binding sites resulting from the diversity of
subunits and to design novel leads for diverse classes of
receptors.

Materials and methods
Homology model of ot;nAChR

In our previous studies, the theoretical structure of
o7;nAChR was built using Modeller 9v2 [16] for all the
subunits using AChBP as the template. The subunits were
further assembled to form a pentamer using the SYBYL7.1
(Tripos, St.Louis, MO) package based on the initial
equivalences from EBI-Dalilite [17]. The theoretical struc-
ture of the pentamer was subjected to energy minimization,
using the SYBYL7.1 package, to correct the stereochemis-
try and the geometric inaccuracies of the theoretical model
at the interface region. The energy calculations were carried
out for 500 iterations using TRIPOS force field in

SYBYL7.1, which did not alter the native model. For large
biomolecules and multi-modular and multi-chain com-
plexes, it is computationally time-consuming to bring the
systems to convergence. The resulting model was used for
further interaction studies [15].

Retrieval and processing of small molecules for interaction
with a;nAChR

Information about agonists and antagonists (Table 1) was
retrieved from the PubChem database (http://pubchem.ncbi.
nlm.nih.gov/). These small molecules were retrieved in
standard 2D SDF format, converted into three-dimensional
coordinates by applying the MMCF force field, and
subsequently minimized to the standard recommended
value of 50 iterations for small molecules using the
VLifeMDS suite [VLifeSciences Pune, India].

Molecular docking of agonists and antagonists
with o;nAChR

The agonist and the antagonist molecules were subjected to
docking with the theoretical structure of a;nAChR using
the widely used docking program AUTODOCK4 [18].
Docking was performed for all the small molecules by
keeping the ligands as flexible. The grid was placed at the
interface region of the theoretical model of o;nAChR.

Table 1 List of agonist and antagonist molecules used for docking
with «; nicotinic acetylcholine receptor (x;nAChR). The structures
were retrieved from the PubChem database (http://pubchem.ncbi.nlm.
nih.gov/)

S.No CID Agonists

1 187 Acetylcholine

2 942 Nicotine

3 204966 Bromoacetylcholine

4 2551 Carbamylcholine

5 8425 Codeine

6 854023 Epibatidine

7 22407 Cyticine

8 9651 Galanthamine

9 8765 Physostigmine

S.No CID Antagonists

10 3604 Hexamethonium

11 9714 Mecamylamine

12 586269 4-(N-Maleimido)benzyltrimethylammonium
13 586270 4-(N-Maleimido)phenyltrimethylammonium
14 9778 Phencyclidine

15 222907 Dihydro-beta-erythroidine

16 108179 Lophotoxin

17 6000 d-Tubocurarine
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Table 2 Sequences of &, o5 o4 o7 and &9 homologues of neuronal nAChRs retrieved form SwissProt (http://www.expasy.ch/sprot/) for

evolutionary trace analysis

SNo oG oy o o
Source Swissprot Id  Source Swissprot Id  Source Swissprot Id  Source Swissprot Id  Source Swissprot 1d
1 HUMAN Q15822 HUMAN  P32297 HUMAN  P43681 HUMAN  P36544 HUMAN Q9UGMI
2 RAT P12389 RAT P04757 RAT P09483 RAT Q05941 RAT P43144
3 MOUSE  Q91X60 MOUSE  Q8R4G9 MOUSE 070174 MOUSE  P49582
4 CHICK  P09480 CHICK  P09481 CHICK  P09482 CHICK P22770 CHICK QIPTS8
5 PANTR  QS5IS52 BOVIN Q07263 PANTR  QS5IS77 BOVIN P54131
6 CARAU  P18845 MUSPF  QI19AE6 MACMU  Q866A2

Genetic algorithm (GA) docking was applied for 100
docking poses. All these small molecules bound to
amAChR were examined for their binding energy and
also for specific and non-specific interacting residues.
Molecules with poor binding energy were not considered
for further analysis. Previously, for other membrane-bound
proteins [19], a docking energy value lesser than —4 kcal
mol ' was considered as the weakest binding energy, and a
similar threshold or filter was used to recognize good
docking poses in the current docking analysis.

The ligands were again docked using AUTODOCK with
a7mAChR, keeping the ligand non-rotatable (frozen) by
reducing the torsion angle freedom to zero. The same
protocol was followed for subsequent consecutive dock-
ings. The a;nAChR-ligand bound complex was examined
for specific and non-specific residues. The non-specific
residues, which appear to be common for all docking, were

considered as class-specific residues. Those residues were
mapped on the sequence alignment and mutated on the
theoretical model of aynAChR. The theoretical model was
subjected to three different types of mutation based on the
properties of the residues. These three different mutated
models were subjected to energy minimization to reduce
geometrical inaccuracies occurring as a result of the
mutations.

The mutated models were now subjected to rigid
docking using AUTODOCK. All three different mutated
theoretical models, complexed with ligands, were exam-
ined for the interaction of the mutated (non-specific)
residues with the ligands. The ligand-bound complexes
were analyzed for bonded (H-bond) and non-bonded
interaction using the in-house program Interactor (R.S.,
unpublished results) and AUTODOCK and compared
with the wild type complexes.

Fig. 1 a Theoretical model of pentameric human neuronal o
nicotinic acetylcholine receptor (a;nAChR; a), with each subunit
represented in a different color. Subunits are labeled anti-clockwise,
with A-B, B-C, C-D, D-E and E-A forming the + and — chain. This
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forms the principle and the complementary ligand binding sites,
respectively. b nAChR pentamer perpendicular to the fivefold axis.
The ligand binding sites are located equatorially and are highlighted in
different colors
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Fig. 2 Electrostatic potential map showing that the interior of the ion
channel pentameric a;nAChR is highly negative. The potential map
was rendered using PyMol
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Evolutionary trace analysis

Homologous protein sequences of nicotinic nAChRs
(Table 2) were retrieved from UniProtKB/Swiss-Prot [20].
All these homologous sequences were subjected to evolu-
tionary trace analysis, which was performed using the
TraceSuite II server [21].

This eventually distributes the sequences into ten
different partitions (PO1-P10) over the phylogenetic tree
in order to increase the evolutionary trace cutoff (ETC)
value using the function “TraceGroups”. For each partition,
a trace procedure was completed automatically by the
following steps: (1) protein sequences connected by a
common node with an evolutionary time greater than the
given ETC were clustered together; (2) a consensus was
generated for each group to distinguish between conserved
and non-conserved positions; (3) a trace was generated by
comparing the aligned consensus sequences for all the
clusters associated with a given partition. Thus, residues
were classified into three types: conserved, class-specific
and neutral.

Residues that are important for function, but contribute
more to the functional specificity of a particular subgroup
of proteins in the family are likely to be conserved, but not
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Fig. 3 Ligands (grouped into agonists and antagonists) used for docking studies with the theoretical model of otynAChR. For details see Table 1
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invariant. Therefore, even though they might undergo
mutations, the rate of mutation is still minimal. The class-
specific residue denotes residues occupying a strictly
conserved location in the sequence alignment, but differing
in the nature of their conservation between various
subgroups. This information obtained by the ET method
can then be mapped on to the known protein structures,
thus allowing us to identify clusters of important amino
acids and to distinguish between buried and exposed
residues.

By comparing the consensus, a ‘trace’ is generated
briefly for groups of proteins that originate from a common

Fig. 4 Rigid ligand interactions a
studies on o;nAChR. a
Agonists interacting with the
o7nAChR. b Antagonists
interacting with o;nAChR.
Interactions were obtained
from the inbuilt module from
AutoDock. For details see
Table 3
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node in a phylogenetic tree and are characterized by a
common ETC.

Results and discussion

Theoretical model

In our previous studies, theoretical modeling of o;nAChR
was performed in detail. The sequence of the LBD of

a;nAChR was retrieved from SwissProt and homology
modeling was performed using the crystal structure of
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AChBP (PDB ID: 1I9B) from snail as the structural
template. The 119B structure is refined at 2.7 A resolution
and the sequence of ot;nAChR, which shares about 22.4%
identity with the template, was aligned using EBI-align.
Moreover, there was good agreement between the second-
ary structural elements of both sequences in the crucial
regions. The alignment was further improved by JalView
[22], a java-based alignment editor. This alignment was
used for construction of the theoretical structure of
o7nAChR using Modeller9v2. This produced 20 individual
models, of which only one representative structure with
minimum energy was selected. Based on the initial
equivalencies from the EBI-Dalilite server, the theoretical
subunit was assembled into a pentamer using InsightIl and
subsequently minimized using Sybyl7.1 up to 100 iterations
to remove the steric clashes at the interfaces. The
theoretical structure was examined for structurally variable
regions (SVRs) and structurally conserved regions (SCRs),
highlighting regions of similarity between AChBP with
a7mAChR (Fig. 1a,b). The electrostatic potential map from
PyMol shows the channel as highly cationic in nature
(Fig. 2). Using this template, molecular docking studies

were performed with a collection of small agonist and
antagonist molecules [15].

Protein-ligand docking studies on a;nAChR

All small molecules thought to be agonists and antagonists
of aynAChR were retrieved from the PubChem database
(Fig. 3) and treated as described in Materials and methods
before subjecting them to docking. A typical docking study
was carried out on the theoretical structure of o;nAChR
based on our previous studies with its agonists and
antagonists. Only two protomer coordinates of a;nAChR,
which are relevant for ligand binding, were employed for
docking. The docking was performed using “protein and
flexible-ligand” and “protein and rigid-ligand” modes to
enhance the sampling space of protein—ligand interactions
(Fig. 4a,b). In the case of flexible-ligand interactions, the
torsion angles of the ligands were allowed to rotate freely,
while on the other hand the torsion angles of the ligands
were kept rigid in rigid-ligand interactions (Table 3). By
specifying the binding site locations, the search time can be
significantly reduced. Thus, a grid is positioned at —14.699

Table 3 Interacting residues obtained from neuronal a;nAChR. Flexible ligand docking was performed using Autodock4.0. The energy
calculations and the interacting residues were picked out using the inbuilt module in AutoDock 4.0

S.No Ligand

Energy (kcal/mol) Interacting Residues

Agonist docking studies

1 Acetylcholine -3.58
2 Nicotine —4.13
3 Acetylcholine Mustard —2.47
4 Bromoacetylcholine —4.09
5 Carbamylcholine -0.99
6  Codeine -4.27
7  Epibatidine —4.81
8  Cyticine —5.86
9  Galanthamide —4.63
10 Physostigmine -3.85
Antagonist docking studies
11 Hexamethonium —4.35
12 Serotonin -3.92
13 Mecamylamine —4.35
14 4-(N-Maleimido)benzyltrimethylammonium —6.99
15  4-(N-Maleimido)phenyltrimethylammonium —6.64
16 Phencyclidine -6.07
17  dihydro-beta-erythroiodine -3.70
18 Lophotoxin —5.86
19  d-Tubocurarine -6.92

Tyr91, Serl46, Trp147, Tyr186, Cys188, Cys189, Tyr193, Trp53,
Leull?

Tyr91, Serl46, Trp147, Serl48, Tyr186, Cys188, Cys189, Tyr193,
Trp53, Leul07, Leull7, Tyrl16

Cys189, Tyr166, Ser34, Leul17, Trp53, Trp147
GIn115, Leull7, Trp147, Tyr193, Cys189, Lys190
Trpl47, Leul07, Leull7, Gln115, Cys188, Cys189
Cys188, Lys190, His113, Asn109, Val108, Leul07

Trp147, TYR186, CYSI188, CYS189, TYR166, GLNI115, LEU117,
LEU109

Trp53, Leull7, Trpl147, Tyrl66, Cys189
Asnl09, His113, Leul07, Lys190, Thr75, Glnl15
Alalé6l, Tyrl66, Tyr86, Argl84, Glyl87

Cys189,Tyr193, Trp143, Trp53, Leyl17, GInl15, Leul07

Trp117, Cys189, Cys188, Tyr166, Glul15, Leul07, Trp53, Ser34
Cys188, Cys189, Tyr193, Trp147, Leull7, Glull5, Leul07
Cys188, Cys189, GluS5, Tyrl66, Leull7, GInll5, Leu 107, Trp147

Cys188, Cys189, GIn55, Glulls, Leul07, Ser148, Trpl47, Leull7,
Ser34, Tyrl66

Cys188, Cys189, Tyr193, Trpl47, Leull7, GInll5
Tyrl147, Tyr186, Cys188, Cys189, Tyrl66, GInl15, Leull7, Leul09
His113, Asnl109, Thr75, Lys118, Lys190, Ser148

Thr75, GInl115, Leul07, Lys74, His113, Phel85, Lys190, Lys74,
Cys188, Cys190, Glul89
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Table 4 Rigid ligand interaction studies. Ligands showing the best binding energies from previous docking were selected, and docking was
repeated with the torsion (rigid) of the ligand reduced to zero. Binding energies were found to correlate very well with previous results

S.No Agonist Energy Interacting residues
Kcal/Mol
Bromoacetylcholine —6.34 Ser34?, Trp53, Letl17, Tyr116?, Tyr186,Cys188
2 Nicotine —9.11 Leul07® Trp147, Tyr186, Cys189, Tyr193
3 Codeine —10.40 Trp53, Leyl107%, GInl15,* Leull7, Trp147, Ser148?, Cys188, Cys189,
Tyr193
4 Epibatidine ~9.46 Trp53?, Leull7%, Serl46, Trpl47, Tyr1867, Cys188?, Cys189°, Tyr193*
5 Galanthamine —-10.56 Leul07, Leull7, Trpl147%, Ser148, Tyr186%, Cys188%, Cys189% Tyr193*
Antagonist
6 Hexamethionium -6.25 Trp53?, Leul07, Trp147,* Tyr166, Tyr186° Cys189?, Tyr193?
7 Mecalamine —-10.08 Trp53?, Leull7?, Trpl47%, Tyr186°, Cys189% Tyr193*
8 4-(N-Maleimido)benzyltrimethylammonium  —8.37 GIn55, GInl15, Leul17%, Tyr186% Cys186%, Cys188* Cys189% Tyr193?*
9 4-(N-Maleimido)phenyltrimethylammonium  —8.93 Ser34, Trp53%, GIn55, Trp147%, Tyr166, Cys188, Tyr193?*
10 dihydro-beta-erythroiodine -9.47 Trp53?, Leul07, GInl15, Leul17%, Trp147%, Cys188%, Cys189% Tyr193*
11 Lophotoxin —8.36 Trp53?, Leul07, GInl15, Leul17%, Trp147%, Ser148, Tyr166, Cys188?
Cys189%, Tyr193*
12 d-Tubocurarine —7.84 GIn55, Leul07, Asnl09, His113, G115, Leul17% Glnl57, Cys188%,

Cys189? Lys190, Tyr193*

#Key conserved residues found to interact with nAChRs (most are hydrophobic)

ﬁ/w;

ASNSS } S

Fig. 5 nAChR and three mutant models selected for docking studies. The theoretical model was subjected to mutation based on the interaction of
class-specific residues. Mutations were carried out in three different groups and based on residue properties. For details see text
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Ax—26.356Ax—3.099A between the interface region of
the theoretical structure of a;nAChR, which is considered
to be the active site of the receptor, and also by providing a
rotational space of about 0.536 A. The docking calculations
were carried out for 100 docking poses for each ligand.
The outputs from the docking of 100 GA runs were
ranked according to the binding energy and clustering
histogram. The scoring functions are based on protein—
ligand energy terms, namely van der Waals energy, distance
between the interacting atoms, dissolving energy, electro-
static energy, torsion free energy and unbound system
energy. AutoDock has an inbuilt clustering method based
on root mean square deviation (RMSD) values, which is
used for clustering ligand poses with clustering of RMSD

Fig. 6 Rigid ligand interaction
studies on mutated a;nAChR.

a Agonists interacting with
mutated «7;nAChR. b Antago-
nists interacting with mutated
o;nAChR. For more details see
Table 5

4-(N-Maleimido)benzyl
trimethylammonium

of >0.04A. According to the binding energy, the top-
scoring energy for each of the ligands, and sometimes the
highly populated clusters, were considered as the best
ligand poses (Table 4). The analysis of the docked complex
showed a drastic conformational change for cyticine and
phenylcyclidine, albeit giving better binding energy after
docking. Since it was difficult to interpret these data, these
molecules could not be considered further for analysis.
The protein-rigid ligand interaction shows best binding
energy and more highly populated clusters than the protein-
flexible ligand interaction, and was thus preferred for the
analysis and further study. Ligands showing very low binding
energy and improper cluster formation were neglected
because of the difficulty in inferring any information from

4-(N-Maleimido)phenyl
trimethylammonium

Tubocurarine
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these interactions. The complexes were analyzed for bonded
and non-bonded interactions using AutoDock inbuilt modules
and with our in-house program Interactor. The functional
channel of the receptor molecule was contributed by charged
residues for effective agonist binding. In the docking analysis,
most of the small molecules were found to interact with the
cysteine residues (188—189) at the binding pocket, which is
dominated by hydrophobic and aromatic residues. The
efficient docking analysis revealed that this core was
dominated by aromatic and hydrophobic residues, contribut-
ing Tyr91, Trp147, Tyr149, Tyr186, Cys188-189 and Tyr193
to form the principle side and the complementary residues
Trp53, GluS5, Leul07, Asn109, GInl15, Leul17 and Tyr166
to form the other side; this arrangement was common to the
docking poses of all the ligands.

Point mutation of a;nAChR

Potentially new interactions that were suggested due to the
docking studies were mapped on the alignment of
o-nAChR and its close homologue. The new residues
involved were Ser34 (—), GInS5 (-), Serl46 (+), and
Tyrl66 (), and we aimed to explore more about these
conserved and class-specific residues among o;nAChR
homologues (Fig. 5). These residues are highly conserved
among these homologues. Given their high degree of
conservation, and that they interact strongly with the ligand,
it was expected that mutation of these residues would prove
informative. These new residues were mutated by three
different approaches based on their respective properties:
(1) Ser34 of the (—) chain was replaced by Ala, Thr or Tyr;
(2) GIn55 of the (—) chain was substituted with Ala, Glu or

Asn; (3) Serl46 of the (+) chain was mutated to Ala, Thr
and Tyr, and finally (4) Tyrl66 of the (—) chain was
mutated to Ala, Phe or Ser, respectively using SYBYL7.1.
The mutated theoretical a7;nAChRs were subsequently
energy minimized to reduce steric clashes and geometric
inaccuracies occurring due to induced point residue
mutations using the TRIPOS force field. This reduces the
distorted energy that occurs due to residue point mutations
in a;nAChR, which was represented as an energetically
stable and favorable structure for analysis. Since these three
mutant models were found to be structurally stable at the
end of the minimization, the structure was not greatly
altered compared with the template AChBP, and so these
three mutant models were selected for docking studies.

Protein-ligand docking studies on residue point mutations
in oyznAChR

Docking was carried out for these three different mutated
oa-nAChR structures by applying the same procedure as
above, i.e., keeping the ligand rigid for 100 cycles. The
docking produces clusters of ligands interacting with
a7mAChR with high binding energy. The three different
mutation-induced structures of o;nAChR were docked
using the rigid ligand approach with each ligand. The best
docking poses were subjected to analysis for interacting
residues within AutoDock.

Mutation 1

In the first type of mutation, all the newly interacting
residues were replaced by Ala to test the effect of Ala on all

Table 5 Mutation 1. Class-specific residues identified using docking were subjected to mutation type 1. The mutation involves substitution of
Serl46 (+), Ser34 (-), GIn55 (—) and Tyr166 (—) with Ala using Sybyl 7.1

S.No Agonist

Energy (kcal/mol) Interacting residues

1 Bromoacetylcholine —6.12
2 Nicotine —8.98
3 Codeine -10.40
4 Epibatidine -9.36
5 Galanthamine -9.36
Antagonist
6 Hexamethionium —6.03
7 Mecalamine -9.87
8 4-(N-Maleimido)benzyltrimethylammonium —8.03
9 4-(N-Maleimido)phenyltrimethylammonium —8.35
10 dihydro-beta-erythroiodine —8.84
11 Lophotoxin -10.73
12 D-Tubocurarine -9.72

GlInl15, Leull7, Trp147, Cys188, Cys189, Lys190, Tyr193
Leul07, Trp147, Tyr186, Cys189, Tyr193

Trp53, Tyrl86, Trp147, Cys188, Cys189, Tyr193

Trp53, Leull?7, Trp147, Tyr186, Cys188, Cys189

Trp53, Leul07, GInl15, Leull7, Trpl47, Cys188, Cys189, Tyr193

Trp53, Tyrl47, Tyr186, Cys189, Tyr193

Trp53, Leull7, Trp147, Tyr186, Cys189, Tyr193

Trp53, Leull7, Trp147, Cys188, Tyr193

Trp53, Leull7, Trp147, Tyr186, Cys188, Tyr193

Leul07, Asnl109, His113, GInl15, Cys188, Lys190

Ser32, Ala34", Trp53, Ala55% Alal6l, Aspl162, Gly165, Cys188

Trp53, Alal61, Alal66% Gly165, Argl84, Tyr186, Glul87, Cys18s,
Cys189, Tyr193

? Mutated residues
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the subsequent rigid docking with the ligands. The docking
complexes were analyzed for interacting residues with the
ligands using AUTODOCK (Fig. 6a,b). Since Ala has a
smaller side chain, this residue appeared in very few
docking complexes (Table 5). The docking complexes were
subjected to H-bond analysis using the in-house program
Interactor. This program strips out residues that have
hydrogen bond interactions with the ligands. In this
analysis, no H-bond formation is observed with the ligand
and receptor (Table 8). The docking result shows this
mutant to be less effective in terms of binding energy and
cluster formation. Hence, it is suggested that this mutation
and its docking is not very effective in binding with ligands

Fig. 7 Rigid ligand interaction
studies on mutated oc;nAChR.
a Agonists interacting with
mutated x;nAChR. b Antago-
nists interacting with mutated
o;nAChR. For more details see
Table 6

Bromoacetylcholine

4-(N-Maleimido)benzyl
trimethylammonium

Af)’;ubocurarine

and further suggests that it may not be appropriate to induce
an Ala mutation at any of these sites.

Mutation 2

In the second type of mutation, Ser34 (—) was replaced with
Thr, GIn55 (—) was replaced with Glu, Ser146 (+) chain
was replaced with Thr, and Tyr166 (—) was replaced with
Phe. The docking result revealed good binding energy and
good cluster formation when compared with the first type
of mutation. When the complexes were analyzed for
interaction using AUTODOCK (Fig. 7a,b), the Gly55-
mutant model harbors many types of interaction and Cys

Nicotine

4-(N-Maleimido)phenyl
trimethylammonium
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Table 6 Mutation 2. Class-specific residues identified using docking were subjected to mutation type 2. The mutation involves substitution of
Ser146 (+) with Thr, Ser34 (—) with Thr, GIn55 (=) with Glu and Tyr166 (-) with Phe using Sybyl 7.1

S.No Agonist

Energy (kcal/mol) Interacting residues

Bromoacetylcholine —6.78
2 Nicotine -9.14
3 Codeine -10.36
4 Epibatidine -9.43
5 Galanthamine —-10.62

Antagonist
6 Hexamethionium —6.71
7 Mecalamine —10.19
8 4-(N-Maleimido)benzyltrimethylammonium —9.00
9 4-(N-Maleimido)phenyltrimethylammonium —9.36
10 dihydro-beta-erythroiodine —9.06
11 Lophotoxin -9.54
12 D-Tubocurarine —4.80

Glu55 ?, Phel66, Tyrl186, Glul87, Cys188
Leul07, Trp147, Tyr186, Cys189, Tyr193

Trp53, Leul07, GInl15, Leull7, Trp147, Ser148, Cys188, Cys189,
Tyr193

Trp53, Phell6, Leull7, Thr146 ® Trpl147, Tyr186, Cys188, Cys189,
Tyr193

Trp53, Leul07, Leull7, Trp147, Ser148, Tyr186, Cys188, Cys189,
Tyr193

Glu55 #, Phel66, Tyr186, Cys188, Cys189, Tyr193

Trp53, Trp147, Tyr186, Cys189, Tyr193

Glu55 ?, GInl15, Leull7, Phel66, Tyr186, Cys188

Glu55 %, Leull7, Phel66, Tyr186, Cys188

Alal6l, Aspl62, Glyl65, Tyrl66, Argl84, Tyr186, Glul87, Cys188
Lys74, Thr75, Leul07, Asn109, GIn115, Cys188, Cys189, Lys190,
Tyr193

Glu55 ? Leul07, Asn109, His113, GInl15, Leul17, Cys188, Cys189,
Lys190, Tyr193

? Mutated residues

188-189 was found to be within interacting distance of all
the ligands (Table 6). The docking complexes were
subjected to our in-house program Interactor, which
particularly displays H-bond interacting residues. This
highlighted Glu55, which has an H-bond interaction with
the ligand molecule (Table 8). This confirms the result that
this docking is pretty effective for ligand binding, further
suggesting that Q55 (-) E is not likely to change the
activity of the protein.

Mutation 3

In the third type of mutation, Ser34 (—) was replaced with
Tyr, GIn55 (—) was replaced with Asn, Ser146 (+) chain
was replaced with Tyr, and Tyr166 (—) was replaced with
Ser. The docking result indicated good binding energy and
good cluster formation when compared with the other two
types of mutation. The complexes were subsequently
subjected to analysis of the interacting residues using
AUTODOCK (Fig. 8a,b). Tyr146 and Ser166 appear within
ligand-interacting distance in many of the antagonists. Also,
Cys 188-189 was found to be involved in interaction with
the ligand in all cases (Table 7). When the docked
complexes were subjected to Interactor, H-bond interactions
were displayed with Tyr146 and Serl66 in some cases
(Table 8). This result confirms that this docking is very
effective in ligand binding, particularly to antagonists. This
also suggests that the o;nAChR is highly sensitive to these
antagonists. These mutation investigations could be sub-

@ Springer

jected to further experimental study, to validate and use
such results in an effective manner in future. These results
provide details of the interactions of ligands with the three
dimensional model of the N-terminal region of human
a7nAChR, thereby also suggesting strategies for the design
of novel lead compounds [24].

Evolutionary trace analysis

In order to examine the impact of mutations of residues in
conserved and class-specific regions of nAChR, a series of
diverse nAChR receptors needs to be tested. Evolutionary
trace (ET) analysis—a sequence-structure analysis tech-
nique [23]—was applied to identify potential regions for
mutagenesis in nAChR. ET analysis aims to find determi-
nants of receptor binding specificity for the five major
subgroups in the nAChR family by creating an evolutionary
tree using the PHYLIP package. The ECD of oy, o3, oty 7
and o sequences of the nAChR family were retrieved from
the SwissProt database and submitted to the Trace Suite II
server. The complete sequences of these polypeptides were
aligned manually, using the invariant cysteines of nAChR
as anchor points. Special care was taken to ensure that gaps
were not inserted into areas of known secondary structure.
A Phylip distance matrix based on sequence identity was
generated using the program ClustalX from the 26 non-
redundant sequences (Table 9), and was used as input in the
Kitsch algorithm to build a rooted phylogenetic tree. The
server produces both a phylogenetic tree and a trace
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Fig. 8 Rigid ligand interaction
studies on mutated a;nAChR.
a Agonists interacting with
mutated x;nAChR. b Antago-
nists interacting with mutated
o;nAChR. For more details see
Table 7

4-(N-Maleimido)benzyl
trimethylammonium

alignment. The trace alignment produces ten consensus
sequences at each level of ETC, and the phylogenetic tree is
generated from five major branches with partitions ranging
from P1 to P10. As expected, the sequence from Lymnaea
stagnalis stands on its own as a separate cluster and the
nAChR sequences were found to be more similar.

For each partition, the trace procedure was followed
automatically by TraceSeq and TraceScript, using the
following sequence of steps: (1) protein sequences
connected by a common node with an evolutionary time

Dihydro-beta-erythroidine

Nicotine

4-(N-Maleimido)phenyl
trimethylammonium

Mecamylamine

Tubocurarine

greater than a given ETC value were clustered together by
TraceGroup and input into TraceSeq. (2) To distinguish
between conserved and non-conserved positions, a consen-
sus sequence was generated for each group. In practice,
TraceSeq tagged a residue with ‘1’ if it was conserved or
with ‘0’ if it varied within the subgroup. (3) By comparing
the aligned consensus sequences for all the clusters
associated with a given partition, a trace was generated.
Where all residues for a specific position had been tagged
as ‘1°, the one-letter residue name was used if such an
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Table 7 Mutation 3. Class-specific residues identified using docking
were subjected to mutation type 3. This mutation involves substitution
of Ser146 (+) with Tyr, Ser34 (—) with Tyr, GIn55 (—) with Asn and

Tyrl66 (—) with Ser using Sybyl 7.1. The results were obtained using’
the inbuilt module for analyzing the interacting residues in AutoDock

S.No Agonist

Energy (kcal/mol)

Interacting residues

1 Bromoacetylcholine -6.39
2 Nicotine -9.23
3 Codeine —10.61
4 Epibatidine —10.01
5 Galanthamine —10.64
Antagonist
6 Hexamethionium -6.32
7 Mecalamine —10.06
8 4-(N-Maleimido)benzyltrimethylammonium —8.23
9 4-(N-Maleimido)phenyltrimethylammonium —8.53
10 dihydro-beta-erythroiodine -8.91
11 Lophotoxin —10.48
12 d-Ttubocurarine —10.39

Leul07, GIn115, Cys189, Tyr193

Trp147, SER148, Tyr186, Cys189, Tyr193

Trp53, Leul17, Trp147, Tyrl186, Cys188, Cys189, Tyr193
Trp53, Leul17, Trpl47, Tyr186, Cys189

Trp53, Leul07, GInl15, Leull7, Tyr146?, Trp147, Ser148, Tyrl86,
Cys188, Cys189, Tyrl193

Trp53, Alal61, ASP162, Serl166?, Tyr186, Cys189, Tyr193
Tip53, Leul17, Trpl47, Tyrl86, Cys189, Tyr193

Tip53, Trp147, Serl66%, Tyr186, Cys188, Cys189

Trp53, Leull7, Trp147, Ser148, Ser166°, Tyr186, Cys189
Alal61, Alal62, Ser166%, Tyr186, Glul87

Tyr34%, Trp53, Tyr91, Alal61, Ser166?, Tyr186, Glul87, Cys188,
Cys189

Trp53, Alal61, ASP162, Gly165, Serl66?, Argl84, Tyr186, Glul87,
Cys189

#Mutated residues that appear to interact with the ligand

amino acid was found in every single cluster, otherwise the
position was assigned the symbol ‘X’ and was termed
‘Class-specific’; if an amino acid had been tagged with a
‘0’ in at least one of the consensus sequences, the
corresponding position in the trace was considered to be
neutral. (4) Script files for both Rasmol and MOLSCRIPT
were created by TraceScript to map the trace onto the
surface of available structures. The various residue classes
were color-coded to distinguish between conserved and
class-specific, as well as buried and exposed. Residues

Table 8 H-Bond analysis using Interactor. All the docked complexes
were subjected to H-bond analysis using our in-house program
Interactor. The program stripped out the residues that were interacting

were classified as buried if their side-chain solvent
accessibility was lower than 30%.

The analysis was carried out on five different groups
among the nAChR sequences in order to validate the
method. The aligned non-redundant sequences of nAChR,
which contains five &, sequences, five a3 sequences, six oy
sequences, six & sequences, and three oy sequences with
one AChBP sequence from Lymnaea stagnalis. Sequences
of subfamilies show high conservation among themselves,
but across subfamilies there is hardly any conservation

with the respective ligand. More hydrogen bond interactions were
found in mutation types 2 and 3 than with mutation type 1, thus
indicating that mutation types 2 and 3 were more efficient than type 1

S.No Ligand Wild Ml M2 M3

1 Bromoacetylcholine GlIn55* X Glu55 X

2 Codeine X X X X

3 dihydro-beta-erythroiodine X X X X

4 Epibatidine X X X X

5 Galanthamine X X X Tyr146
6 Hexamethionine X X Glu55 X

7 Lophotoxin X X X Ser166
8 4-(N-Maleimido)benzyltrimethylammonium X X Gluss X

9 Mecalamine X X X X

10 4-(N-Maleimido)phenyltrimethylammonium X X Glu55 X

11 Nicotine X X X X

12 D-Tubocurarine GIn55 Alal66 Glu55 Ser166

*X represents no H-bond interaction and the residue name indicates interaction of the ligand with that residue
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Table 9 (continued)

Table 9 Conserved, class-specific and neutral residues in the

Alpha7*  Alpha9® Alpha2® Alpha3®  Alpha4®

S.No

extracellular region of nAChR, generated based on the trace produced
by the Evolutionary Trace Server. Around 26.6% of residues are

conserved among the homologous sequences

51

I

52(B)°
53
54
55
56
57
58

Alpha4®

Alpha3®

Alpha7*  Alpha9® Alpha2®

S.No

11

K

7(B)°

12

10
11
12
13
14

59
60
61

13

62

63

14

P

15(A)°

16

64
65

15
16

E

17(A)
18(A)°
19(A)°

20
21

77
78

R
P

4
5

79
80
81

17

22
23

82
83

24
25

84

18

R

K

85(A)°
86
87
88

26
27

28

19
20
21

29
30

31

89
90
91

22
23

32
33

N
S

92(A)°

24

93(A)°

34
35
36

A

94(A)°
95

25

96
97

Q

37(B)
38

F

98(B)°

M

39(B)°
40

D

99(B)°

A

100(B)°
101

41

42

H

F

102(B)°
103

43

44

T

T

104(B)°
105

N

45(A)°
46

9

10

106

47

107

48

108
109
110

49

50

pringer

AQs
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Table 9 (continued)

Table 9 (continued)

Alpha7*  Alpha9® Alpha2® Alpha3®  Alpha4®

S.No

Alpha7*  Alpha9® Alpha2® Alpha3®  Alpha4®

S.No

161

111

112

113

D

D

162(B)°
163

114

115

164

116

D

G

165(B)°

166
167

117

119

26

120

121

P

168(B)°
169

27

F

122(A)°
123

G

170(B)

171

28

45

124(A) S

125

29

172

46

30
31

173

126
127

174
175

128

176

129

32
33

177

130

131

178

179

132

180
181

133

34
35

134

182
183

135

36
37

136

184
185

137

47

138

38

G
C
C

E

186(A)°
187(A)°
188(A)°

189

139

C
C

48

140
141

39

49

142

190

191

50

T
F

K
F

143(A)°
144(A)°

145

40
41

192
193

51

52
53

S

S

146(A)°
147(A)°
148(A)°
149(A)°
150(A)°

151

)

194
195

W

w

S

43

196
197
198

54

Y
G

44

N

199
200
201
202
203

152
153

154
155

156

157

#Forms homopentamers

158
159

® Forms heteropentamer

Residues at the interface region

160

pringer

Qs
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residues present at the (3; region that may be important

for specificity of binding. It is conserved among nicotinic-

apart from the cysteines. It should be noted that Cys188—

189 is also conserved among the superfamily and in fact is
said to be the hallmark of this superfamily. However,

type receptors but varies slightly in the muscarnic type of
nAChR. In contrast, GInS5 displays maximal sequence

Ser146 was absolutely conserved among all subtypes. The
polar residue Ser34 (already identified during docking as an
interesting residue) is replaced by polar and aromatic

variation among the subtypes and Tyrl66 is highly
conserved in nicotinic-type receptors but not in the
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| Conserved |  Class specific Neutral |

Fig. 10 Results of ET mapped over the theoretical structure of
a7nAChR. Yellow Conserved residues, green class-specific residues,
light cyan neutral residues

muscarnic type, which display minimal sequence variation.
However, the number of conserved residues among the
homologous sequences was not very high since the average
sequence identity was found to be only 26.6%.

The output from the TraceSuitell program on the ECD of
nAChHR is shown in Fig. 9. Analysis of the mapped traces for
partitions P1-P10 revealed clusters of potentially important
residues in the binding site of the receptor. The residues
defined by their hydrophobic trait are at the interface region.
In the partition P01, apart from the structurally conserved
cysteines at the interface region, the following are absolutely
conserved among the receptors of nAChR: Argl8, Prol9,
Glu43, Trp53, Trp58, Asp60, Leu63, Trp65, Pro79, Trp84,
Pro86, Asp87, Tyr91, Asn92, Ala94, Glyl12, Serl25,
Cysl126, Cysl40, Glyl45, Serl46, Trpl47, Tyrl86,
Glul91, Tyr193 and Aspl195. Among the conserved resi-
dues, Trp53, Tyr91, Trpl47, Tyrl86, Cys188-189 and
Tyr193 were found to be involved at the interface region,
which is the binding site region. The disulfide linkage
Cys126-Cys140 is located between 3, and (3;; and the
Cys188—Cys189 bridge located between the loop region 3
and 319 maintains the structural rigidity.

At partition P02, Leu5, Leu9, Tyrl3, Val20, Gly37,
Asp42, Asnd5, GInd6, Leu90, Thr101, Proll9, Ilel2l,
Lys123, Ser124, Asp129, Val130, Phel33, Prol134, Phrl35,
Aspl36, GInl38, Pheld44, Tyrl49, AsplS5, Glyl71,
Trp172, Tyr197 and Arg205 were found to be conserved
among all the «,, oz, oy, 7 and g nAChR types. Among
the conserved residues, Glu43, Trp58, Asp60, Leu63,
Trp65, Pro79, Trp84, Pro86 and Asp87, which lie away
from the interface region and binding site, perhaps possess
less functional importance. Residues present at the partition
P04 were identified as class-specific residues. The con-
served, class-specific and neutral residues identified using
TraceSuite were mapped on the surface of the theoretical

@ Springer

model nAChR (Fig. 10) to examine their spatial distribu-
tion. This ensures that the functional patches detected at the
binding site of these highly related protein sequences
occupy similar regions of the molecule, regardless of their
functional differences.

Phylogenetic tree

The partitions ranging from POl to P10 divide the
phylogenetic tree into respective groups based on appro-
priate classes. An individual partition contains different
numbers of classes, where each class consists of a cluster of
similar sequences originating from a common node within
the respective partition (Fig. 11). From the root, nodes 1
and 2 originated at the level of partition PO1. One of these
branches contains the AChBP sequence, while the other
branch consists of the remaining nAChR sequences,
indicating that the AChBP sequences may indeed constitute
an independent and distinct node to nAChR. Partition P03
discriminates into node3, in which the xg group is collated
into a single branch, and node4, which comprises the
remaining o groups. However, partition P04 further divides
into node5 and node6, in which «; sequences were grouped
into a single branch, and the rest of the o, o3, x4 groups
into partition P06. At partition P06, nodes 7 and 8 were
further classified into «3 group and o, o4 groups,
respectively. Partition P08 grouped into two different
clusters of «,, o4 groups at the 9th and 10th node,
respectively, which lie proximal to each other. Thus, the
ET method can be used both to rationalize the results of

Pl P2 P3 P4 P5 P6 P7 P8 P9 PIO
T 24 o9 Rat

23 o9 Human
25 o9 Chick
_‘ 21 o Rat
20 of Mouse
_[ 18 of Macmu
17 of Human
|: 19 o7 Bovine
22 o7 Chick
_i 15 o3Rat
14 o3 Mouse
_[ 13 o3 Human
12 o3 Bovine
—— 16 o3 Chick
_l 10 o2Rat
9 o2 Mouse

_{ 8 02 Pantr
7 02 Human
11 o2 Chick

4 o4Rat
3 o4 Mouse
2 o4 Pantr

1 o4 Human
5 o4 Muspf
6

2

o4 Chick
6 AChBP (119B)

Fig. 11 Dendrogram representing 26 ECD sequences of the nAChR
family, selected using Phylip 3.5 on the basis of sequence dissimilarity
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mutagenesis studies and to predict novel leads for future
experiments.

Conclusions

a7mACh receptors are gaining increasing attention among
the ion channels since they modulate neurotransmission at
both pre- and post-synaptic junctions. Computational
modeling of the interaction of relevant ligands with the
theoretical model of nAChR will be of great value in the
discovery of lead compounds. The theoretical model of
a,nAChR generated in our previous study was subjected to
receptor-ligand docking studies. The model was generated
as a monomer and assembled as a pentamer using the initial
equivalences from the EBI-Dalilite server, and stereochem-
ical clashes and structural inaccuracies were corrected by
energy minimization. Thus, the structure was found to be
satisfactory as assessed by various analyses [17].

Ligands corresponding to agonists and antagonists of
o;nAChR were retrieved from the PubChem database and
the processed ligands were subjected to docking with the
theoretical model o;nAChR. These ligands were buried in
the aromatic and hydrophobic clusters located at the
interface region. Further analysis of our docking trials
revealed that Ser34, GIn55, Ser146 and Tyrl66 at the
interface region may be expected to play an additional
important role in ligand binding specificity. To our
knowledge, this has not been reported elsewhere and these
observations could be subject to site-directed mutations for
test-of-function experiments.

The residues identified were subjected to in silico point
mutagenesis and further docking studies to examine the role
of these residues in ligand binding. In silico point
mutagenesis experiments were therefore designed in such
a way as to permit clear investigation of the contribution
made by the residues at the interface region and the stability
of ligand binding, as well as their contribution to the ability
to interact with other proteins. The three types of mutations
tested revealed the mutated class-specific residues interact-
ing with agonists and antagonists. Subsequently, an H-bond
analysis was performed using our in-house program
Interactor, which revealed some interaction between antag-
onists and the class-specific mutated residues of the
receptor.

In support of the docking studies, ET analysis was also
performed on homologues of nAChRs. The ET results
identified a few potential residues as the most conserved,
and class-specific residues that might be important for the
interaction of the receptor with agonists and antagonists.
Moreover, ET analysis was found to be consistent with the
above-mentioned docking studies on the receptor, suggest-
ing similar residues as being crucial for its interaction.

These residues were present at one of the loop regions and
the 31, 3, and (37 regions, which may interact with ligands,
and were also identified by ET analysis independently,
revealing good agreement with docking results.

The role played by all conserved residues and the class-
specific residues highlighted in our analysis should be
investigated further by experimental mutagenesis studies.
Detailed studies of the five major o« subunits of nicotinic
nAChR subgroups enabled us to understand the role of
residues involved in the interaction in the formation of
nAChR-ligand complexes. Hence, it may be helpful to us in
the design of therapeutic leads agents for neurodegenerative
diseases.
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