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This study reports the comparative molecular modeling, docking and dynamic simulations of human
a9a10 nicotinic acetylcholine receptors complexed with acetylcholine, nicotine and a-conotoxin RgIA,
using as templates the crystal structures of Aplysia californica and Lymnaea stagnalis acetylcholine bind-
ing proteins. The molecular dynamics simulations showed that Arg112 in the complementary a10(�)
subunit, is a determinant for recognition in the site that binds small ligands. However, Glu195 in the prin-
cipal a9(+), and Asp114 in the complementary a10(�) subunit, might confer the potency and selectivity
to a-conotoxin RgIA when interacting with Arg7 and Arg9 of this ligand.

� 2008 Elsevier Ltd. All rights reserved.
The nicotinic acetylcholine receptors (nAChRs) are ligand-gated
ion channels found throughout the body, where they mediate fast
synaptic transmission. The nAChRs are responsible for mediating
the effects of the neurotransmitter acetylcholine (ACh) and are also
the principal target of nicotine (Nic), which typically, though not
always, mimics the effects of ACh on them. Classically, nAChRs
have been divided into two groups: muscle and neuronal receptors.
The former are found at the skeletal neuromuscular junction,
where they mediate neuromuscular transmission, and the latter
are present throughout the central and peripheral nervous sys-
tem.1 The nAChRs are pentameric proteins comprising either com-
binations of two different types of subunits (a and b) or five copies
of the same a subunit symmetrically arranged around a central ion
pore. So far, nine different types of a subunit (a2–a10) and three
kinds of b subunits (b2–b4) have been cloned and characterized
as constituents of neuronal nAChRs.2

The nAChRs play crucial physiologic roles throughout the cen-
tral and peripheral nervous system. They regulate neurotransmit-
ter release, cell excitability, neuronal integration and networking,
and are intimately involved in such important functions as sleep
and arousal patterns, fatigue, hunger, anxiety, and pain process-
ing.1,3–5 Dysfunction of nAChRs is implicated in a variety of human
disease conditions, including epilepsy, tobacco addiction, schizo-
phrenia, myasthenia gravis, and some forms of skin disorders.3,6

Their function most likely extends beyond the boundaries of neural
function since they have also been identified in such diverse tis-
sues as lymphocytes and keratinocytes.6,7
ll rights reserved.
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s).
The inner ear hair cell a9a10 nAChR is a unique receptor be-
cause it is formed by two different a subunits. It has a characteris-
tic mixed nicotinic-muscarinic pharmacologic profile and is
sensitive to a broad range of ligands.8,9 Studies on the a9a10
nAChR have greatly enhanced our understanding of nAChR func-
tion, the efferent olivocochlear pathway, and auditory hair cell
function and development.10,11 Recently, it has been reported that
the inner ear requires a9a10 nAChRs to permit CNS modulation of
cochlear mechanics.12 Further, the nAChR a9a10 clearly has a
function outside of the auditory system, though this precise func-
tion remains to be fully elucidated. Recent studies have defined
the importance of these receptors in physiology, indicating that
they represent an important component of human diseases and
are thus potential targets for the therapy of a variety of ear disor-
ders, including the prevention, and/or treatment of noise-induced
hearing loss, as well as debilitating disorders as vertigo or
tinnitus.13

In this paper we describe the comparative homology models,
docking and molecular dynamics simulations (MD) of the ligand-
binding domain (LBD) of a9a10 nAChR with ACh, Nic and a-cono-
toxin RgIA (RgIA) to shed light on possible ligand–receptor
interactions.

Sequence alignments. For the small ligands ACh and Nic, a se-
quence alignment was generated between the sequences extracted
from the X-ray crystal structure of nicotine-bound to Lymnaea
stagnalis acetylcholine binding protein (Ls-AChBP, PDB entry
1UW6) at 2.20 Å resolution14 and the amino terminal domains of
human a3, a9, a10, a7, b2, and b4 nAChRs by means of the CLU-
STALW package applying default parameters.16 For conotoxin
a-RgIA, using the same procedure, a second sequence alignment
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was generated between the sequences extracted from the X-ray
crystal structure of Aplysia californica acetylcholine binding protein
(Ac-AChBP-IMI, PDB entry 2C9T) at 2.25 Å resolution.15 Although
the sequence identity between the AChBP and the human nAChR
LBD is relatively low (18–26%), the presence of highly conserved
ACh binding residues in the AChBP17 and the reported nicotinic
pharmacology for Ls-AChBP18 suggest that our comparative homol-
ogy modeling of the nAChR LBD using the AChBP structure is
appropriate.

With the sequence alignments at hand and the retrieved crystal
structures of 1UW6 and 2C9T X-ray as templates, the program
MODELLER (version 9v3)19 was used to build the 3D models of
the LBD of human a9a10 nAChR according to the comparative pro-
tein modeling method. In order to retain the complementarities
between subunits at their interfaces, all five subunits were mod-
eled simultaneously with the reported stoichiometry (a9)2

(a10)3.20 Thus, the formed pentamer, with the sequence
a9a10a9a10a10, holds five probable ligand-binding sites in the
interfaces corresponding to two a9(+)a10(�), two a10(+)a9(�)
and one a10(+)a10(�) subunit pairs. In the obtained models, and
using Autodock4.0 (AD4),21 Nic and ACh were placed in a single
binding site (a9(+)a10(�) interface) while keeping all other possi-
ble binding sites empty. It is worth noting that preliminary at-
tempts to dock the RgIA peptide at the five binding site
interfaces did not display its predicted potency, selectivity,22 or
the reported interactions for similar peptides according to the pub-
lished X-ray structures.15,23 Therefore, using MODELLER, we built
the combined model nAChR a9a10-RgIA, using the Ac-AChBP-a
conotoxin IMI structure as a template.

Molecular dynamics simulations. In order to determine the accu-
racy of our a9a10 nAChR LBD model, we performed MD simula-
tions as follows: the LBD structure was solvated in an octahedral
box of TIP3P water molecules,24 with a minimum solute-wall dis-
tance of 10 Å. Different numbers of counterions were combined
with the different net charges to produce neutral systems that clo-
sely resemble the physiological conditions of 0.10 M Na+ and
0.05 M Cl� ions. The total number of atoms of the MD-simulated
system was 57,014 (including 3578 water molecules) for the sol-
vated LBD of the a9a10 nAChR-small ligand complexes and
63,915 (including 5486 water molecules) for the solvated LBD of
the a9a10 nAChR-RgIA complex. The MD simulations were per-
formed using the Sander module of Amber9,25 according to proce-
dures already used for modeling other protein–ligand systems.26

After six equilibration stages, each MD production was kept run-
ning for 5 ns with periodic boundary conditions in the NTP ensem-
ble at T = 300 K with Berendsen temperature coupling and at
P = 1 atm with isotropic molecule-based scaling.27

Structural models for a9a10 nAChR. The sequence alignments
(see Fig. 1) revealed that most of the amino acid residues belonging
to the binding sites in the AChBPs (Ls and Ac) and all nAChRs sub-
Figure 1. Sequence alignment of the amino acid residues around binding sites for the su
from Aplysia californica (Ac) and Lymnaea stagnalis (Ls). Aromatic nest residues colored
various subtypes are colored cyan, magenta and pink.
units used in our alignment are well conserved in type and posi-
tion. The positions of the residues forming the typical aromatic
cage,14 at the bottom of the binding pocket, including Tyr88,
Trp144, Tyr185, Tyr192, and the disulfide at positions 187 and
188 of the C loop of the principal (+) binding side, are well con-
served. Moreover, Trp50 of the complementary (�) binding side
that forms part of the aromatic cage is also well conserved. How-
ever, a major structural difference between a9a10 and other nAC-
hRs occurs precisely in the complementary (�) binding side at the
112-position. In Figure 1 it can be seen that this position is occu-
pied by a polar and large amino acid residue (Arg112) in a10 but
a short and hydrophilic amino acid residue (Thr112) in a9. This po-
sition corresponds to Gln117 in a7 (a hydrophilic amino acid res-
idue), Phe117 in b2 (an aromatic residue) and Leu117 in b4 (a
hydrophobic one). The non-classical pharmacological behavior of
Nic at the a9a10 nAChR could be explained by this striking differ-
ence. Examination of residues near to the complementary (�)
binding site revealed another significant difference at position
114, the presence of a negatively charged Asp residue. This residue
is present only in the a9 and a10 subunits and it has been pre-
dicted to play a critical role in the interaction of RgIA with
a9a10 nAChR with regard to its high selectivity for this subtype.28

The best homology model obtained for the a9a10 nAChR was
used for docking studies of small ligands by means of the AD4 pro-
gram using default parameters described elsewhere.21 Arg112 in
the complementary subunit a10(�) was selected as the fully flex-
ible residue, since according to experimental evidence residues in
this location influence the interaction displayed by the ligands
upon binding.26 Once the best final docked energies were obtained
for Nic and ACh, the complexed structures were further subjected
to MD simulations with only one ligand in the a9(+)a10(�) inter-
face. As the complex between a9a10 nAChR-RgIA using AD4 did
not succeed, then the best scored a9a10 nAChR-RgIA model ob-
tained by MODELLER was used for the MD process instead.

The MD simulation runs for both a9a10-ACh and a9a10-Nic
complexes were very different. This result is not at all surprising
since these ligands have dissimilar pharmacological profiles upon
receptor binding, where ACh is an a9a10 agonist whilst Nic acts
as an antagonist.8,11 In addition, ACh displayed the same well-
established cation-p interaction with the Trp143 residue;14,29

however, Nic is completely removed from the agonist binding site
(see Fig. 2A and B).

Also from the MD runs, it can be noted that the microscopic
binding structure for a9a10 nAChR-ACh shows that the aromatic
cage residues were maintained in similar positions but the men-
tioned Arg112 in the complementary a10(�) binding site forms a
long hydrogen bond (2.92 Å) with the ACh carbonyl oxygen. The
distance between the aromatic ring of Trp143 and the ammonium
nitrogen moiety forming the cation-p interaction is ca. 4.80 Å, as
reported in the literature.14,29 Other interesting features of this
bunits of a9a10 and other nAChR subtypes with the reported ACh binding protein
red. Cystine bridge colored green. Residues in the binding site that are different in



Figure 2. (A) Microscopic binding of the a9a10-ACh complex after MD. (B) Microscopic binding of the a9a10-Nic complex after MD. (C) NE(Arg112)-O(Trp143) distance: ACh
(red) and Nic (blue). (D) RMSF (for the a9 subunit) showing the regions with major movements: ACh (red), Nic (blue) and RgIA (green).

Figure 3. Main interactions of a-conotoxin RgIA (colored green) with principal
a9(+) (colored yellow) and complementary a10(�) (colored blue) subunits after
5 ns of MD simulations.
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system are two pairs of water molecules present in the binding
site, where they form a pattern of hydrogen bonds with the polar
side chains of Asp114 and Arg54 in the complementary a10(�)
binding site.

On the contrary, the microscopic binding structure for a9a10
nAChR-Nic showed that, as a consequence of the side chain move-
ment of Trp143 in the a9(+) subunit towards the aromatic cage,
thus diminishing the crevice’s volume, Nic moves away from its
initial position. This movement allows for the formation of a
hydrogen bond between the carbonyl oxygen of a9(+) Trp143 with
a water molecule, which in turn forms another hydrogen bond
with Arg112 of subunit a10(�). This water-mediated hydrogen
bond pattern between these two residues keeps them both in a
very stable conformation. This can be seen for one of their
NE(Arg112) in the a10(�) subunit and the (Trp143) carbonyl oxy-
gen in the a9(+) subunit. It is evident from Figure 2C that in the
a9a10-ACh complex Arg112 remains ca. 9 Å from Trp143 and it
takes nearly 5 ns to form the direct interaction. On the other hand,
in the a9a10-Nic complex, this distance falls to ca. 6.5 Å after only
about 0.25 ns. It is worth noting that this region must be consti-
tuted by highly polar residues, as can be inferred by the three
water molecules present in this site.

The behaviors for Nic and RgIA are very similar, but different
RMSF values are found, as shown in Figure 2D. In both cases the lar-
ger fluctuations are in surface regions identified as a-helix 1, the
Cys loop and loop F, explaining the antagonist behavior of Nic at
these receptors. The smaller RMSF values observed for RgIA indi-
cate a greater number of interactions, as expected for a peptide
bound to the surface of a9a10 nAChRs. ACh, on the contrary, desta-
bilizes b-sheets 9 and 10, which are connected through loop C, in
agreement with the activity of the endogenous agonist.30

When it comes to describing the microscopic binding structure
for a9a10 nAChR-RgIA, a different set of interactions must be de-
scribed compared with ACh and Nic since the peptide establishes
interactions with both subunits. Although subtle amino acid differ-
ences can be observed with the IMI structure and certainly most of
the interactions can be reproduced as described by the crystal
structures, one mutation in RgIA with regard to IMI can explain
the high selectivity shown by this peptide. In the 2BYP crystal, an-
other IMI-Ac structure,23 the guanidinium group of Arg7 estab-
lishes two salt bridges: an internal one with Asp5 and the other
with Asp198; however in crystal structure 2C9T not only is the
internal salt bridge seen, but in addition a hydrogen bond is ob-
served with the carbonyl group of Ile194. In our MD run simula-
tions, Arg7 of RgIA forms three interactions summarizing both
crystal structures described above. The first one corresponds to
the intra-residue salt bridge formed with Asp5, which should ren-
der a stable conformation for RgIA, a second salt bridge with a9(+)
Asp198 (Asp195 in Ac-AChBP), and a third one corresponding to a
hydrogen bond with the carbonyl group of Pro197 in the a9(+)
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subunit (Ile194 in Ac-AChBP). In a recent paper by Ellison et al., it
has been demonstrated that the triad Asp5, Pro6, and Arg7 located
in loop 1 of the peptide, are critical residues for the blockade of the
both a9a10 and a7 subtypes.31 A similar interaction has been de-
scribed by Dutertre et al. for AChBP-a-TxIA (Arg5 in TxIA).32 Also,
Ellison et al. showed that Arg9 in loop 2 is critical for specific bind-
ing to the a9a10 subtype. In our MD simulations this residue forms
two salt bridges with Glu58 and Asp114 in the a10(�) subunit. It
worth noting that the latter residue is only present in the a9 and
a10 subtypes, a circumstance which could argue in favor of the
high selectivity shown by RgIA and also be an indication of how
good an approximation MD is to describe the a9a10 system (see
Fig. 3).
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