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Introduction

Nicotinic acetylcholine receptors (nAChRs) play a central
role in intercellular communications in the brain and at the
neuromuscular junction. They are involved in nicotine
addiction as well as in cognitive processes such as atten-
tion, access to consciousness, learning and memory and
their pathologies include autism, schizophrenia, Parkinson
and Alzheimer’s disease (references in Changeux and Edel-
stein 2005). Understanding the functional organization of
the nAChR at the atomic level should thus be a source of
insights for the development of new drug therapies.

nAChRs are members of the cys-loop superfamily of
ligand-gated ion channels. They are pentameric integral
membrane proteins with a Wvefold axis of pseudo-symme-
try perpendicular to the membrane. Hetero- or homo-penta-
mers are based on the association of �1-10, �1-4, �, � and �
subunits which allows a large pharmacological variability
and a diversity of control over activation and desensitization

kinetics. The large number of subunits and of their combi-
nations could also account for the diverse subunit distribu-
tion patterns, at the cellular and subcellular levels (Le
Novere et al. 2002a).

Each subunit can be subdivided into two principal
domains: extracellular and transmembrane. The extracellular
domain (ECD) carries the acetylcholine (ACh) binding site at
the boundary between subunits and the transmembrane ion
pore domain (IPD) delineates an axial cation-speciWc channel
(Corringer et al. 2000; Wilson and Karlin 2001). These topo-
logically distinct domains are allosterically coupled to each
other. Therefore, nAChRs possess the structural elements
necessary to convert a chemical signal, typically a local
increase of extracellular ACh concentration, into an electrical
signal generated by the opening of the ion channel.

Electrophysiological analysis of nAChRs at the synapse
shows that rapid release of ACh promotes fast opening of the
channel, and that a prolonged application of nicotinic agon-
ists and antagonists leads to a slow decrease of the response
amplitude or “desensitization”. Several kinetic models have
been proposed for the physiological processes of activation
and desensitization (Katz and ThesleV 1957) and for the
structural transitions related to general mechanisms of allo-
steric transitions known to mediate signal transmission (see
Changeux and Edelstein 2005; Edelstein and Changeux
1996; Perutz 1989). The concerted Monod–Wyman–
Changeux (MWC) model (Monod et al. 1965) extended to
the nAChR assumes that the receptor protein exists sponta-
neously in reversible equilibrium between a basal state (B),
an active open channel state (A) stabilized by ACh and nico-
tinic agonists, and one or several high aYnity desensitized
state(s) with a closed channel (D) (see Changeux and Edel-
stein 2005; Edelstein and Changeux 1996).

This mini-revue presents insight on the structure and gating
of nAChR, based on the structures obtained experimentally
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since 2001. Several aspects of the nAChR structure/function
relationships are already described in recent reviews present-
ing more speciWcally the eVect of lipids (Barrantes 2004), toxin
binding (Dutertre and Lewis 2006), molecular dynamics (Xu
et al. 2006b) and experimental data (Mourot et al. 2006; Sine
and Engel 2006). Here, the focus is on the study of the gating
mechanism by normal mode analysis initiated by our group
(Taly et al. 2005, 2006) and subsequently developed by other
groups (Amiri et al. 2005; Cheng et al. 2006a). First, available
structures and modelling of the receptor are presented. Second,
the models for the transition from the B to the A state (gating)
using normal mode analysis are described. Finally, these
results are compared to those obtained by experiments and
using other modelling techniques.

Available structures and models constructed 
by homology modelling

Structures of the acetylcholine binding protein

The Wrst structure available to investigate the structure and
conformation of nAChRs was that of a protein from the

fresh water snail Limnea stagnalis the acetylcholine bind-
ing protein (AChBP) (Brejc et al. 2001; Sixma and Smit
2003). This protein has been proposed to modulate the con-
centration of ACh in the mollusc’s synapses (Smit et al.
2001). AChBP has a signiWcant sequence homology with
nAChRs ECD. The structure of AChBP has therefore been
used to derive models of the ECD of nAChRs by compara-
tive modelling (Le Novere et al. 2002b).

AChBP structures may also help in identifying nAChR allo-
steric changes. Following the analysis of all known AChBP
structures it was observed that they can be classiWed into only
two categories, either “open” or “closed” with respect to the
conformation of the C loop (see Fig. 1a, b to localize the loops)
which caps the binding site (Dutertre and Lewis 2006). Inter-
estingly, all structures that should correspond to the resting
state display an “open” C-loop whereas the others have a loop
C in a “closed” conformation (Dutertre and Lewis 2006). The
remainder of the structure is however rather unmodiWed.

Structure of the ion pore domain

The second source of information on the structure of the
nAChRs has been derived from the study of the muscle

Fig. 1 Model of the �7 nicotinic 
acetylcholine receptor obtained 
by comparative modelling. a 
Structure of one subunit of the 
�7 nAChR model. b Close view 
of the binding site. For clarity 
only two monomers are repre-
sented. �7 nAChR pentamer in 
top view (c) and side view (d)
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receptor from the electric ray Torpedo californica. The
electric organ of Torpedo contains high amounts of muscle
nAChR which made it possible to construct high resolution
electron densities maps by electron microscopy (Unwin
2000, 2003). A model for the IPD of Torpedo nAChR was
derived from electron microscopy images at 4.6 Å resolu-
tion and using the structure of AChBP in the position of the
ECD (Miyazawa et al. 2003).

This structure allowed to study the dynamics of the IPD
(Corry 2004, 2006; Hung et al. 2005; Saladino et al. 2005;
Xu et al. 2005), the blockage of ions Xow (Beckstein and
Sansom 2006) as wells as the binding site of the local ana-
esthetics halothane (Vemparala et al. 2006) and the inhibi-
tor chlorpromazine (Xu et al. 2006a). Furthermore, using
the structure of AChBP as a template for the ECD and the
structure of the muscular nAChR as a template of the IPD a
model of the �7 nAChR has been constructed (Pons et al.
2004; Taly et al. 2005) (Fig. 1). The quality of the interface
between the ECD and IPD was validated by the agreement
of the model with the results of cross-linking experiments
(Taly et al. 2005) and an exhaustive analysis of the possi-
bilities in associating ECD and IPD (Amiri et al. 2005).

Structure of the muscular nAChR from Torpedo

The electron microscopy structure of Torpedo muscle
receptor was latter reWned at a 4 Å resolution (Unwin 2005)
yielding a model of both the ECD and IPD of the Torpedo
nAChR (Fig. 2). This experimentally derived model is very
similar to that proposed for the �7 nAChR (compare
Figs. 1c, d, 2, see also ref (Cheng et al. 2006a)). Indeed, the

RMSD computed between C� of equivalent residues is
»2.5 Å which is in the range of what is expected for the
comparison of two proteins which share 30% identity (Coz-
zetto and Tramontano 2005).

The electron microscopy data was proposed to represent
a basal state of the nAChR protein (Unwin 2005) although
this interpretation remains a matter of controversy (Paas
et al. 2003). Noteworthy, the structure of the C-loop of the
�1 subunits is in an “open” conformation, while that of the
other subunits is “closed” (Unwin 2005). Opening of the C-
loop was previously shown to be necessary for the binding
of �-neurotoxins (Fruchart-Gaillard et al. 2002; Le Novere
et al. 2002b), which is generally thought to take place in the
basal state (Bertrand et al. 1992; Middleton et al. 1999;
Moore and McCarthy 1995). It has been shown very
recently that Torpedo nAChR model (Unwin 2005) is com-
patible with the binding of Cbtx (Konstantakaki et al. 2007)
which is in favour of a basal state structure.

The structures presented above have a resolution of 4 Å
which is remarkable for a structure obtained by cryo-elec-
tron microscopy. However, this structure is not at atomic
resolution but rather at medium resolution imposing limita-
tions to the modelling studies based on it. The detailed
position of amino-acids side chains is uncertain which pre-
vents, at this stage, performing calculations that require
high quality structures: electrostatics interactions and/or
surface complementarity for docking, for example. Studies
of the ions Xows in the channel lumen are also diYcult for
the same reason. The eVect of the medium resolution is, how-
ever, less dramatic for the studies presented below which are
performed with a coarse-grained model. Therefore it can be

Fig. 2 Model of the Torpedo 
muscle nicotinic acetylcholine 
receptor obtained by cryo-elec-
tron microscopy (PDB code: 
2BG9). The nAChR pentamer is 
viewed in top view (a) and side 
view (b)
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anticipated that, although the structures should not be ana-
lyzed at the atomic level, the general trends should be cor-
rect.

The gating mechanism following normal mode analysis: 
a quaternary twist mode

Functional motions of proteins can be studied by coarse-
grained normal mode analysis. Normal modes analysis
approximates the surface of the conformational landscape
and gives a decomposition of the movements into discrete
modes. This is a method of interest as it is easily run on
modern computers and the quality of predictions is sustained
as they correlate to experimental observations (Bahar
and Rader 2005).

The Wrst study of the nAChR by normal mode analysis
(Taly et al. 2005) was performed using the elastic-network
model (Tirion 1996) as simpliWed by Hinsen (1998) who
showed that it was possible to use C-� atoms only. Normal
mode analysis using this approximation was shown to give
a fair description of proteins Xexibility (Bahar et al. 1997;
Bahar and Rader 2005; Tama et al. 2002).

The Wrst mode was selected because it produces a struc-
tural reorganisation compatible with channel gating: (a) an
opening of the pore and (b) distributed changes in both the
membrane and the extracellular domains, indicative of a
coupling between the ACh binding site and the ion channel
(Taly et al. 2005).

The Wrst mode was found to be a concerted symmetrical
quaternary twist motion of the protein with opposing rota-

tions of the upper (extracellular) and lower (transmem-
brane) domains (Fig. 3; the same transition is shown in
supporting movies 1 and 2). Still signiWcant reorganiza-
tions are observed within each subunit, that involve their
bending at the domain interface, an increase of the angle
between the two beta-sheets composing the ECD, the inter-
nal beta-sheet (residues 1–87 and 94–125) being signiW-
cantly correlated to the movement of the M2 alpha-helical
segment (residues 238–265) (Taly et al. 2005). The inter-
nal beta-sheet and the M2 alpha-helical segment were pro-
posed to form together the “internal” rigid block and the
external beta-sheet (126–205) and the M1, 3-4 alpha-heli-
cal segments to form the “external” block. The interface
between the two domains has also been found to be a zone
of Xexibility by another group using similar methods
(Amiri et al. 2005).

An identical normal mode analysis was performed on a
low-quality structure, generated in the process of model-
ing the structure, which is more similar to the Torpedo
receptor. This test was performed to evaluate the inXu-
ence of the Wne three-dimensional structure on the normal
mode analysis. The twist mode is essentially identical
with that structure as well as with a new model (Taly et al.
2006).

The same kind of results have been obtained by another
group (Cheng et al. 2006a). In that study the model of the
structure was diVerent, the energy model was more
detailed (all atom) and the eVect of the membrane was
taken into account (Cheng et al. 2006a). Interestingly, this
detailed study conWrmed the existence of the twist mode.
The fact that the twist mode is found with several setups

Fig. 3 a �7 nAChR model, in 
the closed-channel state, viewed 
from the membrane plane. A 
diVerent color is used for each 
subunit. b Open-pore model ob-
tained after exploration of the 
twist mode and energy minimi-
zation. The comparison of a and 
b demonstrates the quaternary 
twist motion between the struc-
tures (following the arrows). 
Stars were added to help localize 
the binding sites
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supports the robustness of the results and the functional
importance of the twist mode (Nicolay and Sanejouand
2006).

Comparison of the twist mode with experimental data

Accessibility of residue M1-213

The structures associated with the opening of the pore were
tested for the change in accessibility of residue M1-213.
This residue, positioned at the extracellular end of M1, has
been shown to become accessible during the gating process
(Zhang and Karlin 1997). Interestingly, an increase of
accessibility for that particular residue was shown along the
twist mode (Taly et al. 2005, 2006).

Electron microscopy

Using fast application of a high concentration of ACh fol-
lowed by rapid freeze trapping of the protein, electron den-
sity maps at 9 Å resolution were recorded and proposed to
represent the open conformation (Unwin 1995). Later, a
rigid body Wtting of AChBP was performed in the electron
microscopy density maps obtained in the absence or pres-
ence of acetylcholine (Unwin et al. 2002). The subunit was
divided in inner and outer �-sheet, the Xexibility of the C-
loop was not speciWcally addressed. Within the extracellu-
lar domain, strong asymmetry was observed for the closed
conformation, and the two �-subunits were found to
undergo a major structural reorganization upon activation,
that mainly consist of a 15° tilt of the inner �-sheet, and that
render the protein more symmetric. A similar increase in
the angle between the internal and external �-sheets in the
course of activation was observed in the twist model of gat-
ing (Cheng et al. 2006a; Taly et al. 2005).

It is possible to use normal mode analysis to Wt a model
into a low-resolution electron density from cryo-electron
microscopy (Delarue and Dumas 2004; Tama et al. 2004a,
b). This approach has been used on the electron densities
obtained at 9 Å resolution in the resting (Unwin 1993) and
the active state (Unwin 1995) (N. Unwin, personal commu-
nication). The twist mode was found to account for most of
the change in electron density (M. Delarue and A. Taly,
unpublished results).

X-ray analysis of AChBP

AChBP has been crystallized in the presence of both
nAChR agonists and antagonists and it was observed that
the main structural change lies in the C-loop. The twist
mode involves motion in the entire ECD, which may be
seen as a discrepancy between observations made in

AChBP and nAChR. It is shown below that this apparent
discrepancy is already partly solved by modelling studies.

Insights from a prokaryotic homologue

A prokaryotic homologue of the nAChR has been recently
characterized (Bocquet et al. 2007). The main diVerence
with eukaryotic ligand gated ion channels is that it lacks a
cytoplasmic domain which suggests that this domain is not
essential for the gating but rather participates in regulation
and/or desensitization which in turn is in support of the
modelling studies that ignore that domain. Interestingly,
although it lacks a cysteine bridge, the cys-loop is con-
served which is in agreement with its critical role in the
gating.

Flexibility of the receptor

It has been shown that the Xexibility obtained with coarse-
grained normal mode analysis is in fair agreement with that
found experimentally in the temperature factor observed for
AChBP (Cheng et al. 2006a). The Xexibility of speciWc sec-
ondary structure elements was also found to be in agree-
ment with experiments (Cheng et al. 2006a). Analysis of
the dynamic coupling of residues identiWed the interaction
between the M2–M3 loop from the IPD and the cys-loop
and �1–�2 loop from the ECD (Cheng et al. 2006a) in
agreement with experiments which show that this zone par-
ticipates crucially in the gating (Bouzat et al. 2004; Grutter
et al. 2005a, b; Kash et al. 2003; Lummis et al. 2005).

Allosteric sites identiWed by normal mode perturbation 
scanning

To identify sites of the protein that can alter the gating
mechanism represented by the twist mode, the protein
model was modiWed in order to mimic the eVect of binding
a ligand or introducing a mutation (Taly et al. 2006). The
cys-loop and �8–�9 loop which are both at the interface
between the ECD and the IPD, have been identiWed for
their capacity to stiVen the twist mode (i.e. to render it ener-
getically less favourable) if modiWed, in agreement with
experiments, as discussed above.

The Wve zones which have been identiWed to poten-
tially soften the twist mode (i.e. to make it energetically
more favourable) are grouped in one area which includes
loops that form the binding site (B, C and E; see Fig. 1a, b
for the position of loops) and two loops above the binding
site. If an analogous eVect occurred in actually binding a
ligand, it would be in accord with the increase in entropy
calculated for other systems (Grunberg et al. 2006) or the
softening of the protein upon ligand binding (Balog et al.
2004).
123
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Pathological mutations interfere with the twist mode

Several naturally occurring mutations of the nAChR pro-
mote a change in the gating properties of the receptor. A set
of well-studied mutations of neuronal and muscular nAC-
hRs are associated with autosomal dominant nocturnal
frontal lobe epilepsy (ADNFLE) (Steinlein 2004) and con-
genital myasthenia (Engel and Sine 2005) respectively.

The mutations were found to be localized at the interface
between subunits and between rigid blocks (24 out of 27
mutations; see Table 2 in ref Taly et al. 2006 for the details
of residues associated with the diVerent rigid blocks) in
statistically higher number than for the other residues
(� < 0.02). The interfaces between subunits and between
dynamic domains within subunits are regions where signiW-
cant changes are introduced by motion along the twist mode.
The presence of mutations at these interfaces supports the
conclusion that the quaternary and tertiary changes of the
twist mode play a critical role in the gating mechanism.

A recent experimental study identiWed a pair of interact-
ing residues which modify the gating properties when the
interaction is aVected by a mutation (Corradi et al. 2007).
These residues are at the interface between the rigid blocks
in agreement with the analysis proposed above.

Comparison with results from other simulation 
methods

In parallel to the analysis using normal mode analysis comple-
mentary information was obtained in studies using relatively
long molecular dynamics and targeted molecular dynamics.
Noteworthy they shed light on the role of the cys-loop.

Analysis of the gating mechanism through molecular 
dynamics

Long molecular dynamics simulations were performed (Law
et al. 2005), which showed that the C-loop is highly Xexible
in the absence of ligand which is consistent with a resting
state of the nAChR. The gating mechanism is proposed to be
made of rotation and inward/outward motions of the helices
which appear to be in agreement with the twist mode. The
cys-loop was proposed to act as a stator to transmit the con-
formational change to the IPD which is similar to the notion
that the interface between the ECD and IPD is associated
with the hinge bending site of the twist mode.

Targeted molecular dynamics links C-loop closure to ion 
channel motions

A study using targeted molecular dynamics followed the
conformational changes initiated in the nAChR due to the

forced closure of the C-loop (Cheng et al. 2006b). Large
movements were observed in the C-loop, F-loop and cys-
loop. It was proposed that the loops at the interface partici-
pate strongly in the transmission of the conformational
change from the C-loop to the IPD although the movements
are rather small. Again, this observation is consistent with
the notion that this region is a hinge.

Motions were observed in the IPD which are consistent
with an opening of the pore and in agreement with the twist
mode (Cheng et al. 2006b).

Conclusion

The twist mode has been found to be in agreement with
numerous experiments: accessibility of residue M1-213,
possibility to identify allosteric sites and analyse pathologic
mutations, electron microscopy, and protein Xexibility
known from X-ray and mutation analysis. This mode of
deformation of the protein therefore appears as a reasonable
estimate of the gating mechanism.

For understanding of the Wner details of the gating mech-
anism, much hope lies in the recent identiWcation of a pro-
karyotic homologue of ligand gated ion channels (Bocquet
et al. 2007; Tasneem et al. 2005). However, modelling is
still expected to play an important role especially to further
explore the apparent discrepancy between results obtained
by X-ray analysis of AChBP and modelling studies of
nAChR. Several studies propose that the movement in the
loops connecting the ECD and IPD are limited (stator,
hinge) but the details remain to be elucidated.

Acknowledgments Professor Jean-Pierre Changeux and Dr Valérie
Taly are acknowledged for critical reading of the manuscript.

References

Amiri S, Tai K, Beckstein O, Biggin PC, Sansom MS (2005) The
alpha7 nicotinic acetylcholine receptor: molecular modelling,
electrostatics, and energetics. Mol Membr Biol 22:151–162

Bahar I, Rader AJ (2005) Coarse-grained normal mode analysis in
structural biology. Curr Opin Struct Biol 15:586–592

Bahar I, Atilgan AR, Erman B (1997) Direct evaluation of thermal
Xuctuations in proteins using a single-parameter harmonic poten-
tial. Fold Des 2:173–181

Balog E, Becker T, Oettl M, Lechner R, Daniel R, Finney J, Smith JC
(2004) Direct determination of vibrational density of states change
on ligand binding to a protein. Phys Rev Lett 93:028103

Barrantes FJ (2004) Structural basis for lipid modulation of nicotinic
acetylcholine receptor function. Brain Res Brain Res Rev 47:71–
95

Beckstein O, Sansom MS (2006) A hydrophobic gate in an ion chan-
nel: the closed state of the nicotinic acetylcholine receptor. Phys
Biol 3:147–159

Bertrand D, Devillers-Thiery A, Revah F, Galzi JL, Hussy N, Mulle C,
Bertrand S, Ballivet M, Changeux JP (1992) Unconventional
123



Eur Biophys J (2007) 36:911–918 917
pharmacology of a neuronal nicotinic receptor mutated in the
channel domain. Proc Natl Acad Sci USA 89:1261–1265

Bocquet N, Prado de Carvalho L, Cartaud J, Neyton J, Le Poupon C,
Taly A, Grutter T, Changeux JP, Corringer PJ (2007) A prokary-
otic proton-gated ion channel from the nicotinic acetylcholine
receptor family. Nature 445:116–119

Bouzat C, Gumilar F, Spitzmaul G, Wang HL, Rayes D, Hansen SB,
Taylor P, Sine SM (2004) Coupling of agonist binding to channel
gating in an ACh-binding protein linked to an ion channel. Nature
430:896–900

Brejc K, van Dijk WJ, Klaassen RV, Schuurmans M, van Der Oost J,
Smit AB, Sixma TK (2001) Crystal structure of an ACh-binding
protein reveals the ligand-binding domain of nicotinic receptors.
Nature 411:269–276

Changeux JP, Edelstein SJ (2005) Allosteric mechanisms of signal
transduction. Science 308:1424–1428

Cheng X, Lu B, Grant B, Law RJ, McCammon JA (2006a) Channel
opening motion of alpha7 nicotinic acetylcholine receptor as sug-
gested by normal mode analysis. J Mol Biol 355:310–324

Cheng X, Wang H, Grant B, Sine SM, McCammon JA (2006b) Tar-
geted molecular dynamics study of C-loop closure and channel
gating in nicotinic receptors. PLoS Comput Biol 2:e134

Corradi J, Spitzmaul G, De Rosa MJ, Costabel M, Bouzat C (2007)
Role of pairwise interactions between M1 and M2 domains of the
nicotinic receptor in channel gating. Biophys J 92:76–86

Corringer PJ, Le Novere N, Changeux JP (2000) Nicotinic receptors at
the amino acid level. Annu Rev Pharmacol Toxicol 40:431–458

Corry B (2004) Theoretical conformation of the closed and open states
of the acetylcholine receptor channel. Biochim Biophys Acta
1663:2–5

Corry B (2006) An energy-eYcient gating mechanism in the acetyl-
choline receptor channel suggested by molecular and Brownian
dynamics. Biophys J 90:799–810

Cozzetto D, Tramontano A (2005) Relationship between multiple
sequence alignments and quality of protein comparative models.
Proteins 58:151–157

Delarue M, Dumas P (2004) On the use of low-frequency normal
modes to enforce collective movements in reWning macromolec-
ular structural models. Proc Natl Acad Sci USA 101:6957–6962

Dutertre S, Lewis RJ (2006) Toxin insights into nicotinic acetylcholine
receptors. Biochem Pharmacol 72:661–670

Edelstein SJ, Changeux JP (1996) Allosteric proteins after thirty years:
the binding and state functions of the neuronal alpha 7 nicotinic
acetylcholine receptors. Experientia 52:1083–1090

Engel AG, Sine SM (2005) Current understanding of congenital myas-
thenic syndromes. Curr Opin Pharmacol 5:308–321

Fruchart-Gaillard C, Gilquin B, Antil-Delbeke S, Le Novere N, Tami-
ya T, Corringer PJ, Changeux JP, Menez A, Servent D (2002)
Experimentally based model of a complex between a snake toxin
and the alpha 7 nicotinic receptor. Proc Natl Acad Sci USA
99:3216–3221

Grunberg R, Nilges M, Leckner J (2006) Flexibility and conforma-
tional entropy in protein-protein binding. Structure 14:683–693

Grutter T, de Carvalho LP, Dufresne V, Taly A, Edelstein SJ, Change-
ux JP (2005a) Molecular tuning of fast gating in pentameric
ligand-gated ion channels. Proc Natl Acad Sci USA 102:18207–
18212

Grutter T, Prado de Carvalho L, Virginie D, Taly A, Fischer M,
Changeux JP (2005b) A chimera encoding the fusion of an acetyl-
choline-binding protein to an ion channel is stabilized in a state
close to the desensitized form of ligand-gated ion channels. C R
Biol 328:223–234

Hinsen K (1998) Analysis of domain motions by approximate normal
mode calculations. Proteins 33:417–429

Hung A, Tai K, Sansom MS (2005) Molecular dynamics simulation of
the M2 helices within the nicotinic acetylcholine receptor trans-

membrane domain: structure and collective motions. Biophys J
88:3321–3333

Kash TL, Jenkins A, Kelley JC, Trudell JR, Harrison NL (2003) Cou-
pling of agonist binding to channel gating in the GABA(A) recep-
tor. Nature 421:272–275

Katz B, ThesleV S (1957) A study of the desensitization produced by
acetylcholine at the motor end-plate. J Physiol 138:63–80

Konstantakaki M, Changeux J-P, Taly A (2007) Docking of a-cobra-
toxin suggests a basal conformation of the nicotinic receptor, Bio-
chem. Biophys Res Commun. doi:10.1016/j.bbrc.2007.05.126 

Law RJ, Henchman RH, McCammon JA (2005) A gating mechanism
proposed from a simulation of a human alpha7 nicotinic acetyl-
choline receptor. Proc Natl Acad Sci USA 102:6813–6818

Le Novere N, Corringer PJ, Changeux JP (2002a) The diversity of sub-
unit composition in nAChRs: evolutionary origins, physiologic
and pharmacologic consequences. J Neurobiol 53:447–456

Le Novere N, Grutter T, Changeux JP (2002b) Models of the extracel-
lular domain of the nicotinic receptors and of agonist- and Ca2+-
binding sites. Proc Natl Acad Sci USA 99:3210–3215

Lummis SC, Beene DL, Lee LW, Lester HA, Broadhurst RW, Dough-
erty DA (2005) Cis-trans isomerization at a proline opens the pore
of a neurotransmitter-gated ion channel. Nature 438:248–252

Middleton RE, Strnad NP, Cohen JB (1999) PhotoaYnity labeling the
torpedo nicotinic acetylcholine receptor with [(3)H]tetracaine, a
nondesensitizing noncompetitive antagonist. Mol Pharmacol
56:290–299

Miyazawa A, Fujiyoshi Y, Unwin N (2003) Structure and gating mech-
anism of the acetylcholine receptor pore. Nature 423:949–955

Monod J, Wyman J, Changeux JP (1965) On the nature of allosteric
transitions: a plausible model. J Mol Biol 12:88–118

Moore MA, McCarthy MP (1995) Snake venom toxins, unlike smaller
antagonists, appear to stabilize a resting state conformation of the
nicotinic acetylcholine receptor. Biochim Biophys Acta 1235:336–
342

Mourot A, Grutter T, Goeldner M, Kotzyba-Hibert F (2006) Dynamic
structural investigations on the torpedo nicotinic acetylcholine
receptor by time-resolved photoaYnity labeling. Chembiochem
7:570–583

Nicolay S, Sanejouand YH (2006) Functional modes of proteins are
among the most robust. Phys Rev Lett 96:078104

Paas Y, Cartaud J, Recouvreur M, Grailhe R, Dufresne V, Pebay-Pey-
roula E, Landau EM, Changeux JP (2003) Electron microscopic
evidence for nucleation and growth of 3D acetylcholine receptor
microcrystals in structured lipid-detergent matrices. Proc Natl
Acad Sci USA 100:11309–11314

Perutz MF (1989) Mechanisms of cooperativity and allosteric regula-
tion in proteins. Q Rev Biophys 22:139–237

Pons S, Sallette J, Bourgeois JP, Taly A, Changeux JP, Devillers-
Thiery A (2004) Critical role of the C-terminal segment in the
maturation and export to the cell surface of the homopentameric
alpha 7-5HT3A receptor. Eur J Neurosci 20:2022–2030

Saladino AC, Xu Y, Tang P (2005) Homology modeling and molecular
dynamics simulations of transmembrane domain structure of
human neuronal nicotinic acetylcholine receptor. Biophys J
88:1009–1017

Sine SM, Engel AG (2006) Recent advances in Cys-loop receptor
structure and function. Nature 440:448–455

Sixma TK, Smit AB (2003) Acetylcholine binding protein (AChBP): a
secreted glial protein that provides a high-resolution model for the
extracellular domain of pentameric ligand-gated ion channels.
Annu Rev Biophys Biomol Struct 32:311–334

Smit AB, Syed NI, Schaap D, van Minnen J, Klumperman J, Kits KS,
Lodder H, van der Schors RC, van Elk R, Sorgedrager B, Brejc K,
Sixma TK, Geraerts WP (2001) A glia-derived acetylcholine-
binding protein that modulates synaptic transmission. Nature
411:261–268
123

http://dx.doi.org/doi:10.1016/j.bbrc.2007.05.126


918 Eur Biophys J (2007) 36:911–918
Steinlein OK (2004) Genetic mechanisms that underlie epilepsy. Nat
Rev Neurosci 5:400–408

Taly A, Delarue M, Grutter T, Nilges M, Le Novere N, Corringer PJ,
Changeux JP (2005) Normal mode analysis suggests a quaternary
twist model for the nicotinic receptor gating mechanism. Biophys
J 88:3954–3965

Taly A, Corringer PJ, Grutter T, de Carvalho LP, Karplus M, Change-
ux JP (2006) Implications of the quaternary twist allosteric model
for the physiology and pathology of nicotinic acetylcholine recep-
tors. Proc Natl Acad Sci USA 103:16965–16970

Tama F, Wriggers W, Brooks CL III (2002) Exploring global distor-
tions of biological macromolecules and assemblies from low-res-
olution structural information and elastic network theory. J Mol
Biol 321:297–305

Tama F, Miyashita O, Brooks CL III (2004a) Flexible multi-scale Wt-
ting of atomic structures into low-resolution electron density
maps with elastic network normal mode analysis. J Mol Biol
337:985–999

Tama F, Miyashita O, Brooks CL III (2004b) Normal mode based Xex-
ible Wtting of high-resolution structure into low-resolution exper-
imental data from cryo-EM. J Struct Biol 147:315–326

Tasneem A, Iyer LM, Jakobsson E, Aravind L (2005) IdentiWcation of
the prokaryotic ligand-gated ion channels and their implications
for the mechanisms and origins of animal Cys-loop ion channels.
Genome Biol 6:R4

Tirion MM (1996) Large amplitude elastic motions in proteins from
a single-parameter, atomic analysis. Phys Rev Lett 77:1905–
1908

Unwin N (1993) Nicotinic acetylcholine receptor at 9 A resolution. J
Mol Biol 229:1101–1124

Unwin N (1995) Acetylcholine receptor channel imaged in the open
state. Nature 373:37–43

Unwin N (2000) The Croonian Lecture 2000. Nicotinic acetylcholine
receptor and the structural basis of fast synaptic transmission. Phi-
los Trans R Soc Lond B Biol Sci 355:1813–1829

Unwin N (2003) Structure and action of the nicotinic acetylcholine
receptor explored by electron microscopy. FEBS Lett 555:91–95

Unwin N (2005) ReWned structure of the nicotinic acetylcholine recep-
tor at 4 A resolution. J Mol Biol 346:967–989

Unwin N, Miyazawa A, Li J, Fujiyoshi Y (2002) Activation of the nic-
otinic acetylcholine receptor involves a switch in conformation of
the alpha subunits. J Mol Biol 319:1165–1176

Vemparala S, Saiz L, EckenhoV RG, Klein ML (2006) Partitioning of
anesthetics into a lipid bilayer and their interaction with mem-
brane-bound peptide bundles. Biophys J 91:2815–2825

Wilson G, Karlin A (2001) Acetylcholine receptor channel structure in
the resting, open, and desensitized states probed with the substi-
tuted-cysteine-accessibility method. Proc Natl Acad Sci USA
98:1241–1248

Xu Y, Barrantes FJ, Luo X, Chen K, Shen J, Jiang H (2005) Confor-
mational dynamics of the nicotinic acetylcholine receptor chan-
nel: a 35-ns molecular dynamics simulation study. J Am Chem
Soc 127:1291–1299

Xu Y, Barrantes FJ, Shen J, Luo X, Zhu W, Chen K, Jiang H (2006a)
Blocking of the nicotinic acetylcholine receptor ion channel by
chlorpromazine, a noncompetitive inhibitor: a molecular dynam-
ics simulation study. J Phys Chem B Condens Matter Mater Surf
Interfaces Biophys 110:20640–20648

Xu Y, Luo X, Shen J, Zhu W, Chen K, Jiang H (2006b) Molecular
dynamics of nicotinic acetylcholine receptor correlating biologi-
cal functions. Curr Protein Pept Sci 7:195–200

Zhang H, Karlin A (1997) IdentiWcation of acetylcholine receptor
channel-lining residues in the M1 segment of the beta-subunit.
Biochemistry 36:15856–15864
123


	Opened by a twist: a gating mechanism for the nicotinic acetylcholine receptor
	Introduction
	Available structures and models constructed by homology modelling
	Structures of the acetylcholine binding protein
	Structure of the ion pore domain
	Structure of the muscular nAChR from Torpedo

	The gating mechanism following normal mode analysis: a quaternary twist mode
	Comparison of the twist mode with experimental data
	Accessibility of residue M1-213
	Electron microscopy
	X-ray analysis of AChBP
	Insights from a prokaryotic homologue
	Flexibility of the receptor
	Allosteric sites identiWed by normal mode perturbation scanning
	Pathological mutations interfere with the twist mode

	Comparison with results from other simulation methods
	Analysis of the gating mechanism through molecular dynamics
	Targeted molecular dynamics links C-loop closure to ion channel motions

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


