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Abstract nAChRs are pentameric transmembrane proteins into the superfamily
of ligand-gated ion channels that includes the 5HT3, glycine, GABAA, and GABAC

receptors. Electron microscopy, affinity labeling, and mutagenesis experiments,
together with secondary structure predictions and measurements, suggest an all-b
folding of the N-terminal extracellular domain, with the connecting loops contributing
to the ACh binding pocket and to the subunit interfaces that mediate the allosteric
transitions between conformational states. The ion channel consists of two distinct
elements symmetrically organized along the fivefold axis of the molecule: a barrel of
five M2 helices, and on the cytoplasmic side five loops contributing to the selectivity
filter. The allosteric transitions of the protein underlying the physiological ACh-
evoked activation and desensitization possibly involve rigid body motion of the extra-
cellular domain of each subunit, linked to a global reorganization of the
transmembrane domain responsible for channel gating.

INTRODUCTION

Ligand-gated ion channels mediate intercellular communication by converting
the neurotransmitter signal released from the nerve ending into a transmembrane
ion flux in the postsynaptic neurone or muscle fiber. According to the classical
scheme of fast ‘‘wiring’’ transmission, the neurotransmitter is released in the
synaptic cleft at a high concentration (up to 0.3 mM) and brief pulse (approxi-
mately 1 ms) (1), whereas in the ‘‘volume transmission’’ or paracrine mode, lower
concentrations of the neurotransmitter may more slowly reach a distant target
through intercellular space (2). Nicotinic receptors for acetylcholine (nAChRs)
may contribute, among the ligand-gated ion channels, to both types of chemical
communication in relation to their topological distribution at the pre- and/or post-
synaptic levels.
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With the use of snake venom a-toxins (3), the identification and purification
of the muscle-type electric fish nAChR (4–7) demonstrated that the isolated pro-
tein contains all of the structural elements required for chemo-electrical trans-
duction. These physiological properties include the activation response to fast
application of ACh in the millisecond timescale resulting in the opening of the
ion channel, as well as the slow decrease or even full abolition of the electrical
response referred to as desensitization, following a prolonged application of nic-
otinic agonists and antagonists. A substantial body of biochemical and electron
microscopy data subsequently revealed that the nAChR is a heteropentamer, made
up of four subunits a1, b1, c, and d, pseudosymmetrically arranged with a 2:1:1:1
stoichiometry (6).

The full amino acid sequence of the muscle type, and of several neuronal
nAChR subunits have been available for nearly two decades, together with low-
resolution three-dimensional (3D) electron microscopy data. Yet most of our
knowledge on the functional organization of nAChR derives from affinity labeling
and mutagenesis experiments. Crystallographic and nuclear magnetic resonance
information of the nAChR molecule are still lacking. At this stage however, the
body of available experimental and computational data appears sufficient to define
an envelope of structural constraints that justifies the proposal of the general 3D
organization of the ACh binding site and of the ion channel at the amino acid
level, as plausible anticipations of the experimentally determined 3D structure.

THE nAChR OLIGOMER

The initial cloning (8–10) and sequencing (11–14) of Torpedo electric organ
nAChR subunits paved the way for the identification of a family of homologous
genes encoding nAChR subunits in muscle and brain that belongs to an even
larger superfamily of ligand-gated ion channels (15), which includes the 5-HT3

(16), GABAA (17), GABAC (18), and glycine receptors (19) in both vertebrate
and invertebrate species [amino acid and nucleotide sequences of all the members
of the superfamily can be found in Le Novère & Changeux (20)]. The complete
sequence of the Caenorhabditis elegans genome revealed an unexpected wealth
of genes (more than 40) coding for putative subunits in the nicotinic superfamily
(21). Many of them are clearly orthologous to known vertebrate subunits. This is
the case for ACR7,9,10,11,14,15,16 (Ce21) with a7,8 or ACR6,8,12,13 and
UNC38 with a1–6, b1–4, c, d, e. However, according to the sequence analysis,
some of the newly discovered genes (for instance DEG3, ACR5, or F18G5.4) do
not possess clear orthologs among the known vertebrate nAChR subunits. This
would suggest that several new nAChR subunit genes might still be uncovered
in the human genome.

The nAChR subunits genes fall into two main classes: The a subunits (a1–9)
possess two adjacent cysteines essential for acetylcholine binding (22, 23),
whereas the non-a referred to as b, c, e, or d do not (24). Comparative analysis
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of the available nAChR subunits gene sequences suggests that the first duplication
between nAChR subunits is probably older than one and half billion years,
whereas the last ones may have occurred around 400 million years ago (such as
a7/a8 or b2/b4) (25, 26). The nAChR vertebrate subunits include the following
subfamilies, defined on the basis of protein sequence and gene structure (position
of the introns in the coding sequence): subfamily I, epithelial a9; subfamily II,
neuronal a7,8; subfamily III, neuronal a2–6 and b2–4; and subfamily IV, muscle
a1, b1, c, d, and e. The subfamilies III and IV can be further subdivided, on the
basis of sequence similarities, into three tribes: tribe III-1, a2,3,4,6; tribe III-2,
b2,4; tribe III-3, a5, b3; tribe IV-1, a1; tribe IV-2, c, d, e; and tribe IV-3, b1.

Reconstitution experiments in Xenopus oocytes and cultured mammalian cells
have shown that for the subunits belonging to each subfamily, the assembly into
functional oligomers follows well-defined rules. Members of subfamilies I and
II, when expressed alone, are able to form functional homopentamers (27–30).
These ancestral type receptors are presumably characterized by a perfect fivefold
symmetry. In the case of the recently evolved subfamily III, the coexpression of
one member of tribe III-1 and one member of tribe III-2 is required to form an
ACh gated ion channel with a currently accepted stoichiometry of 2 a(s) for 3
b(s) (31, 32). Some of these receptors incorporate a third type of subunit from
tribe III-3, either a5 (33, 34) or b3 (35). Finally, the assembly of the subunits
from the highly evolved muscle subfamily IV appears tightly constrained with a
fixed clockwise [a1-c-a1-d-b1] order of subunits (6, 36; but see 37).

The more promiscuous assembly of neuronal subunits generates a diversity of
receptors, with 24 possible oligomer compositions theoretically generated on the
basis of a contribution of one member of tribe III-1 and tribe III-2, plus zero or
one member of tribe III-3, and with 14 oligomers actually observed in reconsti-
tuted systems. This results in a high diversity in pharmacological specificities,
desensitization kinetics, and channel permeabilities, in particular to calcium ions
(reviewed in 38), and in diverse cellular and subcellular distributions in the brain
(39, 40). The spatiotemporal development of such rich patterns of nAChR gene
expression requires complex transcriptional and posttranscriptional regulations,
which can hardly be achieved with single promoter species (see 41). As suggested
in the case of developmental genes (42, 43), the multiplication of promoters
consecutive to gene duplication may allow a fine spatio-temporal control of tran-
scription and thus tentatively explain such large diversity of subunit genes.

TRANSMEMBRANE ORGANIZATION AND
SUBUNIT STRUCTURE

At low resolution by electron microscopy, the Torpedo receptor appears as an
integral elongated transmembrane protein, that protrudes by ;60 and ;20 Å into
the synaptic and intracellular compartments, respectively, with an apparent five-
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Figure 1 (A) The membrane topology of a typical nAChR subunit. (B) Schematic draw-
ing of the nAChR in axial section. The ion channel is located along the axis of pseudo-
symmetry of the molecule, and the binding site for ACh is shown (shaded pocket). (C)
Schematic drawing of nAChRs in top view, illustrating the quaternary organization of the
muscle-type receptor (left panel) and of the homooligomeric a7 and heterooligomeric
a4b2 receptors (right panel). (Shaded pockets) The ACh binding sites at the subunit inter-
faces, contributed by loops A, B, and C of the ‘‘principal component’’ and loops D, E,
and F of the ‘‘complementary component.’’ (D) Linear representation of the a7 N-terminal
domain. (Bold residues) Correspond to those affinity labeled on the Torpedo receptor (see
text). (Symbols) Labeled residues homologous to those contributing to the pharmacological
diversity in the entire family of nAChR. (Open symbols) Neuronal receptors: triangles
(86), inverted triangles (89), squares (96), diamonds (95), and circles (87); (closed sym-
bols) muscle-type receptors: triangles (92), inverted triangles (91), squares (67, 93), dia-
monds (68), and circles (90).

fold axis of symmetry perpendicular to the membrane. It creates a central pore,
with a diameter of ;25 Å at the synaptic entry, which becomes narrower at the
transmembrane level (44) (Figure 1B).

Strong experimental evidence supports a commonly accepted transmembrane
topology shared by all subunits (reviewed in 45) (Figure 1A): (a) an amino-
terminal domain facing the extracellular environment, glycosylated, and carrying
at least one highly conserved cysteine bridge (corresponding to a7 C128–C142);
and (b) three transmembrane segments (20 amino acids)—M1, M2, and M3—
separated by short loops, a large and variable intracellular domain and a fourth
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transmembrane segment M4. The relatively short carboxy-terminal end is then
extracellular. A refined prediction of the secondary structure of a typical nAChR
subunit (46) has been computed using third-generation algorithms from an align-
ment of a representative set of 18 nAChR and 5HT3 subunit sequences. Incor-
poration of representative sequences of members of the superfamily carrying an
anionic channel (glycine and GABAA receptors) yields similar predictions, indi-
cating that all subunits from the family share almost identical secondary and
tertiary structures. This was anticipated from their sequence similarities and from
the observation that a chimera joining the N-terminal domain of the a7 nAChR
to the transmembrane and cytoplasmic regions of the 5HT3 receptor mediates
channel activation and desensitization by ACh (47).

Small-scale expression of peptide fragments corresponding to the entire N-
terminal extracellular domain of the a1 or a7 subunits yields soluble proteins
(48–51). Whereas the a1 fragment appeared to be in a monomeric state, the
expression of the a7 fragments resulted in a soluble pentameric complex, which
displays binding properties resembling those of the native receptor. Thus, the N-
terminal domain may spontaneously fold and become stabilized into a native-like
conformation, as long as the pentameric organization is preserved. Circular
dichroism measurements on the soluble a1 extracellular portion reveals the abun-
dance of b-strands (51% b-strand, 12% a-helix) (50). This reasonably agrees with
the secondary structure predictions (31.7% b-strand, 13.7% a-helix), depicting
two a-helices at the N terminus, followed by a large core of b-strands that extends
to the transmembrane segment M1. An all-b portion was also identified by mea-
suring the secondary structure of progressively deleted GABAA a1 subunits (52).
Electron microscopy of Torpedo receptor at 7.5 Å resolution revealed two cavities
located 30 Å above the bilayer surface, which were tentatively assigned to the
ACh binding pocket (37), each surrounded by three rods, interpreted as a-helix.
On the other hand, at higher resolution (4.6 Å), the pattern of density is more
consistent with a seven-stranded b-sheet structure (53), in agreement with the
suggested all-b portion.

The ;20–amino acid transmembrane segments M1, M2, M3, and M4 were
initially thought to fold into an a-helical structure. Yet, circular dichroism mea-
surements of the M1-M2-M3 portion of the receptor (54), infrared spectroscopy
of the Torpedo receptor for which the extracellular portion was removed by enzy-
matic digestion (55), and secondary structure predictions (46) suggest a mixed
a/b topology. Extensive mapping of the protein-lipid interfaces using the
hydrophobic probes 3-trifluoromethyl-3-(m-iodophenyl) diazirin (TID) (56), 4’-
(3-trifluoromethyl-3H-diazin-3-yl)-2’-tributyl stannyl benzyl benzoate (TID-BE)
(57), diazofluorene (DAF) (58), cholesterol (59), and promegestone (60) dem-
onstrated a labeling of the M4 as well as of the two third ‘‘extracellular’’ portion
of M3, with a pattern of labeling consistent with an a-helix. The ‘‘intracellular’’
one third portion of M1 was also found labeled, but with a pattern inconsistent
with either an a-helix or a b-strand. The only non–lipid-exposed segment is M2.
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Strong evidence supports its folding in an a-helix and its contribution to the ion
channel along the central axis of pseudosymetry of the molecule (see below).

The cytoplasmic domain is predicted to consist of two well-conserved amphi-
patic helices joined together by a stretch of variable length and sequence devoid
of periodic structures (46). Recent electron microscopy images of the cytoplasmic
domain reveal that one rod of density protrudes from each subunit, possibly cor-
responding to one of the predicted a-helices (53).

THE NICOTINIC BINDING SITES

The Nicotinic Binding Sites at Subunit Interface

Concerning both electric organ and muscle nAChR, the following evidence dem-
onstrates the location of the binding site for nicotinic agonists and competitive
antagonists at the a1/c and a1/d subunit interfaces (Figure 1C).

1. Affinity labeling experiments performed with a series of competitive antago-
nists of different chemical structures—such as the aryl-cation p-(dimethyl-
amino) benzenediazonium fluoroborate (DDF) (61, 62), the alcaloid
d-tubocurarine (dTC) (63), the polypeptide a-bungarotoxin (64) and with the
agonist nicotine (65)—show that all probes label primarily the a1 subunits,
and to a lesser extent the c and d subunits (10%–25% of the a1 subunit
labeling).

2. Expression in cell lines of the a1 subunit with either the c or d subunits yields
an ACh binding pocket with native pharmacology, whereas all other pairwise
coexpressions or single expressions of subunit failed to give ACh binding sites
(66).

3. The ac and ad dimers display marked pharmacological differences, particu-
larly for a-conotoxin MI with a 10,000-fold higher affinity for the a1/d com-
pared with the a1/c binding sites of mouse muscle-type receptor (whereas
dTC displays a 100-fold preference for the a1/c site) (67, 68).

The much stronger labeling of a1 compared with that of the c and d subunits
supports an asymmetric location of the binding site with respect to the interface.
We thus proposed to refer to the a1 subunits as carrying the ‘‘principal compo-
nent,’’ and the d or c subunits as contributing to the ‘‘complementary component’’
of the nicotinic binding site (69).

The various residues that compose the principal component of the a1 subunit
of the Torpedo receptor were identified by affinity labeling, proteolysis, and
Edman degradation experiments. 4-(N-maleimido) benzyltrimethyl ammonium
(22) labels C192 and C193, which form a rather unusual disulfide bridge within,
or in close proximity to, the ACh binding site. DDF labels Y93 (loop A), W149
(loop B), and Y190, C192, and C193 (loop C), and in a weak but significant
manner W86, Y151, and Y198 (62, 70). These amino acids are also the site of
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incorporation of the other probes used to date: Y93 is labeled by ACh mustard
(71); Y198, C192, and Y190 by nicotine (65); Y190, C192, and Y198 by dTC
(63); and Y190 by lophotoxin (72). For the complementary component, the
homologous cW55 and dW57 (loop D) were found labeled by nicotine and dTC,
whereas the homologous cY111 and dR113 (loop E) were weakly but specifically
labeled by dTC (73, 74). In order to identify negatively charged residues contrib-
uting to the stabilization of the cationic ligands, a probe 0.9 nm long, grafted onto
the reduced C192–C193 disulphide bridge and reacting with aspartates and glu-
tamates, was found to label dD165, dD180, and dE182 (75). Mutation of dD180
(loop F) to asparagine, and of the homologous cD174, but not of dD165 and
dE182, was found to decrease the affinity for ACh (76).

Sequence comparison indicates a high conservation of the loop A, B, C, and
D motifs in the binding site of neuronal nAChRs. The labeled residues from loops
A, B, and C are indeed present in the a2,3,4,6 and a7,8 subunits, and the labeled
residue from loop D in the b2,4 and a7,8 subunits. In the homooligomeric a7
receptor, as well as in the a7-V201–5HT3 chimera, which carries the a7 binding
site, mutation of the corresponding residues (W54, Y92, W149, and Y188) alters
the apparent affinities of binding and activation of ACh, establishing their con-
tribution to the ACh binding site (69, 77). Thus, in this case, the same subunit
carries both the principal and the complementary components of binding (Figure
1C). In contrast to this conserved core of amino acids, the labeled residue from
loop E appears highly variable, whereas the aspartate of loop F is conserved in
all c-, d-, e-, and a7 subunits [where it also contributes to ACh binding (78)],
but not in b2,4.

Physical Chemistry of the ACh Binding

The binding site of ACh and nicotinic ligands thus includes a conserved core of
aromatic residues, whose electron-rich side chains might provide stabilizing inter-
actions with the cationic ligands. In agreement with this notion, mutations of
a1Y93, a1Y190, and a1Y198 affect in the same way the apparent affinities of
ACh and tetramethylammonium, which suggests that these tyrosine residues con-
tribute to stabilization of the quaternary ammonium portion of ACh (79). Probing
the contribution of these amino acids by incorporation of unnatural amino acids
reveals a prominent role of the hydroxyl group and of the aromatic ring of a1Y93
and a1Y198, respectively, whereas the a1Y190 position is found to be too sen-
sitive to structural modifications to be analyzed (80). At position a1W149, the
50% effective concentration (EC50) for ACh correlates with the cation-p binding
capability of a series of fluorinated tryptophan derivatives (81), which suggests
that the indole side chain of W149 makes van der Waals contact (cation-p inter-
actions) with the quaternary ammonium group of ACh. Three lines of evidence
further support this notion: (a) incorporation of a tyrosine graft with a quaternary
ammonium [Tyr-O-(CH2)3-N(CH3)3

`] group produces some constitutive activity,
thus plausibly mimicking a bound agonist close to W149 (81); (b) for the a7



438 CORRINGER n NOVÈRE n CHANGEUX

receptor, the ACh apparent affinity is particularly sensitive to mutation at this
position, with a 100-fold increase in EC50 for W149F compared with a 10-fold
increase for Y93F and Y190F (77); and (c) a survey of protein structures indicates
that tryptophan presents the most potent cation-p binding site, especially in the
case of acetylcholine esterase, within which the quaternary group of ACh makes
van der Waals contact with W84 in the X-ray crystallographic structure (82).

Mutation of the homologous cD174 and dD180 to asparagine was also found
to decrease the affinities for ACh and tetramethylammonium (76). It is noteworthy
that two other aspartates from the principal binding component, a1D152 from
loop B (83) and a1D200 from loop C (84), have been shown to decrease the ACh
binding affinity when mutated to asparagine. This indicates that aspartates may
provide an additional contribution to the stabilization of the ammonium ion, pos-
sibly through long-range electrostatic interactions. Finally, mutations such as
cY111R and dR113Y, located within the highly variable loop E of the comple-
mentary binding component, alter primarily the apparent affinities for dTC and
a-conotoxin M1, but not for ACh, indicating the specific contribution of this
residue to the binding of these large antagonists (74).

Altogether, these data establish that ACh interacts with a cluster of electron-
rich or charged aromatic and acidic amino acid side chains within the nicotinic
site, which primarily stabilize the ammonium portion of the molecule.

Mapping the Pharmacological Diversity of nAChR
Binding Sites

The pharmacological properties of nAChR vary markedly with subunit compo-
sition and species. For instance, the binding affinity of ACh for chick nAChR
range from 5 nM (a4b2) to 1 lM (a7). Long- and short-chain a-toxins from
snake venoms typically bind with subnanomolar affinities to the muscle-type
receptor, whereas only long-chain toxins bind with high affinity to a7 receptor
(85). The long-chain j-bungarotoxin exclusively binds to the a2b2 receptor. a-
Conotoxin MII binds specifically to the a3b2 receptor (86).

On the principal side of the site, the construction of a2,3, a7,8, and a4,7
chimeras showed that several segments from the N-terminal domain contribute
to the different agonist pharmacologies of a2b2 and a3b2 (87), of a7,8 (88), and
of a7 and a4b2 (89). A major role of the C-loop region was found with the 180–
208 segment in a7,8 contributing to the relative ACh and DMPP (1,1-dimethyl-
4-phenylpiperazinium) affinities, and the 195–215 in a2,3 or 183–191 in a7,4
contributing to the relative ACh and nicotine affinities. In contrast, the 152–155
segment (loop B) in a7,4 chimeras was shown to alter the pharmacology of all
agonists, independent of their chemical structure (89). In parallel, some amino
acids contributing to toxin binding were found near loop C. A glycosylation at
this level was shown to interfere with a-bungarotoxin binding, thus rendering
cobra and mongoose resistant to a-toxin (90). Furthermore, mutations at position
V188, Y190, P197, and D200 were found to decrease the affinity of the short-
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chain toxin from Naja mossambica mossambica (NmmI) affinity by 60- to 400-
fold (91).

On the complementary side of the site, the amino acids involved in the phar-
macological diversity were found in most cases located at the level of loops D,
E, and F. Mapping the amino acids involved in the different affinities of dTC, a-
conotoxin MI, NmmI, and carbamylcholine for the a1/c, a1/d, and a1/e binding
sites of the mouse muscle-type receptor underlined the contribution of variable
residues at position i ` 2, 3, or 4 from dW55, i ` 4 or 6 from dY113, and
i 1 2 and i ` 1 or 2 from dD180. However, two other amino acids outside these
loops, dS36 and dK163, were shown to account for some of the differences (67,
68, 92–94). A residue from loop D and several residues from loop E determine,
respectively, the different affinities of DHbE/a-conotoxin MII (86, 95) and the
different sensitivities of cytisine for a3b2 and a3b4 (96).

Altogether, these studies support the notion that variable residues located in
the vicinity of the affinity labeled amino acids are the major elements contributing
to the pharmacological diversity of the nAChRs. The emerging picture is that the
binding site consists of a conserved core of aromatic residues, and that variable
amino acids neighboring these positions, as well as several amino acids from the
nonconserved loop E and F, confer on each receptor subtype its individual phar-
macological properties (Figure 1D).

Models of the Extracellular Domain and of the ACh
Binding Pocket

In the past few years, two different models of the N-terminal domain appeared
in the literature. With a hidden Markov model approach (sequence-sequence com-
parisons), Tsigelny et al (97) found local resemblance between the nAChR sub-
units and some members of the cupredoxin superfamily. They hypothesized a
common fold and developed a 3D model on this basis. In parallel, Gready et al
(98) used a threading approach (sequence-structure comparisons) to find possible
templates for the glycine receptor a1 subunit. Although they did not find any
significant match, they conducted a modeling work based on their highest hit, a
SH2–SH3 domain.

Although a unique specific fold is not consistently found by fold recognition
approaches, these methods are nevertheless informative. In the analysis we con-
ducted with all the program available, most of the hits belonged to the all-b class
of protein. The majority were b-sandwiches generally of the immunoglobulin
type, which are consistently aligned with the predicted all-b part of the extracel-
lular moiety of the nAChR subunit. Furthermore, the b-sandwiches of immuno-
globulins are flanked at both ends by three loops, analogous to the three loops of
the principal and complementary components of the nAChR binding site.

In Figure 2 (see color insert), we propose a plausible model of a typical nAChR
N-terminal domain, based on the immunoglobulin structure. The topology cartoon
(Figure 2A) depicts the arrangement of the predicted nAChR secondary structure
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elements on the immunoglobulin fold. The A, B, and C components of the binding
site would be located on the main b-sheet of the sandwich, whereas the compo-
nents E and F would be on the side of the smallest sheet. The 60 first amino acids
of the nAChR subunit being absent from the model, the D component is not
mapped here. The artist’s drawings (Figure 2B) tentatively assemble two subunits
to account for the formation of the binding site at the interface. The main com-
ponent of the binding site, on one subunit, would be distal to the lipidic mem-
brane, whereas the complementary component, on the facing subunit, would be
proximal to the membrane. Rather than being rod shaped, as often described, the
extracellular part of a subunit would be flattened, the interfaces being tilted (in
three dimensions) rather than strictly vertical and radial. An actual modeling study
will be necessary to verify that the hypothesis described above can account for
the large body of experimental data available.

THE ION CHANNEL

The Structural Organization of the Ion Channel

The ion channel was initially chemically identified by photoaffinity labeling with
the channel blocker chlorpromazine. Chlorpromazine was found to label, in an
agonist-dependent manner, a unique high-affinity site to which contribute all five
the subunits of Torpedo receptor. The amino acids labeled within the M2 trans-
membrane segment by chlorpromazine (99–102) by triphenylmethyl phospho-
nium (103), Meproadifen mustard (104), TID (105), TID-BE (57), DAF (58), and
Tetracain (106), as well as by the substituted cysteine accessibility method
(SCAM) (23), are consistent with the notion that the ion channel is located along
the axis of symmetry of the receptor oligomer, at the fivefold interface of the
subunits, each subunit contributing by its M2 segment. The pattern of labeling,
i.e. residues homologous to S240, I243/T244, L247/S348, T250/V251, L254, and
E258/I259 of the a7 receptor, strongly supports the folding of M2 into an a-
helix, in agreement with secondary structure predictions (46). Electron micros-
copy images of the open conformation of the channel identified five rods
bordering the ion channel, attributed to the M2 segment (107). The axis of the
rods are ;18 and ;11.5 Å from the axis of the pore, at the upper and lower
faces, respectively, in agreement with a funnel-shaped pore with a minimal diam-
eter of ;10 Å. SCAM experiments suggest in addition that the upper part of M1
contributes to the channel (108, 108a), possibly by intercalation between the M2
segment in the upper part.

The reactivity pattern of introduced cysteine side chains with the impermeant
methane-thiosulfonate ethyltrimethyl ammonium applied either extra- or intra-
cellularly supports the conclusion that the narrowest portion of the close and open
channel is located at the cytoplasmic border of M2 (corresponding to a7K238
and a7I239) (109). The diameter of the narrowest portion of the channel in its
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Figure 3 A model for the structural and functional organization of the ion channel. The
contribution of two a7 subunits is shown to illustrate the ion channel, which is actually
formed by homologous regions from the five subunits of the pentamer. The residues with
numbers given are believed to face the lumen of the ion channel, thus forming rings of
homologous residues (circles). The secondary structure of the M2 segment and M1–M2
loop is tentatively taken from Le Novère et al (46). The data accumulated to date suggest
that the upper part of the channel, the a-helical component, acts as a water pore, whereas
the lower loop component contributes to the selectivity filter of the ion channel.

open conformation was formally estimated to fit a square 6.5 x 6.5 Å wide to
accommodate the largest permeant ions (110). Furthermore, the accessibility pat-
tern at this level no longer fits with an a-helix. Residues homologous to a7G236,
a7E237, and a7K238 indeed react with the thiosulfonate reagents, a finding con-
sistent with the secondary structure prediction, which proposes this region as an
extended loop accessible to solvent.

The ion channel thus appears to be composed of two distinct structural
domains: an upper ‘‘a-helical component,’’ which delimits both the wide portion
of the pore and the pharmacological site for noncompetitive blockers; and a lower
‘‘loop component,’’ which contributes to the narrowest portion of the channel
(Figure 3) (see also 113–115a).

The Functional Organization of the Ion Channel

The functional contribution of the identified labeled residues to channel block (by
QX222) (111), as well as to the intrinsic conductance and ionic selectivity of the
pore (112), was further specified by site-directed mutagenesis, pointing to the
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contribution of two rings of polar Ser/Thr, three rings of hydrophobic Leu/Val,
and three rings of charged Asp/Glu residues, which are highly conserved among
the nAChR subunits sequenced to date.

So far, mutations within the loop component were found to alter all aspects of
ionic selectivity of the channel:

1. Monovalent cation permeability and selectivity: In the muscle-type receptor,
mutations in the rings corresponding to a7S240 and a7E237 progressively
decrease the conductance of large cations when the volume of the side chain
increases, which suggests that these residues are involved in cation selection
according to their size (113–115); furthermore, in the muscle-type receptor,
decreasing the net charge of the ring corresponding to a7E237 (and to a lesser
extent to a7D234), results in a proportional decrease in potassium unitary
conductance, in agreement with their direct or indirect (electrostatic) interac-
tion with cations (116).

2. Divalent cation permeability: Mutation a7E237A abolishes the permeability
of the a7 receptor to calcium but preserves that to monovalent cations (117).

3. Charge selectivity: The construction of chimeras between the cationic
a7nAChR and the anionic a1GlyR shows that the insertion of a proline residue
between positions 234 and 238 converts the selectivity of the E237A/V251T
mutant of the a7 receptor from cationic to anionic (118, 119). Scanning muta-
genesis indicates that no single residue within this loop is essential for anionic
selectivity, stressing a major role of the loop conformation in the selectivity
conversion. Yet the E237A mutation is required (but not sufficient) to yield
an anionic channel, which suggests that this ring might constitute a negatively
charged barrier to chloride ions.

At the level of the a-helical component, decreasing the net charge of the
muscle-type ring corresponding to a7E258 results in a proportional decrease in
potassium unitary conductance, yet to a lesser extent than in the case of a7E237
(116). At positions a7L247 and V251, introduction of polar or even charged
residues is required, along with the proline insertion and the E237A mutation, to
yield an anionic channel (118). However, in spite of anion-anion repulsion, muta-
tion V251D also yields an anionic channel, indicating a mechanism not directly
related to the nature of the side chain incorporated (119). A similar mechanism
may occur in the case of the anionic GABAA homooligomeric receptor, for which
introduction of a positively charged lysine at a position corresponding to a7A257
results in significant cationic permeability (120); also in the case of a7, mutations
L254R or T and L255R, T, or G abolish the permeability to calcium (117).

The 10 Å diameter of the a-helical component is consistent with the notion
that ions cross the membrane at this level in a fully hydrated state, whereas the
narrower diameter of the loop component is expected to accommodate only par-
tially dehydrated ions. The critical role of the loop component in cation discrim-
ination as well as charge selectivity further supports its contribution to the
selectivity filter of the channel by specific dehydration of ions. Accordingly, the
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a-helical component would select on the basis of stabilization of hydrated ions
within the membrane, and the several phenotypes observed at this level could be
explained in a first attempt on the basis of a structural reorganization of this
portion of the channel.

This conception of the nAChR ion channel is reminiscent of that of the tet-
rameric voltage-gated Na`, Ca2`, and K` channels, composed of similar com-
ponents, but with an inverted disposition; the loop component (called P-loop) is
located on the extracellular side (121), as established by X-ray crystallography
in the case of a phylogenetically related bacterial potassium channel (122). Fur-
thermore, the P-loop of the Na` and Ca2` channels shows striking similarities
with the loop component of nAChR: (a) It is made up of two rings of negatively
charged residues separated by two amino acids analogous to a7D234/a7E237;
and (b) mutation of the inner ring of Na` channel (DEKA) to the one of the
Ca2` channel (EEEE) confers Ca2` permeability (123), which is reminiscent of
a7E237A, which abolishes Ca2` permeability (117). One may thus tentatively
postulate that similar mechanisms of cation permeation operate in these rather
structurally distant receptor channels.

Conjectures About the Three-Dimensional Organization of
the Ion Channel

There exists very few resolved transmembrane structures of ionic channels, pre-
cluding the use of automated approaches to search possible templates for the
nAChR transmembrane part. Synthetic peptides corresponding to the M2 segment
of the a1 subunit form ionic pores within the membrane (124). These channels
lack the loop component and thus are not likely to mediate ion permeation the
same way the native receptor does. Nevertheless, structural model of the helical
component was developed from the electron microscopy images (125), and from
a minimization method of the channel blockers–M2 helices complexes (126).
Also, on the basis of analogy arguments, Ortells et al (127) modeled the entire
nAChR transmembrane portion based on the heat-labile enterotoxin B subunits.

Plausible templates are two recently resolved ion channels: the tetrameric
potassium channel from Streptomyces lividans (1BL8) (122) and the pentameric
mechanosensitive receptor from Mycobacterium tuberculosis (1MSL) (128) (Fig-
ure 2C). Both channels are formed by a bundle of inner a-helices arranged in a
right-handed cone narrowing at its cytoplasmic side, which may resemble the a-
helical component of nAChR formed by M2. However, a hypothetical model of
nAChR based on the structure of 1BL8 would require its transformation into a
pentamer. In contrast, the pentameric nature of the 1MSL channel fits the nAChR.
Furthermore, the outer helices from this receptor contribute to the upper part of
the pore, which suggests a possible analogy with the transmembrane segment M1
of nAChR. Using the inner/outer helices as a template for the M2/M1 segments
requires a ‘‘swap,’’ where the connection between the helices is moved from the
upper to the lower side of the channel (for examples of this type of circular
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permutation, see 129). For the loop component, a plausible template could be
generated by inverting the transmembrane organization of the potassium channel,
thus locating its P-loop at the cytoplasmic border of the pore. The above proposed
templates could guide the design of starting models, which would require further
refinement by integrating the structural and functional data accumulated on the
nAChR channel.

ALLOSTERIC TRANSITIONS OF THE nAChRS PROBED
AT THE AMINO ACID LEVEL

The distance between the ACh binding sites and the ion channel, estimated to be
20–40 Å from fluorescence transfer measurements (130), is such that long-range
‘‘allosteric’’ interactions take place at the level of the nAChR oligomer in the
course of the activation and desensitization processes. Agonists binding at topo-
logically distant sites stabilize global conformations of the protein for which the
channel is either open (activation) or closed (desensitization), depending on the
concentration of the ligand and the kinetics of its application. With Torpedo
nAChR-rich membranes, rapid mixing experiments following parallel fluorescent
agonist binding and ion flux are consistent with a minimal four-state allosteric
model, involving discrete B, A, I, and D states, where B is the low-affinity basal
state that predominates in the absence of agonist, A is the active open-channel
state, and I and D are desensitized states with, respectively, high (micromolar)
and very high (nanomolar) dissociation constants (131, 132). Together with the
in vivo results of patch clamp recordings (133), these in vitro data are adequately
accounted for by an extended allosteric mechanism that involves a cascade of
discrete two-state transitions (134–136).

In the case of hemoglobin, often referred to as the prototype of allosteric
proteins (137, 138), X-ray structural data have demonstrated that the allosteric
transitions that accompany oxygen binding are primarily associated with a reor-
ganization of the quaternary structure with only minor changes in the tertiary
structure of the subunits (see 137). In the case of nAChR, the physiologically
important sites being located at the subunit interfaces, such global and rigid qua-
ternary reorganizations, are expected to modify ‘‘en bloc’’ the binding site geom-
etry and the state of opening of the ion channel. Consistent with these views,
Unwin et al (44) have reported on the basis of the surface-on-views of Torpedo
nAChR observed by cryoelectron microscopy that before and after equilibration
with carbamylcholine, a desensitizing agonist, the whole d subunit and to a large
extent the c subunit fall away from the pentagonal symmetry, as a consequence
of a difference of inclination of 108 tangential to the receptor axis.

Structural Changes Within the N-Terminal Domain

The computed 2D representation of the N-terminal domain and the structural
model suggest that this domain consists of a rigid core of b-strands with reduced
structural flexibility. Furthermore, a large body of experimental data support the
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notion that the allosteric transitions mediated by the nAChR molecule are asso-
ciated with structural modifications of the subunit interfaces in the N-terminal
domain: (a) Affinity labeling with DDF shows that, in the course of the B-to-D-
state transition, the labeling of the loop A and B region increases, whereas that
of the c subunit increases and that of the d subunit decreases (139). (b) Up to
now, the mutations of the N-terminal domain that alter the allosteric transitions
of the receptor were found at the level of the binding loops of the N-terminal
domain that contribute to the subunit interface. For example, single-channel
recordings of muscle-type nAChR mutants a1Y198F, eD175N, a1Y93F, and
a1Y190F reveal alterations of the gating constants for ACh (140, 141), which
may reflect changes of the isomerization constant of the protein between the B
and A states. More striking, the mutation of residues 151–155 within loopB of
a7, which causes an increase in binding affinity of agonists, alters primarily the
isomerization constants leading to the desensitized states (89; see also 142). These
mutations also alter the transition leading to the active state because their intro-
duction of these mutations in the a7L247T mutant dramatically increases the
fraction of receptor that spontaneously opens (PJ Corringer, JP Changeux & D
Bertrand, unpublished observations). (c) The allosteric site for nAChR potentia-
tion by Ca2` was identified by scanning mutagenesis on the a7 receptor within
the 161–172 segment, which carries loop F of the complementary component of
the ACh binding site (78).

Thus, the currently available data are consistent with the view that the N-
terminal domain of each subunit would undergo concerted rigid body motion
during the allosteric transitions.

Structural Changes Within the Transmembrane Domain

The early observation that the channel blocker chlorpromazine photolabels its M2
site 1000 times faster when the channel is in its open configuration suggests that
the a-helical component undergoes a structural reorganization during the acti-
vation process (99). Indeed, electron microscopy revealed that when nAChR rich
membranes are rapidly mixed with very high concentrations (100 mM) of ACh,
the five rods tentatively attributed to the M2 segments bend abruptly near the
middle of the membrane and twist around the central axis in the lower part (107).
However, SCAM experiments revealed that the residues that are exposed within
this region of the pore do not significantly differ in the presence or absence of
agonist (143). During desensitization, the labeling by channel blockers known to
stabilize the B state [TID (105), TID-BE (57), tetracaine (106), and DAF (58)]
shifts in the presence of a desensitizing agonist to a more expanded pattern that
includes additional intracellular residues, a finding consistent with a widening of
this region of the ionic pathway in the course of desensitization. Still, the same
‘‘face’’ of the helix is labeled both in the presence and in the absence of agonist.

Consistent with an important contribution of the a-helical component in the
conformational transitions, mutations within a7 M2 profoundly alter the prop-



446 CORRINGER n NOVÈRE n CHANGEUX

erties of both activation and desensitization (144). Increasing the polarity of the
hydrophobic rings L247, V251, L254, and L255 results in pleiotropic phenotypes,
which is well illustrated by the L247T mutation that results in (a) a shift of the
ACh dose-response curve to lower concentrations, (b) a dramatic loss of desen-
sitization, (c) the conversion of DHbE from an antagonist to a full agonist, and
(d) the occurrence of spontaneous currents blocked by the competitive antagonist
a-bungarotoxin (119, 144–147). In the case of the muscle-type nAChR, progres-
sive replacement of homologous leucines leads to progressively larger shifts in
the dose-response curves, with symmetrical effects on the a1, b, c, and d subunits
(148). Congenital myasthenic syndromes were in many cases found to arise from
single mutations within M2, generally characterized by prolonged ACh-evoked
channel openings, and in some cases spontaneous openings or altered desensiti-
zation (149, 150). Autosomal dominant nocturnal frontal lobe epilepsy was also
found to arise from mutations S247F and insertion of a leucine (776ins3) within
M2 (151, 152) associated, in particular, with an altered agonist apparent affinity
and desensitization (153, 154).

For the loop component of the ion channel, SCAM experiments on the a1 of
the muscle nAChR indicate that residues corresponding to a7E237, K238, and
I239 act as barriers to the permeant methanethiosulfonate ethylammonium when
applied either extra- or intracellularly (109). Furthermore, the coapplication of
methanethiosulfonate ethylammonium with ACh results in removal of this barrier,
and within this region, the insertion of a proline between positions 233 and 238
in the a7 receptor, along with the E237A and V251T mutations, causes an
increased ACh EC50 and high levels of spontaneous activity (119). These obser-
vations suggest that the loop component serves the double function of selectivity
filter and physical gate of the channel in the B state. The above mentioned electron
microscopy images, which suggest that the gate is located at the middle of the
M2 a-helix (107), may thus have to be reinterpreted. Either the two segments
making the ‘‘kink’’ do not belong to the same transmembrane segment or the
kinked state corresponds to the desensitized rather than to the resting state.

The structural reorganization occurring along the entire length of the pore is,
in addition, associated with a global rearrangement of the transmembrane domain.

First, in the M4 segment, mutations a1C418 and b1C447 (155) or cL440 and
cM442 of the murine nAChR (156) alter the mean channel open time of ACh-
evoked single-channel opening, without alteration of the unitary conductance.
These residues belong to the lipid-exposed face of the M4 a-helix (56), supporting
a strong link between channel gating and lipid-protein interaction. Along this line,
several allosteric effectors of the Torpedo receptor were found to act at the lipid-
receptor interface, as demonstrated directly by affinity labeling of lipid-exposed
residues of M4 by the steroid noncompetitive antagonist promegestone (60).
Mutation within M3 of V285I of the human a1 subunit causes a congenital myas-
thenic syndrome, characterized by single-channel slow opening and fast closing
rates in the presence of ACh (157). Labeling experiments support the conclusion
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that this residue faces the protein interior away from lipids (56). Internal protein
motions thus also govern the gating mechanism.

Second, the transmembrane topology of the subunits supports the view that
the upper part of M1, as well as the loop linking M2 and M3, may interact with
the N-terminal domain, which suggests their possible contribution to the structural
coupling between these two domains. In agreement with this idea, the highly
conserved successive P and C residues at the middle of M1 were found to be
involved in the gating mechanism, because mutation of the Torpedo cC230 alters
the mean open time of ACh-evoked currents (158), and mutation of the murine
receptor at a1P221 to L, A, or G, but not in b1, c, or d subunits, appeared
nonfunctional electrophysiologically. Introducing at this position a-hydroxy acids
corresponding to L, A, or G restores the receptor function, demonstrating that a
backbone N-H group interferes with normal gating, probably through hydrogen
bonding (159). At the middle of the M2–M3 loop, a7,3 chimeras revealed that
mutation of a7D266 resulted in decreased agonist apparent affinities and maxi-
mally evoked currents (160). A mutation at this position (a1S269I) is also asso-
ciated with a myasthenic syndrome, characterized by prolonged ACh-evoked
channel openings (161).

In conclusion, many regions of the nAChR are involved in the allosteric tran-
sitions. The reorganization of the N-terminal domain is likely to be mainly asso-
ciated with a change in quaternary structure. The transmembrane domain appear
to undergo global conformational changes, associated with local changes at the
level of both the a-helical and loop component of the pore, as well as at the lipid-
protein interface. Both domains may be allosterically coupled by at least two
segments located near the upper side of the membrane.

CONCLUSION

This overview of the nAChR illustrates the advances made in the understanding,
at the amino acid level, of mechanisms underlying the chemico-electrical trans-
duction mediated by the protein. In the absence of structural information at atomic
resolution, the data presented lead to the proposal of plausible but still hypothet-
ical structural models of the ACh binding sites and of the ion channel, ultimately
accounting for their pharmacological and ionic selectivities, respectively. Fur-
thermore, several aspects of the structural changes occurring during signal trans-
duction have been presented involving mainly quaternary reorganizations.

Two mechanisms are currently used to fit nAChR data. On one hand, the
Monod-Wyman-Changeux (MWC) theory (162, 163) postulates that the protein
spontaneously isomerizes between discrete allosteric states characterized by ‘‘all
or none’’ symmetrical changes. On the other hand, the sequential models (164,
165) postulate that the conformational transitions occur only after agonist binding,
leading to agonist-induced multiple intermediate states. At this stage, it appears
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difficult to discriminate unambiguously between these theories. Yet the following
observations among others (see 135) support the MWC allosteric model.

1. Mutations altering receptor function and conformational transitions are found
widely dispersed throughout the protein structure. In addition, mutations at
discrete positions, such as a7L247T within the ion channel, modify the recep-
tor properties in a pleiotropic manner, including the alteration of the apparent
affinities of the far distant ACh binding sites. This indicates that global rather
than local changes are associated with the transitions.

2. Mutations throughout the structure increase the frequency of spontaneously
open states in the absence of ACh, unambiguously establishing that opening
of the ion channel does not require, and thus is not induced by, ACh binding
and supporting the occurrence of preexisting conformational equilibrium. The
MWC theory, adapted to the nAChRs in an extended quantitative model (134),
gives a general framework that directly accounts for such extremely pleiotropic
phenotypes (166).

The subunit diversity of neuronal nAChRs is such that they may achieve a
wide diversity of functions, such as fast wiring (phasic, a7 in CA1 interneurones
of the hippocampus) and volume (tonic, a4b2 in CA1 interneurones of the hip-
pocampus) transmission (167), according to both their intrinsic functional prop-
erties of activation and desensitization and their subcellular anatomical
localization. Understanding these functions will require knowledge of the intimate
biochemical and structural organization of these receptors, which has, and con-
tinues to, illuminate their physiology.
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receptor at 4.6 Å resolution: transverse
tunnels in the channel wall. J. Mol. Biol.
288:765–86

54. Corbin J, Methot N, Wang HH, Baen-
ziger JE, Blanton MP. 1998. Secondary
structure analysis of individual trans-
membrane segments of the nicotinic ace-
tylcholine receptor by circular dichroism
and Fourier transform infrared spectros-
copy. J. Biol. Chem. 273:771–77

55. Gorne-Tschelnokow U, Strecker A,
Kaduk C, Naumann D, Hucho F. 1994.
The transmembrane domains of the nic-
otinic acetylcholine receptor contain
alpha-helical and beta structures. EMBO
J. 13:338–41

56. Blanton MP, Cohen JB. 1994. Identifying
the lipid-protein interface of the Torpedo
nicotinic acetylcholine receptor: second-
ary structure implications. Biochemistry
33:2859–72

57. Blanton MP, McCardy EA, Huggins A,
Parikh D. 1998. Probing the structure of
the nicotinic acetylcholine receptor with
the hydrophobic photoreactive probes
[125I]TID-BE and [125I]TIDPC/16. Bio-
chemistry 37:14545–55

58. Blanton MP, Dangott LJ, Raja SK, Lala
AK, Cohen JB. 1998. Probing the struc-
ture of the nicotinic acetylcholine recep-
tor ion channel with the uncharged
photoactivable compound [3H]diazo-
fluorene. J. Biol. Chem. 273:8659–68

59. Corbin J, Wang HH, Blanton MP. 1998.
Identifying the cholesterol binding
domain in the nicotinic acetylcholine



452 CORRINGER n NOVÈRE n CHANGEUX
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Figure 2 (A, upper) Topology cartoon of the immunoglobin (Ig) fold. (Red strands) The
main sheet of the sandwich; (blue strands) the smallest sheet; (dashed strands) present only
in the variable chains of the IgG. (A, lower) Topology cartoon of the proposed nicotinic fold.
The strands are named according to Le Novère et al (46). (B, upper) Dimer of two subunits
(dark green and light green) viewed from a line parallel to the membrane and perpendicular
to the subunit interface. (Red balls) The residues of the main component of the ACh binding 
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site; (yellow balls) the residues of the complementary component. Note the tilt between the
subunits in the plane of the interface. (B, bottom left) Dimer of subunits viewed from the
extracellular side along a line perpendicular to the membrane. Note that the planes of the β-
sheets do not contain the axis of symmetry of the receptor. (B, lower right) Dimer of subunits
viewed from the pore of the receptor. Note the tilt from the vertical, which allows a possible
interaction between the two extremities of extracellular domain from adjacent subunits. For
sake of clarity, the lateral tilt presented in the left panelhas been omitted. (Small drawings)
The position of the represented subunits within the oligomer. (C, left panels) Streptomyces
lividanspotassium channel (1BL8). (Top to bottom) View from the extracellular side, lateral
view of the inner helices, and view of the selectivity filter upside-down, as it could be in the
nAChR. (C, right panels) Mycobacterium tuberculosismechanosensitive channel (1MSL).
(Top to bottom) View from the extracellular side, lateral view of the inner helices, lateral view
of the complete channel. The pictures are screenshots of SWISSPDBVIEWER.


