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Summary

Nicotinic acetylcholine receptors (nAChRs), members of the
Cys-loop ligand-gated ion channels (LGICs) superfamily, are
involved in signal transduction upon binding of the neurotrans-
mitter acetylcholine or exogenous ligands, such as nicotine.
nAChRs are pentameric assemblies of homologous subunits sur-
rounding a central pore that gates cation flux, and are
expressed at the neuromuscular junction and in the nervous
system and several nonneuronal cell types. The 17 known
nAChR subunits assemble into a variety of pharmacologically
distinct receptor subtypes. nAChRs are implicated in a range
of physiological functions and pathophysiological conditions
related to muscle contraction, learning and memory, reward,
motor control, arousal, and analgesia, and therefore present an
important target for drug research. Such studies would be
greatly facilitated by knowledge of the high-resolution structure
of the nAChR. Although this information is far from complete,
important progress has been made mainly based on electron
microscopy studies of Torpedo nAChR and the high-resolution
X-ray crystal structures of the homologous molluscan acetylcho-
line-binding proteins, the extracellular domain of the mouse
nAChR a1 subunit, and two prokaryotic pentameric LGICs.
Here, we review some of the latest advances in our understand-
ing of nAChR structure and gating. � 2009 IUBMB
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INTRODUCTION

Nicotinic acetylcholine receptors (nAChRs) belong to the

superfamily of the Cys-loop ligand-gated ion channels (LGICs),

which also includes the GABA, glycine, and 5-HT3 receptors.

The characteristic feature of this superfamily is a conserved

sequence of 13 residues flanked by linked cysteines in the N-

terminal domain of each subunit (1). The first nAChR subtype

was purified from the electric organs of the fishes Torpedo and

Electrophorus, and four types of subunits, namely, a, b, c, and

d, were identified [reviewed in (2)]. The Torpedo a subunit con-

tains two adjacent linked cysteine residues (Cys192 and Cys

193), which contribute to ligand binding; by convention,

nAChR subunits with two adjacent cysteine residues at positions

analogous to Cys192 and Cys193 in the Torpedo a subunit are

classified as a subunits (a1–a10) (3).

In vertebrates, the 17 known homologous nAChR subunits

(a1–a10, b1–b4, c, d, and e) assemble into a variety of pharma-

cologically distinct receptor subtypes. The muscle nAChR is a

heteropentamer, with a subunit stoichiometry of a12b1cd in the

embryo, similar to that in Torpedo (a2bcd), whereas in adults,

the c subunit is replaced by the e subunit (a12b1ed). Muscle

and Torpedo nAChRs are often named muscle-type nAChRs.

The neuronal nAChR subtypes are also pentamers and are either

homomers (a7, a8, a9, and a10) or heteromers of a and b
subunits (e.g., a4b2, a3b4, and a4a2b3) but also of two differ-

ent a subunits (e.g., a7a8, a9a10). The presence of a certain

subunit can affect the localization, biophysical, functional, and
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pharmacological properties of nAChRs and the regulation of the

expression of the nAChR subtype at the developmental or adult

stage, whereas the lack of a subunit may lead to the compensa-

tory upregulation of other subtypes [reviewed in (4)].

Muscle-type nAChRs contain two ligand-binding sites for

ACh and other cholinergic ligands, formed at the interfaces

between an a subunit and an adjacent c/e or d subunit. The

presence of different non-a subunits confers different affinities

upon the two binding sites, resulted from intrinsic structural dif-

ferences rather than from induced fit by the agonist (5). In neu-

ronal nAChRs, the ligand-binding sites lie at the interface

between two a subunits in homomeric receptors or between an

a (a2, a3, a4, or a6) and a b (b2 or b4) subunit in heteromeric

receptors. The a5 and b3 subunits do not participate in the for-

mation of ligand-binding sites, but may contribute to nAChR

targeting and localization in neuronal plasma membrane

domains (6, 7).

Muscle-type nAChRs are located postsynaptically at the neu-

romuscular junction, where they mediate fast chemical transmis-

sions of electrical signals from invading motor neurons. Neuro-

nal nAChRs are expressed widely in the central nervous system

(CNS) and peripheral nervous system, where they are distrib-

uted post-, pre-, and/or perisynaptically (8). When neuronal

nAChRs are expressed on presynaptic membranes, their activa-

tion is involved in the modulation of synaptic transmission by

the release of ACh, noradrenaline, dopamine, glutamate, and

GABA; when expressed on postsynaptic membranes, their acti-

vation triggers intracellular signaling mechanisms for cell excit-

ability, gene expression, cell differentiation and survival. Neuro-

nal nAChRs have also been found in nonneuronal cells, such as

endocrine, endothelial, epithelial, and immune system cells (9),

and have also been identified in insects and other invertebrates,

representing targets for neuroactive pesticides (10).

Binding of ACh, or other cholinergic agonists, to nAChRs

triggers a reversible process, called gating, which renders them

permeable to Na1, K1, and in some neuronal subtypes (e.g., in

the homomeric a7 nAChR), Ca21 ions (11). This process results

in the depolarization of the cell membrane where these nAChRs

are located, and the subsequent modulation of neuronal activity

or muscle contraction. It should be noted that the nAChRs are

allosteric proteins and can adopt three different states or confor-

mations; (a) a closed or resting state, which is a nonconducting

and low-affinity state for binding of agonists, (b) an open state,

which is a conducting and high-affinity state for agonist bind-

ing, and (c) a desensitized state, which is a nonconducting but

high-affinity agonist binding state. Regarding the allosteric

states of nAChR, binding of ACh or other agonists to nAChRs

triggers their transition from the closed to the open state,

whereas prolonged exposure of nAChRs to agonists leads to

their desensitized state and termination of the cation flux

through the nAChR channel. After removal of the agonist,

nAChRs recover back to their initial resting state.

The diversity of nAChR subtypes, localization, and function

is the reason for their involvement in several pathological con-

ditions. The most common acquired disorder, implicating mus-

cle nAChR, is myasthenia gravis (MG), an autoimmune disease

in which the muscle nAChR is the target of autoantibodies in

the majority of affected patients. The hallmark feature of MG is

fluctuating muscle weakness. In MG, most of the pathogenic au-

toantibodies target a specific region of nAChR a1 subunit,

known as the ‘‘main immunogenic region’’ (MIR) (12, 13). Au-

toantibodies bound to the MIR are perfectly oriented to cross-

link adjacent nAChRs, triggering an increase in the rate of

nAChR internalization and degradation (13, 14). The congenital

myasthenic syndromes are genetic disorders of the neuromuscu-

lar junction and are usually due to mutations that reduce the

expression or alter the kinetics of the muscle nAChR (15, 16).

Neuronal nAChRs are implicated in the pathogenesis of sev-

eral diseases of the CNS. Diseases due to mutations of nAChR

subunit genes and subsequent alteration of receptor function

have been described, for example, autosomal dominant frontal

lobe epilepsy mutations in the channel region of the a4 or b2

subunits (17, 18). More importantly, some diseases, such as

schizophrenia, Tourette’s syndrome, attention-deficit hyperactiv-

ity disorder, autism, depression, anxiety, and the neurodegenera-

tive Alzheimer’s and Parkinson’s diseases, are associated with

altered numbers of nAChR subtypes. nAChRs are also responsi-

ble for tobacco dependence and behavioral effects of nicotine

[reviewed in (4, 19)].

To design drugs with minimum side effects and specifically

targeting single nAChR subtypes to treat the above mentioned

diseases, detailed structural information on the various nAChR

subtypes and their complexes with ligands is needed. Significant

efforts have been made in the last few years, and our knowl-

edge regarding nAChR structure and its relation to function has

been dramatically increased by the determination of (a) the X-

ray crystal structures, at up to 1.76 Å resolution, of the ligand-

free or ligand-bound molluscan ACh-binding proteins

(AChBPs), which are soluble protein homologues of the extrac-

ellular domains (ECDs) of nAChRs (20–27), (b) the 4 Å resolu-

tion electron microscopy (EM) structure of the Torpedo nAChR

(28), (c) the X-ray crystal structure at 1.94 Å resolution of the

mouse nAChR a1-ECD bound to a-bungarotoxin (a-Btx) (29),

and (d) the X-ray crystal structures of two prokaryotic LGICs;

one from the bacterium Erwinia chrysanthemi (ELIC protein),

resolved at 3.3 Å resolution (30) and another one from the bac-

terium Gleobacter violaceus (GLIC protein), which was

resolved coinstantaneously by two different groups at 3.1 (31)

and 2.9 Å (32) resolution, respectively.

OVERVIEW OF nAChR STRUCTURE

Early structural information on nAChRs was derived from

EM studies on two-dimensional arrays of the Torpedo nAChR

in its closed and open states (33, 34), which revealed the

dimensions and shape of the molecule, the location of the

ligand-binding sites, and the organization of the ion channel.
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The first milestone in understanding the structure of nAChRs

in atomic detail was the elucidation of the X-ray crystal struc-

ture of the molluscan Lymnaea stagnalis AChBP (L-AChBP) at

2.7 Å resolution (20). This protein, a soluble homopentamer of

a 210 amino acid subunit, aligns well with the ECDs of all

LGICs (20), showing the greatest similarity with nAChR-ECDs

(up to 24%), binds nAChR ligands (35), and, when attached to

the pore domain of the 5-HT3A receptor, leads to the opening of

this hybrid channel on ACh binding (36). The AChBP is there-

fore a structural and functional homologue of nAChR-ECDs

and serves as a model for their study. Like the nAChRs,

AChBP assembles into a homopentamer with ligand-binding

characteristics that are typical for a nicotinic receptor; unlike

the nAChRs, however, it lacks the domains to form a trans-

membrane ion channel. Therefore, any comparison made in this

text between AChBP and nAChR implicates only the ECDs of

nAChR. AChBP differs in function from the nAChRs, as it

plays a modulatory role in molluscan synaptic transmission (35,

37). More specifically, in response to the accumulating concen-

trations of the presynaptically released ACh into the molluscan

synaptic cleft under conditions of active neurotransmission,

AChBP is secreted from perisynaptic glial cells to the cleft and

captures ACh molecules, therefore diminishing or terminating

synaptic transmission (37). AChBP is released to the synaptic

cleft after binding of ACh to nAChRs present on the perisynap-

tic glial cells. So far, no orthologs of AChBP have been found

in other animal phyla.

The resolved dimensions of the AChBP (a 62 Å high cylin-

der, with a diameter of 80 Å and a central 18 Å diameter hole)

(20) are in good agreement with those estimated for the Tor-

pedo nAChR-ECD by EM studies (38, 39). When viewed along

the fivefold axis, the AChBP resembles a toy windmill, with

blade-like monomers (Fig. 1A). Each monomer consists of an

N-terminal a-helix, two short 310 helices, and a b-sandwich

hydrophobic core consisting of 10 b-strands (b1–b10), con-

nected by an equal number of loops and arranged in two sets

joined through a cysteine bridge, the Cys-loop (Fig. 1B). How-

ever, in the Cys-loop of AChBP, the cysteines are spaced by

only 12 instead of the 13 amino acid residues in the correspond-

ing Cys-loop regions of LGICs, whereas there is no sequence

conservation between these loop regions of AChBP and LGICs.

The structure of the AChBP and a subsequent 4 Å resolution

EM study of the Torpedo nAChR (28) were used to create the

refined 4 Å model of the whole receptor in its closed state (28).

In this model, which constitutes the second milestone in our

understanding of nAChR structure in atomic detail, the receptor

was shown to have a total length of �160 Å normal to the

membrane plane and to be divided in three domains: (a) an N-

terminal ECD, or ligand-binding domain, which shapes a �60

Å long central vestibule with a diameter of �20 Å, and has two

binding sites for ACh, (b) a transmembrane domain (TMD),

components of which form a �40 Å long water-filled narrow

pore, containing the gate of the channel, (c) an intracellular do-

main, which shapes a smaller vestibule than the extracellular

one and which has narrow lateral openings for the ions, and (d)

a short C-terminal extracellular tail (Figs. 2B and 2C). The sub-

units of the Torpedo nAChR all have a similar size (maximum

dimensions 30 Å 3 40 Å 3 160 Å) and the same three-dimen-

sion fold (28).

Extracellular Domain

The nAChR-ECDs are each organized around a hydrophobic

core of 10 b-strands, joined through the Cys-loop, and contain

one N-terminal a-helix (28), like the AChBP protomer (20).

These domains also contain several loop regions that are critical

for receptor function, such as loops A, B, and C, the Cys-loop,

and the b1–b2 loop (Fig. 2C). The 4 Å EM structure of the

Torpedo nAChR showed that the two ACh-binding sites of the

receptor are shaped by loops A, B, and C of the a subunit and

several structural elements of the adjacent c or d subunit, and

that these sites lie about 40 Å above the membrane surface on

opposite sides of the channel pore (Fig. 2A) (28). These find-

ings confirmed the results of earlier mutagenesis and affinity-

labeling studies indicating that two separate parts of the

nAChR-ECD are involved in the formation of the ACh-binding

site (40–42). One is called the ‘‘principal component’’ or plus

side of the binding site, involving loops A, B, and C of the a
subunit, whereas the other is called the ‘‘complementary compo-

nent’’ or minus side, formed by loops D, E, and F of the adja-

cent non-a subunit (c or d subunit).

The Torpedo nAChR-ECDs interact mainly through polar

side chains (28). The interfaces on both sides of the a-ECDs

contain amino acid residues with charged side chains, which

form ion pairs with oppositely charged side chains of residues

on neighbouring subunits. These interactions may be important

for the special conformation of the a subunits in the resting

state of the nAChR, which is discussed later. Notably, there are

no equivalent electrostatic interactions between charged side

chains at the b–d (non-a) interface. The narrow interstitial

spaces left between the contact areas on the subunit interfaces

in the ECD form a �20 Å wide extracellular vestibule, through

which ions flow because of their electrochemical gradient when

the channel opens. The inner wall of the extracellular vestibule

is lined by an excess of negatively charged amino acid residues

(residues Glu13, Asp44, Glu51, Asp71 on a subunits, Asp resi-

dues at sites 84, 89, 97 and Glu residues at sites 45, 82, 100 of

the b subunit, Glu residues at sites 82 and 100 of the c subunit,

and Asp49 on the d subunit), promoting a cation-stabilizing

environment (28). Therefore, this vestibule is selectively perme-

able to diffusing cations.

The MIR, a region of overlapping epitopes, was first identi-

fied in the Torpedo a-ECD; in the autoimmune MG disease, a

large fraction of the anti-nAChR autoantibodies are directed

against the corresponding region of the human a1-ECD (43,

44). A critical segment of the MIR forming the main part of the

epitope for some anti-MIR monoclonal antibodies was localized

to residues aTrp67-aAsp76, with aAsn68 and aAsp71 being the
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most important (43, 45). These residues appear to be exposed to

the solvent in the Torpedo nAChR EM structure (Fig. 2), con-

trasting with the equivalent regions of the non-a subunits, which

are partially buried by the respective N-terminal a-helices (28).

The third milestone in structural information on nAChRs in

atomic detail, the X-ray crystal structure of the mouse nAChR

a1-ECD complexed with a-Btx (29), confirmed that the MIR is

located at a protruding and highly accessible point near the N-

terminal a-helix (Fig. 3A) and showed that its conformation is

maintained by interactions (mainly hydrogen bonds and van der

Waals contacts) between this helix, the b5–b6 turn of the

hydrophobic core, and a 310-helix (Fig. 3B).

The fourth milestone in the structural study of nAChRs was

the X-ray crystal structure of ELIC (Fig. 4) (30) and more

recently of GLIC (31, 32), two prokaryotic pentameric LGICs,

which are cation-selective channels and considered to be the

ancestors of nAChRs (46). ELIC-ECD (Fig. 4B) (30) and

GLIC-ECD (31, 32) have both similar structure with the

AChBP and the Torpedo nAChR-ECDs, but lack the N-terminal

a-helix and the Cys-loop.

CD studies on the human muscle a1-, b1-, c-, and d-

ECDs and neuronal a7-ECD expressed in the yeast Pichia

pastoris (47) have shown that the secondary structural com-

position of these domains (�45% b-sheet and �5% a-helix)

Figure 1. Crystal structure of Lymnaea stagnalis AChBP, a homologue of nAChR-ECDs. (A) Top view. Each subunit of the homo-

pentamer is shown in a different color and indicated by a different letter (A–E). The ligand-binding sites at the interfaces of the

subunits are shown in ball-and-stick representation. (B) Side view of the L-AChBP protomer from outside the pentameric ring. The

side of the protomer bearing the Cys-loop is called the principal or plus side. Also shown are the 10 b-strands (b1–10) constituting

the hydrophobic core of the protomer; the N-terminal a-helix; loops A, B, and C which contribute to the formation of the principal

side of the ligand-binding sites; loops b1–b2 and b8–b9; the Cys-loop; and the region corresponding to the MIR epitope of the

muscle nAChR a1 subunit. (C) Ball-and-stick representation of the AChBP ligand-binding site, showing the contribution of residues

in the principal loops A (yellow), B (dark yellow), and C (orange) and residues in the complementary loops D (violet), E (light

blue), and F (blue). Reproduced with permission from Brejc et al., Nature, 2001, 411, 269–276.
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Figure 2. Electron microscopy structure of the Torpedo nAChR. Ribbon diagrams of the whole nAChR as viewed (A) from the

synaptic cleft and (B) parallel to the membrane plane. The locations of the ACh-binding sites, the side chain of the highly con-

served aTrp149 residue (gold) in the principal side of the ligand-binding site, and the MIR epitope of the a subunit are shown. (C)

Ribbon diagram of the side-view of the a subunit in an orientation with the central axis of the pentamer at the back. Loops A, B,

and C form the principal side of the ACh-binding site, and b1–b2 loop and the Cys-loop are in contact with the M2–M3 loop of

the TMD, thus coupling the conformational changes occurring in the ECD on binding of ACh or other nAChR agonists to the

TMD. (Cell membrane: between the horizontal bars; E: extracellular; I: intracellular). Reproduced with permission from Unwin, J.

Mol. Biol., 2005, 346, 967–989.
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is conserved and similar to that of the Torpedo a-ECD

(28).

Transmembrane Domain

The TMD of each nAChR subunit is made up of four mem-

brane-spanning a-helical domains (M1–M4) (Fig. 2C) (28). The

M2 a-helices of all five subunits are 40 Å long and shape the

central conduction path, whereas the M1, M3, and M4 a-helices

coil around each other and form an outer ring, shielding the

inner ring of the M2 domains from the membrane lipids. In the

TMD, the responsible amino acid residues for the subunit–subu-

nit contacts are hydrophobic, with their side chains projecting

away from the helices M1, M2, and M3 (39). The M2 helices

from all subunits traverse the membrane in register with sets of

homologous residues at each level, forming rings of chemically

distinct environments facing the lumen of the pore. The major-

ity of these rings are nonpolar. However, there is an interaction

involving the negatively charged Glu262 residues of the a subu-

nits (near the end of M2 helix) with the positively charged

Arg277 and Lys271 residues on d and c subunits, respectively,

forming the ‘‘extracellular ring.’’ This ring, together with

another one at aSer266, which also involves a negatively

charged group, is expected to influence ion transport when the

channel is open by facilitating the transport of cations at the

extracellular entrance of the membrane-spanning pore. There is

also a negatively charged third ring at aGlu241, the ‘‘intermedi-

ate ring,’’ formed slightly beyond the intracellular ends of the

M2 helices, framing the intracellular entry of the pore (39).

Figure 3. Crystal structure of mouse nAChR a1-ECD bound to a-Btx. (A) This scheme represents the front view of the a1-ECD

between the inner (b1–3, b5, b6, b8) and outer (b4, b7, b9, b10) b-sheets of the hydrophobic core of the protein. The a1-ECD, a-

Btx, and the oligosaccharide chain linked to Asn141 (N141) of the a1-ECD are shown in cyan, orange, and magenta, respectively.

(B) Atomic structure of the main epitope of the MIR (residues 66–76 of the a1-ECD), showing its interactions with the N-terminal

a-helix and the b5–b6 turn of the a1-ECD. (C) A detailed view from the top of the b-barrel of a1-ECD, showing the pathway in

the hydration cavity formed by a chain of water molecules hydrogen-bonded to Thr52 (T52) and Ser126 (S126) in the inner b-

sheets (b2 and b60 strands, respectively) and Asn94 (N94) in loop A. Water molecules are represented as red balls. Reproduced

with permission from Dellisanti et al., Nat. Neurosci., 2007, 10, 953–962.
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In the closed channel, the M2 a-helices tilt inward toward

the central axis until they reach the middle of the membrane,

where they come together and make a tight hydrophobic girdle

around the pore, which is the narrowest region of the channel

pore (28). This hydrophobic girdle constitutes the gate of the

channel and functions as an energetic barrier to ion permeation,

as its �6 Å diameter is too constricting for a hydrated sodium

or potassium ion to pass through, given that the ion cannot

readily lose part of its hydration shell in the absence of polar

surfaces that would substitute for water (28). The major compo-

nents of the gate of the Torpedo nAChR channel are aLeu251

(90 residue of aM2) and aVal255 (130 residue of aM2) residues,

which make hydrophobic contacts with a neighbouring Ala (or

Ser) or with a neighbouring Phe residue, respectively (39, 48).

The structure of the prokaryotic ELIC-TMD (Fig. 4) (30)

and GLIC-TMD (31, 32) is similar to that of the Torpedo

nAChR-TMD (28), as it consists of four a-helices (a1–a4),

equivalent to the M1–M4 transmembrane regions of the Tor-

pedo nAChR. These helices from all five subunits are arranged

in two concentric layers around the pore axis; an inner circle

formed by the a2 helices shapes the pore (Fig. 4A), which is

shielded and stabilized by an outer circle of helices a1 and a3.

Although there are differences in the diameter of the pore

between the bacterial and eukaryotic LCICs, the hydrophobic

environment at the membrane centre and the presence of nega-

tively charged residues at the periphery of the channel, which

confers ion selectivity, are preserved (30–32). It should be

noticed that the structure of ELIC represents the closed state of

the prokaryotic LGICs (30). The gate appears to be formed by

the contribution of three hydrophobic bulky residues (Leu239,

Ala243, and Phe246), which point their side chains toward the

central axis, creating a hydrophobic barrier of a diameter of

2 Å to ion permeation. Interestingly, residues Leu239 and

Ala243 are at equivalent positions on the a2-helices of ELIC-

TMD with the homologous gate-defining residues aLeu251 and

aVal255 on the Torpedo M2-helices.

Notably, the most recently published, from two different

groups, structure of GLIC, a proton-gated LGIC, represents the

open state of the prokaryotic LGICs (31, 32). The structure of

GLIC revealed a different conformation in the pore region of

the channel compared with that observed in ELIC. Briefly,

although the transmembrane pore of ELIC is constricted on its

extracellular side (30), the equivalent region of GLIC presents a

funnel-shaped opening with a linearly decreasing diameter,

placing its narrowest part at the intracellular entry of the chan-

nel (31, 32). More specifically, the pore of GLIC has a diameter

of 12 and 5 Å toward the extracellular and the intracellular

ends of M2-helices, respectively, in contrast with the diameters

of 2 and 10 Å of the respective regions of ELIC. The wide

opening from 2 to 12 Å of the GLIC region where the gate of

the channel is located leads to the ion permeability of the GLIC

channel, because there is no more a hydrophobic barrier to the

ion flux through the pore. Comparison of the structures of

GLIC (open channel) and ELIC (closed channel) propose a gat-

ing mechanism for the prokaryotic LGICs, which may plausibly

be extended to eukaryotic LGICs (31, 32).

Intracellular Domain

The nAChR intracellular region consists of a large cytoplas-

mic loop, the M3–M4 loop, which varies in length between the

Figure 4. Crystal structure of the ELIC, a prokaryotic LGIC. Structure of the pentameric channel as viewed from (A) the extracel-

lular side and perpendicular to the membrane plane, showing the four a2 helices from each subunit forming the channel pore, and

(B) from the side, parallel to the membrane plane. The subunits of the ELIC lack the N-terminal a-helix, Cys-loop, and cytoplas-

mic loop of the eukaryotic LGICs. (Cell membrane: between the horizontal bars; E: extracellular; I: intracellular). Reproduced with

permission from Hilf and Dutzler, Nature, 2008, 452, 375–379.
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different subunits (110–270 amino acid residues) and contains a

curved a-helix (MA) prior to the M4 helix (Fig. 2C) (28). Most

of the loop immediately after the M3 helix (M3-MA loop)

seems to be disordered and was not resolved in the 4 Å EM

structure. Structural studies of the Torpedo californica and rat

dM3-M4, involving CD spectroscopy and NMR, also suggested

that most of this loop is unordered (49, 50). However, it has

been demonstrated that structural disorder is important to the

functions of some proteins (51), and in this case, it might con-

tribute to the various functions of the large nAChR cytoplasmic

loops in the resting, open, and desensitized states.

The MA a-helices of all five subunits shape the wall of the

intracellular vestibule, which similarly to the extracellular vesti-

bule is �20 Å wide, and also lined by negatively charged

amino acid residues (Glu residues at sites 390, 397, and 398 of

the a subunits, residues Glu423 and Asp427 on the b subunit,

and Glu437 on the c subunit), promoting a cation-stabilizing

environment (28). The MA helices from each subunit together

create an inverted pentagonal cone (Fig. 2B), having five inter-

vening spaces (‘‘windows’’) less than 8 Å wide (comparable to

the diameter of a hydrated sodium or a potassium ion), sur-

rounded by negatively charged side-chains. These ‘‘windows’’

facilitate the transport of small cations, but prevent the passage

of anions and large ions, and together with the extracellular and

intracellular vestibules constitute the charge and size ‘‘selectiv-

ity filter’’ of the nAChR channel (28).

The large cytoplasmic loop of each nAChR subunit contains

unique sequences that are distinguishing fingerprints for each

subunit. It has been demonstrated that residues in the large

cytoplasmic loop near the intracellular end of M4 affect the

assembly of subunits and electrophysiological properties of

nAChRs (52–55). These loops have been suggested to play

potential roles in the regulation of nAChR trafficking (56–61)

and in interactions with the cytoskeleton (52, 62–66), which

induce nAChR clustering. In addition, several phosphorylation

sites have been found in the cytoplasmic loop (67, 68), whose

phosphorylation affects desensitization (69, 70), expression (71,

72), and interactions with cytoskeleton (73). Palmitoylation (74,

75) of the cytoplasmic loop of a7 nAChR has been shown to

affect the expression of this subtype receptor (76). Apparently,

to fully understand how nAChRs work, further insight into the

structure of the M3–M4 loop and its posttranslational modifica-

tions and interactions with other proteins is needed.

Notably, the bacterial LGICs lack the intracellular M3–M4

loop (Fig. 4B) (30–32, 46), which has probably developed to

fulfill specific functions of the nAChR, such as ion permeation

and protein clustering via interactions with rapsyn (64, 66).

ATOMIC STRUCTURE OF THE nAChR
LIGAND-BINDING SITE

Our knowledge of the atomic structure of the nAChR

ligand-binding site is mainly due to the determination of the

high-resolution X-ray crystal structures of various molluscan

AChBPs. In the first crystal structure of the L-AChBP (20), it

was shown that each ligand-binding site, formed at the interfa-

ces between the five subunits (Fig. 1A), is lined by conserved

aromatic and hydrophobic aromatic amino acids from disperse

regions of the protein, which help to form an aromatic pocket

that binds quaternary ammonium compounds through cation-p
interactions. More specifically, the ligand-binding site is

formed by residues from loops A (Tyr89), B (Trp143 and

Trp145), and C (Tyr185, the double cysteine 187–188, and

Tyr192) in the plus side of one subunit, which are highly con-

served throughout the LGIC superfamily, and by less con-

served residues from loops D (Trp53 and Gln55), E (Arg104,

Val116, Leu112, and Met114), and F (Tyr164) in the minus

side of the adjacent subunit (Fig. 1C). The plus side of each

subunit is the one bearing the Cys-loop when the AChBP

monomer is viewed from the side and perpendicular to the

fivefold axis (Fig. 1B). The HEPES molecule used in the crys-

tallization buffer mimics cholinergic ligands, as it contains a

positively charged quaternary ammonium group, and was

found to be stacked by cation-p interactions on the highly con-

served Trp143 [equivalent to aTrp149 in Torpedo (see Fig.

2C)] in each ligand-binding site, thus revealing the critical role

of Trp143 in this process (20). The HEPES-L-AChBP complex

is believed to represent the structure of the nAChR-ECD in its

desensitized state (77).

The subsequent solution of the crystal structure of the mouse

nAChR a1-ECD (29) revealed the same structure for at least

the principal side of the ligand-binding site (Fig. 3A), thus vali-

dating the use of the preceding structures of the AChBP in drug

design. Interestingly, several of the aromatic residues involved

in the formation of the nAChR ligand-binding site are also pres-

ent in the prokaryotic LGIC-ECDs, despite the fact that the

ligand might be as small as a proton in these bacterial proteins

(30–32).

Agonist Binding

The crystal structures of the L-AChBP complexed with nic-

otine or carbamylcholine (21) and the Aplysia californica

AChBP (A-AChBP) complexed with lobeline or epibatidine

(22) revealed the interactions between agonists and LGICs at

the atomic scale. In all agonist-bound AChBP structures, the

agonist is fully enveloped by the protein, through hydrogen

bonds and p-cation, dipole-cation, and van der Waals forces

with residues, especially of loop C. A highly conserved Trp143

(L-AChBP numbering) from the principal face of the subunit

(Fig. 1C) makes strong aromatic p-cation interactions with all

four agonists. The vicinal cysteine residues in loop C (Figs. 1B

and 1C) make contacts with each of the above agonists, mostly

involving Cys187 in the case of carbamylcholine and Cys188

in the case of nicotine (L-AChBP numbering). In all cases,

agonist binding is supported by interactions with residues of

the less conserved minus face, conferring ligand-binding speci-

ficity.
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Antagonist Binding

Snake neurotoxins and snail conotoxins have been used for

the isolation and biochemical characterization of nAChRs, as

they are competitive antagonists of the nAChR. Using synthetic

peptides, a-neurotoxin-binding sites have been identified on

both neuronal and muscle a subunits (78–81). Specifically, our

group showed that the main a-Bgtx-binding segment corre-

sponds to residues 189–195 in the Torpedo a (79) and to 186–

197 in the human a7 nAChR subunit (81).

The crystal structures of the complexes of L-AChBP with a-

cobratoxin (a-Cbtx) (25), A-AChBP with a-conotoxins (a-Ctxs)

(22, 23, 26, 27), mouse nAChR a1-ECD with a-Btx (29), and

A-AChBP with the small alkaloid antagonist methyllycaconitine

(MLA) (22) identified the residues involved in toxin/antagonist

binding in atomic detail. These structures showed that the bind-

ing of competitive antagonists involves interactions through

extensive hydrogen bonds and van der Waals contacts with

highly conserved amino acids in the principal side of the

ligand-binding pockets, especially residues in loop C, and inter-

actions with various less conserved amino acids in the comple-

mentary side of the binding pocket, most of which belong to

loop F. A noticeable difference with the agonist-bound AChBP

structures (21, 22) is that loop C in the antagonist-bound

AChBPs (22, 23, 25–27) and mouse a1-ECD (29) does not en-

velop the antagonists.

Furthermore, the structure of the mouse a1-ECD (29) also

revealed the fine ordering of a glycan chain linked to Asn141

(the penultimate amino acid residue of the Cys-loop) (Fig. 3A)

and the important role of glycosylation of the nAChR a1 subu-

nit in a-Btx-binding, confirming the results of earlier biochemi-

cal studies (82). However, glycosylation does not seem to be

essential for a-Btx binding to the neuronal a7-ECD, as the

deglycosylated and glycosylated proteins bind a-Btx with the

same binding affinity (83).

Allosteric Ligand Binding

Apart from the ACh-binding site, also called the nAChR

orthosteric binding site, other allosteric binding sites have been

identified on nAChRs (84–86). These modulate channel activity

by binding ligands that do not compete with ACh or a-Btx and

which are either positive or negative allosteric modulators,

increasing or decreasing agonist-induced activity, respectively.

These allosteric ligand-binding sites have been shown to be

located in the ion pore (channel blockers) or the extracellular,

cytoplasmic, and transmembrane domains (Fig. 5).

The recently resolved X-ray crystal structures for the com-

plexes of the A-AChBP with the noncompetitive nAChR

ligands galanthamine [positive allosteric modulator (87)] and

cocaine [negative allosteric modulator (88, 89)] (90) show that

these ligands bind deep within the subunit interfaces of the

AChBP, but, in contrast to competitive nAChR ligands, do not

interact with the tip of loop C. Furthermore, because the amino

acid residues of the AChBP that make contact with cocaine and

galanthamine are conserved in neuronal non-a subunits, the

equivalent sites at which noncompetitive ligands bind in

nAChRs are possibly situated between the interfaces of hetero-

meric neuronal nAChRs, the principal faces of which are con-

ferred by a non-a subunit (90). The neuronal non-a subunits do

not contain the vicinal cysteine residues in their loop C, but this

does not seem to affect the binding of galanthamine or cocaine,

because the binding of these ligands to the AChBP is not

affected by elimination of these cysteine residues (90).

CONFORMATIONAL TRANSITIONS OF THE nAChR
AND CHANNEL OPENING

Comparison of the crystal structures of the agonist-bound

AChBPs with those of the ligand-free AChBP (apo-form), an-

tagonist-bound AChBPs, a-Btx-bound mouse nAChR a1-ECD,

and the 4 Å EM structure of the Torpedo a1-ECD reveals that

significant conformational changes occur in the nAChR-ECD on

agonist binding (22, 29, 91). The most marked rearrangements

occur in loop C, which swings as much as 11 Å between the

two extreme positions observed in the complexes of the AChBP

with a-Ctx-ImI (antagonist) and epibatidine (agonist) (22) (Fig.

6). All the above structures are therefore classified into two cat-

egories with respect to C loop conformation, which is either

‘‘open’’ or ‘‘closed’’ (Fig. 6A) (22, 92). The first category

includes the X-ray crystal structures of the ligand-free AChBP,

antagonist-bound AChBPs, a-Btx-bound a1-ECD, and the 4 Å

EM structure of the Torpedo nAChR a1-ECD, representing the

resting or desensitized state of nAChR-ECDs. The second cate-

gory includes the structures of the agonist-bound AChBPs,

which represent the activated state of the nAChR-ECDs. Fur-

thermore, following agonist binding to the AChBP, rigid body

movements of the b1–b2 loop and Cys-loop are also observed,

with the loops moving upward, away from the bottom of the

protein (91). Agonist binding in the intact nAChR could thus

lead to the movement of the equivalent nAChR-ECD loops

upward, away from the membrane plane.

These observations are consistent with the different orienta-

tion of the inner b-sheets in the a-ECDs and those in the non a-

ECDs, as seen in the Torpedo nAChR 4 Å EM structure (28),

the former being rotated �108 relative to the latter about an

axis normal to the plane of the membrane. In this distorted con-

formation of the a subunits, loop C projects away from the

body of the a subunits, in contrast to the situation in the ago-

nist-bound AChBPs, where loop C is closer to loops A and B.

Unwin suggested that, upon ACh binding, the distorted struc-

tural elements in a-ECD move to their relaxed non-a positions,

with loop C significantly twisting and rotating anticlockwise to

allow coordination of the binding residues to ACh (28).

The conformational changes that occur in the nAChR a-

ECDs following agonist binding could be transmitted to the

TMD, where the gate of the channel is located, through the b10

strand, which is covalently connected to the M1 helix of the

TMD, and/or through the Cys-loop and b1–b2 loop, which
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interact with amino acids in the M2-M3 loop of the TMD.

More specifically, the Cys-loop interacts with amino acid resi-

dues near the N-terminus of M3 and the b1–b2 loop interacts

with residues near the C-terminus of M2 (Fig. 2C). Unwin pro-

posed that the opening of the channel gate after agonist binding

to the ECD could take place in two alternative ways (28): (a)

both the displaced b1–b2 loop and Cys-loop rotate back toward

their relaxed non-a locations and no longer interact with resi-

dues of the M2-M3 segment, allowing movement of the M2–

M3 loop because of the flexibility afforded by a conserved

aGly residue at the end of M3, and thus allowing gating

motions to occur; or (b) during the displacement of the b1–b2

loop and Cys-loop, the interaction with the b1–b2 loop is main-

tained and the movement of the loop drags the end of M2 away

from the axis of the channel, breaking the interactions holding

the M2 helices of the gate together, so that the channel opens.

Furthermore, the structure of the mouse a1-ECD revealed the

existence of a hydration pocket inside the b-sandwich core, which

would be close to the TMD in the intact receptor (29). This con-

tains a water molecule trapped between two buried hydrophilic

residues (Thr52 and Ser126) and is connected to the outside

through another water molecule to reach the surface residue

Asn94 on loop A (Fig. 3C). This hydration pocket could therefore

also transmit the conformational changes in the ECD, seen on ago-

nist binding, to the TMD and lead to channel opening. Both hydro-

philic residues (Thr52 and Ser126) are highly conserved in

nAChRs, whereas the nonchannel homologous AChBP has bulky

hydrophobic residues (Val/Leu and Phe) at these positions. Nota-

bly, mutations of Thr52 and Ser126 residues of the nAChR a1

subunits to their hydrophobic counterparts in AChBP led to a sig-

nificant reduction in ionic current flow through the cell membrane

of transfected COS cells expressing these mutant nAChRs, con-

firming the importance of these residues for gating in the intact

nAChR (29). This structural feature, which is unique to nAChRs,

and does not exist in the nonchannel AChBP, could be a key ele-

ment required for the nAChRs to function as LGICs.

Figure 5. Schematic representation of the location of competitive and noncompetitive ligand-binding sites in nAChRs. The red

ovals indicate the positions of noncompetitive (allosteric) ligand-binding sites on heteromeric neuronal nAChRs, in which a non-a
neuronal subunit takes the place of the c or d subunit in the Figure. Competitive ligand-binding sites (blue ovals) are also formed

at the interfaces between some neuronal a subunits (in homomeric a7, a8, and a9 nAChRs) and between several neuronal a (a2–4

or a6) and b subunits (b2 or b4) in heteromeric neuronal nAChRs. Reproduced with permission from Hansen and Taylor, J. Mol.

Biol., 2007, 369, 895–901.
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More recently (93), Auerbach and coworkers proposed a gat-

ing scenario for the muscle nAChR, using a method called rate

equilibrium linear free energy analysis (REFER analysis) (94).

This method compares changes in the opening rate to changes

in the equilibrium between closed and open states, when a spe-

cific amino acid residue is mutated to several types; it then esti-

mates u-value, a fraction between 0 and 1, which quantifies the

extent to which a local site in the protein has progressed in the

gating reaction at the transition state (TS) between the stable

closed and open states. Higher u-values indicate earlier, lower

u-values indicate later, and equivalent u-values indicate

synchronized gating motions. REFER analyses of hundreds of

residues indicated that the nAChR is organized into several

domains (blocks) within which u-values are indistinguishable

(93, 95). Moreover, there is a spatial gradient in block u-values,

which approximately follows the long axis of the muscle

nAChR, ranging from �1 in the vicinity of the transmitter bind-

ing site (TBS) to �0 in the middle of the TMD (93, 96), during

channel opening. This pattern suggests that the framework for

the gating mechanism is that of a Brownian conformational

wave, connecting structural changes that regulate transmitter af-

finity with those that regulate conductance (97).

Regarding each muscle nAChR a subunit, the proposed gat-

ing scenario from such studies is as follows (93): Upon agonist

binding, loops A, B, C of the TBS and three residues (Ile260,

Pro265, and Ser268) of the C-terminus of the pore-lining aM2-

helix, referred to as M2-cap (residues a260-a270), move rapidly

and at the same time (u 5 0.94) announcing the exit of the

nAChR from the stable closed state and its entry into the TS

ensemble. The motions of the TBS and the M2-cap trigger

those in the adjacent b1–b2 loop and the Cys-loop, which to-

gether with four residues of the M2-cap (Val261, Glu262,

Ile264, and Thr267) constitute the second block (u 5 0.78)

(98). These motions provoke the movement of a third block,

involving residues in the M2–M3 linker (98) and most of M2

(also involving residues Leu263, Ser266, Ser269, and Ala270 of

the M2-cap) (u 5 0.64) (95), which propagate to the fourth

block consisting of residues in the middle of M2 and beyond,

Figure 6. Conformational changes in loop C in AChBPs on competitive ligand-binding. Comparison of the orientation of loop C

between two extreme positions, with a-Ctx-ImI (antagonist) or epibatidine (agonist) bound to the A-AChBP. (A) Top view of the

complexes, showing the ‘‘open’’ and ‘‘closed’’ configurations of loop C after binding of a-Ctx-ImI (on the left; red loop C) or

epibatidine (on the right; blue loop C), respectively, to A-AChBP. These complexes are used as models for showing the different

orientation of loop C in AChBPs and nAChR-ECDs, upon binding of agonists or antagonists. (B) Detailed side-view of the com-

plexes, showing the binding of a-Ctx-ImI or epibatidine to one AChBP ligand-binding site. Loop C swings as much as 11 Å on

going from one complex to the other. Reproduced with permission from Hansen et al., EMBO J., 2005, 24, 3635–3646 and

Dutertre and Lewis, Biochem. Pharmacol., 2006, 72, 661–670.
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and in M4 (u 5 0.54) (98). Eventually, these motions destabi-

lize the residues Leu251 and Thr254 of M2 (residues 90 and 120

of aM2, respectively) near the equator, which are believed to be

major components of the gate of the channel (39, 48) and resi-

dues of M3 (u 5 0.31) (93). The movement of the M2 equator

reflects the entry into the open structural ensemble.

It should be noted that investigations involving REFER anal-

ysis have also been made for various structural elements of the

non-a subunits, as well. Briefly, it has been shown that eM4 (u
5 0.33) and bM4 (u 5 0.17) move as rigid bodies after the

rigid body motion of both aM4-helices (u 5 0.54), whereas

eM4 does not move at all (99). u-values have also been esti-

mated for eM2–M3 and bM2–M3 linkers (0.57 and 0.43,

respectively) and for dM2 (100). In the case of dM2, it seems

that its upper half moves earlier than the lower half, because

the former has u 5 0.32 and the latter has u 5 0, with the

lower half of dM2 being one of the domains that move lastly in

the overall gating process. All these determined u-values pro-

vide an almost complete map of u-values for the long axis of

the muscle nAChR, revealing the dynamics of the nAChR gat-

ing mechanism (93, 95).

What is surprising with this gating scenario is that aM2-cap

seems to move at the same time with the TBS and earlier than

the M2–M3 linker and the adjacent b1–b2 loop and Cys-loop,

in contrast with what Unwin had previously suggested (28). In

the Torpedo nAChR structure, there seems to be no direct con-

nection between loops A, B, and C of the TBS with aM2-cap.

However, this structure represents the unliganded nAChR. It is

possible that upon agonist binding, TBS and aM2-cap move

closer than they are in the closed Torpedo nAChR structural

model and in fact may make direct interactions. Another possi-

bility, also proposed by Auerbach and coworkers (93), is that

there may be physical connections between TBS and aM2-cap

(e.g., electrostatic interactions or interactions via water mole-

cules), which cannot be seen in the electron density maps. Such

a physical connection might be the hydration cavity revealed in

the crystal structure of mouse nAChR a1-ECD (29), which

extended from the lower part of a1-ECD up to loop A of the

TBS, as discussed earlier. Apparently, for this scenario to be

confirmed, high resolution structures of both closed and open

structural ensembles of the nAChR are needed. In summary,

Auerbach and coworkers’ findings suggest that after agonist

binding, the nAChR moves through a number of intermediate

states, the so called ‘‘conformational wave,’’ before channel

opening.

A latest work (101) showed that the properties of the inter-

mediate conformations of nAChR residues during gating,

referred to as ‘‘flip,’’ can be indeed detected and measured. In

addition, the results of this study reinterpret what was until

recently known regarding the difference between full and partial

agonists. In principle, when a partial agonist binds to a receptor,

it cannot produce the large response, evident in the case of a

fully efficacious agonist. It has been believed since 1950 that

this is because a full agonist has a higher affinity for the open

state than the closed state, and therefore its binding shifts the

equilibrium toward the open state. However, Lape et al. (101)

showed, using full and partial agonists for GlyR (glycine and

taurine, respectively) and nAChR (ACh and tetramethylammo-

nium, respectively), that what makes an agonist partial is a low

affinity for the intermediate ‘‘flipped’’ state, relative to the rest-

ing state, rather than low affinity for the open state, relative to

the resting state, as previously believed. Therefore, the effec-

tiveness of an agonist depends on its relative affinity for resting

and ‘‘flipped’’ conformations. Once the channel has reached the

‘‘flipped’’ intermediate state, or the intermediate preopen state,

channel opening occurs with the same rate, regardless of which

agonist (full or partial) is bound. In other words, a partial ago-

nist when bound to a receptor produces lower responses of the

channel than a full agonist, because the rate of transition of the

channel from its resting state to the flipped state (flipping equi-

librium constant) is lower than in the case of binding of a full

agonist. The results of this study are consistent with a previous

study, which had shown that the differences between the

response of nAChR to various nicotinic agonists, detected by

measurements of u-values, lie early in the activation process

close to the TBS (96).

CONCLUSIONS AND FUTURE PERSPECTIVES

The availability over the last few years of high-resolution X-

ray crystal structures for AChBPs, structural analogues of

nAChR-ECDs, in their ligand-free and ligand-bound forms, and

for the a-Btx-bound mouse nAChR a1-ECD and two prokary-

otic LGICs (ELIC and GLIC), together with the 4 Å resolution

EM structure of the Torpedo nAChR, have greatly increased

our knowledge regarding nAChR structure and function. These

breakthrough studies revealed atomic details for the binding of

both competitive and noncompetitive ligands to nAChRs, pro-

vided important insights into the gating mechanism of nAChRs,

and were used to develop the ‘‘quaternary state model’’ for the

transition between the different states of the nAChR (102, 103).

According to this model, the nAChR functions as an allosteric

protein, transmitting the conformational changes induced in its

ECD, upon agonist binding, to the topographically distinct gate,

leading to channel opening.

The data on the ECD and TMD of nAChR obtained by these

studies have been used to create 3D molecular models for vari-

ous nAChR subtypes [e.g., (102–106)], which could serve as

templates for structure-guided drug design to treat various neu-

rological conditions associated with the orthosteric or allosteric

nAChR ligand-binding sites, such as Alzheimer’s and Parkin-

son’s diseases, schizophrenia, pain, depression, and nicotine

addiction.

However, the main difficulty in drug design is that at least

12 genes code for the neuronal nAChR subunits, and their gene

products (9a and 3b subunits) assemble in various combina-

tions, forming a broad diversity of pentamers with distinct phar-

macological properties. Clearly, to treat pathological conditions
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involving one or another of the neuronal subtypes, a subtype-

specific drug design approach is needed. The large majority of

known nAChR ligands are not subtype-specific (107). For

example, varenicline, a nicotinic compound, recently approved

as a drug against smoking addiction, is a full agonist of a7, a

potent partial agonist of a4b2, and has lower efficacy and po-

tency for a3b4 (108). Accordingly, the identification of sub-

type-selective compounds that make use of the beneficial effects

of nicotine, while eliminating or decreasing its adverse effects,

continues to be a challenging area of research. Antagonists

might help to distinguish between subtypes: for instance, MLA

inhibits a7, but not the heteromeric receptors, and a-Ctx-MII

selectively tags a3- and a6-containing nAChRs, whereas a-Btx

blocks the a7, a8, a9, and a10 as well as the muscle-type

nAChRs (109).

The subunit interfaces of neuronal heteromeric nAChRs with

a non-a subunit on their principal faces probably host noncom-

petitive ligand-binding sites and may prove useful in developing

subtype-selective compounds for treating several pathological

conditions and for studying receptor subtype assembly and

localization (90). Non-a neuronal nAChR subunits exhibit a

higher degree of sequence variation in loop C than the a
subunits, which contribute to the formation of competitive

ligand-binding sites. They therefore represent potential targets

for treating various neuronal nAChR-related diseases and for

developing subtype-selective drugs. A novel group of positive

allosteric modulators potentiating a7 nAChRs includes the poly-

peptide lynx1 (110), which is the endogenous brain structural

homologue of a-Btx, and synthetic compounds enhancing cogni-

tion properties in humans [e.g., compound 6 (111) or NS 1738

(112)]. Negative allosteric modulators of nAChRs are well

known and include histrionicotoxin, PCP, and MK-801 (113).

Regarding human muscle nAChRs, the accumulated

knowledge on nAChR structure may help in understanding how

various reported mutations cause the slow- or fast-channel

congenital myasthenic syndromes [reviewed in (91)] and in the

development of structure-guided therapeutic strategies. The elu-

cidation of the structure of the MIR epitope in atomic detail

(29) could also facilitate the development of structure-guided

therapeutic treatments for MG. Given the availability of high-re-

solution X-ray crystal structures for several Fab domains of

monoclonal anti-MIR antibodies, such as Fab198 (114) or

Fab192 (115), which inhibit the pathogenic activity of intact

anti-nAChR antibodies (14, 116), useful modeling and docking

studies can be performed. A recent example is the docking of

Fab198 to the MIR epitope of the Torpedo a-ECD (117), which

revealed the antigen–antibody interactions and helped propose

the design of mutant antibody fragments with enhanced binding

affinity for the MIR epitope. Such studies can now be validated

and/or utilized using the mouse a1 MIR structure in similar

docking approaches.

However, despite the significant progress in understanding

nAChR structure, the high-resolution structure of a complete

nAChR and/or of a complete ligand-binding site is still lacking.

As crystallization of the intact nAChR is a difficult task because

of its large hydrophobic TMD, efforts to crystallize only its

ECD, as in the case of the mouse a1-ECD (29), seem a more

realistic approach. Toward this goal, we have expressed various

human nAChR-ECDs in bacterial or eukaryotic expression sys-

tems and performed several mutations to improve their solubil-

ity and facilitate their crystallization. For example, the replace-

ment of the nAChR Cys-loop by the corresponding and more

hydrophilic loop region from the L-AChBP greatly increased

the solubility of the expressed neuronal a7-ECD (83) and the

muscle c-ECD (118). Additionally, based on a constructed 3D

homology model for the human a7-ECD, using the EM struc-

ture of the Torpedo nAChR and the crystal structure of

L-AChBP as templates, we inserted several site-directed muta-

tions to the AChBP Cys-loop-containing a7-ECD (83), which

further enhanced its solubility and ligand-binding properties and

led to its expression in what is probably a pentameric form, ren-

dering it a promising novel mutant for crystallization (119).

Overall, the detailed information on the nAChR structure-func-

tion relationship that has been obtained during the last few years

forms the basis for our understanding of key elements in neuro-

transmission and of structural differences between the allosteric

states of nAChR, and for the design of nAChR subtype-specific

ligands as safe and potent drugs for a multitude of important and

devastating neuropsychiatric and neurodegenerative diseases, for

stopping smoking, and for treating muscle diseases. The antici-

pated elucidation of the structure of intact human nAChRs, or at

least of their intact ligand-binding domains, would dramatically

facilitate the achievement of these major targets.
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