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New hypotheses and predictions have arisen from
recent work revealing atomic-scale or near-atomic-scale
structures of receptors in the ‘Cys-loop’ superfamily.
How general is the cation-4 interaction between the
natural ligand and a tryptophan residue in the aromatic
box, and does this interaction extend to other ligands?
What is the pathway from the binding site to gating,
and what are the conformational changes during gating
and desensitization? Is current flow through intracellu-
lar ‘portals’ in the wall of the channel a general feature?
This article discusses these and related questions,
emphasizing nicotinic ACh receptors and also discuss-
ing data from other members of this superfamily.

Fast synapses are exquisitely specialized: they function on
a timescale of milliseconds and at sub-micrometer dis-
tances. The series of nanomachines in the presynaptic and
postsynaptic cell work so efficiently, individually and
sequentially, that it took until the mid-1950s to establish
that most synapses are not simply electrical junctions but
do, in fact, involve a chemical intermediate.
Neurotransmitter receptors are ligand-gated channels,
and they play starring roles in fast synaptic transmis-
sion. Within a few microseconds after the transmitter
is released within the synaptic cleft and binds to an
extracellular region of the receptor, the channel opens to
excite or inhibit the train of postsynaptic action potentials
(or in some cases, to influence the presynaptic cell). Just as
importantly, the channel closes within a few milliseconds
as the transmitter dissociates to terminate the synaptic

event. Many receptors are in the Cys-loop superfamily,
which contains some venerable receptors such as the
nicotinic ACh receptors, as well as some newly discovered
members, such as the zinc-activated channels and
the invertebrate GABA-gated cation channel, EXP-1
(Table 1). Table 2 summarizes several diseases that
occur because Cys-loop receptor channels open too
slowly, or close too quickly or too slowly, along with the
therapeutic drugs that now exist or are sought to modify
these gating events and the drugs of abuse that act on
Cys-loop receptors.

To fulfill their proper roles at synapses, Cys-loop
proteins must be assembled and targeted appropriately.
Much is known about the general processes that target the
muscle receptor to a nerve—muscle synapse, but almost
nothing is known about specific interactions between
neuronal nicotinic ACh receptors and other proteins.
However, there are excellent indications that the function
of Cys-loop proteins is not static, but can be modulated by
interactions with other proteins (Box 1).

Since 2001, structural studies have described members
of the Cys-loop superfamily in general and the nicotinic
ACh receptors in particular. For example:

(i) The crystallographic structure of the ACh-binding
protein (AChBP) has been reported [1] (Figure 1c,e).

(i1)) New research has been published on the inter-
action between a cationic group on the neurotransmitter
and an aromatic side chain within the binding site [2—4].
This cation—m interaction specifies the distance between
two groups within 0.5 A of one another and therefore

Table 1. Currently known members of the Cys-loop superfamily?

Ligand Receptor Permeant ions Number of paralogous subunits known
Known in vertebrates

Ach Nicotinic ACh receptor Cations =16
5-HT 5-HT3 receptor Cations =2
GABA GABAA receptor Anions =19
Glycine Glycine receptor Anions =5
Zn%* ZAC Cations 1
Known only in invertebrates

Glutamate GluCl Anions =2
5-HT MOD-1 Anions 1
GABA EXP-1 [82] Cations 1

2Abbreviations: EXP-1, an excitatory GABA-gated cation channel; GIuCl, glutamate-gated Cl~ channel; MOD-1, modulation of locomotor defective; ZAC, zinc-activated ion

channel.
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Table 2. Medical aspects of Cys-loop receptor defects?®
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Receptor Diseases associated with Aims of drugs affecting receptor Toxin Abuse
receptor defects
Nicotinic ACh  ADNFLE, slow-channel Treatment of schizophrenia [83], Conotoxins, snake toxins, Nicotine addiction
myasthenic syndrome [55] Alzheimer’s disease [84], pain [85], lophotoxin epibatidine
Parkinson’s disease [86], ADHD [87,88],
Crohn’s disease [89], ADNFLE [90]
Cognitive enhancement
Smoking cessation [91]
Insecticidal effects
5-HT3 NR Treatment of emesis, irritable bowel NR NR
syndrome
GABAA Epilepsy [92] Treatment of anxiety, epilepsy, insomnia  Convulsant toxins Addiction
Anesthesia [93]
Glycine Startle disease [43,44] NR Strychnine NR
GIuCl NR Anthelmintic and antiparasitic effects NR NR

2Abbreviations: ADHD, attention deficit—hyperactivity disorder; ADNFLE: Autosomal dominant nocturnal frontal-lobe epilepsy; GIuCl, glutamate-gated CI~ channel; NR, not

reported.

does fall within the class of high-resolution structural
studies. .

(ii1)) The 4-A-resolution structure of the nicotinic ACh
receptor transmembrane domains from Zorpedo electric
organ has also been published [5] (Figure le).

All of these ‘snapshots’ of the nicotinic ACh receptor
provide valuable information, but each has raised further
questions. Globally, we are very far from translating these
static images to a coherent view of the protein dynamics
associated with the gating process.

The nature of the ‘extended’ binding event

Once one has the crystalline structure of a binding domain
from a ligand-gated channel, one hopes to rationalize
previous data based on biochemistry, site-directed muta-
genesis, electrophysiology and cysteine-scanning muta-
genesis (SCAM) [6-10]. Indeed, the AChBP structure [1]
does correlate well with 40 years’ worth of such data. The
AChBP structure reproduces previous conclusions that
an agonist binds at inter-subunit interfaces [11], near

Box 1. Functional modulation of Cys-loop receptors by
other proteins

Nicotinic ACh receptors and members of the ATP-binding P2X
receptor family display cross-inhibition in neurons [69-73] and
heterologous expression systems [73-75]. The interaction depends
on the history of activation, on a time scale of several seconds. P2X
receptors interact with other members of the Cys-loop superfamily
[76], emphasizing the generality and importance of such interactions.
There is some evidence that the interaction is direct, mediated by the
M3-M4 loop of nicotinic ACh receptors and the C-terminal domain of
P2X [76].

Several small proteins are members of the Ly-6/ urokinase-type
plasminogen activator receptor (Ly-6/uPAR) superfamily, including
secreted mammalian Ly-6/uPAR-related protein 1 (SLURP-1) and
lynx1 [77-79]. These receptors and secreted proteins contain a
C-terminal consensus sequence motif CCXXXXCN, one or more
repeats of a distinct disulfide bonding pattern of 8-10 cysteine
residues, and a glycosylphosphatidylinositol (GPl) membrane
anchoring linkage. Similar to the homologous three-fingered
members of the elapid neurotoxin family, the Ly-6/uPAR superfamily
members interact functionally with nicotinic ACh receptors sub-
units, especially a7 and a4p2. Recent data suggest that lynx1 binds
directly to «4B2 [78]. However, the general importance of these
interactions is not yet appreciated [80].
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residues from four to six polypeptide ‘binding segments’,
designated A—F (this terminology should replace the
former ‘loopA’ to ‘loopF’ terminology [12], because some
of the key binding residues are in B-strands rather than in
the loops between them). In addition, the cation— binding
site identified by unnatural amino acid mutagenesis has
been fully confirmed. AChBP continues to serve as the
foundation for information about binding site structure
[4,13—18]. Lysine-scanning mutagenesis even confirms
theresidues responsible for intersubunit contacts, which are
among the most variable in the N-terminal domain [13].
At most Cys-loop receptors, the dose—response relation-
ship for agonist activation has a Hill coefficient approach-
ing 2, indicating that the open state of the channel is
much more likely to be associated with two bound agonist
molecules than with only one. Both agonist molecules
remain bound to the receptor for the entire duration of
the channel opening [19,20]. The AChBP molecule is a
fivefold symmetrical homopentamer, and some subunits
are occupied by a ligand. In the first reported AChBP
structure, the ligand is not an agonist or antagonist, but a
molecule of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) that is present in the crystallization buffer
used. It is uncertain whether the AChBP structure corre-
sponds to the binding site in the resting, active or
desensitized state. Some have argued, on the basis of the
relatively high ligand affinity of AChBP and compu-
tational modeling, that the structure is in the desensitized
state [9]. Two 9-A-resolution electron microscopic images
of the nicotinic ACh receptor were described in 1995,
without ACh bound and ~ 5 ms after ACh was applied [21].
The AChBP best matches the structure of the a-subunit
when agonist is bound, and this observation gave rise to
the hypothesis that agonist binding to the a-subunit
induces the inner B-sheet, consisting of -strands 1, 2, 3,5, 6
and 8, to undergo a rotation of ~15° [22] (Figure 1d,e).
Cysteine accessibility data on the GABA, receptor
suggest that a major function of the agonist—receptor
contacts is to induce a contraction of the ‘aromatic box’
(Figure 1c¢), a feature of the agonist-binding site defined by
five conserved aromatic side chains [22,23]. A cation—m
interaction was found between an amine-containing
agonist and precisely one residue (Trp) in each of three
receptors examined (the ACh receptor, the 5-HT5 receptor
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Figure 1. Images of the nicotinic ACh receptor. (a) Overall layout of the five subunits of the muscle receptor. (b) The topology of each subunit. Note the M2-M3 linker (red),
consisting of the top two turns of the M2 helix plus the M2-M3 loop. (¢) The ‘aromatic box’ that forms the agonist-binding site of the ACh-binding protein (AChBP). Resi-
dues are numbered for the muscle receptor « and «y subunits, and are also labeled by binding segment (in the terminology introduced by Changeux’s laboratory, these
were called ‘loopA’ to ‘loopD’). As usual, oxygen and nitrogen atoms are colored red and blue, respectively. (d) Unwin’s 2003 model of structure and gating, showing only
the two a subunits [5]. Binding of agonist (e.g. ACh) causes a rotation of the shaded region around an axis that passes through the Cys loop (L7 loop) disulfide. The 81-2
loop (L2 loop) contacts the M2—-M3 linker (the nonhelical region is shown as a series of vertical lines), and the rotation torques the M2 region, opening the channel [5]. The
M2 helix contains the gate of the channel. (e) AChBP. (i) One molecule of the pentameric structure is shown. All B-sheets are labeled, along with the L5 loop [81], L7 Cys
loop, and the B1-B2 L2 loop. L2 is proposed to play a key role in gating [5]. The red labels indicate the B-strands comprising a B-sheet that might rotate as a result of agonist
binding [5]. Unwin’s 2003 model of gating in more detail (ii), showing only one «a subunit. The postulated axis of rotation is shown (central vertical line). The highly con-
served Leu9' residue thought to lie at the gate in the M2 helix is emphasized by vertical shading on the channel axis in (d) and named (e)(ii). In (e), the C terminus of the
structure in (i) actually lies near the N terminus of the M1 helix in (ii). Panels (d) and (e)(ii) are reproduced, with permission, from Ref. [5]; panel (e)(i) is reproduced, with per-

mission, from Ref. [1] © (2001) Nature Publishing Group (http://www.nature.com/).

and the invertebrate 5-HT-gated Cl~ channel, MOD-1)
[3,4,24]. In these experiments, unnatural Trp analogues
were incorporated at several Trp sites, and changes in
log(EC59) showed a remarkable correlation with estab-
lished cation—m binding energies of the modified side chains.

The recently described MOD-1 receptor was of particu-
lar interest because a tyrosine residue aligns with the
cation—m-binding Trpal49 and Trpl83 of the nicotinic
ACh receptor and the 5-HTj3 receptor, respectively, afford-
ing the opportunity to test the hypothesis that a cation—
interaction also occurs at tyrosine residues. Results were
surprising: there is no cation—m interaction at tyrosine;
but instead a cation— interaction occurs at a tryptophan
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residue some 7.5 A across the box at position C2 (Figure 1c)
[4]. Thus, the cation—7 interaction occupies different
faces of the aromatic box in two homologous 5-HT
receptors [4], suggesting that the role of the agonist is to
serve less as a ‘key in a lock’ and more like a ‘wedge’. As
another indication that the aromatic box is a general
‘capture’ area, activation becomes constitutive if appro-
priate groups are tethered at any of several positions in
the box [2,24-28].

The aromatic box might provide a ‘special’ environment.
Primary, secondary and tertiary amines were incorporated
to generate a pH-activated receptor when the tethered
amine is protonated. The pK, of the tertiary tethered
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agonist in the binding site appears to be 6 or lower,
differing substantially from its pK, in solution (~9.3) [29].

How does nicotine bind to the nicotinic ACh receptor?
Other moieties on the agonist contribute to binding at
other functional groups in and near the aromatic box; were
this not so, tetramethylammonium would act precisely like
ACh. Furthermore, the cation—m interaction might not be
a dominant feature of all agonist binding events at
nicotinic ACh receptors. For example, nicotine itself, the
prototypical agonist and the addictive compound in
tobacco, does not produce a strong cation—m interaction
at the muscle nicotinic ACh receptor [3]. Whether nicotine
and related compounds make important cation— inter-
actions at neuronal receptors such as a4B2, where nicotine
has one fiftieth the EC5q value of that at muscle receptors,
is unknown and deserves further study. In addition,
nicotine does not experience the same perturbation of
phenomenological pK, in the aromatic box as do the
tethered amine agonists [29]. Thus, it might be possible to
describe two types of interactions at the ‘aromatic box’ as
ACh-like or nicotine-like, with 5-HT falling in the ACh-like
category.

The first reported AChBP structure had no information
about actual binding contacts for real agonists at the
aromatic box; but recently published data are more
informative [30]. Several homology models of the nicotinic
ACh receptor and 5-HTj5 receptor with ligands bound have
been built [9,13,31,32]. Some suggest that there is a
hydrogen bond between an agonist such as nicotine and
the backbone carbonyl of Trpa149, the cation— residue.
This hypothesis is being tested with experiments that
place an ester link [33,34] in the backbone at the 149-150
linkage.

Now we need to understand how the known interactions
propagate away from the binding site. Such basic
mechanistic information about the link from binding to
gating might help in understanding the pathophysiology
and therapy for the diseases listed in Table 2.

Structure of the transmembrane domains in the closed
state

Nearly all researchers believe that the latest electronic
microscopic structure for closed-state transmembrane
domains [5] is an excellent model for all members of the
Cys-loop superfamily, because it correlates so well with 15
years’ worth of other data. This structure confirmed the
prescient observation that the transmembrane domain M2
continues on for two additional turns above the membrane
[35] and the concept, especially familiar in the GABA4-
and glycine-receptor families, that there is a water-filled
space between the M2 and M3 helices [36].

The link between binding domain and channel domain:
the M2-M3 linker region?

In their report on the electron microscopic structure of the
closed-state transmembrane domains, Unwin and col-
leagues speculated about the structural reorganizations
in gating [22] (Figure 1d,e). In the suggested chain of
events, binding of agonist causes a rotation of part of
the extracellular binding region (the shaded region in

www.sciencedirect.com
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Figure 1d) around an axis that passes through the Cys loop
(L7 loop) disulfide. This produces contact between the
B1-B2 loop (L2 loop) (Figure le) and the M2—-M3 linker,
which projects above the membrane. The movement of
the M2-Ma3 linker torques the M2 region, opening the
channel [5]. These theories for the conformational tran-
sitions that produce the open state and for the structure of
the open state (Figure 1d,e) are as yet unproven, although
some data are consistent with the rotation mechanism. For
example, a recent study shows that a fluorescent group
attached near the top of the M2 helix does move into a
more hydrophobic environment when the channel opens
(Figure 2). This is consistent with the theory that a rota-
tion of the M2 region, in the direction indicated, opens the
channel [5], because this rotation would place the side
chain at position 19’ in contact with several hydrophobic
side chains (labeled in Figure 2). The data are also
consistent with earlier ideas that a water-filled M2-M3
pocket changes shape during Cys-loop activation [36]. The
proline residues in the M2—M3 linker at position 23’ (also

TRENDS in Neurosciences

Figure 2. Structure of the B-subunit of the nicotinic ACh receptor, showing the pos-
tulated rotation of the M2 helix (Figure 1d) during activation of the channel [5]. A
fluorophore (tetramethylrhodamine) was attached at the position corresponding
to Ala267 (19; purple). During agonist application, there was a fluorescence
increase and a shift in the emission peak to lower wavelengths, indicating that the
fluorophore enters a more hydrophobic environment [64]. This changed environ-
ment could be caused by the postulated rotation. For clarity, the M1 and M4
helices are shown in gray, and the M2 and M3 helices are shown in green
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known as position 1¥) are absolutely conserved, and those
at position 30’ (also known as position 8*) are present in
the nicotinic ACh receptor and the 5-HT3 receptor
(Figure 3).

Nevertheless, the search for conformational changes
during gating has been controversial and frustrating
[37—39], for at least two reasons.

(i) There is no high-resolution structure of a Cys-loop
receptor in both closed and open states. The highest-
resolution open-state data at present are limited to 9 A
[21].

(i1) There are many other informative techniques to
study changes in protein conformation during gating, but
no global structural change is implicated by these
observations. Thus, single channels provide open—closed
information. Fluorescence resonance energy transfer
(FRET) and lanthanide-based resonance energy transfer
(LRET) provide distance, and FRET sometimes provides
information about rotations of chromophores. Selective
accessibility to covalent modification, such as SCAM [40],
disulfide trapping [41] and electrophysiology-coordinated
mass spectrometry [42], indicates which side chains are
accessible in functionally defined states. Conventional
mutagenesis, and unnatural amino acid mutagenesis,
allow one to correlate functional measurements with the
chemistry of side chains. Backbone mutagenesis can probe
interactions with, and conformational changes of, the
backbone.

The Unwin model (Figure 1d,e) emphasizes the role of
the M2-M3 linker region (comprising the top of M2 and
the M2—-M3 loop; Figure 3) as a mechanical ‘receiver’ for
binding site conformational changes initiated by pro-
ductive occupation of the agonist- binding site. Presum-
ably the forces received by this linker region would then
pull, push or torque the gate-containing M2 helix. Func-
tional changes have been observed as a result of M2—M3
linker region mutations in glycine receptors [43-45],
nicotinic al, o3, a7 and B4 receptors [46—48], 5-HT;
receptors [49] and GABA, receptors [14,35,50—53]. Some
of these involve surface accessibility during agonist expo-
sure [54]. One elegant study combined charge reversal,
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charge exchange and cysteine crosslinking approaches
[14]. Other observations concern the effects of naturally
occurring pathological mutations in the M2-M3 linker
region of the glycine receptor a1l subunit [43,44] and the
nicotinic ACh receptor a1 subunit [55].

There is some indication that hydrophobic residues at
the 5% position bias the conformational equilibrium
towards open channels; side-chain volume is not import-
ant [56] (Figure 3). However, in the words of Grosman et al.
[56], ‘It is remarkable that similar modifications to
adjacent residues in the M2—-MS3 loop have such diverse
effects on gating. As opposed to the effect of Ser — Ile and
Ser — Ala mutations at position 5%, similar substitutions
at positions 3* (Thr — Ile and Thr — Ala) or 4* (Ser — Ile)
impair gating...making the interpretation of the struc-
ture—function results less straightforward’. Therefore,
one can raise the straightforward hypothesis [35] that
the M2-M3 linker undergoes changes in backbone
structure during gating; such changes would be probed
only indirectly by conventional side-chain mutations, but
directly by backbone mutations. There are already
examples of insights from backbone mutagenesis: (i) a
systematic series of amide-to-ester mutations suggests
that the upper part of M2 (residues 13’ to 19') undergoes
changes in main chain structure as the channel opens [33];
and (i1) a highly conserved proline residue at position
221 in M1 of the nicotinic ACh receptor B subunit, or in
the aligning position in a7 or 5-HT3, receptors, cannot
be replaced by another side chain, although receptors
function if esters, or the proline analogs pipecolic acid or
3-methylproline, are incorporated [33,34,49,57].

Assuming (for the moment) that the M2-MS3 linker
region is the mechanical ‘receiver’ for the binding event,
which part of the binding region is the mechanical
‘actuator’ that engages the M2—M3 linker region? The
constancy of the signature Cys loop L7 (Figure le) has led
many workers to believe that it is the actuator. Consider-
able evidence has accumulated over the past 15 years,
implicating L7 in gating [14,42,58]. However, Unwin
postulates that L2 is the actuator [5]. These two loops
are close to each other in the AChBP (Figure 1e); therefore,

Linker
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Figure 3. The M2, M2-M3 linker and M3 regions of several Cys-loop superfamily members. Both the common ‘primed’ numbering system and the newly introduced aster-
isk numbering system are shown; the latter is anchored at the conserved proline residue in the M2-M3 linker (red shading) [56]. Another red-shaded proline residue is pre-
sent at position 30’ (also called 8*) in many cation channel subunits. The green shading shows the conserved 9'Leu residue thought to lie at the gate (Figure 1(e)ii). The
dark blue shading denotes the conventional a-helical regions. The pale-blue shading shows residues recently revealed to be part of the M2 helix, which extends two turns
above the membrane surface in the closed state [5,35]. GABAA receptor a subunit, glycine receptor « subunit, and a1 nicotinic ACh receptor sequences are from mouse; the
5-HT3a receptor sequence is from rat (out of all reported 5-HT5 receptor sequences, only the mouse sequence lacks the second alanine residue between the two proline resi-

dues); and EXP-1 is a GABA-gated cation channel from Caenorhabditis elegans [82].
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if one is close to the M2—-M3 transition region, so is the
other. Another recent experimentally based model literally
‘straddles’ both possibilities: L2 and L7 bracket the
M2-M3 loop, mechanically actuating both the opening
and closing events [14]. Photolabeling with lipid-soluble
probes on ACh receptors in closed, open and desensitized
states reveals that L7 does indeed appear to make contact
with the membrane, although changes in labeling between
open and closed states could not be discerned [42]. In
reasonable agreement with these views, the adjacent L9
moves towards a hydrophobic environment during acti-
vation [59]. But there is also evidence that the transduc-
tion pathway runs from the C terminus of the binding
domain, through M1, and thus to the M1-M2 transition
region [33,34,38,39,60,61]. In summary, the obvious
binding domain to membrane domain actuator to receiver
pairings based on the two high-resolution structures [1,5]
are all still in play.

Indeed, a simple concerted switch that rotates the M2
region might not describe the gating event. Linear free-
energy analysis of single-channel recordings reveals the
position of the transition state for the gating event, on a
scale from ® = 0 (‘closed-like’) to ® = 1 (‘open-like’). There
is a gradient of ® from the agonist-binding site to the
intracellular end of the M2 domain, leading Auerbach and
co-workers to favor a gradual series of transitions
(‘conformational wave’) [62,63].

Symmetry

Cys-loop receptors have five (pseudo)symmetrical sub-
units but require only two (or in some cases three) bound
agonists for activation. For heteromeric receptors such as
the muscle nicotinic ACh receptor and 5-HT3,/5 receptor, it
is necessary to determine whether: (i) just the two binding
domains move; (ii) there is a sequence of movements,
beginning with the binding domains and leading to
movements of all subunits; or (iii) all five extracellular
domains move in synchrony. Most researchers assume
that, by the time channel opens, all five M2 regions have
undergone the same gating movement. Perhaps subunit-
specific mutational, optical [64] and state-specific mass
spectrometric probes [42] will reveal aspects of this
passage from asymmetrical binding to symmetrical gating.

lon flow near the intracellular regions

Experiments from 1988 onwards show how the M1-M2
loop and M2 region determine the charge selectivity of
Cys-loop superfamily members [65]. An additional aspect
isreviewed in this article. The intracellular M3—M4 loop is
the most variable region of Cys-loop subunits, ranging in
length from 70 (the glutamate-gated C1~ channel GluCI1p)
to 271 (the a4 nicotinic ACh receptor) residues. In 1999,
the 4.6 A structure of the intracellular aspect of the
nicotinic ACh receptor revealed a then-surprising con-
clusion: there are transverse tunnels framed by «-helices
in the channel wall [66]. Similar ‘portals’ have been
described for several channels and could help to screen out
large cytoplasmic blocking ions. Although it was not
possible to trace chains to identify the groups that lined
the tunnels, Miyazawa et al. [66,67] reminded readers that
four acidic side chains occur at n + 7 spacing and noted
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that anion channels contain positively charged groups at
aligning positions.

The hypothesis of cytoplasmic tunnels has received
some support from site-directed mutagenesis experiments
on the 5-HTj3 receptor. Kelley et al. [68] noticed that (i) the
5-HT34 receptor subunit contains arginine residues at the
aligning n + 4 positions and the homopentameric receptor
exhibits a rather low (0.4 pS) conductance, and (ii) the
5-HT3g receptor subunit contains at least three neutral
or negative residues in these positions and, when part of
a heteropentamer with the 5-HTs3s subunit, confers a
larger (16 pS) conductance. Their experiments show that
in 5-HT3a receptors mutated to contain the aligning
5-HT3g receptor residues, single-channel conductance
increased to 25 pS.

Concluding remarks

This article, and others in this issue, show that ion
channels continue to take the lead as well-understood
proteins. For the Cys-loop family, researchers now have
access to primary sequences, high-resolution functional
data and, at last, high-resolution structural data; more
rapid progress can be expected in the near future. But we
still lack a definitive structure of any Cys-loop receptor in
open, closed and desensitized states, and we have only the
most rudimentary of ideas about structural dynamics of
the transitions among these states.

Acknowledgements
We thank members of our research groups for comments and the NIH
(NS11756 and NS34407) for support.

References
1 Brejc, K. et al. (2001) Crystal structure of an ACh-binding protein
reveals the ligand-binding domain of nicotinic receptors. Nature 411,
269-276
Li, L. et al. (2001) The tethered agonist approach to mapping ion
channel proteins — toward a structural model for the agonist binding
site of the nicotinic acetylcholine receptor. Chem. Biol. 8, 47—58
Beene, D.L. et al. (2002) Cation— interactions in ligand recognition
by serotonergic (5-HT34) and nicotinic acetylcholine receptors:
the anomalous binding properties of nicotine. Biochemistry 41,
10262-10269
4 Mu, T.W. et al. (2003) Different binding orientations for the same
agonist at homologous receptors: a lock and key or a simple wedge?
J. Am. Chem. Soc. 125, 6850—6851
5 Miyazawa, A. et al. (2003) Structure and gating mechanism of the
acetylcholine receptor pore. Nature 424, 949-955
6 Dougherty, D.A. and Lester, H.A. (2001) Neurobiology. Snails,
synapses and smokers. Nature 411, 252—253, 255.
7 Sine, S.M. (2002) The nicotinic receptor ligand binding domain.
J. Neurobiol. 53, 431—-446
8 Grutter, T. and Changeux, J.P. (2001) Nicotinic receptors in wonder-
land. Trends Biochem. Sci. 26, 4569—-463
9 Le Novere, N. et al. (2002) Models of the extracellular domain of the
nicotinic receptors and of agonist- and Ca?*-binding sites. Proc. Natl.
Acad. Sci. U. S. A. 99, 3210-3215
10 Harel, M. et al. (2001) The binding site of acetylcholine receptor as
visualized in the X-ray structure of a complex between a-bungarotoxin
and a mimotope peptide. Neuron 32, 265—-275
11 Czajkowski, C. et al. (1993) Negatively charged amino acid residues in
the nicotinic receptor & subunit that contribute to the binding of
acetylcholine. Proc. Natl. Acad. Sci. U. S. A. 90, 6285—6289
12 Corringer, P.J. et al. (1995) Identification of a new component of the
agonist binding site of the nicotinic a7 homooligomeric receptor. /. Biol.
Chem. 270, 11749-11752
13 Sine, S.M. et al. (2002) Lysine scanning mutagenesis delineates

[\

w


http://www.sciencedirect.com

R

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

TINS 212

structural model of the nicotinic receptor ligand binding domain.
J. Biol. Chem. 277, 29210—29223

Kash, T.L. et al. (2003) Coupling of agonist binding to channel gating in
the GABA, receptor. Nature 421, 272275

Chiara, D.C. et al. (2003) Identification of amino acids in the nicotinic
acetylcholine receptor agonist binding site and ion channel photo-
labeled by 4-[(3-trifluoromethyl)-3H-diazirin-3-yl]benzoylcholine, a
novel photoaffinity antagonist. Biochemistry 42, 271-283

Sawyer, G.W. et al. (2002) Identification of the bovine y-aminobutyric
acid type A receptor a subunit residues photolabeled by the imidazo-
benzodiazepine [*HIR015-4513. J. Biol. Chem. 277, 5003650045
Moise, L. et al. (2002) NMR structural analysis of a-bungarotoxin and
its complex with the principal a-neurotoxin-binding sequence on the
a7 subunit of a neuronal nicotinic acetylcholine receptor. J. Biol.
Chem. 277, 12406-12417

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

Sheridan, R.E. and Lester, H.A. (1982) Functional stoichiometry at the
nicotinic receptor. The photon cross-section for phase 1 corresponds to
two Bis-Q molecules per channel. J. Gen. Physiol. 80, 499-515
Chang, Y. and Weiss, D.S. (1999) Channel opening locks agonist onto
the GABA( receptor. Nat. Neurosci. 2, 219-225

Unwin, N. (1995) Acetylcholine receptor channel imaged in the open
state. Nature 373, 37—-43

Unwin, N. et al. (2002) Activation of the nicotinic acetylcholine
receptor involves a switch in conformation of the a subunits. J. Mol.
Biol. 319, 1165-1176

Wagner, D.A. and Czajkowski, C. (2001) Structure and dynamics of the
GABA binding pocket: a narrowing cleft that constricts during
activation. J. Neurosci. 21, 67-74

Zhong, W. et al. (1998) From ab initio quantum mechanics to molecular
neurobiology: a cation—m binding site in the nicotinic receptor. Proc.
Natl. Acad. Sci. U. S. A. 95, 12088-12093

Silman, I. and Karlin, A. (1969) Acetylcholine receptor: covalent
attachment of depolarizing groups at the active site. Science 164,
1420-1421

Bartels, E. et al. (1971) Photochromic activators of the acetylcholine
receptor. Proc. Natl. Acad. Sci. U. S. A. 68, 1820-1823

Chabala, L.D. and Lester, H.A. (1986) Activation of acetylcholine
receptor channels by covalently bound agonists in cultured rat
myoballs. J. Physiol. 379, 83—108

Sullivan, D.A. and Cohen, J.B. (2000) Mapping the agonist binding site
of the nicotinic acetylcholine receptor. Orientation requirements for
activation by covalent agonist. J. Biol. Chem. 275, 12651-12660
Petersson, E.J. et al. (2002) A perturbed pK, at the binding site of the
nicotinic acetylcholine receptor: implications for nicotine binding.
J. Am. Chem. Soc. 124, 12662—12663

Celie, PH.N. et al. (2004) Nicotine and carbamylcholine binding to
nicotinic acetylcholine receptors as studied in AChBP crystal
structures. Neuron 41, 907-914

Schapira, M. et al. (2002) Structural model of nicotinic acetylcholine
receptor isotypes bound to acetylcholine and nicotine. BMC Struct.
Biol. 2,1

Reeves, D.C. et al. (2003) Prediction of 5-HT; receptor agonist-binding
residues using homology modeling. Biophys. <J. 84, 2338—2344
England, P.M. et al. (1999) Backbone mutations in transmembrane
domains of a ligand-gated ion channel: implications for the mechanism
of gating. Cell 96, 89—-98

Dang, H. et al. (2000) Probing the role of a conserved M1 proline
residue in 5-hydroxytryptamines receptor gating. Mol. Pharmacol. 57,
1114-1122

Bera, AK. et al. (2002) GABA, receptor M2—M3 loop secondary
structure and changes in accessibility during channel gating. J. Biol.
Chem. 2717, 43002—-43010

Wick, M.dJ. et al. (1998) Mutations of y-aminobutyric acid and glycine
receptors change alcohol cutoff: evidence for an alcohol receptor? Proc.
Natl. Acad. Sci. U. S. A. 95, 6504—6509

Karlin, A. and Akabas, M.H. (1995) Toward a structural basis for the
function of nicotinic acetylcholine receptors and their cousins. Neuron
15, 1231-1244

www.sciencedirect.com

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

TRENDS in Neurosciences Vol.not known No.not known Month 0000 7

Wilson, G.G. and Karlin, A. (1998) The location of the gate in the
acetylcholine receptor channel. Neuron 20, 1269-1281

Karlin, A. (2002) Emerging structure of the nicotinic acetylcholine
receptors. Nat. Rev. Neurosci. 3, 102—-114

Akabas, M.H. et al. (1992) Acetylcholine receptor channel structure
probed in cysteine-substitution mutants. Science 258, 307-310
Horenstein, J. et al. (2001) Protein mobility and GABA-induced
conformational changes in GABA, receptor pore-lining M2 segment.
Nat. Neurosci. 4, 477-485

Leite, J.F. et al. (2003) Conformation-dependent hydrophobic photo-
labeling of the nicotinic receptor: electrophysiology-coordinated
photochemistry and mass spectrometry. Proc. Natl. Acad. Sci.
U. S. A. 100, 13054—-13059

Lynch, J.W. et al. (1997) Identification of intracellular and extra-
cellular domains mediating signal transduction in the inhibitory
glycine receptor chloride channel. EMBO J. 16, 110-120

Lewis, T.M. et al. (1998) Properties of human glycine receptors
containing the hyperekplexia mutation «alK276E, expressed in
Xenopus oocytes. J. Physiol. 507, 25—40

Shan, Q. et al. (2003) Asymmetric contribution of « and 8 subunits to
the activation of o3 heteromeric glycine receptors. JJ. Neurochem. 86,
498-507

Rovira, J.C. et al. (1999) Gating of «334 neuronal nicotinic receptor can
be controlled by the loop M2—MS3 of both alpha3 and beta4 subunits.
Pflugers Arch. 439, 86—92

Rovira, J.C. et al. (1998) A residue in the middle of the M2—M3 loop of
the B4 subunit specifically affects gating of neuronal nicotinic
receptors. FEBS Lett. 433, 89—92

Campos-Caro, A. et al. (1996) A single residue in the M2—-M3 loop is a
major determinant of coupling between binding and gating in neuronal
nicotinic receptors. Proc. Natl. Acad. Sci. U. S. A. 93, 6118-6123
Deane, C.M. and Lummis, S.C. (2001) The role and predicted
propensity of conserved proline residues in the 5-HT3 receptor.
oJ. Biol. Chem. 276, 37962—37966

Sigel, E. et al. (1999) Role of the conserved lysine residue in the middle
of the predicted extracellular loop between M2 and M3 in the GABA,
receptor. J. Neurochem. 73, 1758—1764

Kusama, T. et al. (1994) Mutagenesis of the GABA p1 receptor alters
agonist affinity and channel gating. NeuroReport 5, 1209-1212
Davies, M. et al. (2001) Mutagenesis of the GABA, receptor a1l subunit
reveals a domain that affects sensitivity to GABA and benzodiazepine-
site ligands. J. Neurochem. 79, 55—62

O’Shea, S.M. and Harrison, N.L. (2000) Arg-274 and Leu-277 of the
y-aminobutyric acid type A receptor a2 subunit define agonist efficacy
and potency. J. Biol. Chem. 275, 22764—22768

Lynch, J.W. et al. (2001) The surface accessibility of the glycine
receptor M2-M3 loop is increased in the channel open state.
J. Neurosci. 21, 2589—-2599

Croxen, R. et al. (1997) Mutations in different functional domains of
the human muscle acetylcholine receptor a subunit in patients with
the slow-channel congenital myasthenic syndrome. Hum. Mol. Genet.
6, 767-774

Grosman, C. et al. (2000) The extracellular linker of muscle
acetylcholine receptor channels is a gating control element. J. Gen.
Physiol. 116, 327-340

Dang, H. et al. (1995) Membrane-buried proline residue is a key
element in the gating of a7 nicotinic receptor. Soc. Neurosci. Abstr. 21,
343

England, P.M. et al. (1997) Site-specific, photochemical proteolysis
applied to ion channels in vivo. Proc. Natl. Acad. Sci. U. S. A. 94,
11025-11030

Lyford, L.K. et al. (2003) Agonist-induced conformational changes in
the extracellular domain of a7 nicotinic acetylcholine receptors. Mol.
Pharmacol. 64, 650—658

Akabas, M.H. and Karlin, A. (1995) Identification of acetylcholine
receptor channel-lining residues in the M1 segment of the B-subunit.
Biochemistry 34, 12496—-12500

Zhang, H. and Karlin, A. (1997) Identification of acetylcholine receptor
channel-lining residues in the M1 segment of the B-subunit.
Biochemistry 36, 15856—15864

Grosman, C. et al. (2000) Mapping the conformational wave of
acetylcholine receptor channel gating. Nature 403, 773-776

Cymes, G.D. et al. (2002) Structure of the transition state of gating


http://www.sciencedirect.com

N R eview

64

65

66

67

68

69

70

71

72

73

74

75

76

77

TINS 212

in the acetylcholine receptor channel pore: a ®-value analysis. Bio-
chemistry 41, 5548—-5555

Dahan, D. et al. A fluorophore attached to nicotinic acetylcholine
receptor BM2 detects agonist binding to the ad site. Proc. Natl. Acad.
Sci. U. S. A. (in press)

Keramidas, A. et al. Ligand-gated ion channels: mechanisms under-
lying ion selectivity. Prog. Biophys. Mol. Biol. (in press).

Miyazawa, A. et al. (1999) Nicotinic acetylcholine receptor at 46A
resolution: transverse tunnels in the channel wall. J. Mol. Biol. 288,
765-786

Finer-Moore, J. and Stroud, R.M. (1984) Amphipathic analysis and
possible formation of the ion channel in an acetylcholine receptor. Proc.
Natl. Acad. Sci. U. S. A. 81, 155-159

Kelley, S.P. et al. (2003) A cytoplasmic region determines single-
channel conductance in 5-HT;3 receptors. Nature 424, 321-324
Nakazawa, K. (1994) ATP-activated current and its interaction
with acetylcholine-activated current in rat sympathetic neurons.
J. Neurosci. 14, 740—-750

Searl, T.J. et al. (1998) Mutual occlusion of P2X ATP receptors and
nicotinic receptors on sympathetic neurons of the guinea-pig.
J. Physiol. 510, 783-791

Zhou, X. and Galligan, J.J. (1998) Non-additive interaction between
nicotinic cholinergic and P2X purine receptors in guinea-pig enteric
neurons in culture. J. Physiol. 513, 685—-697

Barajas-Lopez, C. et al. (1998) Functional interactions between
nicotinic and P2X channels in short-term cultures of guinea-pig
submucosal neurons. JJ. Physiol. 513, 671-683

Khakh, B.S. et al. (2000) State-dependent cross-inhibition between
transmitter-gated cation channels. Nature 406, 405—-410

Khakh, B.S. et al. (1999) Neuronal P2X transmitter-gated cation
channels change their ion selectivity in seconds. Nat. Neurosci. 2,
322-330

Virginio, C. et al. (1999) Pore dilation of neuronal P2X receptor
channels. Nat. Neurosci. 2, 315-321

Boue-Grabot, E. et al. (2003) Intracellular cross talk and physical
interaction between two classes of neurotransmitter-gated channels.
J. Neurosci. 23, 12461253

Chimienti, F. et al. (2003) Identification of SLURP-1 as an epidermal
neuromodulator explains the clinical phenotype of Mal de Meleda.
Hum. Mol. Genet. 12, 3017-3024

www.sciencedirect.com

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

TRENDS in Neurosciences Vol.not known No.not known Month 0000

Ibanez-Tallon, I. et al. (2002) Novel modulation of neuronal nicotinic
acetylcholine receptors by association with the endogenous prototoxin
lynx1. Neuron 33, 893—-903

Miwa, J.M. et al. (1999) lynx1, an endogenous toxin-like modulator of
nicotinic acetylcholine receptors in the mammalian CNS. Neuron 23,
105-114

Hall, Z.W. (1999) « neurotoxins and their relatives: foes and friends?
Neuron 23, 4-5

Chakrapani, S. et al. (2003) The role of loop 5 in acetylcholine receptor
channel gating. J. Gen. Physiol. 122, 521-539

Beg, A.A. and Jorgensen, E.M. (2003) EXP-1 is an excitatory GABA-
gated cation channel. Nat. Neurosci. 6, 1145—-1152

Simosky, J.K. et al. (2002) Nicotinic agonists and psychosis. Curr. Drug
Target CNS Neurol Disord. 1, 149-162

Samochocki, M. et al. (2003) Galantamine is an allosterically
potentiating ligand of neuronal nicotinic but not of muscarinic
acetylcholine receptors. J. Pharmacol. Exp. Ther. 305, 1024—-1036
Bannon, A.W. et al. (1998) Broad-spectrum, non-opioid analgesic
activity by selective modulation of neuronal nicotinic acetylcholine
receptors. Science 279, 77-81

Tanner, C.M. et al. (2002) Smoking and Parkinson’s disease in twins.
Neurology 58, 581-588

Levin, E.D. et al. (1998) Transdermal nicotine effects on attention.
Psychopharmacology 140, 135-141

Shytle, R.D. et al. (2002) A pilot controlled trial of transdermal nicotine
in the treatment of attention deficit hyperactivity disorder. World
J. Biol. Psychiatry 3, 150—155

Bonapace, C.R. and Mays, D.A. (1997) The effect of mesalamine and
nicotine in the treatment of inflammatory bowel disease. Ann.
Pharmacother. 31, 907-913

Willoughby, J.0. et al. (2003) Nicotine as an antiepileptic agent in
ADNFLE: an N-of-one study. Epilepsia 44, 1238—1240

Lippiello, P.M. et al. (1996) RJR-2403: a nicotinic agonist with CNS
selectivity II. In vivo characterization. J. Pharmacol. Exp. Ther. 279,
1422-1429

Marini, C. et al. (2003) Childhood absence epilepsy and febrile
seizures: a family with a GABA, receptor mutation. Brain 126,
230-240

Whiting, P.J. (2003) The GABA, receptor gene family: new oppor-
tunities for drug development. Curr: Opin. Drug Discov. Dev. 6,648—-657


http://www.sciencedirect.com

	Cys-loop receptors: new twists and turns
	The nature of the ‘extended’ binding event
	How does nicotine bind to the nicotinic ACh receptor&quest;
	Structure of the transmembrane domains in the closed state
	The link between binding domain and channel domain: the M2-M3 linker region&quest;
	Symmetry
	Ion flow near the intracellular regions
	Concluding remarks
	Acknowledgements
	References


