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1. What are Ion Channels and What Purpose Do
They Serve?

Probably all living cells exhibit a membrane potential at
their plasma membrane. This diffusion potential is caused by
the unequal distribution of ions between the inside and
outside of the cell, and by the membrane�s semipermeability.
The value of the potential is given by the Goldman ± Hodg-
kin ± Katz Equation [Eq. (1)], an extended version of the
Nernst equation. In Equation 1, R is the gas constant, T is the
temperature in Kelvin, F is the Faraday constant, and Px , [X]o,
and [X]i are the relative permeabilities and the external and
the internal concentrations of the respective ions.

E � RT

F
ln

PNa�Na��o � PK�K��o � PCl�Clÿ�i
PNa�Na��i � PK�K��i � PCl�Clÿ�o

(1)

Nerve cells (neurons) take advantage of their membrane
potential for intracellular and intercellular communication:
local changes in the potential, the so-called electrotonic
potentials, are the basis for signal processing and triggering of
intracellular responses. When they exceed certain threshold
values, they also trigger action potentials. These are transient,
large depolarizations and repolarizations of excitable mem-
branes which travel over long distances along the neuronal
membrane until they reach their target. The nerve ending
together with the membrane of the neighboring cell form a
synapse. At the nerve terminal, the depolarization releases
specific chemicals, the neurotransmitters, which in turn

depolarize the membrane of the postsynaptic cell. There
again, local or action potentials may be the result.

Changes in membrane potentials that underlie both local
and action potentials are caused by ion currents across the
membrane. Since the lipid bilayer that forms the plasma
membrane poses an immense energy barrier for charged
particles, specialized transmembrane proteins carry the ion
currents. These proteins are the ion channels, the topic of this
article.

Ion channels have several unusual features, which make
them the subject of much biochemical, biophysical, and
physiological research. For one, they are highly selective.
They discriminate not only between anions and cations, but
even between different monovalent and divalent ions, for
example, Na�, K�, and Ca2�. Another important feature is
their response to specific signals: at rest they are tightly closed
and impermeable, but they are opened (ªgatedº) either by
changes in the membrane potential or by certain ligands such
as the neurotransmitters. According to this description, all ion
channels are composed of two functional moieties (Figure 1),
* a selectivity filter (S), which determines which types of ions

may pass the membrane; and
* a gate (G), which specifies under which conditions the

channel is opened.
Channels are subdivided into two major classes according

to their gating trigger (L): the voltage-gated channels (VGCs)
and the ligand-gated channels (LGCs).

2. Classification of Ligand-Gated Ion Channels

Both classes of channels, the VGCs and the LGCs, are
diverse and comprise numerous members. Here it is neither
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Figure 1. Schematic representation of ligand-gated ion channels. Longi-
tudinal cross section of the membrane-spanning protein depicting the wide
extracellular vestibule (top) and the intramembrane structure; the channel
is lined with transmembrane helices and contains the channel gate (G) and
selectivity filter (S). The ligand-binding site (L), which triggers the gating
by an allosteric mechanism, is located on top of G and S.

intended nor possible to give a comprehensive survey cover-
ing them all. We rather want to focus on a few general
principles of ion-channel structure and function, based on
recent crystallographic and molecular biological data. After
briefly touching on other channels, we turn to the neuro-
transmitter receptors as the pharmacologically most impor-
tant and best-known class of LGCs. By definition, this limits
our treatise to LGCs of the animal kingdom, although it
should be mentioned that both VGCs and LGCs also occur in
microorganisms, in unicellular eukaryotes, and even in plants.

For example, several genes that code for ionotropic glutamate
receptors have been discovered in Arabidopsis ;[1] they might
have been present before plants and animals diverged.[2]

The term ªionotropicº refers to the ion-channel nature of
the receptor and indicates that there is a different type, the
metabotropic receptors. These are ªseven-transmembra-
ne(7TM)-sequence receptorsº. Most neurotransmitters,
with the exception of glycine, act through both iono-
tropic and metabotropic receptors. The 7TM receptors, which
signal by coupling to G-proteins and second-messenger-
producing enzymes, are functionally and mechanistically
completely different and are not discussed further in this
review.

A simple classification emerged as a result of the cloning
and sequencing of many LGCs. It turned out that several
LGCs, although different in function, have similar amino acid
sequences. According to this criterion, LGCs can be classified
into three superfamilies (Figure 2).
1. The superfamily of receptors that resemble the nicotinic

acetylcholine receptors: glycine receptors (GlyR), GABAA

receptors (GABAAR), nicotinic acetylcholine receptors
(nAChR), and some serotonin receptors (5-HT3R).

2. The superfamily of ionotropic glutamate receptors (GluR).
3. The ATP-gated purino receptors (P2X).

A ªfamilyº is defined as receptors that are coded by distinct
though similar genes and that react through basically the same
mechanism to the same neurotransmitter. A ªsuperfamilyº is
a set of receptor families that are diverse in function and
mechanism, most often reacting to different neurotransmit-
ters, but seem to evolve from a common ancestor. Besides
similarities in their sequences, they have conserved several
structural features.
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Figure 2. Transmembrane folding (A) and quaternary structure (B) of
three representative superfamilies of ligand-gated ion channels. M1 to M4
represent the transmembrane sequences, and N and C represent the amino
and carboxy termini of the protein, respectively. L marks the binding
pockets for the respective receptor ligands; note that for the nAChR it is
depicted as spanning the receptor complex from the outside to the lumen of
the channel. The P2X stoichiometry shown is preliminary at this point, as it
was determined with a heterologously expressed channel protein.[5]

The members of the receptor superfamily 1 (Figure 3) all
have similar peptide loops formed by disulfide bridges,
glycosylation patterns, distribution of proline, and (in one
specific domain which forms the channel wall) Ser/Thr
residues. Most conspicuously, all the receptors of this super-
family possess four hydrophobic amino-acid sequences, which
are long enough to span the plasma membrane. Accordingly,
they sometimes are termed ªfour-transmembrane(4TM)-se-
quence receptorsº.

Figure 3. Schematic representation of the transmembrane folding of
subunits of the receptors that resemble the nicotinic acetylcholine
receptors, showing the position of a characteristic disulfide bridge (-S-S-),
proline residues (Pro), and side chains with hydroxy groups (-OH) lining
the channel-forming transmembrane helices M2. The trident marks the
position of oligosaccharide structures. M3 and M4 are linked by a large
cytoplasmic loop which is the target of various protein kinases that
introduce phosphate residues (P).

The members of the glutamate receptor superfamily
presumably have three transmembrane sequences. A fourth
hydrophobic sequence enters and leaves the plasma mem-
brane from the cytoplasmic side, thereby forming a loop (re-
entrant loop), which is presumed to line the channel (see

Section 4.1.2). The ATP-binding P2X receptors are thought to
contain only two transmembrane (2TM) sequences.

Receptors that belong to the same superfamily are pre-
sumed to have similar tertiary and quaternary structures. As
shown in Figure 2 B, the receptors that resemble the acetyl-
choline receptors are pentamers,[3] whereas glutamate recep-
tors are probably tetramers.[4] It was shown for the P2X
receptors that heterologously expressed receptors tend to
form stable homotrimers.[5]

To complete this introductory overview, it should be
mentioned that there are other LGCs, such as the cyclic-
nucleotide-gated (cNMP) channels (e.g. in the retina of the
eye and in the olfactory system) and the calcium-release
channels. The latter channels are gated by inositol trisphos-
phate (IP3) or by ryanodine, and they regulate the calcium
permeabilities of the endoplasmatic reticulum and of the
t-tubule membrane of skeletal muscle, respectively. The
different types of ion channels are related: recently it was
shown that TRP channels, a special family of calcium channels
that mediate calcium influx into cells, also called store-
operated Ca2� channels, may even be gated by another LGC,
the IP3 receptor.[6, 7] Another family of LGCs are the vanilloid
receptors (VR), which are involved in nociception. These VRs
are gated by protons (pH< 6.0) and heat (>42 8C),[8] and also
exhibit little structural and mechanistic similarity to the
neurotransmitter-gated receptors discussed herein.

3. Some Features of LGCs

Before we discuss two particularly well-known LGCs in
more detail, we would like to summarize some principles of
the functions of neurotransmitter receptors:

3.1. Sources of Diversity

The functional diversity observed in the central nervous
system is not brought about by the use of numerous trans-
mitters; their number is limited to maybe a dozen. Rather, this
diversity comes from the multiplicity of receptors. For many
of the LGCs, a quaternary structure formed from a number of
distinct but homologous subunits has been reported.[9] The
molecular cloning of the neuronal nicotinic receptors has
revealed that these receptors are very complex because of the
existence of multiple subunits. For each receptor there is a
large family of related genes that code for subunits, which
assemble in a combinatorial manner to form functionally
different receptors. Thus 11 different subunits were found for
neuronal nAChRs, 5 for peripheral nAChRs, 16 for GluRs,
and at least 17 for GABAARs.[10] The latter family can be
subdivided into six classes of subunits (a, b, g, d, e, 1), which
have about 20 to 30 % sequence identity between and 70 %
within the classes. Assemblies of most of these subunits have
been reported in the vertebrate brain. For the GluRs, even
more variants can arise from alternative splicing, and in the
case of particular receptor subtypes (see Section 4.1.2), by
RNA editing.[11, 12] The functional importance of this phenom-
enon will be explained in the chapter on glutamate receptors.

Angew. Chem. Int. Ed. 2001, 40, 3100 ± 3116 3103
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The huge number of possible combinations provides the
potential for tremendous functional, spatial, and temporal
diversity. The actual degree of heterogeneity that really occurs
in vivo is an unanswered question.

3.2. Regulation

LGCs are not only directly regulated by their transmitter,
but also by the binding of diverse additional ligands, by
allosteric mechanisms and post-translational modifications
(e.g. phosphorylation), as well as during their biosynthesis,
which depends on presynaptic and electric activity.

Diverse Receptor Ligands

The specific stimulus for the channel opening of the LGCs
is the binding of a specific neurotransmitter, but they can also
be influenced by a variety of substances besides their
physiological ligand. Some of these compounds are given in
Table 1. According to their function, two different groups are
distinguished: agonists initiate the same response as the
physiological ligand (e.g. nicotine is an agonist of the nAChR)
and antagonists oppose the effect of an agonist, normally by
occupying the same binding sites with similar affinities as
agonists. The reason why agonists and antagonists have such
different effects is generally not known. Many naturally
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Table 1. A selection of ligands specific for the superfamilies of ligand-gated ion channels.

Super-
family

Agonist Competitive antagonists Noncompetitive
antagonists (NCIs)


A nAChR


B Glu


C P2X

± ±
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occurring plant and animal toxins are antagonists of LGCs.
For example, strychnine binds to the GlyR, and (�)-tubocur-
arine and snake venom a-toxins bind to the nAChR. In many
cases, such toxins are valuable tools for biochemical research
(reviewed in ref. [13]).

A third group of receptor ligands are the noncompetitive
inhibitors (NCIs), a structurally heterogeneous group of
compounds that bind to distinct sites on the receptor surface.
They either act allosterically or in many cases bind to high-
affinity sites within the ion channel, thereby sterically block-
ing the ion flux (channel blockers). These substances can be
used to probe the structure of ion channels. NCIs include
drugs such as local anesthetics and neuroleptics as well as
naturally occurring alkaloids such as frog toxins.

The picture is further complicated by the existence of a
pharmacologically very interesting group of substances called
inverse agonists. These compounds act at the same receptor
sites as agonists, yet produce an opposite effect. Such
compounds have been described for the benzodiazepine-
binding site on the GABAAR. Benzodiazepines themselves
are widely used tranquilizers that exert an anxiolytic effect.
The esters of b-carbolines act as inverse agonists of benzo-
diazepines, not only blocking their effect, but provoking
opposite behavioral actions, that is, they produce signs of
anxiety and cause sleeplessness and seizures.

Allosteric Regulation

In many systems, a separate protein functions as the
transducer between the receptor site and the effector siteÐ
in the case of the 7TM receptors, the transducers are
G-proteins. In the case of the LGCs, however, no such
coupling protein exists, and the receptor domain (ligand-
binding site) and the effector (ion channel) communicate
through conformational changes within the receptor only. The
energy necessary to trigger this process comes from the
ligand-binding energy.

The LGCs are allosterically regulated proteins, that is, they
regulate their activity by shifting the equilibrium between
different functional states that correspond to distinct con-
formational states. For example, the nAChRs show classic
allosteric behavior: both ligand binding and channel opening
are cooperative processes, evidence for which is provided by
sigmoidal dose/response and binding curves (summarized in
ref. [14]).

Phosphorylation

Another level of regulation is added by post-translational
modifications. The LGCs contain multiple phosphorylation
sites that have been mapped to their cytosolic loops; these are
phosphorylated by different enzymatic activities.[15] The best
characterized system is the nAChR of the neuromuscular
junction: agrin stimulates the phosphorylation of tyrosine
residues (reviewed in ref. [16]), whereas phosphorylation of
serine residues is stimulated by the neuropeptide CGRP
(through protein kinase A) and by acetylcholine (through
Ca2�-dependent kinases). Although a regulation of the
channel activity was observed under artificial conditionsÐ
for example, the rate of desensitization of the muscle nAChR

is altered by phosphorylationÐan in vivo regulation was not
convincingly shown. Clearly these modifications have the
potential to modulate synaptic efficiency, but their functional
significance is far from clear.

Protein ± Protein Interaction

LGCs interact with proteins inside the cell. The GlyR is
attached to cytoskeletal elements through the peripheral
membrane protein gephyrin.[17] The proteins rapsyn and
GABARAP appear to fulfil this task for the nACh and
GABAA receptors, respectively.[18] Different subtypes of
glutamate receptors are linked to specific scaffold proteins
of the postsynaptic density, for example, PSD-95 or
GRIP.[19, 20] In this way, extensive protein complexes are
formed near the neuronal surface (reviewed in ref. [21]).
These interactions seem to be the basis for localized cluster-
ing and subcellular targeting of LGCs, thus regulating
their activity and post-translational modifications, but
raising the possibility of direct signalling into the cell. A
signalling complex that involves the NMDA receptor was
recently isolated from rats and consists of at least 77
proteins.[22]

Regulation of Biosynthesis

The biosynthesis of the LGCs is tightly regulated. The
process is best understood for the nAChR during synapse
formation at the neuromuscular junction (reviewed in
ref. [23]). The high local receptor density at subsynaptic
locations is brought about by both presynaptic factors
(ingrown motoneurons) and postsynaptic factors (elec-
trical activity). First, receptors that are initially diffusely
distributed over the entire cell surface are directed to the
subsynaptic zone. Subsequently, the transcription of the
nAChR genes is enhanced only in those nuclei that are close
to the developing synapse by means of a mechanism that
involves presynaptically released proteins such as agrin and
neuregulin. In contrast, transcription is downregulated in
extrasynaptic nuclei in response to depolarization (receptor
activation).

3.3. LGCs and Disease

Because of their capacity to modify synaptic function, one
can expect that LGCs play an important role in various
mental disorders, for example, schizophrenia, epilepsy, or
depression, and that drugs that act on the LGCs can be used to
treat these. Mutations in LGC genes that underlie a number of
inheritable human diseases have been found (listed in
ref. [24]), mainly by positional cloning: mutations in the
nAChRs of the neuromuscular endplate that compromise
normal transmission are the basis for congenital myasthenic
syndrome,[25] whereas mutations in the gene of the neuronal
a4 nAChR subunit cause different conditions such as benign
familial neonatal convulsions,[26] or a partial form of epilepsy
called autosomal dominant nocturnal frontal lobe epilepsy.[27]

Hyperekplexia (Startle disease) results from a defect in the

Angew. Chem. Int. Ed. 2001, 40, 3100 ± 3116 3105
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glycine receptor gene GLRA1.[28] Moreover, anti-nAChR
antibodies cause the autoimmune disease Myasthenia gravis
(severe muscle weakness).[29]

4. Individual Representatives of LGC Families

We choose two LGCs for a more detailed description: the
glutamate receptors (GluR) and the nicotinic acetylcholine
receptors (nAChR). Neither has been crystallized yet, but we
know enough molecular detail to address the following basic
questions:
* What is the molecular basis of the impressive ion selectivity

(the selectivity filter)?
* What is the structural correlate of the gating mechanism?

In the case of the LGCs, this question includes the
molecular prerequisite of selectivity for the triggering signal,
that is, the structure of the neurotransmitter-binding pocket,
and the coupling between binding and gating.

4.1. Glutamate Receptors

4.1.1. The ªFamilyº, Function, and Structure

Glutamate is the main excitatory neurotransmitter in the
brain. It acts through both metabotropic and cation-selective

ionotropic glutamate receptors. The latter form a large family
of ligand-gated ion channels, including the AMPA, kainate,
and NMDA receptors (AMPA stands for a-amino-3-hydroxy-
5-methyl-4-isoxazole propionate; kainate, a natural product,
is an excitotoxic glutamate analogue produced by an algae;
NMDA is N-methyl-d-aspartate; see Table 1). Although all
three subtypes respond to glutamate, they can be distinguish-
ed by their response to artificial agonists. Their distribution in
the brain, physiological function, and mechanism and kinetics
of activation and regulation are very different. We do not
intend to duplicate herein the many comprehensive reviews
on glutamate receptors,[30±32] but only to summarize some of
the structural information necessary to discuss in detail the
two basic questions specified above.

The primary structures of many if not all glutamate
receptors, including several splice variants, have been de-
duced from their cloned and sequenced cDNA. For their
nomenclature and evolutionary relation, see Figure 4.
As is the case with the receptors that resemble nicotinic
acetylcholine receptors, the GluR subunits contain four
conspicuous hydrophobic sequences, but in contrast to the
4TM receptors, they are presently presumed to span the
membrane only three times (Figure 5). The second hydro-
phobic sequence was shown to enter and exit the plasma
membrane at the cytoplasmic surface, thus forming two
antiparallel b-strands that line the channel. Several (probably
four) of these polypeptide chains form homo- or hetero-
oligomeric quaternary structures.

3106 Angew. Chem. Int. Ed. 2001, 40, 3100 ± 3116

Figure 4. Heterogeneity of glutamate receptors. a) Linear representation of the structure of ionotropic glutamate receptors;
GluR stands for the AMPA and kainate subtypes, NR represents the NMDA receptors, and KA represents the kainate-binding
proteins. The black boxes represent the hydrophobic sequences M1 ± M4, and the hatched box at the NH2 terminus depicts the
signal peptide. Variants arise from exonic splicing; the arrows above the diagram indicate splice inserts. The V-shaped lines are
for insertions/deletions introduced to obtain an optimal alignment between the sequences. Figure and legend modified from
ref. [30]; b) evolutionary tree of glutamate receptors: starting from a common ancestor (left) the actual variety of glutamate
receptors (right) with different pharmacological profiles and functional properties has evolved.
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Figure 5. Functional domains of glutamate receptors. a) The agonist-
binding site between lobe 1 and lobe 2 of the folded polypeptide chain; M2
represents the re-entrant loop that forms the ion channel; Q/R is the site of
modification through RNA editing which affects ion selectivity; b) close-up
of M2; the shaded glutamine residue (Q) is replaced by arginine after RNA
editing. (Figure modified from ref. [30].)

4.1.2. The Selectivity Filter: Lessons from a Bacterial
Channel

Before discussing the channel structure of glutamate
receptors, we have to turn to the voltage-gated ion channels,
because one of these, the potassium channel KcsA from the
bacterium Streptomyces lividans, has been crystallized and
gives us for the first time an ion channel structure with 3.2-�
resolution (Figure 6).[33] Some of its features allow us to
understand the ion selectivity of voltage- and possibly of
ligand-gated ion channels as well, and channel-mediated ion
conduction through the membrane lipid phase.

We have good reasons to use this prokaryotic channel as a
model for eukaryotic glutamate receptors: an evolutionary
missing link was recently detected, the glutamate receptor
GluR0 from the cyanobacterium Synechocystis.[34] This pro-
tein has a sequence that is similar to eukaryotic glutamate
receptors as well as to potassium channels. It is a potassium-
selective LGC and contains even the signature sequence
TVGYGD characteristic of potassium channels. The KcsA
channel is formed by four identical polypeptide chains, each
of which contains two-membrane-spanning sequences (2TM)
and one re-entrant loop called P. As is the case with

glutamate-receptor channels, the P loop lines the pore and
contains the determinants for ion selectivity and conduction.

Potassium channels are slightly permeable to the larger Rb�

and virtually impermeable to the smaller Na� and Li� ions.
This indicates that channels are not just holes that filter ions of
a given radius. On the contrary, they all conduct small ions
that have been stripped of their hydration shell, and the
selectivity is a result of their ability to remove the water
dipoles surrounding the charged particle (Figure 7). The K�

selectivity filter is lined by carbonyl oxygen atoms. ªTo
compensate for the energetic cost of dehydration, the carbon-
yl oxygen atoms must take the place of the water oxygen
atoms, come in very close contact with the ion, and act like
surrogate water. . . . a K� ion fits in the filter precisely so that
the energetic costs and gains are well balancedº.[33] For the
smaller Na�, the carbonyl oxygen atoms are too far apart to
provide enough ªenergetic gainº to compensate for the cost of
dehydration.

This ingenious mechanism poses a major problem: how can
a large flux of cations be secured if they are complexed so
tightly in the selectivity filter? This problem is overcome by
an equally ingenious mechanism: there are two cations
simultaneously in the selectivity filter (Figure 7 b). Their close
proximity and ªrepulsion overcomes the otherwise strong
interaction between ion and protein and allows rapid con-
duction in the setting of high selectivityº.[33]

We shall recognize the theme of protein oxygen atoms in
the selectivity filter of the LGCs discussed in Section 4.2.2.
Another feature postulated for the LGCs which was proven
by the X-ray crystallographic study of the microbial K�

channel is a wide water-filled entrance to the channel. In the
case of the K� channel, a deep largely hydrophobic cavity
precedes the selectivity filter (which occupies only 12 � of the
membrane�s thickness). This cavity is wide enough to be filled
with water and to accept the cation in its hydrated form. Thus
the cation can traverse most of the membrane easily; the
electrostatic barrier posed by the membrane is lowered, thus
ensuring a low-resistance pathway up to the selectivity filter.
Experimental proof is simple: TEA (tetraethylammonium) is
a selective blocker of potassium channels. It can enter and
plug the cavity, because it cannot shed its ªligandsº like
potassium can do with its hydration shell.

For the channels of GluRs, we have to resort to site-directed
mutation experiments in combination with patch-clamp
electrophysiology instead of the more direct evidence given
by an X-ray crystallographic map. These types of experiments
have shown that a re-entrant loop similar to the potassium
channel�s P loop lines the channel and forms the selectivity
filter (Figure 5).[35] Interestingly, one amino acid residue in
this loop determines whether or not the channel is permeable
to calcium ions. One specific asparagine (N) residue in the P
loop of the NMDA receptors is responsible for their calcium
permeability. Nature takes advantage of this key residue: the
homologous position in AMPA receptors is occupied by a
glutamine (Q) residue; if this residue is converted into an
arginine (R) group (specifically in the GluR2), the channel
becomes virtually impermeable to calcium ions. This Q/R
conversion is brought about by a rare mechanism, namely
RNA editing (reviewed in ref. [36]): in the pre-mRNA, the
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Figure 7. The ion pathway through voltage-gated ion channels with
structural features similar to the ligand-gated ion channels. a) Historical
representation of potassium channels which indicate the diameter of the
intracellular and extracellular vestibule and the selectivity filter, which
allows the passage only of partially dehydrated cations; b) the modern view
deduced from X-ray crystallographic analysis (see text). (Figure adapted
from ref. [33].)

codon CAG for glutamine is deami-
nated enzymatically to CIG (adeno-
sine to inosine, catalyzed by an ad-
enosine desaminase). One would like
to see the consequences of this Q/R
conversion on a protein map with
atomic resolution, but unfortunately
a crystal structure is not available yet.

To understand the gating mecha-
nism, we had to resort to KcsA as a
model for LGCs. With the glutamate
receptor�s ligand-binding site, which
confers the specificity of the signal
and the triggering mechanism for the
channel gating, we are better off,
since a 3D structure of this domain of
the transmitter receptor itself is avail-
able. The glutamate receptor�s li-
gand-binding domain has been crys-
tallized and its structure, when com-
plexed with the toxic agonist kainate,
has been solved with high resolu-
tion.[37] Previously, site-directed mu-
tagenesis experiments had shown
that the ligand-binding domain of
GluRs is formed by two noncontin-
uous sequences, S1 and S2.[38, 39] S1
includes about 150 N-terminal amino
acids, ending with TM1, and S2 links
TM3 with TM4. The fusion of S1 to
S2 with a short peptide by means of
recombinant DNA techniques yields
a water-soluble protein, which was
expressed in bacteria in large quanti-
ties.[40, 41] This artificial binding do-
main has ligand-binding and pharma-
cological properties very similar to
the natural NMDA receptor. An
X-ray crystallographic study of this
expression product yielded an overall

structure similar to a Venus flytrap (Figures 6 (top) and 9): the
two lobes come close together to trap the ligand (kainate).
Interestingly, this Venus flytrap model closely resembles the
glutamine-binding protein QBP from bacteria, which shows
only little sequence similarity to GluRs.[42]

Amino acid residues of both lobes participate in ligand
binding. Kainate binds deep down in a gorge formed by the
two lobes. Each lobe points two helices with its amino
terminus (the positive end of their dipoles) towards the
negatively charged carboxy group of the agonist. Binding
pulls the lobes together thereby closing the trap. Together
with previous mutagenesis experiments, the residues that
determine the binding affinity and specificity can now be
identified (Figure 8).[43±45] For example, the 2-carboxy group
of kainate binds to an arginine residue (R485 in GluR2) and
to the NH group of a threonine residue (T480) in the
polypeptide backbone.

More recent experiments in which a similar GluR construct
was cocrystallized with various ligands have shown for the
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Figure 6. Stereoview of the X-ray structure of the potassium channel KscA.[33] Top: the fold of the KscA
tetramer viewed from the extracellular side. Bottom: the channel seen from a perpendicular perspective.
(Figure courtesy of Roderick MacKinnon; reproduced with permission of Science and the authors).
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first time the mechanism underlying activation and antago-
nism: the extent of ligand-induced activation depends on the
degree of domain closure, and the degree to which the two
domains in the flytrap model are contracted depends on the
nature of the ligand.[46] Agonists cause domain closure, which
eventually leads to channel activation. The binding of partial
agonists results in correspondingly smaller conformational
changes, whereas antagonists act by freezing the ligand-
binding core in an open-cleft conformation.

4.1.3. The Gating Mechanism

Once again we resort to the microbial KscA to learn how
channel gating occurs, although its physiological relevance is
not clear and one should be aware that it might act very
differently from LGCs. The KcsA potassium channel of
Streptomyces lividans can be stabilized in the open state at low
extracellular pH values. Protons seem to be the ªligandsº that
trigger the gating. The transmembrane helices TM1 and TM2
of the four channel subunits form the pore. The selectivity
filter composed of the four P loops is located at the upper
(extracellular) end, but where do we look for the gate? Based
on a combination of ion-flux experiments, and CD, FTIR, and
EPR spectroscopic investigations of wild-type and mutated
channels, including inward-rectifier channels from eukaryotes
(summarized in a series of reviews, see ref. [47]), the following
model has been proposed: during gating, conformational
changes along TM2 occur. They are not caused by large
changes of secondary structure, nor are they restricted to the
intracellular C-terminal ends of the helices (where the gate of
voltage-gated K� channels is localized). Both TM1 and TM2
as a whole tilt slightly and rotate counterclockwise. This
ªrigid-body movementº causes a widening of the gate, as
depicted schematically in Figure 9.[48] The helices behave as

rods that open and close the pore.
The ªsignature sequencesº (the
selectivity filter) experience no
significant movement. As we will
discuss in Section 4.2.2, similar mi-
nute movements may underlie the
gating of LGCs. This mechanism is
very different from the situation
observed in other voltage-gated
potassium channels (discussed in
ref. [49]), in which, for example, a
channel-occluding plug is removed
upon activation (ªball-and-chainº
mechanism).

It should be pointed out that
much of the dynamics of channel
gating discussed in this section is
based on indirect biophysical evi-
dence and on static X-ray crystal-
lographic images; therefore it
should be considered speculative
and needs further experimental
support.

Figure 9. Proposed model of a molecular activation mechanism for the
gating of a voltage-dependent potassium channel by a rigid-body move-
ment; view of the KcsA channel (see text) from the extracellular side.
Upon activation, the counterclockwise movement of the transmembrane
helix TM2 away from the permeation pathway opens the channel. For
illustration purposes, the movements depicted are larger than expected and
constitute a simplified representation. (Reprinted from ref. [48] with kind
permission of Science and the authors.)

4.1.4. Crystallographic Proof of the Reliability of
Biochemical and More Indirect Methods of Structure
Determination

The first X-ray crystallographic analysis of an important
ligand-gated channel domain proves above all one important
point in this whole field of research: crystallography and
mutation research are not only complementary methods; the
vast amount of information collected by biochemical and
biophysical research, including recombinant DNA technolo-
gies, obviously gives reliable information about structure ±
function relationships. As we experienced in the 1950s and
1960s with many enzymes whose structures were later solved,
X-ray crystallographic studies have not led us to correct our
3D models obtained by classic approaches. Rather, our
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Figure 8. Stereoview of the high-resolution structure of the ligand-binding site of the AMPA-subtype
glutamate receptor, cocrystallized with kainate (KA). The upper lobe (represented in turquoise and
violet) together with the lower lobe (mauve) form the Venus flytrap structure. (Reproduced courtesy of
Eric Gouaux.)
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models have been confirmed and more important details have
been added.

And the power of yet another method is confirmed by
studies on LGCs: homology modelling. The agonist-binding
domain of the glutamate receptor has a low-level sequence
identity to various soluble bacterial periplasmic substrate-
binding proteins for which high-resolution structures are
available.[50] These were used as a template to calculate the
structure of the glutamate-receptor-binding domain, and to
propose 3D features of the agonist-binding site. Now, with the
first high-resolution structure of a glutamate-receptor binding
domain in hand,[37] we can see that despite the low degree of
sequence similarity this approach yielded very reasonable
results,[51] and therefore we can be confident that the
predictions made for other proteins also are essentially
correct.

What is the use of such detailed knowledge? More than
50 % of all synapses in our brain use glutamate as a trans-
mitter. GluRs participate in brain development, and they are
implicated in many neuropathies, ranging from epilepsy and
strokes to Alzheimer�s, Huntington�s, and Parkinson�s dis-
eases. The treatment of these diseases requires a knowledge of
the exact steric, chemical, and physical properties of the
ligand-binding site to facilitate the design of drugs that target
the glutamate receptors.

4.2. The Nicotinic Acetylcholine Receptors (nAChR)

4.2.1. General Features of the Family

The second LGC to be discussed herein is the nicotinic
acetylcholine receptor (nAChR) as the best-characterized
LGC and a prototypical structure for the class of 4TM
receptors. Because of their homology, the other members of
this superfamily are likely to share its structural features, in
particular its transmembrane topology. A comprehensive
collection of sequences and references regarding this super-

family is found at the web-site http://www.pasteur.fr/LGIC/
LGIC.html (Table 2).[52]

nAChRs are found mainly in postsynaptic membranes of
central nervous system synapses and of the neuromuscular
endplate. The physiological signal to which nAChR responds
is the neurotransmitter acetylcholine, but it is also activated
by nicotine, one of the most widely consumed drugs.

The nAChR ion channel is cation selective (other members
of this superfamily such as the glycine receptor have anion-
selective channels). In the case of the peripheral receptors, it
is selective for Na�, K�, and, to a much lesser extent, for Ca2�,
whereas some of the neuronal nAChR ion channels are
mainly calcium channels. Receptor activation leads to depo-
larization of the plasma membrane; in neuronal cells, Ca2�

influx triggers Ca2�-mediated signalling processes.
No structure at atomic resolution is available for any of the

receptors of this superfamily. For the nAChR, a three-
dimensional picture is emerging from combined electron-
microscopic, chemical-labeling, mutagenesis, and patch-clamp
investigations (for a detailed review see ref. [53]). This
structural information has been accumulated for the periph-
eral receptors, since nature has provided an extremely rich
source in the form of the electric organs of electric rays and
eels, from which the nAChRs can be easily purified in large
amounts. The nAChR from the electric ray Torpedo, which
serves as a model for the muscle-type receptors of higher
vertebrates, has a molecular mass of about 290 kDa, about
20 kDa of which are glycosyl residues. It is a heteropentameric
complex, composed of four different polypeptide chains with
a stoichiometry of a2bgd. The five subunits are arranged
radially around the central ion channel in the order aH-g-aL-d-b
in a clockwise orientation, when viewed from the synaptic
cleft (see Figure 10); H and L designate the high- and low-
affinity binding sites of the two a subunits, respectivelyÐ
because of their different neighbours, the two a-subunits
differ in their binding properties.[54]

The other receptors of the superfamily presumably exist
also as pentamers; this was directly demonstrated for
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Table 2. Selected internet resources for navigating the field of ligand-gated ion channels.[a]

Keyword Short description Internet address

General information on
ion channels

A gateway to all the resources containing relevant information on
ion channels

http://phy025.lubb.ttuhsc.edu/Neely/
ionchann.htm

General information on
ion channels

A resource page for the ion channel community with many interesting
links to ion-channel-related sites

http://members.nbci.com/IonChannel/ion.htm

Ligand-Gated Ion Channel
(LGIC) Sequence Database
(Le NoveÁre and
Changeux, 1999)

A well-maintained database containing the complete set (more than 300)
of known nucleic-acid and amino-acid sequences of extracellularly
activated transmitter-gated ion channels; sequence alignments and
phylogenetic trees

http://www.pasteur.fr/LGIC/LGIC.html

GABA receptor database GABAagent: a compilation of data on GABA receptors http://gaba.ust.hk/Agent.html

Channel structure A review of the structure of the KscA channel with many figures of the
pore

http://members.nbci.com/IonChannel/
KcsA.htm

Permeation models Different models on ion selectivity and conductance http://www.ugrad.cs.jhu.edu/~imran/kcsa/

Interview with Roderick
MacKinnon who solved
the first channel structure
(Doyle et al. , 1988)

Mini-lecture on the fascinating intricacies of ion channel structures and
the hard labor necessary to identify such a structure

http://www.sciam.com/explorations/2000/
050100MacKinnon/index.html

Ion Channels and Disease Highlights the molecular background of diseases linked to ion channels http://www.neuro.wustl.edu/neuromuscular/
mother/chan.html

[a] A more comprehensive list, including more general resources, is found in ref. [109].
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Figure 10. The interface gorge model of the nAChR. This figure summa-
rizes our knowledge of the structure of the nAChR. Left: global layout of
the receptor in its membrane surrounding; Right (top): arrangement of the
receptor subunits around the central pore, viewed from the synaptic cleft.
Right (bottom): the longitudinal section shows that the ligand-binding site
spans the receptor wall. The ion channel is formed by transmembrane
helices; the channel�s gate is a restriction towards the cytoplasmic side of
the membrane. Tx refers to a-neurotoxin, the peptide toxin from poisonous
snakes, which was used to determine the ligand-binding topography.[87] The
ellipsoid represents the toxin-binding site; since the a-neurotoxins are
competitive antagonists, it is also thought to form (at least partially) the
agonist-binding site.

GABAAR and 5HT3R by using electron microscopy,[55, 56] and
indirectly for the GlyR by using biochemical techniques.[57, 58]

A heteromeric assembly of different subunits is the rule and,
as explained above, is the basis for receptor diversity, but a
homomeric assembly has also been described, for example,
for the 5HT3R and for certain neuronal nicotinic and
GABAAR subtypes.[59, 60]

The four nAChR subunits display homologous sequences
with 30 to 40 % identity of amino-acid residues. Hydropathy
plots of the primary structures reveal that they each contain
four hydrophobic stretches, which are thought to form
membrane-spanning segments (M1 ± M4). All members of
the family share this pattern. They all have extracellular N and
C termini, a large extracellular glycosylated N-terminal
domain (about 200 residues long), and a long cytosolic
connecting loop of 100 to 150 residues between the membrane
passages M3 and M4 which contains several phosphorylation
sites.

A further characteristic motif of this receptor superfamily is
a loop formed by a pair of cysteine residues at a 15-residue
spacing in the N-terminal domain (Figure 3). The two cysteine
residues are connected by a disulphide bridge,[61] and the
residues between them are highly conserved. This Cys loop,
for which a b-folded amphipathic structure is predicted,[62]

occurs independently of the ion selectivity and ligand-binding
properties of the receptor at a fixed position relative to the
first membrane passage, and might play an important role as a
core in protein folding. As this Cys loop forms a typical
signature for this superfamily, it has been proposed to call this
superfamily ªCys loop receptorsº.[63]

The overall dimension of the pentameric nAChR complex,
as deduced from electron micrographs (obtained by using
cryo-electron microscopy of tubular crystals grown from
membranes isolated from the Torpedo electric organ) is about
12.5� 8 nm.[64] One can estimate that about 35 % of the
protein is immersed in the membrane and about 50 % is
extracellular.

4.2.2. The Ion ChannelÐSelectivity Filter and Gate

In the electron micrographs discussed in the previous
section, one also readily discerns a central hole in the receptor
ªdoughnutº, which is about 20 to 25 � wide.[65] This structure
is interpreted as the entrance to the ion channel. Thus, very
much like the potassium channel discussed above, the nAChR
channel appears to have a wide water-filled extramembrane
vestibule, which is followed by a funnel-shaped portion inside
the membrane (Figure 10). Its diameter is 11.5 � for the
middle part (determined by the size of channel blockers used
to label specific residues of the channel wall[66]) and about 7 �
in the open state at the narrowest part towards the cytosolic
end (predicted by computer modelling[67]). This value corre-
sponds well to the diameter of the largest permeating cation
(6.4 �).[68] At the cytoplasmic end, the pore widens again to
about 15 �. Electron micrographs show that underneath the
pore, a basketlike structure formed by the cytoplasmic loops
between M3 and M4 protrudes about 40 � from the
cytoplasmic membrane surface. It was suggested that ions
are prevented by this structure from exiting directly into the
cytoplasm; instead they must pass through two narrow
transverse openings.[69]

The wall of the ion channel is formed by the second
transmembrane segment (M2) of each receptor subunit.[66]

This was concluded mainly from affinity-labeling studies of
substances that directly occlude the ion channel (channel
blockers);[66, 70] this finding was confirmed by mutational
analysis.[71, 72] From the pattern of labeled amino-acid residues,
we know that this segment adopts, at least partially, an a-helix
conformation, a conclusion largely confirmed by chemical
accessibility studies.[73] Parts of the first transmembrane
segment M1 also contribute at least transiently to the channel
lining in the wider upper (extracellular) part.[74]

The five homologous subunits each contribute the corre-
sponding segment for the construction of the ion channel. An
interesting stratification of the channel wall results from this
construction principle (Figure 11): rings of amino-acid side
chains with similar physical properties are formed which
determine the characteristic features of the channelÐmost
conspicuously three negatively charged rings (Asp/Glu), three
hydrophobic rings (Leu/Val), and two rings of polar residues
(Ser/Thr).[75] The ion conductance properties, for example, are
explained by three rings of negatively charged amino-acid
side chains.[76] These rings are located at the cytoplasmic
N-terminal and the extracellular C-terminal end of the
channel and midway between the two. The intermediate ring,
in which glutamate side chains protrude into the channel
lumen, forms the constriction that determines which ions can
pass. GatingÐthe opening and closing of the permeation
pathwayÐcould be brought about by moving these side
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Figure 11. Stratification model of the ion channel of the nAChR.
Homologous side chains of the five receptor subunits form rings, which
determine the properties of the channel (ion selectivity and gating) as
elucidated by mutagenesis experiments (simplified from ref. [75]). Depict-
ed are the M2 sequences from the neuronal a7 subunits. (Tris� tris(hy-
droxymethyl)aminomethane)

chains out of the channel lumen,[67] perhaps by a similar
ªrigid-body movementº of the helices as was postulated for
the gating of the voltage-dependent potassium channels.[48]

Other experiments showed that one of the hydrophobic rings
formed by a conserved leucine residue at the approximate
midpoint of the M2 transmembrane segment (Leu 9') con-
tributes to channel gating. It was suggested that these leucine
residues from the different subunits participate in a symmetric
structural transition between the closed and open states.[77]

The role of the selectivity filter, in which large ions are
selected according to their dehydrated size, was assigned more
specifically to the amino-acid residue aT244 that is situated
one helix turn above this intermediate ring.[78] The segment
a238 ± 242 just below this ring was shown to contribute
directly to the charge selectivity filter.[79] This segment is at the
cytoplasmic border of the M2 membrane span and is
predicted to adopt a coiled conformation, reminiscent of the
P loop described above.[80]

By using the substituted-cysteine accessibility method[81]Ð
the residues are individually mutated to cysteine, the acces-
sibility of which is then assessed with small sulfhydryl-specific
reagentsÐthe gate was located in the same region (between
aG240 and aT244) in the vicinity of the intermediate ring.[82]

Thus the gate and selectivity filter seem to be intimately
linked.

The construction principle defined in this ªhelix-M2
modelº[66] (Figure 10) for the cation-selective nAChR channel
is also thought to be valid for the other members of this
protein superfamily, for example, the anion-selective channel
of the GlyR. A comparison between the amino acid residues
at the critical positions of these two channels demonstrates
that the conversion of the cation-selective nAChR channel
into an anion-selective channel can be brought about by
introducing mutations at only three positions.[83] By the
inverse mutations, the anion-selective channel of the GlyR
can be transformed into a cation-selective channel.[84] It is
mainly the substitution of the intermediate negatively charged

ring by a neutral ring that is relevant for cation versus anion
discrimination.[79] This type of manipulation proves that our
concept on how the ion selectivity of the AChR ion channel is
regulated is essentially correct.

4.2.3. The Ligand-Binding Site: An Intersubunit Gorge

Now let�s have a closer look at the ligand-binding site of the
nAChR (ªLº in Figure 1). In contrast to the glutamate
receptors reviewed in Section 4.1.2, the extracellular domain
of the nAChR involved in ligand binding has not yet been
crystallized and no high-resolution X-ray structure is avail-
able. The binding site itself, however, has been characterized
in some detail by using molecular biology and biochemical
methods so that a spatial model of the binding pocket was
obtained. The region that contains amino acids 190 ± 200 on
the two identical a-subunits as well as several functionally
important aromatic residues was shown to contribute to the
binding site by affinity labeling using various agonists and
antagonists. However, there is more to the story: some amino-
acid residues of the a-subunits outside this region are also
labeled, and even portions of the neighboring subunits (that is,
the g- and the d-subunits) located close to the interfaces
contribute to the binding site.[85] From these findings, a model
of the a-subunit binding site for low-molecular-mass ligands
was proposed (Figure 12) which states that the binding site is

Figure 12. Model of the nAChR agonist-binding site. Three loops of the a-
subunit contribute to the binding site, which is located at the subunit
interface. Note that additional loops extend from the neighboring subunits.

not confined to a contiguous stretch of the primary structure
of the ligand-binding a-subunit, but is built from three
noncontiguous loops of the a-subunit.[86] Additional loops
come in from the neighboring subunits. This finding also
provides a rational basis for the nonequivalence of the two
ligand-binding sites for certain ligands such as d-tubocurarine,
which has a high-affinity site at the a/g interface and a low
affinity site at the a/d interface.

Studies of snake-venom a-neurotoxins as affinity reagents
led to the hypothesis that the toxin binds in relative proximity
(1.5 nm or closer) to the membrane layer close to the
beginning of the funnel structure formed by the M2 spans.[87]

It was shown experimentally that the toxin gains access to this
site through a gorge spanning the wall of the ring-shaped
receptor, which contains the aromatic residues of the ligand-
binding site (ªaromatic interface gorgeº; Figure 10).[53, 88] In
contrast, tunnels about 10 to 15 � long which open only to the
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vestibule and are framed by twisted b-sheet strands were
resolved recently in the extracellular portion of the a-subunits
by using electron microscopy.[69] They connect cavities
(interpreted as the acetylcholine-binding sites) to the
water-filled vestibule of the channel and are believed to
represent the primary access route of agonists to the binding
site.

Such a design would parallel the situation in the ACh-
degrading enzyme acetylcholinesterase in which the acetyl-
choline-binding site is located at the bottom of a 20-� deep
aromatic gorge.[89] Perhaps the analogy with the situation in
AChE can even be extended to the binding mode: In both
cases binding of the cholinium moiety is achieved by cation ±
p interaction, in which the face of an aromatic ring provides a
region of negative electrostatic potential that can bind cations
with considerable strength.[90] With the ACh esterase it has
been shown by site-directed affinity labelling that the binding
side chain is the tryptophan residue Trp 84.[91] A combination
of theoretical chemistry with molecular biology experiments
suggest that aTrp 149 is the primary cation ± p binding site for
AChR.[92]

Thus the nAChR�s ligand-binding site appears to be an
intersubunit gorge close to the membrane surface and also
close to the channel entrance, made up of at least three
different loops of the a-subunits containing numerous aro-
matic residues as well as negatively charged portions of the
neighboring g- and the d-subunits.

Operationally, receptors can be described as a triune entity,
composed of 1) a signal-recognition moiety (receptor, ªRº),
2) an effector function (ªEº), and 3) a transducing component
(ªTº), which couples R to E.[53] In the nAChR, the sites for
agonist binding (ªRº), conformational signal transfer to the
ion channel (ªTº), and the ion channel itself (ªEº) are
confined within a rather restricted area of only about 2 nm
which would form a sort of ªactive centerº.[53] The transducing
mechanism in this case is the allosteric transition that occurs
upon neurotransmitter binding.

Despite this spatial integration, it seems that the extra-
cellular domain and the channel fold independently from
each other, since a chimeric molecule could be constructed
from two different receptor types (neuronal a7nAChR
and serotonin 5HT3R) which combined the binding proper-
ties of one and the channel properties of the other partner.[93]

Interestingly, the high-resolution structure (3.5 �) of a
mechanosensitive ion channel from Mycobacterium tubercu-
losis reveals several features that are very similar to the
nAChR (Figure 13):[94] as in the case of the nAChR, the
structure is pentameric and a wide water-filled vestibule of
about 18 � in diameter leads from the extracellular side into a
pore, which narrows towards the cytosolic side. In both
channels, the walls are formed by helices lined with polar
residues such as threonine and serine. In both cases, hydro-
phobic residues are present at the constriction that may act as
the channel gate. The structure formed intracellularly in the
mechanosensitive channel is reminiscent of the ªbasketº
observed in electron micrographs of the nAChR.[69]

Despite our detailed knowledge of the nAChR, several key
questions remain open and probably will be answered only
when a high-resolution structure becomes available. So the

Figure 13. Similarities in the overall structures of a mechanosensitive
channel (A) and nAChR (B). A) X-ray structure of a mechanosensitive ion
channel from Mycobacterium tuberculosis.[94] B) Electron micrograph (4.6-
� resolution) of the nAChR from Torpedo californica.[69] Both pentameric
structures have a wide water-filled vestibule that leads into the channel
pore and an intracellular basket-like structure underneath the channel exit.
Courtesy of Douglas Rees, reproduced with permission of Science and the
author(A), and courtesy of Nigel Unwin (B).

precise coupling mechanism by which the detection of a
chemical signal (agonist binding) is translated into the open-
ing of the ion permeation pathway (channel opening) remains
to be described in detail. Furthermore, the pharmacologically
fundamental functional difference between agonists and
antagonists, both of which bind to the same site, remains
elusive.
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4.3. The Purinoceptor Family P2X

The last class of ligand-gated ion channels to be discussed
herein are the P2X receptors gated by extracellular ATP (as
opposed to P2Y receptors which belong to the G-protein-
coupled ªmetabotropicº receptors mentioned in the intro-
duction). They are cation-selective channels that open in the
millisecond range upon binding of extracellular ATP. To date,
seven P2X isoforms, referred to as P2X1±7, have been cloned
(reviewed in ref. [95]). The deduced proteins display sequence
similarity between themselves (38 to 48 % amino-acid identity
when pairs are compared), but no homology with any of the
other ligand-gated ion channels.[96] Although no high-resolu-
tion structure is available, it is clear that some of their
structural features are fundamentally different from the two
classes of LGCs discussed above. Most importantly, they have
a remarkably different predicted transmembrane arrange-
ment: each subunitÐabout 400 amino acids in length and with
both termini inside the cellÐis thought to contain only two
membrane-spanning segments (M1 and M2), connected by a
large (270 residues) glycosylated extracellular loop. The
extracellular domain contains ten cysteine residues, which
may form five intrachain disulfide bonds.[97] These are
believed to be important for the overall structure, since they
are perfectly conserved in all family members.[96] The precise
structure of the agonist-binding site is still not known.
Mutational studies showed that a ATP-binding pocket that
contains some positively charged residues forms close to the
channel vestibule.[98, 99]

P2X receptors are nonselectively permeable to cations,
including Ca2� ; the effective pore diameter is somewhat larger
than that of the nAChR.[100] Studies on the accessibility of
engineered cysteine residues show that the M2 segment
contributes to the ion permeation pathway.[101] The results
imply that at least part of the pore would be in an extended
rather than in a helical conformation, but how exactly the
pore is organized remains unclear. A conserved glycine
residue (Gly 342 of P2X2) may be part of the gate.[102]

An intriguing feature observed in some ion channels is their
dynamic selectivity filter (discussed in ref.[103]). For several
P2X subtypes, a progressive dilation of the pore is observed
upon prolonged activation by ATP so that large molecules can
permeate.[104] How this dynamic behavior is brought about
and whether and how ionotropic receptors use this mecha-
nism to alter neuronal function remains to be shown. Another
interesting aspect of P2X channels is that some of them seem
to interact functionally with the structurally unrelated
nAChRs, thus establishing a cross-talk between differently
gated channels.[105]

Similarly, the oligomeric organization of P2X receptors
seems to deviate from the architecture observed in GluR and
AChR. The precise quaternary structure of functionally active
P2X receptors remains to be established. Although they share
their transmembrane topology with a variety of other ion
channels such as the epithelial Na� channels or the inwardly
rectifying K� channels, no common oligomeric structure can
be deduced.[106] There are hints that some of these receptors
share a similar architecture, with trimers as the common
denominator. For the P2X receptors, electrophoresis studies

and cross-linking experiments indicate that they occur as
homotrimers, or at least that trimeric complexes of identical
subunits constitute an essential element.[5] As with the other
LGC classes, hetero-oligomeric assembly is possible and
might underlie functional diversity.[107]

5. Conclusions and Overview

Thanks to the availability of high-resolution X-ray struc-
tures of voltage-gated ion channels and receptor domains, we
have learnt a lot about the structural basis of the gating and
selectivity in LGCs. Clearly, many questions are still unan-
swered and can only be answered when the �-resolution
structures of LGCs become available. Recently, the first
structure of a G-protein-coupled receptor (rhodopsin) was
solved.[108] This indicates that the techniques for crystallizing
membrane proteins have reached a stage where crystallization
of LGCs should also become feasible in the near future.

Addendum

After the submission of this manuscript, two important
relevant articles were published:[110] An acetylcholine-binding
protein (AChBP) from the mollusc Lymnaea stagnalis has
been shown to have significant structural homology with the
extracellular ligand-binding domain of the neuronal nAChR.
Since AChBP is a water-soluble protein, it has been crystal-
lized. The high-resolution (2.7 �) X-ray structure can be seen
as a model of the binding domain of the LGC nAChR
(Figure 14).
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Figure 14. The pentameric structure of AChBP. a) In this representation,
each promoter has a different color; subunits are labelled anticlockwise.
The ligand-binding sites at the subunit interfaces are shown as ball-and-
stick representations. b) Overview of the AChBP promoter structure as
viewed from outside the pentameric ring. Rainbow representation colored
as a gradient, from blue (N terminus) to red (C terminus); disulfide bridges
are shown as green ball-and-stick representations. MIR stands for main
immunogenic region. For more details on the Cys loop and double Cys, see
text. In a complete LGC, the N terminus would point towards the synaptic
cleft and the C terminus would enter the membrane at the bottom,
contributing to the first transmembrane segment. (Modified from
ref. [110], with kind permission from the authors.)
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