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Abstract

The nicotinic acetylcholine receptor (AChR) is the archetype rapid ligand-gated neu-
rotransmitter receptor. It mediates fast intercellular communication in response to the endogenous
neurotransmitter acetylcholine, a small organic molecule. The AChR is embedded in and surrounded
by lipids, its native membrane milieu. Lipids influence structural and functional properties of the
receptor, mainly though the so-called receptor-vicinal (“boundary” or “annular”) lipids. From the
physicochemical point of view, this receptor-vicinal region constitutes a liquid-ordered phase, as op-
posed to the more disordered and “fluid” bulk membrane lipids. Changes in Forster’s energy transfer
(FRET) efficiency induced by fatty acids, phospholipids and cholesterol have led to the identification
of discrete sites for these lipids on the AChR protein. Electron-spin resonance spectroscopy has es-
tablished the stoichiometry and selectivity of the lipid shell surrounding the AChR and disclosed the
occurrence of lipid sites. Combined electrophysiological single-channel recordings and site-directed
mutagenesis data fostered the identification of such lipid-sensitive residues in the transmembrane
region, dissecting their contribution to ligand binding and channel gating, opening and closing. Thus,
the interface between the protein moiety and the adjacent lipid shell constitutes the habitat of a
variety of pharmacologically relevant processes, including the action of steroids and other lipids.

Keywords: membrane proteins; neurotransmitter receptors; biophysics; lipid-protein in-
teractions.

Resumen

El “nano-ambiente” de un receptor de neurotransmisor. El receptor de acetilcolina
nicotinico (AChR) es el arquetipico receptor de un neurotransmisor gatillado por ligando. Media la co-
municacién intercelular rapida en respuesta a su neurotransmisor, la acetilcolina, una pequena molécula
endbgena. E1 AChR estad rodeado por lipidos, que constituyen su ambiente natural en la membrana.
Dichos lipidos influyen sobre la estructura y la funcién del receptor, principalmente a través de los
denominados lipidos vecinales (limitrofes, anulares). Desde el punto de vista fisico-quimico, esta regién
constituye una fase liquido-ordenada, en contraposicion al resto de los lipidos de la membrana, desor-
denados y mas “fluidos”. Cambios en la eficiencia de la energia de transferencia de Férster’s (FRET)
han conducido a la identificacién de sitios discretos para acidos grasos, fosfolipidos y colesterol sobre la
superficie del AChR. Mediante espectroscopia de espin-electrénico se pudo establecer la estequeometria
y selectividad de la capa de lipidos que rodea al AChR y se descubrieron sitios de unién de tales lipidos.
La combinacién de mediciones electrofisiolégicas de canal unitario con mutagénesis dirigida ha llevado
a la identificacién de tales sitios en la region transmembrana del AChR, disecando sus relativas contri-
buciones a la unién del ligando y al gatillado, apertura y cierre del canal, respectivamente. La interfaz
entre el AChR y los lipidos constituye el habitat de una gran variedad de procesos farmacolégicamente
relevantes, incluyendo la accién de esteroides y otros lipidos.

Palabras clave: proteinas de membrana; receptores de neurotransmisores; biofisica;
interacciones lipido-proteicas.
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Introduction

Neurotransmitter receptors and their as-
sociated signaling components in the synapse are
crucial elements in the supracellular assemblies
known as neural circuits in the brain. A synaptic
complex, i.e. the neuromuscular junction (NMJ),
made up of equivalent macromolecular building
blocks, has similar signaling functions at the
periphery. A key component of this complex ma-
chinery is the neurotransmitter receptor, acting
as transducer of the chemical signal. Throughout
evolution, the basic principle of rapid chemical
neurotransmission has proved to be an efficient
mechanism, as evidenced by its adoption by a
large number of species. The ligand-gated ion
channel (LGIC) superfamily comprises several
families of evolutionarily related neurotransmit-
ter receptor proteins coded by a few hundred
genes so far identified. Of these, the nicotinic
acetylcholine receptor (AChR) is one of the best-
characterized.

Several genes coding for AChR subunits
have been characterized in central and periph-
eral nervous systems. They exhibit amino acid
sequence homology and presumably higher-order
structural motifs [1-3]. Within the LGIC super-
family, the AChR and subtype 3 of the 5-hydroxy-
tryptamine (serotonin, 5-HT3) receptor comprise
two families of cation-selective channels, whereas
glycine and gamma aminobutyric acid type A
(GABAA) receptors are anion-selective channels.
Members of this superfamily are also known as
Cys-loop receptors because in their amino-termi-
nal all their subunits contain extracellular halves
of a pair of disulphide-bonded cysteines separated
by only 13 residues. Glutamate and histidine re-
ceptors are also Cys-looped receptors, but their
structure does not conform to the canonical LGIC
superfamily. Until recently, the Cys-loop fam-
ily was thought to comprise only ion channels
produced by eukaryotic genes, but a prokaryotic
proton-gated ion channel from the AChR family
has recently been discovered [4].

The basic mechanism of signal trans-
duction is common to all members of the LGIC
and involves relatively fast and similarly simple
steps: binding of the neurotransmitter followed
by conformational transitions in the receptor
proteins that lead to changes in the ionic per-
meability of the postsynaptic membrane. In the
specific case of the AChR, upon binding, acetyl-
choline initiates a conformational change in this
protein that triggers the transient opening of its
intrinsic cation-specific channel across the post-
synaptic membrane. At the molecular level, this
is accomplished by the concerted action of four
different but highly homologous AChR subunits

in the stoichiometry o,Bed [5-6] in adult skeletal
muscle.

Each AChR subunit contains four hydro-
phobic segments 20-30 amino acids in length, the
M1-M4 membrane-spanning segments. Of these,
the M2 segment from each subunit contributes
structurally to the formation of the ion channel
proper. M4 is considered the most likely segment
to be exposed to the bilayer lipid. M1 and M3
effectively incorporate membrane-partitioning
photoactivatable probes, and are also likely to
be exposed, at least partially, to the lipid phase.
It is usually accepted that all four hydrophobic
segments M1-M4, referred to as transmembrane
(TM) domains, correspond to regions of the pro-
tein fully embedded in the membrane. We have
proposed that in addition to these two main re-
gions of the AChR, a third important domain is
defined at the extensive interface between the
protein and lipid moieties, comprising both the
lipid-exposed TM portions of the AChR protein
and the AChR-vicinal lipid [7-8]. The latter cor-
responds to the lipid belt (“shell”, “annulus”,
“boundary”, “AChR-vicinal”) region, that is the
lipid moiety in the immediate perimeter of the
AChHR protein, earlier discovered by Derek Marsh
and myself using electron spin resonance (ESR)
techniques [9] and further characterized in terms
of lipid selectivity and stoichiometry [10-15]. In
this review I discuss various experimental ap-
proaches that have led to a quite detailed descrip-
tion of the AChR lipid microenvironment and of
the cross-talk between the receptor protein and
its surrounding lipids. The reader is referred to
other reviews covering wider aspects of AChR-
lipid interactions [8] or more specific facets of
this topic, e.g. the effects of cholesterol (Chol) on
receptor supramolecular structure, stability and
dynamics at the cell surface [16].

The AChR is surrounded by lipids in the
liquid-ordered phase

Model membranes are relatively well
characterized in terms of their physical proper-
ties. At high Chol concentrations, phospholipid-
Chol mixtures mimic many aspects of the phase
state displayed by biological membranes rich in
Chol. These mixtures lack a defined lipid phase
transition and instead are characterized by a
single phase state, the liquid-ordered phase (lo)
[17], with properties between the gel and the
fluid lipid phases. At low Chol concentrations,
solid-ordered (so) or liquid-disordered (1d) phases
are observed, depending on whether the system
is above or below its gel-fluid transition tem-
perature (Tm), respectively. When the binary
lipid system is at intermediate Chol concentra-
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tions, there is phase coexistence of so and lo
(liquid-ordered, below), or of 1d and lo (above),
depending on the temperature relative to Tm.
In the particular case of the AChR, early studies
from the group of McNamee [18-19] showed that
the phase state of the membrane was important:
the capacity of reconstituted AChR to translocate
ions in vitro was found to be sensitive to the bulk
physical properties of the host membrane, such
as its “fluidity”. Early ESR studies by Marsh and
Barrantes [9], Rousselet et al. [20] and Marsh
et al. [15] made apparent the occurrence of two
distinct signals in ESR experiments with native
and reconstituted membranes containing AChR at
relatively high or low concentrations: one signal
corresponded to the bulk membrane lipid and the
other was interpreted as stemming from the pro-
tein-immobilized lipid. These direct interactions
between protein and lipid moieties were observed
with fatty acids, phospholipids and sterols in the
native membrane environment. Rousselet et al.
[20] found immobilization with fatty acids but
not with phospholipids. Ellena et al. [13] con-
firmed our findings using reconstituted AChR.
This series of studies from different laboratories
demonstrated that shell or annular protein-vici-
nal lipids are relatively immobile with respect to
the rest of the membrane lipids and pointed to
the existence of phase lateral heterogeneity in
membrane lipids much earlier than the concept
of “rafts” came into use.

Functional studies contributed to under-
standing the role of lipids in AChR ion perme-
ability. The need to include sterols and certain
phospholipids to preserve this property of the
AChHR in reconstituted systems was subsequently
demonstrated [21]. The relative contributions
of phospholipid and sterol was established in
various studies in vitro [22-24] and the minimal
number of lipid molecules (~45) per AChR was
ascertained in early ESR experiments [13,25].
AChR-vicinal lipids appeared to be an inherently
relevant environmental feature of the AChR na-
tive membrane, but the nature of the interaction
between protein and lipid moieties was still ob-
scure, as were the possible functional implications
proposed in early work [9].

In order to define the physical state of
the AChR membrane lipids, we subsequently
resorted to fluorescence methods using the so-
called Generalized Polarization (“GP”) [26-27]
of the fluorescent probe Laurdan (6-dodecanoyl-
2-dimethylamino naphthalene). This approach
was introduced to learn about the dynamics of
the AChR and some physical properties of the
protein-vicinal lipid [28-30]. We harnessed two
hitherto unexploited properties of Laurdan: i) its
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ability to act as a Férster-type resonance energy
transfer (FRET) acceptor of tryptophan emission
[30] and ii) the resulting differences in FRET
efficiency upon displacement of Laurdan by ex-
ogenous lipids [28-29]. Laurdan is a particularly
advantageous fluorescent probe; it localizes it-
self at the hydrophilic-hydrophobic interface of
the lipid bilayer, with its lauric acid moiety at
the phospholipid acyl chain region and its naph-
thalene moiety at the level of the phospholipid
glycerol backbone. Its spectral properties are
extremely sensitive to the polarity and molecu-
lar dynamics of dipoles in its environment. This
is due to dipolar relaxation processes that are
reflected as relatively large spectral shifts. Exci-
tation of Laurdan under FRET conditions using
the tryptophan (Trp) residues of the AChR-rich
membrane as donors constituted a new tool for
learning about the properties of the lipids in the
immediate vicinity of the AChR and to compare
them with those of the average, bulk lipid in
the rest of the bilayer. The first application of
this approach was the determination of distances
between the AChR protein and adjacent lipid.
From the spectral overlap integral for the AChR
membrane-Laurdan pair we calculated Ro, the
Forster critical distance, to be 29 A [30]. We
modeled the AChR as a cylinder of about 80 A in
diameter with donor Trp residues lying in a ring
within the perimeter of its TM portion. From the
electron microscope data available at that time
[31] this region of the protein was assumed to
have a radius of 32.5 A. The height of the plane
of AChR tryptophan residues was set with respect
to the plane of acceptors by using the parameter
H, the distance between donor-acceptor planes
normal to the membrane surface, which was al-
lowed to vary between 0 and 50 A in view of the
long-axis dimensions of the AChR molecule and
the width of the lipid bilayer. Using the above
model we found differences between the AChR-
vicinal lipids within a 14 A radius of the AChR
surface on the one hand, and the bulk lipids on
the other. When no relaxation occurred, GP val-
ues were high, indicating low water content in the
hydrophilic/hydrophobic interface region of the
membrane. GP observed under FRET conditions
from the intrinsic protein fluorescence exhibited
higher absolute values than those obtained by
direct excitation of the probe, indicating the lower
polarity of the lipid in the protein-vicinal lipid
microenvironment of the AChR. The main dipoles
sensed by Laurdan in the membrane were water
molecules. Thus, this series of studies showed
that AChR-vicinal lipids are more rigid and exhib-
it a lesser degree of water penetration than bulk
lipids, and that a single thermotropic phase with
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the characteristics of the so-called liquid-ordered
phase defines the entire AChR-rich postsynaptic
membrane [30].

AChR-lipid interactions as viewed from
the protein moiety

Electron microscopy experiments over
twenty years ago already indicated that about half
the mass of the AChR protein protrudes into the
extracellular space, about 30% corresponds to TM
domains, and the remainder is in the cytoplasmic
compartment [32-35]. The agonist-recognition do-
mains of the AChR were also shown to be located
in the extracellular portion of the macromolecule
[33] (and see review in [36]) at a distance of about
25 A from the apex of the AChR [37] and about
30 A from the membrane surface [31,38-39].

Site-directed mutagenesis of the AChR
combined with patch-clamp electrophysiological
and photoaffinity labeling experiments with non-
competitive channel blockers support the notion
that one of the TM AChR regions, the M2 domain,
lines the walls of the pore. The data are also
indicative of a-helical periodicity in the residues
exposed to the lumen of the AChR channel [40].
Nuclear magnetic resonance (NMR) studies of the
M2 segment of the receptor’s o subunit [41] indi-
cated that this domain is inserted in the bilayer at
an angle of 122 relative to the membrane normal,
in a totally a-helical configuration. Analogously,
a synthetic peptide corresponding to the Torpedo
aM2 segment in organic solvents also adopts a
totally a-helical configuration [42]. Cryoelectron
microscope data confirmed that M2 forms the
innermost ring of membrane-spanning segments,
isolated from membrane lipids [43-44].

During the 90’s, cryoelectron microscopy
revealed the relatively featureless appearance of
the other putative TM domains (M1, M3 and M4).
A large portion of this AChR region was postulat-
ed to be arranged in the form of a -barrel outside
the central rim of M2 channel-forming rods [45].
This interpretation contrasted with photoaffinity
labeling studies, in which the observed periodicity
of the lipid-exposed residues in M4 and M3 was
consistent with an o-helical pattern [46-48], and
with deuterium-exchange Fourier transform in-
frared spectroscopy studies indicating a predomi-
nantly o-helical structure in the AChR TM region
[49]. In addition, secondary structure analysis
(CD and Fourier transform infrared spectroscopy)
of isolated and lipid-reconstituted TM AChR pep-
tides indicated an o-helical structure for M2, M3,
and M4 segments [50]. Furthermore, a synthetic
peptide corresponding to the M3 segment of
Torpedo AChR exhibited a totally o-helical struc-
ture by 2-dimensional 1H-NMR spectroscopy [51];

NMR studies of a synthetic YM4 peptide were also
found to be compatible with an a-helical second-
ary structure [52].

A considerable advance in defining the
structure of the AChR at atomic resolution53 was
achieved by crystallographic studies of a water-
soluble acetylcholine-binding protein from a snail.
The structure of this protein, highly homologous
to the water-soluble extracellular domain of the
AChHR protein proper [53], provided the first truly
high-resolution data of the region of the AChR
putatively involved in agonist recognition, the
first step in the cascade leading to channel open-
ing. More recent work has resulted in the crystal-
lization of the actual water-soluble extracellular
domain of the mouse AChR a-subunit bound to
o-bungarotoxin. The crystal structure was solved
at 1.94 A resolution [54].

The cryo-electron microscopy data of
Unwin and coworkers [43-45] at 4 A resolution
provided inspiring insights into the structure
of the AChR, and particularly relevant to the
subject of this review, the electron microscopy
data revealed interesting features of the mem-
brane-embedded domains of the AChR protein. I
described the occurrence of three concentric rings
in the AChR region [7]: a) an inner ring exclu-
sively formed by five M2 segments, corresponding
to the walls of the AChR ion pore, which have
no contact with the membrane lipid; b) a middle
ring, formed by ten helices corresponding to the
M1 and M3 TM segments. This middle ring is
separated from the inner five-member ring of
M2s, and its outer face is exposed to lipids and
also to ¢) the outermost ring, consisting of five
M4 segments (Figs. 1-3). The proton-gated ion
channel protein recently found in the cyanobac-
terium Gloeobacter violaceus [4], termed “Glvi”
or “GLIC”, shares only 20% amino acid identity
with one of its homologues in Homo sapiens, the
07 neuronal AChR. However, some key regions
contributing to the gating properties of AChRs
are conserved, such as the Cys-loop, the proline
in M1, the equatorial ring of hydrophobic residues
in M2, and the four TM segments. The latter fea-
ture is reinforced by the recently available X-ray
structure of an ortholog of the Gloeobacter chan-
nel, the pentameric protein “ELIC” from Erwinia
chrysanthemi at 3.3 A resolution, which exhibits
only 16% sequence identity with the AChR and
lacks the cytoplasmic region [55]. The crystal
structures of GLIC and ELIC clearly show the
three concentric rings in the TM region which I
described for the AChR [7], and suggests that its
equivalent segments M1, M2 and M3 in the two
inner rings of AChRs are involved in interactions
at subunit interfaces, whereas M4, located at the
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peripheral, outer ring, only loosely interacts with
M1 and M3 of the same bundle and is less likely
to be involved in subunit-subunit interactions
[565]. If one were to ascribe a functional role to
M4, this TM region probably conveys the signal
from the lipid microenvironment to the rest of
the TM helix bundle.

Influence of the lipid environment on
AChR secondary structure

The lipid environment exerts a modula-
tory effect on AChR secondary structure. Early
studies reported that Chol increased the a-helix
content of the AChR. The sterol was postulated
to stabilize AChR structure by packing its rigid
planar ring into grooves of TM helices [56]. CD
spectroscopy [57], Raman spectroscopy [58] and
1H/3H exchange studies [59] detected no large
differences in structure or solvent accessibility be-
tween resting and desensitized AChR. One study
reported no changes in secondary structure in the
presence of Chol [60]. In contrast, evidence from
cryoelectron microscopy [39] indicated differences
between resting and desensitized and resting and
activated AChR. Furthermore, the accessibility of
AChHR fluorophores to membrane probes between
resting and desensitized forms of the AChR is
different [61], as is the accessibility of residues
near the ligand-recognition site [62] and the TM
regions [63]. Castresana et al. [64] reported that
the helical content of the AChR was not affected
by addition of agonist, whereas the proportion of
B-structure decreased to 24% concomitantly with
an increase in disordered structure. Prolonged
exposure to the agonist, leading to desensitiza-
tion, resulted in significant rearrangement of
the AChR structure. Lack of Chol in an asolectin
reconstitution system produced an increase in dis-
ordered structure in T. marmorata AChR [65]. Ad-
dition of exogenous Chol resulted in restoration
of the proportion of AChR ordered structure in
asolectin liposomes but not in liposomes prepared
from egg PCs, leading these authors to suggest
that a component other than PC is needed for
the restoration of AChR structure in the pres-
ence of Chol. Fernandez-Ballester et al. [65] also
suggested that the desensitization phenomenon
does not depend on the presence of Chol or other
lipids. Methot et al. [66] found 39% o-helix, 35%
B-sheet, 20% random coil and 6% B-turn in T.
californica AChR reconstituted in DOPC:DOPA:
Chol (3:1:1) by FTIR, in other words sufficient o-
helical content to form four-helical TM segments
and a substantial portion of the extracellular
region. It is interesting to note that much earlier,
Finer-Moore and Stroud [67] had predicted a
high helical content (44%) and 27% B-sheet in a

theoretical analysis using a Fourier transforma-
tion of the AChR primary structure. Methot et
al. [66,68] found no significant agonist-induced
changes in the secondary structure of the AChR
upon exposure to the agonist carbamoylcholine
or to the local anesthetic tetracaine, regardless
of the presence or absence of Chol in the recon-
stitution system.

The canonical 4-helix TM models [69-70],
increasingly validated by cryoelectron microscopy
data [43-44] and more recently by X-ray diffrac-
tion studies [55], placed between 17% and 20%
of the AChR mass inside the membrane bilayer.
Earlier studies [71-72] had suggested that each
of the membrane-spanning segments was inde-
pendently stable in the lipid bilayer. Corbin et al.
[50] reported that in a membrane environment
the AChR TM segments have the intrinsic pro-
pensity to adopt an o-helical secondary structure.
The discussion about the secondary structure of
the AChR TM region has further implications for
current models of the other regions of the AChR
molecule. Thus, compatibilizing the most recent
experimental work with the theoretical models
that assume four TM helices implies placing an
important proportion of B-sheet structure in the
extramembranous regions (extracellular and cy-
toplasmic-facing) of the AChR, a feature that
appears to find validation at least in the case
of the AChBP, the structural homolbgue of the
AChR extracellular moiety [53]. The AChBP has
extensive B-sheet structure. Gorne-Tschelnokow
et al. [73] concluded from their FTIR data that
the TM region of the AChR contains 40% B-sheet
plus turn structure. Using the same technique,
Baezinger and Methot [49] produced experimental
evidence supporting an all-helical model of the
AChR TM region. Additional FTIR studies [49,68]
indicate that 1H/2H exchange kinetics is slower in
the presence of DOPA or Chol, suggesting that the
lipid environment modulates the conformational
dynamics of the membrane-embedded peptide
hydrogen atoms that exchange with deuterium.

Physical contact between lipids and the
AChR surface: fluorescence studies

The vicinity of AChR protein to lipids
in the membrane bilayer was apparent in early
fluorescence quenching studies (AChR intrinsic
fluorescence) performed on native membranes
[61] and in reconstituted systems [19]. The fluo-
rescence emission of the AChR is typical of that
of other integral membrane proteins. Fifty-one
Trp and 80 Tyr residues are present in T. califor-
nica AChR [70], but the spectrum appears to be
dominated by the Trp emission [61]. Fluorescence
studies [74] and sequence topology [75] indicate
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